
Introduction
     Waveform development has grown
considerably over the past few decades
with numerous waveforms existing to
reduce vapors or heat input. In rela-
tion to gas metal arc welding (GMAW)
of aluminum, various companies have
changed these waveforms tailored to
specific situations attempting to alle-
viate the difficulty in welding alu-
minum consumables. Small changes in
waveforms can change metal transfer
behavior substantially and require
thorough understanding to properly
assess industrial feasibility.
     With the wide industrial use of

pulse-like waveforms, numerous stud-
ies have heavily investigated pulse
waveforms primarily to optimize met-
al transfer, spatter, and heat input
(Refs. 1, 2). These studies have shown
that small changes in pulsing parame-
ters can result in large variations in
metal transfer behavior. While many
studies have focused on optimizing
welding parameters, fewer studies
have focused on droplet energy con-
tent with even less on overall fall volt-
age measurements (Refs. 3–6). With a
close connection between metal trans-
fer, deposition rates, energy distribu-
tion, and overall fall voltage, a proper
understanding of the aluminum

GMAW system is needed.
     This paper explains how measure-
ments of fall voltage, thermal efficiency,
and droplet heat content were experi-
mentally obtained for five different
waveforms in aluminum GMAW. It is
believed this was the first time that
cathode fall voltage measurements were
concurrently measured with other volt-
age losses for aluminum GMAW. This
was undertaken to get a complete un-
derstanding of the aluminum GMAW
system for various welding waveforms.
Numerous comparisons between alu-
minum and steel were made as little
comparative literature exists for alu-
minum (Ref. 7). Experimental decisions
and parameters were selected primarily
for their relation to typical welding sys-
tems, allowing greater insight into the
aluminum GMAW system.

Background

     In welding, there is a large voltage
loss associated very close to both the
cathode and anode (Refs. 8, 9). The rap-
id reduction in temperature between
the arc and cathode/anode surface cre-
ates a small boundary layer with a large
thermal gradient that has insufficient
energy for thermal ionization (Ref. 10).
This boundary layer will not have suffi-
cient ions for proper electrical conduc-
tivity, resulting in a large resistance and
voltage loss. This boundary is known as
a fall voltage region, drop potential re-
gion, or space charge zone and is pres-
ent at both the cathode and anode sur-
faces. These regions can be determined
with the Debye length and are approxi-
mately 0.05–100 m in thickness de-
pending on electron density and tem-
perature (Refs. 5, 9, 11–15).
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     A common assumption amongst re-
searchers is that the fall voltage re-
gions are the primary factor for heat-
ing in both the cathode and anode
with convection, conduction, and radi-

ation having a small impact (Ref. 10).
This assumption is the basis for infer-
ring the overall fall voltage measure-
ments in this paper. In addition to the
overall cathode and anode fall voltage,

a typical welding system also has volt-
age loss associated with the torch/
ground cables, contact tip, electrode,
and arc column.
     Numerous studies have found overall
fall voltages in GMAW using various
systems such as calorimeters, energy
balances, models, and arc analysis (Refs.
5, 9, 13, 14, 16, 17). Overall fall voltages
have three main components: a voltage
associated with the nonequilibrium
plasma in front of the electrode (the
“sheath voltage”), the work function of
the electrode material, and the energy
associated with evaporation and con-
densation of electrons. These three
components are captured by the follow-
ing equations (Refs. 5, 9, 14, 16):

Vcat =
qcat
I

= VC � �cat � 3kT
2e

1( )

Van =
qan
I

� Velec � Vcont

=VA + �an + 3kT
2e

2( )

Vcat = VC � �cat � 3kT
2e

3( )
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Fig. 1 — Typical signals of the advanced waveforms used in experimentation.

Table 1 — Comparison of Published GMAW Fall Voltages

  Author                              Electrode     Shielding             Overall            Overall       Cathode       Anode    Contact Tip       Electrode           Arc
                                             Material           Gas             Cathode Fall    Anode Fall      Sheath        Sheath       Voltage           Extension       Column
                                                                                               Voltage           Voltage        Voltage       Voltage          Loss           Voltage Loss    Potential

                                                                                                    Vcat                  Van                 VC                 VA               Vcont                   Velec                 Vpot

                                                                                                 (V)                  (V)                (V)               (V)               (V)                     (V)              (V/mm)

McIntosh (Ref. 7)                  Steel            100% Ar                12.7                4.7              18.44          –0.89           0.48                  2.17               0.75
McIntosh (Ref. 7)                  Steel     95% Ar – 5% CO2         15.5                4.5              21.20          –1.05           0.51                  2.34               0.78
Lancaster (Ref. 9)                  Steel            100% Ar                  15                  5.5                  –             1.5–2.0            –                        –                   1.0
Pfender (Refs. 14, 17)          Steel            100% Ar                   –                     –                11.5    (–3.4) – (–2.1)       –                        –                     –
Jonsson (Ref. 13)                  Steel            100% Ar     Sum = 13.3–14.9                            –                  –             1.3–1.7             0.5–1.0              1.0
Huismann (Ref. 23)              Steel            100% Ar                  11                  5.5                  –                  –                  –                        –                   0.8
Hajossy (Ref. 24)                   Steel            100% Ar                13.9                7.0                  –                  –                  –                        –                     –
Hajossy (Ref. 24)                   Steel           100% CO2               14.5                4.9                  –                  –                  –                        –                     –
Nemchinsky (Refs. 5, 25)    Steel            100% Ar                   –                   8–9                 –                  –                  –                        –                     –
Waszink (Refs. 16, 26)         Steel            100% Ar                   –                 7–7.5               –                  –             0.1–0.3                 2.5                   –
Wilson (Ref. 27)                    Steel            100% Ar                   –                     –                   –                  –             0.3–0.6             0.5–3.0               –
Shimizu (Ref. 28)                   Steel            100% Ar                   –                     –                   –                  –           0.4–0.55                 –                     –
Halmoy (Refs. 29, 30)          Steel            100% Ar                   –                     –                   –                  –                  –                      1–5                 0.6
Fu (Ref. 3)                         Aluminium       100% Ar                   –                   4.5                  –                  –                  –                        –                     –
Lu (Ref. 4)                         Aluminium       100% Ar                   –                   5–7                 –                  –                  –                        –                     –
Nemchinsky                     Aluminium       100% Ar                   –               6.8–7.5              –                  –                  –                        –                     –
(Refs. 5, 25)
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where Vcat is the overall cathode fall volt-
age, Van is the overall anode fall voltage,
qcat is the total cathode heat input, qan is
the total anode heat input, I is the cur-
rent, Velec is the electrode extension volt-
age loss, Vcont is the contact tip voltage
loss, VC is the cathode sheath voltage, VA

is the anode sheath voltage, cat is the
work function of the cathode material,
an is the work function of the anode ma-
terial, k is Boltzmann’s constant, T is the
electron temperature, and e is electron
charge (Ref. 9). If an arc temperature of
6000 K is assumed, the thermal energy
of electrons is approximately 0.78 V
(Refs. 18–20). The choice of 6000 K is
based on the temperature at which Ar
plasma starts to show significant electri-
cal conductivity (Ref. 21). The work
function has a slight variation with crys-
talline orientation; considering the (111)
plane, the work functions for pure cop-
per, iron, and aluminum are 4.94, 4.81,
and 4.26 V, respectively (Ref. 22).
     Previous to this work, a very limited
amount of research had been performed
in the determination of overall cathode
and anode fall voltage in aluminum sys-
tems. Experimental measurements have
primarily focused on steel systems with
a heavy emphasis on the determination
of overall anode fall voltage for droplet
heat content, vaporization rates, and
wire feed rates. 
     Various values of fall voltages are
summarized in Table 1. Some literature
has measured sheath fall voltage direct-

ly while others have measured
overall fall voltage. Measured
values of overall anode fall
voltage are very close to the
contributions of the anode
work function (an) and thermal energy
of electrons ( 3KT/2e ). The anode
sheath fall voltage (VA) cannot be meas-
ured directly, but it is calculated from
Equation 2. The resulting value is very
sensitive to the choice of work function
and electron temperature, and has re-
sulted in values of VA close to zero, ei-
ther positive (Ref. 9) or negative (Refs.
14, 17).
     Five different types of waveforms
were utilized in this paper. These
waveforms were constant voltage (CV)
and advanced waveforms: constant
power, pulse, constant current (CC)
pulse, and pulse on pulse. Examples of
the advanced waveforms are summa-
rized in Fig. 1.
     Constant power is a waveform that
varies voltage and current simultane-
ously to maintain a constant heat in-
put into the workpiece. All pulse wave-
forms vary current between a peak
and background current to force
droplet detachment with Lorentz
forces. Pulse and CC pulse waveforms
are very similar but will either priori-
tize a CV or CC setting. The pulse on
pulse waveform varies the waveform
shape to change arc length during
welding, giving the final weld bead a
gas tungsten arc weld-like appearance.

Experimental Setup

     All welding was performed with a
Lincoln Power Wave S500 and a Lincoln

84 Dual Feeder. A 25-ft (7.62-m), #2 (35
mm2) Lincoln Magnum PRO AL G450A
K3355-2 gun was utilized with 5 ft (1.5
m) of grounding cables. All welds were
done on a 1.2-mm (3⁄64-in.) 4043 alu-
minum consumable in direct current
electrode positive polarity (DCEP). Pure
Ar shielding gas was mixed to 40 stan-
dard cubic feet per hour (ft3/h) (18.88
L/min) utilizing an Alicat MCP-
50SLPM-D gas flow controller.
     Experimentation consisted of weld-
ing with five waveforms using weld set
reference Z153615. These waveforms
were CV (program 71), Powermode
(constant power — program 40), pulse
(program 72), CC pulse (program 69),
and pulse on pulse (program 99). These
waveforms were selected based on the
chosen power supply and commercially
available waveforms associated with
this power supply. Pulse parameters in-
cluding peak current, peak time, back-
ground current, ramp-up time, ramp-
down, and frequency were set to the de-
fault settings of this power supply. Volt-
age settings were adjusted for each
waveform to have similar arc lengths
between each waveform. Arc lengths
were manually determined for each test
as discussed below. Each test was re-
peated three times for repeatability and
statistical variance.
     The calorimetry setup is identical to
that used by McIntosh and Scott as seen
in Fig. 2 (Refs. 7, 31, 32). For a detailed
explanation of the experimental setup

Van = VA + �an + 3kT
2e

4( )
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Fig. 2 — Diagram showing the experimental setup of the solidstate
calorimeter and copper cathode (not to scale) (Refs. 7, 31, 32).

Fig. 3 —  Highspeed video was used to find the
measured length during calorimetry experiments. Arc
length was then calculated based on a 5mm (0.20
in.) radius hole.
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see the work by McIntosh or Scott
(Refs. 7, 31, 32).
     The setup consists of several compo-
nents including a solid-state calorime-
ter, water-cooled copper cathode, syn-
chronized high-speed videography, and
data acquisition. These components
provide measurements of the cathode
and anode heat inputs independently.
The experimental setup is limited to
free-flight metal transfer modes with
no capability of performing short-cir-
cuit waveforms. Properties of pure cop-
per and aluminum LM25 were used for
the calorimeter and wire, respectively
(Refs. 33, 34).

Data Acquisition

     An external data acquisition system
was used to collect current and voltage
data at 100 kHz, and synchronized it
with the high-speed videography at 10
kHz over 2.8 s. Voltage measurements
were performed between the welding
gun and plate, and did not include
voltage losses through the gun cable.
     The internal data acquisition system
of the power supply (Lincoln Power
Wave S500) was used as a secondary
source of data with the Lincoln Weld-
view software. Data was acquired at 60
kHz for 8.2 s. This data acquisition in-
cluded the voltage loss through the
welding torch cables/leads. Wire feed
speed was measured with this data ac-
quisition by measuring the rotational
speed of the drive rollers. Voltage loss in

the gun cables was determined
based on the difference in over-
all voltage between the two

data acquisition systems.

Frequency of Detachment and 
Droplet Diameter

     The frequency of detachment was
measured by manually counting
droplets. High-speed videography was
used to count 100 droplets in their re-
spective time frame. Fast Fourier
Transformation (FFT) analysis of cur-
rent and voltage signals were found to
be consistent with manual counting
when parameters were within a one
drop per pulse (ODPP) condition. It
was found that some of the tests had
multiple drops per pulse (MDPP), in-
validating the FFT results. For consis-
tency between experiments, all fre-
quency of detachment measurements
were found by manually counting 100
droplets in their respective time
frame. Droplet diameter was assessed
by a volumetric balance between the
wire feed speed, electrode diameter,
and frequency of detachment.

Arc Length

     A typical definition of arc length
would be the distance from the tip of
the welding electrode to the adjacent
surface of the weld pool (Ref. 35). No
cathode material existed directly be-
neath the electrode, eliminating the
validity of this definition for the
calorimetry setup. Instead, arc length
was determined to be the shortest dis-

tance between the edge of the cathode
hole and the electrode solid-liquid 
interface — Fig. 3. This method of
measuring arc length was used as it
was the easiest to implement without
completely changing or redefining a
conventional definition of arc length.
     The electrode’s solid-liquid 
interface was used as one point for 
arc length measurements based on 
the work of Egerland and Schnick
(Refs. 19, 35, 36). During droplet
grew, a high concentration of metal va-
por growths directly below the
droplet, lowering temperature and
electrical conductivity of the plasma in
this localized region (Ref. 19). These
vapors lead to a colder inner arc col-
umn region, which is visible in Fig. 3
as a brighter inner arc (Ref. 19). This
localized region inhibits current flow,
leading to anode spots being preferen-
tially located higher up the droplet.
The relatively hotter outer arc will
have a higher electrical conductivity,
temperature, and current density. As
seen in Fig. 3, the outer arc column at-
taches as high as the solid-liquid inter-
face. These findings show that the 
solid-liquid interface should be used
for arc length measurements as this is
a better representation of current flow
and anode spot attachment (Ref. 36).
Anode spots will still exist on the bot-
tom of the droplet but will be fewer in
number comparatively.
     Egerland found that measurements
were far more consistent amongst 
researchers when using the electrode
solid-liquid interface (Ref. 35). The
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Fig. 4 — Summary of results in aluminum GMAW
for a 1.2mm (3⁄64in.) 4043 aluminum consumable
using pure Ar shielding gas. Values shown are the
average experimental measurements. 

Fig. 5 — Overall cathode fall voltage as a function of current for a 1.2mm (3⁄64
in.) 4043 aluminum electrode and a 1.143mm (0.045in.) ER70S6 steel elec
trode. Shielding gas was 100% Ar for both electrodes.
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conventional definition of arc length 
is subjective to error from the time-
dependent measurements while meas-
urements from the solid-liquid interface
were found to be substantially less vari-
able (Ref. 35).
     Arc length was determined through
simple trigonometry between the meas-
ured length and cathode hole radius of 5
mm (0.20 in.) as shown in Fig. 3. High-
speed video was taken at 10,000
frames/s and used to determine metal
transfer mode, arc length, and electrode
extension. The varying nature of the
GMAW process resulted in changes in
the electrode extension and arc length.
To account for these variations, maxi-

mum and minimum measured electrode
extension was determined over a 2.8-s
period. These values were averaged to
give an average electrode extension and
measured length during testing.

Aluminum Plate Welding

     A small number of tests were con-
ducted on aluminum plates to verify
that metal transfer, droplet detach-
ment frequency, and droplet diameter
were comparable between the calorime-
ter and industrial settings. An exact
replicate of the welding parameters
could not be completed on both the
calorimetry setup and aluminum plate.

Arc length and voltage values associated
with the calorimetry setup was slightly
higher than typical welding parameters
in the aluminum plate tests. An in-
creased arc length provided a wider and
more stable arc in the calorimetry set-
up. Only CV was compared between ex-
perimental systems. Bead-on-plate
welds were performed on wire-brushed
6061 grade aluminum in the 1G (PA)
position with a travel speed of 30
in./min (0.76 m/min).

Results

     Heat distribution was measured for
five different aluminum GMAW wave-

Table 2 — Fall Voltage Values for Various Waveforms Utilizing a 1.2mm (3⁄64in.) 4043 Aluminum Consumable in Pure Ar Shielding Gas 

  Waveform          Average         Average           Wire       Contact Tip     Electrode       Actual       Arithmetic      Anode        Cathode       Thermal
                                Voltage          Current            Feed      toWorkpiece   Extension         Arc      Instantaneous    Heat             Heat         Efficiency
                                    (V)                  (A)                Rate           Distance            (mm)          Length          Power           Input            Input              (%)
                                                                            (in./min)          (mm)                                   (mm)             (W)               (W)               (W)                   
         CV               26.5 ± 0.0    166.5 ± 1.1     274.8 ± 0.3       25.4           12.7 ± 1.6   13.7 ± 1.5    4420 ± 28     1051 ± 7    1797 ± 219   64.4 ± 4.7
Constant Power 26.4 ± 0.2    166.1 ± 0.9     274.2 ± 0.2       25.4           11.9 ± 0.9   14.4 ± 0.8     4386 ± 5      1050 ± 8     1668 ± 43    62.0 ± 1.0
       Pulse             25.0 ± 0.1    149.4 ± 0.8     274.8 ± 0.6       25.4           10.7 ± 1.0   15.5 ± 1.0     3971 ± 8      1020 ± 6    1677 ± 164   67.9 ± 4.2
Pulse on Pulse    25.4 ± 0.5    152.3 ± 1.1     273.7 ± 0.5       25.4           13.5 ± 0.5   12.9 ± 0.5    4107 ± 62   1032 ± 20    1714 ± 72    66.9 ± 2.8

         CV               26.9 ± 0.0    228.6 ± 1.9     399.9 ± 0.1       15.9             7.1 ± 0.5    10.1 ± 0.5    6150 ± 48     1597 ± 5     2458 ± 88    66.0 ± 1.8
Constant Power 24.5 ± 0.1    226.0 ± 1.2     400.1 ± 0.9       15.9           11.0 ± 0.4    7.0 ± 0.3      5541 ± 3     1565 ± 13    2420 ± 26    71.9 ± 0.7
       Pulse             26.0 ± 0.3    229.5 ± 2.2     400.0 ± 0.0       15.9             8.1 ± 1.2     9.3 ± 1.0      6099 ± 9     1530 ± 47   2539 ± 185   66.7 ± 2.2
    CC Pulse          24.9 ± 0.3    227.2 ± 0.2     399.1 ± 0.4       15.9           10.0 ± 1.2    7.8 ± 0.9     5802 ± 77   1568 ± 47    2510 ± 81    70.3 ± 2.1
Pulse on Pulse    22.3 ± 0.9    220.3 ± 0.2     400.0 ± 0.0       15.9           14.2 ± 0.6    5.3 ± 0.2    5153 ± 108   1541 ± 9    2391 ± 103   76.3 ± 1.0

Overall Average 25.3 ± 2.4   196.2 ± 20.0   344.1 ± 38.6      15.9           11.0 ± 2.5   10.7 ± 3.5   5070 ± 819  2975 ± 80   2131 ± 397   68.1 ± 4.8

Note: Uncertainty values shown are standard deviation.

Table 3 — Fall Voltage Values for Various Waveforms Uilizing a 1.2mm (3⁄64in.) 4043 Aluminum Consumable in Pure Ar Shielding Gas

     Waveform             Average              Overall            Overall            Contact            Electrode       Overall Arc               Arc                       Torch
                                     Current          Cathode Fall    Anode Fall      Tip Voltage         Extension      Column Fall         Potential            Cable/Leads
                                         (A)                  Voltage           Voltage              Loss            Voltage Loss        Voltage              (V/mm)             Voltage Loss
                                                                    (V)                    (V)                    (V)                      (V)                    (V)                                                     (V)

           CV                 166.5 ± 1.1       10.79 ± 1.25    5.78 ± 0.01    0.47 ± 0.003      0.06 ± 0.01      9.45 ± 1.26        0.69 ± 0.08           1.35 ± 0.11
Constant Power      166.1 ± 0.9       10.04 ± 0.24    5.80 ± 0.03    0.47 ± 0.002      0.05 ± 0.00    10.04 ± 0.32       0.70 ± 0.07           1.58 ± 0.18
         Pulse               149.4 ± 0.8       11.22 ± 1.04    6.36 ± 0.04    0.43 ± 0.002      0.04 ± 0.00      6.99 ± 1.11        0.45 ± 0.05           1.49 ± 0.19
 Pulse on Pulse       152.3 ± 1.1       11.25 ± 0.52    6.29 ± 0.13    0.43 ± 0.003      0.05 ± 0.00      7.36 ± 0.81        0.57 ± 0.06           1.96 ± 0.59

           CV                 228.6 ± 1.9       10.76 ± 0.46    6.29 ± 0.04    0.65 ± 0.005      0.04 ± 0.00      9.16 ± 0.47        0.91 ± 0.07           1.52 ± 0.24
Constant Power      226.0 ± 1.2       10.71 ± 0.15    6.22 ± 0.08    0.64 ± 0.003      0.07 ± 0.00      6.88 ± 0.17        0.98 ± 0.06           1.62 ± 0.17
         Pulse               229.5 ± 2.2       11.07 ± 0.78    5.97 ± 0.21    0.65 ± 0.006      0.05 ± 0.01      8.26 ± 0.63        0.90 ± 0.16           1.86 ± 0.22
      CC Pulse            227.2 ± 0.2       11.05 ± 0.36    6.19 ± 0.20    0.65 ± 0.001      0.06 ± 0.01      6.93 ± 0.60        0.89 ± 0.04           1.94 ± 0.28
 Pulse on Pulse       220.3 ± 0.2       10.86 ± 0.47    6.29 ± 0.05    0.63 ± 0.001      0.08 ± 0.00      4.42 ± 0.60        0.83 ± 0.10           1.07 ± 0.36

Overall Average     196.2 ± 34.2     10.86 ± 0.76    6.13 ± 0.24    0.56 ± 0.097      0.06 ± 0.01      7.72 ± 1.78        0.77 ± 0.19           1.60 ± 0.36

Note: Uncertainty values shown are standard deviation.
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forms as shown in Table 2. Overall
voltage losses for the cathode, anode,
contact tip, electrode extension, arc
column, and cable/leads were found as
shown in Table 3. For clarity, average
results are summarized in Fig. 4. Ex-
perimentation with an Al-Mg (5356)
aluminum consumable could not be
conducted due to increased spatter
associated with the high levels of Mg in
this wire’s composition (Refs. 37, 38).
Tests with an Al-Mg wire was conducted
and resulted in plugging of the cathode
hole, giving incomplete results. Since no
comparative literature could be found
measuring overall cathode and anode

fall voltages, results of aluminum
GMAW are shown alongside carbon
steel for comparison purposes (Ref. 7).

Cathode

     Overall cathode fall voltage ranged
between 9.53 and 12.49 V with an aver-
age of 10.86 ± 0.76 V. Results between
the diffrent waveforms and currents
show that the overall cathode fall volt-
age does not show obvious trends as il-
lustrated in Fig. 5. Utilizing Equation 1,
average cathode sheath voltage was cal-
culated to be on the order of 16.57 ±
0.76 V. Based on previous work, cathode

fall voltage was approximated to be con-
stant with current (Ref. 7).

Anode and Droplet Heat Content

     Figure 6 summarizes the overall an-
ode fall voltage data measured and com-
pares it to previous work on steel. Over-
all anode fall voltage ranged between
6.47 and 5.67 V with an average of 6.13
± 0.24 V. For aluminum, there is no ob-
vious trend with current, and the solid
line corresponds to an average of all alu-
minum tests reported. Utilizing Equa-
tion 2, average anode sheath voltage
was calculated to be on the order of 1.10
± 0.24 V. There is a small, but noticeable
difference in overall anode fall voltage
between CV and pulse waveforms. As
shown in Fig.  6, the data cluster at ap-
proximately 150 A were all pulse wave-
forms and the data cluster at approxi-
mately 165 A were either CV or con-
stant power. Pulse waveforms were
shown to have a higher overall anode
fall voltage at lower currents. Based on
previous work, anode fall voltage is ap-
proximately constant with current
(Refs. 5, 7, 16).
     Overall droplet heat content and
droplet temperature was measured for
five different waveforms as shown in
Table 4. Droplet heat content ranged be-
tween 2832 and 3159 J/g with results
comparable to those found in literature
(Refs. 3, 4, 39–42). This heat content
correlated to a droplet temperature
range of 1812C (3294F) and 2139C

Fig. 6 — Overall anode fall voltage as a function of current for a 1.2mm (3⁄64in.) 4043
aluminum electrode and a 1.143mm (0.045in.) ER70S6 steel electrode. Shielding gas
was 100% Ar for both electrodes.

Table 4 — Droplet Heat Content and Temperature for Various Waveforms in a 1.2mm (3⁄64in.) 4043 Aluminum Consumable Using Pure
Ar Shielding Gas

     Waveform                Average                Frequency of                Frequency of           Drops              Droplet             Droplet                 Droplet 
                                         Current                 Detachment                  Detachment              per               Diameter              Heat               Temperature
                                             (A)               Based on Waveform       Based on Videos         Pulse                (mm)               Content                     (°C)
                                                                              (Hz)                                 (Hz)                                                                        (J/g)                           

            CV                     166.5 ± 1.1                  102 ± 39                         163 ± 4                    –               1.12 ± 0.01        2957 ± 19             1959 ± 25
Constant Power         166.1 ± 0.9                    74 ± 0                            152 ± 6                    –               1.14 ± 0.01        2955 ± 23             1946 ± 17
          Pulse                  149.4 ± 0.8                   170 ± 1                           174 ± 3            1.03 ± 0.02      1.09 ± 0.01        2870 ± 16             1896 ± 26
  Pulse on Pulse          152.3 ± 1.1                   195 ± 2                         212 ± 10          1.09 ± 0.05      1.02 ± 0.02        2903 ± 56             1944 ± 36

            CV                     228.6 ± 1.9                    74 ± 0                            381 ± 2                    –               0.95 ± 0.00         3089 ± 9              2043 ± 14
Constant Power         226.0 ± 1.2                    81 ± 5                           376 ± 11                   –               0.96 ± 0.01        3027 ± 25             1977 ± 19
          Pulse                  229.5 ± 2.2                   240 ± 4                           342 ± 7            1.43 ± 0.05      0.99 ± 0.01        2959 ± 90             1942 ± 97
       CC Pulse               227.2 ± 0.2                   241 ± 0                         316 ± 28          1.31 ± 0.12      1.02 ± 0.03        3032 ± 91             2012 ± 91
  Pulse on Pulse          220.3 ± 0.2                   263 ± 0                         341 ± 10          1.29 ± 0.04      0.99 ± 0.01        2981 ± 18             1970 ± 14

 Overall Average        196.2 ± 20.0                160 ± 75                        273 ± 91          1.23 ± 0.16      1.03 ± 0.07        2975 ± 80             1965 ± 63

Note: Uncertainty values shown are standard deviation.
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(3882F). Average overall droplet heat
content for pulse waveforms was lower
than nonpulse waveforms. Repeated
tests showed that this variance is not
significant at the currents tested. 

Thermal Efficiency

     Comparing the cathode and anode
heat inputs with the average instanta-
neous power, thermal efficiency was
calculated as shown in Table 2. Ther-
mal efficiency ranged between 60 and
77% with an average of 68.1 ± 4.8%.
This thermal efficiency was slightly
low compared to previously reported
ranges of 68 to 88% (Refs. 43–49).
     Comparing thermal efficiencies be-
tween waveforms indicated that pulse
waveforms have a slightly higher ther-
mal effiency than nonpulse waveforms.
These results are similar to those found
in previous literature (Ref. 49). These
results were within experimental uncer-
tainties indicating that this variance is

not signifcant. Comparing the overall
heat input between the cathode and an-
ode, results indicated that approximate-
ly 67 and 33% of the captured heat was
distributed to the cathode and anode,
respectively (Ref. 32).

Contact Tip

     Average contact tip voltage loss and
resistance was 0.56 ± 0.10 V and 2.85 ±
0.54 m, respectively. Large variation
existed in contact tip voltage loss meas-
urements as pressured exerted from the
measuring tool was not constant with
the sliding wire during experimenta-
tion. Linear trendlines were not seen
with the CV and constant power wave-
forms as these waveforms did not have
varying current. Ten experiments suc-
cessfully measured contact tip voltage
loss as radiative heat from the arc melt-
ed the measuring setup, or sliding con-
tact was lost. These ten experiments
consisted of at least one measurement

from all five waveforms — Fig. 7. It was
assumed that the voltage loss in the
contact tip would have a constant resist-
ance for all welding parameters and
waveforms (Refs. 28, 50). This assump-
tion was used to calculate the average
contact tip resistance from all successful
experiments. This average resistance
was then used to calculate voltage loss
for all experiments. Trendlines were
forced through zero in accordance with
Ohm’s law.

Electrode Extension

     Average electrode extension voltage
loss was calculated to be 0.06 ± 0.01 V.
High-speed videography showed that
electrode extension was not constant
during welding with electrode exten-
sion variations of approximately 0.5 to
2.0 mm. Based on the waveform be-
havior, the pulse on pulse waveform
had the largest variation in electrode
extension ranging upward of 4 mm.
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Fig. 7 — Overall contact tip voltage loss waveform tests in a 1.2mm (3⁄64in.) 4043 aluminum electrode. The solid lines correspond to an av
erage contact resistance. For CV and constant power waveforms, only one nominal current was tested.
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Despite the varying electrode exten-
sion behavior, voltage loss in the elec-
trode extension was negligible com-
pared to the other voltage losses, 
indicating that Ohmic heating is not
significant.

Arc Column

     Arc column potential was deter-
mined for each test based on the arc
length, as shown in Fig. 3. Average arc

column potential was 0.77 ± 0.19
V/mm and appeared to be dependent
on current as shown in Fig. 8. A linear
trend was approximated based on pre-
vious findings in steel electrodes (Ref.
7). The arc shape appeared to be con-
sistent throughout experimentation
and had minimal variation.

Gun Cables

     Averaging voltage loss through the

welding gun and cables was 1.60 ±
0.36 V. Average voltage potential
through the gun cable/leads was 0.17
± 0.05 V/m. Voltage loss in the weld-
ing leads was slightly higher for pulse-
like waveforms from the increased im-
pedance. This voltage difference be-
tween pulse and nonpulse waveforms
was approximately 0.2 to 0.4 V. Aver-
age resistance for CV was 7.4 ± 1.1 m
and is dependent on gun design.

Aluminum Plate Welding and 
Detachment Frequency

     Five bead-on-plate tests in CV mode
were conducted on 6061 aluminum.
Table 5 summarizes the data correspon-
ding to the highest and lowest free-
flight transfer tests. Comparing the fre-
quency of detachment and droplet di-
ameter, results indicated that the
calorimeter is representative of typical
metal transfer mode when arc length is
sufficiently large in aluminum plate
welding. A short arc length was shown
to have a lower frequency of detach-
ment without a substantial change in
current. When welding on an aluminum
plate, the short arc appeared to have
plasma above the solid-liquid interface
as shown in Fig. 9.

Voltage and Wire Feed Speed

     As shown in Figs. 5–8, the trendlines
associated with aluminum can be used
to estimate the voltage at any given
welding current. These trends were
used to predict the voltage loss for a
pulse waveform and compared with ac-
tual results. As shown in Fig. 10, back-
ground and peak current are approxi-
mately 150 and 325 A, respectively. In-
stantaneous voltage was calculated
based on instantaneous current and arc
length as summarized in Table 6.
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Fig. 8 — Overall arc column potential as a function of current for a 1.2mm (3⁄64in.) 4043
aluminum electrode and a 1.143mm (0.045in.) ER70S6 steel electrode. Shielding gas
was 100% Ar for both electrodes.

Fig. 9 — Comparison of arc column appearance with a long (left) and short (right) arc
length. The arc column appears to be interacting with the solid electrode in short arc
tests. Welds were a 1.2mm (3⁄64in.) 4043 aluminum consumable on a 6061 aluminum
plate. See Table 5 for details.

Table 5 — A Comparison of the Calorimetry Setup with Industrial Plate Welding 

    Waveform              Cathode             Instantaneous      Instantaneous            Wire          Electrode            Arc                Average           Average
                                       Setup                     Voltage                  Current                  Feed          Extension         Length        Frequency of       Droplet
                                                                           (V)                          (A)                       Rate              (mm)              (mm)          Detachment      Diameter
                                                                                                                                  (in./min)                                                             (Hz)                 (mm)

           CV                  Calorimeter                   26.9                      228.6                     400                 7.1                10.12                  381                 0.955
           CV                 6061 Al Plate                  23.6                      231.6                     400                10.6                5.24                   391                 0.947
           CV                 6061 Al Plate                  23.7                      229.0                     400                11.8                4.07                   368                 0.966
           CV                 6061 Al Plate                  22.4                      227.1                     400                13.0                3.10                   293                 1.042
           CV                 6061 Al Plate                  23.0                      222.8                     400                13.3                2.64                   283                 1.053
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     With knowledge of the thermo-
physical properties of the wire, overall
anode fall voltage, electrode voltage,
contact tip voltage loss, and droplet
heat content, wire feed speed can be cal-
culated as shown in Fig. 11 (Ref. 51).
These results correlate well with elec-
trode diameters ≥  0.045 in. (1.143 mm)
and begin to deviate at electrode diame-
ters   0.035 in. (0.89 mm) (Ref. 51).

Discussion

Cathode

     Experiments utilizing pulse wave-
forms and high average currents were
found to have MDPP and increased
spatter. The higher Lorentz forces
might cause an electromagnetic insta-
bility pushing a secondary droplet in
undesired directions as spatter. This
spatter occasionally contaminated the
cathode, which inadvertently and arti-
ficially increased the cathode heat in-
put. Attempts were made to remove
this small amount of spatter for
weighing after welding with no suc-
cess. Spatter was found to be bonded
to the cathode and could only be re-
moved with abrasive materials. It was
estimated that 0.5 to 2.0 g was typical-
ly deposited on the cathode after a 30-
s test. This amount of spatter would
increase overall cathode fall voltage by
approximately 0.4 to 1.0 V.
     Testing with nearly identical welding
parameters yielded an average overall
cathode fall voltage of 10.9 and 12.7 V
for aluminum and steel, respectively,
when using identical equipment, shield-

ing gas, and cathode material. As shown
in Equation 1, the overall cathode fall
voltage should not be dependent on the
anode material and should only be de-
pendent on the cathode work function
and thermal energy of the electrons
(Refs. 9, 13, 24). Shielding gas composi-
tion has been shown to affect overall
anode and cathode fall voltage values
when using identical electrodes and
cathodes, but has yet to be fundamen-
tally explained (Ref. 24). It is possible

for the cathode to be contaminated with
electrode condensation and spatter
yielding a possible difference in the
cathode work function of 0.13 to 0.68 V,
but this is not significant enough to ac-
count for observed results.
     Using an electron temperature of
6000 K, cathode sheath voltage was
calculated to be on the order of 16.57
± 0.76 V and 18.44 ± 0.88 V for alu-
minum and steel electrodes, respec-
tively (Ref. 7). These cathode sheath
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Fig. 10 — Pulse experiment showing instantaneous voltage, current, arc length, and
metal transfer during testing. Values were used to estimate instantaneous voltage from
results as shown in Table 6.

Table 6 — Estimation of Instantaneous Voltage Based on Trendlines Found in Cathode, Anode, Contact Tip, Electrode Extension, and 
Arc Column Fall Voltages 

    Image        Instantaneous        Instantaneous          Estimated       Estimated             Estimated        Estimated       Estimated          Estimated
                            Voltage                   Current                  Overall            Overall                  Contact          Electrode      Arc Column     Instantaneous
                               (V)                           (A)                     Cathode           Anode               Tip Voltage         Voltage           Voltage              Voltage
                                                                                           Voltage           Voltage                     Loss                  Loss                 Loss                     (V)
                                                                                                (V)                   (V)                          (V)                     (V)                    (V)

         A                     23.4                          148                       10.86                6.13                       0.42                 0.029                5.09                    22.5
         B                     23.4                          145                       10.86                6.13                       0.41                 0.029                4.96                    22.4
         C                     26.0                          239                       10.86                6.13                       0.68                 0.049                9.06                    26.8
        D                     28.2                          326                       10.86                6.13                       0.93                 0.070               12.80                   30.8
         E                     28.1                          328                       10.86                6.13                       0.93                 0.070               12.89                   30.9
         F                     29.1                          327                       10.86                6.13                       0.93                 0.070               12.88                   30.9
        G                     25.8                          213                       10.86                6.13                       0.61                 0.043                7.90                    25.5
        H                     24.1                          170                       10.86                6.13                       0.48                 0.034                6.05                    23.6

Note: Arc length was constant at 9.4 mm for each estimation based on Fig. 10.

A B C D E F G H
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values should be nearly identical to
each other. The temperature of an alu-
minum arc has shown to be substan-
tially higher when compared to a car-
bon steel arc. Temperature measure-
ments of the inner arc in aluminum
GMAW and carbon steel GMAW are
approximately 19,000 and 7000 K, re-
spectively (Refs. 9, 18, 19, 36, 52, 53).
If the electron temperature is assumed
to be the temperature of the inner arc,
the cathode sheath voltage can be re-
calculated as 18.26 ±  0.76 V and 18.57
± 0.88 V for aluminum and steel, re-
spectively. These recalculated values
are substantially closer, are within
standard deviations, and do not ap-
pear statistically different. These cal-
culations indicate that the arc’s tem-
perature could be influencing overall
cathode fall voltage.

Anode and Droplet Heat Content

     The distance from the electrode tip
to the top of the calorimeter could be
influencing droplet heat content (Refs.
39, 42, 54, 55). The calorimeter loca-
tion was picked to minimize calorime-
ter heating from the welding arc while
also minimizing droplet travel dis-
tance (Ref. 31). Numerous factors
could be influencing droplet heat con-
tent including radiation, convection,
and oxidation. Droplet interactions
with the atmosphere and arc may be
cooling or heating the droplet. Oxida-
tion of the droplet was found to occur

between the cathode and the calorime-
ter leading to a slight increase in heat
content. This exothermic reaction
has a negligible effect on overall en-
thalpy (Ref. 3). Prior work on the
calorimetry setup suggests that the
calorimeter distance does not affect
measurements significantly as droplet
temperatures are consistent with non-
intrusive methods such as pyrometry
(Refs. 7, 31, 32).
     When comparing similar measuring
methods, overall anode fall voltage
values were comparable with previous
literature (Refs. 3–5). Overall anode
fall voltage appeared to be dependent
on waveform selection at lower cur-
rents. At the transition region, vapor-
ization rates in pulse waveforms have
been shown to be lower and extending
over a larger range of currents when
compared to nonpulse waveforms
(Ref. 56). The transition point for a
1.2-mm aluminum consumable is ap-
proximately 135 A (Ref. 57). The low
current pulse experiments could be
within the transition region and could
have a lower amount of vaporization.
With a lower amount of vaporization
occurring for the same wire feed
speed, a higher amount of total anode
energy is captured by the calorimetry
system for these pulse waveforms.
This implies that pulse waveforms will
have a higher overall anode fall voltage
when compared to nonpulse wave-
forms at these low currents. If more of
the total anode energy input is cap-

tured by these low current pulse wave-
form experiments, these experiments
will be a better representation of over-
all anode fall voltage as less energy is
lost from metallic vaporization.
     Metallic vaporization of the anode
will cause cooling of the anode surface
and will not be captured by the
calorimetry system. Fume formation
rates in a 4043 aluminum electrode is
approximately 0.03 to 0.35 g/min at
170 A (Ref. 58). As an order of magni-
tude estimate, vaporization mass loss
can be assumed to be all metallic alu-
minum accounting for an increase of
0.04 to 0.37 V in overall anode fall volt-
age and anode sheath voltage (Refs. 59,
60). As shown in Equation 2, vaporiza-
tion of the electrode was not consid-
ered, which led to a low measurement of
the overall anode fall voltage and anode
sheath fall voltage. Vaporization rates
will increase at higher currents, decreas-
ing the measured overall anode fall volt-
age at these currents.
     As shown in Fig. 6, the difference in
the average overall anode fall voltage
between aluminum and steel is ap-
proximately 1.4 V. Anode sheath volt-
age for an ER70S-6 steel electrode is
believed to be approximately –0.3 V
when using an electron temperature of
6000 to 7000 K and a work function of
4.10 V for pure manganese (Ref. 22).
Pure manganese was used as the work
function for ER70S-6 steel as cathode
and anode spots have been shown to
preferentially form at locations with a
lower ionization potential (Ref. 9).
Utilizing an electron temperature of
6000 and 19,000 K, average anode
sheath voltage is on the order of 1.10
± 0.24 V and –0.58 ± 0.24 V for a 4043
aluminum electrode. If evaporation is
accounted for in both the ER70S-6 and
4043 electrodes, anode sheath voltage
will increase by approximately 0.1 to
0.5 V and is believed to be close to 0 V.

Thermal Efficiency

     Thermal efficiency was within pre-
viously reported ranges but is slightly
low (Refs. 43, 45–49, 61). These previ-
ous measurements were performed by
welding directly on a plate calorimeter
giving no capability of separating be-
tween cathode and anode heat inputs.
The higher surface area of a plate
calorimeter will yield a higher thermal
effciency as the larger surface area can
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Fig. 11 — Wire feed speed rates of a 4043 electrode at various diameters for CV (Ref. 51).
Wire feed speeds were determined with fall voltage values and droplet heat contents in
Tables 3 and 4. Pulse experiment showing instantaneous voltage, current, arc length, and
metal transfer during testing. Values were used to estimate instantaneous voltage from
results as shown in Table 6.
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absorb more radiative heat from the
arc column. The small surface area of
the cathode in this study does not per-
mit large amounts of radiative absorp-
tion, leading to a lower overall thermal
effciency. Additionally, modelling of
the energy distribution in GMAW in-
dicates that thermal effciency is 68%
when the cathode and anode do not
receive radiative energy from the arc
(Ref. 36). This value is near identical
to that found in this paper, implying
that a minimal amount of radiative en-
ergy was captured by the calorimetry
system or that some energy was lost in
experimentation.

Contact Tip

     The tungsten bar measured contact
tip voltage loss immediately after leav-
ing the contact tip. A small amount of
ohmic heating will take place before
voltage measurements occur, but will be
negligible in aluminum GMAW. Contact
tip voltage loss was assumed to be pro-
portional to current and independent
from waveform selection. It is currently
unclear what the effect of waveform se-
lection has on contact tip voltage loss.

Electrode Extension

     Average voltage loss by resistivity
in the electrode extension was negligi-
ble compared to the other measure-
ments. The resistivity of 4043 alu-
minum will be higher than pure alu-
minum because of additional alloying
elements. By using the resistivity
properties of pure aluminum in Lehn-
hoff’s model, electrode extension re-
sistance and voltage loss were slightly
underestimated (Ref. 62). However,
even if the resistivity properties of
4043 aluminum were used, the voltage
loss will still be minimal compared to
other voltages present.

Arc Column

     Approximately 13 to 33% of the total
energy of the arc column is lost as radia-
tive heat depending on welding parame-
ters and arc length (Refs. 9, 49, 61).
Some of this heat will contribute to
heating of the cathode. This will lead to
a slight underestimation of the arc col-
umn potential as the cathode will be
slightly overestimated due to the in-
creased radiative heat from the arc.
     Temperature measurements of the
inner arc in aluminum GMAW and car-

bon steel GMAW are approximately
19,000 and 7000 K, respectively (Refs.
9, 52, 53). The higher arc tempera-
tures in aluminum will require more
Joule heating to maintain proper ion-
ization and temperatures when com-
pared to carbon steel. This is consis-
tent with aluminum having a higher
average arc column potential com-
pared to steel.

Gun Cables

     The data acquisition systems for
the arc and for the welding leads took
data during steady state but were not
synchronized with each other. The un-
synchronized data can result in varia-
tions for the pulse on pulse waveform,
as this waveform changes between a
sharp and broad peak at a frequency of
approximately 4 Hz. Since data was
only accumulated for 2.8 s, voltage dif-
ferences between these data acquisi-
tion systems can change based on
when data was taken.

Aluminum Plate Welding and 
Detachment Frequency

     Comparing droplet detachment fre-
quency between the calorimeter and
aluminum plate experiments yielded
slight differences. A sufficiently long arc
length appeared to be representative of
metal transfer mode on the calorimeter
but not a short arc length. There are
slight variations in electrode extension
and current in experimentation but are
insignificant to change metal transfer.
Ohmic heating has been shown to have
negligible effects with varying electrode
extensions in aluminum welding. Small
changes in current will not greatly influ-
ence metal transfer behavior except for
the transition between globular and
spray metal transfer. Experimentation
was well above the transition current, as
the transition point for a 1.2-mm alu-
minum consumable is approximately
135 A (Ref. 57). These results indicate
that short and long arc lengths have dif-
ferences beyond the arc length.
     As shown in Fig. 9, there appears to
be a change in the plasma appearance
between a long and short arc. The high-
speed videography shows that the short
arc may be interacting with the elec-
trode above the solid-liquid interface.
During droplet growth, the increasing
metal vapor concentration below the
droplet will change arcing behavior as

anode spots will begin to preferentially
locate higher up the electrode. This ef-
fect may be increased in short arc
lengths as the electrode approaches the
impingement point of the weld pool. In-
teractions between the electrode, weld
pool, and metal vapors could change
current density over a larger and wider
area, leading to cathode spots being lo-
cated farther away and anode spots lo-
cated farther up the electrode.
     Fu observed a similar phenomenon,
which was described as the intrinsic
self-regulating effect of arc length (Ref.
3). Arc roots were observed climbing up
the electrode, which would change over-
all heat input behavior and droplet heat
content. This phenomenon was attrib-
uted to the difference between the elec-
tric field intensity of the arc column and
the bottom of the electrode (Ref. 3). He
noted that this phenomenon was much
more apparent in 5356 aluminum, pos-
sibly from the increased metallic vapor-
ization of these consumables (Refs. 37,
38). These results suggest that further
work is required exploring the behavior
of short and long arcs in aluminum
GMAW.

Voltage and Wire Feed Speed

     When estimating overall voltage loss
in the GMAW system, results are com-
parable with those found in welding. Es-
timations begin to deviate at higher cur-
rents and is likely from an overestima-
tion at extrapolated values.
     Arc length was considered to be con-
stant during the analysis in Table 6 and
Fig. 10 based on the definition of arc
length used in this paper. The pulse
waveform in Fig. 10 shows that the volt-
age increases by approximately 1.3 V
during droplet detachment. A constant
arc length does not capture this detach-
ment event, which contradicts the con-
stant arc length methodology used in
Table 6 and reconfirms that anode spots
exist on the bottom of the droplet. This
methodology of measuring arc length
relies on the temperature differences
between the inner and outer arc col-
umn. Welding with a 4043 electrode re-
sults in a relatively high inner arc col-
umn temperature of 19,000 K, leading
to increased current density at the bot-
tom of the droplet (Refs. 9, 52, 53).
Electrodes with higher vaporization
rates will benefit more from this defini-
tion of arc length as they are less likely
to see a voltage increase during droplet
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detachment. These results confirm the
difficulty of characterizing arc length
with a single parameter.
     As shown in Fig. 11, results correlate
well with larger diameter electrodes, in-
dicating that the measurements of over-
all anode fall voltage are correct. Wire
feed speeds begin to deviate at smaller
diameter electrodes. Extrapolation of
literature curves indicate that wire feed
speed of ≥  200 in./min (84.7 mm/s) are
achieved at 0 A with smaller diameter
electrodes; however, wire feed speed
should be 0 in./min at 0 A (Ref. 1). The
empirical values used to generate the lit-
erature curves could have had addition-
al unconsidered factors affecting wire
feed speeds but is currently unclear.

Conclusions

     A solid-state calorimeter and a 
water-cooled cathode were used to de-
termined energy partitions in alu-
minum GMAW with a 1.2-mm (3⁄64-in.)
4043 electrode. Fall voltage, thermal
effciency, and droplet heat content
were determined for five waveforms
including CV, constant power, pulse,
CC pulse, and pulse on pulse. Experi-
mental decisions and parameters were
selected primarily for their relation to
typical welding systems, allowing
greater insight into the aluminum
GMAW system.
     Overall cathode fall voltage was
10.86 ± 0.8 V and independent from
current. This is believed to be the first
time that overall cathode fall voltage
was determined for an aluminum
GMAW system. Based on prior steel
experimentation, overall cathode fall
voltage results are 1.8 V lower than
expected based on the work functions
of aluminum and steel. These results
suggest that anode vaporization could
be changing the arc’s composition,
temperature, and overall cathode fall
voltage. Overall anode fall voltage was
6.13 ±  0.24 V, independent of current,
dependent on waveform selection,
and was comparable with previous lit-
erature. Pulse waveforms were shown
to have a slightly higher anode fall
voltage at lower currents, possibly
from a lower amount of vaporization.
Droplet temperature ranged between
1812C (3294F) and 2139C
(3882F) with an average process
thermal efficiency of 68.1 ± 4.8%.
Both droplet temperature and thermal

efficiency appeared to be dependent
on waveforms, but variations were
not statistically significant at the cur-
rents tested. Average contact tip volt-
age loss and resistance were measured
to be 0.56 ± 0.10 V and 2.85 ± 0.54
m, respectively. Utilizing the work of
Lehnhoff, average electrode extension
voltage loss was 0.06 ± 0.01 V and was
insignificant compared to other meas-
urements. Arc column fall voltage po-
tential was 0.77 ± 0.19 V/mm and ap-
peared to increase with current. Aver-
age voltage loss through the gun ca-
ble/leads for the configuration tested
was 1.60 ± 0.36 V.
     The trends found in these various
voltage loss regions gave the capability
of measurement total voltage loss and
wire feed speed. Voltage loss predic-
tions were found to be reasonable at
tested currents but begin to deviate at
extrapolated values. Calculated wire
feed speeds were comparable with em-
pirical values and indicate that values
of anode fall voltage are correct. Com-
parative tests between the calorimetry
setup and an aluminum plate indicate
that the calorimeter is representative
of metal transfer mode when arc
length is suffciently large. Welding
with short arc lengths were shown to
have a slower detachment frequency
and a different plasma appearance.
     The experiments performed in this
study gave consistent measurements
and were representative of typical alu-
minum GMAW parameters. The re-
sults will assist future models to deter-
mine deposition rates, heat input, and
fume emission for varying current,
waveform, and polarity, giving a more
complete understanding of the alu-
minum GMAW system.
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