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Abstract

In this paper we address the question of the influence of cathode tip geometry on the physical quantities
relevant to Tungsten Inert Gas (TIG) arc welding. Although cathode geometry is known to influence arc-
plasmas, a thorough quantification of the Lorentz phenomenon, which is the dominant source of momentum
in the fluid flow of TIG arcs has not been strongly investigated. Therefore, we have performed a numerical
parametric study at a constant inlet electric current and arc height, for different cathode sizes and shapes
(pointed, chamfered and rounded tips), parameterised by the truncation angle and tip radius. To this end,
we developed a coupled steady-state magneto-hydrodynamic finite element model in a 2D axi-symmetric
configuration, implemented in the Castz=M toolbox. The paper characterises, quantifies and analyses the
influence of tip geometry on TIG arcs and the workpiece. The model reveals that tip size and truncation
angle similarly influence the magnitude of the transported quantities of the arcs. We find that the imparted
momentum and transferred heat flux to the workpiece vary about 4 and 2-fold between the bluntest and
sharpest cathodes, respectively. This signifies the importance of the choice of cathode tips in numerical TIG
welding simulations. Agreement between the literature and the current work is analysed and discussed and

the importance of coupling the cathode and arc domains is highlighted.

Keywords: TIG Spot welding, electric arc, magneto-hydrodynamic flow, cathode tip geometry, parametric

study.



Nomenclature

Symbol

Definition SI Unit
truncation angle degrees
edge angle degrees
truncation radius m
height m
volume domain m?3
domain interface m?
length of modified conductivity m
clectric conductivity S-m™!
electric potential \Y
magnetic flux density T
magnetic permeability A-m~2
electric current density A-m~?
density kg-m™3
dynamic viscosity kgm~!.s!
fluid flow velocity m-s~!
fluid pressure Pa
identity tensor

Lorentz force N-m~3
viscous shear stress Pa
integrated force

thermal conductivity W-m—K™!
temperature field K
volume or surface heat source W-m~[
specific heat Jkg TK!
plasma emissivity W-m=3
emissivity coefficient

heat flux density W-m~2
integrated heat flux W

Stefan-Boltzmann constant W-m—2.K 4
unit normal vector

work function \Y%
Bolzmann constant J-m~!
ionization potential A%
total imposed electric current A
stress tensor Pa
mesh

number of iterations

minimum increment K or m-s™!

arbitrary function for given mesh
Peclet number

thermal diffusivity m?.s7!
characteristic arc length m
Gaussian function

Gaussian width m
Weibull function

Weibull scale m
Weibull shape

integrated power W

process efficiency

Abbreviations
TIG Tungsten Inert Gas
PNT pointed
CHF chamfered
RND rounded
CPI cathode-plasma interface
APT anode-plasma interface
LDUt lower diagonal upper threshold



1 Introduction

Tungsten inert gas (TIG) arc welding is a widespread technique used to join metallic pieces together. Direct
current (DC) arcs are used to generate heat at high temperatures, allowing for the melting of the welding zone
of the workpiece. The numerical modelling of such arcs has been of interest in recent years due to increasing
computational power [25]. The study and modelling of TIG DC arcs is important as it allows the researcher to
better understand the dynamic and thermal effects of the arc onto the weld pool of the workpiece. This motivates
the nonlinear magneto-hydrodynamic finite element model used in this work, as adapted from Brochard’s work
[4]. A welding engineer is typically interested in the effectiveness of the cathode and arc at transporting heat to
the work-piece. The arc stress forces on the anode are also of interest, because they can dynamically force the
shape of the weld pool [26, 34]. The interaction of the arc and the weld pool is out of the scope of this work;
however we present the interaction between the arc and the solid work piece. As arcs are powered by electric
currents, a change in the input current density affects the arc behavior. Current density manifests through the
emission zones (spots) of the cathode of an arc [1], therefore a change in spot area becomes a change in current
density. The electron emission zone at a cathode can be the most influential boundary condition as it is the
source of momentum for the arc [13, 8]. A TIG arc is thus sensitive to the variations in cathode shape [7]. The
sensitivity of these arcs to cathode truncation angle has been studied both experimentally and numerically by
multiple authors [11, 12, 29, 23, 27, 24]. Moreover, disagreement between numerical and experimental results
(see Lago, Goodarzi, Tsai, Sadek [21, 11, 35, 29]) motivate a more careful analysis of the effect of cathode
geometry onto TIG arcs. For example, Tsai [35] shows, experimentally, that convective heat transfer to the
work piece increases as cathode truncation angle decreases, and that is not evident in the numerical results of
Goodarzi [11]. Furthermore, not many numerical investigations into the effect of cathode tip size and shape,
which can have strong effects on the arc [29], have been performed, as authors generally choose arbitrary pointed
and chamfered tip shapes (see [11, 3]); thus motivating this work.

The plasmas of TIG arcs are hypothesized to be at local thermodynamic equilibrium (LTE), however their
colder edges (particularly the electrode boundaries) deviate from LTE [10]. Moreover, due to the complexity
of emission phenomena at cathode-plasma and anode-plasma interfaces (CPI, API), different approaches have
been used when approximating current transport across or from the CPI. Authors like Hsu, Goodarzi, Alvarez
impose cathode spots as boundary conditions (without incorporating a cathode into the computational domain),
using experimentally estimated current densities [13, 11, 8]. Others use multi-species, non-LTE models to
calculate current densities being emitted at the CPI [22, 30]. However, if computational simplicity is warranted,
modelling the electrode sheaths, at the CPI and API, using equivalent source terms is possible. This 'LTE
diffusion approximation’ method [22] requires that the electrode sheaths have plasma-equivalent conductivities
as calculated just outside the sheath zones.

This paper presents a parametric study, varying the the cathode tip geometry, the truncation angle and
radius, quantifying the impact of cathode tips on the interaction of the arc with the workpiece. It aims to
underline the influence of cathode geometry onto the "global welding performance", that highlights the induced
magnetic pinching effects. The physical model used in the present work is based on the TIG arc model from
Brochard [4], supplemented with the LTE diffusion approximation’ method [22].

The parametric study underlines the importance of considering the cathode in the computational domain to
reliably account for the magnetic pinching induced by the tip of the cathode. A characterisation, quantification
and analysis of the influence of tip geometry on TIG arcs and the workpiece is undertaken. This reveals that tip
size and truncation angle similarly influence the magnitude of the transported quantities of the arcs. Moreover,
the imparted momentum and transferred heat flux to the workpiece vary about 4 and 2-fold between the bluntest
and sharpest cathodes, respectively. Agreement between the literature and the current work is analysed and
discussed and the importance of coupling the cathode and arc domains is highlighted.

The paper begins by presenting the geometric model and its parameterisation in section 2, then the governing



equations in section 3 along with the algorithm and the meshes used in section 4 and finally the results and

conclusions in sections 5 and 6.

2 Geometric model

In this section, the problem geometry for a TIG spot configuration and its parameterisation is presented,
assuming a rotational symmetry, as sketched in figure 1. The model accounts for a cathode, arc plasma and
anode, in which both electrodes are assumed to remain in their solid state to highlight the behaviour of the arc
plasma as a function of only the cathode geometry. The arc height is set to a constant value of 10 mm throughout
the study. The parametric study is concerned with the effect of the variation of the cathode geometry at its tip.
The considered shapes are a pointed cathode (PNT), a chamfered one (CHF) and a rounded (RND) one. The
cathode is modelled as a solid thoriated tungsten (2% Th), the arc as an argon plasma and finally the anode as
a solid copper piece. The geometry of the cathode is parameterised between the segments [AZ], [ZG], [GF], with
a tip truncation angle « and a radius r;,; at the tip. The range of the parameters are: « = [15°, 20°, 25° ;30°]
and r;p; = [0.15 mm, 0.3 mm, 0.6 mm]|. Figure 1, b) presents a superimposition of the three considered cathode
shapes. The axis of symmetry in figure 1 a) and b) is indicated by the dashed lines with dots.

The parameterisation of the geometry yields a total of 28 cases for the present parametric study. The widths
and heights of the computational subdomains Qcqs, Qpie and gy, are kept constant throughout the study. The

geometric parameters of the cathode are presented as follows (cf. figure 1):

heat1 + heatz = 10 mm 74, = [0.15 mm, 0.3 mm, 0.6 mm] « = [15°, 20°, 25°, 30°] B =90 -«
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Figure 1: Sketches of the geometric parametric study. a) The computational domain. b) A close-up view of the
three considered cathode shapes, superimposed.



3 Governing equations

This section presents the equations of our model as well as their respective boundary conditions. The temper-
ature dependent physical properties of the cathode, plasma and anode are also presented. The model accounts
for heat transfer, electromagnetic and hydrodynamic phenomena, under LTE assumptions, in the whole do-
main Qo = Qear U Qpra U Qano. The fluid flow in the arc plasma is assumed to be laminar and couples the
electric and magnetostatic equations to the hydrodynamic and heat transfer equations at steady state, as done
by Brochard [4]. The volumic radiative energy loss in the arc is accounted for by using experimental emission
values, following the work of Lago et al. [21].

The arc height of the configuration has been chosen such that the electrical effects at the plasma-anode
interface become invariant with respect to the studied cathode geometries. This is due to the high electrical
resistance of the 10 mm arc and this is discussed in subsection 5.2.1. Concerning the anode, a simple, purely
conductive model has been considered for the purpose of performing numerous parametric studies at affordable
computational cost. Furthermore, the high thermal and electrical conductivies of copper ensure that for a low
anode thickness, the diffusive behaviour of both the thermal and electrical fields is significant [2, 15]. After
preliminary testing, a thickness of 5 mm for the related anode thermo-electric model is chosen because it ensures

the strong diffusivity of the solid copper anode.

3.1 Electromagnetic model

3.1.1 The electrode sheaths

The modelling of the electrode sheaths at the CPI and API would require non-LTE phenomena to differentiate
between ionic and electronic transfers [22]. However, following the approach developed by Lowke et al. [22] one
can model in a simplified manner these subtle effects, thanks to the one-species, one-temperature approach in
which one defines a modified electrical conductivity value in the vicinity of the cathode and anode boundaries.
In the cathode region, this modified conductivity is taken at the value of the plasma at a 6l.e¢ = 0.1 mm
Fuclidean distance from the CPI. Similarly, in the anode region, the modified conductivity value is assigned
to the value at a dl,,, = 0.4 mm Euclidean distance from the API. Furthermore, one introduces source terms
in the energy equation at both the CPI and the API, as presented in section 3.2.2, to account, in a simplified

manner, for the electronic heat sources.

3.1.2 Electro-magneto-static equations

The equation used to solve our electrostatic model for the voltage variable ¢ across the entire domain is as seen

below, where the electrical conductivity ¢* is a function of temperature:
—V-0*V¢=0 (4)
The set of equations to solve for the magnetic density flux variable B across the entire domain are:

VAB = wj ; j=-0"Vo¢ (5)
V-B = 0 (6)

where o = 47.107"H-m~"' is the magnetic permeability value in vacuum and j is the current density in

A-m™2. Due to rotational symmetry in our model, only the azimuthal component of B exists.



3.2 Dilatational fluid flow model in the arc-plasma

3.2.1 Mass and momentum equation

The dilatational Navier-Stokes equations are presented below, where the fluid flow is assumed to be in a low
Mach number regime [4], so mass density p and dynamic viscosity p vary only with temperature. The set of

equations to solve for the unknown velocity w and pressure p fields in €}, is:

(Vu)-pu = —-Vp+V-pu (Vu—l—Vtu— ;(Vu)]l) + fror (7)
0

pV-u+u-Vp (8)

where the momentum diffusion term is made up of the shear viscous tensor (Vu + Vtu) and the dilatational

viscous tensor (—2 (V- w)l). The Lorentz force, fi,,, is modelled as a momentum source term:
Jrw=iNB=—0"VoAB

Furthermore, it is assumed that buoyancy is negligible in the fluid flow of the plasma, as compared to the

Lorentz force and the dilatational effects. Therefore, it is not accounted for in the present model.

3.2.2 Heat transfer equations

The equations to solve for the temperature variable 7" are as [ollows:

0

V- /\VT + SJoule in Qcat,ano (93')
V- AVT + SJoule — SRay,pla in Qpla (gb)

pepu-VT

where the thermal conductivity A, the mass density p and specific heat capacity c, are functions of temperature.
Equation (9a) models the diffusive heat transfer in the solid cathode and anode domains. On the other hand,
equation (9b) models the heat transfer in the arc plasma domain. Furthermore, the volumic source terms are

present due to the Joule effect in the entire system along with the emissive volumic radiation term in Qpa:

SJoule = U*v(/) : v(/)
SRay,pla — dme, YV o€y = f(T)

and the plasma emissivity function €, is plotted in the appendix A.1, in figure 16, j). Due to the thermo-electric

phenomena found on the CPI and API, we add the following interfacial conditions:

Gecat — Qpla—cat = SNeu — SEmi — SRay,cat along T'cpr (11)

Gano — Qpla—ano = SAbs — SRay,ano along l—‘API (12)

where qpiq—cats Gpia—ano are the heat conducted from the plasma to its respective adjacent domain (cathode or
anode, respectively); and qeat, Gano the net heat into the respective adjacent domain (cathode, anode), where
q = q-n. The heat flux q is defined by Fourier’s law ¢ = —AVT. The source terms at the interfaces are present
due to electronic absorption at the API s 455, Stefan—-Boltzmann type radiation spey, ionic neutralisation sney

and thermionic emission sg,,; at the CPI:

. _ 4 . .
SAbs = ]APIWan() SRay,I’ = €UBTI‘ SNeu = ]I(mVi SEmi = Je— Wcat

where op is the Stefan-Boltzmann constant: op = 5.6704 x 1078 W-m™2.K~* and jap; = 0*V¢ - naps.

Wanos €, Vi, Wear are the workpiece work function, emissivity, ionization potential and the cathode effective



work function. Their values are given in table 6 in appendix A.1. The current densities for the energy balance

equation at the cathodic sheath are based on the following equations:

Je- = joprr— jion Jion = max(jcpr — jrp,0)
, ~Wet cat ‘ Jd¢

= A, T?cx <;m> cpr = 0 o——
JRD r p kpT J a7740,abt—pla

3.3 Boundary conditions

The imposed boundary conditions for the partial differential equations used in this study are presented in table
1, where the boundary conditions are gathered relative to the equations to which they apply. The segments

where the boundary conditions are imposed are based on the schematic presented in figure 1. where, the applied

Electric

=0 11T

—oV¢-n=0 [EA] U[AB] U [BH] U [IC] U [CD] U [DF]
—oV¢-n= jimp [EF]

Heat transfer

T = 1000K [EF] U [FD] U [CT] U [TH]
—AVT -n=0 [EA] U [AB] U [BH] U [DC]
Magnetic

B=0 [EA] U [AB] U [BH]
Momentum

u-7=0 [AB] U [BC]

u-2=0 [BC] U [CD]
(c-n)-7=0 [FD] U [CD]
(0-m)-2=0 [FD] U [AB]

Table 1: Applied boundary conditions (cf. figure 1).

inlet electric current Jin, at segment [EF] is imposed in the following manner:

. . . I n
/ Jimp * dl'gr = Iimp with Iimp =200A — Jimp = FH Lap n
(EF] EF

and where the electric problem is approached as a fixed current circuit (at 200 A), from which the voltage
is calculated. Regarding the thermal boundary conditions, the zero diffusive flux condition is used to apply
both a symmetry condition along boundary [I2II] and an exit condition along boundary [DC]. The imposed
temperature is chosen based on that used by different authors [13, 11]. Finally, the stress tensor o is classically
defined as o = =PI+ p (Vu + V'u — 2V- ul).

3.4 DMaterial properties

The thermophysical and electric properties of the solid tungsten cathode, the argon plasma and the solid copper
anode are assumed to depend only on temperature. The thermophysical properties (p, p1, A and ¢p) and the
electrical one (0*) are drawn from Brochard’s PhD [4], and reported in appendix A.1 for self-consistency of the

present paper.



4 Numerical model

4.1 Finite element approximations

The finite element method discretises in space the steady state, coupled electromagnetic, heat transfer and
dilatational fluid flow equations (presented in sections 3.1, 3.2 and 3.3). The weak variational forms of the
equations discussed in section 3 are found in the appendix of Brochard’s work [4]. Bi-quadratic finite element
approximations (9 node Lagrange finite elements) are used for the discretization of the primary field variables
of the problem (¢, B, uw and T), meanwhile, piece-wise, discontinuous but bi-linear approximations are used
for the pressure field P. Furthermore, all the temperature dependent physical parameters (o, A, etc...) were
discretized linearly, continous at interfaces, on each of the elements of the mesh. Our discretization schemes are
Ladyzhenskaya-Babuska-Brezzi stable [20] and the Streamline Upwind Petrov-Galerkin method [14] is used for
the advective terms found in both the momentum and heat equations. The voltage, temperature and velocity
fields are calculated incrementally using the Galerkin method, while the magnetic field is calculated using the
Least-Squares Finite Element Method [16] that requires the minimization of a power density per unit charge

functional.

4.2 Meshes

Three meshes have been generated for each case, a coarse, intermediate and fine denoted as My, My and Mg,
respectively (cf. figure 2 that presents M; and My of the PNT « = 15° case). Our unstructured meshes
are built with both triangular and quadrilateral elements, having 7 and 9 nodes each, respectively. The high
clement density zones in the meshes are generated in regions where high gradients are expected, namely close
to the cathode tip, symmetry axis and the API. Table 2 shows the number of elements used for each of the
three meshes studied in this article. The number of elements of the three meshes are approximately the same,
except for the sharpest cathode geometry, the PNT o = 15° case.

RREIRERR
BRI

NARALEXRAR A

Figure 2: The meshes for the PNT « = 15° case. a) M;: coarsest mesh with 15,487 elements b) M3j: finest
mesh with 42,089 elements. The red, green and blue zones represent the meshes of the cathode, arc-plasma
and anode, respectively.

4.3 Solution strategy

The numerical model involves the non-linear solution between the electromagnetic, heat transfer and fluid flow
equations. The non-linearities arise from the advective terms in the energy and momentum equations, radiative

losses, temperature dependent physical parameters and electronic source terms at the interfaces. To handle this



PNT PNT CIIF, all riny | RND, all 74
150 200 < o < 30° | 15° < e < 30° | 15° < v < 30°

M, |[ = 15,487 | ~ 4,000 ~ 3,500 ~ 3,500

Mo || = 22,786 | ~ 7,000 ~ 7,000 ~ 7,000

M; || = 42,080 | ~ 13,500 ~ 14,000 ~ 14,000

Table 2: The approximate number of elements of the 3 meshes used for all studied cases.

problem numerically, a segregated solution algorithm is used to compute the unknowns incrementally (Newton-
like), as depicted in the algorithm schematic (cf. algorithm 1). This algorithm is implemented in the CastaM
modelling toolbox [5] and the linear algebraic systems resulting from the spatial discretisation are solved using

the direct solver based on the LDUt factorisation implemented in the CastzM toolbox [5]. The algorithm is

run until the convergence criteria in table 3 are met.

Global Energy equation | Momentum equation
Max. number of iterations | ngion, = 10 to 500 | np =1 to 5 Ny = 1 to 2
Min. increment Not applicable er = 102K fu = 102 m-s !
Relaxation factor Not applicable wr=04to1 wy =04t01

Table 3: The non-linear parameters of the algorithm. Refer to algorithm 1 details.

Algorithm 1 Non-linear solution algorithm

Initial conditions
(¢7 Ba u,p, T)O ) iglnb =0
Non-linear global iteration loop
do

iglob < Z-glob +1

Modified electrical conductivity calculation o* (section 3.1.1)

Electrostatic problem

Calculation of the increment of the electric potential d¢
Updating the electric potential gelod = glaleb—1 1 §¢

Magnetostatic problem

Calculation of the increment of the magnetic field é B
Updating the magnetic field B> = Biev—1 L 5B

Momentum equations
iy =0
do

Ty — Iy + 1

Calculation of the pressure-velocity increment (du, dp)

Updating with a relaxation factor (u, )" = (u, )" " + wy (du, op)

until iy, > n,, or ||du|| < &,
Fnergy equation
ir =0
do
i — i+ 1

Calculation of the temperature increment §7'
Updating with a relaxation factor Tt = Tliob=1 4 (08T

until iy > ny or ||6T|| < ep
Global convergence criteria

until igion > nglop and (|7 — Tieer=1| < e and [[ulser

_ uiglob_IH < eu)

10




5 Results and analysis

In this section the results of the parametric study and their analysis for an arc height of 10 mm and a input
electric current of 200 A are presented. First we address the estimation of the numerical spatial error, using
equation 13. Then we discuss from a physical point of view, the obtained results (influence of electric intensity
on transported quantites, arc pressure and shear, heat ﬁux).

Spatial error estimation

A formal discussion on spatial error is out of the scope of the present study, owing to the use of unstructured
meshes [28]. However, we have estimated the spatial discretisation error thanks to 13:

relative difference = <1 - fi) - 100 (13)

M

that takes into account the field values faq, and faq, at the mesh nodes of meshes My and M3, respectively.
Starting from M, we refined the meshes until the main primal variables of our model (¢, T, w) dropped their
relative difference values to < 10%, reaching Ms. As the velocity field is the most mesh sensitive quantity, it is
plotted in figure 3 along the symmetry axis for the various meshes and three different geometric configurations.

One can observe a satisfactory convergence of the results when refining the mesh from M; to Msj.

650

--¥-- PNT1_15

585 __a-- PNT2_15
--6-- PNT3_15

- -y RND1_15_0.15
---f--- RND2_15_0.15

“iio-:- RND3_15_0.15
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455 | -
—v— CHF1_30_0.6

390 —=A— CHF2_30_0.6
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A D WL

65 |

oo

.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
z (m) x1072

Figure 3: Velocity profiles for the three meshes considered and various cathode shapes. Legend: the first number
indicates mesh number, the second one the truncation angle (in degrees) and the third one the tip radius [mm].
The axis origin is at the APIL

Physical discussion

In this parametric study aims the magnetic pinching effects induced by the studied geometries of the cathode
tip are highlighted. The cathode, arc plasma and the anode are all taken into account in the present model.
However, both electrodes are assumed to remain in their solid state. The simplified electric model at the
electrode-plasma interfaces allows for a reduction of the computational cost, meanwhile achieving a satisfactory
physical representativity. This enables us to account for the geometric effects of the cathode onto the induced
electric current density. The arc height of the configuration has been chosen such that the electrical effects
at the APT become invariant with respect to the studied cathode geometries. Furthermore, to achieve a good

trade-off between an acceptable physical representativity and an affordable computational cost, we have used

11



a purely conductive model in the anode. This aims to model the thermal and electrical sinks in a very cheap

way. However this modelling choice infers that any reference to the thermal field in the anode is unrealistic.

5.1 Influence of cathode shape on arc behaviour

The Lorentz force fi,, is the leading momentum source term in TIG arcs [4, 13, 32|, so any modification to
this force translates into the behaviour of the arc. The geometry of the cathode tips strongly influences the
current density at the CPI, as shown in figure 4, which presents the electric current density j.p; along the
curvilinear abscissa at the CPI. The sharper the cathode tip, the more intense the current density profile near
the tip, with the maximum current density value rising more than one order of magnitude as compared to the

other cases. The different current densities along the CPI result in strongly different Lorentz f[orce fields in the

x10?

—— PNT_15
.8l RND_15_0.15
,,,,,,,,,, CHF_15_0.15

i (a.m?)

.0
0.0 1.5 3. 4.5 6. 7.5 9.1.05 1.2 1.35 1.5
s (m) x1074

Figure 4: The calculated jopr for the 3 sharpest cathode cases vs. the curvilinear abscissa along the CPI, where
the origin is placed at the tip. The legend lists the geometry type, truncation angle and tip radius, respectively.

arc, as displayed in the top row of figure 5. The computed norm of the Lorentz force is mapped in the vicinity
of the cathode tip for the PNT « = 15° and the RND o = 20°, r;,; = 0.6 mm cases. For the pointed case (cf.
figure 5 top left), the Lorentz force is more than one order of magnitude higher than that of the rounded case
(cf. figure 5 top right). Furthermore, the volume on which the intense Lorentz force acts on the arc is also much
higher for the pointed case. This change in the Lorentz force accordingly influences the velocity field magnitude
in the arc-plasma as is seen in the lower row of figure 5. In fact, the magnitude of the velocity field rises 2.8
times from the rounded to the pointed cases presented. This results from the intense magnetic pinching effect
of the arc at the sharply pointed tip, which leads to a stronger acceleration of the arc in the direct vicinity of
the cathode tip. Therefore, the sharper the cathode tip, the higher the constriction of the arc due to increasing
Lorentz forces. These effects translate into higher transported heat flux values and imparted stresses at the

anode.
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Figure 5: Contour plots of norms of Lorentz force (top row) and velocity field (bottom row) around two different
cathode tips. PNT a = 15° (left column) and RND a = 20°, r;,; = 0.6 mm (right column) are presented.
Lorentz force scale is in [N-m~3] and velocity field in [m-s~1].

We note that the considered pointed cathode configurations are ideal geometries and are physically unrealis-
tic. This is due to geometrical singularities at the tip [15], and this results in temperatures beyond the melting
point of tungsten (Tmeiting = 3680 K) in its vicinity. This is represented in figure 6 where the temperature

profiles at the cathode symmetry axis for the sharpest and bluntest cathodes are plotted. However, although the

8000

PNT_ANG=15
77777 RND_ANG=30_R=0. §
rrrrrrrrr CHF_ANG=30_R=0.§

7000 |
6000 |
€ 5000|.
4000 |\
so000[

20001

1000 1 N i S
0.0 0.2 0.4 0.6 0.8 1.0 1.2

z (m) x10™2

Figure 6: Temperature profiles at the cathode symmetry axis. Graph origin is at the cathode tip.

pointed cathodes are physically unrealistic, they correspond to an extreme geometric limit of cathode shapes.
Being the upper limit of cathode sharpness, the pointed cases set the bound on the behaviour of the imple-
mented physical model; while the bluntest chamfered and rounded cases set the lower bound. Thus, studying
the physical model at the geometric extremes, the behaviour of the model at any intermediate cathode geometry

can be understood.
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5.2 Influence of the cathode shape at the plasma-anode interface

To better understand the underlying mechanisms at play in this parametric study, we discuss how the heat flux
and mechanical stresses act at the API. Three heat transfer modes make up the total heat transferred to the
anode at the API, and they are made up of a diffusion, radiation and an electronic absorption term. Their

computed profiles along the radial direction at the API are presented in figure 7.
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Figure 7: Heat transfer modes at the API for the RND a = 30°, 7;,; = 0.6 mm case. Negative values represent
the heat flux leaving the anode, and the positive one, entering it.

Integrating the corresponding fluxes over the API, the radiated heat power is about 65 W while both the
heat powers by electronic absorption and the conducted heat from the plasma are of the order of 10 W.
These trends are found for all studied cases and not just for the presented case. This implies that only the
electronic absorption and conducted heat terms play a dominant role in contributing to the heat flow at the
API. Therefore, the total heat flow absorbed by the anode is dominated by both the electronic absorption
and conducted heat terms. The electronic absorption term, being directly proportional to the electric current
density at the API, varies proportionally to the j4pr profile. Furthermore, because the conducted heat at the
API is influenced by the advection of heat in the arc, it increases as the advection in the arc rises. This is due to
the large Peclet number in the arc, (Pe ~ 102) as estimated for the studied cases (Pe = LU/ayg, for Ly, = 10
mm, U ~ 102 ms™!, ag ~ 107 m?:s71). Consequently, a rise in the Peclet number of the arc increases the

integrated conducted heat from the plasma to the anode, as is presented in figure 8.
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Figure 8: Heat flux transferred to workpiece across the API versus maximum Peclet number in the arc. The
color key groups cathodes of same angle, while the marker key groups cathode shape and tip size.

The rise in conducted heat as a function of arc Peclet number is essentially a rise in the transported heat of

the arc as a function of cathode tip sharpness.

In the following subsection, we have quantified the influence of the cathode geometry on to the physical

quantities of interest at the API (arc pressure, arc shear stress and the total heat flux to the anode).

5.2.1 Transported quantities at the plasma-anode interface

The impact of the variability in the Lorentz forcing of the flow is directly seen in the arc velocity profiles, where
the velocity fields get stronger as the cathode tips get sharper. The direct influence of cathode sharpness on
arc velocity is presented in figure 9, where the maximum arc velocities are plotted as functions of truncation
angle and tip size. This significant rise in maximum arc velocity with tip sharpness significantly influences the

pressure, shear and heat flux profiles of the arc at the API.
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Figure 9: Maximum arc velocity versus truncation angle (in degrees) and tip type.
To quantify the variability in the stresses and heat flux profiles at the API, two analytical functions are used

to simplify the discussion. The functions are fit to the profiles of interest at the API similarly to Alvarez et al.

[8]. However, we use simpler (less parameters) analytical fits, motivated by the work in [18; 19, 26]. The heat
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flux quno and the pressure P at the APIT are fitted with the following Gaussian distribution:

2

9(7) = Gmaz €Xp (ﬁ) (14)

The shear stress 7 at the API is fitted with a scaled Weibull distribution as follows:

W(r) = Wnas {AL (%) } e {% - (ﬁ)’“} (15)

The functions are fit by centering them at the maximum values of the profiles ¢maz, Pmazs Tmar and by con-
straining the integrals of the fitting functions to the integral heat and force values. The widths of the numerical
profiles are quantified using the variance o, of equation 14 and the scale A, of equation 15. The shape parameter
k of equation 15 dictates the shape of the Weibull distribution.

The variability in the magnetic pinching effect as a function of tip sharpness translates to significant variabil-
ity in the transported arc quantities at the API. Between the bluntest and the sharpest cathodes, the maximum
pressure Pp,q, and shear stress 7,4, at the API increases ~ 3.5 and & 4-fold, respectively, while the maximum
heat flux @¢mq, increases ~ 1.7-fold. Morcover, as the maxima rise with respect to tip sharpness, the widths
of the pressure, shear and heat flux profiles consequently drop. The widths op, A; of the pressure and shear
profiles at the API drop = 1.6-fold, while the widths o, of the heat flux profiles drop ~ 1.3-fold between the
bluntest and sharpest cathode tip. As the stress profiles intensify with cathode tip sharpness, the total imparted
integrated pressure and shear forces increase ~ 1.5-fold and ~ 1.8-fold respectively. The total heat flux into
the anode increases ~ 1.2-fold. These trends are visualized in figure 10. The numerical profiles and the fitted
functions to the normalized pressure, shear stress and heat flux variables are presented for the PNT o = 15°
and the CHF « = 30° 7;,; = 0.6 mm cases in figures 10 a), b) and ¢), respectively. The integrated pressure
and shear forces are plotted in figures 10 d), e) and the integrated heat flux into the anode in f). The maxima
and the fitted widths of the pressure, shear and heat flux values of all the simulated cases in this study are
presented in figure 11. Figures 11 a) and b) present the maxima and Gaussian variance of the fitted pressure
profiles; figures 11 ¢) and d) the maxima and Weibullian scale of the fitted shear profiles; figures 11 e) and f) the
maxima and Gaussian variance of the fitted heat flux profiles respectively, of all simulated cases in this study.
The shape parameter k is approximately constant for all Weibull distributions fitted to the shear profiles, with
k~14.

16



1.0 T T T T 1.0 T T T T T T 1.6 T T T T T
—  PNT_15
- PNT_15 1.4 B
o. 1l 0.8 1
1.2} 1
1 o.s 4. 1.0 1
£ 5 L] \, —— PNT_15
5 E ,g 0.8 PNT_15
< g & 1
a 1S o0.a 1o
0.6 1
—— CHF_30_0.6 4 0 —— CHF_30_0.6 4 0.4 —— CHF_30_0.6 1
rrrrrrr CHF_30_0.6 CHF_30_0.6 5 - CHF_30_0.6
0.2] 1
0.0l 1 o ]
0.0l 1
-0.2 | . . . -0.2 . . . . . . -0.2 . . . . .
0 5 10 15 20 25 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12
z/c /A /o
a) b) c)
-2 -3
x10 x10 2300
1.05 7.0
—=— PNT Omm
¥ —ENT Omm 2250 v\ —+—RND 0.15mm
1.00 6.5
0.95 2200
6.0
_ 0.0 s E 2150
g g o
2, 0-85 - g
2100
[ B0 o
0.80
2050
4.5
0.75
2000
0.70 4.0
1950
0.65 3.5 14 16 18 20 22 24 26 28 30
14 16 18 20 22 24 26 28 30 14 16 18 20 22 24 26 28 30 .
Truncation Angle
Truncation Angle Truncation Angle
d) e) )

Figure 10: a) Normalized Gaussian fits and pressure profiles; b) normalized Weibull and shear stress profiles; c)
normalized Gaussian fits and heat flux profiles for PNT o = 15° and CHF « = 30°, r;,; = 0.6 mm cases. Black
solid lines and red dashed lines indicate the fits calculated profiles, respectively. Axes are non-dimensionalized
w.r.t PNT o = 15° case. d) The integrated pressure force; e) the integrated viscous shear force; f) the integrated
heat flux versus cathode geometry.

The variability of the electric current density profile japr at the API is calculated to be weak for a 10 mm
arc. The japr profiles across different cases is negligible where the maximum current densitiy jmq. and the

fitted Gaussian widths o; are seen below:

2.85 x 10° < fimar <311 x 10° [A-m™? (16)
320 < o0; < 334 [mm] (17)

The sharper the geometry of the cathode tip, the more energy and momentum is transported by the arc from the
cathode to the anode. These trends are captured by our model because the cathode is included in the calculation
domain. Thus the geometry of a cathode requires attention when setting up a TIG welding configuration for

simulation.
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Figure 11: a) Maxima of pressure profiles; b) Gaussian variances of fitted pressure profiles; ¢) maxima of shear
profiles; d) Weibull scales of fitted shear profiles; e) maxima of heat flux profiles; f) Gaussian variances of fitted
heat flux profiles versus truncation angle (degrees) and tip type.

5.2.2 Analysis of the results

This study assumes a solid anode so as to isolate the effects of cathode tip geometry onto TIG arcs. The use of
a solid anode maintains a constant arc height unlike in actual welding conditions which leads to a deformable
melt pool in the anode domain [26]. By solely increasing the sharpness of a cathode tip, the momentum and
heat transported by a TIG arc increases. Referring to the figures 10 and 11 we note that the maximum stresses
and the heat fluxes at the APT increase roughly 4 and 1.7 times, respectively, from the bluntest to the sharpest
cathode tips. This variability is significant and important to capture in TIG welding simulations, as is already
reported in the literature on experimental observations [17, 31, 24, 29, 35]. Therefore, when setting up numerical
simulations, one should pay attention when accounting for cathode shape in the model. Indeed, it appears that

in some early numerical studies the sensitivity of the momentum and mass equations to the magnetic pinching
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effect is overlooked [13, 11, 3]. With the Lorentz force being the main source of momentum in the arc-plasma,
any variation in this force translates into a variation in the velocity field, as is presented in figure 9. Furthermore,
the variability of the Lorentz force is directly due to its sensitivity to the electric current density in the vicinity
of the cathode tip. From figure 4, we note the sensitivity of the electric current density to the geometry at the
cathode tip. This sensitivity is captured by the explicit inclusion of the cathode into the calculation domain.
The sensitivity is due to the Vé|r,,, term that increases in intensity as the tip geometry gets sharper [9, 15].
For the considered arc-plasma of a 10 mm height and 200 A inlet current, the calculated variability in the
heat flux transported to the API is dictated by the variability in the conducted heat term gpiq—qno. This is
because the variability in the electronic absorption term s4;s at the API is negligible due to the arc becoming
relatively insensitive to the voltage field near the anode. This insensitivity implies that the electric current
density once it reaches the API becomes roughly constant, as shown in the inequalities (16) and (17). The
calculated conducted heat flux gpiq—ano varies with the sharpness of the cathode tip due to its dependence on
the advected heat of the arc. Referring to figure 8, it turns out that the transferred heat flux to the anode
depends on the Peclet in a quasi-linear way. Therefore, the magnitude of the arc velocity, which depends on
the Lorentz force and consequently on the cathode geometry, strongly influences the heat flux at the API.
Although variability is calculated in the transported quantities across most studied cases, negligible variation
is seen between simulations of the CHF and RND type; as is observed in figures 8, 9, 10, 11, where their results
overlap. However, although the electric current density locally differs between the CHEF and RND (cf. figure 4)
this localized difference does not dominate the entirety of the profile, and only makes up a couple of Amperes
in electric current. Therefore, the Lorentz force resulting from the CHF and RND cases are very similar, cf.
figure 12, which presents the contour plots of the Lorentz force in the vicinity of the RND and CHF cases at

Tine = 0.3 mm, a = 15°.
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Figure 12: Contour plots of the norms of the Lorentz force around two different cathode tips. The RND (right)
and CHF (left) a = 15°, 74,; = 0.3 mm cases are presented. The scale is in [N-m~3].

Furthermore, similar results are calculated for multiple cases at different truncation angles and radii. This
is observed in figures 8, 9, 10, 11. This weak variability between the cases is attributed to a quasi-equivalence

in the total power of the Lorentz force to drive flow in the arc-plasma. The total power is defined by:

P:/ u- fro dQ (18)
Qpla
where P [W] represents the total power in driving the fluid flow. The power of the Lorentz force for all simulated
arcs in this study is presented in figure 13. Referring to the figure, the cases with quasi-equivalent power values
are encased by a specific black marker (circular, triangular and rectangular markers). Provided that the integral
power of the Lorentz force is similar, the resulting transported quantities at the API will also be comparable,

irrespective of the cathode shape.
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Figure 13: Mechanical power of the Lorentz force in the arc versus cathode geometry. Each black shape groups
cases that have quasi-equivalent power values.

5.2.3 Voltage drop and arc efficiency

The voltage drop across the TIG circuit is calculated by imposing a constant current at the input boundary of

the cathode. Figure 14 presents the voltage drop across the entire domain versus cathode geometry.
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Figure 14: The voltage drop versus the different cathode geometries.

The voltage drop increases w.r.t increasing tip sharpness. This proportionally increases the total energy
available in the circuit as Peireuir = IAG [W], with A¢ the voltage drop, and I the input current at a constant
200 A. The voltage drop as a function of « and r;,; is presented in figure 14. The more the electric power is
pulled by the circuit, the more the heat is deposited at the anode. Correspondingly, figure 10 (d) shows that
the sharper the cathode tips, the larger Q. is at the work piece. The ratio of the rise of energy deposited by
the arc and power pulled into the circuit is quantified by calculating the efficiency 7 of the circuit. The equation
used to calculate the circuit efficiency takes into account the source and sink terms injected at the interfaces at

both the CPI and API is:
Qano

Peircuit + f [SAbs — SEmi + SNeu] ar

n= x 100% (19)

see section 3.2.2 for details about the source and sink terms. Although the thermal and dynamic performance

of the arc w.r.t truncation angle and tip radius displays variation, the arc efficiency is largely independent of
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the cathode shapes studied in this work. A maximum difference of ~ 3% is calculated across all cases, for

65% < 1 < 68%. This is due to a good positive linear correlation between Quno and Pejpeyir W.r.t tip sharpness.

5.3 A discussion with respect to similar works

In this section the results of the present study are compared to those found in the literature on both numerical

and experimental works.

5.3.1 Comparison to simulations

The first comparison is performed with a numerical study from Goodarzi et al. [11], in which a wide range of
truncation angles', ranging from 4.59° < o < 75°, were considered. Instead of incorporating the cathode into
their calculation domain, they imposed an electric current density at the cathode tip as a boundary condition.
The electric current density is imposed using spot areas experimentally estimated by Haidar et al. [12]. Figure
15 a) sketches the electric current density distribution as imposed at the cathode tip in Goodarzi’s work, and
the one resulting from the computation from the present model.

The magnitudes of the main variables of the TIG arc system are presented in table 4 for both the Goodarzi
et al. study [11] and ours. Comparing the maximum heat flux pulled into the anode between the bluntest
and sharpest cases, Goodarzi et al. calculated negligible variation (=~ 0.15%), whereas our calculations reveal a
=~ 1.7-fold increase. Moreover, referring to the maximum arc velocities, pressures and shear stresses, the values
calculated by Goodarzi et al. vary significantly less than ours. Furthermore, we note that the electric current
density, at the cathode tip, is quasi-constant for the range of cases studied by Goodarzi et al.. Indeed, as
previously stated, the electric current density in the vicinity of the cathode tip directly influences the Lorentz
force. Therefore, a lack of variability in the electric current density translates into negligible differences in
the transported quantities of the arc. For ease of comparison and due to the fact that the spot size is the
critical boundary condition in Goodarzi’s work [11], the cathode spot area sizes of our study are estimated. We
define the spot size as the zone where 150 A of current passes through our cathode. Our estimated spot areas
are presented in figure 15 figure (b), along with those from Goodarzi [11] and Haidar [12]. The variability of
the spot sizes w.r.t truncation angle, tip radius and shape shows a ~ 3 fold maximum variation in area size.
Moreover, our estimated spot areas do not exceed 2.4-times the values used by Goodarzi et al.. Thus, the
variability calculated in our estimated spot areas is not sufficient to explain the 2 1000-fold (see table 4) ratio
that we obtained in the electric current densities between the bluntest and sharpest cathode tips. Therefore, we
deduce that the spot area boundary condition method used by Goodarzi et al. is not adapted for the capturing
of the variation of electric current density at the tip. Indeed, the spot areas are incapable of capturing the
local behavior at the cathode tip, because the spot is interpretable as an integral quantity; masking any local 3
gradients that can influence the Lorentz force of the arc flow. Thus, the spot area boundary condition method
is not adapted to capturing the influence of tip sharpness onto TIG arcs. Furthermore, the necessity to account

for the cathode geometry in the computational domain when modelling TIG arcs is highlighted.

IThey assign values to the cone angle, whereas in the present work, the half angle is used.
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Variable joPImar [A-mm=2] Gmaz [W-mm™2] Umar (M5~
Case Bluntest | Sharpest | Ratio | Bluntest | Sharpest | Ratio | Bluntest | Sharpest | Ratio
Goodarzi [11] ~ 200 ~ 200 1 39.30 39.84 1 398.9 413.8 1.04
This work 40 30000 750 27 45 1.7 170 470 2.8
Variable Pz [Pa) Tmaz P8
Case Bluntest | Sharpest | Ratio | Bluntest | Sharpest | Ratio
Goodarzi [11] 850 1078 1.3 125 150 1.2
This work 267 935 3.5 34 139 4

Table 4: Characteristic results [rom Goodarzi et al. [11] and [rom the present study.
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Figure 15: a) Schematic representations of electric current emission zone for Goodarzi’s cathode, and ours.
b) Estimated spot areas in this study, those used in Goodarzi [11] and those from Haidar [12] versus cathode
geometry. The error bars from Haidar’s work are not displayed.

5.3.2 Comparison to experiments

In this subsection, we compare our calculated results to several experimental studies that deal with the influence
of cathode tip sharpness on to TIG arcs. Mills et al. [24] note the 4-fold increase in maximum arc pressure as the
cathode tip truncation radius decreases to r;,; = 0 for a constant tip truncation angle of o = 15°. Furthermore,
the maximum arc shear stress rises similarly with the arc pressure for typical TIG arcs. Tsai [35] observes that
the maximum heat flux transported to the anode increases 1.2-fold as the truncation angle is sharpened from
a = 30° to o = 15°. Petrie et al. [36] observe for a 10 mm and 200 A arc, that the maximum arc velocity
dropped 2-fold between their sharpest and bluntest cathodes. Consequently they note a = 3.5-fold drop in
the measured maximum arc pressure. They claim a 1.3-fold drop in the conducted heat flux as their cathode
tip sharpness drops. Sadek et al. [29] observe a ~ 4.5-fold rise in the maximum arc pressure as the cathode
tip radius tends to r;; = 0 mm. Concerning the total drop voltage, we performed a brief comparison with
the experimental results from Chihoski [6], for which two of his studied trunctation angles correspond to ours
(o = 15° and 30°). We have reported the total drop voltage as it is calculated explicitly using our one-species,
one-temperature model (This work a)) along with the corrected value that accounts for the voltage drops across
the CPI and API (This work b)), according to the method used by Tanaka et al. [32]. The general trends
are well reproduced by our model, with an agreement from 0.5% up to 7%, for the bluntest to sharpest cases,

respectively. Nevertheless, the experimental setups used by the cited authors do not exactly correspond to the
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configuration used in our numerical study (different arc heights and tip truncation radii). To better validate
our numerical model, supplementary experimental studies are recommended. The discussed results borrowed

from the literature are summarized in table 5 and compared to the trends calculated in this work. From the

Variable Max. pressure [Pal Max. shear [Pa] Max. heat flux [W-mm 2]
Case Bluntest | Sharpest | Ratio | Bluntest | Sharpest | Ratio | Bluntest | Sharpest | Ratio
Mills [24] ~ 390 ~ 1470 ~ 1 — — ~ 1 — — —
Tsai [35] ~ 27 ~ 32 ~ 1.2
Petrie [36 ~ 400 ~ 1400 | =~ 3.5 —_— 1.3
Sadek [29 ~ 500 ~ 2200 | =4.5 — —
This work 267 935 3.5 34 139 4 27 45 1.7
Variable A [V]
Case Bluntest | Sharpest | Ratio
Chihoski [6] 179 18.6 1.041
This work a) 11 13 1.18
This work b) 18 20 1.11

Table 5: Results from experimental studies in the literature versus this study.

quantitative comparison presented in table 5 it turns out that the present model is capable of reproducing the
general experimental trends concerning the main physical quantities of interest. Moreover, it is interesting to
note that Tanaka et al. [33] observe, for arc configurations similar to ours, that the electric current density at
the API does not significantly vary with cathode tip geometry. Thus, we consider that the model implemented

in this study is relevant to capturing the effects of cathode tip geometries on TIG arcs.

6 Conclusion

This paper presents a numerical parametric study, that aims at showing the influence of the cathode tip geometry
onto the relevant welding quantities, such as the heat transferred to the anode, the arc pressure and shear stress
at the workpiece. The model implemented in the present work accounts for both the cathode, arc and anode
subdomains in the computational domain. However, the electrodes are assumed to remain solid and to behave
in a purely diffusive manner. A TIG Spot configuration being considered results in rotational symmetry, that
leads to 2D axi-symmetric computations. The studied configurations consider a 10 mm arc height, a 200 A inlet
electric current, for three tip shapes: pointed, chamfered and rounded tips. The range of truncation angles and
radii are: a = [15°, 20°, 25° , 30°]; and 4, = [0.15, 0.3, 0.6,] mm.

The main findings of this work are three-fold. First, the shape of the cathode tip strongly influences the
current density at the cathode-plasma interface, that in turn significantly affects the resulting Lorentz force.
This being the main source of momentum in the fluid flow of the arc-plasma, it induces a broad variability of the
transported quantities relevant to the welding parameters. Indeed the heat flux pulled in by the anode shows
a direct dependence on the Peclet number, which reflects the magnitude of the fluid flow in the arc-plasma.
The heat flux varies up to 1.7 times, while the pressure and shear stresses rise about 4 times, respectively,
from the bluntest to the sharpest tips. Therefore, this parametric study strongly suggests the importance of
considering the cathodes in the computational domain, in order to reliably account for the magnetic pinching
induced by the tip of the cathode. On the other hand, the considered pointed cathode configurations are ideal
geometries that can not exist in the real world. They lead to a geometrical singularity at the tip, that results
in spurious computations in its vicinity, that overestimates the physical quantities. However, they enable to
capture the trends up to the limiting case. Finally, the general agreement between our results and the discussed
experimental observations reinforces the validity of our numerical results, and confirms the need to incorporate

the cathode into the calculation domain. The authors are aware of the numerous physical limitations of the

23



present model (TIG Spot, conductive anode, constant arc height and inlet current etc...); however, this work

highlights the effect of cathode geometry onto the physical quantities relevant to welding configurations.

A Appendix

A.1 Material properties

Parameter Symbol  Value Unit
Tungsten

Emissivity € 0.4 —
Work potential Weat 4.52 \%
Effective work potential (Thoriated Tung- Wegcat  2.63 A%
sten)

Richardson constant A, 3.10* Wm2.K™2
Melting Temperature 3680 K
Argon

Tonization potential Vi 15.68 \Y
Copper

Emissivity € 0.4 —
Work function Wano 4.65 \%
Melting temperature 1358 K

Table 6: Material properties for Tungsten, Argon and Copper. Assembled in Brochard’s work [4]
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Figure 16: Material properties as functions of temperature T [K]. Subfigures (a) and (b) tungsten, (¢) and (d)
copper, (e) and (f) argon, present the respective electrical o [S-m™!] and thermal A [W-m~'K~!] conductivities
of each respective material. Subfigure (g), (h), (i) and (j) present argon density p [Kg:m™?], dynamic viscosity
p [kgm~'s™1], heat capacity ¢, [J-Kg 'K '] and the net plasma emission coefficient €, [W-m~3sr—?]
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