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SUMMARY

I. Project Title

Study on the high-precision laser welding technology of nuclear
fuel elements processing

II. Objectives and Importance of the Project
The proper welding method for appendage of bearing pads and

spacers of PHWR nuclear fuel elements is considered important in
respect to the soundness of weldments and the improvement of the
performance of nuclear fuels during the operation in reactor. The
probability of welding -defects of the appendage parts is mostly apt to
occur and it is connected- directly with the safty and life prediction of
the nuclear reactor in operation.

Recently there has been studied all over the world to develope
welding technology by laser in nuclear fuel processing, and the
appendage of bearing pads and spacers of PHWR nuclear fuel
elements. Therefore, the purpose of this study is to investigate the
characteristics of the laser.welded specimens and make some samples
for the appendage of bearing pads of PHWR nuclear fuel elements.
This study will be also provide the basic data for the fabrications of
the appendage of bearing pads and spacers. Especially the laser
welding is supposed to be used in the practical application such as
precise materials manufacturing fields. In this respect this technology
is not only a basic advanced technology with wide applications but
also likely to be used for the development of directly applicable
technologies for industries, with high potential benefits derived in the

view point of economy and industry.
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1. Scope and Contents of the Project

The items covered in this study are as follows;

A. Experiments of laser welding samples for the appendage of
bearing pads of PHWR nuclear fuel elements

i) Preparation of welding specimens on joint configurations
ii) Design and manufacturing of laser welding chamber
iii) Development of welding programming

iv) Development of welding controller device

B. Implementation of performance tests for appendage-welding
of PHWR nuclear fuel elements

i) Microhardness and burst tests
ii) Corrosion test in elevated temperature

iii) Microstructure test of laser welded specimen

C. Implementation of radiography test for appendage welding of

PHWR nuclear fuel elements

i) Development of micro-focussing X-ray inspection device

i1) Analysis of welding defects of appendage welding



IV. Result and Proposal for Applications

A. Development of laser systems for the appendage welding

The laser welding system for attachment of bearing pads in fuel
elements was developed and it was consisted in optical fiber
transmission part, shielding chamber for the appendage welding

and monitoring part for micro-welding.

B. Development of peripheral devices for the appendage welding

Fixtures for the appendage welding and welding programming
with rectiliner and curviliner paths for attachment of bearing

pads were designed and manufactured.

C. Performance tests and manufacturing of samples of the

appendage welding

The laser welding characteristics on the joint geometries of
bearing pads was investigated and the welding samples were
manufactured. Accordingly, mechanical and metailurgical tests in

Zircaloy—-4 welded specimens were implemented.

The results of this research and development are to be applied to
development of the welding technology using the laser beam that can
be used in CANDU nuclear fuel elements with bearing and spacer

pads. The laser apparatus having a stable resonator with 200W of the



average power was independently developed by the domestic
technology. Also, peripheral devices, such as an optical fiber
transmission device using Nd:YAG laser, a welding nozzle and a
welding monitoring part, were developed, and further, The laser
welding characteristics on the joint geometries of Zircaloy-4 bearing
pads was investigated. For applying the results of this research and
development, the results of laser welded specimens using the optical
fiber transmission and peripheral devices will be provided as basic
data for the appendages of CANDU nuclear fuel manufacturing.
Further experiments will be made in close cooperation with
manufacturer in order to apply the welding of bearing pads and
spacers using the laser to the production process of nuclear fuel
elements. Through such experiment, the related technologies will have
to be accumulated over a long time so that commercialization of the
laser welding may be demonstrated and all of the laser material

processings may be activated in the local precision processing

industry.
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Carroston Data
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SHEAANAN JEdyRe]l 22 AHEo| A=),

4.4. AFY A

AAY §432 2AF FAviddAA 38 & A7 HE Zr F5 A
Al E€7tE F9 1A A FHol= AG gt 2y S E
BRA=Z717F AP Hel dHold. Zr 59 AA ¥ L3 ¥ eVt &
A28 dEAdolt. o] Zircaloy-42] & =Z & GTAW £33} o] A
2 azZFolxut Yy Fe] 2la] Zircaloy-49 &3 x3Zjo] ¥}, o] AS
Zircaloy-4°] 714 §5U&7t AFFoA Fds= £74& uesie &
AARE AEE Ba7) A

4.5. A7

Zrst ek FEHe] o] FFGel $AR APANNE ¥ 7
REHE ASE AYRDE VP2 AGY FET HTEe Y=
2 AAZ AAE olge A5 Brbssteh. webAd o Aol HHALE
& Agen FEY PYBES 2T 4 Aok AT A AN A
A WAY BHOZRY WBAF 2dAd 2Dt Zr GIFH o1 FA
29 o) U Wil HHFPLE ALHT k. ) ZHFANT S

A, 204R 2L TARANY So] AFAEHL ok

I

o

— =
2EE A

- 10 -



5. w4 23

5.1. 359 vAzx3

Zr-4°1 A 3 dehds F2 v §3 gl 93 1E 2
Y dAel el o8 AAHE YESES FA . S Ko o) g
of dz7 W&o $RFAH PAHE oAz E =24 Jerd Aol
[11,12]. 4 £ 5] o2 vjAz3 & 5L

5.1.1. TIGS4

TIG(GTAW) £H-& AH3EHo Holx £AHe nldd 71d € gz}
57t =9 dW¥ 10-10°T/sec AEol17] Wl Eo A=A =g ¢xte]
Widmanstatten =3 2.3 veldel[13]. o] =32 F44 BYAH(columnar
B grain)®} oAl &2 aA(acicular a-plate)& FARACt. 2} g
(HAZ)= $3A E2%F peak 259 vt} 37k 992z &9

IXETL Bl 227 9H9(975T o)
(b) HALE7} a+f Vg2 2% 49(825-975C)
A2E7F Hel &% ofllel g5t AFAA AAY AR
(a-grain) %4 (8257C)
714 EAHA B a+pd R J1dd 99 (@ b)Y AFdE dIFR
o] wlA| Z2]-2 Widmanstatten aZz o g FAE ),

5.1.2. AF%H

AFLRE 12 olye) o}F F Ao Susy] G Fe) std 2 37
%E7F g 10°C/sec® wh2ch(13]. wetx g3 sz vt
o] E

Ve 2 =& o}lF v A8t Widmanstatten aZ 3 22 FAH ).

- 11 -



5.1.3. wjAx3 e &4

ol]¢z Zol Zircaloy-4% F H|HELE $3E W JeEdE
Widmanstatten aZ32ol= 1 3 A o8 basketweave a$} parallel
plate a7} glt}. ©]&}2e 3 A(morphology)e] ol p—aRe] WHelA] A
7]+ (growth mechanism)2] =}ole}r] R L3l Y 7+
(nucleation mechanism)g] o] wj&olct. & ojR L A<l &HA &
A 2739 %3 =279 JFPHZ £ o] EFL fYAGA A YA Fi=
s 37 dEeE ydded.

Widmanstatten a#4 5L edge Ao o5 ZAo] WYeos FAHR
FEYLEST ARTo 2 IWPeR FAHAG. -2 A 2% 94
%} f-UAAR2ERE HQYAQEL. & Fe, Cr 59 HETULLEY HAo]
o] HAEe ARASKEE AWMl o)A AAAFLS Aaronson T 2]
3 AXNE 2ZEHUelEMA g2 e o Aol AHiHE
Widmanstatten ®|gte]& fFe] ARV F9 FAstel. w]A|z2e] W
31 dAEE] HidA AREA. JgEEsE Sl Wt Zircaloy-4
o Jelts vlAH£2] L lenticular a—basketweave (£i parallel plate)
a—martensitic a2 2 Jeldc},

o 7| A= Zircaloy-4¢] &3R4 FAHEE F23F v)H 2% lenticular q,
baseketweave a$} parallel plate a, martensitic ad] 93t 25 Kz},

e Lenticular a &3]
o] A& =W YAEES ARE TAHE AA} 4932 2AHY
Z9F B3 3 ojr.

® Basketweave Widmanstatten &3

o] =32 F BYA (prior B grain) W w2 H(plate)EZHE a

-plate E°] EWAI}A HEH7) wEo A= A2 LD o)

- 12 -



ol HE2RY aidol YA L EA A vl (oriented)s 7] =)
2ol vlx] BFLHE A5l AxdAAG. ojc ¥ F BYA WA A
24& IFT WA ALA aFe] FYAFHTH o] aBAELS B39
Y43 A (cubic symmetry) w Eell B2 s¥l9H (habit plane)2-E5¢ AA
ghel. o] &L olF AA AAsty] Ao AFH dE aB A E] s Aol
o] TEE di7ix AL ARt

® Parallel plate Widmanstatten &3]

o] £ F IR WA aBAESol T2 sl (habit plane)olA 4
=3 7% % (plate)E°l A2 FPstA vebdd. AP F2rt g 2
ME aBdEel ZAYARZYH Ao AFAr). o] BF sHdo] 74 #
geta g Hde) Fy[F(parallel plate)So) ZAYNE AR5t JPJH
B4z e Aek ow) dul e JASe] WPQ 2t B FE Ao

e Martensite aZ %]
o] 3L ol wE JYzn&xe A=z FIA W (diffusionless
transformation)®] A2 AA| A el vl dHlAlolE ol AR

= 9 WA fashet.

5.3. A§x3
Zree W77 Rt 2w o8] AFEA (texture)o] A T},

o] AFEAL Zr 79 E9F % JAH AAF A T & ¥=

vzt ol @ AFEAel d= Zr FEE A =HYW 4N =dUF
R AH ARl EFLEA 2 4

_13_



A 2R delALRY 54 A

1. dolA 7= He

do]- = 1960 wlo|® (Theodore H. Maiman)el 4% Fd &EF
27 % 1 cm AES Fu] @2A gdo) FaA R=2 L& A5 47
AIAA 33 694nm HOlAHE HE AFH odE 25474 dFH F
o delAzt Agsgdet. #HOlA(LASER): “FrE W& 9% 33
Z.”(Light Amplification by Stimulated Emission Radiation)2 & 2z} <
o] weje] wHIAE #HA wE FHFoleldd. oI H5AL INA
(monochromatity), 2% A (directionality), 3 %(brightness), 74 A
(coherence) Felth. olg| g QAL ol&3teq FA, 53 vF5H9 7137,
o3}, F4t, AR , EE 249 (holography) 5 2] At &-ofe] S&53 9}
k. 53 AFA A Eoket gAY Lokl 7B weol #& e

HolHE ol &7 7137I€L §F 71¥71<€(non-traditional machining
technology)®| 3stug Folyzje] & Eel3 staggeld. & A7|HQU
Az 7} 2 Ee] LAz Fe 2 HIE] sHd, &, $3 T st
7FEol olFolZct. = #ojA] JlFrled 4§ £HI}E JEEA ARY
=93 2 3FHAAA =€ WY ZAUSE ol F& el

w2ba Holx sHE2 4k 54, /EEY AR, JbE RS, JHE
71¢] @A 2] EAe) wiet LUt Aol 2 oA AR
7HE EokelA $82 E 2.2.15 o] &3, WM, ¥5, A, =¥
T3 o] B9 st

dolH g ] &3 EH7s/MEL o EAFA HLES £H3= 7
o 22 ik =g dojA oz BEI Frtgel wet 29 2214 2
o] FEEHAAH dojb: Aol W} F oyx RE7} 10°w/cm’ol 3t
dxe 1P 2.2.15 Reo] FHUNFER ALSHE stEdDAlG. <A

W57t 10°wW/ecm* A EdE -0 2939 SgAHe] 218 2.2.1(b)s} 2

3

v

o

- 14 -



o] FEXYRZ AL F5HA0) ) vz BE 10°-10"w/cm>H 9 o A
= $5AHE YRR o]lFHFA FAY EZHLEEr vTAH olA2RE Ho

29 2.2.1(c) $ Rel MRS} FLGA} ARk = i L=} 25
10'w/cm®e] 4ol H™ #HolH 7}t o|F F¥s: Bl F5se]
A} o g3tAA Eehzntg WA

E%’\‘J (Welding)

[~ F ¥(joming) ‘g *4(Soldering)
B o} A (Brazing)
» Nz 8 +HCutung)
3\:«;:«1 Removal) EE.‘QEJ(Dnng)
23 et Y (Scnbing)
— A%
(AolA W3}, 2ol 7h27 3,
glold a8
oid
— g A 2
Qo7 73 || E2A3 Baad i
(Surface Modification)| = 31314 %)
—¢SaeEad
LPVD Laser Physical |[—LPVD & LCVD®
Vapor Depositon |~ §-4}
LCVD Laser Chanucal '~ Consoldation
Vapor Deposiuon
Aad 44 2 ol 84
L (New Matierals Syn-— ELPVD & LCVD'
thesss) #HolA #e vy

E 221 #HolAE o] 2% AR7}TEo}

A8

W gUs (6 &% €13 ¢ (G Eetzet ¢

29 2.2.1 delAR Amstel Fugg

- 15 -



2. ol A $4) 53

dolAel g% F& % wTS 289 24 2 PL e P
1) 23
@ ZAUA AES] WL ol g3t ARE D&Y, §F =L FRAS
A 2ol QIFF(HAZ)PL F2 Ido] 2o},
® %22 71357 EOanse] A2 Wy 20| gich.
® %E FF FE N2 FEAA 4F F& £PTS A5 v
@ AP AE MR W AEFo2H AL 2 HFT ARE FTY
% aleh.
® WAE HFHelnz F7 AT} DRy £ F7 SEE gk
® °1FF4 BHE 75T Bohleh $44 $HEE Baglh
@ W71FAA §38el AssuE AT eA o).
AU 2 BFT R FF 1ol A
@ 7% 2 44X A5} 28] 93 AYBA| AR,
Aol Fl R x-rayel BAol gom Asgelt AR e 2A
A ke,

@ H2o) BRY FEol} YR B 29 Fol Aot

2)34
© FA $34 FEuge) Bel 2859 wrtFHel
@ WALEe] ¥ AEE 4 2 7HFol oRHeh
@ #Hojx A Tl dde AT FFolBR JFARY FA Zold Al
el et
@ 74l W d57 B8] W&l FAl sigel vl EE37 9 Hol E
e o] B3

- 16 -



3. W1&$¥ (beam power)

1) =¥ (power)

NEYe §49 B9 £ddelst EHSE ¥ v T3
o2 A5 AAEZHAAE watt®2 JER AW HA2F oy =]Q jouleR
el 7] £3kc}. Al 9 & Y9y e (FRE)RE CW(continuous wave),
gated pulse, spike pulse, super pulse, hyper pulse 5°] J2rv2 £%
o H3E Y& o] §F Vet v}t B2A )= HFEY (peak power)
3 B F#2Y(average power) 13 "2 Fude}t dutyel et spFAE
o] @ixjes S-§Fofd vl HJPY 2L AT P8t Ao

2) TEMEX=(Transverse Elc::ctroMagnctic mode)

oA 494AT 279 JFEE 23 YR B GHE FdsiA g2
W oW YR $xXPc FIy RE(FERD)Y Y59 o) F Do 9
Yzl $EXPeE AR sl TEMpE Vel #Holx ¥ RE= 4o
A A7 FdE WESE FAEC] AR os ZAHd. TEMREE
T #HelA w7 R FFHEFEL] JFENA, FHAA Aol AL, W
Agel FAH FA, HE ZEEFe wix] Heo] o} AR,

2L 299 dHolAZHRE TEM R wzt 7FFA ol F3pA 2
He] Fuld A3E nxA Hes wlg F2F 2500, dukH s A
427 71 2 dvz] 2EE JHAW TLE 9439 shde A 1 2
Y2 Gaussian £X°|t}. TEMpZ < AAREE AHEsh) £33 2 A9

S99+ AR E=(multimode) & AF-£3He}.

N

3) # 3} (polarization)
oAl 2 AHAste] UdAolmzr Aste AFHE A gt o)F A

Az WEe] AE FPe Aol Do PAWL feloT B £ 93

L 54 o



23 AdASE 44 VR, 99, FLRBLE yH oA Fo] BA
of o}, wA, F49 o WAwe] W] et dEAAL 2AAG. $3
A el e £AEEs} 3m/min. AL W Jehlid, ol YA
o ARo] wpeb whAbgo] Wyl o Eolg},

4) 2 (divergence)

dol Ay ko] HAuk A3 collimated beame] ot7] wjEo i
A7) w2} DS ZEdh RAZe]l W b AFAYAA AGE A
Sz Bdze] FEFF $5T Aoz & & o G2 beam
expander® A ¥4 glx},

5) 9=
A FLAEE 3 o) ARY & k. 2FAAE £, 284
€ b, 94 AR L d, HEL 2 FTaW 2PYA do Fes} 2o

do = 1.27A tM%d + a d%/F2

do] FL AR A7 Aol RFL AIFF FAFA AT A
olt}. o§7]14 M’ beam quality factor k ¢ Y42 2kWF7x] A2
=4 7% 1.5-3, 0.0286, meniscus?l 7-¢ 0.0187, 223 aspheric A=
£ 0°ltt. 2HAEE b=8A /r (f/d)* 2RE Fg5 Q. 2HAEE
durg e Aol 5% Frhsle WHAARIY AYE @36 FHYLE=
9.3% a3t Hxl. 3 SERsE 240 27 40 AT WG HF 4
Uzl WEelung wadp/n & 22 vehd § 9. AAZE RO SR
FARNA BES} b ¥2 ARG APl e} Repach

=)

N_;

_18-



4. #ol X q) ¥ A REI}F

dol A gH A2 HelA F5, A8 5, 71FA 59 546 ot +
ALEE o Folshy, dHA Q) SRHALRL dolA A7 R ALAA
(power supply) , 3433 ¥ FE5RX F2=2 FARd

Holxe B3 a7 WA$HZ HolA sy dA=xel vgds
A4sted 2HE P=t R ol dolA & Aubalel R EubAle] u]g Alo)

E 28394 FIHd RE A4AQA EE9A4E S5 B2 299 49
oA W& o Al FEARE ol & STFHAAA AFANND F AL
FAREFS ALy waxzPoz AEHZAA oF Ee FHUE(10°~
10°w/cm®)& Qo] ZF AEe] 71Fol ol &3t Aol I 2.2.26) X 2
o] #le]HE o]&7 AMErFT SAHYeolt o8] AL Azl AHIH
AMAAE 7FA sl o)A o] AR D EHAA wtAe F471 dond
o. Zde F99 dolA YL divixE uFe] AR g Az F
2 Agd.

10]0 R
Ablation
- K
<o
Minute removal
\5 10° -
% Drilling
a -
a . 11— Cutting
g 10° |
5 - Welding Chemical
etch
E Alloying molten e
10tk treatment (=3 Fiber composition
Heat treatment E/ Coating
102 A 2 " A i i s ]
10° 10°° 1073 10°
(Ins) (ps) (Ims) (1s)

Pulse width

a9 222 delA AEATA WRES) 4l FEaE Aol B

-19 -



29957 ~10°w/cm® ol o] Hu EF4% A5ITHe] 27t §Hol
T

goz A&se] dAAWe YAST ARWRE BAA. F&o FFs

(alloying 3 cladding)s} &R ol &=+ SHLEESeld. &L}
10'W/cmel 2.2 o8 Z715d Az AATHOTHE] FRZwE o]

st o] g ol st AT HFo| k. TAUES} 10°W/emo] Aol
HE SEEAE dolAlE F53tod E=ntE FAU o] FTE=n)
= HolA Hl& WA = F5IH7] dEd FHFIWLE H& dolA e
E&< A deol=Ad,

5. ARERP AP wAE A
Aoz FHFLES LA, 9], AR, nA=zs, 4%,

4, A2, 44 T2 Ardn old & wAT Aolx $AAA A%
& thest 2

1) €4 (dHel=4)
€9, TEM 2=, 2434, 24z, 29 A4, 29 /19, 234

Y, 2HAE, 4&A=9] 3, =AY, W9 A%
2) $37
A3Ee) AAAR, 24, A%, ¥4, FASE, 296 (spatter) ],

F(fume)A A .

3 VI E

o

HALE, TAEE, fir-up, AALE, vFH, 3, o132, o544

b

4) shield gas

TF, 49, 7%, AN, F5HR

- 20 -



6. Welx $7
dolAel FHE Ws @
9 7hFe) 4EHE dolAE E 2229 2o

K
M
Mo
Fu
o
ok
bt
5L

&AL °lF AMEEH

£ 222 ABN}TE HolAY FF

Laser Wavelength Average power, pulse energy

CO; 10.6 <20kW CW pulsed
Nd:YAG 1.06 <1kW CW pulsed
Nd:Glass 1.06 <100]J pulsed

Ruby 0.694 <100J pulsed
Excimer 0.308 <1J pulsed

°]F NA&YAG d#eolAgt CO: #HolAst 71 d2 AgdHx gioh
Nd:YAG #HelA = AYgA 799 513& JEA7 22 Fu] deolAd ul3
o FA Cyz7t 4 e} A&s == iE 551 92 F 49
1A R=R FFe] 75Hnz FH R b Bel AL e 4ol
A% shtelct. COz HolAE RPN Fdo| 10.6m A &Y =
= AEIAES BESALE 9w ol ¢ 15% o|FLE ¥I] W&
ND:YAGSH 387 AE7F ) 713 F2312 gol AE=HE HolHor.

7. 71¥& (keyhole)

dolHE o3 &FL 1EY d#HolArt Axidd FEEHI wEd
A &4l 2 SAeld. o2 AEHL collimated & 292 7HEAR
FA w3ke g F&7tdstd A RE FW(evaporation)std FEHEF7IE

Z FF(cavity, channel)S B} o] dd B2z oot FH

0

d

o

N

B

}.
o 109 AU " 2 2236149 3o} o] THEE W o] Futdos

2
e,

ol

ZAE YW AFAAE Fol 71 F(keyhole)e] 23l R Ex}. o]

X0
o v

It

- 21 -



A (blackbody)e] 9 & sted ol €S ASUFEE E4AA ol
GolAE S5} 7] o] s1dEW & X+ H]F5H (boiling point) °] 42
2 Asse] o3 FE I o] FIEL FHU EEFELRE £

24730l ol ESW £44(weld poole] FFANAE $4HL, FZ
AAE $37t Dk 71EY SdUolst S4A Fee AUA F5IH
chebe 2xolA AR, A4 (focused spot)l Ao HolAEH, FSH

7], o] ¥4 X (travel speed), 7F2R Y3 £4EE 59 944432 F
o s 4F& et JhFEAA JF ARE FER FELS SH=0E

& YAV, o)3le] 7| E4R) BFHY Heh=rtt )
o)X ARE FHHIL BE PP Ho| $ARY Ul F2¥h

4?
High intensity j e\@\
:)eam Wi K\@" Melted zone
power , ° width (w)
4 eeb// (

Molten poal

Depth of weld N\
penetration {d}

IR

23 223 AL o] &% NEEHe U

- 922 -



8. dlo] A &

ol &4 F23 H5IF FAEFLEE A4 dHelA {9
(incident laserbeam power), {A} dolxule] 27 JFF-&(absorptivity)
o 2AA Ho)A ue o)EFZX XS (traverse speed)oltt. EE £H ol A A,
B 37}~ (shielding gas), %971 48X 2743} =34 E(depth of focus)
FE 23 4EL . FHHSEE = £9YZol(depth of penetration),

2R3 wA A FEHE 42 Sol sk

8.1 ¥=9

HolH &AM £dzeolEs deolA We] Adse A4 IV YA
B )9 8 A FALAG Al 44 @ AAANA A sS4t SR
4ol T3} & £ 4A dlolA sigel A9 AR FURd.

8.2. W=7

WAAe] QAL HYUEE ) G S 32 W53 s
Joloh. 2ej} 224 delAdMNE FAso7 obF ek, & W I3
o &4z W AR A Pl W Eelrh. Gaussian ¥ AL AN LI
Fagrel 1/ =& 1c2 ag W ARz FoAd. FUHe Ved
Azzsd Ao W AR F A9 80%el e TEsh} ez A9
o) Aol B3 60% % A7 WEA 12 ResE W Dol
LEEES

Holx g5 TEL LA ES] B vz F4 2. #HelA 7t

FolA QALe &P g 59 oA 12E Fo ALAL
3 = :

F&eo] A FE AFAA o3 AXFEFd &3 adrE F5
£ 245 A8 A7 v A3 electrical resistivity)d o). &5

- 23 -



< A2AAM EFF HgA vz FoAlelxwr ofd AL
10°-10"W/crr) o] el A eix] A2 7] E(keyhole)S ZA A3t A ¢

73
EFH < FFE o224 At dD F1Eo] FAHAYD FHES

w33 It
gt oA = F1E oA A st AR v aste] £P2e] Fo
E EFsa 2L £94S 7MFES . 2y HolHER3A J1E FA A

3 dA dvixis B9 FFE Qi AAEY 2A AYAQAS x
10°W/ew) Rtk o Atk Yol EF3aL o] 71&F7]F  (keyhole
mechanism)e] 2§ djuvizjA o] &FuFAHY LAES ABNE &
QA &30l 75 siAl et

8.4. £ &= (Traverse speed)

Duley Sl o3} #Helx-&4a AAE QoA $HEEe &4t 2
FDAE vl A, o] Fell osth #Holx A2 £412 AA o
SR A B §412 Fgie} £HEEI FUHEe wel FEHYAA &
el ol Ls Q. Y o] A JFFo] FAHH A, FE
< o ol dAE HolAE AT FotE & 7] WFEolrh HeolA =&
AAR A F|&E S ETWH 2R dojdr). FHEEI} ofF =EuE
olx &3 &jlzZele AAY EFHAA Ko A FHx ol FeEvlel
BAWE2E A1 E A2 "R FHASEES AEHAY FA)
Zrtstd FFastejof ). Udutde s LHEEI} WESFE £90] AYR
HAl ¢t ¥ FAHSEI EE4F Ad L%, A5SASS §AHRF AF

o e,

_24_



A 3R 2oy AEe) 54 #A

1. A A F-2e] EA

A F429 gdsgs e U492 $HdL: T AEE = A
23 dds9e g SAEE AR At I F shvs gdEaA=Y
ANeBdgol-4 ¥ B} X XA (bearing pads) L Z+A A (spacer pads)7}
H-z5lo] dxA 2UdA A d5FER} dADFE wAEHE, =T FH 9
Zt dx%e) YLFrt 25 BFoR AAA} FAS A QA=AH{TACL
AAEE 483 el HE fAEY, 928 49T Aoje wR=
dgdg £ e AE5F alRE BA . o] E AAA S FHAY RFES
2 WML EBe)ET S7HARE L5l BeolAeR HigAd oA d& FH
&3} vlmste] A x)e} 52 Aol F AL HAF F glo] 7R
S WA & 9z, = vz Wsle] 93S AA I F 7] wWEeid.

HAEo] FEACl Sl EFSI AEFZo)-4 By oA {7t

AE ALse AL Zr-Be ©] 975To A FALEE 7Ix7] @22 olE
o] §Ho s wlma e e Higo] st5E P ol dFAA
F4 993e] A3 dAEES 27 Wolch[14] 22y A EZR|-4F
HAES AE3td Beo)Astd mAe {7 Aele APoR fiFe
Zr-Be ZAFT] AF =+ F4dd o2 F5T 33E] HAE w9
ohJz} wjAzAdx W, wgetd o) AL AEF FE FAE
AR F7F 97 A&l ole] A& At P83

b

o

0:

2. Be 5% 2 Hyolqd E4uhy

AzZgol-4 DAL AP Aol ARY F 2P A S
B33 2 E 200mme] 9 ZEE Bed &3 gxlstz, yHHRE
2 X 107 Torr o]4e] AFL2 gtE F AT ¢g9 Ar #97) 1A

x 14 G =
dzote BANA 223 A F 10me) AES 547 2gAsE A

~ 25 -~



ojct. B FAHLE &5 29HA A A&t FPZ 5 9lon, Be
Z38g Qg AT Aol £ F AFEE 2 X 107 Torre] 39
712 GE of B LE 1020CAHA 71E&EE 15C/minZ 7199
ot ohSele Bl R EA 2oz AS WsAAA Be £71AS
A&7 A2PRol-4 ANAANE BHHel 39S o Heo|ARe A3z
t ofeie] el o9& A=)

2.1 v 23] ZA QD AES

Béolgy WS slAzAe BFHY] st 2 AW Be 23
44 2 59 5 3ges negale AL4Ad. SR £ AL

Zr-Be AW 22 HE 0.3mm¥ &AL Z Qdutsie] wAzz] g &4 7o)
€ AR, 39 FAEF £3UA AL 22 Faols) nAzA S
ZEPv|F o2 JZF 5 Jo. olw AEd HAEYL HF 5%, HNOs
45%, H20 50% |-do5 o 527+ HAsigct. 233 Be FAA 43
wake 2 nAzAAEy] AHE v]&F 57 E Be-ZrAIH 22 2E 0.14mm
DRLE AEE FAY & oy, olu9 5L 500g &2 AHstAl "o,

2.2 X-A Ay
BHolAAHA Be 717 RAR ksl ALY FESAINFELS F

AlHe] AHegzHE £ ¥ dAHCZ dnlsle X-A A2 EAHY
o}, 89 X-AL& CuKaeli 20459 3AAL ASTM codesS AH&-314
Zr-Be #5773 ER H g

2.3 Be 6 —- é"g

A2gRel-4 EAX Beo #FAIHEE F317] 93t HyolA
A€

AN FAA o] }E 37he] AP E& AEsie FHilzlole] ©}E Be TEF
ZA 8= Aot Be F7)§IoA ARSI} 402 EPMAR 5549
3 A7 ol 7] dFell 3 FEA Y (flurospectrometry) 22 Be ¥5&
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£4% 4 Yob. AR EWo2RY 0.255mm 4 YA AR 753
AYEST 2599 $HAA Be & $4T 4 Aok 9 e3uA:
£0.00lmm QA WAL E 455 A Dk

2.4 ¥4

Be $7HAlE2 222 20]-4F ByolAsgd S o 4 JFL dde B
AEA ZaA= BedE FIsta B o]Ad AH, as-received AAE|L] A|H,
Ho|A2=2 AW AN=gRol-4 9 371A] AHE Fulsid A-£3
o. zZt Al"HE& ASTM G-2 WA = autoclavedld &% 350C %
SMPa(50bar) %7149l s 4371 FAF AR T2 F7HE F
AT § Ao}, FHAZL 24, 48, 72 2 96X 2R WA}, 2
E¥£ 300, 350, 400 ¥ 450CE Wstsia 7247 RAAA & ¥l o}
E WA &) AL QbR gl F£y¥E 2 9l

rlo

3. AANAFF Y 54 4

a9 2.3.1& B olAs7] Ae Beeol A2ZRol-4 X FFAAZ A
4 Jehgiz glen, BeF 57 34 A4=Hddd. 198 2.3.2% BHolA
B A AR SZ Be 323 RE BAZ Berk 4 I FH dd &
B33 g, 714 AAAe By oA RgE FIHAY HAAANEo]
AR} gled o]EL Zr-Be 5 ERA HES] AV LT A
oz A9, 29 2338 19 23281 2 wjge] vARzE BAF
3 glen, 408 F¢ BHo]Ad Aex Beel ZAR 4t I 57 =t
et A& 49EE B9F givh. 2¥ 2.3.3949 Fo] A B o)A

29 AR PN FARH L2 77|75t 2L YA ER) 3y, o] AL I
o

I elv 99 1 J& FH3A 7290 =3 99 [IAlA 2&8F
Ao et «o-lath o] A2 AZAFo] uix] FFe & HXo] basketweave
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l

el

Region IV

Region III

2% 2.3.3 998 Be-brazed AlHe] njAzz] w

(Region I, Region II, Region III)

a3 2349 1% 3.3.5% as-received B4}, Beol FHHA] 3 By
o] XEdA dXWD AW Be FFAF BH)A A 37A] ARE A
R EEE WA BATF FTHE SAS WA S vzl BgFa
dct. FLY AExZAA Be BdolAd A A Frtgo] sHA 2

<

9] as-received & EH#lolA 2% 7 dxgE AHe £o37 Jehdy
th. I8 2.3.4°04 8 o] RAAZ Fote] wat Al z=7e] AHelAe]
= A AdAFA ZUstn 9oy 2" 23504 350C o] Aol A
A7y FAEA F7hsid 2w, 400C ol Ao AdE SwtslA Fubstn g

1 2 L
LY

£ P
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Weight gain (mg/dmz)
w LA [24]
G o ©_©°o
L =7 T o

N
Q
L

[
Q
L)

$

[

Be-penetrated
K ew-<cmes : Agereceived

[

: Heat-treated

- A i

24 48 72 96

Tima [(hours)

13 2.3.4 350C, YAzt GE weight gain
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T T i T
¢ ———- : Be-penetrated
1000 b X ~e-=--- : As-received -
- 4 —.—.~ : Heat-treated 3
T ~ -
I & i
S
c
g 100 _.t:- _5
o> N .
) N -
c ~ .
o - i
wt
9 ~ -
S
10 4 1 2 n

3oe 350 400 450

Temperature (°2)

a9 2.3.5 72 Hr, ¥4 &5 & weight gain
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H 3 & oAxzfdt ==

el

e 2z

A 1A AANA dolAEHe] AE B

1. & 2 A3y

B A A49 HEFL 29 3.1.13% Zo] XAAF= ALY}
B(#718) degd A 2Z20]-4 AAA 2.3mm x 30mm, ¥4 0.4mms}
27 13.08mm < FABF2 2 FH|HY. A 2ZRo-4 ARAA EFste
o] ERAE AAsY] Hstd ofME £de 3087 FFo AlFE o5 A=z
Zl1e) o3 60C=E HAEAFc}. olw I 3.1.2 2 3.1.3¢04 vepd ule}
Zo] ol -&HA AAAHM SHEY A L AYAE AHA EF3A
AAE holding fixtures} £33} & A-8-31¢ld.

L
~r—
[}

[}
|
t
1
H
H
)
1

I

Ao m-\‘
R
)

3

(A: A2 ) A A W E)
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Lose

=7
[
!_\ I St 3 ry

(B: #7138 ARNABE)

29 3.1.1 AAA 2 AEF FHME F2

23 3.1.2 AAARAS AT
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18 3.1.3 AAAFHE AT $HE

a9 3.1.39 Au AR A AAHEHAES] AFE st RF 4
ojHAFo] e EHEEE ol EEYd. dHolAE BEHL2E ol&3ld
e A% &4 HAsA &XS7 A ¥ AULEE ZE

5 dolAHE AFSAA 32, §AHF AFA=] FAA R A¥A 2
€ A% HEst: 3eE 259 Aol Rastd. ol2® wA &
8FEAL VFHIES FAHEES AT A-Fac
AAAYEe] EHAHA FHEFASeN 42D §HEFL do
A e FagEe] deon, olg 45 HIeviaE §H 5 A3t
€ WA A% AR §5EE AL £ IEF FTEY FIE AAFHE=
7

< YA E st EFol HolAd AR AZAAN FAT WS 7t

213 glek. 2% 314994 E £ ARo] AR FFEE HAd8F AAA

2AE AT YSARN HlHEH FAEAE BT Aok
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2. FRAAZR] A 2 B
AANAE 4552 2o 3347 A AL 714 L A RH
7} D23ict. S3HP Zo] 1mm olste]7] djFo AL A g 3tz &}
°oH 2 FHE SHEAE W58 4+ A
delA &3 AAAFA = 3/ DF olF HolEF} 1/ HAF, 4/

o] =gtoly] @ PC R ZEEE, 1 Ao § AFEH=E FAAL. 9
1A & AR 1Y 3.1.58 2. A FALR FFIE= olFH o
= fdlc dolASHA=E Y & Jd= A2/ AAddg. AAHIF B
AP ARFS IAAF Ax=He 92y HANEFIH}E 35E Alddd ¥
A LAHHEE ol FAIEA LHE FHF}. olF HolEL Aot £
3 2HYEHE FEd.

=eteol¥W = Parker®] OEM750X Bdeolc}t. Parker®] OEM 242 713
A9 Aol 543 AANME SAFHY) AT AAEF 2 AT Ao} =
23 e] folsict. E 3.1.1& =gl e AgE BFd. Aloj§ F
FEHEES LEESHE AIY $ = d2=ayg PCE AE3dd. A&
A}l EESE = PC HEE AN ZEZE e =golus A &AL
E AdZ™d. Ao EAFEHAA FALD Af=z2aYPL =golwd] LR
=¥ Fo A A=Y L Xol2H AF o]ddd 9 93
E FAHYE TR F = 7leE AFL dov £F vt AA
2 Feoe sehilag AAsd A5oR 43S £9Y F dE= NS
@etal gl

AAAME 357 A% Aol =229 df X 3.1.29 R}, o] =2
ARL ARZAXE Folxg WA =& AFLE FFEH HolA A9
ON/OFF 2 He & A& 4 gt 4F4 715& 7IAI glof 43d =
230 wdet AFes 3T 5 dd. 53 &3 AAE gAH2E A
st} AR A AF L Fyrieo] ZARE e FAHLE AHYY F
AEE =245}
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123 - 1
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29 3.1.5 AR A dle]A -8R oAz

£ 3.1.1 OEM750 vle] a2 2H5g Zglo]n e} Aok

3% Ao}
2d OEM750(PARKER)
Torque Short circuit protection

Speed Auto-standby & self test

Input 3 Programmable inputs

Output 2 Programmable outputs
Accuracy +/- 5 arc min

Repeatability +/- 5 arc sec
Battery-backed
RAM ¢ KB

Anti-resonance

Wide range inductance




X 3.1.2 AAAEHE A==

, PROGRAM NAME - LASER WELDING FOR BEARING PAD

DEL SETUPP
DEF SETUPP
TRACE1

INFNC1-2P

INFNC2-A
INFNC3-A
INFNC4-A
INFNC5-A
INFNC6-A
INENC7-A
INFNCS8-D
INFNC9-L
INFNC10-A

OUTENCI-A
OUTFNC2-D
OUTFNC3-B
OUTFNC4-A

INSELP2,50

LH3,3,3,0

HOMV3,3,3
HOMVF1,1,1
HOMBAC111
HOMEDG111

INFEN1
OUTFENO

JOG0000
JOGAS50,50,50,50
JOGAD100,100,100,100
JOGVL03,03,03,03
JOGVHS5,5,5,3

COMEXL111
ERRORO0000001
ERRORP ERR
OuUT0000

END

ANPUT #1(CONTROL MODE ENABLE S/W-ON)
;DEFINED TO SELECT PROGRAM #1
;NOMAL INPUT(EXTANDED INPUT)
,NOMAL INPUT(BCD CODE JOG MODE)
;NOMAL INPUT(BCD CODE JOG MODE)
;NOMAL INPUT(BCD CODE JOG MODE)
;NOMAL INPUT(BCD CODE JOG MODE)
;NOMAL INPUT(RUN S/W)

STOP INPUT(STOP S/W)

;JOG SPEED SELECT INPUT

,NOMAL INPUT(HOME S/W)

;SSTANDARD OUTPUT(CONTROL BOX MODE LED)
;JEND OF TRAVEL LIMIT (ERROR LED)
,MOVING/NOT MOVING AXIS(RUN LED)
;STANDARD OUTPUT(EXTANDED OUTPUT LED)

;SELECT PROGRAM ENABLE, STROBE TIME IN
, SOMILLISECONDS

;HARDWARE LIMIT SWITCH ENABLE

;HOME VELOCITY

;HOME BACKUP VELOCITY
;HOME BACKUP ENABLE
;HOME EDGE

ANPUT FUNCTION ENABLE
,OUTPUT FUNCTION ENABLE

;JOG(0=DISABLE,1=ENABLE)
,JOG ACCELEATION
;JOG DECELEATION

JOG VELOCITY LOW

;JOG VELOCITY HIGH

;ERROR PROGRAM ASSIGNMENT
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£ 312 AAAELEAE Ad=2ald(AH)

DEL MAINP ANPUT SCANING PROGRAM

DEF MAINP

OUT1000

L

[F(IN=BXX1000XXXX) : GOSUB XUP : JOGO000 : INFNC3-A : NIF
[F(IN=BXX1100XXXX) : GOSUB XDOWN : JOGO000 . INFNC4-A : NIF
[F(IN=BXX1010XXXX) : GOSUB YLEFT : JOGOOQO : INFNC3-A : NIF
IF(IN=BXX1111XXXX) : GOSUB YRIGHT : JOGO0000 : INFNC3-A : NIF
IF(IN=BXX0100XXXX) : GOSUB ZUP : JOGO000 : INFNC4-A : NIF
IF(IN=BXX0110XXXX) : GOSUB ZDOWN : JOGO0000 - INFNC4-A : NIF
IF(IN=BXX0111XXXX) : GOSUB QCW : JOGO000 : INFNC5-A : NIF
IF(IN=BXX0010XXXX) : GOSUB QCCW  : JOGO0000 : INFNC5-A : NIF
[F(IN=BXXXXXX1XXX) : GOSUB CWELD®6 : NIF

IF(IN=BOX000X00X0) : GOTO SETUPP : NIF

IF(IN=B01000X0001) : GOSUB HOMP . NIF

LN

END

;*********** ]OG MODE PROGRAM **kxrrkikxss
DEL XUP

DEF XUP ;X-AXIS UP JOGGING
JOG1000 : INFNC3-1K

END

DEL XDOWN ;X-AXIS DOWN JOGGING
DEF XDOWN

JOG1000 : INFNC4-1)

END

DEL YLEFT ;Y-AXIS LIFT JOGGING
DEF YLEFT

JOGO010Q . INFNC3-2K
END

DEL YRIGHT ;Y-AXIS LIFT JOGGING
DEF YRIGHT

JOG0100 - INFNC3-2]

END

DEL ZUP ;Z2-AXIS UP JOGGING
DEF ZUP

JOGO0010 : INFNC4-3K

END

DEL ZDOWN ,Z-AXIS DOWN JOGGING
DEF ZDOWN

JOGO010 : INFNC4-3]

END
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E 3.12 AAAZTHE AAZZ2 IR (ASH)

IDEL QCW Q-AXIS CW JOGGING
IDEF QCW

JOG0001 : INFNC5-4]

END

DEL QCCW ,Q-AXIS CCW JOGGING
DEF QCCW
JOGO0001 : INENC5-4K

'END
t

L s S s e
’

DEL HOMP ;HOMMING PROGRAM ALL AXIS
DEF HOMP

HOME111

'END

DEL ERR

DEF ERR
GOTO MAINP
END

DEL CWELD6
‘DEF CWELD6

A50,50,50

“ADS50,50,50

f,V,O.S L0.8rps*5Smm/r=4mm/s
t,D,+40000 ;5mm*40000/25000=8mm
1V0.4,04,0.4 ;2mmy/s

iD,+5000,-5000 ;1lmm

OUTX1

GO0110

D+3750,+3750,-3750 ;0 75mm
GO1110

D+6500 . 1 3mm .
GO1000

‘D+3750,-3750,+3750

GO1110

D,-5000,+5000

GO0110

OouTXo

,D,-40000

D-14000

‘GO1000

END
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3. AAAEH T A =4

HdolxgHeAe] 7aey Fx AL WS F8F g et
Qutr e s Ao AL 2 ALFF & gulE 24 drt HolH %
AdAe 8% 27t dojpaA AL Eo)7] §Hel F¥A}. 7A
HdojA &Rl glolA SFaFert & Wz dojuAl ebd §4 55}
¢ Eold A, At oz ArlolafAHdAA E7HAE ALt S0
e $HSSUS $5EFS 4A LofvAl & Eot. dolA &3 FelA
B £HAER st FLF LERITE o|FolR o} 3}y, Folx|e
Uz E53 55t FH7 A= dASA 2 o HAHo &3] o] Fo
Al B Aeld}.

Tee joint °412] dHojx&H L 53] Ao w33 7|8y F
ZE 7HAA el ol § LA R FEEkA JAL A &¢vl(aspect
ratio)7t € A% AF LASHA =He, 4487t FE AL & v=Fo] YS
5 $AHE dHAo] AXA dHI S BAZ F£ Q. d7)4 YA wE9
A A A2} HEDe] 2HFZANAE 29 3.1.19048 o] AAAMFZE A

BE AH-&3td #HolAEAHT AL, IAEE AFAFAA AARR] &4

uetx P Aol oy FFH T dE §<Yvl(aspect ratio)dlA =
WHZ 0.3 AEAAAH LS F7F dR2n, 53 AARH Lok A8 F F
A2 dAXE FrHEY] AT BY o] FFERE A= B SelA E o

23 AAA A P HH L Jhestd BE $4€E & Qe #x¥
e 7} o] F ol vl -9 o] A o]},

3P 3.1.6% #HolA & ol-dsley SFuto v HojHE ZAANAET U
ANAMBES] A B +=F AHE3le HAd® £H{IHE BAFI glev,
53] B 7% A$ #olA7}t AdF2r EoilA £§dH BEEGS RAF
itk 29 3.1.72 AAATZ B A5 #HolA u A A A < 35
ol 4] WilE root face AolE ZAsIY I, T3 root face Zolo] w2 &

49 I F4sigd. o] AF #HolHEHo| Fr13te] dug} root face 2

et

-

ofo
)
i
AN
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ol A =T F4L FHEE ¢ F AT 94714 B FR9 A A
< HA3E7 faAdE 29 3.1.73 Zel dHelAEY 80WelA
100W 9= root face Z°]7} 0.8mm °lv, £<4- 0.3mmelA L},

et
¥ x:ﬂg»);;‘
o g
"

N “w{ﬁ:‘;&« ""n’g

Rt }@c‘;‘g
e WP

ot . T
LY
~. , >

B e

ARk .-.:v,"“"-‘

fa

BkH
Ry

S
3, I RSE «
EIEL

29 3.1.6 HolAE o] &3 AAMEAHIH (X50)
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Length of root face, L [mm]

11 0.6

- Optical fiber: 400 um |
®
vl | o ponomerroctiace | Focatengt 75 mm
Travel speed. 180 F d05
X . T
09| W E
i 404 O-
=
sl
o8| i &
T
- {03 &
L4
07} [\
b
]
| | =4
[
402
06
0.5 - ! . 1 . L . L . L . 0.1
40 60 80 100 120 140 160

Laser power [W]

298 3.1.7 AAAFZ B2l &9 root face Zo] L 8949 A3k
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2% 3.1.82 FAF 400umS o] & A2ARel-4 AAAFE Ash
B H2 S£HUE JAZHE HAFV] 4 ot oA H2F &
2.5ms, BTG E& OW=R 34 o, v|=F2 0.9mm °]F 2= e o
o} 29]98](aspect ratio)= AR 0.322 eyl 29 3.1.9¢04 8} 7o)
AN2Z2el-4 AR RELAHI EHLH GAFHNE BgF2 Yot
ol ¥§FP A=A £HEE 280mm/min. BFEY 80W, A3l
A& 8] ol

3P 3.1.8%14 & F dKo] HOlAHE 45° WFLR AN o AL
£4e3 A2 AFh} AAAFER A AS$ TE rootHANA ge]
£ RFo] veld £ gt ol T EUYRFE YA o7 fAsAE vt
T AE5RTA XA AL FAA ek shu, o] @& ¥ 3.1.2¢9 A
S AT AAs HestA dd. =3 ARAHF= B AF, ARAE
HellAd & o REHez S3d HFSEg 3= dHo] FEY AE
a2uE AR Ye] A, £3 RAEHPANE T AL JAA 4

4 2

Qi oz dduAzdA FJEFHR A R Ed Fol HA
B 24AE st Aol of Vg wez dA Q. I olf{E oAt
39¢E(U0)E thfolet st 7I1E 4 ¢ 43, Ax $ol4, &4
Aol A &4 £Y F A7 dEolch FAF olHF e HEH9
FA T wll$- ghobA HE[RI} AN Aolst Wl F FL I 4T FA
o] Be3}r2 XA &3] MF 7}EE AxI|Eolch. AAR HdE
Az 2ZAAF o BFo Aol wl$ Frl W Fel, olue] FHo] 0.05
N4 0.125mm ZAEZ "} sivels 714 A2 s A AYe] F
g £ g} ol I B FAS} wl$ grelA] 2 dF gt x I
H34e) WAL W3e dod. ok ol AP P FA HYo) A
2 HAER FEF o] FojAo} g}
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(B: 713 A A))

}33 A} (X8)
1.8 #HolAHE o] &3 AAAHEH WAZe oA
7% 3.1.
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dojA 44 FAgA Y FARFES 7|8H o= o] FHYPo] B4
g A4 HE Zdstd E o o 3
o] EAQ AFP=e] ZHAYE vEsd o)A A A
ARA A D] gapo]l Wj$ F8F AL P} ol TAWS
17t Al AdAzA &d £ g Kol ok wad 44
Wupct AHe] Ze wtet FGAst Ao AR FAst ek st =A
of slch. wteba] #HolH AN SdF el IS FE= FTAHSFRE
Az, B37tx $HAEE 3 AAAAH gap A & F F£ 2
U, 971 dAdsEe] A HEFe gap AEo] E §9 FAo)
@A Wt geol Btow, obgy £ Fe B AR A BB
o] QAYPer A AFAdE Lol Bt

23 3.1.9% #AelAEY 60W, 80WE AASA st XA 3
H3e] gap Al E 0.05mm A Lo2 WA o $H=HE Yol & AY
HAolrt. ¥ AYPeAM ZHe A= ADIHNA olfuldte® 1mm A=
2 o) Fsle AP FYsHct. 1Y 3.1.9904 & F dXo] gapel FE&SF
g 24l AAE el 92w, FHolHEY 60WS 0WeAHE A3l
A & Aol BAFA] oa At d71A HE5FAZ 2)AH Aele] HH L
Tbedtd A HAAZ e £ £y H FUT Ao BdAg
29 3.1.102 FAALE F/HEE W &, dolAEI L H3NZ W d=
52 $9% e FA3Eg AR Aol A7A SHHY ) SA Y
< 2RAY AFREG e FEOA 120° B R 3 SH2 JF
A2 gt 23 3.1.10901x4 8k ol HolAEHe o Wy (EHF
A5F 973-24A9 FABF 97)e EY 80W olsleA WA AR
w2 0.02mm °l¥, 53] S AHAANE £HA AFARG ByEs &
ol o] W ko] ozt ARNE ¢ F gt} olu I EHA AN HFE

ol
=2
A3 2HFAHY o)FEEE F9 280mme R stgic).
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mm)

Penetration depth (p

| o laser power 60W Optical fiber (Sl) 400 um
& laser power 80 W Focal length : 95 mm
04 .. — — ..Travel speed : 180 F
aH
A 4
- O
0.3 |-
| o L 2
0.2 >
01}
0_0 Sl P 1
0.0 0.1 0.2

Gap between bearing pad and tube (d:mm)

a9 3.1.9 AAAA|HAS gapoll W& 8¢ vz
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Transverse shrinkage (D'-D:mm)

0.8

o
o

o
P

o
[\

0.0

A | start of weld line
A : end of weld line

Optical fiber(Sl) : 400 uim
Pulse width : 2.5 ms

Pulse frequency : 10 pps

i
A
A
[
il e I I T T T T T T R A ..............................
{ A
o 2
4 L 1 " 1 L 1
60 80 100 120
Laser power (Watt)

a9 3.1.10 dHelx 2 o2 4y wl=m
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Al 22 AAAGH T ASAE

L uAZRE 2 dAd

Az2ggol-4 AAMEHFE] vAAE AFS wAZF A3 A%
Had A"EE 35 100g9) WA vA A 7] (microhardness
tester)E A-&AZ, 13 3.2.194904 JdetWRe] ARl mhe)A 0.2mm
olE HAXF AHAA §FF FHAREEY EAAR d$H 22 0.2mm
ez FASGG. oW SR =75} wWi$ FY] @& 2z 3 s
APgHelA AEAE FASY 2 HAFF2E Hegdd. =3 AAALRA
29 FEAE S A8 %8S FIEY 2 E ¢&F 55Mpa 7= sHElgl o,
A gazle] A Aol vx]7b 175] olst Ax] #FQAF F ANFH L ARANFH7) 9
7tEAA G At FREAL. A7 sEDe] SAEYF AYEES
0.23 MPa/sec +£0.02 MPa/secE HES UAAE7 S A9 #5492 o
7HA AL EEE A F AAAEe] HAFHAGEe] 7IS5A A o]
9 HdstdAxE 2 AAEL APHE AAs FHd RZF L (bulge)o] 2
ot XA stddE FHAAIAe] AE[EAW] WFHlE FAHslo H=
gt 94714 HAFLAE(UBS)E oh&2] AeA AArs] g},

P-D,
2T (1)

UBS=

4714, P A FALY D; S wB] FENA To2HE AFRTA o0
£, Astd A E(UBE)ES Aol -2l A ek,

wm=(Q
7['

)><100(/) (2)
A7) A, ;i A B 9 RAFZo|
Dy HET B §F 37

ol AAAEH FHLAAPL HolAHEHTANA st LS
.]

woyd AR g2 Hrpdd
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29 3.2.2% dHolAE &% AAAFE A ¢t B 2 HyojF e
2 3 4749 B4 SAXE vlmstq yehd Fojdk. I3 3.2.290 4 2%
Zol AAALHN] AEE BA, 4@y 2L L§Y €25 dFFH
oA &Rt 2 WAE AEsd. 2 A o)A E o] 8T AAATE
As}t Bellx A=z ZA7F 180414 200 e £XE Heolw, §§4
A= 250°14 290 HAH A Jellin, =3 AR 200414 240
Axe] £X & Mol ggict. wtHdl Ho]AS o]&F AJF viAAE
AL dAger HolALA R ZAExe} HPFA 3094 40 A=
2 =4 Jveryd.

[brazing]

29 321 #Held 2 nHelRE o] & WAAEY 91
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240 |-

160 |

120

Vickers Hardness [100g]

8
T
L
I

Distance from center of welds {mm]}

1% 3.2.2 HeolA 2 HEolAS ol&F uAAEA v
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AzA ERAEY LAY AA SLAFTE A9 Ed R 3214044
Zo) A2oA SLARF A9 NPH HoAdZE R FHosgdA
ol M= A= ey, HusddAl g HFFAE 36% 22 e, o]
d AHgd EHAELS AAAMFZE Ast FEE8HE Feld. 29 3.2.32 3t
AN T st AAA FHPES BdE BAF2 gt

E 3.2.1 AAAEH Ao sdAy 45

Specimen | ensions | O UBE(%)

No. ) (MPa) ;
1(A-P) 556 38.6
2(A-P) 13.08(0.D) x 548 37.2
AP 12.24(LD) x 150mm[ 367
4(A-P) 563 39.2
5(A-P) 542 36.0
6(A-P) 534 35.8
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=
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=
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23 3.2.5% autoclave WA z+z} 7, 35%¢°] ¢ AHe] EHRE
Fetdu) o 8o st FAY A3 dAFR] BAF JAd e
Ae BA o8 Sojidg #A™ & ddoy Aol zde ue} =53
o] Mzol Wz AL FLE & ddoh. deb FAXNZ & AFE
o] MWzt Ag 799 A% AL HMer WY F ALo] A

< N2 whgo] 3ot
£ 322 AAALH AEFY FAAY =3

[

Type|Specimen No.|Laser power(W) {Quan't (EA) Remarks

1-1(P)

1-2(A) 80 3 .
1-3(A) ® 400, 1500psi

2-1(P) @ Steam condition

A 2-2(A) 120 3 e Interval: 7/ 20/ 30 days
2-3(A)
3-1(P)
3-2(A) 160 3
3-3(A) A: All rounded welds
4-1(A)
4-2(P)
5-1(A)
5-2(P)
6-1(A)
6-2(P)

P: partial welds

80 2

120 2

160 2

a9 3.2.4 ANE2BIo)-4 BANY Az
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120W
P)
G s el EER
0 day after
B
120W
P)

0 day after

7 days after

20 days after

29 325 FAAz 4& £HANe] A A
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3. A x3E AF

AA A A Bl dolAE o}&% Zircaloy-4 £RBH9 IF&
A& 7122 3tq 48 2r|2 @k 29 3.2.6 BHolA 2 oA
$&452 mlelazzAo] Yelyl wighto| Zircaloy-4 3 &3z} )] A A}e]
A FAARE TIT AP A xF H3E BA, HAZ, 292 &3
S €28 TR 29 3.2.6 (a) A Zo] Zr+Be FA WS o]
43 BolARSs A¥AA FAHAY 32 Fx4A (dendrite)e] B
ol AMAGANA LAt oldl x| AL ARE BA A Bo]
ARE YAstq AR, deials BolA Rl Fdda PAsdc).
E3 BEojA N A EARE Byo]A s Ale] F(95THA 20 sy
F W)l g AAD vz 2E Widmanstitten® 2 A FIA 2
Hebdle. st 29 3.26 (a)sh Rl @ -Zr plate7t AE A7
basketweave He]e] vlA =2 g RoF . F& FIE a -plateS o)
A2 FY3F Fd o] E(parallel plate) == o] A= gdc}.

19 3.2.6 (b oA &R Y2 5AQA o}F gL FH{ANT 9L
o] EHFTALE $H5It A L4 R YAEES] o} F wzmE 2§47
ol = W=Rc<k(lenticular)?] martensitic @ ' plate7} AAHAG. 28|32
Aaggol-4 FEZJI FHFEA )Y AAZ ZAE vAzLe YJRE
a AAYPo] WAL a +f A 4o sldd F ZAAYYPo] AAHojH =B
%3 =717 EFAA R Jer e 9l
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Sexirte cie ® b aidasats

P E e ot

e

R

[b: laser welding]

¥ 3.26 HeolA o dAoAE o)l & AxA FFPHA (X50)
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A 3A AAA S35 HA

1. SAAA Nad 74

AAANE 42 SQRE Tde 3A¥e ddE ARAS FLD
Aole AL fAR WHEY BES AWM SR AT, YRS BF
=

o2 Qg HEBe) AFA PRI 4L BN VY. SN2 F42 dQ=w
3 A=A AAAE Bdold WEez A¥A. nHR WPe SAo)
AR WY S ALY B oy TAol Pate] olo] WT A g

Nd:YAG #lelAd] o= &4 AAA S35 oAZHdL visidzgez
AAER7] s X-A FAREE H-L355d.

At e g xAA HFY AAAE HAAFRY $lstqd FEIH 3 A
g, 714" A3 2L AP A D £ dFdAE £3 vleol=
Zo] 2~3 mmol E3E &4 4 Wi vAERE vgH R Fast
3 ARAA SRS AAPE F}QlEr] s ddawy Fdvp) $£HR A
Ale] F8-% wp 9= wloj]aRxFAL X-A FRAPS A 39 dH15]. A
A SFH R T vlo)lABRI AL X-A FHAAE S 9§ mlo|lazIAA
X-A BAAx, 2¥3% image intensifierst ¥l 2 7vie}, DUPIC 34
B A 2 dA3FYFANRE FAD XA FAAFZAE ALt
o] Al Al 2"ES o] &3le, NA:YAG #HeolAe os) - AA &4
Kol A3E HASAG. SHF EAs= S ALHA AAII] A
3o FAATES HEFozy Adrol=st Fhsn EE-XEV] A
A8 X-A 44E& g5sigen] Add GAE ol & AAA SAF
ZAsts 2 FEsg. delAdd o3 &HE AAA SR AP
A vlolazxAL X-A AAES AHEFgozy F5p24 dds5F

AAA B R HAA AL ARG £ A A2 JdEd.
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AL FFE GArE AAA SHY X-4A FAAz2ge a9
3.3.18] FAEANA E & AT visl Feo] welazzAs X-A4 TYAEH,
X-4 image intensifier, ¥t 2 Jivigl ¥ BUH, A5y JAF= £
AR 2 FAHGD. 29 3.3.29 wlojaR A2 X-A Az
FEINFOCUS®] FXE160.23K 2924, 20~160 kVe] Atz Hd 1
mA¢e] FAF, 2 o 10 pm oY HXx 2 AaNE Fed. X-A

e

image intensifiere X-4 44& B393R HIAAFE A22 X-A
AEH A7 220 mmolx £35S 40~60 lines/cme]t}. W 3
g AL vge sivetE F3 CRT BEU¥H daxZdolfg Ay 4433
Ao AEEo] HeEdeh X-A 93 Yty os gL WYL ZE X
et glon 97 £37F 2x EE7] W Eel uA 29 AEE £
Al 37] §iste] QRAEEA s AAE 5} sk AAAAZA
o4 512x512x8 v &S] FisE /I FAAYRE=E F3 X-A 44

J)

<+ 539, 59 X-4 9L average®t histogram equalization <A+
AYE 53 ddxol=xy}l FiHI ZEFHLES MAAEY AAH Q3L
AAZ AFA A ol gl dRY JAAANE oY ZEAAH A A A
|3 E A RS d5EE jAANL & Qi

¥2

Camera

B/W Monitor
Image
Intensifier L

Image Intensifier

Controfler/
Fuel
ETT\L Elemen Motion Power
Fuel Element Controller
Rotator
VG A Monitor
HT Generator
~ray
Linear X-rav Cooling/Vacuum Co)r(nroiler/ | Image
2 System
Guide | Generator 3 Power Processor
X-ray Shield Cabinet X-ray Imaging Sy stem Controller X-ray [mage Processor

23 3.3.1 AANALAHE X-A ANz FAE



29 3.3.2 AAA £3E X-A HAA=H

2. AR AL R FA 24
F42 dQnye Exd AR AAAEL 19 333% el AW
AzA AL 2de =2HES =Hdd. FAMAE AxH7) A

Aol Pt AAAS AAL FERH FL Zircaloy-4 AW 2 Axd
o. FFEY 500 W, 33 1.06 ume] F23 Nd:YAG #He|AA =3 2
o}z] 73 600 pm ¥ 800 pm, ZA°] 20 me ¥ A¥x3y FHF=E FAL
oA AEAx 2 AdFEEA7d SHAHE ol &3ty AAAE £43HH
t}. 1% 3.3.4% Nd:YAG #olAel 93 dgi Idd £39 A 9
#He HolFd
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BRAZED BEARING PAD

===

SPACER  RESISTANCE WELDED

"

e

19 333 FTTES HAE A EYE

2% 3.3.4 #HolA & o] &3 Zircaloy-4 AXALH MZ
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X-A ¥ A+ 4 04~3 mmelth. AE 753 AFY ave
T3 A9 o 1% AxeBE, X-A HAAR FE/Med Ay e 7
Z} 6~30 nm AXelvt. Ade] AJIE FAHU] S8 A 50 nme) FA
< £3 Edd FFsgdd. X-A AAE S8 AL e g9 ds
< A% AR g8 3605 ol A= X-A F3 JAe 13
E BUHe] da&de)se] AXNZem HaHg, X-A £33 94 R
BHog dAAIAze] dAAUREY o3 5" T AFe =g
el A4 Fell= AR5y JAAYI ol o8 Ao AUY AA
o o]-g€d. 1§ 335 AAA FHEE ALIA FASI] 4T 75
2 WX E B FEd. X-A TR} dRF Aol AYE 20 mm, X-A
Az 2} 23Y Aele] AYE 450 mmE ZAHFHY 29 o] oje) wj &L
of 22.50|ct. FAYGF FAFE HAHY X-4A 42E 27 Ssdg 4
140~150 kV, 30 pA HSledx =R, 23 3.3.62 e FH
wE X-A dAAxe] 23 =37] 548 EgEd. X-A 244X €
ADL Pd=wleoln, £HF o FAxAANA X-A &4 Fd 4.5 Weldl.
olg]g HAl A X-A TP 9] 2Rarne 10pm °ojst= F=]

ol

o

Camera

T o
AU
=8
MRS

.....

R - mage intensifier
R
RS
BREMRIG [ AR
BN O
Weld Point

==

Beanng Pad

X-ray Beam

Micro-focus X-ray Generator

2% 335 AAAGHFE ALHAAE 9 7lseby wix]
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Input Power [ W )

Focal spot size
10* —
10°
-
bt
10°
/’ >
10’
7
L
10° »
1 m 10 pm 100 um 1 mm
— Tungsten target Titanium target
........ Molybdenum target

a9 3.3.6 X-A PR 2=AH=37)

A A A EHFe) X-A 94L& 23 3.3.778 2. 2F 3.3.7(a)NA &
F A= g} o] WA X-A 4L 2L WP Z2E EFEHI 9o
A¢E AE37I foldx] gk, a8yt average®t histogram
equalization @2 E T3 MY 44 2¢ & 9oy o]E 539 2
e SolstAl HEE 4 sldh. Averages FA G s A M A
LE<S 5T F 449 Axd A HES T AAAHYE R o)
71 S HEF AT 49 Az Hsvl gy Adkel= Az A
e o8 =N} /MR F2"[16]). ¥ 3.3.7(c)= average 9
A 7)ol H4d SHY d3S BRogF. Histogram equalization
dde] Byl £XE AR AP oRy e FER2EE A
AlA G AEEE F7HAAGH17]. dubEqd 93 #ek o 53 X-
A QAL SEGX2E} Yol dAT By A4 dojest AFH A= €

A& B 4 9rtl. Histogram equalization& dHolgl7} AFs] 9= 97

¢
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dgS BRAF L 24 o dolgrt AFHA G 4492 F32AA A
AHQ Y] 9L dstsiA] gAG volHE AA ¥y 99422 A
Z 4 gl ol F 53 TEYF2EV} MAdse] AWT XS H5F 5 9
t}. ¥ 3.3.7(b)= histogram equalization 7]¥ ¢l &3] EEIX2E7} )
AE QA3E B FE}. Average®} histogram equalization 718E& <44
22 AHEFeFH dYXolErt A4 AWEI FUE 43S ¥
3.3.7(d)s} o]l d& 4 vl

a9 337 X-A 924 (a) 992 (b) Histogram equalized image

(c) Averaged image (d) Averaged and histogram equalized image

2A0) FAH FLdT BY] £ JHA A 3L 4] %9 24
3 FAFE 27 150 kV, 50 pAR A AAH FHE FA AL
Satgich. Zpzbe] AAA SR W du8s Ho] WIS ol FA
DA EHYE A Sdgel 27 Wi e Qe FA R
+ z

E99A Feie 2Exoz d=ch AR 4 FF

A
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ot FAN A FFE JdeEa Q. AL 2F HAE f& g5
A A& average e sl ko]=E AANYR 8] BIE 30% AE oE
Z7 38 ¥ histogram equalization X3l AW GAE I 539

Az AL 29 3.3.8% 1Y 3.3.99 el e FHSHd
At Y] AL A 50 pme 1QI FAY g% Aoz A
271 FA 249, A¥dFA3 FARE] AA LA FANE Aol A&
2 ke o Ede] BAE R¥A JlFo] 45 AE=HAG. ol 44
2] JiestA Fzxe vinjx 43R 43 ¥ Aol x 2 AYs}
2A) @3 AAAE FHWe] HE{ TAS DAHA] o} AT AR
Atz getA golA §3§ AAAME H5F Tde JdFA AHR} F
g ZEF AAFs Aol 27

S >

lack of fusion () (b) (c) porosities

a9 3.3.8 A A[A|19 #HolAHEHR FA

(a) AR, (b) FEHF, (c) FIF

(b)
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F5E YARF AAA HolAEHTY AAANES vgHH 2R A7)
f15te A2 X-4 FAAE $HE L5599 2~3 mm F R A A
23 F-E ALsA ZAS vA AE AEEH7] 98 10 pom 2H A019
vl 2R XA X X-A AAA 2L AL Nd:YAG deolAe o3 &3
¥ Zircaloy-4 AAe FFE YAdmF AAA EHF-E HASNAG. AP
AFE Fshd oS3 A

o A28 dg¥e Wi X-4A F34 FAE 0.4~3 mmolns] X-A HA=Z
AE7s3 439 2 a7lE 4~30 im A X0t

e )2 EHRE X-A T} QAL o]lEsiod AXNPoR FAY 9]
oo, w3 ezlql wWAlew AR AXNA average$t histogram
equalization 1Me d&H R ALgoeny dYPxo|=rt iy A9
E7F 1 43S T AAT JAAE £ 5 gl

oA X-A 73 44& 47 st #AYH FA[F= 4T 140~
150 kV, 30 pA WA =AFN e X-A ddgx)e] 23 27| 10 1
m °| 37} FAFHNEF

oX-4 FHAY A HolAe) o)) SRY AR LRRE) AARE)
A Aol AE=HA] gy 24 R 7|Feo] & HEHA.

enfo]ZRXFAXL X-A HAAI &S #HolAd os) 23dd A EHF
2ot opzt 7AHA e AY AANE HLFoRH FH2 L ddEE AA
Al R A AT A T A4 FAE NG £ 9& Ae=E Ui
o},

i,
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M4z @ o=

2 A7 23 HolARAHINE ol&dd F42Y Ydghe R
Ago A3 A A e} g B3R EHASZE =AFY] s 2A(Y #HolHA
LH3AEE YS9t oo wE A8 E AANAMRFAES AT AEA
zte] $H4AAE ol g} o] A A A Tl

AAE FAZA Bid 29 AAAFFEC i $HIH =
D el S T3 FHH2oE FE AYsd. ol & 3o YA
H-ZE] g 73, AAALH T AT 71AF AP 2 ok
HE AT 2T Fue] AAMEFE AT BeHolATAH 2 2AHT
Aol FAAHE AESA olF FAgxAd AT A 7kx] LH B w]H
= 9%E =439

SAZ 242 AP A< 2 A BFe AT HolAAL
o] s}, olad A2 S ulges ste] Nd:YAG #HeolAE o] %
3t oA 7 400 um® JFAF AEFEAR], FHEEE, £HAAE 2 A9
F 5o FH77 AAAH L AdEgd. 23 HolAFE ol&¥ =2
Z2ol-4 AAA-EH HALEYH vol=& 7] MM HIEY 80 W,

2% 2.5 ms, ¥5& 10pps, oy A= 8J°] Hojof 3, ojuf {3
&5 & 280mm/min. & JA| Holo} 3ir},
AR R AN=2ZRo]-4 AAAMFEZFE YT HolAEHUETY AFS
FPslgon, oje] o j=2F=2ol-4 AAALEH] AFxAH} L+FHFY
EA4E £4sdd. =% ddsAys IS 43 AAA F2F A &
dolA-§QdM = AXAMUE A9 AAF R AAANHE B #7138 £3
o] fE]¥ AR ) X=2ZARol-4 AR EHFY ofzFH FA
o] osld £ABo puzEAdiE @W=ERFe] martensitic ¢ ‘9
Widmanstitten ej] EFxA o2 Yelyion] Heo]ARoxs AYH
d FAR $ZAY FA A A (dendrite)o] FFHS] AANAHdAH AAH

Bl

r.YL.L

J
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Ak, of&y HelAE o] E&F AZBRo|-4 AAAHEHL 7IE B oA
79 71AH A2 F2 SHSA2E Y3 s

AEHLE & A4 T2 Q889 AAA 2 IHAFF
Al HolA &R 7€ ojd W AT 54 =AFE F3 doH LA
HHz=AE Y32z sifen, AR YAgFe A AANME &
o] S5 A=A ES (T 718 BFE AANGRIYG. =7 o] A AFH
Tt FF Fe F42E dd8gdA S7EE AAA 2 BFA 7 F
A A28 & sle dHolAEATAL 7EARRE #§E Ao, o}E9
20029 2= VAL ZFA A L3 Jxsd BATA R
7] A% dolA &4 WEARES FHs YR dAFoln, o|F T3 Hol
g3 ALsE AL FAC FTu ALIFTHAANA AR #HolAH
Hrleol 2A3td & JAES B A7HQA eNLe FAT Al
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