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Abstract: The additive manufacturing process can be carried out with a welding-based process.
The welding process that can be used to manufacture metal products or components with arc welding
technology is Tungsten Inert Gas (T1G) welding. This study presents the effect of current and polarity
on multilayer WAAM-based TI1G welding with ER 5356 and ER 1100 filler materials on SS316 base
plates. The influence of current and polarity in TIG welding is evident from the weld bead's geometry,
appearance, and quality. The experimental results of the welding bead on DC polarity are more

consistent than those on AC polarity.
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1. Introduction

Advances in science and technology have increased the
demand for welding technology to meet current industrial
needs. Metal welding is an essential manufacturing
process in the development of the industrial world. Some
examples of industries are airplanes, shipping, automotive
applications, Etc?. The sector requires metal joints with
excellent quality so that the products produced are safe
and meet standards. The study of metal welding is often
carried out mainly focusing on the materials used,
composition, and mechanical properties of the workpiece,
as well as all process parameters that affect efficiency and
product quality. The development of welding technology,
in addition to meeting the needs of joints, can also be used
to manufacture products. Making products with metal
materials still uses a casting process where the final
product still requires much machining. This, of course,
requires more power, expensive production costs, and a
long production time. Many studies have optimized metal
production processes, one of which is additive
manufacturing technology. Additive manufacturing (AM)
is known as 3D printing and is considered a significant
innovation in manufacturing technology in the 20th
century, which is highly valued by many countries. M.
Nazmi et al. researched the performance results of stacks
made using 3D printing technology that minimizes errors,
eliminates deviations and can reduce production time®.

The main factors influencing the choice of welding
process in the manufacture of additives are the complexity
and resolution that can be achieved, as well as the degree
of deposition and the size of the components?.
Additionally, additive manufacturing provides more
freedom for product design than conventional
manufacturing processes and opens design opportunities
with load optimization. One promising area of additive
manufacturing  processes is wire arc additive
manufacturing (WAAM), where an electric arc combined
with wire as a precipitating agent is used to manufacture a
product. The process of DED includes a nozzle head
capable of focusing the thermal source and feeding
material into a single unit, providing a more economical
additive manufacturing method®. This additive
manufacturing process is part of Direct Energy Deposition
(DED) manufacturing. As of 2020, Direct Energy
Deposition (DED) technologies represent 16% of additive
manufacturing used in the market. Material cost is reduced
to 7-69% with the WAAM technique. Reduction in
fabrication time is around 40—-60% and reduction in post-
machining time is around 15-20%%7. The MIG-based
additive manufacturing process is used by most
researchers over the GTAW welding-based additive
manufacturing process because it has the highest
deposition rate and makes it easier to synchronize the wire
feed with the heat source. Whereas the GTAW weld-based
additive manufacturing process has a high deposition rate
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(although less than MIG), is spatter-free, and has high
thermal efficiency 68%?®. Benakis et al. demonstrated that
the slow, inter-pulsed TIG welding process has a good
melt pool shape for additive manufacturing”. The WAAM
process has challenges that must be mastered for defect-
free and geometrically correct parts manufacturing. The
uneven solidification of the molten metal results in
residual stress which is a kind of defect and is shown in
the form of crack. Additionally, porosity is a common
problem during most processing aluminum alloys and
should be avoided or kept as low as possible. Porosity,
mainly due to gas entrapment, is the most common defect
in WAAM!'®!D, Heziqi Liu et al., investigated the effects
of different arc modes on pore formation, microstructural
characteristics, and tensile properties. High-frequency
pulse current and cyclic polarity reversal in CMT-PADV
mode proved beneficial for reducing pores'?. There is
wall height prediction in path planning, design distance
between weld bead and directional weld point, and single
bead sequence. Besides that, the development of AM for
the fabrication of multi-material has improved the
mechanical properties, specific functional requirements
and design features of the new product'?.

Fabrication time is one of the important factors for
considering the WAAM method. Fabrication time mainly
depends on the speed of welding in the WAAM process'?.
Generally, the selection of welding parameters is carried
out by trial and error, but as technology advances, the
prediction of welding parameters is becoming
increasingly model-based®. The current and polarity are
parameters that influence the formation of weld beads.
Chen Shen et al. indicated that welding wire deposition is
influenced by current and is the dominant factor in the
grain size of the weld bead wall buildup'>. The grain size
increases as the wire feed speed increases, heat input
increases, and travel speed constantly due to solidification
rate decrease. In contrast, travel speed increase and others
remain constant, resulting in faster solidification and slow
down the grain growth rate'®.

This research will discuss the influence of polarity and
current on Tungsten Inert Gas (TIG) welding based on
wire arc additive manufacturing (WAAM) using welding
wire (filler) ER5356 and ER 1100 in a multilayer or layer-
by-layer deposition process. The results of this research
study analyze the success rate of the weld metal deposition
process layer by layer using visual and testing methods
such as weld bead appearance, weld bead geometry and
dimensions.

2. Material and Method

The base metal or substrate used in this study is a
Stainless Steel 316 plate which has a thickness of 5 mm a
length of 150 mm and a width of 50 mm using welding
wire ER-5356 and ER 1100 diameter 1.2 mm. In this study,
a TIG welding experiment was carried out using an
automatic or intermittent wire feeder welding method with
filler metal ER5356 and ER 1100 on a 316 stainless steel

plate by varying the current and polarity!”!'®. Gokhale et
al. discuss the effect of wire feeders or wire feeders on
welding metal deposition. The scheme of the wire feeding
method used in their study found that a smoother surface
appearance was observed when the wire feeding nozzle
made a smaller angle of about 13°—15° with the substrate
plate®. The welding torch and filler metal are generally
kept inclined at angles of 700— 800 and 10-20 degrees
respectively with the flat workpiece. The research results
of Elif Karayel et al., show that the influence of the torch
angle to the workpiece, an angle of 80¢ is a better choice
and as the inclination angle increases, the deposition will
increase, the width will increase, and the deposition height
will decrease'”. Haochen Mu et al., in their research
regarding the design chosen for controlling weld bead
geometry, namely wire feeding speed (WFS) and travel
speed (TS)?®. Lower TS entails larger molten pool
volumes for the same arc pressure (same current and arc
length), making the weld pool more prone to lateral
sagging and resulting in irregularities?".

The Experiments were carried out by observing the
results of the weld bead in first layer and second layers.
Retrieval of this data is to see and get TIG welding results
with neat and unblemished shapes and geometries. Bead
width, bead height, molten metal depth, and wetting angle
were measured to observe the effect of process parameters
on the resulting geometry. Measurements were performed
using Image] or Dino-Lite’”. Determination of
parameters is carried out in addition to experimental
design and through several trials. From the geometry,
dimensions and appearance data of the weld bead, current
and polarity parameters can be obtained which influence
the quality of the weld bead. Within welding parameters,
welding polarity has a significant effect on temperature
distribution in weldments which affects the microstructure,
mechanical properties and residual stresses distribution of
components considerably?¥. Increasing the heat input is
affected by the arc current, and for a higher current, the
wire feed volume increases. Unlike the voltage, the WFS
increases, thus, the material deposition volume per layer
also increases®?.

The equipment used in this research included a Miller
Dynasty 210 DX Tungsten Inert Gas (TIG) welding
machine, power source, wire feeder, tungsten electrode,
torch and controller shown in Fig. 1. The polarities used
in the WAAM process with TIG welding are DC and AC
polarities. The initial holding or heating time is 15 seconds
so the temperature or heat is even. The current used varies,
namely 120A, 130A, 140A, 150A, 160A, and 170A, with
a constant argon gas flow rate of 11 L/minute and a
continuous welding speed of 3.125 mm/s with a welding
time of 30 seconds. Problems that may arise with
multilayer weld beads are cracking and delamination. This
cannot be corrected by post-processing treatment, so pre-
processing treatments, such as pre-heating the substrate?).
The configuration parameter was influenced by welding
speed, wire feeding speed, feeding time, and delaying
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time?®. The high-angle wire feeding has been
demonstrated as an effective way to get uniform
deposition in any wire feeding direction?”. The angle
between each nozzle and the substrate surface is 30° to
ensure the stability of molten pool'. For multi-layer weld
beads, as the number of layers increases, the weld bead
offset will gradually decrease?®.

The following is a test setup for the TIG welding
process based on wire arc and additive manufacturing
(WAAM) which can be seen in Fig. 2.

Fig. 1: Equipment used in WAAM-based TIG welding (A)
Miller Dynasty 210 DX welding machine, (B) Machine
construction, (C) Wire feeder, (D) Motor driver and Arduino,
(E) Torch welding, (F) Argon gas cylinder.

My Rio

Controter  Motor

Driver

Argon Gas

i |
Welding Power

Fig. 2: The setup of testing the WAAM-based TIG welding.

Personal Computer

Workpiece

The welding process parameters used in the WAAM-
based TIG welding experiment can be seen in Table 1
below. Use the following table format in the manuscript.
Note that all the tables and figures should be cited in the
paragraph as Table 1 and Fig. 1 where appropriate.

Table 1. WAAM based TIG welding process parameters.
Process parameter

Welding current, A 50-170

Welding speed, mm/min 187.5

Pre-heating time, s 15

Constant parameter

Arc voltage 13
Frequency, Hz 250
Electrode diameter, mm 2.4
Shielding gas type Pure Argon
Flow rate, L/mm 11

Filler wire type ER 5356
Filler diameter, mm 1.2

Wire feeder speed, mm/s 3.125

Wire feeder angle, © 15°

Wire feeder method intermittent

3. Result and Discussion

TIG welding results with the application of specific
current and polarity parameters can be seen visually and
by measuring the geometry and dimensions of the weld
bead. The weld bead geometry measures the top bead
width and the weld bead®. Measurement data were
obtained from 6 specimens on the first layers and second
layers. Good quality TIG welding beads in layers one will
be used as the foundation for layers two and subsequent
layers. Defect in WAAM product is typically severe
oxidation in titanium alloys, porosity in aluminum alloys,
poor surface roughness in steel, and severe deformation
and cracks in nickel alloys®”. The main reasons for
obtaining defects in WAAM of aluminum alloys are an
inappropriate selection of parameters, the bad strategy of
programming, and unsteady weld pools3).

3.1 First Layer using Filler ER 5356 AC Polarity

The experimental results with DC polarity ER5356
filler produced a dirty surface, but the resulting weld bead
was entirely consistent because the current increased from
120A to 160A. From the measurement and observation
results, the 160A current produces the neatest bead with a
flat and uniform weld bead surface, compared to using
other currents, as shown in Fig. 3. Thus, the weld bead that
can be used as a foundation for the next layer is the weld
bead of TIG welding results at a current of 160A with a
break for 15 seconds.

ER-5356 130A-DC

ER-5356 160A-DC ER-5356 170A-DC

Fig. 3: TIG welding results using filler ER5356 DC polarity.
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The following data results from measuring the width of
the weld bead for filler ER 5356 with DC polarity using
the Dino-Lite digital microscope shown in Fig. 4.

During the initial layer deposition, heat input was
controlled with high amperage (110-140 A). For higher
layer depositions, weld velocity was varied to control the
heat input®?.

7 . . :
5] ]
E
E 54 \
o
z \
¥
! \
2 21
14 Wel \
120A A 140A  150A
Current (A)
Fig. 4: Correlation of average weld bead width with current
for DC polarity.

In the layer 2 experiment, AC polarity was used and
tested for currents starting from 100A, 110A, 120A, 140A,
150A, and 160A, as shown in Fig. 5.

100 A ER-5356 preheat 5 detik

160 A ER-5356 preheat 5 detik

150 A ER-5356 preheat 5 detik
Fig. 5: TIG welding results using filler ER5356 AC polarity.

The results of first layer and second layer with different
polarities show that the geometry of the weld bead is not
neat, there are lumps of weld metal, the weld bead is
broken, and there are also crack defects that can occur due
to solidification cracking process and residual stresses.
That temperature is a function of the deposition of
electrical current’®. Non-uniform expansion and
shrinkage in the fusion zone of weld is not only the reason
for distortion in assembly of components but other
controllable parameters are also very significant and
should be considered in weld planning’?.

3.2 First Layer using Filler ER 1100 DC polarity
The experimental results using ER 1100 filler showed

that the weld bead had a constant geometry and relatively
no defects at a current of 135 A, a welding speed of 3.125
cm/s, and an argon flow rate of 11 1t/min. The following
are the experimental results shown in Fig. 6.

Spec.2 ER 1110 _135A-DC

Spec.1 ER 1110 _135 A-DC Spec.3 ER 1110 _135 A-DC

Spec.4 ER 1110 _135 A-DC Spec.5 ER 1110 _135 A-DC Spec.6 ER 1110 135 A-DC

Spec.8 ER 1110 _135 A-DC

Spec.9 ER 1110 _135 A-DC

Spec.10 ER 1110 _135 A-DC
Fig. 6: First layer welding bead at 135 A current
filler ER1100 with DC polarity.

Spec.11 ER 1110 _135 A-DC Spec.12 ER 1110 _135 A-DC

3.3 First Layer using Filler ER 1100 DC polarity

Welding using AC polarity on ER1100 filler shows
cleaner results than DC polarity, but the resulting weld
beads are inconsistent, as shown in Fig. 7.

ER 1100_75A-AC
2 .
>

-

ER 1100_90A -AC

’k g <
;,_»

2T

ER 1100_110A-AC

ER 1100_130A-AC ER 1100_140A-AC
Fig. 7: Second layer welding bead (75A to 140A) filler
ER1100 with AC polarity.

The bead height behavior tends to increase as the
welding wire feeding speed increases, which also
increases vice versa; if the current parameter increases or
increases, the weld bead height will decrease. Figure 8
shows that something unusual when the current increases
in some tests; bead height also increases. This is
presumably due to varying electric current intensities and
disturbances or noise during the welding process®>.
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Fig. 8: Comparison of the height of the first weld bead layer
with the second layer of ER 1100 filler-AC Polarity.

The heat input and energy density increase with current,

consequently increasing the amount and temperature of

the molten metal, and the resulting bead will have an
increased width.

7] %5:‘; o sy
T
N1
B VAN Z
SV
S0 07

Ll
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NIZ7Z17 f/ G 4 74,

75 80 %0 100 110 120 130 40
Current (A)

Fig. 9: Comparison of the width of the first weld bead layer
with the second layer of ER 1100 filler-AC polarity.

The width of the bead tends to increase in direct
proportion to the increase in current, as shown in Fig. 9.

The influence of heat input on the surface quality of

additive manufacturing arc sections is analyzed by
changing the welding current and speed or travel speed.
Higher heat input represents sufficient heat, which can not
only make the weld pool take a better shape on the surface

of the substrate during WAAM but also has a better

stabilizing effect on the weld pool®®).

3.4 Second layer using Filler ER 1100 DC polarity

Below in Fig. 10 are weld beads from experiments on
the second layer of DC polarity with a current range from
120A to 160A using ER 1100 welding wire.

ER 1100_110A-DC ER 1100_120A- DC

ER 1100_130A-DC ER 1100_140A- DC

ER 1100_130A- DC ER 1100_140A- DC

Fig. 10: Second layer welding bead (110A to 160A) filler
ER1100 with DC polarity.

25

=y Eeairiegt Layer-1
[E= Bead Height Layer-2

= o= B
] G o
L L
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o
[
L

110 120 130 140 150 160
Current (A)

Fig. 11: Comparison of the height of the first weld bead
layer with the second layer of ER 1100 filler DC polarity.

Research by Xiaoxuan C. et al. shows that the heat input
gradually increases, the thickness of the printed layer
increases, and the number and size of pores in the deposit
also improve, which is by Fig. 1137,

}{ﬂ Bead Width Layer-1
B 5220 Width Layer-2)

R

R
R
RN

o
R

R
SR

Bead Width (mm)
R

SSASAANANN

SN

\\g\\\\\\\\\\\\\\

AIIIIIIFVRRRRRRRRNRRRRRRNNNNNAY
Lo e S T A S e
FRAANTINANMNMNANMNNNNNNRNNN

I IIIIIIII VIRV

5
R
R

140
Current (A)

Fig. 12: Comparison of the width of the first weld bead layer
with the second layer of ER 1100 filler DC polarity.

Figure 12 shows that the comparison of the second layer
weld bead width is greater than the first layer and is
relatively comparable for several welding current prices.
At a welding current of 110A DC polarity, the width of the
weld bead is relatively the same as that of the first and
second layers. In the specimens of multiple layers, no
observable interface between the layers was present,
suggesting a complete fusion between layers with no
oxidation®®,

4. Conclusion

According to the results shown above, the conclusions
are as follows:

1. The effect of current and polarity that occurs in TIG
welding with the ER 5356 filler can be seen in the
geometry and appearance of the weld bead, and the
greater the current, the wider the geometry of the
weld bead.

2. The heat input and energy density increase with

current, consequently increasing the amount and

temperature of the molten metal and the resulting
bead will have an increased width.

Increasing the current causes an increase in the weld

bead width even though the rate of decrease is

w
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relatively small. Meanwhile, in the first layer, the
weld bead width tends to be inconsistent.
4. Welding using AC polarity on the ER1100 filler, the

manufacturing process,” J. Brazilian Soc. Mech. Sci.
Eng., 41 (12) 1-12 (2019). doi:10.1007/s40430-019-
2078-z.

macrostructure and weld bead geometry appear more 9) M.J. Bermingham, J. Thomson-Larkins, D.H. St John,

continuous and cleaner the DC polarity.
5. The test results show that the weld bead second layer
that is suitable and has consistent geometry and a
pleasing appearance is a TIG welding process with
DC polarity.
10)
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