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Abstract 

According m the composition am/processing con- 
ditioHs, d(ff~,rent mieroslructures ~?/" zirconia tough- 
ened alumina ( Z T A  ) materials' can he obtained (as 
shown in Part I o[ this paper). The mechanical 
hehat:ior q[ lhe d(ff'erent Z T A  materials" was deter- 
mined at room am/ h~h temperatures: .[i'acture 
strength aml toughness (or f, K~,.), slow crack growth 
resLs'tam'e ( K1 - v ). Zireonia toughened alumhul 
composites present improved [i'acture properties 
compared to pure alumina. Therma/ fatigue resistance 
is aLs'o improved compared to pure A1203 or ZrO 2 
(Y-TZP) materiaL~. The decrease q[" hardness by 
im+reashtg a~hlition (?[" ZrO 2 particles is eounter- 
hahmced in part hv toughening effects and the wear 
resistance c a n  he improved.[br some compositions. 

Two predominan! and interacting toughening 
mechanisms are operatit,e at /ow temperature: stress- 
huhteed phase tran.~'/brmation toughening ( TT) and 
mierocraeking toughenhTg (MT) .  Both toughening 
mechanisms are temperature dependent, but at 
d(fferent rates. The toughening and strengthening 
c;/]'ects are dLs'cussed on the basis o['trans/brmation q[ 
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melastahle :ireonia particles depending on ZrO z and 
stabilizing agent ( Y203 ) contents, on the partiele size 
and on lhe lemperalure. 

b~/b/ge der unterschiedlichen ZusanTmensel-..ungen 
urn/ Herslelltmgshedhlgungen, kom~ten /iTr Z T A -  
14"erkstqff'e untersehiedliche Mikrostrukturen re- 
a/isiert werden (t'gl. Tell I). Das mechanisehe 
Verhalten der t:ersehiedenen, t:erstdrkten Z T d -  
Werkstoffe wurde in Abhiingigkeit yon der Tem- 
peratur ermittelt: Bruch['estigkei! und Bruchziihig- 
keit (~ f ,  Ktc) und unterkritisehes R([3waehstum 
( K t - v). Die Verbumtwerkstoffe Alumhliumoxid 
Zirkonoxid =e~een deutlich t'erhesserte Brucheigen- 
seha['ten gegenfiher denen eines rehten Aluminium- 
oxids. Der thermische Bruchwiderstand Ls't gleieh['alls, 
hn Vergleich 2unl reinen Aluminiumoxid oder :urn 
Zirkonoxid (Y -TZP) ,  verbessert. Der hei steigendem 
Zirkonoxidanteil heohaehtete H6rteat?[211l wird zum 
Teil dutch die VerstOrkungseffi, kte ausgegliehen umt 
der Verschleiflwiderstand bei einigen Verbundwerk- 
staffen erh6ht. 

Bei niederen Temperaturen sind zwei sich gegen- 
seitig beeinfiussende Verstiirkungsmechanismen vor- 
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herrschend wirksam: Die spannungsinduzierte Phasen- 
umwandlung und die Mikroriflverstiirkung. Beide sind 
jedoch in unterschiedlichem Mafle temperaturab- 
hiingig. Die Verstiirkungseffekte werden vor dem 
Hintergrund der Umwandlung metastabiler ZrO2- 
Partikel in Abhiingigkeit des ZrO2-Gehalts und den 
stabilisierenden Zusiitzen (Y203) ,  der Partikelgr6fle 
und der Temperatur diskutiert. 

Sehm les conditions de prOparation et la composition, 
d(ff~rentes microstructures d'alumines renforcdes par 
des particules d'alumine ( ZTA ) ont Otc; obtenues ( cf  
Part I). Le comportenwnt m~;canique de d(ffi;rentes 
alumines ren./brcbes a c;t~; d~termin~ en fonction de la 
tempc;rature: rbsistance d la rupture et tbnacit~ (cyy. 
Ktc.) croissance sous critique (K  a - v ) .  Les com- 
posite,s alumine-zircone prc;sentent des propribtbs 
nettement supOrieures d celles de I'alumine. La 
rbsistance d la fatigue thermique est dgalement 
ambliorbe pat" rapport h l'alumine ou h la zircone 
(Y -TZP) .  La dbcroissance de la duretb par I'addition 
de particules de zircone est partiellement contre 
balancc;e par les effets de ren/orcement et ainsi la 
rbsistance h l'usure peut dtre amdliorbe pour certaines 
compositions. 

Deux mbcanismes de ren[orcement prbdominent 
basse tempbrature: le changement de phase induit par 
la contrainte (TT)  et le mbcanisme de microfissuration 
(MT ) .  Les deux mbcanismes dbpendent de la 
tempbrature mais de mainiOre sensiblement d!ffbrente. 
Les effots de renlorcement sont discutks sur la base de 
la transforn~ation de particules de zircone mbta- 
stables, cette transformation dbpendant de la teneur 
en zircone et en stabilisant (}I203). de la taille des 
particules et de la tempbrature. 

reversibility) in tetragonal zirconia polycrystals 
(TZP). 2 Environmental conditions, such as tempera- 
ture, loading rate, etc., are also determining para- 
meters in controlling toughening mechanisms. So, it 
is important to observe the toughening effects for 
well-controlled compositions under different con- 
ditions (temperature, slow or catastrophic crack 
propagation) and to consider the effect of toughen- 
ing not only in terms of increase of toughness 
and/or fracture strength but also the dependence of 
other mechanical properties on the ZrO 2 particles 
dispersion. 

Extremely different results are reported in the 
literature about the mechanical behavior of ZTA 
composites, and especially the dependence on 
temperature or the thermal shock resistance. As a 
consequence, it is very difficult to compare the 
materials even at a controlled grain size or 
composition. 

The different ZTA compositions prepared by 
different processing methods (see Part I) are 
characterized in this paper (Part II) from a mechan- 
ical point of view. The mechanical properties 
temperature dependence is observed on optimized 
materials, i.e. the materials obtained with a com- 
bined dispersion method. Other properties such as 
the slow crack growth resistance, the thermal fatigue 
and the wear behavior are also determined on some 
A1203 Z r O  2 compositions and compared to AlzO 3 
or Z r O  2 (TZP) characteristics. These properties can 
be correlated to the microstructure and processing 
conditions, i.e. to the metastable zirconia particle 
transformation depending on ZrO2 and Y 2 0 3  

contents, particle size and temperature. 

1 Introduction 

Zirconia toughened alumina composites are of 
growing interest because of their interesting mech- 
anical properties, particularly high fracture tough- 
ness. The different toughening mechanisms, e.g. 
stress-induced phase transformation toughening 
(TT), microcracking toughening (MT) and crack 
deflection toughening (CDT) have been separately 
analyzed from a theoretical point of view.1 It is well 
recognized now that the predominant toughening 
mechanism depends on the alloy composition and 
microstructure: dilatational transformation tough- 
ening with shear modification in partially stabilized 
zirconia (PSZ), uniaxial transformation and micro- 
crack mechanisms in zirconia toughened alumina 
(ZTA), and transformation toughening (with partial 

2 Experimental Procedure 

Fracture strength (o-f), elastic modulus (E) and 
fracture toughness (K~c) were measured on carefully 
prepared specimens (diamond machining and pol- 
ishing) by three-point bending on hot-pressed 
materials (specimen size: 18 x 4 x 3 mm3; span = 
15 mm), and by four-point bending on pressureless 
sintered samples (specimen size: 36 x 6 x 4mm3; 
span = 7 x 24 mm). Kic values were calculated from 
the conventional single edge notched beam method 
(notch tip radius: 40pm; relative notch depth: 
a/w=0-4) on as-notched or annealed (1200°C, 
15 min in air) specimens. Fracture energy values (Glc) 
are calculated from the mechanical parameters at 
room temperature. High-temperature experiments 
were performed in air, up to 1200°C. All tests were 
made at a constant displacement rate of 0.1 mm/min. 
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The slow crack growth resistance of  some 
compositions was studied, at room temperature, by 
the double-torsion test (specimen size: 40 x 20 x 
3 mm 3) using the relaxation method: K ~ -  v dia- 
gram, static fatigue parameters (v = AK'{). 3 

The thermal fatigue behavior was observed by 
acquisition of  acoustic emission signals of  thermally 
fatigued circular disc-shaped specimens (diameter: 
30ram: t h i c k n e s s = 3 - 5 m m )  between a hot zone 
(furnace) and a cooling zone (pulsed air): the cooling 
rate was about 10 C/see. ~° Number  of  events were 
measured as a function of number of cycles N or 
temperature difference AT; so the thermal life time 
N~ for a given AT or the critical temperature 
difference AT~ can be determined. 

Wear tests were conducted on a block-on-ring 
tribometer, by rotating a steel ring (100 C6)against  
plane ceramic specimens (sliding speed = 0"36 m/s; 
applied load = 700 N). The wear volume, calculated 
from the width of  the trace, is determined as a 
function of sliding distance. Tests were performed in 
water media at room temperature, s 

3 Composites Obtained by Mechanical Dispersion 
and Electrochemical Repulsion 

The measured mechanical properties of  pressureless 
sintered (PS) and hot-pressed (HP) specimens 
obtained according to the two processing methods 
are listed in Table 1: both processing routes give 
composites with improved properties compared to 
pure alumina. Drying conditions used with the slip- 
casting process lead to specific defects, and so the 
quite large observed dispersion of  a r values. 
However, extreme values of about 700 MPa were 
obtained on some specimens (PS materials): this 
forming technique has also potential interest but 
needs an optimization to avoid the presence of  large 
defects. Hot-pressed specimens have better a r values 
than pressureless sintered ones: this is correlated to 
the highest density and smallest grain size, both 
effects leading to a smaller critical defect size. In the 
case of composites with pure zirconia, hot pressing 
reduces the ZrO 2 grain size growth and as a 
consequence increases the relative metastable (tetra- 
gonal) ZrO 2 content T~ (as shown in Part I). 

In materials obtained by the mechanical homo- 
genization method (pressing), the evolution of  
toughness is correlated to the milling time and the 
content of  yttried ZrO2: all the particles are in a 
tetragonal state (T~= 100%). The toughening effect 
due to a stress-induced phase t ransformat ion  
mechanism is not clearly evident. The content of  

Table 1. Mechanical properties of  sintered Al203-ZrO 2 com- 
posites obtained by mechanical dispersion and electrochemical 

repulsion 

Composition Mill#ig Pressureh, s,s 
time sintering 
(h) (PS) 

o'f K k 
(MPa) (MPaw'nt) 

{at Mechanical homogenization (pressing) 

Hot 
pressing 

(HP) 

O-f Kic , 
(MPa) (MPaw/m) 

A10Z3Y 4"5 342 4"36 915 4"02 
A15Z3Y 225 488 4-53 612 4"34 
AI5Z3Y 4'5 452 4"68 850 437 
A l 5Z3Y 9 448 4.84 920 4"35 
A15Z3Y 18 395 5"18 955 4"52 
A20Z3Y 4"5 460 5"05 965 5-98 
A45Z3Y 4.5 655 5'82 1 200 8"72 

(b) Electrochemical repulsion (slip casting~ 
A5Z 575 4'6 759 5-27 
A 10Z 486 48 764 7"45 
A15Z 433 4'7 773 5'65 
A10ZIY 507 5.9 788 5-55 
AIOZ2Y 331 5-4 757 5"13 
A 10Z3Y 358 4-3 690 5'03 
AI5Z1Y 492 5"2 779 5'82 
A 15Z2Y 447 44  808 5"85 
AI5Z3Y 632 45 915 5"42 

stabilizing agent ( Y 2 0 3 )  s e e m s  to be quite high, 
except for the composition with 45 vol.% ZrO2: 
the critical stress for induced transformation is 
increased, and as a consequence the toughness 
increment (AK) is limited to low values. The milling 
time increases the fracture strength by a reduction of  
defect size: a milling time of 6h seems to be an 
optimum. Longer milling times do not increase the 
toughness, and some contamination occurs (milling 
media). 

In materials obtained by electrochemical repul- 
sion, the effective toughening mechanism is a stress- 
induced phase transformation toughening at low 
ZrO z content with non-stabilized zirconia. Micro- 
crack formation is enhanced as the ZrO2 content is 
increased and as a consequence the strength values 
do not increase any further: an optimum is observed 
for 10vol.% Z r O  2 in HP specimens, and 10vol.% 
yttried ZrO z ( l m o l %  YzO3) in PS specimens. 
Addition ofyt t r ied zirconia with higher contents are 
needed (20vo1.% yttried zirconia and above) to 
observe significant toughening by stress-induced 
phase transformation; the same increase is observed 
with the fracture strength. 

4 Composites Obtained by the Combined 
Dispersion Method 

Mechanical milling gives a well-controlled grain size 
from the raw materials used, especially in reducing 
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Table  2. Mechanical properties of cast materials obtained by the combined dispersion 
method (slip-casting) 

Composition Pressureless sintering Hot pressing 

af E KIc ,'7 r E Klc 
(MPa) (GPa) (MPaw/m) (MPa)  (GPa) (MPa~/m) 

A5Z 382 370 5.7 672 388 5'5 I 
A10Z 390 362 5'5 870 380 6.4 
AI5Z 370 348 4.90 485 360 4-15 
AI5ZIY 330 344 6-1 470 365 6.35 
AI5Z2Y 415 345 5'6 1 120 370 8.1 
Al5Z3Y 405 340 5-3 1 140 366 7-3 

the size of agglomerates, and the electrochemical 
repulsion leads to a good dispersion of the difl'erent 
phases. So, well-improved properties can be ob- 
tained by a combined process. 

4.1 Materials obtained by slip-casting 
The measured properties are listed in Table 2. 
Similar tendencies were observed as in the materials 
obtained by electrochemical repulsion (cf. Table 1, 
part (b)) except that all properties are well improved. 
This is a consequence of the combined mechanical 
milling process. Density values are quite high 
(~  theoretical) even in PS materials. 

Without stabilizing agent, c;f and K~ values are 
improved with small additions of ZrO2 (0-10 vol.%). 
In the case of PS materials, K,~ values are nearly 
constant up to 10 vol.% Z r O  2. There is no maximum 
of toughness (or of at). For HP materials, K~ 
presents an opt imum at 10vol.% Z r O  2. With Y 2 0 3  

(15 v o l . %  Z r O 2 ) ,  the tetragonal phase is stabilized: 
there is no optimum of toughness in PS materials but 
an increase ofaf values for Y 2 0 3  content higher than 
1 mol%. This is correlated to the diminution of 
monoclinic ZrO 2 content, and so the resultant 

microcrack density. In HP materials, K~ is opt imum 
at 2mo1% Y 2 0 3  (15 vol.% Z r O 2 ) :  Kit > 8 MPax/m.  

The toughening due to stress-induced phase 
transformation in ZTA materials is closely con- 
trolled by the residual stresses around confined 
particles: the increase of toughness (AK) is also 
greater as the density of the material is close to the 
theoretical density. This can explain in part the 
difference in behavior of PS and HP materials. 

4.2 Materials obtained from spray-dried powders 
The mechanical properties were determined at room 
temperature and also at high temperatures for some 
compositions. In Table 3, all the room temperature 
mechanical properties are listed: a r, KI~ and the 
fiacture energy (G~). The dependence of mechanical 
properties on the ZrO2 and Y20 3 contents is similar 
in these materials to that observed in the previous 
materials (slip-casted). But all properties are con- 
siderably increased with values of toughness of 
about 10.5 M P a x / m  (HP materials), and af values as 
high as 1200 MPa (1650MPa in as-machined speci- 
mens, without annealing treatment). 

In PS materials, Kl~ values were nearly constant in 

Table 3. Room temperature mechanical characteristics of materials obtained by the 
combined dispersion method from spray-dried powders (pressing) 

Composition Pressureless sintering Hot pressing 

o- r Kit - -  Gl~ o r Kl~ G~c 
(MPa) (MPa~/m) (Jm -2) (MPa)  (MPa~fm) (Jm -2) 

A5Z 459 
AI0Z 412 
A15Z 285 
A20Z 75 
A20ZI Y 480 
A20Z2Y 558 

A20Z3Y 512 

A45Z3Y 675 
(505) ° 

t?) 

5"85 87 670 8"1 161 
6"25 105 735 9'25 214 
6.2 112 685 6"5 115 
5"75 130 625 6 129 
5"6 85 830 8"2 178 
6"5 120 (1 118) a 10-9 315 

(10-1) a (270)" 
5"15 75 (1000) ~ 10-5 295 

(8-9)" (212)" 
11 385 1 645 13-5 568 
(7"8)" (185)" (1 240)" (10.65)" (360)" 

" Annealing treatment (1200°C). 
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the range 5-15vo1.% Z r O  2 (Klc=6MPax/m):  no 
significant maximum is observed, ar values decrease 
drastically as the ZrO 2 content is increased above 
10vol.%. But for HP materials, a maximum of 
toughness values (K,~) is observed at 10 vol.% Z r O  2 

(K,~ = 9-25 MPax/m) as also in the fracture strength 
(af) between 5 and 15vo1.% Z r O  2 (a,.=735MPa). 
With yttried zirconia, fracture properties (at and K,c) 
increase with the volume fraction of metastable 
(tetragonal) particles in both PS and HP materials. 
The deviation between properties of as-machined 
and annealed specimens becomes more significant 
with high content of Z r O  2 ( >  20vo1.%). 

The fracture energy, G]c, corresponding to pure 
alumina, is about 4 0 J / m  2. For 0-5 vol.% Z r O  2 in PS 
materials and up to 10 vol.% Z r O  2 in HP materials, 
the inc,ease of GI~ is mainly due to the contribution 
of a stress-induced phase transformation toughen- 
ing mechanism (TT). Results are not completely 
consistent with the theoretical models of Evans & 
Cannon 2 or Lange, ~' if a transformation zone size 
smaller than 101~m is assumed for A10ZOY (HP) 
material. In fact, a 'process zone' size of about 
15 20t~m has to be introduced to obtain good 
agreement between experiments and theory. The 
"process zone' values are higher than those reported 
by Kosmac e t  al .  v It is assumed in fact that TT is the 
only mechanism which contributes to the observed 
toughness. Other mechanisms have probably to be 
taken into account. 

Above 15vo1.% ZrO2,  the relative amount of 
tetragonal phase (T r) is considerably reduced and 
microcracking toughening (MT) probably becomes 
the effective mechanism. This MT effect is not so 
energy dissipative as TT and the increase of G,~ is 
limited (compared to pure alumina); similar Glc 
values (about 100 J/m 2) are observed in both HP and 
PS materials. Coupling effects between MT and TT 
are difficult to analyze and results cannot be 
compared to theoretical models. 

With stabilizing agent additions, T r increases: this 
is correlated with both the reduction of the mean 
ZrO 2 particle diameter, and the variation of the 
critical transformation diameter d~ (cf. Part I). 
Consequently, the stress-induced phase trans- 
formation toughening effect (TT) becomes more 
preponderant than microcracking toughening (MT), 
and G~c values increase. This evolution is observed 
on 20v01.% ZrO2 compositions with different 
amount of Y203: there is an optimum for 2m01% 
Y203 (T~= 100%). For higher Y203 content, the 
chemical free energy for the metastable trans- 
formation is reduced and therefore the fracture 
energy Glc decreases. The toughening effect is much 
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Fig. I. Temperature dependence of fracture toughness of 

alumina, zircona (TZP) and ZTA composites. 

more pronounced as the proportion of trans- 
formable particles increases: the measured fracture 
energy is quite proportional to the amount of yttried 
zirconia (up to 45 vol.% and above). 

5 H i g h  Temperature  Fracture  Behavior o f  Z T A  
Compos i t e s  

The temperature dependence of the mechanical 
properties (o-r(T), and K~c(T)) was observed for some 
PS and HP materials obtained according to the 
combined dispersion method (from spray-dried 
powders). Properties are reported in Figs 1 and 2. 
The authors have also reported measured values 
obtained for pure alumina and Y-TZP. For all tested 
ZTA composites, o-r and Kic values decrease as 
temperature is increased. However, the K,c decreas- 
ing rate depends on the material composition and on 
the toughening mechanism of the considered 

I ZTA (HP) 

1 2 0 0 L ~  • TZ3Y 
J ~  D "Annealed 

2 < % \  , A45z3Y 
\\o ~ o Annealed 

? oo- %->,.-.,, 

\ \  
 oo- "-" 

- - 8 - - - %  
200 -- 

I I I I I I 
200 400 600 800 1000 

T(°C) 
Fig. 2. Temperature dependence of fracture strength of 

zirconia (TZP) and ZTA composites. 
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material. Toughness values of pure alumina are 
quite constant up to 800°C, and decrease at higher 
temperatures. In contrast, Y-TZP materials exhibit 
very high values of strength and toughness at room 
temperature, but there is a drastic decrease in these 
values at higher temperatures (up to about 600°C). 
This temperature (600~'C) corresponds to the critical 
temperature, T o , where transformation toughening 
is no more effective and the chemical free energy for 
transformation AGe is equal to zero. 8 

For ZTA composites with 45 vol.% ZrO 2 (3 mol% 
Y203) where TT is the main toughening mechanism, 
a similar temperature dependence to that in Y-TZP 
is observed: properties are dramatically improved at 
room temperature but decrease drastically as the 
temperature is increased. However, the critical 
temperature T o is higher (about 700-800°C): this is 
explained by the higher elastic properties of the 
matrix (A1203). 

Compositions with 20vo1.% ZrO2 (without 
stabilizing additions), where MT is the preponderant 
toughening mechanism, present not so high prop- 
erties at room temperature but they are quite 
temperature independent up to 800°C. This result 
supports the fact that microcracking toughening 
(MT) is not directly temperature dependent. 
Moreover, if the content of induced microcracks is 
high enough, some contribution to toughening by 
crack deflection or crack branching are possible and 
these mechanisms can be considered as temperature 
independent. At medium temperatures (500-600°C), 
these compositions in fact present a higher tough- 
ness than that of the strongest Y-TZP materials. At 
higher temperature (1000°C), the distribution of 
ZrO  2 particles avoid important plastic deformation. 
Some creep experiments support this observation. 9 

It is possible to explain the temperature de- 
pendence of toughness or fracture energy on 
temperature from the relation established by Becher 
et al., ~° or directly from the thermodynamic 
approach of Lange: 6 

2RE~ Vp(AGc --.fAUd) 
K~= K~ + 1-Vc 2 (1) 

where K o is the matrix toughness value, E~, v~ are the 
elastic constants of the composite, AG~ -./cA U a is the 
work done, per unit volume, by the stress field to 
induce the phase transformation, and R is the size of 
the transformation zone. Some measured values are 
plotted in Fig. 3, and also some data from Lange's 
experiments are shown. Consistent results are 
obtained if it is assumed that the transformation 
zone size (R) is greater than the grain size (D): this is 
not in accordance with the Lange hypothesis. 6 

\ 
3 0 0 -  ~ Y-TZP r &R:O.sgm 

~l~ " ' ,  3m°l°/'Y2031iR:l'381~m 
\ \ .  Zr02 ~ 

(2% Y203 ) " " ~ k "  \ ~ \ k 
Y-TZP (2%Y203) ~ \ \  ~ ,  \ 

I I "~ 
200 600 1000 

T (°C) ~from L ANGE 

Fig. 3. Variation of the transformation energy, AGc -fAUa, as 
a function of temperature for TZP and different ZTA materials. 

'E 

aoo 

I 

- 1 0 0  

Moreover, the relative volume fraction of trans- 
formable tetragonal zirconia is about 30-45% 
(A45Z3Y, TZP). Calculated R values are larger in 
ZTA composites (R = 10-15 ~Lm, for 45 vol. % yttried 
ZrO2) than in TZP materials (R=2-5/~m). This 
point is supported by the observed R-curve effect in 
these composite materials. 11' ~ 2 

6 Effect of Dispersed Phase on some Mechanical 
Properties 

6.1 Slow crack growth behavior 
Different pressureless sintered compositions were 
processed so as to measure the static fatigue 
parameters: one composition was obtained by the 
mechanical homogenizing method with 15vo1.% 
yttried zirconia (A15Z3Y) and some compositions 
were obtained by the combined dispersion method 
(A1203 as a reference, A5Z, A20Z2Y). TZP speci- 
mens were also tested. The (K~-v)  diagrams 
corresponding to TZP and ZTA composites are 
reported in Fig. 4. The slow crack growth para- 
meters calculated from this diagram are presented in 
Table 4 with fracture properties (o-f, Kic) of tested 
specimens. 

Yttried zirconia composites (A15Z3Y) present 
similar ar and K~c values as alumina composites: this 
is due to the stabilization of the ZrO 2 tetragonal 
phase which does not transform any more in the 
stress field around main cracks. Nevertheless, static 
fatigue parameters are quite improved: n and A 
parameters (relation: v = AK'~0, Klo threshold stress 
where crack propagation is initiated. 

This effect is confirmed by the observed de- 
pendence of the fracture strength (o- 0 on the strain 
rate (g) during bending tests: ZTA composites 
processed by the combined dispersion method 
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T a b l e  4. Mechanical properties and static fatigue parameters of ZTA composites 

('Omlmsition af K k G k K k ex[~ n h7 A A 
(MPa) MPax//m) (Jm 2) (MPa\/m) (m/s MPax,m) 

(a) Mechanically homogenized materials 
Alumina 310 4.4 49 4"1 37 565 
{RC 1721 
ZTA {C.S.) 450 48 65 4.5 75 820 
(AI5Z3Y) 

(b) Materials obtained by the combined dispersion method and pressureless sintered 
RC 172 270 4"55 5" 1 72 
A5ZOY 360 5'6 5"9 90 
A20Z2Y 425 5-95 5-5 80 
TZ3Y 802 9.6 7"6 80 

] 0  - 9 ~  

I0- J2o 
10-";3 
10 la-5 

(pressureless sintering) with 10vol.% ZrO 2 and 
30vo1.% yttried ZrO 2 (2"5mo1% Y203) show 
respectively an n value of 45 and 75. Becher obtained 
similar results on a 20vo1.% ZrO 2 (3mo1% Y203) 
composite. 13 

From the double torsion test, a similar n 
parameter for alumina and tetragonal zirconia is 
observed, but the Kto threshold stress is higher in 
TZP material (with a lower value of A). Among the 
compositions obtained by the combined dispersion 
method, the ZTA composite with 5vo1.% ZrO 2 
presents very much improved slow crack growth 
resistance (high n value and low A parameter). This 
characteristic is of fundamental implication for the 
use of such ceramic composites: a dispersion ofZrO 2 
particles (stabilized or not) in AI203 matrix im- 
proves the slow crack growth resistance and as a 
consequence increases the reliability of large parts 
and the time to failure in service. 

to failure, is plotted for each temperature difference 
AT in Fig. 5. Thermal fatigue parameters (critical 
temperature difference AT c, ;7' parameter (where Nc 
(AT)"' = Constant)) are reported in Table 5. The 
critical temperature ATe, which corresponds to the 
specimen fracture at the first cycle (N~ = 1) is similar 
for TZP and ZTA materials. However, the slope {;7'} 
ofN~ ATcurves is quite different: the n' parameter is 
a characteristic of the resistance to propagation of 
thermally induced cracks. 1~ If ZTA and AleO 3 
materials are compared, n' parameters are similar, 
but AT~ values are different. The composites 
combine high values of AT~ with high resistance to 
thermally induced crack propagation. The good 
slow crack growth resistance of ZTA materials, as 
shown previously, can explain the improved thermal 
fatigue resistance of these materials, which can 
compete with alumina or zirconia ceramics for high- 
temperature applications. 

6.2 Thermal fatigue behavior 
One composition (45 vol.% yttried ZrO2-3 mol% 
Y203) obtained according to the mechanical 
homogenization method (pressureless sintering) was 
studied by thermal fatigue and compared to pure 
alumina and to Mg-PSZ or Y-TZP materials. The 
thermal lifetime N c, defined as the number of cycles 

T a b l e  5. Thermal lhtigue parameters 

Composition AT~ (C) n' 

AIzO3(RC 172t 580 75 
A45Z3Y 810 70 
Mg PSZ 740 100 
Y-TZP 780 20 
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Fig. 4. (K1 - v) diagram of alumina, TZP and ZTA composites (log plot), 
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L • AL203- polished 
103 • AL203 

t ~  • ZTA: A45Z3Y • TZ3Y 

10 2 • 

°Ill 1 & l  I I I 
2-70 2-75 280 285 290 

tog (AT) 
Fig. 5. Number of cycles to failure (N~) as a function of 

temperature difference AT. 

6.3 Wear behavior 
The wear behavior has been characterized on ZTA 
compositions obtained with the combined disper- 
sion method and densified by hot-pressing. The 
dispersion of Z r O  2 particles in A I 2 0 3  matrix 
improves the fracture behavior but reduces the wear 
resistance: as the Z r O  2 c o n t e n t  increases, the 
hardness and elastic modulus of the composites 
decrease. In the case of non-stabilized zirconia, the 
measured wear volume increases with the Z r O  2 

volume fraction. Above 10vol.% Z r O 2 ,  the phase 
transformation (t ~ m) of particles produces micro- 
cracks which lead to a complete degradation of the 
sliding surface. The stabilization of Z r O  2 by 
addition of yttria reduces the wear volume. Figure 6 
shows the variation of wear resistance for a high 
content of yttried zirconia (3 tool% Y203) .  Wear 
seems to be controlled by the two material prop- 
erties, hardness and fracture toughness. A mini- 
mum of wear volume is observed at about 20-30 
vol.% yttried Z r O 2 ,  because of toughening of the 

0'12 
ZTA • Wear volume 15-~ -21 (HP) • Toughness 

o Hv 1 / 13.~ w,\ .,.-* 
0.10 I I "  ~-- --20 

\ ~11-- 
O.OB \ )..,-," ~,~9 o_ 

,~ ~ 7 ~  --19 / 7  " , ' V  " 
E ~' "- -18 E 0.06 

~ ~  5-  

0"04 ~ "~0 3 -  -17 

002 I I I I I 
10 20 30 40 50 

°/oVoI. ZPO 2 (.3 mole°/oY203) 
Fig. 6. Dependence of wear and fracture resistance on yttried 

ZrO 2 content. 

specimen surfaces. Above 30 vol.% the decrease of 
elastic properties (elastic modulus and hardness) 
becomes more preponderant than the toughening of 
composites and a reduction in the wear resistance is 
observed. Zirconia toughened alumina composites 
can compete with the most successful zirconia 
materials.~ 5 

7 Conclusion 

Zirconia toughened alumina (ZTA) composites were 
prepared from AI20 3 and ZrO2 raw powders, using 
different fabrication processes (mechanical or 
electrochemical dispersion, pressureless sintering or 
hot pressing). Mechanical properties of the different 
AlzO3-ZrO 2 materials are mainly much improved 
compared to pure alumina: not only of and K~ c but 
also the slow crack growth resistance and the 
thermal fatigue behavior. Different compositions 
were studied (low and high ZrO 2 content, with or 
without yttria); each of them has specific properties 
corresponding to the microstructure and the compo- 
sition of the composite. 

From the results, it can be noted that transform- 
ation toughening is effective in A5ZOY (PS), 
A10ZOY (HP), A20Z2Y (HP) and A45Z3Y (PS and 
HP). The size of the 'process zone' is about 10-20pm 
(estimated from the experiments and theoretical 
models). For other compositions, multiple mechan- 
isms are effective, and the analysis becomes very 
difficult. 

The fracture behavior temperature dependence is 
much more pronounced as the toughening is 
obtained by phase transformation. Sub-critical 
crack growth is impeded by the presence of Z r O  2 

particles. A good behavior is also observed with 
thermal fatigue and wear. 
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