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Summary: Numerical simulation of welding process with an example of two tubes of both same and different steel materials properties have been carried out in this paper. It is shown that the residual stress field and temperature field are symmetric in case of welding same materials, while in case of welding materials with different thermo-mechanical properties they are asymmetric. So, it can be concluded that beside thermo-mechanical properties of material, pipe diameter and pipe wall thickness can also influence the asymmetry of residual stress and temperature field.
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1.  INTRODUCTION

Residual stresses and distortion are common unavoidable adverse consequences of welding process that appear due to localized heating and subsequent rapid cooling material. High residual stresses  in regions near the weld  can cause fatigue, stress or fracture corrosion cracking. Therefore, estimating the magnitude and distribution of welding residual stresses is of great importance. 

In the early days of exploration of residual stresses and deformations in the welded structures, we relied on experimental methods: X-ray diffraction [1, 2], hole drilling [3], ultrasonic [4] and cracking [5]. In order to estimate residual stresses, in the last 30 years, finite element method has been used, by which is tried to substitute a rather expensive experiment [6-15]. Analytical methods remained limited to simpler problems. On the example of welding two tubes with the same material properties, Teng [6] proved that pipe diameter and wall thickness influence the size and distribution of residual stresses in welding of steel pipe. 
The welding of pipes and plates of steel with different thermo-mechanical properties is used in the case of constructing power plants and ships, which can be very well simulated using numerical methods. In the example of welding two tubes of size ø219 x 8.18 mm, and with the ‘’V’’ shape of weld groove, made from carbon and alloy steel, Akbari [7] showed that the temperature fields and residual stress fields are asymmetric. 

This paper presents two numerical simulations of welding two steel pipes of dimensions ø324.0 x 3.96 mm with the constant width of the weld of 3.84 mm throughout the whole tube wall, model A and model B. In the model A the welding of two pipes of the same carbonate steel was simulated, whilst in the model B the welding of tubes of carbon and stainless steel is stimulated. 

2.  FINITE ELEMENT ANALYSIS APPROACH 

The numerical simulations performed in this work use sequential thermal-stress solution procedure in which the transient heat transfer analysis is followed by the thermal stress analysis. Temperatures predicted by the heat transfer analysis are used as the loading for thermal stress analysis.
2.1.  Thermal model

The governing equation for transient non-linear heat transfer analysis is:
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where, 
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 is the current temperature, 
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 is the specific heat capacity and 
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 is the time, respectively. General solution of equation (1) is obtained introducing the initial and boundary conditions, as follows:

Initial condition:
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Boundary conditions:
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where, 
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 are the direction cosine normal to the boundary, 
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 are the convection and radiation heat transfer coefficients respectively, 
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 is the boundary heat flux and 
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 is the temperature of radiation heat source and 
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 are the surrounding temperature. Radiation heat losses are dominant near the weld and can be expressed by equations:
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where, 
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 J/(m2K4) is the Steffan-Boltzman constant, 
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 is the effective emissivity and 
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is the configuration factor.  Moving away from the weld zone radiation heat losses decrease and increase the share of convection heat loses 
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. The total heat input is given by:
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where, 
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 the arc efficiency, 
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is volume of the weld bead, 
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 is current, 
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 is the arc voltage and 
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V

 is volume of the activated weld bead element. 

2.2. Mechanical model

The equilibrium equation can be expressed as:
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In equations (6) and (7)  
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 is the stress tensor, 
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 is density and 
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 is the body force. In numerical simulation, it was used thermal-plastic constitutive equations:
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where, 
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 is the elastic stiffness matrix, 
[image: image42.wmf][

]

p

D

 is the plastic stiffnes matrix, 
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 is the thermal stiffness matrix, 
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 is the strain increment and 
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 is the temperature increment.

3.  BUTT-WELDED OF TWO PIPES  
Two numerical simulations of welding were performed, model A and model B.  In the model A the welding of two pipes of the same carbon steel, A 106-B, is simulated. In the model B the welding of tubes of carbon steel, A 106-B and stainless steel, A240 TP304, is stimulated. Diameter of tubes are ø324 mm, thickness of wall 3.96 mm and lenght of each tube 200 mm. Mechanical and thermal properties are given in Figure 1, 2, 3 and 4. The material is modelled as an elastic – ideally plastic. Welding parameters chosen for this analysis are as follows: tungsten inert gas welding, welding current I=110 A, welding voltage U=20 V and welding speed v=5 mm/s. The following values are assumed: the convective heat transfer hc=15 W/m2K, the arc efficiency 
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 =70%  and the emissivity ε= 0.8. Welding of pipes is modelled in single 

pass. The specific heat flux input is 
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 J/m3s. Width of welding bead is 3.84 mm and constant throughout the whole tube wall. The analyses are made with standard method for modelling of weld. Three-dimensional mesh consists of 14400 elements. The same mesh is used both for thermal and mechanical analysis. In thermal model DC3D8 elements are used, while for mechanical model C3D8 elements are used, according to ABAQUS code [15]. The smallest elements whose size is 5 x 1.92 x 1.32 mm are used at the root of the welded joint. Geometry of welded pipes and mechanical boundary conditions are shown in Figure 5.
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Fig. 1 Thermal properties of steel A106-B
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Fig. 2  Mechanical properties of steel A106-B

[image: image50.emf]0

0,2

0,4

0,6

0,8

1

1,2

0 200 400 600 800 1000 1200 1400 1600

Temperature (°C)

Thermal Properties

Thermal conductivity

Specific heat

Density

r

 (10

-2

g/mm

3

)

l

 (10

-1

J/mm/s/°C)

C (J/g/°C)


Fig. 3  Thermal properties of steel A240 TP304
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Fig. 4  Mechanical properties of steel A240 TP304
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Fig. 5  Geometry of welded pipes and mechanical boundary conditions

4.  RESULTS

Temperature field 50 s after welding for model A and model B are shown in Figures 6 and 7. Comparison of temperature profiles in  z direction for model A and model B, 50 s after welding is shown in Figures 8. Temperature profiles, shown in Figures 8,  are the same at inner and outer surface of tubes for Model A and Model B. In Figures 9 and 10 are shown residual stress field ,
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, in z direction for Model A i Model B. In Figures 11 and 12 are shown  comparison of residual stresses in z direction at inner and outer surfaces for 
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Fig. 6  Temperature field 50 s after welding, Model A
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Fig. 7 Temperature field 50 s after welding, Model B
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Fig. 8  Comparison of temperature profiles in  z direction, 
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Fig. 9  Residual stress in 
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in z direction, Model A
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Fig. 10 Residual stress in 
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 in z direction, Model B
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Fig. 11 Comparison of residual stresses 
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 in z direction, at inner surface for
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Fig. 12  Comparison of residual stresses 
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in z direction, at outer surface for
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5.  DISCUSSION AND CONCLUSION   

Numerical simulation of welding two tubes was conducted, carbon steel A-106B, A model, and after this the numerical simulation of welding two tubes made from two different materials carbon steel A106-B and stainless steel A-240 TP304, model B. The weld of the same width across the whole thickness of the tube wall was assumed. Weld of temperature field of such a form becomes uniform along the thickness of the tube at any point of time.

Model A: the symmetry of the temperature field was confirmed (Figures 6 and 8), after this stress fields (Figures 9, 11 and 12) which coincides with the results in Ref [7].

Model B: the asymmetry of the temperature field was confirmed (Figures 7 i 8), after this stress fields (Figures 10, 11 and 12). 

Maximum tensile and compressive strain in z direction in welded tubes made of carbon steel and stainless steel, at outer and inner surface of the tube are more balanced than in Ref [7], which could be attributed to the uniformity of temperature field along the thickness of the wall because of the constant width of the weld tube wall thickness.
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