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Fig. 1.1 Schematic illustration of TIG welding
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electrode .
Constricted nozzle
Power
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Fig. 1.2 Schematic illustration of constricted TIG welding

Welding current: 80 A Welding current: 80 A
Arc length: 3.0 mm Arc length: 3.0 mm
Shielding gas: Argon Shielding gas: Argon____
Gas flow rate: Gas flow rate:
Inner: 5 I/min

15 I/min
Outer: 15 I/min
. 50mm

(ii) Constricted TIG welding

(i) Conventional TIG welding
Fig. 1.3 Appearances of TIG arc plasmas

(ii) Buitt joint of phosphor bronze to stainless steel

(i) Butt joint of copper alloy
Fig. 1.4 Photographs of welds obtained by constricted TIG welding
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Fig. 1.5 Schematic illustration of energy balance in TIG welding process
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Fig. 1.6 Flowchart of this study
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Fig. 2.1 Schematic illustration of experimental setup of the spectroscopy technique
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Fig. 2.2 Schematic illustration of mechanism of emission occurrence
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Fig. 2.3 Relationship between normalized intensity ratio and temperature

2.3 BMREICRIT 2BREE MR L OBGRA A OFHRIT 5

231 EBEE

REM 2RI 5 B LR K OB R O FHANC I BRI 9% V. Fig. 2.4 1R T X 5122
DOIRGHFGHR A A~ THUE L, Z DI 0.1 mm ORREZFR T 5 2 & TEWE L OERIICHz 7
%. BIROFHANL Y 77 A—% (HIOKI 7 7> 74> ACIDC /™A T A% 3285) %, KIBZEALOF
BT K BUBE S 2 IV CIT 9 . 72, sHll &S e T — 2 13~ v F A F157 — 4 1 77— (KEYENCE NR-500)
BILOERE BE - BEFH==> b (KEYENCE NR-THO08) (2%~ 100 ms fBIZiidksnsd. 72
B, HATEEERIL22H TR DO LERTTHS.

Power
source

<— Welding torch

Water-cooled copper

«
/,...
|i| I__I_I_I Computer
: \

Clamp meter Data logger

.

O+

Fig. 2.4 Schematic illustration of experimental setup of the split-anode technique
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2, x B2 SRR OEOERICOE L, nFEHOHEKZXx, <x<x,41, Xp,=na & LTHEZX
ZIT, rP=vBlUxt=ulbB< L, X (25 FKROLIITRSD.

(2.6)

d
fir) = -+ [ L0

TNENOFITH LTI OB ERRLIBTIIHEIL, Q) Z0H SN ZHE TOES u
DR EEZD &, RO LD RFERITRS.
la(n+D)]? du

—_— 1 N_l !
fx = f(ak) = —;1;{ Qn (W) n = (a2 2.7)

Qn+1(W) — Qn(w)
a?[(n+ 1)? —n?]

Qn(w) =

A (27) TOEHEIHEL TS, TOBKICESHRT HERADL I D.

2 N-1
fo=-— ZAk,n[Qn+1<x> - Q)] 28)

[(n+ 1)2 — ](2]1/2 — [le _ k2]1/2

A =
ken 2n+1

HIZ, ERMEDE (Qpeq — Qn) ZRET 57201230 (2.8) ZRAD L HITEETS.

2
=—-— B 2.9
fio====> Binln 29
n=
Z :’C, Bk,n = _Ak,k (7’1 = k)

Bin = Agn-1—Axn (m=k+1)
X (29 ZHNWLZETHRI 0 —TIZBIT RS MO Z RO D ZLEINTE 5.
AWFFETIEH L2 DAEDS 0 128 5 £ CORFIRAREFHIZ IV TIL 60 KXH, EHisE R L OER
HEHIC I TIE 20 XENZ 2 EI L Abel M8 24T - 72
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Fig. 2.5 Schematic illustration of Abel inversion

25 T—2 77 A= REER O NICBIREEE ORRET

251 FEBRGF

WHE N —F BT DR ESRIEIC OV TR D Fig. 2.6 IR T X 9 ITHENE ) X)LEs L ORZE ) XL
ERITENEN 122mm BL40mm TH 5. £/, &/ AVEmOME IXEMRTHES 40mm &
50 mm & U7z, SEMICIXERRDS 2.4 mm, SEsmf 4 45° & L7z 20 wt%ligfb 7 > % o A 2 v 7 A
T UBMAEH L. BRI T — 2 K% 3.0mm, 7— 27 Efi& 50A & 150A D 2 5L L.

>

Normal gas nozzle
Diameter: 12.2 mm

Tungsten electrode
Diameter : 2.4 mm

Fig. 2.6 Geometry conditions (Left: Conventional TIG welding, Right: Constricted TIG welding)
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Fig. 2.7 Spectral intensity images (left side) and temperature distributions (right side) of argon arc plasma
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Fig. 2.7 Continued
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Fig. 2.8 Current density distributions of argon arc plasma on the anode surface
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Fig. 2.9 Heat flux distributions of argon arc plasma on the anode surface
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Fig. 2.10 Spectral intensity images (left side) and temperature distributions (right side) of helium arc plasma
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Fig. 2.11 Current density distributions of helium arc plasma on the anode surface
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Fig. 2.12 Heat flux distributions of helium arc plasma on the anode surface
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Fig. 3.1 Schematic illustration of computational domain
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Fig. 3.2 Schematic illustrations of constricted nozzle structure
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Fig. 3.4 Properties of argon and helium arc plasmas depending on temperature
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Table 3.1 Constant values of tungsten electrode properties

Work function (eV) 3.10
Richardson constant (A/m? K?) 96.0 X 10*
Density (kg/m?®) 1.891 < 10*
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Fig. 3.5 Properties of tungsten electrode depending on temperature

Table 3.2 Constant values of water-cooled copper properties
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Fig. 3.6 Properties of water-cooled copper depending on temperature
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Fig. 3.7 Boundary conditions for 1-T model
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Fig. 3.8 Flowchart of calculation algorithm for 1-T model
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Fig. 3.9 Temperature distributions of argon arc plasma
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Fig. 3.9 continued
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Fig. 3.10 Current density distributions of argon arc plasma
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Fig. 3.11 Velocity distributions of axial component of argon arc plasma
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Fig. 3.13 Heat flux distributions of argon arc plasma on the anode surface
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Fig. 3.14 Temperature distributions of helium arc plasma
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Fig. 3.15 Current density distributions of helium arc plasma
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Fig. 3.16 \Velocity distributions of axial component of helium arc plasma
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Fig. 3.18 Heat flux distributions of helium arc plasma on the anode surface
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Fig. 4.1 Comparison of temperature distributions of argon arc plasma
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Fig. 4.2 Comparison of current density distributions of argon arc plasma on the anode surface
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Fig. 4.3 Comparison of heat flux distributions of argon arc plasma on the anode surface

(Left: Measurement, Right: 1-T model)
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Fig. 4.4 Comparison of temperature distributions of helium arc plasma

(Left: Measurement, Right: 1-T model)
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Fig. 4.5 Comparison of current density distributions of helium arc plasma on the anode surface

(Left: Measurement, Right: 1-T model)
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Fig. 4.6 Comparison of heat flux distributions of helium arc plasma on the anode surface
(Left: Measurement, Right: 1-T model)
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Fig. 5.1 Photograph of helium arc plasma
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Fig. 5.2 Concept of treatment of electrical conductivity on the electrode surface
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Fig. 5.3 Influence of emission area on current density distribution
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Fig. 5.4 Boundary conditions for 2-T model
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Fig. 5.5 Flowchart of calculation algorithm for 2-T model
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Fig. 5.6 Comparison of current density distributions of argon arc plasma on the anode surface

(Left: Measurement, Right: 2-T model)
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Fig. 5.7 Comparison of heat flux distributions of argon arc plasma on the anode surface

(Left: Measurement, Right: 2-T model)
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Fig. 5.8 Comparison of current density distributions of helium arc plasma on the anode surface

(Left: Measurement, Right: 2-T model)
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Fig. 5.9 Comparison of heat flux distributions of helium arc plasma on the anode surface

(Left: Measurement, Right: 2-T model)
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Fig. 5.10 Spectral intensity image (left side) and electron temperature distribution (right side) of helium arc

plasma
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Fig. 5.11 Temperature distributions of argon arc plasma (Left: heavy particles, Right: electron)
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Fig. 5.12 Current density distributions of argon arc plasma
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Fig. 5.13 Velocity distributions of axial component of argon arc plasma
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Fig. 5.15 Heat flux distributions of argon arc plasma on the anode surface
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Fig. 5.16 Temperature distributions of helium arc plasma (Left: heavy particles, Right: electron)
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Fig. 5.17 Current density distributions of helium arc plasma
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Fig. 5.18 Velocity distributions of axial component of helium arc plasma
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Fig. 5.19 Current density distributions of helium arc plasma on the anode surface
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Fig. 5.20 Heat flux distributions of helium arc plasma on the anode surface
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Fig. 5.21 Electron temperature distributions with the arc current of 150 A
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Fig. 6.1 Heat flux distributions on the anode surface
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Table 6.1 Physical property of Lanthanum used in electrode model

Tm(K) @ (V) Q@mol)  Do(m¥s)  H (V) £

2490 31 3.93x10° 1.13X10* 6.5 1.0x10°8
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Fig. 6.4 Boundary condition for electrode model
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Fig. 6.5 Flowchart of calculation algorithm for electrode model
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Fig. 6.6 Electrode temperature distributions (left side) and mass concentration distributions of Lanthanum

(right side) at the time of 600 s, 1200 s, 1800 s, 2400 s, 3000 s and 3600 s
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Fig. 6.7 Changes of electrode temperature with time progress
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Fig. 6.8 Arc appearances at the time of 0.0 s,2.0sand 5.0 s
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Fig. 6.9 Metal vapor concentration distributions
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Fig. 6.11 Relationship between arc current and momentum of plasma flow

6.6 S

KETILT — 7 BN 150 A DEEITBNTT AT 2N 2ET 1 7 BRzET L a0) Ll
U LENRERT 4 7 (e~ T L) TRLNARMERRICET HBGRMNETE LN LITE
HL, ABURHELSAOBLR N SIRAET VA DUERANY U DR DB EZ G Lz, £ 135
FENTET NV AREEE L 2-T £7 /L & OEMFHR AT 5 2 & T, KFEREIZHE O BRHFERSR 2 5 ONZE
WRRE DI A FIHUE L, AT LI TIET — 7 IR O BMIRE S IERA~Y 7 A L0 K< B
OVHFEREDN NS 72D Z & ¥boofz. WRITRME AT v L A E LT 5E SRRt 5 RET 5
BBRARRDEINOWTRAET LT RN U L Z L, W#E DT T A~ OEE) B DiE
N BB DY DOIFNIREL FE L TWAZ EEZHONI L. ZALOHREND, 2 XL
T N2 T AFHIENE T — 27 7T X~ OEHEZ L 2 BIRO & = L F— B &2 BT 5 & [FIRFIC
7T R RO EEN L D T — 7 OFFEEVEN 72 5 NS BAR ORI bR 2 kT Dl &
EHOTWD ZENMBNERY, A2 XNAFTET 4 TEHRITHERD T 4 VT ERERT A~ T
TR T o A TH D LT i,

- 88 -



ETE RIS

KWIETIZT 4 TEEHEDE T H DR DIRE 2808 LI LWEHE Y 72 ZAOMEL % AR
Z, WA ) ANALET 4 TV WAET 14 7)) DT — 2 77 A~ RRER & ONC BRI 2 B 5 AN §
HZEEAME L. ZOHMICH L, TAILT—IBLON U LT —7 Zkf% L U= FZ5EH
WM R ZAT, 77— 77 X~ OIRESAARCETE oA, WA, BRI IZ DU
THAET D2 & T, YAz A& AN ATREENC &> CTT7—27 77 X REESBIRFHES & D X
AT 2D ERE LTz, RETIE, AW L > THELIERIZOWTREET 5.

FHLIETIHRTHY, FFEOEREHD, 7T—7 87 0v BT 2RO, 75N
2D I EHZ DN TR,

H2ETIE, A A =IOy AT AEHWT ALY MVIBEEGAZHRE L, Fowler-Milne 7:i2
Lo CT =0 7T X~ ORESAZFEH Uiz, E£70, SEIRBEE H WM RIS 2 B
G3FiTe D ONCBRAR M 2 7Rl L7z, 2 LT, Zb OERFHITR LN MERN D IET « 712
F2T =7 7T AUREER L OB B2 LT,

ARETHLNIAERELTICRT.

(1) TAIrT =7 TIHMEERT —2 (B0A), &ER7—7 (150A) EHHDGEAITHNT b
I AMZ K TT =7 77 A=A RE B L, FULEOIREENSEINT 5 2 & 28 50N
L7z,

(2 Fiz, TAIUERAWIRAET « 7 CIRHEIZT — 7 &z @< 72720 TEAE LW R
RETANF—FEEARERINTWD Z L2 bz L.

(B) N~V ULT—7 TIXEREE 72 b ONCEGRIZE U CETOBEIMERIZ R 5525, Bag /s X
JAZ £ 2% 7 Al & BIRRHE & OFBNIRR® ST, P42 RVOMBUIHAND v —L KA A DO
HIZE o TRNTHZEEH LT LT

BIETIE, EFIWET 7 axdR e L REMITET L T £7V) OMEEIT-72. €7

IABZED BRI NSO, SRR, SRS, 72 D ONTE TV OfFEIC DUV TR L7z,
72, I TETAEMWTEBIERIRZITY, BT 4 712800 2T — 7 Bi% 2 ik L7-.

-89 -



ARETHLNTRER LU FITRT.

(1) AT 4 7 CIIREE ) 2 T T ZRHRINS K> THE SN S ER OWEINN T — 27 7°F
A~ DEMEEBIEEILTNDZ EEA LN L.

Q) 7= T A2 DEZINF—EECET 20— R ADRELHFEL, T AYED—>
Th DBMRERIIE ) AN DHFITRE S FHFHE LT D LRI

FARETIE, 77— 77 A~ OIREN, BMREICIT 2EREE SN, BRSOV TE

BRETHAITCIG DAV AE R S BB A TR DR R A i L, W ORGP OV TR L7z,
ARETHELNIZEREZ UL TIORT.

(1) 7T T—7 TIEEMITES T — 27 7T A< MEER CHAE B & SRS RICEEETH 5 b
OO, KERT—2 (B0A), @ERT—72 (150A) EHLDOEAEICHENTH IR EE oo
TS Z & DR STz,

(2) ~V U LT — 7 TIEFHARE R & FHRRE RO ZR N PEEITAE U T .

(3) EBRFHUB LV 1-T EFATIET —2 7T A= ZRatEEERRRE (LTE JREE) THDH LW IHIR

EEHNTND Z L, FHARER & M RICER P E U TV SR TIET — 27 77 A~ NEgEF

ke (Non-LTEMRHE) L7eo TV D Z EMRIB I T,

4) 77— 77 A~ OEJEREZ TS 2 R CEE L R SBGRHRICE LT, MR G R &
D HEREZ LD ABERKICEE L > TRY, 7T—7 77 X~ — R OBR — A1) 5

NON-LTEIRREABETH Z L NMETHDH LB L.

WEETIL FAFETHELE LTETFONET—2 7T X~ Non-LTE IREEICI T BIREE T — 7 Bl
BEFALNCT D720, FHIFETHELE 1T ET VEREIEE BEMRIrET v Q-TET/V)
DOWEEAAT T2, 2-T 7V CITEFRE & B HREL B2 ICER LR EZITH) 2 Tr—2r 77
A<D Non-LTE IRAEABJE LI-fENT 3 FIRE & 72 o7, £ 70X, 2-T 7 MEEOBRIZHW RS
PEE, SREHRRA, RS, b NCET VOMHEIZ DWW TR L. &IZ, 7—27 &)’ 150 A
DEEIZBIT LT NALBIUON U LT —7 OBEEHREZITV, FRGHTH b7 Rk & i
HTET2TETNVOELECOWTIHRF Lz, 612, FREHIFB IO LT 7L LR USSR
T OBUEFH R AT, PAET 4 VBT DT — 7 Bl & i mAICEHE L7,

ARETHOLNIARE LU TFIORT.

-90 -



(D) 2-T FT /M Ko TR D AVTE R RN 361 2 B BE 34 46 L OB\ s oA | X SRR MR 1% &
NI b D L FRROIRI A OHD TV MEZ 7R L, RETHE LT 2-T 7 V& W 7B EFH R O 2%
MII+mTH D RSN,

Q) TNIrT =T DR, T—7 77 A ORI TCIXE L B FIEBRB L EHE LWREIZ -
TWbH—J57T, BRI, MR DT —2 77 X< dMaiB CILE RN ERL 7R E X
DE@mMRoTNDLZEEZMBEMNT LT, £z, AT 4 712 W TEMSERD S 1.0 mm T 75 OfL

B COBERFREINERDOT VeI 2 BRI AR, KER 7 — 27 (50 A) TlE 2592 K,
EEIR T —7 (150A) TIX 4565 K H< 725 Z L ¥binoiz,

(3) Mz ) AT K » CEIRRIENT — 7 77 A~ HLEICER T 5568, 727 — 27 Ol
A D RGRIREGR T —2 (B0A) THI2£5, @ERT —27 (150A) THI 1.6 (5N 5 2 & B
ST LT,

4) ~V LT =0 O8E, KERT—2 (50 A) THET—2 77 A 2RIZBWCE HRE L E
B HRBEEICAZNE T D0, MBI 7 —2 (150 A) 185 &7 —7 7T X< I B W Tl O
ERET—EL, LTEIGEVRIEE 0D Z AWM LIz, iz, AT 1 7B T HEAL DR
FEHIMIA TS, e LAKERT —27 B0A) TIHREMET 52 bz,

(5) NV DLT—=7IZBWTLT T A~ NOERE LR L O L TkaE 7 XV a2 e 7 A
VRN X D BN 7B TR b nZ 2B 5T LT,

(6) ~UDLT—=7IZBWTHRAE ) ZNVONRPELIUIS WEBH E LT, ~U U A TEYRER)
BINZO T — 7 7T A UL B INGEICBLE A Uo7 <, %2 7 RUh B ARG S5 s 72
AN K> TEDZRNF—INT — 0 T T AHNEHEITHESNDEND Th D LR SN,
(7) 72 ) 2 T 0 ZRHIB O RITT — 7 IR0 —/v R ADFEFIZ L > TEkL, 7
NALT = CRERT =TT AOBEMEEBT DL END, TLALTAZHANDLGEIZHN
THRAET 4 VRN T D EMLEE LN Doz,

(8) oA ) ANCK DT =2 7T A~ DEMNRILT — 27 77 X~ OFFEN L)/ N S WIKFEDR

JIZBWCEL 2D 2 MG, AET 4 JIIRIRERE SO TRFTIIC SO ABE EBL

DT OB ATHD Z ERP L E IR o7

6T TIL, 7T — 27BN 150 A DHAIZB W TRMA~ORGFRRINFITE L b RET LT &
PEFA~Y 7 BT L, FEAEEE & EREAED Lo B AR O £ ) LIERRIZ DWW TO LR 2170,

-91 -



WAz ) 2V Fe N2 T AGRIE A 287 m g 2 L L TOBAHEIC OV TG L7z,
ARETHLNTRER LU IR .

(1) BRI XBMOMEFEEEIC R E B L TR, PAET LI TRV U AR TT —
7 B O TR L DM T D AR EE S I 2 DIVRRFHRE LT — 7 BN HERF T 5 2 &)
HEMERoT.

(2) M EAT UL RHE LIcd, Wit b &R ARKN A UEBIIEFEST — 27 777 X< ikhE
DEALE B E I Z T 72 DB BAAR DO RM R PRI & SND D, PAET VA WD Z & TR
BRI AR SNRB ST — 27 77 A~ L& HEn D Z L vbio T,

Q) BTN EHNWD Z LICE A RASREH LAIRITT —7 77 XA~ B H OMEMENMET
THIRER T — 7 IZBWTHHZAERD TH Y, RERSFMICHIT 2EARHERIN D Z EBH LML
ol

VLb, AWFFRIZBT D8R 2 b &1, Bag ) Xz T T AN 7T — 7 7° 7 X< iKig7e
B ONZENRRFEC BT TR BITR O X 5 IS bz,

W27 ¢ 7T, EMR—AE ) VNS S D @R T ARIZ K-> TT—27 77 X~ OINEES
MMAEND. ZORER, BIRENEXURERO HIRENT — 27 77 A~ FbEICEFR T 5. T
BHET =TT AR FENCERE L, PO TY a— W REBINT 57207 —2 7T X~ Dl
FER ERT 5. ETEBRREOETIZ L > TRWEMAN DT —27 77 A~ DN @ 72, 77
A~ KRB S L D E DD I fRmtEd L OMEEANRICEN T ABEAT O BURS B S IHEFRF T &
5. Elo, PEE RNV KD ERBEOEPITEMOTE 72 TR BALEFICBWTH AL, 7T—7
TT RO R A~OBG R A KRE S BLSED 2 ENRTE, #ERE L TEZ RV —BERER A
FHT 5.

FFEO T AFRHEENS L B RIE T — 7 BT/ KU ADOFEIZ L - TEF L, BMER)N
BN T AT — 7 IZBWTCET — 27 77 A~ DEMNE LU W—FT, T30 7 —7 Tl
RERBFEROEMPEOND Z E0nn, TAIALHTRAERHONDLEMETOBHANEE L. I 51Tk
28 ) AL > TRERT — 7 1ZBNWTT —7 T T A~ DBRMERNEL 2D 2 L, SBRAROMEH
LR @< 725 Z L inD, AT 4 TIHKERD DT — 7 BORERESRE RSB & S35 R
PR L TWD EBREIND. ZOXIITRET « 71T ARERIET 22 Ty —2 77 XA~ &8
g S W7 — 7 R A 1A L9 27200 TR <, EBRTEREO B S B AK ORI R E H L&

-92-



THEL % = & CHBEEO B R EIL AR N L2 ERT A% bIRHZTHY, 5HBOHO
S EFHHIEHET 0B AR VAL LB TE D,

-93-



P

ARBFFEE, RIRRFEEEREOIEITEER B % lEoRY)e TR L ZHIBEZ 1B > TT LIS
bDTHY, HATHRELRLHHEERDOLET.

o, KX aELDHTHZY, Az ZHRE TREmE Y F LIZ KIRRFPR TP LErseft
~ 7 VT NVAEFERV RS R A B, RIRORFHEA B PARJET g il iR <&
HzLET.

AWFFEDEITI L OAGR L OBEIZHT= 0, BEI7R THRE 2 W22 & £ LI RIS B2
FTEZR SEMIES L, [RSEahE MRE— L0 bE#H T L ET.

AR EED DI DT, ZRRTZRE T2 WE2&E £ LISt L T 2 5F FTHEA
K, FHMES RISODHHRLH L EFET.

AR EBATT DICHIY, MBERT—F 2 TR L TWizilE, 612, MIERRIZ OV THER
RIHEE W EE LimA—A N F U 7 CSIRO A2 E Anthony B. Murphy 812,002 & ¢
W LET.

KREBREITOCHTZD, ZRBETHDEWEEE L AR KZ2IILD, AUMEETED
\ZHFSEIZE) LA, Hex 7o T AR — b LT /272 = £ L72 Nguyen Van Anh (X, Methong Titinam X,
Sarizam Bin Mamat [, H#/A#R K, Phan Huy Le [, BJIEER: K, HPEL K, BHE2 K, 2
HEMR K, IWHHEA RIJESBILP L EFEd. 2L, RMUKRZ, R UHFEHTOMRE L L CAHF
G D ONCRFAEIE A LA TN & E LTS OF 2 IR EH OB AR L ET.

WFFRAEIRIZIB W T REBIMEEC 2 0 £ L KIRRFHEA R ERT i EmE T E K,
[FIFFERTET RS SAHET RIO SN2 LE T

B, EEOEN DO E X 26T TN & £ LEET HFRICL DEHN - LE T

-94 -



25 3R

1)
2)

3)

4)

5)

6)

7)

8)
9

10)

11)

12)

13)

14)

H. Ayrton: The Electric Arc, The Electrician Printing & Publishing, London, (1902).

A. Murata, T. Murata and M. Tanaka: Development and it’s practical application of GTAW automated butt
welding equipment for ultra thin sheet, Journal of light metal welding, 51, 2 (2013) 56-59.

G. N. Haddad and A. J. D. Farmer: Temperature determinations in a free-burning arc, Journal of Physics D:
Applied Physics, 17 (1984) 1189.

SERAFORE, HAE R, BN SREOIEC L DT — 7 7T X~ ORI, i SUE,
14, 4 (1996) 641-648.

AT, B IV EORTRBATER 2D 7 — 2 7T A RO ZEERT — A A —%)
HEIC X W7 — 7 RO A —, seaam g, 30, 4 (2012) 288-297.

K. Nomura, T. Kishi, K. Shirai and Y. Hirata: 3D temperature measurement of tandem TIG arc plasma,
Welding in the World, 57 (2013) 649-656.

M. Tanaka and M. Ushio: Plasma state in free-burning argon arc and its effect on anode heat transfer,
Journal of Physics D: Applied Physics, 32 (1999) 1153-1162.

JRIGIER, AR vofe, PR, MR 777 X~ T MR, PEXEXE, (1984).

K.C. Hsu, K. Etemadi and E. Pfender: Study of the free-burning high-intensity argon arc, Journal of
Applied Physics, 54 (1983) 1293-1301.

T. Zacharia, S.A. David, J.M. Vitek and T. Debroy: Modeling of interfacial phenomena in welding,
Metallurgical Transactions B, 21, 3 (1990) 600-603.

S.A. David, T. Debroy and J.M. Vitek: Phenomenological modeling of fusion welding processes, MRS
Bulletin, 19, 1 (1994) 29-35.

T. Zacharia, S.A. David, J.M. Vitek and H.G. Kraus: Surface temperature distribution of GTA weld pools
on thin-plate 304 stainless steel, Welding Journal-Including Welding Research Supplement, 74, 11 (1995)
353-362.

W.H. Kim, H.G. Fan and S.J. Na: Effect of various driving forces on heat and mass transfer in arc welding,
Numerical Heat Transfer A, 32, 6 (1997) 633-652.

H.G. Fan, H.L. Tsai and S.J. Na: Heat transfer and fluid flow in a partially or fully penetrated weld pool in

gas tungsten arc welding, International Journal of Heat and Mass Transfer, 44, 2 (2001) 417-428.

-05 -



15)

16)

17)

18)

19)

20)

21)

22)

23)
24)
25)
26)
27)
28)
29)

30)
31)

C. Winkler, G. Amberg, H. Inoue, T. Koseki and M. Fujii: Effect of surfactant redistribution on weld pool
shape during gas tungsten arc welding, Science and Technology of Welding and Joining, 5, 1 (2000) 8-20.
P. Zhu, J. J. Lowke, R. Morrow and J. Haidar: Prediction of anode temperature of free burning arcs, Journal
of Physics D: Applied Physics, 28 (1995) 1369-1376.

J. J. Lowke, R. Morrow and J. Haidar: A simplified unified theory of arcs and their electrodes, Journal of
Physics D: Applied Physics, 30 (1997) 1-10.

M. Tanaka, H, Terasaki, M. Ushio and J. J. Lowke: A unified numerical modeling of stationary
tungsten-inert-gas welding process, Metallurgical and Materials Transactions A, 33A (2002) 2043-2051.
AKREFIGHE, BrAIFnsE, SERAFR 3RITT — 7 BT VOB~ TR UE, 28,1
(2010) 10-15.

J. Jonkers, M. V. D. Sande, A. Sola, A. Gamero, A. Rodero and J. V. D. Mullen: On the differences
between ionizing helium and argon plasma at atmospheric pressure, Plasma Sources Science and

Technology, 12, 1 (2003) 30-38.

J. Haidar: Non-equilibrium modelling of transferred arcs, Journal of Physics D: Applied Physics, 32 (1999)
263-272.
X. Guo, A. B. Murphy and X. Li: Thermodynamic properties and transport coefficients of two-temperature

helium thermal plasmas, Journal of Physics D: Applied Physics, 50 (2017) 125202.

M. N. Hirsh and H. J. Oskam: Gaseous Electronics, Academic Press, New York, (1978).
PRI 7 — 7 [ L £ ORI, kL4, 73 (1987) 1309-1315.

BRI 7T XA~ O (1), FHF2EE, 60, 3 (1991) 182-187.

H. R. Griem: Plasma Spectroscopy, McGraw-Hill, New York, (1964).

M. I. Boulos, P. Fauchais and E. Pfender: Thermal Plasmas, Plenum Press, New York, (1994).
Va7 — 7 BRIt R B S, b7 vt A OB, VRS2, (1996).

O. H. Nestor and H. N. Olsen: Numerical Methods for Reducing Line and Surface Probe Data, SIAM
review, 2, 3 (1960) 200-207.

AT, Mg — 77 X~ 040 EH, il v & —, (1995).

H. N. Olsen: The electric arc as a light source for quantitative spectroscopy, Journal of Quantitative

Spectroscopy and Radiative Transfer, 3 (1963) 305-333.

-06 -



32) W. L. Wiese. M. W. Smith and B. N. Miles: Atomic Transition Probabilities, Vol. I, Sodium through
Calcium, NSRDS-NBS 22, The United States Government Printing Office, (1969).

33) NIST: http://physics.nist.gov/PhysRefData/ASD/lines_form.html

34) O. H. Nestor: Heat Intensity and Current Density distributions at the Anode of High Current Inert Gas Arcs,
Journal of Applied Physics, 33, 5 (1962) 1638-1648.

35) S.V. Patankar: Numerical Heat Transfer and Fluid Flow, New York: McGraw-Hill, (1980).

36) J.P. Van Doormaal and G.D. Raithby: Enhancements of the simple method for predicting incompressible
fluid flow, Numerical Heat Transfer, 7, 2 (1984) 147-163.

37) A. B. Murphy and C. J. Arundell: Transport Coefficients of Argon, Nitrogen, Oxygen, Argon-Nitrogen,
and Argon-Oxygen Plasmas, Plasma Chemistry and Plasma Processing, 14, 4 (1994) 451-490.

38) HAGRFAMW WGT 3R &F7T—% 7 v 7, i, (1993).

39) V.S. Fomenko: Emission Properties of Materials, Kiev, Naukova Dumka, (1970).

40) Vw s A T A ra B HEREER, B - Vi@EL (1970).

41) V. A. Nemchinskii and L. N. Peretts: Anode sheath in a high-pressure, high-current arc, Soviet Physics
Technical Physics, 22 (1977) 1868-1875.

42) L.E. Kalikhman: Elements of Magnetogasdynamics, W. B. Saunder Company, (1967).

43) H.B. Milloy, R. W. Crompton, J. A. Rees and A. G. Robertson: The Momentum Transfer Cross Section
for Electrons in Argon in the Energy Range 0-4 eV, Australian Journal of Physics, 30, 1 (1977) 61-72.

44) R. K. Nesbet: Variational calculations of accurate e--He cross sections below 19 eV, Physical Review A,
20, 1 (1979) 58-70.

45) 1. H. Hutchinson: Principles of Plasma Diagnostics, Cambridge University Press, (2002).

46) M. Mitchner and Charles H. Kruger: Partially lonized Gases, VVol. 8, NewYork:Wiley, (1973).

47) F. Matsuda, M. Ushio and T. Kumagai: Comparative Study on Fundamental Arc Characteristics with La-,
Y-, Ce- Oxide Tungsten Electrodes, Welding Society, 6, 2 (1988) 3-8.

48) A. A. Sadek, M. Ushio and F. Matsuda: Effect of Rare Earth Metal Oxide Additions to Tungsten
Electrodes, Metallurgical Transactions A, 21A (1990) 3221-3236.

49) K. Tanaka, F. Matsuda and M. Ushio: Effect of Additives in Tungsten Electrode -Consumption of
Electrode Tip at Relative High Current-, Quarterly Journal of the Japan Welding Society, 13, 4 (1995)
524-531.

-97-



50)
51)

52)

53)

54)

55)

56)

57)

58)
59)

60)

61)

62)

63)

64)

65)

R.S. Devoto: Transport Coefficients of Partially lonized Argon, Physics of Fluids, 10, 2 (1967) 354-364.
R.S. Devoto: Simplified Expressions for the Transport Properties of lonized Monatomic Gases, Physics of
Fluids, 10, 10 (1967) 2105-2012.

M.1. Hoffert and H. Lien: Quasi-One-Dimensional, Nonequilibrium Gas Dynamics of Partially lonized
Two-Temperature Argon, Physics of Fluids, 10, 8 (1967) 1769-1777.

E. Hinnov and J.G. Hirschberg: Electron-lon Recombination in Dense Plasmas, Physical Review, 125, 3
(1962) 795-801.

J. M. Pouvesle, A. Bouchoule and J. Stevefelt: Modeling of the charge transfer afterglow excited by intense
electrical discharges in high pressure helium nitrogen mixtures, The Journal of Chemical Physics, 77, 2
(1982) 817-825.

P. Zhang and U. Kortshagen: Two-dimensional numerical study of atmospheric pressure glows in helium
with impurities, Journal of Physics D: Applied Physics, 39 (2006) 153-163.

J. Haidar and A. J. D. Farmer: Surface temperature measurements for tungsten-based cathodes of
high-current free-burning arcs, Journal of Physics D: Applied Physics, 28 (1995) 2089-2094.

M. Tanaka, K. Yamamoto, S. Tashiro and J. J. Lowke: Predictions of current attachment at thermionic
cathode for TIG arcs, Materials Science Forum, 580 (2008) 319-322.

S8 BB T, AR RS, (1994).

V. A. Nemchinsky: Life time of a refractory cathode doped with a work-function-lowering dopant, Journal
of Physics D: Applied Physics, 29 (1996) 2417-2422.

L. E. Belousova: Effect of the temperature of a tungsten electrode on the activation depletion time, Soviet
Physics Technical Physics, 25 (1980) 471-473.

E. P. Gyftopoulos and J. D. Levine: Work function variation of metals coated by metallic films, Journal of
Applied Physics, 33, 1 (1962) 67-73.

WINES: B2 - BmEZEEIN, 4 — 24, (1956) 2 4 7.

NI LT R A OUEEE, L3, (2011) 4 13 =

A. R. Miedema and J. W. F. Dorleijn: Quantitative predictions of the heat of adsorption of metals on
metallic substrates, Surface Science, 95, 2 (1980) 447-464.

LRI, VEIINE: TIG I & o 7 AT MO T — 7 KRBT 2098 (28 |, I8ETS
3k, 40, 6 (1971) 552-562.

-08 -



66) ILIAGERES, MY, AR —, TH—M, LR, [IAREHE, AR — REFHHE I 21—
VAR DHAE VT RT T — D EEO & R REBT, VR U, 25, 3 (2007)
443-449.

67) IATEE, HHPT BEY I 2 L—3 3 VK D BBRAREEIE LT GMA V2 ORI,
TatEsraim UL, 30, 1(2012) 68-76.

68) C.R.Wilke: A Viscosity Equation for Gas Mixtures, The Journal of Chemical Physics, 18, 4 (1950)
517-519.

-99-



A B B FEE DFERRIL

HEsEPaEER L

1) /NPEASE, REIESL, HTE, MEBA, AEMES T RIS DA AV0T — 7 BiG
(CRNES R, TRty aim AR, 32, 2 (2014) 47-51.

2) NEIRE, SRHIESR, BT AHEEA, AEMET T 0 77— 7 ICRIT TS O,
TR AR, 32, 3(2014) 207-212.

3) /NEFRE, SRHIES, HHEE, FHEEA, FHEMES, A B. Murphy: AKX T AT T — 7 OIRE
FHANZ 31T % Fowler-Milne 1EDEFEMERIAT, HBevaxim UEE, 33, 1 (2015) 42-48.

4) K. Konishi, M. Shigeta, M. Tanaka, A. Murata, T. Murata and A. B. Murphy: Numerical study on thermal
non-equilibrium of arc plasmas in TIG welding processes using a two-temperature model, Welding in the
World, 61, 1 (2017) 197-207.

5) /NPEAR, SRHIESE, T, AEEA, FHEMES, AL B Murphy: 7V =0 NERIZB T D%
T4 TT — 7 OENRHERRYT, R R, 55, 6 (2017) 227-232.

EEREERE KR

1) K. Konishi, M. Tanaka, A. Murata and T. Murata: Development of a GTAW Welding Process with
Constricted Nozzle for Butt Joint of Thin-Sheet Metals, 7th Asia Pacific IIW International Congress 2013,
D2B3-AW3-3, Singapore, July (2013).

2) K. Konishi, M. Tanaka, A. Murata and T. Murata: Characteristics of TIG welding process with constricted
nozzle, 66th Annual Assembly of Int. Inst. Welding (1IW), 1IW Doc.212-1297-13, Essen, Germany,
September (2013).

3) K. Konishi, M. Tanaka, A. Murata and T. Murata: Numerical analysis of Gas Tungsten Arc Welding with
constricted nozzle for butt joint of thin-sheet metals, THERMEC2013, THERMEC 2013 Supplement,
383-387, Las Vegas, USA, December (2013).

4) K. Konishi, M. Shigeta and M. Tanaka: Temperature measurements of gas tungsten arcs, 67th Annual
Assembly of Int. Inst. Welding (11W), 1IW Doc.212-1323-14, Seoul, Korea, July (2014).

5) K. Konishi, M. Shigeta, M. Tanaka, A. Murata and T. Murata: Dependence of TIG arc behavior on gas flow
control by a constricted nozzle, Visual-JW2014, Proceedings of Visual-JW2014, 21-22, Osaka, Japan,

- 100 -



6)

7)

8)

9

10)

11)

12)

13)

November (2014).

K. Konishi, M. Shigeta, M. Tanaka, A. Murata, T. Murata and A. B. Murphy: Two-temperature model
analysis of non-LTE arc plasma, 68th Annual Assembly of Int. Inst. Welding (I1W), 1IW Doc.212-1375-15,
Helsinki, Finland, June (2015).

K. Konishi, M. Shigeta, M. Tanaka, A. Murata, T. Murata and A. B. Murphy: Numerical Analysis of TIG
Arc Phenomena Considering non-LTE Plasma, 6th International Conference on Welding Science and
Engineering (WSE2015), Proceedings of WSE2015, 151-154, Beijing, China, September (2015).

K. Konishi, S. Miki, M. Shigeta, A. Murata, T. Murata, A. B. Murphy and M. Tanaka: Study on arc plasma
properties during TIG welding with a constricted nozzle, IW Commission I, 1V, XIlI, SG212 Intermediate
Meeting of Int. Inst. Welding (11W), IIW Doc.212-1407-16, Genova, Italy, March (2016).

K. Konishi, S. Miki, M. Shigeta, A. Murata, T. Murata, A. B. Murphy and M. Tanaka: Effect of a
constricted nozzle on plasma properties and heat transfer in TIG arc, W 6th Welding Research and
Collaboration Colloguium, Abstract Book of 1IW 6th Welding Research and Collaboration Colloguium,
41-43, Hyderabad, India, April (2016).

K. Konishi, M. Shigeta, A. Murata, T. Murata, A. B. Murphy and M. Tanaka: Numerical analysis of arc
phenomena during TIG welding with a constricted nozzle by using a two-temperature model, 69th Annual
Assembly of Int. Inst. Welding (11W), 1IW Doc.212-1433-16, Melbourne, Australia, July (2016).

K. Konishi, M. Shigeta, M. Tanaka, A. Murata, T. Murata and A. B. Murphy: Visualization for arc
phenomena of constricted TIG arcs by a two-temperature model analysis, Visual-JW2016, Proceedings of
Visual-JW2016, 59-60, Osaka, Japan, October (2016).

K. Konishi, M. Tanaka, M. Shigeta, A. Murata, T. Murata and A. B. Murphy: Computational analysis of arc
phenomena during GTA welding with a constricted nozzle, The 7th International Symposium on Advances
in Computational Heat Transfer (CHT-17), Proceedings of CHT-17, 229, Napoli, Italy, June (2017).

K. Konishi, M. Tanaka, M. Shigeta, A. Murata and T. Murata: Visualization of arc phenomena during TIG
welding with a constricted nozzle, International Workshop on Welding and Joining 2017 (IWWJ 2017),

Proceedings of IWWJ 2017, 66-69, Hanoi, Vietnam, November (2017).

-101 -



