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Aluminum alloys are the predominant metal used in various industrial applications due to their light
weight, excellent corrosion resistance, high strength, and good plasticity. The aim of this work is to
develop an Al alloy with high corrosion resistance while maintaining its mechanical properties. In this
work, we investigated the effect of the addition of small amounts of Mg and Zn on the corrosion
properties of the AlLXXX series alloys by preparing Al-xMg-yZn (0.10 < wt% of x < 1.00, 0.10 < wt% of
y < 0.55) samples and compared them to conventional commercial Al1070 alloys. The addition of a
comparatively small amount of Mg and Zn led to the formation of B and t phases. We found that the
formation of phases at the grain boundary of the Al-Mg-Zn alloy leads to the transition from pitting
corrosion to intergranular corrosion thus increasing the overall corrosion resistance. This study contri-
butes to providing new and further insights into the development of excellent corrosion characteristics
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Introduction

Global primary aluminum production in 2017 was 63.4 million
metric tons." This is the highest amount of any metal other
than Fe. Aluminum has been applied in various industries such
as transportation, machinery, equipment, building, and con-
struction. This is due to its outstanding properties such as low
density, high mechanical strength, and good machinability. In
particular, corrosion resistance brings the most competitive
differentiation among industrial metals.>® The AI1XXX series
aluminum alloys have pure aluminum with over 99.00% con-
tent by weight. Furthermore, Al 1070 has the aluminum content
with the highest purity of 99.7%, and shows the best corrosion
resistance in general environments.*” Alloys of these series are
used for manufacturing electric wires, chemical tanks, piping,
and foil due to their superior corrosion resistance, good

“ Hydrogen Energy Technology Laboratory, Korea Institute of Energy Technology
(KENTECH), 200 Hyeoksin-ro, Naju, Jeonnam 58330, Republic of Korea.
E-mail: usim@kentech.ac.kr

b Department of Materials Science & Engineering, Chonnam National University,
Gwangju 61186, South Korea. E-mail: cho.hoonsung@jnu.ac.kr

¢ Samsung Electronics Co., Ltd., Suwon-si, Gyeonggi-do 16677, South Korea.
E-mail: st0728.park@samsung.com

4 Research Institute, NEEL Sciences, INC., 58326 Jeollanamdo, South Korea

+ These authors contributed equally to this work.

© 2022 The Author(s). Published by the Royal Society of Chemistry

formability, weldability, and high electrical/thermal
conductivity.>* However, it is observed that in aqueous environ-
ments with chlorine ions or a restricted range of pH conditions,
these alloys exhibit relatively poor corrosion resistance and low
mechanical properties.'>"" Therefore, simultaneously improving
the mechanical properties and corrosion resistance of Al alloys is
an urgent challenge to expand the application of Al alloys.

It is well known that the passivation properties of the Al
oxide film significantly improve the corrosion resistance of Al
alloys under normal conditions. Although the oxide film of Al is
relatively stable, Al oxide is destroyed in an aggressive ion-rich
environment, causing pitting corrosion.’>*® In general, the
addition of other elements to pure Al improves the mechanical
properties but is vulnerable to staining corrosion due to hetero-
geneity. For example, when Mg is added to Al, Mg atoms diffuse
into the grain boundary forming a secondary phase called the
B-(Al;Mg,) phase."®?* This is a direct cause of intergranular
corrosion, which leads to stress corrosion cracking.>*>° When
Zn is added to this Al-Mg alloy, another secondary phase called
the 1-(Mg3, (Al, Zn),s) phase is formed.>**°? In addition, an
intermetallic compound called Al;Fe causes galvanic corrosion
due to the potential difference with the Al matrix.>*~*> Al metals
that include Fe, and Mg oxide films are known to be vulnerable
to pitting corrosion.**° In addition, the corrosion pitting is
prevented by the addition of small quantities of metals because
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of the formation of a secondary phase which acts to generate a
potential difference with the Al matrix. However, the corrosion
resistance tends to decrease when the content exceeds a certain
amount. In order to manufacture highly corrosion-resistant Al
alloys, it is important to find the optimal content of additional
metals.

From the metallurgical point of view, in various metallic
systems and materials, the resulting microstructure arrays have
an important role in the properties, e.g., mechanical behavior
and corrosion resistance.’®™*? It is also recognized that the
solute content provides a resulting refinement in the micro-
structural array, ie., both grain size and dendritic arm
spacings.’°™*® This improves the attained mechanical proper-
ties. Also, it is reported that the applied or imposed cooling rate
can also be used to improve the mechanical behavior. The
resulting corrosion resistance is also significantly affected by
the imposed cooling rate.*>***>

In this work, the effect of addition of small amounts of Mg
and Zn on the corrosion resistance and pitting properties of
Al1XXX alloys was investigated in order to identify the most
promising compositions. The p-Al;Mg, phase and 1-
Mg3,(Al,Zn), phase are formed in the grain boundary by the
addition of Mg and Zn and improve the corrosion resistance of
Al1070 alloys. Under these experimental conditions, the Al-
0.30Mg-0.43Zn alloy has higher negative potentials and a
slower corrosion rate than the commercial Al11070 alloy.

Experimental

Materials preparation

The Al-xMg—-yZn (0.10 < wt% of x < 1.00, 0.10 < wt% of
Yy < 0.55) alloy extrusion tubes were manufactured as follows:
First, Al1070, a commercial alloy, Mg and Zn were purchased.
Second, the prepared Al1070, Mg and Zn alloys were heated,
melted, mixed well, and cooled to prepare billets. Here, the Mg
and Zn alloys were prepared for each component ratio for Al-
xMg-yZn. After that, the prepared Al-xMg—yZn billet was pre-
heated to 490 degrees and extruded at an initial extrusion
pressure of 230 kgf cm™> with a production speed of approxi-
mately 150 m min ™' to a size of 8.45 mm/6.85 mm (OD/ID). The
Al-xMg—-yZn tube manufactured through the extrusion method
was cooled and finally it has an outer diameter (OD) of 8.5 mm,
an inner diameter (ID) of 6.9 mm, and a thickness of 0.8 mm.

Corrosion tests

The SWAAT (seawater acidified test) of the ASTM G85-11
Modified Salt Spray test was conducted to measure the corro-
sion performance of Al 1070 and Al-Mg-Zn alloys using a Q-
FOG Cyclic Corrosion Tester (Q-Fog; Q-Lab, Westlake, OH). The
solution used in the SWAAT has a pH of 2.8-3.0 and is
produced by adding 5% sodium chloride and 10 ml glacial
acetic acid to 1 L of water. The SWAAT was conducted by
continuously spraying the solution for 24 hours to accelerate
corrosion.
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Electrochemical measurements

The electrochemical setup consisted of a three-cell electrode
with a Pt mesh (2.54 cm X 2.54 cm) as a counter electrode and
an Ag/AgCl electrode as a reference electrode and the Versa-
STAT4 multi-channel potentiostat (AMETEK, USA). All the
electrochemical measurements were performed at room tem-
perature. Electrochemical impedance spectroscopy (EIS) mea-
surements were employed to examine the corrosion resistance
of Al 1070 and Al-Mg-Zn alloys. Impedance was examined
using the Nyquist plot to compare the charge transfer resis-
tance of each alloy. Potentiodynamic polarization was per-
formed from —250 mV (vs. open circuit potential) to 250 mV
potential at a scan rate of 1 mV s~ '. Samples were cut into
26.7 mm x 20 mm pieces and were made into flat plates for
measurement. Although 1 mV s is adopted, it is remarked
that this selection has not provided substantial distortions in
the polarization curves obtained.*®™® In this sense, it is worth
noting that the potential scan rate has an important role in
minimizing the effects of distortions in Tafel slope and corro-
sion current density analyses.

Microstructure examination

To investigate the elemental composition on the surface and
microstructural characteristics of the alloys, an X-ray photo-
electron spectroscopy system (XPS; K-ALPHA+, Thermo Scien-
tific, USA), an Xray diffractometer (XRD; EMPYREAN,
PANalytical, Nederland), an optical microscope (OM; Leica
DVM2500, Leica Microsystems, UK), and a transmission elec-
tron microscope (TEM; JEM-ARM200f, JEOL, Japan) with a
spherical aberration corrector and a scanning electron micro-
scope (SEM; JSM-7500F, JEOL, Japan) were adopted. The sam-
ples were prepared by removing NaCl and oxide from the
surface and then cutting them into 5 x 5 mm?® (OM, SEM
sample) and 10 x 10 mm® (XPS, XRD sample) sizes. The TEM
samples were prepared using a focused ion beam (FIB, JIB-
4601F, JEOL, Japan) and the lift-out approach. The scanning
TEM (STEM) high angle annular dark field (HAADF) images
were collected using a convergence semi-angle of 21 mrad and a
collection semi-angle of 54-220 mrad at 200 kV. The samples
were cut into 10 x 10 x 10 mm? pieces and were made into flat
plates for measurement. The alloy sample after the corrosion
test was washed using deionized water and ethanol to remove
the residual NaCl crystals on the alloy surface.

Results and discussion

To depict the corrosion form and depth of the samples, we have
photographed the samples using OM after the 48 days SWAAT
experiment (Fig. 1a-h). The OM image data were arranged in a
direction where the Mg component increases towards the right,
and the Zn component increases downwards.

The phase fraction in Al-xMg-yZn alloys is thermodynami-
cally calculated using JMatPro software (Fig. 2). The calculation
results show that no p-(Al;Mg,) phase has been formed in the
Al-0.20Mg-0.35Zn, Al-0.20Mg-0.50Zn, Al-0.25Mg-0.45Zn, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optical microscope image to check the form and depth of corrosion after the 48 days SWAAT experiment.
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Fig. 2 Phase fraction calculation data of Al-xMg-yZn (0.10 < wt% of x <
1.00, 0.10 < wt% of y < 0.55) samples.

Al-0.25Mg-0.55Zn samples (Fig. 1a, ¢, d and f). The samples in
which the B-(Al3Mg,) phase is not formed have a smoother
corrosion cross-section than the samples in which the f-
(Al;Mg,) phase is formed (Fig. 1b, e, g and h). In particular,
this property is greatly exhibited by the Al-0.25Mg-0.55Zn
sample, which shows that the form of corrosion is close to
pitting corrosion, indicating that corrosion does not occur at
the grain boundaries in the sample. From the above results, it
was found that the B-(Al;3Mg,) phase can be observed only when
the Mg component was 0.30 or more, and the t-(Mgs, (Al, Zn),q)
phase was also formed for the samples with the B-(Al;Mg,)
phase. Comparison of Al-0.25Mg-0.55Zn and Al-0.35Mg-
0.55Zn samples that possess the same Zn component reveals

© 2022 The Author(s). Published by the Royal Society of Chemistry

a slight difference in corrosion resistance. The disparity
indicates that the transition from pitting corrosion to inter-
granular corrosion through p-(Al;3Mg,) phase formation plays
an important role in the corrosion resistance of Al-xMg-yZn
samples.

The corrosion depth profiles of Al-xMg—yZn (0.10 < wt% of
x < 1.00, 0.10 < wt% of y < 0.55) samples are shown in Fig. 3.
The sample with the smallest depth of 45.3 + 3.3 was found to
be Al-0.30Mg-0.43Zn. When comparing the Al-0.30Mg-0.43Zn
sample and other samples with a similar depth of 45.3 £ 3.3,
the depth seems to decrease as the Mg content increases.
However, through the Al-0.35Mg-0.55Zn sample, it was con-
firmed that the corrosion resistance is different depending on
the ratio of the Zn component, even if there is a lot of Mg
component. The Al-0.35Mg-0.55Zn samples with large corro-
sion depths of 555.3 £ 15.3 affirm that although the Mg value is
in an appropriate ratio, a Zn component exceeding a certain
amount has been found to rather degrade the corrosion resis-
tance. This is due to the formation of excessive 1-Mgs,(Al,Zn),o
phases.

To measure the corrosion performance of Al1070 and Al-
0.30Mg-0.43Zn in the form of extruded tubes for commercial
use, a SWAAT experiment was conducted for a total of 24 days,
and the surface of the samples was checked through OM
(Fig. 4a-h). From the 10th-day image of each sample it was
confirmed that grain boundaries were formed in the Al-
0.30Mg-0.43Zn sample, unlike in Al1070 (Fig. 4b and f).

It can be expected that the corrosion resistance of the Al-
0.30Mg-0.43Zn sample will be improved by the phases gener-
ated at the grain boundary, and it can be confirmed by

Mater. Adv., 2022, 3, 4813-4823 | 4815
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Fig. 3 Corrosion depth data of Al-xMg-yZn (0.10 < wt% of x < 1.00, 0.10 < wt% of y < 0.55).
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Fig. 4 Surface view observation of the corroded specimens after the SWAAT; (a and b) Al 1070 on the 10th day of the SWAAT experiment. (c and d) Al
1070 on the 24th day of the SWAAT experiment. (e and f) Al-0.30Mg—-0.43Zn on the 10th day of the SWAAT experiment. (g and h) Al-0.30Mg-0.43Zn on

the 24th day of the SWAAT experiment.

comparing the samples on the 24th day (Fig. 4d, h). In the case
of the 24th day sample, it was confirmed that pitting corrosion
occurred, and pits were formed in the Al1070 sample, and in
the case of the Al-0.30Mg-0.43Zn sample, corrosion occurred
uniformly in the form of intergranular corrosion, confirming
that grain boundaries were not clearly seen compared to the
10th day OM image.

STEM-HAADF microstructures reveal distinct differences in
Al1070 and Al-0.30Mg-0.43Zn (Fig. 5). Both samples have an
oxidized region at the surface. The low magnification images
clearly show that Al-0.30Mg-0.43Zn is invulnerable to oxida-
tion compared to Al1070. The thickness of the surface oxidized
region of Al-0.30Mg-0.43Zn is thinner than that of Al1070. The
thick oxidized region of Al1070 makes it easy to cause pitting
corrosion.” Moreover, Al-0.30Mg-0.43Zn showed a smaller
Al;Fe phase than Al1070 (Fig. 5a and b) while the grain sizes
of both samples are similar.

The smaller Al;Fe phase contributes to the improvement of
the corrosion resistance of the metal by reducing the potential
difference.®® The high magnification images at the grain

4816 | Mater. Adv, 2022, 3, 4813-4823

boundary of both samples compare the very thin grain bound-
ary phases (0.7 ~ 2 nm) of Al1070 and Al-0.30Mg-0.43Zn
(Fig. 5¢ and d). It seems that Al-0.30Mg-0.43Zn tends to have
a thicker grain boundary than Al1070. The chemical composi-
tion results obtained by EDS at the grain boundary and the
grains of both samples are summarized in Table 1. It is clear
that Mg and Zn are only concentrated at the grain boundary.
The existence of Mg and Zn at the grain boundary of Al-
0.30Mg-0.43Zn was clearly confirmed as shown in the spectra
in Fig. 5e. Cu and Ga in the spectra are artifacts due to TEM
grid and FIB-induced contamination, respectively.
Considering our calculation and corrosion results with pre-
vious reports,’®**°3? we assume that the Mg- and Zn-rich
grain boundary phase in Al-0.30Mg-0.43Zn is due to the
formation of B-Al;Mg, and t-Mgs,(Al,Zn),s phases at the grain
boundary. It is considered that very low fractions of B-Al;Mg,
and 1-Mg3,(Al,Zn) o phases were formed at the grain boundary,
resulting in the formation of a thicker grain boundary, and a
higher Mg and Zn composition only at the grain boundary in
Al-0.30Mg-0.43Zn. These abundant Mg and Zn at the grain

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Microstructures of Al1070 and Al-0.30Mg-0.43Zn. Low magnification STEM-HAADF images of (a) Al1070 and (b) Al-0.30Mg-0.43Zn. The grain
boundaries of (c) AlL070 and (d) Al-0.30Mg-0.43Zn. (e) STEM-EDS analysis results at the grain boundary of Al1070 (black spectrum) and Al-0.30Mg—

0.43Zn (blue spectrum).

Table 1 Chemical composition results at the grain boundary and the
grains of Al1070 and Al-0.3Mg-0.43Zn from STEM-EDS analysis

Al1070 Al-0.30Mg-0.43Zn
At%  Grain boundary  Grain Grain boundary ~ Grain
Al 98.9 +£ 1.0 99.4 £ 0.1 959 £0.9 99.2 £ 0.3
Mg 1.2 £ 1.0 0.6 + 0.1 3.6 £0.8 0.8 £0.3
Zn 0 0 0.6 £0.1 0.03 £+ 0.01

boundary resulting from B-Al;Mg, and t-Mgs,(Al,Zn),s phases
induce the intergranular corrosion rather than pitting corro-
sion and improve the corrosion resistance.

X-Ray diffraction (XRD) patterns were studied for Al1070 and
Al-0.30Mg-0.43Zn. The resulting pattern was matched with
that of the Al alloy JCPDS No. 98-005-2255. There is no differ-
ence in the samples before and after the addition of Mg and Zn
in the Al alloy as shown in Fig. 6. The indifferent XRD results of
Al1070 and Al-0.30Mg-0.43Zn indicate that there is no change
in the bulk of Al-0.30Mg-0.43Zn, due to the presence of Mg and
Zn. Overall, it can be considered that the added Mg and Zn are
present on the surface of Al-0.30Mg-0.43Zn.

XPS was used to examine the surface composition of ele-
ments and oxidation states of the samples (Fig. 7). The XPS
results show indirect identification of the components present
on the surface. Since the manufactured alloy has very low
components of Mg and Zn, it was necessary to check whether
each component was present on the surface. All components of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 X-Ray diffraction patterns of Al1070 and Al-0.30Mg-0.43Zn.

Al, Mg, and Zn were identified on the surface of the sample
before corrosion, and it was confirmed that Mg and Zn compo-
nents were distributed on the surface even with a small number
of components. The high-resolution XPS spectra of Al 2p before
corrosion were deconvoluted into two components, metallic Al
(72.87 eV) and partially surface oxidized Al (74.51 eV) corres-
ponding to the AI°" and AI*" oxidation states, respectively
(Fig. 7a).>°

The Al 2p spectra observed after corrosion revealed a posi-
tively shifted deconvoluted signal located at 74.08 eV, which

Mater. Adv,, 2022, 3, 4813-4823 | 4817
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can be ascribed to the change in oxidation states (Al°" to Al*")
due to the presence of surface adsorbed Cl~ ions.*® Similarly,
the Mg 2p spectra in Fig. 7b indicate the existence of two
components at 49.77 eV (metallic Mg) and 50.63 eV (partially
surface oxidized Mg) corresponding to the Mg®" and Mg**
oxidation states, respectively.”’ The Mg component was not
identified in the sample after corrosion, which is believed to
have not been detected because Mg, which is more reactive
than Al, was consumed in the process of corrosion. In contrast,
the XPS spectrum of Zn 2p in Fig. 7c reveals the two character-
istic peaks of the Zn metal located at 1021.08 and 1044.08 eV
corresponding to the 2pjz, and 2p;,, spin-orbital splitting,
respectively, without any noticeable changes after corrosion.?
Here, the existence of Zn was detected even after corrosion
because it was less reactive than Al. The O 1s XPS spectra of Al-
0.30Mg-0.43Zn in Fig. 7d were deconvoluted into three peaks at
530.43 (M-O), 531.35 (O(surface))y and 532.33 eV (C-O/OH)
corresponding to the signals of the oxygen atom associated
with metals (lattice oxygen), surface oxygen atoms not asso-
ciated with metals (non-lattice oxygen), and chemisorbed oxy-
gen species (O/OH), respectively.”® The M-O and C-O sites were
observed to increase after corrosion, while the Ourtace) Sites
decrease, substantiating the oxidation of Al-0.30Mg-0.43Zn
during corrosion activity. Furthermore, the Cl 2p XPS spectra
of Al-0.30Mg-0.43Zn in Fig. 7e reveal the existence of Cl after
corrosion, affirming the change in the oxidation state of Al after
corrosion. The two characteristic peaks of Cl associated with
the metal located at 197.71 eV and 199.31 eV correspond to the
2pss» and 2py,, spin-orbital splitting, respectively.>® The C 1s
XPS spectra of Al-0.30Mg-0.43Zn in Fig. 7f show the standard
C-C associated with adventitious carbon species at 284.54 eV
and chemisorbed oxygen species at 286.12 eV and 288.31 eV,

4818 | Mater. Adv., 2022, 3, 4813-4823

Binding Energy (eV)

Binding Energy (eV)

X-Ray photoelectron spectroscopy scans of the Al-Mg—-Zn alloy: (a) Al 2p, (b) Mg 2p, (c) Zn 2p, (d) O 1s, (e) Cl 2p, and (f) C 1s.

respectively.”® Hence, the XPS results validate the superior

corrosion resistant property of the Al-0.30Mg-0.43Zn sample
by revealing the surface composition before and after corrosion
activity.

The corrosion depth and surface of Al1070 and Al-0.30Mg-
0.43Zn alloys were precisely measured with OM and SEM
images after the 15 days SWAAT experiment (Fig. 8a-d). When
Fig. 8a and c were compared, it was confirmed that the
corrosion depth of the Al-0.30Mg-0.43Zn alloy was significantly
reduced compared to that of Al1070. Fig. 8b and d ensure that
pitting corrosion has occurred in various parts of the surface of

Al1070 Al1070

207.854 pim

Al-0.30Mg-0.43Zn

& 49.325um @ 37.012 um

Fig. 8 Optical microscope image showing the pitting depth of each
sample after the 15 days SWAAT experiment: (a) Al 1070 and (c) Al-
0.30Mg-0.43Zn. SEM image showing the surface of (b) Al 1070 and
(d) Al-0.30Mg-0.43Zn.
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Al1070, but in the case of the Al-0.30Mg-0.43Zn alloy, the
surface can be confirmed to be relatively clean.

It is known that the pitting corrosion of Al1070 is initiated
by the destruction of the passivation layer by Cl™, and Cl™
accumulates."®'® Accumulation of Cl~ ions in the pit creates a
layer of chloride at the surface of the pit. ions generated
in the pits combine with OH ™ ions.”” This combination causes
the inside of the pit to become more acidic.”® AI** hydrolysis
forms an alumina hydroxide cap on the outside of the pit. The
alumina hydroxide cap suppresses the solution inside the pit
from escaping to the outside, creating an aggressive environ-
ment inside the pit.> Pitting may still occur due to acids and
Cl" ions. Therefore, the pitting corrosion of aluminum is an
autocatalytic reaction.®°

In general, when alloying elements are added to pure Al, the
mechanical properties are improved, but heterogeneity occurs
in the microstructure, making it weak against pitting
461-63 However, when Mg is added, solid solution
strengthening occurs, and corrosion resistance increases
simultaneously. The increased corrosion resistance is due to
the fact that when Mg is in solid solution, the cathodic reaction
is delayed due to the low exchange current density of Mg.> But,
when a Mg content of above 3% is exposed to high tempera-
tures for a long time, Mg atoms diffuse into the grain bound-
aries, forming a secondary phase called the p-(Al;Mgs)
phase.’®* In the Al-Mg alloy, the B phase is arranged in a
line along the grain boundary. Because the § phase is more
anodic than the Al matrix, corrosion proceeds before Al. The f
phase formation is a direct cause of intergranular corrosion,
which further leads to stress corrosion cracking.>*>°

When Zn is added to this Al-Mg alloy, another secondary
phase called the 1-(Mg3, (Al, Zn),,) phase is formed.>*°>? Like
the B phase, the t phase also precipitates at the grain boundary.

2,56 A3+

corrosion.

Pitting corrosion

Appearance of Uniform Corrosion
By Intergranular Corrosion

View Article Online

Paper

This B-Al;Mg, phase reduces corrosion resistance by generating
a potential difference within the matrix.>>>° The formation of
the t phase reduces the potential gap caused by the B phase,
thus improving the resistance to electrochemical corrosion
(Scheme 1).

By adding Mg and Zn, which improve the corrosion resis-
tance of Al, we tried to increase the resistance to pitting
corrosion. When the Mg component was 0.3 or more, the 8
phase was formed, and at the same time, the t phase was also
formed by adding Zn. Increasing the Mg content seems to
improve the corrosion resistance. However, when Zn increases
together, the t phase is continuously precipitated, increasing
the sensitivity to corrosion. The chemical composition of Al-
0.30Mg-0.43Zn confirmed that Mg and Zn were concentrated at
the grain boundary. The reason seems to be that the  phase
and 1 phase were formed at the grain boundary. As a result, the
transition from pitting corrosion to intergranular corrosion was
induced (Scheme 2).

The corrosion resistance of the Al1070 sample and the Al-
0.30Mg-0.43Zn sample was compared using electrochemical
analysis (Fig. 9). The Nyquist plot reveals the presence of one
capacitive loop for Al-0.30Mg-0.43Zn alloy with a larger
diameter than Al1070 (Fig. 9a). This indicates good corrosion
resistance due to high charge transfer resistance. The potentio-
static polarization measurements (Fig. 9b) show that
Al-0.30Mg-0.43Zn has more negative corrosion potential
(=760 mV) than Al1070 (—670 mV), has a lower corrosion
current (82 pA cm™?) than Al1070 (110 pA cm™>), has a lower
anodic Tafel slope (196 mV dec ™) than Al1070 (278 mV dec™ )
and has more negative cathodic Tafel slope (—441 mV dec ™)
than Al1070 (—336 mV dec '). These results show that the
negative corrosion potential and lower corrosion current are
sufficiently increased by the B-AlzMg, and 1-Mgs,(Al,Zn)ye

Restricted Pitting Corrosion !

Scheme 1 The addition of Mg and Zn to Al1070 changed the pitting form of corrosion to the appearance of uniform corrosion by intergranular

corrosion and increased corrosion resistance.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Pitting corrosion

Al1070

Intergranular Corrosion due
to Phase B — Al;Mg,
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It seems that corrosion resistance is
increased by phase t — Mgs,(AL Zn) 40,
and corrosion is uniform throughout.

Scheme 2 The schematic representation of the change in corrosion from pitting to intergranular corrosion on adding Mg and Zn with the Al1070 alloy.
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Fig. 9 (a) Nyquist impedance plot of electrochemical impedance spectroscopy (EIS), (b) potentiodynamic polarization curves, and (c) the potential and

corrosion rate graph.

phases formed by Mg and Zn addition to Al. The corrosion rate
of Al 1070 (951 pum per year) is comparable to the Al-0.30Mg-
0.43Zn (556 um per year) as shown in Fig. 9c. These results
show that the corrosion resistance of the Al-0.30Mg-0.43Zn
sample is better than that of the Al1070 sample.

During the SWAAT experiment, leakage was measured for
Al1070 and Al-0.30Mg-0.43Zn (Fig. 10). For the Al-0.30Mg-
0.43Zn alloy, it took an average of 73.6 days for the first leak to
occur (Fig. 10a). Compared to the commercial Al1070 alloy,

—_
QU

~

w

Number of samples

Al-0.30Mg-0.43Zn
50 55 60 65 70
Leakage day

75

80

Fig. 10
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which took an average of 21 days until the first leak, it is
confirmed that the Al-0.30Mg-0.43Zn alloy has very good
performance (Fig. 10b).

Conclusions

In this study, we found that B-Al;Mg, and t-Mgs,(Al,Zn),
phases were formed at the grain boundary in the Al-xMg-yZn
alloy. The corrosion resistance of the Mg and Zn added samples

(b) [ Al1070
80+ [ A1-0.30Mg-0.43Zn
>
(3]
e 60 4
()
oo
©
g
©
404
Q
oo
{
g 201
e
0

(a) The leakage day data of the Al-0.30Mg-0.43Zn alloy. (b) The histogram of the leakage day data of Al1070 and alloy Al-0.30Mg-0.43Zn.
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was improved by harmonizing these two phases. Mg added to
the Al alloy induced the transition from pitting corrosion to
intergranular corrosion through the formation of a -Al;Mg,
phase at the grain boundary, and Zn added to the Al-Mg alloy
improved the corrosion resistance through potential difference
changes in the matrix. Compared to the pristine Al1070 alloy,
the corrosion potential of the Al-0.30Mg-0.43Zn alloy is
decreased from —670 mV to —760 mV, the corrosion current
is decreased from 110 pA cm ™2 to 82 pA em™ 2, the corrosion
rate decreased from 951 um per year to 556 um per year, and
the lifetime increased by 3.5 times from 21 days to 73.6 days in
sea water acetic acid test solution. Therefore Al-0.30Mg-0.43Zn
appears to be a desirable alloy candidate with improved corro-
sion resistance to replace Al1070.
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