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Abstract: This research discusses the corrosion behavior of as-cast Al alloys with
different Mg content by potentiostatic electrochemical impedance spectroscopy
(PEIS). The complex plane spectra of all samples feature a high-frequency loop,
followed by semi-infinite diffusion impedance characteristics at low frequencies,
with the corrosion-induced formation of a defined porous structure of a layer
making finite diffusion through the pores dominant upon prolonged exposure. The
most compact layer causes the most pronounced and well-resolved finite diffusion
features in the impedance spectra of the sample with the highest Mg content, while
the sample with the lowest Mg content has a highly porous layer unable to slow
down the corrosion rate at the layer/sample surface interface. The highest layer
capacitance and diffusion admittance are found in the sample with the highest Mg
content, with a more adherent protective film expected to form. However, the
growth rate of the layer was not adequate for the remarkable closing of the pits,
indicating the weakness of this sample towards pit activity. The results show that
increasing Mg content improves corrosion resistance and clearly separates bulky
corrosion from localized pitting corrosion, but it also increases the thickness of a
more compact, poorly adhesive layer.

Keywords: electrochemical impedance spectroscopy; aluminum alloys; corrosion
behavior; chemical composition; mechanical properties

INTRODUCTION

Aluminum and its alloys have a wide range of applications in industry and
consumption due to their unique properties, such as light weight, high strength,
and good corrosion resistance.'” Due to the broad application and economic
importance of aluminum and its alloys, increasing attention is being paid to
researching the corrosion characteristics of these materials in cast, aged, and
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technically processed states."** Aluminum-magnesium alloys have been the
subject of numerous studies on corrosion rates in various solutions.’” The
formation of a protective oxide layer is the main reason behind its excellent
corrosion resistance. However, under saline conditions, such as those encountered
in marine environments, aluminum alloys are vulnerable to localized degradation
in the form of pitting and crevice corrosion. This type of corrosion occurs due to
the adsorption of anions, particularly chloride ions, Cl, at'the oxide-solution
interface.” From the standpoint of corrosion rate, in a chloride environment, Al-
Mg alloys are susceptible to localized degradation in the form of pitting corrosion.
The highest corrosion rate is observed in alloys containing around 0.8 mass % of
magnesium.* A higher magnesium content in Al alloys generally indicates a higher
degree of surface oxidation, where magnesium content varies from 6% to 8%."'
The passive stable surface film serves as a barrier for the transfer of cations from
the metal to the environment and for the counter diffusion of oxygen and other
anions.!" Chemically homogeneous, single-phase amorphous alloys free from
crystalline defects such as precipitates, segregates, grain boundaries, and
dislocations often create a conducive environment for the formation of a uniform
passive film without any weak points.® Dragos et al.'? shows results of elongation
and structural analysis of Al-Mg alloy before and after heat treatment and artificial
aging. On the other hand, alloys with magnesium are structural metals that are
lightweight. The lightweight nature of such materials is the main reason for the
interest in Al-Mg alloys in various industrial applications."

Aluminum forms a protective oxide film in the pH range 4.0-8.5, but this
depends on temperature, form of oxide present, and the presence of substances that
form soluble complexes or insoluble salts with aluminum. This implies that the
oxide film is soluble at pH values below 4.0 and above 8.5. Several investigations
reported that the pitting potential of aluminum in chloride solutions is independent
of pH in the range 4-9.'*' However, pitting corrosion rate was found increased at
slightly acidic and alkaline solutions with respect to neutral solutions.

The corrosion behavior of aluminum alloys is significantly affected by the
presence of particles in the matrix.> Previous works>%!%161 showed that Mg,Si
particles tend to be anodic in relation to the matrix and can act as initiation sites
for corrosion. Most often, the Mg,Si phase dissolves, leaving behind a cavity that
acts as a nucleation site for pitting.'*'%2*?! These observations were made during
investigations carried out on commercial aluminum alloys with low Si/Mg mole
ratios.”*

Crevice corrosion is a highly localized form of corrosion that occurs by
infiltration of water into closely fitted surfaces. The presence of aggressive ions,
such as chloride, often creates extensive localized attack.'* Metals like aluminum
that depend on oxide films or passive layers for corrosion resistance are
particularly susceptible to crevice corrosion. Attack from this phenomenon can be
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aggravated when combined with the presence of crystalline defects such as Mg,Si
precipitates. The possibility exists for reducing drastically the alloy susceptibility
to corrosion if its microstructure is modified by appropriate heat treatment prior to
usage. The research conducted in this study aimed to determine the corrosion rate
of an Al alloy in its cast and aged states, as well as to compare the corrosion rate
for both states. Aluminum and its alloys have been used in a wide range of
industries due to their favorable characteristics such as highstrength-to-weight
ratio, excellent formability, and resistance to corrosion. -Aluminum alloys are
increasingly utilized in a diverse array of products, including airplane parts,
components for the aerospace industry, and the shipbuilding sector.'”™® These
industries require materials with high strength-to-weight ratios and superplasticity.
Compared to other metals, aluminum alloys offer superior strength while being
lightweight. The development of materials with superplasticity aims to enhance
their mechanical and forming properties.'® Various manufacturing techniques have
been employed to fabricate and improve these superplastic materials, such as
extrusion, rolling, forging, stir casting, as well as more recent methods like friction
stir processing.'” However, the corrosion resistance of these materials is influenced
by factors such as alloy composition, processing history, and exposure
environment. Therefore, understanding the corrosion behavior of these materials
is crucial for their effective and sustainable use in various applications. The aim
of the presented investigation was to analyze the influence of Mg content on the
corrosion behavior of Al alloys in order to contribute to reliable prediction of their
behavior and to the development of improved corrosion-resistant Al alloy for
specific applications.

EXPERIMENTAL

The investigated alloys were obtained by casting and air cooling in the Laboratory of
Foundry atthe Faculty of Metallurgy and Technology in Podgorica. A 5.5 kW resistance furnace
with a working temperature of 1100°C was used to obtain the alloys. The melting of the alloys
was carried out in a graphite crucible placed in the furnace.

High-purity magnesium was used as an alloying element in the alloys, with the Mg content
0f 2.42, 3.14 and 7.90 mass % in alloys 1,2 and 3 respectively. Copper, zinc, chromium, and
manganese were also used as alloying elements in the alloys. The chemical composition of the
obtained alloys was analyzed at the Aluminum Combine Podgorica (KAP) using a non-
destructive X-ray quantometer method. The selection of the alloying elements was based on
previous research, with a focus on the effect of magnesium content on the corrosion
characteristics while keeping the content of other alloying elements approximately constant.
After casting, all three alloys were subjected to heat treatment, including heating at 515+5°C
for 6 hours and quenching in warm water.

Corrosion and electrochemical potentiodynamic investigations were carried out using
accelerated testing equipment - the PAR system consisting of a potentiostat-galvanostat model
273, a differential electrometer, a corrosion cell K0047, a saturated calomel electrode (SCE),
auxiliary electrodes - cylindrical electrographite, a computer with corrosion software
SOFTCORR 352 11, and a printer. All potentials are expressed on SCE scale.
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Corrosion testing was performed using the following methods:

- monitoring the change in corrosion potential over time, E.,,,=f(t);

- polarization resistance method, R;

- potentiodynamic method.

A synthetic NaCl solution with a concentration of 0.51M was used as the corrosion
medium.

The electrochemical behavior was also assessed using potentiostatic electrochemical
impedance spectroscopy (PEIS). The measurements were carried out using a three-electrode
cell system in a 0.51M NaCl solution, with platinum wire and SCE serving as the counter and
reference electrodes, respectively. Prior to PEIS measurements, the electrolyte was purged with
N, for 30 minutes. A potentiostat/galvanostat (BioLogic SAS, SP-240, Grenoble, France) was
used for PEIS measurements at open circuit potential.

Optical images were taken with Leica 20 MP Ultra Wide Angle Lens, /2.2 aperture
camera.

RESULTS AND DISCUSSION

The results of the chemical composition of the obtained alloys are presented
in Table 1. The table shows the percentage of each alloying element used in the
production of the alloys, which is an important factor that can affect their
properties, including their resistance to corrosion.

TABLE 1. Results of the chemical composition of Al alloys in mass %
Fe Si Ti Cu. Zn \ Ct Mn Mg ©Sn Ni Pb
L1 029 0.12 0.14 034 059 0.012 021 0.33 242 0.001 0.002 0.007
L2 030 0.12 013035 0.62 0.012 0.25 025 3.14 0.001 0.002 0.008
L3 024 044 0.13 052 083 0.013 0.26 0.29 7.90 0.001 0.002 0.001

Table 1 shows that these are multi-component alloys with different contents
of alloying elements. The table lists the mass percentage of each element in the
alloys. From the table, it can be observed that the alloys have varying amounts of
magnesium (Mg), copper (Cu), zinc (Zn), chromium (Cr), manganese (Mn), iron
(Fe). The presence and the amount of each element in the alloys can significantly
affect their properties, such as strength, hardness, and corrosion resistance.
Therefore, understanding the chemical composition of the alloys is crucial for
predicting and controlling their behavior in different applications.

Fig. 1 shows the corrosion potential over time of as-cast Al alloys in 0.51M
NaCl solution. Before starting the polarization measurements, the system needs to
be stabilized, which is judged by acceptable stability in time of the corrosion
potential. Corrosion potential is monitored upon sample immersion into the
electrolyte. From the results shown in Fig. 1, a shift in potential of the tested
samples towards more positive values can be observed. The shift in potential of
the alloys towards more positive values is interpreted as passivation, or the
formation of an oxide film on the surface of the tested samples. The protective
layer becomes thicker and more compact over time. This film prevents the passage
of aggressive chloride ions from the solution, thus protecting the material from
further corrosion.
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Fig 1. Corrosion potential of as-cast Al alloys over time in 0.51M NaCl solution.

It can also be seen that corrosion potential takes more positive values as the
Mg content increases. This indicates that greater protective ability of the passive
films are reached with lower Mg content.
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Fig. 2. a) Linear polarization and b) Potentiodynamic cathodic and anodic polarization curves
of Al alloys in the as-cast state in a 0.51M NaCl solution.

Linear polarization is an electrochemical technique used for monitoring
corrosion. It is based on the determination of the polarization resistance, R, from
the slope of the polarization line near the corrosion potential. Based on the results
shown in Fig. 2a, and numerical values of the experimental measurements which
are shown in Table 2, it can be concluded that the samples are stable in the tested
solution. Comparing the results, based on the value of the polarization resistance
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R, (Table 2), it can be observed that there is highest corrosion resistance for the 1.2
sample, followed by L1 and L3.

Fig. 2b shows the potentiodynamic cathodic and anodic polarization curves of
the tested samples in a 0.51M NaCl solution. In the cathodic region, a small change
in current density with potential is observed, indicating a low corrosion rate of the
tested samples in the NaCl solution, while in the anodic region, alarger change in
current density with potential is observed. The results of the measurements are
presented in Table 3. Based on the values of j,- and E;— given in Table 3, it can
be concluded that L1 is the lowest rate of corrosion in the tested environment,
followed by L3 and L2. The potentiodynamic polarization curves provide valuable
information about the corrosion behavior of the materials, as well as the values of
the corrosion potential and the current density at which corrosion rate is negligible.

Tables 2 and 3 present the complete results of corrosion studies in 0.51M NaCl
on alloys 1, 2, and 3 in as-cast state. The tables provide information on corrosion
potential, corrosion current density, polarization resistance, corrosion rate, and
other related parameters. By analyzing these data, one can gain insight into the
effectiveness of different alloy composition in preventing corrosion and choose the

optimal material for specific applications.
TABLE 2. Change of corrosion potential over time of as-cast Al alloys in a 0.51M NaCl

solution.
Sample Egor / mV Ef / mV
L1 -836 -725
L2 -834 -743
L3 -879 -740
TABLE 3. Corrosion potential change over time of as-cast Al alloys ina 0.51M NaCl
solution.
Sample E/mV_ R,/kQcm? B./mV  jer!pPA cm™
L1 -727.5 1.106 19.63 19.64
L2 -743.3 2.554 25.57 8.503
L3 -736.7 0.4605 16.93 47.15

Fig. 3 shows the impedance characteristics of the cast samples upon initial (24
h) and prolonged (120 h) exposure to chloride-containing corrosive medium as
impedance complex plane plots.
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Fig. 3. Impedance complex plane plots of as-cast Al-Mg alloy samples upon initial (24 h) and
prolonged (120 h) exposure to 0.51M NaCl solution. Symbols: registered data; lines: the data
of equivalent electrical circuit.

Complex plane spectra of all samples feature high-frequency loop, which is,
in the cases of lower Mg content (L1 and L2), followed by well-defined semi-
infinite diffusion impedance characteristics at low frequencies. Prolonged
exposure causes the deviation of a near-45°-inclined straight line to more
resistance-defined behavior as the corrosion proceeds. This indicates the transition
from semi-infinite to more noticeable finite diffusion conditions due to the
generation and growth of a passive layer on the sample surface. While electrolyte
species participating in the corrosion processes diffuse initially from the electrolyte
bulk, the corrosion-induced formation of defined porous structure of a layer makes
dominant the finite diffusion through the pores upon prolonged exposure. The
layer over L3 sample of highest Mg content seems to be formed much quickly,
since finite diffusion characteristics are more resolved already in the initial stage
of exposure. The photographs of corroded samples (Fig. 4) show that the surface
layer of L3 appears the most. compact with the least frequent pitting corrosion sites.
However, the radii of corrosion products (white zones) around pits are largest,
which indicates that pitting corrosion is dominant mechanism in the initial stage.
According to Fig. 4, it-appears that the increase in Mg content favors the pitting
corrosion and induces the formation of more compact passive layer. The most
compact layer apparently causes the most pronounced and well-resolved finite
diffusion features in the impedance spectra of L3. The differences between the
properties of a layer on L3 and that on L1 and L2 are indicated also by the measures
of the high-frequency loop. Although the associated resistances are similar for all
of the three samples, the imaginary impedance is lower for L3 due to larger
capacitance of a thinner and more compact layer.

i3 A Y 10 mm

Yo NN A ! o 9
Fig. 4. Optical images of the tested samples after 120 h exposure to 0.51M NaCl
solution.

The considerations of the features of impedance spectra are proved further by
the structure of the most suitable equivalent electrical circuit which describes best
the physicochemical properties of the samples while they corrode (Figure 5). The
samples of lower Mg content and of less compact passive layers behaves
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equivalently to the circuit consisted of a parallel connection of capacitor and
resistor, which is in series to Randles—Sevcik (R-S) conformation.

CPE3

R1 c1
AN /| > A
R3 R2 CPE1
)—

R1 C1 c2 CPE3

AN [} I > B
R3 R4 R2 w1
5

Fig. 5. Equivalent electrical circuits of as-cast Al-Mgalloy samples a) for L1 and L2 samples
and b) L3 samples upon initial (24 h) and prolonged (120 h) exposure to 0.51M NaCl solution.

RC in parallel describes the properties of a layer, whereas R—S relates to
diffusion-controlled corrosion processes. Owing to the most distinguishable pitting
corrosion and an indication of more compact layer structure, the circuit for L3
required additional RC time constant in series, which indicates the difference
between the properties of abulky layer and that formed around the pits. The values
of the circuit parameters are presented in Fig, 6.

The highest values of layer resistance is found for L2 of mid Mg content,
associated to the lowest layer capacitance, which indicates the thickest layer is
formed on this sample. In Fig. 4 it can be seen that massive layer is formed over
the sample surface except the areas close to the sample surface, where pitting
corrosion appears dominant. The formation of a massive layer is followed by
considerable increase in charge transfer resistance (R2, which was the lowest
initially), and double layer capacitance (CPE-T3). This indicates that corrosion
processes take place much faster on L2 than on L1 and L3; however, fast corrosion
produces the thickest layer, whose porous structure did not change significantly
while the layer grows (initial layer resistance and diffusion admittance are similar
to those found upon prolonged exposure (Day 1-Day 5). Consequently, the
corrosion proceeds at the sample surface accessible through the pores of the layers,
which area is considerably smaller with respect to L1 and L3. Hence the R2 and
CPE-T3 for L2 are considerably larger.
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Fig 6. The values of circuit parameters of the investigated samples; R3/R4 and C1/C2 —
resistances and capacitances of the passive layer; R2 and CPE-T3 — charge transfer and double
layer capacitance (the values of CPE exponent are above 0.75) associated to corrosion
processes; CPE-T1 — diffusion admittance.

Layer resistance of L1 considerably increases during exposure, but it is still
lower than the resistance found for L2. This increase is associated with the lowest
charge transfer resistance and diffusion admittance among the samples upon
prolonged exposure. This finding is the strong indication of the highly porous
layer, unable to slow down the corrosion rate at the layer/sample surface interface.
Huge pores homogeneously distributed over the layer surface are also seen in Fig.
4, and even appearance of a cracks around the pits in the middle of the sample is
clearly visible. It can be concluded that the L1-L2 increase in Mg content improves
the corrosion resistance and clearly separates bulky corrosion from localized
pitting corrosion. However, it increases the thickness of more compact, poorly
adhesive, layer.
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Further increase in Mg content applied in L3 decreases additionally the layer
thickness and makes it considerably more compact, which should be beneficial for
the formation of a more adherent protective film. This is reflected in the highest
layer capacitance and diffusion admittance that is for L3 straightforwardly defined
by finite diffusion mechanism (finite Warburg element was only suitable in
equivalent circuit for L3, whereas classical Warburg element met the requirement
to describe the diffusion in the cases of L1 and L3). However, for the applied
exposure the growth rate of a layer was apparently not adequate for the remarkable
closing of the pits, since the increase in charge transfer resistance and double layer
capacitance was not registered for L3 upon prolonged exposure. The weakness of
L3 sample toward the pit activity could be connect to the presence of additional
RC time constant, of quite different values of the parameters with respect to that
for a layer. Namely, the resistance is much lower, few tens of 2, and even deceases
to ca. 8 Q upon prolonged exposure. The associated capacitance is close to 0.1 mF,
which is much lower than that of a layer — thus indicating its highly localized
appearance on the surface. Despite this poor immunity of L3 sample toward pitting
corrosion, the registered propagation of the properties of a protective layer during
5-day exposure should be expected to show protective features upon much longer
exposures to corrosive medium.

CONCLUSION

The article describes the results of an experiment aimed at investigating the
corrosion behavior of as-cast Al alloys in 0.5IM NaCl solution. The study
employed different electrochemical techniques, including corrosion potential
measurements, linear polarization, and potentiodynamic polarization curves, as
well as impedance measurements. The results show that the Al alloys form a
protective oxide film on the surface, which prevents the passage of aggressive
chloride ions from the solution, thus protecting the material from further corrosion.

The study found that the impedance characteristics of the cast samples change
upon initial and prolonged exposure to the chloride-containing corrosive medium.
The complex plane spectra of all samples feature a high-frequency loop followed
by well-defined semi-infinite diffusion impedance characteristics at low
frequencies. Prolonged exposure causes the deviation of a near-45°-inclined
straight line to more resistance-defined behavior as the corrosion proceeds. The
most compact layer apparently causes the most pronounced and well-resolved
finite diffusion features in the impedance spectra of L3. The article concludes that
the increase in Mg content favors the pitting corrosion and induces the formation
of'a more compact passive layer.

The study used the most suitable equivalent electrical circuit to describe the
physicochemical properties of the samples while they corrode. The samples of
lower Mg content and less compact passive layers behave equivalently to the
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circuit consisted of a parallel connection of a capacitor and resistor, which is.in
series to the Randles—Sevcik conformation. The circuit for L3 required an
additional RC time constant in series, indicating the difference between the
properties of a bulky layer and that formed around the pits. The highest values of
the layer resistance are found for L2 of mid Mg content, associated with thicker
and more compact layers. These results provide insights into the corrosion
behavior of as-cast Al alloys and can be useful for the design of new alloys with
better corrosion resistance.

In conclusion, the study investigated the corrosion behavior of as-cast Al
alloys in 0.51M NaCl solution, using various electrochemical techniques. The
study found that the Al alloys form a protective oxide film on the surface, which
prevents the passage of aggressive chloride ions from the solution, thus protecting
the material from further corrosion. The study also found that the impedance
characteristics of the cast samples change upon initial and prolonged exposure to
the chloride-containing corrosive medium, and that the increase in Mg content
favors the pitting corrosion and induces the formation of a more compact passive
layer. These results provide insights into the corrosion behavior of as-cast Al alloys
and can be useful for the design of new alloys with better corrosion resistance. The
findings of this study can have significant implications for the development of new
corrosion-resistant alloys for a variety of applications. The results demonstrate that
the corrosion behavior of Al alloys can be controlled by the composition of the
alloy and the formation of a protective oxide layer on the surface. Overall, the
study highlights the importance of understanding the corrosion behavior of
materials and provides a valuable contribution.

Acknowledgements: This work was supported by the Ministry of Science, Technological
Development and Innovation of the Republic of Serbia, Grant No. 451-03-47/2023-01/200026.

N3BOJ

HMIIEJAHCHU O13UB AIYMUHHUJYMCKHUX JIETYPA CA BAPUJABUJIHUM
CAIPYXAJEM MATHE3UJYMA'Y Al-Mg CUCTEMHUMA TOKOM H3/I0KEHOCTH
XJIOPUOHOJ KOPO3WOHOJ CPEOVHH.

JEJIEHA IITRETTAHOBUR' MAPUJAHA P. TAHTOBUE ITAB/TOBUR >, IAPKO BYKCAHOLIWR', TABPUJIO M.
IIEKYJIAPALI”, U MUPOCJIAB M. TTABJTOBUR**’

I Memanypwxo-exHonowxu Qaxyniueid, Yuusepsuitew y LIproj Fopu, Iogiopuya, Lpna F'opa, *HuciGuinyi
3a xemujy, WexHONOTUjy u metmianypiujy, HHcliuitly i og Hayuonannol 3nauaja 3a Petiyonuxy Cpbujy, Llenttiap
3a enexwpoxemujy, Yuueepsuitieid y Beoipagy, Beoipag, u *Llenitiap u3y3etiHux 8pegHOCiiU 3d XeMUjy U
UHICEHEPURT HUBOTIHE Cpequne, HHCTIUTIY T 3a XeMUjy, THexHONIOTWjy U melianypiujy, beoipag

OBo ucTpakuBame ce DaBK ITOHAIIAaKkEeM Kopo3Huje Al erypa ca pasnuuuTiuMm cagpxajem Mg
Y3 IPUMEHY NTIOTEHLTUOCTATCKE e/1EKTPOXEeMUjCKe umIeiaHCcHe criektpockonyje (ITEMC). Cnextpu
Yy KOMIUIEKCHOj PaBHH CBHX y30paka Ce KapaKTepHIIy NET/HOM BUCOKe (ppeKkBeHUuje mpaheHom
KapaKkTepuCTHKaMa Mojy-0eckoHauHe qudy3uje Ha HUICKUM (dpeKkBeHIIHjama, ca (G OpMHpAmeM
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nedUHUCaHe TIOPO3HE CTPYKTYpe C/loja yciel KOposuje, IITO JOBOOY 10 JOMHUHAlIMje KOHayHe
oudysdje Kpo3 Mope MPH NPONYKEHOj H3JIoKEeHOCTH. HajkoMmakTHHjU C/0j Y3poKyje
HajU3pakeHHje M HajjacHUje KapaKTepUCTHKe KOHayHe Oudysuje y UMIeJaHCHUM CIIeKTPUMa
y3opka ca HajsehuM cagpikajeMm Mg, ok y3opak ca HajMawUM cafpkajeM Mg mma BHUCOKO
II0pO3aH CJI0j KOjU HE MOXKe YCIIOPHTH Op3KHY KOpo3Hje Ha rpaHunH dasa ciioj/ysopak. Hajsehy
KalallUTUBHOCT U alMUTaHLIW]y AudY3HOHOT CI0ja UMa y30pak ca Hajsehum cagpxajem Mg, ca
OYEKMBAHOM I10jaBOM aJEKBATHOT 3alITUTHOT punma. Mehytum, 6psuHa pacta cioja Huje dwia
TI0BOJbHA 3a 3HAYajHO 3aTBaparme MHUTOBA, IITO YKasyje Ha ¢1adocT OBOL y30pKa IMpemMa IUTHHT
Koposuju. Pesynraryu noxasyjy fa nosehame cagpixaja Mg nodossiaBa OTIOPHOCT Ha KOPO3Ujy U
jacHO pasgBaja KOpPO3Wjy Y Macu MaTepHjaia of JIOKalW30BaHE IHUTUHI KOpo3uje, aau
ucrospemeno nosehasa ned/pHHy Ci10ja KOjH je crnaduje agxesuje ¥ KOMIAKTHU)H.

(ITpumspeHo 5. Maja; pesugupaHo 23. jyHa; mpuxsahero 30. jyna 2023.)
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