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Study on Fluorite-Type Oxides Ceramics

Abstract

Various fluorite-type oxides have been examined to fabricate high performance oxide
ceramics such as new transparent ceramics, high performance electrolytes, new luminous
materials, or transparent electrodes. The powder syntheses of these oxides were carried out
at the start.  Optical transmittance, or conductivity of oxygen ions has been also measured
together with characterizing the microstructure of the sintered materials which controls the
practical properties of them.

Chapter II reports two fabrication methods of sinterable oxide powders by wet-chemical
methods. One of them is for reactive CeO,-based solid solution nanopowders. The
precursor powders were produced via precipitation using ammonium carbonate as the
precipitant. The rest is for transparent Y,Osz ceramics, of which the precursor is yttrium
hydroxide fabricated via aging at low temperature

Chapter I proposes a new model in the initial stage of sintering, a line contact model of
polyhedra, which well describes initial sintering of pure ceramics powders. Te derived
equations combine the initial and intermediate stages even in the range of shrinkage from O to
7%.  The model concerned successfully analyzed the experimental data of initial sintering
of CeO; fabricate by the one of mimic alkoxide method and commercial Al,O3 powder.

Chapter IV reports high performance electrolytes developed with the aid of “an effective
index” (= (avg.ro/effiro)x(re/rn)), where avgr. is the average of ionic radius, effr, is the
effective oxygen ion radius, where rq4 is the average ionic radius of the dopant, and ry is the
ionic radius of the host element (Ce‘”). Now, the group has produced an electrolyte of
which the ionic conductivity is 50 times that of YSZ.

Chapter V  reports development of techniques on single crystal growth, Economical
furnaces or systems of crystal growth were proposed.

Chapter VI  reports two kinds of studies. One of them introduces history and a
experimental apparatus for our high pressure magnetism. The pressure dependence of the
Curie temperature and Hopkinson temperature of FeCr2S4 is reported. The rest reports
experimental and theoretical correlation between ionicity and covalency of both sulfides and
oxysalts.
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Chapter 2. Synthesis of Reactive CeO,-Based

Solid-Solution Nanopowders

1. Introduction

Ceria (CeQ,) is a fluorite-structured ceramic
material that can be rendered -electronically
conducting, ionically conducting, or mixed
conducting depending upon the composition,
temperature, and the ambient oxygen activity. Due
to its broad range of electrical behavior, CeO, and
Ce0O,-based solid solutions are now under active
investigations for applications as oxygen-ion
conducting electrolytes for solid oxide fuel cells
(SOECs),”

. . . . 2
oxidation/reduction reactions,

catalysts for gas
)

phase
and as oxygen
buffers in automotive three-way catalysts
(TWCs).” Dispersed nanopowders are preferred
for the above-mentioned applications, as either
surface reaction or low-temperature densification
requires powders of high surface area.

Several kinds of wet-chemical methods have
been used for the synthesis of ceria and

doped-ceria  materials, including  hydroxyl

)
)

.. . 4
precipitation, urea-based homogeneous

oxalate )

7

precipitation,’ precipitation,’

hydrothermal and  mechanically

)

synthesis,

activated solid-state reaction.” The powders
prepared by the above methods generally show
finer crystallite/particle sizes and better reactivity
than those via the traditional solid-state reaction
method. Sinterability of the powders, especially
that of the doped-ceria solid solutions, has not been
good enough. For example, the CeQO, powders
doped with 10mol% of RE,O; (RE: rare-earth,
hereafter denoted as 20REDC) requires a typical
sintering temperature of 1400-1600 °C to reach
~99% of the theoretical density.()‘“) The main
chemical

problems seem to be:

(1) poor
homogeneity of the precursors. In such a case,

prolonged heating at elevated temperatures is

unavoidable to convert the precursors into
single-phase solid-solution oxides, (2) severe
aggregation of the precursors and hence the
resultant oxides, and (3) undesirable particle
morphologies.

We have used a carbonate precipitation
method to synthesize well-sinterable CeO, and
REDC oxides, utilizing ammonium carbonate as
the precipitant and nitrates as the starting salts.'*"®
Reactive powders, which can be fully densified up
to a very low temperature of ~1000-1100 °C, have
been obtained. The method takes the following
merits of the carbonates: (1) normal carbonates and
basic carbonates of the rare-earths form extensive
solid solutions among each other, which assures
high cation homogeneity in the precursors, and (2)
carbonates are nongelatinous due to the absence of
free hydroxyl groups, allowing the generation of
less-aggregated powders. In the following sections,
we report the powder synthesis and the effects of
concentration on

dopant type and powder

properties.

2. Experimental Procedure
2.1 Powder synthesis
Precursor

powders are produced via

precipitation  using  ammonium  carbonate
((NH,4),COs, ultrahigh purity, hereafter referred to
as AC for convenience) as the precipitant. The
starting salts are rare-earth nitrate hexahydrates
(RE(NO3)3-6H,0, RE = Ce, La, Nd, Sm, Gd, Dy, Y,
Ho, Er, and Yb) with a purity of 99.99% up. All
the chemicals are purchased from Kanto Chemical
Co., Inc. (Tokyo, Japan), and are used as received
without further purification.

In a typical synthetic procedure, 300 mL of the
nitrate solution is dripped from a burette at a speed
of 5 ml/min into 300 mL of the precipitant
solution kept at 70 °C under mild stirring. After the
resulted

completion of  precipitation, the



suspension is homogenized for 1 h and is then
filtered via suction filtration. The precipitate cake
is washed repeatedly with distilled water and
finally with anhydrous alcohol before drying at
room temperature under flowing nitrogen gas for
over 24 h. The dried precursor is lightly crushed
with a zirconia mortar and pestle and is then
calcined in a tube furnace under flowing oxygen

gas at various temperatures for 2 h to yield oxide.

2.2 Characterization Techniques.

Composition of the precursor is determined
by chemical analysis. Cation contents are
determined by the ICP spectrophotometric method
with an accuracy of 0.01 wt%; carbon content is
assayed on a simultaneous carbon/sulfur
determinator with a detection limit of 0.01 wt%
(Model CS-444LS, LECO, St. Joseph, M1, U. S.
A); NH," content is determined by the
distillation-titrimetric method with an experimental
error of =0.1 wt%; NO;5 content is analyzed by the
spectrophotometric method on a Ubest-35
specirophotometer (Japan Spectroscopic Co., Ltd,
Tokyo, Japan) with a detection limit of 0.01 wt%.

Differential thermal analysis/thermogravimetry
(DTA/TG) of the dried precursor is made on a
TG-DTA analyzer (Model TAS-200, Rigaku,
Tokyo, Japan) under flowing air (200 mL/min)
with a heating rate of 10 °C/min, using platinum
crucible as the sample container and alpha-alumina
as the reference.

Phase identification is performed via X-ray
diffractometry (XRD) on a Philips PW1800 X-ray
diffractometer (Philips Research Laboratories, The
Netherlands) operating at 40 kV/50 mA using
nickel-filtered Cu-Ko radiation in the range of 26
= 20~100° with a scanning speed of 0.5° 26 per
REDC

solid-solution oxides are determined by fitting the

minute. Lattice parameters of the

observed reflections with a least-squares

refinement program. Crystallite sizes of the oxide

powders are calculated by the X-ray line
broadening technique performed on the (422)
diffraction of ceria lattice using a computer
(APD 1800,

Laboratories) from the Scherrer equation:

software Philips  Research

D= 0.97/(cos0), (1)

where D is the average crystallite size; A is the
wavelength of incident X-rays (0.15406 nm); 0 is
the diffraction angle; and [ is the corrected

half-width given by

Bzzﬁm““ s> (2)

where By, is the measured half-width and f is the
half-width of a standard CeO, sample with a
known crystallite size of larger than 150 nm.
Particle morphology and agglomeration state of
the synthesized powders are observed via
high-resolution electron

(HRSEM) (Mode! S-5000, Hitachi, Tokyo, Japan).

scanning microscopy
The sample is ultrasonically dispersed in ethanol,
and the suspension is spread on the surface of a
silicon plate. After drying at room temperature, a
thin layer of osmium is coated on sample surface
for better conductivity.

Specific surface area of the oxides, Sper, iS
measured by the Brunauer-Emmett-Teller (BET)
method on an automatic surface area analyzer
(Model 4201, Beta

Albertson, NY) via nitrogen chemisorption at 77 K.

Scientific  Corporation,
The single point BET method is used to determine
the surface area. Prior to analysis, the powders are
degassed at 125 °C for more than 2 h to eliminate
the absorbed moisture. The specific surface area is
converted into particle/crystallite size according to
the following equation assuming that the particles

are closed spheres with smooth surface and



uniform size:
DBET=6X103/(dthSBET)> 3)
where dy, is the theoretical density of the material

(glem’),

particle/crystallite size, and Sggr is the specific

Dger  (nm) is  the  average
surface area expressed in m”/g. Assuming that the
dopants are homogeneously distributed in the
CeO, lattice and occupy the Ce™* sites to form a
solid solution of Ce; RE, O, (REDC), the dy,

values can be calculated according to:
duw=4[(1x)McetxMpe+(2-x/2)Mo)/a’ N, e))

where a is the lattice constant of the REDC
material at room temperature, N, is the Avogadro

constant, and M refers to the atomic weight.

2.3 Sinterability of the oxide powders
Densification behaviors of the resultant oxide
powders are investigated in air by means of
constant-rate-of heating (CRH) sintering and
isothermal sintering, after dry isostatic compaction
at 300 MPa pressure. In both cases, the heating and
cooling rates are 10 and 20 °C/min, respectively.
During CRH sintering, density of the powder
compact, p, at any temperature, is determined from

the green density py and the measured linear

shrinkage AL/Ly using the equation:

p = po/ (1-AL/Ly)’, )

where Ly is the initial sample length and AL = Ly-L,
where L is the instantaneous sample length. The
green density of a powder compact is calculated
from its weight and gecometric dimensions.
Relative sintered densities are then obtained by
dividing p with the theoretical densities of the

materials.

3. Results and Discussion
3.1 pure CeO,

The AC to Ce’ molar ratio (R) affects
significantly precursor properties, and spherical
nanoparticles can only be produced in a narrow
range of 2.0<R=<3. The precursors synthesized at
R>3 mainly contain nanorods measuring ~10 nm in
diameter and submicron in length, while
precipitation is incomplete at R<2 due to the
inadequacy of precipitant. In the latter case, the
precursor powders consist of micron-sized plates.
Chemical analysis indicates that the precursors
synthesized at 2.0<R=3.0 are basic carbonates
having an  approximate  composition  of
Ce(OH)CO52.5H;0. Those produced at R>3, on
the other hand, are ammonium cerous double
carbonates with a general composition of
(NH),Ce(CO3); 502 yHO  (x<1.0), where the x
value increases with an increase in the R value,
mainly due to the increased complexation of Ce™
with NH," and the increased stability of Ce**-NH,*
complexes.ls)

Carbonate precipitation employing urea as the
precipitant has been used to produce CeQs,, but the
resultant precursor powders (basic carbonates,
oxy-carbonates or normal carbonates) are neither

nano-sized nor
16,17)

spherical in particle

morphology. Obviously, precipitant and
precipitation conditions have played decisive roles
in influencing powder characteristics.

Figure 3.1.1 shows DTA/TG traces of the
precursor synthesized at R=2.5. The TG curve
indicates that decomposition mainly occurs via
three distinct stages and is nearly complete at ~370
°C. The final weight loss (~34.0%) is in good
agreement with that (~34.3%) calculated from the
complete decomposition of Ce(OH)CO52.5H-0,
noticing the oxidation of Ce™* to Ce™ during

heating. The double-shouldered endotherm on the



DTA curve at temperatures below 200 °C is due to
the loss of absorbed moisture and the release of
crystal water. The shallow endotherms between
~200 and 400 °C may correspond to the
dehydroxylization  and  decarbonization  of
Ce(OH)CO;. Rare-earth carbonate is known to
decompose via oxycarbonate intermediates.'

In accordance with the results of DTA/TG
analysis, the powder calcined at 300 °C for 2 h
have displayed nearly all the characteristic
diffractions corresponding to the fluorite structured

CeO, (JCPDS 34-394) (Fig. 3.1.2). Obviously,

oxidation of Ce* has occurred at this temperature.

Ta
o_
110
)
10+ =
S 1% \g
4 = z
= DTA
g o 8
340%
-40 \ 1 . ) . ! . 1 . L 1°
0 200 400 800 1000

Temperature ('C)
Fig. 3.1.1 DTA/TG traces of the basic cerous carbonate

precursor.

Crystallite size of the CeO, powder determined
via X-ray line-broadening analysis of the (422)
peak is given in Fig. 3.1.3 as a function of the
calcination  temperature.  The  exponential
dependence indicates that crystallite coarsening is
diffusion related.

Lattice constant of the CeO, powder calcined at
1000 °C has been determined by the Rietveld
refinement technique to be 0.5413 nm, close to the
reported value (0.5411 nm, JCPDS 34-394). The
CeO, powder calcined at 700 °C has a specific

surface area of ~52 m*/g, corresponding to ~16 nm
in particle diameter. The good agreement between
XRD (154 nm) and BET data confirms the

nonagglomeration nature of the CeO; nanopowder.

Intensity (a. u.)
=~
g,
9}

20 40 60 80 100
20 (degree)
Fig. 3.1.2 XRD patterns of the basic cerous carbonate

precursor and its calcinations products.
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Fig. 3.1.3 Crystallite size of the CeO, powder, as a function

of the calcination temperature.

Figure 3.1.4 shows densification behaviors of



the CeO, nanopowders under the CRH sintering
conditions. For the calcined at
below 700

encountered during compaction due to the

powders

temperatures °C, difficulties are

extremely fine crystallite sizes.

100 (S3EEERIRERER
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go |- | © Celcined at 800°C, 49.6% 80 Ay
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Fig. 3.1.4 Densification behaviors of the CeO,
nanopowders in air under the CRH sintering conditions.
The heating rate is 10 °C/min.

In accordance with the Herring’s scaling law,'”
the powder calcined at a higher temperature shows
a higher onset temperature of rapid densification
and a lower densification rate due to the crystallite
coarsening during calcination. The powders
calcined at 700 and 800 °C both exhibit excellent
sinterability and can be densified to >99% of the
theoretical up to ~1200 °C. Sinterability of these
carbonate-derived CeQ, powders is comparable to
those produced via a non-aqueous route.

Isothermal sintering studies indicate that the
powder calcined at 700 °C can be densified to
>99% of the theoretical at 1000 °C for 2 h. The
ceramic has a fine average grain size of ~0.75 wm,
as determined by the linear intercept method. CeO,
is know to undergo

significant reduction,

preferentially along grain boundaries, during

prolonged heating at temperatures =1200 °C,
which may cause an decrease in the sintered
density and rapid grain growth.zo) The high
sintered density and fine microstructure of the
CeO; ceramic obtained in this work are mainly
benefited from the low sintering temperature,
which is a direct result of the good dispersion and

ultrafine particle size of the CeO, powder.

3.2 The effects of dopant type on powder
properties

20REDC (RE=La, Nd, Sm, Gd, Dy, Y, Ho, Er,
and Yb) precursors have been synthesized at a
fixed AC/(Ce™+RE™) molar ratio of 10. XRD
analysis indicates that the precursor powders are

) Chemical

essentially amorphous.13 analysis
confirms that the precursors are stoichiometric
within the accuracy of the analysis method (0.01
wt%). Depending upon dopant size [for 8-fold
coordination in the CeQ, lattice, dopant size (nm)
are: Yb™* (0.0985) < Er'* (0.1004) < Ho™ (0.1015)
< Y** (0.1019) < Dy** (0.1027) < Gd™ (0.1053) <
Sm®* (0.1079) < Nd™ (0.1109) < La™ (0.1160)],>”

the precursors assume two types of chemical

formulae:

(NH4)CeRE(25(CO3),375H,O  (RE = La, Nd, and
Sm), (6)

(NH4)().25CGRE(),25(COg)z_U‘21‘120 (RE = Gd, Dy, Y,
Ho, Er, and Yb), @)

That is, these precursors are ammonium
rare-earth double carbonates.

DTA/TG analysis shows that the precursors,
independent of dopant type, transform to oxides
~400 °C.") The low

temperature  of double

upon heating up to
decomposition these
carbonates allows us to tailor crystallite size of the

solid-solution oxides in a wider temperature range,



which is very important for practical applications.
The thermal decomposition process can be

generally described as:

(NH)»CeRE(.25(CO3)1 8754502 H,0—

CﬁREQ,QsOO.875(CO3)—>CSREQI2502375 (ZORED C)

where x = 1 and n = 1 for RE = La, Nd, and Sm;
while x = 0.25 and » = 2 for RE = Gd, Dy, Y, Ho,
Er, and Yb.

XRD analysis indicate that all the precursor
powders, regardless of dopant size, begin to
crystallize at a minimum temperature of ~300 °C
(the residence time for calcinations is 2 h) from

amorphous phases at even lower temperatures.

Intensity (a. u.)

20 40 60 80 100
20, Degree

Fig. 3.2.1. Phase evolution of the 20GdDC precursor upon

calcination.

As a representative, the results obtained from
20GdDC are presented in Fig. 3.2.1. It can be seen
that the sample has displayed almost all the

characteristic reflections corresponding to the
fluorite structure of CeO, (JCPDS: pattern 34-394)
at 300 °C. Above 300 °C, continued refinements in
peak shapes and intensities are observed along
with an increase in the calcination temperature,
indicating crystallite growth. For any 20REDC
material in this work, no other crystalline phase is
detected along with the fluorite-structured solid
solution at any calcination temperature, suggesting
excellent cation homogeneity of the precursors and

the direct formation of solid solution oxides.
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Fig. 3.2.2. XRD patterns of the 20REDC oxides calcined at
700 °Coor 2 h.

Fig.3.2.2 compares
20REDC oxides calcined at 700 °C for 2 h. The
diffraction peaks gradually shift towards the high

XRD patterns of the

angle side along with a decrease in the dopant size,
indicating a gradual contraction in the unit cell.
Lattice constants of these 20REDC oxides are

exhibited in Fig. 3.2.3, as a function of the ionic



size of the dopant. A linear relationship is observed
clearly. The lattice parameters determined in this
work are in reasonable agreement with the
previously reported data.

Crystallite-size evolution of these 20REDC
oxides has been investigated by the X-ray
line-broadening technique, and the results obtained
from the (422) diffraction of the CeO, lattice are

summarized in Fig. 3.2.4.
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Fig. 3.2.3. Lattice constants of the 20REDC solid-solution

oxides, as a function of the dopant size.

Obviously dopant size has substantial effects
on the rate of crystallite coarsening. Though
crystallite sizes of the 20REDC oxides are close to
each other and fall in a very narrow range of
~5.3-6.1 nm at 500 °C, the discrepancies among
them are gradually widened at higher calcination
temperature.

Fig. 3.2.5 presents crystallite sizes of the
20REDC oxides calcined at 900 °C, as a function
of dopant size. It shows clearly that the rate of
crystallite coarsening increases gradually with
increasing the dopant size from Yb to Sm and then
decreases with a further increase to La. It is
noteworthy that such a tendency is in amazingly

good agreement with that observed by Yahiro et

— 9

al® on the dependence of the ionic conductivity

of 20REDC ceramics upon dopant.
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Fig. 3.2.4. Crystallite size of the 20REDC oxides, as a

function of the calcinations temperature.
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Fig. 3.2.5. Crystallite size (calcined at 900 °C) and ionic
conductivity of the 20REDC oxides (reproduced from the
work of Yahiro et al.), as a function of the dopant size

(nm).

Electrical conduction is a process of oxygen
vacancy migration (oxygen diffusion), while

crystallite coarsening is a process pertaining to



both oxygen diffusion and cation diffusion. For the
fluorite-structured solid-solutions studied in this
work, oxygen diffusion is several orders of
magnitude faster than cation diffusion and hence
the latter is always the rate-controlling factor for
crystallite growth.”™ Fig. 3.2.5 shows clearly that
dopant size affects cation diffusion and oxygen
diffusion in a similar way. This may be
understandable by considering defect interaction

and lattice distortion in RE,O5-doped CeO;:

RE,0; “%2=9RE. +V, +3 0,5, (8)

where the symbols have their usual meanings in
the Kroger-Vink notations. That is, every two RE>*
cations create one V," for charge compensation. In
doped CeO,, the RE. and V,” defects are rarely in
a free state but instead interact with each other to
form RE® clusters and (RE.-V,") pairs (defect
aggregation) due to static electrical attraction. The
association energy of (RE.-V,?) pairs are
dependent on the dopant and is the lowest for
dopants having sizes around that of Sm**.**
Besides, the differences in the sizes of the host and
guest cations are expected to cause local
distortions in the crystal lattice. The strain energy
caused by lattice distortion may slow down the
mobility of cations and oxygen vacancies. Again,
dopants with ionic sizes around that of Sm®
induces the least extent of lattice distortion in the

Ce0, lattice.”

3.3. The effects of dopant concentration on
powder properties.

We have also investigated the concentration
effects of dopant on powder properties, using
Y20,/CeO, system as an example. The precursors

are synthesized at an AC/(Ce™*+Y**) molar ratio of

10 under the conditions described in the
experimental section. A precursor for pure CeOs is
also synthesized for the purpose of comparison.
The CeO, (0YDC) precursor is determined via
elemental analysis to be a cerous double carbonate
with an approximate
(NHa)o.25Ce(CO3)1.625H20.  The
however,

(NHa)o.20Ce(1.09 Y «(CO3)1.60- 1.6H,0,

dopant

composition of
yttrium-doped
precursors, assume an approximate
formula of

regardless  of concentration.  To
understand the precipitation behavior of Y
cations, a precursor for pure Y,03 is prepared
separately and is found to be
(NH,)Y(CO3),-1.3H,0. Obviously, the Y**-doped
precursors are not a simple combination of
(NH4)0.25Ce(CO3)1 625 H,0 and
(NHg)Y(COs5),-1.3H,0

respective Ce/Y molar ratios.

according  to  their

The ammonium double carbonates obtained
here are analogous to the sodium rare-earth
carbonates (NalLn(CO3);xH;O, Ln = lanthanoids
and Y)Z(’) precipitated with sodium carbonate from
nitrate solutions. Carbonate double salts were
reportedls) to follow a general formula of
M,[RE(CO3); 5412]-nH-0 (M = NH,", Na*, K, and
Rb*; RE = La-Lu and Y), where the x value may
vary up to 6, depending upon the processing
conditions. The precursors produced in this work
show the x values much lower than 6 (even smaller
than unity except the Y,05 precursor), which may
indicate that the rare-earth cations have not been
fully coordinated during precipitation.

Figure 3.3.1 shows XRD patterns of the
as-dried precursors. The precursors for pure CeO,
and the yttrium-doped ones exhibit low
crystallinity, making it difficult to perform phase
identification. The precursor for Y,;0; is well
crystallized, but the diffraction peaks can not be
indexed by comparing with the data files of known

yttrium compounds. The doped precursors, at any



doping level, show no reflections corresponding to
the Y05 precursor and their crystallinity decreases
gradually with an increase in the dopant
concentration. The above observations are clear
evidence that solid solutions of the Ce/Y system
have been formed directly during precipitation.

We have made a systematic study on the
phase evolution of the YDC precursors upon
calcination. Each precursor is treated at the
selected temperatures (up to 1400 °C) for 2 h
under flowing oxygen gas and then subjected to
XRD analysis after cooling down. It is observed
the 0-27YDC samples

crystalline phases except the fluorite-structured

that show no other

oxides at any calcination temperature up to 1400

OC.Z7)

Precursor for \(203

Intensity (a. u.)

0YDC

N : 1 : 1 . ] : s
20 30 40 50 60 70 80

20/degrees

Fig. 3.3.1. XRD patterns of the YDC precursors.

The 35YDC powder, however, is diphasic after

calcination (Fig. 3.3.2): a trace amount (<1.5 wt%)

of Y,0srelated type-C phase®™ appeared along
with - the fluorite-structured solid solution. Both
phases show sharper reflections at a higher
calcination temperature, and the type-C phase does
not vanish even after prolonged heating at 1400 °C.
Thus one may conclude that the solubility limit of
YO;5in CeO, is around 35 mol%.
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Fig. 3.3.2. XRD patterns of the 35YDC oxides calcined at
(2) 300 °C, (b) 500 °C, (c) 700 °C, (d) 1000 °C, and (e)
1400 °C. Some peaks in (d) and (e) are truncated to

envision the type-C phase. F: fluorite; C: Type-C phase.

Lattice constants of the 0-35YDC oxides
calcined at 700 °C have been determined using a
computer program based on the Rietveld method.
Yttrium doping induces a gradual contraction in
the unit cell. The lattice parameters as well as
some other properties of the 0-35YDC oxides are
summarized in Table [ .The decreased crystallite
size at higher dopant concentrations may also be
explained from the viewpoint of defect interaction

and lattice distortion.

—_11 —



Table 1. Some physical
Ce 1, Y04, powders calcined at 700 °C for 2 h.

properties of the

X crystallite size (nm) Lattice constant
Dxrp Dggr (nm)

0 20.65 24.10 0.54131
0.025 19.39 21.12 0.54125
0.05 18.42 19.94 0.54118
0.10 17.05 19.23 0.54099
0.15 15.72 16.02 0.54082
0.20 12.29 13.15 0.54065
0.27 11.34 13.45 0.54027
035  8.89 9.21 0.53993"

*determined from the fluorite phase.
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calcined at (A) at 8000C and (B) at 10000C
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Fig. 4 Specific surface areas for the undoped

and the sulfate-ion-doped yttria powders.
Sulfate ions reduced particle growth in the
stage of calcination.
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Fig. 6 Shrinkage curves if the undoped Y,0;
powders, which slightly changed in the
calcinatin temperature range between 800°
and 1000°C. However, the curves concerned
appreciably shifted to the high temperature
region as the calcinations temperature
increased from 1000°C
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Fig. 7. Shrinkage curves of the sulfate-ion-doped
Y,0; powders. Sulfate ions inhibited
densification of the powders calcined at a
relatively low temperature between 800° and
1000°C.
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Fig. 8 Close densification curves of Y1100 and
YS1200 with similar specific surface areas
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Fig. 9 Typical examples of the yttria ceramics
sintered at 1700°C for 1 h under vacuum.  Sample

6¢ 00

a” was doped sulfate ions and calcined at 1100°C;
sample “b” was doped sulfate ions and calcined at
1000°C; sample “c” was undoped and calcined at
1100°C: sample “d” was doped sulfate ions and
calcined at 1200°C; and sample “¢”

¢” was undoped and
calcined at 1000°C.  These samples were polished

and their thickness was about 1.5mm.
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Fig.1. Teb typical models for the ifitial stage
of sintering. (A) two-spheres and (B)
pyramid-plate. Path I is for volume diffusion,
path II for grain-boundary diffusion path Il for
surface diffusion, path IV for flow, and path V
for evaporation-condensation
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Fig. 2 Schematic contacts between polyhedra. A,
point contact between a face and a corner with similar
contact angles 6 ~6, B, point contact with large
different @ values (8 1< 85); C, point contact between
edges of adjacent polyhedra; D, line contact; and E,
face contact.
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Table 1 The values of constants, p and n, for the reported shrinkage equations, Eq. (1).

n Reference

Model Mechanism p

Sphere-plate Volume 3 25 Kuczynski [2]
Sphere-Sphere Volume 30025 Kingery and Berg [4]
Sphere-Sphere Volume 30 Coble {3}
Sphere-Sphere (with groove) Volume 3 204 Johnson [27]

160° cone on plate Volume 3 30 Johnson and Cutler [13]
Pyramid-plate apex 120° Valume 330 Bannister [26]
Spherc-spherc Grain-boundary 4 30 Coble [5]
Sphere-sphere (with groove) Grain-boundary 4 30 Johnson [27]

160° cone on plate Grain-boundary 4 40 Johnson and Cutler [13]
Pyramid-plate apex 120° Grain-boundary 4 40 Bannsiter [26]
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Fig. 3. A schematic model of initial stage
sintering between an edge and a face of adjacent
polyhedral particles. (A); atoms on the interface
between O, and F, x,, diffuse to neck 1 with radius
©1, and those on the interface between O, and F’,
X5, to neck 2 with radius ©0,. z is an arbitrary
length from O,. (B); the geometry of a neck, in
which edge, C,, penetrates to the face C,and C,’.
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the geometry just changes from the initial to

intermediate stage. 6; is O of such a neck;
(B) a neck with@; < @ in the initial stage, and
aneck with 8; > @ ,in the intermediate stage.
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Fig.1. Typical SEM micrographs. (A):
aluminum hydroxide-derived Al,O; powder,
hard agglomerate; and (B): Al,O3;powder by a
mimic alkoxide method, soft agglomerate.
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compact, (B) a compact sintered at 12250C for 960
min, AL = 6.8%, and (C) the green compact of
sedimented powder.
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Fig.4-1 Complex impedance spectra of samples
measured at 400°C in air. The 8Y1S-1600 means
the 8YSZ with the addition of 1 mol% SiO,
sintered at1500° and 1600°C for 4h.
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Fig.4-2 Scanning electron micrograph of 8Y1A
sintered at 1600°C for 4h.
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Fig.4-6 Grain-interior resistivity (pgi), grain-boundary
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sample densities.
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Fig.4-7 Secondary ion images of (a) 28Si- for
8Y-UD-1600 (acquisition time 900 sec.) , (b) 27Al1160 -
for 8Y1A10-UD-1600 (acquisition time 180 sec.) and (c)
28Si- for 8Y1A10-UD-1600 (acquisition time 300 sec.).
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at 400°C in air. BM: ball milling, UD:Ultra-sonic
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Fig.4-11 Grain-boundary resistivity(pg) and resistance per

unit grain-boundary area(Rgs) at 400°C with varying
heat-treatment temperatures before sintering at 1500 °C.

(Starting powder : 8Y-UD, Heat-treatment time : 10h)
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Fig.4-12 Grain-boundary resistivity(pg,) and resistance per
unit grain-boundary area(Rgys) at 400°C with varying
heat-treatment times before sintering at 1500°C. (Starting
powder : 8Y-UD, Heat-treatment temperature : 1200°C)
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Fig.4-13 The schematic diagram showing the suggested

mechanism of precursor scavenging
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Fig.4-14 Impedance spectra measured at 400°C in air for
the samples sintered at 1500°C with and without precursor

scavenging.
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Fig.4-15 Impedance spectra measured at 400°C in air for
the samples sintered at 1600°C with and without precursor

scavenging.
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(measured at 400°C in air)
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and YBSilA samples with varying the heat-treatment

schedules. (measured at 400°C in air).
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A ¢ jump distance,

T': absolute temperature,

K : Boltzmann’s constant,

vo : attempt frequency,
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— 56 —



—H. BItA A DEED T 14— (u) X441
(Nernst-Einstein OBfR) THRIN 3,

w=qD/kT [4-4]

Lo T Bt A AREILLTFORI4-BlIC K> TED
HENBo

o =NcCqu
=y(Cq% kDNc(1-Nc)Z)\2voexp(AS/ Kexp(E /

k7 [4-5]
[4-5lXFrDFEEE. LIFOIEE %S 2,

Ne : fraction of occupied sites
C : density of ion sites in the
E : activation energy
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n : Constant
1 (for di-valent dopant)
2 (for trivalent dopant)
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function of effective index at 800°C
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Fig. 4 —37: a) Selected area electron diffraction patterns <110>g
recorded from Smy,CeosOo sintered body; b) TEM
observation of micro-domains in Smy,CeosO;o sintered body
and ¢) calculated [110]r pattern.
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Fig. 4 - 42 a): precursor, b): 700°C-2h, ¢): 800°C-2h,
d): 900°C-6h
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Figure 2. Epoxy-scaled cell.
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Figure 3. The relationship between pressure and the melting point for 1-pentene, the

4:1 methanol-ethanol mixture, methanol, and ethanol.
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~ORRTHEEL LTS,

—F5., BEANTREISE TR THLT
b, HERE, HEEEICRB o s AR WBEE SV
OB R EAE, SEMiirelR, Vg
I NFTBHFETOHE - BREIL. = RLF—f
BERBIHIZKRELSEBITIT A 2 10 A8
&> TR EICEEESBL TWDH 2 L0k
HHTwmTHECHLLEVWIETLE D,

6.2.2 BERBlOMYT & BE
AEICADENC, 5B, EFlE L THERY BT

7eAg-As—S RO ITEOET — &4 5 b EE
4L, FTiTable 6.2.1 O L HIT 5,

Table 6.2.1 Chemical Data on Ag, Asand §
As S Ag
Radii (pm)
atomic 125 104 144
covalent 121 104 134
ionic —~-69 (13) ~184 (2) ~113 (1)
~46 (+5) ~89 (12)
van der 200 185
Waals
ground 3410452 4p3 352 3p4 4410 551
state
Electro-
negativity 2.20 2.44 1.492
(Allred)
lonization
energy 947.0 999.6 731.0
(kJ/mol)

TIT, BREEET X ERET L. Aglizo
WA A ¥R, As, SICOWTIREEERS
YRENWEANT—F L L BB+ E2EHETH
b Flo, BREMECEETHIE, AglFn
3z U A AN DT B R

S 52, Table 6.2. 21201, B4 HAgF —
BEBEFTIIE LD,

Table 6.2.2 Crystal and Nuclear Data on Ag

Effective Ionic Radii of Ag

IONN\CN 2 4 4sq 5 6 7 8
+1 067 1060 102 109 1.15 1.22 1.28
+2 0.79 0.94
+3 0.67 0.75

(Note: Radii ( A ) in Oxides and Fluorides)

Atomic Mass {Natural Abundance)

107 Ag 106.91 (5184 % )

109 pg 108.90 ( 48.16 % )

Flo, WERELCNS { As2S3 } E4Fig.
6.2. HImd, EED As2S3 fida M4
Orpiment) I, Z DX HREHN b #HFENFHE
LCHsETHA L 6)

Fig.6.2.1

{ As2S3} layer
Arsenic atoms are larger circles, and sulfur atoms smaller

circles. Lone pair clectrons are schematically shown by colons.

INETC, HELFERECLY, ERERD
FEmEE & D THUEHEN L O 48D T X
oo TIZ T, FAE, DTHEEEFH
L. Bl bgir, B8%1T-7, Fig. 6.2. 1
RTE 7 { As2S3 ) 1@ (BARMEEAIITI2
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BR, BETH, 100~200) {Zx LT
BLU, PREMEDLEFET — 2 YOI BET
WHF (Net Atomic Charge) #Table 6.2.312%
LT, B, ERLEY 7 ME, MOPACEY
MY 7 b C, ZORMIE. W 7. 8) 235
M, T OERNLFENE, TRT -2 L L

T, XHk8) 2FERL., PiEET—4#L LT
W, EHEDAs2S3 f5dh (Orpiment) HEF— 4
% 3T (. BiZAs - S bondi ;spB/ﬁﬁE%
RELCTEHENZIMSBIIH LT, HF
ﬁ%&@¥@%%%%%ﬁ%ﬁ%ﬁoh%@f
b5, HEROBONZIBIL, BEA. &
EHEHEL Lo, EERBET —FO58L Y bk
WIZENGND, £, FRHOERMEBRRES
AENPLLTFEIND L D ITHUKRsp3IERKILTH
<. s D DHp BUE~DRMIIHK DL THY
BFER~OFEIL, 58 BuEBRTH S,
¥, AREITH., BERBELIISFHETIT-
TWAMN, TR EHBIZ, ab-initiolElZ L A
FRITS OME LR A D T D, Eio, M@A
WS EFE {As2S3 | L@~ B8

FREFBCTHABN, T O i%‘l@%r Eﬁb
M EH T &0,

SH%OREY

AKETH., —PlaeRmLEETThrrn, 4

%, 44y EXFHORECETLIHEZED L
FIRT T —F LED, MEMBHEFRIZBWT
£ - EROBwmICEI LoD, =TV TAT
YA L) BN LORRAERYHGT S
LOTHD,

Table 6.2.3 Chemical Bond Data on As283

Crystal (Orpiment) Isolated layer

Bond Length (As-8)  21.5-23.4 pm 22.1-22.3 pm
Bond Angle (- As -) 100- 110 ° 107~ 113 °
Bond Angle (-$-) 90-102 ° 94 - 99 °

(ct., regular tetrahedron : 109 “28')

Net Atomic Charges on an lsolated layer

As +0.45 ~ +0.51 (EN=220)

N -0.26 ~ -0.40 (EN=244)

(1IN = Electronegativity estimated by Allred)

6.2.3 BHEB® ()

TTIZ WEMBIFREOE~ v 7 2H L0
HOARLTEESI | ZIIER A
v v TR BERMEI D . BR, B,
WEREFWENICOBEBERL-LDOTHD, 3
MBI L CHE—# Rt chHr»n, —on (£
<2y 7| ORBEHEEEE ST L THB L SLEMN
HOHDTUTIZI~S, 48, BARRICIL4FE
BONOFEENEE L > TW5S, I I C,
nuclear chemistry BEESEF 2924 4L, L
i levy ) Lid, ZO4EEOHOPT
., FICBBALEHIMEAL WSR3
HLLTWBHILLs, 22CH., &% ¢
#) LEE (&) | BLOZRALOBELED

S HEEIRIZ 8 5 0 B BT B B (il & 7R
WOTHY (HL, BRTHIMNG, MK,

IO >TRERBERIIDVELIOTH
2), T&ey?) ik, #hbn, BEE T
b, BB L EEN BB HEEE L
wvﬁéoﬁﬁ\ﬁﬁﬁW%@ﬁﬁm 48,
ROBTEIZHTECEHZ & NER %*h(*(b\
%, Bk, T%mﬁﬁ@&mﬁ RN ERRY 7t
R BN AR mimm&ﬁﬁ FLTEN
OO PEER CRASMROHIEE TH
L, HBEBEER T, A 2R, Wb b
TITTRTRELTWSD, ZHLIEERRD
LA T E, (2~ v 7 LIIR%BICR
_RE3FHBOMREENSELE LTV, ik
B FDOHT-VETTHIEEZLLY,

(FE 7 50 i, WEOWEICEFE LY
Ve DI, EBSOHDOHEEOFRESENTE &
NERTHZeV, )
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