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ABSTRACT

(Y
ro

AsX JtE 2S(SGACC60/60) HES
diold-0t=32 slolEelE EEHE JIHA

Jim
0

Jun—Ui Han

Advisor : Prof. Bang, Han-sur, Ph.D.
Department of Naval Architecture and
Ocean Engineering,

Graduate School of Chosun University

Recently, safety, lightness and environmental protection have become
more and more important in automotive industry. New material and
new forming methods have been adopted to reduce the weight on
condition of no increasing cost. However, infrastructure construction
problem, performance contrast high price is still limited. Accordingly,
improving durability and lightness in automotive structure have led to
the wide use of galvanized steel sheets as a corrosion resistant
material. Because of high strength and toughness, better performance
both in high and low temperature, high resistance to abrasion and
corrosion, galvanized steel sheets have attracted great attention in
many academic research and industry applications. Especially,
galvanized steel sheets can replace existing steel to reduce the body
weight and to improve safety in automotive industry.

Although welding methods(Spot welding, MIG, TIG) that are applied to
body parts of galvanized steel have been used for a long time,
disadvantage such as high electricity consumption, electrode
replacement and technical limitation give rise to interest in Laser—Arc
hybrid welding. The hybrid welding technology that combines the

_|X_
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advantage of laser welding(deep penetration, high speed, small
heat—affected zone) and arc welding(low cost , fit—up mitigation,
high—power) can improve quality of welding and productivity. Because
of many process parameters of laser, arc and hybrid is not easy to
optimize process. To solve this issue, various researches that affect
weldability of many process parameters have been carried out.

In this paper, high—strength galvanized steel for application of the
automotive cowl parts carry out respective processes MIG, Laser,
Nd:Yag Laser—Mig hybrid welding. Several process parameters such as
Laser—Arc distance, shieldingas and welding currents & welding
speeds were investigated. Weld quality was evaluated by EN
ISO13919-1(Reinforcement, Undercut, Excess weld metal Excessive
penetration). In oder to evaluate weldability, This paper can carry out
mechanical characteristic and metallurgical characteristic.

Collection @ chosun



Chapter 1

Introduction

1.1 Research background and Purpose
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1.3 Application of Laser—Arc hybrid welding to
automotive cowl
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Fig 1.6 Position of Cowl
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Chapter 2

Theoretical Background

2.1 Respective welding method

2.1.1 Principles of Nd:YAG Laser welding
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Fig 2.1 Structure of Nd:YAG Laser
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Fig 2.2 Schematic of Nd:YAG Laser

(1) Components’ role of Nd:YAG Laser

© Nd:YAG rod
diOld 2SS ZMATI= F201H, JH=820A g 2= 20t FXS0I

D 0N AEHOF SIUCHE 2 EHZ S0tE A doIN 2SS ZMAIICH

O Krypton arc lamp
Nd:YAG S0 & HUHXIE S3ilFz= =010 Quartz 7l otoll 224 J|

Mol g ES Lot $Z 30 DHELS JIote Ot2(arc)E LHAIZ

ol

ol

© Polished gold cavity

ctHOl EFREO0IH 201 10~15cm, & 6~7cm &9 &2 ZEIE0 LIE
H AXHE o= JEE EEd YAG =01 RAXISHCH SHIZOA ZHME 22
cavity LHEHOAM BFAIEIO YAG S0 E8EHEE EHEN UL BAIES =017
flol LIS =22 ZEGtH ==L

Collection @ chosun



© Cooling water

10

of

o3

X0
H
K
K
JIJ
nl

o

J

)
KFJ
KE
3K

i

o

2(deionized water)

1=
—

ez &

Jto

=
S

HO]

¢}

YAGS2l Z0[0 et didl

| —

—

| Al

9]

=<

=1

&
[

FAH

g
=

© Mirrors
YAGS Ul A

e}
=
il

ol

o
=

g

J

SE

£ UWIl ?lol YAGSS

g2 st

DE|.
HA YAG

0

H =
— T

10|

=<

=1

==t
[

}

A

3

=

0l
i

—

Ol
[=

tAl = CF.
=50 AtS

g
[==]

A

ASE

I
=

.I

=E50=2

L= dolN

=<
o

H 5%2l

0l

| 95% BtAIA=ZES S

9]

Y
=

2
Mode apertures 8129 22 XAGIH, Q-switche

Ch.[12]
2.1.2 Principles of MIG welding method
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Fig 2.3 Schematic & Structure of MIG

2.2 Laser—Arc hybrid welding technology

2.2.1 Principles of Laser—Arc hybrid Welding

diOIM Ot E Z&6t0 otLel Z2HAZ 0186t |8t =l=x2 AMEEsE 1979
H "= Imperial College2l W. Steen0Ol 2/oi OIFH RCt 2kw CO, 201X 2t
TIGE 0180t &= dioId & UHl 50%~100%2 EHES & & 20%2
EUS O EEGIHAM SlolEelE 889 Jitsd2 20T CE[14] dl0IH-0t=2

BelE 82 CO, di0IM, YAG ellolM, Bt&Xl oI, WOl dIold S
O dIOIM2 TIG, MIG, MAG, 2ctX0t S92 Ot3Z)E =SEEM 2| ¢
x

-—

- =

g 2.4= dIOIN-0t3 ot0lEclE SE2 HWEE2 AAES LEH ez

=1 2 AOIOIAM ZASH Ot L0 25t 2Ot I D SR CZ= M
o 80| 2dot0d EsAIt deEl. EsX2 S22 8=, E8L 7S
SctA0rel gEggs & Aol 25 S0l 2okt =01 #tal SE012 = Aot
== el g0l = of AXI0 clold 8= XAtotE HEI U222 JHE
o &=+201 sU=0, Jlotstd a2k dioIME K0 =clofdTh At
E&le d=0 Oet EAM &0 8 8 8= AMEot= dl0IM-TIG o0l

Collection @ chosun



clE 28, IEH H3(E£2UEA0N)E AtZot= dlOIM-MIG dtoIERIE EF
CZ FAELHMH, SctA0 032 0lEsct= dl0lM-PA ot0lEclE &80l ULH
cdlOlde8 2 s Wol =Atet= 20l JtE F2lotAl2 CO, dIolMel d<
g2 SctX0bF &dsotd dioldgel dds daiol2z EsX SSUAM O
AelE SO010F 80 ot KB oI =g 28JIs2 8= =+ot1 &0l
=gotd &8ss E2 S0l HELH [MetA diolM ololEcl= S&EO

et g&tet 88 JI7 olAd £ HE SME =255 ?I8 24J/=2 2ol !

GMAW
Laser Beam (Spray Transfer Mode)

Fusion fone

’/‘ Shielding Gas

W

-

Fig 2.4 Laser—Arc hybrid welding & system

2.2.2 Advantage of Laser—Arc hybrid welding technology

clOlMet Ot E Z2&AI2! ot0IE2lE E&)I=2 JI& S8 2ol diol E&
BEEHS 33% =01HAN EESEE 33% SIHADle 248 dHd=20L. 28 2
OIHE AfEotH Ex=52 ststdEs 28 = UMM 2 2= Iz &
CoF 22 JIHAE &2 JHH0l JisottH, EE3&201 20tACH 18 252 =
212 JIE2 orIasdu dolM-ot=2 otolBels & el EItM(filler
wire)S AtE8H dI0OId 8 28 S HlWs RS2 dolHd-0t2 8 oftH EE

Tt JIE SEE0es 581 =20 EIHE AFE8 dlold 8 EZEUE 25%

XE & = UL 288 SEE & = Use Ag2 FHE 38 FHRO

Collection @ chosun



O

IS8 RE 2tA(root gap)2t EF
=

tOI

20 2ol Zdote 2 BHE=2 dOIN-0t2

=
2lS STO| JIZ ST X

(@)

ol

Speed  Thickness Gap

Distortion

@ Comentional Welding B Hybnd Welding O Laser with Filler

Fig 2.5 Relative comparison of weld processes

Table 2.1 Relative comparison of Laser—Arc hybrid welding

2833 NEXHXE ot3 Laser+Arc il Ol M +& Ot
= 100% 300% 150%
sl <12mm <15mm <15mm
OlS8 2t 2~5mm O0~1mm 0~0.4mm

HE <1.5mm/m <0.2mm/m <0.1mm/m
OF=d £4 20| ot ZEA0| ot ZEEY
oz 4 %S S ZH3EY
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2.2.3 Development of hybrid welding technology
(1) Laser-TIG hybrid welding

© CO, Laser —TIG hybrid welding

CO, di0ld= Bt 22X ¥ 8 S ts82=
= cllOIMOICH MetAd CO, dIolMe2t TIGS 6
& BN A4S /ULH steenOl 26t ot0IEelE &S HEO0l &
19858 22 GIRI2l Matsudall 2/t HAR2IF ZIUH, = =8 bkw CO,
diOld % 300A2 TIGE&EIIE AMESHH dIOIM =44 =S
M-0t=22t Hel & dolMEel =802 S0l et Sgs BIotRUCH dolTME
o ot38 Hele Jtsd eSS st 30, =0

ESES
or= Lol ek HatotRO £t ololEclE EHUA= 15 EZUAE
o

under cut &= humping HIEJI E@HEX LUASH, HOIM =0 HIGHA
1.3~1.6 9 A2s ¥ £ Uls AP Z2UE L E SIYUCH[18] 0IZF0HE

=
199638 =< Fraunhofer Institute2 Beyer= TIG dl0IECIE &2 A=sXH2

TWB Tl X0l ®=Z5+SCH[19]

© Nd:Yag Laser — TIG hybrid welding

(H== Nd:iYag diOlM= 1990E 0 Ol=0l S0 2Z2H2=Z 0IE&Jl AlE
OtRAUCH Nd:Yag dIOIM= CO, 0l MM HIGHH THEOl &I 20 2ER S
Ol Jtsotd otolEelE EE0l =clottd =20 JtE A0t 280 MHSO|
Ct. 199449 =< Fraunhofer Institute@l Dilthey0ll 2/at0d 2kw2l Nd:Yag dl
2t 250AS TIG Ot E =&ot 0t32 dI0Id Zct=20te &2480 CHot o
ot H 2.20lAM= Nd:iYag diOIM &=, TIG ot0lEclE & odlolEcIES
=29 NdiYag dlOIMd S=0 2t E8dssS LIEY A2 2, 6H0IE2lE
Al S 5%2] FIH HIE2=Z 1.7 & EALUCH, 88T &40 It
2oz E05HRUCE[20] 20008 Z0= IHLICH Power lasers — advanced
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22 Z&oW, 5.56m/mine SESTUHAE OFHASII0 28 J1380] Mo &M
OtKl LUSH, HOIMEOl Ot SHUA 22t DHE oM = 580 H
ottt XS &olstct.[21]
Table 2.2 Cost estimation between Laser and Hybrid welding
Source Power Costs Efficiency Speed
Nd:Yag 2kw 200US$ 1~2% 3m/min
Nd:Yag-TIG 2+ 2kw 210US$ 40~50% 5m/min
Nd:Yag 4kw 400US$ 1~2% 6m/min
(2) Laser—MIG hybrid welding
© CO, Laser—MIG hybrid welding
199648 2= LA 2l N. bex= &M 16mm<2l SS400 A0l CHst GHO|
B2t g8 HAZUE LH SIFCH, S22A0/0 et B3ItAQ KR, 2&
=G, FEZ2=2 L HOIHE I 0t3 Helse g2 HIotA M, ol &2
o ot3 MdEiol "9sts dlWotFCh.[22] 20008 & IHLICHS C.V.Hyatt= dlO0|
N =& 5kw MIG &% 450A & E2&EES 10.6mm/se =20 AH SH 25mm2el
HY80 Ol CHSt Gl0IBCIE & HARZINE ZLHGIH, 4IA SEU 2ot 2t&

|E XX0] MHCX 2D OI2EAIE ZROZ
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© Nd:Yag Laser —MIG hybrid welding
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b A0t OtLlet E2Z Al AIME IO 246t 10ItS] Nd:Yag cllOIA &[0 &
o= = 240t AJ| H=20ICH otXIg %20l= Ndiyag €872 2501 St

)

otH A Z&DJI9 4501 HEE 20l MY Dt

E R NelON

0] g B
Ololl 2001& Ol=2H

a0l sge ER0: o
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oL UL, 2! Fraunhofer2 E.Beyer
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Fig 2.6 Welding parameter of Nd:YAG Laser—-MIG hybrid welding
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2.3 Characteristics of galvanized steel
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© Super galva
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Fig 2.7 Application of galvanized steel
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Chapter 3
Experiment method of MIG, Nd:YAG Laser and
Nd:YAG Laser—MIG Hybrid welding process

3.1 Respective welding system

3.1.1 MIG welding equipment

= HF0A AFZHUE MIG E&EJI= DAIHENALS] CPDP 500 EAd MIG
A

a o
=
o
>
r
Bl
HU
4
0x
0
rr
I
>

o3 &= 2

Of &1 FJ[X2 =& 0ldez 2ot S8F2 SE0| A2t Sol M
s S8AM SEF2 S840 2t A% 0S80 diol o222 Ax=2
JEYE et HEels S0 RS0t 22 2 HEw 20829 2ds
2 = Us 8 A0 = 28 FHE ME oLt OS5 18 3.1 & 3.1
WA MG E&8J] X2 AL At2S LIEHLRACH Egf, &2 &®tes 8ot
JI =201 2A010il= &H&E 0.8mm Sc2lE 2A0I0H{E AFE otALH

Fig 3.1 MIG welding equipment
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Table 3.1 Specifications of MIG welding equipment

CPDP-

36.6 50/60 500 45 320
500

3.1.2 Nd:YAG Laser welding equipment

2 AWM AI2Z0E HoIN 2&EIl= HASIOHCW: contiuous wave)

Nd:YAG Laser EE&HIE O0IE0tRALCE. Nd:YAG Laser= 21 AlEHLS &45H

1

0| =0t =ZHHNAM BrAt=(Reflectance)lt B0 02l ZO0H AMEZN

QA= HEHEQI Laser E&EJI0ICH G2 2O 3.220 E 3.2= TrumpfAt

>

e
2w K

[val

=4 3kw, 8 F& 256mm-mrad dI0IAH & HOI= 600umOlLCt.

Fig 3.2 Nd:YAG Laser welding equipment
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Table 3.2 Specifications of Nd:YAG Laser Welding equipment

30

92

6

6-17

3968

3850 x 1630 x 770

10-40
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3.1.3 NA:YAG Laser—MIG Hybrid Welding equipment

Laser—Arc hybrid E&0AM AISZHA HHl2= 8 3.310 20/ ABBALS
6-Axis 220 Nd: YAG Laser 2t MIG EXIE &SI A&
MIG E&8HB|I2 Laser & & Y| =

Robot Controller

N

Fig 3.3 Nd:YAG Laser—-MIG hybrid welding equipment
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3.2 Objective material

2 AF70UM AI2EHHE AZE@EHS o&ERFA ASTM EB8M-0401 2/HGHH Chs
8 3.42 201 20l 150mm, £ 75mm, S 0.65mmAIEEHS HI &6t MIG,
Laser 12l1]) Laser—Arc hybrid D] &= AAISIRA2H, MIG & Al 20|

l

M= KC-28 0.8mm =c2lE 2H0I0HE AtEotLH s # 3.3 H 3.40AM=
Ot ==ZE ststd ZdXe JIAHE SHXE UEUHALMH, £cl= 2010
KC-28 =tstd XdXIE LIEHHRULCEH

2
0

Jo65mmit]

150mmliIL ]

>

79mmiB ]

Fig 3.4 Dimension of specimen for main experiment

Table 3.3 Chemical compositions in SGACC 60/60 and KC-28 Solid wire

SGACC 60/60 | 0.0013 | 0.003 | 0.094 | 0.01 | 0.005 | 0.05

KC-28 0.08 0.5 | 1.056 | 0.014 | 0.01 -

Table 3.4 Mechanical properties of SGACC 60/60

SGACC 60/60
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3.3 Experimental procedure

3.3.1 Respective B.O.P test

2t BEZE MIG, Laser, Laser—Arc Hybrid %0 & X242 &&FSHI| <ok
M 22t B.O.P(Bead on plate)& &2 AAIGIRULCE. MIG EE0M=E Mg dF
A8 dFo| Aol 8 11~12vet 8% 100~ 130A, Laser EZ0UA= dl0l
M =58 XA d&EotI)l o doId &5 1.0 ~ 1.8kw 2l Laser—Arc
Hybrid E&0A= d0Id &8 1.3kw & 12V LOFAIZI AEAM &F
110~130A0IN AE A2 = *U[CH BSItA
sE2 2422 8 B.O.P 5

3. 70l A= MIG, Laser, Laser—Arc hybrid &

Table 3.5 B.O.P conditions of MIG welding

Voltage Current Welding speed Shielding Gas flow
(V) (A) (m/min) gas (I/min)
11~12 100 ~ 120 1.6 Ar 15

Table 3.6 B.O.P conditions of Laser welding

Peak power | Focal depth | Welding speed Shielding Gas flow
(kw) (mm) (m/min) gas (I/min)
1.0 ~ 1.8 0 2.0 Ar 15
— 25 —
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Table 3.7 B.O.P conditions of Laser—Arc hybrid welding
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Table 3.9 Conditions of Laser welding

1.3 0 0.5 2.0 ~ 3.0 | Ar(95%)+CO,(5%) 15

Table 3.10 Conditions of Laser—Arc hybrid welding

2.0 ~ 3.0
4
0.5
1.3
0
Ar
15
12
110
20
30
Ar+CO,
15
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3.3.3 Effect of welding parameters on weldability

diOlXd-0t3 alolE2lE S8 S4d4 dolM, 03 € otol=Eel= SEH
2128 EMEHCEH Olo et SE It =0t ot A4S FUAM = =30t
ZCH Ol0 Ot &3 2&2 Nd:YAG Laser-MIG ot01EelE EHWM &
cdlOIM-0t=22+el Hel, E3ItA Z4HI(Ar+CO,) 12l 8F 2% SEEZ0
g EZHIE S48 DFGI/ULL U2 H 3.112 SFH=24E slolEels 88
A4S UEHUHASH, I8 3.52 20l 4000 frame/sec2 LD=Jt0et 2#ES
St H=0l 2 EE 4, keyhole 84 102l 88 Z&8 2 U
DESHALCE

Table 3.11 Conditions of Laser—Arc hybrid welding parameters

J

i

Iatd
il

&

>

a

=

0z Mz
o

L.A.D Shielding gas | Currents & speeds

2.4 2.7 2.0 ~ 3.0
2 ~ 10 4 4

0 0 0

1.3 1.3 1.3

0 0 0

Ar Ar Ar

15 15 15

12 12 12
120 120 110 ~ 130

20 20 20

30 30 30

Ar Ar, Ar+CO, Ar

15 15 15
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v Vodel” v 280 e (T B cut)
A

Wvdain dar B0 S5 e (e e passnd affe pRctieang
ety

- thiared above 770w (e be cul)

[T

I

Small gag //‘

Mol s pool Kewwhiok:

Fig 3.5 High speed camera equipment

3.4 Evaluation of mechanical and metallurgical

characteristics

3.4.1 Tensile test

2t B3 E MIG, Laser, Laser—Arc hybrid 2852 852 =50 HE hybrid
g2 o AEE ZIlotdl fof 128 3.6 &0l Dongil-SimazAt
EHF-EG200KN-40L = &tal o1& AlE &EXI2 WINSERVO ZZ )2 AMSGHA
Ct. o1& AIlEEHE ASTM E8M-04 #7220 2145t A& =% 0.08333mm/sec
Z AEZ2 HAIGIRAULE TS HE 3.12= AEHEHS 722 UEHUL.
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Set-Up Workpiece

Fig 3.6 Process of tensile test

Table 3.12 Dimension of tensile test specimen

After Experiment

Collection @ chosun

= I- e
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o
o b — e — e — e — e — — — w_\",r ___________________ 1[: —r e e e
<5 n*_"' <!
LIl | EEAHE| | WM 20| | HIHR BtXNE | &N | S22 LI
Standard
(W) (G.L) (P) (R) (t) (B)
ASTM 12.5 50 60 20 0.65 20
EBM-04 | mm mm mm mm mm mm
— 30 —




3.4.2 Hardness test

2t ZHY MIG, Laser, Laser-Arc hybrid E&882% 832 5Z0 & hybrid
EHRO L £¥2 18 3.71F 20| AkashiAtel 229 HM-1122] HIHA &
T AEJIE AtEotRLE &0l1& g2 50pumO0lt, 135° Cholot=E IletilE
UTNE MEoH ZgRe 2ol ctHs HHot0 OIM 0t H 3.13, 3.14
2t 20l 2

2H 0.1mm, 0.3mm 22l2 0.5mm X&EWA 0.1mm 2tZEe=z AEE =Ho

ULCEH.

Fig 3.7 Micro vickers hardness test

_31_

Collection @ chosun



Table 3.13 Hardness testing conditions

Values
Mode| Akashi HM-112
Type Micro vickers hardness tester
Lode 0.5kgf
Loading
. 10sec
time

Table 3.14 Schematics on the hardness testing positions

MIG Nd:YAG Laser Hybrid

_32_
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3.4.3 Microstructure analysis

2 2H8Y MIG, Laser, Laser—Arc hybrid

S

o

n A0
o

r

A

o

¢ >
H

=2

2

rn
>0

<
<}
o

=

= o
8™ DNZX S 5I9I6H0 SHL &

=2

=

013
JI?lol OIAl &0t = O
|21 LIOIE (Nital) 8% &
J1el1d Laser—Arc hybrid

(Optical microscope)E 0OlE3dt{ XZ!
|Et= (Methanol) 92mml + & AH(Nitric acid)
HS 0|2dtH MIG 2&E 7sec, Laser &S 30sec

>

OH
2H8E 15sec SO Ol &

00

Fig 3.8 Optical microscope
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Chapter 4

Experimental result & Discussion

4.1 Respective B.O.P result

4.1.1 Experiment by MIG welding

0| 22 & (Metal Inert Gas Arc Welding)2l Z & 2dXAHS AHAHSIIIRo E
4110 20| &2H(Voltage) 11~12V & F(Current) 100~120A £= 1.6m/min0l A

100~120A0M = E g
IHE Ot ZAEt NS 2ol & = UJULCH ofXe, H 12V 87 100AE N8t
= [

110~120A01 A

Table 4.1 Bead profiles of MIG welding for various voltages & currents
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4.1.2 Experiment by Laser welding

clOlIM & (Laser Welding)2l %Xl EHXHS HFHSHIIRIH E 4.2 &
dlOld =& 1.0~1.8kw =& 2.0m/min0llA B.0O.P(Bead On Plate)8& S &
ot Hl=das 2FZoRULE dIoIM &8 1.0kwlildeE Bl=gd2 J=0 L
S ABH YEE0l FFot B2 S0 LIEIHCH, 8 1.8kwllAd= D=8t
2oz HEHH0 =0tUces Egsdgs 22 &€ = UL 2
1.3~1.5kwlilAd= AIHE Ot 8o 2 SfX| HUCH Lo, HEBE LSHOZ
of HEgak NaEJ LER2H, 2E8S0l & A= &0 g = UYL

Table 4.2 Bead profiles of Laser welding for peak power
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4.1.3 Experiment by Laser—Arc hybrid welding

dlOl -0t Gt0IECIE Z&(Laser—Arc Hybrid Welding)HlAd O3 &3 &
Sol= 02 = MY dF0 et HESAH 2 &= &0 olo 2 A0
M AFZ2EIHE dI0IH-0t3 SHOIERIE & FHle= 0t3JF &™s6H| 20 &
S (Current)Ofl CHoHl HE 4.31 201 M 12V 01 = 1.3kw &F 110~130A

=C 2.2m/min0lAl B.O.P(Bead On Plate)2& S AAIGIH HIESAS ZHEGHS
Ct. dI0IM == (Peak Power) 1.3kw, & 12V dF 110~130A0A CHE QI
ot 2&

HESAMS 2E & = JUJCH SHAIEH 130AlA=E LSS0l S
S0 €01 JM2M, HIE HEO0 A I ZAUSHAX 2 S HH
O

=X HRUALH

07
=2
rir
02 I

0g

=
=2

Table 4.3 Bead profiles of Laser—Arc hybrid welding for various currents
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=2 X
Sy

4.42 &0

12Vl A

)

Welding Speed) 2.0~3.0m/min0IAl SHCHD|

(

c
ol

Voltage
X A
= /M

(

¢}

130A &

=%
A

Current)

(

02 B.O.P
Butt Welding)S &l A

4.2 Respective butt welding result

4.2.1 Experiment by MIG welding

(

IS

_i

B
Ju

10

ol

180

2.2m/mintiAd= &=

—~

2.0

o)

Ol LIEFSXI2H, Jl3(Blow hole) &AFHIE=

.

<0
0

ol
Rr
RO

oJ

JU
Ul

Ik

(o]
LS

&0l =X

(40
KJ
ol

_I

b

0l

'_

Al

Ot3=2 AFEOIA 2t

D+
gl
oJ
10j0

= Hl=2t

1o

©MH,

53

)
Rl

Ju

i)

e 2

A

Cr&el

—

—

3.0m/min0l A

AL

<l
0

r

HMOIXl =otH, 20l MU= 0IF0HXIX

= Bl==a0l 8 LIELEX

b5

A
(=]

’

%0

s}
o

<

Cross
section

Bottom bead

_37_

Top bead

speeds

2.2m/min &

2.0m/min @&

Table 4.4 Bead & Cross section profiles of MIG welding
Welding

Welding conditions
Voltage
current

12V

130A
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4.2.2 Experiment by Laser welding

9]

RS

TAS

pS|
=

e

dlOld B.O.P & dI0IM == (Peak Power) 1.3kw0ilA

3.0m/min 24 0.5mmOil A SHCH

—~

2.0

)

Welding Speed

_+_I:(
_/ 1
Al
=

pS|
=

452 &0l
Butt Welding)

IT
41

O

)

o
70
ur

040

IF
fall

uJ
o0

=

.

<0
180

=
=

RI-l(
Sy

J

Kl
Bl

—_

20
180
ul

=
T

10

QLMo A

3.0m/minlllAd 2%

—~

£ 20

4

=2 X
[sS3N— |

83
I9)
2l

70
150

8=t

f(Linear Misalignment) E0H& 2

=
dg =&

] —
4T

CH o1 2

oj0

uir
RD
00

0l
KID

pS|
=

£ 0l OIFH XX

NI CH

—

—

Am/min Ol A

2

53

W

Kl
1)
1o

[HO

ol
KJ
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Table 4.5 Bead & Cross section profiles of Laser welding

2.0m/min
2.2m/min §
2.4m/min
1.3kw

2.6m/min

2.8m/min

3.0m/min ¢ i
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4.2.3 Experiment by Laser—Arc hybrid wel

ding

dlolHd-0t3 otolEelE B.O.P & d0INM == (Peak Power) 1.3kw &¢t
(Voltage) 12V & F(Current) 110A0IM =& XHS HEOIH E 4610 20
H = (Welding speed) 2.0~3.0m/min 24 0.5mmOlAl LDl =& (Butt
Welding)S A Alot0 &-ol8 HIEE AN} e RAENHS 2AEGIGC. 28
= 2.0m/minlilde UEst addgso2 0l 2EEI =02l s AQ]
2012 HIE EHAA LIEIGCH, S22 S0l &8t I H2 A2 202l 6t
Ch. 2.4m/minlilAd= JI& ot X0l AHGIE HIEE AN &2 2210 & s &
CHE 0132 MRS Sof 22 SUCH oK 2.6m/minfilide A8 =&
(Linear Misalignment)Jt £ 5IHOOH, &I SOtotd Az 242 OIH
2.8m/mintilA= &EXQI ALGIE HIEEAH0| TXA LUK CH EHHEE 2 EEH
Z2 28 EZL = A= SOIGIRCH ol0IBECE &2 013 S0 diold &
Of AIUXI EE 20| LMGIHE HANe 2 E 40| & Ao F: THCHE (o At
dE YN EZot)|JF E0I6tCh) ZHEHEICE,
Table 4.6 Bead & Cross section profiles of Laser—Arc hybrid welding
Welding conditions
ower Cross
P Welding Top bead Bottom bead :
Voltage section
speeds
current
1 3kw 2.0m/min
12V
0 s
110A | 2.2m/min =

_40_
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2.4m/min

2.6m/min

2.8m/min

3.0m/min
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4.2.4 Comparison result of respective welding

2+ 38Y MIG, Laser, Laser—-Arc hybrid %D &2 & Aot & 4.1
20| 22 0l(Penetration Depth), S0lI(Width)& Hln =S4&5tQUCH HH 2¢
20I0M= dlolBelE & 1.3kw 12V 110A 2.0m/min0lA S 20|
1.109mmOl X Bt =&t SHA0] LA JFE 20D THHSEIIJF HHECH Ol of
018elE & 1.3kw 12V 110A 2.2m/min & 20| 1.045mmZ Jt& 2& A
S =0l B 4 UNUCH EB, 2 TIY B2 SYA0IS FRACE HILo
B i 27 & 010 =82, dold 88 820 dloi otolEelt 88
O] B 38, 281 & 22 A2 03 30 2ol 2850 A=s ANEU 0l
N 23 ZAED| HE0 22 g4z 24H0| A2 Hezg HUECH SH0I8
T0A MIG EE0M E2 2.8mmzZ It H2 E82E &4 o220, dolN
8o 20 2 2284 W20 0.6mm=Z L0JF JIE &2 22 &9l oI X
o 38 =20 Mot HEst 288 &40 TR 2UALCH

[
' 40
‘ 144 —- MIG Welding ! MG Welding
—e— Laser Welding & o Laser Welding
124 Laser-Arc Hybrid Weldin } - Laser-Arc Hybrid Welding
2 304
; \EW.U- ‘ 154
2 E
a
ah [ E
& £
906 =ETH
g $15
Eu,a- 1.04 '\\
: e
024 054 \HH'__4
0.0 —— 00 T T T T T T T T T
I8 20 22 24 26 28 a0 82 13 2 22 24 2% 28 W R
Welding Speed (m/min) Welding Speed (m/min)

Fig 4.1 Comparison of penetration depth & width
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4.3 Effect of hybrid welding parameters on weldability

4. 3.1 Effect of Laser — Arc distance parameters

diOld-0t=32t2l &2t AHel 2~10mmilAd 8

4000frame/secZ NXEF W HIESEA el &HH AEHS 2FotUU
HRA2E Hel 4mm EU A XA CHE ROl HIEEHD Jlg g42=z Qlal 2
AH0l JIE AA2H, 8mme MEEH o032 821 d0IMd Sct=0tF &X
%= 22 0SB0 292 Soll 2F HJACH EsE NE HIEEHEN 94
Lot ZEX 2= A= =0l oFUL

2mm 4mm e6mm 8mm 10mm

Fig 4.2 High speed photography of Laser—Arc hybrid welding for various LAD

Table 4.7 Bead surface appearance & cross section of Laser—Arc hybrid

welding for various Laser—Arc distance

L.A.D Surface bead shape Cross section

2mm

h#mﬂ-mw R s T W*"‘N
4mm e e e ™ P
[ ST S R ——— MA"M"‘

[ T Y " par " bt v 0k sl ...LM\!
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6mm

8mm

10mm

4.3.2 Effect of shielding gas parameters

S3ItA Ar100%, E&8JtA Ar(95~80%), CO,(5~20%)0IA 08 4.3 H 4.8
It 20l 4000frame/sec2 N=EFY HIESEHA el 2HEHSE ZUASELHS &
ZotRULCH =&ItA HIE Ar95%+C0,5%, Ar90%+C0O,10%0I A spray Ol&8 1t OF

3 ORAHOR D2 HISHAS DA B 4 YYCSH, IE FHOZ 0 ¢
S0l JFE AQACH CO,ItA 10%Y O CO,5% HIGH CO,2EItA 2o =2
20K UK E2801 ZJt6ttd 8 =0 It 6tACH Ar80%+C0,20%0 Al
S ol ANE Db LAGIR20, JIZ(Blow hloe) EXZE sas D&3tHet

20 032 gHHE MM E 23 S AL

Ar95% Ar90% Ar85% Ar80%

Ar100%
C0O,5% C0O,10% CO,15% C0O,20%

Fig 4.3 High speed photography of Laser—Arc hybrid welding for various
Ar—CQO, shielding gas compositions
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Table 4.8 Bead surface appearance & cross section of Laser—Arc hybrid
welding for various Ar-CO, shielding gas compositions

Ratio of shielding
gas

Surface bead shape Cross section

Ar100%

Ar95% + CO,5%

Ar90% + CO,10%

Ar85% + CO,15% § @

Ar80% + C0,20% =t

ololEcl= EZ0A ot 230l ddst)| 20 2ol =32 1.3kw &
20l 883 110~130A% 8285 2.0~3.0m/min

Bl &S O&Ee 2t 28 dFI St €=+ Hl
= %

E =0l 3t H/U2MH 8£E 2.0~2.2m/minllAd=s EE&JIt USF =0t HI
C =0 =00t EE Mtz & 400 1.3kw 12V 110~130A0A 25
S0l 2ZHUCEH 1.3kw 12

V 110A 2.6m/min &% HIEE&WAH JI1Z(Blow

o
k_c')j
rin
=
e
i
o
O
i
ol
é
9
n
~
"o
Q'E
@
0 W
o

o MY
ol
S
T
0z
rtn
Iy
HU
=

=Ct. L8 1.3kw 12V 110A 2.4m/min, 120A

8
2.4~2.8m/min0ilAd JISEEY 82822, JA0l ZALZX EUALCH Ol 222
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Ol
~
W
2
g
FO

& o St AlIZS
AU 20 LSe A-OF BISEAS 2E & = UULH
H 4100 20| diold & 8K ESH0l et 28
Zg "EHIb #&A EN ISO 13919-1 2/HGIH 4JtX
Undercut, Excess weld metal, Excessive penetration) SetAAIE A AISH 21t

1.3kw 12V 130A 2.6m/min0llAl &M & HE&0| JIsd Very stringent(Quality
=g

B)O AHE BESE ;O B > UYCH Lot HY
204

ol A

&

o
o
w

AL
T
|  &t=2(Reinforcement,

= F(Linear misalignment)
Hat 23 1.3kw 12V 110A 2.4m/min, 120A 2.6m/min, 130A 2.8m/min

o
< IO HEE + 9=

-

o
A
(_J'ﬂ

o

As 2o g+ UARULH

Table 4.9 Bead appearance Laser—Arc hybrid welding for various currents
& welding speeds

Welding
Current Top bead Bottom bead
speed
2.0m/min
2.2m/min
T
2.4m/min - T
110A WS A T il 11 4

2.6m/min
2.8m/min

3.0m/min

2.0m/min

2.2m/min

2.4m/min
120A
2.6m/min
2.8m/min

3.0m/min
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2.0m/min
2.2m/min
2.4m/min

130A
2.6m/min

2.8m/min §

3.0m/min

Table 4.10 Quality levels in Laser—Arc hybrid welding for various currents
& welding speeds

Cross | Excessive penetration Misalignment
Current Speed .

section h(mm) level h(mm) level
110A | 2.4m/min - - 0.321 -
120A | 2.6m/min ‘ - - 0.395 -
120A | 2.8m/min 0.294 [ B ] - -
130A | 2.4m/min IR 0.385 [ D] - -
130A | 2.6m/min 0.213 [ B'] - -
130A | 2.8m/min [ - - 0.512 -
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4.4 Tensile test Results

4.4.1 Comparison of tensile test of MIG & Laser and Laser—Arc

hybrid welded joints

2t S8 MIG, Laser, Laser—Arc hybrid &89 ANMH=S =0lot)| 2ot}
OIZAIE 72 ASTM E8M-04 720 SIJ{ot0d & 4.4%F 20| Q&AT g2
LIEFLHRICE. MIG & 12V 130A 2.0m/min2l Z=0H 1&2SE 237MPaz 2 (OF
AT 22T 299 1MPa)l &2 & CHHl 79%, Laser & 1.83kw 2.0m/min2 =4
OIE A& 221MPaZ Z2M(OtAE=Z 22 299.1MPa)l &2< CHHl 73%= MIG,

o
Laser 28 0UHMHM= =6t o1& UAEE &0l & £ Q2H, MIG, Laser E88 2

T 2EER0A Lol & 22 20 4 L0l o 22 =el=E0 ofbklgt

Laser—Arc hybrid & 1.3kw 12V 110A 2.4m/min2 =0 &A% 300.1MPa
2 2IOIA =248 299.1MPa) Q&2 = [HHl 100,4%2t= S48t o1& AT
£ S0l & £ QA/ASH, ZOUA IOl Y 22 B0t FA WE0] Otd o4
el Y Z2&2 SQOIECEH £8F Hybrid 80| MIG, Laser &0 HIoH H& QI
SUE 31%, 27% S&E 56t QIHATE &0l & = UJULC.
77 1.3kw 12V 110A 2.4m/min | —=— MIG wweidi 1
- ki w % mmln e lﬁ_g
=s0 - A QIR 25 1 300.1IMPA | Fa | cmar— Ao b ria welding
= S00 -
= i
E 250 —
= 3 -
‘.;:'; Z200 — = = —
% 15!3—'
Y I
S 100 -
— |
s0 —
o T T T Ll T T 1
1.8 2.0 2.2 2.9 2.6 2.8 3.0 3.2
wweldina Speed (mAsmmimn)

Fig 4.4 Comparison of tensile strength of respective welded joints
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4.4.2 Tensile test of hybrid welded joints for various currents &

welding speeds

OOl {4 (Reinforcement) HISEAO0l 2&&= 1.3kw 12V 110A
2.4m/min, 120A 2.6~2.8m/min, 130A 2.4~2.8m/min0iiA 28 4.52 &0l
ASTM E8M-04 +#Z0l S/HGIH IFAEE DFEs 20 ST XA 1.3kw 12V
130A 2.6m/min0ilA 2% gt AT S2H 299.1MPa)tidl 2% 302MPa
o =8t 2IHY OM, 2 L0l et 22 20t H4
otetol ofdl o metol Y 22 AIEECh 28x2AH 1.8kw 12V 130A
2.6m/ming HM2s EHZAHNN=E 2F EFWM) £= SIHSFR(HA)RZ
Ol HEHO| YMGHAXICH CIEAE 82.2~99% &%

I+
BA

nio

fo

)
ol
QN

520 - g

300

g . - Tensile strength of B
— o280 4 b 299.1 MPa

=

L))

|

=

; 260 "

= |

= o, &

= 240 - 82'2’6»

220 - T - T - T - v
2.2 2.4 2.6 2.8 3.0
Welding Speed (mAsmind

Fig 4.5 Tensile strength of Laser—Arc hybrid welded joints for various
currents and welding speeds

_49_

Collection @ chosun



4.5 Hardness test results

4.5.1 Comparison of Hardness test of MIG & Laser and Laser—Arc

hybrid welded joints

8 12V 130A

MIG

1.3kw 2.0m/min 12l Laser-Arc hybrid & 1.3kw

12V 110A 2.4m/min2l Z=240lM 18 4.6, 4.7 1cl1 4.8

SHEHOZEH 0.325mm X0l A

2.0m/min, Laser &

c
ol

?::)|

ZI H

=X
S g
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S

= X
S g
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ot Ct.
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200
[Fe—MIG Welding |
150 —
=
£ 100
=
S0
g A
Distance (mirm)
Fig 4.6 Hardness distribution of MIG welded joints

s00 [Ee—d Laser Welding]
250 — . -
200 —
150 —

100

Hardness (Hy)

Distance (mm>

Fig 4.7 Hardness distribution of Laser welded joints
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300

250

200 H

150 —

100 +

Hardness (Hv)

| Fa— Laser—Arc Hvbrid Welding |

Distance (mm?J

Fig 4.8 Hardness distribution of Laser—Arc hybrid welded joints

300 — }
= = H —=— MIG Welding
I - : z —e— Laser Welding
250 ._4i - = Laser—Arc Hvbrid Welding
= 2 —a f
= 200 -
© L =
bl - -
ar = H
= 150 = -
=] - :
= b Laser = -
EW-ME EH b d:
IGD_ - »orl =
z WM G
2> W M:
€ = —
50 T T -I T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Distance {(mm)

Fig 4.9 Comparison of hardness distribution of MIG & Laser
and Laser—Arc hybrid welded joints
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4.5.2 Hardness test of hybrid welded joints

T
<
C
[
(@)
O
3

3

I
=
o
0
!
=
x
o
%

30HV ¥2 ZT aAS =Hol & %

HECH [ W2 =% I0I2 250 0.5mmAXNA SHe HAXEO
Tt DI2EIAIOIEX R0 MHCIRD| MI20/2 AIREC 22 BIET 2t
85.1HVOEZ ZIH20A 2ME Z4= HEt0IE Qo) THQl AU W2
olet At EICH

—=— 0.1 mm

250 —e— 0.3mm

200

150

Hardness (Hv)

100

50 H

o T T T = T -

T
-5 -4 =3 -2 -1 0 1

Distance (mm)

Fig 4.10 hardness distribution of Laser—Arc hybrid welded joints for
current and welding speed
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4.6 Microstructure analysis

4.6.1 Microstructure of respective welding

X~ O

H 4102 2 3FY 8Fo
S

H & | CH A& gt2 IJtXNe=E MIG, Laser 2l
Laser—Arc  hybrid ZE&X2Hd Z&EFS 2 FF0 Yot OIAEZH
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Table 4.10 Optical microstructure of respective welded joints

Welding
Process

Weld Metal

MIG
Welding

Laser
Welding

Hybrid
Welding

Heat Affected Zone
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4.6.2 Microstructure of hybrid welded joints for current & speed
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Chapter 5
Conclusion
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