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Abstract. The study focuses on the role of silicon in the hot dip galvanizing process. Coating formation and growth were analysed.
Centrifugal casting was used to prepare steel substrates with different silicon concentrations (<0.01%, 0.06%, 0.11%, 0.17%, and
0.30%). Hot dip galvanizing was performed at 450 °C in the industrial galvanizing plant Zincpot (Estonia). The galvanizing time
for coating formation was 4-25 s and for coating growth 195 and 1200 s after a longer incubation time. The thickness of the
coating was measured and the microstructure of the Zn—Fe coating was examined. Even a very short time contact (4 s) between
steel and zinc led to the formation of Fe—Zn intermetallics. The first phase was the { phase, immediately followed by the ¢ and
then, after incubation the I' phase. The reactions that took place in the galvanizing process during the shorter dipping times
(<25 s) were not influenced by silicon concentrations, but the influence of silicon was remarkable after longer dipping times
(>25s). A schematic model of zinc coating formation is presented. Silicon affects hot dip galvanizing reactions by influencing

Zn diffusion into steel and Fe diffusion into the coating.
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1. INTRODUCTION

Structural steels contain a small amount of silicon
because it is used as a de-oxidant in the steel making
process. Silicon is also a low-cost and very effective
strengthening alloying element for steels [1]. Silicon
concentration in steel plays a major role in the hot
dip galvanizing process. It influences the growth and
microstructure of coatings. Steels containing small
amounts of silicon (<0.03%) have a compact and
continuous zinc coating (galvanizing temperature 450°C),
which is composed of T, §, {, and n layers. The presence
of Si at certain levels, i.e. 0.03—0.14% (Sandelin area)
and above 0.3%, produces a coating with excessive
thickness, grey appearance, and poor adherence. Steels
containing 0.15-0.25% Si also produce a compact and
coherent coating (Sebisty effect) [2,3].

The growth of the alloy layer may be controlled by
both the chemical composition of the molten zinc and
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the physical operating parameters: immersion time and
the speed of withdrawal. The addition of small amounts
of certain elements, such as Al, Pb, Ge, Ti, Bi, Cu, Cd,
or Sn, can contribute to the problem resolution by
inhibiting the zinc—steel reactivity and/or increasing
the bath fluidity [4]. Nickel addition is also considered
favourable, because it changes the kinetics, morphology,
and thermodynamic equilibrium between the Fe-Zn
phases. As a result, Ni at a low concentration (0.06%)
inhibits the Sandelin effect [5,6]. However, at a high
silicon concentration, the layer thickness might increase
if Ni was present in the zinc bath [6].

Most of the studies that describe the effect of silicon
during galvanizing use samples that contain many
elements. So silicon is not the only variable in their
experiments. For example, Kopycinski [7] studied four
different steel grades (Si> 0.20%) and two ductile irons.
Galvanizing was performed in a Zn—Ni bath at 450°C at
the dipping time up to 10 min. The growth rates for the
d and ( phases indicated a leading role of the { phase
and a slow growth rate of the 6 phase [7].
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Mandal et al. [8] investigated interstitial free steel
behaviour, morphology, and the kinetics of the growth
of the coatings during galvanizing in pure as well as
commercial grade zinc baths at 470°C. They found no
delay in the formation of the { or § phases in the studied
zinc baths [8].

Uchiyama et al. [9] melted electrolytic iron and a
given amount of silicon to analyse silicon reactivity in
galvanizing. Galvanizing was performed in the tem-
perature range from 440°C to 600°C for 600 s in a pure
zinc bath. They presented an existence area map of
different coating layers depending on the silicon concen-
tration and the immersion temperature [9].

This paper describes the coating formation with
different substrate silicon concentrations at 450°C,
which is the common galvanizing temperature. The aim
of the study is to describe the role of Si in coating
formation and to deploy the know-how to industry.

2. MATERIALS AND METHODS

To investigate how silicon affects the reaction between
steel and liquid zinc, centrifugal casting was used to
prepare specimens with different silicon concentrations.
Steel powder (ATOMET 1001) and a calculated amount
of Fe—Si powder (Si 46.10%) were melted in a vacuum
induction furnace and cast into a copper mould.

The diameter of the cast samples was 35 mm at the
thickness of 3 mm. The chemical composition of each
specimen was measured using Spectrolab M. The results
are presented in Table 1. Sample 1 in Table 1 is steel
powder ATOMET 1001 without Fe—Si powder addition.
The specimens were annealed at 730°C for one hour
and then air cooled. The oxidation layer was removed
by mechanical grinding (80 grit). A small hole was drilled
near the edge of each sample to help hang the specimens
during the galvanizing process.

A batch-type hot dip galvanizing process was used.
The zinc bath temperature was 450 °C. Galvanizing was
performed in the industrial galvanizing plant AS Paldiski
Tsingipada (Zincpot). According to common practice
of the hot dip galvanizing process, which includes
degreasing, pickling in HCI, rinsing, and fluxing, the
samples were subjected to pre-treatment. The zinc bath
consisted of 99.3% Zn, 0.055% Ni, and Al, Bi, Fe, and
Sn in balance. The dipping times in the liquid zinc were
from 4 s up to 1200 s.

Table 1. Chemical composition of the specimens, %

Sample | C | Si | Mn | P ‘ Fe

1 <0.01 <0.01 0.04 0.005 99.72
2 <0.01 0.06 0.04 0.007 99.66
3 <0.01 0.11 0.05 0.006  99.60
4 <0.01 0.17 0.05 0.006  99.54
5 <0.01 0.30 0.05 0.007 99.40
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Fig. 1. Temperature change inside the specimens.

After galvanizing, the specimens were quenched
in water to prevent further diffusion reaction during
air cooling. For the examination of the microstructure,
hot dip galvanized specimens were cross-sectioned, hot
mounted, ground, and polished. A nital etchant was
used to reveal the microstructures of the specimens
and observations were made with optical microscope
Zeiss Axiovert 25 and scanning electron microscopy
EVO MA-15 (Carl Zeiss).

To study temperature changes in the wall of a
specimen during dipping in the molten zinc, a Vernier
Software thermocouple was used. Figure 1 shows the
heating curve of the specimens during dipping in the
molten zinc at 450°C. It took approximately 20 s to
establish the melting temperature of zinc (419.5 °C) with
the investigated specimens.

3. RESULTS AND DISCUSSION
3.1. Coating growth with dipping time up to 25s

Dipping time (4, 7, 12, 25 s) was short in the investigation
of coating formation on top of the substrates shown in
Table 1. After dipping cold steel into the zinc bath, zinc
will freeze in the contact surface of steel. Even a very
short time contact between steel and zinc leads to the
formation of Fe—Zn intermetallics, which are in solid
state. After 4 s of dipping in the molten zinc, a thin layer
of intermetallic phases ({ and §) was observed with all
tested silicon concentrations (Si <0.01%, 0.06%, 0.11%,
0.17%, 0.30%). Poor adhesion between the steel and the
coating could be observed at a dipping time of 4 s.

After galvanizing for 4 s, the microstructure and
thickness of the Zn—Fe layer were similar regardless
of the content of silicon in the substrate. This is also
confirmed by experiments reported in [10]. Figure 2
presents the microstructure of the zinc coating (Si 0.30%)
after a dipping time of 4 s. First, the { phase occurred,
which was immediately followed by the & and then,
after incubation, by the I' phase. The same test results
were reported by Mandal et al. at the galvanizing tem-
perature of 470°C [8]. It is frequently admitted that the
first intermetallic compound that appears during hot dip
galvanizing is the  phase [11]. However, Kopycinski
postulated that the I" phase nucleates first, followed by the
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Fig. 2. Microstructure of the zinc coating after the dipping
time 4 s (Si 0.30%).

d and ( phases in a Zn—Ni bath at 450°C [7]. It is difficult
to evaluate the I" phase because of its small thickness.
Furthermore, with a dipping time of 4 s, a thick 1
layer was present in the coating (ca 800 pm). It is
hypothesized that as the specimen’s inside temperature
after the galvanizing time of 4 s is low (less than 300°C,
Fig. 1) and probably the temperature in the contact
surface of steel and zinc is below the melting tem-
perature of zinc, the nucleation of intermetallic phases
takes place in solid state and therefore a thick n layer is
present in the coating with the dipping time of 4 s.
However, other authors [10,12] claim that nucleation
of the phases takes place in the solid-liquid border.
Therefore, further research is needed to understand if
zinc is completely melted in the contact surface of the
specimen when nucleation of the phases takes place.
With an increase in the dipping time, the thickness
of the Fe—Zn intermetallic phase increased. Until 25 s,
only minor differences occurred in the thicknesses of
the intermetallic coating and in the microstructure of
specimens with different silicon contents, although a small
Sandelin curve appeared with the dipping time of 25 s
(Fig. 3). The thickness of the n phase was not taken into
consideration because the n phase appeared when a
specimen was pulled out from the zinc pot and at the
beginning of the reaction the zinc was in solid state.
The reactions that took place in the galvanizing process
during the dipping time of <25 s were not influenced by
silicon concentrations. This is also confirmed by other
authors [10,12,13]. The reason might lie in the substrate
steel temperature, which in this experiment was below
the melting temperature of zinc until 20 s (Fig. 1).
During the first 25 s, the total thickness of the coating
was related to the { phase and the & phase was very
narrow. Figure 4 shows the difference in the micro-
structure and the { phase thickness at silicon content
<0.01% and 0.06%. During the first 25 s, the { phase
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Fig. 3. Sum of the thicknesses of the ¢ and { layers at different
dipping times.
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Fig. 4. Microstructure of the zinc coating after the dipping
time of 25 s.

dominated in the coating while the 6 phase was growing
very slowly. The influence of silicon was remarkable
after longer dipping times (>25 s).

3.2. Coating growth with dipping times 195 and
1200 s

The dipping time of 195 s was chosen because it is the
common galvanizing time. In addition, 1200 s was used to
investigate the coating growth at a longer incubation time.
Coating growth with the dipping times 195 and
1200 s was strongly influenced by the silicon content of
the steel (Fig. 5). The Sandelin curve at about Si content
0f 0.08-0.15% reflects the thickness of the coating.
Each phase layer has its own growth kinetics, which
depends on the silicon content and the dipping time. On
the sample with silicon content <0.01%, a compact and
continuous zinc coating is visible with the T, 3, {, and n
layers (Fig. 6a). There was a large difference in the
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Fig. 5. Coating thicknesses at different substrate silicon contents.
Dipping time 195 and 1200 s.

microstructure of the zinc coating and the thickness of
the 6 layer between the dipping times of 195 and 1200 s
(Table 2). After 195 s, the growth of the { phase was
impeded while the growth of the & phase dominated.
The & layer of the coating with an immersing time of
1200 s has a greater thickness than the  layer. The silicon
content in the Sandelin range (Si 0.06% and 0.11%)
resulted in a thick coating at the dipping times of 195
and 1200 s (Figs 6b and 6¢). The coating consists of a
thin § layer and a thick { layer (Table 2).

The substrate with the silicon content of 0.17%
(Sebisty range) has larger { grain size than the low
silicon steel (Si <0.01%). The growth in the § layer is

Fig. 6. Microstructure of the zinc coating after different
dipping times (195 and 1200 s): (a) Si <0.01%, (b) Si 0.06%,
(c) Si0.11%, (d) Si 0.17%, (e) Si 0.30%.
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Table 2. Thicknesses of the 6 and { layers with
dipping times 195 s and 1200 s

Si content, 195s | 1200 s

% Thickness of layers, pm

s [ ¢ | 8 | ¢

<0.01 3 20 44 40
0.06 3 143 33 168
0.11 3 151 1 849
0.17 10 83 26 192
0.30 30 58 41 467*

* Contains also a 6 + { mixture phase.

visible at a longer dipping time, but the { layer still
dominates in the coating thickness (Fig. 6d, Table 2).

The coating of the sample with the silicon content of
0.30% is characterized by a thin ¢ layer and a thick & + {
layer with a floating { (Fig. 6e, Table 2).

3.3. Stages of zinc coating formation

When the substrate steel is immersed in a liquid zinc
bath, a number of reactions occur depending upon the
bath composition, bath temperature, and the impurities of
the steel. According to the Fe—Zn phase diagram (Fig. 7),
during hot dip galvanizing at 450°C, an intermetallic
layer is formed. It is composed of [—FesZn,;, 8—FeZn,,,
(~FeZn,3, and n-layers. The enthalpies of the formation
of all intermetallic compounds are very close to one
another and this is why an unstable behaviour of the
system might occur with small additions in steel [14].

Based on the experimental results, five stages can
be distinguished in zinc coating formation. A schematic
model of the stages is shown in Fig. 8.
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Fig. 7. Binary Fe—Zn phase diagram (Zn-rich corner) [14].
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Fig. 8. A schematic representation of the Fe—Zn layer formation.

Stage 1 is temperature growth of the specimen and
the freezing of zinc after dipping the specimen in the
molten zinc.

Stage 2 is the nucleation of the { phase, immediately
followed by the 6 phase. The formation of { and &
phases occurs probably by solid-state diffusion during
the dipping time 4 s.

Stage 3 (hot dip galvanizing time between 4 and 25 s)
is the growth of the 6 and { phases and the formation of
the I" phase. During this stage, the temperature of the
substrate is higher than the melting temperature of zinc,
and the frozen zinc is completely melted. Stages 1-3 are
not influenced by the silicon content of the steel.

Stage 4 is influenced by the silicon content. The
growth rate of the & phase is higher than that of the {
phase with the low silicon steel (Si <0.03%). In this
stage, Sandelin steel is characterized by a high reaction
rate of the { phase formation. The growth of the 6 phase
is restrained. The coating growth of Sebisty steel is
related to the growth of the & and { phases, although
the { phase dominates in the coating. With the high
silicon steel (Si 0.30%), a & + { mixture phase appears
in the coating.
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The final, fifth stage is the formation of the n layer
while pulling the specimen out of the zinc bath. In the
case of Sandelin steel, the Fe diffuses into the n layer
during air cooling and as a result, the final layer is the {
phase. In this experiment, the specimens were quenched
in water after galvanizing to prevent further diffusion
reaction; as a result, the n layer can be seen in Figs 6b
and 6¢.

Hot dip galvanized coating formation can be
described as a diffusion process. Zinc diffuses into the
steel and iron diffuses into the zinc. As the diffusion
coefficient of zinc is higher than that of steel (Dz, > Dk.),
it is believed that zinc readily diffuses into the steel and
forms intermetallic compounds [15]. On the other hand,
it is known that when solid iron is immersed into liquid
zine, loss of iron weight takes place. The total iron loss
consists of iron dissolved into the zinc bath and iron that
has remained in the alloy layers. The iron loss of the
substrate depends on the silicon concentration of the
steel up to 520°C [9]. According to data from Uchiyama
et al. [9], it can be concluded that the zinc coating
thickness, which depends on the silicon concentration at
450°C, is related to the total iron loss of the substrate.
It is possible to draw the Sandelin curve with the x-axis
of Si concentration (%) and the y-axis of the total iron
loss of the steel. Thus, it is possible that silicon affects
hot dip galvanizing reactions by influencing zinc diffusion
into the steel and iron diffusion into the coating.

Many studies have described the influence of silicon
on the coating formation, but a fundamental understanding
of the phenomenon is still lacking. Most researchers
agree that the low solubility of silicon in the { layer
is important. It leads silicon segregation to the grain
boundaries and formation of areas of liquid Zn between
the { crystals. However, some theories state that
ferrosilicon particles in the coating can act as nucleation
sites for the nucleation of the { phase [16]. This theory
seems questionable because many researchers have not
found Si particles in the coating (including experiments
made in Tallinn University of Technology). In recent
investigations it is claimed that the Si content in steel
has no direct influence on the galvanizing process
but affects it indirectly by influencing the effusion of
hydrogen [17]. More research is needed to develop a
holistic theory of layer formation.

4. CONCLUSIONS

The focus of the study was on the role of silicon in the
hot dip galvanizing process. The following conclusions
can be drawn:

e Based on experimental results it is hypothesized that
hot dip galvanizing reactions between Fe and Zn
take place in solid state. During galvanizing, zinc
solidifies in the steel surface and as a result, the

coating will grow in the contact surface of steel
and solid zinc. There is no contact between Fe and
liquid Zn. Further research is needed to confirm
the hypothesis.

e Even a very short contact time (4 s) between steel and
zinc leads to the formation of Fe—Zn intermetallics.
First, the { phase occurs, immediately followed by
the 6, and then, after incubation, by the I" phase.

e The reactions that take place in the galvanizing
process during the dipping time <25 s are not
influenced by silicon concentrations. The influence
of silicon is remarkable after longer dipping times
(>255).

e Silicon most probably affects hot dip galvanizing
reactions by influencing zinc diffusion into the steel
and Fe diffusion into the coating. The higher the Fe
diffusion, the thicker the Zn coating is.
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Réini moju kuumtsinkimisprotsessis

Sirli Sepper, Priidu Peetsalu, Priit Kulu, Mart Saarna ja Valdek Mikli

On késitletud terases sisalduva rdni mgju kuumtsinkimisprotsessile. Et katsekehades oleks ainsaks muutujaks réni-
sisaldus, kasutati katsekehade valmistamiseks tsentrifugaalvalu, kus sulatati omavahel Fe-pulber ja arvutatud kogus
Fe-Si-pulbrit. Rénisisalduseks valiti Si <0,01, 0,06, 0,11, 0,17 ja 0,30%. Tsinkimine viidi 14bi kuumtsinkimistehases
AS Paldiski Tsingipada (Zincpot), kus tsingivanni temperatuur oli 450°C. Kasutati nii lithikest kui ka pikka kastmis-
aega. Lithike kastmisaeg tsingivanni oli 4-25 sekundit, et uurida kattes erinevate faaside teket. Pika tsingivannis
hoidmise aja (195 ja 1200 sekundit) eesmérgiks oli uurida erinevate faaside kasvu ajas.

Kastmisaja 4 sekundi jooksul tekkisid juba esimesed Fe-Zn-faasid terase ja tsingi kokkupuutepinnal. Esimene
tekkinud faas oli { kiht, koheselt jargnes d kiht ja peale inkubatsiooniaega I" kiht. Kuumtsinkimisreaktsioonid kastmis-
ajaga <25 sekundit ei soltunud alusmaterjali ranisisaldusest. R4ni mdju on suur pikema kastmisajaga (>25 sekundit).
Katsetulemuste pdhjal loodi skemaatiline mudel, kus kirjeldati katte tekkimist erinevate rénisisalduste korral. Jareldati,
et rdni mGjutab tsingi difusiooni terasesse ja raua difusiooni kattesse.



