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A Study on TIG Weldability of Stainless Steel Pipe using
Automatic Welding 4-Axis Control System

Moon, Chan Hee

Department of Marine Systems Engineering
Graduate School of Maritime Industrial Studies

Korea Maritime and Ocean University

Abstract

Recently, interest in shale gas has increased all over the world according to
increasing skepticism about the safety of nuclear power and continuing supply
instability of major oil-producing country.

South Korea has almost no natural gas reserves. Related industries have
been operating around the gas transport ((PNG/LNG industry) and
introduction. The LNG demand of countries like Australia, Taiwan and Japan
has increased by expanding the shale gas development in the United States. In
addition, demand for LNG carriers for transporting natural gas has increased
significantly during the decades.

A number of pipelines are installed the LNG carriers. The production
processes of the pipeline demand much working time because it is welded by
welders. As a result, the work efficiency is reduced and an avoiding

phenomenon of related industries occurs because of realization as 3D industry
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and lack of human resource of welder. Automated welding is emerging as a
solution of these problems.

Pipe welding techniques are especially applied in various industries such as
land plants, sea plants, construction and heavy industry. Mainly applied
welding processes are at pipe welding SMAW, GMAW, GTAW, etc. Welding
quality is determined by the welders at manual welding because it is possible
to apply at all of welding positions. So automated welding using orbital
welding machines or robotic welding machines has been researched to
improve welding quality at pipe welding of shipbuilding industries.

Automated welding has been carried out about 40-45% at the main industry
such as shipbuilding and automation industry. Orbital welding equipment that
welds along the pipeline is developed with effort of automated welding on
pipe joints. Orbital welding system is welding head is tracking through the reil
installed along the pipeline. However, this system is time-consuming because
the rail must be removed if the pipeline is changed.

The formation of stable back bead is very important at pipe welding of ships
or industrial plants. However, direction of gravity, surface tension and arc
force having effects on melt pool changes according to each section at pipe
welding. And welding at all of the welding position is difficult because back
bead becomes the concave face when welding is done between overhead
position and vertical-up position among the welding position.

Therefore, a PC-based four-axis control welding system is manufactured in
order to complement the disadvantages of these orbital welding. The four-axis
control welding system is possible to create database of various welding
parameters, thickness and diameter of pipe and head speed. Also, when base
metal changes, welding is performed with optimal welding condition by using
suitable data. Automated welding process can improve productivity through
improving the work efficiency and getting the uniform welding quality without

skilled welders.
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In this paper, it is attempted to derive the optimum TIG welding conditions
for applying the four-axis control welding system. Used materials are STS316L
and STS304L that maintain great strength and toughness at low temperatures
and have corrosion resistance on sea water. Grain boundary sensitization
phenomenon by Cr depletion layer is easy to occur in stainless steel for pipes
of LNG carriers. Therefore, it is attempted to derive the optimum TIG
welding conditions for the purpose of suppression of defects and failure of
the weld. To summarize the details for this is as follows.

The effect of welding current and welding speed is evaluated on bead
welding of stainless steel. And the characteristics on impact of filler metal are
investigated by changing feeding speed of filler metal.

During the butt welding, the influence of the gap between the butt surfaces
act as a variable. The characteristics are investigated by changing the
distance of the gap after selecting the optimum condition at welding beads.
Also, presence or absence of defects is evaluated through the hardness
measurement and microstructure observation of the weld and heat-affected
zone.

Based on experiments of bead welding and butt welding, gabs and groove
shapes are removed for control of overlap at pipe welding. Butt welding of
pipe is performed. The effect of welding current and feeding speed of filler
metal is evaluated through welding. Welding conditions is also derived by
changing the position and angle of the touch and found though slope control.
The microstructure of weld is analyzed in overlap and the central part of

pipe welding.
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Tungsten electrode

Electric contact

Shielding gas \

Shielding

gas nozzle B |

Filler
metal

Weld

Welding power source

Fig 2.1 Tungsten Inert Gas Welding(TIG)

Table 2.1 The core diameter according with the welding current
and the polarity

Core Welding current(A)
diameter AC DCEN DCEP
(mm) W W-Th | W, W-Th | W, W-Th
05 5-15 5-20 5-20 -
1.0 10-60 15-80 15-80 -
16 50-100 | 70-150 | 70-150 10-20
24 100-160 | 140-235 | 150-250 15-30
3.2 150-210 | 225-325 | 250-400 95-40
4.0 200-275 | 300-425 | 400-500 40-55
438 950-350 | 400-525 | 500-800 55-80
6.4 325-475 | 500-700 | 800-1,100 | 80-125

Base metal
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Table 2.2 Physical properties of stainless steel

. Heat Average coefficient of linear o
Steel | Density DL conducti expansion ey
STS type 3 heat .
type | (kg/m’x10) Uke - K vity X10-8
kg (W/m -K) | 273~373K | 273~573K | 273~973K © - m
. 304 7.93 460~500 | 16.3~25.1 17.3 17.8 18.6 72~74
Austenite
310S 8.03 500 14.2 15.8 16.2 16.9 78
. 430 7.70 460 26.0 104 11.0 11.9 60
Ferrite
447 7.64 500 26.0 104 11.0 11.9 64
Martensite | 410 7.75 460 28.7 9.9 11.4 11.7 64

Table 2.3 Solidification forms with the mode of stainless steel

A  mode Only austenitic solidification

AF mode Primary austenitic + binary(austenitic + ferritic) solidification
FA mode Primary ferritic + binary(austenitic + ferritic) solidification

F mode Only ferritic solidification
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(b) Chloride stress corrosion cracking of stainless steel

Fig. 2.3 Examples of welding corrosion by grain boundary
sensitization in heat affected zone of stainless steel
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Fig. 2.4 Schematic illustration of grain boundary
sensitization by Cr carbide formation
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Fig. 2.5 Variation of Cr concentration by Cr carbide formation
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Fig. 2.7 Time-temperature variation of sensitization curve with carbon concentration

Table 2.4 Cr equivalent and equivalent fomula with Ni equivalent

Equivalent

Author

Creq, Wt.%

Nieg, Wt.%

Schaeftler

Cr+ Mo + 1.5Si+ 0.5Nb

Ni+ 0.5Mn + 30C

DeLong et al.

Cr+ Mo+ 1.5Si + 0.5Nb

Ni + 0.5Mn + 30C + 30N

Hull

Cr+1.21Mo + 0.48Si + 0.14Nb +
227V +0.72W +2.20Ti +0.21Ta
+2.48Al

Ni +(0.11Mn - 0.0086Mr?) + 24.5C
+ 142N +0.41Co +0.44Cu

Hammar
and Svenson

Cr+ 1.37Mo + 1.5Si + 2Nb + 3Ti

Ni+0.3Mn +22C + 142N+ Cu

Siewert and Kotecki
(WRC-1992)

Cr+ Mo + 0.7Nb

Ni+35C+ 20N + 0.25Cu
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Fig. 2.9 Variation of crack length with Cr and Ni equivalent
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Fig. 2.10 Shrinkage of butt weld

Table 2.5 Physical mechanical properties of STS304 and SS41

120

(b) Shrinkage of longitudinal direction

Note Physical properties Mechanical properties
Densit Thermal Coefficient Yield Tensile Modulus of
Material ( /cm%] conductivity | of expansion | strength strength elasticity
8 (cal/cmK) (107/K) (kg/mm? | (kg/mm?® | (kg/mm?®
STS304 7.9 0.04 17.61 26 60 19600
S541 7.8 0.17 11.7 31 45 21000

Fig. 2.11 Angle distortion with aspect ratio
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Fig. 2.12 Welding properties of A-TIG and C-TIG
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Fig. 2.14 Penetration characteristic with welding parameters
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Fig. 2.15 Orbital welding

12 o'clock

flat position
P \TIG torch

Welding
direction

2—

9 o'clock
Vertical up position

3o'clock
Vertical down position

6 o'clock
overhead position

Fig. 2.16 Definition of section
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Table 3.1 Chemical composition of stainless 316L and 304L
Element(%)

Cr Ni C Mn Si P S Mo
Material

STS316L 16.85 | 9.95 | 0.027 | 1.49 | 0.65 | 0.023 | 0.004 | 2.15

STS304L 18.81 | 10.05 | 0.017 | 1.27 0.38 | 0.024 | 0.007 | 0.101
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(a) Schematic diagram

(b) Photos

Fig. 3.2 Constitution of welding equipment

Table 3.2 Specifications of TIG welding equipment

Parameter Range
Main voltage, 50-60Hz 3 X 400V
Main voltage tolerance +-15%
proteclv[tiacl)lrrll(s%\ize—blow) A
Prlmary( fg&%ﬂ&gﬁ) voltage 15.5 kVA
Cos phi 1 0.99
Welding current 3-400 A
Keying circuit voltage 86V
Working voltage 10.1-26.0 V
Firing voltage 9.5kV
International Protection P23
Cooling tpye AF
Insulation classfication F
Length L/W/H mm 625/290/705
Weight 58.2kg
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(a) X axis slide (b) Y and Z axis slide

Fig. 4.1 Photographs of X, Y and Z axis slide

Table 4.1 The slide specifications of X and Y, Z axis

Note Specification
Capacity W 300mm X L 1,710 mm X H 190 mm
Bearing 6205 ball bearing
X Server motor LF12-CB01
Feed rate max. 5.0 m/min
Stroke 1,300 mm
Capacity W 240 mm X L 450 mm X H 240 mm
Bearing 6002 ball bearing
Y, Z Server motor LF12-CB11
Feed rate max. 5.0 m/min
Stroke 200 mm




Fig. 4.2 Semiautomatic tilting system

Fig. 4.3 Pipe rotate system
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Fig. 4.4 Schematic illustration of mechanical section
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Fig. 4.5 Composition of AVC controller
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Fig. 4.6 Actuation mechanism of automatic welding system



Power supply
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main controller(PC)
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welding machine and
AVC system
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Y, Z and rotation
axis, slide and
servo drive
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Weaving distance,

Yes

Welding start
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Current and voltage,
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Fig. 4.7 Flow chart of automatic welding system
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STS316L; v =20 cpm, R¢=1 m/min, a =0°

Bead .
Surface bead Cross section

1(A)

100A

150A

200A

250A

300A

Fig. 4.8 Bead appearance and cross-section of shape with welding
current (v =20 cpm)
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Fig. 4.9 Variation bead width and penetration depth with current
in welding of STS316L (v =20 cpm)



STS316L; v =40 cpm, R;=1 m/min, a =0°

Bead Bead
— Surface bead Cross section Surface bead Cross section
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150A 350A
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Fig. 4.10 Bead appearance and cross section of shape with welding current (v =40 cpm)
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Fig. 4.11 Variation bead width and penetration depth with current
in welding of STS316L (v =40 cpm)



STS316L; v =60 cpm, Ry=1 m/min, a =0°

Bead Bead
— Surface bead Cross section — Surface bead Cross section
I1(A) 1(A)
100A m 300A
ot

Fig. 4.12 Bead appearance and cross section of shape with welding current (v =60cpm)
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Fig. 4.13 Variation bead width and penetration depth with current
in welding of STS316L (v = 60 cpm)



STS316L; v =80 cpm, Ry=1 m/min, a =0°

Bead Bead
— Surface bead Cross section — Surface bead Cross section
1(A) I(A)
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1507 |E— 350A
e ]
2004 e gac

Fig. 4.14 Bead appearance and cross section of shape with welding current (v =80 cpm)
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Fig. 4.15 Variation bead width and penetration depth with current
in welding of STS316L (v = 80 cpm)
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STS316L; v =40cpm, /=300 A, a =0°

Bead Bead
Rfi Surface bead Cross section Py Surface bead Cross section
0 m/min 3 m/min
1 m/min 4 m/min
2 m/min S m/min

Fig. 4.16 Bead appearance and cross-section of shape with filler metal feed rate
(v = 40 cpm)
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Fig. 4.17 Variation bead width and penetration depth with filler
metal feed rate in welding of STS316L (v =40 cpm)



STS316L; v = 60cpm, /=300 A, a =0°

Bead Bead
Surface bead Cross section — Surface bead Cross section

Rf Rf
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1 m/min 4 m/min
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Fig. 4.18 Bead appearance and cross-section of shape with filler metal feed rate
(v =60 cpm)
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Fig. 4.19 Variation bead width and penetration depth with filler
metal feed rate in welding of STS316L (v =60 cpm)
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STS316L; v =40 cpm, /=300 A, Rr=1m/min, a =0°
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Fig. 4.20 Bead appearance and cross-section of shape
with gap clearance (v =40 cpm, R;=1m/min)
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Fig. 4.21 Variation bead width and penetration depth with gap clearance
(v =40 cpm, R;=1m/min)



STS316L; v =40 cpm, /=300 A, R;=2 m/min, a =0°

Bead .
Surface bead Cross section
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Fig. 4.22 Bead appearance and cross-section of shape
with gap clearance (v =40 cpm, R;=2m/min)
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Fig. 4.23 Variation bead width and penetration depth with gap clearance
(v =40 cpm, R;=2m/min)



STS316L; v =60 cpm, /=300 A, R;=2 m/min, a =0°
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Fig. 4.24 Bead appearance and cross-section of shape
with gap clearance (v =60 cpm, R;=2m/min)
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Fig. 4.28 Microstructure photo of weld zone and HAZ in butt welding
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STS304L; /=200 A, v=36 cpm, Rf=1 m/min, & =0°

Position
Weld bead

OO

60°

120°

180°

240°

300°

Front bead

Back bead

Cross section

Fig. 4.29 Bead appearance and cross-section of shape with welding current in pipe welding(/= 200 A)

180°

Analysis position of pipe
(in Fig. 3.3)



STS304L; I=210 A, v=36 cpm, Ry=1 m/min, « =0°

Position
Weld bead

00

60°

120°

180°

240°

300°

Front bead

Back bead

Cross section

Fig. 4.30 Bead appearance and cross-section of shape with welding current in pipe welding (/=210 A)




STS304L; I=220 A, v=36 cpm, Ry=1 m/min, @ =0°

Position
Weld bead

00

60°

120°

240°

Front bead

Back bead

Cross section

Fig. 4.31 Bead appearance and cross-section of shape with welding current in pipe welding (/=220 A)




STS304L; /=230 A, v=36 cpm, Rr=1m/min, 2 =0°

Position
Weld bead

OO

60°

120°

180°

240°

Front bead

Back bead

Cross section

Fig. 4.32 Bead appearance and cross-section of shape with welding current in pipe welding (/=230 A)




STS304L; I=240 A, v=36 cpm, Ry=1 m/min, « =0°

Position

———————— 0° 60° 120° 180° 240° 300°
Weld bead

Front bead

Back bead

Cross section

Fig. 4.33 Bead appearance and cross-section of shape with welding current in pipe welding (/=240 A)
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STS304L; =220 A, v=36 cpm, R¢=0.5 m/min, P,= 11 o'clock

Position

——— 0° 180° 0° 180°
Weld bead

Front bead

Back bead

Fig. 4.35 Bead appearance with position of welding rod in pipe welding (2 =11 o’clock)



STS304L; =220 A, v=36 cpm, R;= 0.5 m/min, P,= 1 o'clock

Position

———— 0° 60° 120° 180° 240° 300°
Weld bead

Front bead

Back bead

Cross section

Fig. 4.36 Bead appearance with position of welding rod in pipe welding (2 =1 o’clock)




STS304L; =220 A, v=36 cpm, R;= 0.5 m/min, P, =2 o'clock

Position

——— 0° 60° 120° 180° 240° 300°
Weld bead

Front bead

Back bead

Fig. 4.37 Bead appearance with postion of welding rod in pipe welding (£ =2 o’clock)




STS304L; =220 A, v=36 cpm, R;y=0.5 m/min, « =F.H 10°

Position

pEE—— 0° 60° 120° 180° 240° 300°
Weld bead

Front bead

Back bead

Fig. 4.38 Bead appearance with angle of welding rod in pipe welding (¢ =F.H 10° )




STS304L; I=220 A, v=36 cpm, R;=0.5 m/min, « =B.H 10°

position

—— 0° 60° 120° 180° 240° 300°
weld bead

Front bead

Back bead

Fig. 4.39 Bead appearance with angle of welding rod in pipe welding (¢ =B.H 10° )
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STS304L; [=180 A, v=36 cpm, Ry=0.5 m/min, a« =F.H 10°

position

—— 0° 60° 120° 180° 240° 300°
weld bead

Front bead

Back bead

Fig. 4.40 Bead appearance with welding current in pipe welding (¢ =F.H 10°, 7=180 A)




STS304L; /=200 A, v=36 cpm, R¢=0.5 m/min, « =F.H 10°

position

S — 0° 60° 120° 180° 240° 300°
weld bead

Front bead

Back bead

Fig. 441 Bead appearance with welding current in pipe welding (¢ =F.H 10° , 7=200 A)




STS304L; /=205 A, v=36 cpm, Ry=0.5 m/min, « =F.H 10°

position
weld bead

0° 60° 120° 180° 240° 300°

Front bead

Back bead

Cross section

Fig. 4.42 Bead appearance with welding current in pipe welding (¢ =F.H 10° , 7=205A, R;=0.5 m/min)




STS304L; /=205 A, v=36 cpm, Ry=0.8 m/min, a« =F.H 10°

position
weld bead

0° 60° 120° 180° 240° 300°

Front bead

Back bead

Cross section

Fig. 4.43 Bead appearance with welding current in pipe welding (¢ =F.H 10° , 7=205A, R;= 0.8 m/min)




STS304L; I=210 A, v=36 cpm, R;=0.5 m/min, ¢« =F.H 10°

position

— 0° 60° 120° 180° 240° 300°
weld bead

Front bead

Back bead

Fig. 4.44 Bead appearance with welding current in pipe welding (¢ =F.H 10°, 7=210A)
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MEE FASUAOH, B FolE AP BT Bhx
FRRo) Aol BT £ ] WEA AR TS T

Eld : Electrode diameter
JSl : Job slope

Tri : Tirgger

Fd.1: Feeder 1

FP : Frequency - pulsing

I-2
: I{current)-1
= 0 A Bt
: I{current)-1
1-S
: [-Starting I-E: - =nd
| G-L : Gas- Low
UPS dsl
GPr : UP-slope down Slope ] ?
: Gas Per-flow time t-S t-E G-H; Gas- High
: time-Starting : time End
A "\ I
| dtl(wire) dt2(wire)
: clelay time 1 : delay time 2
(a) Parameter setting method
2424

96A

e

0.3s 0.64

|
»l

Job1 o ok

(b) Parameter setting in this experimental

Fig. 4.45 Parameter setting method of TIG welding equipment



Table 4.2 Optimal welding parameter setting in pipe welding
(@ job 1 : start and middle part

I-S UPS 11 12 dSL I-E
40% 1.0s 242A 50% 0.3s 30%
JSL GPr CL CH tAC FP
off 0.1s 5.0s auto of f off
trl SPt th tE Fdl Fd2
2t off off 0.4s 0.8m/min 0%
dtl dt2 Fdb Ic

0.3s 0.4s 5mm 0%

(b) job 2 : overlap part of end

I-S UPS 11 12 dSL I-E
100% off 226A 50% 0.3s 20%
JSL GPr CL CH tAC FP
off 0.2s 10.0s auto of f of f
trl SPt th tE Fdl Fd2
2t off off 0.6s 0.8m/min 0%
dtl dt2 Fdb Ic

off 0.4s S5mm 0%




(a) Equipment photo in optimal condition (b) Welding photo in progress

Fig. 4.46 Welding pictures in TIG Welding optimal conditions

(a) Pipe welding specimen (b) Magnified photo

Fig. 4.47 Pipe welding specimens of welding optimal conditions




STS304L; =220 ~240 A, v=36 cpm, R;=0.8 m/min, ¢ =F.H 10°, S§;=5°, S.=20°

position
weld bead

60°

120°

180°

240°

300°

Front bead

Back bead

Cross section

Fig. 4.48 Bead appearance and cross section of optimal condition

in pipe welding
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9 STS304L; 7=220~240 A, v=36 cpm, R;= 0.8 m/min,

P=12o'clock, « =B.H 10
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(b) Middle part

Fig. 4.49 Hardness distribution of pipe welds
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Fig. 4.50 Microstructure of longitudinal section in overlap part
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Fig. 4.51 Microstructure of longitudinal section in middle weld of pipe
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