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Fig.1.1 Schematic illustration of semiconductor process.
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Laser beam
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Fig.1.2 Schematic illustration of laser beam process.
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Electron beam

Electro-magnetic lens

Base metal

Fig.1.3 Schematic illustration of electron beam process.
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Fig.1.4 Schematic illustration of micro-discharge machining.
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Fig.1.5 Schematic illustration of Plasma arc process.
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Fig.1.6 Schematic illustration of etching processes using sharpened microelectrodes.
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Fig.2.1 Relationship between current and voltage of DC electron discharge36:37).
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BHAZBNWTHE SN TWD EREHA, BOfE%E Table 2.1 IZ/RL, ZDOfE%E
KIS A L7z & & DFHER R % Fig. 2.3 12787, Fig. 2.3 128\ T, »=0.005,
p=1.01X10%Pa & L C\W5%. Fig23%#5 &, JEN pBR—EROLHE, ¥x v 7k
EREL DL, EEBMAEZTOICKLERBRBEZRF S0, BEWRHOE
JEEELTEIRETHD. —F, Fvv7REEZNPESLS L TEHBEBITREL Y /NEL
5L, B DNEME TIT O MRS RIS Y , R OB R AN BRI
L7, EMEOBEEGEIMLRT 51X 5720,

Table 2.1 Phenomenological constants A and B of Townsend’s first ionization coefficient

for selected gases.

Gas Afion pair/m-Pa] B[V/m-Pa]
Ar 9.00 150.04
He 1.37 37.51
1000 ‘
Ar || He
\
\
800 | !
\
\
\‘ /
. 600 |
% p=1.01 X 10°Pa
§ v =0.005
<
S 40 - | T Tt deee = e =T
(2]
200 |
0

0 50 100 150
Gap length[pm]

Fig. 2.3 Paschen’s law.
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223 BTFHHHE

(a) BAERE T HIHEFR(T-F theory)

B (B 220 OB L LT, 2k OEE T HCEB R L <
BN TWS., BVE 1K 1% Richardson-Dushman O 3(2.16)IcF b & 5 X 9 IZfafn
MO SN D EFEREEL,  Em (FR) MR ERER S IRE DL LT
Hzonsd. BERKEEIE, 2BNOEFIZE&RRmEFO BRI
&, TRAF—WIZIFENDOT, LELRKEBICHDS. LrL, SiEIZARD EEFD
HE# TR LX =R ROMFEABLD b REL< Y, @FKm»LHHZERIC
LT DR THS.

. 2 _i
Je =AT exp( ij (2.16)

Z 2T, A=4mek¥h[Am2K?], T : #axHEE[K], ¢ EFEREEV],

m: & OE8(9.11X103%kg), e: FEME(L.6X10C), k: RV~ L EH(1.38X
1023)/K), h: 7727 E8(6.63X10°%s)TH 5.

AL, Foler-Nordheim Oz Fz b 5 L 512, FEMGRAETHE O % 558 O B
ELTHZBNATWS M. BRI L, Bl (BE) REICEREMZ22E, B
HE 7 A CiA bTW\tﬂfT/x/kﬂ¢aﬁ%w%<iﬁéari —HEDEFDRT
VUXNVERERZFHIR L TRAM LT 28R THD.

LU s, MEORBEBRRIIMESRM & MEFRMKUIC L - T & (BR) o
KMRE K OBERRENET HOT, W OEE T AT T ik S 23
T\ D, 2T, ARBFFETIE Murphy & Good |2 &k » TIRE S 7= T-F #ih 2 3@ H
Liz. BATFIC T-F B O & HEXOEHIZ SN Tl 5 2,
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v

a

Ne

Fig. 2.4 Electron density of the state in the metal Fig. 2.5 Potential energy of an electron near

the metal surface

GRNICHET D% E 1L, Hkrhz XX —%2bo TEBHLTND., 0=
IR —=SHITRAR L NTRR Y, Fig. 24 R8T X987 =2V IHMITHE- TS,
£/, BEWAEORMITHEICIE Fig. 25 1R T X I 2 1 RITDRT ¥ v )LEEREN
FELTWDERETDH. ERTOEIIHRARBELEL L > CEEILTEY, Z0
RT3 v VEEREIC LR, BALEE S 72 0 ICAS T 5B T O = R L X —FPH
dW Th b L&, ZOETFOMBEIIRQEINTEZBND.

N(T,&,W)dW = 4”:‘” In{l exp{(WT_;)HdW (2.17)

Z 2T, N(T,ZW)iEEF o f%klelectrons/m?s], ¢ 137 =/ I = /L¥—[]],

v%:%%ﬂwﬂ T A OEB) = KL X — (K 2T E 2R R[],

p(x) 13 7E - o0 FE B B (2 i |2 TR R4y ) [kgm/s],
V@iﬁ%GTT//kw17w%~MT%5 HFEEKILg=-"¢ THHDT, 7=
VI T RILF—DRD 5.

WIZ, T v VEEREIC AN LIBT3 &8 K i H bIROMH T2 %= D(E,W)
ZRD D, Fig. 25 IR LEBFORT v b= 2L F—13X(2.18)D L H Ic £+
5.
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e2
V(x):—&—eEx (x>0) (2.18)
=W, (x<0)
ZIC, EIFEAMENVMITHS. TALENT, REMFE DEW)FLUT O

TRDODOND.

D(E,W)= {1+ exp(— 2in j p(ff)df)}_l (2.19)
no (2.20)
2r

X, %Zp(xf=0Lt25x0ETHL. K@217), (218)& v, p(x), x, xiFEh

Tha22l), ;(221), HE2)THZLND.

e’ :
p(x):{Zm W +&+eEx)} (2.21)
1
xl=—2VeV—E 14 3;—'25—1 2 (2.22)
s 1
X, __Z\IQI_E{ -1 3\/—5—1 i (2.23)

IIZT, WOBERKELRDIZOoNT, ZNbrxEHTER 2%, ZORMEW,
R (2.20)THEABND.

1

1 (g
W, = \/E(e E) (2.24)

72, WAW L EICAR#PHICHB W TIEDEW)=1&3%. X (2.19)~(2.24) L v L)

TOXNHFLND.
1 -1
4N\ 3
D(EW)= 1+exp{%\/§[:2—hesJ 'y 2v(y)} W <W, (2.25)

D(EW)=1 W>W,  (2.26)

=72 L
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Wi
v(y)= sz{ 2E(y2—;1j2 +(y +1)K(y—y1j2} y>1 (2.28)
W(y)=—1+ y)i{e(_yjzyK&_;/jZ} y<1  (2.29)
_ (% k2 ein2 -
E(k)= [ 2(L—k?sin? 0)2do
(2.30)
K(k):L%(l—kzsinZH)_;de (2.31)

K

INHOXEHNT, RBMmERm»L M SN2 BEMNmES 720 ORE B
%, K(2.17), (2.25), 226)DfEE T AT —HFHICOWVWTHES L, ZHICEMSE
BeANTERATHRI LN TED.

j.(ET.¢)=e[  D(EW)N(T,& W )dw

_ 4zmkTe IW' In[L+exp{— (W — £ )/KT JJdw

h o 1+ exp{(4\/§ /SXFh“ / mzes)% yzv(y)}

+4ﬂmh_3kTe [ InfL+ exp{- (W — ¢ )/kT flaw (2.32)
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Eelectron curennt density (A/m?)

Electron curennt density (A/m)
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g & 5 °
=
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|
1.00E+09 W 2000K
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4 |
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Electric field strength (V/m)

(b) ¢ = 4.54eV

Fig. 2.6 Logarithm plot of emitted current density.
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Fig. 2.6 IX[2M O FEI4 % 3.1eV, 4.54eV & L, FEMRIEE % 2000K, 3000K,
4000K & L7 & EOERME LEFEMBELOBMBRERL TS, T XD ERL
EBIOERRENKE LS 21T, BMOMAFEEEN NS 251FE, EER
BENEKT D ERNbID

2.3.2 BREIR L ERREORBEK

BRI LB A WG S, RMIICRE< R EnmbTW5. Fig.
2.7 DX ITHRIREM L SEHENRE A [ NE > TWHRIEEZE 25 P, Xy v 7R

, BBOEHITEERRICALS oo TV, Wi pREral 35, s ER el

ﬁ@@ﬂDEA%W ERILZE 2 DZOMOERTHL. 2F 0, BMRAHO i
FERITEMOP I Z2RE L DT, MFPEENNSLSRHIFEEEMBIHLRD.
%%%W%%@%ET@M%V EHRPREM O R E CEMEZ 0 &35 &, PRIREH
RMEZBITDEBRBEILLFOXQRINO L HcaPlans.

v
Ex—— (2.33)
all—(a/d)}
dARatk_TH TREWVWE X, KE2)zx6izX238)D X HizEplans.
v
E~— 2.34
2 (2.34)
/
r/
v
\Y
£g€;ZL_TF
d

¥
/1////////////

Fig. 2.7 Point and plane geometry.
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L7=MNoT, Z0O&ZTEMEIOMPBLEN/NIWVIZTE, ERARETIRESL S,
AHFFETHW D EBMRIL, HIREENa=z23~72um THY, v v 7EiZd=5mm
225 d=0.3mm(300 u M)E TE RS LMD T/hSW. Lo THK(2.22) L 0 EHREE D
e L L ChRERar DL LT 5.

23 REREBREBOENY —FEAL

231 RU—EKELHEE

} Solid | Ligqmd | Gas

2 R
| |
= I |
2 | |
E I I
I I
Iz :
= I Latent
I heat
I
I
I
|

Latent

|
|
I
I
heat
I
|
|
|
|

Temperature (K)

Fig.2.8 Relationship between enthalpy and temperature.

MMEEETORE L, BN DL 52 DN EBJR(AEE)E, BN~ DBYRE
AR DIE R EOBGEKR &L DBUNSIZ L > TIRES NS, Fig28 IR T LI IZH
MEBEOMENF O RN X —2 RS TD L, WBENEFL, EE»LHRE, Kk
MBI LR DAL E 5. BMICHRAT 2B R (Y —FE) DS & T g, &
AR N AL D, WK L KUKITIRENT 5 DT, BADIRNIT L - TEITI D 5 B
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KN E D,

Power density

9 wim]

—

> Semi-Infinite Plate
—
—

v

Fig.2.9 Heating of material from surface.

RO NRT —FEE LB E OBRERBBENCONT O, BMREREZX— R
LTEZD. Fig29 IR HERBEIKRORMAN TOEROFEILIE, (2.35)D 1 KILE
RE R TRED 3D,

or 0T

Z Kk

ot 0’z
=0 DRMEEHER D5 2 57280 —BE[W/MITZ O £ £ M ANEICHE®E SN S DT,
Tl OBER LM ER36) XD X HickKED.

(2.35)

oT
=—A1— 2.36
q ozl (2.36)
ZDEE, BMODz FMORESMITIKORAHXNTHELND.
2q\/ﬁ. z
T(z,t) = ierfc 2.37
- 2] -

(2.37) K% /D & R INESOIRE (T) & INEEE RO LIIMZE S /2 DT, BN DAL
BEOREITMARR O 12 #IZHF LT ERET S, BMEHROIEEZRD 5 7-DIZ,

1

2=0 Z{RAT % & ierfc(0)= I
v

N2 HDOT, (2.38)RXiz7r 5.
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T(0) = %q\/g (2.38)

K SRS U IS I SMEEIC £ 0, Wik S R B 2 TR S, B
(D, =2k, . t, - MR Z T 5 &, D, I ORI E L AL 72 Y

qt, /D, [IMRC 72 5 DT, WSk (2.39) R T, AFSLIFIL(240) R THRES.
t
I USY 239
p
t
B o ple. (T, -T,)+L, +¢(T, =T, )+L,} (2.40)

p
ZIT, T, T, Ty R, bR, R ORTHIEEE[K], o, ¢ [EA &R o EE B I/kgK]
L, L, #EIEEE 28Ik TH 5 .
(2392 % VT, 272 L ZAEA(SUS304), T3 =17 A(Al), HI(Cu)lc DWW TEE L
TAER & Fig2.10 12 d. Bl 2iE, AT LV RAEOSGA, MEEFRE (30 2)E 1ms (2

10EH2
—— R 5004 melted

H 10EH1 | —0— Al melted
E —— _1 melted
B LOEHO |
o
[ak}
A 10E+S |
i
ElﬂEma-

1. 0E+07 - - - - -

1.E-06 1. E-06 1 E-04 1.E-03 1.E-02 1 E-01
Time (g

Fig.2.10 Effect of power density and heating time on phase transition.

25



T5HEE, AXIOCWIM LL EDONNT —BEEDORGE R A 525 & WA+ 52 L2k 5.

(239K L (240 KEHLD L, BERMEBRENTOLE, MERD D LU —FHE L
INBERIC K0, VAR EBREOR I ZRETE 5. (KENLRWE OREFICHE 5 2K
B EE % Table.2.2 127”7,

Table.2.2 Thermal diffusion distance of material

0.1ms Ims 10ms
Stainless steel 304 0.041 0.130 0.410
[mm]
Iron 0.096 0.303 0.959
[mm]
Silicon 0.188 0.593 1.876
[mm]
Aluminum 0.197 0.623 1.969
[mm]
Copper 0.214 0.678 2.144
[mm]

232 RIJEREBEOMBEN @Y —EE/

@ TIRXAREEFAX
BMOEREBEMDLIHOI A XEHM/NT D LICLYTTADORES A X%

M/ TE D, ZNLANT, BRMEORNIZEY, T XvDRAEL T 7 XA~ EREZ /)
S TES.

Fig.2.11 & Fig.2.12 iX Ar H AFEPHK TD 10A & 150A O TIG B DO MEEE 5 3

% 0 E AR R O IF T L D e SMBL Db A <77, 150A O TIG i £ U 10ATIG

WEDIEINT T A~DREVA XL T T X DERNNEL RDN, BE»SOE
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TN ARRLREL 2D LI2KY, WET 7 A~ b AREEICRY, +akh U —FEE
G Y WINAR

(a) 3s (b) 3.01s (c) 3.02s (d) 3.03s

(e) 3.04s (f) 3.05s (g) 3.06s (h) 3.07s

Fig.2.11 Discharge appearance of TIG 10A.

Imm

(a) 3s (b) 3.01s (c) 3.02s (d) 3.03s

Imm

(e) 3.04s (f) 3.05s (g) 3.06s (h) 3.07s

Fig.2.12 Discharge appearance of TIG 150A.
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(b) FSRA=T—7

Fig21l3 X377 A~7 — 7 OEX THbH. & 1 O T XA~7 — 7 INTiEIZiR
ROl KT T AT —71%, BELET =7 EEZKG SNTZ@MomE 7 Zvo
LB\ SEDLZLICEoT, MR ANDT = AR E—IV T AND EHIT
Y=V ECTFIRIZED, BT A Z2BMIND & T, NU—HEL LT T
5. L, #ihloeRid ) XV TIIERRERHIRENA TS, 7T AT —7
OEWRMEICS L2285, @F, ERIMmMUTEIY HhELRDE, V)T =%
BTNT =T WREL, T— 2 BREEICRD. E5I2E, /JAAVREELTLED
R D 2. 22T, SO@MNRIB6K T, Ao FF7A FELF, BN LIEHT
DYDFEEA3000K X0 H @2 g, J ALoNMNIZE X Y LEls oy BN &
HWa b ) AR E LD/ TE, 77 XA~/ b, &V —%Elk, “ZEl
L EEZHND S8,

electrode

shielding gas

nozzle

wolrkplece

Fig.2.13 Schematic illustration of plasma arc process.



(c) HKEOEBREBTERME
MM EREP O =X —2 &AL, WiE-2UNLT4 556, LA HEALRFHE 4 72
DICH 2 28GR (T —H3E) (X241 TR D,
p_Q_VxI
S S (2.41)
ZZT, P RU—EEIWMY, Q : AZE[W], S : WriEfE[m?], V @ EE[V],
| : EBIT[A]TH S.

Non-thermal Thermal

arc
Normal  Abnormal afc

4 Olow 1 glqw |
‘ I

Voltage [V]

\ 4

Current [A]

Fig.2.14 Universal voltage-current characteristic of the DC electrical discharge (glow region-arc

region)3s:36),

N —EERE EIFA57-0121%, EELEEREZEDDLZ L, DOV, WrmEs /S
KTHZENMETHD., MR T X<T —71% Fig.214 OEBELENEL, BN
EWELS S X< fEk T, WEL, MR ALY —< L FRICEY, BT X
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YEEMmIND LT, NU—EELZLEF WL ESND. LarL, EHE Imm LT
WDV ) =T = RFTNT = E LERLTLEY EVoMEN D
2.

2T, BE NG T, ERMEWIERT 7 X< Hl(7 v —-7 — 7 fHIR) THES
H, R A2 HNWTT7 7 A~vEiRRE2HIRL, BMICEX N 2WmEZ /NS
KFTHZLIZkY, "U—FEZETLILERTELLEEZDLND.

(YT T X~ H 2 DYHEE

WE, TIGIEETIEY — /L R AN Ar HADRFIHENTWHWDN, No T A Z2F]H A+
HTET, 7I7RAOY A AN/NSIL DL, NV —FBENEOND. ZOBHIT,
PITRRHADOY =<V ETHRTHL. SO BIE, 77 AT ADLEDIR
JEAFMETH D . Fig.2.15 DX 91 Ar H A LD Np B AD LB L BVRE RN D Hu
DT, TT7AZDORLIZS K720, FULEHFTHLEBERELS b ¥4, zhT, 7
TASDEREN/NEL 725 L, /DS WEIBICERPZ A TE S FRRICED, S 51T,
7T X~ DERDHENT D T, FBAEEFOLER T T A~ BERL, m/NT —
EELShDEEZLND.
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Fig.2.15 Physical properties of Ar gas and N, gas as a function of temperature*® .
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2.4 /S

RETIE, ~A 7 uEOEME LT, BEIKEBSOEEEFESCEERE
HOHELGR (T-Ftheory) 72 EZNETIZHEON TV DL RAEZEIEL, v/ 7 rn#JiL LT
BRI E L7120, RRUEMED/NNT —FH R L Z OB D FIEIZ DN TR, R
LU TICERNT 5.

1) ZAENE 7B (T-F theory)lI K 0, RO B O Ol S 58 7 EBiiE
IS B L 52 b DR FIE, BEIRE, EMOBEMNRE, EMROMEFHEEFKTHY,
BREERS X OERRENREL 25T L, EHROMAEREN NS RDIEE, BT
BIREBERHEKRT 2208005,

2) MIMEIZEREED7-OICIE, ~A 7 B EO /T —BENR10°WIm?LL L 2344
IR D.

3) EALIEOMF LR NREL R D EEMBRABENKRE LR, BETEREE
NEEINT % .

4) BWMOBERLEBEMOELOY A X LD THI LT, 7T XADFRAETA XE/)
S TED. T, BRMEEZRBT O ETCTIXATOREY A R ET T AVERE
INELTEDN, MENRLEIZRY, +0/ U —FBELELNRV.

5) i Lo&BEE ) AT, BEE Imm TR EV ) =T =74 T )L
T 0RAE EHRLTLE) LS MENH LD T, BN ZHW5 & XV
I D/INELTX, FIXOMBIL, moNU—EE, RESHDLLEEZILND
6) WiHICFIHIND 7T — 72T Tidel, EENmnwWse—¢ran— 7 —7
BEBREELHAVD L, KEBER TLEWARU—EENGLN EEZDND.

7) TIGEENMTICEBICHHIND Ar HALD No W AZFIHT D E, 7T X~0D
EEN/NEL R0, FBEEEORER T T ANERL, SV —BElLESND &
ZEZbib.
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BIE EREE

3.1 %?

BEIZBW TR L 91E, RRPTO~A 7 kBN L~om Az miT T,
NU~%§ﬁmWWnuL®#7:U%4X®ﬁﬁ%¢ﬁ#6%£ﬁ%é.Kﬁ%f
X, Y7 I VYA XOMET 7 A~ 2T 2 FEZEARFT LTS, O EDF
B ZHIRT 277 X~T7 — 27 FXERA L, iR A&t - IELTn 5.
Fio, REBWMEEZIKS THZ LT, KEVA XZ2/NhSLTDH2L5Ex, 7T—/H
W#Eﬁm~%ﬁif BEhEecErmEEOEEBREREZAIET L2 2212 L.

ST, MEBEBOLREASCERZRL Y, BRI Z R 5 BMRNE O Tk % M
Lfmé.%Lf,%@%Mﬁéﬁfﬁﬁ%mm%%méﬁé747%/% B oD
EL ATz,

ZOETE ANE F—FT ORFMELIZEIR, BHEM, 7 ¢ 7 A > MEMIC
DNTIRD,

32 WMEBSTFA~DWE ) AL
321 7T—U 75 XA~DRESHK

Ar plasma

BN Cu

Fig.3.1 Model for estimation of temperature distribution in nozzle.
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Fig.3.1 ® X 95 2 LofLIic, BidFRO T LI 7T A<Ml ESnTE Y, 0t
AR A FT7A4 RBN) EHTEONTND ) ANVERLIEETVEEZD.
T =7 7T XA~ OIRESAAIE, it e B T & 5354, kA (Elenbaas-
Heller ) TN 5.
2
ATl) - 5 (VT ()T L 6D
Ar
T (N7 —27FX~DN BFHMOBENAK]
P T TR DEE [kgim®]
C: T TA~DIE [IkgK]
A TN DE AREER[WIMK]
P: RS [Wim?®]
|

(= . EERE [A/mz] (I [A])

a

o TV DEESE [mho/m]

Fig.3.1 DEFNMICEWNWT, 7—27 77 X< ZMAEBR ORI T, B S HFhoiRE
Ao NET D, T—0 77 AITEFREEZE 2, BAHRKITEHRTE, 79X
~WOEMERE, BEER, BVERI—E L E L. AEEERO & &, (3.2)2 0

eV ST,

, 1o( o0 1 0% &°
== lr=|+= —_— 3.2
v rar(rar}rr2 00" " & (3:2)
XEDE2AICLY, (33)RckB.
2
hi(raﬂv(r)} L (33)
r or or O pr
INET, (o T &, BARcR 5.
2
Tp(r)=- r?+Alnr+B (AB: %k ) (3.4)

ArO Ar

J ZNOHFLEIOMyr=0TIE, T, (N)IZARELZ L 5DT, A=0L B ZLRT
5. £, r=r, 0L ET, ()=T,ICR%.

2 2.2
T ()= y2yT, 4+ 3T (3.5)
A2 O A O ar

T, RIZBITHIREK]
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3.22 J A)V BN ¥4 DIRE S
r=rlZBW\WTC, 7Lar7I7XA~vnoHTnREGE, 77205 QIW]iX BN &2
ZUTWDBELE L. LER-T, (3.6):2kY o,
q-2aL=Q (3.6)

q: B R [Wim?]
L: /XLl RS [m]
Q:fzbsrEE [W]

F72, BN EBIZ TS EGR WML, 77—V =OiE L) kL TERES.

dT. (r
=—Aay BdNr() (3.7)

Ton (BN 0D IR ARK]
Agy BNOZBYRE AR [W/mK]

£~ T, KX(3.6)(8.7) LY (B.8)Xnak v L.

—%Ndﬁfdsz:Q (3.8)
(3.8) KZE Ty (N)ic oW THELS &, 3.9 R 5.
__Q
Ton (1) =

BN

FRICE ST, BEREKE D r=r,0 L & T, (r)=T,TH 5 Z L5, (310)KK Y 57

Inr+C (Co%k ) (3.9)

o
Q Q
Ta(r)=— Inr+T, + Inr 3.10
()= Tk i, (3.10)
7, r=rL,0LET, (=T, ThHsrDT, BI)RI25.
T, =- Q Inr, +T, + Q Inr, (3.11)
271 Agy, 27 Agy,
heidEidsL, B.12)Xickes.
Tasz+Llnrb— Q Inr, (3.12)
BN 2 BN

3.2.3 7 R)VERER 4y DR EE 4 A
BN DR EE oA & FEEICE 25 &, (B.13)Ric 5.

Ta()=—57%

Inr+D (D&% ) (3.13)

Cu
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T, (DEADLLE SO HAA[K]
Ay SHDOBMRE=R [WImK]

LoT, BREGRr=r0LET (=T, THHZ LD,

Q Q
T..(r)=- Inr+T, +——=—Inr, 3.14
(f) 27 A, Y I (3.19)
WYL, F£i2, r=r, 0 ET (=T, THHDT, (3.14)XLV,
T, =- Q Inr, +T, + Inr, (3.15)
27 A, 27 A,

LY, INEERTHE, (18X D.

T, =T, + Q Inr, — Q Inr, (3.16)
2 A, 27 A,

3.24 fEHAFREREEHIBH

Table 3.1 Interface temperature of nozzle

(a) r,=4mm
r, T, Q
0.05mm 327K 146W
0.25mm 336 K 191W
0.5mm 341 K 221W

(b) r,=5.5mm

ra Ty Q
0.05mm 319K 139W
0.25mm 325 K 184W

0.5mm 329 K 207W

T, 205 EXB.12)EXEBLOIZL Y T XA~vDEEQDEMN T TX 5.
T, T,2MEHAMRBIBEELZBIZ2WES e, n, rnaz®ETLHZ LI, KF
DEZHEINBF %, BN D/ X)VEL%Z 0.lmm. 0.5mm, Imm & LT, r,
=0.05mm, 0.25mm, 0.5mm & L, r,=0.15mm¢& L, r=4mm,55mm, r, =14mm T

FRELT-. BN Ol 5135 3000K, Cu D% 1300K 72D T, BN ¥ & Cu #n
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BEZ T2 N7 T X~vDOEEQ Wb BN M7 3000K LLO T EIc 7 2 RS
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Fig.3.3 Schematic diagram of experimental torch used and BN nozzle.
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Fig.3.2 Drawings of torch nozzle.
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Fig.3.4 Schematic diagram of experimental torch used and cathode with tungsten
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Fig.3.5 Schematic diagram of experimental torch used and cathode with tungsten
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(a) (b) (c) (d)

Fig.3.6 Shaping process of tungsten electrode by electrolytic polishing.
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10pum

a : Radius of curvature

Fig.3.7 Schematic illustration of Relationship between electrode tip diameter D and radius of curvature.
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(a) Mechanical polishing (b) Electrolytic polishing

Fig.3.8 Photographs showing the electrode tip.
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342 747 A MNEBDIER

Table3.1 Resistance welding condition.

Case Current[A] Weld time[ms] Pressure[kgf]
Weld 1 400 9.0 3.0
Weld 2 350 9.0 3.0

Filament terminal

11 12

®@0.3 Tungsten

(a) Top view
/ Weld 2
Weld 1
(b) Side view

Fig.3.9 Sketch of cathode with tungsten filament.
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Fig.3.10 Schematic diagram of electrolytic polishing setup.

» »'»' 'l)'

(a) StepD~® (b) Step®

Fig.3.11 Shaping process of electrolytic polishing
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Fig. 3.11 X EBMICH T D BIRE Y 0 2 DHRM TH 5. O TIRREES &
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(a) Before electrolytic polishing (b) After electrolytic polishing

Fig.3.12 Top of electrode shape after electrolytic polishing.

BFES Uz & 0 b G S & EARBFES U 7 BT 4% 7% Fig. 3.12 (%5, o>
AP az2.3~7 20 m £ THIEL T 572,

35 BRORAE

351 mEER

Fig.3.13 1ZRAE L 72 M EBIR O & R~ 3. Fig.3.14 [TRELIZEBRE B O X A A
Fy¥— NEmRT. A 7 aEONE CIXEIRET S A MIREE TR T 900V Th
D, Xy v TEEE~A 70 A= UIZTHI LT, MikxikEz 2 L TRINTE 2.
L22L, AMFRETIEX Yy v 7ERUIVA— M TOKRELZEELTBY, /) A%

U CTHEREREZIT O ITIE, MEEEELEZTEENE LT Fig3.13 D L 5 eEl %
FFOBIRAMEH L TWD. &4, B A 45 (Wave Factory : NF [A1#) 7> b EJR- 1 (HAP-
10B10: MEF LT a N—TVODO NI T—F5E2 ANT5 L, EFR-11L—TkV O
BEEEMAL, KIEHENAY— T 5. TOEEN OV IZeD L, BEBARI

IR (HAR-1N1200) /&3 7 85 A A~ F(HTS81 : Behlke Electronics)iZ 5V DA A~ F
46



MIEEFEZANTDH. ZOEFICIVEESGEAAL v T REEL, EIR-2(HAR-
IN1200: faE L = y)}:@%ﬁxofmw, AL 1000V DEERLMND. £
DExE, HIREIR OEEZEX DL Z LICLVERBEZRODLZENTE S, EiRs
BEOREICIZA YR a—TZ2ZHNTWEN, FvnAa—70g KASEEIT+
42V 72 DT, BWEEEZEHZET 5 &, ER-1 12X 5-TkV OFEEIZ L > TENR
LAREMER D DH. £ T 10MQ®$LE%& 100k Q DIEFLZ BEHNZ DR W THIET D Z
ECHEBIEMAZRE Lz, MO TIC 10Q OEFLEZ BT, BREE2HETS.

Fast High Voltage

w4 R transistor Switch(HTSS81)
4 —TPHW I:
r
— 100
P A | Power
ower T | Supply-2
s - 1002
upply1 | 100K 1 2kW
'|I':..1ii
-+ T 100
+
) ™
v 7
Pulze V
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Fig.3.13 Schematic illustration of experimental high voltage power supply.
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Signal for switch-1 and power supply

A%
Power supply-1

Voltage [V]

v

-TkV

Signal for switch-2 and power supply
5V

[
»

Power supply-2

»
»

Time [ms]

-1kV

Fig.3.14 Time chart of operating signal for the newly developed power supply.
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Power § + Power
supply-1 _l | supply-2
10kV —_ 1kV
/10mA ! —|—|_ /1.2A
+ g <7 | +
€7 J
Pulse

generator 5

Fig.3.15 Schematic illustration of experimental high voltage power supply.
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Fig.3.15 IFRAEL - @mEEBR O 2 ~7 . ®mEEBIROMEK T, &iit/E IGBT
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Fig.3.16 Schematic illustration of experimental filament power supply.
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Fig.4.1 Schematic illustration of the experimental setup.
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electrode

Insulation
materials

BN
nozzle

(a) TIG type torch

s

8mm

e

0.1mm, 0.3mm and 0.5mm

(b) Plasma type torch

Fig.4.2 Schematic illustration of experimental torches used.

Table 4.1 Experimental condition of discharge.

Nozzle diameter

0.3,0.5,0.7,8

Arc length

1.5~4.5mm

Electric resistance

150Q~10400 Q

Current 20mA~1000mA
Shielding gas (Ar) 0.2~2L/min
Electrode diameter 1.0mm
Electrode vertex angle 30°

Discharge time 1ms~10ms

Fig.4.1 |2 F2hp ik
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1.0mm DO KUY 2% A0 ¥ T AT URHRE e 30°
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Fig33 D77 X~ h—FTHh 5. Figd2 DL I I,
VIV RHR ) ANE TIG MEDIICE X, X T AT VEME b —F D5z

:ﬁ%bt%@%ﬁﬁb,
EBICHIH L2 b —F 1%
r—FDSmal D BN / X)L %
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SRR L CHET 510, ERBEMEICEELT T4 h AT 28EL TN,

4.2.2 B BERME L KENE
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1200 - ——\Voltage | | 1800
_ 11600
> 1000 r s CUPTENE 11400 £
@ 11200 =
> 800 =
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> 600 - 1800 3
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o M | 0
0 | | | B\ 0
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Discharge time (ms)
(a) Normal glow region (100mA)
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400 - 1600 O
200 -4 400
-4 200
O | | T [ 0
0 2 4 6 8 10

Discharge time (ms)
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Fig 4.3 Current and voltage waveforms of the TIG type discharge.
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Electrode

Base metal

— 1
Imm 1Imm
(@) 2ms (b) 4ms

Fig.4.4 Appearance of TIG type discharge in the normal glow region.
(Arc length 2mm, Discharge time 8ms, Anode metal stainless sheet 0.08mm, Ar shielding gas

Electrode

Base metal

(a) 2ms (b) 4ms

Fig.4.5 Appearance of TIG type discharge in the thermal arc region.

(Arc length 3mm, Discharge time 8ms, Anode metal stainless sheet 0.08mm, Ar shielding gas
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Fig.4.6 Current and voltage waveforms of the TIG type discharge.
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%. Fig.4.6 (b)DE-BEIRIZIL, ¥ 90V OILWEEE T 600mA O &\ ) E il %
B, REREBEMENBNDIOT, T—/HKTHIEEZOND.

Figd7@IIAL S ZMELEATELETZRAAL 5L TS TENL T T X
~HEAIL AV B TIENR 0 B LW DA, B AT TIEE 0.3mm & Ao
TW5%. Figd7 @)k v Figd7 (0)Z2k~2 LB RN/ ENDZLICKY, 7T X~D%k
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Base metal |0~5mm| Base metal [ o5mm 1

(a) Glow-Arc (b) Thermal arc
transition region region(600mA)
(400mA)

Fig.4.7 Appearance of plasma type discharge.
(Nozzle diameter 0.3mm, Arc length 5mm, Discharge time 8ms Anode metal stainless steel sheet
0.08mm, Plasma gas Ar 0.2L/min)
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%. Fig. 4.8 (d)iX/ AVNE8MmM O TIG FDKE T 7 A~4BlThoH. Zibhn
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Electrode

,1’

Base metal '
Base metal
J - L (I
0.5mm 0.5mm 0.5mm Imm
(a)D=0.32mm (b)D=0.52mm (c)D=0.65mm (d)D=8mm

Fig.4.8 Appearances of micro plasma discharges at the time of 2ms after ignition with arc
length of 4mm, current of 800mA and Ar plasma gas. Ar gas flow rate, electric power
and total energy generated by the plasma discharge are as follow:

(a) Ar 0.2L/min, 1.31W, 0.010J
(b) Ar 0.3L/min, 1.20W, 0.010J
(c) Ar 0.4L/min, 1.14W, 0.009J

(d) Ar 2L/min
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% Fig. 4.8 (KIS 5 Sl TR S Wz BMRE OWERMA KR v L 25T, 77 X~
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| I |
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Fig.4.9 Appearances of melt spots on the stainless steel anode sheet depending on the nozzle
diameter. which are formed by the micro-discharge with arc length of 4mm, current of
800mA, discharge time of 8ms and Ar plasma gas.
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Fig.4.10 Melting condition of the anode metal sheet as variables of nozzle diameter and discharge time,
of which micro-discharge are generated with arc length of 5mm, current of 1A and Ar plasma gas.
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%, ) ANVEN0.Tmm DAL 220 m, 0.5 mm OEIE 240 m, 0.3 mm OLE
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Fig.4.11 Appearances of melt spots on the stainless steel anode sheet on the nozzle diameter, which are
formed by the micro-discharge with arc length of 5mm, current of 1A, discharge time of 5ms
and Ar plasma gas.
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Fig.4.12 Schematic illustration of the experimental setup.
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Table 4.2 Experimental condition of discharge.

Nozzle diameter 0.3,0.5,0.7,8mm
Arc length 0.5~5.5mm
Current 20mA~1000mA
Electrode diameter 1.0mm

Shielding gas Ar, N2

Shielding gas rate 0.2~2L/min
Discharge time 20 us~100ms

4.3.2 B BERME L HESN B
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Fig.4.13 Relationship between current and voltage of Ar gas discharge with TIG type torch.
(Gap length 0.5mm, Discharge time 10ms, Stainless steel sheet 0.07mmt, Gas flow rate 2L/min)
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(a) Mechanical polished electrode (b) Electrolytic polished electrode

Fig.4.14 Appearance of Ar gas discharge with TIG type torch.
(Current 500mA, Gap length 0.5mm, Discharge time 10ms,

Stainless steel sheet 0.07mmt, Gas flow rate 2L/min)

Fig.4.14 [ZFEHRHT AL LT Ar A Z AW ENLZ 7T, RELMFITERE
500mA, fxERER] 8ms, FEEHFM 5us THD. Fig.4.14 (a) DS BE O BARIZ 1T 5
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MU ICE R L TV AT A B SN D.
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(a) Mechanical  polished (b) Electrolytic polished

Fig.4.15 Voltage waveforms of Ar gas discharge with TIG type torch.

(Current 500mA, Gap length 0.5mm, Discharge time 10ms, Stainless steel sheet 0.07mmt, Gas flow
rate 2L/min)
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Fig.4.16 Appearance of N2 gas discharge with TIG type torch.

(Current 500mA, Gap length 0.5mm, Discharge time 10ms, Stainless steel sheet 0.07mmt, Gas
flow rate 2L/min)
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Figure.4.17 Relationship between current and voltage of N2 gas discharge with TIG type torch using
electrolytic polished electrode.

(Gap length 0.5mm, Discharge time 10ms, Stainless steel sheet 0.07mmt, Gas flow rate 2L/min)
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Fig.4.18 Appearance of Ar gas discharge with plasma type torch.
(Nozzle diameter 0.3mm, Current 12000mA, Gap length 3mm, Discharge time 10ms,
Gas flow rate 0.2L/min)
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Fig.4.19 Voltage waveforms of Ar gas discharge with plasma type torch.

(Nozzle diameter 0.3mm, Current 1000mA, Gap length 3mm, Discharge time 10ms, Gas flow rate
0.2L/min)

433 AR v
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(a) 20mA (b) 200mA (c) 800mA

Fig.4.20 Photographs of melting spots by N gas discharge with TIG type torch using mechanical
polished electrode.

(Gap length 0.5mm, Discharge time 10ms, Stainless steel sheet 0.07mmt, Gas flow rate
2L/min)
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Fig.4.21 Photographs of melting spots by N2 gas discharge with TIG type torch using electrolytic
polished electrode.
(Gap length 0.5mm, Discharge time 10ms, Stainless steel sheet 0.07mmt, Gas flow rate
2L/min)
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Fig.4.22 Photographs of melting spots by Ar gas discharge with plasma type torch.
(Current 1000mA, Gap length 3mm, Discharge time 10ms, Stainless steel sheet 0.07mmt, Gas

flow rate 0.2L/min)
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Fig.4.23 Photographs of melting spots by N gas discharge with plasma type torch.
(Current 200mA, Gap length 3mm, Discharge time 10ms, Stainless steel sheet 0.07mmt, Gas

flow rate 0.2L/min)
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Fig.4.24 Electrode shape after discharge(Current=16.0m).

Fig.4.25 Electrode tip shape after discharge(Current=6.0mA).
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Table 4.3 Experimental condition of discharge.

Nozzle diameter 0.3,0.5,0.7,8mm
Arc length 0.5~5.5mm
Current 20mA~1000mA
Electrode diameter 1.0mm
Shielding gas Ar, N2
Electrode vertex angle 20°
Shielding gas rate 0.2~2L/min
Discharge time 20 us~100ms
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Fig.4.26 Appearance of Ar gas discharge with TIG type torch.
(Current 20mA, Gap length 1.5mm, Discharge time 10ms, Gas flow rate 2L/min, Electrode vertex angle

20 Degree , Mechanical polished electrode)
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Fig.4.27 Voltage waveforms of Ar gas discharge with TIG type torch.
(Current 20mA, Gap length 1.5mm, Discharge time 10ms, Gas flow rate 2L/min, Electrode vertex angle

20 Degree , Mechanical polished electrode)
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Fig.4.28 Appearance of N2 gas discharge with TIG type torch.
(Current 20mA, Gap length 1.5mm, Discharge time 10ms, Gas flow rate 2L/min, Electrode vertex angle

20 Degree , Mechanical polished electrode)
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Fig.4.29 Voltage waveforms of N gas discharge with TIG type torch.
(Current 20mA, Gap length 1.5mm, Discharge time 10ms, Gas flow rate 2L/min, Electrode vertex angle

20 Degree , Mechanical polished electrode)
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(b)) RN DR

Fig.4.30 Appearance of N2 gas discharge with Plasma type torch.
(Nozzle diameter 0.5mm, Current 20mA, Gap length 3mm, Discharge time 10ms, Gas flow rate 2L/min,

Electrode vertex angle 20 Degree , Mechanical polished electrode)
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Fig.4.31 Photographs of melting spots by N gas discharge with TIG type torch using mechanical
polished La-2% W electrode.
(Current 20mA, Gap length 1.5mm, Discharge time 10ms, Stainless steel sheet 0.07mmt, Gas
flow rate 2L/min)

Fig.4.32 Photographs of melting spots by N> gas discharge with TIG type torch using mechanical
polished La-2% W electrode.
(Nozzle diameter 0.5mm, Current 20mA, Gap length 3mm, Discharge time 10ms, Stainless
steel sheet 0.07mmt, Gas flow rate 2L/min)
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Fig.5.1 Schematic illustration of the experimental setup.
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Fig.5.2 Current and voltage waveforms of the micro-discharge.
(Filament heating current : 8.0A, Gap length : 0.3mm, Ar gas flow : 1.0l/min
Discharge time : 10ms)
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Fig.5.3 Relationship between current and voltage of micro-discharge with filament electrode type.
(Filament heating current : 8.0A, Gap length : 0.3mm, Ar gas flow : 1.0l/min, Discharge time :
10ms
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(a) filament heating current : 0A (b) filament heating current : 8A

Fig.5.4 Appearances of discharge with  filament electrode electrode.
((Discharge current : 14mA, Discharge time : 200ms Gap length : 0.3mm, Ar gas flow : 1.0

I/min, Exposure time : 2 u m))
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(a) filament heating current : OA (b) filament heating current : 8A

Fig.5.5 Photographs of melting spots by micro- discharge with filament electrode.
(Discharge current : 14mA, Discharge time : 200ms Gap length : 0.3mm, Ar gas flow : 1.0

1/min)
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(c) discharge current : 364mA (d) Discharge current : 720mA

Fig.5.6 Photographs of melting spots by micro- discharge with filament electrode.
(Filament heating current : 8A Discharge time : 200ms Gap length : 0.3mm, Ar gas flow : 1.0
I/min)
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(a) Before discharge (b) After discharge

Fig. 5.7 Filament electrode tip shape.
(Filament heating current : 8A Discharge time : 10ms Gap length : 0.3mm, Ar gas flow : 1.0 I/min)
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