
Introduction
     Fume emission in gas metal arc
welding (GMAW) is a major health
concern to workers due to the numer-
ous carcinogenic and respiratory is-
sues associated with metallic inhala-
tion (Refs. 1–6). Industrial welding
shops have utilized several methods to
alleviate fume inhalation problems
such as proper ventilation, different
waveforms, wire selection, and/or
welding parameters (Ref. 7). These
methods have proven to be effective,
but with health organizations continu-
ally mandating a lowering of the occu-
pational exposure limit (OEL), new

methods are needed to reduce fume
generation (Ref. 4).
     Fume generation has been extensive-
ly studied both experimentally (Refs. 2–
4, 8, 9) and theoretically (Refs. 1, 6, 10,
11). In GMAW, the majority of fumes
are created at the electrode due to over-
heating at the anode surface. This is evi-
dent in the fume emission differences
exhibited between autogenous gas
tungsten arc welding (GTAW) and
GMAW (Refs. 3, 6). Models of GMAW
during electrode heating have shown
that droplet temperature is influenced
by droplet size (Refs. 6, 9) and metal
transfer mode (Ref. 12) and can qualita-
tively help understand fume emission.

     It has been determined from mod-
els and past experimentation that cur-
rent is an important experimental
variable due to its role in resistive
heating and metal transfer mode (Ref.
6). Different welding parameters have
resulted in variation when measuring
droplet temperature and have ranged
between 1700° and 2700°C (3092° and
4892°F) depending on anode composi-
tion, cathode composition, and shield-
ing gas (Refs. 12–26).
     Literature focuses primarily on de-
termining temperature distributions as
a function of current. Unlike others who
had looked at a large range current,
Soderstrom’s (Refs. 12, 27) work fo-
cused on measuring droplet tempera-
ture in the transition zone between
globular and spray transfers. The transi-
tion zone is an area commonly referred
to as projected spray transfer and is an
area where droplet detachment frequen-
cy is higher than globular transfer with-
out excessive heating found in spray
transfer (Refs. 4, 28). Soderstrom found
a local minimum in droplet temperature
in the transition zone between globular
and spray metal transfer in carbon steel,
stainless steel, and aluminum using
pure Ar shielding gas. The transition
zone was found to be around 205 A at
1800°C (3272°F) in carbon steel and is
useful to the development of new wave-
forms as the lower droplet temperature
can reduce fume emission. Temperature
values of 1800°C (3272°F) were also
found in globular transfer, but poor
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welding characteristics make globular
metal transfer mode undesirable in
industry (Ref. 4). Soderstrom’s work
was later verified by Scott’s (Ref. 24)
work, which had very similar results for
carbon steel. Scott found the transition
zone at 205 A with a minimum in
droplet temperature of ∼2200°C
(3992°F).
     Siewert (Ref. 25) used a combination
of pyrometry and calorimetry to meas-
ure droplet temperature for a pure Ar,
pure iron system in pulsed GMAW.
Siewert found the average droplet tem-
perature to be 2200°C (3992°F) and
showed that the surface temperature of
droplets is significantly higher near the
anode arc attachment spot reaching up-
ward of 2700°C (4892°F) due to local-
ized overheating. Yamazaki and Tanaka
(Refs. 21, 22, 29) measured overall
droplet temperature for carbon steel in
constant voltage mode using pure CO2
and 20% CO2-80% Ar shielding gas en-
vironments. Tanaka’s results found that
droplet temperature ranged between
1900° and 2300°C (3452° and 4172°F)
when utilizing pyrometry. Pyrometry is
beneficial as the surface temperature of
the droplet can be measured without
disruption of the system, but it is not al-
ways the best indication of the overall
droplet temperature (Ref. 12). Large un-
certainties in pyrometry can arise due
to the metallic evaporation and plasma

radiation associated with welding
processes (Ref. 21).
     Zielinska (Refs. 30, 31) looked at
the effect of increasing CO2 in Ar-CO2
blends and found that the transition
current between globular and spray
transfer increases with higher con-
centrations of CO2. Zielinska (Ref.
30) found a transition current of
∼252 A, 280 A, and 330 A for pure
Ar, 5% CO2-95% Ar, and 10% CO2-
90% Ar, respectively.
     The region near the transition zone
has shown a minimum in droplet tem-
perature utilizing pure Ar shielding gas
(Ref. 12). Droplet temperature using
Ar-CO2 blends has been determined in
past literature, but a comprehensive
graph has yet to be determined show-
ing the change in droplet temperature
with changing current and CO2 con-
centration. This paper focuses on ex-
ploring the effects of Ar-CO2 shielding
gas blends on the overall droplet tem-
perature near the transition zone.

Experimental Setup
     The experimental setup is identical
to the calorimeter setup used by Scott,
as seen in Fig. 1 (Refs. 23, 24). The
setup is divided into several parts in-
cluding the solid-state calorimeter, wa-
ter-cooled copper cathode, custom
contact tip, and synchronized high-

speed videography with data acquisi-
tion. The unique nature of this setup
allows cathodic and anodic heat inputs
to be measured independently. Meas-
urements are limited to free-flight
metal transfer modes only and cannot
measure short-circuit waveforms.
     Two welding power supplies were
used in this research. Tests utilizing
pure Ar and 5% CO2-95% Ar shielding
gas were performed with a Lincoln
Power Wave S500 and a Lincoln 84
Dual Feeder using program 5 (weld set
reference: Z153615). Tests utilizing
10% CO2-90% Ar shielding gas were
performed with a Miller PipePro
450RFC and a Miller PipePro Single
Feeder. All welds were done in con-
stant voltage mode in direct current
electrode positive polarity. The weld-
ing gun was a Tregaskiss Tough Gun
I.C.E. water-cooled robotic GMAW
gun. The wire used in all experimenta-
tion was a 0.045-in.- (1.143-mm-) di-
ameter ER70S-6 carbon steel elec-
trode. Shielding gases were mixed to
35 ft3/h (16.52 L/min) using an
OMEGA FL-6GP-40ST-40ST-40ST gas
proportioning rotameter.
     The main function of the water-
cooled copper cathode was to maintain
an arc during experimentation. The
design of the copper cathode allowed
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Fig. 1 — Solidstate copper calorimeter and copper cathode setup (not to scale) (Refs.
23, 24).

Fig. 2 — Custom contact tip used during
experimentation to determine exact con
tact point. A tungsten indicator was used
to set an exact electrode extension visible
in the highspeed videos (Ref. 24).

Table 1 — Summary of Droplet Temperature Utilizing Different ArCO2 Blends

                  Shielding Gas                   Droplet Temperature Range (°C)                 Transition Temperature (°C)                 Transition Current (A)

                       Pure Ar                                           2050–2709                                                   2254 ± 24                                            206 ± 2.0
                 5% CO295% Ar                                     2039–2715                                                   2119 ± 22                                            230 ± 2.3
               10% CO290% Ar                                   2223–2550                                                   2223 ± 24                                            270 ± 2.7
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for passage of molten droplets from
the electrode to the calorimeter, as
shown in Fig. 1. The flow rate of the
water was monitored with a Kings
7520 7C-02 flow meter. Typical water
flow rate was 0.34–1.00 ± 0.02
gal/min (1.29–3.79 ± 0.076 L/min).
Omega GKQSS-18G-12 K-type ther-
mocouples were used to measure the
inlet and outlet temperature of the
water with an accuracy of ± 0.4%.
     A solid-state high-purity copper
calorimeter was used to calculate ini-
tial droplet temperature. The cylindri-
cal calorimeter had a height of 35 mm
(1.38 in.), diameter of 50.8 mm (2 in.),
and was positioned 127 mm (5 in.) be-
low the water-cooled copper cathode.
A solid-state calorimeter was more de-
sirable than water-based calorimeters,
as there is less error due to no heat
loss from water evaporation (Ref. 24).
Ten Omega GKQSS-18G-12 K-type
thermocouples were used to measure
the temperature of the calorimeter.
The locations of the thermocouples
were selected to use a second-order
polynomial as described in Refs. 23
and 24. Droplets that fell onto the

calorimeter were weighed using an
Adam PGW 4502e scale with an accu-
racy of ± 0.01 g (0.0022 lb). Properties
of pure copper and pure iron were
used for the calorimeter and wire, re-
spectively (Ref. 32). With known prop-
erties of the copper and wire, known
mass of the droplets, and known tem-
perature increase in the calorimeter,
the change in enthalpy was used to
calculate the initial droplet tempera-
ture. Calibration tests using molten tin
have shown that the accuracy of the
enthalpy measurements varies by 
± 1.1% when the final calorimeter
temperature is kept below 187°C
(368.6°F).
     A known electrode extension allows
for proper calculation of resistive heat-
ing into the wire electrode. Industrially
used contact tips can have variance in
the measured electrode extension dis-
tance due to unknown contact points
within the contact tip (Ref. 24). To en-
sure that a constant electrode extension
was maintained during testing, a cus-
tom contact tip was used, as shown in
Fig. 2 (Ref. 24). The custom contact tip
gives a known contact point used to

measure the electrode extension during
welding. A known electrode extension
allows for more repeatable experimen-
tation and can be used for future calcu-
lations. A tungsten indicator was set to
the desired electrode extension dis-
tance. Voltage settings were adjusted
during welding until the desired elec-
trode extension was visually verified us-
ing the tungsten indicator and high-
speed camera. Current was controlled
by varying wire feed speed with a reso-
lution of 1 in./min (0.0254 m/min).
Voltage settings changed based on the
wire feed speed value selected. All tests
done in this research had an electrode
extension of 12.5 mm (0.49 in.) and arc
length of 12.5 mm (0.49 in.).
     High-speed videography was taken
during experimentation to confirm that
the desired metal transfer mode was
achieved. A Phantom V210 high-speed
camera was used with a 850-nm-long
wave pass filter to capture the free-
flight metal transfer. Voltage and cur-
rent data acquisition were captured
alongside the high-speed videography
to determine average welding parame-
ters. A LEM LV 25-P voltage transducer
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Fig. 3 — Droplet temperature measurements in GMAW using a
0.045in. (1.143mm) diameter ER70S6 carbon steel wire with pure
Ar shielding gas (Refs. 12, 24). Photographs on the graph show metal
transfer modes at different currents.

Fig. 4 — Effect of ArCO2 shielding gas blends on droplet temper
ature using a 0.045in. (1.143mm) ER70S6 carbon steel wire.
Electrode extension and arc length were both 12.5 mm (0.49 in.).

Table 2 — Summary of Efficiency and Heat Distribution in 5% CO295% Ar Shielding Gas Experimentation

Metal Transfer Mode                        Thermal Efficiency (%)                      Cathode (%)                                Anode (%)                             Losses (%)

           Overall                                                 69.7 ± 3.7                                   47.2 ± 3.5                                  21.9 ± 1.0                             30.3 ± 3.7
         Globular                                                68.1 ± 3.8                                   47.4 ± 3.8                                  21.2 ± 1.0                             31.9 ± 3.8
        Transition                                              72.3 ± 3.9                                   50.7 ± 3.7                                  21.0 ± 0.9                             27.7 ± 3.9
            Spray                                                  69.2 ± 3.6                                   45.8 ± 3.6                                  22.4 ± 1.0                             30.8 ± 3.6

Values displayed are total heat input percentages and are an average of several tests. (Note: Values do not add up to exactly 100% due to test averaging.)
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and LEM HTA 600-S current transducer
were used to capture voltage and cur-
rent with an accuracy of ±0.9% and
±1.0%, respectively. The analog signals
from these transducers were captured
with a National Instruments USB 6351
X series data acquisition device at
50,000 Hz. The high-speed camera was
connected with the National Instru-
ments data acquisition device allowing
synchronization of the high-speed
videos with the data acquisition. The
synchronized high-speed videos allowed
for close monitoring of any changes
found in experimentation.
     The combination of the water-
cooled cathode, calorimeter, and data
acquisition system was used to calcu-
late overall thermal efficiency and heat
distribution of the system. Overall
heat input of the system was calculat-
ed with Ohms law, utilizing average
voltage and current readings. Heat in-
put into the droplets and the cathode
were calculated and added to compare
with the overall heat input. Tempera-
ture differences in the water inlet and
outlet reached steady state after ap-
proximately 20 s. Welding was main-
tained for approximately 30 s in the
efficiency calculation tests to ensure
steady state was reached.

Results

     Droplet temperature was measured
for pure Ar, 5% CO2-95% Ar, and 10%
CO2-90% Ar shielding gases as a func-
tion of current and is summarized in
Table 1. The pure Ar tests are shown in

Fig. 3 with the changes in metal trans-
fer mode as a function of current. The
results of all droplet temperature
measurements are shown in Fig. 4. All
shielding gases had a local minimum
droplet temperature and showed a
change in metal transfer mode. Exper-
imentation was not extended to high-
er currents to avoid streaming or ro-
tating metal transfer mode. The trend
lines shown in Figs. 3 and 4 are an es-
timate and were manually fitted. Cur-
rent work aims at developing a mod-
eled formula for objective fitting. The
5% CO2-95% Ar tests had the lowest
minimum droplet temperature at
2119°C (3846.2°F) with the pure Ar
and 10% CO2-90% Ar having a similar
minimum droplet temperature of
∼2230°C (4046°F).
     A higher concentration of CO2 in
the Ar-CO2 blends was found to shift
the transition zone to higher currents.
The transition zone was located at ap-
proximately 206 A, 230 A, and 270 A
in the pure Ar, 5% CO2-95% Ar, and
10% CO2-90% Ar tests, respectively.
Figure 5 shows the difference in metal
transfer modes between a pure Ar and
5% CO2-95% Ar test. Both tests in Fig.
5 have an average current of 241 ± 2 A,
droplet temperature of ∼2500 ± 27°C
(4532 ± 48.6°F), and resemble spray
transfer. The tail in the pure Ar test
is longer, indicating easier droplet 
detachment.
     Thermal efficiency and heat distri-
bution measurements were performed
using 5% CO2-95% Ar shielding gas, as
shown in Table 2 and Fig. 6. Average
overall thermal efficiency was 69.7 
± 3.7% and ranged between 60 and
78%. The remaining energy was lost

due to vaporization, thermal radia-
tion, and missed droplets. The thermal
efficiency is broken up with approxi-
mately 2⁄3 and 1⁄3 of the energy being dis-
tributed to the cathode and the anode,
respectively. Efficiency was found to
be the highest in the transition zone
with similar efficiencies in globular
and spray metal transfer mode.

Discussion
     The results using pure Ar are in
good agreement with recent work 
that measured droplet temperature
between ∼1900° and 2600°C (3452°–
4712°F), as shown in Table 1 and Fig.
3 (Refs. 20–22, 25, 26, 29). A transi-
tion current of 206 A gave a minimum
in droplet temperature of 2254°C
(4089.2°F) and is in good agreement
with findings by Soderstrom and Scott
who observed the minimum at 205 A
(Refs. 12, 24, 27).
     It is currently unknown if the mini-
mum droplet temperature found is the
actual minimum droplet temperature.
As shown in Fig. 3, Soderstrom found
a minimum droplet temperature at
significantly lower temperatures than
that found in this paper (Ref. 12). Sev-
eral attempts were made to find a
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Fig. 6 — Thermal efficiency and energy partition in the 5% CO295% Ar shielding gas
tests. (Note: Values do not add up to exactly 100% due to test averaging.)

Fig. 5 — Left: pure Ar; Right: 5% CO295%
Ar. Effect of increasing CO2 concentration
in ArCO2 shielding gas blends on droplet
formation. Tests have a measured
droplet temperature of 2500°C (4532°F)
and average current of 241 A. High
speed video shows the tail length in the
pure Ar test is higher, representing easier
droplet detachment. Table 3 — Droplet Diameter Measure

ments for the Six Tests Highlighted in 
Figure 7

                            Droplet Diameter (mm)
 Shielding Gas            Transition        Spray

      Pure Ar                      0.874            0.754
5% CO295% Ar               0.912            0.774
10% CO290% Ar            0.921            0.837
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droplet temperature minimum but ob-
taining data at an exact current was
difficult. Current could not be directly
controlled as all welds were performed
in constant voltage mode. The resolu-
tion of the wire feed speed was not
sufficient enough to give the desired
current near the minimum droplet
temperature. High-speed videography
shows that the electrode extension is
not constant during welding and can
vary from the desired 12.5 mm (0.49
in.). Variations in electrode extension
will change the current output during
welding, making repeatability difficult.
Multiple experiments with identical
welding parameters often resulted in
slightly different results.
     The calorimeter was placed 127
mm (5 in.) below the water-cooled
cathode to ensure radiative heat was
not a factor in measuring droplet tem-
perature (Refs. 12, 13). Droplets would
fall approximately 139.7 mm (5.5 in.).
Literature has used various distances
ranging from 70 to 300 mm (2.75 to
11.8 in.) (Refs. 14, 15). It is currently
unknown if the distance from the elec-
trode tip to the calorimeter is altering
droplet temperature measurements
due to heating from the plasma or
cooling from atmospheric gases. The
similarity in droplet temperature
measurements utilizing different tech-
niques such as pyrometry indicates
that this distance is not influencing
measurements but has yet to be fully
determined (Refs. 21, 22, 25, 29).
     With Ar-CO2 blends, the transition
current increases with higher concen-
trations of CO2, and is most likely due

to the different thermophysical prop-
erties of the CO2 plasma (Refs. 21, 30,
33–35). At higher concentrations of
CO2, the arc becomes more constrict-
ed, resulting in a higher energy densi-
ty due to the increased current density
and increased Lorentz forces on the
arc (Refs. 35, 36). A constricted arc
leads to a decreased anode spot size
that hinders droplet detachment and
results in more thermal energy being
distributed to the cathode (Ref. 35).
The constricted arc described is seen
in Fig. 5 between pure Ar and 5% CO2-
95% Ar. Literature has similar findings
showing that higher concentrations of
CO2 in Ar-CO2 blends push the transi-
tion zone to higher currents (Refs. 30,
34, 37). The transition zone defined in
this paper is the area of local mini-
mum droplet temperature between
globular and spray metal transfer. The
transition zone is typically defined as
the area where the droplet diameter is
smaller than the electrode diameter
(Refs. 30, 34, 37). Frequently, the
transition zone is not well defined and
can be a gradual change from globular
to spray transfer over a wide range of
currents (Ref. 37).
     As shown in Fig. 7, higher concen-
trations of CO2 in Ar-CO2 blends push
the droplet temperature curve to high-
er currents but do not appear to signif-
icantly shift the droplet temperature
curve to different temperatures. When
at equivalent metal transfer modes be-
tween the three shielding gases, simi-
lar droplet temperatures can be found.
In Fig. 7, the top and bottom rows of
photos show spray and transition met-

al transfer modes respectively between
all three shielding gases tested. The
photos in Fig. 7 show that similar met-
al transfer modes and droplet temper-
atures are achieved despite different
average currents. Droplet diameters of
these tests were calculated based on
volumetric welding rates and frequen-
cy of detachment seen in the high-
speed video. The results of the droplet
diameter are summarized in Table 3.
Determining the frequency of detach-
ment proved challenging in parts of
the 10% CO2-90% Ar videos due to
frequent explosions of the droplets as
a result of the reactive CO2. These in-
accuracies in measurements may ac-
count for the larger droplet diameter
in spray transfer in the 10% CO2-90%
Ar test. The results of Fig. 7 and Table
3 indicate that at the same metal
transfer mode, droplet temperature
will not change significantly with in-
creasing CO2 in Ar-CO2 blends. This
suggests that with a small change in
CO2 concentration, droplet tempera-
ture can decrease while still maintain-
ing a similar deposition rate.
     Experimentation was not per-
formed with CO2 concentrations high-
er than 10% due to spatter arising
from repelled-like metal transfer. Test-
ing with 15% CO2-85% Ar was per-
formed and droplets were found to
touch the cathode before falling onto
the calorimeter. This invalidated all
droplet temperature, efficiency, and
heat distribution readings. Reevalua-
tion of the experimental setup is need-
ed before further experimentation can
commence at CO2 concentrations
higher than 10%.
     As shown in Table 2, average overall
efficiency with 5% CO2-95% Ar shield-
ing gas was found to be 69.7 ± 3.7%
and within the reported range of
68–88% (Refs. 12, 26, 38–42). No ap-
parent trend was found between effi-
ciencies of different metal transfer
modes. The average heat input for the
cathode and anode was 46.9 ± 3.5%
and 21.9 ± 1.0% of the total heat and
was close to the reported range of
50–65% and 20–30%, respectively
(Refs. 12, 26, 38). Experimental calcu-
lations were performed using only the
heat input in the cathode and captured
droplets. Droplets occasionally missed
the calorimeter due to spatter, result-
ing in a lower efficiency and slightly
skewed heat distribution. Additionally,
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Fig. 7 — Effect of ArCO2 shielding gas blends on metal transfer using a 0.045in. (1.143
mm) ER70S6 carbon steel wire. The top row of photos shows spray metal transfer and the
bottom row shows transition metal transfer for each shielding gas tested.
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less thermal radiation was captured by
the system than a typical bead-on-
plate due to the smaller surface area of
the cathode. Experimental efficiency
would be higher if these factors had
been captured by the system.

Conclusions

     A solid-state calorimeter and a 
water-cooled cathode were used to
measure droplet temperature in free-
flight metal transfer GMAW using three
different shielding gases, as shown in
Table 1 and Fig. 4. Droplet temperature
measurements ranged between 2000°
and 2700°C (3632° and 4892°F) de-
pending on welding parameters and
shielding gas selection. Results using
pure Ar shielding gas are comparable
with literature showing a minimum
droplet temperature of 2200°C (3992°F)
at the transition current between globu-
lar and spray metal transfer modes. It is
currently unknown if the found mini-
mum is the lowest possible temperature
due to resolution in the welding cur-
rent. A similar minimum in droplet
temperature was found at 206 A, 230 A,
and 270 A for pure Ar, 5% CO2-95% Ar,
and 10% CO2-90% Ar shielding gas
tests, respectively. Testing with CO2
concentrations higher than 10% was
not performed due to a large quantity of
droplets landing on the cathode, invali-
dating results.
     As shown in Table 2 and Fig. 6, aver-
age thermal efficiency was 69.7 ± 3.7%
utilizing 5% CO2-95% Ar shielding gas
with 47.2 ± 3.5% and 21.89 ± 1.0% of
the heat being distributed to the cath-
ode and anode, respectively. No appar-
ent trend was found between different
metal transfer modes in regard to ther-
mal efficiency or heat distribution. Effi-
ciency was within previous reported
ranges but on the low end possibly due
to missed droplets as spatter and not
capturing some radiative energy in the
cathode typically seen when welding
plates.
     Increasing concentrations of CO2 in
Ar-CO2 blends increases the transition
current between globular and spray
metal transfer modes. Comparing dif-
ferent Ar-CO2 blends at the same metal
transfer mode indicates that CO2 has no
significant effect on droplet tempera-
ture as shown in Fig. 7. Results show
that modifying small amounts of CO2 in
the shielding gas can lower droplet tem-

perature while still maintaining a simi-
lar deposition rate.
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