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ABSTRACT. A statistical experiment 
was conducted to determine what 
effects GTA pulsation parameters 
such as frequency, ampli tude, and 
wave form have on penetration, 
depth-to-width ratio, and the max
i m u m t e m p e r a t u r e r e a c h e d at 
different distances from the weld 
center line. 

Results indicated that, in terms of 
the three pulsing variables, pulse am
plitude was the most significant, al
though the wave form and frequency 
were also shown to be important. 

A comparison between the heat in
puts for a given penetration weld 
using pulsed current and conven
tional GTA welding confirmed that 
the heat input was consistantly lower 
for pulsed current welding than for 
conventional GTA welding. 

A linear relationship was found to 
exist between the heat input to a weld 
and the maximum temperature at a 
given distance from the weld center 
line. 

Finally, a method was developed to 
optimize input parameters to obtain 
lowest heat input or other weld char
acteristics. 

Introduction 

Pulsed current gas tungsten arc 
welding is a relatively new welding 
process that has been reported to 
have numerous advantages over the 
conventional GTA process. The bene
ficial effects most often reported in 
the literature include claims that the 
total heat input to the weld is re
duced, the weld bead size is reduced, 
weld penetration is increased, grain 
size is reduced, porosity is reduced, 

The authors are associated with Dow 
Chemical U.S.A., Rocky Flats Division, 
Golden, Colorado. 

Paper was presented at the 54th AWS 
Annual Meeting held at Chicago during 
April 2-6, 1973. 

weld d i s to r t i on is r e d u c e d , and 
thinner mater ials can be welded 
successfully (Ref. 1). 

Most of these reports of increased 
welding efficiency, however, are very 
general in nature and usually give no 
indication as to the actual combina
tion of welding parameters that were 
used to obtain these beneficial re
sults. 

The purpose of this work was to de
termine the effects of the pulsation 
variables such as pulse frequency, 
pulse amplitude, and pulse wave form 
along with the weld current and part 
travel speed on various welding re
sponses. The responses that were 
measured in this study were (1) weld 
penetration, (2) depth-to-width ratio, 
and (3) maximum temperature at six 
locations along the length of the weld 
samples. 

This type of information should be 
helpful in establ ishing the init ial 
parameters used in the development 
of pu lsed cu r ren t GTA we ld ing 
procedures. 

Experimental Procedures 

The five variables examined in this 
experiment (pulse frequency, pulse 
amplitude, pulse wave form, weld 
current level, and part travel speed) 
are defined as follows: The pulse 
wave form is the length of time at the 
high current level divided by the total 
pulse time, or the percentage of time 
at the high current level; the pulse 
amplitude is defined as a percentage 
of the high current level. For in
stance, if the high current level is 
100 A and the pulse amplitude is 
80%, the current pulses from 
100 A down to 80 A. The we ld 
current level is the high current set
ting. The pulse frequency and part 
travel speed are expressed as cycles 
per second and inches per minute, re
spectively. 

Each of these five variables was ex
amined at three different levels. The 

Table 1 — Five Variables and the Three 
Levels at Which They Were Tested in This 
Program 

Variable 
Pulse Amplitude, % 
Pulse Frequency, cps 
% Time at High Current 
High Current Value, A 
Part Travel Speed 

Testing Level 
80 50 20 

5 3 1 
75 50 25 

175 125 75 
9 6 3 

variables and the levels at which they 
were tested are summarized in 
Table 1. 

An experimental design of the type 
developed by G. E. P. Box and 
D. W. Behnken (Ref. 2) was used for 
this study. This type of design will give 
a good estimate of the main effects of 
the five variables and also any two-
factor interactions. The main ad
vantage of this type of design is that it 
only requires 46 welds, while a full 
factorial experiment for five variables 
at three levels would require more 
than 200 welds. A drawback of the de
sign is that it must be assumed that all 
three-factor and higher order inter
actions are negligible in comparison 
to main effects; however, this is 
probably a good assumption. 

All of the 46 welds in this experi
ment were made using the same 
welding machine and the same water 
cooled torch. A new 3/32 in. diam 
thor iated tungsten e lect rode was 
used for each weld. 

It was not possible to use auto
matic voltage control with this experi
ment because of the pulsation of the 
weld current. In order to make the 
welds as uniform as possible, the arc 
length was preset to 0.050 in. (1.27 
mm) for each weld. The torch gas 
consisted of a mixture of 30 cfh He 
and 10 cfh Ar, and was also held con
stant for all welds. 

The experiment was conducted by 
making bead-on-plate welds on V* in. 
(6.35 mm) thick 304 stainless steel 
plate which had been milled flat on 
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the surface to be welded. The plates 
were 12 in. (30.48 cm) long by 3 in. 
(7.62 cm) wide and all of the welds 
were about 10 in. (25.4 cm) in length. 

The heat inputs in joules/ in. for 
each of the 46 welds were calculated 
from Equation 1: 

J/ in. = EI X 60/S (1) 

where: 

E = arc voltage in volts 
I = arc current in amperes 
S = travel speed in in. /min 

Equation 1 had to be modif ied slightly 
because the current was not con
stant but was pulsed from a high 
value ( IH) to a low value (I L). The result 
is Equation 2: 

X = E [ ( lH ) (%t imea t l H ) + 
( l L ) ( % t i m e a t l L ) ] X 6 0 / S (2) 

IH, I I , and % time at each of these 
values were measured directly and 
mon i t o red by means of an os
ci l lograph. The part travel speed was 
timed just before the actual welds 
were made. The only term in Equa
tion 2 that could not be measured di
rectly was E; however, if the arc 
length, electrode geometry, torch gas 
mixture and flow rate are kept con
stant for each weld, the variation of E 
between welds should not be great 
enough to affect the heat input cal
culation for a comparative study such 
as this. The value of E used for cal
culation purposes in this study was 
11.75 volts. This was the voltage ob
tained by making a conventional GTA 
weld on 304 plate using the same arc 
length, electrode geometry, and torch 
gas mixture that were used for all of 
the pulsed arc welds in this experi
ment. 

During the welding of the plates, 
tempera ture measurements were 
made at six locations along the length 
of the weld by means of chromel-
alumel thermocouples. The location 
of these temperature measurement 
points is shown in Fig. 1. The tem
perature measurements were taken in 
order to determine whether or not 
there was a preheating affect along 
the length of the plate as the weld 
progressed and also to see what kind 
of correlation existed between the 
heat input for a given weld and the 
maximum temperature attained at a 
specified distance from that weld. 

After each plate was welded, it was 
sectioned at locations corresponding 
to lines A, B, C, and D as shown in Fig. 
1. The weld bead depth and width 
were measured at each of these four 
points. After all of the measurements 
had been comple ted , regression 
equations were generated for the 
weld penetration and depth-to-width 

Fig. 1 — Weld test specimen configuration 

9 8 7 6 5 4 
Fig. 2 — Time-temperature trace for typical weld 

ratios in terms of the five variables 
of this experiment. These regression 
equations show which variables have 
the greatest effect on weld penetra
tion and depth-to-width ratio. They 
can also be used to calculate the 
weld penetration and depth-to-width 
ratios for any combination of pulse 
parameters within the range of this 
experiment. 

The second part of this study con
sisted of running a series of con
ventional GTA welds covering the 
same range of weld currents and part 
speeds that were used for the pulsed 
arc study. These welds were all made 
using the same welding machine, 
water cooled torch, electrode type 
and geometry, arc length, torch gas 
mixture and flow rate, and weld speci
men material and size used for the 
pulsed arc study. 

After welding, these plates were 
sectioned and the weld penetration 
and d e p t h - t o - w i d t h rat ios were 
measured in the same manner as in 

the pulsed arc study. Regression 
equations were generated for the 
weld penetration and depth-to-width 
ratios and the heat inputs were cal
culated using Equation 1. 

Once the regression equat ions 
were available for both conventional 
and pulsed current GTA welds in the 
range of 74 to 175 A and 3 ipm to 9 
ipm, a direct comparison of heat input 
values vs. weld penetration values 
was made between the two processes 
for all combinations of weld param
eters within this range. 

Discussion 

An evaluation of the temperature 
measurement data ind icated that 
there was no preheating affect along 
the length of the plate as the weld 
progressed. Figure 2 is a reproduc
tion of the t ime-temperature chart for 
one of the welds in this experiment. 
Thermocouple traces 1, 3, and 5 are 
for points V? in. (12.7 mm) from the 
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Fig. 3 — Hear input vs. maximum temperature at a specified distance from weld center line 

weld center line. Trace 1 is near the 
start of the weld, trace 3 is at the 
center of the weld and trace 5 is near 
the end of the weld. Thermocouple 
traces 2, 4, and 6 are for points that 
have the same relative positions along 
the length of the weld, but were 1 in. 
(25.4 mm) from the weld center line. 

As shown in Fig. 2, there was very 
little variation in peak temperature 
along the length of the weld. The three 
peak temperatures at 1 in. (25.4 mm) 
and 1/2 in. (12.7 mm) were averaged 
for each of the 46 welds in the pulsed 

arc study and these values were 
plotted in Fig. 3 as a function of the 
calculated heat input. Both lines in 
this figure are least square plots cal
culated by a computer. Figure 3 
shows that there is a linear relation
ship between the heat input to a weld 
and the maximum temperature at
tained by that weld. Also, as would be 
expected, these lines extrapolate 
back to room temperature as the heat 
input was decreased to zero. 

Figure 3 also shows that the 
method used to calculate the heat in

put values of this study was reason
able, and gives added confidence in 
the use of these calculated values for 
the comparisons made. 

The regression equation de
veloped for the weld penetration in 
terms of the five variables of the 
pulsed arc experiment showed that 
the variable having the greatest ef
fect on weld penetration was the part 
travel speed. The second most im
portant variable with respect to pene
tration was the pulse amplitude; the 
weld current level was third, followed 
by the wave form and then the pulse 
frequency. 

An increase in weld penetration 
should be caused by a decrease in 
part travel speed, a decrease in am
plitude of pulsation, an increase in 
weld current, and a pulse wave form 
with a longer percentage of time at the 
high current level. As expected, this 
was found to be the case. It was not as 
apparent what effect the pulse fre
quency might have on weld penetra
tion. Decreasing the pulse frequency 
from 5 cps to 1 cps produced an in
crease in weld penetration. The 
probable reason for this is that if all of 
the other variables were the same, the 
weld that was made at a lower fre
quency would have a longer time in
terval at the high current level before 
being pulsed down to the low current 
level than a weld that was made at a 
higher pulse frequency. 

The regression equation also in
dicated that the only significant two-
factor interaction was between the 
pulse amplitude and the wave form. 

Fig. 4 — Weld penetration vs. wave form for a pulse amplitude of 
20% 
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Fig. 7 — Weld penetration response surface as a function of pulse 
amplitude and wave form 
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This interaction means that the pulse 
ampli tude has a greater effect on weld 
penetration with wave forms that have 
a small percentage of t ime at the high 
current level than it does with wave 
forms that have a larger percentage of 
t ime at the high current level. This in
teraction can best be il lustrated by ex
amining Figs. 4, 5, and 6. 

Figure 4 shows how the pene
tration varies as a function of wave 
form and pulse frequency for a given 
part speed, high current level, and 
pulse ampli tude, in this case 6 ipm, 
125 A, and 20%. As mentioned pre
viously, a pulse ampli tude of 20% 
means that the weld current is pulsed 
from the high current level to 20% of 
the high current level. As shown in 
this figure, for any given pulse fre

quency there is a significant increase 
in weld penetrat ion as the per
centage of time at the high current 
level is increased from 25 to 75%. For 
example, at 1 cps, the penetration in
creased from about 0.045 in. (1.143 
mm) at 25% time on high current to 
about 0.098 in. (2.480 mm) at 75% 
time on high current, an increase in 
penetration of 0.053 in. (1.346 mm). 

The only difference between Fig. 4 
and Fig. 5 is that the pulse amplitude 
has been changed to 50%, which rep
resents a decrease in pulse am
plitude. At this value of pulse am
plitude, the weld penetration at 1 cps 
has only increased by about 0.035 in. 
(0.899 mm) as compared to 0.053 in. 
(1.346 mm) at a 20% pulse ampl i 
tude. 

In Fig. 6 the pulse ampli tude has 
been changed to 80%, a further de
crease. At this value of pulse am
plitude, the weld penetration at 1 cps 
has only changed by about 0.012 in. 
(0.305 mm) as the percentage of t ime 
at the high current level is increased 
from 25 to 75%. 

Further evaluation of these three 
figures reveals another fact. For a 
pulse wave form with 75% time at the 
high current level, there is very little 
change in weld penetration as the 
pulse amplitude Ps varied from 20 to 
80%. This point is illustrated in Fig. 7, 
which shows that there was only 
about a 0.002 in. (0.051 mm) change 
in penetration as the pulse amplitude 
was varied from 20 to 80%. However, 
the heat input at 20% ampli tude is sig
nificantly less than the heat input at 
80%. It wou ld , therefore, be ad
vantageous to weld with a pulse am
plitude of 20 rather than 80%. 

For any given weld penetration, 
there are numerous possible com
binations of pulsation parameters that 
can be used. To determine the op
t imum combination of weld param
eters, a series of curves was plotted 
which showed constant penetration 
contours as a function of high current 
level and part travel speed, for each of 
the 27 possible combinat ions of 
pulsation parameters. One of these 
penetration contour plots, for a wave 
form with 75% time at the high current 
level, a pulse amplitude of 20%, and a 
pulse frequency of 1 cps is shown in 
Fig. 8. These plots showed that for a 
given part travel speed the weld pene
tration increased with weld current 
only up to a certain value after which 
the weld penetration leveled off. The 
reason for this was that as the cur
rent was increased above this value, 
the weld bead became wider rather 
than deeper. 

Plots of this type cover all of the 
possible pulsation parameter com
binations which were investigated in 
this experiment and give their corres
ponding penetration values. To deter
mine which of these combinations 
was the best for any given weld pene
tration, it was necessary to make a 
comparison of the heat input values 
with the penetration values for each 
combinat ion of pulsat ion param
eters. 

Th is c o m p a r i s o n was a c c o m 
plished by making another series of 
27 plots which showed constant heat 
input contours as a function of high 
current level and part speed. Figure 9 
shows constant heat input contours 
for the same combination of pulse 
variables used for the constant pene
tration contours of Fig. 8. 

At the parameters shown in Fig. 9, 
the heat input values ranged from un
der 8,000 to about 28,000 joules/ in. 
while the penetration values of these 
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same parameters ranged from about 
0.060 in. (1.524 mm) to about 0.140 in. 
(3.556 mm) as shown in Fig. 8. 

The best combination of part speed 
and high current level for these par
ticular pulsation parameters, was de
termined by superimposing Fig. 8 and 
9, resulting in the type of graph shown 
in Fig. 10. Figure 10 made it possible 
to determine the best combination of 
part speed and high current level to 
be used to get the min imum heat in
put for any given penetration weld. 
For example, the best combination for 
a 0.090 in. (2.286 mm) weld was about 
115 A and 6 ipm which resulted in a 
heat input of about 10,000 joules/ in. 

This type of optimization was made 
for all possible weld penetrations at 
each of the 27 pulsation combina
tions investigated in this experiment 
and also for conven t i ona l GTA 
welding. Figure 11 shows a plot of the 
minimum possible heat input for any 
given weld penetration for conven
tional GTA welding and also for three 
pulsation combinations. This figure is 
a least squares computer plot which 
shows that for a given penetration 
weld, pulsed current GTA welding re
quires less heat input than con 
ventional GTA welding. 

This result is more pronounced for 
deeper penetration, high heat input 
welds. For example, the penetration 
obtained from a conventional GTA 
weld with a heat input of 28,000 
joules/ in. could be obtained with only 
18,000 joules/ in. by using a proper 
combinat ion of pulsat ion param
eters. The plots for all of the 27 com
binations of pulsation parameters in
vest igated in this exper iment fell 
somewhere between the two ex

tremes shown in Fig. 11. This means 
that for any combination of pulsation 
parameters which were used, a given 
penetration weld could be made with 
less heat input than a conventional 
GTA weld. 

This same type of reg ress ion 
analysis was conducted on the depth-
to-width ratio data. The regression 
equa t i on for the d e p t h - t o - w i d t h 
values showed that the parameter 
that had the greatest effect was the 
weld current . The next most im
portant variable was the part travel 
speed, followed by the pulse am
plitude, pulse frequency, and the 
wave form. For any given part speed, 
and for any combination of pulsation 
parameters, increasing the weld cur
rent level resulted in an increased 
depth-to-width ratio only up to a cer
tain point after which further in
creases in current resulted in a pro
nounced decrease in depth-to-width 
ratio. This was the type of result that 
was expected in view of the results 
obtained from the evaluation of the 
penetration data which showed that 
increasing the current beyond a cer
tain value did not result in a further in
crease in penetration but rather a 
wider weld bead. 

When the depth-to-width ratio, as a 
function of heat input, was compared 
for the various pulsation combina
tions and also for conventional GTA 
welding, the results were the same as 
for the penetration comparison. For a 
given heat input weld, the depth-to-
width ratio was smallest for con
ventional GTA welding, and greatest 
for the pulsation combination of 1 cps 
pulse f requency, 20% pulse am
plitude and wave form with 75% of the 

t ime at the high current level, with all 
of the other pulsation combinations 
falling somewhere between these two 
conditions. This result seems reason
able in that, for a series of welds of a 
given penetration, the one that re
quired the least heat input would 
probably be the narrowest. 

Conclusions 

This experiment showed that the 
use of any combination of pulsation 
parameters will result in a weld with 
deeper pene t ra t i on and grea ter 
depth-to-width ratio than can be ob
tained by a conventional GTA weld of 
the same heat input. The best com
bination of pulsation parameters con
sisted of a slow pulse frequency (1 
cps was the lowest frequency 
checked in this experiment), a large 
pulse amplitude, and a pulse wave 
form with a large percentage of time 
at the high current level. These f ind
ings are in agreement with published 
reports (Ref. 3, 4). 

The linear relationship which exists 
between the heat input to a weld and 
the maximum temperature at a given 
distance from the weld center line 
shows that pulsed arc welds would be 
cooler and therefore exhibit less ther
mal distortion than conventional GTA 
welds of the same penetration. 

The results of this experiment have 
been appl ied successful ly to es
tablish pulsed current parameters for 
the GTA welding of 0.125 in. (3.175 
mm) thick stainless steel. Full pene
tration welds have been made con
sistently using a current range of 
135 A pulsed to 35 A, a pulse fre
quency of 1 cps, a part travel speed of 
3.5 ipm, and a torch gas of pure 
argon. The weld beads were typically 
about 0.200 in. (5.080 mm) wide. This 
y ie lds a dep th - to -w id1h ra t io of 
greater than 0.6 which is good for this 
type of weld. 
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