E coatings

Article

Self-Healing Phenomenon at the Cut Edge of Zn-Al-Mg Alloy
Coated Steel in Chloride Environments

Sang-Hee Kim !, Seo-Yun Jin 2, Ji-Hoon Yang 3, Jeong-Hyeon Yang {0, Myeong-Hoon Lee ° and Yong-Sup Yun *

check for
updates

Citation: Kim, S.-H.; Jin, S.-Y.; Yang,
J.-H.; Yang, ].-H.; Lee, M.-H.; Yun, Y.-S.
Self-Healing Phenomenon at the Cut
Edge of Zn-Al-Mg Alloy Coated Steel
in Chloride Environments. Coatings
2024, 14, 485. https://doi.org/
10.3390/ coatings14040485

Academic Editor: Cecilia Bartuli

Received: 18 March 2024
Revised: 3 April 2024
Accepted: 11 April 2024
Published: 15 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Coast Guard Studies, Korea Maritime and Ocean University, Busan 49112, Republic of Korea;
bullnaby@g kmou.ac.kr

Sewon America, Inc., Lagrange, GA 30241, USA; seoyunjin@g.kmou.ac.kr

3 Materials Performance Research Group, POSCO Steel Solution Research Lab., POSCO Global R&D Center,
Incheon 21985, Republic of Korea; jihoonyang@posco.com

Department of Mechanical System Engineering, Gyeongsang National University,

Tongyeong 53064, Republic of Korea; jh.yagi@gnu.ac.kr

Korea Institute of Corrosion Science and Technology, Korea Maritime and Ocean University,

Busan 49112, Republic of Korea; leemh@kmou.ac.kr

*  Correspondence: ysyun@kmou.ac.kr

Abstract: This study explores the self-healing phenomenon at the cut edges of Zn-Al-Mg alloy coated
steel in chloride environments, a critical consideration for materials exposed to marine conditions.
Zn-Al-Mg coatings offer superior resistance to cut-edge corrosion. This research aims to unravel
the self-healing properties observed in these coatings. Through cyclic corrosion tests (CCTs), we
compared the corrosion resistance of Zn-Al-Mg coated steel with traditional zinc alloy coatings. Our
findings show a notable reduction in corrosion with ZMA4 coatings after 120 CCT cycles. This is due
to the formation of corrosion products, namely layered double hydroxides (LDHs) and Mg(OH)5.
X-ray diffraction and X-ray photoelectron spectroscopy analyses were employed to confirm the
presence of these products and elucidate their roles in the self-healing process. This study highlights
the potential of Zn-Al-Mg coatings for enhancing the durability of steel structures in corrosive
environments, suggesting a paradigm shift in corrosion protection strategies for marine applications.
The development of coatings that exhibit self-healing capabilities in chloride-rich environments could
significantly mitigate the challenges posed by cut-edge corrosion, promising extended service life
and reduced maintenance costs.

Keywords: Zn-Al-Mg alloy coated steel; corrosion resistance; cyclic corrosion tests; layered double
hydroxides; Mg(OH),

1. Introduction

Galvanized steel is widely used in various industries due to its excellent corrosion
resistance based on sacrificial anode and barrier effects compared with iron and steel [1-3].
Additionally, it is preferred over stainless steel in structures requiring mass installation due
to its superior cost effectiveness [3]. Among them, zinc (Zn)-aluminum (Al)-magnesium
(Mg) alloy coated steel plates are known to have excellent corrosion resistance, even in
marine environments, and are reported to have various advantages [4-8]. Based on these
advantages, numerous studies are currently underway. Particularly, in environments with
high salt content, stable corrosion products such as zinc chloride hydroxide monohydrate
(simonkolleite) are formed on the surface, providing a barrier effect and demonstrating even
better corrosion resistance [4,9,10]. However, despite being highly resistant to corrosion
and being durable, the possibility of corrosion still exists. Corrosion-induced defects
are a major factor affecting the strength reduction of various facilities, and corrosion
can lead to the deterioration of facilities, causing safety issues and potential harm to
human life [11]. When corrosion occurs, various metals come into contact, accelerating
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various types of corrosion, such as galvanic corrosion and contact corrosion, leading to
accelerated damage [12]. Therefore, corrosion prevention is crucial. Generally, surfaces
possess excellent corrosion resistance, and their corrosion mechanisms have been largely
elucidated. In contrast, cut-edge corrosion has a metal-exposed surface in direct contact
with the surrounding environment, making it easy for the main factors of corrosion, air
and moisture, to come into contact [13,14]. Moreover, galvanic corrosion due to potential
differences with surface coatings can occur [15]. Additionally, the increase in corrosion
sensitivity can occur through the generation of fine defects or cracks during shearing
processes [16,17]. Despite being treated with anti-corrosion measures, cross-section areas
have relatively thin coatings formed during the joint formation process, leading to a higher
risk of corrosion. Cut-edge corrosion is a more complex issue than surface corrosion.
Therefore, in this study, we compared the cut-edge corrosion resistance of steel coated
with Zn-Al-Mg alloys, focusing on how varying the proportions of Al and Mg affects this
property. Cyclic corrosion tests (CCTs) were conducted to confirm corrosion behavior, and
corrosion phenomena were analyzed by the morphology and elemental compositions of
the cut edge’s corrosion products through field-emission scanning electron microscopy
(FE-SEM), energy-dispersive spectrometry (EDS), and an electron probe micro-analysis
(EPMA). Additionally, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
analyses were conducted to identify the types and bonding states of corrosion products.
The purpose of this study was to understand the corrosion reactions occurring in the cut
edges of Zn-Al-Mg alloy coated steel and to provide basic design guidelines for producing
highly corrosion-resistant materials based on this understanding. It is expected that this will
increase the understanding of section corrosion and enable the development of products
with even higher durability.

2. Materials and Methods
2.1. Specimens Preparation

The test specimens were supplied by the South Korean company POSCO Steel Corp.,
Pohang, Republic of Korea. The substrate material selected for this study was low-carbon
steel, chosen for its compatibility with the galvanization process. Corrosion tests were
carried out on substrates measuring 7.5 cm X 15 cm, which aligns with the standard
dimensions required for these tests. For the purpose of materials characterization, sections
measuring 1 cm x 1 cm were prepared from the larger substrates. The galvanization process
involved immersing the steel substrates in a molten Zn-Al-Mg bath. The bath temperature
was meticulously controlled at 430-500 °C, and the immersion time was set to ensure a
uniform and consistent coating across all samples. This approach was adopted to simulate
real-world industrial conditions as closely as possible, providing a solid foundation for the
assessment of the Zn-Al-Mg coating’s corrosion resistance properties [18,19]. As shown
in Table 1, the test specimens consisted of Zn-plated steel sheets (Zn about 98~100 wt.%)
and two types of Zn-Al-Mg specimens with different elemental compositions, designated
as ZA, ZMA2, and ZMA4, respectively. The test specimens had almost identical coating
weights (approximately 275~300 g/m?) and were obtained by shearing processing to obtain
cut edges. Prior to various analyses, the test specimens were degreased using sodium
hydroxide (NaOH) to remove impurities, followed by cleaning in acetone and ethanol
(CoH50H) for 10 min each. Subsequently, the test specimens were rinsed with distilled
water with a resistance value of 18.2 M()-cm and allowed to air dry.

Table 1. The elemental composition of the test specimens.

Specimens Zn (wt.%) Al (wt.%) Mg (wt.%)
ZA 98~100 0~2 -
ZMA2 93~97 1~3 2~4

ZMA4 81~86 10~13 4~6
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2.2. Corrosion Tests

The corrosion resistance of ZA, ZMA?2, and ZMA4 specimens was evaluated using a
CCT (Q-FOG CCT-1100, Q-LAB, U.S.A) in accordance with the ASTM B 117 standard [20].
Each cycle involved spraying a 5% sodium chloride (NaCl) solution at 35 °C for 2 h,
followed by drying at 60 °C for 4 h and then maintaining a humidity of 95% RH for an
additional 2 h. For this study, three specimens of each type were used, all of which displayed
similar trends in corrosion behavior. Among these, a representative specimen was chosen
for detailed illustration in Figure 1. Specimens were briefly extracted from the CCT chamber
at intervals of approximately every 10 cycles for photographic documentation and were
then immediately repositioned in the chamber for continued testing. This procedure was
conducted until red rust appeared on the specimens, which was observed at up to 160 cycles.

(@
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Figure 1. Images capturing the onset of rust formation, taken using a digital camera. (a) ZA, (b) ZMA2,
(c) ZMA4.
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2.3. Materials Characterization

To examine the cut edge morphology of the test specimens, an optical microscope
(OM, AM4113ZT, Dino-Lite, Los Angeles, CA, USA) and FE-SEM (CLARA, Tescan Brno,
Brno-Kohoutovice, Czech Republic) with an accelerating voltage of 20 kV were used.
Elemental composition and distribution were analyzed using EDS attached to the FE-SEM
equipment, and EPMA (JXA-8230, JEOL, Tokyo, Japan) was employed. The EPMA utilized
an accelerating voltage of 15 kV, with an electron beam intensity set to 1.999E-0.08A and
a beam size of 4 um for analysis. XRD (SmartLab, Rigaku, Tokyo, Japan) utilizing Cu Ko
radiation (A = 1.5418 A, 40 kV, 200 mA) and a scanning speed of 1° min—1 over a 26 range
of 10-90° was employed to characterize the crystalline composition of the coatings. Surface
chemistry was analyzed using XPS (AXIS SUPRA, KRATOS Analytical Ltd., Manchester,
UK) with Al K radiation (1486.6 eV, 20 kV, 15 mA). Binding energies were calibrated using
the Cl1s peak at 284.8 eV.

3. Results and Discussion

Initially, accelerated corrosion tests were conducted using CCT to visually observe the
corrosion behavior of ZA, ZMA?2, and ZMAA4. Figure 1 shows the results captured with a
digital camera until the occurrence of initial rust formation on ZA, ZMA2, and ZMA4.

As shown in Figure 1, the ZA specimen exhibited severe corrosion phenomena on
the 34th day, while the ZMA2 specimen, with higher Mg and Al content, demonstrated
better intergranular corrosion resistance. Additionally, it was observed that even after
51 days, the area affected by rust in the ZMA4 specimen was relatively small compared
with the other specimens, indicating that higher Mg and Al contents contribute to better
corrosion resistance. Furthermore, in the case of ZMA4, the pattern of rust formation
observed on the 34th day was weakened at 45 and 48 days before intensifying again on
the 51st day. Similar observations were made for ZM A2, where the formation of red rust
was observed; however, on the 34th day, a white film was formed, somewhat obscuring
this phenomenon. These observations suggest that the addition of Mg and Al in ZMA?2
and ZMAA4 led to the occurrence of self-healing phenomena through the formation of white
corrosion products [21]. Based on the images of rust formation obtained through CCT in
Figure 1, the area ratio of the corrosion area was measured using the DBSCAN method and
is presented in Figure 2 [22].

—s—Z7MA 4
—e—7ZMA 2

Rusted Area Ratio (%)

T T T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100110120130140150160
Cycle (No.)

Figure 2. Measurement graph of rusted area in cyclic corrosion test: ZMA4, ZMA2, and ZA.

Similarly to the visible reduction in the area of rust observed in ZMA2 and ZMA4
specimens, image analysis revealed a decrease in the proportion of rust area in sections a
and b. When comparing the 34th day (102 Cycles) with the ZA specimen, ZMA4 showed a
proportion of approximately 3.01%, ZMA2 showed 8.18%, and ZA showed a rust proportion
of 50.02%, indicating that Zn-Al-Mg alloy coating exhibits superior corrosion resistance in
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highly corrosive environments. Figure 3, which shows the morphology of the cut edge after
100 cycles of the CCT observed through OM, suggests that the white corrosion products on
the surface of ZMA2 and ZMA4 may have a masking effect. This trend prompted further
analysis before and after 100 cycles of the CCT.

Figure 3. Appearance of corrosion morphologies under the optical microscope: (a) ZA, (b) ZMA2,
and (c¢) ZMAA4.

Figure 4 presents the morphology images of the cut edges observed using the backscat-
tered electron (BSE) mode of FE-SEM. Examination of the initial morphology of the cut
edges before corrosion, up to (a—c) in Figure 4, revealed minimal damage to the cut edge
of the ZA specimen, with no discernible shapes indicative of other compounds. However,
relatively diverse shapes of intermetallic compounds were observed in ZMA2 and ZMA4
specimens. This is attributed to the presence of common phases in Zn-Al-Mg alloy coated
steel produced via the hot-dipping method, including the Zn-matrix phase, binary phases
such as Zn-MgZn,, Zn-Mg,7Zn11, and Zn-Al, and ternary phases such as Zn-MgZn,-Al [2].

| 20um I I 20um I | 20um I

Figure 4. SEM image of the specimens (a) ZA, (b) ZMAZ2, and (c) ZMA4 for initial state.

For the analysis of the morphology after 100 cycles of the CCT, Figure 5 illustrates SEM
images of the cut edges. Compared with the initial state, significant cracks were observed
in the ZA and ZMA2 specimens, indicating notable changes in the morphology of the
cut edges. ZMA4 exhibited a similar morphology even after 100 cycles, with the lamellar
structure of intermetallic compounds observed in the initial morphology remaining visible
after 6 months, along with a peculiar leaf-like feature. These microstructures of intermetallic
compounds were determined to be binary phases of Al-MgZn, with a hexagonal close-
packed structure [23]. A point EDS analysis was conducted on each specimen to examine
the elemental composition of the detailed cut-edge morphology after 100 cycles of the CCT.

Figure 6 and Tables 2—4 present the morphology and elemental composition of the
specimens after 100 cycles of combined corrosion testing. As shown in Figure 6a and
Table 2, Zn was hardly detected in any measured areas of ZA, while a high distribution of
iron (Fe) was observed in all analysis points. This indicates that as corrosion progresses,
the alloy coating is consumed, revealing the internal structure of the steel, prominently
manifesting the presence of Fe.
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Figure 6. Point EDS results of specimens, (a) ZA, (b) ZMA2, and (c) ZMA4.

Table 2. EDS quantitative analysis at each point marked in Figure 6a.

Point Zn (wt.%) Al (wt.%) Mg (wt.%) Fe (wt.%) O (wt.%)
1 3.82 - - 78.46 17.72
2 - - - 96.26 3.74
3 - - - 91.38 8.62

Table 3. EDS quantitative analysis at each point marked in Figure 6b.

Point Zn (wt.%) Al (wt.%) Mg (wt.%) Fe (wt.%) O (wt.%)
4 44.90 - - 7.95 47.15
5 - - - 23.93 76.07
6 14.72 12.67 - 22.31 50.30

Table 4. EDS quantitative analysis at each point marked in Figure 6c.

Point Zn (wt.%) Al (wt.%) Mg (wt.%) Fe (wt.%) O (wt.%)
7 35.19 9.70 - 4.16 50.95
8 41.90 46.95 - 2.66 8.49

9 57.86 0.25 0.17 2.53 39.19
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Figure 6b and Table 3 show the SEM and EDS results of ZMA2 after 100 cycles of
combined corrosion testing. Compared with ZA, a relatively larger amount of Zn and Al
was observed, indicating slightly better corrosion resistance. Zn was detected at point 4,
while no metallic components of the alloy coating were found at points 2 and 3 in ZA.
However, Zn and Al were detected at point 6. The elemental composition at point 6
suggests corrosion occurring on an Al phase with Zn in solid solution.

Similarly, when analyzed after 100 cycles, ZMA4 (Figure 6c and Table 4) exhibited the
highest content of metallic elements in the alloy coating compared with ZA and ZMA2,
indicating the best corrosion resistance among the three specimens. Fe content was notably
low at all analysis points, with points 7 and 8 showing an Al phase with Zn in varying
proportions and point 9 indicating Zn containing Mg and Al. This is consistent with
reports suggesting that Zn and Al interact to enhance the corrosion resistance of the alloy.
Additionally, while Mg was undetectable in ZMA2, only trace amounts were observed in
ZMA4, suggesting that Mg ions are the first to leach out, forming stable corrosion products
and delaying the leaching of Zn and Al, thereby enhancing corrosion resistance [9,21].

To examine the distribution of elemental composition on the specimen surface as
corrosion progresses, an EPMA mapping analysis was conducted. Livetime, the average
duration of activation of the X-ray detector, was utilized to graphically represent the ratio
of elements appearing in the corrosion products along the depth direction from the coating
surface to the substrate. EPMA mapping analyzes the X-rays emitted from each pixel,
providing insights into the distribution of elements such as Zn, Al, Mg, Fe, chloride (Cl),
and oxygen (O) [24]. The left side of the livetime measurement represents the coating
layer, while the right side represents the substrate. This allowed for the evaluation of the
corrosion products of each specimen and an assessment of the influence of alloy elements
on the corrosion behavior.

Upon examination of Figure 7, the elemental composition present within each spec-
imen’s coating layer was identified. In Figure 7b,c, the presence of Mg layers in ZMA?2
and ZMA4 is evident, with ZMA4 exhibiting the darkest shade for Al. Regarding Zn
layers, Figure 7a mapping indicates that ZA had the highest proportion. To conduct a more
quantitative assessment, the initial EPMA analysis values were graphed using livetime
values, as shown in Figure 8.

Figure 7. EPMA mapping image of the specimens (a) ZA, (b) ZMA2, and (c) ZMA4 for initial state.

As observed in Figure 8a, ZA exhibited a significant presence of Zn, as indicated by the
strong red and yellow signals in the EPMA mapping of Zn. A high peak of Fe was identified
at approximately 230 points, indicating the end of the coating layer. Upon examining the
graph of ZMA2 in Figure 8b, it was evident that Zn was distributed prominently, with Mg
and Al also being present near the surface. The thinner coating layer in ZMA2 reflected in
the graph may be attributed to a slight bias in EPMA measurements during analysis, as
well as variations that can occur during the shearing process, leading to random variations
in coating thickness across specimens. Similarly, ZMA4 also exhibited a generally high
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elemental composition of Zn, Mg, and Al, with Zn signals being notably lower than in
ZA, while Al and Mg showed the strongest signals, indicating their presence distinctly.
Comparing the maximum values of each component in the respective graphs, ZA showed
values of 90.22 for Zn, 4.25 for Al, and 27.63 for Fe. In contrast, ZM A2 exhibited values of
23.30 for Zn, 0.87 for Al, 1.98 for Mg, and 47.75 for Fe, while ZMA4 showed values of 30.82
for Zn, 4.28 for Al, 2.66 for Mg, and 11.32 for Fe. Despite the arbitrary proportion of iron
in each specimen, ZMA?2 and ZMA4 demonstrated ratios of Al-Mg similar to the actual
elemental composition, indicating the formation of Al-Mg ratios in these alloys.

Fe (b) Fe (C) Fe
Al s —Al —Al
—— Mg — Mg — Mg
Zn 45 Zn Zn
40 40
35
A > 3
\\ g % =
\ £ 2 £
\ g 2
5 20 S 204
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\ 15
\ 10
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200 250 () 50 100 150 200 250 o 50 100 150 200 250
Points Points

Figure 8. The average livetime values graph of the EPMA raw data in the initial state. (a) ZA, (b) ZMA2,
(c) ZMAA4.

Figure 9 revealed the elemental distribution on the cut edges following 100 cycles
of corrosion. The EPMA mapping of ZA specimens indicated a descent of maximum Zn
values from the coating layer surface into some depth, with the strongest signals shifting
between the surface and the interface. Al layers were not prominently observed, while
Cl and Fe exhibited irregular distributions, indicating the corrosion phenomenon in ZA
specimens. In Figure 9b, the EPMA results of ZMA?2 specimens showed strong Zn signals
beneath the coating layer. Al distribution was observed only near the surface, while Mg
appeared to distribute over a wider area compared with Al. Upon observing the EPMA
mapping of ZMA4 in Figure 9c, it was noted that the distribution patterns of Fe and
Mg were nearly identical. Al was observed only in the surface layer, and Zn exhibited
weaker signals in areas where Fe and Mg showed stronger signals. To further analyze
the results, Figure 10 graphs the EPMA mapping of Figure 9. In Figure 10a, the graph
for ZA demonstrates a significant overall increase in Fe values compared with the initial
stage, with Zn showing maximum values near the coating layer and the interface. For
ZMAZ2, generally high Zn values were observed, with Al values being high only near the
surface. Similarly, in ZM A4, Mg and Fe exhibited high intensities in similar regions, while
Al showed high values near the surface. This suggests the importance of Mg in cut-edge
corrosion. Comparing the overall graphs, the maximum Zn values appeared in the order
of ZMA4, ZMA2, and ZA. Notably, in ZMA2 and ZMA4, as the corrosion progressed, Al
components appeared to move toward the surface. Particularly high Mg values in ZMA4
emphasize the importance of Mg in cut-edge corrosion. Considering corrosion resistance
and lifespan, the specimen ranking was observed as ZMA4 > ZMA?2 > ZA, indicating
ZMA4’s superior corrosion resistance and lifespan compared with ZA, which appeared
relatively more susceptible to corrosion. Such analyses play a crucial role in understanding
the various factors influencing corrosion and corrosion resistance.
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Figure 9. EPMA mapping image of the specimens (a) ZA, (b) ZMA2, and (c) ZMA4 after 100 cycles.
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Figure 10. The average livetime values graph of the EPMA raw data after 100 CCT cycles. (a) ZA,
(b) ZMA2, (c) ZMAA4.

Based on the previous results, the test specimen exhibiting the best corrosion resistance
on the cut surface was inferred to be ZMA4. When investigating ZM A4 to identify the
factors contributing to its excellent corrosion resistance on the cut surface, an increase in
corrosion products containing Mg was found to contribute to the enhancement of corrosion
resistance. To clearly understand the crystal structure and chemical state of these corrosion
products, XRD and XPS analyses were conducted. Samples for analysis were prepared
by grinding the cut edges of the corroded test specimens into powder form. Figure 11
illustrates the XRD results of the test specimens, and Table 5 indicates the bonding states
corresponding to each peak number. Upon examining ZA, the main peaks observed were
reported to be simonkolleite and zincite (ZnO), commonly detected corrosion products
in Zn-coated steel known to enhance corrosion resistance. Simonkolleite, known for its
relatively high environmental stability, is presumed to have played a significant role in
corrosion prevention in ZA coatings. In the case of ZMAZ2, a peak corresponding to the (Mg,
Zn)-Al layered double hydroxide (LDH) structure was found at 23.23°. The LDH structure
likely provided a more stable environment than ZA, contributing to its high corrosion
resistance [25,26]. Additionally, peaks corresponding to simonkolleite and aluminum oxide
(Al,O3) were observed. The presence of Mg is believed to have sustained the stability
of simonkolleite in ZMA?2 [27]. These factors suggest that ZMA2 exhibited additional
corrosion resistance compared with ZA coatings. ZMA4 was found to include a broader
range of corrosion products. Peaks corresponding to the (Mg, Zn)-Al LDH structure were
detected around the 23.23° and 24.96° angles, and peaks corresponding to Mg(OH), were
observed at 18.53° and 43.06°. This suggests that ZMA4 coatings formed self-healing prod-
ucts during corrosion testing [21]. Furthermore, zinc chlorate hydrate (Zn(ClO;),(H,O),)
peaks were observed at 31.82° and 55.34°, indicating the presence of intermediate products
before further corrosion to ZnO. This evidence suggests that additional time is required
for the corrosion process of ZMA4 coatings to complete. Therefore, ZMA4 coatings not
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only provide strong corrosion resistance due to their physical properties but also possess
effective mechanisms for healing corrosion when it occurs.
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Figure 11. XRD results of ZA, ZMA2, and ZMA4.
Table 5. Chemical bonding by peak number in the XRD results.
Label Name Chemical Formula Label Name Chemical Formula
M(ID)1 — - MID)x (OH) I [A™ 1y /n,
1 Simonkolleite Zn5(OH)4CLH,O 5 LDH M(II) = Zn%*, Mg?*,
M(IID) = A3+
2 Zincite, Zinc Oxide ZnO 6 Magnesium Hydroxide Mg(OH);
. . Magnesium Hydroxide
3 Zinc Hydroxide Zn(OH), 7 Chloride Mg, (OH);C1
4 Aluminum Oxide Al,O3 8 Zinc Chlorate Hydrate Zn(ClO,),(H,0O),

Figure 12 shows the XPS spectra of Mg 2p in ZMA2 and ZMA4 samples, where
the alloy steel contains 2% and 4% of Mg, respectively, and the analysis was conducted
after converting the corrosion products into powder form. To investigate the cause of the
observed increase in Mg distribution on the plate due to corrosion progression as seen
in the EPMA analysis images, this study performed measurements for Mg 2p using this
method. The XPS analysis results reveal a strong peak at 49.50 eV, indicating the presence
of Mg(OH); and MgO. Both compounds demonstrate Mg in a 2+ oxidation state through
bonding with O, underscoring Mg’s crucial role in the corrosion process. Considering
the EPMA, XRD, and XPS results collectively, they suggest that the presence of Mg(OH),
bonding plays a significant role in this process. This increase underscores Mg’s protective
role in the corrosion resistance of Zn-based alloy-coated steel, emphasizing the crucial role
of Mg in this context.
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Figure 12. XPS results of ZA, ZMA2, and ZMA4.

Upon comprehensive analysis of the study’s results, it was observed that ZMA4
exhibited the best corrosion resistance, primarily attributed to the presence of LDH and
Mg(OH),. Such self-healing reactions were presumed to occur as depicted in Figure 13,
where in the case of Zn-Al-Mg alloy coating, Zn and Mg corrode in the environment to
form ions such as Zn?* and Mg?*, which react with ionized oxygen to generate hydroxide
ions. during the corrosion process, the MgZn, phase was found to be the most reactive,
contributing to the anodic reaction, while the Al-rich phase was expected to contribute to
the cathodic reaction [28,29]. The occurrence of corrosion defects was mainly attributed to
anodic dissolution, inducing the generation of hydroxide ions as electrons are transferred
to the cathodic region. The resulting pH difference can significantly influence the corrosion
process, where an increase in pH can lead to the formation of corrosion products [30]. In
an alkaline environment with high pH, Mg(OH), is reported to remain stable as it does
not undergo further chemical reactions [31], but in chloride environments, Mg(OH), can
continue to corrode, forming MgCl, along with Mg, (OH)3Cl. In this process, Mg remains in
the form of oxide at high pH, attributed to the common-ion effect where the solubility of Mg
oxide decreases due to the presence of hydroxide ions [32]. Subsequently, the dissolution of
aluminum to form AI(OH)*~ was expected to induce the instability of hydrated oxides [31].
Although LDH was detected in ZMA2 and ZMA4 after 100 CCT cycles, ZnO was not as
prominently observed compared with ZA. ZnO typically forms as a result of Zn corrosion
and is recognized as a late-stage product of corrosion, but in this case, LDH or Zn(OH),
and other compounds were formed instead of ZnO, which is presumed to be related to the
presence of Mg?* [33,34]. EPMA results confirmed the leaching of Mg from the surface,
which is presumed to enhance the formation of individual Mg(OH), through the use of Mg
as a pH buffer. Similar trends were observed compared with studies demonstrating higher
self-healing properties in environments containing chloride ions [35].
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Figure 13. Cut-edge corrosion behavior of Zn-Al-Mg alloy coated steel.

4. Conclusions

In this study, the corrosion reactions and corrosion resistance of Zn-Al-Mg alloy-
coated steel plate cut edges were analyzed. When subjected to CCT corrosion tests, ZMA4
exhibited superior corrosion resistance compared with ZA and ZMA2. The results of the
CCT experiments showed a decrease in the corrosion area for ZMA2 and ZMA4 at around
120 cycles. Additionally, after 100 CCT cycles, the distribution of Mg components on the cut
edge of ZMA4 specimens was observed, and an XRD analysis confirmed peaks of corrosion
products contributing to the self-healing mechanism, such as LDH and Mg(OH), in ZMA4.
Self-healing reactions can enhance the corrosion resistance of cut edges through methods
such as LDH coating or precipitation and reactions of Mg ions within the coating layer.
However, continuous exposure of ZMA alloy-coated cut edges in chloride environments
may damage the formed Mg(OH),, leading to corrosion of the alloy containing Mg in
chloride environments. Therefore, the development of coatings with superior corrosion
resistance on cut edges is warranted.
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