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A B S T R A C T

Switchback Gas Metal Arc Welding (GMAW) consists of a forward and backward periodic oscillation of the weld-
ing torch in the longitudinal direction of the joint. The present work has two objectives, to evaluate the use of
a simple and practical device proposed for the switchback manipulation of the torch and to analyze the effect
of the switchback parameters on the operational characteristic of the process. Two series of bead-on-plate de-
positions were planned, using the GMAW process with or without the switchback technique. To find an opera-
tional envelope, two levels of equivalent welding speeds were used for covering ranges of oscillation frequency
and amplitude. A Ni superalloy was employed as deposition material, aiming at simulating weld overlays. Wire
feeding speed, set voltage and contact tip-to-work distance (CTWD) were kept constant. The proposed device
was evaluated and proved to be able to make the overlays with all combinations of planned parameters. It was
demonstrated that if the backward length (B) is larger than half of the forward’s (F), the torch passes more often
over the same point of the deposit, and the oftener the torch passes over the same point, the lower the incidence
of intermittent narrowing of the bead. By evaluating the surface aspect of the beads, the greater the F, the higher
the likelihood of this irregularity. Penetration is shallower with switchback (reason demonstrated based on the
fraction of stroke length that the arc is over the subtract), yet the bead surface presents more ripples. Another
incident non-geometric conformity is the "dragon back" aspect of the bead, which is favored by faster equivalent
welding speeds and high values of forward and backward speeds. The found operational envelope for the GMAW
process with switchback was stablished with low-values of speeds and lengths of forward and backward strokes.

1. Introduction

The switchback technique consists in periodic oscillation of the
torch, consequently of the arc (heat source), along the longitudinal di-
rection of the joint during the welding operation. As illustrated in Fig. 1,
the arc periodically moves forward the weld pool along a certain length,
producing a first bead layer, and then return a smaller length than that
of the forward stroke over the same layer. Depending of the welding en-
ergy and of the forward (F) and backward (B) stroke lengths, the first
deposited layer may be either in solid, liquid or mushy states during the
backward stroke.

Some researchers have explored the switchback technique with the
GMAW (Gas Metal Arc Welding) process to demonstrate its benefits
and to understand the role of each of its variables, which in princi-
ple could be summarized in lengths and speeds of the forward and the
backward strokes, in addition to the parameters of the welding process.
For instance, Yamane et al. (2007), (2009) and (2013) successfully used
a combination of the switchback technique with a transversal oscilla-
tion in pulsed GMAW to weld in butt joints with V groove, without
backing strips and with variable gaps (2–4 mm). As far as the switch-
back was concerned, the idea was to make the forward stroke over the
wall of the groove and the backward stroke on the center. It should be
emphasized that when the torch approaches the edges of the groove,
the pulsed current reaches its peak value, transferring the metallic
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Fig. 1. Switchback technique illustration, where F mean the forward movement (length
and speed) end B the backward movement.

drop, and, when it approaches the center of the groove, the current
reaches its base value, occurring no transfer of metal, controlling the
weld root. In this way, sound welds with good appearance and, mainly,
without burning through the joint root was possible to be manufactured.
Yamane et al. (2007), (2009) and (2013) also verified the application
of an automatic system for controlling the wire feeding and the travel
speed of the torch (forward and backward) in the same V-groove pulsed
GMAW welding. With this control, in the case of gap variations due to
electric arc heating, the wire feed and the travel speeds are adjusted in
real time during the welding, allowing the production of welds with ac-
ceptable root.

Through bead-on-plate depositions of a nickel alloy over a High
Strength Low Alloy steel, Teixeira (2018) identified lower levels of di-
lution with the switchback technique, keeping the same deposition rate.
From the point of view of the cladding welding, this result alone is con-
sidered important, as smaller dilution values represent a better use of
the nobler filling alloy. Moreover, concomitantly to the dilution reduc-
tion, it was observed a narrowing of the partially mixed zone (PMZ),
which led to an inhibition of the martensite formation, reducing the
susceptibility of hydrogen-assisted cracks in this region. Still on met-
allurgical effects, Almeida et al. (2012) carried out a qualitative study
about the effect of the torch inclination angle and of the backward
stroke length on the solidification structure in the beads deposited by
the pulsed GMAW process over low carbon steel plates. The results
showed that the analyzed parameters modify the morphology of the
solidification structure. In general, when the torch angle was back-
ward in the welding direction (pushing movement), equiaxial grains

were formed near the fusion boundary, while the increase in backward
stroke length favored grain refining.

On the other hand, in one of the first researches involving the switch-
back technique, Kaneko et al. (2009) studied the effect of the switch-
back parameters on the weld pool profile, through numerical simulation
supported by experimental validation. The results obtained by these re-
searchers showed a reduction in the weld pool size with the applica-
tion of the switchback technique, suggesting, therefore, the existence
of more favorable cooling conditions of the weld pool when using this
technique. Among the beads deposited with this technique, when the
forward stroke speed was faster than that of the backward stroke, the
weld pool length became shorter than when the travel speeds were the
same. In addition, if the backward stroke length turned to be longer than
half of the forward stroke length, uniform bead roots was obtained. In
this way, Kaneko et al. (2009) verified that the switchback technique
allowed a better control of the bead root in relation to conventional
GMAW welding. This control became more efficient when a faster travel
speed was used during the forward stroke than to the backward stroke.

Searching for an increase of production in the welding of T beams,
Bonacorso et al. (2017) made comparisons between conventional and
switchback welding techniques. They evaluated the beads obtained
based on acceptance criteria established in ISO standards. However, for
the experimental conditions used in the research (for example, a push-
ing torch inclination angle), the results did not show a significant in-
crease in the limit travel speed with switchback application (limit in-
crease of only 5%). This result contrasts that mentioned in the review
by Almeida et al. (2012), where an increase of up to 60% in the limit
travel speed was observed when welding overlap joints of 3-mm-thick
steel plates.

Despite of favorable experimental results, the switchback technique
has not attracted users in industrial production applications. Consider-
ing to be a relatively recent welding technique, more results are needed
to better understand the technique and its real potentialities. Further-
more, welding robots have been adapted to perform GMA welding with
switchback, due to their precision, required by the movements, and the
successful history of robotization in welding. However, besides the re-
lated difficulties in programming, the robots do not accommodate very
well the cyclical inversion of the movement directions, since this inver-
sion lead to considerable accelerations and decelerations at the start and
end points of the forward and backward strokes. These facts limit the
robotic application of the technique in practice. Amongst the mentioned
works, only Teixeira (2018) and Bonacorso et al. (2017) employed al-
ternative devices to replace robots to perform the switchback technique.

The authors of the present work devised a simple and practical de-
vice to carry out switchback movement of the torch. Thus, this work

Fig. 2. Schematics of the mechanized device for switchback technique: (a) Front view and (b) perspective view.
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Table 1
Parameters used in the preliminary phase (for Uset = 34 V, WFS = 5 m/min,
CTWD = 16 mm), where CP = conventional mode in preliminary phase and
SBP = switchback mode in the preliminary phase.

Runs Switchback Parameters Setting Parameters

F
(mm)

B
(mm)

SF
(mm/
s)

SB
(mm/
s)

Seq = TS
(mm/s) f (Hz)

A
(mm)

1CP – – – – 5.0 – –
1SBP 9 5 23.0 13.0 5.0 1.3 7.0
2SBP 11 7 28.2 18.2 5.0 1.3 9.0
3SBP 14 9 28.3 18.3 5.0 1.0 11.5
4SBP 14 10 35.7 25.7 5.0 1.3 12.0
5SBP 18 13 35.0 25.0 5.0 1.0 15.4
6SBP 23 18 45.0 35.0 5.0 1.0 20.4
7SBP 27 20 38.3 28.3 5.0 0.7 23.5
8SBP 34 27 47.8 37.8 5.0 0.7 30.4
9SBP 44 37 62.3 52.3 5.0 0.7 40.5
2CP – – – – 8.3 – –
10SBP 6 2 26.3 9.7 8.3 2.2 4.1
11SBP 7 3 31.5 14.8 8.3 2.3 5.1
12SBP 9 5 39.3 22.7 8.3 2.2 7.1
13SBP 10 5 32.2 15.5 8.3 1.6 7.4
14SBP 12 7 38.3 21.7 8.3 1.6 9.4
15SBP 15 10 49.0 32.3 8.3 1.6 12.4
16SBP 18 11 42.2 25.5 8.3 1.2 14.4
17SBP 23 15 51.8 35.2 8.3 1.1 19.3
18SBP 29 22 66.3 49.7 8.3 1.1 25.4

aims to evaluate this device with the purpose of welding with switch-
back and analyze the effect of some switchback parameters on the
process operational performance, assessed mainly by the arc electric sta-
bility, the bead surface quality and the geometric characteristics of the
deposit.

2. Equipment, materials and methods

2.1. The equipment for the switchback movement of the torch and its
parametrization

In this work, aiming to overcome the robotic problems related to
switchback application, a mechanized device with two automate dis-
placement cars overlapped on the same longitudinal axis, as shown in
Fig. 2, was proposed and employed. In this developed device, previ

ously tested in other works, such as Teixeira (2018) and Sodré (2018),
the underneath car is geared on a rack-type rail and it is responsible
for the linear movement of the torch along the joint in the welding di-
rection. The top car, which is normally used for transversal oscillations,
allows amplitude adjustment, stopping time and oscillation frequency,
without complicated programming. In particular, the top car mecha-
nism allows the use of smaller acceleration and deceleration times in
comparison to a conventional welding robot, due to its low inertia. In
this case, to perform the switchback movements, the top car is trans-
versely positioned to impose oscillation in the longitudinal direction
along the joint. As the cars movements are integrated, yet they are inde-
pendent, the torch can be moved along the joint in the welding direction
with periodic forward and backward strokes (switchback).

For a better understanding of the parameters involved in this mech-
anized device, they were split into two groups. The first group corre-
sponds to the parameters imposed directly in the cars interface, that is,
the setting parameters, namely travel speed (TS), set at the underneath
car interface, and oscillation frequency (f) and oscillation amplitude (A),
the last two set at the top car interface. These parameters are indepen-
dent and settable separately. The second group of parameters, in turn,
consists of those that characterize the switchback technique, that is, the
switchback parameters, named as forward stroke length (F), backward
stroke length (B), forward stroke speed (SF) and backward stroke speed
(SB). The parameters of the second group are therefore dependent on the
ones of first group. It is important to emphasize that, to establish com-
parisons between the switchback technique and the conventional tech-
nique (constant linear movement), it is necessary to define another pa-
rameter that could be classified in the second group, but that for ease
of understanding is defined separately. This parameter is the equiva-
lent speed (Seq), which corresponds to the speed capable of producing
a weld bead of a given length using switchback technique with the time
required to make the same bead length using conventional technique.

One of the objectives of this study was to study the effect of the
switchback parameters on the operational performance of the process.
Therefore, the values of SF, SB, F and B were the first ones to be defined
according to the experimental design. In a second moment, with the val-
ues of the desired switchback parameters, calculations were performed
in a computational worksheet, which provided the appropriate values of
the three setting parameters (f, TS and A) to be established at the car
interfaces.

Table 2
Parameters used in the consolidate phase (for Uset = 34 V, WFS = 5 m/min, CTWD = 16 mm), where C = conventional mode and SBP = switchback mode.

Runs Switchback Parameters Setting Parameters B/F (%)

F (mm) B (mm) SF (mm/s) SB (mm/s) Seq = TS (mm/s) f (Hz) A (mm)

1C – – – – 5.0 – – –
1SB 6 2 16.7 6.7 5.0 1.4 4.2 40
2SB 8 4 20.0 10.0 5.0 1.3 6.0 50
3SB 10 6 25.0 15.0 5.0 1.3 8.0 60
4SB 8 3 16.7 6.7 5.0 1.0 5.6 40
5SB 10 5 20.0 10.0 5.0 1.0 7.5 50
6SB 13 8 25.0 15.0 5.0 1.0 10.4 60
7SB 12 5 16.7 6.7 5.0 0.7 8.4 40
8SB 14 7 20.0 10.0 5.0 0.7 10.5 50
9SB 18 11 25.0 15.0 5.0 0.7 14.4 60
2C – – – – 8.3 – – –
10SB 6 2 27,8 11,2 8.3 2.3 4.2 40
11SB 8 4 33,3 16,7 8.3 2.1 6.0 50
12SB 10 6 41,7 25,0 8.3 2.1 8.0 60
13SB 8 3 27,8 11,2 8.3 1.7 5.6 40
14SB 10 5 33,3 16,7 8.3 1.7 7.5 50
15SB 13 8 41,7 25,0 8.3 1.6 10.4 60
16SB 12 5 27,8 11,2 8.3 1.2 8.4 40
17SB 14 7 33,3 16,7 8.3 1.2 10.5 50
18SB 18 11 41,7 25,0 8.3 1.2 14.4 60

3
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Fig. 3. Scheme of the metallography sample removal, where WM indicates the weld metal and BM the base metal (dimensions in mm).

Fig. 4. Scheme of the geometric parameters from the bead cross section, where "p" is the penetration, "r" is the reinforcement, "w" is the width, AR is the reinforcement area, and AP is the
penetration area.

Table 3
Welding parameters with and without switchback technique, used in the depositions on
AISI 1020 steel (preliminary phase): Uset = 34 V; WFS = 5 m/min; CTWD = 16 mm.

Identifications Monitored parameters

Runs Seq (mm/s) Im (A) Um (V)

1CP 5.0 154.0 33.9
1SBP 5.0 148.6 34.2
2SBP 5.0 151.6 33.7
3SBP 5.0 149.4 33.7
4SBP 5.0 151.3 33.7
5SBP 5.0 150.6 33.8
6SBP 5.0 154.5 33.8
7SBP 5.0 152.4 33.6
8SBP 5.0 156.3 33.6
9SBP 5.0 153.2 33.6
2CP 8.3 150.0 33.7
10SBP 8.3 156.3 33.9
11SBP 8.3 158.5 33.9
12SBP 8.3 154.3 33.9
13SBP 8.3 159.0 33.9
14SBP 8.3 153.3 33.9
15SBP 8.3 160.4 33.9
16SBP 8.3 159.8 33.9
17SBP 8.3 159.5 33.9
18SBP 8.3 163.0 33.9

As starting point, the value of the first setting parameter must be
determined, namely oscillation frequency (f). For this, the elapse time
(t) for execution of the forward or backward strokes during a single cy-
cle is calculated, using either Eqs. (1) or (2). Analyzing only the longi-
tudinal oscillating movement of the torch, it is defined by the equip-
ment design that the time required to execute a single cycle, named
here longitudinal oscillation period (T), is 50% spent on forward and
50% in the backward movements. Thus, the execution time (t) of the

forward and backward strokes are the same. The value of T, in con-
sequence, is twice the execution time (t), Eq. (3). Finally, the oscilla-
tion frequency (f) is equal to the inverse of T, Eq. (4). Rearranging
the Eqs. (1) (or (2)), (3) and (4), (5) is obtained to calculate f from the
switchback parameters.

(1)

(2)

(3)

(4)

(5)

In order to determine the second setting parameter, that is, the travel
speed (TS), it is necessary to define in advance the desired equivalent
travel speed. In terms of comparison between the switchback and the
conventional techniques, the equivalent speed (Seq) is equal to travel
speed (TS) imposed directly to the underneath car interface. Once Seq
is known, it is possible to calculate the third setting parameter, which
consists of the oscillation amplitude (A). Let’s start from Eq. (6), which
is dependent of the distance traveled by the torch in a single oscillation
cycle (DF + B). The value of DF + B, in turn, is obtained by the product be-
tween the unknown longitudinal oscillation speed of the torch (Sosc) and
the calculated longitudinal oscillation period (T), according to Eq. (7).

4
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Fig. 5. Typical arc voltage (Ua) and welding current (Iw) oscillograms from the deposition without the switchback technique (1CP).

Fig. 6. Typical arc voltage (Ua) and welding current (Iw) oscillograms from the deposition with the switchback technique (3SBP).

Fig. 7. Typical arc voltage (Ua) and welding current (Iw) oscillograms for the depositions with the switchback technique: (a) 8SBP and (b) 14SBP.

(6)

(7)
For the determination of the longitudinal oscillation speed (Sosc),

one must recourse the expressions corresponding to the forward (SF) or

backward (SB) strokes speeds (given values), which, in turn, can be de-
termined, respectively, by adding and subtracting TS of Sosc, as shown
in Eqs. (8) and (9). The value of Sosc can be obtained from both
Eqs. (8) and (9). Eq. (10), for example, demonstrates the result of Sosc by
means of Eq. (8).

(8)

5
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Fig. 8. (a) Longitudinal cross section macrography of the weld metal deposited in run 9SBP (base metal revealed with Nital 3% and weld metal revealed electrolytically by using 10%
chromic acid diluted in deionized water); (b) proposed illustrative scheme of arc behavior in switchback welding.

Fig. 9. Crossing (operational) points between the static characteristic curve (SCPS) of a
welding power source operating in the constant voltage mode and three arc static charac-
teristic curves (SCC), where an represents different arc length (a1 < a2 < a3).

(9)

(10)
Eventually, the oscillation amplitude (Oscamp) is taken from

Eqs. (6) and (7), as expressed in Eq. (11).

(11)

2.2. Validation of the mechanical system performance and comparisons
between the conventional and switchback techniques

To validate the feasibility of the mechanical device proposed for
this study and, at the same time, to study the effect of some parame-
ters of the switchback techniques on its performance, a series of exper-
iments was planned. The case studied was a cladding layer of a nickel

superalloy deposited over a High Strength Low Alloy steel. Individual
beads-on-plate were deposited (simulating a cladding) in the flat po-
sition on test plates. A commercial electronic power source was used
for the GMAW welding, in constant voltage mode, with an AWS ER
NiCrMo-4 (Hastelloy-C276) filler wire, 1.2-mm-diameter, and a mixture
of Ar+25%He as shielding gas, flow rate of 13 l/min. Other process pa-
rameters were kept constant during the experiments, such as the wire
feed speed (WFS) at 5 m/min, the set voltage (Uset) at 34 V, the torch an-
gle, pushing at 15° to the welding direction, and the contact tip-to-work
distance (CTWD) at 16 mm. This set WFS and Uset leads to globular
metal transfer. Although the authors are aware that other operational
GMAW modes, such as short-circuiting current wave form controlled
processes, could reach a good balance between low penetration and low
spattering, in this work globular mode was used, also reaching this good
balance in flat position. The intention was not reaching optimum para-
meterization. The reason was that short-circuit heat pattern could dis-
guise the effect of the switchback mode.

The experimental planning was divided into two phases: preliminary
and consolidated. The objective of the preliminary phase was to select
an operational envelope suitable for the switchback welding, while the
consolidated phase aimed the evaluation of the arc electric stability, the
surface aspect and the geometric profile of the weld beads as deposited.
Tables 1 and 2 indicate the values of the switchback parameters (the
ones under study) in the preliminary and consolidated phases, respec-
tively. The setting parameters were calculated using the equations of
Section 2.1, which are dependent of the switchback parameters desired
for the study. The same parameters were replicated to cover two equiv-
alent travel speeds, 5.0 mm/s and 8.3 mm/s.

In the preliminary phase, test plates of AISI 1020 steel were used
as substrate, in the dimensions of 160 mm × 50 mm × 10 mm. For the
consolidated phase, the test plate used as substrate was of an ASTM
A182 F22 steel, measuring 100 mm × 50 mm × 10 mm. As shown in
Fig. 3, four transverse cross sections and a longitudinal cross section
were removed from the welded plate and they had their faces metal-
lographically prepared. The geometric parameters of the weld metal
(width, reinforcement and penetration) were determined from cross sec-
tion micrographies, according to the scheme shown in Fig. 4. The global
dilution (DG) was determined as the ratio between the penetrated area
(AP) and the total area (AP + reinforcement area = AR).

6
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Fig. 10. Surface aspects of the welds from the preliminary stage of tests, without (CP) and with (SBP) the switchback technique (Seq = 5.0 mm/s).

Fig. 11. Surface aspects of the welds from the preliminary stage of tests, without (CP) and with (SBP) the switchback technique (Seq = 8.3 mm/s).

7
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Fig. 12. Operational maps of switchback welding from the preliminary phase experiments: (a) forward stroke length vs forward stroke speed; (b) backward stroke length vs backward
stroke speed.

Fig. 13. Surface aspects in perspective of the welds from the preliminary stage of tests, without (CP) and with (SBP) the switchback technique (Seq = 5.0 mm/s).

3. Results and discussion

3.1. Preliminary phase

Table 3 presents the resultant average values of current and volt-
age from the preliminary phase tests (Table 1). The average values
of current remained within an operating range between 148.6 A and
156.3 A, for Seq = 5.0 mm/s, and between 153.3 A and 163.0 A, for
Seq = 8.3 mm/s. The arc voltage was kept around 34 V regardless the
current intensity (coherent with the flat static characteristic of the
power source). Therefore, higher average current values took place with
Seq = 8.3 mm/s, even using CTWD and WFS constants during the ex-
periments. As it will be evidenced later by the surface aspect analysis,
the beads produced at both levels of equivalent travel speed presented
geometric irregularities with aspect of a “dragon back”. According to

Nguyen et al. (2005), this type of superficial irregularity occurs at high
travel speeds and it is characterized by the formation of periodic geo-
metric undulations (humps) along the weld bead. In this way, due to the
use of higher forward and backward strokes speeds with Seq = 8.3 mm/
s, the occurrence of undulations was more evident in the beads corre-
sponding to this speed level, especially for the conditions of the highest
stroke speeds (15SBP, 16SBP, 17SBP and 18SBP).

Figs. 5 and 6 reproduce typical voltage and current oscillograms of
the planned welds of Table 3. As one can see in the welding current
oscillograms, a characteristic globular transfer mode, as described by
Scotti et al. (2012), is evidenced (during the drop growth phase, the
arc length becomes progressively smaller and the current increases con-
tinuously, considering a power source in constant voltage mode). This
characteristic, which keeps the oscillograms in phase, although in the
reverse direction (when the current is at maximum, the voltage is at
minimum, and vice versa), is shown in a time interval of 0.3 s in the

8
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Fig. 14. Surface aspects in perspective of the welds from the preliminary stage of tests, without (CP) and with (SBP) the switchback technique (Seq = 8.3 mm/s).

Table 4
Welding parameters with and without switchback technique, used in the depositions
on ASTM A182 F22 steel (consolidated phase): Uset = 34 V; WFS = 5 m/min;
CTWD = 16 mm.

Identifications Monitored parameters

Runs Seq (mm/s) Im (A) Um (V)

1C 5.0 153.8 33.7
1SB 5.0 148.0 33.6
2SB 5.0 147.9 33.5
3SB 5.0 149.5 33.5
4SB 5.0 150.4 33.3
5SB 5.0 148.7 33.5
6SB 5.0 145.8 33.1
7SB 5.0 145.9 33.6
8SB 5.0 151.3 33.4
9SB 5.0 150.9 33.4
2C 8.3 149.4 33.7
10SB 8.3 152.0 33.9
11SB 8.3 150.0 33.9
12SB 8.3 150.4 34.7
13SB 8.3 150.4 34.0
14SB 8.3 156.1 33.9
15SB 8.3 160.1 33.9
16SB 8.3 154.4 33.9
17SB 8.3 156.8 33.9
18SB 8.3 158.1 33.9

oscillograms of Figs. 5 and 6. The mean oscillation frequencies of the
voltage and current signals were 23.1 Hz, value compatible with that
of the globular metal transfer frequency. This type of transfer was used
purposely, because the beads deposited in this work are aimed for ap-
plication in welding cladding, in which there is no interest in deep pen-
etration, rather in low convexity weld beads.

It is important to observe that, by analyzing the welding current os-
cillograms of the Fig. 6 with a time interval of 3 s (left chart), a sec-
ond oscillation mode is observed, superimposed on the current signal,
in the form of ascending and descending ramps, with a lower frequency

Fig. 15. Typical arc voltage (Ua) and welding current (Iw) oscillograms from the deposi-
tion without the switchback technique (1C).

than that observed by the metal transfer mode. This behavior is not ob-
served in Fig. 5 represented deposition, that is, without the technique.
The current oscillation of Fig. 6 occurs at a frequency of 1 Hz, which is
equal to the switchback oscillation frequency (f) for the run 3SPB (Table
1), showing that the current also oscillates in phase with the forward
and backward cycles performed by the welding torch. This described be-
havior of rising and falling welding current was typically recorded for
the other switchback depositions established in this work, as illustrated
in Fig. 7 for the depositions 8SBP and 14SBP. As verified, the measured
periods of the welding current oscillation (TI) are also similar with the
respective switchback periods (T), obtained by the inverse of oscillation
frequency (f) (Table 1).

As a proposal to explain the second oscillation mode of current in
the switchback welding, an illustrative scheme (Fig. 8(b)) was asserted
for the arc behavior during deposition with the technique. The drawing
was developed based on the ripple profile of the weld metal, revealed
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Fig. 16. Typical arc voltage (Ua) and welding current (Iw) oscillograms from the deposi-
tion with the switchback technique (3SB).

after the metalographies of the longitudinal cross sections with switch-
back (Fig. 8(a)). As seen, the bead deposition with the switchback tech-
nique occurs by the superposition of multiple and thin sequential lay-
ers of weld metal in ramp-like pattern. These “ramps” would be pro-
gressively formed by the forward and backward strokes of the welding
torch. According to this scheme, the arc descends a "ramp" in the for-
ward stroke direction and rises another "ramp" in the backward stroke
direction. During the descendant course, the arc length gets progres-
sively longer, the opposite happens during the ascendant course. It can
be assumed that the passage from a1 to a3 occurs in a very short time
(transient regime), not allowing the self-adjustment of arc length, typi-
cal of power sources in constant voltage mode.

The scheme shown in Fig. 8 can be analyzed taking into account
static characteristic curves (SCC) of arcs and power source (SCPS). Fig.

9 shows hypothetical SCC, in which "a" means the arc lengths, where
a1 is shorter than a2, which in turn is shorter than a3. It is well known
that the crossing point between the SCC and the SCPS is the operational
point and that longer arcs have SCC towards to the left. As a result,
if the SCPS is constant voltage, when arc length is increased the cur-
rent is correspondently decreased (I1 > I2 > I3). Consequently, during
the slope ramp (Fig. 8(b)), the welding current decreases with the in-
creasing arc length. This current reduction occurs from the start of the
forward stroke (FS), proceeds to F1, and finishing at the end of the for-
ward stroke (FE), which coincides with the start of the backward stroke
(BS). During the backward stroke, also indicated in Fig. 8, the weld-
ing torch moves in an upward ramp of deposited material (left by the
previous forward stroke). In this case, the progressive reduction of the
arc length increases the welding current. This increase in current occurs
from the start of the backward stroke (BS), proceeds at B1 and finishing
at the end of the backward stroke (BE), which coincides with the start of
a new forward stroke.

Concerning the operational envelop, the surface aspects of the pre-
liminary welds without (CP) and with (SBP) the switchback technique
can be observed in Figs. 10 and 11, with the equivalent speeds of
5.0 mm/s and 8.3 mm/s, respectively. The analysis of these figures in-
dicates differences in the surface aspects of the deposited beads. The
beads deposited with switchback when compared to that without the
technique, present sharp and evident ripples that are associated with the
periodic movements of forward and backward strokes inherent to the
technique. The welds geometrically more regular were those from runs
1SBP to 4SBP, with Seq = 5.0 mm/s, and from runs 10SBP to 14SBP,
with Seq = 8.3 mm/s.

Fig. 12 shows operational envelopes for switchback parameters that
led to good quality surface aspect. The regions comprised below the
dotted lines correspond to the ranges of better geometric regularity ob-
tained. For the equivalent speed of 5.0 mm/s, for example, the best
welds had forward stroke lengths of less than 14 mm, forward stroke

Fig. 17. Surface aspects of the consolidated welds without (C) and with (SB) the switchback technique (Seq = 5.0 mm/s).
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Fig. 18. Surface aspects of the consolidated welds without (C) and with (SB) the switchback technique (Seq = 8.3 mm/s).

Fig. 19. Scheme proposed to demonstrate the effect of the backward stroke length on the intermittent narrowing of the bead for the case in which backward stroke length is equal to half
of the forward stroke length (B = F/2), for three increasing length values from (a) to (c).

speeds of less than 35.7 mm/s, backward stroke length of less than
10 mm and backward stroke speed of less than 25.7 mm/s. On the other
hand, for the equivalent speed of 8.3 mm/s, the best results were ob-
tained with forward stoke lengths of less than 12 mm, forward stroke
speeds of less than 38.3 mm/s, backward stroke lengths of less than
7 mm and backward stroke speeds of less than 21.7 mm/s. In the regions
outside the dotted lines indicated in Fig. 12, bead superficial irregular-
ities resembling a “dragon back” are present. This type of imperfection

is illustrated in Figs. 13 and 14 for the beads from runs 6SBP to
9SBP, with Seq = 5.0 mm/s, and from runs 15SBP to 18SBP, with
Seq = 8.3 mm/s. In general, the operational envelop enlarges when the
equivalent welding speed is slower. It is worth mentioning that this op-
erational envelop was drawn out of two operational packages of the
GMAW welding process, that is, any variation in the wire feed speed,
in the CTWD (contact tip-to-work distance), in the angle torch, or

11
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Fig. 20. Scheme proposed to demonstrate the effect of the backward stroke length on the intermittent narrowing of the bead for the case in which backward stroke length is less than half
of the forward stroke length (B < F/2), for three increasing length values from (a) to (c).

Fig. 21. Scheme proposed to demonstrate the effect of the backward stroke length on the intermittent narrowing of the bead for the case in which backward stroke length greater than
half of the forward stroke length (B > F/2), for three increasing length values from (a) to (c).

shielding gas, is prone to change the workable switchback ranges as
from the point of view of the surface aspect.

3.2. Consolidated phase

The range of switchback parameters selected to be set in this work
phase (Table 2) are based in the operational envelop resultant of the
preliminary phase (Fig. 12). Table 4 presents the resultant average val-
ues of current and voltage from the consolidate phase tests. Again, the
mean values of the arc voltage were kept close to 34 V for all single de-
positions, while the current remained in a range between 147.9 A and

151.3 A for Seq = 5.0 mm/s, and between 150.0 A and 160.1 A for
Seq = 8.3 mm/s. Hence, higher average current values were observed for
Seq = 8.3 mm/s.

Figs. 15 and 16 show, respectively, typical oscillograms of the arc
voltage and welding current for runs without and with switchback. It
can be seen from the oscillograms that the behavior of the welding cur-
rent and arc voltage are similar to those obtained in the preliminary
phase. Significant variations in the arc voltage between conditions 1C
and 3SB was not observed. However, in run 1C, the welding current os-
cillates in a same pattern with a current range, while in run 3SB the
welding current exhibits the same oscillatory behavior in form of as

12
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Table 5
Average values of width (w), reinforcement (r), penetration (p) and global dilution (DG) of
the beads deposited on the ASTM A182 F22 steel with Seq = 5.0 mm/s.

Runs w (mm) r (mm) p (mm) DG (%)

1C 11.0 2.6 0.8 14.3
1SB 10.2 2.5 0.5 11.8
2SB 11.4 2.3 0.7 15.2
3SB 10.5 2.5 0.4 8.2
4SB 10.3 2.6 0.4 9.6
5SB 11.0 2.5 0.3 9.2
6SB 11.6 2.5 0.2 5.0
7SB 10.3 2.5 0.5 11.3
8SB 11.5 2.7 0.7 12.2
9SB 10.4 2.7 0.3 7.9

Table 6
Average values of width (w), reinforcement (r), penetration (p) and global dilution (DG) of
the beads deposited on the ASTM A182 F22 steel with Seq = 8.3 mm/s.

Runs w (mm) r (mm) p (mm) DG (%)

2C 8.6 2.2 0.4 11.3
10SB 9.2 1.9 0.2 10.2
11SB 8.1 1.9 0.1 4.1
12SB 8.4 2.1 0.2 6.9
13SB 9.5 2.1 0.3 10.6
14SB 9.6 2.2 0.2 4.0
15SB 7.9 2.2 0.1 5.1
16SB 7.5 1.9 0.2 6.7
17SB 9.5 2.2 0.2 7.8
18SB 7.2 2.0 0.1 4.8

cending and descending ramps as previously verified in the preliminary
phase.

Figs. 17 and 18 show the surface aspects of the welds deposited on
the ASTM A182 F22 steel without and with the switchback technique.
A high incidence of geometric irregularities along of the bead length,
in form of intermittent narrowing caused by insufficient and irregular
deposition, are observed mainly for the runs with longer forward and
backward stroke lengths (7SB, 8SB, 9SB, lower equivalent speed, and
16SB, 17SB, 18SB, faster equivalent speed). It can be noticed that with
the decreasing of the forward and backward stroke lengths the points of
material accumulation are closer, making any geometric variation along
of the bead less perceptible visually. On the other hand, with the in-
creasing of forward and backward stroke lengths these points are more
distant from each other, making any geometric variation along of the
bead more perceptible visually.

The geometrical irregularities under reference may be related to
other factors besides the undulation effect already discussed, since this
phenomenon was not expected to take place with the operational en-
velope applied to in this consolidated phase. The first fact would be an
accumulation of material deposited at the final points of the backward
strokes. For Almeida et al. (2012), this accumulation occurs due to in-
ertial effort for direction reversion, i.e., deceleration and acceleration of
the welding movement system. It is important to emphasize that the me-
chanical device used in this study has less inertia than that employed by
Almeida et al. (2012) (who used a robot), fact that should reduce, in the-
ory, the accumulation of molten material at the final points of the back-
ward strokes. Another potential factor would be, for instance, a gravi-
tational action, resulting in molten material runoff downwards on the
ramp-like layer surface and, consequently, in a material accumulation
at the lower region of the ramps, which corresponds to the final points
of the forward stroke.

However, a not commented hypothesis in the current literature is
raised by this work’s authors to justify the geometric irregularities. The
bead narrowing happening with switchback would be related to the
number of times that the arc passes over a single point along the bead
during the switchback movement. In Fig. 19, it is possible to observe
a scheme showing the torch progression movement in a condition in
which B (backward stroke length) is equal to half of F (forward stroke
length). According to Fig. 19, the arc reaches the point 1 at the end
of the first forward stroke (F1). Then, the torch reverts twice (B1 and
F2) and passes again on this same point during the progress of the sec-
ond forward stroke (F2). A third passage takes place at the end of the
second backward stroke (B2). Following this reasoning, the arc passes
three times over point 1. Similarly, there are also three arc passages over
point 2, fact that can be verified by following the second forward stroke
(F2), then the second backward stroke (B2) and finally the third forward
stroke (F3). Thus, in the condition B = F/2, whatever the ratio relation
B/F, the welding torch passes three times over any point analyzed along
the weld bead. The scheme of Fig. 19 also indicates, for the condition
B = F/2, that the increase of the forward and backward strokes lengths
affects the geometry along the weld length, so that longer lengths will
be result of greater geometric variations in form of intermittent narrow-
ing. Figs. 17 and 18 corroborate this scheme reasoning when the weld
beads surface aspects of the runs with Seq = 5.0 mm/s (2SB, 5SB and
8SB) and with Seq = 8.3 mm/s (11SB, 14SB and 17SB) are analyzed.

Analogously, Fig. 20 shows the torch progression to a condition in
which B (backward stroke length) is smaller than half of F (forward
stroke length). Taking now as reference 3 points (1, 2 and 3), the torch
passes twice over point 1, once during the first forward stroke (F1) and

Fig. 22. Scheme of the weld metal deposition in layers with the switchback technique, remembering that B < F.
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again at the end of the first backward stroke (B1). The torch passes also
three times over point 2, initially during the first forward stroke (F1),
then after the return with the first backward stroke (B1) and finally in
the course of the second forward stroke (F2). However, the torch passes
only once over point 3, during the movement of the second forward
stroke (F2). Therefore, for the condition B < F/2, whatever the ratio B/
F, there are bead regions where the welding torch passes three times
over, yet there will be others that the torch passes only once or twice.
As in the previous case, Fig. 20 also indicates, for the condition B < F/2,
that the increase of the forward and backward stroke lengths increases
the incidence of geometric variations in form of intermittent narrowing.
Figs. 17 and 18 corroborate this assertion when the surface aspect of the
runs 1SB, 4SB and 7SB, with Seq = 5.0 mm/s, and 10SB, 13SB and 16SB,
with Seq = 8.3 mm/s, are closely observed.

Finally, Fig. 21 presents the scheme of the torch progression move-
ment in a condition in which B (backward stroke length) is longer than
half of F (forward stroke length). In this specific scheme, B is 75% of F.
Points 1 and 2 of Fig. 21 are used in the explanation. In this case, the
passage of the torch is observed seven times on each of these reference
points, where four passages are verified during the forward strokes and
three passages during the backward strokes. Therefore, for this B and F
ratio conditions, the torch will pass seven times at any point along the
bead length. As in previous cases, Fig. 21 also indicates, for the con-
dition B > F/2, that the increase of the forward and backward stroke
lengths leads to larger incidence of geometric variations in form of inter-
mittent narrowing. Figs. 17 and 18 corroborate this claim by analyzing
the surface aspect of the runs 3SB, 6SB and 9SB, with Seq = 5.0 mm/s,
and 12SB, 15SB and 18SB, for Seq = 8.3 mm/s. However, for the switch-
back parameters in which B > F/2, differently from the other two con-
ditions previously analysed, i.e, B = F/2 and B < F/2, the passage of the
torch over each of the reference points depends on the ratio B/F. When
B is equal 60% of F, for instance, the torch passes 3 to 5 times over each
bead region. For a ratio B/F = 70%, the torch passage on each point
varies from 5 to 7 times. The same amount of times over each bead re-
gion is reached for B/F ratio ≥ 75%, and the figures increase progres-
sively with the B/F ratio, i.e., 7 passages are observed at any point when
B/F = 75%, 9 times when B/F = 80%, and 19 times when B/F = 90%.

Based on the above discussions, it can be verified that the incidence
of irregularities in form of intermittent narrowing at the bead sides is
aggravated for the switchback condition B < F/2 due to a number of ir-
regular passages. Although the conditions with B = F/2 result in a con-
stant number of torch passages along any bead region, condition B > F/
2 takes advantage in relation to surface aspect because it presents a
greater approximation between the start and final points of the forward
and backward strokes. This makes the incidence of irregularities less
perceptible visually. Among the conditions used in this section, the de-
positions 7SB, 8SB and 9SB are the ones that best indicate, however dis-
cretely, mitigation of the lateral bead irregularities in pace with back-
ward stroke length changes.

From the geometrical point of view of the bead formation, Tables
5 and 6 shows the relationship between the geometric characteristics
obtained from the sample cross sections, for both groups of equiva-
lent speed. Comparing the average values of the bead geometry with-
out and with the switchback technique, it is found that the penetra-
tion and the global dilution were generally smaller in the welds with
the use of the technique. The justification for such behavior would be
based on the fact that only a fraction of the forward stroke length
that the molten metal is deposited directly on the substrate. Fig. 22
shows another illustrative scheme of the weld metal deposition by the
switchback technique. This figure shows a fraction of the forward stroke
length in which the weld metal is deposited exclusively on the sub-
strate (X) and the other fraction of the forward stroke length (Y) and
the whole backward stroke length (Z), in where the molten material is

deposited on the weld metal layers. In addition, it can be stated that the
high travel speeds used by the switchback technique also influence this
behavior with the decrease of digging power of the weld pool on the
substrate.

4. Conclusions

• The mechanized device for torch movement proved to be simple and
applicable for GMAW welding with switchback. Despite the low in-
ertia of the mechanized device, it was not possible to eliminate the
accumulation of material at the backward stroke points of the weld-
ing torch, traditionally credited to the inertia in the robotic reversal.
Other reasons for this phenomenon (such as weld pool runoff during
forward stroke) show that this phenomenon is not only equipment re-
lated;

• The surface of the beads deposited with switchback has more ripples,
corresponding to the periodic movements of forward and backward
strokes inherent to the technique;

• Higher equivalent speeds and high forward and backward stroke
speeds facilitate the formation of bead surface undulations (“dragon
back” appearance);

• For switchback conditions, the welding current oscillograms showed
an oscillatory behavior in the waveform, with ascending and descend-
ing ramps, consistent with the oscillation frequency, which are jus-
tified by arc length maintenance, since the dynamic of the welding
equipment does not allow self-adjustment of arc length;

• Another geometric irregularity, characterized by intermittent narrow-
ing of the bead, is correlated to the variation in the number of times
that the welding torch passes over a same region of the bead, which,
in turn, depends on the relationship established between the forward
and backward strokes lengths. If B = F/2, the torch passes 3 times
over any point of the weld bead, while if B < F/2, there will be points
where the torch passes 1, 2 or 3 times. If B > F/2, the torch passes
higher times over any point of the weld bead, depending on the ratio
B/F;

• The average values of the width and height of reinforcement of the
beads are not altered using the switchback technique, but there is
a significant reduction in penetration and global dilution (which is
good for overlays), especially for parametric conditions with higher
F and B. The shallower penetration is due to the fraction of stroke
length that the arc is over the subtract;

• In terms of the surface aspect, the operational envelope for the GMAW
process with switchback is established for low speeds and lengths of
forward and backward strokes.

Acknowledgements

This work was supported by CAPES; National Council for Scien-
tific and Technological Development – CNPq [grant numbers 302863/
2016-8 and 01.10.0723.00]; PETROBRAS/CENPES and REMULT (Nu-
cleus of Union and Coating).

References

Almeida, H.A.L., Mota, C.A.M., Scotti, A, 2012. Effects of the reversion course length
and torch leading angle on the bead solidification structure in GMAW welding with
Switchback. Soldagem Inspeção 17 (2), 123–137. https://doi.org/10.1590/
S0104-92242012000200006, (in Portuguese).

Bonacorso, N.G., Machado, A.A., Pires, R.P., Hubert, I.L., Bonin, C., 2017. Switch back
technique for the increase of the production in the angle welding between plates of
dissimilar thicknesses. Soldagem Inspeção 22 (2), 207–216. https://doi.org/10.1590/
0104-9224/SI2202.09, (in Portuguese).

Kaneko, Y., Yamane, S., Oshima, K., 2009. Numerical simulation of MIG weld pool in
switchback welding. Weld. World 53 (11/12), R333–R341. https://doi.org/10.1007/
BF03263476.

Nguyen, T.C., Weckman, D.C., Johnson, D.A., Kerr, H.W., 2005. The humping phenome-
non during high speed gas metal arc welding. Sci. Technol. Weld. Join. 10, 447–459.
https://doi.org/10.1179/174329305X44134.

14



UN
CO

RR
EC

TE
D

PR
OO

F

F.R. Teixeira et al. Journal of Materials Processing Tech. xxx (2019) xxx-xxx

Scotti, A., Ponomarev, V., Lucas, W., 2012. A scientific application oriented classification
for metal transfer modes in GMA welding. J. Mater. Process. Technol. 212 (6),
1406–1413. https://doi.org/10.1016/j.jmatprotec.2012.01.021.

Sodré,
2018 R.M. Sodré, Metallurgical Aspects and Mechanical Behaviour of Ni Alloyed Welds

Deposited by Pulsed MIG Process Using the Switchback Technique. Master De-
gree Dissertation, Federal University of Pará, Belém, PA, Brazil, 2018, (in Por-
tuguese).

Teixeira, F.R., 2018. Exploring the Switchback GMAW Potentiality for Overlays of Ni Al-
loy Over a HSLA Steel. Master Degree Dissertation. Federal University of Pará, Belém,
PA, Brazil, (in Portuguese).

Yamane, S., Ishikawa, T., Nakajima, T., Yamamoto, H., Kaneko, Y., Oshima, K., 2007.
Torch weaving and feed-forward control of back bead in one side backing less V
groove welding by using switch back welding. Q. J. Jpn. Weld. Soc. 27 (1), 159–164.
https://doi.org/10.2207/qjjws.25.159.

Yamane, S., Yoshida, T., Oshida, T., Yamamoto, H., 2009. In process control of weld pool
using weaving control in switch back welding. Q. J. Jpn. Weld. Soc. 27 (2), 32–36.
https://doi.org/10.2207/qjjws.27.32s.

Yamane, S., Katsumasa, U., Nakajima, T., Yamamoto, H., 2013. Application of switch back
welding to V groove MAG welding. Weld. Int. 28 (4), 408–414. https://doi.org/10.
1080/09507116.2012.753253.

15


	
	
	




