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ABSTRACT. A steady-state, 1-dimension-
al heat flow model was developed to 
analyze the temperature distribution in 
tungsten 2% thoria electrodes during gas 
tungsten arc welding. The calculated 
results were in good agreement with the 
experimental ones reported by Savage, 
et al. The heat flow analysis also verified 
the observation of Savage, et al., that at 
high welding currents the maximum tem
perature occurs at an intermediate point 
between the electrode tip and the water-
cooled collet. Furthermore, it was shown 
in this study that the overheating at this 
location is aggravated by the high electri
cal resistivity and low thermal conductivi
ty associated with its high temperature, 
resulting ultimately in electrode failure by 
melting in half. 

Introduction 

Savage, et al. (Ref. 1), measured the 
temperature distribution in tungsten 2% 
thoria electrodes with an optical pyrome
ter during gas tungsten arc (GTA) weld
ing. Various levels of welding current 
were used. For current levels near the 
upper end of the operating range of the 
electrode, an unusual phenomenon was 
observed, i.e., the maximum temperature 
was always located at some intermediate 
point between the tip and the water-
cooled collet, rather than at the tip. 

To the best of our knowledge, the 
temperature distribution in a nonconsum-
able electrode during gas tungsten arc 
welding has not been analyzed so far, 
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even though analytical equations for the 
temperature distribution in a consumable 
electrode during gas metal arc welding 
have been derived previously (Ref. 2). 

The purpose of the present study is to 
verify the observations of Savage, et al., 
by conducting a heat flow analysis for the 
electrode during gas tungsten arc weld
ing. Due to the fact that both the thermal 
and the electrical properties of the elec
trode material are strongly temperature 
dependent, simple analytical solutions are 
not possible to obtain. Consequently, a 
computer model based on the finite dif
ference method was developed. 

Numerical Method 

Shown in Fig. 1 is a schematic sketch of 
the electrode portion of a GTA welding 
torch. The diameter of the electrode 
used by Savage, et al. (Ref. 1), was 2.38 
mm (3/32 in.). In view of this rather small 
diameter, the temperature distribution is 
considered uniform in the radial direction 
of the electrode, i.e., heat flow is consid
ered 1-dimensional along the electrode 
axis. 

With the help of Fig. 2, the following 
energy balance equation can be 
derived: 

d 5T P 
— ( k — ) -I- Se 
dx dx A 

[QR + h (T - Ta)] = o (1) 

The explanation of the symbols in the 
above equation is given in nomencla
ture—Table 1. The first term in the left 
hand side of the equation represents the 
heat transfer due to conduction. The 

second term is the volumetric heat gener
ation rate due to the electrical resistance 
of the electrode material. The third and 
fourth terms represent the heat loss from 
the electrode surface due to radiation 
and convection, respectively. The volu
metric heat generation rate Se and the 
radiation heat loss QR can be expressed 
as follows: 

Se = I2 p/A2 

and 
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Fig. 1 —Schematic sketch of the electrode 
portion of a GTA torch 
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The boundary condit ions at the t ip o f 
the e lect rode and at the collet are as 
fo l lows: 

and 

T = Tt at x = o 

T = Ti at x = L 

(2) 

(3) 

From equat ion (1), the fo l low ing f ini te-
d i f ference equat ion can be der ived for 
the temperature at node i: 

T(i) = [C1 • T (i-1) + C2 • 
T (i + 1) + C3 • Se 

- C4 • Q R + C5 ] / (C1 + C2 + C6) (4) 

w h e r e 

w i t h 

C1 = [k(i) + k(i - 1)] /2 
C2 = [k(i) H- k(i + 1) ] /2 

C3 = (AX)2 

C4 - (AX)2 P/A 
C5 = (AX)2 h Ta P/A 

C6 = (AX)2 h P/A 

AX = [X(i + 1) - x(i - 1) ] /2 

Since the e lect rode temperature is 
rather high (eq., up to 3500°K), the heat 
loss f r o m the e lect rode surface is p re 
dominant ly by radiat ion rather than by 
convec t ion . Therefore , the convect ive 
heat transfer f r o m the e lect rode surface 
to the argon shielding gas is negligible. 
Also, since the e lect rode temperature , T, 
is much higher than the temperature at 
the inside surface of the ceramic cup, T w , 
T4 — Tw ~ T4. Fur thermore, since the 
diameter o f the ceramic cup usually is 
much larger than that o f the e lect rode 
(2.38 mm), the ef fect of the ceramic 
nozzle on the surface resistance of radia
t ion is negligible. Finally, the transmittance 
of the shielding gas is essentially as one 
for most gases (Ref. 5). 

The e lect rode tip tempera tu re , T t, was 
obta ined by best f i t t ing and extrapolat ing 
the measured tempera ture distr ibut ion in 
the e lect rode to its t ip. The tempera tu re 
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Fig. 2 — Control volume for energy balance equation 

input due to conduction 

output due to conduction 

generation 

output due to radiation 
and convection 

at the electrode-col let interface, TL, was 
obta ined in a similar fashion, except in 
one case w h e r e L was shor tened by 2 
m m (0.08 in.) t o improve accuracy. 

The finite d i f ference equat ion and the 
boundary condit ions, i.e., equations (2) to 
(4), w e r e emp loyed to solve the temper
ature distr ibut ion in the e lect rode. T w e n 
ty -one grid points w e r e used. The suc
cessive over-relaxat ion m e t h o d was 
used, w i t h an over-relaxat ion parameter 
of about 1.2. A linear tempera ture distri
but ion in the e lect rode was used as the 
initial guess for calculation. The physical 
proper t ies w e r e upda ted in each iteration 
o f tempera ture calculation. The iterative 
p rocedure of temperature calculation 
was cont inued until the fo l low ing conver
gence cr i ter ion was satisfied: 

N e w 

T(i) 

O l d 

T(i) 
1.0°K 

max imum over all 

Table 1—Nomenclature 

Physical Proper t ies 

The authors have a t tempted to locate 
the physical propert ies o f tungsten 2% 
thoria th rough the computer -a ided 
search but failed. Consequent ly , the 
physical propert ies of pure tungsten 
w e r e used as an approx imat ion. 

Shown in Figs. 3 t o 5 are the electrical 
resistivity (Ref. 3), thermal conduct iv i ty 
(Ref. 3) and emissivity (Ref. 4) of pure 
tungsten as a funct ion o f tempera ture 
(also see Table 2). The fo l low ing three 
equations w e r e used to approx imate (less 
than 5% error) the tempera ture depen 
dence of these physical propert ies f r o m 
400 t o 3400°K: 

p = - 1 . 0 X 1 0 " 5 + 3.333 X 1 0 " 8 T 
k = 9.890 T - ° 3 0 3 

t = - 2 . 6 8 6 X 10~2 -F 1.820 X 1 0 " 4 

T - 2 . 1 9 5 X 1 0 " 8 T 2 

As a check for the ef fect of the 2% 
addi t ion of thor ia on the physical p roper 
ties of tungsten, the electrical resistivity of 
tungsten 2% thoria was measured at the 

A 
h 
I 

k 
L 
P 

QR 

Cross-sectional area of electrode [cm2] 
heat transfer coefficient (W/cm 2 °K) 
welding current [amp] 
thermal conductivity of electrode [W /cm 
distance from electrode tip to collet [cm] 
periphery of electrode [cm] 
radiation heat loss [W/cm 2 i 

K) 

Se volumetric heat generation rate due to electrical resistance [W/cm 3 ] 
T temperature [°K] 

Ta temperature of argon gas [°K] 
TL temperature at electrode-collet interface [°K] 
Tt temperature at electrode tip [°K] 

Tw temperature at the inside wall of ceramic cup [°K] 
x distance [cm] 
a Stefan-Boltzmann constant = 5.67 X 1CT12 [ W / c m 2 °K4] 
t emissivity of electrode 
p electrical resistivity of electrode [ohm-cm] 

I600 2400 
TEMPERATURE, °K 

Fig. 3 —Electrical resistivity of tungsten as a 
function of temperature. The line indicates the 
approximation equation 
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T E M P E R A T U R E 

Fig. 4 — Thermal conductivity of tungsten as a 
function of temperature. The line Indicates the 
approximation equation 

1600 2400 
TEMPERATURE. ° 

Fig. 5 - Emissivity of tungsten as a function of 
temperature 
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electrode 

-25.4 mm-

Fig. 6 — Circuit for measuring 
resistivity of tungsten 2"„ thoria 
room temperature 

the electrical 
electrode at 

Table 2—Measured Electrical Resistivity of 
Tungsten 2% Thoria Electrode (2.38 mm 
diameter, 25.4 mm length) at Room 
Temperature 

V (mV) 

0.226 
0.227 
0.227 

1 (mA) 

520.4 
523.2 
523.2 

p (ohm-cm) 

7.6 X 1(T6 

7.6 X 10"6 

7.6 X 1CT6 

room temperature using the circuit 
shown in Fig. 6. The current and voltage 
were measured with two Keithley 175 
digital multimeters. As can be seen in Fig. 
3, the measured electrical resistivity for 
tungsten 2% thoria at the room tempera

ture is essentially the same as that of pure 
tungsten. 

Results and Discussion 

Figure 7 shows the calculated results 
for an electrode with a 120° tip angle and 
a 25.4 mm (1 in.) distance from the base 
of the conical tip to the collet. As shown, 
the agreement between the experimen
tal and the calculated results is good. 

The calculated temperature distribu
tion at the welding current of 300 A 
exhibits a maximum temperature at an 
intermediate point between the tip and 
the collet, being consistent with the 
experimental observation of Savage, et 
al. (Ref. 1). At this high level of welding 
current, joule heating along the length of 
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Fig. 7 — Comparison between calculated and observed temperature distributions in an electrode 
with a 120° tip angle and a 25.4 mm distance from the base of the conical tip to the collet 

the electrode pushes its temperature to a 
high level. However, as pointed out by 
Savage, et al. (Ref. 1), in GTA welding 
using direct current with electrode nega
tive, the tip end of the electrode is 
cooled by the thermionic emission of the 
electrons, while the collet end of the 
electrode is cooled by the cooling water. 
Consequently, the maximum tempera
ture occurs in between the two ends. 

According to Figs. 3 and 4, the electri
cal resistivity of the electrode increases 
with increasing temperature, while its 
thermal conductivity decreases with 
increasing temperature. Therefore, when 
the temperature at an intermediate point 
rises above those at the tip and the collet, 
more joule heating is produced at that 
point due to the higher local electrical 
resistivity. Furthermore, the lower local 
thermal conductivity makes it more diffi
cult for the heat generated to be con
ducted away to cooler areas. These all 
tend to aggravate the local overheating 
problem and ultimately lead to electrode 
failure at high welding currents, by melt
ing the electrode in half. 

The fact that the electrode tip temper
ature, T,, is essentially independent of the 
welding current is because the higher the 
welding current, the more electrons are 
emitted from the electrode tip per unit 
time, hence, the greater the cooling 
effect due to thermionic emission. 
Although it may not be necessary that Tt 

be exactly identical for various levels of 
welding current, a single value of Tt was 
used in the heat flow calculation. The 
temperature of the electrode at the col
let, T|_, however, increases significantly 
with increasing welding current. Appar
ently, as the welding current increases, 
joule heating in the electrode increases 
rapidly (proportionally to I2) and the collet 
has greater difficulty in cooling the elec
trode down. 

As can be seen in Fig. 7, the calculated 
temperature is somewhat lower than the 
measured one in the high temperature 
range. This is probably due to the overes-
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Fig. 8 —Comparison between calculated and observed temperature distributions in an electrode 
with a 60° tip angle and a 19.1 mm distance from the base of the conical tip to the collet 

timated radiation heat loss, since the 
temperature at the inside surface of the 
ceramic cup, Tw, was neglected in the 
heat flow calculation. The discrepancy 
between the calculated temperature and 
the measured one at 150 A is likely to be 
due to the error in TL caused by extrapo
lation. 

Similar results of heat flow calculation 
are shown in Fig. 8 for an electrode with 
a 60° tip angle and a 19.1 mm (3A in.) 
distance from the base of the conical tip 
to the collet. Again, the agreement 
between the experimental and the calcu
lated results is good. The somewhat low
er tip temperature in the present case is, 

perhaps, due to the greater ability of a 
sharper electrode tip to emit electrons. 

Conclusion 

1. A steady-state, 1-dimensional com
puter model was developed to describe 
heat flow in tungsten 2% thoria elec
trodes in GTA welding. Good agreement 
between the calculated and measured 
temperature profiles in the electrodes 
was obtained. 

2. The model verified the observation 
of Savage, et al., that at high welding 
currents the maximum temperature 
occurs at an intermediate point between 
the electrode tip and the collet. 

3. The overheating of the electrode at 
this location is aggravated by the high 
electrical resistivity and low thermal con
ductivity associated with its high temper
ature. 
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Experimental Limit Couples for Branch Moment Loads on 4 in. ANSI B16.9 Tees 
By J. Schroeder 

Experimental limit loads were determined for five 4 in. sched. 40 nominal size ANSI B16.9, A106 Grade 
B carbon steel tees loaded with either an in-plane or out-of-plane moment on the branch outlet. 
Experimental load-displacement and moment-rotat ion curves obtained for each tee up to the point of 
f racture were used to determine the l imit loads by four different methods. 

This report was prepared and sponsored for publication by the Subcommit tee on Piping Pumps and 
Valves of the Design Division of the Pressure Vessel Research Commit tee of the Welding Research 
Council. 

The price of WRC Bulletin 304 is $14.00 per copy, plus $5.00 for postage and handling. Orders should 
be sent with payment to the Welding Research Council, Rm. 1301 , 345 E. 47 St., New York, NY 
10017. 
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WRC Bulletin 300 
December 1984 

Under the direct ion of the Steering Commit tee on Piping Systems of the Pressure Vessel Research 
Commit tee of the Welding Research Council, the Technical Commit tee on Piping Systems developed a 
document on criteria establishment describing their objectives and accomplishments, and three 
technical position documents that have an effect on the design of piping systems, enti t led: 1) Technical 
Position on Criteria Establishment; 2) Technical Position on Damping Values for Piping Interim Summary: 
3) Technical Position on Response Spectra Broadening; and 4) Technical Position on Industry 
Practice. 

The Technical Position Documents have been submit ted to the ASME Boiler and Pressure Vessel Code 
Commit tee and the U. S. Nuclear Regulatory Commission for their use. 

The price of WRC Bulletin 300 is $14.00 per copy, plus $5.00 for postage and handling. Orders should 
be sent with payment to the Welding Research Council, Rm. 1301 , 345 E. 47 St., New York, NY 
10017. 

WRC Bulletin 298 
September 1984 

Long-Range Plan for Pressure-Vessel Research—Seventh Edition 
By the Pressure Vessel Research Committee 

Every three years, the PVRC Long-Range Plan is updated. The Sixth Edition was widely distr ibuted for 
review and comment . Updated problem areas have been suggested by ASME, API, EPRI and other 
organizations. Most of the problems in the Sixth Edition have been modif ied to meet current needs, and a 
number of new problems have been added to this Seventh Edition. 

The list of "PVRC Research Problems" is composed of 58 research topics, divided into three groups 
relating to the three divisions of PVRC; i.e., materials, design and fabrication. Each project is outl ined 
briefly in a project descript ion, giving the t i t le, statement of problem and objectives, current status and 
action proposed. 

Because of budget l imitations, PVRC will not be able to investigate all of these problems in the 
foreseeable future. Therefore, the cooperat ion and efforts of other groups in studying these areas is 
invited. If work is planned on one of the problems, PVRC should be informed in order to avoid 
duplication. 

Publication of this bulletin was sponsored by the Pressure Vessel Research Commit tee of the Welding 
Research Council. The price of WRC Bulletin 298 is $14.00 per copy, plus $5.00 for postage and handling. 
Orders should be sent with payment to the Welding Research Council, Room 1301 , 345 E. 47th St., New 
York, NY 10017. 

WRC Bulletin 296 
July 1984 

Fitness-for-Service Criteria for Pipeline Girth-Weld Quality 
By R. P. Reed, M. B. Kasen, H. I. McHenry, C. M. Fortunko and D. T. Read 

In this report, criteria have been developed for applying fitness-for-service analyses to flaws in the 
g i r th welds of the Alaska Natural Gas Transmission System pipeline. A crit ical crack-opening-
displacement elastic-plastic f racture mechanics model was developed and experimentally modif ied. 
Procedures for construct ing curves based on this model are provided. A significantly improved ultrasonic 
method for detect ing and dimensioning significant weld flaws was also developed. 

Publication of this report was co-sponsored by the National Bureau of Standards and the Weldability 
Commit tee of the Welding Research Council. The price of WRC Bulletin 296 is $16.50 per copy, plus 
$5.00 for postage and handling. Orders should be sent with payment to the Welding Research Council, 
Room 1301 , 345 E. 47 St., New York, NY 10017. 
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