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Abstract

According to the composition and processing con-
ditions, different microstructures of zirconia tough-
ened alumina ( ZTA) materials can be obtained ( as
shown in Part I of this paper). The mechanical
hehavior of the different ZTA materials was deter-
mined at room and high temperatures: fracture
strength and toughness (o, K;.), slow crack growth
resistunce (K, —v). Zirconia toughened alumina
composites  present improved fracture properties
compared to pure alumina. Thermal fatigue resistance
is also improved compared to pure Al,O4 or ZrO,
(Y-TZP) materials. The decrease of hardness by
increasing addition of ZrOy particles is counter-
halanced in part by toughening effects and the wear
resistance can be improved for some compositions.
Two predominant and interacting toughening
mechanisms are operative at low temperature: stress-
induced phase transformation toughening (TT) and
microcracking toughening (MT). Both toughening
mechanisms are temperature dependent, but at
different rates. The toughening and strengthening
effects are discussed on the basis of transformation of

metastable zirconia particles depending on ZrO, and
stabilizing agent ('Y,05) contents, on the particle size
and on the temperature.

Infolge der unterschiedlichen Zusammensetzungen
und  Herstellungsbedingungen, konnten  fiir ZTA-
Werkstoffe unterschiedliche Mikrostrukturen re-
alisiert werden (vgl Teil I). Das mechanische
Verhalten der verschiedenen, verstirkien ZTA-
Werkstoffe wurde in Abhiingigkeit von der Tem-
peratur ermittelt: Bruchfestigkeit und Bruchzdihig-
keit (o, Kye) und unterkritisches Rifjwachstum
(K| —v). Die Verbundwerkstoffe Aluminiumoxid-
Zirkonoxid zeigen deutlich verbesserte Brucheigen-
schaften gegentiber denen eines reinen Aluminium-
oxids. Der thermische Bruchwiderstand ist gleichfalls,
im Vergleich zum reinen Aluminiumoxid oder zum
Zirkonoxid ( Y-TZP), verbessert. Der bei steigendem
Zirkonoxidanteil heobachtete Hirteabfall wird zum
Teil durch die Verstirkungseffekte ausgeglichen und
der Verschleifwiderstand bei einigen Verbundwerk-
stoffen erhoht.

Bei niederen Temperaturen sind -wei sich gegen-
seitig beeinflussende Verstirkungsmechanismen vor-
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herrschend wirksam: Die spannungsinduzierte Phasen-
umwandlung und die Mikrorifiverstirkung. Beide sind
Jedoch in unterschiedlichem Mafe temperaturab-
hingig. Die Verstirkungseffekte werden vor dem
Hintergrund der Umwandlung metastabiler ZrQO ,-
Partikel in Abhiingigkeit des ZrO,-Gehalts und den
stabilisierenden Zusdtzen (' Y,03 ), der Partikelgrofie
und der Temperatur diskutiert.

Selon les conditions de préparation et la composition,
différentes microstructures d'alumines renforcées par
des particules d’alumine (ZTA ) ont été obtenues ( cf.
Part I). Le comportement mécanique de différentes
alumines renforcées a été déterminé en fonction de la
température: résistance a la rupture et ténacité (o,
K,c) croissance sous critiqgue (K, —v). Les com-
posites alumine—zircone présentent des propriétés
nettement supérieures a celles de [!'alumine. La
résistance a la fatigue thermique est également
améliorée par rapport a l'alumine ou a la zircone
(Y-TZP). La décroissance de la dureté par I'addition
de particules de zircone est partiellement contre
balancée par les effets de renforcement et ainsi la
résistance a ['usure peut étre améliorée pour certaines
COMPpOSIitions.

Deux mécanismes de renforcement prédominent a
basse température: le changement de phase induit par
la contrainte ( TT ) et le mécanisme de microfissuration
(MT). Les deux mécanismes dépendent de la
température mais de mainiére sensiblement différente.
Les effets de renforcement sont discutés sur la base de
la transformation de particules de zircone méta-
stables, cette transformation dépendant de la teneur
en zircone et en stabilisant (Y,0;), de la taille des
particules et de la température.

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.! 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

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, 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 1) 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
Al,0;-ZrO, compositions and compared to Al,O4
or ZrO, (TZP) characteristics. These properties can
be correlated to the microstructure and processing
conditions, i.e. to the metastable zirconia particle
transformation depending on ZrO, and Y,O,
contents, particle size and temperature.

2 Experimental Procedure

Fracture strength (o), elastic modulus (E) and
fracture toughness (K;.) 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 3mm?; span=
15 mm), and by four-point bending on pressureless
sintered samples (specimen size: 36 x 6 x 4mm°;
span=7 x 24 mm). K;_ values were calculated from
the conventional single edge notched beam method
(notch tip radius: 40 um; relative notch depth:
a/w=04) on as-notched or annealed (1200°C,
15 min in air) specimens. Fracture energy values (G,,)
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
3mm?) using the relaxation method: K, —v dia-
gram, static fatigue parameters (v = AKj}).?

The thermal fatigue behavior was observed by
acquisition of acoustic emission signals of thermally
fatigued circular disc-shaped specimens (diameter:
30 mm; thickness = 3-5mm) between a hot zone
(furnace) and a cooling zone (pulsed air): the cooling
rate was about 10°C/sec.'® 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.®

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 o, 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 o, 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, grain size growth and as a
consequence increases the relative metastable (tetra-
gonal) ZrO, content 7, (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 ZrO,: all the particles are in a
tetragonal state (7, = 100%). The toughening effect
due to a stress-induced phase transformation
mechanism is not clearly evident. The content of

Table 1. Mechanical properties of sintered Al,O;-ZrO, com-
posites obtained by mechanical dispersion and electrochemical
repulsion

Composition  Milling Pressureless Hot
time sintering pressing
(h) (PS) (HP)

Oy K. T K

(MPa) (M Pu\,r"'rﬁ ) (MPa) (M Pai//;;; )

(a) Mechanical homogenization (pressing)

A10Z23Y 45 342 436 915 402
Al15Z3Y 225 488 4-53 612 4-34
Al15Z3Y 45 452 4-68 850 437
Al5Z3Y 9 448 4-84 920 4:35
Al15Z3Y 18 395 518 955 4-52
A20Z3Y 4-5 460 5-05 965 5-98
A4573Y 45 655 5-82 1200 872
(b) Electrochemical repulsion (slip casting)
ASZ 575 46 759 5-27
Al10Z 486 4-8 764 7-45
Al5Z 433 47 773 565
A10Z1Y 507 59 788 5-55
Al0Z2Y 331 54 757 513
Al10Z3Y 358 4-3 690 5-03
AlSZ1Y 492 52 779 582
Al15Z22Y 447 4-4 808 5-85

Al5Z3Y 632 4-5 915 542

stabilizing agent (Y,O5) seems to be quite high,
except for the composition with 45 vol.% ZrO,:
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, content with non-stabilized zirconia. Micro-
crack formation is enhanced as the ZrO, content is
increased and as a consequence the strength values
do not increase any further: an optimum is observed
for 10vol.% ZrO, in HP specimens, and 10vol.%
yttried ZrO, (Imol% Y,0;) in PS specimens.
Addition of yttried zirconia with higher contents are
needed (20vol.% 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. Mcchanical properties of cast materials obtained by the combined dispersion
method (slip-casting)

Composition

Pressureless sintering

Hot pressing

o, E Ky, — o, E K.
(MPa) (GPa) (MPay/m)  (MPa) (GPa) (MPay/m)
ASZ 382 370 57 672 388 551
A10Z 390 362 55 870 380 64
Al15Z 370 348 490 485 360 415
AISZ1Y 330 344 61 470 365 635
A15Z2Y 415 345 56 1120 370 81
A15Z3Y 405 340 53 1140 366 73

the size of agglomerates, and the electrochemical
repulsion leads to a good dispersion of the different
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, o, and K,  values are
improved with small additions of ZrO, (0-10 vol.%).
In the case of PS materials, K|, values are nearly
constant up to 10 vol.% ZrO,. There is no maximum
of toughness (or of ¢,). For HP materials, K,
presents an optimum at 10vol.% ZrO,. With Y,0;
(15vol.% ZrO,), the tetragonal phase is stabilized:
there is no optimum of toughness in PS materials but
an increase of g, values for Y, 05 content higher than
1 mol%. This is correlated to the diminution of
monoclinic ZrO, content, and so the resultant

microcrack density. In HP materials, K| is optimum
at 2mol% Y,0; (15vol.% ZrO,): K. > 8 MPa,/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: o, K;, and the
fracture energy (G,.). The dependence of mechanical
properties on the ZrO, and Y,O, 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 MPa\/_rﬁ (HP materials), and o, values as
high as 1200 MPa (1650 MPa in as-machined speci-
mens, without annealing treatment).

In PS materials, K|, values were nearly constant in

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

Composition

19 K.

Pressureless sintering

Hot pressing

f Glc O K[c — Glc
(M Pa) (MPa\/m) (Jm™2) (M Pa) (MPa\/m) (Jm™?)
ASZ 459 585 87 670 81 161
A10Z 412 625 105 735 9-25 214
Al1SZ 285 62 112 685 65 115
A20Z 75 575 130 625 6 129
A20Z1Y 480 56 85 830 82 178
A20Z2Y 558 65 120 (1118) 109 315
(10-1)* (270)°
A20Z3Y 512 515 75 (1000)* 10-5 295
(8-9)° (212)°
A4573Y 675 11 385 1645 13-5 568
(505)* (7-8)¢ (185)° (1240 (10-65)° (360)

“ Annealing treatment (1200°C).
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the range 5-15vol.% ZrO, (K,,=6MPa,/m): no
significant maximum is observed. g, values decrease
drastically as the ZrO, content is increased above
10vol.%. But for HP materials, a maximum of
toughness values (K,.) is observed at 10 vol.% ZrO,
(K. =925 MPa\/E) as also in the fracture strength
(0,) between 5 and 15vol.% ZrO, (o, =735MPa).
With yttried zirconia, fracture properties (o, and K, )
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 ZrO, (>20vol.%).

The fracture energy, G,., corresponding to pure
alumina, is about 40 J/m?. For 0-5vol.% ZrO, in PS
materials and up to 10 vol.% ZrO, in HP materials,
the increase of G|, 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” or Lange.® if a transformation zone size
smaller than 10 um is assumed for A10Z0Y (HP)
material. In fact, a ‘process zone’ size of about
15-20 um has to be introduced to obtain good
agreement between experiments and theory. The
‘process zone’ values are higher than those reported
by Kosmac ef al.” 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 15vol.% ZrO,, the relative amount of
tetragonal phase (7,) 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 G
values (about 100 J/m?) 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, 7, increases: this
is correlated with both the reduction of the mean
ZrO, particle diameter, and the variation of the
critical transformation diameter o, (cf. Part I).
Consequently, the stress-induced phase trans-
formation toughening effect (TT) becomes more
preponderant than microcracking toughening (MT),
and G, values increase. This evolution is observed
on 20vol.% ZrO, compositions with different
amount of Y,Oj;: there is an optimum for 2mol %
Y,0; (T.=100%). For higher Y,O; content, the
chemical free energy for the metastable trans-
formation is reduced and therefore the fracture
energy G, decreases. The toughening effect is much

0% (MPa)

14— ZTA

BTZ3Y
® Al>05 } HP

x A45Z3Y (HP)
A A20Z0Y (PS)

12

)

K1 (MPa x m’2)

1 | | 1 | |
200 400 600 800 1000
T (°C)
Fig. 1. Temperature dependence of fracturc 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 45vol.% and above).

5 High Temperature Fracture Behavior of ZTA
Composites

The temperature dependence of the mechanical
properties (6,(7T), and K, (7)) 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, ¢, and K, values decrease as
temperature 1s increased. However, the K|, decreas-
ing rate depends on the material composition and on
the toughening mechanism of the considered

ZTA (HP)

1200 BTZ3Y
O “Annealed
1000 ® A45Z3Y

0 Annealed

600

400

2OOL

1 | ] ] ] ]

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, 7, where transformation toughening
is no more effective and the chemical free energy for
transformation AG, is equal to zero.?®

For ZTA composites with 45vol.% ZrO, (3mol%
Y ,0O;) 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, is higher (about 700-800°C): this is
explained by the higher elastic properties of the
matrix (Al,Oj).

Compositions with 20vol.% ZrO, (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
Zr0, particles avoid important plastic deformation.
Some creep experiments support this observation.®

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:®

2RE,V(AG, —fAU,)

2
1=

(1)

KZ=K§+

where K, is the matrix toughness value, E_, v_are the
elastic constants of the composite, AG, — fAU, 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.®

AN
300 e
A v.-1zp | AR=0-Bum
3 mol %
& N mol %Y203| ggr-138pm
E N zro)t
s
ot N\
+, 2001~ AN N
%2}
> AN
3 N
1 AN
L'SJ AN
N
2 100} N\
N
ALD,-30%Zr0," AN
(2%Y,05) X N
Y-TZP (2%Y,0,) N
27120 \\ ;D
200 600 1000
T(°C) *from L ANGE

Fig. 3. Variation of the transformation energy, AG,— fAU,, as
a function of temperature for TZP and different ZTA materials.

Moreover, the relative volume fraction of trans-
formable tetragonal zirconia is about 30-45%
(A4523Y, TZP). Calculated R values are larger in
ZTA composites (R = 10-15 pum, for 45 vol.% yttried
ZrQ,) than in TZP materials (R=2-5um). This
point is supported by the observed R-curve effect in
these composite materials.!!?

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 15vol.%
yttried zirconia (A15Z3Y) and some compositions
were obtained by the combined dispersion method
(Al,04 as a reference, ASZ, 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, K;.) of tested
specimens.

Yttried zirconia composites (A15Z3Y) present
similar o, and K| values as alumina composites: this
is due to the stabilization of the ZrO, tetragonal
phase which does not transform any more in the
stress field around main cracks. Nevertheless, static
fatigue parameters are quite improved: n and A4
parameters (relation: v = AK?), K, threshold stress
where crack propagation is initiated.

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

183

Composition 7, K. Gy, K ex n In A A
(MPa) M Pa\/"m) Um 3 (M Pa\/'m) (mfs MPa/m)
(a) Mechanically homogenized materials
Alumina 310 44 49 4-1 37 565
(RC 172)
ZTA(CS) 450 4-8 65 45 75 820
(A15Z3Y)
(b) Materials obtained by the combined dispersion method and pressureless sintered
RCI172 270 4-55 51 72 10797
ASZ0Y 360 56 59 90 10~
A20722Y 425 595 55 80 10773
TZ3Y

802 9-6

(pressureless sintering) with 10vol.% ZrO, and
30vol.% yttried ZrO, (2-5mol% Y,0;) show
respectively an i value of 45 and 75. Becher obtained
similar results on a 20 vol.% ZrO, (3mol% Y,0;)
composite.'?

From the double torsion test, a similar »
parameter for alumina and tetragonal zirconia is
observed. but the K, threshold stress is higher in
TZP material (with a lower value of 4). Among the
compositions obtained by the combined dispersion
method, the ZTA composite with Svol.% ZrO,
presents very much improved slow crack growth
resistance (high # value and low 4 parameter). This
characteristic is of fundamental implication for the
use of such ceramic composites: a dispersion of ZrQO,
particles (stabilized or not) in Al,O, 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.

6.2 Thermal fatigue behavior
One composition (45vol.% yttried ZrO,-3mol%

7-6 80 1o s

to failure, is plotted for each temperature difference
AT in Fig. 5. Thermal fatigue parameters (critical
temperature difference AT, n" parameter (where N,
(ATY" = Constant)) are reported in Table 5. The
critical temperature AT,, which corresponds to the
specimen fracture at the first cycle (N, = 1) is similar
for TZP and ZTA materials. However, the slope (#)
of N~AT curves is quite different: the »’ parameter is
a characteristic of the resistance to propagation of
thermally induced cracks.'* If ZTA and Al,O,
materials are compared, #° parameters are similar,
but A7, 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.

Table 5. Thermal fatigue parameters

Y,0;) obtained according to the mechanical Composition AT.(C) "
homogenization method (pressureless sintering) was ALOLRC 172) 580 T
studied by thermal fatigue and compared to pure A4573Y 810 70
alumina and to Mg-PSZ or Y-TZP materials. The Q(Ag%lz)iz ;48 19()
thermal lifetime N_, defined as the number of cycles s **/,iﬁ - 7;0*
10 A2022Y A520Y TZP
] [ ] !
| s |
10°® .' s : :
i preet ! |
@ 10 i ; ! |
£ Le | |
£ 107 P $ : "
> P ! |
_ H 1
K K K
10-9 1 1 I 1c 1 :GL 1 1 1. J]C
50 52 54 56 58 68 70 7.2 74
Ky (MPa.mY2) Ky

Fig. 4. (K, —v) diagram of alumina, TZP and ZTA composites (log plot).
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¥ Al,O5-polished
103 A ALO,

B ZTA A45Z3Y

o TZ3Y

102

Ne

10—

{ AA] | |
270 275 280 285 290
log (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 ZrO, particles in Al,O; matrix
improves the fracture behavior but reduces the wear
resistance: as the ZrO, content increases, the
hardness and elastic modulus of the composites
decrease. In the case of non-stabilized zirconia, the
measured wear volume increases with the ZrO,
volume fraction. Above 10vol.% ZrO,, the phase
transformation (t —m) of particles produces micro-
cracks which lead to a complete degradation of the
sliding surface. The stabilization of ZrO, by
addition of yttria reduces the wear volume. Figure 6
shows the variation of wear resistance for a high
content of yttried zirconia (3mol% Y,0;). 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 ZrO,, because of toughening of the
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Fig. 6. Dependence of wear and fracture resistance on yttried
ZrO, 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.!®

7 Conclusion

Zirconia toughened alumina (ZTA) composites were
prepared from Al,O; and ZrO, raw powders, using
different fabrication processes (mechanical or
electrochemical dispersion, pressureless sintering or
hot pressing). Mechanical properties of the different
Al,0,;~ZrO, materials are mainly much improved
compared to pure alumina: not only g, and K, but
also the slow crack growth resistance and the
thermal fatigue behavior. Different compositions
were studied (low and high ZrO, 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 ASZOY (PS),
A10Z0Y (HP), A20Z2Y (HP) and A45Z3Y (PS and
HP). The size of the ‘process zone’ is about 10-20 um
(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 ZrO,
particles. A good behavior is also observed with
thermal fatigue and wear.
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