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ABSTRACT

The most notable characteristic of Orbital TIG welding is the constant geometric profile of the
tubes. In the context of orbital TIG welding of tubes with a large diameter and thick walls, the
relationship between the welding position, the use of constant or pulsed current and also the
value of the average current on the geometric characteristics of the beads obtained was studied.
We deposited welds on SAE 1020 carbon steel tubes, as well as taking macrographs of the cross-
sections of the beads using optical microscopy. High-definition films were used to understand
the behaviour of the weld pool in different welding positions. The geometric characteristics were
quantified using macrographs and software, and the relationship between these characteristics
and the above-mentioned variables were traced. In addition, an analysis of the microstructure
of the samples was carried out, correlating with Vickers microhardness. It was concluded
that the beads welded with pulsed current were more reinforced and wider, as well as being
harder and having a finer microstructure. The vertical up position resulted in beads with a
lower shape factor and more penetration, and the overhead position resulted in beads with a

KEYWORDS
Welding position; orbital TIG;
penetration; shape factor

low shape factor.

1. Introduction

In recent years, the number of proven reserves of oil
and natural gas in Brazil has been constantly increas-
ing [1]. This sharp increase in reserves has called for
pipelines to be built to transport crude oil and its
derivatives. Building these pipelines is expensive,
mainly owing to the time it takes to build them [2].
Orbital TIG welding is a process for welding tubes
which provide quality, reproducibility and productiv-
ity [3]. In this process, the welding torch is positioned,
so that it follows the geometric profile of the tubes
to be welded, which remain stationary [3,4]. This
configuration leads to a characteristic that is specific
to orbital welding: the welding position constantly
changes during the process, which means that studies
on the effect of the position are vital for successful
application. Orbital welding can be carried out with
relatively high welding speeds and can be performed
in environments where space is limited, as well as
ensuring that defects are kept to a minimum, since
the process is automated [4-8].

Like the oil and gas sector, this process can be applied
in the aerospace sector, since there is a great deal of
responsibility for welds subjected to high pressures,

which means that a high level of quality and reproduci-
bility is necessary, which is difficult to obtain via manual
welding processes [9-12].

The aim of this work is to study the influence of weld-
ing positions, the average current and the use of con-
stant or pulsed current on the geometric characteristics
of beads, such as reinforcement, width, penetration and
shape factor, as well as to carry out a microstructural
analysis.

2. Materials and methods

For orbital TIG welding, SAE 1020 low-carbon steel
tubes with a diameter of 16" (406.4 mm) and a thick-
ness of 1/2" (12.7 mm) were used, separated into rings
with a width of approximately 200 mm. The filler wire
used was AWS ER70S-6 with a diameter of 1.2 mm and
we used argon shielding gas with 99.99% purity. The
typical chemical compositions of the base material and
the filler wire (quality certified) are provided in Table
1. We used an IMC Digi PLUS A7 power supply, a TIG
Abicor Binzel series AUT-WIG 400 W torch and an EW
Ce-2 tungsten electrode, with a diameter of 3.2 mm and
sharpening angle of 30°.
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Table 1. Typical chemical composition of the base metal and the filler wire (%. p.).

C Mn Si P S Ni Cr Mo \' Cu

Base metal 0.17-0.23 0.30-0.60 - 0.04 max 0.050 max - - - - -
Filler wire (AWS ER705-6) 0.09 1.47 0.91 0.012 0.13 - - - - 0.22
Table 2. Parametrization of tests with constant current and pulsed current.

Constant current (CC) Pulsed current (PC)
1(A) u() v, (m-:min~) 1 (A) Ip (A) I, (A) Up (V) U, (V) Vop (m-min~")
120 10.4 0.9 120 160 80 1.3 10.3 1.1
140 10.9 1.1 140 187 93 11.2 10.2 1.6
160 1.3 13 160 213 107 1.3 10.4 1.8

Notes: /is the welding current, U is the voltage and v, is the feed rate for the wire

The methodology involved constructing a static
characteristic curve via preliminary tests, in order to
find possible systematic errors in the power supply and
primarily to find the reference voltage of the Automatic
Voltage Control (AVC). Next, tests were performed in
order to determine a wire speed/power (ws/Pow) ratio
that ensures that the filler metal is continuously fed into
the weld pool. In the case of a non-continuous feed (in
the case of detachments), the feed rate was increased
(therefore increasing the ws/Pow ratio). On the other
hand, when the wire reached the weld pool when still
solid, the feed rate was decreased (decreasing the ws/
Pow ratio). The ideal continuous feeding characteristic
was found empirically between these two above-men-
tioned limits. The ratio was calculated using Equation
1 given below:

(va/Pot) =60 X v,/Pot (1)

where (v /Pot [wire speed/Pow]) is the ratio between the
wire speed/power, to be calculated, in units of [m-]™'], v
(wire speed) is the feed rate of the wire in [m-min~'] and
Pot (power) is the power of the arc in [W].

Once the preliminary tests had been performed,
weld beads were deposited on the tubes, in four separate
welding positions (vertical up, flat, vertical down and
overhead), and using different welding voltage values,
including the use of constant and pulsed current. The
parametrization used can be found in Table 2.

The weld pool in the different welding positions was
studied using a Canon 60D digital camera with a lens
from the same brand, reference EF 180mm F/4L macro,
fitted with a 650 nm bandpass filter.

The metallographic preparation of the samples for
macrographs and micrographs involved sanding with
wet sandpaper with granulometric distributions of 320,
400, 600 and 1200 mesh, followed by polishing with dia-
mond paste with a granulometric distribution of 1 um.
The micrographs were taken after chemical etching with
Nital 3% using an Olympus optical microscope, model
BX51M and the software for image capture and analysis
was Analysis 5.1. For the micrographic analysis, chemi-
cal etching with Nital 6% was used. The geometric char-
acteristics, as shown in Figure 1, were measured using
Image] software. As well as the geometric characteris-
tics shown in Figure 1, the shape factor was calculated,

.The label m means average, p refers to the pulse, and b refers to the base.

Figure 1. Geometric characteristics measured on macrographs.
Notes: L = width of bead; ZTA = heat-affected zone; AP = penetration zone;
P = linear penetration; AR = reinforcement zone; R = linear reinforcement.

defined as the ratio between width and reinforcement
of the cross-section of the bead.

Vickers microhardness tests were performed, using
the Insize microhardness tester, model ISH - TDV 1000,
with a diamond indenter with a square base and angle of
136°. A force of 500 gf was used and the residence time
was 15 s. Indentations were carried out from the base
metal in the direction of the fusion zone at intervals of
0.5 mm between each one.

3. Results and discussion

Preliminary tests were used to find a ws/Power ratio that
would guarantee a continuous feed of metal. The ratio
found was of the order of 1.2 x 10~ m-J~!, with varia-
tions of less than 3.4% between the welding positions.
Taking into account the resolution of the wire tensioner
used for the work (0.1 m-min™), it can be noted that
a constant ws/Pow ratio was found for all the welding
positions. This ratio was used in subsequent tests and
successfully kept the filler metal feed stable, which is a
very significant result in terms of technology, since we
can use the ws/Pow ratio to find a suitable feed rate for
a given welding current.

Itis important to emphasize that parametrizations that
lead to alow ws/Pow ratio result in non-continuous metal
transfer, which in turn creates beads with a significantly
lower shape factor (beads with low wettability). This was
noticed during the preliminary tests, by doing compara-
tive analyses between the data acquisition on voltage and
the geometry of the weld beads. Non-continuous transfer
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Figure 2. Voltage signal for (a) continuous and (b) non-continuous metal transfers.

Note: Tensao = voltage; tempo = time.

Corrente pulsada (A)

140

Posici Corrente constante (A)
B 140 160
A
P
D
S

Figure 3. Macrographs of the cross-section of weld beads performed with constant current and pulsed current.
Note: Posicao = position; Corrente constant = constant current; Corrente pulsada = pulsed current.

is easy to spot on the voltage oscillogram as a variation in
this parameter is shown, in the form of a noise that has a
larger amplitude than the background noise that is always
present when the power supply is functioning. Since the
arc voltage is proportional to its length, the authors believe
that the non-continuous transfer is linked to a variation in
the energized length of the arc, which is first directly con-
nected to the weld pool (moment when a drop detaches,
linked to a longer energized arc length), then goes up or
‘scales’ the filler wire (the moment after detachment, lead-
ing to a shorter length). This variation in the energized arc
length was prevented when the ws/Pow ratio was adjusted
to the values that guarantee a continuous metal feed.
This behaviour was noticed using films made during the
study. The variations in the voltage signal can be seen in
Figure 2, which shows (a) voltage acquisition for a bead
with suitable ws/Pow ratio and (b) an oscillogram for a
low ws/Pow ratio.

Figures 3-5 relate to the main geometric charac-
teristics measured in the study. Figure 3 shows the

//// \
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Figure 4. Shape factor depending on the welding position and

current.
Notes: Fator de forma = shape factor; Posicao = position; Corrente = current.
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Figure 5. Penetration depending on the welding position for constant current and pulsed current.
Note: Penetracdo = penetration; Posicdo de soldagem = welding position; Corrente constant = constant current; Corrente pulsada = pulsed current;

A - vertical up; D — vertical down; P - flat; S — overhead.

Sobre-Cabega

Figure 6. Stills taken from films in the four welding positions.

Vertical Desc.
“

.

Vertical Asc.

Note: Plana = flat; Vertical asc = vertical up; Sobre-cabeca = overhead; Vertical desc = vertical down.

macrographs of the cross-section of the weld beads per-
formed under constant current and pulsed current, sep-
arated by average current value and by welding position
(A: vertical up, P: flat; D: vertical down; S: overhead).
Figure 4 shows the shape factor depending on the weld-
ing position and current, while Figure 5 illustrates the
penetration depending on the welding position. Figure
6 shows stills from tests in the four welding positions,
where we can see the different positioning configura-
tions of the electric arc in relation to the weld pool and
the filler wire.

As expected, the higher the welding current, the
higher the values of the geometric characteristics
obtained (Figure 3), such as width and bead reinforce-
ment, linear penetration, penetrated zone (fusion zone
of the base metal), linear reinforcement, reinforce-
ment zone and heat-affected zone (HAZ). This can be
explained by the increased amount of energy applied
to the part in the form of heat, as well as the increased
quantity of filler metal, since the wire speed/Power ratio
was not modified during tests.

Welded beads in the vertical up and overhead posi-
tions display a lower shape factor (Figure 4) than the
other welding positions. This is even more obvious when

we look at the macrograph of the beads with lower weld-
ing voltage values. The low wettability in the vertical
up position can be explained by the fact that the weld
pool drains in the opposite direction to the solidifica-
tion front, while in the overhead position, the weld pool
drains away from the base metal (Figure 6).

In the overhead position, the beads created have
greater reinforcement (reinforcement zone equal to
length), resulting in a lower shape factor (Figure 4),
which was an expected characteristic owing to the way
the weld pool drains under the force of gravity in this
position. In addition, when comparing the constant cur-
rent with the pulsed current, as a general rule, the beads
created with the pulsed current have a larger reinforce-
ment zone. This is due to the fact that, with the same
average current, the process with pulsed current requires
more filler wire, which is noticed in data acquisition.

The position that has the highest linear penetration
values (Figure 5) is vertical up. In this position, the
weld pool drains in the opposite direction to the weld-
ing speed, which means that the arc is connected to the
base metal more directly. This behaviour is displayed in
Figure 6. This can be compared with the vertical down
position, where the pool drains in the same direction as



the welding speed, where the arc is directly connected
to the pool, which means that the metal that is still solid
receives less heat from the arc.

Figure 7 shows the microstructure of the base metal
(BM) and the fusion zone (FZ), taken from the central
area of each of the zones to be taken as representative.
The microstructure of the BM consists of equiaxed
grains of ferrite and fine pearlite, indicating that the
material underwent final normalization. The fusion zone
has a microstructure of allotriomorphic ferrite grains
(primary ferrite or grain boundary ferrite — « ), with
acicular ferrite (AF) and Widmaénstatten ferrite (ferrite
with aligned second phase — &, ). These microstructures
are typically observed in the fusion zone of low-carbon
steels [13-16]. The acicular ferrite usually means that
the toughness of the welded joint is increased [14], lend-
ing the weld metal good mechanical properties [13].
When comparing the micrographs of the fusion zone
of samples welded in the same position (flat) using con-
stant current, but with different average current values
(Figure 7 (c) and (d)), we can see a finer microstructure
in the samples welded with a lower current (120 A),
and a greater presence of primary ferrite in the samples
welded with a higher current (160 A), whereas in the
sample with 120 A, there is a greater presence of acicu-
lar ferrite. The larger quantity of allotriomorphic ferrite
(primary ferrite or grain boundary ferrite) is favoured
by the slower cooling rate, as is the case for the welding
current of 160 A [17].

For the pulsed current, the formation of acicular
ferrite is even more pronounced, because this current
generates a smaller heat input than the constant cur-
rent, leading to a higher cooling rate. This is entirely
consistent with existing literature [7,9], which justifies
using pulsed current because the weld pool can be con-
trolled better using this kind of waveform, primarily
in welding out of the flat position. According to Grong
and Matlock [13], the formation of ferrite initially grows
from austenitic grain edges and boundaries under par-
abolic kinetics promoting the formation of the allotri-
omorphic structure, which has a carbon redistribution
continuity which compromises this parabolic growth,
enabling the lateral movement of protrusions along the
low-energy interfaces, representing a Widmaénstatten
structure. Acicular ferrite can initiate nucleation with
a similar mechanism to the Widmanstatten ferrite, i.e.
intergranular nucleation on inclusions, at the same time
as the formation of allotriomorphic/Widmaénstatten
structures. The predominant presence of AF is to be
expected, given that the filler wire has a higher quantity
of Mn than the base metal, which leads to a proportional
increase in acicular ferrite [13].

Figure 8 contains images of the microstructure of
the HAZ for samples welded in the flat position, with
constant and pulsed current, taken from the central
area of each of the zones to be taken as representative.
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According to Babu and David [14], Widmanstitten fer-
rite and acicular ferrite are formed by the same mech-
anism, but in different nucleation sites; Widmanstatten
ferrite grows from allotriomorphic ferrite, while acicular
ferrite nucleates in the interior of austenitic grain on
inclusions. The microstructures found in the HAZ con-
sisted of primary ferrite (allotriomorphic), ferrite plates
(Widmanstitten) with aligned second phase (FS(A)) or
with non-aligned second phase (FS (NA)), as well as
acicular ferrite.

By analysing Figure 8, we can see that there is greater
formation of allotriomorphic ferrite for the welding volt-
age of 160 A, whether constant or pulsed. As discussed
above, the lower cooling rate for these samples encour-
ages the formation of allotriomorphic ferrite and, con-
sequently, ferrites with aligned second phase, FS(A) and
ferrites with non-aligned second phase, FS(NA). We can
also see more allotriomorphic ferrite with pulsed current
than with constant current for the welding current of
160 A, which may be related to the faster cooling rate
which, despite limiting allotriomorphic ferrite, leads to
a smaller prior austenitic grain size providing, however,
nucleation sites for allotriomorphic ferrite.

With the current of 120 A, we can see a mixed micro-
structure of second-phase ferrite plates and some acic-
ular ferrite, which makes sense because the cooling rate
is faster than for the welding current of 160 A and acic-
ular ferrite is not encouraged. For the pulsed current,
the smaller heat input and faster cooling rate lead to a
smaller grain size and greater availability of nucleation
sites for primary and acicular ferrites.

Figure 9 illustrates the Vickers microhardness values,
obtained following a line of indentations on the base
metal (BM) up to the fusion zone (FZ), passing through
the HAZ, on six samples, three of which were welded
with constant current and three of which were welded
with pulsed current, all in the flat position. The hard-
ness value of the BM was typically around 150 HV ..
The HAZ displayed slightly increased hardness start-
ing from the interface with the BM and going up to the
interface with the FZ, as was expected. The hardness
values in the HAZ in the vicinity of the interface with
the FZ (d = 4 mm) indicate that values are higher for
the pulsed current of 120 A, which is consistent with
the description of the microstructure of this section
(with second-phase ferrite and acicular ferrite). With
the constant current of 120 A, the hardness moderately
decreases due to there being fewer nucleation sites for
primary ferrite, which affects hardness. With the welding
current of 160 A, we can see decreased hardness, which
is related to the microstructure being predominantly
formed from allotriomorphic ferrite and second-phase
ferrite with the presence of some acicular ferrite.

In relation to the fusion zone, the greater hardness of
the samples welded with pulsed current can be explained
by the prevalence of acicular ferrite, compared with the
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Figure 7. Microstructure of (a) the base metal, (b) the fusion zone with pulsed current of 160 A, (c) the fusion zone with constant
current of 120 A and (d) 160 A for the flat welding position.

Figure 8. Microstructure of the HAZ for constant current of (a) 120 and (b) 160 A and for pulsed current of (c) 120 A and (d) 160 A in
flat welding conditions.
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Figure 9. Hardness profile using microindentation starting from
the base metal up to the fusion zone.

Notes: Linha de indentacoes: line of indentations. ZTA = HAZ; ZF = FZ;
MB = BM; CC = constant current; CP = pulsed current.

constant current. By analysing the samples welded with
the same waveform, we can see that hardness is greater
in those with a lower welding current, due to the faster
cooling rate, which leads to a finer microstructure, typ-
ically an acicular ferrite microstructure.

4. Conclusions

The continuous feed of metal was guaranteed with a ws/
Pow ratio of the order of 1.2 x 107> m-J™!, lending the
process stability and providing a suitable shape factor.

The vertical up and overhead positions result in welds
with a lower shape factor, owing to the drainage config-
uration of the weld pool under the force of gravity in
these positions. For the same reason, beads welded in
the vertical up position have greater linear penetration.

The fusion zone of samples welded with a lower cur-
rent has a finer microstructure, with more acicular fer-
rite, while samples welded with a higher welding current
have more allotriomorphic and Widmaénstatten ferrite.
In addition, the pulsed current encourages the formation
of acicular ferrite, due to the smaller heat input com-
pared with the constant current, leading to different
cooling rates.

The microstructure consisted of second-phase ferrite,
allotriomorphic ferrite and a smaller quantity of acicular
ferrite in the case of the HAZ. There is a competitive
effect with respect to the formation of allotriomor-
phic ferrite in the HAZ depending on the heat input; a
smaller heat input resulting from pulsed current leads to
a smaller prior austenitic grain size and therefore a larger
grain boundary zone, which encourages the formation
of allotriomorphic ferrite. On the other hand, welding
currents of a lower magnitude also lead to a smaller heat
input, increasing the cooling rate, which impedes the
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formation of allotriomorphic ferrite and encourages the
formation of second-phase ferrite.
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