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An investigation into the microstructure of coating defects
produced in a zinc melt with aluminum additives
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Abstract

This study aims to investigate the structure and chemical composition of zinc-aluminum
coatings with a grain defect. Defects and irregularities, such as localized thickening and ad-
hered “grains,” were noticed in the coating obtained from the Zn + 7 wt.% Al melts at 480°C.
As a solution, it was observed that the galvanizing temperature range of 410460 °C maintains
a thickness of 8-13 pm. At 480°C, the coating thickness increases to 35-40 microns, and local
defects in the form of grains measuring 110-120 microns appear. By analyzing the binary
systems Al-Fe, Fe-Zn, and Zn-Al, and the ternary system Zn-Al-Fe, conclusions were drawn
about the phase composition of the defect and the possible reasons for its occurrence. Finally,

the steps to rectify this issue have been outlined.

Key words: hot-dip galvanizing, Zn-Fe-Al system, Zn-Al coating, microstructure, inter-

metallic dross, coating defect

1. Introduction

Hot-dip galvanizing (HDG) is the process of coat-
ing steel with molten zinc. In recent decades, HDG has
been inextricably linked to the alloying of molten zinc
with various additives to enhance the coating’s cor-
rosion resistance and regulate its thickness and struc-
ture [1]. The most common alloying elements are lead,
bismuth, and tin. These metals enhance the fluidity
of liquid zinc, positively affecting zinc consumption
and improving the appearance of coatings. However,
despite their beneficial effects, their presence in the
bath is controversial due to the increased risk of liquid
metal cracking [2]. Zinc melts are often alloyed with
aluminum, magnesium, and nickel [3, 4]. Researchers
are also investigating the introduction of new exper-
imental additives, such as titanium, manganese, cop-
per, cerium, and boron, into the galvanizing process
[5-9]. The complex influence of three ingredients at
once is interesting [10-15].

*Corresponding author: e-mail address: sherwan@ntu.edu.iq

A comprehensive economic analysis of zinc mining
indicates that total global zinc resources are approxi-
mately 250 million tons. Due to the high demand for
this metal and ever-increasing consumption, especially
in anti-corrosion protection, global reserves can only
cover demand for the next 17 years [16]. As a result,
the issue of reducing the thickness of the zinc coating
while maintaining, and even increasing, its corrosion
resistance is becoming increasingly urgent. Aluminum
is one of the most commonly used elements for alloy-
ing with zinc in the molten state. Aluminum microad-
ditives at concentrations up to 0.005wt.% are used
to enhance the brightness of the coating. Addition-
ally, additives containing up to 0.06 wt.% aluminum
have been used to control increases in coating thick-
ness during the galvanization process [17]. Fe-Al in-
termetallic compounds are formed at the interface be-
tween molten Zn and the Fe base with a 0.1-0.2 wt.%
concentration of Al. They act as a diffusion barrier,
regulating reactions between Fe and molten Zn and in-
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Table 1. Chemical composition (in wt.%) of S235JR steel according to EN 10025-2 standard

C Si Mn P

S N Cu Fe

< 0.17 - < 1.40 < 0.035

< 0.035

< 0.012 < 0.55 Bal.

Table 2. Mechanical properties of S235JR steel

Yield strength (MPa)

Ultimate tensile strength (MPa)

Hardness HB

235 360-510

104-154

fluencing subsequent reactions between Fe and molten
Zn [18].

Galfan, a zinc-based alloy containing 5 wt.% alu-
minum and 0.05 wt.% mischmetal, entered the indus-
try in the 1980s. A smooth surface, low thickness, high
corrosion resistance, and ductility characterize coat-
ings of this alloy on steel. It has been established that
Galfan has a multilayer structure consisting of thin,
alternating layers with a high concentration of zinc
and aluminum, and intermediate layers of very thin
thickness. Thanks to this microstructure, Galfan has
unique plasticity and corrosion resistance [19, 20]. Re-
searchers have observed that zinc bath containing 1-
20 wt.% Al generates a layer with structural isomor-
phism to FeAls on the iron surface. Others have found
that this layer, which stops the reaction, is an inter-
metallic Feo Als that contains zinc. As the Al content
in the zinc bath increases, the hot-dip coating reaction
layer becomes thicker [21].

Many researchers note that the presence of Al
increases the corrosion resistance of coatings [22].
This is due to the structural characteristics of ZnAl
coatings, which consist of a FeAl intermetallic phase
diffusion layer and an outer layer. FeAl intermetal-
lic compounds have excellent corrosion resistance
[23]. Increased resistance to corrosion is ensured by
the appearance of corrosion products on the sur-
face of the coating: ZnO, ZnAl,O,4, and Al;Og3, as
well as the subsequent formation of hydrocarbon-
ates ZH6A12(OH)16003 -4HQO, Zn2A1(OH)sCl2HQO,
and/or ZnsCla(OH)s-HoO [23-25]. Researchers have
also demonstrated the high corrosion resistance of
zinc-aluminum coatings by combining UV irradiation
with an alternating cycle of wetting and drying in a
NaCl solution, and at various ambient temperatures
26, 27).

However, alloying zinc melt with aluminum can
lead to several technological difficulties. One prob-
lem in the electroplating industry is the formation
of iron-based intermetallic compounds (IMCs) in the
Al-Zn plating bath due to the dissolution of iron
from steel products. These kinds of IMCs primarily
cause scale formation in the Al-Zn bath [29]. This
causes point metal defects in coated steel products,

and dross builds up in the Al-Zn bath. Another prob-
lem is the appearance of drops of different densities
in zinc-aluminum baths, some of which can sink to
the bottom, while others can float in the melt. So,
intermetallic particles were found in ZnAl baths on
continuous galvanizing lines. Their make-up changed
depending on how much aluminum was in the bath:
(-FeZni3 at low concentrations; at 0-FeZngAly inter-
mediate concentrations; and n-FesAlsZny at higher
concentrations. These intermetallic compounds com-
prise a significant portion of the industry-recognized
waste known as “dross.” Due to the density of the in-
termetallic phases relative to liquid Zn, (-FeZn;3, and
0-FeZn1gAly are referred to as “bottom dross,” while
n-Fea AlsZnx is called “top dross” [30].

This study examined coatings made in a Zn +
7 wt.% Al melt and found “grain” defects. These could
be local thickenings or dross particles that have stuck
together in the melt. Such a coating defect spoils the
appearance of the coating, depriving it of smoothness
and shine. The goal was to investigate the structure
and elemental composition of zinc-aluminum coatings
with a “grain” defect to determine the cause and iden-
tify possible solutions.

2. Materials and methods

For the experiments, samples measuring 50 mm x
50 mm x 3 mm were prepared from sheet steel grade
S235JR, as specified in EN 10025-2, with three sam-
ples per galvanizing temperature. All measurement re-
sults are the average of at least 5 similar measurements
per sample. The chemical composition of steel is given
in Table 1. The mechanical properties are shown in
Table 2.

Table 3 displays the chemical composition of the
samples as determined by the Foundry-Master XPR
optical emission spectrometer. The process steps for
preparing the samples comprised cleaning, degreas-
ing, pickling, fluxing, and drying. Then they were im-
mersed in molten zinc containing 7 wt.% aluminum.
The galvanizing temperature was 410-480°C, and the
immersion time in the melted zinc was 2 minutes. Af-
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Table 3. Measured chemical composition of S235JR. steel

(in wt.%)
Fe C Si Mn P
99.30 0.14 0.02 0.35 0.03

Fig. 1. HV-1000 microhardness tester.

ter cooling, the coating thickness was measured with
a magnetic thickness gauge.

The surface preparation was conducted using a
Remet LS2 grinding and polishing machine, yielding
fully prepared samples. The chemical composition and
microstructure of the coatings were analyzed using
a TESCAN VEGA SB scanning electron microscope
equipped with an OXFORD INCA X-act energy dis-
persive spectrometer. As shown in Fig. 1, an HV1000
microhardness tester was used with a load of 50 g. Five
measurements of each coating phase were taken to de-
termine the microhardness of the steel and the struc-
tural components of the coating in the defect area.
Before hot-dip galvanizing, the steel substrate had a
microhardness of 123 HV.

3. Results

Research has shown that in the galvanizing tem-
perature range of 410—460°C, the coating thickness is
constant and amounts to 8-13 microns (Fig. 2). At
a temperature of 480°C, the average thickness of the
coating increases to 35—40 microns, and local defects
in the form of grains with a thickness of 110-120 mi-
crons appear on the coating. A coating with such de-
fects has a rough surface and poor appearance. Figure
3 displays the appearance of coating samples with and
without defects.
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Fig. 2. Effect of galvanizing temperature on coating thick-
ness.

Fig. 3. Coated samples: (a) defect-free and (b) with surface
defect.

A melt temperature of 410-460°C throughout the
examination process resulted in a defectless (Fig. 3a),
high-quality coating with a thickness of 8-13 microns.
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Fig. 4. SEM micrographs of (a) surface morphology of the
coating and (b) microstructure in the sample cross-section
with points 1-4 used for chemical analysis.

Under other conditions, surface defects were observed
(Fig. 3b). Figure 4 displays SEM micrographs of the

coating’s surface and microstructure.

The coating exhibits visible precipitates of the ex-
cess phase surrounded by a finely dispersed mixture of
phases. The excess phase (points 2 and 4 in Fig. 4b)
contains 3.8-5.6 wt.% aluminum, 3.5 wt.% iron, and
the rest is zinc. The finely dispersed mixture (points 1
and 3 in Fig. 4b) contains approximately 28-29 wt.%
aluminum and 2.5-3.5wt.% iron; the remainder is
zinc.

A “granular pimples” defect forms on the coat-
ing at a melt temperature of 480°C. The SEM mi-
crographs of the coating surface and microstructure
of the coating with a defect are shown in Figs. ba and
5b, respectively.

Additionally, another finding was that the cross-
section of the coating defect shows areas of varying
structure. A chemical analysis of the structural com-
ponents was conducted to determine the phase com-
position at points 1-4, as marked in Fig. 5b. Table 4
presents the results of the chemical analysis at these
points.

The results of chemical analysis showed that in
the coating defect in the form of a “grain”, there are
structural areas containing 53-56 wt.% aluminum, 33—
38 wt.% iron, and 9-12wt.% zinc (points 1 and 3 in
Fig. 5b), alternating with layers of defect-free coating
(points 2 and 4 in Fig. 5b).

The qualitative elemental distributions, as deter-
mined by EDS mapping, are shown in Fig. 6. The map-
ping reveals that the intermetallic compound formed
at the steel substrate/coating interface etches back to
the original sample surface.

Finally, Fig. 7 shows that the microhardness of
the excess phase and fine-grained mixture of phases
is about 120 HV50, and the microhardness of the in-
termetallic inclusions is about 204 HV50.

Fig. 5. SEM micrographs of coating with a “grain” defect: (a) surface and (b) microstructure with points used for chemical
analysis.
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Table 4. Chemical analysis of the structural components of the coating defect (in wt.%)

Chemical analysis points Al Fe Zn Sum
1 55.70 32.58 11.73 100.00
2 1.45 1.22 97.34 100.00
3 53.28 38.03 8.69 100.00
4 5.22 3.42 91.36 100.00

20 um :

Fig. 6. EDS mapping of elements over the cross-sectional area of the coating defect: a) SEM micrograph and elemental
distribution (Kal) of (b) Al, (¢) Fe, and (d) Zn.

4. Discussion

The analysis of the coating microstructure results
must be based on data from binary and ternary dia-
grams and on the coating’s main components, namely
Al-Fe-Zn. Figure 8 displays the binary systems of in-
teracting metals.

It is known that during hot galvanizing of steel
in pure zinc at a temperature of 430-480°C, a coat-
ing is formed consisting of intermetallic phases by the
Fe-Zn system: T, T'y, ¢, and ¢ (Fig. 8a). However, in
the presence of aluminum additives in the zinc melt,
according to the Al-Fe phase diagram at a galvanizing

temperature of 410-480°C, three intermetallic phases
can form in the coating: FeAly, FesAls, and FeAls
(Fig. 8b). These phases inhibit the formation of Fe-Zn
intermetallic compounds.

The molten zinc with 7 wt.% aluminum, upon cool-
ing and forming a coating on the steel, crystallizes to
form primary grains of the excess phase containing
about 5 wt.% aluminum, 3.5 wt.% iron, and 92 wt.%
zinc. The excess phase is surrounded by a continu-
ous layer of fine-grained eutectic phase mixture, the
chemical composition of which is 28 wt.% aluminum,
3 wt.% iron, and 67 wt.% zinc, which corresponds to a
eutectoid mixture of o and 8 solid solutions (Fig. 8c).
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120 H\rsu

Fig. 7. Microhardness of the structural components (a) in
the defect-free area and (b) in the defect area.

Defects in the form of intermetallic inclusions in
the coating obtained by increasing the melt tempe-
rature to 480°C have a chemical composition of 53—
56 wt.% aluminum, 33-38 wt.% iron, and 9-12wt.%
zinc. To identify these inclusions, it is necessary to
analyse the Zn-Al-Fe ternary diagram, which has been
studied in detail in [30, 32-35].

The three-part system was studied in [31], and it
was found that the intermetallic compounds in the bad
coating consist of the o/-FeAl+, FeAlo+, and FepAlj
phases. In the Fe-Al binary system [31], the high-
est amount of Zn that can dissolve is 1.9 at.% in the
(-FeAl, phase and 14.9 at.% in the n-FeyAls phase.
McDermid et al. [36] found that n-FeaAlsZnx con-
tains 9.85 £+ 1.2 at.% Zn or 16.67 + 1.8 wt.% Zn. By
comparing the chemical composition of defective in-
clusions with that of known intermetallic compounds,
it was found that the defects are most likely due to the
1-Fea AlsZn x phase. The EDS mapping results showed
that the IMCs in the coating defect do not adhere to
the melt dross. A “grains” defect is formed due to the
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Fig. 8. Phase diagrams of binary systems: (a) Fe-Zn, (b)
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diffusion interaction of iron from the base with the
zinc-aluminum melt.

It can be assumed that with an increase in the gal-
vanizing temperature to 480°C, the rate of diffusion
of iron from the substrate increases, which leads to
an increase in the thickness of the FeyAls intermetal-
lic compound on the surface, its enrichment in zinc,
and the formation of local thickenings in the form of
“grains” on the surface. To eliminate this defect, it is
recommended not to exceed the melt temperature of
460°C.

5. Conclusions

As a result of the work carried out, the change in
the thickness of the Zn-7 wt.% Al coating with increas-
ing melt temperature in the range of 410-480°C was
shown, and the microstructure and chemical composi-
tion of the coating deposited on steel substrate at tem-
peratures of 440 and 480°C were studied. In the coat-
ing microstructure obtained at 440°C, primary grains
of the excess phase were observed, containing about
5 wt.% aluminum, 3.5 wt.% iron and 92 wt.% zinc. The
excess phase is surrounded by a continuous layer of
a fine-grained mixture of phases, the chemical com-
position of which is 28 wt.% aluminum, 3 wt.% iron,
and 67 wt.% zinc, which corresponds to a eutectoid
mixture of o and 3 solid solutions. At a temperature
of 480°C, defects in the coating in the form of local
thickenings — “grains” were observed. It was estab-
lished that the thickenings are an intermetallic com-
pound 7-Fes AlsZn x. The microhardness of the excess
phase and fine-grained mixture of phases is 120 HV50,
and the microhardness of the intermetallic inclusions
is about 204 HV50. Finally, the recommendation is
not to exceed the melt temperature above 460°C to
eliminate the “grain” defect.
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