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ABSTRACT

The production of tetragonal zirconia polycrystalline (TZP) ceramics and
identification of factors controlling the stability of the tetragonal phase
in the Zr0,.Ti0, svstem has been investigated. In this binary system, it was

not possib?e tozretain tetragonal zirconia polycrystals at room temperature
for compositions sintered above 1200°C. A decrease in the martensitic trans-
formation temperature of zirconia was observed with titania addition, but the
effect was insufficient to retain the tetragonal phase at room temperature. In
solid solution, Ti0, additions act to suppress 2r0, densification, this lcading

to grain growth when attempts are made to attain higher densities. The use of
fine powders, fast firing or sintering in reducing conditions altered
densification but was not able to retain a final grain size sufficiently

small to avoid spontaneous tetragonal <> monoclinic transformation on cooling.

INTRODUCTION

Zirconia engineering ceramics have received considerable attention in
recent years. At the present time, by controlling the microstructure and
stabilizer content, tetragonal zirconia polycrystals (TZP) can be produced to
give a variety of combinations of strength and toughness. Economics
dictates the requirement for less expensive dopants to zirconia in order to
stabilise the tetragonal form and for the development of optimum properties.

Although no definitive version of the Zroz.Tio2 phase diagram is yet

available, at first sight Tioz appears to be a good candidate considering the
large tetragonal zirconia solid solution range and the low eutectoid temperat-
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ure developed in this system (Fig. 1). f
i
|

In the present study, zirconia ceramics in the Zr02.T102 system have been
investigated with the following objectives:

a) To attempt the production of tetragonal zirconia polycrystalline ceramic i
using compositions and conditions hitherto not investigated. ,

b) To obtain a better understanding of the factors that could lead to
tetragonal zirconia stabilization. !

EXPERIMENTAL PROCEDURE

Powders were prepared by coprecipitation of zirconium n-propoxide and }
titanium isopropoxide in a continuously stirred HZO/NH OH solution retained at
pH = 10. After separation from the 1iquid, the precipitate was washed three
times with isopropyl alcohol. Following drying at 80°C, the powder was
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Fig. 1: Tentative phase diagram of Zr02.T102 system(l).

calcined at 950°C for 30 min. and subsequently micronized in alcohol using
The calcination programme was based on the results of
thermogravimetric and differential thermal analysis.

X-ray fluorescence (XRF) spectrometry was used to analyse the composition
of all calcined powders in the Zr02.T102 system.
accurate analyses, the fusion technique was used to prepare samples of

standards and unknown compositions.
from particle size, surface state and absorption effects.

To provide reproducible and

Fusion helps to overcome problems arising

The sintering behaviour of green compacts under isothermal conditions in
air and reducing atmospheres was investigated using a sinter dilatometer.
Assuming isotropic shrinkage during sintering, a computer programme converted
the LVDT voltage reading into specimen density.
the densification rates which occur at different times were obtained.
reducing conditions, a mixture of 8 vpm of carbon dioxide in 5.01 vol.% carbon |
monoxide balanced with argon was used as the sintering atmosphere.

) assuming the

i
Using curve fitting routines.i
For the |
i
|
i

Phase analysis and lattice parameter determination of the calcined
powders and sintered discs were performed using an X-ray diffractometer with
The volume fraction of the monoclinic and tetragonal:

A standard multi-point gas adsorption technique was used to evaluate the
surface area of the powders prior to and the pellets after sintering.
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RESULTS

A range of compositions in the 2r0,.T10, system was prepared by altering
the amount of T102 present. An average of 0.8 mol.% of hafnium was detected
in the 2irconfa produced by coprecipitation of the alkoxides. The similar
chemical properties of Zr0, and Hf0O, allow the latter to be considered as
part of zirconia for compositional calculations.

Quantitative phase analyses, lattice volume and the ratio between the
(004) and (400) lattice parameters for the Zr0 .Tio2 powders calcined at 950°C
are shown in Table 1. Phases other thar monoc?inic or tetragonal solid
solutions of zirconia were not found in the calcined powders.

Table 1: Quantitative phase ana]ygis, lattice volume and tetragonal lattice
parameter ratio (c/a) for the Zr02.T102 powders calcined at 950°C.

Composition (mo1l.%) Tetragonal volume Vol. (nﬁB) c/a

fraction (%)
92.37 Zr02-7.63 TiO2 25.3 + 0.2 0.13362 1.0236 + 0.0005
88.47 r0,-11.53 Ti0, 70.4 + 1.6 0.13360 1.0250 + 0.0003
85.21 Zr02-14.78 TiOz 94.0 + 0.6 0.13324 1.0265 + 0.0001
82.11 Zr02-17.89 Ti02 100 0.13305 1.0294 + 0.0004
78.47 7r0,-21.53 Ti0, 100 0.13295 1.0317 + 0.0001

For sintering experiments, the calcined powders were die pressed at 190
MPa. Using heating and cooling rates of 300°C/hr, pellets were sintered at

1350°C, 1450°C and 1550°C for 2 hours.

sintered density are given in Table 2.

Results for the green and final

Table 2: Green and final density of Zr02.T1’02 compositions sintered at
different temperatures.

Composition (mol.%) Dwell time at 1200°C (min)
10 .30 60 90

ZrO2 59.1 + 3.0{65.7 +4.2 1 70.8 + 1.3 | 72.7 + 1.9
92.37 1r0,-7.63 Ti0, 55.0 + 1.4157.4 4+ 1.1 | 59.6 + 0.8 | 60.5 + 1.0
88.47 Zr0,-11.53 Ti0, | 49.8 + 0.5|52.2 + 0.5 | 52.6 + 0.3 52.8 + 0.5
85.21 Zr0,-14.78 ri0, | 46.3 + 0.3 47.3 + 0.6 | 47.5 + 0.4 } 47.3 + 0.7
82.11 Zr0,-17.89 T10, [ 43.3 + 0.4} 43.6 + 0.5 44.2 + 0.2 | 44.1 + 0.5
78.47 Ir0,-21.53 Ti0, | 40.5 + 0.2 41.0 + 0.2 | 40.9 + 0.2 | 41.2 + 0.5
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After sintering, none of the tetragonal phase had been retained in any of
the compositions. With the exception of the composition without Ti0, and that

with 21.53 mo1.% T102. 811 the samples sintered at 1550°C were found to have
fallen apart as a consequence of the martensitic t > m transformation during
cooling. The presence of ZrTi0, has been confirmed only in the compositions
with 17.89 mo1.% and 21.53mol1.% Tjoz- Comparative results were obtained by

Bateman(3) studying the 2r0,.15 mo1.% Ti0, composition.

Using a sinter dilatometer with controlled atmosphere, the changes of
density with time and the densification rate with density were obtained.
Figure 2 shows the effect of Tiog addition on the densification rate of
zirconia sintered in air at 1200°C. Only the monoclinic zirconia phase was
detected for all the compositions when sintering took place at 1200°C. Results
in Fig. 2 clearly indicate that when in solid solution, the TiO2 addition is
inhibiting the densification of zirconia.

The influence of air and reducing atmosphere on the sinterability of Zro2
~|and the 78.47 ZrO?-21.53 T1'02 mol.% composition is presented in Fi?ure 3.
The oxygen partial pressure “was calculated using Turkdogan tables{4) as

2.4 x 10-19 atm at 1200°C and 1.84 x 10-16 atm at 1450°C. Tetragonal zirconia
was not retained in any of the compositions sintered under reducing conditions.

To study the influence of Ti0, on the transformation temperature of

zirconia, measurements have been carried out to determine the temperature ‘
range for the martensitic transformation. Table 3 shows the start and finish é
of the tetragonal < monoclinic transformation during cooling (Mg and Mf
temperature respectively) and on heating (As and Af). No further changes in !
the transformation temperature were observed when compositions in the ZrOZ.TiOZj
system were sintered in reducing atmospheres.
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Figure 2: Densification rate versus relative density for Zr0 .T102 compositions

sintered in air (A) at 1200°C. Each curve represents the best fit
for a range of 50 data points. [Z = 2Zr0, 7 - 1102]
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Figure 3: Densification rate veréus relative density for Zr0, and

78.47 7r0,-21.53 TiO2 mol.% composition sintered in air (A)
and reducing atmosphere (R). '

Table 3: Influence of T102 on the martensitic transformation temperature of
ZrO2
Composition (mol.%) MS (°C) MF (°C) As (°C) AF (°C)
Zr02 925 830 1090 1160
92.37 Zr02-7.63 T102 775 730 990 1060
88.47 Zr02-11.53 Tio2 692 656 840 910
85.21 Zr02-14.78 T102 559 537 750 820
82.11 Zr02-17.89 T102 431 410 570 700
78.47 Zr02-21.53 T102 326 220 454 640

Since the driving force for both the densification and coarsening processes
is related to the reduction in surface area, Burke et al.(5)

suggested that

materials with different coarsening and densification behaviour should be
distinguished by the different shape of their surface area reduction

trajectories.

Considering a graph where surface area is plotted against

relative density, in the case of pure coarsening, the surface area will be
reduced with no increase in density, as shown by trajectory A in Fig. 4.
When the reduction of the surface area is occurring wholly by mechanisms that

269
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Figure 4: Surface area and relative density relationship during sintering. !
A is the trajectory for pure coarsening and B for pure
densification.

result in densification, then trajectory B is obtained. The more typical
sintering behaviour of real compacts is described by a series of curves I
between the two extremes, due to simultaneous contributions of both mechanisms. !

In order to obtain further information concerning the influence of Ti0 on?
the sinterability of Zr0,, the model of Burke et al.(5) was applied to the
Zr0,.7i0, system. The results for ZrO T10g compositions sintered for

different times at 1200°C, shown in Figure 5, represent an average of at
least three measurements for each sample.
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Figure 5: Surface area versus relative density for pellets of Zroz.‘l'io2 i
compositions sintered for different times at 1200°C. N
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Improvements in de?a;fication with a reduction of grain growth can be
obtained by fast firing The effectiveness of this process can be und-r-
stood in terms of the difference of the activation enthalpies for the
densification and coarsening mechanisms(7), In materials where the
enthalpies for lattice and boundary diffusion are higher than for surface
diffusion, the higher the sintering temperature, the larger will be the
densification/coarsening ratio. Data for activation enthalpies of the
relevant diffusion coefficients are not at present available and therefore the
best way to assess the operating mechanisms is by experiment.

Fast firing experiments were carried out in a tube furnace at temperatures
of 1400°C, 1500°C and 1600°C. The pellets, laid on a highly porous alumina
base, were automatically pushed into the hot 2one of the furnace taking
~ 120 seconds to reach the maximum temperature. After a dwell time of 15
minutes they were moved to a region of the furnace at 200°C. All the
experiments were repeated using commercial tetragonal zirconia (T7S-12 Ce and
TS-3Y) and pure commercial zirconia (Dynazirkon (R)F) to establish whether
thermal shock damage would affect interpretation of the results.
Compositions containing titania resulted in complete disintegration after
fast firing for 15 minutes at 1400°C, 1500°C and 1600°C. Table 4 shows the
fast firing results at 1600°C.

Table 4: Final density of zirconia pellets after fast firing at 1600°C
for 15 minutes.

Composition Final Density (g/cma)
Dynazirkon (R)F 5.05 + 0.01
T5-12Ce (12 mol.% CeOz) 5.64 + 0.02
TS-3Y (3 mol.% Y203) 5.89 + 0.01

2r0, 5.41 + 0.07

A1l compositions in the Zr02.T102 Disintegration
system

To verify whether any remnant product of the calcination in the powders
prepared by the alkoxide route could cause the differences in densification
behaviour found amongst the Zr0 .T102 compositions, infrared spectrographic
analysis was performed. The poaders, 0 mol.%, 14.78 mol1.% and 21.53 mol.%
of T10, were calcined at 850°C, 1100°C and 1300°C. A heating rate of 300°C/
hour aad a dwell time of 1 hour at the maximum temperature was used for all the
calcinations. The samples for infrared analysis were prepared by careful
mixing and vacuum pressing of 3 mg of calcined powders with 300 mg of KBr.

The transmission infrared spectra of the calcined powders were determined in
the range 4000 to 500 cm-1.

Results show that all three powders calcined at 850°C have bands which can
be assigned to C-H and 0-H bond stretching respectively. Their presence is
associated with residues from the alkoxides reaction. After calcination at
higher temperatures, oxidation of the residues is complete and the bands are
no longer present. The presence of monoclinic zirconia is verified by bands
at 740 cm-1 and 515 cm-1 in the spectrum of zirconia calcined at 850°C. The
intensity of this band is greatly reduced in the powder with 14.78 mol.% of ]

-
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Ti0 ca1c1ned at th1s temperature and is not apparent in the spectrum of the
composition with 21.53 mol.% T10,. On calcination at higher temperatures the

intensity of the monoclinic absorption band increases for all three
compositions in agreement with the XRD results.

In & final experiment to ascertain the influence of the nature of the
powder on the sinterability of zirconia-titania compositions, commercial
zirconia (Dynazirkon (R)F) and commercial rutile (Tioxide) were wet ball
milled in the same proportions as for the powders prepared by the alkoxide
route. The mixed powders were then calcined at 950°C and were found not to
show any tetragonal stabilization. The presence of a strong rutile peak in
the XRD trace inferred that the extent of solid solution was limited. For the
mixed oxide powders, the final densities of pellets sintered at 1200°C and
1350°C for 2 hours did not show a large decrease in relative density as the
Ti02 1s incorporated to zirconia. However, XRD shows that complete solid
solution has not taken place, suggesting that Ti0, agglomerates had sintered
before further solid solution formation. Tetraganal zirconia was not
detected in any of the experiments involving mixtures of the commercial
powders. Results obtained from the mixed puwders experiments have
demonstrated the need to use the alkoxide route to produce powders to study the.
effect of T102 on the sintering and stabilization of 2r02.

DISCUSSION

In the ZrOZ-TiO2 system, when sintering took place above 1200°C, the

t <> m transformation was not suppressed sufficiently to retain tetragonal
zirconia at room temperature.

The reasons for retention of metastable tetragonal zirconia at room temp- -
erature are still the subject of considerable discussion. Considering the
same grain morphology and absence of glassy phase at the grain boundary,
factors that could be of importance on tetragonal stabilization include: the
oxygen ion vacancy content, the cationic radius and the crystal structure of
the dopant ox1de, the chem1ca1 free energy of the t <> m transformat1on and
the critical grain size for spontaneous transformation.

The factors that influence stabilization may well be interconnected;
however discussion of how each variable might individually affect the Zr0 T10
system will he]p to identify which is of greatest significance.

It is known that oxygen vacancies created either by reducing the oxygen
partial pressure or by alloying zirconia with aliovalent metal oxides i
(Mg2*, Ca2* and Y3t) play an important role in stabilizing the cubic .
str'ucture(8 10), cubjc stabilization can be considered as the thermodynamic
response of the system to the need for accommodation of a large number of

anion vacancies produced during sintering(1l). Although a decrease of the
cubic-tetragonal transformation temperature for low po% is shown in the Zr-0
h

phase diagram(8), previous researchers have indicated that the tetragonal to
monoclinic transformation remains unaffected by p02(1

It can be seen in Figure 3 that defects generated by Ti0,, either (i) by t

increasing the temperature or (ii) sintering in reducing cond?tions, are

important in increasing the ZrO% T10 sinterability. However, the presence of
s

such defects did not manifest i elf in any positive effect on the retention of‘
tetragonal zirconia at room temperature.

Considering the Zr0,-Ce0, system fully tetragonal zirconia is obtained j
when a composition with §2 mo?.% of ceria is sintered in ai., providing the |

‘_lz 72 |
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final grain size remains below 3-4 ym. It is known that above 685°C Ceo2

may exhibit large deviations from stOI?hi?metry. which may extend to a
maximum at CeO1 7g t and above 1023°c(1 Experiments undertaken as part
of this study show that sintering Ce-tetragonal z1rcon1a in a reducing
atmosphere gives monoclinic zirconia plus Ce r,0 Therefore 1f the
presence of oxygen vacancies is important for tﬁe tetragona] stabitization in
the 2r0,.Ce0 system, perhaps the concentration of oxygen vacancies should be
1imited such that the Ceoz_x could remain 1n solid solution (Fig. 6), avoiding
formation of the second phase.
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Figure 6: Syste71§;02 CeO2 in air in the 1100°C to 1600°C temperature
range
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Thus although the influence of oxygen vacancies in cubic zirconia
stabilization can be ascertained, in general tneir importance for the
retention of tetragonal zirconia at room temperature is not clear in
relation to the Zr02.T1'02 and ZrOZ.CeO2 systems.

The cationic radius and the crystal symmetry of the dopant are further
1mportant garameters contributing to zirconia stabilization. Titanium (Tid+ -
0.74 R has a smaller cationic radius than zirconium (Zr4 = 0.84 R) and
tetragonal zirconia polycrystalline ceramics (TZP) have not been produced
using this 1on On the other hand_cations such as magnesium (Mg +=0.89 ﬂ),

cerium (Ce** = 0.97 R), yttrium (Y3* = 1.019 ﬂ)4gnd calcium (Ca?* « 1.12 f),
in which the 1on1c radius is larger than the 2r have all been used to
stabilize zirconia ceramics. Based on the crystal structure of the dopants '
mentioned above, it appears that only solute oxides having a cubic structure
are able to stabilize the cubic and/or the tetragonal phase in zirconia. Mg0
and Ca0 both have a cubic NaCl structure, Ce02 has a cubic fluorite
structure, Y 0 ? ybic bixbyite structure, whereas T102 has 8 tetragonal

rutile structure Although results related to the cationic radius and ?
crystal symmetry of the most common dopants (Mg0, Ca0, Y 0 and Ce0,) could I
indicate that tﬂose having 1ons larger than zircon1a and forming ox;des with |

| 273
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cubic structure would be more likely to produce TZP ceramics, this trend cannot'
be generalized. Dopants such as Ndzo , bzo ’ Gdzo » Eu,0, and Lazo3 all have '
the same crystal structure as Y,0 ana a cat?onic radius larger than zirconia,
but so far fully t?tragonal zir oﬂia polycrystals have not yet been produced
using these oxides(19,20),

|
A consistent factor pertaining to tetragonal zirconia retention is the '
critical ?rain size for _spontaneous t <> m transformation. Considering i
Heuer"s(2 ) and Chen's(22 approach, the critical grain size at a given tenper-!
ature can be defined as the size below which the probability of each grain '
containing a critical nucleus is less than unity. Typically it is less than
3 ym for the CeOZ-TZP and is in the range 0.5-1.0 ym for Y203-TZP.

Table 3 and the phase diagram of the ZrOZ.TiO2 system (Fig. 1) show that
T10, additions reduce the chemical free energy for the tetragonal to monoclinic
phase transformation but give no indication of how TiO2 might affect the final
grain size of zirconia. Applying Burke's model to the Zr02-T10 system (Fig.S),
shows that on addition of titania, the densification component s gradually !
reduced unti) almost pure coarsening occurs for the 78.47 Zr02-21.53 Ti0, mol.2 |
composition. These results were confirmed by grain size measurements on the
polished surfaces of the 21.53 mol.% Tioz composition ceramics.

For systems which do not densify significantly, vapour transport and
surface diffusion have been suggested as the predominant mass transport
mechanisms. Vapour transport occurs by an evaporation-condensation process
mnd the extent to which it occurs depends on the vapour pressure of the

aterial being sintered. For most oxides in use as engineering ceramics,
vapour phase transport is usually only of importance at very high temperatures,
close to the melting point. In the Zr02.Ti0 system, owing to the low
volatility of zirconium and titanium oxide %23), it is to be expected that
surface diffusion would play a major role in the coarsening process at low
temperature. Titania might act to inhibit sintering in zirconia by increasing
the surface diffusion coefficient in the material and hence increasing the
coarsening rate. Other researchers agree that Ti0, additions accelerate grain
growth and act to suppress densification in Y,0 -T;P ceramics(24,25) . 0sendi
et al1.(26) showed that although Ti0, increases %he initial sintering rate of
the A1,0,-8 vol.% ZrO6 composites, a significant enhancement of the grain

2

growth kinetics of Zr0, was observed after annealing.

In order to avoid coarsening and promote sintering, three principal
procedures can be utilised.

"a) Fine, homogeneous powder.

In the present study, the use of a fine, chemically homogeneous powder
produced by the alkoxide route was found not to give a dense ceramic after
sintering. The decrease of sinterability with T10, additions to Zr0, carnot
be associated with the powder preparation route, since surface area results,
]agglomerate strength, electron microscopy and infrared analysis showed no
significant property differences among the powders. |

b) Fast Firing.

Fast firing was ineffective in generating the small grain size required to
ketain the tetragonal phase. Measurements of final density after fast firing
ro .T102 compositions was not possible; however the final grain size was
obvgously above the critical size since the martensitic transformation could i
(not be avoided. ‘
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i €) Hot pressing.

Hot pressing experiments undertaken using graphite punches and a graphite
die led to reduction of the zirconium oxide and to the formation of titanium
carbide. The use of an alumina punch and die set was considered, but
rejected due to the chemical reactions which could occur between the sample
and the alumina die.

CONCLUSIONS

1) In the Zr02.T102 system, tetragonal zirconia polycrystals have not been
retained at room temperature for compositions sintered above 1200°C. Despite
the decrease of the martensitic transformation temperature of zirconia with
titania additions, this was in itself insufficient to retain the tetragonal

phase at room temperature.

2) The lattice defects generated by sintering Zr02.T1’02 compositions in
reducing atmosphere have improved densification but did not show any positive
effect on retention of the tetragonal zirconia at room temperature. Studies
carried out in the Zr0,.T10, system, ZrOZ.CeD system and an analysis of
results available in the literature, show tha% the influence of oxygen
vacancies, cationic radius and crystal structure of dopant on stabilization
of tetragonal zirconia is yet to be clearly explained.

3) In solid solution T1'02 additions act to suppress the Zr(0, densification,
leading to grain growth when attempts are made to attain higher densities.
This is believed to be the main factor preventing retention of tetragonal
zirconia at room temperature in the Zr02.T10 system. The use of fine
powders and fast firing techniques was not agle to keep the final grain size
small enough to avoid spontaneous t <= m transformation on cooling.
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APPENDIX

Zirconia Sintering in Reducing Conditions

For zirconia pellets with the same initial green density, Fig. 3 shows
that sintering in reducing atmosphere yielded a slightly higher densification
rate than pellets sintered in air. Assuming that (i) sintering at low p0
increases the concentration of oxygen vacancies, and (ii) the rate control?ing
species for densification in zirconia is cationic(10), since the diffusion co-
efficients of cations in zirconia are several orders of magnitude less than
the values for oxygen (Table 5); the results of Fig. 3 can only be explained
if the concentration of cationic defects increases at a greater rate than the
oxygen vacancy concentration.

Table Al: Diffusion coefficients of oxygen and zirconium
in pure zirconia (27).

Temperature (°C) log D (sz-S-l)
oxygen zirconium |
1100 -12 -17
1300 -6 -14
1900 - -11

In order to examine further this possibility the defect chemistry of
zirconia needs to be analyzed.

greater than the concentration of zirconium vacancies [Vi;'], oxygen inter-
stitials [01"], electron holes (p)* and zirconium interstitials, [Zr{“'].

i
!
At low p02 the concentration of oxygen vacancies [Vé‘] is assumed to be i
|
]

’In the case of electrons and positive holes the concentration of these defects
are often written as n and p, instead of [e'] and [h'] respectively.

(276 |
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Thus the following electroneutrality condition can be used:

2Vp"1 = n (A1)

:pglying the mass-action relationship for the defect equilibria equations
elow:
X .o .

0" = V0 +2e' +3 02 (for low p02) (A2)
nil = V't o+ 2V (A3)
nil=e'" +h" (A4)

0; =Vg~ +0 (A5)

X - ) ceas
Iry. = Vg + Ir, (A6)

and using the neutrality condition (eq. Al), the following trends for the
concentration of defects with the oxygen partial pressure are obtained:

[vg " 1ok [0,171/® (A7)
(2 1% [0,771/3 ()
[o,"3 ¢ [0,1"/® (9)
Vel o [0,013 (A10)
n e [0,17/ (A1)
pet [0,71/ (A12)

As seen from the equations A7 and A8, both [V, "] and [zr: "]
increase at significantly different rates as the oxygen part1a1 pressure is
reduced in the range where the neutrality condition is valid (Fig. Al).

Under such conditions, the increased rate of [Zri""] formation
compared to [Vg' "] could explain the higher densification rate shown by the

zirconia pellets sinisrgd in reducing atmosphere. These results agree with
Ehgse obtained by Wul2B) sintering zirconia in air with different amounts of
a0.
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Figure Al:
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log{Oxygen partial pressure)

Brouwer diagram showing the variation of defect concentrations

with oxygen partial pressure in pure zirconia.
condition assumed n = 2[Vd'].
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