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Table 1-1 Types of cold spray

Gas conditions o
Type Characteristics
Gas Pressure Temperature
High pressure - Air 5 Low thermal
@ ] 1~4 MPa Under 500C ) )
Low temperature Helium alteration coating
High pressure - Air 5 Adjustment of
(b) ] 1~4 MPa Under 500C
Low temperature Helium refractory metal
Low temperature - ) Under 5 Low melt point metal,
© Air Under 600°C .
portable 1 MPa maintenance
Low pressure - . Under .
(d) . Helium Under 400C Low gas cost
supersonic 1MPa
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Figure 1-3 Schematic diagram of cold spray
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Table 1-2 Conditions of simulation

Process gas Nitrogen gas
Stagnant gas pressure (MPa) 1,23
Stagnant gas temperature (‘C) 200, 300, 400
Powder material Aluminium
Particle initial temperature (C) 70
Particle initial velocity (m/s) 10
Particle diameter (xm) 30
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Figure 1-4 Development flow of thermal spray coating
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Figure 2-1 Typical setup of CS system
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Table 2-1 Three methods of gas temperature estimation

# Method Measurement Problem
) ] Powder collision to
1 Direct measurement Mixed gas temperature
thermo-couple
2 Indirect measurement Metal temperature Uncertainly in accuracy
) Mass flow rate of total Dependency on throat

3 Calculation _

gas flow diameter
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Figure 2-2 Experimental setup for calibration of the digital mass flow controller
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Figure 2-3 Experimental setup
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Figure 2-4 Cold spray nozzle
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Figure 2-5 Schematic diagram of thermocouple attaching on the nozzle surface
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Table 2-2 Experimental conditions

Working gas Air
Stagnant pressure [MPa] 1.0
Heater target temperature [K] 373, 479, 579, 677
Stabilization time [min.] 30
Thermal insulator material Glass wool
Ratio of main gas and carrier gas 4:1
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Figure 2-6 Schematic diagram of analytical model
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Stagnation chamber exit

Powder injection pipe

Figure 2-7 Modeled total temperature distributions at SC exit and nozzle throat
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Figure 2-8 Time history of mass flow rate (po=0.8MPa)
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Table 2-3 Calibration result of digital mass flow controller
(a) po=0.8MPa

Run_No. 1 2
M1 (kg) 59.80 65.25
M2 (kg) 52.90 58.40
M1-M2 (kg) 6.90 6.85
Am (kg) 7.02 6.75
[(M1-M2)-4m]/ [M1-M2] -0.018 0.014
Measurement deviation (%) -1.8 1.4

(b) po=0.9MPa

Run_No. 1 2
M1 (kg) 62.15 62.60
M2 (kg) 55.50 55.85
M1-M2 (kg) 6.65 6.75
4Am (kg) 6.66 6.72
[((M1-M2)-4m]/ [M1-M2] 0.001 -0.005
Measurement deviation (%) 0.1 -0.5
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(C) po=1.0MPa

Run_No. 1 2
M1 (kg) 63.75 61.15
M2 (kg) 57.25 54.55
M1-M2 (kg) 6.50 6.60
Am (kg) 6.40 6.67
[(M1-M2)-4m]/ [M1-M2] -0.015 0.001
Measurement deviation (%) -15 0.1
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Figure 2-9 Gas/wall temperature distributions
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Figure 2-10 Heat flux distributions
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Figure 2-11 Wall temperature distributions
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Figure 2-12 Comparison of To mixexp. With To mix cal.
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Figure 3-1 Wall static pressure in the CS nozzle
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Tungsten carbide

Figure 3-2 CS nozzle
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Figure 3-3 Experimental setup for nozzle temperature measurement
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3005

Figure 3-4 Nozzle geometry (Nozzle 3)

Table 3-1 Specifications of infrared camera

Manufacturer NEC Avio Infrared Technologies Co., Ltd
Type R300W2-NNU
Sensor 2-dimentional uncooled sensor
Resolution 320(H) X 240(V)
Temperature measuring range (C) -40 ~ 500
Temperature resolution (“C) 0.05

Accuracy

Ambient temperature 10 ~ 40°C : =1°C

Ambient temperature under 10C : =2°C

Table 3-2 Specifications of digital manometer

Manufacturer Sayama Corporation
Type 30-3.5MP-G
Pressure measuring range (MPa) 0 ~ 3.5 (Gauge)
Supply voltage (V) DC0~3.0
Output voltage (V) AC 100V = 10%

Table 3-3 Specifications of positive and negative pressure sensor

Manufacturer Panasonic corporation
Type DPH-102-M5 (-R) | DPH-103-M5 (-R)
Pressure measuring range (MPa) 0~10 -0.101~0
Supply voltage (V) DC1.0~50

Output voltage (V)

DC12~15V DC*10%
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Table 3-4 Experimental conditions

Nozzle# 3
Atmospheric temperature (°C) 13.0
Working gas Air
Stagnant gas pressure (MPa) 02~1.0
Settling time (min.) 10
Emissivity of black paint applied to 0.94
the nozzle outer surface
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Table 3-5 Analytical conditions

Working gas Air
Gas constant (J/kg- K) 287
Specific heat ratio 1.4
Stagnant gas pressure (MPa) 1.0
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B OMEFEEDOBEBAR O /340 & BIPIZ S CTRT. AU, FEROBEEE /A6 % XHAX T
BAERES L, ZOBSEAEZAX ThL CHZEFEOMEME LT 5.

n
o

m

Particle diameter on digital image, d [ ]|

Actual Particle diameter, dp [£m]

Figure 4-3 Particle diameter on digital image against actual particle diameter
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Figure 4-5 Brightness distribution of 10zm particle

Distance on digital image, x [zm]

90

35



4.2.2 R EBOWRETE

B 4-2 (a) TR L7ZfUNEIRIE, PIV O4 8 ClImm Ak & MFHEh, K CldmTod
5. LovL, AR TITRLFOWNE —RocE LTHEET L7280, Zhlxicd 250
RS EMAFERSE Lz, AT, ZAVHAORLICRE L, 0K ST 16pixel (HEif
ET0.256mm) & L7z, %k O BARBIRE A GRS D 7o OIS E R RE O K 13
8pixel & L7=. J72bhH, MAMBICEHET 2 LMl & TimMloZzinznis, 8pixel &D
PRI Bt L=, Z D57l 32pixel D XHIT 20 il ok (LB A H A LD 52 7.
i OfEE A 20 fH & L7z, —RICREFIRNORL - OMEEIL 5 ML EXAZEE Lk
SHTEY, 10 (HFEE ORL T PREFIKICA D Z EBRHIFTEX 5006 Th b, EED PIV
FITIE, 2O XD AR RS2 D KO IR HREARET 52 LD, o, L
B W TR AL IR E T, RO OIEEFEOHLIZ < 2R TR <, 32pixel X[H
D& B LIGHNRFDOF LN D AREEDR® 5.

B DA 5T, RFERLIEICLY G172, R TIE, 1 &80Tz oV T
16,000 f& (20 f&# <800 [a]) DR+ Z VY, EHET 1 OTOWRE LK FEEDR, TOhb
AR L 72D K I Uiz, B b iz 800 H DM E 2 Rl L, MAiEko 7y
WAL L7z

AL TR 4 FEOEEEEO R OB %X 4-6 (a) IZ7T. Zhbid,
[ELR3 AT OO ffe LA E B A Yk O R IE L3 A7 [66] T4 % 7.

_ 1 \2
_(nd, -Indy) } (4.6)

1
f(d,)=—-—ex
() V2zd , Ing, p{ 2(Inoy)?
ZIC, BMEHEA67]d, X 10, 25um D 2 FEIH L L, BTEEHERE[67] 0y 1, 2 DD

dy DIEIZKF LT L3, 16um &5 27z, [X4-6 (a) OofilL, o> 1~400um OR%
KA — /L C50 HITXKE Y, HEXBOREFEEROHEEORIIN L LD L 9105 %
o, BGAOAFRE LCE, #BlziEd =10 um, o,=1.3 um ORI HiIL, P10-1.3 &

L7z, XM4-6 (a) ZEEEOSMICHEA L7-bD %X 4-6 (b) 12T, Ziudwstiz
HASNWTHE LT,
d3-19d,)

Eﬁ}f@%pb%p

O, = (4.7)

L E9d,), 10,), Wy it ZRENERIEEORE, [BEISEORE, (IR

d, DIKRIECH 5.
EROBHCIL, /AN OfLil 2 il BT ORI, R EE
B DT R L LAE L, ORBAHAE 46 1R LA THE & LTz,
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Figure 4-6 Particle diameter distributions used for one-dimensional velocity calculation
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4.2.3 RIFERE &R HEDOBEMR

AWFFETIZ, ANV Z R RO BV AL & E L, B— O IRIZRL - O EE) 772
KEMLS Z LK VR FEEEZRDT[68]. / AMTHEEEOSHRIAIRE L, Tk
XA T — MERR 2mm, HOER Smm, SR S 25mm, RISEHE S 75mm & L7z, 3R
SRR BAAR 72 < FIRHEE 10m/s THEREEEA H 2> & HULEIN S SEATIZ Rt mld T
ANENdE L7z fFET AL LT, BEOGE LAY T ADOLHAITONTHEZITW,
WTHOHA B IFRIEIT 2MPa, BFRIREEIX 300°C & Lz, RiArEHISRE L, 42218
T L= 4 SOERD A E 52 7-. T AR & BEESHOMEE &R 4-1 1277

ZOFEIZEIVE LN, AV O TORAIEE ZRETOITIC AW, £, g
FOHE—RTOEEIC S, RFHEERE AW, 2B, AR CIEEMITEEL T
A

Table 4-1 Numerical conditions of gas and powder

Case # Gas type Powder name
1 P10-1.3
P10-1.6
P25-1.3
P25-1.6
P10-1.3
P10-1.6
P25-1.3
P25-1.6

N

He

O IN[OO OB W DN

4.2.4 FEFEEE

WIT, WUNRERIA 720 570 5 IR A O—RCHREEE 0 A 0 B, A RISk oD 4R 7ok
THEZRHT 2 HIECOWTHAT L. J AVHAOFLEFEMR x=0 & LT, RAEHEK
(x=0.128~0.384mm) DI IZHEA K (8pixel=0.128mm) % #Zf5¢ L 7= x=0~0.512mm
DOXMNCELE S DRI DOEE EALEIL 422 HOHFETRE L, biHEIX 423 HD)
ETHRE L., Zvx t=0 TORFREORLE & Lo, t=Aat 2 OSSR OB IS, 2.3
IO FETRO AR OBHENZA ZHNT H Z LIC L VST, ZhE t=at TORLF-HED
Bl & L7z, 72721, x=0~0.512mm O XN T, {4 ORI O I5 10 O E A I3 %
RTEDITE/NEZNE LTz, t=0, At TORFEEOBLEICH LT, 4.2.1 Tl 5L
&0 —RITH B AT 245, Z O—FOMEEME A D, MAERICH DR 1
BEDNLIN 72 BB REEE 2, DL RIS~ D AH BFHBIEIC K0 k72

FHEAABEVE &%, JRPTHO 2R N & — o O JACLE 2 A AAH BACR B CREAM L, A AAH
BRI DO B — 7 ENG O D & X OBENRREY, KR LA BEIER . T 5 FETH
%, FHHEFMBREOHEIZIE, KA TER SN IHBEHOXE V-
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i(fi - f_xgnn -q)

C(n)=—=L (4.8)

Ji(fi—f)Z-i<gi+n—g)2

i=1 i=1

ZIT, i, gildENEN=0, At TOME X ICBITSMEMTHY, f, ghkzhth
t=0, At TOMRAERIRNOBEE OV EZ T, niX, L t= At OFEEE A0 %2 x 7 m)
A pixel &7 b SETNZERT S, NITRAEGEIRO pixel i TH 0V, ABFFETIL N=16
Tho.

CN)DFE R X 4-7 1R~ T. KFIZBREITRT X 912, C(n)DFHEEITHER I 72
5. ZOBEBAMEICE BT 5 &, AR R R & 72 2 OIS n=5 DL X TH Y,
Z DL X O OB EEEEE Spixel X 16um/pixel=80um L 72 5. LvL, ZTOHET
IR A O BB R IAX OBEE TLAMGELNAT, HEOHRERBEN IS 2. 22
T, AWFFETIE, WO PIV T Y 7 & LRIBRIC, 7 v s e tras Lz, 37
bbb, BB AFBRBORKEL G 3 D ORE WUOEN L EHGMD T 4 v
T4 T MiERE KD, TOERGMP R L 2 HBEOAMEZ n & Lz, X 4-7 Ofl
TliX, n=4.6 (4.6pixel X 16um/pixel=73.6um) &725.

Peak position by fitting curve

06 L. S _________________ _________________ ________________ A

Cross-Correlation, C [-]

0.2 _ ................. ................. —— ....... P

Shifted number of pixels, n] -]

Figure 4-7 Cross-correlation and subpixel interpolation
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43 FEREEE

BRHALANY T AT ABEAT AL LTHWEHEIZOWT, —RITTIC L 015
ST AV A TORA T LR EAOBRZ K 4-8 (TRT. ZHIEK 4-6 D4
CATIERIRIC, TREITH DR OB R 712D T 2 RV O C R 1 B A 3 L7 fE
BThs. K48 LV, [EEORFERIZONT, ~U T AT ADHFNREHEN ZADSE
LD BRI FEENRKEW, 2L, ~NV LT AOEENRERZ T ALY L REWZDHT
B H[18]. HAR 2um DRI TlE, BHRH ADLEORLHE L 750m/s THH, ~U 7
LTTATITA 25D 1520m/s Th 5. KiFEHENPKE 2D LR AHEITRADT 5. 2
MITRIFDOEENRKRE W E, [RICBRELIZS WS THD. Z0 L & ORI3#HE DO
DORRENL, BETALV AT TAHAOBEEDHTRREN. Thbb, RAEAEN
RELRDIFE, NV ULTAOEEORAEREX, BRI ADLE O HEIZTD
<. LUFOFHR L B2 TIE, Casel-4 DA N OFLEHE DOFHEIZITX 4-8 Hod%EFHR
T ADFHERERE Y, Case5-8 [T OWTIEAY W AN ZADEEFREEE WS,

FHEARRE PIV OJFHIC S TEHE L2 2 AV O TORIFHRE &, B—h 7O
DI 2 X 4-9 (27, AL, 800 MLOMEEEME A1 2> FH EAABIEIC L 0 15 5 v i
DOVVBJHETHY, 2% CC LET. CCIRKPICERDOER T/RLTND. £/, CC
MO DR HEDIX DL DX Lo (ol 800 MO DIEHERAE) bR TRLTND.
TORAENT 4 SOEE {(HOTFMETEO, 1, 2, 31, THLENEE, E&, MW,
FRREEO VPYERZBEW®RT 2) ST 2R FHETH Y, X 4-8 DEFEHT ADEHR)
OS2 HDTHS.

X 4-9 (a) (27”79 Casel DA DRIATL Y, K FEAENKE VT LR E T/ &
V. ZhE, K48 THBILIEERBY ThD. £, 4 DOV ERICKH T DR HE T
CCEoNIZH Y, CCITHRBITWVHENRG LN D DI, B SEEDELHERDOGETH L.
X149 (b), (c) IZ/RT Case2, 3DHAITBNTSH, 4 OO ERITKT Dk HE
X CCEoNIZH DAY, CCITIHWVEENELNDDIX, 49 (b) TIXmEEEEDEY)
ERE, X 4-9 (¢) TILRIAHE L ERIEEDLLEROFEMEEMITHD. X 4-8
(d) 127”7 Cased T, & IEMEDOFHEAEN CCITHWVEELY G2 TRV, (RFEHEUE
D ER DR T HE L CCEonBIAN TN D, X 49 DFERZMEBIT 5 L, B ST
& TR MED IR O TP (d y +d )2 ORITHEEE, Casel~4 1BV TH L
Z CCEWY2)oNIZH Y, Wi CCITHIET D PFHER L i T LN TE 5.

RIS, ~VULTADYE%K 410 1IZ7F. [X4-10 (a), (b) (2”7 Case5, 6D
5ield, CCIOEWHEAE X D1, HEAEDEYERTHS. X410 (b) HoOfE
BOLEDOEHEROHEIL, CCtonbiTnsd. [X4-10 (¢), (d) 1Z~7 Case7, 8
DEEIE, CCILEWHEZ 52201, RIEEDOEHERTHD. X410 d) Fo
RO LY EROEEL, CCrombAN TV D, X410 DFEREZMBT 2L, F
& FLHE L AR HEYE O T A O BRI (d g +d ), /2 DRI TR 1L, Case5~8 (ZH1)
TELZECCEY2)oNIZH Y, i CCITxIET B FHER L AR T ENTE S, XK
ST, NI TAHAOHE S, (dy+d,,)/2 ORCFHE 2R CCITHIET 2.
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Figure 4-8 Calculated particle velocity at nozzle exit
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Figure 4-9 Comparison of particle velocity calculation by cross-correlation method and

one-dimensional analysis (Nitrogen gas)
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Figure 4-10 Comparison of particle velocity calculation by cross-correlation method and

one-dimensional analysis (Helium gas)
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44 BREDE LD

a—)L RAZ L —ZBWTC, MHAMBEICE VSO NSRRI &, ZhICE
T HMARDOFEHEIZHOWT, MHAEFREE PIV OIS\ T—RIT DR it D%
RS REZRANTER L., FBIH AL LTEETALEANV VAT AOEAEE R,
ZNENITRIE 2MPa, BFARIRE 300°C & L7z, EEPRHIIEREOM & L, stEaEBoAm
EWESTEIERS E T2 4 DOERSAMEE 2T, AR TIE, FrZ/ AHodulco
b EEICEH LT,

TRET 8 1 D DFENTHERIZ OV TELR LR, AFROMITRFEORBANTIE, &
ELHUE & R E O SRR O BN MBI RS T DR R DS, MAMBEIC LSS
DRI BED SRR EE IS T 5.
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BHE i

RFLTHE, T—/V RRAT L— ) XA T m ATBT 5 ) AAAERED EBRIHRGE
FiEL LT, 3=V AT L—IEEIZBT HIRE T AREOHEE JTTE, RIS
{a— NV RAZ L— ) ZVINERRENRREDOHEE 71k, FHEMBEICL Y BEond a—u
RAT =R HEOEE L LR ERICET 2B R 2To7. BONTEREENT D L
LTo@a) Ths.

51 22—V RAFL—HRBIZET 5/ AVADRIREDOHEEH
AWFFETIL CS EBOIRG T ARRELHET 5 FIEE LT, KUK FHREIREICE

LHEE L, ) ANHMNEERREET L B MIEROHEE T IEIC DWW OIRGEE L 72, B CiE, HIERR

ZO/NSVWVEEE, IFRIRE, IFRENS A — ML Rk, A v — Nk &

IrRIEZ W TRE T A RRE A HEET 2 FIEOZYHEIT OV TIRGEE L 7. %& T,

J ANHBERERIEFERB L O a— L AT L — ) AVOEBGHFEIZL Y, 7 ALHMEE

VRS 2 A= IR OB FIED U PEICHOWTHEE L2, ZOREE, LITFDZ & 23

Hinkipolz.

4) A=)V RRAT VL — ) ZAVOEBEHEIZINIE, /7 AV R a— MIE TOHNEERE 6
&, FEAR— MIETORIRE T L RRTIENTES. £z, TonBm< 25
eV, & ToDZAEFRELS 2D, L, FEBRICLD A —hTD6G & Tomixep.
DIRE 5% BGE L7235, IE SN2 60 & Tomixexp. D 75 X BRRRARATRE R L 0 K& V.
ZOHMIE, AMBEGHEIZ L AP T, B MOBMREEZBE L T
DThHDHEBEZLND.

5) RETIFEAIRF RIS FIETHE O NIIRE T ARRE Tomxa L, 21 /WRICE
W2 — AT X0 JIE Sz 2 AV A A T AR Tomixex. & < —8T 5.
AEFETD Tomixexp. & Tomixcal D7EE, Toin=677K D & EITHR TRFEETH 5.

6) KUATIFIZRFHRICE S SARHEE FIEE, AR TIC LY 2 AR m— F MR EERE
L7235 aTh, EffE An— NTREER & IR G T A 2R E & fiE D I I HEE
THILENTES.

5.2 REBEICE S a—V RXTFL— ) X)VINEIRENRRB DHEE 51
TRINRI AT ZHNT, a—)L RAT L— ) ZVHBEREZHE L, 56720
@7 — 2 LAREGHRIZ L0 2 AVNOWIESEE O T ARE, ~ v B, R,
DWNF AT EREF L=, 512, ZHofRE, FEHEESR, » AvHnoe b
—EHEERR, Y RTTEEMNT O R A R L, AHETFEORYERIE L. £
DOFER, UTOZ ENHESMNE T,
5) J ANWHEEOIRE DA, FHESMEMBERS L. 6o T, TWBREOAMIZED
T NEOFE DTN T4 O R B 225 2 LN Tx 5. 7 ALN
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(PR S L AE, T ORIEME LT TE 5.

6) FELIRBEIEZIE Lo SHE OEEGHEBRICL 2R~ vy " BUE, v F—EREE
BRI X0 Bz AW T~ v e K< —ET 5.

7)) ANVWNITEBRE AR LR WGE, BEERSHERERE RN D RO TETAD~ v I,
IR, B, FEONMIL, EIEERE R L ONLIREE AR E 2 O U 7o AR EAGH R AS R
DA AR, WE, FEOSAOFEFHNITINE 5.

8)  ANNICHEEBEWNEIET D856, BEEGHERIERERN O RO~ v B, TAD
IR, B, FEONMIL, EIEERE R L ONLIREE AR E 2 O U 7o AREAGH L AE R
DHFAREE, WE, BEOSMMERRD. 2T, BEGRICHN TV AEEIRE
DHEERAIVUCHEA CTE RV ERRINTHD EBZHND.

53 fEEMBEICIVEON D a— IV FAL L —DRTROBEE L

SEHERICET 5B

a— )L RAT L —IZBWTC, MAEMBEIC L VGOSN DA F#E L, ZhUIsxtn
T HRDOFEHERIZOVWT, FEFBE PIV ORI SV TR OR i D3
TR R EZ N TER L, EIIT AL LTERET RN TATADEE 5 Z,
ZNZENITFRIE 2MPa, BFXURE 300°C & L7z, ISR FI3ERIE O & L, *HEER A0
EHETHEERAE T2 4 DOEBRNAEE 2 1=, ABFFETIE, RS AV fLTo
R FEEICER L.

TREt 8 1M Y ORHTHE RICOWTHER LR, AR EGORPENTIE, ES
B L AR VEO SR E R O RN MBI RS T DR, FHAEMBNEIC LGS
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