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Prediction of Gas Tungsten Arc Welding
Properties in Mixtures of Argon and Hydrogen

John J. Lowke, Richard Morrow, Jawad Haidar, and Anthony B. Murphy

Abstract—A theory of gas tungsten arc welding (GTAW) arcs mole fraction. In arc welding, mixtures of only a few percent
that treats the tungsten electrode, the arc, and the workpiece of hydrogen are ever used because of problems of porosity
as a unified system has been applied to make predictions in, welds and the possibility of hydrogen embrittlement with
two dimensions of the temperature d_lstrlbutlons in t_he arc, hiah ¢ f hvd N thel th lculati
the tungsten cathode, and the workpiece, for any given arc 9 percgn ages o _y rogen. Nevertheless, the calculations
current and gas mixture. Predictions of arc temperatures, radii, Serve to illustrate major changes that occur when hydrogen
and voltages are compared for argon and mixtures of argon is added, namely, an increase in the degree of constriction of
and hydrogen. It is found that arcs in gas mixtures containing the arc, the arc voltage, and the arc temperature. Results are
hydrogen are more constricted and have a higher maximum qien for poth steel and aluminum as workpieces, as there
temperature and arc voliage than arcs in pure argon. The has been recent interest in using high-current GTAW for both
addition of hydrogen also significantly increases the volume of . .
molten material in the weld pool due to the higher thermal ferrous and nonferrous materials [4]. The calculations show
conductivity of argon—hydrogen mixtures at temperatures at the effects of the markedly different thermal conductivities of
which molecules of hydrogen dissociate. Predictions are alsothese metals.
compared for workpieces of steel and aluminum. The volume  he method of calculation assumes that the space-charge
of molten material is very much less for aluminum, despite its . .
lower melting point, because of the higher thermal conductivity sheath at thg eI?CtrOdes is small and can be omlttgd [_3]' _[5]'
of aluminum. Predicted arc voltages as a function of current for NO assumption is made as to the current density distribution
a mixture of 10% hydrogen in argon are in good agreement with at the cathode as values of current density are derived for
experimental results. the whole arc—electrode region from the current continu-

Index Terms—Arc, argon, hydrogen, tungsten, welding. ity equation [6], [7]. Values of the electrical conductivity
for mesh intervals next to the cathode are determined by
solving the charge continuity equation using the ambipolar
diffusion approximation [8]. lonization within the sheath due

T IS well known in welding technology that weld propertieso the electric field is omitted, and charge densities at the

are a function of the gas mixture used for the arc, andterface between the plasma and sheath region are taken
many different gas mixtures are in use for different applicat the equilibrium plasma value. The charge density at the
tions. However, the effects of gas properties on the weldimgthode surface is calculated from the theoretical current from
characteristics are not understood, and it has not been possib&mionic emission. The neglect of space-charge effects in
to make quantitative predictions of the effects of altering thbe sheath region is supported in that the derived voltages
gas composition. between electrodes are in fair agreement with experimental

In the present paper, we report progress made toward thesgults. There are other authors who believe that the space-
ends. It is now possible to calculate the material propertiebarge region is very significant, even for thermionic cathodes
of any specified gas mixture theoretically [1]. It is als¢9], [10].
possible to calculate, to a fair approximation, the steady-stateSignificant energy exchanges need to be taken into account
temperature profiles for the arc plasma, and also the electrad¢he energy balance equation at the surfaces of the electrodes.
and workpiece, for gas tungsten arc welding (GTAW) [2], [3][There is a strong cooling effect on the tungsten due to electrons
Predictions for gas metal arc welding (GMAW) are much modeaving the electrode overcoming the surface work function,
complex because metal droplets are continually being formeahd at the anode, where electrons enter the electrode, there is a
and the arc is never really in a steady state. Furthermore, éarresponding heating effect. If the derived current density at
GMAW, the cathode is generally not a thermionic emitter, arttie cathode surface is less than the thermionic current density
account needs to be taken of the physical processes produadagesponding to the local temperature, the difference must
the electron current. be due to ion current, which will give an additional heating

We have made calculations for GTAW to compare results feffect to the cathode.
pure argon and mixtures of argon and up to 10% hydrogen by

I. INTRODUCTION
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Fig. 1. Calculated values of thermal conductivity as a function of temperkig. 2. Calculated values of specific heat as a function of temperature for
ture for various mixtures of argon and hydrogen by mole. various mixtures of argon and hydrogen by mole.

methods of Murphy and Arundell [1] and Gordon and McBridét the electrode surfaceg._ The eIectroc!e electrical re;istivi—
[11]. In the calculations, we have assumed that the fractid§S and thermal conductivities are required as a function of
of hydrogen and argon is constant throughout the calculatilifnperature. _ _
domain. Demixing effects occur [12], [13], but influences on The plasma is assumed to be in local thermodynamic
the heat fluxes for similar mixtures of argon and nitrogen afgduilibrium, the flow is assumed to be laminar, and demixing
less than 10% [14]. However, demixing effects may be mudh n_eglected. The equat|ons of conservation of mass,.enthalpy,
larger for mixtures with hydrogen instead of nitrogen becau&adial momentum, and axial momentum are, respectively

the maximum in the thermal conductivity, which occurs at 1 & 7]

the temperatures for molecular dissociation, is much larger for;,. g, (rpvr) + 9z (pv2)

<

hydrogen than for nitrogen. =0 1)
The principal effect of adding small quantities of hydrogen & g
to argon is on the thermal conductivity. Calculated values are g (pvrh) + 9z (pv:h)
shown in Fig. 1, where it is seen that the thermal conductivity 18 (rr Oh 8 [k Oh J2+ 52
at temperatures around 3000 K is increased by more than a ~ . 5, <g E) - 9z <a 8;:) U @
factor of 10 if 10% hydrogen is added to argon. This increased | 4 , 9
thermal conductivity is caused by the dissociation of hydrogen - - (rpv;) + e (pvrvz)
molecules. Temperatures around 3000 K are critical because apP ) 18 o,
they are near the melting point of metals such as steel, and = 5 —J.Be + ol <2m7 W)
heat conduction from the arc plasma to the steel is enhanced
by the hydrogen. 9 <77‘%Z 778”?‘) _optr
+ 2n 3)
Figs. 2 and 3 show calculated values of the specific heat dz \ Or Iz r?
and electrical conductivity, respectively, as a function of 13(7, o)+ 0 (pv2)
temperature for various percentages of hydrogen in argon. Ther dr PUr) T g, PV
effect of adding hydrogen on material functions other than _8P i B 0 9 v,
thermal conductivity is small, although the specific heat is ~ 9z tarBet 5 \F %,
increased about a factor of 3 at about 3000 K. 10 (rndv.  rndu,
15<T+a—)+pg. (4)
T T T z

lll. THEORETICAL METHOD AND BASIC EQUATIONS Equations (1)—(4) define the enthalpy the pressure”, and

We have used the method of Lowkeal.[3] to calculate the the axial and radial velocities, and v, of the arc column
temperature profiles of the arc plasma, the tungsten electrode,a function of the radial and axial coordinatesaand =.
and the workpiece as an integrated system. Basically, the faure material functions are the thermal conductivity the
equations for conservation of mass, axial momentum, rad@eéctrical conductivityo, the specific heat,, the densityp,
momentum, and energy are solved to obtain the temperatuhe radiation emission coefficieif, and the viscosity;, all
axial velocity, radial velocity, and pressure, all in two diof which are required inputs as a function of temperature for
mensions, for the plasma—electrode system. In addition, titee ambient pressure of the arg;is the acceleration due to
magnetic field is calculated in order to take account of ttgravity. The current densitieg. and j,. are evaluated from
magnetic pinch forces that induce the plasma flow, and effe@bdm’s law, j = o E, where the electric fieldE, is obtained
of thermionic cooling and heating and ion heating are includécm E = —V¢. The electric potential is obtained from a
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15000~ 100% Ar the cathode, the additional energy fliixto the electrodes is
| ———— 99%Ar, 1% H, . . - 5
--------------- 98% Ar, 2% H = —cal™ — 91 + 1, V;:
12500f -------- 95% Ar, 5% Hj Y+ IV ©

———— 90% Ar, 10% Ho

7; - e is the emissivity of the surfacd; is the surface temperature,
¢ 100001 1 is the work function,j; is the ion current densitya
_E is the Stefan—Boltzmann constant, akd is the ionization
% 7500 potential of the plasma. The term i# represents the loss
§ ! in energy from electrons leaving the cathode and overcoming
S 5000 the work function potential. The ion current densify is
§ i assumed to bg — jr at the cathode surface, whejds the
8 2500l current density at the cathode surface obtained from the current
L“ continuity equation, angp is the Richardson current density
b At due to thermionic emission of electrons from the surface;
0 5000 10000 15000 20000 25000 30000 jr = AT? exp(=yc/kgT); c is the electronic chargéss

Temperature (K) is Boltzmann’s constant, and is the thermionic emission
Fio 3 Calculated val ¢ electrical conductivi function of constant for the surface of the cathodejjf is greater than
1g. <. alculated values of electrical conductivity as a function of temper- o .
ature for various mixtures of argon and hydrogen by mole. J, we takeJZ_t_o be zero. Ifj is Qr_eater _thaWR' we assume
that the additional electrons originate in the plasma by back

diffusion. At the anode surface, we change the sign of the term

solution of the current continuity equation, i.e., in j4 of (6) to be positive since electrons heat the anode due
to the work function potential. We assume that there is no ion
V.- (oV¢) =0. (5) current, and hence no ion heating at the anode.

The value of the emissivity for the thoriated tungsten
o ) ) , . cathode was approximated as 0.3, independent of temperature

The magnetic field3, is obtained from Maxwell's equation: [16) \workpiece temperatures are much lower than the cathode,
(1/7)8(rBe)/9r = poj-, wherepo is the permeability of free 54 thus for the workpiece, the thermal radiation emission
space. _ o _ _ _term of (6) is insignificant.

The integration region is a cylinder 4.3 cm long with aradius thg sheath regions near the electrodes are treated as in the
of 3.5 cm, containipg a cylindrical thqriated tupgstgn Cfitho‘ﬁvestigation of [3]. The computations typically use %070
3.5 cm long and diameter 3.2 mm with a conical tip with agq naints to span the whole arc—electrode region using a
included angle of 60 The cathode conical region has a flafn niform mesh. The mesh size at the electrodes is 0.005 cm,

tip of radius 0.2 mm. The boundary conditions of (1)-(4) fofhich is approximately the mean free path of the electrons.
the external boundaries are that the temperature is 300 K ults are insensitive to the size of the mesh at the cathode,

there is an imposed gas flow of 166 ¥maround the cathode as in the investigation of [3].
through a radius at the cathode entrance of 0.66 cm. FIoWrq, mesh cells adjacent to the anode surface, the electrical

boundary conditions at other external boundaries maintain t{:@nductivity is taken simply as the equilibrium plasma value

continuity of flow [7]. Along the axis of the integration region o, the temperature on the plasma side of the cell. The results
temperature gradients, axial velocity gradients, and the radiglgigs 47, discussed later, are also insensitive to the size of
velocity a_re set to zero. The arc pressure is taken as 1 Ipﬁé mesh at the anode; for example, in Fig. 4, the predicted
at the point on the entrance plane at the outer boundary @fperature of the anode at a radius of 0.44 cm at the edge of
the integration region. The electric potential is set to zero molten region changes from 1790 to 1820 K, with a change
the base of the workpiece. The potential is evaluated for the ash size at the anode of 0.005 to 0.02 cm. However, the
integration region from the solution of the current continuity,rent density distribution over the anode is, to some extent,

(5) for a given total current [7]. _ dependent on the mesh size. The current density at the center
The integration region over which solutions of (1)-(5) arg¢ the anode changes from 980-Am~2 with a mesh size of

obtained contains electrode and arc regions. Material functioN$os cm to a current density of 640 Acm~2 with a mesh
appropriate to the electrodes and the plasma are used for €468 of 0.02 cm. Convergence is generally obtained for each

region. In the solid electrodes, there is no convection, aag, ¢ rent in about 200 iterations, taking about 5 min on a
convective effects are also omitted in the liquid weld pool, s§jjicon Graphics Challenge L computer.

(1), (3), and (4) are not used in these regions. The radiation
emission coefficient/ for the plasma was taken for visible
radiation only [15], neglecting self-absorption effects. IV. RESULTS

Calculations at grid points on the electrode surfaces needig. 4 shows calculated results for a 200 A arc in pure argon
to include special processes occurring at the surfaces. With a gap between the tungsten cathode and a steel workpiece
account for energy losses by thermal radiation from the hot 3 mm. The calculated arc and tungsten temperatures are in
electrode, cooling or heating by the electrons leaving good agreement with experimental values for a similar sys-
entering the solid, and heating by ion bombardment. Heatitgm, where the maximum arc temperature was 23 000 K [17]
of the electrodes by radiation from the arc is neglected. Fand the temperature at the cathode tip was 3800 K [18].
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m/s at 400 A. With the addition of 10% of hydrogen, these

20 — : .
- R ] values increase due to the higher magnetic pinch pressure of
. the more constricted arc to be 90 m/s at 50 A and 900 m/s
15 L at 400 A.

V. CONCLUSION

Recently developed computational methods have been used
10% Hydrogen to calculate properties of gas tungsten arc welding, where
. 15% Hydrogen - the electrodes, arc, and workpiece are treated together in a
C unified system. The properties of different gas mixtures of
s the welding gas can be calculated and quantitative predictions
r made of effects of each gaseous component on the temperature
0 ) ‘ ‘ distribution in the electrodes. In the present paper, predictions
0 100 200 300 400 are made for various mixtures of argon and hydrogen. The
Current (A) effect of the addition of hydrogen is 1) to make the arc more
Fig. 8. Comparison of predicted and calculated arc voltages as a functié@nstricted, 2) to increase the arc voltage, 3) to increase the
of current. arc temperature, and 4) to increase the volume of the molten
material of the workpiece for a given arc current.

Voltage (V)
=
T

Pure Argon

oo}

® o Experiment

The predicted molten region in the steel is shown in black.
This region is simply the region of the metal calculated to be
above its melting point, with no account taken of the change inThe authors are indebted to B. Canak for assistance with the
material functions from solid to liquid, convection in the weldalculations. They are also indebted for discussions with their
pool, or the latent heat of fusion of the metal. Neverthelesslleagues, N. Ahmed and L. Jarvis, of the CSIRO Division
it is considered that the region in black gives an indication of Manufacturing Technology, Adelaide, Australia.
the degree of melting that is to be expected in the workpiece.
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