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Improvement of WeldabIlIty of Hot-dIp GalvanIzed Steel by antI-GalvanIzInG CoatInG  
WItH Si-fe-al oxIde-baSed mICropoWder

a Si-Fe-al ternary oxide-based micropowder coating was used to prevent the formation of a Zn coating on steel during the 
hot-dip Zn galvanizing process to reduce the welding fume and defects generated during the welding of Zn-galvanized steel. The 
composition ratio of the oxide powder was optimized and its microstructure and weldability were evaluated. The optimized oxide 
coating was stable in the hot-dip galvanizing bath at 470°C and effectively inhibited the formation of Zn coating. The Zn residue 
could be easily removed with simple mechanical impact. The proposed coating reduced Zn fume and prevented the residual Zn 
from melting in the weld bead during high-temperature welding, thus reducing the number of welding defects. The results indicated 
that this pretreatment can simplify the manufacturing process and shorten the process time cost-effectively.
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1. Introduction

hot-dip galvanizing is a surface treatment method that 
improves the corrosion resistance of steel through the sacrificial 
protection of Zn and the barrier effect of the corrosion product 
formed on the surface [1,2]. it is widely used in various industrial 
applications such as automobiles, shipbuilding, and construc-
tion [3-5]. high-temperature fusion-based welding is one of 
the most important technologies for metal-to-metal bonding in 
the production of steel-based products [6,7]. however, when 
Zn galvanized steel is welded, Zn, a metal with a low melting 
temperature, tends to evaporate due to high welding heat. in this 
process, the Zn fume that does not escape from the molten metal 
causes welding defects such as blowholes, pits, and spatters 
 [8-10]. in addition, because Zn fume causes respiratory diseases 
that deteriorate the health of workers, very careful management 
is required in the workplace [11-13]. Therefore, to prevent the 
generation of Zn fume and the consequent occurrence of health 
risks and welding defects, the Zn coating layer must be removed 
in the welding area for Zn galvanized products such as iron 
columns, shell plates, and ballasts [8,14]. Masking methods 
such as duct taping or shop primer painting are widely used to 

prevent the formation of Zn coating in specific areas. however, 
high pot temperatures above 450°C thermally damage the tape 
chemicals, resulting in the formation of an unwanted Zn coating, 
which is removed by employing additional operations such as 
grinding before welding. 

Because these additional processes increase the costs and 
reduce the efficiency of masking methods, various studies have 
been conducted to develop efficient anti-galvanizing (ag) 
methods for reducing welding defects and production costs. anti-
coating agents with a polycarbonate-based compound binder 
and release agents such as polytetrafluoroethylene (PTFe) and 
MoS2-based compounds have been shown to induce easy de-
lamination of the Zn coating layer owing to the difference in the 
thermal expansion of the constituents [15,16]. Calcium carbonate 
and ultrafine colloidal silica sol coatings can prevent molten Zn 
from adhering to the steel surface [17,18]. Mechanical installa-
tion of jig units and devices has also been introduced to prevent 
the formation of Zn coating [19]. however, these ag methods 
require the use of expensive materials and additional mechani-
cal devices, and hence provide low manufacturing productivity. 
in addition, an easy method for removing Zn residues from the 
surface after the galvanizing process is yet to be developed.
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in this study, we introduce a new ag technology using 
a micropowder coating based on Si, Fe, and al ternary oxides. 
The coating could be easily applied, was stable in the hot-dip 
galvanizing bath above 450°C, and could be easily removed after 
galvanizing. The composition ratio of the powder was optimized 
and its microstructure and weldability were evaluated.

2. experimental

Sio2 (Shinyo Pure Chemicals Co., ltd.), Fe2o3 (Junsei 
Chemical Co., ltd.), and al2o3 (Daejung Chemicals & Metals 
Co., ltd.) (SFa) micropowders were mixed with water and 
stirred to prepare an SFa solution. a 0.8 mm-thick commer-
cial quality (CQ) steel sheet (PoSCo Co., ltd.) was cut into 
30 mm × 150 mm strips and used as the substrate. Before SFa 
coating, to remove the impurities and oxides remaining on the 
surface, the steel was degreased by immersing in a 10% naoh 
solution at 60°C for 10 min, followed by pickling in 10% hCl 
for 10 min and rinsing in water. Then, a flux layer was formed 
by immersing in a ZnCl2·3nh4Cl mixed solution at 60°C to 
enhance the diffusion reaction between molten Zn and the Fe 
substrate. The substrate was then immersed in the SFa solution 
and dried in an oven at 120°C for 5 min. TaBle 1 lists the 
weight ratio of each of the SFa solution tested. For comparison, 
duct-taped and shop primer-painted samples were also prepared. 
hot-dip galvanizing was carried out after drying the prepared 
samples at 120°C to prevent the explosion due to the expansion 
of moisture. The temperature of the Zn pot was 470°C, and the 
immersion time was 5 min. after the solidification of the Zn 
coating, the samples were immobilized and impacted 20 times 
using a reciprocating impact device with a force of 3 n to remove 
the coating residue. 

TaBle 1

Weight ratios of the Sio2, Fe2o3 and al2o3 powder mixed solutions

Sample
Composition (wt.%)

Sio2 al2o3 fe2o3 Water
Sa 25 25 0 50

SFa10 20 20 10 50
SFa20 15 15 20 50
SFa30 10 10 30 50

To evaluate the weldability of the steel, single lap joints 
were fabricated by gas metal arc welding (gMaW) using the 
galvanized steel produced using each ag method. ar (flow 
rate = 20 l/min) was used as the protective gas. The welding 
current, voltage, and speed were 150 a, 20 v, and 150 mm/min, 
respectively. The amount of Zn fume was visually compared, 
and the welding defects were investigated by analyzing the 
cross-sectional microstructure of the welding bead using optical 
microscopy (oM) (DM2500, leica) and field-emission scan-
ning electron microscopy (Fe-SeM) (Su-70, hiTaChi). The 
chemical composition of the coating layer was determined using 
energy-dispersive X-ray spectroscopy (eDS). Depth profiling 

was carried out using a glow discharge spectroscopy (gDS) (JY 
10000 rF, Jobin Yvon) using a voltage of 700 v and a constant 
current of 20 ma under an ar pressure of 10 MPa. The analyzed 
area had a diameter of approximately 4 mm.

3. results and discussion

Fig. 1 shows the oM and Fe-SeM images showing the 
coatability and microstructure of the oxide-based powder coating 
layers with (SFa20; 25% each Sio2 and al2o3 (Sa) and 15% 
each Sio2 and al2o3 with 20% Fe2o3) and without Fe2o3. in the 
case of Sa without Fe2o3, the substrate was not fully covered and 
the Fe-exposed area was large. The Fe-SeM image in Fig. 1(c) 
shows that pores and voids were largely formed between the Sio2 
and al2o3 powders. The poor coatability of Sa can be attribut-
able to this empty space between the powders, which caused the 
Sa powder to fall off the surface during the drying process. in 
contrast, when Fe2o3 nanopowder was added, the Fe-exposed 
area decreased remarkably and a uniform composite coating layer 
was formed on the surface, as shown in Fig. 1(b). The image 
analysis showed that the Fe exposure areas of the Sa, SFa10, 
SFa20, and SFa30 samples were 31.2, 15.6, 0.9, and 0.1%, 
respectively. From Fig. 1(d), it can be observed that the Fe2o3 
nanopowder densely infiltrated the space between the Sio2 and 
al2o3 micropowders, increasing the bonding strength between 
them. The increase in the bonding strength of the elements with 
increasing Fe2o3 content was due to the magnetic properties of 
Fe2o3. This is consistent with the results reported previously for 
porous na2Ti6o13 thin films[20]. in addition, the increase in the 
viscosity of the water-based Fe2o3 nanofluid partially affected 
the decrease in the porosity of the coatings [21].

Fig. 2 shows the samples before and after hot-dip galvaniz-
ing with and without the ag pre-treatment using duct tape, shop 
primer paint, and SFa20. after hot-dip galvanizing, the sample 
without the ag coating showed a uniform and defect-free Zn 
coating. in contrast, in the ag-treated samples, the Fe substrate 
was covered with messy, roughly stuck Zn that did not alloy with 
the substrate because of the suppressed interfacial alloying reac-
tion between the substrate and molten Zn due to the ag layer. 
To evaluate the ease of removal of the Zn roughly stuck on the 
ag-covered area, repeated mechanical impact was applied to the 
area. image analysis showed that about 25% of the Zn remained 
on the surface of the samples with duct tape and primer paint-
ing. on the other hand, Zn was completely removed by simple 
mechanical impact in the case of the SFa20 sample. This can 
be attributed to the decrease in the wettability of molten Zn by 
Sio2, Fe2o3, and al2o3, hindering the inter-diffusion reaction 
between molten Zn and the substrate.

To further investigate the chemical residues on the 
 Zn-removed area, the areas marked with circles in Fig. 2 were 
examined using Fe-SeM and gDS (Fig. 3). heat-damaged 
chemical substances were observed on the surface of the duct-
taped sample, as shown in Fig. 3(a). eDS measurements revealed 
that they were the chemical components of the duct tape such as 
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Fig. 1. Microstructures of the SFa coating layers with different oxide powder compositions: (a) oM and (c) Fe-SeM images of the Sa-treated 
steel sample, and (b) oM and (d) Fe-SeM images of the SFa20-treated steel sample

Fig. 2. Samples before and after hot-dip galvanizing with and without the ag pre-treatment using duct tape, shop primer paint, and SFa20

5.1-13.3 wt% C, 1.4-1.5 wt% Ca and 17.7-32.4 wt% o. The gDS 
depth profile (Fig. 3(c)) indicated that the thickness of the chemi-
cal residue was approximately 2-3 μm. These results indicate that 
the duct-taped sample required an additional removal process 
such as grinding. on the other hand, in the case of SFa20, only 

trace amounts of al and Si remained, and the thickness of the 
residue less than 0.2 μm.

To evaluate the weldability of the samples, single lap joints 
were fabricated by gMaW using the galvanized steel produced 
with each ag method as shown schematically in Fig. 4(a). visual 
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inspection revealed the SFa20 sample produced significantly 
reduced Zn fumes during the welding process as compared to 
the duct-taped sample because of the effective removal of Zn 
residue. The microstructure of the weld bead marked with a rec-
tangle in Fig. 4(a) was observed to analyze the welding defects. 
The Fe-SeM results revealed that an Fe-Zn intermediate phase 
was formed inside the weld bead of the duct-taped sample. This 
weld bead consisted of approximately 3-5 wt% Zn, as indicated 
by the eDS results. This can be attributed to the reaction of Fe 
with molten Zn (melted during high-temperature welding). in 
addition, a large number of gas holes and small cavities were 
observed in the duct-taped sample, as shown in Fig. 4(c), which 
were formed by the vaporization of the residual Zn and/or tape 
chemicals by heat during high-temperature welding. These holes 
and cavities were discharged in the form of gas [22]. it has been 
reported that during the welding of galvanized steel, the vaporiza-
tion of Zn not only forms gas holes, but also destabilizes the arc, 
causing the generation of defects such as spatters, which leads 
to the deterioration of the mechanical properties of the weld 
[22,23]. in contrast, in the case of SFa20, because the roughly 
stuck Zn layer was completely removed, welding defects such as 
the Fe-Zn intermediate phase and gas holes were not observed, 
as shown in Fig. 4(d). This indicates that the SFa coating could 
prevent the residual Zn from melting in the weld bead during 
high-temperature welding.

4. Conclusions

in this study, an ag pretreatment using Sio2, Fe2o3, and 
al2o3 powders was employed to reduce the welding fume and 
defects that occur during the welding of Zn galvanized steel. 
The Fe2o3 nanopowder infiltrated and filled the empty space 
between the Sio2 and al2o3 powders, increasing the bonding 
strength of the powder, which led to the formation of a uniform 
and barespot-free coating layer. With optimized SFa coating, 
Zn was easily removed by simple mechanical impact due to the 
lowered wettability of molten Zn by Sio2, Fe2o3, and al2o3 
oxide. The SFa coating effectively prevented the residual Zn 
from melting in the weld bead during high-temperature welding, 
thus reducing the number of welding defects such as the Fe–Zn 
intermediate phase and gas holes.
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