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INTRODUCTION	
 

The DoRa programme activity 3, “Research cooperation between universities and 
businesses” supports studies of doctoral students whose research is conducted in 
close cooperation between the university and a company in Estonia. The objective 
of the activity is to contribute to the increase of the number of highly-skilled 
specialists in priority fields. Driven by this programme, I have been provided a 
unique opportunity to carry out scientific research along with industrial 
applications. The research was conducted under the cooperation of three parties – 
the author, Tallinn University of Technology and AS Paldiski Tsingipada 
(Zincpot). The author is employed as a technologist at the company.  

AS Paldiski Tsingipada is a hot-dip galvanizing plant established in 2006. In its 
relatively young age, it is characteristic of the company to learn continuously and 
embed updated knowledge in the processes in order to thrive and grow in 
increasingly competitive environments. This research project was an ideal 
opportunity for the company to become a knowledge-based industry where 
research and development are the foundation of production. 

Hot-dip galvanizing is one of a family of metal-coating processes used to protect 
substrate metal surfaces from corrosion by the barrier protection and galvanic 
protection.  In the barrier protection, the zinc coating, which separates the steel 
from the corrosion environment, will first corrode before the corrosive 
environment reaches the steel. In the galvanic protection, zinc is less noble or 
anodic to iron at ambient conditions, and will sacrificially corrode to protect the 
substrate steel (Marder, 2000). 

During hot-dip galvanizing, steel or cast iron is immersed in a bath of molten zinc 
after careful cleaning and preparation (Hornsby, 1995).  One key factor in 
providing high quality zinc coating is proper steel selection.  The chemistry of the 
steel influences the appearance, thickness, smoothness and adhesion of the 
coating. Reactive elements in the steel such as silicon and phosphorus affect the 
galvanizing process. An appropriate selection of composition can therefore give 
more consistent quality of a coating (Steels suitable for galvanizing, 2016).  

Besides chemical composition of the steel, the microstructure and the mechanical 
properties of the steel are important properties of structural steel. In recent years, 
high strength steels have attracted much interest because they make it possible to 
lighten the structures while maintaining load carrying capabilities. New steel 
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grades (Weldox, Hardox, etc.) with fine grain size and quenched and tempered 
condition have been developed as a result of customer demands.  However, in 
order to use thinner gauges and meet customer’s durability expectations, corrosion 
protection, and hence hot-dip galvanizing, appears crucial. 

New steel grades are a challenge to the galvanizers to produce a quality coating. 
Galvanizers and the customers must be aware of how steel selection might affect 
the final result: how the chemical composition and the microstructure of   steel 
affect the coating formation and how zinc bath temperature might affect the 
mechanical properties of steel. 

Scientific novelty 

In the context of the new steel grades and their microstructures, one aim of the 
present thesis was to study the effect of the substrate microstructure (ferrite grain 
size, ferrite grain shape, carbide grain size, carbide grain shape) on the batch hot-
dip galvanized coatings. In the literature, several studies report the effect of new 
steel grades microstructures only in a continuous hot-dip galvanizing line. 
Regarding to the batch hot-dip galvanizing, several authors have only studied the 
effect of welding HAZ on the coating formation; however, the effect of carbide 
grains and ferrite grains has not been characterized in this extent in the studies 
published. 

Concerning the mechanical properties, many studies have analyzed the 
mechanical properties of different steels (also high strength steels) after hot-dip 
galvanizing. Our industrial field tests confirmed the findings of other researchers 
reporting that hot-dip galvanizing has a relatively minor effect on the mechanical 
properties of investigated steels. However, our methods for testing the change in 
the mechanical properties include the heat effect of the galvanizing temperature 
and that of a zinc coating separately. To eliminate the effect of the chemical 
reaction between the iron and zinc and the coating properties, tests were made 
with dipping the tensile test specimens into the molten salt. The effect of heat was 
studied. 

Fundamental understanding of the phenomenon how silicon influences the coating 
formation is still lacking. To fill that gap, the focus of my study is on the role of 
silicon in the galvanizing process. Most experiments from the literature use 
samples that contain many elements.  Our industrial field tests used electrolytic 
iron and an added amount of silicon, which were melted in the vacuum induction 
furnace and casted into a copper mould. The same method was presented by 
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Uchiyama (Uchiyama et al., 1983) and Liberski (Liberski et al., 2014), but 
galvanizing was performed in a pure zinc bath. In our experiments, galvanizing 
was performed in an industrial zinc bath with 99.3% Zn, containing also Al, Bi, 
Fe, Ni, Sn, and Pb.  The temperature inside the specimen was measured. It was 
detected that coating formation probably takes place in solid state.  In addition, 
the Fe-Zn layer formation was found. 

The results of the PhD thesis research have been published in the form of 5 
scientific papers in international journals and conference proceedings. The 
publications directly connected to the research topic are given at the end of the 
thesis. The results of the PhD thesis research have been reported at 7 international 

conferences (Intergalva, DAAAM Baltic, BALTMATTRIB, etc.).  
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ABBREVIATIONS	AND	SYMBOLS	
 

Abbreviations: 

HAZ – Heat Affected Zone 

HDG – Hot-Dip Galvanizing 

HSLA – High Strength Low Alloy 

LME – Liquid Metal Embrittlement 

OAC – Oxy Acetylene Cutting 

Symbols: 

Ag – percentage non-proportional elongation at maximum force (Fm) 

A 80 – Ultimate elongation of non-proportional test pieces, % 

AS – aspect ratio (ratio of maximum diameter to minimum diameter) 

D – diffusion coefficient 

G – grain size index 

Rm – tensile strength 

Rp – proof strength 

Rp 0.2 – proof strength at 0.2% plastic extension  

Rp 0.05 – proof strength at 0.05% plastic extension 

 – change in dimensions 

t – time 
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1.	THEORETICAL	BACKGROUND	
 

1.1	Hot‐dip	galvanizing	process	
Hot-dip galvanizing is a process of immersing iron or steel in a bath of liquid zinc 
to produce a corrosion resistant, multi-layered coating of zinc-iron alloy and zinc 
metal (Inspection course, 2016). The corrosion protection is dependent on the 
coating thickness and environmental conditions (ASM Handbook, 1994). Rapid 
chemical attack of the component surface by zinc produces a layer of zinc/iron 
(Zn-Fe) phases which form a strong chemical bond with a component surface 
(Hornsby, 1995).  The three main steps in the hot-dip galvanizing process are 
surface preparation, galvanizing, and post-treatment (Fig. 1.1).  

 
 Figure 1.1 Model of the hot-dip galvanizing process (Inspection course, 2016) 
 
According to the Fe-Zn phase diagram (Fig. 1.2), during hot-dip galvanizing at 

450 °C, an intermetallic layer is formed composed of Γ- Fe5Zn21, -FeZn10, - 
FeZn13, and  layer. The enthalpies of the formation of all intermetallic 
compounds are very close to each other and therefore an unstable behavior of the 
system might occur with small additions of silicon and phosphorus in steel 
(Guttmann, 1994).  

Starting from the base steel, each layer contains a higher proportion of zinc until 
the outer layer, which is relatively pure zinc. Table 1.1 below gives the properties 
of these layers. The intermetallic compounds vary not only in composition and 
morphology of the crystals, but also significantly in hardness and resistance to 
compressive load (Pokorny et al., 2016 a). 
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Figure 1.2 Binary Fe-Zn phase diagram (Guttmann, 1994) 

 
Table 1.1 Properties of alloy layers of hot-dipped galvanized steels (Galvanizing, 2016) 

Layer Iron % Melting 
Point °C 

Crystal 
Structure 

Vickers 
hardness 

Eta (η) 0.03 419 Hexagonal 70-72 
Zeta (ζ) 5.7-6.3 530 Monoclinic 175-185 
Delta (δ) 7-11 530-670 Hexagonal 240-300 
Gamma (Γ) 20-27 670-780 Cubic -------- 
Steel Base 99+ 1510 Cubic 150-175 

 
Hot-dip galvanized coating formation can be described as a diffusion process. 
Zinc diffuses into steel and Fe diffuses into zinc. As the diffusion coefficient of 
zinc is higher than that of steel (DZn> DFe), it is believed that zinc readily diffuses 
into steel and forms intermetallic compounds (Xu et al., 2007). On the other hand, 
it is known that when solid iron is immersed into liquid zinc, loss of iron weight 
takes place. Part of the iron dissolved diffuses into the bath where it contributes 
to the formation of intermetallic particles about twenty microns in diameter, 
known as dross (Giorgi et al., 2004). So the Fe-Zn reaction diffusion takes place 
in both direction, but the main diffusion process is that of zinc moving through 
the intermetallic phases towards the steel interface (Allen et al., 1962, 1963). It is 

believed that the Γ layer will grow towards the iron, the layer towards the zinc 

and  layer in both directions but mainly towards zinc (Hortsmann et al., 1970). 
On the other hand, some reports in the literature (Rowland, 1947) claim that the 
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rate of Fe diffusion in the alloy layer is greater than that of Zn. The layers therefore 
tend to grow outward from the steel to form the alloy layers. 

 

1.2	Influence	of	properties	of	steel	on	coating	formation	

1.2.1	Impact	of	chemical	composition	of	steel	
Coating appearance and zinc consumption mainly depend on the zinc–steel 
reactivity and on the drainage of zinc from workpieces during their withdrawal 
(Fratesi et al., 2002). The zinc–steel reactivity is mostly influenced by silicon and 
phosphorus content in the steel, but also carbon in excess of about 0.2% and 
manganese in excess of about 1.3% increase in the Zn-Fe layer formation 
(Hornsby, 1995).  

A small amount of Si exists in structural steels because Si is used as a de-oxidant 
in the steel making process. Si is also a low-cost and very effective strengthening 
alloying element for steels (Tang, 2008). Silicon concentration of steel plays a 
major role in the hot-dip galvanizing process. It influences the thickness, 
uniformity, nature of the structure, and the mutual position of phases within a 
coating (Paramonov et al., 2011).  The effect of silicon was first studied in the 
early 1940s by Sandelin (Sandelin, 1940 a; 1940 b). He found that ~0.1 % Si in 
steels could lead to an accelerated growth of the alloy layers, providing thick, gray 
appearance and brittle coating. 

Rapid growth of the zinc coating occurs at two silicon concentration ranges: 0.03-
0.14% (Sandelin area) and above 0.3%. Steels containing little silicon (<0.03%) 
and very low content of phosphorus have compact and continuous zinc coating 

(galvanizing temperature 450 °C), which are composed of a , ,  and  layer 
(Pokorny et al., 2016 a; Che et al., 2009; Che et al., 2005; Horstmann, 1975). 
Steels containing 0.15–0.25% Si also produce a compact and coherent coating 
(Sebisty effect) (Sebisty et al., 1967; Che et al., 2009; Che et al., 2005).  

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. The loose layer of ζ fails to shield δ from the liquid Zn, allowing a 
direct contact between these two thermodynamically incompatible phases, 
resulting in excessive Fe loss and “ejection” of layer ζ deep into the bath (Che et 
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al., 2009; Mackowiak et al., 1979; Peng et al., 2005; Liberski et al., 2014). 
However, some theories state that ferrosilicon particles in the coating can act as 

nucleation sites for the nucleation of the phase (Porter, 1991). These theories 
seem questionable because as a result of studies of many researchers, no Si 
particles have been found in the coating (including experiments in the current 
study at Tallinn University of Technology). Furthermore, the resolution of the 
particles in these studies was poor and no precise analyses of the composition of 
the particles have been reported (Notowidjojo, 1990).   

Other investigations (Proskurin et al., 1988) claim that the reason for this 
unfavorable effect of silicon on hot-dip galvanizing is a significant reduction in 
the wetting capacity of the metal surface. Recent investigations claim that Si 
content in steel has no direct influence on the galvanizing process but affects it 
indirectly by influencing the effusion of hydrogen (Schulz et al., 2003; Thiele et 
al., 2006). According to this theory, hydrogen can affect the coating formation 
during the hot-dip galvanizing process. When steel is heated to the galvanizing 
temperature, hydrogen is expelled from the surface of the steel, which could affect 
the galvanizing behavior. More research is needed to develop a holistic theory of 
layer formation. 

Most of the studies that describe the effect of silicon during galvanizing use 
samples which contain many elements.  So silicon is not the only variable in their 
experiments. For example, Kopyciński studied four different steel grades (Si > 
0.20%) and two ductile irons (Kopyciński, 2010). Galvanizing was performed in 
the Zn-Ni bath at 450 °C at the dipping time up to 10 min. The growth rates for 

the  and  phases indicated a leading role of the  phase and a slow growth rate 

of the  phase (Kopyciński, 2010). 

Zeinab et al. investigated the effect of the Si content of a steel substrate on the 
performance of the hot-dip galvanized layer (Zeinab, 2017). The steels they used 
contained different amounts of C, Mn, P, Si. The results illustrate that the steel 
containing 1.46% Si has a greater reactivity between zinc and iron. Gamma layer 
is formed with steel containing 0.56 and 1.46% Si, but it will not be formed with 
steel containing 0.08% Si. Neither will the delta (δ) layer be formed with steel at 
0.56% Si. 

Uchiyama et al. melted electrolytic iron and a given amount of silicon to analyze 
silicon reactivity in galvanizing. Galvanizing was performed in the temperature 
range of 440 °C to 600 °C for 600 s in a pure zinc bath. They presented an 



16 

existence area map of different coating layers depending on silicon concentration 
and the immersion temperature (Uchiyama et al., 1983). 

As silicon reactivity is connected with the development of an excessive ζ phase, 
the high temperature galvanizing >530 °C is a solution to the problem; however, 
it is not economical. According to the phase diagram, at this temperature, the ζ 

phase transforms to the phase, which is less sensitive to the silicon content of 
steel (Notowidjojo, 1990). 

In the case of phosphorus content, it is strictly controlled in steels because it causes 
cold brittleness of steels, or the tendency to be quite brittle while in a cold state 
(Liu et al., 2016). It is generally accepted that phosphorus like silicon promotes 
formation of a thicker Fe–Zn intermetallic layer with the phase zeta (ζ) dominating 
in the structure (Pokorny et al., 2016; Pelerin et al., 1981; Gladman et al., 1973; 
Chen et al., 2014). On the other hand, it has been found that phosphorous in steel 
acts as an inhibitor for the growth of gamma phase (Jordan et al., 1997 b; Allegra 
et al., 1983).  

In the present thesis, only the effect of silicon on coating formation was studied. 
The reason is that in practice, phosphorus content in construction steels that are 
hot-dip galvanized today in batch line is generally low and at such level it does 
not affect the galvanizing process. 

1.2.2	Role	of	surface	roughness	of	steel	
The roughness of the steel surface influences the thickness and structure of the 
coatings. Shot or grit blasting is widely used to clean castings of sand, to remove 
welding slag, fire burn, heavy rust or paint, or to roughen the surface of the work 
(A guide to good galvanizing, 1972). A rough steel surface obtained by grit 
blasting and course grinding has a higher surface area and thus generates thicker 
galvanized coatings. Studies have shown (Steels suitable for galvanizing, 2016) 
that sand blasting leads to a large increase in coating thickness on most steels (80 
–100%). According to other studies (A guide to good galvanizing, 1972), grit or 
shot blasting of mild or low alloy steels enables one to obtain coatings of up to 
more than twice the normal thickness without changing the galvanizing technique. 
For example, the thickness of the coating increased by sand blasting before 
galvanizing in a pure zinc bath from 50 µm to 100 µm in the steel with 0.003% Si 
(Ahmadi et al., 2009).  

Oktay et al. suggested that intermediate roughness and sharp asperities generated 
with abrasive particles having sizes in the range of 100-270 μm can produce 
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suitable galvanizing coatings on the steels having silicon contents in the Sandelin 
range (Oktay et al., 2016). 

In the present thesis the role of steel surface roughness is not studied, but during 
the substrate preparation it was recognized that surface roughness influences the 
structure and thickness of the coating. Therefore, the surface roughness was held 
constant during the experiments. 

1.2.3	Influence	of	microstructure	of	steel	
Ferrite grain growth in the HAZ is the dominant microstructural feature of the 
material´s welding and thermal cutting processes with fine grain low carbon steel. 
Bayraktar et al. have studied the grain growth mechanism during the welding of 
interstitial free steels (Bayraktar et al., 2007). Observations in the welded joints 
indicated the presence of very large grains near the fusion line that were oriented 
along the directions of the heat flow. 

Also, different strengthening mechanisms (thermomechanical rolling, quenching 
and tempering, continuous annealing) are used to develop new steel grades. The 
steels with high yield strength have been achieved by using microalloying 
technology and the strengthening mechanisms (Mao et al., 2010). Change in the 
grain size takes place during strengthening by grain size reduction and during 
strain hardening (Chandrasekaran, 2003). 

Numerous reviews and books describe the microstructure change as a result of the 
thermal cutting and welding process and the strengthening mechanisms. However, 
no detailed information describing the influence of steel microstructure of the zinc 
coating is available. 

According to ISO 14713-2:2009, thermal cutting changes the steel composition 
and structure in the zone and around the cut surface, so that the minimum coating 
thickness may be more difficult to obtain (ISO 14713-2, 2009).   

Hisamatsu postulated that finer grain size of interstitial-free steel is more reactive 
(Hisamatsu, 1989). More grain boundary area is available for reaction and more 
rapid Fe-Zn phase growth results. Recent investigations have shown that the 
substrate grain size has no significant effect on the kinetics of phase growth in a 
galvanizing bath containing less than 0.001% Al. Galvanizing bath containing 
0.20% Al led to outburst formation with finer substrate grain size (Jordan et al., 
1997 a). 
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Kuklik studied the effect of oxygen cutting on zinc coating thickness and 
morphology (Kuklik, 2011). He concluded that chemical composition in the HAZ 
differs from that in the substrate (as a result of depletion of some impurity 
elements). The coating of silicon killed steels in HAZ (Si 0.2%) acted like 
common unkilled steel grades.  

Wegrzynkiewicz et al. described the influence of the way of cutting of steel on 
the structure and the growth kinetics of the Zn layer (Wegrzynkiewicz et al. 2014 
a). They concluded that the cutting methods tested influence essentially the 
growth kinetics of Zn layer. But insufficient cleaning after OAC and laser cutting 
(remaining oxide layers) might have been created by the barrier hindering the 
diffusion process. In another work (Wegrzynkiewicz et al., 2014 b), additional 
processing was used after OAC cutting: softening annealing, grinding and 
electropolishing. They concluded that the best way to reduce the Zn coating 
reduction is the application of an additional heat treatment – softening annealing 
that removes the HAZ created after thermal cut. They also concluded that 
additional grinding or electropolishing does not significantly reduce the 
diversification of the Zn coating thickness observed on the cut surface as 
compared to that of rolled. Material in the initial stage (steel S355JR) showed the 
ferritic-pearlitic structure. As a result of the heat treatment caused by cutting in 
the surface steel layer, the HAZ with lower bainite and martensite was observed. 

1.2.4	Galvanizing	of	high	strength	steels	
High strength steels have attracted much interest in recent years because increased 
strength makes it possible to reduce wall thicknesses and the weight of the 
structure while maintaining load carrying capabilities (Ritakallio, 2012). 
However, in order to use thinner gauges and meet customer’s durability 
expectations, corrosion protection, and hence hot-dip galvanizing, becomes 
crucial (Petit et al., 2012; Khondker et al., 2007). 

The first issue that involves high strength steel behavior during the hot-dip 
galvanizing process is a phenomenon called hydrogen embrittlement, which can 
lead to the premature failure of the structure. ASTM F2329 warns of the risk of 
internal hydrogen embrittlement when parts with a specified hardness of 33 HRC 
and higher are acid pickled prior to galvanizing (ASTM F2329, 2011). In general, 
the higher the strength levels of the steel, the greater the risk of hydrogen 
embrittlement (Eliaz et al., 2002). Also, failures of welded structures fabricated 
from structural steel grade S355 have been reported. Local stresses, high hardness 
(in the heat affected zone) and diffusible hydrogen are the main factors responsible 
for failures of zinc coated products in general (Mraz et al., 2009).  
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Three conditions must be met to cause hydrogen embrittlement failure: (1) steel 
that is susceptible to hydrogen damage, (2) stress (typically as an applied load), 
and (3) atomic hydrogen. If all three of these elements are present in sufficient 
quantities, and given time, hydrogen damage results in crack initiation and growth 
until the occurrence of fracture (Brahimi, 2014). 

The more hydrogen amounts present in steel products, the more the risk of 
hydrogen embrittlement, which increases the risk of failure (Mabhoa et al., 2010). 
Hydrogen diffuses into the steel only in atomic form (Gabe, 1997). The atomic 
hydrogen absorbed in steel is located in two positions in the microstructure: 
interstitial lattice positions (diffusible hydrogen) or crystalline defects (trapped 
hydrogen) (Shirband et al., 2011). Atomic hydrogen can combine within the steel 
to form molecular hydrogen, which is trapped in the region of dislocations. An 
internal gas pressure can become so high that it might promote plastic deformation 
of the microstructure and cracking mechanism (Timmins, 1996). 

Atomic hydrogen can be absorbed by the steel during the surface preparations 
steps such as pickling and fluxing process (Carpio et al., 2009; Shirband et al., 
2011). During pickling, two major reactions can occur:  

 chemical dissolution of the scale FeO + 2HCl→FeCl2 + H2O        (1.1) 

 chemical dissolution of the iron Fe + 2HCl→FeCl2 + H2       (1.2) 

The removal of scale (more commonly Fe3O4) is the desired result in the pickling 
process. The chemical dissolution of the iron is usually unwanted, and inhibitors 
are used to eliminate or decrease it (Chappell et al., 1930).  

Carpio et al. measured the hydrogen content after each operation in the 
galvanizing process (Carpio et al., 2009). They stated that during fluxing the 
hydrogen content increases; this phenomenon does not occur during pickling due 
to the inhibitor presence, which does not allow reactions between acids and 
ferrum. The hydrogen absorption is affected by the composition of the steel 
surface. Phosphorous is reported to enhance the H absorption (Grabke et al., 
2010).  Silicon lowers the solubility of hydrogen and thus causes a decrease in 
hydrogen permeation (Pressouyre, 1983). 

Another issue of concern in galvanizing high strength steels is the zinc bath 
temperature, which might affect the mechanical properties of high strength steels. 
At the galvanizing temperature – usually around 450 °C – the steel being 
processed will lose approximately 50% of its room temperature yield strength, 
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regaining it on cooling after galvanizing (Industrial Galvanizers Specifiers 
Manual, 2016).  

The possibility of effects of galvanizing on the mechanical properties was first 
reported already in 1975 (BNF Metals Technology Centre, 1975). The mechanical 
properties of 19 structural steels were investigated before and after galvanizing. 
The published report (BNF Metals Technology Centre, 1975) ‘Galvanizing of 
structural steels and their weldments’ concludes that hot-dip galvanizing does not 
affect tensile strength, proof strength, bend, or impact properties of structural 
steels. Changes in some mechanical properties (tensile elongation of 40% cold 
rolled steel tended to be increased by galvanizing) were detected only when the 
steel had been cold worked prior to galvanizing. Susceptibility to hydrogen 
embrittlement after pickling occurred also only with cold rolled steels with tensile 
strength >800 MPa but this was largely alleviated by the zinc immersion cycle 
even for the highest strength steel considered (930 MPa tensile strength). The 
work hence indicated that the galvanizing process had no detrimental effects on 
the mechanical properties of structural steels in use at that time (EGGA 
Engineering Summary, 2009). 

In recent years, other studies have focused on the influence of hot-dip galvanizing 
on the mechanical properties of modern grades of structural steels (Langill, 2009; 
Dimatteo et al., 2011; Aden-Ali et al., 2009; Černý et al., 2006; Hemmilä, 2016; 
EGGA Engineering Summary, 2009; Guertsman et al., 2008).  

Langill investigated mechanical properties of different steels (A36, A572 Grade 
50, A572 Grade 65) after hot-dip galvanizing (Langill, 2009). Cold work 
processes and welding procedures were performed on these steels before the hot-
dip galvanizing process. He concluded that hot-dip galvanizing has a relatively 
minor effect on the mechanical properties of investigated steels. 

Dimatteo et al. studied hot rolled steel microalloyed with Ti and Nb (Dimatteo et 
al., 2011).  The results of tensile tests showed that the global mechanical 
properties change a little after galvanization. Comparison with bare steel shows 
an increase of 10% for the yield strength and the extension of the Lüders bands. 
Elongation has about the same values for galvanized and non-galvanized 
specimens. Moreover, coating process has been demonstrated to influence fatigue 
properties of the microalloyed steel (lower fatigue limit with galvanized 
specimens). 
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Aden-Ali et al. studied the mechanical properties of silicon-rich TRIP800 steel 
after hot-dip galvanizing (Aden-Ali et al., 2009). They concluded that after hot-
dip galvanization, steel ductility, expressed by elongation ratio and yield strength, 
increase (by 15% and8 %, respectively), while tensile strength is reduced by 9%. 
The influence of hot-dip galvanization on fatigue properties is significant. In fact, 
under a stress range of 525 MPa, the endurance drops by a factor of ten in 
comparison with uncoated steel. Hot-dip galvanized and heat-treated steels show 
similar Lüders plateaus at the yield. These plateaus evidence heterogeneous 
yielding and localized plastic deformations (Lüders bands).  

Černý studied the behavior of four types of structural steel (S235 with two 
different Si content, Q380TM and Q460TM) in individual technological steps 
(after hot rolling, after pickling, after degreasing, after fluxing, after hot-dip 
galvanizing) on the mechanical properties of steels (Černý et al., 2006). On the 
basis of their experimental works, they stated that hot-dip galvanizing technology 
has no influence on mechanical, fracture and microstructure properties of hot-dip 
galvanized steels. 

Hemmilä from Rautaruukki Oy considered the effect of pickling and hot-dip 
galvanizing on the mechanical and impact toughness properties of Optim 900 QC 
(ultra-high strength steel, yield strength over 900 MPa) (Hemmilä, 2016). The 
heat of the galvanizing process reduced the tensile strength slightly and increased 
the yield strength slightly, with negligible effect on ductility. No influence of the 
pickling process on the tensile or bend properties was observed. 

The work performed under IZA ZC-21 project “Effect of Galvanizing on High 
Performance Steels and their Weldments” (EGGA Engineering Summary, 2009) 
used steel grades S275, S355, P460, A36, A572 Grade 50 and A572 Grade 65 
steels. A number of steel conditions, ranging across various permutations of as-
rolled, V-notch welded, 10% and 40% cold rolled, and galvanized, were 
considered. For all six grades of steel, proof and tensile strengths were slightly 
decreased (0.5%). HDG was found to have minor effect on the impact energy 
which is variable, depending on the steel metallurgy and condition. In all cases, 
the mechanical properties of the as-received plate exceeded the specification 
requirements by a significant margin, in either the galvanized or ungalvanized 
conditions. 

Nordic Galvanizers Association claims that for high strength steels with yield 
strength (ReH) > 650 Mpa, the fatigue strength is reduced during galvanizing 
(Steels suitable for galvanizing, 2016). The reduction may in some cases be as 
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high as 35%. For steels with lower yield strength than 650 Mpa, the reduction in 
fatigue strength is very low. It should be noted that steels without or with only 
poor corrosion protection may very quickly develop local corrosion attack (for 
example, pitting corrosion), which lowers the fatigue strength dramatically. This 
means that the fatigue resistance of the galvanized steel is usually superior in the 
long term.  

The data from literature indicate that the HDG process generally produces a slight 
decrease in tensile strength, a slight increase in yield strength and slight but 
variable changes in ductility/elongation, which can either decrease or increase. 
Small decreases in Charpy impact energy have sometimes been observed after 
hot-dip galvanizing, but the recorded values of absorbed energy remained well 
above the values specified for the steel (EGGA Engineering Summary, 2009). 

Another issue in galvanizing is liquid metal embrittlement (LME). LME is the 
reduction in the elongation to the failure ratio (Nicholas et al., 1979). It can occur 
if a sensitive material under stress gets in contact with a liquid metal (Rädecker, 
1973). The liquid metal reduces the deformation properties of the solid metal 
through penetration along the grain boundaries and causes a brittle fracture 
(Luithle et al., 2015). It is stated that the higher the strength of the wetted material, 
the higher is the sensitivity to LME (Rostoker et al., 1960). Embrittlement due to 
zinc has been reported to occur most frequently after hot-dip galvanizing oxy-fuel 
cut, welded or sharply cold formed parts (Okafor et al., 2013).  

1.3	Objectives	of	the	study	
The literature review revealed that there is lack of studies focused on the effect of 
modern high strength steel on the coating formation and quality during the batch 
HDG process. In addition, the theory of silicon effect is not sufficient to explain 
many processes during galvanizing. Therefore, it is necessary to study the role of 
silicon on the coating formation.  

It is important to improve knowledge of how high strength steel properties affect 
the quality of hot-dip galvanized coatings to establish the quality that would 
satisfy the costumers` demands on 1) zinc coating appearance and corrosion 
resistance (coating thickness); 2) reliability (steel mechanical properties) of hot-
dip galvanized steel structures.  The main objectives of this thesis are to study the 
effect of steel composition and the galvanizing process on the coating formation 
and steel properties and to propose criteria for steel selection for HDG.  
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Resulting from the main objectives of the study, the following activities were 
planned: 

1. To study the influence of substrate microstructure (ferrite grain size, 
ferrite grain shape, carbide grain size, carbide grain shape) on the HDG 

2. To analyze hydrogen embrittlement of high strength steel during the pre-
treatment process  

3. To investigate the effect of zinc bath temperature on the mechanical 
properties of galvanized steel 

4. To study the effect of the chemical composition (silicon content) of steel 
on the zinc coating formation that is the basis for appearance and 
corrosion resistance of the coating. 
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2.	MATERIALS	AND	METHODS	
 

2.1	Galvanizing	process	description	
General galvanizing. A batch-type HDG process was used. According to common 
practice of the HDG process, which includes degreasing, pickling in HCl, rinsing, 
and fluxing, the samples were subjected to pre-treatment. The steel sheets were 
degreased in an acid degreasing agent (Keboclean VZS) and then pickled in HCl 
(10%) solution containing an inhibitor for the protection of metal surfaces. Next, 
the sheets were rinsed in water and then dipped in a flux bath. The fluxed sheets 
were dried for 15 min at 120 °C in a drying oven (in [Paper V] drying oven was 
not used). Then the sheets were dipped in the zinc bath at the temperature 450 °C. 
The zinc bath consisted of zinc (99.3% Zn) containing also Al, Bi, Fe, Ni, Sn, and 
Pb.  

Centrifuge galvanizing. The same pre-treatment process was applied like in a 
general galvanizing line (except there was no drying oven after fluxing). The 
galvanizing bath temperature was 550 °C. The zinc bath consisted of zinc (99.7% 
Zn) containing also Al, Bi, Fe, Ni, Sn, and Pb. 

2.2	Microstructural	analysis	of	steel	and	zinc	coating	
For the examination of the microstructure, hot-dip galvanized specimens were 
cross sectioned, hot mounted, ground and polished. A nital etchant (nitric acid: 3 
%) 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). The thickness of coatings was determined 
by electromagnetic thickness gauge (Dualscope MP0). The chemical composition 
of the substrate material was measured using Spectrolab M. The Rockwell 
hardness was measured with a Zwick Roell hardness testing machine. The Vickers 
hardness was measured with a Micromet 2001 microhardness tester. Vickers 
hardness at the load of 9.8 N was measured at the polished cross-section of a 
specimen after the galvanizing process. Tensile strength was measured with an 
Instron 8800 servo-hydraulic testing machine. Ferrite grain size (G) was 
determined according to the reference images of the standard DIN 50601.  

2.3	Substrate	preparation	
Four steel grades (hot rolled S355JR, thermomechanically rolled S700MC, cold 
rolled and annealed C45E and C60E) with different silicon equivalents were used 
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in the experiment. The chemical compositions of the steels are presented in Table 
2.1. The substrate materials were 3 mm thick. 

Table 2.1 Chemical composition of the substrate steels, %  

Steel C Si P Mn Cr 

S355JR 0.10 0.01 0.015  0.42  0.02  

S700MC 0.05 0.45  0.016  1.85  0.35  

C45E 0.44 0.21 0.007 0.66 0.21 

C60E 0.62 0.06 0.005 0.67 0.24 

 

To achieve different microstructures, laboratory heat treatment was used. Heat 
treatment parameters were chosen to imitate the heat affected zone in the welding 
and thermal cutting processes.   

1) Changing the ferrite grain size – S355JR, S700MC and C45E steels were 
austenitized at the temperature 900 °C, 1000 °C and 1200 °C for 2 h, followed by 
water quenching and tempering at the temperature of 600 °C for 1 h. High 
austenitization temperature will induce austenite grain coarsening while carbon 
held in a solid solution until tempering at 600 °C produces equal carbide grain 
size. 

2) Changing the size of carbide grains (affecting also ferrite grain size and shape) 
– C45E and C60E steels were austenitized at the temperature 900 °C for 30 min, 
quenched in water and tempered at 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, and 
700 °C for 1 h. Tempering results in the precipitation of carbides and at higher 
temperatures, in carbide coarsening. Quenching to the martensite, followed by the 
HDG at 450 °C and 550 °C, resulted in the tempering of the martensite and carbide 
precipitation.  

To guarantee the same chemical composition and surface roughness of the 
specimens, the decarburized layer was removed by mechanical grinding before 
the HDG process. 

2.3.2	Study	of	hydrogen	embrittlement	during	acid	pre‐treatment	
To evaluate the hydrogen embrittlement during the HDG surface preparation 
steps, specimens (substrate steel C35, which was under stress) were used (Fig. 
2.1). The chemical composition of the steel is presented in Table 2.2. Hydrogen 
embrittlement was studied with different strain levels and different substrate heat 
treatments. As a result of hydrogen embrittlement, a crack occurred where the 
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maximum stress was applied (Fig. 2.1). Strain level was adjusted with a screw, 

the change in dimensions () was measured. The higher the value of , the higher 

the stress level. To have different strains, the dimension reduction  =2 mm and 

=3 mm was used. 

Different mechanical properties of the substrates were achieved with laboratory 
heat treatments. Steel C35 was austenitized at the temperature 860 °C for 20 min, 
quenched in water and tempered at 200 and 300 °C for 1 h. The Rockwell hardness 
after heat treatment was measured (see Table 2.3). 

Table 2.2 Chemical composition of the substrate steel, % 

Steel grade C Si P Mn Cr

C35 0.40 0.19 0.009 0.62 0.33

 
 
 
 
 
 
 
 
 
 
 

Figure 2.1 Specimen for the evaluation of hydrogen embrittlement 

 

Table 2.3 The Rockwell hardness of C35 after different heat treatments 
Heat treatment HRC

Quenched 55.0

Quenched + tempered 200 °C 48.6

Quenched + tempered 300 °C 46.3

 

2.3.3	 Study	 of	 the	 HDG	 effect	 on	 the	mechanical	 properties	 of	 high	
strength	steels	
Three steel grades (hot rolled structural steel S355J2,  Ruuki optim 650 MC with 
thermo-mechanical treatment, cold rolled soft annealed C60E) were used in the 
experiment. The chemical compositions of the steels are presented in Table 2.4. 
The substrate materials were 3 mm thick.  

Crack 
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Table 2.4 Chemical composition of the substrate steels, % 

Steel grade C Si P Mn Cr

S355J2 0.06 0.02 0.006 0.74 0.05

Ruuki optim 650 MC 0.05 0.16 0.008 1.71 0.03

C60E 0.58 0.05 0.001 0.69 0.24

 

C60E was austenitized at the temperature 900 °C for 30 min, quenched in water 
and tempered at 200 °C, 300 °C, 450 °C, and 650 °C for 45 min to evaluate how 
the zinc bath temperature affects the mechanical properties of the quenched and 
tempered steel. 

 

2.3.4	Study	of	the	impact	of	silicon	content	
To investigate the influence of silicon on the reaction between steel and liquid 
zinc in [Paper V], centrifugal casting was used to prepare specimens with different 
silicon content. Steel powder (ATOMET 1001) and calculated amount of Fe–Si 
powder (Si 46.10%) were melted in a vacuum induction furnace and cast into a 
copper mould. The chemical composition of the FeSi powder is shown in Table 
2.5. 

Table 2.5 Chemical composition of the FeSi powder, (%) 
Fe C Si Mn P S Al 

53.45 0.01 46.10 0.27 0.02 0.001 0.15 

 

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 2.6. The specimens were annealed at 730 °C for 1 
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. 

The dipping time in the liquid zinc was 4, 7, 12, 25, 195, and 1200 s. After 
galvanizing, the specimens were quenched in water to prevent further diffusion 
reaction during air cooling.  
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Table 2.6 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 

* Steel powder ATOMET 1001 without Fe–Si powder addition. 

 

To study temperature changes in the wall of a specimen during dipping in the 
molten zinc, a Vernier Software thermocouple was used. Figure 2.2 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. 

 
Figure 2.2 Temperature change inside the specimens 
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3	RESULTS	AND	DISCUSSIONS	

3.1	Impact	of	the	microstructure	of	steel	on	coating	formation	
Experiments were carried out to investigate the effects of substrate microstructure 
on Fe-Zn reaction kinetics and phase formation during a low and a high 
temperature HDG process. Laboratory heat treatment was used to imitate the 
microstructures of new steel grades (with fine ferrite grain size and quenched and 
tempered microstructures) and to imitate the formation of heat affected zone in 
the welding and cutting process. 

The effect of ferrite and carbide grain size at the galvanizing temperature 450 °C 
is described in Paper II. Additionally, galvanizing experiments at the temperature 
550 °C to study the effect of ferrite and carbide grain shape on the coating process 
were added in this thesis research. Results have also been published in Intergalva 
2012 proceedings (Sepper et al., 2012). 

3.1.1	Effect	of	ferrite	grain	size	
To examine the effect of the ferrite grain growth on the zinc layer formation, two 
structural steels (S355JR; Si 0.01 % and S700MC; Si 0.45 %) and one carbon steel 
(C45E; Si 0.21 %) were used in this study. The effect of ferrite grain size on the 
formation of a hot-dip galvanized coating is presented in Table 3.1. Figure 3.1 
shows the coating microstructure of steel S355JR with ferrite grain size G12 and 
G4. The coating has a typical microstructure of non-reactive steel. According to 

the Fe-Zn phase diagram at the galvanizing temperature 450 °C, , , , and  
phase were formed (Figs. 3.1, 1a and 1b). At the galvanizing temperature 550 °C, 

the  phase does not form and the coating primarily consists of  phase (Figs. 3.1, 
2a and 2b). 

The total Fe-Zn layer growth and coating microstructure for each steel grade 
showed the same behavior despite the ferrite grain size and the galvanizing 
temperature. The results showed that the coating structure and thickness are not 
connected with the grain size of the substrate ferrite of the investigated materials 
and the galvanizing conditions. 
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Table 3.1 Effect of ferrite grain size on coating thickness  
 
 
Heat  
treat-
ment* 

S355JR (Si 0.01 %) S700MC (Si 0.45 %) C45E (Si 0.21 %) 

Grain 
size  
G 

Coating 
thickness, 
 µm 

Grain 
size  
G 

Coating 
thickness, 
 µm 

Grain 
size  
G 

Coating 
thickness, 
 µm 

450 
°C 

550 
°C 

450 
°C 

550 
°C 

450 
°C 

550 
°C 

1 12 64 74 14  135 74 12 124 83 
2 8 64 83 10 147 81 8 105 82 
3 6 57 75 8 149 81 6 100 79 
4 4 66 65 4 140 75 3 106 89 

* 1 – as received; 2 – austenitized at 900 °C, quenched in water and tempered at 600 °C; 
3 – austenitized at 1000 °C, quenched in water and tempered at 600 °C; 4 – austenitized 
at 1200 °C, quenched in water and tempered at 600 °C 

 

 
Figure 3.1 Micrographs of the cross-sections of the coatings: a – S355JR (Si 0.01 %) with 
ferrite grain size G12; b – S355JR with ferrite grain size G4. Galvanizing temperatures: 
1 – 450 °C; 2 – 550 °C 

3.1.2	Analysis	of	ferrite	grain	elongation	and	recrystallization	
Thermomechanically hot rolled microalloyed steel S700MC (high silicon content; 
Si 0.45%) had elongated ferrite grains as received condition. During the laboratory 
heat treatment, elongated grains are recrystallized. Figure 3.2 shows the zinc 
coating microstructure with substrate steel with elongated grains and with 
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substrate steel with recrystallized grains (heat treatment: austenitized at 900 °C, 
followed by quenching in water and tempering at 600 °C). The coating thickness 
is not influenced by ferrite grain shape in both galvanizing temperatures. Ferrite 
grain shape has an effect on the coating microstructure at the galvanizing 
temperature 450 °C. Steel S700MC with elongated ferrite grains has a tendency 

to grow the  phase. When the steel has recrystallized grains, the + phase 
dominates in the coating microstructure. At the galvanizing temperature 550 °C, 
the coating morphology is not affected by ferrite grain elongation and 
recrystallization.  

 
Figure 3.2 Effect of grain elongation and recrystallization on the coating formation: a –
S700MC (Si 0.45%) with elongated grains; b – S700MC with recrystallized 
microstructure. Galvanizing temperatures: 1 – 450 °C; 2 – 550 °C 

3.1.3	Impact	of	the	size	and	shape	of	carbide	grains	
Size of the carbide grains 

Carbon is the main element in steels influencing strength and hardness at different 
heat treatment conditions in steel production. In the present study, carbon steels 
with different carbon content were heat treated in laboratory to achieve differences 
in the microstructure.  

gap 
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To study the effect of carbides in different heat treatment conditions, two substrate 
materials were used (C45 with Si content 0.21% and C60 with Si content 0.06%) 
with several heat treatment conditions (austenitized at the temperature 900 °C, 
quenched in water and tempered at the temperature 200 – 700 °C with a step of 
100 °C). 

Differences in the size of carbides that influence the coating formation were 
observed only at the galvanizing temperature 450 °C (Figs. 3.3, 3.4). At the high 
temperature galvanizing process (550 °C), the carbides do not affect the coating 
formation (Figs. 3.4, 1b*, 2b* and 3b*). It was considered that the substrate 
hardness increases with the decrease of the carbide size. 

 
Figure 3.3 Relationship between the coating thickness and substrate (C45E) hardness at 
450 °C 
 

At the galvanizing temperature 450 °C, a thinner coating was formed in the case 
of smaller carbides (Figs. 3.3, 3.4). Reduction in the coating thickness was 
remarkable with steel C60E (Fig. 3.4, a). The silicon content of the substrate 
belongs to the Sandelin range and during the galvanizing process, a rapid growth 

of the  layer occurred, producing a coating with excessive thickness.  As a result 
of hardening, carbide size decreased and a continuous compact zinc coating 

formed, which was composed of the , , and  layer. 
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Figure 3.4 Effect of the carbide grain of the steel on the formation of hot-dip galvanized 
coatings: a – C60E (Si 0.06 %); b – C45E (Si 0.21 %). Heat treatments: 1 – as received 
(soft annealed); 2 – austenitized 900 °C, tempered 300 °C; 3 – quenched in water.  
* - galvanizing temperature 550 °C                                                              

 
The results show that carbide grain size influences the coating formation only at 
lower galvanizing temperatures (450 °C). With smaller carbide grains, a thinner 
coating was formed. The reduction of coating thickness mainly resulted from the 

decrease in the phase thickness. A marked reduction of thickness occurred with 
Sandelin steel. 
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Shape of carbide grain 

To study the effect of the shape of the carbide grains on the zinc coating formation, 
carbon steel C45E (Si 0.21%) was used. Heat treatment changes the shape of 
carbides (spheroidal after tempering and elongated after normalizing). The 
variation of aspect ratios AS (ratio of maximum diameter to minimum diameter) 
of the carbides and the influence on the coating thickness is shown in Fig. 3.5. In 
the current study, the effect of the shape of carbide grain on the coating formation 
was not observed at the galvanizing temperature 450 °C and 550 °C.  

 
Figure 3.5 Effect of the aspect ratio (AS) of carbides on the coating thickness at 450 °C 

 

3.2	Influence	of	pretreatment	on	hydrogen	embrittlement	

The objective of the experiments was to investigate hydrogen diffusion during the 
HDG pretreatment processes. This leads to understanding the causes of hydrogen 
embrittlement of high strength steels during the galvanizing process and thus helps 
to evaluate the reliability of steel structures. The results are described in Paper III.  

During the HDG, surface preparation (degreasing, pickling and fluxing) is used 
which can induce hydrogen into the substrate material and enhance the hydrogen 
embrittlement. To study the effect of hydrogen during the hot-dip galvanization, 
it is necessary to have specimens with different hardness at the different tensions. 
Specimens have to indicate the high hydrogen diffusion rate and sensitivity to 
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failure during the HDG process. Therefore, C35 steel was used with different heat 
treatments and deformations. Strain level was adjusted with a screw, the change 

in dimensions () was measured  (Fig. 3.6). Mechanical properties of the studied 
specimens describe the properties of the quenched and tempered part or those of 
the heat affected zone (HAZ) in welding.  

 

 

 

 

 

 

Figure 3.6 Change in the dimensions () measurement 

 

Specimens were immersed in the surface preparation chemicals used during the 

HDG process. Different deformation  was taken as an indicator of applied 
stresses. The specimens were dipped in the pretreatment chemicals until hydrogen 
embrittlement occurred. The highest risk of hydrogen embrittlement was found at 
maximum hardness values and at maximum deformation.  

The first step in the HDG is the degreasing process to remove grease and oil from 
the surface of the steel. Acid degreasing is a new cost saving development because 
no water rinsing before the acid pickle and no heating is required. Acid degreaser 
contains acids which might cause hydrogen embrittlement. The usual degreasing 
time in the galvanizing process was 30 min. 

Quenched specimens (HRC 55) with deformation 3 mm were dipped in the 
acid degreasing solution (contains inhibitors). No hydrogen embrittlement 
occurred with the dipping time of 3 h. No hydrogen embrittlement was observed 
during the degreasing process under the investigated conditions. 

The next pretreatment step is pickling to remove rust and scale from the steel 
surface. The relationship between the Rockwell hardness, applied stresses and 
hydrogen embrittlement is shown in Fig. 3.7.  No hydrogen embrittlement 
occurred with the substrate Rockwell hardness of 46.3 HRC at the investigated 


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strain levels. The higher the substrate hardness and the applied strain, the more 
rapidly hydrogen embrittlement occurred.   

 
Figure 3.7 Hydrogen embrittlement formation with different substrate hardnesses in the 
pickling solution 

 
The final pretreatment chemical was flux (zinc ammonium chloride) to assist the 
molten zinc to react with the steel surface to form the galvanized coating. The 
regular dipping time was 0.5 – 1 min. The crack formation occurred with 

quenched specimens with deformation 3 mm in 27 min. Quenched specimens 

with deformation 2 mm did not suffer from hydrogen embrittlement after 
dipping for 24 h. 

In this study, the hydrogen-entry occurred in the pickling and fluxing solutions 
(no hydrogen embrittlement in the degreasing solution was observed). But the 
main process that caused hydrogen embrittlement was the pickling process, 
although pickling solution contained an inhibitor. Hydrogen embrittlement 
occurred when the substrate hardness was higher than 48.6 HRC (tensile strength 

Rm 1550 MPa). Usually steels with so high tensile strength are not hot-dip 
galvanized. The risk of hydrogen embrittlement is higher with higher applied 
stress values. 

Quenched and tempered parts that are hot-dip galvanized should have hardness 
less than 48.6 HRC to avoid the hydrogen induced failure. The HAZ in welding 
should have hardness less than 480 HV, which is not allowed according to the 
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quality requirements of welding. Failures occurring with lower hardness are 
related to the complex failure mode where hydrogen is not the only reason of the 
failure. 

3.3	Effect	of	HDG	on	the	mechanical	properties	of	steel	
As new steel grades with higher yield and tensile strength have come to the 
market, it is necessary to learn how they are affected by the galvanizing process. 
The objective of the experiments was to investigate the effect of zinc bath 
temperature on the mechanical properties of high strength steels that help to 
consider the reliability of hot-dip galvanized structures. The results are described 
in Paper III and Paper IV. 

The effect of zinc bath temperature was studied in two cases: the aging of the 
thermo-mechanically rolled low carbon steel or tempering the quenched and 
tempered steel. In engineering, it is required to take into account both of the cases 
because construction properties are affected by short time heating during dipping 
in the molten zinc. Additional studies addressed the pickling effect, the heat effect 
of the galvanizing temperature, and the effect of zinc coating on the results of 
tensile strength. 

The influence of HDG on the properties of quenched and tempered parts was 
studied in Paper III and the results are shown in Fig. 3.8. Specimens were made 
from C60E and laboratory heat treatment was used before HDG. Hardness will 
decrease less in tempering at shorter time than in longer time (ASM Handbook, 
1991). The results show that during short dipping (4 min) at the temperature 450 
°C, hardness decreases to 42‒43 HRC (Fig. 3.8). Heating during dipping will 
decrease hardness of the quenched and tempered steel parts the tempering 
temperature of which is lower than 450 °C. Higher temperature tempered steel 
parts have no loss in hardness. The same phenomena occur at the galvanizing 
temperature 550 °C and it can be predicted that hardness will be 30 HRC. 
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Figure 3.8 HDG heat effect on the quenched and tempered parts (galvanizing temperature 

450 °C) 
 

During the HDG, surface preparation steps (degreasing, pickling and fluxing) are 
used that can induce hydrogen into the substrate material and enhance the 
hydrogen embrittlement. According to the experiments, the main process that 
caused hydrogen embrittlement was pickling, although pickling solution 
contained an inhibitor. To find out if the pickling process can affect the 
mechanical properties of the steel, the tensile test specimens were pickled for 2 h 
in 10% HCl acid containing inhibitor. The tensile test was carried out immediately 
after pickling. The results of the study showed that the pickling process did not 
affect the mechanical properties of structural steel S355J2 and high strength steel 
S650MC (Tables 3.2 and 3.3). 

To study the effect of the galvanizing temperature on the mechanical properties 
of high strength steels, in our experiments, two temperatures were applied: 450 
°C (normal galvanizing) and 550 °C (high temperature galvanizing). To eliminate 
the effect of chemical reaction between the iron and zinc, tests were made with 
dipping the tensile test specimens into the molten salt (450 °C and 550 °C). 
Mechanical properties of steels are shown in Tables 3.2 and 3.3 and stress-strain 
curves are presented in Fig. 3.9. 
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Table 3.2 Tensile test results of S650MC steel  
Sample Rp 0.05  

[MPa] 
Rp 0.2  

[MPa] 
Rm 
[MPa] 

Ag  

[%] 

A80 

[%] 

1 727 ± 17.9 782 ±2 1.4 826 ± 9.0 8.9 ± 0.5 14.9 ± 0.1 

2 721 ± 13.6 774 ± 4.6 827 ± 0.4 8.6 ±0.7 14,8 ±1.1 

3 794 ± 16.9 772 ± 8.5 819 ± 8.2 9.0 ± 0.7 15.6 ± 0.2 

4 806 ± 23 784 ± 2.1 825 ± 3.5 8.6 ± 0.6 14.4 ± 1.1 

1- as received condition, 2 - after pickling, 3 - after dipping in the salt 450 °C, 4 - after 
dipping in the salt 550 °C 

Table 3.3 Tensile test results of S355J2 steel  
Sample Rp 0.2  

[MPa] 
Rm  
[MPa] 

Ag  

[%] 

A80 

[%] 

1 424 ± 3.5 489 ± 3.2 15.7 ± 0.2 26.9 ± 0.5 

2 428 ±2.0 493 ±1.3 15.2 ±0.1 26.2 ±0.3 

3 481 ± 13.5 495 ± 4.0 14.9 ± 0.2 25.9 ± 0.7 

4 470 ± 7.6 496 ± 2.0 15.2 ± 0.4 25.4 ± 0.5 

1- as received condition, 2 - after pickling, 3 - after dipping in the salt 450 °C, 4 - after 
dipping in the salt 550 °C 

 

Figure 3.9 Stress-strain curves:  a – S650MC as received; b – S650MC after dipping in 
salt 450 °C 

 

After heating steels S650MC and S355J2 in the molten salt an increase in Rp0.05 

(in the case of S650MC) and Rp0.2 (in the case of S355J2) was observed, but A80, 
Rm and Ag had virtually minor changes. The greatest change is visible in the stress-
strain curves (S650MC and S355J2), where Lüders strain (elongation) appears 
after heating. This behavior is characterized by an initially high yield stress, 
followed immediately by a sudden fall in stress. With continued straining, the 
stress stays approximately unchangeable for several strain percentage before 
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normal strain hardening behavior begins (Meier et al., 2015). This effect is also 
the reason of the increase in the strength properties Rp0.05 (and Rp 0.2). 

The tensile test results of hot-dip galvanized S355J2 and S650MC are presented 
in Tables 3.4 and 3.5. As hot-dip galvanized specimens include zinc coating 
thickness, these results are not comparable with “as received” results. When 
discounting the coating thickness and calculating the yield and tensile strength 
using only the base steel thickness, an extra load resistance during the tensile test 
is expected. Load at Rm in both investigated steels is higher with zinc coating 
because zinc coating increases the strength of the specimen. 

Table 3.4 Tensile test results (S650MC) after HDG  
Sample Rp 0.05  

[MPa] 
Rp 0.2  

[MPa] 
Rm 
[MPa] 

Ag  

[%] 

A 80 

[%] 

Load at 
Rm [kN] 

Thickness 
[mm] 

1 766 ±11.7 738±8.1 775±8.7 9.2±0.2 15±1.8 50.2±0.7 3.16 

2  822 ±17.7 785 ± 3.7 826 ± 1.5 9.3 ± 0.2 16.1 ± 0.5 48.4±1.7 2.98 

3 779 ±10.8 752±5.5 790±4.8 9.3±0.4 15.9±0.7 50.3±0.2 3.10 

4  798 ±5.2 784 ± 1.6 823 ± 2.4 9.7 ± 0.1 16.4 ± 0.4 49.6 ± 0.4 2.98 

1– hot-dip galvanized (450 °C) with zinc layer, 2 – hot-dip galvanized (450 °C) without 
zinc layer, 3 - hot-dip galvanized (550 °C) with zinc layer, 4 – hot-dip galvanized (550 
°C) without zinc layer 
 
Table 3.5 Tensile test results (S355J2) after HDG  

Sample Rp 0.2 

[MPa] 
Rm 
[MPa] 

Ag  
[%] 

A 80 
[%] 

Load at Rm 
[kN] 

Thickness 
[mm] 

1 465±5.8 477±2.7 13.8±0.1 24.9±0.7 30.8±0.3 3.14 

2  488 ±2.9 496 ±1.3 14.3 ±0.2 23.9 ±1.2 29.7 ±0.4 3.00 

3 470±11.
7 

476±5.9 14.2±0.1 23.6±0.5 30.2±0.8 3.12 

4 475 ±8.3 489 ±3.6 15.5 ±0.5 25.9 ±1.0 29.4 ±0.8 2.98 

1– hot-dip galvanized (450 °C) with zinc layer, 2 – hot-dip galvanized (450 °C) without 
zinc layer, 3 – hot-dip galvanized (550 °C) with zinc layer, 4 – hot-dip galvanized (550 

°C) without zinc layer 

After zinc layer removal in 10% HCl, similar to as received specimens, the 
tendency of increase in Rp0.05 value (and in the case of S355J2 increase in the Rp0.2 

value) occurs. Lüders strain appears in the stress-strain curves after the HDG (in 
both steels investigated – S650MC and S355J2) as a result of the heating and aging 
effect.  

Aging is the mechanism that increases the strength properties while elongation is 
decreased (Rashid, 1976). Aging can vary with the same steel grade as it can be 
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produced using different chemistry and thermo-mechanical rolling or even cold 
rolling. Aging can be explained by carbon and nitrogen atoms diffusion to the 
dislocations and locking them. Additional stress over that normally required for 
the movement of the dislocations is needed in order to tear some of the 
dislocations away from their restraining impurity atoms. This results in the 
increase in stress, which sets some dislocations in motion, and corresponds to the 
upper yield point stress. When the dislocation line is pulled free from the influence 
of the soluted atoms, it can slip at a lower yield point stress (Cottrell's theory).  

It is concluded in Paper IV that short heating of low carbon steel at the HDG 
temperature (usual dipping time in molten zinc is 4 – 8 min) does not cause ferrite 
grain growth. The grain size was measured after heating at different temperatures 
(450 °C, 550 °C, and 650 °C for 30 min). 

High strength low alloy steels are subjected to the aging process during immersion 
to the zinc bath even with a relatively short heating time. Tests made with carbon 
steel C35 showed that hydrogen diffuses from the pickling process to the steel 
even in the case of acid with an inhibitor. Hydrogen leads parts to the failure when 
hardness is over 48.6 HRC, which responds to the tensile strength 1550 MPa. The 
tensile strength and hardness of HSLA steels is under 48.6 HRC and therefore 
hydrogen induced failure alone cannot be the reason of the failure during HDG 
even after aging. Hydrogen can make material more brittle and stresses in 
construction with welding defects can lead to the failure during the HDG. 

3.4	Impact	of	silicon	content	
The coating thickness in addition to coating appearance is important because it is 
related to the service life of the hot-dip galvanized steel. Conscious customers’ 
demand to the galvanizers is to provide specific coating thickness in accordance 
with environmental class requirements. It is important to consider the chemical 
composition of steel (especially silicon content) during selecting the steel because 
the appearance and the thickness of the coating are directly related to it. The 
galvanizers can choose the dipping time in molten zinc based on the silicon 
content to establish thickness demands. 

Paper V describes the coating formation with different substrate silicon content at 
450 °C, which is the common galvanizing temperature. Galvanizing time for 
coating formation was 4, 7, 12, and 25 s and for coating growth 195 and 1200 s 
after longer incubation time.   
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Coating growth with dipping time up to 25 s 

Dipping time (4, 7, 12, and 25 s) was short in the investigation of coating 
formation on top of the substrates shown in Table 2.6. 

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 intermetallic compounds, which are in solid state. After 4 s 
of dipping in the molten zinc, a thin layer of intermetallic phases (ζ and δ) was 
observed with all tested silicon contents (Si < 0.01%, 0.06%, 0.11%, 0.17%, and 
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 the experiments reported in (Liberski et al., 2014).  Figure 3.10 presents the 
microstructure of the zinc coating (Si 0.30 %) after a dipping time of 4 s. First, the 
ζ phase occurred, which was immediately followed by the δ and then, after 
incubation, by the Γ phase. The same test results were reported by Mandal et al. 
at the galvanizing temperature of 470 °C (Mandal et al., 2009) and Lekbir et al.  
at the galvanizing temperature of 460 °C (Lekbir et al., 2017). It is frequently 
reported that the first intermetallic compound that appears during HDG is the ζ 
phase (Foct et al., 1993). However, Kopyciński postulated that the Γ phase 
nucleates first, followed by the δ and ζ phases in a Zn–Ni bath at 450 °C 
(Kopyciński, 2010).  It is difficult to evaluate the Γ phase because of its small 
thickness. 

 

 
Figure 3.10 Microstructure of the zinc coating after the dipping time of 4 s (Si 0.30%) 
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Furthermore, with a dipping time of 4 s, a thick η layer (ca 800 μm) was present 
in the coating. It is hypothesized that as the specimen’s inside temperature after 
the galvanizing time of 4 s is low (less than 300 °C, Fig. 2.2) and probably the 
temperature in the contact surface of steel and zinc is below the melting 
temperature of zinc, the nucleation of intermetallic phases takes place in solid state 
and therefore a thick η layer is present in the coating with the dipping time of 4 s. 
However, other authors (Liberski et al., 2014 and 2009) claim that nucleation of 
the phases takes place in the solid–liquid border. Therefore, further research is 
needed to find out 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 layer and in the microstructure of specimens with different 
silicon contents, although a small Sandelin curve appeared with the dipping time 
of 25 s (Fig. 3.11). The thickness of the η phase was not taken into consideration 
because the η phase appeared when a specimen was pulled out from the zinc bath 
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 content. This is also confirmed by other authors (Liberski et 
al., 2014 and 2009; Lu et al., 2006). 

 

 
Figure 3.11 Sum of the thicknesses of the δ and ζ layers at different dipping times 
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During the first 25 s, the total thickness of the coating was related to the ζ phase 
and the δ phase was very narrow. Figure 3.12 shows the difference in the 
microstructure and the ζ phase thickness at the silicon content < 0.01% and 0.06%. 
During the first 25 s, the ζ phase dominated in the coating while the δ phase was 
growing very slowly. The influence of silicon was remarkable after longer dipping 

time (25 s). (See Paper V). 

  
Figure 3.12 Microstructure of the zinc coating after the dipping time of 25 s 

 
 

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. Figure 3.13 presents coating thicknesses with 
different substrate silicon content. Sandelin curve is based on the thickness results.  

Si <0.01 % Si 0.06 % 

δ ζ
δ ζ



45 

 
Figure 3.13 Coating thicknesses at different substrate silicon contents. Dipping time 195 
and 1200 s 
 

 
Table 3.6 Thicknesses of the δ and ζ layers with dipping times of 195 s and 1200 s 

Si content, % 
 

195 s 1200 s 

Thickness of layers, µm 

δ ζ δ ζ 

<0.01 3 20 44 40 

0.06 3 143 33 168 

0.11 3 151 1 849 

0.17 10 83 26 396 

0.30 30 58 41 467* 

*contains also mixture of δ+ζ phases 

Each phase layer has its own growth kinetics, which depends on the silicon content 
and the dipping time. In Paper V, the coating microstructures after dipping time 
195 and 1200 s are presented. Table 3.6 shows the δ and ζ layer thicknesses. The 

growth rate of the and phase depends on the silicon content of the steel.  
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Stages of zinc coating formation 

Based on the experimental results, five stages can be distinguished in zinc coating 
formation. A schematic model of the stages is shown in Fig. 3.14.  

Stage 1 is the 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 ζ phase, immediately followed by the δ phase. The 
formation of ζ and δ phases occurs most likely by solid-state diffusion during the 
dipping time 4 s. 

Stage 3 (HDG time between 4 and 25 s) is the growth of the δ and ζ phases and 
the formation of the Γ phase. During this stage, the temperature of the substrate is 
higher than the melting temperature of zinc, and the frozen zinc is completely 
melted. However, the melting temperature of nucleated phases is higher. 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 δ phase is 
higher than that of the ζ phase with low silicon steel (Si < 0.03%). In this stage, 
Sandelin steel is characterized by a high reaction rate of the ζ phase formation. 
The growth of the δ phase is restrained. The coating growth of Sebisty steel is 
related to the growth of the δ and ζ phases, although the ζ phase dominates in the 
coating. With the high silicon steel (Si 0.30%), a mixture of δ + ζ phases appears 
in the coating. 

The final stage 5 is the formation of the η layer while pulling the specimen out of 
the zinc bath. In the case of Sandelin steel, the Fe diffuses into the η layer during 
air cooling and as a result, the final layer is the ζ phase. In this experiment, the 
specimens were quenched in water after galvanizing to prevent further diffusion 
reaction. 
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Figure 3.14 Schematic representation of the Fe–Zn layer formation 

 
Appearance classification 
Coating microstructure determines the coating appearance, which is visible with 
naked eyes. Arising from the absence of appearance specification of hot-dip 
galvanized coatings, the three appearance classification has been composed, 
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which is described in Paper 1. The classes described result from the galvanizing 
temperature 450 °C: 

 Class 1. This class is characterized by a shiny or mirror-like coating with 
spangles. The spangle size might be different (regular spangle or 
minimized spangle), but grain should be visible to the naked eye. The 
steel reactivity is normal or low. The hot-dip galvanized coating consists 
of four separate layers: gamma (Γ) phase, delta (δ) phase, zeta (ζ) phase, 
and eta (η) phase. The surface roughness of the galvanized coating is low. 

 Class 2. This class is characterized by a shiny coating with no spangles 
visible to the naked eye. The silicon or phosphorus content of the substrate 
steel is high and therefore the steel reactivity is high. Coating thickness 
increases with increasing silicon equivalent. ζ layer is not uniform and so 
the local outbursts might occur. This class will provide thick and rough 
coating.  

 Class 3. This class is characterized by dull grey appearance with no 
spangles visible to the naked eye. Excessively thick coating may be 
formed due to high steel reactivity. This class will provide thick and rough 
coating with no external top η layer. 

 
Low silicon steel and Sebisty steel will give Class 1 appearance. High silicon steel 
most probably belongs to Class 2 and Sandelin steel to Class 3. 
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4 CONCLUSIONS	
The focus of this thesis research was on the effect of the properties of steel on the 
hot-dip galvanized coating and on the effect of the galvanizing process on the 
mechanical properties of steel. Conclusions of the thesis research with respect to 
the set objectives may be formulated as follows: 

The effect of steel structure and composition 

1) Ferrite grain size does not affect the thickness and morphology of zinc
coatings with investigated materials and galvanizing conditions
(galvanizing temperature 450 °C and 550 °C).

2) The total coating thickness is not influenced by ferrite grain shape with
investigated materials and galvanizing conditions (galvanizing
temperature 450 °C and 550 °C). However, at the galvanizing temperature
450 °C, zinc coating microstructure was different with elongated ferrite
grains and with recrystallized grains with high Si substrate.

3) Smaller carbide grains caused thinner coating formation during HDG only
at the galvanizing temperature 450 °C.

4) Differences in the shape of carbides have no influence on the coating
formation at the galvanizing temperatures 450 °C and 550 °C.

5) Based on the experimental results, it is hypothesized that HDG between
Fe and Zn takes place in solid state. 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 (>25 s). Silicon most probably affects HDG reactions by
influencing zinc diffusion into the steel and ferrum diffusion into the
coating.

The effect of the galvanizing process on steel properties 

1) Acid degreaser caused no hydrogen diffusion with the investigated
materials and conditions. During pickling, hydrogen embrittlement

occurred with substrate steels with Rockwell hardness48.6 HRC (1550
MPa). During the fluxing process, hydrogen embrittlement occurred only
at maximum hardness used in this study (55 HRC) and at maximum stress
level.

2) During short time holding at the HDG temperature, aging takes place
(strength properties are slightly increasing) and as a result, Lüder strain
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might occur in the stess-strain curves. HDG temperature caused no ferrite 
grain growth or recrystallization. Hot-dip galvanized tensile test 
specimen`s (with zinc coating) load at the tensile test is slightly higher 
due to the increase of the cross-section of the specimen.  

3) During immersing the parts in the molten zinc, the quenched and 
tempered material hardness, which is over 40 HRC (1290 MPa), 
decreased (due to the tempering at the galvanizing temperature 450 °C). 
 

Recommendations for steel selection 

Customers may be given the following recommendations for steel selection in 
galvanizing: 

1) Appearance, thickness and long term corrosion resistance of zinc 
coating is mostly influenced by the Si content of the steel. During 
steel selection, it is important to consider Si content to establish 
the desired results. 

2) Quenched and tempered steel may suffer from hydrogen 
embrittlement and steel hardness may decrease as a result of zinc 
bath temperature.  Experiments with C35 quenched and tempered 
steel parts suffered from hydrogen embrittlement if hardness was 
over 48.6 HRC (tensile strength over 1550 MPa). While 
considering galvanizing high strength steel, it is necessary to take 
into account that hydrogen embrittlement might occur with high 
strength steel constructions with local stresses. The higher the 
strength properties of the steel and the higher the applied load, the 
higher the risk of hydrogen damage.   

3) Zinc bath temperature has a relatively minor effect on the 
mechanical properties of HSLA steel. 

Future work 

Results of the experiments in this thesis research enable us to establish 
fundamental understanding of how steel properties affect hot-dip galvanized 
coating and how the galvanizing process affects the properties of steel. However, 
various aspects need further investigation. In the future, it is planned to study LME 
and the effect of surface treatment (blasting effect, oxide layer effect) on the 
coating formation. Also, additional research should be conducted to find why 
carbide grain size influences the coating formation. The role of Si has been 
investigated; however, further studies are required to understand why the 
influence of Si emerges after the dipping time 25 s. 
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ABSTRACT	
 

Steel Selection Considerations for Hot-Dip Galvanizing 

This thesis research was based on cooperation of three parties – the author, Tallinn 
University of Technology and AS Paldiski Tsingipada (Zincpot). The author is 
employed as a technologist at the company.  

Hot-dip galvanizing is used to protect substrate metal surfaces from corrosion. 
The three main steps in the hot-dip galvanizing process are surface preparation, 
galvanizing, and post-treatment. One key factor in providing high quality zinc 
coating is proper steel selection.  The chemistry of the steel (especially silicon and 
phosphorus content) influences the appearance, thickness, smoothness and 
adhesion of the coating. Besides the chemical composition of the steel, the 
microstructure and the mechanical properties of the steel are important properties 
of structural steel. New steel grades are a challenge to the galvanizers to produce 
quality coating. Galvanizers and the customers must be aware of how steel 
selection might affect the final result: how the chemical composition and the 
microstructure of the steel affect the coating formation and how zinc bath 
temperature might affect the mechanical properties of the steel. 

Advanced knowledge of how the properties of high strength steel can affect the 
quality of hot-dip galvanized coatings is essential to establish the quality that 
satisfies the costumers` demands in relation to the following: 

1) zinc coating appearance and corrosion resistance (coating thickness)  

2) reliability (mechanical properties of steel) of hot-dip galvanized steel 
structures.   

 

From the main objectives of the study, the following findings resulted: 

1. Influence of the substrate microstructure (ferrite grain size, ferrite 
grain shape, carbide grain size, carbide grain shape) on the hot-dip 
galvanizing 

It was found that ferrite grain size does not affect the thickness and morphology 
of zinc coatings at 450 °C and 550 °C. Ferrite grain shape influenced the zinc 
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coating microstructure (but not the coating thickness). Smaller carbide grains 
caused thinner coating formation during HDG only at the galvanizing temperature 
450 °C. Differences in the shape of carbides do not influence the coating formation 
at the galvanizing temperature 450 °C and 550 °C. 

2. Possibility of hydrogen embrittlement of high strength steel during 
the pre-treatment process  

It was found that acid degreaser causes no hydrogen diffusion. During pickling, 
hydrogen embrittlement occurs with substrate steels with Rockwell 

hardness48.6 HRC (1550 MPa) and during the fluxing process, with steels with 

Rockwell hardness 55 HRC.  

3. Effect of zinc bath temperature on the mechanical properties of 
galvanized steel 

It was found that during holding for a short time (5 min) at the HDG temperature, 
aging takes place (strength properties are slightly increasing). Quenched and 
tempered steel hardness, which is over 40 HRC, decreases during HDG (due to 
the tempering at the galvanizing temperature 450 °C). 

4. The effect of the chemical composition of steel (silicon content) on 
the zinc coating formation lays the basis of the appearance and 
corrosion resistance of the coating. 

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 (>25 s). Based on the experimental results, 
it is hypothesized that HDG between Fe and Zn takes place in solid state. 
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KOKKUVÕTE	
 

Terase valiku mõjurid kuumtsinkimiseks 

Käesoleva doktoritöö osapoolteks on Tallinna Tehnikaülikool ja AS Paldiski 
Tsingipada. Uurimustöö raames töötasin AS Paldiski Tsingipajas tehnoloogina. 

Kuumtsinkimise eesmärgiks on kaitsta terast korrosiooni eest. Tsinkimisprotsess 
koosneb detailide keemilisest puhastamisest (õli ja rooste eemaldamine, räbusse 
kastmine), eelkuumutamisest ning kastmisest vedelasse tsinki. Kvaliteetse 
tsinkpinde saavutamiseks on vajalik teadlik terase valik. Nimelt terase keemiline 
koostis (eriti räni ja fosfori sisaldus) mõjutab tsinkpinde paksust, välisilmet ning 
nakkuvust. Lisaks on olulised omadused terase mehhaanilised omadused ja 
mikrostruktuur. Kõrgtugevate teraste kasutuselevõtt on väljakutseks 
kuumtsinkijatele, sest tuleb olla teadlik, kuidas uute kõrgtugevate terasmarkide 
tsinkimine mõjutab terase mehhaanilisi omadusi ning kuidas terase keemiline 
koostis ja mirostruktuur mõjutab pinde moodustumise protsessi. 

Paremad teadmised, kuidas kõrgtugevate teraste omadused mõjutavad tsinkimise 
kvaliteeti on olulised, et rahuldada klientide nõudmisi tulenevalt: 

1) tsinkpinde välisilmest ja korrosioonikaitsest (pinde paksus) 
2) terase mehhaanilistest omadustest pärast kuumtsinkimist ja neist 

valmistatud konstruktsioonide ohutusest 

Doktoritöö käigus uuriti ja selgitati välja: 

1) Terase mikrostruktuuri mõju (ferriidi tera suuruse ja kuju, karbiidi tera 
suuruse ja kuju) pinde tekkele  

Leiti, et ferriidi tera suurus ei mõjuta tsinkpinde paksust ja struktuuri 
temperatuuridel 450 ja 550 °C. Ferriidi tera kuju mõjutas tsinkpinde struktuuri 
(kuid mitte pinde paksust) tsinkimise temperatuuril 450 °C. Väiksema 
karbiidi tera korral oli tsinkpinde paksus väiksem tsinkimise temperatuuril 
450 °C. Tsinkimise temperatuuril 550 °C karbiidi tera suurus tsinkpinde 
paksust ei mõjutanud. Karbiidi tera kuju tsinkpinde moodustamist ei 
mõjutanud nii temperatuuril 450 kui ka 550 °C. 

2) Vesinikhapruse tekkimise võimalikkusest kõrgtugevatel terastel 
eelpuhastus kemikaalides  
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Leiti, et happeline rasvaeemaldus vesinikhaprust ei põhjusta. Vesinikhaprus 
tekib soolhappes töötlemisel teraste korral, mille kõvadus on >48.6 HRC 
(1550 MPa) ja räbus teraste korral, mille kõvadus on 55 HRC ja enam. 

3) Tsingivanni temperatuuri mõju terase mehhaanilistele omadusele 

Leiti, et 5-minutiline sukeldamine tsingivanni põhjustab vananemisprotsessi, 
mille tagajärjel tugevusnäitajad veidi tõusevad. Tsinkpinne suurendab terase 
tõmbetugevust. Karastatud ja noolutatud teraste korral kõvadus 
kuumtsinkimise käigus väheneb, kui algne kõvadus on >40 HRC. 

4) Räni mõju tsinkpinde tekkimisele, pinde välisilmele ja 
korrosioonikindlusele 

Leiti, et räni ei mõjuta paksu pinde teket, kui sukeldamisaeg tsinki oli < 25 s. 
Pikema tsinkimisprotsessi kestusel oli räni mõju pinde paksusele ja 
struktuurile märkimisväärne. Selgitati välja, et kuumtsinkimise reaktsioon 
raua ja tsingi vahel toimub juba tardolekus. 

Doktoritöö uudsus seisneb eelkõige eksperimentides, milles uuriti: 

a) Kuidas ferriiditera ja karbiiditera suurus mõjutab tsinkpinde teket uute 
terasmarkide seisukohalt vaadates. 

b) Tsingivanni temperatuuri mõju hindamisel terase mehhaanilistele 
omadustele tehti katsetusi lisaks sulatsingis ka sulasoola sukeldamisel, 
elimineerides tsingi ja terase omavahelise keemilise reaktsiooni mõju 
ning tsinkpinde mõju. 

c) Selgitati välja, et erinevalt senistest arusaamadest, tsinkpinne moodustub 
mitte vedelas vaid tardolekus.  
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Paper II  

Sepper, S., Peetsalu, P., Mikli, V., Saarna, M. The effect of substrate 
microstructure on morphology of zinc coatings. Proceedings of the 8th 
International Conference of DAAAM Baltic Industrial Engineering, 2012, 
717 -722.  
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Paper III 

Sepper, S., Peetsalu, P., Saarna, M., Kirs, V., Mikli, V. High strength steel 
behaviour during hot dip galvanizing. Proceedings 20th International 
Federation for Heat Treatment and Surface Engineering (IFHTSE) 
Congress, 2012, 525 - 529. 
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Paper IV 

Sepper, S., Peetsalu, P., Saarna, M., Mikli, V., Kulu, P. Effect of hot dip 
galvanizing on the mechanical properties of high strength steels. Key 
Engineering Materials, 2014, 12 - 15. 
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105 

Paper V  

Sepper, S., Peetsalu, P., Kulu, P., Saarna,M., Mikli, V. The role of silicon 
in the hot dip galvanizing process. Proceedings of the Estonian Academy 
of Sciences, 2016, 65, 2, 159–165. 
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