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Fabrication of Tubed Functionally Graded Material
by Slurry Dipping Process
- Thickness control of Dip-coated layer -

Ryuzo Watanabe *

Summary

In order to obtain long life fuel cladding tubes for the fast breeder reactor, the
concept of functionally graded material was applied for the material combination of
Molybdenumny/stainless steel/ Titanium, in which Titanium and Molybdenum were placed at
the inner and outer sides, respectively. Slurry dipping method was employed because of
its capability of shape forming and microstructural control. We have hitherto reported the
design criteria for the graded layers, preparation of the slurry, and microstructural control
of the dip-coated layers. In the present report, the thickness control of the dip-coated
layer is described in detail. The thickness of the dip-coated layer depends primarily on the
viscosity of the slurry. Nevertheless, for the stable dispersion of the powder in the slurry,
which dominates the microstructural homogeneity, an optimum viscosity value is present
for the individual slurries. With stable slurries of Ti, Mo, stainless steel powders and their
mixtures, the thicknesses of dip-coated layers were controlled in dependence of their
viscosities and yield values. For Ti and stainless steel powders and their mixture a PAANa
was used as a dispersing agent. A NaHMP was found to be effective for the dispersion of
Mo powder and Mo/stainless steel powder mixture. For ali slurries tested in the present
investigation PVA addition was helpful for the viscosity control. Dip-coating maps have
been drawn for the stabilization of the slurries and for the formation of films with a
sufficient strength for further manipulation for the slurries with low viscosity (~ 10 mPa
s). The final film thickness for the low-viscosity slurry with the optimum condition was
about 200 pm. The slurries with high viscosities of several hundreds mPa s had a good
stability and the yield value was easy to be controlled. The film thickness was able to be
adjusted in the size range between several tens and several hundreds pm. The final
thickness of the graded layer was determined on the basis of the material balance involved
and densification ratio attained by drying, sintering and HIP treatment processes.

*Department of Materials Processing, Tohoku University
Work performed at Tohoku University under contract with Power Reactor and Nuclear
Fuel Development Corporation
Contract number: 080D0219
PNC Liaison: Oarai Engineering Center, Frontier Technology Section
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BBV FAa L VOREERZ LD, HApRPSZHNTORMICEE T 5, =
D7 HHApPPSZR Fid, BEVMHRM LRSS (electrostatic repulsion) 12X )
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(2) FEFH L FEEHOBESHEMORR
EERIRERONFHOBE2ROBEOM. A7) —OMERBEO &RE
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Fig.14iZ, PSZAZ ) —iZ2owTEaHzBERML L 2O REMB OE
Ib%RT. & BOTRABEZBEEN55mg/ml & Lz, B VESFLHRMT 2
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BICDEFELTwBEZ AT h o7z —H. HApRA T — T EREMEEM 1T &
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e EREIRIIE-HL. SHROREETBRIZRIFTEHR ORE T 5FHERA
BOATHRILEERITONSE, Lo THOMEDOAT ) — % FHET LB4
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log n=1.108 + 0.014f, (11)

WOAKDAF ) —HED COEBRNICLVFHRT AL TEL, 727, B
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RPUIHE, QX5 ) —0RRIE, @AF ) —DBE, OEFEOF| & BV EE
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WriEECHE SN MEL APTOREL V), ChETRBEETHDNRT
RIHEE DD VB2 VIRY, ROTHEZEL Twa,
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s = S_O (14)
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DEBEHIZ TSR LTV WETIREREL LS,

(b) HIPBERE

Table3iZ, HIPBEROEEHMICLELZZENTGA—F —& | BEHEB LUK
REOCREDOFEME LEMEZRT . BERICIGEFBLER L TPSZ%10vol%
EL7V—VERW, KRAFREEOKRI Y. RFFIER2EvIRD AT ) —
TIBEEFETES 20, ERFICHWSRBELEESRBEIGL 2o 0
T, WFFTEETIX20v01%D 524 vol% T TEL S 72, Fig 3012, HIPEERE LA
EEOHAPEBEDREREZR T, KABEFZORZE L FHRIC, B FFTEZFE20v0l%
DF4yTAT)—HoBONEOEERE R, FEELY bRELS ko,
MDF 4y TR —TEHEME L {—F L7 Fig.3110, HFREX
22vol% DA T ) = b B L ., HIPBERE LRDOSEMER % /RT o (a)idfED 4
., ORFEOERETH 5, HApBRELIIEFIL L. BEREZEIHEL T
WERTFIVEREINS, R BHADBIKAETLAIEARZOEE,LLRT Tk
{, BBOBICREL-EHTHL, COXERPOHPHEFICEIY, BEFETHD
HAR L BREICES L/-HAPEBE 2RI TE 5 Z L dhh oz,

4—-2—-3 HEEWEERE

CITRITAT)—OHRTFHERLZ20vIBICEHE L, FHEMNBERY 55
PSZD EFESFETO, 10, 20, 40, 60, 80%DT 4 v FTAF ) —%F/HL ., %
DL AT —%F\WR7ze RILEFDAT)—ZHAVTT4 v €7 %47, £4
BROEBELHEIPERIC L VIER L, REOEME & fHEME & % LB L.
(1) BEAT ) —OREHE

FBD X IR T —DRFFHEEL 20vi %I EE Lo FEHIZEAT ) —
DERBE, HEHFII500mg/mlBFN L CPSZARBAEDRLL T 4 v TAT ) —
B L7 Fig. 3210, PSZAR ORI L 2 HEB LUBREBOEL 2R T,
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HESHApBEREEDG & LRk, T€AMBEEL00s'OETHL, H2EDERL
FIBE. lognk PSZAREAE & IR EMBIRATE O hiedt, BREICD VTl
oD EFRHELNT,

(2) BEEWEREDREHE

Table4il, WEM BEREOREMEICLELE T A —F— L, KFESB &
UBRBEDEROFEE L EAELZR T. HApERBEOH A L [k, p,0E I3
2V v TEXAPTHRELAZZROELH W, ERET 1y 7R3 -0l
AEbEE, EAE EERL GEIR L, Bl 2iE, PSZE10vol%ETr A5 1) —
T4 TTHEEDOERI, RV v TH v A MTEIEL 72PSZ% 20vol%E tr
F)—VERWwALI LIS, Fig 3312, HAMEREIZOWTOREETFET,
HApERETHE/z X 5T, PSZEIWNE VAT —TEHENIATHTHo 72
7o, RIEMEL D S RBEOFIEL kol —HPSZE80vol%ETr AT 1) —
TIEHEEEI YV EREOFIME L kol PSZAS Y —Ik, TNETOERLY
“RBREEET L 5720, TOMBIMMR LT AR EE I LT oM & i
%o BIREOREIL. ¥ AMEELO~50s ' OHE T 2 OHENRE % EHuE T
B ETIT 27295, TAMBEE ST WEIE TIX, SHICZDOEROMESEIK
ELoTWBEEZOLNE, LIENoTPSZENSEZWVWA S ) —Tli, BEOREK
EL Y WEEIRESRLTRENEL 2B LELILNS,

Fig.34il, HIPEER L 72PSZ% 40vol%E T BER OSEMEBE % 7”1, L
PSZ% 60vol%aE GHEMTH 5, T4 BB L7z, BETH—LEITHR X
NTVLDOPPEI NG, $-FETCOFBRIIEE ST, HEOSEIRED
BIFfTH B, RIT. HIPHEK L 7-PSZZ80vol%E L HEE OSEMEE %
Fig.35-(a)liind o ZEIREIPSZTH D, RITBETH L5, BAHICIZEKREPSZ
DEESE L 72 AR Shize Ffk% ML, PSZ% 60vol%a GHBE BT
SbEREBEE N, CHIEPSZOBEFENKE VAT Y —Tld, PSZIZBELE L
Y, TLAENMICHENS 2570, HEREEOBICT 5 ICPSZEE AR
THINLVDLEZLNE, FITINLDEAMTIE, BELHZPSZO
BEEEZMI) LELTH72DIC, A5 —ORNFIEEE15vol%I2ET 8¢
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5 XD, BEHRIL700mg/mle Lz SOEMEICL WESIIZPSZE80vol%
BUCEBROSEMER %, Fig.35-(b)IImd. BRI EOBEEIZAL Lk
3 77 MREPSZEEFIBHEINTHBOUBIA L NIz,

4—2—4 EREEHRHEHIZOVWTOESE

DEDHEBRLID, BEORBMBFEICOVWTRE T 5, ARLATRTO
T4y TAF)—IZ20T, 4>4,DBERPVWY LD EHPIE o7, &5
. ZOBRICEDEFELERIL, HANIIEVES L UEPSZARSRTHE
BLZZRIZOVTOEMELICELONT IVEFE LN b DD, £kE LT
FEBTH EEREIIBR—H L. COFEOSBOBEEL L T, D100
umb T OEEZ fIHTRICTS 28, QEOERELZ RO, BPSZEESED
BEFERCHET 228, QFZT2EERBLODAT Y —Hkt B
KT BIE, PETOHNRDE, DIZOWVTI, BAFEL R WL, 2F Y=<y,
DERPEIALTET Ay TAZ)—2RETE L THRENE, QiconT
d, BRMEZEREPCRDAZ LICERISH L0 T, Z0HEBIEM 23(8)1c
HEETBHZELIZEoT, IHHEOBRREIGEVESEONLbDEEL SRS,
@IZ oW T, HApEBERE TITo 724 ) KEHRDF 4 v TR 5T —iZ2onT
by AF7) —HONFREERLBEE L DEREFEPICTILEND B,

4 —3 FEEEREOTER

BENBL RAMBEDOAST)—2IEIZFT v 7a— L, BRHEREEED
VEE 2 H AT, EHII2, FOREUL ZMBEABIUVASHROBHICOWTHREL
770

4-3-1 2BEBEOEH

FEMRAZIEPSZ Y ) — VR Hv, E1RBICPSZZ80vol%EL AT — % 7
TFTA v Ta— ML, EBEESEE, FE2BLE LTPSZE60vol%E L AT~ %
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T4y A= Lize BEREILHIPTIT o 72, Fig.3612, PSZ%80vol% & 60vol%
BU 2BROSEMERERT, ERLORHE, BRLOREIIEFEIBEES
Ny, BEL2BEFIER SN TWEOFb S,
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BERARD T 4 v TAFZ ) =% FT, BROPSZHSE6BOHAPTE T,
FZF4y P95 I OFCMOIER 23R A7z, FERFEE 2BE TR
I, 1B T4 v EV L BB BV ELEMABERE L, L
PL, E4BDDHL VPO, I—-FT 4 VI BOEBRINCBETOFEISEE
BEIhot, CHEFLVER T4y ¥V ZBIUERTLITRT, +7T
KHEEEINTWwEI =T 1 Y TRBIL, KPPFEHICREL.. RECOFE LK
B OEh 25| ERILDDEEZLN S, T2, HEDENICL 2SI
BEOEBIERTIHEDEIONG, ZOMNEL LT, ITIBILOBRE
WA SEEEDI—T 4 VIIRBEE L, EREFHH LA T A LER
bhd, BEOHEEICE., BHBRIIOWTRELELBAIZLENTEL RS
V&2 ELIFELIAETILEYVD 5, —FEBREGEOHREL LTI,
VEPEELIR( Humidity drying )OFIAPBT 5 N5, BERREIEAOE LTV
BRICEDTZEIWZAV b, FRINE. FREE. RREROIEE»OM - T
WBID, EIZEIBRBTIR, Y- VEERERTMRL., FEAREHLCT
7 = HAROKOBEEFBRHIT LA L0, HHEE I —F 1 Y IBRO
KGZFPR Ry, FNLHBEZIAL LD TEHETHEENS, 361
THBEIRRRE T, BEZADH LY — 2R tE0s ZEICL), Hlci3®
BIERDEFZNEL TEILNTELLEZLNS,

4—4 h ¥

ATV =74y TETHEXRADOHMERBLEET L 2D, AF1) -0
Aoy — 2RSS EERHFEEREL .
ORF|LHAMBFECIVERL-BEEREOEEX, STEMEEIZIT-HL., &
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1. F4v7a— P X DERINBERIITL LTAT ) —8EIKET
BN, mAESEHE ERHEBOY—4%XR) BLITAT) —0REkd» HA
THIERENFET 5,

2. B&EE (~10mPa+s) AT —ZonTik, X7 —DREH L BKE
DEEEDBEEDI L, A5 —FOBREE LPVARNMED R TEEIIBWT
BEREGPRESND, BERT ) —SH T TORREERBA~200 zm
THb,

3. A5 —HESKEHAEY (%100mPa-s) HBEE, A5 —DRE
HILBRIFTHY, BREOCHHIESTH 2, OB, TBRBORITFL
FHEDOL LITEI0~FI00 y mD BN TEMABE R TLZ LI5TE 5,

3. FHH LEEH (PVA) ZHEERMLTD, TRhENOBHEAS ) —D
EHESHH I RbEA R T, FERH L EHTIERT S, HEH0EEE
LBk, HERELTETH S,

KFETHY BT8R EltIdva=7 (PSZ) ENnA FaF v 7,85 4
(HAp) DHAEY I, Ti/SUS/MoREREEMNBERBEBEEDORT Y —
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B EPE, BONZHERIIA T =T 1 v TEIL 2EREMEEEME O
FEICEATE %,
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Table 1

I g BE BT D ALk

BIESATL| BIEFL—7 BITER T tAMRE BEMRE (VT E
| ‘ e i
NO. ¢ (mm) NO.| ¢ (mm) NO. (S1) (Pa-*s) (ml)
11 32.54 1| 30 6.5 ~1291 0.003~15.4 32
22 2603 2| 24 6.5 ~1291 0.005~30.0 26
33 15.18 3| 14 3 6.5 ~1291 | 0.025~150 17

P00-86 1096LL INd



Table 2 HApHEAHRICH$ 3 /85 2 — ¥ | EEEEMES X OEME

(R A ER:)

WFRER|25 U —BE| wE | BRE| 5 x L yrE BOTERGEE| 70— L BE | EREEE
c p 7 | So v Ps (pm) (#m)
(%) | (x10%g/m3) | (Pa-s)| (Pa) | (misec) [z u— o[ meidi |Etais|=me| stae| =ae
20 1.43 0.28 2.2 0.04 0.60 0.96 52 111 33 41
22 1.48 0.56 6.4 0.02 0.60 0.96 162 | 185 102 107
23 1.50 0.73 13.2 0.06 0.60 0.96 345 | 342 | 2186 205
24 1.62 1.51 21.5 0.01 0.60 0.96 578 | 619 | 361 384
25. 1.54 2.40 39.5 0.06 0.60 0.96 { 1090 | 1047 | 682 601

p00-86 T096rL INd



Table 3 HApHRRRIZBT &M/ 5 X — %, BEEFTEMEDS X UMl

(HIPBERS)

wraEER| 25 —BE| wE | BOME| B & kg ROTEENEER| /- BE | BRREE
c Je 7 Sy A\ Ps (pm) (pm)
(%) (x10%kg/m3) | (Pa * 8)| (Pa) (misec) [T — | EER |EHEE|=AME| SEE | =AHE
20 1.43 0.28 2.2 0.04 0.60 1.00 52 120 31 71
22 1.48 0.56 6.4 0.02 0.60 1.00 162 | 210 g7 128
23 1.50 0.73 13.2 0.086 0.60 1.00 345 364 207 219
24 1.52 1.51 21.5 0.01 0.60 1.00 578 | 571 347 356

700-86 T1096[1 ONd



Table 4 B/EHAS") —HMEIC

T 288135 2~ 5| BEFEMS X E=E

(HIPBERS)
X BOTRENBE| U - gE | mSitngE
o Azsy-mp we e : %
Pozirmng| " 70 TEE MR BREEELTRE (1) ()

% . . _
P xtookgmd) [(Pa - 9| (Pa) | (misec) |57y — o] e | st svim v | s
0 1.43 0.28 2.2 0.04 0.60 1.00 52 120 31 71
10 1.49 0.35 3.4 0.04 0.56 1.00 83 109 47 54
20 1.55 0.34 4.9 0.04 0.54 1.00 120 126 65 73
40 1.66 0.50 8.4 0.04 0.55 1.00 187 217 103 140
60 1.78 0.65 12.5 0.02 0.52 1.00 276 266 143 155
80 1.89 085 | 23.5 0.01 0.51 1.00 498 399 253 220

(Ey R-FIIEHE(C) : 20vol%

700-86 T096rL ONd
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Fig. 7 HEBOSEMEE ())HAp#H. (b)PSZH



PNC TJ9601 98-004

HAp/PSZyE & X 7 U —||HApX S U —{|PSZzX 5 1) —

#K + PSZHIK
a%ﬁﬁ?iSmn (#6K + 19K + HB0AT )
+ HAp# 2K + 7B &Y

J

4
BE + 270 —5—H# . 20min

,{vim?—ﬂﬁ(@%%%ﬁﬂﬁ
ALt
o> UBEE @ 10min

AIERERE © 15min
BIESRE 1 20+1°C

Fig. 8 291 — O L HRBBEAED 7 0 —F v —



PNC TJ9601 98-004

200 [ T ¥ T I T T 1 1 1 T | L ] ] | I T 1 | T 1] T E
C —e— HAp i
o~ . (45vol%solids loading)] -
/) - & PSZ -
. 150 (30vol%solids loading)|
1

o i ]
£ i ]
S 100 1 -
o - | .
= - ]
7 . l
S sl -
0 50 ¥ Dispersant A-6114 7
= I L/./. Shearrate 400s" -
0 —| P T R JNN TR TR SR NN TN TN NN SRR NN SO TN NN WY VNN A A S TN !-

0 20 40 60 80 100 120

Dispersant Concentration ( mg/ml )

Fig. 9 HAp A5 —YPSZRA T ) —D45EHIE & OB



PNC TJ9601 98-004

KT 1) IER
TEZTLIR

® 7EEITEESR

ﬁb ‘ RUT 7Y IVER

G ' Fp T
3

@ mED

“3; o s
&

5§

TIRRR

J0

i

s“- .
Cel)7

@ 7 EIALARIEE

Fig. 10 4EHOEEEFIVE



PNC TJ9601 98-004

250 I 1 L} T I 1] 1 1 I 11 T T I T T T l ] Ll T I 1 1 1 I
—_ (b) PSZ (30vol%solids loading)
a Shear rate  400s’
¢ 200+ ~
o
.
£
- 150}
—
=
o
O 100
N
S -m- A-6114
—~ A-6114 + PVA ( 30mg/ml
50i|||l||r]1||!|1|||:||||1|
0 20 40 60 80 100 120
Dispersant Concentration ( mg/ ml)
90 ? I ! i | |
o 80| (a) HAp (45vol%solids loading) .
. g :1
. soL hearrate 400s i
o
60 |- ‘ -
£
-~ 50 —
=
N 40- _
8 0
< 0 —e— AB114
| | 1 1 | |

0 10 20 30 40 50 60
Dispersant Concentration (mg/ ml)

Fig. 11 SEHIEEEH 2 BEEWM LIz EDHAp 251 — EPSZRA S 1) — 0
THAE L HEEOBR



PNC TJ9601 98-004

0F

50

30 -

Shear stress ( Pa)

.

Dispersant A-6114

| | | | 1
OO 200 400 600 800 1000 1200

Shear rate (s™)

101

Fig. 12 HAp A5 — LPSZA 5 —DFE)HI&



PNC TJ9601 98-004

60 i I | I I
(a) HAp (45vol%solids loading) /
© Sl e §.5n}g/[rrzl (shortage) /‘/ ]
0 —&— 5mg/ml (optimum) :
~— 40| —A— 55mg/ml (excess) /A / -
(/)] A
o 30 - - /A/A )
e
¥ y Z
= 20 /ﬁ -
2 A |
o 10+ é/A _
0 L | | i |
0 200 400 600 800 1000 1200
Shear rate (s ')
160 : : - - : -
(b) PSZ (30vol%solids loading) J—
140 |- A/A/A;/A -
o /
S 120 _ A i
5 1001 / " -
(/)] FaY /A _ /A7
o 80} e AT i
L A A/ /A
@ gob A _
.;1:) A : N
o 50 |- —A—~ 35mg/ml (shortage)
—&- 5bmg/ml (optimum)
0 . —A— 120mg/mi (excess)

i
0 400 800 1200
-1
Shearrate (s )

Fig. 13 HE#ICX B2HAp X5 — ¢PSZA T —OFREIHMBEOZEAL



PNC TJ9601 98-004

©
o -
)
)
@
= _
- »
© - A-6114
) 1 A-
5_,) 50 L A-6114 + PVA(30mg/mi )| |
PSZ (30vol%solids loading)
Dispersant concentration 55mg/m!
0 ] ] | l |

0 200 400 600 800 1000 1200
Shear rate (-_9.'1 )

Fig. 14 PSZRA 5" —OEEHEMC X 5 fEhihso 24k



PNC TJ9601 98-004

w150 s

©

0. i

£ 100t ~

S’ B

-

s i

0 i

(o) 50+ 7

0 3 i

S i ._F—-.——.'—_._—.—‘.’__. i
ol [ 1 . Dispersant A-61 14

0 400 800 1200

Shear rate ( s 1 )

Fig. 16 HAp A5 —&PSZRA T —D A WA & X8 O B4%



PNC TJ9601 98-004

| |

~ 120 i
n

« 100 1
o = .

80} i

E .

> 60 Dispersant A-61 114 =
g 401 Shear rate 400s .
O
@D oplwme—se . R ]
> .

0 S Y S S TS SN S RS S S S B
0 200 400 600 800

Time ( sec.)

Fig. 16 HAp A5 —EPSZA T ) —DF5E DR,



PNC TJ9601 98-004

Viscosity (mPa * s)

300
250
200

150

100

50

0

———e—| —®— HAp-20vol%PSZ

—A— HAp-40vol%PSZ —
| HAp-60vol%PSZ /0
—— HAp-80vol%PSZ

/’ |
~o~*™*" Solids loading 40vol% -
Shearrate 400s™

l 1 1 ' | l 1 1 1 l 1 1

1 l
20 40 60 80 100

Dispersant Concentration ( mg/ml )

Fig. 17

REBA T —DL5EHF & L HEEOB&G



PNC TJ9601 98-004

—
£

- O 60 I I : |
-~ 50
S Dispersant A-6114
'ﬁ 40  Shearrate 400s™ } |
I P
@ S0 % ------- % 7
o 201 L -
O % e experimental data
e 10 7+ | predicted data =
lu-). 0 | 1 ] | |
8 0 20 40 60 80 100
2
o

Volume fraction of PSZ ( % )

Fig. 18 PSZA T Y —@ARsE & il ik & O Btk



PNC TJ9601 98-004

! ' ! I »
e expenmental data 0
— of [ calculated data |
/)] (logn=1.108 +0.014 f) '
& 100 |- i
e Ef,: - ]
S’ 61 i
= T . :
— 4k i
m .
8 °r Solids loading  40vol%
2 2l . Shear rate  400s” .
10 U 1 | | | ]
0 20 40 60 80 100

Volume fraction of PSZ ( %)

Fig. 19 ZOHAIRBEEZRML:- & &2 OPSZHES $k#ﬁ}%@ﬂ§ﬁi



PNC TJS601 98-004

~&— HAp-20vol%PSZ
140| _o— HAp-40vol%PSZ I ' |

—— HAp-60vol%PSZ
~ 120 —e- HAp-80vol%PSZ //:7’ 7
& 100l // /’/ A
% 80 ,/ /,/ 7
B
w0 / !
]
3] 40+ ]
2 |
7)) 20+ 7

0 : Solids loading = 40vol%

0 400 800 1200
-1
Shearrate(s )

Fig. 20 RBHERBEASA SV —oFE)iE



PNC TJS601 98-004

30 : | : :

p—
>R '_“\0—0——0// _
n 20+ —
£
— 15} -
S
=
1] 10 . .
o] HAp-20vol%PSZ  (40vol%solids loading)
4 Dispersant concentration 15mg/m|
o — 5 f— —
>

O 1 { ] | i

0 400 800 1200

Shear rate (s & )

Fig. 21 PSZ%20vol%&Eir A 5 1) — D1 ABFHEE & 3550 B4R



PNC TJ9601 98-004

47 | I ! I I i
- R i
= ol ®
3
s 1000, 3
&6 3
s )i * ]
E} - ® J
o i 1
B 100, i
7)) b . .
— 6L ]
0 af Solids loading  40vol% :
g - J
ol ]
I
10 L . | | | 1 |
20 30 40 50 60 70 80

Volume fraction of PSZ ( %)

Fig. 22 PSZHAREATL v A7 L 3 AN — TEBOBE |



PNC TJ8601 98-004

Fig. 23  #M5I& LITRORERE O



PNC TJ9601 98-004

[X5U~®%@]

( HR/ (1 h)]
(74/t>7)
|
( 74 C A

@iEEh (48 h, 20°C
@=FERN (12h, 20C)

L@a‘—?“/ch (5 h, 50°C)J

)

BERE (470X

—5-)

|
gl
:k’“-—itl: 400°C ( AREE :

2°C/min )]

%ﬁ*kﬁs#
K&, 1000(: 1h

(Fm=ER)

BEhG
, 1300C, 1h

( Hmbﬁé ) {
SBEE 1 1300C =
BERS 1 h i
X E7 : 200MPa )

BERE (ERENTEE)

IR E O &l
EOEE | SEM
RHEfE & Ot

Fig. 24 BHEBRO-©DEREFIH



PNC TJ9601 98-004

[EERC

A7R—=7—

AR

« EAR AR EETRERICE S L TP ST v
c EAROD X Z ) —BOEEER IE108

Fig. 25 T4 vy v 7EBRK



PNC TJ9601 98-004

RERIE(So) DRITE
K& ABNEFE(D)IC & T 3 HEN LR

914E (D=0 {E) ///,45""’

D
Rb K (na) E5 & EIFRE(V) DS
R FHED Y ABNEED(s)

c® s

¢ V = Dd ‘
(d D ER T EREF 2 — 7 OIEEE)
5l & EWFEEV(m - s1)
i v (L EEsomE)
27 0—7—OEEHn(rpm)

Y

c > tls
[- slE EIFEEX — 5I%J:L7‘“IE?§CDH§E*]

'

(@giﬁﬁﬁm%xau~®%ﬁﬁh%ﬁguﬁm)

Fig. 26 BERMEOEZH




PNC TJG60! 98-004

------------ calculated data
(log7 = -0.848 + 0.166/) {— —
2|| --- calculated data Pt
~ 0 (logSo=-4.712+0.252f»)| #7
‘? 0 0-85_ o P £ ~<
0. ji -7 0 =
E o||Viscosity ‘ S/ _:7 é
> ‘ 0 b c
= 100 | . ) s D
4] 8t ’ - 44 a
8 8- . yield value| |, g
Rz T o =
> ol ]
Shear rate  100s™
| | | ] ] ] ] 1

14 16 18 20 22 24 26
Volume fraction of solids ( % )

Fig. 27 HAp 74 v 7R 5 — DR FIE=IZ L AREB X UBRKEOTL



PNC TJ9601 98-004

[ i | I

] I
- AR L
g_ °r Dipping slurry HAp ’ .79

4 .
~ HEie HAp-3vol%PSZ ¢ O~ i
7] i P .
8 2l .. ' - o -
§: e o
0 100,F e o E
£ 6 -_' - - - :
o & SETAE [— predicted data(green layer) i
% i e experimental data(green layer) | ]
3 21 - - - predicted data(sintered layer) .
o0 experimental data(sintered layer)

10 ! 1 ] ] T ]

20 21 22 23 24 25

Volume fraction of solids ( % )

Fig. 28 AKRFBESICBITAHAp DR FFollsk L HAEBE O BES



PNC TJO601 98-004

L

| HAp-3vol%PSZ

o~

HAp-3vol

praed

(b) BEEHEORENEER

Fig. 29 K& L HApBMHEOSEMER (AT — ORFFER ©
22vol%)



PNC TJ9601 98-004

| I I | ]
. 1000 -
8t .

£ 6f  HIPEEE e
3 4t Dipping siurry HAp . J
® - ZR HAp-10vol%PSZ .~ _.--'7

o .-

< 1002 Jprts 4
[ 8t - 3
< s° . -7 ]
whd L - -
o 4 .-~ |- predicted data(green layer) .
> " e cxperimental data{green layer) T
_S' 2| .- - - predicted data(sintered layer) .

0 experimental data(sintered layer)

| ] | 1 !

10 20 21 22 23 24

Volume fraction of solids ( % )

Fig. 30 HIPEERICBITAHAPDA 5 — & HAEEE OB



PNC TJ9601 98-004

@]
>
o
—

|HAp

I

BROHNERE

)

d

(

e
)
o
~—

HAp

EE

EROFED

& &

)

b

(

£234

DR TFFIE

IJL_.

7

HEDSEMEE (R

BERE L7-HApE

22vol%)

Fig. 31 HIP



PNC TJ9601 98-004

I i 1 I I Py i
. 1000 = [viscosity ® |
7)) 6: )
. af ¢ 15 5
© P 2
o O (o}
= T 5 yield value] 4 10 <
~— 47 —
100 | 16 o
= 8 o £ @
w 6- -4 —
o al O 13 0
8 A Solids loading 20vol% 3
S ol Shear rate  100s™ 1
10 U [ | 1 | U 1
0 20 40 60 80 100
Volume fraction of PSZ ( % )
Fig. 32 BEA 7)) —OPSZHRARIIN T A2 HEDL X URMRIEDZEL



PNC TJ8601 98-004

Layer thickness ( Lm)

10

Fig. 33 HIPBOR ICBITAPSZEEGREEEA T ) — D EAMEE DB F

sl | | | 1]
2L Solids loading 20vol% .l
ol EHR HAp-10~100vol%PSZ « |
2 o PRt
L O - -
o T

: . . _.,....' - - - |

o | Q-7 ’ :
g:____,... 0. - :
a7 .
c| SO (S predicted data(green layer) -
” e experimental data(green layer)

i -~ - - predicted data(sintered layer) i

o experimental data(sintered layer)
] 1 ] 1 |
0 20 40 60 80

Volume fraction of PSZ ( % )



PNC TJ9601 98-004

60V0I%PS

£

(a) BEOHEEE

HAp-
ENR et

HAp-60v0i%PSZ

by BEEHROFBNDEER

Fig. 34 HIPEER L7-HAp— 4Ovol%PSZ$7fﬁﬁ@SEM§§



PNC TJ9601 98-004

FBIENDSEMEE

w

— 80vol%PSZ

7=HAp

L

B

36 HIP

Fig



PNC TJ9601 98-004

PSZ

L R

Fig. 36 HIPEER L-2BHESEDSEMER



