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Fig. 1-1. Illustration of 3 steps required for the automation of machine tools [5].
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Fig. 1-2. Tllustration of a laser processing machine.
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Fig. 1-3. Illustration of a laser thermal processing.
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Fig. 1-4. Measurement and inspection process in laser thermal processing.
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Table 1-1. Comparison of displacement sensors used for manufacturing.

Non-contact
Contact - - -
Optical Overcurrent/Capacitance Ultrasonic

Working distance Short long Short Long
Accuracy High High High Low
Spatial resolution High High Low Low
Measurement speed Slow fast fast Slow

Metal surface Possible | Low accuracy Possible Possible

Lager processing hea(y

[
7 Height
v Position displacement
displacement measurement
X —~ measurement |, Move
Workpiece _Jig XorY

Fig. 1-5. Measurement principle of a touch probe sensor.
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Table 1-2. Comparison of optical displacement sensor by measurement principle.

Non-contact Contact
Triangulation
Measurement -
Line Pattern Interfere Touch
method Spot ) L Confocal TOF
. section | projection nce probe
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method method
Measurement . . . . ) )
Point Line Plane Point Point Point Point
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Measurement o o X o o X o
accuracy QAum<) | QApm<) | (100 um<) | A um<) | Aum<) | A mm<) | (1 um<)
Working
. e} o o A o le) X
distance
Cost o o X o X o X
Size o o X o X o o
Measurement
. (@] (@] X @] o) (@] X
time
Metal surface
X X X A o) l¢) )
texture
Ambient
X X X X X X (o)
light
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Fig. 1-6. Measurement result of grinding surface of metal workpiece: (a) microscope image, (b)
result of three-dimensional measuring instrument and (c) cross sectional height distribution of three-

dimensional measuring instrument.
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Fig. 1-7. Measurement result of scattered reflected light characteristic on grinding surface of metal
workpiece: (a) measurement method of scattered reflected angle distribution and (b) measurement

result of light intensity distribution by scattered reflected angle.
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Fig. 1-8. Detected spot measurement result of triangulation height displacement sensor on grinding
metal surface: (a) measurement points on metal workpiece, (b) detected spot image at different
positions and (c) cross sectional intensity distribution of detected spot on an image sensor of

triangulation sensor.
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Table 1-3. Specification of commercial height displacement sensor using light section method for in-

process height measurement evaluation during laser thermal processing.

Parameters Value
Manufacturer LMI Technologies Inc.
Model name Gocator 2340
Working distance 190~400 mm
Accuracy 0.021 mm (estimated from linearity)
Sampling frequency 170 — 5000 Hz

Spatial resolution

0.095 - 0.170 um (Field of view: 96 — 194 mm)

Wavelength

660 nm

Laser power

3R

Size

49 X 75 x 197 mm

Collimating lens

| Laser processing head

i

V

Processing position

X

v

Sensor

Processing laser \

Stage Workpiece

z

L

X=0mm 4mm 8m

Ambient light

Fig. 1-9. Experiment setup of in-process height measurement evaluation during laser thermal

processing.
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Fig. 1-10. Cross sectional height displacement measurement result of height displacement sensor

using light section method by the distance from laser thermal processing position.
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Fig. 1-11. Construction of this paper.
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Fig. 2-1. On-machine measurement using an optical displacement sensor in laser thermal processing.
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Laser thermal processing
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Fig. 2-2. Measurement process using an optical displacement sensor in laser thermal processing.
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Fig. 2-3. Measurement of setup accuracy using an optical displacement sensor in pre-process.
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Fig. 2-4. In-process monitoring technique in laser thermal processing.
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Fig. 2-5. Principle of laser thermal process control based on in-process measurement results.
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Fig. 2-6. Measurement of processing accuracy using an optical displacement sensor in post-process.
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Table 2-1. Specification of on-machine measurement in pre- and post- process and in-process.

Pre- and post-process measurement In-process measurement
Command position Measurement position Processing position
Measurement area Point measurement Line or plane measurement
accuracy Few pum About 100 pm
Ambient light None With ambient light
Pre- or Post-process In-process

Y . "
- Processing positio

Measurement position Measurement position

Control positign

Fig. 2-7. Relationship between command position and measurement position of on-machine

measurement in pre- and post- process and in-process.
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Fig. 2-8. Relationship between processing position and measurement area when laser thermal
processing direction changes: (a) the case of point measurement and (b) the case of line

measurement.
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Fig. 2-9. Principle of edge position displacement measurement using confocal method: (a) optical
system of edge position displacement measurement and (b) reflected light intensity distribution when

crossing edge position.
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Fig. 2-10. Reflected light intensity distribution at edge position by projection spot size: (a) the case

of large projection spot size and (b) the case of small projection spot size.
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Fig. 2-11. Configuration of height displacement sensor using triangulation method.
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Fig. 2-12. Measurement principle of height displacement sensor using triangulation method
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Fig. 2-13. Parameters for measurement accuracy in height displacement sensor using triangulation

method: (a) relationship between base line length and tilt of optical axis and (b) relationship between

working distance and tilt of optical axis.
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Fig. 2-14 Principle of zigzag scanning averaging method for edge position displacement measurement.
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Fig. 2-15. Configuration of height displacement sensor using multi-directional triangulation method.
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Fig. 2-16. Principle of scanning exposure method.
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Fig. 2-17. Configuration of an on-machine optical displacement measurement system at near a

processing spot for in-process measurement.
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Fig. 2-18. Measurement direction restriction of light section method using straight line beam.
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Fig. 2-19. Measurement principle when changing processing direction.
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Fig. 2-20. Configuration of line section method using crossed line beams.
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Imaging lens array: =% Expansion

___________
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. (c) Image sensor
ind = Beam "
Laser diode s splitter 1
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Lens array

Obijective lens

Apérture array

Workpiece #=9

Fig. 3-1. Configuration of on-machine optical displacement sensor for pre- and post-process: (a) 3D
construction of multi-directional triangulation height displacement measurement and edge position

displacement measurement, (b) enlarged view of lens array and (c) a cross section of lens array.
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Fig. 3-2. Simulation and measurement result of projection spot.
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Fig. 3-3. Depth of focus measurement result of projection spot.
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Fig. 3-4. Four spots on an image sensor of multi-directional triangulation height displacement method:

(a) illustration of four spots on an image sensor and (b) a cross section of a detected spot.
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Fig. 3-5. Microscope images and reflected light intensity distribution at edge position with chipping:

(a) measurement position 1 and (b) measurement position 2.

Fig. 3-6. Comparison between edge position measurement results and microscope images of a metal

work.
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Fig. 3-8. Measurement result of reflected light intensity distribution by laser power.
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Table 3-1. Experiment parameters for edge position displacement measurement.

Parameter No. 1 No. 2 No. 3
Speed [mm/min] 6 6 20
Measurement pitch [mm] 0.35 0.35 1.2
Count n 10 20 10
Lx [um] 50 50 50
Ly [um] 100 50 100
Average area Dy [mm)] 1000 1000 1000
P-P [mm] 0.95 1.40 3.00
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Fig. 3-9. Edge position displacement measurement result by averaging parameters. Experiment

parameters are shown in Table 3-1.
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Fig. 3-10. Illustration of the spot images on an image sensor: (a) when the workpiece approaches the

Workpiece

sensor, (b) when the workpiece is at a focused position of the sensor and (c) when the workpiece moves

away from the sensor.
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CThHY, M3-NOBELADARY MEB LD THD. U—7 DTN HAIIEE AR
v MEOALER LN BEEN S FRICY 7 L, T—7 i Do 2T
SHBNZTZ7 FLTEY, V=7 O IEMICH L THREFHAEY 4 DO ARy MLENEN
L7z, ¥£72, V=0 OESEMBEITHTDH 4 DD ARy SBEIEOEHEEZ K 3-11(c) R
T. RBHTRLEZE ARy FOE SEBAS U TEROMIENZT B HIH OO EERE
FDOWIME Lave 137 — 7 ZLE 50 pm OFEPHCITRREHME L —E L7z, UL, V—2 %L
150 um LAk, FFICH50 pm DL R CRREHMEBE D (72 72 B e LT, K33 1TRLT
WY, BNARy NOESREN /o7 EREZLND. T—7 BN E50um LLET
T AR >y MENKE L 725720, ZHAR Y MENRRTFTREL 2D, ARy MELE
BIREBICRAEN A L, — 77, B ARy bOE SEALTG U TEODLENZ(L LRV ITH
DOHELFREFEROVIIE Pove 1T3XFHEY, B EFHIC AT AU —7 OFRENZLLTH
ARy MIENE Lo Tz,

WIZ, 4 Fahs =ARAEZITH 2 LT, SBMEICxT 5 m S AN FHIRAZE 2 KR T =
2 et & S Uiz, FHAIEAFEIE CTH L8R Y — 27 ZFANIKEE 2D L5 X1 v
TP OREREE 1 um) TEELD L, 4 DO ARy MgEFHLEHEGE 1 DOAR Yy MED
HEEM LTEHAEOY —7 EOMNBEITH T DM EOF R ZX 3-12 (7. £z, &
HIEEEE 100 mm(10 mm By F)YNTOFHIE S D& PP 2K 32 1RT. 1 DDAR Y MED
M E LML E DO ZAL D B ML L7255kt LT, 4 DO ARy MEEHEH L-Z & ThF
HIESSE DA RBTE D, LB -> T, BELZIH AREETRD, £k
ISR — 7 4 JEHLIA C OO i S ENLFHIS EE o a) EIChERH D Z L2 LM L. Ln
L, 4 DOARy MEEMFH LIZGATHRHINIES SZ 28 um THY, HERBETHLEE
G ERIZEO T um 2R T H 720121, FHIEL X %2 X 512 1/10 [T 5
BERHDH. 2T, WENCTAE LFHIIS AT 22 A0 CRE— 2B EMEROF L2 S5
AR 5 7 O D RTINS RUT DV TRT

Table 3-2. Peak to peak value of height displacement result by used detected spot’s number. Peak to

peak value is estimated within 100-mm measurement position (10-mm pitch).

Spot A-D Spot A Spot B Spot C Spot D

Peak to peak [um] 16.5 34.5 28.0 50.0 51.3
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Fig. 3-11. Spot images on the image sensor and the spot’s shift when the distance between the sensor
and the workpiece changes; (a) spot images of “Spot A” and “Spot C” shown in Fig. 3-10; (b) spot
images of “Spot B” and “Spot D” shown in Fig. 3-10; and (c) comparison between design and

measurement results of average distance Lave, and measurement results of Paye.
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Fig. 3-12. Height displacement result by the measurement position when using four spots and only

one spot.

3.5 EEBNFR

—HxD AR RO Y IFHRSEA Ry MEZ 100 pm LLEERESTHT LT,
JKOFHI= Y 7 b ORSDE 2L, FH= ) TRORERZ LT 5 2 & TRE 72
GREVEROFZEZEL TS, LL, AVAT ATERIEE— b2y DAEENE
AL SEMFHTOFH T 5720, BIEAR Y MEER/NSSTHRERD L. £z, EENL
B CRHI Lo R A2 e 255 H 2503, FHRMOEMEZ S . £ 2T, AREITIEE
HEFFH OBz D, BEALED b O A2 P D FHIFIEIC OV TRT
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3.5.1 EEBAFROHHIFE

AEBEFTLGTRZ, K 2-16 TRLEZEY, 4 A—Ut o FO@ARMFICY — 2712k LT
B ERHHIS AT A% EETL, V—7 FOBRE—AORIEEZE X 5 2 L THENED
O O — B OBIRERIPICERT 5. L—FINTE 7 & o TAERE M E T o BRI
TIE, M EICHRY AT RS IC R L TN LA T — 2 &R Y — 7 2 MR ER T 5
LIRS THD. ZTORER, BHONDZHAR Y MEOWIE A0 (TEENLE > D O S
AR LTEBR E 225720, SRMENO O EEULI NI ARy MeEHD Z &
MTED. 2oL, EEFBLHTXNERANIE, GEMm EORZRAMEZFHAILTH A
Ry FEMIBOIZL X 2EB T 5720, —AHEHTRICL 2RmMERASRYE 7124
JEHLIE O R 72 i S AR HA A B TE 5.

LU, Bl 72 EO&R Y — 7 ZHEIIE 2.4 HIlR L2 K 9 ISR EFf o 72 TIE A
5. BTN & DR m MR O ML A 5T 256, RO M2 T Lo L
DFF AN E SND NI SR, Z 2C, ITIEOW U7 MIIxd 5 B [ O 8% R
i3 257=, FEHEHFHE =10 msec, AEAHE v=1000 mm/min & L, 3-1 [T L7=% 51
SANENFREANC, BEREELZBLEFHOH LM TIEEZMYIL L5 ICERLE
Sitr EINTIR & SPATICER L7256 Om S AAEHR R 2 M 3-13 127, 7z, Hfko7
Iz, EEBHSFRXEZHEHET, SFHNE CEEISERLR L. FRCER Y —7
DK D K9 BEE D L7228, ZIERE T 10 um YA EOFHIIE S & N E U= —77,
EBBIFRNEFEH L2 & T, EEREICK L CRHINE S D& O 2 EBLTE 5. FRi,
INTIE & ARCEF AN AER L2 3-130b)DGA I L TINTEZ Y 5 L o IcEE LK 3-
13D N EREE R FHUNATRE & fe o 7o, ZHUEA A — & U OFE SRR I E DN
TENSORFNEZHT D2 L TRE e BRI X2 BELKRAREOIX S &
YRR T T D . ERBITROMRERGET 2720, A A=V EOARy
MR LR A2ER 3317, X 3-1 TRLEZ B ZANESRD 4 >DOAR Y b
26, ARy b DORERER L. BEIELESEE EMTIRICE T2 Y FacEs Li-Ge
i, FHAMIEIZ K> TAR Y MEOTEIRB K E S B L Uiz, —JF, ITIEE#RY) 5 i
EELIEGEIE, BRAMELZFHIL THLARy MEOIIREDB RGN T, ARy MED
AOFHHEMBROIZ SO E MRS 4, @R m SEMFHAATRE L 2 o7z, 2D X DI,
IO B D AB)— 72 R OB AR T 57201203, MIEZRE 5 & 9 ITEA
TOMERDD.

ZIT, RVAT AT, @BV —7 ORIEFANCE O TICEREERFZEBRT 5720,
ISR OS5 1A DR 2% Z T 2V ERPWI S LT, X 3-14 [SRTHEEZRET .
ZZT, EETOMOERE LeBAREWIZE, ZLOMIIEA#EIL Z LN TE, MBICE
BT 5%, ME 1 BEEOH CTHEIZEZR D MR O O 2L TE 52 Y v bR
b, 22T, EETLHIHOMERSZ C, HOEEZ LcLtT25&, X@2-5&0, BEH
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Fig. 3-13. Height displacement results of scanning exposure method by scanning direction: (a)

Height displacement [um]
Height displacement [um]
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o

scanning across grinding machining texture vertically and (b) scanning along to grinding machining

texture parallel.

Table 3-3. Spot images of Spot D shown in Fig. 3-1 without scanning and with scanning in the Y and

X directions.

Stopped result

Scanning along to grinding
machining texture parallel

Scanning across grinding
machining texture vertically
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Fig. 3-14. Illustration of scanning exposure method.

FRNZBB Y — 27 DK D X OB U, M 3-1 1R L= Fm = AllE 2% M
WTHE 34 IR T BRI TR OB B & Ls [Zx9 23X &> & 25l L7-.
F7, FRCHBOEERN ST NE VT S EALFHI A F2h U1 2 X 3-15 12737,
TR P OB & Ls DY/ NS WA 1 TOFHINE S DX I1X 185 pm TH Y, FBILRef P o
BEE Ls IXFR L ChL20PMEEMEORN R L5642 & 3 Tk, &2 oFHIIES
DET 34 um EKEATRETH 7203, &M 3 TIEHFHINIE S X 110 um 72572, &fF3
TR T OBEE Ls 2 AR S LR%EE L), SERICEAELZZ LIS L
TRV /NS WHETERE SN, F—oME E2EREEAEINZD, FHIlIEL S &
AT D 2D OSBRI RN E DN RN L EZ BND. T T, EET S MHEEDIE
FEE LTEEME2 D08 mm AR, ZAUTEIERD) 1 mm THHY v F T u—T
B LRI R OFPAD B SN2 FRCEHIT 5 2 L 2 BE%RT 5.

Table 3-4. Experiment parameters for height displacement measurement by scanning length during

exposure time.

Parameter No. 1 No. 2 No. 3
Exposure time [sec] 0.2 0.3 0.3
Speed [mm/min] 500 500 500
Scanning length [mm] 1.67 2.5 2.5
Circle diameter [mm] 1.0 1.6 0.8
Circumference [mm] 3.14 5.03 2.51
P-P [mm] 18.5 3.4 11.0
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Fig. 3-15. Height displacement measurement result using circle scanning exposure method.

Experiment parameters are shown in Table 3-4.

31 TR LEEZ AN =ARNENTFRICB T LA A=V ED 4 DOAKR Y Mo
W, BRI o7 23 ALE PL & P2 I2OWT, (EIRIER & RSB %2 A
WTHRG LTc ARy MEEK 3-16 127, EEFBNIELZMH L7ZK 3-16(2) TlE, ARy b
A~D ODETIZOWT Pl & P2 TRI—BIRD AR v MERHE SN, —FF, BEIERIERICIT
FHANIE N2 D720, RTOARY BB PlL & P2 TAKRY MEIRWNE(LLEZ. 22T,
AR b CITOWT, Wik SR oA 2 Helis L7l B2 X 3-17 128§, (2 IERIE TIE AR v
N OWIAIRE S AR DK E S B Liziz, @S EME2 R 5720 O @GR
X5 o%, FRERFHNNEE L) -7, —J7, EEBICFRHITRR DB ZFH L7ERIC b
W TR IR A I K & 2 BRI D o 72, 2, SR EoRmMEROZIZ X 25 8ELK
FARMEDIXL XD ELMPW TETNDLZILERLTNS.
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Fig. 3-16. Spot images of four spot with and without scanning at P1 and P2: (a) scanning result and

(b) stopped result.
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Fig. 3-17. Cross-sectional distributions of the spot C images shown in Fig.3-16.
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[ —(rfE CH LEHIS AT A e U — 2 L Ol 7 %2 2 T SENFHIAAT - TR 2 X
3180, Fiz, ZAT—VOBEREL OEREREHN LR =7 U T 4 FiE) 2 X
3-18(b) g, EEFE TR L Y, B E DOEREZRFA 322 um 205 4.9 pm £ TEE T
X, T —DABOEHSEMARIES ST OEB L EHRTE S, oF 0, KHFXTIE, v
—JIZKTH R OX Y Y T L — 3 UERFEICAT O MNENES, 2100 pm OFIFHIZHH
BTEXNT S THY, A EOREER SN L A2 ST L.
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Fig. 3-18. Experimental result of displacement at the same position with scanning and without
scanning: (a) result of changing the distance between the sensor and the workpiece and (b) linearity

result, which is the difference from the true value.
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Fig. 3-19. Displacement result by number of times at the same position.
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Fig. 3-20. Displacement result by measurement position on the workpiece with and without the

scanning exposure method.
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HEEELZX 321177, EH00MTHS REF I Rz 13K 2.8 um & FIRRETH L5, M
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Fig. 3-21. Microscope images of different surface texture’s workpiece: (a) grinding surface which is

anisotropic stripe texture and (b) electric discharged surface which is isotropic granular texture.



TR % &R A O it EEA 28 A7 56

#
i

.—.451 —.2 |——Y =0 mm

€ 3 €3 l=-Y=4mm

3.

=2 = 2 Fo+Y=8mm
g 1 § 1 /\/\

(= 0 e 0 b= —i *— .l - ps g e
S-1 g-1 F
82 S-2 F
2 -3 23t
0-4 a-4 F

_5 1 1 1 1 1 _5 1 1 1 1 1

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Position [mm] Position [mm]

(@) (b)
Fig. 3-22. Height displacement measurement result of different surface texture’s workpiece: (a)

grinding surface which is anisotropic stripe texture and (b) electric discharged surface which is

isotropic granular texture.
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Fig. 3-23. Experiment setup for deflection measurement of a metal workpiece compared with a dial

gauge: (a) optical height displacement sensor setup and (b) dial gauge setup.
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Fig. 3-24. Deflection measurement results of optical height displacement sensor and dial gauge: (a)
height measurement result and (b) height displacement results estimated from difference from Z =0

mm.
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Fig. 3-25. Linearity results of optical height displacement sensor and dial gauge: (a) linearity result

and (b) difference from the command value of Z-stage.
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Fig. 3-26. Result of deflection measurement using a plate-shaped workpiece.



9535 TR L e mAmm o s A F2EArETHH 59

37 B

ARETIE, L—YEINLHIE O EZEMFHINZ I T, R IR A — 74 @ i DL
BN e RS BE VS F R AT e 7o b B A BAEHAIS 27 DO MMEE R LT, IREFIEIL
KV MLRTOBIR Y K E Z @R EAL L, LI ER IR E 23 C& 57290, L—
PEINLAAT O EEMN L —P I IROM TREEZ M ETE 52 L2 b L.
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Laser processing head 4
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Fig. 4-1. Configuration of height measurement system using line section method for laser thermal
process control: (a) illustration of height displacement measurement system and (b) enlarged view of

laser processing position.

Table 4-1. Specification of a line laser.

Parameter Value
Wavelength 520 nm
Power 50 mW
Projection angle 26 degrees

Working distance 220 mm

Fan angle 5 degrees

Line length 19.25 mm

Line width 0.1 mm
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Fig. 4-2. Luminance result by distance from laser processing position. Line laser luminance also shows.
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Fig. 4-3. Experiment setup for in-process height displacement measurement.
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Fig. 4-4. Detail of workpiece used for the evaluations. Work piece has flat surface and a weld bead:
(a) camera images, (b) microscope images and (c) roughness measurement results by NewView 8000
(Zygo Co., Ltd.).
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(@) (b)

Fig. 4-5. Line beam’s images captured by height displacement measurement system: (a) during laser

thermal processing and (b) without laser thermal processing.
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Fig. 4-6. Line beam projection position during laser thermal processing and without laser thermal

processing. Line beam projection positions were estimated by line beam’s centroid.



Fa4E ITAERETOA 7 at Am S EAratil 66

4.4 V=7V 7 4 FH

Et Lo SEMEHIIS A7 A OFHREE 25 i+ 2 72, FHAESZ 2 TE 3
ARG D) =7 U7 «dl e i L7z, X 4-3 OFERA LN 44 DU—7 & T,
WLIETIA VE— LR EBE— R EERDEDITXY AT —VaFESE, ZAT—U%
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Fig. 4-7. Image of line beam on a weld bead. Height displacement are 0, £1, +2, and +3 mm.
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Fig. 4-8. Height displacement measurement results on a weld bead. Z = 0 mm denotes focus position

5 -4 -3 - 3 4 5 3 -2

of a processing head: (a) height displacement measurement result by Y position and (b) Z-pitch
measurement result by Z-stage displacement, where each Y position’s result is calculated by £50 um

range.
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Table 4-2. Experiment parameters for in-process height displacement evaluation.

Parameter Value
Stage speed 10 nm/sec
Frame rate of an image sensor 20 fps
Measurement pitch 0.5 mm
Exposure time 0.1 msec

Processing laser power 1.5 kW
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Fig. 4-9. Comparison of height measurement results during and without laser thermal processing and

true value: (a) the result of the low height bead and (b) the result of high height bead.
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Fig. 4-10. Height displacement measurement error of low height bead and high height bead. Error was

estimated from difference between measurement result and true value.
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52 RETA Y E—LNEWFROE S BN HIRE
521 BREFA L E— LD

25EITCRLIZEY, L—YEUITHOA > 70t A SERFHNTIE, TALE & G
@RI D72, —MZRERR T A v v — A% T2 Bl 5 e T A a3 24k
T HRRHE IR Eo@ SEMEZFHHITE 2RV, £ 2T, MTHANE(ET S B
TR EORIEMEZA T v AT 5720, MIAEOEBEZRYHir L 1274
VE— L EBRETARZFE LT 2 KDTGA L E— L EANTEAFET A o — ALYk RO
B S BN FHFIEZRET 5.

RFETA =2 RO T RICB T HRET AV E— DO E X 5-1 IR KV AT
LTI, B5-1(@ImT XN~y Ml X HAZ 2 >0 7 A > b—HF 280 {117,
U —7 BIIR#ETA v E—LEBHT 5. 22T, K5-10)IRT LI XY FrizsnT
X F%E 0 M E L, +X FRNZEEN TE2{T-> T Y, +Y FZI T mEEz 5%
GERT. AFATIE, -Y FRTHDH-90 FEnD 0, +Y FFRTHDH4+90 FEE THDE90
FHIOMIRREE BT A o E— L EZREHTE D, M5-10ICRT L DIZ, +90 M DYsHE
E— Rk o TEESNET 256, 1RO TR EFRKIZT A v B — LA DRENLE
BRENEC D280, EmEBMEZTES. 20X 5T, TETA v v — 2T,
PR DI KUK LTI A v =% —DBINT 52 O EREK T, A7k
AFHA T REAR N T 510 % £90 £ £ TR ATRETH 5.
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Processing laser

Line Iaserx

/+90 degree

Processing direction

orkpiece
Bead X
N

(@) (b)

Fig. 5-1. Configuration of crossed line beams: (a) perspective illustration of crossed line beams and

(b) illustration of crossed line beams on a weld bead in the X-Y plane.

522 REFA L E—LEAWE SEACEHERER

RFTA B — 2ot o @ SENEHF R A X 52 1IR3, X452 (@I2nT k91T
XZ FHEWNIZEBWT, BETA Ve —A5% 23 8 Cr Uz ZAREOFHE &[RRI RS A E
OCU—7 FIZHET 5. X 52 (b, V—7 OFSIEMNNEHES I HAZ BWGE ETR
. ZIT, mRAEESIARL, RESS ST THL—Y L@ SEAFHY AT AD
BRMETHD. T4 E— LOREABELNAX & FHE S EMAZ OBRIT, 2.3 Fiox
Q-DHERRIZ=AREOFEIICE Y, BEAEZHWNTLUTO LS IZERIND.

AX = AZ -tanf (5-1)
AFATIE, RETA v E—LE2+X 0o RFAEOCRKEN T 5720, HllE I 82+
B ERETA L E—NIFHIS L ST X FAZax &7 b3 5. WwIZ, 7 A TEBR EO
R7AETA B — DO Z ] 5-2 ()T . 22T, AP EES S ZFHILZBED 7 1
VE—ALGETH L. RELTFROBEFEE M T 5L, @ESEMFHT AT AMTxT 5
KGO EENAZ AT B LG DT A o E—LN X HAIC M- AX > 7 L, EHREO
gL 72 %. Ed@Y, +X HrC LT 256120, Y FoEgFRIcxd57 18
— LDV T M ENLEESENZFET S, 22T, Y HEG T LORENEIL, 2 ADT
AV E—LDRERTHD. —F, MLHFRANGELEOLE, BEEFRNG Y FHIZAY,ONL
BEDOTA L E—LDOYT7 MENPOEIEMEZFHET L. 2oL, FHIFmICH S LZ Y
HIPLEAY, DT A B —L0 X Fay 7 h&&FFNT 52 LT, 90 EH+90 FEETD
+90 FES RO E SEMFHUNATRE & 72 D, FHRIG AN KGR L7e Y FIRNLIEAY I, T
NC L@ SENFHAIY AT A2 B S5 2 L CHEATE 5. 1T NC 12T TR
OINT M ZEHEE L, #E LT mz2ECqH i m A st B kv, 22T, #2
TOBBYA X WETHE, DATEB LD T MM AX ZHNT 1 BN -0 O
SEACEAH X, 23 8DOXQ2-3)LY, UTFToLricEkENnS.
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AH =W /(M -tan 8) (5-2)
A TR EDT A = AOMEI, ELENSEMTS. HoHnTw, KRS LR
BHECRAET A v E— A EO Y FRMLEICRT 5 X FrEMIEZFHE L T, 2
OREYEFR S TORERMIE LG LZEMIEOZERZHEL, RG22V TESENE
BHTXS. Z2C, BESILOERICE > CEHEIND & SEMME, MTHL—FoE
SLE D DI TR REDOESEMTHD. ZDE I, BETA v E—bEfANT-mES%E
PrEHfls A7 AT, FHIFAICE BT X HRD T A v B — AT OLEDOEN DS FE S E
M2 FHHIATRE CTdo 5728, @ SENMHE D IEF IS E T 5. I LALE O & P& B Y FHTe X
INCTA VLB EETHHIEE LTHARFANL T4 v E— L2 BT 5% L5
ZONDN, T4 E—LORFFN I EICEB EOT A v — AOELFE TR LD
LI, ESEMNBERENMIMEC /RS, 20X )T, BETA L E— 2N R TIE, Wtk
OIEIW HRIZH L TT A v L=V &2 —2BINT 5 721 O 2285k, 2o, FHI5 Ikt
L CELODFEGRARE U Th L MR E SEMEELIIC LY, XY FHANTOA Tt
AFHAFTREZR N TG M % £90 FEE CILKRTE 5. &7z, AIE TR LM IEFRORM) L
v RE T DG RITK L T-X Fnb bRERIZAZZAET A v — L& BT 10T, 360 £
ETOMLIHF NI L TN LR Eom S Btz KB T 5.

Workpiece
I
L ﬁ!
X
(@) (b)

Fig. 5-2. Height displacement measurement principle by crossed line beams: (a) illustration of cross
line beams in X-Z plane, (b) illustration of line beam and a workpiece and (c) image of crossed line

beams.

53 RET A L E— DHEWHRE STRERS 27 L DRE

53.1 B IBNLEBIT AT LD

FERIHEHT R EZT A E—LEm SN AT LD A K 5-3 12T, A RlD%E
Brt o N7 o T, LA~y FENZ XYZ AT —RH Y, 7— 78I C fihoE#EE AT —
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Cin®DH. ML~y K, BLOE ST AT LOWRGERIT, 4.2 BORER L RN
THOMM LV v X @ SEMFHI AT AL AT 5 2 & TINTEEFR & REhcEHET %
MRl & T 2720, FEMOBHZEANET 5. IR T 720 A T 2 A TN EALE 5
DREFET A L E— Al 2 L, g LDT A E—LDORBKAED S S 2B 4 FH
T 5. REBRTORBARD T A—41F, KGENTED, B ATO1EFE LT O S o3fE
REZY 15um & 720 K5 T A B — LDRSTEE0=40 degrees, Y7 ROMEE M=0.44, 7
AT DOEFEFA X W=55um &i&it L7

Camera
Collimating lens

__—Imaging system
|_—Band-pass filter

———H
7\\ __L—Laser processing head
U |_—Beam splitter

Processing laser —Laser light

|
ZDZJ/ Line laser

Objective lens

Stage

Fig. 5-3. Configuration of height displacement measurement system using crossed line beams for

process control of laser thermal processing.

53.2 BES AV E— AT L BB SEMERINE

RAETA L E—NE, L~y FMUEIZERY 1372 2 ROT A v b—3 &2 TR
L. L, 43FERRRICT A v E—LORENEIZTE 5720, MIAEIZTW TR
VN I EHRIEIRH T MR EEBR BT T O SEMEHRIS ATRE & 72 5 7200 Ta <, lhii7e & O1EHE
IR 2 N L3 D BRI LA NC TOFHAIT M OHEENED TR DT2DTH D, KV AT A
TIE, 43 Hi L FERICK 5-4 IR TEY, 0, +%ﬁ%ﬁ@§#?4VE~A®%%ﬁ%
ZIMTALEND 4mm & Lz, ZO5RE, bMIHLV—FRARy MES< £45 FEJn
ORHFIEIL 28 mm ThDH. ZITC, AMERICBTLZMIHL—FDAR Y FMEARHB mm
?%5&@,%k13mn@74xt~A@$wM%%k%ﬁ@ﬂ%?%é.ﬂ@n;m
i SANEHFEIL 1.5 mm &7 5. & S ENEHIALE 2N TALE S E TR o4
SO BIIZT D720, A3HEFERRIZT A L—HEE 520nm OAZFZHT H /3 K
INAT 4 NV Z T RNICERE L, ML ORER 2 R L 72
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Fig. 5-4. Image of crossed line beams on a flat plane.

533 BEFA U E—DLIZL DA vt REKEE

RAETA L E—NESEMFHIY AT 2% HWT, L—FEINITHIC 0 B, +45 FEJ[H
Zh DR — REFHI LB B A T Eif§ % K 5-5 (2R R AT A THERHAT A1 45
FER R B I TALEISES< 2, K552 0, A L RIS O E AR L 7= 2
& TU—YEIN TAIHNELE DB A 2 TSN TATE LTS TRET A v B — AHE{g & B
BARETH D Z EEHLNI L. 22T, 0 EHMOE S BN 2717 258 11X
ROY FAfrEO X FEIZxT HEOMIEAFR L, 45 ETEHEGHLALENEN
AYys ETRICT Y FRfLEOBEMIELFRE TS 2 & T, ML mAZET 5B HM
TR EORmIEMNEZRHTES. 20X, AR TIIMTHL—YFDORAKR Y M43
mm (2% LT, MTHRE0 FELINIZI W TIN T AN s U T TALZED S 2.8~4 mm T
D& SEN A2 L—FBINT A A T at ZFHATE 5 RIAL 15T

+45 degrees 0 degrees

-45 degrees

Fig. 5-5. Images of crossed line beams on a weld bead during laser thermal processing at 0-degree and

145-degrees direction.
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54 EHPIFENCHTAHY =T VU T ¢ MRS R

THARGRT — 7 ETRHET A v 60— Ll SERFHIY AT L & U — 7 QiR B0 &
HTY =7 U7 o BRI 4 S0 L7, HEHEm X (Z = 0 mm) & T~ N4 1 mm B L 72B5
DAL E—LOEDLEEK 56 1R, T—2 IR LTITAy KRB0, &7
T A B LOBEABIFFHIIT A & 5 X AL Lz, EOALED b & S L2
AL, Z=+1 mm TEHA L 7=k 5 & Bl & CRHI L 72 RO B R D 6 3T 55
IR A R LR R 2K 5-7 (23, G790 O T T~y FOBE &I
LG50 um LA FCOFZEBR Lz, ZhUE, S2HCRLEDATO | lFEY Y
D S RREEAH OFEFHE 15 pm 1% LT T A o B — AD ML E % + 5K pixel DR TH
HREETHDHZ L AR LTEY, FHlIT AT L LTHRFHINREN G b, £z, 52
HiCRLIZ & DI 2RO T A =P EMTA Y FRIEEX T )CRIE L, X2 FEicsy
TN EEOTAET (L E— LA L= = L0, ZHHE, S0, BEifeo Y HihrE
CE BT, A (520 v FHEEHEICIE U CREIC T A v & — b OB BNEN S 5 Z &
ERALMC LI, LEER-T, RHET A v =2l T, ERO U2 & Rk
(O B A AL O SRS TRE L 0, ANLARES o S AR % A v m e AR
AIRTREZ2 G HAT A &2 £ 90 EEFAICHER ATRETH D Z L 2 bz L7z,

Y direction position [mm]
o

0 200 400 600 800 1000
Centroid in X direction [pixel]

Fig. 5-6. Centroid position of crossed line beams on flat workpiece at Z = 0 mm and +1 mm.
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2090 |
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0.85

-90 -60 -30 0 30 60 90
Measurement direction [degrees]
Fig. 5-7. Displacement by measurement direction on a flat workpiece when processing head moved

fromZ=0mmto Z=+1 mm.
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5.5 FEIG RN X3 2B E LR

5.5.1 FHAIJG AT xd 2 S BERTAR R BR R

WU — 7 BICEE#EE — R 2356 OFHT I3 2 @ S 2L IR RFAm RS 5
R RETA E—LOEERE, FHAMIC Ko TERT A7 M E—LD Y K
FNLER RS, 22T, F—O@E#EE — Fa AW CERUDT ISR 2 @ S A FHRET 2
Fha Uiz, EBRSEM AR S5-1, FHAG ISR 2 IR A2 X 5-8 Io~d. Z2°C, L
JFR E MG RITERET D, F, ALY —2 13X 4-4 LEFETH D, MTHE EicD—
7 HREBEID L, IMLZLTWARWRETI L~y FMilo XY AT —VZ2E/ L TE S BN
FHEATS. 45EICRLIZEY, L—VEUITHEIMNTZ2 L TORVIRRED & S ZEALEHA
FEEEIC BN S 7272, AN T L CWRVRRE TR 5. B — Fllod C dihlaldis
AT =T EROCTEEE— RE2£90 ELNTHERS Y, £HRICADETXY AT —V%
B3 2 LT, A U e — N2 AW CEHIE ISk 2 m S 280705 HRIGEATG 2 260 L7-. A&
FERTIL, 4.5 Hi & FERICH A T EiG A2 TG L72BRIC b U FES 200 L NC 223 LT
THOAT— U EFHRE —B ST,

Table 5-1. Experiment parameters for accuracy evaluation by measurement direction.

Parameter value
Stage speed 10 nm/sec
Frame rate of an image sensor 20 fps
Measurement pitch 0.5 mm
Exposure time 0.1 msec

X-Y plane movement

|_Processing head

_ > Line lasers
7 +90 deg{ees Pead
Y r g C-axis stage movement
X k -X 0 degrees
Workpiece

Fig. 5-8. Experiment setup of accuracy evaluation by measurement direction.
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5.5.2 FHRIG N R S BALEHRRE R

R 0 FE, 430 BE, £60 FE, £90 DO — RHRTFHML7ZT 1 v — A %X
5-91 Y. REHEY, FHE I Lo THE#E— NIZ L2 T A1 v B — A OREALEZENLD
HUD Y HFEMLENRR > TV, ZHDT A 2 B — L) 5 AL E 6T 5 IR
- RE S ZHH LR ZK 5-10 (ORT. 22T, 4.5 81 & REICHE S BRI 2T A
L0 LEREE 2R 3 T ERS( = ek NH-3N)Z2 WO CERNCEH L7/ R 2 B L 5.
ETOFHFTE TRIBHOK LY bEOTE— FE S 2 EE & FSIZEHTRETH 5.

F7o, BRI T D i & RO EHAINLE X = 10~45 mm OB E OFAER LY
B U7 SENRHAKSE 2 1 5-11 129, £/, RIS Z & (10 v F)DBEEITK
T HRKEEZK 5-12 1T, FHF R 60 FELIN TIL AT — 7 | & [RZIEHIITT
WL O TRHAMEE £50 um DL FCTh o7z, —J7, £70 FELLETid e — NMilmm o s T
L7ZIERE G K 0 BHIEEEE 150 pm & 7257, +X HANLBHI LT A L E—L08 Y
FIANZHEDN D & — Nl o dh i CIERCN S F 272 U, BGELECH G Tid7e < IEERGHDE &
L CHRAGRICAS L2729, X 5-9 TRLZE90 EHHODT A > B — LG E— K L5
DOIEFRFENFAFN LT, EREEICE Y T4 v B — 2 0+X FEHHIOSEIRENFIFI L T A 18
MR 2T, @ SENEEREO B L AR X FRZIEL &, HEINEEIE
NEHFE A+ F M OREZENR A LT, F£72, 2 OIERSHEORERRMIE e — Rl oMY
TERIAR T B2, FHIMIEIC L > CGEERDEIL L. 20 X518, BEE—FD L)
R 2 FHRS 5 5 A, ERERE SEMFHINZIE T A L E— LD BRE I L0 %
AT DIENIEOREL LT D ENNETHLZ 2 LN L.

-90 degrees -60 degrees -30 degrees

0 degrees

Fig. 5-9. Image of crossed line beams on a weld bead. Measurement directions are 0, £30, =60 and

+90 degrees.
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Fig. 5-10. Height measurement results of weld bead by measurement directions: (a) measurement

directions are 0, -45, -90 degrees and (b) measurement directions are 0, +45, +90 degrees.
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Fig. 5-11. Height measurement error of a weld bead by measurement directions. The error was

estimated from difference between the measurement result and the true value: (a) measurement

directions are 0, -45, -90 degrees and (b) measurement directions are 0, +45, +90 degrees.
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Fig. 5-12. Maximum measurement error of a weld bead by measurement direction. This result was

averaging value in flat region (X = 10-45 mm) on a weld bead.

SRR O FEND SEEE T EE Yy FTEHMIL, 2 KD T4 L E— LRSS 0 N
3 O 15 SZENCEHANG B 2 FER SR L 72/ R 2 X 5-13 12”77, 2 KD T A L E—LNK
5T 5 0 AT TR FIXMEL, £50 um LA FOFHIREE Cf S M2 §HIITRETH 5
ZEEHLMILTZ. 2L, RETA L E—2N0IMARTIE, =60 ELINOFH
FHIATIE, W — REFHId 2B b FHR Y — 27 L RSO 50 um LU T OFHANSE C
bDH. —J7, £70 ELLEOFRF T, EFHEOREEIC L0 FHIREEA 150 um & 72
. ZOX IS, MTHFMPZET DBIC I TRE Eod SEMEFHIITHR8ET A e
— LI TR, =R TSR WO T S m AN TH L — OB SE L 22 5
KO MLHIAE 21T O BRI B oA 7 m - ZAFHARE LAY 100 pm (Z%F LT 150 pm OFGEE
THHAIAEECTH D72, L—FEUNTIZI T DI THIEE~ 05 25 i 6E & 72 5 RA R 245
2. L L, AT — 27 2N T4 ABREM T I TIT IS & &P mkEE 2R dHl 2 e T
HDHD, MIZEMAMALS 2 L03H 5 3 Wt L— PN LR rlRe/s ED#HEEM LTI, &
FZT A B — LDOWE TR EANTIFR O BEFRIT & o TIERT S22 9 & FHIEE E MK
TTHZLE2BETHNENHDLZ EEH LN L.
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Fig. 5-13. Maximum measurement error of weld bead by small measurement directions estimated by

line beams near the cross point. This shows the expansion of Fig. 5-12 from 0 degree to 10 degrees.
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5.6 S

ARETHE, L—HEINTHIN T AR ZE T BRI SN LA oo S 28070 % 5 H AT
HE/R R T A L B — DU RO INEZ R LTz, RET A v B — L0 5,
THMEIZHIET DT O IALEOEFICT A v E— b & &y T 5 FEL LT, 220
TAVE—AERAESE TN~y RUENS T —7 FICBE L, O sRiccrma g
MLz FHT 5. PEROEIM ORI LTI A v L —F & —28MT 57217 Offi i
IRHEER T 90 FEHMOM TR LA 7 at Am SEMFHAERGETH L. £,
RAETA L E—NIFHIERIC L 63, &I NE(LT 2B EfG: E o O E D F— 5
\CENLT B 72, fH em S ENIHFLIECTA > 7 vt AFHA AT RE 20N 15 1) Z Pk AT HE
Thb. 2LV, 4 7 aEAFHINC X5 U—F BN THIE 258 H T & 2 TR O
WHHEZM ETx 5.

RAETA =2 A o m SEMEHIFEEZ R U, NG F5R & R Al
BT DM TALE LG TOA > 7 aw AFHT AT 22BN T L —V BN T OAELE D
BAERL, MTAL—Y 2Ky Fgd3 mm (26 LTI HEIE C T TALENS 2.8~4
mm OFHUALFE T L — PRI LA A > 7 r e AFHRARETH S 2 & 2 L. [0k
E— REHWTRAET A v — 2O OG5 BT 2 i S FHERS EE R 525 2
i L7z, FHATA 60 FEELINTIT AR U — 2 b & RSO SZEMFHAFEE =50 um T
Y, 70 FEHH 90 FEOFHAITT M TIE, ¥ — MMl o fhifE CIER &2 L
FHAMEEE S £150 pm & 72 o7, IERUREOXIRE LT, MRIND T4 v B — LD IERS
ST S 720 K9 72 /W MR SENEHIRE O ELOFHE T LT Y R AOLENRS 2
bivs.

DX, RETA =2 HFRIC LY, 2R T 7 m - AFHF I
TAREE B SZALEHAS FTREZ2 N T 5 A& 90 FEICHER TE L Z &AL MMC L. &£
o, RETA E—LExT 25 2 b RS UE, ITATE O JE A Y B X 51
TA LV E—LERHFNATRETH D720, MILREKIZE ST 360 EH RO LR oA 7
2 AFHAIAATRE & 70 D . AR TIEEHAT AN K o TIERSHEA AS U CEHIRE MK
TIoR, EEXERL—PITEICBT S L—FRIN T coMTH L —Y o/ G I3
2 N T3k Gt O RS EEK 100 um ~i# ] T& 5 AiAAZES{TZ. 0L I, RETFTA B
— 2 E WD Z LT, LRI AN T M A EA LT D BRI b IS TR
B EOMIALERE COA T a2 S EMFHIA R TH D Z L EEFE L2720, &K
BECIRE Lo B BRI AT MM L B4 7 a ' AR RISV L —
PR THIE OF M 2 RGE LI s 2 T



6 B A 7 v RZEALEHIR RIS S < LRI Tl 82

#

BOE A7 ARMEIFRRIZES S L—FRUNTHI#H

6.1 ¥

B 4 FETIE, NLHEEEREICOVEREE Cm SEM 2 FHIT 5 2 & T L — AN LRl 4 &
AT 5 72O DI F % & R F R 2 Bl 3 2 I CATEL S ToA 7 mt G
WFEOFGIEER N LIz, £/, HSETIE, A7 AEHICL D L—FEIIT
Hil48) % 3 1 C & 20 TR Ok B B E A 10 B35 72 O O TALE O JE P 2 B v BT X 5
WA E— BT 28ET A =20 R LY, A 7 e AN
TR A G ATRE 2 I T M O dE K &2 FEHL L 7=,

ARETIE, NETIIHELNZMAE KD, —V BN TAIFHHT 200 TALE T o
N AR Lol TR v— W O SISk 2 00 Tkt G o @ & A HRS RIS
L—HFEINTHIE O ERMEEZ RS, A v 7 ut 2w SR EHRE ST S W TNt S
WIMTHA L —VOESAMEE D LI~y eV —7 BOEZHIET 22T, F
ATOMLSRMEH LOXEEZEML, IMIKEZM ETEL2L2W\oNIT 5. 22T,
L—HEINT 7 mEAOHRTHHIC Z $li~OEEEZEI M THAE LT, EFEmFEN KA
AT TV DERIN T 21T 5 &8 AM T Z2 AW, &REEMOE S BN 2T H
WEHRI L, EREAEIINTH L —F OB EAE & 725 K5 Rl 25 2 & CRkbER
ML THD Z L& mT. H2ETHRRIZEY, Z HROERZ D ERINTICE
W, EREERINTZAT 5 72 DI L —F RN THIE N R R Th bH. £ T, KRETIT,
A 7t AR SEMFHAFE RIS SW T LT BN THIE S 27 A2 L, HEiiEE
IMTRED Z ©y F 22 - MEERFMIC LY, —V BN THIE A 2 MREEd 5.
MELTA T avAFHHT AT 2% AT, ITH NS 2 672N TR % &
MTF A L—FEINTHEIC L > TONTHREZ R ETE5 2 EZ2HLNIT 5.

62 L—¥U A ¥ DED & BHEEEE
6.2.1 &EREREEOHME

ARED L —F BN THIFEFEER TlL, ITFEFEREAITON TV 54E AM I THEOH
T% L —H# U A ¥ Directed Energy Deposition(DED) 4> J& f&fg 21 2 95 . AM #4f71%, &
HEF R 2 RER, (K2 X hCRIECTX H720, ST & LR ST 5[108-
111]. FRCE BT I, REROUIEIIN T CRBINE T b 2 WM & @I TAlRETHh
L1z, BEEICBOWTRERPMHERTFELNTEY, N AT ¢ B[112], MZEFH
[113,114], ML TE[115)7 Ehkx 72508 CHFFE 40T 5. Powder bed fusion(PBF) I3,
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GEMAREZBEEED, L—FHIWVIETEBEFE—2 2N TRBIRICEEZITY) TR TH D
[116-118]. PBF H=id, ffIZ2 TR RBETH 203, KAULAEE L <, M TIZERI N 005
EVIREENHD. —F, DED FRUE, MINT55HSICE&REY A Yo B ARZ MG L7
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Fig. 6-1. Prototype of a laser wire-DED machine and fabricated objects: (a) prototype of a laser wire-

DED machine fabricated by Mitsubishi Electric Co. Inc. and (b) examples of fabricated objects.
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Table 6-1. Deposition results by relationship between weld bead height and processing laser focus

position as the target height.
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Fig. 6-2. Configuration of wire-feeding speed control system using in-process height displacement

measurement system.
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Fig. 6-3. Bead height and bead width results by wire-feeding speed: (a) bead height result by wire-
feeding speed and (b) bead width result by wire-feeding speed.
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Fig. 6-4. Flowchart of continuous deposition process by wire-feeding speed controlling using in-

process height displacement measurement system.
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Fig. 6-5. Experiment setup of continuous deposition using laser thermal process control.
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Table 6-2. Cylinder deposition comparison result between our wire-feeding speed control system and
conventional system without any process control. Displacement measurement results and feed wire in

gap measurement results are at 180-degree position from deposition start position.
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Fig. 6-6. Measured displacement and controlled wire-feeding speed results by deposition height: (a)
Z-pitch is 0.2 mm, (b) Z-pitch is 0.25 mm and (c) Z-pitch is 0.3 mm.
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Fig. 6-7. Height measurement results of cylinder deposition object with a height gauge.
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Fig. 6-8. Width measurement results of cylinder deposition object with a vernier caliper.



o AT AEAEHHIRERICEES < L— P EUIN T HH] 93

6.5 LG MBPET DBHMERIR T D L —FEYIN THIEEER

RIEIC CTHRE Lo A v 7 m ' A m S BN FHARE R A2 e b— 3BV Ll 5 o A %)
PR L, FRTOM LS4 LOREREZILR L, SREERERMN LNERBAETHD Z
EERHLMNT LTz, REITIE, SETRULEAZET A v B — 2008l A=A W -Cin LA
WEALT ZIN LRI T D L — VBN THIEEFZER OFE R 2 77 X 6-9 1T LA A %Ak
T LK & LT L FRR A REEEE T B0 ERRE RS, AR I3 I~y
RzZH 2 Xfilie Y A7 — &2 AWTT =27 1233 2 M T~y ROMRLE % L 5K
DM TR > TERL, ML~y MIlCH D Z AT —V 2T 1 E@iEE+52 8
WML~y F&d BER-SE5 2 L THEEGEE 21T 7. +X TR 40 mm i&B%R, A7 —
CEEIESEPITM T Z+Y HFENEE L, RERIC 40 mm EF L. & S EALFHs 2
T AIRET A B — DI R D TN TR Lo m SN AT 525, TR
NC 23N TR BRSO T H M ZHEE L, TOBMREE SEMNHY AT ACkDEZ LT
IR LT BB S I LR Eoo s SENFHUSAIEE L 72 5. FHEI L 7o @ S (LR
TRE RAZ I N2 T A - s B A 7 SRl & Rk Cod 5.

Displacement ==
NC P Height measurement|

machine | Direction

Camera
Collimate lens _—Imaging system

.CBA Band-pass filter

7‘\ —| —Laser processing head

U | Beam splitter

/ |~ Laser light
Processing laser ] | Objective lens
Cj& Line lasers
Wire-feeding speed conttol
Z

JN
Y-direction deposition
X-direction deposition

Fig. 6-9. Experiment setup of “L” shape continuous deposition using laser thermal process control.
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Fig. 6-10. Continuous deposition results of “L” shape: (a) without laser thermal process control and

(b) using laser thermal process control.
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Fig. 6-11. In-process images of crossed line beams: (a) in X-direction deposition and (b) in Y-direction

deposition.
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Fig. 6-12. Displacement results by deposition distance without laser thermal process control.
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Fig. 6-14. Side images of deposition objects with and without laser thermal process control: (a) without

laser thermal process control and (b) using laser thermal process control.
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Fig. 7-1. On-machine optical displacement measurement system in pre- or post-process: (a) edge
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