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Abstract

The toughening effect in the alumina—zirconia system was simulated by a simple model based on two concentric spheres and a crack in the
matrix, near the interface of the inclusion. The effects due to the zirconia t — m phase transformation and the thermal stresses, which develop
during the cooling stage of sintering, were also taken into account. The toughening effect was simulated imposing a temperature field both to
the matrix and the inclusion and the analysis was carried out at different temperatures. The results of the simulation at room temperature were
compared with the experimental data of fracture toughness obtained testing alumina—zirconia composites, containing different percentages of

the oxides.
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1. Introduction

The demand for even more reliable structural compo-
nents by the advanced industrial sectors, encouraged the
development and use of innovative materials, i.e. ceramic
materials [1]. The properties of the advanced ceramics are
particularly attractive for structural applications such as in
the motor, aerospace and biomedical fields, especially when
the environmental conditions are particularly severe. As well
known, the problem of the low fracture toughness of
ceramics can be overcome designing and preparing
composite materials reinforced with fibres, whiskers and
particles, or zirconia based ceramics [2]. As regards, for this
last class of materials, the increase in fracture toughness can
be attributed to different mechanisms: (i) the t — m phase
transformation [3,4] (ii) crack deflection [5], and (iii)
microcracking of the matrix [6]. In zirconia based ceramics
the relationships between mechanical properties and
microstructure are strictly influenced by the zirconia grain
size, resulting in the efficiency of the phase transformation
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[7] and development of microcracks [8]. Very important can
be also the contribution of residual stresses arising during
the cooling stage of sintering. As regards, in alumina—
zirconia composites the alumina particles are subjected to a
compressive stress field, due to their lower thermal
expansion coefficient [9,10].

The aim of the present study was to analyse the thermal—
mechanical behaviour of the alumina-zirconia system.
Starting from pure oxides, several composites containing
different percentages of the two components were con-
sidered. Alumina, probably the best reinforcing agent for a
zirconia matrix, increases the Young’s modulus, prevents the
anomalous growth of zirconia grains in the cubic phase and
activates a toughening mechanism, interacting with the
cracks during their propagation [11]. In an alumina matrix,
zirconia in the tetragonal phase favours a toughening
mechanism via the t — m phase transformation and induces
a residual stress field due to the different thermal expansion
coefficient [3].

The study reports the results regarding the possibility to
predict the fracture behaviour of alumina—zirconia compo-
sites, by using a simple model in which the effects of the
t — m phase transformation and the thermal stresses induced
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during the cooling stage of sintering by the different thermal
expansion coefficients of the components, were taken into
account. The results were checked with experimental data of
fracture toughness.

2. Model description

The analysis of the composite was performed considering
a representative volume element, RVE, containing the
constitutive materials. It can be useful to consider
representative volume elements for idealised particle-
packing geometries such as cube and tetrahedron arrays,
Fig. 1. Assuming the cube array, the volume fraction vf
found by dividing the volume of inclusion enclosed into
cube by the total cube volume, is:

4 N1 a/r\
o = (@”’f) %6 (z) M

where 2b is the inclusion spacing and r; is the radius of the
inclusion.

The RVE for the cube array in Fig. 1(a) is show in
Fig. 2(a). By the conversion of the RVE to a sphere matrix
having the same volume as the cube matrix, the radius r,, of
the equivalent sphere in Fig. 2(b) is:

13
o — (2) b @)

Substituting the Eq. (1) in (2), the radius of the equivalent
sphere becomes:

rm = ()" r 3)

The model consists in a spherical inclusion 7; in radius, the
inclusion, embedded in an another sphere r,,, in radius, the
matrix. Besides, assuming that in the matrix is present a
crack contiguous to the interface and randomly orientated,
the cracks interaction is actually excluded. The fracture
behaviour of alumina—zirconia composites was analysed
determining the stress intensity factor for different ratios
rm/re, when an uniform tensile loading p is applied to the
matrix surface.

(b)

Fig. 1. Representative volume elements, RVE, for idealised particle-pack-
ing geometries: (a) cube array and (b) tetrahedron array.
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Fig. 2. (a) RVE for the cube array in Fig. 1(a) and (b) equivalent sphere
matrix having the same volume the cube matrix.

The thermal stress field originated by the thermal
expansion coefficient of alumina lower than that of zirconia
was simulated imposing an uniform temperature field both
to the matrix and the particle.

In the work only the volume increase, 3-5%, as
consequence of the ¢t — m phase transformation was taken
into account, neglecting the lattice distortion, 1-7%. The
volume increase was simulated by a thermal -effect,
imposing different temperatures to the matrix and the
inclusion. Then, the analysis was carried out considering
two different loading conditions: (a) the first, of mechanical
source, due to the tensile load applied at the surface of the
matrix, and (b) the second, of thermal source, induced by a
different field temperature imposed to the matrix and
particle, respectively.

The stress field induced by the mechanical loading
condition both to the inclusion and the matrix was
determined by the solution suggested in [11]. In particular,
the solution in terms of displacements and stresses regarding
the hallow sphere, the matrix, is given by the relations:

Uy = Cir + Cz/r2
E.C 2E,Cy 1

Grm:1—2vm_l+vmr3 4)
E.C; E.C, 1

Om = ——=— —

R T TR IER

where u is the radial displacement, o, and o, are the radial
and hoop stress, respectively, £ and v are the Young’s
modulus and the Poisson’s coefficient of the material, r is
a generic radius and C; and C, constants deriving from the
boundary conditions.

Similarly, the solution for the solid sphere, the particle, is
given by the relations:

us = C3 r
o = LG5
T 2oy 5)
E;Cs
o
T o

where the symbols are the same of the Eq. (4) and C5 a
constant function of the boundary conditions. The constants
Cy, C, and C; have been determined imposing the
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following conditions:

Un = Ut at r=r¢
Om =0y at r=rg (6)
Om=p at r=ry

‘When the matrix and the inclusion are subjected to an uniform
temperature, Ty, and T}, respectively, the displacements and
the stresses rising in the matrix can be expressed as:

114+ vy, - r? Cs
m — 5 m{m C 5
" 31—vma r2 * 4r+r2
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while for the inclusion:
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The constants C4, C5 and Cg are determined from the two
first conditions of the Eq. (6), assuming o,,, =0 at r = ry,.

The unstable propagation of the crack starts when the
stress field, function of the dimensions and the geometry of
the crack and the mechanisms defining its trigger, reaches
the critical value. It can be reasonable to believe that the
critical conditions are reached at particular combinations of
o, the stress perpendicular to the plane containing the crack
and 7, the maximum shear stress acting in the same plane.
The two components can be expressed as a function of the
principal stresses oy, 0, and o3, by the relations:

op = oll% + O'zl% + 0313

— T2 £ 522 4+ 522 — 52
T= \/Ull1 + o3l; + o315 — o;;

€))

where [, [, and /5 are the direction cosines, Fig. 3.

[y = sina cosf
l, = sina sinf
I3 = cosa

Once chosen the crack geometry and the fracture criterion,
to identify the combinations of o, and 7 reaching the critical
condition, it is necessary to define an equivalent stress
depending on the loading condition and the orientation of
the crack in respect to the principal directions:

O = f[Un(a7 ﬁ)v T(O[HB)]

In the model, o; and o, coincide with the hoop stress oy,
while o3 coincides with the radial stress o,,. Under these
hypotheses, apart from the fracture criterion and the crack
propagation coplanar [12] or not [13] with the plane, a crack
near to the interface reaches the critical condition when the
direction of its axis is radial.

Y

G1

Fig. 3. Orientation of the crack with respect to the principal directions.

The stress intensity factor K pertinent to a crack 2a in
length, the centre of which lies to the radius r,, Fig. 4, can be
determined by the equation [14]:

1 ¢ Ja+t
K[ = \/77[_51‘/7(1 Emm(t) dr (10)

where ¢ is defined in Fig. 4.

Because of the particular form of the product of the two
functions changing ¢, the integration of the Eq. (10) is not
possible. However, considering the average value of the
hoop stresses G, the Eq. (10) becomes:

K1 = GmV/Ta (11)
where &y, is defined as:
¢ oum(t) df
— O (12)
2a

3. Materials and experimental

The alumina and zirconia samples were prepared using
the powders SM8 (Baikowski, F) and zirconia stabilized by

Fig. 4. Crack near the interface.
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Table 1 Table 3

Composition and characteristics of the selected powders Mechanical characteristics of the sintered ceramics

Powder Composition Surface Average particles Material OR m 0p E HV Kic
(weight %) area (mZ/g) size (pwm) (MPa) (MPa) (GPa) (GPa) (MPam'?)
Y-ZrO, Al,O4 ZrO, Al,O4 Z 766 11.7 810 205 13.3 43

7 100 0 7 0.2 B 8Z2A 811 133 831 246 14.3 5.0

SZIA 80 20 16 <01 <03 6Z4AA 912 73 977 285 15.1 5.2

6Z4A 60 40 15 <03 <03 4Z6A 834 114 874 316 16.4 3.6

476A 40 60 12 <03 <03 278A 717 7.7 763 348 17.8 4.1

278A 20 80 10 <0.1 <03 A 436 9.7 460 356 18.3 4.2

A 0 100 10 — 0.2

3 mol% Y,0; (TZ3YS—Tosoh Co., J) respectively, denoted
as A and Z. The composites were prepared using the
powders TZ3Y20A, TZ3Y40A, TZ3Y60A and TZ3YS0A
(Tosoh Co., J) containing 20, 40, 60 and 80 wt% of alumina,
respectively and denoted in the following as 8Z2A, 6Z4A,
47Z6A and 2Z8A. In Table 1 are reported the compositions
and the characteristics of the powders. The samples prepared
by slip casting [15], were first dried and then sintered in air at
different temperatures from 1500 to 1600 °C, depending on
the powder composition. The most important physical-
morphological characteristics of the sintered materials are
summarised in Table 2. They showed a homogeneous
dispersion of the alumina and zirconia grains and reached a
density 99.5-100% of the theoretical density. The grain size
is generally submicronic and no anomalous growth of
alumina grains was found. X-ray diffraction analyses
showed that the alumina is present in the a form and the
zirconia is always in the tetragonal phase.

The flexural strength of the materials was determined by
four-points bending, testing specimens in form of bars,
obtained by cutting the disks, with rectangular cross section
2mm X 2.5 mm X 25 mm with a tolerance of +0.2 mm.
According to the recommendations reported in the Standard
EN 843-1 [16], the longitudinal edges of the specimens were
chamfered to 45° and then polished to eliminate the edge
cracks induced by cutting. Besides, the surface to subject to
tensile stress was polished to eliminate the cracks induced by
machining. Finally, to relax the residual stresses due to
machining the specimens were thermally treated at 1200 °C
for 1 h. The tests were carried out by an universal machine
(MTS, 10/M, USA), with a crosshead speed of 5 mm/min.
The outer and the inner rollers spans were 20 and 10 mm,
respectively. Table 3 reports both the bending strength o

Table 2
Physical and microstructural characteristics of the sintered ceramics

Material Density (g/cm?) Average grain size (jm)
ZrO, ALO5
Z 6.05 0.74 -
8Z2A 5.48 0.60 0.68
6Z4AA 5.02 0.36 0.29
4Z6A 4.60 0.25 0.37
278A 4.27 0.25 0.60
A 3.95 — 3.40

and the corresponding values of Young’s modulus deter-
mined measuring the deformation of the bars by an
extensometer, average of at least 20 valid results. The
Weibull’s parameters m and o, were also determined,
adopting as probability estimator P; = (i — 0.5)/N.

The critical stress intensity factor Kjc was evaluated by
Vickers indentation technique, using the Anstis formula [17]:

EN'?/ P
KIC:O.016H<E) (@7) (13)

where P is the indentation-applied load, c is the length of the
cracks arising from the corners of the impression and E and
H are respectively the Young’s modulus and Vickers hard-
ness. In Table 3 are reported Vickers hardness and fracture
toughness values, average of at least 10 valid tests carried
out by a hardness tester (Zwick, 3212, D), applying as
indentation loads 196.2 and 98.1 N, respectively.

4. Results and discussion
4.1. Room temperature analysis

In the present analysis the radius 7y, of the sphere matrix
was kept constant, while the radius 7¢ of the inclusion and the
crack length 2a was changed. For each value of the
inclusions percentage, the radius r; was determined by the
Eq. (3). The length of the radius r,, was kept 100 pm.

The Poisson’s coefficient of alumina and zirconia was
assumed equal to 0.32. The linear thermal expansion
coefficients for the two materials are [18]:

ap = (6.6)107° + (4.1)107°T — (8.9)101371?

az = (9.75)107% + (4.0)107°T — (1.44)107 1212 (14)

where T is the temperature expressed in (K) and the sub-
scripts A and Z refer to alumina and zirconia, respectively.
The equations are valid in the range of temperature from 25
to 1500 °C.

The analyses were performed for two phases. In the first,
the matrix was considered to be alumina the inclusions
zirconia and the corresponding composite denoted as
Material 1. The second was just the opposite, the matrix
was considered to be zirconia the inclusions alumina and
denoted as Material 2. In both cases the centre of the crack,
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Material 1: dimensionless stress intensity factor Ki/K, for different volume
percentages of ZrO, and crack length 2a
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Inclusion ZrO, (%) Ki/Ky
a=ry,/100 a=ry/50 a=rn/25

5 1.111 1.107 1.100
10 1.123 1.120 1.114
15 1.135 1.133 1.127
20 1.148 1.145 1.140
25 1.161 1.158 1.154
30 1.174 1.171 1.167
35 1.187 1.184 1.180
40 1.200 1.198 1.194
45 1.214 1.212 1.208

2a in length, was considered far 1.01a from the interface or
at a radius r, = (r;+ 1.01la). The analyses were carried out
for three different values of the crack length 2a (r,,,/100, r/
50, and r,,/25) and nine different percentages referred to the
total volume of inclusions, in the range 5-45%.

The K; values for Material 1 normalised to K, are
reported in Table 4, where Ky = o+/ma represents the stress
intensity factor of the pure material subjected to a tensile
stress p applied to the outside edge. The values show an
increase of Ky with the increase of the inclusions percentage
and a decrease with the increase of the crack length. This last
condition takes place when the effect due to the average
stress prevails over the crack length. In any case, with the
increase of the inclusions percentage, the differences
decrease from 0.6 to 0.3%. The behaviour of the ratio K/
Ky, as a function of the volume percentage of zirconia, is
reported in Fig. 5. The results are referred to a crack length
2a = r/50, while the upper and the lower shifts are relative
to 2a = r,/100 and 2a = r,/25, respectively.

The thermal stress field due to the thermal expansion
coefficient of the alumina lower than that of zirconia and
simulated by imposing a field temperature 7, both to the
matrix and the inclusion, determines an increase of Kj, see
Fig. 5. In these conditions, the matrix is subjected to a radial
compressive stress that causes an increase of the hoop stress
and, consequently, of K;. The increases of K due to a set up
temperature of 25 °C are included in the 1% and for the
highest inclusions percentage, it results not much higher.
Also in this case, changing the crack length, the differences
among the Kj values are similar to those of the previous
analysis. As regards, by increasing the inclusions percen-
tage, the differences decrease from 0.7 to 0.4%.

The toughening effect associated with the r — m phase
transformation was considered, assuming an uniform
expansion in all directions and not anisotropic (real case)
and neglecting also the tangential components of the
deformation. The volume increase of zirconia was taken into
account by considering the lower limit of 3% reported by
Lange [3]. Therefore, setting the volume of inclusion after
transformation equal to that obtained when expansion is due
to a uniform increase in temperature A7, the following
relation is obtained:

4
3
from which AT:

3 —
AT:\/1.03 1 (16)
az

4
103 3t = 2 (1 + azAT)’ (15)

The effect due to the t — m phase transformation could be
simply simulated by adding the value of AT by the Eq. (16),
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Fig. 5. Dimensionless stress intensity factor, Ki/Kj, as a function of the volume percentage of zirconia, for Materials 1 and 2.
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to the field of temperature T of the inclusion. This expansion
induces a compressive radial stress that, added to the stress
due to the thermal component, leads to a further increase in
the stress oy acting on the matrix. In comparison with the
case in which only the effect of tensile stress is considered,
K progressively increases from 5 to 9% with the increase of
the inclusions percentage. In Fig. 5 are reported also the K;
values concerning a crack of intermediate length. In this
case, changing the crack length, the differences decrease
from 1 to 0.5% with the increase of the inclusions percen-
tage.

The curve reported in Fig. 5 shows that the increase of the
inclusions percentage does not bring any benefit, since K
tends to increase, and consequently, the fracture resistance
decreases. This behaviour is confirmed by the experimental
results for the materials 2Z8A and 4Z6A, reported in
Table 3. The toughness values were normalised to Kjc
(4.2 MPa m'?) obtained for the pure material, while the
inclusions percentage in weight was converted in volume by
the density of alumina and zirconia, reported in Table 2.

The results presented in Table 3, in agreement with the
characteristics of the pure materials, indicate a decrease of
Young’s modulus and Vickers hardness with the increase of
the zirconia content. In addition, the increase of the
inclusions percentage leads to a progressive increase of the
bending strength.

In the analyses carried out on Material 2, both the
stresses due to the different thermal expansion coefficient
of the materials and the toughening effect associated with
the r — m phase transformation were taken into con-
sideration. For the latter effect, an uniform expansion in all
directions and a volume increase of 3% were supposed.
Setting the volume of the matrix after expansion equal to
that obtained when the expansion of the matrix is due to an
uniform increase in temperature AT and neglecting the
expansion along the thickness, the following relation can

be obtained:
103in(r3 —r) —fn(l +azAT (7 — 1)) a7
. 3 m £ —3 z m f

From the Eq. (17), the same value of AT of the Eq. (16) can
be calculated. This value must be added to the field of
temperature 7 of the matrix.

The behaviour of the stress intensity factor obtained from
the analysis is reported in Fig. 5. The values of K}, relative to
the crack length 7,,,/50, are normalised to K. The upper and
lower shifts are relative to crack lengths 2a = r,,/100 and
2a = ry/25, respectively. Unlike for Material 1, the stress
intensity factor of Material 2 tends to decrease with an
increase of the inclusions percentage, and consequently the
bending strength increases. The fracture toughness of
materials 8Z2A and 6Z4A, normalised to the value of Kjc
(4.3 MPa m"?) obtained for Z material, is reported in Fig. 5.
To better compare these last experimental results with the
values calculated on the basis of the model, the inclusions
percentage in weight was converted into the corresponding
volume percentage. The experimental results confirm the
calculated data. Indeed, as the alumina content increases,
also the fracture toughness of the material increases. In this
case the values of Young’s modulus and Vickers hardness
increase, according to the characteristics of the pure
materials, Table 3. The increase in the inclusions percentage
determines a favourable effect on the bending strength.

4.2. High temperature analysis

The investigation was completed with an analysis at
different temperatures of the RVE, Fig. 4. The effects due to
the thermal expansion coefficients of the materials and the
toughening associated with the t — m phase transformation
are still considered. In these analyses, both Young’s modulus

2.0
Material 1
------ Material 2
15 |
T T T T T T T T T T
!é:’ L L 1 L L 1L L L L L L
\Q 1.0 |
B SRR DRDEE SEELE SUEDE SEDEE SERDE SUEE: SRORS |
0.5 |
0.0
0 200 400 600 800

Temperature, T (°C)

Fig. 6. Dimensionless stress intensity factor, Ki/Ky, as a function temperature, for a 20 vol.% of inclusions and crack length 2a = r,,,/50.
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and Poisson’s coefficient of alumina and zirconia were
assumed to be constant with the temperature.

For Material 1, as the temperature increases, there is, for
the same inclusions percentage and crack length, a small
increase, 1%, in the stress intensity factor K; and
consequently, a decrease of toughness, Fig. 6. The results
are referred to a crack length r,,,/50, and 20 vol. inclusions
percentage. The upper and lower shifts are relative to
inclusions percentages of 40 and 5, respectively. These
results are in agreement with those reported in [19] where, in
the range of temperature here considered, Kic shows a small
decrease with the increase of temperature.

The results concerning the Material 2, for a crack length
/50 and a 20% of inclusions, show a behaviour of K;
practically independent of the temperature. As shown in
Fig. 6, the difference between the Kj values corresponding to
the bounds of the interval of temperature chosen, is less than
0.3%. In this case the upper and the lower shift are relative to
an inclusions percentage of 5 and 40, respectively.

The analyses, for both Materials 1 and 2, did not carried
out at temperatures higher than 750 °C, because the
monoclinic phase of zirconia is stable only up to a
temperature ~800 °C. The analyses carried out for crack
lengths r,/25 and r,,,/100, greater and smaller than r,,/50,
respectively, show that the behaviour of the stress intensity
factor at different temperatures is similar to that reported in
Fig. 6. The change of the crack length is able only to increase
or reduce the values of Kj, Fig. 6. In particular, the increase
of the crack length determines in the case of the Material 1 a
decrease of K, while for the Material 2, an increase of K. In
any case for both the materials, the variation in comparison
with the Kj values reported in Fig. 6, is less than 1%.

5. Conclusions

The present investigation deals with a model developed to
simulate the effect of toughening in alumina—zirconia
composites. The phenomena considered are: (i) the
expansion of the inclusions when the zirconia is subjected
to a stress able to activate the + — m phase transformation,
and (ii) the thermal stresses induced during sintering and
cooling stage.

The simulation of both phenomena was carried out
analysing a simple model based on two concentric spheres
and a crack in the matrix near the interface of the inclusion
and assigning fields of temperature to the matrix and the
inclusions. The results allowed to evaluate the influence on
K; of the temperature, crack length and inclusions
percentage.

Even if the model does not take thoroughly into account
the toughening mechanism, there is a satisfactory agreement
between the numerical results and the experimental data
obtained at room temperature. The model, after the

experimental validation at high temperature, should be
useful to determine the optimum inclusions percentage as a
function of the service conditions, also for different kinds of
ceramic composites.
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