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Abstract: The article aims to present the manner in which welding processes are 
modelled using dedicated software programmes, provides examples concerning 
applications of various heat sources and indicates the necessity of performing 
tests aimed to increase the consistence of simulation results with those obtained 
in experimental verification.
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Introduction
At present, the simulation of welding processes 
is based on two models of welding heat sources, 
i.e. the Goldak and the Gaussian model. These 
models are used to forecast changes in the liq-
uid metal pool and in the material subjected 
to welding (by simulating the above-named 
phenomena using the Finite Element Method 
(FEM)). The models enable the relatively accu-
rate simulation of welding processes and make 
it possible to forecast the effect of related fac-
tors on the behaviour of the liquid metal pool 
and that of the base material. The modelling 
of welding processes enables the minimisation 
or even the elimination of undesired results 
of welding processes such as welding stresses 
and strains or unfavourable structures. Conse-
quently, the use of modelling makes it possible 
to reduce costs incurred in industry primarily 
before starting the fabrication of new elements 
or welded units.

Welding processes involve physical phenom-
ena of metallurgic and thermodynamic nature. 

For this reason, the modelling of welding pro-
cesses requires a number of simplifications 
(based on empirical tests) increasing the cer-
tainty of modelled processes and that of the 
behaviour of welded materials in relation to 
factors affecting both the liquid metal pool and 
the material subjected to welding.

To present the selection of an appropriate 
model when simulating welding processes, it 
is necessary to take a closer look at the effect 
of various factors taking place in welding (i.e. 
a special process) [1] on the geometrical shape 
of the liquid metal pool.

Applied Models of Welding Processes 
The combination of all of the factors affecting 
the flow of heat between the heat source and 
the element subjected to welding as well as in 
the material itself triggers the formation of the 
liquid metal pool. In spite of that heat distribu-
tion and the weld pool shape are strictly cor-
related, when simulating welding processes 
these factors are not taken into consideration 
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separately as they are numerous and affect one 
another. This could significantly impede the 
simulation process because of an enormous 
increase in time and in the number of calcula-
tions. As a result, adopted heat models are those 
the form of which is identified analytically. The 
geometrical heat source model is modified by 
taking into consideration a welding method, 
process thermodynamics, material properties 
and welding process parameters [2, 3]. Apart 
from the two commonly used models of weld-
ing heat sources, i.e. the Goldak model and the 
Gaussian model [4], it is also possible to use 
models combining the Goldak model and the 
Gaussian model [5]. Because of its geometrical 
form, the Goldak model (presented in Figure 1) 
is also referred to as the double ellipsoid mod-
el. This model is frequently used when model-
ling arc welding processes using the MIG, MAG, 
TIG and SAW, i.e. low and medium-energy pro-
cesses. The dimensions of the double ellipsoid 
are determined by parameters Cr, Cf, a and b 
in Figure 1, corresponding to geometrical di-
mensions of a liquid metal pool. The Goldak 
model allows for the presence of zones having 
various temperature and, consequently, varying 
amounts of heat emitted in the front and back 
half of the ellipsoid [2, 3, 6, 7].

The information about the use of the Goldak 
model in the modelling of heat sources can be 
found in relation to numerous tests, the results 
of which were provided in various scientific 
studies [9, 10]. Selected test results are present-
ed in the remainder of this publication.

TIG Welding
The distribution of heat and the shape of the liq-
uid metal pool during TIG welding are present-
ed in Figure 2. The results were obtained when 
melting a disc (having a diameter of 10.8 cm) 
made of steel AISI 1005. The welds were made 
using the TIG method, a constant power of 
1.9 kW (110 A, 1.5 V), a tungsten electrode (hav-
ing a dimeter of 4.7 mm) containing a 2% tho-
rium addition. High purity helium (99.999%), 
I2 according to PN-EN ISO 14175, was used as 
shielding and welding gas (99.999%). The steel 
disc rotated at a constant rate of 0.11 rpm in re-
lation to the tungsten electrode (which corre-
sponds a rate of 0.6 mm/s) [11].

Figures 2 and 3 present the geometrical shape 
of the liquid metal pool developed on the ba-
sis of X-ray tests and metallographic specimens. 
The fusion line and HAZ boundaries are present-
ed using dashed lines in Figure 3. The isotherms 
were indicated on the basis of the 3D model of 
the flow of heat and that of fluid. The liquidus 
isotherm (1802 K) determined on the basis of 
the model coincided with measurements per-
formed on the liquid weld pool. The same ap-
plies to eutectoid temperature [11].

The Goldak model simulates temperature 
differences in front of and behind the weld 
pool, yet the model adopts the shape of ellip-
sis, not always corresponding to the geometri-
cal shape of the liquid metal pool in Figure 4. 

Fig. 1. Goldak heat source model [8]

Fig. 2. Three-dimensional schematic diagram presenting 
temperature distribution and areas of the liquid metal 

pool in the TIG method [11]
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The presented geometrical shape of the weld 
pool depended on a heat input and welding 
rate V. The weld pool became elongated chang-
ing its shape from elliptical into that of a fall-
ing drop [12].  

The model of heat source having the form 
of the Gaussian curve is used in simulations of 
welding processes involving the use of high-en-
ergy welding methods (electron beam weld-
ing, laser welding, plasma welding etc.). The 
Gaussian model represents geometrical shapes 
of welds, i.e. deep penetration and a slight 
penetration width, characteristic of key-hole 
welding. The precise geometrical form of heat 
distribution depends on a welding method and 
its parameters as well as on the thickness, tem-
perature and physical properties of the material  
subjected to welding [2, 13, 14, 15]. The Gauss-
ian model is presented in Figure 5.

Discussed below is the practical application 
of the Gaussian model-based simulation of 
welding processes.

Plasma Welding
The geometrical shape of the liquid metal pool 
during plasma welding with full penetration 
was identified through tests involving sheets 
made of austenitic stainless steel and parame-
ters presented in Table 1 for two cases, i.e. (A) 
and (B) varying in welding current [16].

Figure 6 depicts the weld pool progressing 
into the base material as well as the flow of liq-
uid metal in plasma welding. After arc striking, 
the base material was heated by plasma arc and 
formed a small liquid metal pool – 0.27 s (a). The 
formation of the weld pool was followed by its 
gradual growth (b-e). When observing schemat-
ic diagrams c through h it is possible to notice 
a significant increase in the depth of penetra-
tion in the base material, yet not exceeding the 
thickness of a sheet subjected to welding. The 

Fig. 3. Two-dimensional model presenting temperature dis-
tribution and liquid metal pool areas in the TIG method [11] 

Fig. 5. Heat distribution on the material surface 
in the Gaussian curve form [15]

Fig. 4. Shape of the liquid metal pool during the TIG 
welding of stainless steel 304 [12]
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Table 1. Plasma welding parameters [16]

Parameter Value, unit
Torch diameter 3.8 mm

Distance between the torch and the 
element subjected to welding 6 mm

Shielding gas flow rate (Ar 99.99%) 20 l/min
Plasma gas flow rate (Ar 99.99%) 3 l/min

Arc voltage 24.2 V
Arc current (A) 169.0 A
Arc current (B) 180.0 A
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flow-through channel changed from U-shaped 
into V-shaped (c-f). The complete melting of 
the element subjected to welding occurred af-
ter 1.72 s. Afterwards, the significant widening 
of the channel took place (k-n) [16]. In case (B) 
for a current of 180 A, full penetration occurred 
faster by 0.16 s [16].

Laser Welding 
The geometrical shape of the liquid metal pool 
during laser welding with full penetration is 
similar to that obtained during plasma weld-
ing. Tests imaging the geometrical shape of the 
liquid metal pool were performed using lenses 
GaAs having a focal power of 100 mm, a laser 
beam power of 600 W and a laser beam diameter 

Fig. 6. Progressive increase in the weld pool, flow-through channel and the liquid metal flow rate, case (A): (a) t = 0.27 
s; (b) t = 0.38 s; (c) t = 0.50 s; (d) t= 0.71 s; (e) t = 0.91 s; (f) t = 1.34 s, (g) t = 1.50 s; (h) t = 1.62 s; (i) t = 1.71 s; (j) t = 

1.72 s; (k) t = 1.73 s; (l) t = 1.74 s; (m) t = 1.80 s; (n) t = 1.86 s [16]
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(before focusing) of 15 mm as well as 
using a welding rate of 10 mm/s. The 
lenses were cooled using compressed 
air. The shielding gas used in the pro-
cess was argon (99.999%Ar). The ex-
periment involved the use of glass 
GG17 characterised by high heat re-
sistance and a significant difference 
between the melting point and the 
evaporation point. Figure 7 presents 
a typical cross-section of the liquid 
metal pool in laser welding. To de-
velop heat distribution around the 
liquid metal pool, it was divided into 
layers (Fig. 8) [17].

The following assumptions were 
adopted when creating the heat con-
ductivity model [17]:

 – conductivity along the z-axis was 
ignored (Fig. 7); as a result, the heat 
conductivity model was reduced to 
two dimensions,

 – in relation to each segment on the 
z-axis, the liquid metal pool was 
treated as a cylinder (with a chang-
ing diameter and position in rela-
tion to the z-axis),

 – temperature on each wall was as-
sumed to be the metal evaporation 
point, yet the evaporation ener-
gy of a small material particle was 
ignored,

 – convection heat was ignored,
 – process was recognised as stable,
 – glass properties were dependent on 

temperature; the values of proper-
ties were adopted at a temperature 
of 870 K.

A related thermal conductivity mod-
el (see Fig. 9) was developed follow-
ing the adopted assumptions.  Based 
on the model it was ascertained that 
the highest temperature was around 
the liquid metal pool (thermal con-
ductivity of GG15 is very low).

Fig. 7. Model of a typical 
liquid metal pool during 

laser welding with full 
penetration [17]

Fig. 8. Schematic diagram presenting the 
liquid metal pool divided into layers [17] 

Fig. 9. Temperature distribution on the surface of the material 
subjected to welding [17]

Fig. 10. Shape of the liquid metal pool on the surface of the material 
being welded [17] /liquid metal pool; flow-through channel
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Figure 10 presents the shape of the weld pool 
on the surface of the material subjected to weld-
ing; the shape refers to each of the layers pre-
sented in Figure 9. The liquid metal pool grew 
in the direction opposite to that of welding [17].

Based on the above-presented model it was 
possible to present the approximate shape of 
the liquid metal pool on the surface of the 
material being welded in relation to various 
welding rates (see Fig. 11). The diameter of the 
flow-through channel amounted to 0.32 mm, 
whereas the numbers in the schematic dia-
gram represent welding rate values expressed 
in mm/min [17].

Figure 12 presents the shape of the liquid met-
al pool in relation to the diameter of the flow-
through channel. The welding rate amounted to 
600 mm/min; the numbers in the schematic di-
agram represent diameter of the flow-through 
channel in mm. An increase in the flow-through 
channel diameter was accompanied by an in-
crease in the length and that in the width of the 
liquid metal pool [17].

As can be seen in examples prepared in the 
article, two, i.e. Goldak and Gauss, models are 
used when modelling heat sources used in weld-
ing processes. The first model relatively well 
corresponds to the geometrical shape of the liq-
uid metal pool where arc welding power sourc-
es (e.g. MIG, MAG or SAW), i.e. used in low and 
medium-energy processes, are modelled. The 
Gauss model, used when modelling high-ener-
gy welding power sources (e.g. plasma, laser or 
EBW) properly models penetration depth and 
width accompanying the above-named process-
es. However, it is necessary to additionally con-
sider changes occurring in the geometrical shape 
of the liquid metal pool. In such cases, particu-
larly useful are combined modelling methods 
based on the Gauss model, used for the mod-
elling of the liquid metal poll depth and width, 
and the Goldak model, enabling the modelling 
of the liquid metal pool shape on the surface of 
a material subjected to welding.

Summary
In order for computer simulations of welding 
processes to better model actual changes in the 
shape of the liquid metal pool and its effect on 
the material subjected to welding it is necessary 
to perform tests involving various materials 
and welding parameters. By doing so, software 
programmes assisting welding processes (e.g. 
ANSYS and SYSWELD) will better forecast joint 
behaviour and changes in joint properties. An 
example of a successfully performed computer 
simulation of a welding process could be a test 
involving steel X2CrNiMoN22-5-3 performed 
in 2016 [18].
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