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Arc Modeling for Welding Analysis 
s. s. Glickstein 

Abstract 

A one-dimensional model of the welding arc that considers heat generation 
by the Joule effect and heat losses by radiation and conduction has been 
used to study the effects of various gases and gas mixtures currently 
employed for welding applications. Minor additions of low ionization 
potential impurities to these gases are shown to significantly perturb 
the electrical properties of the parent gas causing gross changes in the 
radial temperature distribution of the arc discharge. Such changes are 
reflected in the current density distribution and ultimately in the input 
energy distribution to the Weldment. The result is observed as a variation 
in weld penetration. 

Recently published experiments and analyses of welding arcs are also eval­
uated and shown to contain erroneous data and results. Contrary to previous 
beliefs,the inclusion of a radiation loss term in the basic energy balance 
equation is important and cannot be considered as negligible in an argon arc 
at temperatures as low as 10 000 K. 

The one-dimensional. analysis of the welding arc as well as the evaluation of 
these earlier published reports helps to explain the effects of -various. gases 
used for welding, improves our understanding of the physics of the welding 
arc, and provides a stepping stone for a more elaborate model which can be 
applied to help optimize welding parameters. 
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I. Introduction 

Arc Modeling For Welding Analysis 
s. s. Glickstein 

Within the next decade the electric arc as applied to welding applica-

tions will approach its centennial celebration(!). During these past one 

hundred years, considerable progress has been made toward achieving welds 

with a high degree of perfection. This has been accomplished 

as a result of expending considerable experimental effort devoted to welding 

development with the theoretical justification playing a secondary role. 

In addition, part of the success in today's welding operations can be attri-

buted to the built in feedback mechanism that is present when welding is 

performed manually. But as modern technology progresses, and automated 

machinery replaces the manual welder, the natural feedback between the 

welding operation and the operator becomes lost, and instantaneous corrective 

action that is sometimes necessary during welding can no longer be accomplished. 

At this stage of development, it becomes extremely important that the welding 

process be better understood from a theoretical point of view. 

As a.means of·furthering our understanding of the Gas Tungsten Arc 

Welding (GTAW) process, the arc discharge and energy distribution to the 

weldment are analyzed using a one-dimensional analytical model of the arc. 

In particular, arc temperature and current density distributions are cal­

culated and analyzed for helium and argon arcs.as well as for arcs containing 

various mixtures of these gases. These gases are commonly used in welding 

applications. Knowledge of the temperature and current distributions in the . 

welding arc are tmportant in order to predict the heat transfer, metallurgical 

structure, weld penetration, and ultimately residual stresses and distortions 
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within the weldment. Variations of the input energy distribution to the 

weldment have previously been shown through analytical studies to signifi­

ca~tly affect the width and depth of the weld(2). 

Vapors of minor elements, such as aluminum entering the shielding gas 

via emission from a stainless steel weld plate, have been visually observed 

to change the arc configuration and penetration(3). Qualitative explana­

tions have been made to justify such behavior(4), but a quantitativ~ an~lyeis 

has never been presented. Employin~ the pby&ieal properties nf ga~~' ~on­

taining mixtures of aluminum and argon, aluminum and helium, as well as 

argon and helium, the analytical model of the arc is used to demonstrate 

the effects of minute additions of minor elements to the welding gas on the 

arc discharge. 

Although considerable experimental and theoretical effort has been 

applied toward understanding the physics of arc discharges, limited work 

has been devoted directly to the welding arc. Recently reported temperature 

distribution measurements of a 100 A welding arc(5) are analy~ed and shown 

to be incompatible with results of the analytical model. This report also 

analyzes the effects of radiation in argon arcs and finds this to be an 

important contribution to the energy balance equation at arc temperatures 

considerably smaller than those reported previously(6,7). 

The application of the arc model described in this report has provided 

considerable insight into and understanding of the effects of gaseous pro• 

perties on the welding arc. It is a stepping stone for a more elaborate and 

sophisticated treatment of the arc discharge which can eventually be applied 

to help optimize welding parameters. 

~-



II. Calculational Model of the Arc 

The welding arc whose electrode (cathode) is far from the weldment 

(anode) is illustrated in Figure 1. Three distinct regions are present; 

the anode drop region, plasma column, and cathode drop region. While the 

cathode and anode drop regions are of prime importance in an analysis of 

the welding arc, their complexity leads one to consider the far simpler 

region, the plasma column for an initial analysis. The difficulty in 

considering the electrode regions can be attributed to experimental observa­

tions of current densities from several to hundreds of millions of A/cm2, 

both in single spots, and with separation into ·hundreds of individual spots. 

The temperature of the spots far exceed the boiling point, and extreme 

velocity values in normal and reverse directions are a common phenomenon 

for this region(S). The plasma region which is_simpler to analyze provides 

an e_xcellent basis for understanding effects on the arc and we ldment that 

can be attributed to gaseous impurities in the arc, welding current and arc 

voltage. These factors may be influenced by both the type gas and electrode 

configuration. Thus, the following analysis will be concerned primarily 

with the column region of an arc .• 

1. Conservation Equations 

To formulate a solution for the current, temperature, pressure, and 

·gas flow in the plasma region of an arc (See Figure 1), the following conser-

vation equations must be satisfied. 

Conservation of mass 

· div <.f v) • 0 

Conservation of momentum 

.1) dv 111 

.I dt 
grad p + 1 J x H 

c 
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Conservation of energy 

div (k grad T) - .f v • grad h + O'il - u • o 

Conservation of current 

div j ... 0 

where 

jJ • mass density 

v • flow velocity 

p =- pressure 

c ·• velocity of ltght 

j • current density 

T • temperature 

h • enthalpy 

· .k • thetmal conductivity 

o- • electrical conductivity 

H • self~agnetic field 

E • electric field strength 

U • radiated power pel' tJni.t volume 

(3) 

(4) 

In addition, boundary conditions need to be specified for a complete 

solution to. be obtained for the above equations. 

A .. considerable simplification of the solution of the problem is 

possible by assuming the gas to be strictly immobile. This neglects any 

forced motion due to the applied and self-generated' .electric and magnetic 

fields as well as a~y kind of natural convection or end effects due to the 

electrodes. 'While such an assumption may be unrealistic, it nevertheless 

enables one to understand the effects of the thermal and electrical proper­

ties of. the gas on the temperature and current density distributions in the 
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arc. The model for the column region of the arc may then be expressed very 

simply by the energy conservation equation in the radial direction only. 

c:r' E2 - U = - 1 .! (r k !!.! ) 
r dr dr . 

The total current I is given by 

1 • jz"" "'f r · j{r) dr 

0 

where the current density j(r) is given by 

j (r) • O'(T) E 

The solution to equation 5 requires a knowledge of the electric field E,­

temperature dependent electrical conductivity cr(T), temperature dependent 

thermal conductivity k(T) and temperature dependent radiation loss term 

U(T). The appropriate evaluation of these parameters is discussed in the 

next section. The solution to equations (5•7) was performed with a com-

puter analysis using the Fortran program COLMN formulated.by Chou(9). 

Minor improvements to the program were made in order to procure graphical 

output and to obtain solutions for fixed current arcs. 

2. ·Electric Field 

The electric field for argon, helium, and mixtures of these gases 

were found experimentally by determining the arc plasma voltage V , as a 
. p 

function of arc gap spacings. From such data, the E field is simply given 

by, 

E • 

.As previously discussed in Reference 10, the arc plasma voltage VP· is 

deduced from the measured voltage Vm which includes the potential drops in 

-s-
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the line VL and electrode Ve• Typical measured results are shown in Figure 

2. The zero arc gap intercept in Figure 2 is a measure of the sum of the 

·anode drop Va, and cathode drop Vc (See Figure 1). This sum, Va + Vc as 

well as the elec·tric field E, for various mixtures of argon and helium gases 

are shown in Figure 3 for a 100 A welding arc. The E field evaluation is 

in reasonable agreement with previously reported measurements given in Refer­

ence 11. From these data, it is. readily observed that small additions of 

argon gas to helium drastically alters the magnitude of the electric field 

while small additions of helium c;o ~rgon have little effect. This ~a.n be 

understood in terms of the ionization potentials and the electrical proper­

ties of these gases and is discussed in the next section. 

3. Electrical and Thermal Conductivity 

Electrical and thermal conductivities of gases were calculated by 

R. W.·Liebermann; Westinghouse Research Laboratory with the method described 

in Reference 12. · The results for air, argon, helium, mixtures of argon and 

helium as well as mixtures of aluminum-helium and alumin~·argon are presented 

in Figures 4•11. Readily evident in these figures is the significant effect 

small additions of aluminum vapor have on the electrical conductivity of both 

argon and helium gases at temperatures below 12 000 K (Figures 6 1 7). The 

small addition of argon to helium also produces a large change in the 

electrical conductivity of helium (Figure 10). This is attributed to the 

differences in ionization potential (IP) of these elements (IP(A) a 15.08 eV, 

IP(He) 24.46 eV, IP(Al) ~ 5.96 eV) which predominantly affect the degree of 

ionization present in each of these elements at low temperatures. (See Figures 

12a, 12b, 12c). The degree of ionization relates directly to the electrical 

conductivity of the gas. At temperatures near 20· 000 K all three gases are 
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completely ionized and the effects of one gas on the other is negligible. 

The thermal conductivities of both helium and aluminum are greater that 

that of argon. Thus, any addit~on of either of these two gases to argon 

increases the effective thermal conductivity of the mixture relative to 

pure argon~ 

4. Radiation 

The radiation term U, in Equation (5) represents quantic emission of 

all the relevant spectral lines from the various species of gases and im­

purities (13). Figure 13 illustrates the different type radiative trans­

itions that may occur in atoms which contribute to the radiative power. 

The total power U is given by the summation over the bound-bound transitions 

ubb~ free-bound transition ufb, and free-free transitions uff• 

u ~ ubb + ufb + uff (9) 

A calculational analysis of the total power U for an argon arc was 

performed and detailed in Appendix I. The poor agreement of the results with 

experimentally published values h~s b~en attributed to limitations in the 

calculational technique. As a result, the-experimental radiation data of 

Evans and Tankin (14) was used exclusively in the calculational model for 

evaluating the effects of the radiation term on the temperature and current 

density.distributions of an argon discharge. 

III. Analytical Results 

l~ Evaluation of Radiation Effects 

The relative magnitude of the energy source term Gi(T)E2 for argon 

as a function of arc temperature for various electric fields is illustrated 

in Figure 14, and compared to the measured radiation emission results of 
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Evans and Tankin(l4) ·for a lOOA arc. As noted from the measured results 

shown in Figure 15, a reasonable estimate of the average electric field for 

argon is on the order approximately 8V/cm. For such values of the E field, 

.arc temperatures above approximately 13 OOOK become physically unreal in a 

one-dimensional arc model, since the radiation loss is greater than the energy 

input (See Figure 14). While-such results are consistent for low temperature 

arcs (5, 15), two dimensional heat transfer. is necessary to explain the 

occurrence of arc temperatures greater than 13 OOOK reported for higher current 

arcs (16,17). In this case, an axially varying E field and axial heat transfer 

which are neglected in the one-dimensional arc model can be included. In such 

a ~del higher arc temperatures may be accommodated without violating the con-

servatiun uf energy in the arc. 

The effects of including a radiation term in equation 5 are very signi-

ficant. For example, the temperature and current density distributions for a 

lOOA argon arc with and without a radiation term are shown in Figures 16 and 

17 respectively. The radiation emission data of' Evans and Tankin(l4) were used 

but reduced by 50% in order that the energy production term E2 be greater than 

the energy loss (See Appendix I). This is physically realistic if one assumes 

that the arc is not optically thin, and self absorption of the emitted rad-

iation is.significant. Since radiation losses at'e pt'oportionately greater at 

higher temperatures the effect is to flatten the heat source distribution-near 

the axis. The result is a reduction in the peak temperature and current density 

on the axis, and a broadening of both the temperature and current density 

distributions by almost 501. This .simplified analysis reveals the importance 

of considering radiation loss~s when evaluating the temperature distribution 

·in welding arcs. The effect of radiation can be neglected only when the 

temperature is below approximately 10 OOOK. This is the case for very low 

current arcs or for arcs dominated-by vapor emission from the weldment. 
-8~ 



The same experimental radiation emission data was used by previous 

investigators (6,7) to study radiation effects in argon ar~s. These invest­

igators failed to note that the radiation was given per unit solid angle. 

The magnitude of argon radiation used in their analysis was therefore a • 

factor of 47r too small. As a result, it was errneously ~oncluded that 

radiation effects could be considered negligible for a lOOA arc. 

2. Argon-He 11\Dil Mixtures 

As previously stated, due to the large difference in ionization 

potential between argon and heliua the electrical conductivity of argon is 

significantly larger than that of helium at low temperatures. The large . 

mass difference between argon and helium accounts for the thermal conduct­

ivity of helium being much greater than that of argon. The effect of these 

physical parameters in the current and temperature distributions in an arc 

containing various mixture ratios of argon and helium are now discussed. 

Figure 18 shows the calculated radial temperature distribution for 

pure helium and pure argon arcs. The E field used for the helium arc was 

15 V/cm, and for the argon arc 7.7 V/cm, as determined from the ~asurements 

discussed previously~ Equation 5,with the radiation term set equal to zero 

was used to determine the temperature distribution as it is effected by the 

transport properties only. The larger electric field and higher thermal 

condcutivity of ·helium results in a inuch broader and higher arc. discharge 

temperature distribution than that for a compl\rab'le argon arc •. The E field 

produces a larger energy source term, ·~E2, and the higher thermal con• 

ductivity increases the radial energy transfer. Although .the temperature 

distribution for helium is much broader than argon, the _current density 

distributions shown in Figure 19 have about the same cutoff. radius. 



This can readily be understood by examining the temperature depend-

ence of the electrical condcutivity for these two gases shown in Figure 4. 

The current density j(jo;a. C"'E) may be assumed to be negligible below a value 

of approximately 1 (ohm-cm)-
1

• Thus, from Figure 4, j = 0 at a temperature 

beiow approximately 6000 K for argon and approximately 11 000 K for helium. 

For a lOOA arc, this occurs at a radius of approximately 0.3 em for both 

argon and helium (See Figure 18) which_helps explain the current density 

distribution curves for helium and argon arcs shown in Figure 19. 

It has previously been established (18,19) that the radiative and 

convective energies constitute a smaU fraction of the total energy supplied 

to the weldment; the major contribution is from the kinetic energy carried 

by the electron current. Thus, the current density distribution effectively 

determines the input energy distribution to the weldment. The total energy 

input Q is given by (18). 

ll • i(Va + VKT 'to V~) 

where 

V = anode voltage drop 
a 

Vw • anode work function 

VKT • thermal energy ~n plasma 

Typical values for these terms may be considered as follows: 

(10) 

Va approximately 3 eV, Vw approximately 4.5 eV, VKT approximately 1.2 eV. 

The thermal energy from the arc plasma IVKT is a small fraction of the total 

energy (1.21 vs 8.71). Thus, perturbations of a few thousand degrees Kin 

the absolute temperature of the arc which is on the order of 11 000 K do 

not affect the total energy input (11 000 K • 1 eV). 
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To understand why welding with helium produces so much more energy 

than welding with argon at the same curr~nt, the difference in anode drop 

voltage of these two gases must be compared. Figure 2 shows the results 

of the anode plus cathode drop potential for pure argon, helitim, and mixtures 

of these gases. The ratio of cathode drop pot~ntial to anode drop potential 

has been shown to be approximately 1.8 in an argon discharge(20). Assuming 

the ratio to be the same for a helium discharge, the total input energy Q 

for helium and argon arc can be expressed from equation (10), as follows (See 

Figure 3): 
QA • I (2.99 + 1.2 + 4.5) • 8.69 I 

QHe • 1 (4.71 + 1.2 + 4.5) • 10.41 I 

Thus, for the same arc current, the input energy is approximately 20% larger 

for a helium than for an argon discharge. 

It is a misconception to think that by increasing the current of an 

argon arc so that the total power will be equal to that in a helium arc, the 

resultant welds will be equivalent; This can be understood from the following 

example. 

If total power P is calculated from the commonly assumed formula 

P • 1 V, where V is the recorded arc voltage, then for the same current, 

the helium arc input energy is 50% greater than the input energy for. a 

comparable argon arc. This is because the helium arc.voltage is approx• 

imately 1.5 times the argon arc voltage. 

In order to input the same total power with an argon arc as with an 

helium arc, it would be necessary to increase the current in the argon arc 

by_~ _fact9r of 1.5. The calculated power distribution for two such arcs is 

shown in Figure 20. The results show a higher peak power density for helium· 
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than for argon. Under such conditions, it has previously been shown 

analytically that a deeper weld puddle will be obtained in agreement with 

experimental observations that welding with helium provides a more pene• 

trating arc than argon. 

3. Helium and Argon Arcs Containing Minor Amounts of Aluminum 

Experimental results by Bennet and Mills(3) revealed that aluminum 

vapor present in an ~rgon arc during the welding of high manganese stainle'' 

steel significantly perturbed the arc configuration and affected weld pe~e­

tration. Recent attempts by Metcalfe and Quigley(21) to verify these 

experiments have been unsuccessful. No satisfactory explanation for these 

differing results has as yet been forthcoming. Because of this, it was 

deemed de_sirable to study the affects of minor amounts of aluminum vapor 

on the configuration and current density of both argon and helium arcs. 

Calculated thermal and electrical conductivities for different atom ratios 

(between 104 and 101 of He/Al and A/Al are shown in Figures 6 and 7. 

As previously mentioned, the addition of aluminum.to both helium 

and argon gases has a profound effect on their electrical conductivitie·a 

as a result of the relatively low ionization potential of aluminum compared 

to that o:£ helium and argon. Ta-us, the main source of free electrons for 

current conductance at low arc temp~ratures must be attributed to the high 

degree of ionization of aluminum in the gas mixture. 

Th$ ~al.~ul..-te(f radhl temperature and cun·wnt dwn.:.Lty di.Diir:l.butiunu 

for a columnated arc containing these various gaseous mixtures are shown 

in Figures 21-24. Again, the radiation· term in equation ·s was set equal to 

zero in order to concentrate on the effects of the electrical and thermal 

conductivities. The effect is more pronounced for the helium arc because 
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of the strong influence of aluminum o~ the electrical conductivity of the 

He-Al mixture. For example, in a mixture where the He/Al ratio equals 10, 

at 10 000 K, only 0.004% of the.helium gas is ionized while more than 99.9% 

of the aluminum gas is singly, doubly or triply ionized. Again, this is a 

. . 

result of the low ionization potential of aluminum relative to helium. 

As small quantities of aluminum gas are added to helium (i.e. 

He/Al • 103), the initial effect is to create a significant thermal energy 

source term ~E 2 , in the low temperature region (5000 K to 10 000 K). This 

term is negligible with smaller amounts of aluminum. Such an energy source 

in the periphery of the arc tends to spread the arc temperature distribution. 

Since current can now flow through the low temperature region (recall that· 

the current density j • ~(T)E) because of an appreciable electrical con-

ductivity at low temperatures, the current density at the center of the arc 

will decrease if the total current is to remain the same. For this to occur, 

a decrease in the peak temperature of the arc i~ necessary. This is precisely 

what is observed and is illustrated in Figure 2i. 

The effects of further additions of aluminum toward a mixture ratio 

of He/Al • 10 acts to contract the ~rc. Again, this can be explained in 

terms of the transport properties of the gas. As the He/Al ratio increases, 

the electrical conductivity increases significantly while the thermal con-

ductivity remains relatively unaffected in the temperature range of interest 

(See Figures 5 and 7). Since the current density increases proportionately 

to the electrical conductivity, the arc contracts in order to conserve the 

total current. This effect can readily account for the seemingly ambiguous 

results of investigators who have reported observing sometimes contracting 

and sometimes expanding arcs during welding. 
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For an argon arc, such effects are less dramatic when the arc temp­

erature is high, as for example in the 100 amp arc shown in Figure 23. This 

too can be understood upon examination of the temperature dependence of the 

electrical and thermal conductivities C'and k (Figures 6 and 8). As minor. 

additions of aluminum are added to argon, both electrical and thermal con­

duction increases at temperatures below approximately 15 000 K. The ratio 

of Q-/k changes little for temperatures between ·10 000 K and 15 000 K. As 

has previou~ly been shown(l5), the arc temperature is dependent to a first approx­

imation on the ratio of cr1k. It is not suprising, therefore, to note a small 

effect of aluminum on the arc configuration at this current level. At lower 

currents, the peak arc temperature is lower. In the low-temperature region, 

there are gross changes in the transport properties of the aluminum-argon 

gas mixtures which results in significant changes in the temperature and 

current density distributions between the pure argon arc and an arc containing 

aluminum additions. Such effects are shown in Figures 25 and 26. Although 

the total current necessary to yield such low temperatures is relatively 

small, the same effect could be expected at higher arc currents but with a 

higher content of aluminum vapor present in the gas. Recent spectroscopic 

measurements of the arc have detected the presence of base metal vapor in the 

anode region of an arc discharge (3,15). Additional study is necessary to 

determine the rate of base metal vaporization from the weldment and the con­

centration of minor elements throughout the arc region in order to accurately 

predict the effects of such element additions to the welding arc. 
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4. Analysis of Temperature Distribution Measurements 

a) Data of Gick, Quigley and Richards 

The spectroscopic ~easurements of the welding arc performed at 

the Bettis Laboratory were limited to determining the peak temperature along 

the arc axis(l5). Using an electrostatic probe. technique, Gick et al(5) 

were able to map the entire axial and radial temperature distribution of a 

100 A GTAW arc. Their results are shown in Figure 27. The radial tempera• 

ture distribution 4 mm below the cathode is sh~wn in Figure 28 along with 

the calculated temperature distribution for a 100 A argon arc obtained from 

the program OOLMN. Assuming the peak temperature to be correct, the rapid 

decrease in the radial temperature is inconsistent with a 100 A current 

flow. The inconsistency is demonstrated by integrating the current 

density distribution j(r) over an entire arc plane 4 mm below the cathode to 

obtain the total current I. This is calculated as follows: 
110 

I • j2 1r r j(r) dr 

0 

where the current density j(r) is given by 

j (r) • (J(r) E · 

Tbe radial dependence of U(r) is readily obtabed from the ~emperature 

dependence of (r given in Figure 4. Changing the integral to a summation 

over discrete intervals ~ ri 

I • L 2 'If ri (J(ri)E !::A ri 

ri 

(20) 

(21) 

(22) 

The summation is taken over intervals of ~ r 1 • 1.0 mm. Using the values of 

electrical conductivity given in l'igure 4, an~ an average electric field 

intensity of 8 V/cm obtained experimentally (Figure 15), the resultant total 
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arc current is 25A. This is a factor of 4 smaller than the experimental 

100 A which supposedly yielded the measured temperature distribution. 

Conversely if we assume the current to be 100 A, an electric field strength 

of 33 V/cm.is necessary for consistency; this is a value much higher than 

·any realistic estimate. Integrations over other planes reveal similar in• 

cons is tenc ies. 

Repeating the above analysis at other z plane~, the total plasma 

voltage (excludins the anode and cathode drop regions) may be found from 

the following relation 

V JhE(z)dz 
0 

where the limit of integration extends a distance h, from the cathode to 

anode. The calculations yield a total voltage drop of 38 v. For an 8 mm 

arc gap, this implies an average electric field intensity of 48.5 V/cm. 

Such a value is contrary to experimental results. Th~~, regardless of the 

limitations of the one-dimensional model, the experimental temperature 

(23) 

distribution given by Gick et al is inconsistent with the transport proper-

ties of an argon arc. Since the measured average electric field is 8 V/cm, 

one must conclude that the peak temperature measured by Gick is too small,. 

or the radial temperature falloff is too rapid. These results have initiated 

further analyses of other experimental temperature,data ·for welding arcs. 

In particular, the work of Ev~ns and Tankin is· reviewed in the next section. 

b) Data of Evans and Tankin 

Employing spectroscopic techniques, Evans and Tankin have deduced 

the radially and axially varying temperature distribution of a 250 A free 

burning argon arc(l7)~ An arc length of 6 mm was used with various gas 
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pressures. The results are reproduced .in Figure 29. From these data, and 

employing the same methods previously described, the electric field inten­

sity as a function of radial position has been determined for the 250 A 

-arc at one atmosphere argon pressure. 

The results shown in Figure 30 reveal a high electric field 

near the cathode which decreases as the anode is approached. The result is 

consistent-with what is to be expected for a pointed electrode. The total 

potential drop V, across the plasma region· (excluding the anode an:d cathode 

drop regions), is found from the integral under the curve of Figure 30 to 

be 5.5 V. Using this value, an average electric field E is determined 

as follows 

i'· ... 5.5 
0.6· 

111 9 V/cm 

This is an excellent agreement with the 8 V/cm result obtained for the 

90-145A arcs described in Figure 15. The analysis can be reversed. Assuming 

an average electric field of 9 V/cm the integrated current .calculated from 

equation 22 will be 250 A, in.excellent agreement with the experiment at all 

planes.. Since the total arc volC:age for the 250 A arc described by Evans 

and Tankin is not given, a value of approximately 12 V is assumed. Assuming 

the anode and cathode drop to be approximately 6V, a realistic plot of the 

potential as a function of distance from the cathode tip is shown in Figure 

31. 

IV. Summary and Conclusions 

Welding development has progressed mainly a~ a result of extensive experi• 

mental effort with the theoretical. justific~tion playing a secondary role. 

But sophisticated technology an~ the advent of automation to welding tech­

niques now require a better theoretical understanding of the basic physics 
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of the welding arc. Because of the complexity of the arc discharge no complete 

theory exists which fully describes the arc in its entirety. Therefore, as· 

a start, a one-dimensional model of the arc which treats heat generation 

by the Joule effect and heat loss by thermal conduction and radiation has 

been used to study the effects of the transport properties of various gases 

on the input energy distributions to the weldment. 

In particular, small additions of metallic vapor such as aluminum is 

shown to significantly perturb the radial temperature di~t~ib~tion of the 

welding arc. As a result, the current density distribution which is 

directly related to the temperature dependent electrical conductivity is 

changed, and the input energy distribution to the weldment will be perturbed. 

This results in variations in weld penetration. Any minute amount of 

low ionization potential element addition to the welding gas can cause 

significant changes in the configuration of the weld bead. 

Welding arc shielding gases containing mixtures of argon and helium 

which are commonly used in the GTAW process have also been studied. The 

analytical model reveals that extremely small ( < 1%) additions of argon gas 

can significantly perturb a pure helium discharge, while small additions of 

helium to an argon discharge has little effect on the arc configurations. 

The greater energy input associated with the helium welding arc as compared 

to an argon arc at the same current does not result from a "hotter" temp• 

erature arc as commonly believed. Experimental measurements of the 

electric fields and analysis of the potential drop associated with each gas 

discharge show that the greater energy of helium can be attributed to a 

larger anode drop potential relative to that of argon arce. 



The one-dimensional arc model has clearly shown that radiation losses 

for a lOOA arc cannot be considered negligible as has been reported by 

other investigators. Indeed, radiation losses are an important factor in 

the energy conservation equation for an argon arc w~th temperatures greater 

than 10 000 K. Radiation losses reduce the peak temperature along the 

arc axis and broaden the temperature distribution. 

Some of the limited experimental temperature distribution data that have 

been reported for welding arcs have been analyzed. Using reasonable esti­

mates of the electric field strength deduced from experimental data and 

temperature dependent electrical conductivity data for argon gas, the current 

density distribution in an arc can be inferred from reported temperature 

distributions. With such an analysis, recently reported experimental·data 

for temperature distributions in a lOOA welding arc are shown to be incorrect. 

The results of the s~e type analysis applied to results reported for 250A 

welding arcs are in excellent agreement with the test data. 

These evaluations of experimental arc studies coupled with the one­

dimensional arc model help to explain the effects of various gases used 

for welding, improve our understanding of the basic physics of the welding 

arc, and provide a stepping stone for a more elaborate model in the future 

which can be applied to help optimize welding parameters. 
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APPENDIX I 

Calculation of Radiation Emission in an Argon Arc 

The radiation term u, in Equation (5) represents quantic emission of 

all the relevant spectral lines from the various species of ga~es and im• 

purities(l3). Figure 11 illustrates the differen~type radiative trans• 

itions that may occur in atoms which contribute to the radiative power. 

The total power U is given by the summation. over the bound•bound transi• 

tiona ubbt free·-bound transition ufbt and free-:-free transitions uff• 

~diation from bound-bound levels is given in principle by summations 

over the upper levels k of the excited atoms from which the radiation is 

emitted, lower levels to which the atom resides after emission, and a summa• 

tion over the radiating species (molecular, atomic, ionic, etc.) of index j. 

This may be written as 

where j k 1 

.1\ a density of excited levels 

h • Planck's constant 

)lkl • line frequency 

~l • transition probability 

The power radiated from free-bound transitions may be described with the 

following equation 

where 

~ const N N+ (KT)-1/
2 

)( 

N a electron number density 

N+ • ion number density 

K • Boltzman's constant 

A-2 

A•3 



The equation for free-free transitions, also known as Bremmstrahlung is given 

for the ith species, by 
1/2 1/2 

uff -~ (t) 
1 

( e
6
Zi

3 
N Nt 7f ~. c

3 mb) ( BK T/'1( m) A-4 

Zi =degree of ionization of the ith species 

c • speed of light 

e • elementary charge 

~ 0 • permittivity of vacuum 

m •'electron mass 

h a Planck constant 

In the majority of the high-pressure arcs (of which the welding arc is 

so classified), the predominant radiation term results from the bound-bound 

transitions(l3). Although the two types of radiation are importa·nt and must 

be investigated, they will be assumed to be negligible for the first approx-

imation. It will then be shown that these terms must be small; in fact the 

calculated radiation (with no self-absorption) for an argon arc attributed 

to Ubb alone is greater than the experimentally observed radiation emissio~. 

To evaluate equation A-2 as ·a function of temperature, the density of excited 

states is. determined. Assuming local thermodynamic equilibrium (LTE) the 

level density Nk is given by 

Nk • Nj gk exp(•Vk/KT) 

80' 

where 

N'j • density of relevant specie in the ground state 

Bk• 8o •. statistical weight factors 

Vk • excitation potential of state k 

K • Boltzman constant 

T • temperature 

A-2 

A-S 



The density of ions and atoms is obtained from the Saba relation S(T),(22): 

where 

S (T) .,. 2 ~ Z+ (T)x2 7f lila k) T3/2 
Z (T) h3 

a 

Na • number density of neutral atoms 

Ni • number density of ionized atoms 

Ne • number density of electrons 

A-6 

A•7 

., 
Za (T) = L gje ·Ej/KT • partition function of the neutral atom, where 

j Ej represents the jth energy level of the atom 

_and gj is the statistical weight of the.level 

. Z+(T) • L gne-~/KT • partition function of the ionized atom, where 

n E is the energy of the nth level of the ion and 
n 

gn is ·the statistical weight of the level 

m
0 

.,. electron rest mass 

h • Planck's constant 

K a Boltzmann's constant 

Eo a ionization energy for the ionizing process, Na.-:+ Ni + Ne 

T • absolute temperature 

~ F, • lowering of ionization energy <h.~~ tQ electric microfields 
0 

in the plasma 

A•3 



From the gas law, 

N + Ni + N = ...!.... e a RT A-8 

where 

P • pressure 

R = gas constant 

Assuming 

A-9 

and using equation A-6 and A-8, an equation for N 
e 

is obtained in the form 

l/2 
+ P S (T)J · 

RT A•lO 

Employing the level and transition probability data from Reference 23 

and partition function da~a of Reference 22, radiation losses attirbuted to 

bound-bound transitions in argon from neutral (Arl) and singly ionized (Arll) 

argon atoms were calculated for the 687 wavelengths listed. The results are 

shown in Figure A-1 along with experimental data of Evans and Tankin(l4). 

The calculational results obtained from equation A-2 overestimate the 

radiation loss from the argon arc. This is attributed to the inclusion of 

strong ultra-violet (UV) emission. At the temperatures of concern, the 

arc should be considered optically thick in the ultra-violet region. Under 

such conditions, the UV is absorbed within the arc boundary and re-emission 

of the radiation must be considered to occur throughout ·the arc region. The 

results of omitting the UV completely are shown in. Figure A-2. Precise cal• 

culations that consider re-emission become extremely difficult for the 

A-4 



optically thick case. In addition, free-bound and Bremmstrahlung contri­

butions to the radiation term still need to be considered. As a result 

of these calculational difficulties, the experimental radiation data of 

Evans and Tankin(l4) was used exclusively for evaluating the effects of 

the radiation term on the one-dimensional temperature and current density 

distributions of an argon arc. 

A-S 



rt) 

:E 
u 
' 3: -
>-..... 
-en 
z 
w 
..... 
z -
~ 

0 -..... 
c:( 

-
0 
<l 
a:: 

TEMPERATURE DEPENDENT RADIATION INTE'NS ITY 

FOR ARGON AT I ATMOSPHERE PRESSURE 

10
6 r-------~----~~----~-------.------~------~ 

5 

2 

10 5 

5 
CALCULATED 

2 

104 

CALCULATED 

5 Ar .II 

2 

10 3 

~EXPERIMENTAL 
5 

(EVANS -TANK IN) 

2 

10
2 ------~------~------~------~----------~---

8 1_0 1.2 14 16 

TEMPERATURE (J03K) 

FIGURE Al 

A-6 

18 20 



-~ 
~ 
u 
....... 
~ 

>· .... -
fJ) 

z. 
w .... 
z 

z 
0 
-.... 
<( 

-
0 
<( 
a:: 

TEMPERATURE DEPENDENT RAD'IATION INTENSITY 

FOR ARGON AT I ATMOSPHERE PRESSURE 

10
5 ~----~-------.------~------~------~~----~ 

5 

2 

104 EX PERl MENTAL 

(EVANS-TANKIN) 

5 

2 

103 

5 CALCULATED Ari 

(UV OMITTED) 

2 

CALCULATED Arn 

10 2 (UV OMITTED} 

5 

2 

10 1 

8 10 12 14 16 18 20 

TEMPERATURE (I03K) 

FIGURE A2 
»U.S. GOVERNMENT PRINTiNG OFFICE: 1978-703-115/465 

A-.1 


