2.1 <

(stable)
(tetragonal, t)

2370 C

1170 C

(pure zirconia. Zr0,)

3 (phase)

(monaclinic, m),

(cubic, c)
(melting point, 2680 + 15 ()
2370 °¢c 1170 °¢c
2.1

Monoclinic - SG. 5.6

1170 <

Tetragonal - SG. 6.1

2370 C
Cubic - SG. 5.8
2600 C Melts
2.1
(fluorite structure, CaF9
2.2

Smith Cline [5]
transformation 2285+ 50 C

(atoms)
(unit cell)

tetragonal-cubic






<mum tilldmi y|

» jma tn
Wolten [6] monoclinic-
tetragonal transformation
1000 °C
1180 C
970 C 750 C .
(atomic readjustments) cubic-tetragonal
transformation
i
? 3
211
face-centred cubic (fcc)
2.2 (a) (anion) ( ,<2) simple cubic
packing (cation) ( . Lrd4)
(half interstices) (lattice) [7]
2.1.2 '
1170 C 2370 C
(distort) A 22(b)
2.13

950 °c
1170°¢
baddeleyite" 2.2 (c)



Lattice parameter
2.1

2.1 lattice parameter

a( ) b ) Cl )

0.5144 0.5133 0.5347 [8]
0.50806 - 0.51837 6]
0.5135 ‘ “ [9]
(Ca0.15'v0.85"1.85)
15 mol % CaO-doped Zr02
22 Ca0-Zr02 system
2.2.1 (Stabilization of Zirconia)

t —> m transformation

(transformation temperature ~ 1170 °C)

3-5% (cracks)

(internal stress)
(alloy) (dope)
(MgQ) (Ca0)
(Y23 (Sc03) (Yb203) (02
(Ce02 solid solution
¢ —» t transformation ! $
[10, 11]

(stabilizng oxides)
substitutional solid solution
(high solubility) fluorite-type phases



(composition) [12]
? substitutional solid solution
(cation radius) ? [10]
22 . ? ’
2.2 ? [13]
 T(A?)
(%)
7" 0.79
ca®f 0.99 +25
Mg+ 0.66 - 16
o 0.73 -8
Al 0.89 +13
Yb¥* 0.86 +9
Cedt 0.92 + 16
7 - " (dopant) ?
! ? ? ? fully stabilized cubic zirconia

(FSZ), partially stabilized zirconia (PSZ) tetragonal zirconia polycrystal (TZP)
?

2.2.2  Binary phase diagram of Zr02-Ca0 system

? ? substitutional solid solutions



(rare earth oxides)

[14]
L. ) (size factor) :
15% substitutional solid solution
15 % substitution
1%
2. ) (valency factor)
substitution
] (overall electrical neutrality)
solid solution ? (phase diagram) [15] 23 3
6 2000 C
2
Cazr 9 Cazr 9
periods of time
6 17 1.140 °c
2 partially stabilized zirconia
metastable matrix
1,000-1,140 °c
1,000 C martensitic transformation ?
fully stabilized zirconia metastable

800 °c ageing



2500

T 2000
(5
w
o«
=
-
-~
«
o
s 1500
w
=

K~
\
N

2250 % 20 °C

.{

L + CoZrOy \(‘

Cya *+ CoZr0y

© 1310 = 40°cC

1140140 ©

s

© oo @

7
AN Ta_t CoZr409

ST Cqy + Calrg0gq

1000} N
N “ | © ° cozrg0g + Cazr03
/\M" © © ©
| P ° ©
! ©
Mgs + CaZrgq0g
[} I‘O 20 ;O 4:0 50
210, CaZr40g CaZrOy
MLE + QO
2.3 Zr02Ca0 system
2.2.3 Patially stabilized zirconia (PSZ)
' ?
3-5
1 1
' ' (toughness)

Stabilized Zirconi

a.II

“Partially



0

? t I
matrix PSZ [16]
pPSZ
R Garvie (CSIRO)
(Stress) £ (impact)
(wear) (attrack)
(metastable)
(compression)

“Transformation Toughened
Zirconia" N 24 25

(" M) Metastable zirconia particle (tetragonal)

7 Martensitically transformed zirconia particle (monoclinic)
2z

Stress field around crack tip

2.4 Stress-induced transformation of metastable ZrOj particles
in the elastic stress field of a propagating crack [17]



ATRANSFORMATION
ZONE

() TRANSFORMATION
_________ I_ t r i ZONE
1t 1 ]t Jf-
CRACK-
L -L

2.5 transformation zones of (a) initial stage and
(b) process zone after the initial stage [18]

23
3
” ? 16
(1Pa) (MNmM32
650 11
250 37

245 28



2.2.4 a a J

2.2.4.1 Unstabilized Zirconia

- Zr02grain
- Granules
(zirconia grain) ' ' kiln furniture ?
?  silicon carbine grinding discs corundum !
1 inertness ~ roundness
Unstabilized presintered granules 2102 crucibles
2102 pipes inductive heating 1 !
chemical purity ~ ZrO? pipes inductive heating glass fiber

2.2.4.2 Partially Stabilized Zirconia

- Dispersion and Grinding Media

. (bulk
density) ? (contamination)
dispersion media (chemical resistance)
dispersion agents
2102 dispersion grinding media
staining
agents hifilvideo tapes ? I
? "
(ratio of abrasion)
15 : 10 ( : ) 1000
(weight loss) 10

120 (grinding times)



(wear) grinding media  lining

0.8-2 (grinding  cylinders) 10-15

36 mm.

- Kiln Furniture

Kiln furniture

inertness kiln furniture
chemical inertness
Setter plates (grain  size
distribution) 1 mechanical
stability  flatness small plates 10 X6 X0.5

cassette system

- Eccentric Discs for Mills

[ eccentric
discs
eccentric discs
Eccentric discs

eccentric discs
discs spalling metastable
tetragonal/cubic phases ductile



14
-Tubes with Inductive Heating

heating elements
(oxidation resistance)  metallic elements

1300 °c (Kantal) ~ super-Kental 1600 C
1000 C
electrical resistance heating metallic conductor
zirconia zirconia tube  induction coil
- Kiln Linings
quartz
glass pipe  glass fiber Tongue  groove bricks
? radiation  flux '
wetted  siliceous  metallic melts
(silicon oxide) chemical attack
refractory material ; ‘
zirconia linings
high-performance ceramics lining
burner blocks
flame spread
PSZ
tappets, valve guides PSZ

ry
(die)

(nozzles)



le

2.2.4.3 Fully Stabilized Zirconia

- Oxygen sensors

valences zirconia lattice
0Xygen vacancies host lattice
oxygen ion conductivity (

12.5)
?

reducing combustion process
lining

- Lab Equipment/ Crucibles

Fully stabilized zirconia materials
pOrous
crucibles full CaO stabilization noble metals

2.3

231 «

2 ' baddeleyite (Zr02)
baddeleyite (South Africa) '

(heavy minerals) (ilmenite, FeTiOg), $  (rutile, TiOg)

( onazite, (Ce,La,Th)P04)
wet-gravity concentration dry-separation techniques magnetic
eletrostatic process $ 2.6



Mineral sands

Zircon, ZrSi041SG. 4.6-47
Quartz, Si02, SG. 2.6
Rutile, Ti02, SG. 4.2-5.5
imenite, FeTiO, SG. 47-4.8
Monazite, (Ce, La, Th)P04, SG. 5.0-5.3

Quartz Gravity separation

limenite (monazite)*— Electromagnetic separation

Rutile  *emeemees Electrostatic separation
|
Zircon
2.6 f
E 800,000
tons)
2.3.2 ' 9]

(chemically stable)
(energy) (break bonds)

16

(metric



7

(sodium
hydroxides. NaOH) ! ' 600 °c ? (sodium
zirconate, Na2Zr03) (sodium silicate, Na2Si03)

ZrSi04 + ANAOH  -rmememeemecemeees ) NazZr03 + Na2Si03 + 2H2
" leaching
(hydrolyzes) (hydrate zirconia)
(calcine) (oxide impurities)
(purified) acid leaching
(coprecipitation) (sodium carbonate)
(sodium hydroxide)
1000°C
chlorinated
1000 (zirconium tetrachloride, ZrCl4)

(silicon tetrachloride, SICl4)
ZrSi04 + 4C + 4CI2 *  ZICl4 + SiCl4 + 4CO
(condense)  150-160 °c
(condense) -10 C
partially
hydrolyzed (zirconium oxychloride, ZrOCI2)

(reprecipitated)
hydrous zirconia (base)

1750 C ( arc furnace plasma
furnace  advanced electric reactor)

(silica, Si02)
ZrSi04 + Zr02-Si02



18

quenching
treat treat (caustic)
(extraction zircon)
(solution) ? (
(crystallization)) solidified ?

consolidation fully dense body

(sol-gel) (sol) (well dispersed fine colloid)
(peptizing a precipitate)
(dispersing a colloid) (hydrolyzing an
alkoxide) rigid
(three-dimensional network) pH (water

content)

flame-evaporation ~ spray-hydrolysis technique
(spraying a zirconia solution) hot zone solution
decomposes  evaporates

(precipitation) pH
(electrolyte composition) (concentration)
(vary)  reactant
(dry)
(calcine) (mill) —/ (spray-dried)

77 2,3 2
2533

98 2.1
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2.4
Somiya [21]
1) 1
2)
3) agglomeration
4) homogeneity
5) controllable composition and purity
6)
1700 C
(inhomogeneity) (chemical inertness)
active powder ?
? mixed oxide [22, 23] 1  hydrothermal [24, 25] 1
[26-29)

2.5 lonic conductivity

25.1 lonic conductivity of cglcia doped zirconia ceramics

0Xygen ion vacancies oxygen ion diffusion coefficient [30]

20

lonic conductivity electronic conductivity jonic conductor

(transport number, t > 0.99) 0Xxygen pressure [30, 31]



I oy 1 ¢ 1 J 0]

A imnjjjwn
?
(solid electrolyte membranes) jonic conductivity
(> 102 ohm'l cm.'1 )
(impermeable)
membrane (density > 92 %)

(thermal shock)

£ 28
[32]
07
'€ 1072
()
c
oy
>
S
he)
&
© 103
10-1. " 1 P
mol % 2 3, MO
2.8

1080 K
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2.5.2  0xygen sensor

(molten metal) [33-37]

(electrodes) (platinum gauze)
[
(platinum wires) high-impedance voltmeter [34, 36] 2.9
dissociation recombination
ag°t n -/FE
ag’t 7 -RT+ (all a2
Pl p2
Nernst equation (electromotive force, e.m.f.)
E = (RT/4F) » (pl/ p2)
AG°t = T
cell reaction

(standard free-energy of cell reaction attemperature)
Z = (Z=14 )
F o= ? (Faraday constant)

= 0.649 X4 ¢c.mol.

R = - = 8.314 J.K'L.mol.



T = (absolute temperature)
avaz2 = activity 1 activity 2
P1 =

(partial pressure of oxygen in sample gas)

(partial pressure of oxygen in a reference)

(air) (reference material)
0.209 atm 21.2 kPa,

Pt leads
/ \ Reference po,

/CSZ tube

Inner Pt gauze
electrode

Outer Pt gauze

0=

Measured po,

2.9 Zirconia oxygen concentration cell [34]



7]

24

(monitor automobile exhaust gas emissions)

(fuel-to-air ratio) [34, 36,
(closed end) (hot exhaust)
(sensor)
high-impedance instrument
(steels)
(Zr02sensor) molten metal
thermal shock ' 1

} gas carburizing bright annealing
(stainless steel)
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