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Abstract. The paper compares forms and dimensions of heat affected zones determined
on the basis of analytical descriptions of temperature fields caused by different models of
heat source. In the first case, a single-distributed volumetric heat source model reflecting
only the impact of an electric arc was assumed. In further considerations, bimodal heat
source models were applied. The first one consists of a volumetric heat source model
of weld reinforcement (of melted electrode material) and a surface model of an electric arc.
In the second one a bimodal source is the sum of volumetric heat source models of weld
reinforcement and an electric arc. Calculations are based on the example of submerged arc
welding of a rectangular S355 steel element. The results of numerical simulations were
verified experimentally, confirming the argument that it is necessary to include the bimodal
heat source in temperature field modelling, which takes into account the temperature rises
caused by the heat of melted electrode material.
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1. Introduction

First attempts to describe the temperature field in the welding process and re-
lated processes were undertaken in the middle of the last century. Rosenthal’s [1]
and Rykalin’s [2] works initiated modeling of the temperature field caused by
a moving source. In analytical descriptions of the temperature field, the thermo-
mechanical properties of the heated material are assumed to be temperature-
independent. Rosenthal obtained the equation of the temperature distribution for
a quasi-steady state for different heat source models (point, linear and surface).
Rosenthal adopted a heat source in the form of a segment parallel to the axis of
the weld, whereas Rykalin adopted a heat source in the form of a perpendicular
segment.

For analytical description of the temperature field, the solution of the differen-
tial heat conduction equation is commonly used [3]:



168 J. Winczek

7 (r) < 2T QO (1)
ot cp

where r is the radius vector of the considered area point with respect to the heat
source, 1" - temperature, f - time, a - the coefficient of temperature, ¢ - specific heat,
p - density, O - heat source.

In the case of a point source for infinite body, the equation solution (1) be-
comes:
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where R is the distance of the considered point from the source, and for a semi-
infinite body:
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Equation (4) determines the temperature value at the point with coordinates x, ,
z with the source position at x’,)’.

Figure 1 [4] shows a temperature distribution in the semi-infinite body caused
by the instantaneous point heat source (4). Thermal properties of the material were
assumed in the calculations [4] a = 8- 10°° m%s, cp=15.2 10° J/me°C, 0=33" 10°J
and 7, =0. Figure la shows the heat cycles at points at various distances R from
the heat source. In points located close to the weld axis, the temperature values
differ significantly from the actual values. Figure 1b presents the temperature
distribution on the surface of the heated object in the time range 0.5+5 seconds
from the moment of the applied source.

For time 0.5 s, temperature curves tend asymptotically in relation to the temperature
axis, and finally exceeding the evaporation temperature of steel approx. 3000°C.

When we consider a moving point heat source, which is moving on the surface
of the semi-infinite body along the x axis of the Cartesian system from x, point at
speed v, then the temperature field at time ¢ from the beginning of action of the heat
source at the point with coordinates x, y, z (Fig. 2) will be expressed by the sum of
the temperature rises caused by the heat release at elementary time increments dt

t
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where x, is the coordinate of beginning of the source path and g its power.
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a) b)

Fig. 1. Temperature near the temporary heat source: a) heat cycles for points
at different distances from the source, b) temperature distribution
in the body for selected times

Fig. 2. Scheme for determining of the temporary temperature during heating
by a moving heat source

Since then, the constant search for models of heat sources and descriptions
of the temperature field continues, which would map the temperature distributions
as close as possible to the actual.

In the next part of the paper, we discuss different models of a heat source and
the result of using some of them to describe the temperature field and to determine
the heat-affected zone. A detailed analysis was carried out on the example of sub-
merged arc welding of a rectangular element made of steel S355.

2. Surface and volumetric heat source models

Eagar and Tsai [5] modified Rosenthal’s model by introducing a surface heat
source (6) with a Gaussian distribution (Fig. 3) to the description of the temperature
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field in the semi-infinite body. The Gaussian distribution is characterized by
an averaged radius 7, in which the heat volume ¢, /e.

g, y) =—Lm_exp(- (¥ + 2 )/217) 6)

27(r,

Fig. 3. Surface two-dimensional Gaussian distributed heat source

A double-ellipsoidal, three-dimensional heat source (Fig. 4) was first introduced
by Goldak [6]. Two different semi-ellipses were combined to give a new heat
source. The heat flux for each of the ellipses is described by a different equation.
For the points (x, y, z), belonging to a semi-ellipse located in the front part of
the welding arc, the heat flux equation is presented as:
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and for the points (x, y, z) belonging to a semi-ellipse coinciding with the rear part
of the arc:
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where a;, by, ¢, c;, are the parameters of the ellipsoidal heat source, QO the applied
arc heat, r, r, proportionality coefficients corresponding to the heat distribution
in the front and rear parts of the heat source, where r,+r, = 2.
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Fig. 4. Double ellipsoidal Goldak’s model of heat source

In the study [7] to describe the temperature field, volume source ¢, (9) with
surface-Gaussian distribution (see Fig. 3) and with the parabolic change in the
depth (Fig. 5) fulfilling the condition (10) was introduced instead of the point
source.
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where z; is the depth of heat source deposition.

Fig. 5. Parabolic change of the heat source in relation to depth
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3. The bimodal model of the welding heat source

Bimodal (double distribution) heat source models are mainly used for a hybrid
welding process [8]. With reference to the example of applying the submerged arc,
analyzed later in the work, modeling of the temperature field during welding
with this technique was examined in works [9-12] among others.

Since the descriptions of the temperature field adopted in these works and based
on single-distribution heat source models do not allow for reproduction of often
occurring irregular shapes of isotherms in welding practice (including fusion line)
during surfacing, in work [13] a double distribution model was proposed. The use
of this model has its justification in the method of heat transfer into a surfaced
object. The model physically assumes one source of heat - an electric arc. Whereas
the temperature field is described by summing up the temperature rises (11) caused
by the heat transferred to a surfaced object directly with an electric arc and through
the melted electrode material. The drops of the melted electrode material are de-
tached and moved to the developing weld under the influence of electromagnetic
forces and their own weight. They are mixed with the molten material of the work
piece to form welds.

The discussion assumes that the volume of the electrode molten material is
equal to the volume of weld reinforcement, and the amount of heat stored in the
molten electrode material equals the quantity of heat transferred to the weld over-
lay. It is further believed that the wire feed speed of the electrode determines the
speed of the melt.

T(x,y,2,6)~Ty=T,(x,y,2,6)+ T, (x, 9, 2,¢) (11)

where 7,(x,),z,f) is the temperature field caused by the heat of the direct impact
of an electric arc, and T, (x,),z,¢) - the temperature field caused by the heat of weld
(used to melt the electrodes).

With these assumptions, a volume model of a heat source was adopted for map-
ping electric arc activity (9), (10) and a source of weld heat of (Fig. 6) was deter-
mined as:
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The upper bound is a face of the weld determined by the equation:
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w

while the lower bound (in the case of filling e.g. defects), by the equation:
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where 7, is the height of weld reinforcement, w,, the weld width and d, filling
depth.

Fig. 6. Geometry of a weld

4. Analysis of the shape and dimensions of the heat affected zone
in relation to an adopted heat source model

Calculations of the time varying temperature field during submerged arc weld-
ing of a S355J2G3 steel plate with a length of 0.4 m, a width of 0.2 m and
a thickness of 0.03 m were performed with the use of the models described in [7]
and [13]. These models, based on an analytical solution of a temperature field
in the semi-infinite body with the initial-boundary conditions:

T(x, y,z,O)z T
8_T:8_T:O for x, y — too (16)
ox Oy
8_T=0 for z— 400 and or =0
4 0z,

were implemented in programs made in the Borland Delphi environment.
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For the adopted welding scheme (Fig. 7), numerical simulations were performed
assuming source power used in the experiment: the voltage U=30V, current
I1=400 A and efficiency factor 7= 0.99. Thermo-mechanical properties of the plate
material and the electrodes were determined by: a =810 m?s, ¢ =670 J/kg K,
p=7800 kg/m’ and L = 268 kJ/kg. Just as in the experiment [14], the adopted
welding speed was v = 0.007 m/s, electrode diameter d = 3.5 mm, wire feed speed
of the electrode v, = 0.031 m/s and the size the weld: the height 4, =2.5 mm and
the width w,, =22 mm (Fig. 8). Since the welded surface had no losses (flat), there-
fore d,=0. The initial temperature of the electrode (welding head temperature)
T,=100°C was taken as in [15].

Fig. 7. Single pass weld surfacing scheme

Fig. 8. Metallographic section of the weld

Analysis of the impact of a heat source model on the shape and dimensions of
the characteristic heat affected zones was made with the adoption of the following
source models:

1) single volumetric,

2) the bimodal: surface model of an electric arc and volumetric model of the weld,

3) the bimodal: volumetric model of an electric arc and volumetric model of the
weld.
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4.1. Heat affected zone determined by the temperature field caused by
a volumetric heat source

The calculations of the temperature field caused by a source (9), (10) with
parameters z, = 0.004 m and ¢, = 5 s were performed. Figure 9 shows the calculated
characteristic heat affected zones.

Fig. 9. Calculated heat affected zones

Fig. 10. Comparison of numerical results and image of metallographic section:
black and white lines correspond to the calculated fusion line and the calculated
temperature limit of the full transformation of austenite A;, respectively

Based on Figure 9 and the experimental verification shown in Figure 10, it can be
concluded that the implemented model of a heat source makes it possible achieve
a maximum fusion depth. In the middle of the weld, the approximate shapes and
the width of the full phase transformation area were mapped. However, mapping
of a fusion line and heat affected zones on the edges of the weld was not obtained.

4.2. Heat affected zone determined by the temperature field caused by
a bimodal source: a surface model of an electric arc
and a volumetric model of the weld

The calculations of the temperature field caused by a bimodal source were carried
out: a surface model (6) with 7, = 0.125 s simulating electric arc performance and
a volumetric model (12) of the weld. Figure 11 shows the calculated characteristic
heat affected zones. On the basis of Figure 11 and the experimental verification shown
in Figure 12, it can be concluded that the applied model of a heat source did not
allow for mapping of both the shapes and the dimensions of the heat-affected zones.
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Fig. 11. Calculated heat affected zones

Fig. 12. Comparison of numerical results and image of metallographic section:
black and white lines correspond to the calculated fusion line and the calculated
temperature limit of the full transformation of austenite A;, respectively

4.3. The heat affected zone determined by the temperature field caused by
a bimodal source: a volumetric model of an electric arc
and a volumetric model of the weld

Simulations of temperature field were performed with a bimodal source: a volu-
metric model (9), (10) with parameters z, = 0.008 m and # = 0.13 s (reproducing
arc electric performance) and a volumetric model (12) of the weld. Calculated
characteristic heat affected zones (Fig. 13) and their experimental verification
reveals a relatively good mapping of both the fusion zone (the fusion line), as well as
phase transformation zone. Slight discrepancies occur at the edges of the weld.

Fig. 13. Calculated heat affected zones
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5.

Fig. 14. Comparison of numerical results and image of metallographic section:
black and white lines correspond to the calculated fusion line and the calculated
temperature limit of the full transformation of austenite A;, respectively

Conclusions

Numerical simulations have shown that:

The model of a single volumetric heat source allows one to achieve a maximum
fusion depth. In the middle of the weld, the model makes it possible to deter-
mine the approximate shapes and the width of the full phase transformation
area. Mapping of a fusion line and heat affected zones on the edges of the weld
was not obtained.

The bimodal heat source composed of a surface model of an electric arc and
a volumetric model of the weld source did not allow for mapping of both
the shapes and the dimensions of the heat-affected zones.

The bimodal heat source composed of a volumetric model of an electric arc
and volumetric model of the weld allows for a relatively good mapping of both
the fusion zone (the fusion line) and phase transformation zone. Slight discrep-
ancies occur at the edges of the weld.

The inclusion of heat of electrode molten material in temperature field modeling

enables more accurate mapping of the fusion line shape, and (sufficiently) of heat
affected zones. The proposed calculation model is confirmed by the author’s own
results of experimental studies and those described in the literature by other
authors.
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