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quality coatings, ensuring long-term protection with relatively low operating costs of the coatings.
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1. Introduction

Hot-dip galvanizing is one of the most effective methods of protecting steel against corrosion. It allows one to obtain good

quality coatings, ensuring long-term protection with relatively low operating costs of the coatings. Despite the fact that the

galvanizing process has been known for over 150 years , the continuous development of this technology is observed.

The improvement of the process includes activities aimed at the rational use of zinc and energy in the process, the use of

new technical solutions, but also the constantly expanding range of products that are protected with zinc coatings. The

good properties of zinc coatings determine that nowadays not only small products and structures made of ordinary grade

steel are galvanized, but also products made of high-strength steels after heat treatment  and wires intended for high-

speed drawing . This makes it necessary to conduct continuous research and solve problems with obtaining high-quality

coatings. At the same time, rising zinc prices and decreasing zinc resources force the reduction in its consumption.

The cost of the coating depends on the amount of zinc used per unit of galvanized products. The zinc consumption

depends not only on the thickness of the coating, but also on the losses resulting from the specificity of the technology,

i.e., the formation of hard zinc and zinc ashes, oxidation of the bath surface, formation of solidified zinc droplets. Due to

the rational conduct of the technological process, it is possible to reduce zinc consumption and limit its losses.

One of the most important factors determining zinc consumption is the chemical composition of the zinc bath .

The presence of alloying additives strongly influences the morphology , growth kinetics  and structure of the

coating , as well as the properties of the bath itself . Many years of research have allowed us to determine the

impact of many elements introduced individually or in more complex configurations. Many of these solutions have been

applied in industrial practice . However, experience shows that it is currently impossible to indicate one best and

universal chemical composition of the bath.

When selecting the chemical composition of the bath, one should be guided by the individual needs resulting from the

specificity of the galvanized range of products. The main criteria for selecting bath additives are:

1. chemical composition of steel,

2. generating zinc losses during the process,

3. the shape, complexity and size of the product,

4. intended use and application of the product,

5. risk of product rupture in liquid zinc,

6. coating resistance to corrosion.

The amount of zinc in the coating results from the reactivity of steel  in the liquid zinc and the ability of zinc to flow from

the surface of the product when it is pulled out of the bath . In many cases, especially when galvanizing steels with

silicon content from the Sandelin series and high-silicon steels , the coatings are much thicker than allowed by the

EN ISO 1461 standard . The production in too thick coatings is economically unjustified, which leads to an increase in

the consumption of zinc.
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One of the wastes that causes zinc loss is galvanizing ash. These include oxides formed upon contact of liquid zinc with

air . Another problem is the removal of excessive amounts of zinc from the bath due to insufficient zinc discharge from

the product surface. Many galvanized products have complex shapes and a high degree of surface development. Zinc

accumulating in hard-to-reach places is pulled out with the product, irrationally increasing the consumption of zinc. In

many cases, the zinc bath can affect the properties of the product itself, leading to its deformation and cracks . The

chemical composition of the bath may also affect the environment and human health  and determine the corrosion

resistance of the coatings .

2. Coating Structures

The structure of hot dip galvanizing coatings depends on the chemical composition of the steel. The most important

alloying additive in steel, which intensely affects the galvanizing process, is silicon.

In terms of silicon content, steels are divided into low-silicon steels with a silicon content of less than 0.03%, steels from

the Sandelin range containing 0.03-0.12% Si, steels from the Sebisty range containing 0.12-0.22% Si and high-silicon

steels with silicon content of more than 0.22%. The range of silicon concentration in steel determines the thickness of the

coating and its structure, which determine not only the appearance and properties of the coating, but also the

consumption of zinc.

The coating obtained on low-silicon steel (Figure 1a) shows a layered structure. The diffusion zone is formed by layers of

the intermetallic phases of the Fe-Zn system: G, δ , ζ. The G phase layer is difficult to observe because it has a small

thickness, usually not exceeding 1 µm . The δ  phase layer is much thicker; its thickness is uniform and its structure is

relatively compact. The next ζ phase layer shows two distinct zones. The inner zone with a clearly compact morphology

turns into a heterogeneous structure in the outer zone. The diffusion layer of the coating formed in the zinc bath becomes

covered when the product is taken out of the bath with the outer layer of the iron–zinc solution η. It is believed that the

structure of coating shaped in this way is correct, making it possible to obtain the required and easily controlled thickness.

[22]

[23]

[4][18]

[24]

1
[25]

1



Figure 1. Structure of coatings obtained in the “pure” zinc bath on steels with different silicon content: low-silicon steel (a),

Sandelin’s steel (b), Sebisty’s steel (c) and high-silicon steel (d); temperature: 450 °C, immersion time: 3 min, .

On steel from the Sandelin range (Figure 1b), the coating has a significantly developed diffusion layer. In the structure, a

significant increase in the thickness of the z phase layer can be observed, which has a compact structure and a uniform

thickness. At the same time, with increasing the thickness of the ζ layer, the thickness of the d  phase is significantly

reduced. The diffusion layer of the coating extends almost to the surface of the coating, and the η outer layer is very thin

or not present at all. The structure of the coating changes in the Sebisty range (Figure 1c). It is similar to the structure of

the coating on low-silicon steel, although the morphology of the ζ phase is less compact. With higher silicon content in

high-silicon steels (Figure 1d), the coating has a multiphase structure formed by Fe-Zn intermetallic phases, but no clear

layered structure. The interaction of Si, which does not dissolve in the intermetallic phases of the Fe-Zn system, changes

the morphology of the ζ phase, which forms loosely spaced crystals. This allows for the direct contact of the δ  phase with

the liquid zinc. As a result, phase δ  begins to grow, creating a two-phase area δ  + η, which causes an additional

increase in the thickness of the coating.

3. Alloying additives for Zinc Bath

Currently, the most rational method of managing the chemical composition of the zinc bath is the appropriate selection of

the configuration of the bath additives and constant maintenance of their content in the bath within a narrow range of

concentration changes that allow for their most effective interaction. The optimal chemical composition of the bath should

contain alloying additives that will ensure the reduction in the amount of zinc ash, limiting the reactivity of the steel in the

bath and improving the drainage of liquid zinc from the product surface. All these requirements are met by the group of

five metals: Al, Ni, Pb, Bi and Sn, which are currently used as alloying additives to the zinc bath.

3.1. Aluminium

Al is mainly added to reduce oxidation of the bath surface. Due to the higher chemical affinity of aluminum for oxygen than

for zinc, a continuous layer of Al O  is formed on the surface of the bath . Due to its compact structure, this layer is a

barrier to the inflow of oxygen to the surface of the liquid metal, thus protecting the bath surface against oxidation. Limiting

oxidation on the surface of liquid zinc reduces the amount of zinc ash produced. Aluminum also brightens the surface of

the coating. Due to the possible formation of coating discontinuities, its content in the bath should not exceed 0.01 wt. %

3.2. Nickel

The addition of nickel to the galvanizing bath is now widely accepted as a way to reduce the reactivity of Si-containing

steels in liquid zinc. Nickel in this content range enables the suppression of Sandelin peak, and the coating on Sandelin

steel obtained in such a bath has a structure similar to that of the coating obtained on low-silicon steel.

3.3. Lead

Lead lowers the surface tension of liquid zinc and improves the fluidity of the bath. This results in better zinc drainage

from the surface of the product. Increasing the Pb content from 0.03 wt % up to 1.2 wt % causes a reduction of up to 60%

of the amount of zinc drawn from the bath with the product. The zinc bath achieves the best fluidity at the content of 0.4–

0.5 wt. % Pb . However, lead is toxic and harmful to both human health and the environment.

3.4. Bismuth

Bismuth has several beneficial properties. It increases the castability of zinc, reduces the surface tension and is not

harmful to the environment. The addition of 0.1 wt % Bi gives a similar intensity of liquid zinc flowing from the product

surface as approx. 1 wt % Pb . It is assumed that to achieve similar bath properties caused by the addition of Bi, its

content is almost 10 times lower than that of the Pb addition. Bismuth also promotes the formation of a spangle on the

surface of the coating . However, it is considered an additive that promotes the LME (liquid metal embrittlement)

phenomenon during galvanization.

3.5. Tin

Tin is added to the zinc bath mainly to improve the quality and appearance of the coating. Tin as an independent alloying

additive does not have a significant effect on the intensity of zinc drainage from the product surface, as well as the

smoothness of the coating. Contrary to lead and bismuth, tin forms a spangle with a much higher content in the bath

above 1 wt %; however, spangle caused by the presence of tin in the bath is much finer. In combination with spangle-
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producing additives, the presence of tin in the outer layer of the coating causes changes in its solidification. This leads to

a larger spangle with a distinct dendritic morphology—such appearance of the coating is more attractive and aesthetic for

customers of galvanized products. The presence of Sn in the bath may contribute to the LME phenomenon.

4. Optimizing Zinc Bath Chemistry

The qualitative composition of the bath is selected individually and depends mainly on the range of products galvanized in

a given galvanizing plant. Al and Ni are now permanent alloying additives to the zinc bath. On the other hand, Pb, Bi and

Sn are used interchangeably, and their presence in the bath is determined by such criteria as the impact on the

environment (Pb) and the risk of LME (Bi, Sn). Therefore, the optimal chemical composition of the bath in different

galvanizing plants may be different. However, to ensure high coating quality and process efficiency, it is important to follow

good bath management practices and to constantly control the content of the alloying additives in the bath. The optimal

content of alloying additives in the bath should be:

1. for Al 0.005–0.01 wt %,

2. for Ni 0.04–0.06 wt %,

3. for Pb 0.4–0.5 wt %,

4. for Bi 0.05–0.1 wt %,

5. for Sn 0.1–0.3 wt %.

According to the DASt-Richtlinie 022 directive [27], in order to reduce the risk of LME, the content of alloying elements

should be limited to ≤0.1 wt% Sn, ≤1.5 wt% (Pb + 10Bi), <0.1 wt% Ni, <0.1 wt % Al. with the total content of alloying

elements (without Zn and Fe) <0.1 wt%.
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