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Fig. 1.1 Schematic illustration of TIG welding
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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
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Fig. 2.4 Schematic illustration of experimental setup of the split-anode technique
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SNDN, FOMEIXT —27 77 X~ 3 itiidas 2 BT 7oK G 8 2 58 OFE 3 E ThH D 726
ZOFHAIT =216 LT Abel WIZEHSLBE 24TV, TR B 0AT I K OB R AT 5. Lo
LR G, RFHITCIHEHIT —Z DI SENKRELS EDOEE Abel WEHAITH Z LN TH -
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KEFA~DNBEIZB L CIET — 7 77 X~ b O ANB R TKGEIN % T 2 mEIK OIRE -
FlzETonsd EMEL, RAEHWTERER L.
Q= Cp_water X ATwater X Vwater (2.3)

ZZT, Cp_water IFKDEE g K) | ATparer [FKIBDOEALTE (K) |, Vigrer ZHHKOUE &
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THWOHT v —71281F 2% Abel WZEHUZOWTHT 5. FHlllcE v Eon-7—% (EittfEs
FONEE) ZHiCh D L GE LTeSa, T —2 1% Fig. 25 IR T & 9 IR RIS &7
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X Q4 ZfMITHOVTHS L, RADILHITERTES.

1R Q'(x)dx

fr)= T i W (2.5)

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
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>
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Tungsten electrode
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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

Fig. 211 R R I8 1T 2 IR BE 3 AT DFHAIRE R 2, Fig. 2.12 |[ZBRA A0 OF HIFE R & 7~
TRV L d K ORI B L THULEBIC I W T F OB RS RO L0, T3 T —27 ORE
R RAE ) XA LD ABEHEDO AL NTIEE L TN Z b0 D, D OFERNG > —
)L BT ADHRNEFIA LI BJEHIEClEy—L R AOHTHUMEORBENKRE L, Pz ) i
HETHZETHILT =7 77 AOEmT RN F—HEANERTE 20T TIERWZ EBH LN E
AoV

-19 -



10 12 ¢
GE\ 8 _ —e—Conventional TIG welding g'g 10 4 —e— Conventional TIG welding
£ £
3 < —e—Constricted TIG welding < g ¢ —e— Constricted TIG welding
E 2
2 © 5 r
S 4 3
5 g4
32 32"
0L = TSs o0 oo eseisee 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Radial distance (mm) Radial distance (mm)
(i) Low current condition (50 A) (ii) High current condition (150 A)
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. 3.3 Horizontal cross-section of slit structure for modelling
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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

-38 -



Axial distance (mm)

Axial distance (mm)

- Conventional TIG welding _ 50 A 14F Constricted TIG welding _ 50 A
- sf
:_ E15 .:_ Vz (m/s)
8 % : 55
Q 50
g g" 45
§ @ 40
- S8 -
N s 30
- % 25
< 19 20
15
10
208
21 o L 1 L é L é L ; L é L é L 1 L 1
Radial distance (mm) Radial distance (mm)
(a) Conventional TIG welding (b) Constricted TIG welding
(i) Low current condition (50 A)
141 Conventional TIG welding _ 150 A 14 Constricted TIG welding _ 150 A
15F 15 —
16 f_ Vz (m/s) E16 ; Vz (m/s)
B 275 ‘E’ B 275
250 250
17 225 217 225
200 3 200
175 = 175
18 150 50 150
125 E 125
19 100 100
75 75
50 50
20 L
: 1 1 1 1 1 1 1 1 B L 1 1 ! 1 1 [ 1 1 L 1
2y 3 4 5 6 7 8 g 3 4 5 6 7 8
Radial distance (mm) Radial distance (mm)
(a) Conventional TIG welding (b) Constricted TIG welding

(i) High current condition (150 A)

Fig. 3.16 \Velocity distributions of axial component of helium arc plasma

-39-



3332 BMEMmITIT D BMEE SR L UBWERSTA

Fig. 3.17 IZRM R IEIC BT D BB E S %2, Fig. 318 1BV R A2~ d. ~NU U AT — 7137
T T = T IZHANRWNEAL RGO D MBI TWDDS, ZORHEIIANT U LT — 27 OEGRHR N
TNILT =T DENLD BRELBROTND I ENDMIATE S, £, BT ¢ 7 TIIHLERD
PENEIRIZ B\ COBBFEAR DA L TN D, ZAULETE AT & B AR O & THEIT
WAHZELBHERIIND KO, BYREIC L A2MEUTH E VAL LW DDOEFDHEAIZ L 50
BOSEINT 2006 THHEZEZBND.

8 16

‘/“—E‘ 7 ——Conventional TIG welding "“g 14 ——Conventional TIG welding
E 6 ) ) £ 12 . )

:E —— Constricted TIG welding 2 ——Constricted TIG welding
.E‘ 5 E‘ 10 |

g 4 g gt

3 3

g 3 = 67

E 2 £ a4y

> =

(S o 2 L

0 L 0 | | |
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Radial distance (mm) Radial distance (mm)
(i) Low current condition (50 A) (i) High current condition (150 A)
Fig. 3.17 Current density distributions of helium arc plasma on the anode surface
120 200

__100 ——Conventional TIG welding ~160 —— Conventional TIG welding
E ——Constricted TIG welding £ —— Constricted TIG welding

~ ~
= =120

x 60 5

o= o= 80 .

< <

29 2

20 40
0 L L 1 T 0 1 1 1 L ¥
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Radial distance (mm) Radial distance (mm)
(i) Low current condition (50 A) (i) High current condition (150 A)

Fig. 3.18 Heat flux distributions of helium arc plasma on the anode surface
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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)

43 ~NYTLT—7

BT, ~NU AT —7ICRBIT ARERA T 5. Fig. 4.4 ([ZFEBRGEHIE L OBERHE A LR
T = 7T R ORES A AR, FHRER CIXT — 2 BRAKREL 2D LT — 0 77 A= i3hA%
WOVIGRD B T FROWE M A & D K OIS 2 DITKE L, FHEMIR TIET — 27 B oHn
IZENT =7 7T A< DORE LR BAETTHD OO, SAIRIET — 27 BFRAEIC Db B3 F I
HETWOREIIRE RS> TWD I Ebnd. Fiz, 7—27 77 XA~OIREICE U CHHARE R & 5 R
Rix, @ERT—7 (150 A) O T A HLEICB W TEVMEZ R L TWDH A, ELS OIS
KB T —72 (B0A) FFDT 7 A= B2IRIZB W TIRE 2EWE/R LTZ. 20O XK 5 ITIRESAAIRT

=45 -



FTRSEDT T AVIREIT bR L DKL Non-LTE HREEL 2> TV D EHEI S D ~U ©
LT =7 2K L, FEGEHIB L OL-TET A ELL G LTEREZ AN TN SN 6TH DL EEZBILD.

Measurement - 1-T model

Axial distance (mm)
Axial distance (mm)

| NP ISR (RO ST NN U TRU NN IR NI B P

Radial distance (mm) Radial distance (mm)
(a) Conventional TIG welding (b) Constricted TIG welding

(i) Low current condition (50 A)

easureme odel RO Measurement

T 15
20000
19000

@

Axial distance (mm)

18000
17000
16000
15000
14000
13000
12000
11000
10000 L
9000 [
8000

© 3
Axial distance (mm)

©

n
o

| 1 1 L 1 1 L 1 L B 1 L 1 L 1 L 1 L 1
5 4 3 2 1 0 1 2 3 4 5

Radial distance (mm) Radial distance (mm)

N

(a) Conventional TIG welding (b) Constricted TIG welding
(i) High current condition (150 A)
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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Welding current:150 A ®2.4 mm, 45°
Arc length: 3.0 mm

Gas flow rate: 15 L/min

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. 6.6 Continued
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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
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