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Formation Mechanisms and Suppression Method of
Weld Defects in CO, Laser Welding of

Primer-coated Steel for Shipbuilding

Hyun-Joon, Park

Department of Marine Engineering

Graduate School of Korea Maritime University

Abstract

Laser are now established as industrial tool that cut, weld, drill
and modify the surface properties of materials. Laser-processes offer
many advantages over conventional processes e.g. speed, quality,
and increased production. The use of zinc-coated steel in automobile
industries as well as in various industry fields has increased due to
low price and high corrosion resistance.

Recently the laser welding technology has been considered the
application for shipbuilding structure. However, when this
technology is applied to primer-coated steel, good quality weld
beads are not easily obtained. Because that the primer-coated layer
caused the spatter, humping bead and porosity, that are main part

of the weld defects, attributed to the powerfully vaporizing pressure



of zinc.

We were performed experiment with objectives of understanding
spatter and porosity formation mechanism and producing sound
weld beads in 6mm' primer coated steels by a CO, CW laser. The
effects of welding parameters; defocused distance, welding speed,
coated thickness, coated position; were investigated in the bead
shape and penetration depth in bead and lap welding.

Laser welding of zinc-coated steel in lap joint leads to a problem
that is related to the low boiling point of zinc(907 °C) compared
with high melting point of steel(1530 °C). When the keyhole
penetrates at the interface between the two sheets in lap joint, the
layer rises to a very high temperature. At this temperature, the zinc
vapour pressure is so high that it explodes out of the melt pool
and generated the spatter and humping bead. Namely serious effects
of primer-coated position was lap side rather than surface.

Therefore, introducing a small gap clearance in the lap position,
the zinc vapor could escape through it and sound weld beads can
be acquired.

And mechanism of porosity formation has searched by analysis
the composition of inner surface of porosity and the vaporizing
particle according to weld conditions. There is a lot of zinc in
inclusion of inner surface of porosity. But there is not zinc in
dimple structure. These results are indicated that the porosity was

formed by zinc vaporized pressure.
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Then, the dynamic behaviors of laser-induced plasma and spatter
phenomena were photographed by high speed video camera during
CO, CW laser welding with gap or no-gap clearance. Laser-induced
plasma has been accompany with the vaporizing pressure of zinc
ejecting from keyhole to surface of primer coated plate. In result,
the weld defects such as spatter, porosity and humping bead have
formed. This dynamic behavior of plasma was very unstable and
this instability was closely related to the unstable motion of keyhole
during laser welding. Therefore, as observing the behavior of
plasma, it should be estimated how the keyhole was fluctuated and

the weld defect was formed.
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Cathode (protected)

Steel

Anode (corroded)

Sn Sn

Steel

Fig. 2.1 Protection of steel by Zn

Fig. 2.2 Structure of hot-dip galvanized steel
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Fig. 2.5 Emission of light
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(b) Condensing head

Fig. 2.7 CO; laser equipment and condensing head
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(b) Application of YAG laser

Fig. 2.8 YAG laser equipment and application
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Fig. 2.9 Schematic diagram of CO; laser generator
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Table 3.1 Chemical compositions of primer-coated steels

Element
C Si Mn P S Fe
Material
AHSG 016 | 040 | 144 | 0023 | 0005 | bal
(6mm)
Table 3.2 Physical constant of Fe and Zn
physical : oL Thermal .
onstant| Dengity Melting | Boiling conductivity Reflectivity
point point (%)
(kg/m’) J/(m - K)[473
K K R[1.06
Element (K) (K) K] [ ]
Fe 7,870 1,808 3,027 61.74 65
Zn 7,130 692 1,176 105 49
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Fig. 3.1 Schematic illustration of CO, laser

Laser beam

Shield gas Sh1e1d gas
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Fig. 3.2 Schematic illustration of Coaxial
shield gas nozzle
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Table 3.3 Specification of CO, laser

System Specification Remarks
Type fast axial flow
Power 300~ 6,000W
Laser Frequency 100Hz ~100kHz TLF 6000
Beam mode TEMy turbo
Output stability 2%
Divergency angle <1.5 mrad
Type 5 axis Cantilever type M/C
Working range 3,000x1,500x500mm’
Speed X,Y=50m/min, Z=30m/min B,C=360°/s
Accuracy positioning accuracy +0.1mm
Welding repeatability +0.03mm
M/C | Welding head 200, 270mm focal length TLC 1005
Cutting head 5”7, 7.5” focal length
Surface treatment head |200mm focal length,10x10mm®
Twin focusing mirror | 0.7mm spot distance
Filler wire feeder 10m/min, 0.9~1.6mm @
Others | Monitoring system plasma, temperature LWM900
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T Base metal
Jig

50

Distance sheet

Fig. 3.4 Weld jig

mmmmle- Welding direction

Sample (b

Fig. 3.5 Sampling of specimen
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Table 3.4 Ranges and main values of welding parameters

Welding parameters Ranges | Main values
Laser power, P(kW) 6
3~6
Welding speed, v(m/min) 0.8, 1.0, 1.5
0.8~3.5
Focal length of condensing optic mirror, 270
270
f(mm) 2
-8~+14
Defocused distance, fq(mm) 15, 30
15, 30
Primer coated thickness, t,(m) 0.08, 0.1, 0.15,
0~0.3
Gap clearance, G.(mm) 0.2
6~24
Flow rate of shield gas He, Q(#¢ /min) 15
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Fig. 3.6 Schematic illustration of setup to sampling
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Bead welding; P=6kW, v=3m/min, fy(xm)=0, He(15 ¢ /min)

Trans.

section
of bead

fa

+2

Trans.
section

of bead

fa

-2

-
o

P

Bead width, W, (mm)
Penetration depth, D (mm)
O =2 N W A OO O N ® ©

(a) Shapes of Weld bead

Bead welding; P=6kW, v=3m/min, fp'(,m )=0, He(15/ /min)

—&— Penetration depth
—&— Bead width

4 2 0 2 4 6 8 10 12 14
Defocused distance, f,(mm)

(b) Variation of penetration depth(D,) and front bead with(IVy)

Fig. 41 Variation of weld bead, penetration depth(D,) and

front

bead with(IVy)

as function of defocused

distance in bead welding of primer-coated steel
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Bead welding; P=6kW, v=3m/min,
tor(m)=0, He(15 ¢ /min)

Longi. Bead
section of
apparence

Weld| Trans.
section

of bead

(@) fi=0~+14

Fig. 4.2 Variation of transverse and longitudinal section of bead

and front bead apparence as function of defocused

distance in bead welding of primer-coated steel
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Bead welding; P=6kW, v=3m/min,
tor(1m)=0, He(15 ¢ /min)

Weld| Trans. Longi.
section | section of N B;?ecllce
of bead bead pp |

(b) fa=0~-8

Fig. 4.2 To be continued
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Lap welding; P=6kW, v=1m/min, tp(tm)=0, G.(mm)=0, He(15 ¢ /min)
Trans.
section of
bead
fa
Trans.
section of
bead
fa -4
(a) Shapes of Weld bead
Lap welding; P=6kW, v=1m/min,
10 t,(um)=0, G, (mm)=0, He(15¢/min)
ol :
£ of .
£ g'a 7L :
9 o[ teposiion i T 8-
=2 g
£3° [ !
35 41 W
BE 3l :
L 5
o g ol
o 1' —e— Penetration depth
[ : —&— Bead width
D L 1 1 1 1 1 1 1 1 1 1

8 6 4 2 0 2 4 6 8 10 12
Defocused distance, f,(mm)

(b) Variation of penetration depth(D,) and front bead with(IVy)

Fig. 4.3 Variation of weld bead, penetration depth(D,) and front
bead with(IVp) as function of defocused distance in lap

welding of primer-coated steel
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Lap welding; P=6kW, v=1m/min, tp(xm)=0,
G.(mm)=0, He(15 ¢ /min)
Weld Trans. Longi.
ead| section of | section of a Bgfgnce
fa(mm) bead bead pp
— _
0
+2
+4
+6
+8
+10
+12

(@) fi=0~+12

Fig. 4.4 Variation of transverse and longitudinal section of bead
and front bead apparence as function of defocused

distance in lap welding of primer-coated steel
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Lap welding; P=6kW, v=1m/min,
tor(1m)=0, Gc(mm)=0, He(15 ¢ /min)
Weld| Trans. Longi.
ead| section of | section of Bead
Fa(mm) apparence
0
2
-4
-6
-8

(b) fa=0~-8

Fig. 4.4 To be continued
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Bead welding; P=6kW, f4=-2, He(15 ¢ /min)

(%

g/mn 0.8 1.0 15 2.0 25 3.0 3.5

v
*
N
n ’

(@) Shapes of Weld bead

5 Bead welding; P=6kW, f =-2, He(15£ /min)
L —&— No coated
Tk —A—t (i )=S(15)+B(15)
£ 3 Penetration depth —®—{ (mn)=S(30)+B(30)
€ E s @
EQ |
‘—I:‘_:n 51
== |
£48 4
B c i Front bead width
= 2 aF
m 2
& 4l Back bead width
0 i 1 L i L i 1 i L i 1
0.5 1.0 1.5 2.0 2.5 3.0 35

Welding speed, v(m/min)

(b) Variation of penetration depth(D,) and front/back
bead width(IVy)

Fig. 4.5 Variation of Weld bead, penetration depth(D,) and bead

width(Wy) as function of weld speed and primer-coated

condition in bead welding
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Bead welding; P=6kW, f4=-2, tp(tm)=0, He(15 ¢ /min)
Weld .
Trans. Longi. Front
v bead section of| section of X B;fglce

(m/min) bead bead pp Back

":':"’ AR g gl "

0.8 N

| | e
1.0
1.5
2.0
25
3.0
3.5

(@) No coated, tp(m)=0

Fig. 4.6 Variation of transverse/longitudinal section of bead and
bead shape as function of weld speed and primer-

coated condition in bead welding
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Bead welding; P=6kW, fq=-2, tp(tm)=L(15)+B(15)
He(15 ¢ /min)
Weld -
Trans. Longi. Front
v bead section of| section of X B;ﬁme
(m /min) bead bead pp Back
0.8 |
1.0
1.5
2.0
25
3.0
3.5

(b) Primer-coated steel, t,(xm)=S(15)+B(15)

Fig. 4.6 To be continued
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Bead welding; P=6kW, fq=-2, f(m)=L(30)+B(30)

He(15 ¢ /min)
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(c) Primer-coated steel, t,.(1m)=5(30)+B(30)

Fig. 4.6 To be continued
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Bead welding; P=6kW, f4=-2, tp(tm)=0, He(15 ¢ /min)

Weld | Trang, Longi. Bead | Front
bead . )
v section of| section of appar-
(m/min) bead bead ence | Back

08 e
i = e

2'0 3 7 oy |7

3.0

Fig. 4.7 Formation of porosity by penetration depth

in bead welding of no coated steel
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Bead welding; P=6kW, v=2m/min, f4=-2, He(15 ¢ /min)

Weléi [Trans./Longi,
29| section o Defective position & shape

o (1m) bead

Fig. 4.8 Formation of porosity as function of primer-coated

thicknessin bead welding (welding speed, v=2m/mim)
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Bead welding; P = 6kW, f=-2, He(15£/min)
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Fig. 4.9 Penetration area rate as function of weld speed

and primer-coated thickness in bead welding

Bead welding; P = 6kW, f =-2, He(15£/min)

5
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Fig. 410 Porosity area rate as function of weld speed and

primer-coated thickness in bead welding

_61_



(2) Butt welding(%tl 7] &3)

Butt welding®] 74-¢-+ bead welding® &35 fFAFSt] &3

iz
ot

K
B

To-

B
)

3R
(Y

-
T

of QoA F zo]=
o] primerZ 8 HF7} At & &

Aot

~

e

)

—_
o

9} primer

IH

v

ojo

%

Fig. 4.11¢]

o
N

Ho}. Butt welding®] 29, ¢

2o] B3

TC
T X

Aol wet 1 FEge]

s
A

i

o] o] %o}

]

on

ojo
i

b 4 ok E=3 Fig. 4139 mjaE AR o w2

Ho

o] mkHo] 7]

A deya gom, e

el
olp

%

=

file)

Nio

stA 7t

ArEo] #A

1

)

9]

Ok

&

w2

|

Fak

SIS

Fig. 4.14¢} Fig. 4159 &&= 9 primer

<7 st ek

7}

welding <]

_62_



bead welding¥} o] £

T—
T

o]2}e] AZRE, Butt weldingol] 4]

primer 7}

T—
T

_63_



Butt welding;, P=6kW, f;=-2, He(15 ¢ /min)
v
@/minf 10 1.5 2.0 2.5
o (1m)
No
coated
(0)
5(15)
+B(15)
S(30)
+B(30)
(@) Shape of weld bead
o Butt welding; P=6kW, f=-2, He(152/min)
E —&— No coated
__ 8Ff —A—t (sm)=S(15)+B(15)
g 5 ~®— ¢t (4n)=S(30)+B(30)
’é‘ ~a [ Penetration depth
EQet o——
TE gl "§§
£48 |
B 4f ;
= o | Front Bead width
g E ) \N————*ﬂ
@ 2,
S I‘S\:\“w:idth
1l
O | 1 M 1 |

1.0 1.5 | 20 | 25
Welding speed, v (m/min)

(b) Variation of penetration depth(D,) and front/back bead width(IWh)

Fig. 411 Variation of Weld bead, penetration depth(D,) and
bead width(Wp) as function of weld speed and

primer-coated condition in butt welding
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Butt welding; P=6kW, fs=-2, He(15 ¢ /min)
Weld | Trans. Longi. Front
' bead |goction of| section of N B;ﬁme
) Iﬁ Jmin bead bead pp Back
1.0
No
coated
2.0
1.0
S(15)
+B(15)
2.0
1.0
S(30)
+B(30)
2.0

Fig. 412 Variation of transverse/longitudinal section of bead
and bead apparence as function of weld speed and

primer- coated condition in butt welding
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Butt welding; P=6kW, fi=-2, t,(tm)=0, He(15 ¢ /min)
Weld
bead | Trans. & Longi.

v section of bead
(m/min)

Defective position & shape

1.0

1.5

2.0

(@) No coated steel, tp:(1m)=0

Fig. 4.13 Formation of porosity as function of weld speed

and primer-coated thickness in butt welding
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Butt welding; P=6kW, fi=-2, t.(tm)=S(15)+B(15), He(15 ¢ /min)

Weld
bead
v
(m/min)

Trans. & Longi.
section of bead

Defective position & shape

1.0

1.5

2.0

(b) Primer-coated steel, t,(xm)=S(15)+B(15)

Fig. 413 To be continued
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Butt welding; P=6kW, fi=-2, t,(¢m)=S(15)+B(15), He(15 ¢ /min)

Weld .
bead | Trans. & Longi.

v section of bead
(m/min)

Defective position & shape

1.0

1.5

2.0

(c) Primer-coated steel, t..(1m)=5S(30)+B(30)

Fig. 413 To be continued
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Butt welding; P=6kW, f =-2, He(15£ /min)
100 - s
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T —®—t (1 )=8(30)+B(30) T
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1.0 1.5 2.0 25
Welding speed, v(m/min)

Fig. 4.14 Penetration area rate as function of weld speed

and primer-coated thickness in butt welding
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2 °f
8 2r
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[ 1 L | L | 1 1
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Welding speed, v(m/min)

Fig. 415 Porosity area rate as function of weld speed

and primer-coated thickness in bead welding
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(3) Lap welding(A =] 7] &3)
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Lap welding; P=6kW, f4=-2,
fo(1m)=0, G.(mm)=0, He(15 ¢ /min)
Weld Trans. Longi.

o bead section of section of a Beea?‘gnce
m/min) bead bead pp

0.8

1.0

1.5

2.0

25

3.0

(@) No coated steel, tp(1m)=0

Fig. 416 Variation of transverse/longitudinal section of bead
and bead apparence as function of weld speed and

primer-coated thickness in lap welding



Lap welding; P=6kW, fq=-2, tp(tm)=S(15)+L(30),
G(mm)=0, He(15 ¢ /min)

Weld Trans. Longi. Bead

bead section of section of

m/v min) bead bead appearance

0.8

1.0

1.5

2.0

25

3.0

(b) Primer-coated steel, t,(xm)=S(15)+L(30)

Fig. 416 To be continued
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Lap welding; P=6kW, fq=-2, tp(tm)=S(30)+L(60),
G.(mm)=0, He(15 ¢ /min

Weld Trans. Longi.

bead section of section of Bead

m /vmin) bead bead appearance

0.8

1.0

1.5

2.0

25

(c) Primer-coated steel, tp.(1m)=5(30)+L(60)

Fig. 416 To be continued
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Lap welding; P=6kW, f=-2, G (mm)=0, He (15//min)
12}
11
E o
E of
= -
Q 3
_C- b
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8 5S¢
E‘f
Q 3 “e"No coated
$ 2| —A—t (un)=5(15)+L(30)
1 || —=—t (n)=S(30)+L(60)
0 [ 1 1 1 | 1
05 1.0 15 2.0 25 3.0
Welding speed, v(m/min)
(a) Variation of penetration depth
8 Lap welding; P=6kW, f=-2, G (mm)=0, He (15£/min)
. | —@— No coated Wes
7 || At (mm)=S(15)+L(30) i
= ¢ (4n)=S(30)+L(60) £
o™
6 e ‘_P —!
WLD

o
—T T

Front bead width

Front bead width, WFb(mm)
Lap side bead width, W, (mm)
(9] i

2t /\
- Bead width
1+ in Lap side
0 I i | I 1 I 1 1 1 1 1
0.5 1.0 1.5 20 25 3.0

Welding speed, v(m/min)

(b) Variation of bead width

Fig. 4.17 Characteristics of penetration as function of welding

speed and primer coated thickness in lap welding
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Penetration area rate, D_(%)

100 Lap welding; P=6kW, f=-2, G (mm)=0, He (15£/min)

I —e— No coated ef —a

i —A—t (un)=S(15)+L(30) | E| |- «A
% —=— { (um)=S(30)+L(60) | x|V

18mm
80 |- A : All area
a : Penetration area

70 |

o
—\k
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Welding speed, v (m/min)

(c) Variation of penetration area rate

Fig. 417 To be continued
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Fig. 4.18 Characteristics

Lap welding; P=6kW, v=0.8m/min, fi=-2,
G.(mm)=0, He(15 ¢ /min)
tpr(4m)

Wel: No coated | S(15)+L30) | S(30)+L(60)
ea

Trans.
section of

bead

Longi.
section of
bead

Bead >
@ppearance|,

(@) v=0.8m/min

Lap welding; P=6kW, v=1m/min, f4=-2,
G.(mm)=0, He(15 ¢ /min)
tpr(4m)

g\feld No coated | S(15)+L30) | S(30)+L(60)
ea

Trans.
section of
bead

Longi.
section of
bead

Bead -
Appearance( e

primer-coated thickness in lap welding
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Lap welding; P=6kW, v=0.8m/min, fq=-2,
G.(mm)=0, He(15 ¢ /min)
Weld LO].'I i . .
ead : gf.b 4|  Defective position & shape
o (m) section ot bea
No
coated
S(15)
+L(30)
S(30)
+L(60)

(@) v=0.8m/min

Fig. 419 Formation of weld defects as function of

primer-coated thickness in lap welding
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Lap welding ; P=6kW, v=1m/min, f4=-2,
G(mm)=0, He(15 ¢ /min)
Weld .
L . . .
) ead sectior?nogfl bead Defective position & shape
No
coated
S(15)
+L(30)
S(30)
+L(60)

(b) v=1m/min

Fig. 419 To be continued
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Lap welding; P=6kW, 2.5m/min, G.(mm)=0,

fa=-2, tp(pm)=S(30)+L(60), He(15 ¢ /min)

-

Fig. 420 Porosity formation in lap welding on

primer-coated steel
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165 Lap welding; P=6kW, f =-2, G (mm)=0, He (15 /min)
90 L £ —P —&— No coated
L E -2 “—3 —A— ¢ (un)=S(15)+L(30)
S sop [TV —m—t (un)=S(30)+L(60)
=) L o
~< 70| 18mm
D-_ P : Porosity area
% 60 a : Penetration area
i p,=£ x100
Q 40+
m r
P 30: No fusion
g 20 [ in lap joint
& 10k /
0Fr @
1 1 ] | 1
0.5 1.0 1.5 2.0 25 3.0

Welding speed, v (m/min)

(a) Variation of porosity area rate

i Lap welding; P=6kW, f=-2, G (mm)=0, He (15//min)
[ [~ S —&— No coated
¥ : E =—a —&—rp,(;un )=S(15)+L(30)
X 80 QI ey —®—{ (um)=5(30)+L(60)
UJ_ 70 | 18mm
L o S:Spattered area
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i a : Penetration area
S I  s=Sx00
L =X
S 40| A
- I
Q 301
‘.u_J' .
-g'- 20 -
v 10
G .
[ L | | 1 1
0.5 1.0 1.5 2.0 25 3.0

Welding speed, v (m/min)

(@) Variation of spatter formation area rate

Fig. 421 Weld defects area rate as function of welding speed

and primer coated thickness in lap welding
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Lap welding; P=6kW, v=1m/min, G.(mm)=0,
tor(1m)=S(15)+L(30), He(15 ¢ /min)

Wel Trans. Longi. Bead
bead| section of section of
fa(mm) bead bead appearance

(@) o=1Im/min

Lap welding; P=6kW, v=1.5m/min, G.(mm)=0,
tor(1m)=S(15)+L(30), He(15 ¢ /min)

Wel Trans. Longi.
bead| section of | section of Bead
fo(mm) bead bead appearance

(b) 1.5m/min

Fig. 4.22 Characteristics of penetration as function of defocused

distance and weld speed in lap welding
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Fig.

Lap welding; P=6kW, fq=-2, t,(xm)=S(0)+L(15),
Gc(mm)=0, He(15 ¢ /min)
Weld Trans. Longi.

" bead | goction of section of Bead
m/min bead bead

1.0

1.5

2.0

4.23 Characteristics of weld defects formation

penetration as function of weld speed

primer-coated position

(15um primer-coated only in lap side)
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Lap welding; P=6kW, f =-2, G (mm)=0, He(154/min)
1| —8—t (un) = S(15)+L(0)
S| —A—t (un) = S(0)+L(15)
3 E Lol —m—¢ (um) = S(15)+L(15)
— g ~
EE'C:\& gl Penetration depth
- _Cn ™
£33 7
S o
20 6
2§ f
8® 4r
T EJ' 3l
UE_ & ,[ Frontbead width
2 @l
1k
0 i 1 ] 1

1.0 | 15 | 20
Welding speed, v(m/min)

Fig. 4.24 Variation of penetration depth and front bead
width as function of weld speed and

primer-coated condition

Lap Welding; P=6kW ,v=1m/min, f=-2,

a5 G_(mm)=0, He{15éir:'un)

N rm(,um )=S(X)+L(0)
—A—t (1m)=S(0)+L(X)
= B rp'(m)=S(X)+L(X)

[o3]
[=]
1

(9]
(4]
T

Penetration area rate, D, (%)

. . T
X=15 X=30
Thickness of coating primer, { (xm)

oy

Fig. 4.25 Variation of penetration area rate as function of

primer-coated thickness and position
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Lap welding; P=6kW, v=Im/min, fs=-2, G(mm)=0, He(15 ¢ /min)
o(m/min) | Trans. bead
bead. dpPpeartance]  Defective position & shape
coated Longi. section of
condition b_e‘a_q
S(0)
+L(15)
S(0)
+L(30)

Fig. 426 Formation of weld defects as function of

primer-coated position and thickness in lap

welding (primer-coated in only lap side)
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Lap welding; P=6kW, v=Im/min, f4=-2, G(mm)=0, He(15 ¢ /min)
g(m/min) [ Trans. bead
bead |appearance Defective position & shape
coated Longi. section of
| condition bead
S(15)
+L(0)
S(30)
+L(0)
Fig. 4.27 Formation of weld defects as function of

primer-coated position and thickness in lap

welding (primer-coated in only surface)
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Lap welding; P=6kW, v=Im/min, fs=-2, G/(mm)=0, He(15 ¢ /min)
o(m/min) | Trans. bead
bead. dppeartance]  Defective position & shape
coated Longi. section of
[ condition bead
S(15)
+L(15)
S(30)
+L(30)
Fig. 428 Formation of weld defects as function of

primer-coated position and thickness in lap

welding (primer-coated in lap side and surface)
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Fig.
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Porosity area rate, P_(%)

Lap welding; P=6kW, v=1m/min, f=-2,
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Lap welding; P=6kW, v=1m/min, f =-2,
G_(mm)=0, He(15£ /min)
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- SE T T a r
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Thickness of Coating primer, ¢, (xm)

(a) Porosity area rate

Thickness of Coating primer, £, (um)

(b) Spatter formation area rate

Weld defects area rate as function

primer-coated position and thickness
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Lap welding; P=6kW, v=1m/min, f =-2, G (mm)=0, He (15£/min)

tﬂ{m)X(M]""ll--)-(=|1-5--'1""|""l"'x'zlapl'l""
I Porosity area

I Spattered area
rate, S, %

S(0)+L(X)

S(X)+L(X)

Fig. 4.30 Characteristics of weld defects formation and
penetration as function of primer-coated

position and thickness (refer to fig. 4.35)
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Lap welding; P=6kW, v=1m/min, f4=-2,
tor(1m)=S(15)+L(30), He(15 ¢ /min)
Weld Trans. Longi.
G bead | section of section of a Péea?rgnce
mm) bead bead pp
0
0.05
0.08
0.10
0.12
0.15

(@) tpr(m)=S(15)+L(30)

Fig. 4.31 Variation of transverse and longitudinal section of
bead and front bead apparence as function of gap

clearance in lap welding of primer-coated steel
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Lap welding; P=6kW, v=1m/min, f4=-2,
tor(1m)=S(15)+L(30), He(15 ¢ /min)

Weld Trans. Longi.
G bead section of section of a %:izcalnce
(mm) bead bead PP

0.20

0.25

0.30

Fig. 4.31 (a) To be continued
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Lap welding; P=6kW, v=1m/min, f4=-2,
tor(1m)=S(30)+L(60), He(15 ¢ /min)

Weld Trans. Longi.
! . Bead
G. section of section of
mm) bead bead

appearance

0.05

0.08

0.10

0.12

0.15

(b) tp:(4m)=5(15)+L(30)

Fig. 4.31 To be continued

- 101 -



Lap welding; P=6kW, v=1m/min, f4=-2,
tor(1m)=S(30)+L(60), He(15 ¢ /min)

Weld Trans. Longi.
G bead section of section of a iiignce
(mm) bead bead PP

0.20

0.25

0.30

Fig. 4.31 (b) To be continued
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Lap welding; P=6kW, v=1m/min ,f =-2, He(15£ /min)

[| —A—t =S(15)+L(30)
F| —=—t =S(30)+L(60)

P

A (P QS |
O = N W & OO O N O O O = N
T T

Penetration depth

F Lap position

Bead width, W,(mm)
Penetration Depth, D (mm)

N Bead width

1 L 1 L | L | L 1 . 1 I 1

000 005 010 015 020 025 030
Gap clearance, G (mm)

(a) Variation of penetration depth and front bead width

100 | Lap Welding; P=6kW, v=1m/min ,f=-2, He(15/ /min)

—a —h— tw{.um )=S(15)+L(30)
A — & { (um)=S(30)+L(60)

12mm

AR

L 18mm
85+ A:Allarea
a . Penetration area

b.= % x100

80 -

75

Penetration area rate, D, (%)

000 005 010 015 020 025 030
Gap clearance, G (mm)

(b) Variation of penetration area rate

Fig. 4.32 Characteristic of penetration as function of gap

clearance on primer-coated steel
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Lap welding; P=6kW, v=1m/min, f4=-2,

t,(¢m)=S(15)+L(30), He(15 ¢ /min)

Weld
ead
Ge
mm)

Trans. Bead
bead |appearance

Longi. section of Defective position &

bead

shape

gh 2

0.05

0.10

4

[

() tor(tm)=S(15)+L(30)

Fig. 4.33 Formation of weld defects as function of gap

clearance on primer-coated steel
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Lap welding; P=6kW, v=1m/min, f4=-2,

Weld
bead
Ge
(mm)

0.15

0.20

0.25

t(¢m)=S(15)+L(30), He(15 ¢ /min)

Trans. Bead

bead . .

Lg?lgi. aszgfi?;?r:ffe Defective position & shape
bead

Fig. 4.33 (a) To be continued
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Lap welding; P=6kW, v=1m/min, f4=-2,
tor(1m)=S(30)+L(60), He(15 ¢ /min)

Weld
bead

Trans.
bead

Bead
appearance

Ge

(mm)

0.05

0.10

Longi. section of

Defective position &

shape

beagi. _
.:- P ) _‘ﬂ

(b) tpr(m)=S(30)+L(60)

Fig. 4.33 To be continued
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Lap welding; P=6kW, v=1m/min, f4=-2,
tor(1m)=S(30)+L(60), He(15 ¢ /min)
Weldl Trans. Bead

pead | bead |appearance
Ge Longi. section of

(mm) bead

Defective position & shape

0.15

0.20

0.25

Fig. 4.33 (b) To be continued
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- Lap Welding; P=6kW, v=1m/min ,f =-2, He(15£ /min)
ol +(pr(;fm)=8(15)+L{30)
—m— t (4 )=S(30)+L(60)
~ gL £ —pP pr
= 5 -3
o N e nyny]
& 7
[L_ 6l 18mm
% P : Porosity area
= 5r a . Penetration area
o a4l P
L 4 P =—x100
® ar g
2 3T
S 2}
& 1f
0 L |
i 1 1 1 i 1 L 1 L 1 I 1 i 1

000 005 010 015 020 025 0.30
Gap clearance, G (mm)

(a) Porosity area rate

Lap Welding; P=6kW, v=Tm/min ,f=-2, He(15/ /min)

- —A—t (i )=S(15)+L(30)
““"ﬁ_ﬁ - f::(;un )=S(30)+L(60)
T N AT ]

12mm

18mm

| S: Spattered area
a : Penetration area
S

Sa:= EX‘[ 00

Spattered area rate, S, (%)
o - 3] w i w (8)] | [o2] w o
1

000 005 010 015 020 025 0.30
Gap clearance, G_(mm)

(b) Spatter formation area rate

Fig. 4.34 Weld defects area rate as function of gap clearance
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Lap welding; P=6kW, v=1m/min, f4=-2, He(15 ¢ /min)

XVeléi Trans. section and Longi.
A\ | Surface appear of section of | Weld defects
mm)\ (i) bead bead

No

coated

0
0.08
0.10

Fig. 4.35 Effect of gap clearance on weldability( )

<tp:(1tm)=S(15)+L(30)>
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Lap welding; P=6kW, v=1m/min, f4=-2, He(15 ¢ /min
P o

}‘;V elg Trans. section and Longi.
A\ | Surface appear of section of | Weld defects
mm\ (zm) be‘:ad.‘. bead

- A :
No
coated

0
0.15
0.20

Fig. 4.36 Effect of gap clearance on weldability(II)
<tp:(1tm)=5(30)+L(60)>
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Lap welding; P=6kW, v=1m/min, f4=-2
tpr(1m)=S(30)+L(60), Gc(mm)=0, He(15 ¢ /min)

Lower

Fig. 4.37 Appearance of fractured weld metal in lap joint
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Lap welding; P=6kW, v=1m/min, f4=-2, G(mm)=0,
tor(pm)=S(30)+L(60), He(15 ¢ /min)
SEM images of fractured surface
P &

Another side
(lower side)

of fractured porosity A

(c) X 2000

Fig. 438 SEM photographs for Surface of fractured weld
metal in lap joint (refer to fig. 4.38)
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Lap welding; P=6kW, v=1m/min, f4=-2, G(mm)=0,
tor(1m)=S(30)+L(60), He(15 ¢ /min)

EDX area analyses

p— & ?l:. T

e

(a)Grey imaée of porosity(X80) (b) Fe kq

306" U

(c) Zn Kk,

Fig. 439 Result of EDX area analyses in porosity(a) of
lower side of lap joint <refer to fig. 4.39(d)>
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Lap welding; P=6kW, v=1m/min, f4=-2
for(1m)=S(30)+L(60), Go(mm)=0, He(15 ¢ /min)

EDX analyses of fractured surface

4000

Fractured area of

Counts

dimple structure

(No porosity)

F

[] E—'Y
0.000

ket

10.800

2000

Inner surface of

Counts

porosity

(area analysis) ° m o

10.800

Counts

Inclusion

i
10.800

of porosity

1100

(spot analysis)

Counts

]
0.000

10.800

Element
Analysis Fe
position

Zn

Si

Inner surface

of porosity 82.64

11.62

0.62

212

Inclusion

of porosity 85

85.63

3.56

1.43

Fig. 440 Result of EDX analyses in dimple structure, inner

surface and inclusion of porosity(Unit : wet%)
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Lap welding; P=6kW, v=1m/min, f4=-2, G(mm)=0,
t,,r(ur‘n)=S(30)+L(60),r He(15 ¢ /min)

e S o .
. e . 473
gty f, &

]
c
=1
@ °
(&)
Y zn Fe N
Al . . i
0.000 10,800
keV/
800
Zn
7]
c
=
®) °
(&)
S5 fe 2n
oz 1 . A
0.000 10.800
kel

(c) EDX spot analyses

Fig. 441 SEM photographs and result of EDX analyses in inner
surface of upper side of porosity(refer to fig. 4.38)

- 118 -



Lap welding; P=6kW, v=1m/min, f4=-2

HAZ Weld metal HAZ Weld metal
Fusion boundary Fusion boundary
(a) X 80 (b) X 80

Fig. 4.42 Photographs of fusion boundary in fractured lap joint

Lap welding; P=6kW, v=1m/min, f4=-2
tor(1m)=S(15)+L(30), G.(mm)=0.2, He(15 ¢ /min)
EDX area analyses of Fusion boundary

300, 0m :

(a) erey image (b) Fe kg

300 um 300 um

(©) Zn kq ; (d) Si ke

Fig. 4.43 Results of EDX area analyses in fusion boundary
in fractured lap joint<fig. 4.43(a)>
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Bead welding; P=6kW, v=1m/min, fq=-2

tpr(um)=8(30)+_B(30), Gc(mm)=01_ He(15 ¢ /min)

o R ]

p Base metal

I Discolored-area

by heat affection

- Fusion
3 T boundary
- -V Weld metal
(a) Bead appearance, (X10) (b) SEM photo of (a)A, (X20)

Fig. 4.44 Appearance of weld-bead surface during laser

welding in primer-coated steel

-121 -




Bead welding; P=6kW, v=1m/min, f4=-2
tor(1m)=S(30)+B(30), G.(mm)=0, He(15 ¢ /min)

EDX spot analysis of positionD

800

Counts

Fe

ol £ -
0.000 10.800
ke

<Composition rate> Unit : wet%
Hemer e re B si [Mn| A1 | O
[Positiotn Method 3 n ; 4
Spot 10.59 - 14951 65.70 | 1.11 | 7.65
@ Area
(60X60:m) 10.56 _ 15.03 | 65.83 | 1.11 | 747
Area
@ (12X15,m) 9.35 - 28.39 | 40.37 | 2.09 | 19.80

Fig. 4.45 Results of EDX analyses in suspended matter<D,
@ of fig. 4.44(a)> on bead surface
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Bead welding; P=6kW, v=1m/min, f4=-2
tor(1m)=S(30)+B(30), G.(mm)=0, He(15 ¢ /min)

EDX spot analyses of position®

600

Counts

oL
0.000 10.800

ke

1100

Counts

0 i
0.000 10.800
kel

<Composition rate> Unit : wet%
Fe Zn Si Mn Al O

Element
[Positioln Method
©) Spot 1410 | 78.23 | 539 | 1.30 | 0.10 | 0.88

Fig. 4.46 Results of EDX analyses in discolord-area<® of
tig. 4.44(b)> of fusion boundary
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primer?] F8rg ko] wn|slY S-S ojn] A3 uh )
ol’de] ZFH{ZHH, primerZ ¥ 7] lap

W
A doezA Ague gHes Sdss d5U4 3 primerd] x4
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Lap welding; P=6kW, v=1m/min, f4=-2
tor(1m)=S(30)+L(60), He(15 ¢ /min)

Gc(mm)=0, (X3,000) G.(mm)=0.2, (X3,000)

Fig. 4.47 SEM photographs of vaporizing particles during CO»

laser lap welding in He gas
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Lap welding; P=6kW, v=1m/min, f4=-2, G.(mm)=0,
He(15 ¢ /min)
fi’;m) EDX EDX area analyses (30X40xm, X3000)
600 T T z
S(15) <
+L(30) 0
00.000 10.800
keW
2100
S(30) E
+L(60) S
0 s i- -
0.000 10.800
kel
<Composition rate> Unit : wet%
tor Element F 7 Si M o
(4em) case b 3 ! n
S(5) | case 1 | 1991 70.91 0.70 5.38 3.09
+L(30) [ case 2 | 17.76 73.05 0.79 5.02 3.39
S(30) | case 1 3.36 91.90 1.20 1.00 2.52
+L(60) | case 2 3.24 92.41 1.12 0.79 2.44

Fig. 4.48 Results of EDX analyses in vaporizing particles by

primer-coated thickness in case of no gap during

lap welding
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Lap welding; P=6kW, v=1m/min, f4=-2, He(15 ¢ /min)

EDX
Ge o EDX area analyses(30X40/m, X3000)
(mm) (¢m)
1200 Fe
S(15)
+L(30) 2
0.2 = 3
S(30) ]
+L(60) ¢ 0.000 10.800
kel
5(30) E
0.08 +1(0) S
0
0.000 T 10.800
<Composition rate> Unit : wet%
Element
Ge tor Fe Zn Si Mn @)
(mm) ™ (um)
S(15) 49.67 34.87 0.36 11.71 3.40
02 +L(30) | 49.32 35.89 0.47 10.75 3.57
) S(30) 36.58 50.60 0.86 9.07 2.89
+L(60) | 37.15 51.21 0.84 7.82 2.99
0.08 S(30) 33.74 55.27 0.95 717 2.86
) +L(0) 34.12 55.36 0.95 6.83 2.75

Fig. 449 Results of EDX analyses in vaporizing particles by
primer-coated thickness in case of setting gap

during lap welding
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(@) Experimental setup

s

High speed videof,/’ |
camera

High speed video
camera controller
Computer

(b) schematic experimental setup

Fig. 4.50 Observation system of laser-induced plasma and spatter
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Lap welding; P=6kW, v=1m/min, f4=-2,

tor(pm)=S(30)+L(60), G((mm)=0, He(15 ¢ /min)
Trans. Bead
bead |appearance Defective position & shape
Longi. bead

Fig. 451 Weld defects in lap welding of primer-coated
steel by no gap

Lap welding; P=6kW, v=1m/min, f¢=-2, G.(mm)=0,
tor(1m)=S(30)+L(60), He(15 ¢ /min),
n~=1,000EPS, S.=1/20,000

- -~

t+4ms t+5ms t+6ms t+7ms

Fig. 4.52 High speed photos of laser-induced plasma and spatter

in lap welding of primer-coated steel by no gap
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Lap welding; P=6kW, v=1m/min, f4=-2,

tor(¢m)=S(30)+L(60), G(mm)=0.15, He(15 ¢ /min)
Trans.[ Bead
bead |appearance| Defective position & shape
Longi. bead

Fig. 4-53 Weld defects in lap welding of primer-coated

steel by gap clearance

Lap welding; P=6kW, v=1m/min, f¢=-2, G.(mm)=0.15,
tor(tm)=S(30)+L(60), He(15 ¢ /min),
n~=1,000FPS, S.=1/20,000

t+4ms t+5ms t+7ms t+12ms

Fig. 4-54 High speed photos of laser-induced plasma and spatter

in lap welding of primer-coated steel by gap clearance
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(b) Effect of gap clearance

Fig. 4.55 Formation mechanism of weld defects by Zn and

gap-effect in lap welding on primer coated steels
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