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Changes in the Geometrical Shape of a Liquid Metal Pool 
in Relation to a Heat Input during a Welding Process

Abstract: The article aims to present a number of factors affecting the geometri-
cal shape of a liquid metal pool when making welded joints, i.e. factors increasing 
or decreasing a heat input including the density and efficiency of welding power 
sources, stirring efficiency, tungsten electrode tip point, heat flow in a material 
being welded, cooling rate and linear energy supplied to a joint.
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Introduction
The computer-aided simulation of welding pro-
cesses facilitates the proper and optimum de-
velopment of a welding technology enabling 
the obtainment of required joint properties. 
The modelling of welding processes makes it 
possible to forecast and eliminate or minimise 
welding stresses and strains or the formation 
of unfavourable structures. Simulations enable 
the verification of the welding process course in 
various conditions, which is often impossible 
in industry due to high costs and laboriousness.

As physical phenomena taking place during 
welding are complex, their attempted modelling 
should allow for issues concerned with metal 
science, metallurgy, thermodynamics and me-
chanics. The modelling of welding processes 
requires both simplification and the extensive 
knowledge about the course of welding pro-
cesses and their phenomena. The effect of heat 
on the material properties and the geometrical 
shape of the weld pool is non-linear, which ad-
ditionally increases the complexity of the issue.

To increase the certainty of performed sim-
ulations it is necessary to perform a number of 
tests determining the influence of linear ener-
gy, heat input to the joint, welding rate and oth-
er factors affecting changes in the geometrical 
shape of the liquid metal pool and the structure 
of joints made using various welding processes.

Results of the above-named tests may be 
used as input data identifying the effect of weld-
ing parameters on structural changes in welds 
and changes in the geometrical shape of the 
liquid metal pool in programmes for the com-
puter-aided support of welding processes, e.g. 
SYSWELD, SIMUFACT, WELDING or VIRFAC.  

Changes in the Geometrical Shape of 
the Liquid Metal Pool
The geometrical shape of the liquid metal pool 
is influenced by a number of factors affecting 
the volume, width, length and depth of liquid 
metal. The article aims to present the effect of 
heat on the geometrical shape of the liquid met-
al pool.
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An increase in heat source power density is 
accompanied by a decrease in a heat input to 
a material being welded. The slow heating of 
the welding area using a welding power source 
characterised by low power density leads to 
the discharge of a significant amount of heat 
from the welding area, before the liquid met-
al pool is formed, which, in turn, could trigger 
unfavourable structural changes. On the other 
hand, the same material exposed to the effect 
of a high-power welding power source melts 
instantly creating a joint with full penetration. 
High-power welding power sources enable a 
smaller heat input to a joint [1], allow the re-
duction of heat affected zones and make it pos-
sible to increase heat discharge rates. Figure 1 
presents the correlation between a heat input 
to the joint and a welding power source applied 
in the process (power density).  

An increase in the power density of the weld-
ing power source should be accompanied by 
an increase in the liquid metal pool penetra-
tion depth as well as by a decrease in the liquid 
metal pool width and length. Another factor af-
fecting the geometrical shape of the weld pool 
is the efficiency of welding power sources η de-
fined by the following formula (1):

where:
 – Q – heat input supplied to the welded mate-
rial by welding power source, J,

 – Qn– nominal power of welding power source, J,
 – ts– welding time, s.

During welding processes, the welding power 
source provides energy enabling the melting of 
elements to be joined, yet it also escapes to the 
environment, thus leading to the reduction of 
efficiency and, consequently, to a decrease in 
η < 1. If efficiency is known, formula (1) can be 
used to determine heat input Q to the materi-
al being welded [1].

The efficiency of electric arc having constant 
voltage U and current I can be determined us-
ing the following formula (2):

where
 – Q – heat input supplied to the welded mate-
rial by welding power source, J.

 – Qn– nominal power of the welding power 
source, J.

 – ts– welding time, s.
 – U – arc voltage, V.
 – I – welding current, A.

Equation (2) can also be used to calculate the effi-
ciency of electron beam welding and laser weld-
ing, where Qn signifies the laser beam power 
(e.g. 2500 W). The heat input is defined as Qn/v 
or UI/v, where v signifies the welding rate [1].

The welding power source efficiency in rela-
tion to various welding methods is presented in 
Figure 2. During laser welding, the efficiency of 
the welding power source is very low because 
of high beam reflexivity against the material 
being welded. This issue can be prevented by 
the fogging or oxidation of the surface. In turn, 
the efficiency of plasma welding is significant-
ly higher than that of laser welding because of 
the significantly lower reflexivity of contracted 
arc energy beam [1].

The TIG method (η=0.45÷0.60 according 
to [2]), by contrast with plasma welding, does 
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Fig. 1. Diagram presenting the dependence of a heat input 
to the joint on welding power density [1]
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not entail slight energy losses occurring when 
plasma arc is in contact with the water-cooled 
welding torch tip. During DC welding with the 
reversed polarity (-) electrode, electrons con-
stitute the primary source of energy, releasing 
it in the form of heat when striking the mate-
rial surface (high process efficiency). During 
DC welding with the straight polarity (+) elec-
trode, electrons bombard primarily the elec-
trode, slightly heating the area being welded in 
comparison with reversed polarity (considera-
ble decrease in process efficiency). In turn, dur-
ing AC welding, electrons transfer energy only 
during a half of a reversed polarity cycle [1].

In the MAG method (η=0.45÷0.65 accord-
ing to [2]) and EO (η=0.70÷0.85 according to 
[2]), by contrast with the TIG method, energy 
is also transferred by heated filler metal (elec-
trode) drops, increasing process efficiency [1].

During submerged arc welding (η=0.80÷0.95 
according to [2]) electric arc burns under the 
layer of slag thermally isolating weld metal, de-
creasing heat losses caused by the contact with 
the environment, and increasing process effi-
ciency [1].

The highest thermal efficiency is character-
istic of electron beam welding with full pene-
tration. The efficiency of such a welding power 
source is very high [1].

The stirring of material in the weld is re-
ferred to as stirring efficiency. Figure 3 presents 
cross-sections of representative areas reveal-
ing the contents of both base material and fill-
er metal in the weld.

Stirring efficiency ηw can be identified based 
on the following formula [1]:

where
 – v – welding rate, mm/s,
 – HMP – energy necessary to heat the base ma-
terial up to the melting point and its subse-
quent melting, J/mm3,

 – HMD – energy necessary to heat the filler met-
al up to the melting point and its subsequent 
melting, J/mm3,

 – AMD – weld areas filled with the filler metal, 
mm2,

 – AMP – weld areas filled with the base material, 
mm2,

 – η – welding power source efficiency,
 – U – welding arc voltage, V,
 – EI – heat input, W,
 – ts – welding time, s.

The above-presented formula justifies the con-
clusion that the efficiency of stirring increases 
along with a decreasing welding rate. Stirring 
efficiency also grows if energy necessary for the 
heating of the filler metal and base material is 
lower. In turn, lower stirring efficiency should 
correspond to decreasing welding power source 
efficiency, increasing welding voltage and cur-
rent and longer welding times. Stirring efficien-
cy is also affected by the discharge of heat from 
the welding area. For instance, as heat discharge 
in copper alloys is significantly higher than in 
steels, a heat input to the joint should be much 
greater so that the joint could be made.
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Fig. 2. Comparison of efficiencies of various welding 
power sources [1]

Fig. 3. Cross-section of the weld presenting areas filled 
with the filler metal (AMD) and base material (AMP) [1]
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Figure 4 presents the cross-section of the 
weld revealing stirring-related differences cor-
responding to the use of various welding pa-
rameters [3].

During TIG welding, the angle of non-con-
sumable electrode tip pointing significantly af-
fected the geometrical shape and the operating 
manner of the electric arc and its power den-
sity. The increase in the electrode tip pointing 
angle was accompanied by the decrease in the 
electric arc diameter and the increase in pow-
er density (see Fig. 5) [1].

Further illustrations were created based on 
tests performed using the same current pa-
rameters, welding rate and the same distance 
between the electrode and the material being 
melted [4, 5]. Figure 6 presents the contraction 
of electric arc along with the increase in the 
electrode cone angle during TIG welding [4].

Changes in the width of electric arc also af-
fected the penetration depth and the width of 
the run (Fig. 7). The greater the electrode point-
ing angle, the deeper the depth of penetration 
in the base material and the narrower the width.

The geometrical dimensions of obtained 
welds/penetrations were also affected by the 
density of welding power source density (Fig. 8). 
In relation to the same heat input and welding 
rate, the depth of penetration decreased along 
with decreasing power density [6].

As can be seen in the above-presented exam-
ples, the appropriate adjustment of a tungsten 
electrode pointing angle enables the obtain-
ment of the deeper and narrower geometrical 
shape of the liquid metal pool as well as the 
narrower heat affected zone. When simulating 
the flow of heat during the welding process the 
following can be assumed [7]:
 – constant heat flow,
 – spot welding power source,
 – omission of crystallisation heat,

Fig. 4. Cross-section of the weld made on steel sheets with 
various stirring efficiency; weld a) was made using V = 10 
mm/s and UI = 1825 W; weld b) V = 26 mm/s and UI = 

10170 W [3]

Fig. 6. Effect of electrode tip pointing angle on the shape 
of electric arc in TIG welding [4]

Fig. 7. Effect of non-consumable tungsten electrode 
pointing angle on the height and width of the penetration 

of TIG electric arc in the base material during the ar-
gon-shielded welding of stainless steel [5]

Fig. 5. Effect of electrode tip pointing angle on the shape 
of and power density of electric arc in TIG  welding [1] 
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 – constant heat properties,
 – lack of heat losses from the surface of the ma-
terial being welded,

 – lack of convection in the liquid metal pool.
A linear energy input to a joint affects its post-
weld cooling rate. The more energy is supplied 
to a joint, the more time is needed for a joint to 
cool down to ambient temperature (see Fig. 9). 
In turn, the scheme presented in Figure 10 pre-
sents temperature obtained by the welded joint 
and the heat affected zone in relation to a dis-
tance between the area of measurement and the 
central line of the joint.  

The cooling rate increased along with the de-
crease in the thickness of the element subjected 
to welding. This could be attributed to the more 
favourable discharge of heat to the environment. 
The tests [9] revealed that, in relation to the same 
heat input and the same thickness of a sheet, the 
rate of cooling was shorter in terms of a T-joint 
than of a surfaced sheet. The above-presented 
phenomenon was caused by the faster discharge 
of heat to the environment [3, 10].

The increase in linear energy was accom-
panied by the decrease in the cooling rate; the 
same applied to the heating of the joint before 
welding. Figure 11 presents the comparison of  
the welding rate in relation to joints made us-
ing the electroslag welding method (very high 
linear energy) and electric arc. The provided 
example illustrates the effect of a welding rate 
and preheating temperature on the  post-weld 
cooling rate [11].

Fig. 8. Effect of heat source power density on the shape of 
the weld during the GTA welding of 3.2 mm thick alu-

minium sheet (6061) using a power of 880 W 
and a welding rate of 4.23 mm/s [6]

Fig. 9. Scheme presenting a cooling rate of a welded joint 
in relation to a heat input per a length unit [8]

Fig. 10. Thermal cycles at various distances 
from the central line of the weld: 

1 – 2.5 mm, 2 –4.5 mm, 3 – 5.5 mm, 4 – 5.75 mm, 
5 – 6.75, 6 – 7.8 mm,FL: fusion line – 4.4 mm; above 

scheme was developed on the basis of GTA welding per-
formed on steel AISI 1005 using  a power of 1.9 kW [9]
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Summary

This article presents thermal factors which dur-
ing welding may affect the geometrical shape 
of the weld pool. Further articles will present 
the effect of factors on changes in the geomet-
rical shape of the liquid metal pool on the basis 
of results of tests performed in relation to var-
ious levels of linear energy and various weld-
ing processes. The research-related tests aim 
to obtain information so that computer-aided 
simulations of welding processes could rep-
resent their actual state as closely as possible. 
Examples of well performed computer simu-
lations of welding processes were tests and nu-
merical analyses performed in 2016 using steel 
X2CrNiMoN22-5-3 [12].  
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Fig. 11. Thermal cycles during arc welding and electroslag 
welding [11]
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