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1 1 *B:l:j'ho)HbE

1.1.1 aﬁiiﬁlﬁﬁéb—ﬁﬁﬁ

TEWEBR AN o 2 B BILRGCEELH DD, AR HIFHELEMENERIND Z &
D B W HE ST wfﬁ%&wrw . BURICIE U 5 BB o ELEEEATIE, 19 AR, BRNIC
BWTEENAL D, £ LT 20 HALHEE, 1908 FITITHEL RO XT T A 2k TR
4 — ROKBAEENAD BNz 2. £ LT 2013 F12iE, R T 6,540 HHIZ LD EABMNEMRE
ENDITE-TND D, JRIE R KRR Th 25 BBIEOEE T A > DOERICITEHEDRE
DUETHD., ZOD—DODEETA U TTELETEL ORMELEFETHIHMLERH Y, £
FEX 7 NOESPEREIND. HEIEOMAN TERECIE, FITEPIAR v MEgER b T&
7o HEPLAR v MEBEE, $iREERG DY TEMTIEL, 0.5 B OERHEEIZL > T
RER R T D BEETHD. METDHZENL TV AMERBEICEREDOE D LB TS,
IEFITHAICEATEEETH . AL, BME S TH0I, WEMOmHANST 722 L
T IILR B 7aN T ERRETHS.

E—L—HN 1960 FIZA A v Lo TRP I, Z0%, K DOREET A L—HF)
1970 FARABHIC BBV OE AL PE CEDILIGD 2. L—WFILERE 0.5 mm FifED AR v I,
BEW DN RXNF—ZLRTEL2 00, SREEBL THEET L2 LN TE L. HEHEOD
BHEICRBWT, ABMODREE NS DT 72 A THEHETE L ENMAITHD. kW OH
HERHD, EUVEEMERESL SN REBET A L—FREE SN &, BRofIEIC bbb &

272 o7, 1980 FF (XD & THDH. LnLETDE, X7 7 A " TL—FEEETE D YAG L
—HoEmt bRt l, L EHEND L —FIL YAG L—HFIc@E b > T\o 72, BE
TIE, BERL—FELTEVENR LT 7 A RN =T 4 A7 L—WR LI T 5

LIF, BEHEOME L ESHENZICOWT, FRZL—FRED X5 icflbhTnbohvb Lit
L<R~R%.

1.1.2 HBEORELESHE

HEIHEORT L, K&E<E/ay s 7r—aBlicnitons. €7 ay7EK
&%, Fig. L1 VR T L 51, HIREHER T D0 2R T & iR 3 2 <, 20 tibfd X
@#%i%ﬁL&Lfi&L#@t T/ ay BRI, AERT  BIRTHBL TZIFR-
WECTH D0, HROREAL & 2SR = 3L X —WRIEHE 2 W7 Lod <, FTH BB REE
DEF LI TND. —H7L—aREiE, Fig. 129007 L9510, BF 4 L3y vy —
VEBRONRT = bUA CEERT D=y PRI AT 72O DIMTER A HOMIET, £ I
RT 4 KT D BEEZ TS, 7 L—2BRUIHE, NI v 7 ~OEANERTHDH. LL
T, BEBHEOZW, /) ay 7 BROFEMEORT 1 2 SBICEWTEm T 5.



Fig. 1.3 Example of monocoque structure parts of vehicle 9.
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HEjHX, BEHO I — b, XA, BREIZ 7 7 EORMER G, RV e~ BET/h
Wi e & 5 &, £930,000 SO TR SN D O, ZOWNAT (1%, Fig. 1.3IIRT LD
12, #1300~350 M OWER T L AFH TR SN TWS. 2O U AT, BRIMIUZ AL
T DR REE & NRIOERRBIICOEIND. BE-RMMmIE, k7 LA RE S TH
Wrim 2 k5 L 0 IR S5,

%w6m5%m@,%%%é2mh@aﬁmﬁﬁmﬁ%ﬁL5®hﬁ@%%§%mi@%wm
DIV, SREVRE CIERICHREANR A, B REAICIX TS SR E SR AL T 5. Fig.
14712, ZHHMROMRETENE T v AZRT. S SICREEEOMLERERICIX, HEhD > X Hilik
PEDIND. F77, 1 OT VAL TEFTZ L ITHBECH SR & W B2 E 2 D201
BRI Z AL, 1O TV ARBMIHNLCRT =T — R 7 7 REA ST 5.
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Fig. 1.4 Tensile strength and elongation of various steel sheets for vehicle 7.

HEIHORT 41, XN—=RERDTUH—RT 41V A RAUAREBMAEETZERKIZ, RT,

7%Fﬁ8®%W%%%&ﬁﬁwFT%FénT¢%hé@ WNT A BT 2R LA

L, WS 7 T Y LI DA AR b, 207 7 o VR EERE DY TEEEL,
ﬁfﬁﬁiﬂﬂ‘/ﬁf bib.

HENHE CHW LN TV D IEETIE L Z O %% Table 119189, ZORITFEMEO N E &0
726 DT, Euro Car Body 2009, 2011 35 XN 2012 THE SN ONOHIZHOWT, HWD
NTCWDIEESES TR 20l (RES ThIUIAE, S THXES) OFY), B&
OENDHE ARy MNEBEOFTRBICHA L (WSE) Th2D. ZoRILVSNDEIIZ, K
T4 OEGTIELELTUL, ARy NEEREKRTHS. 1 6dH7Y, K 3,500~6,000 O
ARy NEENMEDIL TS ),

Table 1.1 IZBW T L—HFEEOEARIL, L—F 7L —Y 0 7% MxTH 4m 5, WSE #iiE
T 200 ARREICHE T, 5,000 MUV AR v MEBESBUCIEAEEIIC D e, 2y —3
HIRARDEMZ 2 &, B R AR ANE R LD, L= TRIFNIER S22 VH®EIC
FEbON TS THSH. HENEOMEREE LT, S8 - MiHAME, Mi2eEfe, MIEAZEREN S 5.
SRIE - AR X OVEIZEEREIT AR v MEEE 1 FT b7 0 OB, FT s L ORE T, Wl



BITFT R E ARy FORETHR INDS. L ZATHEBEBREIZL DY 2 — WREALFIHT 5K
EFLXT v MEBETIE, B L CBEHT R ® 5 & 2D HA~DERD 3TN L < 720, TR0 KN
L%, ZOHEiE, 20~30 mm ML EOMMRE THEEIND. BHEMRAN A & EA ORI
KT 5. — b —FREECIIZmE WO MBI, 2 2 CTHIMER EZ2HE LT, Buney
FOL—PEEN R T N7 7 OOEEY Hnhoivsd, £, BRIZERD X912, s
DT 7 & AT RE MR & A0 LRER o Eb a2 BRICHWO D, 612, b—PE
BETCIEHEARy MEBRICHA_NTEHEAREZRS TELHT b, TS UHERERESNDL—T D
BECHOWBLD.

Table 1.1 Application situation of various joining method for vehicle®.
(3%¥WSE : Weldspot equivalents )

BEESFE BRAY SPOTHH  |WSEX
SPOT&% 4929 5 49293 1
T—UEtE 1.42m Al 20
L—Hiakk 2.31m 154 /1 15

A 1.36m 458 30
JL—o0y 0.78m 394 20

51 55.17m 110355 50
25k 1438 14355 1

1.1.3 BHBEIZSTAL—FINT
AIFFEOR G LT D L—IEEN, BEIEHKRIZBW T, EHbn CE o+ 5.

(1) BBEIZEHTEL—YIMIORERE

U—HFIC L 2MTE, BPUEECT — 7 I B RITER Wb o0, HAEENEL, R
ﬂu’fﬂﬁi‘ﬁf’*f‘a‘bé’&b%, U— IR OW BN ET 720, Fr LW L —FRIESRNHEIND
7o ONT & Dz P 2 N C & 7.

Fig.1.5 1%, ZRODOIER L7 ABHESEFICBIT 5 L—PIMLTORELZ R THS. 1960 F1R
L E— L —H0BR% S, 1964 1 iﬁff%ﬁbhfwéﬁ&ﬁxv FTEBLOYAG L—
PRI SN, 1970 FERPIEICHBNEEE~O L —FDISHNEE ~ 72, B O EZALENE
1972 %D GM thic k%, ab—L > hED 300 W REEHT AL —F 2R\, V= a v a
ANR—=R=D L —VYJW V& S 5.

HIR~OWMH & LTI, 7—F7— K777 (Tailored Blank : TB) @ L —W &1 K Y] TH
%. TBIX, #3009 opisttie 2 L2 -7 L AMEM Th 5. 1985 4EtE, 3 % HEjHE
JREEHT A L —FIRBAC L D TB ofliE & dhdi=. —J5 1986 4121k, BMW »L—7 L4 K7
U— AOMMBSTTFEBRICRIBEAT A L —FZWHA L, AT 4 v a vy 7B 5 L—FiEHOREO
Bl & 7p 7210, 1996 121X, 7 47 AT~ (VW) Passart VD /L—7 LA R/Sf LD
REAC 2kW D YAG L—H & Fluviz 10,
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Fig. 1.5 History of laser processing in auto industry®.

(2) REBHRL—YLYAG L—H

Fig.1.5 1%, SOOI E kW M ORIRA DD, YAG L — W CTIERBHT A L—HF
IV 15 FREEN TSI LEZRLTND. KRBT AL —YIL, [REEHT R 551 OIREIVEN 2 5
FALETAL—YTHY, WEITFAD 106 pm THDH. ZOWEDIEIE, FHEH T AN
END. ZOTEDHT 7 A NRRH T ARMOEN LV o X3l 2 v, =P E—A1F, Fig.l.6 I
RT XN, BRHORT 4TI T =TV ELENLEFEEEIND. LeR-T, M
TL7EWE ZAICLL—FE— A ZE8T LI KN EERMLELRS>TLEY. £,
— L DOENIIT SRR O B EEEEE VD0, Rk M8 TH 5 ZnSe WOEN L > X%
WHEDNR D D

Optical fiber
Bending mirror \

(e} o | o

1 -
CO: laser oscillator XAl Jaseroscilator

110

ZnSe focusing lens Silica glass focusing lens

or
Parabolic focusing mirror

Fig. 1.6 Processing equipment Fig. 1.7 Processing equipment
with COz laser. with YAG laser.



Zruzxtl, YAG L—HiE, Ay FUTA (YY) E7AI=0n (AD) OT—Fy MEd (G)
HOXAT T LA AY (Nd) OBFENZFIHLIZL—YThs. HREIX1.06 um LRI T
HY, AEHTATORNNIDLIR, BE—LDBEEICHT 7 ANRNEZFHTLH2ZENTESL. 20
720 Fig. LTI T L9101, MLLEWE ZAIZL—HFE—A%E ZENLBRNAES THD.
E—ADENITIE, AN T AROENL U XEHNDLZENTE S,

IREET A L —Y AW N TaEE Y, FER#EBm LD, YAG L—V 2 W i TaEE I~
M2, AT F U RICFEEDRDLND. 2O, IO TN Fe7E kW # o YAG
L—HREREEINS L, YAG L—HFOEANRE AL TV -,

8 P—IFHZR

U— P CIRER 1 mm DL FIZEE L2 L — 2 R LTI 2 Em S E 5. 2o,
— = LANHEH I N TODINM T AN SIIARE LT @EEOEBEARAIBNRELN D, L—FFHRL T
=N EMEIND Z OEBRABRDEEICREE 5 2 0K )L, ERREROBILEIHT S 2
EEEMELT, Y= RHAZMLEICREMFTHZENDD. =V R ZADOREFHITHIZ
1%, Fig. 1.8 IR T L ICEHoNOMENH 5. Fig. 1.8 @ILFEHEIT —/ R EFHEIN S FETH
L. L—WREEEIOS— LR AV L0 —L RH AT HFIET, £V XE2HNS
B, TRERENZ NSNS T N — L FEETH S, Fig. 1.8 IEV A Ko —/L REME
TN FIETHD. T—L2RBILENTHATZE 2 — L2y A BN L o X%
RHETHIVERDIBEE, TNORFLSLEMT A0 T A 72HWAZENH5H. 2D
e, L X THOI DN T W AEEMERT H 2 k#f%&<@ékwﬂ%v~wkiﬁiﬁw.
ZZTL—WH LT LA LR XN AIZmd T —n RTRAEMGT 5. 2
DA R —IL REMIEINDFIETHS. £, Fig. 1.8@QITTT Lo ICy—/L FH R ZH W
WEALHD. B 2ETHELLGHLDLN, YAG L—VRLEKL—FEZHWIHE, T —2A
DEIRICE 2 DRBNNS VDO TY— IV RHAZRORWTIRESND Z L0835 5.

Laser;beam Laser beam Laser beam
i i i

= L] L]

Shielding gas A1 A1

: Air knife Air knife

[l

| Shielding gas

(a) Co-axial shielding (b) Side shielding (c) No shielding
Fig. 1.8 Various shielding technique.



114 7—5—FI352Y
?*?“F73V7Um)kil%OEﬁ%##%@bﬂ%%ﬁE%f%é VT T, AT
TENHREEEY 43177 —F — Fr—/L 7 > 7 (Tailored Roll Blank : TRB) & X}/ %
7125?'), T—7— R x/VT v K777 (Tailored Welded Blank : TWB) & 1\ birsd. TB
1%, Fig. 1.9WIIRT L HIC, HEOHRE BICHOE THEBIC I VNI T LV AEMTH
5. BEOFEMER 2IZT VAL THANLTHOICHEE LT, TB ZHW0WHIE4eA o 2 b 2K
TE5. £, ARy MEBICE AV CRMUEL R IEREOEREARTEDH T LD,
WMt Z EHTE 5. b, BfEfkE SR EHboE5 2 LT, 1 BOFEM O T OFMEZ S
HICEZ D Z ENTE, BEHEART ¢ ICERIAVOMEE, AN, Bhh, 220 L —RINEE
P, BEREOMRAMESE L LN TED. 29 LIRS TBIAS LI TnD

BEERFETF 20l & 40T, 1967 AF TR o D3 BBV HN360 D% A RS VD7 Z 7 % TIG
BRI L > TEELEOREMO TB Th o (Fig. 1.1012). Z Uk EALHIE, 1979 F0
Volvo D~ v ¥ o v — MEHEAC L D TB AFETH 575, #HHCHEH B SRl R <Th
L. vy vay— AEBITRPEEO - TH Y, b ICERI R & PR E MR CINEEE
PR DRGNS IAEE T 2 71 TH 5 19, TIG IRBEICH RS L Bl TORENATRETH 5.

F D%, 1985 FFEIZC Audi N7 B T /KL T, RIZNRF L IL—T VAL R —ARH T LA
F—=7p T, U—WIEBC LD TB 2 FEAL Lz, U—WIEET, ~ v o v— AR L Y
5 EFHEMTH D Z LD HROEREICHE L, TIG AL D EEmETIEETE S &0

IFER D D .

TB X, BATIET 7o 7 TRAET MMM OFA LW BATHEY, BRMNTIE, BED
i fh oD o T A FR X7 Thyssen 73, 8RO 2 [REL AT A L — WA LV ISR L
T=OBBEY THD 14%15). RN 2 a2 L7 TB 23, 1989 4FIZ ha X2 L VWA RoXx L7
7 A —T, 1990 iz kv rvar A RAUATHEHASND &, TB 358 - fif: &
Em%ﬁiﬁéi&&bf DS D Lo T otz. TB OBEBIEZIZL—F LML 7T X<
RV v av—ARELH LN, L—FIEEENE» DD o MBI N VIR A F 2
DT END, BUIEEBEREEEL STV,
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Fig. 1.9 Examples of the application of Tailored Blank technology 2.
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Fig. 1.10 Development history of tailored blank technology!?.

1.1.5 EHEAEOMFFITL—YiBEE
(1) EHROMEMTBEEOER

FINT THREIC B 5 L — VIO KA 06 HE 413, GM £t Chevrolet €7 /L @ Corsica, Baretta

DIV—TEEOTH D, HINTIE, BMW OIRHY—Y 751 3 Y —X & Volvo & 850 &
TINTN—T WA K7 L—LOBEENMTONTZ. BMWIX 19864 K 0 L —F IR & 450 7273,
5 kW IREEH AL —V, BEIOT Y N —T AT NEEMER D T v T HEE &l - 7o K0 7225k
5z A7 19, —F YAG L—HICRE SN LEEL—HFTIX, K7 74 N0 E D B —LDRk
MNEHETH 5. 1990 FHRITiE, £t kW @ CW Nd:YAG (CW : Continuous Wave) L —H¥ 73 H
BHEOEFEICHE DD X )27 o7-. 1993 4E1Z, M Ford 78 2 kW @ YAG L —#% & KUKA &
Ny Naeflio TL—7 LA RARRNVOEEL RO, 1995 121X, Audi 28 A4 Avant >V —
AT, 2kWYAG L —HFIC Lo —T LA RARRVDEHEZ GO D72 E, N— T BRI -
7z. Fig. 1.1117}%, 1996 4E X 0 thd S 172, Volvo C70 O YAG 1R v MM &k 50— 7 IE#EDE
HTh5. ABBD 6linR >~ k& Rofin-Sinar @ 2 kW YAG L —H¥ 3 MEbLT-.

Volvo T 1991 A= L W AEFE X N7= 850 ET N TII/NL—T7 7 7 V5 4 mm (E % L— VIR
LTWa3, 2002 FICAEFEEZBIA L2 XC90 T, Y—A M7 vX U7 28BAL, 770U
DT ARAEE SN, 3.6 kW OF7 Uit Nd : YAG # W T\ 5. 0 HMIE, BWEEED
b, FENER O Ay X OlakE, BRMEIC L DWEF = v 7, BEEEOmN E, Eikic X
HAXA N ETHD.



Fig. 1.11 Laser welding of roof, Volvo(1996) 10,

(2) ExMI=HT+5RIAE0ERARKR

EH1%, EALA2004 (European Automotive Laser Applications) T3 SN 7= HAKDRHEE %
FLHTND D Audi A3 TiE, 7V A M ARG ) AV~ (KOMEE > ZF 272 L —F T~
v RIck?d, E&E1Tm O L —VEER 7 o THICRA ST\ 5. Fig. 1.1217(2, @A
SMBLE WS 2~ T. AUy NI 7 & AEEEE I L 2 EEOMKR, Zattm b, 7%
A VHBEDOR ETHD. AT 7 & XA CHRERTRER L — VIR O R R 2150 LTcE A F T h
5.

Fig. 1.12 Joint structure of floor, Audi 17.

VW Golf 5 Ti¥, HKIZAF 7T0m O L—WEEE L—F A5 MPMRH SN 17D, ARy MR
B3, Golf4 @ 4,600 /5, Golf 5 TIX 1,400 L 72>TWWD. FMT 7 & AEEORE AT
#Lk%ﬁ@ﬁ%&gmiDJ%EHWU%%%@EDW%@%9@@%@3@%@?15%,
Rl FHIMET 35% M E L& . ZZC T#hME) XERAETHY, EFEAIREEK
fﬂﬁéhé.&M5%@I%fu;4kW7/7m@Ythwoﬁ%®Lfﬁb,EEIU
TIXRT 4 A RTHRD 12, 72X —HRT 4 T 2/3 & RIEIZER S 7z,

(3) ERDEAHI

b E XX 1999 FLUBFAEE SN TVDERT 12X LT, M—7IZ L —FEELZ#EAL TV
18, ML= FH A KA AROY Ty RERICHYS 325728, BEA S 23 e 2R 72 O % O AR
v MEBET 2 TTE, BEEGICEREROT CEREL, IRIESNDESTHD. ST

10



D BRAPEIKIIST DR L2 BRI, (ROT %, A7 7 8 2R 2R E 35 L — Pk
MEniz. NdYAG V=Y O at7 7 A Tk L, BT OZERE A~y Fa v Tt
LTV,

ARy MEEERTE T, ST R EMERT 5 LA Ty — e b= a VBT .
U—IZ XD EFR I Lo Cona b3, BitEm E& 75— 2 iz X 5B FThE
Thb. £, ARy b AAWMETH T2 T =7 A=A, FHIT7T 72 A0 L —HFIZFEAH
ThHY, NFVOFFABRENE L, FEEEIOIVERENAREE S, CAE 12X, ALy
fPERE E R AR L, V—b =T 4 v a VL —PRENEA SN 19 ZofTiELr—
PIEEOBRAICL T, TNy I X)L ER—F v a VRV ERKRBREEL, ALV
Wik BIC% 595 V E— REACEE CE - B BIC3mEe —7 —2 4 7O L —%F~v R
ZRNWTWDNR, N7~y REE— Raflat, MUOT v 3Ny 7%, EEZZT B HHE
mE L, ZHICEY 5%DR T VREIPER & 2.8kg OERE[LAFHEL 22D, 2003 4 12 AL
st Er 7 7 U LA SN,

T—HEARA T A DEMEHNIC S L—PIRBERE DI TS 202D, Fig, 1.18 201273 &
NS, T—=HDON—T L RT %4 ROBEAIZE, V—WFICED AT 4 v FEENEHA S TWY
L ERAR y MABETIIEB CE o m G EE (BALE & OIEE) 232875 & & big,
RT A4V A FOWmEZRELS LAHZ LT, BECTHERIMEOEVVEEETLH I ENTE. Fl
T U A TR OWRBED ATRE/e L — VIR DR R 21 LT FHITh 5.

Fig. 1.14 2V|279 X 912, ittt L o Dom B4 A& LT SILL #5 & PSHELF &
IZ L —V OBEGAENEH SNH L HE SN TND., ANA TA > TIE7 — A TOMAMEIC
MMz, = by ZEOBGEENBINEN TS, Fl7 7 & 2 TR g L—Ho
FRREAEIEN LTV D.

I:iitch wi

ROOF

ROOF Stitch Welding
For Flexible Design_ # XA i

a ¥ [ e T

o p ek J-a_ - v
[ = L !
s LR e

~ SEATBACK
: ] - Continuous Welding
ol -._ Sl = For High Stiffness

Fig. 1.14 Laser welds in SKYLINE 2D,
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1.1.6 UE—FL—Y&E
1) JE—FL—YEE

Ry b EEASy REAOE V=R T, WEMLED D IROREMEA~E~ Y &2
B SE DN EEL 2R & 72 5. 2O, UVE— ML —PRENERAbINT. UV E—
MERBEE, DN AX T L LU XERETHZ LICX 0, FIEDNARNT Y 7NOEENLE
L —PHEEN - BREN L CIRBET 5 5 TH 5. Fig. 115 1T OM&RK %27 22, BE AR
BECHEYE L CHIEBERTREZR, B — AME R E < TEI DO L — W RIRER 23 B % S T FEBLATHE
ol TETHD.

L ox f < 500mm

RANAF =2 I 7 +—HAFH:
AF T —IT7— % HICE R RAEL R

Fig.1.15 Conceptual diagram of scanner welding 22

FINDEES~y FEaRy MIEHL ONTI25480 5 5. BEIEEKT 100 FEHTOR
Hen 35 B2 7 NTITOHA, 3 B R OWMBIAR y MEEETIE, 300 PRKELRY, 9
BOaRy NEBEAT—Ya VICRETLHOIVENH D, —FH U E— ME#ETIE, BHEHEE 3
m/min THEHER 15 mm OFEHELZTT O &, 0.3 7 X100 &7 T 30 B oE#RfH & 0.05 £ X 100
AT C 5 OEEAMBERMEZ S, 1EFTOAT—a T3 HE 7 FNEaEHTES 29,
Z) BRI AR ¥ TR OHE AR AREL, e Ry har ha—F—TH AN E—F DI
EERBLLZ., ZOVATATIE, AF¥ vy T~y FEHFELIZe Ry NOBEEZE S 208 6 L
—WIEEEITY, v V- 7T MTEafEL LTWD 29,

UE— MNEBZL Y, B~y REMNMTALEICBE) S5 KR 2 72 < ¥ 5. JERA TR
PR L— IR DR AIE D LW TH 5.

(2) YE—hrBEEOERAG

UE— MNEEOHBIBEA~OARKHRERIX, 7 74 ATV —T DAL 7 KT OW%EENEK
¥ITH Y, 56 WFTOEBEER 32 T T Lz, 2003 4EtH L H#EE S5 20, £ D% T, BMW
WEANZIREEHT AL —FIZ L DY T — MAEEAEFEICHEA Lz 10, =P Loty <311
W=V E W AT DS, K7 ay 7 OEETHSH. BIETIE, Mercedes, Audi, VW fii,
ZEOEBA =N THEED 2L R—% 2 hBLORT 4 OBREMSICHIH S TS 20, dk
TIE, 2007 4E 2 A2k 7= ROBOT FIBER LASER WELDING SYSTEM # fW T~ 7
T—ORMNDIRD ENTZL ) ThDH. BHRTIET X NPEXENA L3R 74— A @A LT
L. 8ETOYE— ML =P RT ATV E ODOBBER OO T OFEMIIARE SN TV RN LN
27)

DY
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—J7, HEHRBNHL, HRMHZ OFEREAF LTS, HEBBIHETIE, /INENL RS TR
DERNC L DA R FEIEEZ BN E LT, 2006 £L0DT 4 —FBLOT 4 —XTF7T 44D b
72 Y v F(TRUNK LID) & 7 — F(HOOD) DAL Y & — M2 Lz (Fig. 1.16) 2V,
REESHIE 28 J5C, WA FIZOWTIEESE DL OBEIB|Z THD. $164 %DHX U M A LH
MmN C& -, RERE, AFyTEuRy MCEB#LEZ 47T, L—PRERT4kW LD
e YAG L —, A%y O 280 mm TL—H %% AR > M2 0.7 mm [ZHEX L,
180 mm X 180 mm X 50 mm D REK =V 7 2.

F7o, BEBBHIZ — MBI WN2008 4 11 H LV BEESNTZF 2 —7IZBWTC, itk KT %
EGHl-ETO7a—Yy —Eihc) T— MNEEZEA L7220, a2 h K7 (FRDOOR) O¥%
B 17 &9 (Fig. 1.17) T® 5. U7 RK7 (RRDOOR) DT L —F FRSHANZ A5 4
25 10 Eah (BRJE 0.55~1.4 mm, HRFIEICIE U CRIEMmk £ 72 13dind - &), SOl K7 Y
74 >F (DOORRRINR, t0.6 mm, H#D-> X)) MNE SN RETIThh, WEETNE 20
i cdHbH. 1, 7—FK (HOOD), Xy 27 K7 (BACKDOOR) bH&®, At 97 Einc) <
— MEEEDEH ST

Fig. 1.17 Remote welds of CUBE FR DOOR 29.
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14 AHEOEH

PLE, BEHEOAFEIZBWTL—FREDOL I IEONTELONE R TE7. 1.14HTH
7T —7—R77v7 (TB) OWHETIE, RE - IE - Do HFEDER DA L — P
&0 — IR L, 1HOBRIEREMIHNSL T TS, BIAICT VAL TRPLAR v MEEICKY
ML THEGE, ERhEbEEHAMnE LS. TBEAATAZEICLY, ZoEREDLER % E
KT ENWHFEE 2D, M ORE L BREMA WL TE 5. e & TR TRE L — W
WHEOREETENLTEA T 5. 1.1.5 HTHRARIZHROMAL I U—F R TIE, 7T 2
YA CIRETRERF IS L W BIEEZ M LT 2 N T& 5. £, KEMAWmEELZEHRL
TEWIRE CMIEE b o 72ROV 2R 2 Z LN TE 5. FR, EPIAR Y ME#E L3R
LA E &0 ) RIS, mVREIEEZERT S L CHEERMETH L. T L GEEELLOOH
V= N —VERE, BWAEEEEBITE 5.

HEjHFAROREI AL L—F & LT, ETIREAT AL —Y (KK 10.6 2 m) BNFEM{L
Sz, 0%, EIRL—9ThHDH NAYAG L—Y (K 1.06 0 m) BNERLESHhE. &6
Yb ZL—VHEL L7 7 AN —PFRT 4 A7 L—H ([ biE 1.07pm) 2B - 524
Mém %Mﬁxv—%’ﬁbofﬁﬁbfwot ZhITiE, oroHmANREZLND.

2R A EBE TV IR LN b E— A%@%L@?hik%@mr&ﬁxv FiC
*FL, IWV~%Tiﬁ774ﬂbi5t~A@m%ﬂﬁ Elemndd T o5, ik, KEY
AL —FONNFHET T A TR S DO L, BERL—FOSITATET T A TOWRILF) R
DTRNWZOTH D, REET AL —HTlE, BIREGOREZCCKNE L L2 D HEOIREZbN
L—H = ADOHH T RBE S M EMIPICE X TLEY, oL@l L —F B — A% BT
HZEBNEET S, £, BIESR D OBEERC X > T — 208 FEN K E BT
LEVWIOMELH D, ZHUCKL, BERL—YFTIEIRT 7 A NICLDE—LDEBEENTRETH D
ZEnD, KEEEEZZ DHEOREZEIEE L BRET 203, £, 7 74802
LD E—LMMEETITROREICBHERH Y, BEONAENES THDH. I HIT, KIFEED
7)== TRMERE L Do TR OMERF - WEAARE LW ORI bEEND.

T, BEAVTFUVAORGEINH T OND. REEHT AL —Y T, x§7v~%%%
X, VL HREMRFBRIE L7007 a7 BRUETHDL. Zo7a7iE, —ERHI EICE#zo
REINVETH 5. :ﬂ*ﬂL‘MGV~$?i%mm&T@%ﬂ&m Lok, V—%ﬁ
BEFhET 2 RICHET > 72 A= 7 7 YAG V—TlE, 7> 7 OFamnEE R
IZBET, AT FURAOTFMBE ST EIEXE 2otz TORMEAIRE L TRHFEMD
HMAEL—YREEIN, L —FEEE L THAIOEG 2B EHW-T 4 A7 L—FR
W7 7 AN 7 7 AN —RERMLEND &, EERL—FIXFEAEA T AT Y
—DIEFE Lo T

2iX, L= ORI TH S ERBIBENROUERHIT oD, T4 AT L—HFRT 7 A
NU—HTIE, b—FHEIZ YAG L— T Tz Nd TidZe < Yb 23SV B, fibid >
R L —POHEN & L BICRIEIRPEEICH E L. TR, MEEBEHDOEE L & HIcHH
O/ N EBL S L.
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Laser beam
Welding direction

Laser induced plume -
Process
Formation of weld pool
Weld bead
= — N N\
\
&eld pool Mechanics
< ( Performance of weld bead
) Z N
N~N———— ~————

Metallurgy
Solidification of weld pool

Fig. 1.18 Pattern diagram of laser welding Phenomenon.

TNTIE, REBAAL—FLLEEL—F~0 THEELRR 1%, ERRO XD RiEsER ) L
FEHZBEBRORNMENSCT T THLELENTZDOTHA 97,106 pm & 1.06 &H 5\ 1.07
pm &V EROEWE, BHEBRIMOEELEX RO THA I H.

U—PEE AN 272772001201, Fig 118 (IR L 918, b—Y B —AZHROILALE 2
YCTEMESEs [Tz WE, EEhLZaBaREAP ChlE LIRESR 2T 5 A
&) WA, £ LT ESNIZESEE — KR ED X 5 a2 R~ ont vy TH%) H
MEOETICERZL I LERHD. T TRMILTIE, [Tatvx), e, ThEE L) 3
OO D, TR OMIRYEIZ SO T L 5.

B1EIL M Chh, RFIEOYE R HBB LOMERIZ OV TR TN D.

%2 WL, HROMAMITEEICEKIT 5 V£ — MNEBECORBERZEMZEMIZ, [Tatk
A W 2> B R A L—F L EE L —FOFEVICONW T U b, RN A L—VUEHE T,
REHRICX =R — A BRE ENDERAKDO TN —LDNEBEIED X ) 2B E 525 DD,
WEFHE LR TE . AE, BEERLV—FEBICBIT 27— 2O EL EEICH LN E
L, REEATAL—FEBIZBITHENEHEL TN,

FETIE, WL WY [Tt BBLENG, 2FEO L —F 2 ERat Lz, 5 2
BT, L E—ARHRIC EORERET 202> TWDHDIZK L, RECITHMERIZEE
L7z L=V E— LN EOREDOEHEEN 2> T a a2 ). BARRIE, difRicBEL~Z L
— P —LARHNL BT VI EORENRZERCE 200800 TIRRRET)) 28R DR
L L, RBTAL—P L YAG L—FZLHi LT 5.

BAETIE, 7—T7— 7T 7 OBEEZEMIC, RAPERDOEHF~OEM L KILOFAE L
Vo RG] AR N D RFE T A L — s L FEIR L — P EEOBENIZHOW TR LT . BIK
NI, L—PFDERDOENVC L > TEROBEMNED L HIZRBRLINEW LN LTS,

B 5 ETIE, WHEARREGORWEHEY — RAERINT 2 & 2RI, w0 115 ol
Mo, T—I7— 77 I MORIBHEXELIR T2 60k L, L—VREOEELZZT 250G
CTW5.

FeEILMMmTHY, AMFETHOLNTHEEZ T LEHTNS.
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F2E L—YBEROBAAIRETL—FHFERETIL—LOEE

21 ®% 8§

L—FEERICM LA O E ERDEIBOSBAK[TH L L—iFR 7 L — 2k L —FH
NOWFEEL E—LOEFTZ2E LT, BWHERNITEEL RITT. REBITAL—FICLE#ICEL
T, MELV—FFET NV —LORERFELIFANLN TE ., —HFEEB L —FIC L D8I
W, EEEBANEZ TETND 82930400, 7 )b— ANEHEICE 2 58 BIZON Tt
TR ENTND EIFEARVOREETH L. —FTEIKL—F TIL 7V —LOMEERN
BINWZ LIZHEDSNWT, T—F— RT7 T 7 OFEHED X 51T~y B LRk & OB B s

D%y, MLREH Ty =/ RHAZANTITEESND Z A%, Lol 1.1.6 THTHY
FF7EYVE—MEETIET V=PRSS EET S, 200 E— MEEEE x5 L, EHiKkL—
PREBEICBNTH L= -2 L—FFES NV — LA L OMAERZEEMICHEEL T Z
EPMELEZ BND.

2.1.1 REARL—YBECBTAL—FFETIL—LEL—FROBEEERIZOLTO

BEOHREH
ﬁMﬁXwa%%wt%%Tm,V*W%E7N~Am7?f7M?é.:®t®7w~A

LIRS SRR L2 L—P DRI e &, £ < OBFFENN 72 ST & 72 30739, 3ififil| Blig
%m77xv¢® BTN FE2RIT HHGETH D, mAD 32L, ##K (SPCC, #/Z 0.8 mm)
% 2.5 kW DRI A L —W Tt L7356 OWEEARE (WINFRED) % 0.024 mm? & RAESH - T
W5, ZOEITEBETICHIREEICAEL D 0.5 mm EEOEET T A~ IR, =¥
1.2 %S5 2 L 2 EKT 5. —J Poueyo-Verwaerde © 33, H ) 1 kW B LN 15 kW
TOEEROEZEAE%Z 0.035 mm! & AL > TS, FLTT T A~ EIKTOHIEEDH
EREZNZEIN 8% 5%, 20%E10% EFtHE LTW5. Fio, EFEEOARIZ LY EITRIC
HERAET, BE—=b U= A MIBITD L —YHOBESMNPEIT D, 5 390F, B—20/E
Prick v, MLAICHET DM OERKIED He AL —V ROGE 20%, Ar TAL—/L R T
1L 90%IHIZ2 D EREL > TWA. ZLTCIDZ &G, Ar TAY—/V RERWZREET A
—PEHEICB W T 7 A TN —APEERE L THEIAL DR 2 2 l1E, 77 A< ToOE— L4
DIEFIC L2 MLATOENBEEDK T THDL E LTS,

2.1.2 BEHRL—BEICETAL—EETIL—LEL—TFLOBEERIIOLTO
BEOHREH

I, 77 AN —HICRESNDER LV —FOREIbREZ, T—F — %77/7%&%
DOIPRRCHEMHAEEA ORI E LTRSS TWD., ElmnE—AMERG LD K 9 IZ7
ST ENOEREHORNL XA TEN L TOMLIC o EBENMEONDL L OI2RD,
AR L —PI3Y T — b L —PEBEONRFRE LTHRA S TN 29.30 L = 5T YAG L—,
TART L—=PRT 7 A N L—F R EIMTHOREIE L —F OWRIZRET A L—FOHED 10
D1 ThHDH. WiklEHER, & 5L free-free absorption (2 &k 5 L—F ORI, HED 2
~3 FITIHPHIT D 3. LIS THHIEESR I X 2 EIR L — Yol IUIMmD T/hEW. 2oz
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B, BER L =PI K DB TIE — /v RTARHONBIRNZ LIRS, FRICIRBEE T 2 B
BEHSED ) £— MAETHE, WLAZH-T2— )V RO RAZRE AT D Z ENES TRV
b, IV RTANBHANGIZR.

—7, ER LV —HFZ2HWEEICB N TH L—YF R 7L — LAREHEC S 2 5B R S
TEY, A=Al ED L=V —20RITCHOBMESER SN TE . & IIRHES 39
DL —HFET N — LRI AER SN DB FICE Y L—FE—2R LA U —HELEND Z &
ZHEML TS, JIIAL 30THEKH T 4 kW O Nd-YAG L —% % HW THIE 8 mm @ SUS304
AT U VAID AV N T EEETO, ITHIZER ST D L—HFFR 7L — A O[5
77 AN LR EFER S, 1D 3~4.3 %D L T 0.45 mrad OJEIFTNAE LT EE
WHELTWD., 20K, JIAL 30X 3 BEOKEO e —7 L—FE2H, L—FolE=EICL
AV —WEFFA DL A OWRRRFERRDONT-Z E2HE LTS, L, 29 LA
TN—LOMEEY =T L —PF =LA FZBIEHERTHY, L—F e —L4 L FE EICk
EENRDL—THFET NI L E— 2N EOREDEBEZT, IREICEOREDEE L5
ZHDONINT U HBHMETIIR ) -7, ZHICH L, KFES 38 SUS304 B (HJE 80 1 m)
DL —VIEHERC, EEdER L L — D OE SN BIREEZ TN, 11 pm OEST 7 bR
HEULTEZEZMELTWD. EEY T MIL U ANLESND HFHTEL, RDEEET VA2
WEBENPLZOERY T MR TA—AZED LD THD EiEm LTS, KED 391F, T
HOTN—L%T7 7 Ao TREMEREAHLDBEE T 5 HE L BlE ©T 412 X 880
B, TN —ANEIAREGEICHD SEDLZEEBRBML TS, JIIAL 401X, ZOHSEAINT
REFORBITENET LIEEIRIC L > TERN T HF~Y 7 M T2 EICEVELDILDOHD &
LTWD. FkRL DX, MWEREARZ AT 2ME0EEBRAEEEBT 51— —20%
KIGUTHEERI R ZITY, R 1 um OLV—VP N THREARICE Y AERES S 7 EBNETHE
HZEHRLTWND.

2.1.3 XEOHANE

AECITABE DI 2 &FIZ, B 4kWREOEK L —FIC X2 BICBNTT —2anE
DIEERARC B RIFTTONERMICHL TS Z L2 AN ET 5. BRI, Hh
4.0kW O YAG L—HF & HW = AV b T URBEZE VT, 7 — ALK S EEY 0 TEIAAIZIR
OEAEFE L, HHOBESRE (BEFRE) BLIOERMEY 7 NEZEENICRET H. K
R AL —FERBEICEB T 5 2 HEICON T E SR L, L—PFiE 7 L — 508 & ORER
BRI B2 RIET DN W IEEE [T ek X)) BAlES 28O L —VF 2 i 5.

2.2 EEHFX
2.2.1 {8

HEEREAHL & U CHUE 5 mm, 18 50 mm O & 3R A3 X Hréli 2 K < 250 mm (28I L C W =,
= DALy % Table 2.1 1274, SRR 72 (R FBFADK TH 5.

Table 2.1 Chemical compositions of steel used in this study (mass%).

C Si Mn P S Cu
0.12 ] 0.24 ] 0.55 10.019]0.018] 0.26
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2.2.2 EEREE
(1) L—YRREMIAE

Tz =%, ITRER ) 4.6kW O X A 4 — R L —HfphiEd YAG L—%ThbH. B — L4
ZaT 0.6 mm ONT 7 AN K D aEE, EAERE 200 mm 0= A—% L XL fE 280
mm OENH L U AEHNTE—AT oA MME0.84 mm ([ZEK L, FEBriCf L7z,

Fig. 2.1 12”7 X 91, #BBrikE XY 7 —7V EICEEL, T—7EENZ L > TALV N T
WHea I Lz, AV N T UIRBAIE— R OSRIC L — Y & R LT, BRABAY 72 285 WV s 2 fhd
THFET, WEOMETIT—HNICHNLRD.

Video camera
(30F/s)

Fig. 2.1 Schematic illustration of experimental set-up.

2) TIL—LEREOHIEAE

Fl~y RIZIEFig. 22 1IR- T L9108, MLHDOE 22— ARy X0 b 2 Ri#ET 5
TeOITHERALED B 160 mm FENL/ZHEE L XERTNZ No.l =7 74 7 2RE L. S 51T,
—EMETL—PFETSN—LZREWL, TORIEZEX TAEBEERZITH 72012 No.2 =7
TA 7 E Wz

/
Nd-YAG Laser

A

Laser Processing Head

No.l Air knife

No.2 Air knife

T | Specimen

Air knife height
M11~120mm

Welding direction
Fig. 2.2 Schematic illustration of laser processing head used in this study.
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L—T OIS EZ 4kW & L2 & IO LARICBE L L—YH % Fig. 2.8 1279, I
TELTOWRVWIREETONY =2 =2 X H5HEMETHSH. No2 =7 1A 7D I NEANLE
X0 120 mm F TOFPHTIIMTAHFE 4,280 W TED ST, B —AE No2 =7 F A 7LD
TN &35 . No.2 T F A 7718 140 mm OHA, TSI 4,210 W &, % 1.6%
KT L7

TT A 7 EEBSED L, B RKER AT REMER N AT S, Fig. 2.4 12, No.2 =7 F
A 70 =Yl Bi2s] 2RO EERER R AR T. =7 A TE T OREIEL 3m/s T
bt BEHOHIEIZIE, BVREEEZ AV,

o 4400
8 Command laser power of 4kW
3 Average, maximum and minimum
© 4350
L -
(]
2
8 — 4300 |
53
(%]
L
° 4250
g
S
(%]
8 4200 L L L
=
0 50 100 150

Height of 2nd air knife (mm)

Fig. 2.3 Measured laser power at work piece under commanded laser power of 4 kW.

< Parallel to specimen surface

O Toward air knife

Wind speed (m/s)

0 50 100 150
Distance from air knife (mm)
Fig. 2.4 Wind speed of air flow caused by air knife.

D7Dz L —YFE—A LD — L FIZE AT NV— A EIOFIHB IR 7 70k b
TN— L DOREG U L. B —L RiL, /2 A9 & Stk & OFERE (X% > K4 7) 10 mm
TL—WH LRI — NV R RAZRETE LD THD. / ANVONEIES5mm ThHD. 77
VERWAHERTIIZT A 7 EEE 140 mm & L, 7 7 A XV IEER T X0 RTINS Tk
JACTE HEE & L7, BVRRGEFHC X JIE Lokt ki Lo JiiE % Fig. 2.5 12”9, AREBRIC
BN CJRGHITAWEEPH TR —E T, Tm/s FRETh-72. 728, Fig. 2.5 IZBWCTHIET 13 [
ToTHBY, TOVHEERL TS, F7z, RAEGPHIIRKE & R/ MEO#RETH 5.
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Wind speed (m/s)
OFRLNWPULIGONX OO

10 20 30 40 50 60
Height from plate surface (mm)
Fig. 2.5 Speed of wind by fan utilized in this study.

o

2.2.3 MMIFEH
(1) BRAARIEFTITIN—LESOZEBRED-HOMIFHE

WAL, 2AERMEOEN R BB NRARICE 2 DEBEPERT DD ANV T UiEEEE L
7o, & LTSI 2 XY 7 — 7V Eog R, 7— 7 UBRENCZ LD 200 mm RO E— R
B LTz, L—FHE T — AORENEARIE 2 5B D57-DI1Z, Fig. 2.2 1T7 T
£91Z, No2 =7 A 7DEEEEZTHADESOD T V—LEEV DT, Gon-iEEE —
ROWmBE 2 £ L=, L—FHAESEIT 4.0 kW, EEHE 1L 33.3 mm/s (2.0 m/min) T
. BN LRI Omm & L, E— AT = X MILEZHRERICGDOEZ. =7 71 7 &S,
AERENDO =T A 7OREIH UNEE TOEITERL, 11 ~160 mm OFFHE Lz, =7
T4 7E S 160 mm OFMTIE, No2 =7 A 72V HAL, Nol =7 A 7DOH%EH .
D=z, L—H 4.0 kW, EEEEE 33.8 mm/s 1B\ C, 77 v EHNWTT —2A
FE3#E 7556, BLOREI—/V NI T —2%58< THEBR LT 2. [Fiho v —
U RHAX, Ar 20 Umin Th 5. BIEESFMFICB T 2 5%0% Table 2.2 (277, 7L — AKX
ICRERFHINZEIR S5 Z L n, KL 3 23R T 2 [P EORERE A fefk LTz,

Table 2.2 Welding conditions and number of welds conducted in this study.

Laser |  Air knife Defocused distance (mm)
power height
(kW) (mm) 56 -42|-26[-1.3] 0 [13]|26]42] 5.6
3.6 1 - 1 - 1 - 1 - 1
3.8 20 1 1 1 1 - 1
11 2 2 4 2 - 2
20 2 1 2 1 4 1 2 1 2
30 2 2 4 2 - 2
40 1 1 3 1 - 1
60 - - - 2 -
4 80 2 - 2 4 2 2
100 - - - 2
120 2
140 1
140 with Fan - - - - 3 -
160 2 1 2 1 4 1 2 1 2
4 Co-axial - - - - 4 -
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(2 ERGEBEIINEEZRAETH-HOMIEH

U—HN oS LR, SRFEE 2L L CE5.6mm O AL Iz, ZiudsE
L RO R A FENE L 32 & £2%DHEIPATH D, BN L ISR HBEN S
Ji, Liedo TERANMEPHEERTO LIch 2856 2 B8 LEBERS EDJim, #oJima4a
DFHE LIz, ZOERITINAL DL, EARFIR-oTWND. LZAT, 222 TRLE
o, =7 A 7 IFZFOEMKREBEE AN TREADFENEZSIE R T, Z OR[N
TARICENEZ RIFT ERIARTEEEZ B2 5 2 ERBEEIND. 22 TC27 A4 7EE 20 mm
Zo, WRERICZT A 72 S ORESMEE Lz, —F, REm»6x=7 7147
EROEETSMEE LT, =77 A 7@ & 160 mm & FEUES (R L Lz, & L CEIABROE N4 LR
BEARAFYE 2 SNSRI _ D 726, Table 2.2 IR L7 XL 912, T BHEMICR W TIELE A4 UERE
Z1l4ammBEECTEL L. ZTOMOTT I A 7E ST, £As UL 2.8 mm BlE CA®
L. BEEEIIETOT A4 7547T33.3 mm/s (2.0 m/min) —ETHD. F7-, ML
HIEFEIC 4.0 kW T, IEAALO MK F 2 AT 5720171 3.6 kW B LT 3.8 kW THOHE
BRbATo7c. TSRO ERIZEBWNT, BRSNLEEHAZZ THOZ 7 F A @SN —EILRD K 1T,
No2 =7 F A 7DOEIZFHE L=, HL, No.2 =7+ A 7%HNFE->T No.l =7 F A T7DH
TIT > TR EFER I, AN LIERiZ A2 D LT 4 7@ S B E£5.6mm O#FHTEL L T
W5, LLEOREMARSE 2, UBRELOA CARWHEHE T No.2 =7 A 7OE S ZHIC= 7 A
TESEERRLL, Nol =7 A 70kHEHNERZFIZ=T A 7&ES% 160 mm & KT 5.

Top bead width

=

5 Bead width

2 " at half depth

S -I- -

j , .
5 Cross sectional
5 area of weld

o v metal

Fig. 2.6 Measurements items of laser weld in this study.

224 BER-AEHE

(1) BAARROMERTAELHRIER

TRIAF DL TEVEMERR D T2 OITAMBRIB R 21TV, FIARIGIREJIE T D 12 DI TR AR R X D
50, 100, 150 mm {7 {&# |23\ Tz — FOWmBlEE« % Lz, BRI, 3 B2 iR
HDIALTHEL, 7 U U BAFKEK CEE L%, RPBMEIIC L0 ©— R o 55 ik
ATV, B ETERARIREZFEATT 25-HEEZRE L=, BEEH X, Fig 2.6 IR T X
I, WIARRES, RE— FNIE, WARRZ 2750 118 ITAE—FiE (LIF, 12 SE—FR
g & HKFLT D), BLOWHKHECTHS.

(2 FIL—LOBERAX
Fig. 21 12/ R L2 K912, YO TN — L ZEE 2508k T D 12D EEIT I & BT 5

BED T N—ADETFHREEEiTo7-. 7L —AL— MNE30Fs, % v X —#fEL1/100s T
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B, A R EIE IR T OB L R BT 5 &ML L.

2.3 EEBRER

2.3.1 BEPOL—TFEIIL—LOEE
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Fig. 2.7, ANV NI VRO T V—LOFEEE R, EL LEBEZ Omm &L, =7 )1
TSk CEZTCHEELELOTHD. FEREFHERLY 1 7L—2ZMOHLEZLDOTHY,
R B S DTN =N FE o TNDbDEFIR LT, =7 A4 7@ I BalERE LY 40 mm
FTHE, TN —LEFICE=T A 7EETHRELZ. 60 mm ZBZ5ETT A 7O FITH
HDIRNGEI A~ 72. £, =T A 78120, 140 mm & &L 2B T A— A b kE
L7c. =7 A4 7&3SH 60 mm PL EOGEICIER NI BEND Z £1%, Fig. 24 R-L7-T
TFHFA 7 FTORMIZED TN —LARREMINTNWALTDEBELZLND. 77 v EHWEY
&, TN—AOREIFE A bk,

Air knife height from steel plate surface, 4.0kW, 2m/min
11mm 40mm 80mm 120mm 140mm [With Fan
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Fig. 2.7 Behavior of plume observed during YAG laser welding
at several air knife heights and with fan.

2) TN—LERSOHBBNERLFYIHES
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Air knife 120mm, 4.0 kW, 33.3 mm/s, Just Focus

Average plume lengthin 0.5 s
120 mm

Minimum —0c Average +o Maximum
Plume length in 0.5s

Fig. 2.8 Photos of typical plumes in 0.5 seconds.
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Fig. 2.9 13774 7@ & 160 mm (BT 5 7 — LK SOFMEIEZ R LTS, 7L —A
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5.

150

[ERN

N

w
T

=
o
o

50 | Laser power 4 kW

Welding speed 33.3 mm/s
25 Just focus
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Plume length (mm)
>
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Fig. 2.9 Time change of plume length.
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Fig. 2.10 Dependence of plume length on air knife height.
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Fig. 211 12=7F A 7® & 160 mm, L —W¥ 1) 4.0 kW TEIS LEEREAZEZ 256G, BX
OESH LR Omm TL—FH D% 36kW & LIZBAD T NV—LADEEZ/RT. REEZITH-
e 1 s 30 D BEELY IV — LRI ZHAMRY, TN —LOYEE I & ZOFEERZEY
K7z, Fig. 211 \TR L7270V — A OFE L, FHE S B LOEHE S EERFZEOE SIZan
I—LDEHETHD.

Fig. 2.10 D4 MIZ, TN — bk S OERS UBHBHKEEZ RS, 1s RO & KK - i/
EOFHTH D, LA LEHRRELS R ETNV—LRETESEET2 00, T AE L
DEBENKE S BT D Eid otz £72, 10 %O L—FH K FTIE, 7 —2E
SICE TR oo T,

Defocused distance

4.0 kw 4.0 kW 4.0 kw 3.6 kW 4.0 kW 4.0 kW
5.6 mm 2.8 mm 0mm 0 mm -2.8mm | -5.6 mm

-
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Average
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100 mm

:

Fig. 2.11 Photos of plumes at various defocused distances and laser powers
with air knife of 160 mm height.
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Fig. 2.13 |2 & Wi B2 COWIAFLIR S DT FA 7 i@ SARF 2 83, FE ORENL#E T
FAZEIAR DR LRV E W S T HERERD H v, B Lo Xe EEi e i i Vo
BPEL, B U AR AET D &, BB ECIIANEKLS RDBIRNEL D03, RERTIX
ZH LTEBHBITEC T RN ED LTINS,

Coaxial
shielding

Air knife

11 mm

Air knife

60 mm

Air knife
140 mm

Air knife
140 mm
With Fan

2 Start

A
From start point 150 Center 50 mm 50 mm

Fig. 2.12 Photos of laser weld bead appearances.
(Power 4.0 kW, Speed 33.3 mm/s, Just focus)

Distance from start point
~¢-50mm -0-100mm —@-150mm

4.7
=
4.5 o -+
4.3 | Ar Co-axial
shielding

b
[te]
I
T

Penetration depth (mm)
w &
~ -

4 kW, 33.3 mm/s, Just focus }
I 1

o
n

0 50 100 150
Air knife height from palte surface (mm)

Fig. 2.13 Dependence of penetration depth on air-knife height.

Co-axial Air knife height from steel plate surface
shielding| 1lmm | 40mm | 60mm | 80mm | 120mm | 140mm |With Fan

Fig. 2.14 Dependence of weld penetration on air knife height.
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BWEMBBGREZRTZENDDD. 77 VEAWEERTORARRSE, =7 A 7@ S THE
B UZGA IR EIFRRIZT SN TS, —F, Rl —/L FIZX 2 FERTOEIAARRSIX, [
&f®7w—bﬁéf®%%&&@bf%w EWIMD. UL, ¥R IERT A —
VR AOENEDRELHEIND.

5 T 5
| Just focus, 4kW, 33.3mm/s. Ave., max. and min. Just focus, 4kW, 33.3mm/s. Ave., max. and min.

E Cotaxial shielding E Co-axial shielding
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< 4.5 T S 45
Q ) o
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© ©
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@ ©
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& & with Fan

3.5 3.5 L L L
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Air knife height (mm) Plume length (mm)

(a) Dependency on air knife height (b) Dependency on plume length

Fig. 2.15 Penetration depths of laser weld beads made under various welding conditions.
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2, 77 W ERTIIEAARI PETFERS 22EmARO N2 L5, Fig 2512
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55 -I Just focus, 4kW, 33.3mm/s. Ave., max. and min. r 55 -‘ Just focus, 4kW, 33.3mm/s. Ave., max. and min. T
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€ €
Es| + E st
@© ©
[J] (O]
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S 45 E} + g45 | %
O - —
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g shieldling n shielding
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3 3
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Air knife height (mm) Plume length (mm)
(a) Dependency on air knife height (b) Dependency on plume length
Fig. 2.16 Cross-sectional areas of laser weld beads made
under various welding conditions.
2.5 25
| Just focus, 4kW, 33.3mm/s. Ave., max. and min. ’ Just focus, 4kW, 33.3mm/s. Ave., max. and min.
’é‘ C¢-axial shielding g Co-axial shielding
LE/ 2 T+ E 2+
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5 ®
o 15 T L5}
Iy o
2 2
with Fan
1 1 1 1 1 1 1 1 L L L
0 25 50 75 100 125 150 175 0 25 50 75 100
Air knife height (mm)
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(a) Dependency on air knife height (b) Dependency on plume length

Fig. 2.17 Top surface bead widths of laser welds made under various welding conditions.
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TESBILOTN—LAESICEDLLT, Bh—EDML ool Ei, KMl & fIMi & T
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%__

Just focus, 4kW, 33.3mm/s. Ave., max. and min.

with Fan with Fan
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=

shie|ding shielding
0.5 1 1 1 1 1 1 0.5 1 1 1
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(a) Dependency on air knife height (b) Dependency on plume length

Fig. 2.18 Bead width at half penetration depth of weld beads made under various conditions.

3.5
Just focus, 4kW, 33.3mm/s. Ave., max. and min.
3
o © o with Fan
‘é <
525 | PN R
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< o (o4
2 L Co-axial shielding
1.5 L L L
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Fig. 2.19 Dependence of aspect ratio on plume length.
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(3) BAAMKOERN UERHKTENE

TT A T7ES 20mm & 160 mm 2BV T, HEASUEEEEE A 2 TR LB e — Rollr
54 Fig. 2.20 ICRT . ¥WIASES BERMEISEVWEIHOTETH L. WIARESIE, HR
SUBHBEDS A DT B TIEH E VW D SRV, IEOH A TIREHEEORN & & HIcAmHICEL 2o
TWAZ ERGND.

Defocused distance

=5.6 mm —4.2 mm —2.8 mm -1.4 mm 0 mm 1.4 mm 2.8 mm 4.2 mm 5.6 mm
—2.0% of FL{-1.5% of FL|-1.0% of FL|-0.5% of FL| 0% of FL | 0.5% of FL | 1.0% of FL | 1.5% of FL | 2.0% of FL

Air knife height

160 mm

1?m

Fig. 2.20 Photos of weld cross sections produced under various defocused distances.
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77, BRI LIEBECIMKFE LR oo 2 L &R T,
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— | 4kW, 33.3mm/s. Ave., max. and min. I &"‘5'5
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(a) Penetration depth (b) Cross-sectional area
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Fig. 2.21 Dependence of cross-sectional bead shape on defocused distance
under several air knife conditions.
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Aspect ratio
(=Y
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1 —<— Air knife height 20mm
O— Air knife height 80mm
=0 Air knife height 160mm

0 |||||||||||
6 -5-4-3-2-1012 3 456

Defoucused distance (mm)

Fig. 2.22 Dependence of aspect ratio on defocused distance.
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(c) Bead width at top surface (d) Bead width at half penetration depth

Fig. 2.23 Dependence of cross-sectional bead shape on defocused distance
under several laser powers.
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Fig. 2.24 Power loss and focus shift caused by plume.
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Pabs(x,P0)=(1-G) X (1-R) Xexp(— ax) XPo  « « « « - 3

ZZT, Po& Pas DL, WOWLBRIERTHS. LI >T, TI—AIZ LD OREITE
EAETSESZ LY T 5. AL DCL5E, MIAH 4kW, E—2%0.6 mm C
YAG L —H¥tE Lo a, BhERIE 85~90% Th 5.

AEIOEBRTIX, SIS Sz b— ] Pavs Z 5HIE, ARSI S Area (mm?2) % 5
B E Lic, Lo LAIBRICRIN S 7z L—F ) Pas DR TH, SROBMIZEH G T 5017 T
e BABICRI S L7z L—FH IO, BVREIC L - TR T 54 (BMEEHEKD) 2R
TN DBERICEHE ST 5. TORRITEMEn Th 5. RIS/ 2 8IS, e
Zv (mm/s) 95 L, AreaXv THD. L7z -> T, HANERHEZIERSE D OIC0E il GEs
Qo J/mm3) &35 &, R 1 13,

n=QoXAreaXv,/ Pwms e e e e (4)

ERBLIND. T2 THEBDR ITEBEE L & 1T, Area %l L TEMREMEAL DY, F—
R VRLESIA TR I & D T PSIZRE IS b5 <ARAFT 5. AMFFEO KERFPH T3, wEEEEIE—E
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T, £7- Fig. 2.14 ®° Fig. 2.20 IZ .72 X 912, F—AR—WHEALTH D 2 L SHIEmhRIL—
ETHDHEEZD.
B)BLO@WRX LY, WRWEEIIRICE > TITAH D EREOMIT BN S.

Area= n X(1-G) X (1-R) Xexp(— ax),(QoXV) XPy  « « « « = (5)

T, HAOEBRS 4 kW, 7L —AE X 20 mm CTESE LZRFICHBICRIR S D H D
(Pabs(20,4280)) THIE(L L7=MHx L —F ) (Pra(x,Po), Relative laser power) & A7 5.

Prai(x,Po) =Pans(x,P0) / Pans(20,4280) e e .. (6)
Pabs(20,4280)= (1-G) X (1-R) X exp(—20 «) X 4280 = = - - - (7)
Z o, KEIIRANICEZEIND.
Area= 1 X /(QoXV) X Pas(20,4280) X Praa(x,P0) =+« - - (8)

BRI BN E 2L, TRETHREIN TV OEEE AR L T, F—F—
TRBERF OVEREN R 1 OFEGHIRFUEITH 48 %4 TH v, I E 33.3 mm/s ThE 1 mm OE@E L
— RZEK LS A O BEIEITRN 46 %49 Th 5. Z OEiT Rk oM=E RO M itic B
W, ARIE2S 1 mm &S KO ICH AT LS AICELNAET, WEEZ 1 mm &35 E
653 W NI SN EAICHY T 5. £, RO LALSE TOSKO R HEE 0.67 J
g/ C, REZ% 1500C, BFEEA 270 J g L35 &, BAERBEZEM IS5 0IC%E
BB Qold, F910Jd,/mm3 L7025 45, (HL, BEIL7.8X103g/mm3 & Uiz, & 5ICIABEHE &
L CEBRICAVZ 33.3 mm, s, I3 1-G) X (1-R) Xexp(—20a) & LT 0.87542% 5 &,
WA (Area) LML —HHIT) (Prax,Po) OBIfRE L TRABRGEOLND.

Area= 52XPra(x,Po)) e e e . 9

(2) BRFEEOL—YHHKRES

Fig. 2.28MIZ/R L7k 912, =774 7@ S 20 mm CERR L 721 B — ROERIEmfE L L
—FHNCHBIT 2 K5 ThD. £, EEWTEEOE S URBEHKAMEL, FEBREFHN T/ S
V. F ZTHEAS LEEBEIC DWW OB L7 Rtk fg & b — ) O BIRIZ OV CTEYR T 217
ST, ZDORER % Fig. 2.25 1T-7. 2 2 T L —HH NI, #xf L —F 1)) (Relative laser power)
AW A E & IR AZOFEH (Averaget o) Z/RLTWS. KKIZE OGNS
MY, AR X SEEREPHN T L — P H N RO BIBISR 2o, FEx L— W T & Rk i
BEOBREZRIFT 5 Z &1k v EiRA L LTXQ0OnE L7z,

Area=7.6XPw — 31 e e e e (10)
HEREU9) & EB10)IC L 5 PN oRE =T, FEERS(T) 2 JEUEIS, MxfL—TH 7128 1.0 D

AT 16%, 0.9 DA T 25%ITImBE 72\, SWMEMEOIRERENEZE BT, EHHEE V-
ENZ L BHoTWA.
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— 5 EBHE RO RUFRAOICITHBEER H Y, L—FHAMET LA R(9) & ofazEn kK
L DT L ERL TS, BRI, BRI R OEARTERIKA T2 5 AT
WV, ZAUSH LA0NE, HAE T2 90% £ ToO®PEICB W T, HAOEEDIKTFL-TAELE
T AT MO K DI ERO ERAOBERSIEOR T 2 ERER L LTHEATHS. 2
FEREYFA L B & OHEERRZEDR, L—HT MR F LGB RELS DI L ORK EH %
b,

5.5
fn Area = 7.6355xPrel - 3.0735
€ 5
E
§ 45 +
©
E et
0
k3]
o 35 Air knife height 20 mm.
z 33.3mm/s.
0 | Baseline power 4kW.
8 3 Ave. and =£sD.
2'5 1 1 1
0.85 0.9 0.95 1 1.05

Relative laser power, P,
Fig. 2.25 Relationship between cross-sectional are of weld metal and relative laser power.

(8) FN—LhTOL—HFHNIDOEEFRE

QIEIR LT & 91T, W L — I B O HRBIBItR 2R3, & 2 CiaprmfE s b
T, TNA—ACk DL —FHDOWEREZ EBMICRET D E2R-A 5. JIIADL 400,
RIEDOENEREIZB N T L —FIRBEICB T 57— LA OBIEERZITV, A7 v — A L OMHE
WA B IREIT RO AR REGIEN S 0, WHEICEEE 525 2 2B L 0D, RFRIZIIASL
DFEER LRk, — /L TR L OERTIISH 5 b OOEREHNELS, 7V—2 EF O
ARSI, =7 A I RIS L > TREBEN TV DIRETOERTHSH. T ZTLUTF
DELTIE, MTENS EEE TR TN—LOBNEBEICEEE G250 L LTER
DD,

Fig. 2.16(0)IZ R L7z 7 /b — AR S L EREEE R O BIRIC VT, ERREN(10) 2 HIV TR Rtk
FEARS L—PH A TREE, 7—L RS LM L—FHAOBENME NS, & 25T Fig.
2921 IR LT L 91T, TI—AESHBLLEESICOWT Y, IEEE RS I EATIZE 0%
NCH RS LIEBEIC Z2UE EoR < RAF L7V, 2 2 TSN LEEBEIC DV TP L 7 il i
(Area) ZAH%I L —HPH N OEICHE LZ. Hon-7 L —0E S LMx L —F H 0% % Fig.
2.26 (TR ARMIZIE W TR 7V — Ak S 36 KON R i A8 O REER 722 O #iPH 27~ 7
Fig. 2.26 1238\ C, Q) OBEBIIZEN T L— AR S LM% L—Y H A OBGRERIF L, K11)
AR

P = 1.03Xexp(—0.00090Xx) e e s+ - (11)

QD=F, MTAEHE S 428 kW, FIL—AEX 11~84 mm D AN N T U EBRICEBITS, S
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— LHFTO L—HH D ORGELERED 0.00090 mm THAHZ L, T4bbL 7 L—2AE X 100 mm
H70, 9.0 %OHIHBENELAZLERLTWS, ZOHISOL—HI1E, F—AHFT
KEHGELS A, SHBUZRIN SN2 o720 Th D.

1.15
| Prel (x)= 1.029*exp(-0.00090 x Plume length) |

2 11 4kW, 33.3mm/s.
o Ave. and =+sD.
[J]
% 1.05 |
o
—
]
(%]
o 1
[J]
2
©
o 095
[

0.9
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Visible plume length (mm)

Fig. 2.26 Dependence of relative laser power on plume length.

2.4.3 FTN—LIZEPERGEI I

WIZ, TN—LMC K ERNES 7 NEEZBIGHICIRET 5 2 L 2l 5. BARRIZITRK
WARGRE 52 2B LHBEZHEE L, ChR T A — AR SIZE > TED X I BT D
ERARD. ZOECERMESNMEOY T PRICHY T EEXOND. KREDH BBRHW R
Thbd. RNEAHPRS 52 DA LIEBEAZIVET 272012, TWABIRS & BRI LIERED
BAtR % ZIEA TR 5. Fig. 2.21@)I27R8 U725 S5k UBREE & VWOA R TR S OBIRIT, i KIEIAR
WREEG 2 5S4 LIHBEIC L, B TIRARW. 20O SEN TIRARIES & E A5 U
DR EE 2 D86, 3L EORBBNE L0, —HREE BT 5138, 2 0355 %
BIZT7 4T 47T DE912720, RREAHRRS 52 25500 LIEREOHEEITIZ R & &
5. T TRER/NEORBTENFT 224525, Fig. 22712, =774 7@& S 20 mm
& 160 mm (2B 1) DIIAAIRS & Mo LIEBEO BIfR & RlF L 72/ R %279, Fig. 2.27(@I2R
TR, WS 20mm TiX, 3WBEEEY 4k, 5RBEEDINT 4 v T 4 7REEDR L, 4
WRESE B WRBIEE TlE 7 4 v T 4 U ZIRRBICEWTRRD b e o 7=, —J7, Fig. 2.27(b)i
AR S 160 mm DOYE, 5 IRBEIETIIME « OEBRE 2B 7 7 1 7 Dl GO b
7o, 2O ENBAEIOEEREEFHIZ IV TERIABRE S ORI LIERHKAE 2[RRI 5121 4 IR
DEZHEXN il & B 2T, fOTT A 7@ E TOEARESIZONT S 4 ROZHEATEIFL,
BRIBARES ZHEE L. 2O R % Fig. 2.28 107”7, ZOKIE, F—aRnELR51EE
BRIAARE &5 2 5 ESS LERE (Defocused distance of maximum penetration) 7345 <
RHZEARRLTVD. WEHEDOREGREZ —KEEL, "G,

Defocused distance of maximum penetration = 0.0067 X Plume length—1.7 =+ + - - (12)

12XV, TNA—LICKDESRT 7 FEIFELL AN LEIND FAENI T L —AE S 100
mm H720 0.67mm & REL L. ZIUTENL U XRET T ADEL o X LT T
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Fig. 2.27 Polynomial regression of penetration depth.
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Fig. 2.28 Estimated defocused distance at maximum penetration depth.

MOERY 7 N ThHD.

ZOESNE YT FOFANL, BEORE 3T EH LTS, JIIAL O0®EIZL D &,
HEOSIEEE 1250 mm OFEEL L X E AW EBRICB T S EAMEOY 7 M T 30 mm FREE L
EEN, KEBRTIRELZES Y7 M0 Tmm & KERENRDH S, HODOERTIIAHE T IL
— & EFIZB N TH @ik THRITREMOE U DA ARBEIRATEE SN TS, ZHUSH LAER
TIE Fig. 24 IR L7ZX 21227 A4 ZICHBEL 253 H 0, £ 5 L83 S e,
EREY 7 NEOERY, ZORAHEERBEROERAREIIIZb 0B 615.

2.4.4 L—YBREBOBAAFEICRZEFTIL-LOEEDERL

(1) BAHFSOL—HH HKES

EWABIRED L —FHNZED X IKAFT 200E 2 5. WkrmfE o6, FEEREFHN T
S UBEBEICITRIE L 22V E B 2 DD, WA ST Fig. 2.28@ITR Lz &k 91g, $Ea
S UBRBEIREMEAZ A LTS, Ll 4 kW TOUALRIES LD (BSARIESE) THh5 &,
Fig. 2.29(@)I2/~ 3 & 512, EBRFEPANOH ) THE A LHBHKGEE 2 BHTE 25 TH 5. ks,
ARENZIRWT, FAEHEPHIIR KM & S/ MEOFIFIZ /~T. £ 2T, WARRIOE 4 UIERE
IZOWTOEEE L—VH EOFREE %2 5. Fig. 229012, EHRIARES L (KOS
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i 4 kW TOYEJEARRE S THIL LTOEEREARIRS) & V—PHxtH ) & ok E =T
T CRAZEGIFIIEER ZOHIP Th 5. FEREFHN CHIHAARE S X, b—VFHINzHpI L
TWHEEBEZTRIZEITHD. 2 TINHOMGE - RERTHZ L2, L—HHJ4
kW, =7 F A 75 S 20 mm CTORIARES Z FEHE L U T2 FRHRIAAE Z (Relative depth) &,
AR L —H 1) (Relative power) DOBEIfRE L TR EHET-.

Relative depth =1.5XRelative power — 0.50 < « « « = (13)
1.2 1.2
2 je) Relative depth = 1.5074 x Relative
< < -
§ 1 H 1 s 11 power - 0.5006
s hA (]
o X
c 08 \r/‘f/ < 1
ke 2
= =
£ § 0.6 T | ——40kw J 2 09
% ——3.8kW % ~
8 04 T —%—3.6 kW 8 0.8 Air knife height 20 mm.
> — - > 33.3mm/s.
-l(_—s 0.2 Air knife height 20 mm, 33.3mm/s. g 0.7 Baseline power 4kW.
o Ave., max. and min. o] Ave.t+o
o o *
0 L I L 0.6 L L !
-6 -3 0 3 6 0.85 0.9 0.95 1 1.05
Defocused distance (mm) Relative laser power
(a) Relationship between relative penetration (b) Dependence of relative penetration
depth and defocused distance. depth on relative laser power.

Fig. 2.29 Dependence of penetration depth on laser power.

2 L—HYEETIL—LIFRINEEDBAAFREDERUEKRFEOHE

2.4.1 HIZHBWT, 17+47mé#1nmn1®m@&%é®%,%Lﬁ%%fi%%wfi
TFA T EEN 160 mm TOZNEFHHRT H7-0120F, L—FHAOREEL & bIcESED Y
TINEZ S TWAIRENHDL ZEEEM L. L T242ICBW T L—AIZLk>TL—W
HANEORERZET 200 (ADRN), 2.4.3 IZBWTRAEAARS & 5 2 5 HE 84 UIEEEN
EOREL7 M50 (12X, £ 244MIZBNWTL—FHIBME T T 5 L EAREI N
E®ﬁﬁwm¢é®#(ﬂwf)_waﬁiﬁ%?t hesoXEROIUE, Tv—L03
ELEGAICEAREIDESINN LUEBICEDO LD ITKGFT 200 EHEETHZ EBAHETH
5. ::ﬂi, TTFAT7EE 20mm (F— AKX 20mm) OFEBRERNS, =7 A 75
X160 mm (7 /L—AEK S 84.1mm) OfERZHEEL, i3 X (AD)~13) ZHiET 5.

QADXEHANWD &, =77 A 7FEE 20mm & 160 mm CTOFR L—PH A, £nEh 1.011
BLOV0.955 Lkobnsd., T bEEZA)RITRATHZ LICE-T, =74 7EE 160
mm CTOEGAHEE A, A 20 mm TOFIARIES D 0.92 5 L7025 2 ENHEE S ND. IRIZHER
U7 MEIE, 12XEY, =74 7EE 160 mm TIE 20 mm (XL 0.43 mm EHEESIND.
ZITZT A 7@EmS 20 mm TORARRS ERIEA 0.92 5L, Erst LiEREA 0.43 mm >~
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7 hLTEZ =T A 7S 160 mm TOERE L I LTz, ORI K% Fig. 2.30 IZ~7. B
VEETHHE TE TWA Z EDMEND B, AD)~A3)DfEND L IR Sz,

4kW, 33.3mm/s.

&~
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=

o Aie knife height 20 mm, Experimented
o Air knife heght 160 mm, Estimated

o

@ Air knife height 160 mm, Experimented
I
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Defocused distance (mm)

Penetration depth (mm)
o Ul = U N : w b 0

o

Fig. 2.30 Comparison of penetration depth at air knife height of 160 mm between
experiment and estimation from result at air knife height of 20 mm.

2.45 BEARL—PERBARL—HFICLDBEDOBAAFEICRIZTTIIL—LOFEEDLE
IRFETT A L —FZ W T, 77— — K7 T 07 OFEBEO L9 I8~y RESRE D
FEEAITWGATY, R A% A4 K AvERGC TN TR ZH 72— R A &G
HZERMETHD. UL, YAG L—H 72 & FER L —FIC XA EE I TR A -7
=)V RTAPHNLZRNWZ ERZ., ZOEHIZOWT, L—FHOHEE L B — 2D JEHT
(BANLEDT T ) EWIHIBLENSEZD.

YAG L —PEHICBWTC, L= E—AE T V=LA L0 LA Y —ifl a5 398D, Lg Y
—HEL T, HAOREEE (L) R ED 4 FICKBEIT 5. L3> TREEA A L—IiC
AR OEOVER L —FIC L DR EICB N T LV BB 52 288 TH5H. T —LPT
DO OWEREITADRUT R L2 X H1Z, 0.00090 mm? & FAES S/, Liz23-7C, 100 mm
DT N— i L—F E—LREBIET 2 L EOMIHEITF9 %ThHS. 1YXLY, Zoh7
DIFIZ LY, WARREN 85 BIZ/2d Z entfEEsns. £ UTRLI LS L, R
WEL 7 N T A —AES 100 mm H7- Y 0.67 mm & BEES DAL, = OFLEE DS AT
EY7 FETHIE, BT 77 A NVOB b EFE R T OHNETRNbDEBZ 2 b5, LLED
ZEMBERL—FERWEEETIE, 77 UL S — AR R E TR CRE LI RN
MHETH Y, VE— MERICH LR THL LB LS.

xRt L, YV RHTRAE AW IREEHT A L —WEEOLA, e Tl LX), HE
£2%%0% 0.024 ~ 0.035 mm! & RfEL HN TS, ERL—FDEED 205 ThHD. £7- Beck
5 391%, 60 %D He THAINEN /=i &) 3 mm, £ 10,000 K D& JEARR T 7 A~ FDIRUVE
TEEOARICL > TE—ARIT 2512720, 2 mm OESIES Y BNELD EHEL T
5. — 1 YAG L—HV DA, 120:LV 3mm O 7 /b—LATiE, 0.02 mm OERNIES 7 R
HEE SN DITEE). 100 50ERTH .
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VA U —BELUIHERELTH Y, 2 WELT 2 2 L1 & o THELR T2 ORIEE B 2 720,
—J5, WHIEEER T IEMEEELCH Y, T I A~ FOB IR F = RAX — 2RI L CGEBT 3
NE—ZRELTH., ThbbMAESh, 79 XvOREL LFTLE Y. HIcHIBEEDOE
MISSTEE T, 77 A~OMEGESI N E. T A~ OIREN END EETEENEZ, £7
FTWHIEEER < e D, TORR, R A L —PRETIE, MTLAEEE > — IV RA AT
BHTALERELD. ZOZEMLIRBT AL —HFZY T— MREO L SIZ, MTAEH-7-
=)L R A G LR TR E R E B 2 o5,

Vb, =L EEANEY 7 W BLENG, RIET A L —WEEHE L FER L — i
TOL—YFETN—LOREL R L. B —PEETIE, NV —0RELERES Y
MW, WTFNOBENG b 7V —A0ETH, EIRL—FIT) T— F L —FEBCE L
TR EZ 2 b,

25 ¥ §

L—HPF =L & L—FFET N — DI EEHE T 5. REET A L — VU LI B 1
LD —FROBNBAELCTTV—2RN@EmRERY, T X~ bied. ZOORHIR X 723
U — DR & B FEEOARICER LI2OERITAEL S, —FH YAG L —FIcRFE S5 EER
L—H T WENRBT AL —F D 10450 1 LBV 2 &bkl EhiEstic X 2003 AE 7,
VA —BELDRFERE D, ZOOEKL—VFEEROE— L L T — MO AEERITEE<,
MEICENR2NZ ENZ . LMLV E— M —PEEOL TN —ARESHRET 2T
BEZ2DLE, BIRL—VPIEERROMABIER OB S 2 EENICHRET 2 2 L NRE LI ipiEz 5=
BT ETHERAIREEZOND. ZZTYAG L—FZHWTANL NI AEEEITY, T
— AP TOHOMEBERBE EAMEY 7 NEEFRET D Z L2l AT. AV T UVBRBIZBW
TZTFTATORBIEEZTTIN—LEIEZED DT, UUFOEREST-.

- ERISTEAEO L— B XL O N — AR SKFEH LY, HoREE (B $£%0% 0.00090
mm? & RS HALs. T OEIE, SCHER 328 /L SN R A L — PR ORE (W)
BREDOKI 205501 ThDH.

L7235 TC, 100mm O —AI2kY, b—FHDNEEELEIN T BiET S, £/-20

HADEIZ LY, WARRSIT8S %F TR FI D LHEES .

ARSI DEAN LIRS L7V — AR SKFEMHE LY, 70— LK X100 mm H72 0 D

EAMEY 7 FEIZ0.67mm & AEDL OGN, 2oL, £ 3mm O L— A THET S

&, R A L—PIRBECEIT 5 Beck 5 3YOHEEE DK 100 53D 1 ThH 5H.

BERL —FICL DT, 772k 7N — AR S 2 —EITR TULLE LI 7THE

ThV, BEERL—FITY E— F L —PEEICHE LR TH 5 &l s vz,

Uk, L—=YE—LbLL—¥FEIN—LLOMEERE VD T rt 2 BRI D KR
AL —H L YGA L—HZ g L7z, RO SRR L2EER L —PEEIC BT 2 BERAES
BRAES 7 FEO/NS L, KR AL —F NS ER L —F~0 TR O—KIZk
STWNHHDEER L.
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BIE REBAAL—FEEKRL—HFICLLHBERERINDELN

3.1 ®#8

ATETIE, B FEBENIOBF SN L —FE— 2%, DRI HRICEES TS LV HE
SN DRIEA AL —F L YAG L—FZ2 i L7z, AR T, SRICEELZ L —F B — A0,
& DRRENRINIR 2 AT 5 Z LN TELDNE NS, [Fav ) BMES 2 FEEO L
— T 5.

JREGH A L —FIZH#E LT, YAG L —H DI ) BNRERINICEN D & OWE 404D8 72 ST
W5, [RS8, REEH A L—F L YAG L—F &2, FUHA (LA 3.5kW), RIFRE
DESAR y METEERDZH L TS, ZORE, BE 0.8 mm [ EOHFTHIUE, [F
U IR RIS 215 5 72 O OIRBEEE 1L YAG L —F D BN IREE AT A L — I~ 50 %@\ & L,
ZOHH & U TENRGERFE CONRY —BEESAAOEWVICRR Lz, 2248 OHFEBY 358
T —DEWEZET TS, FERIUS A0, RUMNTAEDTHEET S L, YAG L—F DM
RERH A L—H L 0 EIABRDEL, E@REBEEICEN, MR ThL ZE2mEL, ©
DOEEMERB & LT YAG L=V OHREENEL, KFRMENZ L 25T\ 5. KETIT,
WREIEE ) L WO BLED S, b L—YFORBERE) 2 E BT 5.

3.2 REAE

fiakditi & L C, #JZ 0.8mm, 1.6mm DOMIEHRI LT 2.3mm OEGEHR 2 Fv 7z, FED
SEMTHD. ZHBIROLHR S % Table 3.1 107 A, BB LU C OMMETILEICHE
BNRLD.

L—WRiES e L TR A L—Y L YAG L—HF 2o, R A L—3%, ERH 10
kW DV > 77— REIERTH D, LA TONRY —FBEZEZ 512D, IR 254 mm (10
inch) & 381 mm (15 inch) OHENL U XZHW-. REH AL —FOFENL L A TOE—
L7 = A EZ Table 3.2 12777, —7, YAG L—H#1%, EHI4kW (INTAEH T 3.5 kW)
BXOFE kW (2.9kW) OF U FhEBIRIHR THD. TNORIERNHSOL—VHE, ZhnE
NaT7£0.6 mm O SI 7 7 A N Cladktk, BAEHERE 200 mm OV X Cal A—hL, ER
PEEE 150, 200 mm DN L X THEN L, ERICHE L. FELL A TOE—L T = X ME
% Table 3.3 |Z/”7. ZHHEEEEH, RAEEEEE ANV T U EEEFE LT,

Table 3.1 Chemical compositions of steels used in this study (mass%).

Steel |t (mm) C Si Mn tN remarks
A 0.8 0.0035 | 0.003 | 0.082 | 0.0019 | Ultra low carbon steel
B 1.6 0.063 | 0.013 0.56 | 0.0055 | Cold rolled steel
C 2.3 0.17 0.015 0.86 | 0.0034 | Hot rolled steel

ZEAHIREE CONGIIY, Steel A [Fl=3 LT Steel B & Steel C AT THD. /=, EH
B Ly v —UWre v UL Lz, ZN DRSS % Table 3.4 35 1. O\ Table 3.5 {2/~
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LD Y — KOFDIZ, Rl 2 —3—L K ZAEHN, YL KA L LT Ar 4%
=

S —my VEEGEIET S HE, YNT  COBEMAEREMRIEN TR TS &, A
ML, WHEICHEBESZTUES. T I THIFMTRIEN A L—¥F & YAG L —FOuEE )%
PGS B T2 A b T Vs R R LT, WiE%(F % Table 3.6 1. LAY —L RO
T, HA K=K ALY Y=L RH AL LT Ar A A& LT, 72, —H, YAG
L—P TOWRHETIE, No W A&V

RIETT A L—H & YAG U — W OWEHERE ) O RIZIE, FHC X0 RS L 78R Ol
A (LT, Bt 2 Huvie. WRrmfEoRE L, By — FoMEFEEIC I ViTo 7.
HARENZIE, e — P2 BRI OIALSEmIE L7-%, v 7 U o BEafksikicly =y F
V7 a N U ClSREERE L e e R A B L, WA T VA VERRE L, WA A I E
L.

Table 3.2 Beam waist diameter of CO2 laser used in this study

Focal length Beam dimameter
(mm) (mm)
254 0.53
381 0.79

Table 3.3 Beam waist diameter of YAG laser used in this study

Focal length Beam dimameter
(mm) (mm)
150 0.45
200 0.60

Table 3.4 Welding conditions for butt welding of 0.8 mm thick steel sheet.

Defocus |Laser power| Welding Co-axial
Focal length . . 11
Beam source (mm) distance at work Speed shielding gas
(mm) (kW) (m/min) (1/min)
254 5 3~6 Ar 20
CO2 laser 381 0 5 4~17 Ar 20
6.5 6~ 14 Ar 20
YAG laser 150 0 3.5 6~ 14 Ar 20

Table 3.5 Welding conditions for butt welding of 1.6 mm and 2.3 mm thick steel sheets.

Defocus |Laser power| Welding Co-axial
Focal length . .
Beam source (mm) distance at work Speed shielding gas
(mm) (kW) (m/min) (I/min)
254 0 8 4~6 Ar 20
CO2 laser
381 0 10 4~8 Ar 20
150 0 3.5 2~17 Ar 20
YAG laser
200 0 3.5 4~17 Ar 20
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Table 3.6 Process parameters for melt-run welding of each steel sheet

Beam | Focallength | Sheet thickness Laser power Welding Speed | Co-axial shielding gas
source (mm) (mm) at work (kW) (m/min) (1/min)
0.8 5 4 ~10 Ar 20
254 1.6 5 3~10.5 Ar 20
CO2 2.3 5 3 ~10.5 Ar 20
laser 0.8 6.5 4~8 Ar 20
381 1.6 10 4 ~8 Ar 30
2.3 10 4 ~8 Ar 30
3.5 4,8 Ar 20
0.8
2.9 4 ~15 Ar 25, N2 25
3.5 3~9 Ar 40
YAG 150 1.6 -
laser 2.9 2 ~17 Ar 25, Ny 25
3.5 2 ~6 Ar 40
2.3
2.9 4~5 Ar 25, N2 25
3.3 EERHER

3.3.1 EAEBFETOBHMEHEE

Fig. 8.1, Fig. 3.2 B X\ Fig. 8.312, v v —Ullr— v %2 ZeAt, BRI L Cyss LI
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Fig. 8.2 1%, #HJE 0.8 mm DORRKKFZHREHMK & 22580 HE L 72356 OB N 5 2 R 7.
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PEEfE 150 mm DL > X2 HWTE—L 7 = 2 MZ0.45 mm [ZHENKL, HE35kW & L
TS ETohD. R AL —FEER TV —FRHEM O B — NIESEMO B — Rig L 0B 55
IZIRWDIZR L, YAG L —WIEEE CIIRED B — NIEN S — Th DR @R b D.
IREET A L — PR TRE — RBAL R 5BHB L LT, #UTRET I AL LizL—FFiLS
=LKV DABNTFET LT E5bhTns.

Fig. 3.3 1%, HE 1.6 mm OHIEHINR &, 7 2.3 mm OEGEHINR 2 2248 TIAE LT HA O%
B BB 2R T, 2R E T, R A L—W & YAG L —V TR LT-5E8 ORE
Wi IR 2t LT s B L L—F L, HMHICE#EOEY THDH. 0.8 mm B D2
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AR L AR, YAG L—FDOFN, [REES A L—HF L0 E ' — RigSEVMER 2B b,
Z O, FHOREEE AR IS GAICEE LS. —F, KRBV AL —Y TO 6 m/min
X 8 m/min 72 EEIEAEHESETIE, U —UIITOX LOFEEELH Y, [EARIEM OB SEE A
BHESRBIZER > TWRW. 29 LEWAABIRIE, Ehe— REZELS T2 Tidzel, 8
WEIHIZB W TEBBREOBRENE 25 2 ERMLNTEY, uESnsBIRTHL. Zh
XL, YAG L—HTid, FRCBEBEEEA KT SE 2 LEMERENREL 20, HE— NER
JRIRo T, X —HIEiCOXLRH-THERREL— RERKTHZENTETND.

CO2 laser, Beam waist dia. 0.53 mm, Laser power 5 kW

Speed

Start side Crater side

3 m/min

4 m/min

5 m/min

6 m/min

0.5 mm

Fig. 3.1 Comparison of cross sections of laser welds at start and crater sides.
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- COj laser YAG laser
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Fig. 3.2 Comparison of cross sections between COz and YAG laser welds.
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Fig. 3.3 Comparison of cross sections between COz and YAG laser welds.
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Fig. 3.1~Fig. 3.3 Wi G- E0 & i @l i8 2 5 B> 7276 R 4 Fig. 3.4 3 L U Fig. 3.5 1T/
T.OEFEOF—R— VEHEAER L LeGS, B AR Yy MERRE WIS EEIEmE? K& <
RHFITTH L. FEEE, WE 0.8 mm MELDOEGEEEDOR R % ~7 Fig. 8.4 IZHBW\T, KR
HAL—=HFDOFEkW O — L%, E—A80.53 mm (L TAESE LSHA L 0.79 mm TEEE
LAzt 2 &, BHAR v MEORKEWEWR, [ CIEEEE CHOIEMBmEN K& < 72
STWNS., L ZANSEKkWDYAG L —HDE—A% E— A8 0.45 mm [ZEX LTI L-
B OERMETEREIL, 6.5 kW ORI A L —4%% 0.79 mm (28K U CHEEE L1256 O RlE
%, ETIETRES SODOEFETIT LR TN,

F 72, Fig. 3.5 I RTHE 1.6 mm # & HE 2.3 mm M OBAEERHEOSA, 1)1 3.5 kW O
YAG L—HE— A% E— A8 0.6 mm (8L CTEEE LI IEEEmig X, 8 kW OREEHT A L—
P — L8 0.563 mm [T U CIERE LIRS 2 ERl>THnD 2 ER0n5.

1 ®C02:0.79mm dia, 6.5 kW
= ©€02:0.79mm dia,, 5 kW
£ 08 Q ¢ €02:0.53mm dia., 5 kW

]
© \ © YAG :0.45mm dia., 3.5 kW
o 0.6 ©
S K
e
© 04
2
G
S}
o 0.2
[}
—_
<<
0 1 1 1 1 1 1 1 1 1 1
0 5 10 15

Welding speed (m/min)
Fig. 3.4 Comparison of weld metal areas among several laser welding conditions
in butt welding of 0.8 mm thick steel sheet.

2.5 € C02:0.79mm dia., 10 kW
Kg ©C02:0.53mm dia., 8 kW
£ 2 F ® YAG :0.6mm dia., 3.5kW
= e OYAG :0.45mm dia., 3.5 kW
D 15
£ o e
o 9., -4
o 1 t 0. ¢
2 -7 o
o
o 05
()]
S
<

0 1
0 5 10

Welding speed (m/min)
Fig. 3.5 Comparison of weld metal areas among several laser welding conditions
in butt welding of 1.6 and 2.3 mm thick steel sheets.
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3.3.2 AIMSUBETOERETEE

ANV N T UEBEEAT S T2 6 O REE RS %2, HRIEEIC Fig. 3.6, Fig. 3.7 3 LU Fig. 3.81C
9. Fig. 3.6 1%, HED 0.8 mm DIGA OV EAE OEEHEKREEZ R L TS, YAG
—POHFIN29kW THHIZHED ST, 5m/min LLF T 5 kW OREEA A L — TOVERIK
Hfi%, 5 m/min ZiBZ %5 & 6.5 kW OREEH A L —VF OiEakrmEs Bz 5. Fig. 3.7F8
KOV Fig. 8.8 1%, THNZEHMRED 1.6 mm 3 KO 2.3 mm D55 O fl i i Fif O P42 FE R 7%
ZRLTWS. H712.9 kW H 50 3.5 kW @ YAG L —H TORR@BEmMEL, H5 kW &
10 kW TORIEN A L —P TOHEFWRFEO FRICAE L TS BLE, AL T 2B 0T,
T BRER, YAG L—Y ORI, FRREDOM ) DORIENT A L —FDZ I TE
NTNDZERHLMNERoT.

1
& 09
£ <
E 08 r € C02:0.79mm dia.,
= 07 2 6.5kW
rin) ~
o 06 | s O
& 8\b 8 ~----- 0 ¢ C02:0.53mm dia.,
Ee) 0.5 [N Seew
e > 5 kw
g 04 ~0 o
%5 03 o YAG : 0.45mm dia.,
oc 0.2 | 2.9 kW
et
g 01 f

0 1 1 1

0 5 10 15

Welding Speed (m/min)

Fig. 3.6 Comparison of welding ability among several laser welding conditions
in melt-run welding of 0.8 mm thick steel sheet.

2
NE 1.8 | Q\ ¢
E 16 1 . $ #C02:0.79mm dia.,
= . P A4
5 14 8 ~w o 10 kw
v 12 r N o)
1S i ~< ©C02 :0.53mm dia.,
o ! LAl d 5 kW
v 08 f -
2 o ~0
5 06 r 0 YAG : 0.45mm dia.,
oc 04 r 2.9 kw
g
S 02t

o 1 1

0 5 10

Welding Speed (m/min)

Fig. 3.7 Comparison of welding ability among several laser welding conditions
1n melt-run welding of 1.6 mm thick steel sheet.
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Eos L g e #C02:0.79mm dia.,
E "9 TN 10 kW
— N, D
g 27 ‘oo ¥ © €02 :0.53mm dia.,
E 15 | o o8 Skw
LS e ® YAG:0.45mm dia.,
(] 6\“
2 1t —o 3.5 kW
“ -0
® os | 0 YAG:0.45mm dia.,
g ' 2.9 kw

O 1 1

0 5 10

Welding Speed (m/min)

Fig. 3.8 Comparison of welding ability among several laser welding conditions
in melt-run welding of 2.3 mm thick steel sheet.
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Fig. 3.9 B L ' Fig. 8.10 IZZNEIREEA A L—H & YAG L —HI2 X D AV F T > CTOWRRL
BB DR KA Z RS, B — RO+ SN EEFIIO O TH Y, BIERA A
FHEDT =X IR L TR, £, T ORI, EHEERE I3 LEEREE /) & — KB
L7z, [EFHs 5% Table 8.7 (27, IEAEENIIWRENIEL 72 D1Z EEL D, IS E N
M RDIEERBIRD NGNS, SHITHRBR LIEE#EEEICBNT, YAG L —FOEREIRE
TIMIRIET A L—FDZNDOMEThd 5 & EFEE L Y RD7=. ZDfE% Table 8.8 [ZR”7.
Z DIRBEEI T, BRESCIABEERE ITIKTE LTV 5. EFHIPH T 2.0~2.8 %, FHHET 24 TH
5.
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. ©t2.3:0.79mm dia.,
mg 25 10 kW
c @ t2.3:0.53mm dia,,
E 20 ¢ 5 kW
= 15 b 01t1.6:0.79mm dia.,
= 10 kW
:}, 10 ® t1.6:0.53mm dia.,
b= 5 kW
% 51 <10.8:0.79mm dia.,
0 L 6.5kW
0 5 10 15 ¢ t0.8:0.53mm dia.,
5 kw

Welding Speed (m/min)

Fig. 3.9 Dependence of melting ability on welding speed in COz laser melt-run welding.

60
mg 50 0.45mm dia.
S .
€ 40 @ 12.3:3.5 kW
: ©12.3:2.9 kW
£ 30
o ®Btl1.6:3.5kW
©
o 20 1 Ot1.6:2.9 kW
g 10 @ t0.8: 3.5 kW
N ©10.8:2.9 kW
0 5 10 15

Welding Speed (m/min)
Fig. 3.10 Dependence of melting ability on welding speed in YAG laser melt-run welding.

Table 3.7 Linear regression result of melting ability.

Thickness CO2 Laser YAG Laser
(mm) Gradient Intercept Gradient Intercept
0.8 0.72 5.0 3.4 0.68
1.6 1.7 6.3 5.3 9.5
2.3 2.2 9.8 5.9 17

Table 3.8 Comparison of melting ability of YAG laser to COz laser.

Thickness Melting ability ratio of YAG laser to CO2 laser
(mm) 2.5 m/min | 5m/min | 7.5 m/min | 10 m/min | average
0.8 2.0 2.5 2.8 2.5
1.6 2.1 2.4 2.6 2.4
2.3 2.1 2.3 2.4 2.2
average 2.4
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KDDL, HERINT 2 F—R—/LOREBEBIREIZHAE LTINS 2720 LEZX NS, T
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Fig. 3.11 Ray trajectory through keyhole.
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Fig. 3.12 Dependence of melting ability on sheet thickness in laser melt-run welding.

53
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KN L THE#EE— NBZIAT 5 2 LN TERV. BHIBEEHENE < 2> Th, JABEHONRY
—BENPLELFRBRECTHL I ENLX—FR— A RITIEDD Z L7, RUEOEEE— )
R SLD. SOICEBERENRE 2D L, BREBEENTE R R5. 2F0 YAG L —W
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Fig. 3.13 Schematic illustration of dependence of keyhole diameter on welding speed.
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4.2 EBF*E

4.2.1 #EMIRK

REEHT AL —HFHB LN YAG L—HFIC LD AL N T UEEAIT, Fix T4 CrEeRBIC
EDORREDERNIEMT 2 D E T 5EERIZIX Table 4.1 1IZ27~k9 Steel A, BE L O C & 7=,
T, RBBHAL—FIZED AN N T URBCBWT, ERAMELEXILORER G Z3E L
RHFEBRITIL Steel D W e, S HITRIEHT AL —FIZLD AN T UBE#EICBWNT, Lb—F
HL T T XA~ DOERDIRIEE AT RV L0 A L7 588R121% Steel E 2 HV 72, Steel
A, D B LD E IWIRRFHR T, EREMEICEA L TIMetZ2 o8l Th 5. £z,
Steel B 13K RZE MK, Steel CILRFHRTH 5.

Table 4.1 Chemical compositions of steels used in this study (mass%).

Steel |t (mm) C Si Mn tN remarks
A 0.8 | 0.0035 | 0.003 | 0.082 | 0.0019 | Ultra low carbon steel
B 1.6 0.063 | 0.013 0.56 | 0.0055 | Cold rolled steel
C 2.3 0.17 0.015 0.86 | 0.0034 | Hot rolled steel
D 0.7 | 0.0022 | 0.004 0.15 | 0.0018 | Ultra low carbon steel for CO2 laser melt-run
E 0.8 No Data lgslziai Ill(zl\ivlccea;k;(igssr;cle;el for spectrum analysis of
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YAG L—H & LT, EH4 kW INTA 3.5 kW) O T v FhhiERiEma -, FEIER
MEDL—PHE2 a7 0.6 mm D ST 7 4 XTIk, EAEH 200 mm OL > X Tal
A — N%&, ESEEEE 100, 150, 200 mm OENL > X THER L, EBRRICMEL -,

ENEFNDOL—FDOE—LT A MIBITD e MR (BHF1D 86% % & Tefilk B AL
ELTER) e —Lf8L L, Table 4.2 3 X (X Table 4.3 (Z~d. HEAHEENAEWVIZE, B —A
BRIIRELS e TS, Eio, WEHR, MLAZHETTHA R AVED T — LV RITAE LT
Ar G L7z, #iEmRIZIRK TH 5.

Table 4.2 Beam diameter of COz2 laser with focusing lens of 254 and 381 mm in length
used in this study.

Focal length Beam dimameter
(mm) (mm)
254 0.53
381 0.79

Table 4.3 Beam diameter of YAG laser with focusing lens of 100, 150 and 200 mm in length
used in this study.

Focal length Beam dimameter
(mm) (mm)
100 0.30
150 0.45
200 0.60

(2 ZBRBMELIAORERREANEREE

Rz b—H1x, @715 kW ORKR~ L FE— RORET A L —FRIRGR TH 5. B
FHRELT, EAEERE 127 mm (5inch), 191 mm (7.5 inch) 3 X TV 254 mm (10 inch) @ ZnSe
P Xz v, FLeATEAELESAOE =AY = X MIETOE— A% %Z Table 4.4
(R Y=V R, I Avary b=z T —A Lo 4 == AL L,
NEA4mm D A)VEAZ L RAT7 8mm THW=Z. 77, S ERITILEIZS U CHREXER
TEHMEL Lz, B —2— L R RS D WVITHINCER TR ZBAT A LT 554, 2
DHAZENENIEFCEHELZE, TARAGWICILVIEALE
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Table 4.4 Beam diameter of COz2 laser used in this study.

Focal length (mm) Beam diameter (mm)
127 0.24
191 0.34
254 0.45

B) ARIMLDHRIZEVEZDREZRAR-EREE

U—WFE T T X~ Dy Imiricid, e FENE TR 2.0 nm O3 Yasx AV, 5
BRICH W R A L —VRIESRIE, IICE#H LT, EE5kW Ok~ /LFE— ROREIRE
WTHD.

423 RBRAR

(1) BRBEMEOBRERHERGFEERAEL-ER

W 0.8, 1.6 B L 2.3 mm OAHIR (ZiLZ4 Table 4.1 1278 L7z steel A, steel BI LT
steel C) IZX LT, RETAL—FEBIOYAG L—HFEHWT ANV N 8823 L=, N
T4:1f% Table 4.5 [Z/R7. >—/L KA AL LT Ar HAZ WD, SBKERBZASIIREAT
b5, WO & U CTARIEMET A@fREMSEEVEIC LV e i b o 3R &lE 2 FEhi L7e.

Table 4.5 Welding conditions conducted in this study.

Laser Sheet thickness Focal length Laser power Welding speed
(mm) (kW) (mm/s)
0.8 954 mm (10 inch) 3.5 ~6.5 67 ~ 167
coz L6 381 mm (15 inch) | 8.5 ~ 10 20~ 175
2.3 50 ~ 175
0.8 100 mm 67 ~ 133
YAG 1.6 150 mm 3.5 50 ~ 125
2.3 200 mm 67 ~ 100

(2) ZBRBMELIAOREHZERAFER

(2-1) BEAKFEEAKTOAISVEE

W, RO L — PR ISR E LY — L RERARW. ED X ) RIEHESM TRILASE
ELGONERLNET LD, ETHIlREmE RKE LT Z—3—/L R A Ar 0.25X 103
m3/s (151/min) ®#A T, HKE 0.7Tmm O{KRFZ G LS (Table 4.1 [Z7~7 steel D) @ AL
NI U BEEER LU, LI T A 4.5 kW, EEEEE T 83 mm/s (5 m/min) —E &
L, ZnSe #Yt Lo XM A EEE (127, 191, 254 mm) &M 540 UBEEE (ESBEEED 1.5 %
) A b, (BASNUBREE IR m 2 BT LV, BE—A U= X MR ER LY
Lizhr85a%+, TG EE— & LTRILTD.)

AV N T URIEH 120 mm T, EEEDIRLEIZ8~12EITH D . WHEMOFME LT X #E
BB L B ESBRTOEFERNTEEITo7-. £, —HHRBRKIZOWTERILN Y 2 D54 5
it

L7z.
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(2-2) SABREEFEASTE ArtNe BEHRELIZANS VB

PRI N RROG A & ORI L LT, BmFEHARE ArtNe [RET A L L TERREL
TSI AN NI Vg, —EOBREBEETERN LA EZ T ANV T I AT T2,
INHDOERICEBWNT, MEMIIHRE 0.7 mm OMERZHIEH (Table 4.1 127777 steel D)
T, L—YIT AT 45 kW, IMTHEEIL 83 mm/s (Abm/min) —E & L7z, 72, ZnSe £
e RO SR 127 mm T, B X —3— L A AT Ar 0.25X103m3/s (15 /min) T
BHb.

HEHEHRORBHEEE 2 S EBR T, 2 KMEOE S/ UERE (EAEEED 0.5 %)
IZBWT, ZHEEF 0~100 vol%DHEIFIT AN N T UV IREEIT- T~

T, BERSUHEEEA S S-SR T, 2 KEORBEEREE (08X 36.4 vol%) (2
BT, EEEEEO 1.5 % CTESN UIFBAZ LS, ALV NT U ERIToT-.

PIEDEERZBIT D ANV b7 EIEFER 120 mm T, & T% WLEIT 4 F-1Z8MITHS.
BB OFAN & LT X iR L in s OERZ BN E LT 2. £, —dEBREKIZ oW
TRILN T 2 D55HT % Fhi LT-.

(2-3) Ar+N2BEHRZRVA—V—ILRARELIZANNS U B

LB =)V RH AR OERRE & E S0 LIEREORILREICRIETREE D120, WE
0.7 mm DOWKRFRBIEH (Table2.3.1 127~ 7 steel D) DAL T U iEHEAE LT, ZD&
TN AHE 1T 4.5 kW, 58258 1X 83 mm/s (5 m/min), ZnSe 56 L o XD E S IEEEIX 127 mm
EL, UFICRT R OICHiA DY —/v R RAERRRE L BAHN LEEBEC ALV T ViR E T T2,

Yo A== )V R ADEBBEE 2T SET-ERTII—/L R AL LT Ar+Ny IBRS T A
AW, BEREA 0.25X10-3m3/s (151Vmin) —E L L, ZHEF A 0~30 vol% D& T
A ST, EAS UBEBEIZ40.63 mm (BB S HEEED+0.5 %) Th 5.

FEAN LA LSBT ER TR, Br ¥ —— L R RboREFREES—F (10 b
AUME 30 vol%) & L, S48 UBEREDS+1.91~-1.27 mm (fESFEEED+1.5~-1.0 %) O#HiPEHT
LR aiTo 7.

PLEDOFEBRIZBWTHRERSEMESIZIAr & L, 120mm ED AL T VB4 4~12 [A1FEE
L7z, WEEROFHME E LT, XZRRR B EGEYTOEEENTELZEm L. 58, —#
DORERIKIZOWTIE, KA DA A58 % Sk L7-.

(2-4) ARIPLDRICEYERORBER-EER

L—HFHE T 7 X~ Doy FEBRTIE, BBk & L TR 0.8mm O FRAK A& 1 JES i (Table 4.1
2R L7z steel E) & W23, 2 #a2 %55 LCER, MTAHT 4.5 kW, BHEE 50 mm/s (3
m/min) TA/V T U EEEEZEAT 7. ZnSe Ht L X O S IEHEI 254 mm (10 inch) TH Y,
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$E NS 1 RCE O8I E (44N LB O mm) Th . B #——L KA AE Na (0.17
X 10'3 m3/s (10 Vmin)) +He (0~0.083% 10" m3/s (0~5VUmin)) DIRAH %, £7-1% He (0.17
X103 m3/s (10 Umin)) TH Y, FREERBEZIIAGKE L. SIRERO T X~ 2k» b0
RHAENIT 52 & L L, R L T B I & VKD R0 4 FEONHCIE L. %725
I 0.5 s DR 5 MORFIE SRR L L, BRSO RS Mk G, BRSO &
EHA L LT — FREOLY Y NOFEIIOWTHEMREEIT- 7.

(2-5) X #RBEBEAER

PR ORI AR Z M9 5720, 8 Lo 2RBRIRIC W T X FaFEilakis 4 J66 L 7-.
ZDOBERILOKRE SIZHOWTIXBET, $2(5/100 mm)DOHE A 7>k Lz, R UMTE
ORI OV TRALE O, RERZE, RRXERS I OR/MEZ RO, HRIED 0.7 mm
EHWZ L L RET A NVLAOBIEIIL—NERHWEZ LD, BT N TEER/NOKALITE
FETHK 0.05 mm Tholz., FloE#Ee— FREICHD LIZE Yy MTHOW T, &fLE KBS
WZho v kLT

(2-6) BEERGIOERREAE

BRI TR IK L 4~12 BIOEWEEEZIT > T2, FERR KA D b D 3 IKIC >\ TiniEeE T
DEFZFEIHT (total N, insolble N. LIBEZ4Z41 t-N, ins-N & KFlT2) &17-o72. ZDEE,
3 RDHBIK L Vi moU v 2RI L, 1RG L Totralet s Lz, o 7iEIE JIS G1228
IS TWDEN, t+N OADEREZIT 5 G E I EIRNEE T ARRBREEEICL Y, t+N & ins-N
DOMEZRET H5EIIET VE=T RO EAE T Y o VIROLEEZ AW, EFRELK
AL DEMREEZ D & &, [AEE L TCIERELHE L7 3 MBRIKD KL & HoK M,
e/ M A VT2

2-7) KALPOHRDH

TS =)V R AB X OEmMBRARA A 2B 90 T LTz 4 IROABRIKIC oW T, K
LT ADoHT 2 E LTz, [RILZST LHEKIEO b DI Tidz <, BEcRaSMICIER S
TRRIZR Db DB Z . & AT, KEBRTHOWZMEMIL, IE 0.7Tmm & HNZ &b,
X M7 4V A TR A IR HBI T X 5. 22T, HAGHRROELZ L Hlikd 2%
7280, IZTERE OKILD e H ARG L Ui, T ASHIE, B2 TRILEIH-> TR L (E
££2mm) THIALL, BMHSNTETAEZEESNTT D52 LICL o T To72. Hfr LIEKALOERE
1%, 0.056~0.3 mm OHFHIZH Y, 1 HE 7 ITEEMEOKILF DT A Z R8T Lz, 5HrE
HIZHADMKEETH D.

4.3 EERHER

4.3.1 BRBMEBOBEFHERE

REEH A L —HF 2, > — L RT A Ar HAZ WAL T UBRBICBWT, e —
RppzE#RE (t-N) % Figd. 1 1R, WEIZ»»DL LT, WEEHENME T T2 &, RN
MTAEENRL SN, F7, E—ARROL—FHDICHIEGFELTWA EEZ BT,
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Welding speed (mm/s)
(a) Steel A (thickness 0.8 mm)
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...... O $0.79mm, 8kW
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50 F
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Welding speed (mm/s)

(b) Steel B (thickness 1.6 mm)

< $0.53mm, 3.5kW
—O— $0.53mm, 5kW
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---9--- $0.53mm, 8kW
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(c) Steel C (thickness 2.3 mm)

Fig.4.1 Nitrogen content in weld metal made with COz2 laser.
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Fig.4.2 Nitrogen content in weld metal made with 3.5 kW YAG laser.
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YAG L —HE W, [l Ar A=V RIZX Y AV T UiE#EL TR E— P OESRE
B%Z (tN) % Figd.2 277, RBETA L —FE2HWZEA LR, EEEEMIT T L, &
FERLEMT2HEANRALND. —F, E—ARICFFEINLTELT, L—FOoHEEIZIE
HEVIKFELRWEEZ B,

Fig.4.1 & Fig.4.2 I8\ T, WHEHEE 50 mm/s (3 m/min) OEZEZ LTS L, KEH A
L—H DA, 200 mass ppm X TWAHREIRH L D3 L, YAG L—HFDHE, & KTH
100 mass ppm F2ETH 5. L7z T, RET AL —FEEDIZO N, YAG L—WiEHEL v =
BNEB LT W EB 2 BTz,

432 BRBMELIIORLERZR
(1) MREESEASHIKIOBEOSARENRR

B H = — )V R A% Ar & L, SIERZ KRKQEFER & LIl OREBEAT A L—H% ALk
T U — RO X BT EY Figd.83 IR T, KD EHITEVRABIOFETH S, KL
DR LI EALTIE, B L TO OISR L TR RERKANBIE I N, Figd.4 (3,
RILBOHE S/ IEBHE A2 R LTV A, 2 2 CRALEIE, 34 L= aiBHT >\ T o4l
ZRLTEY, =7 —"—IC LV IEEREZOHMAZRL TS, Figdd L0, EBAxdikkim

Defocusing Distance
(% of FL)

1.0[-0.5] £0]+0.5]+1.0

Fig.4.3 Radiographs of typical COz laser melt-run welds.

200

Melt runs of ultra low carbon steel sheet (0.7mm)
Power : 4.5kW, Speed : 83mm/s (5m/min)
Coaxial shielding gas : Ar, Back side : Air
Beam diameter (mm) : @ 0.24, @ 0.34 A0.45

Number of pores (per 100mm)
Average and standard deviation

0 [ Y THE P B SR BN ] R
4 3 2 1 0 1 2 3 4
Focus paosition (mm)

Fig.4.4 Effect of focus position on porosity formation in COz laser melt-run welds.
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MBI LTS A L, V% A N7+ — D AFEHETRILDBLIHE L WD Z &35, Figd.hb
1%, Fig.4.4 Z8HREROFHHENEE CHERLZLOTH S, L= OB WEENEL 2
HIFE, FIBEBEMLTND Z ENGNnD.

Fig.4.6 13, wiEeRTOERE (tN) LKA L OBREZTRYT. T 2 TR

EHRE

ZHE

L7ZABHZOWTOYEETH Y, =T —_— I KB X OR/IMEZEZ /R L TV 5. —ED 150 mass

200

-
(9)]
o

Number of pores (per 100mm)
average, max. and min
o
o

Power : 4 5kW, Speed : 83mm/s (5m/min)
Shielding gas : Ar, Back side atmosphere : Air
Beam diameter (mm) : ® 0.24 B0.34, A0.45

0

Average power density
at material surface (MW/cm?2)

1 1
3 4 5 6 7 8 9 10 11 12

Fig.4.5 Effect of power density on porosity formation in COz laser melt-run welds
of ultra low carbon steel of 0.7 mm sheet thickness.
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L [Melt runs of ultra low carbon steel sheet (0.7mm)
— Power : 4.5kW, Speed : 83mm/s (5m/min)
[ Coaxial shielding gas : Ar, Back side : Air
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o
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Fig.4.6 Number of pores v.s. nitrogen content in COz laser melt-run weld metals.
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ppm Zi 2 D ERFENHE I NTREL G B DD, BEESEEF OEFZEIT 125 mass ppm 225 150
mass ppm (ZEF L TEY, B DOZEHE 18 mass ppm (ZLEE L TRIEZR EF 23580 H 7z,
ZLTC, FEALEDODETRE TR ELZZ EBXbND. AT, E—A4£0.34 mm B
K TN0.45 mm TEEE L72REHZSOWTE ins—N & 04T L7223, £ DfElX 3~6 mass ppm TH
0, BEELREINTFEO b o7,

(2) MIREEFESE Ar+N2 BEHRELIIGEDKADHRERR

B ==V R A% Ar, H#INCEROFRFKE ArtNe IRG A & L TERRELEZ TA
VT BB LIz X, 50 vol%LL T %R CIXSBEm ISRV DSBS h, &
AT T A ~DEKBBD T, F1g 4.7 |2 E — FOWmBlERs R4 n 7. diRERmIC
A L—YFET T XA~vOEIZL Y, KA LEREN-0.63 mm (FL ©-0.5 %) O%E, 36.4
vOl% LA T DEFRIRE TOWHE L — NI, _h%@zé”ﬁ“?@%f;@‘{@ﬁt — N2 L TEE— R
BESIER LTS Z RN o,

100%Ar | Ar + 91%N: Ar + 182%N.

—¥-

i
:“f . Power:4.5 kW, Speed:83.3 mm/s (5m/min)
EE———

Ar + 455%N: Beam diameter:0.24 mm,

Focus position:-0.63 mm
Coaxial shielding gas:Ar 0.25%X103 m?/s

Back side atmosphere:Ar+Nz

Fig.4.7 Cross-sectional macro-photographs of CO2 melt-run welds
made with various back side atmosphere.
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Fig.4.8 Effect of back side atmosphere on porosity formation in COz laser melt-run
welds in ultra low carbon steel sheet of 0.7mm thickness.
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F1g48 I, SRR SRR OERREZ B SETHEE L L EOKILORERILZ =T
T, XRAEITETOMBHIOWTOFHHETH Y, =7 =" =2 X VIERERAOHHZ R L

TW5. EEAAUEEECRE D ST, $ERSH Ar THIUTRFLITRAE L TR0, ERE
FENE L 72 D106 > T 40 vol % Rifg D & T AIZXAEDOE— 7 B, FICEEREL2ELST5

ERALEIT R L, Z D% 100 vol%IZiT -3 < 22T, FOMINT 2 @A R LT,

Fig.4.9 1%, 54 LEERE-0.63 mm CTHE: L7723 EHZ W T, EmRHAR BRIEE & EHEe
BREZRE tN) ORBRRLZ T, #ERRHXK M Ar D56, BHESRTEZREIINMOZ
NEFRETHL. D NG, B ¥ ——/L K ZVBANEZE 4mm (Stand-off 8 mm) & %
EERE < RN HBED LT, EHIIRKN D BAFHCY— /L RENTWD LTS b, Hitk
HSEHRUICBRLIRE 56, BWESRTOESZRIIFIMOZICHK LT EA L. Ly
> 7T, fﬂ*ﬁ%ﬁ SR KRR DA B, e o R IR E SRS HERT 25 &)
Wrainsd. wESRTPEREIL, ERFEHKOEFRELED 40 vol% & 100 vol% T, ERIEE
ZxF U CHMIZR W HIBR 2 RS oo Te. ZOEZBREICHT H LR EOEEX, Figd.8 (TR
L7 R AL RN DO EREEIC T8 EFR L L @“C“?J 5. (% 125 mass ppm FE £ TR
fig L7273, ins~N X 7 mass ppm LA N C, BHEREINTIFED bviedoT-.

Fig.4.10 1%, B % —3— /L R A% Ar, #IREEFRFXE Ar+Ne & LT, FEA4 LUIRREZ
B ST GAEORAFIERNERT. 22T, [AEITETOREHZ DWW TOWEEfEZ R LT
BY, =T7——| F‘gﬁ{ﬁ%ﬁ@%ﬁl%r LTW5a., HmEFEHKHFOEED 0vol% ThiE, HE
SR UBRBEIC R D O FRALITFRE L Ty, —J7, ERED 364 vol%D&%LAIZlE, Y AT
d = ANLEHT TRALR LI LTe. 2 ORI RO E S LB AL, Figd.4 (TR

L7728 Em R KDL E LR L THD.
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S q00F e/ o
£ i )
o - ]
o E
£
[T 3
(o]
= 50F
8 - Power 1 4.5kW
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Fig.4.9 Relation between nitrogen content of weld metal and back side atmosphere
in CO2 laser melt-run of ultra low carbon steel sheet of 0.7mm thick.
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Fig.4.10  Effect of focus position on porosity formation in COz laser melt-run welds of ultra
low carbon steel sheet of 0.7 mm thick with various back side atmosphere.

(3) Ar+N2EBHRZEUA—V—ILRARIZCAWV-BEORADRERKR

PR AR Z Ar & L, B X —— L R A% Ar+NoeJBRA T A & L CHEBRE 2 hx
HnE w7284, Figdll iR T L9108, —EREL EICR D ERANFEELL. 22T, W?L
BT L 2R EHC YW T E R L, =7 — " — [ 3EEREEOHKMEEZ R L W5, EH
RN 10 vol% 1 BRI FAET 5 L 512720, FEER L 7= 30 vol% F TOHIPH CILIZITEARAIC
RALE AN L 7.
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Fig.4.11 Effect of coaxial shielding gas on porosity formation in COz laser melt-run
welds of ultra low carbon steel sheet of 0.7mm thick.
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Fig.4.12 |2, B ¥ = — )V RTARDOERRE LIREGBETOERE (t-N) ORRE, =
RO ZAT o e BRIRO KA CEME & ek - F/IMi) & & BITRT. Ar & —/L R TOREE
BREFREIIIM EFETH LN, [ILDFE LD 5 ERIRE 10 vol% £ TOHFTIE, v —
WV R ZAROERIRE L LB ICEREITIMT Mm% R L, EFRIRE 10 vol%IZFV TR 120
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O, Flo, ETOERBHEIZEB N THEESET ins-N &1 11 mass ppm L Fic ek EE o7,

WIZ, KRALFEAIRI O E S BRI 2 Fig4.13 277, ArtNe IRAEV A THDH B
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LS HT L ZORILOFARNTH D, [ILE O FEIE L EREFEZOHFHA L L TRLTWA.
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Fig.4.12 Effect of coaxial shielding gas on nitrogen content in COz laser melt-run
weld metals of ultra low carbon steel sheet of 0.7mm thick.
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Fig.4.13 Effect of focus position on porosity formation in COz laser melt-run welds
of ultra low carbon steel sheet of 0.7mm thick with Ar+N2 co-axial shielding gas.
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ZEFEIRIE 10 vol% TITRILIZIE L A EFA L2 Do 7278, 30 vol% Tl E ) b B HE )R
ENTHE L RO S LHBHREEARO O, Thbb, KILIEY Yy A b7 4+ — B A
8 L O RSN LEEBERS EOFIR (B — 20 = X MR R L 0 L—FRIEGM) TE2RT D
2, BAS LR A FRICKRELS 2D L (-1.27 mm) A LT,

(4) SFABDOHROHR

I AT % Sl LT O X #idin 55 2 ARt O L & b Figd.14 IR T. 20
BENLOIICELEZR CTHRAEZBN LI B ORI DONT, ZOEEZZHE L.
HIERE R % Table 4.6 (2~ d. E7o, BEZERHTANH#ER%E Fig.4.15 25, [P T ADE
T — v REMICBD L TERETH 72 1 RBRIE D ITAZE SR S22, FHEAHIC
ZEICEEND Ar TR SN2 o T2, KPR TEHET AEEIZOWTIE, KEOBLIZE
WTIRR 5.

Sample No.: ZKN-3
Power : 4.5kW
Welding speed : 83 mm/s
Beam dia. :0.24 mm, FP : -0.63 mm
Shielding gas :

Ar0.25 X 103 m3/s
Back side atmosphere : N,

Sample No.: ZDA-1
Power : 4.5kW
Welding speed : 83 mm/s
Beam dia.:0.24 mm, FP : +0.63 mm
Shielding gas :

Ar+10%N, 0.25 X 103 m3/s
Back side atmosphere : Ar

Sample No.: YBD-7
Power : 4.5kW
Welding speed : 83 mm/s
Beamdia.:0.34 mm, FP: Omm
Shielding gas :

Ar 0.25 %X 103 m3/s
Back side atmosphere : Air

Sample No.: ZLC-1
Power : 4.5kW
Welding speed : 83 mm/s
Beamdia.:0.24 mm, FP: Omm
Shielding gas:

Ar 0.25 X103 m3/s
Back side atmosphere : Air

Fig.4.14 Radiographs of COz laser weld beads, showing pores used for gas analyses.

Table 4.6 Diameter of pores utilized for gas analyses.

Nitrogen content of weld metal Pore diameter
Sample No.
(mass%) (mm)
ZKN-3 0.0128 0.1510.15(0.25] 0.1 | 0.1 {0.15
ZDA-1 0.0118 0.3
YBD-7 0.0117 02]102]102]01]01] 0.1]0.05]|0.05
ZLC-1 0.0147 0.210.15/0.25]0.15| 04 01 01]01]01] 01] 0.1
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Fig.4.15 Comparison of detected gases and calculated gas volumes from pore sizes.
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Fig.4.16 Spectrum of laser-induced plasma under several CO:z laser welding conditions.
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4.4.1 BRE~NDEFRDBREBRR
(1) KEDOBRERIEG

RENCEBNRIRT D L0 ) OGS EBIRICE L 5 R L JE SR —E DM T, Gibbs
DHHETZINAX—G ZBNFERT Vv Ve B CHHENIEEEZD ZENTE S 5052, 7/
bbH, FTOZEMIE G BEVIREN SR CIRE~ET 5. FHPREBIZAB =X LX—G M/ E
RORRETH D, —RICGIE, JEAP, IBET & EHIT, REHEKRT D CEOBIKFT D,
EFORST1,2, 8, 11K L, ENENDOENEE n1,n2, ns, - ni & 95 &,

G=G(P,T,n,) - e (D)
Ths. T, P—EDOTT, GHMEZFORMT, KATHLLNS.

dGzszni:O - (2

) (GGJ .
=l s .« +(8
ani T,P,nj

X, LR T oy THY, i ORAEEIHE ) BT RV X —DLLRETH 5.

=77 L,

Atmosphere Atmosphere Atmosphere

Partial pressure of Ny:Pn2

O O
00,

@Jy?@

Concentration of N:[ N ]

Partial pressure of Ny: Pne Partial pressure of N: Px

®@@
A

Partial pressure of N: Px

OO0, ®® ®
OOE @®

Pi, T
P2, T2
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Molten steel

® m OO

Concentration of N: [
Molten steel

Iz

]

(a) Dissolution of nitrogen
molecule to molten steel

(b) Disassociation of
nitrogen molecule

(c) Dissolution of nitrogen
atom to molten steel

Fig.4.17 Dissolution of nitrogen to molten steel and disassociation of nitrogen molecule.

HIRM 7R LT, SENESICHEML, PEIGELIDREEZEZ 2 5. Figd.17(@I2RT X5
12, BRI F N lZZOEETITEHEET D52 ENTERVWOT, i1 NITHEREEL TSI
fEd o, $ambb,

N, (gas )= 2N (in liquid metal ) - - (4)

ok, K@ IV KAXEHG2.

ILINZ(gax) = 2#ﬂ(inliquid metal ) o o o (5)
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RGIL, NoS 1 AKFEICIFEET HD L, N & LT 2MEEICIEMTrDE, PHELTHEROT
FINXF—=INEDLRVIREE, T72b b EHREA KRB L TV 5.

ST, KHAFDO N &, BEHFPDON OILFRT v, TNENEI Vot RATHEZXDL
NDDIEDH DM BRPED Pne THORIATOER ST OILFERT 2 v uid,

HN2(gas) = RT In Py, + X N2(gas) - - (6)

3/2
mT &'
Xnagasy = ~RT lnl:(zﬁhzj E:kexp(_ _]Ii )}_RT InT c e (D)

ThHzbn5 8. 72771, elE, Ne OEfEE X OWNERIREBICHIST = f L F—Hi 2 £ L,
BETOLOEKTHS.

—77, SRS LI N OfLERT v uld, NiEELY [%N] & LT 5,

— V] e o o
/uﬁ(in liquid metal ) — RT ln [A)M] + l//ﬁ(in liquid metal ) (8)

TH2ONS., ZZTyniE, REOHRIEKFT 2B THY, BEHICN & 1 EEM L2 & XI1T
HALDHDAHZRXALXF—DOENTHS. NBEFRPICEMRET 5 L O0T AR =N D50, Z
AT B O R A X —R TR EARBAICL > TAELD EEZ LN TS . N [HEE X VK
DERIZ LV BT 20, ZOBBITIRIEDIT ) NEKR L Y packing DOFlRNDH A TS Z
EDDEETCE S, Elz, N LV /NSRFETO He BERICIEETEZ 20 0lX, /SO HO
BA LR THA .

XB), @OFBLOREO) LY, KXE2ED.
Y (i tiguid metat) (T )= 2(gas ) (T)/ 2

[%M] (in liquid metal): e g \/PNZ e (9)

ERUE, K< bn7z Sieverts OIERITH Y, KAHD 2 7155 1 DA L lafig 95 & X,
WAZ BT DR A DR, b b lx, SAIZBIT D 2R 155D EDNITIRIZE
BB EZRLTND.

T, I<fEpnaicEkiLrkd b,

[%M](m liquid metal) = K PN2 ¢ o o (10)
Aol
K=e K e . (11)

Z O, 0 E AN OFRBEITIER T TH DD, AUOEHROFIIIE T ORITCE O ED
ASTEY, BN EAADDORTRE STV, Z07-HAGDEA B H L TX10) %6 5 54,
ESOEA O HFIZHEETALERSH .
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Fig.4.170)IZR 7, KHFTO Nod N ~Of#EsOL (X(12) 1220 Th, [FERICEZ S Z
EnTEDL. XQBLOKOG LY, koK1 EED.
Nz(gas)=2N(gas) - -+ (12)

_AGOMAA‘T

Py=e * P, NGE)]

Fig.4.17()ZR" 3 & 912, KHRHIC N BIAET UL, RIX 0V ESA~EMT 2. FHRkRE IV
T, WA 3L,

N(gas )= M(in liquid metal ) - - - (14)
_AG“IHW\T
[%M](in liquid metal ) =e K PN e (15)

UL, R RENIEIRICERT 256, WREIIKIEO S EICHST5 2 L4RLTERY,
Henry OEHIE LTH LTV D.

2 BADEXRDBHE

ATETCIXASRZ AR & L C, EROBRMBIG A2 F L), ERITEM~BIRML O 5. 58k
RFROBANERENEME LI E EOHBHT I AT =D LITH 5N TR Y, Table 4.7 59|27
TR THD. £7-, Table 4.7 DEAE A - T, 1 KED No DA~ EHIAMGE LT HADO N
WRARE % Fig.4.18 |23 7. IREADIRRETIX, ZEOERDIAEML 2 D08, BEEICEV, BEL 9
LHEFZENBDIHIIDT DI ENATEND.

Table 4.7 Free energy difference in dissolution of nitrogen to steel.

Dissolution reaction of nitrogen | Free energy difference in dissolution
1/2N,(gas )= N.(¢ - Fe) AG°woim (T )=19,916 +20 17T
1/2N ,(gas )= N (5 - Fe ) AG w5 (T)=129,090 +19 .91 T
1/2N,(gas )= N(y - Fe) AG°w-, (T )=-8,613 +37.42T
1/2N,(gas )= N (a - Fe) AG°m-a(T)=29,000 +19.917

0
P 1= e 28T B 70, Pysatm ), 46 °)
0.05
0.04 -
0.03F

0.02 :_a m ) |
| R
0.01 J LA
0 1 1 1 1 ]

600 800 1000 1200 1400 1600 1800
Temperature (‘C)

Nitrogen solubility (%)

Fig.4.18 Nitrogen dissolution in iron as function of temperature.
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(3) YAG L—HBEBOERRBMAR

YAG L —IZ L BEEE T OVREE P Ok 7% Fig.4.19 [Z/R7. IEREME )7 OVEIRE Twn
%, SROMERETHD. WHPRHEL TV OIKKEREELE 2, € OIREDEIIRE Twn &% L
WEEBZ X, ZOREEERE L IRME R CEROBEMICE LRI AR D Lo LEESND.
Z O, Fig.4.18 XV EMICITRK 450 ppm FRED N BNER L 5 5. —J7, F—Ah—/ZiEn
B4y DYEHIEFE Twmbign 135 <, SROWAIZITWEEZ BND. KUKEEREDIRE Tow bELDH
ML B 2 5. Table 4.7 DIz #hSr< £ THMEL, SBAKITLY NoyJEM 0.5 KT F
TIETFLTWD LT DL, NORMEIL 420 ppm FEE L BiEL 5D, Lz -> T, NoZHA
FTOYAG L—FRETIE, WO ESFT TR URED N IEEN AL 5.

-Temperature of molten steel
nearkeyhole opening:
Twm-high~3,000 K
» Temperature of molten steel
N2 XX justbefore solidification:
Twm~ 1,800 K
N Tum + Temperature of plume near
N keyhole opening:
Tplu~ Twm-high~ 3,000 K
» Temperature of atmosphere
near molten steel just before
Twm solidification:
N Tat~Twm~1,800 K
\P » Temperature of gas in bubble
Tout justbefore solidification :

b Nm Toub~Tum~1,800K

Tat
N2

Fig.4.19 Nitrogen dissolution in YAG laser welding.

Twm-high
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BR L TR DR L7256 6 XAl e < SEBOSICBE b 5. L L, MR LIC&iX, WEROWER
FEIZHARTHSIRND T, T TEBRELBEMSE LR T oY D, EHERFICED L D ITK
FLIZONEHRLNZT D720, MM OEML-EREEZE 2 A5, Figd.20 %, Fig4.2
IZBWT, HMLEEZEZHOT—2ICE DK THD. ZOREY, EHEICELTHEML
e BRBEDIREERE OWEIZHE L THD Z ERNnD . TEHEEE QW BUIEHNS KAIZ#E L T
WHIFRRIZ BT 5 Z & D, EBREMEDKCFFIEKFL TS ZEERL TS EE XD
b, LIeho CEREMITEHEIRBICEL TRV EHEESND.

DX D NCERBIRIRSOSTRE DN 00D DIX, RO L5 AR ISR H DT EEZ B,
T72bb, ALFEKIGEEGRNS, N BRSO & R I8 5 k2 (16)~(18) d FEildfE 1z
SIRLTEZZLEE, RANDORISHEENR G EEZ BTV 5 57,

N,(gas)= N,(ad) © e - (16)
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- - (17

- - - (18

22T, Nelad)B LU N@ad)iE, ZHZHIEMREICNAE LIcERD L 2R F2RT.
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BrmAL D 7= 1, TEIAZFE T T N ORI R Sy, #12 N IR E AR 22 a0 723
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(3, HOEEICEDS
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Fig.4.20 Dependence of increased nitrogen content on inverse of welding speed
in YAG laser welding.

100

90 | | ©t0.8
80 @ tl.6
20 || ot23

60

40
30 | ¢
20 |
10
0 .

Nitorgen content * sheet thickness
(massppm * mm)

50 B a

0 0.005

0.01

0.015

0.02

Inverse of welding speed (s/mm)

0.025

Fig.4.21 Dependence of increased nitrogen on inverse of welding speed

in YAG laser welding.
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Figd.1 \ZR L=k 912, KEEA A L—HFIZB W TR L7-2HE &3, 4 250 ppm ([CET 5.
Fig.4.1 TiX, BREAROEIH A OHIREHNTND 20D, BHEICBWNTEOREDSE
SHERIEDHEA T DD, 550 V. 22T YAG L—HOBRE LR, B8l -aHs
BEZTHD. Figa22 12, HEMESEZRT D08 0EONT, #NLE-EERLE L0,
ZOREY, EHACEE L TN L BRENEEEEOWEIZIF L THhD 2 ERa0 b, fEo
T, YAG L—VREOLA LR, RIET A L —FIEHEICB W TH BRI PHEIRBICEL
TWhnweEZz b5, LaL, Fig4.22 T, Figd.20 127 L7z YAG L —VIE#EOBRA L&
WV, ERBIMENHEEICHLIEFL TS LI ThD. £2C, Figdl [IRLIERERE, #E
fih & U CHIINERITHRE A T U MER OMx & T, Bl e U CRISEE % 5 % 538 0wt
ICHDBE AT CECTIER LIE L-. £OX% Fig.4.23 12737, SECHE B EICEDL S
T, ERAERA RO I EHETE 2 2R 00n5.

Fig.4.21 & Fig.4.23 #thik4 5 &, REEH A L—HIEHETIE, YAG L —HFBHEICHRLED
BRDEINIBIET D2 NN D. 29 LB, meb®LE/[LTEY, HWE 11 mm
D SM490A #l%-, L —W¥Hi7) 12 kW, ¥EHEE 16.7 mm/s (1 m/min) THRE @D > —/ R
ZETICEEE LR, Bl D 2 mm £ TOREPEE— FO N £ 550 mass ppm ThHh o7z &
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ThbdrZ Lirb, Fig 4.22 OFEREZNMGETH LR T 5.

300
= 250
G I —0—t0.8mm,1.9MW/cm?2
9
C
9 200 | -+ 10.8mm,1.2mw/cm?2
G E .0 —&— t1.6mm,3.1MW/cm2
oo &
S 2 150 r <+ t1.6mm,1.9MW/cm2
s 4
g —o—1t2.3mm,3.1MW/cm2
T E£ 100
a2 -0+ t2.3mm,1.9MW/cm?2
[J]
3] 50 |
£

0 1 1 L 1

0 0.005 0.01 0.015 0.02 0.025
Inverse of welding speed (s/mm)

Fig.4.22 Increased nitrogen content in CO2 laser melt-run weld metals.

77



350

(%]
(%)
u I ©10.8 ° °
£ 300
= otl.6 -
c o
o E 250 r | et23 B s
9 £
2 %
S % 200 | 0%
* E mg O af
o
CICJ o 150 o
-E 7] o .<;§z
S 2 100 | B &
S E o, " o
3 %08
0o 50 |
o]
2 0 1 1 1 1
0 100 200 300 400 500

Power density / Welding speed
(MW s/(cm? mm)

Fig.4.23 Increased nitrogen content in COz2 laser melt-run weld metals.
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Fig.4.24 Nitrogen dissolution in COz laser welding.
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in a bubble :
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Fig.4.25 Pressure balance for babble.
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Fig.4.26 Estimated surface tension of Fe-10 mass ppm S molten iron.
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KA A%, EHICIRDHENTWD. F—R— L O HAKIE & U T IR L,
B DEEN D & RN T R EITIEEIRE & & b IR T T LEZx6ns. o T, #
RROKIAN, KALETERL 9 200 & 90, SROZRKED, WHOIRE DK TIZER L TRin%
MERFCELMEIMEVIHIREICESHRA DL ZLNTED.

TARER & SEHRBEIC B D ERDZRZUZ DWW T, ZZBICET A 6Tk TEZ BN 5.

Fe(gas) = Fe(in liquid iron) -+ (28
o T, FHARKIEICONT, kXEED.
[%&](in liquid iron) = Kgas — liquid PFe c (29)

{gﬁkizi‘j‘ LT, [%Fe](in liquid iron) = 1é& %"fdfv@—%) DT,
P, =K - -+ +(30)

gas—liquid

SCHER 6)ITIE, TREEESPH 1,809~2,400K Dffi & LT, kAN EFH L TWS.

19,363

log,, Py, = — +6.247 -+ (31)

Fig.4.2712, E@DIT &V FHHE LSkt KEOIREKFEZ R T
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Fig.4.27 Temperature dependency of vapor pressure of iron.

AK LY, SRORKEITEEDOE T & HICEBMIT/NEL 2D T ERNND. KIBNICLBEOE
AIPEENTND LT 5L, BEKT ERICRIENECHRIEL T LEY, RQOIIRT, Kl
HEFFICLBERIENZESZ EIXTERY. /- T, F—F— LNOBKRLRNZILETEK LT A6E
PEIXE 2 B,

F7o, [ILOFEHHEE S LT, F—F—/VORLEIIZL Y REER S —L R A ZWEREic
BXIANVTERELEZE 2 DND. [ILFR T A %558 L2 Fig.d.14 1Tk L723EHCIE, w8EH,
TRJELOFRAKIC Ar BEENTWD. Ar (ZEFEFIZIZE A SR LWL B 55 Z L
O, YMERREREZIALDE Z ALKV ZIDER I NI THIL, KALHF DT AT Ar B3 E %
NTWDITTTHDH. LLAanbAREOSEE, Figdlb ln L L o1, KALHND Ar i
B S hole. 2O L, WERAPE X IAHIT L o> TREILABER LICFTREMEIZ G E S D.

(3-2) KRAMVERTIRRDBESRERE

SJALF DR SN ERED, [NEEMEFFT20ICHESSTH D Z L1E 4.4.2Q)HH THI
BYTHDL. [ILFTHTAOERGNERTHDL 2B D L, —ERMIICEEMR U225 D EEE
B LTl &tz 2 & (ki isfif & i) I XL o TRAILDER SN2 E B X HRETHH.

W ONTEEORE LA EHE L, MO 7 — 7 BB O TERED 120~200 mass ppm (2
25 ERALAERR L, ZAVXEA TORME 130~190 mass ppm (Z OfEIE, § FHTOIRMRE
130 mass ppm & y FH TOEMEE 190 mass ppm & C & CTHBIE S L72H0) ITIFFFELWE L
TW5.

AIFFENZ 1T 2 ERFERE b &1, KRB D L —FHEHEICB W TRULAFEET HIRA D
EHXRBLZRD D, Figd.28 1%, AR THEOLNTEESRTESRE (t-N) LKA OEGRE S
TELOEHLDOTHD. EROEMRIKICEDL LT, £ EN 125 mass ppm FEEIT/R D & &4l
DAL TWD . IEMITMEELS, FIRIZSHTHDL EBZ NN, ZORIIEAERKD
BREIL, FEOEMLUILT — 7 BHEOSE & R, EHORME Fig4.18 Il—H+25 43525
n5s.
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Power : 4.5kW
Speed : 83.3mm/s
A Ar+Nz shielding gas
- | ® Back side Air
M Back side Ar+Nz

200
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0
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Nitrogen content of weld metal (ppm)

Fig.4.28 Relation between number of pores and nitrogen content in COz laser melt-run
weld metals of ultra low carbon steel sheet of 0.7mm thickness.

(3-3) REDKERM
EHINIZ B W T, WIS L= RRIC L R[EB R EIn s =021, KA TEZ LD
SVANEZ N ADHE Pred, RQ20)THZONARIANT AEZBZ HMENHD. Lo

T, kA THEZLNLERRE ([%N]) BRIAHROLESRE L 25,

0 2 2
o] _p,2p+5p
[ A(?AlaunJ r .- - (32)
L

AFFEIC BT DEIE, EHTICER L CWEERZNRNEER LIZEEZ NS Z 26K
BADEMRNE Y > TWDHEEZ BND.
—EIREDOEMNIZKIAN R SN & LT, [IaOKRE S ER@NT ADONTEDRFR%EFHH
L 7ok R % Fig.4.29 [ 7. KiaBHoR&E X, KIEBNOENIRKDERETH 55, K
DNENE, FEFICRKRERENE 2D, L LAMPDNERRANERESNTH, RKAIHE- T,
RKEREINT N ITRIHNELIAEND Z &b, 20, B—RiAPIc5ian®gET 2
DITIEFICKE RN ETE & Fio o mIREOLEA TR Dy, 8% X i O EACHIRIR I
AT DRI EEBRL LT, RWEBERICIVREANBET D EBEZLN TV,

0.25 T T T

’_% Temperature : 1,800 K
,g 0.2 Surfacetension:1.9 N/m |
2 \
8~ 015 N

]
oy —-——
2 \% 0.1
%)
g
a 0.05
%
&) 0

0 02 04 06 0.8 1
Diameterof bubble (mm)

Fig.4.29 Relation between gas pressure and diameter of bubble in liquid iron.
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(3-4) BETHFDOTE

SILORAEIL, BETRENEETLIZ LITHI AL TR 60, 54TEKOERLE LT,
N & OBF ) 2358580 Si, Cr, Mn, C IZKIADREEZIMZ 5 2 &, B EKRT D Al Zr, Ti 135
bW E R LT N 218 X 0l L, KIa0REZ2IMH+T 5 2 8 mbnTns. 7272 L AL,
N EOZVWEHTIT S IZHA_KIERAEOIHGE/NIRIT D Z EnMbNTEY, TORRKE L
T AIN 28 N fH Otz 72 > TV B ATREME MR ST 5. Figd 18 1R Lz L 512, v (F
—ZFFAB) ML, 6 (Tx=TA ) FICHT NEBERENREVR, HEARS 2%, CRBLW
Ni (2 kDR EOMFNN R 2, ERERFIZ v AHOMRFERA N L CEMICEET 5 N &2 50
S, BEEAEICHEN T NE&2BD S5O THLELTNS. £z, SITRILOFAEE
HXEDEL, ZoEME, SITEMoORTENZIK TS (KXQ21), [yazxRETHERON
7 (R32) 2L SELOTHDHELTND. £72, OBADE, N ORHN S OB E
BNEL L, ZOMREERAMBLZNSETRAOREELMET DL E LTS, eI,
MICIETLETHD Al ZWIM LT 6D, 75 A< EHIc L0 Al 2B L7-0 83425 - L TK
LOBELZIH TELZ LERLTNS.

(3-2)TH CTH 7= X 912 Steel D TIXZEEFEH) 125 mass ppm TRALNFEE L0, Lisd4tH
DEELE % 5H L, Steel BX Steel C OXALFAERFEHREIX, 125 mass ppm & EFIDH H D
EHEEIND.

4.4.3 SKHAAMSRHESNIZKRORARRE

1B ARERRIH SN, ZORKE LTEONEX LS. 1) SRR AE L -
KR D AKFE DN LI 2 ORIE IR S AL mTRENE, 2) 235 & [FRREEE TP A 7
L7 b O EEEICES U Ottt Sz alaett, 3) SR OKEDBEBEZILHIC L B8 L,
AL Sz REETH D, 22T, KKFOKDBHBR 725 XA L - THERE
PIZHL D A E N2 ATREMEIC DWW T, Fig. 4.15 1SR L7z X D18, IR T8 R AUCE £
AILTND Ar RRILNT A LD R EN TV RN ENBHE X R0,

T, DOREWEMEIZONTIE, Ny 7 772 RL-LORIE L & b T A EORREE
AL Zieekd D52 & T, TORBERET L LB, BARMIZIE, KALOBENES O 2L
RRZHH ST T A% NNy 7 7T RE LTHIEBRNGZ LW TS, L7en- T, REK
EWMENORENTKBTEHRNEEZEZLNS.

Fig.4.15 (R LI2RALTH H A BOE BRI, EREPXILEKIZ L > TREFHTH D
ZLaRL TS, —, BEROEMP TOHOEE T/ NS N Lab, KILhh b shi
ERVBEEZRICHFTESND Z LIFBZEN. LEER-T, 2) OKBHRIEAIZ & > THEHET
ERVWEHEZ LIt Z L 5 L, HE SN ABITKIERIZE > Tl L > TLE .
ZZT3) DOARMERHVHFEDLNE I DITHONTELET .

PR ARFIL, FomERRETY =L FOERIE FAROENZES 2 LAmbhTnD
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56.69. bt RIE T CORBEARIAERL[%H] &L, RRETORILIAESITEE
PiaM e+ 5L, Zh 6L EMER Ka(DIC X 0 S CBURT B s,
[%ﬂ]: K, (T) PHZ(T) """ (33)

¥72, 0.1 MPa O/KFHE & FHRREEICH D v 8 TOFHEBITRATE 2 H L5 5669,
logKﬁ(T)=—1%§%—2369 ----- (34)

O Bk, o BROKAWME D, vERE R, EEMICARDIEEEI RS,

EEE R R ALTICKR BN E S RSB PICORFEL TV L35 &, R@BI)ITEHEeE T DK
FN, PHEURREICET S RIS ENDE Z L ERT. ABEZXTVDHATIE, BETII,
Kefl & & HITIRL<S 2D, 2O KRFESEITHAKKO TR LN > TR TFT 5 & &b,
WA ER BBV TS <D, EORER, BHES R PRI KIL~ & i &
5. IR F CTHEETIREDN 235 & EERIT 0/ &< 20, K[ALFICER L72KEN
BRSBTS 2 Z 813220, Rilh 2L LThRiand B2 65, £ 2T,
KENR S L EICHRE S ZLC-1 (Fig.4.14) ZFICHRY, EiRmEHIC YW TEERN
(R L7z,

SHDPEQDORLNCH D ETHE, [ILED 14t LLEETICH HKEIL, SkoFER L
D REHFICHHEENS EEZEZ2DbND. AFFFEOSE, WEX 0.7Tmm THDHN D, BET XK
ORI 0.175mm FRE & AL Hhvs.

KRFEOH T TOILHORE IR TH D1F Lm0, 3 ot TOFLHKIERE d 1Tk THEZ b

5.
d= \/6D0 exp(— gj e (35)
RT

EAPEBIREED RFE S D ICB W CEIR T, 22Ol ERM E P E5 vy #E2E 2D L, Do=2.9
X107 m2/s, Q=32.1kdJ/mol TH2 70, JEET & L CTHiELD v Ik RIEE 1450 K 24 5 .
F7-, MRt & LTy BOKERE 1700 K75, v BOKIKEE 1200 K £ TOHHENCE
THEME WS, ZofEE, BERAFEORICE->T 05 s EHEELEZ. Zh 60z R(35)
IZRAT D &, FHIEREEEETR 0.35 mm EHEE S D, (MENCET 2R OHEE I, Bl
FRER O 6VIZ W THRE 0.7 mm O ~D ABEE 2.25 kWEGNHE 50 %) & L, EHEE—
RALOBERE 2 kD7, Z DI, BYREFE L L LT 0.08 cal-em s C, BULHERE k & LT
0.07cm2/ s A LT-.)

SEHIYEREERE 0.35 mm 1, ZelC BT EAHIRI OB 2 - Z BT & YEEERE 0.175 mm 2k
RAAFICREW. LR TRALEFH® 0.175 mm 284 & I B ERBN OKEIL, JEHIC L v K5l
I LRI S5, B ZLC-1 (Fig.4.14) (CBW TR Sz 2k FE B TSR EE
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T19X106ml TH D2, T2 DKFEN Table 4.1 IZH T =KX 20T, TINLEINLDERFR X
Dtk SNz ET5E, THHEKFENIZIES & L 0.85 mass ppm (0.31 ¢c/100 g) LA EDKFE
DEEL TV DRSS .

L ZATRILEIEKT D IRR OEEERFAFERIT, V7 ~v—V 7 = EHEOBHITH D,
13.4 ppm(12 cc/100 QR L HEE SE 0 TV, WfE L TV D& KFEE 0.35 mass ppm (2 FLHE
LCHBRERMBETHSD. - T, MHINTAKFEIL ZNAEFTIIRIEEZEL LR >T2H D
EEZLND.

fifs, Fig415 1R L7 L 918, KAILHFOZBHZENZTILOAEKIZE > THEF S THLHZ & &
Zxbbds L, MHINTAKEL KILOARICTITERES 5T, WESETICEM L T
HOPBHIFOPEFIC L 0 KALP I SN EHEE SN D, & 2 A CREEFHCIEREE R P Icrr
LTV AKREORETH D0, KESRRH SN -RBRAEN IR ER 2 KR & LG AICREO
L2 EDL, RERFOKGETLHONRZHEEEZLND.

444 REHAAL—FBFEICBTHEUZERES
(1) RO KBS AL —FBEICETIZERBBREFADREFRROFLD

Vlb, SAHPICERN G ENDRIEDCB VD TRRU A L —F 2 TR EL1T O &, Wi
ERDEIHEL, [ADRELTDL ZENnmholz. LT, KVFELIELDD.

Fig.4.23 (TR L7z X 518, WEERENMRODITE, HAOBEREWITE, EHMoOEREFEMS
5. LT, Figd.28 2R L2 L 91T, MR FHIR CIXadilh OEFREN § FHOWME TH D
125 mass ppm Z A2 5 E KA AET H. HITEENEWIE EXALEDBNT 281540%, RO
IR Enz. +72bb, Figdle R Lok e, HOHBEREWZEL—TFHRL TSI X
~H TCOREN T OERIFT~OBENEESNS. ZOEE, 2R 1FIXQAITRLEZY—L
FOVERITIEZR S, RABNTR LIe~y U —DEANCHE > THFRT D L 91270 %, T b bR
R CERD TONERIF IS 2 SN A & 72 > CTHEIFR T RO ERDNIRIC R
fifd 5. ML TOHNBEZL—FOHNET Tidel, B0 LIEBECE > THEILT 5.
Z D7 Fig.4.4, Fig.410 BL O Fig4.13 IR L7 L )12, Vv A N7 4 — 0 ATHECIEET
D EKALNFAE LT V. FERIT, SREMAR L OCERMONWTIORFAR) O b A7
L, [ALZKT 5.

(2) EMIREL—VBETIHESOBESFHRERH

RGN AL —F & ANTIEE TR, L—PBETV—2RN T T X<t L, 77 A<PE LT
XL LBHERNPIETISELZ 0, BF— L RHRAZHANTHEEEINS. o —/L KT R,
TN—AOREEMEIT D & & ISR R 2 RAEET ARHRICT 5. L LRy, Sk
HICBNWTH T T AIIAEMR LD, Z OO ER % > —/L K LA2WER Y KRR OEFE N
W BICIEMRT DL 2T EIETE R, RICE LI I ITRBEERENMIVITE, B
BENSWIEERIBN L 0b. LER->T, RBTAL—F 2RO TEWEIRZEET 5%
ANCKALDOFAELZRET H720OI2IE, TELHRETEBECHEET L &, RER L —ViFRL 77
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AR SERVEIICLV—FHNZALBEIZELS LRV LR TH L. S HICEAGHEIC
B2 AE S 3, SCERICE YT 5 L —PHADRRELSRERNVE T LI EbHEELER
L.

(8) MRETEL—IFTIEEDEER

HHFHRE Ar+Ng & L TREHT A L—HFIZL D AV T B LTEERICONWTE D

Fig.4.8 3 LU Fig.d.9 1R L2 L 91T, SEIAWE L—FH 7T, S ER IR O %= H e
7% 55~100 vol%DHiFHIZ I\ TRALE I L N Hee g T E R E T Em A KT OERREMK
oL b TEMAER L. —F, BERFHEKHOERIRED 36~46 vol%IZIWT
RAIB L EHEERELZENBR o7, ZOBEIE, ROLHIHMIRENS. T7hbb, EH
BENBROEWGS, ERBRENELL LTI AVBEIRZILAEEDLLT, X5 TOR
T~OFEBEEIXIZIE—EITMRIoND. ZORE, FEKHOERREE O TS U CHREREL =25
JRF- 05 U, 36 OV~ ORfEEIIRD 35, ZHicx LEBBEL SV Ar BENEL 2D &,

W EEANIC L VIR ER CL—Y BT T A~ ORENEZ 5. Z O, BHEHFOFA~D
FREEEEN R E <720, ZOMBRERBENHERIRNCHEL L TELREOFTIRERN ARSI,
BRORM~DEMRMEES NI EZBND. LN T, #ilEmZ > —/v R+ 5854120,
KREADEZ AR DIERE LT IR 5700,

4.5 #&
RIETT A L—H B LOYAG L —F & HW @il o A v~ 7 EBEEITV, BROUEMRBS LU
ERICLDRALOFE L VD RS BMIED DI EZITV, LUF Ofkmm a2 157z,
L — PRI W TR DI~ DO BRI AR BICE L TR O ¥, BWHEEE IV
E RS BTOEZREIIZLIRD.
IREET AL —P T T 5 L, YAG L—V Ciat LG A IR L CRESERT 0 ERE
3% 5.
IREEHT A L —PEETIXIL—FFEE TNV — L0 T 7 Xt 503, @5 —/b K LAWK
EEIZBW TR OER S FREFRICHEEL TEMICETSH< 25, Zokd, L—
FHINCAME IR BRE R RN ENEETHD.
YAG L —HE#ETIE T 7 AL L2220, T 28R 8TV 7 TEt.
HTH DEBREVDERERFOERERE LD <0 d L, BEICMEOEMEORRIZLY, =
FRPeHE N, BRENDLIEKILEELT 5.
R R PR CRALN B AT HRADELZ EIL, £ 125 mass ppm TH o 7=,

PLE, WREOEBEWICER UZER L —F BB AR ZORI~DIREED /D7 X LKL
AL LW [1H4 BE D, REHT AL —FNLGEER L —F~0 TR X
WIRDH D EE 2 HiT-.
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BHE L—YVBREMFOMEBMNET

51 # §

HENE T D U —FEERICIE, Hx OfERRD NS, 5 1 ETHRALEZL IS,
T—T7—=K7Zv7 (TB) TEV—HEEHSBRIEINT 2% 5. ABRN DR, BEEANS
VI VEBEER S & OFRE DO RRIEI TITI 25 D)y, F£ 72 ARIERHCEIUC S WIEERIE L X E 9 v
7=H 00, TB 2 LEMITHENZ R T 7201232 ) L2 E2HONITAXERL D, 22T
ARETIE, F2%, HF3ED [Futwx) B9fllm, BLOE4EO Hae AHIHE S OWFZEIC
HEOSWTRHR U—VPIREESNEH SN 2 L ZRiRIC, TB OEEE WD T BE D
S L —WIRBEE ORI ZELR 2 oW T, £ NN L —PHRORBEEZ T 5 DGO
T L 5.

5.2 L—YBESh-&EMROEKE
5.2.1 AXEIDHM

A TR CHRFE 28 L7 TB O E XIS L 35, ZIUIF b EEnIA <, Mk
BREEONRLIVWEAC, WM E AW TEME2ELSAICEA SIS TBIZHY T 5. 22T
AV N T VBT S TR DRI DWW T, ZOEBREZ ST 2 2B ET 5.

5.2.2 EEBAE
(1) MR

HERRER & U TR IRZ D 4 FiFAD IF 4] (interstitial free steel : IFS), (KR D 3 FHEHD
Al /v R (Al killed steel : AKS) #RESAK & & H12, EEERICHT HTR{EIZ L % 400 MPa
e D =R E SRR 4 FREE, BAFRRIL AT HiR(L T O 600 MPa #ki iR SR 4 FE A -, 4
FHEE D 400MPa #kE 58 IE, PHIIF 86 (P-IF), PN AlL /v KEi (P-AK), Mn #00IF
#fl (Mn-IF), Cu [E&E58{b#H (Cu-sol) TH5DH. F7= 4 D 600 MPa #%i#kiL, Dual Phase
steel (DP), Nb #rHisf{tsfl (Nb-pre), Cu #ris@E ksl (Cu-pre) TRansformation Induced
Plasticity #fl (TRIP) Tho. Zh b DTS (IRFEYE Ceq=C+S1/24+Mn/6), HJE & ik
[RFE % Table 5.1 12789, AEIL 0.7, 0.8, 1.0 mm @ 3T TH 5. RHEHHE S JEI2IT,
FFENC & 0 SBAREZ 0.7 mm (ZHE— L, AV NT UEEEIT- T2ilBrik a2 vz,

Table 5.1 Steels used in this study (mass %).

Steel Thickness Ceq YP TS El
(mm) (MPa) (MPa) (%)
IFS 0.7,0.8 0.008~0.025 143~149 290~309 51.1~54.4
AKS 0.7, 0.8 0.067~0.10 163~187 294~316 47.1~49
P-IF 0.7 0.127 226 391 39
P-AK 0.7 0.127 225 386 40.4
Mn-IF 0.8 0.255 253 403 38.4
Cu-sol 0.7 0.047 262 395 36.1
DP 1.0 0.474 384 692 25.9
Nb-pre 1.0 0.384 437 571 28.4
Cu-pre 1.0 0.046 450 583 28.9
TRIP 1.0 0.406 412 629 35.4
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2) BEEH

Table 4.4 |2/ L7 ERH T 5 kW OREET A L—H¥ % H\», Table 5.1 \Z-x 3 #lkIZx LT,
IR T 4 kW, IEHEEEE 5 m/min TAL R T &7 o0 VT L o X0 B S EREE 254
mm (10 inch) TH Y, E—A%ITL 045 mm TH5. HE 1.0 mm OHIHIZKT L TIE, WHEHH
J£% 4.5 m/min & L7c. SERORIEMHEIE, —ICEIET st L, AERGEEZET 5. 5RO
AR TR & FEIE AN AT & Lo, RHEEIE S O R FEME A D Z T 2 72 OICRE %
0.7mm ([ZZA XT3 BRAICx L, WHESHE 6 m/min TA/V N7 UUEHEAE LTC.

& TATARMETITIIRIC YAG U—HFZH N TR0, — HIEHEIC L0 e L 7= He
BSOS A ORI TM HRE IS L W ik E 5. 2 L CEETOmARE L, SIS
TEEICL - TEED. ZOTDEBETOMBI Iy & tEHElrmfE, SV LIZRED S v —
FIETIRE Y, L—PRIIIKAF LRV, 5§ 4 BICBW TERBMFED 2 O L —F TRARS
LR T O OWEINIIHNR &R R D T 82D . EORBIIOWTILLTTE
=L TWnL.

(3) BEMOHARAE

TR CIRIAATBIREBISRT D L L i, By —AIZWE Lz, B S ORIEHFIER
QHHTH L. M S LIREGRME S 2T 256, 500 gf OffHE TRA I L O H#e)E T
3 ROWEEIT- CEUEEZRM L, MO WIIEECBOMI & Uiz, EEEE o 4
Ma il 58%4, PEME 100 gf, HFE 0.2 mm T— 5 O R 2> & BOHAl O R4 £ THRIE L7z,

R IE M % AT 2 72 D ISR AR AT B L OV R E A2 5 3R BR, EREEREHIFIC X 5 LDH
(Limiting Dome Height) &k, #HE/ VU8R, ME LTREICE D 0URTRBRZFERm L, B
FERIIRIEE S EARE L. 5IERBRIL, JISZ 22415 S3BRA TiTo7-. BRI TH 5 F4T
HOMEIX 25 mm, BT 60mm Th Y, HOREHIET 2R AMEREX 50 mm TH 5. LDH
AR T 50 mm DR F 2 W2, HE NV TO X A ML 100 mm THhD. £7-
FURT R TIIAR  FIC X 2T B & THIRICERE 32 mm OFIHI/X AT, #M% 100 mm, N
££ 60 mm, J8F£E 15 mm OMFER Y F CRIERBRZ1T-72. LDH a5k & /AT 3Bk Tl g
(ZBhsE A L2, LDH Bk CIx, KRFISNIDIRERETATE 2D X ) ICEEE— N&E
& L7,

SIS DT OT HOIREEIZ L > THIR O RIZIRFUIE D 5. IRRBILS R IOy, 5l
iR L EA S NCITH B IcHEte (REE5R) IRIECHRIEMEZAREBRTH L. —HiRE LU
BRITHAM 2 i) EIC L 0 R — 2 RIZERIZE T 28R C, MEHZ RGN 2 UL EDFHMICHHE L L
HOND (% 2 #H5]58) RETORBELZRLHEBE CTH 5. LDH BB G 8K N — 2 RICIE T
LB TETH DN, R OEEZEZ D Z L Th/OTISHITHOMEHR AR 2 L, &L
OFT BN 0T E R DIRRETORIEEEZ TR TH 5. SUATHER TR E L O LDH 5
RIRICHOWTIE, =1 Fh Fig. 5.6 8L U Fig. 5.6 #&En/-u.

5.2.3 RER#ER
(1) BESSOES

Mo s (HVB) LiEES RO S (HVW)) %, Ceq 2 fEIE L L CTHHE L 745 R % Fig. 5.1
(R, AEOREETIE, REVHOE— RIED 1.0 mm FEOEHEE— KBRSz, 38
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EIEIL, Ceq DM E & HITHE L 72 DM Z 7R LTz, Ceq 23 0.2 ZHE 2 28 TlX, AR OM
XX, RO RE (C) BEXvH#EEINDE~ALT oA O X 7.7 (HV(martensite)=
884C(1-0.3CH)+294) L ta—E L7-. Bbf & EHe® | o S HulL, FEEREIPFIN T 2~2.5 TH Y,
RIS B R 2 MR O b,

oM OHNKS L, EHEEROME & 454f % Fig. 5.2 ([Z”%. Cu#ritidil (Cupre) ZErE, £:4f
MOEESBIIDT TRIELNITEL 2V, BESE CHh—Eom S 4/~ L7z, Cu #riigi<
%, BUEERTICEE A LTV DL - kI, BGEER CHT ISR L, bR b Z
LlZErEEBEZOND. F, MBS LEEGBOBEINIZIF L TH DL, Ziudk, Hritis
B X 2 ERAREBEANIC X 2E EFARBER, RREThH-DEEZION5.

HV(B) HV(W) HV(martensite) HV(W)/HV(B)J
= Qo (o] A

500 * : Cu-pre 3 @
- >
400 |- A A % | s T
o) L [¢) <
ik A o o A =
> 300 - o) o8 .0 2 e 4
4 T
L i O 0P 8 [6) A 12 —_
200 B | L o
o g 7 >
: ©

m 115
100 s o
O (% | )
«—»> > c
0 IIIII IF$ 1 I*AI IAIKIISI 1 1 1 | N I 1 -E
0.01 0.1 1 £
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Fig. 5.1 Hardness of base metals and laser welds for various steels.
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Fig. 5.2 Hardness profiles of laser welds for several steels.
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Fig. 5.3 Elongation of laser-welded specimens in tensile test parallel to laser weld bead.
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Fig. 5.4 Schematic illustration of laser-welded specimen deformation in tensile test
perpendicular to laser weld.
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Fig. 5.5 Elongation of laser welded specimen in tensile test perpendicular to laser weld.
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(a) Fracture at weld metal (b) Fracture at softened HAZ
Fig. 5.6 Appearances of two type fracture modes in 130 mm width LDH test.
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Fig. 5.7 Forming height of laser-welded specimens in several forming conditions.
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Fig. 5.8 Appearances of two type fracture modes in hole expansion test.
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Fig. 5.9 Forming height in hole expansion test.
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Fig. 5.10 Comparison of relationship between elongation and hardness of base metal

and welded sheet in tensile test parallel to laser weld bead.
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Fig. 5.11 Dependence of elongation ratio to hardness ratio in tensile test
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Fig. 5.12 Dependence of elongation ratio to hardness ratio in tensile test
perpendicular to weld bead.
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Fig. 5.13 Estimation of weld metal hardness by Yurioka formula
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VLB, V—YRERRBRIEORIGIZ 1T 2871E, Table 5.2 (2R3 & 512 TOFH—EET V)
& MEEETT N IZHETLI LR TER. TB OF LVATOMRMS, ZibOMAE T

MCEHLEELXLND.
Table 5.2 Fracture mechanism in forming of laser welded blank
Constant strain model Constant load model
Deformation ’ ' base metal
state base metal base metal
) 2 weld | |
in region | weld |
including i base metal
laser weld U
Location of Portion .
fracture of the lowest ductility The weakest portion
Dir%tl:_gigl? of Perpendicular to weld Parallel to weld
Example - Tensile test parallel to weld | - Tensile test perpendicular
of - LDH test to weld
forming test | - Hydraulic bulging test - Hole expansion test
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5.3 L—H¥BEESh-MROMTBEXERF
5.3.1 AEDHM
AREITIE, RO ROHIPH TR S OBLEND £ O W ol e — RSN, £
O LTelaEe — Re AT 06EAREN, 77— — 77027 L LToOEDRE DM Z R
T O, FIZEERBRIKORIEIENZZETIREE, EEHEREICED X ITRFET 2O W T
U%. BT, BRED R - - A EEE LT RBR IR O BB M I X OVEHEEBR IR O B IR SRR X
(FLD : Forming Limit Diagram) 22O\ Tk %,

5.3.2 EERAE
(1) #EAMRELUVT1574%

M ITIZ BB O RRVEHMICHW G LS 0.8 mm JEOMRKKRSE Ti I 3 £ (IFS-1,
IFS-2, IFS-3), fXfk3& Al /L Rl 3 FE (AKS-1, AKS-2, AKS-3), BILOZHNIZP ZFML=
IR EMHSS) 2 H iz, 2 B3 M b7y % Table 5.8 (27 . —HaBRickW\WT, 7
4 7 IATYEMG L QLT 747 U4 VIEY Y v RUAL YT, Z0O{LFH 5% Table
5.4 IR

Table 5.3 Steels used in this study

Chemical compositions (mass%) Mechanical properties
Steel - Remarks
C Si Mn P S YS (MPa)|TS (MPa)| El (%)
IFS-1 0.007 0.005 0.21 0.015 0.007 147 305 50.2 - dic
AKS1 | 0042 | 0005 | 024 | 0012 | 0.016 151 303 50.1 |Litup condition
Welding condition
HSS 0.057 0.02 0.38 0.069 0.01 217 383 40.7
IFS-2 0.003 0.024 0.14 0.027 0.004 . .
Filler addition
AKS-2 0.042 0.013 0.21 0.012 0.013
IFS-3 0.003 0.07 0.09 0.014 0.0076 148 297 51.9 .
Deformation state
AKS-3 0.048 0.014 0.19 0.011 0.014 164 301 50.4

Tab Table 5.4 Filler wires used in this study

Filler Chemical compo§itions (mass%)
C Si Mn
A (0.8 mm in dia.) 0.012 0.34 0.36
B (1.2 mm in dia.) 0.067 0.78 1.67
(2) BEEH
HEEEAR A > v — Bl L C2261, Aifl & R UERH ) 5 kW #kDREE T A L — W1 T8 % H
%TMIﬁﬁﬁ4MVT%§%ﬁOK_%tt?¥ iﬁﬁﬁ%mﬁmmUDmm)@I&bﬁe
VU RXEERL, BE—A58% 045 mm & L7z, —¥#5M%0k RALE TR (B RSk

LBt O mm) THDH. RO —/ RIZiE Ar T A 101/m1n¥f Ijﬂ Smm®»D /) ANLLE+&
VHE— = VT 4 AL LTSS LT 2 e b diikEE T & OB, A F L RA T 6
mm & L7z

(2-1) BEE—FBHEOBREEEEFEEICOVTREIILI-EHRBRE
WY — RORENBEBERE I E Y IRTET D0 & 0572912, Table 5.3 (Z/rL7= 7 fE¥ED
AIZ AV N T R EEE T oo, B L7 EaE 1Y, 2 m/min~14 m/min O#FH TH 5.
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VRS IENEIC E DO W o Tm B A 5. 2 200 E AT 572912, Table 5.3 (2783 IFS-1,
AKS-1, HSS # M\, [ Uk(F td L ORI 2 22 a1, BRI AERk L7z, 28 L
TSP XIS TH Y, 2m/min, 4 £7213 5 m/min B L' 8 m/min ® 3 KHETH 5.

(2-3) HIBHEICRIFTEREEEHOREICOVTREILI-HRE
Yy —UIWEICEAEORE, EREORENELD &, ZAEERBENELS. Z O, B
E— RNEIT =T 4 VIREELE 0D, ZOT X —T g VBRTEEIZE S WD BEE B X 5 D)
ZHGNIT A0, TFS-1 B L OVHSS #HWT 2 BBE 2B L, ZAmEE2ITo7-. 2
BRI L LT v — 7 4 VIREEZ BT 5 Z L 2> TERA L2 DT, Fig. 5.14 I[Z~ T
X0, D FHnaEE L TREAEDLE, BESICOIRE 2R TR TH S . UIR ZIEIL,
0.2 mm 2>5 1.0 mm OFHPHTH D, £/, L—VFOEXED 05 mmBEBETHLIOIIXL, Y
REMEAHEK 1.0mm &RV, Z 2 TARERTIE, BAMELHKERLY £ 1.0 mm (7EIC
E (ESAUHEE 1.0 mm) L, BEEEE % 2 m/min & EOIC L TAWE#EE— REBK L,
B RIR A R S .
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Fig. 5.14 Employed groove to make under-fill weld beads

(2-4) D4FEBEBREOEBHEIZOVTRELE-FHRKE

EAETRENENG AT v A =T 425 Z L T 572012, ROV ) v RUA ¥
S LA T o 72, AW =8, Table 5.3 IZ/r L7 IFS-2 B XN AKS-2 THY, 74
U4 YL Table 5.4 ISR LT7-TUAYTHD. 74774 VORMAEMEREICT H1-0, BWHRE
X4 m/min &, 745794 YEL CHRELZITo RSO 5 m/min LK TFIEE. £7-,
T4T7T4% AL B TIIMENRRDZ LD, EHEELZEZTT 4 7HBEEZ DY,
Bt Table 5.5 1CF & 5.
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Table 5.5 Welding conditions for filler feeding welding

Filler Laser power at work Welding.speed Feeding .Speed
(W) (m/min) (m/min)
No 4 5 .
A(60.8) 4 4 2
B(¢1.2) 4 4 1

(2-5) WBE—FHERIEICERDEEFRARAEBRE

[l U SipR (A 136 KX OV RS 2 fL A 7o b — VIR BRIR O IE DS, g — ik > T &
DEHNZEAT DDNEHF~DHT-%, Table 5.3 7~ IFS-3 35 L N AKS-3 & W\ THRE AR
BRARZERL LTz, A1 5 m/min TH 5.

B) L—YBEAREOFEMAE
(8-1) BEE—FEHEMOBREREKRFETESE

EHEE— ROREE L TREDO Y — Nig L RSB S ZHE Lz, WSRO I HIER,
W — ROWrmlc BV CEl L.

(3-2) HWMAEICRIEY BEEE DR E QM E

BHERELZE2 T LERBA IS L) 72 3B A TV, BRI L 72 R DR & S & HE
L7c. =V 78 B CILER 20 mm ORFAR L FAMHEHL, #Migme LAY Y 248
MUz, &£z, —8HoMBRA T — NI T25ERER (JISZ 2241 57%) 21T\, B
MBI L7 & & OO & i fir 8 2 1IE L7z,

(3-3) HEHEICRIZTEREEEFHOEEDFEEE %

BROCIEARICHIN LT v =T 4 VB ERET D - OICMEEEE1T> TR — FOER
ZRE LT, BREMEORMEICE, B-2HFE, =V 7 BRaiTy, W LZRokEm S %
HE L=,

(3-4) TASBIASBRIA D LTS TR Ml 75 3%

BHRE— FOWIEICRBWT, 74 7 U4 VYEME LICEESEROE Yy I — AWM S Zifi~7o. B
TEAEOFHmIZIE, B-2ICFE Licm U 7 v liRa 3 Lz, £ O, REE&E S BRIBIEICE 2 5
BRI TZDIT, Y — FOREZ HiER £ THEI L 7.

(8-5) HIME—FARBIEICEZSEEDTMAE

I — RIZ LD REEOEWERA LN ET 5708, EHERBREORERAMRK (FLD :
Forming Limit Diagram) % {Ei% L7=. FLD ORI LB/ O O B2 1 ET 5 72912,
ABRARICITER 10 mm Oy F U 7I2L0, A7 T4 7 Ry —7 Va5 Lz, gl e L
TEEE— R EATICEIS TN A D 5 iERE, LDH &5k, WEASNLVUREBREZEELZ. b
RERTIEOFEMIE, 52200 LBV THD. £, NATREBREZITV, &S & NA
FEREZRE L.
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