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Welding Characteristics of Inconel Plate
Using Pulsed Nd : YAG Laser Beam

Jin Gwi Byeon, Kwang Soo Park, Won Jin Han, Sang Han Shim

ABSTRACT

The nuclear steam generators are subjected to corrosion environmental condition during

operation that can result in stress corrosion in the tube wall If any tube wall degradation is

recognized, the tube must be repaired by plugging or sleeving. For the sleeving repair, Nd : YAG

laser welded sleeving technology is one of the most promising when considering radioactive

working conditions in the nuclear power plant. In this paper, the laser welding characteristics of

steam generator tube and sleeve materials are investigated. The effects of average laser power,

laser energy, welding speed, pulse duration and frequency are evaluated. Based on these results,

Nd:YAG laser welded sleeving repair was applied to the degraded steam generator tubes in real

environment,
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Table. 2 Chemical compositions of Inconel
600 and Inconel 690(Range. %).

Parameter Range
Averge Laser Power (W) 150-730
Laser Energy (J) 15.7-638
Speed (mm / min) 100-500
Pulse Duration (ms) 3-20
Frequency (Hz) 5-50
F/ #, Focal Length{mm) 2.6,574
Shield Gas (1 /min) N, 55
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Fig. 3 Schematic diagram of tensile shear
strength test specimen,
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Table. 1 Chemical compositions of Inconel 600 and Inconel 690(Range. %).

Ni Cr Fe Mg C Si S P Co Cu | Mn | N
Inconel600 | 72 | 15~17 | 6~10 1 10025~0050 | 05 | 001 0015 | 0015 05 - -
Inconel690 | 58 | 28~31| 7~11 - 1 0015~0025 | 05 | 001 0015 | 050 05 05 | 05

Journal of KSLP Vol. 3, No. 1, April, 2000



A% Nd: YAG #HolHuZ o8¢t 3

29 B 48 =4 15

HAeEnrt 28 $£8 ZAd AgEHE oY
o3 ddgo] ZAaHI] WEA RAOE A}
i=R2)e

E

E 1

1.7 &

216}

I

214

o]

S13 |

S 1.2 -

& 200 300 400 500

Welding Speed [mm / min]

Fig. 4 Relationship between welding speed
and penetration depth
(power : 600W, Pulse Width : 4ms,
Frequency : 40Hz)

ww

( a ) 200mm / min { b ) 300mm / min

S 2 2 y

Imm 1mm

( ¢ ) 400mm / min ( d ) 500mm / min

Fig. 5 Microstructures for welding speed.

Fig. 6oll& #olA £¥o] 600W=EX YA
w wHE-go wWale] mE wIZZs £97o0)
o] Hﬂi}—é— Uetd Aol o7)A vkEgo] &
FE Z3 SdZot #adHe RS &
T 919—111, ojAL wEgo] Fvte wet T
283 429 oA A gE Ao

gl o) A 7hgerE A A3A Al 15, 20009 49

Imm

( b ) 600W, 40Hz

Tmm

( ¢ ) 600W, 50Hz

Fig. 6 Weld beads and microstructures for

laser frequency.

Fig. 72 #@olA 282 300W, £Y&EES
300m / min® 2 TAET BAZLS 3msoA

20msZ HIAIAS W vj=x3} 897 0)&
¥ TF I L) T, Fig, 8& BAZo) W)
mE &4 g vz AL Yehd Aol
o Fig. 7904 & 4 9l upe} o) 7w
Zo| &} WEZ e A B &3 ke Houh
EdRole @etalA Frbsted 10msolA Hd)
Ze JER I 20msol A BAFA 7BATLS



16 HI, w, YUY, AN

o
tijo
>
ok
>,
Ny
~
2
A
|o
b
i
i
i
e

4 F stk ol @G "2 7}+8
TE aﬂOlXH AFE9o] 74s) rog
A, B AFAAE JAFEY 28kWollA HXA
=z 10ms7]- 7HA AAs Aoz FBuEHtT o
AL Nd: YAG #HolANA Ydeds HWO
2 7
o

o]

olN

H i)
i I

;2.

) g2 BeYdiE 89 R4S 2

|4

5, 94290 A1 4 Sl YA

—o—Bad Wiah ~4#—Penetrat:on Deptn -~ Aspect Ratio

Imml, |

rom—ovAam@N

L

o o8Pt

Bead Width or Penetration

[~
on

8 8 10 20
Pulse Width [ms]

w
~

{ e ) 300W, 10ms

Fig. 7 Relationship between pulse width and
bead width or penetration depth.

Imm

( ) 300W, 20ms

Fig. 8 Microstructures and beads for pulse
width.

Fig. 9 244X 200mm / minol| A # o] A
o aeuAe Hael BE £ wud o
FE Uil Aot 97l 4 & F & b
o} ol YAUA I 248 LAZHlF F

7hete, JArel v A z22. 7Y W S Yol

fmm

( ¢ ) 300W, 6ms ( a ) Pulse energy : 19.1J

Journal of KSLP Vol. 3, No. 1, April, 2000



E4 17

( b ) Pulse energy : 227

( ¢ ) Pulse energy : 274J

Fig. 9 Microstructures and beads for pulsé
energy.,

11-Feb-92
9:43;29

.5 ns
28eny
|
|

REMOTE ENAB.E

G0 10
LCCAL

Srs
1.5 v e

2.2 v 0¢ [

288 kS8/5
2 oCaceav
0 sToPPED

Fig. 10 Laser pulse{Pulse width : 4ms)

1.76mmE YERIth Fig. 10= oo AR&3

oAl BA mokd ekl RAolth

3.2 A&ol 75 £HxA AA
AZd 60034690 HAS FAE zZHzt o

12mmo) B2 AAFA £ 24mm7t W, o5

d3 7k el 7hsdtr] e £4H o]

7} 14~20mm+ Sojof gty B AjoxE

g2 ol A 7k3 832 A3 A 13 20009 49

o) 7o tisiA #HelA & A48E 8
Hlom, F8970e &¢o] HAT &4 AH
< ¥tk Fig. 11& oJg& WEEH £9%
ofe disiM Yerdom H9 AL PES
T 27 X ALEeE BAFT

o] A& Tt AlHd g @9 2o
3 A€ FH[J/mm]3} Aspect Ratio(£4Z o)/
HEE)9te] #AAE Fig. 1201 YeEbdth 19
AN EZo] dHAolF ddEo] 100 ~
200J/mm®] g EAE SHIT BY
S Aspect Ratiox= 08 ~ 149 E¥313
ooolgd B2 U95E ugeE &4t
14~20mm7} H& ALY (Deep penetration)
o] 7ted &H 79 HAE o Zel

25

2.25

2 v
1.75 ¢ e

1.5 3 'ﬁ;ﬁv . ary
o Wy W% & o Wi

1.25 4 . rd

lod

1 d hd v '.0‘ 0
0.75
0.5 .
0.25

4]

Penetration Depth {mm]

06 0.8 1 12 14 16 18 2 22 2.4
Bead Width {mm]

Fig. 11 Distribution of weld width and
penetration depth in 89 laser welded

specimens.
o 1.7
g2 ce, |
8 0.7 . LI
< g0
0 200 400

Energy/Unit length [J/mm]

Fig. 12 Distribution of aspect ratio as a
function of per unit length in selected
22 weld specimens.



18

AA AT

Z 24 £% 200~500 mm/min, BAZ
4~10ms, HWHE-§& 10~50Hz, 528 17~
41kWe] ol A EA st

33 mAz3 g nAZE AY

£33 ¥ d
OﬂOdz‘sk 7,5755
(UnionAl, I3r,ﬂ;9012
6902)
R EE - v &és}ﬁt}.

Fig. 13= 213749 6007 690 EA9 b=
A3 HolA SR TR 2 d3Fd
600, 690 = EA Alo]o] AAFEA it o
AzxAE ekl Zlolth Fig. 139 (d)olA
B T UR0] £3E EE AJHENAM 382
dAEA] FRT, EFFE (o) A 27
(b), c)E vy B o dYIFFst ie 4
2= oh;].

o

=
=
=

mlo
_0,
(o]

=
x
rO

e Ry oo

i1y

—_

ﬂll

O o
T = TM

Inconel 690

Inconel 600

(a ) Weld cross section

( b ) Inconel 600

( ¢ ) Inconel 690

(d) Weld zone

{ e ) Heat affected zone

( £ ) Boundary

Fig. 13 Microstructure of weldments,

Journal of KSLP Vol. 3, No. 1, April, 2000



Nd: YAG #HolHgy& o8¢t 913 mxjo] §

]
o

Jim

X 19

L4, 49y 2 ZAY AxWEE go}
B7] ¢98)A AkashiAte] AVK-C1 mlo]aZ
AL AT AR E ALLSto] AFEEE
AT Z2RA EL 02keolQoH, 1374 600
3 690 BA| Ztzbell i EHOZHE 02mm
4oz £RNIEY FAHCERYH IdWS
et Z4sty, E fz £Hu s 24 gl

FAO 2 02mm HAHLE FA3H

Table, 3& i’Jé—rSﬂr 2AFEEAAM BAFEE
o] F#@e Yebd ZojH, Fig. 14¢ 4353
48NS B o oig MAAE 2%
£ Jehd Aojth $53 £AFALE Bl A
HY SHFAM vAAZY HFFS
173(Hv)ol e, AAFIME AL 2
AE B ARFHE UehdA ¥ed =%
AR AEgo] &R HEiAE R
dg el vsME B2 #e /HAE A2
2 Yeyiy glo RS $EAH7 28
e & F o

Table. 3 Chemical compositions of Inconel 600
and Inconel 690(Range. %).
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AgE FAM Heol
3?}%}0]7} 14~20mmolY¥, %3
R BE ’\]@4 43 SHF Aol gle
ZAE W8 1449 AF-AdAE AH
= THEtY A e Figlse o9 4

ruln

oA JAF AR he AA-AGEH}E 9]
X E yeld RAolg AgAA o)A £73
H AFEY AA-AE}TE 89~458MpaZtA
FEXE Yt ZAQA 39 60034 6909



AA}E6) = 2H7; 552MPaZ} 765MPaZ A ¢l
A-AGRE AU 458MPad A Fd
600 EA2] 70% AEEAN HFPTIHN =
g AL eyt g A AR
£ 47 daxe lpass EHOZE &Y
Z2pass o]}e] &30 WQd ZOZ AlFEH

500
£ 450 I Py
[ ]
s 40 'RE)
5 350 d
a7‘;300
22250
wn— 200
2L 150
2 100
2 50

0

5 25 45 65 85 105

Energy [J]
Energy[Jaz]

Fig. 15 Effect of energy on tensile shear
strength.

4 A=

—_
H23 Nd:YAG #HoJAE o]&3 o3y
6003} 690 HAE ZAYE HolA &4 A¥

MEE LdHoTt Aad
55 =% 294t
2Eo] Zytgte] wit HEE
A9 ¥z e dElAT &l
anratA ekl 10msolA Hizh&
VER 2 20msell A @A E] ZHAEk T AL
AR 9 Frtefl wet &4dole F7tstA
% AR 7 AR ALoE 23H

A T3 2 AFo] G
2. A3d 600/690 Plated] Hgo) 7t5d &
Aol 14~20mme EHXAL LHE:
k=)

200~500mm / min, A% 4~10ms, HHE

rif rlo oy |

10~50Hz, 3F5Y 17~41kW¢ ¥9jo 2
A EAstAh
3.2 E £UENS B A 53 H
A PAAESY B2 173(Hv)old e
]

o
HEiMe w2 #He 7HAe ALE vgy
I kol §H T

1. Bala R Nair, “Laser make light work of
sleeving”, Nuclear Engineering International,
Oct., 1993, p.26

2. "Guidelines for steam generator tubing
specification and repair “, EPRI NP-6743-L,
February (1991).

3. Takashi Ishide, Yasumi Nagura, Osa
Matsumoto, Dadashi Nagashima, Takuya
Kidera, Akira Yokoyama, “High power
YAG laser welded sleeving technology for
steam generator tubes in nuclear power
plants”, Proceedings of LAMP 92, June
(1992).

4. A. Yokoyama, T. Nagashima, O,
Matsumoto, “YAG Laser Welded Sleeving
Technology for Steam Generator Tubes in

Plants” , The 5th
International Symposium of the Japan
Welding Society April, 1990, p.29

5. Metal Handbook Ninth Edition, Vol3, p.142

Nuclear Power

Journal of KSLP Vol. 3, No. 1, April, 2000



