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Abstract 

 

Duplex stainless steels are very special kind of material which contains equal amount of ferrite and 

austenite phases. This brings to it high mechanical strength and corrosion resistance as a combined 

structure of austenitic and ferritic steels. However, without providing suitable conditions, their 

mechanical and anti corrosive properties is affected during the welding processes. Differ from the 

austenitic steels which can be laser welded autogenously, duplex grades gives better results in austenite 

promotion by welding with nitrogen and nickel contained filler wire. Moreover, addition of noble 

element-nitrogen mixture gas is also improving the austenite phase ratio. In this work, third generation 

SAF 2507 duplex stainless was welded under autogenous laser and cold wire assisted laser processes. 

The investigations can be divided into 3 main parts.  First of all, the contribution of wire assisted laser 

process to the weld quality is examined and found from the results that the addition of filling wire 

promotes 41% of austenite phase over the total volume. This number is maximum 31% in autogenously 

laser welded samples. Secondly, the effect of laser scanner utilization was tested on wire assisted laser 

welding. By comparing to the literature works, the austenite phase growth increase 11% with respect to 

the autogenously laser welded ones which is a quite promising result. Finally and most importantly the 

cooling rate tendency is examined. To perform this, numerical calculations of heat flow had been done 

and cooling times from 2187⁰C to 940⁰C were calculated for each sample. With respect to cooling times, 

it was concluded that the thicker plate cools faster than the thinner one. Moreover, addition of a filler 

wire to the system contributes for tuning the microstructure of the weld in the name of austenite 

promotion and refine fusion zone structures by comparing to the autogenously welded samples.  
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1. Introduction  
 

The motivation behind this thesis is an investigation on the effect of welding parameters in 

ferrite/austenite ratio for SAF 2507 super duplex stainless steels under the filler wire assisted laser 

welding process. The encountered problems during welding processes and the aims for the sake of a 

solution are described as follows: 

Problems 

 

 Microstructure difference between base and weld material: 

 The austenite/ferrite volume ratio is not balanced and highly ferritic at the weld region. 

This behavior is higher in autogenous laser welding process. 

 Cooling rate: 

 Excess of ferrite content is a consequence of high cooling rate. As a result, autogenously 

welded materials have lower overall mechanical and anti-corrosive properties. 

Aims 

 

 Obtaining an equal ferrite/austenite volume ratio in the weld as similar as the base material by 

introducing a cold filler wire to the laser process. 

  Investigating how the austenite promoter elements (Ni and N) in the cold wire affect the 

microstructure. 

 Mounting a scanner head to the system and examining the effect of the oscillating laser to the 

weld microstructure. 

 Investigating the cooling rate difference between autogenous and wire assisted laser welding 

processes and giving simulations for the heat flow and its geometry. 
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2. Literature Review 

 

 

2.1. Laser light and laser generation 
 

 Light is a form of electromagnetic radiation which exhibits different wavelengths or frequencies. 

From the wave-particle duality in physics, it can be considered as either a moving particle or an energy 

wave with a distinct quantized energy values. What make special of the laser are the coherency and the 

directionality of the light waves. Normal light waves (e.g. Sun) are incoherent since they are random and 

they cannot achieve temporal and spatial symmetry. However, laser light is coherent and directional. 

The name LASER is coming from the way of its generation which is the acronym of Light Amplification by 

Stimulated Emission of Radiation. One can imagine laser as optical amplifiers that is pumped by an 

external source causing the excitation of an active medium between two mirrors, one of which is 

partially transparent to allow the laser light to exit from the source1.   

a)

b) 

Fig.1: (a) Spontaneous emission if photons from an excited active medium. (b) Increasing path length for stimulated emission.
1 

 

The active medium inside laser tube consists of specially selected atoms, ions or molecules in 

any state of matter (liquid, solid or gas). This medium absorbs energy from the pumping source and 

holds it for a very short and random time interval. When the excited particles return to their ground 

state, they emit the energy in the form of photons at the same characteristics. This kind of random 
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releases in all directions with respect to the optical axis of the laser is called spontaneous emission (Fig. 

1a). If the photons collide with other excited particles inside the medium, they caused to release their 

photons prematurely. The process continues as the premature photons travel in phase with each other 

and also interact with other excited particles, this phenomena is called stimulated emission (Fig. 1b). In 

phase photons which are parallel to the laser axis, travel between the mirrors and creates repeated 

reflections. As a result, these series of reflections amplifies photon generation until achieving the 

required power level and coherence; then, leave the tube from the partially transparent mirror side as a 

laser light. 

 

2.2. Laser welding 
 

 Laser light earn its powerful reputation from its coherent and monochromatic nature. For the 

case of welding technology, this coherent source can be focused to a small spot size which provides to 

transfer high energy density and melt the base material. The first usage of lasers in welding technology 

was in the early 1960s by integrating CO2 laser (100-400 W) inside the process. Although some of the 

trials (~400W) were successful for thin steels by conduction type welding, most of them were not 

promising since high reflectivity of the target surface caused poor coupling between beam and material. 

The results also showed that there was poor absorption of the power by the workpiece with a slight 

heating2. At that time, electron beam welding was a leading tool and no other technique could compete 

with it. For that reason, many welding engineers thought that there was no future for laser welding. 

 

Characteristics Laser beam Electron beam Gas tungsten arc 

Weld quality Excellent Excellent Good 

Welding speed High High Moderate 

Heat input Low Low Very High 

Weld penetration High High Moderate 

Range of dissimilar 
materials 

Wide Wide Narrow 

Controllability Very good Good Fair 

Ease of automation Excellent Moderate Fair 

Total cost High High Low 
Table 1: Comparison of laser welding to conventional welding processes

3
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The rise of laser welding had begun in 1971 by obtaining the first keyhole effect from the multi-

kilowatt CO2 laser sources and the evolution has progressed by understanding the know-how on laser 

technology, especially the fundamental aspects of beam material interactions. Currently, Laser welding 

is used in mass production joining for various kinds of materials and components, in variety of fields 

such as aeronautics, energy, transportation and defense4.  

The leading role has come from its ability to perform deep and narrow welds with low heat 

input which is essential to ensure the temperature below the ignition threshold of chemicals. Moreover, 

it provides great flexibility and ease of automation for high speed required mass productions5 (Table 1). 

However, Laser welding has also some drawbacks such as high cost of equipment, maintenance, poor 

gap bridging and especially for duplex steels, high cooling rate due to the lower heat input which cause 

excessive ferrite formation.  

 

2.2.1. Laser welding mechanisms 

 

Laser welding is a fusion process which joint materials by melting. During this process, a 

sequence of events takes place. When the laser light hit the surface of a metal, significant portion of the 

incident beam initially reflected back and the rest is absorbed by the surface which causes a rising in 

temperature. A positive change in temperature also affects the surface absorptivity which also boosts 

the rise in temperature. These reactions eventually result local melting and evaporation of the metal, 

leaving behind a vapor cavity in the metal. There are two main mechanisms of laser welding; these are 

conduction mode welding and keyhole mode welding. 

a) b)  

Fig. 2: (a) Schematic representation of conduction and (b) keyhole mode welding
6
. 
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2.2.1.1 Conduction mode welding 

 

Conduction mode welding usually occurs at power densities between 103 to 105 W/cm2 6. This 

power density is first absorbed by the surface, melts a small point of contact and then transferred to the 

surroundings by conduction which also gives the name of this process. The balance between convective 

and conductive heat transfers (Fig. 2a) affect the shape of the weld pool; results a shallow, 

hemispherical heat affected zone by comparing to the weld structures in the keyhole mode 

 

2.2.1.2. Keyhole mode welding 

 

At high density of powers above 106 W/cm2, the laser beam deeply penetrates through the 

surface and evaporates the base material to form a cavity which is called the keyhole. Basically, the 

structure of a keyhole (Fig. 2b) is similar to a well surrounded with molten metal pool. As the laser beam 

is displaced on the surface of the workpiece, the keyhole moves through the material, pushing the 

molten metal from the front to the rear of the keyhole where it solidifies and creating a joint between 

the two piece2. The shape and the penetration depth of the keyhole depend on the welding conditions 

such as the welding speed, absorption and laser power. The main driving force for the keyhole 

formation is recoil pressure which pushes down the liquid in the weld pool. Beside the laser induced 

recoil force, combined forces such as Marangoni shear force, hydrodynamic force and hydrostatic force 

are also involved in the formation of the keyhole7  

 

Fig. 3: Illustration for multiple reflections on conical cavity
8
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For the sake of a simple physical explanation, a keyhole can be assumed to be a blackbody that 

absorbs energy to overcome the melting process. There are two main absorption mechanisms in 

keyhole welding, for instance, Fresnel absorption and inverse Bremsstrahlung absorption9. When the 

laser beams incident with the plasma at the top of the key hole, some of its portion is reflected back as 

damping. The rest is absorbed and thermally re-radiated randomly through the keyhole10. A series of 

multiple reflection and absorption processes occur inside the cavity (Fig. 3). The reflected beams are 

intercepted by the keyhole walls and undergo further absorption which is called the Fresnel absorption. 

Moreover, some of the incident beam interacts with interior plasma and due to the effect of plasma 

ionization, the thermal energy flows from the ionized vapor at the interior of the keyhole and absorbed 

by the wall. The absorbed energy, Inverse Bremsstrahlung absorption, also contributes to the melting 

process. 

2.2.2. Cold wire assisted laser welding 

 

For the sake of the motivation, it is good to mention on the working principles of cold wire 

assisted laser welding. Separated from the autogenous laser welding, wire assisted laser welding 

requires correct balance of parameters such that heat input, wire feeding rate and position. The process 

can be briefly explained that a roll of filler wire which is moved with the laser beam by an angle causes 

melting due to the interaction with it and results a contribution to the melt pool (Fig. 4a). The feeding 

speed, position of the wire such as dragging or lancing feeding, and wire angle affect the weld quality. At 

low wire speed, the wire is melted by heat emission from laser forming molten droplets without a direct 

contact with the laser beam. Increasing the wire speed results full penetration with laser beam and 

causes melting by laser radiation so molten material is continuously bridging the gap between the wire 

and workpiece. A typical filler wire unit can provide 15 m/min wire speed3. 

Wire assisted process allows welding joints with larger gap; this improves the joint fit up 

tolerance of autogenous laser welding. Moreover, it provides to modify or tune the chemical 

composition or the microstructure of the weld metal to obtain suitable mechanical properties.  For the 

case of positioning (Fig 4b), dragged wire feeding such as feeding from the unwelded side is feasible to 

maintain the continuous gap bridging and even distribution of the weld metal inside the keyhole. 

Lancing wire feeding has a risk of adhesion of the wire with the melt pool which is a drawback11. The 

wire angle should be between 45⁰ and 60⁰ in order to obtain the best weld quality. The reason is 
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keeping the wire angle steeper or more than 45⁰ is to be directed and reflected laser beam as much as 

possible inside the keyhole12. 

 

a) b)  

Fig. 4: (a) schematic view of cold wire assisted laser welding. (b) Lanced and dragged wire positions during feeding
3
. 

 

2.3 Duplex Stainless Steels 
 

The name duplex has a Latin origin which means “two-fold”. Duplex stainless steel is one of the 

branches in steel family. Ideally, its microstructure is an equivalent mixture of ferrite and austenite 

phases (can also be seen in the range of 30-70% austenite and ferrite). This combined structure provides 

physical and chemical properties of both austenitic and ferritic steels (Fig. 5); Ferrite phase is 

responsible for high strength and resistance to stress corrosion cracking (SCC), while austenite phase 

contributes to high ductility and general corrosion resistance13.  The first generation of duplex grades 

(3RE60, Uranus 50 etc…) were produced in 1930s in the forerunner countries of steel manufacture such 

as Sweden, Finland and France14. Although their high Cr and Mo contents provides good localized 

corrosion resistance, some of the corrosion resistance and ductility is lost in welding process which 

requires a post weld heat treatment to recover.  
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Fig. 5: The Schaeffler- Delong diagram
15

 

It had to pass at least forty years to have a breakthrough; the addition of nitrogen as an alloying 

element reduce the chromium partition between austenite and ferrite phases, also increase the pitting 

and crevice corrosion resistance of the austenite for the second generation duplex grades (SAF 2205), 

these grades also have the same level of corrosion resistance and ductility at the welded regions if it is 

treated properly.  

 

 

Fig. 6: Distribution of DSSs with respect to strength and corrosion resistance
16

. 

 

The search to have the best performances for ferrite and austenite balance created the third 

generation duplex grades (SAF 2507), super duplex stainless steels, which contains much more 

chromium and nitrogen content with respect to the second generations. This improvement boosted the 
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corrosion resistance with respect to the PREN (Pitting Resistance Equivalent Number). PREN is an 

empirical formula that predicts the pitting corrosion resistance of austenitic and duplex stainless 

steels17: 

PREN = %Cr + 3.3(%Mo + 0.5%W) + 16%N (>40 for super duplex stainless steels) 

 

 

 

Fig. 7: Global market shares of duplex stainless steel in 2008
18

 

According to Industeel, a wholly-owned subsidiary of ArcelorMittal, duplex stainless steel share 

1% of the total stainless steel market. However, the growing tendency is significantly faster than 

standard stainless grades. It is showed that more than the half of the DSS is shared by European steel 

producers and Outokumpu Group in Finland is the main dynamo for DSS production (Fig. 7). The 

consumption and production shares are also highest in Europe and followed by Asian shareholders6. 

One of the super duplex grades is SAF 2507 which is designed for highly corrosive chloride 

bearing environments. It has excellent resistance to stress corrosion cracking, pitting and crevice 

corrosion. Moreover, it provides very high mechanical strength and good weldability (Fig. 6). Typical 

application fields of SAF 2507 can be given as19; 
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 Oil and gas industry 

 Chloride containing environments such as seawater handling and process systems 

 Offshore tubing equipments 

 Seawater cooling 

 Tubing element for heat exchangers in chemical industries, refineries and other industries which 

use seawater as coolant 

 Salt evaporation industry 

 Evaporator tubing for production of corrosive salts 

 Desalination plants 

 Pressure vessels for reverse osmosis units 

 Geothermal wells 

 Heat exchangers in geothermal exploitations units 

 Refineries and petrochemical plants 

 Tubes and pipes where the process environment contain high amount of chloride or 

hydrochloric acid 

 Pulp and paper industry 

 Chloride containing bleaching environments 

 Chemical industry 

 Organic acid plants 

 Mechanical components requiring high strength  

 Propeller shafts and other products subjected to high mechanical load in chloride containing 

environments 

 Desulphurization units 

 Re-heater tubes in flue gas desulphurization systems 
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2.4. Microstructure of duplex welds 
 

Microstructure of the duplex welds, in well treated conditions, should contain equal amount of 

ferrite and austenite in order to maintain the same high corrosion resistance and mechanical strength as 

the base material has. However, one of the excess amount of these phases reduce the material 

properties such as decreasing in pitting resistance for ferrite and possibility of stress corrosion cracking 

for austenite. 

 

2.4.1. Solidification process and cooling rate 

 

a) b)  

              Fig. 8: (a) Concentrations profile in the ternary Fe-Cr-Ni concentration diagram at 70% Fe
20

, grey area indicates the 

duplex field. (b) The effect of the nitrogen alloying on austenite is shown as an increase of the austenite-ferrite phase area (grey 

field)
 22

. 

 

Solidification of duplex stainless steel welds are fully ferritic (Fig. 8a) at high temperatures 

around 1400 ⁰C near the fusion line which is called the ferritization of HAZ, and partially transform to 

austenite below the solidus temperature by diffusion controlled solid state transformations. Austenite 

transformation firstly occurs at the grain boundaries of coarse ferrite network and by further cooling; it 

precipitates as Widmanstätten side-plates inside the ferrite grains (Fig. 9)13,20. A feasible ferrite-

austenite ratio can be achievable by controlling the chemical composition of the weld and the cooling 
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rate which is related to the material’s thermal conductivity and the applied heat input during the 

welding process21. For the case of chemical composition, higher nitrogen alloying is a driving force for 

austenite growth rate by raising the ferrite to austenite transformation temperature (Fig. 8b). Moreover, 

nitrogen alloying decreases the temperature range for ferrite grain formation.  

 

Fig. 9: Microstructure of the fusion zone of 6mm thick SAF 2507 duplex stainless steel. 

Since austenite formation is diffusion controlled process, cooling rate is again important. 

Although nitrogen has high diffusivity, it decreases more with rapid cooling rates and precipitate as 

needle like chromium nitride inside the ferrite grains due to supersaturation22. The reason is because 

there is insufficient time for austenite formation. Higher chromium nitride means lower corrosion 

resistance and ductility. However, it can be treatable by slower cooling rates or increasing austenite 

level by higher heat input or adding austenite promoting elements such as nitrogen and nickel. Higher 

nitrogen alloying provides efficient austenite reformation this also makes the alloy more resistant to 

rapid cooling rates.  

2.4.2. Intermetallic phase formations  

 

Widmanstätten side 

plates (austenite) 

Austenite 

Ferrite 
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Fig. 10: Possible secondary phases during the solidification of duplex stainless steels
23

. 

Most of the secondary phase transformations (Fig. 10) during solidification take place between 

1000 ⁰C to 300⁰C23 and their existence is a result of ferrite and ferrite promoting elements such as Cr, 

Mo and W. Ferrite-austenite grain boundaries are best places to facilitate nucleation for intermetallic 

phases such as sigma (σ) phase which is strongly related to composition of the steel and the weld metal. 

Sigma phase is the most common detrimental phase in duplex stainless steels, its high amount Cr and 

Mo contained chemical composition cause failures in mechanical properties and reduce corrosion 

resistance. In the presence of ferrite, sigma phase formation is fairly easy since their compositions are 

closer. From that point of view, it can be claimed that sigma phase promoting elements can diffuse 

much faster in ferrite than austenite. Moreover, the process is thermodynamically favorable since at the 

transformation temperatures of sigma phase, ferrite is metastable so this is simply a transformation 

from a metastable to an equilibrium state for sigma phase24. Chi phase (χ) and R-phase which are the 

precursors of sigma phase can be seen during the solidification but these phases are dissolved and 

converted to sigma by aging processes.  

Although austenite is formed after the solidification of ferrite, it can be seen as secondary 

austenite phase when the duplex structure has formed25. It means that higher equilibrium volume 

fraction of austenite at elevated temperatures (multipass welding or annealing) is a driving force to 

promote additional austenite. Another notorious secondary phase is alpha prime (α’) which leads 

progressive hardening and reduce material toughness (475 ⁰C embrittlement). Alpha prime phase is 
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formed by the spinodal decomposition of ferrite phase into a Cr rich α’ phase and a Fe-rich phase at 475 

⁰C26. All these intermetallic secondary phases can be treated by solution annealing in the end. 

 

2.5. Heat Flow during laser welding 
 

 The heat flow during laser beam welding can be considered as a moving point source. It can be 

described as the temperature distribution by isotherms in which the shape depends on the thickness of 

the plate, welding speed, heat input and materials thermal properties such as thermal conductivity and 

thermal diffusivity. Since giving a mathematical description of what really happens during welding is 

impossible, a simplified analytical representation is fair enough to “assume” the heat flow in laser 

welding. Considering an observer at the center of the point source, moving with it at the same speed, 

see the temperature distribution and the pool geometry steady. This is called the steady-state 

assumption and it was first used by Rosenthal in 194127. The assumed conditions are considering the 

laser beam as point heat source on an infinite workspace. Moreover, thermal properties should be 

constant and, melting and heat of fusion is to be negligible. It can be represented as; 

 

For 2D case, 

                                                                                                                 (1) 

For 3D case, 

                                                                                                                (2)  

 

Where 

  = temperature, 

= initial workpiece temperature, 
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Ks = thermal conductivity of material, 

g = thickness of the material, 

Q = heat input to the work piece, 

U = welding speed, 

αs= thermal diffusivity of material, 

K0= modified Bessel function of the second kind and zero order, 

r and R = radial distance from origin for 2D and 3D case respectively 

a)  

b)  

Fig. 11: Description of welding on (a) 2D and (b) 3D infinite planes
27

 

The solutions of 2D and 3D cases (Eq. 1 and 2) give a tear drop shaped heat flow isotherms (Fig. 

11) at specific temperatures. Rosenthal Equation is used to calculate the cooling rate of the welded 

material but first one should consider the thickness of the material in order to use the correct 

dimensional equation. For that reason, a dimensionless thickness, , is to be considered which depends 

on the thermal and physical properties of the base material. 
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Such that; 

        (3) 

Where; 

ρ = density 

c = specific heat of the material. 

 

If the calculated dimensionless thickness is lower and equal than the 0.9 the material should be 

considered as 2D. However, if it is higher and equal than 1.2, the cooling rate calculation has to be 3D. 

The shape and the size of the isotherms are affected by the welding parameters. For instance, increasing 

in welding speed causes more elongation towards the back side of the welding direction, lower speed 

and higher input power results in wider isotherms since the laser beam stays longer time and area of the 

heated surface increases. Moreover, the temperature gradient of a thicker plate is higher than the 

thinner one, cooling rates also related with temperature gradient such that thicker plates have higher 

cooling rate. Heat flow isotherms are useful to simulate the history of the weld; numerical calculations 

are presented in Results and Discussion part for better understanding. 
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3. Experimental Procedure 

 

During the experiments, all the base materials were butt joined SAF 2507 (Fig. 12) super duplex 

stainless steel. Its chemical composition and physical properties are listed in Table 2 and 3. Base material 

is separated into two groups with respect to the thickness and welding process. First group (Table 4) 

samples are 16 mm thick which was welded by applying autogenous laser without using a filler material. 

Second group (Table 5) materials are 6mm thick and they were processed with cold wire assisted laser 

equipment by using root gas. The root gas was a combination of hydrogen (10%) and nitrogen (90%) 

which was fed at a rate of 10 l/min. Filler wire was Sandvik 25.10.4.L which has similar chemical 

properties as SAF 2507 except higher concentration of Ni (9.5%) to promote austenite phase. The wire 

was placed in dragged position at angle of 45⁰ to the normal with a feeding speed of 6 m/min.  It was 

used pure Ar shielding gas for all of the experiments at a rate of 20 l/min. Another parameter change at 

wire assisted welded ones was the usage of scanner laser. By changing the pulse current type (sine or 

triangular) and the scanner speed, the effects on the cooling rates and austenite promotion were 

investigated. 

 

 

Fig. 12: 6 mm thick SAF 2507 base material, darker regions are ferrite and lighter ones are austenite phases. 
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 International steel No Typical composition (%) 

SAF 2507 
EN ASTM C N Cr Ni Mo 

1.4410 S32750 0.02 0.27 25 7 4 

Table 2: Chemical composition of SAF 2507 

 

 20⁰C 100⁰C 200⁰C 300⁰C 

Density (g/cm3) 7.8    

Thermal conductivity (W/m⁰C) 15 16 17 18 

Thermal capacity (J/kg⁰C) 500 530 560 590 

Melting temperature (⁰C) 1350 

Table 3: Physical Properties of SAF 2507 

 

Sample 
(SAF 2507) 

Thickness (mm) Welding 
speed 

(mm/s) 

Laser Power (kW) Heat Input (kJ/mm) Shielding gas Filler wire 

1 16 13.33 7.5 0.56 Argon no 

2 16 6.67 6.1 0.91 

3 16 3.33 5 1,50 

4 16 25 10 0.4 

5 16 20 4.5 0.23 

6 16 1.67 4.5 2.69 

7 16 0.83 3 3.61 

Table 4: Experimental parameters for 16 mm thick samples 

Sample 
SAF 2507 

Thickness 
(mm) 

Welding 
Speed 

(mm/s) 

Laser 
Power 
(kW) 

Heat 
Input 

(kJ/mm) 

Shielding 
Gas 

Root 
Gas 

Filler Wire Scanner 
Speed 

(Hz) 

Scanner 
Amplitude 

(mm) 

Pulse 
Current 

8 6 16.7 5 0.3 Argon 90% N 
10% H 

Sandvik 
25.10.4L 

no Sine 

9 6 16.7 7 0.42 60 2 

10 6 16.7 7 0.4 Triangle 

11 6 16.7 8.5 0.51 Sine 

12 6 16.7 10 0.6 
Table 5: Experimental parameters for 6 mm thick samples 
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3.1. Equipments and Methods 
 

3.1.1. 15 kW Fiber laser 

 

The main laser equipment during the experiments was an ytterbium fiber laser of 15kW (YLR- 

15000) and 1070 nm wavelength in LTU which was manufactured by IPG Laser GmbH in Germany. There 

are 25+1 fiber laser modules which are diode pumped at a power of 600 W. The laser provides both 

continuous and pulsed mode (max 5 kHz). The fiber is 200 µm in diameter and 30 m in length. Focusing 

optics has a collimator lens with the focal length of 150 mm which was used during autogenous laser 

beam welding without scanner equipment.  

As it was discussed before, an active gain medium required in order to amplify the light. For 

fiber lasers, this medium is the fiber itself which is doped with rare-earth elements (ytterbium, erbium 

etc...) and pumped with a series of diode laser sources (Fig. 5). These doping elements provide light 

amplification inside the fiber cavity by stimulated emission. Fiber lasers usually have a double-clad fiber 

where the gain medium forms the core of the fiber which is surrounded by two layer of cladding28. 

Claddings have lower refractive index than the core material which results the total internal reflection of 

light, confined inside the core. High surface to volume ratio and waveguiding effect of the fibers increase 

the output power up to 20 kW (BAM, Berlin) for industrial applications. 

a) b)  

Fig. 13: (a) YLR 15000 fiber laser and diode modules, (b) schematic of a fiber laser
6
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3.1.2. ILV DC scanner system 

 

a) b)  

Fig. 14: (a) internal structure of ILV DC scanner, (b) schematic of scanning process
29

 

 

The effect of oscillated laser welding to the microstructure was investigated with a DC scanner 

system which was manufactured by ILV (Ingenieurbüro für Lasertechnik und Verschleißschutz) 

headquartered in Schwalbach, Germany. The reason of using a scanner system is to examine the change 

in austenite volume in the case of an oscillating laser source and compare it with non-scanned ones. The 

internal structure of the scanner system (Fig. 14a) is composed of an oscillating mirror which is water 

cooled and has driven by a DC motor. The oscillation amplitudes are adjusted according to the specific 

welding applications. The control current could be sine or triangular wave form at a frequency range of 

3Hz to 1000 Hz and transversely oscillate with respect to the welding direction (Fig. 14b). The signal’s 

frequency directly influences the oscillation of the mirror. For the scanner applied samples (6 mm thick), 

the frequency and amplitude were fixed (60 Hz and 2 mm respectively). Moreover, the control current 

was switched from sine to triangle to investigate the effect of the signal type. The focal length of the 

laser beam was 250 mm at an angle of 7⁰ to the normal.  

 

3.1.3. Sample preparation 

 

Welded samples were cut perpendicular to the welding direction in order to examine the 

keyhole.  First, grinding was done by using SiC abrasive papers with 600, 800 and 1200 grit size followed 

by polishing with 6μm, 3μm and 1μm clothes by using colloidal silica. Polished samples were washed 
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with ethanol and cooled for etching. A modified Behara reagent; composed of 20 ml of hydrochloric acid 

(HCl), 80 ml of distilled water and 1 g of potassium matebissulfite (K2S2O5); was used for 15 seconds of 

exposure. The etching is fundamental for distinguishing ferrite and austenite phases on the base 

material and the welded region. Ferrite regions are darker (blue, brown) than austenite phases (yellow, 

white). Optical examinations were done with Olympus Vanox-T optical microscope, mounted with 

Olympus UC30 digital camera. ASTM E 562 standard test method is used to calculate ferrite-austenite 

volume fractions by systematic point counting on a 10x10 grid. The data has randomly taken from ten 

different regions on each sample. 

 

3.2. Numerical analysis 
 

Since simulating the real world by mathematical equations is impossible, a numerical solution 

should be required to predict the weld pool shape and cooling rates. For that reason, a simulation 

program is used. SmartWeld, designed in Sandia National Laboratories, is a scientific open software 

which provides to determine optimal welding procedures and investigate the impact of changes for 

several welding techniques. Numerical analysis is based on 2D and 3D solutions of Rosenthal heat flow, 

results are given by heat flow isotherms around the laser point source. The cooling rates are also 

represented with respect to thickness, welding speed and heat input to the base material. Although 

software has a considerable database for common welding base materials, SAF 2507 was not on the 

materials data file so it was edited with respect to its thermal properties.  
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4. Results and Discussion  
 

 The results are discussed in three main parts for each of groups. The reason of this separation is 

analyzing the difference and effects of autogenous and wire assisted laser welding to the results. First of 

all, the aim was to investigate the filler wire effect to the volume fraction of austenite. For that reason 

the relation between ferrite volume and the heat inputs was given. Secondly, the results from the laser 

scanned ones (6 mm thick samples) were examined to see if the scanner application is useful to improve 

weld quality. Finally, The Rosenthal heat flow equations for 2D case which is more suitable for keyhole 

welding where solved numerically by simulating the welding conditions and heat distribution on the 

welded samples as illustrated by isotherms. The heat flow isotherms are useful to calculate cooling time 

for a specific temperature difference and it provided the information on how the cooling time affects 

the microstructure of the weld. 

 

4.1 Ferrite-Austenite ratio 

4.1.1. Samples with16 mm thickness 

 

There are 7 samples with a thickness of 16 mm which was welded with autogenous fiber laser 

without using a filler wire and root gas. From data taken from Table 4, the heat input varies between 

0.23 and 3.61 kJ/mm. The ferrite phase concentration reached up to 85% (sample 2). The lowest 

concentration was recorded in sample 6 with 66% (Table 6). According to the Fig. 15, it is clear that the 

ferrite volume ratio decreases by increasing the heat input (Fig. 15). Like in Fig. 9, It can be seen that, 

austenite phase is mainly formed at the grain boundaries of ferrite phases; by increasing the heat input 

more Widmanstatten austenite formed and consumed the ferrite volume. This may be a reason of 

lacking austenite promoting elements such as Ni and N during the process which are provided by filler 

wire and root gas. From another viewpoint, the contents of these elements in the base material are not 

enough to promote austenitic phases in such welding conditions. 

Another examination is the penetration depth; none of the samples have a full penetration for 

keyhole. Sample 6 (Fig. 21) has a larger keyhole than sample 5 (Fig. 20) in which both of them have the 

same output power (4.5 kW) but sample 5 was welded 10 times faster than sample 6, so higher heat 
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input results a larger keyhole diameter with slower welding speed. Comparing sample 1 (Fig. 16) and 4 

(Fig. 19), the keyhole diameter and penetration depth are related to the heat input since both of the 

samples were welded with similar heat inputs (0.56 and 0.4 respectively). Finally, in sample 7 (Fig. 22), 

highest heat input and slowest welding speed results the deepest penetration and widest keyhole 

diameter. 

 

Sample 1 2 3 4 5 6 7 

Heat input 

(kJ/mm) 

0.56 0.91 1.50 0.4 0.23 2.69 3.61 

Average 

ferrite (%) 

74±5 80±5 73±4 74±6 75±2 69±3 72±2 

Table 6:  Average ferrite volume and heat inputs for 16 mm thick, autogenous laser welded samples. 

 

Fig. 15: The effect of heat input to the volume fraction of ferrite in 16 mm thick, autogenous laser welded samples 
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Fig. 16: Sample 1, 16 mm thick (13.33 mm/s, 7.5 kW, 0.56 kJ/mm). 

  

Fig. 17: Sample 2, 16 mm thick (6.67 mm/s, 6.1 kW, 0.91 kJ/mm). 
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Fig. 18: Sample 3, 16 mm thick (3.33 mm/s, 5 kW, 1.50 kJ/mm). 

 

 
Fig. 19: Sample 4, 16 mm thick (25 mm/s, 10 kW, 0.4 kJ/mm). 
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Fig. 20: Sample 5, 16 mm thick (20 mm/s, 4.5 kW, 0.23 kJ/mm). 

 

 

 
Fig. 21: Sample 6, 16 mm thick (1.67 mm/s, 4.5 kW, 2.69 kJ/mm). 
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Fig. 22: Sample 7, 16 mm thick (0.83 mm/s, 3 kW, 3.61 kJ/mm). 

 

 

4.1.2. Samples with 6 mm thickness 

 

Sample 8 9 10 11 12 

Heat Input 

(kJ/mm) 

0.30 0.42 0.40 0.51 0.60 

Average 

ferrite (%) 

64±2 61±4 59±2 60±2 60±1 

Table 7:  Average ferrite volume and heat inputs for 6mm thick, wire feed laser welded samples. 
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Fig. 23: The effect of heat input to the volume fraction of ferrite in 6 mm thick, wire feed laser welded samples. 

In cold wire assisted welding group, samples have a thickness of 6 mm. Different from 

autogenously welded sample; the experiments were performed by cold wire assisted laser process. The 

improvement of using cold wire can be seen (Fig. 23) as the ferrite volume fraction decrease more than 

the autogenously welded group. The lowest ferrite volume was detected as 59% in sample 10 and the 

highest is 64% in sample 8 (Table 7). By comparing the autogenously and cold wire assisted welded 

groups, it can be deduced that the austenite formation increase by using cold wire. This is one of the 

results of integrating nickel and nitrogen contained filler wire and also nitrogen contained root gas. If 

the heat inputs of wire assisted welded ones are compared with autogenously welded samples (1, 4 and 

5), it can be seen that they are more or less equal. This gives another conclusion such that even at the 

same heat inputs cold wired process has higher ability to promote austenite phase. Even without 

applying scanner, Sample 8 has the highest ferrite volume with 64% which is even lower than the 

autogenously welded group results. The effects of scanner application are discussed in detail in the 

following section. 
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Fig. 24: Sample 8, 6 mm thick without scanning (16.7 mm/s, 5 kW, 0.3 kJ/mm). 

 

 
Fig. 25: Sample 9, 6 mm thick with scanner head (Sine, 60 Hz, 2 mm; 16.7 mm/s, 7 kW, 0.42 kJ/mm). 
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Fig. 26: Sample 10, 6 mm thick with scanner head (Triangular, 60 Hz, 2 mm; 16.7 mm/s, 7 kW, 0.42 kJ/mm). 

 

 

 
Fig. 27: Sample 11, 6 mm thick with a scanner head (Sine, 60 Hz, 2 mm; 16.7 mm/s, 8.5 kW, 0.51 kJ/mm). 
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Fig. 28: Sample 12, 6 mm thick with a scanner head (Sine, 60 Hz, 2 mm; 16.7 mm/s, 10 kW, 0.6 kJ/mm). 

 

4.2. Effect of laser scanning 

 

The application of laser scanner on cold wire assisted welding, increases austenite volume 

fraction. Considering non-scanned sample 8 (Fig. 24) to sample 10 (Fig. 26), the austenite volume ratio 

decreased at least 5% (Table 7). Moreover, using sine or triangular wave for the laser pulse also affects 

the microstructure. Sample 9 has two keyholes as a consequence of sinusoidal control current. Applying 

triangular wave pulse to the sample may helps to enhance austenite fraction by decreasing weld 

distortions. However, it cannot be said the same thing for the penetration depth in sample 10, there are 

two keyholes and one of them is not fully penetrated. This might be caused by the misalignment of the 

wire.  It was also reported that the effect of the scanner mounted autogenous laser processes on ferrite 

content are minor29. Comparing our results with the reported one such that the minimum ferrite 

content is 70%, the austenite fraction increased 11% which is a quite satisfactory result (Table 7).  
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4.3 Heat Flow and cooling ratio 
 

Numerical solutions of Rosenthal heat flow was calculated for both of the groups, results are 

perfectly match with the experimental findings. As it is explained before, cooling rate is fundamental for 

ferrite-austenite ratio in duplex stainless steels which is affected by the thickness of the material and the 

heat input. The rate of cooling can be also guessed from by looking to the shape and size of the heat 

flow isotherms, this means higher temperature gradient between the fusion zone and heat effected 

zone results high cooling rates.  

Since the experimental base materials have thicknesses of 6 mm and 16 mm respectively, the 

cooling rate and heat distribution calculations were solved with 2D Rosenthal equation (from Eq. 3) in 

which is the heat flow varies only in the x-y plane. 

 

4.3.1. Samples with 16 mm thickness 

 

As it was predicted, cooling rate increases by the decreasing heat input and this effect can be 

seen higher in the 16 mm thickness group of samples. The cooling time from 2187⁰, which is the melting 

temperature of SAF 2507, to 940⁰, is calculated for both of the thicknesses and presented in Fig. 40. 

Thicker plate and lower heat input has dramatic effect on the cooling rate. For instance, the rate of 

cooling for the sample 5 (Fig. 33) is the highest. It takes 0.19 second to reach 940⁰. However, in sample 7 

(Fig. 35), 45.3 second had to pass in order to reach the same temperature. Moreover, as the cooling rate 

increases the size of the fusion zone (red one) is elongated in opposition to the welding direction. The 

squeeze degree of the isotherms is related to the welding speed and laser power. This can be deduced 

from the sample 5 and 6 which has the same value of laser power but sample 5 was 12 times faster 

welded than sample 6 so the isotherms are much more squeezed.  
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Fig. 29: Heat flow isotherms for sample 1. (16 mm, 13,33 mm/s, 7,5 kW, 0,56 kJ/mm) 

 
Fig. 30: Heat flow isotherms for sample 2. (16 mm, 6,67 mm/s, 6,1 kW, 0,91 kJ/mm) 
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Fig. 31: Heat flow isotherms for sample 3. (16 mm, 3.33 mm/s, 5 kW, 1.50 kJ/mm) 

 

Fig. 32: Heat flow isotherms for sample 4. (16 mm, 25 mm/s, 10 kW, 0.4 kJ/mm) 
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Fig. 33: Heat flow isotherms for sample 5. (16 mm, 20 mm/s, 4.5 kW, 0.23 kJ/mm) 

 

 

 

 

Fig. 34: Heat flow isotherms for sample 6. (16 mm, 1.67 mm/s, 4.5 kW, 2.69 kJ/mm) 
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Fig. 35: Heat flow isotherms for sample 7. (16 mm, 0.83 mm/s, 3 kW, 3.61 kJ/mm) 

4.3.2. Samples with 6 mm thickness 

  

Differ from the autogenously welded samples; the welding velocity was kept constant in the 

group of 6 mm samples so the effect of the laser power can be noticed quite easily. The fusion zone 

elongated again and gets bigger on the opposite side of the welding direction and it is stretched by 

increasing power. Although the experiments for the 6 mm samples  were performed by cold wire 

assisted welding, this was not taken into the account in numerical solution due to the complexity of the 

variables like root gas and filler wire. Fig. 40 showed that the cooling time which is calculated from 

welding velocity and travel position, is increasing as the output power increase. However this increase is 

slower than the 16 mm thick autogenously welded samples. It can be concluded that the thicker plate 

cools faster than the thinner one. Moreover, the addition of a filler wire to system contributes to modify 

the microstructure of the welded region such as the ferrite/austenite balance by comparing the 

autogenously welded samples. As a result the microstructure and mechanical properties are better. 
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Fig. 36: Heat flow isotherms for sample 8. (6 mm, 16.67 mm/s, 5 kW, 0.3 kJ/mm) 

 

Fig. 37: Heat flow isotherms for sample 9 and 10. (6 mm, 16.67 mm/s, 7 kW, 0.4 kJ/mm) 
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Fig. 38: Heat flow isotherms for sample 11. (6 mm, 16.67 mm/s, 8.5 kW, 0.51 kJ/mm) 

 

Fig. 39: Heat flow isotherms for sample 12. (6 mm, 16.67 mm/s, 10 kW, 0.6 kJ/mm) 
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Fig. 40: Cooling time vs. heat input of 6 mm and 16 mm samples. 
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5. Conclusions and future work 

 

 Increasing heat input results an increase in cooling time so more nitrogen diffuse in ferrite grains 

and grain boundaries to promote austenite phase 

 

 Autogenous laser welding process is insufficient to obtain an equal volume fraction of austenite 

and ferrite. Since the filler wire or nitrogen containing root gas is not used, the inbound nitrogen 

at the base material could be evaporated during the process without having a recovery. This 

may also explains the high amount of ferrite. 

 

 Addition of a cold filler wire increase the austenite fraction up to 20% 

 

 Modeling of heat flow is useful to understand how welding process occurs and also helps to 

calculate the cooling times for each sample. As a result, it can be said that low cooling time 

promote high amount of ferrite phase 

 

 Scanner utilization in cold wire assisted welding contributes to an increase of 5% for austenite 

phase formation. This is even higher (11%) by comparing to the autogenously welded samples  

 

 Cold wire assisted laser welding with a scanner feature can be a candidate to weld duplex 

grades without the need for post welding heat treatments which are economically unfeasible.    

 

 For the future work, one could perform a numerical calculation on the heat flow distribution for 

laser scanner adaptive welding processes. Moreover, a detailed investigation could be done on 

the secondary phases and their contribution to the corrosion resistance.    
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