Commentary on GMAW
Parameter Selection Paper

I wish to comment on the paper titled
“Selecting Parameters for GMAW Using
Dimensional Analysis,” by Paul E. Mur-
ray, which was published in the July 2002
issue of the Welding Journal.

Concerned with the empirical methods
that are used by industry when developing
welding procedures, Murray developed a
“dimensional analysis of experimental
data to obtain analytical relationships be-
tween welding parameters and welding
variables.” For this, he used nondimen-
sional numbers of mass and heat transfer.
Then he went on to develop “a method for
selecting welding parameters to obtain a
welding geometry.”

Chosen for studying the parameters
and variables was the gas metal arc weld-
ing (GMAW) process with 98Ar/20,
shielding and 308 stainless wire. No con-
sideration seems to have been given to
controlling the mode of transfer. The ex-
perimental deposits were beads on plate.
Preselected for the experiments were two
plate thicknesses (but not included in the
analysis), two wire diameters, three travel
speeds, and three contact tip-to-work dis-
tances. Not explained was the selection of
the wire feed speed or the power supply
settings. I'm speculating that, cleverly,
Murray tied the wire feed speed (U) to
three preselected areas of the weld rein-
forcement (4,,,). With the following equa-
tion, this provided a logical way to preset
the wire feed speed. Confirmation of these
assumptions would be appreciated.

U=A,,Snr? (1)

dep’

Remaining, it seems, was the question
of how to set the constant potential power
supply. Welders having experience with
GMAW and argon-rich shield gases gen-
erally set the arc length to be slightly
longer than that at which a slight crackling
sound is emitted, about 5 mm. At this
length, the spray mode arc is stiff, spatter-
free, and produces the lowest amount of
fume. And, should the current be below
transition, the large drops (globular trans-
fer) would be free to fall without short-
circuiting. Longer spray arcs become slug-
gish, produce more fume, and, if too long,
can produce meltbacks. Shortened a bit,
slight (although audible) short circuits
produce pressure fluctuations in the arc
that, in turn, cause air to be aspirated into
the shield gas. Unlike shields containing
significant amounts of CO, or He, addi-
tional shortening in the selected gas re-
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sults in more fume and lots of spatter —a
mess. Recognizing this, instead of spend-
ing time with arcs that have no useful func-
tion, a current above transition and a fixed
arclength of about 5 mm should have been
used. With the same number of experi-
mental welds, about twice as much infor-
mation would have been obtained. Com-
ment, please, about the reasons for not
controlling the arc length or transition
current.

A second option would be to preset an
arc voltage. That’s fine if the welder had
been there before and has an approximate
idea of where he should be. Not to be for-
gotten is that both the arc and power sup-
ply voltages are dependent on the welding
current (increasing for the arc and de-
creasing for the power supply output). The
third option would have been to preset the
open circuit voltage at the power supply.
This really is flying blind because other
voltage drops such as those in the welding
cable and connectors become hidden vari-
ables. Unfortunately, the report does not
mention the approach used to set the
power supply, something that should be
addressed. Incidentally, one of the re-
quirements of peer-reviewed papers is
that others should be given enough infor-
mation to be able to reproduce the results.

Twenty-seven beads were deposited,
the results of which are reported in Table
1 of the paper. Measured or observed
were arc volts, arc length, welding current,
metal transfer mode, and bead cross sec-
tions (depth of penetration, width, and
cross-section area). Not mentioned was
the penetration configuration, particu-
larly the presence of central spikes, which
characterize spray transfer (presuming
they were found). Photographs of these
sections would be very helpful — at the
very least those of the extremes in size of
each of the transfer modes (spray, mixed,
and short circuiting).

The short circuiting mode was re-
ported to have occurred with arcs shorter
than 3.5 mm. Spray was not found with
arcs shorter than 4.5 mm. The mixed
mode, however, was reported with the
shortest arcs (2.6 mm) and close to the
longest (9 mm). This raises some question
about the meaning of the mixed mode.

The interactions of the data assembled
in the table were correlated with two
nondimensional numbers, a mass transfer
number “4” and a heat transfer number
“B.” Unfortunately, he did not discuss or
define the purpose of either.

A = Mjur, 1)

B =V, IS/AHo? )

Students of dimensionless numbers prob-
ably understand why such an approach
was helpful (if not essential) for this study.
My limited understanding has been that
dimensionless numbers are used to sim-
plify complex interactions of parameters.
An example is one of the Reynolds’ num-
bers, which is used to show how physical
constants of gases and their velocity in
tubes interact to maintain laminar flow.
Determined empirically, the number
needs to be less than 30. This has been use-
ful for designing the gas shielding nozzles
of GMA and GTA apparatus.

The M in the mass transport number
(Equation 1) is defined as the electrode
melting rate (kg/s). Nothing new here
since the parameters involved were ex-
plained in a paper I had written in 1958.

M =al + bPLJA, )

Very simple — the wire is melted with
heat generated by the anode and resis-
tance drops. This relationship was made
dimensionless by introducing the viscosity
of the weld pool (a blend of melted wire
and melted base plate?) and the radius of
the wire. Equation 1 explains that in main-
taining a given mass transport number (for
whatever the reason) an increase in depo-
sition rate requires a proportional in-
crease in wire feed speed. I am having dif-
ficulty believing that or that the number is
proportional to the viscosity of the weld
pool. An explanation would help.

Another quandary surfaced with the
energy transfer number B in Equation 2. It
contains the same parameters as another
ancient arc energy input equation that has
been used for years by welding metallur-
gists when concerned about martensite in
the HAZ of hardenable steels. It defines
the quantity of arc energy distributed
along the length of a weld, decreasing, of
course, as the travel speed increases.

E=VIS Gy

It appears to have been made dimen-
sionless by introducing the enthalpy
change and thermal diffusivity of the base
plate, and by moving S from the denomi-
nator to the numerator. According to
Equation 2, to maintain a given heat trans-
port number, an increase in current must
be accompanied by a proportional de-
crease in travel speed. This might make
sense if the reasoning behind the heat
transfer number (B) was explained and
how that differs from energy input (E).

I apologize for a bit of nitpicking about
the V. in the dimensionless number for

arc
heat transfer. V. is a summation of voltage



drops produced at the anode, cathode, and
across the plasma. However, because of the
way voltmeter connections have to be made,
the measured voltage across the arc also in-
cludes V, (the drop along the wire exten-
sion) and V/, (the drop across the wire tip),
both of which are the b, and b, in the equa-
tion for mass transfer. To be accurate, the
voltage term in B should be a summation of
only V. _and V, (the drops across the plasma
and at the plate surface).

Continuing with the process of devel-
oping the dimensionless analysis, 4 and B
were combined by multiplying them to-
gether. Being mathematically disadvan-
taged, I would have added these energies.
However, with dimensionless numbers,
such manipulations probably are accept-
able and offer unexplained advantages.
Obviously I'm missing something and, as
before, an explanation would be helpful.

At the same time, however, another
travel speed and another thermal diffusiv-
ity constant (S and o) were introduced,
apparently to make the relationships di-
mensional. Followed by some more math-
ematical manipulations, a set of equations
evolved with which the weld bead cross-
sectional dimensions (width, penetration,
and area) could be calculated (Equations
3-5). By incorporating Equations 7 and 9,
recognizing that4, = wr,?, and combining
the two Ss, the following general relation-
ship was established.

b
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Each of the dimensions has its own set
of empirically derived constants. In my
opinion, the necessary math probably is
beyond the capabilities of most welding
engineers — those who the author wanted
to help. If the results of this work are ex-
pected to find general use, it seems the au-
thor should help by explaining the proce-
dures that were used.

Often troubling to me when reading pa-
pers about modeling is that the correlating
equations often are not consistent with
what is commonly understood about the
effects of arc welding variables. As an ex-
ample, welding people have learned the
cross-sectional areas of the deposited
welds follow the relationship 4, = ¢/S. In
Equation 4;, however, the relationship is
more like Q2 = ¢/§(1¢), which is much
more complex. But this complication ap-
pears to be justified because this measure-
ment includes the fused base metal as well
as the deposited metal.
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Fig. 1L — Effect of current on penetration.

As questioned earlier, the presence of
the additional r, in the numerator is diffi-
cult to understand dimensionally or even
functionally. It’s also difficult to believe
the electrode extension can affect pene-
tration, at least to the degree expressed
here. We know from experience longer
arcs don’t provide the deeper penetration
that this equation tells us we should ex-
pect. If anything, based on my experience,
longer arcs reduce penetration. Com-
ments from the author about these aspects
would be appreciated.

The expressed purpose of the three cal-
culations summarized previously is to
allow a designer to select specific dimen-
sions for welds without having to resort to
additional trials. To be remembered, how-
ever, is that none of this work is applicable
to joints into which the metal is deposited.
Nevertheless, the calculations could be
useful for simple butt joints and cladding.
And, because of the very high correlation
coefficients shown in the paper, excellent
results should be anticipated when design-
ing welds for different applications. I'm
not sure, however, the equations permit
the independence of the bead dimensions
that is necessary.

Let’s assume the need to clad a carbon
steel with a stainless. This means low dilu-
tion, achieved with low penetration and a
sizeable reinforcement (large €2 and wide
d). Examining summary Equation 4; for
the best way to obtain low penetration, it’s
evident low current is mandated, although
higher than transition. Since low transi-
tion currents mean small wire diameters,
wire diameter is defined. Helpful, too,
would be to decrease L (the electrode ex-
tension) and keep the arc short (although,
to be realistic, not much can be done about
arc length). The selection process for low
penetration is completed by picking the
highest travel speed that allows uninter-
rupted beads (experience counts here).

The next step is to pick conditions for

the large, flat claddings. According to the
equations that define £2and w, that means
high current. But current has been defined
already. It means a long electrode exten-
sion. But that, too, has been defined. Ap-
parently it’s not possible to obtain the
conditions needed for large deposits with-
out increasing penetration. In other
words, contrary to expectations, these
equations do not appear to be indepen-
dent. It seems the dimensions defined are
not the least bit independent. All of the di-
mensions are proportional. The desired
independence does not exist.

Life could be simplified by recognizing
the depth of penetration is dominated by
current, as illustrated in Fig. 1;. The
points were taken from the data of Table
1, but only those associated with the spray
transfer mode. Even though each of the
points represents welds made with differ-
ent travel speeds, wire diameters, elec-
trode extensions, plate thicknesses, etc.,
the linear relationship of penetration to
current is obvious. Considering the para-
metric differences associated with each of
the points, the correlation coefficient is
not bad. Clearly, penetration is dominated
by current. At currents higher than used in
this study, penetration is not linearly re-
lated to current but follows the relation-
ship (al + bI"). And, unlike wire melting
rate, penetration is strongly affected by
the shield gas.

Of course other variables have an ef-
fect, although slight. A quick analysis of
the paper’s data showed a 43% change in
travel speed resulted in only a 6% change
in penetration. I suppose the paper’s
equation for € might have yielded the
same results, but I didn’t attempt that ex-
ercise. I hope someone will take the chal-
lenge. Other variables such as the wire di-
ameter and electrode extension also have
a sizeable effect on the weld width and
area although a negligible influence on
penetration. Unfortunately, too little ef-
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fort has been given to studying, or per-
haps only documenting, the interactions
of these important variables of arc weld-
ing, probably because such investigations
are dull and mundane. With apologies for
this digression, I would appreciate any
comment.

The paper ends with a discussion about
the use of nondimensional, three-dimen-
sional graphs from which “operating
points” are obtained. Sorry to say, but this
discussion was difficult to follow. Consid-
ering that Murray claims to have gone to
all of this trouble because he wanted to
simplify the development of welding pro-
cedures, I was disappointed. Since all of
the graphs appear to be based on wire feed
speed and contact tip-to-work distance,
I'm assuming they are the only way to pro-
ceed. I wonder about the reason for in-
cluding six such plots when only the one
that defines arc length seems to be neces-
sary. The others seem only to add to the
confusion and clutter.

Considering the effort needed to de-
velop the critical three equations, I was
surprised to see the author had aban-
doned the one for Q (the sum of melted
plate and melted wire). It was replaced by
the simpler4 ;,, = nr,2U/S. The reason for
this was not explained but, considering the
change in attitude regarding bead areas, it
should be.

At this point, considering that weld area
is being defined by wire feed speed and
travel speed alone and that penetration can
be defined by current alone, only one of the
set of three equations remains to be calcu-
lated (Equation 4): the weld width. Appar-
ently not considered important, it was
barely mentioned in the paper.

Getting back to the analytical method
proposed in the paper, the steps appear
simple enough.

1) Pick a desired depth of fusion and de-
posited metal area; select a wire diameter.

2) Develop the operating points for the
combination of arc length, wire feed
speed, and contact tip-to-work distance
(such as the three-dimensional plots
shown in Fig. 8 of the paper). The tech-
niques for doing that appear to be out of
reach for the average guy in industry. As-
suming the operating point concept to be
necessary for this type of analysis, the
methods used for their development need
to be explained. The only direction given
is — quoting the author — “Equations
1-10 augmented by specific constraints
must be solved to obtain a reduced set of
operating points.”

3) Calculate the travel speed with the
equation S = mur? U/A,, But, hadn’t this
equation been used to calculate the weld
area?

One more point. Even if the required
relationships can be solved with relative
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ease, the information given is based on
one alloy and one shield gas. Changing to
another ferrous alloy might not present a
problem, but changing to another shield
gas will. And the gas used for this study is
not the gas most commonly used at this
time. With such a change, would it be nec-
essary to go through this entire exercise —
27 welds, multiplicity of calculation, and
new graphs of operating points — again?

Alexander Lesnewich

AWS Past President (1978-79)
Welding & Metallurgical
Consulting Services
Manasquan, New Jersey

In my recent AWS paper, I proposed an
analytical method to select welding parame-
ters leading to a desired operating condition
and demonstrated how the method may be
used to control bead shape. Much of the dif-
ficulty of modeling welding processes and
ascertaining the effect of welding parameters
stems from the complex interrelationship
among process variables and the inability to
independently vary one variable while hold-
ing all other variables constant. Welding pa-
rameter selection is often based on observing
cause and effect relations without clearly
identifying how a change in one variable
leads to changes in others. This underscores
the need to examine controllable machine
settings as well as those process variables
controlled indirectly by the welder.

The experiment was designed to control
deposited metal area by selecting the wire
size and setting the wire feed speed and travel
speed to those values required to produce the
selected amount of deposited metal. The
open circuit voltage was set to produce a de-
sired arc length, which required several tri-
als. An experimental weld matrix was devel-
oped to include high, moderate, and low
values of deposited metal area and short,
medium, and long values of arc length, lead-
ing to an experimental data set encompass-
ing a wide range of operating conditions
using a minimum number of welds. Al-
though some welds may be nonoptimal be-
cause of the presence of short circuits, it was
necessary to expand the range of operating
conditions in order to obtain a statistically
significant sample. The wire feed speed and
open circuit voltage are examples of welding
parameters that are controlled directly,
whereas deposited metal area and arc length
are process variables that are controlled in-
directly by adjusting the welding parameters.
Moreover, a welding parameter is important
insofar as its effect on process variables such
as current and arc voltage that directly affect
bead shape.

Consider the comment that bead shape
is primarily affected by heat input per unit

length of weld. The analysis given in my
paper suggests bead shape and heat input do
not correlate well inasmuch as beads made
at similar heat inputs and different deposited
mass have a much different size and shape.
Here, I use deposited mass to denote the
melting rate of the electrode per unit length
of weld. For example, consider the experi-
mental data given in Table 1 of my paper.
Weld No. 9 has heat input equal to 900
Jimm, deposited mass equal to 0.12 g/mm,
depth of fusion equal to 1.4 mm, and arc
length equal to 9.1 mm. Weld No. 18 has
heat input equal to 850 Jimm, deposited
mass equal to 0.16 g/mm, depth of fusion
equal to 3.7 mm, and arc length equal to 5.8
mm. Note that both welds have a travel
speed equal to 4 mm/s and the same mode
of mass transfer. This data suggests bead
shape is affected by deposited mass, which
was confirmed by regression and correlation
of the experimental data. Photographs of
these and other weld beads may be found in
Reference 12 cited in my paper.

Consider the comment that bead depth is
affected by arc length. The data from weld
No. 9 and weld No. 18 support this assertion
inasmuch as beads made at similar heat in-
puts and different arc lengths have a much
different depth of fusion. Increasing arc
length while maintaining constant heat
input leads to decreasing bead depth. The
comment that my equations suggest the op-
posite effect appears to neglect other vari-
ables that are changing simultaneously with
a change in arc length. The total variation in
bead depth with respect to arc length in-
cludes the variation in bead depth with re-
spect to each variable that depends on arc
length. It is difficult to isolate the effect of
one variable on bead shape without know-
ing its effect on all other variables. This re-
mark underscores an important issue. Is the
observed effect on bead shape due to a
change in arc length or a change in deposited
mass? Is there another way to combine vari-
ables into a nondimensional quantity that
can be used to correlate experimental data
and succinctly describe the observed effect
that is apparently related to mass transfer
and independent of heat input?

The preceding observations are the basis
for using dimensional analysis in welding
parameter selection. Moreover, dimensional
analysis simplifies the correlation of experi-
mental data and reduces the number of vari-
ables needed in the analysis. In my paper,
two nondimensional variables were intro-
duced: the mass transfer number A and heat
transfer number B. The meaning of the mass
transfer number may be explained in terms
of the ratio of time scales associated with the
physical processes governing mass transport
from the electrode and momentum trans-
portin the weld pool. Generally the most dif-
ficult part of developing nondimensional
variables is selecting the proper scales, which



is often guided by intuition.

Consider a droplet of filler metal having
a characteristic length t, and a characteris-
ticvelocity U, where 1 is the electrode radius
and U is the wire feed speed. The time scale
associated with transfer of droplets is t /U.
The time scale of momentum transport in
the pool is pre2/u, where p is the weld metal
density and w is the weld metal viscosity.
Taking the ratio of time scales and multiply-
ing by p, I obtain A=pmr *U/ur,. Since the
melting rate M is equal to pUnreZ, 1 obtain
A=M/ur,. Note the nondimensional mass
transfer number is different from deposited
mass per unit length of weld, which is de-
fined as M/S, where S is the travel speed.

A similar approach may be used to de-
duce the heat transfer number, which is the
ratio of length scales associated with the
physical processes governing heat transfer in
the arc and heat transfer in the pool. The
length scale associated with heat transfer in
the arc is V,, I/AHao, where V,_ is the arc
voltage, 1is the current, AH is the quantity of
heat needed to melt a unit volume of weld
metal, and o is the weld metal thermal dif-
fusivity. The length scale of heat transport in
the pool is a/S, where S is the travel speed.
Taking the ratio of length scales, I obtain B
= VarCIS/AHaz. This nondimensional vari-
able has been used previously to correlate
welding parameters and bead shape, and I
refer the reader to references cited in my
paper for a thorough discussion of the effect
of heat transfer on bead shape. Note the
nondimensional heat transfer number is dif-
ferent from heat input per unit length of
weld, which is defined as V /S

I used regression and correlation of ex-
perimental data to establish nondimen-
sional relationships for bead shape. These
relations included both A and B since I ob-
served bead shape is affected by mass trans-
fer as well as heat transfer. A correlation is
found by assuming a functional relation be-
tween bead shape and the variables A and
B. Generally, I assume nondimensional
bead depth, bead width, and bead area are
functions of A BP, where p is an exponent
determined empirically. This is the simplest
way to represent the observed behavior that
nondimensional bead size increases with an
increase in either A or B. The exponent is in-
troduced so that one variable may have a
stronger influence on bead shape than the
othervariable. Linear regression was used to
determine the precise form of the correla-
tion, and I refer the reader to my paper for
details. Finally, the accuracy of the correla-
tion was demonstrated by statistical analysis
of the experimental data. Statistics may also
be used to assess the importance of each

physical variable in the correlation, which
would be a useful extension of my analysis.

I presented a set of equations that in-
cludes the analytical relations for bead
shape as well as auxiliary relations needed to
compute the desired operating parameters.
Ten equations are needed. These equations,
augmented by process constraints, may have
one solution, multiple solutions, or none at
all if the equations are overconstrained. The
comment that these equations may be over-
constrained is valid, so I suggest applying
constraints one at a time until a reduced set
of operating points is obtained. Using in-
compatible constraints such as high current
and low deposited mass is not advised.

The following procedure was used to
compute an operating point. I wrote a com-
puter program to evaluate each of the equa-
tions described in my paper. The inputs to
the program are welding parameters and the
outputs are process variables. In this way the
program simulates the operation of the ac-
tual welding equipment. I input the open cir-
cuit voltage, wire diameter, wire feed speed,
contact tip-to-work distance, and travel
speed. The program computes the current,
arc voltage, arc length, and electrode exten-
sion as well as the depth, width, and area of
the weld bead. The computed current is
compared to the transition current to deter-
mine the mode of transfer. The simplest way
to show the solution is with three-dimen-
sional graphs as given in my paper. Twenty to
thirty data points are usually enough to con-
struct a graph. I reduce the set of operating
points by choosing only those points that sat-
isfy desired constraints on the process. That
is easily done using the graphs.

The example given in my paper was de-
signed to demonstrate the method in a way
that may be understood by most welding en-
gineers. In fact, I underconstrained the
equations by requiring only an optimal arc
length and a desired bead depth without
constraining bead width or bead area. I in-
cluded multiple graphs to demonstrate how
a reduced set of operating points is obtained
by applying constraints one at a time. This
particular example is apparently the reason
for the comment suggesting my method can
be simplified considerably. However, this
simplification leads to a loss of generality.
The commentary also includes an applica-
tion of my method to stainless steel weld
claddings. In this case, it is necessary to
choose constraints on bead depth and bead
width in a way that does not overconstrain
the equations. I encourage further research
to extend the analysis to other materials,
shielding gases, and weld joints. However, it
will be necessary to develop a new set of ex-

perimental data and follow the procedure
described in my paper to obtain the empiri-
cal coefficients needed in the equations.

Paul E. Murray

Bechtel BWXT Idaho, LLC
Idaho National Engineering
and Environmental Laboratory
Idaho Falls, Idaho

Commentary on Carbon
Pickup Paper

In the article “Carbon Pickup from
Argon-CO, Blends in GMAW,” which ran
in the December 2001 issue of the Welding
Journal, Damian Kotecki carried out a de-
tailed study of the effect of the shielding
gas CO, content on the stainless steel weld
metal carbon content during gas metal arc
welding. It was found the carbon content
is proportional to the square root of the
CO, content of the shielding gas. How-
ever, the reaction mechanisms considered
by him could not explain the above rela-
tionship. The following is an analysis of
the possible reactions taking place at the
weld pool in order to explain the experi-
mental observations.

At the welding temperature of about
1600°C, the shielding gas CO, is stable ex-
cept in the presence of elements like Al,
Cr, Mn, Si, Ti, etc., whose oxides are more
stable (also CO), as can be determined
from the Ellingham’s diagrams!. In order
to explain the experimental observations,
the reaction between CO, in the shielding
gas and the molten weld metal should re-
sult in two gaseous products, one of them
being carbon monoxide (CO). From a
study of the chemical compositions of the
various electrode materials given in Table
1 of Kotecki’s paper, the second gaseous
product of the reaction was assumed to be
SiO, silicon monoxide. A study of the
Ellingham’s diagram shows the line repre-
senting the standard free energy of forma-
tion of SiO lies between those of CO, and
CO. From the diagram, the approximate
standard free energy changes due to the
reaction of one mole of oxygen with car-
bon and silicon to form, at 1600°C, the
three gases CO,, SiO, and CO were found
to be -95, =120 and -138 kcals, respec-
tively. Moreover, during slag metal reac-
tions in the blast furnace gaseous SiO aud
CO are known to form?, i.e., the two gases
can coexist.Therefore, the weld pool reac-

1. Lankford, Jr, W. T, Sermays, N. L., Craven, R. E, and McGannon, H. E., eds. 1985. Making, Shaping and Treating of Steel. United States Steel Corp.,

Pittsburg, Pa. 10th ed., p. 442.

2. ibid., p. 446.
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Fig. A— Ellingham/Richardson and Jeffes plot for metal-metal oxide equilibria. (F. D. Richardson and
J. H. E. Jeffes, Journal of the Iron and Steel Institute, Vol. 160, The Metals Society, 1943, p. 263.)

tions are considered to be
CO, + Si < CO+SiO (A)

And CO + weld metal <= C + slag  (B)

From Equation A,
K- pCO x pSiO (A1)
aSi x pCO,
K' = K xaSi = 2£0* PSIO (A2)

pCO,

Assuming ideal behavior of the gases and
pCO = pSiO,

2
K- PO (A3)
rCO;
or, PCO « pCO, (A4)
ie., pCO xVpCO, (A5)
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. pCO \/%CO2 (A6)
where %CO, is the carbon dioxide con-
tent of the shielding gas.
From Equation B,
C % pCO (B1)
where C = %C in the weld metal. There-
fore, from Equations A6 and BI,

%C x pCO = V%CO,

Thus, the experimental observation of
the dependence of carbon content of the
weld metal on the square root of the CO,
content of the shielding gas can be under-
stood. Therefore, the above assumptions
and the weld pool reactions are justified.

Dr. V. Venkateswara Rao

Scientist, Materials Processing Division
National Metallurgical Laboratory
Jamshedpur, India

As thermodynamics is not my strongest
suit, I forwarded Rao’s commentary to Pro-
fessor Steve Liu at Colorado School of
Mines. It seems we can’t be sure, but there is
a possibility that Rao has a plausible expla-
nation for the phenomenon I observed.
Liu’s comments follow.

Damian J. Kotecki

Technical Director for Stainless

and High-Alloy Product Development
The Lincoln Electric Co.

Cleveland, Ohio

Thanks for allowing me to see the inter-
esting derivation from Rao intended to ex-
plain your experimental data. After consid-
ering his reasoning, I arrived at the following
conclusions. Indeed, the formation of
gaseous SiO had been proposed and re-
ported for submerged arc welding a few
decades ago. However, it typically occurs as
a decomposition of SiO,, instead of partial
oxidation of silicon. Nevertheless, Equation
A (CO, +Si < CO + SiO) is plausible.
Equation B (CO +weld metal <= C+slag)
also appears to be reasonable, at first view.
For example, Al, Ti, etc., in the weld metal
would reduce CO to form carbon, while they
themselves would be oxidized and incorpo-
rated into the slag. Examining the Elling-
ham/Richardson diagram, however, showed
Equation B may not exhibit negative AG. At
temperatures between 1700 and 2200°C,
generally accepted droplet and weld pool
temperature, the CO line (with negative
slope) may actually intersect the oxide lines
(with positive slope). That is, the CO line
will be below the oxide lines such as TiO and
ALO; (see region within the circle in Fig. A).
The crossover indicates that at these high
temperatures, CO may actually be more sta-
ble than many oxides, which implies in the
reduction of the oxides and oxidation of C to
CO, i.e., the reverse direction of Equation B.
If the above reasoning is accepted, then the
remaining derivation of Rao must be re-
vised. Nevertheless, if one considers that the
temperatures of the steel weld pool and
metal droplets transferred across the arc are
lower than 1800°C, then Equation B is pos-
sible and the rest of the derivation adequate
to describe the carbon pickup behavior you
observed.

Stephen Liu

Professor, Colorado School of Mines
Center for Welding, Joining,
Coatings Research

Golden, Colo.



