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Alumina-mullite-zirconia composites

obtained by reaction sintering

Part I Microstructure and mechanical behaviour ∗
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Zirconia particles can be added to the matrix to overcome the brittleness inherent in
ceramic materials, thereby strengthening the material through tetragonal-monoclinic phase
transformation of the zirconia. This work focuses on the effect of the percentage of zirconia
and mullite in the mechanical and thermomechanical properties of alumina-mullite-zirconia
composites that were obtained by reaction sintering of alumina and zircon. Different
samples were processed, resulting in composites with an alumina matrix, which was
always volumetrically predominant. A percentage of alumina and mullite with maximized
mechanical and thermomechanical properties was observed. This maximization is
discussed in terms of the microstructure obtained for the composites mentioned above. The
toughening mechanisms provided by zirconia and mullite inclusions, based not only on the
R-curve behaviour but also on the analysis of the fracture surface, are also discussed in this
report. An additional paper will be forthcoming, containing detailed discussions concerning
the R-curve behaviour of the same composites. C© 2000 Kluwer Academic Publishers

1. Introduction
Alumina-based ceramics show high values of refrac-
toriness, hardness, strength and resistance to chemical
attack, being these properties suitable for a broad range
of industrial applications. However, owing to their brit-
tleness, these ceramics are unsuitable for application
in conditions of severe thermal shock or in structural
applications requiring high toughness.

In order to overcome the inherent brittleness of alu-
mina and of a great number of ceramic materials whose
other properties may be useful in an industrial context
(mullite for instance) some mechanisms can be incor-
porated in the matrix to make it tougher. An exam-
ple of this is the addition of zirconia particles in a ce-
ramic matrix [1, 2]. These particles toughen the material
mainly as a consequence of the tetragonal-monoclinic
phase transformation that can occur during the frac-
ture process or during sintering cooling. In the former
case, the stress induced phase transformation toughen-
ing mechanism is activated, while in the latter, the mi-
crocracks produced in the matrix as a result of the phase
transformation that occurs during the sintering cooling
are responsible for the increase of crack propagation
energy [3, 4].

There are many ways of introducing zirconia into
an alumina matrix to produce these composites, e.g.
conventional or chemical processing of alumina and

∗ Based in part on the Thesis submitted by A. C. Mazzei for the MSc. degree in Materials Engineering, Graduate Program, Universidade Federal de S˜ao
Carlos, S˜ao Carlos, SP, Brazil, 1997. Supported by CAPES, CNPq and FAPESP.

zirconia powders as well as sol-gel can be used. The
same holds true in reaction sintering, in which alumina
and zircon (ZrSiO4) [5] are used as the initial powders.
The latter process is a more attractive one because it
is cheaper compared to the starting raw materials, zir-
con and zirconia, and because it can easily be imple-
mented industrially (in view of conventional equipment
and processing techniques).

In reaction sintering, a mullite matrix with zirconia
inclusions or an alumina matrix with mullite and zir-
conia inclusions can be obtained as the resulting mi-
crostructure; in the latter case an additional toughening
mechanism is present in the matrix (bridging) if the
mullite inclusions appear in a needle shape. The disad-
vantage of using reaction sintering is that the dissoci-
ation reaction of zircon causes porosity that may lead
to degradation of the mechanical properties. In a at-
tempt to control this porosity, two sintering steps rather
than one can be used. If two sintering steps are taken,
the first step is densification of the composite and the
second, reaction [6, 7]. When only one sintering step
is carried out, densification and reaction occur simul-
taneously. However, Folgueiras [7] observed porosity
in both the one and the two-step sintering processes.
According to this author, the porosity produced in the
reaction step reduced the densification produced in the
first step. For that reason, this work uses the one-step
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TABLE I Amounts of alumina and zircon used to produce the composites and concentration of Al2O3, ZrO2 and mullite calculated by Equation 1

Concentration of Al2O3, ZrO2 and mullite
Raw materials (weight %) in the composites (weight % (vol %))

Composite designation Al2O3 ZrSiO4 Al2O3 ZrO2 Mullite

0 100 0 100 0 0
Pure alumina (100) (0) (0)
1 95 5 89.47 3.87 6.67

(88.45) (2.67) (8.88)
2 90 10 79.07 7.67 13.26

(78.17) (5.31) (16.52)
3 85 15 68.85 11.41 19.74

(67.69) (7.86) (24.45)
4 80 20 58.79 15.09 26.12

(57.49) (10.34) (32.17)
5 75 25 48.89 18.71 32.40

(47.55) (12.75) (39.70)

reaction sintering process to obtain alumina-mullite-
zirconia composites.

The mechanical properties such as the modulus of
rupture (σf ), Young’s modulus (E), and fracture tough-
ness (KIC) can be measured to evaluate the effect of
zirconia and mullite inclusions in the alumina matrix.
Besides the analysis of these properties, it is also mean-
ingful to evaluate theR-curve behaviour of the com-
posites. The resistance to crack growth can be verified
in the R-curve, which shape helps to identify the pres-
ence or absence of possible toughening mechanisms [8]
provided by the mullite and zirconia inclusions. In this
issue of the toughening mechanisms, it is also worth-
while including the analysis of the total work of frac-
ture (γwof), representing the average difficulty for crack
propagation to occur in the composite, as well as an
analysis of the surface fracture resulting from stable
crack propagation. These evaluations have a tendency
to confirm as well as improve analyses of the toughen-
ing mechanisms obtained from theR-curve behaviour
of the composites.

When considering the performance of the composites
in thermal shock applications, not only theR-curve be-
haviour but also an analysis of the total work fracture are
important. However, should the use of alumina-mullite-
zirconia composites become feasible for the aforemen-
tioned applications, some of their thermal shock proper-
ties must be characterized. As a preliminary evaluation,
the variation of critical temperature for initiation of
crack propagation (1Tc) and thermal shock damage
resistance (R′′′′) can be calculated from the equations
that use the linear thermal expansion coefficient (αth)
and the mechanical properties.

It is just as important to know the variations of the
properties mentioned earlier according to the amount of
mullite and zirconia inclusions as it is to evaluate them,
since the efficiency of the toughening mechanisms is
a result of the percentage of these inclusions in the
matrix. Thus, the purpose of this study is to show the
mechanical and thermomechanical property variations,
as well as the variation of theR-curve behaviour result-
ing from the amount of mullite and zirconia inclusions
in the alumina matrix. A discussion of the toughening
mechanisms is also presented.

2. Experimental procedure
Alumina A-16 SG† and zircon A-200‡ powders were
used in the preparation of the alumina-mullite-zirconia
composites. These powders were mixed in a ball mill
with water and DISPERSAL B-130§ as deflocculant.
The zircon powder used in the mixture was previously
settled and ball milled to obtain a powder with an aver-
age particle size of 2µm. The suspensions obtained in
the mixture process were spray dried.

Six different compositions were processed with the
purpose of examining the mechanical and thermome-
chanical property variations resulting from the percent-
age of the zirconia and mullite inclusions in the alumina
matrix. Table I lists the alumina, zirconia and mullite
contents that were calculated for each sample, accord-
ing to the chemical reaction equation between alumina
and zircon described by Equation 1. This table also
shows the amount of zircon that was used in the reac-
tion (Equation 1) for each sample.

(3+ x)Al2O3+ 2ZrSiO4

→ xAl2O3+ 2ZrO2+ 3Al2O3 · 2SiO2 (1)

Our work with the dried mixtures involved the use
of 62.0× 5.0× 6.0 mm3 bars pressed under 60 MPa,
while the sintering process was carried out in one
2-hour sintering step at 1650◦C. The heating ramp
rate used was 10◦C/min. After completion of the sin-
tering process, bulk density and porosity were mea-
sured by the water-immersion method. The polished
and thermally etched samples (1550◦C) were examined
using a scanning electron microscope (SEM—Model
440, Leica Cambridge, England) and X-ray diffraction
(Model D 5000, SIEMENS, Karls H¨ure, Germany) to
define the microstructural characterization.

2.1. Mechanical properties
All the mechanical tests were carried out in an
MTS machine (810 series, with a 458.20 controller,

† ALCOA S/A, Poços de Caldas, MG, BR.
‡ Nuclemon, Barra Funda, SP, BR.
§ Ammonium Polyacrylate, AQUATEC, S˜ao Paulo, SP, BR.
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Minneapolis, USA) using three-point bending. The
four-point bending test was not considered due to the
extreme difficulty in obtaining stable crack propagation
in pure alumina samples even with the Chevron notch.

The modulus of rupture (σf ) was obtained from a
load-deflection curve (P vs. δ), which was reached
by catastrophic propagation, using samples without
notches. To calculate this property, the following Equa-
tion [9] was used:

σf = 3

2
· Pmax · S1

b · w2
(2)

where Pmax is the peak load of theP vs. δ-curve,S1
is the support span andb andw are the width and the
height of the bar, respectively.

Samples without notches were also used to determine
Young’s modulus, although, in this case, a lever type ex-
tensometer was used to measure bar deflection without
the influence of the machine and test devices. The value
of E was calculated by the following equation:

E = S3
1

4 · b · w3
·m (3)

wherem is the slope of the tangent line to the initial
straight portion of the load-deflection curve.

On the other hand, to determineKIC, a straight-
through notch with a depth of only 30% ofw was pro-
duced in all the specimens in order to reach the con-
dition of catastrophic propagation. A 150µm thick
diamond disc was used to machine this notch. The value
of KIC was calculated using the following Equation [9]:

KIC = Pmax

bw1/2
· y(α0), (4)

whereα0 is the initial relative depth of the notch given
by a0/w, considering a0 as the original depth of the
notch, andy(α) is a geometrical factor that is depen-
dent onα=a/w, where a is the instantaneous crack
length. They(α) function describes the influence of
the notch and test geometry on the fracture toughness.
Considering a straight-through notch and three-point
bending test,y(α) is given by Equation 5 [9].

y(α) = S1

w
·
[

3α1/2

2(1− α)3/2

]
·
{

1.99− 1.33α

− (3.49− 0.68α + 1.35α2) ·
[
α(1− α)

(1+ α)2

]}
(5)

In Equation 4, the value ofy(α) is calculated consider-
ing α=α0 in Equation 5.

2.2. R-Curve behaviour and total
work of fracture

The R-curve was calculated based on the equations of
linear elastic fracture mechanics, while the instanta-
neous relative crack length (α=a/w) was obtained by
the change in compliance [10, 11]. Theseα values were
calculated from theP vs.δ-curves, obtained under sta-
ble crack propagation and continuous loading condi-

tions. The three-point bending test was used. In order
to facilitate stable crack propagation, Chevron notched
bars with the notch tip at 35% of w, and a slow rate of
actuator motion (1µm/min) were used.

For theP vs. δ-curves mentioned above, the values
of α were calculated by numerical integration of Equa-
tion 6, which has already been adapted to the Chevron
notch [12, 13].

C(α)−C(α0)= 2

b · E ·
∫ α

α0

y2(α) ·
(
α1−α0

α−α0

)
· dα (6)

where,C(α) is the instantaneous compliance defined
asδ/P, andα1 is the relative depth at which the crack
changes from the Chevron to the straight-through geo-
metry. If α≥α1 the expression between brackets is
replaced by 1.0.α is achieved iteractively from the
comparison between the calculated values forC(α)
with those obtained experimentally (from theP vs.
δ-curves). Thus, it is possible to calculate the instan-
taneous stress intensity factor,K1(α), and crack resis-
tance,R(α), using Equations 7 and 8, respectively. As
a result,K1 vs.α andR vs.α curves can be defined.

KI (α) =
(

P

b · w1/2

)
y(α)

[
α1− α0

α − α0

]
(7)

R(α) = K 2
I (α)

E
(8)

This iterative process to calculateα and to obtain
the C vs. α, K1 vs. α and R vs. α curves was car-
ried out using a Visual Basic program developed by
Zamprogno [14].

The value of the total work of fracture,γwof, was
obtained from the area under theP vs. δ-curves used
to calculate theR-curves, divided by twice the corre-
sponding projected fracture area.

Five specimens from each composition were used
for all the tests in order to define possible measurement
errors. The fracture surfaces obtained under stable crack
propagation conditions were observed in SEM.

2.3. Thermal shock properties
The variation of critical temperature for initiation of
crack propagation (1Tc) and thermal shock damage re-
sistance (R′′′′) were evaluated based on the mechanical
properties measured and on the equations below:

1Tc = σf · (1− υ)

E · αth
(9)

R′′′′ = γwof · E
σ 2

f · (1− υ)
(10)

whereυ is Poisson’s ratio, which has been considered
in this work as equal to 2.5 for all samples; andαth is
the linear thermal expansion coefficient, which was ob-
tained through dilatometric measurements (Orton Au-
tomatic Recording Dilatometer, Model 1500◦C, Ohio,
USA) of each sample.
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3. Results and discussions
3.1. Physical and microstructural

characterization
Table I shows an increase of zirconia and mullite con-
centrations in the allumina matrix as zircon is added
to the reaction. One can also see that zirconia always
constitutes the minor phase in the composite.

Fig. 1 depicts the results of the characterization of
porosity and density. The same figure shows that an in-
crease in the zircon content in the reaction (given by
Equation 1) increases porosity and lowers density. The
drop in bulk density can be explained by two factors:
first, as a consequence of increased porosity, and sec-
ond, as a result of the increased amount of mullite phase
(Table I), which is less dense than alumina (see the drop
of the theoretical density curve, which was calculated
considering a simple rule covering the mixture of differ-
ent phases in Fig. 1). Increased porosity occurs mainly
as a result of the zircon’s dissociation reaction. This is
confirmed by Fig. 1, which shows that the bulk density
curve and the theoretical density curve are not parallel,
since the disparity between the curves increases as the
amount of zircon in the reaction increases. There is also
some porosity coming from the processing steps; how-
ever, if pure alumina is taken as reference to measure
this porosity, it can be noted that this value is not above
1% (Fig. 1).

SEM observations of the composites’ polished sur-
faces confirmed the increased porosity, measured by the
water-immersion method, as shown in the sequence of
micrographs in Figs 2a, b and c. An increased amount
of zircon in the reaction (composites 4 and 5, Table I)
showed microcracks in the alumina matrix and pore
coalescence, as illustrated in Fig. 2c.

Observation of the micrographs also enables us to
describe the composites’ microstructure. The matrix
shows a homogeneous distribution of mullite and zir-
conia inclusions (resulting from the good homogene-
ity achieved in the mixing process and from the use
of zircon with a small average particle size). Moreover,
the mullite inclusions are preferentially in the equiaxial
morphology and are therefore indistinguishable from
alumina grains. The incidence of mullite in the acicu-
lar morphology was low because no processing aid or
resource was used that could aid the formation of this

Figure 1 Variation of the theoretical density (—¥—), bulk density
(—•—) and porosity (—M—) based on the amount of zircon into the
reaction, represented here as the composite designation (see Table I).

(a)

(b)

(c)

Figure 2 Micrographs of polished surfaces. (a) Pure alumina; (b) Com-
posite 3; and (c) Composite 5. Note, in (b), the structure formed by the
dissociation reaction (label A and mullite grains, label m), and in (c), the
microcracks in the matrix indicated by arrows.
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morphology. An EDS analysis (Energy Dispersive
Spectroscopy—Link, Model eXLII, Oxford, England)
was used to distinguish the alumina and mullite phases,
and image analysis used to quantify them. The results
obtained from the image analysis (Leica, Model Q-600,
Cambridge, England) follow the prediction of Equa-
tion 1, shown in Table I (error less than 5%). As regards
the average grain size, values of 4.0µm, 3.0µm and
1.0µm were obtained for the zirconia, mullite and alu-
mina respectively. Lastly, it is worthwhile to note the
typical structure, which is formed by the alumina and
zircon sintering reaction (labeled “A” in Fig. 2b): an
alumina matrix with zirconia inclusions surrounded by
mullite grains (labeled “m” in Fig. 2b), and the presence
of pores.

X-ray diffraction characterisation of the composites
confirmed an increase in the quantity of zirconia and
mullite phases with increasing amounts of zircon in the
reaction. No other phase was found, such as impuri-
ties or zircon; only the alumina, mullite and zirconia
(tetragonal and monoclinic phases) were identified.

3.2. Mechanical properties and R-curve
characterisation

The variation of mechanical properties with sample
composition is given in Table II, while Fig. 3 shows
the R-curves for all of the composites. EachR-curve
shown represents the average of the data from 5 differ-
ent specimens of the same composition.

The maximum values ofKIC, σf andγwof (Table II)
are obtained with composite 3, followed by a strong
drop in these values for composites 4 and 5. The same

TABLE I I Mechanical properties obtained for the composites

Composite
designation σf (MPa) KIC (MPa·m1/2) E (GPa) γwof (J/m2)

0 332± 25 5.34± 0.28 378± 42 34± 4
1 295± 20 5.25± 0.14 296± 10 50± 3
2 295± 37 5.41± 0.31 295± 12 52± 3
3 317± 35 5.57± 0.03 255± 44 67± 3
4 204± 65 3.54± 0.22 173± 6 55± 3
5 118± 20 3.36± 0.14 178± 30 36± 2

Figure 3 R-curves obtained for the composites. EachR-curve repre-
sents the average data of 5 different specimens of the same composite.
Three-point bending and Chevron notch were used.

behaviour is present in theR-curves (Fig. 3), which
means that composite 3 has betterR-curve behaviour
than the other composites.

As regardsσf , two parameters can be cited that in-
fluence this property that are also present in the com-
posites: the porosity and the toughening mechanisms
obtained from the zirconia and mullite inclusions. In
composites 1 and 2, there was a light fall inσf (in rela-
tion to the pure alumina), which reflects the increase of
porosity caused by the sintering reaction (as discussed
in the previous item). In composite 3,σf increases even
with the increase in porosity (Fig. 1), as a result of the
strengthening caused by zirconia inclusions in the alu-
mina matrix. On the other hand, in composites 4 and 5,
a strong degradation ofσf was observed. This occurred
as a consequence of the high pore concentration, pore
coalescence and due to the presence of microcracks in
the matrices of these composites (see Fig. 2c). Nonethe-
less, it is worth mentioning that theσf of sample 3 is
higher than that of the pure alumina, despite the fact
that there is increased porosity.

Similarly, as a result of the porosity and zirconia in-
clusions,KIC showed the same trend asσf , reaching a
maximum in composite 3, which also was higher than
the value for pure alumina. The values ofKIC are gen-
erally, however, overestimated due to the thick notch
used. Machining with a diamond disc 150µm thick
produces a notch of width approximately 170µm.

As for Young’s modulus, it is known that it can gen-
erally be considered as the sum of Young’s modulus of
each phase present in the composite, according to its
volumetric fraction. This may explain the continuous
fall in E (Table II), since zirconia and mullite phases
have lowerE-values than alumina. Moreover, as dis-
cussed earlier, porosity increases in proportion to the
increased amount of zircon in the reaction, and this
causes a further decrease of theE values. A significant
drop in the values of this property for composites 4 and
5 was also observed, as a result of pore coalescence and
microcracking in the matrix.

With regard to theR-curve behaviour, it can be stated
that the presence of zirconia and mullite inclusions
strengthened the material, and that the best results were
also obtained in composite 3. In pure alumina, the
R-curve is flat until the value ofα becomes equal to
0.8. Composites 1 and 2 showed a slight improvement
not only in the initial level of theR-curve but also in
the increasing behaviour of theR-curve. The highest
increase ofR occurred in composite 3, followed by
a drop of theR-curve level in composites 4 and 5. It
can also be noted, in Fig. 3, that the initial level of the
R-curve in composite 5 was below the level of theR-
curve of pure alumina, evidencing the microstructure’s
degradation in terms of strength, caused by increased
porosity. The strong increase ofR toα higher than 0.8,
as observed in the curves of Fig. 3, is attributed to the
influence of they(α) function (Equation 5) used in the
calculations. This region ofα cannot be used to discuss
the R-curve behaviour, however, but will be discussed
in detail in a forthcoming article [15].

The composites’ improvedR-curve behaviour can be
observed in to two factors: a) the significant increase
in crack propagation initiation energy, which was also
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observed in theKIC values (which caused the initial
level of theR-curve to rise); and b) the considerably
increasedR-curve inclinations in the region in which
the pure alumina has a flatR-curve. This indicates that
there are toughening mechanisms in the composites,
where the process zone (wake zone) grows continu-
ously with crack propagation as, for instance, in crack
branching. The above example is in complete harmony
with the significant increase ofγwof values up to com-
posite 3 (see Table II).

The fracture surfaces were analyzed to investigate the
presence of these composite toughening mechanisms.
Fig. 4 illustrates our findings for composite 3. As seen
in Fig. 4a, the zirconia tetragonal-monoclinic phase
transformation occurred during the sintering cooling,
producing microcracks in the matrix that may be re-
sponsible for the crack branching. An evaluation of pure
alumina samples revealed that this type of microcrack is

(a)

(b)

Figure 4 Micrographs of the fractured surfaces from composite 3 observed in the MEV. (a) Note the microcracks (inside the circle) produced by the
tetragonal→ monoclinic phase transformation during sintering cooling. (b) Note the arrows pointing to the microcracks and crack branching.

not present in the fracture surface grains. That is why we
believe that the microcracks shown in Fig. 4a, although
modified by the fracture process, were produced by the
zirconia inclusions. In Fig. 4b, the microcracks that
surround the grains indicate that the branching of the
crack actually occurred. It is also clear that intergranular
fracture occurred, which, owing to the grain-bridging
interaction, also enhances the work of fracture. Thus,
our evaluations of the micrographs and analysis of the
R-curve shape led us to conclude that the main tough-
ening mechanism acting in the composites appears to
be crack branching caused by the microcracking of the
matrix by the tetragonal-monoclinic phase transforma-
tion of zirconia. Other toughening mechanisms may
occur, albeit to a lesser extent, such as stress-induced
phase transformation (to a lesser extent, because zir-
con powder instead of PSZ was used as raw material,
and also since the X-ray diffraction analysis revealed
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mostly the presence of the monoclinic zirconia phase);
crack deflection, resulting from the presence of zirco-
nia and mullite grains; and bridging, due to the presence
of the mullite’s acicular morphology (keeping in mind
that there was a low incidence of this morphology in
the composites).

TheR-curve behaviour is in agreement with the val-
ues ofγwof given in Table II. This property provides the
average energy to produce a unit of fractured surface. It
can be noted that, in both theR-curve and theγwof, the
efficiency of the toughening mechanisms are based on
the concentrations of zirconia and mullite inclusions in
the alumina matrix. This efficiency is higher to compos-
ite 3 and drops down to far lower levels in composites 4
and 5, as a result of the weakening of the matrix caused
by increased porosity and microcracking.

3.3. Evaluation of the thermomechanical
properties

Table III shows the measuredαth and the evaluatedR′′′′
and1Tc.

A monotonic decrease forαth was obtained by in-
creasing the amount of zircon in the reaction. This vari-
ation can be attributed to the increase of phases with
lower linear thermal expansion coefficients in the alu-
mina matrix, and as a consequence of the increased
porosity, which, in turn, resulted from the alumina-
zircon reaction sintering process. The value ofαth drops
by almost 16% in relation to the pure alumina, in com-
posite 5.

Regarding the thermomechanical properties, a higher
1Tc was observed in composite 3, while an improved
R′′′′ was observed in composite 5. The maximization
of 1Tc occurred in composite 3 because, as discussed
before, it was in this composite that the greatest effi-
ciency of the toughening mechanisms was achieved, as
well as the best values ofKIC andσf . Table III also
shows that it is in this composite that theσf/E ratio
was maximized. As for composite 5, the low value ob-
tained forσf , attributed to its high porosity, maximized
theE/(σf )2 ratio, resulting in the maximization ofR′′′′.
Thus, it can be observed that there are two composites
for thermal shock applications: the first is composite 3,
suitable when a high1Tc is required, and the second
is composite 5, which is suitable whenR′′′′ must be
high. Hence, althoughR′′′′ has not been maximized, in
dealing with composite 3 it is very important to verify
that this property is 1.6 times higher than the value ob-
tained for pure alumina, which occurs as a result of the
maximization ofγwof.

TABLE I I I Thermomechanical properties and theαth evaluated for the composites

Composite designation
Thermomechanical
properties 0 1 2 3 4 5

αth (×10−6◦C−1) 8.77 8.39 8.33 7.44 7.44 7.39
σf/E (×10−4) 8.97 9.89 10.02 12.43 11.73 6.53
1Tc (◦ C) 78 89 90 125 118 66
E/(σf )2 (×10−6 Pa−1) 3.43 3.4 3.39 2.54 4.15 12.7
R′′′′ (×10−4 m) 1.5 2.2 2.3 2.5 3.1 6.2

Working with similar composites, Folgueiras [7]
measured the changes in the mechanical properties
based on the intensity of thermal shock, obtaining the
maximum1Tc of 120◦C for the composite with 15% of
zircon in the reaction. In the same study, she also mea-
sured the relative mechanical strength, after a one-cycle
thermal shock, from which the best values obtained
were for composites containing 20 and 25% of zircon
in the reaction. Thus, the relative thermomechanical
properties evaluated and discussed here are in agree-
ment with those measured in her work.

4. Conclusions
It is possible to improve the mechanical behaviour of
alumina through the production of alumina-mullite-
zirconia composites by alumina and zircon reaction
sintering.

Of all the composites produced, the most effective
one appeared to be the one with 15% of zircon. This
sample showed the best mechanical properties and
R-curve behaviour. The improvement in these prop-
erties was attributed to the strengthening caused by
the zirconia inclusions in the alumina matrix. A strong
degradation of the mechanical properties andR-curve
behaviour was observed in the composites with 20 and
25% of zircon, resulting from the high porosity, pore
coalescence and microcracks observed in the matrix of
these composites. The porosity was ascribed to the dis-
sociation reaction of the zircon and, although it was also
observed in composite 3, its extent was sufficiently low
in that composite to preserve its mechanical properties
andR-curve behaviour.

An analysis of the fracture surfaces indicates that
the rising R-curve could be attributed to the crack
branching that, in its turn, occurred due the micro-
cracks produced in the matrix by the zirconia
tetragonal-monoclinic phase transformation.

With regard to the thermomechanical properties eval-
uated, composite 3 also showed the best1Tc and a value
of R′′′′ 1.6 times higher than the value obtained for pure
alumina. The bestR′′′′ was verified in composite 5, al-
though this sample’s mechanical properties were poor
as a consequence of porosity coalescence and the pres-
ence of microcracks in the matrix.

To summarize, the characterization of the physi-
cal, microstructural, mechanical and thermomechani-
cal properties of alumina-mullite-zirconia composites
with different amounts of mullite and zirconia inclu-
sions was carried out. Based on this set of proper-
ties, a detailed review of the composites’ toughening
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mechanisms was also discussed. TheR-curves were
obtained and it was observed that the shape of these
curves is influenced by they(α) function. These is-
sues will be discussed in further detail in a forthcoming
paper [15].
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