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Fig. 1.1 Mechanism of laser * arc hybrid welding [1].



Table 1.1 Comparison of hybrid welding to laser welding and arc welding [1].
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Table 1.2 Characteristic of hybrid welding.
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Table 1.3 Recent researches on hybrid welding.

Years Researcher Material Combination of heat source
1997 Matsuda, J..et al [3] 5 mm SUS CO2 laser + TIG
2000 Jokinen, T., et al [4] Carbon steel YAG laser + MAG
2002 Fujinaga, S., et al [5] Aluminum alloy YAG laser + TIG
2002 Kutsuna, M., et al [6] 22 mm~25 mm Carbon steel CO2 laser + MAG
2003 Ohashi, R., et al [7] 5 mm SUS YAG laser + TIG
2003 Hayashi, T, et al [8] 22-25 mm SM490 CO2 laser + MIG
2003 Kim, T., et al [9] N/A YAG laser + TIG
2004 Kim, T, et al [10] Mg alloy YAG laser + TIG
2004 Tong, H., et al [11] 3 mm Al alloy Diode laser + MIG
2004 Kim, T., et al [12] 2 mm Mg alloy YAG laser + TIG
2004 Moore, P.L., et al [13] N/A YAG laser + MAG
2004 Joo, S., et al [14] 6 mm Carbon steel YAG laser + TIG
2004 Eguch, N., et al {15] Al alloy YAG laser + MIG
2005 Katayama, S., et al [16] SUS 304 steel YAG laser + TIG
2005 Katayama, S., et al [17] SUS YAG laser + TIG and MIG
2005 Howse, D.S., et al [18] N/A Fiber laser + MAG
2005 Zhang, X., et al [19] Al-Mg alloy CO2 laser + MIG
2005 Chae, H., et al [20] 8 mm mild steel CO2 laser + MAG
2006 Shibata, K., et al [21] 2 mm Al alloy YAG laser + MIG
2006 Naito, Y., et al [22] N/A YAG laser + TIG
2006 Naito, Y., et al [23] N/A YAG laser + TIG
2006 Naito, Y., et al [24] SUS 304 steel YAG laser + TIG
2006 Naito, Y., et al {25] SUS 304 steel YAG laser + TIG
2006 Liu, Z., et al [26] 9 mm SM490 CO2 laser + MAG
2006 Murakami, K., et al [27] N/A YAG laser + TIG
2006 Fellman, A, et al {28] Carbon steel CO2 laser + MAG
2006 Chen, Y, et al [29] N/A CO2 laser + TIG
2006 Naito, Y., et al [30] SUS 304 steel YAG laser + TIG
2006 Hu, B. et al [31] AA 7075 Al alloy YAG laser + MAG
2006 Wang, J.-B., et al [32] N/A YAG laser, diode laser + MIG
2006 Katayama, S., et al [33] N/A YAG laser + MIG
2007 Liu, Z., et al [34] 6 mm steel CO2 laser +MAG
2009 Rethmeier, M., et al [35] 32 mm steel Fiber laser + MAG
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Table 1.4 Comparison of the most popular industrial high power lasers [34].
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Table 1.5 Comparison of industrial laser characteristics [36].
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Fig. 1.2 Flow chart of this study
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VSRR X OB B HAZ 2338 < e D IR VBT IA A TEEIEENAETH Y |
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77 AN — L =L 1.8 T2 L 91k D CO2 L —HR YAG L —HIiZ
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AT BT ARG A — A PR — FIERIC S 2 BB 2R L. 1 3R 8
BEWBEEORREEEZHAL N LIZbDTH D,

2.2 M B L OERFIE

AREBRTHWIAMENT, FEEYV L F7 7 2 MLEIC L REBCRIELBR
EL7EX 16 mm @ SS400 TH Y . A ~FEIE 300 mm X100 mm X 16 mmt
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X BRSO LD Ar 27 & 20 L/min T 10 mm B D J A B4E8 L,

Table 2.1 Chemical compositions of SS400.

Chemical composition (mass %)

Material
C Si Mn P S Cu Ni Cr Mo Al Fe

8S400 | 015 <0.01 081 0013 <0.005 009 002 006 <001 0025 Bal

Welding direction

>

Shield gas nozzle

Laser beam

45°

Specimen

il

Wmeoe  J1H

Fig. 2.1 Schematic of the experimental setup for the fiber laser welding.

L—HF13m K/ 10kW O IPG 87 7 4 SN—L—FE N, 7 7 1 S—%
X 0.1mm THY, BR L ADOELERE 250 mm, H/hE— 2203 0.2 mm
Thd, BRERCKL 5 —ARE({E Fig. 2.2 "7, BERMELLTL—Y
A, E—AERNE, BEERELZ(LIETE— A7 L— MaEEIC K
DEBEE— FER L, EIETIARRE L OBRZMRET L7z, Table 2.2 21
BERHEZFE LD TRT, BoNEEY— FEEZFHMET 5 -0IcE#Ee — R
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AL X Ol &2 R BRMEBE TRl L7z, Wi~ A~ 7 nfllfkidsie —F&2~
A7 afty ¥ THMBHEBEZITV, 2% 1 X NVEKRTEREL, BIEE21To7,
WHEE— FRHORe U7 4 OFAMR L ZOFRRZHLNIIT 72D, X
RBBABRBLORE T A NOBERBE T AT 21T o712, X #iFEaER T,
B— REREDD & —HOBEESRMLETIIE— FUIE» 5O X BRERRBRRE L 1T
oz, Ele, Ruv T 4 OB A58, Table 2.3 (2789 X 5(Z Anelva
AGS-7000 Quadruple-pole Mass Analysis Meter # iV EZEEF T — NRHE

XV RUAMCEVEEIL, AasT oAb ENEITARAEZT AT 4 VEZ—|Z

THRHE L,
DRR———— .
« .§ »
"é" * a7
o | s
— Y L. :
3 (I
8 °2 e
. i i......“ {
'g -1 -05 §11 05 1
,“( .'
§ y *
& B .
a i T
4 'j *
' »
Beam diameter [mm]

Fig. 2.2 Fiber laser beam profile as a function of defocused distance (fd).
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Table 2.2 Fiber laser welding parameters.

Focus distance 250 mm

Beam size 200 #m

Laser power 3 kW ~ 10 kW
Welding speed 0.5 m/min ~ 10 m/min

Defocused distance 16 mm ~ + 16 mm

Shielding gas Ar(20 L/imin)

Table 2.3 Parameters of quadruple-pole mass analysis meter for gas

analysis.
lonisation energy 70 eV
CEM voltage* -1400 V
Mass number range 2-100
Scanning time 0.52 s/scan
Beginning vacuum degree About 5 x 105 Pa
Cutting-tool 2 ¢ drill

*CEM refers to channel electron multiplier.

2.3 EBRHERBIUEBZE

2.3.1 = FA U7 b — MEBRITB T DT AR

2.3.1.1 BT 7 A _— L —VIEBEEE

JEEX 16 mm @ SS400 (2% L, L—HH 3 3kW 725 10 kW £ T, EHGEEE
0.5 m/min 75 10 m/min ¥ TEL SRR, SN EEEY— FOWRE %
Fig. 2318, EEEEDHEME L bz, 77 A =L —FRFOME I E—

R 6T 812, L— 7 10 kW, BE5#EE 10 m/min O&EOHEE 1 mm
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KiEOE— FIETHEE 8 mm LA EOFEWEITIARZ R TMEVE— RBTEHRS
hic, —%. L—%H7 10 kW, BEHEHE 0.5 m/min T, Hil ' — NIBK
SN, RERBIBELPREAEL, BRFLEBE— NIf/sboharols, Z
WIIABBARELS RoeZ LIV, B — FOEAELS 20, #iNLE
MEBRNEE— FREADORERENTHI DI ENTETICENE LD LS
ALY (T

SS400; fd = 0, shield gas Ar (100%)

Laser power

Welding speed

0.5
m/min

Fig. 2.3 Cross-sections of the fiber laser weld bead with various different
laser powers and welding speeds at focal point on the plate surface, fd = 0.
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2.3.1.2 I E— FIEARIC RIE TR RO E

Fig. 2.4 \ZERMEZEAEE Y — NERICKIETEELZHRF LIBREZ R
T, BAMLE -10 mm 25 -4 mm F TRERWETALZBRELNTZ, LrL, &
RALENZ O#HIPFAZ D EWETIARITEL 2V, fd +4 mm~+7 mm TT7 &
T AN T,

ULOfERE Y, BRAE fd ZFPEHNEICERE L2355 ISR | O VAt
ERLEEIN., TUFTANBORIRY, EREVETALBELRS

= }: Zﬁﬁj\ﬁxo f:o

85400; P =10 kW, v = 2.0 m/min

Defocused distance, fd [mm]

Cross
section

Appearance
of weld

Fig. 2.4 Effect of the defocused distance fd on the weld bead formation in
fiber laser weld at laser power 10 kW and welding speed 2.0 m/min.

L— AN EE L RTARRESB L O — FIEOLROBBRE R L7
fER% Fig. 2.5 12”7, E— RS IBOLEL, H£ENE fd -4 mm 2>5-10
mm DOFRAETK 8 ITELTEY, RO L —FEFEETIIFLNEY, EFE
— LD XD MR WVETARERB/BOND Z LB ahoT,

Fig. 2.3 TIXERMNEBEIMBREIZRE SN TWAZHIZ, EHIZKITH L —
PE—LY A ANLY KELRD, ZODEBRBBEOBAIZILE. B — Nig
HIEK R, WIIHELRRELRL T RoletBAxbb, ZOHESLNE
ZREDOF LT ETH ST mm ITREL, BEIZBITDHE—LHY A X&/hE<
THILICLYRIFR 1 NRABBE— RAEKTE 55410 TRI L2,
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Defocused distance, fd (mm)

Fig. 2.5 Relationship between shapes of the fiber laser welds and defocused
distance at constant laser power 10 kW and welding speed 2.0 m/min.

Fig. 2.6 (I ZDOfERZRT L 212, L—VF 7 10 kW THEEHE 0.5 m/min ~
1.5 m/min ¥ TOEBT1 AREEBE— FAELNTZ, BEEE 0.5 m/min T
i%, Fig. 2.2 1R L7z L—HF B — AR L BRI 2 5 R MR S v,
Fig. 2.3 TROLNEZT VU F 7 4 VRAER T, IBHEHE 1.5 m/min F TEEE —
RBELNT-, T72bb, EAAEN-Tmm (2725 LB — ROESERIRY |
INOVABEEE ORI X 0 REEROB A L, BRESBEHHED L TR %

LafHlsnzEB LD,
SS400: P=10 kW, fd=-7 mm
Weld Beam Welding speed (m/min)
bead | profile | g5 1.0 15 2.0 4.0 8.0 10.0
-7
Cross
section
Appearance

Fig. 2.6 Effect of welding speed on cross section and surface appearance of
weld bead at constant laser power of 10kW, and defocus distance fd = 7 mm.
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2.3.1.3 Rr 74

Fig. 2.7 |Z v —H ) 10 kW, HEHZHE 2.0 m/min, fd = -7 mm (251} 558
E— MBSO X MBEREEEZRT, MoETiARE— RThoH3, WiTid
AERSIT 15 mm & REWV, XRBEBFE EOBWKHIOAME TR T 4 BF
ETDIENmhole, RusT  WEOERE T A& o4 LI2#ER. Table 2.4
WCTRTEICT— NV RHTRATHD Ar 23 98.7 %L KN E HEHTEY, ¥—v
RHTADBEZRABRNBRa T 4 DRARRTHD Z &3 ghotc, TOBREIT
EHRCHERD CO2 X YAG L —HHEEOR e v THAERRK & LT
WCHLNTEY, F—F—NVDOAREZEMEIZLY F—F—AAIZT—/L KT AR
LA LN EEZLND[6-8, OO —KICEBE— FTik, Ao
VT AIIRELENE I NTWDS

S8400; Shielding gas : Ar, P =10 kW, v =2.0 m/min, fd = -7 mm

| radiograph
(front)

Fig. 2.7 Bead appearance and x-ray radiography inspection result of the
partially-penetrated weld bead for 16 mm thick plate of SS400.

Table 2.4 Composition and content of residual gas in the porosity of weld
beads.

Shielding gas Partially-penetrated Fully-penetrated
Ar W1 WM 2 WM 1 WM 2
Ha2 (M/Z 2%) - 2.0 39
Nz, CO (M/Z 28) 1.3 1.0 913 975
Ar (M/Z 40) 98.7 97.0 48 25
CO2 (M/Z 44)
Total 100.0 100.0 100.0 100.0
Gas volume, mL ax10° 3x10° 6x10° 7X10°

*M/Z refers to mass number,
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—75. Fig. 2.8 1% Fig 2.7 D&M CHESHEZ T % 1.5 m/min &E< L TEMA
BWHEE—RELELOTHD, E— FRANLLD X BB BREEL L HIZE—FR
E»S/E LEEELADE ORYT, BEEETHLIICHEDLT, £<0D
R T 4 BRE L, BBEERORa T  WED T A58 21T o 1ok,
Table 2.4 IR TEIICERTAII N2 H LI CO Tholo, ETDORAIEEIC
SWTIFRATH DN, WASHERNOEBE — FOBBICIIEY— FRE
BB L —A—ARICZEZAT VI ERERFT O N2 b L I3t o
RELRPOBBENKIGLE CO RRue T 4 2BRLIZEZELZDBND, T
&HDKRHS CO2 V—VIREFFRICL 2 L ERmARIPICELHShHE, B
EIZBA L2 —FR—A0nbEBEATNDERIFD N2 BAER LT T XA=IZ
X VEHE SN TRMERTICEM L, BERICHLC X 9 RERDPBE ST
FORBE N HANRFERE 2B RasT 4 BEETDHZ EBR@EShTNB(9,

SS400; Shielding gas : Ar, P =10 kW, v =1.5 m/min, fd = -7 mm

Bead
appearance

A-ray
radiograph
{front)

A-ray
radiograph
(side)

Bottom 4

Fig. 2.8 Appearance and x-ray radiography results of the fully-penetrated
weld bead inspected from top and side views of the weld bead for 16 mm
thick plate of SS400.
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BEtL7c#E R % Fig. 29 1077, BRMEICEFRRS E—LR LR L — R
¥ v 7 0.2 mm ¥ TIHEHEY— FERBAIEETH -7z, LirL, —FX ¥ v
7 0.5 mm LA ETIE, IE#EE— F‘ﬁéﬁibﬁlﬂiﬁ’é&)oko ZD XD BREFT R
THEDIE—LBERES L, V= Y v TREZKRTHZ L LAREL
ZEAONDD, ZOGHEITITEARRIDEL RDREBH D,

o, ELWCEMMIA Y 2B THI L HLEZ LN, BBy X2
NS SHIZEMMIZL—F E— AR EERF SN D & U A Y BRI AR
RELTLE S 720z, WRAZREMM OMRIIREETH 5,

ZOXIRBEDID, FRO 1L1ICBRELICL—F - T—I (T Y v K
BEOBANKEHREShTND
$S400; P = 10 kW, v = 1.5 m/min, Ar 100%

Root gap [mm]
0.1 0.2 0.5 0.7

fd

mm .

Fig. 2.9 Effect of root gap width and defocused distance, fd, on the bead
produced with high power fiber laser of 0.2 mm beam diameter at the focal

point.

2.4. 5
10 kW7 7 A "— L —HFIZ L DHE 16 mm D SS400 ¥ DEHE ' — RIEET
ABFFER L OEBEE Y — FERICH T ORI RZFLDDELUTOLEE
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FH A 5 (NEC $ RX-6)% A\ CENIBIEE 21T - 72, #RFZHEEIL 5000frames/s
YL 950 nm DAY RART g VE—%fEH Uiz, EEHEEHONIKNZ A
ST HwIc, XERTEENREY Z1To72,

Groove angle

_____ N/ [Tem
i e

Fiber laser head —’{ l‘—
‘ Root gap
The welding direction
MAG torch
Specimen

"

e Jigg

Fig. 3.1 Schematic experimental setup for the laser leading hybrid welding

using 4kW class fiber laser welding system.
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Table 3.1 Chemical compositions of steel specimens and welding wire used.

Chemical composition (mass%)
C Si Mn P S Ti Fe
SM490 0.18 | 0.55 | 1.60 | 0.035 | 0.035 - Bal.
YGW15 0.09 | 037 | 1.04 | 0.011 | 0.009 | 0.02 | Bal.

Material

Table 3.2 Parameters for hybrid welding.

Power 4 kW
Laser

Defocused distance 0 mm (surface of the plate)

Arc current

80 ~240 A
(Mean)

MAG arc Arc voltage 22~25V
(Pulsed)

Shielding gas flow rate | 20% COz2 + 80 %Ar, 25 L/min
Welding speed 0.5 m/min
Distance between laser beam and MAG arc 2~15mm
Welding direction Laser leading and arc trailing

3.3 ERFERIB LI OBE
331 NW— ¥y v 7R LICBIT S 1 XX B@EEr— FERK

EF, = hEy v 722 L0 mm)DFEEFIZEIT D L— - 7— 7 R DLa
BNAT Yy NEHEE— MU RIETHEL R LR % Fig. 3.2 1273,
PRJCAREIT 60° & L. L—3H) 4 kW, BEIHE 0.5 m/min, 7— 27 EFE 80 A
ThH D, WHEHm, REXCEENEBLL Y L—F -7 — 7 BiE# DLa 2° 2 mm
DHE. BBEE—FB3Eoh, i LB — FAEREN, La»L, Dia

-34-



285 mm TIIRITIAANELS 220, BB — NIB oA NER R ERK E—
KRR TH o7z, IHICDLAN 15 mm (2725 &, B E— FORBIZTE 25
STz, EHEEEMESZOME, DLA 2 mm T TIE— O ORREMIZ K > THERLE
MK S50, DLA 5 mm P ETiE, R L —3F &7 —7 OB o
s, Whwa AT Yy RIEENRTE oz, DLA 2 mm TEL—¥E
—AIT 7 ERMANICBE S TWS EEZ BN, L—F TR F— DRI
FEOWEMe ERETAHRS OWINIFE LI EZOND,

SM490; Laser power =4 kW, Arc current = 80 A, Welding speed= 0.5 m/min,
fd = 0 mm, Root gap = 0 mm, Groove gap = 60°

Dia (mm)

2 5 15

Cross section |

Top surface

Root surface

Fig. 3.2 Effect of DLA on weld bead formation of SM490 butt joint plates with

root gap of 0 mm.
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KAZBASC A BN TR R IIE RIS B 2 % 528 % Fig. 3.3 1~ d, BHEAE 30° F
L V40° TITMOW T IAR & 72 o Te DB AE 60° TiE, WIHARITIERLS 20,
HEBEv—Fifgbhiz, LML, E—FREWXT VX7 ANABEAELE, TA
YHEBEDODARBIVEE - FOBRIZEIV T U FT7ANNBRELILEEZD
o,

SM490; Laser power =4 kW, Arc current = 80 A, Welding speed = 0.5 m/min,
DLA =2 mm, fd = 0 mm, Root gap = 0 mm

Groove angle(® )
30 40 60

Cross section

Top surface

Root surface

Fig. 3.3 Effect of groove angles on weld bead formation at root gap 0 mm.

332 V= MX¥¥ v T RHHHAED 1 R AEBRE L — FEK

FT. M7y RBEBICE DV Ny v TRERDREE L —F HlE
BEBLUNA 7Y v FIEEEL R LT Fig. 3.4 (ORT, EEESMITATE & R4k
L7, L—HHMTIIEEE— FORMKIZF v v 7 0.5 mm EFTHRRATH
STZIR, NA TV y FEBEOB G, BHEVA YHBICEYV ¥ ¥ v 7 1.5 mm
ECHEBEE— FERMRFAEETH-7, UL, 7—7 &N 80A Tix, V1 il
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>

GIEPES 2.6 m/min TH Y . BREAE 60° TiX., VA VB EN DR, 5

N

TEHAARFRETH » T,

SM490; Laser power = 4 KW, Arc current = 80 A, Welding speed = 0.5 m/min,
Dia = 2mm, fd = 0 mm, Groove angle =60 °
Root gap (mm)
0 0.5 0.7 1.0 1.5
.
Fiber laser Cross
oy stk No bead No bead No bead
Cross \ /.
section =
" Top
Hybrid surface 5
Root
surface E

Fig. 3.4 Comparison of gap bridging ability between fiber laser welding only
and hybrid welding.

3.3.3 Y — FERICKITTHREAER T v v 7T ORE

7 — 7 EifE 160 A B L OT A Y HASHE 5.16 m/min D& WHEEEZIZ K
ETREAE. Xy v THROEEL R LR % Fig. 3.5 (IRT, ¥t v
7 0mm TR 20° DFA, B — FREICIIREVBER SNz, REOFE ST
BRSEAENREL 2D LR L, BA% 30° TRM LIZIEFRRES Lo,
BA%E 60° TIXEE— RBAELNN, E— FREIWIT V¥ 7 A NADBEAELT,
—F%. ¥¥ v 7 0.7 mm TiZ, WThOBREAETH 1 SA2E@BE— )5
Sz, BrZ, BASE 20° BELW30° OBFE, TV X 7 A NVRLOBKRE—F
B ENT-, L2L, v v 7 1.0 mm OFE, 2 TOREFRHETRERT

VT 4 NEE LT, ERAMRICHOTEDIZIEFX Y v 7 1.0 mm TH R
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HEBE—FZERTLHIEREELY, FAEAE 30° . ¥y v 7 1.0 mm, &
HEHEE 0.5 m/min OBE, REEROTZD DT A Y##EEIX 10.5 m/min T, 7
— 7 EIIL 300A Thoz, Lo L, Fig. 8.6 1T/RT X 512, 240A TidiAE#ELE
— RBARZEIZRY, T— 7 BRESENTL2ET7 74 VBLORTED
DY 2MERmARONTe, T— 27 BRVPKRELRDHET—I7ENBWKL,
ZOT =7 ENBEMORE LR LUACRIERZRIET, 207 —7
JEANET — 7 BIRD 2 RlZHBIT 2 Z B HTWA[10], 2D X 5 BRI
XV, T—7ERPEMTDLBETHELBEMLI-EEX NS,

SM490; Laser power=4 kW, Arc current = 160 A, Welding speed = 0.5
m/min , DLA=2 mm, fd =0 mm

Root gap (mm)

0 0.7 1.0
20
Groove
angle 30
)
60

Fig. 3.5 Effects of groove angle and root gap on hybrid weld bead formation.
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SM490; Laser power = 4 kW, Welding speed = 0.5 m/min, Dta 2.0 mm, fd =0 mm
Groove angle = 30° . Root gap = 1.0 mm

Arc current Cross section ‘ Bead appearance

Top
surface

160 A

200 A

Root
surface

Top
surface

240 A

Root
surface

Fig. 3.6 Effect of arc current on cross section and bead appearances of hybrid
welds at 160, 200 and 240 A.

3.3.4 WBH:E — FERHICKIET L—Y - 7 —7 [HEE#E DLa D&%

NATY y FRBIZBT AL —FORENZHALNTT H-0IC, BEPISH
HECT AN AT ERAV, RRMREZBELL, GEECT T2 TERLE
VBRI W 2 Xt U C Fig. 3.7 1O %, 7 — 27 R ORTT O BVERIZT 7
ANR—L—HFORFETHY, ZIITEF—F—ABERINLTND LHEES
n5, MLLIENDERO T THBEAITHERF S LD 2 L3R S/, Dra 2
mm 7*5 4 mm FTHU—VREESRSRZ 5, L2rL, DLAZ 5mm &72%
EU—VREEAITR A 2R Y RSN L RRESND Z 8T D,
IEOfERZEEY— RiE L 2 L, BRmoOFT TL—FrREShD
DLA 2 mm 75 4 mm F TOFRETIE, BELV— FAHETE— RBERI L
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20, DLADS 5 mm &72R257— 7 BMEFkARE—RNER5, Thbb, L—
VE—A3HELV— MREBMT 22 LR, ZOZEREZEIERTE20HL
2%, UEDFRERNDL, Xv v 7H Y OBBEROBEIZIL., V—FRHEAE
BHETHY, FiZF¥ ¥ v 7 0.7 mm TIIZOFEEEEXT — 7 HOLENDS 4
mm LN Tho7,

SM490; Laser power = 4 kW, Arc current = 160 A, Welding speed = 0.5 m/min, fd = 0 mm,
Groove angle = 30° |, Rootgap = 0.7 mm

Dia (mm)
MAG

MAG Arc _ MAG Ar MAG Arc i) I MAG Arc
Weld pool X /) Weld pool Weld pool

Laser .
&

broplet

“Groove

Fig. 3.7 High speed infrared video camera images and cross-sections of weld
beads with different DLA.

3.3.5 WHE D KKl

L—H i 4 kW, 7— 27 &t 160 A, BAEARE 20° . £+ 7 0.7 mm O
FETHONIERERE—FBRER TS 1 "2AB@EE— FiZx LT X #%
RBR 2T o 7o R, Fig. 3.8 IZR T L 9 ITRILCEINL 22 & ONE R D 220 BLAF
NAT Yy FEEEY— RRG LT,
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SM490; Laser power = 4 KW, Arc current= 160 A, Welding speed = 0.5 m/min,
Dia =2 mm, fd = 0 mm, Groove angle = 20° | Rootgap = 0.7 mm

Cross section Bead appearance

Root |
surface

Fig. 3.8 X-ray radiograph inspection result of hybrid weld bead Y-groove butt
joint with groove angle 20 degree and root gap 0.7 mm at laser power 4 kW,
arc current 160 A, welding speed 0.5 m/min and DLA 2 mm.

3.3.6 EBEH O ALK

Fig.3.9 (ZIaHeEf i OE & /3 2 IE L7of R&2 R4, FEAEIX 30° |
¥y v 7EiX 1.0 mm THD, JELZHSITE— FEmo L5, F5, THE
T, TNENEEEY— FRE2 O 3 mm F, FRE, BEE— 715 3 mm kiZ
ST D, B3R 150 HV ISk LT, BUZEEIT4) 300 HV, e B ERIEAI
240 HV Th o7z, L, FRE, FTHOEIIIFAKETHY . KRERMREEITR
MmoTe,

wiz, 27 ofil#% Fig. 3.10 (a) BLU(b) 27T, () 1F L — P HIMEED
Thd, KEHETIINT VA N THY, BOEZIEINATFTA M THD, L
— P HMBEESII VT oA B ERA T A M ERREI NS AWV
RSz, —Hb) 3NA 7V y NEEHRTH S, AVEDB 7274 FTh
D, 7=74 FOEDPELL, L—FHEMEERELE DL, v VTP A b
NAFA FEPDIRL IR0 T, - T, BAVRFIEIT L — a5

BOWHESBMICHL L TENLD Z LTRSS,
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Laser power =4 kW, Arc current = 160 A, Welding speed= 0.5 m/min,
fd = 0 mm, Groove angle = 30" . Dia 2.0 mm, Root gap = 1.0 mm

200 | UpPPEr v+ BM

3 mm

250 ’

200 -
A
150 | Asadadadasagtaatanas T

0 F s 1 L

Center

o] o o 950
0009~ 4 ,00000%00 06000 5 @

0 L L L

Vickers hardness (HV), load 1.961 N

3 mm L
[R5 03,0600 0000059000 0000887

0 1 1 1 1
-12 -10 -8 -6 -4

Distance from center [mm]

Fig. 3.9 Hardness profiles of the cross sections of the 1 pass full penetration
hybrid weld bead.

Laser power =4 kW, Arc current =0 A, Laser power =4 kW, Arc current = 160 A,
Welding speed= 0.5 m/min, fd= 0 mm, Welding speed= 0.5 m/min, fd = 0 mm,
Groove angle = 60" , Dia 2.0 mm, Root gap = 0 mm Groove angle = 30" , Dia 2.0 mm, Root gap = 1.0 mm

Fig. 3.10 Microstructure of a) laser only weld bead and b) hybrid weld bead.
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3.4 5

JEHR 12 mm > SM490 #DREHEHEMFIIR L T4 kWP H D7 7 A
N=b =P e =TT —=INAT Yy FEEIZED Y BAREEHFEL HW
1 R AEBEEE— FEROBET 21TV, LTORRE G,
(1) V—HFEITONLT Y v FEHIZBWT, L—Y I 4kW, 7— 27 & 80
A, BESEE 0.5 m/min O&AET T, DLA 2 mm £ TIE— 2 DOEEMIZ XL - T
BHEATER SN D05, DLA 5 mm LA ETiE, W@l L—3F &7 — 27 O
MIZDBES L, ATV v FEEERTE R oTz,
(2) L—VHEMBHE CIIEEE — MBIV — F v » 705 mm £ THRA T
HHN, " TV FEEORAICIE, V— ¥y v 7 1.5 mm FTOHEEE—
RIERASFAIRE T o 72,
(B) V= F¥¥ > 7 0.7 mm, BHEAE 200 BLW30 DFE. T ¥ 7 40
2 LOREREEE — FRER IR,
(4) BEECTAIA T THRELLER. V— ¥y v 7H Y OBEITIEL—F
FREMIENEETHY FHFIZX vy v 70.7mm TlEDLAIZ4 mm N TH -7,
(B) L—H S 4kW, 7—27 B 160 A, EEEE 0.5 m/min B X OBLAE
20° | = FF¥ v 7 0.7 mm OFHICBNT, [ILBIVEN, 62T
ZHy NORWBIHRERE—FEFETH 1 2REB@EEY— NG oni,
(6) X7 oA BE LR, L PEMBEOG S IR SN~ T
YA MHRA T A MDA T Yy REEERICIRIZEAEERENT, 7=
TA REHRLE LML RY . L—FEMEE LD EIMICEN BB AT
BEEL TS LHEINL,
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HAE 10KkWEKRTsANRN—VL—F e = FT7—I 147V v FEERE

(2 &5 IERARG TR EMFRRICBE T SRt

x
i

4.1

RIEIZR e L 51z, &k, AR EIhZT7 7 A =L —HFF, RO L—F
LHARD EF/EIMERES THY , P OoREAHANTS E—LDE B EVE
BrH 5], £, HEMNETHY, BIRDHES 26%U ETH D2, Ll
B2 BCHRARZX I —FRMBETIIN— v v THRENE LW
DIZEANRBEFEERRATRRTH V(8] 27T — 27 ElAabElo A
Ty RBERLBELRDZZ WG oT, £, 8 3 BT X HizL—
PHAIN 4RKWHZTITES 12 mm OFREZ 1 SAEBET 57013, V—FH
NI+ TiER<, 2o Y BREMLZ2 Sk v ZHEMIHREZREC 54
BEidboT,

INOLORREZIT TARETIE, HRHEN 10kW O®mEAT 7 A X3—L—H
ERMNTRIT =7 LDNAT Y FIRBEV AT AEHBEL, ThE AW T,
BE 12 mm 1281 5 IBREAGEHREICK T 2®mEE#ETO 1 R ABBEHERF
I 2 BRE 21TV, ZORMEHEEZHTR L, FHi L7z,

4.2 HEM B L OERFE

BMITE X 12 mm O SS400 THY ., BEEUVAYiX, V4 P& 1.2 mm O
YGW15 TH 35, =D{bFHKS % Table 4.1 27T, ¥—/L KHRiX 20%
CO2+80%Ar TH Y, 77— h—Fhoitfs Lz, BERARFRE Fig. 4.1
WORT, MFEBRIZIEREE L, »— Yy 72 F ¥y vy 721225 1.0 mm
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FTHEA2BLSHIZ, V'— Xy vy TORBEIINEDEZ 2 HTHAR—HV %
RA W DOBEIIZEHAR, =TT =7 XV IRIHEEETT -T2,

Table 4.1 Chemical compositions of steel specimens and welding wire used.

Chemical composition (mass%)
C Si Mn P S Ti Fe
SS400 015 | 026 | 0.66 | 0.013 | 0.014 - Bal.
YGW15 009 | 037 | 1.04 | 0.011 | 0.009 | 0.02 | Bal.

Material

12 mm 150 mm
50 mm
Root gap
50 mm
(a) Side view (b) Top view

Fig. 4.1 Schematic of I shape groove butt joint used.

L—HFI3 K/ 10 kW 7 7 A 23— L —H# (PG # YLR-10000) TH Y . =
7 — 7 13 K EF DC500A /v A< — 7 (& A~ DP500) & FH\ 7=, #ELT-
AT Yy REEE~y N& Fig. 421077, L—FIZEED S 10° HRSM T,
T XEENS 25° RIS CEEER{To, L EREMEoRmEIZE
ElLT, L= E—LMMeEDT7 7 A4 " —12 0.3 mm, ELSETOL—HFE—

LRIZ 048 mm THDH, "7V vy FEGFELTL—Y - 7—7EiEEED % 2
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mm 7*5 10 mm F£ TS, FLEBEFME L —YEIT DA L7 — 2%
1T DAL IZZ LS HTREORET LT, TN DNA TV v FIEESRHZE L
T Table 4.2 |27, WHEFOBERMMREIZE T 2EMEBORNEmELZET
FH AT w2 AOCTERIBIE LT, BREEEIT 2000 frames/s & L, 950 nm D/
YRNRRT 4 NE—EERA LT, ERBEETROABB L UOWEEZEICEIVED
NIEHE ©— FOREF 2 7l U7z, BEEEEmEmIL 2% 71 ¥ —VE Rk % H
WTEBRLZ LIERICETIARTIROR T A7 E 2 BlEE LT,

Laser head

Arc torch

Fig. 4.2 Setup of 10 kW fiber laser head and MAG arc torch for hybrid

welding.
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Table 4.2 Parameters for hybrid welding.

Power 4 ~10kW
Laser

Defocused distance 0 mm (surface of the plate)

Arc current

. 300 A
(Mean)

MAG arc A 1t 0V
(Pulsed) rc voltage

Shielding gas flow rate | 20% COz2 + 80 % Ar, 30 L/min
Welding speed 0.8 ~ 3.5 m/min
Distance between laser beam and MAG arc 2 ~10 mm
Root gap 0~1.0 mm
Welding direction *Laser leading and arc trailing

* Arc leading and laser trailing
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4.3 EBRFERBIOELE

431 V— rXx vy TBLIOEEFEICLDEZNAT Y v NEET oA~y
TTHER LOBAEOREGERETHE LN 1 NABBEELE — N8k

OWEHR CHET 5L Fig. 4.3 DX 51272 %, RiF72— FIZOHL 1 mm R

WOT v H7 4 BB LHETITOR, 1mm LEDOT Z 7 4 VIZAFL

VEVTIROAREZEREBEE — RBERINTZHE T AR, #HoE AR IEX
FIcERRLT,
Full penetration bead | Full penetration bead | Full penetration bead ; :
S°“"td 1t,PaSb~°’ f“;' with less than 1.0 mm |  with more than 1.0 with unstable back i :e"cf"a""“
perElaton bed of underfill mm of underfil bead -
© O A A X

Fig. 4.3 Classification of hybrid weld bead depending on bead appearance

and shape of bead penetration.

T, L—HET7—270HEEED X2 mm TEEL, BEHH, V»— Xy
7. L—FHA, BEEE 2B LS E T, BEE— FEROBEE R LT,
Fig. 4412V —FXv v 7 0 mm OFEDOT vt A~y T2RT, L—H5ET
DLA Tit, Rt L 2RO L —F I hE JOEEEE TALERE L — FR
MRk &hi-, —FH. 7—27 54T DAL Tix, L—VF A 10 kW IZBW\ T, HEEHE

FE 1.8 m/min 7>5 2.5 m/min O&PH TR 1 RABBE— R/ LT,
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KIZV—FF¥ ¥ » 7 0.5 mm OFFR% Fig. 4.5 1587, b— F¥¥ v 7 0mm
ERERIZ, L—PRITTIR, M LE2ER CARLZERER E— FREER SN
Teo —H. T—7%ATOHRE. IKWHETT U F 7 445 1 mm KEOLER
B v — BRI, FZ. V—H ) 6 kW, BHEE 1.3 m/min OGE
ICRFREH#HYE — R/ o,

35 35

20 [ (a) Laser leading-arc trailingDis 2 mm 20 [ (b) Arc leading-laser trailingDa. 2 mm
T £ Full penetrati 7
€ .5l €os5l ull penetration 5
= 2 : i /
E Partial penetration * E without melt-through ‘@
< 20} A | 320} . . T*o
8 X " A 2 Partial penetration ;@
F1s5¢ &5} e A
b X _.-A A A w KA A A
B 10f 5 10}
[ . . 0 A
= 05k Full penetration with = o5l Full penetration with

’ melt-through ’ melt-through
00 1 1 L 1 1 070 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Laser power (kW) Laser power (kW)

Fig. 4.4 Process windows for SS400 at 0 mm root gap in the case of laser
leading-arc trailing and arc leading-laser trailing under constant distance

between laser and arc, D: 2 mm.

Welding speed (m/min)

o
2

@
o

<o
o

N
2

N
o

-
o

—_
o

e
(=}

35
(a) Laser leading-arc trailing F(b) Arc leading-laser trailing  --------
[ Dw2mm % | =8%°F Da2mm XS0
k- . ) XL A E 251 . . e
Partial penetration £ Partial penetration %
i “ A N B 20F Full penetration o o
| el § 15 [ without melt-through —<_
XA A A A wo | % ® o o
- - § 10 | II .......................
A A £ | A A A
I Full penetration with 05} Full penetration with
melt-through meit-through
L L L 1 1 00 1 1 1 L i
0 2 4 6 8 10 0 2 4 6 8 10
Laser power (kW) Laser power (kW)

Fig. 4.5 Process windows for SS400 at 0.5 mm root gap in the case of laser
leading-arc trailing and arc leading-laser trailing under constant distance

between laser and arc, D: 2 mm.
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NL— hFr v 7 1.0 mm OFEE% Fig. 4.6 1277, L—FHITOHE, L—H
Hi 7 5kW, 7ABEHIE 1.4m/min OFF CLRERER B — RABR I 2, il
OHRFATIIALERERE— RBFRINT, 7T — 7T TIE, RWEI T
ERER E— RBERENTD, RULEBE— FORRITIRETH -7,

UEDESIEN— % o T IZhnb b L—FETOLEICIIARLERE

Ke— FRERENZOIZX L, T—7 T TIILERERE— PR TE

DR B o T2,

35 35

50| (@) Laser leading-arc trailing Dus 2 mm 50l (0) Arc leading-laser trailing D 2 mm
T 4 g
E R Underfill
3 4. Underfil z 25 Ja A A
o 20} Partial penetration / & ™ = 20| Partial penetration
& ;A A e A A s A
215l é AT Z15} XS0 0 O ©
50 x--& 4 a A | @ | X500
£ - £ Rt oy
< 10} A A D101 | A Ag 2 O
z . ) 2 Full penetration ATATTTTTA !
= 05 Full penetration with = 05| without melt-through Full penetration with

melt-through melt-through
0.0 1 1 I N L 00 L i 1 L L
2 4 6 8 10 0 2 4 6 8 10
Laser power (kW) Laser power (kW)

Fig. 4.6 Process windows for SS400 at 1.0 mm root gap in the case of laser
leading-arc trailing and arc leading-laser trailing under constant distance

between laser and arc, D: 2 mm.

4.3.2 VEEERTIC L HiEE v — IRk

L—F AT CIHEE — FEEBPARLELR DT RDERZHRH LD,
EEECTAN AT ERANT, BERICEEROEMN LBELITV, B —
R EE 2 Hat LT, Fig. 4.7 B XU Fig. 4.8 IZENFNL—FHITEB L VT
— RATHOBEEL T AN A TIZL 8B ERT, (1) ~ @) TThZhEfk
LEEEBOFOBRBNRERE RLILLOTHD, L—YERITDOHE. Fig. 4.7

D) IFRTEICELE—-ROF—F—/LEAOENL LB LWA Ry
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FEDOEITHK T mm OB/ S RERMERBOT- TR0 ESBRD LN,
WEEDEITE L HIT Q) ITRTEICARNYZENRHI L, izt b72oT
RSB OTIVENR D ESIIRE LN D Ay Z AN LH K 26 mm
FTHAANCRIBL, (4) TIEIHIZKRESEHKRICKE L, 20L&, 23y
ZITHONE L RAHmIZH -T2, 2L TA) 2»6@4) O—HEDOEHHNRL VIRE
NHEmMZERLE, —FH, 7T—27%17 Tk, Fig. 4.8 IZFRT LRy ZIC
FOVMRERIIINIEMEREIZL —TRITEHRD L L, MOEFHIC
Ny ZRREAEL, L—PEITTHAONTEMERBO-N TR0 EHS TR D BN
R To, WIZ, RIMOEHEE — FREICREDPERIND Z L8Rz,
ULEDFERNG, L—FERITOHEITIT, BRED ANy Z 2L YR RIT

LIEERENS —ETIIRLS, BHMICET L TR, Ay ¥ ENED

Root gap 0.5 mm, 10 kW, 300 A, v: 1.3 m/min
Diat2 mm s \/\/e|ding direction

Top
Bottom

Fig. 4.7 High speed camera images of laser leading-arc trailing direction.

Root gap 0.5 mm, 10 kW, 300 A, v: 1.3 m/min
DaL : 2 mm ———) \/\/|ding direction

Fig. 4.8 High speed camera images of arc leading-laser trailing direction.



LIS EICIIZEORRLE LT, B — FRAICBIT2EMERENE ML, W
DOOIN BT = FERICE OV ARLERBE— FRRIND Z LA aH
oty ZHIZH LT, 7—2Z BT TRV —FC— 2N ERBNICBRENS =
XY V=P E— L DORIEPEMT 572 EORPEFFS N, ZDdiz,
WHWLF—R—APEEICTEEINSCT D, BERICBITHA Ny ¥ D%
AHLREL, ROLPRERE— RABRINZLHRERINS,

4.33 WHEE— FERICRET v—Y - 7— 7 RO %

L—H N 10kW, 7—27ERK 300 A B LI OEHERELXEEL, L— F¥y
7RIV EEGTMENRTA—Z L Lt&%@(@?ﬁt“— R B iE4 L —
P T — 7 BHEREDREBERFT Lc, £, Fig. 49 IR T X2V — ¥y v

70 mm TIX L —V AT TEEEEED 2.0 m/min OHE. BEBREBEESIIE LN

2o T,

Distance SS 400; Gap 0 mm, 10 kW, 300 A, 2.0 m/min

between Cross section and bottom bead appearance

laser and arc LA AL

2 mm

4 mm

7 mm

10 mm

Fig. 4.9 Cross-sections and bottom beads of 0 mm root gap in the case of

changing welding direction and distance of laser and arc.
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—F., T =7 AT TIRETIARR I BIRLS 720 | 7—7 « L—V[#ERE DAL 2
mm 725 4mm FTEKE— BRI, L2AL, Tmm BLO 10 mm &
25 EWTIARRIVBELS RV ERE— NI/bohenots,

WIZV— F ¥ ¥ v 7 0.5 mm, FEEEE 1.3 m/min OFH OFER % Fig. 4.10
(ZRT, L—HEITTIE, DLA2 mm 2°5 10 mm & TIEFARERE L — R B
R, RiFRe— Ridgohieroiz, —F. 7—27%47TiE,. DAL4mm ¥
TIBRHRE—FB3ELNT, L2 L DAL7mm 2°6 10 mm (Z725 L EE—F
MAEELRY, REIWCOT T A NVBRELT,

Distance SS 400; Gap 0.5 mm, 10 kW, 300 A, 1.3 m/min

between Cross section and bottom bead appearance

laser and arc LA AL 10 mm

2 mm

4 mm

7 mm

10 mm

Fig. 4.10 Cross-sections and bottom beads of 0.5 mm root gap in the case of

changing welding direction and distance of laser and arc.

E 52 Fig 4.11 12— F ¥ ¥ v 7 1.0 mm, HFEHEE 1.3 m/min OFE R %2R
T, L—WEITOHEE, DLA 2 mm 705 4 mm ICBWTHLEERERE— Nk

kS, DLA7mm 75 10 mm F TlX, {70 L —H% ' — 2O E N
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AR HEEN CTL— MR TE T, 7 — 7 Bl & Rk E R ©— N
Llrol, —H. T—2754TTiE, DAL10 mm ¥ CRERER E— FABLH
2o LU, BERRETT VX 7 A NVBRAELI,

LLEDRERD S BiF7 1 NAEBE — FEKICIIA—FF v v 7 0 mm B &
0.5 mm OBPAIIIT — 7 4T T, 7O DAL 4 mm OFEHETHAERTH D

ZEMBHLMIT 0T,

Distance SS 400; Gap 1.0 mm, 10 kW, 300 A, 1.3 m/min

between Cross section and bottom bead appearance

laser and arc LA AL 10mm

2 mm

4 mm

7 mm

10 mm

Fig. 4.11 Cross-sections and bottom beads of 1.0 mm root gap in the case of

changing welding direction and distance of laser and arc.

U EDXSICRFR 1 AAEBE— FABRENDL L—F LT —7 OFRIR
BERTEET B 2 L RO T, TORBEALPCT HDICEEELT
FH AT ERWCER R T OBIE LT o7,

N—FE¥¥ v 7 05 mm IZBF5H, L—F - T— 7 EEMEELLIZHED

WEMETDORGE L —VRITB LT — 7 ETIC L TENL Fig. 4.12 &
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O Fig. 4.13 12779, Fig. 4.12 O L —HEITOHRE, 7—ZHiFIZL—HFIZ LB
BANRRD, TR L —HFE—AZXVERINEZF—FR—LLEBDLNS,
DIADBRE <720, Tmm & 725 LERM HHEN T, R OFTIFIZF —K—
NETRT %, —F, Fig. 413 1X7 — 7 47 08-A %271, DAL Tmm P k& 7
D& V—VRRLENRT — 7 OB A E T IR S5, £72, 10 mm
ERD LB LERIITBESND Z LB o Tz, T— 27 %47 T DAL 2
mm 5 4 mm TRFLERE— FREERINIBEHE LT HIRLZ X 5z,
RIEOERMMAIZ L —FE— AR IS Z LICL Y L—F - LD EEE
D@L 725 EHREINDDITK LT, DAL 7 mm P ETid, BE{LE SRR
MG O L VIKRMAIE 7220 BEEAPEFT L TEF—F—ABRELEIZRY .,
NN TRERE— FOEKIZORB-2T-¢EZZ2 N5,

Welding direction

(¢) Da: 7 mm (d) DLa : 10mm

Fig. 4.12 High speed camera image of surface in laser leading-arc trailing

hybrid weld bead welding with root gap of 0.5 mm.



UEDRERIZEY, L—FERITBLOT =7 EITIZEBNT, N7V v KA
BICER 2 V—F - T— 7 HEBEY 4 mm N TH Y, ZHIEL—FE— LR
WOLENT =7 I X VRS2 BRI S A&HTHH Z LB L
P22 T, RBRENRR 256 IITEmMMR AT 572012, i
G L CHEDRL—Y - T— 7ML AT 2 b0 L HRIND,

Welding direction

(b) DAL : 4 mm

(d) DaL : 10mm

Fig. 4.13 High speed camera image of hybrid weld bead surface in arc

leading-laser trailing at root gap 0.5 mm.

4.4 F5

ARETIX, JEHR 12 mm D SS400 1I2B1F 5 I FZEEE/HTFITH LT 10 kW #&
T7AN—VL—H =TT =728 A47 Yy FEEBICERBL, £OEEN
7 A — S PEERERICRETEEERF Lz, BONHREUTICELD
D
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(1) v—Y¥EIT /T2 BITOHGE. BRI LTV— by v 7B L —FH T,
BEEREOHBTIIERE - FRALELRY, Wb H N7 — FE
KBFEEL, BRI 1 RABBE— FERPRETH-T-, Ll 7T—2%
T/ V=P RITOHE. KERBRYE— FBRRWEATE LN,
QEEELTADATICLPBERBRIZLY, ALEREF - RBAEREN
5L —HHITTIE, BETOANSN Yy FEPEYIBICEGH L, 2Ny ZBERED
L2 2SS L TEEICEMER S EML T, 2SR TR v
DPHZNETE—NEREE LT EEZEZDOND,

@) 7T—IHAT/ L—HHIT. —FF ¥ 7 0mm BLU0.5 mm DFA,
MREOEBFGOFMBHTIIT —27 L L—VOEM DAL 2 mm 83X U4 mm TR
i1 "2BBE— FRELNRT,

4) Vv—YHRAT /T — I %ITBLOT — 7 AT/ V—FHITONTHORES
MThH, ATV NEENRFTRER L—Y &7 — 27 OFZNERML 4 mm UINT
HY, L= - ARHENEMBNICH SR E B LT,
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%5 B ESRO T BAKETHRRBEIIRITS 1 " AEREEUF
FERZRET V=Y < T —IN A7) v FBEEFHEORKR
&t

5.1 #5

1 BB ICElE, R INZEHAT 7 A " — L —FIIRIRDE
2 26%~30% & &< (1], M TE—LMENEN D20, EMRE~DE
kD, SREEOREAAHEIN TS, LiLl, § 2 ETRIL
TAERICE 2 & V—YHRMEHE T, LS v v THREN NSV ER0Rr &
TABLIOT U HZ T A NVBREELLTWREOETAHD Z ENHLNZE-
2o —H. BIERBIVE 4 BEZRAL O, v—HiZ, ~F 77— &G
¥lenad 7V y RBEETIR, T—7BENOERBRY A Y& LTHEIN AR
ERIZE S THX Y y THENIRS 2V, £, TUoET7 40 bHfl S, #HEW
EHEEERE CORERBE L — NOBRMBATREIZ 2D Z &N ahotz,

—F., INETEEOL—V LT -2 2 lAhGbE A7) v FBE#IZE
WTEL OIFERTON TV [2-19125, ERILOBRNLENRMF LR L L
TeRgEIE 72 <[4, 7,191, 205 L REFIIREEHFTHY . THTHBEHFE
~ORRFHIIZ E A L0,

WoT, KETIZI0OKkWHRELE N7 7 A NX—Lb—P e~ TT—7 ZHEHET
NATY v FESEEEZ AV RE 12 mm OESURO T 3 HWEERFICT
DB RIETNATY v REEERT A =2 OREZRFTL. N T
v FIEBICHSI L T T HARBERFICBIT 5 1 S ABEREESELZH L)
(2L, TORREEZBRFLIZLDOTH S,
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5.2 EAM B L OVERFIE
5.2.1 #HaAIE

A L7z gtab ks KON U 1 Yid, FR B iR O SS400 & 73312
G 7T8A4MN5CM3T TH Y |, I — FE~D U A YRS DEETIAR I LU
REZ T2 72012 N1 O£V 23312 G 78A4 M N5CMST %M L 7=, 1t
FHApk % Table 5.1 12777, HREZX 12mm, VA ¥EiE1.2mm Th 5,

Table 5.1 Chemical composition of SS400 steel plate and filler wire Z3312 G
78A 4 M N5CM3T used.

Chemical composition (mass%)
C Si Mn P S Ni Cr Mo Fe
SS400 0.15 | 0.26 | 0.66 | 0.013 | 0.014 - - - Bal.
Z3312* | 0.09 | 0.32 | 1.05 | 0.008 | 0.010 [ 2.71 | 024 | 049 | Bal
* 73312 G 78A 4 M N5CM3T

Material

522 77 ANRN—L—W - =TT =7 A7V v FEHE

AR THN NS T Y v RV AT M3, BRE 10kW KT 7 A 13—
L—H LR AEDR 300A DA A —Z A VR~ 7T — 7 EHEOM
BRHICLVERINTEY, L—P~y NI T —7BEN—FI3BEEr R
v hTTHREFLTZ,

B O~FEIE, 150 mm (L) X50 mm (W) X12mm () TH Y, T B/ HEK
I HhREEEER LT, PR, THEBLXUOANA TV v FEEHEE~ Y FOR
BEOVHEKE L OHIEEEZF1 Fig. 5.1 (@ BXIW M) &7, BLHEIZT
BRI TE THO ., BEERNCT B M AR OVBREEZTo72, "7V v FE
BIZBWTCEIZHOBEENRTA—EBH D, KAETIEENLE L —PF /T X2 —
BT =IO NRGA=EBILONAT Yy RRFTA—FD 3 DIZHELIZ, L—
PRI A=Z L LT b—FHD B =28, L—PEGNE, L— A ELa).
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L—YEEL 7Yy Vo), 2T — I NR_NFGRA—F L L TT—V&ER. 7T—7 &
E. KEWETCOT—Z7HVMIBOF 7y NHO)BIWRNF—FHE, ZHIZ
NAT Yy KRG A—FLLTL—W .« 7—7[EiEM D, BXOBEEFR(L—

PHATDLA S L<IXT — 2 51T DAL Z38/E L7z,

Arc
Laser

Arc-leading Laser-leading

Vertical plate

(a)

Vertical plate
Arc

Laser angle |
La

$ Vertical offset Vo

Horizontal plate
Arc offset from

(b) weld line Ho

Fig. 5.1 Shape and sizes of Tjoint specimen and setup of hybrid welding, (a)

vertical view and (b) side view.

TN OSSR Table 5.2 ICE D TRT, TNHDNRFIA—FDHH,
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=PRI A=FZ T, b—YHH L RFE@EER BT A Ty
FVOBLOV—VRRAE La, 7—27 /5 A—F TIA7 — 7 BRBLOT —
7EIE. ATV v RRT A —F CIIBERE, BEFREThEThElL

SHT, BEE—FERIZRIETINODONRT A—FDOEEL> IR LT,

Table 5.2 Hybrid welding parameters used.

Laser | Laser beam | Defocus Las?r Vertical offset | Welding Distance/ Shielding
power size distance | @n9'® (Vo) speed laser and gas
(La) arc

1.0~2.0 C0220%

3-9kW | 048mm | *0Omm |7-11°| 05~20mm | = | 2mm Ar 80%
Arc current|  Arc Arc OfIfS?_t from Wire Arc torch Arc angle Welding
(Mean) voltage w‘?Hol)ne extension angle from laser direction

45° o Laser leading,
100~300A| 27-30V|  1.5mm 15mm | Erom vertical plate) 35 Arc leading

5.2.3 HEAMELE L ORI IA AR BLER A

BHEE— PR LU =7 — R EOBHEH O, 72 b OB m
Z 2% T A Z—NVBREEROCTEE LIERIZE T AR L O MR AEE
MEZ L, FHEi L7, 512 EPMA IZ X W IEBSlmEIcE T 5 Ni o 2 )

E LT,

5.2.4 N1 7Y v FEETOERBZEE OBRBIEIE
BEPOBRMMEREICRS T 2BEMEROTRNEREEL T A I A7 2 HOE)

HIBEE LTz,

ZEH LTz,

L 2000 frames/s & L, 950 nm DN RANRA T 4 L F—
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5.3 ERFERB L OVOELR
5.3.1 L—HEMIB LT — 7 BT HHEE Y — RER

Fig. 5.2 |2V —VHEMEEHONEE L OWHE~ 7 v EEA2RT, L—HFH
MTIIE— FIRIZFHEFITHRS . AR BEL, B — NEEAE
HThole, WITARITIHEDT — 7 B L 0 I13FE LSIELS . L—¥FHH 9kW,
EHOEAE 1.5 m/min OFRMGTIE, BERZEEBEL, EE— FOFMBAAETH
27, LML, REBRIINKRTHY, BEREKEREOMICBARRR Y
DR M DI LD TR S AT,

Fig. 5.2 (ZHBD 7= DIZT — 7 BT b —FRiEMA & % IBA I 5 B
DPHABEER L OWHE~ 7 e BEA TR T, BEEREN 1.5 m/min & #H\ N 2HIZ
WITABDHEFICELS . BFRE—NEREBLIZ BN TEhhotz, %iBA
DFETIL, REERITDRE ROV KRERT U Z Iy bRBELEZ, Zhick
LCHIEADHZEIZIZ, BEFOT X hy MRRELEZN, E— FRBIZEDS
PRERThoTe, ZOXIRT—I F—FOHEXAEICLD L — FERDOE
LIZR<HONTBHRTH B,

SS400; Laser power: 9 kW, MAG arc current: 200 A, Welding speed: 1.5 m/min

Welding Arc only Arc only
(Push angle) (Drag angle)

Method Laser only

Cross
section
5mm

Front
10 mm

Fig. 5.2 Cross sections and appearances of weld beads made by laser welding

and MAG arc welding at different torch angles, W.D.: Welding direction.
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5.8.2 NA T U v NEEH:

NAT Yy FEBRIZ LD KETHRERIZBT 2T IAB IR RIE T EE
NI A=Z L LTL—HT, VL—VRHEOCEELS 7y PBLIOL—
WS AR, WERE, 7— V&R, 727 BE, BEHFRAO 7 RMEEREL
ZDHBERA OGN LT, RBEHESRML LT Table 5.3 ITRTHM 5 HEARS
L Ll 77 —2 F—FOEXAEIZ5.3.1 ORRESZB L TT—2 b—F
ATEA & EARRM & LTz,

Table 5.3 Fundamental parameters of hybrid welding used.

Distance/
Laser angle | Vertical offset | Welding | Arc current
Laser power Arc voltage | laser and arc
erp (La) (Vo) speed | (Mean) 9 ©)
9 kW 7° 1.0 mm 1.5 m/min 200 A 27V 2 mm

5.32.1 L—#/RF XA —%

BIEATE 2 i3 57201, /NS IREBEEBABIC LV KT L AEEE CRER
DRAMETEET D 1 NABBEEE— FE2EL 7012, L—FHT, L
— P - LOMBEL I OBHRAENREE LT A—F LD, ZZTEE
N DB ONTRET LT,

(1) L—HFiAH

Fig. 5.3 2, L —VBRHEEEAS 7> F Vo .0mm BL N —VHREAE La
TICBWT L —H 1% 3kW 5 9kW £ TEMLE R A 7V » REFEEES
BRIOWEFEL T, E— FABICKERELIR NS, BONTREF
RE— FABAE LN ETIARES IV & & HITEML 9kW Tk

EARZ Bl U CERERCHIOEmICE V' — FABK S iz, %ik 5.3.2.2 0
WREEETDLE— RABULT — VBN EICEEZRIELTEY, —F,
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E— FEERR 6. IHAZDORKE 71T L — RIS L DRI AR RIS
LoTRESNTWD EHEIND,

S$8400; Laser leading, Dia: 2 mm, 200 A, 1.5 m/min

::; 3 W 6 KW g KW

section
5 mm

Front
10 mm

Back
10 mm

Fig. 5.3 Cross sections and appearances of weld beads by hybrid welding

with different laser powers at laser leading.

(2) L—VHRHMEORERENR ETOEEAZ vt Vo BROL—VRE MK
La

Fig. 5.4 IV — VB AHE 79128V EERA 7€y b Vo % 0.5 mm~2.0
mm ([ZZ{E S /oA 7Y v REETAMEB L O~ 7 e EEZRT, EE
WA 7€ > 230.5 mm & 1.0 mm OFRMAETIT, REF7RE— MBS L7273,
1.5mm & 2.0 mm TiZ, N7 E— FROFREFKE—RERD, KERY
v MRBAE LT, E-20WmE T, EBEARA 7€y F2 1.0 mm 2L EIZBW
TiE, Bl — RO I, KR & BER S ORICAIERNRIB LR
A RBEAEL, 78y FERKEIWEILEETH-Z, —F. 0.5 mm T
LA AR RIS, 2O TixEm LB — NOBARIT R -T2,
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S$8400; Laser leading, Dua: 2 mm, 9 kW, 200 A, 1.5 m/min

Offset 05 mm 1.0 mm 1.5 mm 2.0 mm

Cross
section
5 mm

Front

10 mm

Back
10 mm

Fig. 5.4 Cross sections and appearances of weld beads by hybrid welding
with different offset values Vo of laser beam irradiation position on vertical

plate side at laser leading DLA.

'y hORAEFRREZHALNCTHDICEEELT I I ATICEY, F7F
> b 1.5 mm R CHEBMMERE OB 21T o772, Fig. 5.5 (@) 725 12—&ED
EREBROT N ORERAREGERT, L—P & — 23R O T E AR >
VHICBE SN TEY (@) IR T L ICBEETIC L —Y ' — A FLEE ORI
NOBEERIZZ->TE Yy FRFEL, b) TEEY FBAKREEELTEY ., B
AR B EEAR 3R R Do oo DIZRE LT LR SN 5,
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Weld
2 Arc pool

Fig. 5.5 high speed video camera images showing a pit formation on the
surface of weld bead at vertical offset 1.5 mm and 9 kW, 200 A, 1.5 m/min at

D1A : 2 mm, appeared in Fig. 5.4.

®iZ Fig. 5.6 I V—VHBHEEEAS 7Y b Vol.0mm & L7ZHAD L —F R
HAKE 7° .9 BLO 11°ICBIT 547V v NEERONMEE L UOWEEE
L TRY, B— FREMBUIKREREMITIRONR o705, Wik
AT oL, V—VREAE TPTIIEBE— NIIER SR, BERRR
BAEL, —FH. 9 & 1I°TIIMEARAROEAIIHE SN, BELY— FIIFE
IR otz, ZOXIICV—FREMEL IOV —FREAEIIE— NE
WICREREEEZRITT, Zhid, 774 13— L —FE— BB TZDIZ
L—YIREAEEORENE (BEA 7y b Vo) 12X, TEEEEHSO
RIS BT ECRES NS D EEX NS, T7bb, Fig. 5.7 &~ T
Xz, E—RFRREANCIZT — 712X 3%#E— FEaB RIS, 7—7 D
BT CTIRAERR S+ ARTE S BRSNS, LirL, EEKORE
B TIIAMIZ L —Y E—ARBOBDIZREEIND, ZDO7%H, Fig. 5.6
DL—FREAE 7 OBEITE—LRE XV ETREN S 72 DI KRR 0%
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FIABPA TR VBERRHABREL S 25, £, Fig 5.4 OEER
A7y Vo RKREWHEICBWTHRKROBEHE TRMEARARBREAELTLLEZ
5D,

SS5400; Laser leading, Dia: 2 mm, S KW, 200 A, 1.5 m/min

Laser
angle

7 g° (5 3

Cross

section
Smm

Front

10 mm

Back
10 mm

Fig. 5.6 Cross sections and appearances of weld beads by hybrid welding

with different laser angles at laser leading.

Front side (Vertical plate) | Backside

Laser beam

— laser weld bead

Arc weld bead  Lack of fusion (Horizontal plate)

Fig. 5.7 Geometrical drawing of weld bead penetration at T-joint for lack of

fusion occurring between weld metal and horizontal plate.
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5.83.22 7T —27 /87 A—4

T—r%&ML LT, T/ BRLEBEEZINENEMIE T, TOXEZR
=t L7-, Fig. 5.8 27 — 7 Eififi% 100A~300A £ TEILIHIoNA TV v FIE
BEmASBE L OWE~7 0 EEERYT, 7 — 7 BROBERIZHED, B— FiEHs
K&EL 720, FHARy ZREBRBDT HHEEIZH T,

7. WiERRIZ, 7T— 27 BROBMCHER VRS M5 L &b, &
BEEROTA Ty Ty b REL 2D AR OB T IAREST HIER L
2o Z D72 300A TiX, KR OREERRIBMHIHE ST,

PIEDORER, 7— 27 BRICK > THEEEY — FREMRE LT AA EFO
TA L Hy THRBRESEBEZITDZ LBFNoT

SS400; Laser leading, Dia: 2 mm, 9 kW, 1.5 m/min

Arc
current

100 A 200 A 300 A

Cross

section
5 mm

Front

1C£n_m

Back
10_rrlm

Fig. 5.8 Cross sections and appearances of weld beads by hybrid welding

with different arc currents at laser leading DLA.
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RIZ Fig. 5.9 27—V BEEZBAL I A TV v NS X OWE
~ /7 uBREERY, T— 7 BEOHEMIENT —Z IIRELEL Y, FEEKM
TOT »EH0y FRKFROBMERBBEE LT VWVEBICH » 72, BHETO
BIEET ARG LY T — 7 BEOHEM, Thbb7 — 27 BEOBEIMIEN, 7
— I BNEEREF~BIER S TN ERERENTZ, ZOED, T8 Dy
FRRELELSRY, $T7 -7 OEFENEL RE2DICETIAR LHOD
ARy TEBB/NEL 20 KERBICHAERENRBELZLEZZDND,

SS400; Laser leading, Dia: 2 mm, 9 kW, 200 A, 1.5 m/min

AT 27V 28 V/ 30V
voltage

Cross

section
5mm

High
speed
image

Fig. 5.9 Cross sections of weld beads and high speed video camera images of

arc during hybrid welding with different arc voltages.

5.83.2.3 NA T Yy FNRF A —&

=P - T—=INAT Yy NBEBIZFEDRTA—Z L LTL—% - 77—
FEEHEE D gAML —Y T, b LR T—2%Mibs, L—F .« 7—
7 RIEERED BB L Tid, B4 BEORRICESE D=2mm —FL LT, =

TIHEEFROEEORICER LTHRET L,
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(1) ¥EHH )

Fig. 5.10 ICEBEH M2 BL ST L—YHRITE 7 — 7 ATOWEERIMEB &
OWiE~7 e EEZ7RT, L—VPEITTRABERBZBELNLTHY, TUFH
v PRy MIEOLNT, EF/2E— FRHORAL Fb@BO LR, —
B, T—7HATTIE. KEBEERIIV—VFEITIO OB ERY, E— FigbPk

KERBENZIZT U F Ay RBRREAEL, RERE Yy FRARA RBMR I,
L2 LlE OEWITIARRIICRERERIZIA DN R0 T,

ULOFER, KETHRBEICBWTIL—VFEITOFRT — 7 AT & ik
ThHE, BHREBERBEOND Z B aholz, N7V v REEREIZ
THRBEIZBW L, 20— MIBIRIRIZ 5.3.2.1 BL T 5.3.2.2 OFERD
SHLDREIICEAMIT -7 BERXENEEZEA DN, ZOXIBRNA4T
Uy FEBICBITABEFROENICZL S B — REIROEWE, 5.8.1 T/
T — 7 BB BIT A b D LRKOBSE L EZ D,

SS400; D: 2 mm, 9 kW, 200 A, 1.5 m/min

Weld
direction

Laser-leading DLA Arc-leading DAL

Cross

section
5 mm

Front
1(_)__rr_1_m

Back
10_mm

Fig. 5.10 Cross sections and appearances of weld beads by hybrid welding

with different welding directions of laser leading DLA and arc leading DAL.

-75_



(2) WEpaERE

Fig. 5.11 |Z@E#EE % 1.0 m/min~2.0 m/min £ T &=V v K
BHERSMEBS L OWE ~ 7 e BE AR, WHEGEE 1.0 m/min T, 1.5 m/min
CHRD ETHABESROMENKREL Y, EMERRIMBE S, —
. EHERE OB E & HICHEIRRED U, REEEE 1.75 m/min ¥ TIX R
72— R E LN Z28 2.0 m/min TIRAFEARP D & — RIEMIRIZT > & H
v FHRREL, RIFRNMERT L8 — FERIIRETH > 7=,
TROLEEEEITEEL — FERICKE EEBEZRIFL, ROT—I
BEFRICEBEREDHEINC L DT vy RN B 77— ROBENRZE
DEFARSGEEZBHE L WD Z ENShoT,

S88400; Laser leading, Du: 2 mm, 9 kW, 200A

Welding

1.0 m/min 1.25 m/min 1.5 m/min 1.75 m/min 2.0 m/min
speed

Cross
section
5 mm

Front

10 mm

Back
10 mm

Fig. 5.11 Cross sections and appearances of weld beads by hybrid welding

with different welding speeds at laser-leading DLA.

5.8.3 L —H AT L 7T — 7 FATIC BT RN OIE R4 B i O B8 22
5.32.3 TR L HICL—VHITDLA L 7T — 7 4T DAL & TE— FRIRB K
XL ERBIENDL, ZONRTA=HIZFER L, "7V v RIEFEF ORI

RMZRMEEETADATZHOTRE L, BIEE2ITo7c, RO ILE B
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% Fig. 5.12 12, ¥ oKX % Fig. 5.13 (277, L—FEITOEAEIL Fig.
5.12 (a) 2R T LI ICHFOERMOSEIIZH DERN L —FRHE R TH 5,
L—FIE DX —F—ABEL, EORFIZT—7ICKDBERMMPTZHR ST
W5, Fig. 5.13 (@) &R T X I V—VEITOHREIIET —7 b—F B RiEHA
Lo THD DI, T—7E T T, BEFmIZEND BT 7 A=K
Lo T, BERMERTRTE TEESF RIS, 0%, BEOEICmAy, S
BAIZFEOF & 7o o THE M X H ORI & 72 D WEg 7 I2mnr s, Z
D=z E— FIEIXIEA D ERIZ 72 5,

—F. T—7H%I{TOBEE, Fig. 5.12 (b) IZrRTEIIC, T—27XX->TE
R ENT- WA L—RBHE SN T3, £7-, Fig. 5.13 ) 15T X5
T —7 b—=FI3BBRA L 2D BT T X RIS EERIME 5~ DAL & [F
CHEIZEL OT, 7— 7B TFTOBMERN T T X~ Kt THFITHEL I
L& b, TOME, WEEEN AR L CHERIMEROGEEEENEH T 25
ENHY ., FOBIZY—IV FHTAMBALT, By MRS FEBRTDLE
ZbN5, £2. ZTOX D RERME S ~OROGTRAC X o TRt OIR
X, FIRWVWLDOIZZRY, 62, E— FRAVSEY £V, Wbybh e

TR & 72D R90,

(a ) Arc torch |

- hf\
N\ Welding line

Fig. 5.12 Typical frame of weld pool surface during hybrid welding in (a)
laser leading-arc trailing and (b) arc leading-laser trailing by high speed

video camera, at the same welding conditions in Fig. 5.10.
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_, Plasma stream

Laser spot

Laser spot

Plasma stream

(b) Arc leading
-laser trailing DAL

(a) Laser leading
-arc trailing DLA

Fig. 5.13 Schematics of molten metal flow in weld pool at (a) laser leading
DrA and (b) arc leading DAL conditions observed in Fig. 5.12.

5.3.4 EPMA |2 X V8 — RINERICRIT D Ni DA 534 5
L—HHRATEB LU — 7 fTROEE ' — FRNEFO Ni 04342 EPMA Tl
ELI#ER%Z Fig. 5.14 @QBLUOIZZEhThRT, BESEIZL—YHD 9
kW, 7— 27 &t 200 A, EESEE 1.5 m/min, D2mm TH Y. (a) TIZAFEHK
ROFAERNR LETIAZTEH E— FETOE N, (b) TiXRE U < AFEHRAOBE
ARESDHIZRERRA RBFED LI, WTNbBEEBEESMETIER,
L—HFRATOBREITIE, B — FRED LIRITIARESK 1/3 #14T Ni #EER
BRbEWI ERGNole, Thud, BITT —2 D77 X<&KiRic & Y iABhi 5
IERIZER L CE 2 BRER N, T —FIZ L2 F—F— iz & > THES
HANIH S, B — MRS 1/ A ETREFELZ L HBAISN D, L, I
—FICEVERMINTEE— FTFEICIEINI BDBEELRVWZ E B0 -T2,
—h. T RITORE. T BPRBADRD, ERMEBRNEITL—Y O
RBEZ T TICEEME FICRER E L TESHICHEN, 1ZEAED NI EE
— FREICEFLEZEEZZDND,
U EORERMNG, AFETHWBELZE LW T BTHEM ETIIL—Y
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TATBIONT — 7 ETONWTNORE THLREY A YORMEENE— K T
HIZETBEIT A Z L IIR#EETHY ., &KL LTE— RN EEICERAT DEM
NIRNT LB oT, Thbb, "M TV y FBEEORE T AIEEY A Y

2 X DR O ERHIEILE — F EICHIR SN DEHmICH 5,

Cracking

l

Lack of fusion

Fig. 5.14 Distribution of Ni added from electrode wire in the weld bead at

different welding directions; (a) laser leading, (b) arc leading.
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W> T, WY A YT OIREASILIZED2BEEEBROMRELEL BN LT
DAL, PIZIFE 3 ET LR~ L 5 2l RS LELEZ DD,

P2

5.3.5 BHEEINLB LO@MERE

T BT HRAEEED CIREERIEIC L » TIEESh B L OBA R R A%R
BT D2 DBl BHERENBESNB I UBMARRIZE X 5222 % Fig.
5.15 12~ ¥, HHGHE 1.0 m/min T, BEEFNB X O@MAFRRIZIA ST,
BIFREHEE— RGO, Lo, BEEEN 1.5 m/min (T KTE LT

WCX VRS NIZWEIT AR EERD T A > 1 » TEE T OIEHERICE - THt

ARBBRRAELE, F-ECL—HFE—AICLVEREINEZE— REHENLS T
EOPRIZENDBRET D LR o7z,

SS8400; Laser leading, Dia: 2 mm, 9 kW, 200 A

(@ 1.0 m/min (b) 1.5m/min (¢) 2.0 m/min

Lack of fusion |
Craqking Cracking |

"4

Fig. 5.15 Effect of welding speed on the shape of weld penetration (a)-(c), and
on the occurrence of lack of fusion (d) and cracking (e).
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ICHRBSEE A 2.0 m/min & EL 2D ERAEARRIIRELS D, B — FTHE
DEINLBEINT, BEHEENE 25 L Fig. 5.7 TURLET—7I12LY
WELSNDBET AR ESOTA U Hy TEHABRKEL 2D, MEARRPAEHES
N, SHICEITRABRE A 5 ERIZ EEIZm > TR D BRICET S &

X VBT IAHRFTEICBIT AEESNORENPTMF SN LEZLLND,

— 5.7 — 7 BRHPBEENB LORMERNRICE X 528 % Fig. 5.16 ITRT,
7 — 7 % 100 A B L TN200 A TiE, MERRBIUOBEEENAFELL, L
N, T—27 BN 300 Al L, MAERRBIOBEEhIHESH, B
FREEE— FAGELNTE, Zhid, EEEEDOZELIC L DR & RERIC
— 7 BRI LV EE Y — F EHOBEMESASIER T2 2 L2k, MERR
RENOREFRALEI N LEZDOND,

SS400; Laser leading, Dia: 2 mm, 9 kW, 1.5 m/min
s (@ 100 A (b) 200 A () 300A
current
Cracking
Cross |
section [ o
5 mm ; Lack of fusion

Fig. 5.16 Effect of arc current on the shape of weld penetration (a)-(c) and on

the occurrence of lack of fusion and cracking (a), (b).

Fig. 5.17 (ZaEEIUkm © SEM 5E 2777, BliukmiIMhoH 57 > K
TA FEESHABRICED b, AN REEFINOEEZRL TV, £k,
ENBEAEMBIDTNOREIZBN TS E— FETIAZOFERD B THIZ 2T
TTHY, o, TNHLOERMETIRE—RFEROTA 0y TEn L EInREAE
HEDEDOE— FIES—HE 25X vy F U 7HARBOOIL. £OTHOEN
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BAEMTE — FIEBRFTANCIER 2FEERE L TWVWDE, 0K 5 RETIALE
WERDEBITALNTIIRWVWA, ZOES TEREOENLSEL, Wb 5,
72 LIE B — FEIFL20] & [FIER OBHE CREBEBIN S R4 L= LR SN B, E5E
BE 1 m/min T3 EEROETIALEBIER L THRED < CNERS 272 < 2o T
30 WEABOBEINC LV ETARRPLES L., BEBhOIEICS
BolebtEZ b5,

T ,,%

Flg 5.17 SEM images of crack surface showing dendrltlc morphology at (a)
low and (b) high magnifications (its surface was corroded by etching
treatment, and therefore coated with rust).

5.4 s

AETIIBER LD T AT ARBEICBNT 1 2B ETAREEE —
FEBIZKIET V=Y « T—I ATV v NEBEOERE T A —F DEE U
TRIEZITV, KEORWEBFREEE— RABLNLIREEFH LML, #
DIEISEZ R LT, BoNEERIBRIIUTOL 1Tk B,
(1) B%ER LOKETLRBEICENTL—H « T—I 17V v REELRIT
FIZ= T T =7 BRI > TR ENDETAA O Wb 53 L A UEEE
Gyl VL PEBORETIABDRIZE > TER SN DT AR F RIS T
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FRE Yy FBIURA FHFRAE LT VEMZ R LT,

(4) 7T— 27 BRBP/NDNEV, b D VITEESERENE Ve © OBRBEABI /NS 2 &
CEBNT, BEHTRBTE— FERRITICKRS 22 0bdd, {UhE
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N, L L, BEEEORY., HD0IET — 27 BROBINCE Y PRETO
WTABDODS CNBRERETHZ I X VEBEEIORAEIZBHIEFIEETH -
7=

(5) BWHEU A YR Th D Ni ik, BEFAICEGR, 7T—27IC LV BRI
5 EETARBEEBICREL, ©— FTFBICIZRE L2 o7,

(6) #RE 12 mm DA% L T ARFET AREBEHEICEW T, BESRGOREIC
LV BEE— FREME LN TRBORVWEREIFR 1 RABBEEL — RO
MARETH D Z & 2R Lz, RFFRORN T L—HHH 9 kW, 7— 27 FEif 200A.,
VEEEEE 1.0 m/min OBEHELEMGB IOV —VHA 9kW, 7— 27 &k 300A, &
IR 1.5 m/min OBEBEEMFEEREL L,
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6.1 ¥#5

BIENMIL, REUNDOEETRELVERML, FERHETROIREZLT
WML & U A H)_E X ¥ 72 8] 5858 X 2% 500MPa > 5 1000MPa Ok T 5,
Z AUk LEI9EIR X A5 500MPa KT OSA (T8EH & Kidh. 1000MPa %z %
HOIEEENME JiEn 51, SMEEpoBREl, ®EELICXY.,. &k
HEOFERABITEREINTWD, LL, BEAMIL. BHEGRIEEN TR
BENNRBE LS BEHEICEL T TRLEEZITI R EORKIIOEEPLET
b5, ZORKEBENOERTF L L TIBMEAE, BIRICBRER~LT YA b
RO ok SIRBREISHDO=ZonETFbhTWw5s2l,
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BT, T2 EEL 0 LEABB TIRVEIT AR TE . BB
IOk, BEBKANIVERYR DD, £, BHN LV —FEETITHERR
R L THOEWVEESEE T 1 SABENFIERTH D72, EHEEEE S MEXHIC
B, SNTFRRBERLERT — 7 EBRLEA~ND & BEMIZRT DiEtt
KBOEEBWDVRNZERTHEEIND, > T, ThDLDBER»DLEEHMMO
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VHEIEMEL. X¥ v TREGLEL RDEBEHETHY, 77 A4 X —L—FT
RIT =V BEMBEDEINAT ) v NEBERZEHT L ERCRe YT o 72
EDRMaDIZN BRI R RETEHEMFOT HRBEEMRTENAIREL RS2 L &,
ABFRIZIBNTILSSA00 M 2 5t 5 & L THABEB L OESFETHL NI LTz,

LrL, XV EREOERNF~DTZ 7 A N—L—H « =TT —IN ATV v
REBEBOBFPNIZZNETIZE A ERRN8],

ARETIT BREMEEME L L GEERICER STV 5 1000MPa %5 75 7150
WIZEH L, 7T—7BEETIHERBIN N REAE LT WO FREMLE B AR Al K
EENTWD, ZOEOBERNFIMIEILS 7 7 A X—L—F - =TT —I
A7V REBEEEZEA L, TRLEL Lo CRIBEIN A & OB XM
RVWRAFR 1 S ABEEEE Y — FERERH L, FHMEi L7,

6.2 M B X OERTTE
6.2.1 R

M B L OVERE D 1 71X HT980 3 L 18 23312 G 78A 4 M N5CM3T T
D HEEEE O T 250 mm(L) X50 mm(W) X11mm () TH B, IBET A ¥

DT 1.2mm TH D, FD{LFER551E Table 6.1 {2787,

Table 6.1 Chemical compositions of HT980 steel plate and Z3312 G 78A 4 M
N5CMS3T filler wire used.

Chemical composition (mass%)
C Si Mn P S Cu Ni Cr Mo \ Nb B Fe

Material

HT980 0.14 | 041 | 1.19 | 0.005 | 0.001 § 0.02 | 0.01 | 049 | 0.41 | 0.04 - 0.001 | Bal.

Z3312* 0.09 | 0.32 | 1.05 | 0.008 | 0.010 - 271 | 0.24 | 0.49 - - - Bal.

*Z3312 G 78A 4 M NSCM3T

-88-



6.2.2 77 A NRN—L—H « =TT —I N7V FEEEHE

6.2.2.1 ZZEHIEEIE

AETHW, "M 7Yy FBEEVRAT AL, F4ELRLTHS, L—F
X 10kW &7 7 4 3— L —HF(IPG # YLR-100000 TH Y , v/ 7 — 7 I3H&KE
T 500A(F A ~> 8 DP500)A > N—ZHIER SNV A~ 7T — 7 58 TH D,
WE LI NA 7Y v FEEEE~Y F% Fig. 6.1 {ORT, E—2RET 7 A4 N—#
1% 0.3 mm, 5T 310 mm, BEAMIEO L—Y ARy MEITK 0.48 mm
Thb, L—FIIEEIDS 10° HEAIEMH T, 7—27I3FEE N D 25° BREKMAHT
WIERToT-e V=NV RHRI~IT—27 b—F b L7, 5 4 EORAF
721 NAE@BE— RGO NEEREESE L, N7y NEEART A—
B EBRE L, BEVEERANA TV v REH#ENT A —F % Table 6.2 (ZF & ¥

TR

Laser head

Fig. 6.1 Setup of 10 kW fiber laser head and MAG arc torch for hybrid

welding.
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Table 6.2 Hybrid welding parameters for I butt joint.

Power 10 kW
Laser

Defocused distance 0 mm (surface of the plate)

Arc current

300 A
(Mean)

MAG are Arc volt 300V
(Pulsed) rc voltage .

Shielding gas flow rate | 20% CO2 + 80 % Ar, 30 L/min
Welding speed 1.3 m/min
Distance between laser beam and MAG arc 2 mm
Root gap 0~1.0 mm
Welding direction Arc leading and laser trailing
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6.2.2.2 T TE/K 4 A N #ETL

HFERK, TEBIUONA T Yy N~y FOREOFEX S L OHmEX
ZNEhN Fig 6.2 @QBLUMITTT, £z, H5EDOHAEMRESEL T,
ATV Y RNRTGRA—FERE LT, RETEMLETAHAREBERNM 7Y v F
WHE/RT A —HF % Table 6.3 IZF & TR,

Arc
Laser

Arc-leading Laser-leading

Vertical plate
(a)

Vertical plate
Arc

Laser angle 1 Vertical offset Vo

Horizontal plate
Arc offset from

(b) weld line Ho

Fig. 6.2 Shape and sizes of T-joint specimen and setup of hybrid welding, (a)

vertical view and (b) side view.
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Table 6.3 Hybrid welding parameters for T fillet joint.

Laser | Laser beam | Defocus Ie_"a\sclaer Vertical offset | Welding :Distancc-,;/ Shielding
power size distance (Lg) (Vo) speed asz;:n gas
o 1.0 C0220%

9 kw 0.48 mm +0mm 7 1.0 mm m/min 2mm +Ar 80%
Arc current Arc Arc offse.t from Wire Arc torch Arc angle Welding

(Mean) voltage w‘?ﬁ;')ne extension angle from laser direction

45° R Laser leading-
200 A 28V 1.5 mm 15 mm (From vertical plate) 35

arc trailing

6.2.3 HEH R R AT 5 1E
B O NSO 2 50T 2 - DI TS IRRBR 21T 2, T
SIERER DR E L OSHEE% Fig. 6.3 8 XUV Fig. 6.4 (R T, ZNEN R

FUORBERTH D, - EREABAIIE— FRAB L OERE IR L 7-EiE
HAEEF & LT,

Fig. 6.3 Configuration of transverse tensile specimens used in the present
study.

, #940 39
i %69 $10
=>15R

L—YBaiEeRE
Fig. 6.4 Configuration of round shape transverse tensile specimens used in
the present study.
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6.3 EBRFE R LI OBE
6.3.1 I B & HEEAFF K
6.3.L1EHEE — FERICRIETAV— F Xy v T ORE

T =7 SATTL—HHA 10 kW, 7—27 &R 300 A, ¥EH5EE 1.3 m/min,
DAL 2 mm OFEESFHETL— ¥ v v 7% 0 mm 2°5 1.0 mm £ T LS
BB LN EE Y — FoWrm s L USMBIBI SR R % Fig. 6.5 ([IR”d, L— b
¥rv7 0 mm»H 1.0 mm FTHEEE— RBRBRAIETHY . RFRERYE
— FBREFHT D 1 "ZABEBEEMFIEON, WThOoL—FFy v 7R
HTHEELE— F EHOE— FRIZIE<RY . TA 0y 7RITRDFEEHR
oz, Lo, h—FXx v 7B 25D & E— FREOERIEFRHIZE
STTUEy FBRBEL, RELRDHBERADBH T,

HT980; 11 mmt, Arc leading, 10 kW, 300 A, 1.3 m/min, DaL: 2 mm

Root
gap

0 mm 0.2 mm 0.5 mm 0.8 mm 1.0 mm

Cross section |

5mm

Front side
appearance
20 mm

Bottom side
appearance
20 mm

Fig. 6.5 Cross sections and appearances of I-type butt joint weld beads made
by fiber laser - MAG arc hybrid welding with various root gaps up to 1.0 mm
for HT980 MPa steel plate of 11 mm thickness.
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6.3.1.2 X #RFBBIERIC L 2 N K FatRa

BoNTEEY— FONTHXMEZHRT 57012 X RBEBBEZ1To72, £
DiER%Z Fig. 6.6 (77T, WTHLOBEEFHFIZBWTHLRNERETHERE &
TARENABAEYT, R 1 AAREBE— BB LR, ZORRIZED,
N— XYy THREMLIEBE TS, BE LCEBEENTZIDZ LB ah o7,
o, V=¥ - T—=I A7V v FEEIZL Y HT980 Sz T b FEULH 2
L TRESNDEE L RV RIFRESEMFEELLHEONDL Z LB LI

o,

HT980; Arc leading, 10 kW, 300 A, 1.3 m/min, DaL: 2 mm

Root
gap

X-ray radiograph

0 mm

0.2 mm

0.5mm

0.8 mm

1.0 mm
10 mm

Fig. 6.6 X-ray radiography inspection result for 11 mm thick plate of HT'980.

(Black lines show mechanically cut parts)
6.3.1.3 VEEEER DT RAH R
BEAF, BB, LIS EERRE. PHEESRIS KO T HEES BRI O
I 7 vk x Eh i Fig. 6.7 (D 66G)IZRT, (1) HTI80 D R4 1M 72
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DHHEENEN D EEZLND,
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Fig. 6.7 Macro and microstructures on cross section of I-type butt joint of
HT980 with 0.5 mm root gap welded by hybrid welding at 10 kW, 300 A, 1.3
m/min, DAL 2 mm ; (1) base metal, (2) HAZ, (3) weld metal at upper part, (4)

weld metal at center part and (5) weld metal at bottom part.
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6.3.1.4 HEFAE = 5347
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T 2@ m 23580 bz, Tk, EEE THE— MIXEMM RS 2N RE S8
T L —HPFIZLDHEMME L VRS IL, D OmEEERE WD, OE sy
D72 A FA e~ AT oA MEGEBDBER IO EEZEZ DD,
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Fig. 6.8 Distribution of Vickers micro-hardness on cross section of hybrid
weld of HT980 with 0.5 mm root gap welded at 10 kW, 300 A, 1.3 m/min, DAL

2 mm; (1) upper part, (2) center part and (3) bottom part.
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Fig. 6.9 Macrostructure of (1) one side one pass and (2) both sides two pass

fillet joint welds.
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Fig. 6.10 Macro and microstructures on cross section of one side one pass
fillet weld joint of HT980 by hybrid welding at 9 kW, 200 A, 1 m/min, DLA 2
mm; (1) base metal, (2) HAZ, (3) weld metal at upper part, (4)weld metal at

center part and (5) weld metal at bottom part.
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Fig. 6.11 Distribution of Vickers micro-hardness on cross section of hybrid
weld of HT980 at 9 kW, 200 A, 1 m/min, DLA 2 mm; (1) upper part, (2) center

part and (3) bottom part.
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Table 6.4 Tensile property of butt joint of HT980 in flat plate shape tensile

test specimen.

Test specimen | Tensile strength Elongation
No. (MPa) (%)
1 1,076 13
2 1,077 13

Table 6.5 Tensile property of butt joint of HT980 in round rod shape tensile

test specimen.

Test specimen | Tensile strength Elongation
No. (MPa) (%)
1 1,086 15
2 1,087 15
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Fig. 6.12 Appearance of tensile tested specimens of hybrid welded joint of

HT980 in flat plate shape tensile test specimen.

A

FLELE R RN

Fig. 6.13 Appearance of tensile tested specimens of hybrid welded joint of

HT980 in round rod shape tensile test specimen.
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