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Abstract

Yttrium is considered to be one of rare-earth
metals, and its oxide ceramics are expensive in com-
parison with other common oxide ceramics such as
alumina, magnesia or silica. Reported studies have
been relatively fewer for yttria than for other oxides
accordingly. Yttria, however, has various excellent
physical and chemical properties such as the very
high melting temperature of 2430C, superior ther-
mal stability, optical transmittance over a wide
wavelength region, from violet to infrared light. We
proposed the present research to fabricate high per-
formance materials utilizing these excellent proper-
ties at the ceramic point of view. Furthermore, the
present study also focused on accumulation of solid
data, because only such data lead to steady develop-
ment of the materials science, Thus, we chose the
simple oxide, yttria, as the target material.

The present report contains nine chapters; chap-
ters I, VI and IX are respectively those for the
abstract, the prospect and the output of the present
study.

Chapter 1T reports three smart methods, that is,
) aging yttrium carbonate at about room tempera-
ture, @ precipitating yttrium hydroxide at a tempera-
ture lower than room temperature and then doping
sulfate ions and @ dispersing wet hydroxide in al-

cohol and then drying. Transparent yttria ceramics

were fabricated at a very low temperature of 1700
C (reported ones were higher than 20007T).

Chapter I proposes not only a theory on rear-
rangement of particles in packing process but also
line contact models for necks in a powder compact.

Chapter IV shows a beautiful relation between
oxygen diffusion coefficients in zirconia-doped yttria
and amounts of zirconia. Though reported diffusion
coefficients were usually very diffused and controver-
sial, the present data are so valid that quantitative
discussion can be done based on them.

Chapter V proposed “an effective index”, ac-
cording to which N,O, and CeO, were doped to yt-
tria to release the ordered oxygen defects, increas-
ing the electric conductivity to 10°~10" times that of
the pure yttria.

Chapter VI reports the thin film synthesis of
BaTiQ,, according to which the dielectric constant of
BaTiO, depended on the substrate. Direct contact of
BaTiO, and silicon resulted in the small dielectric
constant, which was increased appreciably by MgO
on the silicon substrate.

Chapter VI describes the first study of the ion
beam induced crystallization (IBIEC) of SrTiO in the
world. The crystallization concerned was not in-
duced by elevating the temperature but by diffusion

of vacancies.
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Table 1 Particle sizes of the yttria powder prepared from carbonate (P3) and the commercial
yttria powder (P4).
Powder DxrpPp (4 m) DseM (. m) DBET (1 m) Dso (g m)
P3 0.07 - 0.1 0.1 0.096 0.288
P4 0.025 - 0.035 0.03 0.092 0.99
100 C / 100 S g
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g C — 90 |-
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O 20 o
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Fig. 8 Particle size distribution of yttria pow- Fig. 9 Temperature dependence of relative
ders as mass function: (a) the powder density of the prepared yttria powder
obtained by calcination of the crystal- (solid line) and the commercial yttria
lized carbonate at 1100C and (b) the powder (dotted line). The experimental
commercial yttria powder. error was estimated as—0.5%.
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Fig. 10 SEM photographs of the fracture: (a) the specimen sintered at 1250°C, (b) 1340C .
(¢) 1430C and (d) 1500C.
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200 400 600 800 1000 1200 Fig. 12 Photograph of transparent yttrium
Wavelength (nm) oxide ceramics sintered at 1600C and
Fig. 11 Optical inline transmittance spectra of 1700°C.

Imm-thick specimens sintered at (a)
1600TC and (b) 1700C, and (¢) 0.5

mm-thick single crystal.
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Fig. 13 SEM photograph of the microstructure
ol polished surface of the specimen
sintered at 1700C. Small white points
were caused by alumina used as a

polish.
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Table 2 Order of sinterability of oxide powders obtained [rom various mother salts
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Fig. 14 Change of morphology of a mother salt in a calcination process. (A): a skeleton just
alter thermal decomposition, (B): the skeleton in which primary particles grow and

(C) a hard agglomerate of primary particles.
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Fig. 17 SEM micrographs of various aluminas:
(A) a typical hydroxide-derived, HA;
(B) ethyl alcohol-dispersed, EA; (C)
isobutyl alcohol dispersed, BA; and
(D) alum-derived.
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Iig. 18  Five linear shrinkage curves for HH,
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Fig. 19 Shrinkage curves of yttria-doped zir-

conia powders. Notation N,=dry means
that the sample was made by a con-
ventional method. Notation Isobutyl
means that the coprecipitate was only
dispersed in butyl alcohol, notation 0.1
M H,SO,Isobutyl means that the cop-
recipitate was added 0.1M H,SO,, and
notation 0.2M H,SOtIsobutyl has a
similar meaning as 0.IM H,SOIsobutyl
has. Notation T indicates that the sample

was commercial one,
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Table 3 Amounts of sulfur in 3mol%
yttria-doped zirconia and in yttria
(wt%).
3 mol% Y,0,-Z10, Y,0,
C.T. A.S. C.T. A.S.
400 2.5 - -
600 1.7 - -
800 0.47 800 6.7
1000 0.06 1000 6.7
1100 0.007 1100 0.79
- - 1200 0.079

C.T.: calcination temperature, A.S. : Amount of sulfur (wt%)
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Fig. 20 Shrinkage curves of undoped zirconia
(pure) and yttria—doped zirconia pow-
ders. Notation Zr(Y) indicates that the
coprecipitation of zirconium hydroxide
and yttrium hydroxide was calcined at
900C. Notation Zr+Y indicates the mix-

ture of zirconia and yttria powders.
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Table 5 Tapping densities of yttrium
hydroxide changed both doping SO,”

ions by dispersing in alcohol

SO,? ions /yttrium | ions without alcohol with alcohol

0 0.80 0.42
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Fig. 21 Linear shrinkage curves of yttria pow-

ders. Notation dry means that the yt-
trium hydroxide precipitate was dried
without dispersing any alcohol. The
other samples were dispersed in al-

cohol, that is, ethyl, propyl and butyl.
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adhesive cylinders

Packing process ol

under undefined policy: (A) rearrange-
ment of cylinders near the wall; (B)
slight difference in @, irrespective of
place; (C) sudden increase of an ap-
plicd pressure; (D) difficult rearrange-
ment ol cylinders.
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Schematic models of four polygons, n,

consisting of n cylinders.
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hesive squares, adhesive cylinders; and
closed circles, slippery.rs vary with a

degree of packing.

I O B S & AT 1
IO &7 BEAT L EIE

THGDIENPIFEBES B
(2) Bam %R A 008

(i) #ETRY
Fd 5,
(i) HEB

12, MR SITEEOREEDAIK

IR T &, RIS OBUL ME D

Bizhep4 %,



12 )7 (Y,0,)

(i) n DN E()XDPHFRETE L,
(iv) n O, S, (&n DL TG TE 5, [
BT ADIlnlE 3 RETCOXTMET S,

S,=a;n’+a,n*+an-+an (4)
2T, a, a, a, RITETHD,
(v) aBIOBEEINICB VT 1 OB AS, 1ZF D
A& S, (ZEB$ 5,

(vi) n 2SHBECH] S A BHE £ XS, ORI HAE Y
Lo Thbb, {=kyS, ZITIIEHETHL, =
O OGN DEENT » ¥ LT, Lad FIEH
DEMSIVERT 2 OFRRREEINT V¥ L5
BRI 5o BEO % & O d 5 P
L CHEY & 51210 % oM 2 L 208
HOWIER SIS 5 L E 2 6N b, 3RICOWTHFE
2 RICOEEETHORESITHBTE2DT, 1S,
0)%731‘1%0&L1§W%> EL7,

(vi) ROME oI E 6T —wELT b, 2D, a
¥ A4 TOFEY IS HEEIE R, (1 +RIIC A
L, b¥ 4 7OFEMNE 1,/ (1+R)IZHHIT L,
(vii) R, DffZEHEOM, ZlLLz\v, Tbb, p
O ER L { —FETHLDT, n & 3OEEROSEE
WER,(1HRMICHBIL, n & dDOBKOMHEEIL 1/
(1+R)IZHBIT 5,

(3) WL DFh) ozl

V)Y —0fEE N, 1 aOHEOWE% S,
EMFORIEEL S, N EOMMEZ &G E®S DM
Hr Sttt b, TNHDOEFDHTIED L BRI HAL
T4, 9, S,=N, S, =SS N, &F(n)ik

o

N, - S

n=3

2
F(n) (5)

(D EARE i & ORI OR, 72, PRETE S,

Z, = Y ks(kp ~k;)F(n) R
n=6
ZIT, LIEEHTH D, £=S,Se »b, dS=-Sd

0/ ODOBEASRS D o BRI L 722S, RS
1 Z B OB ECE 50T, BISEIROEREO

WA, ds, 12dS/Z THAONDL, Thbb
dp
ds. = -S 7
) °Zp* )

ZIZT, HIFETOn O E 0 EERT B, ZHU
F(n) /Z 28 L\, WMAEHM, dS, 12X 2% n, OF1L
dn i n, & dS, &6 1 BT 5, D EoBERE
BT L L,

F(n)dp
dn, = k. \5,8,~ 5 ®)
ZIT, kBB TH L, &L Z MORIFHEIE
TTEATWAEDT, MAEREIZL L EEMEDS ML
DFDOEAL, n, Tdn, D Z FIZELL

K fS, 8, —5— F(n)dp ©)

nw=

@;7L~ﬁm wiéo_hkﬁtf,6§nfu
BHOEI R I b, (1 +n0/2) OBEHHE x,
TR, WHOBIIT 2 x Offiid 3 =x=x, D
MZd 5, BEOEHIHRZ Y D 5 FHEINH T 54

XTI BERE RO & H KD B,

T OREBINES =4 + 3 OMBEL L5015 X
BEWIZHEFTLOT, HEVD2L SO E, AS (=
Ss—S,—S,), E—FWITHFSH, T/2n>5DS, DF
WA, AS,, WIKE v b

A8,
AS, = S, (10)

THz26M5E, n=n—x+ 2 +x OFESIZLES, D
AT AS, T, FMESB AR k, TERRT 5,
AS, Offild k_AS, OFITH % 5N 5.,

= Y KuAS, (11)
x=3

CITRELZEFVICEY 2 0087 Lz, (11)
A& Sk =1 5B CED, %V%ﬁttf,fk?
Dad A TOHEIMNE—FETHLDT, ky& kD
E1IcZE L vy, 6DZDY 4 TOREINICH L T
=3&E4ABHDLD, kyd kD2 20ffE LD 20D
Kb —FYICFIETEL, 6 L) KkKEBRE AT
LTk, 12U LETHEDT, KEFLDHIEFN
SOMiE —FMIHIRD DI LI TE RV, £2C, F
WELD 220K ICHEET H—HDk, 2 KROTHB
X, EERME X L CZOENRE VLA IZE, FEi
oo CTHIET 2 FETEHEREZ RO, €0k

B% Table LHIRT,

Fig. 6D a % 4 7120t n DAL T 5 n D%



A HBT T E IS H5100%

R,/ (1+R)E k, ODREIZFELVDT,

R, Fm)dp
dn,, = —kﬁkaS—nSol e

dn,, (& dn,

ZIT, kKEEHTH DS, n—n—x+t 2 txidn D
RS n—x+ 2 ExeMindys, 29HLT, 7
BLdn, Ofildn OB»H51E, n—xF2LxD
Bz b a ¥4 TOEAEnZ4 LTINS
x, PHTRIA2DT, (12)XOFHHES n=4 1T LT
Ex D356 x, ODETITI,

I LT, IEvii & vili b b ¥ A TORE
FNC & D n 3 LT 5 n D, 3iZxI L

dn,, Ex=

Tdn, 1,/(14R)ER(1+R)DFET, x=4IC
L Cikdn, 1,/(1+R)ET1 /(1 +R)DHETE
B4,

_ R, F(n)dp
dn,, = k‘/—:S" + R)L + R) p%Z,

x=3H LT (13a)

1 F(n)dp
1+ R)1 + R,) pZ,

dnnx = —kGJ—S_n-So

x=4 2% LT (13b)
SOV A TOFEMEIn & x(x=3 Tk 4) 08T
WAL, nFx— 2 OIIINT 5, 2T, (13a)3
2 (13b) R TEHE L2Mli% n 3 72134 ¥, HT]
%,Fﬁ??@ﬁwimiéo

Pl oBtE % b OER
Vo ZOFRHE%E MD@T&,

ZALHEHATE D,

R P S ol P
EEFEBIETOF () D

3.1 5 8

MR B 22 8L 7 LICHESH] L7z WIB 2 B0 d
EEOBXICHES TS B K DT, I o A5
XWA PRSI S 5 HEEE RO L9 127k
5o Fig. 7C7139% T o T 6 HILOFFIZY —
W AHDITZ OUEFD 1 S AHE & DERTH A
Jo LLENS, HARE o KELL DL, M
OB E 13 F OO MO B S ATHMEIC
O, wEE S 25 F TUANOMRIZE LT VY L%
AN B, ZOZED, FXTHAOEPREL %5
IZONTEMPORAHEIN AT 5 DI L Tw
%o

P 80% F TIXIBMAES ICEH T &2, ZHiEH
FEDFFRLH) AT FIAL OB O T H K5 7 — 7 ORFEI1T
YHENTVLDTHAH, LPL%DH, Fig 3
POGNE X, EHE 0 OFfRIX 2 DOEM T
BT BUERH T, TOZ L, 200N H 5
ZEERREBT L, PACT2% LT THLERIVWEA
TSI LIMER DS S o0 T, RIS B 2 &
MCETHEGTNI/NS B EHRORETHEL L E XD
Nn, LaL, p5%698%LEI27% 5 & MEEAA 7 <
720 BISEI C OIS AR R b EEZA N, —
5, PHT9T% VLN % B LRI AP R

WRELCRY, MEOEMATOERISEE IS P8
LT(%&%K%hto%uT,CZTiQB%#%
79.7% DFH OB DOV TIRIT L 72,

IR TR OBV T2 L LId
Lt s, L Lad™s, Fig 996005 L9
12, PINKRELEML THRMEBOBILITEN LS
Vi, ZOZ EERMBTIEFEORELFHET 5 2 &
HIENFEY RN EARERTE, —F, LOHDEL
W AR RO HUE 0 13 L CIERICEILT 50
T, FNO TEEOIREE MO A0 FE Ly,

Table 1 Relative frequencies for rearrangement n—n+x— 2 +x as a function of x

n N3 4 5 G 7 R 9
4 1.00 0.00 0.00 0.00 0.00 (.00 0.00
5 1.00 0.00 (.00 0.00 0.00 0.00 0.00
6 0.85 0.15 0.00 0.00 0.00 0.00 0.00
7 0.70 0.30 0.00 0.00 0.00 0.00 0.00
8 0.55 0.30 0.15 0.00 0.00 0.00 0.00
9 0.40 0.30 0.30 0.00 0.00 0.00 0.00

10 0.25 0.30 0.30 0.15 0.00 0.00 0.00

T 0.10 0.30 0.30 0.30 0.00 0.00 0.00

12 0.00 0.10 0.30 0.30 0.30 0.00 0.00

13 0.00 0.10 0.30 0.30 0.30 0.00 0.00

14 0.00 0.00 0.10 0.30 0.30 0.30 0.00
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Fig. 10  Entire compaction field is divided into

sub-regions.
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(a) Typical patterns of the wheat flour marks, from which the types of contacts were

Fig. 11
determined: A, point contact between a face and a corner with similar contact angles,
0 = . B, point contact with large different ¢ values (# << ¢); C , point contact
between two edges of adjacent polyhedra; D and E, the face and the edge of a line
contact, respectively; and F, face contact. (b) Schematic models of the contacts in Fig,

1(a); A, B, C" and F' are models of A, B, C and F. D' is the model of the line con-

tact between D and E.
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Fig. 12 Schematic packing apparatus: a, weight;

b, upper Al alloy plate; ¢, rubber plate
of 20mm thickness; d, cuboctahedrons;
e, Al alloy base plate; f, spacer; g,

vinyl chloride hose; h, bottle.
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Fig. 14  Schematic models of (a) close and (b)
near contacts between spheres marked

with black paint.
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Table 1 Pre-exponential factors (D,) and
activation energies (AH) for oxygen
diffusion coefficients (D) in Y,0,-ZrO,
system. (DZD(,exp(* DH / RT)cm*/

s ) Figure captions.
Zr conc. Dy Ay
(cation atom.%) (em? s71) (kJ " mol~Y

0.0 44x1074 (F10x 10 240.1 (3.0)

0.25 41x1074 (Fh2x 1070 197.6 (=2.7)

0.5 6.5x10 ™+ (* 11 X100y 195.5 (= 1.8)

1.5 8.7x10 74 (*37X1070y 187.9 (=3.9)

2.6 L1x1073 (*98x 1073 186.5 (= 0.8)

8.1 1.2x10 73 (*J42 1070 172.6 (= 4.7)

ZDELLDETNDPEETH B 0IFFE AR
REDVHDZEDNUMETH D, ZOHEEHNT
Bratton (£ &5 5 DEFTINPEY CH A MEIEL, #%
FTHEFNTHDL(4)IZHE>THDE ERE L TWABY,
S THWREESIZOWTHRE LT A7, Fig
LT b % A 7 A X0 sRed 72 Bl & 1€ 5L D
FHEMEE R L. 2 THRN R BE R M AR

10°®

3 e No-doped
F A\A o Zr0.25 cation atm.% doped
L N @ Zr 0.5 cation atm.% doped
109k Q \. o Zr 1.5 cation atm.% doped
2 - N 4 Zr 2.6 cation atm.% doped
F = N\, | & Zr8.1 cation atm.% doped
- O\\. A\
100 QN
"_(n 10—11 £
o -
E -
5 C
~ 107%F
a F
r
10"3E
C A
10"k
10“5;—
F | ! | | | !
06 07 08 09 1.0 1.2x10°
1T/ K
Fig. 7 Temperature dependencies of oxygen

diffusion coelficients. (see Table 1.)
Oxygen diffusion coefficients, described

by simple Arrhnius equations.
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Fig. 17

Transparent YAG ceramics for oxygen

diffusion experiments.

ct a\xvﬂ.f) < E‘

ﬁ%ﬁ%@&ﬁ [ b 7
JE X T ol R 3 X3 X2

biLé\L\ s{EeLiEEr
mMK@ML,/w<+A~.F ﬁ@MW%HL
foo T I—VTHRE LI, B S|

2 [, 1673K T 7 = — %ﬁ:&otgﬁﬂﬂy
£ o THRBOE NN L A L7zhs, THudgo R
faiE DS ORI O X = 2L TH S, Y.0
BRI L 20T, ZHAIZL vy YA
1) F R HON A SIMS 12X ) B bz hs, A
iXﬁEMﬁ”mﬂf ST YAPHTHB Z L®
SR TWh, ifﬁ@a@f&>ﬁﬁﬁ%YAG
Za‘:ﬂﬂmf: B, ChigFarIdAF—EIcL Y FRELE
LOTHB", $$%®M%$%D%T,ﬂgiﬁﬁ
FE120.6mm/hr TIT- 72, Hidh YAG I2DWT b Sk
b & AR IZIRITIN T L 72,

(2) PEFEILFOTM L
wiTo 720 EREFEIZ
L72bDEEETH S,

Peifets, MERILEGIER
DWW TUI ARG F O (Z5ER
B & AU — AR SCIR B B O

FZEE®, 2% 1x107torr IZEZEH| & 2L 72, FD
%, EHECO*EE A L7z(171hPa)), REMZLIZ L D AT
EIEURE T EA &, R R 220 IEEEE
BRIX 120085 20 51800085 [, 1373K % 5 1658K F T i
(RS SOS (PLBsESt) 2 B o 720 JLHKT =—

WTtk, BTG L1,
B b L — Y — LR T4, 200 A O &R %

ABEKEICT— P LILEFTROBESR & Lz, "0 4+
YOPET O T 7 A WIE 2 KA A 2 EEmSHTER(SIMS
Cameca IMS-4F) |2 & D &l L 720 10kV O FEE THIH
L72Cs™ % —RA & IR L, BRI L
7oo —RE— LIFBEFEMIZI00X 100 pm* DK E S (2
HABEHNIGERL, FahREEASFEOE T
FIZEDEEPAL Iz RA A4 2 OREFF I

Dynamic Transfer System (4% %trlmo%) £aT
HIR L7 CORMEICEIN Ty YRIRIZEBEELER
NS R BTEPTES, ’@lUT#%ﬁ%ﬂt
TR A A U 5E L Electron Multiplier (EM) 12 & » T
FHAI L 726 BI%E L 722K 4 7 ~ 1300~ L "0~ L%é
/\lwusH" NI FENARDZEH B 53 AR TR AT F — & 22
b, BEFE ML —Y—0 3 RILHA EFHEL 72

y%wﬁ&—br Rz 0-L*0-0_ m4ﬁ
> 1% %, Resistive Anode Encoder (RAE) % Hl \» TH
fEfb SN T — 7 2 &, LRI, RERIZA /Sy
7 27 L — % — 1% Dektak3030 Profilometer & Hl > T
SxRFHI L7z G A v X5 ) v FEEEIE—E IR
TN TWaiz, ANy FREM ERBENLRZL—F —
D BIERF D ENARGH R & 7 b

S 2 TR S R SOR N . 7D7~4wi900%
Wi, 2F 0, KBGO ERERD A
ILEL D 25543 C, Tail Curve #55 (Z AL FIL AL D FF 45
TH B, RIMFHTORRRILF D555 13 2 iR

R B IO T B KA 2 WV TER L

oy

X [
(C= G = vDvT) v

CIZIEESxTD®0 Mk, ci%%%
B, C "0 DEMIRETH 5, N(15) 1T H A & #
PHERHFE CIEFEHTHHEMEL TWDL D C HIE
EHEALTIENTE S, D, &t ISRFEILBURE
ET7 == VR TH S

fr SLERER IS Le Claire DR E TNV 06 35E L

72 Thbb,
a(nC)\~*? [3D
( )) -/—fl a8)

a(x6/5)

22T, 0&D, 13K FIREERFRILBRETH S,
SIMSIZ X > TESNAELOMEE FHVY, EEDOXTE
REED6 S 5FIIMFLTTOy PL-AT—-TLY
0D, ZREL,

.
i )

6 ’ ng =066(—

4. 2. 3 HRRUZE
(1) R oY KR O & H > W TORlE
222D BTBIho/, 220, 2 %Y,0,8% L

5%ALO BRI TH S, NS TR
hﬁﬂmﬁ wOFHMTH 5,

2 %Y. 0,EFIFE ORI F O 55 i e T s S H
% Fig. 18(A)IZ/RT, ZOBEEIZHADL L HIZ, KK

TR L



TR S

Fig. 18 TEM lattice images of YAG ceramics.

(A)2%Y.0, excess sample. No secon-
dary phase, observed along grain bound-
ary.
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Table 2 Parameters for temperature depen-

dencies of oxide ion diffusion

characteristic.

Volume diffusion -

Grain boundary diffusion

Samples D, (m’/s) Q (kI/mol)
D, (m‘,‘s) o Q (kJ/mol)
T Nowamnealed o
2% Y,0, excess 5.8x10™" 259.6
1% Y,0, excess 7.7x10™M 2239
Stoichiometric 4.3x10™ 304.1 2.1x10™ 393.8
0.5%Al,0, excess 3.9 519.4 1.24x10° 688.8
Anncaled* - - -
2% Y,0,8% 2.1x107 348.2
1% Y,0,1B %) 2.2x10” 286.1
SEL 2.6x10™ 265.8 1.1x10™ 463.9
0.5%Al,0,i8% 2.3x10° 408.5 5.6x10" 459.2

* annealed at 1673K for 12 h in air before diffusion experiments.

dencies of oxide ion diffusion characteristic.
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AR = (RR,..) * (R,R) (5-17)
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Table 1 Sputtering conditions for the
preparation of epitaxial MgO, BaTiO,
and Pt thin films.

MgO film BaTiOs film Pt film
Target sintered MgO  sintered BaTiO3 metal Pt
Sputtering gas Ar Ar Ar
Gas pressure 1 Pa 1Pa 0.5 Pa
Input power 30W 40W 6w
Substrate temperature  400°C - 700°C ~ 800°C 600°C
Target diameter 76 mm 76 mm 76 mm
Deposition rate 100 nm/h 150 nm/h 100 nm/h
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(e)
Fig. 2 Surface images of the MgO thin films on Si(100) grown at (a) 400C, (b) 500C, (¢)
600C, (d) 700C, and (e) a cross-sectional image of the MgO film grown at 700C .
Bar=500nm.
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Table 1 Dependence of r, and r, on m value
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