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 A finite element model for simulation and analysis of Multi-pass Welding process is 
developed using general purpose finite element software package Ansys and the 

temperatures in the welded joints are measured through DAQ and the same is simulated 

in the LabVIEW  software package for better analysis . This new model is one, in which 
the finite element grows continuously in order to accommodate metal transfer during 

welding. The heat transfer during welding process is carried along with growing 

element. Temperature dependent thermo-mechanical properties, effect of latent heat and 
the convective and radiative boundary conditions were included in the model. The 

numerical results are in line with the experimental values. It is therefore demonstrated 

that FEA can be applied to understand multi-pass welding process and hence to be a 
useful tool for future process analysis and control with the view of optimising the 

desirable properties and microstructure. 

 

 

© 2015 AENSI Publisher All rights reserved. 

To Cite This Article: 1T.Velumani, Dr.V.VeL Murugan, Dr.N.Kuppuswamy., Optimization of Multi-Pass GMAW of Steel structures using 

Ansys and Lab VIEW. Adv. in Nat. Appl. Sci., 9(2): 18-28, 2015 

 

INTRODUCTION 

 

The micro structure of metal, which determines its mechanical properties such as tensile strength, hardness, 

etc., is a function of its chemical compositions, its initial structure, and the thermal process which it undergoes 

during welding. Theoretically, if both the thermal histories and the response of the metal to the particular 

thermal history are known, the resulting changes in micro-structure and mechanical properties can be predicted. 

Angular distortion often occurs in a butt weld when the transverse shrinkage is not uniform along the depth of 

the plates welded. Restriction of this distortion by the restraint may lead to higher residual stresses. In arc 

welding, controlling the angular distortion without increase in residual stresses is a major task.  

This is possible by plastic pre-bending or elastic pre-straining of the plates in the direction opposite to 

distortion and then welding the plates. For this the extent of angular distortion should be known for a particular 

set of operating parameters. 

 
 

Fig. 1: Basic set of MIG Welding Machine 
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The non-uniform expansion and contraction due to thermal cycles during welding leads to residual stresses 

in the manufactured component. The estimation of residual stresses is very important to know the load carrying 

capacity and its propensity to stress corrosion cracking. 

In this paper a new FEA model to predict temperature time histories, angular distortion and residual stresses 

with sufficient accuracy is detailed.  

 

Data acquisition: 

Data acquisition is the process of sampling signals that measure real world physical conditions and 

converting the resulting samples into digital numeric values that can be manipulated by a computer. Data 

acquisition systems (abbreviated with the acronym DAS or DAQ) typically convert analog waveforms into 

digital values for processing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: DAQ Card setup 

 

A sensor, which is a type of transducer, is a device that converts a physical property into a corresponding 

electrical signal .The signal may need to be filtered or amplified in most cases. Various other examples of signal 

conditioning might be bridge completion, providing current or voltage excitation to the sensor, isolation, 

linearization. For transmission purposes, single ended analog signals, which are more susceptible to noise can be 

converted to differential signals. Once digitized, the signal can be encoded to reduce and correct transmission 

errors. 

Industrial USB is the name given to the use of the USB protocol in an industrial environment, for data 

acquisition, automation, and production machine control. Recently, USB has been thought of strictly as a 

consumer communication bus, commonly used for PC peripherals. However, its popularity has caused 

increasing interest for USB in the industrial space. USB 9213 16-ch TC,24 bit  C series, with a transfer rate of 

480 Mbit/s, provides a solution for implementing a portable high speed diagnostic system. High-speed transfer 

rates with USB 9213 at 480 Mbit/s Easy setup due to Plug-and-Play Portability.  

 

Residual stresses: 

Residual stresses are stresses which appear in the unloaded phase of a material that are locked in. They can 

significantly reduce the life of a component and in most cases cannot bear a load matching the original 

specifications of the metal’s strength. They are formed when a material is treated non-uniformly. The non-

homogeneity treatment causes stresses in the form of compression and tension throughout the material, which is 

in equilibrium. When crack propagation begins in the material at the surface, it is due to the tension at the 

surface breaking the yield strength. Many materials and metals have failed due to this phenomenon because it is 

virtually impossible to create a part out of metal without inducing some magnitude of residual stresses in the 

material. Not only can they be very harmful, but they are extremely hard to detect. 

 

Residual Stress Measurement Techniques: 

Residual stresses are very hard to measure because they are stresses that are already present in the material 

without applying any external loads. There are various ways to measure the magnitude of residual stresses in a 

component ranging anywhere from hole-drilling, which measures the stress relieved by drilling a hole using 

strain gauge rosettes, to the neutron diffraction method. 

 

Development of FEA: 

The  development of the FEA models which attempt to predict process began in the 1940s with analytical 

solutions by Rosenthal (Ref. 1) but it grew rapidly with the onset of powerful computers and general purpose 

Finite Element Software (Ref: 2-10). S. W. Wen (Ref. 2) has created FEA Model for multi-wire submerged arc 

welding (SAW) process using general purpose finite element package ABAQUS. The commercial software 
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package sysweld was used by Roelens (Ref. 11) for modelling several multi-pass SAW welding process, in 

which FE models developed were validated under five cases against experimental measurements in terms of 

thermal history, phase distribution as well as residual stress. 

P. Tekriwal et al (Ref. 8) have used finite element program ABAQUS along with a few user subroutines, to 

obtain the numerical results. The data generated in this study can be used to determine the heating and cooling 

rate, weld pool shape and heat affected zone (HAZ). L. Fu. et al. (Ref. 9) have carried out the analysis of the 

coupled thermo mechanical problem during friction welding by using finite element method. The heat transfer 

and parametric design capabilities of the finite element code ANSYS were employed by M. R. Frewin et al 

(Ref. 10) to calculate temperature profiles and the dimensions of fusion and heat affected zones of laser weld. 

In all the above research works, double ellipsoidal heat distribution or Gaussian heat distribution were used 

as heat load for the finite element model with some difficulty. In this paper discrete growth of the elements at 

discrete time step along the weld line is modelled and the rate of growth of the elements depends on the welding 

speed. The temperature load (temperature of the filler metal droplet) is applied in the nodes of the element at 

every time step. The results of the simulation are evaluated in terms of the comparison of the temperature-time 

graph, angular distortion and residual stresses with the experimental observation. 

 

Gas Metal Arc Welding Process: 

In the Gas Metal Arc Welding (GMAW) process, a constant supply of the consumable electrode is 

maintained through the centre of the welding nozzle. When the electrode comes close to the work piece, an arc 

is produced, which causes the electrode tip to melt and join the V-Grooved edges of the two plates. A constant 

supply of shielding gas (CO2) is also maintained through the annulus around the feed wire inside the nozzle, 

protecting the weld from atmospheric contamination. 

 

Mathematical Description of the Model: 

The finite element analysis of heat flow in weld was carried out using governing equation, boundary 

conditions and temperature load to the component. 

The appropriate equation for transient heat transfer without any internal heat generation in Cartesian co-

ordinate is given as 
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where, x, y, z  = cartesian co-ordinate system attached to the welding plates.  

K = thermal conductivity of the material (w m
-1 

k
-1

) 

Cp = specific heat capacity (J Kg
-1

 K
-1

) 

ℓ = density of the material (kg m
-3

) 

t = time (sec) 

The initial condition is 

 

T (x, y, z, 0) = T0                                    (2) 

 

The essential boundary condition is  
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Kn = thermal conductivity normal to  the surface (W m
-1 

K
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Q = prescribed heat flux (w m
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H = convection co-efficient (w m
-2
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T = ambient temperature (K) 

 

 

 

 

 

 

 



21                                                                             T.Velumani, et al, 2015 

Advances in Natural and Applied Sciences, 9(2) February 2015, Pages: 18-28 

 

 
Fig. 3: Work Piece with location of the thermo couple 

  

The weld deposition temperature was found from the heat balance equation (Ref. 12) and the same was 

given as a temperature load in the finite element model. 

Q/V = C 3Aw (Td-T)             (4) 

Q = Net heat supplied to the work piece (watts) 

V = welding speed (m sec
-1

) 

Aw = Area of the weldment (m
2
) 

Td = Deposition temperature (
0
K) 

 

It is assumed that the weld is deposited instantaneously and the weld metal is left to cool while distributing 

its heat into the whole structure until it returns to ambient temperature. 

The finite element equations for the above problem are obtained using Galerkin’s formulations. 

 

Finite element modelling procedure: 

Geometric Model: 

The 3D model of the actual welding specimen of dimension 250 x 100x 25 mm – 2 Nos. with 60
0
 – “V” 

groove between them to fill the weld metal (Fig.4) was created using solid modelling technique. The complete 

FEA model of the same is presented in Fig. 5. Solid modelling is comparatively less time consuming than direct 

generation method. In solid modelling the models are created using geometric primitives, which are fully 

developed lines, area and volumes. 

 
Fig. 4: Workpiece with the location of Thermocouples 

 

Mesh Generation: 

Choice of a suitable mesh is vital to the accuracy and economy of the finite element results. While going 

through the literature available in ANSYS element module (Ref. 13) it was found that 

 Iso- parametric brick (Solid 70) element was suitable to be applied to the analysis, since it could take heat 

flow, heat fluxes and temperature as input. This element also can be used for coupled – field analysis.It may be 

noted here that the problem of MIG welding is one in which the mesh (or the solution domain, speaking 

mathematically) grows continuously with time due to the addition of filler metal until welding is completed. 
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Ideally, in order to obtain accurate results, the analysis should be carried out for an infinitesimal length of time 

and then the new element or elements (which will be infinitesimally small in size) corresponding to filler metal 

should be added to the mesh before carrying out the analysis for another infinitesimally small period of time. 

This alternate process of analysis and redefining the mesh, along with new boundary conditions, will continue 

until the full weld length is covered. However, from a practical point, this is impossible, and we have to opt for 

an approximate solution by adopting the same scheme of alternating between the analysis and the redefinition of 

the mesh on the level of finite time and finite size of the filler material. In this investigation the weld length (250 

mm) was divided into 25 parts and 25 time-steps was carried out to complete one pass. Similarly for all four 

passes a total of 100 time step finite filler metal element was created. For a welding speed of  

1.7 mm/sec and an element length of 10 mm, the weld metal deposition time of one element was calculated 

as 5.88 seconds. Fig.5 shows the first step of first pass analysis in which 5.88 seconds welding time is completed 

and Fig.6 shows the mesh for the 14
th

 step of the fourth pass analysis. It is important to point out that the volume 

of the additional elements at each step and their size in the welding direction is in agreement with the filler 

metal deposition rate. The next important requirement for the mesh is the fine-size elements near the weld centre 

line.  

 
                

Fig. 5: FEA Model of the weld specimen 

        

 
 

Fig. 6: Metal Depositions during the twelfth element step of 4
th

 pass 

 

 The temperature distribution is not very sensitive to element size far away from the weld centreline and in 

order to reduce the cost of analysis, the size of the element is increased as they get further away from the region 

of high heat input. This size control of the mesh is easily possible by refinement (Ref. 13). The author tried 

various refinement ratio, finally recommends refinement ratio of 10 at welding area. 

A non linear transient thermal analysis was conducted to obtain the global temperature history generated 

during the welding process.  The mechanical and metallurgical properties of the weld metal (WM), base metal 

(BM) and Heat Affected Zone (HAZ) are all temperature and temperature – time history dependent. Due to the 

lack of information on material properties of WM and HAZ, both thermal and mechanical properties of WM and 

HAZ were assumed to be the same as that of the BM in this analysis. The temperature-dependent thermal 

properties of the material considered. Natural convective heat transfer occurs on all surfaces of the plates. But 

area beneath the nozzle of the torch experiences forced convection due to the flow of the shielding gas. Based 

on previous models (Ref. 8), 

 h=10 w/m
2
 – 

0
K  was used for all the surfaces not influenced by the shielding gas and the following 

empirical relation was used for a part of the top surface under the nozzle of the welding gun: 

 

h =  13 Re
0.5

 Pr 
0.33

 (K Co2) / NPD          (5) 

 

where  Re=Reynolds’s number  
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Pr = Prandtl number 

K Co2= Thermal conductivity of Co2 gas (W m
-1 

K
-1

) 

NPD= Nozzle to plate distance (m) 

 

Even though the value of this temperature dependent, a constant value of h is used for every point under the 

nozzle, based on the initial calculation of Reynolds number and Prandtl number. Radiation heat losses are 

accounted for all the surfaces by using the equation  

 

q =  (T
4
-T

4
)              (6) 

 

where   = emissivity (0.08) 

 

The weld metal elements were created as discussed in the mesh generation and filler droplet temperature 

load of 1480 
o
c (Ref. 8, 14) is applied to the nodes. Load step files were created as discussed in Fig. 7 and 

solved. Temperature – time history graph was derived from Time – history post processor at four nodal points 

(P, Q, R, S) as shown in Fig. 4 and presented in Fig. 8. 

 

Computation Scheme: 

The computation scheme using ANSYS  software . 
Start

Transient thermal

analysis

Input

*Model using solid modelling technique

*Material data

*Initial condition

*Convection & Radiation boundary condition

Create elements for the

gradual addition of weld metal

Apply temperature load on

all nodes of the element

Create load step file

*Time at end of load step = increment of 5.88 Secs

*Time step size = 1

Write load step file

Delete the temperature load

on the element just created

Is one pass

welding is

completed

Create & write load step file for intercooling

*Time at the end of load step = increments of 40 secs

*Time step size = 10

Is all four pass

welding completed

No

No

Do post welding analysis

End

Yes

solve
Nodal temperature from

thermal analysis (file.rth)

Start coupled

field analysis

Input

*switch element type from

thermal to structural

*Material data

*Boundary conditions

*Loads=Nodal temperature

from thermal analysis

solve

 
Fig. 7: Load step files 
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Fig. 8: Temperature-Time history derived from Ansys software 

 
 

Fig. 9: Temperature-Time history measured during experiment 

 

 
 

Fig. 10: Temperature-Time history of a sample point in the HAZ 
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Fig. 11: Isotherms contour 

 

 
 

Fig. 12: Temperature contour of the plate 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Angular distortion derived from Ansys simulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: Photograph showing angular distortion during experiment 
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Fig. 15: Residual stress plot derived from Ansys simulation 

 

 
 

Fig. 16: Residual stress plot derived from cross sectional mapping technique 

 

Sequentially, coupled field analysis is carried out to determine residual stresses and angular distortion as 

discussed in computation scheme fig.7. Nodal temperatures from transient thermal analysis  are applied as 

“body force” in the sequential thermal stress analysis. Temperature dependant isotropic material properties and 

boundary condition is defined in the material model as input and solved. 

The simulation results were derived using general post processor and are presented in fig. 13 (angular 

distortion plot) and in fig. 15 (residual stress plot). 

 

Experimental Validation: 

The experiments were conducted with the following set up to get the temperature time history to validate 

the finite element model. 

EVO500 Fully automatic MIG welding machine (Welding Industries Malaysia ) was used. AWS ER 70S-6 

(BW-2) copper coated steel wire of 1.2 mm diameter in the form of coil was used as electrode for welding. 

The structural steel plates of size 300 x 150 x 25 mm were welded together in four passes. Cross section of 

the weldment showing edge preparation of the plates, sequences of weld bead laid in the joining surface during 

the four passes is presented in Fig. 3. The movement of the plate against fixed torch was carried out by servo 

motor driven liner manipulator to achieve exact welding speed. Measurement of Temperature-Time history, 

Angular distortion and residual stresses was done using following procedure. 

 

Temperature – Time history: 

K-Type thermocouples were used to measure the transient temperature at locations P, Q, R and S. The 

dimensional details of plates used in the experiments and the position of thermocouples are shown in Fig.4 . The 

temperature variations during experiments were recorded using Data Acquisitions System (DAS) with 

linearizer.  The passes were started at point A and finished at point B (Fig 5).The temperature – time history 

recorded using DAS is depicted in Fig. 10. 

 

Angular distortion: 

The angular distortion was measured using sine bar principle with the help of height master. A photograph 

showing amplitude of angular distortion of welded plate is presented in fig. 14. 
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Residual stresses: 

Cross – sectional residual stress mapping technique (Ref. 15) is used to measure the residual stresses. This 

method involves experimentally making the cut (using wire EDM) and measuring the deformed shape (using 

CMM), along the cut plane. Then the opposite of the contour is analytically applied as displacement load in a 

model in ANSYS software after applying proper boundary condition. This analytical analysis will give the 

measured stress distribution along the plane of the cut. The residual stress plot thus arrived is presented in fig. 

15. 

 

RESULTS AND DISCUSSIONS 

 

1. This paper describes the step – by – step procedure by alternating between the heat transfer analyses 

and  changing the mesh geometry. 

2. The comparison between predicted and measured temperature – time history at locations P, Q,R and S 

is  depicted in Figs. 8 & 9. As expected, the FEA proposed gives a better “realistic” agreement with the 

experimental data. 

3. The comparison between the simulated and measured values of angular distortion is depicted in fig. 13 

& 14 and of the residual stresses is depicted in fig 15 & 16. This shows that the simulation may be used to 

predict these values with high accuracy.  

4. Comparison of FEA and experimental results is carried out using peak temperature during each pass at 

location P, angular distortion and maximum residual stresses and are tabulated in table 1. The table value shows 

very good agreement between FEA results and experimental results. 

 
Table 1: Comparison of FEA and experimental results using peak temperature in each pass. 

Peak temperature measured during 

experiment (0c) 

Peak temperature recorded during 

simulation (0c) 
Error value Error percentage 

462 452 10 2 

590 619 29 5 

489 504 15 3 

355 310 45 15 

    

Table 2: Comparison of FEA and experimental results using angular distortion 

Angular distortion measured during 

experiment (degrees) 

Angular distortion recorded during 

simulation (degrees) 
Error value Error percentage 

4.93 4.52 0.41 8.3 

 
Table 3: Comparison of FEA and experimental results using residual stresses 

Maximum residual stress measured 

during experiment (MPa) 

Maximum residual stress recorded during 

experiment (MPa) 
Error value Error percentage 

4.55 4.16 0.39 8.57 

 

5. Thermal history of the material is very important in determining the micro-structural changes  

the material undergoes and the strength of the weld joint. Any suspected critical region can be analyzed by 

plotting the thermal history in that region. The thermal history of a sample point in the heat affected zone is 

presented in fig. 10. Very high temperatures cannot be measured by simple techniques such as thermocouples. 

Yet, in the region away from the molten zone, the temperature was measured and compared in order to get some 

idea of the accuracy of the FEA results. 

6. Fig. 11&12 shows the temperature contours obtained from the FE simulation. Such  

 information is useful in predicting the fusion and heat affected zone geometries. 

7. The temperature – time history curve derived from the simulation gives us information about  

the maximum temperature reached, soaking time above recrystalization temperature and cooling rate 

history.  

8. From the thermal history it can be seen that the thermal waves follow the welding sequence.  

 The peak temperature decreases with time as the distance between the measurement point and  

 the weld centre line increases. 

9. As expected, during each pass of the weld, the temperature at the measuring point increases,  

 reaches a maximum value and then decreases. The point that is nearest to the weld pad center  

 line experiences the highest maximum temperature. 

 

10. In multi-pass welding, weld passes are laid along different weld lines. Parallel to the weld pad  

center line, in the v – groove butt joint between the plates. In our case pass 1 and pass 2 are laid in line that 

coincides with the center line of the weld pad, pass 3 is laid closer to the right side plate (the plate in which the 

temperature measurement was done) and pass 4 is laid closer to the left side plate. Because of this the maximum 
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temperature rise measured during 4

th
 pass is less than during 3

rd 
pass even though the weld bead is laid at same 

height. 

11. It can be seen from the experimental results, that during the cooling phase of any pass, the  

 cooling rate is steep during initial stage but not as steep in the later stages. 

12. Welding after pre – bending the plate to the simulated value produces an angular distortion  

 free finished weld. This was checked experimentally. 

 

Conclusions: 

1. The metal transfer in MIG welding can be simulated by using finite element analysis by adding  

 elements at each time step corresponding to filler metal addition. 

2. The temperature load at the nodes of the element corresponding to filler metal addition is also  

gives fairly accurate simulation of multi-pass welding. Comparatively the modelling of temperature load is 

much easier than welding heat source modelling. 
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