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Effect of Excess Silicon and Small Copper Content on
Intergranular Corrosion of 6000-Series Aluminum Alloys
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The required strength and ductility of heat-treatable AlMgSi �6000-series� alloys are often obtained by alloying with either a small
amount of Cu or a large excess of Si compared to the stoichiometric Mg/Si ratio corresponding to the Mg2Si phase. Both
approaches may cause susceptibility to intergranular corrosion �IGC� as a result of unfavorable heat-treatment. Whether alloying
with Cu or excess Si gives the optimal combination of mechanical properties and IGC resistance is a controversial subject. The
corrosion behavior of a model alloy containing 0.2% Cu is compared with an essentially Cu-free alloy with an excess Si/Mg
composition ratio �i.e., unbalanced� by using accelerated corrosion tests and electron optical characterization. In general, the
Cu-containing alloy showed a higher susceptibility to IGC than the Cu-free, excess Si alloy. The Cu-containing alloy was
especially susceptible in the underaged condition. The Cu-free, excess Si alloy became completely resistant to IGC by removing
the cathodic intermetallic particles from the surface by selective etching or by purging the dissolved oxygen from the solution,
whereas the Cu-containing alloy was still susceptible to IGC after the same treatment. The difference in IGC susceptibility
between the two alloys was attributed to the presence of a cathodic Cu-rich film and discrete Cu-containing particles along the
grain boundaries of the Cu-containing alloy, while the cathodic sites on the unbalanced variant were restricted to the material
surface. In addition, the IGC susceptibility of both alloys depended on the presence of solute �Si and Cu�-depleted zones adjacent
to the grain boundaries.
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The significance of copper content on the intergranular corrosion
�IGC� of 6000-series aluminum alloys has been discussed for more
than 60 years. The European skepticism of alloying aluminum with
Cu and the preference of using excess amount of Si up to 1%,
relative to the stoichiometric Mg/Si ratio for precipitation of the
Mg2Si phase �unbalanced alloys�, can be traced back to Hug,1 while
the North American preference of using balanced alloys �stoichio-
metric content of Mg/Si ratio for Mg2Si precipitation� with up to
0.4% Cu content, to achieve the same level of strength, ductility, and
corrosion resistance, is articulated by Johnson and Wright.2 Al-
though the former paper elaborated the dangers of using as low as
0.1% Cu, the latter paper demonstrated increased IGC susceptibility
associated with high Si content and advantages of using up to 0.4%
Cu in the balanced material without the danger of IGC and with
increased resistance to pitting corrosion.

With only a few exceptions,3,4 IGC of AlMgSi�Cu� alloys has
been attributed to depletion of Si and/or Cu along grain
boundaries,5-13 although no convincing experimental verification of
this hypothesis has been provided. Solute depletion was expected to
form a continuous anodic path along the grain boundaries. The sig-
nificance of grain body and grain boundary precipitates as local
cathodes in forming microgalvanic cells, which promote localized
corrosion, has been discussed.5-14 However, there is little agreement
about the nature and actual location of the phases that cause IGC.
Precipitated elemental Si on grain boundaries was claimed to act as
local cathodic sites in alloys containing excess Si, although there is
substantial evidence to suggest that Si is an ineffective cathode in
aluminum alloys.15-17

Earlier studies also emphasized the effect of composition, espe-
cially the effect of alloying elements, such as Mn and Cr, on the
influence of Cu and/or Si.18-23 The alloys were usually investigated
in the artificially aged, peak strength, T6 condition. Comparing the
effects of Cu and excess Si content based on the literature data is
complicated by the significant variation in alloy composition, the
varied thermomechanical history of their casting, fabrication routes,
and the corrosion test methods used.
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Our own recent work24-27 did not show any adverse effect of
moderate Si excess on IGC susceptibility, and it was suggested that
the effects reported earlier of excess Si in AlMgSi alloys must have
rather been a result of the added presence of Cu. The grain boundary
nanostructure of Cu-containing alloys was studied extensively, re-
vealing the presence of a thin Cu-rich film along the grain bound-
aries of the susceptible underaged temper. The film was not present
as a distinct crystallographic phase and was only made visible by
energy-dispersive spectroscopy �EDS� X-ray mapping, which gave
an upper limit to its thickness of a few nanometers. The IGC sus-
ceptibility was eliminated by artificial aging to the T6 temper, which
transformed the film into discrete, Cu-containing particles. This re-
sult explained how Cu-containing 6000-series alloys could be made
IGC-resistant by aging to the T6 temper, i.e., providing the fortunate
coincidence of obtaining both the maximum strength and IGC resis-
tance. It was shown further28 that alloys with Si/Mg ratios of up to
about 1.6 suffered only minor superficial localized corrosion,
whereas the addition of only about 0.2% Cu to the same alloys
introduced severe IGC susceptibility in the underaged temper.

The purpose of this work is to clarify whether the excess Si or
presence of Cu is more harmful in terms of IGC susceptibility by
accelerated corrosion testing, by evaluation of corrosion morphol-
ogy, and by study of the grain boundary nanostructure of model
alloys by transmission electron microscopy �TEM�. The TEM work
particularly focuses on the Cu-free model alloy with excess Si.
Similar work on Cu-containing model alloys was published
earlier.24-28

Experimental

Test materials.— The chemical compositions of the model alloys
are given in Table I. Alloy A had a moderate excess of silicon com-
pared to the stoichiometric Mg/Si ratio and a moderate Cu content
�0.18 wt %�. Alloy B was essentially Cu-free �0.004 wt %�, but had
a high excess of Si. Alloy A was extruded in an 8 MN laboratory
press. Alloy B was supplied as a rolled plate with a thickness of 2
mm.

Both alloys were given the same solution heat-treatment for 30
min at 540°C, followed by water quenching or air cooling. After
storage at room temperature for 4 h, both the air-cooled and water-
cooled materials were artificially aged in an oil bath at 185°C for 42
min, 5 h, or 24 h to obtain the underaged, peak-aged �T6�, and
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overaged conditions, respectively. Thus, the identification of the
samples with respect to artificial aging followed the usual industrial
norms, although the air-cooled material was slightly underaged at
the outset. Whether the sample was air-cooled or water-cooled after
homogenization is specified in the following text and figure cap-
tions. In addition, the solution heat-treated samples, which were
subsequently air-cooled or water-cooled, were stored at an ambient
temperature for at least 2 weeks without further heat-treatment to
obtain their naturally aged conditions. For both air-cooled and
water-quenched samples, this condition is referred to as the T4 tem-
per in this paper with due reference to the different cooling proce-
dures.

Table II gives a summarizing flow sheet for heat-treatment of
Alloys A and B. This paper showed detailed results for Alloy B in all
heat-treatment conditions shown in the table, while explicit results
for Alloy A were limited to the water-quenched T4 condition. Com-
parisons of Alloy B with Alloy A in all the other tempers were
confined to the text with reference to the comprehensive earlier
work on Alloy A.24-28

Recent work with alloys of Type A, comparing directly the iden-
tical heat-treatment procedures relevant to the present paper �solu-
tion heat-treatment followed by water quenching or air cooling, fol-
lowed by artificial aging or storing in the laboratory�, indicated that
the composition and temper were more important for IGC than
whether the samples were extruded or rolled during fabrication.29

Characterization of microstructure.— Plan view samples for
scanning electron microscopy �SEM� were prepared by mechanical
grinding and polishing to a 1 �m diamond paste finish. The
samples were then electropolished for 2 min at an applied voltage of
12 V in a solution consisting of 1 part of HNO3 and 2 parts of
CH3OH by volume, maintained at −32 to −37°C. The electropol-
ishing step enhanced the visibility of the grain boundaries and grain
boundary precipitates. It also altered the chemical composition of
the grain boundary precipitates by preferential dissolution, thereby
rendering quantitative analysis difficult in this surface condition.24

Samples for TEM were prepared by mechanical thinning of
samples to a thickness below 100 �m. Foil disks �3 mm diameter�
were punched out and electropolished until perforation occurred in
the electropolishing bath specified above. Before the TEM analysis,
the foils were ion-beam-milled at a low angle for final thinning and
removal of surface contamination.

Table I. Chemical composition of the alloys used. The compositions w
Mg/Si ratio are in weight percent.

Si Mg Cu

Alloy A 0.60 0.52 0.18
Alloy B 1.31 0.40 0.004

Table II. Overall summary of heat-treatment procedures used for
Alloys A and B.

Homogenize

Water cool Air coolT4 T4

Underage

T6

Overage

Store 4 h at
room T

Underage

T6

Overage

Store 4 h at
room T
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The TEM work was performed on a JEOL2010F field-emission
transmission electron microscope �FETEM� operated in the scan-
ning mode at an accelerating voltage of 200 kV. Care was taken to
align the grain boundaries parallel to the incident electron beam.
Element map acquisition times were 1–3 h, depending on the foil
thickness and mapping area. The element maps were further pro-
cessed to produce composition profiles as a function of distance
from the grain boundary using a software routine described in detail
elsewhere.28

Corrosion testing.— Before the IGC test, the samples were de-
greased in ethanol and acetone, etched for 3 min in 7.5 wt % NaOH
at 55–60°C, rinsed in distilled water, desmutted for 2 min in con-
centrated HNO3, and rinsed again, as defined in the test standard.
The alkaline etch removed the electrochemically active, nanocrys-
talline surface layer present on rolled surfaces.30-32 Some samples
were further pretreated for 30 s in fluoronitric acid �0.4 vol % HF
+ 35% HNO3� at room temperature to etch intermetallic particles
from the surface.33,34

The accelerated IGC test procedure described in the British Stan-
dard BS ISO 11846 B 35 was used to investigate the corrosion per-
formance of the materials. The test involved a 24 h immersion in an
acidified salt solution �3 wt % NaCl + 1 vol % HCl�. The mode and
severity of corrosion attack were assessed by investigation of met-
allographic cross sections. Similar testing was also performed on
selected specimens by using the same solution from which dissolved
oxygen was removed by bubbling pure nitrogen.

Electrochemical testing.— Electrochemical measurements were
performed using a Gill AC potentiostat and a saturated calomel elec-
trode �SCE� reference. All potentials reported herein were with ref-
erence to SCE. The experiments were performed in either neutral
3% NaCl or acidified �by 1 vol % HCl� 3% NaCl solution. The
solution was exposed to ambient laboratory atmosphere. The tem-
perature was maintained at 25°C. For electrochemical characteriza-
tion of Si, a piece of solar grade and high purity silicon with elec-
trical contact was embedded in an epoxy resin. A Cu electrode was
also prepared from an electrical grade and a high purity Cu plate.
The sample was mounted in a polytetrafluoroethylene sample
holder, providing an exposed circular area of 1.33 cm2 with electri-
cal contact to the back of the specimen. Both samples were metal-
lographically ground and polished to 1 �m diamond finish using
ethanol as lubricant. They were then ultrasonically cleaned in ac-
etone, dried, and immediately transferred to the test cell.

Results

SEM.— The water-quenched Cu-containing alloy �Alloy A� in
the underaged temper and a similar alloy, which was air-cooled after
extrusion, have been studied earlier.25,27,28 The unbalanced Alloy B
was therefore characterized in similar conditions for comparison
with the corresponding tempers of the Cu-containing alloy.

The solution heat-treated and slowly air-cooled Alloy B had ex-
tensive grain boundary precipitation, as shown in Fig. 1a, similar to
Alloy A in the same temper. The grain boundary precipitates were
elemental Si and a MgSi-type phase, probably the �-phase �Mg2Si�
or a precursor, while the Cu-containing Q-phase or a precursor was
also present in Alloy A. The water-quenched and underaged Alloy B
showed some grain boundary precipitation, which was visible by
SEM, as shown in Fig. 1b, in contrast to Alloy A in this temper,
which did not exhibit grain boundary precipitation visible by field-

etermined by using optical emission spectroscopy. All values except

Fe Mn Al Mg/Si

0.21 0.14 Balance 0.87
0.33 0.08 Balance 0.31
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emission-scanning electron microscope.28 The particles were too
small for the EDS analysis by SEM. However, they were likely to be
Si and MgSi-type phases.36,37

The SEM investigation of fluoronitric-acid-etched samples
showed that the process removed nearly all of the intermetallic par-
ticles from the surface �Fig. 2�. These samples were water-cooled
after homogenization and underaged. A comparison of Fig. 2a and b
indicates that almost all particles were removed, leaving craters at
their original locations commensurate with their sizes, except for
one particle remaining on the left in Fig. 2b. Both the Fe-rich pri-
mary intermetallics and grain boundary precipitates were removed.

Analytical scanning FETEM characterization.— A scanning
FETEM micrograph of a typical grain boundary area in Alloy B is
shown in Fig. 3, along with EDS maps for Si, Cu, and Mg. The
material was water-quenched after solution heat-treatment and then
underaged. Figure 4 shows EDS linescans for Mg, Si, and Cu across
the grain boundary depicted in Fig. 3.

Figures 3 and 4 show a significant depletion of Si toward the
grain boundary. The magnesium distribution appeared to be uniform
near the grain boundary. The EDS maps of Fig. 3 have not been
normalized and therefore do not represent absolute intensities. The
relatively high absolute intensity of the Mg signal in Fig. 4 was
caused by partial overlap with the strong adjacent Al peak and the
noise present in the signal. This was also the case for the Si signal,
although to a smaller degree. Because the bulk Cu content was small
�0.004 wt %�, the Cu signal in Fig. 4 was at the noise level with the
exception of the grain boundary, as indicated by the standard devia-

Figure 1. SEM secondary electron images of the Cu-free, unbalanced Alloy
B in �a� air-cooled T4 and �b� water-quenched and underaged conditions. The
samples were electropolished to enhance the contrast. Note the different
magnifications of the two micrographs.
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tion of the Cu signal, which is also plotted. At the grain boundary,
the Cu signal appeared to be detectable at a statistically significant
level above the noise.

Similar FETEM micrograph and EDS maps of water-quenched
and underaged Alloy A have been presented and discussed
earlier,24-28 showing not only the similar grain boundary features as
far as Si and Mg are concerned, but also the presence of a few

Figure 2. Back-scattered electron images of �a� an alkaline-etched and
desmutted sample and �b� a sample etched for 30 s in fluoronitric acid to
remove surface intermetallics �Alloy A�. The sample was homogenized,
water-quenched, and underaged.

Figure 3. Scanning TEM micrograph of grain boundary region in Alloy B
�water-quenched and underaged� and the corresponding EDS Si, Cu, and Mg
element maps of the same area.
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nanometer thick, continuous Cu-rich film along the grain boundary,
giving a sharp, high intensity peak in the linescan at the grain
boundary.28 Structure of the film could not be determined because of
its small thickness and instrumental limitations. However, the seg-
regation of such Cu-rich, continuous grain boundary films was con-
cluded to be a common feature of the underaged temper of Cu-
containing 6000-series alloys investigated in our work.

Accelerated corrosion testing.— The corrosion performance of
alloys similar to Alloy A has been studied in detail using both the
present accelerated test24-28 and long-term atmospheric exposure to
marine environment.24 In summary, the alloys were highly suscep-
tible to IGC when they were slowly cooled after extrusion or solu-
tion heat-treatment. Artificial aging reduced the susceptibility with
increasing aging toward the peak strength T6 condition. Samples,
which were rapidly quenched in water after high temperature heat-
treatment, showed high IGC susceptibility after aging to an under-
aged temper that was reduced after further artificial aging.

Metallographic cross sections of corrosion tested variants of Al-
loy B are shown in Fig. 5 and 6. The air-cooled T4 samples were
only slightly susceptible with very superficial intergranular attack,
despite the extensive grain boundary precipitation seen in Fig. 1a.
No significant differences in corrosion susceptibility could be ob-
served between the different tempers shown in Fig. 5. The water-
quenched material was highly resistant to corrosion in the T4 tem-
per, as shown in Fig. 6a. In the underaged temper, the material
showed uniform IGC, but to a very shallow depth �Fig. 6b�. In the
peak-aged �Fig. 6c� and overaged �Fig. 6d� tempers, IGC attack was
less but more localized and sparsely distributed on the surface.
However, individual attack sites were deeper than for the underaged
condition, reaching a maximum depth of approximately 250 �m.
IGC of Cu-free, excess Si Alloy B was thus observed to repassivate
after a certain depth was reached, while the Cu-containing alloy still
continued to corrode at the end of the 24 h test period, with the
depth of attack reaching more than 500 �m for the susceptible un-
deraged temper.

Figure 7a and b shows cross-sectional IGC morphology of Al-
loys A and B, respectively. Both alloys were homogenized, water-
quenched, and treated to the underaged temper. These samples were
etched in a NaOH solution and desmutted in nitric acid, as described

Figure 6. Cross-sectional micrographs of
water-quenched variants of Alloy B after
corrosion test. �a� Naturally aged �T4�, �b�
underaged �42 min at 185°C�, �c� peak-
aged �T6�, and �d� overaged �24 h at
185°C�.
Figure 4. �Color online� Element composition profiles across a grain bound-
ary in Alloy B �water-quenched and underaged�. The profiles were extracted
from the maps shown in Fig. 3 by using the analysis method discussed in
Figure 5. Cross-sectional micrographs of air-cooled variants of alloy B after
corrosion test: �a� Naturally aged �T4�, �b� underaged �42 min at 185°C�, �c�
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above, before subjecting to the accelerated IGC test. Both alloys
showed IGC attack on the entire exposed sample surface in the
underaged condition. However, the depth of attack was much larger
on Alloy A than on Alloy B. Figure 7c and d shows the correspond-
ing results for Alloy A and Alloy B after the samples were etched in
fluoronitric acid to remove the intermetallic particles before the cor-
rosion test. Alloy A still suffered deep and extensive IGC, although
the width of the IGC filaments was smaller than the test sample
etched in NaOH, as shown in Fig. 7c. The Cu lean unbalanced alloy
�Alloy B� became completely resistant to corrosion as a result of the
fluoronitric acid etch treatment �Fig. 7d�. Although not shown here,
results similar to Fig. 7c and d were obtained on samples, which
were etched in NaOH and desmutted �intermetallics not removed�
and then exposed to IGC test solution, from which oxygen was
removed by nitrogen bubbling. Removal of oxygen from the solu-
tion and particles from the sample surface thus resulted in the same
type of corrosion behavior by reducing the effect of the external
cathodes on the IGC process.

Table III gives a summary of grain boundary microstructure and
corrosion test results for all tempers of Alloys A and B.

Figure 7. Cross-sectional micrographs of corrosion-tested samples, �a� Alloy
A and �b� B, respectively, alkaline-etched followed by desmutting in HNO3.
��c� and �d�� The same materials etched in fluoronitric acid to remove surface
intermetallics. Both alloys were homogenized, water-quenched, and treated
to the underaged temper.

Table III. Overall summary of results.

Alloy Temper Corrosion type Gra

A Water-cooled T4 Superficially etched; no IGC ND; s
Underaged Extensive IGC Q� dispersoids

T6 Slight, localized IGC Dis
Overaged Slight, localized IGC Dis

Air-cooled T4 Extensive IGC Q� dispersoids
Underaged Extensive IGC Q� dispersoids

T6 Slight, localized IGC Dis
Overaged Slight, localized IGC Dis

B Water-cooled T4 No IGC Si
Underaged Shallow IGC Si

T6 Shallow, localized IGC Si
Overaged Shallow, localized IGC Si

Air-cooled T4 Slight IGC Si
Underaged Slight IGC Si

T6 Slight IGC Si
Overaged Slight IGC Si

ND: Not detectable, NC: Not characterized, and TW: This work.
 address. Redistribution subject to ECS term130.203.136.75aded on 2016-05-10 to IP 
Electrochemical measurements.— Open-circuit potential time
measurements obtained in chloride solutions �Fig. 8� suggested that
Si was highly cathodic �noble� compared to the aluminum Alloy B
�air-cooled T4�. In acidic chloride solution, the potential difference
between Si and the base metal was in the range of 500–600 mV.

Pure Si electrodes were potentiostatically polarized at
−750 mVSCE in the same solutions as above, and the corresponding
current density time data were recorded, as shown in Fig. 9. The
applied potential of −750 mVSCE was selected because it corre-
sponds to the typical corrosion potential of commercially pure and
moderately alloyed aluminum alloys in chloride media at 25°C. Po-
tentiodynamic polarization testing was also performed in the nega-
tive potential direction, starting from the initial corrosion potential,
in the acidified chloride solution, as shown in Fig. 10. A polarization
curve for copper, obtained under identical conditions, is also in-
cluded for comparison. The cathodic current levels measured in
these experiments for silicon were, in general, very small. The ca-
thodic current density of silicon was much smaller than that of cop-
per in the potentiodynamic experiment �Fig. 10�. These results show
that Si is an electrokinetically poor cathode in both neutral and
acidified solutions, although the corrosion potential data may sug-
gest the opposite.

ndary precipitates Grain boundary depletion Reference

i and Cu enrichment ND 28, 29, and TW
cted with continuous Cu film Si and slight Mg 28 and 29
Q-phase particles ND 28 and 29
Q-phase particles ND 28 and 29
cted with continuous Cu film ND 24–27 and 29
cted with continuous Cu film NC 24–27 and 29
Q-phase particles ND 24–27 and 29
Q-phase particles ND 24–27 and 29
gSi precipitates ND TW
gSi precipitates Si TW
gSi precipitates ND TW
gSi precipitates ND TW
gSi precipitates NC TW
gSi precipitates Si TW
gSi precipitates ND TW
gSi precipitates ND TW

Figure 8. �Color online� Corrosion potential of elemental Si in neutral and
acidified �1 vol % HCl� NaCl solutions. Corrosion potential of Alloy B in
acidified NaCl solution is included for comparison. Alloy B sample was
air-cooled after homogenization and naturally aged �T4�.
in bou
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Discussion

An important conclusion of this paper is that the presence of a
small amount of copper in Alloy A �0.18 wt % Cu and 0.6 wt % Si�
is much more effective than excess silicon in Alloy B �0.008 wt %
Cu and 1.3 wt % Si� for promoting IGC susceptibility. As both
alloys exhibit solute-depleted zones along the grain boundary in the
susceptible tempers, this contributes to IGC susceptibility. The main
difference between the two alloys is the type and location of the
cathodic sites. Although the grain boundaries are decorated with the
continuous Cu-rich film as the in situ cathode for the susceptible
tempers of Alloy A �Cu-rich�, the Fe-rich primary phases on the
surface are the only cathodes available in Alloy B �Cu-free, excess
Si�. Elemental Si precipitates, which are present along the grain
boundaries of Alloy B, have often been suggested to be cathodic to
the aluminum matrix.5,7,8,13,14,38 The present data support other
studies15-17 suggesting that Si is an inefficient cathode. The effec-
tiveness of phases as cathodes cannot be judged based solely on
corrosion potential measurements, especially if the surface of the
material is passive. Electrochemical polarization data have to be
obtained and considered.

In the presence of Cu-rich film along the grain boundary, the
cathode is present where the corrosion occurs. In the external cath-
odes, the rate and extent of IGC are governed by the ohmic potential
drop. The ohmic resistance in the solution becomes very large in a
cavity of nanometer thickness near the tip of a growing IGC fila-
ment. Repassivation of IGC after the filaments reach a certain length
can thus be explained, while widening of the filaments can continue
to occur. Conversely, in the presence of the Cu-rich film acting as

Figure 9. �Color online� Cathodic current density due to potentiostatic po-
larization of elemental Si at −750 mVSCE in neutral and acidified 3% NaCl
solutions exposed to ambient atmosphere.

Figure 10. �Color online� Cathodic polarization curve of elemental Si in
acidified NaCl solution. Scan rate was 6 mV/min. The cathodic polarization
curve of elemental Cu is included for comparison.
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the cathode along the path of IGC filament, propagation of narrow
filaments to much larger depths can be justified. However, the effect
of the internal cathode is significantly reduced as a result of trans-
formation of the film into discrete particles by artificial aging, as
discussed in an earlier paper.23 The absence of a continuous Cu-rich
film in this case significantly reduces the driving force for IGC from
one Q-phase particle to the next, i.e., the presence of solute-depleted
zones and discrete particulate cathodes is not sufficient in promoting
IGC in the investigated alloy. The IGC resistance obtained for Alloy
B by the removal of the external cathodes or purging the dissolved
oxygen from the solution and the persisting susceptibility of under-
aged Alloy A after the same treatment are good evidence for the fact
that the continuous-film internal cathode in an AlMgSi alloy is a
much more effective IGC promoter than the external cathodes, dis-
crete internal cathodes, and the solute-depleted zone alone. The
presence of the solute-depleted zone together with a continuous-film
cathode segregated along the grain boundary is the optimal condi-
tion for rapid IGC.

An interesting observation, obtained from the particle removal
experiment, is that the width of IGC filaments in Alloy A was ap-
preciably reduced, although the depth of attack was unchanged.
From a practical viewpoint, the expected damage imparted to a bear-
ing structure would be unchanged. However, this result shows that
the external cathodes clearly contribute to IGC, although this con-
tribution appears to be restricted to filament widening. In situ obser-
vation of IGC propagation by X-ray tomography experiments,39

which were limited to the observation of the widening phase of the
IGC filaments because of the spatial resolution of the method,
showed that the widening occurred at a constant volume rate. This
implies, in essence, that the corrosion occurred at a constant rate of
weight loss. A possible explanation is that the available cathode area
and the rate of cathodic reaction per area were constant when the
filament widening occurred, and this behavior can be attributed to
the external and internal cathodes at a constant area as the driving
force. The Cu film may lose efficiency as a cathode during filament
widening because it may be destroyed by IGC propagation. It may
also redeposit on the grain walls as indicated in an earlier analysis,26

contributing to the total cathode area during the filament widening
phase. The ohmic potential drop is also expected to be smaller for
filament widening with the external cathodes as the driving force
because the ohmic resistance in the filaments is expected to become
smaller by reduction in the geometrical constriction, and the current
density on the filament wall becomes much smaller in relation to the
expected high current density at the filament tip. The external cath-
odes must also be important in contributing to the initiation of IGC.

The evidence supporting the significance of Cu-rich grain bound-
ary film in the Cu-containing Alloy A compared to the external
cathodes in causing susceptibility to IGC can be summarized step-
wise as follows:

1. Cu-free Alloy B, with external cathodes or oxygen in the bulk
solution removed, shows no IGC even though Si-rich particles may
be present on the grain boundaries.

2. Si-rich particles are not good cathodes.
3. External cathodes are required to cause IGC on Alloy B.
4. External cathodes are still not as effective as the internal Cu-

rich film along the grain boundaries of Alloy A to cause deep pen-
etrating IGC. IGC caused by internal cathodes on Alloy B is insig-
nificant compared to IGC on Alloy B.

5. Cu-containing Alloy A, with the external cathodes or oxygen
in the bulk removed, still shows deep penetrating IGC.

6. Equivalent of Alloy A, containing even a smaller amount of
Cu �0.02 wt %�, did not show any IGC.28

7. One of the reasons why external cathodes do not cause sig-
nificant IGC is the ohmic potential developing with increasing depth
of IGC attack. Because of the presence of Cu-rich film along the
grain boundary of Alloy A, ohmic potential drop is a smaller limi-
tation for the development of deep IGC attacks.
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Localized corrosion of aluminum alloys, driven by internal cath-
odes alone, is a special phenomenon in practice because the external
cathodes are required for acidification of the localized anolyte. In
the absence of the external cathode, the localized anolyte may not
become acidified because the oxidation, along with hydrolysis �pH-
reducing�, and reduction �pH-increasing� reactions occurring inside
the filament may neutralize the anolyte. An important exception is
the filiform corrosion. However, acidified anolyte must be available,
in this case, at the outset of filament propagation, e.g., as a result of
pitting corrosion before the onset of the filiform filament
propagation.40 The small volume of acidified electrolyte produced in
the pit then follows the filament head to satisfy the electroneutrality
condition there. In the IGC propagation in this work, it can be ar-
gued that the acidity of the filament tip is maintained because the
specimens are immersed in an acidified chloride test solution. The
external cathodes, albeit of smaller significance in the present study,
may also contribute to maintaining the acid anolyte. However, we
have shown earlier that the Cu-containing alloys similar to Alloy A
in the underaged condition are more susceptible to IGC than their
aged counterparts in field tests conducted in neutral marine atmo-
sphere to validate the use of the accelerated test for our present
purpose.24

We have presented evidence about the significance of copper in
causing IGC corrosion of underaged AlMgSi alloys in our earlier
work.24-28 The present study has provided additional evidence indi-
rectly supporting the earlier conclusions by showing the relative
insignificance of excess Si alone in causing IGC of 6000-series al-
loys, which has been regarded in the past as an important cause of
IGC of commercial 6000-series alloys, as reviewed earlier in this
paper. The evidence provided in the present and earlier papers show
the importance of Cu in relation to excess Si in the underaged con-
dition. Because 6000-series alloys are aged to peak strength T6 tem-
per in most applications, which is also shown by this work to be a
relatively IGC-resistant temper for these alloys, the IGC problem
due to Cu has not been discussed much in the literature. The pres-
ence of Cu even in as small concentrations as 0.1% has to be care-
fully considered in evaluating IGC susceptibilty of 6000-series al-
loys, as indicated by Hug nearly 70 years ago.1

Another significance of the present results is in showing the im-
portance of internal cathodes in relation to external cathodes in lo-
calized corrosion, although the results are specific to IGC. Several
questions, especially with regard to maintenance of acid conditions
in the anolyte by internal cathodes, can be answered by obtaining
better information about the nature of solution chemistry in local-
ized corrosion, which is not adequate at present.

Conclusions

1. Two model alloys, one Cu-containing and one Cu-free with a
large excess of Si, have been heat-treated to similar tempers and
tested under similar conditions. According to the accelerated test
method used, the Cu-containing alloy was significantly more sus-
ceptible to IGC than the Cu-free alloy in terms of both the extent of
attack and depth of penetration.

2. The tendency of the Cu-free alloy with Si excess to IGC was
superficial in comparison after exposure to the accelerated test.
Therefore, the IGC susceptibility of the alloy would be insignificant
under the most practical exposure conditions.

3. The Cu-containing alloy was susceptible to IGC especially in
the underaged condition. Aging to the peak strength T6 reduced the
susceptibility.

4. Although aging slightly increased IGC on the Cu-free alloy
with excess Si, corrosion behavior of this alloy was relatively inde-
pendent of temper.

5. The greater susceptibility of the Cu-containing underaged al-
loy to IGC was caused by a continuous Cu-rich nanofilm segregated
along the grain boundaries as the internal cathode, together with a
solute-depleted active zone adjacent to the grain boundary. Trans-
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forming of the film by further aging reduced the susceptibility to
IGC.

6. The depth of IGC attack in the susceptible Cu-containing al-
loy was primarily determined by the internal Cu-rich film cathode.
The material was susceptible to IGC even in the absence of external
cathodes. The external cathodes contributed to filament widening.
The external cathodes were primarily the Fe-rich intermetallic
phases at the surface.

7. External cathodes were the driving force for any IGC occur-
ring on the Cu-free, excess Si alloy. Elemental Si particles present
along the grain boundaries did not constitute effective cathodes. The
presence of a Si-depleted zone adjacent to the grain boundary con-
tributed to IGC susceptibility.
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