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Abstract 

Grain growth has been characterized for various 
zirconia alloys and cation segregations have been 
measured with AES and ESCA. The samples were 
prepared by coprecipitation, followed by compact- 
ing and sintering at 1400°C for dtflerent times. 
Grain growth was found to depend strongly on the 
dopants, e.g. on their radius and valence state. How- 
ever, segregation factors of these cations did not 
reveal sigmficant dtfierences. Impurities up to I wtO% 
are found to control grain growth via a grain 
boundary layer. Large amounts of Cr,03 and SnO, 
tend to suppress grain growth eflectively by the 
spherical shaped precipitations. The results are 
discussed in relation to the existing grain growth 
models. 

Introduction 

Polycrystalline tetragonal zirconia is a ceramic 
that combines both high strength and outstanding 
toughness, caused by a mechanism known as 
transformation toughening. One of the most 
important parameters for this toughening mecha- 
nism is the material’s grain size. For good 
mechanical properties it must have a well defined 
value slightly smaller than a critical grain size 
being typically in the order of 1 pm for Y-TZP. 
In order to control grain growth in a ceramic 
body during processing, a profound knowledge of 
grain growth parameters is needed. 

Grain growth of zirconia alloys depends very 
strongly on composition and is related to the 
phase content. The growth of cubic grains in zir- 
conia doped with Y3’ is 30-250 times faster than 
that of tetragonal grains alloyed with the same 
cation.’ Grain growth is strongly suppressed if 
both phases are coexistent. Furthermore it is well 
known, that Y3’ and Gd3+ suppress the grain 
growth very efficiently whereas Ce4’ does not. 

*To whom correspondence should be addressed. 
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Up to now, the influence of a variety of alloying 
elements on the grain growth has been investigated, 
but there is still a strong controversy about the 
mechanisms involved in this process. 

Two models are proposed up to now. Model 1: 
Theunissen et al2 proposed a solute drag model 
based on the observed enrichment of Y3+ at the 
surface of both Y-TZP and Y-FSZ. Hwang and 
Chen3 confirmed this observation qualitatively 
and explained the segregation behavior of differ- 
ent dopants using a space charge concept. Model 
2: Based on the large differences in Y2O3 content 
from grain to grain during sluggish partitioning, 
Lange et aL4 suggested that coherency strains arise 
when boundaries between grains with different 
compositions move, suggesting one possible corre- 
lation between sluggish phase partitioning and 
slow grain growth. Stoto, Nauer and Carrys con- 
firmed the sluggish grain growth during phase 
partitioning and observed an enhanced grain 
growth after phase segregation had occurred. 

There are still some discrepancies in both of 
these models. Model 1: Hwang and Chen3 found 
an enrichment factor for Y3+ of 1.9 whereas a 
much stronger enrichment factor of 4.3 has been 
found by Theunissen. On the other hand, Nauer 
and Carry found yttria segregation at grain 
boundaries only in combination with a 2 nm thick 
amorphous intergranular phase. The influence of 
such a glasslike layer on the segregation of 
dopants is said to be negligible by Hwang and 
Chen and not taken into consideration by The- 
unissen.6,7 Model 2: The most significant decrease 
in grain growth occurs generally with concentra- 
tions up to the solubility limit. Model 2 cannot 
explain the strong decrease of grain growth within 
the homogeneity range, as there is no composi- 
tional difference between the grains. In addition, it 
is difficult to explain with Model 2 the observa- 
tion that the grain growth of samples within the 
two phase field is approximately constant. This in 
spite of the fact, that the compositional inhomo- 
geneities might increase with increasing dopant 
concentration. 
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The aim of this study was to investigate the 
influence of alloying elements on the grain growth 
of tetragonal zirconia and based on these results 
to differentiate between the validity of the different 
models. 

mined for each material using an approximation 
algorithm. No significant difference could be 
found between these methods. In order to be able 
to compare the different grain growth coefficients 
k to each other and to published data, it has been 
fixed at II = 3. 

Experimental Segregation measurements 

Sample preparation and characterization 
Doped zirconia powders were made by coprecipi- 
tating ZrOC1,.H20 (Corustar, Frankfurt, D) and 
metal chlorides (Fluka AG, grade p.a.) in aqueous 
solutions with ammonia. The filtered hydroxides 
were washed chlorine free, spray dried and cal- 
cined at 700°C for 1 h. Finally these powders were 
attrition milled at 1500 rpm for 30 min and again 
spray dried. The commercial powder 6 Y-ZrO, 
(Alusuisse-Lonza Services AG, P021) has been 
fabricated with a similar technique, but calcined at 
750°C for 8 h. For explanation: an alloy 3 7 
AB-ZrO, has the composition 3 ct% A”‘, 7 ct% 
Bb’ and 90 ct% Zr4+ (ct% = cation%). Solely the 
grain growth experiment at 1550°C was carried 
out with an other 6Y-ZrO, powder (Tosho, 
Tokio, Japan; TZ-3YB/PVA). 

All powders were pressed uniaxially to cylinders 
(015 mm, h = 8 mm) without adding any binder 
and compressed isostatically at 250 MPa. Subse- 
quently they were heated with 10 Wmin to 1400°C 
and sintered for 5 min or 8, 24 or 72 h, respec- 
tively. Afterwards they were quenched in air down 
to room temperature. 

Scanning electron images (SEI) and depth profiles 
on inter- and intracrystalline fractures at the 
selected areas of co.01 pm2 have been performed 
with a Perkin Elmer PHI Model 4300 SAM spec- 
trometer operating with a primary beam energy of 
3 kV and an electron beam current of 0.01 PA. 
Small pieces of the ceramic samples were pressed 
into a gold foil and heated up to 450°C by resis- 
tivity in order to enhance the electrical conductiv- 
ity of the material while its thermal stability is still 
maintained.’ A residual pressure lower than 
9-lo-” mbar has been maintained in the analytical 
chamber during the measurements. The sensitivity 
factors of the oxide&’ have been used to calculate 
the cation’s concentration with the exception of 
calcium,” where that of the oxide is unknown. 
The ion gun was operated with an Ar+ ion energy 
of 2 keV, corresponding to an etching rate of 0.93 
nm/min with an interface ‘resolution of 2.8 nm for 
a 33 nm SiOz/Si (111) standard reference which 
corresponds to a sputtering rate of 0.46 nm/min 
for a ZrO,/Si (111) reference. 

The phases in the sintered samples were ana- 
lyzed with a X-ray diffractometer (D 5000, 
Siemens). The diffraction patterns were collected 
with Cu Ka radiation (y = 1.5405 A) over an an- 
gular range of 10-80” 28. Those samples which 
disintegrated during cooling were ground and 
measured in powdered form. Measurements have 
been carried out on the untracked samples before 
and after removing a surface layer by polishing; 
no change in the m : t : c phase ratio has been 
found between bulk and layers. 

Photoelectron spectroscopy measurements have 
been recorded with a Perkin Elmer PHI 5400 
small spot ESCA apparatus equipped with a chan- 
nel plate detector and a Mg X-ray source operated 
at 400 W (15 kV; 26,7 mA). The pass energy 
of the analyzer has been set to 35.75 eV, resulting 
in a full width at half-maximum (FWHM) value 
of 1.0 eV for the Ag(3d,,,) line. The Zr(3d) line at 
182.2 eV was used as a reference to correct for 
sample charging.’ ’ 

The grain size has been measured on fracture 
surfaces with a scanning electron microscope 
(SEM) and evaluated based on the mean intercept 
method. The results were fitted with the phe- 
nomenological equation: 

D”-D,“=kt (1) 

In this equation, grain size D depends on the 
starting grain size D,, the exponential parameter 
~1, the preexponential factor k and the time t. The 
exponent n depends on the microstructure.8 There- 
fore, the data were evaluated for both n = 2, and 
n = 3. In addition, the best fitting II was deter- 

Generally, AES and XPS concentration mea- 
surements agreed only roughly with chemically 
determined concentrations. The estimation of errors 
of the measured concentrations takes only those 
errors into account which are due to uncertainties 
of data evaluation. Several factors can cause addi- 
tional deviations. It was not possible to hold the 
incidence angle between the electron beam and 
different grains’ surfaces constant. The deviations 
amount to about &lo”. Therefore, the information 
depth of the investigated layer varies and so does 
the measured cation concentration. By changing 
this angle, the concentration was found to alter in 
the order of +3 ct%. The quantitative analysis of 
Y(MNN) and Ce(MNN) was difficult to perform 
due to a peak overlapping with Zr(MNN). If only 
the first half of the Y(MNN) AES-peak was taken 



Grain growth of zirconia 953 

into consideration and this concentration was 
multiplied with 2, influences of the overlapping 
Zr(MNN)-lines could be excluded. The XPS sig- 
nals were merely integrated and no deconvolution 
has been carried out. For such an evaluation 
Ce(MNN) concentrations of AES and XPS mea- 
surements showed similar results. During the 
enhanced exposure of the grains to the electron 
beam, a loss of calcium was observed. In case of 
Ti, Ce, Y and Zr, the sensitivity factors of the 
oxides have been used to calculate the cation’s con- 
centrations. 6,7 Excluding p referential sputtering,12 
the measured concentrations are compatible to the 
concentrations determined by chemical analysis. 
Since the sensitivity factor of CaO was not avail- 
able, that of the metal has been taken; the abso- 
lute concentrations of the titanium is also affected. 
Thus, these values are not comparable with chemi- 
cally determined concentrations and can be 
regarded just relatively to each other. 

Results and Discussion 

Grain growth of differently doped zirconia 
Grain size of differently doped zirconia has been 
measured as a function of soaking time at 1400°C 
(Fig. 1). The grain size D increases with the soak- 
ing time t according to a law, best described by 
eqn (1). Undoped tetragonal ZrO, at 1400°C has 
a grain growth coefficient k = 2.4 X lo-** m3/s. 
The grain growth is enhanced by doping with 
smaller cations whereas it becomes sluggish by 
doping with larger ones (Table 1). In addition, the 
grain growth is more effectively suppressed by 
large cations, if they have a lower valence state. 
That explains why Ce4’ suppresses the grain 
growth only weakly whereas the grain growth 
slows down significantly by doping with Gd3+ and 
Y3’. The same relationship has been demonstrated 

I Grain growth at 1400 ‘C 
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Fig. 1. Grain sizes of differently doped zirconia alloys in 
function of the annealing time at 1400°C. 

Table 1. Grain growth coefficients k of eqn 1 and n = 3 for 
alloyed tetragonal ZrO, at 1400°C in units of 1Om22 m3/s 

Valence Ionic size: Ionic size: 
smaller than Zr4’ larger than Zr4’ 

For pure ZrO, 2.4 
2’ MgCe: lt CaCe: 0.3t 

Y: 0.02 
3’ Cr: 12 (0.12 at 15OO”C, 0.49 at 1550°C) 

Y: 0~01...0~02* 
Gd: 0.1 # 

YCe: l...2t 
RECe: 1...3? 

4+ Ti: 17 Ce: 1.2 

tRef. 3: Grain growth at 1420°C was measured in a ternary 
systems by adding let% of a dopant to 12 Ce-ZrO,. 
*Ref. 22: 14OO”C, Ref. 5: 1450°C. 
Ref. 13: 1400°C. 

by Hwang and Chen* for 12 Ce-ZrO, doped with 
ternary cations of different size and valence state. 
Their grain growth coefficients k are slightly larger 
than ours due to the smaller concentration of dop- 
ing cations. However, their data depends on both 
the size as well as the valence of the doping 
cation. k factors as small as 0.01 X 1O-22 m3/s to 
0.02 X 10m2* m3/s were found for Y-TZP. This 
extreme grain growth suppression had not been 
observed in the other alloying systems. 

Y-TZP has been annealed at different tempera- 
tures. The grain growth coefficients k of Y-TZP 
were found to be 0.02, 0.12 and 0.49 X 1Om22 m3/s 
at 1400, 1500 and 1550°C respectively. The study 
was done more carefully at 1550°C up to 300 h 
(Fig. 2) as the mechanical properties generally are 
tailored at this temperature. No increased grain 
growth has been observed at all during and after 
the partitioning of an oversaturated tetragonal 
phase to stable (t + c) phases (a phase analysis has 
not been carried out, but the long annealing times 
at 1550°C suggest an extensive progress in phase 
partitioning). This is in clear contradiction to 

I 6 Y-TZP AT 1550 ‘C 
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Fig. 2. Grain sizes of 6 Y-TZP as a function of the soaking 
time at 1550°C. 
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observations made by Nauer et al.’ at 1400 and 
1450°C up to 200 h. It is assumed that their find- 
ings are caused by another unknown growth 
mechanism. Our results suggest that phase parti- 
tioning has at least not a strong influence on grain 
growth. 

Solid solutions of zirconia with 6, 10 and 12 
ct% Ti4+ have been prepared using the described 
coprecipitation method. The grain growth of the 
annealed samples resulted in k values of 16.9, 16.7 
and 16.2 lo-** m3/s, respectively. This suggests that 
grain growth does not depend on the concentra- 
tion within the investigated range. It is therefore 
assumed that the grain growth of zirconia doped 
with small cations is concentration independent 
above a threshold value which up to now is not 
known. In addition, zirconia doped with 3 ct% 
Cr3+ has a grain growth coefficient k = 12.3 1O-22 
m3/s, which is not significantly different from that 
found in the samples Ti-ZrO,. In contrast, Gd3+ 
inhibits the grain growth effectively up to a con- 
centration of 1.5 ct%13 (Fig. 3) which is close to 
the solid solubility limit of 1.1 ct%. The decrease 
of the grain growth in the homogeneity range is 
inverse proportional to the concentration as pre- 
dicted by the solute drag model of Lticke.14 In the 
two phase regions, the grain growth is pretty 
much constant. A similar behavior has been found 
also in other systems such as in Y-Zr02,15 
La-Zr02,16 Ca-Zr023 and YCe-Zr02.‘7 

The above results suggest that cations smaller 
than Zr4+ increase the grain growth, independent 
on both their concentration and valence. In con- 
trast, larger cations suppress it very strongly. 
Grain growth coefficients decrease mainly within 
the homogeneity range and do not depend on the 
concentration in the two phase region. Our results 
do not give evidence for a enhanced grain growth 
during or after the phase partitioning process. 
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Fig. 3. Grain size of Gd-ZrO,, annealed at 1400°C for 1 h 
as a function of the Gd3+ concentration (after Leung et aL)13 

Therefore it is proposed that phase partitioning 
has not an essential influence on grain growth. 

Segregation of dopants 
Segregations of doping cations within a zirconia 
grain have been investigated using AES (Auger 
Electron Spectroscopy) and XPS (X-ray Photo- 
electron Spectroscopy). Surface concentrations 
have been ascertained on several intercrystalline 
broken grain facets. The observed concentrations 
reveal the same tendencies and are reproducible 
within some ct%, governed by the resolving limit 
of the applied method. Concentration profiles 
have been worked out by sputtering off layer by 
layer up to the grains’ interior. For some samples it 
was possible to confirm these bulk concentrations 
by AES measurements on transcrystalline fracture 
faces. The obtained values agreed well to each 
other. Concentration measurements of Ca2’ are 
not compatible with values obtained from chemi- 
cal analysis, as the sensitivity factor of the oxide is 
unknown and thus that of the metal had to be 
taken. Therefore, these results can be regarded 
just relatively to each other. 

The surface and bulk concentrations were used 
to determine the segregation factors of the differ- 
ent dopants (Table 2). They are summarized 
briefly in the following: 

Y3+ has a segregation factor of 2.4. The enrich- 
ment of Y-ions is observed in the uppermost layers 
at the surface of the grains. The surface 
concentration has been confirmed on several 
grains. 

Ti4+: In all binary alloys as well as in the 
ternary sample 7 8 CeTi-ZrO,, the Ti4+ has a 
segregation factor of about 5. Furthermore it has 
been observed, that the segregation generally 
occurs within a broad layer, extending up to 6 nm 
into the grain. In a ternary alloy together with 
Ca*+, segregation of Ti4+ clearly is less pro- 
nounced. 

Ce4’ has a segregation factor of 2.2. This factor 
does not change significantly in ternary alloys 
with titanium oxide. 

Ca”: The determined surface and bulk concen- 
trations of these alloys are much too high. One 
explanation is, that this discrepancy is caused 
because the sensitivity factor of the metal is used 
rather than that for the oxide. We exclude that 
our data are collected on possible second phases, 
because the same values were also gathered on 
X-ray single phase materials. Whatever originated 
this error, the segregation factor of Ca2+ should 
not be affected significantly. It has been deter- 
mined to about 1.5 for both the binary and 
ternary alloy and has been confirmed on other 
alloys as well. 
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Table 2. Concentrations of various cations at the surface (C,) and in the bulk (C,) and the resulting segregation factors C&, for 
zirconia alloys 

Sample C, cb Thickness CKb 
(cat%) (cat’%) (nm)’ 

6 Y-ZrO, 19+1 8+1 1 24 
6 Ti-ZrO, 43.1f0.6 8.1H.8 6 5.3 
12 Ti-ZrO, 47.3kO.6 9.6k1.8 6 4.9 
14 Ce-ZrO, 22f4 10*3* 2 2.2 

7 8 CeTiGZrOz 11+3 Ce 4+3 Ce 2 2.8 
452M.5 Ti 11.2fl.8 Ti 3 4 

17 Ca-ZrO, (c)’ 51.3f0.2 34.9f0.4 2 1.5 
6 8 CaTipZrOz* 33.3f0.6 Ca 25.5f1.2 Ca* 1 1,3(Ca) 

28.7kO.6 Ti 20.3fl.8 Ti* 3 1.4(Ti) 

*Confirmed on transcrystalline fracture faces: 26.9 (1.2) ct% Ca, 17.2 (1.7) ct% Ti. 
‘Sensitivitv factor of Ca-metal was taken rather then that of the oxide. See test for explanation. 
‘Thickness of the segregation zone. 

Segregation factors for all doping cations vary 
between 1 and 5.3 and seem to be relatively small 
for those cations which suppress grain growth and 
large for those which promote it. In addition, the 
segregation factors may not depend strongly on 
the dopant’s concentration (Ti-ZrO,). Further- 
more, the segregation factor of Ti4+ is altered by 
alloying Ti-ZrO, with Ca2’ (6 8 CaTi-ZrO,), but 
it appears not to be affected by Ce4’, e.g. in the 
alloy 7 8 CeTi-ZrO,. This behavior might be 
explained by the formation of an overcoat as 
mentioned by Theunissen et ~1.~ The cations of 
titanium and cerium do form such an overcoat, 
i.e. behave in a similar way, but not that of 
calcium. 

The above results support therefore the idea 
that the segregation factors are similar for all 
cations in binary and ternary zirconia alloys. No 
evidence has been found for the suggestion of 
Hwang et a1.,3 that cations with a larger effective 
charge are more strongly attracted to the grain 
boundary than others. However, it is well known 
that cations alter diffusion significantly by their 
size and valence. The segregation of slowly diffus- 
ing cations thus is able to pin a grain boundary 
whereas the equally strong segregation of fast 
diffusing cations cannot do this. 

Grain growth of polyphase zirconia 

The segregation factors of Ce4’, Ti4+ and Ca2’ 
in all binary and ternary alloys do not change 
markedly with increasing cation concentration, 
but the surface concentration of these cations 
increase if the bulk concentration is enhanced. This 
is consistent with the measurements of Hwang 
and Chen3 but not with those of Theunissen6T7 
who found a constant Y3+ enrichment at the sur- 
face for all investigated concentrations. 

Second phases alter the grain growth of doped zir- 
conia significantly. Main parameters are their 
mobilities, concentrations and morphologies. It is 
demonstrated in the following, that impurities 
influence the grain growth in a fundamentally 
different manner than second phases in amounts 
exceeding few mol%. 

Segregation factors of Ca2’ do not change 
strongly between tetragonal (at the time of soak- 
ing) and cubic grains. Similar segregation factors 
in these two crystal structures have also been 
found by Theunissen et aL6s7 for yttria doped zir- 
conia. Nevertheless, the grain growth of the 
tetragonal and cubic single phase microstructures 
are clearly different. This is surprising because the 
cation’s segregation barrier cannot be responsible 
for such a large difference. One possible explana- 
tion is that lattice misfits between randomly ori- 
ented tetragonal grains inhibit grain growth. The 
lattice parameters of two touching grains are diff- 
erent and must be changed abruptly if one of that 
grains is growing into the other. Such lattice 
misfits do not exist in cubic grains and their grain 
growth is therefore faster. 

Impurities of Si02 and Al203 up to 1 wt% are 
added in various ratios to Y-TZP (Table 3(a)). 
The applied processing procedure is described in 
Ref. 18. Generally, it is found that increasing 
amounts of impurities lead to increased grain 
growth coefficients k (Fig. 4(a)). However, in the 
sample doped with only Si02, grain growth was 
insensitive to the amount of added SiO,. By mix- 
ing SiO, and A&O, in a ratio of 1 : 1, abnormal 
grain growth was observed, leading to grains 10 
times larger than those of the matrix. The result- 
ing k value, evaluated merely based on the small 
matrix grains, does not reflect a proper grain 
growth mechanism and thus cannot be compared 
with the normal grain growth coefficients of the 
other samples. 

Insoluble impurities have an impact on grain 
growth mainly by forming a grain boundary phase 
(Fig. 4(b)). The thickness of such grain boundaries 
has been measured by Impedance Spectroscopy 

Method 

AESLXPS 
AES 
AES 

AESIXPS 
AESXPS 

AES 
AES 
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Table 3 (a) Grain growth coefficients k of Y-TZP with impurities of varying SiO, : A1203 ratios. (b) Grain growth coefficients k of 
zirconia alloys with large amounts of second phases and the characteristics 

(a) 

SiO, : AI,O, SiO, + AI,O, (wt”!%) k/l O-22 ( m3/s) 42 (nm) 

0:o co.03 0.12 0.04 
l:o 0.92 0.06 0.33 
410 0.96 0.36 523 
1:l 0.48 0.30 2.48 
1:4 0.72 0.36 1.88 
0:l 0.95 0.18 0.31 

(b) 

Sample k/l O-22 
(d/s) 

Correlation 
r 

Solubility Precipitations Morphology 

ZrO, 2.42 0.990 
3 Cr-ZrO, 12.3 0.97 
10 Cr-ZrO, 0.42 0.96 
12 Cr-ZrO, 0.06 0.65 
5 In-ZrO, 0.24 0.97 

6 8 CaTi-ZrO, 2.25 0.997 
9 8 CaTi-ZrO, 0.63 0.98 

10 15 CaTi-ZrO, 7.19 0.996 
5 Bi-ZrO, 34.5 0.95 

10 Sn-ZrO, 1.2 0.98 

Cr: 1,423 

W&4; 

Ti: 1526 

Bi: 02’ 
Sn: ? 

No 
Nearly none 

Cr203 

Cr203 

In203 

M+c 
M+c+CZ 

M+c+CZ+ZT 
Bi203 
SnO, 

CZ: CaZr,Og, ZT: ZrTiO,. 
*Spherical, in triple points. 
#Enlongated crystals. 

and evaluated with a ‘brick layer model’ described 
elsewhere. I9 High purity Y-TZP has no grain 
boundary layer (0.04 nm) and a grain growth 
coefficient of k = 0.12 1O-22 m3/s, both determined 
on samples annealed at 1500°C. The addition of 
pure Si02 or Al203 lead in both cases to 0.3 nm 
thin grain boundary layers. In spite of that simi- 
larity, these layers alter the grain growth differ- 
ently, namely they suppress it by SiO, and 
enhance it by Al203 additions. This behavior is 
surprising as Si02 is thought to form a viscous 
layer whereas Al203 is known as unyielding. How- 

0.4 

0.3 
‘;; 

-i 
1 0.2 
‘0 

. 
Y 

0.1 

0.0 

Given ratlo symbohzes: 

SIO, : AI,O, 

0.0 0.2 0.4 0.6 0.6 1 .o 

Total Impurities Iwt%l 

ever, due to the high annealing temperature of 
15OO”C, the formation of ZrSiO, is plausible. Due 
to the small dimension of its layer, the composi- 
tion could not be determined. Mixed Si02-A1203 
impurities caused much thicker grain boundaries 
as well as enhanced grain growth. The thickness 
of the grain boundary layers increased with 
increasing Si02 : Al203 ratio. 

The viscosity of the grain boundary layer domi- 
nates the influence on grain growth. Due to the 
lack of viscosity data, the latter can be estimated 
with the help of melting temperatures TM. Based 

0.5 

IMPURITIES (max. 1 wt%) in Y-TZP 

0.4 - 114 SiO,:AI,O, 4:l 

m;r: gL+,yfy_-.; c 

. 
A - . AI203 ‘m 

“’ !> Y-TZP (pure Standard) 
2 

0 1 2 3 4 5 6 

Thickness Grain Boundary Layer [nml 

Fig. 4. (a) Grain growth coefficients k of Y-TZP containing up to 1 wt% impurities such as Al,O,, SiOz or mixtures of both as a 
function of the total amount of the impurities (Al,O, + SiO,). (b) Grain growth coefficients k as a function of the grain boundary 

layers formed. 
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on the ternary Y,03-SiO,-A&O3 phase diagram, ‘* 
the following relations are found: 7’,,, :0 (liquidus 

of ZrSiOJ > TM,: l > TM,, : 4 > TM,, : 1 > L,4: I. 
The grain growth ‘is enhanced in the same sequence. 

If considerable amounts of a second phase are 
present, precipitations rather than grain boundary 
phases become crucial for grain growth. The grain 
growth coefficients k were determined for several 
systems containing large amounts of second 
phases (Table 3) and their influence could roughly 
be estimated. Chromium oxide in solid solution 
increases the grain growth but its precipitation 
decreases k by a factor of 200, despite the fact 
that chromium starts to volatilize around 1400°C. 
The same holds qualitatively also for tin oxide. 6 8 
CaTi-ZrO, contained at room temperature sub- 
stantial portions of monoclinic (at 1400°C tetrago- 
nal) and just few % cubic grains. Its grain growth 
is comparable to that of pure zirconia. The addi- 
tion of 3 mol% more Ca*’ results in the formation 
of CaZr,O,. The grain growth is clearly sup- 
pressed by this second phase. Increase of the tita- 
nium oxide concentration to 7 mol% results in the 
formation of an additional ZrTiO, phase, i.e. the 
sample now contains 4 different phases. The grain 
growth of this sample is strongly increased, indi- 
cating a grain growth accelerating influence of 
ZrTiO,. Bismuth additions increased the grain 
growth, too. This behavior must be caused by 
forming mobile Bi,O, precipitations in triple 
points (as observed by SEM) and by a volatile 
phase. The large radius of Bi3+, its valence and its 
low solubility*’ exclude a grain growth accelerat- 
ing influence in solid solution of zirconia. 

In summary, SiO, impurities probably in form 
of ZrSiO, decrease the grain growth whereas large 
amounts of Si02 increase it. In contrast, A&O3 
impurities enhance grain growth only slightly, 
whereas large amounts suppress it very efficiently. 
Cr,O, and SnO, inhibit grain growth very effi- 
ciently but they evaporate at temperatures around 
1400°C. These findings suggest that impurities 
influence grain growth over a grain boundary 
layer whereas larger amounts of a second phase 
control grain growth based on its morphology, 
mobility and amount. 

Conclusions 

Grain growth is found to be varied by the doping 
cations up to a factor of 1O.4 Large, low valence 
cations are most effective to reduce grain growth 
in agreement with the solute drag model whereas 
small ones increase it independent of their valence 
state and concentration. The cations’ segregations 
are similar for all investigated alloys and do not 

reveal any correlation with the grain growth 
coefficients k. It is therefore suggested that 
segregations generally occur independent of the 
cations valence state, e.g. not with a space charge 
mechanism. However, the pinning of the grain 
boundaries is most effective in alloys doped with 
large cations of low valence, indicating, that the 
diffusion of the segregated cations is the control- 
ling mechanism. The grain growth behavior of 
Y-TZP is not altered during and after phase parti- 
tioning, excluding it as a growth controlling mech- 
anism. Impurities were found to govern grain 
growth by forming grain boundary layers, 
whereas larger amounts of a second phase con- 
trols the grain growth by mobility, morphology 
and amount of the precipitations. Thus, SiO, 
impurities (probably in form of ZrSiO,) decrease 
the grain growth whereas large amounts increase 
it. In contrast, Al*03 impurities increase grain 
growth, whereas considerable amounts of it 
suppress it very efficiently. Furthermore, grain 
growth could be suppressed by spherical Cr,O,- 
and SnO,-precipitations. 
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