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Consideration by Flow Visualization

of Laser Welding Phenomenon

Gyung-bong, Tae

Department of Marine System Engineering

Graduate School of Korea Maritime University

Abstract

The main purpose of this study was to achieve optimum bead welding
conditions when weld the STS304 stainless steel sheet with the pulse-
Nd:YAG laser. The conducting characteristics of plasma/plume using the
schlieren system and a high speed camera -a flow visualization technique-
were observed and analyzed.

The laser output characteristics of the STS304 stainless steel sheet were
investigated from multiple viewpoints as follows:

1) the relation of laser output energy and peak power on pulse width,

2) the relation of laser output energy and peak power on lamp voltage,

3) the relation of welding bead width and penetration depth on defocused

distance.

Afterwards, the effects of the shield gases while laser welding under
actual conditions were closely analyzed: in air, staticc and dynamic shield

gas atmosphere.
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In air, the occurrence of many spatters was observed, even in the low-end
laser output condition. But, in a shield gas atmosphere, the spatters rarely
occurred, even in the high-end laser output condition, and the plasma
stabilized quickly. The laser outputs in a static shield gas atmosphere, were
measured under three voltages (243V, 250V, 280V); the occurrences under
actual conditions of the plasma/plume were compared and analyzed.

Measuring for various types of shield gas atmospheres (nitrogen, argon,
and helium) revealed a gradual weakening in plasma intensity from argon
to nitrogen to helium. The plasma volume gradually decreased, and the gas
flow was virtually undetectable in the helium shield gas atmosphere.

Afterwards, the occurrences of spatter and plasma phenomena with nozzle
diameters of 2, 4, 6, 8, and 10 mm, at the distances of 13, 16, 19, and 21 mm
from the end of nozzle to the welding point, at nozzle angles of 0, 20, 40,
and 60 degrees, and shield gas flow-rates of 5, 15, and 25 liters/min were
observed and analyzed.

The optimum laser welding condition, using a nozzle in a dynamic shield
gas atmosphere, was determined by the nozzle diameter, the distance from
the nozzle end to the welding point, the nozzle angle, and the flow rate of
the shield gas.

Using the STS304 stainless steel sheet as a test material, the optimum
bead welding condition with the pulse-Nd:YAG laser was confirmed to be a
nozzle diameter of 6 mm, at the distance of 13 mm from the nozzle end to
the welding point, at a nozzle angle of 40 degrees, and at a shield gas

flow-rate of 25 liters/min.
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B 713 W (Mach-Zehnder interferometer method)
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7t 3 ¥ (Holographic interferometer method)
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(PIV : Particle Image Velocimetry method)
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Fig. 2.11 Calculation of velocity vector of moving particle
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Table 2.1 Physical & optical specific character of Nd:YAG

Specific character Unit
Central generation wave 1.064m
Nd.Os additional rate 1.0 at.%

Nd** density

1.38X10% ions/ cm

Sectional area of stimulated emission

02 = 6.5x10 et

Fluorescent life 230us
Linear thermo-expansion coefficient [100] 8.2X10_6/ C
[110] | 7.7x10°/°C
[111] | 7.8x10°/C
Spectrum line width 0.45nm
Relax time(‘'liy2 — *loja) 30ns
Radiation life(*Fs;2 — ‘I1y2) 5505
Refracting rate 1.82
Disperse loss scale 0.002cm™
Melting point 1,970C
Heat transfer 13 W/m°K
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>

Fig. 2.17 Condensing of laser by lens

Table 2.2 Power density of heat source for typical material processing

Heat source for processing of kind

Power density (kW/cm)

Gas flame (Oxyhydrogen flame) ~3

Light beam (Xenon Lamp) 1~5

Open Arc discharge ~15
Plasma jet 50~100

Pulse >10"

Electron beam 3

CW >10

Pulse >10"

Laser beam 3

CW >10
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Fig. 2.18 Multiple-station processing with laser

(a) Laser welding (b) Arc welding

Fig. 2.19 Comparison of weld distortion formed

by laser and arc heat source
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Fig. 2.20 Gas shield by the same axle
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Fig. 2.21 Ar center gas flux and penetration depth
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Table 3.1 Kinds of stainless steel and specific character

Divisi Character Specific character
ivision
. * Body-centered Cube Constitution (BCC)
Ferrite
* Do not hardening by heat treatment
descent * master steel : STS430
* Show ferromagnetism at normal
temperature
Fe-Cr descent P
* Corrosion proof is low but Strength is
(400 descent) Martel’lsite excellent
descent * Creation to Martensite transition by
air-cooling or oil-cooling in Austenite
structure
* master steel : STS410
* Face-centered Cube Constitution (FCC)
* Do not hardening by heat treatment,
Austenite hardened by processing.
descent * non-magnetism, hardened after
processing
* master steel : STS304
* Mixing structure of Austenite & Ferrite
Fe-Cr-Ni at normal temperature
descent Duplex * It is mutual complementary thing that
(300 descent) descent low resistant character to local corrosion
of Austenite descent and low toughness
of Ferrite descent
* master steel : STS329]1
* It's improved thing hardness as
Prec1p1ta.t10n precipitate intermetallic compound(Cu,
hardening .
Al, Ti, Nb etc.) after heat treatment
descent

* master steel : STS630
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Table 3.2 Chemical composition of the STS304 (wt. %)

lement
C Si Mn P S Ni Cr Fe
Materia
STS304| 0.05 1 2 0.04 0.03 8 18 |Balance
Table 3.3 Mechanical and physical properties of STS304

Character y : Heat
Tocessing S

Mechanical properties temp between » Coeff.

- temp . Specific
heat (C) . Elastic Thermal |of therm
(C) Hens. heat K
factor induct. | expan
(g/ <) temp. o

. (kg /mm) .. |(cal/emC)| -sion

Y.P TS E1 RA Heat | Finish | Aneal (cal/gC) 4

) ) BHN (x10™)
(kg/mr) | (ke/mr) (%) (%) temp. | temp. | (WQC)

Material

1010

STS304 | =22 | =53 | =40 | =60 | <187 | 1150 | 930 ~ 8.0 | 19.70 | 0.12 |0.0388| 17.3
1120
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Table 3.4 Physical constants of each shield gases

Gas
Properties Ar N2 He
mol. wt. 39.948 28.0134 4.0026
sp. gravity 1.38 0.9676 0.1389
Thermal conductivity
at 1000 K 0.427 0.61 3.63
(mWV/ cm K)
Ionization potential Nz - 15.65
15.7 245
(eV) N - 14.52
Dissociation potential N> = N+N
(eV) at 9.1

- 47 -




B A o] &3 SHAXNE FUHAAZ 7029 A NA:YAG # oA
SH 71011, olA TAIAL 1.064mo) 3, Nd:YAG o)A 449 W
E(beam mode)= TEMg°lth. 283 HW EHAUYA = 50]/p(B= F 10ms
71E) el

SAF JBA = 23 AYE {;=83meolH, F Fo|HE FA 4%77} 7hsE)
T 3, =E 2ol AJE7EA o Z-g 7 2] (working distance)= 70mm©] o

Table 3.5°1 Nd:YAG #HolA &F&A9 FaAY¢S Yelilen, Fig. 3.1
o Nd:YAG #lo]A &-3Fx9 Az& et Aot

#olA &HF TAst= 7] Fek=vl(induced plasma) B 2= 3) H (spatter)

g 1% Avgg 298t 298 ZY Y (frame) AHHNE A/D ¥E F 7
FEZ dFste] f7] Zehzrie} mlakdAte] Ags el o] &3, Fig. 3.2
o 1 &9 4EE dehdy

- 48 -



Table 3.5 Specification of Nd:YAG laser

Maker

MIYACHI YAG LASER

Model

ML-2331B

Weight

250kg

Size

1,030(H) X 550(W) X 1,060(D)mn

Generator

1) Maximum Regularity Output : 50W

2) Maximum Output Energy : 50J/P
(pulse width 10ms)

3) Pulse Width : 0.3~20.2ms (0.1ms STEP)

4) Pulse Repetition Speed : 1~ 20pps

5) Generation wavelength : 1.064/m

6) Beam Diameter : 8mm

7) Resonance Machine Shutter : On-Off Sensor
installation

8) Located decision Guide Light :
Builted Visible Laser (Red color)

Power

1) Supply Power : 3-Phase AC200V10% 50~ 60Hz 12A
2) Setting Voltage : DC150~500V (1V step)

Laser

Controller

1) Setting of Condition :
Repeat number Combination 16 Type Setting
2) Counter : Total Count & Chemical Count 8-Line
3) Alarm Indication : Message Display in Liquid
crystal
4) Remote handling :
Can be Remote Control in Standard 3m Cable

Cooler

1) Heat Exchange Method : Water - Water
2) Supply Water : 1~3kg/cr, flow quantity 8Q/min
Supply Water Temp. 5~25C

3) Hose Inside-diameter : 15mm
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Fig. 3.1 Schematic diagram and experimental setup of pulsed

Nd:YAG laser equipment
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Camera
Moniter—— controller
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W-halogen lamp

Schliegen mirror .

Plane- mirror

(b) Schlieren system arrangement plan

Fig. 3.3 General view of high-speed camera and schlieren system
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Table 3.6 Specification of high speed color digital camera

Classification Specification
Model FASTCAM Super 10KC
Maker PHOTRON Co., Ltd.
Power 12 VDC (240V)
Sensor 210 watts with light
Gray Scale 658x496 pixels (512x480 displayed)

Lens mount

256 levels

Scanning speed

30~10,000 FPS

Tripod mount

C-Mount. 1/3 Format

Operating temp.

1/4~20 & 3/8~16 standard ANSI hole pattern

Storage temp.

0C t035C & -20TC to 70C (no condensation)
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Table 3.7 Specification of Schlieren system

Classification

Specification

Schlieren Mirror

Effective particle diameter = @ 200[SM-200]
Focal distance = 2,000mm
3 axle detail settlement possibility

Light Source

Tungsten Halogen Lamp
200~208 VAC
37/37 W

Pinhole

®100/ 300/ 1,000/ 1,500/ 1,800;m [ PH-3 ]

Plane Mirror

100mm Al coating [PM-100]

Knife Edge

2-pair’s parallel knife edge [KEA-2]

High speed
digital camera

FASTCAM Super 10KC [PHOTRON Co., Ltd.]
Scanning speed : 30~10,000 FPS
Gray scale : 658496 pixels

Color Filter
(opposed Pinhole)

1-pair’s round shape filter for Light quantity
adjustment
4-color round shape/square filter [DFA-4]

Optical bench

60mm Al-profile Optical bench for transport,
Vibration absorbent adhesion [OBF-60]
Slide & screw fixing type
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220~280V

12.5, 20ms =— Fiber

Condensing
optic head

STS304

/ plate

(a) Laser spot welding in atmospheric state

220~280V

12.5, 20ms =—> Fiber

£4=0

Condensing
optic head

STS304
plate

(b) Laser spot welding in static shield gas state

220~280V
12.5, 20ms =—p Fiber
f,=0 (G1600)

Condensing
optic head

nozzle

STS304
plate

(c) Laser spot welding in dynamic shield gas state

Fig. 3.4 Schematic diagram of laser spot welding in each condition
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Fig. 3.5 Parameters of shield gas nozzle
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Image
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STS304 Video

Controller
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optic head
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Shield * N ¢ “« (gas inlet)
box

dy e - L 2]

(b) Experimental setup

Fig. 3.6 Schematic diagram and experimental setup of laser

spot welding in the static shield gas
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(b) Experimental setup

Fig. 3.7 Schematic diagram and experimental setup of laser

spot welding in the dynamic shield gas
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(b) General view

Fig. 3.8 Schematic diagram and general view of Schlieren system
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Fig. 4.1 Relation between laser output energy

and laser pulse width
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Fig. 4.2 Relation between laser peak power

and laser pulse width
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7.0

6.5 Irradiation time : 4ms
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Fig. 4.3 Relation between laser output energy

and lamp voltage
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Fig. 4.4 Relation between laser peak power

and lamp voltage
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Fig. 4.5 Effect of beam defocused distance on penetration depth
and weld shape in bead welding
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0.8 - Bead welding
r 230V, 10ms, 3.53J/p
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Defocused distance, mm

Fig. 4.6 Variation of bead width by defocused distance

in bead welding
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Fig. 4.7 Variation of penetration depth by defocused distance
in bead welding
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Fig. 4.9 Variation of penetration depth by lamp voltage
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- Bead on plate spot welding, STS 304 (0.6mn')

- Condition :

243V, 12.5ms, 6.84]/p, /i=0

Bead section

High speed camera pictures, 7z = 600FPS

0/600 s

1/600 s

2/600 s

3/600 s

4/600 s

5/600 s

6/600 s

7/600 s

Shield gas (N2)

0/600 s

1/600 s

2/600 s

3/600 s

4/600 s

5/600 s

6/600 s

7/600 s

Fig. 411 Comparison of welding phenomena in atmosphere

and N gas
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Spot welding,

Voltage; 243V, 7,=12.5ms f=0mm
In air, »,=1,000FPS

Laser __ Glass
beam case

Specimen
4

t+1ms

t+2ms

t+3ms

t+8ms

t+9ms

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

Fig. 4.12 Schlieren high speed photographs of atmosphere gas
by spot welding in air

Spot welding,

Voltage; 243V, = 12.5ms fg= 0mm
o= 1,000FPS

Atmosphe

Laser Glass
beam case

Specimen
4

T

e gas;

Ny v

i

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+é6ms

t+7ms

t+8ms

t+9ms

t+10ms

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

Fig. 4.13 Schlieren high speed photographs of atmosphere gas

by spot welding in N gas
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Welding | - Bead on plate spot welding, STS 304 (0.6mn")
) cond. | . Condition : 12.5ms, f1=0
Shield
condition 6.84]/p (243V) | 7.75]/p (250V) |14.32]/p (280V)
Atmosphere
Shield
gas (Na)

Fig. 4.14 Comparison of welding bead shape by laser output energy

in atmosphere and N> gas
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I | —O— Back bead : Atmosphere
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® osl log &
o 08F u 108 8
s I 1 X
o 0.7} +40.7 %
- L . Qo
S 06| 406 5
= I 1..=
T 05 405 T
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(6.84J/p) (7.75J/p) (14.32J/p) ( ):Output energy

Lamp voltage, V

Fig. 4.15 Bead width by laser output energy
in atmosphere and shield gas
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Spot welding,

Voltage; 243V, 7,=12.5ms fe=0mm
In air, »,=1,000FPS

Laser __ Glass
beam case

Specimen
4

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

(a) Voltage=243V

Spot welding,

Voltage; 250V, 7,=12.5ms fe=0mm
In air, »,p=1,000FPS

Laser _ Glass
beam case

Specimen
/

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+é6ms

t+7ms

t+8ms

t+9ms

t+10ms

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

(b) Voltage=250V

Fig. 4.16 Schlieren high speed photographs of atmosphere
gas by spot welding in air




Spot welding, Voltage; 280V, 7,=15.0ms fg=0mm
Atmosphere gas; Atmosphere, v ,=1,000FPS

Laser _ Glass
beam case

Specimen
4

Schematic t+2ms t+3ms

t+8ms t+9ms t+10ms

t+11ms t+12ms t+13ms t+14ms t+15ms t+16ms

(c) Voltage=280V
Fig. 416 To be continued
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Spot welding,

Voltage; 243V, r,=12.5ms f=0mm
Atmosphere gas; Np, v ,=1,000FPS

Laser
beam

Glass
case

Specimen
4

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+6ms

t+7ms

t+8ms

t+9ms

t+10ms

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

(a) Voltage=243V

Spot welding,

Voltage; 250V, r,= 12.5ms fg= 0mm

Atmosphere gas; Np, v = 1,000FPS

Laser
beam

Glass
case

Specimen
4

.
.

I = »a

b
-
-

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms t+6ms t+7ms t+8ms t+9ms t+10ms
t+11ms t+12ms t+13ms t+14ms t+15ms t+16ms
(b) Voltage=250V
Fig. 4.17 Schlieren high speed photographs of atmosphere gas

by N. gas in spot welding
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Spot welding,

Voltage; 280V, 7,=15.0ms fe=0mm
Atmosphere gas; Np, v ,=1,000FPS

Laser Glass
beam case

Specimen
4

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+6ms

t+7ms

t+8ms

t+9ms
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t+15ms
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(c) Voltage=280V

Fig. 417 To be continued
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- Bead on plate spot welding, STS 304 (0.6mn')
- Condition : 243V, 12.5ms, 6.84]/p, <=0, 7 = 600FPS

3.34 ms 5.01 ms 6.68 ms

8.35 ms 10.02 ms 11.69 ms \ 13.36 ms

Bead shape

Fig. 4.18 Behaviors of laser-induced plasma in air

Spot welding, Voltage; 243V, 7,=12.5ms fe=0mm
Atmosphere gas; In air, »,=1,000FPS

Laser Glass
beam case

Specimen
/

t+11ms t+12ms t+13ms t+14ms t+15ms t+16ms

Fig. 4.19 Schlieren high speed photographs of atmosphere gas
by spot welding in air
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- Bead on plate spot welding, STS 304 (0.6mn')

- Condition : 243V, 12.5ms, 6.84]/p, f4=0, n; = 600FPS

Bead shape

3.34 ms

5.01 ms

6.68 ms

0 ms

8.35 ms

10.02 ms

11.69 ms

13.36 ms

Fig. 4.20 Behaviors of laser induced plasm

a in Ar shield

Spot welding,

Voltage; 243V, 7,= 12.5ms fg= 0mm
Atmosphere gas; Ar, vp= 1,000FPS

Laser
beam case

Glass

Specimen
/

Schematic t+0ms

t+1ms

t+2ms

t+3ms t+4ms

t+5ms t+6ms

t+7ms

t+8ms

t+9ms t+10ms

t+11ms t+12ms

t+13ms

t+14ms

t+15ms t+16ms

Fig. 4.21 Schlieren high speed photographs of atmosphere gas
on Ar gas in spot welding
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- Bead on plate spot welding, STS 304 (0.6mn')
- Condition : 243V, 12.5ms, 6.84]/p, f«=0, GI600, 7z = 600FPS

r
L

5 ”

#

e
l':t’“
¥

.‘» | %{;":"."”'- ..'1 . s
’A/‘/ = 77 ‘ w2

Bead shape taY

2 Loes s e
! g =

£

¢ . e
e 3 ) 1
: " '( ! _
L7 S, 7 e ]

0 ms 3.34 ms 5.01 ms 6.68 ms

8.35 ms 10.02 ms 11.69 ms 13.36 ms

-

Fig. 4.22 Behaviors of laser induced plasma in N shield

Spot welding, Voltage; 243V, 7= 12.5ms f¢= 0mm
Atmosphere gas; Np, 0= 1,000FPS

Laser _ Glass
beam case

Specimen
/

Schematic t+0ms t+1ms t+2ms t+3ms t+4ms

t+5ms t+6ms t+7ms t+8ms t+9ms t+10ms

t+11ms t+12ms t+13ms t+14ms t+15ms t+16ms

Fig. 4.23 Schlieren high speed photographs of atmosphere gas
on N; gas in spot welding
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- Bead on plate spot welding, STS 304 (0.6mn')
- Condition : 243V, 12.5ms, 6.84]/p, f«=0, 7 = 600FPS

Bead shape

0 ms 3.34 ms 5.01 ms 6.68 ms

8.35 ms 10.02 ms 11.69 ms 13.36 ms

Fig. 4.24 Behaviors of laser induced plasma in He shield

Spot welding, Voltage; 243V, 7,=12.5ms fe=0mm
Atmosphere gas; He, 0 ,=1,000FPS

Laser _ Glass
beam case

Specimen
/

Schematic t+0ms t+1ms t+2ms t+3ms t+4ms

t+5ms t+6ms t+7ms t+8ms t+9ms t+10ms

t+11ms t+12ms t+13ms t+14ms t+15ms t+16ms

Fig. 4.25 Schlieren high speed photographs of atmosphere gas
on He gas in spot welding
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- Bead on plate spot welding, STS304 (0.6mn')
- Condition : 243V, 12.5ms, 6.84]/p, f4a=0

henomenon
shield gas

Induced plasma
still picture

Bead shape | Cross section

(@)

Atmosphere |

(b)
Ar shield

(©)
N shield

(d)
He shield

Fig. 426 Comparison of weld bead shape and induced plasma
by shield gas species (output energy : 6.84]/p)

1.1 1.1
1.0 -_ —A— Penetration _- 1.0
t | —O— Front bead E
09 | -~ 09
E osf 0 5 —0 {os E
< o7 © T~ ] -
S 07f o {org
§ 0.6 ,,,,,A(,DTO,P OUt) A 0.6 8
2 05 N \ _— Jos §
@ [ Thickness A 1 =
2 0.4 }of specimen A\A/ 104 s
5 L il
c 03} {03 £
° r 1 o
o o02f {02 5
a STS 304 (0.6mm(t) ) ]
0.1 243V, 12.5ms, 6.84J/p, fd=0, GI600 401
00 L 1 1 1 1 1 ] 00
Atmos. Ar N, He Co,

Shielding condition

Fig. 4.27 Variation of penetration depth and bead
width by shield gas species (in Fig. 4.26)
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Spot welding,

Voltage; 243V, 7r,=12.5ms fe=0mm

In air

v =1,000FPS

Laser __ Glass
beam case

Specimen
4

t+10ms

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

(@) In air

Spot welding,

Voltage; 243V, r,= 12.5ms fg= 0mm

Laser Glass
beam case

Specimen
4

Atmosphere gas; Ar, v= 1,000FPS
0 ki

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+é6ms

t+7ms

t+8ms

t+9ms

t+10ms

t+11ms t+12ms t+13ms t+14ms t+15ms t+16ms
(b) Ar gas
Fig. 4.28 Schlieren high speed photographs of atmosphere gas

by spot welding in each shield gas
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Spot welding,

Voltage; 243V, r,= 12.5ms fg= 0mm
Atmosphere gas; Np, v = 1,000FPS

Laser
beam

Glass
case

Specimen
4

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+6ms

t+7ms

t+8ms

t+9ms

t+10ms

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

(c) N2 gas

Spot welding,

Voltage; 243V, 7,=12.5ms fe=0mm
Atmosphere gas; He, vp=1,000FPS

Laser
beam

Glass
case

Specimen
4

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+é6ms

t+7ms

t+8ms

t+9ms

t+10ms

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

(d) He gas

Fig. 4.28 To be continued

- 93 -




- Bead on plate spot welding, STS 304 (0.6mn')
- Condition : 255V, 12.5ms, 8.77]/p, fa=0

Induced plasma
still picture

henomenon

shield gas Bead shape Cross section

(@)

Atmosphere| |

(b)
Ar shield

(©)
N> shield

(d)
He shield

Fig. 4.29 Comparison of weld bead shape and induced plasma
by shield gas species (output energy : 8.77]/p)

12 STS 304 (0.6mm(t)) 112
. 255V, 12.5ms, 8.77J/p, fd=0, GI600 | |

€ 10} 410 E
€ 17 €
B osft {08 §
(] (]
o - o
= X
= . - -1 .
S 06 06 5
= F o
S 04l 404 B
= - =
© ©
= 02} 402 <
; | —O— Front bead ;

00k —0O— Back bead oo

1 1 1 1 1
Atmos. Ar N2 He CO2

Shielding condition

Fig. 4.30 Variation of front bead width and back
bead by shield gas species (in Fig. 4.29)
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Spot welding,

Voltage; 255V, 7,=12.5ms fg=0mm

In air, »,=1,000FPS

Laser
beam

Glass
case

Specimen
¥

Schematic

t+0ms t+1ms

t+2ms

t+3ms

t+4ms

t+5ms t+6ms t+7ms t+8ms t+9ms t+10ms
t+11ms t+12ms t+13ms t+14ms t+15ms t+16ms
(@) In air

Spot welding,

Voltage; 255V, 7,=12.5ms fe=0mm

Atmosphere gas; Ar, v

o=1,000FPS

Laser
beam

Glass
case

Specimen
s

Schematic

t+1ms

t+0ms

L_-

t+2ms

t+3ms

t+4ms

t+5ms t+éms t+7ms t+8ms t+9ms t+10ms
. .
t+11ms t+12ms t+13ms t+14ms t+15ms t+16ms
(b) Ar gas
Fig. 4.31 Schlieren high speed photographs of atmosphere gas

by spot welding in each shield gas
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Spot welding,

Voltage; 255V, 7,=12.5ms fg=0mm

Atmosphere gas; Np, v ,=1,000FPS

Glass

beam case

Specimen
4

Schematic

t+0ms t+1ms

t+2ms

t+3ms

t+4ms

.

t+5ms

t+é6ms t+7ms

t+8ms

t+9ms

t+10ms

.

t+11ms

t+12ms t+13ms

t+14ms

t+15ms

t+16ms

(c) N2 gas

Spot welding,

Voltage; 255V, rp=12.5ms fe=0mm

Laser
beam

Glass
case

Specimen
¥

Atmosphere gas; He, v,=1,000FPS

Schematic

t+0ms t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+6ms t+7ms

t+8ms

t+9ms

t+10ms

t+11ms

t+12ms t+13ms

t+14ms

t+15ms

t+16ms

(d) He gas

Fig. 4.31 To be continued
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- Bead on plate spot welding, STS 304 (0.6mn')
- Condition : 280V, 12.5ms, 12.64]/p, fa=0

Lnomen) Bead shape | Cross section Induced plasma
still picture

shield gas

(@)

Atmosphere

(b)
Ar shield

(©)
N shield

(d)
He shield

Fig. 4.32 Comparison of weld bead shape and induced plasma
by shield gas species (output energy : 12.64]/p)

1.2 1.2
—O— Frontbead

g 11r | —o—Backbead 111 ¢
1S r 1 1S
= 10| 110
I I
IS S

09 —40.9
€ 3
o I3
= 08F q108 2
o L ] o
e ey
§ 0.7% =0.7 §
s 1 =

01k STS 304 (0.6mm(t)) do1

| 280V, 12.5ms, 12.64J/p, fd=0, GI600
0.0 L L L L L 0.0
Atmos. Ar N, He Co,

Shielding condition

Fig. 4.33 Variation of penetration depth and bead width
by shield gas species (in Fig. 4.32)
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Spot welding,

Voltage; 280V, 7,=12.5ms fg=0mm
In air, »,=1,000FPS

Laser __ Glass
beam case

Specimen
4

Schematic

t+1ms t+2ms

t+5ms t+10ms
t+11ms t+12ms t+13ms t+14ms t+15ms t+16ms
(@) In air

Spot welding,

Voltage; 280V, 7,=12.5ms fg=0mm

Laser Glass
beam case

Specimen
4

Atmosphere gas; Ar, vp=1,000FPS
[ . | A3

Schematic

t+0ms t+1ms

t+3ms

t+4ms

t+11ms

t+12ms t+13ms t+14ms

t+15ms

t+16ms

(b) Ar gas

Fig. 4.34 Schlieren high speed photographs of atmosphere gas

by spot welding in each shield gas
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Spot welding,

Voltage; 280V, 7,=12.5ms f=0mm
Atmosphere gas; Np, v ,=1,000FPS

Laser
beam

Glass
case

Specimen
s

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+é6ms

t+7ms

t+8ms

t+9ms

t+10ms

.
.

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

(c) N2 gas

Spot welding,

Voltage; 280V, 7,=12.5ms fe=0mm
Atmosphere gas; He, v ,=1,000FPS

Glass
case

Laser
beam

Specimen
s

-
i

Schematic

t+0ms

t+1ms

t+2ms

t+3ms

t+4ms

t+5ms

t+é6ms

t+7ms

t+8ms

t+9ms

t+10ms

t+11ms

t+12ms

t+13ms

t+14ms

t+15ms

t+16ms

(d) He gas

Fig. 4.34 To be continued
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- Bead on plate spot welding, STS 304 (0.6mn')
- Pulse width : 20ms, f4=0

Condition

Cross section

220V, 5.18]/p

In air

N

High speed camera still pictures, 7 =

600FPS

5
11

6 7 8 9
Condition Front bead Cross section
] 2B

240V, 8.49]/p
Shield gas (N>)

High speed camera still pictures

, 7 = 600FPS

10

5
12

11

(a) Partial penetration

Fig. 4.35 Spattering situation in air and

static shielding condition(N>)
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- Bead on plate spot welding, STS 304 (0.6mn')
- Pulse width : 20ms, f4=0

Condition

Front bead

Cross section

225V, 5.89]/p

In air

w @ TN T

High speed camera still pictures, 7 = 600FPS

6 8

3
10

11 12

Condition

Cross section

250V, 10.23]/p
Shield gas (N>)

Front bead
J v o P :

W

6 7

8

10 12

(b) Just full penetration

Fig. 4.35 To be continued
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- Bead on plate spot welding, STS 304 (0.6mn')
- Pulse width : 20ms, f4=0

Condition Front bead Cross section
B dagik® ¥ LN
y “5‘ 4 2 -',,l'

230V, 6.74]/p

In air

.a

6 7

8

12

Condition

Front bead

Cross section

260V, 12.24]/p
Shield gas(N>)

2588

8

Fig. 4.35 To be continued

(c) Drop out
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Spot welding,

Voltage; 220V, 7= 20.0ms fg= 0mm

In air, »,= 1,000FPS

Laser
beam

Glass
case

Specimen
s

Schematic

t+0ms

t+2ms

t+4ms

t+6ms

t+8ms

t+10ms

t+12ms

t+14ms

t+16ms

t+18ms

t+20ms

t+22ms

t+24ms

t+26ms

t+28ms

t+30ms

t+32ms

(a) voltage : 220V

Spot welding,

Voltage; 225V, 7= 20.0ms fg= 0mm

In air, v = 1,000FPS

Laser
beam

Glass
case

Specimen
s

Schematic

t+0ms

t+2ms

t+4ms

t+6ms

t+8ms

t+10ms

t+12ms

t+14ms

t+16ms

t+18ms

t+20ms

t+22ms t+24ms t+26ms t+28ms t+30ms t+32ms
(b) voltage : 225V
Fig. 4.36 Schlieren high speed photographs of atmosphere gas

by spot welding in air
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Spot welding,

Voltage; 230V, 7= 20.0ms fs= O0mm

In air, »,=1,000FPS

Laser Glass
beam case

Specimen
/

Schematic

t+0ms

t+2ms

t+4ms

t+6ms

t+8ms

t+10ms

t+12ms

t+14ms

t+16ms

t+18ms

t+20ms

t+22ms

t+24ms

t+26ms

t+28ms

t+30ms

t+32ms

(c) voltage :
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230V

Fig. 4.36To be continued




Spot welding,

Voltage; 240V, 7= 20.0ms fg= 0mm
Atmosphere gas; Np, v = 1,000FPS

Laser
beam

Glass
case

Specimen
4

Schematic

t+0ms

t+2ms

t+4ms

t+é6ms

t+8ms

t+10ms t+12ms t+14ms t+16ms t+18ms t+20ms
t+22ms t+24ms t+26ms t+28ms t+30ms t+32ms
(a) voltage : 240V

Spot welding,

Voltage; 250V, 7= 20.0ms fg= O0mm

Atmosphere gas; Np, v = 1,000FPS

Laser
beam

Glass
case

Specimen
¥

.

i

5
-
-

Schematic

t+0ms

t+2ms

t+4ms

t+é6ms

t+8ms

t+10ms t+12ms t+14ms t+16ms t+18ms t+20ms
t+22ms t+24ms t+26ms t+28ms t+30ms t+32ms
(b) voltage : 250V
Fig. 4.37 Schlieren high speed photographs of atmosphere gas

by spot welding in N, gas
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Spot welding,

Voltage; 260V, 7,=20.0ms fg=0mm
Atmosphere gas; Ny, v ,=1,000FPS

Laser Glass
beam case

Specimen
4

Schematic

t+0ms

t+2ms t+4ms

t+é6ms

t+8ms

t+10ms

t+12ms

t+14ms t+16ms

t+18ms

t+20ms

t+22ms

t+24ms

t+26ms t+28ms

t+30ms

t+32ms

(c) voltage : 260V
Fig. 437 To be continued
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- Bead on plate spot welding, STS 304 (0.6mn')

- Condition: 241V, @=40°, 7= 20ms, 8.45]J/p, fs= -1, N2
Shield cond. Appearance Cross section
2mn ¢
4mn ¢
Q=
6mnm ¢
254 /min
8mm ¢
10mm ¢

Fig. 4.38 Variation of weld bead shape and plasma

by shielding condition
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Spot welding, Voltage; 241V, 7,=20ms f4=-0.1mm, Shield gas; N2 (25 ¢ /min)
¢ =2mm, a =40°, r=13mm, v ,=1,000FPS

Nozzle

Laser
beam

Specimen !

Support
N\|

L il
- -

Schematic t+0ms t+1ms t+2ms t+4ms t+6ms

t+8ms t+10ms t+12ms t+15ms t+18ms t+21ms

t+24ms t+27ms t+30ms t+33ms

(a) d=2mm ¢

t+36ms t+39ms

Spot welding, Voltage; 241V, 7,=20ms fs=-0.1mm, Shield gas; N2 (25 ¢ /min)
¢ =4mm, a=40°, r=13mm, v =1,000FPS

— Nozzlg
Laser
beam

Specimen !

Support
N\|

I
2
—«

Schematic

.

t+8ms t+10ms t+12ms t+15ms t+18ms t+21ms

t+24ms t+27ms t+30ms t+33ms

(b) d=4mm ¢

Fig. 4.39 Schlieren high speed photographs of shield gas
on each nozzle diameter in spot welding

t+36ms t+39ms
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Spot welding,

Voltage; 241V,
¢ =

Tp=20ms, f¢=-0.1mm, Shield gas; N> (25 ¢ /min)
6mm, @ =40° r=13mm, v ,=1,000FPS

Laser
beam ™"

Nozzle j
uDDon

Speclmen

t+4ms

t+6ms

Schematic

t+0ms t

+1ms t+2ms

t+15ms t+18ms

t+21ms

t+10ms

t+12ms

t+8ms

t+33ms t+36ms

t+39ms

t+27ms

t+30ms

t+24ms

(c) d=6mn @

Spot welding,

Voltage; 241V,

¢ =8mm, a=

T p=20ms fg=-0.1mm, Shield gas; N> (25 ¢ /min)
=40°, r=13mm, v p=1,000FPS

Laser
beam

Support

Nozzle
Specimen * &

5

t+é6ms

Schematic

t+36ms

t+33ms

t+39ms

t+24ms

t+30ms

t+27ms

(d) d=8mn ¢
Fig. 4.39 To be continued
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Spot welding,

Voltage; 241V, t,~20ms f¢=-0.1mm, Shield gas; N, (254 /min)
¢ =10mm, @ =40°, r=13mm, v p=1,000FPS

Laser
beam

Nozzlg
Specimen ! &

Support
L

Schematic

t+10ms t+12ms

t+18ms

t+21ms

t+24ms t+27ms

t+30ms t+33ms

t+36ms t+39ms

(e) d=10mn @
Fig. 4.39 To be continued
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- Bead on plate spot welding, STS 304 (0.6mn')
- Condition: 241V, 20ms, 8.45]/p, fa=-1
- Atmosphere / Shield gas: Nj, d=6mn ¢, a@=40°, r=13mn

Condition

Appearance

Cross section Still picture

(a)
Q=57 /min

(b)
Q=154 /min

(©)
Q=257 /min

Fig. 4.40 Comparison of weld bead shape and spattering in air and

dynamic shield condition
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Spot welding, Voltage; 241V, 7,=20ms fs=-0.1mm, Shield gas; N>, Q= 5/ /min

¢ =6mm, a=40° r=13mm, v ,=1,000FPS
Laser — Nozzle
beam ™" J
Specime&&

Support
: -

Schematic t+0ms t+1ms
t+24ms t+27ms t+30ms t+33ms t+36ms t+39ms

(a) Q=5¢ /min

t+6ms

t+8ms t+10ms t+12ms t+21ms

.

Spot welding, Voltage; 241V, 7,=20ms f¢=-0.1mm, Shield gas; N», Q= 15 ¢ /min

¢ =6mm, @ =40° r=13mm, »,=1,000FPS
Laser Nozzle
beam ™
SDecimeg&

Support
- .

Schematic t+0ms t+1ms t+2ms t+4ms t+6ms

t+8ms t+10ms t+12ms t+15ms t+18ms t+21ms

J

t+24ms t+27ms t+30ms t+33ms t+36ms t+39ms

(b) Q=157 /min

Fig. 4.41 Schlieren high speed photographs of shield gas
on each flow rate in spot welding
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Spot welding,

Voltage; 241V,

Laser
beam ™"

Tp=20ms f¢=-0.1mm, Shield gas; N, Q= 257 /min
¢ =6mm, @ =40°, r=13mm, v p=1,000FPS

Speclmen

uDDon

Schematic

Nozzle j

t+0ms

t+1ms

t+2ms

t+4ms

t+8ms

t+10ms

t+12ms

t+6ms

t+15ms

t+18ms

t+24ms

t+27ms

t+21ms

t+30ms

t+33ms

t+36ms

t+39ms

(c) Q=25¢ /min
Fig. 4.41 To be continued
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- Bead on plate spot welding, STS 304 (0.6mn')

- Condition: 241V, 20ms, 8.45]/p, fa=-1
- Shield gas: N, d=6mn ¢, @=40°

Condition Appearance

Cross section

(a)

r=13mn

(b)

r=16mn

(d)
r=21mn

Fig. 4.42 Comparison of weld bead shape and cross section

on each distance from welding point
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Spot welding, Voltage; 241V, 1,=20ms, £A=-0.12, Shield gas; N, (254 /m17)

¢ =6mm, a=40° r=13mm, o ,=1,000FPS
Laser Nozzle
beam ™"
Specimen &

uDDon

Schematic t+0ms t+1ms t+2ms t+4ms t+6ms

t+8ms t+10ms t+12ms t+15ms t+18ms t+21ms

t+24ms t+27ms t+30ms t+33ms t+36ms t+39ms
(@) r=13mm

Spot welding, Voltage; 241V, 7,=20ms fs=-0.1mm, Shield gas; N, (25 /min)
¢ =6mm, @ =40°, r=16mm, v ,=1,000FPS

Nozzle
Laser
beam ™"

Specimen !

Support

I

Schematic t+0ms t+1ms t+2ms t+4ms t+6ms

t+10ms t+12ms t+15ms t+18ms t+21ms

t+27ms t+30ms t+33ms t+36ms t+39ms

(b) r=16mm

Fig. 4.43 Schlieren high speed photographs of shield gas on distance
between welding point and nozzle in spot welding

- 120 -



Spot welding,

Voltage; 241V, 7,=20ms fo=-0.1mm, Shield gas; Ny, (25 ¢ /min)
¢ =6mm, @ =40°, r=19mm, v p=1,000FPS

— Nozzlg
Laser
beam ™"
Specimen !
Support
L

Schematic

t+0ms

t+1ms t+2ms

t+4ms

t+6ms

t+10ms

t+12ms t+15ms

t+18ms

t+21ms

t+24ms

t+27ms

t+30ms t+33ms

t+36ms

t+39ms

(c) r=19mm

Spot welding,

Voltage; 241V, rp=20ms fg=-0.1mm, Shield gas; N, (25¢ /min)
¢ =6mm, a=40° r=21mm, o ,=1,000FPS

Nozzle
Laser __
beam™
SDecimené
Support
PP \| |

=

Fig. 4.43 To be continued

- 121 -

Schematic t+0ms t+1ms t+2ms t+4ms t+6ms
t+8ms t+10ms t+12ms t+15ms t+18ms t+21ms
t+24ms t+27ms t+30ms t+33ms t+36ms t+39ms

(d) r=21mm
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- Bead on plate spot welding, STS 304 (0.6mn')
- Condition: 241V, 20ms, 8.45]/p, fa=-1
- Shield gas : He, Q= 25 ¢ /min, d=6mn ¢, r= 13mn

Nozzle

angle (a) Appearance Cross section Still picture

OO

20°

40°

60°

Fig. 444 Comparison of weld bead shape and plasma

by nozzle angle regulation
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Spot welding,

Voltage; 241V, 7,=20ms fq=-0.1mm, Shield gas; He (25 ¢ /min)
¢ =6mm, @ =0° r=13mm, v ,=1,000FPS

Laser__
beam Nozzle

Specimen |

o My
Support
L

Schematic

t+8ms

t+24ms

t+30ms

t+33ms

t+36ms

t+39ms

(@) a=0°

Spot welding,

Voltage; 241V, rp=20ms f¢=-0.1mm, Shield gas; He (25 ¢ /min)
¢ =6mm, @=20° r=13mm, v p=1,000FPS

— Nozzlg
Laser \
beam
Specimen é e

Support
L

Schematic

t+18ms

t+21ms

t+24ms

t+27ms

t+30ms

t+33ms

t+36ms

t+39ms

Fig. 4.45 Schlieren high speed photographs of shield gas

(b) a =20

on each nozzle angle in spot welding
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Spot welding,

Voltage; 241V, 7,=20ms fq=-0.1mm, Shield gas; He (25 ¢ /min)

¢ =6mm, @ =40° r=13mm, v p=1,000FPS

— Nozzlg
Laser
beam ™"
Specimen !
Support
L

Schematic

t+24ms

t+27ms

t+30ms

t+33ms

t+36ms

t+39ms

(c) a=40°

Spot welding,

Voltage; 241V, rp=20ms fg=-0.1mm, Shield gas; He (25 ¢ /min)

$ =6mm, @=60° r=13mm, »,=1,000FPS

Nozzle
Laser __
beam
Specimen *

Support
PP N

Schematic

t+27ms

t+30ms

t+33ms

t+36ms

t+39ms

(d) a=60°

Fig. 4.45 To be continued
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- Bead on plate spot welding, STS 304 (0.6mn')
- Condition: 241V, 20ms, 8.45]/p, fa=-1

- Nozzle : a= 40°, d= 6mn ¢, r= 13mn

- Gas flow rate : 254 /min

Kinds of
gas Ar N, He
Bead

Appearance

Cross-section

Fig. 4.46 Variation of bead appearance and bead cross section

shape by shield gas species
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- Bead on plate spot welding, STS 304 (0.6mn’)
- Condition: 241V, 20ms, 8.45]/p, fa=-1
Q= 257 /min, a= 40°, d= 6mn ¢, r= 13mn

Condition

High speed camera pictures, 7 = 600FPS

(a)

.m.

1 2 3 4
o -- - -
6 2 8 9 10
(b) 1 2 B 4 5
o -- - - -
6 7 8 9 10
() 1 2 3 4 5
o .- - - -
7 8 9

o)

10

Fig. 4.47 Situation of laser-induced plasma and spattering

in shield gas species
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Spot welding,

Voltage; 241V, 7,=20ms fo=-0.1mm, Shield gas; Ar, (25¢ /min)
$ =6mm, a=40° r=13mm, v ,=1,000FPS

Laser — Nozzle

beam ™"

Specimen !

Support
N\|

e
-2
-
.
%

Schematic t+0ms

t+1ms t+2ms

t+4ms t+6ms

t+8ms t+10ms

t+12ms t+15ms t+18ms t+21ms

t+24ms

t+27ms

t+30ms

t+33ms

(a) Ar gas

t+36ms

t+39ms

Spot welding,

Voltage; 241V, rp=20ms fg=-0.1mm, Shield gas; N, (25 ¢ /min)
¢ =6mm, a=40° r=13mm, v =1,000FPS

— Nozzlg
Laser
beam

Specimen !

Support
N\|

Schematic

I
T
&
z
-

t+0ms t+1ms

t+2ms t+4ms

t+6ms

t+8ms t+10ms

t+12ms t+15ms t+18ms t+21ms

t+27ms

t+24ms

t+30ms t+33ms

t+36ms t+39ms

(b) N2 gas

Fig. 4.48 Schlieren high speed photographs of shield gas
on kind of gas in spot welding
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Spot welding,

Voltage; 241V, t,=20ms f¢=-0.1mm, Shield gas; He (25¢ /min)

¢ =6mm, @ =40°, r=13mm, v p=1,000FPS

— Nozzlg
Laser
beam ™"
Specimen !
Support
L

Schematic

t+24ms

t+27ms t+30ms t+33ms

t+36ms

t+39ms

(c) He gas
Fig. 4.48 To be continued
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