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Development of middle-thick butt welding process
by plasma-MAG tandem welding

In-tae Kim

Department of Materials Processing Engineering, The Graduate School,
Pukyong National University

Abstract

It is very important to form stable back bead, to decrease the
distortion of weldments and to improve productivity in
middle-thick butt joint welding of ships or steel structures. In a
wielding field, because SAW, FCAW or MAG welding has been
generally applied to V-groove butt joint with root gap and root
face, it is very difficult to make stable back bead without
backing. therefore due to the increase in heat input and
reduction in productivity caused by excessive groove area, the
distortion of weldments is unavoidably increased. According, to
solve the problems, a new welding process is necessary.

The purpose of this study is to develop a plasma-MAG
tandem 1pass welding process without backing for middle-thick
Y-groove butt joint, forming stable back bead, reducing the
distortion of weldments and improving productivity.

We got the stable back bead in plasma keyhole welding and
reduced the distortion of weldments in MAG welding. Therefore

we developed a plasma-MAG tandem 1pass welding process.

Key Words : Plasma keyhole welding, Orifice & Shield gas,
Surface tension, Undercut, MAG welding, CTWD, Heat input,
Arc stability, Plasma-MAG tandem welding, Shrinkage



A1FZAE
11 47 W73 ¢ 984

Mdutoly 3z g FFW goiy] £-d AAA P E ojdErE
A, -8 A¥zA: 9 AAY FEL df Fasth M —?-E—
Wy FENE 712 V-1F3 2ijy] £4-Hd F2 SAW, FCAW %
MAG &73& AAI87] W& backing glo] tFE olHHl= F4L vj
S o¥x, 278 ddF AUz A3 ALY A € dLF I A E
o &35 ¥¥L F Sy fUv-

oJeigr FAFE el 2 Ux i< $HS AR (Electron Beam)
7} # o)A Hl(Laser Beam) ¥ plasma keyhole €73 FAo] 3shrte] ojcl
o] B 4 vt 28} A=A} (Electron Beam)d} #o]# ¥l (Laser Beam)
43 FAHL plasma keyhole &H BT §HEHe 2Ao FEZ, Wi ¢
edge penetration 59 ©o|SF1l9} &F 7 seam tracking®] o7& %
e AAAD 5eARYS WEd 3% 2ui7] £ del P 3RS
83 2 A2 AGHAE G

w2t AR (Electron Beam)} #o] A ¥l(Laser Beam) &9 o]t
ol HE Hd & 4 A+ Plasma Arc Welding(PAW)9] plasma
keyhole &3 FAo] sh}e] thtolztn BtdET)

A F S99 A7 gd=2d FEH 4ammE 712 Y-1F B9 filler wire
Fagio] FEHL 0~1mm, G2 0~2mm, FERF Gt ALY
0~2mm7tA] HFE oA HE=EE FAAL 5 ARG

PAWE Z&3lo)] glojA plasma keyhole®] MR Hl= vl-$- F83F &
AR

J. C. Metcalfe®} J. Kroos 52 AFolA = keyhole ¥l 283l= 4+
€ 3 7ES v A¥ol v ZUAY 4" F, 71589 HIF HJJb}—H
Pyt &89 &4 59 A AR 24" FHPw)ol s #A
A& BYsan??, ¢ ). B. Bvett 5 AFANE ol 7k WAL
ZHE plasma 7k FA FE(Pyol e BA F4& FHsiA 1t
A keyhole ¥o #&3tE o A £HHS9 2512 Y H keyholes &
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N2 F AE AAUESS Fgatan”

J. K Martikainen $¢] 79X+ plasma keyhole9] HgAd2 &35
ZAd w$ & 9FL v Yo, 53 728 2 L2HY
E 2ga27y gelgig £459 2988 ¢ Y439 ¥ gE
of 8§Z3 keyholed] HFAEE& AloJgte AL ofdnx Aok A7t
plasma keyholed] Bt goz Qs Al &9, BEH¢A & ¥ under
cut#d e £ BA&Rs 299 5 A9 sHd”

Keyholeo] ¢tg#ole} slujele &4 HF, &3 &%, orifice gas flow
rate 2 orifice diameter 59 #HZ7A BUYXZ H A undercuto] YA
g 7}s5A0] &t} undercutE A7) €8] J. K Martikainen 52| ¥
AME FA 6mm & 4o 1 2F 8 gr] o] i) filler wireg
FFs9on”, Z Sun 59 dTFANME FA 55mm FEHA2 2
27re) 1 2% 8 @] ]S thsf M3 plasma keyhole &3 ¥ 34
QY undercute ¥8 TIG £802 A &84AA WA 5+ ALY

B AFoxe A7 thsl plasma keyhole 872 3}HA] undercut
BAE Y3 e WP E HId Btk

I 258 gd7] o]&e] dis] 2R F77} plasma keyhole &7 ¢
HE Hojdd FEUS 7B Y 1287} AH8E & Sk o] Af
A4 keyhole £ F W=A] AR 21FE @HF s §3A1d 5
Je o] Fg 3t

J. K Martikainen 59 d7olMe FEH 6mmE 7}3 F3H 72§
el %7 10, 12, 16, 20mme] Y-2FH o|Fo] s FEHT plasma
keyhole £4& 3oy F& I1F8 dHFq dsixes 2 $HE A
34 kgt

E dFoAMe Y-1FH £ F & 258 G g I aS
*ﬂ’*]b‘b—x} 3 gEo] 83 ¥y ZAE AT vEAx zﬂ)\]s},‘_z} Fig=

webA olejdt A2 BHES 1Y & o, %“ 3& F1 o5 v
3] PAWS} HER FAo] 3o sjadolgta Ho}. a‘dz}] PAWS} 4
EA7 o §48F FAHEC] JNEE %X]“R %-l?’—fﬂr Y 1548 g7
o] 5o s} backing f1°] UFE oJHHI=E FASIHA E& 2FB @
HAHg FA £3A2 & e TAH AR vis 9FF AU



B dye 3% Y-2FH2 g2o)7] ol i3} backing e ¢HE €
olAHlE A, &P WAL L MY FFE TN FFAE F
Ade ZIZEr-MAG 89 4% Mdsted EFo] don 192
|- AU

4 PAWS] B #oA plasma keyhole ¥4 9, ot=zZdo] ¥HEd o
E =34 #F 9 shield gas9] Y3+ ZHESIH HA plasma keyhole
24 29¢ A3sen, 2 A% $3 2AL backing Y& FEW

4mms} 6mme] Y-IFE 27| o]l HEAZT-
MAG €3¢ Badre CTWD HFd @& ddg 2 vz a9

$ AEIFOH, Y-2FH gy] o] tiME & 54 % nia=
gdg AE3 AT

Ed2-MAG 9 &34 FEE 4mms 6mmE 7H Y-IFH
st 7] ol e il 5% % rtaE 9H g FESHHG-



A2 Zet=vl £43} MAG €4 949
2.1 Plasma €39 97

2.1.1 Plasma2] A 9}

SEE F7HA BEA EF AHe AN QA2 T YA A
71A 2 W3tk o] Z|Hol A& E& /et FHE(CT) HAE ZAER
E 9AZ dYdEr £ g dAxep FHIE /MR oo E Hdh
olg} Zro] T oA Az} oj2o g RIH JIHMEAM 1 HxIt *e
ZA 410 vis) AF3 ForAME AMFozees S Fo HIFIH A
o] Zolx FAE 93 & 7|AE plasmaz}t FETH

Fig. 213} o] dud ## £ T 345U AF502 AHE3}
o AFAFE FAL oA WRolA WA WE7Igd gt g2
v 239 22$9 YBF(positive column)d] plasmaz} T HE} o]
plasma 922 AMgHT® T YARQ] ¥ FFFo dojrix 3o
o 2o AL A 22F WA ol WHLE Uy S3dAM A
A5 7} ol dAA WEo] AujAok(arc discharge) &, AFIE
2 EA g3 o]fo] 3o FEIY dojue 23 AR WS
Roltk(glow discharge)= WA A AL ojs] A
2% AL diZl A71¥ATorr=lmmHg)ol| A 7w n2A H ¥
& Wi otz e 17|¢(171¢=760mmHg) = 7}s3tH WETE
RaZFr} ola £747|9 plasma jete o= WA &3ch

ro

o

)



Cathode area Anode area
Positive cotumn
——11 1 o E—

Cathode Anode
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Fig. 2.1 Cathode discharge of plasma

Glow

2.1.2 Plasma?] £ A

Plasmas ¥g&o2 ¢ 129 HAL 7IAY, uaix @A, oL, o
718 92 2 2z}, 3EFHoF ¢ Aol A3 goZ(radica)E T4
g, A71Foly gz RFY JAge vj gE A2 & AT

1) Plasma®] A7]H H4

D =34

Plasmat YA} 22} o &utEA] 9L AXE Bol /M 7] #
Fo QRdA A7|FE ZMElTd AFE TE 5 Jdv S 7HAL
ot ArlAEEE 2R} 22 £=rt SHEFE FUFsh(3T/24 HlE),
Az 2571 oF Fuxd o, 7o HAV|A=R ke &S ZRedh

@ AA WAX &Fol= plasmac] o3 AARA

EEAYAE A7jdUAZ A@stE Aol TAV|olH, IRbHYI ¥AH
ZNNME AAFTAAN A7 FAYE A Arie 71HEES ol &, =4
7} plasmast 22 =3 FAUA Ao 71HFS €& F Ao

@ AAd] <2 plasmarj o] Ao o3 3] A

A7) AUAE EFAUAZE HBATIE Aol AFrieln, ZHPY ¢
&Aoo os) 3o Wako] ARt AAIF X7 plasmafoll HF
7} 529 plasmazt &30l & B HH, o|& 0|83 plasmae



2) Plasma®] 93 43
Plasmat Wid] Az o9 &gt Ay, dxht 49
o716 A], A, Ao FHZ WHRA|AE FHT + 3
°on, %7} FoHAFE WHAUAIE ZA FItstd 129 plasmae
FET 990 @ F o], 22AFY HFolY EES 5T FAHES
=4 o] &8 4 Ut 4 plasmad] 3¢ HVEKAERY 2= F+
Wi A WE7} 20cal/cm’, ¢ 100713 F=o] SHdshe Uy

Ag Zen.

3) Plasma®] 3}33 A4

Plasmauje] Azl @43 4L5L 539 7A#AY A4S o7,
gz, APAD ¢ U7l GE A= 71A9 FF wE plasmarfoll
Ay plasmas}t A3 e DARHZAA kS dod F L
o, d3og v P Ao dojd F e 21 3N o]0
I i o O = = =i 3=



2.1.3 Plasma arc torch J3 2 4%
Fig. 2.2 plasma arc torch ¥3 & Jehd Holct”

ORIFICE GAS
ELECTRODE /

CONSTRICTING

SHIELD GAS NOZILE

PLENUM

GAS NOZZLE
SHELD CHAMBER

L ELECTRODE
SETBACK

ORIFICE DIAMETER

TORCH STANDOFF —] QWBRiW

Fig. 2.2 Plasma arc torch terminology

@ Electrode : 245 F2 Ego} g2do] ALEHY T FHo o
o grde TRE thEA ALS R

@ Constricting nozzle : Orifice gas7} 32+ 52§ A|F3id, A7l A
=4 2 dAxgo] 5% Cug AHE3HY pilot arc 2SS HA Y
PAWA] arc @e g YA 4dss F4 3o

& Shield gas nozzle : Shield gas7} 2% F2& AF3H F=
ceramico]} Cur} AH&H

@ Orifice gas : Pilot arcE do7|ed AMEHE 722 €2® FHF9
A3 AE Qs F2 Ar, Ar-H, 2 Ar-He5 9 B84 7lAE0] ALEE
t}.

@ Shield gas : Plasma arc Ao AMEHE 728 2Aj9] F7/o e}
Ae 74A 7kxSo] EFso]l AH4E + Uk A Ar, ArHy Ar-He,



Ar-CO; 2 Ar-Q:5°| At

& Plenum chamber : Electrode 2]7 3} shield nozzle W73 Alo]e] F3h
ol k.

@ Orifice diameter : Constricting nozzleo A pilot arc7} £&5H+= HojH,
Z73 plasma keyhole 839A o] 7ol YR 2A Hu Bajef A 3
9 constricting nozzle®] &4te] ZE 4 Qloh WA UF =A 3pd
plasma keyhole 87 o] %A 5‘6}37_ £JF-=(Lack of Penetration)o] A3l
t}. webA plasma keyhole €73 A] &7 orifice diameterg A& 3l= A2
o7 F a3ttt

@ Throat length : Constricting nozzle AT X F-¥ constricting nozzle
9] throat7hA) 8] Zolz Feldrt.

@ Electrode setback : Constricting nozzle QoA {E electrode A
A9 AdE A5, throat length o] electrodeE $X|A]A plasma
keyhole &8 3}H electroded] &/to] ¥z} n, plasma arc®] £ &
3t 9 322 plasma keyhole &3] HA & 4 Ao}

@ Torch standoff : €3 A 2 EHF} constricting nozzle G A}o]
o] Aoy PAWAJdl& o= ZolE 9n|3irh



2.14 Plasma arc 44} 4]

1) o] 3} 2] (transferred)

Fig. 2.3(a)= ©| 3 4)(transferred)o]2} Eelv ASE YA BE vt
9} o] electrode®} ZA] Aloo]l plasma arc APo] HEH ok =3
electrode$} constricting nozzle Apo]olli= pilot arc Aol HAEZHA Qe
b o] 32l nFu 77 FAEEH QTh

Plasma arc WA 9] Uutd £A= $4, electrode®} constricting nozzle
Atolol| orifice gasE R T nFy BAVE FFAIA electrodes}
constricting nozzle A}ololl nF 3} o}3E g of R Hy|EA] I
FgozM o3y AFEEE vtETh oA 2 pilot arce orifice gas
FoA N&EHog a3 oAy 3t plasmart G T nF3
ol=ZE pilot arc7t Z2E AL YA AFHOEZ FAIHEF AolF
27t 295 Uk

WAlE 1e plasmas A3 constricting nozzle AT} orifice
diameter2 2] flame(E%)S #Z3l=ul, olul constricting nozzleol] <]
3le] olae NEHUA 2 dx9 qUAE Ztet. L 9x9 AqUAE
zt= plasma¥ main current(plasma arc current)7} 327 W HZA
main arc(plasma arc)7} 2Asle] £§87F % plasma keyhole §3-& 7}
S3HA gt

Pilot arcE main arc7} FAEHH Fxste A7 a2 A% {FAH
E o] oy, AR 7IFdMe BAe WAl Bk

o] 3 A (transfered)l| A& ZA7} A #FF FAs}L Yenz F

2 SAANEEAR) 40 AHFE

2) H] o] 3} 2] (non-transferred)

Fig. 23(b)= Hl ©]3j4](non-transferred)& e Zlojt}. o|f 4= &
2] electrode$} constricting nozzle Alo]ol main arcE AT E H20]
. 2AE SR A &7 g Eo) nixdA e HEE 7R dAE0
v, k2o Roo] & 59 o]lf2 &3 A HEHT JA ¥

_10_
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sy

(a) Transferred

Fn3
S o = ﬁ

(s 2280
L;[ ] QAWML ObA
. Pt AR
TR wang .
D)
 E—

& I, ! & @

o2l ota — N saua

(b) Nontransferred
Fig. 2.3 Transferred and nontransferred plasma arc modes

2.1.5 Plasma 873 9] %3

1) 4884

Main current®} orifice gas flow rate7} & o Jels Azl &§
SHHF 2o] plasmad] &3] BAZ do] AL Axd dd 93] &
AEY olu 8§ 2% o]d7tA 7HEE FEol Hokx &FHo] o|FoiZnh

2) Plasma keyhole 83

A hAE main arceE 7FEA $£2571, A4S 2R s1Y
e FAll 1408 BE3E orifice gas7t E8FE5 S ASA 8 W
#, Fig. 249} 2& plasma keyholeg ¥4 A]71t}. plasma keyhole2 &
§3%0] plasma jete] 93t} SR $Fo] L= FAAFANA LA
e, plasma 84 ExE APA7)|H plasma jet FollA] EA7 [
51, 88342 plasma jete] AZF o2 o5y Fau3EA §HIFES
FAgth ol o] &FFHo] olFde FAAAN EEECIY THATL

_.11_



AAE 7] & £H4A%e SR gt o]W plasma keyhole 33
d FAHE §§F59Y Ve 8559 EURY A orifice gas flow
rate 5ol 93| AAREt &85 EBAY Tl o3 plasma
keyholeo] #%]5 7] wjiell orifice gas flow rateE A dASA |23
© Aol F83l

Plasma keyhole®] 3o &HzxAd o A FA$=H3, A& e
WA Fig. 259 2l &9 42 welding speed % orifice gas flow
rate®] Ao o3 W H, thgo @~®9] 5749 FHez FEAH

@ 3o} "olgd d9 : ddo] Fu3}, plasma jet7} E Wee ol
Z3t7] g B8 F& fgo] AU

® 7F¢A 99 : 23 plasma jeto] 3 &Y Ho| A AT, welding
speed’} AUAA w2 7] v # undercuto] i} BI= jY Fo] Aok
© plasma keyhole 9% : A3 plasma keyholeo] BAHI {32 92l
Zt 2ol "ok

@ plasma keyhole #2 949 : £ AA Y ojA7A &F3A £}
3, Hggde e dosrix 37 ", °o] 9L AHgdte AL
2}

© T2 £ 99 : plasma jeto] <3 Y e §o] ofsd TIG
£H 71, §4do] &

_12_
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Fig. 2.4 Schematic drawing of plasma keyhole welding
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Fig. 25 The effect of welding speed and orifice gas flow rate on bead formation
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216 F8 T4 WAF
1) Orifice gas®} shield gas

PAWOY] A&+ 7}AE orifice gas®} shield gas F 7FA7F Aok
orifice gasi= pilot arcE ¥AJ3}7] 938t constricting nozzle WH-2 F
F5HE 7}20]H, shield gast= main arcE YAA7) §HFS RI3e
H3& 31 shield gas nozzleg %3 FTFH= 7h2olth. PAW XA
orifice gast &§EZ7 A HZs}AY shield gase= FAHHo2 HEF3
2 k7] W Bl £HEZ X I Fo

@ Orifice gas

Orifice gast center gas&}1l® EE A0, 2 Ar &2 Arth &F
7}27F AbgETt. E3F Orifice gas flow rate= plasma keyhole 874
248 Az ZEs 2A9 FA #F™Eo] ok Fig. 262 plasma
keyhole &4 lojq EA FAlo] u}E orifice gas flow rate?] % j
A& AA S

Ar : orifice gasZX 7PF dd ALgEHE EEA Jh2olth Are o]
3} Mgto] @] Wi of=m Aol §olat o= HAFAE 3 H
2d AZ B3dx Foh a3y AR B dEd 214 gabA
E BaYgst £4u=71 AAA) Orifice gas flow rate7} Y& wowd
AL &7 Bg4d £94& 2FYstn, vF oW BFHFA JIEH
undercut Z3gto] LA37] Hot

Ar-5%H; : Hye Ardl] Hldlyq xRyl 222 €3 AXNEAE F
st 7t29 §FE2&EE F7HAZY 283 K8 2 2494 BAs
oz A ol AxdHz REHed, EE FAUAVE EA HHAA
Yzrso] Beeo] Exdulz At AANA €& WHEsteE 2i
JLE ST/ wEtA Ardl Hy(¢F 5%)8 E#3t] AHEEE Ars
A4S Wro Bl=rt B 23k3 undercut o] HojXoh I Hp
£ EdAo] Z QA vhxolmg &7]9] AV HAR, EX dAR,
dE 247 T JtaFAe FoFx gow FTuatael $go] Ut
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adx electrode(tungsten) FH gt Arg AHEE WEY @551
Hyo} 73tgo] glof ES AAFA ] Q-E Tioj\} Zrit 2& EA4F 4;—
o SHAE A B Aol Fot

T 20

£, Al

%x.{; 3 3115}}
; H E

S A 11

T a— 111

. altll

= 111

A 62

o i

L]

L.
35 1 2 3 45678%

>

o

A SH(mm)
Fig. 2.6 Orifice gas flow rate for base metal thickness

in plasma keyhole welding

@ Shield gas

Z3 Ar, Ar-H,, Ar-He, Ar-O; $o] A =7122 A8

Ar : RE Z&d AT = 9 olz HFAT e AF(20A)00 A
23780 k. 53], Al Cu #7, Tigp 485 &5 Fo. 284
Are £8A 9 F5Al Ymu 2%7he] undercuts LA UG-

Ar-5%H; : Ar-HbEF 72 83 J4E8<S I7MA T, I
3 &g EUAFYL gaAA ARFHoE $P&EEE F/HIH &®
& 2¢E5e] 1uEAY AAz A8 849 Ft=AAT HA Hol 7
AT At o] BYUldME £-8&EE7 7189 % undercuto]
3 BHE ®EHo] mjg 433 Hoe §H YEe 71 ol9ld= &
B9l 27, Nigt Ni &3¢ 48 o Are 435 /S d2A7 e
A4S st Ni g5 &34 713¢8 = HAs) Eot

He : Het Ardl Hla] o 25% 3% &8 942 3718 7HAL=H oA
& Hedl o]23 A7t £7] Eolth. 2 M=t & Al &5, Cu

N

_15_



2 2 FHo Ti 84 Foh

Ar-He : Arol Heg A715td Folzl ARdM ddol F7islen, 3
ol= Heo] 40%°]4 H7iEojor HAAHQA ofade JF7ME 7HHLh
Ar-75%He &3 7}AE Cu &3 = Ti 38840 ALL8Y

Table 1 Ao =& AHAJF orifice, shield ¥ backing 7}2=¢] A
& vEhd Zolth

Table 2.1 Gas selection for material

Material Crifice gas Shield gas Backing gas
Ny
No—2~10%H,
) Ar Ar-5~10%H,
Austenite STS Ar
Ar-2~10%H,
Ar-2%H, Ar-5%H, Ar,-2~10%H,
Ar
Ar Ar-5%H, Ar-2~5%H,
Mild steel No shield
Ar-2%H, Ar-2~5%H, No shield
Ar-2%H, Ar-15~20%C0, No shield
Ti, Cu, Mo and Zr Ar Ar or Ar-He Ar

2) Electrode(tungsten)

Electrode= PAWO| A main arc 3 f{(plasma arc welding current)el
ot A 2EL A=3lool st} Table 2.2 electrode diameterol]
3 HA main arc AF 9 S veld Aoltl. DCEN(direct-current
electrode negative)2 thorium electrode®] main arc A7 &2 o|H
DCEP(direct-current electrode positive)= pure electrode®] w3t main
arc A7 &3t}

UutH o 2 DCENY electrode A9 7h&o] AAA PAW AF 50A0]
slol s 30°, 100Ao)elAE 400 2 100A %3 Ao 40794
electrode A¢to] &2 truncated Ao g2 7133

_16_



Table 2.2 Electrode diameter and allowable-main arc current

Electrode dia. Main arc current(A)
(mm) DCEN DCEP
0.5 5~20 -
1.0 15~80 -
1.6 70~150 10~20
2.4 150~250 15~30
3.2 250~400 25~40
4.0 400~500 40~55
4.8 500~800 55~80
6.4 800~1000 80~125

3) Orifice diameter

dukzE oz PAW AR dUrEe A 55 7Y Zo] YWojAA
T} constricting nozzledl] 2|3+ =ZFo] AU (FTEHOZ orifice diameter
7} o}F FHL AL AHRFEVL PAW AFE FEE Folw) Fig 274
A A B v} o] electrodedl A main arc AF7} Y7ol A1, constrict
-ing nozzle¥ $3l9 R A o] &= double arc(series arc)7} WA ETH
29 ohjel 43 ojmzAY slse FAst AuEst HAY
plasma keyholeo] A XA FE3l2Z F3 9] constricting nozzles &7
AAH S-S BUS3SHA wErh o2l constricting nozzleg] orifice
diameterd] t)3t 3-8 HU] main arc AFX|E Table 2304 A AL}

o, orifice gas flow rate= 1.5L/mino|t}.

_17_



Fig. 2.7 Schematic view of double arc

Table 2.3 Allowable maximum main arc current on orifice diameter in

plasma keyhole welding

Orifice dia. Allowable maximum
(mm) main arc current(A)
0.8 1~45
1.2 ~70
1.6 ~100
2.0 ~125
2.6 ~230
3.2 ~300
4.0 ~500

_18_



4) Torch standoff
Fig. 2.8& YulA 9l main arc AF #H3}o] W& torch standoff 23 J
& Jvepdth

Fig. 2.8 Torch ct~nAnff rnoinn fnr mnin oo ~prrent variation

o
E o i e
&= {
= Eo Al
'06 3 idd
e M Hiiiid
g ./q i
£t 1111 %}
t ] 1
§ , L =
o) Y ibril K = el
= 21(&{‘% i

i

0 100 200 300 400 500

Main arc current(A)

2.1.7 TIG £33 Plasma €73 9] vju

Fig. 29% TIG &H3 PAW A2"e] 7|EHQ BATE Yehdch
TIG welding torch®] electrode(tungsten)= shield gas nozzle®| A&
NFeg 2A Wgoz &Ho Utk TIG arce FFHA X3l
FHRog Ygeyolgty M weiA EARHA AR W2
HEL AT PP £H AF A&, ZAEHA A= 48
AFo] g8k QAL electrode-to-work-distanceo] u}z} ¥t 28 BEZ of
ZAZole] L WZeE GHAT dd QoA FiHez & e
e

vt o] plasma arc torchtjoll 1= electrode(tungsten)= constricting
nozzled| X FH3 Aok olae T WEFezw FsiA Hi FlHo
2 He 999 = EA constricting nozzleo] <& FHF Ak ©]
plasma arc®] A2 "yHo g PFPol7] wfiol torch standoff7} H
geltels RAEHY HE 9ol e WaE A9 ok e
PAW process2 TIG welding processi.t} torch-to-work distance %ol

-

ot 1 2 e
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sl 9 wzsith olg)d PAWS E4o 2 A3 TIG weldingol uls] &
YUy e P 1H $HOT A ANE TAL NY + Aok

Plasma arc torch®] electrode= constricting nozzle W5 FE 3| 7]
WE, BFo] EAS WEFE AL BASHT o 5 AFA)
52 A3 &HEE 2GA7IE e S 2A AW

Fig. 2108 &x9} Age] nxe otz £F9 &S AERE YEh
At FZFolA(plasma arc)e FY §H ZQAA Hl FFA(TIG arc)
o We) Ee ex, F& AF VA 2 o}a Agkel 0V ¥l £5F ok
B 28] Eoh

2:!; LOING [—w—— gﬂA{?CE

|
N

SHIELDING
l—GAS

i ING
SHIELOING —| SHIELDING

CAS NOZULE

K\

4
M\

Fig. 2.9 Comparison of TIG welding and plasma arc welding process

NONCONSTRICTED ARC
40 FT3/h ARGON CATHODE ()
200 A

15V CONSTRICTED ARC

3/16in. (4.8 mm}
DIAM ORIFICE

40 #t3/h ARGON
200 A

3ov

ANODE {#)

TEMPERATURE, ‘K
22 10000-14 000
4 14000~-18 000
% 18.000-24 000
@ 22000 up

Fig. 2.10 Effect of arc constriction on temperature and voltage

__20_



2.2 MAG(Metal active gas) &7 2] €d

MAG £ ¥x9 shield gasE AIS3HA ARAS 9olojE A%
Hog $g3ty, 1 AdoA ofzrt YASEF st &FHo| SFFAR
olgelr2 st LHYUL W3l £3) Ar-20%C0.0) E§7}27} shield
gasZ AMEHEth g3 WX &7t CORTt An, ANHEAETL FL Ar
28 80% A Y] W ] 2HETE Aa, dAF FHAM e &4
spray °]3§o] 7|8, MAG &5& 9olojole gihAl7E EFE] U

o] &HYANAME Fig. 21114 R upol Zo] AHHo 2 FHHE 9
oloj7} ofz o] ¥ gl & &8 ol 71T E AA EHAR o
A Hre, £8FL 712 &8 539 FFHE shield gasol] o3 F
A9 W72 RE E3ETh

B AFdAE 80%ArH 20%COE AMg3le MAGEH S AASA

Nozzle

Consumable
Wire Contact tip
Shield gas
Weld pool Arc
s RERERST ERERER REDIRE MOTIED ELERY 100

”~
ol

8 Base metal

Fig. 2.11 Schematic drawing of MAG welding

Deposited metal £
BV CEIRI LR AN AT Ak
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2.2.1 ¢} Y9 F(Heat input)2] A9

LA ARZRE L£HRA shsiAE %S LIH, &3 d<9
(welding heat input)ojgliix gt} ofa &AM E ofart SHHIE=EY
g9 dol(lmm)F TAse A71F FoydA Q(/mm)E UEpdT. o=
At E(V), okZ AF [(A), §4 &% v(mm/sec) 4 JYEFQL of=H
o} Zo] yehd 4 U

Q:E—l,J/mm
%

JaFo] YR EAY Rowd FAol Astdrh 1 olfE ddFel
U zom &4 zZHo| austenite 23 Y X3} ¢ AHH bainite 3]
Ao g AARPol =uiz} FHol Aol AW, ¥ JEFo] YF &
o F#oll 93 martensite3} Bk ojjt BRAF a2 JE A
2o o8 AAs Aol AU

2.2.2 CTWD<$} stickout2] A 2]
Fig. 212 o A} 2} Zo] CTWD (Contact tip To Workpiece Distance)<= contact
tip Aol A =) EA7R2] Azloln, stickoutd contact tip A A o]

o7} B33 & dojz2 Pt MAG €34 CTWD+= stickoutd} arc
length (e}Z <))o o2 ¥8E Ao
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Wire .
Contact tube.

Gas nozzle

4
y;

* Base metal

Fig. 2.12 Schematic drawing of CTWD and stickout in MAG welding

Fig. 2.131 2] 4] wire melting ratecl] t} 3] Halmoy’} 33 202 7
o} @ol o] Sholo] meltingd3t Sholo] A& Wao] & o]0} melting
g} o] 3to 2 1}eRATE Wire melting ratex= o} o) 23t AA AF, ol
At g o] o3 AR A F o] AlF L wire stickoutol] H] #H 30 go]o] o] G
o] yho) o)

( Wire melting rate(By eq. of Halmoy)

Mkg'h)=65x107 ] +2.88x107 x L;I
¢
where orag ol <st 2010t N3 Lol o3t
M : Melting rate.kg/h 2010 melting 240101 metting
1 : Set current. A
L : Wire stickout,mm. L : Arc length(mm)
QWife diameter.mm

Fig. 2.13 Equation for wire melting rate
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2.3 3] 4Z(Transverse shrinkage) H 3 o] A 9]

3 $%¢ Fig 2149 Zo| §3 A (Welding line)o} %23l ¥
olty. dnty oz 3 FFHLE 1 layer &FHA YA e l_=—7‘
layer §HREE olnl 838 ol o 74 WEol Y F3e
e MM Fag

EX12311113 vy
— — — — Befor welding
After welding
Welding direction Welding line
—_—

e 2 e

EEXERALL LN 3 4

Fig. 2.14 Schematic drawing of transverse shrinkage
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24 Ed=zvl 859 & i #AJ HE

Plasma arcE g9o2 3 F$F3AY &L F3F34A A &3
TFZES AFste d8 &3 FAEC] MEEHS ot

1) Plasma keyhole & 33 =3 filler wire 83 33

Fig. 215%€ J. K Martikainen 59| ¢4 plasma keyhole §4 3 H
23 filler wire 339 4% ZAE Ui

Fig. 2162 7%& 79 24 74 émme] I 138 7] o] o
3] plasma keyhole €% 3}%.2.™, undercut v 2 98| filler wireE
FF8te] AAF FHR vlaZ g S YEd Aot

Fig. 217 7% & Z9 =A %7 10, 12, 16, 20mm Y-1FH o]
i3] S EWHY plasma keyhole 243 vz @¥W& Uy oH, plasma
arc 92 Q& 42 IFH Wo| §FHUAN EFAV FFFTn AT
3 1253 2g)y] o]&d thi] plasma keyhole §H9 FHAE X313t
ol FERS /b Y-2Rus) A48 4 dohE ARAYAY, de
nogRAd e 2 PEe AN gt

Fig. 2.15 The experimental equipment for plasma arc welding
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o
Fig. 2.16 Plasma keyhole welding of I-groove butt joint(6.0mm thickness)

(a) 10mm thickness (b) 12mm thickness

 SRERREERIRANENY _litlﬁ!litt!
(c) 16mm thickness (d) 20mm thickness
Fig. 2.17 Plasma keyhole welding of Y-groove with root face

2) Plasma-TIG dual torch 83 F4A

Fig. 2182 Z. Son 5¢ @A7)A plasma keyhole 833} HE% TIG
dual torch &4 ZF#H9 A3 AXNE Yepdth M3 EXZ plasma
keyhole €4 < 3l 53 EXE TIG 4L 3= plasma-TIG &3 ¥
Aolt}. Fig. 21994 HoJz]%o] F3 TIGe] H3-2 plasma keyhole &
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A3 EHAFS undercutg $A)FE ZHoln, AMSHE EAE= FEY
2 2€Q8l2 Z, F7 55mme] [[2F18 D7) §3HolAh

Thirexsasn of Touch Movesen Tarch Pich ' Plasma
N Welding Lo
System
Maonnting Block
GTA

; GTA '

Weiding Weiding gm
Torch Yowh
Waerk-piece

Fig. 218 Schematic drawing of the dual torch welding arrangement

(a) Plasma keyhole welding (b) Plasma keyhole welding followed
by TIG arc remelting
Fig. 219 Welding profiles of duplex stainless steel plate(5.5mm thickness)
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3) Plasma-MIG hybrid &3 ¥4

Fig. 2202 plasma arc £33 MIG €39 FH L& 25 Ad &HY
o8 129 plasma arcZ MIG filler wireE =4 &8Al7|c A=
s}oloje] &GEEE hEFEHOoZ FIIAFIHA FAlo 839 ojaE o
314 stz 2985 E dAAZE & Uth

Electrode Filler wire

r
HF

Plasma
are Nozzie

— —

Fig. 2.20 Schematic drawing of a plasma-MIG welding
4) Gas metal plasma arc 3 3
Fig. 2.210] Yel= vt} 2o] dY No.lg electrodes} 24| Apo]dj
o|3) plasma arc® THAIA EAE 8§27, A9 No2e AF 74
2 A3 9tolo] Atojol] WAIF plasma arcol]l 93| 9fo]olEF &HAIT
ot} 29 &8 9ol §§2 e Ao R AojH U4

FepactEd L

o

Ay = b . piiathaes BN

3 7 } :
No.1 L, H No.2

sholo] &t

F\ >
V0547

Fig. 2.21 Schematic drawing of gas metal plasma arc welding
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5) 4=A plasma arc 3 Z4

Fig. 2.220] Yehll= ul9} 20| electrode(tungsten)& Y= (+)22 31t
284 7l B2 &olM H] AFA A (tungsten)d F} Apolof| o}
AE WA 7)Y, g e}o]ol(filler wire) =& rodE of= Fo 734
£4%0. ZAZE S50 HEZ ofad % F'd FAEol W ZA
FH9 AtEo] AAHT §84a5TH EAY HFo] ¥5siA 9 =
&, shield gas Foll 02% AAE HUISIH 539 Aol AojH o] o}
A7} A FAE F Aok

FPEEFHF(FF)
E&’}éz}} lg‘x}/’}i‘.iz&r}
BHE e

A} v .
“§x : - 3}:. A

PELEIET

HEZFA(Ar+0)

AR B4 TA(LED)

Fig. 2.22 Schematic drawing of positive polarity in plasma arc welding
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A 3% Plasma keyhole €7 ol #3F 23

31 4

2 A At Plasma Arc Welding(PAW)2] #H T A plasma keyhole
FA WS, okzdo] ¥Eo wE vi= F #F Y shield gas?| IFS
HAE3S 23 plasma keyhole 83 Z1& dAsAen, 1 A &4
%271 backing §lE FEW 4mmse} 6mme] Y-1FH 7] o|Fo F
£ X7t E3 shield gasE Ard}t Ar-5%H.E Al8-3t] plasma keyhole
S£A4RY FHE& BEIAT

3243 As R HAA Y
32143 A=

B Ao AHeH AEE B plasma keyhole £73 2ol Z50mm
x Z0]100mm x F7Al6mm A& AHE3H, AlA FdL Fig. 3.1 v
e At

Y-2FH gu)7] ©]§ 9] plasma keyhole &8 A3 AHg€E Age F
150mm x Zo] 100mm x F7A12mm A7Z}S AH&3s9 3, A|H 42 Fig.
3.2 YEbHAT

] 100 l

»

Fig. 3.1 Specimen of plate for plasma keyhole welding
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g 18 >..

I 100 2

Fig. 3.2 Specimen of Y-groove butt joint for plasma keyhole welding

322 43 Wy

Table 3.1 ZWollA plasma keyhole A H$, of= ZolHFo] uw
& H=gA #F 2 shield gas®] YFE ZHESIZ] 93 plasma keyhole
£3 z#doy, E3 Y-2FB] FEW 4mmot 6mmo] 3} plasma
keyhole 3 Z=71& Yelyiddch

Fig. 3.3& plasma keyhole €39 43 2AEE Yelyon, (v 3
Ho A plasma keyhole €82 33 (b)= Y-2FHO Zor] o]
)3} plasma keyhole 83 & 3ot 2d 2A F712mm, $EH 4mm
2 6mm, groove angle2 70°t}.

Table 3.1 The condition for plasma keyhole welding

Power source Powwel-150XP | Powwet-300xP
Welding mode Keyhote on plate Y-groove butt joint
Root tace(mm) - 4 3]
Welding cument(A)} 150 150 180
Arc length(mm) 4.5 6 6 8
Welding speed(cpm) 10. 20, 30 20 20
Orifice gas flow rate 06.0810.1.2 20 16
(£/min) 1.4.16. 1.8 20
Orifice insert diameter
(mm) 24
Shield gas flow rate
W/mied 10(A, Ar-5%H,)
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Plasma welding machine
(Powwel)

Plasma torch

Base metal
(bead on plate)
Jig(Cw

6Ch. Arc A/D Converter

Orifice 985 Shielding gas Monitoring System
) (A Ae~5%Hy)
(a) Bead on plate

Plasma welding machine
(Powwel)

Base metal
{Y—-groove butt joint)

8Ch. Arc A/D Converter )
Monitoring System

Orifice gas  Shielding gas
(A) (N7 N-5%H,)

(b) Y-groove butt joint
Fig. 3.3 Schematic drawing of experimental setup
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3343 44442 @

3.3.1 Plasma keyhole ¢t AJ] did W AYF

Plasma keyhole -3l A A ojHnl= FAH S $3fA keyhole
o & 2 dAHL w$ F83t} Fig 34F keyhole Yo &3t
3 PEL YAt J. C Metcalfe?} J. Kroos 59 AdAe
keyholeg 2+ A&l dv EHEZY A4HPy)g oo AH1HE EH3}
dor, £88 A AR o3 HAHE AHPnS HQE BHIHA
t}. Fig. 3494 & 93849 FAE vla FA(Az)olw, vHeF oW
ud A (Az)olA T 7h2ao) Aol zo] wE WA e
B Am/Az& ©XA orifice gas flow rate(f))$} orifice gas®] -2 (u)oll
olg AA g} Orifice gas flow rate7} Fo]A uj, orifice gasd] f&2
orifice diameterol] ¢]&3ic}.

ol 7hx HFA o ZRE orifice gas A LH(P)S AB) 93] B
g 2Ach Keyholeo] WE3}x] 2 W orifice gas 559 A ¢¥2 X
AR 4HF FA AR 95 HAHe G F 235 oo} gt

2 (1~3)2 FolA AEe & FA daf o] keyholed] F2 ©3
R HZ(T,), orifice gas flow rate(f)) 2 orifice gase] & (u)ell 2laiA
g Ao Ho).

Kevhole Liquid metal

N

N

77775\ ///f}'/1 //_‘
v
P P. P,

V7

Fig. 3.4 Horizontal forces acting on keyhole wall
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p, = 15 M
r

714,
P. : Surface tension pressure that tends to close the keyhole, N/mm’
Ts : Surface tension constant, N/mm

r : Radius of the keyhole, mm
Pn = pm g 2 (2)

o 714,

Pm : Pressure generated by the hydrostatic head of the melted weld
metal, N/ mm?

pm : Density of the liquid metal, g/mm’

g : Gravity acceleration, m/ sec’

z : Coordinate along thickness direction, mm

P, = K Amgfg;u) =k m(fg?’u’) 3)
Az T
o 71M,
P : Orifice gas stagnation pressure, N/ mm’
m : Am/Az

k’, k : Coefficents
fp : Orifice gas flow rate, #Z /min

u : Speed of the orifice gas, mm/sec

Aol 71&e HY WAHADA HEE 71E &FH Aol P7t Frhstd
keyhole®] ¥}73(r)o] AAe ¥ Py7t 7243t keyholed] REF(r)o] Zo}
Atk =3 89 29 ZTARAHLS dAs7] W& plasma keyhole2
HA vAE 238 F Atk gEbA A<l plasma keyholed Pyofl 2
3 HE $ dom P ¥ ula 4 e QIAE orifice diameter

olt}. ¢Fg 22l plasma keyhole &3 5 plasma o} d3 BAHS =4



AR o7 orifice diameter7} Z7}8 7bsAle]l o o] QI3 orifice
gas®] f&o] 7+48le] plasma keyholeo] Aletd 4= uotn wardt
W plasma o}= B o) 23 constricting nozzled] 8§ ¥ RAAS 7p2
ZA o= Q3 constricting nozzled] A3JE] B2 wjF ol orifice diameter
7b A8 § Jdon I AFAZA orifice gase] &2 Fst] AW &
9], A% undercut A T 83 AFE A sisAe] Ao 9d
Ho

o] 3t plasma keyhole &3 wWAUZ #AE 2% FIES dHREY
Y. M. Zhang %9 dFolMe dd 3 keyholeo] FHAEHUTHA
keyhole9] & 7o Frlet &§HEE Hae tiEo] ¥aA Agkth
a3y AFY F/Y £3EE FA e RUulE T3 o= 3
FANNEA A §8E dogn?

J. K Martikainen 2] dFdlA = plasma keyhole &H FAAA 53]
FZE3 (AL L2HYolE 2H{RIE 2 FF HegRd §84E9 &
wAE Y o] @) B §§F3 plasma keyholed} ¢FAHE Ao
she AL olPdgn Fex B7sy B d7die o8 JdAE(EH A
5, 84 &%, orifice gas flow rate, shield gas flow rate 5)9 X2
4 plasma keyhole £ HEE 23 & AU

=
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3.3.2 H ¥ 9] plasma keyhole 83 43 43

Fig. 35 Ar#} Ar-5%H>E shield gasZ AIZR;S w of=dol9}
orifice gas flow rate A}o]olA] plasma keyhole 84 HHE Yehdidle
o 38 WRd e 3AE o]l Hojof plasma keyhole &3 o] HA
. &FH &% 20cpmoA] Ars shield gasZ AR S W Bt} Ar-5%H;
£ shield gasZ A}&3}ES uf, orifice gas flow rate7} Zlolx plasma
keyhole &7o] Z o]FojFHt} o|AL Aro] H & 71 =EZH, Hao 7
3 43 #x g2 % plasma arc AY F7F @ 2L &
Axx wFo of=gy 9 ®EA9 §§ HEE&ol F7HEHUA7] diEelgtn
wego!?

26 v - .
€ o Ar shield gas = o= Ar shield gas
E 24, —0— Ar-5%H, shieldgas] E24 —o— Ar-5% H, shield gas |
22 {1 S22 . 1
3 2 // /Y
=20 ] 20} a o 0 ]
E 18 §1 8 \D éeyhole
8l , , ] ; . ]
g /_/_/_LQLLZ S No keyhole
= 1.6} O O i1 =16t 1
214} s Kevhole | K14
g e | 4
o 12 0 a o 1.2
;‘2 10} No keyhole ] g 1.0
e pe
08 . s . ‘ . ,
© 3 4 5 6 7 © 0'83 4 5 6 7
Arc length(mm) Arc length{(mm)
(a) Welding speed 20cpm (b) Welding speed 30cpm

Fig. 3.5 Region of plasma keyhole formation between

arc length and orifice gas flow rate
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Table 3.2 t6.0 HH 9ol shield gasE Ard} Ar-5%H,E A}&3lo
plasma keyhole &3& 3A< o of=3Zo] T WE AR/, AY o3
olty. Ar#} Ar-5%H,E shield gasZ AIE3AE W F &3 #3 2F
obz Zolst ARl whe Mol okt ZAHRE % 4 Uow], £Y of
A Aolol A Ar-5%H.E shield gasZ AM8-3-& |9 FH<to] Ar shield
gasE AMERE W Ro 23 ESITH oJAL Hrt Arkg 34 7Phyn
#2 =7 w27] g7 plasma arc 7|5S B ZA FH(EF HA
#I)AlA plasma arc A3 F7F2 A Ar-5%H9) shield gas Zg}ol
0L Z718 Aot BgEct. 283 plasma keyhole £ 9] ol=Zol7}
HEsrds 4 ARA50A)E AT 5 AND AL JAF SAH4H4
o]7] wj&olct

Fig. 3.62 Table 32914 Ar3} Ar-5%H: shield gas A}-8 A] of=Zo0]|
HEd W& A &S FAYeE Yed AolH, o] IAXL Y-OFH
o plasma keyhole 873 A& A} of=2Zdo]|& F3l=d FHg &&H

Table 3.32 Ar3} Ar-5%H; shield gasolA o}z o] WHFo] &
2 olHrI=EE YEhfa olaZolrt MEIHEaRE 45 H=E
F AU g2 EE 9 ojAHHE FAd wA= ofmzZold P3
A AN oA ofA AF/do] F of= o] WIdx |
gk plasma arc &3¢ 53 A2 Addn-

Fig. 3.7 vl 2 GHOEH Arg shield gasZ AHE3-S W undercut
o] HFAIE| AT, Ar-5%H,E shield gasZ AL @ undercut 242
Ae gldt}. J. K Martikainen 59 QoA+ 6mm #2284 7o) 1 @
7] ol&ol W3l undercut WA E Y3l filler wireg AME3IRoH, Z
Sun 9 A7AAME FEHL 2HAYZY F7 55mm I 2FE gl
7] o} &l ths] dual torch 7]&& AH83| 43S plasma keyhole 87§
o] undercut 2L &#3A)7]7] A3 FAE TIG &Ho=2 A &§ AA
A B AF M= Ar-5%H:E shield gas A& 224 undercutg
A = AU

12 K

oot
oy ro e B

ra
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Table 3.2 Current and voltage waveform for arc length variation

Aic Welding waveform
length %
(mm) AT Ar-5%H,
Current : 1504 Current : 150A l
: i
4 o
. Voltage @ 27.9V . Voltage : 30.2V
- rss—————— . ¥
) | )
. Current : 1504 X Current : 150A
5 k&
Voltage : 28.1V Voltage : 31.2V l
‘;..___.4——-—-5/ e L—-y-s..__.“ ‘:..mm....-_‘, U i
Current : 150A
6
£ = =l Bl

-

Voltage(V)
N N N W W
~N 0 0 O

N
(-]

r .
| —>Ar shield gas

| B Ar-5%H, shield gas

I /Lz/

L. Voltage = 1.25 = arc length + 22.88 -

"Voltage = 1.20 = arc length + 25/33/ ]

P o

4 5

Arc length(mm)

Fig. 3.6 Voltage for arc length variation by two shield gases
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Table 3.3 Bead appearance by arc length variation(t6.0)

length
{mm)

Surface bead

Back bead

Ar-5%H,

(a) Ar shielding gas

(b) Ar-5% H: shielding gas
Fig. 3.7 Macro section after plasma keyhole welding
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3.3.3 Y-groove butt joint9] plasma keyhole 83 43 A=

Table 3.4%= shield gasZ Ard Ar5%H.E& A3t 2A 57 12mm,
FEW 4mm$} 6mm, groove angle 70°, Y-1F 8 @t 7] o]&¢] plasma
keyhole €3& 3l S Wl AF, AY FFolth. FEWH 4mmYy Ario
Ar-5%H; shield gasE A}-8-31& ] plasma keyhole &3 o]l 25 &
Sk}

ZEW 4mmYn] Ar-5%H;2] plasma keyhole 87 A3l 29.1VE o}
Adolz #sty] S BHoF BHE Fig 3.69 Ar-5%H9] A4S
QAste  AlAbsl BW olzaZeles 32mmr7F Y FEW 4mmY
Y-groove S8 A] AA ola ol 6mmP =] AA ol=a o7t 3.2mmE
4% o]fE plasma keyhole 48 3lHA] X3) plasma of=a g 9
3 ¥F 278 W &gHUAN FEWHRYG E547 2nmFE AR
gEoz wddEc J. K Martikainen $9 AFdAE Y 1FH)
plasma keyhole 8% RS W 4% 2171 WHol §HHEAN EFAV
ARG 1F3IR

Table 3.5 FEW 4mm$} 6mmo}A Ard} Ar-5%H: shield gasZ &3
Pg o H=FY € w22 ddE el Aold. Ar-5%H, shield gas
2 SA4YES W v= A4 2 vz dUS B5F 4353 FEWHHG
E5A7 2mmAE AR S ¢ F AReH, o] FFAHQ o|AHHIE FA
o2 Eg=v-MAG g9 &3 J&HUTH
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Table 3.4 Current and voltage waveform by two shield gases

Welding waveform

Groove Root
tace(mm)
4
Y_
groove

Current @ 150A

Voltage : 27.8V

“Arc length : 6mm]

s

- Current : 150A

e

AT-5%H,

Voltage : 29.1V
, R

’ Arc Ieng : 6

oo

Current : 180A

| ACS%H,

Arc length : 8mm

Table 3.5 Bead appearance by two shield gases

Root Bead appearance Macro
Groove .
face(mm) | Surfacebead |  Back bead section
4
Y_.
groove
6




3444

Plasma keyhole €] #3t 4P & 3tAA &3 gL AES Ud +
AR

1) H#9 &H &% 20cpmo)A] Arg shield gas® A& of B}
Ar-5%H,E shield gasZ A}83-& of, orifice gas flow rate7} FHojx
plasma keyhole &7 o] Z o]Fo|x ).

2) J. K Martikainen 59 7oA plasma keyhole &3 F3lA
3 FRER(AME L2HUOE 26e s 29 Hepug 843

BEAZER FAo] 2V WEFo] 88 ETH keyholed] AAHAS Aojsl

AL g ez EF3n £ AFddAE o4 AAE(E’H A
, 3 4%, orifice gas flow rate, shield gas flow rate §)2] Z3}&
plasma keyhole £ H £ & d< F Utk

3) HH#olA Ard} Ar-5%H>E shield gasZ Al83AE W 5+ &FH 3
¥ =% oz o7t ARl wa} Wiko] okt FAhRE ¢ & UNLH,
Ar-5%H,E shield gasZ A2 & w2 AQo| Ar shield gasE Al &S
o Bk 28 EUdoh

4) HA@ 4 plasma keyhole 3 A ¥ % ojdHu= FAHd n|X|+=
ofzZo] g2 A9 AUt

5) Plasma keyhole &% 4] J. K Martikainen 52 d39A4+ 6mm ¢
Z8 A9 I 7] o]Fo da undercut LAE A3 filler wireg AHE
39209, Z. Sun et al5 9 HToA+ dual torch 71&S AFE3s] A3&
plasma keyhole 8% 9] undercut 23S 43217171 s F33S TIG
£HoZ A £§ AHAT B AdFo A= shield gasZ Ar-5%H & A&
gro 24 undercutg AT F AUk
6) FEW 4mmol| A Ar-5%H; shield gas2 Y-groove &3A] AR o=
Zole 6mmP{=H AA ofmzAol7F 32mmE 7FAE o]f+ plasma
keyhole 88 3l X3 plasma o} ddl| o3& ¥% 278 W &
FHUA FEREG 557 2nmAE ARY] WECZ dddo.

J. K Martikainen 52| d7olA % Y 1FHo]| plasma keyhole €47 &
o % 2%8 Wl §4HUN BEAVL AN 2%E AT 5 ALTh

A du e fo Jm

=
o, e

=)
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A 473 MAG 83| CTWD HE EJIF HE

41 X4

£ Bolde MAG 39 HuoA CTWD HFe #E HJEd % &
A4S AEsINeH, Y-OFB FHdMe 25 54 2 viaz @ds 3
3t

42F Alg 2 AP Iy
421 3% A=

2 A9 A48 H2E BB MAG $300A4 Z 50mmxZo] 100 mmx
=7 Omm AL AHEEHAT, AW B4 Fg 41 ehiich

Y-12H MAG £3 A8E Z150mm x Zol100mm x FA12mm A7
o2 ¥ 9d7] o] AFRIIH e, AlH AL Fig 4.29] YAk

9t 8

| 100 |

Fig. 4.1 Specimen of plate for MAG welding

Fig. 4.2 Specimen of Y-groove butt joint for MAG welding
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42243 3y

Fig 43¢ H@ol4 CTWDE ¥$A7 929% 2 8¢ V319
MAG 7 ZAEo|n, Table 41& 1 AYEAE Jehd Zolch

Fig. 4.3 Schematic drawing of experimental setup

Table 4.1 The condition for CTWD variation in MAG welding

Power source Fronius TPS4000
Welding mode Bead on plate
Set current(A) 360
Wire feed rate(cpm) 1300(YGWI11, @1.2)
Set voitage(V) 34
Welding speed(cpm) 20
CTWD(mm) 15, 20. 25. 30, 35. 40, 45, 50, 55, 60. 65
Shield gas flow rate (£/min) 20(A-20%CO, )

Fig. 445 CTWD7} 42z} 20mm¢} 40mm 4 &% =34 % nigg o
WS A3y 9% 4% RATo|n Table 42 1 AFZAL U
Roltt. I2F8 AXAFFL AHAFA 12mm, Y-groove, FEH 4mm ¥
groove angle 70°%th ojde DB &% AL AT ddd
fAxely &4 F Aoz 2xE FASAC AHE HFHe MAG
€4 Al &3 BAE Y3 AJA o]Hel| FEE AT
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WO

300

100

(a) Surface
Fig. 4.4 Schematic drawing of experimental setup

70°

2

e o e e - - —— - -

Lo
[at]

Ceramic it

backin'g ® @ ®

* -
A
Thermocouple’ L 36 1,35 115,
. {100)
(b) Back

Table 4.2 The condition for temperature and shrinkage measurement

by CTWD 20 and 40mm
Welding mode Y-groove butt joint
Set cument(A) 360
Wire feed rate{cpm) 1300
Set vokage(V) 34
Welding speed(cpm) 20
CTWD(mm) 20. 40
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4348 A4 2 @
431 3] MAG §4 43 49
1) CTWD Hi%o] & 9% A7

Table 438 MAG €A A CTWD WEo| & &8 AF, A, Idd
%, ugAzil 2 AFHEASE YA Zolh CTWD 20mme st
Hoz AMEHAY OmmE £ JIFL BAATI A dwoln
5mm e ok3 HFAF A WEAFr 343 2 AA
g S4ARe|7) HEo] AL Ae) WA Bt

Table 4.3 Current and heat input as CTWD increases in MAG welding
(Bead on plate, set 360A, 20cpm)

CTWD | @213 F | &2 8 | 22y (oA | XY
mm) | @ W |wmm | o |esAz
156 389 38.3 45 0.00 0.06
20 350 37.9 40 0.00 0.04
25 320 37.6 36 0.01 0.03
30 291 37.3 33 0.01 0.03
3B 276 37.1 31 0.01 0.03
410 260 37.0 29 0.02 0.04
15 247 36.8 27 0.02 0.08
50 234 36.7 26 0.04 0.16
55 218 37.3 24 0.19 0.63
60 204 37.8 23 0.21 0.73
65 192 38.6 22 0.55 0.82

Fig. 45+ Table 4.39] ©lol¥jo] tis] CTWD H3F & 38 F %
YEF 2d=ZE yepd Aotk CTWDZE S7hgel] wet 9po]o] Stick
outo] ZojAu gtojo] A Frtz FHMFE HaHT AAY 54
Mo A dFAGL FAHAUS. whehA FdFo] 23 =AU
CTWD Z7tell wet &8 A{7E Robfol= Esta sfeloje A3 &
Aol o oE & F7F Wl Y oo FFEZAME gojo] &
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§°] 718 & JAdn #dddAt. FH2-MAG 89 132 Y-OF2
2314 CTWD 20 — 40mmZ Z7}A7]H B ZFLe 40 — 29k]J/cmz ¢
28%2 ZraEo] AHYE, 18&3F &FHol 7beditt

450 T . v . . 50
—o— Measured aumtrit(A) |
— 400 - G —A— HeatinputtkVam) {45
] O
2y 2
3 300 N las 5
O AL =
S 250 NA™D {30 %5
o ~A O | 2
@ A\A D\ I
2 200 ™~ D\ 125
AN
\A 1
150 L 1 2 L L 20
10 20 30 40 50 60 70
CTWD{mm)

Fig. 4.5 Variation of current and heat input
as CTWD increases in MAG welding
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2) CTWD ¥is] & v =33 2 §¢ 4%

Table 44 AR AF 360A2 14, CTWDE #HEAAHS o £48 ¥
Avs P4 4 a2 dds Yeddg. CTWDZE 71845 843
HeXe Zhaglon A Fole IV EF CTWD 50mmé| M=
e 27 HASHAL 6Smmo M= T Fe] FHS Y, pit R 7]
Fo] A A= ol AL of= A AR AIHEFATY FAS F
7tz olzzh BAHA Aoz dddn” metd oka NS 317
sl A g9 e £4L 93 CTWD 40mmoldtE Zagzvl-MAG
|- HE&AHAT

Table 4.4 Surface bead and macro section as CTWD increases in MAG welding

CTWD Surface bead Macro sectiq_n

20mm

30mm

40mm

50mm

B5mm

Blowholes
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4.3.2 Y-groove butt jointo] 8H 43 A7

1) CTWD ¥is w& 2% 4348+

Fig. 462 MAGE&4IA CTWD7} 20mmse} 40mm v 873 5 Akl we
2% HW3E Jehd Aojtk CIWD7} 20mms} 40mm guf F3dl X O3
exdshe HiEgon], LECTWD 0mmAn) JAN 2391x) 0239 i
T 18T 929 CTWD 40mm dujs 82°CHrk o]A4L CTWD 20mm7} 40mm
Hr} QJ¥Eo] E9t7] wiolely wohEch =3 CTWD 20mms$} 40mm 25 3

=

3 7P #E AP Huee =E@3lE 4 94 O — Q — QA

120

100

Temperature('T)

40

80

({33

20| &

CRNC

Temperature(T)

o

800 800

Time (sec)

(@) CTWD 20mm

N 2
200 100

2
1000

1200

LE Ao 4 AR P R O - @ - O o2 I

7 .

Mini

A

82T

o D

@8 o

mum temperature

209

800 800

Time (sec)

(b) CTWD 40mm

400

1000

1260

Fig. 4.6 Temperature variation by time at CTWD 20 and 40mm
during MAG welding
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2) CTWD ¥iso| m& vjaz vd 2%

Table 45% CTWD 203} 40mmolA @2 MAG €47 sl e o b=
4 2 vz ddS yelhd Aot CTWD 20mme 40mmEd B9
H=Zo] i Fo o|An=rl FAHALH o] W7 glole &0l
A 9 CTWD 40mmE 20mmBETh H|=Zo] FgA|w SYRZ
(Lack of Penetration, LP)o] ¥ gt} wiela] Wu} glo] Hg A oA
HE Z4L Ysfre &0 5E CTWD 20mmiths CTWD 40mmE
plasma keyhole &4 37 H&st= o] uigAsicia v

Table 4.5 Bead appearance and macro section after only MAG welding

Surface bead Back bead Macro section
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4444

MAG £3d9 CTWD W% @& Sl¥%e HE 38N o3 22
2E€ e F AU

1) CTWD7} Z7hatel me} solo] Stick oute] @ojA sole] A
7tz 2eARE 22HN AAY 54 Aoz A8 YPAGE #A
A0 gebd gddel zasA =t CIWD 37t wet 29 A
F7} RolAE BT sjolols A we] 9@ oG EH F7E
£ gojo] $FEEANE sfolo} §80] 7H5ATT Ba@h

2) CTWD 45mm*-E oo F& =9, pit 2 7]F°] 22
oldj olAMAAFA AFAFTASFTE F43] Frheto of=art BYA 3
oo ggE

3) CTWD 20mm¢$} 40mm Unf £5wsh= Hl&glon, CTWD 20mm Yujf 3
FLEE 18THes CIWD 40mm duie 2TCHTh oA CTWD 20mm7}
40mmE T} QlEFo| FH7] WEolgty weEt:

4) CTWD 20mmE 40mmR o} EH vl=Zo| Yu 3o ojHu|=7} §
AERem o|de ¥ glo] &o] WA wd CTWD 40mm+e=
20mm=.t} H| = Zo] FJAg 8YHZ(Lack of Penetration, LP)o] A
At
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A 5% E2t=v-MAG &4 84 33 /e 49

514

J. K Martikainen 2] d7oX= FEWA 6mmE 713 39 L&
729 %7 10, 12, 16, 20mm<) YZ—‘?—E_ o] 2o s3] FEWHT plasma
keyhole € 4& 3lgon Fe 188 ddFd haje 2 WES AA
82 gt

meir B FoMe FA 12mmo Y-2FBE JFF APHC oSy
plasma keyhole £73 ¥ & 83 ddze g @y 2 £3%9
HY 2493 WS AASHEA FAl) 1 passZ 8 & ¢ e &
Zul-MAG 849 83 33& MEsted 53] gtk

Z8=2nl-MAG 89 £-HNME FEYH 4mme} 6mmE 7HA Y-2 88
of gtef7z] olgol W3 1FH 9HA P JEdF ws e FH5HF ¢
nlag 9AS AESFHY.
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5243 As A UH

52143 A=s

B A A12E AFE F150mm x Zo] 100mm x FA12mm \%
22 @ Y-aF18 go7] o5& AR, AE 4L Fig 510 e
Wik

8 I -8 >_.

100 12

L e

Fig. 5.1 Specimen of Y-groove butt joint for plasma-MAG tandem welding

52243 4y

Fig. 5.2v Zd=2rl-MAG &4 132 £4 YA xojtf. FEWH 4mms}
6mm, torch pitch 60mm, groove angle 70°, Y-1%1B 9dj7] 83 |3
o ths] A8 EXE plasma 302 31 3 EXE MAG 4o
39t} Fig. 53¢ Zg=ul-MAG 99 1382 €N £532 243
7] A% EAxoln @B®O0« W F5FE FAs] AT 25
AAE JeER ey OB®E °¥ F5%S S5 A 25 EF2
AXE Jeidth 5% 32 83 A 23AY &% 83 F
A FZHAR @ Ael2 patanh At WS CTWD 20mmdw &
ZZul-MAG e 192 85 Al &8 WA E 98] A|A oo Fay
RA T CTWD 40mmY & AHE-H A 334

Table 512 ZF2}=2rb-MAG g9 1912 §3& A% 4% 21d& de
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B EEn S— DA [
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00
100 .

Fig. 5.2 Schematic drawing of plasma-MAG tandem welding

Gauge length : 200

»

300

365

>

\ 2 4

100

(a) Surface

A

*—»

o

Ceramic
backing

i‘s XMetal block

b o - an - -

b o s e e e e e -

3%

»

i

. (100)

(b) Back

Fig. 5.3 Schematic drawing of experimental setup for the shrinkage measurement

Table 5.1 The condition for plasma-MAG tandem welding

Root face(mm) 4 6
Welding method Plasma MAG Plasma MAG
Set current(A) 150 360 180 260
Wire feed rate(cpm) - 1300 - 820
Arc length{mm) 6 Set 34V 8 Set 28V
Welding speed(cpm) 20 20
CTWD(mm) - 20, 40 - 40
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5343 442 ng

531 ¢HAE oldn= FAH L A7 Fel=vul-MAG g 192 83

Fig. 545 A Y oldH= HAL 93 ZTet=zvl-MAG &9 192 Y-
a5H &4 J}mlfﬂ Table 5.2+ 1 &3 %9 vl= ﬁé}e}ﬂr a2 od

*éﬂ‘}ixl P I—i‘l‘ 6mm 2] Y-IL-"?"-EC’H ZGAZHS v oj¥n
A ZR) o]AL HWW Ko Y-2FHX WAEET w
a2 #aEy, ‘Iﬂ A3 plasma 9| ofadE U3 ¥FH IFE ‘501 &
HEA FEHRG E5A7F oF 2mmAF T A7) dEolgtn Bodch

Table 529] (a)9} #©] plasma keyhole &3 Fo A27l%] AjHeo] Y
Zte F MAG £3 Z9e 88 EF(LPo] AT 234 (b)s}t 2
o] ZgZr}-MAG &4 £33 7%= AT SHEE I 5 UAh
w2t J. K Martikainen 59 @7AE Y-2F8B §HAX G2 2F
B ddF iz 2 WES AR Fd RS B AP 53
EXZ MAG §3< HEAZEA 28 F AAH-

u
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Cumrent(A) }
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i

Fig. 5.4 Current and voltage waveform by plasma-MAG tandem welding

Table 5.2 Bead appearance and macro section by two welding methods

Macro section

Welding method Bed appearance

{a) MAG welding
at room
Temperature
after

plasma welding

(b) Plasma-MAG
Tandem
welding

Sound
bead
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532 E<=vl-MAG g4 839 FH4 torch pitch 43 A}

Fig. 5.5 &2 &2v-MAG &4 83X HA torch pitchE HA3} 7] ¢
F d9 2AEE dehidt @€ EX 9A 40mmET (b)E 60mm
At (@9 4 EH=2u-MAG g9 83 Al 33 MAG §3o 2 913 o}
AE ujFoll plasma torch7} /5 $1t}. whebA] plasma torche] £4H-& WA
8l71 913X ceramicg plasma®} MAG EX| Alolof] B2l 838 A A 3}
Rt (b)8] A5 EH2U-MAG &5 87 Al $3 MAG 5o g Qg ol=
d-2 43 plasma torchol] &4-& 3] 2 £t} o] AL torch pitch7} (a) B
o} (b)7} 20mm ZojR &3 WFo g doH) waha B AFdA e A
torch pitche 60mm7} & ola}tx g}

Ceramic

I
|
|
|
|
|
|
|
|
|
I
|
|
|
|
i
|
|
|
|
4|_—-
12

| I <

|

|

|

|

|

|

|

|

|

l
4|_‘
12

(b) Torch pitch 60mm
Fig. 5.5 Schematic drawing of plasma-MAG tandem welding
with torch pitch
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Fig. 5.6-2 Z2}=2v}-MAG &9 & FH| A torch pitch 40mme} 60mm=E )
2 W9 sz BEg vehd Aol

Fig.29] (a)¢} (b)oll A H X %o] torch pitch 40mm¢$} 60mm X5 AT
2z 9 Ag & AT 5Y 81 Aoz FokzrkMAG @)
xS A& W (b)Y torch pitch 60mme (a)9] torch pitch 40mmR.t}
torch pitch7} 7] W&ol E2t=rt &3 F W W7 Ao 2 QA3 =A9
¥ =7} Wk detA £8 MAG 81 F 89e FolRn £ 252
Zk gk}, qkek torch pitch7t S22 #H AW (2F 80mm) 33 MAG &% A] vl -$
Nzh Ajzte 2 1 RA o 571 w9 wobr §3H& F(LF)e] G 7}
sAol ¥ohx gebh o) whaA torch pitch7t S5 2 o} 2 A (2F 10mm) MAG
A A s &L B Ao AF) B 227} ul$ Folx Eelzn)
E 2] &4, backing@lolE o o|HuH|= € g-go] A" yl5Ade] g0
v

(@) Torch pitch 40mm (b) Torch pitch 60mm
Fig. 56 Macro section at torch pitch 40mm and 60mm
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533 =% 44E A% S=-MAG ¥ &3

1) S2=vlMAG &9 834 93 4+

Fig. 572 FEW 4mmo} 6mme| Y-1FHoN F2R2rMAG g 89 =3
ARE e 2tk (@9 FER 4mmolld W7 glo] S2=MAG 89 83s
P o ALF Yo U] BH(melt through)o] T (d)e] FER 6mne
MAGe] 1%H W3 7142 s MAG &3 378 34 242 4 Ak

~Plagma welding

MAG welding P Cun'ent()
:Melt through

(b) CTWD 20mm at root face 4mm with backing bar

- Plasma weliding 1804 Current(A)

- J B Voitage(V)

2104 C;urrent(A)

N "
: ’ 30.2V Voltage(V)

(d) CTWD 40mm at root face Gmm
Fig. 5.7 Current and voltage waveform by plasma-MAG tandem welding
with root face 4 and 6mm
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2) Ee=v-MAG €Y S A= Y Y vjaz dd @2 43

Table 532 Ze}Zn}-MAG &9 &4 H= ¥4 U rpas 9d 33 45
£ vehd Aotk FEH 4mme] CTWD 20mmel] A ¥ ) glol< §-2o] WAy
Y3 W7 AL Aol e o o Au =7t FAF .o w, CTWD 40mmol A &
W7l Yole AAS LHARE AL S YAt FEHE 6mme CTWD 40mmeoj)
ME AR LHEE S F Ad

Table 5.3 Bead appearance and macro section

by plasma-MAG tandem welding

Root face | CTWD Bead

Macro section
(mm) {mm) appearance

20
without
backing

20
4 with
backing

Sound bead

Sound head
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3) Ect=v-MAG @9 849 53 4 454

Table 5.4+ FEH 4mm$} 6mmE 7} Y-15F B oA CTWD 20mm<} 40
mmo X E22rE-MAG 89 8348 & F 42X FH S F HolHE
Jehd Rolth WA HE 55 %l o FEW émmr} FEY 4mmel] Hla)
AN ARon Ay 3 FH Ut o] A2 3 plasma keyhole -8 o] 2|5}
Y49 §HE) BFA7 FED dmme) F 98k FEH 6mme B35} o
2mm A% AR T MAG §H R 1518 Gid A2 A% AT 7
& W Eolgn g

Table 5.4 Shrinkage after plasma-MAG tandem welding

by CTWD 20 and 40mm with root face 4 and 6mm (unit :mm)
Block

Root CTWD - Average | Total average

face Position A B C ) )

(mm) {(mm) shrinkage shrinkage

D E F
Surface | -0.74 | -0.78 | -0.90 -0.81
20 -0.655

Back |-0.44|-0.47 | -0.58 -0.50

Surface | -0.89 [ -0.97 | -1.07 -0.98
40 -0.645
Back |-0.24|-0.31[-0.39 -0.31

Surface | -0.60 | -0.69 | -0.78 -0.69
6 40 -0.435
Back |[-0.07 |-0.18-0.28 -0.18
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E2=0l-MAG B9 §4 F4 A% 49S sEM e 2o RS
W 4 gk

1) Plasma keyhole &7 o 271x A|Heo] W¥ztd F MAG £33
3¢ 8% EZF(LFo] HARAR, F2r-MAG B4 BHI Fee=
Zi%‘_"'f SHFE €& F AMTh wWekA | K Martikainen F9] Ao A
Y-28E &8 F& aFH Ao dis] 1 WhHS AAsA &
*d Ae £ 434 £ EANE MAG §HES A& 2N fF
F AUt

H.

ll'

2) Y-OF B9 FEH 4mm, CTWD 40mm<e} FEH 6mm, CTWD 40mm
& ES2Rv-MAG gt 83 242 H A1 S W 9 glolx Mg &1
38 2e F AT
3) Y 84 7oz EZ=r-MAG #©9 £3HL #HL 9 torch
pitch 60mm+= 40mmX .t} torch pitch7} Z7] W&o Ze}zu} 84 § 71
Wzt Azke 2 Qs ZA e od 57t Bk ek F3 MAG 81 F &
de L1 §H F52 AU

4) 2EW 6mme Y-18E Z2t=ul-MAG 99 £3 9] AH JHF 55F

FEW 4mmol Hls) A At} o] AE A3 plasma 71 & o3 F
48 &A% E5A7F REW 4mme AR FEW 6mm3l F$7} o
2mm A AR FY MAG £HPO) 18 BRA 122 AF ALF T
A Foletx wekdd
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63 4&

Ee2-MAG &9 849 % F5% 2oy 84 FAHE JNLsiaA
A aed 22 282 YE Ali’lt}-

1) ¥ 7] 83+ o]l backing barglo] MY E o|AHIE FA2 9
¢ Eet=r-MAG €9 1pass 83 T8 & /g3t om vigdgs 2 T3
2o 2 A% A gdo] 7|k =3 J. K Martikainen 5] Aol A
EY-2F8 &34 $& 158 g uis] 21 WHE AR 4
dd AE B AdYoAe F3 EXZ MAG 83 S FEAZo2H 4
g F AN

2) %3 EX 24 MAG § 4 EX] 9] CTWDE F7M1A J9%L 8%3 =
#HENIEA SRFe TA s Py Ndet e, 47 360A8) ¢
CTWD Z7}oll e} 23 A7 71 260A% RolF ol 878t x oolo] X3¢
doll G ol B F7H Rl 22 o] oo s Frin BT

) FE mmdl Y- R0 FA20-MAG @9 $49) A 92 5532
FE™ 4mmo] Bls) B2 Agkeh. ol A e 49 plasma 71E S35 ¥4
$70%9) 2507} FE emme] 4950 29 6mme] 397} F 2mm B
= ART, F8 MAG $%9) 158 GEid 742 A8 AT 74 W Fol
%z weag.

4) Plasma keyhole welding9lA] ]J. K Martikainen §2] Sfor+=
emm FZ& 7Fe] I 2ir] o]&o i3] undercut WAE Y3l filler
wireE A O™, Z Sun et al59 A7 = FEHAL 2HAHZD
o] F7 55mm I 158 7] ool ths] dual torch 7]&& AL&3)
X188 plasma keyhole £ %9 undercut 28 &312717] 8] &3y
TIG 8402 A &8 AAHAAT & Ao A T shield gasz Ar-5%H:
ARE3to 24 undercutS WAE £ AAT)

it o
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5) J. K Martikainen ¢ 7oA plasma keyhole &3 FA A
E3 2RI L2HUolE AHRIE A B3 HewgiEo 88F
o] FRFHY HAdo] F7] Wi 88F plasma keyhole?] tAAE
Aojgte AL ogta Fex EFstn B AFdre 98 JAAE(R
H AH, 834 &%, orifice gas flow rate, shield gas flow rate 5)9] Z
3}2 1% g plasma keyhole §HFE & 4 UM

6) H &l plasma keyhole &3 A] &3 &% 20cpmolA Ar-g shield
gasZ A& & wf BT} Ar5%H,E shield gasZ AFEF L o), orifice
gas flow rate7} FHo]x plasma keyhole &% o] & o]|F o]z ).

7) H¥o] plasma keyhole %3 A] ¥H % o|Hu= Ao w]X] o}
70| YFL AL fIRey otz Zolrt AR wat Mol I F7t
s & 5 AU

8) W&ol MAG &Ho|A CTWD 45mm¥PE T3] #2 23)H, pit

4 7)Fo] BAEHAoH ol of=AMFAF HAHFASIF FH3 F
7}sted of=7} E1HY oty @ddr
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ARk 2

e Al HY FRIE AvE UEFYUS 2003 W3 HA FAt
YARE AT AA ge Jrbe ohden, 35 dgozes % A4
o] @A FLA e QUFUS 2dA 1 X E 7] A8
shel 718 o B.2 o 1 ¥rle oF ohd SHIAF U

20033 8€2 Al AdA YojA & AEYo] HUuew O §H IT
TATe A s A Aol 7189 E3toldsunh 2006 14
As HY" AeolA o] & Hx JAT i 2d FUt =&o] &4
H2IAA A3 AHE oA el AEAAH tiEo] B4 HAF
He TAO 2 FAR 23 AR a5dd A4e2 A=Yy

Wete HHE F olTo] FAL AA BE BAS Kol 24T 19

j=4
55, A9 B4Y, HEY w5, YT 24d, 25 @5, o
g9 A
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