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Abstract
This study aims to provide insight to assist in decision-making in wire arc additive manufacturing based on the prediction of
bead geometry, which is affected by the behavior of the melt pool. This requires the identification of welding techniques that
can minimize the material transfer rate, minimize the effects caused in the lower layers, and reduce the volume of the molten
pool material. It was also found there exists a minimum deposition volume such that the beads remain stable. Therefore, in
this study, the behavior of the weld beads was verified as a function of the volume of metal deposited over the welded length
by systematically varying the mean current and the pulse frequency in GMAW-P. In addition, the prediction of weld bead
geometry decreases the possibility of error, avoiding material waste. Thus, the influences of each welding parameter (voltage,
current, and welding speed) on the dimensional characteristics of the beads (width and reinforcement) were analyzed. The
analysis results allowed formulation of the relationships among the bead features and the welding parameters. Additionally,
it was verified that the deposition rate is directly affected by the stick-out and inversely proportional to the arc voltage. The
modeling of the weld bead geometry as a function of the welding parameters will enhance the quality of automated welding,
allowing early simulation and achieving an efficient process. The modeling of the weld bead geometry using the linear
regression technique will allow manipulation of the welding process variables based on the necessary bead characteristics.

Keywords Wire arc additive manufacturing · Gas metal arc welding · Welding parameters · Prediction · Robotic welding ·
Machine vision

1 Introduction

In the Wire Arc Additive Manufacturing (WAAM) process,
the melt pool is monitored during the construction of single-
pass multilayer walls from low-carbon steel to evaluate the
behavior of the melt pool and its influence on the geometries
of the deposited weld beads. Observation of the melting pool
behavior during multilayer material deposition can provide
information about the quality and geometries of the beads
resulting from the parameters used in the process. In previ-
ous studies, the geometric characteristics yielded by several
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welding parameters were evaluated using cross-sectional
macrographs. Moreover, the effects on the characteristics of
the arc, mode of metallic transfer, and weld pool behavior
during layer deposition were investigated using a high-speed
camera synchronized with a data acquisition device. The
results showed that the bead shape prediction technique
makes wall construction efficient, minimizing the overflow
effect of the pool, which is related to some process con-
trol technique. The control technique may be mechanical or
magnetic arc oscillation, repositioning the torch, and other
methodologies may be used to increase the deposition effi-
ciency. Analysis of the drop formation and, consequently,
the behavior of the melt pool aims to assist the techniques to
improve material distribution along the length of a wall, thus
making it more homogeneous.

Recently, the use of arc-based welding processes in addi-
tive manufacturing has received significant attention as an
alternative to solid free-form manufacturing and because of
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the significant savings in the production cost. Many indus-
trial applications require the use of large-scale deposition
processes. Arc welding processes, such as tungsten gas
arc welding (GTAW) and gas metal arc welding (GMAW),
are the main processes adopted for welding based addi-
tive manufacturing because of their main characteristic of
the continuous use of a metal wire as an additive mate-
rial and their low investment cost. Although such processes
present the above advantages and a high deposition rate, they
require post-processing to improve the surface visual qual-
ity. However, an understanding of the additive process can
improve theproducedgeometries,whichwill reduce thepost-
processing task.

Nevertheless, it is difficult to study the influence of all
involved parameters. Some studies as presented by [1] use
artificial neural networks to understand the influence of
parameters on theweld bead geometry. To simplify the analy-
sis results of such a study, it is necessary to adoptwell-defined
criteria that can incorporate at least the influence of the
most significant parameters on the geometry variation of
the deposited beads. In this view, the parameters that sig-
nificantly contribute to the variation in the geometries of the
deposited beads should be chosen. Subsequently, the degrees
of influence of these parameters can be determined, and this
study is directed to the most significant ones.

With successive deposition of layers by the electric arc
welding process, as the wall height increases, heat accumu-
lation occurs, which decreases the heat transfer rate from the
molten poolmetal, as described in [2]. This study investigates
the influence of heat accumulation on weld bead geometry
formation, arc stability, and metal transfer behavior on wire
arc additivemanufacturing. The influences of heat accumula-
tion result on the interlayer surface bead geometries varying
along the wall, owing to variation in arc shape and metal
transfer behavior. Therefore, it is necessary to use computa-
tional tools to assist with the production process. Moreover,
although the liquid metal flow for a longer time, it does so on
a convex surface, as mentioned in [3], which promotes the
overflow effect. This, in turn, increases the wall width with
the increase in the wall height. Moreover, as a new thermal
cycle is initiated with each new layer being deposited, a par-
tial re-melting of the previous layer occurs, as mentioned in
[4], causing an increase in the volume of the molten pool. As
material accumulates, there is an increase in the weight of
the melt pool, which changes the geometry of the bead due
to the overflow problem. The result is an irregular geometry
as shown in Fig. 1.

Several studies have presented solutions to yield goodwall
geometries. The heat transfer and dissipation associated with
the process weremodeled in [5], who concluded the possibil-
ity of obtaining more layers when the base is cooled. The use
of a cooling system guarantees both the mechanical prop-
erties and the geometric characteristics of the metal parts

fabricated with the WAAM system. In comparison, [6] eval-
uated the influence of the interpass temperature and found
that the wall tends to get taller and thinner when using the
WAAMprocesswhen the interpass time is correctly adjusted.
In [7] used computer visionwith the data from aCCD camera
serving as a sensor to assess thewidth of each deposited layer,
depending on the process parameters. In this way, it is possi-
ble to predict the geometry of the weld bead, based on visual
information. Control of the electric arc by electromagnetic
forces was examined by [8], which showed that during wall
construction, the form of material can be controlled while it
is still molten. This guarantees a homogenous metallurgical
property, as well as the final geometry of the bead.

The influence of welding process variables when a pulsed
current is used has been assessed in other studies. In [9]
observed that a constructed wall is taller and thinner when
using pulsed GMAW in WAAM.

GMAW is a dynamic process in which the operating con-
ditions depend on the instantaneous balance between the feed
and wire melting rates. The wire feed rate is kept constant,
whereas the wire melting rate is dynamically determined
basedon the operating conditions,which dependon countless
factors, some of which cannot be controlled.When awelding
process uses a pulsed current, the relationship between the
pulse and base currents with the respective durations deter-
mines the average current, which is associated with other
variables, and influences the shape and quality of the weld
beads.

According to [10], the variables in an arc welding process
can be classified into two categories. Non-controllable vari-
ables cannot be changed by the welder or the control device,
such as the material, electrode type, and shielding gas. Con-
trollable variables are those that can be controlled, such as
the travel speed, wire feed, stick-out, torch angle, and volt-
age. By supplying a high-intensity intermittent current flow,
the spray transfer mode can achieved during the high-current
pulses while maintaining the average current level below the
normal transition current. Therefore, a low-heat input level,
low splash production, and high arc stability are used.

In a spray transfer mode variant, the pulsed spray is based
on the principles of spray transfer; however, a pulsing cur-
rent is applied to melt the filler wire and allow one small
molten droplet to fall with each pulse. Moreover, axial trans-
fer implies that the metal droplets move along a line, which
is an extension of the longitudinal axis of the electrode. The
pulses allow the average current to be reduced, decreasing
the overall heat input and thereby decreasing the sizes of the
weld pool and the heat-affected zone, making it possible to
produce thinner walls in WAAM. The pulses provide a sta-
ble arc and avoid spattering because of the non-occurrence
of short-circuiting. This also makes the process suitable for
practically all metals and permits the use of a thick electrode
wire.A smallerweld pool results in a larger variation,making
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Fig. 1 Example of a single-pass multilayer wall

it possible to weld at all positions. In comparison to short-
arc GMAW, the above method has a slightly lower maximum
speed (85 mm/s), and the process requires that the shielding
gas be primarily argon with a low carbon dioxide concen-
tration. Additionally, it requires a particular power source
that can provide current pulses with a frequency between 30
and 400 pulses per second. However, this method has gained
prominence because it requires a small heat input and can be
used to weld thin parts as well as nonferrous materials.

Using correct parameters in pulsed current process, a sta-
ble metallic transfer that results in an acceptable drop size
becomes possible, which is associated with an adequate
feeding speed. In [11] suggested that the most appropriate
condition for achieving a highly stable metal transfer is one
drop per wave period, with this drop forming during a cur-
rent pulse. Furthermore, the droplet diameter is equal to the
electrode diameter.

The transfer of droplets affects many aspects of the cor-
responding welding process, including the size, shape, and
depth of penetration of the weld pool described by [12]. Pen-
etration is affected by the spray of droplets with sufficient
momentum to carry energy deep into the pool and stir the
pool, thereby enhancing convective mixing. In some cases,
the momentum of the droplets causes a deep, narrow pene-
tration, which is frequently observed in GMAW.

In pulsed current GMAW, the spray mode of the metal
transfer is achieved at a low mean current, which generally
produces a short circuit or globularmode of themetal transfer
in steady-current GMAW. The differences in the characteris-
tics of themetal transfer and thermal behavior of a depositing
droplet at various pulse parameters produce different geo-
metrical, metallurgical, and mechanical characteristics in the
weld joint mentioned in [13] where, during pulsed current
GMAW, appropriate selection of the pulse parameters, such
as pulse duration, pulse frequency, peak voltage, and base
voltage, provides the required droplet velocity and control

over the weld pool to achieve a weld joint with the desired
geometrical characteristics.

In [14] reported that for any current, maximum plate
fusion and penetration occur for welding speeds ranging
1.5–2.0 mm/s. They also reported that below 1.5 mm/s, these
characteristics are extremely sensitive to the welding speed,
whereas above 3.0 mm/s, only small changes occur with fin-
ger penetration. It was reported that the bead height is high
(convex) in pulsed current welding under all conditions used.
In [15] developed mathematical models to predict the bead
penetration in the CO2 arc welding process. They studied the
interrelationship between process variables and bead pen-
etration, developed mathematical models, and studied the
desired bead penetration.

Despite the presence of an oxidizing component in the
mixture, the weld bead profile is softened, the arc stability
is promoted, and the wetting angle is reduced. However, the
height of the reinforcement is minimized and the penetra-
tion is increased, which reduces the height gain during layer
deposition.

The basic principle of the pulsed GMAW process is that,
in a synergistic control system, the variation in the electrode
fusion rate is due to the variation in the feed speed. The latter
is caused by changing the average current by the variation
in the pulse frequency while maintaining the pulse duration
and amplitude constant to obtain a single drop per pulse with
a diameter equal to the electrode diameter. With this welding
process, the arc stability is increased, spatter is reduced, and
arch stability is enhanced. Consequently, the ease of control-
ling the bead morphology is improved.

In this paper, a methodology is proposed to predict the
geometries of the beads produced by the WAAM process,
with the objective of minimizing the overflow phenomenon,
maximally reducing wall thickness, and improving the depo-
sition efficiency. Evaluation of the behavior of the drop
and the fusion pool assists in the collection of data that
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will be input to a neural network, which is trained to pre-
dict the geometries of the produced beads. To evaluate the
bead quality and geometry, the information obtained from
the cross-sectional macrographs of the beads is analyzed.
The obtained results show the feasibility of the proposed
methodology for the prediction of welding parameters to
optimize the multilayer deposition process, with the objec-
tive of maximizing the efficiency and obtaining improved
regular geometries. The change in the welding parameters
should be evaluated to reduce the droplet volume, resulting
in a decreased pool volume, which will ultimately result in a
decreased power transfer to the pool. The latterminimizes the
thermal effects, promoting an improved uniform distribution
of a homogeneous material layer.

2 Methodology

A collaborative configuration of robots was adopted, where
the first robot, which moves the substrate, was a six-axis
industrial robot Yaskawa Motoman SK-6. The torch and
camera were mounted on a remanufactured five-axis indus-
trial robot ASEA IRB-6. In [16] present the implementation
of numerical control machine controllers using Matlab® in
Windows® to control the robot, as it was also performed
by [17], which provided the present work greater flexibility
in programming the robot trajectories. Figure 2 shows the
experimental setup. The use of robots guarantees that the
parameters (such as stick-out, welding angle, and distance
from electrode to melting pool) remain constant during the
welding process.

In the past, robotic systems were expensive and difficult
to access, limited only to large companies. It has been dis-
proved, and now, robotic welding systems are frequently
found at medium and small companies, research centers, and
universities. In this scenario, owing to the possibility of build-
ing complex geometries by additive manufacturing, the use
of collaborative robotics has emerged as an option.

2.1 Welding Procedure

In this study, the welding current was adjusted to the direct
current electrode positive in the flat position using a multi-
process source, whereas it was adjusted in the pulsed mode
using current imposition and a torch perpendicular to the
plate. The gas used was 92% argon and 8% CO2, the base
metal was 200 × 10 × 1/4′′ SAE 1020 steel, and the addi-
tional metal was an ASME SFA5.18 ER70S6 wire, 0.9 mm
in diameter. The arc voltage, welding speed, contact tip to
work distance, gas flow, peak current (Pc) intensity, and peak
time (Pt) were 25 V, 18 cm/min, 16 mm, 15 L/min, 240 A,
and 4.1 ms, respectively. A high-speed video camera syn-
chronized with data acquisition (DAQ) was used to capture

instantaneous and average values (current, voltage, wire feed
speed, flowgas), average power, and amount ofwire. APhan-
tom® Miro Lab 110 high-speed video camera was set up to
allow viewing of droplet growth and detachment to ensure
that one droplet was taken per pulse with the parameters
used. Subsequently, the camera was positioned to view the
behavior of the melt pool. The shutter speed was adjusted to
allowmetal transfer to be viewedwithout laser back-lighting.
Figure 3 shows the experimental setup.

Because this study used pulsed metallic transfer, the con-
sidered influence variables were the base current, base time,
reference voltage, and welding speed. Different levels were
chosen to obtain increase the sensitivity of the responses.
Specifically, a complete factorial design based on the surface
response methodology was used, with one cycle compris-
ing 30 trials. Moreover, to minimize possible random errors,
a random combination of the test sequence was tested, and
using this method, levels − 2, 0 and + 2 were extrapolated
from levels − 1 and + 1.

Before the welding was conducted, all specimens under-
went abrasive blasting to obtain a surface free of oxides, oils,
grease, and other contaminants. Subsequently, the surfaces
were cleaned with water-free compressed air.

The morphology of the beads was evaluated by charac-
terizing the prepared samples via metallography. For the
metallographic analysis, care was taken to remove the spec-
imens from the same region, making a cross section in the
beads.After cutting,metallographic polishingwas conducted
on each specimen.

After polishing, the specimens were attacked by Nital
reagent 5% (5 mL HNO3 + 95 mL C2H5OH) for 10 s.
The thus prepared samples were examined using an opti-
cal microscope with a 1000 × magnifying lens to obtain the
bead morphology parameters (width, penetration, and rein-
forcement).

2.2 Metal Transfer

The use of a constant-voltage welding source with pulsed
metallic transfer becomes interesting in cases where
increased control of the imposed thermal cycle is desired. By
balancing the forces that retain and detach a liquid drop at the
tip of the electrode, an equation to calculate the theoretical
detachment frequency, which will influence the behavior of
the melt pool, were formulated by [18]. The authors present
a methodology for empirically modeling the droplet trans-
fer mode, based on the size and frequency of detachment of
the droplets as a function of tension inputs and wire feed
speed. The size and frequency of detachment of the drops
were calculated from images acquired with a high-speed
camera and backlighting illumination. The forces causing
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Fig. 2 Representation of
cooperative robotic cell

Fig. 3 Experimental setup with
collaborative robots

drop detachment comprise the force weight (Eq. 1), electro-
magnetic force (Eqs. 2 and 3), drag force (Eq. 4), surface
tension force (Eq. 5), and metallic vapor force (Eq. 6).

The weight force is due to the mass of the drop, and the
action of gravity promotes its detachment when the process
occurs in a flat position.

Fg = 4

3
πr3ρg, (1)

where r represents the radius of the drop [m].
The electromagnetic action is based on the principle of

the passage of electric current in opposite directions, along
two parallel conducting wires, in which case, the wires are
attracted because of a force of magnetic origin. In the droplet

region, deformation of the liquid surface occurs, resulting in
throttling in the axial direction observed by [19].

Fem = f2

(
μ0 I 2

4π

)
. (2)

The electromagnetic force (Lorentz) is a result of a cur-
rent passing through a conductor; and a high current implies
a large force, which tends to deepen the melt pool, and con-
sequently, tune the weld bead.

F2 =
[
ln
rsenθ

R
− 1

4
− 1

(1 − cosθ)
+ 2

(1 − cosθ)2
.ln

2

(1 + cosθ)

]
.

(3)
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F2 varies with the conduction angle, θ (− 1 to + 1), and
if its value is small, the force is negative, and the drop is
retained on the electrode. The dragging force tends to pro-
mote droplet detachment, and it is provided by the shielding
gas or the plasma column. Owing to CO2 shielding, the elec-
trode tip is not heated directly by the arc plasma but by the arc
heat conducted through the molten drop. The molten droplet
grows in size and finally detaches by a short circuit or grav-
ity, after overcoming the force, R, which tends to support the
drop. It is calculated based on a sphere immersed in a fluid in
motion, as mentioned by [20]. The authors carried out exper-
iments in which the drop mass was measured as a function
of gas flow rate and electric current, and the model is based
on drop transfer from capillary tubes and the Lorentz force
due to the divergence of the electric current.

Fa = Cd

[
ρ

(
U 2

2

)]
.

[
1 −

(
R2

2r2

)]
πr2, (4)

where R represents the radius of the electrode [m], and e U
is the relative velocity.

The correction factor (1–(R2/2r2)) is applied because the
drop is partially attached to the electrode and not as in the
immersed sphere model. In the pulsed process, the drag coef-
ficient, Cd, can be calculated as follows: [1 + (3.Re/8)] for
10 < Re < 100 [19].

The force that tends to retain the drop at the tip of the
electrode is called as surface tension. The thermocapillarity
or Marangoni force is the result of a variation in the surface
tension of the fluid caused by temperature gradients. When
the surface tension is greater at the edge of the pool, the
Marangoni convection tends to widen the pool. When the
surface tension is greater at the center of the puddle, it tends
to deepen the puddle, and thus, tune the bead.

Ft = 2πγ Rϕ

(
R

c

)
, (5)

where c is the constant of the capillarity.
The correction factor, ϕ

( R
c

)
, is a function that varies from

1.0 to 0.6 as the value of R increases. For electrode diame-
ters (0.8, 0.9, and 1.2 mm), the value of 1 was obtained by
[21], where the authors claim that droplet sizes produced in
GMAW are predicted using both the static force balance the-
ory and the pinch instability theory as a function of welding
current.

The metallic vapor force acts in the opposite direction to
the drop detachment, and when welding and steels occur, the
force of the gases from the chemical reactions or dissolved
in the material acts in addition to the cathodic jet action.

The thermodynamic drag force is produced by the action
of the plasma that flows over the surface of the puddle, induc-
ing an external flow along it, which widens the weld bead.

Fv = Q2
0 I

2

8πρR2
a
, (6)

where Q0 is the evaporated metal mass per unit time per
ampere (kg/A.s).

The frequency of detachment, in which one droplet per
pulse is considered, is calculated using Eq. 7.

fd = (Fem + Fg + Fa − Fv)

[
(WR)

(2γ v)

]
, (7)

where v is the volume of the highlighted drop, which is
obtained using Eq. 8.

v = (WπR2)

(n f )
, (8)

where W is the wire feed speed, f is the pulse frequency of
the current, and n is the quotient of the detachment frequency
with the pulse frequency of the current.

The significant effect of Marangoni’s strength on welding
can be explained based on the high surface tension of the
molten metal in the puddle and the small size of the molten
zone. Owing to its large magnitude and strong dependence
on temperature, the Marangoni force is the main basis of the
physical models developed for the prediction of weld beads.
The concept is to associate theheat fluxmodel duringwelding
with the variations in the surface tension of the molten metal
to predict the final bead geometry.

Expressions for the electrode fusion speed have been
deduced by several authors, e.g., [19] based on the thermal
balance at the tip of the electrode to yield Eq. 9.

w = α.I + β.s.I 2, (9)

wherew is thewire fusion speed,α andβ represent the contri-
butions of arc heating and the Joule effect to the wire fusion,
respectively, I is the electric current, and s is the electrode
length. β represents the contribution of the Joule effect on the
wire to its melting, and therefore, it depends mainly on the
composition and conditions of the wire. This term is impor-
tant for steel wires, particularly those with small diameters,
whereas it is negligible for metal wires with high electrical
conductivity. α represents the contribution of anodic heat-
ing by the arc (welding with the positive electrode), and in
GMAW, it seems to depend mainly on the electrode compo-
sition.

The technique of additive manufacturing requires precise
direction of the wire as well as projection of the drop in
the melting pool to ensure metallic transfer occurs smoothly.

123



Arabian Journal for Science and Engineering (2023) 48:3425–3439 3431

Table 1 Process control
parameters and their levels Welding parameters Unit Levels

− 2 − 1 0 + 1 + 2

Base time ms 11 18.2 25.4 32.6 39.8

Base current A 55 63.5 72 80.5 89

Reference voltage V 20.5 21.9 23.3 24.6 26

Wire feed speed m/min 2.9 3.6 4.3 5.0 5.7

Moreover, with the use of a pulsed current, themetallic trans-
fer is achieved with a low average current, owing to the
application of high electromagnetic forces in very short peri-
ods, generated by the imposition of the pulse current above
the transition value. Thus, the metallic drop is detached and
projected toward the melt pool. For the transfer process to be
stable, in addition, it is important that only one drop should
be transferred to each pulse of current. Consequently, less
spatter is generated, and the bead morphology is more easily
controlled.

2.3 Weld Bead Prediction

Some tests were first conducted to determine the extreme
values for which the voltage, feed speed, and welding speed
would allow obtaining a stable weld bead with good char-
acteristics. The appropriate selection of pulse parameters
provides the required droplet velocity and control over the
weld pool to achieve the desired geometrical characteristics
of the weld joint. It was observed that for low voltage values,
feed speed, and welding speed, the electric arc was unstable
and the metal transfer was due to a short circuit, which was
confirmed by the appearance of the weld bead, with intense
spatter formation.

The values assumed for the levelswere based on the condi-
tions that guaranteed spray transfer. Table 1 lists the process
control parameters and their corresponding levels. Table 2
summarizes the experimental sequence generated fromTable
1, which consists of 31 tests: The first 16 were the complete
factorial of the four parameters studied at levels + 1 and
–1 (24 factorials), and they added seven central points and
eight star points. Figure 4 depicts the deposition of a single
bead on a plate, which was used to obtain beads based on the
determined parameters.

After the tests, the specimens were sectioned and pre-
pared. Using a profile projector, the reinforcement (r), bead
width (w), and the wettability of the bead dilution were mea-
sured. The bead convexity was determined using an index
(Ic). These measurements are shown in Table 2.

The non-wettability (NW) of the bead, represented by the
percentage of the width that is not wet, is defined by taking
the sign of the second derivative of the curve adjusted to

the weld bead section. The distance between the inflection
points divided by the total width of the bead corresponds to
the proportion of the bead that does not wet. Thus, when the
curve does not have inflection points, it implies that the bead
does not wet, i.e., NW = 100%. A small contact angle with
the surface implies good wettability, and according to Fig. 5,
if the angle is less than 90°, the surface will be wetted.

Image processing was conducted to analyze the geometric
profiles of the beads that were sectioned (Fig. 6), and MAT-
LAB’s® Curve Fitting Tool was used to identify the string
classification as “wet” or “not wet.” For this purpose, the sig-
nal of the second derivative of the curve that best fitted the
bead was analyzed. When the signal of the second deriva-
tive remained negative over the entire width of the image,
i.e., when the concavity of the curve was down in its entire
length, the bead was considered as “not wet.” When the sig-
nal of the second derivative became positive and, therefore,
the concavity of the curve changed, the bead was classified
as “wet.”

Based on the shape of theweld bead section, theweld bead
was modeled as a parabola when the bead “did not wet” and
by a fourth degree equation, when the bead “wets.” The non-
wettability of the weld bead, represented by the percentage
of the width that does not wet, was defined by taking the
sign of the second derivative of the curve adjusted to the
section of the weld bead. The distance between the inflection
points divided by the total width of the bead corresponds to
the proportion of the bead that does not wet. Thus, when the
curve has no inflection points, it implies that the bead does
not wet, i.e., NW = 100%.

From the data obtained for the experiments, conditions
that did not ensure the bead quality considering metallic
transfer by a pulsed current were identified. Moreover, the
proposed experimental design contained values outside the
range of factors, and cases in which the values were repeated
also emerged. Considering this, the parameters used previ-
ously were adopted to ensure the number of tests proposed
by the experimental design.
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Table 2 Matrix for conducting experiments and results obtained

Experiment# Base time
(ms)

Base current
(A)

Reference
voltage (V)

Wire feed
speed
(m/min)

Width
(mm)

Reinforcement
(mm)

Convexity
Index (%)

Wettability
(%)

1 11.0 55.0 20.5 2.9 8.3 2.5 30.1 63.2

2 39.8 55.0 20.5 2.9 8.2 2.6 31.7 65.9

3 11.0 89.0 20.5 2.9 8.6 2.6 30.2 65.6

4 39.8 89.0 20.5 2.9 7.2 2.8 38.9 71.5

5 11.0 55.0 26.0 2.9 8.1 2.7 33.3 68.9

6 39.8 55.0 26.0 2.9 8.4 2.6 31.0 65.3

7 11.0 89.0 26.0 2.9 9.4 2.9 30.9 60.7

8 39.8 89.0 26.0 2.9 7.3 2.9 39.7 75.2

9 15.3 63.0 23.0 3.9 7.9 2.4 31.0 73.2

10 39.8 55.0 20.5 5.7 8.4 3.1 36.9 77.6

11 11.0 89.0 20.5 5.7 9.7 3.1 32.0 75.8

12 16.5 59.0 22.5 3.6 7.6 2.7 35.7 72.3

13 17.6 55.0 22.2 3.6 7.6 2.5 33.4 75.0

14 34.5 61.0 21.0 3.3 6.8 2.1 31.1 64.1

15 11.0 89.0 26.0 5.7 9.5 2.9 30.2 67.6

16 39.8 89.0 26.0 5.7 8.6 2.8 32.6 69.7

17 11.0 89.0 26.0 4.8 9.6 2.8 29.2 67.6

18 30.2 64.0 21.5 3.5 7.5 2.4 32.2 66.1

19 25.4 72.0 23.3 4.3 7.7 2.4 31.6 75.4

20 10.0 85.0 26.0 4.8 10.4 2.9 27.5 57.9

21 11.5 84.0 25.0 5.7 9.8 2.3 27.4 54.2

22 12.3 80.0 25.0 4.5 8.6 2.8 32.1 67.0

23 12.6 81.0 25.0 3.8 9.2 2.8 30.3 69.4

24 19.1 70.0 23.0 3.7 7.8 2.6 33.6 75.1

25 25.4 72.0 23.3 4.3 7.1 2.7 38.2 74.8

26 13.4 77.0 24.5 4.7 8.6 2.7 31.6 67.7

27 13.1 76.0 24.5 4.3 8.6 2.9 34.7 68.3

28 15.2 75.0 24.0 4.1 8.8 2.6 29.4 63.4

29 13.6 71.0 24.0 4.1 8.9 2.7 30.7 61.6

30 17.3 73.0 23.5 4.3 8.3 2.2 26.1 74.6

31 14.6 67.0 23.5 4.0 8.1 2.5 31.3 78.2

3 Results and Discussion

The use of a data acquisition system allowed the evalua-
tion of the behavior of the welding process. Because the
pulsed metallic transfer mode was adopted, the instanta-
neous data allowed to verify the time interval between
successive drop take-offs. Although the time between con-
secutive detachments varies, the average detachment interval
is approximately constant and can be estimated from the
modal detachment as a histogram, represented by the dis-
tribution frequency, as shown in Fig. 7.

The parameters used in the experiment are those that
resulted in weld beads with acceptable quality in terms of
the geometry and the appearance. For the convexity index,
values of approximately 30% are considered acceptable by
the [22].

As proposed by [23], based on the results obtained
and the correlations among the parameters calculated
using MINITAB® software, the following interactions were
obtained: bead width, height of the reinforcement, convex-
ity index, and wettability, as shown in Figs. 8, 9, 10 and 11,
respectively.
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Fig. 4 Deposition of single bead
on plate

Fig. 5 Wettability of surface

Fig. 6 Bead profile

The behavior of bead instability as a function of the arc
length (average reference voltage) is probably due to the
instability in the metal transfer. Moreover, to maintain bead
stability, a large volume of the deposited material is required.

Analyzing the significance of the factors based on a signif-
icance level of 95% showed that no factor and/or interaction
achieved a P value greater than 0.05, i.e., no factor has a sig-
nificant influence. That is, there is a probability of error of

less than 5% in admitting that the factors and/or these inter-
actions are influencing the analyzed response variables. The
horizontal line in Fig. 8 represents the average expected bead
width at each evaluated level.

Analysis of the significance factor of the wire feed speed
revealed that the increase in the wire feed and the reference
voltage cause an increase in the reinforcement.

Analysis of the significance factor of the base time showed
that the convexity index is increased. However, the increased
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Fig. 7 Pulsed process oscillogram

Fig. 8 Influence of parameters on
bead width

reference tension and wire feed speed result in smaller bead
convexity indices, which is desirable.

According to the analysis of the significance factor of the
base time, wettability is increased. Based on the factorial fit,
the bead width has a direct and very significant influence on
the wire feed speed (P value = 0.016), interaction between
the base time × base current × reference voltage (P value =
0.004), and base time × base current × reference voltage ×
wire feed speed (P value = 0.002).

Based on the factorial adjustment in the analysis of the
bead reinforcement, the base current (P value = 0.024), ref-
erence voltage (P value = 0.018), base time × base current

(P value = 0.017), base time × reference voltage (P value
= 0.021), base current × wire feed speed (Pvlaue = 0.020),
reference voltage, and wire feed speed (P value = 0.022)
have a direct and significant influence. It is also identified
that there is a significant triple interaction between the base
time × base current × wire feed speed (P value = 0.016)
and the base time × reference voltage × wire feed speed (P
value = 0.020).

Based on the factorial adjustment in the analysis of the
bead wettability, the wire feed speed (P value= 0.037), triple
interaction between the base time× base current× reference
voltage (P value = 0.034), and four-term interaction base
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Fig. 9 Influence of parameters on
bead reinforcement

Fig. 10 Influence of parameters
on convexity index

time × base current × reference voltage × wire feed speed
(P value = 0.017) have a direct and significant influence.

Although the factor adjustment in the analysis of the con-
vexity index did not present significant interaction, i.e., P
value < 0.05, this factor is directly dependent on the width
and height of the reinforcement.

The significant effects of the interactions among the base
current, reference voltage, reinforcement height, and bead
width are shown in Figs. 12 and 13, respectively.

The weld bead width can be estimated by balancing the
amount of material that was fused in the previous bead, i.e.,
the bead width. The bead width is generally determined from
the distance from the arc, which increases as the arc voltage

increase. The arc voltage was set as a constant parameter in
this study.

Examining the plotted figures, a dependency is found
between the factors of base current and reference voltage;
thus, to achieve geometric control of the bead to adjust its
width and the reinforcement, it is necessary to study both
parameters.

Low values of the reference voltage, regardless of the base
current, result in a small reinforcement, whereas, with low
values of the reference voltage but with an increase in the
base current, the width increases.

The same behaviors is achieved when the wire feed speed
is considered instead of the reference voltage, as shown in
Figs. 14 and 15.
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Fig. 11 Influence of parameters
on bead wettability

Fig. 12 Influence of reference
voltage and base current on bead
reinforcement

Fig. 13 Influence of reference
voltage and base current on bead
width
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Fig. 14 Influence of wire feed
speed and base current on bead
reinforcement

Fig. 15 Influence of wire feed
speed and base current on bead
width

The results indicate the existence of anomalies in the
wire feed speed curves, and consequently, in the fusion, as
a function of the current in GMAW welding with constant
current-type sources in regions close to the transition current.
These irregularities are associated with possible changes in
anodic heating or in the average temperature of the molten
metal drops being detached from thewire in the transfermode
change range.

In addition, when the wire feed speed or the reference
voltage interact with the base current, increase in the width
and reinforcement in the bead is promoted. However, these
result in a lower level of bead convexity, as shown in Fig. 16.

From the images obtained with the high-speed camera, it
was possible to identify the behavior of the fusion puddle
with the increase in the wall height, as shown in Fig. 17. This
was in addition to ensuring that the metallic transfer occurs
with a drop per pulse of current.

Based on the geometric parameters and the results of the
obtained beads, ten successive layers were deposited with
an interpass time of 120 s to ensure a temperature of 80 °C

before the start of the deposition of the new bead. The results
thus obtained are shown in Fig. 18.

The macrographic analysis revealed the presence of dark
lines at the border of the passes (collar marks), a result of the
multiple cycling of the sample.

4 Conclusions

The study concludes that arc welding requires the length of
the bead width to be sufficient to support its base so that the
arc does not reach the sides of the bead. Another character-
istic noted during the experiments is the difficulty in keeping
the arc stable over the top of the bead.

The use of the response surface methodology for param-
eter optimization is interesting when analyzing a pulsed
GMAW process because it is possible to identify and under-
stand the influence of each element in the entire process.

There is a significant interrelation between the variables
corresponding to the welding parameters (welding speed and
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Fig. 16 Influence of wire feed
speed and base current on bead
convexity index

Fig. 17 Metal transfer and melt
pool behavior

Fig. 18 Wall with ten layers deposited with different parameters

wire feed speed) and pulse parameters (current and pulse
frequency) of the deposited bead geometry.

The models must have parameters with a high degree of
reliability to ensure the geometry of the weld bead and allow
a process that can be used in additive manufacturing.

Based on the results obtained, the characteristics of the
bead can be improved by tuning the process parameters, such

as thewire feed speed and base current, which showed a close
relationship.

The convexity index and the wettability of the bead
demonstrate that the wire feed speed and the wire melting
rate can increase the volume of weld, which influences the
form of the metallic connection between the passes.

By providing a high-intensity current flow with intermit-
tent waves, spray transfer is achieved during the high-current
pulses while maintaining the average current level below the
normal transition current. Thus, the geometries of the beads
are obtained as per the desirable effect of the spraymodewith
low heat levels, a characteristic generally associated with a
short circuit transfer mode. In addition, it results in a low
level of spatter and an arc with increased stability.

The results obtained indicate that the drop size with the
wire used, is not continuous in a narrow transition region of
the metal transfer mode, and that there are preferred bands
for the drop sizes.
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