
Commentary: Mathematical Modeling of 
Melting Rates for Submerged Arc Welding 

The validity of experimental methods is questioned, and 
clarification is offered 

Dear Sir: 
Having been interested in the control 

of melting rate for over 30 years, I was 
pleased to see another paper about the 
subject in the May 1987 issue of the 
Welding Journal (Chandel, R. S., "Mathe
matical Modeling of Melting Rates for 
Submerged Arc Welding," 66(5):135-s to 
140-s). However, I was disappointed to 
read that our younger authors still are 
wrestling with the simpler problems of 
electrode melting rate that I thought had 
been resolved (see "The Control of Melt
ing Rate in Gas Shielded Metal Arc Weld
ing," Lesnewich, A. 1958. Welding Jour
nal 37(8):343-s to 353-s). 

Mr. Chandel has questioned the validi
ty of other published work and com
mented that the different results have 
created a "controversy." He does have a 
point. Unfortunately, his paper has not 
cleared the air. In designing his experi
ments, he appears not to have appreciat
ed the complexity of the arc welding 
processes or, like most "modelers," has 
not controlled the critical variables. He 
treated arc voltage very loosely and may 
not have appreciated the individual 
effects of the essential arc voltage com
ponents on melting rate. Nor did he keep 
the critical electrode extension under 
control. 

The measurement commonly called 
arc voltage is the summation of the 
voltage drops in four regions through 
which the welding current is conducted: 
the cathode, the plasma, the anode and 
the electrode. A detailed discussion of 
the effects of these drops on the elec
trode melting rate is not possible in a 
short letter, but a summary of their rele
vance seems to be in order. 

The plasma, although requiring a large 
drop, has essentially no heating effect on 
the electrode. This drop is proportional 
to arc length and is dependent on the 
chemical environment in which the arc 
exists —that of the shielding gas or fluxes. 
Even though it may not affect the wire 
melting rate, the arc length also is a very 
critical variable in controlling the welding 
conditions, and one cannot deny its 
effect on the weld profile or soundness 
or properties. 

The anode drop is largely dependent 
on the wire composition. With DCEP 

anode heating has a significant effect on 
the electrode melting rate and is the 
dominant factor at low currents. The 
anode drop does not appear to be 
affected by the welding current. Nor 
does it appear to be affected by the 
shield gas or fluxes, so changes in either 
will not affect electrode melting rate with 
DCEP. 

The cathode reactions are more com
plex than those occurring at the anode. 
The cathode is very sensitive to any 
materials that affect electron emissivity. 
Oxygen in the shield gas will increase it, 
as will oxides of calcium or titanium 
contained in fluxes. Such thermionic 
materials can exert a powerful effect on 
melting rate with DCEN. Normally, the 
cathode drop is greater than that at the 
anode, resulting in higher melting rates. 
But in some cases involving thermionic 
materials, the melting rate with DCEN has 
been less than that found with DCEP. 
Also, unlike the anode drop, the cathode 
drop is current dependent. To get rea
sonable accuracy in any prediction, these 
cathode effects must be taken into 
account. 

The other voltage drop occurs in the 
current-conducting portion of the elec
trode. This IR drop is recognized as being 
proportional to the current, proportional 
to the electrode electrical resistivity and 
length, and inversely proportional to the 
electrode cross-sectional area. Too many 
researchers seem to forget that the 
length affecting the IR drop is not the 
distance between the contact tip and the 
workpiece. That span is bridged by the 
electrode and the arc. Because of the arc, 
the electrode extension (or stickout) 
generally is less than the distance separat
ing the contact tip and work. Mr. Chan
del does not explain how this critical 
variable was measured —a very difficult 
task with submerged arc welding. I pre
sume that it was disregarded and that the 
L term in his equation is the distance 
between the contact and the work, 
including the arc and electrode extension 
lengths. 

The wire melting rate is the summation 
of 1) the wire IR drop, and 2) the anode 
or cathode drop times the welding cur
rent. It is independent of the plasma or 
the voltage drops at the plate. 

With alternating current, the melting 
rate depends on all of the above effects 
and on the fractions of time during which 
the electrode is at both polarities, and 
those fractions depend on the degree of 
rectification in the power supply. The 
two time intervals are equal only with 
balanced wave machines. Unfortunately, 
with most machines, the fractions vary 
unpredictably. Hopefully, this overly long 
discussion will serve to explain the con
troversial comment made by Mr. Chan
del in his paper. 

The author does not appear to under
stand the interaction between the output 
of power supplies and the needs of the 
rest of the welding system. Of course, a 
constant current power supply produces 
a fixed current output which depends on 
its setting. Its voltage output, however, 
does not depend on that setting but on 
the demands of the arc and the filler wire. 
And in the case of a constant voltage 
power supply, the voltage is preset, with 
the current output varying, depending on 
the demands of the system. 

Given a wire, a flux or shield gas, and a 
fixed position of the contact tip, the 
process variables remaining are the wire 
feed speed, and the voltage and current. 
(The other dependent variables, inciden
tally, are the arc length and the electrode 
extension.) The relationship between the 
current and voltage produced by a pow
er supply is described by its static volt-
ampere curves. The specific curve is 
selected with a dial (or dials). However, 
this setting does not define a voltage and 
a current. The exact voltage and current 
selected from that output curve is deter
mined by the wire feed speed. For exam
ple, given a fixed wire feed speed and a 
constant current machine, the current 
would be preset and the voltage, being 
the dependent variable of concern, 
would adjust to match the demands of 
the system. It would be the sum of the 
cathode, anode, plasma and IR drops. In 
the case of constant voltage, by preset
ting the wire feed speed and power 
supply, the current becomes the depen
dent variable and automatically adjusts to 
match the demands of the system. With a 
dropping characteristic, both the current 
and voltage adjust to match the demands 
of the system. 
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Given the same wire feed speed and 
the same current, each of the power 
supplies would provide the same voltage 
at equilibrium. 

The author reported a collection of 
sets of data. In each set, the current and 
wire feed speed were held constant. 
And, in each set, three voltages were 
reported. This is impossible. Having pre
set a current and a wire feed speed, the 
voltage becomes the dependent vari
able. And only one voltage can satisfy the 
unique requirements of the other com
ponents of the system. It is impossible to 
have three different voltages, particularly 
the same three, randomly selected volt
ages that were used in all of the experi
ments, regardless of the welding cur
rents. Also, since the purpose of the 
work was to study the effects of six 
variables on the melting rate, the wire 
feed speed by definition should have 
been the dependent variable. Incidental
ly, I'm surprised that the same three 
voltages (32, 35 and 38) acceptably 
bracketed the wide range of currents, 
fluxes, polarities and electrode extensions 
reported in this study. It would be inter
esting to see the welds that were pro
duced. 

The data imply that the author used a 
constant current power supply in his 
experiments. If so, his only control of 
voltage would be via the wire feed 
speed. However, the wire feed speed 
was fixed (and with the precision of three 
significant figures). Considering the preci
sion of the wire feed speed results, one 
must presume that the wire feed speed 
was not the dependent variable, but 
preset. Since no other changes were 
reported, the only explanation possible is 
that the voltage and current data are not 
accurate or, perhaps, that Mr. Chandel 
was not in control of his experiments. 
Because the voltage and current results 
are rounded off, I would presume those 
data to be imprecise, and with improved 
accuracy, the author might find that the 
current and voltage did change signifi
cantly within each set of experiments. 

Having been an experimentalist for 
many years, I wonder how Mr. Chandel 
was able to achieve the precise duplica
tion of measurements implied in his 
tables. The welding arc is too finicky to 
be defined with the precision indicated in 
this paper. I would like to learn more 
about the experimental procedures used 
by the author in this study. 

In computing the equations that satis
fied his data, Mr. Chandel did not treat his 
IR constant of proportionality, B, as hav
ing the same value in all three of these 
equations. The "discrepancy" in B noted 
for alternating current probably is due to 
an experimental oversight. Another prob
lem with the resistance heating term is 
that the author did not use the exact 
electrode extension for L in his equation, 

but the contact-tip-to-work distance. 
With long arcs (high voltages), a signifi
cant error in the calculation is possible. 
Also, he chose to use a constant, C, to 
help with his multiple regression analysis. 
That constant has no physical meaning 
and implies that the electrode could be 
melted in some way at zero current. The 
only purpose for C is to correct for 
experimental errors. Instead, another 
data point, 0 at 0 current, should have 
been used. 

Although the reported coefficients of 
multiple correlation are high, the compar
ison of data and calculations in Fig. 5 
shows a scatter band of 12% —not very 
good. I wonder what kind of results 
could be expected from these calcula
tions given raw, untested data. 

And finally, Mr. Chandel made 336 
welds during this study. Very worthwhile 
[data] would have been [derived from] an 
analysis of the effects of the variables he 
studied on the penetration and general 
profiles of the welds that were pro
duced. After all, the real purpose of 
experiments with welding processes is to 
define the most suitable techniques for 
making good welds. 

I apologize for any perceived brusque-
ness in these comments. That was not 
intended; it is the unfortunate result of 
trying to compress too much into a short 
document. 

Dr. A. Lesnewich 
Welding & Metallurgical Consultation 

Severna Park, Md. 

Dear Sir: 
This is in response to Dr. Lesnewich's 

comments on my paper ("Mathematical 
Modeling of Melting Rates for Sub
merged Arc Welding," Welding Journal 
66(5): 135-s to 140-s). Before proceeding 
further, I would like to emphasize that the 
objective of my work was not to invali
date earlier work done in this area by 
pioneers like Lesnewich, Jackson, Robin
son, Wilson, etc. Instead, my attempt was 
to improve upon the existing work. The 
modeling of melting rates of arc welding 
processes is still an active area as is 
evident from numerous papers recently, 
particularly from the U.K. and Japan. 

While designing the experimental 
work, I was fully aware of the complexi
ties of the arc welding processes; howev
er, I was not overly obsessed with them 
because my aim was to develop practical 
models which could be used by welders 
on the shop floor. Thus, this work was 
done not out of scientific curiosity but to 
evaluate practical methods of predicting 
the melting rates. 

Many of Dr. Lesnewich's comments 
indicate that he may have misunderstood 
my experimental techniques, because of 
lack of clarity. I have not mentioned 

anywhere in my text that the wire feed 
speed was kept constant. Instead, it is 
clear that for a given set of welding 
parameters the corresponding wire feed 
speed was measured (which was con
verted into melting rate). Therefore, wire 
feed speed was a dependent variable. 

I agree with Dr. Lesnewich that the arc 
voltage and the chemical environment in 
which the arc exists must have an influ
ence on the melting rate. However, thus 
far this has only been found to be signifi
cant for the gas metal arc welding pro
cess. Dr. Lesnewich made such observa
tions in his paper (Ref. 14 in the paper), 
and I have also observed that the melting 
rate of the gas metal arc welding process 
is influenced by the voltage and the 
composition of the shielding gas. 
McGlone and Chadwick (Ref. 3 in the 
paper) had reported that for SAW the 
influence of voltage on the deposited 
area was insignificant. Robinson (Ref. 10 
in the paper) stated that for SAW the 
influence of the voltage on the melting 
rate was significant only when the current 
was between 750 and 1500 A. Regarding 
the effect of the flux, Renwick and Pat-
chett (Ref. 8 in the paper) have clearly 
stated that for DCEP the wire melting is 
not influenced by the flux composition. 
Nevertheless, tables in my paper clearly 
show that there is some variation in the 
melting rate when flux is changed; how
ever, the change was such that for prac
tical purposes it could be ignored. This 
indicates that there is no unanimity 
among researchers regarding the effect 
of flux, voltage and power source type 
on the melting rate of SAW, and this 
could be studied in the future. 

From the experimental techniques out
lined in the paper, it should be evident 
that the values of voltage and electrode 
extension were nominal rather than actu
al. Similar methods of measuring the volt
age and electrode extension were used 
by Wilson, ef al. (Ref. 9 in the paper), 
which is more convenient and common 
practice in industry. However, I agree 
that l should have been clear on this 
matter. 

I fully support Dr. Lesnewich's objec
tion to the inclusion of C in the equations. 
However, during the formulation of 
these equations, this format was found to 
be most suitable. The C definitely does 
not indicate that the electrode could be 
melted at zero current as has been point
ed out. The values of Cs are negative 
(—ve) in each case, which implies that a 
minimum threshold current is required 
before any melting can take place. He is 
also suggesting that one should have 
assumed an equation without C, 
obtained the value of B by varying the 
electrode extension, and then calculated 
the value of A. Robinson (Ref. 10 in the 
paper) and Demyantsevich (Ref. 18 in the 
paper) have followed this technique; 
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however, the equations proposed by 
them also have C. 

Figure 5 shows that the scatter at lower 
melting rates is higher (if measured in %), 
and it might even exceed 12%, as has 
been pointed out. Nevertheless, com
pared to previous models, the present 
equations provide a better relationship 
between measured and predicted melt
ing rates. 

I would like to assure Dr. Lesnewich 
that all the necessary care was taken to 
ensure that the experimental work was 

well controlled. The current and voltages 
were not rounded off. Whenever there 
was a significant deviation in the current 
and voltage from the preset values, the 
weld was discarded and that test repeat
ed. 

Dr. Lesnewich will be happy to know 
that none of the laboriously made 336 
welds have been thrown away. Instead, 
they have been cross-sectioned, and fea
tures such as penetration, bead area, 
etc., have been measured. The results of 
the relationships between weld features 

and process variables will be reported in 
future publications. 

Finally, I would like to thank Dr. Lesne
wich for his comments on this paper and 
invite him and other readers to give 
helpful suggestions so that improvements 
can be made to the existing models. 

R. S. Chandel 
Physical Metallurgy 

Research Laboratories 
Ottawa, Ontario, Canada 

WRC Bulletin 318 
September 1986 

The primary objective of this Bulletin, which contains two papers, is to present a comprehensive 
picture of the research work conducted to establish the current techniques and procedures for 
specifying the ferr i te content of austenitic stainless steel weld metal and measuring its level. 

Factors Influencing the Measurement of Ferrite Content in Austenitic Stainless Steel Weld Metal Using 
Magnetic Instruments 
By E. W. Pickering, E. S. Robitz and D. M. Vandergriff 

This report describes a program conducted under the auspices of the Welding Research Council 
(WRC) Subcommit tee on Welding Stainless Steel to identify the opt imum procedure for the preparation 
of austenit ic stainless steel weld samples for Ferrite Number (FN) determinat ion. 

Measurement of Ferrite Content in Austenitic Stainless Steel Weld Metal Giving Internationally 
Reproducible Results 
By E. Stalmasek 

This report is a summary of the results of 14 years' work by the IIW Commission 2 in the field of ferr i te 
content measurement, done prior to 1978. 

The publication of these reports was sponsored by the Subcommit tee on Welding Stainless Steel of 
the High Alloys Commit tee of the Welding Research Council. The price of WRC Bulletin 318 is $24.00 per 
copy, plus $5.00 for postage and handling. Orders should be sent with payment to the Welding Research 
Council, Suite 1301, 345 E. 47th St., New York, NY 10017. 

WRC Bulletin 319 
November 1986 

Sensitization of Austenitic Stainless Steels: Effect of Welding Variables on HAZ Sensitization of AISI 304 
and HAZ Behavior of BWR Alternative Alloys 316NG and 347 
By C. D. Lundin, C. H. Lee, R. Menon and E. E. Stansbury 

The research described in this report was undertaken to derive a better understanding of the HAZ 
sensitization response of 304, 304LN, 316NG and 347 austenitic stainless steels. The results are directly 
applicable to both the as-welded and long-time service behavior of these austenitic stainless steels. 

Publication of this report was sponsored by the Subcommit tee on Welding Stainless Steel of the High 
Alloys Commit tee of the Welding Research Council. The price of WRC Bulletin 319 is $24.00 per copy, 
plus $5.00 for postage and handling. Orders should be sent with payment to the Welding Research 
Council, Suite 1301, 345 E. 47th St., New York, NY 10017. 
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