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The GMAW welding process faces significant
challenges when applied in the welding and
deposition of titanium and its alloys. Challenges
include electric arc instability, unstable metal
transfer, splash generation, and the formation of
irregular weld beads. Given the existing difficulties
there is a constant effort of science to understand
and solve them, especially in the context of Arc and
Wire Additive Manufacturing, where the GMAW
process is highly advantageous due to its high
productivity. This work aims to present the
evolution of knowledge related to the operational

difficulties faced when using the GMAW process
for welding and deposition of titanium and its
alloys, in addition to highlighting the techniques
developed to overcome these challenges. The
scientific literature indicates that operational
difficulties have their origin in the cathodic
emission process. GMAW process applied to
titanium is characterized by the emergence of a
high-luminosity jet that protrudes frontally. This jet
originates from a cathode point, which often
changes position, resulting in the formation of
irregular weld beads. The phenomenon also makes
it difficult to fully incorporate the metal drop into
the melting pool, leading to the generation of
splashes. Although there are reports that this jet is
formed due to thermionic cathodic emission, there
are hypotheses of other reasons.

Additive Manufacturing, Titanium,
Operational Challenges, Arc Instability.

Titanium and its alloys began to be used in the welding area from the sixth decade of the

twentieth century after having gone through several stages of improvement of the manufacturing

process. Initially the most used welding process was GTAW (SALTER and SCOTT, 1967), but with

the application of titanium in the nautical and underwater area, which presumes the union of large

thicknesses, the need arose to use the GMAW process (STARK, 1966; MITCHELL and FEIGE, 1967).

In the literature, reports of operational problems such as unstable arc, unstable metal transfer,

generation of splashes and the formation of irregular cords have been observed several times. Although

these problems are already known in more common materials, they are more evident and more harmful

in the case of titanium. The review presented in this work, for the most part, is dedicated to revealing

the information about arc instability during application of GMAW process to titanium and its alloys.

According to the literature, arc instability happens when the GMAW process operates in reverse
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polarity with low constant current (short-circuit and globular metallic transfer level). Franco-Ferreira
and Patriarca (1959) were in these conditions and managed to reduce the arc instability and weld bead
irregularity to a minimum, by increasing the current to the level of metal transfer by spray and
adjustment of the DBCP, which must be high enough to promote electrode-free extension heating by
Joule effect, thus reducing splash generation, but not excessively high, to provoke arc instability. Stark
etal. (1962) also stressed the importance of maintaining power at a sufficient level, thus ensuring metal
transfer by spray and arc stability, since low power causes arc instability and splash generation.
Similarly, Wolfe et al. (1965) declared satisfactory results using spray metal transfer. Regarding short-
circuit transfer, Wolfe et al. (1965) reported the slower and longer detachment of drops than with
carbon steel or stainless steel. They hypothesized that this may be caused by titanium's high electrical
resistivity and recommended increasing the open arc time to maximize the fluidity of the liquid metal,
even as using 25% He in the mixture with Ar, but not more, since higher content favors erratic arc
behavior and splash generation. From the technical data of titanium it is known that it has the highest
melting temperature than steels, leaving to imagine the need for higher levels of current, but at the
same time has low levels of conductivity and heat capacity and high level of electrical resistivity, which
makes the material require lower current level to maintain the fusion than steels, including stainless
ones (AKULOV, 1971).

Salter and Scott (1967) performed the high-speed filming to characterize the behavior of the
arc in the conditions of reverse and direct polarity with metallic transfer by short circuit, spray and
pulsed. According to their observations, in the reverse polarity arises a cathode jet from the root of the
arc in the melting pool, which under a low current dominates the anode jet, making the metal transfer
slow and large droplets, which entering the melting pool break into small parts and are projected out
of the melting pool, forming the splashes (Figure 1(a)). Already under a larger current, the anode jet
strengthens and dominates the cathode jet, apparently because of the formation of several cathode
points scattered throughout the fusion pool, increasing the frequency of detachment of the drops and
reducing their size. In direct polarity, authors declared, the presence of only one jet of the anode, very
unstable, which under a low current slowly rotates around wire-electrode, projecting the drops in the
direction of the turn, and with a high current rotates rapidly and the drops divide and turn into various
splashes. In negative polarity with pulsed current the arc also remains highly unstable. Already, the
pulsed current in the reverse polarity resulted in a regular transfer with a condition of one drop after
each pulse, directed to the fusion pool, creating stable conditions of titanium welding. In this condition
the cathode jet was also seen, but the detrimental effect for metal transfer was not noticed. The authors
also reported that metal transfer is more advantageous with protection in Air +25% He compared to
100% Ar, while protection of 100% He considerably reduces arc deviation, which disagrees with Wolfe

et al. (1965).
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Ries (1983) in his work obtained results similar to those of Salter and Scott (1967). Among
them are the stabilizing effect of the level increase of the constant current and the pulsed current, both
in reverse polarity. Direct polarity resulted in a high level of irregularity of metal transfer and cord
formation, even with high constant current and pulsed current. According to Reis (1983) a strong
cathode jet forms in the fusion pool, enters into interrelationship with anodic jet of lesser force,
resulting in the imbalance of forces between the two, affecting the metallic transfer that acts in the
opposite direction to the detachment of the drop, partially repels the drops entering the fusion pool,
generating the splashes, is wandering, rotating and creating the plasma jet bypass of the electrode axis
(Figure 1(b)). The author cites, that the diffuse cathode point (composed of several small points)
delivers a more advantageous condition for the arc. In aluminum welding, oxides float on the surface
of the melting pool and the molten droplet, serving as more efficient electron emitters than liquid metal.
In the case of titanium it is difficult to create a diffuse cathode point, because the oxides dissolve in
the molten metal, and the rupture of a stable cathode or anode point in the various small ones is
impossible due to insufficient motive force.

Eickhoff and Eagar (1990) defined three forces that participate in the splash generation
mechanism (Figure 1(c)), the Lorentz force and the plasma flow force (stream force), which are
responsible for the separation of a droplet part, which is in transfer to the puddle, and the cathode jet
force, which repels that part of the drop out of the puddle. The authors state that titanium is sufficiently
refractory and sustains thermionic emission, responsible for concentrated cathode point and presence
of a cathode jet. In aluminum, the emission per field can be observed during welding, which is
manifested by numerous moving cathode points, without a cathode jet formed. For future work, these
authors recommend investigating methods of rupture of the cathode point concentrated in the diffuse,
of several cathode points, which will help to avoid splashes. Authors also point out that the presence
of a small amount of oxygen in the shielding gas has an equal stabilizing function promoted by the
presence of oxides on the surface. It is worth mentioning that the opinion about titanium being the hot
cathode, based on this work was found in several other works (SHINN et al., 2005; SEQUEIRA
ALMEIDA, 2012; Pardal et al., 2019; CHOUDHURY, MARYA, AMIRTHALINGAM, 2021).

Uniting knowledge integrated scientific research for global development
Welding and additive manufacturing of titanium and its alloys by the gmaw process — Arc instability
characteristics



FIGURE 1 — a) Appearance of reverse polarity arc, low constant current (SALTER and SCOTT, 1967); b) Schematization
of plasma jet deflection (RIES, 1983); (c) the forces participating in the splash mechanism (EICKHOFF; EAGAR, 1990);
d) High-speed filming frames of splash occurrence (adapted from SHINN et al., 2005)
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Nishikawa et al. (2000) carried out work with the intention of promoting arc stability by adding
a small amount of oxidizing gases in argon in content of 1-5 % of O2 and 2-10 % of CO2 during the
welding of Grade 1 titanium by the GMAW process with pulsed current of trapezoidal wave (30 Hz)
and square (77 Hz). The results were evaluated from the high-speed filming, cord appearance and
mechanical properties. Authors state that arc instability and cord irregularity occur in the case of use
of pure air, assuming that this happens because cathode point does not form in a stable way, promoting
the spreading of the cathodic cleaning zone and cathode point wandering in search of metal oxides,
especially when the current level is low. Authors state that the addition of oxidizing gases promotes
arc stabilization and cord regularity, but also increases the number of drops per pulse.

Zhang and Li (2001) developed a pulsed current curve, which increases the control of metal
transfer, namely, a robust UGPP condition without the generation of splashes, aiming to overcome
obstacles present in titanium welding with GMAW process. Authors created the curve that consists of
two pulse phases and a base phase between them. The first pulse performs the function of droplet
formation, the base current serves to create an oscillation of the droplet and the second pulse serves to
proceed the detachment of the drop. They achieved a controlled, robust and repetitive transfer, without
deviations of the drops and splash formation. The technology developed is based on the phenomenon
of alteration of direction of axial component of the Lorentz electromagnetic force. In relation to values,
they showed that for wire of 0.9 mm in diameter the current from 140 A facilitates the welding of
titanium, while less than 100 A hinders. On the other hand, the behavior of the cathode point and
plasma jet was left without a specific approach.

Toyoda et al. (2003) compared GMAW welding with pulsed current made with a conventional
wire-electrode and wire-electrode with a surface layer enriched in oxygen by heat treatment, developed
by Daido Steel Co. Ltd. Authors declare that the use of the wire-electrode developed provides the

improvement in the slippage of wire-electrode by the rollers of the feeder, promotes stability of the
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arc, of the metallic transfer, which happens to be regular, smooth and with the drops of the same size
and UGPP condition, unlike the conventional wire-electrode.

Shinn et al. (2005) investigated the effect of the low-power laser beam (200 — 300 W) being
focused on the front of the fusion pool created in the GMAW process with constant and pulsed current.
Results, obtained through high-speed filming, showed that during the use of constant current the
cathode point forms on top of the drop in transfer to the melting pool guiding the current through this
droplet, favoring the emergence of Pinch effect and, consequently, the formation of splash (Figure
1(d)). Information coincides with the data presented by Salter and Scott (1967), Ries (1983) and
Eickhoff and Eagar (1990) and indicates that the passage of current through the droplet in transfer to
the melting pool causes generation of splashes during titanium welding/deposition. Still according to
these authors the cathode point changes position after each drop is transferred to puddle, which may
be responsible for the irregular formation of cord. Figure 2(a) shows the surface aspect of the cord
obtained with the GMAW process without the use of a laser aid. In this case the arc preferred to exist
with a concentrated cathode point, which suffered the displacement from the lateral to the center of the
puddle and presented the cathode jet that was emitted from the melting pool and directed to the right
side of the arc, initially being laminar, and after cooling and mixing with ambient air being turbulent.
With the auxiliary use of laser beam in the GMAW process, the authors obtained the plasma jet in
common shape and fixed cathode point, by restricting it within the laser point, avoiding splashes and
promoting the regular and uniform formation of the weld bead (Figure 2(b)). According to Shinn et al.
(2005) the additional laser power at the cathode point favors the evaporation of surface material, which
can be a stabilization factor of the cathode point. Authors also mentioned the possibility of occurrence
of two cathode points simultaneously, one at the top of the droplet in transfer and the other at the

original site.

FIGURE 2 — High-speed welding process frames and surface aspect of GMAW welding bead: a) without the use of laser
beam; b) with the use of laser beam (adapted from SHINN et al., 2015)
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formation of the weld bead is the facilitated and random emission of electrons per oxide layer on the
titanium surface. Author applied a high frequency and low amplitude oscillation of the welding torch
in the direction perpendicular to the welding speed direction and managed to stabilize the weld bead.
Author believes that addition of 2% of oxygen in argon can favor the regular formation of the cord.

Kapustka (2008), aiming at the realization of additive manufacturing of titanium alloy, used
GMAW process with retractive movement of the wire feed along with GTAW process, whose arc was
positioned in the front of the melting pool, and managed to solve the erratic behavior of the arc
(wandering) and improve the geometry of the strands. The work presents the similarity with the idea
presented by Shinn et al. (2005).

Sequeira Almeida and Williams (2010a) evaluated the processes GTCAW (Gas Tungsten
Constricted Arc Welding, process where arc is constricted through current pulsation in high frequency),
GMAW DCEP and GMAW CMT aiming application in Additive Manufacturing of titanium alloy.
Authors observed that the GMAW CMT process prevents the mechanism of relocation of the cathode
point and, thus, the erratic behavior (wandering) of the arc during depositions, favoring the obtainment
of uniform layers, of high quality and with reproducibility. However, the Sequeira Almeida and
Williams (2010b) apud Sequeira Almeida (2012) presented high-speed footage frames of the arc in the
GMAW CMT welding of Ti-6Al1-4V (Figure 3), where it can be perceived that the arc is inclined at an
angle in relation to the wire-electrode axis. According to the author (SEQUEIRA ALMEIDA, 2012),
the complication of the control of the arc column and its direction are caused by the existence of stable
but very mobile cathode points. The effect was mainly related to the physical properties of titanium,

which determine the mechanism of cathodic emission.

FIGURE 3 — High-speed film frames of the titanium GMAW-CMT welding arc, welding parameters: wire diameter of 1.2
mm; Va of 8.5 m/min; shielding gas Ar+75 % He (adapted from SEQUEIRA ALMEIDA, 2012

Sun et al. (2015) studied the metal transfer behavior of the titanium alloy Ti-6Al-4V titanium
alloy GMAW CMT process. They observed the imposition by the synergistic line of a high-current
pulse in the short-circuit phase, which comparatively is close to the open-arc phase current. According
to them, this increases the imposition of heat and favors a smooth transfer of droplets, which has
relatively high surface tension during titanium welding. Authors tried to perform welding by reducing
the high-current pulse in the short-circuit phase by two times, but observed increased instability and
occurrence of interruptions. It is understood that increased current in the short-circuit phase is essential

for titanium alloy, but at the same time this differs from the classical CMT curve.
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In recent years the arc instability in the GMAW process applied to titanium alloys continues to
be of high interest, mainly because the GMAW process is highly explored in the Additive
Manufacturing sector, for presenting a higher level of productivity and simplicity of execution. Thus,
some positive practices acquired for welding in the past are seen to be analyzed for Additive
Manufacturing in the present. A highlight: the GMAW process part receives the CMT mode from the
manufacturer Fronius.

Sparrow et al. (2019) carried out the work aimed at obtaining the improvements in the
deposition of the layers on plate and overlapping layers deposited by Additive Manufacturing of
titanium alloy. They used the hybrid method based on laser combination and GMAW CMT mode,
which shares the same idea as Shinn et al. (2005). Authors mention that the irregularity of the layer,
resulting from the GMAW process, is the direct wandering representation of the cathode point and
consequently of the process instability itself. As they the energy added by laser in the arc region
increases the temperature at the center of the melting pool, creating the hottest point and repressing the
cathode point in it, so the arc stops exhibiting wandering behavior. Authors confirmed the achievement
of cathode point stability, stability of layer geometry, greater regularity of deposited walls and thus the
highest efficiency of deposited material. The addition of laser to the GMAW CMT process also
increased the heat tax and unintentionally the deposition rate, so CMT was synergistic. In addition,
greater stability of the current and voltage transients was noted, even though the laser and arc sources
are independent. The method seems to present a robust and reliable solution, but with a high level of
complexity and costs involved.

Kovalenko (2019) performed the CMT mode evaluation work for titanium alloy deposition by
Additive Manufacturing and observed the abundant consumption of oxide layer on the surface of the
area adjacent to the melting pool, and generation of a relatively large and clean area of the surrounding
oxides, which causes occurrence of an unstable arc sequence and arc jet deviations, supposedly
looking for oxides. Thus, the absence of oxides in the area near the arc presents itself the reason for
arc instability during titanium alloy deposition by the GMAW process, which differs from hypotheses
already existing in the literature.

Authors Choudhury, Marya, Amirthalingam (2021) performed deposition work of
commercially pure titanium layers, Grade II, on plate and overlapping layers deposited by Additive
Manufacturing using GMAW CMT EP and EN. Under these conditions, the authors evaluated the
effect of wire with a surface enriched in oxides, from the manufacturer Daido Steel Co. Ltd, sharing
the same idea presented by Toyoda et al. (2003). Authors reinforce in their introduction the challenging
level of realization of titanium deposition by the GMAW process, presenting as one of the reasons the
maintenance of thermionic emission of the material. In this work, the deposition of layers with

conventional wire by GMAW CMT EP and EN process was characterized by unstable arc and
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wandering, using oscillogram analysis, voltage, cathode point position change recorded by high-speed
filming, irregularity and interruption of layer body. While the deposition performed with surface wire
enriched by oxides was characterized as stable in all the same aspects. Authors argue, that in reactive
materials, such as titanium, cathode point fluctuation is stimulated by oxides present in wire or melting
pool, which leads to wandering. However, the wire with a surface enriched in oxides forms a uniform
layer of slag that helps to form an arc from the melting pool by a shorter path. When observing the
results of this work it is evident the increase in regularity of the layer deposited on plate with the use
of wire enriched in oxides, but the appearance of the deposited walls did not stand out with the same
regularity. Also, it is necessary to remember, that the stable oscillograms of current and voltage of
GMAW CMT EP process have already been presented in the literature, as well as regular layers, thus,
the data are partially controversial to those previously presented in the literature (SEQUEIRA
ALMEIDA, WILLIAMS, 2010a; SUN et al. 2015; KOVALENKO, 2019).

Panchenko et al (2021) carried out the work where they evaluated the GMAW process applied
to titanium alloy operating with CMT, CSC and EN polarity modes. In relation to CMT they declared
the stable position of cathode point, but at the same time insufficient electrode heating and insufficient
formation of the liquid drop at the electrode point. In addition, rare splashes have been reported.
However, since the current and voltage oscillogram presented in the study differs from the original
CMT mode curve for titanium alloys, the results were not considered representative for titanium and
its alloys.

Recently authors Lee et al. (2022) reported obtaining arc stabilization during operation with
EN polarity in CMT mode, thus reversing the cathode jet direction from puddle to liquid drop top and
thus shifting the cathode jet origin from poga surface to liquid drop top and thus directing it favorably.

Based on the information presented, it can be seen that the occurrence of erratic behavior of the
cathode point and arc, splash formation and irregular cord are the coexisting characteristics in the
GMAW process applied to titanium and its alloys. They were highlighted even in the first scientific
works, in the 60's. These characteristics are more frequent for reverse polarity with low constant
current, while with high constant current or pulsed current are considerably less manifested. Direct
polarity presents extreme instability, so there are no reports of successful application, except for the
work of Choudhury, Marya, Amirthalingam (2021) and Lee et al. (2022), all of whom used CMT mode
with EN. Several authors have presented their own solution to improve the operability of the GMAW
process for titanium. However, the solutions cannot be easily repeated, since they rely on an increase
in the level of energy, which is usually harmful or making the process more complex and / or more

costly. Regarding the reason responsible for arc instability, the studies have presented the hypotheses,
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as a function of the properties of titanium, due to the maintenance of thermionic emission, due to the
presence of an irregular layer of oxides. However, they do not present the relevant evidence and are
accompanied with expressions such as "can be", "seems", "feels", demonstrating the uncertainty
involved. For example, the presence of the oxide layer has a beneficial action for aluminum and its
alloys, but in most titanium works it was previously removed (Franco-Ferreira and Patriarca, 1959;
Wolfe et al., 1965; Kings, 1983). The Shinn et al. (2005) point out that cathode point behavior and arc
instability are the relevant phenomena in welding and electric arc deposition processes, but the
governing mechanisms are not yet fully understood and their studies are of great interest, as for the

field of theoretical foundations so and for the field of practical applications.
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