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A Study on the Laser-Arc Hybrid Weldability
of AH36 Steel for Shipbuilding

Myung, Gi Hoon

Department of Marine Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Laser-arc hybrid welding is noted as a promising joining process since it can
compensate for the drawbacks or weaknesses in laser welding and arc welding by
utilizing both features. Laser welding has gained great popularity as promising
joining technology with high quality, high precision, high performance, high speed,
good flexibility and low deformation or distortion, in addition to the recognition of
easy and wide applications owing to congeniality with a robot, reduced man-power,
full automation, systematization, production lines, etc.. The defects or drawbacks of
lasers and their welding are high costs of laser apparatuses, difficult melting of
metals that have high reflectivity and thermal-conductivity, small gap tolerance
and easy formation of welding defects such as porosity in deeply penetrated weld
fusion zones. Arc welding is most widely used in joining applications because the
machines are cheap and easy in operation, and the welding processes are highly
stable and effective. The drawbacks are shallow penetration of weld beads in

most cases, slower welding speeds, easier formation of humping weld beads at



high speed welding, etc.. Laser-arc hybrid welding has been receiving
considerable attention because it can achieve many advantages such as deeper
penetration, higher welding speeds, wider gap tolerance, better weld bead surface
appearance and reduced welding defects leading to a smaller amount of porosity
in addition to complements of the drawbacks of both individual processes. In this
study disk laser and MAG arc were used for hybrid welding of AH36 steel for
shipbuilding industries.

First of all, we carried out bead on welding for SS400 changing defocused
distance, flow rate of front and back shield gas, process parameters such as
welding voltage, pulse waveform, laser power, welding current and speed. Optimal
welding conditions decided from the results were shield gas : front gas(20 ¢ /min),
back gas(15 ¢ /min), distance between laser and arc(Z1,) : 3 mm, laser power(® : 5
and 6 kW for SS400, 6 kW for AH36.

Second, butt welding for SS400 and AH36 were conducted changing welding
speed and current. Then penetration properties were analyzed and optimal
parameters for each materials were decided based on experimental results. From
these results, Using of high current and speed induces undercut but these
undercut can be suppressed by increasing heat input.

Last, microstructure and mechanical properties of weld such as hardness, tensile
strength and elongation were measured and compared to those of base metal. As
a result same mechanical properties were obtained in weld. Conclusionally, it was
possible to obtain indefective one-pass full penetration welding for AH36.

KEY WORDS: Laser-arc hybrid welding #@o]#-o}= slo]Bgl= &H;
Variety of parameters Wi 7Q ¥ 2] thakA;

Potential benefits &A1& o] &,
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Fig. 2.4 Basic metal transfer modes in MIG welding
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Fig. 2.15 Overall structure and internal structure of the diode laser
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_23_



@3) T2 dolAle A
2z gelAe nAGelAZ £R/-EM, 1,030nm 349 FS Y=tk
23 #olAHe wAL Zx ERgle] obd Ybrl =FH gk a
Yb:YAGE AH&3Th Fig. 2182 #olA wide Feo mE Iz 7
(thermal lensing effect)E BHlw sl YeEhH Ao Z dutxoz ZERYQ]
e Wi o Fo YaEs zol2 s FAFY 257t vbg FHEG
Zo] Hth. o2 jlsl 2o ¢F Wo] M==AY B Hia, o] JIHE
FEst= dolA Ho] d=Hes 'z axrt BT W
v 2 Hz=agHe mAds ALEFoEN AFH F mHAS YA SRS
Bk olye, vjd HHE 3 EAA(heat sink)E 3o 2N Yrha-go] ¥ ol
U omiEe] g gl e R 2t A gi7] e €= a3E FAS
T Atk mEkA g2z golAe o3 v BYY S AT EA
1) Z2o] 3 <453 BPP (mm - mradE ¥4 4 It
t2=3 #ol A= Fig. 219904 Yeldxo] 3 EA A
nl 2, BEAL T, %E—:‘. neE2 A5 Atk v FHY golA mMAE =
=9 w2 A At dv MY mElE iAo &
2 3% 4S oA HEY FH, =9 Hge S35 3E HEAA
2.20> Yb:YAGY F 2=HEHS Ul ASZ, 940nm F9 3o o A]
Yb:YAGS] ol|A F5&0] 7HE =tk H2z golAdA 7] FAdog ALE
e toler #olxo e 94lnmE, WiZEH AHREE Ybh:YAGO thal
Fgcl =7] Wi &&o] fHx ArPEA I Hlwste] 45 %H =R FU-
g3 golAe dele Ar|Fdoez ALSEHE 941 nmupge] thol et go]
A7} AA YRR 2AEE 22 b wA 0y E E3 Yol =3 o
H Ybe tholet #HolA Y3 oAZ|HATTE Al
FomM ouA FHpo] WFo FS WEITH
2 Ybol&g& AVIAFICEHA W EETL P
A= @ B AVILAE VALHE FEEE AZIA I oln A
Fol =gt 9 vy AlolE fESHA FX - FFHIL oA Fo] X
2 5

S
Az
D
i
O
[
J
3=
il
)

K

’

¢

¢

_24_



Resonator

Pump radiation
Resonator
Heat

Pump radiation

Temperature
Ly
Temperature

' ! | ‘ ! :
-1.0 -0.5 0 0.5 1.0 -1.0 -0.5 0 0.5 1.0
Radius Radius
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Fig. 2.20 Absorption spectrum of Yb:YAG
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Fig. 2.21 Schematic illustration of laser-MIG hybrid welding
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Fig. 2.22 Bead appearance during MIG and hybrid welding for magnesium alloy
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MIG welding

+ Proven technology

+ Low investment and operating costs

+ High energetic efficiency

+ Good gap bridging ability

+ Filler wire transferred by the arc —

+ Influence on solidification structure

+ Cleaning effect — removal of oxide layer

- High heat input — distortion

- Small weld depth-to-width ratio —
multi-pass-technique

- Low welding speed

Laser welding

+ High welding speed

+ Low heat input — less distortion

+ High weld depth-to-width ratio
— deep penetration

- High investment and operating ratio

- Lower energetic efficiency

- Narrow fir-up tolerances

- High beam guiding and positioning
requirements

- Use of filler wire — decrease in productivity
and process stability

+ Increased welding speed / penetration
+ Improved process stability
+ Improved gap bridging ability

- High investment and operating costs

Laser MIG hybrid welding

+ Minimized heat input — less distortion and microstructural effects

+ Transfer of filler wire by means of the arc — influence on solidification structure

- Many interacting parameters have to be optimized

+ Advantage
- Disadvantage

Fig. 2.25 Advantages and disadvantages of MIG welding, laser beam welding and

laser-MIG hybrid welding

Speed Thickness of
material

Gap tolerance

H Arcwelding

./ Hybrid welding

# Laser welding

Thermal strain

Fig. 2.26 Comparison of arc, laser and hybrid welding
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2.3.3 @ o] A -o}= slolHB = &£H o] wWjAHS
go]A-ota stolBEE &HLS F A & &3 ZEA2E FA4H
A7) wEel BE WHaEE Rt olH3 thgd wisHaTE olsiE L H g

& FR3 2Y  Youz g3 )

Process parameters

Combined process
* Welding speed  +Shielding gas + Relative arrangement

Laser //,
i Arc

Laser process
* Beam power
* Beam parameters
* Focal position

Arc process
¢ Arc power
* Wire feed rate
* Stick-out
* Torch angle
* Wire diameter

Material parameters Design parameters
* Alloy composition * Material thickness
* Thermal conductivity * Gap geometry
* Heat capacity « Joint type

Fig. 2.27 Laser-MIG hybrid welding process parameters
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Welding depth (mm)

Penetration depth (mm)

20

18

16

14

wh

12

10

& 167KW-S355)R
(fiber, 0.42mm spot)

16.7kW-X70
(fiber, 0.51mm spot)

® 10kW-X70/5235JR
(fiber, 0.36mm spot)

@ 6.9kW-S235IR
(fiber, 0.51mm spot)

A GKW-Mild steel
(disc, 0.2mm spot)

BkW-Mild steel
(fiber, 0.3mm spot)

W 2kw-Hss
(fiber, 0.2mm spot)

Welding speed (m/min)

Fig. 2.28 Typical penetration depth versus welding speed

St 14
P=3kW

Disk laser Fiber laser
—a—d;=75pm  ——d;= 75 pm
——d;=100 pm —8—d;= 100 pm
—#—d;= 150 pm Rod laser

=
dg =200 pum —<—dy=300 pm

—k—dy= 450 pm
—+—dy =600 pm

[09]

4 6 8 10 12 14 l6 18 20 22
Welding speed (m/min)

Fig. 2.29 Penetration depth versus welding speed according

to the beam quality
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|_ Welding direction |

MAG torch Laser MAG torch
Backhand beam Arc plasma Arc plasma
welding l force Laser | foree o ) Fogghand
° Marangoni beam reneom welding
\\ force /o/ Tt

Inward
molten flow molten flow
Leading arc Leading laser

Molten metal
flow direction

« @ View from above @

P [

MAG torch Keyhole MAG torch

Fig. 2.30 Comparison of molten metal flow with different torch arrangement

GMAW torch GMAW torch
Laser beam
Laser beam

Liquid weld
Liquid weld metal
metal

Keyhole Keyhole

<—
Welding direction Welding direction
(a) Laser leading (b) Arc leading

Fig. 2.31 The change in axial trajectory of droplets at relatively high
welding speed
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Power (W)

Penetration and bead width, mm

470 470
— laser
465 — arc+ laser MWMMW
460 2 465
5
E

455 \:: ; : :c :: : R — laser

— arc + laser
450 460

60 80 100 120 140 160 60 30 100 120 140 160
Time (s) Time (s)
(a) S0A (b) 100 A
Fig. 2.32 Mecasured value of the energy change from the laser beam
to the arc plasma
8 MAG P 100 A, 145V 150 A, 17V 200 A, 20V
ower N » 5 >
7 = A /./’
——B .//' Fiber laser-
6 {—*—¢ MAG hybrid
D / Welding
5
4 T
e CO, laser-
3 MAG hybrid
Welding
2
0 50 100 150 200 250

MAG current, A

(a) Penetration and bead width

(b) Cross section

Fig. 2.33 Effect of MIG power on penetration and bead width in laser-MIG

hybrid welding
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Fig.

4.0

3.0

2.5

2.0

1.5

Penetration depth, mm

1.0

0.5

0.0

2.34 The effect of arc current on penetration depth in CO, laser

——————— Laser welding, P =1000W
—8— Paraxial laser-TIG welding, P= 1000W
- - Laser welding, P =1500W
—&— Paraxial laser-TIG welding, 2= 1500W

25 50 75 100 125 150 175 200

Current, A

hybrid welding
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31 AdAE

2 AFoA AHES AEE du 728 A A SS4007 A =
7371 Q1 AH36°] T} SS400-2 7F&A 2 AAA ToE st FaRFS Ast
1 Rz Bz dy AAREHI Jow, 53] &34do] F7] wE stojBHY=
SN Aset ddAitele] FaAES dotry] fjal A&k SS400s At
&3t stolBglE &4 SA4S AEI} & 1 AAE EdE 248 A
AH36°l W3k stojBElE XS =AMSHATH

Ao ALggE 84 dfoloj= d4 F 50kgd AHAE] A 1.2mme
SM-70°]t}. o] &Fetolol= A BLadFs
T2 §HY AF HExFo] YL Ttsdes HE T
o] 335z =4 9 7AZF 4SS Table 3.1 e
H]E_%HEUJ‘ SS400¢] 7% FEAE+= 297 MPa, A=

FEZE 376 Mpa, 144 %= 543MPad] wlis| =7t e AL & 5 ok
o] gt 7] AR B4 zol= 38tz =AY Aol wiZol] WA= AR A
SET Aol AR Al 83 Xg= Figo 3.1 yERAT 554002 A
200 mm x50 mmx8 mm'=Z7| & Awale] ALR3 L, AH362 A $o= ]}j
FAC e &HALS vwslr] fske] 200 mm x50 mmx8mm' Z 10 mm'
Aetste] A& Mgt on, AWt Al 7tEdd B st

Lo

o Ho K

et
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Table 3.1 Chemical composition and mechanical property of materials

Element(wt %) Yield Tensile | gj5noation

—— C Si ([Mn| P S |Mo|Cr |Ni| Cu point strength
Materials ( N/mm® )|( N/mm® ) &
Base material

33400 0.1410.23] 0.7 |0.015[0.005| - - - - 297 441 26
B;'j‘ijggate‘"ial 0.15]0.39| 1.5| 0.02 {0.003|0.08/0.03]0.01{0.008| 376 543 24
Welding wire B _ B B

: SM-70(®1.2 mm) 0.0810.50{1.05/0.014| 0.01 450 550 30

200 mm

8 or 10 mm

A 4

F 3

50 mm

Fig. 3.1 Appearance and dimension of workpiece
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3.2 43 A=A

Ao AHEH HolA= HUEY 6.6kWel 1=¥ CW(continuous wave) T
223 #o]A(disk laser)ol™, nle] F=H AkES Table 3.2¢] YepATh AHE-SH
gojA e g2 1,030 nme]a, ¥ FZ(beam quality)> 8 mm - mrad® $-4=3}
o F7IEHE W= oA A 200 ume FHolHE T HEEAS
W, 23 A8 223mme] FAE AHEsEAH.

MIG €A X+ FroniusAt¢] Transpuls Synergic 3200°.2 wulo]zof 2| A
olFl= HAYE QAWE &F7IE A& o, 83719 FoAYd< Table 3.3
of et Hd£4£EHE 8.7~11.5kVA°|a1 F A o7} 7153l Standard,
Pulse, CMT9] &= = A oj7} 71535ttt

dlolA FFFsHA 9 MG §RAA = stolBg = &R =0 A2Eol F
Al AFEHY, ola EXes BHE 7|FSE 60 °7|2olA dolA FHo 1At
Ak stolBYE EFHAEE 65 oTH =H At APS PSS
W, 283 o]Fstad &3S FaAn. Aol AREH A (ige stolE=

FHA APV oF U BE YL
}

2 Fig 3.20] UpEhAT)
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Table 3.2 Main specifications of MIG welding system

Equipment Specifications
Main voltage 3x400 V
Main frequency 50/60 Hz
Primary continuous current 12.6~12.7 A

Power source - -
Primary continuous voltage 8.7~11.5kVA
Welding current range 3~320 A
Welding voltage 14.2~30.0 V

. Wire diameter 0.8~1.6 mm

Wire feeder - - -

Wire feeding rate 0.5~22 m/min

Table 3.3 Main specifications of disk laser welding system

Equipment Specifications
Laser type CW disk laser
Maker TRUMPF
Model TruDisk
Wavelength 1,030 nm
Max. laser power 6.6 kW
Beam quality 8 mm-mrad
Min. diameter laser light cable 200 ym
Cooling water temp. range 5~20°C
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Curtain air -
nozzle ~—_|

Welding =

direction

(a) Experimental equipment

(b) Schematic illustration

Fig. 3.2 Setup of experimental equipment in disk laser-MIG hybrid welding
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Hybrid headg\

(a) Bead welding

Fig. 3.3 Photographs of experimental procedure in hybrid welding
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1

e 7 7 e 8 or 10 mm

7 e 7 7
- - 2

15 mm

80 mm

200 mm

(a) Sampling position of weld

Excess weld metal height

Penetration
depth

+——>
Bead width

(b) Bead appearance (c) Measuring position

Fig. 3.4 Sampling position and measuring position in weld
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Indenter

=X Y stage

- -
f
Stage controller

Anti vibration stage

Fig. 3.5 Photograph of hardness tester used in this study

I Arc zone

Laser zone

Laser zone

(a) Transverse direction (b) Longitudinal direction

Fig. 3.6 Measurement position of hardness test
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Fig. 3.7 Schematic illustrations of tensile specimen based on KS B 0801
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4.1 ol= £AANY &¢ EA

ol dde A TIG, MIG ¥ Zg=u} ol= 5 o8 7R FFH7} AHEH
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= LA MIGE HX ol39Ydoz Algsgon, B HoM=s $xzo=z

MIG ot &4 A18] &Y S8 Lotrsih.

411 S§HEEd BE EXHGES 9F
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Standard welding mode

G=Ar+CO, (20 ¢ /min)

: $S400(8 mm"), /=240 A, v=0.6 m/min,

Bead

a

50°

60 °

65°

70°

90 °

Bead

appearance

section

Fig. 4.1 Photographs of bead appearance and cross section with torch angle
at standard welding mode

Bead width (mm)
Excess weld metal height (mm)

Fig

Standard welding mode : $S400(8mm'), /=240 A, v=0.6 m/min.
G=Ar+CO, (20 £/min)
12 ;
! ' '[—=—Bead width
—=&— Excess weld metal height
10 4 —&— Penetration depth
—~ 8+ .//J\I/‘.//\.
E v
£ .
£ o
W
=
s
E
: e N N =
=
& 2
0 T T T T T
50 60 70 80 90

. 4.2 Variation of bead width, height, penetration depth with torch

Torch angle, a (°)

angle at standard welding mode
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Pulse welding mode : SS400(8 mm'), /=215 A, v =0.6m/min,
Gs=Ar + CO, (20 ¢ /min)

o
Bead 50 60 65 70 80 90
Bead . —
appearance = -
Cross
section

Fig. 4.3 Photographs of bead appearance and cross section with torch angle
at pulse welding mode

Bead width (mm)
Excess weld metal height (mm)

Fig

Pulse welding mode : SS400(8mm?), /=215 A, v=0.6 m/min,
G=Ar+CO, (20 £/min)
12 T T T T T ;i T T T
| —8— Bead width
—&— Excess weld metal height-
10 4 | |—#&— Penetration depth
P 8 n : N
=
£ o —
@
=
B
= 47 e
=
5
= e
%]
A 24 -
0 T T T T T T T
50 60 70 80 90

Torch angle, a (°)

. 4.4 Variation of bead width, height, penetration depth with torch
angle at pulse welding mode
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Standard welding mode : SS400(8 mm"), a=65° v=0.6 m/min,
G=Ar+ CO; (20 ¢ /min)

I
195 A 210 A 225 A 240 A 255 A 270 A
Bead
Bead
appearance -
Cross
section

Fig. 4.5 Photographs of bead appearance and cross section with welding current
at standard welding mode

Standard welding mode : SS400(8mm*), v=0.6 m/min, a=65°,
G=Ar+CO, (20 £/min)
12 T T e | &y e e 1 ' 1 T 1
—&— Bead width
10 —&— Excess weld metal height
] —4— Penetration depth ]
. -
=~ B
THE
EZE s- .
= = @
s £
EE S
tzi 4 I
" —
w
@ a2 .
P
=
0 T T T T T T T T T T T T T

LN —
190 200 210 220 230 240 250 260 270 280
Current, 7 (A)

Fig. 4.6 Variation of bead width, height, penetration depth with welding
current at standard welding mode
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Pulse Welding Mode : SS400(8 mm"), a=60 ° v=0.6 m/min,
G=Ar+ CO; (20 ¢ /min)
I
170 A 185 A 200 A 215 A 230 A 245 A

Bead

Bead == - -
appearance

Cross

section

Fig. 4.7 Photographs of bead appearance and cross section with welding current at pulse
welding mode

Pulse welding mode : SS400(8mm?®), /=240 A, v=0.6 m/min, 0=60°,
- G=Ar+CO, (20 £/min)
T I T | T | T | T 1 1 T T T T
—=&— Bead width
—&— Excess weld metal height||
10 —a&— Penetration depth i
g
Ez 81 T
== E
E=-
EZE ¢ -
g E8
== 5 4] 1
§% &
@ E 9 T R
% & A A
¥ A~ 24 =
L
=
0 T T T T T T T U T J T E T

N L
160 170 180 190 200 210 220 230 240 250
Current, I (A)

Fig. 4.8 Variation of bead width, height, penetration depth with welding
current at pulse welding mode
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. SS400(8mm'); v=0.6m/min, G =Ar+CO, (20{/min) i SS400(8mm’); v=0.6m/min, G =Ar+CO, (20{/min)
T T T T T T T T T T
oy
—e— Pulse mode —— Pulse mode
10 4 o 10 4 o
8 . T s+ J
£ 6 E _§ 6 e
et &
4
2 b 2. i
0 T T T T T T T T [ T T T T T T T T
180 190 200 210 220 230 240 250 260 270 180 190 200 210 220 230 240 250 260 270
Current, 7 (A) Current, 7 (A)
(a) Bead width (b) Penetration depth
- SS400(8mm'); v=0.6m/min, G =Ar+CO, (20{/min) $S400(8mm!); v=0.6m/min, G=Ar+CO, (20/min)
T T T T T 10 o
™ B
Pulse mode 9 (S5 Penetration depth| [ E
Ly 7 i - X% Aspect ratio -
1 S
E e 9@5. '] 7 5
E ~E o e &
5 £z 2
z 7 =k P58
£ EE 4] = g
g 4 1 | =% >0
=1 S = i [ ¢
& ﬂ 3 % 3 EE Ei ;
24 B & 24 Lo
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1 Le
0 T T T T T T T T -
180 190 200 210 220 230 240 250 260 270 0 T o
Current, 7 (A) Standard mode(240A) Pulse mode(240A)
(¢) Excess weld metal height (d) Aspect ratio

Fig. 4.9 Comparison of standard

welding mode and pulse welding mode
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Fig. 4.10 Comparison of HAZ between standard welding mode and
pulse welding mode
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Bead width (mm)
Excess weld metal height (mm)

Pulse welding mode : SS400(8 mm"), a=60°, /=215 A,
v=1.2 m/min
Gs Ar Ar+CO, He He

Bead (20 ¢ /min) | (20 ¢ /min) | (20 ¢ /min) | (23 ¢ /min)

Bead = = = = > V

appearance
Cross
section

|3mm )

Fig. 4.11 Photographs of bead appearance and cross section with kinds
of shield gas at pulse welding mode

Pulse welding mode : SS400(8mm"). /=215A. v=1.2m/min, 0=60°,
' ' ' ' T2 Bead width
61 EX3] Penetration depth
[ZZZ] Excess weld metal height

54 4
T4- 7 . 7% |
£
—
R
3 i
-
= |
£
" 2 _
g \
o |
2 N N N _

0

Ar (20 £/min)  Ar+CO, (20 £/min) He (20 £/min)  He (23 £/min)

Shield gas (G;), Flow rate (Q,,)

Fig. 4.12 Variation of bead width, height, penetration depth with kinds
of shield gas at pulse welding mode
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SS400(8 mm'); P=4 kW, v=2.0 m/min, G=Ar (20 ¢ /min)

Ja
Bead

-10 mm

-8 mm

-6 mm

-5 mm

-4 mm

-3 mm

-2 mm

-1 mm

0 mm

Bead
appear.

Cross
section

fa
Bead

+2 mm

+3 mm

+4 mm

+5 mm

+6 mm

+8 mm

+10 mm

Bead
appear.

Cross
section

Fig. 4.13 Bead appearance and cross section of weld with various defocused distance in SS400 by
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$5400(8mmt); P=4 kW, v=2 m/min, G =Ar (20 £/min)

10 : - . -
! ! i | —=— Laser welding]
i i i i 1 E
1
i
=ny |
SR RN R . .
. A ! S WO I "
—_ o i T I
£ bl I [ }
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' 1 3 \ 4 i 1
oy i v -d,
= 1 :
g ! I
= 44 ] 1 -
= 1 1
& 1 1
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g i
<% 2 Bead transition 1
i region :
! I
Conduction I - i |  Conduction
welding = EosiGleyclding I welding
0

— T
-0 8 -6 -4 -2 0 2 4 6 8 10
Defocused distance, f, (mm)

Fig. 4.14 Variation of penetration with defocused distance in SS400
by laser welding
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SS400(8 mm'); fi=-2 mm, G=Ar (20 ¢ /min)
v
P 1.0m/min | 1.5m/min | 2.0 m/min | 2.5 m/min | 3.0 m/min | 3.5 m/min | 4.0 m/min
Front | .
bead
4 kW
Cross
section
Front
bead
5 kW
Cross
section
Front
bead
6 kW
Cross
section

Fig. 4.15 Bead appearance and cross section of weld with lase power and speed in SS400 by laser welding
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Penetration depth (mm)

Fig

$8400(8mm?Y); f;=2 mm, G=Ar (20 £/min)
T r T r T T T T T - , r r
—&— 4kW
10 —e— 5kW
—&— 6kW
5 Full penetration
6
4
2
0 T T I T T T T T T T T

T I
1.0 1.5 2.0 2.5 3.0 3.5
Welding speed, v (m/min)

. 4.16 Variation of penetration with laser power and speed in
by laser welding
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Hybrid welding : SS400(8 mm'), P=4kW, [=240 A, v=2.0 m/min, D;,=3 mm, o=60°, G;=Ar+CO, (20 ¢ /min)

fa
Bead

-7 mm

-4 mm

-3 mm

Bead
appear.

Cross
section

fa
Bead

+1 mm

+2 mm

+3 mm

+4 mm

+6 mm

Bead
appear.

Cross
section

Fig. 4.17 Bead appearance and cross section of weld with various defocused distance in SS400
by hybrid welding
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$8400(Smmt); P=4 kW, =240 A, D, ,=3 mm, ¢=60 °, v=2.0 m/min,
G.=Ar+CO, (20£/min)
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T
Y |
i
8 i 7
& |
E i
= i
= 64 ! 7
z i
2 I
S 1
= 44 | 7
=
=] 1
g e ] i
& Bead transition =
2~ region ' ]
Keyhole welding : Condu.cnon
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0 v I x I s I 4 I t I % 1 III I : I
-8 -6 -4 -2 0 2 4 6 8

Defocused distance, f, (mm)

Fig. 4.18 Variation of penetration characteristics with defocused distance
in hybrid welding

i $S400(8mm?); P=4 kW, v=2.0 m/min
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2 4 -
0O -—7——77T 77T T T 1 1

-10 8 6 4 -2 0 2 4 6 8§ 10

Defocused distance, frl (mm)

Fig. 4.19 Comparison of penetration properties with defocused distance
in laser and hybrid welding
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SS400(8 mm'); P=4 kW, [=240A, v=2 m/min, D;,=3 mm, 0=60 °, G=Ar+CO,

Qs

Bead

0 ¢ /min 5 ¢ /min 10 ¢ /min 15 ¢ /min 20 ¢ /min

25 ¢ /min

Bead
appearance

Cross
section

Fig. 4.20 Photographs of bead appearance and cross section with flow rate of shield gas

in S

S400 by hybrid welding

SS400(8mm?Y); P=4 kW, =240 A, v=2 m/min, D; ,=3 mm, 0=60"°
G=Ar+CO,

i Pm::iry\\t\.,\,\‘
_| formation

—8&— Bead width
—=&— Penetration depth
—&— Excess weld metal height

W

10
8_
'
AE; 6
E—- &
EE ¢
z E=
ST % 4
g g E
=R =E
52 24
~ 5
¥
=
0
Fig. 4.21

0 5 10 15 20 25
Flow rate, Qgs €)

Variation of penetration characteristic with flow rate of shield gas

in SS400 by hybrid welding
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SS400(8 mm'); P=4 kW, =240 A, v=2 m/min, f;=-3 mm, D;,=3 mm, a=60 °,
G=Ar+CO, (20 ¢ /min), Gg=Ar
Qgsb
0 ¢ /min 5¢/min | 10¢/min | 15 ¢ /min | 20 ¢ /min | 25 ¢ /min
Bead
Front bead
appear.
Back bead -
appear.
Cross
section

Fig. 4.22 Front and back bead appearance and cross section of weld with flow rate
of back shield gasin SS400 by hybrid welding

SS400(8mm?): P=4 kW, =240 A, v=2 m/min, f=-3mm, D ,2=3mm,
a=60°, G=Ar+CO, (20£/min), G4=Ar
8 | T I T I L} 1 l. 1 L] 1
—u— Bead width
—=&— Excess weld metal height)|]
—&— Back bead width
~~ 6 7 =
E
E -~
- = E .- "
E = 2
E 2 g4 .
7 F
zE¢E -~
e BEE .
=2 Humping Bead
R = E 2 -
w o
B | b= T2l
=]
=
=
0 T : T i T T T ¥ T L T

0 5 10 15 20 25
Flow rate, Qgsb (0)

Fig. 4.23 Variation of penetration characteristic with flow rate of back
shield gas in SS400 by hybrid welding
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SS400(8 mm'); P=4 kW, v=2 m/min, fi=-3 mm, 0=60 °, G=Ar+CO, (20 ¢ /min)

D LA

0 mm 2 mm

3 mm 4 mm 5 mm

Bead
appear.

' B
=

240 A
Cross

section

Bead
appear.

300 A
Cross

section

Fig. 4.24 Bead appearance and cross section of weld with Dy, in SS400

by hybrid welding (v=2 m/min)

SS400(8mmt); P=4 kW, v=2 m/min, f=-3 mm, 0=60 °,
G=Ar+CO, (20£/min)
i ' | : —=— 240A, 2m/min
8 —8— 300A, 2m/min]
(o] = W
g 71 3 .
=] [ -
g
=
=
s
= 61 iz
=
S
=
1
&
2
4 i
T L T i T 4 T T L T
0 1 2 3 4 5

Distance between laser and arc, 1)H (mm)

Fig. 4.25 Variation of penetration characteristic with Dy, in SS400

by hybrid welding(v=2 m/min)
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SS400(8 mm'); P=4 kW, v=3 m/min, f;=-3 mm, o=60°, G~=Ar+CO, (20 ¢ /min)

DLA

Bead
appear.

240 A
Cross

section

Bead
appear.

300 A
Cross

section

Fig. 4.26 Bead appearance and cross section of weld with Dy, in SS400
by hybrid welding(y=3 m/min)

$S8400(8mmt); P=4 kW, v=3 m/min, /=3 mm, o=60 °,
G=Ar+CO, (20€/min)

—=—240A, 3m/min
8+ —— 300A, 3m/min]

Penetration depth (mm)
=2
N N 1 N
>
N " 1 L

0 1 2 3 4 3

Distance between laser and arc, DH (mm)

Fig. 4.27 Variation of penetration characteristic with Dy, in SS400
by hybrid welding(v=3 m/min)
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AH36(10mm?): P=5 kW, /=360 A, f=-4 mm, =60 °,
G=Ar+CO, (204¢/min)
, : :
—&— 360A, 2.0m/min

10 —a— 360A, 2.5m/min |}
25
E

E s- |
=
(=9
@
-
=
.c

g 6 -
&
@
=
=]
=9

4 ]

T T T T

Distance between laser and arc, D , (mm)

Fig. 4.28 Variation of penetration characteristic with Dy, in AH36
by hybrid welding

AH36(10 mm'); P=5kW, =360 A, fi=-4 mm, o=60 °,
G=Ar+CO; (20 ¢ /min)
v Dia Bead appearance

2.0
m/min

2.5
m/min

Fig. 4.29 Appearance of humping bead with Dy, in AH36 by hybrid welding
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SS400(8 mm'); P=4 kW, =240 A, v=2m/min, f=-4 mm, D;,=3 mm, o=60 °,

G=Ar+CO; (20 ¢ /min)

V Bead Cross V Bead Cross
(%) appearance section (%) appearance section
2142V 2646V
(-15 %) (+5 %)
22.68V 2772V
(-10 %) (+10 %)
2394V 2898 V
(-5 %) (+15 %)
252V
(0 %)

Fig. 4.30 Bead appearance and cross section of weld with welding voltage

Bead width (mm)
Excess weld metal height (mm)
Penetration depth (mm)

by hybrid welding

SS400(8mm?); P=4kW, I=240A, v=2m/min, f=-3mm, D; ,=3mm,

10

0=60°, G=Ar+CO, (20£/min)

—=— Bead width
—@&— Excess weld metal height{i
—&— Penetration depth

T
-15

T
-10

-2

Voltage change rate, V' (%)

0 5

10 15

in SS400

Fig. 4.31 Variation of penetration characteristic with welding voltage
in SS400 by hybrid welding
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Pulse wave form

Measured

PCOl’.
value
- =405 A
= e p=2.82 mS
|
5 - . / \ 1z=106 A
) \ f 7g=1.57 mS
ol
2ol Ppulse . 117H
; i =435 A
s [H fL’ »=3.11 mS
0 0 \ IB=9467 A
\ \\ 13=2.25 mS
M. Mo ..
20 G ¥ Ppulse : 97H
—
: i =477 A
i 7 !’w\ Fm\ = WI p=3.45 mS
+5 =0 \ ‘ ' Ko 1=77.54 A
J ' KW : \ 73=2.8 mS
s \
Wy - g oy
2o o =D Pf’“lse : 87“

Fig. 4.32 Pulse wave form and value with pulse correction in SS400

by hybrid welding
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SS400(8 mm"); P=4 kW, =240 A, v=2 m/min, D=3 mm, f;=-3 mm,

a=060 °, G;=Ar+CO, (20 ¢ /min)
0

PCOT.
Bead

Bead
appearance

Cross
section

PCOL
Bead

Bead
appearance

Cross
section

= lIRe R

Fig. 4.33 Photographs of bead appearance and cross section with pulse correction
in SS400 by hybrid welding

SS400(8mm'); P=4 kW, =240 A, v=2 m/min, D; ,=3 mm,
fi=3mm, ¢=60°, G=Ar+CO, (20£/min)

10 I ' I . I I I I
—=— Bead width
—=&— Penetration depth
8 —#&— Excess weld metal height

Bead width (mm)
Excess weld metal height (mm)

Penetration depth (mm)

Pulse correction, P
cor.

Fig. 4.34 Variation of penetration characteristic with pulse correction
in SS400 by hybrid welding
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SS400(8 mm"); =240 A, v=2 m/min, f;=-3mm, D;,=3 mm, o=60 °,
G=Ar+CO, (20 ¢ /min), Gg=Ar (15 ¢ /min)

P

1 kW 3 kW 4 kW

Bead

Front bead
appear.

2 kW
———
R

Back bead
appear.

Cross
section

Fig. 4.35 Front and back bead appearance and cross section of weld with laser
power in SS400 by hybrid welding

SS400(8mm?); /=240 A, v=2 m/min, f=3 mm, D;,=3 mm, =60 °,
G=Ar+CQO, (20 £/min), G4=Ar (15 £/min)
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bead D Sound bead  =mmmp!Full penetration
1 1
1 1
0 T } T - T T i - T
1 2 3 4 5 6

Laser power, P (kW)

Fig. 4.36 Variation of penetration characteristic with laser power in SS400
by hybrid welding
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$S400(8 mm' ); P=5 kW, y=2 m/min, f;=-3 mm, Di,=3 mm, a=60°, G=Ar+CO; (20 ¢ /min), Gy=Ar (15 ¢ /min)
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Cross
section

(i) Bead shapes

(a) v=2 m/min

SS400(8 mm'); P=5 kW, v=2.25 m/min, fi=-3 mm, D;,=3 mm, 0=60 °, G=Ar+CO, (20 ¢ /min), Gg=Ar (15 £ /min)
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(i) Bead shapes

(b) v=2.25 m/min
Fig. 4.37 Penetration properties and bead shape in SS400 during bead welding (P=5 kW)
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$S400(8 mm' ); P=5 kW, v=2.5 m/min, fy=-3 mm, Dy»=3 mm, 0:=60 °, G,=Ar+CO; (20 ¢ /min), Ge=Ar (15 ¢ /min)
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$S400(8 mm'); P=5 kW, y=2.75 m/min, fi=-3 mm, D=3 mm, 0=60°, G=Ar+CO, (20 ¢ /min), Gy=Ar (15 ¢ /min)
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Fig. 4.37 To be continued
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$S400(8 mm' ); P=5 kW, v=3 m/min, fi=3 mm, D=3 mm, 0=60°, G=Ar+CO, (20 ¢ /min), Gy=Ar (15 ¢ /min)
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Fig. 4.37 To be continued
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Back bead appear. Back bead appear.

Longitudinal section of bead Longitudinal section of bead

(a) P=5kW, /=180 A, v=2.0 m/min (b) P=5kW, =210 A, v=2.0 m/min

Fig. 4.38 Back bead appearance and cross section and longitudinal section of humping bead
with welding current of SS400 by hybrid welding
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$S400(8 mm'); P=6 KW, v=2.25 m/min, fi=-3 mm, Dyx=3 mm, a=60°, G=Ar+CO; (20 ¢ /min), Gy=Ar (15 ¢ /min)
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SS400(8 mm'); P=6 kW, v=2.5 m/min, fi=-3 mm, D;,=3 mm, a=60 °, G=Ar+CO, (20 ¢ /min), G%=Ar (15 ¢ /min)
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Fig. 4.39 Penetration properties and bead shape in SS400 during bead welding (P=6 kW)
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$S400(8 mm'); P=6 KW, v=2.75 m/min, fi=-3 mm, Dyx=3 mm, a=60°, G=Ar+CO; (20 ¢ /min), Gy=Ar (15 ¢ /min)
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$S400(8 mm' ); P=6 KW, v=3 m/min, fi=-3 mm, Dix=3 mm, 0=60°, G=Ar+CO, (20 ¢ /min), G=Ar (15 ¢ /min)

1

-
S
1

2 T Tt

—#—Bead width
—®— Penetration depth
—&— Excess weld metal height

(i) Bead shapes

= E - Full penetration
el oo S - ey
~E = .
E - Humping bead
E< 2 6 ? 4
Sa= region
£33
e Sound bead|
£ 4 L
1 SR
3 & 2
AL i 24 Full penetration]
g PSR Se N  — h |
0-— T T T T T T T T T T
140 160 180 200 220 240 260 280 300 320 340
Current, I (A)
(i) Penetration properties
1
Bead 150 A 180A 210A 240A 270A 300A 330A
Front y
bead
Back
bead
Cross
section

(d) v=3 m/min
Fig. 4.39 To be continued
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$S400(8 mm'); P=5 KW, v=2 m/min, f;=-3 mm, Dx=3 mm, 0=60 °, G=Ar+CO; (20 £ /min), Gg=Ar (15 ¢ /min)
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$S400(8 mm' ); P=5 KW, v=2.25 m/min, fi=-3 mm, Dys=3 mm, a=60°, G=Ar+CO; (20 ¢ /min), Gy=Ar (15 ¢ /min)

12 T T T

—&— Bead width
—@— Back bead width

—A— Excess weld metal height

=
S
"

%
L

- — )
Humping  Sound bead
ad region

/I’_—'.//- d

-
Full penetration
—

b o —¢—4

A

IS ES
L
-2
-3

Bead width (mm)
Back bead width (mm)

©

L

Excess weld metal height (mm)

o

lili(] 260 2;0 240 260 280 300 320 3“!0
Current, I (A)
(i) Penetration properties

———————\| 180A 210A 240A 270A 300A 330A
Bead

—
bead

Back
bead

Cross
section

(i) Bead shapes

(b) v=2.25 m/min
Fig. 4.40 Penetration properties and bead shape in SS400 during butt welding (P=5 kW)
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$S400(8 mm'); P=5 KW, v=2.5 m/min, fi=3 mm, Di,=3 mm, a=60°, G=Ar+CO, (20 ¢/min), Gy=Ar (15 ¢ /min)
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SS400(8 mm'); P=5 kW, v=2.75 m/min, fi=-3 mm, D;,=3 mm, 0=60 °, G=Ar+CO, (20 ¢ /min), Gg=Ar (15 £ /min)
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Fig. 4.40 To be continued
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SS400(8 mm'); P=5kW, fi=-2mm, G=Ar (20 ¢ /min), Gg=Ar (15 ¢ /min)

v 1.0 m/min | 1.25 m/min | 1.5 m/min 2.0 m/min

Bead

Front bead

Back bead

Cross section

Fig. 4.41 Bead appearance and cross section in SS400 by laser welding(P=5 kW)

S$S400(8mm?t); P=S5kW, f=-2mm, G =Ar (20{/min), G4=Ar (15£/min)
9 T T T T T T T T T

Full penetration

o~

E

E

=

s

o

]

-

=

2

=

&

g —a— Laser only —e— 180A

5‘: —&— 210A —v— 240A

6 |-« 270A —»— 300A u
—4—330A
T T T L T L T T T
1.0 1.5 2.0 2.5 3.0

Welding speed, v (m/min)

Fig. 4.42 Comparison of penetration depth of laser and hybrid welding
(P=5 kW)
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$S400(8 mm'); P=6 KW, v=2.5 m/min, fi=3 mm, Di,=3 mm, a=60"°, G=Ar+CO, (20 ¢/min), Gy=Ar (15 ¢ /min)
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$S400(8 mm' ); P=6 KW, v=2.75 m/min, fi=-3 mm, Dys=3 mm, a=60°, G=Ar+CO; (20 ¢ /min), Gy=Ar (15 ¢ /min)
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Fig. 4.43 Penetration properties and bead shape in SS400 during butt welding (P=6 kW)
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$S400(8 mm'); P=6 KW, v=3 m/min, f;=-3 mm, Dx=3 mm, 0=60 °, G=Ar+CO; (20 ¢ /min), Gg=Ar (15 ¢ /min)
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Fig. 4.43 To be continued
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SS400(8 mm"); P=6 kW, fi=-2 mm, G=Ar (20 ¢ /min), Gg¢=Ar (15 ¢ /min)

V
Bead

1.0 m/min

1.5m/min | 2.0 m/min | 2.25 m/min | 2.5 m/min

Front bead

Back bead

Cross section

Fig. 4.44 Bead appearance and cross section in SS400 by laser welding(P=6 kW)

$S400(8mmt); P=6kW, f=-2mm, G =Ar (20£/min), G ,=Ar (15£/min)
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Fig. 4.45 Comparison of penetration depth of laser and hybrid welding

(P=6 kW)
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(a) P=5kW, =270 A, v=2.25 m/min (b) P=5kW, /=300 A, v=2.25 m/min
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Fig. 4.46 Back bead appearance of tensile specimen with welding current
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AH36(8 mm'); P=4 kW, =240 A, v=2.0 m/min, Dy,=3 mm, a=60 °,
G=Ar+CO, (20 ¢ /min)

fa -5 mm -4 mm -3 mm
Bead
Bead s
Cross
section

Fig. 4.47 Bead appearance and cross section of weld with various defocused
distance in AH36 by hybrid welding(8 mm")

AH36(8mm?); P=4kW, =240A, y=2.0m/min, D, ;=3mm, 0=60°,
G=Ar*+CO, (20£/min)
8 1 1 T 1 1 1 T 1 1 1 1

—&— AH 36, Smmt
71 —&— SS400, Smmt| -

Penetration depth (mm)
L =Y
»

0 T T T T T T T T T ¥ T I T T T T T d T

o ;
-10 8 6 -4 -2 0 2 4 6 8§ 10
Defocused distance, fd (mm)

Fig. 4.48 Comparison of penetration with defocused distance between SS400
and AH36 by hybrid welding(8 mm’)
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AH36(10 mm'); P=5 kW, /=240 A, v=2.0 m/min, Di,=3 mm, 0=60°,
G=Ar+CO, (20 ¢ /min)

fa -5 mm -4 mm -3 mm
Bead
Bead — — |
Cross
section
—— | —————— | ——— ———— | |E———————

Fig. 4.49 Bead appearance and cross section of weld with various defocused
distance in AH36 by hybrid welding(10 mm")

AH36(10 mm?Y); P=5 kW, =240 A, v=2 m/min, D; ,=3 mm, 0=60 °,
G=Ar+CO, (20 €/min)
T Y T ! T T . : . - :
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e 54 —
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-5 -4 -3 -2 -1 0

Defocused distance, 511 (mm)

Fig. 4.50 Comparison of penetration properties with defocused distance
in AH36 by laser and hybrid welding(10 mm®)
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AH36(8 mm'); P=5kW, v=2.25 m/min, f;=-3 mm, D;,=3 mm, a=60 °,
G=Ar+CO, (20 ¢ /min), Gg=Ar (15 £ /min)

1
180A 240A 270A 300A 330A
Bead
Front bead - =
Back bead
=

Cross section

um

Fig. 4.51 Front and Back Bead appearance and cross section of weld with current
in AH36 by hybrid welding

P=5kW, v=2.25 m/min, f¢=-3 mm, Dy,=3 mm, 0=60°, G~=Ar+CO, (20 ¢ /min), Gg=Ar (15 ¢ /min)
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(a) Penetration depth

Fig. 4.52 Comparison of weld characteristic
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of SS400 and AH36 with same thickness




AH36(10 mm'); P=6 KW, v=1.5 m/min, fi=4 mm, Dis=3 mm, 0=60°, G=Ar+CO; (20 ¢/min), Gy=Ar (15 ¢ /min)
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AH36(10 mm'); P=6 kW, y=1.75 m/min, fi=-4 mm, Di»=3 mm, 0=60°, G=Ar+CO, (20 ¢ /min), Gg=Ar (15 ¢ /min)
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Fig. 4.53 Penetration properties and bead shape in AH36 during bead welding
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AH36(10 mm'); P=6 kW, v=2 m/min, f=-4 mm, Di,=3 mm, 0=60°, G=Ar+CO, (20 ¢ /min), Gg=Ar (15 ¢ /min)
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AH36(10 mm'); P=6 KW, v=2.25 m/min, fi=-4 mm, Dyx=3 mm, a=60°, G=Ar+CO; (20 ¢/min), Gy=Ar (15 ¢ /min)
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Fig. 4.53 To be continued
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AH36(10 mm'); P=6 kW, »=2.5 m/min, f;=-4 mm, D;4=3 mm, 0=60 °, G=Ar+CO, (20 ¢ /min), Gg=Ar (15 ¢ /min)
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Fig. 4.53 To be continued
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AH36(10 mm'); P=6 kW, y=1.5 m/min, f7=-4 mm, D;,=3 mm, 0=60 °, G;=Ar+CO, (20 ¢ /min), Gg=Ar (15 ¢ /min)
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AH36(10 mm'); P=6 kW, y=1.75 m/min, f7=-4 mm, D;,=3 mm, 0=60 °, G=Ar+CO; (20 £ /min), Gg=Ar (15 ¢ /min)

14 T T

—&— Bead width
—@— Penetration depth

s}
.

- gum—n -

(4
S
!

L ]

=

@
L

Humping bead Sound bead 7
region region

'\\.ﬂ/_/./'

Full penetration

*_\"_k//

240 2&0 280 300 3%0 340 3;0 3
Current, I (A)
(i) Penetration properties

ES
L

'
L

L

Bead width (mm)
Penetration depth (mm)
Excess weld metal height (mm)

©
L

o

&

0

—————\| 240A 270A 300A 330A 360 A
Bead |
bead
bead r

Cross
section

(ii)) Bead shapes
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Fig. 4.54 Penetration properties and bead shape in AH36 during butt welding
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AH36(10 mm'); P=6 KW,

v=2 m/min, f;=-4 mm

14

, Dia=3 mm, a=60°, G=Ar+CO, (20 ¢ /min), Gg=Ar (15 ¢ /min)
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AH36(10 mm'); P=6 kW, y=2.25 m/min, f=-4 mm, D=3 mm, 0=60 °, G=Ar+CO, (20 ¢ /min), Gy=Ar (15 ¢ /min)
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Fig. 4.54 To be continued
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AH36(10 mm'); P=6 kW, v=2.25 m/min, fi=-4 mm, 0=60 °, G=Ar+CO, (20 ¢ /min),

Ggw=Ar (15 ¢ /min)
1 270 A 300 A 330 A 360 A 390 A 420 A
Bead (DLa=3 mm) | (D=3 mm) | (D o=3 mm) | (DL4=3 mm) | (Dp,=5 mm) | (D =5 mm)
Back bead

Cross section

Fig. 4.55 Bead appearance and cross section according to the variation of Dpa

Undercut

Fig. 4.56 Weld observed with optical microscope
(P=6 kW, =420 A, v=2 m/min, D;,=5 mm)
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AH36(10 mm'); P=6 kW, =360 A, v=1.75 m/min, f=-4 mm, Dj,=3 mm,
a=60 °, G=Ar+CO, (20 ¢ /min), Gg=Ar (15 £ /min)
4 30V 285V 27V 255V 24V
Bead (0 %) (-5 %) (-10 %) (-15 %) (-20 %)
Front bead
appear.
Back bead
appear.
Cross
section

Fig. 4.57 Bead appearance and cross section of weld with welding voltage
in AH36 by hybrid welding
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Fig. 4.58 Variation of penetration characteristic with welding voltage
in AH36 by hybrid welding
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(b) Arc length —20 % (24 V)

Fig. 4.59 Weld defects according to condition of arc length
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AH36(10 mm"); P=6 kW, =360 A, v=1.75 m/min, V=-10 %, fi=-4 mm, D;,=3 mm,
0=60 °, G=Ar+CO, (20 ¢ /min), Gg=Ar (15 ¢ /min)

PCOIﬂ
Bead

Front bead
appear.

Back bead
appear.

Cross
section

Fig. 4.60 Front and back bead appearance and cross section of weld with pulse
correction in AH36 by hybrid welding

AH36(10mm?); P=6 KW, =360 A, v=1.75 m/min, =10 %, f=4 mm,
- D=3 mm, 0=60 °, G.=Ar+CO, (20 {/min), G,=Ar (15 {/min) o
1 L) 1 ! 1 L 1 l 1 g 1 =
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Fig. 4.61 Variation of penetration characteristic with pulse correction
in AH36 by hybrid welding

- 134 -



4.5 S-HF9] 7|AH B 4 =FFH EA
451 3 FY AzEX

7 8§mme SS4003 T/ 10 mme AH369] wly] £A-A HzZA ZA

Aol §Rel /AN 4L B A BEEHEL AASAT 3

b
o e X

e mpol AR WAL IS AL §HR, AITFE D wAY F
z4ste] 2t $9lo] JAH AL FepRA AR ol 4B
3 * g% =

Fodo] FAA Z wWgo g =43y 8] $s4000] 7

|4 1 mmEAF FEI s5mm o] BEo ) =A35

Qo= FHINA 1.8mme 7TmmEo|F FHIEAA Zzt =AHEPcTE =3
H e

SS400 = AH369] T3l OPEL%‘% 2 Folxgdde &HFE A

ol g
2

ANZE 7HAS 54 14

L S48 A 200um, THE S B 400um=E A A=
ZE JERH AT

Fig. 4.62= 2l7] 889 SS4000) AEEIES Uehdtk 2419 A== 150~ 170 Hy,

A5 200 ~260 Hvol ™, &4 52 ZHE+ 250 ~270

HvE Yepdch o)A HdHoAxe A= SA43S E9FH  200~220 Hy, &

ol I #HolA YoM dFFF B 2

AR 22 e Uetdlon, &35 oA EANFoR Ha Axrt 7

AEFS UElth ol &N EAet Trke Aol A7l

W7 ddFRANAE -G i =2 WErt o

dae HR o

rfo
k1
A
ol
£
O
o0
(e}
3
%
o
fru
il
")
ok
R
(o
=
=
P
Lo
:{o
N,
[,

0

2
oo
K

o
o
I
o

B o e o

=
Sob we Aol mAlsH Hol FEghe] A Asdhe o2 Azdn.
Fig. 4.632 AH369 HAE=EXE YelyH, =
H3)] 2 AEFS YetUst, ol AH369 A5 Al =4 9 FFda
WNE ) Ao} B A0E AZHY, YD ol FT o2 AN &

- 135 -



<

g o] A
=7

9

o)
=

=

Aoz A

Mn©]

250 ~400 HvZ Ho 7d=zko] &3 Ho H]

[e)

.

1

Wol AT vFe] LxHYolE 4

BA

V4

A=
A
) .

=]
-
A=)
5

g

AL ESF 270 ~310 HvE SS4009) B3 =4 JUersth of=
q &
&

(o=
=

Ql

g]
_q]

[e=]
=
=

K
d

A5

oy

)

N
M

(@)
=

=

deinrh

He #olq ol AEgte] ol

o
=

e
&

o2

}

A3

73

=l

39)

Sk

3

= °l¢} widiz 4

) .

AR oM, AH36°0 A

H], o] SS400%} &

¢

ATt

+

ol

o
o

o

ol
A

o]A @Al &F

- 136 -



400 T T T
—A— Hardness|

350 e

y

A
300 ‘/A\A/ A i

%

T \ —A_, oA
a5 AA—& A AA L A 1

200 B

150 B

Hardness (Hv)

1001 Arc zone Laser zone 8

Interface

50

0 T T T
-2 0 2 4

Distance (mm)

Hardness measurement position (a) Longitudinal measurement

—m— Laser zone|

300 300 |

250 - 250

200 200 4

1504 150 | Sagtute,

Hardness (Hv)
Hardness (Hv)

1004 -l 100 -

Base B
metal

50 Base
metal

Base 504
metal

FZ
0 T — T T T 0

-4 -2 0 2 4

Distance (mm) Distance (mm)

(b) Arc zone (c) Laser zone

Fig. 4.62 Hardness distribution of SS400
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(a) Cross section

Base metal Laser zone

(x 500) Weld+HAZ (x 200) Coarse HAZ (x 500)

weld (x 200) HAZ (x 200) Coarse HAZ (x 500)

(b) Microstructure

Fig. 4.64 Cross section and microstructure in weld of SS400
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Fig. 4.65 Cross section and microstructure in weld of AH36
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Fracture start

SR

(a) Vertical view

(b) side view

Fig. 4.67 SEM image of fracture shapes in tensile test of SS400
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(b) Welded specimen

Fig. 4.68 Tensile strength curve of base metal and welded specimen of SS400

Table 4.1 Average tensile test results of base metal and welded specimen

Properties | Tensile strength Yield strength Elongation
Specimen (MPa) (MPa) (%)
Base metal 428.55 282.92 43.42
Welded specimen 438.95 285.19 34.55
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Fig. 4.69 Photograph of fracture shapes in tensile test of AH36

(a) Vertical view (b) side view

Fig. 470 SEM image of fracture shapes in tensile test of AH36
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Fig. 4.71 Tensile strength curve of base metal and welded specimen of AH36
Table 4.2 Average tensile test results of base metal and welded specimen
Properties Tensile strength Yield strength Elongation
Specimen (MPa) (MPa) (%)
Base metal 530.71 361.67 42.58
Welded specimen 538.97 368.42 21.3
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