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Grain Growth in Sintered ZnO and ZnO-Bi,0; Ceramics
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Tetsuya SENDA and Richard C. BRADT

Abstract

Grain growth in a high purity ZnO and for the same ZnO with Bi,O, additions from

0.5 wt% to 4 wt% was studied for sintering from 900°C to 1400°C in air. The results
are discussed and compared with previous studies in terms of the phenomenological
kinetic grain growth expresson;
G"—G,"=K,t exp(—QRT) .

For the pure ZnO, the grain growth exponent or n — value was observed to be
three while the apparent activation energy was 224 + 16 kJ ,/mol. These parameters
substantiate the Gupta and Coble conclusion of a Zn?* lattice diffusion mechanism.
Additions of Bi,O; to promote liquid phase sintering increased ZnO grain size and.the
grain growth exponent to about five, but reduced the apparent activation energy to
about 150 kJ ~mol, independent of Bi,O; content. The preexponential term K, was also
independent of Bi,O; content. It is concluded that the grain growth of ZnO in
liquid — phase — sintered ZnO — Bi,O; ceramics is controlled by the phase boundary

reaction of the solid ZnO grains and the Bi,0; rich liquid phase.
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(381)



132

Z DOERDHEAICTE TH B35E1CIE, FEEENK
EWIEBRI/N PRITOHARICEIT R L, WAERNEIK
gL, HEBHAREVWRFOREICHEREBL, BREL
TRELRTFIZL DV REC L YD B LR FIIHEET S
EV I b TREMRENEDV ) BEFEZ b
TV 5324850 —75 7n0—BL,0;RICHOWTHZINFE
THOWRD 6 iF, £ THZInOKFIL, Hikkd, Bi,0;—
richZ A EZGHICEZIN TWE EEZ LN 5,
Morris®iZ, ZnO—0.5mol%Bi, Ok b Miz D>
THRBEZNOR T D & % BERE L 2848 # SEM#E
BT B Xk, ZnOkiFRFIC KD B0 —
rich B EET B Z & 27z, Clarke®™,
Kingery &°%, Asokan 5%, Z L T Cerva &
Russwurm®d, FU & 5 2 MEEZBEL Tnd, L
72 H55 T, ZnO—Bi,0, &Iz BT 5 ZnOks S kipk E Akt
13, NELRITFH b RE LR FADBR— I8 — BT
HBRRZRL THINONWERBNIC LB NDEEL L
na, :
BIEI DR EZICWong DT — 7 4 & 3K iz iE b= &
NEX—%2 ZOWMBRDERED» LB L2ZNLLHbETER
TAh b, M—111FBL,0#Mmic & 2 EHIb= A LX—
NEALERT LD T, Wong? 7 — F DI HZnOiz
DT L, XA HREER A&beTRL TV 5,Zn0
RREDEEIL T A NLXF—13Bi,0; 0 b § 5 2 G5
L NHZnOD N b5 BEUT/INE K L b hS, ZDkIF
e &Y 4wt%Bi, 0,0 L <L E T B0 iR INE
b b T#H 150 kI /molT—E &% b, I,

T T T T T

3 4 Gupta and Coble

E 300~ v Dutta ond Spriggs

2 s Wong

-~ ® This study

520y 7

2 3

ool

§ 200\ : T

2 \

k] \ .

S isof {\[———-—""—"“ T

<

2

Q

& ] L L L

S 1005 2 3] 4 L 5 wi%
o 1 L 2 3 L vol %
0 0.5 LOmol%

Bi2 O3 content

M-11 ZnOn#E&BRKENEELT A LX—
~DBL,O: BMENF

(382)

Nicholson®*? % V,O:; AHD FFHE T % 3B-E D MgOK
RBIZDWTHEL TR D EELERTH B, HHE
B RN F—-DRMDBH L EIL, ZnONKI KR
#H%, #MZnOIZ BV TIIZn* 4 4 > DZnOEFH Nk
BICKBEEND LD TH-12Dh 5, Bi,O;niRMmic
& D ZnODHWA~DERR L KRE L F E~OBTH &
WOBBIIE LItk i) ZEIZHLLT
Hb9,

DOEIZ, SHLICEMEEZHE L ElER b AL
X¥—»150 k] /mold v~ LB L v & 2 8
HIT2LENH L, ZITEZTWAHHMEEZEL T
WEBRBOBRERIL, InORT L BMHENERICEIT 3
InON &R, Bi,Os—rich % HAHN D ZnOD L EL N B
2, BIUVRELRTFEE~NDENHNBREN 3 ON
BREPLL>TWDE, 205 b, EFEBERBIITE
FIGDEETH ), FEHCRFE—DHE LA E
HTE LD L, ZITR, BFR-FFEY», BHERD
WD &L LPEEBRETH I 2 EZTLT LW
Z &L B,

Nicholson®? % V,0sf HDMgOIC B L TEZ L 2 &
2142, £, Zn0—Bi,0,t T 3 v 7 2 DRIKEDEEE
213 B1,0; —richO AN D ZnONHLEE TH 5 L 1K
ZBLTAL, ZOWER, BHEADEIRTIZLIELIE
BHRADENIZ 5N, B b AL X —hEnZ &
EZDBEHRBIRETH > T, EEL OWEMER
FZNTHHEENT B, Zn0—Bi,0, RO FE#E
BESLPLEBLNA TR WY, BENLFE B
Bi,0; —rich#BAAHN FHEHK I ELT B THAH) 2 &
BESICREBEING, 72, Bi,O,nRME+ T,
Bi,Os —rich e #AHNEE (KTEL) M3 52 ¢
BATHZ, ZnLHiz, BESLHERNEILIZLD
Bi,0; —rich#ARD M B ABRA T 2 &, ZDH
HADZnODHEUC B § 2 E LT A L X —F L &1L
TBETHAIZEE, 2bDTEENLHRATH D,
Lo Lahb, R—11 D#ERIE, 2% &3 1030CH
5 1400C D EE TiZ, BERTMEICER L (&b
IRANX—F—ETHDBIEEZRLTWE, Lz2dh >
T, Bi,0;—rich?#AARNNZnONEkIL, ZnOM¥EH
B (ThbIZTRREKE) DX 28EBRE T Y
WEW) ZEDTREINDG, L Ladh, BESCHK
ABHMARL D& X ZnOVEEGBRRIZ £ T R E e %
527, ZOMBENVEBRBE T3, FHEbRLX—
EhAPpT E—BIc 52T THIEIBRLLD
DATRETH B,



Yans508 L ULay b & LI ZDERD e » THI
BLTWS L 52, Wagner®V |3 355085 o) WA B 1
WKHATIMROF T, N LRTFH5KE TRT~Y
BERHT HBERICB T, KFRICHFET ZWEOER
FELOTEELERND—DOTHLELTWE, T
bbb, b L, Bi,0;—rich? N D ZnOHLBHEFE A
InORIZE2BEET 2N TH % 613, ZnONkIHKE
WL, WERL T BERRENE S I KIS %
WIEEZ USRS 2 OBRY D 513 T TH B, =0
W2 ClEBLO i MEE, 0.5%5 5 4% TH8FED
HEETEILL T3, FPREREMFICENITIE
DEW L HAITIZZnOR FOREMDAFHIIZIZHE
LThHdI)o b, BRNBOELOEE L BENELH
RFBOBEICLH BT THSE, LrLadn, £
Bk R T, FHRE, Bz X —, KJEDW
FTHICLVHELPLER L2 > 72, L72d 5T, Bi,Os—
richiE AR D ZnOLEGBE IR, BZ 5 { ZnORRED
BEBR TR VWEWIRITEORRIZELC, &b
WA & B F DR COER — BT G0 F 95 ZnOkL
BREAHEEL TS L) TEEFrELHTEWEER
bitd, ‘
L Z ORFER D Bi,0; —richEAFE T THOZnOK &R
i3, D DEED b AT Nicholson®* DV, K AE
AT TOMgORBENTIERICE T 5, WH &
Y, WHEZHRMLZWEAICC b5 &, BHECHFE
2k VRERESMBEEINTE D, FEELzR L
X—pETFTL TS, 52, &H 6 QREEDESE
Bz ANX—BBHENEFRIKFL v, LAL
Nicholson?E g Tl3, MgODSFEHRIRDV 0 DU
gb_&iogr)tﬂ‘{ﬁbf‘ﬂ%o —F. ZOWETIE,
23 F7-BLO MBI L > TIT LA EELL T
ir‘lﬂ‘ Nicholsonli, HEANDHEHFFEETH S 126
MgO—V,0s% T3 AN O MO B2 EBRE T Zf)
HERRL TS, —HIDWFRTIE, BME~DEK
FHNALNEL DDV Lirh, ZnORIKRIZAL
RTHBBR—FITHEGICEREIN S L EZ 2DO0E
-:Ll’C »Hb, oL, BHEANCIRIEEINZZ
iz &0, MR R GEEITREENTWSIC
,gigtcmo F72, Bi,OsHnZn?t 4 & 04 A2 D
W DE LT A VX —ZnOE & & Bi,0; —richii
HOER CHORGOERELT A NVX— 2B 6 8EIR
Folzl v, INEEERIET 52 SI3REY
ML TELZW, LHPL, ZOERE ZOWRTESL
NIEBRRRL2IRCFEL(HBETLII LN TES

133
LNTHB,
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7 ADBRETIL, FZnO & < b ~FHREDTK E WS,
FEC 1030°C & 1400C OB TR EIRE D 72k
v, Thbb, FHRENFREVIZL22b 5T (1
BEIERICBIT ) RREREEIH®ICEY, 2F0,
b DBERER T, HICRRESMEI TR
& WESREEZ R T Z OB -EOENBEHI R Y
KERIREIEBL K-> TWbB EEZ b1, Wong?”
DIFFED 6 L ZNERMEMB Z LV TE S, FHORER
TlE, 1000CH 5 1400CHHE Tl LO BRI EEE
PIRL T2 Y DO RIEMICE 2 L EEIME - T
Wk, Nz, EoRERR, (log G)if(log t)
D7 |y FFERIC 72‘0’(‘«\7:1:‘\/\ Fiz, M-8»56
13, BETERL AT CNERERERSKE KD
@rbiabiz, Tihbb, EEIZERREDIEM
BlihgbrZ ez2RLTwBEVR 5,

T TEBETREZ R, Bi,O:2HML 72Zn0T,
RINDEEFA LN ETH D, M—TIKRLE
EREDORERIT, BLOWMELHEMT 513 &, 2l
BN EL B RIE RISl EMT S L) K~
bNBEEEENBEBZREIENT 2N THE, K
FLiE, BR, RRZEL, BIURROWTIZLET
ET 5, 25 DRILDEEIL, MZnONFEZETH ;BN
72 & 9, ZnOkiFIiz g L T 7 7 A ) HE, ZnO%
DYDDEF L EWEZ LNLHY, ERIEE W) Z L
BB ENEBLODEREENT S PEKRL TS
EHEbND, AL &) ERILENTEKIE, MO
BigEeT Iy JATLEEINTWE, [ILDEED
WROBBEIHIL, o ThREREES2ELS TS

HEEIC L EBRIIC LRI N T 557, Wong
DIER TR EREE CRREREEIEL 2> TEBY,
Z DI TIIEEIT ERREEREIMES > T b,
b, fIEFEOEKAE—HLTEY, KILOKE
PREEZIFILIZ LD 2INEEZLNE, Thb
b, Bi,OsNBHEMIBZZnOnkigRIC @) nHEE 5
2 Bo—2l3, T VBRI A E R L ThRIR & (R4
THZETHY, d ) —lF, HLBRECKBENE
FIOKELZ R LEICHEEZIHMT L2 ETH 5,

(383)



134
4. &

1]

B ZnOREREIR &, ZnO—Bi,0; % 53 v 7 20k
SHIERBIEZ, Bi,OME I 0.5 wt%h & 4% %
T, HEAEIREIL 900CH & 1400 F CTHOHE TR
Pz, MZNOI DT, FPHIRBILERER O 1,/
SFCHHBIL THAL 2, Thbb, MEER (nE)
23 Tho72, T, WHENEEHILT ALX—(T,
22416 k] / molTH » 72, TN HDFERIZMZInON
RREDZnO FHNZn? A + > DHEIC BRI N S
LV BEOTEDOER E L —L 72,

Bi,O: # ¥ 5 &, BERSRNOFEREIZE L < 18
KLU7Z2H, 0.5%2 5 AR DEE TIREBMED B0 134
FICIBEAEREL %eh - 72, 1030CH 5 1400°C 0 &S
BT RERERIIB L2 5BETH Y, MZnONnfE
ENKEDP ST, FHREDFKRECICL 22 b LT
EVnfEEZ AT O, Bi,O,n@Mmic L OEEE 2 i
SIHDOBREIRENI 2D EZ 2 L, FLEELR
B TORBRNEEILZ AL X —, #MZnONZEN LY
7% DRV 150 k] /Mol Th - 72, ZDfED, X 502
KoEHLBLOEMEIC L 20T LA E b » 72,
NN Eh b, ZnO—Bi,0;+ 7 3 v 7 Z DK
i, /NEWZnOK F5Bi,0, — richiiAE i - A2 L
AP EIER L RE R TORTICENE T2 v 4%
I L VT, 204 CEEBEIIEFH HZn0
DILETIiE % {, InORTF L WHDBR THOBH—B
BRI TH B EEZ Lz,

ZOWRIE THEI B ERMTERENFEE S LT
Ty b RPICHBEL L ZI2fTh T,

HeREERERDIERIC S ROW H & 7272w 72CL Y.
Tan®, EFAEEEORMEEE W 277W2T 2 by
KFNHR.C.Dunnel,J.K.Steinfi#i%, B & 0BT
FERRlc L CTEELH|FT-BIS 2272w 2T K.
Guptalk (Alcoa), L.M.Levinsonk (GE), 7> }
Y RH¥NDW.D.Scott, O.J.WhittemoreM#is, Bk
VBINKZENUD FHEFIcBILEBRL EFE T, %
72, BRERICEEZBEL T w2 TEkofE
HEE, BLUOFEE KEGEEICEHG--2LET,

(384)

SEXH

1) S.L.Blum: Microstructure and Properties of
Ferrites, J.American Ceramic Society (L11£].
Am.Cer.Soc. #$3), Vol .41, No.11 (1958)
pp.489—93. :

2) R.E.Fryxell and B.A.Chandler: Creep,
Strength, Expansion, and Elastic Moduli of
Sintered BeO As a Function of Grain Size,
Porosity, and Grain Orientaion, J . Am,Cer.
Soc., Vol.47, No.6 (1964) pp.283—91.

3) E.M.Passmore, R.M Spriggs, and T.Vasilos:
Strength—Grain Size—Porosity ' Relations in
Alumina, J.Am.Cer.Soc., Vol .48, No.1(1965)
pp.1—-7. .

4) J.A Kuszyk and R.C.Bradt: Influence of Grain
Size on Effects of Thermal Expansion
Anisotropy in MgTi,0;, J.Am Cer.Soc., Vol.
56, No.8 (1973) pp.420—23.

5) M.Matsuoka: Nonohmic Properties of Zinc
Oxide Ceramics, Japanese J.Appl.Phys., Vol,
10, No.6 (1971) pp.736—46.

6) J.Wong and W.G_Morris: Microstructure and
Phases in Nonohmic ZnO~— Bi,0; Ceramics, Am.

Cer.Soc.Bull., Vol.53, No.11 (1974) pp.816—

20. i

7) L.M.Levinson and H.R.Philipp: Zinc Oxide
Varistors— A Review, Am_ Cer.Soc.Bull,, Vol,
65, No.4 (1986) pp.639—46.

8) T.K.Gupta: Influence of Microstructure and
Chemistry on the Electrical Characteristic of
ZnO Varistors, in Tailoring Multiphase and
Composite Ceramics, edited by R.E. Tressler,
et al., Plenum Press (1986) pp.493—507.

9)T.Asokan, G.N _K Iyengar, and G.R.Nagabhu-
shana: Influence of Process Variables on Mi-
crostructure and V—1 Characteristics of

Multicomponent ZnO -~ Based Nonlinear
Resistors, J.Am.Cer.Soc., Vol.70.No.9(1987)
pPP.643—50.

10) H.Cerva and W . Russwurm: Microstructure and
Crystal Structure of Bismuth Oxide Phases in
Zinc Oxide Varistor Ceramics, J.Am. Cer.Soc.,
Vol.71, No.7 (1988) pp.522—30.

11) M.Sumiyoshi: Ceramic Varistor, in JFCA 1988



Annual Report to Overseas Readers, (1988) pp.
42—50.

12) P Palanisamy and T.Asokan: Intelligent Proc-
essing of ZnO—Based Ceramics, Am.Cer. Soc.
Bull., Vol.67, No.10 (1988) pp.1695—98,

13) V.J.Lee and G Parravano: Sintering Reactions
of Zinc Oxide, J.Appl.Phys., Vol.30, No.
11 (1959) pp.1735—40.

14) L .F.Norris and G. Parravano: Sintering of Zinc
Oxide, J.Am.Cer.Soc., Vol.46, No.9(1963)
pp.449—52.

15) G.C.Nicholson: Grain Growth in Zinc Oxide,
J.Am Cer.Soc., Vol.48, No.4(1965) pp.214—
15.

16) T.K.Gupta and R.L.Coble: Sintering of ZnO:
I, Densification and Grain Growth, J.Am. Cer.
Soc., Vol.51, No.9 (1968) pp.521—25. .

17) T.K.Gupta and R.L.Coble: Sintering of ZnO:

- II, Density Decrease and Pore Growth During
the Final Stage of the Process, J.Am.Cer.Soc.,
Vol.51, No.9 (1968) pp.525—28.

18) S.K.Dutta and R.M . Spriggs: Grain Growth in
Fully Dense ZnO, J.Am.Cer.Soc., Vol.53, No.
1 (1970) pp.61—62. _

19)D. W Readey, T.Quadir, and J.H.Lee: Effects
of Vapor Transport on Microstructure Develop-
ment, Ceramic Microstructures’86, edited by J.
A Pask and A .G .Evans, Plenum Pub.Co. (1968)
pp.485—96.

20) Y .Moriyoshi and W Komatsu: Kinetics of Ini-
‘tial Sintering with Grain Growth, J.Am.Cer.
Soc, Vol.53, No.12 (1970) pp.671—75.

21) T .K.Gupta: Inhibition of Grain Growth in ZnO,
J.Am,Cer.Soc.,Vol.54,n0.8(1971) pp.413—14.

22) /AT, BEAREER, BEME, FHEMN B
BB L UBRIL= » 7 VOBEREIC BT 5 BN
R, BEWHLE, 6%, 125 (1968) pp.407—12.

23) /AR, SFEEA, BREEAN: BbES R
BT 2iRASE, EEHREE, T7%, 105(1969)
pp.347—53.

24) O.] . Whittemore and J.A Varela :Initial Sinter-
ing of ZnO, J.Am Cer.Soc., Vol.64, No.
11 (1981) pp.C—154—C—155.

25) K.Kobayashi, P . Dordor, J.P.Bonnet, R.

135

Salmon, and P.Hagenmuller: Densification
Process in Undoped Zinc Oxide, J.Materials
Research, Vol.2, No.4 (1987) pp.478—84.

26) O.J.Whittemore, J.A . Varela, and E.S.
Tosaya: Pore Growth During the Sintering of
Zn0, Ceramic Powders, edited by P. Vincenzini,
Elsevier Scientific Pub.Co. (1983) pp.849—59.

27) J.Wong: Sintering and Varistor Characteristics
of ZnO—Bi,0; Ceramics, J. Appl.Phys., Vol.51,
No.8 (1980) pp.4453—59.

28) T. Asokan, G. N .K.Iyengar, and G.R.
Nagabhushana: Studies on Microstructure and
Density of Sintered ZnO—based Non-—linear
Resistors, J.Materials Science, Vol.22, No.
6 (1987) pp.2229—36.

29) T . Asokan, G. N K Iyengar, and G.R.
Nagabhushana: Inhomogeneity in Sintered ZnO
Based Non — linear Resistors, Ceramics
International, Vol.14, No.1 (1988) pp.35—41.

30)G.Y .Sung and C.H . Kim: Anisotropic Grain
Growth of ZnO Grain in the Varistor System
Zn0O — Bi,0; — MnO — Ti0,, Advanced Ceramic
Materials, Vol.3, No.6 (1988) pp.604— 06 .

31)F.V _Lenel: Sintering in the Presence of a Liquid
Phase, Trans.A.I.M.E., Vol.175 (1948) pp.
878—905.

32) G.W _Greenwood: The Growth of Dispersed
Precipitates in Solutions, Acta Metall., Vol.4,
No.3 (1956) pp.243—48.

33)W.D . Kingery, Densification during Sintering in
the Presense of a Liquid Phase.l.Theory, J.
Appl . Phys., Vol.30, No.3 (1959) pp.301—06.

34) W.D.Kingery and M . D, Narasimhan: Den-
sification during Sintering in the Presence of a
Liquid Phase.Il. Experimental, J.Appl.Phys.,
Vol.30, No.3 (1959) pp.307—10.

35)W.D.Kingery, E Niki, and M.D_Narasimhan:
Sintering of Oxide and Carbide— Metal
Compositions in Presence of a Liquid Phase, J.
Am_Cer.Soc., Vol.44, No.1(1961)pp.29—35.

36) C.Wagner: Theory of Precipitate Change by
Redissolution, Z.Elektorochemie, Vol.65, No.
7,/8 (1961) 581—91.

37)B.Jackson, W_F Ford, and J. White: The Influ-

(385)



136

ence of Cr,0; and Fe,O; on the Wetting of °

Periclase Grains by Liquid Silicate, Trans.
British Ceramic Soc., Vol.62 (1963) pp.577—
601.

38) D.S.Buist, B.Jackson, I.M,Stephenson, W
F.Ford, and J.White: The Kinetics of Grain
Growth in Two—Phase (Solid— Liquid) Systems,
Trans. British Ceramic Soc., Vol.64 (1965) pp.
173—209.

39) G.C.Nicholson: Grain Growth in Magnesium
Oxide Containing a Liquid Phase, J.Am.Cer.
Soc., Vol.48, No.10 (1965) pp.525—28.

40) K. W Lay: Grain Growth in UO,—Al,Q; in the
Presence of a Liquid Phase, J.Am:Cer, Soc.,
Vol.51, No.7 (1968) pp.373—76.

41) R.B . Heady and J.W .Cahn: An Analysis of the
Capillary Forces in Liquid—Phase Sintering of
Spherical Particles, Metall. Trans., Vol.1, No.1

(1970) pp.185—89.

42) J.W _Cahn and R.B.Heady: Analysis of Capil-
lary Forces in Liquid — Phase Sintering of Jag-
ged Particles, J.Am . Cer.Soc., Vol.53, No.
7 (1970) pp.406—409.

43) W.J.Huppman and G.Petzow: The Elementary
Mechanisms of Liquid Phase Sintering, Sintering
Processes, edited by G.C. Kuczynski, Plenum
Press (1980) pp.189—201.

44)D . F . K . Hennings, R.Janssen, and P.J.L .
Reynen: Control of Liquid—Phase—Enhanced
Discontinuous Grain Growth in Barium
Titanate, J.Am,Cer.Soc., Vol .70, No 1(1987)
pp.23—27.

45)W A Kaysser, M . Sprissler, C.A . Handwerker,
and J.E_Blendell: Effect of a Liquid Phase on
the Morphology of Grain Growth in Alumina,
J.Am Cer.Soc., Vol.70, No.5(1987) pp.339—
43.

46) A _Potin, J.Ravez, and J.P.Bonnet: Liquid—
phase Sintering of Barium Titanate with Lith
ium Fluoride, J.Materials Research, Vol.2, No.
4 (1987) pp.485—88.

47)] .E . Marion, C.H . Hsueh, and A.G. Evans
Liquid — Phase Sintering of Ceramics, J.Am.
Cer.Soc., Vol.70, No.10 (1987) pp.708—13.

(386)

48) R.M .German: Liquid Phase Sintering, Plenum
Press (1985) .

49) J . B . Baldo: Grain Growth in Refractory
Dolomites, Ph.D.ThesiS, University of Washin-
gton, Seattle, WA, U.S . A. (1986) .

50)M .F.Yan, R.M . Cannon, and H K. Bowen:
Grain Boundary Migration in Ceramics, Ceramic
Microstructures '76, edited by R. M, Fulrath and
J.A Pask, Westview Press (1977) pp.276—307.

51) M.I.Mendelson: Average Grain Size in Poly-
crystalline Ceranics, J.Am Cer.Soc., Vol.52,
No.8 (1969) pp.443—46.

52) H.V _Atkinson: Theories of Normal Grain
Growth in Pure Single Phase Systems, Acta
Metall.,, Vol.36, No.3 (1988) pp.469—91.

53) E.M.Levin, C.R . Robbins, and H.F.McMurdie:
Phase Diagrams for Ceramists, Am.Cer.Soc.

(1964) p.569.

54) W .G . Morris: Electrical Properties of ZnO —
Bi,0; Ceramics, J.Am.Cer.Soc., Vol.56, No.
7 (1973) pp.360—64.

55) D_R.Clarke: The Microstructural Location of
the Intergranular Metal Oxide Phase in a Zinc
Oxide Varistor, J.Appl.Phys., Vol .49, No.
4 (1978) pp.2407—11.

56) W .D . Kingery, J.B.Vander Snade and T.
Mitamura: A Scanning Transmission Electron
Microscopy Investigation of Grain Boundary
Segregation in a ZnO-Bi,0; Varistor, J.Am.
Cer.Soc., Vol.62, No.3—4 (1979) pp.221—22.

57) W.D.Kingery and B.Francois: Grain Growth in
Porous Compacts, J.Am.Cer.Soc., Vol.48, No.
10 (1965) pp.546—47.

58) F.A.Nichols: Theory of Grain Growth in
Porous Compacts, J.Appl.Phys., Vol.37, No.
13 (1966) pp.4599—4602.

59) R.J.Brook: Pore—Grain Boundary Interactions
and Grain Growth, J.Am.Cer.Soc., Vol.52,
No.1 (1969) pp.56—57.

60) F.M.A Carpay: The Effect of Pore Drag on
Ceramic  Microstructures, Ceramic  Micro-
structures '76, edited by R.M . Fulrathand J.A.
Pask, Westview Press (1977) pp.261—75.

61) A.M .Glaeser: Microstructure Development in



Ceramics: The Role of Grain Growth, B4
B, 92%, 105 (1984) pp.537—46.

8

SHERES I v I AL BERHRE

€T Iy I ADMERETV AR L2b 0BERT
3k, BERRFEOFII;BSLEILL TnE, &
NSRRI DT v (RILDT) ke %5, Z
DBIRITHERE L LIEN D, B0 FEID S BB W
T, LB+ A EAREEEIRIES b L, &
BiDS, FORESHOTUIEZ TICFHPRIEIKE <
TBEV)BEENTEE LD, INEKEEREEE
W, d, BEREAEIC I LB LBRSXENTH Y,
ZNBREZARD 2HD—2DFHHEL LT, BREHRTF
DEME I TE 2Ry 7EHSFOBRE BET 55D
ENTWS,

WEREEROWEN % 13, WBEICEKET 5, HEE
i3, BRORERERES - BR RILokE S - L
B - R, RROMR - E3FICL - TRHAENS,
B DWREEKFOB EFBRNEIIOWTAL L,
AR -1 Ry b 7L 2 TR L 72MgTi,05lc D\
T, BaIFE (Modulus of Rupture) » BfifY ")
OB T % L ¥ — (Work of Fracture, & — 25078l
BOMES CBNTEOERED LEEINTWE) ¥ FN
PRI VBT 2RI TS, L2
T, 731y 7 2 EMABBEOBEMRSICGH
T LA, ITE L VWEBRNEE 2B 2 2oL, H&
RERZHET2U0BESDDZ L2bh b,

ZOWRENIE L L2200, BE L BRIHEIL
v (F— 2D 2z & %e\n) ) 2 ¥ — (Varis-
tor, Variable Resistor?» & ?i&RE) & FpINL 5 EFH
BeLTBHINTWS, BR—ERM#E» 772 b
2o TWAEBRT N A — L UELNEY, &
FExTITFTWEhbEZIHTH—20ERNRES &
Sich b, FORKREEREERZ 7 VA 757 BREEF
35 AR -2, —FENEFME (107°A % 1077A) i
MNT2EMEILY)DT VA 757 BESELRE
DU BT B EERL T 5,

Axok (1) TEINEEAEEE, nfE K,
B AL XF—QTEEDWT LN s, —7, SEERD
ke, HEERMRROBE - RS - R, %
BOIEFE - B:fY - B - FER, B F 7213
DTEF L BEICKET 5, ZN5DEEIEERKE

137

N
N
—
1
g1
(32

—_
[o:]

d
=
~

[=2)

" work of fracture (x10-3erg/cm?)

modulus of rupture (x10™3psi)
=1

N

& 18 30 42 54 66 7
grain size (pm)

H5-1 MgTi,Os DT HHE L BT R V¥ —
DR ERIAR B

3001

0 L 1 L i 1
’O 20 40 60 80 100
@7 (mm™)

-2 ZnO% 4T E T 580 2
F—DTVvA 75 ERE
&g BRI BR

%) J.A Kuszyk and R.C.Bradt: Influence of Grain
Size on Effects of Thermal Expansion Anisotropy in
MgTi,0s, J.Am.Cer.Soc., Vol.56, No.8(1973)
pp.420—23.

% %) J.Wong: Barrier Voltage Measurement in
Metal Oxide Varistors, J.Appl.Phys., Vol.47, No.
11 (1976) pp.4971—74.

(387)



138

REDE I CHET DD ERAND I LIC LY, MR
EREOFEI R ORI T D EEZ LMD, LoL,
2 DERD LD &) ICHERBECHST 5235
FNBHEN T, Z0lke, RFETE, Bk
2B BREDNHENFERS N T\ 2 #Zn0—Bi.0: %
2T, RINER/ ST 4 — 5 —DE RV & KRR
BBNEREAT - 72,

(388)



MAH LSS $£26% 52 (BRTEIA)

CHEBEMEREER
BEERUNAY —XRFa—F-7ax50
BEEHEHAICO>WT

—F v EF—2a rPFRELEVEE—

Measuremenvt of Pressure Distribution on a Conven-
tional and a Highly Skewed Propeller Model
—Under Non—Cavitating Condition—

ALRE BEHE= THaER
FRITE 5 A
HAEMRFRRIXE B165F

7 a5 REEDFIZERORIERCHERR D
HROBAD» L LBETH ), FFHc /) — 2 ¥ 12—
F 7 a5 HSPORUERICA R TH 5,

AL TIREM 7 0 ~=7 BEE RIS HE L 2
RMThHFFR V) T b, NHE—FKP R X >
T— g YRERETHOFROTREL FHAEORRE %
BHE LT3, ZDke, Fr > —REHFIH
WhN, BB D KB R B — A — % v 2 BB R
Bk WHERREAT - 2o ENFOBMN ST HERICEL
THERETIEZ7oIHNIT A 2FETHECED
LROERVGENFOENICERLHE L5252 ¢

FROWHZ L7z, BB fHTFHREHEL T,
ANEEFENFICEE 252 2N FEZR
BETBEELIC, TNOHERLIT- 2,
FEOEHHEIEICEOE, BERE 70 ICPL
HSPlz > W TR NEN 24T, BEN B HEERTEE
DB LT 12, . .

=P CHCPHOENICE L (i SEEHRTHE
BRTBEEMZGE, BOitmsrEs i, EERAIC
DV TIIARY TRICROS I &0 FHEENMER
IR TR, —F, HSPOEHNICEL TH AN
BhEsnhy, FLVWERE L UIRIF ORI
WEEICL > RHEEL Y KIBIcTHh, hick-T
HSPUE O RiGHIBER D FELHRE TE 12,
AY—FHP TCHOCPOEIFHRU—HEFRDEN
nE) L HiRE s OB —KRTHENEF/L T
Hotz, —F, HSPicBL TIRBER TCOE & H
RETEE L IIAHT, BRoBEoMtEngZEntl,
FIZAESENELEZ b, BEROKEORME I
W sz ENTER,

AL TELNHEUT—2I3CFDIC L 2 L v
7 uRIEHHESCHENEERORIEN DN HEL
T—F  R=RtubtEILNS,



