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ABSTRACT

Purpose: Investigations include finite element model FEM of the various weld test 
performed on lean duplex stainless steels (TIG, MIG) and study calculated heat thermal cycle 
and deriving parameters.

Design/methodology/approach: The FEM model was also applied to evaluate residual 
stress on the weld surface. The accuracy of the FEM model was verified by comparing the 
results of the computer simulation of the stresses with experimental results. 

Findings: Obtained result can be correlated to measured ferrite content in the weld, 
thus providing a simple prediction of phase balance in weld microstructure dependent on 
introducing heat input. Comparative analysis of the numerical FEM calculations and residual 
stress measurements made by X-ray diffraction showed good correlation.

Practical implications: Numerical calculations allow to quick selection of the optimal 
welding process parameters. Analysis of the thermal cycles curves has enabled to determine 
the basic parameters such as maximum temperature, heating time and cooling down and 
the rate of temperature is reached maximum and intermediate temperature ranges important 
for phase transformations.

Originality/value: A computer simulation of the stresses was carried out in the ANSYS 
environment using the FEM method.
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ANALYSIS AND MODELLING

1. Introduction 

Lean duplex stainless steel (LDSS) becomes 

increasingly used in welded load bearing constructions. 

The higher strength of lean duplex stainless steel allows 

thinner sections of LDSS to replace components made with 

thicker sections of standard austenitic Cr-Ni and Cr-Ni-Mo 

stainless steel alloys. This substitution may result in 

considerable cost savings. The high strength, toughness, 

corrosion resistance, and weldability of lean duplex 

stainless steel family makes them a good choice for use in 

many industrial branches [1-4]. 

One of the main problems concerning duplex stainless 

steels is a proper ferrite-austenite ratio, that can change due 
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to rapid cooling associated with weld thermal cycles 

resulting in excessive content of ferritic phase. The 

predominance of ferrite in the weld resulting in the loss of 

strength and increased susceptibility to intergranular 

corrosion. The weld microstructure and the austenite to 

ferrite ratio are largely influenced by welding heat inputs 

and the cooling rates from welding temperature. 

Consequently, a careful balance of heat input and cooling 

rates must be selected in order to achieve a favourable 

phase balance and avoid the formation of a coarser grained 

microstructures in the weld [1-7]. 

The FEM is broadly applied to simulate different 

welding processes, where the welding pole shape, the 

Marangoni effect, the welding distortion, the thermal stress, 

the heat thermal cycle, the residual stress distribution, the 

welding temperature fields can be predicted [9-14] 

The X-ray di�raction technique is widely used for the 

determination of surface stresses [1-4]. One of the main 

advantages of di�raction methods is the possibility to 

obtain separate measurements for each phase of the 

material, so for ferrite and austenite, separately. Regarding 

duplex stainless steel the X-ray di�raction techniques were 

usefully applied to evaluate residual stresses in welded 

joints [1-8]. 

2. EXPERIMENTAL PROCEDURE 

The present studies were performed on lean duplex 

stainless steel grade UNS S82441 sheet of the thickness 6.0 

mm, with the chemical composition presented in the 

Table 1. The Pitting Resistance Equivalent Number PREN 

calculated according to the formula: PREN = %Cr + 

3.3×(%Mo) + 16×(%N) for a given melt is equal to PREN 

= 33.7. The (Cr/Ni) equivalent ratio for giving composition 

was 4.4. During TIG welding respective shielding gases 

were applied: pure Ar, the mixes of Ar+N2 (5, 10 and 15 

%), a mixture of Ar and He in the relation 50/50. 

Table 1.  

Chemical composition of lean duplex stainless steel UNS 

S82441 

Chemical composition, wt. % 

C Si Mn P S Cr Ni Mo Cu N 

0.025 0.36 3.00 0.022 0.001 23.92 3.66 1.61 0.39 0.279

The welding joints were produced using sheet plates 

grade S82441 with the dimensions 100x50x6 mm on the 

TIG mechanized welding stand consisting of welding 

source power Lorch V40, a welding trolley Promotech 

DC20 with the precisely adjustable travel speed of torch 

and an attachment device to position welded pieces. The 

welding speed of all samples was constant and the current 

intensity was changed in the range from 50 to 300 A 

resulting in heat input 0.11÷1.17 kJ/mm. 

Additionally the various parts of the sample surface 

were treated in a variety of ways prior to corrosion testing: 

1) etching (abbreviation E) with a commercially available 

etching paste, 2) cleaning with a wire brush (abbreviation 

B+E), and then etched with the paste, 3) machining 

(abbreviation M) by milling surface layer removing depth 

of 0.1 -0.3 mm (max. 0.5 mm) from the face of the weld. 

The milling was applied in aim to mechanically remove of 

oxides and other surface contamination that might occur on 

the surface of the weld face and would not be removed by 

brushing and pickling treatment.  

The microstructural characterization was performed on 

the cross-section of welded samples. Microstructure 

observations and geometrical characteristics of weld bead 

were carried out in the light and scanning electron 

microscope. Light microscope observations involved 

etching using Aqua Regia reagent and were performed at 

400x and 1000x magnifications using a LEICA MEF4A 

microscope to evaluate phase content.  

Stresses for the analysed welds were measured with the 

g-sin
2
ψ  method with X’Pert Stress Plus software with values 

of material constants provided in a database indispensable for 

calculations. The sin
2
ψ method is mainly based on the effect 

of diffraction line displacement for different ψ angles, 

which occur in the stress conditions of materials that have a 

crystalline structure, and a silicon strip detector that is 

applied at the side of the diffracted beam. The inclination 

angle ψ of the test pieces is modified within a range of 0°–

75° towards the primary beam. The stress analysis was 

performed in the transverse direction of the welded joint. 

2. RESULTS AND DISCUSSION 

The austenite and ferrite content, in studying welds was 

measured based on metallographies observation, according 

to ASTM E562 standard by systematic manual point count 

to determine the volume of observed phases. The phase 

measurement was performed on a cross section of the weld, 

near weld surface (Tab. 2). The influence of the heat input 

increase in the austenite content is evident on autogenous 

TIG welding. Nitrogen presence in the shielding gas 

negligible influenced austenite content at low heat input 

and low nitrogen content (5%N2), but its influence is 

evident for high heat input and high nitrogen content. TIG 
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welding in Ar+He shielding gas mixture shows the same 

austenite content as for autogenous TIG welding for 

comparable heat input. The A-TIG weld compared to TIG 

weld shows higher austenite content when comparing the 

same heat input. 

The finite element model (FEM) computations were 

performed using ANSYS software. The scope of FEM 

simulation was the determination of temperature 

distribution during welding process at various process 

configurations regarding heat input and welding method. 

The finite element model (FEM) computations were 

performed using ANSYS software. The scope of FEM 

simulation was the determination of temperature 

distribution during welding process at various process 

configurations regarding heat input and welding method. 

During this investigation, the process of welding of a 

butt-weld joint of two lean duplex stainless steel plates is 

simulated by the 3-D FEM (Finite Element Method). 

During the FEM analysis of welding process was 

performed heat transfer analysis and residual stress 

analysis. The dimension of the welding’s plates used in the 

simulations was 50x100x6mm. Due to stress gradients and 

high temperature in the weld area, the finite element model 

has a relatively fine mesh in remelted zone and heat 

affected zone. In the remainder parts of the model was used 

a slightly larger mesh to increase the speed of calculation. 

In the applied model for the simulated thermal and 

structural phenomena was using two different elements. 

For thermal analysis was used the element type SOLID70 

which has eight nodes with a single degree of freedom, 

temperature, at each node. This type of element has a three-

dimensional thermal conduction capability. For the 

structural analysis (residual stress) in the model was used 

SOLID45 that is designed for the three-dimensional 

modelling of solid structures. This element has eight nodes 

having three degrees of freedom at each node. The model 

assumed nonlinear changes of thermal and mechanical  

properties as a function of temperature. The heat input 

during the welding process is modelled in the FEM 

simulation by the heat flux calculated on the basis of 

voltage and current welding process, the speed of the head 

during the welding and efficiency. In the model was 

assumed transferring heat from the sample surface after 

removal of the heat flux by convection and radiation.  

In order to simulate moving heat source it is necessary 

to model the heat source during each time increment. The 

analysis used a simplified moving heat source by assuming 

that the welding arc stayed at an element with constant 

specific volume heat flux and then moved to the next 

element at the end of the load step. 

Three-dimensional map of the residual stress and 

thermal distribution were presented for autogenous TIG 

welding at heat input 0.45 kJ/mm on the Fig. 1. 

Comparative analysis of temperature distribution maps 

obtained on the basis of FEM simulation with the length 

and depth of solidified molten pool obtained during the 

welding process shows good compatibility of the results. 

FEM simulation of the liquid molten pool shape and 

temperature distribution during the process was shown in 

the Figs. 2 and 3. The depth values obtained in simulation 

are very close to experimental data. Regarding the shape of 

molten pool the higher differences have been noted. The 

heat flux input considered in the simulation is only part of 

the mechanism for heating, thus the final shape of 

solidified molten pool will be depended strongly depend on 

more variables, especially the shielding gas composition, 

where the specific shape of the weld is obtained when 

using i.e. He addition to Ar atmosphere. The TIG welding 

(autogenous and with shielding argon and argon-nitrogen 

atmosphere) where a flat shape of molten pool is 

produced and is becoming deeper, but still having a 

circular shape applied FEM model is able to predict very 

closely the real molten pool dimensions (width and 

depth). Where during TIG welding a helium is applied 

or an activated flux (A-TIG) and penetration deep is 

increased as well as specific shape of molten pool is 

obtained applied FEM model not proven realistic 

comparison with the experimental data. 

Table 2.  

The welding parameters and ferrite content in the weld of TIG and A-TIG welded lean duplex stainless steel UNS S82441 

Current, A 

Ferrite content, % / Heat input, kJ/mm 

Parent metal 
TIG 

A-TIG 
Ar Ar+5%N2 Ar+10%N2 Ar+15%N2 Ar+He 

50 

45/ - 

80-75 / 0.11 - - - - - 

100 80-75 / 0.27 75-70 / 0.26 70-65 / 0.26 65-60 / 0.26 - 60-55 / 0.29 

150 75-70 / 0.45 70-65/ 0.42 70-65 / 0.44 60-55 / 0.43 - 60-55 / 0.48 

200 70-65 / 0.65 70-65/ 0.65 65-60 / 0.65 60-55/ 0.65 30-35/ 0.72 55-45 / 0.68 

250 65-60 / 0.89 - - - - - 

300 60-55 / 1.17 - - - - - 
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Fig. 1. Three-dimensional distribution of residual stress after autogenous TIG welding at heat input 0.45 kJ/mm 

a) b) 

c) d) 

Fig. 2. Three-dimensional distribution of temperature during autogenous autogenous TIG welding at heat input 0.45 kJ/mm 

after: a) 1sec, b) 3 sec, c) 5 sec and d) 7 sec 
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a) b) 

Fig. 3. Two-dimensional distribution of temperature during autogenous TIG welding at 0.45 kJ/mm after 5s; a) distribution 

of temperature along the length of the sample, b) the cross-section temperature distribution 

a) b)

Fig. 4. Change of temperature during autogenous TIG welding at heat input 0.11÷0.45 kJ/mm: a) thermal cycle curves on 

measured on the surface of FEM model, b) thermal cycle parameters calculated from thermal cycle curves

The FEM model of autogenous TIG welding, provided 

valuable data on the heating cycle during the welding 

process. The Fig. 4 shows a simulation of temperature 

changes on selected nodes as a function of welding 

duration (thermal cycle curve). Analysis of the thermal 

cycles curves enables to determine the basic parameters 

such as maximum temperature (Tmax), time to reach 

maximum temperature (t Tmax), cooling time in the range 

from Tmax to 800°C (t Tmax/800), cooling time in the range 

from 800°C to 300°C (t 800/300). Basing on thermal cycle 

parameters calculated from thermal cycle curves it is 

evident that increase of heat input in studied range 

influence on increase of maximum welding temperature, 

while time to reach this temperature become constant 0,5 

sec for 0.45 and 0.65 kJ/mm. During cooling from the 

welding temperature duplex microstructure is formed be 

the diffusion process, whereas a primary phase crystallizes 

ferrite and austenite precipitate on its grain boundaries and 

inside ferritic grains. Studied composition of lean duplex 

stainless steel shows Cr/Ni equivalent ratio about 4.4. The 

Fig. 5 shows the cross section of the Fe-Cr-Ni system with 

70% Fe and indicates the percentage of the components 

expected for this steel after equilibrium is achieved after 

the welding process. During cooling ferritic microstructure 

pass a two phase region (α+γ) where austenitic phase starts 

to precipitate. This phase transformation region finish 
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about 800°C than a complex microstructures of α+γ and σ-

phase may precipitate. 

Analyzing FEM thermal cycle curves and resulted 

parameters (Fig. 4b) most interesting regarding formation 

of balanced duplex microstructure was cooling time form 

maximum temperature to 800°C (t Tmax/800) that increased 

from 0.2 sec to 1.8 within the heat input (0.11-1.17 kJ/mm) 

and second parameter – cooling time in the range 

800÷300°C (t 800/300) that shows higher increase form 1,1 

sec at 0.11 kJ/mm to 4,1 sec at 1.17 kJ/mm. Whereas, the 

total cooling time form Tmax to 300°C was varied from 1.3 

to 6.1 sec. Obtained result can be correlated to measured 

ferrite content in the weld, thus providing a simple 

prediction of phase balance in weld microstructure 

dependent on introducing heat input.

Different configuration of welding processes were 

FEM simulated, i.e. MIG welding with the filler metal of 

duplex stainless steel composition. Fig 6. shows the 

temperature fields of the butt welding plates on the start of 

welding and after t=10 sec, respectively. 

Residual stresses measured in welded duplex steel are 

caused by temperature gradients between weld zone and 

parent metal and by difference of thermal expansion 

coefficient’s of ferrite and austenite phases. Due to the 

difference in coefficient of thermal expansion between the 

two phases, tensile stresses are found in the austenitic 

phase and balancing compressive stresses in the ferritic 

phase [5]. The general conclusion deriving from above for 

duplex stainless steels in that these alloys have a build-in 

resistance to cracking because the ferritic matrix is in 

compression and higher stresses will be required to put it  

intension and cause cracking, i.e. to initiate stress corrosion 

cracking mechanisms [5]. Presented in the literature [6,7] 

residual stress measurements by neutron diffraction shows 

that the ferrite phase stress was tensile in the heat affected 

zones and weld, and appeared to be balanced by local 

compressive austenite phase stresses in the normal and 

transverse directions. Both phases shows a maximum 

tensile stress formed in the fill section of the weld and 

decreases in the root and cap regions in the transverse 

direction. 

Fig. 5. The cross section of Fe-Cr-Ni system with 70% Fe 

[15] with marked (Cr/Ni) equivalent ratio of studied lean 

duplex stainless steel 

a) b) 

Fig. 6. The temperature fields of the butt welding plates welded at heat input 0.45 kJ/mm a) at start of welding proces 

and b) at t=10 sec 
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a) 

b)  

Fig. 7. Change of the a0 value in sin
2
ψ function for a) ferrite and b) austenite on the surface of weld end (surface is as weld 

condition)

The residual stress measurement was presented for 

selected systems, where autogenous TIG weld was 

produced and the weld surface where mechanically ground 

to a flat surface after welding. Machining by milling 

surface layer removed about 0.1 -0.3 mm (max. 0.5 mm) 

metal from the face of the weld. The stress analysis was 

then performed by mean of g-sin2� method of X-ray 

tensometry on three surfaces: top of the face of weld, top of 

the face of the weld after surface machining and parent 

material in non-welded condition. The stress was analyse in 

austenite and ferrite from peak (111), respectively (Tab. 3). 

Residual stress on the weld surface (the surface is as weld 

condition) measured at the beginning and at the end of the 

weld (Fig. 7) bead shows low compressive – tension 

(balancing) stresses in the ferritic phase, while austenite is 

showing high compressive stress. The machined surface in 

the weld bead zone shows increased compressive stress in 

both phases, where austenite remain more compressive 

stressed than ferrite. Experimental results are in good 

agreement with simulated FEM model (Fig. 1) regarding 

weld bead residual stress and its distribution on the sample 

surface. 
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4.  Conclusions

Table 3.  

Results of stress measurements on the welded surface 

calculated by means of g-sin2� (for ferrite � and austenite �) 

Sample Phase Main stress (MPa) 

The beginning of 

weld bead– 

surface is as weld 

condition 

Ferrite � -235  ±100 

Austenite � -750±50

The end of weld 

bead – surface is 

as weld condition 

Ferrite � -335  ±250 

Austenite � -880 ±100

The centre of 

weld - surface 

after machining 

Ferrite � -950 ±100

Austenite � -1400 ±200

CONCLUSION 

Numerical calculations allow to quick selection of the 

optimal welding process parameters. Analysis of the 

thermal cycles curves has enabled to determine the basic 

parameters such as maximum temperature, heating time 

and cooling down and the rate of temperature is reached 

maximum and intermediate temperature ranges important 

for phase transformations. Simulated penetration depth and 

molten pool width good match the experimental results. 

The depth values obtained in simulation are very close to 

experimental data. Regarding the shape of molten pool the 

higher differences have been noted. The heat flux input 

considered in the simulation is only part of the mechanism 

for heating, thus the final shape of solidified molten pool 

will be depended strongly depend on more variables, 

especially the shielding gas composition, where the specific 

shape of the weld is obtained when using i.e. He addition to 

Ar atmosphere. The TIG welding (autogenous and with 

shielding argon and argon-nitrogen atmosphere) where a 

flat shape of molten pool is produced and is becoming 

deeper, but still having a circular shape applied FEM model 

is able to predict very closely the real molten pool 

dimensions (width and depth). Where during TIG welding 

a helium is applied or an activated flux (A-TIG) and 

penetration deep is increased as well as specific shape of 

molten pool is obtained applied FEM model not proven 

realistic comparison with the experimental data. 

Comparative analysis of the numerical FEM 

calculations and residual stress measurements made by  

X-ray diffraction showed good correlation. The weld 

superficial residual stress (the surface is as weld condition) 

measured at the beginning and at the end of weld bead 

shows low compressive – tension (balanced) character in 

the ferritic phase, while austenite is strongly compressed. 

The machined weld bead surface shows increased 

compressive stress in both phases, where austenite remain 

more compressive stressed than ferrite. 
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