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2.1 BEAME
AKFRTHWEMENL, A= AT F A FRRAT L AH SUS304 72 6 T T /v
I = AE4 A5083, A5052, A6NO1, A6063 3 XX A1050 TH D, THLLTND
254y & R % Table 2.1 3 X U8 Table 2.2 17”7, HWEIX., X HR&EHY
Table 2.1 Chemical compositions of SUS304 used.

Thickness Chemical Composition (mass%)
(mm) c si | mn | P S Ni | cr
8,10 0.07 | 0.47 0.83 ]0.026 | 0.004 | 8.67 | 18.11
6 0.05 | 0.62 | 0.99 |0.033]0.011] 8.15 | 18.29
5 0.06 | 0.61 0.99 |0.031]0.004 | 8.14 | 18.23
4 0.05 | 0.63 1.01 | 0.031 [0.004| 8.17 | 18.19
3 0.06 | 0.60 | 098 |0.028 | 0.008 | 8.17 | 18.28

Material

SUS304

Table 2.2 Chemical compositions of aluminum alloys used.

.| Thickness Chemical Gomposition (mass%)

Material

(mm) Si | Fe | cu | Mn | Mg | o | zn Ti Al

A5052 6 0.08 | 0.27 | 0.01 00 | 269 | 0.18 0.0 - Bal.

12 0.08 | 0.21 0.02 0.6 4.7 0.05 | 0.01 0.02 Bal.

A5083 10 0.07 | 0.20 | 0.02 0.6 4.6 0.05 | 0.01 0.02 Bal.

6 0.09 | 0.22 0.03 0.63 4.7 0.06 0.02 0.01 Bal.

3 0.09 | 0.20 | 0.02 | 0.65 4.5 0.07 | 0.02 0.01 Bal.

A6063 6 0.56 | 0.20 | 0.09 | 0.08 | 0.65 - - - Bal.

TNEALBEICHWSDED, AT LV AHEHN3 ~10 mm THY, 7VI=y
LEEN6 ~12mm THD, TNOLOMEERALEBRL LT, Wihbil
BMTHY . 5B EITETHAOERI/EINL, THESNANTWEIEDTH D,
K12, SUS304 13/ b — AR A —AT T A FRAT VLV RAETHY . BE, L —
FILLABMBENESE THIN., "a T 4 DEDEIA B O EHIZ
mTazenmbnTng V2 ZoARBKEBIC OV TEEARBREIA T
53330 HEMIIRAHATHD, £, TAI=ULESIT. BVREEN K,
V—FORINBREN ERENLL, L—FEBEESEETHLI EVDATND
B3 v, MgREDEKEDOHVWAETEELLELITLE, F—F—VE
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EhTwad, LrL, RuvT 4 OERBEEICOVDTEEF—F— L EREH 40
LAFERED T RHY, FMIIRAHATHD, 2O EMD, Al-Mg ZREED
A5083 Z EIZH V., —E.Al-Mg 2 A& D A5052 15 X Y Al-Mg-Si R & & D A6063
Huwi,

22 L—VEE
22,1 SAABEFHERE YAG V-V RE

WIETIE, XBRBHEY TAIA DBEEICLD, SVALV—FEHILEBTD
F—F—LOFK - HREARBSLAR T 4 OEBICRIET SAVRIEEORRIC
SVWTHLNZT R, I¥FT 7 ) AROANZEFEHEE YAG L — P&
BrHAWE, RV—VEEBEONBEES Fig. 2.1 IZ7-”7, REBEIX. 7 7THiEE
BThHy . E—r T —RNHET5kW T, BV AEN 30ms TH D, LT,
ABEBIXZ, V—YVBEBEONRTY—%30ms NTO0.1 ms B CHHIZRETE,
HECHB CEX2 . BELAEE—LAIXER06mm DGl 774 N—TlrEIh,
EEMES 1200mm DL A TENXENS,

Fig. 2.1 General view of pulse-controlable YAG laser system.



222 EHHOEERIRE YAG L—VHEE

HAERETHWE YAG V—HEEIX, &AKH T 4.5kW © Lumonics £ 5&E
BEFERCW)E Nd:YAG L—HVEBTHD, AL —FEBORERS, BHRTB L
OHIE AR VOB EREY Fig. 22 IC7 7, AVv—VEBIZ 7HESTAXTH
D.3AXADEKy &3 AKDOHEEBEr Yy FOF 6 ANREIICHEATEY, 2T
RIFESNTZ YAG L—HFE—LIFER 06 mm O SI 77 A N—%2EL THEN=
=y MfEEEND, ZTOEXROHNBEE% Fig. 231277, L—HFE—AZ
M 200mm O L XA TEXLTE Y BERFICIIFRIB T —/V P AR
finsdLoicoTWV3B,

(b) Power supply unit

(c) Control unit

Fig. 2.2 General view of 4kW class CW Nd:YAG laser system used in this study.



Fig. 2.3 General view of laser focusing system.
AYAG L —VEBIZ, U= AU —@FLEALRVA, EEKEK 5~10000 Hz T
Ta—T4 5~95 %DNXNVAERPARETHLI b, Ar T 1 EKBIZKL
ETANVAEROPHRICOVT S XRBERETHEL, R L,

223 YA UE—AYAG L—VEE

TALE—ALITLD CW YAG V—VEHEIX, Fud T o B IV E—AR
XBBHIIHRTORL D P LEDRTWS, ZOWREHRT LD,
2EDYAG LV —HRBIE/NOLEZNEFNROE—ALAZER0L6mmD 7 7 A N—TH
L, BERTYA U E—LLERDIBEEVATAERAVWE, AEBOEAR %
Fig. 2.4 (T 7, BIRFBIEIHABRAF L TORRKE M 2 kW & 3 kW @ HAAS #HH
YAG V—HVERETHY  ENFRITELER 100mm T.2:1 ICENXTX S, T/,



Ty ANRN—ORERBEE 072, 128X002.0 mm ERETEXAHDT, F—F—
NEEBSCAR T VT 4 ODERICKIETEAE—LEIBOZEIC OV TR LT,

Optical fiber —pp

Focusing
rate;2:1

3 kW YAG laser 9 kW YAG laser /

Specimen

Fig. 2.4 Schematic drawing of twin spot YAG laser system.

224 K HEFGEEER CO, L —VIEE

®5ECHMA L L —PEEEILX, Convergent Energy tL B D & K H /) 50 kW D
CO, vV —PHRIEHTH D, TOMLHEDOABEE% Fig. 2.5 L, HHIEFR
DM % Fig. 2.6 1279, AL —FRBEHIT, ZHE R O RLZE LRI 2 5%
ALTEY, £EVa— V% 6 REINCESZLICL - TRHAZTFT WD,
AIEBO L —VPHEHBIZE, k1D CO, LY HEERTHOLEATWVD
ZnSe R OB BNFRICRbLY, RHETAICHEINZ=T 0 d A F I v 7
T4y Ry FRRFEHEN TS, REHFO L —VPRHNTORFIZIZ, U=
VA= a 39— %2HNBTAF I VAT 7 —F ¥y ERy PBRRITONTEY,
I TEHLV-FHRIEEID L HONRN T - E—F 2T —FT DL LB
MIMIIEEIND VL —FRRORBEZIT > T 5,
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Fig. 2.5 General view of focusing head and work for 50 kW CO, laser machine.

Top tooling tuming box

Beam tube
Ar-------- Flat minor
Beam swich assembly —— F======== v /
Aero-window Camera Reflecti s .
Laser optics box \ choggelrve Directing mimor
i N
Laser T
oscillator & Paraboric mimor
/ =}
Ccnce_:ve Display / Main shutter < ?
coupling screen  Calorimeter /
mimor \ \
Recollimating mimor N
Flat mimor
A T
——————Transfer cabinet Forcusing head

Focal point

Fig. 2.6 Schematic beam delivery system of 50 kW CO, laser.
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Dal)A—va I — 3B ERPOMNTMEICRE S NN TRIC L —
PHENERE—LABETHRICBETEDI LIS ECRAFIOALMEHETHY
REREMIHEOEBICHO LY TR INELDOTH D, AEBEOMREFEE
Table 23 127" 7, ZORLY, AEBEBOC—LE—RFBIITE-FTHDHZ
LW, WHEER T, £XRFRE LT, EAER 381 mm OBRYESEE
fEH L7,

Table 2.3 Specification of 50 kW CO; laser apparatus.

Laser || 50 kw CO2 laser

Parameters

Maximum power 50 kW
Rated power 5~45 kW
Wave length 10.6 um
Beam diameter 63 mm
Beam divergence Less than 2 mrad
Beam mode Ring-mode

22.5 @WHNERRER CO, L —VEE

BeBETIE., BMAHNINS5kW D CO, L —VEBGHEH L, RT3
B THY , EREHN 254 mm OBPEETL - E—L28E XL THEELZ
Totm, BXE L ZTOEERROMBEN%Z Fig. 2.7 17T, AREIL, 73V 21l
HHBETH Y., POvF 1 OEMEHIE - I RIET IV IAEFHOLEICLD
WTHMETL %o
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CO2
laser

Shielding l
gas

L

f=254 mm

Table moving direction

Fig. 2.7 Schematic illustration of focusing optics for 5.5 kW CO; laser welding.

2.3 BIREE
231 <A77 —HAXBRERBRG AT A

VY REROXF R — LV EBB IR VT ¢ OARESH 2 RN T
RIAZBEREHMCBETIED, 4787+ DA X BRERBRB S AT A
ZREL, FHLE, AVATLOHKEX % Fig. 28 12T, KAV AT AT —
VREBRREZERT 00 X RE. BREBZ AT 2 A= - A VT
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YT AT, ARSI hEER Y BEE TRET ONAAE—FET AN A
TTHRINTVWS, ZLT, 2hbOBE#MEE > T\ 5 EEOIRILE
EERDOT L KA v FRT, HEATE OO X BORRETEICEKR L TWVWD,
T, AEEIT, REEXBRE, AA-Y AT 7747 EREBOME
AHABTLHZLICEY, HEFBROEREZERT LI LN TEDID0T, BiAR
BRIOEBNEETHHEITMMVERT, BABRIPERVWEBETIIR WV EERT

e T o717,

Laser beam

CCD camera
2"image
L] intensifier
\ )
| ‘ 5 > \
‘Specimen ]
I I ’
O T &@E‘ Moving stage #————— |
- High i
X-ray tube Work table . - . igh speed video
1*image intensifier camera

(Fluorescent screen)

Fig. 2.8 Schematic arrangement of X-ray transmission imaging system used in this
study.

FLEBOXHELLTE, BEPARFELAREDI A 70T 5 — A X#
EEABRBA L. ~A 7087 AXBELAVEZEBIT EEO X BRE T,
BB SATE T RNz, REZ2Z BT 2RO v UEL T X B2
NL—varaEREIL, REOWIENIZ-ZD LN WS HENH D DIt
L. ¥4 7875 —RAZA7TiE, ABOT vy UNRHHICR X, 2N IE
HIZEWEHThHD, KXBEIX, mKREEEN 160 kV, RRKEERAN 1 mA
TO X HBHEPAETHD, £LT, BRENL. TAI=ZDVLABEO5EIT
K125 mm, A7 VAR EDOHEROMETIIMN 12 mm OREZFZ BT HZ L
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DTE, I, 250 um O RMEE THBITEABREICE W,
RKERVATAZEE L TNDBALAA—D AT 7747 OHKKX% Fig.

2.9 [ZRT,

Image intensifier

Photoelectric screen Intensity, /(a.u.)

o N
& .
‘ 2SN 7Tk
L% Visble light & ] N
< BTN
Q] Y
X-ray tube Output g% F--7F
X-ray Input fluorescent S ] : [
fluorescent screen 33y . F
screen = V= -

Electron lens

Fig. 2.9 Schematic arrangement of image intensifier (1.1.).

XHMREPOHMH SN XL BEFTORBEZZBL, TOFBR XBRMNA A —
VAT UV T AT DODATNERRICAKT D, BHR TIHIAK LE X B
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EE L, AW, 1000f/s UL EO&SEEBENLERE ST Kodak #H 8
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K 8000 f/s THx) . F£ 7z, 200 f/s Atk TILZE L8 HAS TURTLE (&% K 400 f/s
TH/RE) ThHDH, BEEETAAATOEROFNRIL, VI VEALETHY
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V—VPIBEEEORBNICR e T A B EDLICHFETHONEHET D
WIZ, WEHOREZ X BRBBIEICEL > THRAE LK, Fig. 2.10 [ZEEE OB

ZRT, ARBREBIZAVWOLN TS XBELA A ATV T7A4T
X, BB TN L~ A 70743 — A X BERRBE AT LATEALELD
CRILHLDEREELTVDED, ZEEREREFIETHETHLH, KEEIX

FBLZREO X BBEHRBE TOBERITILLAA, EBOFEHBE CIIRER
BABD TSRy T b AR TEL L) ICHBLBEEE LEHL TR
D, ZNICLE->TH 025 mm OFRB T 4 FTHEICBEETAZLENAIETH
Do

Image intensifier
(Fluorescent screen)

N

Monitor

Specimen
\~

~— .

[Moving table <¢—»]

Image converter

Fig. 2.10 Schematic of X-ray inspection system.
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WriEm@d s Az, F0EEOMEEX % Fig. 2.11 1277, AEBIX, EZEF v
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Fig. 2.11 Schematic representation of porosity gas analyzer.

234 EEMEFHEME
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KEFEHMHL, 770 0B RICHEBRIED, £, EFRIT. THEEICHS
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Ru 7 4 NBEOBE T, BIERBREBOMNEDEZBET 50, e 2
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IS TR T4 2KICELT 2 R<{BEHEEE,

Fig. 2.12 General view of scanning electron microscopy used in this study.
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ROAMETOBRBICIE. FORICEF 7 e —T42BHFLTWVD L ETITEETSH X
REZFINVF—BIZRHEBL, ZhZURHBICEEL TV, ZOT XL F—
DHANPOHFEEL TWDLIEROEME - EEBANEZT ), ThICX> TRBZHKET
52 R BEDOEWERITZ2HRMICITZ 5,
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241 X BREBLE BB O Bl 5 vk

FFR TR A 70T 4 —HA X MEEBRB T AT LOFBEIIZ, 8
FZTH1I2mm, TVI=ZUAEETHN2S mm THY ., F—F— LEHOKREEB
KON 7 ¢ EREH LR ICBET L2012, FilHAICEVRE O RR
2R LT, TO XHRBLERARBEROMIEX % Fig. 2131277, ©— R+ %
Yoo T —  NRBEOHAE, RE S~12mm OMEEE X 100 mm, & & 20~50
mm & WO TRICEIl L7z, BEedtEEOLEIE. RE3I~6mm Db DA K S 100
mm, &S 20~50mm IZYIE L2 b0 % 2 AB L., B3 OKED 6~12 mm |2
RAOAKLICREEDLY, BEETEROBIMERIEDEE L, B, RELH
OB S IIBEELEFICL > THEEEE L,

100 mm 100 mm

20~50 mm
20~50 mm

[~ [~

5~12 mm 3~6 mm o .
Bead-on-plate welding Butt-joint welding

Fig. 2.13 Schematic representation of specimen shapes.
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AWie, Wik o822 AR o IE X % Fig. 2.14 1277, ZOREHL, K
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ES5~12mm OMEEE—R A3 - FL— b MEEOLAE LRKRICOBL, 20
FEH»HS, FLRATELLEZ I EZE 2mm O RY AV TREZET. £0ORICH
EFFIFIAXOHEEFALEZLDOTH S,

;;;;1 ---‘——Sn or Pt wire

Fig. 2.14 Schematic setting of tin or platinum wires in specimen.

7o, BEMAOFRE (BiEh) bEBEEO X HEEBARE TRBERSNET
bAHED, REBNIC L —Y—2#HiAL, AIEHEITo, TOHBEDO ML —
P—L LT, BEIAES (XBRBBREHEWD) BEALSBVEEBEMBTHD L
W EENL, TLI =T AGE&DOHAELAT UV LARMOEEL S VT AT
BT &2 RE L, B ERAREOMMEX % Fig. 2.15 12737, kNI, RE
3~6 mm DREZEAVTHEFEOBA LRKICIE L, ZatEOKRRCBFER

DEBERITHE-DICESTEEH#400 O A U —KCHEST 2, LT, %85
FHEOFHIC 1 mm A TFOEWRERIT., £ JICERKN 250~500 pm O X > 7 A
FURTEEEL, EhORENLSECEATEICK FRIFEETSHL DI

W particle

Fig. 2.15 Schematic arrangement of tungsten particles in specimen.
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BB, WTHOREbRABREICHFET 2MIELIERLEOXBELRAT DD,
BEMIIE—LDYsREE =AY —#KDOH#400 THEL, 7 > THhAEL
Thb#E L,

242 F—F—NEBBILOKRo T 4 AR OBIE T IE

L—PEET 21 HTRALEZRBEZ 231 HIZRLEBRICEHEI L, BEEH
PIZICBYAFT T X BERBRB AT LNOY— I T — TNV EICREBT D, —
F22ETRALESREL— YO~y FERABRE CEATT LERES 0 mm
ICRDBEHICHRBEL, VNV IFTABRLV—VERUBICREMHITE LI/ X
NEE Y R LT, SOKkWH CO, L—F L -V 2 EFHIEE YAG L —HF ¥ A K
JANVFERTCY— N RFLEDS, ThA4ADO L —FTiIXREE AVERAHA L,
¥, JANVDRZ Y RAT7HEBETABRELDH10mm & L, ThboR
Bt v —n TR XN OREIRD 2 XA Fig. 2.16 1277,

Laser beam Laser beam

Shielding Shielding Shielding
gas gas gas
We'd‘.”g Welding
cischon direction

10 mm

Coaxial shielding type Side nozzle shielding type

Fig. 2.16 Schematic drawing of specimen and shielding gas nozzle.
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BEERIT, RBORBERICV—AVRITAZETHL, VT X BRERFT
5, X RERER AR RINTLHRIC, V-PREZEBL. T—7Vv2BESE
THBEELTV., F—F - NVEERARLBELL, AR CHWEBESG
Table 2.4 (233, 2B, MEEIATO NI T—EFENTSCTFHEHTIT o
D, L—FRMmoOBEKSE ERSHLTITo20 L,

Table 2.4 Laser welding conditions used.

Parameter varied Range Main
Kind of laser Ndéé’j('i'saesrer Both
Laser power, Po 3~40 10(CO:2)

(kW) 3.5(YAG)
Welding speed, v - 25(C0O2)
(mm/s) 10~100 10(YAG)
Deforcus distance, _30~+30 0
fa (mm)
Ar, He, N2
Kind of shielding || HE-Ar mixed gas He
as He-N2 mixed gas N
g He-1%H:2 mixed
gas
Gas flow rate ( X
10-4md/s) 2.5~17 8.5, 17
Nozzle diameter ¢ 48 8
(mm)
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3.1 #EE

NNVAL—=PIZELDARy NEBEEIT> BRI, RIS, BEALDEES
BEIZARO T A BERLRL TV EXMONA TS Y Lol BEDE
A L—HF ARy NEEROXF —KR— L OER - HREBHSOR e U7 0 £
EBZOWTIE, F—Fm—AVEOMEEEELT A CTHE LA % H 52,
X BMBREICLDEMBABO X —F— VL EB LR T ¢ AR OB LG
PIFEAERL, FMEIFRATHD, 22T, AETIEH, "NV AYAG L—HIZ
LAAR Yy "VEERIIBITDZX—F—VOER / BRERBLOFR2 YT 4O
HEREEICOVWT, X BRBREBLHAVWTY 7L 4 A4 LBEEZITV., Th b0z
BABHMEIZ L, SHI2, AT A BEECHELT, FOTHAD EEX
HNTWVENRLAPEED YAG L— V2B L, MO F —F— LEBOERE &
Ao vT o AR E X BEHRETEHEL T, An 7 EKBUZHEZ RSV A
W A ERA L 7.

32 JULVAYAG L —FEEER O ¥ — R — L EH)

SNIVAYAG L —HFIC L DARy NEERFO X —FR— /L OAERE L CHKBEE
R T 4 DAEBRRREIZOWT, XBERBRBIETEBHELEL, Z0LEDHE
BRAEE OB AKX % Fig. 3.1 IZR T, L—F ARy MNEBITERBRHAOHAZTDH
L0, V-V ORBELBEUNEREORHNLETHD, I T, L—¥i&
BOOORBERELZHE L, U —#ENBEHEROEEZBEMO X REHRER

IHNELEEEENATORY — MY H—ICE# s, BIRERIT, &R
X BEREBHNICREBL, DO XBELDL BT CHEHEBREBNE S RE
TAEZ AL L, V=V RHADOREEZHRB LI ETL—Y 22BN L THEEL
TV, BIEERZ{To7-, ABERERTHWEME L EREH#ESME% Table 3.1
WZRT,
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X

Gl fiber

Microfocused X-ray real time
‘/ observation system

High speed
YAG laser camera

Head

Trigger
signal cable

Output power recorder
& synchronizer

High speed camera control unit
& video recording system

Fig. 3.1 Schematic representation of X-ray observation experiment of pulse spot laser

welding used.

Table 3.1 Welding conditions used in pulsed laser spot welding experiments.

Specimen Type 304 (3 mm%)

Laser power, P, 5 kW

Pulse shape Rectangular; Tailing; Saw tooth
Pulse width, 7 20~30 ms

Shielding gas Ar

Gas flow rate, F’g 5X 104 m3/s

TP, O REREL—VRASOESHLHAREICT S22DIC, HHS5kW D
L—F%20ms BIRH L TAR Y MNEBEEZITW . ZOROX — K — VEB 4 B2
L7z, XBRBHRBEHERORENAREES Fig. 3.2 (2737, L—9 0BT H
LY LEBENTHEF—F—NLVOERDBBEE > TWVWHIEDRBEIN, F—F—1D

HBLLV—VTORFKTHEB THS 20ms 2OV LEATWD, /o, L—H R
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FHhOF—F— VIR NHEERIVEL VWD EREEREIND, &HIZ, K
2T 4 DERFEBOHABICBERIRLTBY, Ao vrTF i3, F—FK—LOR
HEHOSARLHELSED, ¥—F—LO—BAYPBMVBEBESN TEETHZ L
AN L 7z,

Type 304 (3 mmY); Spot welding; P, =5 kW, r=20 ms,
Wave shape: Rectangular, Shielding gas: Ar, Rg =5.0 X 10 m%s, n, =1000f/s

Oms 3ms 7 ms 12 ms

20 ms 21 ms 22 ms 26 ms

Fig. 3.2 X-ray transmission real-time observation of keyhole and porosity formation

behavior during spot welding of stainless steel with rectangular pulse laser.

Xk — WIESEL—HFHAEDBERICOWNWT, L VAT DI, 77
ZWZLi=b D% Fig. 331277, ZORNL, ¥F—K—NiFL—FORHFMNG 2
ms BN TERT D ZLRHERESN, TOH%, F—F— VRS BZEBMICHNT S
TENDbND, TOWHDOEEXNEL, F—HK—AD RV Y THRENFHRTE
5, COBRE, FHHL R ) ZEERK 0.5 m/s T, BB 2R KEEIT 1.0
m/s Chotz, Tms AEIZ, ¥—F—NVIREIVHILIBEDRS IR -TEY &
LIEL o2V B R0 2BV IBRLAENRDL, RAKELS RoTWE, b—
FOBRPNKTTEBMICIE 25 mm BEORERNWF—FR—ARERINLTND,
ZLT, #0F—F— Vi L—FREKTRICESLHIHALTND, ZTDEE
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L — T8 3ms BN THAUTEY, EHRZREAEEEITN 09 m/s, B
MR REEIT 1.l m/s E RV VUV I7HEBEIZERTEFRETHAZ N D
N7,

— Laser power 7
—#— Keyhole depth

N
o
Power, P, (kW)

Keyhole depth, D, (mm)
- N
3 o

-
o

0 5 10 15 20 25 30
Time, t (ms)

Fig. 3.3 Relationship between laser power and keyhole depth in Type 304 subject

to rectangular pulse laser.

INERAKRBEEBEEIT AR, F—F—VOERIIL —FREND 2~
3ms BATCHIBL, ¥—FA—ADRY D 7EEX, FH 0.5 m/s, BEERRK
HWETI2m/s S ODWVWETHAI ENRbhoT, —FH, F—F— LORAEIZO>V
Th, ERERENEBCIBREETIO 1~2ms BND 2 EBNHER I, AEEE
RV VU7 HEELDBLETES M 1225m/s ICbBEEHEERHDLZ &0
R I,

33 VA YAG V—HVEBEEORT VT 4 ODER
SNIVAYAG V—FBEERICBITAXF —F— L EBOXBEREBEOKER L
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D, BREBHZToEEBEOANVAL—F ARy NEBERKRICBIT2R2 VT 4
DERFEFMZONWT 20O —URHDH T LEIRERI LI,

O EDRBESEBRHOTHEMICLS RonNdFRe T s DEARZEH TH D,
DEALTDORuYT 4 DEREEFa VT 4 AREBHOKEAX X% Fig. 3.4 1277,
V= OB LEICxF—F—ABERIN, HDEIBREDEITF—F—1

Cross section Formation mechanism

_2mm_

Fig. 3.4 Typical example photo of porosity in laser spot weld of Type 304,

and schematic drawing of keyhole and porosity formation behavior.

T TPICEL ROV EL RV ERVELRBLL—VTORFRTET
F—HR— BRI ND, VT OBRFKTRICIZEVF—F—IAREK I
TEY, V—FRETLTWVWIEDF—F—LAM»LOERRBIIREE TITX—
F—NVTAERICHAELLY ETH, LML, F—F—ADBELICHAET HHIIC
MBS AEICHELTLEY, ¥F—HR—ALTholz o NERMAIC
BOEBRENDIFBICKRE, 2ZHLTERIVEISNEX—FR— AV O—E 57 38R
TEHRRIZCIME L2 HEBEELTLEY., BESBHPRHAFETISALND
BEDOLIRAVKEDOER YT 4 DI ERHRENT, |
L) —FHOoRu YT 4 FBEMEBRHEBICISALALIRIL (KT) TH 5,
FORABHMEEE R o7  ARFHOEKXK % Fig. 351277, ZDOF A
TRV =V ORI —F—ABERLTVE, HIBRHEICL—FDORT—
NENETULICASTESA, SHIRES KWW F—FK—LADBFEREND, L
L. XKOBEBIZV—VHABBRALRLI R>T2HE. ENETORNF —F—
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WITHERETE o< 2, BBRA LR X — & — L 5531 55 2 74 Bl o [ 35 ~ B
DELTEVWF—F—NIRD, LT, V—HVORBFEKTORIT—F—LIZ
HEL, BOVESATWEF—F— VAR E By IEm/ER R e &
TALLTEBELTRYIESND, ZOWOORB YT  ORFEE LTI, ¥—
N RHARKEH A DBARS RN D, Ko 2T 4 ORI B A %
T, TOELERIZBAERICRYLTVARTD 5,

Cross section Formation mechanism

_2mm

Fig. 3.5 Typical example photo of porosity at bottom of laser spot weld in Type 304,

and schematic drawing of keyhole and porosity formation behavior.

3.4 NARLV—VBEERICBIT IR T o KRS T 5 B H#H O3 32
AEE COBERBRID ANV AL—F ARy MEEKRORN VT 4 OFREIX
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ERERINE, T, ChoDRERLIY, BF—F—NLE2EAEICTER L
D, L—VFBHEKTEHIZEVWF—F—ALEZERLTWVWHI LT, RuiF o4&
BREFERITHEMBIHY, V- ANV —2RLICETIT DR EOHEEIC
LoTHF—F—NESZESLTWE, Ry T s OMHENTELZ DL
BIhd, "VAV—HARy MNEERICXF —F— VIS ZH#ET 5 ETERD
PRBLEZONDFEIZ, V—FTORNLZRERHBEETHSI LEXLND,
ZIT, BEMBEICEZ2Re 7 A EBIECOVWTHIFEEIT >,
—HRICANNV ALV —F ARy NBERIZT AV I VR E M2 L—FH
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A THBHNLELRTWE, ZEZTCT. TAV VY 7EBIUOBEAELZREL.
EBRICEHLEZBORe VT  ERRREPLF —F—AVEHOY TV Z A LBE
LEfTolk,

TP, TAV S ERBFLEBEORe T 4 £ARREE X RRE & BEEWE
BEOW 2T THELE, AVWEEELREGREEL DD D% Fig. 3.6

2R,

7

— Real output power
o Input power data
5 |
4 |

Cross section

[#5)

Laser power (kW)
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1392 J/p
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X-ray inspection

Fig. 3.6 Laser pulse wave shape of tailing power, cross section and X-ray

inspection result of Type 304 laser spot weld.

AR TCRELETAV U IZETIE. Koy T o PERENL,. RavT 404
RIS LZ AR O XRERBEEZIT oL ED L EORER%E Fig. 371077,
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Type 304 (3 mm¥); Spot welding; P, =5~3 kW, r=30 ms,
Wave shape: Tailing pulse, Shielding gas: Ar, Ry =5.0 X 10 m®s, n, =1000f/s

Oms

4 ms

7 ms

12 ms

20 ms

24 ms

30 ms

31 ms

33 ms

Fig. 3.7 X-ray real-time observation result of porosity formation during spot

welding of Type 304 with tailing power pulsed laser.

F—F—NVES L VT LOERERBADIEDICENETNLORAKEZ S T 71
FLOLbLDOE Fig. 38127 T, FEIRELILTA Y 7 E Tl L — Y REK
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= : Laser power 7
é 30+ Keyhole depthj
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= 2.5 ooy | .
5 5 &
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% 4 0O
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Fig. 3.8 Relationship between laser irradiation and keyhole depth during spot welding

of Type 304 with tailing power pulsed laser.
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Fig. 3.9 Wave shape of saw-tooth-like power used to reduce porosity.

U FEOEBRERELY L—FREEKTHICRE R AR — VB ERL TR
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Fig. 3.10 Laser pulse wave shape of saw-tooth-like power, cross section

and X-ray inspection result of Type 304 laser spot weld.

WHEBLEEAREEOBE CIZ. A>T o DAERKRLTWRWT ERRER I,
COBEEIToTEBOXF—FR—VEEE R T ARSI 28E2 LIRS
Fig. 3.11 (27”7,

Type 304 (3 mm¥); Spot welding; P, =5~2 kW, =30 ms,
Wave shape: Saw tooth, Shielding gas: Ar, R; =5.0 X 10 m%s, n; =1000f/s

0ms 4 ms 7 ms

25ms 30 ms 31 ms 32 ms 40 ms

Fig. 3.11 X-ray observation result of keyhole behavior and porosity formation

during spot welding of Type304 with saw tooth power control laser.
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Fig. 3.12 Relationship between laser power and keyhole depth during spot welding

of Type 304 with improved saw-tooth power of pulsed laser.
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R A NHEOHTARSOHCRa YT 4 NEODBELR LTV, £LbD
GEE AN T EmH S CW YAG V—VIE#BOR e 7 « ARHEEORA %
AT,

43 YAG L — P EHEER OB & B A

YAG L — VR OB B L2 HIET 572D ,SUS304 8 X TN AS083 IZx L TE—
Koty « 7L— FBEERZTV, BRAABRSICRETV—FHOOZEEZHEL
o U—FH A% 1.0,2.0,3.0 BEO3S5kW EE{L I T LB EDBERAARBIRDE
BH% Fig. 4.1 1R L, WAREE DT T 7% Fig. 42127 F ., BALERS IV —
FHANEL RBIFLEL R-oTWD, BESERHIZ. 1kWOBERARERD
KR THEVELRVDE, HAOXEMT 2L, HELZEICREAARRI -
TW5b, ZOERIT. ATV L AMOBE, 1~2kWOMTHY, 7TLI=0 L
BEDOBEE. 2~3kW OB TH S, £ LT, BEAERAAEDOEE, VL—FHAHDHE
M- THRIAAESIIEZCHEMT S8, E—FBRIXOEVEL 2o TR
WZ ENRbhd,

Bead-on-plate welding with YAG laser; v = 25 mm/s, shielding gas : Ar,
Ry = 5.0 x 10% m¥s, fy =0 mm (f = 200 mm)

s e
i i G T
.

:

Macro
structure
photos
of A5083

Macro
structure
photos of
Ty pe 304

Laser power (kW) 1.0 2.0 3.0 3.5

Fig. 4.1 Cross-sectional photos of laser weld beads in A5083 and Type 304

produced at different laser powers.
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Fig. 4.2 Effect of laser power on penetration depths of laser

weld beads in Type 304 and A5083.

. BBEAABOBEHEERBRMICKERABRH D LRERIND, TORE
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)iz, FHAOTHEEL 10
EBEoOBR#EE— F% X
REBREL.BEL—
FRIEEFET LI &
TAERE L, TR

R% Fig. 43177, Z

Bead-on-plate welding with YAG laser; v = 25 mns, shielding gas : Ar,
Ra=5.0x10'm'/s, fa= 0 mm, (f= 200 mm)

20

30

Laser power [kW]

35

DFER LY | RIEAHE
— X+ayinspectionof | -

BRI YT 4 B% Type 304 weidbead 4 AS083weldbead

CERLTINGZ W Fig. 4.3 X-ray inspection photos of porosity formation
MBI h b, in Type 304 and A5083.

WIZ, BEEEREL V— VR AOBEICLAEEBLRAL-D, AELERL
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TV, B L, ATV LV AOE5E % Fig. 44 B XLV Fig. 452" L, T3
= LH&E&EDHEE % Fig. 4.6 B X O Fig. 4.7 127”7,

Type 304 (6 mm'); bead-on-plate welding with YAG |aser,
P, =3.5 KW, f, = 0 mm (f= 200 mm}

P

Ar L

Kind an

gas He

125 [ 250
kﬁ“" Welding speed , v [mm/s]

Fig. 4.4 Cross sections of laser-welded beads, showing effects of
shielding gas and welding speed on penetration and porosity

formation in stainless steel.

Penetration depth, D, (mm)

0 10 20 30 40 50 60
Welding speed, v (mm/s)

Fig. 4.5 Effect of welding speed on penetration depth of Type 304
laser weld bead
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AS5083 (10 mm’); bead-on-plate welding with YAG laser,
P, =35kW, f; =0 mm (f= 200 mm)

| Wingd
| ot He

gas

M.

! m; 12.5 25.0 50.0
Welding speed [mm/s]

Fig. 4.6 Cross sections of laser-welded bead, showing effects of
shielding gas and welding speed on penetration and porosity

formation in A5083.
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Fig. 4.7 Effect of welding speed on penetration depth in A5083

laser weld bead.
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S~OFBIFEEZETH R, FOTREAVWTLRIEABEICETALZ LB
bnbd, -, BEEEZES LTW EBERAAERIDELSRDLD, WTho
HAZBWTHERRICES RDZ L bHERIND,

EHIZ R TF A ERICRET YAV T RAOBELBEFEORBLFN
5720, TNHOBE#EE—FO X BREBRBRE2To7, ATV VAFHBIOT
NIZULAREICBITORHREENEN Fig. 48 B XU Fig. 4.91Z77, 743
ZULABETRY—NVRIRADEBENZL>TERE YT £ OB TE 20 A,
ATV VA TRBERAIAOHGEICRe YT A BAEK L TWNRWI ERbN 5B,
Flh, KavF i, TYI=UVLAEGETRERETOIRL. DOBEERVE
ETELLR>TVBENR, ATVIVAHTIIEEEIZLEZNWLS>THD, B,
ATV LVAHIBLOTAI=OLERLL, BEEENLPEIRDICH> TR
T AN T B LR IND,

Type 304 (6 mm'); bead-on-plate welding with YAG laser;
P,=35kW,f;=0mm
Ar
Kind
of | He
gas
N2
=t 12.5 25 50
Welding speed [mm/s]

Fig. 4.8 X-ray inspection photos of Type 304 laser weld beads, showing effects

of shielding gas and welding speed on porosity formation.
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A5083 (10 mm'); bead-on-plate welding with YAG laser;
P,=35kW,f;=0mm
Ar
Kind
of | He
gas
N
smm 125 25 50
Welding speed, v[mm/s]

Fig. 4.9 X-ray inspection photos of A5083 laser weld beads, showing effects

of shielding gas and welding speed on porosity formation.
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MBIZR LN TN, ATV VA THERY AV RHTRAEIRe T 4
BWDLT 5 LBERINT,
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B CIk. RaoTF A DEREFERBELNLER2FEDT, KIZ,. RuavF 44
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BOAN=ZALEBELENMITHEDIC, A 70 75— A X REHBRBIEE
ZAWTHF—F—AEHBLORa T A AREEGHO ) TILVE A LAEEEBE
x1fTo .

G CW YAG RO R o7  ARZEB L BET 57202, SUS304 B L
N AS083 Hi%Z ., He —/V RAZAHICBWTMILATO L—HHT 3.5kW, &
WHEE 10 mm/s TH#EL, TOLEOXF—F—NLVEFHRLTICRAB L PR R &
TADERFEHE VT NALZA LBEL,

Type 304 27 > L A MO FER % Fig. 4.10 [Z137, A7V LAHFHOEHE, MK
WHF—F— A RERL, FOF—F—LERTBNPLKENEHEELTVDZ
EMbhb, TOKAO—WMITEBEEICELICMN S y R TBHLRIRD
N, ZL IR BR S E CABEEICRB T AR TRBESRDS, 2O X ICH
BT 58AF. E— FRELOHH L TCHBT2HE6bH 08, MBPIZHL
BCOBRBEBIC NSy 7a&nTHRu TR EREEREINT,

Type 304 (6 mm"): Bead welding, YAG laser, P1=3.5 kW, v=10 mm/s, fs=0 mm
(=200 mm), Shielding gas: He, Rq=8.5X1 0* m%s, n=200 f/s

t+285 ms. #4315 ms t+535 s

Fig. 4.10 Keyhole and porosity formation behavior during YAG laser welding
of Type 304 steel in He shielding gas.

WIZ . AS5083 D& B % Fig. 4.11 |28 3, A5083 O YAG L — P EHEEFIC L, ¥ —
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R LS IEE - INMEL, F—FR— LV OEIRKENAKELIEHL TS,
Flo, F—F— A ERANOREVEEL, ZOKANERME RN %2 A5 H
BB TLZEeNb0nd, £L T, BRERENZ B8 H K 1aH g EEE I b
Ty TENREBE, FuyrTF 4 L LTERETAN, Py 7Fanrniiaid®
DEFHBZRI A LRI, —FH., HBZ2HRTIKDOPICIE., &
MmN THhoOKBEAKRLTERELEY, BRtthRE N O~ L TH
BTH2bOo08H2ZbBEINT, FIZ, THI=TU A& TIE, R@BEK
EIZHE LT, RavT A ARENDP RS RS I ENHER SN,

A5083 (6 mm"); Bead welding, Y AGlaser, P=3.5 kW, v=10 mm/s, fo=0 mm (=200 mm),
Shielding gas: He, Ry=8.5X10" m'/s, n=200 f/s

#0ms t+35ms 65 ms 260 ms

(a) Porosity formation behavior

A5083 (6 mm"); Bead welding, YAG laser, Pi=3.5 kW, v=10 mm/s, f&=0 mm (=200 mm),
Shielding gas: He, Ro=8.5X10" m/s, m=200 f/s

. Keyhole

H0ms H5ms 10 ms #+20ms

+30ms H+55nms H75ms H#+85ms

(b) Bubble disappearance behavior from molten pool surface
Fig. 4.11 Keyhole and porosity formation behavior during YAG laser welding of
A5083 alloy in He shielding gas, showing porosity formation behavior

(a), and bubble disappearance behavior from molten pool surface (b).
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UEORERLY RevTF f OEREBEIATVLAFALTAVI =V LAEGERT
ZERBETHE LB bhoTc, BB, TVIZULAELOR VT A ERE
DEEECTHORVEBE, ARLEKEAREICHEL, HRKTILDTHD
e ST,

I, V=NV RFHAOEE*EE L, ARRBELTo, Ar TATY—
KL7Z%BE % Fig. .12 B L O Fig. 413 IZR T, At V=V RHADHE, ATV
LABLIOTAI=uLEE L, F—BR—NLVEARLEETHY ., I—F—Nn
EWMEH T ORANFEET I LEAHREINE, ZhboRAO I b, KE
BEIZRT v 7ENTELORRa YT 4 L), TOAERBMHEITHe o — /L FH R
DGEELRETHo T,

Type 304 (6 mm’"); Bead welding; P=3.5 KW, v=10 mmvs, ;=0 mm (=200 mm), Shielding gas: Ar, R,=8.5X10" m'/s, n=200 fis

t+0ms H+5ms 25 ms _ t+120 ms H+225ms

Fig. 4.12 Keyhole and porosity formation behavior during YAG laser
welding of Type 304 steel in Ar shielding gas.

A5083 (6 mm"); Bead welding: P1=3.5 KW, v=10 mms, fs=0 mm (=200 mm), Shielding gas: Ar, R;=8.5X10" m'/s, n=200 f/s

#+0ms #+15 ms #5ms t+100 ms 150 ms

Fig. 4.13 Keyhole and porosity formation behavior during YAG laser
welding of A5083 alloy in Ar shielding gas.

—H Ny H ATy = FLESGEOBES % Fig. 4.14 I X O Fig. 4.15 [Z7” 7,
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BELEF—F—NADEKL, ZOHXEANPLRENPEELRNWI ENBEX
Nz, CORBRID, ATUVLAFDOBE. Ng TRAIZX>TARa T 4 BED
TEBT2DEIKBOEENPNH INDITEDOTHDLZ Ehbhrol,

Type 304 (6 mm"); Bead welding; P1=3.5 KW, v=10 mnvs, fs=0 mm (/=200 mm), Shielding gas: Nz, Ry=8.5X10" m'/s, n=200 f/s

t+0ms 25 ms +75ms ' 125 ms #+175ms

Fig. 4.14 Keyhole and porosity formation behavior during YAG laser welding of
Type 304 steel in N, shielding gas.

A5083 (6 m"); Bead welding; P1=3.5 kW, v=10 mmvs, =0 mm (=200 mm), Shieiding gas: Nz, Rg=8.5X10" /s, n=200 fls

e e - | s l =

Fig. 4.15 Keyhole and porosity formation behavior during YAG laser welding of
AS5083 alloy in N; shielding gas.
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BELRSRDIEVBEISND, O Lnb, ATV LV AMOEERE
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Fig. 4.16 Keyhole and porosity formation behavior during YAG laser welding
of Type 304 at 40 mm/s.

AS5083 (6 mm"); Bead welding: Pi=3.5 KW, v=40 mmvs, £=0 mm (200 mm), Shielding gas: He, Ry=8.5X10" m/s, n=200 fis

H#+Oms H10ms t+20ms #+50ms t+140 ms

Fig. 4.17 Keyhole and porosity formation behavior during YAG laser welding of
AS5083 at 40 mm/s.
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45 ®EHT CW YAG L —HEERRO BRI EIR & G Rh o 82

Bifli CTolex— R — A EB LR T  EREHO X RERBLRERNMS
LALLM EDIC, BE. X MEEABREICEVWTEL, REGRLEKESR L
DRERLEECBHNOMTORT 72 Eid, ABRICITBR TE RN,
KERLEREBOBEEMILALERL X BOFBBRIZENHR VDT
b, XRERBBIEOEFT THD, £2C, @ YAG b — FEHER O A @
M RCHMBEOBEBPRREBET LD, ATV LVRBEBIORTAI =T A

BEIRICPLBXIYSn VA YE2ZEhENEO Z ATEEBZ % H L7,

AT VAL —FIRERICBIT S Pt OBEIRIE Fig. 418 IR L, T3

=7 LAEETO Sn OBHIRVL L Fig. 4.19 (27T,

Shielding gas: He R

Type 304 (8 mm"); bead welding, YAG laser, P1=3.5 kW, v=10 mm/s,
1=8.5X10" m’/s. n=1000f/s

t+0 ms t+41 ms

t+75 ms

+118 ms

Fig. 4.18 Typical Pt diffusion in Type 304 molten pool during YAG laser welding.

A5083 (10 mm"); bead welding, YAG laser, P1=3.5 kW, v=10 mm/s,
Shielding gas: He,R¢=8.5X10" m/s, n=1000f/s

t+0 ms t+18 ms

+53 ms

t+205 ms

Fig. 4.19 Typical Sn diffusion in A5083 molten pool during YAG laser welding.
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Type 304 (3+3 mm") with W particle; Bead welding; Pi=3.5 KW, v=10 mm/s, fe=0 mm
(=200 mm), Shielding gas: He, R=8.5X10"“ m’/s, n=1000 f/s

t+0 ms . {+12 ms t+18 ms t+31 ms .  t+47 ms

Fig. 4.20 Typical observation result of tungsten particle behavior during YAG laser

welding.

Laser beam

Number: Elapsed time (ms)

YAG laser;
P1=3.5 kW, :
v=10 mm/s,
Shielding gas : He
Rg=8.5X10"m?s

Molten pool

Type 304

Fig. 4.21 Typical molten flow in Type 304 weld pool during 3.5
kW CW YAG laser welding.



Number: Elapsed time (ms) Laser beam

Keyhole

YAG laser;
P1=3.5 kW,
v=10 mm/s, : \ ’
Shielding gas : He |
Rg=8.5X10"m7s

Fig. 4.22 Typical molten flow in A5083 weld pool during 3.5 kW CW
YAG laser welding.
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Fig. 4.23 Schematic illustration of interaction between laser beam and keyhole

causing keyhole instability and liquid down flow at keyhole front.
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Type 304 ; Bead welding ; P,=3.5 kW, v=10 mm/s, Shielding gas: He,
R,=8.5X10* m?¥s

(a) " (b)

Schematic drawing (a) (b)

Fig. 4.24 Schematic representation of laser-induced plume on special specimen
and examples of plume observed during high power YAG laser welding.
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A5083 (10 m); bead-on-plate w elding, YAG laser;
P, =3.5 kW, v=25 mnvs, f;=0 mm, shielding gas : He,
R, =5.0 x 10 m¥s, gas flow type : coaxial flow

SEM
photo

EDX
analysis

15 um

AlK o Mg Ka OKa

Fig. 4.25 SEM photos and EDX analysis results of porosity surface of

A5083 laser weld, showing formation of oxide enriched with Mg.
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Table 4.1 Q-mass analysis result of gases inside pore formed in high-power

CW YAG laser-welded A5083 alloy in He shielding gas.

Element [vol.%]

N2
0.17

Ho
0.57
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Laser beam Laser beam

Welding directisn

Welding directifin

A5083 Type 304

Fig. 4.26 Schematic drawing of porosity formation mechanisms

during CW YAG laser welding of Type 304 and A5083.

A5083

Type 304 Type 304

Slow Fast

Fig. 4.27 Schematic illustration of porosity formation mechanisms
during CW YAG laser welding at low to high speeds.
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HHZEBHLNIR ST,

A5083 (12 mm"); Bead welding; v=25 mm/s, fe==0 mm
(=381 mm), Shielding gas: He

Rg=8.5%X10"m%s

_ l5mmI

10 kW 20 kW 30 kW 40 kW

Fig. 5.1 Cross-sectional photos of CO, laser weld beads in A5083 alloy
produced at laser powers of 10, 20, 30 and 40 kW, showing

effect of laser power on penetration.
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A5083 (12 mmv); Bead welding;

0 v=25 mm/s, f=+0 mm,
(=381 mm),
5 ) Shielding gas: He,
R,=8.5 % 10~*m?¥s
0
0 10 20 30 40

Laser power, Py(kW)

Fig. 5.2 Effect of laser power on penetration depth of A5083 laser weld bead.
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Type304(10 mm");Bead welding; v=25 mm/s, fa==0 mm
(=381 mm), Shielding gas: He, Rg=8.5X10"m7s

10 kW 20 kW 30 kW 40 kW

Fig. 5.3 Cross-sectional photos of CO; laser weld beads in Type 304 steel
produced at laser powers of 10, 20, 30 and 40 kW, showing

effect of laser power on penetration.
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Type 304 (10 mmv); Bead welding; v=25 mm/s, f,=+0mm
(=381 mm), Shielding gas: He, R,=8.5x 10-m3/s

N
(¢
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o

Penetration depth, D, (mm)
o
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o

0 10 20 30 40
Laser power, P, (kW)

Fig. 5.4 Effect of laser power on penetration depth of Type 304 laser weld bead.
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Tro BFEL— )L R R CEHE LT AS083 DIF AR R 279 EE % Fig. 5.5 127
T, He ¥ AR B HIELBEITIAATE Y He-Ar iR A TiX Ar DFIER K EL

A5083 (12 mm"); Bead welding; Po=10 kW, v=25 mm/s, f&=+0 mm
(=381 mm), Rg=8.5xX10"m’/s

100%He  |75%He-25%Ar|50%He-50%Ar|25%He-75%Ar 100%Ar 100%N:

Fig. 5.5 Cross sections of CO; laser weld beads of A5083 alloy produced in He,

He-Ar mixed, Ar and N, gas, showing effect of gas kind on penetration.
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DAB=RLIIZONWTIEIE6ETHLIRNT D,

A5083 (12 mm"); Bead welding; P, =10 kW, v =25 mm/s, f ;=0 mm ,
(f=381 mm), R, =8.5% 10" m’/s, n, =200 f/s

X-ray
inspection of
longitudinal
section of
weld bead

Shielding gas He 50%He-50%Ar |

Fig. 5.6 X-ray inspection photos of A5083 laser weld beads, showing effect

of gas kind on porosity formation.
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Ty pe 304 (10 mm"); Bead welding; Po=10 kW, v=25 mm/s,
fe==+0 mm (=381 mm), Ry=8.5%10" m/s

L | ) R e e d

75%He
100%He [ToHS |S0%tIe 125%HE | too%ar | 100%N,

Fig. 5.7 Cross sections of CO; laser weld beads in Type 304 steel produced in He,

He-Ar mixed, Ar and N, gas.
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BA. AFBIUO N, TRATOBELE—FDO X BBARELIToT-, TORRE
Fig. 5.8 [ 1" ¥, AT VLV AMDGEE S, He & He-ArIREH A TR 7 4%

Type 304 (10 mm™); Bead welding; Po =10 kW, v=25 mm/s, fa= + O mm
(f=381 mm), Rg=8.5x10"m’/s, nf =200 f/s

He 75%He—25%Ar Ar N2

Fig. 5.8 X-ray inspection photos of Type 304 laser weld beads, showing effect of

gas kind on porosity formation.
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Welding direction
-l

Welding direction
-4

Globular porosity

Longitudinal section Cross section

Root porosity

Longitudinal section Cross section

Fig. 5.9 Typical longitudinal and cross-sectional photos of CO; laser weld bead,

showing formation positions of root, elliptical and globular porosity.
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Fig. 5.10 Longitudinal section of Type 304 laser weld bead,

showing formation location of porosity.
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RBuavF 4 EREHOY T LI LBEEES T OBMOBNXK & HFiC L T Fig.
50117 T, TAI=UARELOBE, F—F—NVEIB LK - Wz LT

A5083 (12 mm"); Bead welding; P, =10 kW, v =25 mm/s, f, =0 mm (=381 mm)
Shielding gas: He, R, =0.85 x 10° m'/s, n, =200 f/s

o o " ) c i) 9. P
Pzrosity Z i
Bubble ‘fe'd'f‘g
keyhole irection »
t+0 ms t+20 ms t+30 ms t+35 ms

t+50 ms

t+60 ms

t +65 ms

t+90 ms

Fig. 5.11 X-ray transmission image and schematic representation of keyhole

and bubbles or porosity during CO, laser bead welding of A5083 at

10 kW in He shielding gas.
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A5083 (12 mm"); Bead welding; P=10 kW, v=25 mm/s, fe=0 mm(f=381 mm), Shielding gas He
R~=8.5%10" m’/s, n=200 fls

MEIEIRE

t+0 ms t+10 ms +65 ms 1+435 ms t+490 ms

O‘V 0. W &“v aﬂw

t+520 ms t+540 ms t+550 ms t+570 ms t+600 ms

Fig. 5.12 X-ray transmission image and schematic representation of elongated porosity
formation behavior during CO, laser bead welding of A5083 at 10 kW in He

shielding gas.

TOLIRBEEMELITomEZ A, F—Ah— L TAER L2 K 1d ) &
BEEIC N vy 7ENTHELILON, V—VFEBREROR 7 A EROEEETH
HZZENBHOMNC ST, 0. RIAOHKICEH LTI LICBET D L. R
FoTEF—FhR—NLFREEMNLRBEERL. N8R sT7T 0 & LTEET DS
BPBALHAZENBEINE. XK — AL FHBIrLRBEFEKR LIZEEOEER
LR % Fig. 513 1257, ¥—F—AHEEBLLRBEHBRLESHAED, ¥—
A=A bAERLEKBANAT T A DERTHY  BEBEEZNT7 vy 7SR TW
DAN=ALLFAEERDO T, RBOERT HAEUMCREARZENZRVHO
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EEZLND,

A5083 (12 mm"); Bead welding; P, =10 kW, v =25 mm/s, f,=+=0 mm (f=381 mm)
Shielding gas: He, R, =0.85 x 10° m’/s, n, =200 f/s

t+0 ms t+10 ms t+15 ms t+20 ms
L

L / = A e ~— e g ;.
5 \ |
e |- o
“o Q = S . °0q 0 ]U o o ||
(]
t +40 ms t+60 ms t +80 ms t+145 ms

Fig. 5.13 X-ray transmission image and schematic representation of keyhole and
bubbles or porosity during CO; laser bead welding of A5083 at 10 kW in

He shielding gas.

RiZ, L—YFHDEZEREE, F—F— AN EHOR T A ARZHLBEL
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/=, Fig. 5.14 (I W 2B SE L ZOBERREZRT,

A5083 (12 mm"); Bead welding; v=25 mm/s, fe=+0 mm (f=381 mm),
Shielding gas: He, Rg=8.5x10"'m"s, m=200 f/s
10 kW
t +0 ms | t +‘¥75m t +290 ms
20 kW
t +0 ms t +70ms t+125 ms
30 kW
t+0ms { +70ms t +275 ms
40 kW
t +0 ms t +20ms t +60 ms

Fig. 5.14 X-ray real-time observation of keyhole and porosity formation behavior

during CO; laser welding of A5083 at 10, 20, 30 and 40 kW.
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DI TAI=ZVLAE@DOGEIE. L—VOHAONELS LDIZH-> TH—
BF—=NVEFLVES LVBLLEEBT L., EOHMIZBN TS, ¥F—F— /L5
THEELIZR@AP R YT 4 LRDEFIIAKRTHD Z EBHLNICR T,

RIC.CU—NWVEEHADBWICEDF R — A EHORe T 4 ERICRIET
BERTT D729 He, He-Ar IR B, Ar B X O Ny V— L RAH A TOREER S %8
BLl, ZNENDOX—F— VEBOBLEE HE% Fig. 5.15 177, He-Ar iRA D
HEFF—FR— N He FRIZHE_RTHLELSL>TWNEHDD He H ADFEH
ERFRICHF —R—AVEmBNOLZHOK[BEAEKL Tz, LAL, Ny TAD
Ba., =R —NVEMLSRoTWDEN, ZmHENHOLOKIBDOREN R WIZD, K
BT ABTERLSWNWIERBEEINTL, ZOAD=AAIZONTIELE 6 ETH
nw ET 5,

A5083 (12 mm”); Bead welding; P, =10 kW, v =25 mm/s, f =0 mm (f=381 mm),
R,=8.5x 10" m%s, n, =200 f/s

Shielding gag He 50%He-50%Ar Ar N,

Fig. 5.15 X-ray transmission images of keyhole and bubbles or porosity during CO,
laser welding of A5083 in He, He-Ar mixed, Ar and N, shielding gas.

FERIZ, AT VL AICBIT 5F —F—NVEBBLOFRe 7 4 EREBOE
BHiTol, L—PHH20 kWEOX—F—AEHLRa T o £REEHD Y
TNEALBEERE Fig. 516 (IZ- T, AT VLV RHIOGELTNVI =Y LG
LRI, F—AR—NVEFIFEFICHLIFEER - WHLTBY ., X—F— 1L DL
HOLREAPERT 5B FNBEINRS, £ LT BB~ &SRB,
TAIZULAREOHBALE N, BN EZ HE 0 L@ ICBEE T, B E
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SR CEEBEIC N Ty T IR TR YT A ICRDZREPBOOLND, T2, K
MRHEYEBEIBH LAV b, TAVI=T A0 L )T, JEAHE
B DA~ T 2REVBERIN RN, ThHDRKRELY, AT
VU AE COy L—HHEELEBICRe T 4 P EMEBRBMEREFICTED
BRHIL. ¥ — R — L EMECTAEKR LAEKAR S EVBEH LAV ) HICEEEEEC b
SyFENTRe YT 4L LTRBRETIEDTHEILBALNICRST,

Type 304 (10 mm”); bead welding; P,=20 kW, v=25 mm/s, {,=0 mm (=381 mm),
Shielding gas: He, R=8.5x 10" m’/s, n=200 f/s

t+0 ms t+15 ms t+25 ms t+30 ms

t +35 ms t +50 ms t +55 ms t+75 ms

Fig. 5.16 X-ray transmission images of keyhole and bubbles or porosity during CO;

laser welding of Type 304 at 20 kW in He shielding gas.

SOL I RBEAKEIToLEZA, EROL I IZHF—R— VR TER L
SR FE T 4 & LTHEREBTA2EHMN ATV LABO CO, L—HFEHERICE
HaERFEO LT A ARBECHI I ENbhol, BB, AT VLV AHORE
T 4 EREBICEF—FA—ATERNLRBEERL T, ZOKRABAR Y
F AR LBESLBEIN, FOLEDEHR% Fig. 5.17 77,
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Type 304 (3+3 mm"); Butt welding; Pe=10 kW, v=25 mm/s, fi=£0 mm (=381 mm),
Shielding gas:He, R:=8.5 X% 10“ m’/s, n=500 f/s

+36 ms t+46 ms 52 ms +56 ms

t+58 ms +66 ms H+76 ms +198 ms

Fig. 5.17 X-ray transmission images of keyhole and bubbles or porosity during
CO, laser butt-joint welding of Type 304 at 10 kW in He shielding gas,

showing bubble formation at middle part of keyhole.

I, V—FHAZBEETF—F—AZEZHOR e T 4 ARFEHICHONT
Rt L7, TR ELEDY T AL A LAEEEER% Fig. 5.18 IZ/R T, F—AHR— /T,
HAODBKELRDIZES T, ML - WML, WS KWBDONREHE LTS
EMRBEEN, F. WTHhROLVL—FHAIKBWTHF—A—VEmRHS»L
K[EEAR L BEEICN 7 y 7aRERE@IRe T 0 L LTE-, TWHRIA
BROLNIZ, TRbL ATV LZAMOGEL. TAHI =V LAEa&EFRKRF—
R—NVEBE R T 4 OEBREDHER S,
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Type 304 (10 mm"); Bead welding; v=25 mm/s, fe=*+0 mm (=381 mm),
Shielding gas: He, R=8.5x 1.0"’m“is, n=200 fls
10 KW
t s t +5 . t +5 ms .
20 KW
t+0ms rgs ms " t+75 ms
30 KW
t+0 ms t +70 ms t +80 ms
40 KW
t +0ms 1‘+1m__ t +145 ms

Fig. 5.18 X-ray real time observation of keyhole and porosity formation behavior

during CO; laser bead welding of Type 304 at 10, 20, 30 and 40 kW.

.78.



RIZ, F—R—VEBHOR T A ERICRIET V=NV FTRAOEBERET
7% . He, He-Ar RS, A, Ny H AU — L FHOBRERSAZEBE L1, FhEfh
Dx — KR — L EEBOBEREE% Fig. 5.19 [Z7R T, He-AriIRE D5 AT He H A D
Yh L RBRICF — R — NV ERBNOLZHOK[BEAER L TWER, Ny TADY;
B.F—F—NLVEHRBENODORBOBEN R EDLDFRa T 4 NTEITL
WICLHBEINE, TOAD=RLIZOVWTIEE 6ETERY LT3,

Type 304 (10 mm"); Bead welding; P=10 kW, v=25 mm/s, =0 mm (=381 mm),
R=85x%10"m’s, n=200 f/s

He 50%He—-50%Ar Ar N2

Fig. 5.19 X-ray transmission images of keyhole and bubbles or porosity during CO;
laser welding of Type 304 in He, He-Ar mixed, Ar and N, shielding gas.

DLEDORER LD, He £721F He-Ar IREAREMH S — NV KT RAPIZBIT BT VR
SV ARERBLORT UV AMOKRIE S CO, V—YERERORND 7 11X, £
I X — AR — VR CTRAET Z2RENERMMAN L BB PICEEETEFT v 7S
NTERTA I EVEALDIC o, L—FRT—RNEL B L. —8, . F—F—
LVNOFEENLERTI OO RO, —FH, Ng FAHRTIEE, WThbdhn
VT AIEERLTWREN SR, ZRIEF— AR VERBNLORIEDRAEN R
WD THBEZENHBALE, ZOFEME. F6ETHRMNT 5.

5.5 K CO, L—HBEEROBERMMBER &SR OB 2
X BERBEREICL-- TR YT A OAEREHHOXF—F— AL EBHOBELIT

> LR TELEN, BRMERLEMMBAOBRNICOVWTEBRTERh-o
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o 22T, H4BELRAKIC, RENIC X RBEKRIC2 FT X MBS BE
DAL, IHLOBBERREFBET LI LICLD, BRMBRSGHRAO
DR R R

FPT . TAI=T LR L —VEELCVWIBORMMEREBET 72
IZ, Sn O#HEEBOAALTLREZEEL., TORBPRUEZBELL, TOLE
DY TN A LBEERE Fig. 520 177, L—FNSn VA VIZMA TG,

FREICTERMAN B SE LD, ETEMMREZEMBLE S ~m2 o
THAEL TS, TRECHEVTRESM~BELIBO TSI EbBESNLE, £
LT L—FNSnDH - fLBIEFIZVDEIE Sn BNIEERMMANZRIE SN D D,
L—¥2ER T &, TAI=0 L5688 KREICER LAY, Sn ORI
LT %, o, BELTE->7- Sn OBHBREBAERBMBRELELTHD

A5083 (10 mm™) with Tin ; Bead welding; P=10 kW, v=25 mm/s, =0 mm
(=381 mm), Shielding gas: He, R:=8.5X 10" m/s, n=2250 f/s

+0 ms #+19 ms +38 ms t+57 ms I

+64 ms t+75 ms +85 ms t+103 ms

Fig. 5.20 X-ray transmission images during laser welding of A5083 alloy with tin,

showing diffusion of tin in molten pool.

-80-



EEZOND  FEI T REXRTEO SnOEBEINTZRKNEZBE LICHER% Fig.
521I1CRY, VL—VBEROT VI = LAEE&OEFMIKIEZ., BRI R ESIX
L, L—YVBRMEBEFEIIEFICELS B> TWALIERALNTH S,

Fig. 5.21 X-ray inspection of diffused tin in laser weld bead of

A5083 alloy, showing molten pool shape.

COBBICEINE FERIANICIIRELL DT T2o001MDHD I & HHER
i, TOFN DI W%z Fig. 5.22 IZR T,

Key hole

Weld pool

Fig. 5.22 Schematic drawing of molten flow and its direction predicted

from tin diffusion.
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EHIz, TOLIRBEBAMELIToT-LZ 5, Sn OB LIZERMA % A
B EZEEIC I > TRV BB TR T LBE I, £D L & DERF % Fig. 5.23

2R3,

Lasertk

Fig. 5.23 X-ray transmission image showing tin diffusion

and bubble flow in molten pool.

TORRED ., X VERETAR LIRIEIE., BRI D IC B R
RE~BEL WD N5,

RIZ, BRHMANOGHRNE LV HELLBETLIED, TLVI=ZTULAEEIC W
BT 2MOIAR, BEFICWAFABHT2RNELBEL. WHEFOBBH
% Fig. 5.24 |Z" ¥, WHFIZE#EN/IGE S LIERMMNEZH L < BT 585+ 2

A5083 (6+6 mm); butt w elding; Po=10 kW, v=25 mmy's, fd=0 mm
(=381 mm), Shielding gas: He, Rg=8.5x 10™ m'/s, nf=200 f/s

+0 ms t+40 ms t+130 ms

Fig. 5.24 Typical Observation example of W particle flow in A5083 molten pool.
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BlE I, ZOR T OB Z B . BN OREE1T o 7=, Fig.5.25 (2 #
MG RN OB EF 2R T B FIEX— R — VRO DD E X —F— Il E -
THF—R—= VIR ~AP> T TS5, 0L EOBBFHEIIEHE FEE X
DHHS, ZDZ L XY, ZOBRMICIE., F—AF—AMIZE>TTREOIFEFITE
WIS H D Enbnd, iz, F—F— A mE» L IER % BE R W Iz B~
Ao THRADEFVBRIN. ZOFTEHREMBANTLZE-> THOF —F— 5%
W~ =7 LTV AN PBEIND, ZOEMBMEBEHEZRE V=TT 55
ix, WA E B WIC LR 28 TRAM036m/s L WIHI HELTHE LI, £
o, 2O RBEEZMEBIT-LHER., ZOHMD TOMHEITRK 0.4 m/s &\
IEERLDE THEREIN., F—FR—/LEREN» L ER M BB WICIHET I EE
WD GFELTWB I LRGN R T,

Key hole

Molten pool

Number: Elapsed time (ms)

Fig. 5.25 Typical example of melt flow in A5083 molten pool.

ZOEIRBRBEIIBVWT, BRMEELHGEORNALICOVWTEM ST b D%
Fig. 5.26 |27, WM R F 5 Tl RMMEBEIZ M2 > THRATWD Z & 255
RBEN . BDIBEBRT AT L BERMIBANEVIAATHSTNEZ ERbMND
o, TORFLX —F—NEHET > TVER, ZThik, F—F— B WIcEHR
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LTHENLTWVWALDEEZON X —F—VORIBENOBE~YY L T LD
DELER Tl 7,

oo

3 mm

/ /
4
e
e S

Fig. 5.26 Another example of W particle flow in A5083, showing liquid flow near

molten pool surface.

ELICBBEIToE A AUBHERMFICENTHEL RGN ERMA
WZHDHIERBEIN, BEINZERNLOF % Fig. 5271277, Z0OL)
WA= LB BT AEMMBNOBGRAVIEZER N TR Fr i x £k
LTWABH I EREZLND,
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A5083 (12 mm"); Bead welding; P, =10 kW, v =25 mm/s, f,=+0 mm

(f=381 mm), Shielding gas: He, R, =8.5x 10" m’/s

Weld pool
3 mm

Pattern A

Pattern C

Mo

N

3 mm

Pattern D

Pattern E

Pattern F

Fig. 5.27 Other molten flows in A5083 alloy observed during CO; laser welding

under the same welding conditions.

WA W RL T OB BB L OVEE & F—F— 5%k
BLBRIS L OVHEE & A i L7, KA A L — X 2N CERRIM R E 2 O HIR L7
CEDRBOBEBNE A FL— ALY D% Fig. 5.28 12777, Ki@B Kb &E<
BE)L TWD DL, BRIMERBEGRWVICBEH L TWHE2 T, & KEEK 0.4 m/s

LI

g o

Fig. 5.28 Bubble flow pattern in A5083 molten pool.
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Thote, ZOMEIF, WHTORKBHEELRN—HEZRLTEY, £/,
B RKEE AT L BI-CEBMbBER VN 2B S — B L TWD, ZOH
BLY ABMBAOKEOBEHL, BLOBEAICEDZbOTEALL . BRIAD
BmNICE > THEINTWVWDLIZLENHABTH S,
FAERBHRNOBEEAT VL ARIZBNTHITo, AT VLV AHIICHEZ
AL, BRMBIKROBEE2{ToEE L ZOEAX®% Fig. 529 IT7-¥, A
F oL AMOS A EE R 2 R T ~m D it & ¥ — R — LT 1A
~ORNANBEINTE, ZThHIETAHI=ZUAREETO Sn OB TBEINTIR
& K< ETHz,

Type 304 (8 mm"); Bead welding; P=15 kW, v=25 mm/s, =0 mm(f=381 mm),
Shielding gas: He, R=8.5x10" m/s, n=200 f/s

1 T 77T

t+0 ms t25 ms _ tD ms _ t+65 ms

_

t+80 ms t+100 ms t+135 ms t+215 ms

Fig. 5.29 X-ray transmission images and schematic drawing during CO; laser welding

of Type 304 steel with platinum, showing diffusion of platinum in molten pool.

BHEKRTHO Pt OBBENEZFERERLAS— A THRELEHES K% Fig.
530 10T T XBREMBELIV AT VL AMOBRMBERIIRELS I—T 0

L2 ENbND, £, BRMBRIIRELESENIELS, EHEZELIE LR 20
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ZLERHEREINDE, —FH.MFOEBEE2EHETIL, KM EBEEDOI—T0bH 5
MNEBIIBREEBHOUVA Iy TRIZK TN TWVWAH S EIZIE—HLTWVWE, =
D ENnb, Btth EEE TEH TIIEBRNIERERD DI EEZ DN D,

X-ray inspection photo Cross section photo

Partial penetration
w elding

Fig. 5.30 X-ray inspection and cross-sectional photo of Type 304, showing
relationship between molten pool curve and penetration geometry

of weld bead.

KIZ, BRAMANOGHRAICOWT, W R FE2EDALEREEZ CO, V—F &
BL,. ZTOBBRRZBE L, Fig. 531 TBEBINEAT UV L AMOBRMLE
T 35 T O B i AL D il A 7R 7, Ha Rl SR T T 65 T I v R AR BE LT M) A o TR T
MO TWDZEAHBEND FE.ZOLEXORKKREIZ03m/s EEETH-
s

3 mm

Number: Erapsed time

Fig. 5.31 Typical W particle movement in Type 304, showing

liquid flow near surface of molten pool.
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Fo, AR REEFEOBE X 28 L2l % Fig. 5.32 IR 7, BERlELR T
O W R I, WEERRSBEESMICHEVIES R BBL THL4 CICEE
BERDH LIS, TLVI=UAEEO XS ICEHBEICEIV TRy, Zhid, &3
NELCLV—VREOX—FR— A ODOF~EI Y ERMMERICHE O X2 C®R T~
BEIXEAGBHRABFNEZDTHAI EEZLLND,

EYE

3 mm

L4}

Numbe}‘:'ﬂl":":{apsed tim

40 3

Fig. 5.32 Typical W particle movement in Type 304 molten pool,

showing molten flow at bottom part.

F, ZORFOBEEBIL, F—F— AR CAR LR OER L K<
PTEBY, ZOHREIV . ATV VABFHOGE L X —F— AV EmE TAR LR
ISEBMAOGRNICL > THRESLTWVWEI D EEZ LN D,

FOMICHERINTZAT VL AMICBIT 52EmAIZ-2W T Fig. 5.33 177,
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Number: Erapsed time g
55

Fig. 5.33 Other examples of W particle movement during CO; laser
welding of Type 304 at 15 kW.

TOLHRCAT UYL AHMIZBNTHEHERNVIEICEFN LR bO TN &
Whnd, -, BkiE., EEES» LB BB~ EXF—F - AW H 5
BEEFLTCOLEMBO%KT EM~NTATWOIRFAIBEESH, £, *—
A% TIIERMMETICE 2> CTHRTLTVWDRR bR SN,

56 Fua T 4 NEOZHT

TIETOERBRELID . KHACO, V—-VEERFOR T 4 XX —F—
SR T AR L K IAN RN A BT K o Tk ST D I BE [ BE
IZOMNED BETHIERALNI Rz, LB T, a7 ¢ NEICIEX
EEMWENBALTWVWAIENHEREIND, £I T, AFH T, Ko7 DK
HBESLHRa YT 4 NO T ARSI 2T > T,

TP, R T A ONEBEHADZHIT, AS083 DA T o NEDBIE %
SEM TYT\), EDX TH#&1T-7, TORE% Fig. 534 IR ¥, A7 40D
NECIE, AVENBIE S, ZoHA EDX TafrL/ic&éZ A, Al&E Mg O
DE LAY (BRbY) ThsHZ ENERINT, AS083 2% Al-Mg RE@TH
A7, Al R Mg 1. 88RO NF—F—Arbe&REARK L L TR YT 4 A

WEALELDEEZEZLND, 7. 0 XEICKRERSDEEARLIZL->TAHRE
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CTFARICBALTWALDEEZ LD,

A5083 (12 mm"); Bead welding; P, =5 kW, v =25 mm/s, £, =0 mm
(=254 mm), Shielding gas: He, R =5X 10" m’/s

SEM photo

Mg Ka O Ka

Fig. 5.34 SEM photos of fractured surface and porosity surface in A5083 laser weld
bead made at 5 kW, and EDX mapping results of Mg and O on porosity surface.

TORRLID . F—AHA—AARF—FR—ANLAEALLIRENBLORNE T «
NIZiE, ERARMOSVKREICEBAEFNL TS LEZEXLNS,

R, AT L RAMOR T A BEHBELITo, ATV AMOKRT ¥
F 4 A BE L 72 SEM B HE % Fig. 5.35 (07T, Au o7 4 OPEITEE G
NIATWAEBPLERNEOLLTRVWERTIABEIND, Zhbid, Ruv

F4ELTEETA5ANICEBEINEZAEN @BAIN R T 1 NEE
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TEBETIED, FLT, RayT o AHODEHDD TR, FEEEBE L TWLRNY
A T4 LEEBERENLEBEMEBRPTRN I ATEEZORa 7 ¢ NEEIC
MARTEREEbDLEEZLND,

Fig. 5.35 SEM photos of fractured surfaces and porosity surface in Type 304

laser weld bead.

KIZ, RuT A NOHTARZ DO &1Tolc, BELEAEL2 X fEER
RTHRe YT A ONEBELZTORN, EOMNBELHELEETY—I LT EEFON
ARG ITITRENT, $t@OMNELZ R HIT L, HTEXLTAZEESH Lz, &
Hr A& OB O IRRE & Fig. 5.36 (2777,
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A5083 (12 mm"); Bead welding; 2, =10 kW, v=25 mm/s,
£ =40 mm (£=381 mm), Shielding gas: He, R, =8.5X 10"'m"/s

(a) Before analysis (b) After analysis

Fig. 5.36 X-ray inspection photos of A5083 weld bead before and after

Q-mass spectroscopic analysis.

TOLIRFETCTNANIZTLAREGEAT VY VAO A ARSI 21To 12
R % Table 5.1 1C7T, SENOH LERBIAT UV VAR T AVI=VLEGE
L He ATV — AV RLELDEHAWVWER, WTFhog&ilsWnTh, ¥Y—/F
HAES THDH He BEFICEZLFENLTNWDH I LB ON D,

Table 5.1 Analytical results of gas content in pores of A 5083 and Type 304

laser welded bead.

—
Materials | Location |— CO’“:;’S'UOHS ( hi) _
(1) 3.3 95.9 0.2 06
#3083 (2) 12.6 86.8 . 06
(3) 8.1 90.7 05 07
Type 04 1) |l eos | 394 ] -

TOREBE LY Bo T A ORNRICIE NV T ALZEICEZAENRLTWDS
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ZEPBONI Rl BB, FOMDOHT ARG ELTEENTNS Ny X Ar
FIREEDDBEBIRALTHDLEEZ DI, Hy IXEICHEBERTHRICHERN TI®T
LILBKEBETHDLEZEZ DN D,

UEDRKERIV . Ao v A DRERTHLHEEMNITIEF —F—ANTHLIHE
ELTWIZRBODERER L VNV I ABLIOBMEOREERS B EEAEN
TEBY.ZOR@WBPRE YT 4 L LTEET DI LEXICEBREARIN K VT ( NEE
TEEBE L. AT NIV RTRARERR S OBEZAETNTZ L OO HM
FoTWhHeEZXOND, 2L T, [UADEE T & XOMBKOREIZL - T,
BEABRAL, £, BE%Z. KEFPLEH - BALTELIENEI LD,

57 KT CO, V—WEEROFRa 7 ¢ £ rkiig
IEOBERBER LY A5083 DRHE N CO, L —VEEFICBITA AR T ¢ 4
A 2 XXM E & O D% Fig. 5.37 12577,

. . (b) Behavior observed under
(a) Main behavior some welding condition

Shield gas ”'\\\gser beam Shield gas g\\\&tﬁse? beam

‘Welding

Weld pool direction
Schematic
of porosity
formation
Welding Bead—on—plate welding, Bead-on-plate welding,
condition Butt—joint welding Butt-joint welding,

Full penetration welding

Fig. 5.37 Schematic drawing of keyhole and porosity formation behavior

during high power CO, laser welding of A5083 alloy.
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) i b) Behavior observed under
(a) Main behavior (b) . .
some welding condition
Shielding gas Laser beam
direction Welding
Weld pool direction
Schematic Porosity
of porosity
formation Porosity
Bubble
2 Q ARZIRAS
Welding Bead-on-plate w elding Bead-or\-.plate v gldmg
- - . Butt-joint w elding
condition Butt-joint w elding _ _
Full penetration w elding

Fig. 5.38 Schematic drawing of keyhole and porosity formation behavior -
during high power CO, laser welding of Type 304 steel.
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H % Fig. 5.39 IZ1°7,

Type 304 (6 mm”), bead welding; Po=5 kW, v=15 mm/s, fa=0 mm (=381 mm),
Shielding gas: He, Rg=8.5X10" m'/s, nt=1000f/s

t+0 ms t+5 ms t+10 ms t+116 ms

Fig. 5.39 X-ray real-time observation of Type 304 welded with CO; laser at 5 kW
in He shielding gas, showing keyhole and porosity formation behavior

during welding.
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AIE TR L YAG V—FBEROBEFMFCEVEETHEELTWRICY
PPHLLT, CO, V—FBETIH, F—F— L ERBTAERLEKEITZ. TV
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BRMANICEBR IR PtOKT % Fig. 540 ISR L, WHFOBEIC LV EEX
NG Ol % Fig. 5.41 IZR7,

Type 304 (6 mm™); bead welding; Po=5 kW, v=15 mm/s, f&=0 mm
(=381 mm), Shielding gas: He, Rg=8.5X10" m’/s, ni=1000f/s

t+0 ms t+17 ms H+62 ms

t+92 ms t+104 ms t+388 ms

Fig. 5.40 X-ray observation of melting and diffusing of Pt wire in Type 304
molten pool during CO, laser welding at 5 kW power, showing

molten pool shape.
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fype 304 (8 mm"): bead welding: Po<s kW, voA5 mmis. o0
|

| (=381 mm), Shielding gas: He, Rg=8.5X10* m®/s, ni=1000f/s

50-14

Number: Elapsed time (ms)

3mm

Number: Elapsed time (ms)

Fig. 5.41 Typical example of liquid flow in molten pool of Type 304 welded
with CO, laser at 5 kW power.
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Type 304 (10 mm"); Bead welding; Po=10 kW, v=25 mm/s, fo=*0 mm
(f=381 mm), Assist gas: He, Rs=8.5X10"m"/s, n=200 f/s

Bead surface

X-ray
inspection of
longitudinal
section of weld |§
bead :

Cross section

Full penetration Partial penetration

Fig. 6.1 Comparison of surface appearance, X-ray inspection result and cross-

sectional photos between fully and partially penetrated welds in Type 304.
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Fig. 6.2 X-ray transmission real-time image during full penetration

CO; laser welding of Type 304 steel.
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Type 304 (10 mm™); Bead welding; Po=10 kW, v=25 mm/s, f=0 mm
(=381 mm), Assistgas: He, Rq=8.5X10"m%s, n=200 fis
';Veiding - zVelgtI‘r;Q P +8
irection iy irection beam
Scematic of —l-—-.- L Log = '
laser '
irradiation
=0
8=+10
X-ray
inspection of
longitudinal
section of
weld bead
G=+20
|
|
8=+30
m

Fig. 6.3 X-ray inspection result and schematic drawing of forward and backward
welding made at different beam angles, showing effect of laser

irradiation angle on porosity formation in Type 304.

FIT, BEBRERORa T A OERBAV=ALE2BETHDIC, XKBE
MIVTNLEA LBEEIT> TR LI, MTERERLBEBREREOV T VEA

el 101 e
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Fig. 6.4 X-ray transmission image of forward welding of Type 304.
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A5083 (12 mm"); Bead welding; P, =10 kW, v =25 mm/s, f,=+0 mm
(f=381 mm),Assist gas: He, R, =8.5 x 10" m¥/s

. +8
t‘%eelg%ﬂl .
Schematic
of laser
irradiation

o=+10 |E

X-ray
inspection [=*1 5
of welding
bead

Fig. 6.5 X-ray inspection results of CO; laser welds in A5083 made at 25 mm/s
welding speed at different forward and backward angles, and
schematic representation of these welding phenomena, showing
influence of beam angle on porosity formation.
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A5083 (12 mm"); Bead welding; Po=10 kW, v=25 mm/s, fe=+=0 mm
__ (=381 mm), Shielding gas: He, R=8.5x10"'m"s,m=200 f/s

e scmm————

Forward welding (+14") Backward welding (-10°)

Fig. 6.6 Typical observation results of keyhole and porosity formation

behavior during forward and backward welding of A5083 alloy.
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A5083 (12 mm"); Bead welding; P, =10 kW, v =50 mm/s, ;=20 mm
(f=381 mm),Assist gas: He, R, =8.5 X 10“ m¥s

Laser beam. +

Schematic
of laser
irradiation

X-ray
inspection
of welding
bead

Fig. 6.7 X-ray inspection results of CO; laser welds in A5083 alloy made at 50 mm/s
welding speed at different forward and backward angles, and schematic
representation of these welding phenomena, showing influence of beam angle
on porosity formation at high welding speed.
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& @
afr=0.72 mm ar=1.2 mm af=2.0 mm
ab=0.36 mm ab=0.6 mm ab=1.0 mm

Fig. 6.8 Power profiles of twin beam system at processing point used in this study.
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HOFDX—F—NEHEVEHEATEIROT, RXRPOREBREERXK L LT
T, TOMKE% Fig. 6.9 1277,

Beam distance 0.36 0.6 1.0
(mm)
Inline
3+2 kW

1.05

3 KW

{mm) {mm) {mm)

3.28

0.60 {mm) 1.49 {mm})

Beam arrangement

0.43 0.60

{mm) {mm)

Fig. 6.9 Schematic drawing of typical shapes of keyholes during twin beam
welding of A5052 alloy.
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A5052 (6 mmY);

Bead on plate welding, P,=2+2 kW, Dual beam, Cross irradiation,
Fiber distance; 1.2 mm, v =33.3 mm/s, f,;=0 mm (f=100 mm),
Shielding gas; Ar, R,=2.55X1 04 m3/s

Schematic of X-ray photos t+0ms t+4 ms t+6 ms

t+ 7 ms t+ 8 ms t+ 14 ms t+ 101 ms

Fig. 6.10 Typical example of porosity formation behavior during twin beam

welding of A5052 alloy.
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., BEABMICE Y Yy I re—boRa T AREELRETHDIZLEBHDL
MITxo T,

wIZ, F—Fm—nAERER T A EREDOBEBREZRSDLDIC, 3 kW DY
VAN E—LABREOE—RE 2HKWOY A UV E—LABEOE— Fa2 XBRRE
L. KavrFsozsKxlz, 7B, ALEHTHEEIERL TVDLHDICD
WTiE., By BT EH2HEL, PHAUTZEHELZALELLOZAW
7=, #FDF% Table 6.1 IZ77T, A6063 TIHEETOYA L E—LDT 7 A /3N—[{
b —ARBTRa T o BN IBISTERY, £/, AS052 TIET7 7 4 N —H

2812 mm & 2.0 mm CAhRa YT 4 B RBVHERICHD Z VPRI, ZO
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BRLY, YA E—2MIIE AT  MECED THS EHB SN 5,

Table 6.1 Number of pores in A6063 and A5052 weld bead produced at 3 kW

laser power.

Fiber Beam Number Fiber Beam Number
Material | distance of Material | distance of
(mm) arrange pores (mm) arrange pores
A6063 - Single 32 A5052 - Single 45
072 | Cross| 16 . 072 | Cross | .. 49 ..
Inline 19 Inline 51
1.2 | Cross| 24 12 | Cross | . 24 ..
Inline 0 Inline -
2 | Cross| 19 2 |.Cross | 43 ...
Inline 10 Inline 31

TITRIZ, VAU E— L EBEODRERBRDL-DIC, E—2 D N F%
ElSERLY, E—2BBE2ELESE TR T 4 EREEARIILE, B—A
B IO — 2D NG M EEARSEZHBEORT T  OARES B L
T Table 6.2 (2779, ZORLY, L—FHARHEIZHMA L TVD 242 kW T
. 77 A RN—HBEREN 072 mm ObDE R T 4 BN%L, T 7 A N—H
fROIEN 1220 mm TIEFAB VT 4 BB LTI ERbME, $7-, HHE
BELEIHBLZEBE LA, SRERIOTFT—EZN6IERe o F iz k& Aozt
MBOLNT, EHELDEBERFRT VT A MEIICLVBRBETHDLONIZHON
TEHHBTERpolz, —FH, 3HIkWO LI R L —FHIDIFE->-BEDOELS
E. 22kW OB SIS TRe O F  ABBICHEMNLTWS, £72, E—A
FRL 12mm A/ bFA T 0 23072< 072 mm & 2.0 mm Tiz Ao o7 ¢ 2
Z< o TWVD, EHIZ, 3+1 kW OB XL HEE LV L EFIEE O F N E o
VITAEIMEI LD ENERIN, BEFFICLIRBEEBLETH S L&
bbb,
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Table 6.2 Number of pores in A6063 weld beads made at different beam intervals

and power distributions at 4 kW laser power.

Laser Fiber Beam Number Laser Fiber Beam Number
Material distance of Material distance of
power arrange power arrange
(mm) pores (mm) pores
A6063 | 2+2 0.72 |} Cross | ... 15 . A5052 2+2 0.72 | Cross { .40 .
Inline 9 Inline 40
12 | Cross| .3 . 12 | Cross | 12 .
Inline 3 Inline 17
2 | Cross| .9 . 2 | Cross | 14
Inline 4 Inline 16
Fiber Fiber Number
Material Laser distance Beam | Number Material Laser distance Beam of
power arrange| of pores power arrange
(mm) (mm) pores
A6063 3+1 072 | Cross | __. 33 . AD052 3+1 072 | Cross | .. 52 .
Inline 18 Inline 33
1.2 | Cross| 16 12 | Cross | .24 .
Inline 16 Inline 35
2 | Cross| .45 . 2 |.Cross | 90
Inline 23 Inline 35
Fiber Fiber Number
Material Laser distance Beam | Number Material Laser distance Beam of
power arrange| of pores power arrange
(mm) {(mm) pores
A6063 [25+1.5| 072 | Cross|. .. .. - A5052 2.5+1.5 072 | Cross | ... -
Inline 10 Inline 44
12 | Cross| 7. 12 [ Cross | = ..
Inline 11 Inline 18
2 | Cross| _.7.... 2 | Cross | . 7.
Inline - Inline -

TOEINCL—FOHEISHFRE—LDORE T EIXEEROR R VT 1 A
WREREEBYEZ DI EVERINT,

DEDOERIY, VA E—LEHERICIE, ROLI R A=A LIZLDRD
VT ABBEBLTWAELDEEZIDBND,

VU N E—ADRE XA VIIEBIEADRE T HICEHEVICHMAS
LW TLEIEDIC, F—AR— I ERTE»PLRBEERKRL, Fuai T gL
BRHEN, VAL =L FREANTEF A=V ZESHANTRL I LICL-T,
F—HR— LV NOREYWE LT~ ERILS AR T IR TE, KT 1O
HizohNoTnHEEZLND, T EBKAMAIIC Fig. 6.11 12737,
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Easy to escape

because of narrow because of wide
key hole opening iy osopaning
Unstable Stable
{s)i?agllro f:::’ Dual focus
(short beam distance) (long s

Fig. 6.11 Schematic drawing of single beam and dual beam processes.

ULDFERLY VA vy E—LBEEIFRe T MElCEDTHEEEZEZDN
LD, FEBRDPLTHLENVWE, Fav 7o B EBBTERVWED, A9t %
BRETILEND D,

6.3.3 NIV AR L —FEBEEOH R

KE T, AV ABRHOEHETL—FBEELTV., B o7 ¢ OERBO TEEH
AL LB OV TRETT 5,

—RIZ SNV RAER LI =V TCHREBELEBIZERe YT 4 BB T 5 Z &R
HHENTWE W OB ZORAI=XAZOVTRERHBEVHLATVARY, 2
T, E2T,. R VT A ARICRET N AT 2 —FT A DEBLRARDL-D., 4
BRTa—T 4 CHELEL, TOE—FO XBRBREKEE% Fig. 6.12 IZ7R7,
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Dutycycle:
D

Power

Power

x100 (%)

—
Y (a+b)

Time " Time
A5182 (=7 mm); COz laser; P,=5.0 KW, v=26 mmys, f,=-0 mm, f =100 Hz
Coaxial shielding gas: Ar, R,=5x 10" m3s (Nozzle dia.: 8 mm¢ )
(a) D,=100% (CW), P,=5kW| (b) D_=90%, P,=4.5 kW (c) D,=80 %, Py=4 kW

Fig. 6.12 X-ray inspection results of pulse-modulated laser welding,

showing effect of duty cycle on porosity formation tendency.

Fa—T 4B 100%, THbLCWRBHOFAIZIFIIEFTIIEZDRa T 1 B3 4E
RMLTWS, LML, Ta—TFT 42T L3I TRerT 2 BB L,
70 U TFTARr YT 4 iFRIERBICMBIcsh TS, ORIV, "AVRE
Lo T V=P 2EHET L3Ry T A MFICHEFRCAEDITHE Z &M
bbb, LEER-T, KIBOREL ZFNICHEI Ra T 0 OERITERM B
BEEAMICL> TAEEST 2 — T 2Bz br—Ad5ZLICkV%
BRI TEB LN ERBEIND, T T, vAM 77 xr—H R X BEHRB
RBEBLZHANC, "AVAERBET 2 LHBEO LV —FHEHEFOXF —K— /LR
BN ARa T A AREBEZBE L, TO/RE%L Fig. 6131277, ZTD LD
ZEEiZay ha— LV ENERAVAERH L —FEEOBEO X — K —Nid, £0
R EHEBEZRAYHIZERYVELTVWAD, BRAMA~OTEDOAERN 2L K
BT ABERL TN NI EXRbMND, B, BIELE 75 £7/21X 100 Hz T,
Ta—7 480 b LIXWN%TOLV—VEEEXHLZBLELLLIA, F—F—N

SRR A B DORIBDOFAENRRD bz,
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SUS304 (8 mm”); Bead welding; Pa~1.9 kW (75 Hz, Duty 70%), v=10 mm/s,
f=0 mm (=200 mm), Shielding gas: He, Rg=8.5x 10" ms, n=1000 f/s

Welding
direction 3

A

Key hole

Elapsed time (ms)

t+7 ms t+9 ms t+11 ms t+14 ms

Fig. 6.13 Keyhole behavior during welding with pulse-modulated YAG laser,

showing porosity suppression.

LieRo>T, #RRLETISHz, T 2a—7 14 10 %DEFHETIE, F—F— VDR
HNPOREEREETDENCKF—F—ADBHEHBRL TWAZ ENHEREEINS, -,
F—R— LOHERBICE L TIE, F—F—1LOEHIFEKRL, BBENF—FH—L
CREIIEEDZ BB hole. BB . F—F—/VOHEBHEE LN 0.8~1.1 m/s
EHEIN,BALZRYAG V—VPREFICL A ARy MNEERFOEBOHEE (19 1.2
~25m/s) D¥ERBETH-T=, LR T, "V RAERBEERIZBIT 5 X —
R—=ABEEOEZEZETICHA LD Z LB AHRETH - B X, Bt # iR
WEL, F—FR—ADOOARFEEHIIHLTHE LY, EHAIRNF—HK—
NWHBERLR T, ABREELE TV THLILDEEZLND, B,
—E, RIAPNEE L THLROF—F— LV TCHEHRBRIEIHLLERSHL, &
R 4 ORI EB DR S i,

ULEDERBERLD, AAVRERAO L —FEHEEZ. F—F—ARmEH» 60

[RWOBBEEXZMBI TEDILIRBHEEFHT, Lrb, F—F— N2 E8HICHE
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S5 X S F— LD R % 1000 £701F 1125 /s TITW Ny H A TAH B ¥
FABBOTHAN=RALICOVWTHRE L, "B, v 7 4 2L RET
% He # AL — /L REEQOF — R — L3877 A-EHORMBARLITV, N2
H A — v KD ZHE) & R L7,

P Z2HEOE T s OERPHEREIND He T AL — N RO F —FK—/b
HKE L ST R EBMEBE L, A— AT A FRAT L A Type 304 1238
F A RMEBEOEES Fig. 6.14 IC57 T, He ¥ ADHFE, F—F— /VITHEICHH
LEEE. WE-IWHEL, S—F—AOnb T I X<,/ TIL—LNBFEICEEHL
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- 120 -



Type 304 (8 mm"); Bead welding; Pe=15 KW, v=25 mm/s, f&=20 mm (f=381 mm),
Shielding gas: He, Re=8.5x 10" m'/s, n=1125 f/s

%-ray Plume &
mage ::’;em
\mele

Weid bead ém“- ]

t+0 ms t+5.3 ms t+8.9 ms t+10.7 ms

Homs 143.6 ms 1+9 8 ms f+13.3 ms t+16 ms

Fig. 6.14 Simultaneous high-speed observation of plasma and keyhole behavior

during CO; laser welding of Type 304 in He shielding gas.

F—AHR—NDA A—TVNERE ETCRLORRNEHARDO T, F—F— KL T T
XwikE bL—RA L, BMAKMIZE L HEZLD% Fig. 6.15 (2R 7, ZDOR X
D, 79X LF—Fh—LEMCIEENDH D Z ENHERINDE, V4 XDK
EREB T T ANEBGRICAEAKL TWBED (1+5.4~1+7.2 ms) TIX, F—h—
WORSERENKRBIZELNEL R-oTWSE, Zhix, F—F—E R0 EIZ
AL TWVWATTFXTNDRKRENED, L—HF 2R X AF—FLLHINL, F—F—
NARBL V=X AFX—PN/hSRBJLDLELZOLOND, —FH., hEaWT
TRAINBBIIKEL DB (1+9~1+9.9 ms) TiE, F—FK— NV ITEAMICKE
KL BRHOTWVHZEDPHEREIND, ThIZ, F—AFA—LOBRAEICAER LT
WABTTRARN/NEWVWEE, 77X LDV—PFRIRIZIHFEVEI BT, ¥—
F—VHATELWEABEZEZY, F—F—NLZEIKRSLTWEDEEZDL
N, MLWERIZE>TRE ETEE2B 7 AvDHEKRLEF—F— L OMEN
IZERIFICBEINTEDEEILND,
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Type 304 (8 mm"), Po=15 KW, v=25 mmvs, fs=0 mm (/=381 mm), Shielding gas: He, Ry=8.5X 10" m'/s |
Wetallic | Specimen | \yeiq bead

ST S N

Plasma

Key
hole

|

Time t+0 ms +0.9ms t+1.8 ms t+2.7 ms +3.6 ms

t+11.7ms | t+126 ms t+13.5ms | t+14.4ms t+1563 ms

| OSSO SO

Time | +16.2ms | t+17.1ms | :t+18ms . ,tfav .9 mvs‘ #+19.8 ms:‘. A t420.7ms | H21.6ms | #22.5ms +23.4 ms

—U

Time | t+8.1ms

4 (+10.8 ms

Key
hole

Fig. 6.15 Schematic drawing of plasma and keyhole shape during CO, laser
welding of Type 304 in He shielding gas, showing relationship

between plasma and keyhole shapes.

TOBEERIY, AT ULV AMIZBIT S He H AV — L REED F — R — /L2
BL 7 AVEBHICIEELREERLHILOLEIOND, RRRBEREZ TV
R AALEBIOREMIBOTHLIToZN, He V=V FHADF —HK— )V
#$B LTI AEHOBRIIAT UL AHOBELRKTH > 7,

U EFEDRERLY, He YAV — L RO T X< & X —F—AOFEHT, T
NOAEEDBAECEBVTHEERBEREIDHY, F—F—LVEFCEEKINTE
. BIE - IWHEOCEEEZ L TWVWDLZ ERbhol,

Wi, RavT 4 BRI IS Ny — b RTRAREOX —F—VEgE# L v
F 4 AEREH AL BELZEE% Fig. 6.16 [T,
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SUS304 (8 mm"); Bead welding: Fo=15 KW, v=25 mmvs, fi= 20 mm
(=381 mm), Assist gas: N2, R;=85x10"m'ls, mf=1125fls

\Knsyhols

Weld bead i,

t+49.7 ms t+51.6 ms (+65.8 ms +B3 6 ms

Fig. 6.16 Simultaneous high-speed observation of keyhole and plasma behavior

during high power CO, laser welding of Type 304 steel using nitrogen gas.

BRHAL—NVIFTR EXBRERT I ABEAYPHICT —F— v L2 E/RK
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MOBEB LT, EF~BFELTHWE, EXRfELTW &, F—F—ABHERKL
TWK ZERDND BB IOLEDF—FR—VDHEBEEIL1.6m/s TH Y,
FIETRHNLICEANVZAZARy MEEKOX —F— /VOEBEREGR 1.2~2.5
m/s)E IFIERIETHDHI I ERMREINTE, BERT T X~<iX, HHldHHIC

v~w11»¥~%wmu\it\ﬁﬁwmu;ormv~ﬁgwﬁ?@ag
HZL, RERECHETLIL—VORT L RU—BEL2REICEBSET
WHZeERnEZLND, ELT, F—F—NLOFERLTWRVWVREBIZIERTZ
A NHEET DM E CHBEL TR, EE7Y I XD ERER L., REREIC

PREETLLE910422L, T, BULDIKEBER T T A~/ T — L%
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EL, ZO®%FI—FA—ABBREIN TS ZEBALNICR ST,

SUS304 (8 mm"), Po=15 KW, v=25 mm/s, f=0 mm (=381 mm), Shielding gas: Nz, R=8.5X 10" m’fs
s | O STRZITET - . e

—— | plasma
Metalc
plasma
Plasma : ®

SQ“““\-—_

s 4l i sl 0

+4.5ms t+54ms t+6.3 ms t+7.2 ms t+8.1 ms

=G =0 |=Oiso =0
=0

BRI

e t+8 ms '“"9-9.’"5*' t+288ms | t+29.7ms | t+306ms | t+31.5ms | +324ms | +333ms | #+34.2ms | t+35.1ms

(t+27.9 ms). -

Fig. 6.17 Schematic drawing of plasma shape and keyhole geometry during
CO, laser welding of Type 304 steel, showing relationship between

keyhole and plasma behavior.

AR B L OFRBBE TIE. BHRSTAOFEHNEE NS ITALELTWVT,
ToX Y tbhbARNED, BRESIADEHLEZHREL, BT T ATDOH
BEeRTIA~OEHOBIZAHEEND T, TORKRE%L Fig. 6.18 [T/ ¥

Type 304 ; Bead welding; P,=15 kW, v=25 mm/s, f,=0 mm (=381 mm),
Shielding gas: He, R ;=8.5X10* m%/s, n=1000 f/s

t+0 ms t+1ms | +3 ms +5 ms t+7ms | #+13ms | t+14 ms | (+15 ms

Fig. 6.18 High speed observation of plasma behavior, showing relationship

between N-plasma and metallic plasma.
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COFERLY, BERTIAVERFIIRELTVE, HbEABEIIETS LS
CPAEL TS Z ER3bh»d, 2o, REREICB T84BT X~D AR
TR SN2V DE, BRT ITIXAHRRL RLMCRBREICER 7T X~ 1N E
2 ROBFICHER T I XAREIATCEB T I A~EFichsT 5,
:@%%;D\iE7?Xvwﬁm&#~$~»@ﬁ$%%@%%7?%v@
HBEL D K Ims B<HAE D Z L BHERENT,
INELRRBERETNI=ZDLAEE, REFATHIT o108, AERT T X~
BEXOXF—FR—NVEBPEBINTZ, LrL, BET I X~ 0 ERLEBITHE
WCEo TR TV, 220, EMBICBIPEE SIS XA~ EAHIzHONT
FHEIL 725 R % Table 6.3 I27R7,

Table 6.3 Summary of observation duration of metallic plasma and N-plasma,
frequency and duty of plasma behavior in aluminum alloy,

stainless steel and carbon steel.

Materials | Duration Metgﬂrizt?;isma Nitrc&iiztiﬁlfsma Frequency| Duty cycle

A5083 24 ms 13 ms 11 ms 40 Hz 52%

Type 304 | 78 ms 56 ms 22 ms 14 Hz 78 %
Carbon steel | 337 ms 298 ms 39 ms 3Hz 91 %

ORIV, MBICL > TERT I RXAYOAMLT 2 —FT A RNRRBZ LR D
D, TLTC, BERTIASOREPEBEHNENT LI = LAAE0AFT UL
AT, F—F—ARBRT T X~ DAERIC X > CTEABBICAER KL &
DRL, TORBEBRRBEIANVAEFTHO L —FEERLELUTH D - L SRR

hic, ZORR, ZTNHDEETHEH, F—F—A bR APEET S F—
A=V HBT DIORa T o PEMICHEI SR TWA2bDEEZ NS,

T, F—AR—LOHEKBRLBMENEZL, A TEARANED, KavF (&
LTEVICK Wb LHEREEIND, —F, REFEMTIT., Ko7 BETAR
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LTWER, ZEETITIAVOEREAHITRL. Ta—7T 14 bEFICERV, KR
WOBAELEZETS T ADERTIEF—FR—ALBHEBTLI2H, Ta2a—T 40K
WEBHIZ, F—h— A OBWTWDREEIEMOMEHI N THERICR Y. €D
EEONHAFOREML—FEETRR VT ¢ BRERICHE SN RVOE,
L— L e — VR T O EER RS CW L — PEERO L DIk S
20 He WAL — /L ROBAEDOLI X —FR— A EHWmrbR@EERT DD
EEZDLND,

Ko, BETI RO EL—FHNEOBBREFRDLLDIC, L— T HT
5. 15BLU30kW B (bSH, BT T AOREHESLOCERT 7 X~

DEEICHSONT AT v LA TR EZRAEZ, 77 A~ ORERB XA
ST E & 7K % Table 6.4 IZ7R7T,

Table 6.4 Summary of plasma frequency, duty, N-plasma flight distance
and moving speed in stainless steel, showing effect of laser

power on plasma behavior

N-plasma| Moving
[l)'zfvee: frzkause:r;i Duty flight velocity of
a I @) distance | N—-plasma
(kW) (Hz) (mm) (m/s)
5 58.2 64.8 31 9.9
15 73.1 64.4 70 20.9
30 137.7 44 99.6 34.7

L—HFDOHHICL TN T IXADEHNRLD ZEPBRESN, 7T X~
ORI HEHIC L > CTEVWAH DI EBRERINT, £ T, FHACEBW
CFSRAvDEZTMBTCOL—FORU—FEELHFHE L, TORREK, 5 kW
1% 0.75 kW/mm? & & < . 15 kW 38 X0V 30 kW TIZEh£h 0.11 kW/mm® % &
O 0.17 kW/mm? L&, LEEd-T, GHOOGE.
KkWmm?> S IFIERSERESETEATLIZENHERERSIND,

KIC. L—HFOBKE FMAE AKEICEE L, N 77X ORITHMIZ DWW TRE

L, L—WHARN S, I5BIN 30 KWHON IS RXAvDEHPBE LG
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R% Fig. 6191277, VL—VEIEEOENLBHELTVWAEN, BELTWSH
AT 7 ARBBH LTI ERERIND, £/, KERHIICHWVTIE,
L—HFH AR 15kW &£ 30kW TN T I X-NBEIN, 77 X~ BEEH
FEEAROBE LIZEFRFETHoT, B, KEBFHD SKkW TIEN 75 X<
DAERRITBE SR>,

| Type 304; Bead welding; v=25 mm/s, f;=0 mm (=381 mm) (horizontal irradiation) ,
Shielding gas: N,, R,.=8.56X10* m%s, n=1000 f/s
|
5
HO0ms | H2ms | H4ms | #+8ms | #+10ms
15
+0ms | 42 ms +5ms | ++8 ms 12 ms
30
t+0 ms tH+2ms| tHH4ms| tH+8ms| t+10mg t+11 ms
Py (kW) 5 cm

Fig. 6.19 High speed observation of N-plasma behavior during CO, laser welding
performed at 5, 15 and 30 kW in horizontal direction,

showing N-plasma movement and its direction.
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BREEN 0.1 kW/mm2 L FIc 725 2 AETCNT T AVOEML TWDHMEN LV —
FROLRT R ALF—ZWNT A LICL>THBHLTVNDIHDLEEILND,
PLEORERICISWT, 7T A~ ORBAMEHNT L o TE D RIZHOW TOREMIE
K CHD, LML, TORRBEBTIAVICLIBBLEEADONDS, €2
. Table 6.5 "EF L ERERBTHROBHEL, HE, RREXAEONIEEE
U

Table 6.5 Physical properties of major elements in base metal and shielding gas used.

Atomic Melting | Heat of |Boiling| Heat of lonization

Elements weiaht point fusion point | evaporation| potentiol Remarks
J (K) [ (108 Jimoh | (K) |(10° Jimoh)|  (eV)

N, 28 - - - - 9.1 N,—2N-9.1 eV

N 14 : - - : 14.48  [N—N'+e-14.48 eV

Mg 24 932 8.96 1376 128.7 7.61
Al 27 933 8.4 2750 293.8 5.96
Cr 52 2163 13.8 2933 349 6.74
Fe 56 1809 13.8 3160 351.2 7.83
Ni 59 1726 17.5 3110 372 7.61

sIEALDKREN CO, L —FRERICKITAERT 7 A~ OERFILSN T
F A CHENRR L HEMITD o TVRY, L L, Al-Mg F8&D YAG L —
FHEERICBTABRT T A~/ TN —LOGRFOHRPLT T X~ /T
Lo MO EM RS TR ERIEER L OEROE Mg BERET
GHETAHZLERHALMISATND P ZoZ &b AS083 T, Mg 24
BFS A~ DhCEEAEEARLLTVWASEHEREIND, ZOXRE, MO
Aﬁi%zm&fﬁﬁb%?<\V~$%%K;ofif%%b\V~$Kio
BT 5, TSV, tho TE L ERMGICERREBCRL EEZDND,
— 5., BRES IR %%Lt%:%%?ékwm\fﬁfvééﬁﬁém
HAEXRTIIALF—FEL, CORDICERSTFRL—F L2 TT VAT H
ML EDTHEL ., BICEMLIEER T I AvhbfiigEh bEFIZL T
EHENT T AT HLDEBEZBILD,
PEOBEEY Nyv—/ KA RPTOEBENCO, L —FEERORR VT 4
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