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Evaluation of metallic coating by solid particle deposition process

and mechanism of particle deposition

Abstract

The cold spray process was developed more than two decades ago and this advanced
coating process has been rapidly developed. This process enables to produce thick and high purity
metallic coatings under atmospheric ambient with extremely high deposition rates. Conventionally,
a thermal spray process has been used to produce thick coatings in a wide range of industrial
applications. However, the thermal spray coatings are formed through the deposition of molten and
semi-molten feedstock powder materials. The melting metallic material is easily oxidized or
azotized under atmospheric ambient, then the spray materials lose original properties. The solid
particle deposition processes: the cold spray process and the aerosol deposition process overcome
this problem by avoiding material melting. The aerosol deposition process uses mainly a ceramic
fine powder as the feedstock powder material and the powder material deposits in a vacuum
condition. The feedstock powder materials deposit on the substrate without heating. On the other
hand, the cold spray process uses mainly a soft metal powder as the feedstock powder materials
and the powder materials deposit in an atmospheric condition. This process uses electrically heated
supersonic gas (nitrogen, helium or air) stream with lower temperatures than the melting point of
feedstock material. The feedstock powder materials are accelerated by the gas stream through a
De-Laval nozzle towards a substrate. The feedstock powder materials collide and deposit on the
substrate surface in the solid phase. Currently, this process has been made actively studied in
research institutions in the world. However, the practical applications are few. Thus, elucidation
of more detailed mechanism and phenomena in order to obtain industrial reliability are required.
For example, because of the solid state particle deposition, the electrical and chemical properties
of the cold-sprayed coatings are almost similar to the bulk materials. On the other hand, the
mechanical properties are different from the bulk materials due to the severe plastic deformation
of the particles. The residual stress and the bonding state of the particles in the coatings can be
considered to be additional reason for the coating property. However, the formation mechanism of
residual stress is not entirely clear. Therefore in this study, the elucidation of particle deposition
mechanism of the cold spray process was selected as a main purpose. The influence of spraying
behavior on characteristics of coating was investigated throughout of the deposition process: from

single particle bonding to building up of coating.



The results obtained in this study are summarized as below:

) To investigate the mechanism of single particle bonding, a cold sprayed Cu-Al composite
coating was compared microscopically with a coating sprayed by the aerosol deposition process.
The aerosol deposition process is solid particle deposition process without material heating. Metal
diffusion has been observed between dissimilar metal particles of the coating by both deposition
processes. However, the aerosol deposited coating generally showed bonding mediated by oxide
layer of particles. The aerosol deposition process generates a small amount of newly-formed
surface.

(2) The gas flow and in-flight particle behaviors were analyzed by the computational fluid
dynamics. The analysis results showed that a particle velocity is increase by increasing standoff
distance until specific distance. However, coating adhesion strength decrease by increasing
standoff distance. The shorter standoff distance showed higher adhesion strength. As reason of this,

increasing collision of subsequent particle and increasing heat input by gas stream were suggested.

3) To investigate influence of temperature at bonding on adhesion of coating, the substrate
temperature was controlled by substrate heating during spraying. Cu, Al and Fe particles sprayed
on heated Al alloy, Cu and Fe substrates. The substrate heating showed potential to enhance coating
adhesion. However, it was limited for material combinations: Cu particle-Al alloy substrate, Cu

particle-Fe substrate, Fe particle-Cu substrate and Al particle-Al alloy substrate.

(4) A heat treatment after the coating formation was investigated for the effect on the
mechanical properties of the coating. To focus bonding mechanism between particle and particle,
the bending strength of coating was examined. As result, the bonding strength was significantly
changed by sequence of bending specimen preparation and heat treatment. As reason of this, a

distribution of internal stress of coating was suggested.

(5) The distribution of internal stress of the coating was examined by X-ray diffraction and
substrate deformation. As a result, the internal stress is non-uniform in the direction of coating thickness.
Especially, there is disproportion of internal stress at the coating interface. It was suggested as a main

factor for decreasing the adhesion strength.
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Fig. 1-1 The material composite technique
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Fig. 1-2 Classification of principal coating process.
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common thermal spray processes.
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Table 1-1 Difference of experimental conditions

Experimental Condition Aerosol Deposition Cold Spray
Particle Size [um] 0.5~1.5 10~50
Ambient Pressure [Pa] 50-1000 1.013X10° (atm)
Gas Pressure [MPa] 0.01~0.3 0.3~5.0

Gas Temperature [K] 298 (room temperature) 298-1273
Gas Velocity [m/s] 200-400 400-1200
Coating Material ceramics metal
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F2E a— L RAT LB LD EEOER & Z OFHf

KL T A= FRAT L —IEOR AR O M 2 B #Y & L CRUMERY - BRI MR 7>
SR ZAT). £ 2T, AR TEZEN TN OMGHIE L Tl L 72 32BRITIEICH L TRtk 4 5.
ERIORFNI B L CHRFEAY 72 F2BR - FEMTFEICEE L T2 OFERIRICFEE 2T b D LT 5.

21 ==L FAT L —piE

2.1.1  plOMRCEEE

AWFECIEHRD 22—/ K A7 L —4EE (Cold Gas Technology #1:8¢ KINETICS4000)% fv T
M2 AT o 7o, AZEEOBIKX % Fig. 2-1 12, {EEk% Table2-1 IR ¥. AREEIIT AR I
KOOI 2B e —2, 2 X, RIS E O SN D, 2 AT T VL X0 (Cold
Gas Technology 84 24TC) & F\ N7z, 7 Wik & Fig. 2-2 [ ¥, 20D 7 Z/WE0 EHE
£ 3mm ORISR Z AT 5. RN R SR TFOIRIZAF THH Z L bEE L.
TFEN T A L OWE T AT LEMNERZHEMN Lz, B, 7ot AL&fFL LTHVWLND
EEY T ZRE R L OENL, 22/ ZVAAFICBT DIRE L ENZ W, 1#€-T, /
XIVTFRICBT DIEB AT AORBEOREIZ 7ot RBE L LTHRELE , AVAY DB
DAFEN T ARE LY IR T T 5.

Process gas

| Powder feeder

Carrier gas and powder

o« @& &
1 > Coating
>—\1
Nozzle
Gas cylinders Gas heater

Substrate

Fig. 2-1 Schematic of cold spray system.
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Table 2-1 Specifications of cold spray system

Model Number Kinetics 4000
Process Gas N2
Maximum Process Gas Temperature [K] 800
Maximum Process Gas Pressure [MPa] 4.0

Outlet

Fig. 2-2 Cross sectional shape of nozzle.

=)L RA T L—IBIBIT DR OM#a 7k L LT, fEBhY AHPIC/EEI Y 2 L0 & & E7R
Pk T AN & o THRBIHNTRL - &2 a3 2 a)filfitin H D, 7 X0 BTV T A AL 23
AFEICRDE IR LI A EAWTAEIC L VRFE2ESIT 5 b)yEJERAT IR HN SR
TWa. L2 LA TSR T 2 4635 Z & DR HiomW B2 Rk ans. %
7o, BIEIRMEE T A N5 2 L B RS E I EREN Rk En D, — ), RET
(TRTE AR ORI BN, BHRIEERE LB O b D ZRHT 2 28 TES. L
2 UAFEN T AFRAMNZARE L, IEOK T L2 Tl 2 Ao BRIz Chi+ 2 ikiad 5 2 &
D> BAFEN T AN K DRI DINERD JE TR & 72 DL kA OIMEMNIRLF D ERAKIZ K - THEREIC
BRI PTG A EET 2 2 L b a—L KA L — I B W CEERRFThD. 22T
ABFFE TR DA T L U TR Ol 28 H L. e Ul n T, R+
J RNV ANAEIZB W THEEN T AJRHICHRA S D, B FEN T A L » ThiEvEn s 2 &
7> B ERFE AT I T BRERE ORI I Z/EEh T AIRELL N & 72 5.

2.1.2 RETTIE

=)L RAT L —RIZBW CTRIEIE A AR & - TN S v = b1 03 AT 12l 2% - HEfE 45
IR oTHELD. o T, ORI, AV OEEE Th Y ILHPE 2 I+ 5720
WX AV & MR N 5 G- 2 D BER D DH. RIERTIL, AvERiha Ry b (777
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28 a— )L RAT U—IRIZ X B REOERLE 2 Ok

v 7 48 R-30IA) (D AT, M EE Fig. 2-3 1R T X D ICERT D 2 L CRIEETT o T
J ANDE y FIEITRETT M %2 ) ZVHAPNERICE L 35mm &L, AKEGmIE Zo
INBGR B 2 8 LSSl D ) ANVEEN —E LR D KO IR LT.. 2 — L RX T L —
HEIZBWT—EOEETH LN BRI 1 L8 Eum ThoH. TAWESRERR 1T
BRI E SN A BEIL 600um TH Y, —EOER CTHRIEAGETH D Z b, [RRERIZHN
HREHIE A ERTICER L, 7 A= RHEZHIET 5 2 & CEER T A LM B T 2 IRE
FECHE L. —0F, dTRBR I E R R EE S 3K E L, B CTOFRIIREECTH S
72, FIAN—RHEEEEL, BEEAERD Z L THIFRBRIERICHSRES TH D
10mm £ CTRIEZ R Sz, a—/L FA T L —IEICBWTEEIT AL ) AL IR
BEARZATH Y. EoT, HAWZLsTMESNLR b EHEAL L AT L L LR
0, 7 RVERHRO FLHE & AMEE CIX R 7R 2 ERPRL 13 TR 0322 L, Z OmZe4 2B
LTHRYZAELD. ZNOORVITEENEMT 52 L TRESRDZIENZELADND. £
ZT, INEEMTAEOICEEEERDGAE, NI ARE— U E g T L ICERE ST
WZHE Yy FTHT LT AVOHLEINENRNEZZBICBEET 560 L Lz,

il :
o . l

Substrate

Fig. 2-3 Schematic of spray procedure.

2.1.3 ChI{fifE HiE
W T O ST A LT 572010, Bkl T-0ME 22 LT W 35RO RifE & 85 %
fTotz. a— L RATL— BICB T 2R FHEREE LT, @) Yr v ¥ —2REL, @

"5
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SRIRRE T I <D RIFTZ T v v # —Z BT 2 2 LRI ZAT O HIEY, b) ikitiG &
EWEICT D LRI, SETEM L2 EETDH5E SORREALL TS, f/iE T, Xv
R EZRIT L CE R AR SIRET D Z ENARETH D03, Fiic/p2EE &8N+ 5 &
FEAELDZ LA, VY v X —DIFENT AROFENCEEL RIETAREELE 6N,
BH BTN MNHE AT 2 RO Az Hapf ECEET D720, EAMRO T RATiT
TR SR DKL SARVKLFNRAES D72, 2 AV 2 H4T L T & 7ok +
ARET D Z LA AREL 0D, AWIIETIE, 1FEVT AW OZEEN MIFTRBEMAOMA D7
DIZHBRE ORLFHERITEL R L, HEOR 72T 5 2 & Th RS0 2 FfOhLF 0
RIS TR A ISR T D 2 L & L. Fig. 2-4 [THEREIX 2 7R §. KL T-HlifE SR C I, %ifckr
T OEZEERET D720, MR EEZMEICL, / AVOBENEE 2 2000mm/s & L=, F7z,

EM B IR A OTERENBLEL CTE 5 L O 1T, S & i L7z, H—k Ol I3ER
AUFE 1AM ESE(SEM : Scanning Electron Microscope, H ANES -# JSM-6390) % iV CTEIZ 21T

ST,

Substrate

Nozzle
(52000mm/sec)

Fig. 2-3 Schematic of particle collection in this experiment.

2.2 RIEBLEEEA
221 JERREEERE

a—)L RAT L—EICB W THEBY T A 1d b — 22 K o TRIEMEI OIS T I S S.
P> T, EMITEEFIZERO T AT E b IND & & BT, R EELAERIZ L > T %
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AECDZLICkoTEASND. 25 LI O ERBE A R 3 5 72 O ICBVEE K & IV T
B OWEZA A2 FHI U 7=, Fig. 2-5 (2 AR EERIE 7L OMENE  & 7~ 3. BvERHTIE, JIE AT
RE 72 1L P 23-200 7> 5 1000°C & IR <, RE & BVEERE ) & OBRNEMHRRITH Y, THEME L
TIESANBR TS K BIEVEX(KT12B, F/ —M8) 26 Uiz, Ep 0w, Rz
KA D 3mm OALEIZ > — ARIENE 2 89 & b L & TR, & 2 ~y— AR )
ZIANLEE L. 18- C, IRERERITEMfR, REED 3mm OEs L20, ZOHE
EIXEEOEMERE Y KT LTS Z ENTREIND. &2 CEMOPIINEEICB VT,
FERE L FHARE O B & DR IEDT-DIZ, FHIIRTIZT ¥ & VIR EEHCT-1200D, CUSTOM i)
O CRIERNCHER 21T o 72, FHIERE 1kHz oY 7V v 7 L— h Tl 4T - 72, FEBR
RETIX, TAREMBST 28 =20 AVEBEISE 0Ky M7 —LA0E<ITHFET D7
&, FHURE RN G ENTLE S 12, R TIIBEIEY Y 1 L2 2 VT A XBRE
AT 7.

Calculator

Thermo
couple

o 00

Substrate

Fig. 2-5 chematics of substrate temperature measurement.

2.2.2 fHERRAE
T —)L AT L —IEICBW TR XZ DORENPEET, AR K> TEMICEZRE I
RELLTLE D bR, HERMNEICELTHAL TLE S bONFET D, ZhbDElG%
Al S Z & idm = FAT L—{EICBT DERZ O L L THETHDS. £2T, a—
WV RAT L — RO BN Z R Uz, 2T A U7k o E &l xhd 5 FEER I HE
HLIRFOERERT bbb ERER L ORERIICE > TRl Lz, BHFEEZ LT IIRT.
F7, KEEEEZHEHETS.
M;=M —M (2-1)

ZIT, MclIRNEE RG], MAITANER OEMER(EE G T)[g], M IZRNERTO A E &g]
THd.
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I, MARMEEEZ BT 5.

vy = ﬂ (2-2)
Z T, ve I RME L [g/s], mr 13X Amin 72 0 S S RE Elg/min] TH 5. F 2,
Imin &7 0 IHSE SNTEMRE R mATUL FOR LV RD BN D.

my=278XnXp (2-3)
Z 2T, 278 XA RIEIAE A Lo KRR E O 1 [BlEEdH 72 D OB R [cmrev], n X%
DOFRERRIAIEE[rpm], IR O EEE[glem?] TH 5.
FRIBEIRE I S SN TR E & Ma L FOXRE W EIHT 5.

My = vy X nth (2-4)
Z T, My i IRUERHCHHR SR E RG], v 1R RHERIEE [9ls], np /X AR, b TS
FE[mm], ve 1L b 78— ZHEE[mm/s] T 5.
LLEXY, EEEOREDNEp I FORIZ L > THIHENS.

nd=%x1m (2-5)

ZZTC, na I MIEDR®], Mo TEEE RG], Mr i ZRERHCASE SN RE RG] TH 5.

2.3 R EREIEREAM

2.3.1 MR A5 50 AR

B NE DA R D — D & U C R IE-Fob FLIIC 1) DA TRE T 70 b L E B IR 2 JI7E L
7. RIRDOEAEBREZRET 2FiEL UTIBEMEIZ L - TRIEZ FEE S &2 O HBERE T
AT % a)5 | BRES A TREEAER & O, B A S (S AW E A AN U HIBES 5 b)) AW
FIREE 0072 RGBT D . ARBFSE CIELE IR OO 5 25 TR A8 /Ui & TR s BRI L 0 B
fili L7z, RS TIZET D REOHIEREIIE ARSI L DHBEN EL b B2 BLA.
DI, EAWHBEHTEIC K 2FAEREOMMIT L VB EICA LR R"Tb0LEZS
no.

B2 I A Wi 25 TR PSSR BR O BERE X % Fig. 2-6 (TR d™. &1EEh A A LMHcB W TR IR S &
600um LA B & 725 K 91T b T 8 — 2 A il UAERL L 72 B HE S 1.2mm, iE 10mm DK
BRI AR U7z, Z OB AR B CREE L, Fb- R i o BBl & b 5 — 2 DI R THIL,
BN 7 S X E R 0 A W BT B A E U 72 BIE L 7= B AW I BG4 (2-6) U A L
AW TR & R Uz, BRE B 1300 RER B (R U T LA — R 77 7 AGS-J 10kN)
ZHVY, REBGEE X Imm/min —E & L7z,
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E—
Jig
]
[
Substrate /
Jig ) Coating —

Fig. 2-6 Schematic of shear adhesion strength test.

_B
T Ac
=5 (29)
~ be

TIT, a3 AMEERIEMPE], B I3 AMTHIBERT EN], A 3B R Imm], bR
BRI, ¢ BT S ] T 5. 4l D 21T 7 ERE ATV, R i R R
7o 5 RAEAE CRHE L 7.

Ta

2.3.2 BT )M L A

BN/ N RE AR U, B NEEEEE (HMV-1, BREEERIVERTERD £ VT, R R
R U CHEE 2O FL S O NE » 1 — A S 2 HE Uiz, 728, BRI E%L 1.961IN &
L, PrFflRFfZ 10s & L7z,

2.33 BBEOMIZRFHE

=)L RA T L —IRICIB W TR L OEMIIARIRICER L, SiROEBI T AFtic s b &
Z &, R ESE AR E T ABRICEVE AU D Z LI Ko UM S NEUE N 2L L 5. BUL T
FEVEAR & 2 DEMOWHFIZ L > TEL D Z L2 b, KEOBRFEIZMD 2 & ITRBEREO
JISTVIRREE RS 5 9 X CEHE L 2D, £ T, MR IEOMBRIEESE 2 BRI 5T (TMA,
Thermomechanical Analysis)iZ & - TEHAI L7z, FHANCIT TMA 25 (EE R ERT R TMA-60) 2 H
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F2FE a— /)L FRAT L—IEIC KD DO ER & 2 ORHib

W2 TMA 2EE OIS X % Fig. 2-7 (1277, FERSO R & —32 4mm D75 IRFZ IR OFRER v
AR L, BT EEE 2 O TRRSFHA T T=IEA D 473K £ TMEL, RSB
DB HEDOEACERIE LTz, INEABRAR 5 53 th D7) v JiiR 2 43 AR 4 5t
L, ZOVPHEERBRT OMEESR L Ui Lz, INEGEE % 10K/min, RSO A6
Ha5gf & L CTHIEZEIT- 7=,

Spring

Electromagnetic sensor

Displacement sensor

Detector
Thermocouple

Furnace

|

Specimen
»—"/

AW\~

Fig. 2-7 Schematic of TMA test.

2.3.4 SRS AL A AT
2.3.41 WAk

BEIE DA 728 16 2 0 2 7= OGP HAMEBE (NIKON #haiz44¢ ECLIPSE-LV1000), £
R - BEMEE(SEM : Scanning Electron Microscope, H A 7-# JSM-6390)1Z & > C f Mélr i %1
BafTolz. BEERHIEE B BEEHILABS LA A LT ZREEY N7 L 2 -1) % WV CELVH]
BUARBIE(Z 707 7 2 b, AAKRA ST ZREOICEROIA L, 3B HEWHER(T 77 v AT
I, AR RV AW A BRI 217 - 72, #1200 O 2 U —HEIC L D HAITES 2171,
Wit & ) U 722 1 2R028 3um, 1um @ SiC BRKL A W T T Z 1T o 72, BEIE AL F I
— A SN BB E. 72 o & KRR ITAT o T
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2.3.4.2 RO KA FAM

VERL U 72 B2 IR SR ALER % B IR T 441 5 0D 2 AL O A A & 0 RIE U 7. BB oD W i 1
B HE{RALER Y 7 7 =7 (The GIMP Development Team % GIMP2) % W C fE{LALEE 21T
W, EEZ B aOfER, KIALEBOAOEKRE L GRIIL, KILREZEBRNIC S ® 5 BOERO
HAEEIA TG L 72, BIEIZSM: 2 &\ Bl il 5245 D Bl i & Bpd il 5 4 B\ T FETR 4l
FIZ DWW TITVY, WS 72 S IXIERTIC B XV BRE L. Fig. 2-8 12 fE LB D H
Y. ZOREOSE, [AILRIT44%TH 5.

(a) Original image (b) Binarized image

Fig. 2-8 Binarization of coating cross section.
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31 LI

VS SHE I BPRL - & VAR S B HERE S E 2 AT, EEERICIAS b Tng. Lo,
BPRIF- 2 S LA EICINEN B 720, MBI+ DR LOBZEE, FRZEREZR & ORES L2 RTE
LD, F ZTABEEZMAMERLIA ~OBRIR R AL P EHEEZAT 9 22—/ R AT L —iERNN
BB L LT vy VTR Y Y g AEFO BRI NER S Tn g 19,

EARRLF A HERE S 2 7 0 & 2RV ORI S IX S E S E AR S Tn
DN, ZNENOMEEEOZ Y, FE5OESWEIIREATH 5. [EMRRLFFEEIEIC S
HEINDa— LV RATL—{E =7 a Y VT RUya ETES LN, a—/L RAT L—ERN
SBRMEIOEREZ, =7 a ) VTR Y a ERET I v 7 AMBIO#ERE FE2xRIC LT
D72, FERTREZRAM B O AUEE IESAFIIRE S BRY, ZTOEENWINR DK TFIZE > TR
EZINDDONEH LTS TR,

Z ZCARETIE, EMRFREEEICR T 2 BB O EEHI 2 AL L, a— R
AT VL —ER O T B VTR Y Y a ECHRIENE S TlhaWZ B L 5\ Al,Cu @ 2
T O & BB 2 MRS SEEMREWM T o 22 k- TR L, BIRPRIEE O Bk 7]
N xEBET D2 LT, M7 ak A ZBT 2EEEDOZROFE, BIOEDRESNTE

LT,

32  Al-Cu iR B pifis

321 a— /L RATL—IEIZ KD Al-Cu lRA B i

MEHRRITFEEE DR 2 2 FREOM K OE R T RNV FHEEMA DI, a—/L FAT L —
TRIZ Ko TRUBATREZRRL P FEH O 5 B, KL f A 52 RERIK L RE L, kL 118 % & Okl 1—
DB DEENFELLRDL LD ALK FREBLNCubL RO EBELZ3:2 05K 91C
MEH R 2 8E L. MEPRRICIZHFFET L =7 28 AR CEERL7EE 30um) 1 L O
4 BTk T8 Cu bk PRI 118 20um) % 7z, SEM I X 2 Al KO IRBIZHE %
Fig. 3-1(a)lZ, Cu By RDOTEIREIZM4 % Fig. 3-1(b)IZ=7". Al I8 X O Cu oW % Table 3-1 1C
R EEMICIE T T A MUEEZfE L7 T L 2 = v AR (AL050-F, 5X 50 X 50) & F U=,
PRI IR EE TR L2 iR D = —/L R A2 7 L —35E % - ISR IR RS E (2B T A
Cu MR % HK T L7235 & ICHERE AT RE 2 e F 238 L, Table 3-2 (ISR 4fF L Lz
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Flg 3-1 Feedstock powder materials for cold spray of (a) Al, (b) Cu.

Table 3-1 Properties of feedstock®®)

Al Cu
Density [g/cm?] 2.7 8.94
Diffusion Coefficient [m?/s] 1.3 x 107> (in Cu, 985-1270K) | 6.5 x 107> (in Al, 594-928K)

Table 3-2 Experiment conditions of cold spray

Process Gas Temperature [K] 773
Process Gas Pressure [MPa] 3
Spray distance [mm] 40
Travers speed [mm/s] 40
Powder Feed Rate [g/min] 67

322 =7 wu YT RY Y a EIC XD Al-Cu RE B D R

MERIRIZZ =V AT L —ED5E L RBRICKF—2 b2 OBEENFELLIRD X I
B Lz, MR RICITEPET V2 = 0 A3 ALK CEERL 748 2.0um) 38 X & BB
T8 Cu R CEXRI 725 1.5um) & V7=, SEM IC L5 Al BR824 % Fig. 3-
212, CuMmKROIREILZHE % Fig. 3-2(b)IZ T

FIREBRICIZAEO =T a Y LT RO v g VIEEE W, =7 VTR Y Y g VEED
BERS X% Fig. 3-3 12, MRS % Table3-3 (/R =7 0 Y LT RY Y a LIETHE, EREH
L7z 7 By LT v U R—NIZALBRBEX O CuyRZ&AL, IHERICE>TT7r Y LT
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JErl ,

Fig.3-2 Feedstock powder materials for aerosol deposition of (a) Al, (b) Cu.

- Deposition
X-Y Stage—_| = /chl;mbel‘
Substrate ] Yacuum pomp

el

Gas pressure

Gas flow meter

auge
Process gas saug
~—_ Aerosol
Chamber
Vibration
exciter

Fig.3-3 Schematic of aerosol deposition system.

Y UN—ZRE)SEDLZETHFETAZEEL, =70 VAR TH. ZOZT7 0y Vi
TT Y NF v = ERIET v N DENFEC LRSI, S AV ES U TEMICEZE -
HFRES D 2 L CRIEATEAT 2. BEMITITAT L I =0 L4 (AL050-F, 5x50%50) 2 FHV 72
FMII XY 2T —VICEHESNTEY, HIELZ 7077 Mo TRELZ. =7 YL
TRY Y a ARZEBNT, 1EO R A= THLLERETHum~E+um Th 5. AR

30



B3 E [EFRRL R BRI 31T D HEREDRL S i AL AR B

TIL B B B EEEEHRE O M TIC L ERFEE 0.8mm &7 F TH I /83— &40
L7-.

Table 3-3 Experiment conditions of aerosol deposition

Nozzle type convergent-barrel
Process Gas N2

Gas pressure [MPa] 0.05

Chamber pressure [Pa] 200

Spray distance [mm] 15

Travers speed [mm/s] 55

Revolution of vibration [rpm] 1000

3.2.3 FHliJ5i%

W7 a2 o TR U 72 BT Al K236 KUY Cu RLF-23HERE L Cds ) Btlie @kl 1
S AR L TV D D E T 572, AR RIS 2 v C R W im OBl ZZ 21T - 72.
BAEA R WA m OB LT ESITICIT= RV X080 X BT % E (EDS: Energy
Dispersive X-ray Spectrometry) s ik = 7172 (FE-SEM: Field Emission Scanning Electron Microscope,
ASinAg 727 7 mv— X8 SU8000) s L ONgE i Y 78 1~ BE M BE(TEM : Transmission Electron
Microscope, HAFE 1-H JEM-2010)% 7=, ®m0fERe, mfEEToO TEM B8 417 O B, 3k
PO FDA—N—F v FROMLAC L DT ENT 7 ZJER Y, BEARE O B3B8 B
RELSHET L. TROIEMAKZR TEM B 255017 & e 570, D7k, SEHERSE ©
B EPBIEE RIS T LE O AWFETIE & O 2ok + R 2824 52 L4 H
& 5720, 44 AT A% —(HARE T8 EM-091001S)iZ L > T TEM BlEs k2 /ERL L 7=,
A A VAT AP =T X DFENN TOBEMS K E L O, BIEEITOMIEX % Fig. 3-4 (2R T. A4
VAT A —IFEZA 100um, §E 2.5mm F TN L L2 O B L0 R~V k&S
LT, 7u— R ArA 42 v — O [ 2@k 20 SN B RIS 2 11 O ROk
FREEE CTH L. A A AT A4 —2 O TEREHF REBICANELS ETIY 72470, LA
WO AL Ll Bl i MR E OBR 21T o 7c. A A ATA V=2 kDI o7&
(X, JNEFEE 5.5kV, Ar 4 Ak 7.4Umin, MHEHARE 2.0° OFETA4-6h T U 72T, &K
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Ar+
Masking belt

TES

/ Observation

sample
Fig. 3-4 Schematic of sample preparation.

BHIILNZE WS TH A — VB OREZ HRITINEHE T %2 2.5kV ~ZEFH L 30min 2 U > 7 %

1To7-.

33 MRBIVOELE
33.1 S SEM %%

ABFFECIEHM — R FL 25592 B CHE Al B3R &6l Cu MR % AR A S w72 iRE
MARIZE > TRIEAFR LT, BESRAN AN mE28E T 272038 EERTH LS Al KL
FL CURTNELLBHREL, RIEZEEL TWAIRERDH S, a2—/L FAT L —EB I
TT RV LVTRY Y g RIS L o THIE Lo RIEO M S RE 2 i3 5 728, AT 1B
BIZ K> CTRIEDOWmBlE 21T - 7-.

Fig.3-5(@)IZ 22—/ RA 7 L —{EIZ L > TR LN RO W SEM Efg A4 7~3 . B O
LWz BT A MESA Cu, BEW a3 BT A MRS Al ZoR LTV 5. B 2N D i BB
BWTALRT-& Cubi FIZIERREHERE L WD 2 L AHGETE 5. £/ Cubiridhaias
O TIR A MR L T2 oIkt L, ALK 1% Cu b+ OB 2O 5 X 91T RE LR LHE
T DMmA Aoz, AVRLHIIEEMELS, FIAERBRKE WO EIU BN T ZFITHT 5

HHEbRELRD LD ALK TORITHEIIR kD EE2 LD W, £z, HeE
BT R ITEE 22 S B S W2 B, CulE Al ST A LR Ch D, FDTmw,
Cu K 1D ZEEEE T AL KL O EEE LV IR R D B2 6NLDITH L, Cukif DR
VAT MLBLLE IR T Al R ORI EREZEEE LY ban eI S D, ZORE L
LT ALK OfRED Cu i ORI ABEE L 72V, Cu ki FORMZHD 5 X 5 ZeHefi 2
L7iceEZxbh5.
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Fig.3-5 Cross sectional SEM images of Al-Cu composite coatings.

Deposited by (a) Cold spray, (b) Aerosol deposition.

Fig. 3-5(b)IC=7 B Y LT R Y a3 B K » TH L - RO Wi SEM B4 Rrd. a—
IV RAT L—IRIC X VG NTZE E [FARIC ALK 7, Cubif & HiciF & A EWEE70EIE THE
FELTWA Z RSN, £, FiroRRITa— 1V RAT LB VBT ZiE &
[FIERIC Cu KL F-AVRLF DIZIR 2 50 < 7% L 72 JE CTHERE L Tuh/e.

a— )L RATL—k, =7 Y VT RY Y a AEOW T e A28V T, ALK& Cubit
ARG SHETMBRRI A &2 IV TR ATV, BB R S aviz. SEWrm@leg L v, sz
1T ALRIF, CukiF3LicHERE L TR Y, %0 TEM BIZR0 B TH 5 B4 @ ki A im0 17
TEDMERR S 47z,

ARED HAE, BRI FEE LIS 31T DR HERE A 7 = X L ARG RO HEFERL - 5t 2 181
BEDHILICE - TERT DL LD D. 6o, BEEIEIRLT OIEBEIC X > T4
BEEEDZTER L CTOWRWNEHERT A2MERH L. £2C, a— /L AT L—iEB LU=
Ty IVT RT3 AT LT O X BREITIC X D MEEE T 7.

Fig. 3-6(a)lc = —/L R X 7 L —iEICIB W TRBH R & L TR L7- AR -3 K OV Cu ki - &,
TERLL 72 Al CuiRARIED X MEHTRE R Z /7. BIEIZIE Cu B LAl Z7-7 B — 7 23R
TX, SEM % IV T R Mrimm 2 BlEg U 7o i R & [AIRRIC, RSB NRA SN RIS i
ZENHER I N, FTz, KEO X BREYTRE R DT RO ©— 7 LSMNIHER ST, K

iz BEARICEIEE L6, URIC K DA RRRL 7 DO bt L UHRAE IR E U TnianZ &
DR I LTz,

Fig. 3-6(b)ic=7 vV AT RY Y 2 EICEB W TR AR & LT L7z Al ki 73 X O Cu
K&, R 72 Al CulRA BED X #RIEHRE R 2R3, a—n FAT7 L—RkE &[RRI,
TRYNTRYY a CEEICIE CuBLO Al 2T E— 7 BERTE, SEM & T RN
MZ B LR & RRRIC, BESBENESG SNTEENMGONTZZ LRI, £,
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Fig. 3-6 X ray diffraction pattern of Al-Cu composite coatings.
Deposited by (a) Cold spray, (b) Aerosol deposition.
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PZRED X HRIBITHE R I R O — 27 SMIHERR ST, Bkl z BEARRICBIZE Lz
Yt RIRIC XD MBPRLIF DOlR(bds L ORAAREDVA U TV 7R Z & SR S vz,

332 ZMME BRI L DR D8l
3321 IV RAT L—EEIZRT 5 B A E R R OBl g2

a—)L FAF L —RIRIC T 5 RS Bk 1M 5t m o TEM 8i22% % Fig. 3-7 (T~3. \iE
X RIS RS 51T, HERE L7z Cu ki 712 ALKL 72322 LB O R E 2 R L CTna. XD Al
RLIXRL R & BRE, RENIC—ERREZ2 RS, HiiaEE Lo TN D2 Lninnd. &£
Fa BB R E T E B T2 &, AVRIFINCZ < ORLRDGED IV D . Z AU aAE A kL
FOERIZL VB ENTNDTEDEEZ LS. AR FHIIIZE < DRIADB L NT-0
Wi L0 CuRL D EE 7272 AR IR E WA Lcleo LRI END. £72, TOR
me BN AEMND AL~ Cu D= b7 A MIIZEROVENRETTWD Z EDRMHRTE 5.

Fig.3-7 TEM image of interface between cold sprayed particles. (Al particle on Cu particle)
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Fig. 3-7 TOREIZBNTED L I RBIENREL TWDINEEBLET L0, 2 N T ARD
B0 % 5 Rk L TEDSIC K 2ot 21772, #iR% Table3-4 123, HIEM 1FHED Al
HOBRWIa L T 2 M A OAZ B3 S 3 Cu DL EIXAE T TRE LT, BIEERIC X
o THHE LTZRER ORI L Db DI vz 5. HIEM 3FICBWT AL Cu O
8:2L7oTHEY, AIIBEIRCUMIDPNRBEL TS Z ENRBINTZ. ZOZ &b
R4 JE R Tl Al—Cu I COE&BIEHNE L C0D LRSS, 7o, KERTOM
BERLF- DR E XY TEDOIN TV D23, R OB Tl R &n b7 <, BIEo
FAEITRRD DRI oT-. ZDZ b, a— AT L—IEIC L » THERL L7 B Tk 7
EZERF R DS EMEE 92 & & TR 3ME U, i3S E A ST AE R L3 BEfil U 7= S i C o
SRITBUIC L > THEAE SN TWD LHEHITE 5.

Table 3-4 Composite ratio of deposited particles shown in Fig. 3-7

Measure Composition Ratio [at%]

point Al U S

1 88.14 5.97 5.90
2 89.26 6.39 4.36
3 77.93 18.04 4.03
4 2.04 96.72 1.23
5 91.90 4.63 3.47

A Bl DR IR ClE 2 OMEMRL T 2186 LRI A TERR L, Jelfli28 U7 pMBbRL 1% 254
Bl U TR T T2, T OO RBERIZIE, Cukif1Z ADRL 72352 L7z Cu Z:44 - Al 2
JEOBHETH DM &, ALKRLFIZ Cu ki F-2ME 28 L7z, Al B4 - Cu IBEORHE T H 5 St A3
fFET 5. Cubi 112 ALKL7-23E %2 L7z Cu-AlRL 75t &, ALK Cu ki 72322 L 7= Al-
Cu > TEM #2214 % Fig. 3-8 127577, Fig. 3-8 ()l Cu Ki1-12 ALKL 123N E %2 L 7= i C,
Al ~ Cu MEB L TW D IKEDHERR S 7=, — 5 Fig. 3-8 () AlLKL 11T Cu b 1- /3 2% L 7-45
Bb, Cud Al R 2IkEN R bz, BIERAER LY, IRV L 2B m D

SIFK30m L F Th o7, Al & Cu DYLEARE A L9~ 5 &, Cu O D@ LR A
FiH 0, L LS VMEICH D LWz D, - T, BZEIEE b Lo30 Cu 28 Al A~
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BLizEEZBND.

ULDHENG, a— FAT L—IEIC X 5@ BEM ~D@ BB ORIEOERIZ, W& DOYLE
TRENZ Ko THEH O J7 1), SRR OBIEAS R E D EHEl SN D, 2—V RAT L —EIZB WK
T D 4 75 HR 0 A WTBREE (IR PRI -, 258 DA A DRI L > TR T 2 ERWE S LT
D03, TXUTFM, MOBRRL - OB ECIR DO 227 B3, JIEHIRE BB L T D B2 5.

Collision Collision

Direction

Fig.3-8 Highly magnified TEM image of interface between cold sprayed particles.
(a) Al particle on Cu particle, (b) Cu particle on Al particle.

3322 =T uYATRYY a EEICRT D R R O #l52

7Y VTRY Y g U RIEIC BT D B RRL R E O TEM #1525 % Fig. 3-9 1T~ 7.

I TS IR 518 T, Fig. 3-9(a) ik HERE L 7= Cu ki 1-12 ALK 123522 L 7= R0 i %, Fig.
3-9(b) 1T HEFE L 72 Al KL 1-IZ Cu ki - 23E 22 L7-BRO R 2R LT\ 5. Fig.3-9@@) L v, AlKLIT
23 Cu B 7 ICfEZE L7kl R m i3 m L 0 AVAICH B AR b7, 2020V Ttk
ST EAT o TR A Table 3-5 (¥, HIEM LIZBWTEERSWEIG THEL TS Z &
Mh, ZOHREIEL Al OREHIETH D EHR SN D, TR RN DT B VT RY
a VEERNIZIE =V RAT L—RIED X 57 Al iy & Cu iy I T 2 IR0
BT, ADRL 72 Cu kI M58 L7k - Ui E B BILEUIAE U T Zsn b il s h . =
Wtz — LV FRAT LBl _R= T a Yy VT RY Y a SETIIR RS L, Floki
H A=/ FAT L — BT AMENW T2 O E 2 RV F 00N & HAER ORI LBk 0¥
PWEERFIHTELCTWRNWEDTELEZBND. o> T Al KL FOFEFIZ=T ey LT RY
TaARCBITLE T I v 7 AMBIORIEL FfkICE T 2 v 7 AREORE, ZO%AE Al
i35 L Cu ki ORI L OB SIC L > ThENR TS E N 5.
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I Collision

Direction

Fig.3-9 Highly magnified TEM image of interface between deposited particles by aerosol deposition.
(a) Al particle on Cu particle, (b) Cu particle on Al particle.

Table 3-5 Composite ratio of deposited particles shown in Fig. 3-9(a)

Measure Composition Ratio [at%]

point Al U S
1 74.16 6.68 19.16
2 5.94 86.87 7.19
3 1.42 96.91 1.67
4 1.44 97.82 0.74
5 92.01 3.17 4.82

EZENEIC OV T L D IEL BET 572, Fig. 3-9(b)D Cu-Al iz L TR oz ir-7=
TLH TG R & Table 3-4 (ZR"T. STRMMTORKE Y, WER 3 BLORER 5 THLHD
FAEDFRD DAIZIED, HEM 3,5 6 ICBWT Al & CuNEITEENTVS Z EAHEERSN
7. o THIER 3,5,6 (DR EIZMEME E A L T DR R EAHEZE - kL TTE
Hffe B AT, BeEaza L TnD ERIFFICHAER AT TWDLIRETH L L& R
bND. ZAUEL ALRLFIZHAEE 72 Cu b F-23ME283 5 Z & C ALK 3R i O b DO—F 3
SN2 B2 bbb, —F, Cubi I ~#E 72 ALK 173 Cu b1 18%%9 % Fig.
3-9@) D&% EIE Cu MR E DM EZ + 3 T TERNWI LD 2D XK ) RIEB D Ik &)
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ERTE RPN oTeEBEZBNS.

U EDENS, =7 a Yy VTR Y 3 YR K D ERIEM ~DO BB OIEORRIL, 22—
NV RAT L —ik0E L R 0 AR R L OBEMI M O @BRILEAEE O ERF TIE R E
W2 b, 7V ATARYY a U AETIEa— L RAT L—{EIZ R NS R E S
TN Z & D 19, R ORFOEBN = R LXK L, KRS HE D FrAEmZEHS D220, fEo
CHTAEM R L OEMIZ L2 BBRES LD bREBIEDEZ N LICHE N XBRIE D 520
n5.

Table 3-4 Composite ratio of deposited particles shown in Fig. 3-9(b)

Measure Composition Ratio [at%]

point Al Cu 0
1 2.83 95.94 1.23
2 1.83 97.55 0.62
3 18.61 69.31 12.07
4 1.77 94.94 3.29
5 53.74 33.88 12.38
6 62.68 32.06 5.26
7 92.09 3.01 4.90
8 1.77 97.45 1.38

3.4 /NE

ARBETIE, B FREEECTHLIZT oY ILTRY Y a VIEBLOa—L RAT L—IECE
T O AEBEOMIAE B L L, ALK {36 X O Cu bl 2 iRA SR R & F v C R %
ERL, BfESRAFRIAmZBE L. UTICREIZBIT /M MELRT.

(1) W7 vt 20RO Bffi4 R FRICB O TEBIEEOIES R oz, &RHE Ok
IZHBWT, RO RILHIC X 284 28 BEHRLTRE RO SO — 2> Th 5 FE) R
I,

(2) =—N FA T L —{E TR L 7= I 3o\ TR & i ks 7 R i /B U 5 &8 LB 3ok 7
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41 ZL®HIZ

FIFEICHLR LI LD ICa—/v RRAT L—IEIZEBIT DR OHERI TR 1Rl L& R s &lc &
STHETDHILICL-TAL D, RiEixLEE CE DN BNERAEG 2T 72D
W2, P LS A s Ui Em A @RI 5 2 ERMBEBARRRTHDH. 23—/ RAT L—IEIZE
J DR DOREBACEEDWIEI T ED) AZ VT =y REWSTETHELSL Y. ZoAX
V¥ x oy NI OfZEHEEIC L - TET D720, b ORITEHE), FHORLT-IRITHE O
BEOREELRD.

aI— )L RRAFL—{ETIE, BEETAIZL > T2 IET 572D, K73 B L0 A3
WIBREL, K3 & D AEEICIIMBERH D, UTFTOX I RIED S & T, kil &L H A
W OBRE R TR TH D 9.

(@) KirFoOFEET ANVHLEIORO—RITENRET 5.

(b) RLAITIIED DS DOIHZEZT, HIE L ORI HOTHITERT 5.

(€) HACKIFThADFEITEET D,

(d) RITIEERIE, ZOE, BT —E TR ISR DA L2,

() on = (3) on, ) @

ZZC, Vi RilPEE[mIs], Vg A AEEE[mMIS], Cp: HIRETL A /v X% Re DEIEL, pq
HAFEREKGIME], pp K F-FEE[kg/m®], Dy R [um] T 5. (4-1)F L 0k FlE %2 &< T
HI21E, WAREZEm LS L, RARB LUK FEBEN/NIWIEIDBRNZ EB505. 6T,
MNEE—RTTDOEFET b r E—iiL EIRET D & T AREZ KD 5B R NILL T D L 9 (12
5.

n::]z@%)Rn{1—(%f$}+w? (4-2)

T, Vo B A REEE[mMS], Vi AB A AEEE[msS], y: HEUL, R ASERDI(Kg + K)],
Tr: AOATAREK], Pz: O H AES[MPa], Pr: ARHAES[MPa] TH 5. (4-1)F L V-
AXLEY, AOTAENBIOAOTARELZ EH ST LICL0, R RITHEEL LS
HTAHZENTED.

£72, a—L RRAZ L —¥E%#BI% L7z AN. Papyrin 52KV, K231 « HERE L CRloied
L720I2iX, & HEALL EOEIREEFEFOEE) NS LETH L Z L AmEINTWD 9. kit
HEMETE D &, RTI3EMEREL, UNU Y FLTEM Rioh&Rs L—2— RO 1F
BT DR THD. T LT, EEHENEREEZEZ D2 LT, FORFEESVBRE
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<720, FEME L OO S m CRE B OMWZ X 284 mE L CosgmaEmL, %
TeHEMERE <D Z LT, RAITEM EMSBET D, L, RTFHEENGTE 5 LhiT
INFERAIZHREE U, ek O@2EIC L 0 A5 LR F b ShTLE 9.

H.Assadi 51280 9, EEFUEE IR O L 9 ICERMICERE SN TN D,

Ver = 667 — 14p, + 0.08Typ + 0.10, — 0.4T,; (4-3)
ZIT, pp: RAEEKYME], Twe : BIFAEIORLE[CL,  ou: KAHEHORRERIR S [MPa],
Toi : R FATHIRE[CITH 5.

@)LV, hiFHiREL FH ST 2 L TCHARELZRFTIELZENTESL. LIEA-T,
EBVT AREZ S T2 L THAREL LHEE L L L bICHMAEEZINT S 22080
H5.

LT ORATHER 2 KRE L EFTDHNTFO—2IC ) Z-HM RN RT b5, —RICHE
BT AL RV A DS KRR EIEECT 2R CRRIZIEDR D, - T, ZOHARITL -
TR SN DR E-REROFEEZRT 2 L &0 2 AV O LHEEEC L - T X
BIMONAAIREICZEE LT D D, FREC 2 2V 025 O FEEEOZ IR+ Ok - gz
MWD ZZEZ D 2 Lonb, /) AV -BEA MR IR+ O M E L RE<ELAT D, £
ZCARTETIT AV DS QBB T 2k ORI TIRIE 2 BT I KL W Rt L, 7 A
SSERA TR RS BB D RFVEIC 5 2 B B OV IR L 7=,

42  EEIjIE
4.2.1 BfEfRAT
4211 SR

BB REAT 1IN 2R (A AT > — - (Simunet Corporation #E# CFD2000)Z W TiT-o72. KV
7 MY, BE, EBE, o3 FBLIOCEREORFUNOMEES LTV L T EZ X b —2 X
TR E AR L, THEBHEICHE Z EIC RV HEETo T 5.

4212 BEfRMTET L

BABARNT TIZ, FOBEFEBR TRV =T 231 2 ZX1(Cold Gas Technology # 24TC) % &7 /L4t L
7o FHEZNROBRD HIAVEIE 2 ottt g & ]GE L7z, Fig. 4-1 IZfEHT CHW =BT L E
FOBEREMEETRT. 7 A0 EH N OBRTIIE S 2 Rl 72O BE(Wall) 2 VW TEE L,
S AND EER RO RIS L OEM 13 H 5~ EE AT L EEY(Blockage) il L > TEFK LT,
Fo, HWAWMATIZT, TAOENBIMRELZERL, / AVHOZIIKRGA TS L OERT
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T Lz, RERCIIFEBH A LEMERLMHEHT L. BITICHWZERZ0mIEiEs Table
4-1 \TRd. a— b RAT L—IETIE, BEETARZ AW TR 2 IET 57280, T Tl
BLISCHEMEMEZ BB L T\ 5. £z, kL FEY I JORE L O THRAT 2 EECH AR T
DEMEEEZ BB L TV 5. MEHEFI3ERIZIR O Cukit% 7=, Table 4-2 ([Zf#HTIC IV = Cu
- DM Z RS R0 ) P AR ORL T FIHIEEE L 0 & Lz,

Y Blockad o | Substrate
ockade as outlet
A [ Prekade | -
J ¢ Wall
(Nozzle Wall)
P4

Gasin|e(|?l;.-.-.—;-.-.-m ---------- — - - e ————— > X

Particle inlet

Nozzle

) o/

Spray distance

Fig. 4-1 Schematic design of the computational domain and boundaries.

Table 4-1 Physical property of process gas

Process gas N2
Density [kg/m?] 1.250
Coefficient of viscosity [kg/s-m] 1.80x10°
Specific heat [J/kg- K] 1042
Ratio of specific heat 1.4
Thermal conductivity [W/m-K] 0.02569
Thermal expansion coefficient [1/ K] 0.003333

BAEMAT CIE, FHRSEREZ M XS T 52 & TRV BRI REZSL 2 Lk S.
LU, BHRBEBOD XABOEINHE, RN T 5. £ 2 TANIZE T, Spfiats
BT R FHEDFREEZ L L, ZORITRSEREFROX 217072, 7 AVNEE
FO ZVH B 6 R M £ TOEMA M KENY, 7 XA 30 TR R R
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DIDHNESY & LTz, B4 RIZEFST C 50pm & L7z, Fig. 4-2 (< FHEAEIR O K 4y
B

Table 4-2 Physical property of particles

Particle Cu
Shape Spherical
Size [um] 20
Density [kg/m?] 8954
Specific heat [kg/s-m] 384.9
Initial temperature [K] 300

Y

A

> X

20mm
-

Fig. 4-2 Schematic design of the computational meshes.

422 BURITIE
4221 {EESHE

JFEH RN ITE S EFERIK T b~ A R TYERL L 72 SERIRLEE 20pum ol Cu by A (1@ F 48 7
¥y T2EFEL Cu-HWQ ¢20um) i FH L7=. ¥y R ORPEfE % Table 4-3 (2783, Fig. 4-3 IZEy KD
ToIRB L ORLE AR 2T, ML AMOTR O Lod S5 Cu b F ORI i & S
o Al JAE YO HNG, AW ERERBREZAT O I+ EEZHT 5 AS083 &4
(50mm X 50mm X 6mm) %z 7=, FEBF ORTLELE L ClE, MEIRE OB ORRER X OO
EEEBMOMREZHNE LT, =7 —7 7R MEEFRT L—F—Hl~ (772 MY-30B)
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ERWCHEMEBEHICT 7 A MUWEAiE L=, 728, 77 A MLETIE, Fe ROBHMGEHT
— X —HSB AF—L 7V vk GH-10)ZfEH L7z,

Table 4-3 Characteristics of feedstock Cu particles

Tap Density [g/cm?] 4.82
Specific Surface Area [cm?/g] 600
Median Diameter [pm] 21.3
Oxygen Content [%] 0.07

1 20

15

Cumulative [%]
[y
=
Frequency [%]

1 5 10 50 100
Particle size [pm]

Fig. 4-3 Morphology and particle size distribution of feedstock Cu particles.

4222 RFRERIE

EAEFEHTHE R D2 UM A TS 5 72 ORI I DWIE 24T o 7. MIE IR O mid B B
i1 E B 2 & (Oseir +1:8Y Spray High Watch Portable) & Fiu 7=, AL E OB % Fig. 4-4 12
Y. AHEEIT CCD W A TB IOV —FRIRRN O S D, ml B EhL 1Rl 8l 4325 E
TV —PRRGRE 72— FAT L —RFORITH NI LEREICREL, L—F—X hrfsg
BT 5. ZOL—F—R2 haROKE % CCD I AT THRE L, HONTEIERILHEL O
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R A OFATPOE Z TR 5. KA ORITHREA BRI L > THIEL, Zha AT D
¥ v —HETE D Z LI K VR FREZER T 2. Tabled-4 (T4 27 L OMIE AT REHIFH 4
Y. REVEKV AT AT a— /L FAT L—hF OV ERZ R T 5 DI+ et 2 A7
DT ENDIND. BIERHIEEM BIFET D & ZHUS X o TR O EEM TR B 1T 5 AT B3
FLAVIENNEE L 70 D, 2 2 CTEAEMRHTE 7 L OB PERREEI I HEM 2 588 L TR WS T
DR E & V.

Laser beam
oscillator

Particle

CCD camera

Nozzle

Fig. 4-4 Schematic of particle velocity measurement.

Table 4-4 Measuring range

Measurement Volume [mm] 34x27x%25
Particle Velocity [m/s] 1-2000
Spray Position [mm] -12 - +12
Spray Width [mm] 1-28
Spray Angle [°] -10 - +10
Particle Relative Density [%] 0-100
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431 BUEAENTE T V2 S PEORRET

BAERENTE T VD Z S M5 REET 2 72 DI SRIE 10 & DB 2T 72, (B A 5%
& UCHEEN T AR EE % 473K IZ[EE L, {EE) A+ 7)% 1MPa, 2MPa, 3MPa & Z 1k = H-fd ]
A Lo, dERIE S XV G 30mm Ol Lz, Bl R A Fig. 4-5 1281, X
KU, ERE, ML AEE T AR O LR, R FRER LT 5 2 &R S k.

650
— -= Analysis
EESSO .| + Experiment
z
= .
7§ 450 | .
=
= *
£ 350 -
<
-
250 | | |
0 1 2 3
Gas pressure [MPa]

Fig. 4-5 Influence of gas pressure on particle velocity.

FEAENE & AT A HLie 3 5 & BB LRI DT D DS R 2R 2 L 3o
5. T, FHAEDSEE ORI TR A HEOFEERITHEZ R L TWD 72O THL LEZXBND.
AT CHWERLFIRIRIE, 020um DOERIZIK & e L7223, EBRTHWRL 11X, FEER T
BRI o20um DRI 172743, KL F-BEA3 AR 1X05um 2> 5o50um £ TIFEET D, R RN S VR, kI
FHEITIRLS 2 D30 5 Z A DI TWD. o T, RFEROILHDE P EERLT
HEOHERRICHE L= EE2OND. o, BEMT T, 7 ALFliizmitL, HA
WA K D IE % e RIREZ T THRAT L TV DRI B U CRL I A fRET LT 5. EEEROFHI
TIXREHRFA 2 RATT DR AT ESG LT D 2 & D B35 B O JE B VX AR 12 b~ K
WMEZ R LT EBEZ NS, VLEXY, MO O VTR -3 B3 E &R 223 HmICB L <+
SIRREE 2RO L IEE ARV, AFEVT ZET) DI L CHEHME & AR OZ(bZ R LT
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52 LD, RETHNT 2 BEMITET /VITEBRZEMNIORTOICREREDTH D &

Wz 5.

432 FATHLFEFENIKIT T8

) RV — SR IR DS TRATHL 726 BN 5 2 2 B A W] 5 &9 2 T b \SUEARAT I 2 0
FRATHE & RO T, R RATSA% Tabled-5 12, fRHTHE R % Fig. 4-6 IR, fEHTAE RO
HATTEE CORI T, 7 AL - ST ORI e B35 L, BB 100mm TR b @
MATHAE 23 L7z, 72, BREEAY 100mm 0 8905 &, KPS T3 2 i &5 LT
AL, 2 A D@ BRI AMEB S AT Ko TR S B8, BlER —iE R BT o
LT AV A% DA AFEEP KR E DIESEN DWET 5 2 & T, HAFOFBEZ FHLT
R BAE T L, SRR 57 L — MBI (EB S A RO T OENIC L % ik 2 <
i BN,

Table 4-5 Spray conditions

Process gas pressure [MPa] 2
Process gas temperature [K] 673
Spray distance [mm] 5-300
Particle temperature [K] 300
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Fig. 4-6 Influence of spray distance on particle velocity.

4.3.3 FATRIFZEDMT DRI RIT T E

J RV - FEREEEEEAY Cu R - DB I RIE TR B RET 5720, (EDEy, D%
1To7z. Fig. 4-7 127 AV - FEAFTERRBE b3 2 A 78 2D 2R ME RS H & BB C kL B i
PRz g, M2, CukiFDEM~DMEZNRIL, 7 A - B RO EINTRE Ak
L, Wi 40-80mm TRAFRMNESRE /R U, £, BB 80mm LLETIE, BEEEOBIINIC AL
VY, fIERL OB L, BEEEDS 300mm x5 LR O E TR TEX el ot i
i TR B N HAE B TORATRL Il & E R R A e 5 &, 7 AV — A EREE e L
THHFERNER &R TR EE A RER 2B A & 7R 2 & DSHERR C& . FAM T ZEms 13 03 i n 3
5T LT, IR & M B DI CICHERE L7oRi - & O R CrRslic BB L, LY KR&E2R
HAWHIPRAET D, TICE - T, TERFABEEEEZS &R L, RO - 5
RSz, MEDENAR ELIZbOTHD EEZ HND. —J7, BHEE300mm 2L LTI,
FATHICKREUE & DIESZEN BRI EEPME T L, E T it I nEm b - E 215 5
NI oTelztdh, BRI+ R AR 25 &R 3 2 L RHRT, BT 22 LAk
Rinol-tEZ D,

50



FAE oL FAT LRSS BT T RB O

100 700
X 90 - = Deposition efficiency [ | ., —
. 80  "mm ® | —Particle velocity =
<9 ] —
= 70 wm 4 600 -
@ )
2 60 - : 550 2
&5 > 500 %
: >
= 40 . z
£ 30 - 1450 .2
g 20 - . =
E- 10 - 400 &

0 | | | | | F 350

0 50 100 150 200 250 300 350
Spray distance [mm]

Fig. 4-7 Relationship between deposition efficiency and particle velocity.

Fig. 4-7 225, 7 Z/L-FERATRIBRBE L S U T A8 202 & Bp 655 C oo bz - BE 1 [RIAR 72 e ) %
AL, HEMEEE CORITRAFEENRL A O EICE L THEERRFTH L Z LR S L.
LU, (MESRP KM Z R UT- IR & RATR. 05 e b < e DFRBE & I E LT, 2 X
JU-FERF T EREE 40mm & 100mm O R H A b L7 & 2 A, #hEE 40mm o FZEIE 100mm @
H DI, 2 2 OHLERAN @I U728 L SMNEED & DRIIRE S DD FE Y IO~ 7 1 721
MURBHEIC RN TND 2 ERHER SN, 2T, / XV -Hb RS KAE T IR~ D5
BIER L. 174V OREIEL, TOWHEBRABILEST 52 LT, /7 Z-HEp IR &
ETIE AT ~DO LA LTz, R & L E R EORE X 2313 5 720, BRESAT D
A TITEMRE~DT T X MU 21T O EE L £ OFIER I L TR EZ{T> 7. Fig.
4-8 |24 7 RV -Fobh M EREE CUERL U 7o B W i R 2 o= 9. Wi R, B b s E <,
UL BB DICHEWVEIE NS L, 202 &, 7 A VHDMEIT 2 @il § 2 k1 O HER
LN ENHERTE D, ) V- R BB N T 5 & R S ORKMEA/NESL 220, BEE
EN 2o TV ZEBRHLNE oo, ZHIUIARBEICHWEZ ) VR T AAVTTH 5
Z LD OAFENH AFEARIEDS D ATHER L, K F & ZHIUTHE D T & TRATIRHED BTV Bl
FPANIEN -T2 EZEZ2 oD, XY, 7 R -FEM BRI TR FiuE ~ D2 4@ L C
FMETAAR SR REIH IO R & 2 a 5.2 5 Z L AVRIB ST,
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Spray distance: Smm Spray distance: 10mm

Spray distance: 40mm Spray distance: 100mm

Fig. 4-8 Influence of spray distance on cross-sectional shape of the coatings.

R WA I T4k 00 FHBRS B S BLF- O35 1T AL Lo v — 27 255, 20— 1%
J R-FMTERERE O NN AE N R IZ DR D Z ENAL N E IRoTe. ZDOZ 0D, 355
Ram T AT, Hodl b2 U7k 720 T < 2 Al B S BT R A TR T T
HRIAIZOWTHBETHLENDH D, £ 2T, Fig. 41 I[RT X I RV &R
MRS L7k & s & 1A 8.5mm 155 L7- fih DS L7k F ORI T R 25
fECFRAT L ELlE U7z, Fig. 4-912 /7 AV - JobA T BRI et 3 2 BEp a5 C O FRATRL 1l BE 22 -
FP, TRTCOERHICR T, /7 2L HEEN -5 T 2 RIT T DR, 2 A
D 2 TRAT 9 DRI IS MEN 2 E 3D R -FR B AN BN DIy, /X
UL 2 8D TRATRLF- OB EE I3 LTV A28, 7 XVl & B 747 B & 4T3
DRTOBEIIE T LTWD Z NG5, 2 AN TOH AR, /2 X ABEEAHE THLA
BT D76 ) RV A e R & LT A ORE AR AT D WD, 20D, /
RVBEEA A TRATT DRL71%, /) AV LA @i T D A AW~ T D IEE D/ N S0,
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JENZEINSZ T BN KRE KRBT, J ZHL)s & BEN 72 A7 & AT D k-1 380H
T5H. EOTH, ) AV - EMHIEEREDS T D206, RIS Ko TIH S 41 5 IR A3
2% 7 AN A TRIT T 2RI, 2 il & BEN - A0 2 TRAT T DRI &
TEOMFEN T 2321 2 WA 5720, /) XVl & IR T DR 1 & 1372 - 74 ThL
B AR
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Fig. 4-9 Influence of in-flight particle position on particle velocity.

Fig. 4-9 27 K 918/ ZANVHubE Z2RATT DRF-1%, T APRIZ K DN Z 52T 2 R 23 H
252 LT, AN HERE 100mm £ TR FEEITMT 2 Em A2 ~d. LaL, /X
SV O BEALTE AL B A AT S DRI 1E, (EBY A R DO REUT KX 2D WEED 7 RV HLEh
K&, 7 AV O LIEOEE A A2 X 2 S KT 5 7250, BEEED BT 18
K T4 2. BN, FRATRIF-OHICIE, +oR2EE SO FICEE L ChHAE
T Z ENHRRVRIFRSIE 2D, £, HHEE 100mm TEABRRYZRTRIT 2T DRI DM
TR RERTN, FEORBE T, / AVHLEN 2 TRITT D07 bIAET D70, (2%
KA Z R T DN, AT T O 72 BEEE 100mm £ 0 /0 LU FRiOERREE 72 5.
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a—)L RAT U — RO AR, B3 ml CREMICHEET 5 2 & T, Bk Enen
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Fig. 4-10 1T / AL — FERA TR BRBE LS o3 2 AU s 26 i BE IR s SR & JEbA 365 -C R B AR
P RE27RT. KD, TAREBEREIL, EEOMER EITRRY, 7 X0 & B O
INS VR, FEAESREEA M B L, FEEE 10mm Tl b RAFREETRE AR LIz, 7 AL - FEM TR
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Fig. 4-10 Relationship between adhesion strength and particle velocity.
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Fig. 4-12 Influence of spray distance on substrate temperature.
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Fig. 5-1 Deposition behavior of cold sprayed particle. Time passed from (a) to (c).
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Fig. 5-2 Schematic and particle size distribution of feedstock particles. (a) Cu, (b) Al and (c) Fe.
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Fig. 5-3 Schematic of substrate holder for substrate heating.
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Fig. 5-4 Schematic of powder compressive strength.
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Fig. 5-5 Adhesion strength of Cu coating deposited onto various substrate materials

with each substrate temperature.
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Fig. 5-6 Hot hardness of substrate materials.
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Fig. 5-7 Cross sectional image of Cu coating on various substrates with each substrate

temperature.
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Fig. 5-8 Cross sectional image of Al coating on A5083 substrate with each substrate temperature.
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Fig. 5-9 Adhesion strength between same material combinations

with each substrate temperature.
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Fig. 5-10 Adhesion strength of various coating deposited onto Cu substrate

with each substrate temperature.
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Fig. 5-12 Oxygen content of various substrate with each substrate temperature.
(a) A5083, (b) Cu, (c) Fe.
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Fig. 5-13 Schematic of mechanical milling.
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Table 5-1 Mechanical milling conditions

Starting material Al: Avg.20 pm

Total weight of Al powder [g] 120

Atmosphere Air

Milling receptacle SUS304:1.7L

Milling media SUJ-2: $9.6 mm, 3.6kg
Revolution speed [rpm] 95+1

Milling time [h] 25
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1 s 10 S0 100

Particle size (pum)

Fig. 5-14 Schematic and particle size distribution of 25h-milling Al particle.
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e XA, 2T, Cu b, INBEE 473K 12351 D 45K A 0D 55 25 TR % b - IEAE IR DS
DOEEBLTe. #ER%E Fig. 5-17 1R g, XK R FIERMEIREE 23 i\ M E & MR EE 473K @ Cu
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Fig. 5-16 Cross sectional image of 25h-milling Al coating on Cu substrates
with each substrate temperature. (a) RT and (b) 473K.
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Fig. 5-15 Effect of mechanical milling powder on adhesion strength.
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Fig. 5-17 Particle compression strength.
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6.1 XL ®HIT

95 EICB W CEMMNBURE N S EREICE X 2B EAE L&A, BED EHN
BENDOKBEICTFG T DNRREBCAE LD EMOBIERN TN EZH T TS Z EBRHLNE o
7o ¥, 3 — )L FAT L —RENZ B W TR ICBVLE 21T 9 2 & CTRIEO BB &
PRENYESND Z ERHREINTND 3O, BULE IAEZ ORI RV X2 525 2
L TEOEENAUET D0, AT TIT o 7o M MBI ARG O i 12 B 1L X 2R T2
LOTEBAWEERELZRETDHODEDA D= ANIR D ENTHREND.

a—/b RAT L —EIIEAER R ZODOREPFEET . —DITHERE L 7ok & Jp o fH
(ZAE U DR M C, ZAUIRIRO BB REZ T 2 /R mE Vx5, b o — 205
THERE L ToRL IR 722 L, (535 2 & TT&E DR F-Ri MR CTh D, T
2N EERDOREZ R T 2 R E7E VW Ax b, RETIIIND OO mIZI T D8 MEICHE
B L, BRSO ICEVLELZ fid 2 & T2 b O R HEOIRRE & RO R & DOBIR
BB LT

6.2 SO/
6.2.1 LA Bl L OVUE SR

RN RN IZ B ERERI K T b~ A RYECYERL S 7z PR 20um @ Cu By oK (F8 H 4 E fE by
T8 Cu-HWQ 20um) & Vo, KT b~ A ZETER SN RIZERBREZ AT 5720, 2
— IV RAT LV —IEICBITOMEMRE LTHE TH D L BEZHLD . M LTZARD SEM,
KL AT % Fig. 6-1 1R 9. I, SR L BAREEEEZRT TNV =0 L R8MEOH
THREOBEREHA_RTHRRBEL AT L7V =0 LGEA083) L H L7z, £,
Hobt & R B OBWIRROEIC L 2 BORELZ B L LT, BEEME L [ U R
(C1020P)H:ff & AW T Hl 21T o 72

B ORTEL & U C, B TREERE A I3 BER 075 OBR B F L OV 2 75 THifE
DOMRZHME L TZT —7 7 A MNEE (R T L —4—filv 175Xk MY-30B,) % T
FEMBHEIZT 7 A MLEEZ i L7z, BT & LT Fe SROEHHM CGIik7 L —4~—#lSB 25
—/L 7' vk GH-10) &M L7=.

ARERCTIIMEBA AEN 2 —E L UCEB A ARE 2 b S5 2 LT, (FEhH 2 BENK
JERFIEIC 52 DBl LTz, ) Z)V-Ep RIBERE TS 4 EORRI D, 10mm 235 45 58 EE D
B OREE B Z LD, RER TR 10mm LLEDOEREL 72 5 F T k73— R %
DR Z LMD, B BREEBEIC LT AL & IO A - S0 K D A E IR
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Fig. 6-1 Schematic and particle size distribution of feedstock copper particles.

ToHERE 2 RRE Lc, BBE—RIOER THFREAZEER T 5 Z LiIxTE R0, FI7/3—2
W A [ LR EEIC £ o TEIEE T A LM 2 KRR S 26l Uiz, BARE 22 miide
% Table 6-1 |2/~ 3. VER U 72 BRI BMLER 2 Jifi 9~ 2 & CERRIL S DBRE 2R A 7=, EVLEE
(ZIERELZE 5 A P CREERUERTRL FUAL12DB) & AV 72, ZEHERFHR T, 463K T 1 HyEINEE
FFEATV, Z20%, FHai L. FERICER U722 BUBLERC LD Bfsm S E 5 2 & Tl

Table 6-1 Spray conditions

Process gas pressure [MPa] 3 MPa

Process gas temperature [K] 473-973 (150 K step)
Powder feed rate [g/min] 63

Substrate A5083 (blasted)
Spray distance [mm] 50

Traverse speed [mm/s] 150 mm/s

Number of traverse 25-150

Coating thickness [mm] 10-20
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RN DR AR OFAEEZ A L7z, ZRFIKT, 673K T 1ERFRIMEMRFF 21TV, £ 0
&, WFim A L7z,

6.2.2 JFMEDFFAM

6.2.2.1 JNEDEFREFAT

a—)L RA T L —RBEIESZ ORI Ko T S h DRI P REEIR T b, T OMEEIT T 7
AT Iy ZIZEEEIL T D, EERIZ, 23— RAT L —&RERIIEORIC 7 7 A &
7 Xy 7 ARMHERIL T T AT v 7 LRERRICHEE R BT 5 2 LM b TS D o T, —
fRA 22 B SRR LD X 5 1Tl VER BT IEIC K - TERREZ HAE T D Z LIXTEARWL. 22
TRIEOEIEREFHEICIE, IS K 7017 TRt~ 7 2 F v 7 —iinFRetkosk 7] (3 s
FRBR) (CHET 2 G IEE Ve, iR SERBROBEIS M 2 Fig. 6-2 (9. RBREE 13T RER
Bt (AT A — k77 7 AGS-J 10kN) & VY, JEFB X KR OEZEZ 5mm, Bk
WAL 0.5mm/min —E & L7z,

B IT 2 — v RAT L — R BN TAC X 0 B S8 0B L, AR (50X 2.5X3)iZ
IMTUAER L7, BB O FEFiliZ#4400 O 2 U —{AFEML B e Uiz, 5B 5 11 dEk
BT ORMANCBIRIS ) &2 E T 5 h5m G &Lz

Load

Indenter &

Specimen

2.5

Support
point

ra ~ ra
< 21 <

Fig. 6-2 Schematic of 3-points bending test.

6.2.2.2 Kif-fHIfEG T FHM

T—)b FAT L —FEIEZ DR S O RITHEWERRRENMETT5 2 M6 TND 9,
TR S OERICHEO R IENES O ENREL BT EEZLND. T2 TION
RIS DB A RO TR I N BB Lie, 7R S OFMICIE R FIZAE U D i) £ — £
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Y hEEE L, IO HEMALA TR, JISR8402 [7 7 A4 & T 2 v 7 AD=RRMIFiR X
BR ) (WEEM 4 S RRBR) e 5 ik 2 . B IR S ERBR OIS X % Fig. 6-3 (2R T £
BREE BT 3 SEHIAEATY,  EOFEEAE RO T IRE & Uiz, SRBREER 21307 ieak Bk
(HEBUERTRIA— F 7' F 7 AGS- JIOKN)Z VY, JEFB L OSKHES OB % 5Smm, 55 E
X 0.5mm/min —E& Lz, BBRA 1T —/0 RA 7 L — R A BN T L 0 Bk 58]0
L, MAERIRGOX25 XN L LIER U7z, &R A O b FiElL#400 O = 2 U —#AFEE L T &
L7z, #RBRfTE G IERRER T O BN BIRIG &£ T 5 H5m GEIG) & L.

Load

Indenter
R

Specimen

2.5

Support
point

k.

"
"

=

Fig. 6-3 Schematic of 4-points bending test.

6.2.2.3 REBRAIMIICHE S B OFEM

T SRR SRS OB U2 P S, RBRT OB W& L —FEMEHC L0 36 L. 3 S
WEOMENGX % Fig. 6-4 |79, JElEFEH 4 T A U —#ET 43000 £ CHFEE LSEMHE L, 2O
O S 2 L—FERFHT &0 2mm BIRECHIE Lz, Z 0%, BUIs-3p Fim 2 B T &
D%k 3mm 27 L THIVEEL, AEFLZOIREEC L CHE L —EMEHNC L FlEO® S %
BE L. 29 LTHLRREEZRRUTRA L, B M 2 SERR & 5 0E 0 S
D% RDT=.

y=y + 2y (6-1)
f

Z 2T, y XIS AR S EAR & E RO R S OZEum], 2 1T RIE RO S [um], ps 13
EBRAGAE S [um], yr WRRIERS T RS S [um], x” 13REBR 4G AR D RIE AL E TOENLFH R E)

FREE[mm],  xr (ZHEBIAG R HRIER T £ TOLMF BB mm] TH 5.
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Laser displacement meter

>

Substrate

(a) Before cutting (b) After cutting

Fig. 6-4 Schematic of deformation analysis.

6.2.2.4 FEPNERIG T OMIE

Fe BENER I 1 O E NI TR IS I EEE (VAT v 7 TR SH1HRu-X360) % AV 7=,
ARIEE TN X a2 AF L, FEHT X N6 T A REZREL, cosaiExHWWTHONZT
NABREMNTT 5 Z & TS Z R T 5. fERMAREICHW 285 O X #RErkE & R
0, PEHEREEICHRE e — o DT B — 7 3BT & L BT A A2 WD 2 & TRIKER-] T OIS
NOBFNFEETH 5H. AREEOHE% Table 6-2 12, HIESA:% Table 6-3 (2777

Table 6-2 Specifications of u-X360

X-ray tube Cr

X-ray tube current [mA] 1

X-ray tube voltage [kV] 30

X-ray tube cooling mechanism Air cooling
X-ray irradiation spot [mm] D 2.0
Diffraction ring acquisition [deg] 360
Measurement principle Cos o method
Measuring method Single incidence
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Table 6-3 Measurement conditions of XRD

Cu Al

Incidence angle [deg] 35.0 25.0
Sample distance [mm] 38 25
Lattice constant [A] 3.6150 3.2993
Lattice spacing 1.278 1.347
Young's modulus [GPa]  [129.8 72.9
Poisson's ratio 0.343 0.333

6.3 ENLPRAS Rz D gl T RRMEL A

6.3.1 HIEOZEHREFEM

6.3.1.1 {FE)H ZIREE D IEDOEICHEIZ G- 2 D 52

VEBY T ANREE DS BN D ETEREIC - 2. 55082 Tl 9~ 2 7= I, (E#h A A £ 77 % 3MPa ([ &
L, TEBVD AR 2 2 SR EMERL U7z, dhid3BRf 2 B % 72 IS R IR S 1345 VRS
T AGAETL5 £ 5mm (ICEE Lz, O LISk 4 Fig. 6-5 (T, HERER O
R RREZ BT 2720, BIEBEHOERZ AV CERE1To7-. MEVERICE VR TR
EAREAL L T D Z &, EAEEY RREICB O TR MR E &2 O e B HHERE L T 5
ZERDND. WIT 3 AR Lo THIT OT A2 ME L2k R % Fig. 6-6 (2~7. 3Bk
i BT AN ERRER T O MM IRIS 1 2 E U5 5m GEdT) & L. I iiifmIBs IO,
WO B EBY T AR D EFITHEN EF LTS ZENbnd. a—/L RAT L—IkICE
WCHEBN T ARE DN ER-T 5 SR OBRETIVFN EF L, K ORFERBEE & 725 89, =

e T, K- OBEEED LI B TR R FROBEEE LM LT 5 2 &6 ZIED
BHFBRE A E LB 2 b5, —F, BETOTHRTOTNOEB T AGRHFICBNTH 1%
F L IERITARN. Z OB DD 3 — /L AT L—R NI TR E RN 2 k> T
HRET D 2 ENFT OND. RIS =L RAT L—FRIEIRER O MBI T e, B2
BN ERHESNTVWS O, Z T a— RRA T L—RiF O R RV TR LE 5 I TRk
EBHD0THY, ZHIZL > TR PN DV IEBIOTHABME T L EE LD, a—L R
AT L —FEII S ORI T D EISES T 5 2 £ TTETWD. ZHUSHEV RN Fig. 6-5 12
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(b)

100pm

Fig. 6-5 Etched cross section microstructure of coatings. Spraying
with gas temperature of(a) 673 K, (b) 823K, (c) 973K.
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Fig. 6-6 Bending strength and strain of cold sprayed coatings with each spray gas condition.

84



e E BN — L KRR L— O R 12 5 2 A

R R DI EDONEICE A+ pm ORI LG, £z, Bk FICBT 08NS, kL1 O
FUOMIRAE BB 42 U 2 MR & ) Big W73y ST Y Fig. 6-5 TR TE 72
WRE EOWNKIDBSEAFET 2 Z RTINS, - T, ZNLODORAEBIEER L L
TR% EXILE DR ST THIENEITT 5 2 & TRIEIZIZ L A EERZ O TICHIEIZED
LEZHND.

6.3.1.2 KBS EEDOEIREIZE- 2 DB

=) RAT L —BIZBW RIS NEEBRELZ R T IE2 ERTFTHDH &, ZOHE
FIGHREREZ 2 E L THRMTE 2 2 EMNHRE SN TN D 9. FERARFRRIE T L 28 K
TEOEFHREICE L TH R OND M E D D ERERT D701, BB HAER L7z fhiF R %
463K TISNbRERERE LE L, il LEORIEOWmBEME R % Fig.6-7 1IZ7-7. Fiftm
DAEMEEHERT 51201, SRR Z VUSSR 21T 72, I SE8h T R EEICE
WTHERRL T OSBRI E - E 0 LHERTE 5. 1E- C, AEIAWTISIBRERE e £ LTI,
R OEESUCET 5 X 9 2R OIHCC R RITE L TWiRn E3bnd. £z, FET
AREE 973K TIERL U 7= i DB & 72 F Uit O B2 Il S 4 Fig. 6-8 1. KK VS s

(2) (b)

100pm

Fig. 6-7 Etched cross section microstructure of stress relief annealed coatings.
Spraying with gas temperature of (a) 673 K, (b) 823K, (c) 973K.
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LIC &k o TRIEDOHALAETL TWD Z &, BEE e LATRWT IO RIEIZHB N TS 2L 7 KIC
D TRV Z & 8D, ZIUFBEE e LIS K o TR TN OfE S T DEL MR S
%D Z & TR OB 5 I L b b HFREFEMIND OO, FHffifmE TITAELT T
MWD EEEZLND. KRIC 3 AHNITRERIC X o THIIT O HIE Lk 8% Fig. 6-9 (12
R K0 MLV R R & [RIER I B TR & 36 L UM O3 A3 EB T AR O BV B
ALTNDZ &, BWOTHENTILS 1%L T EIEF TR R DD,

Fig. 6-6 & Fig. 6-9 # tbii9 % &, {EE) AT RIEE 673K 36 L TN 823K D SO BRIz 3\ Tk
i SIS IE 2V b OO, (EBT AR 973K CIERLI L 72 IR dhiF iR S A3 E7e & LIC &
STRELIETFT D2 EDRMRINTZ. IS PRS- Z L1chnz, Fig. 6-8 12
AP XD ITEBRA O L EA S DREMB S EIL LT Th o EEZXBND.
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Fig. 6-8 Vickers microhardness of as sprayed and annealed coatings.
(Gas condition: 3MPa, 973K)
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Fig. 6-9 Bending strength and strain of stress relief annealed coatings

with each spray gas condition.

6.3.1.3 WL AN RIEOETCREIZ G- 2 D 5%

INFETORRELY, BEISHANa—L FAT L —FHBEOEREEZ I ET DN+ Tlxenz
LRGN ol ZZTTREINOMOREF, TROOLK[ILOEELIAENIT LD
W%Lkﬁﬁ%GRK®ﬁET%%Lk.ﬁﬂ%@&ﬁ@%ﬁﬁﬁﬁ%%ﬁg&muﬁf.ﬁ
T OIERCFAE MO R EA MR T D701, BRI EZ AW CTERETo72. KLY
HERERL - OBER DAL, KrORBINTERL Lo TWD. £, K&K ORI G
£ URDIRIZ A2 > TV D 2 & DR o e 24, MRS L 230N R REEA FEIRIC DV
THiEaELTWbHEEXLND. —T, Ftum OREZIOKIIZEHL TiX, K722 MiFhi
IR o Tz WITHEHIZ X 2 TR 28122 L= b O % Fig. 6-11 [Zn 7. KX 0 B R D
EEPRIEE 20pum & RIFEE DK E S OGN EEIER TE 5. 16> T, Z OfEARIIIESIC X
STHELELDEEEZLND.

3 AT FABRIZ L o THNIT O B 2 JE LIS R % Fig. 6-12 1Z- 7. P& D BEHIIZ K> T
FTIOIEBI T AR IB N T HBEBOT AR KIBIZm EL, ~SV 7 R E FBREOEEZ R &
BN D. ZAUIBESIC & > CRMEREIC X 2 REA IR 2 72 2 &, K7 Om bR

DEHELBRE SN D Z & CHERRL F-IIC@ B G E 4 U, BLf-h R EmmER S, RO

REVIRL 7RI TR OFRE BTN XA TH Y, RN~ 7 0 e KAL) D8 IX
Dl nz 5.
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100pm

Fig. 6-10 Etched cross section microstructure of full annealed coatings.
Spraying with gas temperature of (a) 673 K, (b) 823K, (c) 973K.

Fig. 6-11 Recrystallized grain of full annealed coatings.
Spraying with gas temperature of (a)673 K, (b)823K, (c)973K
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Fig. 6-12 Bending strength and strain of full annealed coatings.

Spraying with each spray gas condition.
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BET 272010 4 AT HBRIC L0 RO #F RS 230 - B L2, 2O TMERE LT,
1 RRBR O A T S RBRAE B 5 2 5 B A 30 L7, P 3BRI TR B0 R 5 |58
TEHME L BERMT &, [ERISNVE L 2H#HT O 2 BEICOWTTo 72, ZRER0RBRIC
B BISREEE Fig. 6-13 1279, RNTRT & 5 1R #T D5 A MR U 7= 38k o Sk 1)
5, HiFOBATRBA OREMNOHELMZ S 2L L s, FMESIAICIT 5T
SHEFERE Fig. 6-14 (R T. IV EITR I M EAMF I L > TRESEARD 20D
B, BT OB, PRSI BRI < FEB T ARE O EFICH L Th TR T+ 5
MR L TW5D, —FTERMNTOEEX, #iFmS IR 2REO EAIZEW EAT W
FRLTWD., ZHIRRBEOMERCERBISINFEL TV LD THL EEILND,
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(a) Schematic of 4 point bending test.

Compressive side Tensile side

Tensile side
Substrate Substrate

Compressive side

(b) Stress distribution of face bending. (c) Stress distribution of root bending.
Fig. 6-13 Load direction of bending test.
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Fig. 6-14 Bending strength of coatings in each load direction.
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WEND Z & CEWE) T RV X 25 TEMICE WS T 5. Z OIFBY T 2 DfiElL / AL D
RSN D D534 A FE B AMNEEIAT I ONEENE 45 Z E Ao T 5 B, KED
VEBN T AP L o TR &2 /7 AN & il L 7Rl 13, 4 IR L 9 ISR B3
K<, WMERRFITRDEBEZOND. EBEIC, / AVEFEEL, &R AT R L
72 BRI 3\ THMRER & Akl B 2823 D 2 WEHIEE OMM N ZILE I 2 2 Z L3l S h
TW5 W, 1o T, R AV W CREJE LT T & 7o BBl E DR L7233 LT
g L CCE A A L, ZOMEKOP THRIIEIRFOERIZE D B —= TR0
ARV EIRE RIS ORILERLT 2 EE2bN5. £ L CRIMPMEILZZ 5 LKL
DL VEBERENCSIES N EZEC D ZEnD, ZNEORILPRR SRR 2D 2 &
TIRWAMME CHIEICES. £, a—1L FA 7 L—RBEOERZIG %2 X BEIC K-> THl
EL, MBESFEONRERE LI-HEICE s &, SRBENOERRIGZEM Rt sl

(2)

400pum

Substrate side ems————— Qurface side

Fig. 6-15 Cross section macrostructure of cold sprayed coatings.
Spraying with gas temperature of (a) 673 K, (b) 823K, (c) 973K.
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Fig. 6-16 Cross section macrostructure of modified pattern sprayed coatings.
Spraying with gas temperature of (a) 673 K, (b) 823K, (c) 973K.
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Fig. 6-17 Porosity of coatings with different traverse pattern.
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Fig. 6-18 Bending strength of copper coating in each heat treatment.
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Fig. 6-19 Classification of residual stress.
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Fig. 6-20 Coating deformation between before and after cutting. (Gas condition: 3MPa, 973K)
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Fig. 6-21 Linear expansion coefficient of cold sprayed coatings and substrates.

96



W6 BULHEMN a— L KRS L — RO S 5 2 B B8

Cu b BIVERL L 7= B oo il 17 98 & % Fig. 6-22 (279", Cu Hibfid AB083 JEAf |2 b~ R fise
DEABEIMELS, 1FEIHT R 673K TIXFHIIZ 02 IRE S E TRIRARE SEDS 2 &
INTEIholz. F7o, 823K TILAUEH IS HIEEL, ME-CIEEER A 2MER T & 2o
7o &0 MEALEREER Fr, GIWT-INENGRER T, INEA-BIlER R o JEIC IR S S RS 2
Z O FHE1T AS083 Fh DA T NEI N D E¥b D, 2 Cu M O34 AS083 Fif
W Cu 2B & ORZIRER DD/ N L h, BUL T ORAENIH S, fRE LT
Wi DI IS DB LD BN/ NS IpoTelzbZ B 2 b5b. £z, Fig. 6-18 & Fig. 6-
22 Z T 5 & Cu Fp o il iR S 13 AS083 FEAF O MNEN-BIWEAER i o B 1 iR & & IFIFEE L
ZEND, BURNC R DB ERL L EROMIFR S ITEMBIC L ST —ETH D 2 L AVRE
I,

As sprayed @ Cut-Anneal O Anneal-Cut
700

600 -
500 ~
400 .
300 -
i L.
100 -

0

Bending strength [MPa]
N/A
N/A

673 823 973
Gas temperature [K]

Fig. 6-22 Bending strength of copper coating on copper substrate in each heat treatment.
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Fig. 6-23 Effect of stress relief annealing on stress gradient in coating.
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Fig. 7-1 Hard material cold spraying with peening media.
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Fig. 7-2 Approach for cutdown of process gas cost.

105



R b 72 < BEMHORBIRRETH S, 22T, RHFEOM RN IR TH DR T T
7 < HRH R BT 5 = & TR 21— L KA 7 L— kb o i PR BRI s T & 7
BLELLNG. £, AR E AR MEEIT 2 2 ERZE I B E M 5 = LS TR, M
KB N ALY B 2 L AL 72 5. EREZER E IEBIN A IV B854, HBORIELE
BT B MER D DT, (EBT A TEMERE MO DA~ T v RRES 15 2
LATEAR. T OHA bR IBOEAIC L - TEEA TR L E X DS,

®) B LWESHEHERITFE

KX 3 B LIRAM AR EZMEFMEHT N Ta—/L R A7 L —ikIC & 0 iIRA R % (el
LY, WERLTF E~OWEKL 7 OEZE, WERK - E~OERLF DR NTHOSLEITE
WTHBIFREEZRLTWD Z &, B FHARE A LR 12 aiite X 5 12 HE
LTS Z EMER SN, ZAUTIERL 72 Fb, BRI T & SR bA kL & L7z ARk
DOREEIZE LW, ZDZEnD, a—L FAT L —IEITEAMEIORIEE L L Co AN
fFFCE%. 20arkv 7 e Fig 7-3 18T . RISHITRM & LM B2 RS LT-EAH R E
X ZENZE N OB BAO B R HAG I E 12 &L 0 RIRHCHHE T 5 2 & TR RICHET 2 2
ETHEM EEAEMBlOBGRERET 5. ZhEAWIUZBUROBEN D, Wil 7' &I
£ 2 B KT & o - B A4 WC-Co DG IRERIZR ENFIREL 2D B2 bib.

Powder feeder
Substrate

Filler (Hard particle)

"

|

0' .'

=
N

Nozzle /

Matrix (Soft particle)

Fig. 7-3 Concept of composite production by cold spray.
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