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The corrosion performance of 6xxx series Al alloys has been found to depend on small changes in
composition andmicrostructure. The corrosion behaviors of three aluminumalloys, AA6111, AA6451,
and AA6016, were investigated. AA6111, containing primarily α (Al15 (Fe,Mn)3Si2) intermetallic
particles (IMPs), and AA6016, containing primarily β (Al8Fe2Si) IMPs, exhibited the best and the worst
overall corrosion performances, respectively, as indicated by the extent of corrosion in exposure tests.
However, this ranking was not predicted by the standard interpretation of potentiodynamic
polarization curves measured on the alloys. The corrosion susceptibilities of the three alloys were
further investigated by evaluating the electrochemical behavior of the component phases separately.
Bulk analogs of the component phases were fabricated using standard alloy casting techniques. The
fabricated bulk analogs of α and β IMPs, as well as the three alloy matrix phases, were tested using
either macrocell or microcell testing. An explanation for the alloy performances was developed by
combining the behavior of the component phases.

Pure Al is generally considered corrosion resistant due to the protective
nature of spontaneously forming aluminum oxide passive film1–4. The
passive film is a wide bandgap insulator that does not strongly support
electrochemical reactions. Even if the passive film on pure Al is slightly
scratched or breaks down locally, the rest of the surface oxide can only
provide a limited cathodic current to support the local anodic attack. To
improve the mechanical properties of Al alloys, particular micro-
structures are developed by appropriate alloying additions and heat
treatments1,4,5. However, most Al alloys are susceptible to localized
corrosion because the intermetallic particles (IMPs) resulting from
alloying and subsequent heat treatment act as either active sites for film
breakdown or efficient cathodes to support any anodic attack. In most
cases, the continuous matrix and the IMPs in Al alloys exhibit different
electrochemical behavior, which can cause localized corrosion6. The
localized corrosion initiation is often associated with IMPs acting as
local cathodes supporting the oxygen reduction reaction (ORR) and
driving dissolution or pitting attack at the particle-matrix interface or
nearby region1,4,6,7.

6xxx series aluminum alloys (AA6xxx) are heat-treatable alloys con-
taining Mg and Si as the two principal alloying elements. Their primary
strengtheningmechanism is age hardening, resulting in the precipitation of
Mg2Si

8. AA6xxx are known for their excellent specific strength, formability,
and plasticity, and as a result, have found applications in the infrastructure,
automobile, and machinery industries8–10. The automotive industry is tar-
geting fuel conservation by vehicle weight reduction through the incor-
poration of lighter materials such as aluminum alloys11. In general, AA6xxx
exhibits good corrosion resistance.However, in applications whereAA6xxx
are exposed to aggressive environments such as road deicing salts, marine
atmospheres,mud, and other environmental pollutants, they are susceptible
to localized corrosion12.

The alloying element Cu can have diverse effects on the corrosion
susceptibility of AA6xxx. The literature contains reports with contradictory
evidence of the effect of Cu when present in IMPs and in solid solutions.
Muller et al.13 reported an increase in the pitting potentials of Al-Cu binary
alloys as a result of increase in Cu content in the matrix solid solution. In
general, the presence of noble elements such as Cu in a solid solutionmakes
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the matrix more noble and less susceptible to corrosion, resulting in a
decreased susceptibility to localized corrosion. Several authors have
described the effects of aging treatment and composition on intergranular
corrosion susceptibility (IGC) of AA6xxx alloys, mostly in acidic chloride
solutions. Larsen et al. reported how, in the underaged condition, segrega-
tion of a continuous Cu-rich nanofilm along the grain boundaries led to a
solute-depleted zone adjacent to the grain boundary, resulting in micro-
galvanic coupling andpreferential attack14,15.However, uponpeak aging, the
continuous Cu-rich film was disrupted due to discrete Q-phase
(Al4Cu2Mg8Si7) precipitation, resulting in reduced IGC susceptibility. Zou
et al.16 also found that AA6xxx alloys could be susceptible to IGCdepending
on the Cu content, the Mg/Si ratio, and the continuity of the IMPs on the
grain boundaries. Svenningsen et al.17,18 studied the effect of artificial aging
on IGC susceptibility of AA6xxx with low Cu content and found that
artificial aging is more beneficial than natural aging in improving the
resistance to IGC.Kairy and coworkers systematically varied theCu content
and Si/Mg ratio, finding that increasing the Cu content and Si/Mg ratio
increased IGC severity19,20. Thermal treatment also impacted the extent of
the attack by influencing the grain boundary microstructure.

Fe, the most common impurity present in commercial aluminum
alloys, is extremely detrimental to corrosion resistance as it exhibits very low
solid solubility in the Al-matrix (~0.052 wt.% at 655 °C) and tends to form
irregularly shaped coarse IMPs with dimensions ranging from tens to a few
tenths of a micrometer21–24. Park et al.25 studied the influence of Al3Fe

inclusions on pitting corrosion of AA6061 in chloride environments. Al3Fe
intermetallic inclusions served as local cathodes supporting ORR. The pH
around the IMPs increased, resulting in dissolution of the matrix and the
formation of cavities in the host metal. Birbilis et al.24 evaluated the effect of
Al7Cu2Fe on the electrochemical behavior and localized corrosion of
AA7075. Al7Cu2Fe IMPs are cathodic to the alloy matrix and can sustain
ORR at appreciable rates of ~20 μA cm−2 to 2mA cm−2 depending on pH
and chloride concentration. The ORR rate on Al7Cu2Fe increases with
increasing solution pH. At freely corroding conditions, AA7075 exhibits
preferential attack around the periphery pf Al7Cu2Fe, indicating matrix
dissolution around the particles. Since Fe containing particles are cathodic
to the matrix and have high cathodic kinetics, the presence of Fe in alu-
minum alloys is detrimental to the corrosion performance.

Zamin investigated the corrosion of a number of alloyswith varying Fe
and Mn concentration in ASTM G34 (EXCO test), which is an oxidizing
acidic chloride environment26. The corrosion morphology was not noted,
but the corrosion rate decreased with increasing Mn/Fe ratio because of a
reduction in the potential difference between the IMPs and the
matrix phase.

The electrochemical behavior evaluation of IMPs plays a significant
role in understanding the localized corrosion of bulk aluminum alloys.
However, in addition to the cathodic and anodic IMPs present in the alloy
microstructure, the solid solution matrix phase also plays a critical role in
alloy localized corrosion27. Potential-controlled experiments such as

Table 1 | Elemental composition ranges of AA6xxx alloys studied

Alloys/Element wt.% Si Fe Cu Mn Mg Ti Zn Cr Excess Si Al

AA6111 0.60–1.1 ≤0.4 0.5–0.9 0.1–0.45 0.5–1 ≤0.1 ≤0.15 ≤0.10 0.12 Balance

AA6451 0.60–1 ≤0.4 ≤0.4 0.05–0.4 0.4–0.8 ≤0.1 ≤0.15 ≤0.10 0.27

AA6016 1–1.5 ≤0.4 ≤0.2 ≤0.2 0.25-0.6 ≤0.15 ≤0.20 ≤0.10 1.17
*From www.matweb.com.

Fig. 1 | Optical micrographs of AA6xxx-T4 + PB,
top surfaces, as-polished condition. AA6111 (top
left), AA6451 (top right) and AA6016 (bottom).
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potentiodynamic polarization on bulk alloys might not be fully predictive
because in such experiments the current required for the film breakdown is
provided by the counter electrode, not the cathodic IMPs. At freely cor-
roding conditions (i.e., at the open circuit potential) the simultaneous action
of the matrix and IMPs is critical, so immersion experiments better reflect
the corrosion performance during exposure in the field.

The goal of the present study is to understand the effects of micro-
structure and composition on the localized corrosion susceptibility of
AA6111, AA6451 and AA6016 in aggressive chloride environments. In
particular, the effects of α (Al15 (Fe,Mn)3Si2) and β (Al8Fe2Si), which are the
primary large IMPs in AA6111 and AA6016, respectively, on the alloy
corrosion susceptibilities are studied. The effects of the fine hardening
phases are not considered. Themicrostructural and compositional analyses
of the bulk alloys were performed using opticalmicroscopy (OM), scanning
electronmicroscopy- energydispersiveX-ray spectroscopy (SEM-EDS) and
scanning transmission electron microscopy (STEM)-EDS. Quantitative
analysis of the component phases was performed using X-ray diffraction
(XRD). The electrochemical behavior of the bulk alloys was further eval-
uated using bulk analogs of the component phases, the alloy matrix phases,
and the IMPs, which were fabricated by standard alloy casting procedures.
The optimized bulk analogs were subjected to electrochemical testing using
either macrocell or microcell approaches.

Results
Compositional and microstructural analyses of bulk alloys
The compositions of the three alloys are presented inTable 1. There are clear
differences between the alloys in the alloying content of Si, Mg and Cu. In
particular, AA6111has higherCu andMgconcentrations thanAA6451 and
AA6016. AA6016 has a higher Si content, resulting in high excess Si, which
is the Si beyond what would be consumed in formation of α (Al15

(Fe,Mn)3Si2), β (Al8Fe2Si) and Mg2Si particles. Figure 1 shows optical
micrographs of finely polished top surfaces of AA6xxx-T4+ PB, the alloys
in theT4 plus paint bake condition.All the top surfaces exhibit dark IMPs of
various sizes dispersed in abrightmatrix. Some IMPs are darker thanothers,
possiblydue tocompositional differences. Figure 2 shows SEmicrographsof
the polished top surfaces and cross-sections of the AA6xxx-T4+ PB. In
these SE micrographs, the matrix is dark and dispersed with bright IMPs.
EDS analysis on the top surfaces and cross-sections of AA6xxx has shown
that the IMPs inAA6111 aremostly α andMg2Si, whereas those inAA6451
and AA6016 are α, β and Mg2Si. The α IMPs are blocky in structure, the
Mg2Si particles are darker than the other IMPs, and β IMPs have a two-
dimensional plate/needle-like structure.

Figures 3–5 show the STEM-EDS elemental maps of AA6111,
AA6451, and AA6016, respectively. In the selected regions, AA6111
exhibited mostly α IMPs. AA6451 and AA6016 exhibited α, Mg2Si, and
elemental Si. β particles were not discerned in the elemental maps of
AA6451 and AA6016.

Quantitative analysis of the IMPs in the alloys by XRD analysis is
presented in Fig. 6. The results are given in vol.%of each IMPnormalized by
the total IMP content. Similar to the SEM-EDS results, XRD analysis also
indicated that the IMPs inAA6111weremostlyα, ~93%,with the remaining
~7%beingMg2Si phase.AA6451 contained~59%α and~37%β IMPs,with
the remaining 4% beingMg2Si phase. The IMPs in AA6016 were mostly β,
~60%, along with ~22% α and the remainder being elemental Si.

Evaluation of IGC susceptibility of bulk alloys
Figure 7 shows optical micrographs of top surfaces and cross-sections of
AA6xxx-T4+ PB after testing by ISO 11846 B, which highlights IGC sus-
ceptibility. AA6111, with the higher Cu content, exhibited IGC attack and
pitting corrosion on the top surface. In the cross-sectional view of AA6111,

Fig. 2 | SEM-EDS analysis of AA6xxx-T4+ PB, top
surfaces (left), and cross-sections (right).
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IGC attack can be seen to have penetrated ~10-15 μm beneath the surface.
AA6451 and AA6016 exhibited severe pitting corrosion on the top surfaces
but no IGC attack is evident. The cross-sections of AA6451 and AA6016
exhibited shallow IGC to 5 μmbeneath the surface.The extent of IGCattack
in AA6451 and AA6016 was clearly less than that observed in AA6111.

Immersion testing in 5 wt.% NaCl
Figure 8 shows the optical micrographs of AA6xxx-T4+ PB subjected to
immersion in 5 wt.% NaCl for 2 h, 48 h and 7 days. The 2 h immersion
period provides information on the onset of corrosion, and all three alloys
exhibited trenching around the large IMPs and pitting on the top surfaces
after 2 h. The optical images indicate that AA6016 with low Cu content
exhibited the greatest attack whereas AA6111 with higher Cu content
exhibited the least attack. With increase in exposure time, the corrosion
progressed, resulting in enlargement of the trenches in the matrix around
the IMPs. The existing pits grew in size and new pits also formed. After 48 h
of exposure, AA6016 exhibited the onset of grain boundary attack, AA6451
also exhibited traces of grain boundary etching, andAA6111 exhibited only
trenching and pitting corrosion. After 7 days, grain boundary etching was
very evident in AA6451 and AA6016. The specimens were removed from
the solution after 7 days and optical micrographs of the cross-sections are
shown in the bottom row of Fig. 8. Pitting is observed on the top surfaces of
all three alloys and there is no evidence of IGC attack underneath the
surface, whichmeans the slight grain boundary attack was confined only to

the very top surface. The cross-sections clearly indicate that AA6451 and
AA6016 exhibited more severe attack than AA6111. The corrosion rates
determined from the weight losses are presented in Table 2. AA6016 and
AA6111 exhibited the highest and the lowest corrosion rates, respectively.

Potentiodynamic polarization of bulk alloys
Figure 9 shows the anodic polarization curves of the top surfaces of the three
alloys. The values ofEcorr,Epit and ilim determined from these curves all follow
the decreasing trend: AA6111 >AA6451 >AA6016. Figure 10 shows the
cumulative distribution plots ofEpit andEcorr of the alloys from3-4 replicated
experiments.AA6111andAA6451underwentpitting atEcorr as evidencedby
the sharp increase in current as the potential was increased above Ecorr. The
low slope of the polarization curve suggests that the values ofEcorr andEpit are
very close for these alloys and are therefore considered to be identical. In
contrast, A6016 was spontaneously passive at Ecorr and exhibited a passivity
rangeof 25-50mVbefore breakdown initiated. Standard interpretationof the
potentiodynamic polarization curves by extrapolation of the anodic and
cathodic portions of the curve to Ecorr indicates that AA6016 and AA6111
should exhibit the lowest and the highest corrosion susceptibilities, respec-
tively. However, as shown above, the reverse was observed in the neutral
chloride exposure tests; AA6016 and AA6111 exhibited the highest and the
lowest corrosion rates, respectively. In other words, the corrosion perfor-
mances of the alloys during immersion testing were not predicted by the
potentiodynamic polarization curves measured in the same environment.

Fig. 3 | STEM-EDS elemental analysis map of
AA6111-T4+ PB top surface.
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Fabrication of bulk analogs of IMPs and matrix phase
To understand the corrosion behavior, experiments were performed on
IMP and matrix individual analogs. The target composition of the AA6111
precipitate-freematrix analog was assessed by two differentmethods, SEM-
EDSmeasurements at locations away from apparent IMPs and by Thermo-
Calc™ calculations at 600 °C, and the results are presented in Table 3. Sig-
nificant differences in the matrix composition from the two approaches are
evident. The composition determined by SEM-EDS had higher content of
every alloying element except Cu, probably because of inclusion of signal
from small IMPs and subsurface IMPs that were not discerned in the SEM
imaging. Both the SEM-EDS and Thermo-Calc™ compositions were cast,
and microstructures were evaluated. Figure 11a, b show the optical micro-
graphs of AA6111 matrix analogs cast using the SEM-EDS and Thermo-
Calc™ compositions, respectively. Themicrostructure of the as-cast AA6111
matrix with composition from the SEM-EDS data exhibited unwanted
phases along the grain boundaries whereas the Thermo-Calc™ matrix
microstructure had smaller and fewer such phases. Therefore, the matrix
composition determined using Thermo-Calc™ was considered to be more
representative and was used for fabricating bulk analogs of the matrix of
AA6451 and AA6016. These matrix analogs were also relatively free of
precipitates. Table 4 shows the target compositions from Thermo-Calc™
calculations, and the compositions of the cast analogs measured by OES for
the three alloys. The target compositions and themeasured compositions of
the cast analogs were quite similar. However, the Cu content measured in
the cast analog of AA6111matrix was half that of the target composition for
an unknown reason. The as-cast matrix of AA6111 exhibited higher Cu
content than AA6451 and AA6016 as intended.

The thermodynamic calculations performed for fabricating theα and β
phases indicated that it is infeasible to cast 100%phase fraction of α and β as
their cooling profiles predicted formation and co-existence of other unde-
sirable phases. Also, themelting temperatures of pure α and β are very high,
~800–900 °C. Therefore, compositions that would result in formation of
large areas of target IMP phases surrounded by an Al-rich phase were
selected. The requiredweights of componentmaster alloyswere determined
using Thermo-Calc™, melted in a furnace, and cast. Optical microscopy was
performed on as-cast α and β IMPs, Fig. 12. The optical micrograph of as-
cast α in Fig. 12a shows concentric rings of dark αwith spacing of 15–20 μm
and overall size of 50–150 μm. The microstructure of as-cast β, shown in
Fig. 12b, exhibited a needle-like structure of dark β with a width of
~5–30 μm and spacing of 30–65 μm. Table 5 shows the comparison of
compositions of target and as-castα andβ IMPs compositions. The as-castα
contained slightly higher Al concentration and lower concentrations of Fe
andMn than the target composition. The as-cast β contained slightly higher
concentrations of Al and Fe than the target β composition. It can also be
noted that the as-cast β had higher content of Fe than as-cast α.

Potentiodynamic polarization of bulk analogs of IMPs and
matrix phase
The goal of the IMP fabrication was to create a structure with regions of IMP
large enough to testusing themicrocellwithacapillarydiameterof20–60 μm.
To assess the ability of positioning the microcell on the IMP phases, poten-
tiodynamic polarization experiments were performed on dark and bright
phases in the optical micrographs of the as-cast α and β samples, where the
dark phases are the target IMP structures. The polarization curves of the

Fig. 4 | STEM-EDS elemental analysis map of
AA6451-T4+ PB, top surface.
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bright and the dark phases of as-cast α and β exhibited significant differences
in the corrosion potentials and cathodic currents, Fig. 13. The bright phases,
i.e., the continuous phases, had less noble Ecorr (difference of ~200mV) than
their respective dark phases, i.e., the IMPphases. Comparisonwith these data
provides an indication if the microcell was properly positioned within the
dark phases in as-cast α and β analogs during the testing.

Figure 14 shows the cathodic polarization curves of as-cast α, as-cast β,
and Si as well as anodic polarization curves from the as-cast matrix analogs
for the three alloys, all measured using the microcell electrode setup. The
Ecorr values indicate that the as-cast IMPs and Si behave as cathodes and the
AA matrix behaves as an anode when present together in a bulk alloy. The
as-cast AA6111 matrix analog, which had higher Cu content, exhibited
higher Epit than AA6451 and AA6016 matrix analogs. However, its Ecorr
value was the lowest. The as-cast AA6111 matrix analog exhibits higher
passive current density (ipass) than AA6451 and AA6016 matrix analogs. β
IMPexhibitedmorenobleEcorr andhigher cathodic kinetics thanα IMPand

Si. The Si wafer was quite noble but exhibited low cathodic activity and so
should be a less effective cathodewhenpresent, although the properties of Si
will depend strongly on doping and defects.

Discussion
The optical micrographs of the three AA6xxx-T4+ PB (Fig. 1) are similar
and show that some IMPs are darker than the others, possibly due to the
difference in their compositions. SEM-EDS images of the top surfaces of the
AA6xxx exhibited comparable particle number densities. Based on XRD
analysis, the three AA6xxx exhibited different relative amounts of different
IMPs: the IMPs in AA6111 were mostly α, AA6451 contained α, β and
Mg2Si in comparable proportions, and the majority of IMPs in AA6016
were β. The STEM-EDS elemental mapping was successful in detecting and
identifying α, Mg2Si and the elemental Si phases in AA6111, AA6451 and
AA6016. However, βwas not identified in AA6451 and AA6016 in STEM-
EDS analysis.

Fig. 5 | STEM-EDS elemental analysis map of
AA6016-T4+ PB, top surface.
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AA6xxx-T4+ PB with higher Cu content exhibited traces of IGC
during immersion testing in an acidic environment possibly due to
microgalvanic corrosion between Cu enriched particles on the grain
boundaries and a neighboring Cu-depleted zone. However, the overall
extent of corrosion attackwas higher in the lowCu-containing alloys as they

experienced severe pitting. During immersion testing in a neutral chloride
environment, which might be more representative of automotive exposure
conditions than the acidic chloride environment, the high Cu-containing
AA6111-T4+ PBalso exhibiteda lower corrosion rate than the other alloys.
The low Cu content alloys exhibited severe pitting as well as slight IGC
attack with increasing exposure time. In summary, considering the overall
corrosion attack during immersion in both acidic and neutral environ-
ments, high Cu-containing AA6111-T4+ PB exhibited the best corrosion
performance and low Cu-containing AA6016-T4+ PB exhibited the worst
corrosion performance. These findings call into question the appropriate-
ness of acidic chloride environments such as ISO 11846 B for assessing the
suitability ofmaterials for automotive applications. It is common toperform
accelerated testing in environments more aggressive than expected service
conditions. However, the test environment is inappropriate if the failure
mode is changed. A concentrated chloride environment such as 5% NaCl
solution might be more suitable for automotive materials selection.

In the potentiodynamic polarization curves, the top surface of
AA6016-T4+ PB exhibited the lowest ORR limiting current density and
the lowest icorr followed byAA6451 andAA6111. The polarization curve for
AA6016 was the only one that did not exhibit breakdown at the OCP.
AA6111-T4+ PB, containing higher Cu content and a higher fraction of α
IMPs than AA6451 and AA6016, exhibited more noble Ecorr and Epit.
However, it exhibited pitting at Ecorr and the highest ilim for the ORR.
Standard interpretation of polarization curves would conclude that the
corrosion performance of AA6016 should be better than that of AA6111 in
the T4+ PB condition.

Fig. 6 | XRD-Quantitative analysis of AA6xxx-T4+ PB.

Fig. 7 | Optical micrographs of AA6xxx-T4+ PB
tested under ISO 11846 B, top surfaces (left), and
cross-sections (right).
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The corrosion performances observed during the exposure tests fol-
lowed the opposite trend of that predicted by the polarization curves. In the
polarization experiments, which are potential-controlled experiments, the
breakdown of the film at Epit is driven by the potentiostat with current
provided primarily via the counter electrode, not the cathodic IMPs. The
nobility and catalytic characteristics of the IMPs should not be important in
the anodic polarization curves if their only role is to act as cathodes; the
matrix phase should play amore important role than the IMPs. In contrast,
during immersion testing in acidic and neutral chloride environments at
open circuit conditions, the corrosion characteristics of the AA6xxx are due
to the interaction of the anodic matrix phase and cathodic IMPs phases

Fig. 8 | Optical micrographs of AA6xxx-T4+ PB,
top surfaces and cross-sections, exposed to 5 wt.%
NaCl to different exposure times.

Table 2 | Corrosion rates determined after 5 wt.% NaCl
exposure test

Alloy Corrosion rate (mg/cm2 day)

AA6111 0.046 ± 0.008

AA6451 0.055 ± 0.013

AA6016 0.071 ± 0.019

The averages and deviations were determined from 3 replicate experiments

Fig. 9 | Potentiodynamic polarization curves of top surfaces of AA6xxx-T4+ PB
tested using 3.5 wt.% NaCl, syringe cell setup.

https://doi.org/10.1038/s41529-024-00461-x Article

npj Materials Degradation |            (2024) 8:52 8



during their microgalvanic coupling, including passive film breakdown,
dissolution of matrix, ORR at IMPs, increase in pH at and near IMPs, and
ohmic potential drops between local anodes and cathodes. Such interactions
should also exist during real performance in the field. The differences in
relative behavior of the alloys during immersion and potentiodynamic
polarization tests might be the result of these differences in the influence of
IMPs during the tests.

In this work, analogs of the alloy component phases were fabricated
and tested separately by potentiodynamic polarization to achieve an
understanding of their individual roles in the overall corrosion behavior of
the bulk alloys. The potentiodynamic polarization curves of as-cast of
AA6111, AA6451, and AA6016 matrix analogs, cast α and β IMP analogs
and a Si wafer were determined. The intersections of the overlaid polar-
ization curves provide an indication of how the phases might interact when
they are exposed together in an alloy microstructure. Of course, the exact
location of the intersection point and the details of the interaction will
depend on factors such as area ratio and ohmic potential drops.

Nonetheless, an analysis of the polarization curve intersection points is
instructive.

The AA6111 matrix phase analog with higher Cu content exhibits a
higher Epit and ipass thanAA6451 andAA6016matrix phase analogs. β IMP
exhibits amore noble Ecorr and higher cathodic kinetics than α IMP. Table 4
shows that the Fe compositionmeasured byOESwas 10 and 22 at. % for the
as cast α and β phases, respectively, which likely accounts for the difference
in their cathodic kinetics. The cathodic curve of β intersects the anodic
curves ofAA6451 andAA6016matrix analogs above their pitting potentials
whereas the cathodic curve of α IMP intersects the anodic curve of AA6111
matrix analog in its passive region. If the ipass for AA6111were lower, then it
is possible that the intersection with the cathodic curve of α IMP would be
above the pitting potential. In this case, the high ipass for AA6111 is bene-
ficial. During open circuit exposure testing of AA6111-T4+ PB, the high
Cu-containing matrix exhibiting high Epit and ipass combined with pre-
dominantly α IMPs with less Fe and reduced cathodic kinetics results in
better overall corrosion performance thanAA6016with a lower Cu content
matrix andpredominantlyβphase IMPs.Hence, for aluminumalloyswhere
corrosion is controlled by combination of IMP activity and matrix sus-
ceptibility, potential-controlled experiments on the bulk alloys might not
provide results that are reflective of exposure tests performed at open circuit
conditions or field performance. This has important implications for the
corrosion testing of many aluminum alloys.

Methods
Bulk alloy test materials and sample preparation for corrosion
testing
AA6111, AA6451 and AA6016 in the T4 temper (comprising solution heat
treatment at 1050 ˚F, water quenching and natural aging), were provided by
Novelis Inc. The thicknesses of AA6111, AA6451 and AA6016 sheets were
2, 0.9 and 0.9mm, respectively. The elemental compositions of the as
received 6xxx alloys were obtained from the internet (matweb) and con-
firmed using arc spark optical emission spectrometry (spark-OES) and are
presented in Table 1. Prior to all the experiments, samples were cleaned
using ethanol to remove dirt and other contamination. The Al alloy sheets
were subjected to a simulatedpaint bake (PB) treatment byheating at 180 °C
in a laboratory oven furnace for 20min.

Compositional and microstructural examination of bulk alloys
Al alloy samples were prepared for microscopic examination and electro-
chemical experiments by grinding to #1200 using SiC papers, followed by
polishing using 3 μm and 1 μm diamond pastes and finally with 0.05 μm
colloidal silica. Optical microscopy was performed on AA6xxx-T4+ PB
samples using an Olympus GX53™ inverted optical microscope. Micro-
structural and compositional analyses of AA6xxx-T4+ PB samples were
also performed using a Thermo Scientific Apreo™ SEM- EDS and Themis-
Z™ STEM-EDS at CEMAS, OSU. X-ray diffraction analysis was performed
at Novelis Inc.

Fig. 10 | Cumulative distribution plot of Ecorr and Epit of AA6xxx subjected to
polarization experiments in 3.5wt.%NaCl.n is the ordinal number in the ordered list
of values and N is the total number of specimens in the group.

Table 3 | AA6111-T4+PB matrix composition determination
using SEM/EDS and Thermo-Calc™ (version 2023 s) at 600 °C

Alloy matrix/
element wt. %

Si Fe Cu Mn Mg Cr Zn Ti/Others Al

SEM/EDS 0.99 0.17 0.43 0.13 2.02 0.08 0.06 0.08 96.01

Thermo-Calc
prediction

0.41 0.02 0.49 0.11 0.75 0.05 0.03 0.03 98.10

Fig. 11 | Optical micrographs of as-cast AA6111
matrix samples. a Composition from SEM-EDS.
b Composition from Thermo-Calc™.
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IGC testing of bulk alloys using ISO 11846
To determine the IGC susceptibilities, alloy samples were subjected to ISO
11846 Method B testing28. The method involves the following steps of
sample preparation: degreasing with ethanol, deoxidizing by alkaline
etching in 5% NaOH at 80 °C for 60 s and desmutting in concentrated
HNO3 for 30 s. The samples were rinsed with DI water between the steps
and after desmutting. Finally, the Al alloy samples of size 2 cm×1.5 cmwere
immersed in an aqueous solution consisting of 30 g NaCl and 10ml con-
centrated HCl per 1000ml solution, for 24 h. The pH of the solution was
measured to be 0.8 - 1. After the exposure, the samples were rinsed with DI
water and desmutted by immersion in concentrated HNO3 for 30min.
Optical microscopy was performed on the top surfaces andmounted cross-
sections of the three alloys to determine the extent of IGC attack.

Immersion testing of bulk alloys in 5 wt.% NaCl
Alloy samples were immersed in 5 wt.% NaCl solution (pH 6.5) for 7 days.
The extent of corrosion was determined by collecting optical micrographs
after 2 h, 48 h and 7 days of exposure. After the exposure, the corrosion
product was removed by immersion in concentrated HNO3 for 30min and
rinsingwithDIwater. The average corrosion ratesweredetermined from the
weight loss, and the exposed surfaces were examined by optical microscopy.

Potentiodynamic polarization testing of bulk alloys
Potentiodynamic polarization experiments on the Al alloy samples were
performed using either a syringe cell setup29 or a microcell capillary (elec-
trode) setup7,27 based on the size of the test area. The top surfaces were tested
using the syringe cell setup and the fabricated bulk analogs samples were
tested using the microcell capillary setup. In both setups, a platinum wire,
and a saturated calomel electrode (SCE) were used as the counter and

reference electrodes, respectively. The test electrolyte was 3.5 wt.% NaCl
open to air. All the samples were exposed at their open circuit potentials
(OCP) for 300 s prior to anodic and cathodic potential scans were per-
formed separately. The anodic polarization scans in the syringe cell involved
polarization of the samples from 30mV below the OCP to -600mVSCE at a
scan rate of 0.167mV s−1. The scan rate was 2mV s−1 in the microcell
electrode setup to minimize test duration. During cathodic polarization
scans, samples were polarized from 20mV above the OCP to−900mVSCE.
The exposed test area in the syringe cell setup was approximated to be the
inner diameter of the syringe cell opening, ~3.8 mm for a 60mL syringe,
which resulted in a test area of 0.11 cm2. Although the exposure area was
smaller than that typically used for corrosion measurements, it is large
relative to themicrostructure, so the technique is considered to be amacro-
scale measurement. The typical diameter of the microcell electrode was 20-
60 μm and the test area for each trial was determined by examining the
exposed area after the polarization scan under an optical microscope. Three
or four replicate measurements were performed on each sample type. The
corrosion potential (Ecorr), pitting potential (Epit), limiting current density
(ilim), galvanic potential (Egalv), and galvanic current density (igalv) were
determined from representative polarization curves.

Fabrication and corrosion testing of bulk analogs of IMPs and
matrix phase
Bulk analogs of the principal intermetallic phases in AA6111, AA6451, and
AA6016, which are α (Al15 (Fe,Mn)3Si2) and β (Al8Fe2Si), and the matrix
phases were cast using compositions predicted by the Thermo-Calc™ ther-
modynamic calculations software (version 2023a) and measurements by
SEM-EDS. The Thermo-Calc™ calculations were performed at 600 °C, which
was indicated by the software as the solidus temperature. The SEM-EDS
analysis was performed on an area ~0.125 μm2 at a location that was free of
apparent IMPs. The elemental components were heated to 750 °C, which
melted all the solid materials. Overheating the components was avoided to
restrict atmospheric hydrogen from dissolving into themelt. The liquid alloy
was poured into a silica crucible followed by air cooling. The motivation for
fabrication of matrix bulk analogs was to be able to perform electrochemical
testing on regions of alloy matrix in which there were no other phases. The

Table 4 | Matrix compositions of target and As-cast materials
using Thermo-Calc™ at 600 °C and OES

Element/
At.%

AA6111 AA6451 AA6016

T-Calc Measured T-Calc Measured T-Calc Measured

Si 0.41 0.32 0.62 0.64 0.78 0.76

Cu 0.21 0.1 0.04 0.001 0.03 0.00

Fe 0.01 0.02 0.01 0.05 0.01 0.05

Mn 0.05 0.01 0.01 0.001 0.002 0.001

Mg 0.84 0.72 0.68 0.70 0.24 0.27

Ti 0.02 0.01 0.01 0.01 0.02 0.01

Zn 0.01 0.02 - - 0.04 0.02

Cr 0.03 0.01 0.01 - 0.001 -

Al 98.42 99.14 98.63 98.58 98.84 98.86

Fig. 12 | Optical micrographs of as-cast IMP
samples. a α – (Al, Fe, Mn, Si) IMP, b β – (Al, Fe,
Si) IMP.

Table 5 | EDS-compositional analysis of target and As-cast
IMP phases

IMP
phase

Sample
condition

Composition, at.
fraction

Fe composition, at%

α Target Al15 (Fe, Mn)3 Si2 0–19

As cast Al16.5 Fe2 Mn1.2 Si2 10

β Target Al8 Fe2 Si 17

As cast Al10.5 Fe3.2 Si 22
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optimum composition of the fabricated matrix phase analogs was selected
based on the microstructures of the cast materials. The α and β IMP com-
positions were selected based on predictions from Thermo-Calc™. Optical
microscopy was performed on the cast α and β structures, and SEM-EDS
analysis was performed to determine the compositions of the cast materials.
To simulate the electrochemical behavior of elemental Si, testing was per-
formed on a n-type Si wafer with a dopant concentration of ~1018 cm−3.

Data availability
Data supporting the findings of this study are available from the corre-
sponding author upon request.
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