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Fig. 1.1 Nitrogen content of GTA weld metal with nitrogen mixture shielding gas
Base metal: Low carbon steel, Welding current: 150A, Welding speed: 30cm/min
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Fig. 2.1 Schematic illustration of heat transfer and material transfer phenomenon
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Fig. 2.3 Temperature dependency of plasma properties for Ar arc and He arc
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Fig. 2.11 Temperature dependence of normalized intensities of Ar(I) and He(I)
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r__E-BE 1 2.17)
k ln[AzgzhﬂlJ
Ag 124,

ZORUTKLFEEN & Bl BEBZ(T) D Z & £ 720 AT U, SahadD ZVEREEH=lA 245
LW, SRAKORLFEEICEIRIR K AT MVREHNBIREZRDH Z LT
5. NISTOT —4 _X—ANTREN D EFEMEE 2 WA L TR 72, A7 hLIRE L
Fe I(537nm) / Fe I(538nm) & iR E DO RIR & Fig. 2,121~ 728, Z O “fIEOEEITZ DT
T NI FETAIAY U LADRA « A F U FEOWREPFE LRV L2 R TH 5.
& 512, Fel(537 nm)#s & UFe 1(538 nm) DB = 1 /L F— (I Z4LE43.15 X 10° J/molk L Y

-4 -



— —
N &~
| |

-
o
|

Intensity ratio: Fe 1(537nm)/Fe 1(538nm)
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Fig. 2.12 Temperature dependency of intensity ratio of
Fe I (537 nm)/Fe I (538 nm) on temperature.

6.39X10° J/mol TH5bH. ZD LT, TNODOWEITEBT LT —DENKEXL, AE
BRCTR SN AIREICB W TEELLSNKRE S D720, ZE LIZIREREZITH 2 &0
FREL EZ B, FI2TC, $ETFALY R E LTS537 nmmiB L UB38 nmD2FEFE DO E

ZiRE LT,

235 T—2 75 AvDEEKIBERIE
T = 7T R IR NT DR RDIEE S5AR ORE TR OWTIRRD . SRR

N IZQIHKEZLEHTH LT, RRDOLHICEEND.
_ LZ(T)
Ag;hv, eXP(— El/kT)

(2.18)

ZORIZE - TREND L O1T, BARKIREN XA MUVRE | 38 TONRET (K7
T5. DFY, JFEANCIE, AT MVRE SRS LONRESMAEFWD Z 8T, SR
BESHZHRDENTED. L, MHEET AN AT THE LI A7 MVBEIT,
THRNF—FEEL L TRINDHEETIERL, EEIUEKET2MEETHSL. 22T, A
XY MBREOBE & AT TRE SN ALY MVEE I'OMIIZI =Fx1'&n )
BIRASAL D SZo & LT, MEEBEIKAFAT HBF kb8 T, 77— 7T X<H
DPFETIRIE L RDDH Z & L.
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AT, TTRAPTIHMEAL ORI OEERNC LV, KROBERZBHNEZ > TWD
M, ZOBERIC L VBRSNS ERN S 2 VRO EF &R T. v aZ %)
RIZEDZRNVF =L OIER VI, JRA - A A AT "MV TIEARY RVEROYED Y
ELTBIE S, FRICKBIRF OV~ —fHp (486 nm)DYEN D 1L T A~ DEFHE %
ROHECELFIAEND. ZHUE, HOIER D XY 2 X V7 IERKERTH 5 72D
OB L P80 Z A TEX D506 THD. £/, HR. Griem™I2 L5 &, HrD > =
ZOVTPERS Y OAENEE, EFREITE A SERFET, EFEEICH L CRIBIZ G
5. FZT, THABRE LT AT HRADEOKELZRNMLCHLT —7 77 A< |25
ZBHEBIIDINE D EE LT, TITNIT %DKBEFRM U A% AN A%
ANWTT =7 #RAESHE, ZTOLEDOKEALT MVEBIERL, TO¥EEZEE LT,
ZOMEN O ETBHEZRE L.

Fig. 2. 1312 SEBRIEE 2774, RMICHisk 2 Vs, IEEEERZ150A, 7—7 £3mm, v —
JV R ATXAHT %H,, JiEI320 Umink L7z, EIEGTAIREEICE T 577 A~ b DKFE
ARG MVEBERTHZ LT, BTEEEZRDT. 51T, ZOWE L RIRFC2FEEO A
KARY RV (537 nmdS L5388 nm) g L, _#siE bk s W CRE A 2R 7z,
ZHIZE ST, GTAY 7 A~ T OREDREFNIIIT HIE - BFHE - VA 7 T s
T AR MV RO b s, WEICY > TUEIT — 7 I 7 A~vDBE L X
FOTEHCHER L, ZOIKRGEELR2S mmOY7 7 A N—%2 LT, $RKNEL A
LTWASEH BT mm BICBWTHL G EETT I AN T0.5 mmI & IZ1051ZDW

Sy IGHIE LTz,

GTAtorch
Focuslens

Tungsten cathode

Arc Optical fiber

Pure iron

Detector Monochromator
Computer

Fig. 2.13 Schematic diagram of experimental setup for Stark broadening measurement
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AREBRIZBIT DGTAT 7 X~ OHDSRE /34 % Fig. 2141287, Z D & & OHgD Y-AE
IT1.9nmE 7220, HR. Griem®® 22 EZ L L CEFEELRD S L254 X102 m> 5. F
7=, ZONE TOREL, RRHIITo 72 ZARREIEIC L 06,933 K THh - 7-.
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Fig. 2.14 Example of Hp line profile of Ar+7%H, GTA after Abel inversion.

Fig. 2. 154405 = L OSFRKILE L BB EOBMR A~ ILE L B EE ORISR %
KDL THRKIEENE)NNDS. GTAY T A~V DEFEHIT2.54X10% m>, EEIT
6,933 KThHH 72, BFRRIEEITIT %, FOEEIT63TX102°m > THEZ LRbrd.

Electron density (1/m3)
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Fig. 2.15 Relationship between iron concentration and electron density.
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ZORERAEQ1)RUTRAL, ZORFOEF A7 k(538 nm)FRE1T4.0X 100 W/m®
EEMND. EBIT, TATTHRE SN AT MVEEITT — VLB 2 i3 = &
T, 4098 W) ZHROCEEICE T D AT MARENG LN, DFED, TOAXT hL
SRAERS KO DA MVBREED D, SEERIEF 139.77X 10" CTH D Z L 3 E Tz,

2.4 VSREMLOREIREE D53 EHA
241 SHBEEL AT L
GTA AHAZ BT 2R KUTIERMO R B DRAET DH. 2078, RO R HIEE %

ERMICIRET D 2 &0, $kORKBILAHET 5 L CEEL 2D, Rl & O 1R
ENCR L CIE, OSSR ERERE P28 L7z, Fig2.16 (25685 A7 A, Fig2.17

(SHEFER OB DR L XS S U 7 kit oo B VS E) & EiE 5
#+(Photron,Multi-Spectral-Imager)iZ & > T DX HEIT 5. TN ENOHEBRERRD —>D
WEOTW 7 o2 (P OLHEE 950nm & 980nm) Z @i L T, @EHED AT
(Photron,FASTCAM-512PC) DK CTHE & L, fglifg el L Ta s va—FITHY AL,

RECERIL, W OBEE A2 JIE T 5 Y 7 F(Image J, National Institutes of Health) % FV ik
SPREE & U CBEIC A R S AL, T D OBEED AR 5 Z L1 X o CIERth R b O E
DNEDND.

Thcevzrnes: mavv

Interference

filter ‘
High speed
camera

Torch

Yy -
-
-
-

PC
Base metal(Fe) [ -
Water cooled Lél/l./ﬁ_f'./‘ 5 e et
Copper : oo
Fig. 2.16 Schematic diagram of Fig. 2.17 Schematic diagram of principle
Measurement of molten of two-color pyrometry

pool surface temperature

242 _ASEHEERIEEORE
WIEDIRIE LT T 7 OSSN LW Ik THRT e nTx 5 M,
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C B
| =C A7 {exk{ﬁj -1} (2.19)

2T, VITBOHTREE, e 1T R, AT E TIREE AT, 728, Cal3 3.7415x10"°(Wm?),
Cp X 0.014388(mK)DEE TH 5.

LML, QIDRUITRIN D F e 1, MEIOIRESEREOWREBIZ LV BT 52 N
HONTWD. £ 2 THHROEENC X HRIERZELZBRTE HHEES LT—HKITIAS
ANSHR T 00 “EEHERRERIE TH 5. OBGHEERE I SR B RO m kT
H PR A TSR R —E & e DA (KRBT e, T)=e(h,, T)IZ, H7
% 2 DDWRDNERIRL, K% O NHEHBOEEDHNBIREZ RO D HiETH L.
T % 2 DORRIZBIT DB BE D2 KD D £ (2200 TEHIND.

Li(ﬁf 1—exp(c, /A,T)

I _82 A, ) 1—explc, /A,T)
ZIZTBAVOBFRITFELNEIRET D L, efe=l £720, RETIZOWTERT S &
Q2DANTFHN, B I ROKOMEL HIRENFHTE 5 9,

C,(4,-4,) 1

Ay (1L E/1,5)

LAL, EEOFHHRTIITW T 42, LU X, 5EEEE 7 O U CHE e HE
END. Thbb, @IRME» D SN EIZ IO A2E L TR L, St

(2.20)

T=

2.21)

—

3,100

2,700 \
2,300 /
1 900 / /

1,500 | | I I |
1 1.1 1.2 1.3

Intensity ratio

Temperature (K)

Fig.2.18 Relationship between molten pool temperature and intensity
ratio(950nm/980nm)
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IR END Z LT D, ZDD, HHICHIRENDI- T D EiR IR % %54 H
WCHHRDIREREZIT O MERHDH. T THHAERE LT, ¥ 7 A7 Bt
WIRT T a2 AT, ABEHINRERE S 27 ADOWREARIE L. Fig2.18 12, His
JEOBEEE (950nm/980nm) &R & DOREFRZRT. TAUC K0 B b i Eith o i
BRODHZENTED.

25 ®E

RETIE, GTA BHEORIEAIHC BV TR L R 5 EF L OMUE, R, %
T, Fekids L OBBMETEICHBIT AT RLE— T X, YEF—2, FHEFEICHONTH
HLZ. £z, 77 X~ NHBREDOIZODOREL AT JIONWTIHA~D L3RI,
Fowler-Milne £EX° "R ETE, & DICERARIREDFRIEDFIEIZ OV T Lz, Mz
T, VAR O IR E O 2 AR RE ROV T H I L.
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HTIE VNIRRT ARANDERZRDOBRABRRBIZIKIETT ST A<D E

3.1
BRI 2 BHROWIUL, KRFDOERN T —/V RHRITRAT 5 Z L3RR
ERDGEMBN. DD, VIV RTALBRORBA D= A LEWRRIZTH &
0N, VAR OERWINRL 2R H L TOHE Sl d. L2AT, &% GTA
BHECIEY— VW R RELTT LT (AN Y 7 AHe) W BILD. L, Ar o—
JURIZEHAT, He &=L RTIE Y —/L RHRIZEBENRALLT LS RDZ NN T
BV, He —/v NTIIH AHEZEC L THEHA SNDHANRZ N Iz T, »—n
RHA~DEHZDORANHGII R LTE, Vb R RAFREO 7 ST K RROBEESM N
WEZNET. PIzIE, T— XX VT AT UEROER LEINENTHE, v—
U RTANDEFOIBANEDENT DIRA E 72D, £, WEBFROMNGIRES RO
ERBEAHINSELER & S, BEEBBROBEINIOFET, AVREERL, Flov—
VR ARRABINEEDBERH D ESNTHE O LLais, 2okl —
IV R ANDEFEDIBABBIIKIET T —/b RH AR DB %, SHR=oHk
B Wo o7 T X DERIKE L CORMENSBER LIZHMEIRIZE A LR\,
RETIE, ¥ RHASOEFBABIGII KT T > —)V R ARG ROUHESRA DR
BERETHZEIZL 5T, L RHA~DEFZEORABRICEIT BT T X~ B
MORBEEZWMLT 222 HNET S, 7, ERICE > URESREOERELNE
L, BFEOUEHESM L ntEe B EREFEDORBRIZOWVWTIENS. RIT, GTAEHEOHIEE!
BoIalb—ya it hy, SEROBHERMCET 57T X~ Ok QYR OBLE )
53— R ANDERBABRIZONWTELRT S, S5, BEMITEROZ 4 EE
Bt D720 — L RHRICERBINBA LT T — 7 7T A~ DN BEEIT, )68
22N OBUEIATIZ BT DB R AT MVORNREE 52 & & LTz,

E&ll
i

32 FERIZI2BEERBOERENE
321 WEEEME

L)L KA AR, WONIREERSC T — 7 BSOS = 2L S87- GTA 52
FEREAITV, BHESROEZREZNE L. D DRESRMEN Y —L T A~D%EHR
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BABRGITEZ RITT Z &1%, 1R OLRERTHM O TWD A, RN &R
BEREBOREMRE L TREIZEBL SN R EGNTIT L A LR\, 22T, BEE
BOEFREEZE L.

P12 Table 3.1 7R3 HUE 3.2mm K O 6.0mm O8RS & V2. ARSI 0= H
BT OB BRI DB 5720, AR O 72\ WHiId &2 6 L. (1.1)
A HRD T2 1,800K (Z331T 2 P2 BIMREEIT, ™7 OHHRILIZ 450ppm TH 5.

Table 3.1 Chemical compositions of base metals for GTA welding experiments

Thickness C Si Mn P S N N equilibrium
(mm)  wth  wth  wtk  weh  wek  ppm SOl at1800K

ppm
Mild steel 3.2 0046 0.007 024 0012 0.009 19 450
Mild steel 6.0 0002 0.006 020 0.007 0.007 32 450

FRET LT taHedeith % Table 32 ICE &b, AT U —XT, BHESROEZRICKITT
=)V R ARG DL FA~L 2 L2 HIZ, Ar i —/L ROV He > —/V RO g %
To7z. 728, Arv—/L RL He O —/L R CHREEE— NIERARE LD X 018, R
FE % 45 % 300mm/min, 500mm/min (Z§%E L7=. B >V —XTiX, RFEEROPEL T
T D 7o OIIEPEE N A 250A ITHIIN L 72 He & — b NIC K D417 o 7. tRHeEIR O
DA D HitR DO T % H A2 B3 2 72 OIZHRIE 6mm Otk a2 V2. £7-, PEE 8mm
Kr12mm O —)L ) AVOHEE ST o7, C ) —A T, 7— 27 RAUEMREL
LESOEBZIMET S Z &2 HAMIC, He =L RIZBW T —27 BB b2 07
AT VB E O % 3mm~10mm, EMZEH LR S (BN S ) A E
TR % 5Smm~12mm (228 S TR L 7=,

Table 3.2 Summary of welding conditions for GTA welding experiments

Welding| Welding | Gas flow Arc length Electrode | Nozzle |Base metal
Shield gas | current | velocity | rate extension | diameter | thickness
A | (mmmin) | itermin) | ™™ mm) | (mm) | (mm)
A Gasflowrate | A_r —— 150 . 5-30 5 ) 8 3.2
_ He 500
B: Welding current He 250 500 10-30 9 5 8,12 6.0
C: Arc length He 150 500 10 3-10 5-12 8 32
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AEERBR 1L, Fig. 3.1 129 X H1g, HE50mm, £ & 100mm OH A X CHIW L 7= 4
I, % OFRPEEMF TR E 00mm OB — R4 7 Lb— MNEH#EATT ) 2 Llc L - TIER
L7z, BHEBIRIEA o — 2 RO BERERE L, B 3.2mm, SEiAE6e0° O~ T A
D& TAT R AE IV CIERRE COREEIT o 7. EHEE TS, WWHR & |E S
FIOWIE %) A X — VTR T D Z LIk » TR Z R L, 20080 e
WML CERBEOITHOREE Uiz, EFEOOITIIRIENED AVERNEIC X 2 BVRE |
EIZTAT - 72,

Nozzle diameter

Shielding nozzle

Electrode —=—| | Tngsten electrode
extension
'\
Arclength " —eided bead D
S0mm
g >
[ 100mm

Fig. 3.1 Schematic illustration of GTA welding experiment

322 BHESROERE

A BORHFERIIKIET S —IL RH AR DO (Table32 AT Y —X) [ZoOW
THHL7=. Fig. 3.2@)1\2, F A¥iE% 10L/min & L7256 Ar > —/v KOV He > —/b
RICBT i — FAMBL M OB E R B4R T, He v —/L R CIRE#EE— FIZM
MAVEL, WHEERERED 144ppm & EVMEA RS, Ar — L R CIIIEES R ER
S 40ppm I T LI e — R —7fIk & 72 o 72, Fig. 3.2(b)IEL > —/v K A i &
BRI ST BED Ar —L ROV He 3 —)L RIZBIT AR O EH B~ A
AFEOBIMZ LY Ar, He HIABEEBOEZENME P22 R0, T AME
23 15L/min AR OZ&ETIE AriCle_ T He ICBIT 2R BESBOEZRNEL D LN
DG, REBRTHRE LB HESRMT, 7 AVONEN 8mm L/hEL, £T7—7FK
Momm L EWeD T — L R RZERZDRALLTWERELEEZ X ONDLD, ZOFEM
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(@)Weld bead appearances (b)Nitrogen content of weld metal

- 800
< € T Shielding gas
© o —O-He
[
g = :D- 600 \ e
= =
£ 5 400
(&]
S 1\ (a)
o
£ S 200
O - h=
O = ped
% g 0 (b)l%{z_q
%2 0 10 20 30 40
Gas flow rate (L/min)

Fig. 3.2 Influence of shielding gas components on nitrogen content of weld metal
Shielding gas: Ar and He (10L/min)

TSR DERELE B & R O 50ppm LA FIZ9 5 729121 Ar C 10L/min LA L,
He CiX 15L/min DL ED T A EDPVLE TH - 7=,

W, EHESBOEREIIMITTEEEROME (Table 32 B +J—X) {Z2OWT
Bt L72. Fig. 3.3()C, AHEEDR 150A KON 250A 1281 HiR#E e — FAMBL A =",
ZVOWNEET8mm ¢ & L, 10L/min D He Z {45 U 7o, I8 HEE IR )Y 250A IZHN-% & B —
ROREIILEOE Yy FARAEL, HHESBERED 540ppm & KIFICHNT 5 Z &2
5. Fig. 3.3(b)I%, He v — L RIZEBWTIEHEENTZ 250A & LB OnESRER
AT, J ANVHNEE 8mm o 7203 12mm ¢ (IS L S BT HA DRSS R E R E LR

(a)Weld bead appearances (b) Nitrogen content of weld metal
800

S . Welding current,
= £ Nozzle diameter
[e8) o
e c £ 600 /- 250A, ¢ 12mm||
< E 5 (c)/E\\ - 250A, ¢ 8mm
g% £ 400 -O- 150A, ¢ 8mm | |
E 3 \
E 8 200 @A
= c =
< E 0 b
S3a 10 20 30
N — Gas flow rate (L/min)

Fig. 3.3 Influences of welding current and shielding nozzle diameter on nitrogen content of weld
Welding Current: 150- 250A, Nozzle diameter: 8-12mm, Shielding gas: He (10L/min)
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F eI, bl LT, Fig. 3.2(b) (TR TIEBEEDE 150A (/ ZA/VNEE 8mm ) DOfER
UL L7c. o —/b R AR 10L/min & D700 Stk T i & 150A 725 250A 12
BMEED L, J ANVRIRDO LT EEGBOERBEOWIMNEE L 70D, —F, FHE
BT 250A IZB W T o—/L KA A& % 20L/min (ZHIMEE5 &, 7 ALEE8mm ¢ Tl
100ppm FRE D E\EEAS R ER R L D0, /) ANVEREE 122mm ¢ ITHERT B Z itk -
TR & [RIFRE D 50ppm LA FEHF R L2 o72. 2D XL H IS, EBREMIICBW TR
BOEFWINEZRG TodIZiE, v— NV RATRREEOT LIS, J AVREIEKRT S
WEIND D Z ENDIND.
=V RAJ A% 10L/min @ He & L, BHESRBOERZIIKITT T — 7 BROEMRSE
HLESORE (Tabld.2C 2V —X) ZMETL7Z. Fig. 342, R#f & Ve o
HEE (77— R LEEMEH LESOM) % 15mm IZEE L, 7—727 E% 3mm & O 10mm
(EMZeH LR S 3% 4 12mm & 5mm) I8 (L S B 7-58 O e — RV 2~ 7 —
75 3mm TlEE— ROEBRICEZED A~ v MIMIET D b ODOY—7 v — RIS
IV, & ZAN, T — 7 £ 10mm IZHNT 5 LR — REROMMMRIHE & 72 b,
ARG B E RN 761ppm & KEEIZEIIN L7=. Fig. 3.4(b) %, He fifE% 10L/min (Z[E &
LTCT7 — 7 BEROEMEH LE S 2B SRR A0REaRELEEL T, L/
AR OREEEZ 7.5mm, 10mm, 15mm ([Z[FEE L72REETT — 7 B2 2 b sw7.
THORM & ANV W T Y, 7—7 REOEMIC L D IRESROEFRENINT
T 5. FRZT — 7 & 3mm O TITEMIE UKk SI26R0 &9 %35 100ppm LLF D

(a)Weld bead appearances (b) Nitrogen content of weld metal

800
- Distance between

= E S — - _ g base metal and nozzle head (e)
ES | WEMERe 0 o sy £ 600 [T A {5mm
nal T o S = 10mm
— [N]=127ppm S 400 [L_~O-7.5mm

2 | ///j

24 M,
E £ S 200 X
o E s
— 0
b 0
=< 0 3 5 7 9 11

Arc length (mm)

Fig. 3.4 Influences of arc length and electrode extension length on nitrogen content of weld metal
Arc length: 3-10mm, Electrode extension length: 5-12, Shielding gas: He (10L/min)
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HEBAPIERVMEEZ R LT, Rl—07 —7 R THEET 5 &, R ZVRIERREOHM, 7

HEMZEE H LE S OINS X - TiEEe B ER BTN H6m 2R3, B
EH UM CTERBEAITHA DN EZ 2 b, EHEEB~OERRAIIH L TUIT —
7 AR COERIBABR N I ERIC /2 5 LRI T,

PLETHAR7=X 918, [Rl—D T —/v RAAJEETIE Ar o —/L RiZkt LT He —/L R
BT OEERROERENIENT 52 &, Fio, BWHEEROEMEL T — 7 RO
TR R OEREOHINIRE REEL KT TZ LRI, LFTIE, 2ok
VIR — )V RHANDEHZDRBANBGINKNETT T — 7 77 A~ Rk OB % ikt 35
Z L HMIS, =L BT ARG 78 b NI EERME 2 2 b S 72 GTA IHEOHEY < =

L— 3 & {To7-.

33 V=NV RHTRA~NBROBABGZER LI REMTET NV
331 FHREBDRE

55 2 T T 7 GTAWREE DI BT E 230
TNERNT, AL T 5 —
v KT R EFAKUAAET HEHR L DR
BEG W O BUEMTET VA LT,
Fig. 3.5 IZFMRE MO FI 27~ 3. 51 (Z
Jrmasmm, 25 mI(R J7A)25mm DOFE
Wz, ¥ AT UEM (EA 3.2mm, :Eﬁgggﬁ length
£ & 30mm, SEimfEE 60" ), —u R F iArclength

¥

LK| H G

[
o

A

Tungsten cathode

<« Nozzle

J|

Axial distance, Z (mm)
o

o
wx[ I I | 1 ] ] I I T T T I>
2

J Zv (REE8mm, & & 25mm) K UVK K Anode ’
10—
PR (AR 5omm, JE 10mm) % b (Water cooled copper) :
1 1 1 1 1 1
0 10 20

EL. 22T, /A 8mme, 7 —
7% smm, TR L S smm OfZ Fig. 3.5 Schematic illustration of calculation
R, WEEFOSC T —7 K, & domain
MR LR SSE2 (L ST L. o — L R AIZAr KOV He 5K L4508, o —
NV RMEIZKIET T T A~ M DB 2 BT 57280, Ar 2 —)b RIZIBUW TR EEPHEHL
12352 2 ST AAER) 28 > — v R R & W T EAB8 AT 1T o 72, 708, RIS

Radius, R (mm)
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it & L, @RAROZEEHBEETITHIT L.

332 YN KRHTRLBEBEORETTN

)V R A EBROIREITET HH0 N HOWTIRRD ., —L RH AT ALk
b s 2 L, BERGMFE LT, GURITRTHEHERGFRX GF2ED(2.1)
AT HEH) DAERUESAFig. 3.5~ LKOFEEIC % E L 7=,

0 0
Fg(rer)JfE(PVz)— S (3.1)

SITHAL IR, BAIRFA 7= 0 G S D v — LV RHADEREE /R L, HALRERS 720
[T 23—V R AOE®ELY ) ZAVOWERE TR LA E L7z, 7ok, EEROEHIZ
BT HFHRUTIERTHY, EFRLEILITR20%DHEHENEEND. LirL, EFRLEMBEIL
HIZ T REOIFEVFE 537 CTh Y, BESRME S W o T IEBBIGICB W TEHE L 725
PHEASITWMEZ =T, 22T, RETF L TIEMEMBLO 7= ORI IL 2 HE DD FAET
5HERGEL CRHEZIT 7.

L RH R L BEORGELIL, G2RICHTBHRIg SRR L. Edoxt
R & A ORI L > T — /b R AR OPERORENRE S ND. I, ClI—
W RTADEERRTHY, BROEENRIFI-CTERDOIND.

(rp\/rC)+§Z(p/ZC)::;(rngfj+§Z(pD§j 3.2)

10
ror
F72, DIFEHEDIBIRMTH Y, (33)NTE SN DRI % L=
2\2IM +1/M ) (33)
{(psz AT VI R PACT NG NG VI }2
ZIZT, Ms, wos, pslEENTEN—/L RHADS1B, BE, KtizRL, R
Mn, on, ZNIEENENDOEFROMEZRT. FI2p,, By 1T BITEHTHY, Hin
ETvA, N DA, KSR, B, BBHR, R AT ERkx 78T A% LT 1.2~1.543
OEPADNE 27T P, AL TIEET L OO, %< DFEEBRT — 2 12H5<
PIE L LT B =,=1.385 ZE LT .
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333 ZEREEIV—N T ROYMHEE

Vb RH A L BROBEBIBITHBWTEERYM & U CTBE & IEBRED 5T 5
no. ZZT, I OYHEOIRERFIEC OV TERS.

Fig. 3.6 |2 Ar, He XOEZDEEZ/RT. WTNOHTAZEBWTHIRED EH L3z
BEIR T4 508, Ko, €EOBEIL 8,000K (I THEIIK T+ 5. BEIT 2515
T THY, 4,000K FHTH SAREENE T, 10000K 137 TIEIE 100%DHR 12725 & &5
e, ZOREHIPHTOBEDRTFNRREL2D.

Fig. 3.7 1% Ar FIHS O He FRPHKUC T D ER DILBIRE 2 ~7. He OG5, =Eil
(300K) TOHLHARELAS 7.9x10°m/s T % DIk L, 12,000K T 5.6x10°m?/s & 72 0 K
700 RIS 5. —05, HITIREED BRI 5 LIRBARBUIRES IR L, 7—2
T A~ Ol BERE & S5 20,000K (13T TO He (281 5 ILBR 5T 1.8x10% mP/s
LD, Fi, ArICBT HIEBRENE, W OIREEIRIZIS VT H He TOHLHIREK
K V/INEL 72D, He lZ31T DIREERAAYE & [FARIZ 11,000K~12,000K {31 Tl RO LT
R ERT. 20X ST, Ar KDV He I8 D EZDOIEHIREKIET — 27 77 A~D X 9
REIRIRTE LS RELRD I EVPRETH S.

103 10
\\ —Ar s /—\
—_N2 E - 10 2 —
T 10 \ —He || 2L // ¥
=) EE "
= © 10
g 10 £
35 C
= / —inHe
1 ‘ . - 2 0 = : =
0 5,000 10,000 15,000 20,000 0 5,000 10,000 15,000 20,000
Temperature(K) Temeprature(K)

Fig. 3.6 Temperature dependency of gas density ~ Fig. 3.7 Temperature dependency of nitrogen

for Ar, He and N, diffusion coefficient in Ar and He
725, GTA VAR DEAEMAT 21T 5 (21X, B EECIEBURE Ot | 2B R E RO RE ,

BN Wo 7o 7T X~ OB LB L 20 D705, 2O DEIZIZ— NV R R L EFEO
RETADEEZ AW, T70bb, ZHRDIEA 0mol%, 1mol%, 10mol%, 20mol%,
30mol%, 100mol%|\Zd51T % 7T X~ DYMEIEZ & &1, FHIEEEIZ L > TIEREDIREH
CBIIB ST A0 EE R LY. ChBMIEEORBICIET —2 77 X~ DfF

-38-



FTEMEAM; 2 i)E L, Chapman-Enskog 3Tl 9% L 7=.

34 BEY I 2 Lb—va itk By— R A~DOERIBABRSZ OB
341 T—7 DRAEIMED —V FHRBEEDZEA

T =7 DIEINED =)V R AL BRDIRGBGDOE, T20bY—/V R AR
FEEDLALIZOWTHET LT, > — L K ZW4RIE 8mme, > —/L KA A1Z 10L/min @
He, BMZEH LE S LOT7 — 7 £i3c5mm & L, 7—27 0 OG5 OVEEEETIE 150A
L7 Fig.38I7—2 8L KON —7 (0 OGEOY—)v R ARE G ERT. F
7o, REMRAEE LT, o7 AT VEBMER, #0727 EiE ) ZVNEDH
[FINLE, OV ANVANBESEFEZRE L, £ 2 bt 5 v —/v KT AOfi# AR L.

(a)Without arc (b)With 150A He arc
Temperature Shielding gas concentration Temperature Shielding gas concentration
10 ) 10 K) I (mol %)
™ 70000 ™ 20000 1 99.5
_ 8] 15000 __8|}=15000 2
E 6 10000 E 6 E‘IDOOO 90
E 5000 E 5000 B 80
N N 50
k -4 . -4
52 52
w w
= =
5 0 5 0
> >
) <2
4 4
6 L 6 1
10 8 6 4 2 0 2 4 6 8 10 10 8 6 4 2 0 2 4 6 8 10
Radius, R (mm) Radius, R (mm) Radius, R (mm) Radius, R (mm)

Fig. 3.8 Distributions of plasma temperature and shielding gas concentration
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Fig. 3.11 Distributions of plasma temperature and shield gas concentration for Ar arc and He arc

Welding current: 150A, Arc length: 5mm, Shield gas flow rate: 10L/min
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Fig. 3.15 Influences of shielding gas flow rate and welding current on shielding gas concentration
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Fig.3.19 Influence of electrode extension length and arc length on shielding gas concentration
distributions for 150A He arcs with 20L/min gas flow rate
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Fig. 3.22 Temperature dependency of N(I) spectral intensity
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Fig. 3.23 Comparison of N(I) radiation distributions between spectroscopic measurements
and calculation. (a)150A, 5L/min, (b)150A, 10L/min, (d)250A, 10L/min
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Fig. 3.24 Relation between calculated nitrogen concentration
and nitrogen content of weld metal by experiment
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BAE FRMITE COERMMRARICKIEST T 7 A< FEORE

4.1
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TS TR IROBETH D L SNDHTD, V— IV RHARDIT T XA~ DiRE
FEZ T L TRt O B R RINBIGI L KT LEZ NS, F1ETHRZLD
2, BREBESBOEHZRKITT I —IL RH ARSI DRI SN TITEZL < ORFZEHRE 2 H
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L RICBI DIABERERZENMET T 52 L 08HbNTWA 09 =) 36 EIT
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FEOEIZBWT, Ar v —/L RIZHART He =L RTIEY—/b RATA~DOER DR
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FZTARETIE, KO —V RHRAEANEZT —7 7T A< 28 5 EROMEER
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e Lz, %67, PORFELESLEFSEDO L —/L RHZTO GTA ATV, R4
BOEFEEZRE LIZ. RIS, FL2DLU—)V RHRZBIT DT —7 77 X< Doy s
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E&ll
o

42 BBRIEETV—NWVIRTRAEHWE GTABRBEIIBIT 2BREERDERE
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-55-



C S Mo P S C N Mo N equilibrium

lubili 1800K

wt% wt% wt% wt% wt% wt% wt% wt% ppm solubi 1;};10 500
Mild steel ~ 0.002 0.006 0.20 0.007 0.007 -- -~ - 38 450
Stainless steel 0.008 0.073 0.11 0.025 0.0006 169 0.11 1.0 120 2260

Table 4.1 Chemical composition of base metals

Vst B O SR BT OB I, 25 3 3 2.1 Hi Tl BB T M ERU VR & RS,
g 50mm, £ & 100mm OFIFIZ, 00mm EE Db — KA 7 L— MNEEAITH Z L1k -
TR U7z, BHEERIEA o  — 2 RO BEFERE L, B 3.2mm, JeihfAE 607 o k
VLAY R T AT o EMRE W CIERME C OB LZ1T - 1. 2t 100~300A,
7 —7 Bl smm, R T 30mmimin & L7z, v— b KA A1 0%~5%D#iFH T N, %
BA L7z Ar KOV He, KON 1%N, D Ar+He IRG T A, ArtH BT A L LIz, WTio
=)L RH A, P 12mm D —L K Zuh 5 30L/min & £ D H A& CHET
HTEIZEST, RRFPOEZEDRBALZLNI D ITHE LTz,

422 BREBEV—NVFITRAERAWBESBOERE
Ny IRA T —/V R AW CTIREEEIT 7261 & LT, Fig4.11Z, Ar+1%N,, He+1%N,
KO Ar+T%Hz+1%N, (2381 5 i B — NAMBL A 7R3, I BeEiIE 250A, 77— 7 K13 5mm,
VREEZEFE 1T 30cm/min & L72. Ar+1%N, TIREEE— RIZZEOE » FFEAE L7223,
He+1%N; & OV Ar+7%H+1%N, T, Fl—OERESETHHICHEDLLTE Y h2VE
EL7ehoT.

Ar+1%N2 He+1%N2 Ar+7%H2+1%N2

Fig. 4.1 Weld bead appearances with 1%N, mixed Ar , He and Ar+7%H; shielding gases
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Fig. 4.2(a)l%, R ZEEHLE L, v — R 2D N IRAH % 0%~5%I2 28 L SE1-55
DR IREREL T, 7 — 7 KX omm, EEEIT 250A, WHEH8E X 30cm/min &
L7z, AN IRG T A TN Ny IRAR CHREBESBOEREITAMIC LA L, whE
R OEFE TN 300ppm X HHIPH T Y — RicEy R RAE L. £72, NJIREG
N 1%LL FIZ 70 5 LR O Pl = RIAFRE CTh S 450ppm & 72 v fafn L7z, —J,
He-No IRA T A DA, Ar-Np (ZHAR TR — O N IRERICBIT DI B0 ERENK
TI2MEEZRL, By hORET D NJIRAHEIL 25%LL ETHo 7.

Z4 5 Y ANy O He-N, BRI TO GTA IBHAZEB W T, NIRAHROEEIIC L 0 IE
PR OEFZ BN ZPTHIINT D 2 &, R 5%LL B Ny IRA T EfElcfafnd
HZLERLTED B, REBREROERME —HT 5. LnL, AN BET AT
T He-NIBE W A TOWEERBORENMET T2 LIIRINTEL T, RERIZLY
N VAN 1% L0 T OFEI T, Ar-NIRE T AT He-Np IRE T AT DI
JRER PN T D 2 L DR ST

ATV AHNZOWT b [l — ORI Tl mER B2 HIE L. Fig. 4.2(b) (<
VL R AD NJIRAH L R B EFREOMGRZ AT, EHOMKR & R, F—0
N2 JA 2 TIEL AN IZHART He-N IR G T A CBIT DS B ER &N D720, — T,
AT UV ABDEGETE, REBROFH TH D 5%LLT D Ny iEA 2 TIiX Ar-Ny, He-Np iEA
HAMNZ, FEEEE— RICE Y bB3RAETT, NJRGEOMIIE U CURESROERE

(a)Mild steel (b)Stainless steel
E 500 E 1400
: : 1200
5 400 \ : 1000
E ___________ T_ Pit generation E
- 300 o 800
g _O_ Ar—N2 g 600
5 200 -He-N2 b
£ 2 400 <~ Ar-N2
-!2 100 ,,2 200 < HHe-N2
3 0 [
z 0 °c 0
0 1 2 3 4 5 6 = 0 1 2 3 4 5 6
N2 mixing ratio in shielding gas (vol.%) N2 mixing ratio in shielding gas (vol.%)

Fig. 4.2 Nitrogen content of weld metals for mild steel and stainless steel with nitrogen mixed
shielding gases. Welding current: 250A, Arc length: 5mm, Welding speed: 300m/min
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EEINT DM %2R Lz, Table 41123 X518, B O 7 =274 FRAT > L AEH
DA 22 FR R 1 2260ppm & HREH DK 5 FEDIE L 72 5. Z D72, 5%LL T D N IEE
RO, RIS TR S 42 2258 BN Al = SRR IR L 2o T LRI T X 5.

ZIT, K E AT UL ABICRIT D EEREBOEREL B LTC. N IRGE 0%0
)V R ARSI OART o UV ABOEEE R ER B L T 5 &, #EHTIX
40ppm FEETHHDIZRT L, AT L AHTIE 120ppm BREDEVMEZ R L, ZHUZiE
MM E TN OEFZENFEL TDEEXLIZ. £2 7T, Fig. 42 IR T4%
DY TREFZ RN D Ny IRE L %D —/L R R IT 2SR EHEL 58\
E(IN]-[N]no=o) ZFEAE & LT, =/ RH 2D Ny IRELOHNNTLE S st B 225 D
JNE: % b U7z,

Fig. 431" X 91T, N IRGERD 1%LL T ORWEEE T, #kdil & 27 2 L 2AHICE
T OEEEIROERBEOZEN VIR, ANy IRE T AT He-Ny iIRE T AIZEBIT 5
[N]-[NInz=o DMEVMEZ RS —J7, N2 IRGED 1% % B2 D I 27 1L X
HZ I DIN]-[NIne=o DAANBEE L 725, Tebh, #REITIE Ny IREFEN/HEML TH
[N]-[N]n2=o I% 400ppm HIECT—EME E 22 D83, AT > L A TIL N IREFROEIZ L Y
[N]-[Nlnz=o & B9 %.

1200 —~ Ar—-N2 Stainless stee_IO
1000 |{ T He-N2 A
£ - Ar-N2 ,«.a*"ﬂ'
& 800 @ He-N2 [ ¥ \ }
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4
= 400
=
— 200 —~ 7
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04
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N2 mixing ratio in shielding gas (vol.%)

Fig. 4.3 Comparison of nitrogen content of weld metal between mild steel and stainless steel
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FEEOVEHE TIZB N T, v —/b R4 AT 0.5%~1%FRE DD e N AR AT 5 &,
70— R L ORISR OSIMHR TARBEIC /25 DL ShED, Zoko%k N,
IRERORNEETIE, BHESBOERWINIIRIZINT, SRR 5 V%
FBMRE LD b2 — )V R RARDGNARAFET D7 — 7 7T X~ DR D N I B %
FIE$Z EAVRB ST,

423 Ar+He RN Ar+H IBE T AT — 7 BT D BEEBOERE

FIROBFHZRBWT, A—DZBRBRARO—IV RHATHET DL, Ar —/L K
IZHERTHe UV RICB T AEHEEROEZRENME T T5 2 EXRENT. L 2 AT,
Ar 7 — 2 IZHANTHe 7— 21379 A~ DT xR —5EREL ™, ZHUTHEOEEA
BLHINT 5. AR, ArHIRE T AT — 7 & HylRAEOEMIZ LY 77 A~vD T3
IVR—FEENEINT 5 2 ENMBN TS, £ T, TRLX—HEEOB RN OIRES
BOEFRRIINITT T T AR ORBELERT D 2 &2 HRIC, ArtHe KT
ArtH IR G T AT — 7 18T Hipea RO BR#®ZHIE L.

Fig. 4.4 12, ArtHe+1%N,{BE 7 AR OY Ar+Ho+1%N, JRA 7T A2 B1 % He £7213 Hy
REREBMSETHEBEIT 7256 Ol e — MIMIZ R T, Artl%N, Tl e —
ROFEIZZEOE Y MBFAET DN, He FRE H Z2IRET D8 —REHOE v b
IR T M E 2%, L ZAR, H ZIRE L2 E13 3.5%L EOTMED Hy iIRE 3T
By MBVER L722Y, He ORAIZEWTE Yy M THR S 57290121% 100%45< @ He
BIRETHVNENH ST,

Ar+1%Nz2 Ar+1.7%H2+1%N2 Ar+3.5%H2+1%N2 Ar+5.3%H2+1%N2 Ar+7%Hz2+1%N2

Ar+49%He+1%N2 Ar+87%He+1%N2

Fig. 4.4 Weld bead appearances of Ar+H,+1%N, shielding GTA and Ar+He+1%N, shielded GTA
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Fig. 4512, ArtHe+1%N, JEA I A KN ArtHo+1%N, RS H 2 2B 5 He £7213 H,
DIFERE S ETEEEIT o TG G OBEESREREL R T, Fig. 44 IR
E— RO BHERI S5 L 91, He £7201X Ho OIRGIC K VIBESR OERENET
THRER L e o7z, KRS, Ho ZIRA LIEHA ORESBRERZEIL, HIBAROHINIL
B L CRIEIZAR T L, 9 7% Hy IRA R T Ar+l1%N, (28 1T 28 B =R B Oy OfE
Lotz —Ji, He ZIRE L2 G ORESRERRIL, He BEEN/HML THiTL
Ao EZEERET, 400ppm FEE DOEEHERFT 2573, He 1RGN 80% & 2 5 & SIITIK T
THRER L 72Tz,

Z OB, ArtHe IRA T AR L AH IR G T AIZB1T 57— 7 EIEZ ORI

YAl 5. Fig. 4.6 12, ArtHet+1%N, 1A H A KUY ArtHo+1%N, IR G H A2 81F 5 He £
721X Hy ODIREFREZ AL SRR T 125607 — 7 EE%RT. ArtHe 7—27 T
1377 A~ KN ERAE RO Ar OBl S D 72, K 80%LL N D He IRG
RTILAr ERSEDOT— I BEL D WP —J5, ArtH, 7 — 7 TIZb TR KkHRE
RTHLT =7 OBMENEL, BT —2BEERDZERMLATNDS ™,
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Fig. 4.5 Nitrogen content of weld metal for Fig. 4.6 Arc voltages for 1%N, mixture Ar-H;
1%N, mixture Ar-H, and Ar-He and Ar-He shielded GTA
shielded GTA

INHORREIIC, a2 D=V RHRCBITAEESBEREL T — 7 BEDH
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Fig. 4.8 Demixing of shielding gas components in Ar+He, Ar+H, and Ar+N, arc plasma
He, H, and N concentrations at center position on base metal surface are expressed
by reference to Murphy’s previous report™
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Fig. 4.9 Relation between nitrogen concentration taking demixing phenomenon into
consideration and nitrogen content of weld metal for Ar+He, Ar+H, and Ar+N,
shielded GTA
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for Ar+He, Ar+H; and Ar+Nj shielded GTA
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Fig. 4.11 Schematic illustration of the nitrogen
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Fig. 4.12 Relation between nitrogen content of weld metals and heat input in Ar+1%N, and
He+1%N, shielded GTA for mild steel. Arc length: 5mm, Welding speed: 300m/min
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Fig. 4.13 Spectroscopic images and temperature distributions for Ar arc
at 0.1s and 4s after arc generation
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Fig. 4.14 Spectroscopic images and temperature distributions for He arc
at 0.1s and 4s after arc generation
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Fig. 4.15 Spectroscopic images and temperature distributions for Ar7%H, arc
at 4s after arc generation
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Fig. 4.16 Temperature distributions and iron vapor concentration for He arc at
at 0.1s and 4s after arc generation
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Fig. 4.17 Time dependency of plasma temperature and iron vapor concentration
in the vicinity to molten pool surface for He arc
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Fig. 4.22 Iron vapor evaporation rate calculated from Langmuir equation
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(a) Electrical conductivity of Ar with Fe vapor (b) Electrical conductivity of He with Fe vapor
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Fig. 5.3 Temperature dependency of electrical conductivity and thermal conductivity
for Ar plasma or He plasma with iron vapor
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Fig. 5.4 Distributions of iron vapor concentration, plasma temperature and
molten pool temperature
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(E) Ar Tc with higher thermal conductivity of He (F) Ar Tc with higher thermal conductivity of He
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Fig. 5.7 Temperature dependency of thermal conductivity of Ar plasma with higher thermal
conductivity of He in high temperature region(E) and low temperature region(F)
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Fig 6.13 Molten metal flow velocity, nitrogen diffusion coefficient and Peclet number
of molten pool for 150A,He GTA welding
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