
Introduction
     Progressively higher demands for efficiency and productivi-
ty in manufacturing processes have spurred development in
welding processes for new applications. Arc-based welding
processes present higher productivity compared to laser-based
welding technologies, due to potentially high deposition rates
and versatility in joint design. This has driven the use of arc
welding in critical applications, including shipbuilding (Ref. 1),

lightweight transportation with dissimilar welding (Ref. 2),
and hardfacing of surfaces subjected to wear (Ref. 3).
     Among the welding processes used for hardfacing against
erosion, hot-wire gas tungsten arc welding (HW-GTAW) is
commonly used due to the advantage of high deposition and
controlled dilution coupled with good penetration (Ref. 4).
Other processes commonly utilized for hardfacing include
plasma transferred arc (PTA), submerged arc welding (SAW)
(Ref. 5), cold wire GTAW, tandem gas metal arc welding
(GMAW) (Ref. 6), and laser cladding (Ref. 7). However,
laser-based processes are less common due to lower produc-
tivity and high costs associated with operation and mainte-
nance of equipment.
     Hot-wire gas metal arc welding (HW-GMAW) is another
promising technology used for welding and hardfacing applica-
tions. It is characterized by higher deposition and versatility
along with low operational costs. The core advantage of HW-
GMAW for overlays are the characteristics that allow reduced
nominal heat input with increased deposition. This stems
from the decoupling of heat input and deposition by introduc-
ing a secondary welding wire, which is resistively heated. An-
other important feature of these processes is their inherently
lower dilution (Ref. 8), and this can help to suppress dissolu-
tion of carbides in Ni- and Fe-based composite overlays.
     Although HW-GMAW can be easily used for overlays where
low dilution is needed, few studies are available in the litera-
ture dealing specifically with the process characteristics and
their influence on the final bead shape. In particular, the inter-
actions between process parameters remain largely unreport-
ed. For instance, fundamental features such as thermal effi-
ciency of HW-GMAW are unknown. Most of the applications
of this process do not consider this important parameter, and
few reports are available that describe successful welding pa-
rameters. The net result of this lack of information is an un-
derutilization of HW-GMAW for structural applications.
     The objective of the present study was to detail the influ-
ence of the hot-wire polarity (hot-wire negative or positive),
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welding direction (hot-wire pushing or pulling the weld pool),
and hot-wire feed rates (as a percentage of the main electrode
wire feed rate). The role of these hot-wire parameters was ex-
amined for the overall stability of the welding process, arc dy-
namics, metal transfer mode, and consequent geometry of the
final bead shape.

Experimental Methodology

Welding Parameters and Experimental Set-Up

     Sections of 3⁄8-in.-thick (9.5-mm) AISI 1020 steel were used

as base metal for bead-on-plate welds. The wires used were
ER70S-6 (Ref. 9) with diameters of 1.2 and 0.9 mm for the
electrode and hot-wire, respectively.
     The welds were deposited with a Lincoln Electric Power
Wave® R500 used for robotic welding as the main electrode
power source and a Miller Electric Aerowave welding power
source as the hot-wire (secondary) power source. A robotic
arc welding system was used to perform the welds, which in-
corporates a FANUC ARC Mate 120i arm, equipped with a
BINZEL VTS 500 gun. The wire feeders used were Lincoln
10R wire drive systems integrated to the robotic arm. Dur-
ing the experiments, the main source was operated in the
constant voltage (CV) mode, while the hot-wire source was
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Fig. 1 — Experimental set-up: A — General view with numbers indicating (1) hot-wire power source, (2) FANUC robotic arm, (3) high-speed
camera, and (4) hot-wire feeder; B — detail showing the hot-wire injector; C — detail showing CTWD (mm) and hot-wire angle; D — the
distance of the contact tip to the weld pool.

Fig. 2 — Schematic of the HW-GMAW set-up, indicating the
weld directions push (hot-wire trailing the arc) and pull (hot-
wire leading the arc).

A B

DC

Fig. 3 — Schematics for dilution calculations.
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kept in the constant current (CC) mode. The polarity of the
hot wire (HW) was changed to either positive or negative
during the experiments to study its effect on metal transfer.
The HW contact point was kept constant and equal to 151.6
mm (Fig. 1D) from the substrate. Figure 1A and B show the
experimental set-up used to investigate the metal transfer.
During all the experiments, the HW angle of 22 deg and
contact tip to work distance (CTWD) of 17 mm were kept
constant. Figure 1C shows the nozzle-to-workpiece distance
(NTWD), which was 15 mm.
     Figure 2 shows a schematic of the experimental set-up
highlighting the welding directions, push and pull. In the
first case, the HW pushed the weld pool, while in the second
case, it pulled the weld pool. It is important to emphasize
the welding gun angle was kept straight (90 deg to the plate)
throughout the experiments.
     During the experiments, current and voltage were logged
at 10 kHz for 2 s for the main wire and hot wire. The voltage
of the main source was measured as the difference of poten-
tial between the welding gun and the substrate, and the cur-
rent of the main source was measured through the ground
cable using a Hall sensor. On the other hand, the voltage on
the hot wire was measured as the difference of potential the
between the hot-wire contact tip (shown in Fig. 1D) and the

substrate; the current in the hot wire was measured through
the ground cable of the secondary welding power source.
The ground connections of the main and secondary power
sources were connected to the substrate. The values of cur-
rent and voltage measured for both welding power sources
are reported as absolute values.
     In parallel, synchronized high-speed imaging was employed
to study the electric arc dynamics. The videos were taken at
5000 fps, with a shutter speed of 25 s using a band pass filter
of 900 ± 10 nm. The average voltage (U), current (I), and pow-
er (P) reported in this work were calculated using the following
equations as reported by Joseph et al. (Ref. 10):

U
�
= 1
n

 Ui(t)
i = 1

n

� (1)

I
�
= 1
n

Ii(t)
i = 1

n

�  (2)
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Fig. 4 — Current/voltage signals of the main source and the secondary source comparing two different specimens: A and B —
Specimen 23 (run #1, negative polarity, pull, 20%); C and D — specimen 15 (run #3, negative polarity, pull, 100%).

A B

C D
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where Ui, Ii represent the instantaneous values of voltage
and current, respectively; while n represents the number of
current and voltage measurements.
     Table 1 presents the values of parameters under variation
in this study, namely, HW polarity, HW mass rate (%), and
welding direction, while other values were kept constant. It
should be noted that 20 and 100% hot-wire feed rates are
equivalent to deposition rates of 0.96 and 4.80 kg/h, respec-
tively. For all welding conditions, three replicates were taken to
determine the reproducibility of the observed phenomena.
     The shielding gas used was Ar-15% CO2 at a flow of 40
ft3/h (19 L/min). The HW mass rate was calculated as a per-
centage of the main wire feed rate. The parameters chosen
gave a natural spray transfer associated with high current
and arc power. The polarity of the HW was manually
changed by reversing the position of the connecting wires in
the HW source terminals and was checked using a standard

multimeter. The value chosen for the HW nominal current
was set to avoid completely melting the hot-wire or arcing
between the two wires and consequent damage of the HW
power supply. During welding, the behavior of the main
source did not appear to have been influenced by the sec-
ondary HW source.

Metallography and Dilution Measurements

     After welding, all three replicates were sectioned into
thirds, resulting in nine cross sections that were examined
for each welding condition. After standard metallographic
polishing procedures, consisting of final polishing with 1 m
alumina polishing, all nine cross sections were etched with
2% Nital solution to reveal macro and microstructures. Fig-
ure 3 shows a schematic of a weld cross section.
     Dilution was calculated using Equation 4 and is reported
as an average following examination of nine cross sections.

P
�
= 1
n

Ui(t)�Ii(t)
i = 1

n

�  (3)

D =
Abase

Abase + Afiller
(4)
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Fig. 5 — Current/voltage signals of the main source and the secondary source comparing two different specimens: A and B —
Specimen 1 (run #2, positive polarity, pull, 20%); C and D — specimen 17 (run #4, positive polarity, pull, 100%).
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Table 1 — Experimental Parameters and Welding Conditions

  Run                WFS                 U                  Travel                  HW                     HW                    HW                   Welding                  Specimens
    #               (in./min)             (V)                Speed              Nominal              Polarity               Mass                Direction                    Codes*
                     [m/min]                                (in./min)             Current                                          Rate                                                         
                                                                 [cm/min]                (A)                                              (%)
                                                                                                                                              [in./min]
                                                                                                                                              {m/min}                      

                         350                                        25                                          Negative                20                       Pull                       23, 24, 25
      1                 [8.89]               28                 [63.5]                   70                                              [124]
                                                                                                                                                {3.15}                                                         
                                                                                                                                                                                                                
     2                 350                28                   25                     70                  Positive                 20                       Pull                          1, 2, 3
                                                                                                                                                                                                                   
                                                                                                                                                    100
     3                 350                28                   25                     70                  Negative              [622]                     Pull                        13, 14, 15
                                                                                                                                                {15.8}                                                        
                                                                                                                                                                                                                
     4                 350                28                   25                     70                  Positive                100                      Pull                        17, 18, 19
                                                                                                                                                                                                                
     5                 350                28                   25                     70                  Negative                20                      Push                         7, 8, 9
                                                                                                                                                    
     6                 350                28                   25                     70                  Positive                 20                      Push                        4, 5, 6
                                                                                                                                                                                                                
      7                  350                28                   25                     70                  Negative                100                     Push                       10, 11, 12
                                                                                                                                                                                                                
     8                 350                28                   25                     70                  Positive                100                     Push                     20, 21, 22
                                                                                                                                                                                                                
     9                 350                28                   25                     70                       —                      —                         —                        26, 27, 28

*Specimens for which the videos were captured are noted in bold.

Fig. 6 — Current/voltage signals of the main source and the secondary source comparing two different specimens: A and B —
Specimen 7 (run #5, negative polarity, push, 20%); C and D — specimen 10 (run #7, negative polarity, push, 100%).
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Results and Discussions

Current/Voltage Signals

     All the experiments utilized a main electrode feed rate of
350 in./min, a main source voltage of 28 V, a travel speed of
25 in./min, and a hot-wire nominal current of 70 A. The
only variables that were changed were welding direction
(pull or push), HW feed rate (20 or 100%), and HW polarity
(negative or positive). Only the variables that emphasize the
difference in the observed results will be discussed in this
section.
     Figure 4 shows the voltage/current signals comparing the
role of the hot-wire feed rate in specimen 23 (negative po-
larity, pull, 20%) and specimen 15 (negative polarity, pull,
100%), such that these two specimens involve the same hot-
wire voltage. However, comparing Fig. 4 with specimens 1
and 17 (which correspond to negative vs. positive HW polar-
ity) shown in Fig. 5, the voltage applied in the secondary
source changes from an average of 0.092 and 0.208 V, re-
spectively, when using negative polarity of 2.62 and 2.46 V,
respectively, with positive HW polarity.
     Summarizing these results, when one compares speci-
mens 23 and 15, which have negative polarity, to specimen
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Fig. 7 — Current/voltage signals of the main source and the secondary source comparing two different specimens: A and B —
Specimen 6 (run #6, positive polarity, push, 20%); C and D — specimen 21 (run #8, positive polarity, push, 100%).

Fig. 8 — Average total nominal heat input between the speci-
mens of an experimental run. The dashed lines indicate the
range of variation of the standard GMAW. The total heat input
is calculated from the total power, which is the sum of the
electrode power and hot-wire power.

A B

C D
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17 (which uses positive polarity, pull, and 100%), it is clear a
different hot-wire polarity causes a difference in measured
voltage. Comparing Figs. 4 and 5, it can be seen that the for-
mer situation is more stable than the latter based on the
larger fluctuations and transient behavior observed in the
voltage, in particular, possibly due to the higher HW feed
rate in specimen 15, which might stabilize the wandering of
the cathode spots in the weld pool, accounting for superior
arc stability.

     Comparing specimen 7 (negative polarity, push, 20%) and
specimen 10 (negative polarity, push, 100%) in Fig. 6, it can be
seen that though the secondary source responds similarly, the
current and voltage amplitude in it are higher in specimen 7
than in specimen 10. The basic difference between these is the
hot-wire feed rate. In specimen 10, the higher fraction of hot-
wire stabilized the response of the secondary source, account-
ing for the lower amplitude variability of current and voltage;
the mechanism can be explained in prior work (Ref. 11).
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Fig. 9 — Hot-wire GMAW metal transfer: A — Specimen 23 (negative polarity, pull, 20%); B — specimen 15 (negative polarity, pull,
100%). (Note: ipm = in./min.)

Table 2 — Sampled Electrical Parameters for Run #9 (Standard GMAW)

             Run             Specimen            Inst. Avg.            Inst. Avg.              Inst. Avg.             Nom. Heat              Avg. Nom.                Standard
                                                             Current              Voltage                 Power                   Input                  Heat Input               Deviation
                                                                (A)                     (V)                       (W)                   (kJ/mm)                 (kJ/mm)                  (kJ/mm)

               9                     26                     295.1                   27.5                      8113                     0.767                                                         

   (Standard GMAW)         27                    290.3                  27.5                     7988                    0.755                       0.76                       0.009

                                      28                     291.5                  28.0                     8176                     0.772                                                         

Table 3 — Percentage of Total Power Due to Hot-Wire Joule Heating Dissipation

           Experimental Runs #             Hot-Wire Avg. Inst. Power (W)                       Total Power (W)*                        Power Ratio (%)**

                           1                                                   4                                                      8242                                            0.05

                          2                                                 177                                                     7804                                            2.26

                          3                                                  10                                                      7676                                             0.14

                          4                                                 167                                                     7922                                             2.11

                          5                                                 20                                                      7778                                             0.25

                          6                                                  2                                                      8224                                            0.03

                           7                                                 36                                                     7675                                             0.46

                          8                                                 146                                                     7085                                            2.06

*Total power is the sum of the electrode and hot-wire avg. inst. power.
**Power ratio is the ratio of hot-wire power (W) over total power (W).
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     Comparing specimens 6 (positive polarity, push, 20%)
and 21 (positive polarity, push, 100%), refer to Fig. 7. It can
be noted that by increasing the hot-wire feed rate while us-
ing positive polarity in the push orientation, the output is
dominated by sudden variations in current and voltage. This
is due to the intermittent contact of the electric arc with the
hot-wire, which causes brief changes in the arc attachment
locations or length.
     Comparing the effect of polarities in Figs. 4 and 5, hot-wire
negative polarity provides a more stable arc than when hot-
wire positive polarity is used, as can be inferred from the varia-
tion of current and voltage in the secondary source, as well as
the sudden variations of current and voltage in the main
source. This is probably due to the fact that a negative hot wire

repels the arc, avoiding short circuits. Comparing the stability
for different hot-wire feeding orientations in Figs. 4 and 6, it
appears when the hot wire is pushing, the welding pool is
more unstable than when the hot-wire is pulling it. 
     When placing the hot-wire in the pushing orientation,
there is a tendency to push the welding pool or to submerge
the wire below it, rather disturbing the cathode spots wander-
ing on its surface. Conversely, when the hot-wire is in the
pulling orientation in front of the weld pool, there is a tenden-
cy for the weld pool to be stretched and the hot-wire droplets
be transferred more easily than when pushing it. Again, when
the addition of hot-wire increases, the stabilization of the
cathode spots (electron emitting sites) can be observed due to
cooling of the weld pool (Ref. 12), which results in a more sta-
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Fig. 10 — Hot-wire GMAW metal transfer across the arc: A — Specimen 1 (positive polarity, pull, 20%); B — specimen 17 (positive po-
larity, pull, 100%). (Note: ipm = in./min.)

A B

Fig. 11 — Hot-wire GMAW metal transfer across the arc: A — Specimen 8 (negative polarity, push, 20%); B — specimen 11 (negative
polarity, push, 100%). (Note: ipm = in./min.)
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Fig. 12 — Hot-wire GMAW metal transfer across the arc: A — Specimen 4 (positive polarity, push, 20%); B — specimen 21 (positive
polarity, push, 100%). (Note: ipm = in./min.)

A B

Fig. 13 — Representative bead aspects for these produced welds: A — Standard GMAW; B–I — HW-GMAW. For all the conditions
WFS = 350 in./min, U = 28 V, TS = 25 in./min, and CTWD = 17 mm. Hot-wire feeding is 20% (124 in./min) and 100% (622 in./min).

A B C
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G H I

RIBEIRO ET AL SUPP 201951 Layout.qxp_Layout 1  10/9/20  1:03 PM  Page 289



ble arc signal (current and voltage response).
     It can be seen that the nominal heat input calculated as the
instantaneous arc power (kJ/s) over travel speed (mm/s) is
slightly lower for HW-GMAW, for some experimental runs,
compared to standard GMAW — Fig. 8. For example, negative
polarity associated with higher hot-wire feed rates produced
the lowest nominal heat inputs that can be seen in runs #3
and 7. Both runs had negative polarity and 100% hot-wire
feed rate, but operated in pull and push welding directions, 
respectively.
     For the sake of comparison, the electrical parameters of

the standard GMAW (run #9) are given in Table 2. The aver-
age nominal heat input (kJ/mm) for all other experimental
runs is given in Fig. 8. Moreover, in Fig. 8 the heat input
range of standard GMAW is shown in dashed lines to facili-
tate the comparison between HW-GMAW and GMAW.
     The discussion about the nominal heat input provides an
introduction to the next section where the phenomena of
metal transfer is examined further. Since different hot-wire
feed rates and polarities produced similar nominal heat 
inputs, it is likely that only the combination of these vari-
ables affected the metal transfer, rather than one exclusive
parameter.

Metal Transfer Mechanisms

     The arc dynamics during HW-GMAW depend on the po-
larity of the hot-wire and the current in the electrode wire,
which can be modelled as two cylindrical conductors. When a
current passes through two cylindrical conductors with differ-
ent polarities, the magnetic field induced by the current flow
produces a resultant force that repels both conductors. Con-
versely, if the conductors have the same polarity, the resultant
force tends to attract both conductors.
     As expected, when the hot-wire was kept in negative polari-
ty, the resultant force from the hot-wire current repelled the
arc, as can be seen by the deflected streaming droplets in Fig.
9. For low (20%) and high (100%) hot-wire feed rates, the hot-
wire melted within the weld pool. Even at higher feed rates,
the hot-wire was easily melted by the arc, due to the additional
energy provided by Joule heating (Table 3).
     Figure 10 indicates when the hot-wire polarity changed
to positive, the arc was attracted to the hot-wire. In this
case, the hot-wire still melted in the weld pool; however,
when the higher hot-wire feed rate increased further, the arc
was strongly attracted to the hot-wire, inducing an instanta-
neous reduction of arc length causing the metal transfer to
momentarily become globular. Due to the self regulation of
the main source operating in constant voltage mode, this re-
duction in arc length was counterbalanced by an increase in
current to maintain the melting rate and preset arc length
by compensating with voltage. This dependence of metal
transfer on the arc length was also observed by Xiang et al.
(Ref. 13) when studying twin GMAW.
     Figure 11 shows the situation where there was only a
slight repulsion of the arc by the hot-wire (specimen 8: neg-
ative polarity, push, 20%). Due to the low hot-wire feed rate,
it was easily melted and did not exert a strong influence on
the arc. Conversely, when a high hot-wire feed rate was used,
this strongly repelled the arc, which subsequently repelled
the droplet, causing droplets to transfer toward the leading
region of the weld pool as shown in Fig. 11B.
     Figure 12A shows the strong attraction of the arc to the
hot-wire when it was positive, and this displaced the weld-
ing pool. The hot-wire melted in the welding pool, but the
arc was not pinned to the hot-wire in this situation, and the
metal transfer was directed toward the back of the welding
pool. In Fig. 12B, the arc was completely pinned to the hot-
wire, which caused a notable reduction of arc length and led
to more severe short circuits, since the droplet could then
touch the hot wire easily. Differences between these two
transfer modes could be clearly noted in terms of the influ-
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Fig. 14 — Representative cross sections for the welds manufac-
tured. The arrows indicate discontinuities in the cross sections.
Specifically, the arrow in C indicates an inclusion; in E indicates
porosity; in G indicates an inclusion; and in I indicates an inclu-
sion (upper arrow) and porosity (lower arrow). The conditions of
each specimen are embedded in each cross section.
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ence on the final bead geometry. Moreover, the presence of
short circuits led to an increase in spatter.

Bead Profiles and Cross Sections

     Figure 13 presents the bead aspects for produced speci-
mens. The isotherm contours (dashed lines) in the bead as-
pect provide evidence that the introduction of hot-wire, hot-
wire polarity, and weld direction changed the shape of the
isotherm, consequently, varying the heat distribution in the
plate. However, it is not possible to affirm that the heat
transferred to the plate changed, since no calorimetric
measurements were performed.
     Figure 14 presents the cross sections for the manufac-
tured welds in this study. As can be seen in Fig. 14A, the
standard GMAW specimen exhibited higher penetration and
dilution than those produced with HW-GMAW. The modifi-
cations induced by changing polarity, welding direction, and

hot-wire feed rates led to changes in the geometry for the
same value of wire feed and travel speed.
     The addition of a hot-wire decreased the depth of pene-
tration while simultaneously causing a change in the electric
field near the weld pool, which either promoted repulsion or
attraction of the arc to the hot-wire. It is understood that
penetration is a function of the droplet momentum, which
excavates the weld pool (Refs. 14, 15). If the arc is pinned to
the hot wire, this acts to shield the welding pool from
droplets and consequently reduces the penetration.
     However, varying the polarity of the hot-wire led to in-
creased deposition rates via the hot-wire feed and also re-
pulsion or attraction of the arc. This repulsion or attrac-
tion of the arc moved the weld pool away or to the hot-
wire, and increased or suppressed the droplets touching
the weld pool. Figure 14 indicates that the amount of hot-
wire rate exerted a more significant effect than just polari-
ty, particularly based on Fig. 14B and G, where there was a
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Fig. 15 — A — Schematic showing the relationship between the maximum width of the weld pool isotherm and the bead width; B —
variation of bead width. The dashed line indicates the range for GMAW (run #9).

A B

Fig. 16 — A — Average depth of penetration for all the experimental runs; B — average dilution for all runs. The dashed line indi-
cates the range for GMAW (run #9). The results are an average of nine cross sections.
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RIBEIRO ET AL SUPP 201951 Layout.qxp_Layout 1  10/9/20  1:03 PM  Page 291



difference in feed rates but the polarity was the same. On
the other hand, comparing Fig. 14H and I, the increase in
hot-wire feed rate appeared to drastically decrease penetra-
tion depth.
     Another feature that can be analyzed from the weld pool
aspect is a variation in the Rykalin number (Ry) (Ref. 16). This
parameter is defined in Equation 5 as follows:

where  is the thermal efficiency of the welding process, Q
is the gross heat-input (J/s), v is the travel speed in (m/s), 
is the thermal diffusivity at the liquidus temperature in
(m2/s), and h is the enthalpy of melting in (J/m3). 
     It has been proposed that this dimensionless parameter,
according to Fuerschbach, is similar to the Peclet number in
terms of comparing the importance of conduction and con-
vection as the main form of heat transfer in welds (Ref. 17).
According to Mendez et al. (Ref. 17), two types of heat
sources can be distinguished: fast-heat sources (Regime I, 
Ry > 1) and slow-heat sources (Regime II, Ry  1). In fast-
heat sources, the heat transfer is dominated by convection,
while in slow-heat sources, conduction dominates. Murray
and Scotti (Ref. 14) have modelled penetration as a function
of Ry, though in their work Ry is referred to as B, the dimen-
sionless heat transfer parameter.
     The Ry number has been shown to vary with the aspect ra-
tio (AR) of the welding isotherm (Ref. 18). For Regime I, the
increases are steeply in relation to the Ry number but remain
constant for Regime II. The isotherm aspect ratio is defined as
isotherm length (L) over the isotherm width (W), as seen in
Fig. 15 and Equation 6. As the value of W decreases, the value
of AR increases, provided that L remains constant. Given that,
an increase in AR increases the value Ry. Some experimental
conditions in HW-GMAW suggest there is an increase in
width, which causes a decrease in Ry, for example in Fig. 13D.

                                               AR = L/W                                 (6)

     Figure 15A compares the bead width to the width of the
melting temperature isotherm. Consequently, if there is a
change in bead width, there are also changes in the heat trans-
fer mode in the weld pool. Figure 15B shows the range of bead
width for the standard GMAW in a dashed line; it can be deter-
mined for certain conditions the bead width increased, and
consequently, so did the role of convection in heat transfer,
taking into account the proportionality between bead width
and Ry. The increase in convection leads to the increase in the
convection currents inside the weld pool, which can improve
the metal mixture inside the melt pool.
     It seems that this shift in weld width is correlated to a com-
bination of polarity and hot-wire feeding, since in runs #2
(positive polarity, pull, 20%) and 6 (positive polarity, push,
20%), the width increased more on average compared to other
specimens, independent of welding direction. However, more
experiments are required to clarify this subject, as it has impli-
cations on melting efficiency, since it is a function of Ry.

Penetration and Dilution

     Figure 16A shows the depth of penetration for all experi-
mental runs calculated using all specimens. The dashed lines
show the range of penetration for standard GMAW speci-
mens. Except for 20% hot-wire feed rate, all other runs had
a decreased depth of penetration on average in comparison
to standard GMAW. Runs #5 and 6 had the same common
welding direction and hot-wire feed rate of 20% with a push
orientation, however, with negative and positive polarities,
respectively.
     The combination of low hot-wire feed rate and push
welding orientation increases penetration. A possible
mechanism is the hot-wire causes the pressure adjacent to
the weld pool to increase since it pushes the melt pool,
causing the molten metal to fill the weld pool cavity. Re-

Ry = �Qv
�2�h

(5)
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Fig. 17 — A — Average power ratio, which is the ratio of the hot-wire Joule heating dissipated power over the total power (sum of
hot wire and electrode power); B — area of the weld pool calculated through the cross sections.
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garding the other runs, all had lower penetration than the
standard GMAW, which implies reduced dilution.
     An attractive application of HW-GMAW appears to be
weld overlays, since it offers lower heat input and dilution
compared to the standard GMAW with superior deposition
rates (Ref. 8). Dilution is a critical property for weld over-
lays, and in principle, overlays should exhibit lower dilu-
tion due to the reduced penetration rates.
     Figure 16B shows the dilution for all the runs calculated
using all three specimens with the range of dilution of the
conventional GMAW presented in dashed lines. It can be
noted for all the conditions assessed in the experimental
runs, the dilution decreased compared to the standard
GMAW condition. For example, introduction of a hot-wire
can decrease dilution by 25% on average, considering run #4
shown in Fig. 16B. Also, Fig. 16A and B indicate that runs #5
and 6 had higher penetration than the lowest value of
GMAW range with lower dilution compared to the GMAW
range.
     Meanwhile, the specimens in run #6 exhibited slightly
reduced finger-like profiles, with similar penetration to
specimens in run #5 coupled with reduced dilution — Fig.
13H. It is suggested the polarity plays a role in the devel-
opment of finger-like penetration in hot-wire welding,
though further experiments are needed to clarify this mat-
ter. According to Lancaster (Ref. 19), the finger-like pene-
tration mechanism results from a cavity formed below the
weld pool, which is sustained by the plasma jet pressure.
One of the forces that opposes the formation of this cavity
is surface tension. Another theory explains finger-like pen-
etration by the momentum transferred by the droplets to
the center of the weld pool, which causes enhanced convec-
tion and leads to a local increase in substrate melting.
     As the specimens in run #6 were welded in positive po-
larity, the arc was deflected toward the hot-wire due to the
interaction of their electromagnetic fields. This displace-
ment of the arc changed the droplet path, thus attracting
the droplets toward the hot-wire. However, the welds were
performed with 20% HW-feed rate, which was unable to
completely shield the weld pool from the droplets. The
droplets were directed toward the side of the weld pool
close to the wire, promoting sideways droplet impact, thus
reducing the finger profile while keeping the penetration
similar to specimens in run #5.

Average Power Ratio and Melt Pool 
Cross-Sectional Area

     Figure 17 shows the relationship for all experimental
runs of the average power ratio (defined as the ratio of the
hot-wire Joule dissipated power (W) over the sum of the hot
wire and electrode wire power) and the area of the melt
pool, taken from the cross sections. Calculating the effects,
using analysis of variance (ANOVA) (Ref. 20), of hot-wire
polarity, hot-wire feed rate, and hot-wire orientation, it can
be identified which of those parameters plays a higher role
in the area of the melt.
     The highest effects governing power ratio are due to hot-
wire polarity and the combination hot-wire polarity and
hot-wire orientation — Fig. 17A. This means that changing
from negative to positive hot-wire polarity increases the

power ratio, which is consistent with Fig. 17A, where runs
#2, 4, and 8 had positive polarity. This happens due to the
fact that in positive polarity, the voltage of the secondary
source is higher than in negative polarity, possibly due to re-
pulsion of the arc.
     The combination of hot-wire polarity and hot-wire orien-
tation indicates that when both change to the highest levels
(positive and push), the power ratio decreases (refer to runs
#5 and 6, in Fig. 17A), since again the voltage in the second-
ary decreases. The reason behind this is likely due to the fact
that while operating in hot-wire positive, the difference of
potential of the hot-wire and the electric arc decreases, since
they attract each other.
     Figure 17B shows the variation of weld pool area for all
the experimental runs. The main effects that govern the
cross-sectional area of the melt pool are hot-wire polarity,
hot-wire feed rate, and hot-wire orientation combined. The
ANOVA suggests the combination of hot-wire polarity and
feed rate has the highest effect on increasing the area of the
melt pool. This seems logical since higher feed rates increase
the volume of molten metal introduced into the melt pool,
and negative hot-wire polarities offer higher melting rates
than positive hot-wire polarities. An example of this is run
#7 in Fig. 17B.
     Comparing runs #2, 4, and 8 in Fig. 17A, they provided
the higher power ratios and all were positive hot-wire polari-
ty, and that due to attraction of the electric arc, there was
possibly an increase in difference of potential between the
hot-wire and the electrode wire, which accounted for a high-
er power ratio. However, a higher power ratio did not neces-
sarily reflect a higher weld pool area — Fig. 17B. This is be-
cause the hot wire introduces additional heat into the melt
pool, but also increases losses to the environment, particu-
larly when the hot-wire has higher power.

Conclusions

     Standard GMAW and HW-GMAW welds were fabricated
and assessed using high-speed imaging and standard metal-
lographic procedures. Metal transfer dynamics and its impli-
cation in bead geometry and welding bead formation were
analyzed. Based on the observations, the following conclu-
sions can be drawn:
     1. Hot-wire feed rates can decrease penetration up to
45% and dilution up to 25% compared to standard GMAW
when HW feed rate is 100%, for instance;
     2. Hot-wire polarity can attract or repel the arc and, cou-
pled with the HW feed rate, can alter bead geometry
through changes in penetration depth and bead height;
     3. Welding direction and hot-wire feed rates are the pa-
rameters that mostly affect the arc stability of the welding
process based on the current/voltage signals for the range of
parameters in this study;
     4. HW-GMAW provides low values of dilution while keep-
ing depth of penetration similar to standard GMAW, partic-
ularly when the hot-wire feed rate is 20%, as for example in
run #1 (HW negative, 20%, and pull orientation), run #2
(HW positive, 20%, and pull orientation), run #5 (HW nega-
tive, 20%, and push orientation), and run #6 (HW positive,
20%, and push orientation). For all other welding runs, the
penetration is lower than in standard GMAW.
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