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A FGM AXAgo] A =Hoith A1d A
FAELE AAAF LR 40090 A7td gag
BHE 2o, FGM 977 FAH ez $a@
AFEordE FH3}AC ,
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ZAL ANE ¥ 19939 ¥-EH FGM 27 Part
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sannedl} Al 32+ FGM A XA Lo NFHJon,
T Boohlzt sFEold diFd $49T%
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£ A 47 ARgeAe FGM 4+71 AA A
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o] FoAA ¥ glevt AAZLTY ATFEF %
EARA Y AFATAE FA EHFo2N FF
& 7ts4ol & FGM 979 3 AZ
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1991)

YEYIAA FGM A9 Al 1980 =wt
YEF¢-FATF4 Dr. Niino, T8 Prof Wata-
nabe, Prof. Hirai, 5 ¥%71€ 9 Dr. Ikeuchi 5l
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25& EUSo} 3, ojnfe] AxA B A}
A EA 7 ¥ 94 $9 S B 58 gty
Hal 243 728 ZAAA 23T o) AL
HU o] AT teame 1FL ZAEUD AEL
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LE ME A9F e T2AE Ao
Z71e 1778 2T teamol AFdgod 393
Fol& 3070 A7Eol FH3Att. Prof. Koizumiz}
steering committee 9 ¥ 3-E T%o] AE design,
Az, B 2R 48 JA Zfo] "4
AEE FAHHAANE 2—1). Design 259
A& thermo-mechanical )&, %3¢ modelling
computer design system Mg $& F=2 F33
fom, Az 2FAME CVD, PYD, PM, Plasma
spray, SHS 59 & ol&3dld BAV|sAE
Azo] 44E FUt B} teamol & o] A9
thermo-mechanical 54-& H7}3817] 98] =33
WSS LAY HE 2-D).

#3713 d7ule 597 12159 oI ATHE 2-
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Test results Properties

Samples

Optimized
design

Characterization |

2l 2—-1 Information flow of the research
project
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- Research topic ==

I 2.1 Research topics and institutions in the project

Institution

DESIGN and MODELING
1) Theoretical analysis of
mechanical and thermal
properties
2) Moldeling of thermal
stress and relaxation
3) Structure and system

Tokyo Institute of Technology

Shizuoka University

National Mechanical Engineering Laboratory
National Aerospace Laboratory

Power Reactor and Nuclear Fuel Dev. Corp.
Dakin Industries, Ltd.

2) Powder metallurgy

3) Plasma spray

design Nissan Motor Ltd.
PROCESSING
1 CVD, PVD Tohoku University

Sumitomo Electric Industries, Ltd.

Nippon Oil Company, Ltd.

National Research Institute for Metals
Tohoku University

NKK Ltd.

Ishikawajima-Harima Heavy Indsutries Ltd.
National Research Institute for Metals
Nippon Steel Corp.

1) Erosion and corrosion test
2) Thermal stability
3) Non-destructive evaluation

4) Thermal shock and
fatigue test

5) Simulation test under
actual conditions

4) SHS Government Industrial Research Inst, Sendai
Osaka University
Kawasaki Heavy Industries, Ltd.
EVALUATION

Tohoku University

National Research Institute for Metals
Tohoku University

Hitachi Construction Machinery Ltd.
National Ship Research Institute.
National Aerospace Laboratory
Mitsubishi Heavy Industries Ltd.
National Aerospace Laboratory

E 2.2 Project budget

Fiscal year |19871988 | 1989 [ 1990

1991

Total

Budget(Milion yen)| 257 | 308 | 199 | 270

181

1215

Design ZFNAE ZAATRA tE micro
thermo-mechanics #°Fe #Y 393 Expert sys-
tem¥ FEM 5] AAL7|5AEE designdl’] 93}
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CVDH 3 7HF2 A& o] 831 30om 27129
AXAY Y9 SiC/TiC/SiC FR—C system©]
AZHA LY SiC/CE coatingdt 50cm diameter co-
nical %9 C/C E3AE7F CVDY CVI §&
&3t AzHUom o] EFAEE 2000K0 A
=AE gasZl el 39 £ ZEE B9

Bl MM 78 25 (199 E)
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MNx A494 Ui

10cm 3719 AbzZE ZrO,/SUS 304 ¥ o] plasma
spraying 2.2 Az o, v&d 279 0,
/Ni ol 10ompe] Zr0/SUS @Y7} hot
presstt HIP ¥y 0 2 Az =it} TiB,/Cu, TiC/Ni,
MoSix/SiC/TiAl 5¢ Y232 $& SHS Wyez
Az At

High power Xe lampE A&d 1 HZ A
#7171 AA S W0omy, F mm FALY AHE
BEHLE 2000K 253 1000K9] 2102 Agd
F Aen, gAZ FA 7% AR7E ¥BA
71 A8 vadtq WEEZel 539

12} FGM a7 &< 6071 3)AL 709 AQ o
consortiume 332, wi'd workshop 23], sym-
posium 13] 5& fsP oy, V43 JHE News
Letter %3t o8] 7Hsdtdch. =8 SA %2

g 239 AR NHsJen, AXFoe By
AEHoE FYHUGL FriHNen, 119719
ZAMHEFE 23 FGM 972 92994

@ FGM A= iF9NA powder metallurgy
(PM) el 9% FGM AxE 24, vl 23, A
7NEY 9¥E AFRo] AEy] Loldld=
ol d¥ FE(Prof. Watanabe 18)|A
Ry AFsgt. PMELE FGME AxE
BE AZRA B A 2T £ e 958
FEE F gle A8 A9 2 24 profiled ¢
AHog HAdor 3y HYE ASE AF
T FAEF 719 & A 2EE B A
Z3}, ojAdT T gyky why oo 7
ARE slunry2 AZs A profiled] EA &
§3+ ¥ spray depositiondte] A ZE FE glon
slurryE slip castingdle WHo2 24 profiled
DA AFste R 4EA A AFE AL
ClPZ X4 A¥AE 42F HIPZ 71¢443E
&to] 23 & t S A AoE Fx (Y
2-2).

A2Fex7t 92 ARE A 2Fded
FHtE e EAAE F5317] 99 differential tem-
perature sintering T ALk 2 A laser
beamO 2 AHE FALStY AZAE 79 AJHU) 9
LEAE R F 7] Y7 & 22 YE

¥ #

(Metal -and
- -powder & whiskers)

Continuous Stepwise compositional
compositional controt control .
! ;

i '

i G

|

(Defect healing)

8 2—-2 Flow chart of powder metallurgical
fabrication of functionally gradient
materials.

o]F9 EFAE A2Zded fIF Hol UL
271t 2L oHEE FHI) A SLEA
8 Y=g zAsd JYIAE ARso ¢35
go] gAFeR dAFHA Ao H5HE B
AH(2d 2-3). T HE OE 288 Hole
o]F A&7 FGM3l= hot proess, HIPS 3 2o
M ARE 5 o= Ax 2AF uEYS gL
FARE FEE 4 Ak 28Y hot press Y
A & 3w ALol stedide @y
At

8 A=A doctor blade B2 ZA pro-
fileol XA layerg AZRF HAZFE 24 AZXFR 9
HAZ 02mm ©)FZ layerd FAE A}
o]2] 91} Spray deposition WHLE A2 AL
HZF FAE 0lmm 182 ZAo] 7158t

ojg} Zo] AZH A¥YA= 22T F YA
£/ profilee] & F-¢¥ W&o wdo] HAY
& ok wakA ols e deEe A4z
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@ PSZ/SUS=0.18ym/0.09m

20 1 ! T ’ T
~a- 20vol%PSZ
~a- 40vol%PSZ
-# 50vol%PSZ N
151 - 6vol%PSZ A2 gD
-o- 8vOl%PSZ B

g
g 0k 1
[75]
5k b
0 - -
1 | 1 l 1
800 1200
Temperature, (¥)

(b PSZ/SUS=0.18um/3um

T ]' T T T
-a- 20vol%PSZ
-a~ 40vol%PSZ
-0~ 60vol%PSZ
15 | ~e- 80vol%PSZ .

Shrinkage, (%)

) | L | 1
800 1200

Temperature, (T)

18 2-3 Adjustment of sintering shrinkage by controlling powder particle size.
Material combination:stainless steel of 304 type and partially

stabilized zirconia.

A8 8 84 HYFEMLE HFH Z4 pro-
fileg AAE Yo7t AH(2Y 2—-4). FEM A
AAdle 248 g9AAS, GARE, 848,
A74&, poison®¥] Fo] Ha3dH, ZFLHY =
% 4 EA AF gEA0 AdHooF g
gty F4 $8E HASF QA 4 38 249
AAojol g}, AHF 9 H$ ALl g3ha
axial stress 2t radial? circumferential stress7}
& Aoz veptez A¥ EH radial crack
Aol Foldejol g} FAE AW 7 axial
stress’7t $831E2 ZH9 crackel 93 of
gt

FGM W9} 23 o] o}F oA A% adAFY
IYZAGE rule of mixture PolA FHAFow
H3ln, dAEEY FIAUY L AHZAA Aol
4L i, oy Aol AWZAAY
A Tze Wl #AHA|A & Ytk

FGM¢] %7} 9% A Burner Heating Test
(BHT) *#ilo] 94& FHUIT Watanabe LT
teamol A ALHA) Fd W2 Uy &
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H7b AaHE ¥E o] Wy A AXs) 3t
Hatx 7170l Aoz AHd0(1,0009 ¥
Ax), £4A o]&o] 7153t BHTH& FGM
ceramic sideg ¥4, A EF gasd] 93 WY&
7tE3Y 24 sides ¥4F o yage g

x{ Zirconia

e
oY
o

Ot mm L~

/ Cu(x/D)P
1.0

Px0.23

D8 mml” .

/ 0.5 f 10

\/ jﬂ 6.5

0

Relative Axial Stress
3

o
N
o

o 0.5 1.0

e , ¢ x/0
[ i 1 1
01 03 05 10 30 50 10 30 50
Profile Exponent, p

18 2—4 Effect of composition profile of graded
layers on relative maximum axial st-
ress. The axial stress is normalized
with respect to that of direct bonding.
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LxAolE LAY 285 HEEE B
© LEAE VELE @) FYEABL acoustic
emission AXE BZUH #c}h g X heat
fluxst EAEEY XA &AL ol43lo Hy}
go ol Ade AL diAl £3 Wk FYo
Agte] F el EAg ol 7tHA) Alele o)
2 4F39o] Zey YA o= tensile stress7}
YAED o] tensile stressol 23 ceramicZ ol
T Fgo] LAFL Tho) Hx w4
He 2x7t o] AR WdEAHE AP
do] Hx WA LEx AWUY F7], 24
profile, 714 2 Fo] F&Y Zoeg P24
HAow, ol WE 4o AR 1§ EAdT

&3 A YEoE AgdT. TL B9 A9
F5SYH AL YoM AA-gHo] FGMo
Ae 713 F88A g RRog Ay
1=

Agte FoAe £33 Fde HAL o] £3
#Fdo] 4 F7A ARHA gE= & #
AcA 2 FA7L gloen Ze g8y 93 =
AqNE 2318 F2AE U gy Ay
FUolA d4 Ads} FHE & JA=EE AT
ZE zAY YU}t 9ok 53] metallic chopped
fibere] AlgtelFu =gol wl¢ F3 Wyo|g

HAgHo2 FGM N9 flow diagramo] 1@
2—59 Yeht gl

Heat-resistant component
_(shape and size)

—b{ Selection of material combination j

Heating condition
Cooling condition
Temperature difference

Compositional dependencies
of materialproperties

High-temperature
mechanical hehaviors

Finding of optimum
compositional - profile
FEM calculation

\

V

Fracture criterion
0y > othermal! stress

Other materials combination

optimum composition profile

FGM . {fabrication according to the

Process
Innovatlon

|

.Evaluation by thermomechanical test

‘Thermomechanical
performance data

Microstructural
control

18l 2—5 Overall material development flow of P/M FGMs.
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2.1.2 YEo| 2CHH 23 FGM o4(1993—
1997)

%719 FGM @+ ZAH F2E AAAA
A A EXol 5% ASE AxIA A
oun), 3 F3ue A4S FAZ gL 4wt
AZA 2 S84 488 E %A FEE A
ojifo] Fehgo] w3 ol FGM 1944 A7t
A F89F 19359 A AQIF €4
4 Butohzt A, 33, 38, 9§, 44 AR
o2 B $8o] FHeEE BRdFALeH,
71E AsY EAE F3E Biolzy ARE
Az 2% 7158 Aoz 7gddnh gebA
FGM 224 A7dAe 24, Fx9 AAA9
FA, 94, dA 59 oA W] 8 A
Az AZHgch geA 284 ATASL 3
AEE o 4% A HE A AE2 EA
HA.

B A7 FaHL HYAYAY & quyAE
heat-collecting section?lX] @2 W&A|7|9, o
g2 1100—2000K W9+ thermionic elementE
AH8-3e 300—1100K W= thermoelectric ele-
mentE AHEEE @ dqYRAE {8 oyA=
HEA7)E Aot £ A7 19939 -8 1997
AA AP o Qv 199334 19959 7AAE
ZW 7)< thermionic element 2 thermoelectric
clements AA71% MEE x98d &S F
g3 gied FAAo] glon, 1963 # 19973
o Super HYDECS(Super High-efficiency Hybrid

Direct Energy Conversion System)E A3 3}
Reolt}, Super HYDECSe ¥¥F $F F7HA 9
qUz IFLoz ALE dAFoln, ol HY
dolu HqURAE FFULE AT & dn
99 3T =& AYE AN F Q7] B ot
(29 2-6).

a4 2-79 ] projectll Al FHF oL oA
HENES Z A9d =2 Jdoh FF 71eFe=
dRE HEAUAg HAUAE FEHASA
€48 # ddn /HAFIE F duAe E§3
duzgo]l & Aol HejuRgeze 7l&l
o] goldite BHAA WA FHY4: ¢
o] A=t o, B, v TFH B WAL
gy FEF 1A YAREOIT. 19
Yz JAEE o8 oA A7 FHL

8] 2—6 Prototype model of super HYDECS.

High Energy Particle
Direct Conversion Element

High Energy Particles
(o, B, ¢-rays)

RI or Solar Energy

Heat Thermionic ~ Thermoelectric
Collector ~ Converter Converter

SN ¥/

- o= .
o050 o Radiator

Thermal energy l

i
2000  1100K 300K

8} 2—7 Overview of energy conversion forms and conceptual model of
hybrid direct energy conversion system.
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