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removed from the welded samples with different settings of the laser. By means 

of six different experiments, a concise statement could be made as to the 

influence of the different settings.  

The following methods were used for the experiments: "Salt spray", "ASTM G61-

86", "EDS-analysis", "Standardized effects", "Light microscope" and "ASTM G48-

11". After three test runs, it was possible to determine which laser parameters 

have the most influence on corrosion resistance. In particular, how the laser 

cleaning changed the material surface and its elements.  

The best results were compared with two other papers, where the weld was 

cleaned conventionally. Conventional means that the samples were cleaned 

chemically or electrochemically. It is clear that the oxidation layer with laser 

ablation is a very good and environmentally friendly alternative. 
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SYMBOLS AND ABBREVIATIONS USED 

 

USP Ultrashort pulse 

ASTM American Society for Testing and Materials 

Creq Chromium equivalent 

Nieq Nickel equivalent  
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1 INTRODUCTION 

The constant development of new cleaning methods of the oxidation layer of the 

metals enables the use of new methods such as the laser, which can create the 

best possible readjustment of the stainless-steel layer with different settings. At 

the same time, a very good insight into the subject of laser technology can be 

realised. Most importantly, through this project one can pursue one's passion for 

metallurgy.  

This work deals with the integration of laser cleaning, especially for weld seams, 

which is to be implemented in an automated process in the production flow.  

For this purpose, theoretical basics on this topic will be dealt with in order to 

create a basis for the practical process, which includes the correct setting of the 

system. 

1.1 Objectives 

The objective of this thesis is divided into three main research questions. The 

main objective is to investigate the corrosion resistance of laser post-cleaned 

welds. For this purpose, the corrosion resistance of laser post-cleaned welds 

shall be found out in comparison to the 2B surface. How laser post-cleaning 

affects the surface topography of the welds? How this can be achieved with the 

correct laser machine parameters? 

The analysis of laser cleaning of other materials is not taken up in this thesis. 

Only austenitic stainless steel EN 1.4307 is used as a material. Specifically, the 

weld cleaning is tested and analysed. 
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2 THEORETICAL BACKGROUND 

2.1 Welding processes for stainless steels 

Depending on the requirements, application and stainless-steel grade, the 

different welding processes have their advantages. The austenitic stainless 

steels of the 300 series, alloyed with 18-30% chromium and 6-30% nickel, are 

often used in manufacturing and are easier to weld, whereas super austenite, 

super duplex or duplex require much more attention. GTAW, gas tungsten arc 

welding, commonly referred as TIG (tungsten inert gas) welding is characterized 

by its versatility and the aesthetic appearance of the finished weld. By adjusting 

the current, a high-quality joint can be welded with low heat input. The process 

can be mechanized and used with or without filler wire (i.e. autogenous welding). 

For stainless steel welds, a pure argon is normally used to maintain corrosion 

resistance. (Trydell K., Holgersson J. 2019, 3) 

PAW, Plasma Arc Welding, due to the concentrated transferred arc, narrow joints 

with deep bonding can be created. This usually uses argon as the shielding gas 

and an autogenous mechanized system. As the process is limited to a layer 

thickness of 8 mm, it can be used with a hybrid PAW/TIG system for a thicker 

filler wire. (Trydell K., Holgersson J. 2019, 3) 

GMAW, gas metal arc welding, commonly referred to as MIG/MAG, is used 

manually or mechanized. Due to the continuous wire feed, these processes have 

a relatively high productivity. Depending on the material and application, different 

gas mixtures can be used. (Trydell K., Holgersson J. 2019, 3) 

SAW, submerged arc welding, is mainly used for thicker materials since it is fully 

mechanized and is often used for highly productive welding of stainless steel 

because of the oxidation protection provided by the flux powder. (Trydell K., 

Holgersson J. 2019, 3) 

LBW, laser beam welding, can be advantageous due to the high intensity of the 

laser beam with the ability to penetrate deep into semi-thick areas with little 

material distortion. (Trydell K., Holgersson J. 2019, 3) 
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2.2 Laser cleaning 

Light amplification by stimulated emission of radiation (laser) is light amplification 

by stimulated emission of radiation. In order to use the laser for manufacturing 

purposes, electromagnetic radiation must be generated, and optical, mechanical 

and scattering components must be used for industrial applications. The laser 

beam serves as an energy carrier, which is guided from its point of origin to the 

effective zone on the workpiece with the aid of mirrors or flexible glass fibres. 

Depending on the requirements of the manufacturing process to be performed, 

the beam is shaped and focused. (Hügel H. 2009, 13-14) 

In this work, PLA technology in particular was used for laser cleaning. This is a 

process in which material is removed from a target material by irradiation with an 

intense, ultra-pulsed laser beam, which is called pulsed laser ablation. The 

energy of the laser beam is higher than the binding energy between the atoms of 

the target material, so that ablation can take place. When the electrons in the 

target material absorb the energy of the incident photons, they transfer the energy 

to the phonons, i.e. the lattice vibrations, and cause the material to heat up. This 

sudden strong heating of the material leads to an erosion of the surface oxidation 

layer and thus to a vaporization of the material. (Singh A. 2020, 27-28) 

 

Laser ablation involves removing a layer of material with the laser beam, as 

shown in the illustration below (Fig. 1).  The beam hits the oxidation layer, breaks 

up the dust or rust layer and flings it away. Each material has a different ablation 

threshold, but the energy transmitted by the laser beam must be above this 

threshold. (Laserax 2020) 

 

Figure 1 Principle of laser ablation  (Laserax 2020) 
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2.3 PLA- parameters 

Suitable laser parameters are important in laser cleaning processes. Therefore, 

several parameters need to be considered during the coating removal process: 

Wavelength (λ), laser fluence (F), pulse width (PW) and repetition rate. (Lee D., 

Cheng M. 2006, 1591–1596; Qiumei B.,Yu X., Baozhen Z., Zenghu C., Shuting 

L. 2013, 395–398) 

An inappropriate choice of laser parameters can lead to overexposure due to the 

high energy density of the laser beam. Under-exposure will result in residual 

contamination on the surface of the substrate. Table 1 below lists the parameters 

and their derivation formulae for characterizing pulsed and CW laser 

radiation.(Heidelman G. 2009, 38–41; Jinghua H.,Xudong C.,Sha W.,Guoying F, 

Guoliang D., Ruifeng H. 2017, 1947–1955) 
 

Table 1 Laser-Parameter (Georg Heidelman 2009; Han et al. 2017) 

Symbol Definition Unit Formula 
τp Pulse duration s τp= Dc/RR 

RR Repetition rate Hz RR=DC/ τp 

DC Duty cycle - DC=RR* τp 

P Power W Ppeak = E/τp 

E Energy J E = Ppeak × τp 

A Area of laser 

beam 

cm² A = (π/4) × 

(diameter)² 

I Intensity W/cm² I=P/A 

F Fluence J/cm² F=E/A 

 
2.3.1 Energy of the laser 

The optical energy of the laser beam is converted into thermal energy. As a result, 

the laser beam interacts with the workpiece surface itself. A prerequisite for 

material processing is the input of laser energy because the amount and density 

of the energy determines the type of effect on the material. Of the coupled energy, 

a part is used for heating and melting the material. If the amounts of energy are 

dissipated by heat conduction into the interior of the component or emitted in the 

form of radiation to the surface of the workpiece, losses occur in the 

process.(Brenner A. 2021; Razab et al. 2018, 393-402) 



12 

 

 

2.3.2 Productivity increase and limitation in ultrashort pulse ablation 

Thanks to the continuous development of modern laser beam sources, extremely 

high average laser powers of up to Pm = 8.9 kW in the ultrashort pulse range can 

be successfully tested in the laboratory. Commercial high-power ultrashort pulse 

laser beam sources have a maximum average power of 300-600W. The laser 

power is therefore not an obstacle to increasing the ablation rate/productivity in 

the USP (Ultrashort pulse) range but is limited by the high requirements for 

ablation precision and surface quality. In the following illustration (Fig.2), the three 

most important parameters are shown graphically. 

Laser power can be calculated using equation (ref): 

𝑃𝑚 = 𝐸𝑝 ⋅ 𝑓𝑟𝑒𝑝 
 

Pm  is average laser power 

Ep is pulse energy 

Frep is repetition rate 
 

This results in the increase of productivity by scaling the power:  

• Increase in pulse energy 

• Distribution of the pulse energy over the pulse width 

• Increase of the repetition rate 

(Brenner A. 2021; Razab et al. 2018, 393-402) 

 
Figure 2 Ablation rate  (Brenner A. 2021; Razab et al. 2018, 393-402) 
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2.3.3 Influence of the pulse energy  

With increasing pulse energy, the achievable structural resolution decreases and 

at the same time the fluctuation Fo linear increases. This leads to a loss of ablation 

efficiency 𝜖𝐴.  

However, an increase in productivity can occur if the laser beam and thus also 

the pulse energy is divided into several to hundreds of partial beams, since the 

material removal can take place in parallel.(Brenner A. 2021; Razab et al. 2018, 

393-402) 

 

2.3.4 Influence of the repetition rate 

An increase in the repetition rate is limited by the scanning speed vSCAN of the 

beam deflection unit. For laser material ablation, a pulse overlap of 50-80% 

should be selected. A larger pulse overlap can lead to the formation of very rough 

microstructures on the material surface. To achieve sufficient local separation of 

the laser pulses, very high scanning speeds are required for power scaling with 

high repetition rates in the MHz range.(Brenner A. 2021; Razab et al. 2018, 393-

402)  

2.4 Oxidation 

High-temperature corrosion, like oxidation, is any reaction of a metallic material 

with oxygen in which oxides are formed. The solid (metal) and a gas (oxygen) 

react with each other, and a solid reaction product (metal oxide) is formed. As a 

result, the thermodynamic stability decreases with increasing 

temperature.(Teneva-Kosseva G. 2005, 3-9) 

Thermodynamics of metal oxidation 

During the dry oxidation of a metal M, pure oxygen O2 can be formed with the 

formation of the reaction product: 

 

𝑥𝑀 +
𝑦

2
𝑂2 ↔ 𝑀𝑥𝑂𝑦 
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the Gibbs free energy is given by G: 

G = −𝑅𝑇𝑙𝑛(
ɑ𝑀𝑂2

ɑ𝑀∗𝑃𝑂2

) 

The activity of the metal ɑ𝑀 and the oxide ɑ𝑀𝑂2
is equal in the equilibrium state 

results: 

G=RT*ln *𝑃𝑂2
 

In the state of equilibrium, the standard free energy depends only on the 

temperature and the partial pressure of oxygen 𝑃𝑂2
. If the oxygen partial pressure 

of the surrounding atmosphere is higher than the decomposition pressure, metal 

can be converted into metal oxide. (Zimmermann D. 2001, 16-20) 

 
2.4.1 Oxidation mechanisms 

For the formation of the metal oxide layers, a distinction is made between a start-

up period and a phase of diffusion-controlled scale growth. During the start-up 

period, various processes occur at the phase interfaces. First, a non-epitaxial, 

polycrystalline oxide primary film is formed, and monocrystalline, epitaxial oxide 

nuclei are formed. A compact oxide layer is formed due to the growth of oxide 

nuclei; this oxide layer is a few hundred nm thick. 
 

During mass transport through the oxide layer and due to the oxide formation 

reaction taking place at the phase boundary, scaling of the metal occurs.  

The following mechanisms are possible for ion exchange, as shown in figure 3: 

 
Figure 3 Oxidation mechanisms (Katsich C. 2010, 20-21) 
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Metal/oxide, layer growth takes place at the interface, mass transfer takes place 

through diffusion of the oxygen ions. Since the reaction front is sharply defined, 

this penetrates the material and is therefore referred to as "internal oxidation". 

Oxide/gas, the layer growth at the interface, where the diffusion of the metal 

cations from the material through the oxide layer to the phase boundary takes 

place, is called "external oxidation". (Katsich C. 2010, 20-21; Simon D. 2019) 

With simultaneous layer formation and combination of diffusion processes at the 

phase boundaries, the layer growth takes place at the metal/oxide and oxide/gas 

interface. 

The transport of the reaction partners through the scale layer can take place via 

cation diffusion or anion diffusion via defects in the ion lattice of the scale. 

Possible lattice defects can be cation vacancies, cations on interstitial sites, anion 

vacancies and anions on interstitial sites. The charge is balanced by more highly 

charged cations or free electrons.  (Katsich C. 2010, 20-21; Simon D. 2019) 

2.4.2 Oxidation in welding of austenitic stainless steel  

When a hot metal surface is exposed to oxygen in the atmosphere, a surface 

oxide is formed. This results in a visible discoloration of the metal surface due to 

the oxides, known as "heat discoloration" or “heat tint”. The surface oxides formed 

during welding reduce corrosion resistance, especially in chloride-containing 

environments.  

The reduced corrosion resistance depends on the properties of the oxides: 

• Chemical composition 

• Inhomogeneous microstructure 

• Composition of the alloying elements of the base metal 

For austenitic stainless steels a temperature of approx. 450°C is required for the 

formation of oxides, which can have a negative effect on corrosion resistance. To 

avoid a reduction in corrosion resistance, the oxide content of the environment 

should be controlled to reduce oxidation during welding. The root side should be 

shielded as much as possible during welding to prevent the formation of surface 

oxides. (Turan J. 2018) 
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2.4.3 Behaviour Influence of alloying elements on oxidation behaviour 

Chromium (Cr)  

The chromium (Cr) content in the alloy helps to improve oxidation/corrosion 

resistance by forming a protective, adherent, slow-growing Cr2O3 oxide layer 

(chromium oxide). The function of the oxide is that it grows slowly and blocks the 

diffusion of chromium (Cr3+) outwards along the grain boundary. This happens 

faster than the diffusion of oxygen. At lower chromium contents, the spinel oxide 

FeCr2O4 forms, which is less protective. The higher the chromium content in the 

alloy, the greater the resistance to oxidation.(Simms H. 2011, 6-7) 

 

Silicon (Si) 

The addition of silicon (Si) is an important factor in the oxidation resistance of 

stainless steels. Silicon facilitates the initial formation of the chromium oxide layer 

and the silica particles prevent the diffusion of chromium ions to the outside under 

the chromium oxide layer. In optimum amounts, silicon and chromium can 

improve oxidation resistance without affecting creep resistance.(Simms H. 2011, 

6-7) 

 

Manganese (Mn) 

Manganese (Mn) can have a positive or negative effect on oxidation resistance. 

It can form spinel, which is detrimental to oxidation resistance.(Simms H. 2011, 

6-7) 

 

Nickel (Ni) 

Nickel (Ni) can reduce cation diffusion in the Cr2O3 layer, preventing the formation 

of Cr2O4+Fe2O3, which in turn affects the mechanical adhesion properties. Nickel 

has a positive influence on repassivation and reduces the rate of pitting 

corrosion.(Simms H. 2011, 6-7) 
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Molybdenum (Mo) 

Molybdenum (Mo) is the most important alloying element for stainless steels after 

chromium. The resistance to pitting and crevice corrosion can be increased in 

media containing chloride. Especially for pitting corrosion resistance, 

molybdenum has a higher effect than chromium by a factor of 3.3. With 

molybdenum, the resistance to stress corrosion and the heat resistance can be 

increased. (Simms H. 2011, 6-7) 

Copper (Cu) 

Copper (Cu) can increase corrosion resistance in certain acids and promote 

austenitic microstructures. Strength can be increased by copper forming 

intermetallic compounds. (Simms H. 2011, 6-7) 

Carbon (C) 

An austenitic structure can be promoted by carbon (C), which also increases 

mechanical strength. Resistance to intergranular corrosion can be reduced by 

carbon.  This is because at elevated temperatures, chromium carbides are 

formed, which are preferentially deposited at the grain boundaries. This leads to 

embrittlement of the material and sensitisation to intergranular corrosion. In 

martensitic stainless steels, however, carbon with a content of 0.7 % is a useful 

alloying element that contributes to the hardenability of the 

material.(Informationsstelle Edelstahl Rostfrei 2023) 

Aluminium (Al) 

In stainless steels, aluminium (Al), like silicon, is added to represent the oxygen 

dissolved in the steel in the form of aluminium oxide. The formation of firmly 

adhering aluminium oxide layers can improve the scaling resistance of heat-

resistant ferritic steels. In this process, the scaling process is delayed under the 

influence of an oxidising gas atmosphere.(Informationsstelle Edelstahl Rostfrei 

2023) 
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2.4.4 The influence of alloying elements on the microstructure 

The alloying elements can be divided into ferrite (α) stabilisers and austenite (γ) 

stabilisers. This means that the formation of ferrite or austenite is favoured in the 

microstructure. If the ability of the austenite stabilisers to promote austenite 

formation is related to nickel and the ferrite stabilisers are also related to 

chromium, the total ferrite and austenite stabilising effect of the alloying elements 

in the steel can be calculated. These results in chromium (Creq) and nickel (Nieq) 

equivalents are often summarized in the "Schaeffler diagram" (Fig.4). Cr- and Ni-

equivalents are calculated with the following equations: 

• Creq = %Cr+1,5*Si%+%Mo 

• Nieq = %Ni + 30 x (%C+%N) + 0,5 x (%Mn+%Cu+%Co) 
 

Thus, the combined effect of the alloying elements can be considered.(Leffler B. 

2013, 4-9) 

 
Figure 4 Schaeffler Delong diagram  (Leffler B. 2013, 4-9) 
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2.5 Different ways corrosion can occur 

Corrosion can occur in three different ways: uniform attack, localized attack, and 

localized attack associated with mechanical stress. The following figure 5 briefly 

explains the different types of corrosion. (Kämmerer B. 2012, 17–26) 

Point of attack Corrosion phenomenon Schematic 

Uniform Surface corrosion under:  
Hydrogen evolution 
Oxygen consumption 
 

 

Local attack Crevice corrosion 
 

 Pitting corrosion 

 

 contact corrosion: 
Component of different 
materials 
Heterogeneous 
microstructure 

 

 Intergranular corrosion 

 

Local attack in 

combination with 

mechanical stress 

Stress corrosion cracking  
(Static load) 
Fatigue corrosion cracking 
(Dynamic loading) 

 

 Erosion Corrosion 

 

 Cavitation corrosion 

 

 friction corrosion 

 
 

Figure 5 Different types of corrosion (Kämmerer B. 2012, 17–26) 
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2.5.1 Mechanisms of pitting corrosion 

The passive surface, which serves as a passive layer, is more noble than the 

underlying material. If the passive layer is locally breached without being 

immediately passivated again, a small active area (anode) prevails next to a large 

cathodic area (passive layer). Due to the large area difference, large anodic 

current densities can occur, causing holes to form quickly and deeply. Pitting 

corrosion can only occur due to the presence of specific ions, such as halide, 

perchlorate, or sulphate ions.  

Pitting corrosion can occur in three different forms, which are listed in the figure 

6 below. (Kämmerer B. 2012, 17–26) 

Extent of pitting corrosion Cross section of pitting corrosion 

Maximum extension visible 

from above  

Maximum extension not 

visible from above 
 

Direction of maximum 

extension 
 

 

Figure 6 Three different forms of pitting corrosion (Kämmerer B. 2012, 17–26) 

 

Pitting corrosion in passive metals can be divided into two phases: 

1. pitting initiation (local failure of the passive layer). 

2. pitting growth (formation of stable holes). 

Pitting nuclei can be minute structural perturbations of the surface layer, on the 

order of impurity inclusions, breakouts, or dislocations.(Kämmerer B. 2012, 17–

26) 
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There are three different attack mechanisms for the destruction of the passive 

layer. These are divided into penetration mechanism, island adsorption 

mechanism and layer cracking mechanism. (Suter T. A. 1997, 123-132) 

Penetration mechanism 

The migration of chlorides through the passive film to the metal/film phase 

boundary is the key step. The penetrated chlorides compete with hydroxide ions. 

The salt compounds create localized pathways with high conductivity, as shown 

in the figure below. During this process, the passive layer loses its protective 

effect. However, in an EU research program (COST 502), it was found that no 

chlorides migrated through the passive film. Hole formation after the penetration 

mechanism was thus ruled out, as in the figure 7.  (Suter T. A. 1997, 123-132) 

 
Figure 7 Penetration mechanism (Suter T. A. 1997, 123-132) 

 

Island adsorption mechanism 

Chlorides are adsorbed at energetically preferred sites, and potential-controlled 

accumulation occurs. The adsorbed chlorides cause a dilution of the passive film 

and thus an increase of the metal ion transfer into the corrosive medium. The 

chemisorbed O2+ ions are displaced, and Cl- ions take their place. The increased 

electric field strength within the passive film causes an increased migration of the 

metal ions, seen in the following figure 8. (Suter T. A. 1997, 123-132) 
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Mechanism of film cracking 

Here, compressive and tensile stresses are assumed to cause local deformations 

in the passive film. The film cracks when the strength of the film is no longer 

sufficient at one point. Stress sources are: Interfacial stresses, electrostriction 

pressures due to the high electric field in the film, internal stresses, and local 

stresses, as seen in figure 9. This mechanism requires the presence of an 

aggressive electrolyte, since passivation is a very fast process, and the film would 

otherwise heal more easily. (Suter T. A. 1997, 123-132) 

 

Figure 8 Island adsorption (Suter 1997, 123-132) 

Figure 9 Film cracking (Suter T. A. 1997, 123-132) 
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2.5.2 Hole growth 

Stable hole growth i.e. progression of pitting corrosion can start by local 

destruction of the passive layer. A large cathodic passive region faces the active 

anodic hole core. Immediate repassivation can be prevented by two 

fundamentally different variants. (Suter T. A. 1997, 123-132) 

Salt film formed at the bottom of the hole causes an ohmic voltage drop. Since 

the potential of the hole core is in the active region and the rest of the surface is 

passive, the potential difference between the active and passive regions can be 

several hundred mV. 

The most important factor however, is the pH decrease in the hole core caused 

by the hydrolysis of the dissolved metal cations.  

The anodic metal dissolution: 

Me→Me2++2e- 

The hydrolysis: 

Me2++nH2O→Me(OH)n(2-n)++nH+ 

The higher H+ concentration allows accelerated migration of chlorides into the 

hole cores and hydrochloric acid is formed: 

Me2++nH2O+nCl-→Me(OH)n(2-n)++nHCl 

The hole growth progresses more and more as the electrolyte becomes more 

aggressive, so that the hole corrodes autocatalytically. The maximum corrosion 

rate depends on the diffusion rate and the migration rate of the ions involved. 

(Suter T. A. 1997, 123-132) 

The following gives an example of the formation of a metastable hole. 

It was assumed that the formation of hole nuclei occurs at imperfections, such as 

non-metallic inclusions in the surface, see all steps in the figure 10 below.  
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1. Repassivation:  

Active metal dissolution can occur due to charge balance in the passive layer. 

Repassivation occurs when this charge balance cannot be maintained. 

2. Stable pitting (salt film): 

Active metal dissolution can occur when chloride ions are deposited on the metal 

surface during passive layer injury and form a salt film, allowing charge balance 

to be maintained. 

3. Stable pitting (crevice type): 

When the metal dissolves near soluble non-metallic inclusions, active dissolution 

occurs due to the crevice effect of the void formed, even with a lower charge 

balance. 

4. Crevice Corrosion: 

Low charge balance can lead to localized metal dissolution because there is little 

exchange of electrolytes in the gap. (Kämmerer B. 2012, 17–26) 

 Figure 10 Formation of a metastable hole (Suter 1997, 123-132) 
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2.6 Temperature effect on the passive layers 

Increasing temperature causes oxide layers to form on the stainless steel 

surfaces. This disadvantageous oxide layer must be removed by cleaning 

processes such as pickling, sandblasting, grinding, etc. Oxidation is kinetically 

controlled by diffusion processes. For this purpose, oxygen must be adsorbed 

and dissociated at the interface between the environment and the oxide layer. 

Metal ions can diffuse interstitially into the oxide or along the grain boundaries 

into the oxide layer and onto the surface. Growth of the oxide layer is possible 

both inward and outward. 

As the temperature increases, the kinetic and thermodynamic processes are 

affected, resulting in a change in the oxide layer system. Other factors are 

chromium content, oxygen partial pressure, humidity, and passivation.  

Visually, the influence of temperature can be seen in so-called tarnish colours 

(Fig. 11); the coloration of the surface can be explained by the extinction of 

individual wavelengths due to destructive interference of the incident light. The 

colour provides information about the chemical compositions and associated 

calculation indices of the oxide layer on the layer thickness. The following figure 

11 shows the tarnish colours of various tools as a function of chromium content, 

aging temperature, and time. (Kämmerer B. 2012, 17–26) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



26 

 

 

 

Welding 

oxidation is caused by a thickening of the originally thin chromium-rich oxide 

passive layer on the surface. Compared to the original state, the thicker layer has 

a scale-like film, which can lead to chromium depletion in the underlying material 

during formation.  (Trydell K., Holgersson J. 2019, 23-24) 

Different types of cleaning processes and surface treatment after welding 

In mechanical treatment of stainless steel weld, the cleaning methods are divided 

into shot blasting, polishing, sandblasting and brushing. Mechanical treatment is 

much more environmentally friendly and not as harmful to health as chemical 

treatment. However, it leads to rougher and uneven surfaces, which in turn is less 

efficient.(Laren M. 2004, 95-100; Westin E. M. ,Olsson C.-O.A, Hertzman, S. 

2008, 2620-2634) 

Passivation, electropolishing and pickling are used for chemical post-treatment. 

This process is much more efficient, especially when it comes to removing the 

effects of heat and restoring the corrosion resistance of steels.  The pickling bath 

requires a mixed acid mixture of nitric acid (HNO3) and hydrofluoric acid (HF). 

(Laren M. 2004, 95-100; Westin E. M. ,Olsson C.-O.A, Hertzman, S. 2008, 2620-

26340) 

Laser ablation is an exclusively dry procedure; the ablation mechanism does not 

require any additional solutions. Simple and precise local treatment of surfaces 

can be performed. (Trydell K., Holgersson J. 2019, 23-24) 

 

 

 

 

 

 

 

 

 

Figure 11 Effect of Temperature (Kämmerer B. 2012, 17–26) 
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3 MATERIALS AND METHODS  

3.1 Test material 

Used test material was EN 1.4307/AISI 304L which is an austenitic stainless 

steel. It is widely used in applications requiring moderate corrosion environments.  

Low carbon content minimizes carbide precipitation as a result of heat input, for 

example during welding, giving improved resistance against intergranular 

corrosion. Pitting and crevice corrosion may occur in chloride environments. 

Stress corrosion cracking can occur above 60°C. (Outokumpu 2023) 

In Table 2 a typical chemical composition for the test material is given. Chemical 

composition is taken from steel manufacturer’s data sheet. 

Table 2 Chemical composition of the test material. (Outokumpu 2023) 

C [%] Mn [%] Si [%] P [%] S [%] Cr [%] Ni [%] N [%] 

0,03 2,0 1,0 0,045 0,03 17,5-19,5 8-10,5 0,1 
 

Figure 4 shows the chromium equivalent and nickel equivalent properties of 

material 304, where the material is in the ferritic-austenitic range. 

3.2 Overview of used test methods 

For the analysis of the metal samples, which had previously been cleaned with 

different laser parameters, they were subjected to six different types of 

experiments shown in Fig. 12. All experimental methods are described more 

detailed in later chapters.  

For this purpose, a duplicate of each sample was made in advance so that the 

initial product could always be analysed.  
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Figure 12 Overview of the different experiments 

3.3 Studied laser parameters 

The goal was to determine which settings of the laser had the greatest influence 

on the removal of the oxidation layer, which could be analysed from the results. 

In the first run which was designed for screening, seven different variables were 

studied. After that, four most significant variables were selected by the Pareto 

principle, which is described in chapter 4.6. Plackett-Burman design was used in 

determining the 2nd experimental matrix. Based on the statistical model 

determined from the 2nd run the 3rd round experiment was designed to validate 

the results. 

The importance of the laser variables could also be seen from the figure 13. 

 
Figure 13 Laser variables used in laser cleaning experiments. 
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3.4 Statistical software Minitab® 20.3  

Test matrices were designed with the statistical software "Minitab® 20.3". The 

ready-made parameter settings were predefined by the partner company "Cajo 

Technologies". In total, there were seven variables to set at the beginning of the 

laser cleaning experiments. After each test run, the overall results were entered 

into the matrix based on the analyses of how well these settings of the laser 

performed. This helped determine which parameters had the most positive 

impact on the corrosion resistance of the samples. For the next test run, the 

parameter settings with the most influence were analysed with two to four 

different values. Finally, the "Minitab® 20.3" software made it possible to 

determine the correct values for the respective laser cleaning settings in a simple 

and straightforward way.
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3.5 The 1st Screening Matrix 

During the first test run, a total of seven variables were specified by the company, which served as the basis for all further test runs. 

Screening matrix is given in the table 3. With the help of the screening matrix, it was possible to quickly find out which settings were 

relevant. For the screening matrix, three different value ranges were applied: "Low (-1)", "Medium (0)" and "High (1)". 

Table 3 Screening Matrix for the first run 
RunOrder A B C D E F G 

1 1 -1 0 -1 1 1 1 
2 1 -1 1 1 -1 -1 1 
3 1 1 1 0 -1 1 -1 
4 0 -1 -1 -1 -1 -1 -1 
5 -1 1 0 1 -1 -1 -1 
6 -1 -1 -1 0 1 -1 1 
7 -1 -1 1 1 1 0 -1 
8 1 1 -1 -1 -1 0 1 
9 0 1 1 1 1 1 1 
10 1 1 -1 1 1 -1 0 
11 -1 -1 1 -1 -1 1 0 
12 -1 0 -1 1 -1 1 1 
13 -1 1 -1 -1 1 1 -1 
14 -1 1 1 -1 0 -1 1 
15 0 0 0 0 0 0 0 
16 1 0 1 -1 1 -1 -1 
17 1 -1 -1 1 0 1 -1 
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3.6 The 2nd Optimization Matrix  

The setting parameters that had the most positive influence on corrosion resistance in the first "screening run" were analysed further in the 

second "Optimization matrix" which is given in table 4. Therefore, four variables were tested with two levels. A total of four different variable 

settings were used with two levels "Low" and "High". Due to the previous screening matrix, fixed values could be used for three parameter 

settings: high “A”, low “F” and low “G”. 

 

Table 4 Optimization Matrix of the second run 

RunOrder C B D E 
1 1 -1 1 1 

2 -1 -1 -1 -1 

3 -1 -1 -1 1 

4 -1 1 -1 -1 

5 -1 1 -1 -1 

6 1 1 -1 1 

7 1 -1 1 1 

8 -1 1 1 1 

9 -1 -1 -1 -1 

10 1 -1 1 -1 

11 1 -1 -1 -1 

12 1 -1 1 -1 
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13 -1 1 1 -1 

14 -1 1 1 1 

15 1 1 -1 1 

16 -1 -1 1 1 

17 1 -1 -1 -1 

18 -1 -1 -1 1 

19 -1 1 1 -1 

20 1 1 -1 1 

21 -1 -1 1 1 

22 1 1 1 -1 

23 1 1 1 -1 

24 1 1 -1 1 
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3.7 The 3rd Evaluation Matrix 

For the final matrix, only two parameters were analysed with different values of 

"Low", "Medium" and "High", see in table 5. In total, the laser machine could be 

set with fixed values for five parameters based on the two previous test runs. 

Table 5 Final Matrix of the third run 
RunOrder C D 

1 -1 1 

2 1 1 

3 1 0 

4 -1 -1 

5 -1 0 

6 0 0 

7 0 1 

8 1 -1 

9 0 -1 
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3.8 Welded samples 

The material used for the samples was EN 1.4307 plates with a thickness of 4 

mm. First, the 1250 x 600 mm2 plate was cut into 600 mm long and 200 mm wide 

sheets with the plasma cutter. Then 4 pcs of 600 mm long welds were welded 

onto each of these sheets. A total of 13 pcs so-called narrow strips, each 600 mm 

long, were welded with Fronius TPS3200CrNi MAG-welding system. The 

following settings were used in welding: I = 100 A, U = 19 V and v = 44 cm/min. 

The narrow strips were cut into six specimens, each 100 mm long, as shown in 

the figure 14. However, as the metal pieces became thicker due to welding, 20 

mm had to be cut away from each sample. Otherwise, the sample could not be 

placed properly in the salt chamber. Furthermore, for reasons of work safety, all 

edges had to be rounded and all residues from cutting the metal plates had to be 

removed. Finally, the surface of all samples was carefully cleaned with a dry cloth 

to remove any dust, see figure 15.  

 

 

 

 

 

 

 
Figure 15 Finished metal sample for laser cleaning. 

Figure 14 Metal sample after welding 
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3.9 Laser Cleaning 

For the sample production, the first tests were carried out with Cajo's 60-watt 

laser machine. For the further runs, however, a 20-watt laser machine was always 

used. For this, the minimum limit values and the maximum limit values of the 

settings had to be analysed in advance. This was done visually assessing 

whether this value could fulfil the measures. 

Once all the settings were selected, a sketch of the respective trials was drawn 

according to the matrix. 

After all the experiments had been completed, the implementation could begin, 

and all the experiments were carried out without any problems. A 60-watt laser 

machine was used for the first experiment, see figure 17 and a 20-watt laser 

machine for the second, third and fourth experiments, see figure 16.  

  

Figure 17 60-watt laser machine Figure 16 20-watt laser machine 
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To check whether everything had been set correctly, all cleaning tests were 

lasered onto a metal piece in a small format, see figure 18. 

 

Figure 18 Check-up of the settings 

As a crowning conclusion to the sample preparation, a cross-section of the 

samples was taken in a stab-like manner. With the metal cutter a small sample 

of 40 mm length was cut to have a standardised Light microscope sample later, 

which was then ground (grit size: #320, #600 and #1000) and polished with 3 µm 

and 1 µm diamond suspension. Finally, the samples were electrically etched with 

a 10% oxalic acid using current density of 1,5 A/cm2. Under the light optical 

microscope, it became obvious that all samples revealed an identical weld 

microstructure with no welding imperfections. This ensured a high-quality test 

series. 

3.10 Visual inspection 

For the visual inspection (VI) of the samples, a classification of the surfaces with 

the scale of 1 - 10 was determined. Prior to the salt spray tests the cleanness of 

the laser cleaned surfaces were estimated in a way that grade 1 represented the 

worst cleaning and grade 10 represented the best cleaning result. Similarly, after 

salt spray tests if a sample received a score of 10, this meant that no corrosion 

was visible to the naked eye. The score 1 means that this sample had by far the 

most corrosion on the surface. 



37 

 

 

3.11 Criterion for the sample analysis 

In total they were about 40 different combinations of values with different settings 

used for laser cleaning of the oxidation layer. So many samples were generated 

that it was not possible to analyse each sample for all tests. Therefore, only three 

to four samples could be analysed in each test run. The samples after the salt 

spray test with the best corrosion resistance, the samples with the worst corrosion 

resistance, and the samples with average corrosion resistance were used. These 

three to four samples were then used for all five tests. To be able to test the 

influence of the laser cleaning, a REF (reference), which was the sample, with 

only the weld without laser cleaning was used for. In this way, a good compact 

overall result could be determined. 

3.12 Salt spray tests 

SFS-EN ISO 9221 (Corrosion tests in artificial atmospheres. Salt spray tests) is 

a salt spray test used to provide information on the relative corrosion resistance 

of samples of metals and coated metals exposed in a standardised corrosive 

environment.  

Prior to this, the entire salt chamber had to be cleaned so that the residue from 

the previous test runs would not interfere with a new test batch. All samples were 

placed in the cabin at even intervals as shown in the figure 13. All samples were 

sprayed with a 5% salt solution at a temperature of 35°C to inject pitting into the 

samples. After one week, the first visual inspection took place, after which the 

response for each run defined in test matrix was determined with visual inspection 

given in the previous chapter. After that "Pareto diagram of standardized effects" 

was determined with the Minitab®. Now it was clear which parameters had an 

influence on the removal of the oxidation layer and increased the pitting 

resistance. 

As an indicator, a reference metal sample was placed untreated in the salt 

chamber. In addition, another metal sample was ground with the flex to later 

visually check whether this is a better cleaning of the oxidation layer than laser 

cleaning. 
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During the first test run, the samples were placed in the salt chamber, see figure 

19, so that the front side i.e., side with the reinforcement was covered with the 

solution. In the subsequent test runs, the samples were placed with the back side 

facing the spray nozzles. This was done so that it could be determined later 

whether the required inert gas could be omitted during the welding process. 

 
Figure 19 The metal samples of the first run 

3.13 Pitting corrosion potential measurements 

At the same time, the same samples were analysed in the Avesta cell according 

to the requirements given in standard ASTM G61-86 (Standard Test Method for 

Conducting Cyclic Potentiodynamic Polarization Measurements for Localized 

Corrosion Susceptibility of Iron-, Nickel-, or Cobalt-Based Alloys) Ecorr and icorr. 

The rating CR (Corrosion rate mm/year) is not included in ASTM G61-86 but can 

be calculated from the Ecorr and icorr values. To determine later which setting was 

the most corrosion resistant. For the Avesta cell shown in the figure 20, the filter 

paper was first placed in the grooves at the bottom of the Avesta cell. Then the 

sample was clamped into the opening below, with a suitable O-ring having to be 

selected beforehand. The sample was clamped in place using the holder and the 

cable connection was also clamped in place, ensuring contact with the sample. 

This leads to a sealing of the bottom and the Avesta cell can be filled up to approx. 

70% with a 3.56% NaCl solution.  However, only a little should be filled in at the 

beginning, as the connection with the sample may not have been tight enough. 
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The water pump was connected to the apparatus and had a flow rate of 3 mL/h. 

Distilled water was pumped into the cell. The mixer had to be inserted before the 

lid was mounted. Two graphic counter electrode rods as well as the reference 

electrode (a calomel, probe tip approx. 1 mm from the working electrode) could 

be inserted into the openings. Finally, the gas dispersion sensor could be 

positioned provisionally, whereby it is important that not too much gas flows in, 

otherwise the measurement can be strongly influenced. For one hour, the solution 

was enriched with a suitable gas to remove the oxygen. Another hour was needed 

because in addition to the gas, the mixer was switched on to distribute the gas 

evenly. Now the programme "Cycle Polarization" could be selected and started. 

This varied depending on the sample, because the measurement is finished when 

the corrosion process has been measured. 
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Figure 20 The equipment of the Avesta cell  
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3.14 EDS-analysis 

Energy dispersive X-ray spectroscopy (EDS) is a measurement method in 

materials analysis that belongs to X-ray spectroscopy. The atoms in the sample 

are excited by an electron beam of a certain energy; they then emit X-ray 

radiation of an energy specific to the respective element, the characteristic X-ray 

radiation. This radiation provides information about the elemental composition of 

the sample.  

To do this, the Quanta FEG 450 microscope must first create a vacuum in the 

sample chamber. Then the correct height of the stage was set for the sample. So 

that the reflection develops its optimum effect. To get a sufficient overview of the 

surface, the following settings were chosen: 6.50 kV, 100 x magnification and a 

spot size no 2. The magnified surface was able to accurately reproduce the 

angles of the laser irradiation. For the EDS-analysis, a voltage of 20 kV was used 

to determine the amount of elements from the material. 

The Quanta FEG 450 microscope was again used for elemental analysis of the 

surface. Incident electron beams were excited and emitted by the atoms of the 

sample.  The emitted characteristic X-rays have specific wavelengths. 

Thermo Nora System 312E EDS integrated Quanta 450 FEG FESEM 

To perform energy dispersive X-ray spectroscopy, the software "Thermo Nora 

System 312E" is used, which displays the composition of the elements found from 

the sample. 

3.15 Standardized effects 

Using the Pareto principle, the corrosion resistance of the metal samples could 

be quickly and easily analysed visually. In the visual analysis "Pareto diagram of 

standardised effects", all samples of the respective test were given a score from 

1 to 10, with 10 representing the best possible visual result that was possible with 

the laser cleaning. In this way, the "Minitab" programme was able to graphically 

represent which properties have the greatest influence on corrosion resistance. 
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3.16 Light microscope 

With the help of a light microscope, the topography of the samples could be 

analysed, and a visual simulation of the sample could be created. For this 

purpose, the surface was scanned in individual sections. Leica DMI 5000M 

reverse light microscope was used for the investigations. 

The samples had to be cut to the correct sample size beforehand. Then the 

sample was pressed with a filling material to the required standard of the sample 

size. Subsequently, the samples were ground evenly with the filter paper.  A 200x 

magnification was used under the microscope as this provided the best possible 

image quality for the topography. By visualising the topography, it was possible 

to determine the effect of the adjustments. 

3.17 ASTM G48-11 

The G48-11 (Standard Test Methods for Pitting and Crevice Corrosion 

Resistance of Stainless Steels and Related Alloys by Use of Ferric Chloride 

Solution) test was used to determine the resistance of stainless steels and related 

alloys to the development of pitting and crevice corrosion. In this way, the alloys 

can be ranked in order of increasing resistance to pitting and crevice corrosion. 

The specimens were cut to a size of 25 x 50 mm2. Then the test "Method A - ferric 

chloride pitting test" was selected. 600 ml of the ferric chloride test solution was 

poured into the 1000 ml test beaker, and the specimens were properly placed in 

the beaker to avoid contact with the other specimens. In total, the samples were 

left in the solution at 22 °C for 72 hours. The samples were rinsed with water and 

then examined under the light microscope. Subsequently, the elements of the 

samples were analysed with FESEM/EDS. 
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4 RESULTS 

4.1 The 1st test run 

 

 

4.1.1 As-cleaned samples 

The samples were visually inspected before executing the salt spray test in order 

to determine which sample had been best irradiated with the laser. As can be 

seen from figure 21 variables “D", "B" and "F" had the biggest influence. This is 

also observed from the main effects plot (Fig. 22), where “VI” stands for the 

cleanness value (“Visual Inspection”) estimated with the method given in chapter 

3.8. Here, it was evaluated how well the oxidation layer was cleaned, not how the 

laser cleaning affected the corrosion properties.  

 

Figure 21  The 1st run Pareto chart before salt spray tests 
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Figure 22 The 1st run main effects plot 
 

4.1.2 Salt spray test 

After the samples had been treated with salt spray, they were graded from 1 for 

the least corrosion resistance to 10 for no corrosion as defined in chapter 3.8. 

The parameters "C", "B" and "D" had now the biggest influence on corrosion 

resistance. The best result could be achieved when the sample was cleaned with 

a high “B” at a lower “C” and a higher “D”, see figures 23 and 24. The evaluation 

followed the same principle as given in chapter 3.8. 

 
Figure 23 The 1st run Pareto chart after salt spray test 
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Figure 24 The 1st run main effects plot 

 
4.1.3 Avesta Cell experiments 

By analysing the Avesta cell experiments, three important points can be read 

from the diagram, namely Ecorr, Erep and Epit. From the diagram, icorr value can 

also be determined and corrosion rate (CR) is possible to calculate afterwards. 

The resulting cyclic polarization curves are represented in figures 25 - 29. These 

values will be analyzed in more details in the "Discussion" section. 

 

Figure 25  Cyclic polarization curve for the 1st run of Sample 1.3  
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Figure 26  Cyclic polarization curve for the 1st run of Sample 1.6 

  

 
Figure 27 Cyclic polarization curve for the 1st run of Sample 1.9 
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Figure 28 Cyclic polarization curve for the 1st run of Sample 1.16 

 

 
Figure 29 Cyclic polarization curve for the 1st run of REF sample  
 

Corrosion rate (CR) can be calculated from the results using the following 

equation: 

𝐶𝑅 [
mm

year
] =

(3.2710−3  ×  𝑖𝑐𝑜𝑟𝑟
𝐸𝑤 )

ρ
(1) 

Icorr   [ µA

cm2] is the corrosion current 

Ew   [g] is the weight of the sample 

ρ      [
g

cm3] is the density of the sample 

CR [ mm

year
] is the corrosion rate 
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4.1.4 EDS-analyses 

Since the oxidation layer was cleaned during the first test run with a 20-watt and a 

60-watt laser machine, the effect could best be analysed using the EDS-analysis.  

There is up to 60 % less Mn in the alloys at 60 watts than in the 20-watt samples. 

Oxygen is also 40 % less present, and the same applies to Si, see figures 30 - 33 

and tables 6 - 9. 

 

Figure 30 1st run, elements of the samples with 20 Watts, next to the weld. 
 
 

Table 6 1st run, elements of the samples with 20 Watts, next to the weld. 

Samples O [%] Si [%] Cr [%] Mn [%] Fe [%] Ni [%] 

1.3 4.91 1.36 18.68 11.64 57.53 5.89 

1.6  1.02 18.81 15.64 66.07 7.61 

1.9 6.64 1.95 18.29 19.47 48.50 4.60 

1.16 5.77 1.44 18.59 15.58 57.37 6.03 

Ref 6.92 1.51 18.75 20.79 47.54 4.51 
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Figure 31 The 1st run elements of the samples with 20-watt, surface 

Table 7 The 1st run elements of the samples with 20-watt, surface 

Samples O [%] Si [%] Cr [%] Mn [%] Fe [%] Ni [%] 

1.3 2.16 0.80 18.39 4.84 66.60 7.22 

1.6 1.67 0.58 18.72 2.60 69.03 7.41 

1.9 1.91 0.69 18.56 3.72 67.81 7.31 

1.16 1.79 0.63 18.64 3.16 68.42 7.36 

Ref 3.57 1.47 18.89 14.37 58.64 5.43 

 

 
Figure 32 The 1st run elements of the samples with 60-watt, next to the weld 
 

Table 8 The 1st run elements of the samples with 60-watt, next to the weld 

Samples O [%] Si[%] Cr[%] Mn[%] Fe[%] Ni[%] 

1.3 3.51 0.67 19.19 4.47 65.92 6.6 

1.6 5.19 1.47 17.32 13.32 43.54 5.22 

1.9 2.67 0.58 18.44 4.24 66.79 7.27 

1.16 3.79 1.13 18.70 14.31 55.37 5.06 

Ref 6.92 1.51 18.75 20.79 47.54 4.51 
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Figure 33 The 1st run elements of the samples with 60-watt, surface 

 

Table 9  The 1st run elements of the samples with 60-watt, surface 

Samples O [%] Si [%] Cr [%] Mn [%] Fe [%] Ni [%] 
1.3 1.83 0.64 18.82 2.57 69.08 7.62 

1.6 1.28 0.51 18.98 1.96 70.31 7.60 

1.9 1.54 0.51 18.42 2.14 69.54 7.52 

1.16  0.49 18.88 2.18 70.85 7.77 

Ref  1.47 18.89 14.37 58.64 5.43 
 

4.2  The 2nd run 

From the second experiment onwards, the root side of each sample was also 

cleaned with the laser i.e., " Root side (bottom-part)", as no root shielding gas 

was used during welding. The use of laser cleaning could therefore replace such 

a gas protection in the future. 

4.2.1 After Salt spray test 

After the samples were treated with salt spray, they were rated from 1 for the 

least corrosion resistance to 10 for no corrosion, the evaluation of the samples 

was carried out as in chapter 3.8 It can be seen that the parameters "C", "D" and 

"E" have the greatest influence on the corrosion resistance. For the best result in 

this test run, see figure 34 and 35. 
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Figure 34 The 2nd run Pareto Chart after salt spray  

 

 
Figure 35 The 2nd run main effects plots 
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4.2.2 EDS-analysis 

After the oxidation layer was removed with the laser, the element composition on 

the surface also changed. This could be determined by EDS-analysis, see Fig. 

36, 37 and 38. 

 
Figure 36 The 2nd run Elements of the samples with 20-watt, next to the weld 

 

Table 10 The 2nd run Elements of the samples with 20 -watt, next to the weld 

Samples O [%] Si [%] Cr [%] Mn [%] Fe [%] Ni [%] 

2.6 11.17 1.34 23.69 19.54 49.00 3.35 

2.21 5.92 1.07 21.55 10.59 55.05 5.83 

2.22 6.92 2.06 18.84 9.94 55.60 5.59 

Ref 7.67 1.16 22.26 13.57 53.03 5.00 
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Figure 37 The 2nd run Elements of the samples with 20-watt, surface 

 

 

Table 11 The 2nd run Elements of the samples with 20-watt, surface 

Samples O [%] Si [%] Cr [%] Mn [%] Fe [%] Ni [%] 

2.6 1.59 0.52 18.69 2.66 69.33 7.22 

2.21 2.33 0.50 18.30 2.05 69.58 7.25 

2.22 1.65 0.60 18.68 2.43 69.27 7.39 

Ref 3.57 1.47 18.89 14.37 58.64 5.43 
 

 
Figure 38 The 2nd run Elements of the samples with 20-watt, Root side 
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Table 12 The 2nd run Elements of the samples with 20-watt, Root side 

Samples O [%] Si [%] Cr [%] Mn [%] Fe [%] Ni [%] 

2.6 3.97 0.55 19.76 2.25 67.07 6.41 

2.21 3.50 0.61 19.46 2.16 67.49 6.82 

2.22 1.06 0.48 18.76 2.15 71.69 7.74 

Ref 7.80 0.78 17.01 1.81 66.57 5.81 

 

4.2.3 Ferric chloride test 

It can be seen in the figure 41, that small to medium pitting corrosion 

predominates in the reference sample next to and on the weld. On the root side 

most of the pitting corrosion (medium holes) is on the oxidation layer. In sample 

6, there is only small pitting corrosion next to the weld and one large pitting 

corrosion, but on the weld the pitting corrosion is predominant, on the root side 

the small pitting corrosion is increased. In specimen 21, there is only pitting on 

the weld and medium pitting on the root side. In specimen 22, there is very little 

pitting next to the weld seam, increased pitting occurs on the weld seam, but 

there is no pitting on the reverse side. 

Sample Frontside Root side 

Ref 

 
 

2.6 
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2.21 

 

 

2.22 

 
 

Figure 39 The 2nd run sample surfaces after ferric chloride test  

 

4.2.4 EDS-analysis of the ferric chloride sample 

For the samples of the 2nd run which were before treated with the ferric chloride 

pitting test, the effect of the test could be analysed with the EDS. If the amount of 

the Elements of the sample had changed, see figure 39 and 40. 

 
Figure 40 The 2nd run with FeCl3 elements of the samples with 20-watt, surface 
 

Table 13 The 2nd run with FeCl3 elements of the samples with 20-watt, surface 

Samples O [%] Si [%] S [%] Cl [%] Cr [%] Mn [%] Fe [%] Ni [%] 

2.6 6.28 0.68 0.26 3.59 22.56 7.28 53.65 4.72 

2.21 5.70 0.69 0.30 4.93 21.50 3.95 56.71 6.05 

2.22 6.52 0.51  2.57 19.97 6.14 48.27 4.80 

Ref 5.69 1.94 0.12 1.13 16.38 28.53 42.42 2.89 
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Figure 41 The 2nd run with FeCl3 elements of the samples with 20-watt, Root side 
 

Table 14 The 2nd run with FeCl3 elements of the samples with 20-watt, Root side 

Samples O [%] Si [%] Cl [%] Cr [%] Mn [%] Fe [%] Ni [%] 

2.6 6.28 0.68 3.59 22.56 7.28 53.65 4.72 

2.21 2.07 0.53 0.35 19.80 1.72 69.33 7.07 

2.22 0.75 0.42 0.29 18.71 1.69 67.33 6.80 

Ref 1.99 0.54 0.94 18.27 1.90 68.74 7.27 
 

4.3 The 3rd test run 

For the third experiment onwards, the root side of each sample was also cleaned 

with the laser "back side (lower part)", since no root shielding gas was used during 

welding. The use of laser cleaning could therefore replace such gas protection. 

 

4.3.1 After Salt spray test 

After the samples had been treated with salt spray test, the evaluation of the 

samples was carried out as described in chapter 3.8. As a result, Figures 42 and 

43 were obtained, showing how the laser machine settings "C" and "D" affect the 

corrosion properties of the specimens. The values for "C" and "D" should be low. 
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Figure 42 The 3rd run main effects plots 

 

 
Figure 43 Interaction plots between C and D 
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4.3.2 EDS – analysis 

After the oxidation layer of the weld seam was removed with the laser, both on 

the "frontside" and "bottom side", the element composition on the surface also 

changed. This could be determined by EDS-analysis, see Fig.44, 45 and 46. 

 
Figure 44 The 3rd run elements of the samples with 20 watts, next to the weld 

 

Table 15 The 3rd run elements of the samples with 20 watts, next to the weld 

Samples O [%] Si [%] Cr [%] Mn [%] Fe [%] Ni [%] 

3.1 3.25 0.97 19.44 5.47 64.36 6.51 

3.2 3.56 0.75 19.20 3.58 64.53 7.35 

3.7 2.98 1.12 19.87 5.69 63.51 6.78 

Ref 8.88 3.09 18.87 17.92 46.11 4.48 
 

 
Figure 45 The 3rd run elements of the samples with 20-watt, surface 
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Table 16 The 3rd run elements of the samples with 20-watt, surface 

Samples O [%] Si [%] Cr [%] Mn [%] Fe [%] Ni [%] 

3.1 1.56 0.59 19.12 2.53 68.96 7.24 

3.2 1.70 0.48 18.68 2.09 69.66 7.41 

3.7 1.63 0.53 18.90 2.31 69.31 7.32 

Ref 5.99 1.72 18.80 8.93 57.64 6.24 
 

 
Figure 46 The 3rd run elements of the samples with 20-watt, Root side 
 
 

Table 17 The 3rd run elements of the samples with 20-watt, Root side 

Samples O [%] Si [%] Cr [%] Mn [%] Fe [%] Ni [%] 

3.1 2.65 0.58 19.09 1.90 68.92 6.83 

3.2 1.25 0.46 18.84 2.20 70.01 7.26 

3.7 1.79 0.54 19.17 2.00 70.04 7.40 

Ref 7.80 0.78 17.01 1.81 66.57 5.81 
 

4.3.3 Ferric chloride test 

All samples were welded with the same settings, but one reference from each 

batch was analysed. In the figure 49, the reference has an extremely large 

amount of pitting on the weld and large, deep pitting next to it, with deep, large 

pitting next to the oxide layer. Sample 1 exhibits only a few deep pitting spots on 

the weld, but no pitting on the root side. Sample 2 exhibits more pitting on the 

weld, but no pitting on the root side. The seventh specimen shows only a little 

pitting on the weld, with three small pitting spots on the root side. 
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Sample Frontside Root side 

Ref 

  
3.1 

 
 

3.2 

 

 

3.7 

 

 

Figure 47 The 3rd run sample surfaces after ferric chloride test 
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4.3.4 EDS-analysis of the ferric chloride sample 

For the samples of the 3rd run which were after treated with the ferric chloride 

pitting test, the effect of the test could be analysed with the EDS. If the amount of 

the elements of the sample had changed, see figure 39 and 40. 

 
Figure 48 The 3rd run with FeCl3 elements of the samples with 20 watts, next to 

the surface 
 

Table 18  The 3rd run with FeCl3 elements of the samples with 20 watts, next to 

the surface 

Samples O [%] Si [%] Cl [%] Cr [%] Mn [%] Fe [%] Ni [%] 

3.1 6.37 0.98 9.45 19.54 3.94 54.13 5.70 

3.2 6.80 1.71 10.78 21.50 5.82 49.20 4.19 

3.7 2.65 0.62 3.02 19.69 3.03 64.02 6.98 

Ref 6.10 1.14 33.49 9.70 6.72 40.82 2.97 

 

 
Figure 49  The 3rd run with FeCl3 elements of the samples with 20-watt, Root side 
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Table 19 The 3rd run with FeCl3 elements of the samples with 20-watt, Root side 

Samples O [%] Si [%] Cl [%] Cr [%] Mn [%] Fe [%] Ni [%] 

3.1 6.37 0.98 9.45 19.54 3.94 54.13 5.70 

3.2 6.80 1.71 10.78 21.50 5.82 49.20 4.19 

3.7 2.65 0.62 3.02 19.69 3.03 64.02 6.98 

Ref 5.27 1.10 33.40 9.70 6.72 40.82 2.97 

 

4.4 The final testing 

The 4th run was not really a test run like the other three runs before. This was an 

extra run. For this, sample 1.6 of the 1st run, which performed worst in the visual 

inspection after the salt spray test, was compared with sample 3.4, sample 4 of 

the 3rd run, which performed best in the visual inspection after the salt spray test. 

An extra for the sample 3.4 was laser cleaned again to remove the discoloration 

previously caused by the laser settings so that a nice visual laser cleaning can 

take place, this was referred to as Sample 3.4c. 

All these extra samples were tested with the ferric chloride test. In the figure 52, 

specimen 1.6 shows pitting on the weld, only some very small pits are on the 

reverse side. Specimen 3.4 shows pitting on the weld seam, no pitting is visible 

on the root side, the same applies to specimen 3.4c. 

It is very interesting that the pitting corrosion on the root side does not take place 

on the oxidation layer as assumed, but immediately afterwards. The same is true 

for the front side, but there is also large and deep pitting on the weld. 
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Sample Frontside Root side 

1.6 

  

3.4 

  

3.4c Only the root side was especially 

post-cleaned with the laser (once 

again lasered with lower power), so 

that the discoloration (yellowish 

surface) was no longer present. 

Could be a disadvantage for the 

consumer because it does not meet 

the claims. 

 

 

 

 

 

 

 



64 

 

 

Figure 50 The 4th run sample surfaces after ferric chloride test, 1.6 (duplicate 

sample from the 1st run), 3.4 (duplicate sample from the 3rd run) and 3.4 c (sample 

from 3rd run with extra lasering) 

 
Figure 51 The 4th run after ferric chloride test, elements of the samples with 20-

watt lasering, surface 
 

Table 20 The 4th run after ferric chloride test, elements of the samples with 20-

watt lasering, surface 

Samples C [%] O [%] Si [%] S[% Cl [%] Cr [%] Mn [%] Fe [%] Ni [%] 

1.6 4.63 5.38 0.55 0.22 5.04 19.84 3.65 55.17 5.35 

3.4 5.59 3.73 0.74 0.22 2.20 18.79 2.46 59.85 6.05 

Ref 7.19 8.78 2.28 0.42 1.83 20.97 10.27 43.70 4.22 

 

 
Figure 52 The 4th run after ferric chloride test, elements of the samples with 20-

watt lasering, root side 
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Table 21 The 4th run after ferric chloride test, elements of the samples with 20-

watt lasering, root side 

Samples C [%] O [%] Si [%] Cl [%] Cr [%] Mn [%] Fe [%] Ni [%] 

1.6 7.97 1.60 0.54 0.42 17.86 1.77 64.70 6.54 

3.4 6.44 1.15 0.49  18.65 1.79 65.27 6.45 

3.4c 5.21 0.68 0.61 0.38 19.64 8.65 62.70 8.76 

Ref 6.88 1.07 0.55 0.85 17.87  65.75 6.92 
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5 DISCUSSION 

5.1 Laser cleaning time 

Depending on the settings, the time required for cleaning a 30 x 100 mm2 weld 

area varied from 6 seconds to almost 6 minutes. Important factors that have a big 

influence on the cleaning time were: “G”, “C” and “F”. For the “F”, if the value 1 is 

used and for the “G”, one would be sufficient. However, it is possible that a 

yellowish discolouration may occur due to the laser cleaning, so it may be that a 

second pass with less “A” should be used, which should be an extra 15 seconds 

maximum for a sample size of 30 x 100 mm2. However, with the last samples, it 

was noticeable that the time per sample was 10 % shorter with each pass, as the 

laser had already "warmed up". Therefore, it can be assumed that the laser 

cleaning over a longer period requires less time for the same size of sample 

cleaning. 

5.2 Optimization 

5.2.1 Cleaning 

It makes sense to use a “D” in the range of 200 to 350x, but there is a suspicion 

that it is in this range that the discolouration of the surface occurs. So, there is 

still a need to vary the “D” to counteract the discolouration.  

5.2.2 Topography 

When the sample is cleaned with the optimal settings, which could be found out 

by the 3rd test run, the sample discolours on the front side as well as on the back 

side. The metal piece is discoloured on the front side as well as on the back side, 

as can be seen in the figure 53. Therefore, the same sample was cleaned with a 

second pass with the laser beam, but only 30 % of the “A” could be used. Thus, 

only the discoloured surface could be removed to meet the customer's 

expectations of this process. 
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Figure 53 Sample A: 3.4 1x laser cleaning, B:3.4c 2x laser cleaning (1x 100%, 

2x30%) 

 

The topography changed when sample 3.4 was cleaned again with less “A” 

solvent, see in figure 54. For sample 3.4, the difference in surface height was 

7.04 µm. However, the height difference of sample 3.4c, where an extra run of 

cleaning was performed, is now 14.76 µm, see in figure 55. This can be attributed 

to the fact that if the “E” is changed by exactly 180° during the second run of the 

cleaning, an almost flat surface could be created, leaving less chance for pitting 

corrosion to start, since there is not such a large height difference. 

A B 
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Figure 54 Surface of sample 3.4 

 

 

Figure 55 Surface of sample 3.4c 
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The results of cleaning the oxidation layer with the laser were very positive, but it 

is obvious that pitting occurs on the weld after cleaning. Perhaps the height of the 

laser could be optimised, perhaps the “E” has an important influence on the weld. 

However, instead of using a shielding gas for the back side, the back side can 

simply be cleaned with the laser. Due to this surface treatment, pitting corrosion 

cannot occur. 

5.2.3 Corrosion potentials 

As also mentioned earlier, a visually nice cleaning with the laser does not 

correspond to the best possible removal of the oxidation layer. Especially in the 

first run, this became apparent by means of the analysis "Pareto Chart of the 

Standardized Effects", as a visual evaluation of the samples before the salt spray 

test and after the salt spray test was carried out.  

Measuring the corrosion potentials with the Avesta cell, the Ecorr value of the 

different specimens, of the material EN 1.4307, could be determined.  

The evaluation of Ecorr, Erep and Epit was performed using the diagram shown 

in Figure 56. Thus, it was easy to see from the diagrams of the samples when 

pitting corrosion started and when the passivation layer could no longer be 

sufficiently renewed. The greater the difference between Epit and Erep, the lower 

the resistance to pitting corrosion. Table 22 shows the values of cyclic 

polarization from the paper "The effect of surface treatment AISI 316L welded 

joints on its corrosion behaviour in chloride solution", these samples were treated 

chemical or electrochemical.  The following table 23 shows the corrosion 

potentials of the 1st run, which were laser cleaned. 
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Figure 56 Pitting corrosion points. (Esmailsadeh S., Aliofkhazraei M., Sarlak H. 

2018, 976-989) 

 

An Erep value could be detected in all samples from the first run, except for sample 

6. In sample 6, a course without protection potential with a hysteresis loop took 

place. At the end, an anodic to cathodic transition takes place.  

The values (Ecorr, Epit, Erep) can be taken from figures 25 - 29. If Ecorr describes 

the beginning of pitting corrosion, it means that if the Ecorr point occurs earlier, 

this material is not as resistant to pitting corrosion as the other samples with the 

laser cleaning settings used. Nearly all samples (6, 9, 16 and ref) show a low risk 

for the material in terms of corrosion rate, only sample 3 from the first run shows 

moderate risk, which means that the material is not corrosion proof, but useful in 

certain cases. 
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However, it should be noted that one of the cable connections was damaged 

during the analysis. Therefore, these results and the analysis of the other 

samples with the Avesta cell cannot be used to draw the conclusion of this 

bachelor thesis, as these values cannot make a representative statement. Since 

in paper "The effect of surface treatment AISI 316L welded joints on its corrosion 

behaviour in chloride solution" written by Vrsalovic et. al., especially the Ecorr 

values are in the range of -0.273 up to -0.370, if the weld is cleaned with the laser, 

the values cannot be so extremely good.   

Since in the paper the surface was cleaned in four different ways. As also shown 

in the table 22: 

• Sample A: ultrasonic cleaning in ethanol and rinsing with deionized water.  

• Sample B: Ultrasonic cleaning in ethanol, chemical pickling in pickling solution 

(10 % HNO3 + 10 % HF + 10 % H2O2) for 40 minutes and rinsing with 

deionized water. 

• Sample C: Ultrasonic cleaning in ethanol, chemical pickling in pickling solution 

(10 % HNO3+ 10 % HF + 10 % H2O2) for 40 min, passivation in 25 % nitric 

acid solution for 30 min and rinsing with deionized water. 

• Sample D: mechanical grinding with different SiC paper up to a grain size of 

1000, polishing with polishing suspensions, ultrasonic cleaning in ethanol, 

chemical pickling in pickling solution (10 % HNO3 + 10 % HF + 10 % H2O2) 

for 40 min, passivation in 25 % Ni-solution for 30 min and rinsing with 

deionized water. (Vrsalovic L. et al. 2023, 168-173) 

Table 22 Cyclic Polarization results of the paper "The effect of surface treatment 

AISI 316L welded joints on its corrosion behaviour in chloride solution"  

(Vrsalovic L. et al. 2023, 168-173)  
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Also, in another paper "influence of surface treatment on corrosion resistance of 

Cr-Ni steel" written by Brajlovi et. al. where the material was 304L, almost the 

same material used for the bachelor thesis, the Ecorr range was between -100 mv 

to -250 mV.  

The samples were treated in two different ways: chemical and electrochemical 

heat tint cleaning with "classical" and "environmentally friendly" solutions. 

(Brajkovi T, Juraga I., Šimunovic V. 2013, 131-133) 

It is almost impossible for the samples from the Bachelor thesis to have such an 

extremely positive effect on the pitting resistance due to the lesion cleaning. 

Comparing the values of the first run, see in the table 23, with those of the two 

papers, it is clear to see that the values of the bachelor thesis cannot correspond 

to reality. However, if the values would be correct, it can be determined from the 

table 24, that the CR value is so low that the material is "corrosion proof". Only in 

the case of sample three, the laser setting would not be sufficient for cleaning the 

oxidation layer, so the use for sample three is "the material is not corrosion proof, 

but useful in certain cases". 

Table 23 Pitting corrosion points of the 1st run 

 

Table 24 Classification of uniform corrosion rates: 

Risk Corrosion rate 
[mm/year] 

Corrosion symbol Interpretation 

Low <0.1 Green The material is corrosion proof. 

Moderate 0.1-1 Yellow The material is not corrosion 
proof, but useful in certain 
cases.  

Severe >1 orange Serious corrosion. The 
material is not usable. 
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6 CONCLUSIONS 

6.1 Welding properties of the various types of microstructures 

Using the chromium equivalent and nickel equivalent calculations shown below, 

it was possible to calculate the output for the 3rd test run, see table 25. With the 

laser cleaning of the reverse side of these results, which can also be seen in 

Figure 4, for the material 304. Thus, with the settings used for the 3rd run, the 

purging gas can be replaced with a laser cleaning with good conscience. 

• Chromium equivalent = %Cr+1,5*Si%+%Mo 

• Nickel equivalent =%Ni+30*(%C+%N) + 0,5*(%Mn+%Cu+%Co) 
 

Table 25 Chromium- and Nickel equivalent 

Sample Chromium equivalent [%] Nickle equivalent [%] Cr/Ni 

1 19.96 7.78 2.57 

2 19.53 8.36 2.34 

7 19.98 8.4 2.38 

Ref 18.18 6.715 2.71 

6.2 EDS-analysis 

When evaluating the elements, it is important to pay attention to the proportion of 

O, Cr, Ni and Fe. The higher the O content, the thicker the oxidation layer and 

the easier it is for pitting to occur. If, on the other hand, the Cr and Ni content is 

higher, the sample is more resistant to corrosion. 

Depending on the setting, the percentage of elements in the samples varies; 

especially in the last sample (the 3rd run), the chromium content after cleaning 

was over 19 %, which is very high for the material (EN 1.4307). 

It should also be noted that the Mn content in all the "cleaned" samples is 

extremely low compared to the reference material, but the content is still very high 

for this type of material. Manganese is normally used in small amounts to 

deoxidise molten steel. Therefore, it could be that welding directly at the weld 

results in a higher Mn content. The most important point, that the O% content 

decreases, could clearly be achieved in the 3rd pass with laser cleaning. 
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6.3 Pitting corrosion resistance 

Also, in the second run, the pitting corrosion of the specimens, as seen in figure 

41, was much lower than the results of the paper "Influence of surface treatment 

on the corrosion resistance of Cr-Ni steel", but these specimens were immersed 

only 24 h in the FeCl3 solution, and still the test results showed much more pitting 

corrosion than the specimens with the laser cleaning of the oxidation layer. As 

mentioned before, these samples have even been treated chemically or 

electrochemically and still pitting corrosion could be formed at the oxidation layer, 

see figure 57 and figure 58.  However, it was not possible to find out whether 

pitting occurred at the weld seam, as the laser cleaned samples showed pitting 

there. 

 

Figure 58 After FeCl3- treatment for 24h, samples: electrochemical surface 

treatment: a) “classical solution”, b) environmentally friendlier” (Brajkovi T., 

Juraga I., Šimunovic V. 2013, 131-133) 

 

  

Figure 57 After FeCl3- treatment for 24h, samples: chemical surface treatment: 

a) “classical solution”, b) environmentally friendlier” (Brajkovi T., Juraga I.,  

Šimunovic V. 2013, 131-133) 
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In the case of the 3.run, laser cleaning with these settings will cause the surface 

to form an oxidation layer due to the high temperatures previously reached during 

welding. It should be noted that the range of values that varies for the samples is 

very small, so it does not matter which settings of 3.run are used. 

After the sample was immersed in the FeCl3 solution for three days, moderate to 

severe pitting corrosion occurred on the root side outside the laser cleaning area, 

see figure 61. Thus, although no oxidation occurred in this area, no oxidation 

layer is present there. Therefore, it can be assumed that laser cleaning of the 

surface is an important precautionary measure to prevent pitting corrosion in 

stainless steel. 

 

Figure 59 Root side of the sample 3.4c 
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6.4 Importance of laser cleaning 

According to all the results, it can be confirmed with a clear conscience that laser 

cleaning, which removes the oxidation produced during welding, is a good, if not 

the better alternative for austenitic stainless steel than traditional mechanical or 

chemical cleaning in combination with pickling and passivation cleaning. In 

addition, the laser cleaning setting can be easily and precisely adapted to the 

sample. This in turn affects the time required, so laser cleaning has great potential 

to be used as an automatic component in production facilities worldwide as a 

cleaning tool. Furthermore, laser cleaning offers an environmentally friendly 

alternative since no chemical solvents are required. As with mechanical cleaning 

by pickling, laser cleaning does not cause wear and tear of the equipment or 

contamination, but only a very small amount of dust, which can be avoided with 

the right settings. Experiments showed that corrosion could be avoided also in 

the root side as well even when tested according to the G48-11 standard, while 

no shielding gas was used during welding. Root side laser cleaning of the 

specimen restored the corrosion resistance.  For these reasons, basically laser 

cleaning is an extremely environmentally friendly and long-term cost-effective 

method for removing oxide layer from stainless steel welds to ensure corrosion 

resistance in welded structures. 
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Figure 60  The size of Sample plate for the sample 
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Figure 61 Sample plate with welds 
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Figure 62 Sample size for the analyses 
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Figure 63 3D perspective of the welding plate 

 

 


