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Fabrication and characterization of 
zirconia-toughened alumina obtained by 
inorganic and organic precursors 
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Ecole des Mines, 42023 Saint-Etienne C~dex 2, France 

In zirconia-toughened alumina (ZTA) the martensitic transformation of zirconia (tetragonal 
monoclinic) is at the origin of toughening. If the zirconia particles have a mean grain size less 
than d c, they remain tetragonal; if their size is between d o and dc(d o > dE), they are stress- 
induced transformed into the monoclinic form; if their size is larger than de, particles are trans- 
formed. We prepared ZTA using different precursors and compared their microstructures. The 
coprecipitation of aluminium and zirconium chlorides gives an hydroxide mixture. Thus the 
zirconium hydrate is amorphous, and the aluminium hydroxide structure varies with the 
precipitation temperature and pH values at the end of the neutralization. Alumina is mixed 
with zirconia obtained by gas-phase reaction. Zirconia is prepared by vaporization of 
zirconium chloride in an oxygen-hydrogen flame. Alumina powder is impregnated by a 
zirconium acetate solution. Zirconium acetate is thermally decomposed in a spray-dryer, then 
by calcination. The cohydrolysis of II AI-butoxide and IV Zr-propoxide was carried out in an 
alkaline solution. The hydrolysis pH (10 or 12) changes the grain size of the oxide powders. 
Mechanical property measurements and microstructural analysis allow a comparison of the 
different composites. The mean grain-size evolution differs according to the preparative route, 
and may be varied by different elaboration parameters. Fine microstructures were always 
observed. The mean grain size of dispersed zirconia being very small (near d E), we observed a 
little influence of transformation toughening. We noticed a large increase in rupture strength, 
while toughness was not noticeably improved. 

1. Introduction 
A more extensive use of ceramics materials needs a 
significant increase of their rupture toughness. Thus 
several solutions have been proposed [1], i.e. toughen- 
ing by a second phase dispersion. Zirconia-toughened 
alumina (ZTA) may be used for wear and cutting appli- 
cations [2]. Owing to the crystallographic properties of 
zirconia, the martensitic transformation (tetragonal 
monoclinic) which takes place with a volume increase 
(> 3%) during cooling, induces a stress field in the 
altumina matrix. The resistance to crack growth 
propagation is favoured by dissipating the rupture 
energy [3]. 

Three toughening mechanisms are proposed [4-6]. 
(1) Microcracking: the crystallographic transforma- 

tion which takes place only when the zirconia particle 
si~ze is larger than a critical diameter (d~), gives rise to 
microcracks appearing in the matrix, thus absorbing 
(or deviating) the crack energy. 

(2) Stress-induced transformation toughening: at 
ambient temperature, zirconia particles, with particle 
size less than d~, can be retained in the metastable 
tetragonal form. Most of these particles may be trans- 
formed as a crack is propagating: large tensile stresses 
are generated around the crack, especially ahead of 

the crack tip; these stresses release the matrix con- 
straint on the tetragonal (t) zirconia particles and if 
large enough could result in a tensile stress of the 
particle, which wilt transform to monoclinic (m) form. 
The volume expansion developed in the particles 
creates a resultant compressive strain in the matrix 
which stops the crack propagation. 

(3) Compressive surface layers, due to the t --* m 
transformation of zirconia near the surface, allow an 
increase of the fracture strength of the ceramic. 

In order to reap the benefits of these properties, the 
ceramic material must have a homogeneous micro- 
structure with well-dispersed zirconia grains. An inti- 
mate mixture of the two powders may be obtained 
either by mechanical (grinding) or electrochemical 
(with a dispersive agent addition) routes [7]. 

Our purpose was the production of ZTA com- 
posites with the finest microstructures, in order to 
study the influence of the zirconia particle size on 
mechanical properties. We synthesized different 
alumina and zirconia powders, starting from several 
organic or mineral precursors. After hot-pressing 
densification, we studied the microstructures and 
the mechanical properties of the resulting ZTA 
composites. 
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2. Preparation of metallic oxides from 
precu rsors 

2.1. Aluminium hydroxide synthesis by 
halogenide precipitation 

The metaltic halogenide precipitation using base 
additions has already been widely studied. Several 
parameters influence the hydroxide species obtained 
[8]. The aluminium salt behaviour can only be 
explained by the presence of specific species in sol- 
ution (AI 3+ ifpH < 4; A102 for pH > 12) [9]. Elec- 
trochemical measurements (pH, conductimetry) allow 
determination of three steps during the metallic 
hydroxide gel floculation [t0]: hydrolysis, an otation 
mechanism (A1-OH-A1), and an oxolation mechanism 
(A1-O-A1). 

More sophisticated experiments (light diffusion; 
infrared (IR), Raman and nuclear magnetic resonance 
(NMR) spectroscopies, etc) have allowed deter- 
mination of the nature of the species in solution, thus 
explaining trihydrate formation from a gel with a 
smaller hydratation degree (A1 (H20)~ + in acid media;, 
or AI(H20)s(OH) 2+ in basic media) [11]. 

The precipitation pH which depends on the nature 
and the concentration of the base used, is an import- 
ant factor that strongly influences the nature and 
properties of the resulting precipitate [12-14]. Sato 
[15] has also shown that the base nature plays an 
important role in gel evolution: 

new amorphous aluminium'~ ~ pseudo boehmite 
hydroxide gel 3 

,~bayerite 
[hydrargillite 

The transformations occur on ageing of the precipi- 
tation solution. 

The crystallographic nature of the gel is related to 
the nature and the content of the remaining impurities 
[16], which often depend on the solution pH. For low 
pH values, the positively charged gel is surrounded by 
foreign anions which are strongly bonded in the struc- 
ture, thus inhibiting crystallization. For high pH 
values, the negatively charged gel repulses the rare 
foreign anions [17]. The crystallization speed of 
AI(OH)3 is inversely related to the tendancy of the 
anionic impurity to enter the precipitate structure, i.e. 
the crystallization speed will be the lower the simpler 
is structure of the anionic inclusion [16]. 

2.2. Aluminium hydroxide synthesis from 
organic precursors 

Dense transparent alumina pieces were fabricated 
by Yoldas [18, 19], and his research formed a basis 
for ultrafine and pure alumina powder preparation. 
The hydrolysis of a II-AI butoxide was followed by 
peptization which allowed a stable dispersion of the 
precipitate in order to form a sol. The study of the 
hydrolysis showed different steps of the transfor- 
mation. Hydrolysis carried out at a temperature higher 
than 80°C produced boehmite, whereas at ambient 
temperature an amorphous monohydrate aluminium 
hydroxide was obtained. During the ageing of the 
solution, OR radicals are replaced by water, allowing 

2712 

the crystallization to occur. Beyond 80 ° C, a rapid 
liberation of OR groups occurs, and the bayerite 
structure crystallizes. If ageing takes place below 
80 ° C, a slower process of dissolution-recrystallization 
allows bayerite formation. The alcohol content, 
present in the mother liquor, also influences the 
bayerite crystallization. 

After stove drying, it is possible to determine the 
structure, by measuring the weight loss during cal- 
cination [20]: 15% weight loss for A10(OH), 35% 
weight loss for AI(OH)3. 

An original hydrolysis technique allowed the fab- 
rication of amorphous alumina powders, with a mean 
grain size of 1.5/zm [21]. The II-A1 butoxide in 
alcoholic solution was hydrolysed, not by means of a 
water addition, but by the water formed by the alcohol 
dehydratation. This occurred during hypercritical 
drying autoclaving conditions. The control of gel 
precipitation in a homogeneous solution gave parti- 
cles with a 0.1 to 0.2#m diameter [22]. The thermal 
treatments which are necessary to the transformation 
into alumina did not modify the shape, but allowed a 
precipitate size decrease. 

2.3. Sintering of oxides prepared from 
organic precursors 

The nature of the starting hydroxide strongly influences 
the sintering behaviour of alumina. The trihydrate 
(bayerite) structure has sintering kinetics higher than 
that of the monohydrate (amorphous or boehmite). 
The water content, which is present during hydrolysis, 
plays an important role in the densification process. 
For example, if the water quantity is below the reac- 
tion stoichiometry, the hydrolysis is incomplete and a 
total densification cannot be reached [23]. 

The sintering temperature of alumina may be 
lowered by 300°C if the preparation conditions are 
optimized: temperature, hydrolysis pH and reactants 
content. 

Fig. 1 shows the variation in density of pressureless 
sintered aluminas with sintering temperature, accord- 
ing to the production process (alkoxides) [24-28]. 

Little work has been carried out on the mechanical 
characterization of composites. However, Becher and 
co-workers [29-31] fabricated materials directly after 
gel elaboration, e.g. fibres, coatings or bulk pieces. A 
particular way of drying (either by casting in dialysis 
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Figure 1 Variation of  the densities, d, of  alumina powders prepared 
from alkoxides with pressureless sintering temperature (from the 
literature). 
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Figure 2 Flow sheet of fabrication of composite from metallic 
chlorides. 

membrane, or into mercury), allows shrinkage-step 
controle. ZTA composites, with grain sizes of  5 #m for 
alumina, and less than l # m  for zirconia, were 
produced. Powders were prepared by hydrolysis of  
both aluminium and zirconium alkoxides and then 
hot-pressed. The ZrO 2 contents were in the range 0.5 
to 30 vol %, and depending on the respective com- 
position, the zirconia grain size being included in the 
limits 0.5 to 2 #m, and that of  alumina between 5 and 
10#m. An increase in both rupture energies 7~c (for 
10 vol %) has been observed. 

3. Experimental procedure 
3.1. Fabrication of composites from different 

precursors 
3.1.1. Aluminium and zirconium chlorides 
Using the preparation conditions already optimized 
with a pure alumina powder [32], we produced a mix- 
ture of  two aluminium and zirconium oxides, starting 
from both metal chlorides (Fig. 2). 

An aqueous solution of  aluminium (AIC13, 6H20; 
Riedel de Hafin) and zirconium (ZrCI4; Merck) 
chlorides was prepared, in aqueous media, using the 
following concentrations 

[A1C13] + [ZrC14] = 0.6moll  -1 

Mzro2 
= 0 .1  

MAj2o3 + Mz~o2 

T]he alkaline solution (ammonia, 4M) is used at 
ambient temperature in order to precipitate both alu- 
minium and zirconium hydroxides. The ammonia 
addition is continued in order to reach different pH 
values for the end of  neutralization, which correspond 

TABLE I Characteristics of alumina-zirconia powders 
prepared from chlorides, after drying 

pH at end of neutralization 

7.5 9 10.5 

Structure Amorphous Boehmite Bayerite 
% CI- 2.2 2.6 1.3 
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Slurry 
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Figure 3 Flow sheet of fabrication of composite from commercial 
alumina and zirconia prepared by flame reaction. 

to different zeta potential values: 

pH 7.5: 130mVl; pH 10.5: tl5mVt; pH9: ~-,0mV [33] 

After ageing the solution (14h in the mother liquor) 
the gel was washed on porous glass and then by 
centrifugation, in order to eliminate the reaction 
by-products (NH4C1, C1-). 

Table I gives the CI- contents after six washing 
operations, and the X ray phase analysis of  the alu- 
minium hydroxide powder obtained after drying (the 
zirconium hydroxide is amorphous, thus not detected 
by X-rays). 

Differential thermal analysis (DTA) showed that 
the c~ alumina formation temperature increases with 
pH, i.e. a well crystallized hydroxide is transformed in 
oxide at a higher temperature than that necessary for 
an amorphous hydroxide. In order to obtain different 

alumina contents in composites, powder mixtures 
were calcinated at the same temperature. Table II 
gives the e alumina contents in powder mixtures as 
a function of  calcination temperature and end of  
neutralization pH. 

3. 1.2. Commercial alumina and 
gas-phase-prepared zirconia 

Starting from an oxide powder mixture, a classical 
method of ceramic elaboration route was chosen: i.e. 
spray drying (Fig. 3) [34]. 

TABLE II e alumina content of alumina-zirconia powders 
prepared from chlorides, after calcination of the hydroxide mixture 

Temperature of Time pH 
calcination (o C) rain 

7.5 9 10.5 

1100 30 2 1 0.5 
1200 30 93 74 6 
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figure 4 Flame reactor scheme (for zirconia synthesis). 

3.1.2.1. Alumina powder. A Bayer powder (RC 172 
DBM from Reynolds) was used, and sedigraphic deter- 
minations of  granulometric repartitions allowed 
determination of the best electrochemical conditions 
for which suspensions are optimally dispersed. In 
order to avoid acidic preparation conditions, a dis- 
persant was needed to obtain good defloculation of  
the slurry at pH 10. 

3.1.2.2. Zirconia powder. Zirconia powder was gas- 
phase prepared. The method used by the Laboratoire 
de Catalyse, Lyon I University (France) consisted in 
the injection of a chloride vapour in a hydrogen- 
oxygen flame. The precursor was zirconium tetra- 
chloride, it is in a solid state at ambient temperature, 
and sublimes at 320 ° C; its vapour pressure is 3.5 torr 
at 200 ° C and sharply increases above this temperature. 

The vaporization of ZrC14 is shown in Fig. 4. An 
amount of chloride is placed in the furnace, the tem- 
perature of which determines its partial pressure in the 
carrier gas. In order to maintain a constant partial 
pressure of chloride, a continuous introduction system 
for chloride was built [35]. 

The reactor used was a torch with coaxial tubes. 
The chloride vapour is carried by means of  an air or 
oxygen stream in the central tube. Pure hydrogen, or 
hydrogen diluted with nitrogen, circulating in the 
third tube is separated from the central tube by a 
nitrogen screen (in tube 2) which separates or dis- 
connects the flame, which is the reaction zone, and 
hinders its closure by the resulting oxide deposit. A 
fourth tube is managed to maintain a slight oxygen 
excess, with respect to hydrogen, whatever the oxygen 
stream in the central tube may be. 

Both thermodynamic and kinetic parameters of  the 
formation reaction of  the oxide may be controlled by 
varying some experimental parameters. 

Electrostatically precipitated zirconia particles 
are not porous, their size may vary between some 
nanometres up to 100 nm; phase analysis gives 80% 
tetragonal and 20% monoclinc. Three different 
powder batches are used, with respective specific sur- 
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Figure 5 Flow sheet of fabrication of composite from commercial 
alumina and zirconium acetate. 

faces: 15 to 35 and 60 m 2 g-~. Zeta potential and sedi- 
graphic measurements allow determination of  the pH 
regions where the dispersion is optimum: pH < 3.5 
and pH > 10. 

3.1.2.3. Mixture of  the two oxide powders. Alumina and 
zirconia powders were respectively put in suspensions 
according to the pH conditions previously deter- 
mined. Thus two different slurries were prepared at 
pH 10, where the dispersion was maximum for both 
powders. The slurry had a 60% dry matter content; 
after binding agent addition, the mixed slurry was 
dried by spray-drying, which produces l0 to 30#m 
spherical agglomerates. 

3. 1.3. Commercia/ alumina and zirconium 
acetate 

Before studying the simultaneous hydrolysis of two 
organic precursors, we studied the dispersion of  a 
commercially available alumina powder (RC 172 
DBM, Reynolds) in a zirconium acetate solution 
(Magnesium Elektron). Following the slurry (a mix- 
ture of  alumina and zirconium acetate) homogen- 
ization step, a classical fabrication process for technical 
ceramics was used (Fig. 5) [36]. 

The initial zirconium acetate solution has a pH near 
3, it decomposes giving zirconia during heating. 
Alumina is well dispersed in a pH 3 slurry. Therefore, 
alumina powder was slowly added to the zirconium 
acetate solution. A 6 h attrition milling allowed con- 
venient impregnation of alumina particles by the zir- 
conium salt. The mixture was then spray-dryed, thus 
transforming the zirconium acetate into a zirconium 
hydrate; this zirconium hydrate was transformed into 
zirconia by thermal treatment. Cold-pressed oxides 
pellets were then heated in air, using a slow rate 



of temperature increase. This thermal treatment was 
carried out up to 900 ° C, samples being consolidated. 

3. 1.4. Cohydrolysis of metallic alkoxides 
II-AI butoxide and IV-Zr propoxide are dissolved in 
anhydrous isopropylic alcohol, in the proportions 
previously described [37]. Hydrolysis was done by 
addition Of ammonia (pH 10 or 12), at ambient tem- 
perature, according to the following equations, 
already proposed by Yoldas [20] 

Al(OC4H9)3 + H20 ~ AI(OC4H9)z(OH ) 

+ C4H9OH 

Zr(OC3H7)4 + H20 ---, Zr(OCsHT)3(OH) 

+ C3 HTOH 

Calcination, under air, at 1000 to 1200°C for l h, 
allowed the transformation of the gel into the oxide. 

After hydrolysis, the following reactions occurred 
in the case of aluminium butoxide: 

2At(OC4Hg)2OH + 4H20 

CH3 
I 

12°°c ~ 2Al(OH)3 + 4(CH 3 - CH2 - CH) 
/ 
OH 

1000tO 1200°C) A1203 + 3H20 

In the same way, the following reactions take place 
with zirconium propoxide: 

Zr(OC3HT)3OH + 3H20 

CH3 

Zr(OH)4 + 3(CH3-CH-OH ) 

Zr02 + 2H20 

Fig. 6 summarizes the different transformation steps 
in the production of the alumina and zirconia powder 
mixture. 

The transformation "transition alumina"--* "e 
alumina" takes place at lower temperatures with the 
powder prepared at pH 10. Alumina is completely 
transformed into the e phase after a calcination at 
1200 ° C. The mean grain size of the powder prepared 
at pH 10 is very much larger than that of the powder 
prepared at pH 12. For the powder obtained at pH 10, 
grinding is necessary to obtain a finer granulometry. 

Table III gives the characteristics (specific surface, 
mean grain size determined by sedigraphy ds0) of 
powders as a function of hydrolysis pH values and 
calcination temperature. 

3.2. Sintering and characterization of 
materials 

All the powders, produced by the different methods, 
were uniaxially cold pressed under 320MPa, then 
hot-pressed sintered (40 MPa, at 1450 to 1600°C for 
15rain) in graphite dies (diameter 20mm) under 
vacuum. The influence of the thermal sintering cycle 
on the mechanical properties will be discussed later 
(Section 5.2.3). 
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Figure 6 Flow sheet of fabrication of composites from metallic 
alkoxides. 

The dense samples were then characterized. Density 
was measured by Archimedes' method. The monoclinic 
or tetragonal phase contents of zirconia were 
determined by X-ray analysis [38]. 

Samples (4 mm x 3 m m x  18 mm) used for rup- 
ture strength and rupture toughness (single edge notch 
bend method) were machined using diamond tools. 

SEM observations were carried out on polished and 
then thermally etched samples. 

Statistical granulometric determination on micro- 
graphs allows determination of granulometric dis- 
tribution of both alumina and zirconia grains, and 
then of their mean equivalent diameter (ds0). 

4.  R e s u l t s  

4.1. Physico-chemical and mechanical 
characteristics 

Tables IV to VII give the characteristics of hot-pressed 
samples prepared from different precursors. 

TABLE III Characteristics of alumina and zirconia powders 
obtained after cohydrolysis of the two alkoxides 

pH of hydrolysis 

10 12 

Temperature of calcination 1200 1000 1200 
(oc) 
Specific surface, ss (BET) 8-9 71 30 
(m2g -l) 
ds0 (sedigraph) (#m) after grinding < 0.2 0,5-0.6 

2 
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Figure 7 Scanning electron micrograph of a 7.2vol % zirconia com- 
posite prepared by hydrolysis of chlorides at pH 9 (hot-pressed 
1600°C for 15rain). 

Figure 8 Scanning electron micrograph of a 6.8 vol % zirconia com- 
posite prepared from zirconia from flame (SS 35m2g -~) and 
commercial alumina. Hot-pressed 1500 ° C for 15 min. 

4.2. Microstructures  
Figs 7 to 11 are microphotographs of ZTA composites 
prepared by the different methods. 

5. Discussions 
5.1, ZTA composites fabricated from 

aluminium and zirconium chlorides 
(Table IV) 

The best rupture strength values, at, are obtained 
when densification is carried out at 1600°C, and 
previous calcination at 1200 ° C, i.e. powders calcined 
at 1100°C do not contain enough e alumina before 
sintering, in order to reach a densification which 
eliminates open porosities. 

The grain size of composites prepared at different 
pH is quite similar. Fig. 7 shows that a large part 
of the zirconia is in intragranular positions. In this 
material type, with an extremely fine microstructure, 
fracture is generally intergranular, thus intragranutar 
zirconia does not contribute to toughening. Further- 
more, the tetragonal zirconia phase analysis shows an 
almost complete metastabilization of zirconia, hinder- 
ing microcracking in the material, which may explain 
the low toughness values. 

The zeta potential value and the pH of the solution 
of the aluminium and zirconium hydrates have really 
no influence on the nature of the composite micro- 
structure, but they strongly modify the transformation 

conditions of alumina, thus giving different mechani- 
cal properties. In order to obtain optimal densification 
and best rupture strengths, the ct alumina content in 
the starting powder must be near 6%. 

Zirconia produced in the process is too fine in order 
to improve the material toughness, but by blocking 
alumina grains, it contributes to the rupture strength 
increase. 

5.2. ZTA composites produced from zirconia 
prepared by gas-phase reaction (Table 
V) 

5.2.1. Influence of the grain size of the 
starting zirconia powder 

The finest zirconia powder (60 m 2 g- 1 ) gives rise, after 
sintering, to grains with a size smaller than that of the 
other two powders. But, for each zirconia powder, the 
grain size repartition of alumina is the same after 
sintering. 

The rupture strength is slightly increased when the 
starting zirconia grain size increases. Toughness, K~, 
is maximum when the finest zirconia powder 
(60mZg-I), for 6.8 vol %, is used. 

5.2.2. Influence of composition 
An increase of the zirconia content induces a decrease 
in the alumina grain size. This phenomenon, which 
was previously observed [39], may be explained by a 

T A B L E I V Physico-chemical characteristics of alumina-zirconia (ZTA) composites prepared from chlorides 

pH Initial phase ZrO2 Calcination A1203 sintering t-ZrO 2 d/dr'h* ar (MPa) Kic ds0(#m ) 
(vol %) T (° C) (% ~) T (o C) (%) (+  0.2 MPa m ~/2) 

AI2 03 ZrOz 

7.5 Amorphous 8.6 1100 2 1600 80 93.5 494 + 52 
1200 93 1550 93 94.5 623 + 75 
1200 93 1600 100 96.9 731 + 87 4.5 1.48 0.23 

9 Amorphous 7.2 1100 1 1600 15 97.6 434 _+_ 75 
1200 74 1550 100 96.6 704 + I02 
1200 74 1600 100 98.2 798 _ 48 5.0 1.78 0.29 

10.5 Bayerite 6.5 1100 0.5 1600 100 94.2 755 + 58 
1200 6 1550 96 98.6 706 + 95 
1200 6 1600 97 98.7 841 + 45 4.8 1.67 0.23 

*Ratio of density, d, to theoretical density, dth , x 100. 
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T A B L E  V Characteristics of ZTA composites prepared from RC 172 DBM alumina and zirconia from flame (sintering 1500°C, 
15 min) 

ZrO 2 ZrO 2 t-ZrO 2 d d/d~h ¢r (MPa) Kit dso (/~m) 
SS (m2g - '  ) (vol %) (%) (±  0.2 MPa m Ifz) 

A1203 ZrO 2 

15 3.4 100 4.04 98,8 896 ± 97 4.4 1.02 0.42 
6.8 95 4.11 97.5 1000 4- 49 5.0 0.93 0.47 

10.2 77 4.19 97.3 925 4- 92 5,4 0.92 0.52 

35 3.4 100 4,09 99.9 775 -I- 92 4,6 0.98 0,43 
6,8 92 4.11 98.1 936 ± 80 5,5 0.94 0,49 

13.6 65 4.26 96.7 832 + 92 0.93 0,54 

60 3.4 100 4.03 98.7 853 4- 44 3.9 1.01 0.33 
6.8 98 4.10 97.9 815 ± 73 5.1 0.98 0.39 

t0,2 72 4.16 96.7 695 ± t17 4.5 0.87 0,44 

blocking of alumina grains by zirconia grains, which 
are well dispersed in the matrix and tend to coalesce 
and agglomerate to some extent. A compromise found 
for alumina and zirconia medium grain size allows the 
best rupture strengths. In the presence of zircon±a, 
strength is strongly increased, if compared to that of 
pure alumina. Toughness behaves in almost the same 
way, the best results being obtained for the largest 
zirconia grain sizes. 

5.2.3. Influence of sintering temperature 
The hot-pressing temperature was varied between 
1450 and 1550 ° C for 15 rain. The optimum sintering 
ternperature which gives the best mechanical resis- 
tances (strength, toughness) depends on the com- 
position of the material and the characteristics of the 
starting powders [32]. A 6.8 vol % zirconia content 
corresponds to almost the highest strength 
(~  1000 MPa). 

5.3. ZTA composites fabricated with 
zirconium acetate 

Table VI shows that the alumina grain size decreases 
when the zirconia content increases. The well-dispersed 
zirconia hinders coarsening of the alumina grain. The 
zirconia mean grain size is not changed when the zir- 
conia content increases. 

The rupture strength rises to a maximum for 
8.7vol % zircon±a, then it decreases slightly up to 
14 vol %, and drops sharply for 29 vol %. Toughness 
behaves in almost the same way for every zirconia 
content. 

For this ZTA composite type, the optimum zirconia 
content lies in the range 5 to 15 vol %. The wear of the 
electrofused stabilized zirconia balls during attrition 
induces a pollution in the slurry. For each com- 
position, 4 to 5 vol % zirconia comes from wear, but 

that zirconia does not induce either stress-induced 
transformation toughening or microcracking, i.e. no 
toughening. 

The high strength values are explained by a block- 
ing of alumina grains by the stabilized zirconia intro- 
duced by milling, and a slight reinforcement is 
produced by zirconia fabricated by acetate. The first 
phenomena seems to be predominant because when 
the total zirconia content increases, the mechanical 
properties are reduced. Furthermore, toughness 
values behave in almost the same way, i.e. the 
influence of toughening mechanisms is low. 

5.4. ZTA compos i t e s  from alkoxides 
Table VII shows the different physico-chemical 
properties of powders, which result from the fabri- 
cation parameters. The three mixed oxide powders 
have different specific surfaces, ss (BET), thus diverse 
c~ alumina contents. 

The powder, prepared at pH 10 and then calcined at 
1200°C, is completely transformed to e alumina; its 
particles are strongly agglomerated by a pre-sintering 
phenomenon, thus it is necessaD' to grind them before 
shaping by pressing. The powder, prepared at pH 12 
and calcined at 1000 ° C, contains no e alumina. Hot- 
pressing gives a complete densification, but the 
strength values are much more diverse than those of 
the powders which are calcined at 1200 ° C. 

On sintered materials, the same grain size difference 
is observed on microstructure as in calcined powders. 
The zirconia content increase allows zirconia grain 
coarsening; no noticeable decrease in alumina grain size 
is observed, and especially for 20 vol % zirconia the 
zirconia dispersion is no nearer optimum (Table VII). 

For the powder prepared at pH 10, the maximum of 
strength value is observed for the finest alumina 
microstructure (10 vol % ZrO2, d50A1203 = 1.42/~m). 

T A B L E V I Characteristics of ZTA composites (from zirconium acetate; 6 h milling; hot-pressed 1500 ° C, 15 min) 

ZrO 2 t-ZrO 2 d d/d,~ a r (MPa) K~c 
(vol %) (%) ( + 0.2 MPa m 1/2) 

ds0 (~m) 

A1203 ZrO 2 

4.9 100 4.06 99,5 924 -t- 29 5,6 
8.7 94 4.14 99.5 1067 -t- 38 5.4 

14.0 19 4.22 98.8 889 4- 38 5.7 
16.1 17 4.24 98.4 602 _+ 7I 5.0 
21 8 4.31 99.6 609 _+ 83 4.7 
29.3 9 4.45 99.6 463 4- 155 5.7 

1.08 0.38 
0.88 0,38 
0.79 0,34 
0.59 0.38 
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Figure 9 Scanning electron micrograph of a 8.7 vol % zirconia com- 
posite prepared from commercial alumina and zirconium acetate, 
Hot-pressed 1500 ° C for 15 min. 

Figure 10 Scanning electron micrograph of a I0vot% zirconia 
composite prepared from alkoxides at pH 12. Hot-pressed 1500°C 
for 15 rain. 

This strength value then decreases as (i) the grain size 
of both alumina and zirconia increase and (ii) the 
zirconia monoclinic content, increases; meanwhile 
toughness is improved. When the zirconia grain size is 
larger than a given diameter, zirconia is transformed 
into the monoclinic form, thus inducing matrix 
microcracking. When the crystal size defect increases, 
microcracking induces a slight drop in the rupture 
strength, but allows the toughness to increase [40]. 

For the powder prepared at pH 12 and calcined at 
1200°C, the finest alumina and zirconia grain size 
gives rise to a more important increase in the rupture 
strength (10vol% ZrO2), but the toughness values 
remain close to those of pure alumina. There is little 
or no matrix microcracking because zirconia grains 
are too fine to be transformed during cooling. The 
rupture strength increase is due to the blocking of 
alumina grains by fine zirconia particles. 

5.5. A comparative study of the various 
composites prepared 

5.5. 1. Grain size evolution as a function of 
the composite composition 

Fig. 12 shows the evolution of the mean diameter (ds0) 
of alumina and zirconia grains as a function of com- 
position and preparative route. For materials 
prepared from flame or zirconium acetate, the alumina 
grain size decreases when the zirconia content 

increases, i.e. alumina grains are blocked by zirconia, 
and zirconia grains are well dispersed in the alumina 
matrix. A tendency for zirconia grains to be placed on 
triple junctions thus increases their efficiency in 
hindering alumina grain coarsening. For composites 
prepared from alkoxides at pH 10, this tendency is not 
so well marked. In fact, between 10 and 15 vol % 
ZrO2, the alumina grain size variation is nil; but for 
20 vol % ZrO2, the alumina grain size increases. In the 
latter case, the zirconia content increase induces a 
zirconia agglomeration, that no longer hinders alumina 
grain coarsening, as observed in previous cases. As the 
triple junctions are almost completely occupied, this 
induces either zirconia particle agglomeration or 
intragranular sites for zirconia. 

The zirconia content increase allows zirconia grain 
coarsening, except for composites prepared from the 
acetate precursor; in this case attrition milling hinders 
agglomeration, which generally occurs with other 
processes. 

5.5.2. Evolution of mechanical properties 
with mean grain size (dso) 

5.5.2.1. Chlorides (Table IV). Powders were prepared 
at different pH and had a similar zirconia content. The 
preparation pH had little influence on the zirconia 
grain size. The best strength values were obtained for 
the largest alumina grain size. 

T A B L E V I I Characteristics of ZTA composites obtained by alkoxides hydrolysis (hot-pressed 1500 ° C, t5 min) 

pH Calcination SS (m 2 g- l ) ZrO2 d d/d,h t-ZrO2 oF (MPa) Kt~ ds0 (#in) 
T (° C) (vol %) (%) ( + 0.2 MPa m m) 

AI203 ZrO2 

10 1200 8.5 0 3.98 100 388 _+ 41 3,6 
(ground) 5 4,05 97.9 100 712 -t- 79 1.58 0.19 

10 4.12 96.0 100 762 4- 65 4.5 1.42 0.29 
15 4.22 95.4 80 748 4- 68 5.3 1.45 0.45 
20 4.30 95.5 31 406 4- 40 5.4 1.83 0.56 

12 1000 71 0 3.97 99.9 645 _.%_ I16 3.8 
10 4.13 96.3 100 758 4- 108 3.8 
15 4.24 95.7 85 695 _+ 110 4,5 

12 1200 30 0 3.97 99.7 575 _+ 83 3.7 
10 4.15 96.7 100 878 4- 48 4.0 1.01 0.25 
15 4.23 95.4 89 414 + 36 4.1 0.92 0.23 
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Figure 11 Scanning electron micrograph of a 10vol% zirconia 
composite prepared from alkoxides at pH 10. Hot-pressed 1500°C 
for 15 rain. 

5.5.2.2. Flame (Table V). A slight variation of alumina 
grain size occurred, whereas the zirconia grain size 
increased as the zirconia content increased. The 
rupture strength was maximum for 6.8 vol % ZrO2; 
toughness tended to increase with zirconia content. 

5.5.2.3. Acetate (Table VI). The zirconia grains size 
behaved in almost the same way. Mechanical proper- 
ties were enhanced when the alumina grains size 
increased. 

5.5.2.4. A!koxides (Table VII). For pH 12, a strong 
increase in rupture strength occurred for the 10 vol % 
ZrO2 composition, whereas the grains size did not 
noticeably change. For pH 10, toughness increased 
with the zirconia particle size. However, rupture 
strength did not vary or decrease when both oxides 
grain sizes increased. 

5,5,3. Evolution of mechanical properties 
with zirconia content and tetragonai 
zirconia content (acetate method of 
production) 

In the composites fabricated from zirconium acetate, 
the tetragonal phase content sharply changed with 

the zirconia content. Fig. 13 shows the mechani- 
cal properties evolution with zirconia content, the 
monoclinic content being the grey zone. 

The rupture strength drops when the tetragonal 
zirconia content decreases, up to 15 vol %. Then the 
tetragonal content (~  10%) is stabilized and the vari- 
ation of strength is low and near the value for pure 
alumina. Up to 10 vol % zirconia, the tetragonal con- 
tent is high (90%), this induces an increase of rupture 
strength due to stress-induced transformation 
toughening, cf. Griffith law [40] (nevertheless part of 
the zirconia is maintained in the tetragonal form 
because it is stabilized). Above 15 vol %, zirconia is 
transformed into the monoclinic form during cooling, 
thus microcracking is important in the matrix and 
strength drops. 

Toughness is slightly influenced by the zirconia 
phase content variations. The strong matrix micro- 
cracking does not induce a significant increase in 
toughness. 

5.5.4. Evolution of the critical transformation 
diameters 

The critical transformation sizes of zirconia particles 
in different composites are given in Fig. 14. These 
diameters have been determined from volume statistical 
granulometric repartitions and from X-ray determina- 
tion of zirconia phases [32]. The critical transformation 
size varies according to the nature and the parameters 
of preparation. In the case of composites using a 
flame-prepared zirconia, the critical transformation 
size depends on the zirconia powder size before sinter- 
ing. In the composites fabricated via the alkoxide 
route, a coarser microstructure involves a higher criti- 
cal transformation diameter because the matrix strain 
on zirconia particles is lower: thus the transformation 
occurs more easily. 

For all the preparative routes, for the lower zirconia 
contents (up to 9 vol %), the zirconia grain size always 
lies below the critical diameter; these values are not 
included in Fig. 14, i.e. the composite is not micro- 
cracked when its zirconia content is lower than 
9 vol %. Above 10 vol % zirconia, the critical trans- 
formation diameter decreases, thus part of zirconia 
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grains may be transformed during cooling and thus 
generates microcracks. 

In every case, the best rupture strength values are 
obtained for composites with no more than 9 vol % 
zirconia, i.e. for non-microcracked materials. This 
means that toughening may be due to stress-induced 
phase transformation, but meanwhile toughness is not 
increased. The main part of zirconia particles is not 
transformed during cooling, their size is lower than 
the critical diameter dE [41, 42] (Fig. 15), where zir- 
conia particles behave in a metastable state whatever 
the external stresses. 

Microcracks produced in materials with more than 
10 vol % zirconia generally induce a decrease in rup- 
ture strength, without any toughness increase, i.e. 
defects generated by microcracks have dimensions 
which are higher than the critical defect size. 

5.5.5. Conclusions 
The grain size in composites depends on their corn- 
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Figure 15 The crystallographic phases of zirconia according to 
mean grain size in the composite. 
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position, but especially on their preparative route (dif- 
ferent parameters, dispersion degree, etc.). For the 
lowest contents, the zirconia particle size is lower than 
the critical diameter of transformation, i.e. they 
behave in the metastable tetragonal form during cool- 
ing and only a part of them may transform under 
stress. 

When the zirconia content is higher than 10 vol %, 
the zirconia grain size increases, and a part of the 
zirconia is transformed into the monoctinic phase 
during cooling: this induces microcracking in the 
matrix and, without no increase in toughness, the 
rupture strength drops. The mechanical properties are 
little influenced by the composition and grain size. 

For zirconia contents lower than 10vol%, the 
increase in rupture strength is explained by a fine 
microstructure (dsoA12O3 < 1.5#m, ds0z~o2 < 0.5#m) 
and a good zirconia dispersion; this increase may be 
explained either by stress-induced transformation 
toughening (zirconia grain size between dc and d£; Fig. 
15), either by an interaction microcrack-particle which 
could block, deviate or divide a crack, due to the very 
fine (size < d£) and well-dispersed zirconia grains. 
But as there is no noticeable variation in toughness 
values, it seems that the second mechanism is 
predominant. 

The critical diameter of transformation of zirconia, 
d~, depends on the processing route and on the 
zirconia content. 

Claussen [41] thought that toughness increased 
while zirconia grain size decreased, whereas Lange [42] 



predicted the toughness increases with the zirconia 
grain size. Our study sheds some light on these 
proposals: ZTA composites are prepared with a 
zirconia grain size slightly larger than de : the quantity 
of tetragonal transformed zirconia particles is not 
significant enough to allow the microcracking of the 
matrix which increases the toughness i32]. 
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