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The effect of aliovalent dopants, Nb.0O: and MnQ, on the grain growth kinetics of 12 mol% ceria stabilized tetrag-
onal zireonia polyerystals (Ce-TZP) was studied. All specimens were gintered at 1550°C for 20 minutes prior to an-
nealing at different temperatures to study grain growth kinetics. Grain growth kinetics of Ce-TZP and 1 mol%
Nb;O; doped Ce-TZP (Ce-TZP/Nb,0:) during annealing at 1475, 1550, and 1600°C adequately matched with square
law (D®-DZ=k,t). However, grain growth in 1 mol% MnQ doped Ce-TZP (Ce-TZP/Mn0) annealed at 1550°C aheyed
the cubic law of grain-growth. While MnO suppressed grain growth in Ce-TZP by drag force exerted by Mn™ jons
which sepregated stronply to the positively-charged grain boundaries of Ce-TZP, Nb.(; enhanced grain growth by
increasing the concentrations of vacancies of Zr* ion and Ce" ions. Surface analysis with X-ray photoelectron spec-
troscopy (XP3) showed the segregation of Mn* ions to grain boundaries. The kinetics of grain growth obtained in
the base Ce-TZP and the Ce-TZPs with the aliovalent dopants were examined in the context of impurity drag

effect and space charge effect.
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1. Introduction

he investgation of zirconia ceramics has continued to
T attract the interest of ever increasing numbers of
scientists and technologists as many potential com-
mercial applications for these engineering ceramics have
been identified.” The traditional properties associated
with ceramics, i. e. brittleness and weakness, have been
improved with high fracture toughness and high strength
by the advent of zirconia ceramics. Pure zirconia exhibits
three types of polymorphs.'” The monoclinic phase is
stable up to about 1170°C. At this temperature it trans-
forms to the tetragonal phase which in turn is stable up
to 2370°C where the cubic phase forms and is stable up
to the melting point of 2680°C. The properties of zirconia
can be modified significantly by the addition of one of
the oxides, Ca0, MgQ, Y;0;, or CeQ,.*” Addition of appro-
priate amounts of one of these oxides stabilizes the
tetragonal phase at room temperature.*'” 12 mol % ceria-
gtabilized zirconia (Ce-TZP) at room temperature typ-
ically consists of nearly 100 percent of the tetragonal
grains. The tetragonal to monoclinic transformation occurs
on supercooling below room temperature™ because the
tetragonal phase is metastable at room temperature.
The tetragonal to monoclinic transformation is martens-
itic with an accompanying volume-increase. The transfor-
mation temperature is dependent on the grain size,**'”
grain shape, ™ composition,” applied stress™ and ete.
There are optimum amcunt of stabilizer and grain size
for maximizing strength and fracture toughness of zirconia

ceramics. In the case of zirconia ceramics stabilized with
CeQ,, Ce-TZP ceramics show maximum fracture tough-
ness at about 12 mol % Ce0,.*”

Grain size can affect various properties of ceramics. In
partially-stabilized zirconias including PSZs and TZPs,
the stress-induced martensitic transformation of the me-
tastable tetragonal phase to the monoclinic phase, which
is respongible for the enhanced fracture toughness via
transformation toughening, is strongly affected by the
grain size. This grain-size dependence is reflected in a vari-
ation of the transformation yield stress with grain size as
well as the observation of a critical grain size above which
the tetragonal phase can not be retained at room tem-
perature. Therefore, the phase stability of tetragonal zir-
conia particles embedded in the matrix of Ce-TZP, which
ig very important to the mechanical properties of zireonia
ceramics, depends strongly on grain size and impurities." "

The grain growth of ceramic materials is affected by
impurities, porosity, and second-phase particles, ITn Ce-
TZP in which Ce forms a single-phase solid solution with
zirconia with near theoretical density after sintering, the
solid-solution impurity is the most important factor af-
fecting grain growth.**” In pure polycrystalline ceramie
materials, grain boundaries are normaily charged with
an associated space charge cloud in which the concentra-
tion of lattice defects is different from the concentration
far from grain boundary. If a polycrystalline ceramics
contain small amounts of impurities, the segregations of
Impurities at grain boundaries and the degrees hy which
the free energy is lowered is directly related to the
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amount of impurities segregated to lhe grain boundaries.
The amount of impurities segregated om grain boundary
mainly depends on the Coulombic force between impuri-
ties with effective charges and charged prain houndaries
caused by ionic property of the ceramic materials. ™™ The
addition of aliovalent dopants affects ihe grain growth
kinetics in two ways, {1} enhancement or reduction of
solute concentrations near the grain boundary and (2}
enhancement or reduction of lattice defect concentrations
near the grain boundary.” If solutes segregate to the
grain boundary, the grain boundary energy and the grain
boundary velocity decrease due to the drag exerted by the
slowly diffuging solutes as the amount of solutes segre-
gated on grain boundary increases.”™ If the enhancement
of lattice defect concentration near grain houndary is con-
sidered, the grain boundary velocity increases significantly
due to the erhancerment of diffusivity of lattice ions. ™™

The amount of solute segregation is determined pri-
marily by electrostatic potential formed between grain
boundary and the solute atoms. Also the size of the
solute iong also affects the behavior of the solute segrega-
tion.™ Therefore we can control the grain growth of cera-
mic materials by the addition of small amount of dopants.

II. Experimental Procedure

88 mol% of zirconia powder and 12 mol% of ceria powder
were weighed and put in a polyethylene bottle with ade-
quate zirconia milling media and ethyl alcohol, and milled
for 24 hours. The milled slurry was dried in air. The dried
powder was calcined in air at 950°C [or 1 hour. Doping
was achieved by adding 1 mol% of dopant oxides to the
calcined powder of the base Ce-TZP, and then hall mil-
ling in ethanol for 24 hours, and drying in air. The dried
powder mixfure was screened through a 75 pm sereen.
The screened powder was pressed uniaxially in a die press
at 35 MPa, followed by isostatic pressing at 207 MPa.
The green compacts were sintered at 1550°C for 20
minules and then amnealed at 1475, 1550, and 1600°C
for different time intervals. Bulk densities were measured
after sintering using Archimedes method with distilled
water as the immersion medium.

1. Grain size measurement

For the study of grain growth kineties the as-annealed
specimens were cut, ground, and polished. Polishing with
15, 6 and 1 pm diamond paste was executed for surface
finish. To reveal the microstructure, the polished speci-
mens were thermally etched at 1400°C for 40 minutes
and coated with geld by sputter coater for examination
by scanning electron microscope (SEM). The average grain
size, 1), was determined by measuring the average grain
intercept length, L, on scanning electron micrographs of
polished and thermally-etched surface of each of the
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gpacimens, where D and L are related by equation 1.
D=1.5% L {1)

A digital planometer’ was used to evaluate the intercept
lengths of over 700 grains in each specimen.

2. Chemical analysis of the grain boundary and
groin bulk phase

Examination of fracture surfaces of all the Ce-TZPg
with SEM showed intergranular fracture modes at room
temperature. Thus, all [racture surfaces represented grain
houndary areas. Grain bulk phase could be examined on
transgranular surface palished to 1 pm, although the pol-
ished surface included a negligible amount of grain boun-
daries. Sinece the signals of X-ray photoelectron spec-
trogscopy (XPS) and Auger electron spectroscopy (AES)
come primarily from elements within a distanee of 1 to 2
nm from the surface, these technigues were used o
analyze the compositions of grain boundary and grain
bulk. The intensities of peaks were obtained hy measur-
ing the areas below the peaks in XPS and the heights of
peaks in AES. The concentrations ol solutes at grain
boundaries and grain bulks were measured by determin-
ing the amount of solute cations relative to that of the
zirconium ions. The sensitivity factors were taken from
reference 34. Since AES cxamines a loeal area of speci-
men while XPS examines the whole surface area, XP3
measurements were used to assess relative segregation
of the cation dopants.

111. Results
1. Grain growth in the base Ce-TZP

The as-sintered specimeng of Ce-TZP had approxima-
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Fig, 1. The growth of mean grain size, D, of Ce-TZP sintered
at 1550°C for 20 minutes and aunealed at different temper-
atures and different times with the square law of grain-growth.
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Fig. 2. The variation of the k, values with the annealing
temperature.

tely 97% of theoretical density and after annealing the
density increased to 99% of it. The variations of the
average prain size in the base Ce-TZP with the annealing
time at the three temperatures are shown with the
gquare law of grain-growth (D*-D?=k,t) in Fig. 1. To as-
sess the grain-growth coostants, k,, at the three tem-
peratures, D°-D} was plotted versus t as shown in Fig. 2.
The good linearity oblained in Fig. 2 further supporied
the use of sguare grain-growth law to deseribe grain-
growth kinetics in the base Ce-TZP. The value of k, in-
creased as the annealing temperature increased. The
temperature dependence of the grain-growth constant for
the base Ce-TZP is shown in the Arrhenius plat of Fig. 3.
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Fig. 3. The dependence of the grain-growth kinetics of the
base Ce-TZP on temperature.
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Fip. 4. The growth of mean grain size, I}, of Ce-TZP/Nh,O;
sintered at 1550°C for 20 minules and annealed at different.
temperatures and different times with the square law of
grain-growth.

The linear plot of Fig. 3 suggested the following tem-
perature dependence for ka.

k,(T)=k..exp(-Q/RT) (@)

Analysiz of the data of Fig. 3 in terms of Equation 2
gave k.,=4.166 x 10° um’/minute and Q=236 kJ/mole.

2. Effects of Nb,O, and MnO on grain growth
kinetics of the base Ce-TZP

Fig. 4 shows the variation of the average grain size
with annealing time at the three temperatures for Ce-
TZP/Nb,O; with square law. As it was the case in the
base Ce-TZP, it was {found that the grain-growth kinetics
of Ce-TZP/Nb,Q; annealed at 1475, 1550°C and 1800°C
matched with the square law. The grain-growth constant,
k,, increased as the annealing temperature increased
and the value of k, for Ce-TZP/MNh.Q; at each temperature
was much higher than the corregponding values of k, for
the base Ce-TZP. Thus, Nb,(}; enhanced the grain-growth
kinetics of Ce-TZP. From the Arrehnius plot to determined
the activation energy for the grain growth in Ce-TZP/Nb,O;
in Fig. 5 the value of k,, and @ was found to be 2.117 x 107
pm*/minute and 268 kd/mole respectively. The activation
energy for grain growth in Ce-TZP/Nb.O; was, thus, ap-
proximately the same as that for the base Ce.TZP. Grain
growth in Ce-TZP/MnO annealed at 1650°C also followed
the cubic law, as shown in Fig. 6 and the grain-growth
constant, k, was 0.0821 wm%minute. The grain-growth
constant, k, decreased relative to that of the hase Ce-
TZP at the same annealing temperature. From a com-
parison of the microstructures and grain-growth kinetics
in the base Ce-TZP and the doped Ce-TZPs the following
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Fig. 5. The dependence of the grain-prowth kineties of the
Ce-TZP/Nb,(; on temperature.
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Fig. 6. The growth of mean grain size, D, of Ce-TZP/MnO

sintered at 1550°C for 20 minutes and annealed at 15650°C
and for different times with the cubic law of grain-growth.
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observations were made; 1) MnO suppressed pgrain growth
while Nb.Q; significantly enhanced grain prowth of the
tetragonal zireonia phase in the Ce-TZP. 2) MnO pro-
moted more uniform grain size.

3. Surface Analysis of the Base and Doped Ce-TZPs

The base and doped Ce-TZPs sintered at 1550°C for 20
mirutes wag used for the surface analysis. The entire
examination of spectra of AES and XPS taken from the
intergranularly fractured surfaces and the polished sar-
faces of the hoth Ce-TZPs was executed. The intergranul-
arly fractured surface and the polished surface represent
grain-boundary area and grain-bulk area, respectively.
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Fig. 7. The detailed XPS spectra of cerfum ions and zircon-

ium ion in the grain boundary of the base Ce-TZP sintered
at 1560°C for 20 minutes.
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Fig. 8. The detziled XPS spectra of cerium ions and zir-

conium ion in the grain bulk of the base Ce-TZP sintered at
1550°C for 20 minutes.

Detailed spectra of XPS of cerium ions (Ce® and Ce*' ions)
and zirconium ion (Zr™ ion) on prain boundaries and
grain bulk in the base Ce-TZP, respectively in Fig. 7 and
8. From the starting composition of the base Ce-TZP (12
mol % CeQ, and 88 mol % Zr0,) one would expect that
the molar concentration of cerium ions relative to that of
the host zirconium ion should be .136. From quanti-
tative analysis it was found that the concentrations of
the cerium ims relative to that of the zirconium ion in
the grain-boundary area and grain-bulk area were 0.175
and 0.1538, respectively. Thus, the concentration of the
cerium ions measured in the grain bulk agreed with the
starting composition of the base Ce-TZP. From the XPS
gpectra of Ce-TZP/Nb,O; in Fig. 9 and 10 the relative con-
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Fig. 9. The detailed XPS spectra of cerium jons and zircon-

ium ion in the grain boundary of the Ce-TZP/NhO; sintered
at 1550°C for 20 minutes.
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Fig. 10. The detailed XPS spectra of ceriurn ions and zir-

conium jon in the grain bulk of the Ce-TZP/Nb,O; sintered
at 15650°C for 20 minutes.

centrations of cerium ion in the grain-boundary and bulk
area were calculated and found to be 0.177 and ©.137,
respectively. Although the XPS spectra did not show a
peak corresponding to the nicbium jons it is evident
from the relative heights of the niobium and the zircon-
lum fons in the AES spectra obtained from the grain-
houndary and grain-bulk areas that the concentration of
the niobium ions was greater in the grain-bulk than at
the grain boundaries. This suggested that the niobium
ions were repelled by the grain houndaries and they
were predominantly located in the grain bulk. Peaks cor-
responding manganese ion was not found in the detailed
gpectrim of the grain bulk in Fig. 11 and 12 due to its
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Fig. 11. The detailed XPS spectra of manganese ion in the
grain boundary of the Ce-TZP/MnOQ sintered at 1550°C for 20
minutes.
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Fig. 12. The detailed XPS spectra of manganese ion in the
grain bulk of the Ce-TZP/MnO sintered at 1550°C for 20
minutes.

low sensitivity factor as well as a low concentration of
Mn" ion in the grain bulk. For quantitative analysis the
concentration of Mn' ion in the grain bulk was assumed
to be 1 mol %. From that assumption, the concentrations
of Mn™ ion relative to that of the host zirconium ion in
the grain-boundary area and the grain bulk area were 0.
077 and 0.012, respectively. The segregation factors of
the cerium ions and the dopant ions from the detailed
spectra of XPS were determined using the following e-
quation

SD:(PD[B]I"‘C:\D}/ (PZr(]]) /&Zr) /{PD(U)JIEJD)/(Pzr:g) }’ &z,) (3)

Where 5, is the segregation factor for the cerium ions (or
the dopant ion), Puy and Pae are the integrated inten-
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Table 1. Segregation Factors of the Cerium Ions and the
Dopant ion for Ce-TZP, Ce-TZPMb,0; and Ce-TZP/MnO

The segregation | The segregation
Material factor, S, of the factor. 8, of the
cerium ions dopant ions
Ce-TZP 1.3 -
Ce-TZP/NDy Oy 1.3 -
Ce-TZP/MnD - 6.4

Fig. 13. The comparison of microstructures of (A) Ce-TZP,
{B) Ce-TZP/Nb,Q; (C) Ce-TZP/MnO sintered at 1550°C for 20
minutes and annealed al 1550°C for 1 hour 40 minutes.

sities of the dopant peak and the host zirconium peak in
the XP8 spectrum taken from the grajn-boundary area,

Vol 5, No.l

respectively. Ppy and Pre arve the integrated intensities
of the dopant peak and the host zirconium peak in the
XPS spectrum taken from the grain-bulk area, respec-
tively. £ and &, are relative elemental sensitivity factors
of the cerium ion {or the dopant ion) and the zirconium
ion for XPS, respectively. The segregation factors of the
cerium and dopants ions ealeulated using the equation 3
are listed in Table 1. Microstructures of the base Ce-TZP
and doped Ce-TZPs were compared in Fig. 13.

IV. Discussion

1. The kinetics of normal isothermal grain growlh

The driving force for the increase in the average grain
size of a polycrystalline material is a chemiecal potential
gradient caused by the pressure difference across the
grain boundary which drives atoms across the boundary.
From this concept the familiar square law of grain growth
for pure single-phase materials was derived as following.

DD, =k,t (3

where D, D,, k, and t is grown size of grain by heat treat-
ment, initial grain-size, the grain-growth constant for
pure polycrystalline material and time, respectively. The
k, can be expressed as following.™

k=402 Dyw kT (4)

where o, a, D, v, W, k, and T are a constant of the order
of unity, the lattice parameter, diffusivity of atom meving
across the houndary in pure polyerystalline material,
grain houndary energy, grain boundary width, Boltzman
constant. and temperature. Based on Cahn's theory,”
Brook discussed an effect of impurity present in the form
of solid solution on mobility of grain boundary.

M=M,/(1+4DWSC,a" (5

where M, and M, are mobilities of grain houndary in im-
pure and pure polyerystalline material, respectively.
Also @, 8, and C, are volume concentraion of atoms,
segregation factor, and the bulk impurity-concentration.
For quantitative analysis it was assumed, in this study,
that shape of grains was telrakaidecahedvon. Using Brook
s concepts and thiz assumption the veloeity of grain
houndary in impure polycrystalline material, (dD/dt), can
be expressed as the following.

v=dD/dt=18c[M.(S-1)ay) [4dSC.WD?] (6)

Equation 6 can be rewritten as the following equation in
term of the grain growth constant, k, by integraion of
Equation 6.

D'-D¥=kt (7N

From integration of Equation 6 and a comparison with
Equation 7, the following equation can be obtained.

L =48c[M,(S-1)avl/[4BSCyW] (8
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In the case of the Ce-TZP and Ce-TZP/Nb,O;, both the
square law and cubic law of grain-growth gave adequate
representation of the grain-growth kinetics of those ma-
terials annealed at 15660°C. However, since the segrega-
tion factor of the cerium ion (1.3) in the base Ce-TZP
and Ce-TZP/Nb;O; was too small, the condition for the cu-
bic grain-growth, 1<<8(W/MD)S-1),*®" was not satisfied
{with assumption of W=600A, D=1.89 and 5.39 pm, res-
pectively, thus, B(W/D)(S8-1)=0.076 and 0.027, respec-
tively). Therefore, grain-growth kinetics in the base Ce-
TZP and the Ce-TZP/Nb,O; were analyzed using the
square law of grain growth. However, in the case of Ce-
TZP/MnO it was found that with the assumption of W=
6004 and D=1.15 pm the value of f{W/D}(8-1) was much
bigger than unity (4®WSC,a’=2640). Thus, in the case of
Ce-TZP/MnO the conditions for the cubic grain-growth
were satisfied approximately. Thus, the grain-growth
kinetics of Ce-TZP/Mn( was analyzed with the cubic law
of grain-growth.

2, Effect of defect structure caused by dopanis on
the kinetics of grain growth

The major defect in pure zirconia is an oxygen vacancy
because the free energy of formation of anion vacancy is
smaller than that of cation vacancy.™ Since the diffusion
of oxygen is very fast due to the preexistence of oxygen
vacancy the mobility of grain boundary in the polycry-
stalline zirconia is determined by the zirconium vacancy.
When some amounts of aliovalent dopants are added to
the pure zirconia the concentration of the oxygen va-
cancy changes. This change in the concentration of the
oxygen vacancy affects the creation of the zirconium va-
cancy. Thus, the grain-growth kinetics is affected by the
addition of the dopant. It will be shown that the changes
in defect structure and grain-growth kineties for the base
Ce-TZP and for the doped Ce-TZPs.

2.1. The base Ce-TZP

Pure CeQ; has an intrinsic anion vacancies compensated
by concurrent reduction of Ce™ to Ce™. This intrinsic pro-
perty is retained alsc in the base Ce-TZP with the absence
of aliovalent dopants. The amount of Ce* ion in the base
Ce-TZP is pood enough to predominate the charge of
grain boundary in the base Ce-TZP between 1000°C and
2000°C although small amount of Zr* ion is intrinsically
reduced to Zr* ion.® The equation for predominant de-
fects in the base Ce-TZP is written by

ZrQ, B
2Ce;+0,— (1/2)0,+V, +2 Cey’ {9)

where Cez and O, are Ce™ ion and O* ion occupying
lattice site of Zr™ ion and O ion respectively, V,  is va-
cancy of oxygen, and Cez’ is Ce” ion ocrupying lattice
site of Zr* ion. Naik and Tien*™” found a correlation
between electrical conductivity, o, and oxygen deficiency,
x, in Ce(., between 900 and 1329°C. Based on Naik and
Tien's results Hwang and Chen™ estimated the concen-
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tration of Ce* jon in the Ce-TZP for higher temperature
range. From their estimation it is expected that the con-
centration of Ce" iom, [Ces ], in the base Ce-TZP at
1550°C would be 0.004. The equilibrium constant, K, for
the reaction in Equation 9 can be written in the fol-
lowing equation:

Ki=(Poy [V, '] [Ces’ IY[Cey]” (10)

Where partial pressure of oxygen, Py, and concentration
of Ce™ ion, [Cegl, in the base Ce-TZP are 0.2 and 0.12,
respectively. Electroneutrality condition for the reaction
in Equation 9 gives the following equation:

2V, 1=[Cex" | (11)

Thus, from the estimation of the concentration of Ce*,
[Cez 1, in Equation 11, [V, '] in the base Ce-TZP was
found to be 0.002. The concentration of [Vg""], in turn, is
dictated by the Schottky defect reaction:

null — [V,""+2[V, "] (12)

The equilibrium constant, K,, for the Schottky reaction is
given by the following equation:

K=[V."] [V, ) (13)

Based on Dwivedi and Cormack’'s™ thermodynamical data
on tetragonal zirconia was calculated to be 7.781x 10"
at 1550°C. Thus, [V.""], in the base Ce-TZP is expressed
in the following equation:

V"1=KJV, " F (14)

Using Hwang and Chen's estimation and Dwivedi and
Cormack's data described before, the concentration of
zirconium vacancy, [V.™], was calculated to be 1,968 x 10™.
Since the diffusion of oxygen is very fast due te the
preexistence of oxygen vacancies the boundary motion in
the base Ce-TZP is controlled by the slower diffusion of
the cations of zircanium and cerium.™ However, since rel-
ative amount of zirconium ion in the base Ce-TZP is much
greater than that of cerium ion diffusion of the zrconium
ion was considered as the rate-determining step of the
grain growth. The vacancies of the zirconium ion with
strong negative-effective-charge, created through the
Schottky reaction, are attracted by the positively charg-
ed grain-boundary. The diffusion of the zirconium ion to
the grain boundary is proceeded through strong at-
traction between these cationic vacancies with high nega-
tivity and positively charged grain-boundary. Thus, the
flux of the zirconium ion to the grain boundary is gen-
erated by the diffusion of the cationie vacancies.

2-2, 1 mol % Nb,Oy doped Ce-TZP

Nb.O;s, which was added as a pentavalent dopant to
the base Ce-TZP, was expected to stay in the grain bulk
in the base Ce-TZP due to repulsion between positively
charged grain boundsries and Nb*™ jons with single po-
gitive effective charge, If the intrinsic property of Ce*/Ce™
reduction can be extended to Ce-TZP/Nb,O: the defect
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structure caused by the addition of pentavalent depant,
Nb.(;, can he formulated. There are three defeet strue-
tures in Ce-TZP/Nb,0;. First equation is

-

90, +00 —— (1/2)0+V, +2Ce,’ (15)

The equilibrium kinetic constant, K,, for the reaction in
Equation 15 can be expressed by the same equation as
Equation 10. If it is assumed that a positive charge of
Nbz, caused by the addition of the niohium oxide, is com-
pensated with a negative charge of Ce,,, created by redue-
tion of Ce™ ion to Ce” jon second equation of disscluiion
reaction of Nh,O; into the base Ce-TZP can be written as

Zr(,
Nhs0:+2Ce,, —2Ce;,” +2by, +40,+(1/2)0, (16)

As assumed hefore, since Schottky reaction oceurs in the
Ce-TZP third equation is the same as Equation 9. The
equilibrium constant, X., of Schottky reaction in Ce-TZP/
Nb.O; can be expressed by the same equation as Equa-
tion 13. Overall electroneutrality condition for the three
defect reactions gives the following equation:

[Ces 1=[Nbg " H2[V, ] an

Since from Hwang and Chen's estimation, [Ce;’ 1 is 0.022
and [(Nh,' ] is 0.02, [V, '] was found to be 0.001 from
Equation 14. Using Equation 10 the concentration of the
zirconium vaecancy, [V.'"], in the Ce-TZP/Nb,0; can be
also found to be 7.871x 10", This increased coneentration
of the zirconinm vacancy enhances diffusivity of the zir-
conium ion. This improvement of diffusivity of the zir-
conium ion increases the houndary mobility significantly.
Thus, the enhaneement of the concentration of the zir-
conium vacancy significantly inereages the grain-growth
congtant, k,, of Ce-TZP/Nb,Os, as compared to that of the
base Ce-TZP. This fact can be proved through calcula-
tion of ratio of k., for Ce-TZP/Nb,;0; and that for the base
Ce-TZP. The ratio of for Ce-TZP/Nh,O; and that for the
base Ce-TZP can be written as

k. (Nb)/k,(Base)=4[a’(NbYWND) DT (Nh)/ETTINhL)/
4[a*(Base)/W(Base)|[DF(Base)/kTT/(Base) (18)

where k,(Nh) and k.(Base) are grain-growth constants of
Ce-TZP/Nh,0; and the hase Ce-TZP, respectively, a*(Nb)
and a*(Base) are lattice parameters of Ce-TZP/Nb.O; and
the base Ce-TZP, respectively, W (Nb) and W (Base) are
grain-boundary width of Ce-TZP/Nh,0; and the bhase Ce-
TZP, respectively, D*(Nb) and D¥Base) are diffusivity
eonstants of zircomium ion in Ce-TZP/Nb,0, and the hase
Ce-TZP, respectively. Due to the similar segregation be-
havior of solute in both materials grain-houndary width,
W and grain boundary energy, v, for hoth materials are
assumed to be the same, Thus, Equation 18 can be rewrit-
ten as follows:

k., (Nhi/k, (Base)=a(INb)DZ (N h)/a*(Base)D¥ (Base) (19)
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If diffusion of the zireonium iong proceed with vacancy
diffusion mechanism Equation 19 can be expressed by

k, (Nh)/k,Base)=
a’(Nb)DE(NL) X Nb)/a*(Base)Di(Base)X! (Base) (20}

where D¥(Nb) and D¥(Base) are diffusivities of the zir-
conium vacancies in Ce-TZP/Nb,O; and the base Ce-TZP,
respectively, and X*(Nb) and X['(Base) are concentrations
of vacancy of the zirconium ion in Ce-TZP/Nb,0; and the
bage Ce-TZP, respectively. Since DZ(INb) and DI (Base) are
equal Equation 20 can be rewritten in the following
equation:

k.(Nb)/k,(Base)=a'(Nb)X (Nh)/a (Base)X. (Base) (2D

Jorgensen and Weatbrook™ showed effect of aliovalent
dopant on lattice parameter of matrix. The radius of
nicbium lon (0.32A) ig smaller than that of zirconium
and cerism ions (0.84A and 0.97 A, respectively).”™ There-
fore, a substifjution of zirconium and cerium ions with
niobium ion caused hy formation of solid solution of Ce-
TZP/Nh,O; reduces the lattice parameter of the base Ce-
TZP. However, since amount of substilution of the zir-
coninm and the ecerivm ions with niobium ion is just 1
mol% it is not expected thal reduction of lattice parame-
ter of matrix changes significantly. From a ealculation
based on our experimental data of k, it was found that
value of k. (Nh)k,(Base} was 5.351 while the theoretically
calculated value of XX (Nb)/XZ(Base) based on schottky de-
fect mechanism was 4. From a good match between the
experimental value and the theoretical value of k.(Nb)/k,
(Base) it was verified that addition of Nb,Q; to the base
Ce-TZP enhanced the grain growth in the base Ce-TZP
gignificantly through the increment of the concentration
of the zirconium vacancy.

2-3. 1 mol% MnO doped Ce-TZP

MnO which was added as divalent dopant to the base
Ce-TZP was expected to segregate on the prain boundaries
in the base Ce-TZP strongly because of Caulombic attrac-
tion hetween positively charged grain boundaries and
Mn*® ions with double negative charge. The formation of
defect caused by addition of 1 mol% MnO can be ex-
pressed by the following defect equations. First, the in-
tringic reduction of Ce™ ion to Ce” jon gives the fol-
lowing equation:

Zr(,
zcle‘F OD

(1/2)0x+V, " +2Ce;, (22)

The eguilibrium constani, K, is expressed by the same
equation as Equation 10. It is assumed that sinee Mn™
ion is very easy io be oxidized Mn" ion is oxidized to be
Mn* ion in the base Ce-TZP the reaction of dissolution
of MnQ into the hase Ce-TZP can be written as

ZI'OE
MnQ —— Mng, +0,+(1/2)V, 23)

where Mn,, is Mn" ion occupying lattice site of Zr™ ion.



March, 1999

Overall electroneutrality condition can he written as
My, J+[Ce,, 1=2[V, " 1 (24)

where [Mn,, ] and [Ce, 1 are 0.01 and 0.0002, respectively.
From Equation 24 the concentration of the oxygen va-
cancy was found to be 0.005. If Schottky equilibrium is
alzo maintained in Ce-TZP/MnO from Equation 24 and
13 the concentration of the zirconium vacancy was found
to he 2.087x 10", Thus the concentration of the zirconium
vacancy in Ce-TZP/MnO is found to be smaller than that
in the hase Ce-TZP. Thus, the reduction of the concentra-
tion of the zirconium vacancy suppresses the grain growth
in the Ce-TZP. This can be rationalized from calculation
of ratio of k, for the Ce-TZP and k, for Ce-TZP/MnO. The
ratio of k, for the base Ce-TZP and k for Ce-TZP/MnO
can be written as

k(Mn)/k,(Base)=[12oM,(Mn)(5- laMn)ry{Mn)/
DSC,WMn))/[4oa’(Base)M, Base)yBase)/W(Base)] (25)

‘Where M,(Mn) and M,(Base) are mobilities of grain hound-
ary in Ce-TZP/MnO and the hase Ce-TZP, respectively,
a (Mn) and a {Base) are lattice parameters of Ce-TZF/
Mn(Q and the base Ce-TZP, and y(Mn) and y(Base) are
grain-boundary energies of Ce-TZP/Mn( and the bage Ce-
TZP, respectively. It is expected that lattice parameter,
grain-houndary energy, and grain-houndary width doe not
change much for both materials. Thus, Equation 25 can
be reduced in the following equation:

k(Mn)yk,Base)=3D"Mn)S-1)/Pa’(Base)D* Base)ICr (26)

As assumed before, If diffusion of the zirconium ions
proceeds with vacaney diffusion mechanism Equation 26
can be written as

k(Mn)k,(Base)=3X"(Mn)(8-1)/Pa*(Base) X" (Base)SCr (27)

3. Effect of solute segregation caused by the aliov-
alent dopanits on the kinetics of grain growth

It was found that solutes decrease the free energy of
the system by lowering interfacial energy caused by being
adsorbed at the interface and that the degree by which
the interfacial energy is lowered is directly related to the
amount of solute segregation om grain boundary ™%
Under these circumstances the concentration of solute in
the grain boundary, Cs, is higher than that in the grain
bulk, C.. approximately for low concentrations of solute
in the matrix the equilibrium grain-boundary enrichment
ratio, (Ca/C,), is given by

Cy/C,~exp(Q/RT) (28)

The magnitude of the grain-boundary drag caused by
solute segregation on the boundary depends on the ad-
sorption energy of solutes on grain boundary and the con-
centration of solute in the grain boundary. As we dis-
cribed before for ceramic oxide materials there is nor-
mally a boundary charge compenstaed by space-charge
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cloud of the opposite sign adjacent to the grain boundary
in which the concentrations of lattice defects and dopants
with effective charge are different from the concentrations
of those far from a boundary. The primary factor leading
to the equilibrium solute segregation on grain houndary
is probably the electrostatic potential near grain bound-
ary.** when the aliovalent dopant alters the concen-
trations of lattice defects in the crystal the magnitude
and sign of the boundary charge and space charge change.
That is the electrostatic potential changes upon the addi-
tion of aliovalent dopant. This change of the electrostatic
potential induces change of the segregation behavior of
solute on grain boundary. The second factor leading to
prain-boundary segregation is the reduction in strain
energy of solutes at and near the boundary. At the core
of the boundary there is some fraction of already distorted
sites for which the strain caused by solute addition is
smaller than lattice. The preference for filling these dis-
torted sites depends on the difference in energies for the
solutes at the distorted sites and in the lattice.” For
ceramic oxide materials the primary factor of electrosta-
tic potential is more important than the second factor of
strain energy in the behavior of the solute segregation.
Thus, our discussion will ke focused on the space-charge
concept.

4. Effect of solute segregation on the kinetics of the
grain growth in the base Ce-TZP and Ce-TZPiMnO

It was observed that Mn™” segregated on the grain
boundaries in Ce-TZP strongly with the segregation fac-
tor of 6.4 and that experimental measurements of grain
grwoth in the Ce-TZP/MnO agreed the cubic law of grain
growth. These facts means that the grain growth of Ce-
TZP/Mn0, not the base Ce-TZP and Ce-TZP/Nhb,Os, is
controlled by impurity drag in accord with the model ori-
ginally developed by Cahn and advanced by Brook. As
we described before, the grain-growth constant, k, for
the eubic law is affected by various factors. For quali-
tative analysis of the kinetics of the grain growth in Ce-
TZP/Mn(Q each term in Equation 8 was considered. @
term and Cr term in Equation 5 stay at the same level
as those of the base CeTZP becaunse total amount of
solute is equal in both materials. It is expected that w
term in Equation 5 are enhanced, not much as compared
to the hase Ce-TZP, due to the strong segregation of the
manganese ions on grain boundaries. Since the amount
of MnQ added to the hase Ce-TZP is very small (1 mol%)
the strong segregation of the manganese ions on grain
boundaries does not increase the width of grain bound-
ary much. It ig also expected that laltice parameter, a, of
the hase Ce-TZP does not change because almost all of
manganese ions segregate on grain boundary and the
amount of the manganese ions added to the base Ce-TZP
is very small. y is assumed to be almost same as that of
the base Ce-TZP although v is expected to vary by more
than a factor of 2 te 3. Thus, the grain-growth constant,
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k, for Ce-TZP/MnO is affected hy the segregation of
solute on grain boundary and the meohility mainly. Since
the k is inversely proportional to the degree of solute
segregation, as described in Equation 5, one reason of
suppression of grain growth in CeTZP/Mn(}, as compared
to that of the base Ce-TZP, can be the strong segregation
of the manganese ions on grain boundaries in the base
Ce-TZP. the other is the mobility of grain boundary.
Since as shown hy Nerngt-Finstein equation the mobility
is proportional to the diffusivity the prain growth constant,
is proportional to the diffusivity. As described before,
since the zirconium ion is the slowest diffusing specis in
the base Ce-TZP the mobility of grain boundary is af-
fected by the amount of zireonium vacancy existing in
the Ce-TZP. As shown before, reduction of the conecen-
tration of the zirconium ion in the Ce-TZP/MnO, as com-
pared to that of the base Ce-TZP, caused reduction of
the mohility of grain houndary. Thus, the reduction of
the concentration of the zirconium vacancy, caused by
the addition of MnO to the base Ce-TZP, induces the
suppression of grain growth in the base Ce-TZP.

V. Conclusions

1. The grain growth in the bage Ce-TZP and Ce-TZP/
Nh,O, shows adequate match with the sgquare law of
grain growth.

2. The grain growth in the Ce-TZP/MnO obeys the cu-
bic law of grain growth.

3. The trivalent cation of Ce®, created by the intrinsie
property of reduction of CeQ, sepregates weakly on
grain boundary in the base Ce-TZP and Ce-TZP/Nb;O,
with segregation factor of 1.3 for hoth materials

4. The divalent cation, Mn™, segregates strongly on
grain boundary in the Ce-TZP/MnO with the segregation
factor of 6.4.

5. The pentavalent cation, Nb™, does not segregate on
grain boundary in Ce-TZP/Nb,0O; due to repulsion hetween
Nb" jon with positive effective charge and positively
charged grain boundary,
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