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Abstract. Welding with weaving has been widely used for improving process efficiency and distribution of heat input.
The technique of weaving by magnetic deflection of the arc was developed a few years ago to enable the oscillation of
the weld pool, thus, causing grain refinement and improving the properties on the welded joint. The numerical
simulation of this type of process is complex because of the influence of the magnetic field on the electric arc, a fact
that has not been taken into consideration by standard welding processes. This paper aims to describe a numerical
heat source model, including the effects of arc deflection on bead-on-plate GTAW process. Numerical simulations are
carried out considering magnectic deflected and non-deflected arcs throughout the welding process. Results are
compared to the ones obtained experimentally. Temperatures at three different points on the backside of the plates (two
out of the center line and one in the center line of welding) and weld pools of SAE 1020 3.2-mm thick steel plates are
analyzed. Results obtained by numerical simulations are close to the experimental ones. In the case of welding with arc
deflection, temperatures of thermocouples placed on the side in which the arc was deflected and on the center are very
similar. Weld penetration is higher in the welding without the arc deflection than in the welding with arc deflection.
The asymmetry of the fusion zone shape for welding with arc deflection was captured by numerical simulation.
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1. INTRODUCTION

Welding with weaving is a widespread process in which the torch movement enables the deposit of wider weld bead
with lower penetration. The weaving technique by magnetic deflection of the arc has recently been developed to enable
the oscillation of the weld pool and, consequently, has caused grain refinement and has improved the properties on the
welded joint.

Experiments carried out by Sudaresn and Ram (1999) with titanium alloy showed that the magnetic deflection
applied to TIG welding processes causes significant grain refinement. Similarly, Kumar et al. (2008) and Lim et al.
(2010) also reported the increase in the grain refinement when magnetic deflection was used and, thus, the increase in
mechanical strength in alloys under investigation.

Other researchers used this technique to study the geometry of the weld bead. Kang and Na (2003) applied the
transversal magnetic deflection to MIG/MAG narrow gap welding and they obtained good uniformity and penetration in
both sides of the groove. Bracarense and Soares (2010) and Soares (2010) investigated the magnetic deflection in low
carbon steel by the MIG/MAG process in root passes. They obtained more control of welding pool and root
reinforcement, more metal transfer process stability and low weld spatter.

Numerical simulation has been an alternative to investigate in detail the effects of the arc deflection on the heat input
distribution of the welding plate, since the increase in the computer capacity has made it quick and inexpensive in the
last years. The finite element method (FEM) has been widely used to deal with welding process problems which involve
thermal, metallurgical and mechanical phenomena.

Nowadays, there are models to represent the heat input distribution in the welding when the torch is perpendicular to
the plate planes (Hu et al., 2006), but there are few proposals for cases with arc deflection, such as those presented in
magnetic weaving. Hongyuan et al. (2005), for example, developed a numerical model of heat input source applied to
cases in which magnetic arc deflection is caused by the magnetic interaction in twin wire GMAW welding. In this
numerical model, the magnetic arc deflection is caused by the torch inclination in relation to the welding plane by
employing a double ellipsoid heat source model.

The aim of this study is to develop and validate a heat input source model to simulate the magnetic arc deflection in a
weld bead in autogean GTAW process. The welding process in steel plates 3.2-mm thick (SAE 1020) are simulated on
deflected and non-deflected arcs by ANSYS Multiphysics software®. Temperatures at three positions on the backside of
the plates and dimensions of the fusion zone are compared with those obtained experimentally.

2. THERMAL ANALYSIS OF THE WELDING PROCESS
2.1 Governing equation and boundary conditions

The thermal field is governed by the heat conduction equation, given by
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where T is the temperature, k(7) is the thermal conductivity, p(7) is the specific mass, Cp(7) is the specific heat and Oy
is the rate at which energy is generated per unit volume of the medium (in this study, Oy is null).

A phase change with melting and solidification is involved in the welding process. Enthalpy methods are some of
several techniques to deal with this type of problem (Hu and Argyropoulos, 1996). The essential feature of basic
enthalpy methods is that the evolution of the latent heat is accounted for the enthalpy as well as the relation between
enthalpy and temperature. These methods are based on the heat conduction equation expressed in function of the
enthalpy (H) as follows:
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where Qy is intentionally omitted and enthalpy H is the integral of the heat capacity with respect to temperature:
H-= J' p(T)C,(T)dT 3)

The thermodynamic boundary conditions on the external surfaces of the solid comprise heat transfer for convection
and radiation. The heat flow density for convection (q.) in the environment gas or liquid is given by Newton’s heat
transfer law:

q.=h.(T =T;) 4)

where T is the temperature of the external surface, T) is the temperature of gas or liquid and /. is the coefficient of
convective heat transfer. This coefficient depends on the convection conditions on the solid surface, besides the
properties of the surface and the environment.

The heat flow density for radiation g, is governed by the Stefan-Boltzmann law, as follows
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where ¢, is the emissivity of the material surface and o, is the Stefan-Boltzman constant.

2.2 Heat source models

In this study, the heat of the welding arc is modeled by a traveling two-dimensional distribution of a heat source with
a Gaussian distribution. Therefore, the heat flux distribution on the surface of the solid is related to the radial position r
(whose origin is the arc center). The heat flux distribution considering the torch perpendicular to the plates is given by
(Goldak, and Akhlaghi, 2005)

q(r) =q,e 7 (6)

where g(r) is the surface flux at radius r, ¢, =77U1/ 270° 1s the maximum heat flux in the source center, # is the

efficiency coefficient, U is the voltage, / is the current and o is the radial distance from the center. The surface flux is
reduced by 5% when the r = 2.45c and it is practically null when » = 30 (Goldak, and Akhlaghi, 2005).

A new heat source model is necessary to reproduce cases which the arc is deflected. Figure 1 shows a sketch of the
proposal of this study for these cases. The arc inclination (6) displaces the position of the source center and only the
perpendicular component of the heat flux is considered to input into the plates. Therefore, the maximum heat flux in the
source center, in this case, is

q,= (UUI/Z?TO'Z )cosH (7)

Moreover, the radius » is modified according to the side of the point on the plate surface in relation to the source
center. Figure 1 shows, for an x transversal position of the point, the ones that must be considered in the heat source
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equation, x” and x’’, which are positions at left and right sides, respectively, determined by the follow expressions:

x'=xcos@; x" =x/cos0 )
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Figure 1. Sketch of the heat flux into the plates.

Thus, the radius at left and right sides to be used in the heat source are calculated considering these modified
coordinates (Eq. (6)) and given by:

r=J((x)?+2%); =" +2%) ©)
3. CASE STUDY AND MATHEMATICAL MODEL

The case study is an autogean bead-on-plate GTAW process which is carried out at laboratory of research in welding
engineering (LAPES — FURG). The plates are 3.2 mm thick, 200 mm long, 100 mm wide and their material is the SAE
1020 steel. The welding is conducted by using the 6-axis weld robot Motoman HP20D (repeatability = +0,06 mm), with
an welding speed 0.0025 m/s (15 cm/min), and the Power Wave® 455M/STT Advanced Process Welder. The distance
from the contact tip to the plate surface is 6 mm and the argon shielding gas with flow rate of 2.17x10-4 m3/s (13 I/min)
is used. The mean current and voltage are 100 A and 15 V, respectively.

Two experiments are carried out: (b) without arc deflection and (c) with magnetic arc deflection (see Fig. 2).
Temperatures at three points are measured by thermocouples (type K) located at the opposite face of the weld (Fig. 2) at
the middle of the plates in longitudinal direction; one is located at the center line and the others are 5 mm from the
center line. They are attached to the metal plate with the use of a capacitive discharge. The data acquisition
measurement system is the NI9211 model of National Instruments (accuracy < 0.07K) with 3.5 sample/s/ch and
resolution of 24 bits. The transversal section of the fusion zone is obtained by cutting the welded plate which receives a
chemical attack with nital 3% to the macrography analysis.

A solenoid is connected to the torch to induce a magnetic field in the arc and to cause its transversal deflection (Fig.
2a). The deflection direction (right or left sides) and the arc inclination depend on the voltage applied to the solenoid; in
this case, the voltage is 4 V that causes an arc inclination of 25°.
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Figure 2. Sketch of the welding with magnetic deflection (a) and thermocouple positions for non-deflected (b) and
deflected arcs (c).
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Numerical simulations are carried out by using ANSYS Multiphysics®, which solves the transient thermal equation
based on the FEM. Hexahedral elements with eight nodes and surface elements to impose the convection and radiation
conditions are employed. The mapped mesh has 55275 nodes and 43200 elements, as shown in Fig. 3. In the central
region up to 0.015 m from the welding line, to both sides, the element size is 0.001 m while out of this zone, it is
0.002 mm.

Figure 3 — Mapped mesh

The moving Gaussian heat source model is used to impose the heat flux on welding surface. The radial distance from
the center (o= 2.4 mm) and the efficiency (7= 57%) are set, in the validation process, to reach the best temperature
curve adjustment and the fusion zone in relation to the experimental ones. This efficiency is according to the range
studied by Arevalo and Villarinho (2012). Thermal properties of the steel SAE 1020 used in numerical simulations are
temperature dependent. Figure 4 shows the relation between enthalpy (H), thermal conductivity (k) and specific mass
(p) with temperature. Emissivity is & = 0.8 and the coefficient of convective heat transfer is hc = 15 W/m? °C.
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Figure 4. Thermal properties of steel SAE 1020

4. RESULTS

In this Section, numerical results considering deflected and non-deflected arcs are compared with experimental ones.
Images of the electric arc for the two cases are shown in Fig. 5. The distorted shape of the deflected arc shows the
influence of the magnetic field on the behavior of the arc and, consequently, on its heat input into the plate.

Temperature distribution on the plate at three instants along the welding process for non-deflected arc is shown in
Fig. 6. As expected, high temperatures are concentrated around the heat source as it moves. Also, rear zones have
higher temperatures in relation to other zones along the welding.



Figure 5. Electric arc (a) without and (b) with magnetic deflection.

Figure 6. Temperature distribution at three instants along the welding for non-deflected arc: (a) 2.8 s, (b) 12's, (c) 32 s
and (d) 60 s.

Figure 7 shows the thermal cycles of the two cases: (a) non-deflected and (b) deflected arc. For the first case (non-
deflected arc), the temperature at TC2 (in welding center line) is higher than at TC1 and TC3, that are 5 mm far from
the center line, as shown in Fig. 2. Additionally, temperature curves at TC1 and TC3 are very similar, duo to the
expected symmetry of the welding behavior. Moreover, an asymmetry is observed for the second case (deflected arc).
In this case, the temperature on the same side of the arc deflection direction (the left side of the torch — TC3 in Fig. 2) is
higher than that on another side (TC1) and similar to the temperature at the center line (TC2).

In general, numerical results are in good agreement with experimental ones. For the non-deflected case, differences
of temperature peaks are 14%, 9% and 5%, for TC1, TC2 and TC3, respectively, while for the deflected case are 3% for
TC1, 2% for TC2 and 8% for TC3. The slope of the temperature curve after the peak represents the cooling rate, which
is related to the heat transfer of the plate to the environment. In this case, the numerically obtained cooling rates are in
good agreement with the experimental results. This fact leads to the conclusion that boundary conditions, the coefficient
of convection heat transfer and radiation conditions are well represented by the simulations. Temperature curves
obtained numerically and experimentally, for deflected case, are very similar at three positions. These results show the
applicability of the proposal heat source model to the magnetic arc deflection.
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Figure 7. Thermal cycles at TC1, TC2 and TC3 for non-deflected (a) and deflected arcs (b).

Figure 8 shows the weld pool zones numerically and experimentally obtained for non-deflected (a) and deflected arcs
(b). The penetrated depth (1.6 mm) in the non-deflected arc is higher than that in the deflected arc (1.1 mm), while they
have the same bead widths (4.5 mm). The welding pool is practically symmetric for non-deflected arc and there is an
expected asymmetry for the deflected arc.

In general, numerical results reproduce adequately the shapes of the fusion zones. Penetrated depths obtained
numerically are very close to the experimental ones for both cases, with difference of 5% and 6% for non-deflected and
deflected arcs, respectively, while bead widths are larger, with difference of 28% and 10% for non-deflected and
deflected arcs. The asymmetry of the weld pool zone in the deflected arc is captured by the model, as shown in Fig. 7b.

(b)

Figure 8. Weld pools obtained experimentally and numerically for non-deflected (a) and deflected arcs (b).

5. CONCLUSION

This paper described a numerical heat source model to include the effects of arc deflection duo to the presence of a
magnetic field. A modified formulation of the Gaussian heat source distribution model was proposed for numerical
simulations by using ANSYSMultiphysics® and their results were compared to the ones obtained experimentally. A
bead-on-plate GTAW process applied to a SAE 1020 3.2-mm thick steel plate was analyzed. Temperatures at three
different points on the backside of the plate (two out of the center line and one in the center line of welding) showed
that numerical results were close to the experimental ones in both cases: non-deflected and deflected arc. For cases with
deflected arc by the magnetic field, temperatures on the same side of the arc deflection and at the welding center line
were very similar. Weld pools were adequately reproduced by the simulations. The penetrated depths obtained
numerically were very close to the experimental ones for both cases, while the bead widths were larger. The asymmetry
of the weld pool zone in the deflected arc was captured by the model.

This study shows the capacity of the proposal heat source model to deal with welding subjected to the magnetic
deflection and, therefore, this heat source model is able to simulate welding with weaving. However, the calibration of
the Gaussian heat source is restricting duo to its limited degrees of freedom. This disadvantage can be circumvent by
using volumetric heat sources, although the calibration process is more difficult because their greater degrees of
freedom.
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