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A review of the electrochemical and galvanic
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Aluminum alloys are widely sought for different applications due to their high strength-to-weight ratio.
Most often this increased strength of the alloy is achieved by specific alloying elements and heat
treatment processes which give rise to second phases intermetallic particles (IMPs) also known as
intermetallic compounds (IMCs). These second phases play a dominant role in the corrosion
susceptibility of aluminum alloys. This review provides a systematic survey of the electrochemical, and
galvanic corrosion behavior of IMPs in the context of aluminum alloys. A discussion of the
electrochemical/galvanic corrosion behavior of selected/important intermetallic compounds that are
commonly found in aluminum alloys such as the Q-phase (Al;Cu,Mg;Sig), -phase (AlgMgzFeSig), 6-
phase (Al,Cu), S-phase (ALCuMg), the B-phase (Mg,Si), B-phase (AlzMgy), & (AlsLi), n-phase (MgZn,), and
B-phase (AlsFe) is provided. In addition, the limitations in the electrochemical characterization of
intermetallic compounds, the research gap, and prospects are also provided in addition to the
phenomenon of galvanic polarity reversal and self-dissolution of IMPs.
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1 Introduction

Despite corrosion problems faced by aluminum alloys, they are
still extensively utilized in technical applications in the automo-
tive, marine, and aerospace sectors."* The corrosion vulnerability
of aluminum-based alloys is primarily linked to the inhomoge-
neous microstructural features (such as intermetallic phases)
which depend on the alloying elements present. Intermetallic
phases (also called intermetallic compounds or particles) are
chemical compounds made up of two or more metals which occur
in the microstructure of alloys with a stoichiometry different from
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that of the parent alloy. Different intermetallic compounds can
lead to serious localized corrosion impairment.>® This localized
corrosion manifests more often as intergranular or pitting corro-
sion depending on whether the intermetallic compounds are
dispersed or concentrated along the alloy matrix's grain boundary.
The smaller the intermetallic compound, the lower the impact it
has on the alloy when considering the localized corrosion. The
electrochemical characteristics assigned to intermetallic
compounds are often distinct from one another and the matrix of
the aluminum alloy since they are compositionally different. The
open circuit potential of an intermetallic substance is usually
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different from that of the alloy matrix, resulting in the intermetallic
compound being either anodic or cathodic compared to the matrix
of the aluminum alloy. This disparity in corrosion potential results
in increased susceptibility of the alloy to localized damage by
corrosion, hence, micro galvanic corrosion readily occurs by the
anodic intermetallic phase dissolution or anodic dissolution of the
alloy matrix which is governed by the cathodic function of the
intermetallic compound.®*>

Micro galvanic corrosion, just like galvanic corrosion kicks in
when two different metals come into electrical contact in a con-
ducting medium. The galvanic setup is made up of two different
parts which support either anodic or cathodic partial reactions. A
convenient way to evaluate the feasibility of galvanic corrosion is
to carry out a comparison of the standard corrosion potentials of
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the intermetallic compound and the matrix in a particular envi-
ronment. Corrosion is more probable if the difference in corro-
sion potential between the metals is high. The metal having the
lower electrode potential will assume the anode and will dissolve.
In contrast, the metal having the greater electrode potential will
assume the cathode and support the cathodic processes.
However, the metal corrosion is also affected by some prin-
cipal factors such as pH, temperature, conductivity, presence or
absence of heavy metals, availability of cathodic reactant, and
the pitting and corrosion potentials. In the case of Al-alloys,
pitting corrosion is always because of chloride ions which
occur in operational environments, also the corrosion potential
is vital because of the electrochemical nature of most corrosion
processes. Furthermore, pH is important in the localized
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corrosion of the aluminum alloys. The pH increases which
occurs at cathodic intermetallic compounds increases the
corrosion vulnerability of aluminum alloys.*** This indicates
that the corrosion potentials may not be reliably used to fore-
cast the intermetallic compounds' electrochemical properties in
Al alloys. For example, Mg,Si possesses a lower corrosion
potential than n-phase but unexpectedly displays a much lower
corrosive activity than m-phase. Similar inconsistencies have
also been noted in the corrosion characteristics of some
cathodic phases in Al alloys. For example, Al;Fe phase possesses
higher potential relative to Al,Cu but shows a lower ability to
support cathodic reaction. Hence, the mechanisms of corrosion
and the extent localized corrosion damage caused by a partic-
ular intermetallic compound cannot be sufficiently described
using concepts deduced from the noble or active electro-
chemical activity of the intermetallic compound.****

Apart from the electrochemical nature of intermetallic
compounds, other variables affect how aluminum alloys corrode
locally such as the size of the intermetallic compounds.® Pieces of
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literature on the impact of intermetallic on the localized corrosion
of aluminum alloys with different intermetallic phases indicate
when the size of the intermetallic compound e.g. S-phase is between
2-10 nm, the Al,,Cu,Mn; assumes the primary function in the
localized corrosion propagation, on the other hand, if S-phase has
a size bigger than 10 nm, both the S-phase and Al,,Cu,Mn; actively
contribute to the localized corrosion features of the alloy matrix.>*

Many corrosion mitigation strategies have been developed to
control the corrosion of alloys,"””?® however, to gain more
understanding of the corrosion of aluminum alloys, an under-
standing of the role of intermetallic compounds in the localized
corrosion of the alloy is needed.*”

2 Intermetallic particles (second
phases) in aluminum alloys

A variety of intermetallic compounds are produced by different
alloying components and impurities in aluminum alloys. They are
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Fig. 1 SEM images of the polished top surfaces and cross-sections of the AA6xxx. The Al-matrix is dark and dispersed with bright IMPs. EDS
analysis of AA6xxx reveals Mg,Si and a IMPs in AA6111, while a, B and Mg,Si were identified in AA6451 and AA6016. The o IMPs are blocky, the
Mg,Si particles are dark and B IMPs are two-dimensional plate/needle-like structures. This figure has been adapted/reproduced from (ref. 29)

with permission from Sringer Nature, copyright 2024.

classified into four groups namely, precipitates, constituents,
dispersoids, and primary particles.>” Precipitates are defined as
second phases formed during the process of heat treatment below
the solidus line, they improve the strength of alloys. Coarse
precipitates are mostly found at the sub-grain or grain boundaries.
Al-alloys with high mechanical properties often contain precipi-
tates like (Al,CuLi), d (Al;Li), n-phase, Q (Al,Cu,Mg-Sig), B-phase, 6
(Al,Cu), and Mg (Zn, Cu, Al),. Dispersoids are defined as micro-
scopic second phases that are almost insoluble in Al. These
intermetallic compounds are often formed from Al and transition
metals like Cr, Mn, and Zr. Dispersoids improve the toughness of
the alloy matrix by suppressing recrystallization or limiting the
movements of grains. Examples of dispersoids include Al,,Cu,-
Mnyg, Al;,Mn;Si, Al;,Mg,Cr, Al;Zr, and Alg(Fe, Mn). Constituents
are defined as intermetallic compounds that are generated by
eutectic processes during solidification. These particles are mostly
Fe, Si, and other low solubility alloying elements for example,
Al;Fe, AlgFe, AlMn, Mg,Si, Alj,(FeMn);Si, Als(Fe, Cu), and Al,-
Cu,Fe.? The size of the constituents usually mostly varies between
1-30 pum. Primary particles are defined as intermetallic

31924 | RSC Adv, 2024, 14, 31921-31953

compounds with a different phase formed in addition to the solid
aluminum solution. Si- and Fe primary particles are commonly
formed by 4xxx and 8xxx alloys, respectively.”*

3 Factors that affect the impact of
intermetallic particles on the localized
corrosion of aluminum alloys

In aluminum alloys, the presence of intermetallic particles can
significantly alter how well they resist corrosion. Composition,
distribution, and electrochemical behavior are the three key
elements that can be used to classify the parameters influencing
how these particles impact corrosion.

3.1 Composition

The chemical composition influences intermetallic particle corro-
sion behavior. When compared to the surrounding aluminum
matrix, these particles frequently have a different composition,
which causes galvanic coupling and localized corrosion.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schematic presentation of localized corrosion initiation induced by cathodic dispersoids and constituent phases. The envisaged reactions
are shown, the initiation sites are the IMPs thereafter propagation, trenching and depth propagation sets in the vicinity of the matrix through
galvanic interactions. The post corroded sample is indicated in the inset above the scheme revealing Cu released from a dealloyed Al,CuMg and
redeposited on other IMPs and the surrounding alloy matrix. This figure has been adapted/reproduced from (ref. 31) with permission from
Elsevier, copyright 2024.
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Fig. 3 The VPD of Al-Mn and a-Mg in AM50 (a) before corrosion, (b) after corrosion and (c) corresponding line-profile analysis of relative
potential through the secondary phases. This figure has been adapted/reproduced from (ref. 32) with permission from Elsevier, copyright 2024.
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Intermetallic particles, which can have a variety of chemical
compositions, such as Al-Mg, Al-Si, Al-Cu, or Al-Fe, among others,
are frequently found as second phases in aluminum alloys. Mg,Si,
AlFeSi and Al(FeMn)Si are examples of intermetallic phases (IMPs)
with different compositions that promote localized corrosion
(Fig. 1). The IMPs are seen to occur in varied sizes and distribution
and affect the alloy corrosion in numerous ways.

3.2 Galvanic effects

Galvanic couplings can form inside the aluminum matrix due to
the presence of dissimilar metals or alloys in the intermetallic
particles. The galvanic interaction of intermetallic particles with
aluminum can either raise or decrease how quickly the alloy
corrodes, based on the makeup of each. Localized corrosion is
promoted around the IMPs when parts of more noble IMPs in
the Al alloy give it a higher cathodic potential than the Al matrix
and are subjected to corrosive conditions.** Kosari et al.®'

® - Solute atoms Vacancy

e wWweeo@ueveeu@uvvevuve vee, Ve

Q) WepvueeIeeedt vepuevipLIELIVLY b
VOVUIPUULLUUPUULVY VU VU e v T
‘vuvuvn v--vcvuvuvv-uuv‘v oo
vove, Voveeeey vepedey weee .
spestechiesctosou@ius vovoosuihe
eeveve v heevvdueeePuevs’e
Sevvvve e -'vu-u-‘vuu.v---'v
VOUPU PO LUV UULULY VU LE YU VP LY
Tt T QU Ue vevUEs VLY

COYU VU UV III Y YUV LU U U SV
v vovew T T Mt
VOUUe U UUe CLUUPUIY YU YY vevee
vodvupv e vevevesuugup e vy
YRV eeULPupePve YV UPVvevIe LY ¢
Vevr VPUUeUPuUUrE Y VP ULYY G
VOOUUPIUPIIIY CUPIIV LY VeVUULULE
D e, T e
CUUV GUUUEU P Ve VYV e veow
P T T T
¢ CWVPUE ey CUELUr wPUeULRULTYUe
Yoop o
D T T T e T
D T T T T T T
2 O - “w

Yov veevuevevvue vedveuPuuvevee

Supersaturated atoms and vacancies
in the matrix after quenching

e veee

v wweveluueeueBuuuevve Ve, Ve

wouveuveveee

YUY @ vePu A .

v-vnu.v-'-'v--v.vuvt--‘ﬁvuv-nn-vv--v . Sy AR 5

VUV UUOIUIUI IV IOV UV IOV

D P

vlovusedquitvuge guvupe

¢ VWVPUE LY PUUPVY UPUULLEY LY e

e vevve e v

D T o T T T
vovveee Cevue

Segregation of solute atoms and vacancies
at a-AVTiC interface during aging process

View Article Online

Review

investigated local corrosion in aluminum alloys by TEM using
combined quasi-in situ and ex situ analysis and found that
dealloying of dispersoids and component phases catalyzes
corrosion. Dealloyed components of IMPs cause the nearby
alloy matrix to dissolve locally (Fig. 2). In addition, the inherent
electrochemical instability of intermetallic compounds plays
a significant role in local deterioration, which results from
galvanic contacts between the adjacent alloy matrix and the
dealloyed sections of the IMPs.

3.3 Micro galvanic effects

The composition of intermetallic particles might vary even within
a single particle. Localized corrosion can result from these
compositional changes because they can produce micro galvanic
cells within the particle itself. What makes up the intermetallic
particles determines the degree and severity of micro galvanic
corrosion.*” For example, the volta potential plots across Al-Mn
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Fig. 4 Schematic of interface precipitation and corrosion mechanisms in Al-Zn-Mg—-Cu aluminum alloy composite: (a—c) preferential
segregation of precipitates at the a-Al/TiC interface; (d and e) difference in aging kinetics between alloy and composites; (f) initiation and
propagation of IGC in composites (g—i) IGC susceptibility to TiC particles distribution configurations. This figure has been adapted/reproduced

from (ref. 34) with permission from Elsevier, copyright 2024.
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and a-Mg in AM50 shows a wide variation in potentials indicating
different tendencies toward anodic and cathodic behavior (Fig. 3).
Additionally, the potential difference in the local environment
and the necessity for a galvanic driving force to initiate the anodic
dissolution. Therefore, local corrosion mostly spreads via the
micro-galvanic impact of the nanoscale, which is brought on by
the dealloying process. By affecting the localized electrochemical
response, the IMP microstructure influences the beginning of
corrosion in aluminum alloys, which highlights the importance of
managing IMPs.*

3.4 Precipitation reactions

Some intermetallic particles may serve as sites where corrosion-
related phases precipitate. For instance, when exposed to
aqueous environments, the intermetallic phase Mg,Al; in Al-
Mg alloys can function as a nucleation site for the precipitation
of the corrosion product Mg(OH),. These precipitates may
modify the ionic and pH concentrations in the area, which may
change how corrosion behaves nearby. Precipitate aggregation
events in an AA6061 microstructure that has partially recrys-
tallized were better-understood thanks to Ly and coworkers.**
According to their findings, particle segregation causes shear
bands in aluminum alloys with ultra-fine grains to be favored
locations for pitting and intergranular corrosion. However, TiC
particles strengthened Al-Zn-Mg-Cu aluminum alloy model
was investigated with respect to interface precipitation and
corrosion mechanisms.** The initiation and propagation of
intergranular corrosion were observed to emerge from selective
dissolution of interface precipitates on the alloy matrix which
serve as probable sites for corrosion product deposition (Fig. 4).
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3.5 Particle size

The size and distribution of IMPs in the alloy matrix influence
corrosion behavior as well. Fine and uniformly scattered parti-
cles can provide more effective corrosion resistance by blocking
the movement of corrosive species and serving as physical
barriers. Larger or grouped particles, however, could create
localized corrosion cells and facilitate the propagation of
corrosion.*® Kayani et al. (2024) carried out an investigation on
the impact of intermetallic phases on the localized pitting
corrosion and high-temperature tensile strength of Al-SiMg-
CuNi alloys.®® It was discovered that the degree and spread of
volta potential depended on the size of the IMP which con-
tained phases such as y-Al,CuyNi, 3-AzNiCu, and Q-Al;Cu,-
MgsSis (Fig. 5).

3.6 Alloy microstructure

The microstructure of the aluminum alloy, including grain size,
phase distribution, and segregation affect the dissolution
behavior of IMPs. These microstructural features have the
power to modify the accessibility of corrosive species to the alloy
surface as well as the availability of corrosion pathways, which
can affect how susceptible the alloy is to corrosion. Xiao et al.
examined the microstructure and intergranular corrosion
behavior of 2024 alloy with varying Cu and Mg content using
a three-dimensional atom probe and scanning and trans-
mission electron microscopy (SEM and TEM).*” The findings
demonstrate that following quenching, nanoscale 6 (Al,Cu) and
S (Al,CuMg) particles precipitate at grain boundaries. It was
found that the presence of 6 (Al,Cu) and S (Al,CuMg) phases in
the region of grain boundaries has a significant impact on how
susceptible it is to intergranular corrosion. As local cathodes,
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Fig. 5 Volta potential maps (insets) and line profiles of (a, d) y-Al,CuysNi, (b, ) 3-AzNiCu, and (c, f) Q-AlsCu,MggSig phases in T6-treated
aluminum alloy. This figure has been adapted/reproduced from (ref. 36) with permission from Elsevier, copyright 2024.
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intermetallics and Cu-rich precipitates promote oxygen reduc-
tion and, in turn, anodic dissolution of the matrix material in
their surroundings. In another report,®*® the microstructural
evolution of a T6 treated Al-alloy was provided (Fig. 6). Distinct
phases were identified from the backscattered images such as
Mg,Si, Q-phase, Ni-rich IMPs among others. The variation in
microstructural features was noted to impact the corrosion
behavior of the alloy.

3.7 Distribution

The impact of intermetallic particles on corrosion depends on
how they are distributed inside the aluminum alloy. A corrosion
attack may be more homogeneous if particles are equally
dispersed throughout the matrix. Localized corrosion, as that
found in crevice or pitting, can happen if the particles group
together or create galvanic couples with the nearby aluminum
matrix. For example, factors considered in a work on Al-Mg-Si
alloy include the nature and distribution of intermetallics
linked to corrosion potential, pitting potential, current density,
ultimate tensile strength, and elongation.*® Primary dendritic
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and cellular spacings were also elucidated. A dendritic zone that
appeared for cooling rates with values less than 0.8 K s~ was
found after the high cooling rate cellular region. The major
dendritic arm spacing ranged from 120 m to 270 m, but the
cellular spacing ranged from around 16 m to 38 m. It was
demonstrated that the Mg,Si and Fe-containing particles in the
Al cellular zone are finely dispersed, which improved the
mechanical characteristics (strength and elongation) and
affected corrosion resistance. For 0.15 M and 0.5 M Nacl elec-
trolytes, it is shown that the scale of A = 1 within the dendritic
zone has no impact on mechanical strength or corrosion
resistance. An illustration of an IMPs size analysis is shown in
Fig. 7. It seen that the size and area of the intermetallic particles
differ greatly.

3.8 Electrochemical behavior

The corrosion impact of IMPs is also influenced by their elec-
trochemical characteristics, such as their nobility or activity in
the presence of corrosive conditions. Noble intermetallic pha-
ses have the potential to function as cathodic sites and hasten

(a) BSE images and (b) EDS elemental maps of Al single bond Si single bond Mg single bond Cu single bond Ni alloys after T6 treatment.

High-magnification BSE images and corresponding EDS elemental maps of (c) y-AL,CusNi and (d) 3-AlzNiCu phases.*® This figure has been
adapted/reproduced from (ref. 36) with permission from Elsevier, copyright 2024.
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bond Ni alloys under T6 conditions. The phases present are the B-AlSiFe and Q-AlsCu,MggSie, and y-Al,CugNi, 3-AlzNiCu, and Q-AlsCu,MggSie.
This figure has been adapted/reproduced from (ref. 36) with permission from Elsevier, copyright 2024.

aluminum matrix degradation. On the other hand, more active
particles can experience preferential corrosion, sacrificially
defending the aluminum matrix. Fig. 8 portrays a range of
corrosion potentials for some IMPs, the higher the corrosion
potential, the greater the tendency towards cathodic reactions.
Li et al* used a microelectrochemical cell technique, fast
Fourier transform to measure the impedance of intermetallic
particles in the matrix of AA2024-T3. The in situ measurement of
capacitance evolution was used to track the dealloying of the S-
phase. An uncomplicated Randles circuit was used to explain
how intermetallic particles interacted with NaCl and chromate
solutions. Al,CuMg (S-phase) had the highest dissolving
propensity, according to impedance analysis and anodic
polarization, as opposed to net cathodes in the other phases.
Moreover, according to a work by Wang et al.,** transmission
electron microscopy has shed light on the size-dependent
electrochemical implication of the activity of the S phase
during the early stages of corrosion in the 2024 Al alloy. Upon
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Fig. 8 The electrode potential IMPs in of 2024-T3 aluminum alloy.
This figure has been adapted/reproduced from (ref. 37) with permis-
sion from MDPI, copyright 2024.
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onset of corrosion, when Al,,Cu,Mn; dispersoids are vital,
a critical size of roughly 10 nm is found below which S phases
are incapable of performing electrochemical functions. The
local deterioration of the Al matrix is initiated by the electro-
chemical implications of S phases, which become more prom-
inent as the size gets bigger.

In addition to these factors, it is worthy of note that smaller
particles with a larger surface area relative to their volume can
promote more localized corrosion due to enhanced electro-
chemical activity. Moreover, contact potential difference is
another critical factor that affects the effect of IMPs on the
deterioration of Al alloys. In a work by Liew and co-workers,"
scanning Kelvin probe force microscopy (SKPFM) was adopted
to monitor the local contact potential difference (VCPD) in real-
time while conducting an in situ assessment on the micro-
galvanic interactions that occur during chloride-induced
corrosion between aluminum alloy AA2099's alloy matrix and
aluminides that comprise Cu, Fe, Mn, and Li. When the matrix
was surrounded by an aluminide cluster, the aluminides dis-
played noble potential and could ennoble the surrounding
matrix sites. As a result, the matrix changed to a more favorable
VCPD toward the aluminides. Throughout the corrosion expo-
sure, the anode-to-cathode ratio was altered and was observed
to have a dynamic nature. When the surface of Al-Li AA2099
initially interacted with high humidities, far higher local VCPD
activities were noticed than in later RH cycles; this behavior was
not observed in other aluminum alloys. It is crucial to
remember that a variety of variables, including alloy composi-
tion, production conditions, exposure environment, and
surface treatments, interact in a complex way to determine how
aluminum alloys will behave regarding corrosion. To anticipate
and manage the corrosion performance of Al alloys, it is crucial
to comprehend the unique properties of intermetallic particles
and how they interact with the aluminum matrix.
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4 Methods used in the identification
and evaluation of the electrochemical
behavior of intermetallic particles in
the context of Al alloys

4.1 Methods used in characterizing the behavior of
intermetallic particles of Al-alloys

Aluminum alloys are achieved by combination of different
elements such as iron, copper, and silicon to achieve desired or
certain properties required in special applications like in avia-
tion. However, it is also pertinent to understand how the precip-
itated intermetallic components because of the different elements
in the structure affect the electrochemical behavior of the material
based on microstructural and electrochemical analysis. The
identification and imaging of the intermetallic phases are integral
parts of complex investigation of any alloy of interest.*>*
Combined, calorimetric, microscopic, spectroscopic, and elec-
trochemical methods have been mostly employed in this regard
which have assisted in divulging the corrosion potentials and the
location of the structure dissolution within the precipitate of the
matrix. The microscopic methods include atomic force micros-
copy (AFM), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), optical microscopy (OM), and their
derivative. Typical images of results from some notorious micro-
scopic methods are collated in Fig. 1. Spectroscopy methods
include X-ray photoelectron spectroscopy (XPS), X-ray analysis
(EDS), and Xray diffraction spectroscopy (XRD).*>*¢ Thermal
techniques like the DSC (differential thermal calorimetry) were
adopted to characterize intermetallic compounds in Al material.
The corrosion of alloys depends on the nature of the intermetallic
compounds and is usually seen as cathodic within the aluminum
structure. These methods have also been employed in other areas
of corrosion research.””~*° Furthermore, severally electrochemical
characterizations were adopted to correlate with intermetallic
microstructures and the corrosion breakdown of Al materials.* %
Electrochemical methods elucidate the effect of intermetallic
compounds and their corrosion features.®*” Table 1 collated the
various methods used in analyzing the intermetallic corrosion
properties of aluminum alloys including notorious electro-
chemical methods, microscopic methods, spectroscopic tech-
niques, and thermal characterizations.

5 Electrochemical characteristic of
intermetallic particles in aluminum
alloys

The electrochemical behavior of intermetallic particles in
aluminum alloys is a complex phenomenon that can have
significant effects on the material's properties. Understanding
this electrochemical characteristic of intermetallic particles is
necessary for developing aluminum alloys that have enhanced
corrosion resistance and other desirable properties. For inter-
metallic particles in aluminum alloys, electrochemical behavior
could influence the corrosion process and other characteristics of
the material. When an aluminum alloy containing intermetallic
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particles is exposed to an electrolyte (a solution containing ions),
an electrochemical reaction can occur between the alloy and the
electrolyte. During the electrochemical reaction, some areas of the
alloy can become cathodic (negatively charged) while others can
become anodic (positively charged). The intermetallic particles
within the alloy can also act as cathodic or anodic sites,
depending on their composition and morphology. If an inter-
metallic particle is cathodic, it can attract the positively charged
ions in the electrolyte and reduce the local corrosion rate around
the particle. This can protect the adjacent alloy matrix from
corrosion. On the other hand, if an intermetallic particle is
anodic, it can attract the negatively charged ions in the electrolyte
and initiate localized corrosion around the particle. The electro-
chemical characteristics of intermetallic components could also
be influenced by the surrounding environment, such as the pH of
the electrolyte, the temperature, and the presence of other
ions.**® For example, in a saline environment, chloride ions can
increase the anodic behavior of intermetallic particles, leading to
pitting corrosion.*

There are numerous and diverse intermetallic particles that
can develop in aluminum alloys. Some of the common IMPs
within the structure of the 7xxx series are S phase, Mg,Si,
(Al,CuMg), 6 phase (Al,Cu), Al;Fe, (Al, Cu)¢(Fe, Cu) and Al,-
Cu,Fe. Particularly, Al,Cu,Fe and (Al, Cu)s(Fe, Cu) are prevalent
and of great interest within the galvanic interface in the alloy
structure.®®”* Others include, MgZn,, Al,,Cu,Mn;, Al;,Mn;Si,
Al;,Mg,Cr, AlgMn, Al3Ti, Mg(AICu), Al¢Zr, Al;Zng,, and
Mg,Al;.%%%% In terms of electrochemical activity, studies have
shown that IMPs having Ti, Fe, and Cu, are nobler compared to
matrix or pure Al. Examples of such are Al;Ti, Al;Fe, Al,Cu, and
Al,Cu,Fe. These compounds have a distinctive breakdown
potential, demonstrating their ability to support a passive film.
The IMPs do not exhibit any breakdown potential and are highly
susceptible to corrosion at potentials above their E.q..** It is
noted that the presence of some of these elements could predict
a galvanic cell, especially between matrix and particles, but not
an adoptable technique for understanding the characteristics of
the elemental particle®* this is due to the possibility of polarity
reversal in certain cases. For example, it was seen that the Mg-
rich components, like Mg,Si, could alter the electrochemical
characteristics in the cathodic and anodic parts because of the
heat treatment.®

Specific work has been conducted to reveal the electro-
chemical behavior of some of the IMPs present in aluminum
alloys. Birbilis et al.?® studied the electrochemical characteristic
and corrosion linked with Al,Cu,Fe alloys in aluminum mate-
rial and reported that Al,Cu,Fe was cathodic to the structure of
other alloys. They further revealed that this IMP could sustain
oxygen reduction responses within a range of potentials in NaCl
medium within different pH and concentrations. They observed
a pitting behavior which was attributed to the presence of Al,-
Cu,Fe. Mallinson et al.®* also identified Al,Fe,Cu alongside (Al,
Cu)g(Fe, Cu) and Al;,Fe;Si as the intermetallic materials in the
alloy AA7075. They observed that the Al;,Fe;Si had less elec-
trochemical function notwithstanding a nobler potential and
was unable to sustain enough cathodic current that could have
a significant impact on the corrosion kinetics. However, they
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submitted that even particles that could not participate in
galvanic coupling with the matrix were still prone to crevice and
intergranular corrosion. Studies have shown that there is a link
between the electrochemical behaviors of some IMPs and the
pH of the solution.”** Thus, even though Al(Fe, Mn, Cr)Si and
Al;Fe compounds are both net cathodic sites in an alkaline
solution, both particles continue to undergo anodic oxidation,
which alters their composition and morphology, affecting their
cathodic reactivity.®* Al;Fe intermetallic particles precipitated
during the annealing of binary Al-Fe alloys showed increased
cathodic reactivity behavior. In addition, Al;Fe served as a site
for localized pitting.*” Al,CuMg (S phase) intermetallic particles
which are most abundant in Al 2024-T3 and have been deter-
mined to be largely responsible for its vulnerability to localized
corrosion. Where the corrosion tendency is less, the interme-
tallic was firstly anodically polarized within the matrix, result-
ing in the dissolution of Mg and release of Cu, which could be
oxidized to produce ions on the exterior surface. The enriched
Cu residue acted as a cathode, promoting swift oxygen reduc-
tion leading to the corrosion process in the structure.”**® In
another study by Zhu et al.*” Si particle acted as a cathodic part
while, Mg,Si was anodic, and corrosion occurred within the
surface at the initial time. Notwithstanding, the Mg,Si
compound transformed from anode to cathode during the
corrosion process as a result of the dissolution of Mg and the
build-up of Si. Furthermore, this transition led to the anodic
dissolution of the substrate close to its edges.

6 Galvanic corrosion evaluation
(electrochemical behavior of
intermetallic phases in the context of
aluminum alloys)

This section presents a survey regarding the electrochemical
characteristics of intermetallic distinct phases commonly present
within aluminum (Al)}-based materials. These beneficial
mechanical characteristics of several well-known aluminum
materials were attributed to the heterogenous microstructures,
which include intermetallic phases, enhanced via meticulous
alloying inputs with heat treatment. However, from a localized
corrosion perspective, these commonly distributed intermetallic
phases would show electrochemical properties that vary with the
alloy's structure, because of their richness in specific alloying
elements. Consequently, this renders the alloy to be prone to
several types of corrosion.’” Likewise, some studies showed the
evaluation of the outcome of these intermetallic phases on the
corrosion behavior of Al materials. According to Birbilis and
Bucheit,® these intermetallic phases are precursors for pitting type
corrosion. They pointed out from their study that contrary to the
known ideology in most metals/alloys that pitting initiation arises
from the deterioration of material surface,*® pitting within Al
alloys was highly affected in the intermetallic phases, thus
exhibiting unique surface material features, as compared to the
structure. Based on this phenomenon, localized galvanic corro-
sion may occur where the intermetallic may act either as anode or
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cathode based on the elemental composition and its reactivity, as
will be discussed next.

Previously, Liao and Wei® carried out a study on galvanically
coupled Al to different part model materials (Al-Fe-Cu-Mn and
Al-Fe alloys) to simulate the intermetallic component usually
found in Al alloys. Their findings revealed that a significant
galvanic current existed within Al and the studied alloys, which
suggests that galvanic coupling can aggravate the corrosion of
the couples investigated. Furthermore, Birbilis and Bucheit?
attempted in their study to classify intermetallic in 7xxx series
Al alloy according to their electrochemical activity. According to
their study, the first category of intermetallic in the studied alloy
is the noble intermetallic having increased electrochemical
functions like Al,Cu,Fe and Al,Cu. These alloys could sustain
large cathodic current, and as such are possibly associated with
peripheral pitting arising from the galvanic corrosion with the
alloy's matrix. The second category is the noble particle with low
electrochemical activity, for example, Al;Zn. This category of
intermetallic does not sustain large cathodic currents, and as
such cannot adversely impact the corrosion kinetics of the
alloys. Hence, pitting is not often associated with this inter-
metallic type. Thirdly, is the active intermetallic phase with high
self-dissolution rates such as MgZn,. This type can undergo
anodic dissolution at high rates. Finally, the last category is the
active intermetallic phase with noble element components, for
example, Al,CuMg. This type may undergo dealloying and
incongruent dissolution, thereby leading to polarity reversal.
Also, this type can be selectively dissolved giving rise to
peripheral pitting. Moreover, they pointed out that the charac-
teristic values of corrosion potential for intermetallic phases are
dependent upon their chemical composition. Intermetallics
containing Cu, Fe, and Ti are observed to be more noble than
pure Al or its matrix. Such intermetallics, which include Al;Fe,
Al,Cu,Fe, Al,Cu, and Al;Ti revealed a characteristic breakdown
potential in their findings, and as such, indicate that they can
maintain a passive film. In contrast, intermetallics consisting of
Mg, Zn, or Si are typically less noble than pure Al or its con-
taining matrix alloy. These intermetallics such as Alz,Zn,o,
MgZn,, and Mg,Si do not show any breakdown potential and
are capable of corroding freely above their corrosion potential.

7 Electrochemical/galvanic corrosion
behavior of selected/important
intermetallic compounds in aluminum
alloy

7.1 The Q-phase (Al,Cu,Mg-Sis)

Unlike the regular susceptible carbon steel that is applied in
corrosion studies,”®* the aluminum alloy shows a prominent
second phases during the corrosion process, an example is the Q-
phase (Al,Cu,Mg;Sig)."**** The mechanisms of corrosion of the
Q-phase in Al alloy were reported in some recent literature.
According to Fleming et al.,'” the aluminum with the Q phase was
exposed to different experimental procedures; the mixed, braze,
and heat zones procedures. These were modeled by adopting
thermochemical simulations and characterized experimentally.
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The corrosion results showed that each zone had its unique the Al-Si braze combine favored the increased intergranular
corrosion surface morphology that is linked with the chemical corrosion mechanism within the Si-rich region leading to grain
constituents and metallurgical features. Notably, the AA6061 and boundary B and Q (Al,Cu,MgsSi;) phases, in addition to
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Fig. 9 Successive SIET-SVET scan of the Q-phase/Al couple after an hour in NaCl containing solution at 6 pH value: (a) SVET current density
map, and (b) SIET pH map. This figure has been adapted/reproduced from (ref. 8) with permission from ELSEVIER, copyright 2024.
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eutectically produced Si components at solidification boundaries.
The pitting corrosion occurred in the NaCl media as confirmed by
the cathodic and anodic polarization measurements. These data
showed that micro galvanic coupling betwixt grain boundary Q
and possibly Mg,Si compared to the Al-Cu-Mg alloy component
and eutectically produced Si.***

In a detailed investigation by Ikeuba and co-workers®'*> on
the bimetallic corrosion of the Q-phase/Al couple in solutions
containing NaCl applying SVET, SIET, and EDX techniques, it
was found that the galvanic corrosion of the couple is depen-
dent on pH and immersion time. SVET images reveal that the
cathodic and anodic processes emerge from Q-phase and Al,
respectively under all pH environments, indicating that the
galvanic polarity of the Q-phase does not depend on the pH. The
galvanic effect was more pronounced in acidic and basic
mediums. The SIET pH result proves that the galvanic actions of
the Q-phase/Al couple progress through heavy alkalization of
the surface of the Q-phase with the formation of a substantial
amount of OH™. Worthy to note is the concordance between the
SVET and SIET maps. Fig. 9 is a successive SIET-SVET scan of
the Q-phase/Al couple after an hour in NaCl solution at pH 6.
The Cu enrichment as observed by EDX is liable for the cathodic
actions of the Q-phase in the Q-phase/Al couple. Localized
anodic regions were seen on the Al surface while a uniformly
distributed cathodic region was noted on the Q-phase. Worthy
to note is the high degree of consistency of SVET and SIET maps
which indicates that significant amounts of OH™ ion (Fig. 9b)
are formed by the cathodic reactions (Fig. 9a) on the Q-phase
surface. An exceptionally low pH region is observed in Fig. 9b
shown by the white circular disconnected lines. This low pH
area corresponds in sense and magnitude sense to the area of
high anodic activity on Al in the SVET map.

Similarly, in further experiment that was conducted in NaCl
media within various pH adopting cathodic and anodic poten-
tiodynamic polarization, time-of-flight secondary ion mass
spectroscopy (ToF-SIMS), and X-ray photoelectron spectroscopy
(XPS) presented a corrosion characteristic of the Q-phase (Al,-
Cu,MgsSi;)." The potentiodynamic polarization curves show
that the corrosion mechanism of the Q-phase was dependent on
pH and encourages fast anodic and cathodic reaction kinetics
within the alkaline and acidic media. The corrosion potentials
ranged between 0.5-1.3 Vgcg from the acidic to the basic region.
The order of the corrosion process rate was pH 6 < pH 4 < pH <
10 < pH 2 < pH 12 pH < 13 < pH 1. The surface morphology data
showed that the dissolution of prominent elements like Al, Mg,
and Si occurred amid the corrosion of the Q-phase promoting
Cu-rich rubbles independently spread within the neutral area
and evenly dispersed in the alkaline area.'**""

7.2 The w-phase (AlgMg;FeSic)

The m-phase is one of the unique intermetallics found in
aluminum-Si based alloys.'*'** The basic behavior of Al-Si
based alloys are influenced by the presence of impurity
components especially at the point of casting and melting. The
impurity often produces intermetallic elements with diverse
sizes, types, morphology, and its concentration depends mostly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The m-phase and pure Al potentiodynamic polarization plots
in sodium chloride solutions at different pH values. This figure has
been adapted/reproduced from (ref. 103) with permission from
Elsevier, copyright 2024.

on the alloying composition, thermal history, cooling tendency,
and many other factors. The presence of these compounds,
especially with varying morphology and size, tends to be the
cause ascribed for the relative effects of localized corrosion that
take place on metals. The typical examples of these interme-
tallic compounds are o-AljsFe;Si,, P-AlsFeSi, and -
AlgM,FeSig. 1

In a recent report by Ikeuba et al.,'” the bimetallic corrosion
of m-AlgMg;FeSig phase and pure Al in different media (acidic,
neutral, and basic solutions) was investigated with respect to
time and pH using potentiodynamic polarization, SVET and
EDX. Polarization results revealed that the w-phase show
distinct corrosion potentials ranging from —0.8 to —1.3 Vscg
from the acidic to the basic environments. The m-phase was
noted to dissolve actively both in acidic and basic environments
with high current densities. The galvanic behaviour of the of the
m-phase with respect to Al was also revealed by polarization
tests. It was revealed (Fig. 10) that in acidic and near-neutral
environments, the w-phase acted as the anode while Al acted
as the cathode, although the opposite was seen under basic
environments. SVET current density maps revealed that in
acidic and basic environments, the anodic and cathodic sites
develop from the m-phase and Al, respectively. While under
neutral conditions, self-dissolution of m-phase happens and
both anodic and cathodic activities emerged from the w-phase
with no significant activity on Al. The intensity of the galvanic
corrosion was more pronounced in acidic and basic solutions,
and the rank of the intensity of the galvanic effect is pH 13 > pH
2 > pH 6. EDX revealed the selective release of more electro-
positive elements in the m-AlgMg;FeSis phase leading to the
enrichment of less active elements which in turn impacts the
galvanic polarity of the m-AlgMg;FeSis.

According to MOLler et al, 2010, the tensile and micro-
structure characteristics of some solid substrate alloys having
low to high concentrations of Cr, Ni, and Fe undergo different
temperature conditions. The detailed influence of most of the
intermetallics on tensile characteristics that is obtainable in
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Fig. 11 Potentiodynamic polarization plots for AlbCu and pure Al in
0.1 M NazSOy4 solution. This figure has been adapted/reproduced from
(ref. 108) with permission from Elsevier, copyright 2024.

corrosion processes was analyzed. The data obtained from the
study indicates high concentrations of Cr, Ni, and Fe. The
results are linked with the production of many m-AlgFeMg;Sis
phases, which get rid of strengthening Mg atoms out of the
solid solution. In addition, the ductility recorded for large
concentrations of Cr, Ni, and Fe levels alloy was shown to
decrease noticeably because of the corrosion microcracking of
the higher volume ratio of AloFeNi and -AlgFeMg;Sis phases.'®”

7.3 The 0-phase (Al,Cu)

Al,Cu is a significant intermetallic compound that has a huge
impact on the Al-alloy corrosion behavior. Due to the inter-
metallic Al,Cu's small size, it is grievously challenging to
continually examine corrosion behavior and its mechanism for
bulk Al alloy. The coarse Al,Cu crystallite has been reported to
have a significant impact on the 2024 alloy's cathodic process
which was also connected to the sensitivity to pitting. Zhou
et al.'*® argued that for local and microscopic corrosion of 2024
alloy, the Al,Cu phase was crucial. They went further to state
that the choosy dissolution of Al in the 6-phase (Al,Cu)
produced a penetrable copper-rich residue as well as the 6-
phase's de-alloying. Because of the nearby low pH environment,
the de-alloying in the phase could occur preferentially below the
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sample surface. In materials with an Al-Cu complex structure,
the Al,Cu phase has been discovered to be the cause of corro-
sion and a catalyst for corrosion, with the Cu concentration
having no impact on the open circuit potential.**®

Zhou et al.**® reported the potential of intermetallic Al,Cu in
0.1 M Na,SO, to be —473.04 mV, which is comparable to the
potential in a 0.5 M H,SO, solution.'*>"** According to the prior
finding mentioned in the literature, the potential of pure Al is
more negative than that of intermetallic Al,Cu. This aligns with
the work of Zhou et al.,'*® where Al was more readily dissolved in
0.1 M Na,SO, than intermetallic Al,Cu as shown in Fig. 11. They
further revealed that thick and uneven corrosion product in the
local areas which is attributed to the accumulation of the
corrosion product. Pitting corrosion was more noticeable in the
Al region than intermetallic Al,Cu as displayed in Fig. 12. They
concluded that linked Al,Cu/Al has galvanic corrosion, which
results in pure Al being easily dissolved and acting as the anode
while intermetallic Al,Cu is shielded and acting as the cathode.

Also, the galvanic corrosion study of alloys of aluminum-
copper model containing o- and 8-phases in 0.1 M Na,SO, by
Idrac et al.,"** revealed that the cathodic 6-phase is more prone
to pitting caused by sulfate ions. When there is a greater
disparity between the copper contents of the anode and the
cathode, the cathode’s 8-phase is more sensitive to pitting. The
sensitivity to pitting in sulfate solutions by any phase increases
in direct proportion to the copper content.

Immersion of intermetallic Al,Cu in an acidic solution of
0.1 M Na,SO, that mimics an atmosphere polluted by industry,
the principal effects that happen are oxygen reduction at the
cathode and the anodic dissolution of Al. The dissolution
reactions are given as:

112
Al — 3e - APP* (1)
0, + 4H" + 4e~ — 2H,0 (2)

Due to the mild acid environment, the following reactions
took place concurrently:

H,O + — H" + OH™ (3)
APP* + 30H™ — AI(OH); (4)

AI(OH); — AIOOH + H,0 or 2Al(OH); — ALO; + 3H,0 (5)

Fig. 12 Surface morphology of Al,Cu/Al surface picture without and after immersion (a) O h; (b) 96 h of 0.1 M Na,SO,. This figure has been
adapted/reproduced from (ref. 108) with permission from Elsevier, copyright 2024.
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ALO; + 6H" — 2A1*" + 3H,0 (6)
2A1* + 380,% + xH,0 — AlL(SO4),-xH,0 (7)

The intermetallic Al,Cu or linked Al,Cu/Al sample surface's
corrosion behavior may be explained by these processes. Al and
Al's oxide dissolve during the first stage of immersion when
intermetallic Al,Cu or linked Al,Cu/Al is submerged in the
solution. Both the dissolution and formation of the Al oxide
occur simultaneously. The primary effect of the hydrogen ions
being consumed is the formation of Al oxide. Al oxide, which
shields the surface of the sample, is, therefore, the primary
corrosion product. The corrosion product and mechanisms of
intermetallic Al,Cu, however, are yet unclear due to the influ-
ence of significant structural changes in the material.

7.4 The S-phase (Al,CuMg)

Due to its superior weight-strength ratio, the 2024-T3
aluminium alloy utilizes an essential intermetallic phase called
S-phase (Al,CuMg) to increase its mechanical strength. Among
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the several intermetallic phases in 2024-T3, the Al,CuMg is the
most prevalent among them.'® The addition of Cu and Mg
elements in Al,CuMg enhances its high strength. These two
substances, however, have a severe negative impact on the
alloy's ability to resist corrosion. Researchers are quite inter-
ested in the function that Al,CuMg plays in the 2024-T3
aluminum alloy corrosion, thus they have put a lot of work into
studying this phenomenon.

The process of corrosion of intermetallic Al,CuMg ingrained
in an aluminum matrix is traditionally studied to figure out the
corrosion mechanism of these intermetallic particles. This
technique provides in-depth knowledge of the chemical and

114-126

electrochemical mechanisms involved when corrosion forms on
an alloy's surface. This method's drawback is that it is chal-
lenging to identify chemical species and electrochemical
behavior at the edges of particles and the bottom of pits due to
continuing erosion. Despite some consensus regarding the
corrosion of Al,CuMg, there are disagreements regarding its
role in the corrosion of the enclosing Al matrix. The argument is
that the pitting of the Al matrix phase also takes place at the
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Fig.13 AL CuMg-Al coupling current density map after (a) 1 h, (b) 4 h, and (c) 24 h of immersion in 0.005 M NaCl, (d) optical image after exposure
for 24 h.*** This figure has been adapted/reproduced from (ref. 113) with permission from Elsevier, copyright 2024.
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edges of particles of intermetallic Al,CuMg, even though
prepared Al,CuMg has open-circuit potentials (OCP) of 0.920 to
0.930 V, which are 0.300-0.400 V lower than the OCP of 2024-
T3."*71?% X-ray line scans through Al,CuMg particles were used
to detect the dealloying of Mg and Al from Al,CuMg particles.
Their research also revealed that the Al content of the Al,CuMg
particles had decreased. In the exceedingly early stages of
immersion, it was also discovered that the Al matrix around
Al,CuMg particles was heavily dissolving, and that Mg and Al
had been dealloyed from the Al,CuMg particles.'” According to
Zhu et al.™*® the disintegration of the Al matrix was significantly
more severe early on than it was later. The localized alkalization
brought on by the associated cathodic reaction was assumed to
be the cause of the Al dissolution. According to other
researchers,”® Mg and Al dealloyed from the S phase, and the Al
matrix trenched when submerged in a NaCl solution. Most of
the aforementioned studies stated that the difference in
potential between the Al,CuMg and the Al matrix encourages
anodic dissolution, whereas the Cu-enriched residue operates
cathodically and stimulates the disintegration of the Al matrix
at the nearby boundary of Al,CuMg precipitates."”>'*® Zhu
et al.,"** on the other hand, concentrated on the significance of
Al matrix dissolution because of local alkalization. There is
debate over the electrochemical nature of Al,CuMg which
contradicts the anodic property during the preliminary stages of
immersion. When scientists examined their Volta potentials, it
was evident that Al,CuMg particles were more cathodic than the
alloy matrix. Specifically, the S phase was discovered by atomic
force microscopy (AFM) scanning potential to be nobler than
the Al matrix surrounding it.*****?

In SIET currents, chloride concentration, and pH measure-
ment of Al,CuMg in a simulated corrosion environment by Shi
et al.," Al,CuMg exhibited both anodic and cathodic reactions,
whereas Al exhibited neither of these behaviors. With more time
spent submerged, the maximum anodic currents rise. Accord-
ing to the distribution of current density, self-dissolution rather
than anodic reaction caused by coupling with Al,CuMg was the
source of the alloy's dealloying as shown in Fig. 12. After being
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submerged for 24 hours, Al,CuMg's corrosion products may be
seen on the material's surface.

After 1 hour of immersion, the Al,CuMg-Al coupling's pH
map (Fig. 13) revealed that the pH levels at the anodic and
cathodic sites were both in the alkaline region (8-10.8 pH range)
caused by the abundance of hydroxyl ion produced when Al,-
CuMg self-dissolved. There was no evidence of an acidic area.

A change in pH can cause chemical disintegration, which in
turn can cause the Al matrix to corrode. The Al oxide layer and Al
matrix will dissolve chemically actively if pH surpasses 9:

ALO; + 20H (ad) — 2A105 (ad) + H,O (8)
2A1(m) + 3H20 - A1203(ad) + 3H2 (9)

As a result, it may be assumed that AlL,CuMg's self-
dissolution can cause the Al matrix to trench around it. The
following succinctly describes the anodic and cathodic reac-
tions on the Al,CuMg:***

Mg + 2H,0 — Mg** + 20H™ + H, (10)
2Al + 6H,0 — A" + 60H™ + 3H, (11)
Mg — Mg** + 2e (12)

Al — A" + 3e (13)

O, + 2H,0 + 4e — 40H™ (14)

7.5 Al;Mg, intermetallic compounds

Al;Mg, (B-phase) intermetallic compounds usually form active
precipitate at the grain boundary of aluminium 5000 series
alloys when exposed for a long time at 50-200 °C temperatures
in a process commonly referred to as “Sensitization”."**'** Both
the sensitization process and corrosion performance have been
reported to rely on the thermomechanical process, the compo-
sition of the alloy, and the sensitization temperature. Although
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The schematic of the surface physical models of AlsMg, after immersion in 0.01 M NaCl solution of (a) pH 2; (b) pH 3.5-10.5 and (c) pH
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B-phase precipitation does not have a huge influence on the
mechanical properties of the alloy because it is not a hardening
precipitate,*® however, B-phase can affect the stress corrosion
cracking (SCC) or intergranular corrosion (IGC) susceptibleness
in seawater or other corrosive environments."*” Electrochem-
istry of B-phase has been reported to be anodic with reference to
an Al-based matrix, with the corrosion potential being less
noble when compared to the Al-alloys matrix in which they
populate. Hence, the selective disintegration of the B-phase
formed at grain boundaries can result in corrosion infiltrating
deeply into the material without a huge weight deficit. This IGC
makes the alloy very prone to SCC when undergoing tensile
stress.'*®

Considering that the galvanic corrosion takes place betwixt
the B-phase and the neighboring alloy matrix because of the
distinction in the electrochemical activities, it becomes neces-
sary to understand the corrosion mechanism of the Al;Mg,
intermetallic compound and its part in the corrosion of
aluminium 5000 series alloys. In this regard, Li et al
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investigated the influence of pH on the electrochemical
behavior of B-phase Al;Mg, and how it affects the corrosion of
AA5000 series alloy in NaCl solution.® Their findings proved
that bulk Al;Mg, behaves as an anode at pH 2-10.5 but works as
a cathode at pH 12. Their electrochemical measurements
suggest that there is strong disintegration of both Al and Mg at
pH 2, while selective disintegration happens at pH 3.5-12. In
addition, at pH 3.5-10.5, the degree of selective dissolution of
Mg element increases substantially when there is any shift from
neutral pH leading to the corrosive surface having a rough outer
layer and a comparatively dense inner layer as demonstrated in
Fig. 14. Meanwhile, at pH 12, the selective disintegration of Al
becomes prevalent and the development of compact Mg(OH),
attains complete passivity on Al;Mg, surface.

Lyndon et al. reported that the rate of dissolution of the
Al;Mg, is significantly higher in alkaline mediums than in
acidic mediums."®® Using the electrochemical microcell tech-
nique, Buchheit and Birbilis proved that Al;Mg, is an active
phase with a potential window of passivity in NaCl

Fig. 15 SVET current density distribution on AlsMg, embedded in pure Al matrix in 0.1 M NaCl solutions at different pH values (a) microscopic
image of sample-probe arrangement (b) pH 2, (c) pH 6 (d) pH 13. This figure has been adapted/reproduced from (ref. 142) with permission from

|OP SCIENCE, copyright 2024.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solutions."**** Tkeuba et al.*** made a galvanic couple consist-
ing of Al;Mg, embedded in an Al matrix to study the corrosion
behavior of the B-phase (Al;Mg,) using SVET and ToF-SIMS. The
corrosion potential was noted not to vary significantly but
ranged between 1.4-1.6 Vgcg across the acidic to the basic
environment. Their findings further confirmed that environ-
mental pH and exposure duration significantly affect the
galvanic corrosion of the Al;Mg,/Al couple in aqueous solu-
tions. The result from their SVET current density distribution
maps suggests that anodic processes develop from Al;Mg, at pH
2, while the cathodic processes develop from Al. Both anodic
and cathodic processes are observed to develop from Al;Mg, at
PpH 6 and 10, and there was no obvious electrochemical process
on Al. The cathodic activities develop from Al;Mg, at pH 13,
while the anodic process develops from the Al (Fig. 15). From
their ToF-SIMS results, the dealloying of Al;Mg, in the galvanic
couple was shown to be by selective disintegration of Mg
resulting in the deposition of corrosion products populated
with Mg compounds in an acidic and neutral environment. A
comparably thin hydroxide-rich film was shown to form in an
alkaline environment.

7.6 Mg,Si intermetallic compound

Al-Mg-Si alloys are the commonly used high-strength Al alloys
and mainly consist of Mg,Si nanosized dispersoids as the
strengthening phase.' The intergranular corrosion (IGC) of Al-
Mg-Si alloys is affected by the composition of grain boundaries
and the micro-galvanic coupling between Mg,Si precipitates
and Mg, Si segregation at grain boundaries, and precipitate-free
zone (PFZ) at grain boundaries."® Buchheit and Birbilis per-
formed potentiodynamic polarization tests, which showed that
the corrosion potential of Mg,Si was much lower than that of
the alloy matrix.” The volta potential of Mg,Si particle measured
by scanning kelvin probe force microscopy (SKPFM) is about
100-180 mV smaller than that of the Al matrix,"** indicating that
the Mg,Si particle was initially anodic with respect to the Al
matrix. He et al.'*® also confirmed that Mg,Si phases were
anodic with respect to the Al-based matrix and dissolved pref-
erentially without actually influencing the propagation of the
corrosion process. Gupta et al.'* revealed that Mg,Si is either
alocal anode or a local cathode; they found that Mg,Si is anodic
to 6360 and 7075 Al alloys in the acidic and neutral pH, but
cathodic in alkaline conditions (where Al dissolves and Mg is
passive). Gharbi et al. also proved that Mg,Si particles can
selectively dissolve in a neutral solution.™® Employing the
hydrogen evolution approach and tailored polarization
schemes, Ikeuba et al. showed that anodic hydrogen evolution
(AHE) is not very significant on Mg,Si (B-phase).** Researchers
have reported Selective dissolution of Mg during the corrosion
of Mg,Si phases. Fabian et al.' confirmed that MgSi particles
are selectively de-alloyed by Mg in 1 M NaCl solution in
a process that began within the first few seconds and stopped
after about 20 min. The Si-rich Mg,Si remnant is cathodic-active
after de-alloying. Concerning the anodic activity, they show that
Mg,Si remnants do not alter the pitting potential in electro-
chemical micro/macro-cell experiments.
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Zeng and co-workers also confirm the existence of Mg,Si
precipitates and coarse Si particles along the grain boundary of
Al-Mg-Si alloys with a mole ratio of Mg to Si > 1.73.*** Corrosion
begins on the Mg,Si surface and the PFZ on the adjacent
periphery of the Si particle. Si particles induce severe anodic
dissolution and corrosion of the PFZ at its adjacent periphery at
prolonged corrosion time. In addition, the Si particles increase
the rate of preferential dissolution of Mg in Mg,Si precipitate,
accelerating the polarity transformation between Mg,Si and the
PFZ, hence, the corrosion of the PFZ at the adjacent periphery of
Mg,Si precipitate is improved. Li et al.'* investigated the
galvanic corrosion behavior of B-phase (Mg,Si) in NaCl solution
via SVET confirming that the Mg,Si intermetallic compound
dissolves in acidic and near-neutral solutions but passivates in
alkaline solution. The passivation was ascribed to the formation
of Mg(OH), and MgO films on the Mg,Si surface which prevents
it from further dissolution. They proved that the dealloying of
binary Mg,Si phase is dependent on the pH of the solution and
corrosion time where an increase in the pH decreases the
corrosion rate. Wolka and co-workers determined the OCP of
Mg,Si via a microcapillary electrochemical cell and suggested
that the acceleration of OCP after immersing 1 hour in 0.01 M
NacCl solution can be attributed to the preferential dissolution
of Mg."*° Likewise, Mg,Si particles in Al-Mg-Si alloys have been
studied by employing SKPFM together with AFM, electro-
chemical micro-cell measurements combined with electron
probe microanalysis (EPMA), and auger electron spectroscopy
(AES). These studies confirmed that the high reactivity of Mg
results in the dealloying of Mg,Si particles along with the Si
ennoblement enabling the Mg,Si remnant to exhibit cathodic
activity.'*"'>>

7.7 The d (ALLi)

7.7.1 Electrochemical potentials. A class of lightweight,
high-strength materials known as aluminum-lithium alloys has
attracted interest in some industrial applications, particularly
in the aerospace sector.’® Lithium has been discovered to
improve the strength-to-weight ratio of the resultant alloy, as
well as increase its corrosion resistance.”* One such alloy is
AL;Li, which has a particularly low density and high specific
strength.’ Researchers have studied Al;Li's electrochemical
potentials in a variety of situations to better comprehend the
material's electrochemical characteristics. Studies on Al;Li
potential, for instance, have been done in both the presence of
chloride ions and acidic solutions.”®*” Such studies have
found that the electrochemical behavior of AL;Li can vary
significantly depending on the specific conditions of the envi-
ronment. Due to Al;Li's high theoretical specific capacity and
low volume expansion, several researchers have investigated
using it as a viable anode material in lithium-ion batteries."****
However, challenges still exist in achieving stable cycling
performance, particularly in terms of preventing the evolution
of a solid-electrolyte interphase (SEI) layer on the surface of the
electrode.’ In general, Al;Li electrochemical potentials repre-
sent a significant area of study with potential ramifications for
a variety of industrial and technological applications. To
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completely comprehend how this material behaves in various
settings and circumstances, however, additional research is
required.

7.7.2 Pitting potentials. Aluminum-lithium alloys, and
particularly Al;Li, have been the subject of much research owing
to their desirable mechanical and physical properties, such as
high strength-to-weight ratio and good corrosion resistance.**
However, the susceptibility of these alloys to localized corro-
sion, like pitting corrosion, has been a concern in some appli-
cations.'** Pitting corrosion is a type of localized corrosion that
poses a serious threat to a variety of industries because it can
quickly and unexpectedly cause material failure. To better
understand the pitting behavior of Al;Li, researchers have
studied its pitting potential in various environments. For
example, studies have investigated the effect of chloride ion
concentration on the pitting potentials of Al;Li.*** These studies
have discovered that the Al;Li's pitting potentials decrease as
the concentration of chloride ions rises, suggesting that the
presence of chlorides may make Al;Li more susceptible to
pitting corrosion. Other studies have explored the influence of
various surface treatments on the pitting potentials of
Al;Li.*%*71%* These studies have found that certain surface treat-
ments, such as electropolishing or anodizing, can significantly
increase the pitting potentials of Al;Li, potentially improving its
resistance to pitting corrosion. Overall, the pitting potentials of
AL;Li are an important area of research for understanding its
corrosion behavior in different environments and for devel-
oping effective corrosion prevention strategies. To completely
the factors that influence Al;Li's tendency to form pits and to
create practical strategies for reducing this tendency, more
study is required.

7.7.3 Galvanic polarity. Aluminum-lithium alloys, and
particularly Al;Li, have been extensively studied owing to their
unique combination of high strength, low density, and good
corrosion resistance."* However, when using dissimilar metals
in engineering applications, it is crucial to consider their
galvanic behavior when in contact with other metals. When two
metals that are not compatible with one another encounter an
electrolyte, such as seawater, it results in galvanic corrosion. In
this situation, one metal acts as the anode, and the other metal
acts as the cathode, leading to the corrosion of the anode. The
galvanic series ranks metals according to how likely they are to
corrode in certain conditions.

Studies have investigated the galvanic behavior of Al;Li when
in contact with other metals, including aluminum alloys and
copper alloys.'®**” These studies have found that the galvanic
potential of Al;Li is more positive than that of aluminum alloys,
suggesting that Al;Li will function as the cathode in these
galvanic couples. The galvanic potential of Al;Li is also more
negative than that of copper alloys, indicating that Al;Li will
function as the anode in these galvanic couples. The galvanic
behavior of AL;Li can be affected by several factors, including
the nature of the electrolyte, the area ratio between the two
metals, and the presence of protective coatings or inhibitors.**®
To mitigate galvanic corrosion, it is important to select mate-
rials with similar galvanic potentials or to use coatings or
inhibitors to protect the anodic material.
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7.7.4 Effect of chlorides. Al;Li alloy has exceptional corro-
sion resistance in a variety of conditions, including air, salt
water, and acidic solutions. However, the presence of chlorides
can significantly affect the corrosion behavior of these alloys.
Chlorides are highly corrosive due to their ability to penetrate
the protective oxide layer on the surface of metals and form
complex ions that accelerate corrosion.'®® The corrosion
behavior of aluminum alloys can also be affected by the
concentration of chlorides, other ions present, and the solu-
tion's pH. Studies have investigated the influence of chlorides
on the corrosion behavior of Al;Li in various environments. For
example, Zhao et al.,**® found that the addition of 3.5 wt% NaCl
to a 3.5 wt% NaOH solution significantly increased the corro-
sion rate of Al;Li compared to the solution without NaCl. The
addition of chloride ions also led to pitting corrosion on the
surface of Al;Li. Han et al.,**® studied the effect of different types
of chlorides on the corrosion behavior of Al;Li, such as Cl-, Br-,
and I-. These studies found that the corrosion resistance of Al;Li
decreased in the presence of these halide ions, with Cl-having
the most significant effect. It has been demonstrated that
adding inhibitors, such as rare earth metals, can lessen the
impact of chlorides on the corrosion behavior of Al;Li.** These
inhibitors form a protective layer on the surface of the alloy,
which prevents the penetration of chlorides and other corrosive
species.

7.7.5 Nature of surface films (in acidic, neutral, or alkaline
environments). The surface films that form on aluminum-
lithium alloys, including Al;Li play a critical role in determining
their corrosion resistance. These films are typically composed of
aluminum oxide and hydroxide species and are strongly influ-
enced by the pH of the surrounding environment. In acidic
environments, the surface films on Al;Li are primarily
composed of amorphous aluminum oxide (Al,O3) and have
a thickness of a few nanometers."”° These films have exceptional
acidic corrosion resistance due to their ability to self-heal and
rebuild after being damaged. The surface layers on Al;Li in
neutral conditions are a mixture of amorphous and crystalline
aluminum oxide and hydroxide species. These coatings have
a typical thickness of several tens of nanometers and offer
considerable corrosion resistance in neutral and moderately
alkaline solutions. In alkaline environments, the surface films
on ALLi are primarily composed of crystalline aluminum
hydroxide (Al(OH);)."”® These films provide good corrosion
resistance in strongly alkaline solutions but may be less effec-
tive in mildly alkaline or neutral solutions. The nature of the
surface films on Al;Li can also be influenced by the presence of
other species in the environment, such as chloride ions. The
interaction between these species and the surface films can
affect their composition, thickness, and corrosion resistance
properties.

Overall, the nature of the surface films on Al;Li concerning
their acidity or alkalinity is an important consideration in
determining the corrosion resistance of this alloy in various
environments. More in-depth research is needed to fully
understand the mechanisms of surface film formation and their
interactions with different environments.
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7.8 The n-phase (MgZn,)

7.8.1 Electrochemical potentials. Magnesium-zinc (Mg-
Zn) alloys have attracted significant attention owing to their
excellent properties such as low density, high specific strength,
corrosion resistance, and good biocompatibility. For an
understanding of Mg-Zn alloys' corrosion behavior and the
development of corrosion-resistant materials, it is essential to
know their electrochemical potentials. Several methods,
including galvanostatic polarization, electrochemical imped-
ance spectroscopy (EIS), and potentiodynamic polarization,
have been used to examine the electrochemical potentials of
Mg-Zn alloys. According to Song et al.,"”* The Zn content in Mg-
Zn alloys has a significant impact on their electrochemical
behavior, with an increase in Zn concentration leading to
greater negative potential values. The researchers also noted
that by lowering the cathodic reaction rate, the addition of rare
earth metals to Mg-Zn alloys might increase their corrosion
resistance.

Another study by Chen et al.,"”> investigated the influence of
microstructure on the electrochemical behavior of Mg-Zn
alloys. The authors found that the presence of the MgZn, phase
in the microstructure resulted in a more negative potential,
indicating a higher tendency towards corrosion. However, they
also reported that the presence of other phases such as MgZn
and MgZn; can improve the corrosion resistance of the alloy.
Some scientists have also investigated the effect of surface
treatment on the electrochemical behavior of Mg-Zn alloys.
According to Wu et al.,"”® surface modification using fluoride
treatment can remarkably improve the corrosion resistance of
Mg-Zn alloys by forming a protective layer on the surface
furthermore, the corrosion potential of the alloy shifted towards
more positive values after surface treatment.

7.8.2 Pitting potentials. Pitting corrosion is a localized
form of corrosion that occurs on the surface of metals, resulting
in small pits or holes that can compromise the material's
structural integrity. Many variables, including the alloy's
composition, the presence of impurities or defects, and the
surrounding environment, have an impact on the initiation and
growth of pits. MgZn, is a binary alloy comprising magnesium
and zinc, having a nominal 2% zinc content. The addition of
zinc improves the alloy's mechanical properties, such as
strength and ductility, but also increases its susceptibility to
corrosion. Several studies have investigated the pitting poten-
tials of MgZn, in different electrolytes, such as NaCl, KCl, and
H,S0,.

Liu et al.,'* pointed out that the pitting potentials of MgZn,
grew with rising pH and decreased with rising chloride
concentration. They attributed this behavior to the formation of
protective films on the surface of MgZn, at high pH and the
breakdown of these films at high chloride concentrations.
Similarly, Zhang et al,"”* discovered that MgZn, had larger
pitting potentials in alkaline solutions than in acidic solutions,
highlighting the significance of pH in preventing pitting
corrosion. Temperature, dissolved oxygen, and the presence of
other ions, such as sulfate and nitrate, can also have an impact
on the pitting potentials of MgZn,. These variables are in
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addition to pH and chloride concentration. For instance, Wu
et al.,"” reported that the pitting potentials of MgZn, decreased
with increasing temperature due to accelerated corrosion
kinetics. They also found that the presence of sulfate ions
inhibited pitting corrosion by forming sulfate compounds on
the surface of MgZn,.

The pitting potentials of MgZn, are influenced by several
factors, such as pH, chloride concentration, temperature, and
the presence of other ions. Understanding these factors is
essential in designing and optimizing the performance of
MgZn, in different environments. Further research is recom-
mended to investigate the complex interplay between these
factors and their effects on the pitting corrosion of MgZn,.

7.8.3 Galvanic polarity. Galvanic corrosion occurs when
two metals with different electrochemical potentials come into
contact in the presence of an electrolyte. The more noble metal,
with a higher electrochemical potential, acts as the cathode,
while the less noble metal, with a lower electrochemical
potential, acts as the anode. The anode corrodes as a result of
the passage of electrons caused by the potential difference
between the two metals. The relative locations of magnesium
and zinc in the electrochemical series affect the galvanic
behavior of MgZn, with other metals. Some researchers have
investigated the galvanic polarity of MgZn, with different
metals, such as aluminum, steel, and copper. In studies by
Ikeuba et al.,’’® spanning pH ranges of 2 to 12, the behavior of
produced MgZn, intermetallic particles linked with Al in 0.1 M
NaCl solutions was investigated. Results show that pH and
exposure duration are both crucial factors in the galvanic
dissolution of MgZn,.

The galvanic potential of MgZn, changed towards a more
negative value when in contact with copper, suggesting that
MgZn, behaved as the anode, according to research by Kim
et al.,””7 on the galvanic behavior of MgZn, in contact with
copper. They attributed this behavior to the formation of
a copper-rich layer on the surface of MgZn,, which enhanced
the galvanic corrosion of MgZn,. In addition to the relative
positions of magnesium and zinc in the electrochemical series,
other factors that affect the galvanic polarity of MgZn, include
the composition of the electrolyte, the temperature, and the
surface area ratio of the two metals.””

7.8.4 Effects of chlorides. The corrosion of metals and
alloys, especially MgZn,, is known to be accelerated by chlo-
rides, one of the most aggressive ions. The presence of chlorides
can induce pitting corrosion, crevice corrosion, and stress
corrosion cracking of MgZn,. Some studies have investigated
the effects of chlorides on the corrosion behavior of MgZn,. Li
et al.,*”® found that the inclusion of chloride ions in the envi-
ronment significantly promotes the corrosion rate of MgZn,.
Additionally, they stated that the decomposition of MgZn, in
the presence of chloride ions was aided by the formation of zinc
and magnesium hydroxides. In addition to accelerating the
corrosion rate, chlorides can also affect the morphology and
structure of the corrosion products on the surface of MgZn,.
Guo et al.,’” studied the effect of chloride ions on the
morphology of the corrosion products on MgZn, in artificial
seawater. They found that the presence of chloride ions resulted
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in the formation of a more porous and less compact corrosion
product layer on the surface of MgZn,, which further acceler-
ated the corrosion process. This is also consistent with reports
b Ikeuba et al.” which indicates low Cl-concentrations (blue
region in Cl™ distribution map) in actively dissolving regions in
the MgZn, which is accompanied by local alkalization (high pH
blue region in Cl~ distribution map) as shown in Fig. 16.

7.8.5 Nature of surface films (in acidic, neutral, or alkaline
environments). Under acidic, neutral, and alkaline circum-
stances, the impact of pH on the surface and interfacial films on
n-phase (MgZn,) in aqueous solutions has been evaluated.'®
The findings show that in an acidic environment (pH 2),
substantial corrosion penetration with a dispersion of corrosion
products occurred, claiming a large depth matrix cross-section.
The corrosion film is seen to be stratified into two layers of
different compositions under near-neutral conditions (pH 6),
while in slightly alkaline conditions (pH 10) the film does not
appear to be differentiated and in extremely alkaline conditions
(pH 13) a compact film rich in hydroxides forms. Ikeuba et al.;'7®
have examined how pH and applied voltage affect the electro-
chemical behavior of a bulk-produced MgZn, intermetallic
complex in aerated 0.1 M NaCl solutions. They found that when
PH increases, the anodic activity of MgZn, decreases. Further-
more, the early Mg dissolution results in a Zn-enriched surface,
and the subsequent dissolution of MgZn, relies on the magni-
tude of the applied potential.

The corrosion behavior of MgZn, is influenced by the nature
of the surface film that forms on its surface in different envi-
ronments. In acidic environments, the surface film on MgZn, is
primarily composed of magnesium oxide (MgO) and zinc oxide
(zZnO), with small amounts of magnesium hydroxide (Mg(OH),)
and zinc hydroxide (Zn(OH),) (Zhang et al., 2019)."* The
cathodic reduction of dissolved oxygen and the anodic

© 2024 The Author(s). Published by the Royal Society of Chemistry

dissolution of magnesium and zinc play a major role in
controlling the development of the surface layer in acidic
conditions. In neutral environments, the surface film on MgZn,
is primarily composed of magnesium hydroxide (Mg(OH),),
with small amounts of magnesium carbonate (MgCO3) and zinc
carbonate (ZnCOj3).** The anodic dissolution of magnesium and
zinc, as well as the chemical interaction between Mg(OH), and
CO,, play a major role in the creation of the surface layer in
neutral conditions. In alkaline environments, the surface film
on MgZn, is primarily composed of magnesium hydroxide
(Mg(OH),) and zinc oxide (ZnO), with small amounts of
magnesium carbonate (MgCO;) and zinc hydroxide (Zn(OH),)
(Wu et al., 2020)."”* The formation of the surface film in alkaline
environments is primarily controlled by the anodic dissolution
of Mg and Zn and the cathodic reduction of dissolved oxygen.
The corrosion resistance of MgZn, depends on the type of
surface coating that forms on it in various situations. Due to the
development of a thick and protective Mg(OH), coating, the
surface film in neutral and alkaline environments, for instance,
offers superior corrosion resistance than the surface film in
acidic environments.'®"'>

8 The phenomenon of galvanic
polarity reversal and self-dissolution

This is an important phenomenon that occurs in intermetallic
compounds that are found in aluminum-based alloys given the
high sensitivity of aluminum corrosion to pH changes especially
when in contact with magnesium-containing intermetallic.
Reports by Ikeuba and co-workers visualized the local electro-
chemical processes occurring in a given galvanic couple in
different pH environments; this was achieved using the SVET.

RSC Adv, 2024, 14, 31921-31953 | 31943


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06070a

Open Access Article. Published on 09 2024. Downloaded on 2025/10/28 20:17:49.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Review

n- phase Q- phase n- phase

T | Anodic pH 2 o Mg | e e

o  dissoluti 3 - ” ;{:m

.0 &f ﬁ,. 4 =

T P i o

‘S i " g :

O sl £

< MgZn, iz |
Self

Near
Neutral pH

Basic pH

s

0

2000
2000

Localized Anodic
dissolution

pH

Uniform Anodic
dissolution
N,

Fig.17 SVET current density map on typical n-phase (MgZn;), B-phase (AlsMg,), Q-phase (Al;Cu,MggSi;), and 1t-phase (AlgMgsFeSig) coupled to
aluminum in different pH environments. This figure has been adapted/reproduced from (ref. 8, 73, 103, 131 and 142) with permission from
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Fig. 17 is a compilation of SVET current density distribution on
typical n-phase (MgZn,), B-phase (Al;Mg,), Q-phase (Al,Cu,Mgg-
Si,), and m-phase (AlgMg;FeSiq) coupled to aluminum in different
PH environments. In Fig. 17 the red, blue, and green portions of
the maps represent the acidic, basic, and neutral pH environ-
ments. The intensity of the red and blue colors represents the
magnitude of the electrochemical activity occurring on the
galvanic couple surface. For the B-phase (Al;3Mg,), a 2-D current
density map is presented while for the other phases, 3-D-current
density maps are provided. Worthy to note is the galvanic
polarity of the intermetallic phases in each environment. For B-
phase (Al;Mg,) and m-phase (MgZn,), there is a switch in the
polarity of the intermetallic particles from being anodic in an
acidic medium to being cathodic in a basic medium. On the other
hand, the galvanic polarity of the Q-phase (Al,Cu,MgsSi,) and -
phase (AlgMg;FeSis) remained unchanged both in acidic and basic
medium. These observations of galvanic polarity reversal were
consistent predictions obtained from potentiodynamic polariza-
tion tests as reported by Ikeuba and coworkers. However, there
were significant discrepancies in the behavior of the intermetallic
particles under near-neutral conditions; Apart from the Q-phase
(A14Cu,MgsSi;) which remained cathodic in the galvanic couple,
the B-phase (Als3Mg;) and n-phase (MgZn,) and -phase (AlgMgs-
FeSie) displayed self-dissolution of the intermetallic particle in
which both cathodic and anodic sides appeared on the interme-
tallic particle contrary to the assumption that intermetallic particle
should be either anodic or cathodic as predicted by polarization

31944 | RSC Adv, 2024, 14, 31921-31953

curves. This indicates that the details of the localized electro-
chemical actives occurring on an IMP/Al couple surface are vital in
giving a more accurate prediction of the consequence of the
presence of the intermetallic particle in the aluminum alloy
matrix. Hence the use of techniques such as the SVET and SIET are
advocated to for a better interpretation of micro galvanic corrosion
phenomena in aluminum alloys.

9 Persistent hydrogen evolution from
Mg containing intermetallic
compounds

In contrast to conventional activation-controlled electrochemical
kinetics, the corrosion of magnesium and magnesium alloys
under anodic polarization occurs with a sustained increase in the
hydrogen evolution rate with increase in potential. The negative
difference effect (NDE), also referred to as anodic hydrogen
evolution (AHE), is the phenomena of faster hydrogen evolution on
corroding magnesium surfaces. What causes this anodic hydrogen
evolution is still unknown despite a great deal of research on this
matter. Ikeuba et al.*® used the hydrogen evolution technique and
specially designed polarization schemes to study the anodic
hydrogen evolution on Mg, MgZn, (n-phase), Al,Cu,MgsSi; (Q-
phase), and Mg,Si (B-phase) intermetallic compounds. The find-
ings demonstrate that pure Mg and MgZn, exhibit higher
hydrogen evolution rates at constant applied anodic current
densities than do Q-phase and Mg,Si, suggesting that AHE is not

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Hydrogen evolution per surface area on pure Mg, Mg,Si, Q-phase, and MgZn, electrodes during (a) potentiodynamic polarization, (b)
potentiostatic polarization at — 100 mVsce (c), (d), (e), and (f) are photographs showing the evolution of hydrogen on the electrodes at — 100
mVsce. This figure has been adapted/reproduced from (ref. 183) with permission from Springer Nature, copyright 2024.

as prominent in these two phases (Fig. 18). Following anodic gal-
vanostatic polarization, Mg, MgZn,, and Al,Cu,MggSi, showed
clearly increased cathodic activity, while Mg,Si showed no
discernible change. The results of the stepped galvanostatic-
potentiostatic tests show that pure magnesium exhibits the
greatest degree of cathodic activity enhancement with an increase
in applied anodic current density, followed by MgZn, and Q-phase.
In contrast, Mg,Si showed no discernible change in cathodic
activity. It was determined that no single model could account for
the simultaneous AHE of all the electrodes. However, in many
circumstances, the observed experimental observations can be
explained by any or a combination of two recently developed
mechanisms; “enhanced catalytic activity mechanism” and the
“incomplete film univalent Mg" ion mechanism”.

10 Limitations in the electrochemical
characterization of intermetallic
compounds

Despite the wealth of electrochemical data and information
provided by conventional techniques such as open circuit and
polarization measurements, there still exists pertinent short-
comings which lie in its incapability to give the current density
distribution over an active IMPs or alloy matrix, particularly in
near-neutral conditions when numerous IMPs couples have
been found to experience self-dissolution in the IMP/Al-alloy

© 2024 The Author(s). Published by the Royal Society of Chemistry

pair with no significant electrochemical activity on the alloy
matrix. In addition, the polarization curves cannot forecast
short-term variations in the galvanic polarity of a dissolving
IMP/Al-alloy couple. Due to the failure in the capability of
traditional electrochemical methods to provide the spatial
resolution of the electrochemical reactivity on the galvanic
couple surface, in situ approaches to obtain this information on
a micro-scale are advocated. According to reports, the scanning
vibrating electrode method (SVET) and the scanning ion-
selective electrode technique (SIET) are appropriate for
providing a spatial mechanistic insight into local currents and
pH distribution, respectively. While SIET uses an ion-selective
microelectrode to sense pH fluctuations on a surface, SVET
uses a vibrating microelectrode to detect anodic and cathodic
processes in active spots on surfaces. Recent literature reveals
that scanning probe techniques have been successfully
employed to evaluate the electrochemical and galvanic corro-
sion behavior of intermetallic compounds in the context of
aluminum alloys. These scanning probe techniques could
provide details of electrochemical activities on anodic and
cathodic sites (current density distribution map) in addition to
local ion distribution (H", CI~, Mg?", etc.). Meanwhile, the SVET/
SIET is accompanied by technical issues such as when the
cathode-anode spacing falls beneath the vibrating probe's
resolution, the measured currents may be miscalculated and
the evolution of the electrochemical activities misinterpreted.
For instance, for the uncoupled intermetallic samples, defined
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peaks for anodic and cathodic zones may not be noted due to
some form of uniform corrosion leading to wrong estimates of
current densities.

11 Research gap in the investigation
of IMPs

Inaccurate prediction of galvanic polarity and activity-most of the
reports in the literature indicates that investigations on IMPs
were by open circuit and polarization measurements except for
fewer more recent research. This leaves a wide gap of inaccurate
predictions of galvanic polarity as these conventional methods
fail to provide this information. Also, polarization measure-
ments are not an exceptionally reliable parameter to predict the
relative active or noble character of IMPs as demonstrated in the
literature.

Disjointed reports on IMPs are disjointed and various
research investigated different IMPs from different perspectives
using various methods. Thus, there is a need a systematic study
of IMPs occurring in a particular class of aluminum alloys to
allow for more valid comparison and prediction.

Inadequate of information on the corrosion film formation-
reports indicate that most research reports concentrated more
on the corrosion potentiation and breakdown potential
assessments. The film formation mechanism is an especially
important and crucial part of understanding the corrosion
mechanism of both the individual IMPs and in the context of Al-
alloys.

12 Prospects and recommendations

Notwithstanding the current research effort towards under-
standing the corrosion characteristics of intermetallic
compounds, certain aspects of the corrosion mechanism
remain unclear due to inadequate information on the local
electrochemical process occurring on the micro galvanic
couples that are set up by intermetallic compounds. This
information can be acquired using in situ scanning probe
techniques which are capable of spatial resolution of the elec-
trochemical processes occurring on the active surface as
successfully used by some researchers. Scanning probe tech-
niques can also offer researchers the opportunity to easily note
galvanic polarity reversal under different conditions and detect
the cases of self-dissolution of intermetallic compounds, espe-
cially under neutral conditions. Furthermore, the corrosion film
development is a crucial aspect of understanding the dissolu-
tion mechanism of IMPs. This also calls for the implementation
of surface-sensitive analytical techniques such as the XPS, ToF-
SIMS and FIB-TEM which can provide information on thin
fragile films. Hence, we recommend a combined approach to
the investigation of IMPs using conventional for example in
arecent study of the MgZn, phase, different film structures were
observed at different potentials using potentiation polarization
schemes, thanks to FIB-TEM which enabled the visualization
and identification of the stratified films at different potentials.”
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There is a need to investigate other intermetallic phases
which coexist with the other intermetallic phases which have
not been reported in the literature. This is to gain a holistic and
more reliable interpretation of the electrochemical conse-
quence of the presence of these phases in aluminum alloy. For
example, when the S-phase and Al,,Cu,Mn; coexist, if the size
of the S-phase is between 2-10 nm, the Al,,Cu,Mn; assumes the
main role in local corrosion propagation, on the other hand, if
the size of the S-phase is greater than 10 nm, both the S-phase
and Al,,Cu,Mn; actively contribute to the localized corrosion
features of the alloy matrix.

Although there are few attempts in the literature to investi-
gate the anodic hydrogen evolution (AHE) of magnesium-
containing compounds,' the information on the AHE of
many magnesium containing IMPs remains limited, thus there
should be intensified efforts towards this area to gain the
understanding needed for a more accurate interpretation of the
electrochemical interfacial phenomena.® This is indeed
important because the corrosion of aluminum is pH sensitive
and AHE causes local alkalization which changes the near-
surface pH which can change the electrochemical characteris-
tics of the dissolving alloy surface.

13 Conclusion

Reviewed reports on the electrochemical and the galvanic/
bimetallic corrosion behavior of important intermetallic
compounds in the context of aluminum alloys revealed that
there have been several research efforts geared towards this
subject matter. Different researchers approached the subject
from different perspectives and the investigations are to
different extents. Some focused on the investigations using
surface characterization, spectroscopic techniques, and
conventional electrochemical techniques. More recent reports
revealed the incorporation of scanning probe techniques which
revealed more about the electrochemical activities on the active
alloy surface thereby limiting the shortcomings of prior
methods. Findings herein indicate that intermetallic phases
play a predominant role in localized corrosion initiation and
propagation in aluminum-based alloys in differing environ-
ments. This review has provided additional insights into the
microstructural consequence of the presence of intermetallic
compounds in aluminum alloys. The size, distribution, and
composition of the intermetallic phases were noted to have
a pronounced impact on the electrochemical characteristics of
the bulk alloy. The pH of the environment plays a crucial role in
the dissolution behavior of the intermetallic phases as there
were remarkable differences with a change in pH. Indeed, to
forecast and manage the corrosion susceptibility of Al alloys, it
is important to have a deepened understanding of the unique
properties of intermetallic particles and how they interact with
the aluminum matrix in different environments.
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