Journal of Advanced Marine Engineering and Technology, Vol. 46, No. 1, pp. 15~22, 2022

J. Advanced Marine Engineering and Technology (JAMET)
https://doi.org/10.5916/jamet.2022.46.1.15

"m Check for updates

ISSN 2234-7925 (Print)
ISSN 2765-4796 (Online)
Original Paper

[ISMT2021] Effect of parameters on penetration properties in butt welding of

super duplex stainless steel using PAW-TIG heat source

Jun-Sub Yeo! + Moo-Keun Song? + Jong-Do Kimf

(Received November 8, 2021 ; Revised November 26, 2021 ; Accepted January 28, 2022)

Abstract: The materials that make up pipes of exhaust gas cleaning systems (EGCS) installed in ships must have remarkable corrosion-
resistant properties. Austenitic stainless steel has been widely utilized for such pipes owing to its excellent corrosion resistance. Re-
cently, the demand for super duplex stainless steel (SDSS) has increased, which exhibits higher strength, hardness, and corrosion
resistance than austenitic stainless steel. In response to this demand, considerable research on the application of SDSS to pipes in ships
should be conducted. In this study, keyhole welding based on the plasma arc welding (PAW) process, which does not require bevel or
filler metal, was applied to the SDSS used for a sulfur oxide (SOx) EGCS in eco-friendly ships. A tungsten inert gas (T1G) welding
heat source was included to increase the welding quality and durability. To examine the welding properties of SDSS, the penetration
characteristics of the PAW and TIG heat sources affecting SDSS were analyzed. The effects of various process parameters in PAW—
TIG hybrid tandem bead welding and butt welding of SDSS were also evaluated. The experimental results verified the effects of

welding variables (e.g., welding current, voltage, and velocity) on the penetration depth and bead width. A mechanical test conducted

on butt weldments confirmed the integrity of the weldments.
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1. Introduction

The interest in the harmful effects of air pollution on the envi-
ronment and the human system has increased since the second
half of the twentieth century. In response to such concerns, coun-
tries have strengthened air pollution control regulations in every
field. The International Maritime Organization (IMO) adopted a
protocol on the prevention of air pollution to reduce the amount
of air pollutants emitted by ships, which came into effect in ac-
cordance with the established ratification and implementation
processes [1]-[6].

The IMO designated certain regions significantly affected by
air pollutants emitted by ships as emission control areas, and ap-
plied reinforced emission standards to these areas. An increasing
number of countries have also initiated different emission regu-
lations suited to their own circumstances [1]-[6].

In compliance with these regulations, several shipowners have
recently installed exhaust gas cleaning systems (EGCSs). Pipes

of such systems are made of various materials with excellent

corrosion resistance. Austenitic stainless steel is the most widely
used material among the various types of stainless steel because
of its excellent corrosion resistance. However, it was recently
found that duplex stainless steel exhibits higher strength, hard-
ness, and corrosion resistance. In this regard, studies on super
duplex stainless steel (SDSS) that contain larger amounts of
chromium, molybdenum, and nitrogen compared with general
duplex stainless steel, are required [3]-[6].

In this study, keyhole welding was applied based on the plasma
arc welding (PAW) process, which can get a greater welding part
of fusion depth against fusion width and does not require bevel
or filler metal, to perform bead welding and butt welding of
SDSS used for sulfur oxide (SOx) EGCS in eco-friendly ships.
Hybrid tandem welding based on a trailing tungsten inert gas
(TIG) welding heat source, which has a wide fusion width and
good fusion quality, was also utilized to prevent humping and
undercutting on the bead surface.

Through these processes, the penetration characteristics of the
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PAW and TIG heat sources affecting the SDSS were identified.
Furthermore, the effects of the parameters during PAW—TIG hy-
brid tandem bead welding and butt welding of SDSS were eval-

uated.

2. Experimental Materials and Method

As the EGCS uses seawater to remove SOy, its pipelines can
corrode from the suction, cleaning, and discharge of seawater. In
this study, the use of duplex stainless steel as a material for these
pipelines was considered. Duplex stainless steel has high corro-
sion resistance owing to the changes in its microstructure caused
by the insertion of a considerable amount of chrome and a small
amount of nickel compared with general 12%-chrome stainless
steel. In particular, SDSS has higher corrosion resistance and
strength because it contains a larger amount of chrome, molyb-
denum, and nitrogen than general duplex stainless steel. Table 1
presents the chemical composition of SDSS. SDSS with a thick-
ness of 5 mm, which is the most widely applied to pipes in the
fields of shipbuilding and marine engineering, was used to pro-
duce a 300 mm x 200 mm plate [3]-[10].

Table 1: Chemical composition of austenitic-ferritic steels [11]

UNS C|Si|Mn| P | S

number [Max. Max. Max. Max.|Max. e

0.20|24.0 3.0| 6.0
S32750 |0.030/1.00{2.00(0.035|0.015

0.3526.0 45| 8.0

Table 2: Conditions of PAW process

| V 14 G Qgs Dp-1
A) | (V) | (mm/min) : (¢/min) | (mm)
50 | 20 300 300
100 | 25 400 Ho 320
PAW | 150 | 27 500 (7%) + 340
10
-bead | 200 | 30 600 Ar 360
0,
250 | 33 700 (93%) 380
300 | 35 800 400
AW 200 | 20 450 o (7%)
H2 (7%) +
e | 250 | 25 500 ['ar (93%) 10 300
300 | 30 550

Table 2 lists the various PAW conditions applied to bead
welding and butt welding in this study. Table 3 lists the TIG con-
ditions with a fixed welding variable. As shown in Figures 1 and
2, complete penetration welding was conducted under the afore-
mentioned PAW conditions. Then, TIG welding was performed

to obtain a smooth upper bead surface. For bead welding in the

Moo-Keun Song * Jong-Do Kim

Table 3: Conditions of TIG process

| Vv U G Qgs
A | (V) | (mm/min) s (¢/min)
H2 (7%) +
TIG | 235 | 18 500 Ar (93%) 25

PAW process, the welding current, welding voltage, welding ve-
locity, and distance between heat sources were applied as varia-
bles. For butt welding in the PAW process, the welding current,
welding voltage, and welding velocity were applied as variables.
In this experiment, Gs and Qgs represent the shield gas type and
shield gas flow rate, respectively. The distance between heat
sources (De-) refers to the distance between the PAW and TIG
heat sources [12][13].

Machine

for welding
[+] 10

& Direction

for welding —
/|

Figure 1: PAW-TIG hybrid tandem welding system

Figure 2: Experimental setup for hybrid tandem process

(a) Bead welding (b) Butt welding

Figure 3: Sampling position of welding

Bead welding and butt welding of the SDSS plate were per-
formed. To stably obtain a welded specimen, the original plate
was cut at intervals of 13 mm from a point 100 m away from the
starting point of welding, as shown in Figure 3. The width and
depth of the bead at the weldments of the cut specimen were
measured, and changes in the welding shape according to the
welding variables were observed. The mechanical properties of
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the weldments were verified by hardness measurements and ten-

sile and bending tests.

3. Results and Discussion

3.1 Bead welding properties according to conditions of
PAW-TIG hybrid tandem welding of SDSS

In this experiment, welding was performed separately using
different heat sources to verify the penetration characteristics of
PAW and TIG welding. Figure 4 shows the bead surface and
cross-section of each weldment.

Complete penetration welding was performed at the PAW
weldments, as shown in Figure 4(a), despite the narrower bead
than that at the TIG weldments in Figure 4(b). However, under-
cut and underfill defects were partially observed at the PAW
weldments in Figure 4(a) [14][15]. The bead surface at the TIG
weldments was more stable and wider than that at the PAW weld-
ments. Based on these results, hybrid tandem welding combining
both heat sources was conducted to ensure higher stability and
penetration depth of the bead.

Then, bead welding was conducted under fixed TIG welding
conditions and varying PAW conditions to verify the hybrid tan-
dem welding characteristics.

Front bead Back bead Cross section
(2) PAW | E—
| e |
(b) TIG =
\10“_";1: 10mm, |

Figure 4: Photographs of bead appearance and cross-section in
PAW and TIG processes

3.1.1 Effect of the welding current and voltage

The welding current and voltage as variables significantly af-
fect the welding conditions, such as the degree of fusion and pen-
etration depth. An experiment was conducted to analyze the ef-
fects of PAW-based current and voltage conditions on the PAW-
TIG hybrid tandem welding of SDSS.

The effects of current (I) changes during the PAW process, i.e.,
50, 100, 150, 200, 250 and 300 A, respectively, were examined,
as shown in Figures 5 and 6. The increase in the current led to
an increase in the heat input; the width of the front bead and the

penetration depth also tended to increase. Keyhole welding was

V =25V, v =500 mm/min, Gs = Hz (7%) + Ar (93%),
Qgs= 10 £/min, Dp-t= 300 mm

1(A) 50 \ 100 | 150

200 \ 250 | 300

Front
bead

Back
bead

Cross
section

Figure 5: Photographs of bead appearance and cross-section

with current
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Figure 6: Variation of bead width, penetration with cap, and
penetration depth with current

performed at a current of 200 A or higher, and complete penetra-
tion welding was performed at a current of 250 A or higher. In
addition, penetration with a cap, which represents the distance
between the top and bottom welding reinforcements, showed an
increasing trend at 150-250 A.

1 =200 A, v =500 mm/min, Gs= H2 (7%) + Ar (93%),
Qgs= 10 £/min, Dp-t= 300 mm

V(V) 20\25\27‘30\33 35

Front
bead

Back
bead

Cross
section

Figure 7: Photographs of bead appearance and cross-section
with voltage

The voltage (V) in the PAW process was varied from 20 to 35
V to analyze its effect on the welding. Figures 7 and 8 show the
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Figure 8: Variations of bead width, penetration with cap, and

penetration depth with voltage

front and back beads and cross-sections of the weldments accord-
ing to voltage changes. It was found that an increase in voltage
slightly increased the width of the beads, but did not significantly
affect the beads. In contrast, the penetration depth tended to de-
crease as the voltage increased in the cross-sections of the weld-
ments. This result was obtained because an increase in the weld-
ing voltage indicates an increase in the distance between the par-
ent material and electrode. As a result, keyhole welding was per-
formed at a voltage of up to 25 V. The desired penetration depth
was not achieved at voltages above 25 V.

3.1.2 Effect of welding velocity by electrode movement

Similar to the welding current and voltage, the welding veloc-
ity is another variable that affects the amount of heat input, the
range of the heat-affected zone, and the cooling velocity at the
weldment. Thus, the welding velocity (v) was varied from 300 to
800 mm/min to analyze its effects, as shown in Figures 9 and 10.
The increase in the welding velocity led to a decrease in the heat
input, bead width, and penetration depth. In particular, the bread
width was significantly reduced. Consequently, penetration
welding was performed at a welding velocity of up to 500
mm/min. Complete penetration did not occur at welding veloci-

ties above 500 mm/min.

1=200 A, V=25V, Gs=H2(7%) + Ar (93%), Qgs = 10
£/min, Dp-r = 300 mm

[

(rmimin)
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bead

300 400 500 600 700 800
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I

Moo-Keun Song *

Jong-Do Kim

Back
bead

Cross
section

Figure 9: Photographs of bead appearance and cross-section

with welding velocity by electrode movement
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Figure 10: Variation of bead width, penetration with cap, and
penetration depth with welding speed

3.1.3 Effect of distance between PAW and TIG heat sources

In an experiment on the application of the PAW-TIG hybrid
tandem welding system, the distance between the PAW system
and TIG welding system was applied as a variable. The distance
between heat sources during hybrid welding significantly af-
fected the behavior of the melting pool. Thus, the effect of the
distance between the PAW electrodes (the forward heat source)
and TIG (the trailing heat source) was verified in this experiment.
The distance between heat sources (Dp-1) was varied as 300, 320,
340, 360, 380, and 400 mm, respectively, considering the inter-
ference caused by experimental equipment. Figures 11 and 12
show the analytical results. The increase in the distance between
the heat sources from 300 mm to 400 mm did not significantly
affect the width of the front bead, penetration depth, and penetra-
tion depth applying upper and bottom caps. In general, the weld-
ing efficiency increased because of the interactions between both
heat sources during the hybrid welding process. However, the ef-
fect of the distance between heat sources was determined to be
negligible in this experiment because of the following reasons.
First, PAW (the forward heat source) determines the penetration
depth, whereas TIG welding (the trailing heat source) determines

the stability of the bead surface. Thus, neither source affected
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each other. Second, welding was performed under the condition

that the distance between the heat sources was at least 300 mm

tandem heat sources of PAW and TIG was conducted to examine

the effects of each parameter.

I = 200A, V = 25V, v = 500 mm/min, Gs= H2 (7%) + Ar V =25V, v = 500 mm/min, Gs= Hz (7%) + Ar (93%),
(93%), Qgs: 10 £/min Qgs= 10 E/min, Dp.r= 300 mm
Dot 300 | 320 | 340 | 360 | 380 | 400 1A 200 250 300
(mm)
Front ' , = I;ror:jt E
bead eal
bead ' Back e i
= T bead A [ —eard i
Cross w [FEREETES :
section ¥ . Cross —
Figure 11: Photographs of bead appearance and cross-section section e

with distance between PAW and TIG
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Figure 12: Variation of bead width, penetration with cap, and
penetration depth with distance between PAW and TIG

because of the interference of the experimental equipment. That
is, welding based on the trailing heat source was performed after
the fusion pool by the forward heat source was coagulated. As a
result, neither source was expected to have a significant effect on
the other. Thus, in the subsequent butt welding, a hybrid tandem
welding experiment was performed in which the distance be-

tween the heat sources was fixed at 300 mm.

3.2 Butt welding characteristics according to conditions
during PAW-TIG hybrid tandem welding of SDSS
3.2.1 Effect of the welding current and voltage

Based on the results of the bead welding experiment, it was
confirmed that the optimal conditions of PAW include a current
(1) of 250 A, voltage (V) of 25 V, welding velocity (v) of 500
mm/min, and distance (Dp-1) of 300 mm between the heat sources
of PAW and TIG. A butt welding experiment based on the hybrid

Figure 13: Photographs of bead appearance and cross-section
with current by butt welding

To analyze the effect of the change in the current, the current
(1) in the PAW process was varied to 200, 250, and 300 A, re-
spectively, as shown in Figure 13. When the current increased
from 200 to 300 A, the heat input increased. Accordingly, the
width of the front bead, penetration depth, and penetration depth
applying upper and bottom caps tended to increase. In addition,
the cross-sections of the weldments were analyzed. The results
showed that keyhole welding and complete penetration were
achieved with the formation a stable bead surface at 200, 250,
and 300 A. The results verify that a current of 250 A is the opti-
mal condition to minimize the heat input; above the critical con-

dition, complete penetration was achieved.

1 =250 A, v =500 mm/min, Gs=Hz (7%) + Ar (93%),
Qgs= 10 E/min, Dp.t=300 mm

V (V) 20 25 30

Front
bead

Back
bead

Cross
section

;A
Vi

Figure 14: Photographs of bead appearance and cross-section

with voltage by butt welding

The effects of voltage changes were examined at 20, 25, and 30

V, respectively, as shown in Figure 14. In contrast to the increase
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in the current, the increase in the voltage led to a decrease in the
width of the front bead, penetration depth, and penetration depth
applying upper and bottom caps. In addition, both keyhole weld-
ing and complete penetration were performed under all condi-
tions. At the comparatively low voltage of 20 V, excessive pen-
etration was observed in the bead shape owing to the shortened
distance between the parent material and electrode. At the com-
paratively high voltage of 30 V, plasma welding was narrow in
terms of width owing to shallow penetration. Thus, the voltage
of 25 V, which is below the critical condition of complete pene-
tration, was determined to be the optimal welding voltage.

3.2.2 Effect of welding velocity by electrode movement

An experiment was conducted to examine the effect of the weld-
ing velocity (v) of 450, 500, and 550 mm/min, respectively. Fig-
ure 15 shows the experimental results. As the welding velocity
increased, the heat input decreased. Accordingly, the bead width,
penetration depth, and penetration depth applying upper and bot-
tom caps tended to decrease. However, the bead width was sig-
nificantly wide owing to the excessive heat input at the welding
velocity of 450 mm/min. The high welding velocity of 550
mm/min led to an underfill defect. Therefore, 500 mm/min was
determined to be the optimal welding velocity during PAW-TIG
hybrid tandem butt welding.

=250 A, V=25V, Gs=H2(7%) + Ar (93%),
Qgs= 10 £/min, Dp-t= 300 mm

v (Mmin) 450 500 550

Front
bead

Back
bead

Cross
section

[
e

Figure 15: Photographs of bead appearance and cross-section
with welding velocity by electrode movement by butt welding

3.3 Mechanical properties of weldments during PAW-TIG
hybrid tandem butt welding of SDSS

The integrity of the butt weldments based on hybrid tandem
heat sources was analyzed by measuring the hardness distribution
in the weldments and conducting tensile and bending tests. The
mechanical properties of the parent materials are listed in Table 4.

Journal of Advanced Marine Engineering and Technology, Vol. 46, No. 1, 2022. 02
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Table 4: Mechanical properties of austenitic-ferritic steels

UNS Hardness Tensile Bending
number strength test
S32750 | Max. 327 Hv 800-1,000 MPa No crack

3.3.1 Hardness distribution

As shown in Figure 16, the hardness of the weldments was
measured from the TIG weldments located at the upper parts, to
the PAW weldments located at the lower parts, along the direc-
tion of depth. The mean hardness in the TIG and PAW areas were
calculated as 286 Hv and 287 Hyv, respectively, which are similar
to each other. The hardness of the weldment by hybrid tandem
welding was lower than that of the parent material by a certain
degree. However, this part was evaluated as an appropriate weld-
ment as the hardness value satisfied the standard for the UNS
$32750 material.

(a) Measuring position (b) Vertical direction (Hv)

500

! T
TG | PAW

T
'
[
' '
i 1 '
' '
I o e L
'
'

0 1 2 3 4 5

Figure 16: Hardness distribution for butt weldment

3.3.2 Tensile test

(a)
Photographs

of fracture

shapes

12776
101498 — T

90220
(b) e

67665

Tensile

56388

Load (N)

5110

strength

33832

22555

curve ol

0.000 - - - . - - . - - -
000 200 400 600 800 1000 1200 1400 1600 1800 2000
Length (mm)

Figure 17: Photographs of fracture shapes and tensile strength

curve for butt weldment

Figure 17 shows the results of the tensile test conducted on
three welding specimens by applying hybrid tandem heat sources
according to EN ISO 6892-1. The tensile test involved subjecting
a test piece to strain by tensile force, generally to fracture, to de-

termine the mechanical properties defined in the EN 1SO 6892-1

20
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standard. The test was carried out at room temperature between
10 °C and 35 °C, unless otherwise specified. In the test, the mean
tensile strength was calculated to be 870 MPa, which satisfied
the standard for tensile strength in UNS S32750 despite the frac-
ture of weldments. This result verifies the integrity of the weld-
ments [16].

3.3.3 Bending test

Figure 18 shows the result of the bending test conducted on
weldments, which fulfilled the EN ISO 5173 under EN 10217-7
standards. The absence of welding defects (e.g., porosities and
cracks) indicates that the standard for the bending test according
to the EN 10217-7 specification was met [17].

Figure 18: Result of bending test for butt weldment

4. Conclusions

In this study, the PAW-TIG hybrid tandem welding of SDSS
with a thickness of 5 mm was conducted. The SDSS was applied
as a material for an SOx EGCS in an eco-friendly ship, and its
welding properties were analyzed. The results obtained accord-
ing to the various processing variables are as follows:

(1) Bead welding was conducted based on the PAW heat
source (1 =200 A, V=25V, v =500 mm/min) and TIG
welding heat source (I = 235 A, V = 18 V, v = 500
mm/min). The experimental results showed that complete
penetration occurred at the PAW weldments. The penetra-
tion depth was shallow at the TIG weldments; however,
the bead surface was stable and wide.

(2) PAW-TIG hybrid tandem welding of the bead was con-
ducted under the conditions of fixed TIG welding varia-
bles and adjusted main PAW processing variables. The ex-
perimental results showed that the increase in the welding
current increased in the bead width and penetration depth.
The increase in the voltage reduced the penetration depth
but did not significantly affect the bead width. When the
welding velocity increased, the heat input decreased. Ac-
cordingly, the bead width and penetration depth also de-

creased. However, it is thought that more noticeable

changes can be observed if complete control of the sur-
rounding environment is implemented and subdivided,
and a wide range of variables are set during the experiment.

(3) The distance between the heat sources was established as
a variable, and its effects on the welding properties were
analyzed. The analytical results indicate that this variable
did not affect the bead width nor the penetration depth.
This result was obtained because in the fusion pool by
PAW, the forward heat source was coagulated before it
was affected by TIG (the trailing heat source).

(4) The properties of hybrid tandem butt welding based on
PAW and TIG heat sources tended to be similar to those
of hybrid tandem bead welding. The most sound weldment
was obtained under the following PAW conditions: | = 250
A,V =25V, and v = 500 mm/min.

(5) The mechanical properties of the weldments were ana-
lyzed through hardness measurements, tensile tests, and
bending tests. The analytical results verified the integrity
of the weldments.
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