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Abstract

The relationship between microstructure and mechanical properties was studied in Al,O;—ZrO, eutectic rods. The material,
produced by directional solidification using the laser-heated float zone method, was formed mainly of colonies consisting of a fine
interpenetrating or ordered network of ZrO, and a-Al,O5 surrounded by a thick boundary region that contained pores and other
defects. The flexure strength of the eutectic rods was excellent (> 1.1 GPa) owing to the small critical defect size and the high
toughness (7.8 MPa \/E). No microstructural changes were observed after about 1 h of exposure at 1700 K, and the eutectic
oxide maintained a very high strength up to this temperature. The nature of the critical defects that led to fracture, the toughening
micromechanisms, and the differences between the longitudinal and transverse strength are discussed in the light of the

microstructural features of the material. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well established that phase distribution, size, and
shape as well as interface characteristics play a crucial
role in determining the behavior of multiphase materi-
als, and significant improvements in the properties are
often associated with the development of novel mi-
crostructures. In this regard, eutectic crystals grown
from the melt constitute a family of in-situ composites
with a very fine microstructure and excellent bonding
between the phases. If they are produced by directional
solidification, the small phase size together with the
absence of grain boundaries in the transverse direction
hinders the presence of defects and significantly in-
creases the mechanical properties of brittle ceramic
eutectics [1,2]. In addition, the phases in the eutectic are
themodynamically compatible up to temperatures ap-
proaching the eutectic temperature, which opens great
possibilities for high-temperature applications, particu-
larly in the case of eutectic ceramic oxides, where each
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phase is also chemically stable in oxidizing environ-
ments even at very high temperatures.

Among the different eutectic ceramic oxides, the
Al,O;-Zr0O,(Y,0;) system is one of the most interest-
ing materials from the point of view of its mechanical
properties as well as its strength retention at high
temperature. The flexure strength at ambient tempera-
ture of the first Al,O;—Zr0O,(Y,0;) eutectics manufac-
tured in the 1970s and 1980s was modest ( < 600 MPa)
[3,4], but this strength was retained up to 1850 K, at
which flexure strength values of up to 524 MPa were
measured [3]. Significant improvements in the process-
ing techniques in the last decade have demonstrated
that ambient temperature strengths in the range 1.0-1.5
GPa can be obtained by carefully controlling the mi-
crostructure [5—8]. However, the mechanical properties
at high temperature of these novel microstructures were
only analyzed by Sayir et al. [9]. They found that the
strength of the eutectic fibers decreased from 1.2 GPa
at room temperature to approximately 800 MPa at
1673 K, but the mechanisms responsible for this behav-
ior were not studied in detail. It is evident that further
improvements in the mechanical properties in these
eutectic ceramic oxides at ambient and elevated temper-
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ature require a deeper knowledge of the deformation
and failure micromechanisms as a function of the tem-
perature and microstructure. This was the main aim of
this investigation.

2. Processing and experimental techniques

The Al,O;—ZrO,(Y,0;) eutectics were prepared from
a powder mixture of 34.5 mol% of ZrO, (Alfa 99%
purity), 3.5 mol% of Y,0; (Aldrich 99.99%) and 62
mol% of Al,O5 (Aldrich 99.99%), which was pressure-
less sintered at 1500°C to obtain precursor rods. The
commercial Al,O; powders presented traces of Cr.
These traces were enough to carry out the piezoespec-
troscopic studies described below without further dop-
ing. Directionally solidified eutectic rods of 50—100 mm
in length were grown at 30 mm/h from the precursor
rods by the laser-heated float zone method, as described
elsewhere [10,11]. The rod diameter was 1.3-2.2 mm,
depending on the diameter of the precursor rod.
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Fig. 1. Experimental set-up. (a) Diametral compression test. (b)
Fracture test.

Longitudinal and transversal sections were cut from
the rods using a diamond saw, and initially polished
using diamond of 30 um grain size as abrasive, and
afterwards with a diamond slurry (up to 1 pum). The
polished surfaces were first cleaned in deionized water,
and subsequently by ultrasound in butanone and etha-
nol. The surfaces were coated with a thin layer of
Au-Pd, and the microstructure was observed in a
Jeol-jsm-6300 scanning electron microscope equipped
with energy-dispersive X-ray microanalysis. Secondary
and back-scattered electron detectors were used to as-
certain the particular characteristics of the microstruc-
ture along the rod and across the diameter.

The dynamic elastic modulus of the rods in the
longitudinal direction was determined by the flexural
vibration resonance method on fibers of 30 mm in
length (Grindosonic MK4i, J.W. Lemmens, Belgium).
In addition, the Vickers hardness was measured with a
microhardness tester (Akashi MVK-E II) on polished
longitudinal and transverse sections of the rods at a
load of 98 N.

The flexure strength of the rods in the longitudinal
direction from 300 to 1700 K was measured through
flexure tests carried out in a ceramic three-point bend
testing fixture with 6 mm loading span. The specimen
and the loading fixture were placed in a furnace and
loaded through two alumina rods connected to the
actuator and load cell, respectively, of a servo-mechani-
cal testing machine. The heating rate was 18 K min !
up to 1073 K, 8 K min~! up to 1473 K, and 5 K
min~' above this point. The specimen was held at the
test temperature for 30 min before testing. All the tests
were performed in air under stroke control at a cross-
head speed of 10 um min ~!. The flexure strength was
computed from the maximum load in the test according
to the Strength of Materials theory for an elastic beam
of circular section.

The transverse strength of the eutectic rods at 300 K
was measured through the diametral compression test
(also known as the Brazilian test), a standard procedure
to measure the tensile strength of concrete [12] and
other ceramic materials [13]. Circular disks of 1.2 mm
in thickness were cut from the rods and subjected to
diametral compression between two rigid ceramic plates
(Fig. 1a). The tests were performed under stroke con-
trol at a cross-head speed of 12 pm min ~!. Assuming
that the material is linearly elastic and that the contact
area between the disk and the plates is very small (as
compared to the disk diameter, D), the stress perpen-
dicular to the compressed diameter, o, is tensile and
constant across the diameter. It is given by

2F
0' =
" zDB

()

where F is the compressive load and B the disc thick-
ness. Although the compressive stresses in the load
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Fig. 2. Secondary electron micrographs showing the microstructure of the eutectic rods. (a) Longitudinal section of the rods. (b) Detail of the
colony center showing the ordered ZrO, rods embedded in the Al,O; matrix. (c) Detail of the colony center showing an interpenetrating network
of both phases. (d) Longitudinal crack at the colony boundary. ZrO, appears white, and Al,O; dark gray in the micrographs.

direction are much higher than the transverse tensile
stresses, the disk fails by splitting across the compressed
diameter in ceramic materials, where the compressive
strength is significantly higher than the tensile strength.

The fracture toughness of the rods at 300 K was
measured using two techniques. The first technique
(Fig. 1b) was used in rods of 40 mm in length where a
straight notch of depth a =0.34D was cut with a very
thin diamond wire. The notch root radius was approxi-
mately 180 pm. The rod ends were introduced into
cylindrical cavities machined in aluminum heads. The
cavity diameter was 0.1 mm greater than that of the
rods, which were glued to the aluminum using epoxy
resin. The aluminum heads were connected to the actu-
ator and to the load cell of the testing machine by
nylon cords, providing a very flexible loading system,
which ensured that the bending and torsional stresses
on the rods were negligible. The notched rods were
tested in tension until fracture under stroke control at a
cross-head speed of 2 mm min~'. The fracture tough-
ness was computed from the failure load and the rod
section using the appropriate expression for the stress

intensity factor [14]. The fracture toughness was deter-
mined also by the indentation fracture method, which
relies on the cracks nucleated at the corners of the
impressions made by the Vickers indentor during the
hardness tests. The crack length was measured in the
optical microscope, and the fracture toughness, K., was
computed using the equation proposed by Niihara [15]
for radial (Palmqvist) cracks from the indentation load
(98 N), hardness and elastic modulus.

Finally, the broken samples were examined in the
scanning electron microscope to determine the mi-
crostructural changes during high-temperature exposure
and the associated failure mechanisms.

3. Eutectic microstructure

The analysis of the longitudinal sections showed that
the microstructure of the rods was formed by colonies
(Fig. 2a) consisting of a fine network of two phases,
identified by Raman spectroscopy as tetragonal ZrO,
(white) and o-Al,O; (dark gray) [11]. Under normal
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conditions, cubic ZrO, is the stable phase for the
nominal ytria/zirconia ratio in these samples. However,
the Raman spectrum showed that most of the zirconia
must be in the tetragonal form in our material. Al-
though the Raman spectrum corresponding to tetrago-
nal ZrO, can be better resolved than that of the cubic
phase, our data suggest that the amount of cubic ZrO,,
if any, is fairly in the minority with respect to the
tetragonal phase [11].

The colony diameter in the transverse direction was
31 +£ 10 pm, as measured by quantitative microscopy.
The center of the colonies was formed by an ordered
distribution of tetragonal ZrO, rods of approximately
0.3 um in diameter (Fig. 2b), but a disordered interpen-
etrating network of both phases was sometimes preva-
lent (Fig. 2¢). The colonies were elongated in the
growth direction in the rod center, and their aspect
ratio was around 3 (Fig. 2b and c). The colony aspect
ratio and the inclination from the rod axis increased
with the distance to the center due to the morphology
of the solidification front, which forms a meniscus
concave towards the solid phase. The colonies were
surrounded by a thick boundary region (13 +4 um),
which contained coarse ZrO, particles (<10 pm).
Pores and cracks oriented in the longitudinal direction
were detected in this zone (Fig. 2d).

The longitudinal cracks at the colony boundaries
were associated with decohesions at the ZrO,/Al,O,
interfaces (Fig. 2d). Although the bonding between
both phases was excellent, interface decohesion may be
induced by the high thermal residual stresses developed
upon cooling from the processing temperature as a
result of the mismatch in thermal expansion coefficients
between the phases. The magnitude of the average
residual stresses in the alumina was obtained from the
shift in position of the R, (14402 cm ~!) and R, (14432
cm ) intensity peaks in the luminiscence spectra of
Cr*?3 in ALO; in the rods, as compared with that of
unstressed ruby [11]. The shifts can be related to the
average residual stresses in the longitudinal (growth
axis, 0,) and transverse (o) directions using the
piezospectrospic tensors of the R-line emission deter-
mined by He and Clarke for ruby in compression [16].
These are shown in Table 1, together with the hydro-
static stress component, o;,. The Al,O5 was subjected to
compressive stresses within the eutectic composite,
while the ZrO, was in tension. The magnitude of these
stresses in ZrO, can be easily estimated through the

Table 1
Average values of the thermal residual stresses in Al,O; and ZrO,

o, (GPa) o1 (GPa) o, (GPa)
ALO, —0.25 —0.42 —0.36
710, 0.84 0.95 0.91

self-consistent method [11], and the corresponding val-
ues are also shown in Table 1. The large difference
between the stresses in each phase has to be accommo-
dated at the interface, and it is not surprising that
cracks propagated from pores or small flaws upon
cooling from the processing temperature. Of course, the
longer cracks were likely to develop and grow at the
colony boundaries, where the ZrO, grains were larger.

Approximate quantitative microscopy analysis indi-
cated that the volume fractions of Al,O; and ZrO,
were, respectively, 70 and 30% in both types of mi-
crostructure. The crystallographic analysis of the re-
gions with a colony microstructure was presented in a
previous investigation [11] and agreed with the results
reported by other authors in eutectics of similar compo-
sition also processed by directional solidification
[17,18]. The alumina phase grew first from the melt as
a continuous single crystal with the <0001) parallel to
the growth direction. Examination of the microstruc-
ture using back-scattered electrons showed the presence
of only two phases, Al,O; and ZrO, (Fig. 3a). The
scanning electron microscope images formed with the
Ko lines of Al (Fig. 3b), Zr (Fig. 3c) and Y (Fig. 3d)
showed that the Y,05 was completely dissolved into the
Zr0,, and no segregation of ytria into the alumina or
formation of ytrium-aluminum garnet was detected. No
changes were observed in the microstructure after hold-
ing the samples for 1 h at 1700 K, and it was concluded
that the microstructure of the rods was not affected by
the heat treatment.

4. Mechanical behavior at ambient temperature
4.1. Elastic modulus

The average values of the flexural elastic modulus, E,
the flexure strength, o, the tranverse tensile strength,
g, and the fracture toughness, K-, are shown in Table
2, together with the corresponding standard errors. The
first interesting result in this table is the high value of
the longitudinal elastic modulus, which is very close to
the upper limit of 385 GPa predicted by the rule of
mixtures from the volume fraction of each phase and
their respective elastic moduli: 456 GPa in the <0001)
direction for Al,O; [19] and 220 GPa for tetragonal
ZrO, [20]. This indicates that the cracks at the colony
boundaries (Fig. 2d) were mainly oriented in the
growth direction and barely affected the elastic proper-
ties in the longitudinal direction.

4.2. Longitudinal strength
The flexure strength of the Al,O;—ZrO,(Y,05) rods

was excellent. It was approximately 30-40% higher
than that reported by Homeny and Nick [5] on eutec-
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Fig. 3. Scanning electron microscope images obtained with: (a) back-scatttered electrons, (b) Ka lines of Al, (c) Ka lines of Zr, (d) Ko lines of

Y.

tics processed by hot pressing and slightly lower than
the results obtained by Bates [7] on fibers of 100—200
pm in diameter grown by the edge defined-film fed-
growth method. The composition of this latter eutectic
was practically equivalent to that of the rods studied
here, and in addition, the microstructure of the material
showed predominantly the colony structure shown in
Fig. 2.

The study of the fracture surfaces in the scanning
electron microscope showed that fracture was initiated
in small defects located in the colony boundaries (Fig.
4), and the excellent strength of this eutectic composite
arises as a combination of a fine microstructure and a
high toughness. In a first approximation, it is sensible
to assume that the surface defects leading to fracture
behave as semicircular cracks, and their critical radius,
a,, can be computed as [21]

1I[ k. P
a°_%[o.650j =36 um. @

This value is of the same order as the diameter of the
colonies in Fig. 2a—c, whose size might be considered
as the critical microstructural parameter controlling the
flexure strength. In this regard, the combination of the
experimental results of Bates [7] with those presented
here seems to indicate that the flexure strength of the
fibers increased as the colony size decreased (Fig. 5). It
should be noted, however, that other authors found no
increase in strength by reducing the colony size beyond
a certain value [1]. They argued that the width of the

colony boundaries, as well as the porosity in these
regions, increases as the colony diameter decreases.
Thus, the width of the colony boundaries becomes the
critical factor for small colony sizes, and no improve-
ments in strength were observed when the average
colony size was reduced beyond a certain value. The

Table 2

Mechanical properties of Al,O;-ZrO,(Y,0;) eutectics

E (GPa) o (MPa) o, (MPa) K, (MPa /m)
34347 1130 + 50 80 + 39 7.8+0.3

Fig. 4. Fracture initiating flaw at the surface of an AlL,O;-
ZrO5(Y,0;) rod tested in bending.
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Fig. 5. Influence of colony size on the flexure strength of Al,O;—
ZrO,(Y,0;) eutectics.

Fig. 6. Fracture surface of the samples broken in the diametral
compression tests.

Table 3
Hardness and fracture toughness of Al,0,—ZrO,(Y,05) eutectics

Orientation Longitudinal Transverse
H (GPa) 14.6 +0.1 153+0.2
K, (MPa (/m) 52+0.1 4840.1

maximum flexure strength of Al,O;—ZrO,(Y,0;) eutec-
tics with a colony microstructure seems to be limited to
~ 1.5 GPa (see Fig. 5), and higher strengths can only
by achieved with different microstructures. These com-
ments are in agreement with the results obtained by
Farmer et al. [6], who measured flexure strengths of
~ 2 GPa in fibers of the same composition and 100 pm
in diameter processed by the edge-defined film-fed
method. The fiber center was occupied by colonies of

12—15 pm in diameter, but the outer rim (which con-
trolled the strength) was formed by a regular lamellar
structure of up to 6 um in depth made up of fine (0.1
um) lamellae of both phases stacked alternately.

4.3. Transverse strength

The transverse strength of the rods at ambient tem-
perature was characterized through six diametral com-
pression tests. The results presented a large scatter, as
shown in Table 2, where the average strength and the
corresponding standard error are shown. The fracture
surface of the samples tested in diametral compression
presented an abrupt morphology, created by the inter-
section of various cracks propagated from the colony
boundary defects (Fig. 6). The fracture stress depended
on the size and orientation of these critical defects, and
this caused the large scatter in the results among the
different samples.

The large difference between the longitudinal and the
transverse strength for the colony microstructure is
worth noting. As shown below, this anisotropy cannot
be attributed to the differences in crack propagation
resistance between longitudinal and transverse direc-
tions but was mainly induced by the presence of elon-
gated cracks in the boundary colonies oriented in the
growth direction.

4.4. Fracture toughness

As well as being due to a fine microstructure, the
high strength of the Al,0;—ZrO,(Y,0;) eutectic was
also due to the high fracture toughness of the material.
This was previously reported by other authors, who
measured the toughness of this eutectic by the indenta-
tion fracture method [5,22], but no justification of the
high toughness of these eutectic composites has yet
been provided. The interaction between the microstruc-
tural features and the cracks nucleated from the corners
of Vickers indentations was analyzed in the scanning
electron microscope, and these tests provide new values
for the composite toughness as well as for the hardness
in the longitudinal and transverse directions. The aver-
age values, obtained from approximately 10 indenta-
tions for each orientation, are presented in Table 3,
together with the corresponding standard deviations.

The hardness values were very high and similar to
those measured by Echigoya et al. [22]. In addition,
well-defined cracks emerged from indentation corners
(Fig. 7a), and it was possible to estimate the fracture
toughness in the longitudinal and transverse directions
(Table 3). In agreement with Ref. [22], these results
indicated that the fracture resistance was only mar-
ginally higher in the transverse direction, and the
toughness of this directionally solidified eutectic could
be considered isotropic. Thus, the difference between



J.Y. Pastor et al. / Materials Science and Engineering A308 (2001) 241249 247

the longitudinal and transverse strength was due to
the orientation of the defects in the microstructure
and not to any variation of the crack propagation
resistance with orientation. Evidently, the orientation
of the defects was induced by the directional solidifi-

Fig. 7. Fracture micromechanisms in Al,0;-ZrO,(Y,0;) eutectics.
(a) Cracks emerging from the corner of a Vickers indentation in the
colony regions. (b) Multiple cracks nucleated near the tip of Vickers
indentation. (c) Back-scattered electron image of an elastic ligament
between the crack surfaces in the crack wake.

cation process, which generated colonies elongated
along the growth axis.

It should be noted at this point that the toughness
values obtained with this technique are a crude ap-
proximation to its ‘true’ magnitude, because they de-
pend on a number of factors (mainly the actual shape
of the cracks and the residual stresses), which cannot
be controlled accurately during the test. Nevertheless,
they showed that the toughness of the eutectic oxide
was significantly higher than that of each phase sepa-
rately, in agreement with the fracture tests presented
in Section 4.2, and indicated the presence of addi-
tional energy dissipation mechanisms responsible for
this behavior. In addition, the results in Table 3 can
be compared directly with those obtained through the
same technique in Al,O;-Y;AlO,, (2.0-2.4 MPa
Jm) 23] or ALO;-Gd,0; (5-6 MPa /m) [24],
which indicate that Al,O;—ZrO,(Y,0;) eutectics stand
among the toughest directionally solidified eutectic
oxides.

The analysis of the crack path in the scanning elec-
tron microscope showed a mixture of transgranular
and intergranular fracture, where the former was
dominant. It was also observed that several cracks
often emerged from the corner of the Vickers indenta-
tion (Fig. 7a and b) and propagated in parallel for a
certain distance until one of them became dominant
and the others were arrested. In general, crack arrest
followed by the development of another parallel crack
a few microns above or below the first crack tip was
observed throughout the crack path. This led to the
development of elastic bridges behind the main crack
tip during crack propagation, as shown in Fig. 7c. It
is well known (see, for instance, Ref. [25]) that both
crack overlapping and bridging in the crack wake are
effective toughening mechanisms in brittle solids and
were responsible for the high toughness of the eutec-
tic composite.

The high fracture resistance of the eutectic oxide
cannot be attributed to the stress-induced tetragonal
to monoclinic transformation in the ZrO, because the
amount of Y,O; in solid solution (~ 10 mol%) stabi-
lizes completely the tetragonal phase. More likely, the
crack pattern detected in Fig. 7 is indicative of the
coexistence of phases and interfaces with different
crack-growth resistance, which, together with the ther-
mal residual stresses, lead to crack deflection, branch-
ing and, ultimately, the development of elastic
ligaments in the crack wake. However, the analysis of
the fracture surfaces could not reveal the role of each
phase of the Al,O;—ZrO, interface and of the residual
stresses during crack propagation. The crack was ar-
rested sometimes in either phase and propagated pref-
erentially through the interface in other situations,
but no clear pattern could be established.
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Fig. 8. Influence of the temperature on the longitudinal flexure
strength of Al,0;—ZrO,(Y,0;) eutectics.

5. Flexure strength at high temperature

The effect of the temperature on the longitudinal
strength of the Al,0,—Zr0,(Y,0;) eutectics was ascer-
tained through three-point bending tests at 300, 1300,
1500, and 1700 K. At least three tests were carried out
at each temperature, and the results are plotted in Fig.
8. Regardless of the experimental scatter, they are in
agreement with the behavior reported by Sayir et al. [9],
who also measured flexure strengths of the order of 800
MPa at 1673 K. It is worth noting that this strength is
rather higher than that measured either in monolithic
ceramics (Si;N,, SiC) or in whisker- and fiber-rein-
forced ceramic composites at the same temperature [26].
The strength drops rapidly in monolithic and whisker-
reinforced materials above 1300 K due to the softening
of the glassy phases at the grain boundaries, while fiber
and interface degradation severely reduce the properties
of fiber-reinforced ceramics above 1500 K [27,28].

The loading-curve tests did not show any evidence of
non-linear deformation before fracture even at a high
temperature, and failure occurred catastrophically when
a crack began to propagate from a surface defect.
Examination of the fracture surfaces in the scanning
electron microscope showed that the critical crack was
nucleated at surface defects associated with decohesions
at the colony boundaries. They could not be distin-
guished from those observed at ambient temperature
(Fig. 4) and for the sake of brevity are not plotted here.
In addition, no evidence of plastic deformation was
found in the analysis of the fracture surfaces. These
observations indicate that exposure to temperatures as
high as 1700 K for short periods of time (less than 1 h
in all cases) did not lead to the nucleation of new

defects in the microstructure and was not the cause of
the strength reduction. Farmer et al. [6] reached the
same conclusion in Al,O;-ZrO,(Y,0;) eutectic pro-
cessed by the laser-heated float zone method. The aver-
age bending strength of the fibers did not change after
annealing for 4 h at 1673 K. It should be noted,
however, that annealing for 196 h at 1673 K did reduce
the flexure strength from ~1 to ~0.7 GPa. Fracture
in the annealed samples in this latter case originated in
regions of exaggerated coarsening of the eutectic
structure.

Mah et al. [29] found that the flexure strength in
Al,0;-Y;AlL;0,, eutectic rods (~ 10 mm in diameter)
produced by the modified Bridgman method dropped
from 373 MPa at 300 K to 272 MPa at 1648 K. As in
our ALO;-Zr0O,(Y,0;) eutectic rods, no changes in the
microstructure were observed. The evolution of the
flexure strength with temperature was mainly due to the
reduction in the fracture toughness, which could be
measured at both temperatures owing to the larger
diameter of the samples. The small diameter of our
eutectic rods impeded fracture testing at high tempera-
ture, but the evidence from the fractographic analysis
indicates that the reduction in the flexure with tempera-
ture could be attributed to a proportional decrease in
the fracture toughness. Even though, the toughness of
the eutectic rods at 1700 K — estimated through Eq.
(2) — should be around 5.7 MPa ﬁ, significantly
higher than that of either alumina or zirconia at this
temperature. This behavior can be rationalized in terms
of the same mechanisms as those proposed at ambient
temperature: the differences in the crack growth resis-
tance of both phases and of the interface lead to crack
deflection and branching and, ultimately, to the devel-
opment of elastic bridges in the crack wake. The pro-
gressive reduction in the eutectic toughness as a
function of temperature was due to the release of the
thermal residual stresses that enhance these toughening
micromechanisms.

6. Concluding remarks

AlLLO;-ZrO,(Y,05) rods were produced by direc-
tional solidification using the laser-heated float zone
method. The microstructure of the eutectic oxides was
mainly formed by colonies consisting of a fine network
of ZrO, and «-Al,O;. The colonies (transverse diameter
~ 31 + 10 pm) were elongated in the growth direction
and were surrounded by a thick boundary region
(thickness =~ 13 +4 pm) which contained pores and
cracks oriented in the longitudinal direction.

The mechanical properties of the rods in the longitu-
dinal direction were excellent, with a flexure modulus of
343 GPa and an average flexure strength over 1.1 GPa.
The excellent strength was a result of the combination
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of the high toughness of the eutectic rod (7.8 MPa ﬂ)
with a small critical defect size. This was demonstrated
by the fractographic analysis, which showed that frac-
ture was initiated in surface defects associated with
pores and longitudinal cracks at the colony boundaries.
The area of these defects was much larger perpendicu-
larly to the transverse direction, and thus the transverse
tensile strength decreased in more than one order of
magnitude.

The analysis of the crack profile often showed two or
more microcracks propagating in parallel for a certain
distance until one of them became dominant and the
others were arrested. This led to the development of
elastic bridges behind the crack tip, and both crack
overlapping and bridging in the crack wake were re-
sponsible for the high toughness of the eutectic com-
posite. It is believed that the coexistence of phases and
interfaces with different crack growth resistance, to-
gether with the thermal residual stresses, was responsi-
ble for the deflection and branching of the crack during
propagation.

Finally, the excellent mechanical properties in the
longitudinal direction were maintained up to 1700 K,
where average flexure strengths in excess of 800 MPa
were measured. This behavior is significantly better
than that of either monolithic ceramics (Si;N,, SiC) or
whisker- and fiber-reinforced ceramic composites at the
same temperature. It was shown that the eutectic mi-
crostructure was stable after 1 h at 1700 K, and the
origin of the strength reduction was very likely associ-
ated with the drop in the eutectic oxide toughness
caused by the release of the thermal residual stresses.
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