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ABSTRACT. In Part 1 of this investiga-
tion, exothermically reacting magnesium-
type flux additions to the flux cored arc
(FCA) welding consumable electrode
have resulted in measurable increases in
the arc process efficiency. In Part 2 of this
investigation, the manufacture and heat
delivery of stoichiometric mixtures of alu-
minum, magnesium, and aluminum/mag-
nesium (50/50 wt-%) flux types, with the
mineral form of Fe2O3 termed hematite
systematically displacing iron powder,
were studied in an experimental self-
shielded FCA flux formulation. All welds
made using Part 2 electrodes were accept-
able at the same preassigned welding
schedule indicating an increase in usable
weld parameter space. The Al/Mg (50/50
wt-%) electrodes were significantly more
effective than aluminum or magnesium
flux additions in net gain value. Since a re-
duction in the electrical power consumed,
brought about for a given welding condi-
tion by the addition of chemical heating
components, is as beneficial as a directly
measurable increase in heat input (in
joules) over the baseline condition, a com-
posite normalized energy scale, in relative
percent, is composed. By subtracting the
percent electrical power (difference from
the baseline value) from the percent mea-
sured heat input (also the difference from
the baseline value) for each welding con-
dition, a net gain value is calculated. The
aluminum reactive addition at up to 20 wt-
% was found to have a 32% increase over
the baseline in specific deposit (g/kW con-
sumed). The magnesium-reactive addi-
tion at 40 wt-% yielded a 38% increase in
specific deposit and the Al/Mg (50/50 wt-
%) electrode exhibited a 49% increase in
specific deposit at only 10 wt-% reactive
addition. Consequently, the investigation
of Part 2 electrodes with the FCA welding

process has shown that a maximum gain
value occurs between the 10 and 20 wt-%
electrodes of the Al/Mg (50/50 wt-%) flux
additions. Much less electrical power was
used for these electrodes than was con-
sumed in the baseline comparative.

Introduction

Field repair welding traditionally re-
quires bulky dedicated electrical equip-
ment or gas bottles with attendant torches,
hoses, and regulators along with consider-
able operator skill. This type of welding
can be enhanced through the use of
exothermic flux additions to the FCA
welding process (Refs. 1, 2). The self-
shielding nature of the process precludes
the need for gas systems while a reduction
in electrical energy dependence of the
welding parameter schedule as measured
through voltage and amperage levels
broadens the user appeal and applicabil-
ity. Part 1 of this investigation (Ref. 3)
showed that the exothermic reactions
caused by the magnesium flux additions of
the FCA welding consumable electrode
demonstrated significant increases in the
arc process efficiency. When the process
efficiency was corrected for an apparent
reduction in electrical power consumed in
addition to the increase in measured heat
input, the maximum benefit occurred at
around 30 wt-% magnesium flux rather
than at the 20 wt-% level for the measured
heat input variable alone (uncorrected for
a reduction in electrical power con-
sumed). There was no evidence of uncon-
trolled reaction, which was observed in the

unconstrained exothermic chemical addi-
tions to the flux formula of the shielded
metal arc (SMA) welding process (Ref. 2).

Two pure metallic elements that re-
duce iron oxide, aluminum and magne-
sium, are used in the production of steel to
deoxidize or kill the steel. These elements
have been added to the flux in various flux-
related arc welding processes to kill the
weld pool, and the reactions are exother-
mic. In addition, these elements, in large
enough quantities, are known to be able to
provide significant heat for welding (Ref.
4). Karpenko (Ref. 5) reported the effects
of exothermic additions (aluminum +
iron oxide) on the melting characteristics
of SMA electrodes. The results show that
aluminum additions increase the weld de-
position rate and enhance welding para-
meters to achieve improved productivity.
Also, Glushchenko (Ref. 6) studied the ef-
fects of exothermic additions in sub-
merged arc welding fluxes on deposition
rate and melting efficiency. Allen et al.
showed that exothermic flux additions,
such as aluminum and Al/Mg (50/50 wt-
%) flux additions to SMA welding elec-
trodes can assist in the generation of heat
and increase the rate of electrode melting.
Applying Hess’s law and integrating the
heat capacity from room temperature to
that of the molten steel weld pool temper-
ature gives the quantity of heat produced
by the aluminum or magnesium reactions
with hematite. Table 1 shows the calcu-
lated amount of heat released during the
proposed reactions. These reactions are
extremely violent if only the metal oxide
and the pure reducing metal are used
without mitigating chemical composi-
tional control.

Part 2 of this investigation focuses on
the revised (stoichiometric) exothermic
flux formulations — aluminum, magne-
sium, and Al/Mg (50/50 wt-%) flux addi-
tions. Aluminum plus hematite, magne-
sium plus hematite, and a 50-50 mix of the
Al/Mg types of exothermic reactions were
prepared and evaluated. Also, this investi-
gation was aimed at finding the potential
effectiveness of such exothermic flux ad-
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Fig. 2 — Electrical power consumed as a function of wt-% magnesium flux ad-
dition at 110 in./min (47 mm/s) melting rate.

Fig. 1 — Measured heat input as a function of wt-% magnesium flux addition
at 110 in./min (47 mm/s) melting rate. The insert photography is bead mor-
phology of weldment with 40 wt-% of magnesium flux type electrode.

Table 1 — Enthalpy Heats of Reaction for
Aluminum and Magnesium Plus Hematite
Flux Additions

Addition Reaction Enthalpy
(kJ/mol O2)

2Al + Fe2O3 = Al2O3 + 2Fe 850
3Mg + Fe2O3 = 3MgO + 2Fe 1060
Al/Mg (50/50) mix with Fe2O3 Quantity of

heat between
850 and 1060

Table 2 — Flux Composition for Part 2 Electrodes, Parts by wt-%

Flux Compound Baseline Aluminum-Type Magnesium-Type Al/Mg (50/50)
Electrode Electrode Electrode Type Electrode

CaF2 15 15 15 15
TiO2 15 15 15 15
CaCO3 6 6 6 6
SiO2 4 4 4 4
Fe 60 50 ~ 10 50 ~ 10 50 ~ 10
2Al + Fe2O3 — 10 ~ 50 — —
3Mg + Fe2O3 — — 10 ~ 50 —
Al/Mg (50/50) + Fe2O3 — — — 10 ~ 50

ditions to the flux cored arc welding con-
sumable electrode, and the effect of
exothermic additions on the weld deposit
and the arc/electrode extension environ-
ment were studied.

Experimental Procedures

As with investigation by Allen et al.
(Refs. 1, 2) of the SMA welding system,
three types of exothermic reaction pow-
ders were studied: the aluminum plus
hematite, the magnesium plus hematite,
and a 50/50 mixture of the magnesium and
aluminum plus hematite mixtures. A self-
shielding flux formulation containing 60
wt-% iron powder was selected as the
baseline. The iron powder was systemati-
cally displaced with stoichiometric mix-
tures of the exothermic metal(s) and
hematite in batch ratios from 0 to 50% in
steps of 10% (±1.0 %) and a fixed fill ratio
of 15%. The Part 1 electrode wires were
produced with 17 to 18 wt-% flux fill to

steel sheath ratios. Initial drawing difficul-
ties led to all of these later Part 2 elec-
trodes being manufactured to a more rea-
sonable and commercial-like 15 wt-% fill.
The set of 15 welding wires plus a new
baseline electrode produced were made
with stoichiometric mixtures of black,
crystalline (granular) hematite (of be-
tween 100 and 140 mesh) and evaluated as
to relative heat input and reduction in
electrical power consumed to produce the
weld.

The coarse-grained hematite was used
in stoichiometric concentration levels with
aluminum, magnesium, and Al/Mg (50/50
wt-%). Each of the three types of exother-
mic additions was added to the flux in
place of the iron powder base in 10 wt-%
increments up to 50 wt-%. The linear den-
sities for all of these electrodes show much
less variation than in the previous study
and measure about 0.12 g/cm. The lower
packing density of the flux and the change
to a coarse-grained hematite allows for a

more constant linear density value as a
function of exothermic concentration
level. These flux compositions are pre-
sented in Table 2.

Table 3 lists the welding parameters
used in this study. The actual voltages
recorded were about one volt higher, on
average, than the set voltage. No slope-in,
slope-out, or crater fill times were used.
The torch head was adjusted to vertical
with respect to the baseplate samples to be
welded, and the travel direction was par-
allel to the length of the sample and cen-
tered along the surface. The wire feed
speed was held constant at 110 in./min. All
data points represent an average of a min-
imum of at least three identical weld trials.

In addition to machine current and
voltage recordings for each 20-s timed
weld sample, the wire electrode was cut off
even with the guide tube following the
weld and was bagged, tagged, and mea-
sured for length and mass. While most
electrode extension remnants did not
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show evidence of the formation of a solid-
ified ball on the arc end, indicative of op-
eration within the spray transfer mode,
some electrodes had what appeared to be
the beginnings of a ball that may have
been formed after the electrical current
was shut off. The ball-like protrusions
were noted but ignored in the length and
mass measurements for electrode exten-
sion. While this method of shutting off the
welding machine and then snipping the
electrode that was left sticking out from
the guide tube may not be precisely repre-
sentative of the steady-state weld elec-
trode extension, it was performed in this
manner as a matter of convenience strictly
for comparative purposes.

A liquid nitrogen calorimeter was used
to measure the amount of heat that was
transferred into the base metal when
welding with exothermically assisted con-
sumables. The detailed description of the
calorimetric measurement is in Part 1.

The weld deposits were cut, ground,
polished, photographed, and measured
with an image analysis system. The de-
posited slags and weld beads were visually
examined, and welding was uniform and
free of porosity as determined with sec-
tional metallography.

Results and Discussion

All welds made in this part of the study
resulted in acceptable weld bead mor-
phologies and a stable arc with a fixed
weld parameter schedule. Remarkably,
the welding was successful for all welding

wires with virtually no parametrical explo-
rations by simply using the mid-range val-
ues suggested in a commercially available
welding schedule published by the Amer-
ican Welding Society (Ref. 7).

Calorimetrically Measured Heat Input and
Electrically Consumed Energy

Figure 1 shows the overall drop in mea-
sured heat input values of these Part 2
electrodes compared to one of the Part 1
electrodes, which is due primarily to the
reduced wire feed rate setting and hence
current used for all of the Part 2 study, but
also reflects an approximately 25% reduc-
tion in total flux content. The lowered
melting rate of the Part 2 study is believed
to provide ample time for the self-regula-
tion aspect of the welding process to occur
to the fullest extent possible. The exother-
mic additions in the flux also have more
time to react, and perhaps to a greater ex-
tent, within the arc, for the lower melting
rate. The result is a reduction in electrode
extension length that in turn leads to a
longer, less efficient arc length for a fixed
contact tube-to-work distance (CTWD).

The effect of average electrode extension
lengths as a function of exothermic flux
concentration for Part 2 electrodes are
discussed later. The maximum heat input
was observed at the 10 wt-% magnesium
addition.

The electrical energy consumed must
also be considered when looking at the ef-
fect of the exothermic additions on the
calorimetrically measured heat input val-
ues. The electrical power consumed is
plotted in Fig. 2. A minimum is recorded
at the 20 wt-% level (ignoring the value of
the 0 wt-% magnesium addition) that
helps explain the minimum in measured
heat input at that same level. The obvious
maximum in electrical power consumed at
the 10 wt-% concentration level corre-
sponds to the maximum in measured heat
input with calorimetry and confounds the
ability to make simple heat input assess-
ments directly for exothermic concentra-
tion levels. Recall that all Part 2 test welds
were performed with identical welding pa-
rameters at a single melting rate. The vari-
ation in electrical power consumption is
mainly the result of the electrical proper-
ties of the arc on the welding current. The
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Fig. 3 — Measured heat input as a function of wt-% aluminum flux addition
at 110 in./min (47 mm/s) melting rate. The insert photography is bead mor-
phology of weldment with 20 wt-% of aluminum flux type electrode.

Fig. 4 — Electrical power consumed as a function of wt-% aluminum flux ad-
dition at 110 in./min (47 mm/s) melting rate.

Table 3 — Welding Parameter Schedule for Part 2

Welding Set Set Set Wire CTWD Travel Welding Electrode
Parameters Voltage Feed Speed (in.) Speed Time Polarity

Part 1* 28 V 200 ~ 300 in./min 0.75 12 in./min 20 s DCEN
(25 in./min step)

Part 2 25 V 110 in./min 0.75 12 in./min 20 s DCEN

*Welding parameters for Part 1 are shown for comparison.
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observed deviations between wires are ul-
timately due to the presence of the
exothermic constituents introduced into
the arc environment.

The measured heat input as a function
of exothermic addition results for the alu-
minum-type flux are presented in Fig. 3. A
minimum is recorded at the 30 wt-% level
(below the 59 kJ posted for the 0 wt-%)
aluminum addition electrode. Also, the
measured heat input at 10 wt-% is below

that measured for the 20 wt-%. The 10 wt-
% value and the 30 wt-% value measured
less than that of the baseline, while the 20
wt-% value measured about the same. Be-
yond the 30 wt-% level the measured heat
input appears to be linearly increasing.
The gains in measured heat at the 40 and
50 wt-% value are likely due primarily to
the increases in electrical power con-
sumption measured at these concentra-
tion levels.

The power consumed in welding, as
shown in Fig. 4, went way up with the 50
wt-% aluminum-type flux addition. These
values were repeatedly measured. The
measured heat input also correspondingly
increased to a high value, although per-
centage-wise the increase was not nearly
as extreme. The minimum power con-
sumed occurs between the 10 and 20 wt-%
flux levels and coincides with the mini-
mum recorded in measured heat input.
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Magnesium flux addition (wt-%) Aluminum flux addition (wt-%)

Fig. 5 — Measured heat input as a function of aluminum/magnesium (50/50
wt-%) flux addition at 110 in./min (47 mm/s) melting rate. The insert photog-
raphy is bead morphology of weldment with 20 wt-% of Al/Mg (50/50) flux type
electrode.

Fig. 7 — Normalized measured heat input and electrical power consumed as
a function of magnesium flux addition at 110 in./min (47 mm/s) melting rate.

Fig. 8 — Normalized measured heat input and electrical power consumed as
a function of aluminum flux addition at 110 in./min (47 mm/s) melting rate.

Fig. 6 — Electrical power consumed as a function of aluminum/magnesium
(50/50 wt-%) flux addition at 110 in./min (47 mm/s) melting rate.
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Fig. 9 — Normalized measured heat input and electrical power consumed as
a function of Al/Mg (50/50 wt-%) flux addition at 110 in./min (47 mm/s) melt-
ing rate.

Fig. 10 — Net composite gain value or difference in normalized percentages be-
tween measured heat input and electrical power consumed as a function of
exothermic flux addition.

For the fixed wire feed rate and voltage
used, the consumed welding current is ap-
proximately proportional to the wire feed
speed and should therefore be constant
for these electrodes. Given the constant
welding and setup parameters, any devia-
tions in electrical power consumed must
be due to a fundamental change in the
electrical properties of the welding
arc/electrode extension system brought on
through the presence of the exothermic
flux additions.

The measured heat input and electrical
power consumed results for the Al/Mg
(50/50 wt-%) type flux additions are pre-
sented in Figs. 5 and 6, respectively. All of
the Al/Mg (50/50 wt-%) electrodes (Fig.
5) produced measured heat inputs greater
than the 59 kJ posted for the baseline elec-
trode. A maximum of 66 kJ, occurring at
the 30 wt-% flux concentration, was
recorded. The results appear much
smoother through the concentration value
range than for the singular aluminum-
or magnesium-type flux addition cases.
The arc behavior was subjectively
smoother as well. The individual 20-s cur-
rent and voltage traces for this type of
electrode were uncharacteristically
smooth and unvarying as compared with
those of the other types of electrodes 
studied.

In the presence of both traditional
types of exothermic additions, the burning
of magnesium may make the ignition of
the aluminum easier and/or more com-
plete via catalytic reaction path kinetics
within the welding arc of the FCA welding
process. The lower combustion tempera-

ture of aluminum is, therefore, perhaps
better suited for welding than the hotter-
burning magnesium alone, while the pres-
ence of magnesium ensures more com-
plete ignition and combustion of the alu-
minum. The presence of both types of
metals in the welding arc may also en-
hance the electrical properties of the arc.

While the measured heat input as a
function of exothermic concentration is
smoothly increasing for the Al/Mg (50/50
wt-%) type flux, the electrical power con-
sumed, as shown in Fig. 6, is not. A mini-
mum of about 3700 W between the 10 and
20 wt-% concentration levels, below the
4100 W posted for the baseline weld, is ex-
hibited. The apparent maximum of only
4115 W was observed at the 30 wt-% of
Al/Mg (50/50) reactive addition, and this
maximum was followed by exhibiting lin-
early decreasing electrical power with the
40 and 50 wt-% exothermic additions
rather than increasing as with the other
two (single exothermic component) flux
types. The significant result here is that
the measured heat inputs for the Al/Mg
(50/50) type flux electrodes were strictly
increasing from the baseline value with in-
creasing concentration while the electrical
power consumed dipped down below the
baseline value. Then, the consumed power
recovered to a mere 15 W above the base-
line level (0.3% of the total average value)
at 30 wt-% before dropping off again. The
maximum measured heat input and the
maximum electrical energy consumed
points do coincide, however, at the 30 wt-
% level for these Mg/Al-type flux-filled
electrodes. Subjectively, all of the Al/Mg

(50/50) mix electrode types welded very
smoothly. The arc was stable with only
normal amounts of spatter, especially in
the lower concentration levels.

Normalized Measured Heat Input and
Electrically Consumed Energy

Dimensionless “normalized” heat
input values are obtained by simply divid-
ing out the heat input values, either calori-
metrically measured or calculated from
the electrical power, by those values taken
from the baseline condition. Figure 7 de-
picts the normalized heat input and elec-
trical power consumed as a function of wt-
% magnesium-type flux addition. At the
10 wt-% level the large current draw, ob-
viously, carries with it the large value for
the measured heat input. The art of mak-
ing sound welds in the spray mode with a
continuous consumable electrode of ex-
perimental nature seemed to often result
in unexpected electrical responses from
the power supply. The real benefit, when
corrected for the electrical energy con-
sumed, appears to be around the 40 wt-%
level. At the low wt-% of exothermic ad-
ditions, it appears that the flux core has
less ability to melt-back the electrode any
additional amount than normal with the
small amount of chemical heat available.
Here the normal self-regulation current-
voltage interaction is essentially unmiti-
gated by the presence of such a small per-
centage of exothermic chemical addition.

The physical length of the electrode ex-
tension may not be so affected at low con-
centration levels as perhaps would be the
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effects brought on through the electrical
characteristics of the arc. A drop in arc re-
sistance would cause a rise in current from
the CP power supply for a constant power
setting. At higher exothermic concentra-
tion levels, the shortening of the electrode
extension dominates the electrical proper-
ties of the electrode extension/arc system.
Both the aluminum and the 50/50 wt-%
Al/Mg mix electrodes also display electri-
cal extremes at the lowest concentration
levels; however, the results are in the op-
posite direction from the magnesium-only
case. Apparently, at the lower concentra-
tion levels the flux modification affects the
current-carrying ability of the arc, whereas
at the higher levels the electrode exten-
sion shortening dominates the electrical
behavior of the electrode extension/arc
couple.

Figure 8 shows the normalized heat
input and electrical power consumed as a
function of wt-% aluminum flux addition.
It shows a minimum in normalized electri-
cal power consumed and measured heat
input at between the 10 and 20 wt-% ad-

dition levels. The effect is just the opposite
observed with the magnesium flux filled
electrode but perhaps to less extreme. It is
speculated that the arc resistance is raised
so that the current response from the CP
power supply is negative. The normalized
measured heat input from calorimetry is
of course brought down by the electrical
power minimization at the lower concen-
tration levels. Again, at the higher levels of
exothermic flux addition, the shortening
of the electrode extension length main-
tains a dominant roll, and the measured
heat input increases smoothly with the ad-
ditional effects of chemical heating.

Figure 9 depicts the normalized heat
input and electrical power consumed as a
function of 50/50 wt-% Al/Mg-type flux
addition. Results reveal the unexpected
8% rise in measured heat input opposite
the 8% reduction in electrical power con-
sumed in the area of 10 and 20 wt-% ad-
ditions. The excess heat can only be ex-
plained by the generation of chemical
heat. The other anomaly is the linear de-
crease in both the measured heat input

and the electrical power consumed at 30
wt-% and beyond. The slope in the reduc-
tion of measured heat input is less than the
slope for the electrical power decrease.
This indicates that chemical heating in the
higher concentration levels is still signifi-
cant and at the least measurable. The peak
in measured heat input at the 30 wt-%
level does, however, coincide with the
peak in electrical power consumed. The
additional current draw carries with it at
this point a corresponding increase in
measured heat input characteristic of
welds performed without the benefit of
exothermic chemical heat generation.

Composite Gain Values for Normalized
Heat Input Benefit Plus Electrical Power
Reduction

The benefits of utilizing exothermic
flux additions appear through two mecha-
nisms. The first is the creation of chemical
heat directly via the intended chemical re-
actions while the other mechanism ap-
pears to be through a reduction in electri-
cal energy consumed, as compared to the
baseline condition. As with the electrodes
of Part 1, a net composite gain value is cal-
culated for the electrodes of Part 2. In the
earlier study, decreases in normalized
electrical power consumed with increases
in wire feed speed (or melting rate) were
recorded. This relationship is likely to
hold for the Part 2 electrodes as well, al-
though various melting rates were not in-
vestigated here. A reduction in arc resis-
tance, brought on by the broadening influx
of additional pure metal species of the

Table 5 — Percent Normalized Difference in
Electrical Power Consumed from the
Baseline Value

Wt-%
Flux 10 20 30 40 50

Flux Addition
Type
Magnesium 14.0 2.0 2.3 1.7 2.5
Aluminum –9.0 –10.0 0.2 –2.6 9.8
50-50 Al-Mg –7.8 –6.2 1.7 –0.5 –2.9

Table 4 — Percent Normalized Difference in
Calorimetrically Measured and Heat Input
from the Baseline Value

Wt-%
Flux 10 20 30 40 50

Flux Addition
Type
Magnesium 9.1 4.4 11.1 14.4 14.1
Aluminum –5.0 –4.8 –2.0 2.7 8.4
50-50 Al-Mg 6.0 7.7 11.2 10.1 9.8

Exothermic flux addition (wt-%) Exothermic flux addition (wt-%)
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Fig. 11 — Average electrode extension length as a function of exothermic flux
addition.

Fig. 12 — Average specific electrode extension length as a function of exother-
mic flux addition (specific electrode extension data are normalized values by
the welding power from Fig. 11).
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exothermic flux components (with lower
resistivities compared to iron) and a short-
ening of the arc with increasing melting
rate, could account for the apparent re-
duction in expected electrical power con-
sumed. The normalized dimensionless pa-
rameter values are presented in tabular
form. Table 4 lists the percent normalized
difference from baseline in measured heat
input of the Part 2 electrodes.

The highest increase in measured heat
input occurs with the magnesium-type flux
at 40 wt-% flux concentration. The value
posted represents about a 14.5% increase
over the baseline. The 50 wt-% magne-
sium-type electrode produced slightly less
measured heat input at about 14% over
the baseline. The apparent anomaly with
the magnesium-type flux is at the 20 wt-%
flux concentration level of only 4% above
the measured heat input for the baseline.
The 20 wt-% level is precisely the concen-
tration level of the early magnesium-type
flux that resulted in an overall experimen-
tal maximum of slightly more than a 22%
increase from the Part 1 study. The Part 1
electrodes contain twice the magnesium
as required by stoichiometry and were
filled to 20% higher flux-to-sheath ratios.
Also, the 200 in./min melting rate of the
Part 1 electrode is just about twice the 110
in./min used in Part 2. These reasons may
explain the differences in absolute mea-
sured heat values but do not explain the
relative maximum/minimum difference.

The aluminum-type flux posted a max-
imum measured heat input at the 50 wt-%
level of about 8% over the baseline. The
–5% measured heat input at the 10 wt-%

was a minimum for all of the Part 2 elec-
trodes. The trend of increasing relative
measured heat input with aluminum-type
flux addition is smoothly varying but when
compared to the baseline value a minimum
extreme occurs somewhere between the 10
and 20 wt-% levels and coincide with a
large drop in electrical power consumed.

The percent normalized difference in
calorimetrically measured heat input from
the baseline value for the 50/50 wt-%
Al/Mg-type flux shows a maximum of
slightly more than 11% at the 30 wt-% con-
centration level. The minimum is recorded
at the 10 wt-% level with a 6% increase in
measured heat over the baseline. The
smooth all positive responses of the 50/50
wt-% Al/Mg electrode and the smooth
largely negative responses of the alu-
minum-type electrode contrast with the ex-
tremes of the magnesium-type electrode.

The percent normalized difference in
electrical power consumed from the base-
line condition is presented in Table 5. The
noticeable result is the obvious spike in rel-
ative electrical power consumed of the
magnesium-type electrode at the lowest
wt-% tested. Magnesium, like aluminum,
has a higher electrical conductivity value
than iron, and like aluminum, the oxide
formed via the exothermic reaction leads
to a rather effective electrical insulator.
When introduced in powdered form into
the arc environment at the expense of the
iron, one might expect that the arc resis-
tance should either be raised or lowered
compared to the baseline condition. An in-
teresting fact concerning power transfer
through a variable load resistor is that the

power absorbed by this resistor is maxi-
mized when the load resistance happens to
equal the instantaneous internal power
source resistance (see Appendix). Also,
power cannot be absorbed whenever the
load resistance is infinite (open circuit) or
zero (short circuit), and all of the energy
absorbed by the load resistor is dissipated
and converted to heat by the resistor. Prac-
tically no other “work” is being performed
by this energy. The point is that whenever
the load resistance, in this case the arc re-
sistance, passes through an ohmic value
precisely equal to the internal resistance of
the CP power supply, then the power dis-
sipated and converted to heat in this load
resistor will pass through a maximum. Per-
haps the combination of easily ionized,
highly conductive pure metal powders and
the rapid creation of metal oxides of negli-
gible electrical conductivity within the arc
are modifying the arc resistance such that
a peak in power consumed occurs. If this
situation is indeed the case, then one could
calculate the arc/electrode extension resis-
tance at this point knowing the source volt-
age and source resistance values. The
source resistance could be modulated for a
given welding condition until the power
consumed, as measured by the welding
current, was maximized. That this mea-
sured peak in relative power consumed for
the magnesium-type electrode is, in fact,
the maximum recorded throughout this
study lends credence to the idea of a reso-
nant arc (load) resistance value being 
encountered.

The arc resistance can never be nega-
tive and as such the electrical power con-

Exothermic flux addition (wt-%) Exothermic flux addition (wt-%)

A
ve

ra
ge

 w
el

d 
de

po
si

t m
as

s 
(g

ra
m

s)

Sp
ec

ifi
c 

av
er

ag
e 

w
el

d 
de

po
si

t (
gr

am
s/

kW
)

Fig. 13 — Average weld deposit mass as a function of exothermic flux addition. Fig. 14 — Specific average weld deposit mass as a function of exothermic flux
addition (specific weld deposit data are normalized values by the welding power
from Fig. 13).
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sumed cannot be negative, but the differ-
ence in normalized electrical power con-
sumed compared to the baseline value can
be, as is the case for the aluminum and
50/50 wt-% Al/Mg type electrodes. The 50
wt-% aluminum-type flux electrode shows
a high value for relative power consumed,
similar to but slightly less than the maxi-
mum recorded for the 10 wt-% magne-
sium electrode. It is speculated that the
arc resistance here is also approaching
that of the power supply, resulting in a rel-
ative peak in power consumed. It does not
matter from which side of this supply re-
sistance value that the arc (load) resis-
tance approaches, only that a maximum
power transfer condition results when
they are equal and a relative local maxi-
mum is encountered when the absolute
difference is minimal.

The net composite gain values are tab-
ulated in Table 6 and plotted in Fig. 10.
The maximum net composite gain value
occurs between the 10 and 20 wt-% elec-
trodes of the 50/50 wt-% Al/Mg type flux.
These electrodes used much less electrical
power than the baseline comparative
while posting positive gains in relative
measured heat input values. With both
aluminum and magnesium metal powder
additions, each with a lower electrical re-
sistivity value than iron, the electrical re-
sistance of the electrode extension is likely
less than that of the pure iron powder
baseline. With more than one possible re-
action path available over a large temper-
ature range within the arc, the resulting ki-
netics is perhaps most favorable with this
type of flux as well. The arc is known to
have regions of constant temperature,
both spatially within the arc volume and
quantitatively over a wide range of current
values. Some regions may favor the reac-
tions that associate themselves with the
“best” temperature of combustion in the
cooler outermost regions of the arc and
near the boundary layers surrounding the
superheated molten droplets. These
“mixed” type electrodes were subjectively
the smoothest welding electrodes of the
combined studies.

The next-highest net composite gain
value occurs with the 40 wt-% magnesium-
type electrode. At this concentration level,

this type of electrode posted the highest
normalized measured heat input (Table 6)
in spite of the large spike in electrical
power consumption at the 10 wt-% level.

The aluminum-type electrode shows
two peaks in net composite gain value of
about 5% occurring at the 20 and 40 wt-%
levels. In between, at the 30 wt-% level, a
spike in relative electrical power con-
sumed (as shown in Fig. 4) happens to
occur. The dip might be due to a resonant
arc/electrode extension resistance value
being encountered, and when the equiva-
lent electrical heat is subtracted from the
measured heat value, a local dip between
the bordering net value results.

Electrode Extension Lengths and 
Weld Deposit Mass

When considering the arc as a variable
load resistor in a simple circuit, the prop-
erty of electrical conductivity or the in-
verse, electrical resistivity, of the changing
components of the arc/electrode exten-
sion system (namely the exothermic flux
additions) must be considered. The
exothermic flux additions are the only
constituents being systematically changed
that can alter the properties of the
arc/electrode extension environment.
Table 7 lists the average voltages, current,

electrical power consumed, and average
measured electrode extension lengths
along with average deposit mass and nor-
malized (specific) electrode extension and
deposit masses.

Although the set machine voltage for
all welds was 25 V, the measured results
were consistently 26 V. The higher voltage
realized may be due to a shorter average
electrode extension length than normally
achieved with commercial FCA welding
electrodes, a result of the exothermic ad-
ditions, even for the baseline. Figure 11
shows the average electrode extension
lengths as a function of exothermic flux
concentration. Very little variation is
noted. At the 30 wt-% and above level, the
aluminum-type electrode extension is
about 2 mm longer than the magnesium
and 50/50 wt-% type electrodes and only
about 1 mm longer than the baseline. Fig-
ure 12 shows the electrode extension data
normalized by the welding power. In this
case all of the aluminum-type electrodes
have longer normalized electrode exten-
sion lengths than the baseline electrode
while all of the magnesium and 50/50 wt-
% type electrodes have shorter lengths.

Aluminum has a lower resistivity than
the magnesium so the resulting joule heat-
ing of the electrode extension might be
less for this type of electrode. At the time

Table 7 — Average Welding Electrical Consumption Values, Electrode Extension Lengths, and
Specific Deposit Masses for Part 2 Electrodes

Electrode Avg. Avg. Avg. Avg. Specific Avg. Specific
Type Voltage Current Power Electrode Electrode Deposit Deposit

(V) (A) (kW) Extension Extension (g) (g/kW)
(mm) (mm/kW)

Baseline 26.1 154.9 4.05 16.9 4.2 8.1 2.0

Al flux additions

10% Al 26.2 140.4 3.7 17.5 4.8 8.3 2.3
20% Al 26.0 133.8 3.5 16.5 4.8 9.3 2.6
30% Al 26.1 155.0 4.1 17.8 4.4 10.3 2.5
40% Al 26.2 150.2 4.0 18.2 4.6 9.3 2.2
50% Al 26.3 162.5 4.3 17.8 4.2 8.9 2.1
Group Avg. 26.2 148.2 3.9 17.5 4.5 9.2 2.2

Mg flux additions

10% Mg 26.3 177.6 4.7 16.8 3.6 9.2 2.0
20% Mg 26.2 159.1 4.2 16.8 4.0 8.3 2.0
30% Mg 26.3 159.6 4.2 16.8 3.6 10.8 2.6
40% Mg 26.2 158.9 4.2 15.2 3.7 11.4 2.7
50% Mg 26.2 160.0 4.2 15.2 3.7 10.8 2.6
Group Avg. 26.2 163.0 4.3 15.9 3.7 10.1 2.4

Al/Mg (50/50) flux additions

10% Al-Mg 26.0 143.8 3.7 14.5 3.9 11.1 3.0
20% Al-Mg 26.1 145.3 3.8 15.0 3.9 11.0 2.9
30% Al-Mg 26.2 157.0 4.1 16.1 3.9 10.1 2.7
40% Al-Mg 26.2 153.8 4.0 15.1 3.8 10.8 2.7
50% Al-Mg 26.1 150.3 4.0 14.7 3.8 10.6 2.7
Group Avg. 26.1 150.0 4.0 15.1 3.8 10.9 2.8

Table 6 — Net Composite Gain Value 
(Dimensionless Normalized Energy Scalar)

Wt-%
Flux 10 20 30 40 50

Flux Addition
Type
Magnesium –4.9 2.5 8.8 12.7 11.5
Aluminum 3.9 5.1 –2.2 5.3 –1.5
50-50 Al-Mg 13.8 13.9 9.5 10.7 12.8
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that this research was conducted in the
late 1990s, all of the available GMA weld-
ing electrode extension computer models
reported a predicted length to no better
than plus and minus the electrode diame-
ter. For the 1⁄16-in.-diameter electrodes
used for this research that error equates to
about 1.6 mm. The “shut off and snip”
method employed appears valid to the
same tolerance level or better if the diam-
eter of the ball forming at the end, if pre-
sent, or any hint of the formation of the
ball is ignored. While the measurements
and the accounting data are recorded to
one or two decimal places, this practice
was carried out in an effort to maintain
precision for comparative purposes inter-
nal to this study and is, obviously, not
meant to imply such a high level of ab-
solute accuracy. Room-temperature mea-
surements with a digital ohm meter of the
welding machine apparatus taken from a
representative electrode tip and work sur-
face (with the system shut down) were in-
conclusive suffice to say that it was less
than 500 mΩ. The suspected arc load re-
sistance variation and its effect on the
power consumption through the power
supply along with the self-regulation as-
pect on electrode extension length pre-
cludes direct assessment of exothermic
flux additions on electrode extension
length at this time.

The average weld deposit mass as a
function of exothermic flux addition con-
centration level is given in Fig. 13. All of
the electrodes recorded deposit masses
greater than the baseline electrode except
for the 10 wt-% aluminum and 20 wt-%
magnesium type flux electrodes, which at
least matched the baseline deposit mass.
The highest deposit values were recorded
with the 10 and 20 wt-% reactive additions
in 50/50 wt-% Al/Mg flux type electrodes
at around 11 g. The 40 wt-% magnesium
flux type recorded the maximum deposit
mass of 11.35 g. The 30 wt-% aluminum
type flux electrode recorded a group max-
imum of 10.3 g. Not surprisingly, maxi-
mum deposit values of this group coincide
with overall arc process efficiency maxima
in 50/50 wt-% Al/Mg flux. Worth noting,
however, is the fact that small adjustments
to the welding parameter schedule might
well optimize any specific Part 2 electrode.
Higher melting rates, for instance, would
likely result in higher exothermic heat
benefits along with higher deposit masses.

Figure 14 shows the average weld de-
posit mass normalized by the welding
power consumed as a function of wt-%
exothermic flux addition. The results
clearly show the benefits of the exother-
mic additions in average mass of weld de-
posit per kW electrical energy consumed.
The 10 wt-% of Al/Mg flux type electrode
recorded a specific deposit of 3 g deposit

per kW consumed. The result represents a
50% increase over the 2 g/kW of the base-
line average. Second highest of all the
electrodes in specific deposit occurred
with the 40 wt-% magnesium flux type
electrode with 2.7 g/kW, a 35% increase.
The highest specific deposit for the alu-
minum flux type group occurred at the 20
wt-% level with a 2.6 g/kW value, a 30%
increase from the baseline value. None of
the Part 2 electrodes underperformed the
baseline in specific weld deposit results. A
50% increase in specific deposit with only
a 10 wt-% modification to a commercial
self-shielded FCA welding flux formula
using “canned” welding parameters and
achieving a sound weld is rather remark-
able. One could conceivably save half in
electrical energy or weld 50% more with
the same electricity. Further gains are
likely feasible with parametric electrode
optimization studies.

Conclusions

Based on the experimental results ob-
tained in this study, the following conclu-
sions were summarized:

1. The highest increase in normalized
measured heat input for this Part 2 study
over the new baseline electrode occurs
with the magnesium-type flux at a 40 wt-%
flux concentration of 14% over the 
baseline.

2. The aluminum-type flux posted a
maximum measured heat input at the 50
wt-% level of about 8% over the baseline.

3. The calorimetrically measured heat
input from the baseline value for the
Al/Mg (50/50) type flux shows a maximum
of slightly more than 11% at the 30 wt-%
concentration level.

4. The maximum net composite gain
value occurs between the 10 and 20 wt-%
electrodes of the wt-% Al/Mg (50/50) type
flux. These electrodes used much less elec-
trical power than the baseline compara-
tive while posting positive gains in relative
measured heat input values.

5. All of the aluminum-type electrodes
have longer normalized electrode exten-
sion lengths than the baseline electrode
while all of the magnesium and Al/Mg
(50/50) electrodes have shorter lengths.

6. All of the electrodes recorded de-
posit masses greater than the baseline
electrode. The highest deposit values were
recorded with the 10 and 20 wt-% Al/Mg
flux type electrodes.
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Appendix: Maximum Electrical
Power Transfer* or One Reason
Why Arc Welding Processes
Show Variance

BY S. H. MALENE

Enough is presently known about the
gas tungsten arc welding (GTAW) process
to be able to calculate the energy needed
to obtain a desired depth of penetration in
a given type of metal. However, the arc
process efficiency values can range from 0
to 95% efficient for the process in general,
and can easily run to ±10% within a “qual-
ified” welding process. Therefore, there is
as yet no substitute for running qualifica-
tion welding runs. The electronic controls
are very precise but the nature of the arc
plasma itself is the primary cause of much
of the imprecision. The interrelationships
of the primary process variables can act to
exacerbate this imprecision, or with
proper development and statistically de-
rived nominal settings, much of the vagary
can be effectively damped out. This later
situation leads to a “robust” welding
process that is generally very repeatable.
However, on occasion even a well-devel-
oped arc welding process can “go away”
and may need to be “redeveloped.” Very
subtle changes within the arc environment
can interact with the welding power sup-
ply resulting in unpredicted outcomes of
the physical properties of the weld. Not
enough is known about the physics of the
plasma to be able to control or measure
the necessary physical characteristics to
effect closer tolerance of the process. Sim-
ilar conditions exist with resistance weld-
ing, only substitute “the volume of metal
undergoing joule heating and plastic de-
formation” for the arc plasma and “resis-
tance welding” for GTAW in the following
descriptions. The following discussion uti-
lizes Ohm’s law to elucidate one probable

Fig. A — Simple circuit. RL = variable load resis-
tor; RS = “fixed” welding system resistance be-
tween the arc anode and cathode; and VS = the
welding supply voltage.

A
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cause for GTAW weld variability. The out-
come of the discussion is meant to show
that at least one source of this variability,
a change in the internal power supply re-
sistance, can be minimized by using iden-
tical welding machine equipment and an-
cillary process setup items for both
development and production.

Consider the welding arc as the vari-
able load resistor RL in the simple circuit
of Fig. A. RS is the “fixed” welding system
resistance between the arc anode and
cathode, VS is the welding supply voltage.
For a resistor, the terminal variables are
related through Ohms’ law, V = IR, so that
the power delivered into the load resistor
is as follows: P = VI = I2R = V2/R.

Since either the voltage V or the cur-
rent I is squarred in the power relation-
ship, the power delivered into a resistor R
cannot be negative. A resistor always re-
sists current flow and therefore will always
absorb power. The energy absorbed by the
load resistor is the power (as a function of
time) integrated over time, given in watts
(as a function of time), W(t):

All of the energy absorbed by the load
resistor RL is dissipated physically by the
resistor in the form of heat. All of the
power (PS of the RS, VS combination in the
dashed box of Fig. A) supplied by the volt-
age VS goes into the load resistor RL.
Therefore, the power PL, dissipated in the
welding arc is the power received by the
arc in load resistance RL:

When the arc resistance is zero, repre-
senting an electrode stub-out condition,
or infinite, representing the open circuit
condition, no power is delivered by the
supply and no heat is generated. Stated
succinctly, a short or open circuit cannot
transfer any power.

Obviously from the latest equation for
the power absorbed by the load, PL above,
for some value of RL between infinity and
zero the power absorbed will peak. To find
the value of RL that will maximize the load
power, PL is differentiated with respect to
RL, the result is then set to zero and solved
for RL:

This is true whenever RL = RS. Thus,
when the arc resistance precisely matches
the resistance of the voltage source (the
resistance of the combined welding power
supply, workpiece, electrode, and leads),
the maximum power available is supplied
to the arc. By substituting the now equiva-
lent resistance values into the expression
for the power of the arc (load), the maxi-
mum power dissipated by the arc 
becomes:

To control the performance of a weld-
ing power supply, the operator sets the
voltage value or the current level, and the
supply manufacturer minimizes the inter-
nal resistance. Interestingly, the power
being dissipated in the arc, PL, during
welding is also being matched and dissi-
pated by that of the power supply, PS. The
same quantity of heat energy being used to

weld from the arc is being dissipated by the
power supply. A welding power supply of
finite size must therefore periodically be
allowed to idle a certain percentage of the
time used for welding to avoid a meltdown
of the internals. Manufacturers express
this in terms of a machine duty cycle for a
given power setting. Duty cycle is the
amount of idle time to welding arc-on time
in a 10-min interval for a given power set-
ting in percent. In general, of course, the
load resistance is semifixed in the steady-
state welding condition while the power
supply and the weld fixturing fix the source
(internal) resistance. The power supply
usually gives less power than it is capable
of, the maximum allowed by the machine
settings, except whenever the arc resis-
tance happens to match the supply 
resistance.

Figure B is a graphical representation
of the power dissipated in the arc, PL, as a
function of the variable arc load resistance
RL. Minimization of the internal power
supply resistance by using massive copper
windings provides for the highest available
power and allows for good heat dissipa-
tion and higher duty cycles, but at higher
material costs.

The dashed line represents a smaller
internal supply resistance, by a factor of
three, from the solid line resistance, and
can therefore result in three times the
maximum available power.

Figure C is a simple circuit schematic
representation of the maximum power
dissipation condition, when RL = RS =
one-quarter of the square of the supply
voltage divided by this resistance. The
power that must be physically dissipated in
the form of heat for both resistors, the arc
and the power supply, is the same maxi-
mum value. Of course the welding arc is
not just a simple variable load resistor but
has capacitance and inductance proper-
ties as well, and the heat dissipated (pro-
duced for welding) is not all due to joule
(I2R) heating.

The gas tungsten arc welding process
utilizes a constant-current type of power
supply. For a given cover gas the voltage is
a direct linear function of the physical arc
gap dimension, the distance from the work
surface to the tungsten electrode surface
(the distance between the anode and cath-
ode terminal ends defining the arc length)
barring surface charge effects. Any physi-
cal change in this dimension during weld-
ing changes the voltage and therefore, for
a given current setting, the arc resistance.
If this change is toward the “peak” value,
coming from either side, the actual power
delivered into the work will change to a
higher value. Likewise, if the arc resis-
tance changes away from the peak value a
lesser amount of power will be supplied.
Anything that affects the instantaneous
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Fig. B — Graphical representation of PL, the
power dissipated in the arc, as a function of RL,
the variable arc load resistance.

Fig. C — Simple circuit schematic representation
of the maximum power dissipation condition. RL
= RS = one-quarter of the square of the supply
voltage divided by this resistance.
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resistance value of the arc column will
have an effect on power consumption.

Commercial power supplies are made
to operate in the most efficient region —
that necessarily being close to that yielding
maximum power for a given operating
range. Therefore, small perturbations
from either within the arc environment or
changes to the internal resistance of the
machine and ancillary components can
easily result in measurable variations in
heat input that will physically relate to weld
geometry variations. Usually the depth of
penetration is the primary response vari-
able to changes in heat input. Clearly,
small variations in welding machine and
ancillary equipment internal resistance
values can have a significant effect on the
outcome of a welding operation. Differ-
ences between machine manufacture
brands and models are expected.

Also of note is that Ohm’s law cannot
hold within the arc when the charge car-
rier species are physically changing in type
and amount as might be expected to result

from nonsteady-state transient power
consumption variations. The maximum
power transferred from a welding ma-
chine through the arc will occur whenever
the arc load resistance matches the system
hardware internal resistance in a resonant
(value over time) manner. This phenome-
non is offered here as a partial explanation
for the apparent dependence of arc weld-
ing processes on the operator and devel-
opment engineer skill level and expertise.
A simple technique to minimize this de-
pendence is to use identical welding
equipment through development and into
production.

* Budak, A. 1987. Circuit Theory Fundamentals
and Applications, 2nd ed. Englewood Cliffs, N.J.:
Prentice-Hall, Inc., ISBN 0-13-134057-3 025,
pp. 136–140.
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