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Electro plating
Electroless plating

| Physical Vapor Chemical Vapor Deposition (CVD)
bonding deposition Physical Vapor Deposition (PVD)
Gas flame spraying
Arc spraying
— :h;"?:l —— Plasmaspraying
- praying Cold spraying
Coating - Aerosol deposition (AD)
Technology
Metal active gas welding (MAG)
Buildup Metal inert gas welding (MIG)
welding Tungsten inert gas welding (TIG)
Plasma transferred arc welding (PTA)
L_| Fusion
bonding
Laser metal
deposition
(LMD)

Fig. 1.1 Metal coating technology
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EIEEIEITL L CHIET D HETH D, HIOEKD > E R OEEMRD > & OFFE %A Table 1.1
\Z9[22], R - TR OIR L DT ) — FOREMEIC &> THEICIES & 28 V4E
U5, —JF, BEMHD > ZIRRICH—REREIZT 5 2 N TE 50, —RH4 72 0 IR
SNDHMED Spum L, BB D o X TR S BB — RO TR S T O AEFEMEN
23], L LD, Do ZREHBICERPBAEL, BED A7 BNENWFIETH D,
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Fig. 1.2 Schematic diagram of electroplating.

Table 1.1 Properties of electroplating and electroless plating of copper

Electrolytic copper plating Electroless copper plating

Unr.formrt.y of Depends on anode position Uniform layer thickness
plating thickness and shape
Plating speed ~100 pm/h ~5um/h

Change in composition

- . Difficult to change Changeable
of plating solution
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WEiZEAE (PVD) IEITEL, BN A DMK A A2 B — A OGS CTREM B 2 B8 S
THEMOFEICHERET 5 1L TH H[25]Fig. 1.3(a), PVD HEIZH A D~ & L L b TERY |
PRIENFAE LR WEREICRPE LWa—T 4 U Il Th 5, {LF%FE (CVD) EITEMIEF
PG £ o T b BICRIRA TSR S & 2 715 TdH 5 Fig. 1.3(b) AL SOG I HA i CTEL,
TIFRAZRONFEIZL > THHIND, CVD IEORHE L TRBODINT ELT 7 A7
Rz d 5 2 & BN TE H[26], CVD {EIXSUSAERR DO FENE, MBIMER D L O 2XHR M
WL 2D DT, —IICIE PVD ETRVETE W EIRICERH S5, PVD O ARIEGHEE 1%
36 umh FRETH Y | FEE 1 nm~10 um ZERS L H[27], BZET v 03— n B aw s
MELRY  EEEAI R MRED, £, Oo X LFAMKICEBERE TOMA RO THEAM
FE DI T2 R 2 TERR 5 72 D IR R 0 O = F L X — 03/ N S W Lo 1 % bt %8
NHRET DHMEITRH[28], ZEILES 10 pum LA T ORBEERIEICENT- 2 —F 1 > 7 Hidl
ThO, Vo XADOKHBLIEE, AT + A7 v A | KIGEMEK Y A YE 2 REECHND
TN 5,

s ™ s ~
Source
Evaporated
metal metgl E:>
.~
/ Coated
Vacuum Evaporation  Vacuum metal
: < source <::I
L '\ J\Heater L v\ J
Vacuum chamber Vacuum chamber

Fig. 1.3 Schematic diagram of (a) Physical vapor deposition, (b) Chemical vapor deposition
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NI AR SUTY A - THAR S LD TR B2 7R T 2 DIRBESR . 7T — 7 RO T T X~
REDOBJRIZ LV EFE L, mnE CEMICEZEE T L Z L CRIEEKT 5 a—T 1 v Tk
Th b, Fig. 14 |[THEFEEE OIS 2 ~d, KIEOHEGTRENEM OREIREICKE <
BEINDT2D, M OFHLER L UCHiiE, Bt BRE K ORI AT 9o B TIE—
AN R L BB 25 R O LI 7 F A ML T4 TV D Fig. 1.5, 7 7 A MLELTIELT
NI FXIIAF =TV v REEMEZER TS LB I EMERmEICRE MM 2,
FEAT BBE I L A L 72 B R E O M MICINBE NI L VG ST D (T —2R).,
Flo, AR EMIESE LT2BE. BRI T 5 0 CREWTH X Fig. 1.6 DFER 7 A
FIRE D, FIFIZIZIRMa TS D 7 0 —R—/LNEEIER SN D, Table 1.2 (245 FRIA S 1L &
DR OB IR 2 797 [29][30), ABER A BR & 2 7 L — AEEFHIRFLER 5~20%., %
AHRED 20~50 MPa DZIRN G DN D, 7T— 7 E#IT 7 L— A XV VR ORENEL, 7
L— BRI D 2~4 (GO R BGERE NG O D3]], £/o, 7L —AEHLV Z =27
IR MIHBENTND[B2], 7T AVEHTIET I XA~V =y MLV, BIRORITHEEN
WL 220 | HEAIREEIT 20~70 MPa & HERHIE < D, @il 7 b— AEEGHT Bl U 72 3EaHE &
D IR Z S TR E AT 2 HIETH Y | U CHEA TR IS T B S
BND, OB 72 0 ORBEEIT 20~40 kg/h & KEW[33], 7=, MO S]
BN L0 BALHEFEYS 72 0 IS SN DM RO BENELT 50T, EMREE &EdERG 95
T L TCHVWEEE KEEICa—T 7T D ENTE D, IWHITHE TREENE <, KA
Ml LTz a—T ¢ U 7ES Th D, BEAPESE CIRMEREME PR 1563 D R MED R
HNDHNY I T T a—)b TR —FEFETIL, M2 T B S FobF ~ DB A ik
T 572D CoNiCrAlY B&Na—T 4 V7 I3 TW5, @ik - BERERE T CTHVWLND R
A T —DMWINER _ EO T DIZIEH BN LI TN D,

Table 1.2 Thermal spraying methods and layer properties

Particle Particle Adhesion .
Method Material diameter velocity strength Porosity
(Lm) (m/s) (MPa) (%)
Flame Spraying Metals 45~150 50~100 20~50 5~20
Ferrous
Arc spraying Nonferrous Wire 50~100 20~50 5~20
Metals
Metals
Plasma spraying Oxides 45~75 150~200 20~70 1~20
Carbide cermet
High velocity Metals 10~45 300~500 100~ 0.1~5

flame spraying Carbide cermet
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Fig. 1.4 Schematic diagram of thermal spraying method
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Fig. 1.5 Pretreatment of substrates by blasting
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/
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Fig. 1.6 Schematic of thermal spray coating cross section
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TrYMEL, ) RAVEE L CTHEZET ¥ L N—NOEMITRE (T TRIEAE BT 5 ik
Toh D Fig. 1.7, AD IEOHERIZIZ0.08um 75 2mm FEEDO L ONRHNLIN D, AR X
5~50 pm/min CHEE 0.5 pm 7>~1 mm F£E D L3 5 H[35], AD EIEXE=EIR TR R D
ML T D78, ZEFEORBRTMRLVIKIEETH Y, 100Pa FEEDREZETa L #
DEBO/NS WVEEEZTER TE 5,

a—/L RAT L— (CS) EIIEEH 2 % S00°CREEEICIEL L T T /3—JAR D / X)L % if@i
THZETEKRLEBEEREZ AT a—T 1 IHMEFCH 2K % 300~1200 m/s THAS
WCIRE AT TR ZTERRT 2 51 THh 5 Fig. 1.8, 1EEhHT AIT ATy BRERELOANY 74
ERHNGIN D, CSIEORBELEEFE A+ mm/min TH Y, £ pm 755+ mm OFEE T
RARECTH D, T, BIREMET DIRG & il U TR~ OB AN/ NSV, CSIEITH
ROMIET FN X —TCTRHEEZ TR 5 720, Kt Sum 75 150 pm Oy R I ARHEE S 300
m/s LA T TR #im Tokiaik » AR S0 [36), I ZTERLT 5 72 DITITm RN
P2 RS B OB Al (B HE) 2% 2 NN H 5, By ROEE D H T A
ROEWFEN RN END DT, fFEVHT ADET % 3MPa UL LD T T 5[37], KK
&M IR 70825 TH D | 10~60MPa FREE OBEA TR AMF DAL H[38], 1EEIA A D
BEOHEME A NOBINZERET 5 O T, KETO BRI 2058237 T
%[39]s

Vacuum chamber

High pressure
gas I
—

High speed
flow

—\:>

@ @ g @0
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Nozzl
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L J
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Fig. 1.7 Schematic diagram of aerosol deposition method.
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Fig. 1.8 Schematic diagram of the cold spray method
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WIS EEIT T — 27 X T T X~ THM R LIER L 7 i@ U A v — U R R
BN LIRS U CORIRE T 2 HiETh 5, Fig 1.9 ICHEREOFI L LTT T X~
7 — 7 PR&YHE PTA (Plasma Transferred Arc) VEDOBIISX A2 R34, PTAVEIZX V7 AT V&
e MR EORICRESEE ST RA~T — 7 ZBJRE L CHEMAZRBIL., R LZE
AT R AT L CHEAR T 5 2 &L CTRIBEZIERT 2 HETh D, 7— 7 HOIREIX
5000K~50000K & @R T, 7—7 TRAELZEAED H B 50~90%73 FbF OIREI VB 1
%[40], Fig. 1.10 [y A IR X 0 TRk &4 2 B2 W OBEIG X & 797, BT Eps & 1A
RS LD O T, BEATRE M ORE L FIfRE TH Y | WA ORI L @i
BRENGOND, LNLENL, Wtz a—7 ¢ U IMEIBEAIND DT, a—7 4
YIMEE BEM O GBIRS D ARBAELC D, FRBREL 2D L a—T 1 ITHMEOM
EPMETT 20T, HBRIIBI/NES T2 ENEE LU, PTA AEIREICB O THIROE
AT D\ IXE B ER CAKIEEE T 2 LER S 5 O T, MEOEHESENT 5, *
7o REEPICERDBRAET B0, B O EF-HEX D KRE2EME2 VTR L%
RGTIR E THI Y BN H 5, Table 1.3 ([CK TR T D LB EHE K OFy
WRZ2Rmd, PRIAERE I TRERDS 2~36 kg/h & i TRERNE WA, iR OER 2 v T
AR 2720, AHRFEIL10%~30%E KEW[41], NEET A EZ T —/V R AL LTH
W5 (MIG) BT a—T 4 VMBI CH AU A Y—2EMmE LTHY, VA v—1¢
MBI TRELET =7 28R L LTWD, VA v —Z2E il c e T& 2720,
HENEHEIC O L TWD[42], 7« 7 (TIG) T F v 7 AT Ui EOIFEFEMEOEMmE
AWTT T2 EORIEWET AR CRAESEZT — 7 ZBJRICHW 5, TIG 15 Clda—
T A ITMEICHDREIITA Y —2BME L2V T, MREEZMN THIET S Z &



NTED, a—T 4 THELE T —27 ZSr L CHITECT & % 0T MIG ¥3# X 0 75 IREH /1
W, L LD D, TIG V2 OREHE & O 5 1L 0.5 m/min LLFCTH Y | 1 MIG &
BV BB, 22T, MA LY A v — 2RI HHG T 54Ky NU A Y TIG 820358
S NEEAE BN 6kg/h ([ZHIIN L 72[43], PURSES BRI 3R S48 mm DS TRE B N 7 B 2 T
TEBDT, FIEIZES D305 880 0 — V5 Ot EEFEMCI B 23 sk 60 5 5 Bl 5L 12
Anbind, WREAIEIC X D AR KR OEA A MA@ B 2R A TR T DI, Eb~
DABEDOHIENE BN a—T « VT HiRRD TS,

Tungsten

. electrode

Cooling Plasma
as

water

Welding material
(powder)

Shed gas

Molten pool

Substrate

Fig. 1.9 Schematic diagram of Powder Plasma Transferred Arc Welding (PTA) .

Cross-sectional
Layer em~~ Ll Area of layer

- \ \
£ N P
.«\ Dilution zone

_1: Dilution Length

Penetration area

Substrate

Fig. 1.10 Cross-sectional image of layer formed by PTA

Table 1.3 Material and coating properties of weld overlay cladding

Welding method Average (d;g[;;);ltlon rate D"Ut(l‘;? ) rate Shape of cladding material
Covered arc welding 2 20 Coated Rods
TIG welding 3.2 10 Rod, Wire
MIG welding 55 30 Wire
Submerged arc welding 6.8 20 Wire
Band arc welding 36 10 Hoop
Plasma arc welding 3.2 10 Powder

10
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V=Y T T 4 IR — Y CHEM AR L OB LRI U A v — TR &
PN U TG R A TRk 9~ 5 HiECTH 5 [44]Fig. 1.11, — I L —F AR v MRIZE
PEI~Tmm BRETH Y | Kifk 50~100 um DR HN LD, 2—T ¢ 7TV
THEMES SN, HEBEDOEWEEN LN D, L—FITH ) OHIEER Bz,
B ~OANBEZHETE 5, ABWEO M OBRE LHIZ X0 A EL LTI 2
R & PRI, BB IR Ko THAKIC K 2 BN DIRIA & 72 %, PTA ##2 TlIEGY
BN M OVRE TN 5 mm BRI NDI0IK LT, V—F27 T T 4 7 TIER 1
mm FBREICIZ D ENTE S, FEOEIEIX 0.5 mm~2mm #AREDD 10%LEThH D, 4
B BACD AR E T R 5 2 & T EEMBIOKEZ RS 5 Z LidT&E D, L—F
7T T 4 71 PTA WHE & B UC, WRIE R & BEE £ T O R 23O THED
REWRAC LT AT EARIHLS RS L, 2 HE D RWRIER R/ 6D, V—% 27 T v T ¢
YN OWTOFEMIT 1.3 fi Tk 2%,

aser beam

/ Shield gas

Welding
material
(powder)

Molten pool

Substrate

Fig. 1.11 Schematic diagram of laser cladding.
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Table 1.4 |22 —7 ¢ v ZHANOFNE & F M A 73, FHMIEEFRE = —7 ¢ > 7 Bl & fixt
BICFHET LT, BAFO, WA, RBX & Lz, BAIRFE TR S 5 BIROJE S 138E 2 1
WDHIRE, AEIEBER N — 7 T o F ¢ U I RRE O, WBREEAIC X D R B A o
235K 100 MPa LA R Ch 528, SWVEAR T OJRK & 22 2 mWPUTFAE LRV, —F . WEEER
VL —H7 59T ¢ v ZI3EMARRT 2 0T, &JBOME & FRREOHESTRENE I
DBRFRNEL D, M LERBIC DWW TIE, KRR CTRIBIERA T& DM, WEEEE, L —
VoI T4 T ERIFE L, A TIIEHA CRGRLV—Y 2 F T 4V JICHER
L7,

Table 1.4 Performance comparison of coating technologies

Electroplating PVD AD Thermal spraying ~ Overlay welding  Laser cladding
) . 100 pm/h 36 pm'h 5~50 pm/min 20pm~100pm 2~3mm 0.5~2mm

Layer thickness Thin Thin Thin 1 pass 1 pass 1 pass
; O o O X O O

Porosity ~1% ~1% ~1% 1~20% ~1% ~1%
. X X X b O) @]
Adhesion . . . . . . . . ~ ~

Physical bonding Physical bonding Physical bonding  Physical bonding weld weld
Dilution ratio - - - - e O
Deposition AN e AN O O O
environment Plating bath high vacuum low vacuum Air Air Air
Copper coating O O O O O Al

12
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L—W7 7 T ¢ 71X Additive Manufacturing (AM, fHnfdiE) Hiffo—>ThHh o, AM
X =TT — X R, MBI 2 e S L 2 T 25 TH U | Fig. 1.12 1T T
BRIZT DO BT 3 Y —|Z5FEE N H[45][46], AM FHAT AT ERE ST (MIT) B EHTH (MEX) |
v— MEE (SHL). #&HECES (VPP). FEaAIMES (BIT) . BMRKERRE S (PBF) KO
famtE x L X —HefE (DED) 208 S5, AM HAlT O Ta @R LR T OfEfE & ¢
& 5 PBF L TN DED (Z2DW Tk %,

—| Material Jetting (MJT) |

—{ Material Extrusion (MEX) |

ﬂ SheetLamination (SHL) |

| vatPhoto
Polymerization(VPP)
Resin
BinderJetting (BJT
Additive 4' g (B47) |
Manufacturing
(AM) —| PowderBedFusion(PBF) |——| Selectivelasermelting(SLM) |

Metal L Electronbeam meiting (EBM) |

Directed Energy [
— Deposition (DED) |

Laser metal deposition (LMD) |

Electron beam additive
manufacturing (EBAM)

Wire and arc additive
manufacturing (WAAM)

Fig. 1.12 Types of Additive Manufacturing Processes

PBF I & G507 RICE T E— L UL L —F 2 ER LN DR U, IREEEN 20
R CTEEMENERT 5 HETH 5D, PBF TEYRIZ L—H % H 5 FE1T Selective laser
melting (SLM) &PFEIND, SLM TIEE&BERO LI RMEI 2B E 550, i ROEICER
WD 2 WTEATA AT —ZIZiH> CL—F &K L, BARSEREEE L7203 5 &2 AT
Do 1 BBET LIS, WRLEBOESET&BREZBET LT, HEZO LIChREHE
D, TOFEEEZRYIEL TEIFMOERZIT 9, SLM IZUIHIIN L CIX/ERIR e
ZEIE R NT T 4 AEEFEOREAERTE D47 —FH . MREBEFEDLZ LN TED
WO RENBEIROT, HHERTR~Da—F ¢ L ZIFEE L,

DED (&34 B & B =L ¥ — B — A SRR RS U, VA - flfE L
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BT %51 TH 5, DED IEOH TEJRIZ L —H % % 51573 Laser metal deposition (LMD)
Tdhob, LMD X 3D ETANLEHMERIET HZ LN TEX DT, KDL BTN
B (=7 %y hv=A7) 28T 52 ENTESH[48], LMD Hifioh T, REdE % H
B Lica—7 4V THINL— 2 Z 97 4 v 7 Thd, REICITFE ARG U, it
BV, TREERENE R OV EMAE DS SR D B AL D, fEHIBRBEIC RIS T & 2wt e BH AT 23 & <
PSIVIMTIERRT D& aXA MR D, Z22C, V=Y T vT ¢ v 7 TRl FEMITHR L
TEEEMEZ a—T 4 v 742528 T, aR b EBEAM-THMETERT 52 LN T
ERAR

— N L —F 7 T T 4 X — TR LBt 2 —T 0 I B R AL
TR - BEE S CHRIRA R T 57k ThoD, 22T (REROL—F I T T 17
RS L — Y F T ¢ T LS, —AZIZ L — AR Y MED 1~7 mm,
FHFLHE 1~2 m/min T 0.5~2mm BEORERR SN D, 22T, BAREM Y70 (12
R SN D RO E B4 i THEE L35, fi LiERE M L3 57012 L—YF odmt ik
HEATND, L—HHT 16 kW OFEKR L —FIC L DR L —Y 2 7 T 0 7
%, BADHKI 20mm O L —F AR v b CTREZEA L, i L2 100 g/min LA EIZ(A)
ELTWD, REARA CIIEWEELZEER LR T 22 N TE L0 T, JEEr—/L
72 ERENEEFET D & 5 e B ICE LT\ D,

WG & LT, MEERENE R O EWE S LB R s EGE R 7 L — %7 0 A7 1T NI Ea
WZERRSB AR LM Bt 2 2 —7 ¢ 732 2 & C, 3 300 km/h > 6 OGS 1R
2DTL—FT 4 A7 PR SNTZ[49], WERDOT — 7 R°T7 T X~ OB CIIAZ &N ®S
E D a—T 4 I TERVNEDR—NRT Y TN v—Y I T T 4 AT D
Z LT, BRMEHERTIERHE TE R0 o TRIREFIK TH D 600 CITHIG Lz AR —_T
U2 7R INTZ[50], V—W 7 T v T 4 v IIIEM ORBIZEEREEA R E 2 —T ¢ v
I HZET, MEMEMEZIMA TRBOREMLT LI ENTE D, LLREG, il
WAL —F 27 T o F 0 7 TREES 0.5 mm ORIEEZTER LTI-5a . o THM S
DMEMELZ 50% AR L TWD[51], L—H 27 T w7 ¢ o ZIXERRIC B W THIRZ I 2 5
ZENHETH D,

131 BEJELLTHL—F

L—PIREED ORI~ 726 TH O | FRaE, EHMEICTENL TV D, INLICEB T
D L—HIEH I ORBEER E . =RV F—FEICONWTHOBJR TH LT A, 7T—7 Lk
BT 5, SFEEVROKMEZL Table 1.5 (R$[52][53][54], BERIZTEF LY, Tl
IR EDRICKFEN A BFE TRIES T2 Z L TELL, BYROIREX 3000CLL T THH D
TEICAERBED/NSWEM 2T D2 HOBJRE L THWOND, T—7 ROT T X~
T — 73 M ORI N D, iR BBV A V) a8 TERE
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ML TWDIREE CEME 5| X BT & BT — 27 BRAET D, 7—27 OIREIX 10,000°C
~14,0000CTH 0 . FLERIE EREDNE, 7 — 7 1ZBED 10 mm FEEEIZIAN D728, T
BB EE LV, — 5, L— W TIIM BRI S D 2 & TEICER I DH DT,
L—W 2B L@ oAN M S D, B2, L—FIEL U X TAKR Y FEEE pm 12K
52 & TIRFTIZ LR TH D, T2 C, FEEYIONY —FHEL KT DL TAD
PRBER 1 kW/em? B8 LN — 7 15 kW/em? |12k LT, b —H1F 1000 kW/em? LL ED /ST —%
ERFLND DT, WRMNTEM ZEAT 52 LN TE D, NU—BENEL . HADHIHE
PEICENTZ L —PF X —T 4 V7l LT8R CTH 5,

Table 1.5 Characteristics of heat source.

Power density

Heat source Convergence
kw/cm?
Combustion flame 1 10 mm or more
Arc 15 Approx. 10 mm
Plasma 50~100 Approx. 10 mm
Laser™* 100~ Several hundred um

$¢1 Focusing diameter in laser cladding.

1.3.1.1 &BDYIIN

L—HEMEHZ T2 & Fig. 113 I[ZRTHRIC L— I3 B R i AU WX, @i L
W N =R —O— R EM OIRE EFICHWORD, L —TF ORIEEIZ OV T
WA BRAEEMT AOICHE L2 L—FIZHONTEZLD, L—FE2EMICRE Lz L&D
FER R, IR 4 OFER T &35 & 26 ORRIE
R+A+T=1 (1.1)
D MTICHWSILD L—F DO K 400~1200 nm Tl (R A KA nm FEE D728 T=0
EEZ . FE R &SGR 4 ORI
R+A=1 (1.2)
Ehb, 22T, L—FOZRAX—% E LT L&BMEHIRINS LD L—F DL
F—EalIA TR IND,

Ei~E,+Ex (0<4<1) (1.3)
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Laser energy E [J] Reflection Eg [J]

Absorption
Ey[J]

Substrate

Fig. 1.13  Energy absorbed into substrate by laser irradiation

iof\%&ﬁ$ﬁ%wﬁﬁﬁﬁémﬂﬁé@ ERITHD, T 2T, L—F ORIEERIC
DNTHEZ D, L—F (B I TEMBKTFOICREBER CH S, ZDODEME1 SR
IR SN D EEBRNICIRBIER DR ET 5, 20 L ZBROEMI > TEBEFAD
H R ENEMOICGETDT 5, BN SNEERORBHD/ NI NEE (FEREWVWEX) 1
BROEH) #Lfamﬁ%ﬁi<kﬁﬁéo_®k%¢mbt$ﬁ&Aw AQUF A A
AT B DR S IVBGIE DR A IS . 1359 9.11x103 kg DEEEZHF L CWH 7

. ETDREE uﬁbfﬁiuL%ﬁ?uEﬂﬁ%éﬁéo%%éﬂt%ﬁ@%@ﬁﬂ
k%<@é(ﬁﬁ#@<ﬁé)Konf\%%@%@ﬁﬁﬁf%fméﬁw_@mﬁhkl
T5ZLETRINEND, Z OB D IO T ) 72E 5 L Th D, Drude K&
O Lorentz DET /L CailHE 1L 5,

HHER IR W T, BBRICXT 20 XL OWIUT A BN O B BE T OEMEE)IC
S>THU D, ERMEHIMRFE T ORIV DB S Al %%TMLTAﬁ
#5:&Kiofam%%%&@iméﬁ%kﬁofwéwg1M)§m$ E (B
(L—Y) BRSNS L, BREOERCEY . HHREFEOMNEN ISR LT
%théo:@k%ﬁ%&kﬁﬁ%%$&®ﬁ_%ﬁ%wP#ibéo
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Nucleus Electron clouds L
Electric field :E

Electron ) _)J + ‘_’.\_) ;"_,J j—.l :‘:—j>-
+ 2 — 'j>_
) ) ) , DPE
+ | =) 9 )
) - 009
S 3 + | C] 9 < >_

Electric polarization : P

Fig. 1.14 Schematic diagram of nucleus and electron clouds of metal and its polarization

T, BEFOAMEELEM, EHELp(t). BEEICEVIENT2ERECELT D, 2O
LEBFOEMEeLTDHE, EBFPENNOLZTDNET—eELEXEDND, /o0 1 @D
BN O 72 0 IR FRACTE ST DR 2 1/t L ET D & Rt St + AtDOH D
HEE Ep () DEBITRNTES N D,

pa+An_(1—§)@a)—amu (1.4)

p(H—AAtZ p(t)+ p(t)+eE——EAt— 0 (1.5)

At—0 DRRfRZ & % &

dp(t) _
dr + - p(t) +eE=0 (1.6)

BrOMEZx()ETDHE
2
m <d *(t) + 1dx(t)> +eE=0 (1.7)

dt? T dt

EETFL, XADFEFOES R EZERT,
Z 2T, AEE D A ﬂ#é BA OIS E 2 E 25, L—FRENZ > TAEL

TEREE = Eje @t <, %7, XL —FIC Lo TERT 2 BT X - THtfil#kE)
#5@( ﬁ@ﬂ@%iﬂ@:xwﬂwkkiéo_m%%ﬁuﬂmﬁﬂﬁék
1
a)(a) + —)

b, BAOBEEZNETHE, BIOWPIIP = —eNxE HENHD T, ZNE AT
(1.)EEWKT D &

Ne? 1

P(a)) = - E (1'9)

a)(a) +—)
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s, ZIZT, BHENEX LN EEOBHREEDIILLTO L IcRIND,
D=¢gE+P (1.10)
EIFHEHZEDFHERTH D,
ZIZKA)ERAL T, DIZOWTEHTHLEUTOLSIT D,

D Ne? 1 E (1.11)

= _ & .
M »(w +2)

= &(w)&k (1.12)

HADCEBNTE()ITEREFERTH D, DL &, 7T AR w, 2 RXD &5
ICEHRT D

Ne?
wpz _ (1.13)
me,

(113 LY, §(w)EEET DL

(1.)2

Ne? 1 »

1——
mgoa)(w+—)

=1-

&(w) = (1.14)

0w+

G55, A(1.14)1% Drude @f&ﬂ?iﬂﬂ%

WIZ, AEEERoD L —Y (BRK) DEeRBICEEICAR LI EORNEE 25, @R
DESKILEE o, HAETOFEWRZ, L B< L, %’E:EP@vﬁ%?:/VﬁF%ﬁciuT@ﬁ

DEITERIND,

V-E=0 (1.15)
V-B=0 (1.16)
aB
VXE=—-— (1.17)
aD
VxB= MO(JE+E) (1.18)
KA. 17)D LI rot Zfiid &
Vx(VxE)_Vx(—‘;—l:) (1.19)
V(V-E)—V2E=—%(|7><B) (1.20)

A(1.13), (1.18) K TN1.20) LD

0°E

oF
V2E — g0 ——— #05057(0))? =0 (1.21)

ot
NSNS, ZOHBRROMEZNKKkE LT, E(w,2) = Egel®k2=0D L 5<, 2w X121
AT D &
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k? = poeo&(w)w? + pgowi (1.22)

R(1.22) &K ¢ = —% AV THET &,

v Hoéo
27 o(w)\ w?
k? = 2(€r(w)+l SO)E?NZ (1.23)
N? = & (w) + i 29— (1.24)
wegy

NIZBEREFTRTH D,

ZITC, EHBERBITENZLUTO LI LTERT,

N =n+ik (1.25)
7272 L, nidEITER, klTEERETH D,

nEXANAMAL, EOFRIZRATDHE, LTFTO X 1275,

Kw

E(w,2) = Eye @ e c? (1.26)
Wiz, BZEFERLERBICEBE S AS L & X0 EZERESMAR L OEREAITOE
BEZD, BRILERNEr ThVWE & BEEFHEKEERORNEOT HMOEET TIX
A(1.26)ITLL F O L D IZRE S,

E= Etei‘”(¥_t) (1.27)

EAZ&RBFOERTHDH, EZFEKM TIIEIEnL 1, HERERL 0 THD & L bIT,
R ENDBEBRIAKNTIERE RN SNEZEROERAEDETRELDT, KO
THECIEE LT

E = Eei9G™ 4 g ol@Cc 0 (1.28)
Eb, 22T, ERVEFENZENL, AFHEOE R L VAR DOER ThH 5, BFEAKO
BB Z I AT R ERERY DNEGECTH D72 DITiE

E,=E +E; (1.29)
L%,

W ONWT BN TR A X | B OEGSEEEZBET 5 L U TOXRELND,
H=H¢W@?0 (1.30)
H = Hye' GO 4 H o@D (1.31)
H,=H; + H, (1.32)

22T, HdFZ& R ORR . HIZAFHE OB, H AT OSSR Ch 5, ~7 A7 = v )5
BXoXAAND, BT NI E R(1.27) L DN1.30) %, BEZERFELFIZ OV T
(12813 EENZENRAT D, HFoNEFRAEZXA32)ITRAT L E, ITFDR
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PELID,

NE, =E; —E, (1.33)

K129 K O (1.33) L 0 . AFHE & SKEHE OIRIEORIGER LA TO X S iIzkD b5
1-N

Er - mEl (134)

i, BEORSERRIZIUITO LY ICEKREN D,

EJ2 (1-N)? (1-+%)2

k= |IEr-l|2 B El + N;Z e +$§2 (133)

Z OFERIL, BRI E I ERANCE B ER, A RO D T L T, BB OIS FEE KD
HZENTEDENWIZLEEZRLTVD, BBICKTHHRNEZ 2L X2, BE
1000 nm LA_EO#EIE TlX Drude €7 /L TR ENT-40ET O HBE O IEEIC iétw
INAMTFHAL D, LU, R 1000 nm BLF ORI Clde, OFERE & EBREICENEL HDT
Drude E7 V7T TIEATSTH Y | N2 REERBIZ X 2RO ELZZET HLENH
%, @BREAIZBWTEFIL, Fig. 1.15 O L) IR FEOME D ITEE D=L X —# (R
R) L T\a, %NVPW(AyF%%yf)ULmi*wﬁa%%o%ﬁA%éh
Ll BRICEHASNMEFHICBITDE O, B TEHA SN TRV RER A~
LEB L., j‘cODEZ\/I/ﬂP»—ﬁ:FEUIRé%LZDO NI N Ry v T EDO R AR END &, &
TN 3dBIEND p B 4s B~ L EET D, ZO X570 FREERIC L 2 WIN %
EZEL7-ET /L LT, Drude E7 /L% 4L L 7= Drude-Lorentz &7 /L B3 E4E S L7z,

N 4s - o~
3d e ey i e

M3y e e e m
3s e ®
T s &
2s =

K.‘|5 % |

Fig. 1.15 Absorption mechanism by interband energy gap in copper.

Ry REERIC L DI & fRilk 9~ 5 84 1E Fig. 1.16 12733 X 512, R L CETR

FRTHEINTEETVEE R D, 2D XD 72ET VX, Drude 7 /L CH 2 72 iEH) g
UK DWEEEZMZ UL TORTREND,

- <d2x(t) N 1dx(t)
dt? T dt

T I T, wliEAREETH D,

+ a)ozx(t)> +eE=0 (1.36)
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Nucleus Electron
Electron i

Fig. 1.16  Schematic diagram of electron constraint by positive charge

Drude E7 VOGE L FERIC, AJEERoD RIS T D EEEISE LB 25, L—FIC
Ko TRAETDENEE = Eje @t L <, £z, EEHEER(1.32)DfEzx(0) = xge @t L

B, I EaXA36)ITRATHELUTO LI 5,
e 1
x(w) =—— —F
mwoz—w(w+£) (1.37)
EBFEEENETHE, ETBIOBRFEOELRIMIIP = —eNx K IN D, S HIZESE
NEZ N EXDEREMDIIEZDOFHERre, B &

D=¢gE+P (1.38)

L5,

(L3R BRI BT D EX TP () RAT D ELUTDOL IR D.

D 14—Nez ! E (1.39)

= —| & .
oM 2 —a)(w+%)

= &.(w)&oE (1.40)

IOLE, HERFERE ()T TOXIICEZLND,

- () 1+Ne2 1

&(w) = - 1.41
€M (02 —a)(w+%) (141)

Drude-Lorentz D& V535 5415, Fig. 1.17 {2 Drude &7 /L X O Drude-Lorentz &7 /L7)> &
R 7 JEI R Je OVEBRAIZ SR D 7o SR DI RARAFME 2 77 97[55][56], Fig. 1.17 D43k
FEEFHT X 2 & 1S EREFT L Solidspec-3700i z W CHIE L7245 H T 5, Drude £
TV TIX AL OP R IR TR S 4172, —J7, Drude-Lorentz |3 & 400 nm X472
DN DYIEREEIN L TR Y | DR TSR SN D Z L 2R LTV D, F73201E
600 nm 3T COXBIMRDOEEMABIAE > T D, LLEL Y | SO TIZW TR
HEBRIIZH EWRIEDOR LN D EOH N —FEZH WA Z ENEETH D,
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T
1} Drude model

Drude-Lorentz model
Experiment (Ordal)
e  Experiment (Johnson)

Sectrophotometer

Light absorption rate

300 500 700 900 1100

Wavelength (nm)

Fig. 1.17 Light absorption rate of copper obtained by Drude, Drude-Lorentz model and experiment

1312 L—¥RIER

BEMTHAL =YL LTCO L—, YAG L—H, KL —H 77 A /=L —%)
AnbhTngd, 22T, FHEL—FO L —FORIEFRME RS, L—VFITERNF—T
ﬁﬁ@ﬁoktf%é HILE T OIRENC Lo TRA L, R LN ORi- 7ot 2 ikt 5

IXEF N —TEOENE 2T DH0END D, Fig. LIS IIXEFOIRELZ /RT 2 LT T L AR
T WEPTEFIZ X —O@EN 2 MR L =L — DR 1 EALIFEL TV D,
ZDEAM2HENIS | WL A~EHTRFIZ, 2D RV F—EIZxIG LT =R b X — 00
BHEND, TR —LHROBRIX

c
E=hv=h> (1.42)

L%, 22T h v, cROUNIENENT T v 7 B, BRI, KOESKNEETH D,
7T EBKRONOES T —ERO T, B3 LizEEORN KD, 22T, 2
BN OBEFITHNDIA Y TT 1 ELICHHINCHE & T2 EPFEMETH 5, FHEHH
DOHITITEDH LRI B A FFOMWERH Y | [F CEE DN 2 DITH 2 5, ZHaEgHIc
Thoivd &, WO ST-iVE (L—3) BEL D, FEAHOMERIT
(N,—N,;) x B (1.43)
TRIND, Ny, KO BIXENRZI, | ELOE O, 2 EALOE O, FHEA
%%T&éoﬁ@mmwF@1mw:ﬁ#ibﬁﬁizw%~mL“%ﬂ§wwfdmﬂ
PHERRRE TITFFE AU AR A L, 38 2 Z 97291213 Fig. 1.18(b)DER72N, >Ny
DEESATIRRE T H D MER DD, ZDT, L — %%im% WCRIET DITIE 1 HALIZE D
BT E2WEMNICHA LTS (Rrv ) RBULEE RS, BRGH T A EIEZFINT %
LT, Su—BERESED, Fue—HEICLD ., o TR L, Na2r 1238 COs i
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EET L2 L THESED, YAG L—FIIE TH LR AT T LA A % YAG fignll F—
T, FAVTAALF U ERTHRL TR E 72179, CO, L—PBLINYAG L—
IER BT EITH DI, BRIV F—% —ER O R VFX— 2B BT 572D F L
X—ourANEL D, £ 2T, PR —TFOREAE Fig. 11927, 8L —F
IEp BEER L n BIERZHA L pn HEABEZIER L, TNENEER CHERET 5, pn
AR D/ RIX Fig. 1.190)DEIC 72 5, p BLOFEIRICIZA— VL AFLE L, n BLOfEK
WIXBEF DL AFET D, pMICEEZEIMT 5 &, =R F—30 RAELIZ/R Y | p-n 2
AR AN S D, p-n A THEMMNEZ Y, MBI D, 8L
—PITELQLCHER 752 ENAEET, o L —F L0 =X —DhFRITEN
TWAHL—HThd, 774 3—L—HLT7 7 A4 X—NIZEI STV DA B eRE Y-
WKL —FICL O ISNS, 77 A 38— L —FCILAR Y A BEORR\E R 7 L — )
B AL%, Table 1.6 (& FE L — VP RIRERORHE A R T[57] o FEAR L —FIZF 7 —FIZLD
WHTZ AN X =2 GO TR —EN 30%ERKbEm<, oL —F L LT 5 %
Thbd, I, EEREDN/NSWEWSTRHERH 5,

(a) (b)

Ny N,

Fig. 1.18 (a) Thermal equilibrium state. (N;>N>), (b) Inverted distribution state. (N;<N>)

p-n n-type
p-type i '
reqion junction region
Siriped + electrode p-n emitting e 0eeee tee .El.ecl.ro:
layer es se®esee’e
0.000.0 .0 00 oo
p-type | %ore 9%.% %% %
Battery semiconductor 7| Laser E umi (hv-E.)
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P11 JUNchion fayar ‘3}(\ Beam ¢ Induced g
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&
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o 000043
0p 00 00 00 00 00
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Fig. 1.19 Basic structure of diode lasers
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Table 1.6 Comparison of laser sources

Diode Laser LD Pumped Lamp Pumped
CO, Laser
(LD) YAG Laser YAG Laser -
Wavelength (nm) 380~ 1064 1064 10600
Energ.y effi.c iency(%) 2530 p . 6
Chillers mehided
Equipment area(LD=1) 1 7~8 12~15 6~7

IR R E > TS YAG, CO, KNT7 7 A N—L—HFnbRIESND L—TFOHRE
T—ETH L2, FEEL —FORRITFELRDOMAG DRI > TRIEST 2 L—F DK
RIRE D, BEMONIRITHERAKF L, WRPAENTT B, TIEEDR B < @hZR 22018
TX 5,

Table 1.7 (ZALEW HBURD RN Ry v 7 %Rk T, Ga, As, In, P DILAEW-ERD N
R¥ ¥ v 7036~23 eV ThHD, ZNHDERETHD, InGaAsP TIT/N FF ¥ » 7758 1.35
~0.75eV T 920~1650 nm D ENEHHIL D, In(GaADP D/ RF¥ ¥ » 7F1E 1.91~2.35eV
THY., 580 nm LA FOFENMEOND, X1.42)05F AR 450 nm (251595 E 1£2.75
eV Thb, LoT, N"URXr v T %2 275eVICTDHIETHEODL—FRRIEIND,
FEER L —F IR EERBHN LR TWS, HEPERL—FIZHWLR L
AR GaN DR R v » 7% 343eV Th D, TZ T, N FX¥ ¥ v 70.77e¢V T
H% InN ZIEE S Z & TR InGaN ZIEA L, EAVEN DR D R 72 EE 235 b i
Lo ZHUCKY, HOOEFEMOWED E 2.75 eV ZEMR LEQONERIETLZ LN TE D,
InGaN [ In #HARDOFTHIEIZ X > TEHA(400~435 mm) 7> S HE (500~ 560 nm) DI = D H % F
HTED, LLBRNGL, BHEANFRAICT H72DIC InN ORMEZHERCT L Ga, In &
N ONNT VAP CEBHERME T2 O TREDEME T 5, FalE 450 nm O
SRR CIEFEIN 35% Th H DIZxF LT, fkEE K 500 nm TlX 20%f2E £ TR N5, £
DI, FEEER L — IR EER L —F L0 DR E L L EEREOO TEBITH T
DRI G ENE WS TR RS 5, LLEOHEBNLEHOM TIZEHE O T a8k L —
PFRMTHAL—VFIZ#E LT\ 5,
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Table 1.7 Band gap and wavelength of compound semiconductors

Material Bandgap Wavelength

(eV) (nm)
GaP 23 539
GaAs 1.4 886
InAs 0.36 3444
InP 1.29 961
AIN 6.28 197
GaN 343 362
InN 0.77 1610

HEPER L —FIZBTAHEOFE S 1 24720 0L 3.5W THhoHzd, MTHD
M EGDHTDIIE, BHOZFPOHBEND L —F 2R/ 0ENH D, Fig. 1.20 ~F
FRICH L — P8Rk o ki@ B2 E (b)) A E L & 5 (c) %M 2 B X0 H
WHILTUWN D, [58], 2016 4725 H AN R A Y C a8 s =8 8K L —F OB 2B 9
D7V NPERSIZ[S9], T, FEEER L —YF ot esEATEY . L
Ao —%E LTHEEINTWS,

(a) (b)

Element side Element side

S deflection
Fiber Eleme F_iber
side side r# \5|de
‘k;is N D) P defle uon‘kii)

Dichroic mirror Polarization beam
splitter

(c)

lens

Element side Laser
Fiber
> side

Fig. 1.20 Optical coupling method. (a) Wavelength Division Multiple Access.

(b) Polarization multiplexing. (c¢) Space Division Multiplexing.
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Fig. 1.21 (a)Schematic diagram of wire laser cladding. (b)Top view of wire laser cladding.
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Fig. 1.22 Schematic diagram of (a) 3D powder feeding nozzle. (b) Coaxial powder feeding nozzle,

(c) Direct powder feeding nozzle.

Table 1.8 Characteristics of Wire and Powder Type.
Wire Powder
Atmospheric gas entrainment Few Entrained by carrier gas
Processing of complex shapes Difficult Possible
Carbide Composites Difficult Possible
Yield High Powder fed into the melting pond
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laser cladding of flying powder heating type.
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Table 2.1 Area of uniform heating area relative to laser spot area

Number of beams 1 2 3 4 5 6

Uniform heating area (%) 9 79 79 79 78 78
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Fig. 2.3 Distribution of heating distance in the laser spot for multiple beam use calculated using Eq(2.11).
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Fig. 2.4 Directional dependence of uniform heating area
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Fig. 2.5 Schematic diagram of single laser cladding with flying powder melting
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Fig. 2.6 Flying powder temperature distribution in the laser spot of single-beam laser cladding with flying

powder heating at various powder incidence angles 0.
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Fig. 2.7 Distribution of heating distance in the laser spot for single beam

flight powder heating type laser cladding.
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Fig. 2.8 Relation between powder grain size and temperature rise at various power densities.

Table 2.2 Parameters for powder temperature calculation

Power _Spot Pow<_ar Light Density Specific Powd_er Incident
Material diameter density absorption rate heat velocity angle
(W) (Hm)  (x10*W/cm?) (%) (gem’)  (UfgK)  (cmis) )
100 127
Copper 100 300 14.2 65 8.94 0.385 480 26
500 51
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Fig. 3.1 Schematic diagram of two lasers irradiation and powder flow.
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Fig. 3.2 SEM image of pure copper powder
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Fig. 3.3 Particle size distribution of pure copper powder
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Fig. 3.4 Setup for measuring powder flying velocity
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Fig. 3.6 Temperature distribution in laser spot of a 15 pum diameter powder

Table 3.1 Density and Specific heat of copper and absorption rate of copper at 450 nm light.

Density 0; powder Speuf(l:c heat Absorption rate
P
glem?® JigK A
8.94 0.38 0.65

Table 3.2 Experimental conditions of blue diode laser irradiation and velocity of copper powder.

Spot diameter Incident angle Powder velocity
d|_ 0 Vp
pum ° cm/s
550 26 360
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Fig. 3.7 Schematic diagram of multi-beam laser cladding system with two blue diode lasers.
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Fig. 3.8 (a) Schematic diagram of the beam profile measuring for multiple laser beams.

(b) Laser beam profile image at overlapping area.
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Fig. 3.9 Energy input to substrate by laser spot scanning.
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Table 3.3 Laser cladding conditions

Laser . Scanning Powder  Input
Power density
power speed feedrate energy
P (W) 1 (x10°W/cm?) v (mm/s) m(mgls) E(J/cm?)
100 4.2 15 7 1212
100 4.2 20 9 909
100 4.2 25 11 727
100 4.2 30 13 606
100 4.2 35 15 519
100 4.2 40 17 455
100 4.2 50 22 364

L—HF 2Ry MEICEASN DM ROEIE T ) ZVh G SN ROK 85%Th - 7=
D TR I 1T DU FEnIX

Svp
0.85mp

n= X 100 (3-2)

L%, ZIT, SEUmM TN ZNRROEEE &k ORI & Th 5, KEORROF
A 13 2 RS T 0D 28 70> B A 71~ EDX T A VA T 24TV, By R Ok 5 k%ﬁ@ﬁ
A MRS T AR DIE S 2 Rd 7o, ARIBITNED FRs T D8 & Fobt D LRk 5r
BHERDE DS 5%LL FIRE VW & o 7-fEkk & L7z Fig. 3.10, #RE X344 & R lal ifjdﬁe A7
WBEL D EARGET D, ABUE DR SRR E D 30%0 K, A RE DO BIE I 15%
FRPECTND Z L2722 D, ZORE, RIEO 85%IIMF2ERERE LN TNDDT, K
%%Tiﬁﬁ%@ éh&ﬁfé@ymuFf%é EPMRA R L LT, AfE s
BIEDFEEIZZE L T D0 il 572012, £NENDEIEOEE 2 HIE L7z,

Scope of component analysis

Pure layer /

N L
N7 N -
J/ N Dilution layer
Lh r \‘
1
Zé Dilution Length Ly
Substrate

Fig. 3.10 Schematic of layer cross section
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o ToE FRIERIFITIRY | Bt & BRI CRA R RBBO LN L b RO AN
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Fig. 3.11 (a-1),(b-1),(c-1) Top surface formed of multi-beam laser cladding with varying input energy E,
(a-2),(b-2),(c-2) cross-section formed of multi-beam laser cladding with varying input energy E,

(a-1), (a-2)E : 909 J/cm?, (b-1), (b-2) E : 606 J/cm?, (c-1), (c-2) E : 455 J/em?.
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Fig. 3.12 Detecting intensity of copper and iron in line analysis from layer surface to substrate
direction using EDX at coating cross section at input energy of (a) 1212 J/cm?and (b) 519 J/cm?.

(c)Dependence of dilution layer and layer thickness on input energy.
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Fig. 3.13 Dependence of input energy on yield in flying powder melting multi-beam laser cladding
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AT AREMA~ VT E— AL —H 7 T T 4 VI RBER L TWDH DT, HEpE
JEIZH R E L. L= ORIA L 72 5 ATREMEN 8> 5 . HA D SUS304 35 L UM K D4
DOF AR L —FOWILRITENE., 043 KT 0.63 THY ., SOERE DN S -
BA . WIEESHEINT 5,

SUS304 FEMIC /T —F % 42X 10* Wem? T, AT RV F—E %2 B SR 2 4G
TP L=V a5 (B— KA 7 L— hME#E) L7 Fig3.14, B — KA 7 L— MR
etk O MM O FH S OWri O F iR 2R 7, (a-1). (@2)FENLTHE = 1212 J/em? (281
HE— FRELOWTHE Ch SH, B — FREIIFRRA R L, B — MEIL28um Th o7z,
(b-1). O2)IXZENZENE =909 Jem? IZF1T 5 E— FRELOWH TH 5, B — FOEMIL
B —ICELCTRB Y, B — NESIE 14um TH o7z, (c-1), (c-2)IFZNENE =727 J/em? I
BIFoE— FRELVHEIE ChH D, B — FREILIAAICEL LA, Wit W\ T e — N
SFBE N 5T, (d-1). ([d2IEENENE = 606 J/em? |21 5 & — RN & OWrim
THY, L—VFREFINLEITR SN o Tz, B — R4 7 L— MNABEFER D b MR
O BMEIZE =909 J/em? Th - 7=,

FobF D SUS304 AT D DICMBERT AT XL X —| I — R4 7L — MNaHETILE=
909 Jlem> CThH o7, —h. L=V T T 47 TIXE=6061cm?> TH VY, M3 wEET
D DI IR AT R VT = 33% Lz, & o T, $iROHHGIC k- THEM~D
ANBENEIL LT E 2 bND, £ C, =R 7 Lb— MNEEL LT E—L L —H
7T T 4 U TNEBT DEMA~DABENEL LI BERIZOWTHE 2D, Fig. 3.15(a) IR
TERIZ, B — RA 7 L — MNABIZBW T U —WITEHEEM 2B T 5 O THERAT XL X
—E, & ABVRE,,;, DBRIT

i
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Epin = AsysEp
ks,

T T. AgystE SUS304 OEBRILETh %,

(3.3)
WIZTATIH RIS~V F E— AL —H% T T w5 4 T

BT 5 %AiZ‘/l/%“—ELC & %1‘?

«@A%;amuowf%zéo%ﬁ«@ﬂ%;iFg3w@:m#%:\%&ﬁ®%ﬁ

WIS SN2 L — 0 B EMRE THM B D ANBNEE o), & FA BIZERFIZEA OfhS DL =
Iz i1 B

IIMBAS T2 R D b DBMREIZ KD NBABE 0, D 2 OB R b D, Lo T Egpld
Ercin = Ercn —/_ELCp
TRIND,

(3.4)

Fig. 3.14 Fig (a-1), (b-1), (c-1), (d-1) Top surface after bead-on-plate welding with varying input energy
E, (a-2), (b-2), (c-2), (d-2), cross-section after bead-on-plate welding with varying input energy E, (a-1)
. 2 (b

(a-2)E : 1212 J/em?, (b-1), (b-2) E : 909 J/em?, (c-1), (¢-2) E : 727 J/em?, (d-1), (d-2) E : 606 J/em

(a) 7 (b) 7
Lager Laser
Ey Input energy LcL ([nput energy
L]
Y Y Y e Y
L ] L]
Scannin, Copper . Scannin
duccuoi% layer ° duecnm%
\g  Dren .
H - > = oE1cp >
E.. eat mput | :
Substrate ™ . X | Substrate SR | X

Fig. 3.15 (a) Schematic diagram of bead-on-plate welding in the xz plane

(b) Schematic diagram of multi-beam laser cladding in flight powder melting conditions

Epcp TR IR T L — PRI E D DT, %®%WW¢AW%%V5 iz, L—¥
77T 4 U ZITBN TR SN D = 2L X — 30T OB R & il L7 L—+
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Thb, L—FOMRAOEBREaL 5 EE T
Eicn = aAcyEic (3.5
LD, BRI ROEBEE MRS DO T, R B2 BN S & & FRRTRED
T B[8], £ T, Fig.3.16 IZRTHRIZ, v VT E—AL—W T T vF ¢ o 7HEEZ AN TH
KFBWATO L —F D) P L R EZ TR LItk DO L —FDOHT) P2/ U —A—2 THIEL
oo L—WI T 9T 4 U TIZBWTCHMEHRITIAB ETHLETHE, L—FITAABC O
FHPHOMKRIR A BIRT 5, P IE=A ABC L A2 AABD @i 35D T, 7 7 vT 4~
WD 2 EOMRREZ@EBATHZ L LD, Lo T, AB £ TTHERIZL D L —V Ok
Bix
B=05 (1 - P—) x 100 (3.6)

P

1
L b, L—FOERElL
a=1-p (3.7)
LD, BiAEREFT D Z & TR, S R OELE BB L 72 BB OEN S b b, Fig.
3.7 AR NLVFE—LL—W T T 9T 4 TV AT AT HERROH KA Bk
T, LV OFBRIIH AR RIS G L TR Lz, Fig.3.17 ORI X v | R¥EE
(2B DR & By AR IR Em, O BILRIT
a = —0.98m, + 100 (3.8)
TRIND,

" Powder flow
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powder flow
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Fig. 3.16 Schematic diagram of measuring the power of a laser transmitted through a powder

using a multibeam laser cladding system
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Fig. 3.17 Dependence of transmittance on powder feed rate in a multibeam laser system

IR DT ~DANBBE 0 25 2 Do FATIHIROIEE EAETAAXLEY | e RKOK
& S OBPRDE—INEGHIPAIZ T 1085 CL 7%, BlXIE, AT=1085CO¥ KA m,=13 mg/s T
EEMICEZE LT2RE, B ROF DT RV F—Py 13
By = ATmycp (3.9)
THD, WKTHSW THY L—HFHHOD 5%E KV THEM ERROT L F—D 2T
BEFEE D 5 D ABEZ AR THRITNEINEEB XD,

V=7 T T 4 U TITBT D EMA~DANBEE, 0,1 3X3.4). X(B.5)LY

Epcin = aAcyELc (3.10)
Lled, 22T, E—= AT L— MNEBETE — FERICHE 2B AT 2L X — O RIfH
Ep =909 J/em? 281} DEyyy KNV —H T T 7 4 T CHRBAEL HHFATRLF —DRH
BELc =606 J/em? (23T DE cin & ENEIRD D, ABEDFHHE D SMEIL Table 3.4 OfE%
FWZ[9][10], Epin i ZZ(3.3)205 393 Jiem? & 72577, EpcintI2(3.10)20 5 348 J/em? & 725
oo B = BB I NIRWVE, =727 Jem? |2 O REDS 5 um R L 72 5 72E . =519 J/em?
BT D, Epink OEcinXZNZH, 314 J/em? KON 291 Jem? & 72572, Epi\Z5 T D Epcin
DEIEITIEM DERT D0F 12%, BB LRV 9% TH Y | E 1T DEDEIA X
DIEWERSE ORI, LIRS T, L—%7 T o7 ¢ U 7I2BT 5 H M ~D ABEOZIX
L—HFDZimRa K RO RN A I LD b DIZEEZ D,

Table 3.4 Heat input calculation conditions

Absorption Melting point  Layer cross-

Absorption rate Powder feed Scanning Spot Density

;2;2: of stainless steel rate of sstlaeislless se(;t::;al speed Diameter  of powder Specific heat
A Asus m, T msus S \ do p [0
mg/s C x10*cm? cm/s cm glem® JgK
0.65 0.43" 13 1400 2.45 3.0 0.055 8.94 0.386
0.65 0.43'V 15 1400 1.89 35 0.055 8.94 0.386
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AWFETIE, VT E—LL—H7 T 7 1 U 7B R ELET 2 72 DICRITH
KB~V TF =L L —W T T T 4 T ElTlRoT, YAVFE—AL—FT T T ¢
> T DY MEAOHFH (L —H AR v MNEFED 79%) THARZ @SS EICIET 2 72012,
KIfE 7~15 um OHEI K Z AV, FERE L TRBREW 1ISum OREB L —HF AR v k
ND 771%DHPA TR L, BB & [FARREICT 5 Z LN TE o, RATIHARERI
INTFE—LL—PT T T 4 U ZITBT DIERITK 80% TH D KD 2 fFDIERNEDS
iz, IR 100 pm PAF CATBUE DY 20 pm LU T O it B e Mgl B I3 5 S 7z, TRATI AR
A~ L FE—AL—H T T 9T 4TI — N4 7 L — MNEETEM ZIERT 50
LR RV — LD 33%EMNT R X — CIEREES LI NG bz, AT v LA
F 0 BRI D @ WETRY R DS A R TRIE L 72 0 | FE~ D ABE SN ()L
—hFROm L) Lic Z LR Sz, RITMREMEOLV—YT 7T 4 0 7 adtie 5 Z
T MBI ORNRRT AT E—L V=N T v T 4 T2 FHR LI,
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41 XL

INEBY R % N FRATIY K FZ R O~ L FE— AL —HF 7 T F 4 v 71 k- T
IR TIRAR R EE AR T D L &R LT, LIZLBR S, —IICH AT b~ A XIET
FERR 4 5 ¥R O FEPRIAR T 50~70 pm T W IRJARLES AT 2 L TV D[1][2], Z 25,
15 um LLF O/ R E Dk LTha, TAT h~A XIETERLTEMERO—EHTH 51
D MEFE R SRR L e D, MAMEIO 2 X N AT 5 7ol2id, KREEHEREZ AWz~
FE—ALL—HT7 T T 4 T THRIEREZITR D WER & H[3], BAUL Lo/ RE
G RITEEM DARNT 2 BN KD EMICHER T2 DT, L—P AR v MmO r
B T ROERIE DR S LD ATREVENR B D, MR TR S AL7- IR RIE [ KRB R 03 HERS
LEBEZER CTE DO TIERWhEE X, £, L—F ARy N ORITFICIAERE SRS
D Z LT, 3 EORIOERIEAHINN UK AR Z M TR cE 2 REERH 5, &
MO AT RF — 2N L TR R 72 5 LIERSEIN LD, I Th D
D THEBEREICHRBAEL 5, £ 2T, AHED 20 pm LT O RIEA RS IZ K 2 BEE
RRE L. VEREEDY 20 pm P A VARMLIC X D B AL L LTz,

AL TIE, 2RO L —F 2N v L TFE—L L —F T T T 44V TIZBO MY
KICE VRSN R CREMAEEZ 8T v 795 2 & TENEDDARAIR 72 B IRk
BT D 2B BEME Ui, /MR OI R ZHERT D720, MR E KREBEMRE G T
MARKEOZ ORI RET Y ODZNTREM RO L LIz oDl ER%Z A,
ENENDOMRTYNTE—LL—HT T T ¢ T EITIROVIERR LT DT K O
g DR S A& b Uz, RIS, /MR Z ST R OIEREZ R D | KREHAR D B A H
WHNTWND Z EEFNT, TNENOMKRE AV ZIER K EZ A A — RET 4 A
7 CEIE L, KRIBEER Y 1 A & K OB RR O BR AR E & 172,
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42 EBFE

Fig. 41 ¥ NVTF =LV T T 4 0 7V AT MK EZ R, RO AT AT, R 450
nm, {77 100 W, NA0.2 OEBEEFARERL —F %2 2 KW, L—¥iT= 7 £ 200
um O 7 7 A N—F HNTI T~y Rk L7z, b—FXIE, T~y RRIZTa Y A
— N LU X% B L O SEERE 74 mm OFEY L U XEAWT 2 RO L—Y & E AL E CHEE
L7, Fig 42122 KDL —HE2HEELZESTOE—LAT 07 7 A WU ERT, ARy b
RIT, HEANEIX 500 um TH D,

ERHARIE, MT~y ROFNIERE L2 088 0.4 mm OFEMAE 7 X b FEM R
Z BN B NS L[4], RIRFCEM 2 y 5 1012 20 mm BB S 70236 L—F 2
§9 % 2 & THEM RICH#AREZ TR LT, BIRIEH OX v U 7 2 R ORI D
=)L KA AIZIE, M 99.99% D Ar HAZ AWK v U T HAKNRY —/)L KT ADFREIL
FNZ1 0.5 L/min & OV 10 L/min & L7z, #1213 40 mmx40 mmx1 mm @ SUS304 % F
7o LRSI Table4. 1 (237, fR5IEEZ, 4mm/s, L—HHTIP 2 30 W~80W
LT, BRSO ATFILX—E % 1.5 kl/em?~4.0k)/em? ([Z L S ¥ 7=,

Table 4.1 Laser cladding conditions

Laser Spot Scanning Power Input Powder
power  diameter speed density energy feedrate
W um mm/s X 10*W/em?  J/em? mg/s
30 500 4 1.5 1.5 8
40 500 4 2.0 2.0 8
50 500 4 25 25 8
60 500 4 31 3.0 8
70 500 4 3.6 35 8
g0 500 4 4.1 4.0 8

B BT A R D FFAMG 2 1 A4xt~kﬁf7ﬁyiiQwK07w54Aﬁ 2T 0T,
INA A — R A Z (L Fig. 4.1 @ 0,=30"° @ xz Vi BICiE L, BRI =
#/74%%%mkoA4xt—hﬁ%7®7v—Av—k&ov%y5~ﬁﬁi%n%
A11000 fps XX 0.2ms & L7z,

2 E— LDV TFE—AL—FT T T 4 U IIEICBT DM ROIRE EFoET LA [5][6]
L0, RRE L—F DU —EEEORRIL

(34 I\ 4, i
P \2p,c, ) \v,AT ) tand @.1)

Th D,
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Table 42 DRy KM KON Table 4.3 D L — ¥ RS St THA B3 £ TITEK RN @il S
AT =1085C L 725, FifR L U —EEDORFRE Fig. 43 1287, L—HFONRT —EE L 4X
10* Wem? &2 & RifR 15 pm BL EOMRITEM B2 E TR LR WREBEM R L2 D,

Nozzle for
powder supply

Collimating

High speed
lens

video camera

Focusing
lens

Scanning
direction

Fig. 4.1 Schematic diagram of the multi-beam laser cladding system using two blue diode lasers.
A high-speed video camera for real-time observation of layer formation was placed

in the yz-plane at an angle 0y, to the substrate.

Low Intensity High

Fig. 4.2 Beam profile at the focal point of two blue diode lasers.
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Table 4.2 Density and specific heat of copper and absorption rate of copper at 450 nm light.

Density of powder Specific heat
Cp

0 Absorption rate
glem?® JigK

A

8.94 0.38 0.65

Table 4.3 Experimental conditions of blue diode laser irradiation and velocity of copper powder.

Spot diameter Incident angle Powder velocity
d|_ 9 VP
um deg cm/s
500 24 460

g 25 T

= vp=330 cm/s

5 20} Vp=460 cmis

£ - = = yp=670 crm/s

€

£ 15}

(o]

()]

£

= 10

E

©

& °

w

Y

£ 0 :
& 0 1 2 3 4 5

Power density (x104W/cm?2)

Fig. 4.3 Dependence of power density on particle size heated to the melting point in flight.

BB £ TR 2/ VMR R KRB R A2 G TR L LTT7um 205 50 pm ORLE
O3 A 5 LB R BB D RIEE 99.99% DFHIN R &2 FV 2, ABMREZKER A LIRS,
WIZ, IR A DHER 15um BLFO/NEMARZ 55 W TR BRWTER L7-, KEMRD
HOMKEMAKB & Lz, Fig. 44(a). OIZZNTH., MK A LUK B O SEM Eif % R
T R A KUK B IZERROMEKETH 5. K B ITITREBHRIAE LT/ M RDR
D HNDN, IIMERREARTITRD b o 7z Fig. 4.5(a). OIEENZIUE A KUK
B OKIENA T Do KIESAIH S AR B IZRIEL 15 um LT OB KREZ TRV BRovhi-Z &
TR CE T,
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Fig. 4.4 SEM image of pure copper powder. Particle diameter of (a) 7 to 50 um and (b) 15 to 50 pm.
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Fig. 4.5 Particle size distribution of (a) powder A, (b) powder B.

PR DF ¥ L OWH IR 2 T 5 7212, BMEBIRZIT o7, S BIT, MO N
FEENZIR AT D AHUE OFHMIC 1, AATE IS SEM (KEYENCE % VE-9800) #5 X
Y, EDX (OXFORD instruments ! x-act) D F A 3T &AT o702, T A 2T OHFLFHIT Rz
FED 50 um BN T2 & 2 AL EMRIE D LIRS F AT 200 um £ TE Uiz, AkE %
e ORM ZNZ D ERSY TH DR N T NEI 5 atm%Lh | & U THAIRE S 230
L7z, Fig. 4.6 IZL—HF ARy MG S D8RO E EORIEHIEOBI X 2 777, IR
nix

_ Svp
M= Gamy, < 100 (4.2)

LB, ZIZTS, vEOplIENENEEOKEE, ol EE R M RKOBETH D, KK
DOWFERIZE ST 3 B L= B EO S E & Lz,
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7 Powder

' Powder collection
é 4" container
==y

Fig. 4.6 Schematic diagram of the measuring system of the powder quantity to the laser spot. Powder flow

diameter is larger than that of the laser spot. Plate with a hole is installed in this system.
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431 B OFHIROBLE S AR

MR A ROARB %2 AW T ALY 72 0 OAT FLX—% 2.0kI/em? 7> 5 4.0 kl/cm?
FCEMIFTINTFE—LL—F T T T 4 T HATIROMERA DA Rk L7z, Fig.
4.7 \ZHMER P % i o0 YRR SRS 2 R, Fig. 4.7),(IZ TR A KO R B %
WTCE =2.0kl/em? TIEAR L= BECH 5, Fig. 4.7@) DK A T L7 BB IThE L —% 2
Ry MES00um & [RIFEETH Y | HEHICERNIER STz, RIEOREICRIEBOmA
DR ENRED BT, Fig 4.7(d)DKEK B TIE., BN RN LA TERR S 7
-7z, Fig. 47(0b),(e)TZNZIR A KRB W TE =3.5kl/em? TIERK L7 BT
&5, Fig. 47(0)DKIAR A T L 72 BRI LR NZGIRD & 0 8@ fe i) 72 SR AMS BTz, Fig.
4.7(e) DR B TR L7- FIITE A AL —Th > 72, Fig. 4.7),OITTNZIER A KO
KB ZHWTE =4.0kl/em?> TR L7 KETH Y . E5 5 HIEN—E Tl L7z KRS
BFoiz,

Fig. 4.7 Optical image of top surface formed of multi-beam laser cladding using Powder A at the input
energy of (a) 2.0 kJ/cm?, (b) 3.5 kJ/cm? and (c) 4.0 kJ/cm?. Optical image of top surface formed of
multi-beam laser cladding using Powder B at the input energy of (d) 2.0 kJ/cm?, (e) 3.5 kJ/cm?
and () 4.0 kJ/cm?.

Fig. 4.8(a)~ITZ N4, Fig. 4.7(@)~OIZHRIGT 2 HBEOWRBERE TH Y . (a)~ ()T
KA, (~OITHEKEB TEK LB TH 5, Fig. 4.8(a) TIL ISR E I RIARI R & Fobs
S CRl G A B DT, BIBEDZERR N5 N — R L 7= & B 2 545, Fig. 4.8(b)
IRIEA OB RITFED ST, B ETIBIUAD - o RIS ST, B & 3k o Ffmix
EHRTHY, BEREARTIZRD S0y > T2, Fig. 4.8(c)TFEM L TIBEIAN - 72 IR
BOHNTZA, 10 pm FEOFFIAH DB BTz, Fig. 4.8(d) TIXEENGRD bivZe o7z, Fig.
4.8(e) DRI A N EBRBD bz, £lo, RIEAMIZIE CEATZRLF—DBHK A TE
fi% L7z Fig. 4.8(b) & bhiie U CHEfil /A 28 R & <ITRAVMENR N Z & 27" L7z, Fig. 4.8(0) D BRI
10 pm FEJE DOFIA B DGR B vz,
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Fig. 4.9 2R A KO KR B TR L 72 I OFRRELE DJE & O A= 3L ¥ — (K75 7R~
T, MR A TR L7 IO FHRE OJE S 1ZE=2.0kl/cm? 2> 5 3.5kJ/em? T 2 um 2>5 5 um
FTHM U7, K B TR L2 IO A U OJF X 13E=3.55k)/em? TH) 7um TH -7z,
MR A KOBAEB & HWTE= 4.0 kl/em? TIERK L 72 RO ARG DR S 1, E4E4L 240
pm 180 um Th V) | KRG F TERDOR 7 235580 BT,

REMRDHDHAR B T, A —EDKEZIERT 2 72 DITIZE= 4.0 kJ/em? LE ThH
ST, RIEREE CTHMNE U, —F, IMEREETHAR A TIXE= 3.5 kl/em? 1235
WTHRA—E CTHHED 5 pm FEO RIS Stz LEORERDS | BEEEE pm CIEA
R B A TR T DTS L B ICBAE N D N R DL TH 5,

100 pm (0

l
]€

soean 20m 00~

Fig. 4.8 Optical image of layer surface formed of multi-beam laser cladding using Powder A at the input
energy of (a) 2.0 kJ/em?, (b) 3.5 kJ/cm? and (c) 4.0 kJ/cm?. Optical image of layer surface
formed of multi-beam laser cladding using Powder B at the input energy of (d) 2.0 kJ/cm?, (e)
3.5 kJ/cm? and (f) 4.0 kJ/cm?.
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Fig. 4.9 Input energy dependence of the cross-sectional area of the layer formed

with powder A and powder B.
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AR A TR LIz IO Wrimfgn» 5 R(4.2) % AWV TR Z FH L=, Fig. 4.10 (2K K A T
TERR U T2 BB DU R DA = )V B — AR AFME 2 o), IR AT RV F—2.0 kI/em? 2> 5
4.0 kl/em? O] TEA T F VX —OEINI LN L=, Fig. 410 OMUAO T 1 > MIFEA
TRAF =% L TRITHRICRLRISET 2/ MEM RO B AR L2 7T, IMEMROEHREX
DICEREN D &SRB O KRB RDEEZFER LT\ D Z En3gnd, KR T
AUVED BWEIED S HALIZE = 3.5 kl/em? D I TITUEN 67% Th o712, Z 2T, RN
INE K FH BIEER OIEFE N R VR S MM E T D EIRET D & hiENAi L 0 ki
23 um OMARDBVEFEICHERE L Cd, £72. E =3.5 kl/em? 128 T 23 um DR DIRE
X 867°CTH Y, SO 1085 CHUrfs £ TIRE LH LT 5,
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Fig. 4.10 Dependence of yield and ratio of molten particle in the layer formed

by powder A on input energy.
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Fig. 4.11 (a), (b), (¢), (d)High-speed camera image of multi-beam laser cladding during layer formation
after 30 ms layer formation.(a)Layer formed Powder A at the input energy of 2.5 kJ/cm?. (b) Layer
formed Powder B at the input energy of 2.5 kJ/cm?. (c) Layer formed Powder A at the input energy of
3.5 kJ /cm?. (d) Layer formed Powder B at the input energy of 3.5 kJ /cm?. (e), (), (g), and (h) are images

observed 90 ms after layer formation in (a), (b), (c), and (d), respectively.
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Fig. 4.12 Schematic diagram of the layer formation process using

(a) powder A at a power density of 2.5 kJ/cm?, (b) powder B at a power density of 3.5 kJ/cm?.
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Starting position of
layer formation

Fig. 4.13 High-speed video camera image of layer formation using Powder A in the multi-beam laser
cladding system. Input energy for layer formation (a) 1.5 kJ/ecm?, (b) 2.0 kJ/cm?, (c) 2.5 kJ/cm?,
(d) 3.0 kJ/em?, (e) 3.5 kJ/cm?, (f) 4.0 kJ/cm?.

Fig. 4.14 High-speed video camera image of layer formation using Powder A in the multi-beam laser
cladding system. Input energy for layer formation (a) 1.5 kJ/cm?, (b) 2.0 kJ/cm?, (c) 2.5 kJ/cm?,
(d) 3.0 kJ/ecm?, (e) 3.5 kJ/cm?, (f) 4.0 kJ/cm?.
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Fig. 4.15 Dependence of starting position of layer formation on input energy.
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Fig. 4.16 Distribution of heating distance in two-beam multibeam laser cladding system
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Fig. 4.17 Diameter of molten particles and content of molten particles on the y-axis at x=0 in Fig. 4.16
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Fig. 4.18 Energy input per unit area required for layer formation

and mass of layer formed per unit energy.
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Substrate

Fig. 5.1 Schematic diagram of three lasers irradiation and powder flow.

Fig. 5.2 Focused spots of laser 1, 2 and 3 in Xy plane. The irradiation arrangements of the laser 2 and the
laser 3 are rotated by o, degrees and a3 degrees around the origin from the laser 1 irradiation

arrangement, respectively.
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Table 5.1 Laser irradiation conditions and powder conditions related to flying powder temperature

Absorptionrate  Spot Diameter  Incident angle  Densitvofpowder  Specificheat Powdervelocity Temperaturerise

in flight powder
A do 8 p Cp Vp AT
pm : glem’ J/eK cm/'s °C
0.65 290 24 8.94 0.38 460 1085

2
:
N

Fig. 5.3 Distribution of heating distance in three-beam multibeam laser cladding system.
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Fig. 5.4 Optical images of the substrate surface in the laser irradiated area at the power density ,l4, of (a)

1.3x10° W/ecm?, (b) 1.4x10° W/ecm?, (c) 1.5x10° W/cm?, (d) 1.6x10° W/cm? and (e) 1.7x10° W/cm?.
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Fig. 5.5 Particle size of particles melting in flight on the y-axis at x=0
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Fig. 5.6 Particle size distribution. The line graph shows the relative frequency.
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Fig. 5.7 Percentage of molten particles at laser spot position.
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Fig. 5.8 Shape of the coating formed by laser cladding
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Fig. 5.9 Schematic diagram of the processing head using three blue diode lasers. Substrate is irradiated by

three laser beams at their incident angles of 0. Laser spot is scanned in the X axis direction
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Fig. 5.10 Beam profiles on x-axis and y-axis of three lasers superimposed at focal point.

Table 5.2 Laser cladding conditions

Laser Spot Power Input Scanning  Carrier  Shielding  Powder
power  diameter density energy speed gas gas feed rate
w um x10° W/cm?>  Jem?® mm/s L/min  L/min mg/s

86 1.3 297
92 1.4 317
99 1.5 341
290 100 0.5 10 7.8
106 1.6 366
112 1.7 386
119 1.8 410
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L—HOFf5HE A 100 mm/s & L TR L2 RO £ mOBE4 % ~3, Fig. 5.11 (a).
(). (). (d). KL VODEAT R —IXZLIZEI 297, 317, 341, 366, 386 LT 410 J/cm?
ThHDH, (a), O)TIHEMENIEM LB L TWD 00, B e — R3Sz,
—Ji, BATZRLF—DE Fig. 5.11 (¢). (d). ()3 KON TIIAMEA He LT BB AN Ak
iz, WIT Fig. 5.11 (o)-(DDWri D #lEi% % Fig. 5.12(a)-(d)IZ~ ¥, Fig. 5.12 Tk, BRI
(@)14.0 um, (b)17.5um, (c) 15.7 um, (d) 169 um EZEb 52> 72h, BT AT R L
F—PRRELRDITLEDNR ST (a)153 um, (b)171 um, (c) 193 um, (d) 216 pm & K=< 7¢

7,

100 pm

Fig. 5.12 Optical images of the cross section of coating layer at the input energy of (a) 341 J/cm?, (b) 366
J/em?, (c) 386 J/cm? and (d) 410 J/cm?.
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Fig. 5.13 (a) Detecting intensity of copper and iron in line analysis of coating cross section at the power
density of 341 J/cm?. (b) Detecting intensity of copper and iron in line analysis of coating cross

section at the power density of 410 J/cm?.
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Fig. 5.14 Dependence of dilution area on input energy.
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Fig. 5.15 Schematic diagram of high speed multi-beam laser cladding

using small particles and large particles.
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Fig. 5.16 Heat input to substrate in various beam profiles
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