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Fig.1.1 Schematic illusutration of HCP
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Table 1.1 Bending stress of alumina compacted by HCP and PC.

. Bending strength
Compacting process (MPa)
HCP 975
PC 724
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LRI NETORELIVF LR TEY, TSIy RIER /NS SO EEL
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Process HCP PC
Relative density of 63.6 64.2

pre-sintered alumina

Fracture surface |
of pre-sintered
alumina

Relative density of
sintered alumina

Fraqture surface
of sintered
alumina

Fig.1.2 Fracture surface and relative density of alumina, compacted by

HCP at 11,500rpm for 3ks, and PC at 1.0MPa for 10.8ks.
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Table 2.1 Properties of the alumina powder; TM-DAR.

Purity | Surface Average Impurity
‘ area particle size : (ppm)
(%) (mlg) (um) Si Fe Na K Ca | Mg
99.99 13.6 0.21 6 6 3 1 1 1

(Analytical values supplied by Taimei-Chemical Co.)

Table 2.2 Properties of the alumina powder; AKP-50.

Purity | Surface Average Impurity
area particle size (ppm)
(%) (m®lg) (pm) Si Fe | Na | Mg | Cu
99.99 10.4 0.2 12 6 2 3 1>

(Analytical values supplied by Sumitomo-Chemical Co.)
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Fig.2.1 Schematic illustration of preparation of slip.
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Table 2.3 Properties of the alumina powder; AKP-30.
Purity | Surface Average Impurity
area particle size (ppm)
(%) (m®/g) ~(um) Si Fe | Na | Mg | Cu
99.99 6.5 0.34 12 7 2 3 1>
(Analytical values supplied by Sumitomo-Chemical Co.)
Table 2.4 Properties of the alumina powder; AKP-20.
Purity | Surface Average Impurity
area particle size (ppm)
(%) (m*g) (nm) Si Fe Na | Mg | Cu
99.99 4.1 0.54 19 9 6 3 1>

(Analytical values supplied by Sumitomo-Chemical Co.)
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Table 2.5 Properties of the polystyrene spheres.

Average Coefficient Density
DYNOSPHERES | particle size | of variation of particle
(um) (%) (gfcm’)
$S8-922-P 92.9 1.47 1.049
$S-203-P 20.31 1.42 1.050

(Analytical values supplied by JSR Co.)



Table 2.6 Compositions of the slip.

Powder concentration (mass%) 3Q~80
Solvent (Super high purity water) (mass%) 20~70
Dispersion agent (Poly-carboxylic ammonium)
in powder (mass%) 0.6
Binder (Acrylic polymer) in powder (mass%) 0.1
Dispersion time (ks) 172.8
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Table 2.7 Composition of the slip after adding dispersion agent.

Powder concentration (mass%) 75
Solvent (Super high purity water) (mass%) 25~45
Dispersion agent (Poly-carboxylic ammonium)
~ in powder (mass%) 0.6~3.0
Binder (Acrylic polymer) in powder (mass%) 0.1
Dispersion time (ks) 172.8+0.6
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Fig2.2 Schematic illustration of High-speed centrifugal compaction process.
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Table 2.8 Conditions of High-speed centrifugal compaction pr‘ocess,

Condition a b c d
Properties of die p8xt2 | 910xt3 | 013 xt2 | ¢10xt2
(mm) Al arroy | Al arroy Glass Glass
Quantity of slip (g) 8.2 5.0 21.8 2.6
Rotational speed 200~ 800~ 1,000~ 1,000 ~
(rpm) - 11,500 11,500 5,000 5,000
Compacting time 0.25 ~ 3.0 0.25 ~ 2.0~
(ks) 4.0 4.0 27
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Fig.2.3 Schematic illustration of pressure casting.
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Table 2.9 Conditions of pressure casting.

Condition a
Properties of die Al arroy
(mm) ¢ 8 x t2
Quantity of slip (g) 5.0, 8.2
Pressure (MPa) 0.25~ 1.0
Compacting time (ks) 10.8
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Table 2.10 Condition of de-binding and pre-sintering.

De-binding temperature (K) 773
De-binding time (ks) - 3.6
Pre-sintering temperature (K) 1073
Pre-sintering time (ks) 3.6
Heating rate (K/s) 0.03, 0.06
Cooling rate (K/s) 0.04 (furnace cool)
Atomosphere (MPa) 1.01
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Fig2.4 Diagram of de-binding and pre-sintering,
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Table 2.11 Condition of de-binding and pre-sintering
De-binding temperature (K) 773
De-binding time (ks) 3.6
Pre-sintering temperature (K) 1073
Pre-sintering time (ks) 3.6

Heating rate (K/s)

0.001, 0.015, 0.03

Cooling rate (K/s)

0.04 (furnace cool)

Atomosphere (MPa)

1.01 (in the air)




1500 T | T | — T
. De-binding and pre-sintering -
| Heater type:TM-635 i
— Pre-sintering
é B 1,073K,3.6ks -
e - —
3 1000} .
@© 0.03K/s
™ - / -
]
g_ — -
Furnace
o B 0.015K/s cool =
- u ]
| De-binding —
500 773K,3.6ks
| i | i
0 20 40 60 80
Time (ks)

Fig.2.5 Diagram of de-binding and pre-sintering.
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Table 2.12 Condition of sintering.

Sintering temperature (K) 1073, 1503
Sintering time (ks) 5.4
Heating rate (K/s) 0.03, 0.06

Cooling rate (K/s)

0.04 (furnace cool)

Atomosphere (MPa)

1.01 (in the air)
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Fig2.7 Schematic illustration of alumina slip sampling.

252 LI I ONER ISR OB E

YR U7 p R R O VR AR B o A2 B E T AR, LI RN b N =R AN o
SR SDE, THETOBEBE>EY FESFIROEEIEL. WITER
EESAERET DI, Bl EEERICETAIET OB BRBERVIRLE.
I SR R L2 R R T, WO ABRRE MR B LT LIS BAROLRE, 2
FVEBEBOEEANAN —VEROTHIEL.

253 WMEEBIORE

B O B (R 5 B B A U A IR R B R D BT 0IC, (RBER RO WS B RUR
B ESEEELE. BRI FAREAL, FRBESLIC 3 AT OBSEIE
L, ZOEHEE .

254 K FFHREEOHE :

it (R DR B E R E L, ZOMERBEOR T HEELLTRE
R B LR TR, LisL, AL B TR R R AT, B
T 1 00 T T AV L, T DO R 0 SR IR Ko TR
R RBr RN RN, 2o CUTFIRT F B ko TR AL EER
B 7 i B I R T I R R R D T2



ETREZHEALT, WK THEORFAL &M CEEREL, REE n
L7, 2%, RiBkEERAOERLT, 2R EE n FRIETHEEBI, RIE
e @ % o Sk L EF B 313K, 86.4ks Pl RS CERSE 2, RREER
L ARE L, 0%, K25 BERL TR FREREZERLE.

me-mg4
= 100
or my~my (25)

oo 1 AR AR AR K
me - ATEE V

me  HEBBOREEER
m  RIFEZOEKRER

2.6 ARBERE P35 J UVEE R (5 1 0 B A 77 ¥
2.6.1 HRBEDOME

(R 35 F OB S (R D AR RE A 13, T A% AT AD IR IC LB KR EERICE
Tk, BFERAEALTESEER m, SBABEToRIS, KTHE
B BIOEBRERTEREmAHEL, R 26 CIVEEERDL.

my

Pc= pw — ,
m; -y (2.6)

oo o IRBERS(RE K me: KFEE
pv o REE m BEREER

MmMa %%EPE%

s FRREE K ICRTR 27 ZVEHELE. COR, TAITORERE KX
BN IZ Lo TROBNET AVITORKT EMEE AL TEE L ME 3.987gemE
R~

A
or= 100

pr o R BERE RO AR X

o, T ASTEREE




2.62 BIRENXE

W BT Lo THESN TV ARIEE RE M, BB BT RIEVE ST
EREOREEBESEDILICLY, 5% S 1R PR 0 e 0 43 HUB LUV T &2 B
B, BTG A b O MO TTRILEZ R 5B D THD. ZOFEEEATLE, #
SRR DOEMBIES THY, WM OEEEEADTLILEST, i 0PN

HROIE CEREN T ERIZRDIEND, BRI BN THLE DM ERIRD
EEZLND. BB NEOREBBLI OB Ik Fig28 33 1O Fig.2.9 (248 KH)
IR

incident light Incident light

Air

Fig.2.8 Schematic illustration of the principle of Immersion liquid technique.

Microscope X 240

///////////// Specimen, Alumina

Green compact
Immersion liquid,CHz 1z
Refrective index : 1.76 "\ Reffa;’t"’e index : 1.77

//y/////// PR L RN 4L
77 £ B

YRy B PR RN
SIS VPR R
ALY VYRR AR
LAY e R e
PR YEE L4
YR Ead P a4

L] >

o

Defecis =

(Pore etc.) \ 1/ -

~ -~
Incident light

Fig.2. ¢ Schematic lustration of method of Immersion liquid technique.

o



ULasl, B A G0 FiEs A LERBENEOBEZIZET 2R E DR,
17 HCP RIB N ICEET B ROV AR MSNEE X DT LI T B
D EBERBE~OISRAIREERESNLTHARN. £, ZOFEZRFEOR
SIS AT ALED — A ERELGELESE SN TN, ZITAPFR T
FREERILT, $TRIEELEOELRET AIFRGE~OEHIELRFIL,
YN R A ORESIEIT, ZORBEREHEITRT.

2.63 RMEBIOXRMEBEDORE
Mﬁﬁﬂtbfgﬁﬁ%%W%WMéﬁTﬁ%%ﬁ%F%ﬁw R AERNET DO
VS FEMETET A0, REEE THMNLOERRN 0~15mm & RRLE

O EEES 300~700um)EER L. BENEARBHIOWT, 262 T

REBEBELEZAVCCREYTo/. ZOBOBELMHIIE 4 ETHMITES

2. KMaBROBIEERTILXE, BIEHFERI30MH CHp10fF) TREDOMEL 8 VT

G EmE 25smm)EEBEL, BREShERROTEEI Yo — FEBRMETY 7

NEE AL THIEL . , | |
£, EFAREEAL LR ELBETSHE, B 10mm ORI EE RS

L, R T AR B R LT, R GOR THE,LLOE

BEA 0~10mm OB ICOWVWTSE 5 BF T oBELTof. TOROBRERIER

VD SARIR AL A LRI 130 fF Gt 10 fH& L7z,

/

2.6.4 TREOBLE

Be s (K 36 1 OMRBE b o0 ML L 22 vk, BRI B B E B 1 B SL(FE-SEM)Z
ERLTRBEBLOEEGEORTRELTo . BRMOMEIL, REHTHE
FOFEESICBOWCHE FMEEER T RISV REE AR, RESED
DEFEHLT.



2.65 KEFEHBESOHIE

R RO MR IE L LT, o — A E R M E L. RBHIBE R RO FE O
RrEETEEY 0, 25, 45Smm)% ELE 7 L RE 25 A TESK lmm THIMTL, #i
2 15~3um D& A Y B P K2 E AL CHEEICARDETHELRLE.

WIE L, RBRAFE 494N |, [E TR TIEE Soum/s , fif ERFFRFM 155 TH
%R AEE TS BEBICESHWTRBRITES 988N &7 2&, RERBNENT
DEMRABINELNRNBZRRHY, —H TRBHMEL 988N &7 HLERN
NSRBI EBE N K ELARBIEND, R E 494N ELTHIEERIT o7z, FRBC
S 5 AFFOBSEHEL, ZOFHEEZE y D —AEESLLT.



@3 REFELNG L REREOBIR

Ao EEREBHO—DIL, HCP B ARG &SRR B LE
BRI RLILTHD. OO, RIG & kD — oL L THE & 2T &R MF
OREEZFANTEREITOLERDY, B U IR IE B DB E Mo TR
FhRlebe.

ZroAETETHEHRFILT, BWRIHEICERL, WEETERTD
B 2 2B ARfE LIRSS E O BRI T D,

31 RIEEMICEEEBIETIRF OB
(a) BB IR B

7 L33 % TM-DAR ZEUBEL T, RITREZ 12~50vol%& R Faiz 2 LS E T
RIEREL, TOEEL 1.92~383s LI SR ERRIEL R R E Fig3l,
Fig3.2 3L X Fig33 (Rd. Figll TR BE R B A REEhI, Fig3.2 BLU Fig33
TR E A RIS S, Fig33 IXFE TR

1 | I ! ] | I l !
6000 [~ Ajumina powder
TM-DAR

Shear rate (s')
B 1.92

3.83

9.60

19.2

38.3

76.8

192

383

B

o

=

o
!

4<4@EOp»P>O@O

2000

Viscosity (mPa-s)
1

0 01 02 03 04
Volume fraction of solid ¢

Fig.3.1 Relationship between slip concentration and viscosity of alumina slips

prepared with different slip concetration 0.23~0.5vol%.
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Fig3.6 Relationship between shear rate and viscosity of alumina slips prepared with

different concetration of dispersion agent 0.6~3.0mass% (logarithmic scale).
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Fig4.1 Supernatant(clear zone), slip(free fall zone) and sediment(collapse zone)
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Fig.4.3 Volume fraction of solid and at each elevation of alumina slip

" (TM-DAR, 43vol%); compacted by HCP at 5,000rpm for lks.
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(TM-DAR, 43vol%); compacted by HCP at 5,000rpm for 3ks.



Fig.4.3, Fig4 43 LU Fig4.5&Y, R e T O TRIEIREEROEEICEDLT,
D B bR I I NI IE 00 LB R I AVED, R ORImEEbIC L
BRI T\ 5. B, EE IS A S LB A BIRIE L R R, i T e [
DI Lh 72> TEL 2D, 0 —F TILEEIRIEI RS,

7 WEEESOREREIZIZEAS R ELELIRALN, R T B R 0D 8
MIzeh oo THhTNERMLTEY, B0 ARAREARELETTND. =72l
FE 25 fE IR o0 ¥ BE 4y AR S B L T, ExHMICETIAREMENRRAE TR
HEET—EMEELDLEELT, & LB =D BT B IR EE R R M X 5
D IRIEIE FE63vol% s L TRLTHS.



422 REOERESHCEEERIETRTFOBKREY
(@) B R

3@@&?%‘:0)iﬁé?’ll/iﬁ‘%ﬁiAKP-SO(O.Zum), - AKP-30(0.34pm) 3 £ TUTAKP-20
(0.54um) & 73 WS, O d3volels L - RIE R AL T, M EEK
5,000rpm T 1ksF HCPE AT o 72 1%, 4218 AR T 8 & 5 Iz BE 3 5 TR A R A 4 A
EE T i RE LT NFigds, Fig.4.7:¥SiU“Fig.4.8bl7T<T{::“6‘7’/1/‘:'3**5}3’3
AKP-20Iz ST I, B B DML DRy AT HE R TR R ES, R 7 B i 1ks T
RN FEITK T L TN TzdI, T B R %2 0.25ks L SRR EL T2

60 ] I ] |‘ |

H . SR, 5t

Elevation (mm)
w
o

i
N

| Volume fraction of solid ¢
Fig.4.6 Volume fraction of solid and at each elevation of alumina slip

(AKP-50, 43vol%); compacted by HCP at 5,000rpm for 1ks.



60 —
50 Initial height of stip L |

’é | ]

E

Ssob i

5 | T ///g//////

0 0.2 0.4
~ Volume fraction of solid ¢
Fig.4.7 Volume fraction of solid and at each elevation of alumina slip

(AKP-30, 43vol%); compacted by HCP at 5,000rpm for 1ks.

0 0.2 0.4 ;
Volume fraction of solid ¢
Fig.4.8 Volume fraction of solid and at each elevation of alumina slip

60 ———T——T"
g nitisl heigntof e L )
’é L
£ 40% _
c .
S30 i
m -
> 2R
I_%zo ............................................. |

(AKP-20, 43vol%), compacted by HCP at 5,000rpm for 0.25ks.



Fig.4.6, Fig4.74 X U'Figd 8489, YR FROBRLITAITHREERLZS
& AEORKERENRS DML THD, WA L4211 FEEOE A ERLT

Y

By, BEAEELRRLNZ.

(b) V& 7% B

7 L3 F R TM-DARE 2 S ¥, 4] 1 B 2350, 328 LU 23vol% e B2 DI 4R
2 E LT, A E S % 5,000rpm T ks HCPZ AT o 72 1%, 421 FERIZE ST
BE 3 % JR 4 o B 4y A I FE R AT o TS RE T T NFig4.9, Fig.4.103% K U'Fig.4.11iZ

K9

60 1 l 1 |

Initial height of slip

]
1
]
3
3
]
1

N9
o

N
o

Elevation (mm)
W
o

//////

0.2 0.4
Volume fraction of solid ¢
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Fig4.12 Volume fraction of solid and at each elevation of alumina slip
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Fig.4.19 Relationship between volume fraction of solid

and distance from the bottom of free fall zone.
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and distance from the bottom of free fall zone.
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Fig4.21 Relationship between volume fraction of solid

and distance from the bottom of free fall zone.
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Fig6.3 Alumina grain obsereved in bubble type defects by SEM.
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Fig.6.5 Relationship between concentration of dispersion agent of slip

and number of bubble type defects in alumina green compact.
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Seeking crack SEM (x 5.0k)

Fig.73 Defects observed in the sintered sewing machine part made by condition b.
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Seeking crack SEM (x 5.0k)

Fig.7.4 Sintered sewing machine part made by condition c.
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Fig.7.5 Fracture surface of the sewing machine part.
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&0 ¥ (High-speed Centrifugal compaction Process : BLF HCP & ¢
%), BIEHTHRARELDIZ, £€BICREREEE, 10,000~20,000g D i
NEEASTETHRREZHOER B¢, BELSM LU COREAEE 25
THD. JOBRERER, RO —BHORBAARBEICEARERBICHEPD
RAEDOEEAEDGB LN 9, HTORBICROFMUB RN L5, BT
ZRBRELBRWRAY bz THELAEETH S Y. £z, HCPRBEAAEZ TK
WK 7V I FHERICHEHAINTNWS 99, Zd HCP 7))V I ik, # 1500K O
KRR THEDVITEETH b, 4 HEITHRE D40 1000MPa ZR TR EERITEN -
B EEZFED Y, COLS BN/ E2 R T HCP B2 DR 2 K
CHRT 22 Lid, WETEMOBIECENEBREEHIVWIEEII v I
WREZEBRRET 2 HEL UTKESRAREM2ET2LEI 005,

ok, BEAER, WC 2ELT3RILYBREZSE, 200N, vk
COHBEREZ/HEMICHWTHARE L TE N2 EETH D, HHARK
AOETCEBERREEER OAEIER, FHLIhTWE 9,

BEAEHMORM AR, HBoMMEIEREERD FTEERNR
FHTHHILREIETERV. ZTOBAICYL > THRES Wi BENEE &
B, TURFINDIERAY —F IV —LDTbkEN L FREDOTEME
ELTEFEZHAINTNS 2, BN BEASEERT CRABREMET T2
B, BETE, BEETCHERMECEN, GRETHIDT, MINTHRTED
MM ELTUELEREI LTS .

UL, REBRKOERREP NI RD L, BROLKEBEEIAEL RS
KIE->T, BARBREOME, TRhbBRTOREDPTMYIEDIOREREHE
L<ab, MOBNDPEREICRDY, ~BOREX L2 7V 2ARETCE 2
ERERCERMOREALE2 2 LRESCRS. 72, SESBMICR 2
FE, —ATHEERMBICHT 2RZEPERTIOT, RERCEBAIhER
fan, BERAEDOBRIEICREREE2 RIFTHRICRS. ZhiEME WCHED
FINTIEERWEEZ SRS,

TIT WK WCRAEIZHCPHEZEN L, WEPDERBEOREAEE L F
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RIEEICE, RELAPTERBEELERNRBED - >hd 5. MEBhE
EWHDPORBECAET 2 A% LR, SREICHRCTBAEDS HEE
HICREN TV S, Zhid, MFOMICHBIED 2 VN LV —BAET 2
LD K THEEZE LSHBL SR KRORBM DA LT 205 ThH 3.
ZDRRIE, KT RNIER BT SRS,

TIT, MM WCBERRIRET B HEL LT, LD kB ED S H
AWMTHBLEEZBNE. LAL, BRUCLMELDS. BRAEOBADH
BAR, EEMMENCLTHE. ZOMICBREE WCHKORBICEAL
ERETEINBZMEL LT, BROBME, 300 MEQEREBH & WC 5%
EOBME, BHVBHADLESKZ VDI AREDRES B 5 = &
BRIEEFBTFOND. L LERTE, COL3RABZELE WCIEED
BB L TS EE, WCIBEROBR 70+ 2 BT 2 AN 553
CALHESNTOARN. 202, BED WCBEASHITLAYERT
VAZIDEEINTVWBZLERLTWEIDE LRRL.

1.3 HHE

AT TIE, HCP % B0M WC I 5K 12 L, 970 ¢ K B8 O AR RO S &
&EBHILEANLT S,

T, MO WCRIED 5 B DBE® 7\, KM H 72 VEAE T B 1 % e w7
3. ORI, BEREBIAER — BT 5 HEL LT, MBESEEEREL, 2
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MR DGRBS L UM% Table 2-1 IR/ 7.

W2E JFMBEBIUERA®
2.1 BAREB LU Rg s
AT TIEHR WCHKE LT WC-10 (BAFEBEAS) 5 H AT 2.

Table 2-1 Properties of the WC-10 powder.

Chemical composition Ayeragg Density
Impurities[mass%] WG particle size [g/cm’]
Fe Mo ‘ [um]
<0.020 <0.010 bal. 0.98 15.50

WC DB, X272 L ABFRy MIFEMAO WC B K L BER—L %
Ah, Rl IVCHE, BEERS.

Fig2-1 ZAMBIC BT 2BEOMEEB L VOSEUEEREZ R THANTH
2. T, Ky M WCBK 250g & BEER—)L 3252 # AR, 110rpm € 1.8ks
EESE, Ny OBEEIE WC BRENBEIES. WICWEE 9%0g M2,
110rpm TRIERNMEIEI ¥, WCHERZBET 2. BELEH 0D UHEEICR
IR TBVEIHAB L USRI 2 Z T, 110rpm T 172.8ks g X B,
TLICWCHEREZBHL, BENCAHRIEREEL2E3.

Table 2-2 IZJEHE DFHRL 2 R 7.



Fig.2-1 Schematic illustration of dispersion process.

Table 2-2 Composition of the slip.

Powder concentration [mass%] 67
Solvent (Heptane) [mass%] 33
Dispersion agent (Sorbitan monostearate)

in Powder [mass%] 0.1-0.9
Binder (Acrylic polymar) in Powder [mass%] 0.1
Milling time [ks] - 1174.6,345.6,691.2

REOHRB IR EOBIED S EDIT~NTHF > (CHs(CHy)sCHs i =
99.9%, Frifb T8, MR 28R 5.

ABENIZVNVEIVEIRATFPL—ND(FASATRAIHAE) EZRHWS.
VIWES U EI ATV L — M, VERIZRMTAWMCHEDPLULOHNTH 2 35¢
RICFiEER AN, BHMALESCRBT2ETHS B TRBT 5. |

HEFCE 72U NVEY v — (hRIEATER, YVAKRSF SA203) 2H
Wh.



22 BEBEORIEE (HCP)
I E ORI (High-speed Centrifugal compaction Process : HCP) O FJE#%
Fig.2-2 2/ 7.

Upper clear |
. ] [1water |7 ]
Slip |
1
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§, . compact
) = mp
=
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Setting Applying Removing Taking out
centrifugal upper water green compact

force

Fig.2-2 Schematic illustration of centrifugal compacting process. (HCP)

AE 8mm, SME 2mm O PNV I =y A SHAESMICRERH 10g Ah,
B —% —RFED 120mm O EFEHHROM (X REEEFE, PM-11 ) (2458
ZREL, 5000rpm QEOFIZ 3.6ks BIFH S22 L THRELE. ©83R
REZANDHIZ, HODPUHRAFT 7Y VEE T —7 )L I BB UTHEX ¥
RBBECANTERL, SHOANBCHENENES Y TE L. Z DRI
Chh B BONIEE 18D Bq.2-1 1065 .

BIERIZ LBABREL, WKL PSR L THA L, $8mm X 20mm D

K255,



23 BiA DB KOS

BIEARIE, 52 313K DWIRIFNT 86.4ks AR T 5. Z D%, Fig23
R EB DA ORMLE 275 /2 H S > U HE LR CUBEERE 773K,
{FFFER 3.6ks DA > &ATV, WICWEERE 1073K, (RERR 3.6ks O b5
175

WA 5 B X URGERE D% Table 2-3 ICRT .

1500 — , —
De-binJing and pre sintering in vac.
Heater type : TSH-32S
E' i Pre-sinterin 7]
‘5" 1073K,1.8ks g\
5 1000 _
- 0.06K/s
©
1
o — .
3
0.06K/s
2 500 - "/ De-binding  Furnace
773K,3.6ks cool
I | ] | ! | |
0 10 20 30 40

Time [ks]

Fig.2-3 Diagram of de-binding and pre-sintering.

Table 2-3 Condition of de-binding and pre-sintering.

De-binding temperature [K] 773

De-binding time [ks] 3.6

Pre-sintering temperature [K] 1073

Pre-sintering time [ks] 3.6

Heating rate [K/s] 0.06

Cooling rate [K/s] 0.04 (Furnace cool)
Atmosphere Vacuum

- 320~



2.4 BERERDHI W
B BRI MBI O THRMT 25, BRI 2.41~243 OHEEIENR
BEI L, BERNIC 243052 BALTWA.

24.1 MHBRIEBKIC X 2 ER0E

Fig.2-4 IR T LD ¥/ —)V (C,HsOH FifE=99.5%, FilifhZ T¥sE 8,
AR ISR 7V M AKFTY) (Co(NOs), « 6H,0 HEE298.0%, FilMb%® T
R, HERFR) 2EPL, BBV MINTZY ) —VEBEHRLTE. 2O
IR & ) — VIRV IRBERS (R &2 A, 3.6ks I ZRAUHE L, 86.4ks B ¥
L., Wi LTty —VEREALZHERE, ABOBRLEHSEZDTHS.

Evacating
Saturated ethanol

solution of nitrate ' 111 Pre-sintered

compact

Dissolution Taking out air
in pore network for 3.6ks

Fig.2-4 Schematic illustration of impregnation process.

COTRIZL>T, Ebdhizan)V MNESITHTS2LEZIONDDT, KIT
TN BB TAEDIC, Fig2-s KRTLORCEBRF (V) a=y bEHAT
B TM-6358) 2AWT, KEFZFEST CIEE 1273K, K 10.8ks DINF
PR Z TS . KEBRTCUE DA% Table 2-4 IZ7R7 .



1500

I I i
- Reduction in Hz !
Heater type : TM-635
g
<1000 |- .
T Reduction in Hz
5 973,1273K, ]
g_ 0.06K/s 10.8ks
Furnace
ﬁ 500 |- cool —
l | ] | I | i
0 10 20 30 40
Time [ks]

Fig.2-5 Diagram of reduction process in hydrogen.

Table 2-4 Condition of reduction procéss in hydrogen.

Reduction temperature [K] 973,1273
Reduction time [ks] 10.8
Heating rate [K/s] 0.06

Cooling rate [K/s]

0.04 (Furnace cool)

Atmosphere

Hydrogen

2.4.2 THEERIEENIRIC X BEELE

BIHDAELIDZ <O M Z2HINT 5 EHKNT, Fig2-6 IR T & 5 0B
22V Rk INBENAR U, F OB ICRIERSR E A N,0.3ks B S EMEE L,
86.4ks #4892 . Z D%, BITH L B ICKESES T THEE 1273K, B 10.8ks

TETMEZTVEE Co BIFHEE 3.




Evacating

Solution of nitrate T Pre-sintered

compact

-

0

% .
R A ;
Dissolution Taking out air

in pore network for 0.3ks

Fig.2-6 Schematic illustration of impregnation process.

2.4.3 MHERIEBIEIC X 2 IMEESELE

HIZHEOAEELDEBIRZL DIV 2R BT —CHmNT 32012,
Fig.2-7 iIZmd X510, 9 MEARME L ZHEEBI NN M 2 RERAKIS 0.3ks B
BL, ZO0RB2ZMABACRBLAZEI P NVI =YV AGSHNOEABASBIC AR, £
&b 1.0MPa DHEMIZE& % 1.8ks Bk > THE L, 5 h =3k % 86.4ks [
BEED. REOETCULEIL, KREESP, HE 973K, KM 108ks TH 5.

X, COMEERAFEZIHEB= v 7 VK (Ni(NOs), - 6H,0 #iJE =98.0%,
Frilfb® TERRNSHE, AEER) TLoTdiTVn, EB- vV EHIHES
BTW3B.

Evacating _ Applying pressure
Solution of nitrate lTl Pre-Slgé$red

COITIP 2 y

=

oA

0 0 O

A A R I

i

Dissolution Taking out air Impregnating nitrate
in pore network for 0.3ks in pore network

at 1.0MPa for 1.8ks

Fig.2-7 Schematic illustration of impregnation and pressurization process.



2.5 KERS

AHFRTIE, BAF (V) T2y | EEHT AR TSH32S B) © 0 HZE M
FERTS. BT OLES Fig2-8 12, &M% Table 2-5 2R 7. EEEK
BErGfhd U BERBH 2RI L A 2HNWS. 3, INAEE 0.06K/s T
FREDIRE (1623-1823K) F THIE L T 10.8ks KL £ 1T S .

2500 [ | ] | 1 | | | I l 1
Sintering in vac.
[ Heater type : TSH-32S 7]
2000 |- Sintering in vac. —
o 1623-1823K,
it - 10.8ks =
-
= 1500 _ —
S
2 T | :
£1000 |- 0.06Ks ~
Q
= 5 Furnace_
cool
500 |- —
I M T N T IR N R A

0O 10 20 30 40 50 60
Time [ks]

Fig.2-8 Diagram of sintering in vacuum.

Table 2-5 Conditions of sintering in vacuum.

Sintering temperature [K] 1623,1673,1723,1773,1823

Sintering time [ks] 10.8
Heating rate [K/s] 0.06
Cooling rate [K/s] 0.04 (Furnace cool)

Atmosphere Vacuum




2.6 JEHED S EMED I
2.6.1 PIRER L ORESHEOHE

A7 AT R RE 25 %8 F BE 485 (FB-SEM : H ST BLAEFTAY S-800H &) B 6 L T,
R R B X OB D L 2R (DB B L OSAFIENEL) 28R
MECLh, BIYT 3 A28 T5. 2058, BEMEFTY 7 b
(Image-Pro Plus) %M L, KfEH L WESHENET 3.

262 EBEHEERIUCHREBRAORKES DHIE

PR I Fig2-0 1SR T & 5 10, QWA D A M & VRN U e R i % B &
100mm B AZXS ) V¥ =z b, fiEBHBRE LT u”f;%%?iﬂ[‘%ﬁi@?%é Z
ET5.

X7z, WCHRRILEIRSWVWEYD, EX 100mm DRI 259.2ks BT %
EFATHTFLHUBELTULES. 22T, 259.2ks B S ¥, EBAZKREL
HBRAREIZWETS. CORBKOES 2HANRBRKRREZ LT 5.

. Measured
e height

Fig.2-9 Schematic illustration of measuring sediments.

’4 ~ 100mm



263 EARBKDR 7751 0 W |

EIRVERE O DR T AR, 259.2ks BRI & & 72, SRS & U MRET
BEWEL, WEAOKAEL DB <. Bq2-1 RkHADN 77 %% %8 < 5
2T . TOR, WCDEEIX 15.5g/cm®, N7H5 > DBEEIE 0.684g/cm’ % i
3%,

ds=100/{1+pwe(A/B-1)/px}-++ (2-1)
ds: HARVEBBR DR TR [%)
CABHIER [g)
BHZIBIRER [g]
pwe: WC DHE  [g/em’]
pNT Y L OFE  [glem’]

27 BIBHOFES X CERBIHIO A R
271 BIAROR TR IEE DR E

B DM FRBEE, FERKKE 7 V¥ A7 2 OFEE BNk bE %
Lo THET 5. Bq22 R FREREE XY

dg= 100p4A/p(C-B)-++ (2-2)
do:REARKL T RER  [%)]
pwKEE [g/em’]

p:WC DEE  [g/em’]
AZESHER [g]
BIKHEE [g]
CIRKEER [g]



272 BRIEE

BRTEARE R UHEREBI A 2 RN L B BRI, AR T A A T B
Wigi (FE-SEM : H S %UERTBY S-800H %) % i F 4 2 . B BB, s
BT 2 R PUBAS L UBERBIH 2 W0 L= M %, BIEAE GRoh ok f+
B I3 UC BB RS U O E 55 S

2.7.3 EDX 447

BERBIAI DD ARIZ T2 F— DB X BAHEE (EDX - Y 15 B R P B
EMAX-1700 22) 2/ U CHRET 2. SERHE, (HEERE, st a) ()
BROAEER L OKRETNEBORN» KK 51 (BEOHDERT 2 H5H)
CRNUTERECHEBSEERE2 A2, 25, FABIC BN TEmREME (F
H72 5 0.5mm AHER) & FLEBD 3,000 1% DB |- ¢, H2HIC K > TIFS.

2.8 BERS IR D BT
281 MHMEEOHEE

EmEE, 7’)1/#)(?Z@Jﬁ@%ﬂﬂ\?ﬁﬂkdﬂ%%%czic'(‘?ﬁﬂﬁ??‘%. BEE
HIXEE 18D Eq22 LALTH 2.

X7z, HNEEIEE 1 80D Bq2-3 X hatET 3. Z DK, WC OBEIX
15.5g/em’ TH % . BEREBIFIE LT Co BEC NI WML = B DEEIL, B
AT DRI 2B N B L ORsmE = YT IWVDKIMDB T RTEHRL
EREVCEHALERER LD, WC-Co B L " WC-N; DT NDH 15.47g/cm’ B
"ohs.



2.82 fHRkEg

B RO, EAREFHEMSE (SEM @ B2 BERTE S-3000H2 &) %
AL, ELEZMELTHERZT 2. 2oL, ®EAE (BOHOERT
M) CRNUTEECTERL, 15~025um O A YT RER2ZEH L CHE
HiZE EFTBL. 5, NAZR2 2D, B—0DAEE LT Table 2-6
WARTHBROBEASEAMICLD 120s BEEZITV, FEE_DAFEL LT
iR 1523K T 1.8ks HZABEEUE 2175 .

Table 2-6 Composition of the corrosive solution.

KsFe(CN)e [g] 10
NaOH [g] 10
Super high purity water [cc] 100

2.8.3 X #RMET

HERE AR D W T 2 (B PR XA E (JRX-12VC : HAREFAEE) £
LhEETS. AREIBELTRICH U TEECYR L, 15-025um O A4 ¥ E
S RER Z6H U CEEICE BT T <. XBREHF DR % Table 2-7 IZ7RT .

Table 2-7 Conditions of X-ray diffraction.

Target Cu
Filter Ni
X-ray tube voltage [kV] 40
X-ray tube current [mA] 100
Scanning angle [degree] 0.02
Divergent slit [mm] 1
Receiving slit [mm] 0.4
Scanning range(26) [degree] 30-90
Scanning time [s] 5




284 REZEHBOUE /

SRR R, REERS K, BER AR ORE, BRUOEKEDOZELITDONT,
MBAETRRIBIZIELCLI>THEONSI _BILREIZAD»S, AHPICEE
NEREBZWUETS. 20K, BERUNOEEABEZETREEERICT S
f= DIHIRIC R LTIt W 5.

2.8.5 P LCHIEMMEEOWE

XIS 7oy h— 2B BE (MRE#EE MVK-E &) 2 A
WTHT S . ABHI B AR RS2 UM L, 15-0.25um O ¥ 4 VY E L FERK THE
Bt L CHAT 5. MRS, RBRHE4.903N, HERE 15T, &)
RHZ D 10 HOWERITS . Cy A—REEOHHAE Eq2-3 CRT.

Hv=0.1891(F/c%)+++ (2-3)

Hv: Y v h—A@S

F:8BRAEE [N]

c: EEONAKREZTDOFEY [mm]

W, BREEBIMME Kicld, 774 v Evh— WS KR (RIOREHEA S
DVK-2) 2HWT, EvhA—2FRBELCLDUE TS, WEEHE, HBREE
98.07N, TfEME 70um/s, HERRH 155 T, FEBIEDE 5 HOWWEEITS .
WEMME KcBEHR (23 2DR) % Bq2-4 IKRT.

Kic ¢/ Hv /c*?=0.15k(a/c) %+ (2-4)
Kic : BEESIME(E  [MPa - m'?]

a: BHEIOEHEDEH [mm]
¢=const.=3

k=const.=3.2

- 128~



3w REOHE
AETIE WCHBKOEROAMAEIOWTRE TS, T 31HTER—
VIR LSRR ROMMES K THESFORLIEOVWTHET 2.
W 32 HTR, WREERNEL, $rBLTEARBRACEE LTRED
FBELCOVWTHAET S, 5L 33 HTH, RERLEREZITV, BEED
BT AREROWUEL KCHHEOBEZTV, FBAFTNEOREIDONTHEA
T5.

3.1 BRREORE

3.1.1 FEERER KR ESR

JFRS K % FE-SEM THIE L L 25, — W F R 25 < £ (aggregate)
U, ZRETEEBRLTWEZERHELSDPRDT, RV INCIOHBEER
P 5. BB IS HEERZ 0-691.2ks 2L X B KO E% Fig.3-1 KR
T. FZ20RBOTEHKREDEE Fig3-2 WRT. 2B, oBHFEMEL
1.0mass% T & 5 .



o
\.

o
o

o
o

o
»

Average particle size [ m]
(=]

w

[

x

0 200 400 600
Milling time [ks]

Fig.3-2 Average particle size as a function of milling time; milled for 0-691.2ks.
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Fig.3-3 Distribution of particle size as a function of milling time;

milled for 0-691.2ks.
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Fig.3-4 Relative densities of green compacts as a function of milling time;

milled for 174.6-691.2ks.
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Fig.3-5 Fracture surface of green compacts; milled for 174.6-691.2ks.
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Fig.3-6 Height of sediments as a function of time; settled for 0-259.2ks,

dispersant concentration of 0.1-0.9mass%.
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Fig.3-7 Relative densities of sediments as a function of dispersant concentration;

settled for 259.2ks.
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Fig.3-8 Heights and relative densities of sediments as a function of

dispersant concentration; settled for 259.2ks.
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Fig.3-9 Relative densities of green compacts as a function of dispersant

concentration; compacted at 5,000rpm for 3.6ks.
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Fig.3-10 Fracture surfaces of green compacts; compacted at 5,000rpm for 3.6ks.
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Fig.3-11 Potential energies present in an aqueous suspension of colloidal

spherical particles.

E=nD’psgh/6-*+ (3-1)

Ey=-nD’pigh/6+++ (3-2)

E, : gravity

E; : buoyance

D : diameter of monosize spherical particles
ps : density of spherical particle

p1 : density of liquid medium

g : gravitational acceleration

i ¢ height of particle from surface of the carth



Ea=-A{[Dz/(H2+2DH)]+[DZ/(H+D)2]+1n[(H2+2DH)/(H+D)2]}/6--' (3-3)

Ea:

Van der Waal’s attraction energy

A : Hamaker constant

H:

distance between two particles

E,=16meeoD (RT/ZF)*tanh*(ZF$/ART) * In[1+exp(-xH)]-++ (3-4)

E;

: repulsion energy by electric double layer

¢ : relative dielectric constant

€0

< m N 3 "

: permitivity of vacuum
: gas constant

: temperature

: charge number

: Faraday constant

: surface potential

1/x : double layer thickness
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Fig.3-12 Schematic drawing of three modeled slurry and cast layers having different

aggregated structure of particles.
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Fig.3-13 Compressive yield stress as a function of volume fraction of solid.
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Fig.3-14 Photograph of green compact; compacted at 5,000rpm for 3.6ks.
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Fig.4-1 Fracture surfaces of specimens without binders.
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Fig.4-2 Fracture surfaces of specimens with Co; impregnated with

saturated ethanol solution of cobalt nitrate for 3.6ks.
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Fig.4-3 Fracture surfaces of specimens with Co; impregnated with

solution of cobalt nitrate for 0.3ks.
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Fig.4-4 Fracture surfaces of specimens with Co; impregnated with

solution of cobalt nitrate at 1.0MPa for 1.8ks.
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Fig.4-5 Fracture surfaces of specimens with Ni; impregnated with

solution of nickel nitrate at 1.0MPa for 1.8ks.
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Fig.4-6 EDX analyses of specimens with Co; impregnated with
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Fig.4-7 EDX analyses of specimens with Co; impregnated with

solution of coball nitrate for 0.3ks.
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Fig.4-8 EDX analyses of specimens with Co; impregnated with

solution of cobalt nitrate at 1.0MPa for 1.8ks.
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Fig.4-9 EDX analyses of specimens with Ni; impregnated with

solution of nickel nitrate at 1.0MPa for 1.8ks.
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Fig.4-11 Thermally etched cross section of WC-Co;
sintered at 1623-1873K for 10.8ks in vacuum.

-159-



Fig.4-12 Thermally etched cross section of WC-Ni;

sintered at 1623-1873K for 10.8ks in vacuum.
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4.m

Fig.4-13 Thermally etched cross section of WC without binders;

sintered at 1873K for 10.8ks in vacuum.

WC-Ni
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Fig.4-14 Chemically etched cross section of sintered compacts;

sintered at 1873K for 10.8ks in vacuum.
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Fig.4-17 Photograph of specimens; impregnated with Co or Ni.
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Fig.4-18 Photograph of WC-Ni sintered compact;

sintered at 1873K for 10.8ks in vacuum.
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Fig.4-20 Isothermal section at 1673K of W-Co-C

ternary phase diagram. (Rautala etc.)lg’zg)

5 6.4 6.3 6. 0 5.
So0ER (WC FRK) (%
{

5.4 53 52 5.1 50 49
KRR (%)



Fig.4-21 WC-16%Co cross section of WC-Co pseudo-binary system. (Gurland)**?%
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Fig.5-1 Vickers hardness of WC-Co sintered compacts as a function of sintering

temperature; sintered at 1623-1873K for 10.8ks in vacuum.
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