
An Investigation of the Thermal Response 
of Stationary Gas Tungsten Arc Welds 

At 20% weld penetration, the weldment undersurface 
exerts an insulating effect on heat flowing through 
the thickness, with result that heat is retained in the metal 
and the increase in depth of penetration of the weld 
puddle accelerates with only slight increases in heat input 
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ABSTRACT. An analytical model de
veloped to characterize the thermal 
cycle resulting from gas tungsten-arc 
welds is described and then used, in 
conjunction with a test program, to 
undertake an in-depth study of the ef
fects of varying a number of welding 
parameters on the thermal response 
characteristics — in particular, the 
weld bead shape and depth of pene
tration. 

The finite element method of anal
ysis for transient heat conduction is 
employed to calculate temperatures 
in moderately thick NiCrFe Alloy 600 
plates subject to a stationary GTAW 
heat source. Tests were run to pro
vide data with which the computed 
thermal cycle can be correlated. The 
analyt ical mode l is then used to 
assess the effects on the weld bead 
shape and penetration of magnitude 
of heat input from the arc, d istr ibu
tion of the heat input over the surface 
of the weldment, and duration of the 
heat input. The finite element welding 
thermal analysis method is shown to 
be well suited for determining the 
interrelationship of these three fac
tors on the thermal response. In par-
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ticular, the potential for calculating 
the opt imum combinat ion of welding 
parameters for a given weld joint is 
demonstrated. 

Introduction 

The development of effective 
welding techniques for a large num
ber of metals and alloys has been the 
object of considerable effort. Con
current with these developments, 
there have been attempts to identify 
and characterize the various prob
lems that result f rom welding pro
cesses, and to establish criteria and 
guidelines for most effective joint 
design. 

Information accumulated in these 
areas has been o v e r w h e l m i n g l y 
exper imenta l . A l though at tempts 
have been made to establish empir
ical a p p r o a c h e s t o w a r d unde r 
standing the complex behavior of 
materials due to welding, compara
tively little effort has been expended 
in developing and applying analytical 
models to explain and predict the 
welding transient thermal cycle. Most 
of the analytical methods that do exist 
deal with point, line or plane heat 
sources assumed to be concen
trated in a body of infinite extent in 
one or more directions. The survey 
paper of Myers, et al. (Ref. 1) de
scribes many of these methods. 

Until recently, little effort was made 
to fully utilize the digital computer in 
order to eliminate many of the limita
tions inherent in the various concen
trated source solutions. Numerical 

analysis enables such phenomena 
as temperature-dependent thermal 
properties, finite distribution of the 
heat source generated by the weld
ing arc, latent heat effects, and irreg
ular geometric shape of the work-
piece and the weld bead, to be con
sidered. 

A paper by Hibbitt and Marcal (Ref. 
2) represented an initial step in the 
deve lopment of numer ica l tech 
niques to calculate both temperature 
transients and the resulting residual 
stresses. Both sets of calculations 
were carried out using the finite ele
ment method. Muraki , et al. (Ref. 3) 
e m p l o y e d the c l o s e d - f o r m l ine 
source solution as input to a finite ele
ment analysis of metal movement in 
the plane of a thin welded plate. More 
recently, Paley and Hibbert (Ref. 4) 
made use of a three-dimensional 
finite difference program to describe 
the welding thermal cycle in both 
hor izontal and vert ical p lanes of 
welded plates. In all these papers, the 
primary objective has been to de
velop the analytical techniques and 
then to correlate the numerical re
sults with experimental data. 

In the present work, the finite ele
ment method of analysis is used to 
calculate temperatures in moderate
ly thick plates resulting from a sta
t i o n a r y g a s - t u n g s t e n arc w e l d 
(GTAW) heat source. This repre
sents the first phase of an analysis 
and test program for both stationary 
and moving arcs. In addit ion to cor
relating analytical and experimental 
temperature data, considerable effort 
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is made to utilize analytical tools to 
undertake an in-depth study of the ef
fects on the thermal response of vary
ing a host of parameters, as well as to 
assess the consequences of several 
assumptions required to set up the 
analytical model. Some preliminary 
work in this direction was reported by 
Glickstein, et al. (Ref. 5). Descrip
t ions for calculating and measuring 
the w e l d m e n t t e m p e r a t u r e s a re 
presented first, fol lowed by correla
tions of analytical and test data, and 
results of the parametric study. 

Thermal Model 

A complete descript ion of the weld 
thermal model may be found in the 
paper by Friedman (Ref. 6). A sum
mary of the salient features of the 
model and its application to the sta
tionary arc weld presently under con
sideration is presented here. 

The weldment analyzed is shown in 
Fig. 1, and is that of a 50.8 mm (2 in.) 
square plate, 6.35 mm CA in.) thick, 
of NiCrFe Alloy 600 whose material 
composit ion is described in Table 1. 

The geometry of the analytical 
model is that of a section of the plate 
normal to its p lane and passing 
th rough its center. Heat f low in 
regions removed f rom the plate 
edges is assumed ax isymmetr ic 
about the center of the heat source, 
which is coincident with the center of 
the plate. Heat flow in the square 
plate is thus simulated by conduc
tion in a 50.8 m m (2 in.) diameter 
circular plate. This assumption was 
validated by tracings taken f rom ther
mocouples located at the under
surface of the plate at the same dis
tance f rom the weld centerl ine, but at 
different sections passing through the 
center. 

Input parameters that are re
quired for the analysis are the mag
nitude and distr ibution of the heat 
source from the arc and the duration 

of that source. The energy from the 
welding arc is, at any given time, as
sumed to be deposited on the surface 
of the weldment as a radially sym
metric normal distr ibution function. 
The nature of energy deposit ion from 
the arc to the anode workpiece is dis
cussed in a subsequent sect ion. 
Letting Q (W) be the strength of the 
source, r (mm) the distance from the 
weld centerline, and r (mm) a heat 
distr ibution parameter defining the 
region in which 95% of the energy 
from the arc is deposited, the heat 
flux q f (W/m2) , acting on the weld 
surface, was given by Fr iedman 
(Ref. 6): 

q f (r, t) = (3Qt/7r r-2) exp [ -3 ( r / r ) 2 ] . 
(1a) 

In the present work, calculations 
have been made for heat assumed to 
be applied both as a surface flux and 
as internal heat generated in a very 
thin layer ad jacent to the anode 
(workpiece) surface. For the latter 
case, the heat generated is uniform 
through the thickness of the layer, 
and is given by: 

q (r, t) = (3 Qt/7rr-2h) 
exp[ - 3 ( r / rT 2 ] (1b) 

where h (mm) is the assumed thick
ness of the anode surface layer. In 
either case, Q represents the mag
nitude of the heat input, which is the 
product of arc current, voltage drop 
and arc efficiency, wh i leT character
izes its distr ibution. The heat input 
rises linearly to its full value Q0, after 
one-half second and is maintained 
uniformly until the power is cut off at 
some time t = t* (s). Thus, 

Q = 

The finite element discretization in 
effect reduces the t ransient heat 
conduction equation, which is a par

tial differential equation, to a set of 
ordinary differential equations which 
contain t ime derivatives of temper
atures at a discrete number of nodes 
— see, for examp le Wi lson and 
Nickell (Ref. 7). A finite difference 
scheme is used to integrate these 
equations incrementally. The finite 
element method used for this analysis 
employs a biquadratic isoparametric 
e lement (Ref. 8), a long each of 
whose sides the temperature may 
vary parabolically. The dimensions of 
the weld bead are defined by the l i
quidus isotherm, the location of which 
at any given time is found by inter
polat ion of nodal point temper 
atures. 

A direct iteration procedure for 
efficiently and accurately account
ing for the latent heat absorbed dur
ing mel t ing and l iberated dur ing 
solidification of the weld metal is em
p loyed in the ana lys is (Ref. 9). 
T e m p e r a t u r e - d e p e n d e n t spec i f i c 
heat and thermal conductivity, and 
nonlinear boundary condit ions are 
accounted for by specifying the mate
rial property and boundary coeffi
cients for a given time step to be 
those evaluated at the beginning of 
the step. The coefficients are then up
dated for every t ime step. 

On those surfaces not subject to 
heating by the arc, heat loss to the 
surroundings' is effected by com
bined natural convection and radi
ation, as follows: 

Table 1 — Chemical Analysis of Alloy 
600, Wt-% 

2tQ0 

Qo 
Q 

0 < t < 0.5 
0.5 < t < t* 

t > t*. 
(2) 

Ni 
Cr 
Fe 
Mn 
C 
Cu 
Si 

76.14 
15.27 
5.76 
0.34 
0.026 
0.04 
0.20 

Co 
S 
p 
Al 
Ti 
B 
Mg 

0.08 
0.005 
0.018 
0.16 
0.26 
0.005 
0.01 

TEST PLATE 

6 35 

6.35 
(DIMENSIONS IN mm) 

(o) (b) 

Fig. 1 — Experimental arrangement for: (a) left — holding the weld plate; (b) — thermocouple locations 
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- k riT/on = 1.566 (T - 480)1-25 + 
5.68 X 10 8 (T4 - 295") 

(3) 
where k (W/m-K) is the thermal con
ductivity and riT/on (K/m) is the nor
mal c o m p o n e n t of t e m p e r a t u r e 
gradient at the surface, and the two 
terms on the right hand side repre
sent heat loss due to convection and 
radiation, respectively. This corre
sponds to natural convection losses 
into an atmosphere whose average 
temperature is 480 K and radiation 
losses to a body at 295 K. Properties 
of air are used to calculate the heat 
transfer coefficient for the former, 

while emissivity and shape factors are 
assumed to be unity for the latter. 

The finite element mesh employed 
for the weldment cross-section is 
shown in Fig. 2. Only half the section 
is shown due to symmetry about the 
centerline. A relatively fine mesh is 
used in the vicinity of the centerline 
because of the very high temper
ature grad ients expected in this 
region. 

Exper iment 

A complete description of the 
experimental arrangement for mea-
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Fig. 2 — Finite element mesh 

suring the plate temperatures is given 
in the paper by Glickstein. et al. 
(Ref. 5). 

Very br ief ly, welds were made 
automatically using a gas tungsten 
arc electrode holder attached to a 
side beam welding fixture. The plates 
were held in place by four set screws 
as shown in Fig. 1a in order to el im
inate the external heat sink that the 
usual c lamping mechanism would 
have in t roduced. Chrome l -a lume l 
thermocouples were spot welded to 
various points on the top and bottom 
surface of the plate as is shown in 
Fig. 1b. 

The tempera tu re t ransient re
sponse was measured with a four 
channel chart recorder. The weld cur
rent and total voltage were record
ed simultaneously and the arc volt
age inferred from estimates of the line 
cable and electrode voltage drop 
(Ref. 5). 

Compar ison of Exper iment 
and Calculat ion 

Transient Temperature Response 

The transient temperature re
sponse of the plate at thermocouple 
positions 1-4 (Fig. 1b) was mea
sured and calculations performed for 
a given set of input energies. The 
results are shown in Fig. 3 for a weld 
current I = 91 A and an arc gap of 
0.76 mm (0.03 in.). The recorded volt
age Vr = 8.5 V. Assuming the line 
voltage drop V, = 0.6 V and the 
drop in the electrode V0 = 0.25 V 
( R e f . 1 0 ) , t h e a r c v o l t a g e 
Va = 7.7 V, and total arc power (Va 

x I) is 700 W. The durat ion of 
welding was 10 s. 

The magnitude of the input energy 
was varied until agreement between 
experiment and calculation was ob
tained for the peak temperature at 
pos i t i on T-2 . A l t h o u g h such an 
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Fig. 3 — Comparison between calculated and experimental transient 
temperature response at four thermocouple positions. I = 91 A, V = 
7.7 V, arc gap = 0.76 mm, hold time = 10 s, Q0 = 530 W, ra = 3.81 
mm. Material properties used are indicated in Fig. 4 
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Fig. 4 — Material properties of Alloy 600 used for comparison 
of calculated and experimental thermal response. Density = 
8415 kg/m2, latent heat = 309 kJ/kg 
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adjustment in the efficiency (defined 
as the thermal energy input divided 
by the total arc power) is arbitrary 
for this single point in t ime and posi
t ion, the calculation reproduces the 
transient response during the entire 
h e a t - u p a n d c o o l - d o w n p e r i o d 
reasonably well at all thermocouple 
locations on the plate when the effi
ciency is set equal to 0.76 (Fig. 3). 
For these calculations, Q0 = 530 W 
a n d F = 3.81 mm — eqs (1) and (2). 
The material properties used are indi
cated in Fig. 4. 

Because this example represents a 
" thick" plate condit ion, in that depth 
of penetration is a relatively small 
fraction of plate thickness, temper
atures at locations T-2, T-3 and T-4, 
though not necessarily at T - 1 , are 
predominantly dependent on the total 
energy input and not on the details of 
the energy distr ibut ion. This is dis
cussed further in the next section. 

A l though no measured pudd le 
temperatures for Alloy 600 are known 
to the authors, it has been reported 
that the average puddle temperature 
may be estimated to be ~ 20% higher 
than the material's melting temper
ature of 1685 K (Ref. 11). While the 
temperature of the weld puddle was 
not measured in these experiments, 
its peak value was calculated to be 
- 2000 K at the center of the top 
surface of the plate. This is within the 
expected range. 

Weld Metal Configuration 

While the temperature transient 
response is reproduced analytically 
at points removed from the weld pud
dle, the computed melt ing isotherm 
which outlines the weld configuration 
needs improvement. In the case of a 
stationary arc weld, the cross-section 
of the weld puddle shown, for exam
ple, in Fig. 5 reveals a humped con
figuration. Such a configuration can
not be predicted analytically using 
any normal energy input distr ibution 
and standard heat conduction theory. 

Further evidence which illustrates 
the difficulty in predicting weld metal 
conf igura t ion is d isp layed in the 
results of stationary arc welds taken 
for various weld times. Macrographs 
of these welds are shown in Fig. 6. 
Although the weld parameters are not 
precisely the same as those used to 
correlate the temperature transients 
d iscussed above, the calculated 
depth and width of the weld metal are 
nonetheless shown in Fig. 7 for heat 
input magn i tudes of 530 W and 
1060 W, along with the experimental 
data determined from Fig. 6. 

The Q0 = 530 W case produced 
satisfactory correlation of weld metal 
depth, while the Q0 = 1060 W case 
resulted in the width being in good 

agreement with measured values. 
Nonetheless, the shape of the weld 
bead itself was not sat isfactor i ly 
reproduced analytically. Further work 
into the heat transfer properties of the 
weld puddle accounting for weld pud
dle motion attr ibuted to surface ten
sion, arc jet forces, or Lorentz forces 

CURRENT 
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due to the current flow in the weld--
ment, is clearly indicated. 

Results of Parametr ic Study 

The thermal response of a weld
ment depends essentially on three 
classes of variables: 

3 . 0 5 mm ARC GAP 

T - ^ P " * " 
... 

« f v ' " 

Fig. 5 — Cross-sections of stationary arc welds on 50.8 x 50.8 x 6.35 mm Alloy 600 plate. 
10 second arc duration. X10 magnification (reduced 49%, on reproduction) 

Fig. 6 — Weld configurations as a function of duration of heating 

W E L D I N G R E S E A R C H S U P P L E M E N T ! 411-s 



1. The heat input f rom the arc. 
2. The heat transfer characteristics 

of the weldment. 
3. The weldment geometry. 
With respect to heat input f rom the 

arc to the workpiece, the magnitude 
of the heat input is obviously of prime 
importance. In addit ion to its effects 
on the temperature histories through
out the weldment and the weld bead 
penetration characteristics, the heat 
input magnitude relative to the thick
ness of the weldment determines 
whether a " th ick" plate or a " th in" 
plate type of thermal response is ob
tained. The type of response, in turn, 
determines the nature of both the 
growth of the weld puddle as heat is 
added and the temperature distr ibu
tion. 

The distr ibution of heat input from 
the arc, although having only a rela
tively small effect on the thermal 
response in regions removed from 
the weld metal and heat-affected 
zones, has a significant influence on 

the geometry of the weld puddle. The 
precise nature of the heat input f rom 
the arc is also investigated by con
sidering heat to be input as a flux on 
the surface of the weldment, and to 
be generated within a very thin layer 
adjacent to this surface, generally 
referred to as the anode surface. 

Heat conduct ion characteristics for 
NiCrFe Alloy 600 are embodied in the 
thermal conduct iv i ty and speci f ic 
heat, both of which vary with temper
ature, as well as the density and la
tent heat of melt ing. Temperature-
dependent proper t ies are known 
from room temperature to 1145 K 
(Ref. 12), and are shown by the solid 
lines of Fig. 8. Between 1145 K and 
the solidus temperature 1630 K, the 
conductivity and specific heat are as
sumed to take on their respective 
known values at 1145 K, as shown by 
the dashed lines of Fig. 8. The ad
equacy of this assumpt ion is of 
course open to question, and only the 
experimental determination of the re-

"i I I i i i i — i — i — i — i — r 

EXPERIMENTAL ( a ) 
CALCULATED 

FULL PENETRATION 
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DURATION OF HEATING (S) 

Fig. 7 — Experimental and calculated weld dimensions as functions of duration of heating 
for various heat input distributions, (a) — weld depth; (b) — weld Width 

quired high temperature data can 
serve to test its validity. 

The characterization of heat trans
fer in the weld puddle itself is an even 
more formidable task. Until further 
work is under taken and more is 
known about the mechanisms of heat 
flow in the puddle, only estimates of 
the molten metal thermal character
istics can be made by specif ication of 
appropriate values of conductivity 
and specific heat to be used in the 
analysis. These values, also indi
cated by dashed lines in Fig. 8, are 
intended merely to simulate puddle 
heat transfer, and in no way are 
meant to represent true conductivity 
and heat capaci ty of the molten 
metal. 

On this basis, a study of the effects 
of both magnitude and directionality 
of pudd le conduct iv i ty and mag
nitude of puddle heat capacity was 
undertaken. The latent heat of the 
alloy is taken to be that of nickel, 
which is 309 kJ /kg . Estimates of 
welding temperatures based on the 
use of solutions to point, line, or plane 
heat source problems always neglect 
the effect of latent heat. The conse
quences of doing this are also subject 
to investigation. 

In addit ion to transferring heat 
away from the weld metal and heat-
affected zones by conduction in the 
weldment, heat is also lost to the sur
roundings at surfaces not subject to 
direct heating by the arc — see eq (3). 
The consequences of significantly 
altering the appropriate surface heat 
transfer coefficient on the weldment 
thermal response have also been 
studied. 

The geometry or weld thickness ef
fects were not investigated directly, 
since the plate thickness of 6.35 mm 
(1/4 in.) was maintained for all p rob
lems. However, the thickness effects 
were studied indirectly by consid
ering both a relatively small heat input 
magnitude, which yields a partial 
penetration weld, and a heat input 
sufficiently large to eventually yield a 
ful l-penetration weld, in which the 
finite thickness of the weldment plays 
an important role in the evaluation of 
the thermal response. 

The results of the parameter study 
involving all these variables are now 
presented. Keep in mind that the 
thermal response is characterized by 
the temperature histories at the four 
thermocouple locations shown in Fig. 
1 b, and by the width and depth of the 
weld puddle. The material propert ies 
used for all temperature calculations 
are shown in Fig. 8. Except for the 
study on weld puddle thermal prop
erties, the effective molten metal 
properties employed are: c, = 1.377 
kJ/kg»K, k, = 62.5 W/m»K, k2 = 125 
W/m»K. 
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Nature of the Heat Input from the Arc 

In the GTA welding process, 
energy is transferred to the work-
piece mainly by four mechanisms 
(Ref. 13): 

1. Kinetic energy of the electrons 
comprising the arc current. 

2. Heat of condensation of the 
electrons (work function) penetrating 
the solid work surface. 

3. Radiation f rom the arc. 
4. Thermal conduct ion f rom the 

arc plasma to the workpiece. 
Because of the complicated nature 

in which the energy is actually dissi
pated in the workpiece, two different 
sets of initial boundary condit ions 
specifying the heat source were con
sidered. The first input heat from the 
arc as a flux, according to eq (1a), 
and the second input the heat inter
nally in a thin layer adjacent to the 
anode surface according to eq (1b). 
Differences between the two sets of 
solutions were negligible. Thus, the 
choice of heat input mechanism is im
material. 

Magnitude of the Heat Input 

The effects of varying the mag
nitude of the heat input Q0 in eq (2) on 
the temperatures at the four thermo
couple locations, as well as on the 
width, depth and volume of the weld 
puddle, are determined for a given 
duration of heating f rom the arc of 
9.5 s. This was chosen because of its 
close proximity to the actual 10 s 
duration of arc heating of the test 
welds. 

The curves of Fig. 9, which corre
spond to a heat input distr ibution 
parameter f = 3.81 mm (0.15 in.), 
show a linear variation of temper
ature with heat input magnitude at all 
thermocouple locations. Nonlinear ef
fects are significant only in the vicin
ity of the puddle. At a heating dura
tion of 9.5 s, the four thermocouple 
locations are too far removed from 
the puddle to effect any deviation 
f rom linearity. 

Figures 10 and 11 show plots of 
puddle width, depth, and volume (the 
puddle shape is approximated by half 

a paraboloid for volume calcula
tions) against heat input magnitude at 
9.5 s of heat duration. Figure 10 is in
tended to illustrate the "thickness ef
fect" with respect to weld puddle 
dimensions, by utilizing the closed-
form temperature solutions existing 
for a point source of heat applied at 
the top surface of both a finite thick
ness and an infinite thickness plate. 
Details of the respective solutions are 
to be found in the Appendix. 

For sufficiently low magnitudes of 
heat input, the point source on the 
surface of the finite thickness plate 
has the same effect as a source on an 
infinite thickness plate, and the half-
width and depth of the puddle are 
therefore equal to each other. (Heat is 
radiated with spher ica l symmet ry 
from the point source in an infinitely 
thick plate.) As heat input is in
creased, both the width and depth 
start to deviate from the infinite thick
ness plate solution. Thus, the "thick
ness effect" starts coming into play 
when the weld depth is about 20% of 
the plate thickness. At a puddle depth 
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Fig. 8 — Material properties of Alloy 600 used for parametric study. 
Density = 8415 kg/m2, latent heat = 309 kj/kg. k, and k2 represent 
varied values of conductivity at temperatures 1685 K and 1920 K, re
spectively. C, is varied value of specific heat for T> 1685 K 
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Fig. 9 — Variation of weldment temperatures at four thermo
couple locations with heat input magnitude. Duration of heat
ing = 9.5 s, heat input distribution parameter 7= 3.81 mm 
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Fig. 10 — Weld puddle width, depth, and volume as functions of heat 
input magnitude for point source solutions. Duration of heating 
= 9.5 s 
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Fig. 11 — Effect of varying magnitude of heat input on weld 
puddle dimensions. Duration of heating = 9.5 s, heat input 
distribution parameter r= 3.81 mm 
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* 0 
Q dt (4) 

(a)\ /(b) 
WELD PUDDLE WELD PUDDLE WELD PUDDLE 

Fig. 12 — Heat input distribution and weld puddle shape for fixed magnitude 
Qo = 530 W and variable distribution parameter r. Duration of heating = 9.5 s. 
(a)T= 1.27 mm, (b)T= 2.54 mm, (c)T= 3.81 mm, (d)T= 5.08 mm, and (e)T= 
6.35 mm 

of about 60% of the plate thickness, 
the rate of increase of depth with heat 
input accelerates rapidly until a com
plete melt-through is attained. 

Although the effect of plate thick
ness on puddle width is not as pro
nounced as on depth, the net effect 
on both puddle dimensions is mani
fested in the rate of increase of pud
dle volume with heat input. This rate 
deviates from that associated with the 
infinitely thick plate at very low pene
trations and heat input levels. This 
serves to illustrate the undersurface 
of the weldment acting in effect as an 
insulation barrier and thus inhibiting 
the loss of heat by conduction away 
from the weld puddle. More heat is 
therefore retained in the neighbor
hood of the puddle and the puddle 
growth is accelerated. It is thus shown 
analytically that relatively little addi
tional heat input is required to trans
form a partial-penetration weld to a 
full-penetration weld, when the bead 
depth of the former approaches the 
thickness of the plate. 

The nature of puddle growth in a 
real weld differs from that obtained 
using the point source solution, pri
marily because of the finite area over 
which the heat input is applied. For 
the curves plotted in Figure 11, this 
area corresponds to a heat input dis
tribution parameter 7 = 3.81 mm 
(0.15 in.). The distributed source has 
the effect of inhibiting penetration 
and making the puddle more shallow. 

Other phenomena not accounted 
for in the point source solution that af
fect the magnitude of weld depth, 
width, and volume include heat losses 
by convection and radiation at sur
faces not subject to heating from the 
arc and latent heat of melting. The ef

fects of heat input distribution, sur
face losses and latent heat are dis
cussed elsewhere in this paper. 

Distribution of the Heat Input 

The effects of varying the distribu
tion of the heat input, characterized 
by the parameter 7 in eq (1), on the 
weldment thermal response depend 
on the duration of heating and the 
magnitude of the heat input as well. 
To illustrate the manner in which the 
distribution of heat influences the size 
and shape of the weld bead, con
sider the case in which the heat input 
magnitude Q0 = 530 W. At 9.5 s the 
shape of the weld puddle cross-
section is shown in Fig. 12 for 
F = 1.27, 2.54, 3.81, 5.08 and 6.35 
mm (0.1, 0.15, 0.2 and V« in.). Also 
shown is the distribution of heat input 
(piecewise constant due to the neces
sity of heat generated uniformly with
in each finite element), considered 
to be applied within a 0.3175 mm 
thick layer adjacent to the anode sur
face. The effect of distribution on 
penetration is evident. 

Since Fig. 12 corresponds to a 
specified set of values for heat input 
magnitude and duration of heating, 
the effects of heat input distribution 
on weld bead width and depth for a 
number of specified heating dura
tions were determined for two sets of 
heat input magnitudes. The results of 
this study are plotted in Figs. 13 and 
14 for Q0 = 530 W and Q = 1060 
W, respectively. It is seen that both 
heat input magnitude and duration of 
heating strongly influence the weld 
bead variation with r. The amount of 
heat H, generated in the anode sur
face layer is expressed simply as: 

where Q is given by eq (2), regard
less of the distribution parameter 7 
Thus for a relatively small heat input 
magnitude Q0, and heating duration 
t*, the total heat supplied must be 
concentrated in a very small region in 
order to produce any melting at all. 

From Figs. 13 and 14, it is seen that 
for relatively short time durations, the 
depth (or penetration) of the weld 
bead as well as the bead width de
crease as the heat input becomes 
more diffuse. For sufficiently large 
values of r, no melting can be ini
tiated at all. As the duration of heating 
and, therefore, the total heat input, is 
increased, melting can be initiated at 
the anode surface for increasing 
values of 7. Although in all cases the 
weld bead depth decreases with in
creasing 7, the bead width can, for 
sufficiently high durations_of heating, 
increase with increasing 7, and con
tinue increasing until some level of 
heat input distribution is reached that 
can no longer sustain melting on the 
anode surface, whereupon the bead 
width decreases rapidly with any 
further increases in 7. 

This phenomenon comes about 
due to the availability of sufficient 
energy to initiate melting on the 
anode surface even though that 
energy is distributed over an in
creasingly larger area of that surface. 
Eventually, however, the anode sur
face area over which heat is gen
erated becomes so large that, regard
less of the magnitude of the heat in
put, there is not enough heat gen
erated per unit surface area to get 
that area hot enough to initiate 
melting. The value of 7 at which the 
weld bead width is a maximum nat
urally increases with both the dura
tion of heating and the magnitude of 
the heat input. Thus, when assessing 
the effects of heat input magnitude, 
heat input distribution and duration of 
heating on the shape and size of the 
weld bead, the complex interaction ot 
the three parameters must be con
sidered. 

Characteristics of Full-Penetration Weld 

For the high heat input case of 
Q0 = 1060 W, the weld puddle com
pletely penetrates the plate after a 
given duration of heating, the value of 
which depends on the distribution 
parameter 7. The effect of 7 on the 
dimensions of a full-penetration weld 
is illustrated in Fig. 15, in which a 
number of temperature contours are 
plotted for t* = 42 s, and for the 
values of 7 of 1.27 and 6.35 mm. 

The difference in puddle or weld 
bead shape is evident. Observe also 
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HEAT INPUT DISTRIBUTION PARAMETER r, ( m m ) 

Fig. 13 — Weld puddle dimensions for different durations of heat
ing t, and heat input distribution parameters 7. Q0 = 530 W 

Fig. 14 (right) — Weld puddle dimensions for different durations 
of heating t, and heat input distribution parameters ~ O0 = 
7060 W 
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that for all regions of the weldment, 
with the exception of that near the 
weld centerline on the undersurface, 
higher temperatures result for the 
wide distribution case, i.e., 7 = 6.35 
mm (0.25 in.). This shows that a more 
concentrated heat source results in 
more heat being lost to the sur
roundings at the undersurface of the 
weldment near the molten region. 

The variation of the bottom sur
face width with the distribution 
parameter for various heating dura
tions is shown in Fig. 16. The same 
general type of behavior observed for 
the top width variation applies here as 
well. The growth of the full-penetra
tion weld at the top and bottom sur
face for extreme values of? is shown 
in Fig. 17. For relatively short times, 
the more concentrated heat source 
produces a wider weld puddle. As the 
duration of heating is increased, suf
ficient heat is being supplied to en
able the more widely distributed heat 
input to generate a wider puddle. 

The effect of heat input distribu
tion on temperature histories at loca
tions somewhat removed from the 
weld puddle is less dramatic. Figure 

18 shows plots of peak temperature 
against distribution parameter at the 
four thermocouple locations for the 
case in which heat is supplied from 
the arc for 10 s. The distribution ef
fect is most pronounced at the two 
thermocouple locations nearest the 
weld puddle (T-1 and T-2), while it is 
less evident at T-3 and negligible at T-
4. At T-1 on the top surface, an in
creasing r tends to raise the peak 
temperature. This has been ob
served experimentally and dis
cussed previously (Ref. 5). At the 
location of T-2 at the bottom surface, 
the opposite effect is observed. 

Effect of Surface Heat Losses 

Conditions at weldment surfaces 
not being heated directly by the arc 
influence the amount of heat lost to 
the surroundings at these surfaces 
and, to some extent, the temperature 
transients and the weld bead dimen
sions (Ref. 14). To make a qualitative 
assessment of this effect, the natural 
convection heat transfer coefficient 
(included in the first term of the right 
hand side of eq (3) of 1.566 W/m2» 
K'-25 was arbitrarily increased by a 

s 
) 
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1 
/ / l365* IO90K 

1 
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= 6 35 mm 

Fig. 75 — Effect of heat input distribution 
parameter 7 on weld puddle shape and 
temperature contours. 00 = 1060 W, dura
tion of heating = 42 s 

factor of 30 to 47 W/m2 • K'-25. No 
changes were made with regard to 
surfaces losses due to radiation. 

As expected, the higher heat trans
fer coefficient results in lower temper
atures throughout the weldment, as 
shown in Fig. 19. The effect on the 
bottom surface is greater as the dis
tance from the weld centerline is in
creased, as seen from the temper
ature plots at thermocouple loca
tions 2, 3, and 4 (Fig. 1). This arises 
due to surface heat losses that are 
maximum at the weld centerline. 

These losses, although resulting in 
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DISTRIBUTION PARAMETER r. | m m l 

Fig. 16 — Bottom width of full-penetration 
weld as a function of heat input distribu
tion parameter 7, and duration of heating t. 
Q0 = 7060 W 

Fig. 17 — Weld puddle widths as functions 
of duration of heating and heat input dis
tribution parameter 7 Oo = 7060 W 

NPUT DISTRIBUTION PARAMETER . 

Fig. 18 — Calculated peak temperatures 
at four thermocouple locations as func
tions of heat input distribution parameter 7. 
Q„ = 7060 W 

a decreased temperature at the weld 
centerline, also cause a smaller frac
tion of heat to be conducted away 
from the center region of the weld
ment to the cooler regions. A com
bination of this lesser amount of heat 
being conducted to the cooler re
gions and more heat being lost to 
the sur round ings due to the in
creased surface heat transfer coef
ficient yields greater decreases in 
temperature as the distance from the 
weld centerl ine is increased. 

Figure 19 shows that the surface 
heat loss effect becomes significant 
for durations of heating that are suf
ficient to raise the temperatures at the 
undersurface of the weldment at the 
weld centerl ine to a rather high level. 
At this level, the " th in" plate type of 
thermal response comes into play, 
and the effects on weld puddle d i 
mensions and penetration become 
significant. This is shown in Fig. 20, in 
which puddle width and depth are 
plotted against duration of heating, 
and in Fig. 2 1 , which depicts temper
ature contours for the two cases at a 
heating duration of 42 s. 

Although the imposed increase in 
heat transfer coefficient by a factor of 
30 may be somewhat drastic, it does 
serve to illustrate the importance of 
surface condi t ions on we ldment 
temperatures and penetration char
acteristics. Such condit ions may ac
tually be present if there exists any 
gas flow at the undersurface of the 
weldment. A backing material or thin 
insulating fi lm may act in the op
posite sense. 

Thermal Properties in the Weld Puddle 

Heat transfer in the weld puddle is 
simulated by specification of effec
tive thermal conductivity k (magni
tude and directionality), and the prod
uct of density and specific heat pc. 
The speci f ic parameters used to 
character ize the effect ive pudd le 
propert ies are described in Fig. 8. 

A l l p a r a m e t e r va r i a t i ons were 
carried out using a heat input mag
nitude of either 490 or 530 W, and a 
heat input d is t r ibut ion parameter 
value of 3.81 mm (0.15 in.). Under 
these cond i t ions, there were no 
significant changes in temperature at 
any of the four thermocouple loca
tions for any of the effective pudcle 
property variations. This discussion is 
therefore limited to the effects of 
these variations on weld dimensions 
and on maximum puddle temper
ature, calculated on the weld center-
line at the top surface. 

With the effective isotropic pudcle 
conductivit ies of k, = 62.5 W/m»K 
and k2 = 125 W/m»K (see Fig. 8), the 
effective specific heat c, in the pudcle 
was varied between 0.276 and 1.377 
kJ/kg»K, a range within which the 
specific heat of the solid material is 
included. No perceptible variations of 
the weld bead dimensions were cal
culated for Q0 = 490 W and a dura
tion of arc heating of 10 s. The maxi
mum puddle temperature does, how
ever, decrease from 2100 K to 1895 K 
as c is i n c r e a s e d . These peak 
temperatures exceed the mel t ing 
temperature of Alloy 600 by 30% and 
15%, respectively. This is within rea
sonable agreement of the average 
puddle temperature, which is ex
pected to be ~ 20% higher than the 
melting temperature (Ref. 11). 

The effects of the magnitude of the 
effective puddle conductivity on the 
we ldment thermal response were 
calculated using a heat input magni
tude of 490 W and a heating duration 
of 10 s. The specific heat c, in the 
puddle was fixed at 0.624 kJ/kg»K. 
The initial set of calculations was 
made assuming puddle conductivity 
to be isotropic and equal to 29 
W/m»K, which is the conductivity of 
the solid metal. This produced a peak 
puddle temperature of 2245 K, which 
exceeds the melting point by 40%. 

In an attempt to reduce the pudcle 
temperatures to more reasonable 

levels, the effective conductivity was 
increased by varying amounts. Since 
an infinite puddle conductivity would 
theoretically produce a uniform dis
tribution of temperature whose mag
nitude is that of the melting point, 
an arbitrarily high value of puddle 
conductivity of 1.2 x 109 W/m»K was 
u s e d . Th i s p r o d u c e d t r a n s i e n t 
temperature oscillations that ren
dered the solution useless. These 
oscillations arise because of the ex
tremely rapid increase in conductivity 
from the solidus temperature 1630 K, 
to the l iquidus 1685 K, which results 
in a virtual discontinuity of temper
ature grad ient at the l i qu id /so l id 
interface. 

Since, for the presently employed 
finite element method, the temper
ature is the dependent var iab le, 
continuity of temperature gradient 
within, but not on the boundary of, 
each finite element is guaranteed 
(Ref. 6). This results in the melting 
isotherm progressing through the 
weldment discontinuously and caus
ing temperatures in and around the 
puddle to oscillate with time. 

Attempts were made to reduce the 
magnitude of these oscillations and 
yet maintain the peak puddle tem
perature at a reasonable level by 
lowering the puddle conductivity f rom 
1.2 x 109 W / n r K to 1250 and then to 
625 W/m»K. The results were also 
unsatisfactory. The conductivity was 
al tered again, so that k, = 125 
W / n r K and k2 = 1250 W / n r K (see 
Fig. 8). This again produced unsatis
factory oscillations. Finally k, and k2 

were r e d u c e d to 62.5 and 125 
W/m»K, respectively. At these values, 
the maximum oscillation was 70 K, 
and a peak puddle temperature of 
2055 K, which exceeds the melting 
temperature by 27%, was obtained. 
Both are acceptable and these effec
tive conductivity parameters were 
used for subsequent calculations. 

The conductivity parameters re
ferred to are isotropic — that is, they 
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are the same in all directions. On this 
basis, heat input parameters of Q0 = 
530 W applied for 10 s a n d T = 3.81 
mm produced a weld bead width and 
a depth of 4.3 and 1.0 mm, re
spectively. This compares with cor
responding bead dimensions of the 
test weld of 5.9 and 1.2 mm. 

In an e f f o r t t o r e d u c e t h e 
width/depth ratio of the computed 
weld bead while at the same time 
maintaining the heat input so that the 
t e m p e r a t u r e s ca l cu la ted at the 
thermocouple locations would not 
change, the conductivity was made 
anisotropic. This was done such that 
the radial components of the con
ductivity parameters k, and k2 were 
kept at 62.5 and 125 W/m»K, re
spectively, while the corresponding 
parameters in the thickness direc
tion were reduced to 12.5 W/m«K. It 
was hoped that the introduction of an 
effect ive an isot rop ic pudd le c o n 
ductivity would result in improved 
simulation of heat flow in the puddle. 

Anisotropic puddle conductivity re
sulted in the weld bead width being 
increased from 4.3 to 5.3 mm and the 
depth decreased from 1.0 to 0.8 mm. 
The width/depth ratio was therefore 
increased from 4.3 to 6.6. This com
pares to 4.9 for the test weld. Though 
the desired effect of increasing the 
width/depth ratio of the weld bead 
was obtained, the increased bead 
width resulted in a decreased weld 
depth. Therefore, simulation of heat 
transfer in the puddle by an effective 
anisotropic conductivity, though serv
ing to increase the weld/depth ratio, 
does little to make the calculated 
bead dimensions approach the mea
sured values in the test weld. 

It seems apparent that simulation 
of heat flow in the weld puddle for a 
stationary arc weld cannot properly 
be carried out using an exclusively 
conducting model. It is worth noting, 
however, that this conclusion applies 
only to stationary arc welds, where 
the unusual humped configuration is 
obtained. Further analysis and test
ing is required prior to coming to any 
conclusions regarding moving welds, 
where the weld bead configuration 
appears to have a more normal 
appearance (Ref. 5). 

Latent Heat Effect 

The importance of including the la
tent heat of melting in a welding ther
mal analysis was tested by consider
ing condit ions which result in a ful l -
penetration weld: Q0 = 1060 W, 7 = 
3.81 mm (0.15 in.). Temperatures and 
weld bead dimensions were calcu
lated for the cases in which the latent 
heat is 309 kJ /kg and the latent heat 
is such that there is no increase in the 
heat capacity of the material in the 
phase change range bounded by the 

MELTING TEMPERATURE 

NORMAL SURFACE HEAT TRANSFER 
COEFFICIENT 
COEFFICIENT INCREASED BY FACTOR OF 3 0 

2 0 3 0 4 0 5 0 6 0 7 0 8 0 

DURATION OF HEATING (S) 

Fig. 19 — Effect ot surface heat losses on temperatures at thermocouple loca
tions 2, 3 and 4 on undersurface 

solidus and liquidus temperatures. 
The latter has the effect of neglecting 
the consequences of latent heat — 
see, for example, the literature (Ref. 
9) for a mathematical definition of la
tent heat. 

The latent heat effects are illus
trated in Fig. 22, in which weld puddle 
width and depth are plotted against 
t ime for both cases. The effect on 
pudd le d imens ions is most p ro 
nounced when condit ions for a ful l -
penetration weld are approached or 
met. This is further il lustrated by Fig. 
23, which shows temperature con
tours for the two cases after a dura
tion of heating of 27 s. The impor
tance of including latent heat effects 
in a welding thermal analysis is thus 
evident for " th in" weldment condi
tions, and less important for " thick" 
plate condit ions. 

Discussion 

An in-depth study of the welding 
thermal cycle for gas tungsten-arc 
welds has been undertaken in two 
phases — the first dealing with sta
t ionary sources of heat and the 
second with moving arcs. For the first 
phase of this effort, comparisons 
were made between the results of a 
transient temperature analysis and 
corresponding experimental data for 
a 91 A, 7.7 V stationary arc applied for 
10 s to a 6.35 mm (0.25 in.) thick Alloy 
600 plate. 

Assuming an arc efficiency of 0.76, 
good correlation between calculated 
t e m p e r a t u r e s and t h e r m o c o u p l e 
readings was obtained at a number of 
locations outside of the weld metal 
and heat-affected zones. The test 
welds p roduced a humped weld 
metal configuration that could not be 
produced analytically. Since this odd 
configuration has been observed only 
for stationary welds, this may not be 

of any concern in the phase two study 
of mov ing we lds . A l t h o u g h the 
width/depth ratio of the weld metal 
cross-section of the test weld is not in 
very good agreement with the calcu
lated ratio, reasonable correlation is 
obtained for the depth of penetration. 

The comparison of analytical re
sults with test data for a relatively s im
ple weldment leads one to conclude 
that the finite element numerical ap
proach taken here to calculate the 
welding thermal response can be 
used with a high degree of confi
dence to investigate the relative ef
fects of a number of welding param
eters and condit ions on the thermal 
cycle. In particular, the effects on 
depth of penetration, shape and size 
of the weld metal region, temper
ature transients, and cooling rates are 
of concern . The stat ionary heat 
source phase of this study enabled 
the consequences of varying the weld 
parameters (with the exception, of 
course, of the weld speed), the weld
ment th ickness, and other weld 
characteristics to be assessed. 

The question of the precise means 
by which heat is input to the weld
ment f rom the arc has been ad
dressed by running sets of problems 
with heat input characterized both as 
a surface flux on the anode surface, 
and as heat generated within a thin 
layer of material adjacent to the 
anode surface. Since it was found 
that the choice of the heat input 
mechanism is immaterial, one need 
not be concerned with this question 
for analytical purposes. 

One of the more fundamental re
sults of this study is the ability to 
d e m o n s t r a t e a n a l y t i c a l l y a n d 
quantitatively the profound effects of 
the thickness of a weldment, relative 
to the heat input, on the weld bead 
configuration and temperature tran
sients. The influence of thickness 
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Fig. 21 — Effect of surface heat losses on weld pud
dle shape and temperature contours. Q0 = 1060 W, 
duration of heating = 42 s 

Fig. 20 (left) — Effect of surface heat losses on pud
dle dimensions 

on penetrat ion character is t ics is 
especially i l luminating. The effect of 
weldment thickness has been shown 
to become important with respect to 
characterizing weld penetration when 
the depth of penetration is only 20% 
of the thickness. At this point, the 
undersurface of the weldment begins 
to exert an insulating effect on the 
heat flowing through the thickness. 
Thus heat is retained in the metal and 
the increase in depth of penetration 
of the weld puddle is accelerated as 
the magnitude of heat input is in
creased. At about 60% penetration, it 
is shown that the puddle depth in
creases rapidly until full penetration 
is achieved, though the heat input is 
increased only slightly. 

In test welds and weld mockups, it 
has often been observed that the dif
ference between a par t ia l -pene
tration and a ful l-penetration weld re
sults f rom an increase in current of 
just several amperes. The weld ther
mal analysis has been shown to 
c o m p l e t e l y c h a r a c t e r i z e t h i s 
phenomenon. These results also lead 
to the conclusion that, when attempt
ing to identify certain characteristics 
of a welded joint by performing bead-
on-plate welds, the thickness of the 
test weld must be in line with the ac
tual thickness of the weldment for 
which the test results are to be ap
plied. In other words, if the weldment 
to be made is 2 mm (0.08 in.) thick, 
test welds to determine characteris
tics of the welding process should not 
be performed, say, on 6 mm (0.24 in.) 
thick plates. The fundamental dif
ferences that exist between "thick" 
and " th in" weldments with respect to 
the welding thermal response have 
thus been characterized. 

The energy available during weld
ing is often characterized by the 

product of the arc current and volt
age. (The voltage must be carefully 
defined in order to make proper 
comparisons between various sets of 
experimental data.) Mult ipl ication of 
this number by some efficiency fac
tor yields the magnitude of the ther
mal energy transmitted to the work-
piece. Even neglecting the effects of 
weld speed for this first phase study, 
it has been demonstrated that the 
magnitude of the heat input alone is 
inadequate to determine depth of 
penetration and weld bead shape. 

In order to maximize penetration 
and optimize weld bead shape, the 
distr ibution of the heat input, coupled 
with the heat input magni tude and the 
weldment thickness, must be con
s idered. Due perhaps to lack of 
knowledge regarding the size of the 
anode sur face area upon which 
significant amounts of heat are de
posited via the arc, the effects of 
distr ibution of the input energy have 
received only cursory attention. With 
the analytical tools now available, cr i 
teria can now be developed for deter
mining what combinat ions of heat in
put magnitude and distr ibution are 
required to give an opt imum weld 
configuration for a weldment of given 
thickness. 

Data have been generated for weld 
depth and width to illustrate the 
changes in weld dimensions that take 
place in a stationary weld of 6.35 mm 
(0.25 in.) thickness as the magni
tude, durat ion, and distr ibution of the 
heat input are varied. The means for 
performing analytical studies of this 
sort for other weld configurations and 
for moving welds when the add i 
tional parameter of weld speed is in
cluded, is thus established. It has also 
been demonstrated that, under fixed 
condit ions of heat input magnitude 

and durat ion, the difference between 
a par t ia l p e n e t r a t i o n and a fu l l 
penetration weld can depend only on 
the area upon which the heat is 
distr ibuted. 

The means for specifying the weld
ing heat input parameters required to 
p roduce an op t imum weld c o n 
f igurat ion have thus been estab
lished analytically. The question re
mains as to how these parameters 
may be effectively control led by vary
ing the welding parameters (current, 
voltage, arc gap, electrode shape, 
etc). This presents an extremely dif
ficult problem. In the GTAW process 
the electric arc serves as the conduc
tor for transmitt ing energy to the weld 
plate. Because of the complex man
ner in which the arc establishes its 
equil ibr ium state, it is difficult to pre
dict precisely the influence various 
welding condit ions will have upon the 
arc discharge. For example, vapors 
are emitted into the arc f rom the weld 
puddle at some unknown rate deter
mined by the base material, its im
purities, and heat input to the weld 
surface. Depending upon the nature 
of the vapors, the characteristics of 
the arc may change resul t ing in 
changes in the arc temperature, con
f iguration, and ultimately upon the 
heat input to the weldment, itself 
(Ref. 15). 

Other parameters such as elec
trode configurat ion, shielding gas, 
arc gap, etc. may also exert a pro
found influence upon the arc. In order 
to characterize the heat input dis
tr ibution and thus be able to optimize 
and control weld bead configurat ion, 
continuing studies of the welding arc 
are essential. 

Calculation of the welding thermal 
cycle for a given set of welding condi
tions depends to some extent on the 
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heat loss conditions at weldment sur
faces not subject to direct heating by 
the arc. These heat loss conditions, 
which are specified analytically as 
combined losses due to natural 
convection and radiation, are dif
ficult to evaluate and are subject to 
some degree of uncertainty. 

The sensitivity of the thermal re
sponse to variations in the surface 
conditions was assessed. For welding 
conditions in which the "thin" plate 
type of thermal response comes into 
play, the sensitivity becomes signifi
cant. Although further effort is re
quired to get a better handle on sur
face heat loss conditions to be ex
pected in actual welds, it has been 
demonstrated analytically that a 
thirty-fold increase in the natural 
convection surface heat transfer co
efficient very dramatically decreases 
weld penetration. For welding proce
dures that make use of backing mate
rials, the welding thermal analysis 
procedure is very well suited for 
evaluation of various materials and 
their thicknesses, since they can be 
characterized by effective surface 
heat transfer coefficients. 

Due to motion of molten material, 
heat transfer in the weld puddle can
not be completely described by 
conduction alone. Until further work 
is undertaken to characterize heat 
flow in the puddle, effective values of 
heat capacity and conductivity are 
specified to simulate the actual heat 
transfer mechanisms. The criteria 
for adequate simulation of these 
mechanisms are the calculation of 
reasonable levels of puddle temper
ature, stability of the numerical tem
perature solution, and satisfactory 
prediction of depth of penetration 
and width of the weld metal. 

Peak puddle temperatures that ex
ceed the melting point of Alloy 600 by 
about 20% have been obtained with 

no detrimental effect on the numer
ical stability of the temperature solu
tion. Effective molten metal specific 
heat on the order of the specific heat 
of the solid material, together with an 
effective puddle conductivity that ex
ceeds somewhat the solid material 
conductivity, produces these results. 
Lower conductivity results in puddle 
temperatures that are too high, while 
higher conductivity yields an un
stable solution. 

In an attempt to adjust the weld 
metal width/depth ratio to yield the 
more shallow weld metal region that 
was observed experimentally, aniso
tropic puddle conductivity was intro
duced, such that there would be a 
greater propensity for heat to be 
transferred parallel to the plane of the 
weldment than in the thickness direc
tion. Anisotropic conductivity did 
indeed produce an increased 
width/depth ratio; however, the 
greater weld metal width was de
veloped in conjunction with a lower 
depth. Both calculated weld bead 
dimensions remained, however, 
below the corresponding measured 
values, thus making it clear that, at 
least for stationary welds, heat flow in 
the puddle cannot be completely 
simulated using an analytical model 
that accounts only for heat transfer by 
conduction. 

Analytical treatments of welding 
heat conduction that utilize point, line 
or plane sources of heat in order to 
develop closed-form temperature 
solutions neglect effects of latent 
heat. The consequences of doing this 
in a welding thermal analysis were in
vestigated. The results of this study 
show that, when analyzing a weld in 
which conditions for full penetration 
are approached or met, the inclusion 
of latent heat in the calculations 
significantly affects the weld con
figuration. 

Conclusions 

An analytical and experimental in
vestigation of the welding thermal cy
cle for stationary gas tungsten-arc 
welds has led to the following results: 

1. The welding thermal analysis 
model, in conjunction with the finite 
element method for transient heat 
conduction analysis, produces a ther
mal cycle that is in very good agree
ment with thermocouple data at loca
tions outside the weld metal and heat-
affected zones. 

2. Although calculated depth of 
penetration of the weld is in line with 
depths measured f rom metal
lographic sections, the humped, 
shallow weld metal configuration ob
served for stationary test welds can
not be reproduced analytically. 
Introduction of anisotropy of the 
effective puddle conductivity, al
though producing a more shallow 
weld bead, results in bead dimen
sions that are smaller than the mea
sured values. 

3. Heat transfer exclusively by 
conduction is inadequate to com
pletely characterize thermal condi
tions in the weld puddle and thus to 
accurately predict both depth of 
penetration and width of the weld 
metal cross-section. Additional work 
on puddle heat transfer is required to 
shed more light on this area. 

4. The nature of the weldment 
thermal response and the resulting 
weld bead penetration and shape 
characteristics are very much depen
dent on the thickness of the weld
ment relative to the heat input from 
the arc. The differentiation between 
"thin" and "thick" weldment types of 
thermal response is crucial for proper 
interpretation of any experimental or 
amalytical welding analysis. When 
attempting to identify certain charac
teristics of a welded joint by perform-
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ing bead-on-plate welds, the thick
ness of the test weld must be com
patible with the actual thickness of 
the weldment for which the test re
sults are to be appl ied. 

5. The analyt ical mode l vividly 
demonstrates that, for a weld whose 
depth of penetration is as low as 60% 
of the thickness, a small increase in 
current can produce a ful l-penetra
tion weld. 

6. In addit ion to the magnitude of 
the heat input f rom the welding arc, 
the area over which that heat is dis
tr ibuted on the anode surface is an 
additional parameter that strongly in
fluences penetration and weld bead 
shape characteristics. 

7. The finite element welding ther
mal analysis method is very well 
suited for determining the interrela
tionship of heat input magnitude, heat 
input distr ibution, duration of the heat 
input, and weldment geometry on the 
thermal response. In particular, it can 
be used for calculating that com
bination of thermal and geometric 
parameters that will produce an op
t imum weld configuration for a given 
joint. 

8. Although the means have been 
established to specify magnitude and 
distr ibution of the heat input from the 
arc so that an opt imum weld metal 
configuration and weldment thermal 
response will be obtained, the prob
lem remains as to how these param
eters may be controlled by varying 
specific welding parameters such as 
current, voltage, electrode shape, arc 
gap, shielding gas, and insert addi
tives. Continued effort on the nature 
of the welding arc is essential for 
d e v e l o p i n g c r i t e r i a f o r t h e s e 
parameters. 
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Appendix — Point Source 
T e m p e r a t u r e Solut ions 

Point Source at the Surface of a 
Semi-Infinite Space 

C o n s i d e r a c o n t i n u o u s p o i n t 
source of heat of strength Q, applied 
at the origin R = O, of an infinite 
space defined by R >_ O in a spher-
i c a l c o o r d i n a t e s y s t e m . T h e 
spherically symmetric temperature T, 
at any distance R, f rom the point of 
application of the heat source and at 
a t ime t, which denotes the duration 
of heating, is given by Carslaw and 
Jaeger (Ref. 16): 

T(R,t) = (Q/4n- k R) erfc 
(R/V 4 D t) + To 

(A1) 
where k is the thermal conduct iv ty 
(constant), and D is the thermal dif

fusivity (constant); erfc is the com
plementary error function defined by 
erfc(z) = (2/f7)S * e" *2 dx. It is eas
ily shown that this solution satisfies 
the transient heat conduct ion equa
tion 

D V 2 T = (D/R2) (5/5 R) 
(R^T/r iR) = r3T/5t 

(A2) 

for R > O, and tne condit ions T(R,0) 
= T„ and R-!+«> T(R,t) = T„. 

For a semi-infinite body defined by 
z_> O in an (r,z) cylindrical coordinate 
system, such that the plane surface z 
= O is adiabatic, a continuous point 
source of heat applied at (r,z) = ( 0 ,0 ) 
yields exactly the same temperature 
solution as that given by eq. (A1) for 
an infinite body, except that all of the 
heat generated at the source is now 
conducted into the half-space, rather 
than the infinite space. 
Thus, in cylindrical coordinates, 

T(r,z,t) = (Q/2 w k) erfc J r2 + z2 

J1/4 Dt / -1 r2 + 
(A3) 

Point Source at the Surface of an 
Infinite Plate of Finite Thickness 

C o n s i d e r a c o n t i n u o u s p o i n t 
source of heat of strength Q, applied 
at a point with coordinates (r,z) = 
( 0 ,0 ) on the surface z = O of a plate 
of infinite extent and finite thickness 
h. The surfaces defined by z = O and 
z = h are adiabatic. The point source 
solution in a semi-infinite space (eq 
(A3)), results in non-zero heat flow at 
z = h. An image source applied at 
(r,z) = (0,2h) ensures that z = h is 
adiabatic, but now there is non-zero 
heat flow at z = O. Another image 
source applied at (r,z) = (0,-2h) is 
now required to satisfy condit ions a tz 
= O. Carrying this along ad infinitum, 
an infinite distr ibution of images of 
the source is applied at points (r,z) = 
(0, ± 2 n h), n = 1,2, . . . The solu
tion for a single point source of heat 
applied at (r,z) = (O.z') is given by: 

T(r,z-z',t) = (Q/2 ar k) erfc 

J r2 + fz-z')2 • -I 1/4 Dt / 

J r2 + (z-z')2 

(A4) 

The superposit ion of the semi-infinite 
solution and the image solution then 
y ie lds the t e m p e r a t u r e so lu t i on 
sat isfying the adiabat ic boundary 
condit ions: 

T(r,z,t) = (Q/2 w k) 3 erfc 

4 r2 + (z + 2 n h)2 • s/ 1/4 Dt / 

•I r2 + (z + 2 n h)2 

(A5) 
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