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Abstract: Alloy coatings protect steel from corrosion in various applications. We investigated the
effects of Si addition on the microstructure, electrochemical behavior, and corrosion resistance of
steel sheets coated with a hot-dip Zn-Mg-Al-Si alloy using a batch-type galvanization process.
Microstructural analysis revealed that the Zn—Al-Mg alloy coating layer contained a significant
amount of Fe that diffused from the substrate, leading to delamination due to the formation of brittle
Fe-Zn intermetallic compounds. However, the introduction of Si resulted in the formation of a stable
Fe; Al;Si inhibition layer at the substrate—coating interface; this layer prevented interdiffusion of Fe as
well as enhanced the coating adhesion. Additionally, the formation of acicular Mg,Si phases on the
coating surface improved the surface roughness. As the Si content increased, the corrosion resistance
of the coating improved. Specifically, the Zn-Al-Mg coating layer with 0.5 wt.% Si exhibited excellent
anti-corrosion performance, without red rust formation on its surface even after 2600 h, during a salt
spray test.

Keywords: Zn-Mg-Al alloy-coated steel; adhesion; interdiffusion; corrosion resistance; Mg,Si

1. Introduction

Zn coatings protect steel from corrosion by providing sacrificial protection owing to
the lower electrochemical potential of Zn compared with that of Fe. The Zn coating and
corrosion products formed on a surface in reactions with the environment facilitate the
barrier protection of steel [1,2]. In recent years, research efforts have been directed toward
the development of highly corrosion-resistant coating technologies, such as alloying of
Zn with Al and Al/Mg [3-5], to conserve natural Zn resources and reduce production
costs by decreasing the coating weight. Hot-dip galvanization is the most widely used
coating method for Zn and alloy coatings because of its high productivity and economic
efficiency [6,7]. Therefore, hot-dip Zn-coated steels are extensively used in various indus-
tries, including automobiles, telecommunications, electric power transmission, railways,
highway crash barriers, and coil coatings [8-10]. Hot-dip galvanization can be conducted
in two ways: the batch galvanization process (BGP), which involves coating pre-processed
individual products with the final product shape in small quantities, and the continuous
galvanization process (CGP), which entails the high-speed and continuous coating of steel
coils using a roll-to-roll method. In large steelworks, most commercial alloy coating ma-
terials are produced using the CGP owing to its high productivity and mass production
suitability. However, it is not suitable for coating thick sheets or machined and welded parts.
Therefore, developing a BGP technology suitable for these parts is essential [11]. In the BGP,
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flux pre-treatment using a mixture of NH4Cl and ZnCl, is typically performed before dip
coating to remove contaminants and oxides on the substrate surface, thereby enhancing the
coating properties. However, achieving a high-quality Zn—Al or Zn-Al-Mg alloy coating
in a batch-type process is challenging because the conventional flux reacts with Al/Mg in
the molten bath to form byproducts such as aluminum chloride [12]. These byproducts
degrade the wettability of the molten metal on the substrate, resulting in the formation of
bare spots [13,14]. Because the coating properties in the BGP are predominantly influenced
by the interdiffusion of the molten metal and Fe at the substrate-coating interface, a tech-
nology that facilitates appropriate reactions between Zn, Al, and Mg and the steel substrate
is required to ensure the formation of a stable interface. Trace element addition is widely
employed to enhance coating properties during hot-dip coating processes [15]. Among such
trace elements, Si reportedly affects the reactivity of the Zn—Al alloy and steel substrate in
the CGP. The addition of Si results in an increased Si concentration at the substrate—coating
interface, thus preventing the formation of intermetallic compounds (IMCs) and suppress-
ing the dissolution of Fe from the substrate [16-19]. However, studies on Si addition have
been mainly confined to the CGP, and the influence of Si addition on the coating properties
of Zn—Al-Mg coatings in the BGP, which involves chemical reactions with the flux, has
been rarely investigated [20]. In the present study, we investigated the effects of Si addition
on the microstructural and mechanical properties of hot-dip Zn-Al-Mg alloy-coated steel
sheets produced using the flux-based BGP. We demonstrated that Si addition inhibited the
chemical reaction between the molten alloy and flux while enhancing the reactivity be-
tween the alloy components and Fe substrate, leading to the formation of a stable interlayer.
This stable interlayer was utilized to successfully perform batch-type galvanization of the
Zn—-Al-Mg ternary alloy. Furthermore, the mechanisms of corrosion enhancement were
examined by analyzing the microstructure and electrochemical properties.

2. Materials and Methods

A 0.8-mm-thick commercial-quality grade low-carbon cold-rolled steel sheet (tensile
strength: 270 MPa, POSCO Co., Ltd., Pohang, Republic of Korea) was used as the sub-
strate, whose nominal chemical composition (in wt.%) was as follows: C (0.14), Mn (0.3),
S (0.01), P (0.015), Si (0.025), Al (0.03), N (0.004), and Fe (Bal.). This steel sheet was cut
into samples with dimensions of 150 mm x 30 mm. Prior to hot-dipping, the substrates
were degreased in a NaOH solution (80 g/L) at 85 °C for 10 min to remove impurities
and residual oils present on their surfaces. The samples were then rinsed with deionized
water and pickled in HCI (15 vol.%) at 30 °C for 5 min to remove any retained oxide.
These samples were then fluxed using ZnCl,-2NH4Cl (550 g/L) at 60 °C for 3 min and
subsequently dried at 120 °C for 5 min to promote the reaction between the molten metal
and steel substrate. Subsequently, experimental coating baths were formulated by adding
up to 0.5 wt.% of Si to the base coating solution with a fundamental composition of Zn-4
wt.%Al-1 wt.%Mg. The bath compositions analyzed using X-ray fluorescence spectroscopy
are listed in Table 1. The samples were then coated using a laboratory-scale batch-type
hot-dip simulator [21]. The pot temperature was maintained at 600 °C, and the immersion
time was 3 min. The coated samples were cooled to room temperature at a cooling rate of
25 °C/s. The surface properties of the samples were evaluated by measuring the surface
roughness using a non-contact three-dimensional (3D) laser confocal microscope (SURFIEW,
GLtech, Daejeon, Republic of Korea). The surface and cross-sectional microstructures were
examined by field-emission scanning electron microscopy (FESEM, SUPRA40VP, Carl Zeiss,
Oberkochen, Germany). The phase compositions were analyzed by energy-dispersive X-ray
spectroscopy (EDS). The substrate/alloy—coating interface was analyzed using an electron
probe microanalyzer (JXA8530F(5CH), JEOL, Tokyo, Japan). A crystallographic study was
performed using an X-ray diffraction (XRD) system (XRD-6100, Shimadzu, Tokyo, Japan)
equipped with a Cu-Ka (0.154 nm) source. The nanoscale phases were investigated using
high-resolution transmission electron microscopy (TEM, JEM-2200FS, JEOL, Tokyo, Japan).
The solidification behavior of the Zn—-Al-Mg alloy was thermodynamically determined



Crystals 2024, 14, 294

30f13

using the FactSage software (ver. 8.2) with the FTlite database [22,23], and the predicted
values were compared with the hot-dip coating test results. The coating adhesion was
evaluated through a 2T bending test in accordance with the ASTM E290 standard [24]; the
area fraction was estimated from the coating adhered to the tape after removal from the
bent surface. The corrosion performance of the samples was evaluated via a potentiody-
namic polarization test and a salt spray test (SST). The potentiodynamic polarization test
was performed in a 0.15 M NaCl solution with an alloy-coated steel sheet as the working
electrode (exposed area of 2 cm?), a Pt counter electrode, and a saturated calomel elec-
trode as the reference electrode using a potentiostat (VersaSTAT4, Ametek, PA, USA). The
SST was performed using an SST apparatus (STP-90C-3, Suga, Tokyo, Japan) according
to the ASTM B117 standard with a 5 wt.% NaCl solution at 35 °C and a spray rate of
1.5+ 0.5mL/h.

Table 1. Coating composition of the Zn—-Mg-Al-xSi alloy-coated steel.

Chemical Composition (wt.%)

Sample
Al Mg Si Fe Zn
S0 412 1.02 ] 0.22
s1 42 1.14 0.09 0.14
s3 418 12 0.31 0.18 Bal.
S5 414 113 0.46 0.15

3. Results and Discussion

The cross-sectional microstructures of the Zn—-Al-Mg-Si alloy coatings with different
Si compositions are presented in Figure 1. In the coating without Si, a significant amount
of Fe dissolved from the substrate during the dipping process and was incorporated into
the coating layer, as shown in Figure 1a. This dissolved Fe led to the formation of Fe-Zn
IMC layers between the alloy coating layer and substrate. In comparison, in the Si-added
coating layers (Figure 1b—d), the formation of an Fe-Zn IMC layer was inhibited, leading
to a significant reduction in the coating thickness. The average coating thicknesses for
samples S0, 51, S3, and S5 were 99.1, 21.2, 17 .4, and 16.9 pm, respectively. In the analysis
of the coating layer without Si, it was difficult to differentiate between the IMC phases
formed by the interactions among the Zn—-Al-Mg alloy coating components. In contrast,
various intermetallic microstructures, including Zn, Zn/ Al eutectic, and Zn/Al/MgZn;
ternary eutectic structures, were observed in the Si-added coating layers of the samples.
The formation of the MgZn; binary eutectic phase was inhibited, which could be explained
based on the temperature dependence of the solidification pattern exhibited by the Zn—
Al-Mg alloy system. The Zn—-Al-Mg ternary phase diagram shown in Figure 2 indicates
that depending on the compositions of Al and Mg, microstructural phases such as Zn,
MgZn;, and Al (Al-rich Zn/Al phase) can form during the solidification process. For the
Zn-4 wt.%Al-1 wt.%Mg alloy system, solidification begins initially from the primary Zn
phase, and as the temperature decreases to 380 °C, binary eutectoid structures of Zn/Al
start to form. Subsequently, the final solidified state leads to the development of a ternary
eutectic structure—Zn/Al/MgZn,—at 336 °C [21].

In sample S0, interfacial cracking occurred between the coating and substrate. To
investigate the causes of the cracking, the substrate/coating interface of sample SO was
compared with that of a representative Si-containing coating (S3) as shown in Figure lef,
which present magnified images of the squared regions A and B marked in Figure 1a,c,
respectively. The EDS composition analysis results for the points marked in Figure le,f
are presented in Table 2. Evidently, the crack initiated in a high-Fe-content IMC layer
(I-phase) adjacent to the substrate/coating interface. Multiple concurrent reactions occur
during the wetting of a solid substrate by a liquid metal containing Zn; these reactions
include (1) Zn-liquid substrate interfacial wetting, (2) Zn-induced steel dissolution, (3)
isothermal solidification of Fey Als_«Zny IMCs, (4) solid-state diffusional phase transfor-
mations, and (5) solidification of the liquid Zn alloy [10,25,26]. The transient and unstable
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nature of Fe; Al5_,Zn, results in sudden outbursts, which explain the interdiffusion of
Fe into the coating and Zn toward the substrate. These outbursts promote the formation
of high-Fe-content intermetallic phases (Fe contents: 6 (7-11 wt.%), I'1 (16-19 wt.%), and
I' (20-27 wt.%) at the interface [27]. The I'; phase, which is a highly brittle IMC with a
hardness of approximately 500 Hv [28], may be damaged due to physical stresses, such as
cutting and/or polishing, during sample preparation for microstructural observation, lead-
ing to the formation of cracks. While the cutting method employed was consistent among
all the specimens, the presence of visible cracks in sample SO implied that such cracking
was an inherent characteristic of the Zn—-Al-Mg coating without Si. Figure 1f shows that
the addition of Si results in the formation of a stable interfacial layer of Fe, Al3Si, which is
identified by the EDS analysis performed at point 4. This interfacial layer contributed to
the strong coating adhesion observed in the Si-containing samples S1-55.

e vf;f}Zn/Al 3

Lo -t&—(@&—‘.&il PR M‘---'&

Figure 1. Cross-sectional microstructures of the samples: (a) SO, (b) S1, (c) S3, and (d) S5.
(e,f) Magnified images of squared regions A and B in (a,c), respectively.
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Figure 2. Calculated solidification path of the Zn-4 wt.%Al-1 wt.%Mg alloy.

Table 2. Phase compositions obtained (via EDS analysis) at the spots marked in Figure 1e,f.

Chemical Composition (at.%)

Point
Mg Al Si Fe Zn Phase
1 0.42 +0.28 1.66 + 0.08 - 9.55 £+ 0.32 )
2 0.62 + 0.51 0.47 +0.41 - 32.06 +2.92 T
3 25.72 +0.32 1.98 +0.12 0.09 £+ 0.02 2.98 £0.11 Bal. MgZny
4 2.32 +£0.23 25.03 +=1.12 16.32 £+ 2.32 34.02 4+ 0.58 FeAl;Si

The corresponding electron probe microanalysis (EPMA) phase maps of samples SO
and S3 are displayed in Figure 3a,b, respectively. The EPMA results are consistent with the
SEM data. The phase maps of S0 indicate that a significant amount of Fe is out-diffused and
distributed inside the coating layer. However, the Fe content in the coating layer in sample
53 was significantly lower than that in sample S0. These results suggested that the dissolved
Fe was in the solid solution along with the Si present in the Zn—Al and Zn-MgZn,-Al alloy
phase regions. In Figure 3b, Al is predominantly observed in the Zn—Al binary eutectic
phase and at the interface, whereas Mg is detected in the ternary eutectic phase and near
the surface. In addition, Si is prominent at the interface and coating surface. These results
confirm the formation of a stable FeAl;Si interlayer and its ability to inhibit the formation
of a brittle Fe-Zn IMC layer.

Figure 4 presents the calculated phase diagrams and solidification behavior of the Zn-
4%Al-1%Mg ternary alloy with and without Si addition; these diagrams and results were
obtained using FactSage. Figure 4a,b illustrate the alloy phases formed as the Fe content
varied from 0 to 5 wt.% when the steel sheet was immersed in molten Zn-4%Al-1%Mg
and Zn-4%Al-1%Mg-0.5%Si at 600 °C, respectively. In the absence of Si, various Al-Fe
IMCs formed in all the composition ranges. However, for the coating containing 0.5 wt.%
of Si (Figure 4b), the Al3FeSi IMC formed when the Fe content was <4 wt.%. Figure 4c,d
show the phase transformation behavior when the molten alloys with compositions of Zn-4
wt.%Al-1 wt.%Mg and Zn-4 wt.%Al-1 wt.%Mg-0.5 wt.%Si were solidified by cooling from
600 to 100 °C. For the calculations, Fe contents of 2 and 0.5 wt.% were selected to represent
conditions wherein significant Fe alloying occurred owing to the absence of Si and where Fe
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dissolution was impeded by the addition of Si, respectively. As shown in Figure 4c, in the
absence of Si, the Fe; Als IMC forms at the interface immediately after the immersion of the
steel in the molten bath. In contrast, with the addition of 0.5 wt.% of Si, primarily AlzFeSi
IMC phases form at the interface, as shown in Figure 4d. The corresponding solidification
onset temperature was slightly lower than that of the without-5i sample, leading to a
narrower mushy zone.

Figure 5 shows surface images of the Zn-4%Al-1%Mg alloy coating layers with
and without Si addition. The presence of primary Zn, dendritic Zn/Al eutectoid, and
Zn/Al/MgZn, ternary eutectic structures on the surface aligns with the previous cross-
sectional observations. In the Si-free coating layer shown in Figure 5a, granular polyhedral
Fey Als_yZn, IMC particles, which were identified through XRD analyses, were observed
on the surface. However, in Figure 5b—d, in addition to the Zn/Al/Mg alloy phases, needle-
shaped IMCs are evident on the surface of the Si-containing coatings. EDS mapping was
conducted on sample S5 to determine the Mg and Si distributions, and the corresponding
results are shown in Figure 5e f, respectively.

Figure 3. Elemental distribution in the cross-sections of the Zn-4 wt.%Al-1 wt.%Mg alloy coatings:
(a) SO and (b) S3.
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Figure 4. Thermodynamically calculated phase diagrams of (a) SO and (b) S5. Thermodynamically
calculated solidification behavior of (c) SO and (d) S5.

Figure 5. Surface microstructures of the samples: (a) SO, (b) S1, (c) S3, and (d) S5. (e) Mg and (f) Si
distributions in sample S5.
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High-resolution XRD analyses were performed to evaluate the effects of the Si content
on the crystallographic properties of the Zn—Al-Mg—xSi alloy coatings, and the correspond-
ing patterns are shown in Figure 6. In the patterns of the Si-containing coating layers,
distinctive peaks corresponding to Zn, Zn/Al eutectoid, and Zn/Al/MgZn; eutectic struc-
tures, such as Zn, MgZny, and Al phases, were identified. Conversely, in the pattern of
Si-free coating, numerous peaks associated with Fey Als_,Zn, phases were observed, in
addition to peaks corresponding to Zn and MgZn;. This result is attributed to the absence
of Si, which results in a reaction between Al and the Fe dissolved from the substrate, leading
to the formation of an Fe, Als_,Zn, alloy phase. No peaks associated with the Mg-5i alloy
phase were detected in the pattern of the Si-containing coating layers, probably owing to
the insufficient quantity of the Mg-Si alloy.

AZn 0O MgZn, @Al O FeAls Zn,

Intensity (a.u.)

35 40 45 50 55 60 65
20 (deg.)
Figure 6. XRD patterns of the Zn-4 wt.%Al-1 wt.%Mg alloy coatings: (a) SO, (b) S1, (c) S3, and; (d) S5.

An additional examination of the acicular Mg-Si IMC was performed using HR-TEM,
and the results are shown in Figure 7. The region outlined by a dotted line in Figure 7a was
analyzed by selected-area electron diffraction (SAED), and the result reveals that the Mg-5i
IMC phase corresponds to Mg,Si with a face-centered cubic structure. This identification
result is supported by the interplanar distances (d-spacing) calculated using the Image]
software, corresponding to the respective planes marked in Figure 7b, in accordance with
ICDD card #00-035-0773 (Mg,Si). The reported densities of liquid Zn, Al, and Mg were
6.57,2.34,1.57 g /cm3, respectively, and that of solid Mg,Si was 1.98 g/cm3 [29]. Therefore,
based on these results, we can infer that the preferentially solidified Mg,Si floats toward
the liquid surface and subsequently undergoes final solidification. Mg,Si solidifies and
precipitates within the grain boundaries and Zn-Al-MgZn, ternary phases; it possibly
reduces the surface roughness (R;) of the coating layer. This result is corroborated by the
photographs and 3D surface morphologies of the samples presented in Figures 8 and 9,
respectively. The average surface roughness (R,) was determined from the surface maps
using the NSworks software. The R, for SO was 4.45 um, which significantly decreased to
1.39,0.77, and 0.31 um for S1, S3, and S5, respectively.
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Selected area
. Mg;Si

Figure 7. TEM analysis of the Zn-4 wt.%Al-1 wt.%Mg-0.3 wt.%Si alloy coatings: (a) TEM bright-field
image; (b) SAED patterns of the region outlined by the dotted line in (a).

Figure 8. Photographs of the Zn-4 wt.%Al-1 wt.%Mg alloy coatings: (a) SO, (b) S1, (c) S3, and (d) S5.

(a) ’ I44'26 (b) I13.44

-1.84 o . 0

' 13.24 ' 8.32
© I (@ I

171 1.6

Figure 9. 3D surface topographies of (a) SO, (b) S1, (c) S3, and (d) S5.
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Adhesive tape was applied to the 2T-bent surface of the samples to assess their coating
adhesion. The appearance of the peeled-off coating layers after tape removal is shown in
Figure 10. The delaminated area measured by an image analyzer was 26.66% for sample S0,
signifying poor coating adhesion, which might be attributed to the development of a brittle
I'1-FesZny; IMC phase at the interface between the coating layer and substrate. In contrast,
no peeling was observed in the Si-containing samples.

Delamination area (%)

0.02

0.01

Figure 10. Coating-adhesion evaluation with an attached tape (on the left) and the corresponding
peeled-off area fractions (on the right) for (a) SO, (b) S1, (c) S3, and (d) S5.

To investigate the influence of Si addition on the electrochemical characteristics of
the alloy coatings, the samples were subjected to potentiodynamic polarization tests, and
the corresponding plots are depicted in Figure 11. Commercial hot-dip galvanized steel
(GI) sheets were also tested for comparison. The corrosion potential and corrosion cur-
rent densities derived from Tafel extrapolation are presented in Table 3. The polarization
results indicate that the addition of Si induces a positive shift in the corrosion potential;
this positive shift is attributed to the suppression of anodic reactions and electron transfer
through the coating [30,31]. The corrosion current density decreases with the increasing
Si content, indicating suppression of the anodic reaction on the sample surface, and con-
sequently, the corrosion rate decreases as well. According to surface microstructural and
electrochemical analyses, the improved corrosion resistance is attributed to the presence of
IMCs containing Al and Mg, along with acicular Mg,Si precipitates, on the coating surface.
The rapid sacrificial dissolution of the Si-containing intermetallic phases can suppress local
corrosion in the ternary eutectic areas by inducing the formation of Si-based oxides and
Zn5(OH)gCl-H,O on the surface [32].

An SST was conducted to evaluate the corrosion resistance of the Zn-Al-Mg-xSi
alloy-coated steel sheets. A GI steel sheet was also tested for comparison, and sample SO
was excluded from the evaluation because of coating delamination. Figure 12 shows that
the corrosion resistances of all the Zn—Al-Mg-Si coatings were significantly higher than
those of GI. White rust was observed over the entire surface of the GI steel after 20 h, and
red rust began to appear after 200 h. In contrast, on the Si-containing alloy-coated samples
51, S3, and S5, white rust formed after 600, 1000, and 1000 h, respectively, indicating the
occurrence of delayed white rusting in these samples. After 2400 h, red rust began to
appear on the surfaces of S1 and S3, whereas sample S5 did not show the formation of red
rust even after 2600 h. These SST results align with the electrochemical potentiodynamic
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polarization results, demonstrating that SI addition increases the corrosion resistance of

the coatings.
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Figure 11. Potentiodynamic polarization plots of the hot-dip Zn-Al-Mg-xSi alloy-coated steel sheets.

Table 3. Electrochemical corrosion parameters of the hot-dip Zn—-Al-Mg—xSi alloy-coated steel sheets.

Sample Ecorr (VscE) icorr X 1076 (A/cm?)
GI —1.060 £ 0.01 7.690 £ 0.01
S1 —1.085 £ 0.05 1.246 £ 0.2
S3 —0.964 + 0.05 0.776 £ 0.01
S5 —0.807 £+ 0.03 0.145 £+ 0.02

Sample

GI

S1

S3

"‘\ -
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??j?"\je’ ;
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Figure 12. SST results of the hot-dip Zn—-Al-Mg-xSi alloy-coated steel sheets.
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4. Conclusions

The effects of Si addition to batch-type hot-dip Zn-Mg-Al alloy coatings on their
microstructure, electrochemical behavior, and corrosion resistance were investigated. The
major results are summarized below:

1.  Si addition improves the microstructure, electrochemical behavior, and corrosion
resistance of Zn-Mg-Al alloy coatings.

2. Fe-Zn IMC layers form in the Zn-Al-Mg coatings owing to the dissolution of a large
amount of Fe during the dipping process.

3.  Coating delamination, along with crack formation, occurs at the interface owing to
the formation of brittle Fe-Zn IMCs.

4. Si addition leads to the formation of a stable Fe, Al3Si inhibition layer, which sup-
presses interdiffusion and enhances coating adhesion.

5. Siaddition induces acicular Mg,Si IMC formation at the grain boundaries and in the
ternary alloy region, thereby reducing the surface roughness.

6. The observed superior long-term performance of the coatings indicates that their
corrosion resistance improves with increasing Si content.

7. In the SST, no red rust is observed on the sample coating containing 0.5 wt.% of Si
even after 2600 h.
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