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Abstract

This work is motivated by NASA plans to conduct welding experiments on the ISS.
It is expected that deployment of welding and additive manufacturing technologies
in the space environment has the potential to revolutionise how orbiting platforms
are designed, manufactured, and assembled. However, the structure, composition
and quality of a weld is extremely dependent on the environment and can be dif-
ficult to control in space. Shielding gases would also be tough to manage as gases
behave differently in zero gravity and airless environments. Additional points of
concern are related to the spatter and sparks dynamics in space. Therefore there
is a need for a more basic understanding of welding processes by computational
modelling. To provide such an insight we developed state of art models of the ARC
torch, droplet detachment and transfer, and the melt pool build up using magneto-
hydrodynamics approximation and level set method for two-phase liquid metal/-
gas flow modelling. Two finite element models were built using 2D axisymmetric
geometry in COMSOL Multiphysics®: (i) stationary model of the ARC torch and (ii)
dynamical model of droplet detachment and transfer. Both models demonstrate
reasonable agreement with earlier experimental observations and high sensitivity
to the temperature dependence of the thermophysical parameters on the system
materials. The models were used to provide physical insight into ARC welding in
various environments and geometries. It was shown, in particular, that there is a
significant probability of gas bubbles trapping in the meltpool and a possibility of
unbounded wondering of sparks in the welding chamber in zero gravity. In addi-
tion, we estimated metal evaporation rate that may be hazardous in the confined
environment of the ISS. These issues raise concern of quality of the weld and safety
for ISS applications.



1 Introduction

Yesterday’s vision of in-space construction, repair, and maintenance by welding
will become tomorrow’s reality [1]. This statement made nearly 30 years ago finds
its confirmation today. In particular, NASA seeks a paradigm shift in the design
and manufacturing of space architectures to enable sustainable, flexible missions
through on-demand fabrication, repair, and recycling capabilities for critical sys-
tems, habitats, and mission logistics and maintenance. In this context deployment
of welding and additive manufacturing technologies in the space environment has
the potential to revolutionise how orbiting platforms are designed, manufactured,
and assembled [2].

This work is motivated by the NASA plans to conduct welding experiments on
ISS. And the main goal of this work is to provide modelling support and physics
insight for these experiments.

Russian cosmonauts who crewed the Soviet Soyuz 6 mission to space in 1969,
were the first to experiment with welding in space. Although Soyuz 6 demon-
strated that multiple processes could work in space, the experiments also illus-
trated [3] the challenges that traditional welding processes face off-planet. The
structure, composition and quality of a weld depend on the distribution of temperature
in the weld pool and the distribution of molten materials as the weld is formed, which is
difficult to control in space. Welding techniques that rely on cautiously balanced shield-
ing gases would also be tough to manage as gases behave differently in zero gravity and
airless environments. Additional points of concern are related to the spatter and sparks
dynamics in space.

Therefore there is a need for a more basic understanding of welding processes
by computational modelling. The current state of art in developing such an un-
derstanding is based on magnetohydrodynamics approximation and two-phase
flow methods for modelling the liquid metal/gas flow. The earlier results (see e.g.
[4-12] and references therein) demonstrate that using this approach it is possible
to achieve reasonably accurate predictions of the torch temperature and droplet
dynamics. Similar approach is used for the current studies with the focus on the
development of 2D axisymmetric stationary and dynamical versions of the model.

The selected approach requires the knowledge of thermophysical properties of
both gas and metals for the wide range of temperatures [1 3]. However, detailed in-
formation on such properties of metals is hard to obtain experimentally and most
computational efforts to date have used constant values for selected thermophys-
ical properties [13]. In the current studies we attempted to answer the question
whether the temperature dependency of the physical properties have a significant
influence on the behaviour of the ARC welding model.

The results of the development and simulations of the 2D axisymmetric model
are presented in this report with the emphases on the effects of the thermophys-
ical properties and on performance of the model in the zero-G environment. In
what follows the model is discussed in Sec.2 with two main subsections describing
model equations and solution of these equations using COMSOL with temperature
dependent thermophysical properties. The application of the model to stationary
and dynamical analysis of the ARC welding with steel wire is discussed in Sec. 3.



The welding model with ER5256 alloy wire is considered in Sec. 4. The analysis
of the welding regimes as a function of various model parameters including pres-
sure, gravity, and current variation is discussed in Sec. 5. Finally, the results are
summarised and the future work is outlined in Conclusions in Sec. 6.

2 Modeling ARC WELDING in COMSOL

There is a choice of software that can be used to build a multiphysics model ob-
serving several effects, such as plasma, two-phase flow, heat transfer, and electro-
magnetism. The suitable software packages include FLUENT [5], ANSYS [£], and
COMSOL [12]. In this work we use COMSOL [1 4] because it offers a convenient and
intuitive environment for multiphysics modelling and because successful applica-
tion of this package to simulations of ARC welding was demonstrated in earlier
work [11,12].
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Surface tension
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Figure 1. Schematics of the 2D axisymmetric COMSOL model with metal wire shown
as anode and substrate surface shown as cathode. The liquid metal droplet approaching
cathode surface after melting and separation from the wire tip is shown as a gray shiny ball
in the center of the figure. The temperature profile developed in the ARC torch during
droplet transfer is shown as coloured surface. Some of the major physical phenomena
included into the model are listed in the boxes. The direction of the ion and electron flow
are shown by the red and blue arrows respectively.

In the present report we restrict ourselves to the analysis of 2D axisymmetric
model, in which plasma modelling is performed using magnetohydrodynamics ap-



proximation. The sketch of the model is shown in Fig. 1. The model captures the
ARC torch dynamics developed in the Argon flow (with boundary conditions at the
top pane and side surface of the figure), wire extrusion, droplet detachment, trans-
fer to and impingement at the cathode surface. In addition, the model includes
a number of important heat sources and forces. We will now consider the model
equation in more details following mainly the work [12].

2.1 Model equations

In our development of the COMSOL model we follow mainly the work of Cadiou et
all [12]. The adopted approach strongly correlates with other publications on the
subject [5,8,15-17] and involves solution of the following sets of equations: (i) level
set; (ii) conservation equations for mass, momentum and energy; (iii) equations
for current conservation and magnetic vector potential. In addition, a number of
forces and heat sources have to be introduced into the model to correct adopted
approximations, including surface tension, buoyancy force, additional frictional
and Darcy forces, thermionic emission at the substrate surface and electron heating
of the metal wire, radiation in the bulk of the Argon flow, radiation at the metal
surface and ion heating of the substrate surface, Joule heating of both metal and
Argon flow. Because the model includes two fluids - liquid metal and argon gas - it
should be considered within two-phase flow approximation. Also one has to take
into account strong dependence of the material parameters on the temperature for
both metal and argon gas, which makes model highly nonlinear and sensitive to
the values of these parameters.

2.1.1 Level set

Following earlier work [12]we use the level set method [18] to describe the liquid-
gas interface and simulate the electrode melting, detachment and transfer of droplets
from the electrode tip to the substrate surface. Within this framework an addi-
tional variable ¢ (0 in the gas and 1 in the solid) is introduced into the system
of equations. It defines the boundary between solid and gas phases and all the
variables at the interface now have the form

O = gqs + (Ametal = agas)(P (1)

where a4, represents the value of this variable in the gas phase and a,,, the
corresponding value in the metal phase. ¢ satisfies the following equation

P
a_‘fw.wp =15V 6st¢‘¢(1_¢)% !

where v is the velocity, yj; is a reinitialization speed (m/s) and ¢, is the interface
thickness controlling parameter (m) that can be set up in COMSOL.



2.1.2 Conservation of mass and momentum

The fluid flow is modelled using laminar flow approximation. The conservation of
mass is given by

V-v=0. (3)
The momentum conservation is written as follows
a_) - - — =
p(a—j+Vv-v):V-[—Pl+yf(Vv+(V17)t)]+FV (4)

where P is the pressure, I - the identity matrix, and ps - the dynamic viscosity. The
volume force I?V has the following components:

= =

Fv:Fmag+Fgr+FST+FDarcy+Ffr (5)

where ﬁmag is the Lorentz force, fgr is the gravity force, ﬁST is the surface tension,

ﬁDmC? and I?f, are additional Darcy and frictional forces respectively that will be
discussed in more details below.

2.1.3 Conservation of energy

The heat transfer in the system is modelled using equation for the energy conser-
vation

pc;"(aa—fﬁ-w) =V-(kVT)+S, (6)

where p is the density, Cf,q is an equivalent specific heat, that equals C, in the arc-

plasma domain, and is modified to Cp + Lf% in the metal domain to account for

the latent heat of fusion Ly, k is the thermal conductivity, T is the temperature, f;
is the liquid fraction function given below in eq. (11), and S, is a volumetric heat
source term:

Sy =Sjg+ Sraqa + Scpr +Sapr + Sts (7)

where terms on the rhs are due to Joule effect, radiation, cathode/plasma interface,
anode/plasma interface, and level set.

Joule effect. (bulk losses) Joule heating in the region of Ar flow and metal has the
following form

> - - = = 814)

Radiation. (bulk losses) Radiation from the bulk of Ar flow has the form

Srad = —4meyN

where ¢y is the net emission coefficient of Argon taken from [5].

The heat sources applied at the metal/gas boundaries - cathode/plasma inter-
face Scp;, anode/plasma interface Spp;, and level set S;g - are discussed in the
Sec. 2.1.6.



2.1.4 Electromagnetism

Magnetohydrodynamics model is completed [1 8] by including Maxwell’s equations
in the form

V-[o*eVVJraeaa—?] =0 (8)
aeaaAJr—Vx(VxA)JraeVV 0 (9)

where 0, is the electrical conductivity, V is the electrical potential, y is the mag-
netic permeability and Ais the magnetic vector potential.

2.1.5 Forces

Electromagnetic force.

o

Iave

> 2 I
]xB(1+ mfc) (10)

where B is the magnetic flux density and ]T)is the current density, f,,, is a periodic
time function equal to 1 when the maximum current is applied and equal to 0
when the low current is applied. The latter term is introduced to stimulate the
detachment of the droplet during the current pulse.

Darcy force. To approximate flow in the mushy zone we use additional Darcy
force

£ 1 ifT>Ty,
F)Darcy = ——+ v, fr= ]]:L_T]]:SS fTs<T<T, (11)
fL+b 0 if T <Ts

where C is a large constant while b is a small constant and f; is the liquid fraction
function introduced above.
Artificial frictional force. At the wire plasma interface where T > T,,,.;;

ﬁfric:(FfricX(S((P)Xfcurr)E)z (12)

where f,,,, is the same as above and the interface “delta” function 6(¢) is defined
below.
Surface tension. Surface tension in COMSOL is included in the form

Fo = (it + (I -t i’ )Vy)o(¢)

where « is the curvature, y is the surface tension coefficient, and o(¢) is the delta
function approximation corresponding to the location of the metal/gas interface

o(¢) = 6[VPllp(1 - )l

In general, surface tension is dependent on temperature and the common trend is
that surface tension decreases with the increase of temperature, reaching a value



of 0 at the critical temperature. Here we adopt a reduced form of the Buttler’s
equation [19]
'}/:Kl—Kz(T—Tc)-i-..., (13)

where K; and K,are constants and T is the critical temperature. For example for
steel 430 the values of these parameters are [19]: K; = 1.8847 N/m, K, = 4.268 x
1074 N/m/K and T¢ = 1774 K. Above critical temperature the surface tension is
assumed constant. Unlike in many earlier publications [7, 12,20] we allow surface
tension to vary as a function of temperature. We find that the surface tension
variation is a sensitive parameter of the model.

Buoyancy force In the ARC column, the volumetric forces are the sum of Lorentz
Fiuag €9. (10) and gravity forces

Fg = P(T)§

whereas in the weld pool the buoyancy force is added in the form of Boussinesq
approximation:

Fg = po(1+wpB(T =~ Trer))§ (14)

where w,, is a variable that equals 1 in the weld pool and 0 elsewhere, p is the
density,  is the coefficient of thermal expansion, g is the gravity and T, is a
reference temperature taken as the solidus temperature of the alloy.

2.1.6 Boundary heat sources

Balance of the heat sources plays one of the main roles in controlling welding
regimes. Besides the Joule effect and radiation in the bulk Argon flow mentioned
above, see Sec. 2.1.3, there is a very delicate balance of the sources and stinks of
heat at the cathode/plasma and anode plasma interfaces, which we now consider
in more details.

Cathode(substrate)/plasma interface. Radiation and convection losses are applied
to the surface of the substrate. Convection losses are

qdc = _hc(T - Tam)l

where h, is a convective heat transfer coefficient and T,,, is ambient temperature.
Radiation losses are
4 4
q, = —€op(T™ = Tpy), (15)

where ¢ is the metal emissivity, op = 5.67037441 x 1078 W -m~2. K~* is the Stefan-
Boltzmann constant and T is the temperature at the metal surface.

In addition, substrate surface is heated by the ion current j;V; and cooled by
electron emission j,¢,.

Scrr = (ji Vi = jePc)o(P),

The term j;V;, represents the ionisation energy, where j; is the ion current density
and V; the ionisation potential of the gas, j, is the electron current density at the



surface of the cathode and ¢, the work function of the electrode. The current den-
sity j, cannot exceed the Richardson-Dushmann density determined by equation:

: 2 ede.
]em—ArT exp(_kBT) (16)
where A, is the Richardson’s constant, T is the temperature, e is the elementary
charge, ¢, is the effective work function of the electrode and kg is the Boltzmann
constant. It is assumed that the ion current density j; is the difference between nor-
mal component of the current density j. = |j.n| and Richardson-Dushmann density
jem at the cathode surface

. jc_jem if jc >jemx
- 17
Ji {0 if not (17)

Anode(wire)/plasma interface. At the surface of the wire, which represents the
anode, the heating is induced by the absorption of electrons

>
Ja Mg

Sapr = ( f/’a)é((jb),

where ¢, is the anode work function and j, the current density at the surface of
the anode. The heat losses are due to radiation given by eq. (15) and possibly due
to evaporation. Additional heat source has to be included at the anode/plasma
interface. It is related to the fact that the sheath layer is not explicitly accounted
by the model equations.

Level set. Following the discussion in the work [12] we introduce compensa-
tion of the shortcoming of the level set method related to the fact that within this
method the conduction and radiation heat transfer at the anode plasma interface
are strongly underestimated. The idea of [12] was to apply a Gaussian surface
function to the end of the wire, whose power is the integral of the volume heat
source calculated by the model in the form

22
(az+ b)% IV S;edVo(¢) at the wire/plasma interface,
0

Sis = (18)

2,2
% fv SiedVo(¢) at the substrate/plasma interface

where Gaussian distribution parameter r is taken equal to the radius of the elec-
trode wire, while function (az + b) makes it possible to regulate the arc length in
order to avoid short circuits. This correction facilitates the droplet detachment
from the electrode tip.

To speed up the calculations we often approximate the integral using maxi-
mum value of the volumetric density loss (Sjg) in the ARC due to Joule effect as

~ Kmax(S]E ), where K is a fitting parameter. Another important difference with

earlier work [12] is that we apply this correction only at the wire tip/plasma inter-
face.



2.2 Evaporation.

To estimate evaporation we follow the approach discussed in [21]. This approach
relies on the assumption that there exists a thin layer of vapour near a liquid or
solid is known as the Knudsen layer. The gas behaviour in this layer is locally not
in equilibrium. The thickness of this layer is

_ kB Ts
K= razp,
where kg is Boltzmann’s constant, T is the temperature, p; is the pressure, and 4 is
the molecular diameter.
Following work [22] we only consider impact of the Knudsen layer on the evap-
oration rates and disregard fluid dynamics of the metal vapour. The metal evapo-

ration can be described [23] by the flux of particles leaving () and returning (;7)
to the surface per unit time

J I 2nMRT
where «a is the coefficient of evaporation (0 < a < 1), Ny4 is the Avogadro number,
M is the molecular weight, R is the universal gas constant, and T is the absolute
temperature at the evaporating surface. p; is the standard vapour pressure of the
substance, which is a function of the absolute temperature

(19)

A
log ps=T+BlogT+CT+D. (20)

Here, A, B, C, and D are material constants.
For example for aluminium alloy the relation between pressure and tempera-
ture has the form [24, 25] for solid

log (ps/Pa) = 14.465 — 1]73;2 —-0.7927log(T/K) (21)
and for liquid
log (ps/Pa) =10.917 — 116,511:. (22)
Similarly, for solid iron
log (ps/Pa)=12.106 — 2]1,712<3 +0.4536log(T/K) (23)
and for liquid iron
log (ps/Pa) =11.353 - 1793;4. (24)

We note that approximations for liquid metal are valid from the melting to boil-
ing point given in Table 1. We further note that the maximum fluxes are obtained
for the boiling points of both metals assuming a =1 and p;, = 0 in eq. (19). Then
for the molecular flux we have

@, =3.513x 102222 [

VMT

moleczules] (25)
cm?s



Table 1. Melting and boiling points of Al and Fe.

Fe [C] (K] | al] [€] | [K]
Melting point | 1538 | 1811.15 | — | 660 | 933.15
Boiling point | 2861 | 3134.15 | — | 2467 | 2740.2

and for the mass flux

M
Fe:5.84x10_21/?pv [Cirz ] (26)

The corresponding heat flux due to evaporation is
Gev = I.AH,,
where heat of evaporation for steel and Al is given [26]

AHA =11.4x10° [k]—g] AHS! =7.34%10° [kig]

2.3 Modelling approach.

Equations with heat sources, boundary conditions, and additional forces (2)-(27)
are solved numerically in COMSOL Multiphysics® [14] using finite element method
(FEM). The following modules are used in simulations everywhere except addi-
tional substrate, see Fig. 1: Two-phase flow; Heat transfer; Electric currents; Mag-
netic fields. The simulations include multi-physics interfaces: Two-phase flow and
Level set; and Nonisothermal flow. In the additional substrate only equations for
thermal conductivity are solved.

Model assumptions. The commonly used assumptions [7, 12, 15, 27] of the 2D
axisymmetric model are listed below:

* The model is solved in 2D axisymmetric, since the torch is static.

* The plasma is in local thermodynamic equilibrium (LTE). This assumption
means that species such as ions and neutrons are supposed to have the same
temperature.

* The fluid flow in the plasma and melt pool are considered to be Newtonian
laminar and incompressible.

* Thermal dependence of the surface tension coefficient known as Marangoni
effect is neglected because of the dispersion of values in literature (depen-
dence of the exact chemical composition). Moreover, the Marangoni effect is
believed not to be the predominant driven force here, since the falling of the
numerous droplets in the melt pool causes a strong fluid flow.

* Buoyancy force is taken into account using the Boussinesq approximation.

* The effect of metal vapours on the mass flow coming from the vaporisation
at the melt pool surface is not included in the model.

10



Floating potential. To impose constant current boundary condition at the wire
inlet in COMSOL Multiphysics® we use floating potential boundary condition as
suggested in [12].

Inlet boundary conditions for Ar velocity. The velocity at the Argon boundary
conditions is set as fully developed flow with average velocity V;, at the inlet. The
resulting velocity distribution should be compared to the analytical function [12]

l /R7102)
2Q., [erwz -2+ (erwz - R%/)( lnr(ll(grmz/Rw)]

Varg = ] (27)

T(p 4 4 (R%OZ_R%/)
[Rnoz - Ry + Tn(Rp0,/Ry)

Impingement of the droplet on the substrate. The following picture of the droplet
impingement is featured by this model. As discussed in [4] due to the competition
among gravity, surface tension, electromagnetic, and arc drag forces, the droplet
is elongated and a neck is formed before detachment. Then, the detached droplet
is accelerated in the arc plasma by the combined effects of gravity, surface ten-
sion and the arc drag force. After the droplet hits the substrate surface, it quickly
spreads out on the substrate surface.

The electrical current leaves the wire and droplet and enters the cathode through
the arc space. The current density reaches its greatest value at the neck of the
droplet.

Heat flux at the substrate surface. Heat flux at the cathode/substrate interface
has three components: (i) cooling due to electron emission (—|j.|¢.0(¢)), where
electron current density j, does not exceed Richardson-Dushmann density, see eq.
(16); (ii) cooling due to radiation emission, cf eq. (15) Q, = g,0(¢); (iii) heating due
to ions impinging on the substrate Q; = j; V;6(¢), see eq. (17).

We note that COMSOL does not allow to apply these boundary conditions at
the moving boundary in level set two-phase flow model. To mitigate this issue we
use normalised phase boundary delta function in the form

o(¢p) — Is.delta/maxopl(ls.delta).

We emphasise that COMSOL does not currently support such an approach and
developed model is in the grey zone. However, at present this is the only approach
that allows to setup meaningful boundary conditions [12]. The obtained results
have to be carefully verified and validated in the future work.

Heat flux at the anode interface Heat flux at the anode(wire)/plasma interface
has the following components: (i) heating due to electron emission (|j.|¢.0(¢)); (ii)
cooling due to radiation emission as above; (iii) additional heat source at the wire
tip that compensates for the shortcomings of the level set method discussed in
2.1.6. In this case the heat source is applied only to the surface facing the substrate

o(¢p). — Is.delta/maxopl(ls.delta)- (dtang(phils,z) > 0).

11



We note that we have also experimented with the model by applying additional
heat losses due to evaporation at the wire tip, droplet and melt pool surfaces.

Additional frictional force is applied at the metal/gas interface at the wire tip
facing the substrate using o(¢), defined above.
Other boundary conditions were set according to the earlier work [12].

2.4 Temperature dependent parameters of argon

Thermophysical properties of Ar are well established in a wide range of temper-
atures. Earlier numerical work relies on this data, see e.g. [9]. We also use tem-
perature dependent thermophysical properties of Ar in the form [28,29] shown in
Fig. 2. To verify the importance of these parameters we have studied dependence of
the ARC torch on the temperature dependent parameters versus their constant val-
ues. It was shown that the ARC torch is sensitive to temperature dependence of all
the parameters including viscosity, thermal conductivity, heat capacity, electrical
conductivity, density, Richardson-Dushman current, density, and the net emission
coefficient.
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Figure 2. Temperature dependent parameters of argon: (a) viscosity; (b) electrical
conductivity; (c) thermal conductivity; (d) specific heat capacity; (e) density; (f)
Richardson-Dushman current, [9, 28, 29].

2.5 Thermophysical parameters of steel

Unlike in the case of Ar there remains uncertainties in the definition of thermo-
physical properties of steel for the wide range of temperatures required for the
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ARC modelling. The values used in our model are shown in Table 2 and Fig. 3.
Some of the parameters are known only approximately and were used as fitting
parameters bounded by literature data. The corresponding references in the ta-
ble are indicated with asterisk. The approximation used to fit these parameters is
explained below.

Table 2. Thermophysical parameters of steel. Symbol * indicate that these values
were used fr estimations only
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Figure 3. Temperature dependent parameters of steel: (a) specific heat capacity;
(b) viscosity; (c) surface tension; (d) thermal conductivity; (e) electrical conductiv-
ity; (f) liquid fraction function of the temperature.

The triplets in lines 3-5, and 11 correspond to the approximation of the mate-
rial parameters as shown in Table 3. Values of T; and T; are given in the Table 2
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while Ty = 200K in our model. Examples of this approximation are shown in the
Fig. 3 (b), (c), and (e).

Table 3. Approximation for some of the unknown temperature dependent param-
eters of metals

Top —» T (Xs «(T-To)/(Ts-To) + Xo -(Ts-T)/(Ts-To))
Ts - Tl (Xl '(T‘Ts)/(Tl'Ts)+ Xs '(TI'T)/(TZ'TS))
T, — 34000K | X;

3 Application to steel welding

There are generally three levels of the finite element modelling of the ARC weld-
ing. Firstly, stationary 2D model was developed and reported in the literature
[17,36,37]. This model was mainly focused on the analysis of the temperature dis-
tribution in the ARC welding and validating the numerical results with experimen-
tal data. More recently, 2D-axisymmetric dynamical model has become available
[10,12,15,38]. Corresponding modelling efforts were devoted to the development
and validation of the dynamics of droplet detachment and transfer during welding.
Currently, 3D dimensional modelling approach is under development [11,39,40]
with the focus on the extending dynamical analysis to the welding pool. In this
work we limit our research to the two initial steps: (i) stationary 2D-axisymmetric
model; and (ii) dynamical 2D-axisymmetric model. The 3D modelling was only
initially tested. It was shown that extension to the 3D model is very demanding
in terms of computing power and computational time and should be developed at
the next stage of the research.

Some results obtained using stationary and dynamical 2D-axisymmetric mod-
elling approach will be considered below.

3.1 Stationary 2D-axisymmetric ARC torch model

In the stationary 2D-axisymmetric model, parameters of the steel were taken to be
independent of the temperature as shown in the Table 4. All the Ar parameters
were temperature dependent including density as was discussed in Sec. 2.4. In
stationary case eq. (2) is not included into the model while eqs. (4) and (6) are
considered to be time independent.

Table 4. Parameters of steel in stationary 2D axisymmetric model.

Parameter name Notation Value Units
Relative permeability Hr,iso > Hr,ii = Misor Pr,ij =0 1 -
Electrical conductivity %is0 5 Oii = Tisor 0j =0 4.032e8[S/m] S/m
Coefficient of thermal expansion Qjso 5 ¥fj = Ajspr ¥jj = 0 12.3e-6[1/K] 1/K
Heat capacity at constant pressure Cp 475[]/(kg*K)] J/(kgK)
Relative permittivity €riso > €r,ii = €r,iso’ €r,ij = 0 50 -
Density rho 7850[kg/m3] l(g/m3
Thermal conductivity kiso s kii = kiso» kij =0 44.5[W/(m-K)] W/(m:K)
Ratio of specific heats gamma 1 -
Dynamic viscosity 7 115t (T)-(1-P)+np1-P Pas
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The highly nonlinear dependence of the material parameters on the tempera-
ture caused a convergence problem. To overcome this issue we have employed non-
linearity ramping in COMSOL. According to this technique the nonlinear parame-
ters of Ar were represented as weighted sums of the constant values corresponding
to the ambient temperature and the temperature dependent value as shown in the
Table 5. For example density of Ar in this approachis 1:-P+ (1 —-P):p(T) in units
kg/m3. The value of the parameter P is ramped in several steps:

[1.0:-0.05:0.1]

During ramping the magnetic field was excluded from the solution. It was added
to the second (final) step of the solution.

Table 5. Parameters of Ar in stationary 2D axisymmetric model.

Parameter name Notation Value Units
Density p 1- P+(1-P)-p(T) kg/m3
Dynamic viscosity [l 0.04- P+(1-P)-n(T) Pa-s
Thermal conductivity kiso; kii = kiso, kij =0 0.05- P+(1-P)- k(T) W/(m-K)
Heat capacity at constant pressure Cp 1100- P+(1-P)- Cp(T) J/(kg:K)
Ratio of specific heats y 1.4 1
Electrical conductivity Giso 3 Oii = Ojsg, 0jj =0 5000- P+(1-P)- sig(T) S/m
Relative permittivity €r,is0 5 €r,ii = €r,isor €r,ij = 0 5 1
Relative permeability Hr,iso 3 Hr,ii = Mr,isor Hr,ij =0 1 1

Stationary 2D model was validated by comparison with earlier numerical and
experimental data, see Fig. 4. It can be seen from the figure that both the shape and
the temperature in the ARC are in reasonable agreement with the experimental and
earlier numerical data. The ARC in our model was obtained for wire radius 0.8 mm
and tip was situated 7 mm above the substrate. The maximum temperature in the
ARCis= 17,000 K.

T T T T T T T T g
_2000K Experiments cmp x10
(lon temperature)
-6 © 17000 K Lar 16
2500 K o 16000 K .
A 15000 K 1.2¢
4 o 14000 K 14
x 13000 K 1t
2 3500K ® 12000 K 12
A 11000 K 0.8+
—_ = 10000 K
E 0 0.6} 1
E 17000 K :
@
22 0.4t 08
o]
z, 03] 06
2 0.4
Z 1000 K, or :
6 Interval 2000 K
150 A o2 0.2
8 Water cooled
0K copper anode | “0-4f
1 1 1 1 1 1 L 1 1 1 L ' 300
0o 2 4 6 8 10 0 0.5 1em
Radial distance (mm)
Figure 4. (left) Experimental and numerical data taken from [36], cf [6,9,37].

(right) Stationary solution for the temperature distribution in 2D-axisymmertic
ARC torch model.

15



This model allows to analyse a wide range of physical variables and their de-
pendencies on the parameters of the system. Examples of the model outputs are
shown in Fig. 5.
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Figure 5. Example of the output variables of 2D-axisymmertric ARC torch model
(left to right): (i) velocity; (ii) temperature; (iii) electric current density; (iv) electric
potential.

To get insight into the physical effects of various parameters of the system we
conducted extensive parametric studies of the model. An example of such studies
is provided in Fig. 6, which shows dependence of the convective heat flux on the
Ar inlet velocity. The analysis reveals a number of important features. Firstly, it is
clear that the convective heat transfer plays a very important role in establishing
temperature distribution in the ARC especially in the proximity of the wire tip.

Secondly, the studies reveal a strong dependence of the convective heat transfer
on the velocity. Finally, it could be seen from the figure that there exist an optimal
value of the inlet velocity = 3 m/s for which the convective flux at the wire tip has
maximum value. We note that this example of parameter dependence is typical and
we conclude that the choice of the regime of welding requires careful optimisation
that depends on the system environment.

We now consider extension of this model to the time-dependent analysis of the
droplets detachment from the wire tip and their transfer to the substrate.

Vin(1)=1m/s Surface: Convective heat flux magnitude (Wim?) V_in(2)=3 m/ssurface: Convective heat flux magnitude (W/m?) ! Vin(3)=5 mfs surface: Convective heat flux magnitude (W/m?) Vn(4)=7 m/sSurface: Convective heat flux magnitude (W/m?)
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Figure 6. Dependence of the convective heat transfer flux on the following values
of the inlet velocity (left to right): (i) 1 m/s; (ii) 3 m/s; (iii) 5 m/s; (iv) 7 m/s.
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3.2 2D-axisymmetric model of droplet detachment and transfer

To model droplet detachment and transfer from the wire tip to the substrate the
full time-dependent version of eqs. (2), (4), and (6) is considered. Furthermore, all
the main material parameters of the steel are now considered to be temperature
dependent as was discussed in the Sec. 2.5.

An example of the snapshot of the droplet transfer is shown in Fig. 7. The
following steel parameters were used in these' simulations: (i) current - 170 A;
(ii) interface thickness 75 u(m); (iii) reinitialization parameter - 0.8; (iv) scaling
parameter K of the heat transfer at the wire tip in eq. (27) - 6; (v) surface tension
is given by Table 3 with (Xy, X;, X;)=(1.9;1.8;1.6) and T; = 2400K; (vi) viscosity is
given by the triplet (10%;1000;0.001) with T; = 1723K; (vii) electrical conductivity
triplet is (8x 107;1x 107;5x 10°); and (viii) wife feed speed 10 cm/s.

Time=0.0596 s Surface: Volume fraction of fluid 1 (1) O Time=0.0676 s Surface: Volume fraction of fluid 1 (1)
T T T T T T T

“(a) - H(b)

Figure 7. A snapshot of the droplet transfer at: (a) t=0.0596 s and (b) t=0.0676 s.

The following features can be seen from the figure. The droplet diameter is
of the order but larger than the wire diameter. The time of the first droplet ap-
proaching the substrate is of the order 100 ms. The background is sufficiently
clean. However, some leakage current from the wire to the substrate can be no-
ticed. Importantly, the parameters of the problem listed above (droplet shape and
size, droplet frequency, current and leakage current) are some of the key model
parameters that require fitting using experimental data.

In addition, a very important characteristics of the ARC dynamics is the tem-
perature distribution during droplet detachment and transfer. Examples of the
temperature distribution for six snapshots are shown in Fig. 8 for the model?. Pa-
rameters of simulations are very similar to the ones used for Fig. 7: (i) current - 200
A; (ii) interface thickness 75 p(m); (iii) reinitialization parameter - 0.8; (iv) scaling
parameter K of the heat transfer at the wire tip in eq. (27) - Qj,; = 1; (V) sur-
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kpO_F105_1e6
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Figure 8. Time dependence of the volume fraction (left) and temperature (right)
of steel (from the top left to the right bottom): 5.2 ms; 12 ms; 18 ms; 22.8 ms; 36.2
ms; and 60.4 ms.

face tension is given by Table 3 with (X, X;, X;)=(1.9;1.8;1.6) and T; = 2400K; (vi)
viscosity is given by the triplet (10%;1000;0.001) with T; = 1723K; (vii) electrical
conductivity - (8x 107;1x 107;5x 10°); and (viii) wife feed speed 10 cm/s.

We note that in the case shown in the figure the current was applied using
square pulses (from 0.01 to 0.08 s) with minimum current 20 A and maximum
current 180 A.

It can be seen from the figure that the droplet heats up significantly above melt-
ing temperature during detachment. It is generally expected [41] that the droplet
surface temperate may be of the order 3000 K, which is below the temperature ob-
served in simulations. However, the simulations shown in the figure do not include
evaporation.

Evaporation could in principle reduce droplet temperature following discus-
sion in Sec. 2.2. However, in the present model we simply limit the droplet tem-
perature by 3500 K.

The droplet dynamics is significantly affected by the forces acting on the droplet
and it’s neck during separation and transfer. In the Sec. 2.1.5 we discussed four
such forces: (i) Lorentz force F,,,g; (i) Darcy force Fpgcy; (iii) surface tension F;
and (iv) additional frictional force Fy,;;. The action of the Lorentz force is illus-
trated in Fig. 9. The figure shows z-component of the force during droplet detach-
ment. Three snapshots during time 0.0582 - 0.059 s illustrate the growth of the
force at the neck of the droplet right before the detachment at time 0.0582 s. The
volume force approaches 108 N/m?3.

The surface tension force for the same detachment time (0.0582 s) is shown in
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Figure 9. Time dependence of the volume fraction (left) and Lorentz force (right)
of steel during droplet separation (from left to right): 57.6 ms; 58.2 ms; and 59 ms.
The z-component of the Lorentz force is shown by vertical arrows at the droplet
neck. Color bar shows the strength of the force.

Fig. 10 (left). The value of this force is close to the value of the Lorentz force but
it is smaller and directed towards the axis at the droplet neck and the towards the
centre of the droplet at the droplet surface. In the current simulation the Darcy
force is a few orders of magnitude smaller as compared to the surface tension. The
main purpose of the Darcy force is to control shape and dynamics of the melt pool
by slowing down flow in the mash zone.

The additional frictional force is one order of magnitude smaller than surface
tension force. The key function of the additional frictional force is to correct fre-
quency of the droplet detachment in accordance with experimental observations.

We note that the Darcy force does not strongly correlate with other forces and
can be tuned independently. Surface tension and additional friction forces on the
other hand do counterpart each other at the surface of the droplet and wire tips.
Surface tension tends to round the droplet while additional friction force is enforc-
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Figure 10. (left) Surface tension at time t = 0.0582 s. (middle) Darcy force for t =
0.0582 s. (right) Additional frictional force for t = 0.0582 s.
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ing detachment of the droplet from the wire tip. Therefore the latter two forces
have to be carefully balanced with each other and it is expected that surface ten-
sion should exceed additional frictional force as it has clear physical meaning. We
note, that it is expected on the ground of experimental observations [42] that grav-
ity force is an order of magnitude smaller as compared to the plasma force on the
droplet, see also Sec. 5.4.

Overall, our studies demonstrate that 2d-axisymmetric dynamical model can
reproduce the main experimentally observable features of ARC welding including
droplet shape and frequency, shape and dynamics of the melt pool, shape and
temperature distribution in the ARC, and electric current density.

We now consider an application of this modelling approach to the wire alloy
ER5356.

4 Application to ER5356 welding

To adopt the developed approach for modelling ARC welding with ER5356 wire
one has to change parameters of the metal.

4.1 Temperature dependent parameters of ER5356

Some information about parameters of ER5356 is collected in Table 6. Most of
the parameters are constants. Some further insight into temperature dependence
of these parameters can be gained by analysing results for similar alloys [43], but
at present we do not have accurate experimental data for temperature dependent
parameters of ER5356.

Table 6. Thermophysical parameters of ER5356.

| Parameters | Values SGC | Values ST | Comments |
| Melting | 1060-1175[F] | 571-635C | 944-1008K |
Surface ten- 1.2-0.8 N/m (?)
sion
| Density | 0.096[Ib/in3] | 2657.3kg/m3 | |
| Conductivity | 29%IACS | 2x107 S/m | |
Thermal https://www.azom.com/ 116 W/m/K
conductivity article.aspx?
ArticleID=6654
Heat capaci- https://www.ncbi. 1000 J/kg/K
tance nlm.nih.gov/pmc/
articles/PMC7956743/
| | 105-0.01Pas | (?) |

Viscosity |

To speed up the development of the model within the current project we used
estimations shown in the table and in work [43] and the results known for the steel.
We have adjusted data used for the steel to be consistent with the corresponding
known values for the alloy ER5356. Examples of the temperature dependent pa-
rameters of ER5356 alloy used in the model are shown in the Fig. 11. One of the
main changes in the thermophysical parameters of the alloy ER5356 as compared
to the steal is significantly reduced melting temperature. We also note that the
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electrical conductivity, density, and surface tension in ER5356 are reduced as com-
pared to steel while specific heat and thermal conductivity are higher for ER5356.
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Figure 11. Temperature dependent parameters of the ARC welding with the al-

loy ER5356 wire: (a) specific heat capacity; (b) viscosity; (c) surface tension; (d)
thermal conductivity; (e) electrical conductivity; (f) liquid fraction function of the
temperature.

The results of the simulation of the ARC plasma with ER5356 wire are shown
in Fig. 12, which should be compared to the Fig. 12. The temperature distributions
for six snapshots are shown in Fig. 12 for the model®. Parameters of simulations
are very similar to the ones used for Fig. 7: (i) current - 90 A; (ii) interface thickness
75 p (m); (iii) reinitialization parameter - 0.8; (iv) scaling parameter K of the heat
transfer at the wire tip in eq. (27) - Q;,; = 1; (v) surface tension is given by Table
3 with (X, X, X;) (1.4;1.2;0.9) and T; = 800 K; (vi) viscosity is given by the triplet
(10%;100;0.001) with T; = 623 K; (vii) electrical conductivity - (8x 107; 8x ©; 6x
10%); and (viii) wife feed speed 10 cm/s.

As expected qualitatively the results are very similar to those obtained for steel
wire including the droplet shape and frequency. The main difference is that the
peak values for the ARC and droplet temperature are lower than for the steel. Im-
portantly, the ARC welding regime with droplet formation and transfer is obtained
for much lower current ~ 100 A as compared to ~ 200 A for steel. The latter differ-
ence is in agreement with experimental observations.

We now apply developed 2D-axisymmetric dynamical model to estimate effects
of various parameters on the welding regime.
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21


\ R56_L\ ER5356\ tun_I\ out_E5356_I90rcb_d70_g08_Q1_ga14_09_et1e6_2_0001_B3e5_S8e7_8e6_6e6_kp30_F105_1e6_Cp400_vin13
\ R56_L\ ER5356\ tun_I\ out_E5356_I90rcb_d70_g08_Q1_ga14_09_et1e6_2_0001_B3e5_S8e7_8e6_6e6_kp30_F105_1e6_Cp400_vin13

Surface: Volume fraperature (KI

Time=0.006 5 Surface: Volume friperature (K) Time=0.0: 126 5 Surface: Volume friperature (K)

Figure 12. Time dependence of the volume fraction (left) and temperature (right)
of ER5356 from top left to the right bottom: 0.6 ms; 12.6 ms; 22.8 ms; 32.8 ms;
42.6 ms; and 59.6 ms.

5 Parameter dependence of the welding regime

5.1 Sensitivity of the model with respect to parameters

One of the challenges of the developed approach is a large number of model pa-
rameters. A subset of the parameters used in simulations is shown in Fig. 13. One
can immediately notice a large number of temperature dependent parameters for
both gas and metal. We notice that many of these parameters in turn depend of a
few sub-parameters, see Table 3. In addition, there is a large number of other im-
portant model parameters, see the middle column of the Fig. 13. Overall, there are
more than 50 parameters that can be used to fit various welding regimes observed
in experiments.

The problem of performing sensitivity analysis is related to the fact that dy-
namical model has to be solved for each value of the parameter and each solution
takes a few hours. Furthermore, the system response to the changes of one param-
eter depend on values of all other parameters.

To address these issues we have performed extensive simulations of the model
by varying one of the parameters. These results should be considered as pre-
liminary because we had to perform simultaneous optimisation of the model and
the results of the sensitivity analysis were obtained for slightly different welding
regimes. On the ground of several hundred simulations we have developed intu-
ition what parameters are most important for tuning the model to specific experi-
mentally observed welding regimes.

According to the results of simulations of stationary model we concluded (see
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Figure 13. Some of the temperature dependent thermophysical parameters of the
metal (left column) and gas (right column) used in the model. Additional impor-
tant constant parameters are shown in the middle column.

Sec. 3.1) that it is important to keep all the temperature dependent thermophysical
parameters of Ar in the model. Maximum temperature and the temperature dis-
tribution in the ARC torch are very sensitive to all these parameters. The system
is especially sensitive with respect to viscosity (#(T)) and electrical conductivity
(a(T)).

Dynamical model is also very sensitive to the temperature dependent thermo-
physical parameters of both Ar and metal. Specifically, the model is very sensitive
with respect to electrical conductivity (o(T)), surface tension (y(T)), and viscosity
(1(T)) of the metal. Below we consider in more details response of the model to
some of the parameters.

5.2 Effect of the current

Typical current dependence is shown in Fig. 14. In this figure the volume fraction
snapshots are shown for two different values of the current. These results were
obtained for the steel wire. As was mentioned above the key characteristics of the
welding with the steel and ER5356 wires are qualitatively similar and we will be
using in the discussion results obtained for both metals.

The model* parameters in this simulations were the following: (i) scale of the
Darcy force 10%; (ii) scale of the additional frictional forces 5x103; (iii) viscosity
triplet is (10, 100, 0.001) [Pa.s]; (iv) electrical conductivity (8x 107, 8x 10°, 6x
10°) [S/m]; (v) surface tension triplet (1.4;1.2;0.9); (vi) heat capacity and thermal
conductivity are given in Fig. 11 (a) and (d).
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Figure 14. Current dependence of the volume fraction for two different values of
the current: (left) I = 90 A; and (right) I = 120 A.

It can be seen from the figure that the transition from the spray to globular
welding regime begins as the current is reduced from 120 A to 90 A. This behaviour
is expected and correspond to experimental observations [34]. It was also shown
that further increase of the current may result in the melting of the wire.

5.3 Effect of pressure

In this subsection we illustrate the effect of the pressure change on the welding
regime in ER5356. The model® parameters in these simulations were the follow-
ing: (i) the Darcy force scale is 10* and additional frictional forces scale is 2x 10°
[N/m3]; (ii) viscosity triplet is (10°, 100, 0.001) [Pa.s]; (iii) electrical conductiv-
ity (8x107, 8x10°, 6x10°) [S/m]; (iv) surface tension triplet (1.4;1.2;0.9); (v) heat
capacity and thermal conductivity are given in Fig. 11 (a) and (d).

The results of the simulations for three values of the pressure (1 atm, 0.5 atm,
and 0.25 atm) are shown in Fig. 15. The results in each row are shown for two
snapshots t = 0.0664 s (left) and t = 0.0774 s (right). The first row of the figure
compares the volume fraction distribution obtained for P = 1 atm (left half) and
P = 0.5 atm (right half). It can be seen from the figure that the main effect of the
reduced pressure (from 1 to 0.5 atm) is an increase of the droplet frequency.

We note that further decrease of the Ar pressure from 0.5 to 0.25 atm has much
smaller effect on the welding characteristics, see the 2-nd row in the Fig. 15. These
are potentially important observations because of limited Argon supply on the ISS.
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Figure 15. Pressure dependence of the volume fraction for three different values
of the pressure: (i) P = 1 atm; (ii) P = 0.5 atm; and (iii) P = 0.25 atm. Each row com-
pares results for two snapshots: 0.0664 s (left figure) and 0.0774 s (right figure).
Top row shows snapshots for 1 atm left half with 0.5 atm right half for each figure.
Bottom row compares snapshots for 0.5 atm left half with 0.25 atm right half for
each figure.

5.4 Effect of gravity

Another important question is the dependence of the welding regime on gravity.
This question is especially important in the context of the space applications and
experiment on the ISS.

To estimate this effect we performed comparison of the welding characteristics
for zero gravity with the results of the model performance on the ground for several
sets of the model parameters. A typical result is shown in Fig. 16. In the figure a
snapshot of the performance of the same model at time t = 0.0724 s is shown for
ground conditions (left half) and in zero gravity (right half).

The parameters of the model® with the steel wire were the following (i) the
Darcy force scale is 10° and additional frictional forces is 1x 10% [N/m3]; (ii) vis-
cosity triplet is (10°, 1000, 0.001) [Pa.s]; (iii) electrical conductivity (8x 107, 2x
107, 8x 10°) [S/m]; (iv) surface tension triplet (1.9;1.8;1.6); (v) heat capacity and
thermal conductivity are given in the Fig. 3 (a) and (d).

It can be seen from the figure that the gravity effect is relatively small and leads
to earlier separation of the droplet (small increase in droplet frequency). We note,
that the obtained results are consistent with experimental observations [42]. The
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Figure 16. Snapshot of the droplet separation on the ground (left) and in zero-G
condition (right).

latter observations show that gravity force is by an order of magnitude smaller as
compared to the plasma force on the droplet.

Therefore, we conclude that the model predicts very moderate effect of the
gravity on the welding dynamics. However, there is another important phenomenon
closely related to the effect of gravity that may significantly effect the welding re-
sults in space. Namely, one may expect that zero gravity will effect the buoyancy
effect.

5.5 Effect of buoyancy force

The buoyancy is important because it may strongly effect the quality of the weld. In
the absence of the buoyancy the gas bubbles can be easily trapped in the melt pool.
To study this phenomenon we have performed extensive simulations. Some results
of the simulations are illustrated in Fig. 17. In this figure the snapshots of the
meltpool are shown for two sets of parameters. In the first set (left half) there was
no buoyancy force and the gas bubble trapped at the bottom of the meltpool can
be seen in the figure. The parameters of the first set” with the steel wire were the
following (i) the Darcy force scale is 10° [N/s/m*] and additional frictional forces
is zero; (ii) viscosity triplet is (10°, 1000, 0.001) [Pa.s]; (iii) electrical conductivity
8x10° [S/m]; (iv) surface tension 1.6; (v) heat capacity and thermal conductivity
are given in the Fig. 3 (a) and (d).

For the second set the buoyancy force was added to the model and the bubble
trapping effect was substantially reduced. The parameters of the second set 8 with
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Figure 17. Snapshots of the droplet separation and meltpool formation without
(left) and with (right) buoyancy force.

the steel wire were the following (i) the Darcy force scale is 10° [N/s/m*] and
additional frictional forces is zero; (ii) viscosity triplet is (106, 1000, 0.001) [Pa.s];
(iii) electrical conductivity triplet was (8x107, 1x107, 8x10%), [S/m]; (iv) surface
tension triplet (1.9;1.8; 1.6); (v) heat capacity and thermal conductivity are given
in the Fig. 3 (a) and (d).

Based on our simulations we expect that buoyancy may significantly affect the
meltpool strength. We note that the lack of buoyancy in space may be more essen-
tial for the zero-gravity application than the effect of gravity on the droplet transfer
and detachment. The reason is that gravity in the region of ARC torch is screened
by a very strong Lorentz force while buoyancy force in the mushy zone of the melt
pool is dominating. We, therefore, expect that in space the strength of welded parts
may be significantly affected by the discussed phenomenon.

5.6 Dependence on the specific heat

It was revealed in our simulations that specific heat capacity and its temperature
dependence play a significant role in the dynamics and structure of the meltpool.
Specifically, it is known from experiment and earlier simulations [1 2] that the melt
pool in axisymmetric regime is growing at the average rate ~2 mm/s and it re-
sponds like a gel to the droplet attachment. In this context it is interesting to note
that the dynamics of the melt pool is strongly affected by the specific heat of metal.

An example of the simulation results for different values of the C,(T) is shown
in Fig. 18. In the figure (a) the results for constant C, are compared with those
obtained for C,(T) given in Fig. 3 (a) but scaled as explained in the figure cap-
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Figure 18. Snapshot of the droplet separation and transfer to the melt pool for
steel wire. (a) Comparison of the two cases: (left half) specific heat given in Fig. 3
(a) scaled such that minimum value is 416 [J/kg/K] at 300 K and maximum value
is 843 [J/kg/K] and (right half) constant specific heat (C, = 475 [J/kg/K]). (b) Com-
parison of the two cases with specific heat given by Fig. 3 (a) and scaled such that:
(left half) minimum and maximum values are the same as in the left half of fig-
ure (a) and (right half) minimum value is 216 [J/kg/K] and maximum value is 643

[J/kg/K].

tion. Other parameters of the model for this simulations  with steel wire were the
following (i) the Darcy force scale is 10 [N/s/m*] and additional frictional forces
is zero; (ii) viscosity triplet is (10%, 10%, 0.001) [Pa.s]; (iii) electrical conductivity
6x10° [S/m]; and (iv) surface tension 1.6.

It can be seen from the Fig. 18 (a) that substituting constant heat capacity with
the temperature dependent value results in the change of the droplet frequency
and slight change in the melt pool shape. Similar changes can be observed if one
rescales the value of the C,(T) as explained in the figure caption for Fig. 18 (b).
In particular, increasing the maximum value of the C,(T) leads to an increase of
the frequency of the droplet detachment, increase of the width of the melt pool
and decrease of the meltpool height. The latter observations are very important
because heat capacity is one of the key parameters that enables control of the melt
pool geometry. In addition, the temperature dependent heat capacity allows one to
recover gel-like dynamical response of the melt pool to the droplet impingement
in agreement with experimental observations.

We now consider another important parameter that controls the heat balance
in the system, namely the heat conduction in the sheath layer.
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5.7 Dependence on the heat conduction in the sheath layer

We emphasise that there is a delicate balance of the heat sources and sinks that reg-
ulates the welding regime. One of the key parameters that control the heat balance
is the heat source in the sheath layer Q;,;, see discussion in Sec. 2.1.6. However, the
issue of the whole approach based on magnetohydrodynamic approximation is that
it breaks down in the sheath layer and there is no closed form self-consistent ana-
lytical or numerical method taking into account the heat transfer in this layer. An
ad hoc correction of this problem was suggested in [12] and discussed in Sec. 2.1.6.
It was suggested that such heat flux is proportional the maximum heat losses the
ARC torch due to Joule effect. The coefficient K that scales this boundary heat
source Q;,; ® K maX(S ]E) is an important fitting parameter. Here we illustrate the
dependence of the welding regime on this parameter.

In the Fig. 18 scaling factor K for Q;,; has the value 10. We now compare the
snapshots of the model dynamics with K equal 4 and 6 keeping all other param-
eters the same as in the previous section. The resulting snapshots are shown in
Fig. 19.
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Figure 19. Snapshots of the droplet separation and transfer to the melt pool for
steel wire and two values of the scaling coefficient K in the heat source Q;,;. (left
half) K = 6 and (right half) K = 4.

It can be seen from the figure that the changes induced by increasing the heat
transfer in the sheath layer are similar to those observed due to changes in the heat
capacity. Namely, changes of both parameters lead to increased droplet frequency
and broadening the melt pool.

In addition, the heat transfer in the sheath layer controls the temperature of
the droplet and melt pool surfaces. In particular, the reduced temperature of the
droplets shown in Fig. 8 and 12 correspond to the reduced heat transfer rate in the
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sheath layer. This is an important observation since it allows (to some extend) in-
dependent control of the frequency of the droplet detachment and its temperature
as well as the temperature and dynamical response of the melt pool.

5.8 Spatter

There is another point of significant concern for space applications of the ARC
welding. Namely, it is expected that the occurrence of the spatter may be harder to
control and, therefore, it is potentially more dangerous in zero-G. An example of
the spatter behaviour on the ground is shown in Fig. 20.
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Figure 20. (a) 3D and (b) 2D view of the spatter pattern for the snapshot of welding
simulations at time t = 0.07 s.

Spatter behaviour on the ground is compared to the one in zero-G in Fig. 21.
The parameters of this set!” with steel wire were the following (i) the Darcy force
scale and additional frictional forces are zero; (ii) viscosity triplet is (100, 100,
0.001) [Pa.s]; (iii) electrical conductivity 4.032x 107 [S/m]; (iv) surface tension 0.1;
(v) heat capacity 475 [J/kg/K] and thermal conductivity 44.5 [W/m/K]. It can be
seen from the figure that gravity significantly affects welding in the spatter case
unlike in the nominal regime discussed earlier in the Sec. 5.4, see Fig. 16. This is
because the melted wire in the region of the ARC torch is much more sensitive to
the gravity than the solid wire.

A potential issue with the spatter in zero-G is an unbounded wondering of
the hot sparks in the welding chamber. This problem can be further intensified
by lowering the pressure in the chamber and this issue will be analysed in more
details in the future work.
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Figure 21. Comparison of the spatter dynamics in the presence of gravity (left)
and in zero-G (b). The snapshot time t = 0.0596 s.

5.9 Evaporation

Our final example is the model based estimations of the metal evaporation rates.
These estimations involve equation of the mass flux (26) and simulations of the
temperature distribution in the wire, droplet and meltpool. The idea of the esti-
mation is based on the fact that in the nominal welding regime the mass flow rate
for both Al and iron has maximum at the boiling point and the temperature of the
metal surfaces of the wire tip, droplet, and part of the meltpool should be close to
the boiling point temperature.

We further note that the wire tip has radius of the same order of magnitude as
the metal droplet. The area of the meltpool surface that can reach boiling point
temperature can be estimated as the area of the spherical cap. The resulting esti-
mate from above of the evaporation area is

Agyap = 41r? (% + w) + 27 Ry * Py
where 7 is the radius of the droplet, R,,, is the radius of the meltpool; & is the
height of the hot region of the meltpool, and w is the fraction of time required
for the droplet transfer. Based on the results of simulations in this work and in
the literature we assume the following values of the parameters for axisymmetric
welding: (i) r ~ 0.5 mm for ER5356 and 0.7 mm for steel; (ii) R, ~ 2.5-4 mm; (iii)
hyp 0.5 -1 mm; and (iv) w = 0.5; area of the hot wire tip is half of the droplet area
while w = 0.5.

Using equations for the maximum mass flux (see Sec. 2.2 eq. (26)) we obtain
the following estimations for the mass flux: (i) 9 mgr/s/cm? for Al and (ii) 13
mgr/s/cm? for steel (iron). The resulting evaporation rate is: (i) 0.23 [gr/min] for
Al and (ii) 0.57 [gr/min] for steel. The main difference comes from the fact that the
steel evaporation area is larger because its wire diameter is larger while mass fluxes
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have similar values for both metals. We note that the results of estimations strongly
depend on the wire geometry and other parameters of the system and should only
be considered as ballpark estimations. More accurate estimations require model
validation and will be performed in the future work.

6 Conclusions

To summarise, we developed 2D axisymmetric finite element model of the ARC
welding using COMSOL Multiphysics. This model is used to support experimental
welding work on the ISS. Two versions of the model were developed: (i) stationary
axisymmetric model of the ARC torch and (ii) dynamical axisymmetric model of
droplet detachment and transfer. The model is using magnetohydrodynamics ap-
proximation of the flow in the ARC torch and includes the following physics: (i)
level set approximation of the two-phase (liquid metal/Ar gas) flow; (ii) laminar
two-phase flow equations for the mass, momentum, and energy conservation; (iii)
nonisothermal heat transfer; (iv) electric currents; and (v) and magnetic fields. The
nonisothermal heat transfer involves multiple heat sources including: (i) electron
heating of the anode wire; (ii) ion heating and electron cooling of the substrate;
(iii) radiative cooling of the metal surface and Ar bulk flow; and (iv) additional
heat source in the sheath layer at the wire tip/plasma interface. The model takes
into account many important force including gravity and Lorentz forces, Darcy
force, surface tension, and additional frictional force.

Stationary model includes temperature dependent thermophysical parameters
of Ar flow such as density, electrical and thermal conductivity, heat capacity, vis-
cosity, and net emission coefficient. The metal parameters of this model were con-
stant. It was shown that the stationary model can reasonably well reproduce the
temperature distribution in the ARC torch. The model allows to analyse effect of
many system parameters on the ARC torch including e.g. (i) current; (ii) Ar flow
rate; (iii) model geometry; (iv) density; (v) thermal and electrical conductivities
of the wire material etc. An example of the parametric studies of the convective
heat transfer in the ARC torch as a function of the Ar inlet flow rate is shown in
Sec. 3.1. In particular, this example demonstrates the importance of the convective
heat transfer for the temperature distribution in the torch, strong dependence of
the heat transfer on the inlet velocity, and existence of the optimal velocity for the
maximum heat transfer in plasma below the wire tip.

Dynamical axisymmetric model of the droplet detachment, transfer, and the
meltpool build up includes temperature dependent thermophysical properties of
the gas flow, metal wire, and metal substrate. The model has been developed for
steel wire and then extended to include ER5356 alloy wire. It was shown that the
model can reasonably well reproduce the shape and frequency of the droplet de-
tachment and initial shaping and dynamical response of the melt pool. We note
that the temperature dependence of many thermophysical parameters is not well
known. This is especially important for alloy ER5356 where temperature depen-
dence for most parameters is known only approximately and locally. Further anal-
ysis and validation will be required in the future work to improve accuracy of
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the model predictions. At present model provides deep physical insight into the
system dynamics and allows for semi-quantitative predictions of various welding
regimes.

In this report we highlighted some of the model applications to the analysis of
welding regimes. In particular, we reported dependence of the welding regime on
the current in Sec. 5.2. It was shown that the current increase results in transition
from the globular to spray regime in agreement with earlier experimental observa-
tions. Next, it was shown (Sec. 5.8) that further increase of the current may result
in melting the wire and spatter. The spatter is important in the context of space
applications because of unbounded wondering of sparks in the welding chamber.

At the same time we did not observe a significant effect of the zero-gravity
environment on the nominal welding regime, see Sec. 5.4, except of small increase
in the droplet frequency and volume in zero-G. It was noted that in the region of
the ARC torch the gravity force is relatively small as compared to the Lorentz force.

It was also noted that reducing chamber pressure to half atmosphere does not
significantly affect the nominal welding regime 5.3 in simulations. This observa-
tion is important for the ISS experiments because of limited supply of Ar.

At the same time an important observation, see Sec. 5.5 was that in zero-G
environment the quality of the melt may be deteriorated because of the lack of the
buoyancy effect and subsequent trapping of the gas bubbles in the melt.

It was further noticed in Sec. 5.6 that specific heat capacity and its temperature
dependence are important thermophysical parameters of the model that allow one
to control shape of the meltpool and its dynamical response to the droplet im-
pingement. Another important parameter highlighted in the report, see Sec. 5.7,
was the heat transfer from the wire tip to plasma that controls droplet frequency
and shape as well as the temperature of the ARC and meltpool.

In our last example, see Sec. 5.9 we used results of simulations to estimate from
the above the rates of metal evaporation for both steel and ER5356 wires. The
resulting rates are 0.23 [gr/min] for ER5356 and 0.57 [gr/min] for the steel.

Finally, we note that the developed model can be used to understand physics
of the ARC welding in various environments and different geometries. Specifi-
cally, the model analysis in zero gravity reveals that there is significant increase
in probability of gas bubbles trapping in the meltpool in the absence of Buoyancy
effect. In addition, there is a possibility of unbounded wondering of sparks in the
welding chamber in zero gravity. These phenomena raise concern of quality of the
weld and safety for ISS applications. Also metal evaporation in the confined ISS
environment should be further considered in more details especially for the case
of spatter, when the evaporation area may be significantly increased.

Future work will include validation of the results using available experimental
data and extension 2D axisymmetric model to 3D model.
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