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                       Abstract 

 
The phase transition process which takes place during weldpool formation is 

examined. The phase transition processes occur in three zone determined stages. The 
fusion zone, the mushy zone, and the heat affected zone (HAZ) are greatly affected by 
the amount of heat input. The phase change model was used to determine the state of 
the transition process. From the application of this model, it was found that at the 
obtained phase change of 0.5, the liquid metal has already cooled, and transited into the 
mushy zone at a temperature of 1489oC. A Biot number of 0.0073, which is much less 
than 1.0 was obtained. This indicates that the heat flow in the weld pool is convective 
and further shows that the formation of molten weldmetal droplets that form the 
weldpool are under the influence of the arc heat and this makes the flow turbulent. 
From the findings and the microstructural analysis, it can be found that during the 
melting process, phase transition took place but did not significantly alter the 
microstructure of the weldment. This study also supports the claims made by different 
investigators about the different heat treatments given to metals to determine a 
particular hardenability level. This heat treatment process is an indicator of phase 
change. 

 
 
1.0    Introduction 

Phase transition process that lead to the formation of weld pool is of great importance in modern day welding 
technology. In a controlled welding environment, a phase transition process leads to a desirable weld metal quality free 
from the contamination of elements like Nitrogen and hydrogen, which are majorly responsible for weld porosity. 

In the formation of the weld pool, when arc heat is applied to the electrode, during the melting process, the electrode 
transits from its solid state to the mushy zone unto the heat affected zone (HAZ). During this transition process, the 
electrode is susceptible to high absorption of moisture from environmental inclusions like water, grease, paints etc. 
Because metals are known to readily absorb moisture under high temperature, the environment is well controlled to avoid 
inclusion that could adversely affect its load bearing capacity, that is its quality features. At its transition stage, the 
welding process becomes sensitive and requires an appreciable level of technical welding skill. The electrode transition 
from the solid state to the mushy zone, requires that the localized heat applied to the electrode, would have agitated the 
potential energy of the molecules that make up the solid electrode and make them mobile. What actually occurs is that as 
the heat is sustained over a long welding period of time, the molecular mobility of the grains becomes apparent, as the 
solid electrode transits into the mushy zone. 

The flow in the mushy zone is plastic and usually droplet formation is mostly influenced by surface tension force 
(retaining force), but as the arc heat or temperature is prolonged, the flow transition advances from the lower part of the 
mushy zone to the upper part. In the upper part, the surface tension force would inevitably be overcome by the detaching 
forces induced by the shielding gas, the temperature, and the mass of the droplets. Flow takes place due to the sliding 
action, where molten metals are forced to slide over one another, as the droplets detach into the weld pool. The droplets 
transit from the mushy zone to the HAZ, at this point, the mobility of the molecules is quite high, causing the continuous 
collision of these molecules, which leads to further molecular disintegration. This molecular disintegration transits the 
plastic weld metal into liquid weld metal. It is at this liquid state that a weld pool is formed. 
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From the period spanning the heating of the solid electrode, to when the electrode actually melts and forms a weld pool, 
there are heat losses that would have occurred. This theory was adequately explained by Kim et al. [1] that heat losses 
occur by conduction in the solid electrode, radiation by exchange with the environment, convection to the shielding gas, 
and evaporation at the weld pool surface. However, the combination of these heat losses does not significantly affect the 
arc heat input, as has been observed by Norris et al. [2]. 

Some investigators have considered in their research, the impact of the mushy zone in the transition process that 
occurs during the formation of weld pool. Amongst them are Wang and Tsai [3], who studied the impingement of 
droplets onto the weld pool, considering the phase changes that occur during molten metal solidification process, by 
employing the volume of fluid technique and the continuum formulation. Das and Cleary [4] considered the effect of 
phase changes on weld pool formation when modeling the plastic deformation and thermal response in a weld pool using 
smoothed particle hydrodynamics. Betram [5] studied the role of heat and liquid flows on the final weldment 
solidification microstructure, considering the mushy zone behavior. Zhang et al. [6] in understanding the phase 
transformation kinetics during the heating and cooling process of weld metal, the behavior of the mushy zone was 
investigated. Wang et al. [7] showed in their research work that heat transfer and phase change effects exert a significant 
impact on metal transfer modes. In this study, the phase transition behavior that occurs during the weld pool formation 
process is investigated by applying the model proposed by Xiangqian [8].    
 
2.0 Materials and Methods 
 
In this study, the gas metal arc welding (GMAW) machine is used to melt 3.2 mm mild steel electrodes, whose melt (or 
liquid metal) formed the weld pool. Thermocouples were utilized to measure the solidus and liquidus temperatures. The 
following equations were employed to study the phase change phenomena.  
The net heat input in any arc welding process used for this study is written as 
 

   net arcQ h x Q=                                                                                                                   (1) 

 
where, Qnet is the net heat input, Qarc is the arc energy, kJ/m, h is the heat transfer coefficient, W/m2.oC 
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where E is the arc voltage = 9V, I is the welding current = 170A, v is the welding speed = 0,0052 m/s, η is the heat 
transfer efficiency = 0.8. Nissley [9] and Atkins et al. [10] gave the values of the heat transfer efficiencies for different 
welding processes as follows: 
Submerged Arc Welding (SAW) η = 0.9 – 0.95, Gas Metal Arc Welding (GMAW) η = 0.7 – 0.85 and Submerged Metal 
Arc Welding (SMAW) η = 0.7 – 0.8 
Poorhaydari et al. [11] proposed an equation for determining the temperature, T at time, t as  
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where T0 is the preheat temperature = 2400C,  heat input, q/v (J/m.s), welding time, t = 30 s, thermal diffusivity,α =6.82 x 
10-6 m2/s and radial distance from the weld, r = 3.46 x 10-3m. 
Xiangqian [8] proposed an equation for determining the phase change ratio, fs as  
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                                                                                                                         (4) 

 
where T is the workpiece temperature, Tl and Ts are the liquidus and solidus temperatures respectively. fs values ranges 
from 0 to 1.0. 
Holman [12]  reported that the criterion for the appearance of approximately isothermal conditions is given by the Biot 
number, Bi. For the temperature distribution radially across a cylindrical section, Bi becomes 
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where ksolid is the thermal conductivity of solid = 29.4 J/m.s. 0C or W/m.0C, d is the diameter of the material or workpiece, 
for plate, d = ½ thickness and the plate thickness is 8 mm. h is the heat loss coefficient given by De et al. [13] as  
 

3 1.612.4 10h x Tε−=                                                                                                         (6) 

 
where ε is the emissivity = 0.7 and temperature, T = 1489 0C. 
Jones et al. [14] proposed an equation for determining the minimum molten metal film thickness, δ   obtained from the 
deepest part of the weldpool. This equation is given as 
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                                                                                                      (7) 

 
where a is the standard deviation of the heat source, given as 10-3 m, ki is the heat conductivity of the liquid = 65.4 
W/moC, b is the liquid layer thickness obtained from the heat source, was given as 1.5 x 10-3 m. Cγ is the surface tension 
coefficient given as -3.6 x 10-4 Nm-1K-1. u is the travel velocity = 5.2 x 10-3 m/s 
  
 Discussion of Results 
 

In this study, the physics of weldpool formation was investigated with focus on the phase transformation process 
during droplets to weldpool formation. From the measurements obtained by embedding thermocouples into the arc heated 
melting electrodes and weldpool, the solidus and liquidus temperatures obtained are 1469oC and 1509oC respectively. 
From the equation proposed by Poorhaydari et al. [11], the workpiece temperature (T) at time (t) was determined to be 
1489oC. The temperature lies between the solidus and liquidus temperatures. Applying Eq. (4) for determining the phase 
transition status, it was found that, fs, which is the solid phase change ratio is 0.5, which lies between the range of values 
0 to 1.0. This value indicates that the weld geometry is in the mushy zone. Yang and Debroy [15] classified the weld 
geometry to be in the fusion zone, mushy zone and HAZ and also reported that the mushy zone is the region between 
liquidus and solidus temperatures. This claim was also supported by De et al. [13]. Xiangqian [8] wrote that when fs, is 
equal to zero, the metal is in the liquid condition. When fs is equal to one, metal is in the solid condition, and when fs is 
greater than zero and less than one, metal is said to be in the mushy phase change zone. 

The mushy phase change zone constitutes the condition where the molten metal is in the visco-plastic form. At this 
stage the droplet detachment process takes place when molten metal  droplets slide over one another as the flow advances 
into turbulence. Malinowski-Brodnicka et al. [16], Choo and Szekely [17], Hong et al. [18] and Yang and Debroy [15] 
were of the same opinion that, in many cases in gas tungsten arc (GTA) welding, fluid flow in the weld pool is turbulent 
in nature. Yang and Debroy [15] reported that in GMAW, the high level of agitation in the weld pool is aided not only by 
large mean velocities in a relatively small weld pool, but also by the impact of metal droplets. 

Turbulent weld pool flow occurs at the convective part of the HAZ where the arc heat is most felt. This is determined 
by obtaining the Biot number (Bi). The Biot number was determined to be 0.0073 which is much less than 1.0 (Bi    
1.0). This indicates that surface convection is dominant and the temperature distribution at the center of the weld pool is 
uniform. This also confirms that flow in the weld pool is turbulent. The minimum molten metal film thickness obtained 
from the deepest part of the weld pool is calculated to be 1.03 x 10-8 m with a droplet radius of 0.58mm constituting a 
volume in  a single droplet of 1.418 mm/s. At the molten metal droplet stage the molten metal would have left the 
influence of the intense arc heat and moved to the influence of the lower part of the arc heat column, making the molten 
metal visco-plastic texturally. This visco-plastic molten metal texture further confirms that the molten metal has entered 
the mushy zone. 

As the electrode temperature transits from the preheat temperature, to the solidus temperature, to the mushy zone 
temperature, and then to the HAZ temperature, the molten metal forms a globule of molten metal which is held to the 
electrode by the surface tension force (retaining force), as the detaching forces (electromagnetic force, gravitational force 
and drag force) overcome the retaining force, the molten weld metals drop to form weld pool at the joint of the pieces of 
metals to be welded. 

The transition processes that occur as the molten metal drops to form a weld pool is studied. It is discovered that the 
mushy zone of the weld pool formation was achieved in the transition process. This shows that flow is still in its visco- 
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plastic stage. The visco-plastic stage can be used to predict two stages, first, the transformation of the electrode materials 
from the solid state to the liquid state, and the solidification process of the liquid state (weldpool) when the weldpool 
temperature drops. In either of the two stages, the microstructure of the weld metal is affected, which has a profound 
effect on the quality of the weldment.  

Temperatures and heat input have a significant effect on weldment microstructure as well. Increase in these 
parameters (temperature and heat input) would vaporize volatile alloying elements in the weldpool. This in turn would 
alter the chemical composition of the resulting weld metal [19]. From the microstructural analysis of the weldment, 
shown in Fig. (1). It is shown that there are a few large microstructural grains. These large grains are responsible for spore 
formation in the weld. The large grains can not flow continuously in the weldment when heat is applied. The blockages 
caused by these large sized grains allow gaseous evolution to be retained in those openings. The microstructural view has 
been able to show that these large sized grains are minute and the fine sized grains are dominant. This shows that the 
weldment underwent a transition process, either where the large grains have diffused into small grains or small grains are 
building up into large grains. From literature, it has been reported that large grains are as a result of oxidized metallic 
grains. This means that the arc column has not been able to completely prevent the HAZ from interacting with the 
atmosphere. It may occur at the edge of the HAZ away from the heat source. 

 
 

 
 

Fig. 1 Weld Microstructure 
 
 Conclusion 

The transition process characteristics encountered during the formation of the weldpool is studied. It was found that 
the weld pool state (HAZ) transited to the mushy zone, which was found to be visco-plastic texturally and as a result of 
this, the molten metal would have lost some of the heat retained at the center of the arc column, to the atmosphere. This 
heat loss is fundamentally responsible for the molten metal transiting from its initial liquid state to the mushy state. 

This study has also disputed the claim made by Shackleton and Lucas (1974) that metal transfer expected to occur at 
200A is subthreshold. In this study, at 170A, a spray transfer mode was achieved. The claim is supported by the value 
obtained for the diameter of the droplet, which is twice its radius (2Rd). For globular droplets, the droplet diameter is 
assumed to be equal to the diameter of the electrode. Droplet diameters much less than that attributed to globular droplets 
are regarded as spray droplets. However, it is interesting to know that spray transfer modes can be obtained by setting 
your welding machine to 170A which is less than 200A. Although, the electrode material was not tested to reveal its 
mechanical properties in order to determine its quality level. The preheating temperature may be rather too high for the 
electrode, if its mechanical properties are inferior. For this reason, the microstructure of the electrode may contain volatile 
alloying elements that could reduce the weld’s hardenability. These factors could be responsible for the reason why a 
current less than 200A can agitate a spray transfer mode. 

In this study, the phase transition process that occur from the liquid state, HAZ to the mushy zone has been 
investigated and the associated characteristics have also been determined. 

Journal of the Nigerian Association of Mathematical Physics Volume 20 (March, 2012), 429 – 434           



433 

 

The Physics of Weldpool Formation      Joseph I. Achebo       J  of  NAMP  
 

References 

 

[1] Kim, Y.S; McEligot, D.M. and Eagar, T.W. (1991) Analysis of Electrode Heat Transfer in Gas Metal 

Arc Welding. Welding Research Supplement, No. 1, pp. 20s - 31s. 

[2] Norris, J.T; Robino, C.V; Perricone, M.J. and Hirschfeld, D.A. (2010) Development of a Time - 

Resolved Energy Absorption Measurement Technique for Laser Beam Spot Welds. Weld. J. Vol. 89, 

No. 4, pp. 75s - 81s. 

[3] Wang, Y. and Tsai, H.L. (2001) Impingement of Filler Droplets and Weld pool Dynamics during Gas 

Metal Arc Welding Process. Int. Journal of Heat and Mass Transfer, 44, pp. 2067 - 2080 

[4] Das, R. and Cleary, P.W. (2007) Modeling Plastic Deformation and Thermal Response in Welding 

Using Smoothed Particle Hydrodynamics. 16th Australasian Fluid Mechanics Conference, 2 - 7 

December, pp. 253 - 256.  

[5] Betram, L.A. (1993) J. Eng. Mater. Technol., 115, p. 24 

[6] Zhang, W; Roy, G.G; Elmer, J.W. and Debroy, T. (2003) Modeling of Heat Transfer and Fluid Flow 

during Gas Tungsten Arc Spot Welding of Low Carbon Steel. Journal of Applied Physics, Vol.93, No. 

5, pp.3022 - 3033. 

[7] Wang, F; Hou, W.K; Hu, S.J; Kannatey-Asibu, E; Schultz, W.W. and Wang, P.C. (2003) Modeling 

and Analysis of Metal Transfer in Gas Metal Arc Welding. Journal of Physics D: Applied Physics, 36, 

pp. 1143 - 1152. 

[8] Xiangqian, K. (1998) Application of Finite Element Method in Heat Transfer (3rd Edition), Science 

Publish Company, p. 204 

[9] Nissley, N. (1999) Weld Geometry Effects in Weldability Testing of High Performance Steels, Paper 

presented at the 79th Annual AWS Show and Conference, St Louis, Mo. 

[10] Atkins, G; Thiessen, D; Nissley, N. and Adonyi, Y. (2002) Welding Process Effects in Weldability 

Testing of Steels. Welding Journal, 4, pp. 61s - 68s 

[11] Poorhaydari, K; Patchett, B.M and Ivey, D.G (2005) Estimation of Cooling rate in the welding of 

plate with intermediate thickness, welding journal, no 10., pp 149s-155s 

[12] Holman, J. P. (1976) Heat Transfer, 4th Ed. McGraw - Hill Kogakusha, Ltd, Tokyo 

[13] De, A; Walsh, C.A Maiti, S.K and Bhadeshia, H.K.D.H (2003) Prediction of cooling rate and 

microstructure in Laser spot welds. Science and technology of welding and joining, Vol. 8 No. 6,pp 

391-399 

[14] Jones, L.A Eagar, T.W and Lang, J.H  (1997) Magnetic forces acting on motten drops in gas metals 

are welding. Journal of Applied Physics D 13, Pp  3-106 

 
Journal of the Nigerian Association of Mathematical Physics Volume 20 (March, 2012), 429 – 434           



434 

 

The Physics of Weldpool Formation      Joseph I. Achebo       J  of  NAMP  
 

[15] Yang, Z. and Debroy, T. (1999) Modeling Macro and Microstructures of Gas Metal Arc Welded 

HSLA-100 Steel Metall and Mater. Trans B, Vol. 30B, pp.483 - 493 

[16] Malinowski-Brodnicka, M; denQuden, G. and Vink, W.I.P. (1990) Weld. J, Vol. 69, pp. 52s - 59s 

[17] Choo, R.T.C. and Szekely, J. (1994) Weld. J. Vol. 73 (2), pp. 25s-31s. 

[18] Hong, K; Weckman, D.C. and Strong, A.B. (1996). In Trends in Welding Research. H.B. Smartt; 

J.A.Johnson, and S.A.David, eds. ASM International, Materials Park, OH,pp. 399 – 404. 

[19] Achebo, J.I. (2011) Influence of Alloying Elements on HAZ Toughness of Multilayer Welded Steel 

Joints. Accepted for publication in Int. Journal of Advances in Science and Technology, Vol. 3, No. 4. 

 

  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Journal of the Nigerian Association of Mathematical Physics Volume 20 (March, 2012), 429 – 434           
 


