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In decommissioning works of the Fukushima Daiichi nuclear power station, it is
required that fuel debris solidifying mixed materials of fuels and in-vessel structures should
be removed. The fuel debris is considered to have characteristics, such as indefinite shapes,
porous bodies, multi-compositions, higher hardness, etc. from the knowledge in the U.S. and
the Three Mile Island nuclear power plant.

Laser lights are characterized by higher power density, local processability, remote
controllability, etc. and can be performed thermal cutting and crushing-up for various
materials which do not depend on fracture toughness.

This report describes a research program and research activities in FY2013 aiming
at developing removal system of fuel debris by the use of laser lights. Main results
obtained from research activities in FY2013 are as follows:

(1) Improvements of experimental infrastructures
A laser scanner was used to measure and reconstruct the geometrical features of an
object in order to clarify the applicability to laser cutting and crushing of indefinite
shapes. Moreover, characteristics of transient temperature on the cutting material
surface are a key factor which directly affects the cutting quality with aim of laser cutting
control. The temperature measurment of cutting zone was performed by thermography
and two color thermometer. Water test and air test were made possible by the
introduction of the water tank.
(2) Characteristics of assist gas flow for laser cutting process
A PIV system was applied to evaluate assist gas flow performances including

momentum flux characteristics for various kerf width conditions simulating laser cutting

% 1 Post-Doctoral Fellow
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situations. The experimental results indicated that gas momentum reaches deeply the
kerf by expanding of the kerf width. From the above results, it was confirmed that the
ratio of the kerf width to the nozzle diameter is one of important parameters for
improvements of laser cutting performances.
(3) Generalization of influence factor on high powered fiber laser cutting performance
To control the laser cutting performance, we have to evaluate an influence of laser
power, cutting velocity and assist gas flow. These parameters need to be discussed
separately divided into heat input and metallic emission. The influence on the cutting
performance of the heat input and the metallic emission were described using response
surface method. From the result, we require consideration of environment because the
influence of these parameters differ according to laser cutting conditions.
(4) Evaluation of transient temperature during laser cutting process
The characteristics of transient temperature are a key factor which directly affects the
cutting quality with aim of laser cutting control. We have evaluated the transient
temperature for different cutting condition in the laser cutting process by using a
thermography and two color thermometer. Results show that the temperature around
laser beam on top surface is different in case of fail cutting compared with success cutting.
The temperature on the top surface fluctuates during laser cutting process with different
cutting parameter. This result is useful for investigation of temperature monitoring in
adaptive control systems laser cutting.
(5) Laser cutting numerical simulation by the SPLICE code
Improvements are continued for a general-purpose three-dimensional thermo-
hydraulics numerical simulation code SPLICE to evaluate gas-liquid-solid consolidated
incompressible viscous flows with a phase change process in various laser applications.
From computational results with the SPLICE code for laser cutting experiments, it was
confirmed that suitable laser irradiation conditions can be estimated efficiently by the
code.
(6) Laser cutting and crushing for indefinite shape and metal-ceramics composite materials
We carried out experiments on laser cutting and crushing in air and under water for
metal-ceramics composite materials with indefiniteness by using the combination of laser
scanner and x-y-z triaxial robot. We determined the moving path of a laser cutting head
and the pattern of laser irradiation by the measured result of surface geometry using a
laser scanner. By cross-sectional observation of the test piece after laser irradiation, it
was observed that laser cutting performance was degraded at the location of large surface
gradient. Therefore, it was suggested that it was necessary to control adequately each
cutting parameters according to surface shape of a cutting object and movements to make

a laser cutting head follow it.

Keyword: Laser Light, Fuel Debris, Remote Control, Laser Cutting and Crushing,

Numerical Simmulation
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3.2 FIMRY—ET T 7 4
3.2.1 FMHE®

L — R« BRE B OB 1, TR - BT ORR T U TV Z A LATTBIE L, ZORBUIIG
CCHENRTA—FDOBRELATIMENDD, 22Tl HEMEEOBRESAOEET=F) T
FTHIDITHRINRE—F ST 7 4 ZEA LT,

3.2.2  FHHIEEL

BB AR AT RIS —F 27T 7 1) 13, WK B & 2 R AR ORI = 1 L & —
. ROVREIR & A ZI2L D "B ROVEHAY 2 RREICT IR TH D, Zhud, Wik &
DI SN DT RN X —DZERGAAZIRET D 2 &2, BANICY —F 277 7 413, MiKrs
RN AT PV TS SN EBHET RV F—2 BT 260 THY  ENEEE L L THAA
Leloh, MERBRITERE AR THE D, (X5)
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Operator

0>

Standard video monitor

Target :
£ Filter Infrared detector = ~T-T-----

Signal processing = -=------

LEN

M5 H—F7T7 1 O

Z O BESO~ v B 7 EARRE T D0, ERNRERZ RIS 00 Y 7 L off
ANARETH D, F—F7 7 7 113, WIKDFTE OFEIED & O = R —/3% — % | eI
ERATRERIFBAMO FIETH D,

ARAMIRIE. 6 IR LD ICHER, v 7 m FANR. AIEDL. X#7e & L RRR O BRI 0 —
SHECTh D, BEANT MVERKT 22 TORREIL, K THEEFT 2 BRIEOF TR F — L [H
HThsd, —F7 77 11F, FORAST MVEIRZFIA L TWD, FRIMREEIE, K< 4o
NS TR RIS b S AL, EARSMER(0.75-3um) . RSN (3-6um). HEARSME (6-15um), HEiEARI:
i (15-100pm) 2> HAEEISBIREN D, AFFETHEALZY—F 27T 7 1%, BmBRIRO AT b
JVHEI A E 35 6),

Visible
X-ray UV Infrared EMicrowaves Radiowaves
| [ T T | |
104102 1/ 100 10t 106 108 [um]
J,."(Far [nfraré‘d.
] ]
6 15

6 FEME AT v

WiR» B S LD RO BT, BR R ORERE T OMKE LT, 777 OEANC LY K
KDOEHITERSND

(4
Ly = &lyo = W

(%)
A° (e2T — 1)

ZIT, & R G G B L BSTER. B2 BER. A BHBE. Ly o BIRE
HIRECTH D,
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LA LR B, B A TIC R TR S BHE. IR OIREIIKAF T 27210 T < R 0B
TbH D, BEEEMICGHIT 2720 0K b EER /ST 2 —2 1%, > DS S 5 ez R
FTREL LT, ACREOELBARL B ISNDIBHETH D, B, MR LR DIMECRELIIC
BT DHARIZ, 0.1 205 0.95 OHiPHE 225, BB OERTIZ, BETORKEBICIHNT, K
WP 1.0 &7 D b 0% BIEKS, 1.0 REOKSFE2 7T H 0L, KAEKKN & EZRSNS,

3.2.3 HEER O Ok
AW TIE, b— —IRBHERROEE I, ) 7R TR —F 7 T 7 ¢ (FLIR-T640) % fii
H L7,

HDMI cable USB mini

USB HDMI cable

Memory card

X7 HRIREY—F 277 7 ¢ (FLIR-T640)

FLIR-T640 @ =72 f1:4k:

1) IRERERR : -40 ~ 2000°C

2) REESREE @ <0.035C

3)  EEfg () © 640 X 480 pixel
49 ZL—AhlL—}: 30Hz

5) A MR 7.5um ~ 14 pm
6) L XM FEUE 24° ) JLff 45°
T WEREE . +£2°C
TRONTA—HENATITHRET D
1) KR O

2) A RBNTIREE

3) K& LH AT MO

4)  FHxHEE

5 &l
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3.3 (iR
3.3.1 FIHER

L—Y—AWT - B O =2 ) o T E LT b— Y —REHR O AR S R O B iR E D 2L
ZRHi B -0l T EIRER 2 EA LT,

3.3.2 R

ETOMRIZT, ZOWREITN U TEREZ BT 5, ZAIREFHITIE, Mt Sz ERE 5
Eﬁ@2ﬁ§%@ﬂbf@ﬁb\%@%ﬁﬁﬁﬁ&ﬁ%\ﬁ%%@%EME%%ETéﬁ&T%&
¢ 812 2 (AR EEFTF ORI & 7",

Filter Detector
\%1

Al

Target Filter Beam splitter

N

Computer

LENS

Filter Detector
X8 faiRFEF OERKX

THOREFICEWT, ORI, R I L AT I LRS- MBI O R
DA TH->ThH, BIRL7Z OO RZLDWEE (A 1) OBERBEDO AT MVEEDER R 5,
BE T 2ROZ2ENRTED, X (D) L0, LLEERDDIE-OICHEE AT MAERE L BT D
&\

2= (%) eop[2(1- 1)
—h_ (22 — - )
L, (/11 “Plr\n, 4

2

=T, Crv Gy WUBSES B2 BETESL Ay Ay o BERER. Ly Ly, 0 BOEHR
Thod

mrf

il 2 OFLE HEFIEL, IRE DR TH 505, BJRCMMNEs O FERE & IR TH D, b L. BEHENIK
BARRPCEAEOLG AL, XL HREIIEEBRTH D, BE T 13, 2 00RZ5WEOMI AT
FVTRE NS EHTE 5,

_ Cr(A1 — A3) 1
MAy  In(Ly, A3/L;,23)

(3)
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JHT TR SRR &2 DR I 1F V4 = OEAIL W RATERS NS,

A,T = 2.8978 x 1073 (mK) (4)

FTRBRD AR PVEERE, BE, BROBGIE, X (1) RO @) LVRDDHZLNTED,
L— W fE T, EReE OREIX 2000 KL ETHD EHEE SN D, 16> T, AKHFFETIL,
CHREEOWTE R, RAMEIO 1.3 um & 1.55 um 2R L7,

3.3.3 AR M OV 2 A Ak
AWFFE T, L —Y— AW R E N AR ER C9150 — 2 (BRIaAR =27 ) i L7,

(1% 9)

Condensing Optics

Analysis Software

/
OPE.OUT | RED OUT /'O EXT.TRIGIN
BLUE OUT ANALOG IN

9 IREEE C9150-2 (RRAKR h =2 R)

C9150-2 O E 7oAk -
- IREEREHPE 0 800°C ~ 2000°C
Y7V L—F: 100Hz ~ 5kHz
CHEWR R © 1.3 um. 1.55 um
- PIERSE © +£10C
cL—PF =Ry ME: ¢ 1.6 mm

TDOVATATIE, OO DIEEDOHBSEREN, R T + M XA A — Rz X vt &, 1E
WZIRGIR EE L, SHREDLRNLHEIND@,
a

~ In(BR) )

ZIT, a=-1394.25, B=2.6472: fEIFMREK. R: MEHTH D,
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3.4 KFEDEA
3.4.1 FHEB

BIfE, TMI-2 128 267 7 U L L RRRIC, WEE IR FOREIICE O THRET 7Y
ZoE K SETDIRIE T Y T H1E GEK L) 23 MR IRBE OB DR bERFTETH
HLEEZDLNTNDO, E-T, ZHE TOKXPEREIZIIT 2 ISR COFMITIMA, KPR T
IZBWTHRBRICFM 2 ED T BERH D, £ 2T, SFEEIIRPRBRERE O — M2 K PEREE T
(T Z A ATREZR KA 2 A L 72,

3.4.2  JKAEfAR
(1) GIMrakER s

BRI 2 35 1T 2 KT D AMELIS K OVKE N O REE 2 X 10 12779, 4ME 600 mm (L) X 360 mm
(W) x 700 mm (H) | Jx K% & 150 L O/NEOKETH O | WEICITRBRIK A [EE T 2 72D OFEER .,
L—HF =D =P E SN T D, BBRIAERTI 2 S 100 ~ 150 mm FREOE S E THRA L,
BEAF DN T~y RO J ZVERSY D—ERZ& =K SE 12 IRAE TOINTRER 2 F2h L GRBR & T 1% KN 7k
ZHEKT %, UIBRRBRIRICIZT & R b H AMEIRIC & > TKEDWESLO -0, KO A 1T 5 7=
OEENRMSITONTEY, ~y RAEE I3 — MRODASA—HEE o TS, /2, TV A b
T AVERS O KFENDOE S EF 2 M2 572 DICHFE EHHOR—2%2M LT, #7 hOICHEKREIT I,

- MIAYKR (RpiREERA)
MIAVE aYA—L3avLuX ;£ 150
TA—hIUH LUK £300
ARYRE 0.6 mm

—FIAMR
(R KFE 350 I/min)

I—MRDN—
(NyRRI B ERSY)

RS AX 600 mm (L) X 360 mm (W) X 700 mm (H)

BAEE 150 L
AYRRO—%  |X88-Y# 160 mm, Z#h 350 mm

10 /NEAKIE OIS

@K TO L —H— 2% ¥ S
L= = 2% ¢ FEHRFEE 1110879 &9 KO EHEERV AL, L—F—2% ¥+ D CCD
H A TGy & LI HER DK FICALE ST, B S REIE 21T 9.,
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O w b7 — 4

L= —MINvF

KepL —H —2F v F
(NM200UW, Newton Labs#t £4)

X 11 m¢f@v P— R ¥ ¥ TR Ok

3.5 L—H—AF ¥y —xyz3@inARy Nl AT AORE
3.5.1 HPELRT LEFEO B
TMI-2 Otk DEIBEEDE R B IR LERENT K > TER SN mERET 7 VITIRRE T
HO, SOIZZOBRIFEHETAHATH S EBEIN TS, Lo T, ERERERZESTEIUE LY
2T DMZBWTIL, AR OTR A BT DO DMERLETH 0 | Z OFERIERE & 385k L -k
ZRPT DHEVERE (FEAE) ZMMEIC T2 2 ENEE L Z X605, 2013 FEOREHEH CIX, L —
P> 27 DB T D EREMFEZPEICT 5 -0l W IR A RIET 72D L —F— 2%
¥ EZDOERETICMNT Ay REBEISE 5 Z 0N[R2 xyz3tlin ARy b & odfEs 27 A
R LT,

3.5.2 B

B 12 10EHE S AT MM BT DN R~ Y, Ak vy T arite—La=y MILoTxyz3
fil 2 AR N OSEREICE Y T A X v sy REN L CTHEMRYDOAX v o =0 75T H, A%
Y= T RoTHRLNERET — 2427 — XM PC 12XV, 8D 7V v JME, T~
v ROBERRE OREZIT 9 R E LEEBERE Z il v R v MG Aol 7 v 77 bk
L, By haryio—la=y L TEEBRLZEIESED,

~
[ «mBsm> S CE (windows)
- > ! > Q§! l
x-y-z3 BETH#OARYE 7—7 z< Rs-232C i | |

oRyk
avko—jLa=vk

—L—H—MIAvE (Linux)

L—¥
I7AIH
AxyFayk— :SZnTba il Ethernet S
P E
\ avka—jLa=vyk )

K12 L—Y—ZAF ¥ —xyz3filinRy Nl AT LAORER
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3.5.3 {5 B 7R AL ERE R

L—HP—=2F % FnbOIRT —Z 20 Liza By MBEIRFOII T~y KON E R % 6 51
WRDT-FERZK 131077 T, fBFEE LTIE, BEFTICROBRW T L — MO 8%
AN DZEHER L, KERBICHETL—F— 2% ¥ FHOTH 300 mm ESHIEL, H5
NIZRBET — 2K L T3DET V7Y 7 haHWTREMIROET U v 7 E4TV, Kifi EOTUL
RS (P1, P2) & 2T S\ IR OMLEERE (P8, P4) 2#EI0 LTz, KIEET —% %0
LTI~y FEEMESE, S E OThEZ R Lz, XY FHEF IOV TIE P3, P4LET
DMLy RHA RN 7 TRBAEOT I EL B CHEGE L. Z & S HF o T vaEiIki# 7 — i
Ko THERZITo72, P3, P4 DEFIZHOWVWT XY FROTHERITBBLZ 05 mm L FTHY, Z
FHNZ DWW TIEE40.2 mm OTHNETH -7,

( A
CMEARZPEEBBLOHBEBEE> <EwEARPBAAS
. /:'77#22(/ T =) A
I \ 120
L—HF—mIAvR 60 30
=YW ] P3Y _ (59.9) m%
o T tm ]
o * NP1 o
N 3 -:
HIEX Y S
B :mm 60 30
(SHE@F IR /ER (LB MENE
L \_ HHE:sUs304, RERK: FE J )
(< RFNFTF—5hDOPL~PIEREOBILL > < tEmE> 2 men 2eom |
LFEY T 20BMT || X YBRoGEThE> e 1
BRET =TI 2EDRE AX AY  HAF
1ZERZE:0.05 mm P3  |1+051LLF][+051LLF| -
| &=AEEE 0.25mm P4 |1+051LLF| 051U F
| fEEouET nE > AY AX
FEY—T 2\DR B E AZ X 5 <X
i pP1 +0.20 T
TS DBEDSME R P2 | +0.20 T F MIAE/ZL
3DEF UV TV o B mm ~ .
-P1 P2 B (F R e i B o)y — S TAIE

( -P3.PALEILPLPALEE EICLIREHIE A )

13 FIRT — X & eI LN~ v REVERF ONLE RS B 0O fesB S 5
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4. @RIEWITEREIC R E KT T 7 v A b A AR O R F AT

4.1 HW

PREEE PR S DS VAR & U 7RRE CRHEERE L7 RET 7 U ICiE  TMI-2 O RO B4 m L L
TOMWE Z RO AT 5 AR RIB S TR Y BT 7 U OB LICIZEREI 12555
WWMERE D B L 22 D, WWNEN OISR Z PN T 28, 7 VA M RITENORIE (KT 77
A ) DM K> THRAPZET D720 B EREOBENEN LI L 22D LEZ BN D, AETIE,
WWWIMERBIC R & < B %E 52 DR L REM &2 /3T A —2 L LTT VR M AR O T EhFEED
A 21T 9

4.2 FEBRGER LOSM

U — P —VEWTC K 2 VR 2 15 U 7o 3B & M 2 A E W, A T o7, 14 125
B s KONGRS & OMENE 2R3, BRBRIEES 1 13 SEER ISR L 7= 38k 1 (SUS304, #KJE 50 mm) %
M BN Z AT 272Dz T 7 Ui e Lic, BB L7 7 U ARORREZ 2 S,
g2 LTz, RBRMEOBIEIY deap=1,2,4mm & L, EEEiT-o72, / A/LHOIT 3 mm
DLDOEMER LTz, / ANDOEE ST VA N T AERITHRBRTEEA~TRAT 5, AR EHE
785 & L, ViilE Q = 10 L/min (Re = Unozzle dnozale/ v=5000) & L72, Z 2 C. Unozle (L7 A A
AW D 7 ANV H B BOE, dnozate 13/ AV BRE, vIZEROMHERETH D, 7 AV 6B
ARETOERE (X% F47) 1T L=10mm & L7,

L]V S
E L—H——k

TR R

: S J IR ozze= 3 MM
SURYAILL YR = dnozzle

JANLHALA/ILAE
£ Rl N\ . Re=5000
' . RAURATL=10mm
zZ D\ VvV
s T
doap™ 124 mm HFE 50 mm
AMEER :
7Y IR \_ 7~
\

X 14  FEBRTEE N
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15 EBRICH W -k

15 (2SRRI W= BB O AW O H 2R T, i FEC R e 2RO BB HERTE,
FTEOMRE (50 mm)iZkf L TIE X235 55~65 mm & 72> T b, R ORI S 280572
OIZ L —HF =A% ¥ F 2 O THEBTR ORI 21T > 72, £ 2 ICEWEABT OREH S Ra 277,
RICH2MY , AR ORHIFERBEH S PRE (Ao TWD 2 B0 D, £To, HilEl OFRBR T
Th g2 (77 V) OREMEITA 0.06 um Th D,

# 2 MR OFmEH S
E’E z [mm] FEHE Ra [mm]

2.5 50
20.0 228
40.0 333

WAz, FHABEES OFERRIZ OV CRET, FHANZIX PIV (Particle Image Velocimetry : 7 7- {4 it i
HEE) OD% VT RRBRIRIE N O 2 IROTIREE 30 A0 22 1372, b b— PRI I2IRRL 758488 (TSI, 6-Jet
Atomizer Model 9306A) % HWTA U —T7 A A W ERAL L7z b O CEERIER 0.6 um) & FHV, /
OV BB EBNTT A A ARGIZIRA LTc, SFIZIZZ 71O 2 Nd'YAG L —%— (Litron
Lasers, Nano S 50-20P1V, 50 mdJ/pulse, 20 Hz) % i\ 7z, L —H#—iIhF=REN L, Frhb o X
EVV RN L R E - TREE Imm O > — MRIZIKT B, uit%ﬁ{ﬁf'tﬁ@/%q%\ L SRS W
# *Z (Photron, Fastcam SA4, 1024 pixels X 1024 pixels) (FFHHIEIZ* L CTH|RELIZ/R D X 91T
BCfE L, FHAE N O b L—hL - O BGELG DIREE 21T o T, R SIVIZERIZ A FHRNDAE Y EIZ
RAFS NI b D% PC LITHAE LTtk T 21T o7, IREOBRICIE, TVF LT 4 LA V=R L —
% (Quantum composers, Model 9618) (2L > TCL—HF—DHFX A I TN ATOREX A

,13,
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v T DRME L ST,

B E AT OV 7V 7 L—ME 0.1 s & L, EEFEIAICHERE L7 1500 LSy O 5347 %
L7, L= =D L AL At=50ps & L7z, IREMEEIE. RBREKIE S LOR 170
mm X 170 mm & L7z, 2O, FL—HRF-OBEEOFHIFREZ 0.1 pixel &35 & BRRFTE
DEFEITF 0.33m/s & HAELON D,

4.3 FERRER

PIVIZ X &Sz i Eifg L o7 M~y 7% M16 1rT, M16@ kv, /2 XL
B CRLFRAERICE DR b ENTA Y — T F A VDRBASNIZZ ECTHfbENT=T A T
AMEFR DRI AN ~NRAT DR T DR CTE D, £/, P —VRi 7 Z2 LT 572D — bk
DS X0 | EEEEH (RWIE) ORI 7 I7A4 v NE-Z VR TED, ZORT T T4 ORE
FIBENOT & A M AERICEE SN P L—Y R FOBEEZ RO LR NNy 7 7T T K
A XL D720, PIV BLAAT 5 AN E R OES 21T, T OB LR LTz, GO iitE
A 16 (b) 12”7, FRADNT MAPBREOFEZAZ R L TWD, i BB N TT VA M
AWEFRIN BT 7T A N2 D TICHEFREAMEN TV DR TR TE D, ZHUE, IERNOT VA R F
AMGRN KT T4 L DEBELEZITTWDH I EERBLTND,

(a) AIfALHE{ (b) HEST ML~
B 16 7 A bH RAEFRO AR L OWES

Z 2T RHANC X V15 D AT BRI EE D & SR AT A SR 6D | LURIAT o 727 7 U /VELR E OFE 3R
WL 5 2 & TR E RIS N T VA N AR KE T8 EZ T, K17 [QERIC XL 5
T YA NI AMEGE OO A OB b A T, BRI A LN A z=0mm LEFKL, z=10
mm ([ZHF DT A N AERO B HEFEIC K o COREHRLTED R b 21T > 72, PARIAT
ST 7 VVEGRBEOFER & T 5 & PO IEEA AL TIRREFRBRETH 525, z = 30
mm THK 30%J8A L7z, ZAVFRABRITES O F M S 03 M K 2 BE M EE R R EIC K & < %8
LTWoEEZLND, £7o, W 2, 4 mm OF0HEHIE H R & A~ CRE O M Hl S
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TWD, ZAUE, #E 1 mm &HAATHEE 2,4 mm OBEREEROZRI/NE 720 0Bk
FE DBEM N FNT K o THPHIA D& AT L D7 & A N AR O EE B OILE IR S 2 7z
WIS, 77 U VEGRE ORER® & RRICIREA O L EDSHER Sz B2 bh b,

/X)L EAO EHO
N 4 ¥

ny 1.2 ; :
o
10 1
2 . o TSR (G Lmm)
IR W e SRR (HiE2mm)
&
HQE 06 o TSR (HiE4mm)
E; = o e UL RERE GHELmm)
B o, T AemA
H
{1 0

-10 0 10 20 30 40 50 60

BIRSAHM z [mm]

B 17 7 A A ARG O S LR S A (il T R SY)

=

.40
AT TR DT A N H AWEFEOEE 5340 70> HIEN OES) &4 R EEZERF L VAT D

LT DEB RO N SN IZ KT T E RS o7z, ZORE, ENBERE IS 1D 1%
BEHEEE ) CTh Y | RO EE) =~ 3 L F—DEK L U TRERBERBL 2RO, M 18 (TR XS
T HREMEEHR A Z R T, WNOBEE DN i eGE (77 V) 12, HWGEE GERREBRA) 13
HEIE 1 mm CREFBEEIERDK 2458 o T D, BEEIERITRERA Y 7 UL, BB & b
ERARE L RDIFE, BT HHMNA O, HE 1 mm (23 LT, 77 U VERGREKITIERE 2, 4
mm TEAVEFVEEIRR DK 50, T9%I8D L7z, Bt i CIdEnE 2, 4 mm TEALZENK 49, 76%
WA Uiz, ZAUE, HEROIEIRIC LV BER O BEPMER L7 Z L 2R LTV D, T OFEEEHER K ORI
(&0 R C L TR O SRR S, WA IR A PR T 2 7 OB RO JLE S I S, v
— =W OPERER EORTREMENR H D B X b D,

WA, TR 3 2 BEME EEER ) S N~ U7 B Rk (BRI X 72 0 oESh &) 0BG %
B 19 12T, LD, 2 AR L CHIE N FIFREE £ TR 5 & | N TOMEB) & OB KN D
THZENMERRTE D, MHE— 7 AROID 0.67 LK, 1N CTOEEEIEKITH 28% TIZIE—E
LD, ZDOZEnn, J ANVEBITH L TEIE DA 0.6 L EIZPR-D Z &1 K o Tl C O BE i R
X2 EEFROHEREZMEITELLEEZOLND,

phl

>
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120
—— AR
100
——TI)I
T 80
5 60
e
i
40
i
20
0

0.0 0.2 04 06 08 10 1.2 14 16
g/ XIVE -]
18 MR X4 2 B AL

1.0
1K
i 0.8
g
i) 0.6
"
= 04
2
& TTTee—— e
g 0.2
[
ity
0.0

00 02 04 06 08 10 1.2 14 16
&g/ / XIVE []

19 BRI R 2 BEm R ) - A EB) B R (TRt )

EEEOEBIRHTIT, 72 R A AR & > THENOEREEJE I L OEREH IS ABS IR LT 5,
ZOEAWIEN & e R TE B B MaE S A RS R PTEICIREN 23 A U TS~ SR S
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Do ZOWE, FEREEBLSOBERICAE T 58 WS NTEEBRL L 2 5, wReRBYEH oS, B &
DEFEZL Y W ADEDH =R LFX—NHET DDOIFLEE L RVIEENATEDL LT VA MNTAD
JEBUZ K0 BT 7 B &R L C LE W, BTN 72 0 OB &N T 5, 207, B
X D= F— DR LEB RO N T AT DRI T 2 mIERT VA T ADES) &
(i) oD B LD, LD HERICK L TR v R M R EE MG TE UL, B
B ORI £V | HERE T UE DR AR S 41, R~ O EE) B ORIE R B S 4L,
WWERE 3 M LT 5 L EZ2 b D,

4.5 F&

RUENTOT v A N AT OTNG % € mANIAF, HIRCEE A S 2SI o k5 72
R RIAET DD E N,

HETHHL & OIS L0 BRI L . JiEs FE TR OB AR E <725 Z L 3RS T
&l Fo WEENENOFOERIC T TREIIRE < BEEH S ORE SR b TR O
INZ &> TEBIC L 2EBROBRPIHITE o, 2O &b, HEOILEIZ K > THREITK
S, T YA NI AOER RIS ISR £ TRETE SR R S, ZhiR
L= =W OMEREDUEEIC SR N D LE A BND,

,17,



JAEA-Research 2014-018

5. & RIAWTVEREIC B &2 KT N - o — ik

5.1 HM

U— P —UWr TiEZ BT 7 ) B ISR 256 2R ERH o Ry ML —F—I1L~y
RZH0 117 T, mREEREIC L VIEEZIT O RERH LD, ZO%E, HRER EITKIE L72SMEL
DL — P —YS - R ERB IS KR E S B A B2 DTN H D, AE T, L— 2 FH L T4
BERET D358 DE/NT A — X OEBELTM L, AELR EPFET 55 BBV T H, FHICHEEIC
WEIDMT 25 X9 efilflET VoA HIE U IBWERRICHE L 52 58D /RT A —2 DL
TLRREIT D,

5.2 FEBRITIER L O&M

L—H—IE Wi, xyz3 e ARy MM
L —F—INT~y FZEH L=
(®20) , L—¥F =T~y RIZIZ6kW 7
TAN—L =Y =2 L, L— L H
BCT A A (EMZER) 2R T
Too T2 T, @BEEMHREICEEEL 525
e DT A—=2ON, L—¥—)) Ek
BT VA N A REDEEL TN D 7
O, L= —HORBA LR TDOAKR Y |k 20 KW 77 A N— L—HF—Z F -
1T 0.6 mm, A¥ > KA 7L 2 mm T 30 mm JE 0 4 & vl
E LTz, BERA I3 (SS400) TH Y | %
DY A XL 75 mm X 50 mm X t30 mm Th D, HEWITImE L VBB L, L—F—t% 17T mm &
HEE, LV —FEAEIE L, 72720, =YL~y REho / AVEEZB T, %
AR BORE R LPLWHEICIE, BT TL—y - a2F1E LT,

Laser head

___» Direction

(]
]
<

o
o)

(]
+—

(%%}
o
o
<
(%)
(%)

5.3 BRI

2L R K DT, i OB i DAL AT OBLEL 24TV, BI040 5 mm DOH
FICB W TRIARIR S ORIEEIT- T2, WWIEEE % 6 mm/min 7> 5 48 mm/min & HIN S 7248545
KEOH—7MEH,0.66 mm 7> H 0.46 mm LRA IR 720 (BWIAARS B 244 mm 55 11.0 mm
EWD LT, TR EE OB K 0 ABVED B 32 03 ARAER & 72 5 7o 7 O IV Rl B &3 L
A—TMRbRL ol B2 bND, o, WENEE DML O — 7RO T, 73X M RIZ

LWELEZTEBY ., I—T7NEBITHAT LT VA MTAEDEICELY | I—T N ~DOVER4EED
P A5 5, BWREEAM L2 5HA12, EO Fr 2 EOBEMA R 6D, 71— 7 NEIZTIRA
TLT VA MNTABDIKTFNERDO—2LEZZ HND, RIZ, DA% 2kW = 4kW = 6 kW

EEEERIHA, BROA—THED 0.46 mm=0.73 mm=0.99 mm SHML., H7 6 kW DA
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(ZHRITATRE & 72 D & 9 Il 247 5 12

X, v

— W= TR NI AR, WWHEE R ORI ST A — 2 BNEJEOTER., W L7448 B OHE

HICE X DB ERHET 2 L ERH D,
P=2 kw P=2 kw P=2 kw P=2 kw P=4 kW P=6 kw
Q=70 L/min Q=70 L/min Q=70 L/min Q=70 L/min Q=70 L/min Q=70 L/min
%# F=0 mm F=0mm F=0mm F=0mm F=0 mm F=0mm
5=2 mm 5= 2 mm S=2mm S=2mm 5=2 mm 5= 2 mm
V=6 mm/min V=12 mm/min | V=30mm/min | V=48 mm/min | V=48 mm/min | V=48 mm/min

R

B

{8t

T

A

: 52_4.4 mm

5.4 B
2. BRBOWRICEIT 555 A— 5 OFFIETT 5,
BARETOAN Y Mk d LT 5L,

A

ZZT, Pi:

X 21

XU —ZR B [kW/mm?],
LT, LA AR S B 1
E Vimm/s] TBEITIEEZD L, BMEMY7-Y D RLX— F

LSBT 1 O BRI BEABL R O T T

P

P

P: L—¥—H7 kW],

__ P d_4p
d/2?-7 V dav
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ZL—H—H & P,

p:dA
Q:ig
FRESUE
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VFETERE

10 mm

d: ARy FME [mmlTH D,
HEFT AN xt L CABVEIR (B & d) 23,
IR TERSTZENHEKD,
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22T, B BAEAY 20 O 3oL X — [kd/mm?], d: TS D ARG [mm]= 2K >
gL Ve ERNEE [mm/s] TH D,

WO R D > T2 5B 1T, V= — OB RIC K DWINRZR EOBER VAL 72D D5 KSR
TiE, #KEH (SS400) DAEIRKM L T D70, WIERIIBE LR2NLD LT 5,

RybE:d

22 HLHFEY 72D O ANEGE

WIZ, e BOPEHICBET 237 A =2 OFHIiZ1T 9, M 23 IR TR OICH—TRNR ARy ME
EELWEE L TIRAFMZ RS, I—T7NEHBIZWAT H7 A M AEE&EAE RO, =HKLF
— DG LEERIZ, EATHMICH LT, WA (RS dooze) 75 V ORETBEITLZ L0050,
AR 72 0 OE# R M IR TEHETE 5,

M — p Uc dnozzle (8)

%

-
—

ZC.M:EHEE [N-s/mm2], Ue: 7 > &2 M ZdlhHFmALEEE [mm/s]. duosste: / XA [mml.
D VRMOEE [mm/sl. o @ 2 XAV O TORKOEE [kg/mms]| TH 5,

<
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5
L Kk
[> SRR v

> / XA d e
DR U, =

:’b_71lggx?ﬁ'yl~‘i§d———l-y’ Yy v v 1r/|{
P \m}‘ﬁ*ﬁd.d ozzle

X 23 HWALEMBHTZY OT A bHREE T

X 24 27 5[X 26 ([CT R LF— LEBROMMEEZRT, 22T, bV -k S L CREBES
A LIz, MPOOIXERETH Y . AITERHE 50 mm/min (Y5, EREBRAER LD .
L—HF =M OBREEMEETH, I—T7 N LV ERMESBESPEH TE RN E R, TR TR
MEBEOHLZEMEETH, EBEZRMTEARNWI L2 BB Loo, ERIEAMLET 5 X 5 1Tl
BIERL LTz, 22 C. BLEAES 720 O 3 LX — (T LTI ol & U, BALHEREY 72 0 OEH)
BICBAL X 2®koZENILE Lz, 24137 v A FHAFiEE 70 Umin T—E & LT, L—
P R OEWTHEE 2 B ST Th D, WRnREZ R L7256 i Trd kol —+
—H7) 2 kW TIREBIE S 1L, R7EEO0ITET 25, 1234 kW, 6 kW & EF$ 512660, B
Witk S DN ABITIRLS 22D Z L PR CT& 72, £, L——H 2 L7256 13, REIce 513
CYRMHE S OBALNAME L 725 2 L NHERTE 72, K251%, 7V A M HRifiE% 350 Umin T— /&
ELT, b= =R OBEKEEZE S ETLR R T D, K37 A—F OEET, Jiif 70 /min
DEEEREETH LD, JES 30 mm LA EDEEEBI T & 72 S IER L TR Y | WICHBaTae & 72
D EITHIEEIT O MAICIE, R EFF TR T A= RENFRRE 2D, K261 XL —F— %
4kW T—E L L, 7V R M AREL NEBHEZZLES SR TH L, ZogEEs ., Kk
DI, BWIRS ~DORBIIREL 250, L=V —MhEaZ{bIETHGE LR LT, 7V A T
i a AL S I GE OB, WRHR S ~OREN/ NS W LR TE 2, LLEX Y | ik
TRUNIRIL D HESEIATRE & 72 D K 91T/ T A =2 Z i+ -0, L—— 2 —& Ll B2 B5F
EHDLZERRLIRNTH D, Fo, WWREESEBEVEE, L—W—H, 7V A M HAFEZ
L7356 OEEMERE~ORBENRRE L 725 2 00 BWWRIRIIZIGE U TI S DR T A — X Z il
TLOMENRD D,
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/\ V=50 mm/min
30 mmBLE OFFMIDTELTIBHE 3540
} @36-38
34-36
4 kW, 70 |/min e
2 kW, 70 |/min m30-32
40 6 kW, 70 |/min 28-30
32 m26-28
zg m24-26
30 m22-24
E gg 20-22
:‘% g‘z‘ 1820
Bk 20 &~ B16-18
g }2 21 @8 W 14-16
1 19 m12-14
12 N
lg / m10-12
6 ms-10
5 68
0 . K W46
M= pUM, e &ZEI'S‘ 13, 5%7‘? \E _ 4P m24
Vv ﬁéf:ywﬁ@g 0.7 @ dnV mo-2

[N-g/m,‘:;%] 03 ¢4 1&\’37

24 fR¥EE (70 Vmin) TL—HF—H 261 L7256 oS & il

/\ V=50 mm/min

m38-40
©36-38
34-36
m3234
m30-32
28-30
40
38 W 26-28
36
3 W 24-26
32 m22-24
30
— 28 m20-22
E 26 m18-20
£ 2 -
M 22 ®16-18
Bk 20 ™
& 18 < W14-16
16 21 &é‘
® 19 ~D\ mi12-14
&
12
10 / W 10-12
8 m3-10
6
a m6-8
2
o w46
. G \ m2-4
2 17 R
— pUc dnozzle —> B L5 13 A&? E :ﬂ mo0-2
M= v L“Eﬁ%f-uwlié % 07 & dnV
Y& N, 05 o3 Loy

s/mmzp %° 01 H

25 EifE (350 Vmin) TL—W—HDZHIE LIZ5E o ihim
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/\ V=50 mm/min

38-40
©36-38
34-36
m32-34
m30-32
28-30
40
38 m26-28
36
30 24-26
32 m22-24
30
— 28 20-22
E 26 m18-20
£ 2 -
22 16-18
BK 20 ~
4 18 m14-16
16 21 <~§
B, 19 X m12-14
12 N m10-12
10
g m8-10
4 m6-8
é m4-6
7 N
19 1 G \ m2-4
) 1.7 5 3
M= PU e s, e 15 3 ,g& E-= Ar mo0-2
= © noZe hﬁmg 1.1 09 =
v 7‘:‘}0)@§b 20 & v

N'.S/m,?igj 03 o4 33(\’37
26 L—Y—HH—% @kW) TT VA T AZHIEH LI-5E 02l
56 F&®
& B O ORA B OFEIC B3 2 /37 2 — 2 12008k L CRWEMEREZ 7T 5 Z & T &/3F

A —Z ORRE EEANCEHE T 5 i@ L2157, WErsE2SEWIZE, b=y —H), 7TV R A
AEDHENRE L RDTO WWRE BB LSO TN DDNT A —Z &l 5 0B D 5,
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6. <P IR 0 I RE I PR L O R

6.1 HHY

JRF N FEEFTOREILFEICIS W T AEERERBRIEIC L0 ITbh D Z L s HREREICLY L
— P —EW AT O IO DOHIH S AT LOBRENPMLEL D, 5ETHRLIZL DT, L—F — &k
REIE, V—Y—HT), TR MU RE, WWEER E DT A= ZIIRE KGFT D 2 LIRS T
ETWVWD, 2T, koA & 2 Hlr 5461%E & LT, iR OB IEAFEICAE B L. RN
—E7 774 KO 2 AREFEMNT, £OREZHET 2,

6.2 FEBRSGAE

B4 2712, L—H—EWrh O R ERERE OB 2~ L—F =L~y NIZIZ6kW 7 7 A4
— L —+#— (IPGYLP-6000) ##ft L. A¥ > RA 70N 2mm &705 X HIC&E L, RBRh il
TOL—HF—2Ry MRIZ0.6mm Thd, 7 A M RAIEMHELRTHY . L—F =ML~y K
B L —H— L [l CHE L7z, MR I3E & 30 mm O#EH (SS400) Th 5, R & v Bh
L., L—%—¥% 20 mm £EEIE T, L—V—HK2EIL L,

Thermography Two-color thermometer \
[ Laser head
'\y A \:w‘
\sT _______ PO B R et Lo A W .ﬁ _____ —_———
i X Cutting direction
vz
A

Work-piece SS400 &

K 50 x 75 x 30t ! /

27 IREEEHA O X

(1) RIS —F T T 7 4

VSRS DR EE 3 ATRIE 121, RN —E 27 T 7 ¢ (Flir-T640) Z 1 L7z, Bl 1% 640
X 480p1xel’C“?'ﬁ>‘9 71 —ALl—hKE30Hz THDB, V—7 T 7 1%, M28ITRkTLHiT, &
B BEBIC A 25° | BHEE 300 mm B L CRRE L7, IRE A E RIS 5 -0, RIS
v J Ak (E&%ﬂ“%é 10.94) Z@EA L, TOKSREZEMOEEREICER Lz, 512, Eald:
JEOIRLERIEIZ 1T, H=E 0.47 89 &AM L7z,
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FLIR T640

* Temperature range:
40 ~ 2000 C

* Thermal image:
640 X 480 pixel

* Spectra range: 7.5 ~ 14 um

¢ Frame rate: 30 Hz

28 FIMNREY—E ST T 412 K AIRESARE

(2) 2 IR EE

VTR D BRBR 21 O e IR E OWPEITIE, 2 BIRER (C9150-2 1 AR h=2 &) ZflH L
oo 2 @IREERHT, X 29 1R T LD, BB REICKT LTHE 15° L2d L) ICEEREZHWT
L= =T~y RICED T FRICBEI S 85 2 & THIC L —F —IREHETRTT OREZRET 5
Loz iz, 2 @EEHOMEREIX 1.3 um KO 1.55um THDH, Z 2T, HESRYHMIK AR
ThHDHEET DI LIZLY | REIX 2WEOHIBEDL TR Z LKL, 6iz, JET
X 22000 TRAT 4 VB — L EMAKEEMH L, 800~2000°C 0 H#iPH THIE L 7=,

Two color thermometer:

- Temperature range: 800 ~ 2000°C

o
— o e e e o - —

\\ + Sampling rate: 100 Hz
\
S - ---7 - Wavelength: 1.3 pm, 1.55 um

~

X129 2 @IREFHT X DIRERIE

,25,



(3) TAMWT AT

JAEA-Research 2014-018

TROLIITAEWTEE, 7V A M RARE, L—VF—HNHE2B (L&, BENEEIT- 7,
« Kk a GBWTEEE): L—Y—H A2 4kW, TV A M AFEE% 350 V/min THEE L.

B 2 40, 80, 90 mm/min & bk E¥7-,

D (TUANHARE): vV —H & 4 kW, BEWHEE % 50 mm/min THEE L.

TR NH AR 70, 210, 350 Umin & 2L 7,

< S e (LY EWRNEE A 50 mm/min, 7> A b APiEA 350 Umin TEE

L. L—¥%—Hh% 2, 4. 6 kW &b HT7-,

6.3 fER: FAMRY—F 7T 7 412 K DIRERH

30 12, i a TERWERBRAZ1T o 725G ORmIRE ORI Z L & L —Y —BEHLE 10mm TO
BT 2~ T, IRWHEE 40 mm/min % Y 80 mm/min (X, 30 mm JEDOHMKZ Bl L& Th
0. BRI L — Y — BN AL ORI ISR TV e, — 7, WEWNEEE 90 mm/min (3IE
Wiz R L7 CTh 0 L IRENR RN RIS ER T 2R S, 084, IRENK
FEMEIZZE L TWD RN & D | W AARIENIC L0 Rl & TREBL 72 rlREME2 B 2% (10.11,12)

|_Success | [_Success |

0,
. X C
40 mm/min 80 mm/min 90 mm/min = 2000
m 1600
Il +00
1
2000 |
i ——Vel. 40mm/min
1900
3 ——Vel. 80mm/min
& 1800 ——Vel. 90mm/min
@
= 1700
2
=
£ 1600 |
E- 1
e 1500 '
£ i
5 1400 bl
£ Cole
» 1300 ! [
g L (3
= 1200 .
|2
! [
1100 i uE.|
1000 v
=2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time [s]
30 VW EE D I & 2oL ST 56 O RER i 3 1 O f e B O RF I ZE b

,26,



JAEA-Research 2014-018

31 2.7 VA MR EEELS TGS Gfhb) DR EIREORHZ & BEEBRE 5 31.4
s B L7 0 L —F —REET AL ORE S Z~T, 7 A M A& 70 Umin 1%, W& KEK
L7z ch v, EH THREFEENSBERINT, 7TV A M AMIFEOE AT, @A X
0 YRR R I, TRIWTRITT 2 D% IJFICANT CTHEE S, R L L CRE CRIRTIRA IR SN & B %
bNd, —JF., TV A MNTAPRRREOLAITIE, EREEOPEIC L ) 2RI/, #
HIHEWVRET—EERDEEZEZDBIND,

X 32 1o, L—HF—HNEE(LSETGE G o ORBRTRE O @IREORHZ L | Al
B2 5 16.7s i L2 O L — W —REEL ORES M2 7~T, 20856, @it 4, 6 kW)
OEAIE, REIRENMMEL 720 | EBERI LK) @ kWIZRWT, REAEIRICRD 2 &M
R TE T,

| Success | | Success | |_Fail | oC
350 L/min 210 L/min 70 L/min 2000
,__I ________________
I
1 I1600
=31.4 [s] :
(- . LD ' Il <00
2200 '
1
2000
& 1800 | "
£
£ 1600 TN
5 e\
2 1400
£
2
= 1200
E 1000 j [ ——70L/min
% ) [ ——210 L/min \
Z 800 ——350 L/min :
/] AN
600 T T T * \
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Time [s]

31 T VA NI RRED K& A S BT E OFER 2 1 0O fe i B O R 281k
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| Success | | Success | | Fail |

°C

6 kW 4 KW 2 kW l vl
,' : I 1600
=16.7 [s] : !
( 11 W00
2000 |
1800 l s I M IJ 1l
&)
2 1600
E
& 1400 - i L
@ 1
g 1
& 1200 !
£ 1
= 1
£ 1000 - ]
Z : —2 kW
” 1 ——6 kKW
600 ' |
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Time [s]

32 L—H—HANOHaZAb S EI 56 ORI 3 i O i ORI 2L

6.4 FER2AREFHC LU e FoE=ZY T
FRROBIRY —F 7T 7 4 OFER LY EWRMEIZL Y U—F— RGO Femii EE A g -
TRV | EWIRIhEl: & i U CEBTRM G0 503, LV @R ER>TVD Z E PR TE 72, 1t
T, W OB Rl OREREOFTMIZ LV | WO A& A HW TE LA RER S D720, 2
BIREFHC LV U 7 ey FOE=2 Y v 7% T o7, K33 IZRT X DI, REOREMEIX, L
— P —RRHEFO T LD 1 mm FERW T EETT & Uiz,

- o —
—— o —— -

X 33 2 IR X 2 HIENE
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Temperature [°C]
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1500
1300 l\l

1100

900 " s mm——eas :MAI
700 T 0
o L \

5 7 9 11 13 15 17 19 21 23 25 27 29 31 33

. ——70L/min  ——210L/min  ——350 L/min Time [s]
'
Front
! Top
1
I .
1 Kerfwidth
0.76 mm 0.76 mm n
e e e e e e e e e e
. 34 TT/X Fj]x{jki%jk/ﬂ:éﬁﬁ_ @{m}—'—‘ﬁ{gﬁ/lﬂz
7 SOOI S~
1500
1300 |
2 ||
S 1100 Ll
2
2
I
5 900
E 4
=
£ 700
25 27 29 31 33
Time [s]
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BJ 34 127 v A M H RS E S TEBEZIT 723856 G b) 12, 2 AIREFHI LV AEIE L
TR ORI EEE) 2T, AN R L2 R R (70 Vmin) (238 C, REIRE O LA 23R
iz,

M 35 X, L—F—HNEEESEHGAE GiFo 1o, 2 GREFNT X RE L2 O kR EE
BEZXETH D, Mt OGEITIL, AR LV MBS EI L — TR BIRN L5 2 e, —
THNPEH SN D EMBBENMEMNT 2 L B2 bNb, TOd, L—F—RIBOELRE T, &
DARWIRET—E L2 b,

T VAN AGEE V== E L EETIGE O 2 @IREFHT L 0 IRERERSRIL. AR
Y—F7 77 412 KD b—H—BREERJED O EERIE RS RTINS D,

6.5 L —F—¥Er ol 2N )

IR —F 7T 7 4 RO 2 @IREF O R LY | IRELEEZ R PEEE (Tmd & FHRE
(Tave) DL LCERELE (M36(), ZOREZEHNRHNZE, L—F—DRBERIDEN &
EEHRLTWS, 1360 75 (d) ([TRT XL DI, WEEERREVES, 7R M X EMEND
Bia, L= —HABMRWEAIC, IREEEIESKE S RDEA1H D,

[ Fail cutting: Penetration depth of 22mm
-

1
——————————————————— 5
’ N - I |
/ T \ = ! |
| Temperature fluctuation= = 100% | =4 i HH
I Tave .8 l
| ! g [
1 3 I
1 | g Thermography 1 "
I 1% = (-
| Root mean square temperature: T, - = r_lZ(Ti — T ave)? : § 2 j | ;
! - / Ly
1 n 1 (- 1 1
| : 1 .- !
\Average temperature : T .o = ; T; , g 0 : :
R o S s 30 40 50 60 70 80 L90,100

Cutting speed [mm/min]

(b)

Fail cutting: Penetration depth of 1Smm ]
P

(a)
Fail cutting: Penetration depth of 2Smm ]

BT RE
= J & I
= 5 ! .\l = 8 !
S | \ g i \ Thermography
] | 3 1 S
g 4 : , < The@ogaphy | % . | :'\ .
g ; 1 : A = o \\\\i
£ ! Two-color £ 4 .
} J B
g 2 : I thermometer g : : Q’\\\*
@ ) 2
s 1 . 1 ~ =9 ] ey
£ ! — £ I Two-color
& 0 : : . = o : ! thermometer/ \.
| ] i T T
20 L 700 120 170 220 270 320 370 1 |_ 2) 3 4 5 6 7
- -
Gas flow rate [L/min] Laser power [KW]
() (d)

X 36 IAWrStEOEWC X HIRELH)
(a) : IRFEAENME & PIRE ORI ; (b)) IRWTEEE
(©): TVAMHAWE; (d): v—¥—HN
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66 F&0H

L — Y — iAW O R R 2 . RN —F 2T 7 4 RO 2 IR R A D TR L=, %
DFER, TR O, L — W —IREHELL OWREE 3 722 - TRV | WIS OE WS,
WP OREIREICHEL 5252 EBHERTE L, L——EMTFOREDE=41 v 7%, ik
HH > 2T L OWERIZIEF A TH D
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7. SPLICE = — RIT & % ¥ Wrikpit i 2 R L o0 2

7.1 FEREARO B EY

L —F — R - R IS R S 2 7 AT BT ) e E OB LRIRIITIE U TR T - AR
TEMRFENTEYNIATZ D & 9 SAFHERICFES W T U —H —MRIE S22 E ORI T A — % OF#E %
1179, BUEZOARERO—2 L LT, B LIS EEBECFIAT 2 HMTHLHZ &b, A
TR L — W — B ITRE 0D 4 J8 25 8 T B2 25 8 & P ITMERE & OB %2 SPLICE =2 — NIZ X W RRETL .
[Fi) 2% [ 08 VR L FE R R DO AN S R & L C ORI AT REME 2 FF 9~ 2 6

Dimension (mm)

) 20 | 30
7.2 HCARNT T L K OB A 7 —
SPLICE = — FIC X % SHEARAT 71 & S ARAT 60t and assistgas fow |
EEBIZK 3T TR T, BUEMATIL, JEE 30 mm DRFE v
Wb 4 kW O L—F I THIIT S xz 2 %kEv a5 1 =
S £
—vay (Ax=Az=05mm) ThHY, L—F—MI~y £ SRl o5
RO A 4 —F iR <5 A—4 (60, 70, 80, 90, 100, 5 2
x ( Ax = Az =0.5 mm) g
125 B XU 150 mm/min D 77 —RA)& Lz, rB, T 2 -
A NHAMRIRERS L OAZ v RA 71, 22 30 0 Laser power, P =4 kW
Sweep speed, VL = 60 - 150 mm/min|{ | 20
/min BELW 2mm —E & L7, o e 2 min
1 4o| 100’
7.3 fiRMTHRE R Index for x-direction, i
FRHHERD Bl & LT, L—F— M T~y RDR Y 4 —F 37 Bafkbre7 v

B4 70 mm/min (&K ANIS LY 150 mm/min (&I AR & L7236 OBRRFERENS O HER 4 X
38 1Zd, Fio, M 39 (2, MBS 7.5 mm (L{E E TOREW AT U7 COBRRETE)
Gia T 5, fERE V2@ | L—Y— NI LD @BERMS T A NI AEFIZ L - T
THIZBHL O DD, A7 4 —7HE% 125 mm/min Ll k& LG ICI3RFEHHMIES 30
mm 2 TEEFLUEDDIANC L —F =L~y RRBEILCTLE S 7o, REHMM O FHEGEBICE
Wik b BFRAEL TN D,

7.4 BE

40 X, AU 4 —7FEEZ 70mm/min B X 150mm/min & L7235A OREIEERIE @R
&Y bmm (i) Z/RL7ebD T, AU 4 —7HEN 150mm/min OHE, LY KX ETEhZ
WL HAMRRE ERA2RTZ B0 5, ZOETEEMEY IRE LRI, ImEeEEEY OF
i & PR OO LICHER L THAEL TV D EIRTE 5, PO SHIEL, ZOREREEEHOE—7
E%UEl (at2 +b) LIEERTHD, ZOLBRON, Afida 2 A7 4 —7THEIIKH L TORLEZS
DR 41 ThHD, MREVDNLEY . AT 4 —THEZ LF7 S0 > THARL a 23 EHRAIHN
Z EED X IR0 | WS RIEE VN LV IHE L R 558, TRoLENMEREOS AR D 2 b
MTEDLEEZOLND,
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il l“"‘
040sec|

\

t = 1.335 sec t = 1440 sec t = 1.525 sec
(b) VL =150 mm/min

38 L —¥ Bk OBEEGEEIS (Vi =70 mm/min B3 XV, = 150 mm/min)

= rer

<AEEE
Vi=9

39 AU —WE VX DEGREE D2
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O 1400 VL=[L50 mp/min | {  Fitting curve
; as(at?+bh)

= 1000 u #

VLE70 mim/min

0L~

0 05 10 15 2.0 25 3.0 35 4.0
Time, t (sec)

(b) REREBEZEH

Vi = 150 mm/min, € = 0. I sec

(a) MR BB STl

40 B A EmiEEBRERES O L (Ve =70 mm/min 3B X O VL = 150 mm/min)

© 700 [T T T T 1 r\
> 600 Jé MRS L RABU TSRS RT LR
= i‘ l///
S 500 -
= L~
= 400 //c/
< 300 l==
£ 200 =7
L e o
§ 100=
o OL___
60 70 80 90 100 110 120 130 140 150

Sweep speed, VL (mm/min)

K41 AU —7HEV, IZLBEE FRARDOEL
7.5 £&OH

SPLICE =— FIC X DEEMATIC LV | Sfma& mid  1R 268 & pRlrPEse & oo Bk 2 5t L
UG & L TR R R EEEE A TE 2l L2157,
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8. NHANEIR/GR-E T X v 7 RRAEOEWT - A aE O R4l

81 HMW

TMI-2 OEEEIBIEEDOMA LY | & ESE R EFTF NIZIREERL U728 & P RS
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