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A method for selecting optimal weld schedules to minimize 
net heat input is derived from calorimetric measurements 

BY P. W . FUERSCHBACH AND G. A. KNOROVSKY 

ABSTRACT. Extensive calorimetric mea
surements of the net heat input for the 
plasma arc and the gas tungsten arc weld
ing processes in an edge weld configura
tion have been conducted. The experi
ment compared base materials with con
trasting thermal diffusivities and varied the 
weld process control parameters, includ
ing current pulsation, in order to deter
mine their effects on both arc and melting 
efficiency. 

The arc efficiency for plasma arc weld
ing was found to be lower and more vari
able than for gas tungsten arc welding due 
to the constricting torch nozzle. The melt
ing efficiencies for the two processes 
were equivalent and increased with travel 
speed while asymptotically reaching a 
maximum level. At travel speeds below 
this level, current pulsation was found ef
fective in increasing the melting efficiency 
for both processes. For many conditions, 
the plasma arc welding process outper
formed the gas tungsten arc welding pro
cess by achieving deeper penetration for 
equivalent amounts of heat input. 

A dimensionless parameter was deter
mined that correlates well with the mea
sured melting efficiencies. It was used to 
express all the continuous current welds 
with a single curve. Simple equations using 
this parameter and empirical data were 
developed, which show that the maxi
mum melting efficiency for two-dimen
sional heat flow is significantly higher than 
for three-dimensional heat flow. 

Introduction 

Reducing the heat input to the work-
piece is a primary goal for weld process 

P. W. FUERSCHBACH and C. A. KNOROVSKY 
are with Sandia National Laboratories, Albu
querque, N. Mex. 

selection and weld schedule development 
in the aerospace and electronics industries 
where microwelding applications are 
widespread. In these applications, the 
depth of penetration is typically less than 
1.0 mm and hermeticity rather than me
chanical strength is the primary joining re
quirement. Typical microwelded compo
nents such as electromechanical relays 
and specialty batteries will contain glass-
to-metal seals, which can readily crack 
from the thermal stresses induced by the 
welding process. In addition, the internal 
working parts are often very sensitive to 
thermal distortion and even moderate in
creases in temperature. 

For these reasons, microwelding is of
ten performed with the high power den
sity welding processes such as electron 
beam welding (EBW) and laser beam 
welding (LBW) where the heat input is 
thought to be low and the melting effi
ciency1 high. Unfortunately, the large ac
quisition and maintenance costs of these 
processes often limit their use. Conse
quently, gas tungsten arc welding (GTAW) 
is still widely used for microwelding. It is 
often operated in the pulsed current mode 
because pulsing has been shown to in-
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crease penetration and the melting effi
ciency of the process (Ref. 1). 

Plasma arc welding (PAW) has recently 
been increasingly specified for micro
welding. It can be a lower cost alternative 
to EBW and LBW when higher power 
density is required. The PAW process is 
also thought to have advantages over the 
GTAW process in many microwelding 
applications. Typical weld improvements 
that have been attributed to the PAW 
process are deeper weld penetration, 
faster travel speeds, and reduced thermal 
distortion when compared to the GTAW 
process (Refs. 2, 3). 

Unfortunately, significant differences in 
the welding parameters investigated make 
process comparisons on the basis of net 
heat input difficult since neither the arc 
efficiency2 nor melting efficiency of the 
two processes are usually known. If the 
dependence of these efficiencies on the 
PAW and GTAW process variables was 
better understood, then microwelding 
would be much more straightforward for 
the engineer selecting a process or devel
oping a weld schedule. When minimizing 
the overall heat input to the part is a high 
priority, it becomes a practical matter to 
select those parameters which maximize 
melting efficiency and still produce the re
quired weld geometry. 

It was the goal of this work and an ear
lier study (Ref. 4) to determine the opti
mum GTAW and PAW process parame-

7. Melting efficiency is defined here as the 
amount of heat necessary to just melt the fusion 
zone divided by the net heat input to the part. 

2. Arc efficiency is defined here as the net heat 
input to the part divided by the net machine 
output energy. For nonarc processes such as 
LBW it is called the energy transfer efficiency. 
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ters for both pulsed and continuous cur
rent in order to maximize melting 
efficiency for the edge weld geometry 
examined here. Edge welds were chosen 
since they are commonly used in micro-
welded components to minimize the re
straint on the weld and to confine the 
thermal effects in a localized region. Key
hole welding with the PAW process was 
not possible with this geometry and there
fore only partial penetration welds were 
made. It was felt that only after the PAW 
and GTAW process parameters were op
timized in terms of melting efficiency for 
this common microwelding geometry 
could a direct and reasonable comparison 
be made between the two processes for 
microwelding applications. Two materials 
(304 SS and Ni 200) with significantly 
different thermal diffusivities (a = 0.041 
and 0.220 cm2/s, respectively) were ex
amined in order to extend the applicabil
ity of the results to a broad range of ma
terials and to see what effect the thermal 
properties of a material have on melting 
efficiency. 

Experimental 

Electrode negative (straight polarity) 
GTA and PA welds were made on 
1.3 X 25 X 127 mm (0.05 X 1.0 X 5 in.) 
machined test specimens of Type 304 or 
304L stainless steel and Type Ni 200. Two 
such pieces were joined in a standing edge 
weld geometry (e.g., Fig. 17). The 304 and 
304L stainless steels contained very similar 
sulfur levels: 0.007 and 0.008 wt-%, re
spectively, and were expected to pro
duce weld geometries having similar 
depth-to-width ratios. 

The test specimens and edge weld 
mounting fixture were attached to the 
bottom surface of a Seebeck envelope 

calorimeter3 as shown in Fig. 1. A CNC-
controlled XY table translated the calorim
eter and specimens under the welding 
torch. The calorimeter is box shaped with 
internal dimensions 150 X 150 X 75 mm 
( 6 X 6 X 3 in.). The calorimeter was left 
open during welding and closed immedi
ately after the weld was completed. The 
calorimeter walls are maintained at room 
temperature with a constant temperature 
bath. The calorimeter operates on the 
gradient layer principle (Ref. 5) and pro
duces a voltage output that is proportional 
to the flux through the walls during the 
time required for the weld samples and 
fixture to cool to room temperature. The 
energy losses with this experimental tech
nique due to radiation, convection and 
evaporation have been estimated to be 
1% or less of the arc energy; in addition, 
a very linear response has been verified 
for different time durations and heat input 
levels (Ref. 6). 

The welding power supply used was 
the same for both processes. It is a tran
sistor-controlled constant current, 300-A 
machine custom built for GTAW research 
applications. The frequency response of 
this machine is such that true square 
waves were obtained. This enabled accu
rate calculations of average and RMS cur
rent to be made using the machine set
tings. A supplementary pilot arc supply, 
deionized water cooler, and mass flow 
orifice gas controller enabled PAW oper
ation. 

For most of the experimental condi
tions, the arc voltage was measured be
tween the torch and workpiece and re
corded for the entire weld duration with 
a digital storage oscilloscope and stored 
on a floppy disk. The weld current was 
measured with a Hall effect current trans
ducer on the ground return cable and 
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stored using the second channel of the 
oscilloscope. Arc output energy in joules 
was determined by multiplying the volt
age and current waveforms together and 
integrating the resulting power waveform 
for the weld period using software inter
nal to the oscilloscope. 

The output voltage of the calorimeter 
was recorded on another digital storage 
oscilloscope with a long duration trace. 
When the mass inside the calorimeter 
reached the temperature of the water 
bath, the output voltage became zero. 
The output voltage vs. time trace was 
then integrated to determine the energy 
in joules absorbed by the workpiece dur
ing the weld (i.e., the net heat input). The 
reported values of arc efficiency were 
calculated by dividing the net heat input in 
joules by the arc output energy in joules. 
Weld cross-sectional area was determined 
(using a planimeter) from the average of 
four transverse metallographic sections 
taken from each weld. These areas were 
multiplied by the weld length (95 mm; 3.7 
in.) to determine the total fusion zone 
volume. Weld penetration was measured 
at the joint interface from the fusion zone 
surface to the weld root. 

The enthalpy of the weld volume was 
determined by multiplying the fusion zone 
volume by the enthalpy change (<>h) re
quired to bring a unit volume of the metal 
from room temperature (RT), to the liquid 
state at the melting point (MP). It is given 
by the following expression and includes 
the heat of fusion (Ahf), and the sensible 
heat: 

MP 
dh = Ah f + J" cp 

RT 
(T) dT (1) 

SEEBECK ENVELOPE 
CALORIMETER 

CNC CONTROLLED 
XY TABLE 

Fig. 1 - Experimental setup for both PA W and GTAW torches. 

Since the specific heat (cp), is a function 
of temperature, empirical, not calculated 
values were used. For Ni 200 dh was 9.87 
J/mm3 (Ref. 7) and for 304 and 304L stain
less steel 5h was 8.70 J/mm3 (Ref. 8). The 
reported values of melting efficiency were 
calculated by dividing the enthalpy of the 
weld volume in joules by the net heat in
put in joules. 

The GTAW experimental conditions are 
shown in Table 1, Preliminary welds were 
made to determine the highest current 
and fastest travel speeds possible without 
causing humping of the weld bead. High 
travel speeds have been prescribed to in
crease melting efficiency (Ref. 9) and 
humping is known to be the practical 
welding speed limit in GTAW welding 
(Ref. 10). The nominal machine output 
(product of arc voltage times current 
divided by travel speed) was measured 
for this high-speed condition and then 
kept constant for each material (as shown 
in Table 1) in the continuous current 
experiments by varing the current and 

3. Manufactured by Thermonetics Corp., San 
Diego, Calif. 
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travel speed proportionally. 
This nominal machine output value was 

also kept constant for the pulsed current 
welds, where two weld speeds were in
vestigated for each material. The weld 
speeds were selected based on the con
tinuous current melting efficiency results, 
in order to select a weld speed and melt
ing efficiency level that could be improved 
by pulsing. That is, the welding speeds 
chosen for the pulsed current welds did 
not produce the maximum melting effi
ciency for continuous current and it was 
anticipated that pulsed current might have 
its strongest effect at these intermediate 
speeds. The average current levels shown 
in Table 1 for the pulsed welds were cho
sen to produce the same nominal machine 
output levels used for the continuous cur
rent welds. The duty cycle from Equation 
2 indicates the fraction of time during a 
welding pulse that the current is at the 
peak level. A duty cycle of 1.0 is a contin
uous current weld made at the average 
current level. The average current was 
determined from Equation 3 and differs 
from the RMS current which is determined 
by Equation 4. The experiment was de
signed using only the average current val
ues. The RMS current was calculated for 
some welds for comparison purposes 
since it reflects the maximum amplitude to 
a greater extent. 

Duty Cycle = tp / ( tp + tb) (2) 

Average 

Current = (lptp + lbtb)/(tp + tb) (3) 

RMS Current = [(lp
2tp+lb

2tb)/(tp+tb)]1/2(4) 

where: lp = peak current; lb = back
ground current; tp = time at peak current; 
and tb = time at background current. 

The background current was always 
maintained at a low level sufficient for arc 
stability. The frequency of pulsing was 
chosen to obtain approximately a 70% 
spot overlap and was set proportional to 
travel speed as shown in Table 1. The 
lowest level of duty cycle used for a spe
cific average current was limited by hump
ing of the weld bead. All welds made in 
this study exhibited smooth weld bead 
geometries. 

The PAW experimental conditions are 
shown in Table 2. The experimental strat
egy was basically the same as described 
above for the GTAW experiments. One 
difference was that the value of average 
current used for the pulsed current ex
periment was chosen to produce a lower 
level of nominal machine output than the 
continuous current experiment. This was 
necessary because current pulsing at 
higher levels resulted in melted PAW 
torch nozzles. The maximum allowable 
current that a nozzle can withstand with
out melting is proportional to the nozzle 
orifice diameter. Since the constriction of 

Table 1—GTAW Experimental Conditions 

Alloy 

Shielding gas 
Torch 
Electrode diameter (mm) 
Arc length (mm) 

Machine output (J/mm) 
Current range (A) 
Travel speed range (mm/s 

Machine output (J/mm) 
Travel Speed (mm/s) 
Average current (A) 
Background current (A) 
Duty cycle range 
Pulse rate (Hz) 

304L SS 

Argon 
Linde HW-9 

1.6 
1.0 

Continuous Current Experiments 
60 
29-132 
4.2-21.2 

Pulsed Current Experiments 
60 

6.3 12.7 
42 81 

5-7 
0.2-1.0 0.4-1.0 
8.3 16.7 

10.6 
83 

0.28-
13.9 

Nickel 200 

Linde HVV-26 
2.4 

80 
38-205 
4.2-25.4 

80 
21.2 
167 

1.0 0.67-1.0 
27.8 

the plasma arc by the nozzle is thought to 
increase the power density, the smallest 
practical orifice diameters were always 
used. For the continuous current welds, 
this required using a different orifice di
ameter for each current and travel speed 
combination. For the pulsed current welds, 
the orifice diameter was kept constant for 
each average current in order to distin
guish differences due solely to the puls
ing parameters. An argon-5% hydrogen 
shielding gas was used exclusively for the 
PAW experiments because some torch 
manufacturers strongly recommend it in 
order to fully develop the constriction ef
fect possible with their torch designs (Ref. 
11). 

Results 

Arc Efficiency 

For the continuous current welds, the 
dependence of arc efficiency on travel 

speed (and consequently current) for both 
weld processes and the two materials is 
shown in Fig. 2. The weld material appar
ently has no effect on the measured arc 
efficiency for either process over a wide 
range of arc conditions. The GTAW pro
cess exhibits a nearly constant level of arc 
efficiency for the experiment with the ex
ception of the slowest travel speeds where 
a slight decrease is noted. Also apparent in 
the figure is the significantly lower level of 
arc efficiency found for the PAW process 
when compared with the GTAW process. 
The PAW process also differs in that it 
shows a trend toward higher arc efficien
cies as travel speed increases and a slight 
decrease at the highest travel speed. 

Similar levels of arc efficiency were 
found for the pulsed current welds where 
the independent variable was duty cycle 
instead of weld speed. As shown in Fig. 3 
for pulsed GTAW, arc efficiency remains 
relatively constant for large changes in 
duty cycle, which, from Equation 3, cor-

Table 2—PAW Experimental Conditions 

Alloy 

Shielding gas 
Orifice gas 
Torch 
Torch standoff distance 

Machine output (J/mm) 
Travel speed (mm/s) 
Current range (A) 
Orifice diameter range (mm) 
Orifice flow rate range (L/min) 

Machine output ()/mm) 
Travel speed (mm/s) 
Average current (A) 
Background current (A) 
Duty cycle range 
Pulse rate (Hz) 
Orifice diameter (mm) 
Orifice flow rate (L/min) 

304 and 304L SS<a> 

Secheron (50 A) 

Ar-5% H2 

Argon 

1.0 mm 

Continuous Current Experiments 
60 
4.1-16.9 
17-55 
0.8-1.8 
0.25-0.55 

Pulsed Current Experiments 

6.35 
18 
5 
0.2-1.0 
8.33 
1.5 
0.45 

45 -
12.7 
J6 
5 
0.44-1.0 
16.7 
1.8 
0.65 

Nickel 200 

Thermal arc (100 A) 

80 
7.6-25.4 
30-100 
0.8-2.1 
0.25-0.80 

*The continuous current welds were made on 304L SS and the pulsed current welds were made on 304 SS. 
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DUTY CYCLE 
Fig. 3 — Effect of pulsed current on arc efficiency for the GTA W process 
on Ni 200. 

responds to substantial changes in the 
peak current levels. Also note that data 
points corresponding to duty cycles equal 
to 1.0 are continuous current welds and 
yet are indistinguishable from the pulsed 
current welds in the same figure. As was 
seen for the continuous current PAW 
welds, the values of arc efficiency shown 
in Fig. 4 for the pulsed current PAW pro
cess are not as constant as the pulsed 
GTAW process and exhibit a gradual de
crease in arc efficiency with decreasing 
duty cycle. 

The two levels of weld speed shown in 
each figure were chosen to produce the 
same nominal level of machine output; 
consequently, because of their factor of 
two difference in weld speed, their aver
age currents also differ by the same ratio. 
Arc efficiency for pulsed current GTAW is 
therefore found to be independent of av
erage current as well as duty cycle. Com
parison of Figs. 3 and 4 also reveals that 
the arc efficiency for the pulsed current 

PAW process is lower than the pulsed 
current GTAW process as was the case 
for the continuous current welds noted 
above. 

Heat Input 

As mentioned above, it was the inten
tion of the experimental design to make all 
welds of the same material at the same 
nominal machine output. For the continu
ous current welds, this resulted in net heat 
inputs that were relatively constant for 
each material. For the GTAW process, this 
constancy is shown in Fig. 5 where the lin
ear heat input (calorimetrically measured 
heat input in joules divided by the weld 
length) is plotted against travel speed for 
both 304 stainless steel and Ni 200. Similar 
results were obtained for the continuous 
current PAW welds, signifying that nomi
nal machine output is a strong indicator of 
the actual heat input to the part. 

For the pulsed current welds, the aver
age current (as calculated from Equation 3) 
was used to determine the nominal ma
chine output. The resulting net heat inputs 
for the pulsed current GTAW welds were 
not as constant as the continuous current 
GTAW welds and were found to corre
late with the RMS current instead of the 
average current as shown in Fig. 6 for 304 
stainless steel. Also shown in this figure are 
the pulsed current PAW welds for 304 
stainless steel, which do not demonstrate 
the same dependence for linear heat input 
on RMS current but instead are more 
nearly constant for a fixed average cur
rent. 

Melting Efficiency 

The melting efficiencies found for the 
PAW and GTAW processes were quite 
similar. Figures 7 and 8 show that for the 
continuous current welds on both 304L 
stainless steel and Ni 200 the melting effi-
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ciency for both processes increased rap
idly with travel speed and tended to level 
off at the highest travel speeds investi
gated. Note the similarity in melting effi
ciency values for the two welding pro
cesses over a wide range of welding 
speeds. When all the continuous current 
welds (for both processes and materials) 
are plotted together as in Fig. 9, it be
comes apparent that the measured melt
ing efficiency for 304 stainless steel is sig
nificantly higher than that for Ni 200 at 
equivalent travel speeds, but both ap
proach a common asymptotic level at high 
travel speeds. 

For the pulsed current welds, the de
pendence of melting efficiency on the in
dependent variable duty cycle was espe
cially instructive. Figure 10 shows that for 
the pulsed current GTAW welds on 304 
stainless steel a dichotomy exists in the re
lationship between melting efficiency and 
duty cycle for the two travel speeds 
tested. The melting efficiency for the 
slower travel speed (6.35 mm/s; 15 in./ 

min) decreases with increasing duty cycle, 
whereas for the faster travel speed (12.7 
mm/s; 30 in./min), the melting efficiency 
is relatively constant at a higher level. 

The same apparent behavior was seen 
to a lesser extent for the pulsed current 
GTAW welds on Ni 200 shown in Fig. 11. 
A gradual decrease in melting efficiency 
occurred at the slower travel speed (10.6 
mm/s; 25 in./min) with no consistent de
viation at the higher travel speed (21.2 
mm/s; 50 in./min). For the stainless steel, 
it is interesting to note that the peak level 
of melting efficiency reached at the slow 
travel speed is the same high level ob
tained for all the welds made at the faster 
travel speed. 

In contrast to the pulsed current GTAW 
welds, no dichotomy exists for the pulsed 
current PAW welds on 304 stainless steel, 
since no plateau value for melting effi
ciency was reached at either weld speed. 
As shown in Fig. 12, melting efficiency 
varied inversely with duty cycle for both 
of the weld speeds investigated. It is also 

important to note for these pulsed current 
welds (Figs. 10-12), that as was found for 
continuous current welding, melting effi
ciency was usually higher at faster travel 
speeds. 

Penetration 

Mechanical designers often specify 
weld strength requirements by the depth 
of penetration; and therefore, values of 
melting efficiency based on weld area 
may not always be a desirable means of 
comparison. A more practical parameter 
for these cases is obtained by dividing the 
depth of penetration by the actual mea
sured linear heat input in order to deter
mine how well, from a thermal efficiency 
perspective, penetration is achieved. Fig
ures 13 and 14 show the dependence of 
this normalized penetration parameter on 
travel speed for continuous current welds, 
while Figs. 15 and 16 show its dependence 
on duty cycle for pulsed current welds. 
For many conditions, the normalized pen
etration was greater for the continuous 
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current PAW process than for the contin
uous current GTAW process. When com
pared at equivalent travel speeds, the ac
tual penetration data show that the PAW 
process yielded deeper penetration for 
equal or even lower heat inputs, which is 
consistent with the results shown in Figs. 
13 and 14. 

The increased penetration is also ap
parent by comparison of the metallo
graphic cross-sections shown in Figs. 17 
and 18 for continuous current welds on 
304 stainless steel. The micrographs indi
cate that the PAW process produced 
deeper weld penetration at equivalent 
levels of travel speed and nominal heat 
input, where the GTAW process pro
duced a kidney-shaped weld pool. 

For the pulsed current welds shown in 
Figs. 15 and 16, the normalized penetra
tion parameter for the GTAW process 
was relatively unaffected by duty cycle at 
both slow and fast travel speeds. In con
trast, the PAW process showed a strong 
increase at the lower duty cycles indicat
ing a beneficial effect of pulsing for these 
conditions. 

Discussion 

Arc Efficiency 

The relative insensitivity of the GTAW 
arc efficiency to travel speed (and conse
quently the current amplitude) as shown 
in Fig. 2, has been reported earlier (Ref. 6) 
and can be explained by using the energy 
balance determined by Quigley, et al. 
(Ref. 12), for the GTAW arc, which showed 
that approximately 89% of the energy 
transfer is by the electrons. Clearly then, 
total current will be the dominant param
eter in the arc energy balance with con
vective and radiative losses of secondary 
importance. There does appear to be a 
slight decrease in arc efficiency at the 
slowest travel speeds, which may be due 
to the higher arc voltages which resulted 
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from the small weld pool size seen for 
these conditions. Smartt, et al. (Ref. 13), 
has shown that the GTAW arc efficiency 
decreases with increasing arc voltage. He 
also reported an arc efficiency value of 
about 75% for 304 stainless steels, which 
is in good agreement with our results 
where for most conditions the voltage 
averaged only about 8 V and the GTAW 
arc efficiency was about 80%. 

The lack of dependence of arc effi
ciency on anode material appears to indi
cate that the work functions in a GTAW 
arc for the two materials are similar since 
the anode work function is believed to 
strongly affect the GTAW arc efficiency. 
The previously mentioned energy balance 
estimated that 60% of the energy trans
ferred is due to the work function. Addi
tionally, the similarity in arc efficiency for 
304 stainless steel and Ni 200 suggests that 
little if any difference in arc efficiency 
would be expected when welding other 
iron- and nickel-based alloys. 

Based on the above electron transfer 
arguments and the physical similarities be
tween the GTAW and PAW processes, 
the dependence of arc efficiency on travel 

speed for the PAW process shown in Fig. 
2 was surprising. In addition, the lower 
levels of arc efficiency found for the PAW 
process when compared to the GTAW 
process conflict with the theoretical re
sults of Metcalfe and Quigley (Ref. 14) 
who proposed that the high gas flow-
rates of the PAW process would produce 
greater convective heat transfer at the 
anode and, consequently, higher arc effi
ciencies than the GTAW process. 

We postulate that the lower arc effi
ciency seen for the PAW process when 
compared with the GTAW process is due 
to heat transfer at the torch nozzle which 
cannot occur with the GTAW process 
since no nozzle is present. We base this 
postulation on the following observations: 

First, as weld speed was decreased, the 
current and orifice diameter were also 
decreased in order to optimize the arc 
constriction. The increased surface-to-vol
ume ratio present for the smaller orifice 
diameters likely caused an increased frac
tion of heat transfer to the nozzle in the 
arc energy balance and hence, the de
creased arc efficiencies seen in Fig. 2. 

Fig. 17 —Fusion zone cross-section in 304 SS for cont. current PAW in
dicating optimum penetration (machine output = 60 J/mm) 

Fig. 18-Fusion zone cross-section in 304 SS for continuous current 
GTA W indicating nonoptimized melting (machine output = 60 J/mm). 
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Secondly, the slight drop in arc effi
ciency that occurred at the highest travel 
speed for the continous current nickel PA 
welds can also be readily explained by in
creased nozzle heat transfer. Since a larger 
diameter nozzle was not available for this 
highest current level, the nozzle was not 
changed from the preceding current level. 
This resulted in increased current density 
and likely more convective cooling at the 
nozzle. 

Thirdly, the melted water-cooled cop
per nozzles that occur when the current 
density is too high are a dramatic indica
tion that substantial energy can be trans
ferred away from the arc with the PAW 
process. 

The insensitivity of arc efficiency to 
duty cycle for the pulsed GTAW process 
seen in Fig. 3 is again explained by electron 
transfer considerations in the same man
ner as for the continuous current welds 
discussed above. Furthermore, the levels 
of arc efficiency found for pulsed current 
are indistinguishable from those found for 
continuous current (duty cycle = 1.0) in 
Fig. 3. Because a change in duty cycle re
sults in a change in peak current as well as 
a change in the fraction of time at peak 
current, a wide range of pulsing parame
ters are represented in Fig. 3. None of 
these parameter changes, however, sig
nificantly affected the arc efficiency of the 
GTAW process. 

The slight increase in arc efficiency with 
increasing duty cycle observed for the 
pulsed PAW process in Fig. 4 can again be 
explained by the postulated convective 
cooling at the nozzle. Since the same noz
zle diameter was used for all welds of a 
given weld speed, the high duty cycle 
welds will necessarily have lower current 
densities than the low duty cycle welds. 
The increased heat transfer that is likely to 
occur at the nozzle for the higher current 
densities will then result in reduced arc ef
ficiency. Also note that there is little dif
ference between the arc efficiencies for 
the two travel speeds in Fig. 4 despite the 
large change in the average current levels 
(Table 2). This is explained by the in
creased nozzle diameter at the higher 
travel speed which compensates for the 
higher current levels and likely results in 
similar current densities at the nozzle. 

Heat Input 

Due to the constancy of arc efficiency 
noted above, the measured heat inputs 
for the continuous current welds were 
also mainly constant since the machine 
output was not varied and the current 
regulation is very stable. Since no arc volt
age control was used there was a slight 
decrease in heat input at the slower travel 
speeds due to the increased arc voltages 
noted earlier. But overall, the net heat in
put to the part was about the same for a 
wide range of currents and travel speeds 

(Table 2). This is an important result, 
because one important measure of a 
quality manufacturing process is the abil
ity to adjust the process and be confident 
that the results are as predicted by theory. 
For the GTAW process, changes in net 
heat input can be predicted within a nar
row range, despite large changes in cur
rent and travel speed, and without precise 
knowledge of the actual arc efficiency. In 
contrast, the substantial variation in en
ergy transfer efficiency that occurs with 
the LBW process (Ref. 15) is a serious 
handicap to the welding engineer at
tempting to change a weld schedule since 
the net heat input is necessarily difficult to 
estimate. 

For the pulsed current GTA welds as 
shown in Fig. 6 for 304L stainless steel, it 
appears that the RMS current more accu
rately predicts the weld heat input than 
does average current (which was held 
constant). The heat input is seen to in
crease with increasing RMS current, and 
from Equation 4, with decreasing duty cy
cle. Examination of voltage and current 
waveforms reveals that the heat input in
creases because the arc voltage during the 
peak pulse time rapidly rises in order to 
maintain the peak current level. This leads 
to an increase in machine output and 
consequently, the weld heat input. But as 
noted above and shown in Fig. 3, the arc 
efficiency remains constant for these 
pulsed GTA welds since the increased 
heat input is matched by a similar increase 
in machine output. The use of RMS cur
rent instead of average current as an indi
cator of actual weld heat input for pulsed 
current GTA welds appears to be valid 
since it weights the peak current ampli
tude to a greater degree and thereby 
corrects for the increased voltage that 
occurs. 

Similar increases in voltage and machine 
output occurred for the pulsed current 
PAW welds also shown in Fig. 6. How
ever, in this case there is no correlation of 
net heat input with RMS current, which is 
consistent with the slight decrease in arc 
efficiency for these welds noted earlier in 
Fig. 4. If the postulated increased convec
tive cooling at the nozzle did not occur at 
the lower duty cycles, the heat input 
would probably increase as it did for the 
GTA welds and the RMS current would be 
the better indicator of heat input. 

Melting Efficiency 

Despite the simplifying assumptions in
herent in Rosenthal's moving heat source 
equations (Ref. 16), they have proven ex
tremely valuable in predicting fusion zone 
dimensions and thermal treatments to the 
base material during welding (Ref. 17). 
These equations show that the weld pool 
dimensions are a function of essentially 
only three variables: the input power, the 
travel speed, and the material thermal 

properties. There is no apparent connec
tion between the type of heat source and 
these equations as long as the heat sources 
are capable of producing equivalent pow
ers, and the resulting fusion zone shape 
for a specific heat source is such that the 
heat flow patterns are applicable to the 
equation considered. It is not surprising 
then to find little difference between the 
observed melting efficiencies for the PAW 
and GTAW processes as shown in Figs. 7 
and 8 when the power, travel speed, ma
terial, and heat flow patterns are the 
same. This last point needs to be empha
sized since many studies that have pur
ported to show significant advantages for 
one welding process over another have 
erred by not comparing the processes at 
equivalent input powers and travel 
speeds, or without knowledge of the 
most critical variable —the net heat input. 

The significantly lower melting effi
ciency seen for Ni 200 in Fig. 9 at the lower 
travel speeds can also be inferred from 
Rosenthal's equations and is even more 
directly observed in the approximation 
equations given by Wells (Ref. 18) for the 
line source (2-D heat flow) and by Okada 
(Ref. 19) for the point source (3-D heat 
flow): 

(Ref.18) (5) 

(Ref. 19) (6) 

where: M = melting efficiency; V = travel 
speed; d = pool diameter; a = thermal 
diffusivity; and e = 2.71 

These equations are approximations 
derived from Rosenthal's equations that 
are valid only for limited conditions but are 
nonetheless useful since they analytically 
predict how a change in thermal diffusiv
ity or travel speed will affect the resulting 
melting efficiency. 

The horizontal asymptote that is 
reached for melting efficiency at high 
travel speeds as shown in Figs. 7-9 has 
also been predicted with analytical solu
tions of Rosenthal's equations at the high 
speed limits. Wells reported a maximum 
melting efficiency of 0.48 for the line 
source and Swift-Hook and Gick (Ref. 20) 
reported a maximum value for the point 
source of 0.37. The maximum melting ef
ficiency measured in this study was 0.46 as 
shown in Fig. 12, which is in good agree
ment with the predicted line source max
imum. It is interesting to note that an ap
proximate two-dimensional heat flow pat
tern is predetermined by the use of an arc 
process in an edge weld configuration 
when the entire top surface is melted. 
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Since two-dimensional heat flow is funda
mentally more efficient in producing melt
ing than three-dimensional heat flow, as is 
indicated by the above approximation 
equations, the extremely high values of 
melting efficiency reported here are in 
part due to the edge weld configuration. 
This is an important reason why edge 
welds are so prevalent in heat sensitive 
microwelding applications. Since these re
ported efficiencies are near the theoretical 
limiting value, it is expected that neither 
the EBW nor the LBW process will pro
duce higher melting efficiencies in this 
configuration despite their significantly 
higher power densities. 

The pulsed current GTAW welds shown 
in Figs. 10 and 11 indicate that an impor
tant advantage of current pulsation is the 
ability to achieve high melting efficiencies 
at slow travel speeds. This observation 
agrees with the results of Becker and Ad
ams (Ref. 21) who found that the required 
output power for full penetration welding 
with GTAW decreased significantly at low 
travel speeds when low duty cycle cur
rent pulsation was used. As mentioned 
earlier, the maximum practical travel 
speeds are limited by humped weld beads 
and sometimes incomplete fusion or hot 
cracking, consequently, the ability to weld 
at slower travel speeds and still achieve 
high melting efficiency is an important 
benefit of pulsed current processes. 

The probable reason why the pulsed 
current PAW welds in Fig. 12 did not reach 
a horizontal asymptote as did the pulsed 
current GTAW welds in Fig. 10 is because 
the input power was less for the pulsed 
current PAW welds as discussed earlier. 
What Fig. 12 indicates is that the optimum 
combination of power and travel speed 
was not selected for either continuous 
current case (duty cycle = 1.0), which re
sulted in an increase in melting efficiency 
for the lower duty cycles. Again, it should 
be mentioned that it is only reasonable to 
compare welding processes on the basis 

of melting efficiency at comparable out
put powers and travel speeds, otherwise, 
errors in interpretation of the data are 
likely. 

It would be beneficial then to have a 
parameter that allows one to compare 
welding processes at equivalent powers 
and travel speeds, and also to normalize 
the dependence on base material. Then 
the functional dependence of melting ef
ficiency on the parameter could be de
scribed by a single curve and used to pre
dict the melting efficiency for any level of 
power, travel speed, or type of material. 

Some researchers have applied dimen
sional analysis to this problem in the past 
(Refs. 22, 23) but a review of the literature 
on melting efficiency has found that very 
little empirical data (Refs. 9, 24-26) has 
been published. Some attempts have been 
made to correlate published data on fu
sion zone dimensions with the output 
power and travel speed, by the use of di
mensionless groups that indicate the level 
of melting efficiency. Unfortunately, these 
analyses often rely on unsubstantiated as
sumptions about the energy transfer effi
ciency as well as the fusion zone volume, 
which can be the source of appreciable 
error. Indeed, the lack of widespread un
derstanding about melting efficiency in 
the welding community (the AWS Weld
ing Handbook, Ref. 27, states that EBW 
and LBW can achieve virtually 100% melt
ing efficiency) is a direct result of the con
flicting values for arc efficiency or energy 
transfer efficiency that have been pub
lished over the years. It is impossible to 
accurately know the melting efficiency 
when an incorrect determination of the 
arc efficiency has been made. 

Attempts to correlate the melting effi
ciencies found in this study with the most 
commonly used dimensionless groups, in 
order to predict melting efficiency, have 
not been successful. The functional rela
tionship between melting efficiency and 
travel speed predicted by Equations 5 and 

6 is similar to the trend seen in Fig. 9, but 
otherwise, they do not correlate. In each 
case, the dimensionless groups failed to 
normalize the dependence of melting ef
ficiency on the type of base material. A 
large divergence developed between the 
data sets for the two materials due to the 
factor of five difference in thermal diffu
sivity between them. 

A dimensionless parameter has been 
determined, however, that eliminates this 
divergence and correlates extremely well 
with all the continuous current data as 
shown in Fig. 19. Compared to Fig. 9, it is 
obvious that the strong material depen
dence has been eliminated with this pa
rameter and that one curve can be used 
to describe all the continuous current 
data. We will call this parameter P, and it 
is given by the following expression: 

P = q V/8h v a (7) 

where: q = net power (watts); V = travel 
speed (m/s); <5h = enthalpy change to 
melt (J/m3); v = kinematic viscosity at the 
melting point (m2/s); and a = thermal dif
fusivity at 300 K (m2/s). 

It is unfortunate that some of the re
quired material thermal property data 
used in this equation are difficult to obtain 
for even common engineering alloys such 
as 304 stainless steel, and sometimes must 
be estimated. The value of kinematic vis
cosity for pure nickel at the melting point 
was 0.62 • 10~6 m2/s, and the estimated 
value used for 304 stainless steel was 
0.80 • 10"6 m2/s (Ref. 28). The enthalpies 
of melting and the thermal diffusivities 
were given earlier. It is interesting to note 
that the P parameter takes into account 
the influence of convection in the weld 
pool and will increase for metals with 
lower liquid metal viscosity. 

A linear correlation between melting 
efficiency and the P parameter was ob
tained by plotting the natural log of melt
ing efficiency vs. the inverse of P as shown 
in Fig. 20. It was also found that the pre-
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viously published results (Ref. 6) for bead-
on-plate welds also fit a linear correlation 
but had a different slope and intercept. 
We interpret this as an indication of the 
different heat flow conditions present in 
these two weld geometries, which is ev
ident since bead-on-plate welds usually 
produce three-dimensional heat flow and 
edge welds usually produce two-dimen
sional heat flow. When the linear regres
sion equations shown in Fig. 20 are used 
to compute the melting efficiency at the 
limit as P goes to infinity, the maximum for 
the edge weld configuration is 0.41 and 
0.35 for the bead on plate welds. These 
values are in good agreement with the 
maximum values for the line source and 
point source approximations noted earlier 
which correspond, respectively, to two-
dimensional and three-dimensional heat 
flow conditions as would be expected. 

Based on the earlier discussion of arc 
efficiency and heat input, one can readily 
estimate what the expected net input 
power for a particular GTA or PA weld 
schedule will be. With proper selection of 
the applicable thermal property data, the 
parameter P can be determined and used 
with one of the equations in Fig. 20 to 
make a reasonable prediction of the melt
ing efficiency. For welds that result in pre
dominantly two-dimensional heat flow 
such as edge welds or full penetration 
welds, the edge weld equation should be 
used. For welds where three-dimensional 
heat flow occurs (such as square-groove 
welds), the bead-on-plate equation ap
plies. Further work needs to be done in 
order to apply this technique to the pulsed 
current processes, since a technique for 
the proper selection of input power level 
has not been determined. It is clear though 
that the beneficial effect of current pulsa
tion at low travel speeds is consistent with 
Fig. 19, when one realizes that the peak 
power always increases with decreasing 
duty cycle. 

Penetration 

The superior use of net heat input in 
achieving penetration that is exhibited in 
Figs. 13 to 16 by the PAW process dem
onstrates the increased penetrating power 
of the PAW torch that has helped make it 
so widely used in cutting applications. It 
was observed that a radial displacement 
of the weld pool by the high velocity 
plasma occurred, resulting in the arc im
pinging directly at the weld root. In con
trast for the GTA welds, there was little 
pool displacement and the arc energy was 
deposited at the pool surface leading to 
kidney-shaped weld pools for this edge 
weld configuration. The radial pool dis
placement is characteristic of the keyhole 
mode PAW process and is probably re
quired for the process to achieve its 
superior performance. 

Comparison of Figs. 13 and 14 indicates 
that for the low-speed PA welds, more 
normalized penetration was achieved in 
304 stainless steel than in Ni 200 at a given 
travel speed, but at the fastest travel 
speeds both materials reached equivalent 
values (about 25 mm/kj /mm). Similar as
ymptotic behavior occurred for melting 
efficiency at the high-speed limit (Fig. 9), 
which is not surprising since for this edge 
weld geometry the volume melted is pro
portional to penetration. Unlike the PAW 
process, the normalized penetration did 
not increase for the GTAW process when 
current pulsation was used at either of the 
travel speeds shown in Figs. 15 and 16. 
This behavior is somewhat odd, since an 
increase in melting efficiency did occur for 
the slower travel speed as was shown in 
Fig. 10. Apparently, any beneficial effect 
of current pulsation appears to have been 
concealed both by the earlier mentioned 
change in heat input seen for GTAW, and 
by the kidney-shaped weld pools that 
have kept penetration from increasing. 
These results indicate that the increased 
melting efficiency that has long been 
known to occur with pulsed current weld
ing is not used as effectively with the 
GTAW process as it is with the PAW pro
cess in the edge weld configuration ex
amined here. 

As one would expect, the normalized 
penetration values are low when com
pared to some of the best values seen for 
the EBW process, where exceptionally 
deep penetration is possible. Calculations 
using data in Ref. 20 indicate this param
eter can be as high as 100 mm/k j /mm, if 
one assumes an energy transfer efficiency 
of 0.85. There is a considerable manufac
turing trade-off, however, when exceed
ingly deep and narrow welds are chosen 
over more symmetrically shaped ones. 
Standard machined part tolerances are 
typically so generous that it is necessary to 
melt wider fusion zones in order to com
pensate for the increased gaps and mis
match. Large depth-to-width ratios can 
then be impractical and fusion zone shapes 
similar to Fig. 18 are often preferred. Since 
the melting efficiency for the PAW edge 
weld can readily be maximized, there is 
little incentive then to select the higher 
cost process that cannot be any more ef
ficient. 

Conclusions 

1) The melting efficiencies for the 
GTAW and PAW processes were equiv
alent and increased rapidly with travel 
speed until reaching an asymptotic level 
(-41%). 

2) The PAW process produced greater 
weld penetration at equivalent net heat 
inputs than the GTAW process, for the 
edge weld geometry examined here. 

3) A dimensionless parameter, P = 
q V/<5h v a has been determined that cor
relates well with the measured melting ef
ficiencies for both of the weld processes 
and materials studied. 

4) Simple monomial equations based 
on the experimental data have been de
veloped, M = 0.407 e - 2 9 6 / p for welds 
with two-dimensional heat flow, and 
M = 0.346 e

_ 0 9 0 / P for welds with three-
dimensional heat flow, which can predict 
the PAW and GTAW melting efficiency 
based on knowledge of the weld sched
ule and the material thermal properties. 

5) The empirically derived equations 
indicate that the maximum melting effi
ciency is higher for edge welds than for 
square-groove welds, and therefore, edge 
welds are preferred for heat sensitive mi
crowelding applications. 

6) Melting efficiency is significantly 
lower for Ni 200, a relatively high thermal 
diffusivity material, than for 304 stainless 
steel, a relatively low thermal diffusivity 
material, except at the high-speed limit 
where a similar asymptotic level was 
reached for both materials. 

7) Pulsed current can greatly improve 
the melting efficiency at slow travel speeds 
where melting efficiency is low but has no 
effect at fast travel speeds where it is al
ready maximized. 

8) The arc efficiency for the PAW pro
cess was found to be lower and some
what more variable (from ~0.50 to 0.75) 
than the GTAW process, which tended to 
be constant at a value of ~0.8 for both 
pulsed and continuous current conditions. 

9) It is postulated that the lower and 
more variable arc efficiencies measured 
for the PAW process are due to heat 
transfer at the torch nozzle. 

10) No difference was observed be
tween the measured arc efficiencies on 
304 stainless steel and Ni 200 for a given 
process. 
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WRC Bulletin 355 
July 1990 

Programming and Control of Welding Processes—Experience of the USSR 

By V. Malin 

This report is an in-depth look at technical welding studies and their implementation in the USSR, a 
country that has a long history of welding automation development. More than 300 articles published in 
the USSR over the last three decades were examined, and 177 are referenced in this report. 

Publication of this report was sponsored by the Interpretive Reports Committee of the Welding 
Research Council. The price of WRC Bulletin 355 is $35.00 per copy, plus $5.00 for U.S. and $10.00 for 
overseas postage and handling. Orders should be sent with payment to the Welding Research Council, 
345 E. 47th St., Room 1301, New York, NY 10017. 

WRC Bulletin 339 
December 1988 

Development of Tightness Test Procedures for Gaskets in Elevated Temperature Service 
By A. Bazergui and L. Marchand 

In this report, different elevated temperature gasket tightness test procedures are compared. A 
two-tier test approach, involving aging of the preloaded gasket in a kiln followed by a short duration 
tightness test was evaluated. The procedures were evaluated using spiral-wound gaskets with two 
different fillers: a mica-graphite filler and an asbestos filler. 

Publication of this report was sponsored by the Subcommittee on Bolted Flanged Connections of the 
Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 339 is 
$16.00 per copy, plus $5.00 for postage and handling. Orders should be sent with payment to the 
Welding Research Council, 345 E. 47th St., Suite 1301, New York, NY 10017. 
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WRC Bulletin 343 
May 1989 

Destructive Examination of PVRC Weld Specimens 202, 203 and 251J 

This Bulletin contains three reports: 

( 1 ) Destructive Examination of PVRC Specimen 202 Weld Flaws by JPVRC 
By Y. Saiga 

(2 ) Destructive Examination of PVRC Nozzle Weld Specimen 203 Weld Flaws by JPVRC 
By Y. Saiga 

(3 ) Destructive Examination of PVRC Specimen 251J Weld Flaws 
By S. Yukawa 

The sectioning and examination of Specimens 202 and 203 were sponsored by the Nondestructive 
Examination Committee of the Japan Pressure Vessel Research Council. The destructive examination of 
Specimen 251J was performed at the General Electric Company in Schenectady, N.Y., under the 
sponsorship of the Subcommittee on Nondestructive Examination of Pressure Components of the 
Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 343 is 
$24.00 per copy, plus $5.00 for U.S., or $8.00 for overseas, 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 354 
June 1990 

The two papers contained in this bulletin provide definitive information concerning the elevated tem
perature rupture behavior of 21/4Cr-lMo weld metals. 

(1 ) Failure Analysis of a Service-Exposed Hot Reheat Steam Line in a Utility Steam 

Plant 
By C. D. Lundin, K. K. Khan, D. Yang, S. Hilton and W. Zielke 

( 2 ) The Influence of Flux Composition of the Elevated Temperature Properties of Cr-Mo 
Submerged Arc Weldments 
By J. F. Henry, F. V. Ellis and C. D. Lundin 

The first paper gives a detailed metallurgical failure analysis of cracking in a longitudinally welded hot 
reheat pipe with 184,000 hours of operation at 1050°F. The second paper defines the role of the welding 
flux in submerged arc welding of 21/4Cr-lMo steel. 

Publication of this report was sponsored by the Steering and Technical Committees on Piping Systems 
of the Pressure Vessel Research Council of the Welding Research Council. The price of WRC Bulletin 354 
is $50.00 per copy, plus $5.00 for U.S. and $10.00 for overseas postage and handling. Orders should be 
sent with payment to the Welding Research Council. 345 E. 47th St.. Room 1301, New York, NY 10017. 
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