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Abstract: In this paper, the Gas Metal Arc Welding is studied and temperature field is gained in this process. 

Thermal effects of Gas Metal Arc (GMA) and temperature field from it on workpiece (copper) and shielding 

gas type, is the main key of process optimization for GMAW. Energy source properties of GMA strongly 

depend on physical property of a shielding gas. In this paper, carbon dioxide (CO2)  was used as an alternative 

gas for its low cost. The basic energy source properties of CO2 GMA were numerically predicted ignoring the 

oxidation of the electrodes. It was predicted that CO2 GMA would have excellent energy source properties 

comparable to that of He, Ar GMA. The numerical results show the time-dependant distributions of arc 

pressure, current density, and heat transfer at the workpiece surface are different from presumed Gaussian 

distributions in previous models.                                                              .                                                       
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11    IInnttrroodduuccttiioonn  

Gas Metal Arc Welding (GMAW) is a welding 

process which joins metals by heating the metals to 

their melting point with an electric arc. The arc is 

between a continuous, consumable electrode wire 

and the metal being welded. The arc is shielded from 

contaminants in the atmosphere by a shielding gas.                 

GMAW can be done in three different ways: 

-Semiautomatic Welding - equipment controls only 

the electrode wire feeding. Movement of welding 

gun is controlled by hand. This may be called hand-

held welding.                                                 

-Machine Welding - uses a gun that is connected to a 

manipulator of some kind (not hand-held).              

An operator has to constantly set and adjust controls 

that move the manipulator.                                             

-Automatic Welding - uses equipment which welds 

without the constant adjusting of controls by a 

welder or operator.                                                  

On some equipment, automatic sensing devices 

control the correct gun alignment in a weld joint.        

Basic equipment for a typical GMAW semiautomatic 

setup:                                               

-Welding Power Source - provides welding power.                             

Constant Speed Feeder - Used only with a constant 

voltage (CV) power source. This type of feeder has a 

control cable that will connect to the power source. 

The control cable supplies power to the feeder and 

allows the capability of remote voltage control with 

certain power source/feeder combinations. The wire 

feed speed (WFS) is set on the feeder and will 

always be constant for a given preset value.                                                           
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Voltage-Sensing Feeder - Can be used with either a 

constant voltage (CV) or constant current (CC) - 

direct current (DC) power source. This type of feeder 

is powered off of the arc voltage and does not have a 

control cord. When set to (CV), the feeder is similar 

to a constant speed feeder. When set to (CC), the 

wire feed speed depends on the voltage present. The 

feeder changes the wire feed speed as the voltage 

changes. A voltage sensing feeder does not have the 

capability of remote voltage control.                          

-Supply of Electrode Wire.                                     

-Welding Gun - delivers electrode wire and shielding 

gas to the weld puddle.                               

-Shielding Gas Cylinder - provides a supply of 

shielding gas to the arc. The GMAW process is 

shown in Fig.1 [1]. 

Welding process numerical simulation and effective 

parameters on it with Ansys software finding the 

thermal field material, the effect of parameters 

variation on thermal field by considering shielding 

gases Ar,He,CO2 and finally discussion about this 

process to being optimization are the main parts of 

this paper. 

   

In this paper, by adopting carbon dioxide (CO2), the 

basic energy source properties of CO2 GMA are 

predicted. The properties of arc plasma and heat 

input intensity to a water-cooled copper anode are 

numerically analyzed ignoring oxidation of 

electrodes. The results are compared with those of 

conventional argon (Ar) and He GMA[1]. 

 

 

 

Fig.1. Gas metal arc welding process[1] 

  

22  NNuummeerriiccaall  ssiimmuullaattiioonn  

This process simulation using the thermal transient  

analysis in Ansys software by SIMPLEC numerical 

method in a exact way and considering separated 

fields for cooper, as a workpiece and shielding gas in 

3 cases,  Ar, He, CO2 and a field for air around them 

starts. The equations of these fields are derived and 

at the end by thermal loading, equations of different 

fields are solved. The derived answers of thermal 

fields, the  effect of each welding parameters are thus 

we can receive the GMAW process optimization. All 

mention steps for all 3 shielding gases happen till the 

thermal effect of each of them are achieved 

completely for the process optimization. 

 As interface equations of fluid  and solid are non 

linear, analytical solutions are almost useless, 

because with inputs and initial values that give to 

interface problems to solve them, the problem gets 

so complicated , and numerical techniques are the 

only ways that we have for finding complete 

solutions [3]. 

 

Finite elements simulations are done in 3 steps with 

the main pieces : 

  

   1- Modeling by FEMB 

    2- The thermal study and processing      

    3-Post-Processing  result of analysis by Ansys       

       software for results discussion 
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Modeling special technics for a finite elements: 

     

     1- Finite elements modeling , types and 

properties for model different parts 

     2- The definition  of material properties            

     3- parameter definition   

     4- Loading 

     5- Boundary and initial value definition 

     6- Common interfaces definition  

     7- Control parameter definition   

         

2.1 Finite element modeling  

             

In Fig.2, finite element model is shown for meshing 

of solid field (copper) by considering the study of 

thermal field, from the thermal elements set, we  

chose the PLANE55 type. Because as axisymmetric 

element with conduction property, this element has 4 

node with one degree of freedom. This element has 

mesh moving property as well. For shielding gas in 3 

mentioned steps use FLUID141 element. Because 

this element is so suitable for transient thermal 

modeling. Also this element has thermal energy 

transmitting property. 

 

2.2 Arc-electrode model 

 
The metal cathode, arc plasma and anode are 

described in a frame of cylindrical coordinate with 

axial symmetry around the arc axis. The calculation 

domain is shown in Fig. 3. The diameter of the metal 

cathode is 3.2mm with a 60° conical tip. The anode 

is a water-cooled copper. The arc current is set to be 

150 A. Ar, He or CO2 is introduced from the upper 

boundary of the calculation domain. The flow is 

assumed to be laminar, and the arc plasma is 

assumed to be under local thermodynamic 

equilibrium (LTE). Physical properties of shielding 

gases are calculated in the same manner as that in 

literature . 

 

The dependences of specific heat, thermal      

conductivity and electrical conductivity of the gases 

on the temperature are shown in Fig. 4.  

The differential Eqs. (1) – (8) are solved iteratively 

by the SIMPLEC numerical procedure: 

 
                   

 

 

 

 

 

 

 

 

 

 

Fig.2. Modeling and Meshing[2] 
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Mass continuity equation: 

 

0)()(
1

=
∂

∂
+

∂

∂
zr

z
r

rr
ρυρυ   

                          (1) 

Radial momentum conservation equation: 
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Axial momentum conservation equation: 
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Energy conservation equation: 
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Conservation of thermal energy: 
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Conservation of electrical charge: 
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Current continuity equation: 
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Ohm's law: 
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For  boundary condition of  fluid field: 
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For  boundary condition of  solid field: 
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Heat transfer equation: 

 

 

For conduction : 
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 For convection: 
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where t is the time, h the enthalpy, P the pressure, 

zυ  and rυ  the axial and radial components of 

velocity respectively, jz and jr the axial and radial 

component of the current density respectively, g the 

acceleration due to gravity, k the thermal 

conductivity, Cp the specific heat, ρ  the density, 
η the viscosity, s the electrical conductivity, σ  the 
radiation emission power, Er and Ez the radial and 

axial components of the electric field defined by   

Er= - r/V ∂∂ and Ez= - zV ∂∂ / and V is electric 

potential. 

 

The azimuthal magnetic field θB induced by the arc 

current is evaluated by Maxwell’s equation:  
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where 0µ  is the permeability of free space.  

In the solution of Eqs. (1)–(6), special attention 

needs to be put on the energy effects on the electrode 

surface. At the cathode surface, additional energy 

flux terms should be included in Eq. (4) because of 

thermionic cooling due to the mission of electrons, 

ion heating, and radiation cooling. 

 

 

In Fig.2, finite element model is shown For meshing 

of solid field (copper) by considering the study of 

thermal field, from the thermal elements set, we  

chose the PLANE55 type. Because as axisymmetric 

element with conduction property, this element has 4 

node with one degree of freedom. This element has 

mesh moving property as well. For shielding gas in 3 

mentioned steps use FLUID141 element. Because 

this element is so suitable for transient thermal 

modeling. Also this element has thermal energy 

transmitting property. 

 

 

 

 

 

 

 
 

 

 

Fig.3.Schematic illustration of 

calculated domain 
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The additional energy flux for the cathode HK is: 

 

,

4 |||| iiKeK VjjTH +−−= φεα                      (16) 

                                               

where ε  is the surface emissivity, α the Stefan-
Boltzmann constant, kφ  the work function of the 

metal cathode, Vi the ionization potential of argon, je 

the electron current density and ji the ion current 

density. At the cathode surface, thermionic emission 

current of electron, je, cannot exceed the Richardson 

current density JR [17] given by: 
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where A is the thermionic emission constant of the 

cathode surface, eφ  the effective work function for 

thermionic emission of the surface at the surface 

temperature and KB the Boltzmann’s constant. The 

ion-current density ji is then assumed to be |j|-|jR| if |j| 

is greater than |JR|, where |j|=|je|+|ji| is the total 

current density at the cathode surface obtained from 

Eq. (5). 

 

Similarly, for the anode surface, Eq. (4) needs 

additional energy flux terms for thermionic heating 

and radiation cooling. The additional energy flux  for 

the anode AH  is: 

 

,||4

AA jTH φεα +−=                                     (18) 

                                                                            

where Aφ is the work function of the anode and |j| the 

current density at the anode surface obtained from 

Eq. (5). 

 

The term including Aφ  accounts for the electron 

heating on the anode because electrons deliver 

energy equal to the work function when being 

absorbed at the anode. The term is analogous to the 

cooling effect that occurs at the cathode when 

electrons are emitted [4]. 

 

2.3 Materials  models:  
In the study that is done for solid, the isotropic 

model and for fluid the ideal fluid model is used. 

 

 

 

 

 
 

 

 

 

 

Fig.4.Dependences of specific heat, thermal  

conductivity and electrical conductivity of gases 

on temperature. 

(a)Specific heat, (b)thermal conductivity and (c) 

electrical conductivity       
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2.4 Parameter Definition 

For giving data to temperature and fluid velocity, 

that depend on time, the parameter is defined to the 

variation of this parameters since the GMAW 

machine is on till it is off and the workpiece cooling, 

is considered in the software. 

 

2.5 Control Parameters  

To control the outputs, the whole solution time and 

stopping of solution, the control parameters are used. 

This analysis was done in Two steps. First, Flotran  

setup. Second, FSI  setup. In first step, the total 

solution time, 5 second and each step was defined 

0.001. In second step, after defining   nodes  that 

have solid and fluid interface conditions, 

convergence rate is assumed to be 0.01. finally   the 

replacing analysis assumed to be transmitted.  

 

2.6 Design Parameter        

In coding, for GMAW optimization, the simulation 

design parameters are geometrical conditions of solid 

and fluid fields, standoff, nozzle angle, nozzle speed, 

temperature and pressure of environment and initial 

temperature of workpiece. Also the velocity and 

input temperature of plasma and shielding gases can 

be named as condition parameters.  

 

3 Results and Discussion 

 
Fig.5. shows two-dimensional distributions of the 

temperature and flow velocity in Ar, He and CO2 

GMA at 150A arc current. 

 The peak temperatures on the anode surface are 600, 

1000 and 1200K, respectively for Ar, He and CO2 

GMA . The peak plasma temperatures and the flow 

velocities are 17000, 19000 and 25000 K, and 217, 

298 and 748 m/s, respectively, while the arc voltages 

are 10.8, 19.9 and 17.3 V, correspondingly. 

  Fig.6. shows the radial distribution of heat input 

intensity onto the anode surface consisting of the 

heat transportation from electrons (enthalpy and 

condensation) and the heat conduction. The peak 

heat input intensities are 5000, 16 000 and 17 600 

W/cm
2
, respectively.    

For He GMA, the peak temperature on the anode 

surface reaches 1000 K, which is   proximately two 

times higher than that of Ar GMA, mainly due to the 

higher peak of heat input intensity caused by the 

current constriction. As shown in Fig.4, the lower 

electrical conductivity of He than that of Ar reduces 

the diameter of the current channel and leads to the 

current constriction. The heat transportation from 

electrons is, therefore, concentrated near the arc axis. 

On the other hand, the plasma temperature and the 

flow velocity near the cathode are slightly higher 

than those of Ar GMA because of the high thermal 

conductivity of He. 

 
 

   a) 

b)  

 
 

 

c) 

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Two-dimensional distributions of temperature and 

flow velocity in argon, helium and carbon dioxide gas 

metal arc at 150A arc current.(a) Ar, (b) He, (c) CO2 
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Since the expansion of high-temperature region on 

the cathode surface leads to the arc root expansion, 

the increase in current density is suppressed and 

resultantly the temperature and the flow velocity are 

relatively low due to the low pinch force. 

Now, turn to the results for CO2 GMA. The peak 

temperature on the anode surface reaches 1200K that 

is slightly higher than that of He GMA. The heat 

transportation from electrons is comparable to that of 

He GMA, but the peak heat input intensity is higher 

than that of He GMA because the heat conduction in 

CO2 GMA is higher due to the higher plasma 

temperature near the anode surface. 

 

 

   Fig.7. shows the radial distribution of current 

density on the anode surface. The peak current 

densities are 700, 2025 and 1875 A/ cm
2
, 

respectively. 

   

   As shown in this Fig, the current channel in CO2 

GMA is also constricted. It is considered that the 

constriction is caused by the high mole specific heat 

of CO2. The mass specific heat of CO2 is nearly 

comparable to that of He, but mole specific heat is 

much higher than that of He due to the difference in 

molecular weights. The high mole specific heat will 

suppress the expansion of the high-temperature 

region in the plasma, and hence constrict the current 

channel near the cathode. The current constriction 

lifts the plasma temperature and the flow velocity 

due to the enhanced pinch force. The increased flow 

velocity prompts the energy loss in the fringe of the 

plasma, and hence the constriction of the plasma 

raises the arc voltage. As a result, the peak heat input 

intensity onto the anode increases. 

 

  Cooper temperature field is according to Fig.8,9.  if 

the shielding gas be a mixture of Ar, He in which the 

transmission of produced heat to copper is shown 

completely. 

 

 

 

 

 

 
Fig.6. Radial distributions of heat intensity onto the 

surface of watercooled copper anode for argon, helium 

and carbon dioxide gas tungsten arc at 150A arc current. 

(a) Ar, (b) He, (c) CO2 

 

 

 
 

Fig.7. Radial distributions of current density onto 

the surface of watercooled copper anode for 

argon, helium and carbon dioxide gas tungsten 

arc at 150A arc current 
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Fig.8.copper temperature field (Ar-He GMAW)[3] 

 

 

 

 

 

 

Fig.9. Copper temperature field 

(mixture of Ar and He)[3] 

 

 

  Also the diagram of Fig.10. shows the temperature 

variations on loading surface. 

This diagram includes different parts that shows the 

way of heat transfer between source and shielding 

gas and the air around them.  

 

 

 

 
 

 

 

 

 

 

 

 

 

Fig.10.Temperature variations on loading surface [3] 

 

 

4 Conclusions  
 

The properties of the arc plasma and the heat input 

intensity onto the anode surface for CO2 GMA were 

numerically analyzed ignoring the oxidation of the 

electrodes. The results were compared with those of 

conventional Ar and He GMA. It was predicted that 

CO2 GMA would have excellent energy source 

properties approximately comparable to that of He 

GMA. The conclusions are summarized as follows. 

 
(1) A molecular gas with high mole specific heat 

such as CO2 has the ability to constrict arc plasma 

and hence increases current density near the arc axis. 

The peak current density of CO2 GMA on the anode 

surface and the arc voltage are respectively 1875 A/ 

cm
2
 and 17.3 V, comparable to those of He GMA. 

 

(2) The peak plasma temperature and flow velocity 

near the cathode are respectively 25 000K and 748 

m/s, which are much higher than those of Ar and He 

GMA and lead to high arc pressure. 

 

(3) The peak heat input intensity onto the anode 

surface is 17 600W/cm
2
, which is higher than those 

of Ar and He GMA. The intensity due to the heat 

transportation from electrons is 8400W/cm
2
, which 

is comparable to that of He GMA. However the 

intensity due to the heat conduction is 9200 W/cm
2
, 

which is higher than that of He GMA due to the high 

temperature of the CO2 plasma near the anode 

surface. 
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(4)According to achieved results from numerical 

solution for all tree cases of shielding gas it is 

obvious GMAW process is suitable for cooper, 

because of the depth of weld diffusion compared 

with width and melting deficiency, is so high. 
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