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Abstract - The thermal and deformation cycle during 
welding is directly reflected on the formation of the welded 
joint and the imperfections that can occur in any specific 
case. The simulation modelling of the heating and cooling 
processes makes it possible to determine the temporary and 
residual stresses in the welded joint. When solving the 
thermal and deformation tasks, it is essential to use data on 
the characteristics of the material in the entire temperature 
range in which the studied processes take place. At the same 
time, these data are often not available. In order to be able to 
use simulation solutions in practice, the standard EN ISO 
18166 provides for calibration of thermal and deformation 
models before they are applied to the welded structure. In 
this study, the calibration of a thermal model applicable to 
MIG / MAG welding is considered. The heat source is 
superficial and axisymmetric. The calibration parameters 
are efficiency, effective radius of the heat source and 
coefficient determining the deviation from the normal 
central Gaussian distribution. Experimental data on the 
bead shape were used for the calibration process. The 
obtained simulation results for the temperature field are 
compared with the experimental ones. Sensitivity analysis of 
the solution with respect to the material characteristics was 
performed. 

Keywords - GMAW; modelling; heat source; calibrating 
parameters; calibrating methods; sensitivity analysis. 

I. INTRODUCTION 
The bead formation during GMAW continues to be 

studied by different authors. Usually they investigate the 
welding process in different conditions, the used basic and 
auxiliary materials and protective media [1 ÷ 7], [18]. In 

parallel, different methods are used to model thermal 
processes [8 ÷ 17]. As a result of the combination of the 
two approaches, conditions are created for predicting the 
temperature cycles and the development of the deformation 
processes during welding. In addition, solving the 
temperature problem makes it possible to trace the 
structural changes in the HAZ. For this purpose, the 
cooling time from 800 to 500[0C] is normally used. 
Different heat source models are used in solving the heat 
problem. The ISO / TS 18166 standard requires that the 
heat source used be calibrated before it is applied to the 
specific welded structure. The model calibration procedure 
involves adjusting the parameters of the model in such a 
way that the obtained calculated results practically 
coincide with the experimentally measured ones. The 
comparison of the experimental and calculated results can 
be performed on the shape and dimensions of the melting 
zone and / or temperature cycles at points of the welded 
joint. The specimens used to carry out the experimental 
tests must be of the same material and of the same 
thickness as the welded structure. During the experiment, 
the same welding mode parameters (arc current and 
voltage, and welding speed, heating temperature, etc.) 
should be used as in the actual design. The process 
modeling must be performed with the dimensions and 
material of the welded plates both during the experiment 
and with the same welding mode. As data on the thermal 
properties of the material are often not available in the 
entire range of interest, the standard requires an  sensitivity 
analysis of the solution to the input data. Within this study, 
a heat source model is proposed, applicable for GMAW 
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with  no  inflection in penetration profile when the goal is 
analysis of the processes in the HAZ. 

II. HEAT SOURCE 
The proposed heat source is surface axisymmetric and 

is described by the equation: 
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Here aweff UIq η=  is the effective heat output 
determined by the efficiency, the magnitude of the welding 
current and the arc voltage; f(r) is a heat flux distribution 
function and A is a norming multiplier to be determined by 

the condition 12)(
0

=∫
∞

rdrrAf π . To solve the heat problem, 

the effective heating radius arcr and the coefficient of 
deviation of the heat source from a Gaussian heat source 

arcarc rr0=α are used. The efficiency and the specified 
parameters are calibrated with respect to the heat source. 
They express effq , arcarc rr .0 α=  and arcr.3=σ . 

The calibration of the thermal model is performed by 
solving an optimization problem with respect to the 
obtained experimental results. As a result of the 
experiment, the width of the seam and the depth of the 
penetration are known. Simulation modeling of the 
welding process is performed, and the length of the seam 
must be sufficient to reach a quasi-stationary process. 
Based on the obtained solution, the temperatures at the 
points corresponding to the depth of penetration and the 
width of the seam - T1max and T2max. Thouse 
temperatures are determined by finding the maximum 
values  along lines parallel to the weld axis and passing 
through the corresponding point of the seam cross section. 
Here it should be borne in mind that these two quantities 
are located in different sections perpendicular to the axis of 
the seam. As a target function in solving the optimization 
problem can be used 
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As a result of solving the optimization problem, the 
calibration parameters are determined - the efficiency (η), 
the effective radius of the heating spot (rarc), and the 
distribution coefficient (αarc). Since the functions of the 
form (2) and (3) are usually multi-extreme, the 

optimization problem itself is solved in two steps. In the 
first step, the Monte Carlo method and equation (3) are 
used. The obtained solutions are sorted by the value of the 
objective function. Within the second step, the five 
solutions with the best result from the first step are used as 
the starting point of the optimization process. The 
coordinate method and equation (2) are used. The final 
solution is the one that has the smallest value of the 
objective function within the second step of solving the 
optimization problem. 

The experimental results used to calibrate the model 
were taken from [18]. The chemical composition of the 
base and filler metal is shown in Table 1. The size of the 
samples is 20x20x100 [mm]. Mode No. 3 is considered, in 
which welding speed S = 50 [cm/min]; arc voltage U = 25 
[V]; welding current I = 210 [A] and shielding gas is 80% 
Ar + 20% CO2. The results obtained are a penetration 
depth of 1.75 [mm] and a seam width of 10.3 [mm]. The 
characteristic feature of this welding mode is that an initial 
process of formation of an inflection point in the 
penetration profile is observed. 

TABLE I.  CHEMICAL COMPOSITION OF THE BASE AND 
FILLER MATERIALS USED [18]. 

alloying 
element 

quantity, 
wt% alloying 

element 

quantity, 
wt% 

base 
metal 

filler 
metal 

base 
metal 

filler 
metal 

C 0.01÷0.03 0.1 Cu 0.1  
Si 0.08÷0.1 0.5 Mo  0.2 

Mn 0.2 1.1 S 0.03 0.03 
Cr 0.1 0.5 P 0.04 0.03 
Ni 0.1 0.5    
 

III. RESULTS AND ANALYSIS 
When solving the problem within the first step of the 

optimization process, a result was obtained, which is 
partially shown in Table 2. The results obtained by the 
second step of solving the optimization problem are shown 
in Table 3. Figure 1 shows the changes of the temperatures 
along the control lines at the last moment of the calculation 
to determine the calibration parameters. 

The maximum width of the weld pool is at x = 47.2 
[mm] (Fig. 2). Along the seam axis, the liquid phase is in 
the range from 38.75 to 53.5 [mm] (Fig. 3). The length of 
the weld pool is 14.75 [mm]. To determine the shape of the 
weld, isotherms are constructed in planes perpendicular to 
the axis of the seam within the range of the weld pool (Fig. 
4). The shell of these curves is the shape of the penetration. 
It is compared with the experimental results (Fig. 5).  

TABLE II.  SORTED RESULTS AFTER THE FIRST STEP OF 
SOLVING THE OPTIMIZATION TASK. 

No η αarc rarc, [mm] Objective 
1 0,8193517 0,20913114 9,51173436 0,01235520 
2 0,7976760 0,25520187 8,52934354 0,02154287 
3 0,8379909 0,24528641 9,57802056 0,03259657 
4 0,8096316 0,28211004 9,09826960 0,03995324 
5 0,7530350 0,29744560 8,34357737 0,04594332 
6 0,7943647 0,26286507 7,78115176 0,05681203 
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7 0,8040391 0,27428205 7,51426740 0,07803883 
8 0,7155430 0,25551316 8,67656483 0,08982455 
9 0,8470320 0,06620380 9,7889645 0,09321748 

10 0,8364268 0,03385723 9,64293343 0,10103100 

TABLE III.  RESULTS OF THE SECOND STEP OF 
CALIBRATION OF THE HEAT SOURCE MODEL.. 

No of 
start 
point 

η αarc rarc, [mm] Objective 

1 0,81935 0,21393 9,5117 1,09E-006 
2 0,7978 0,27797 8,512 1,04E-006 
3 0,81422 0,20457 9,578 6,67E-007 
4 0,82587 0,23711 9,0983 4,88E-006 
5 0,80707 0,28622 8,3436 1,06E-005 
 

 

 
Fig.1. Results of solving the optimization problem: after the first 
step of the optimization process (a) and after the second step at 

starting point No. 3 (b). 

 

It can be seen that in terms of the depth of penetration 
and the width of the bead, the model describes the well-
obtained experimental shape. At the same time, the 
calculated form of penetration deviates from the 
experimentally obtained one. This confirms the fact that for 
seams with inflection in the form of penetration it is more 
appropriate to use models of heat sources combining 
surface and bulk heat source. An extreme example in this 
regard is electron beam welding [19]. 

 

 
Fig.2. Determination of the maximum width of the seam by the 

isotherm of the solidus on the upper surface of the welded 
specimen 

 

To check the sensitivity of the solution with respect to 
the thermal properties of the base metal, the temperature 
cycles obtained from two solutions were compared (Fig. 
6). The first of them has temperature-dependent material 
characteristics (Fig. 7 ÷ Fig. 9), and the second is with 
constant values of the thermal properties: thermal 
conductivity λ = 36 [W / (m.K)]; specific heat capacity at 
constant pressure Cp = 660 [J / (kg.K)]; density ρ = 7740 
[kg / m3]. The considered temperature cycles are shown in 
Fig. 10 and Fig. 11, respectively. 
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Fig.3. Determination of the length of the weld pool - 

crystallizing front of the weld pool (a) and melting front (b). 

 

 
Fig.4. Isotherms in planes perpendicular to the seam axis for the 

solidus temperature in the weld pool range. 

 

 
Fig.5. Comparison of the experimental and calculated form of 

the penetration. 

 

 
Fig.6. Control points for sensitivity analysis. 

 

 
Fig.7. Base material properties – thermal conductivity. 

 
Fig. 12 shows the square of the relative error. It can be 

seen that 095.0≤δ . The RMS error is calculated as 

∑
=
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Here N is the number of time points for which the 
comparison is performed, and i is the sequence number of 
that moment. We must emphasize that the comparison 
should not be made for the entire period of the welding 
process, but only for the time interval in which the 
temperature change of interest takes place. The obtained 
results are given in table 4 and visualized in fig.13. 
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Fig.8. Base material properties – heat capacity at constant 

pressure. 

 

 
Fig.9. Base material properties – density. 

 

 
Fig.10. Temperature cycles taking into account the temperature 

dependence of the thermal properties. 

 

 
Fig.11. Temperature cycles at constant values of thermal 

properties. 

 

 
Fig.12. Changes in the square of the relative error over time for 

different points on the sample surface. 

 

 
Fig.13. RMS error depending on the distance to the seam axis. 

 

IV. CONCLUTIONS. 
A new heat source model for GMAW has been 

proposed. It is shown that the heat source can be calibrated 
for the conditions of MIG / MAG welding. An analysis of 
the sensitivity of the heat transfer  model to the thermal 
properties of the base metal was performed. The maximum 
value of the error obtained when using constant values of 
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the material characteristics is 9.5%. The root mean square 
error in this case is not more than 0.28%. The model 
describes very well the weld in terms of its width and 
depth, but when an inflection point is formed in penetration 
profile, the deviation can become significant - in this case 
a heat source model should be used, taking into account the 
processes in the key-hole. 

TABLE IV.  RMS ERROR DEPENDING ON THE DISTANCE TO 
THE SEAM AXIS. 

y, [mm] ε y, [mm] ε 
0 2.88E-03 6 4.53E-04 
1 2.74E-03 7 7.83E-04 
2 2.27E-03 8 1.01E-03 
3 1.68E-03 9 9.95E-04 
4 1.04E-03 10 1.11E-03 
5 5.80E-04   
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