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Abstract

The control of the weld bead shape is important in laser welding of the small parts. The effects of laser welding
parameters on the weld bead shape in the pulsed Nd:YAG laser welding of STS 304L material were investigated.
Shielding gas type, flow rate, pumping voltage, pulse frequency, pulse width, focal position and overlap distance were
selected as laser welding parameters. Experiments were designed and conducted using the Taguchi method which was a
statistical experimental method. The weld bead width, penetration, area and aspect ratio were measured and analysed as
the weld bead shape properties and the welding parameters were optimized to maximize the weld aspect ratio. Weld
aspect ratio were greatly affected by the pulse width, pumping voltage and pulse frequency, and somewhat by the
overlap distance, and little by the shielding gas type, flow rate and focal position. A confirmation experiment were
conducted using the optimized welding parameters.
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Key Words : Nd:YAG laser welding, Stainless steel, Welding parameters, Weld aspect ratio, Optimization, Taguchi method

o] &7] W] & T FFec] I, IAH WY
2717k 2] gl 2 BEe] 4o S sy’
E AME Ir-192 988 4A9(radiation source)

golA &4 #olA W2 ¢ AL F7IE JAEA & STS 304L AZ9 28 A& o LB st
A 2 AU 2= d& 5 on, 874 JdHo, o HAY NA:YAG oA £39 #&g Fxes
AR S ¥ g 5 B AHZ /KL duEQl d7E s Y S 428 fe
7] WA 2 Bo] FA%] FER e Ve o 2E8Hs) YaidE 3 (hot cell) WAlA A4
oltt. B2 FR9 oAVt TRz AE £ Al 1 Aok s WEel e &3z HAE A

1. M

T

=

o, &FdMEe F2 CO2 T2 NA:'YAG #elA7t
714 ol AHgH T At
£3] Nd:YAG #o|As COz #olAd vt o

58

s ol F8sith Wepq $HHCE STS 30419
Y5y NAYAG dold §HIH 55l 84
2o Yo A 9% AAAR BHTA o

Journal of KWS, Vol. 22, No. 1, February, 2004



STS 304Le] Nd:YAG #@l°|A 83X 83zl 4%

B miX= I 59

Act. #Holq L£HAESo] LR Fako] nX= Jg
of tg ATABSe] LuHm Yo oy 2
FEE 2o 2o ATA &3 Jdd STS

304L9 B2F Nd:YAG &4 dig dae 27t
oyt
£ AT STS 304L wAe] HA¥ Nd:YAG

#olA oM BFHAFE] &K ‘%”‘c}Oﬂ o
Qe FPAoz BAsm A L4 o

7] A3t SR ES FHstaAl T £3%
FE9 997 HAs= HE 20 Bol $8H
EAAYN AIAGHEHYA A (Taguchi) W3
sto] sttt

—
g
=

0¥~
o

1o

[e]
i R a2 e

X

(3
al

o
=

A

2. gy
2.1 lojx 54 &4

B A7 AMSE #olA A e ¥4 d=
(flash lamp) F2¥ Nd:YAG #°]Aolt}t. Nd:
YAG #olA ¢ Al Table 1614 EoFErt
FA7E TS EolA ¥ 39 A 600 me]
g Bl Ad=Er, fFaxdA2 75 mme 3
gl =0 943H A&

Al FEE gojA We ¥ 8XEA 7t
32 %‘ e MY, me pAHeR Nd—YAG #
olA ZFg7lel EHEES BN 5P W93
A (pumping voltage), B2 T3+ (pulse frequency)
P2 Z(pulse width)ol me} glo|d Hg&d S 23
3t S3ATE 3 A ez Q'—n’i%@.o}ﬁi?—
W, HEEEL e Ao Jed 4 Qo

Average Power(W) =510.07 - 5.3924 V+ 0.018447
V2-0.0000212 V* - 15.356 P + 0.07177
V*P + 0.000136 VZP + 1.9529 P* - 0.01601
V*P? + 0.09430 P’ - 3.8773 H + 0.000366
V*H +0.0000552 V*H - 4.1273 P*H +
0.03001V*P*H - 0.05627 P*H + 0.03691
H? - 0.000194 V*H? - 0.000905 P*H> +

0.0000734 H®
(V : pumping voltage(V), P : pulse width (msec),
H : pulse frequency(Hz)) ®
Fig. 1oMe & 479IM AHd Hx Z(15, 20

28 Hz)oll tiste] # Askst 92 Zo wlE HFE
ge 3 A FHeE HAFEn, A7t HolA &3z
el g #olx BHEEHL o] AL ARt AT
Z31th

REVEREEEE 2248 F19%, 20044 21

Table 1 Nd:YAG laser welding system used in this

work

Characteristics Performance Range
Type Flash lamp pulsed Nd:YAG
Wavelength 1.064 tm
Out power 400 W max.
Pumping voltage 400 V max.
Frequency range single - 100 Hz
Pulse width 80 us - 10 ms
Optical fiber delivery | 600 m SI type
Effective focal length | 75 mm
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Fig. 1 Plots showing the average output power
with the changes of the pumping voltage
and pulse width at the pulse frequency of
15, 20 and 28 Hz
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Fig. 2 Schematic diagram explaining the analysis
methods of weld cross section

Table 2 Laser welding parameters and their levels

Chr. |Parameter 1 2 3

A Shielding gas type Ar He

B | Shielding gas flow rate (I/min) | 15 20 | 25
C | Pumping voltage (V) 228 | 240 | 250
D | Pulse frequency (Hz) 15 20 28
E | Pulse width (msec) 08| 1.0 | 1.2
F | Focal position (mm) 0 | -071|-14
G | Overlap distance (mm) 0.12} 0.20 |0.27

Table 3 Experimental arrangements of the welding parameters on a L18 orthogonal array

Welding | Average | Energy Power

No A B C D E F G speed power /pulse /pulse

(mm/min) | (W) )| (wWx10%
1 Ar 15 228 15 0.8 0 0.12 108 10.3 0.7 0.9
2 Ar 15 | 240 20 1 -0.7 | 0.2 240 37.9 1.9 1.9
3 Ar 15 | 250 28 1.2 | -1.4 | 0.27 453.6 87.7 3.1 2.6
4 Ar 20 | 228 20 1 -1.4 | 0.27 324 26.8 1.3 1.3
5 Ar 20 | 240 28 1.2 0 0.12 201.6 71.7 2.6 2.1
6 Ar 20 | 250 15 08 | 0.7} 0.2 180 23.7 1.6 2.0
7 Ar 25 | 228 15 1.2 | 0.7 | 0.27 243 27.8 1.9 1.5
8 Ar 25 | 240 20 0.8 | -14 | 0.12 144 24.7 1.2 1.5
9 Ar 25 | 250 28 1 0 0.2 336 68.2 2.4 2.4
10 | He 15 | 228 28 1 -0.7 | 0.12 201.6 38.6 1.4 1.4
11 He 15 | 240 15 1.2 | -14 | 0.2 180 37.3 2.5 2.1
12 He 15 | 250 20 0.8 0 0.27 324 33.5 1.7 2.1
13 He 20 | 228 28 08 | -14 | 0.2 336 23.0 0.8 1.0
14 He 20 | 240 15 1 0 0.27 243 27.3 1.8 1.8
15 He 20 | 250 20 1.2 | -0.7 | 0.12 144 62.4 3.1 2.6
16 He 25 | 228 20 1.2 0 0.2 240 38.0 1.9 1.6
17 He 25 | 240 28 0.8 | -0.7 | 0.27 453.6 39.26 1.4 1.7
18 He 25 | 250 15 1 -1.4 | 0.12 108 35.0 2.3 2.3
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Fig. 3 Weld cross section images for the welding conditions
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Table 4 Analysis results for the weld width, penetration, area, aspect ratio and overlap

No. Weld width (mm) Weld penetration (mm) Weld area (mm®) Aspect ratio O\YZﬂgp

1 2 3 |Averj 1 2 3 |Aver| 1 2 3 |Aver| 1 2 3 | Aver | SN (%)
1] 040| 0.37] 0.38| 0.38(0.03610.028 [0.030 | 0.03|0.011 {0.011 }0.011 |0.011 {0.090 |0.074 |0.079 | 0.08 |-21.9| 68.8
2 1 069] 0.71] 0.69| 0.700.166 |0.157 [0.162 | 0.16 [0.057 [0.057 10.059 |0.058 [0.241 {0.220 [0.235 | 0.23 {~12.7| 71.3
3 1091|0931 0.90| 0.91|0.435(0.374 |10.299 | 0.37 {0.155 |0.155 {0.118 [ 0.143 | 0.480 [0.400 |0.333 | 0.40| -8.2] 704
4 | 0.56| 0.56| 0.541 0.56{0.077 [0.058 |0.053 | 0.06 10.024 |0.024 {0.022 |0.023 |0.138 |0.104 |0.097 | 0.11|-19.2| 514
51 092] 083 0.88| 0.88]0.31610.285]0.286 | 0.30 {0.113 |0.113 |0.12210.116 {0.344 [0.341 |0.323 | 0.34 | 95| 864
6 | 061 061 0.56| 0.591{0.121 {0.091 |0.069 | 0.09 |0.035 |0.035 |0.029 |0.033 {0.19910.150 |0.122 | 0.16 |~16.6 | 66.3
7 { 063 0.62| 0.52| 0.59 (0.101 [0.096 |0.063 | 0.09 |0.040 {0.040 {0.025 [0.035 |0.161 {0.155 {0.122 | 0.15 [~16.9| 54.1
g | 0.58| 0.60{ 0.60| 0.59 (0.082[0.07310.066 | 0.07{0.029 {0.029 {0.026 | 0.028 |0.141 |0.123 |0.111 | 0.12|-18.2| 7T9.7
9 | 0.87] 0.88| 0.77| 0.8410.288 |0.262 |0.224 | 0.26 |0.105 |0.105 [0.092 10.101 |0.333 {0.297 {0.289 | 0.31 |~-10.3| 76.2
10} 065] 064| 064 | 0.64{0.1590.120|0.119 | 0.13{0.044 {0.044 |10.042 10.044 }0.244 |0.188 [0.186 | 0.21 |-13.9| 81.3
11} 0.72] 0.77| 0.73 | 0.74]0.183 10.169 {0.152 | 0.17 |0.069 {0.069 |0.061 {0.067 {0.254 {0.218 |0.208 | 0.23 [~13.0| 73.0
12 ] 063 0.63} 0.52| 0.590.116 {0.119 }0.060 | 0.10 [0.046 {0.046 |0.025 [0.039 [0.184 [0.188 {0.116 | 0.16 |~16.4 | 54.4
13| 052 0.44] 0.30| 0.42|0.062 |0.044 10.036 | 0.05[0.018 |0.018 {0.008 |0.015|0.118 |0.099 |0.120 | 0.11|-19.1| 525
14| 055] 0.54| 046 0.52}0.116 {0.082 |0.063 | 0.09 {0.036|0.036 |0.024 {0.032 |0.211 |0.151 {0.137 | 0.17{~-16.0| 47.8
15| 0.82] 0.86| 0.85| 0.8410.347 {0.359 |0.323 | 0.3410.14510.145 |0.134 {0.141 {0.421 [0.416 |0.382 | 0.41| -7.8| 858
16| 063] 061} 0.51| 0.580.174(0.136 {0.089 | 0.13|0.052 {0.052 |0.032 {0.046 {0.275 {0.221 |0.175| 0.22 |~134| 65.8
17 | 0.56] 0.51] 0.48 | 0.52{0.099 |0.064 {0.053 | 0.07 |0.024 {0.024 {0.021 {0.023 10.175|0.126 |0.110 | 0.14 |-17.7| 476
18| 0.70| 0.59| 0.70 | 0.66 |0.154 {0.126 [0.146 | 0.14 |0.048 {0.048 {0.059 | 0.051 {0.219 {0.215|0.209 | 0.21 |-134| 819
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Table 5 ANOVA for S/N ratios of the weld aspect

ratio
Chr. Parameter Dr S8 \ Fo  Ro(%)
A Shielding gas type () 040 040 - -

Shielding gas flow
rate (I/min)

C Pumping voltage (V) 2 8448 4224 64.35 30.39
D Pulse frequency (Hz) 2 3040 1520 23.15 10.63
E Pulse width (msec) 2 142,82 7141 108.79 5171
F
G

(2 127 0.3 - -

Focal position (mm) (2) 241 1.20 - -

Overlap distance

2 1007 5.03 767 3.20
(mm)
I ERROR (2) 1.15 0.58 - -
e error (2) 068 0.34
(e) pooled error (9) (5.91) (0.66) 4.08
Total 17 273.67 100.0

Dr : Degree of freedom(parentheses mean pooled), SS @ Sum
of square, V ! Variance, F, © F value, R, @ Percentage
contribution
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Table 6 Optimized laser welding condition
Welding parameters Analysis results
Shielding | Shielding gas | Pumping Pulse Pulse Focal Overlap Weld Weld Aspect
gas type flow rate voltage frequency width position | distance width penetration ratio
(1/min) (V) (Hz) (msec) (mm) (mm) (mm) (mm) (mm)
He 15 250 28 1.2 -14 0.12 0.90 041 0.45
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Fig. 8 Optical micrograph showing the cross section
of the weld bead welded with the optimized
welding condition
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