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Abstract
Derivative welding processes are in many cases capable of altering phenomena that determine fundamental aspects of weld bead
formation. Some of these evolutions act over the wire feed dynamics. However, in this scenario, the effects of the wire feed
pulsation on the weld bead formation governing factors have not been fully explored yet. Therefore, this work aimed at
examining how a wire feed pulsation approach affects the droplet transfer in gas metal arc welding and how its interaction with
the molten pool defines the weld bead penetration. Bead-on-plate weldments were produced by varying the wire feed pulsation
frequency, yet keeping the same levels of arc energy and wire feed speed, with the power source operating in constant voltage and
current modes. To assess the droplet transfer behavior, high-speed imaging was used. The geometry of the weld beads was
compared in terms of fusion penetration. The results showed that an increase in the wire feed pulsation frequency intensifies the
detachment frequency of the droplets, being possible to accomplish a stable metal transfer with them straightly projected toward
the weld pool, which contributed to a centralized-increased penetration profile. Based on a descriptive model, it was demon-
strated that the increase in droplet momentum or kinetic energy, due to the wire feed pulsation, was not enough to justify the
penetration enhancement. It was concluded that the wire feed dynamics can also stimulate surface tension variations in the weld
pool and therefore disrupt the behavior of its mass and heat convection, supporting fusion penetration.
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1 Introduction

In welding, as it happens in other manufacturing fields, the
derivative processes (hereafter understood as process versions
that were developed from more basic ones) have been under
intensive development. They are implemented, in many cases,
due to the capability of acting on phenomena that govern
important outputs, such as weld bead formation. In gas metal
arc welding (GMAW), many of these developments are pos-
sible due to technological enhancements in the power sources,
generally using fine real-time control of fundamental variables
(such as arc voltage and welding current) in order to improve
process stability and metal transfer regularity. Some of the
most popular and consolidated GMAW derivative processes
to control metal transfer are the surface tension transfer (STT),
developed by the Lincoln Electric Co. [1], and the regulated
metal deposition (RMD), designed by the Miller Electric Mfg.
LLC [2].

Besides allowing an efficient control of the power source
electric signals, other developments also act over the metal
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feeding dynamics by means of axial pulsation movements of
the wire (cyclic advance and retreat motion). An application of
such a concept was recently demonstrated by Jorge et al. [3],
who introduced a pulsed cold-wire approach to influence the
spray GMAWprocess performance. However, likely the most
exploited and prominent technique in this context, and hence
discussed hereinafter, was introduced by Fronius International
GmbH in 2004, under the Cold Metal Transfer (CMT) brand
name. Whereas the material transfer in most of the controlled
short-circuit transfer welding processes is solely digitally/
electrically controlled, the CMT version controls the metal
transfer with a mechanically assisted digital/electrical method.
Later on, the SKS Welding System company launched the
microMIG process at the 2009 Essen Welding and Cutting
Fair. In this process, the metal transfer is an intercalation of
a short-circuiting event and a sequence of free-fall droplets
(spray metal transfer). The manufacturer, in this case, claims
more control over penetration, yet still with a reduction in
spattering and heat input. More details on these processes
can be found in Kah et al. [4], but the list of manufacturers
that use these concepts is reasonably longer.

Some authors point out that variation in weld bead features
can be reached by applying the concept of controlling the
dynamics of the wire feeding without any power source output
signal control. It is worth making clear that this dynamic feed-
ing consists of a cyclical forward and backward wire motion
along the feeding direction itself. To avoid any misunder-
standing with the current terminology (mainly concerning
the traditional Pulsed GMAW), wire feed pulsation will be
always used from now on to indicate such type of wire move-
ment. Wu and Kovacevic [5] showed that the droplet transfer
process can be significantly improved by wire feed pulsation,
and a projected spray transfer mode can be established at a
much lower current level. Also, by increasing the wire feed
pulsation frequency, the transfer rate of the droplets was in-
creased while their size decreased. Additionally, these re-
searchers observed an enhancement of the surface quality
and a modification of the geometry of the weld beads that
could be of importance for overlay cladding and rapid
prototyping based on deposition by welding (additive
manufacturing). Lebedev et al. [6] verified that the droplet
detachment frequency gets close to the set wire pulsation fre-
quency. These authors were able to estimate an optimal point
where the mechanical effect imposed by wire feed pulsation
prevails over the normal metal transfer, improving stability
aspects (less material loss), as well as allowing weld bead
geometry control. Guo et al. [7] proposed the employment
of wire feed pulsation even for subaquatic flux-cored arc
welding (FCAW) aiming at controlling the metal transfer
and, thus, enhancing the operation performance. By compar-
ing the results with the conventional wire feeding, the metal
transfer and weld bead aspect generated were improved when
the wire pulsation was applied, especially for frequencies

between 30 and 40 Hz. In addition, while further researching
the topic, Guo et al. [8] verified that, for a same wire feed
pulsation mode and frequency, the weld bead formation and
process stability were better when the backward wire motion
speed was slower and the retreat distance was shorter.
Nevertheless, although there are results indicating that the
wire feed pulsation might affect the weld bead formation, its
relationship with the factors that govern the related phenome-
na has not been explored yet.

The complexity involved to properly study the governing
factors in the weld bead formation is remarkable. According to
Scotti and Ponomarev [9], the weld bead formation is ruled by
two effects, namely, the thermal effect and the mechanical
effect, as scrutinized in Fig. 1. According to this figure, the
mechanical effect depends on three mechanisms: the impact of
the droplets impinging the liquid metal (C); the pressure of the
plasma jet itself inflicting on the liquid metal (D); and the
pressure of the magnetic field induced by the welding current
flow (E). Note that a buoyancy force, a stirring force, and a
linear momentum could be assigned as the mechanism (C).
Thereby, it can be presumed that, when applying wire feed
pulsation in the GMAW process, there is an implied modifi-
cation in the droplet dynamics (size, shape, transfer rate, and
speed) as well as in the arc behavior. This modification, in
turn, directly affects the mechanical effect and unfolds,
through the droplet transfer, the thermal effect. These intricate
and crossed relationships make the proper understanding of
the weld bead formation quite a challenge. Back to the me-
chanical effect, the mechanisms (D) and (E) could suffer var-
iations due to the wire feed pulsation, since the arc and weld
pool coupling area, even the welding current, would change
according to the wire back and forth motion. For example,
when the GMAW power source is in constant voltage mode,
the current increases when the wire approaches the weld pool
and decreases when it retreats. However, the focus of this
study will be mainly on the mechanism (C), which acts direct-
ly over the droplet dynamics and could significantly affect the
process performance.

Concurrently or not, another mechanism capable of acting
on the weld bead formation, yet not mentioned in Fig. 1, is
referenced in the literature as the Marangoni flow, a phenom-
enon named after the Italian physicist Carlo Marangoni, who
originally studied the mass transfer along an interface between
two fluids due to a gradient of surface tension. According to
Dass and Moridi [10], the Marangoni flow happens due to a
convective heat transfer phenomenon within the molten pool.
Heiple et al. [11], in 1982, postulated that Marangoni forces
generated due to the differences in surface tension and tem-
peratures in the molten pool boost the circulation of its mass.
According to their theory, this movement occurs mainly from
regions of low to high surface tensions, ultimately leading to
changes in the molten pool, and hence in the weld penetration.
According to Mills [12], since there is a large temperature
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gradient between the center and the edges of the weld pool, a
surface tension gradient is entailed and causes fluid circulation
(from low to high surface tension regions). However, the na-
ture of the surface tension gradient will determine the flow
circulation pattern. Usually, for pure metals and low oxygen
and sulfur contents, the surface tension has an inverse corre-
lation with the temperature, resulting in a flow from the center
towards the edges. The addition of oxygen and sulfur as alloy
elements is capable of altering the relationship between tem-
perature and surface tension; i.e., they become directly pro-
portional. Thus, an inward flow can be established in the weld
pool. In autogenous gas tungsten arc welding (GTAW)
assisted by solid active fluxes applied onto the base metal
surface, this mechanism is widely discussed by some authors
[13–15] in order to justify deeper and narrower weld beads
obtained with the same arc energy. These fluxes contain
chemical elements that are capable of changing the weld pool
surface tension behavior and therefore its mass and heat con-
vection patterns. This GTAW process variation is usually re-
ferred to as active flux TIG (A-TIG).

It is worth citing that, for a process with the addition of
metal, Choo et al. [16] drew attention to the fact that the
droplets under transference also induces Marangoni flow in
the weld pool. To demonstrate it, they proposed a physical
model to simulate the interaction between the droplet and
the weld pool in the GMAW process. Based on the fact that
the droplets may have different surface tension and density in
relation to the pool, they demonstrated that the surface tension
force generated the strongest flow when compared with the
buoyancy and stirring forces induced by the same falling drop-
lets. According to them, this droplet-induced Marangoni flow
can also control the direction and the intensity of the fluid
flow. If the droplet has a larger surface tension than the pool,
then the surface flow is directed inward and a deep flow loop

is created (and the other way around). Therefore, they suggest
that the role played by the Marangoni flow induced by the
droplets should not be set aside when analyzing the molten
metal flow in the GMAWprocess. They also conclude that the
momentum of a falling droplet was not sufficient to cause it to
penetrate the pool. However, it is important to mention that
they have not assessed a possible influence of multiple drop-
lets sequentially impinging the weld pool.

To some extent in accordance with Choo et al.’s [16] find-
ings, Davies et al. [17] showed that the metal transfer in
GMAW has great influence in the convective flow behavior
in the weld pool. By modifying the sulfur content in the drop-
lets, they proposed a computational model to assess the influ-
ence of surface tension differences between the droplet and the
pool over the convective flow. They concluded that the flow
induced by the relative surface tension between the droplets and
the pool can only influence weldments made with currents be-
low 150 A. For currents around 200 A, the increase in the
droplet momentum becomes prominent and superimposes the
surface tension effect. The model proposed by Jaidi and Dutta
[18] also shows that the flow and the dynamic behavior of the
weld pool in GMAW have great influence over the final weld
bead geometry and heat-affected zone (HAZ). Still regarding
the material flow behavior in welding, Jaidi and Dutta [19],
through a tridimensional model, studied the interaction between
the forces that can generate turbulence in the weld pool, which
changes its convection profile and possibly alters the bead ge-
ometry and HAZ. They discuss that the effect of the droplet fall
and the thermal diffusivity in GMAW intensified as a result of
the turbulence, would tend to make the molten pool deeper, i.e.,
increase weld penetration. Differing from Davies et al. [17],
Jaidi and Dutta [19] found evidence that the Marangoni flow
phenomenon has an important role in weld bead formation,
even for currents above 150 A.

Fig. 1 Hierarchical representation of the weld bead formation phenomena in the GMAW process (adapted from Scotti and Ponomarev [9])
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As seen, the idea of pulsing the wire feeding has been
partially explored as an attempt to improve the GMAW pro-
cess, but there have been limited studies dealing with the
phenomena involved behind this derivative approach, which
is key for its proper industrial success and the full exploitation
of its potentialities. As important as proposing different mech-
anisms to perform the wire feed pulsation, it is fundamentally
imperative to seek the understanding of how the dynamics of
the pulsed wire interferes in the weld bead formation, i.e., in
its governing factors. Therefore, this work aims at contribut-
ing to this scenario by examining how a wire feed pulsation
approach affects the transfer of the metal droplets and their
interaction with the molten pool to define the weld bead ge-
ometry in terms of penetration in the GMAW process.

2 Methodology and experimental procedure

The methodological approach applied in this work was based
on bead-on-plate weldments. As variables, a range of wire
feed pulsation frequencies and two power source setups were
employed. An electronic power source for the GMAW pro-
cess was set to either constant voltage (CV) or constant current
(CC) operational modes, keeping a same level of arc energy.
The welding parameters always targeted a globular transfer
mode. When pulsing the wire feeding, the amplitude of its
forward and backward movement was kept always constant.
To allow the assessment of the metal transfer behavior toward
the weld pool, high-speed imaging was used. The resulting
weld bead geometries were compared among the samples in
terms of fusion penetration.

The wire feed pulsation was accomplished by means of an
original home-developed device that superimposes a pulsation
movement to the wire, in a forward-backward position cycle,
over its continuous movement provided by the wire feeder. A
comprehensive description of such a device has been revealed
by Reis et al. [20] and Jorge et al. [21]. Figure 2 illustratively
summarizes it along with a schematic position-versus-time
diagram for both its actuator and the wire tip at the welding
zone (the wire feed speed is not taken into account). By work-
ing independently, this device can be coupled with and/or in
between any conventional feeder and torch and allows the
configuration of the acceleration, deceleration, and speed of
the advance and retreat movements of the wire, as well as of
the dwell time at its retreated position, enabling the achieve-
ment of customized wire feed pulsation waveforms. In the
current work, the settings of such a device were selected for
the highest possible acceleration/deceleration and speed dur-
ing the advance and retreat movements of the wire, targeting a
maximum contribution in terms of the mechanical impulse to
the droplet detachment from its tip. The pulsation frequency
was selected by setting the dwell time at the wire backward

position, being the dwell time in the forward position always
nil.

The bead-on-plate GMAW weldments were carried out
onto ASTM 1020 test plates of 160 × 32 × 6.4 mm. The main
settings were wire feed speed (WFS) = 4.8 m/min, wire feed
pulsation amplitude = 4 mm, welding travel speed (TS) =
20 cm/min, and contact-tip to work distance (CTWD) =
19 mm. An AWS ER70S-6 wire (1.0 mm in diameter) and a
blend of argon with 25% CO2 (flow rate of 16 L/min) as
shielding gas were employed. Data acquisition (electric volt-
age and current) was carried out by an A/D board at a rate of
5 kHz and with 14 bits of resolution (for 40 s during each run).
Each run was filmed using a high-speed camera operating at
2000 frames/s, with a shutter speed of 1/200000 s and syn-
chronized with the data acquisition. A He–Ne laser (wave-
length of 632.8 nm) was used for back-lighting, and a narrow
bandpass optical filter (wavelength range of 632.8 ± 5 nm)
was utilized to block almost the full arc light. For geometrical
analysis purposes, three cross-sections were cut off from each
weld bead. After proper polishing and etching (Nital 8%), the
weld penetration was measured by using a digital image anal-
ysis software.

A one-step-at-a-time experimental procedure was executed
according to the design displayed in Table 1. When the wire
feed pulsation was activated, the same basic motion waveform
illustrated in Fig. 2 was maintained for all the runs. However,
the wire feed pulsation frequency was progressively increased
from run 1 to 4, keeping the other parameters unaltered and
with the power source in the CVmode. Two additional runs (5
and 6), analogous to runs 2 and 3, were executed in order to
examine the use of the power source in the CC in opposition to
CV mode and to assess the possible changes in the process
behavior with the pulsed wire feeding. For both power source
operational modes, the arc energy was kept the same. The low
current intensities and the small deviation between their mean
and RMS values indicate that the pursuit of a globular metal
transfer succeeded.

3 Results and preliminary discussion

3.1 Effect of wire feed pulsation on the metal transfer

To explore the effect of the wire feed pulsation on the
metal transfer, the time intervals between each droplet
detachment were registered, sampling thirty consecutive
events from the high-speed imaging. The mean value of
these intervals (Td) represents the droplet detachment pe-
riod, and consequently, its inverse represents the droplet
detachment frequency (fd = 1/Td). Figure 3(a) shows the
results of the droplet detachment period for each condi-
tion tested. It must be highlighted that the standard devi-
ation, in this case, might be considered a regularity index
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concerning the droplet formation and detachment. A high
standard deviation in the detachment period indicates a
large variability in the time available for the droplets to
grow, which leads to wide variability in the volume of the
detached droplets. Following this criterion, the experiment
without wire feed pulsation is characterized by large drop-
let sizes (globular transfer) and high variability in the
volume of the detached droplets, which is typical of a
metal transfer without any control. In contrast, a higher
detachment regularity was noticed when the pulsation fre-
quencies of 8 and 16 Hz were applied with the power
source in the CV mode. Figure 3(b), in turn, shows that,

for these cases, the pulsation frequency matches the de-
tachment frequency, meaning that a droplet is detached
from the tip of the wire for each mechanical cycle applied
to it. More specifically, the droplet is observed to be de-
tached at the end of the advance movement. For the 26 Hz
frequency, the regularity decreases and the pulsation fre-
quency does not match the detachment frequency any-
more (Fig. 3(b)). In other words, for this condition, some
droplets are not detached at the end of the wire advance
movement. The sequence of frames sampled from this
case and shown in Fig. 4 presents a situation when a
droplet does not detach from the tip of the wire, despite

Fig. 2 Illustration of the wire feed pulsation stages along with a schematic temporal position diagram for both the device actuator and the wire tip at the
welding zone (the wire feed speed is not taken into account)

Table 1 Experimental design and electrical parameters monitored/calculated

Run Wire pulsation
frequency
(Hz)

Power source
mode

Set voltage
(V)

Set current
(A)

Monitored
Umean

(V)

Monitored
Imean

(A)

Monitored
Irms
(A)

True arc
energy
(kJ/mm)

1 0 CV 31.5 - 33.7 153.4 154.6 1.55

2 8 33.9 148.9 153.8 1.51

3 16 33.7 149.0 151.7 1.50

4 26 33.9 149.0 150.5 1.53

5 8 CC - 155 35.2 154.2 154.3 1.62

6 16 35.3 154.2 154.2 1.63

Umean =mean arc voltage; Imean = mean welding current; Irms = root mean square welding current; True arc energy as calculated by the average of the
instantaneous electrical power divided by the travel speed; wire pulsation frequency = 0 means a condition with no wire feed pulsation; WFS = 4.8 m/
min; wire feed pulsation amplitude = 4 mm; TS = 20 cm/min; CTWD= 19 mm
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the mechanical action imposed by the pulsation device.
Since the dwell time (see Fig. 2) at 26 Hz is shortened,
on several occasions, the droplets do not grow enough to
be detached in this condition, even with the mechanical
impulse provided.

Still from Fig. 3(a), the detachment regularity for the
pulsation frequency of 8 Hz when the power source was
in the CC mode is lower when compared with the same
frequency applied with the CV mode. The next sequence
of sampled frames, shown in Fig. 5, illustrates a phenom-
enon observed during the metal transfer for this condition,
i.e., the droplets were naturally released once a critical
size was reached, with the wire feed pulsation advance
movement coming too late to affect it (premature detach-
ments). In CV mode, the welding current increases when
the wire is moving forward and decreases when it is mov-
ing backward. In contrast, the current is kept at a steady
level when using the power source in CC mode. This
constant current makes the droplet growth process some-
what uncontrollable, and the detachment occurrence does
not match the wire advance movement action. However,
with the pulsation frequency at 16 Hz, the wire feed
movement action takes place quickly enough to avoid
premature detachments. In fact, at 16 Hz, sound detach-
ment regularities were achieved with both the CC and CV
modes. At this frequency, the mechanical action of the
wire feed pulsation device assisted to produce forced de-
tachment of smaller droplets with both operational modes.

In order to quantify the mean droplet volumes, video
frames from eight random droplets on the verge of detach-
ment were selected for each parameter combination (ex-
perimental runs). By assuming that the droplet shape just
before detachment is described by an oblate ellipsoid of
revolution (radius a = b < c), the respective volumes were
estimated through Eq. 1. The major (a) and minor (c)
ellipsoid radius were measured utilizing an image analysis
software. The product of each droplet volume (Vd) and the
liquid metal density (ρ) gives the mass of each droplet
(md = ρ.Vd). The density value was adopted as being
7040 kg/m3, by considering common steel in the liquid
state [22].

Vd ¼ 4π
3

� a2 c ð1Þ

Figure 6 presents the mean values of both the volume and
mass of the droplets for each condition. As seen, as the wire
feed pulsation frequency increases, the droplet size (volume
and mass) decreases. This clear trend confirms that the im-
pulse action provided by the wire feed pulsation device in-
duces the detachment of smaller droplets. Although the statis-
tical significance is not high (relatively large standard devia-
tions), one could suggest that the droplet is smaller for the
8 Hz-CC condition when compared with the 8 Hz-CV one.
In CCmode, since the droplets detach independently from the
imposed mechanical action, the detachment frequency is

Fig. 3 Dynamics of the metal transfer according to the power source operational mode as a function of the wire feed pulsation frequency: (a) Droplet
detachment period; (b) Droplet detachment frequency

Fig. 4 Non-detachment of droplet observed during a cycle of movement with the wire feed pulsation frequency at 26 Hz and the power source in CV
mode (26 Hz-CV)
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higher than the pulsation frequency, i.e., more droplets of
smaller sizes are transferred (reminding that the WFS value,
consequently the melting rate, was the same for all the runs).
Nonetheless, the same reasoning cannot be applied when
comparing the volume/mass of the droplets at 16 Hz of wire
feed pulsation with both operational modes, since the average
value differences are smaller and the standard deviations are
still relatively high.

Preliminarily, the average speed of the droplets in each
condition was estimated by measuring the distance trav-
eled by them between the position where their detachment
happened and the position just before they touched the
molten pool divided by the elapsed time, always for eight
consecutive droplets. Further up, to estimate the arrival
speed achieved by the droplets, i.e., just before their div-
ing moment into the weld pool, respective position-
versus-time curves were built by using ten to sixteen
frames (depending on the number of images available ac-
cording to each droplet speed) sampled from the high-
speed footages. From the curves, a polynomial fit was
assembled, from which the derivative function represents
the speed over time. The arrival speed of each case was
then calculated for the last time value before the droplet
reached the weld pool. Since this procedure was laborious
and time-consuming, only one droplet for each condition
was analyzed. However, by comparing the trends of arriv-
al and average speeds, as shown in Fig. 7, the similarity

indicates good representability of the arrival speed values.
The order of magnitude of the droplet arrival speed in Fig.
7 for the condition without wire feed pulsation (0.53 m/s
for a setting of 153 A and 33.7 V) is in fair agreement
with the values found by Scotti and Rodrigues [23], who
used a more robust measurement method. In their work, in
similar conditions (ER70S-6 ∅1.2 mm and Ar + 5% O2),
the droplet arrival speed was around 0.53 m/s for a set of
200 A and 29.8 V and 0.66 m/s for a set of 200 A and
34.9 V.

In addition, Fig. 7 shows that the mechanical impulse ac-
tion, created by the application of the wire feed pulsation, was
capable of increasing the droplet arrival speed. One can as-
sume that the arrival speed of the droplets would be the same
for all the wire pulsation frequencies evaluated since the ap-
plied mechanical impulse was also the same. However, for the
8 Hz-CC condition, its value was lower. As previously
discussed, in this case, the droplets detach before the impulse
action; i.e., their detachment frequency does not coincide with
the wire feed pulsation frequency. Therefore, the mechanical

Fig. 5 Occurrence of droplet premature detachment observed during a cycle of pulsingmovement with the wire feed pulsation frequency at 8 Hz and the
power source in CC mode (8 Hz-CC)

Fig. 7 Average speed of the droplets and arrival speed of the droplets on
the verge of diving into the weld pool as a function of the wire feed
pulsation frequency for both power source operational modes

Fig. 6 Mean values of volume and mass of the droplets on the verge of
detachment as a function of the wire feed pulsation frequency for both
power source operational modes
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impulse does not project the droplets as in the other condi-
tions, not being then able to increase their arrival speed at the
weld pool. By observing the increase and inter-similarity in
the arrival speed of the droplets in the 16 Hz-CC and 16 Hz-
CV conditions, for this wire pulsation frequency, it can be said
that the mechanical impulse tends to overcome any effect that
depends on the power source operational mode.

3.2 Effect of wire feed pulsation on the weld bead
penetration

Figure 8 presents the typical weld bead cross sections sampled
for each welding condition evaluated. Figure 9 shows the
mean values compiled for the weld bead penetration linearly
measured at the deepest bead point and based on three cross-
sections for each case. It is possible to notice an expressive
trend of growth in the weld penetration as the wire feed pul-
sation frequency increases for both operational modes (CV
and CC) of the power source. However, this increase in pen-
etration was more pronounced with the CV mode; the wire
feed pulsation was capable of increasing the penetration
around 75% when the 16 Hz-CV condition was applied in
comparison with the 0 Hz-CV one. With the wire feed pulsa-
tion frequency specifically at 16 Hz, the weld beads revealed a
fusion profile more concentrated in the center region (com-
monly known in welding as finger-like penetration).
Concerning the whole penetration area (molten material be-
low the plate top surface), it can be visually noticed that it

followed the same tendency. Therefore, the mechanical im-
pulse, provided by the wire feed pulsation device as applied, is
capable of increasing the weld bead penetration in the GMAW
process with a globular metal transfer. This effect seems to be
justifiable by a droplet-throwing action that the wire feed pul-
sation technique imposes with the conditions employed (the
pulsation settings were selected to deliver the highest possible
acceleration/deceleration and speed during the advance and
retreat movements of the wire).

Fig. 8 Typical weld bead cross
sections sampled for each wire
feed pulsation frequency and
power source operational mode
combination (at 26Hz, despite the
proper arc stability, there was no
enough welding time to deposit
long weld beads that would allow
reliable penetration
measurements due the proximity
to the existing set limit of
pulsation frequency)

Fig. 9 Mean values of weld bead penetration as a function of the wire
feed pulsation frequency for both power source operational modes
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4 Main discussion

4.1 Effect of wire feed pulsation on the metal transfer

The results presented in section 3.1 suggested that the action
of the mechanical impulse applied by the pulsation device to
the electrode-wire was able to assist the detachment of the
droplets, increasing their speed on the verge of diving into
the weld pool, turning the droplets less voluminous and mak-
ing the detachment more frequent in the same pace as the wire
feed pulsation increases. The metallic transfer in the GMAW
process is a complex phenomenon since it is influenced by
several factors, such as material, electrode diameter, shielding
gas, intensity, and polarity of the welding current, arc length,
among others. The droplets remain all the time subjected to
the action of a series of forces that may or may not act favor-
ably to their detachment. A droplet is transferred when the
sum of the detachment forces exceeds the sum of the retention
forces (model known as static force balance, acceptable for
globular transfer).

For a conventional (without wire feed pulsation) globular
metal transfer and considering a flat-position welding situa-
tion, Fig. 10 represents a model of natural detachment. The
main forces acting on a droplet during its growth and before its
detachment are the gravitational force (Fg—in favor of the
detachment due to the Earth’s gravitational field) and the sur-
face tension force (Fɣ—against the detachment due to the mol-
ten metal surface tension). The Fˠ and Fg values are respec-
tively calculated according to Eqs. 2 and 3. The speed si cor-
responds to the initial speed achieved by the droplet before its
detachment (assumedly the same as the wire feed speed), and
sa corresponds to its speed at the arrival on the weld pool. As
seen, to calculate Fˠ, it is necessary to estimate the droplet
diameter (dd) and the surface tension coefficient (γ). The Fg

value obviously depends on the droplet mass (md) and the
gravitational acceleration (g). Based on this simplified model
of natural detachment, in the eminence of the droplet detach-
ment (situation 2 of Fig. 10), there is a transitory equilibrium
of the Fˠ and Fg magnitudes. In this manner, it is possible to
estimate γ through Eq. 4, from the measurements of the diam-
eter and mass of the droplets carried out earlier in this work for
each sample of droplets.

Fγ ¼ π � dd � γ N½ � ð2Þ
Fg ¼ mg � g N½ � ð3Þ
γ ¼ md � g

π � dd N=m½ � ð4Þ

Figure 11 represents a model of a droplet detachment under
globular metal transfer assisted with the wire feed pulsation.
When the pulsation is applied to the wire, the acceleration
imposed on its advance movement, and in turn to the droplet
still attached to its tip, creates an extra force that does not exist
in the above-mentioned static force equilibrium equation. This
impulse force (Fi), due to the mechanical impulse, adds to the
Fg value to overcome the Fˠ magnitude, and therefore, to de-
tach the droplets. The Fi value can be estimated through Eq. 5,
as a direct deduction from the momentum variation and im-
pulse equations from the classical mechanics (the mechanical
impulse applied to an object produces an equivalent vector
change in its linear momentum). The parameter sd corre-
sponds to the maximum speed achieved by the droplet before
its detachment and the Δta corresponds to the respective
elapsed period during the advance movement of the wire.
Since all conditions operated with the same mechanical im-
pulse (see Fig. 1), the sd value was determined based on a
position-versus-time curve for the wire tip (actually the low
end of the droplet hanging to it) during its advance movement
that was built by using eight frames sampled from the high-
speed footage of run 3 (intermediate wire pulsation frequen-
cy). From this curve, a polynomial fit was assembled, from
which the derivative function represents the speed over time.
The overall sd value was then calculated for the last time value
before the droplet detached from the wire tip, resulting in
0.61 m/s. It is hypothetically assumed that the mass of each
droplet does not change during the fast advance movement of
the wire (md =mi).

Fi ¼ md � sd
Δta

N½ � ð5Þ

Figure 12 presents the mean values of the forces acting
during the detachment of the droplets according to the simpli-
fied model and in dependency of the wire feed pulsation

Fig. 10 Simplified physical
model of a droplet detachment
under the conventional (without
wire feed pulsation) globular
metal transfer, where mi is the
droplet initial mass in kg; md is
the droplet mass in kg; Fg is the
gravitational force in N; Fγ is the
surface tension force in N; and si
and sa are, respectively, the initial
and arrival droplet speed in m/s
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frequency. In practice, it is known that there is quite an uncer-
tainty when determining the surface tension coefficient value,
which depends on the metal composition and temperature and
the droplet real shape, and even on the environment (shielding
gas composition, etc.). As seen, when the wire feed pulsation
is applied, the increase in the frequency of this movement
leads to the detachment of smaller droplets and, consequently,
with lesser masses, which occurrence reduces the Fg magni-
tude acting on them during the metal transfer. The Fˠ magni-
tude, which is also proportional to the droplet size (diameter),
experiences the same trend. However, it is worth noticing that
the curves drawn over the calculated values of these forces (Fg

and Fγ) indicate distinct behaviors; a polynomial characteris-
tic for the gravitational force and a linear characteristic for the
surface tension force. The graph in Fig. 12 suggests that, as the
wire feed pulsation frequency increases, i.e., as droplets are
formed with lesser masses, the Fg value becomes smaller than
the Fγ value, hindering the detachment. Thus, in this case,
another force is necessary to yield the droplet detachment.
According to the simplified physical model proposed, this role
is played by the Fi force, which significantly adds to the result

of a downward (detachment) force. The evolution of such
force, as also presented in Fig. 12, descendent with the in-
crease in the wire feed pulsation frequency, is justified by
the calculus variables, being its magnitude dependent on the
speed and mass of the droplets. Therefore, it is demonstrated
that the Fi force, provided by the wire feed pulsation device as
applied, can favorably affect the detachment of the droplets in
the GMAW process with a globular metal transfer, projecting
them toward the weld pool.

For a better understanding of the previous paragraph, it is
important to state that the droplet speed depends on the local
gravity and the acceleration imposed by the pulsation mecha-
nism. It should be noticed that the pulsation frequency was
varied only through different dwell times (i.e., not thought
stroke velocities). Therefore, the acceleration imposed to each
droplet is the same, regardless the frequency changes. This
was observed in the arrival speed results (Fig. 7). Since the
impulse force depends on the acceleration and mass of the
droplets, according to the second Newton’s law, the smaller
droplets associated with higher frequencies, as shown previ-
ously, entail lower forces, since the accelerations were kept
virtually unchanged.

4.2 Effect of wire feed pulsation on the weld bead
penetration

In order to provide a better understanding of the effect of
the mechanical impulse over the weld penetration, it is
necessary to quantify it. In these terms, the linear momen-
tum (or quantity of motion) from the classical mechanics,
a quantifiable parameter, is mentioned as one of the
governing factors in the weld bead formation. The quan-
tity of motion transferred to the weld pool by the mechan-
ical collision of the droplets at high speeds impacting on
it has the potential to cause its depression, and, by that, to
make the thermal action of the arc more effective, facili-
tating fusion penetration. However, by itself, the linear
momentum does not express the effects of the droplets

Fig. 11 Simplified physical model of a droplet detachment under
globular metal transfer assisted with the wire feed pulsation, where a is
the wire acceleration in the advance (and also in the retreat) movement in
m/s2; mi is the droplet initial mass in kg; si is the droplet initial speed in
m/s (in this case, considered nil);ΔS is the distance traveled by the wire

tip during its advance movement in m; Fi is the impulse force in N; Fg is
the gravitational force in N; Fγ is the surface tension force in N; md is
droplet mass in kg (equal to mi); sd is the droplet speed at the moment of
detachment in m/s; and sa is the droplet arrival speed in m/s

Fig. 12 Mean values of the forces acting during the detachment of the
droplets as a function of the wire feed pulsation frequency for the power
source in CV operational mode

2694 Int J Adv Manuf Technol (2020) 110:2685–2701



in action on a time basis. A metal transfer with large
droplets, for instance, may produce a large momentum,
but it does not necessarily act significantly in the weld
bead penetration. Thus, Scotti and Rodrigues [23, 24]
proposed expressing and quantifying the momentum,
concerning its role in the weld bead formation, in a dif-
ferent way. According to these authors, it would be rea-
sonable to think of a better way to take into account the
effect of such a mechanical characteristic of the metal
transfer. They accomplished it by considering the number
of times that such momentum is transferred to the weld
pool in a time interval. Hence, they introduced the con-
cept of effective momentum (Me), calculated according to
Eq. 6. This factor is devised from the mechanical princi-
ple of the linear quantity of motion (given by the product
of the mass of the droplet by its speed when arriving at
the weld pool) in association with the droplet detachment
frequency (fd), which results in a discrete force. After
dividing such intermittent force by the welding travel
speed (WTS), its action during the time to form the weld
bead is finally incorporated and completes the Me

concept.

Me ¼ md � sa � f d
WTS

kg=s½ � ð6Þ

Another way of expressing and quantifying the mechanical
effect delivered by the impact of the droplets on the weld pool,
proposed in this current work, would be by means of the
kinetic energy input (Eki). This nomenclature is proposed in
order to establish an analogy with the heat input (Hi), which
can be briefly understood as the welding arc energy (the prod-
uct of the arc voltage and the welding current divided by the
travel speed of the torch/arc) that is actually supplied to the
workpiece, i.e., after the efficiency of the process is consid-
ered, per unit of weld bead length. The Eki factor can be there-
fore calculated according to Eq. 7, where md is the droplet
mass; sa is the arrival speed of the droplet; fd is the detachment

frequency; and WTS is the welding travel speed. As seen, in
contrast to the Me case, the Eki factor takes the square of the
droplet speed. Hereby, the droplet speed effect might be re-
vealed with more significance.

Eki ¼ md � s2a � f d
2 �WTS

J=m½ � ð7Þ

In fact, to reach a rather proper parallel of energy terms and
meanings, theHi could be called as thermal energy input (Eti).
Anyway, by distinguishing the forms that the welding process
has to affect the weld bead formation via a thermal and a
mechanical contribution of the same nature, in terms of being
quantitative properties measured by the same units (both in
terms of energy input per unit of weld bead length), might
allow a more straightforward comparison concerning the role
played by each part on the weld bead formation scenario.

As it was previously demonstrated that the mechanical im-
pulse provided by the wire feed pulsation device is capable of
influencing the droplet detachment in the globular metal trans-
fer, as well as the weld bead formation, both forms of measur-
ing the magnitude of the mechanical contribution (Me and Eki)
to the resultant weld bead penetration are presented in Table 2.

Figure 13 shows the variation in theMe factor in relation to
the wire feed pulsation frequency for both power source op-
erational modes. In contrast to the CC mode, with the CV
mode and when the wire feed pulsation was applied, an in-
crease in the Me values can be observed, independently from
the pulsation frequency used. From the kinetic energy per-
spective, Fig. 14 suggests that the Eki factor exhibits the same
information, although there is an increase in the proportional
changes in the Eki levels in relation to those observed in theMe

case. In comparison with the conventional wire feeding case
(0 Hz), when the wire feed pulsation was applied, the Me

factor generally increased around 16% with the power source
in the CV mode and decreased around 17% with it operating
in the CC mode. Regarding the Eki factor, and also in contrast
to the conventional wire feeding case (0 Hz), its magnitude

Table 2 Effective momentum (Me) and kinetic energy input (Eki) values for each welding condition evaluated

Run Wire pulsation
frequency (Hz)

Power source
mode

Droplet detachment
frequency
(Hz)

Mean droplet
mass

Mean droplet arrival
speed (m/s)

Mean Weld
penetration (mm)

Me

× 1 0 − 1

(kg/s)

Eki
×10−2

(J/m)

1 0 CV 8.4 74.180 0.474 0.963 0.988 2.619

2 8 7.9 67.511 0.593 1.239 1.186 4.390

3 16 15.6 30.512 0.591 1.746 1.077 4.040

4 26 22.4 23.385 0.607 (*) 1.177 4.476

5 8 CC 9.7 56.004 0.391 1.045 0.636 1.877

6 16 15.7 26.725 0.553 1.508 0.700 2.913

(*) At 26 Hz, despite the arc stability, the equipment was not capable of depositing a weld bead long enough to allow consistent penetration measure-
ments (this frequency is close to the frequency limit of the pulsation device, which prevented long welding time)
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generally increased around 90% when the wire feed pulsation
was applied with the power source in the CVmode, whereas it
did not reveal significant changes with the CC mode. These
facts all indicate that the Eki factor can tell the same effects of
the Me factor, as it was expected since the linear momentum
and the kinetic energy of objects in motion, in this case, the
droplets, are interconnected from the classical mechanics. But
the Eki factor indeed shows the effects in a more intense way.
Considering it is expressed in the same units of the heat input
term (Hi), which is classically employed in arc welding, the Eki
factor might be used to replace the Me term allowing a direct
comparison and fractioning when considering the energy,
both thermal and mechanical, imposed by the process.

From both the Me and Eki level perspectives, with the wire
feed pulsation, it would be expected that the weld penetration
could increase with the power source in the CC mode and
decrease, or at least be kept similar, with it in the CV mode
for the two correspondent pulsation frequencies mainly
assessed (8 and 16 Hz). It is noticeable in Fig. 12, for the same
pulsation frequencies, that the penetration was deeper with the
CV mode than with the CC case, which is in agreement with
the higher values of the Me and Eki factors also with the CV
mode. However, when they are individually considered, the
trend in the change of these factors is opposite according to the
power source mode used; for frequencies from 8 to 16 Hz, the

Me and Eki levels tend to decrease with the CV mode and rise
with the CCmode. If the numbers with the wire feed pulsation
are compared with those without it, the results are even more
controversial, indicating that, at least for the levels imposed by
the wire feed pulsation and given the other welding conditions
employed, other factors than the Me and Eki factors might be
playing a leading role to define the weld bead penetration. A
hypothesis to be addressed in future investigations would be
to compare both the mechanical factors (Me and Eki)
concerning the effect in the weld penetration with the spray
transfer mode, which certainly produces much faster droplets
than does the globular mode (even if aided by the mechanical
impulse as here applied). But meanwhile, in the present work,
the increase in penetration cannot be fully explained based on
the Me and Eki factors, although there is evidence of their
positive contribution (increasing the penetration) when the
wire feed pulsation was combined with the power source in
the CV mode. These findings are in accordance with Choo
et al.’s [16], who states that the momentum of the falling
droplet was not sufficient to cause it to penetrate into the pool.
Thus, other factors and their effects, concurrent with and/or
even still related to the mechanical impact of the droplets on
the weld pool and its repercussion, must be watched closely.

As listed in Table 1, a slight reduction in the welding mean
current was noticed for the tests carried out with the wire feed
pulsation combined with the power source in the CV mode,
while no significant difference took place in the combination
with the CC mode. From the mean current point of view, its
inferior level causes less heat input to the plate (thermal effect).
This way, a small reduction in the weld penetration would be
expected when the wire feed pulsation was applied with the
power source in the CV mode. From the same logic, the weld
penetration should not changewhen the wire feed pulsationwas
applied with the CC mode. By looking at the arc voltage mean
values in Table 1, it is noticeable that the levels did not signif-
icantly change for the power source in the CV mode with the
introduction of the wire feed pulsation, but they increased for
the cases in which this feeding technique was in combination
with the CC mode. From the premise that the arc voltage di-
rectly reflects its length, when working with longer arc lengths,
a decrease in penetration would be expected as the arc is less
concentrated (low energy density) over the welding area. Since
the weld penetration observed was deeper when the wire feed
pulsation was applied with the CC mode, there is also no evi-
dence that the arc length was predominant to justify the results.
By looking at the true arc energy, also in Table 1, the behavior
follows a similar trend to what was observed regarding the
welding current, and the overall variations were minor.
Therefore, as observed for the Me and Eki factors concerning
the mechanical effects due to the impact of the droplets, the
contribution in terms of thermal effects due to the welding
current and arc voltage likewise does not justify the increase
in penetration as the wire feed pulsation frequency is raised. As

Fig. 13 Effective momentum (Me) for each wire feed pulsation frequency
and power source operational mode combination

Fig. 14 Kinetic energy input (Eki) for each wire feed pulsation frequency
and power source operational mode combination
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typically found in arc welding, especially in the GMAW pro-
cess and its derivative versions, a multi-phenomenon interac-
tion regulates the weld bead formation, as illustrated in Fig. 1,
which makes it difficult to understand, even more when a new
player, and its interactions with the other acting mechanisms, is
brought to the scenario, as is the case of the wire feed pulsation.

Hence, there must be other factors prevailing and then
governing the weld bead formation in terms of penetration.
Among the possibilities, the Marangoni flow phenomenon
stands out. A variation in the surface tension acting on the
weld pool, which induces the Marangoni flow, is generated
by surface tension gradients and the consequent interfacial
pressure. Thus, the change in the penetration depth of a weld
bead would result from the variations in the liquid metal
movement pattern taking place in its weld pool, which affects
the resultant heat convection [12].

It has been shown (Fig. 6) that an increase in the wire feed
pulsation frequency boosts the number of droplets being de-
tached, whereas it reduces their masses. From that, hypothet-
ically one can consider that smaller droplets facilitate their
dive into the molten pool toward the weld root direction, en-
hancing their hydrodynamic behavior. As an indication of
support to this hypothesis, it was also observed, from the
high-speed footages, that there is a mechanical impulse guid-
ance action promoted by the wire feed pulsation device which
helps to drive the droplets into the central region of the weld

pool (Fig. 15(a)). A large number of droplets impinging onto a
nearly same point could help the mass and heat transfer to
occur from the top to the root of the weld pool, increasing
the weld penetration depth in a consistent (concentrated) fash-
ion. This occurrence is not verified with the conventional
globular transfer (Fig. 15(b)), i.e., without the wire feed pul-
sation. Moreover, the hydrodynamics involved cannot be
neglected. The hydrodynamic drag, i.e., the force acting
opposite to the relative motion of the droplet moving across
to the surrounding weld pool fluid before they completely
merge in terms of mass and heat, might be also determinant.
From the fluid dynamics, the drag force is directly
proportional to the relative velocity and the cross-sectional
area of the moving body, in this case, the droplet. Thus, the
drag induced by the faster droplets transferred with the wire
feed pulsation might partially hold back the penetration-
increasing effect expected from the mechanical impulse. But
in terms of the cross-sectional area of the droplets being trans-
ferred, in a complementary way to the guidance action, Fig. 16
schematically illustrates that the size of the droplets may hin-
der their dive into the weld pool, contributing to define the
weld penetration. Smaller droplets, for inducing less drag,
tend to reach deeper regions into the weld pool.

Related to the Marangoni flow, further possible explana-
tions for the change in penetration observed can be drawn
according to the findings of other authors. Choo et al. [16]

Fig. 15 Detachment dynamics with a sequence of three images for each random droplet assessed (from left to right and top to bottom): (a) with wire feed
pulsation (16 Hz-CV); (b) without wire feed pulsation (0 Hz-CV)
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point out that the flow induced by the difference in surface
tension between the droplet and the liquid pool is the domi-
nant factor in defining the direction and intensity of the fluid
flow within the weld pool. According to them, the impinge-
ment of the droplets in the weld pool affects the surface ten-
sion gradient as a step function. According to Davies et al.
[17], one could expect that droplets hotter than the weld pool
would have lower surface tension. From this, as the droplets
with the wire feed pulsation are detached and transferred faster
due to the mechanical impulse, they are allowed to be less
overheated and for shorter periods (less time being exposed
to the arc), ending up with them having higher surface tension
levels, interfering in the resulting surface tension gradient in
the weld pool and thus affecting the convective flow. Besides,
the lower droplet temperature also entails higher density,
which affects the buoyancy force acting in the droplet when
already in the weld pool. The bigger difference between the
droplet and pool densities would favor a downward fluid mo-
tion. Finally, according to Jaidi e Dutta [18], the effect of the
falling/throwing droplets in the GMAW process and the re-
sultant intensified thermal diffusivity within the weld pool,
caused by the increased turbulence that is generated, tend to
make the molten pool and, hence, the weld bead deeper. With
the wire feed pulsation, the increase in the number of droplets
colliding with the weld pool and with faster speeds could
intensify its turbulence and hence boost the weld penetration.
As the arc, in this case, is also being constantly changed in
length by the wire tip cyclical movement, the plasma jet would
follow and also contribute to the stirring of the weld pool.

The coupling of the wire feed pulsation with the globular
metal transfer, despite not clearly showing effects through
factors likeMe e Eki to express the influence of the correspon-
dent mechanical energy imposed into the weld pool, seems to
exhibit the capacity for change the way the droplets interact
with the weld pool, such as the way they enter into it, which
results in an ability to increase the weld penetration depth
without necessarily increasing the process thermal energy. In
this case, the Marangoni flow, and its related factors, seems to
chiefly account for the changes verified in the weld

penetration in the GMAW process as applied with the wire
feed pulsation technique. The fact of imposing rapid advance
and retreat cyclical movements to the wire along the feeding
direction to the weld pool, as just mentioned, might affect the
hydrodynamics and temperature of the droplets, as well as the
weld pool flow characteristics (turbulence) and surface ten-
sion. Although the exact contribution of each one of these
factors is rather complex, all the hypotheses considered imply
that they would change the weld pool convective mass and
heat transfer behavior as a consequence of its surface tension
variations, i.e., the Marangoni flow would be diversely affect-
ed by the wire feed pulsation.

Hence, the way that the dynamics of the wire feeding is
performed, without or with pulsation, for instance, should be
also considered for the hierarchical representation of the weld
bead formation phenomena in the GMAW process delineated
in Fig. 1. As an attempt to complete this picture, in terms of the
mechanisms that determine whether the effects are thermal,
me ch an i c a l , o r e i t h e r a comb i n a t i o n o f b o t h
(thermomechanical), Fig. 17 incorporates the Marangoni flow
in Fig. 1 (although debatable if the Marangoni mechanism
would yield either a thermal or a mechanical effect on the weld
bead formation, the authors of this work preferred to classify it
linked with the mechanical effect). Also, the base and filler
materials and the way that the later one is actually fed into the
fusion zone (arc/pool), summarized here as feeding dynamics,
are included as complemental parameters that influence this
and other mechanisms in the scenario of the weld bead forma-
tion phenomena. Likewise, the feeding dynamics parameters,
also affect to some degree other mechanisms involved, which
hence reinforce their influences on the thermal and/or me-
chanical effects. If the wire feed pulsation is applied with the
power source in the CV mode, the magnetic field around the
electrode-wire and electric arc would increase and decrease as
the welding current if free to rise and fall as the arc length
shortens and lengthens, respectively. As the arc length is var-
ied according to the wire feed pulsation, the arc-metal cou-
pling mechanism is also affected when the power source is in
the CC or CVmode; the coupling area is directly proportional

Fig. 16 Schematic illustration of
the influence of the droplet mass
and size over the weld bead
penetration: (a) a smaller droplet
easily entering and then
contributing to the deep
penetration; (b) a bigger droplet
uneasily entering and then
contributing to shallow
penetration
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to the arc length. Since the welding current and arc length vary
as the electrode-wire advances and retreats cyclically, the plas-
ma jet mechanism is also affected.

Specifically regarding the filler material parameter, infer-
ences over the effect of the wire diameter and chemical com-
position may be rather complicated. The wire diameter could
affect the welding parameters such as current and arc length,
which affect the droplet formation. As the results found in this
work show, there is a relationship between the droplet growth
behavior and the detachment forces. The wire chemical com-
position, with possible significant surface tension variation,
may turn the moltenmetal more or less fluid. The wire thermal
conductivity may as well affect the droplet growth process, as
well as its surface tension, if more or less heat concentrates in
the wire tip. Themelting rate would also be different, meaning
that a different welding current would be entailed. Changes in
other physical properties, such as filler and base material den-
sities, might be also relevant to the droplet and weld bead
formation. Thus, new operational conditions would be
established and the appropriated wire feed pulsation frequen-
cies would have to be experimentally assessed. Thus, increas-
ing or decreasing the wire diameter or changing its chemical
composition and producing the correlated changes in welding
parameters could affect the predominant mechanisms acting
over bead formation, and different results might be found
regarding fusion penetration. Still, the overall effect of the
wire feed pulsation in helping the detachment and directing
of the droplets is expected to be similar to what was observed
in this work.

Despite all the additions in Fig. 1, the complexity involving
the governing factors in the weld bead formation remains,
especially in the GMAW process, and the picture just com-
pleted in Fig. 17 is most likely to undergo continual updates as
new findings and understandings connected to the phenomena
are unveiled.

5 Conclusions

This work aimed at contributing to the understanding of how
the wire feed pulsation approach applied to the GMAW pro-
cess interferes in the transfer of the metal droplets, as well as
on how the wire feed pulsation interaction with the molten
pool enhances the bead penetration depth. Based on the
welding conditions employed, the main conclusions drawn
are the following:
& The increase in the wire feed pulsation frequency, for a

same wire feed speed, intensifies the detachment frequen-
cy of the droplets, while their volume and mass are re-
duced, having the globular metal transfer frequency and
volume as a benchmark (the wire feed pulsation adds an
impulse component to the forces that act on the detach-
ment of the droplets and increases their flight speed).

& The simplified physical model proposed in this work
showed that the impulse force magnitude dependents on
the speed and mass of the droplets.

& Therefore, if a non-adequate combination of wire move-
ment and droplet size at its tip is reached, process instabil-
ities (metal transfer inconsistencies) related to the instant
of detachment arises (the quantification of this relationship
is foreseen for future work).

& The wire feed pulsation frequency set at 16 Hz matched
the detachment of one droplet per pulse, resulting in a
stable metal transfer with the droplets being straightly
projected toward the weld pool, which contributed to a
centralized and increased penetration profile.

& The effective momentum and, as here introduced, the ki-
netic energy input, used to quantify the mechanical effect
of the droplets impinging the weld pool, contribute to
increasing the fusion penetration.

& However, the general penetration enhancement observed
when the wire feed pulsation was applied could not be

Fig. 17 Up-to-date hierarchical representation of the weld bead formation phenomena in the GMAW process (based on Scotti and Ponomarev [9] and
completed after the findings of the present work)
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fully explained either by the process electric signals
(welding current, arc voltage, and true arc energy) and
their thermal effects or by factors related to its mechanical
effects (effective momentum and kinetic energy input).

& Therefore, the simplified physical model included another
acting force toward droplet detachment, related to weld
pool convective mass and heat transfer behavior
(Marangoni flow), as a consequence of its surface tension
variations, which is influenced, among other parameters,
by the material composition, hydrodynamics, and temper-
ature of the droplets, as well as by the own weld pool
material composit ion and flow characterist ics
(turbulence).

Summing up, the complexity involving the governing fac-
tors in the weld bead formation remains, especially in the
GMAW process, but it will certainly experience continual
illumination as new findings and understandings connected
to the phenomena are unveiled, as it was herein accomplished
regarding the way that the wire feeding dynamics is performed
(frequency, amplitude, type of movement applied, etc.).
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