
  
VŠB-Technical University of Ostrava 

Faculty of Mechanical Engineering 

Department of Mechanical Technology 

 

M.Sc. Sylwia Węgrzynkiewicz 

 

THE INFLUENCE OF CUTTING METAL ELEMENTS 

ON THE NATURE AND CORROSION RESISTANCE 

OF THE ZINC COATING 
 

Auto-abstract Doctoral Dissertation 
 

 

Institutes: VŠB - Technical University of Ostrava 
Faculty of Mechanical Engineering 
Department of Mechanical Technology 

Fields of Study: 2303V002 Manufacturing Technology 

Doctoral Supervisor: Assoc. Prof. habil. Ing. Ph.D. prof.h.c. Jitka Podjuklová 
VŠB-Technical University of Ostrava 
Faculty of Mechanical Engineering 
Czech Republic, EU 

Doctoral Vice-Supervisor: Prof. Dr. Ph.D. habil. Maciej Hajduga 
ATH- University of Bielsko-Biala 
Poland, EU 

Opponents: Assoc. Prof. habil. Ing. Ph.D. Jarmila Ševčíková 
Technical University of Košice  
Faculty of Metallurgy 
Department of Material Engineering 
Slovak Republic, EU 
 
Assoc. Prof. habil. Ing. Ph.D. Stanislav Lasek 
VŠB-Technical University of Ostrava 
Faculty of Metallurgy and Materials Engineering 
Department of Material Engineering 
Czech Republic, EU 
    
Ing. Kateřina Kreislová, Ph.D. 
National Research Institute of material protection (SVÚOM Ltd.) 
Head of SVÚOM Ltd., Prague 
Praha 7 - Holešovice, 170 00 
Czech Republic, EU 

 

   
 

 
 

Ostrava 2015 
 
 
 



1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Sylwia Węgrzynkiewicz, 2015 
 

ISBN 978-80-248-3741-3 



2 

ANNOTATION OF DISSERTATION 
 
WĘGRZYNKIEWICZ S.:  The Influence of Cutting Metal Elements on The Nature and Corrosion 
Resistance of The Zinc Coating. Department of Mechanical Technology, Faculty of Mechanical 
Engineering VŠB - Technical University of Ostrava, 2015, 135 p. Dissertation Thesis, head:  
Podjuklová, J.; technical advisor: Hajduga, M.  

 
 
 

Oxy-acetylene blowpipe cutting (OAB) belongs to one of the most popular and economic 
methods of elements formation. In particular cases, e.g. in hot dip galvanizing, it may cause difficulties 
with achieving the required thickness and adhesiveness of zinc coatings. It determines their corrosion 
resistance and the period of their exploitation. In practice the problem of zinc coatings quality is 
significant, especially taking into consideration the corrosion protection of network equipment elements 
used in electrical overhead power lines. 

The aim of the dissertation “The Influence of Cutting Metal Elements on The Nature and 
Corrosion Resistance of The Zinc Coating” is to determine the method of cutting and preparing fittings 
for overhead power lines guaranteed to obtain zinc coating of a uniform thickness and high corrosion 
resistance. 

The study was conducted on links commonly used to connect fitting elements on insulator 
strings. In the process of links cutting the following methods were used: oxy-acetylene blowpipe (OAB), 
water-abrasive and laser. The effect of additional treatment performed after the OAB cutting on the 
structure and corrosion resistance of the zinc coating was evaluated. For comparison, normalizing 
annealing, grinding and electropolishing were applied. The hot dip zinc galvanizing process was 
conducted in industrial conditions. Parameters were fixed (temperature 730K, dipping time 150 s). 

The results of the conducted research are the grounds for the selection of proper solutions in 
order to remove zinc coating failures, which occur on steel surfaces after thermal cutting.  They may be 
used by design offices and galvanizing plants, as well as by companies producing fittings for overhead 
power line.  
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List of Symbols and Shortcuts  

Symbol Description Unit 

µHV microhardness   [MPa] 
HV hardness (Vicker’s method) [MPa] 

Ra 
mean of the absolute values of the profile heights measured from a mean line averaged 
over the profile 

[µm] 

Rp maximum height of the profile above the mean line within the sampling length [µm] 
Rv maximum depth of the profile below the mean line with the sampling length [µm] 
T temperature [K] 
V voltage [V] 
E electrode potential acc. to standard  hydrogen electrode [V] 
I amperage [A] 

jcorr corrosion current density [A/m2] 
Rp polarization resistance [Ω] 
lr length [mm] 
v cutting rate [mm/min] 
t time [min] 
d diameter [mm] 

OAB oxy-acetylene blowpipe [-] 
A OAB cutting [-] 
B water-abrasive cutting [-] 
C laser cutting [-] 
A1 OAB cutting and normalizing annealing [-] 
A2 OAB cutting and grinding [-] 
A3 OAB cutting and electropolishing [-] 

EDS energy-dispersive X-ray spectroscopy [-] 
NSS corrosion test in neutral salt fog [-] 
pH the negative logarithm of the hydrogen ion (H+) concentration and reflects acidity and 

alkalinity 
[-] 

HAZ heat affected zone [-] 
Г phase of the Fe-Zn coating Fe3Zn10 [-] 
Г1 phase of the Fe-Zn coating Fe5Zn21 - result of the reaction between the Г and δ phases [-] 
δ phase of the Fe-Zn coating FeZn7 [-] 
ζ phase of the Fe-Zn coating FeZn13 [-] 
η phase of the Fe-Zn Zn(Fe), pure metallic zinc layer [-] 

C1 category of atmospheric corrosion - very low [-] 
C2 category of atmospheric corrosion - low [-] 
C3 category of atmospheric corrosion - medium [-] 
C4 category of atmospheric corrosion - high [-] 
C5 category of atmospheric corrosion - very high [-] 
CX category of atmospheric corrosion - extreme [-] 
ESi silicon potassium equivalent [-] 
ā arithmetic mean [-] 

Al aluminium [-] 
Bi bismuth [-] 
Cl chlorine [-] 
Cu copper [-] 
Fe iron [-] 
H hydrogen [-] 

Mn manganese [-] 
Ni nickel [-] 
O oxygen [-] 
P phosphorus [-] 
S sulphur [-] 

Sn tin [-] 
Zn Zinc [-] 
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1    Introduction 

In accordance with the requirements of EN 61284 fittings for overhead power lines made of 
steel (except stainless steel) should be protected by hot dip galvanizing or other method that guarantee 
similar protection against corrosion.  

Overhead construction and electrical power line are utilized in atmospheric conditions all over 
the country. Power lines (Fig. 1) are an important element in the transmission of electricity over long 
distances. They connect with the places of generating receipt.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Overhead power line 

Due to the fact that they are carried out by a vast area they are subject to various factors: 
climatic, environmental and topographical features. In connection to this, it is an extremely important 
issue to ensure the sustainability of elements of fittings. Destruction of fittings lowers the stability of the 

whole product. The lack of resistance due to the progressive corrosion can cause such damage to the 
structure by pin fall out and off line. This results in very high costs and delays due to interruptions in 
energy supply. 

Beside corrosion resistance, coating thickness evenness is equally important. In industrial 

practice on various production stages of the fittings for overhead power line, there are many factors 

that cause the zinc coating thickness variations, that in the next step determine its corrosion 

resistance. This effect is observed especially in the thermal cutting process. The changes in the 

structure of the cut material influence the structure and properties of zinc coatings. An important 
factor determining the course of the growth of the zinc coating on iron alloys is the chemical composition 
of the substrate. Similarly to the temperature, the substrate chemical composition affects the structure and 
morphology of the phases created inside the coating.  

ISO 1461 and ISO 14713 standards indicate a problem with the achievement of required zinc 
coating thickness and adhesion in the zones close to thermal cutting surface. The diversification of the 

coating thickness is also regarded as a defect and reduces the quality of the final product. Due to the 
fact that fittings for overhead power lines are used in a corrosive environment of varying aggressiveness, 
it is important to try to reduce described difficulties basing upon the action modifying the forming 
process.  

No prescriptions either recommendations have been found for galvanizing plants in the 
literature, both constructional and technological, which would suggest the way of reaching the required 
coating quality with uniform thickness created on components, which surfaces were shaped by various 
methods - also by thermal cutting.  The authors of many works indicate in a general way the need to apply 
additional treatment after the cutting (heat treatment or the grinding). In available literature there is no 
detailed information describing the influence of the state of the surface formed after cutting on the 
structure and the corrosion resistance of the zinc coating. Only a few authors e. g. Kuklik, V. analyze this 
problem. In practice, the problem of the Zn coating quality of elements for overhead power lines is 
important, especially considering the operational lifetime 
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2    Literature review 

2.1 Selected corrosion types 

All the materials and the goods made of them, devices, constructions and building are 
subordinate to physical wear. Corrosion is a process of materials damage in a result of the reaction with 
the surrounding environment. It depends on the type of electric conduction on the edge of the material - 
environment phases, and on the type of the environment.  

Corrosion is a perfectly natural process. Metal corrosion occurs as a result of a chemical 
reaction (chemical corrosion) and an electrochemical reaction (galvanic corrosion) [1-5]. The basic 
definitions of terms related to the corrosion of metals and alloys are contained in EN ISO 8044 standard.  

Depending on the mechanism of corrosion we can distinguish: 
• galvanic corrosion occurring in electrolyte environments (in aqueous solutions such as fresh 

and sea water, in wet flue gases and moist soils), 
• chemical corrosion occurring mainly in dry gases and non-conductive liquids, e.g. organic 
liquids.  

We can differentiate two corrosion types if we analyze its destruction: 
• general corrosion - it might be regular or irregular shaped, and it occurs on the entire metal 
surface,  
• localized corrosion e.g. pitting, intergranular, crevice. 

On the basis of corrosion environment in which given metal or alloy is placed, we can divide 
corrosion into the following types: 

• atmospheric corrosion, 
• gas corrosion - in dry and usually high-temperature gases, 
• water corrosion e.g. in sea or river water, 
• underground corrosion [1-5]. 

The biggest economical loss among all known corrosion types is caused by electrochemical 
corrosion which is stimulated by links activity, created as a result of chemical (or physical) metal 
impurity e.g. in the place of joints between metals. It can also be an outcome of granular impurity of 
metal structure. 

2.2 Zinc coatings 

It has been proved that metallic coatings pose one of the best methods of corrosion 

protection. One of the most effective, permanent and efficient solution is zinc coating usage.  
Zinc is highly reactive, both in acid and alkaline environment, however, it does not react with 

water in neutral environment. The standard electrochemical potential of zinc (0,76 V) is more negative 
than of iron (0,44 V). Despite that fact zinc tends to be more resistant to the impact of humid air, due to 
the layer which is hermetic enough to isolate metal from the environment. This layer is created by the 
corrosion products (oxides, hydroxides and in the presence of CO2 carbonates), which remain on the metal 
surface. In view of zinc location in the galvanic series, zinc coatings have a nature of anode layers [6-9].   

The mechanism of protection of anodic zinc coating consist in: 
• barrier isolation of the metal base from the surrounding environment, 
• electrochemical protection arising from the differences in the potentials between metal layer 

and metal substrate, 
• creation of protective layer of corrosion products on the zinc coating, it’s so called “zinc 

patina” [6]. 
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Zinc coatings might be applied in a variety of ways. The selection of particular methods 
depends upon the kind, shape and size of coated item and its destination, as well as the required thickness 
and the evenness of the coating. There are five existing basic methods of zinc coating application and 
each of them has its typical use. These are: 

• hot dip galvanizing,  
• electrolyte galvanizing,  
• thermal spraying,  
• diffusion galvanizing, so called sherardizing,  
• zinc-rich paint (including zinc flake coating) [9-12].  

 
Hot dip galvanizing has the biggest significance and the widest industrial application.  It can 

be applied in two ways: 
• by continuous method, which is a corrosion protection for sheet metal and steel belts  intended 

for further plastic adaptation in low temperature, and from construction steel,  
• by individual immersion, when the parts destined to be coated are submerged individually in 

the zinc bath. 
 
The process of creating zinc coating is preceded by initial treatment, which significantly 

influences the metallization process [7-9].  
The most crucial stage is the surface preparation before applying the coating, the sort of 

coating notwithstanding.   
The types of contaminants present on metal surfaces are dependent on the chemical 

composition and the external environment. They can be divided into three groups of pollutants: liquid, 
semi-solid and solid. These include water from precipitation, scale and other corrosion products, organic 
agents from the treatment of interoperation (lubricants, oils, fats), sand, slag and flux [8, 11].  

In the majority of processes, the surface adhesiveness is determined by the interatomic forces 
or the possibility of creating the alloy layer. It means  that any presence of contaminants on the surface 
may reduce the adhesiveness of the substrate coating. Good layer adhesiveness prevents flaking, 
protruding and disconnecting, as a result of temperature influence, powerful outer reactions, especially 
the mechanical ones, and self-tension. A vast majority of metallic coatings failures is connected to 
negligent surface purging. 

Surface preparation before hot dip galvanizing process can be done as follows: 
• mechanically - mechanical treatment - abrasive blasting or grinding, 
• chemically - chemical treatment - degreasing, etching and fluxing. 

The above-mentioned methods can be carried out in various ways. A combination of abrasive-
blasting method and chemical treatment is often used. The choice of the method depends on some factors, 
such as the state of the surface before cleaning, the nature of impurities present on the surface or the size 
and shape of the object [6-9, 11, 13].  

After the layer cleaning the details are immersed in melted zinc bath, until required coating 
thickness is achieved. After that, the details are cooled open-air or in water. Figure 2 illustrates the 
process flow.    

 

 

 

 

 

Fig. 2 The technological route of hot dip galvanizing [22] 
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The protective properties of zinc coating derive from its layered structure. The structure 
and thickness of zinc coating, as well as the period of protective activity depend on a multitude of 
technological parameters, and among others: 

• the temperature and immersion time of the bath, 
• the chemical composition of the bath,  
• the chemical composition of the material (e.g. steel, iron), 
• the method of surface preparation before hot dip galvanizing (the cutting method, the kind of 

treatment) [14-17]. 
 
The hot dip galvanizing process is conducted within two temperature ranges   

713 - 743 K (low temperature galvanizing) and 830 - 833 K (high temperature galvanizing) [10, 18].  
The main component of zinc bath is metallic zinc (99,9995% Zn), but also other additives, 

influencing the quality of achieved protection coatings, are used.  According to the regulations from  
EN ISO 1461 standard, the amount of occurring elements (except for iron and tin) cannot exceed 1,5%.   

The quality of achieved zinc coatings (adhesiveness, thickness, evenness, polish, etc.) is 
diversified and depends mainly on coal, phosphorus and silicon content in steel.  The content of coal and 
silicon in steel should not exceed 0,5 % in total. Sandelin’s effect phenomenon is observed with silicon 
content of  0,03 - 0,14% in particular, as well as above 0,25%. Such zinc coatings are most frequently 
matte grey, uneven, brittle and prone to deformation and mechanical damage.  

When steel has a phosphorus content it is necessary to compute the silicon equivalent: 

ESi = Si+2,5xP (1) 

 
(Si and P state for the percentage of silicon and phosphorus content in steel). The equivalent value ESi has 
to meet the requirements as for silicon [8, 16]. 

To analyze the zinc coating structure created on steel, we use Fe-Zn equilibrium system. It has 
been subject to many changes over years, together with the extension of research possibilities and the 
knowledge on metals and alloys, and it is still a controversial subject. In general, it has been proved that 
zinc coatings present a complex structure. They comprise of intermetallic phases of Fe-Zn equilibrium 
system: Г- Fe3Zn10

 (23,5 - 28% Fe), Г1 - Fe5Zn21 (17 - 19,5% Fe), δ - FeZn7 (7 - 11,5% Fe), ζ - FeZn13  
(5 - 6,2% Fe) and the outer layer of Fe solid solution in Zn - the η phase (0,03 - 0,08% Fe).  

The phase δ - FeZn7 structure comprises of two additional δ1k zones, the structure of which is 
compact, and δ1p characterized by palisade structure.  The Г1 phase has also been featured, which was the 
result of the reaction between the Г and δ phases. Intermetallic phases grow on the surface according to 
the diffusion principles. Their thickness depends on dissolving processes (the transformation to Zinc bath) 
of increasing phase on the border of the base and the liquid bath [19-24]. 

The intersection of zinc coating is illustrated in Figure 3.  

 

 

 

 

 

 

 

Fig. 3 The structure of zinc coating, the distribution of phases in the coating [9] 
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Protection properties of zinc coating derive from its layered structure. The diffusion layer 
(alloyed) ensures an inseparable link of zinc and steel, tightness and resistance to abrade and damage. The 
outer zinc layer guarantees the coating resistance in the initial stage of utilization.  The coating 
persistency depends mostly on its thickness and the aggressiveness of the atmosphere. It is assumed in 
practice that the coating thickness of the elements, which walls are at least 6 mm thick and made of 
S235JR steel, is leastways 85 µm - according to the requirements of  EN ISO 1461 standard. Considering 
the annual thickness loss of zinc coating of  2,1 µm (for the environment C3 class, according to EN ISO 
12944-2 standard), the achieved corrosion protection of coating is sufficient for over 40 years (Fig. 4). In 
case of using the construction in extremely aggressive CX environment (acc. EN ISO 9223), to achieve 
efficient corrosion protection zinc coating it is covered with paint coating.   

 

 

 

 

 

 

 

Fig. 4 Zinc coating persistency in environments of different corrosion categories; C1 - very low,  
C2 - low, C3 - medium, C4 - high, C5 - very high, CX - extreme [25]  

2.3 The research of zinc coating corrosion resistance 

The laboratory research is done in artificial conditions, imitating natural conditions or in 
altered conditions, which ensure corrosion processes acceleration, when compared to their rate in 
utilization conditions. The samples are placed in chambers, intended for this purpose for a fixed period, in 
the conditions causing the corrosion processes acceleration. Next the results evaluation of changed 
corrosion is conducted [1]. 

Zinc coating corrosion resistance is determined experimentally by doing a corrosion research in 
laboratory and natural conditions.   

The laboratory research is done in artificial conditions, imitating natural conditions or in 
altered conditions, which ensure corrosion processes acceleration, when compared to their rate in 
utilization conditions. The samples are placed in chambers, intended for this purpose for a fixed period, in 
the conditions causing the corrosion processes acceleration. Next the results evaluation of changed 
corrosion is conducted [2]. 

The most frequently utilized accelerated method is the research in solutions fog. The research 
in salty fog has been used for several years to test the metal corrosion resistance and protection coatings. 
During the research the examined samples are placed in a chamber (usually called salt chamber), in which 
sodium chloride in distilled water solution (usually 5 %) is sprayed continuously or periodically. The 
exact conditions of the research (temperature, humidity in the chamber, the pace of fog gathering, 
concentration, sprayed salt pH and spraying method, etc.) are normalized.   

Salty fog research can be divided into three basic variants, on the basis of the sort of examined 
coatings and the research aim: 

• neutral salt spray (NSS) 
• acetic acid spray (ASS), 
• copper accelerated acetic acid salt spray (CASS) 
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ASS and CASS methods are used to test the corrosion resistance of selected coatings sorts 
(ASS method tests anodized aluminum oxide, CASS analyses the nickel - chrome and copper-chrome 
coatings placed on outer car parts [1].  

 

The electrochemical research allows the evaluation of corrosion phenomenon which occur in 
metallic material and protective coatings. We can enlist the following research elements: 

• registration of anodic and cathodic polarization curve by use of the polarization resistance, 
Tafel extrapolation and the inflexion of polarization curve. Their function is to indicate the 
density of corrosion current and the rate of general corrosion of metals and alloys in specified 
environment,  

• registration of anodic polarization curve which are useful mainly for the research of 
passivating metals and alloys in order to assess the corrosion speed in passive state, passive 
range, the potential of pitting creation,  

• keeping stable anodic potential for accelerated research of intergranural and tension corrosion, 
as well as the examination of corrosion inhibitors and metal coatings [5,6]. 
According to the methodology and experimental parameters used for polarization curve 
measurement, we may establish a few types of profiles: 

• potentiokinetic (potentiodynamic) - the potential of E electrode is interchanged over  a period 
of time according to the demanded program, and the amperage I is registered as the potential 
function I = f(E), 

• galvanokinetic  (intenso-kinetic) - the amperage I is interchanged over a period of time 
according to the demanded program, and the electrode potential I is registered as the amperage 
function  
E = f(I), 

• potentiostatic - the examined electrode potential has a stable E value, and the current I is 
register as a function of time, 

• galvanostatic - during continuous external current flow I the process of alteration of examined 
electrode E potential is registered as a function of time I = const [1,5,6]. 
 
The simplest research method of electrochemical corrosion phenomenon is the measurement of 

the open circuit potentials differences between metals, which constitute the cell and the reference 
electrode. Linear polarization technique employs the relationship between the potential and the external 
current density in arithmetic scale.  

In a result of the external source current activity, metal becomes a cathode or an anode and its 
potential alters. The metal potential measurement, in relation to a respective comparative half-cell  
(e.g. hydrogenic or calomel) as a function of time together with continuous current density, allows the 
creation of polarization curves.  

In the potentiodynamic method the material is treated to cyclic anodic polarization  to evaluate 
the values specifying its corrosion behavior. The potential of examined sample (placed in the appropriate 
electrolyte) changes in a linear way until it reaches its peak values - exceeding the potential of avalanche 
breakdown. After that the potential changes in the opposite direction at the same rate (to the initial value). 
The voltage of corrosion current is measured in a constant way to achieve the equation I = f(E), i.e. 
potentiodynamic curve [5]. The achieved curve is a graphic illustration of the current signal (the X-axis) 
in the function of applied potential (the ordinate) (Fig. 5).  On the basis of the polarization curve course, 
the polarization resistance Rp can be estimated, defined as the curve gradient associated with low values 
of imposed polarizing current. 
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Fig. 5 Polarization curves- Tafel Extrapolation Method [5] 

2.4  Cutting methods 

The ideal cutting process was defined by A. Klimpel as “the process of separating atomic links 
in the cutting surface along the particular line, without any influence on the physical quality of the 
material" [26, 27]. 

The cutting metal process usually initiates the entire process of machines parts. Cutting 
methods used in industry differ by, among others, the amount of used energy, the quality of cut edges and 
the heat effect on the cut material.  None of the cutting technologies is universal, each has a limited range 
of usage.  

The basic parameters determining the way of cutting are: the kind and the thickness of cut 
material, the length and the shape of the line of the cut, the required quality of cut edges surface, 
production possibilities and costs of the process. Each of applied technologies should ensure: low energy 
consumption, narrow cutting gap, the possible low influence on structure of cutting material and very 
good quality of cutting edges [26, 28]. The specification of the cutting methods is shown in Table 1.  

Thermal cutting is the process of separating the material by burning a crevice by use of 

oxygen or rendering it by concentrated heat source.  
The most common method of thermal cutting is oxy-acetylene cutting (OAB). This process 

consists in dividing the material by local burning of its particles by use of the stream of pure oxygen, and 
simultaneously heating the metal to a suitable temperature  [29-31].  

To ensure effective cutting process, the following conditions must be met: 
• the flashpoint temperature of cut metal in pure oxygen should be lower than its melting 

temperature (or else liquation replaces metal combustion) 
• the melting temperature of cut metal oxides should be lower than its melting temperature, 
• oxides produced during cutting should be liquid in the temperature of metal combustion,  
• thermal conduction rate of cut metal should be low [27, 29, 30]. 

 
Oxy-acetylene cutting is utilized for cutting thin sheet metals, ranging from 3 to 300 mm of 

thickness. The cutting rate varies from 200 to 800 mm/min, respectively for the 5 - 100 mm thickness. 
The cutting crevice width is 2 - 4 mm, and the accuracy of cut products measurement with numerical 
control used levels about 0,5 mm [26, 27]. 
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Tab. 1  Characteristics of selected cutting methods [29, 30] 
 

Kind of treatment  

Oxy-acetylene 

blowpipe 

(OAB) 

Plasma Laser 

Stream of 

water or 

water-

abrasive  

Electrical 

discharge 

Cutting tool flame plasma laser 
stream of 

water  
electrical 
discharge 

Cutting method thermal cutting cold cutting thermal cutting 

Effect on the 
cutting material  

high HAZ narrow HAZ 
the lack of 

HAZ 
narrow HAZ 

Heating the 
material  

very large  large moderate lack moderate 

Surface roughness very low 
low especially 
at high speeds  

varies the height of the thicker 
materials 

high 

Further treatment 
after cutting 

yes seldom no 

The cost of cutting 
process 

low 
lower than 

oxygen  
moderate 

higher than 
laser  

quite high 

Laser cutting is a process in which beams of continuous or impulsive laser radiation causes 
local melting and evaporating of the cutting material. In addition to that, the laser beam flows coaxial 
with reactive or neutral gas, blowing the liquid material and its vapour out of the cutting crevice [26, 27, 
32]. The laser beam is created as a result of electrical induction of laser gas (CO2). The corpuscular energy 
of photons beam is transported into the area of cutting material. The material is heated to the flashpoint of 
the laser beam.  The melted material evaporates. The gas flow removes the products of melting, 
combustion and evaporating and creates a crevice [26].  

We could observe a sharp development of stream of water or water-abrasive cutting. As for 
metal cutting, water stream competes primarily with alternative cutting methods, i.e. oxygen, laser or 
plasma cutting. It results from low-temperature course of the process [33].  The development of water 
cutting technology is connected to both introduction of new, partly abrasive materials (e.g. ceramic 
materials, materials magnified with fibers) as well as to new requirements of items geometry (complex 
shape, thin bridges). Water cutting is advisable particularly in case of forming the material which cannot 
be subjected to the activity of high temperature (e.g. the materials after thermal treatment)  [33-37]. 

Depending on the method applied, the cutting process is an effect of metal oxidation in a 
formed gap and the oxides being blown out or else metal melting and liquid fraction evaporation or 
removal by the gas jet is observed.  

The temperatures of the cutting process vary from 1323 to 1653 K in OAB, and equal 1473 K 
in laser cutting. An example beam coherence of gas flame amounts to 107 W/m2 (plasma - 1011 W/m2, 
laser 1015 W/m2). Moreover, the cutting rate is a very crucial parameter of the process ( increasing it 
decreases the HAZ width).  

Thermal beam influence changes in a significant was the properties of the outer layer. The 
appearance of martensite and bainite structure causes the creation of hardened layers around the cutting 
crevice (even in low-carbon steel) and hardening the cutting surface of medium-carbon steel, which may 
hinder further mechanical treatment.   

The changes in the structure of treated material influence on the structure and properties of 
coating applied by hot dip galvanizing [16, 18, 44]. This is a meaningful factor determining the operation 
of zinc coating development on iron alloys. Similarly to the temperature, it affects the structure and 
morphology of the phases created arising in the coating.  

The changes of the chemical composition of material usually occur in lower capacity, when the 
metal was half-melted. They may include partly combustion of some components and being charged by 
other elements, e.g. by nitrogen from the cut gas, etc. The HAZ thickness is evaluated according to the 
microhardness examination. The highest hardness values appears near the cut edge. With the distance 
increase from the cut edge, a rapid reduction of hardness is observed [38-41].  
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Lack of coating adhesiveness of power lines elements poses a significant problem, since the 
network equipment sustainability is required. The products are exploited in corrosive environments of 
varied aggressiveness. A damage of the network equipment parts lowers the durability of the entre double 
tension insulator string. Lack of sufficient resistance due to progressing corrosion may e.g. damage the 
construction by falling out of an elements and disconnecting the line. This leads to very high cost and 
impediments because of electricity failure.   

The selection of appropriate technologies of material preparation before hot dip galvanizing 
should be conducted on the basis of available knowledge. The details information about the influence of 
the cutting method on the structure and adhesiveness of zinc coating has not been found in the literature. 
A multitude of authors (e.g. Klimpel A., Petru J., Sheng P.S., Madić M.J., Vasilko K., Hamicarova M., 
McQuade K. and many others) explore the issue of quality and effectiveness of different cutting method 
and the influence of cutting methods on the structure and properties changes of steel. However, only in a 
few studies of Kuklik V. [44] the issue of the zinc coating structure on the oxygen cut surfaces is raised in 
a general way. Kuklik [44] blames the difference in chemical composition of steel near the cut area and 
the core, and the presence of marginal austenite in the outer layer for the lack of required adhesiveness 
and thickness of zinc coating of the oxygen cut surface.   

The construction and technological recommendations have not been clarified. They would 
enable to avoid failures of zinc coatings, emerging on steel surfaces cut thermally.  It is shown by a lot of 
authors, however only in a general way, the necessity of using additional treatment after thermal cutting 
(mechanical polishing or thermal treatment). It justifies the need of further study in the field.  
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3    The thesis and aim  

Thesis 

 
The dominant factor affecting the growth kinetics, structure and corrosion resistance of 

the zinc coating is the heat affected zone which is a side effect of thermal methods of forming parts. 

The use of additional heat treatment after thermal cutting may reduce the structure and thickness 

diversification of the zinc coating 

 
The aim of the study is to determine the method of cutting and preparing fittings for overhead 

power lines guaranteed to obtain zinc coating of a uniform thickness and high corrosion resistance. The 
research was conducted in a few directions:   

• indication of the reasons for the diversification of the Zn coating thickness achieved on the 
surface shaped by thermal cutting,  

• determining the growth kinetics of the Zn coating on the surfaces cut by various methods,  
• elimination of the coating thickness diversification by application of other (apart from OAB) 

cutting method (water-abrasive, laser), more thorough cleaning of the steel surface area before 
galvanizing (electropolishing, grinding), 

• determining the influence of the additional heat treatment on narrowing the differences in the 
coating structure.  
 

The study was divided into two parts: preliminary and fundamental.  

 
Preliminary research was based on the current production process of links fittings for overhead 

power lines (double-eye links). The aim was to evaluate the current situation - the formulation of the 
problem and the causes of a difference in thickness of the zinc coating on the surface shaped by OAB 
cutting. The research was conducted on the link’s flat surface (after rolling) and the side surface (after 
OAB cutting). Based on the results of preliminary studies, the directions of the fundamental research were 
determined. 

 

Fundamental research was conducted in two stages. In the first stage the influence of cutting 
on the nature and corrosion resistance of the zinc coating was evaluated. For comparison with the OAB 
cutting thermal methods: laser cutting and non-thermal: abrasive water-jet cutting were selected. In the 

second stage the aim was to determine the effect of additional treatment performed after the OAB cutting 
on the structure and corrosion resistance of the zinc coating. For comparison, normalizing annealing, 
grinding and electropolishing were applied. 
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4    Own research 

    In order to prove the stated thesis, the following research was conducted, show in Figure 6. 
  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 The scheme of the research method  

4.1 Methodology  

Perthometer Concept (MAHR) was used to measure surface roughness and topography. 
Basic length lr will be described according to EN ISO 4288 standard and it equaled 0,8 and 2,5 mm. The 
surface roughness was described according to EN ISO 4287 and EN ISO 13565-2 standards and the 
following parameters will be measured: Ra - mean of the absolute values of the profile heights measured 
from a mean line averaged over the profile, Rp - maximum height of the profile above the mean line 
within the sampling length, Rv - maximum depth of the profile below the mean line with the sampling 
length. Surface topography was covered the area of 1,6 x 1,6 mm. The distance between measure points 
was 0,5 µm. There was 81 profiles, and the distance between them was 20 µm. 

Hardness measurement was carried out using Vicker’s method according to  
EN ISO 6507. The examination was divided in two stages. In the first stage the hardness (HV10) of side 
link SLINK surface after cutting was measured. The measurement was made perpendicularly to cutting 
plane. The HPO 250 hardness tester was used to measure. In the second stage the hardness measurement 
(HV0,5) was made starting from the cutting edge toward the sample core by use of Future-Tech FM-700 
hardness tester. The step of the measurement was established on 200 µm. Three measurements were 
conducted for each micro-section prepared for the samples.   

Metallographic examinations were prepared in a classic way. The samples were cut out of the 
rolled and side surface of links by Servocut-M250 cutting machine. In the next stage the examined 
material was mounted in the thermosetting resin by use of Metapress-M press. Samples polishing was 
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conducted by semi-automatic Digiprep 250 sander/polisher, sandpaper grade of 100, 220, 400, 600, 800, 
1000, 2400, 4000. The surface was etched with 4% HNO3. The final phase of micro-section creation was 
controlled by use of the AxioImager M1m Carl Zeiss microscope with magnifications of 50, 100, 200 and 
1000x.  X-ray analysis was made with application of scanning microscope PHILIPS XL30 with X-ray 
analyzer in micro areas EDS (tungsten cathode).  

The NSS test and potentiodynamic polarization test were conducted to evaluate corrosion 
resistance of zinc coatings.   

The corrosion tests in salt chamber Ascott S1000iP was made in F.Ś. BISPOL S.A. in 
Bielsko - Biała. The NSS test was conducted according to the requirements of EN ISO 9227 standard. 
The examined links were hot dip galvanized. The following process parameters will be applied: 5% NaCl, 
pH 6,7 - 6,9, temperature 308 K, salt fog fall 1,6 cm3/h. The tested elements were arranged inside in such 
a way that the surface exposed is a large as possible and set at the 30o angle to the bottom of the chamber. 
Time to white corrosion appearance and time to red corrosion appearance were measured.  

The electrochemical research of corrosion resistance was based on potentiodynamic method in 
5% NaCl (was selected on purpose), pH 6,8, temperature 310K. The research was conducted by use of a 
measurement system consisting in the Autolab PGSTAT302N potentiostat produced by ECO CHEMIE 
B.V. company, which cooperates with the Nowa 1.7 software, by Metrohm Autolab B.V. The research 
was conducted by use of linear polarization method with potentials ranging from -0,1 V do 0,1 V with the 
scanning rate 0,001 V/s. The reference electrode was fulfilled by calomel electrode (NEK, Hg / Hg2Cl2(s) 
/ KCl(nas.)) of the +244 mV potential compared to NEW with Haber-Ługgin’s capillary at the end. By 
comparing the experimental curves with the curves described by the Tafel equation the following 
parameters were determined: the corrosion current density jcorr [mA/cm2], and the following values were 
calculated: the corrosion potential Ekor [mV], measured from the minimum on the polarization curve, the 
corrosion rate vp [mm/year] and the polarization resistance Rp [Ω]. Furthermore, the stationary potential 
OCP (equilibrium potential) as potential change over time by potentiostatic method was determined. 
Considering the character and diversification of  zinc coating structure, all parameters were established 
compared to zinc, for which the electrochemical equivalent E.W. was 32,62 g/mol and density ρ was  
7,13 g/cm2. The values computed in this way may be of an estimative and relative character.  
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4.2 The research object  

The study was conducted on links commonly used to connect fitting elements on insulator 
strings. The products are part of so called double tension insulator strings, installed on the superstructure 
of electric power lines. Double tension insulator string is presented in Figure 7.  The research was 

focused on a double eye link type SLINK 626502006 (Fig. 8) made of S355JR steel. 
 

 
 
 
 
 
 
 
 
 
    
 
 
 
 
 

 

 

 

Fig. 7 Double tension insulator string (ŁO2 110kV) (1 - hinge U-bolt type, 2 - double eye link, 3 - yoke 
triangular, 4 - double eye link twisted, 5 - bolt, 6 - arcing horns, 7 - insulator, 8 - double eye link type 

SLINK, 9 - suspension clamp, L1, L2 - dimensions depends of the length of the insulator  

 
 

 

 

 

  

 

 

Fig. 8 The view and dimensions of the tested materials - SLINK; a - the flat surface, b - the side surface,  
c - the basic dimensions 
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According to the EN 10025 standard S355JR is a low carbon, high tensile strength structural 
steel which can be readily welded to other weldable steel.  

With its low carbon equivalent, it possesses good cold-forming properties. It is low-alloyed 
steel of increased resistance used for the constructions subject to atmospheric influence, i.e. bridges, 
masts, railway wagons, etc. The steel has higher sustainability than the construction steel of higher 
quality, and higher corrosion resistance.  

 
The results of chemical analysis of the examined material are shown in Table 2.  
 

Tab. 2  Chemical composition of steel used in the experiment 
 

Source of data 
Chemical composition [% wg.] 

C Si Mn P S Cu 

The requirements acc. to the   
EN 10025 standard for  S355JR steel 

≤ 0,24 ≤ 0,55 ≤ 1,60 ≤ 0,035 ≤ 0,035 ≤ 0,55 

Chemical analysis 0,18 0,23 1,5 0,012 0,008 0,030 

 
The links were cut of sheet metal of 20 mm thickness, made of rolled steel type S355JR.  
The division of the material for the research with the presentation of basic processes 

parameters (cutting and additional treatment) are shown in Table 3.  

Tab. 3 The division of the material for the research and basic technological processes parameters 

Kind of research Group 

Method of cutting / 

Kind of additional 

treatment after OAB 

cutting 

Cutting parameters / Treatment parameters 

PRELIMINARY A 
Oxy-acetylene  

cutting  
(OAB) 

CNC 500 - MESSER 
T = 1473 K, v = 400 mm/min 

acetylene p = 0,02 MPa, oxygen p = 0,77 MPa 

FUNDAMENTAL 
STAGE 1  

B 
Water-abrasive  

cutting   

Waterjet - Jet EDGE  
T =  313 K, v = 82 mm/min  

p = 334 MPa, abrasive: granet v=6,67 g/s 

C 
Laser  

cutting  
Laser BYSPEED 3015 - BYSTRONIC 

T = 1473 K, v = 800 mm/min, P = 4kW, CO2 

FUNDAMENTAL 
STAGE 2  

A1 
Normalizing 
 annealing 

PEKAT 1.1 
T = 1193 K, t = 3600 s, cooling - air 

A2 Grinding 
Metabo-77930 

v = 3500 - 4000, 1/min  

A3 Electropolishing 

Alkaline degreasing (T = 333 K),  
Pickling (H2SO4, 10%, T = 23 K) and HCl (18%)  
Electropolishing alkaline degreasing (pH 13 - 14,  
T = 323 K, 700 - 1000 A/m2, 8-10 V, t = 540 s) 
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4.3 Preparation of the material for galvanizing 

After cutting and additional technological treatment (except for the links from A3 group), the 
prepared materials were subjected to an abrasive blasting - steel shot GL40 (the grain size 0,425 mm, 
hardness 600 - 700 HV (time t = 720 s). The holes (d = 21 mm [+0,5]) were than drilled and chamfered in 
tested materials.  

In the next stage links were treated chemically before hot - dip galvanizing. In the chemical 
preparation line the following stages were applied: pickling (hydrochloric acid 12%, 30 g/dm3 Fe,  
t = 600 s), rinsing in cold water, fluxing (TIBFLUX60 - pH 4,9, 0,17 g/dm3 Fe, 292 g/dm3 ZnCl2, 189 
g/dm3 NH4Cl, t  = 180 s). 

4.4 Hot dip galvanizing 

Hot dip zinc galvanizing process was conducted in industrial conditions in temperature: 730 K 
and dipping time t = 150 s in Zn bath enriched in: nickel, bismuth and aluminum. The applied parameters 
were selected on the basis of the size and weight of the details and long-standing practice. The bath 
chemical composition is presented in Table 4. After galvanizing the links were cooled in water.  

Tab. 4 The bath chemical composition 

Content [%] 

Zn Ni Bi Al Fe Pb Sn Cu Cd 

99,859 0,0481 0,0417 0,0002 0,037 0,0058 0,0014 0,0067 0,0006 

4.5 Preparation of the material for research 

The research was made for all links (Fig. 9 a) after cutting, additional treatment and  
hot dip zinc galvanizing.  

Place of measurement was on a flat surface after rolling and side surface after cutting. For 
micro-hardness measurements, metallographic and potentiodynamic examination the samples of 11 x 14 x 
7 mm were shaped (Fig. 9 b).  

 

 

 

 

 

 

Fig. 9 Preparation of samples for research: a - the place of sample cutting, b - the sample for 
metallographic and potentiodynamic examinations (red) (the basic dimensions); black arrow - on the side 

surface (after cutting), green arrow - on flat surface (crude - after rolling) 
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5    The research results 

5.1   Preliminary research 

The aim of preliminary research was the formulation of the problem in current production 
process and the indication of the causes of a difference in thickness of the zinc coating on the surface 
shaped by OAB cutting.  The research object after OAB cutting is shown in Figure 10. The surface after 
the OAB cutting requires mechanical treatment (e.g. shot-blasting).  

The research methods used in the preliminary study are presented in Chapter 4.1 

“Methodology”. 

 
 
 
 
 
 
 
 
 
 

Fig. 10 The view of the tested material - link after OAB cutting: a - the flat surface, b - the side surface 

Roughness measurement and topography 

The surface roughness measurement was made on the flat surface (after rolling) and on the 
side surface (after OAB cutting). The average values of presented parameters to describe Ra, Rp and Rv 
may be analyzed in Table 5.  Surface topography of links are presented in Figure 11. 

 
 

 
 

 

 
 

 

 

 
 
 
 
 

 

Fig. 11 Surface topography of links: a, c - the flat surface (after rolling), b, d - the side surface (after 
cutting); a, b - before shot-blasting, c, d - after shot-blasting 

 

b a 
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Tab. 5 The average values of the basic parameters of roughness before and after shot-blasting 
 

Place of 

measurement 

Roughness 

parameters 

[µm] 

Before  

shot-blasting 

After  

shot-blasting  

The flat 
surface 

(crude- after 
rolling) 

Ra 1,42 2,44 

Rv 10,38 14,66 

Rp 9,85 9,84 

The side 
surface (after 

cutting) 

Ra 5,31 5,72 

Rv 16,20 11,12 

Rp 14,59 9,88 

Hardness measurement 

In the first stage the hardness (HV10) of side link SLINK surface after cutting was measured. 
The initial hardness of S355JR steel was about 155 HV10. The average value of hardness measurement 
on the rolled surface equals 155,4 HV10. The application of the OAB caused the increase in the hardness 
to 356HV10.   

In the second stage the hardness measurement (HV0,5) was made starting from the cutting 
edge toward the sample core.  The step of the measurement was established on 200 µm.  Results are 
presented in Figure 12.   

 
 

 

 

 

 

 

 

Fig. 12 Results of hardness measurement (HV0,5) on the flat and side surfaces of link in direction from 
cutting edge to the sample core 

 
 
 
 
 
 
 
 
 
 
 
 
 



23 

Metallographic research 

 The structure of the material in the initial state was a little bit anisotropic, mainly ferritic 
with small amount of perlitic. Figure 13 a and b presents a dark perlite area and a light ferrite area. In the 
observed HAZ zone the needle shape structure appeared - lower bainite, martensite (Fig. 13c, d) created 
as a result of undesirable quenching treatment caused by cutting.  The HAZ area boundary is running 
parallel to cut edge. Its width in the analyzed area amounts to about 800 µm.  

After the shot-blasting, a layer of about 20 µm scale was removed. The steel structure remained 
intact. Roughness observed on the examined surface resulted from the steel shot used during the treatment 
before galvanizing. The more stress steel surface after shot-blasting than after OAB cutting is presented in 
Figure 13 f.  

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 The S355JR steel structure : a,b - the flat surface (after rolling), c,d - the side surface (after OAB 
cutting), e,f - the side urface (after OAB cutting)g and shot-blasting; a,c - magnification 100x,  

b,d - magnification 500x 

In order to fully identify the particular phases occurring in the surface layer after  
OAB cutting, an examination by X-ray analyzer was conducted. The cross section of the steel structure 
observed after OAB cutting before shot-blasting and hot dip zinc galvanizing is shown in Figure 14. 
Percentual contents of analysed elements in the micro areas are presented Table 6. 
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Tab. 6 Chemical composition in selected micro areas 
marked in Fig. 14 

 
 
 
 
 
 
 
 
 
 

 
 
 
Metallographic examinations were made for links after 

hot dip zinc galvanizing. The measurements of zinc coating 

thickness were made. Results measured in several places on flat 
and side surfaces are put together in Figure 15. The thickness of the coating on flat surfaces was stable 
and amounted to ab. 158 µm. The coating observed on the side surface - cut by OAB is characterized by  
a thickness even about 100 µm smaller in relation to the flat surface (59 µm).    

   

 
 
 
 
 
 

 

Fig. 15 The zinc coating structure: a - on the flat surface, b - on the side surface 

Zinc coating structure. Intermetallic phases distribution that were determined at the coating 
cross section (the measure step was 10 µm) is enclosed in Figure 16 a and c.    

The Zn coating put on the flat surface (after rolling) reveals typical structure for this grade of 
steel - composed of phases: Г, δ, ζ and η (Zn) (Fig. 16 b).  Layers created by iron diffusion (δ+ζ) occupies 
the greater part of the coating thickness (135µm - 84% of total thickness). The coating growth was not 
disturbed/hindered by the heat affection results of cutting (there is no HAZ) and the application of shot-
blasting before galvanizing additionally supported proper process course. 

In the case of Zn coating created on the side surface (after OAB cutting) the observed structure 
is quite different (Fig. 16 c, d) - the alloyed area is much thinner (40µm - 57% of total thickness) - the rest 
is occupied by pure zinc.  

It seems that HAZ - its higher hardness, different steel surface structure (bainite, martensite) or 
thicker oxide layer being the product of reactions in higher temperature and longer time during cutting 
(not precisely removed from the treated surface) disturb/hinder diffusion process on the Zn coating/steel 
surface.  

The 

element 

Area A Area B 

wg [%] at [%] wg [%] at [%] 

Si 0,41 0,80 - - 

Mn 2,67 2,70 0,73 0,27 

Fe 96,93 96,50 43,36 15,82 

C - - 31,08 52,60 

O - - 24,52 31,16 

Fig. 14 The analysis of selected 
micro areas in the surface layer 

after OAB cutting 
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Fig.  16 The microstructure and Zn distribution at the cross section of the coating created on link: a, b - 
the flat surface (after rolling); c, d - the side surface (after OAB cutting) 

The corrosion resistance research 

The results of NSS test after 840 h in salt chamber were as follows: time to white corrosion 
appearance /time to red corrosion appearance/:  

• the flat surface - 24 h /840 h/,   
• the side surface - 24 h /408 h/.   

  
The results of potentiodynamic tests of zinc coating formed on the flat surface (after rolling) 

and the side surface (after OAB cutting) are compared in Tables 7. The structure of zinc coatings after 
potentiodynamic tests is shown in Figure 17.  

Tab. 7 Potentiodynamic test results of zinc coating  

Observation place   
Corrosion parameters 

Ecorr [mV] jcorr [mA/cm2] 

The flat surface 
(crude - after rolling) -949 2,1 

The side surface  
(after OAB cutting)  

-976 11,6 

 
  

 
 
 
 
 
 
 
 
 

Fig. 17 Selected structure of zinc coatings after potentiodynamic tests: a - on the flat surface (after 
rolling), b - on the side surface (after OAB cutting) 
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The summary of preliminary research  

Although the OAB cutting belongs to the cheapest methods of steel elements forming, in some 
cases, i.e. when the hot dip zinc galvanizing is applied, this method can cause serious, difficult to avoid 
problems (diversification of zinc coating growth dependent on the base steel surface condition). 

On the basis of the preliminary research it has been proved that the existence of  HAZ in 

the OAB cutting material and, as a consequence, bigger hardness have an impact on the diffusion 

pace on the edge of steel/coating, and on the  processes of substrate melting which assist zinc 

coating growth.  

The reduced iron diffusion rate to Zn coating on the cut side surface is probably the reason of  
both thickness of the entire coating and its individual sublayers diversification due to the reduction of the 
solubility of the steel basis resulting from the creation of HAZ zone. Also the insufficient cleaning of the 
steel surface after OAB -  remaining oxide layers can create the barrier hindering the diffusion process. 

It has been observed that the abrasive blasting method - shot-blasting which was carried out in 
order to clean the surface before hot dip galvanizing is insufficient for a surface after OAB cutting. 
Zn coating thickness diversification on the flat surface and side surface is unacceptable. Shot-
blasting may probably eliminate the lack of coating adhesiveness to the substrate. On the basis of the 
visual observation no problems with this phenomenon occurred.  

On the basis of the corrosion examinations - the NSS test, it was stated that so-called "white 
corrosion/rust" appears on all samples after 24 h. White rust is the effect of corrosion attack on zinc that 
usually appears as a voluminous white deposit. This corrosion process can completely remove zinc in a 
localized area and lead to the “red corrosion/rust” that is a more important corrosion resistance parameter 
which means that the plating layer lost the protective properties and allowed the base metal to corrode. 
The more resistant the zinc plating deposit is, the longer it takes to see red corrosion products.  

There is a direct relation between Zn coating thickness diversification and corrosion 

resistance of galvanized elements. The differentiation of corrosion resistance measured during the NSS 
and potentiodynamic tests on the flat surface after rolling and the side surface after cutting is closely 
related to the structure of the zinc coating.  

The observed changes are closely related to the outer layer steel structure (HAZ) which 
subsequently influences the mechanism and zinc coating growth kinetics, which confirms the validity of 
the research direction in respect of: 

• the research on other cutting methods impact on the zinc coating growth kinetics, 
• the research on the impact of additional after-cutting treatment on the zinc coating growth 

kinetics.  

5.2 Stage 1 - fundamental research  

Based on the results of the preliminary studies, the directions of the fundamental research were 
determined. In the first stage of the fundamental research the influence of cutting on the nature and 
corrosion resistance of the zinc coating was evaluated. For comparison with the OAB cutting thermal 
methods: laser cutting and non-thermal: abrasive water-jet cutting were selected. Links after water-
abrasive and laser cutting are shown in Figure 18.  

The research methods used in the preliminary study are presented in Chapter 4.1 

“Methodology”. 
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Fig. 18 The view of the tested material - link after cutting: a,b - water-abrasive, c,d - laser; a,c - the flat 
surface, b,d - the side surface 

Roughness measurement and surface topography  

The surface roughness measurement and the surface topography were made on the side surface 
of links after water-abrasive and laser cutting, before and after shot-blasting. The surface after water-
abrasive is less diversified (Fig. 19 a). The surface after laser cutting is covered by characteristic ruts of 
significant depth. The differences between the compared surface are greatly decreased after shot-blasting 
(Fig. 19 b, c). The average values of presented parameters to describe Ra, Rp and Rv may be analyzed in 
Table 8.   

Tab. 8 The average values of the basic parameters of roughness before and after shot-blasting 

Cutting 

method 

Roughness 

parameters 

[µm] 

Before  

shot-blasting 

After  

shot-blasting  

Water-
abrasive 
cutting 

Ra 3,59 3,76 

Rv 7,77 11,89 

Rp 9,25 10,98 

Laser cutting 

Ra 17,89 14,18 

Rv 76,46 26,23 

Rp 50,87 36,23 

 

b a 

d c 
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Fig. 19 Surface topography of links cut:  a,b - by water-abrasive, b,c  by laser; a,c - after cutting,  
b,d - after shot-blasting  

Hardness measurement 

The hardness measurement HV10 on the links side surface after water-abrasive was  
155,6 HV10 and laser cutting was 414,8 HV10. In case of the surface cut by water-abrasive method, the 
hardness was not altered and stayed at the typical level for this steel grade.  

The results of microhardness measurement on the cross-section from the cutting edge toward 
the core are presented in Figure 20.    

 
 

 

 

 

 

 

 

 

Fig. 20 Results of micro-hardness measurement (HV05) on the side surfaces of links in direction from 
cutting edge toward the core  

Metallographic research 

The results of the steel structure observation after water-abrasive and laser cutting are 
presented in the 100 and 500x magnifications in Figure 21. The steel structure after  
water-abrasive cutting was not altered. Figure 21 a, b presents a dark perlite area and a light ferrite area.  
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In the observed HAZ (thickness ab. 500 µm) the needle shape structure appeared -  lower 
bainite, martensite (Fig. 21 c, d) created as a result of undesirable quenching treatment caused by laser 
cutting.  

 
 
 
    

 
 
 
 
 
 
 
 
 

 

 

Fig. 21 The S355JR steel structure after cutting: a,b - water-abrasive, c,d - laser; a,b - magnification 
100x, b,c - magnification 500x 

 
In order to fully identify the particular phases occurring in the surface layer after  

water-abrasive and laser cutting, an examination by an X-ray analyzer was conducted. The cross 
section of the steel structure observed after OAB cutting after water-abrasive cutting is shown in  
Figure 22 a, after laser - Figure 22 b. Percentual contents of analysed elements in the micro areas are 
shown in Table 9. 

Tab. 9 The chemical composition in selected micro areas marked in Fig 22 a and b  

The 

element 

Water-abrasive cutting  

acc. to Fig. 22 a 

Laser cutting  

acc. to Fig. 22 b 

Area A Area B Area A Area B 

wg % at % wg % at % wg % at % wg % at % 

Si - - - - 0,33 0,65 0,47 0,61 

Mn 2,23 2,26 1,50 1,00 2,48 2,51 1,95 1,29 

Fe 97,77 97,74 77,54 50,93 97,19 96,84 76,20 49,57 

O - - 20,97 48,07 - - 21,37 48,53 

 
 

 
 
 
 
 
 
 
 

Fig. 22 The analysis of selected micro areas in the surface layer after: a - water-abrasive cutting,  
b - laser cutting  
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Next stage of the research, a microscopic measurement of zinc coating thickness was 
conducted on the rolled surface of a particular link and on the surface after water-abrasive and laser 
cutting. The results were presented in Figure 23. The cross-section of zinc coating, together with 
indicated measurement points is presented in Figure 24.  

The average zinc coating thickness on links rolled surfaces is stable and equals  
156 - 159 µm. The thickness measurement of the surface cut by water-abrasive was close to the average. 
On the surface cut by laser, the coating is characterized by the thickness 12 % lower than on the rolled 
surface.  

 

 

 

 

 

 

 

 

Fig. 23 The results of zinc coating thickness measurement on the flat surface (F) and the side surface (S) 
after cutting  

 
 
 
 
 
 
 
 
 
 

Fig. 24 Zinc coating cross-section with the indication of zinc coating thickness measurement points a - 
the surface cut by water-abrasive method, b - the surface cut by laser  
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The microstructure and Zn distribution at the cross section of the coating created the 
surface after water-abrasive and laser cutting are presented in Figure 25. The measure step was 5 µm.  

 
 
  

 
 
 
 
 
 
 

 

 

 

 

 

 

Fig. 25 The microstructure and Zn distribution at the cross section of the coating created on the surface: 
a,b - after water-abrasive cutting c,d - after laser cutting 

The Zn coating put on the surface after cutting by water-abrasive reveals typical structure for 
this grade of steel  - composed of phases: Г, δ, ζ and η (Zn) (Fig. 25 a).  Layers created by iron diffusion 
(δ+ζ) occupy the greater part of the coating thickness (125 µm - 89% of total thickness) (Fig. 25 b). The 
coating growth was not disturbed/hindered by the heat affection results of cutting (there is no HAZ) and 
the application of shot-blasting before galvanizing additionally supported proper process course.  

In the case of the coating created on the surface cut by laser ( Fig. 25 c) the alloyed layer (δ+ζ) 
has lower thickness (90 µm - 75% of total thickness) (Fig. 25 d).  

The corrosion resistance research 

The results of NSS test after 816 h in salt chamber were as follows: time to white corrosion 
appearance /time to red corrosion appearance/:  

• water-abrasive cutting - 24 h /816 h/,   
• laser cutting - 24 h /552 h/.   

 
The results of potentiodynamic tests of zinc coating formed on the side surface of links after 

water-abrasive and laser cutting, are compared in Tables 10. The structure of zinc coatings after 
potentiodynamic tests is shown in Figure 26.  

Tab. 10 Potentiodynamic test results  

Cutting method 
Corrosion parameters 

Ecorr [mV] jcorr [mA/cm2] 

Water-abrasive 
cutting -954 3,7 

Laser cutting -979 6,1 

 
 

a b 

d c 
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Fig. 26 Selected structure of zinc coatings on the link surface after potentiodynamic tests : a - after 
water-abrasive cutting,, b - after laser cutting 

 The summary of stage 1 fundamental research 

The performed metallographic analysis and hardness measurement confirmed that application 
of thermal cutting methods results in the hardening of the steel subsurface zone in comparison to values 
measured in element core, i.e. 155 HV10 (steel S355JR). In case of surface area cut by water-abrasive 
method, hardness in compared zones didn't change. The application of the laser beam caused the surface 
hardness increase to 400 HV10, while cutting by OAB increased the hardness to 350 HV10. 

The size of the HAZ in the subsurface layer of samples cut both with laser and OAB was 
determined on the basis of microscopic observations - typical changes in the steel structure from ferritic-
pearlitic to bainite, martensite appeared. The HAZ area boundary in both cases is distinct and is running 
parallel to cut edge. In case of the flame cutting the HAZ thickness amounts to 0,8 - 1,8 mm, whereas in 
the sample cut by laser, HAZ is narrower and its thickness amounts to 1 mm. The compared effects result 
mainly from differences in the cutting rate (laser - v = 800 mm/min, OAB - v = 400 mm/min) because the 
maximal values of temperatures gained in cutting area in both cases can differ slightly (ab. 1473K). 

The crude steel surface formed by cutting is in every case covered by oxides. The oxide layers 
thickness were: 40 µm - OAB, 20 µm - water-abrasive and  30 µm - laser. It is very interesting that 
despite the relatively low temperature (313-373K), also on the steel surface cut by water-abrasive, the thin 
oxide layer appears that can influence kinetic of Zn layer growth appears. We can make an assumption 
that remains of oxide layer may not be the only one reason of Zn coating structure changes.  

The cutting methods affect surface quality, expressed by the Ra parameter. The lowest surface 
roughness appeared after water-abrasive cutting. The highest Ra = 17,12 µm was achieved on the surface 
after laser cutting. Laser-cut surface requires additional process in order to eliminate unevenness - 
polishing or changing cutting parameters. After thermal cutting methods, i.e. OAB and laser cutting it is 
necessary to use mechanical treatment (shot-blasting) in order to remove scale, which has an influence on 
the surface roughness.  

Microscopic observation also confirms the diversification of Zn coating thickness and its 
structure. The most developed alloyed structure is visible in the coating created on steel surface cut by 
water-abrasive. Proceeding from water-abrasive cutting through laser forming to OAB cutting method it 
is clear that the created alloyed layer becomes narrower gradually.  

The tested cutting methods (water-abrasive, laser, OAB) influence essentially on the growth  
kinetics of Zn layer on the face of cut of steel.  After water-abrasive and laser cutting the greatest part of 
coating cross section is occupied by the ζ phase (correspondingly 95 and 60 µm), while after the OAB 
cutting the thickness of ζ phase amounts only to 20 µm.  The thickness of δ phase in all cases is similar  
(25-27 µm - OAB, water-abrasive and the laser). The lowest thickness of η phase was  measured for the 
coating after the water-abrasive cutting (10-15 µm), in case of OAB and laser cutting-  this phase 
thickness reaches 30µm.    

There is a direct relation between Zn coating thickness diversification and corrosion resistance 
of galvanized elements. Executed corrosion tests (NSS, potentiodynamic) of zinc coating on the surface 

a b 
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of links after cutting confirmed that the thickness and structure of coating determine the stability of the 
coating under condition of aggressive corrosion environment action.  

The time of red rust appearance on the flat surface of link is twice as long as the surface after 
OAB cutting. The corrosion resistance expressed as the period before the red corrosion appears on the 
level of over 800 h was observed for the zinc coating also after water-abrasive cutting. The resistance of 
the zinc coating created on the surface cut by laser was lower. The red corrosion appeared after 552 h, and 
on the zinc coating subjected to OAB cutting, it occurred after only 408 h. 

The lowest average values of corrosion current density jcorr were registered for zinc coating 
covering the surface of links after water-abrasive cutting (3,65 mV/cm2). The average values of this 
parameter were higher of about 67% for zinc coating on the surface shaped by laser cutting and 216% for 
OAB cutting. Potentiodynamic tests proved that zinc coating on the surface after OAB cutting is 
characterized by the worst corrosion resistance. The average values of corrosion rate are about about 87% 
higher for zinc coating covering the surface after OAB cutting than after laser cutting.    

The reduced iron diffusion rate to Zn coating on the cut side surface is probably  
the reason for diversifying both thickness of the entire coating and its individual sublayers due to 
reduction of the solubility of the steel basis resulting from the creation of HAZ zone. The insufficient 
cleaning of the steel surface after OAB or laser cutting - remaining oxide layers can also create the barrier 
hindering the diffusion process. It is necessary to clarify the influence on additional treatment after OAB 
cutting on the structure and corrosion resistance of the zinc coatings. In the next stage of the fundamental 
research the following experiments are planned: to conduct the heat processing which will remove the 
HAZ zone, to apply more intensive treatments of cleaning the surface after the cut with OAB through the 
grinding and electropolishing.   

On the basis of results it was stated:  
• The corrosion resistance of zinc coating covering the surface shaped by laser cutting is much 

higher than the corrosive resistance of the coating on OAB cutting surface.    
• Cutting the steel S355JR by water does not disturb the hot dip zinc coating growth and 

provides very good corrosion resistance.   
• The applied abrasive blasting - shot blasting of the OAB shaped surface is insufficient. To 

create proper zinc coating an additional treatment is necessary, i.e. grinding or 
electropolishing.   

5.3 Stage 2 - fundamental research 

In the second stage of the fundamental research the aim was to determine the effect of 

additional treatment performed after the OAB cutting on the structure and corrosion resistance of the 
zinc coating. For comparison, normalizing annealing, grinding and electropolishing were applied.  
The research links after OAB cutting and additional treatment are shown in Figure 27.  

The research methods used in the preliminary study are presented in Chapter 4.1 

“Methodology”. 
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Fig. 27 The view of the tested material - link after OAB cutting and additional treatment: a,b - 

normalizing annealing, c,d - grinding, e,f - electropolishing; a,c,e - the flat surface, b,d,f - the side 
surface 

Roughness measurement and surface topography 

The surface roughness measurement and the surface topography were made on the side surface 
of links after OAB cutting and additional treatment. The surface topography is summarized in Figure 28. 
The surface after annealing is covered by scale. On the surface after grinding, roots may be observed. The 
surface after electropolishing is the least diversified. The average values of presented parameters to 
describe Ra, Rp and Rv may be analyzed in Table 11.   
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Tab. 11 The average values of the basic parameters of roughness after OAB cutting and additional 
treatment  

Kind of additional 

treatment after OAB 

cutting 

Surface 

roughness 

parameters 

ā 

Normalizing annealing 

Ra 5,12 

Rp 11,83 

Rv 15,56 

Grinding 

Ra 4,80 

Rp 14,75 

Rv 13,63 

Electropolishing 

Ra 4,25 

Rp 11,17 

Rv 10,95 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 28 The surface topography after OAB and additional treatment: a - normalizing annealing,              
b – grinding, c – electropolishing 

Hardness measurement  

In the preliminary research it was proved that after OAB cutting, the hardness increase to 352 
HV10 is observed. The measurement was made perpendicularly to cutting plane. The average values from 
a ten places of the measurement were as follows: normalizing annealing - 156 HV10,  
grinding - 323 HV10 and electropolishing - 299 HV10.  

In the second stage, the microhardness HV0,5 measurement was conducted from the cutting 
edge toward the core. The measurement results were presented in Figure 29.  
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Fig. 29 Results of hardness measurement (HV0,5) on the side surface of links in direction from cutting 
edge to the sample core   

Metallographic research 

The results of the steel structure observation after OAB cutting and additional treatment: 
normalizing annealing, grinding and electropolishing are presented in Figure 30.  

As a result of the heat treatment caused by OAB cutting in the surface steel layer the heat 
affected zone (HAZ) is observed after grinding (Fig. 30 c, d) and electropolishing (Fig. 30 e, f, 
additionally narrow subsurface zone the great structure differentiation is observed (within 30 µm length)). 
Structure of steel in Figure 30 a, b is restored to original condition by heat treatment.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 30 The S355JR steel structure after OAB cutting and additional treatment: a - normalizing 
annealing, b - grinding, c - electropolishing; a,c,e - magnification 100x, b,d,f - magnification 500x 

 

Zinc coating thickness. Microscopic measurement of zinc coating thickness was conducted on 
the rolled surface of a particular link and on the surface after OAB cutting and additional treatment. The 
measurement results are complied in Figure 31. The cross-section of zinc coating, together with indicated 
measurement points is presented in Figure 32.  

The zinc coating thickness on the surface of all links was stable and amounted to  
143 - 146 µm. The average thickness of the zinc coating on the surface after normalizing annealing was 
136 µm. A diversification of the zinc coating thickness was observed on the links after grinding and 
electropolishing.  
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Fig. 31 The results of zinc coating thickness measurement on the flat surface (F) and the side surface (S) 
after OAB cutting and additional treatment 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 32 Zinc coating structure on the links after OAB cutting and additional treatment:  
a - normalizing annealing, b - grinding, c - electropolishing  

The microstructure and Zn distribution at the cross section of the coating created the 
surface after OAB cutting and additional treatment  Figure 33.   

The measure steps were: 5 and 10 µm. In the zinc coating structure on the grinded and 
electropolished surface, three basic phases may be observed (δ, ζ and η) - the Г phase is very thin and 
difficult to be identified with the measurement value of 10 µm. The alloy layer of the zinc coating formed 
on the surface after grinding is about 40 µm (66% of total coating thickness, Fig. 33 d). The alloy layer 
thickness of the surface formed after electropolishing amounts to 35 µm (58% of the total coating 
thickness, Fig. 33 e). The coating thickness increase on the surface after normalizing annealing appeared 
in the form of ferritic/perlitic structure, characteristic for the S355JR steel. The coating has a higher 
thickness, its structure is dominated by the alloy layer consisting of the δ and ζ phase, which sets 89% of 
the total zinc coating thickness (Fig. 33 b).   
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Fig. 33 The microstructure and Zn distribution at the cross section of the coating created on the surface 
after OAB cutting and additional treatment: a,b - normalizing annealing c,d - grinding,  

e,f – electropolishing 

The corrosion resistance research 

The results of NSS test after 640 h in salt chamber were as follows: time to white corrosion 
appearance /time to red corrosion appearance/:  

• normalizing annealing - 24 h /576 h/,   
• grinding - 24 h /312 h/,  
• electropolishing - 24 h /264 h/.   

 
The results of potentiodynamic tests of zinc coating formed on the side surface of links after 

OAB cutting and additional treatment: normalizing annealing, grinding and electropolishing, are 
compared in Table 12. The structure of zinc coatings after potentiodynamic tests is shown in Figure 34.  
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Tab. 12 Potentiodynamic test results  

Treatment 
method 

Corrosion parameters 

Ecorr [mV] icorr [mA/cm2] 

Normalizing 
annealing 

-957 6,0 

Grinding -969 7,5 

Electropolishing -970 12,8 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 34 Selected structure of zinc coatings on the link surface after OAB cutting and additional treatment: 
a - normalizing annealing, b - grinding, c - electropolishing  

The summary of stage 2 fundamental research 

The conducted examination of the fittings for overhead power lines - double-eye link cut 

by different methods and subjected each time to different surface treatment before hot dip 

galvanizing proved that the dominant factor affecting the kinetics of zinc coating, its structure and 

corrosion resistance, is the heat affected zone (HAZ) - the side effect of thermal treatment of 

elements forming.   

The cutting methods affect surface quality, express by the Ra parameter. The lowest surface 
roughness appeared after water-abrasive cutting. The values measured on the surface after OAB cutting 
and after additional treatment very slightly different.  The samples A, A1, A2 and A3, the Ra value equals 
4 - 5 µm. The lowest Ra values was measured on the surface after electropolishing (4,25 µm).The highest 
Ra = 17,12 µm was achieved on the surface after laser cutting. After thermal cutting methods, i.e.  
oxy-acetylene (OAB) and laser cutting, as well as after thermal treatment it is necessary to use 
mechanical abrasive treatment in order to remove scale, which has an influence on the surface roughness.  

The comparison of average Ra parameters are presented in Figure 35. 
 

a b 
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Fig. 35  The comparison of average Ra parameters (B - water-abrasive cutting, C - laser cutting,  
A - OAB cutting, A1 - OAB cutting + normalizing annealing, A2 - OAB cutting + grinding,  

A3 - OAB cutting + electropolishing) 

Metallographic analysis and the hardness measurements confirmed that after the application of 
thermal cutting methods the increase in surface zone is observed. The initial hardness of S355JR steel was 
about 155 HV10. It follows from the conducted measurements that the surface hardness after grinding has 
the highest value (ab. 329 HV 10). A little lower hardness but very close to value measured after OAB 
cutting without additional treatment, was determined by electro polishing (ab. 299 HV 10). In both cases 
the hardened zone inside the tested element is up to 0,5 - 1mm deep.  

After normalizing annealing, the surface hardness does not differ essentially from the values 
measured in sample’s core (ab. 158 HV10) and it is similar to the values measured after water-abrasive 
cutting. The results are presented in Figure 36 and 37.   

 
 
 
 
 
 
 
 

 

 

 

Fig. 36 Results of hardness measurement (HV10) on the side surface of links (B - water-abrasive  cutting, 
C - laser cutting, A - OAB cutting, A1 - OAB cutting + normalizing annealing, 

 A2 - OAB cutting + grinding, A3 - OAB cutting + electropolishing) 

The steel structure after annealing is composed mainly of ferrite with small amounts of perlite, 
whereas the structure after electropolishing and grinding is changed by heat influence - the needle 
structure appeared. The HAZ existing in the material cut by OAB - changes the steel properties, and in 
consequence of the higher thermal stability of created phases (lower bainite), it influences the diffusion 
rate at the steel/coating boundary and base dissolving processes accompanying of the zinc-coating 
growth.  
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Fig. 37 Results of hardness measurement (HV0,5) on the side surface of links in direction from cutting 
edge to the sample core 

In the second stage of fundamental research the coating thickness on flat surfaces (crude - after 
rolling) of all tested links was stable and amounted to about 144 - 146 µm. Thickness measurement of 
zinc coating after normalizing annealing - on the side surface cut with OAB revealed value similar to the 
average measured on the flat surface. The lowest diversification of coating thickness was observed (7%). 
Zinc coatings on the surface after grinding and electropolishing, on side surfaces, a significant deviation 
of coating thickness from average value for flat/rolled surface was stated. This difference after grinding 
and electropolishing amounts correspondingly to 55 and 52% (62% for OAB without additional 
treatment). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 38 The comparison of the zinc coating thickness on the side surface (S) and flat surface (F, crude, 
after rolling); B - water-abrasive  cutting, C - laser cutting, A - OAB cutting, A1 - OAB cutting + 

normalizing annealing, A2 - OAB cutting + grinding, A3 - OAB cutting + electropolishing;  
 

Comparing results achieved after investigation of the following cutting methods: A2, A3, A1, 
to previous tests: laser and water-abrasive cutting, it is clear that the best final result guarantee the  
water-abrasive cutting. The zinc coating thickness diversification is here only about 2% (7% after OAB 
cutting and normalizing annealing, 12% after laser cutting). Although the OAB cutting is considered as 
the cheapest method - but if we add the additional thermal treatment cost the situation probably change 
essentially. 
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Microscopic observation also confirms the diversification of Zn coating thickness and its 
structure. The most developed alloyed structure is visible in the coating created on steel surface cut by 
water-abrasive. Proceeding from water-abrasive cutting through laser forming to OAB cutting method it 
is clear that the created alloyed layer stay more and more narrow. 

After traditional etching with 4% HNO3 the dissimilarity of zinc coating structure created on 
the side surface after additional treatment - electropolishing and grinding in comparison to zinc coating 
after normalizing annealing is clearly visual.  At the Zn coating cross section created on the surface after 
grinding and electropolishing, three phases are fundamentally visible (η, ζ, δ) - phase Г is very thin and 
difficult for the identification at the measuring step equal to 5-10 µm. In both cases thickness of alloyed 
layer is about 60% of the total Zn coating thickness. Coating growth on the surface after normalizing 
annealing was realized on typical for steel S355JR the ferritic-pearlitic structure (restored to original 
condition by heat treatment). So, the coating in this case has greater thickness, and ζ phase is dominating 
in the structure (Fig. 39).  

 

 

 

 

 

 

 

 

 

Fig. 39 The comparison of the zinc coating structure on the surface after cutting and additional 
treatment: B - water-abrasive, C - laser, A - OAB, A1 - OAB cutting + normalizing annealing,  

A2 -OAB cutting + grinding, A3 - OAB cutting + electropolishing 

On the basis of the corrosion examinations - the NSS test, it was stated that so-called the 
"white corrosion/rust" appears on all samples after 24 h. The highest corrosion resistance (time to the 
appearance of the red corrosion) was measured for the Zn coating on the surface after normalizing 
annealing - 576 h. Time to red corrosion appearance in the case of sample after grinding  amounted to 312 
h, and for the sample after electropolishing - 264 h. So, it means that zinc coating deposited on steel 
surface after normalizing annealing is almost twice more resistant to corrosion in comparison to grinding 
or electropolishing effect. Moreover, despite the small differences between coating thickness deposited on 
electro-polished and grinded surfaces the corrosion resistance is much higher after grinding. The results 
of  NSS test are presented in Figure 40.  
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Fig. 40 The comparison of the time to the appearance of the red corrosion (B - water-abrasive cutting,  
C - laser cutting, A - OAB cutting, A1 - OAB cutting + normalizing annealing, A2 - OAB cutting + 

grinding, A3 - OAB cutting + electropolishing) 

Executed potentiodynamic tests of zinc coating shaped by surface after cutting and additional 
treatment confirmed that the thickness and structure of coating determine the stability of the coating under 
condition of aggressive corrosion environment action. The results of potentiodynamic test are presented 
in Figure 41. 

 
 
 
 
 
 

 

 

 

 

 

 

Fig. 41 The comparison of the corrosion current density [mV/cm2] (B - water-abrasive cutting, C - laser 
cutting, A - OAB cutting, A1 - OAB cutting + normalizing annealing, A2 - OAB cutting + grinding,  

A3 - OAB cutting + electropolishing) 

On the basis of shown results it can be stated that zinc coating put on the surface after water-
abrasive cutting is characterized by the smallest corrosion current and hence its corrosion rate is the 
lowest. Change in the structure of the cut material (OAB) couses the increase of corrosion current value. 
Zinc coating shaped on the surface after OAB cutting has the largest corrosion current density and the 
highest corrosion rate. The use of additional treatment after OAB cutting: normalizing or grinding enables 
to achieve better properties- the average values of corrosion current density are lower. The lowest date 
was registered for zinc coating covering the surface after normalizing annealing similar to the surface 
after laser cutting. Zinc coating on the surface after grinding is characterized by comparatively good 
corrosion resistance. The reason is probably the fact, that mechanical treatment - grinding is more 
effective than electrochemical one.  Additionally the surface after electropolishing has not been subjected 
to shot-blasting. Potentiodynamic tests proved that zinc coating on the surface after OAB cutting and 
additional treatment like electropolishing is characterized by the worst corrosion resistance.  
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6    Conclusions  

The presented results of the research and their analysis on the basis of the literature review 
allowed to formulate the following conclusions:   

  
1) The main reason of the zinc coating thickness diversification, on the surface after rolling and 

thermal cutting, is the steel structure alteration evoked by cutting methods. The occurrence of 
HAZ, and consequently higher thermal sustainability of the created phases (lower bainite), 
have an influence of the diffusion pace on the steel/surface border.  

2) The hardness of the steel surface and the diversification of zinc coating thickness are directly 
related. The lowest diversification was measured for the surface after water-abrasive cutting 
and it equaled 2% (156 HV10), and the highest appeared on the surface after OAB cutting - 
62% (326 HV10). After additional treatment which followed OAB cutting, the lowest 
difference was proved for the surface after normalizing annealing - 7% (156 HV10), but after 
polishing and electropolishing it was 52% (323 HV10) and 54% (299 HV10).   

3) The outer layer preparation by water-abrasive method, by shot-blasting in case of the surfaces 
cut by oxy-acetylene (OAB) is not sufficient and does not ensure appropriate surface quality.  

4) The diversification of the zinc coating thickness applied on the rolled and thermally cut 
surfaces is not significantly reduced when additional treatment - grinding or electropolishing, 
is used after OAB cutting.   

5) The best way to decrease the zinc coating thickness diversification for the elements formed by 
thermal cutting (OAB, plasma) is the supplication of normalizing annealing, which removes 
the heat affected zone. The values of the coating diversification and its structure, achieved 
after additional thermal treatment and water-abrasive cutting of steel are similar.  

6) The determining influence on the zinc coating quality, expressed by its corrosion resistance 
has the outer layer quality, affected by the cutting method. The highest corrosion resistance is 
presented by the zinc coating formed on the steel cut by water-abrasive method. The corrosion 
resistance of zinc coatings on the surfaces formed by laser is higher than on the surfaces cut by 
oxy-acetylene method (OAB).  

7) The time until red corrosion appears in NSS test, in the environment of 5% NaCl, on the 
galvanized elements with additional thermal treatment (normalizing annealing) is almost twice 
longer than in case of the sample galvanized after additional polishing or electropolishing.  
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7    Social and economic aims 

The economic losses caused by corrosion, increase the cost of production and exploitation of 
steel constructions to a large extent. The selection of technological operation and corrosion protection 
methods is often determined by the amount of financial resources to be investment. Each researched 
cutting method, i.e. water-abrasive, laser and oxy-acetylene (OAB) cutting has its own specification and 
range of use, when it is the most efficient.  

On the basis of the conducted research it has been stated that the zinc coating, formed on both 
water-abrasive and laser cut surfaces, presents better properties while compared to the zinc coating on the 
oxy-acetylene (OAB) cut surface. Having analyzed both cutting methods in terms of economy and 
technique, it may not be easy to prove which one is more effective.   

During water-abrasive cutting, no structural alterations in the material, affected by heat, are 
observed. However, the cost of this method in the examined case is 43% higher than the cost of laser 
cutting and as many as 233% higher than in case of  OAB cutting. It is to be remembered that this method 
is used whenever excessive heating of a material is unacceptable.  As far as the influence on the 
environment is concerned, the method is the most eco-friendly. Taking account of occupational safety and 
health,  it is simply beyond compare.  

In terms of economy, laser cutting is more competitive for water-abrasive cutting. There is  
a number of crucial advantages of it, such as very high precision of cutting, a possibility of high cutting 
rate and relatively narrow HAZ. Nonetheless, when compared to plasma cutting, it is 133% more 
expensive than oxygen cutting. The corrosion resistance of zinc coatings formed on the surfaces after 
laser cutting is higher than on the surfaces after OAB cutting.  

On the basis on the conducted research it has been proved that the results achieved after OAB 
cutting followed by an additional treatment i.e. normalizing annealing, are similar in terms of coating 
thickness diversification and its structure to the results of water-abrasive cutting. This method is more 
favourable considering the cost, which is only 7% higher than in case of OAB cutting.  

The selection of a cutting method depends on many factors of the production process. The 
economic factor together with the quality are of great importance, especially in high-volume production. 
However, considering minimizing the negative influence on the environment is also important.  

The results of the conducted research are the grounds for the selection of proper solutions in 
order to remove zinc coating failures, which occur on steel surfaces after thermal cutting.  They may be 
used by design offices and galvanizing plants, as well as by companies producing fittings for overhead 
power line.  
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