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A fundamental study on the weldability of super duplex stainless
steel by using PAW-TIG hybrid tandem welding process

Yeo, Jun Sub

Department of Marine Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

With increasing interest in environmental, human and social hazards from
worldwide air pollution, regulations have been strengthened to prevent air
pollution in all areas.

IMO continues to strengthen ship air pollution regulation and at the 70th
MEPC meeting held in October 2016, It was decided to use fuel oil not
exceeding 0.5% sulfur content for all vessels that operate in general waters

other than emission-controlled waters in the world from January 1, 2020.

According to the results of the economic analysis conducted by the
Korean Register considering the payback period of the exhaust gas cleaning
system (EGCS), the installation of EGCS rather than the use of low-sulfur
oil or LNG that satisfies the above regulations is analyzed to be the most

economical.
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EGCS is a method that reduces the amount of SOy that is finally
discharged by installing an EGC system in the exhaust pipe in a ship using
a large amount of sulfur-containing fuel oil.

Although several materials with excellent corrosion resistance are used in
the piping system of EGCS, it is necessary to study superduplex stainless
steel with good strength, hardness and corrosion resistance compared to
austenite stainless steel, which is widely used among stainless steel with
good corrosion resistance.

In this study, keyhole welding using PAW, which does not require groove
and fillers, was applied for welding of super duplex stainless steel for EGCS
of eco-friendly ship, and TIG process was also applied to improve welding
quality and durability.

In order to confirm the weldability and heat treatment characteristics of
the super duplex stainless steel, the penetration characteristics of the PAW
and the TIG process for the super duplex stainless steel were identified,
and the effect of the parameters was evaluated when the PAW-TIG hybrid
tandem beads welding to the super duplex stainless steel. In addition, the
effect of the parameters when the PAW-TIG hybrid tandem butt welding
on the super duplex stainless steel was also evaluated.

In addition, the impact of heat treatment after PAW-TIG hybrid tandem
butt welding on super duplex stainless steel was evaluated through
mechanical tests such as tensile test and bending test, and microstructure
analysis, SEM analysis, EDS analysis and fractional test.

KEY WORDS : Super duplex stainless steel, Solution annealing, Arc welding,
Plasma arc welding, Hybrid tandem welding
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Table 1.1 Prohibition of cleaning water discharge by EU member
countries (Korean Register, 2018)®

EU country Limitation
Germany Inland rivers and certain ports such as Kiel Canal
Belgium Within 3 nautical miles of the coast
Lithuania waters area in port
Latvia Territorial sea and port

Table 1.2 Comparison of fuel price for ship (Korean Register, 2018)®

Item Fuel price (unit : USD/ton)
LNG USD 5/mm btu (USD 238/ton)
HFO (3.5% S) 280
LSHFO (0.5% S) 400
MGO (0.1% S) 460
_ 4 -
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—=— Reference Line(HFO + Scrubber)
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Fig. 1.1 Economic analysis results (Korean Register)®
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Dry Wet
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Fig. 1.2 Classification of SOy Scrubber System (Korean
Register)®
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(EGCS)e] AHgol 3] wolAm gor], EGCSE #AMlE a5 Rajo) we
Ade 7HAoF Atk sl B Aol wolok st HFZHE SOl 7
HAFEd2 2HA 2GS @%??} A7k S.S.M. Tavares et al. (2006)°] <]3
A JAFHAAE, i Ad7E TIG €dE 5oz A3 mAz3, W
4 54 8 A4 = AT A 2 ATl A B 8T AR
S AYs - FAL HAFsw PAW 99 7ELHoZ FRE &4
& & Aoz gAY Wi &4 F4o 7% TIG ddo= 4%=
o

&
PAW-TIG 3te]lBE = HE H=E84S A 3 &
Fo tigk Hl= Y4 =
= "y H=8Hd ﬂ%??} EAS vletstr] 3k

Collection @ kmou



Ae)E Ag3sle] PAW-TIG stolHgE EHIY

=
of M¥, o, g tigh v= FA, Hl= F 5l &9 Zo]

o
2
fu)
rot
Jm
o
I'Ulo \
1=
£©
ol
ol
AN
do
ot

PAW-TIG 3tolBE = ®HIY Stif7] &%
4) FHFZY 2 2 A 2Fdd gk PAW-TIG stolBg= By g7 &4

T g3t ATl e IF HIt

A ARS8 FAHUE HESA Qom, 24 AW mFe A= BE,

AFAP B FYABL AAS JAH SHS sebsta, FeEnG B4,

SEM-EDS®4 2 wglo]E Bg 3lS B3 nAzxz EAL gotslr] 913
- 9 -

Collection @ kmou



A 2% ol WA
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(3) 4J&7 5% (precipitated hardening) 2~H]|<le] 27

d Q2HUolE gYolr] wiol 7tEE stH YEE vEEALo] Y
oA 7FEAS 7L dojdth @ AEE EFol7] YA A& o ZIhy
He zHRIE 23] A3t §&3F 7S PH 2E|/lg=Holeta gt Z4F F
Z8, 53 37 A 5ol o1&H3 Utk PH=E|JAZ =72 Al Ti, Nb
Cu, P 5& Fe-Cr-Ni 3ol #7131, Q2AHUoEES nlZElAlo]EZ HEA
1 3 480 ~566 CollA AN EAZE AN vt2ElAtolE Fof wAg 543t
33t Eo] A EH o] Z3tHt}t. Table 2.3 A&43d 2HAT 2= F4o]
T}

o
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1o
=
5|
2
o <:>\l

J
22 17-TPHZH|QI 2] =7 o1, o]2je] Cu4 %t NbE
Ab
o

TP 17-4PHZ 2 Mo H7lste] 1e3=g @

(4) 27 =HAg =%

L2HUolE - HZo| EA ZHIg A olgt il 31, L AHUC|E A #
ZHolE S Ao 22 IutE 33t L aEHUolEA xH|IQIE 27 oFH
2] 23 2 FA(SCC, stress corrosion cracking), &2)(pitting corrosion) 5¢| tj
Aol bz AL Hch 25Cr-5Ni-1.5Mo7 (IS 329ID} o] 9] w247 d7t
7MEAde MAAZ AERAS] 25Cr-6Ni-3Mo-0.INZ (JIS 329 20)o] uo. &
AEel zEIQlg 2Tl Hluste] ZFErt 5 5% olyzt dAle R HYgolE
Aot 22 Axolth F3ES 2L e &4, dE 9 AF8Y dus
7] o]z, AMubg Bo=7] ylo]L Fof o] RN,
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Fig. 2.1 Fe-Cr phase diagram (Kim et al., 2015%
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Table 2.1 Example of Cr-based stainless steel specification
(Kim et al., 2015)®”

Mark C(%) Cr (%) Remark
STS 405 <0.08 11.5~14.5 Al 0.1~0.3
STS 410 L <0.03 11~13 -
Ferrite
STS 430 <0.12 16 ~ 18 -
STS 434 <0.12 16 ~ 18 Mo 0.75 ~ 1.25
STS 403 <0.15 11.5~13
STS 410 <0.15 11.5~13.5
STS 416 <0.15 12~14
STS 420 J1 | 0.16 ~0.25 12~14
Martensite Nil.25~2.5
STS 431 <0.20 15~ 17
STS440A | 0.6 ~0.75 16 ~ 18
STS440B | 0.75~0.95 16 ~ 18
STS440C | 0.95~1.2 16 ~ 18

_14_
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Fig. 2.2 Effect of Ni amount on sulfuric acid resistance
of Fe - Cr alloy (Kim et al., 2015)“%
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E f 16 rn.J.er) /A////’//’/
%a‘U\: 12 \ 0 ,//,/ ,%
-E % il MHE;EEHE \y 27 %f // Lo |
e 4 o
g % %{t - o+ M 7> Ferrite ()
0 L

0 4

BEng 2 lgeeR) W54
Cr equivalent =

28 32 36 40

%Cr + %Mo + 1.5x%S1 + 0.5x%Nb

Fig. 2.3 Schaeffler diagram (Kim et al., 2015)%%
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Table 2.2 Example of austenite stainless steel

specifications (Kim et

al., 2015)@?

Mark Ni (%) Cr (%) Remark
STS 201 3.5~5.5 16 ~ 18 Mn 55~7.5
STS 202 4.0~6.0 17 ~19 Mn 7.5~10
STS 301 6.0 ~8.0 16 ~ 18 -

STS 302 8.0~10 17 ~19 -

STS 303 8.0~10 17 ~19 -
STS304 | 8.0~10.5 | 18~20 -

STS 305 10.5~13 17 ~19 -

STS 308 10~ 12 19~21 -

STS 309 12~15 RAAZY -

STS 310 19 ~22 24 ~ 26 Mo?2~3
STS 316 10~14 16 ~ 18 Mo 3 ~4
STS 317 11~15 18 ~ 20 Ti>5 X % C
STS 321 el 5 17~19 | Nb+Ta)>10 X % C
STS 347 L s, 17 ~19 -

STS 384 17458 15~ 17 -

Table 2.3 Example of precipitated hardening stainless steel
specificatoins (Kim et al., 2015)%

Collection @ kmou

Mark | C%) | Si,Mn(%) | Ni) | cr%) | cu®) | Remark
STS (155~ | 5 - |(ND+T2)0.15~
00 | <007| <10 | 3-5 [ B2 3-5 )

STS 65~ | 16~ ALO.75 -~
631 | <0091 <LO 1 aws | g - 1.50
- 17 -
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+Cr+Ni
{Duplex structure

E

+Ni+Mo+N
h 4 (cotrosion resistance

— -

+Cr+Ni+ Mo+ N
(corrosion resistance
enhancement)

v

(corrosion resistance
enhancement)

Fig. 2.4 Category of duplex stainless steel (Lee et al., 2016)“®

Table 2.4 PREN lower and upper limits of UNS S31803
and UNS S32205 (Lee et al., 2016)“Y

531803 min. 21 2.5 0.08 30.5

S31803 max. 23 3.5 0.2 37.8

532205 min. 22 3 0.14 34.1

532205 max. 23 3.5 0.2 37.8
- 25 -

Collection @ kmou



Table 2.5 Hyper duplex stainless steel components and PREN (Lee
et al., 2016)“?

532707 | =<0.03 27 6.5 4.8 0.4 1.0 48
533207 | =<0.03 32 7 3.5 0.5 - 50

Table 2.6 Comparison of strength of duplex stainless steel (Lee et al., 2016)“Y

532750,
Thickness 550 640 800-1,000
max. 20mm

532205,
Thickness 485 500 680-880
max. 20mm

S31254, ]
Thickness <5mm 310 340 675-850

$31603,
Thickness <10mm 220 250 515-690
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dd T 7HEE & Fo AEARIHE HHOE HAste AT oJEdE =
T g FA AE Az o]y HW i wet AAFHY. oJdP S st
ol M= 289 A 2 AAo] dojur, AAHe A7le ofd®d A
o 7h& o™, ofd® &9 A Fw XA oEIH. LAHUOEA G
2 Hgo|EA ZE|IQIY 24 HE A ofd® =25+ 1,000~ 1,150 C o],
NZEE 7ol FA O wel EAT A A ¢ & AER I B
ol EAIY wl2EIALOlE 2HIRIE 27 ofdE L AAARTGE FHolE
F3 &slE 228 de Aol HHolnh ofjdy o= ¢ ofdF(full annealing)
= WA o]s} o]d & (subcritical annealing)®] T 7FA #yo] 9tk kA o
Jdg e o ~HUo)ESt 25 RTE o7t 2 QAHUOE A kR ddog 7}
ot LAHUOEAAS & T A8 WA EZHN oA dHetol EYat
BEE 228 A= Aol QAHUE L& oldldM sldsle] ml2ElAbo
EE Basl= HEH o]t o< "(subcritical annealing)2 st 7 -$-ol= Ad)
Koz dA g Agte] AR Y7 £5 & F83HA Y

. #33}

& si(homogenization) *&& 2HUZ24S 7IEste] #49 44 C, P, S
£ 1=/ £E3EF o= dAgolr. 2 Hol 203 HA %= =& H
2 WY 221,200 ~ 1,300 CHoll Al FAIZE 7FE 3tk L 2B Ul E o] B34
3 HgolEA 2HJAY LS AQsluE BE L AHYUOE A JHoi &
S5 FAT

ER= R R

T4 (quenching)¥} =3 & (tempering)& w2 EHIALO|EA] 2 Q@] A7 oA
s)sl= dxgolt) Fig. 250 HAE AHY e HUo|ES &% ojaog 7}
a3 & wEA dZgste] mEdAlolE F25 PN T|= Aol F1(quenching,
Gaeltt. ol wAFxe} AEE AAe 8i4hv A, 25, 2L2H Y]
E3t AZE ¥ Sxolth dEkE Aol viF w7 wf&ol

2o Bl BAHA SRS WHA o3 ojdy LENT O we exo

v}
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A dA st JAAES AT Aol ®lFH Htempering)olth. Fig. 2.63 o]
ZHRIY =AY Axe ®HEE 25 wE 2t g3y =5 A44E7
Agatd A5E A AsIA7IA FomA A4S IEAZL 5 @
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oy oA Ee WIIEFoR AAE mlEHIACIEE 1202 JMEFOEH
OAl L2HYolE 2oz vEd 7HaA33-sE s AAstr] 9k E4YE
7H) Rt kA Aol wel A7 259 AR, dAEEE A6
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Customary Quenching

Tempered to
N, Desired Hardneszs

Tempered
Martensite

Center
r's

Start ofl‘ﬁh_\
Transformation N

M
Finish of
Transformation s

Fig. 2.5 Quenching and tempering heat treatment
for stainless steel (Kwon et al., 2007)“%

Temperature (°C)

5001 T T T T T T

400 —

300 —

1 1 ! ! I 1 1
400 450 500 550 600 650 700 750
Tempering Temperature(°C)

200

Fig. 2.6 Difference of hardness according to tempering
for stainless steel (Kwon et al., 2007)“”
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2.2 PAW-TIG 3lo]B |t By &4 TN

2.2.1 PAW &3 €449 ¢
(1) PAW §7¢] 5%

Zglznt o787 (Plasma Arc Welding, PAW)S 1&0 2 REreE Zgtx

i AEES o83 §4 FHOE Fexnh FHAME YR Fexnt shag

o Re BE Jlart MER FFHEDY, YU SHES FUY £F =3 Yy
of g1t} Fepzrl ofZ AUL o] 8§ §§ SHPW ol NE mE
EY

(keyhole mode) &%= 7}&3sttt. Fig. 2.7 &E¢t=vl 8383 GTA &4 ol
& Ze® GTA XA B2d A58e] od flo =250 a1 48 =
ol of=iet A &5 WAl W ? &
Holl A= 2L} A=SAke)o A7t HojAH d=

G Al EEAH dEol A FAaSY. d8y FekEv) ola g dA = of=a
7V 5 =& Yl FFEH dF s 7HAY] WEd =53 2A Abol <
AY7F AslH g E ofads e BA F99 WAHS Ao WHelA Zet O
Hug Fet2nk ol A8 F
< AYstaes GTA &8 3483 AY
ol1 84 GTA &Y E=3 FeHagdr & 4 doh. ZZ=v ofa 82
Fig. 2.8°] X<QInle} o] o]sly o4 (transferred arc)e} Hlo|3dy o=
(non-transferred arc) §H o2 EF/FHATE ©o|PF of=a &A= B2H A=
o 9= dZsta BA YT 2 A5 A4 EAS 7HAH, H
olg g olaZHNAN= A il F=
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& ol3 &L o|dqy of7d HIEA FFELO] YA FE2vZo| FdE Y
o vt Y RAZF Mr|F oz HIHEAI %

Bl HZ5e] gAY Akl ol 8T & Y Aol AT,

(2) PAW &3 7}

Kol

=
= ZkzolH, BHE Jiies SEtzviet eSS B
= B8 THEEHe ot FEv Vhae S8 A4 HAFSANL T

et ARAoE AESHA @] Brol 4 Fdel mA FFol HriHo

7} Ar JF2(E2EEuE )

Edtznt 7t22A 7HE Bol AMEHE Thzolth EEA JFAEA o))
A]tol wt7] wjioll o= Aol &olstal oA (BT et BH2dE A
= Hoodx Fo I3y dIEE7F B@7] " o = w
eyl AAEY. ZeRe 7bA fF7o] YR How AZ £
&ds 2dsta, FEFol UF wod &XF 7|FH AGH Ago] TS
7] dt.

. Ar(95%) - Ho(5%) 7t~(Fek=vt 7F2~)

Hy= Arol Hlste] dAd==rt 37] W&o €4 dx &axE st 7t
o] FEEHEE TUAIY. 2 Hok 22 2dA BA= of=del osf 4
AR 2 By, 2a9 42947 24 @A WyzhEo] Heyo Ex}
FHE AT AFANA & FEIEE BZA LS SV R

2 Aroll 5% olste] H, & Eststy Abgstd 100% Are ARSSt= AEH
= @Adol dEsta AU Ao Fadn Iy Hye FEA0l & A
4 7tzolBER &r)e] 2A7] AAE, BEX dAR, Y =47 59 Vi
Aol Folekx] gdod Fib Aare 9] o =Y, IS S = Ar
7ttt AHEE "R ©S5EHA, Hok J3Eo] 9o e sl F
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+ Tiolu Zr3t 22 4559 4ol AdstA &

o} Ar 7t A(E3S 7X)

BE F59 AMEE 4 QA 53] Al Cu 3+, Tit 455 &4 A3t
o 2y Are &5E9 freAdo] vy oo AuA s WA,
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Ar-H, £ 7t2e &4 d<E<= S7HM71H, K8 A7tz s &+

ol =9 =
BAEE BN SHEEE AL 5 Utk w9, 8§ I B9 A
DR A §HEY Jh2E A4 AAY F YO8 J1F WY FEE T
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St e 84 el 27 ol9dE ~HUF, Nigk Ni §EE S o
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He= Ardl Hl3)] ¢F 25%A = &3 dE F71E 7FHe=d oA He9] Ol
238 A7t E7] et F2 dAEs 2 Al ¥F, Qu ¥F, 283
o Ti &4 Ftoh

v}, Ar-He 7} 2(R.35 712)

Arel Hes #H7bstA FoAX AFolA ddo] S7tE=H, X 40% o)
9] HeE H7}stodor AAZAC olmde =71 a3& 98 4 9t} He(75%) -
Ar(25%) T3 7t2x= Cu = =& Ti 3% &4 284t

ojflelx= BT Jtae Badl AFEH HFHA 7] wie CO, =& Ar
B CO8 EF 7t2E AEEIE Stk Fepzut 7bs2 He 7h2~E &8 &
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Ao qut AeR oz ALLslT EF 7]E £-= AHLsA g4, o]= He

7h27) Z A de] Zetznl BEo] 22 gely] w ooy,
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AGRFE mAY FA6 o8 AYHEE, A4S b AFES ake 37
Az FEA 08mm olshe] B g WAL Sl AEEE 01~15A
o] mholmE Fetzrh, 25mm oo FAL wA ) o gHE 100~
300A WS kAol Sekzvk, a9 7 PAEA 10~100A W Het

zrt g4 o] A
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ZThznt 7128 HE b= Ar, Ar+He, Ar+HyZb dabdolny. &bzt 4
dEgole & duA Bxe w2 7tx £27F 8757 WEdl AR, Z2
=284 B w2 ST2v 7tE 750 ASHAR, Ekznt S4AM E&)
20} 7k f&o] UR AW eaSol Fsta Iekzne] A= ks
A7) wEel W f&ol e I2al Tk 27| Age M= &
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Tungsten

electrode \
Shield e
Nozzle for gas Nozzle for
shield gas plasma gas
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\ 'n
‘I:I-ézz[e for
, shield gas
AIC'--‘ - Arc
- AR -
metal ) @”z)‘ k—?) ; fatal
(@) TIG (b) PAW

Fig. 2.7 Comparison of TIG and PAW (KWJS, 2007)“®
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Nozzle for
plasma gas
| Plasma
= @) -

gas
. @ \ [
By High
Plasma arc Pilot arc
power unit
(+

Shield
i frequency ~— gas
pow&)umt generator \ 1
Nozzle for
5 I‘ i shield gas
i 1
\ [ |
’i"‘ \ '\‘\\ Base
[ | A
15)

/ metal

(a) Transitional plasma arc

Nozzle for
plasma gas
)
- Plasma
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I (] l 1 Shield
. . gas
Plasma jet ﬁ'elt_llllx%?]cy /
Powg)umt generator \ j
T
L \ Nozzle for
L shield gas
A ‘\_\ | S/
i \
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\ / metal
%

(b) Non-transitional plasma arc

Fig. 2.8 Transitional and non-transitional plasma arc welding
(KWJS, 2007)“®
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222 TIG &4 €99 «d
(D TIG &4 54

7}~ ® 2" ol3 8% (GTAW, Gas tungsten arc welding)2 iL-2oA =X

e MaRAY iU AFRES ASstel AW A Aelo] WAF o}a
2 BAE §844 $UYE A4S, Bad B §HAE FEste 24
St GA &A1)

gty BAe] &gF B2H AF559 4kgE WA S
54 7F~2l Arolyt Hege AF83t=E TIG (Tungsten
2715 gt GTA 8412 ZE S3-AA H8o] 71
=1l 84 F4o] FstEE 4ty A3t Fol Wz A

2o &4 2 3&E of= = 3 of AHg¥ET dEE=E
AT ol AHRIY A, dFrE e 59 &3 AEHAN, Tk
He ol3 8% (GMAW, Gas metal arc welding)oll HI3}e] &HEZ=7F =g]7]
ol AAAE-E 2k GTA &3 A2 &37], EX|, HaVl2E FA4 5o
o wzt &7 5 AAE AHETH. GTA &471= AARFE A

i
y =
&3t7] WEol B AF I otas & HAskH, ofadold FHst

i o
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=
i
i
e
o
—o

il

A ERHAF7E LA FAHER 2Ae 5% 53] &Uol dEsA =
JSA(DCEN)S AHg3 o9

2
2
e

o] gol /A BE mA
S4(DCEPS 83t A3 Rk BAd] dol HA ¥

WIAEE GRG0 ZASEE W S A, YY)t WAL
Aste 4RuE 5o S0l Aok 1nE FYAAL e

ShAl 2 dnt gate) M E EAY &5F e SVHAA AUAEE =0l

'El__oﬂ T [e)
o) Ae w5 Y AgsAd, IFHE AgsE Ao AFBAA
AzLe] WrEo] HArsE g7 Ee 4SS EF(ThO,, Thorium dioxide)= 1~2
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e AFHANA AHgEHE A

= 95 = 5% 3 g=74
=S4 BF, A58 2 dAnkste] 9% FHE ARRIT HAS8-9 Pl
ob= ol ¥ FH, A=¥ 29 457 /g5 E &829 Zo| St
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et oA E B3 Vt~E FHstY §&FE Hoslof sttt Ao
Aste A5l viEe] FEFS 7] 4FEE Foslof s, BE 7txE F
3] FEFAE 7|2 4hstel] ofg EiFo] WA BRI Tt~ AATE R
S R AAY EXC BAVE Q' ZolBE o|F Hpsteiof p Y,

(3) TIG &4 W

7h F8% A=%
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o slstel Qeel AASIH, GTA S4IA 245 S0z kel 4
F7b ARHW otagolst Wl AFE APtk SHALL of= Aol
of ostel AR, okaPolst FuksE £ WYL HPHoE Frluch
FHAYC] Z75hE APl F/HIEE BA) FFFE F7b AU of

Aol7l dojel we} ofAst 92 HALE ofade] EiHo] HE Zo
ZANAT §Yo] Aawth urow §9L F/AAY A8 ofagolEs

2 s ASol §8Eo] ol HH7] wE
A2 HAE35A %E% Folsteio dth. AEEHE] AL AVCE A&
sho] olarolE YA FHAAF BT,
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22.3 stolBE= 9y &3 FF R ZEAX

ol HEE 832 F /) o) dds FYUS A 2 A &43e
ogX dY Y AYA a3E SUSAA 1FE - 18EY] 8BS Adse W
ojth.

(1) #olA-ol= 3lo]lHTE &F

drtd oz golA ®leo Foed AT aFgATded H

3 o] AVNAEEI e ARE Frgol 2ok

e wesn Yoo F5EL Ao ¥ALrd wasd 2}
. oty A28 AU olgdhe] AR HWRS AAAPORR HolA W

rlo
>

olg dYLS ZFA9 ALLSl= Fo]|A-ol=3 dlolBEE £Ho] A UwA

e &40 thFEES AA st Jot. Fig. 2.9 | A-MIG 3}o]
HYs 879 RAEE ekl Ao MU} MG 8 2olo] Abo]o] A
obzi7} WAEW obzol ojs) ALl A B holols} SOl S5
b ggEn. olg obzel YA sl eA FAEEs Gugs £

of §-geElolA FolA W Frgol FAH A& WA goldin 2
o §9lo] o] Fofzith #olA-olA FolRYE £ 9o TEAU BHL
9% ZAzte] AHE FASAA dolA D oka §4% BAY vHL F23)
= ol 98 5o @olA-MG stolues g A%, ztzte g4 A9

S4e U Aste $H4L PPN Table 270
4 Z2el3 stoluels §4A9 4 WA Uehith MG §4
A AR A71A ofat mAIS AT sholo] AolelA WAl B fAH M,
oful WA of=] o) Stolo] I mAE §gH} FEA FHHL §
o] AAHE MIG §HE ¥ S%8 2 £ Lelw we FAue gHow
Q8] @A TIGS HEol 714 wol zolx gt Motk §7/hAsh A

SAbololl A AR ol o3 =02 ALgH= okolort SuHo &8
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2 o@aly] WMol S Aol EAFAE §§ sholoizt AL
@ 4 BA ERE /AT YTk B B $3 52 9
7b skob 4ol Atk aet MG 84S

28] &9 Zolsk Lol Tl el £AL AT AL,

I ] =
o] Astst= TUIR AR = T £ w2 dEHo= Js) &4 F H

Fol A7 3 SFFF2 2 Hol =3} F
3}

oft o

Atk WA HolA & &A= o HFH =L oyA 2 &
Jds 71E c

g7 Jbssith old¥ AF SHL ES o AHME Hl(aspect

o 7H §HEE Y, ME SE2 ol

$He P&Y AUAE Agey] i AFHTA St 9Y FHoE ¢

Fo] @3 vkol TR =77
o

A2 8l dolA &%

Al At EANA aFHe) ST :

gdolA 42 Itz os AdEgHom AL BASHA HY &5AU 9
S8F% Fo] EFA AvH (undercut) A (ungerfilDe] TA3IA =
oh R Je] Abejzrt |WE A7) wiEel FEd e TAAHCIY Tteles
o= 3oy st7] S A= Si] f1e A FAF oA 24 mve
2 EAsNoF stH, REef HolA W Ak AARG Z Aol EAE A5 dlol

A ®lol A4 Alol2 FHsto] oA EHo] dojur] wEo] &3 o] HA &

= AR AT =3 FolA §HLE FHA JtER ds S5 <&

o] @At BAE AEH7] WEo] §HR FBH A2/ FHHEE
gol Z7beste WS /AT YUtk wolA-MG Stol B = §HE olHF
o)A P ojze] SHL AFFo A MG 4 &b BF D b= o3
A He ool S5y Mol A BalA aRst AH, ol FAo
2o oux BEE A Aol §EAC) 2AHAA B e £ L 0
2 SASESE 9 & At solne= g4 BAY FFAA s &3
S8 WA sel Y-S FPAYL YIS Yo WP L vATE
A A ge 97 AN Haskse] §H FUL FYAIE Rop?
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(3) Z2t=v}-MIG slolBE= &4

Eot2nt ofaE HolA et fFAEHA Ae &]do] THed ol &RVIMOE,

g o)A -o}3 stolHB =S} FAEIA Ze=zul ol3 9 TIG 2 MIGE 3fo]H.g)
T3 Ae 2e &S el ol&skA Fa o35l MIGY upgZEol of4E
T/dste] &3 ol e B A7l ERHFAC AdE aHE Fof HEFHY
5o &&= WHE MEHAT. Fekze ofa et MIG 83 3748 0] shve
EXo A3H HAEH=E, ¢ Au ngox S Y F e FHE UL
A &3 EX9 UFR= MG 83 gtolojrl EX Y T A2td AEE |
I oRkE ol E AR FHtY FEEHe TERE
efo]oj &} A Apolo A WA= ot A= T B
A2 ERsth £47t2E= MG 84S o}
of2 3 IE|1 AEVIAEHN of2F T o2 /A F TYPIIAE AMEEA Al
T Fx2 EX o FFAT,

Fig. 2.11% #o] Zet=nul-TIG stolB = HY &3 JeHx= EAgt. 7]
9] stelBglE &M E 45 & FHolH, A3 A Sg=niet 33
AU TIGeR] Abolell ko] EAjsl, Fet=vt 493 TIC €9 25 9§
A= BAe AA4E fFASL 48 AHEsHA oge AYd &35 AH&S

.

_47_

Collection @ kmou



Laser
beam
D-epg Slted GMAW tCII'Ch

thickness

Liquid weld

1 metal r. s
' ' keyhole

Solidified

weld metal

Welding ———

direction

Fig. 2.9 Schematic illustration of laser-MIG hybrid
welding (Myung, 2015)“?
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Table 2.7 Advantages and disadvantages of MIG welding, laser beam
welding and laser-MIG hybrid welding (Myung, 2015)“?

MIG welding

Laser welding

Laser MIG
hybrid welding

-Proven technology
-Low investment

and operating costs

-High energetic

efficiency

-Increased welding

speed/penetration

-Minimized heat

input — less
distortion and

multi pass
technique

-Low welding speed

and positioning
requirements

-Use of filler wire

— decrease in
productivity and
process stability

-Good gap bridging | -High welding speed gl;ggsgructural
ability ‘Low heat input — -Improved process
Advantage -Filler wire less distortion stabilit
8 transferred by the |-High weld depth to T fy £ fill
arc width ratio — ' yansber of 1 erf
-Influence on deep penetration wire by means o
solidification the arc —
structure influence on
- Cleaning effect — zgtdclgﬁaetlon
removal of oxide
-Improved gap
layer o -
bridging ability
-High investment
and operating ratio
-Lower energetic
-High heat input efficiency
— distortion -Narrow fir-up -High investment
-Small weld depth tolerances and operating costs
Disadvantage | to width ratio — -High beam guiding | -Many interacting

parameters have
to be optimized
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FSW tool

Shoulder

Trailing

edge Leading

Pin edge

Fig. 2.10 Schematic illustration of laser-FSW
hybrid welding system (KMOU, 2011)®”
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direction

/

Fig. 2.11 Constitution of plasma-TIG hybrid tandem welding system
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A3 AP
31 243 As H BA

311 43 A=

AB7 A FUHE WIhE AFFAE FAHE AFS A4 A5
2 Ags, A5 FY AF B NS A8 Bl »
b9tk B AL Ut 2EQle el 123840 Be %o 2EF &
o UAL gol 229 wstel 2 AFHS FH A F

227} (Duplex Stainless SteeD®] Abg-o] IHEHJI, I FolAE Lyt F=9
2HRJAY 2 v A5, SdBd, 24 FFS 5o 74 AR PEE F

o

M & 9 8 &5
o

24 S Zokll A Bol /‘}*‘lo}L ol F7¢ 5mmE A&
Fig. 3.17 Zo] 300 mm x 200 mm& Aale] A&t THe34),
o2 26912 22 7HUNS S32750)8] 71A1H =4 Table 3.1614 3t

A& Table 329014 z+zk 39 & <= gt} dulx o g SZal~ ~gQl
s
o

-

>

go] e EgolE 2 agun FErt 2L e AFY vl
Astel 71Qlske Hot av, FEAs el a7

oo S Bt EF HASEE, T Aol

oo

rlo
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200mm

Fig. 3.1 Schematic illustration of specimen

Table 3.1 Mechanical properties for wall thicknesses up to
30mm of austenitic-ferritic steels in the solution
annealed condition (BS EN, 2014)®V

UNS S32750 550 800~1,000 20

Table 3.2 Chemical composition of austenitic-ferritic steels (BS EN, 2014)°"

UNS
532750 0.35 | 26.0 4.5 8.0

0.030 | 1.00 | 2.00 | 0.035 | 0.015 | _~ - A~

_53_

Collection @ kmou



312 43 A=A

B Ao A& Table 3.3% o] v =873 Table 3.4} o] grojr]-&H ol
thoFslt z7e] PAW z7o] A& glon, Table 359 o] SdWMsst 14
TIG =% 3 2&5AH. PAWE &3t 71& o= shines
Asta, TIGE A &3st] AHPIEE &Xste A= Aol &3 o] 4
A}t PAW-TIG stolBgj= ®IE &3 AEH AHl= Fig. 3.29 Zoh
PAW process®] -9 A7, A%, 8HEE, KoVt~ BHEvts 43 2 A3t
AeE RS Hgdgon, AU ALE PAWS TIG 49 Atole] Azls
omgit} stolHYE &I} HE 2 = S ik
71 98 AE8H7) 2 HAAYE 250mmE A AR =3 Fig. 3.33% 2
!

o] Ax = WellA 1,050Ce L& 308 9k

i

op o

d2 e EAE
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Table 3.3 Condition of PAW process for bead welding

50 20 300 5 300

100 25 400 Ha(7%) + Ar(93%) 6 320

150 27 500 7 340
PAW

200 30 600 3 360

250 33 700 Ar(100%) 9 380

300 35 800 10 400

Table 3.4 Condition of PAW process for butt welding

200 20 450 250
PAW | 250 25 500 Ha(7%) + Ar(93%) 10 300
300 30 550 350

Table 3.5 Condition of TIG process

TIG 235 18 500 Ha(7%) + Ar(93%) 25

_55_
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PAW-TIG
controller

=
—

Fig. 3.2 Experimental equipment for PAW-TIG hybrid tandem process
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1050°C

30Min.

(b) Curve of heat treatment
Fig. 3.3 Condition of heat treatment
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32 4% 3 ¥4

321 A¥ W

Azl el MEgAs gugHon APe WAsATt A= =W
=

>
o

o Bege AAI S oHE U Wgee Agse] AAARE APt
th. @A PAW-TIG StolBgc WY $HE ol§d 257 MEGHE 53
%3 FEes sEQlYage] U PAWS TIC 99e) 54 o %M% 33
oFshga, o F PAWE WA Hgska 9 A HelA TIGE H§F soln
A= WY MEgAe Bl Selnds n g4 Qo] Medel M
JEFe 0 STk MG D71 H A PAW G Fepzv spai
100% Ar 728 AE3Q5, BE7F2 A9 MEGH A 93% Ar 7h=(%
F2)Sk 100% Ar 7h2E AHgShel REZt2h §A6) MXE 9L HUAsg
om, Bl 64 A 9B3% Ar hAE Agshath Ro71 84 A 877 e
AL EHL ANHGOH, AR Aole I gola, £ P FE U
Azel WPL 7] A AR FE L el AAHE HASHh MES
ol th3t PAW-TIG stolnel= Ay g9 93 dotns] 913l YL
BAE §H AF LAY, Y9F L $4 S5 VAW §HEE, BIs
S BEE BEJls FF L AYF 29T SN uY AU §7 Ju
AE Polus] 945 PAW-TIG 99 2+ AE W52 2 §3tarh MEgHY
A9, ole 2w 87 A4 Fol vEsA A 84 Wse AHxAL =
2 SH9a FYT Az AY P/SFS ASH RS B
$4 274 432 93 84 A% % A% $H S5 PAW-TIC $HEY 7

AW, ol@ 3 BHS 3l sk I Hs
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32.2 ¥4 WH
(D Algdd A 3 oA

A LHEE Ay] Y AHe £FH AFHoA 100mm AP = A
mm FAC2 AYPHS AFHsIFoH, v st 84 AlY
#H A3 =A== Fig. 3.4¢ Fig. 3.50014 zZ+7 gelsk 4= gl

S8 mAl dAvtE ARl AW AnpE F7}
2H+30% S7) WelA DC3V A
% Fig. 3.6t 2ol A@we) Pude BB

(2) BlAZ2Z AEAY

4745 A=A Pe Fig 3.7% o] Shimadzu HMV-2T mlela & WA~ 7
T AE7E AMgEe PAW 2 TIG Z+ &3 %o g Z ek 4 -
TIGH-¥ %}T PAW7ZL A o] Zlo] W A=E SHs o
% 100g, FAAIZE 1022 AASIH 3, Fig. 387 o] & W3 AL T
2A ZREYH 7]F 1mm ol A PAWE EA| sFEW 7]F& 1mm 9ol A
500 m A o2 247 A E Qo Fig. 3.99F o] Zo] urgke]
HE AGEE PAW &35 3712 500 m 7H4 o2 =AU

Q) mAzd #F % 4R

E AN mAMzx2 Az 3 dr) A (optical microscopy)et & AFFAf
& n) 7 (SEM, Scanning electron microscope)Es] F3Eom, AldH %32
T4 AiEs 487 sl AAFAF dnlAddd FAEo] le EDS (energy

dispersive spectrometen) S AFg3tRth 18l H3 & AAHS 93 BF A
@ WH<d ASTM E 562 dxbell whel A e IS4 AA=E JAH =59 o)

= =55 & 229 gdid oA H %, A AT FY9 Wl &
st ZRIE & Add o tiel Al4tsta Hastste U= wA 72 A
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200mm

Fig. 3.4 sampling position of bead welding

’ ’ >
[ " |

200mm 200mm

Fig. 3.5 sampling position of butt welding
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Penetration

depth

(a) Bead (b) Measuring position
Fig. 3.6 Bead appearance and measuring position in weld

Anti vibration stage

Fig. 3.7 Photograph of hardness tester
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=

PAVW Zone

e |

Fig. 3.9 Vertical direction for hardness test

. o

L &

. \a

300mm

Fig. 3.10 Schematic illustrations of tensile test
specimen according to ISO 6892-1(BS

EN ISO, 2019)%?
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g g

-
-
=
-.._-..
g

Fig. 3.11 Schematic illustrations of bending test
specimen according to ISO 5173(BS EN
ISO, 2019)%

200mm T 200mm ]

Fig. 3.12 Sampling position for tensile test
bending test
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A4 49 23 3 17

41 SDSS Az thg PAW 2 TIG €499 &Y &4

411 PAW €49 &4

Zetzrt 4 (plasma welding)2> &E2k=rk of= &% H(PAW, Plasma arc
welding)ol2tal = &EEjo] XL Stk o7]A %E‘ré‘j}a‘f Z1A|8] &=7F F7tst
A 7AE FAEs e AR B A9 s Eel ST R F=ol 9
sl Ak HelF HATE oA o] 23HT, o]ef o] o]23H JIAFE
2ot g2k B A1) Aol mEk o8 FHor FEskH, ofa&
HollA deo = AMRHE otade 5¥HS 4¢E AQlstal 10A oo 14
FHoll A BAst= ET2ntE BT olas ASAR, BT 7tx, Y
ThFRE AAfol]l ofslf FFe AT, A= Afold of=vp EA st F=¥
= Abolo] At 71€7]d A7 (electric field, Vim)o] YA #k ooz
sfoF ®pdo] AZHEG. A7|Fo] FUkst] WS ApoloA wrxdo]l AlZ+H
NA AFE S7HA71H AZLd osl Eet=rte] 2571 F7ksto] 71414 o]
=37 dAstH A S8R fAEH. old= 7@7]2423 SolBER o]
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Aol otdE FHERFE Whstd O HAo] A TR 2=
Fesle AZol A=, °olAS €34 WX &3 (thermal pinch effect)ztal &
o Zghznt ol A5 WAL A Wbz o =m TIGotA W2jo] A&HH, ¥
2" AS8S FEE s Wi fxkY. Sgdz2nE HAANTE T2
Zh2eol= dRbA o2 olEi(Ar) Ev olEdd FAH)Y EFTIAE o] &3t
2 7|28 HIstes Horties of2d 5o B84 728 A
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23 AF) FoA HlAREAY B2uHdS3 2A Alolo] ofaE WAAA &F
st WHozHA, TIG €739 (tungsten inert gas welding o2 HF=27|= 3ith
3 5F ol Wd Adste &7HAY Fu X0 wEt 2AY &8
ZH3A AojE F = Aol St} Fig. 4.1b)e} 2o &§Fo] Hi &F
Fdo] F& Zo] TIG &4 Izl S0t

E A= Zek=rt S-HPAW) EL(7=200 A, V=25V, v =500 mm/min, G =H{7%)

+Ar(93%) 7 TIGEH B(/=235A, V=18V, p=500 mm/min, G = H(T%)+Ar93%) S 7}7}
o]-g3st] HIEEHS AT F BAHFY AH, ojd 9 o 43 BE F,
£ ZHol W A/ cape xS HA & ZHol SAHES T3 PAW EdF
TIG €44 §4<= v A8ttt smm F79 3
s vi=84 Al Fig. 4.29F Zo] PAWS] AH$- HE= Ja}
= 5mm(&A 89, A/EE cape 3 AA 8<% Zole 5.82mm PO,

TIGS] 7 Pl=Z2 10mm, &% zolsk B/sHt capS EF3 A

4 &
o] =¥ ledmm= 574 Ho A#FF &3 AT B HI neFo) &
A gdo] o] Fox PAW €9 ©@=8Fo] 7led AAHH Holuy, &HF &
As B4% A3 BEALEIE o)A Yk 857 ol EAEY Ho @
& dfFH@undercu) @ {2RZ(underfil) Aol B vERTh EGCS, At
A S FEME ALEHE A a5 FAo dis) & A2 & A= R4
dol F& A Fmolojof &tal, FUFH LR AEHZR] g AL F A=F &F
W TAE Folokstr] wiiEe, 84 HIEZRE HWorn &3 FEE T
TIG -3 A stolBg = Y s 835 §HZZAAE Ao &8

5]
stk &, st PAWEH ez g3k, ARE TIGEULR §38 7

sttt o, B AFoA = PAWS 7} W] tig HAxA AEES 93
Al TIGEH =712 Table. 3.5¢F #Zo] 14 o= MHAsta, PAW o
T M7 AAN ATE I PsA
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Process
Bead (a) PAW (b) TIG

Front
bead

Back
bead

Cross
section

Fig. 4.1 Photographs of bead appearance and cross section
at PAW process and TIG process
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Bead width
Penetration depth

10
L
0 . - e— V — T

PAW process TIG process

f—
2
1

[a—
o=
1

o.a]
1

6.73

Penetration depth (mm)
Bead width (mm)
IS o

]
1

Fig. 4.2 Variation of bead width, penetration with cap,
penetration depth at PAW process and TIG process
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4.2 SDSS¢] PAW-TIG 3to]BHaE HY &4 xAY H&8F EA
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30V, 33V, 35 VE AHglo] AXHA, 7]1& £H T ¢ o)A Fold 4 Utk &

Agkol 20V A w, ¢ §9lo] o] fo] Fow, T We| HEEL 106mm ©
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PAW, Bead welding : 1'=25V, v =500 mm/min, G;=Hx(7%)+Ar(93%), Q=10 £ /min, Dp_r: 300 mm

I(A)
Bead

50 100 150 200 250 300

Front bead

Back bead

Cross section

Fig. 4.3 Photographs of bead appearance and cross section with ampere
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PAW, Bead welding: V=25V, »=500mm/min, G = H{7%HAr(93%),
(s = 10 £ /min, Dp_r: 300 mm
14
Bead width
] Penetration depth
12 - E:{Penetration with cap
] — —i —
fg N .J
VIR
o
£% o
" & ]
q'J -
o
21 Full penetration
] condition
0 T ; T i T T T ; T T T
50 100 150 200 250 300
Ampere (A)

Fig. 4.4 Variation of bead width, penetration with cap,
penetration depth with ampere
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PAW, Bead welding : /=200 A, » =500 mm/min, Gs=Hx(7%)+Ar(93%), Q=10 £ /min, Dp-r: 300 mm

VV)
Bead

20

25

27

30

33

35

Front bead

Back bead

Cross section
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Fig. 4.5 Photographs of bead appearance and cross section with voltage
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PAW, Bead welding : /=200 A, »=500mm/min, G =HA{7%+Ar(93%),
(s =10 £ /min, Dp_r: 300 mm

14 _
Bead width
] Penetration depth
12 - Penetration with cap|
J '/.——/. — i u
~  10-
Ea |
= E
ERCERE
oy
T -
o g
=% 6
F=le’ E
<
E g 1 ‘\‘\\‘—‘—‘
=
& ]
) Full
penetration
1 condition
0 —r r 1 ftr r T 1t * 1T t T T 1

18 20 22 24 26 28 30 32 34 36
Voltage (V)

Fig. 4.6 Variation of bead width, penetration with cap,
penetration depth with voltage
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| S5+ AR, AdH A 8HF dEE, E9FFY He 2 3
&S T 9Fe Fv WHFolth B A HFRE Ea
PAW-TIG stelBolE ®IE &3 A, 88 £&57} H|X+=
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PAW, Bead welding : /=200 A, V=25V, G, =Hx7%)+Ar(93%), Q=10 £ /min, Dp_r = 300 mm

v (mm/min)

Bead 300 400 500 600 700

Front bead

Back bead

1 0mm |

Cross
section

Fig. 4.7 Photographs of bead appearance and cross section with welding speed
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PAW, Bead welding : /=200A, V=25V, G =Hy(7%)+Ar(93%),
(Qes =10 £ /min, Dp_r = 300 mm

—— Bead width
14 |—@— Penctration depth
—#— Penetration with cap
12
§ 10
o' g
T 3
52
£ 3
L
]
o,
2 Full penetration
condition
0
200 300 400 500 600 700 800 900
Welding speed (mm/min)

Fig. 4.8 Variation of bead width, penetration with cap,
penetration depth with welding speed
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423 &4 B37l2e T7 799 ¥

&4 BR3Vt22E B84 7129 Ar, Ar+H, Ar+HeZ dwtd oz A3}
3, BFY Koot 2ug A A T3 #ddEFH 7] e &4 B
7t2=o] FRek fdel tiy Aol Eesid. Abgstes Aol wet &4 R
7b2o e 2 &3y, B APdA e Ho(7%) + Ar(93%)2F Ar(100%) 27}
, T2 5~10 £/min FHE HEsAT WA &

S dolrR7] 3], PAWY &3 R3SV~

(G= Ho7%) + Ar(93%)¢} Ar(100%)= WH3tE F3low, A/ 200 A, HHV)
=25V, &&=+ 500 mm/min, 57 L/E Qe 10 £ /min, PAWS}
TIG €9 7+ AgDpp= 300mm=z LA AASIH T PAW-TIG slo] B g
c HY 8% A, PAW €3 B3/}~ 279 Wil w2 J3S Fig 4.9 2
Fig. 4103} o] A& < 3. g& WHyso] §d3 FXola, &3 K37}
25 Ho(7%) + Ar(93%)¢} Ar(100%)= WSIAIZ o Hy(7%) + Ar(93%) Xl A+
HEZ2 11.14mm, 8% Zole 4.03mme} /s cap= X3 8¢ ZAole
4.38mm=z A FHSom, Ar(100 %) =A< HIE=Z(9.64 mm), &
(2.95mm), &/8tF cape ES &Y Z°l@B3mm) SAHA Ko § Y ¢ 2
AT =7 EAF A9 GHRE Sl A3 AHA A= Ho7%) + Ar(93%)2]
|3 vi=rt O #dsiA ustew, R Fols Hi(7%) + Ar(93%)°] 74+
PAW @A 7]1& &3-S YEFSAT, Ar(100 %) 79 PAWA 71& FH
of A=A &yt ol & FEA9 Aol AE A3 ARt O &
O R sl o2& Thof vl FAE THI RIVIAE ASFOEHN &
Ao A stE T4 A AFA YA oA TS F dEFs E5 T 3
7] Y Eo 2 AlgH T}

o2 &3 HIVtx {7 W mE IS dotrr] fs PAWY
F(Qp)= 5 £/min, 6 £/min, 7 £ /min, 8 £ /min, 9 £ /min ¥ 10 £ /min A=
HalE FAow, AFODE200A, AGd(M= 25V, EHEE(w) = 500 mm/min,
Bo7t2x FR(G)e Ho(T%) + Ar(93%), PAWSE TIG €€ 7+ AZ(De-p= 300
mm=z FY3A AAsA T PAW-TIG 3ol = aly &4 A, PAW &3 =

|

2

S
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PAW, Bead welding: /=200 A, V=25V, p =500 mm/min,
(Qes = 10 £ /min, Dp-r = 300 mm

Gl (79%)+Ar93%) Ar(100%)

Front
bead

Back
bead

Cross
section

Fig. 4.9 Photographs of bead appearance and cross
section with shield gas
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PAW, Bead welding: /=200 A, V=25V, »=500 mm/min,
Qs = 10 £ /min, Dp_r = 300 mm

12 [ ] Bcad width
11.14 [ Penetration depth
107 9.64

[vs]
1

Penetration depth (mm)
Bead width (mm)
-~ o

0 -

H, (7%) + Ar (93%) Ar (100%)

Fig. 4.10 Variation of bead width, penetration with cap,
penetration depth with shield gas
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PAW, Bead welding : /=200 A, V=25V, » =500 mm/min, G;=Hx7%)+Ar(93%), Dp-r =300 mm

. Xgshve IR 7

Front bead

Back bead

Cross section

Fig. 4.11 Photographs of bead appearance and cross section with shield gas flow rate
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PAW, Bead welding : /=200 A, V=25V, p=500 mm/min,
Gs = H(7%)+Ar(93%), Dp-r = 300 mm

—— Bead width
12 - —&— Penetration depth
—&— Penetration with cap

.—’-/4\-/./.

—
=
]

Penetration depth (mm)
Bead width (mm)
.

oo
]

Flow rate (L/min)

Fig. 4.12 Variation of bead width, penetration with cap,
penetration depth with shield gas flow rate
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42.4 PAW-TIG + &3 €4 19 Aol B & &

71E9 dolBHg = §H(ex. olA 84 + MIGE) = thE AMEL stolBg
c dyg &HAN2EE A&ste APeE AFs &S fs PAW &3 A9
TIG 84 ZA te] A Aol He2 ALHJY & FdAAe w7
2 2H g 27k PAW-TIG stolBgle 8 &4 A, PAW-TIG & €549
b AT vAlE dFS dotRr] Hs AE = 74330} itk 7 &HEd 1t
AYE A3 dUQd PAWS HAIH3 T3 I G A=% AtolY AYE
ojmigitt WA &HEY T A WEld mE FFS dolEr] 3, PAWS}
TIG €9 7+ Ag(Dep+= 300mm, 320 mm, 340 mm, 360 mm, 380 mm % 400
mm 2702 AIE FAom, AFDE 200A, AF(MNS25V, 4 H=OE
500 mm/min, ES 7} FF(G)= Hao7%) + Ar(93%), BS 7t (02 10 £
/min FLsHA AAsAT. PAW-TIG stolB o= ®IE] &3 A, PAWS TIG &
ALY 2 Aele Wste] BE 4Fe Fig. 413 9 Fig. 4.145} o] 31 4
AT OE HyEEo| 53 X0l TIG €4 7+ AgE 300 mm
B 400mm= F7HAZ o] AW "= F7F &9 Zlo] B A/ caps E
o3k &4 Zo] Wl AA FFS HHA S5 °d B4
B RE Ay z7dolA PAW HH9 7]1F
e Foust dae ol o|EF 2
3E7] Aol 33 dHdo] FHEEO §%

A% g3 A A A 4E

|

fof
o
o F oo 50
y 35
2 = O
rm*% ?% yfl H
s ﬂ [‘_,_'4
= 30
© X
o
0?0 o
do o
M4 o
o
kv
o

r[r

o
Md
2

2 A8 A& AZE 7A A
, Ao A 300mm =13 Ho A<l 400 mm =4 H —1\5'3}74] 2
HAHdE T3 3 &5 ddQd TIG7E A &3 d4d9 &% =
7] Aol PAW &5571 olr] o= A= i) 3dd deHdes & 5 Atk

N oo
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PAW, Bead welding : /=200 A, V=25V, »=>500 mm/min, G;=Ha(7%)+Ar(93%), Qs =10 £ /min

Dy(mm)
Bead 300 320 340 360 380 400

Front bead

Back bead

Cross section

Fig. 4.13 Photographs of bead appearance and cross section with distance between PAW and TIG
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PAW, Bead welding : /=200 A, V=25V, p=>500 mm/min,
Gs = Ho(7%)+Ar(93%), Qs =10 £ /min

12.0
—8— Bead width
—&— Penetration depth
—a— Penetration with cap
11.5 4

11.0 ‘\I//f/.\.\l——’I

,_.
o
n
4

-
n
1

b
T e e

I T T T T 5 T T T T T
300 320 340 360 380 400
Welding distance (mm)

Penetration depth (mm)
Bead width (mm)

y
o
|

35

Hg. 4.14 Variation of bead width, penetration with cap, penetration
depth with distance between PAW and TIG

_86_

Collection @ kmou



4.3 SDSS¢] PAW-TIG 3tolHEE HY &4 2AE wr]{4 EA

431 84 A7 2 Ad9 ¥

%A SDSSe] PAW-TIG stelBglE dY HIEE&RHS T3 PAW &5 HF

Z2AFEFDE 250 A, AHM225V, 8855+ 500 mm/min, RS7t2 T/
(G HAT%) + Ar(93%), B 572> F3(Qp2 10 4 /min, PAWSF TIG € I
AZ(Dp-pe 300 mm)S &89, B ddAe FHFEH 2 2HRIE 27
PAW-TIG stolBglE ®IY] Btth7] &3 Al, A/Fet A z1do
Yol H 7] -‘Hf‘SH S WPt AA HAF WSe] OE FFES dotrr] {
3, PAWS] HAF()+= 200A, 250A % 300A 2o 2 HIlE FRom, AR
225V, 8384 5(p)E 500 mm/min, B3 72 E2F(G)= HoA7T%) + Ar(93%), B35
7F2 F Q)2 10 £ /min, PAWS} TIG €9 1 Agl(DrpDE 300 mmz 5Y3}
Al 2AskAtE PAW-TIG stolBg|= ®Y BIt)7] 84 Al, PAW A /2] W3l
32 Fig. 4.15 2 Fig. 4.165} o] 31 %= gt} g2 H4So] 59
& Z=x]o)1, ABZ 200 A-,—E1 300AZ —7}/\] uH VEFE A AAH, A

%

k=)
r
of?

o=z st 7] &4 el it Mt Wl mE I&F= ‘”O}iﬂ 23] PAW S
AHE 20V, 25V % 30V Ao g W3lE Fon, AFDE=2504, 84
£%S(p)+= 500 mm/min, E&7}2 F/F(G)+= Ho(7%) + Ar(93%), RS7}~ F3F
(Qe 10 £ /min, PAWS} TIG €9 2+ Ad(DepE= 300 mmE T &4A 243}
AT PAW-TIG stolBgj= ®lE stth7]&3 Al, PAW Hte] wdlo] mE 3
%S Fig. 4.17 2 Fig. 4.18%} 7o) &<lst &= gt} T HEEo] Y3 _/Fyz]
ola, Mt 20VHE 30VE S7HAZE o AR/ S7Heke HidlE AW nEE,
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F SHE v 24 &4 Al PAW
Aol 20V, 25V L 30V 21Y w) =% 71& 3 A4 S o] 13
HARAA T, Aol Aoz ko 20ViAE mEAe} AZFE Alole] Ayt
Frotd A Hgde PlE A4S Ul Ao, Mol & 30VelA= F
o gloz Qs ZEtznt &3 Zo] F& EAS Uit wekd 9d &

= o,
Jol Az o5 B5VE HY §4 AT MAHAL, o] HEE

H
2 104 mm o]t}
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PAW, Butt welding: V=25V, v =500 mm/min, G = Ho(7%)+Ar(93%),

200 250 300

I®
Bead

Front
bead

Back
bead

Cross
section

Fig. 4.15 Photographs of bead appearance and cross section with
ampere
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PAW, Butt welding: V=25V, »=500mm/min, G =Hx{7%)+Ar(93%),
(s =10 £ /min, Dp_r: 300 mm

12

—M— Bead width
—&— Penetration depth
—&— Penetration with cap

il aE

—
=
sl

Penetration depth (mm)
Bead width (mm)
o

5+ et O )
| Threshold Best current
condition condition

T 3 T T T H T T T T T
200 220 240 260 280 300
Ampere (A)

Fig. 4.16 Variation of bead width, penetration with cap,
penetration depth with ampere
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PAW, Butt welding : /=250 A, v =500 mm/min, G; = Ha(7%)+Ar(93%),
Qs =10 £ /min, Dp_r: 300 mm

20 25 30

(V)
Bead

Front
bead

Back
bead

Cross
section

Fig. 4.17 Photographs of bead appearance and cross section with
voltage
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PAW, Butt welding: /=250 A, »=500mm/min, G =HA7%)+Ar(93%),
Qs = 10 £ /min, Dp_r: 300 mm

110
—8— Bead width
—&— Penetration depth
—ih— Penetration with cap
10.5 1

10.0 4

A
AR
AL

‘\‘\A

Penetration depth (mm)
Bead width (mm)
W o
W <

504 ® o »
Best current Threshold
condition condition
45 T ; T ; I ; ' ' ' ' '
20 22 24 26 28 30

Voltage (V)

Fig. 4.18 Variation of bead width, penetration with cap,
penetration depth with voltage
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432 &3 §59 9%

2 oM FHFEIL 2HE 27 PAW-TIG stelEg= ®iy gy
7183 A, 3 57 dolr 7] faf AP XPsuT WA
€5 £5 Wsle] mE JFFe dotrRr] 9@, PAWY &3 &£+ 450
mm/min, 500 mm/min % 550 mm/min A2 W3S Fow, AFUE= 250
A, AWML 25V, RE7t2 FF7(G)E Ho7%) +Ar(93%), RE7F2 F3(Qp)e
10 £ /min, PAWS} TIG €9 7+ AgDhp= 300 mmzE YA AAsH T
PAW-TIG 3stelBglE ®HIY Brf7] &5 A, PAW &3 £=9 Wl & g
&< Fig. 419 H Fig. 4.20% Zo] AT < Utk b& HAFTE°] 593 X
o1, £HEEE 450 mm/min¥-E 550 mm/minz® Z7}AZ o1y

Z

o, &HHE, &% o] B A/eHF cap= EFT &Y Holx

_,4
=)
X
rlr
off

o
o

o

£3 Al PAW z<te] 450 mm/min, 500 mm/min ¥ 550 mm/min &Y o =T
71& &3 A & 4o IAY Hlew, &4 £=71 450 mm/mine] =7
A= FALR <ls Hl=Fo] wj-¢ @om, 550 mm/min A NAM = W
SHEER 3 du o] TASAT. Wk PAW-TIG steolBel= ®IY st
7l £3AY A4 83 £ 500 mm/minZ AAsHoer, FHHEH v
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PAW, Butt welding: /=250 A, V=25V, G =Hx7%)+Ar(93%),
Qgs = 10 ﬁ /mln, DP—T = 300 mm

450 500 550

_ v (mm/min)
Bead

Front bead

Back bead

Cross
section

Fig. 4.19 Photographs of bead appearance and cross section with
welding speed

_94_

Collection @ kmou



PAW, Butt welding : /=250 A, V=25V, G =Hy(7%)+Ar(93%),
—l— Bead width
12 —8— Penetration depth
—a&— Penetration with cap
11 +
E = 10
B
% = 9 7 -
< 5
® 2 l
]
& ]
5 o T o
| Best current
condition
1 g T : T T T i T T T T
440 460 480 500 520 540 560
Welding speed (mm/min)

Fig. 4.20 Variation of bead width, penetration with cap,
penetration depth with welding speed

_95_

Collection @ kmou



433 PAW-TIG + &3 €4 9 Aol Bt & &

B oM es FHFZId2 2HJdg 2ol PAW-TIG slelrg= ®Hly g
7183 A, PAW-TIG + &HEd 1 A7t vAl= |SFS dotir] s A
= APstdth. WA B F A Wstel] wE IdFSs Loprr] S,
PAWS} TIG €€ 7+ AY(Drp+= 250 mm, 300 mm 2 350 mm FHC 2 H3E
FRom, AFUDE 2504, AKWME 25V, €4 E£=(pE 500 mm/min, B3 7}
2 FHG)E Ho(T%) + Ar(93%), R37t2 F3H(QpS 10 £ /mino 2 FU3HA
dA3tdth. PAW-TIG stelBg= Wl Zohr] 83 A, PAWS TIG &5 <44

3zt
O& Heso] 243 Fxola, PAWS TIG €9 3t AglE 250 mm FE 350
il

mmzZ S7HAZ o AW v=Zo S, &Y Zo] W /SR capgs TS
£ o] Wl A FFE vAA Ly = SHE dH B S FI
PAW-TIG 3lolB 8= el w7 &4 A € 7+ A=7F 250 mm, 300 mm 2

350mm Y u] =5 7| - A g &<do] Y HAG. H=8F
Ao} FLSHA s 8- AXe] AX Al AT A BAE QA3 HAE A
mm 2733 HU Az 350mm ZZe|A H

Moz My

A Ue SHANE B9 FU §7 A9 TG/ HY §4 499 &6
of 9L F7] el PAW §8%7} ol o= Fx Surt AYH Fehel
& % girk
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PAW, Butt welding : /=250 A, V=25V, p=>500 mm/min,
Gs = Ho(7%)+Ar(93%), Q=10 £ /min

250 300 350

Db-r (mm)
Bead

Front
bead

Back
bead

Cross
section

Fig. 4.21 Photographs of bead appearance and cross section with
distance between PAW and TIG
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PAW, Butt welding : /=250 A, V=25V, p =500 mm/min,
Gs = Ho(7%)+Ar(93%), Qs =10 £ /min
11.5
—— Bead width
—#— Penetration depth
11.04 —h— Penetration with cap
_ 10s] - -
= glo.o—
% = g =
< g
8 E 6.0 H A A A
= g
® &
g A 55
ob]
A
5.0 1 * o '
4.5 T T T T T T T T T T T
240 260 280 300 320 340 360
Welding distance (mm)

Hg. 4.22 Variation of bead width, penetration with cap, penetration
depth with distance between PAW and TIG
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4.4 PAW-TIG stolBZ|E A9 Bof7] 84 F 183 EXT9 &

441 7143 &4 "l

Rl s S8l AEE PAW HH 84 =& AHEst9 PAW-TIG stolH
g Y S8R AlEe 270 AR F Re] A2 1050TC 2= =4
lA 30min &t AE&HAHE AASAT. DA A/F A AW A

skl Z1A1Z EAC vA= ExE FFe FAsr] s AEAE, d-AE

d

of| A, AldHe] Zlo
H7kA 500 um tA = S HUAL, 5 100g, %Zl/\lZl
e AAsAY. Fig. 4.232 vlEA g AldHd gk
424+ 183 dAHE AAZ Al@ddel i B
M %, Fig. 4234 Zlo] B9 AEAH UE A Bx
o] do] W HAEFxe] -9, base metalol| Al FHtll 296 Hv, #HA 275 Hy,
7FA a1, weld metalol A= FHol 313Hv, #4 281 Hy,
712 Weld metal ggolA el H=4ke] base metal
i Ho b4 =4 dehve Aol A, UNS S32750 A=

A9 &A7|F (max. 327 Hv)= EF T3tk PAW 999 4do] & A=

bt
s
ke
rr
o
o
Y
kv

320 79, base metaloll Al Hd 302Hv, #H4 260Hv, W+ 285Hve| B4k
= 7FAaL, weld metalol A= FHth 309 Hv, H4 284 Hv, B+ 295 Hve| A=%
< 71xlth Weld metal oAl o] ZEgko] base metal FHANA ] H=gk B

o o4& =4 UEheE Aol dal, UNSS32750 As 49 &4 7]+ (max.
32THV)E EF =3t TIG Hl= FE PAW W= shi7bx] 9] o] W
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SEREIXO AL TIG g9 Hol 290Hv, H2 280Hv, ¥ 286 Hve] A
S IR 31, PAW Ao = Hu 294Hv, HA 281 Hv, ¥ 287Hvel 74
S AT TIG I AEza PAW J Ao Axgke] & xbo)7}
[e) o

TIG 99| Zo] W HA=RELo 7-¢, base metaloll A Ho 288 Hv, &
Hv, H¢ 278 Hve] A E#-S 71A 1, weld metalol A= A 312Hv, 3
Hv, H+ 290Hve] AZ#S 7FXt}h Weld metal @YoM HZ=4ko] base
metal FHNAY AEk Boh thd =4 vEhue A EFo] a1, UNSS32750
AME 749 FA7]1F (max. 327Hv)< EF TE53th. PAW F99] do] ek
Z 9] A%, base metalo|l A Htl 296 Hv, H4 271Hv, B+ 284 Hvel 7

3, weld metald| A= FHo} 299Hv, FA4 285Hv, H+ 290Hve] 7
7FRth, Weld metal G o412l HZ=4ko] base metal FHNAe A=
#& 1o ta =4 Uehyes ddFo] 13, UNSS32750 Als 49 d47|+E
EF wERn. TIG RlE AH5E PAW HI= §h57kx 9] 2

o
o A Rxo] A TIG 94 HU 290Hv, HA 287Hv, H+ 289

Fig. 4.249} Zo] 183t dXg APHel digt A= EXE s A,
2
2

%
< 7HA A
KR
=

o] \}
Hvel AE3ke 71A 3L, PAW FHolM= FHo 288Hv, HA 284 Hv, H 287
Hvel AEgke 7Hdnh TIG delolre] A=t PAW Geolre] 2 =ghol

BA =
2 apol7} 9lom, UNSS32750 Al FA9 §27% (max. 327THVS ZF gt
3 183 dHe Aol A=

3 A
JFL vAA ¥ee & 5 Ak
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Un-heat treated: /=250A, V=25V, p=>500 mm/min,
Gs = Ho(7%)+Ar(93%), Qb =10 £ /min, Dp-r = 300 mm

Measuring
Position

500

TIG PAW

ey
(=]
(=]

(%]

[==]

o
T

e, e,

Vickers hardness (Hv)
[ =]
[=]
(=]

ki

o

[=]
T

(=]

0 1 2 3 4 5
Distance from surface (mm)

(a) vertical direction

Hardness
(0.1 kgf/mm?)

500 T T T T
:Base ! Weld :Base:

=400 jmetal | metal jmetal}
i i i I

<) 1 1 1 1
n 1 1 1 1
53001 Lowspliapmm ottty
2 B ES
E 200 1 1 1 1
200 1 1 1

4 1 I 1 1
= 1 I 1 1
B2 L 1 1 1 1
= 100 1 1 1 1
1 1 1 1

0 1 1 1 L

-15 -10 -5 0 5 10 15
Distance from center (mm)

500 I I I T
1 Base 1 Weld 1 Base 1
=400 : metal : metal : metal :
EX F -+ »>le > % >
1 1 1 1
E 1 1 1 I
0 1 1 1 1
§ 300F 1
= I 1 1 \
= 1 1 1
= 1 1 1 1
mZUU P h . |
= 1 1 1 1
- 1 1 1 1
21001 1 ] !
= 1 1 1 1
1 1 1 1
0 1 1 1 1

-15 -10 -5 0 5 10 15
Distance from center (mm)

(b) transverse direction for TIG

(o) transverse direction for PAW

Fig. 4.23 Hardness distribution of un-heat treated specimen
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Heat treated: /=250 A, V=25V, p=500mm/min,

Measuring

Gs = Ho(T%)+Ar(93%), Qs =10 £ /min, Dp_r = 300 mm
!

00

I
' TIG : PAW

B
3

(=]
3
T T T T
L 4

{ﬁ

Vickers hardness (Hv)

ey
==
o

(=]

0 1 2 3 4 5
Distance from surface (mm)

(a) vertical direction

Hardness
(0.1 kgf/mm?)

Vickers hardness (Hv)
508 =S
[==] o (=]

—_
(=]
(=]

-15 -10 -5 0 5 10 15
Distance from center (mm)

500 T T T T

1 Base 1 Weld 1 Base 1

— : metal _: et _: metal _:
f 400 : f 1
s 1 1 1 1
G 1 1 1 1
S 300 'WW.'
- 1 I 1
= 1 1 1 I
= 1 1 I I
wn 200 1 1 1 1
] 1 1 1 1
- L 1 1 I
= 100 ' : ' X
1 1 1 1

1 1 1 1

O 1 1 1 1 ! 1 1
-15 -10 -5 0 5 10 15
Distance from center (mm)

(b) transverse direction for TIG

(o) transverse direction for PAW
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Fig. 4.24 Hardness distribution of heat treated specimen




(2) A=A

FHAHED)S] welded stainless steel tube 72 <0 EN10217-7 201414 2
T35k vl wEl room temperature 791 ENISO 6892-1 Qo] g3 <
2 AlE (tensile test= AAISIAT AP Ao gt AAE Fola AFE
As<S dal 3EFY AldHe FHlskth

Fig. 4.25, Fig. 4.26 2 Fig. 4.27& v<gA g AFZAEHA 3F/FE UeH
R @i IAAYE JHZE & & 5 Aok JAZAE 4 1
870 Mpa, Al@¥H2= 873 Mpa, AlPH3L 867 Mpae] <177} % (tensile strength)E
7HAa, Agdols Algdle ¢F 165mm, AlEH2E oF 16 mm, Al EH3LS oF
15.5mme 2 24zt A=Ak =3 Fig. 4.28 ¥ Fig. 4.295 53 AAA Y ot
B @S SEM image= (x50, x100, x500, x1,000, x2,000) &<1s}A T

Fig. 4.30, Fig. 4.31 ¥ Fig. 4.32&= 183} 4487l 485 AZAIEH 3T
£ Uehin, a7 e JAZAE JHEE g0 & F An A=A
A3 AFH1LS 848 Mpa, /\]—d-‘?ﬂ% 861 Mpa, Al@¥H32 861 Mpas] U=

{0

O

;

(0]
il

-

(0]

e
rlo

_%7_1‘

Al

%0

g
ol :\m

(tensile strength)& 7}A|3l, AP dol= AlFH1IS ¢k 17mm, AFH2= 9F 19
mm, A @A3L oF 17.5mme = 47 S =Y. =3 Fig. 4.33 2 Fig. 4345
E3) A F @H S SEM image 2 (x50, x100, x500, x1,000, x2,000) &
S

o

A

o

Y Az, g3 AP AFH AFAEE 7
thul H2 6MpaolA Hoh 25Mpazkal o ZHgtor, WHPAo] r|FoRE 1§
s dA" AgHol a8x % AgH iyl H& 1mmolA o) 3.5mm7t
A o oyt o]% B3 143 XD mwzmg A4e 4Ag =,
A7t HgHA @e AR HAHe) 4AS He A

o5 @] SEM images F& BN 7o HAEe A4
83 dAg olF IE P29 AN 4R viEtke AL AR T F 3
Atk ®EZE UNSS32750 A9 JAAHE 47+ (800 ~ 1, -
@k,

o
S
o
=
(S
&
o
b

AN
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Un-heat treated: /=250 A, V=25V, p=>500 mm/min,
G = Ho(7%)+Ar(93%), Qs =10 £ /min, Dbt = 300 mm
Photographs
of fracture
shapes
112776 s
101498 /
90220 \
78943 // \
:i_, 67665 \
Tensile E 56386 / \
Strength - 45110 / 4 \
curve 33832 / \
22555 / \
11277 l
0'08.%0 200 400 6.00 800 1000 1200 1400 1600 1800 2000
Length (mm)

Fig. 4.25 Photographs of fracture shapes and tensile strength
curve for un-heat treated specimen 1
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Un-heat treated: /=250 A, V=25V, »=500 mm/min,
G, = Hy(7%)+Ar(93%), Q=10 £ /min, Dp_r =300 mm

Photographs
of fracture
shapes
12776 ]
101498 — \
90220 / l
78943 /
@ 67665
Tensile ?g 56388
Strength . 45110 /
curve 33832 /
22555 /
11277
0'08900 2.00 4.00 6.00 800 1000 1200 1400 1600 18.00 20.00
Length (mm)

Fig. 4.26 Photographs of fracture shapes and tensile strength
curve for un-heat treated specimen 2
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Un-heat treated: /=250 A, V=25V, » =500 mm/min,
G = Ho(7%)+Ar(93%), Q=10 £ /min, Dp-r = 300 mm
Photographs
of fracture
shapes
112776
101498 // S
90220 / \\
18943 \
@ 67665 \
Tensile E 56388 \
Strength - 45110 /
curve / \
33832 / \
22555 / \
1277 T
0'08.%0 2.00 400 6.00 800 1000 1200 1400 1600 1800 20.00
Length (mm)

Fig. 4.27 Photographs of fracture shapes and tensile strength
curve for un-heat treated specimen 3
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Un-heat treated: /=250A, V=25V, »=>500 mm/min,
G =H(7%)+Ar(93%), (x=10 £ /min, [p-r=300mm
Fracture position SEM image (X 50)

SEM image (X< 500)

e P ek

Fig. 4.28 SEM images of fracture surface in un-heat treated
specimen 3 for left part
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Un-heat treated: /=250A, V=25V, »=>500 mm/min,
G = H(7%+Ar(93%), Q=10 £ /min, Dp-r=300mm
Fracture position SEM image (X 50)

SEM image (X< 100)
."-_. = o el %

Fig. 4.29 SEM images of fracture surface in un-heat treated
specimen 3 for right part
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Heat treated : 7= 250 A, V=25V, p = 500 mm/min,
G = Hy(7%)+Ar(93%), Qs =10 § /min, Dp.r =300 mm

Photographs
of fracture
shape
112776
101498 I T I
90220 / \
78943 \
@ 67665 ‘
Tensile g 56388 ‘
strength H /
curve / \
33832 / ‘
22555
1277 / \l

0.000
000 200 400 600 800 1000 71200 1400 1600 1800 20.00

Length (mm)

Fig. 4.30 Photographs of fracture shapes and tensile strength
curve for heat treated specimen 1
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Heat treated: /=250 A, V=25V, » =500 mm/min,

G = Ho(T%)+Ar(93%), Q=10 £ /min, Dby = 300 mm

Photographs
of fracture
shape
112776
101498
90220 // \\
78943
@ 67665
Tensile ?‘g 56388
strength H /
curve /

33832 /

22555 /

1217

| 1—

0.000
000 200 400 600 800 1000 71200 1400 1600 1800 20.00

Length (mm)

Fig. 4.31 Photographs of fracture shapes and tensile strength
curve for heat treated specimen 2
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Heat treated: /= 250 A, V=25V, p = 500 mm/min,
G = Hy(7%)+Ar(93%), Qs =10 § /min, Dp.7 =300 mm

Photographs
of fracture
shape
112776
101498 = P ———
90220 / / \
& 78943 \
&, 67665
Tensile E 56388
strength | A gy
curve 33832 //
22555 j
11277 I

0.000
000 200 400 600 800 10.00 1200 1400 1600 1800 2000

Length (mm)

Fig. 4.32 Photographs of fracture shapes and tensile strength
curve for heat treated specimen 3
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Heat treated: /=250 A, V=25V, p=>500 mm/min,
G = HA7%)+Ar(93%), Qs =10 2 /min, Do =300mm
Fracture position SEM image (X 50)

— —— B ]

Fig. 4.33 SEM images of fracture surface in heat treated
specimen 2 for left part
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Heat treated: /=250 A, V=25V, p=>500 mm/min,
G = Ho(T%+AT(93%), Q=10 £ /min, Dbt =300 mm
Fracture position SEM image (X 50)

SEM image (x 1000) SEM image (x 2000)

= RS gpass TR

Fig. 4.34 SEM images of fracture surface in heat treated
specimen 2 for right part
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(a) un-heat treated

(b) heat treated

Fig. 4.35 Result of bending test according to ISO 5173
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Cross section - OM image (X 25)

OM image (X 50) OM image (x 100) | OM image (X 500)

(c) PAW zon

Fig. 4.36 OM image in fusion zone for un-heat treated specimen
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Cross section - OM image (X 25)

OM image (X 500)

OM image (X 50)

LRy

OM image (x 100)
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(d) TIG-Base metal intersection zone
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Fig. 4.36 To be continued.
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Cross section - OM image (X 25)

OM image (X 50) OM image (X 100) | OM image (X 500)
7 i A-II

(b) TIG-PAW intersection zone

BT T, st

(c) PAW zon

Fig. 4.37 OM image in fusion zone for heat treated specimen
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Cross section - OM image (X 25)

OM image (X 50) OM image (X 100) | OM image (X 500)
- L ; D-1I

: . —F_@J"" 1 i ' ﬂﬂ-'ﬂf ;

(f)- .TIG—PA\X/—Base méfai .ir.l.t.ersection zone

Fig. 4.37 To be continued.
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Spectrum 1

0

Spectrum 2

Full Scale 1873 cts Cursor. 0.000 keV,

Fig. 4.38 Result of EDS analysis on base metal zone
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Fig. 4.39 Result of EDS analysis on weld metal zone
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(a) un-heat treated (b) heat treated

Fig. 440 Ratio of ferrite phase content according to
ASTM E 562
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