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Abstract

Al2O3–ZrO2 eutectics containing 9 mol% Y2O3 (with respect to zirconia) were produced by directional solidification using the

laser floating zone (LFZ) method. The eutectic microstructures were investigated as a function of the growth variables. Using a
solidification-axis thermal gradient of 600 �C/mm a homogeneous, colony-free, interpenetrating lamellar microstructure was
obtained for growth rates less than 50 mm/h. Higher growth rates produce cellular structures. Colonies grew with the [0001] alu-
mina and the [110] zirconia axis parallel to the growth direction. The uniform lamellar microstructure obtained at low growth rates

is stable during thermal treatment at 1500 �C. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Micro-composite material systems can be fabricated
via the solidification of eutectic melts. These composites
are highly homogeneous, present strongly bonded phases
as well as a high density of interfacial area together with
short interphase distances. The combination of these
properties produces an improvement of the material
properties, particularly excellent mechanical behavior
and thermal stability up to near the melting tempera-
ture.1,2

Al2O3–ZrO2 melt-grown eutectics are surprisingly
tough at room temperature and up to near the eutectic
point.3 As they are very resistant to grain growth and
creep, they are candidates for applications where a
combination of high strength and toughness at high
temperature and chemical inertness are needed. In a
previous work the relationship between the mechanical
properties and the microstructure in these compounds
was studied.4 The microstructure was a very decisive
aspect in determining the mechanical properties of the

sample. In fact, the colony was the critical defect in
these samples. The microstructure resulting from differ-
ent solidification procedures using either the Bridgman,5

floating zone melting,6,7 edge-defined film-fed growth,8

or micro-pulling down methods,9 has been studied pre-
viously. Recently, the production of large plates of
Al2O3–ZrO2 eutectic composites by laser zone melting
has been reported.10 However, because of the difficulty
in controlling and reproducing experimental conditions
the relationship between processing parameters and
microstructure is still uncertain.

When solidified directionally they usually show a
columnar colony microstructure; colonies are formed by
faceted alumina grains grown along the [0001] sapphire
c-axis which contain a very fine and regular dispersion
of ZrO2 rods. The grains are surrounded by a coarse
granular microstructure.11 The colony size decreases as
the growth rate increases,12 and it is replaced by a
lamellar microstructure near the rod edge in rod shaped
samples.3,11 Understanding this transition is very
important in order to improve the material properties.
Unfortunately, the situation is far from being clear. For
example, Courtright et al.7 reported that the micro-
structure changed from fibrous to lamellar as the
growth rate increased. However, Echigoya et al.6 and
Lee et al.9 found that the degenerated lamellar micro-
structure was obtained for slow growing rates.
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In this work, rods of Al2O3–ZrO2(9 mol% Y2O3)
were grown using the laser floating zone (LFZ) method.
The principal goal was to search for growth parameters
to achieve a homogeneous, colony-free microstructure
that is expected to provide better mechanical properties
than the colony structure owing to the smaller size of
the defects.4,13 The orientation relationship between the
component phases and the thermal stability as a func-
tion of the different microstructures were also studied.

2. Experimental procedure

Starting materials were commercially available Al2O3

(99.99%, Aldrich), ZrO2 (99+%, Alfa) and Y2O3

(99.99%, Aldrich) powders. The powders were milled in
a vibratory micro-mill (model MM2000, Retsch, Haan,
Germany) with alumina components, fired in air at
1000 �C for 1 h, hand-milled in an agate mortar and
mixed into the desired compositions. The composition of
the samples was 62 mol% Al2O3–34.5 mol% ZrO2–3.5
mol% Y2O3. It was formulated along the liquidus line
between the eutectic point of the binary Al2O3–ZrO2

system and the peritectic of the ternary Al2O3–ZrO2–
Y2O3 system as given by Lakiza and Lopato.14 Pre-
cursor rods were prepared by isostatically pressing the
powder for 2 min at 200 MPa. The compacts were fired
for 12 h at 1250 and 1500 �C to increase density and
handling strength. The laser floating zone (LFZ)
method15 and a CO2 laser were used to directionally
solidify the eutectic rods at a variable growth rate
between 10 and 1500 mm/h. The effect of the rotation of
either the precursor ceramic rod or the melt-grown
eutectic rod or both was studied for rotation speed
between 0 and 200 rpm (revolutions per minute). The
diameter of the grown rod was varied from 1.8 mm to near
1 mm. The ratio between the diameters of the melt-grown
rod and precursor were kept around 0.7. The length of the
molten zone was of the order of the rod diameter.

Thermal gradients along the growth axis were mea-
sured using a near infrared (0.9–1.2 mm) radiometer
with a spatial resolution of about 0.5 mm. The eutectic
liquid strongly absorbs the visible light which is in con-
trast with the relatively high transparency of the molten
Al2O3.

16 Consequently, the measured temperature
reflects the temperature of the sample surface rather
than that of the bulk. The unknown emissivity was
estimated to be e�0.9 by adjusting the measured tem-
perature in the gas–melt–solid interface to the melting
point of the eutectic (Tm=1860 �C). Since the liquid–
solid interface can not be directly visualized the shape of
this interface was studied in longitudinal sections of
samples quenched from melt by abruptly switching off
the laser power.

Transverse and longitudinal cross-sections of the
grown rods were cut and polished for optical micro-

scopy, scanning electron microscopy (SEM), and X-ray
diffraction analysis. The microstructure was studied
using a SEM (model 6400, Jeol, Tokyo, Japan). The
statistics to obtain the colony size was typically per-
formed over 15 colonies. For the smaller rods and
lamellae it was done over one hundred features. X-ray
diffraction was performed using a D-max Rigaku sys-
tem with a rotating anode. (CuKa radiation, step
size=0.03� 2�, count time=1 or 5 s).

3. Results and discussion

Determination of the component phases was carried
out using both Raman spectroscopy and X-ray diffrac-
tion (XRD) techniques. The eutectic samples are com-
posed of a-alumina and cubic zirconia phases.

3.1. Processing parameters and microstructure

In the LFZ technique the thermal gradients at the
liquid–solid interface are very steep. In this case, melt
solidification is almost a self-quenching process which
allows rapid growth rates and highly concentrated
impurities. However, steep temperature gradients also
result in excessive thermal stress which may produce
cracking and other defects. Crystal growth takes place
along the thermal gradient. Consequently, flat and
stable liquid–solid interfaces favor the formation of
stable growth fronts. Another point of concern is the
heating source, in this case, the CO2 laser radiation.
Since the absorption coefficient of the molten oxides of
the laser radiation is high,10 the laser radiation is
absorbed in a region within about 0.1 mm of the laser
exposed external surface. Heating of the internal regions
of the sample takes place via thermal diffusion. Capil-
lary convection also takes place in the melt and may
seriously perturb the flatness of the liquid-solid inter-
face. Thus, the size of the melt and hence of the crystal
diameter, is limited in this case to a few cubic milli-
meters and less than 2 mm, respectively.

Thermal gradient is the most important growth para-
meter. To achieve a homogeneous microstructure, cou-
pled eutectic growth is necessary. Coupled growth is
possible when constitutional supercooling is avoided,
that is, when the axial thermal gradient complies with
the inequality17

dT=dzð Þ > v�T=D ð1Þ

where v is the growth rate, �T the localized super-
cooling due to concentration gradients and D the che-
mical diffusion constant. High thermal gradients are
then required. However, in the cylindrical geometry
used, axial gradients always induce radial thermal gra-
dients which may produce cracking. A compromise

2596 J.I. Peña et al. / Journal of the European Ceramic Society 22 (2002) 2595–2602



exists between the need for large thermal gradients to
avoid the effects of constitutional supercooling and the
maximum acceptable gradient to avoid cracking.

In the LFZ technique the thermal gradient is con-
trolled by thermal diffusion to the external atmosphere
and along the rod, growth rates, crystal diameter, etc.18

Brice proposed the following expression for the tem-
perature distribution in a growing rod,19

Tðr; zÞ ¼ Tm þ ðTm � T0Þ
ð1 � hr2=2RÞ

1 � hR=2
exp � 2h=Rð Þ

1=2z
� �

ð2Þ

where h is the cooling constant, T0 the ambient tem-
perature, Tm the melting temperature and R the radius
of the rod. The origin of coordinates is taken at the
rotation axis in the liquid–solid interface. The measured
temperature profile closely follows Eq. (2). By fitting
this equation to the experimental temperature profile
leaving T0 and h as fitting parameters we obtained typical
values of 300 �C and 0.5 cm�1, respectively. The axial
and radial thermal gradients can be easily calculated
from Eq. (2). Since hR<<1 for the small rod diameters
grown, at the interface z=0 these gradients are:

dT=dzð Þz¼0� 2h=Rð Þ
1=2 Tm � T0ð Þ ð3Þ

which is essentially independent of the distance to the
rotation axis and

dT=drð Þz¼0� r h=2Rð Þ
1=2 dT=dzð Þ ð4Þ

which is linearly dependent on r. Using the measured
thermal profile we calculate the gradient at the solidifi-
cation interface which is 6�105 �C/m. According to the
Brice model, to grow an uncracked crystal the axial
thermal gradient must be

dT=dzð Þ < 4"=�h1=2R3=2 ð5Þ

where � is the thermal expansion coefficient and " the
breaking strain. The breaking strain in the eutectic is
unknown but it is expected to be larger than those of the
component phases, i.e., 2.0�10�4 for ZrO2(Y2O3) crys-
tal and 2.8�10�4 for sapphire.20 Using Eq. (5), we cal-
culated the maximum axial thermal gradient for
zirconia and sapphire single crystals as a function of the
rod diameter. The results are given in Table 1. It can be
seen that the size of the rods that can be grown with the
thermal gradient we are using is limited to radii less than
0.5 mm for zirconia and 1 mm for sapphire. In the case of
the eutectics, and especially for the low growth rate sam-
ples, we find experimentally that to ensure long rods free
of cracks it is necessary to grow samples with R<0.8 mm.

The characteristic size of the microstructure features
showed a tendency to decrease from center to edge.

Rotation helps to homogenize temperatures and also to
decrease capillary convection. With a 200 rpm precursor
rotation, flat liquid-solid interfaces and hence homo-
geneous microstructures along the rod transverse cross
sections were obtained. It is worth noting that even for
the relatively low value of the thermal diffusivity
(a=9.5�10�7 m2 s�1 21) the Péclet number, defined as
Pe=Rv/a, was smaller than unity even for the highest
used growth rate (1500 mm/h). Consequently, the axial
thermal gradient is not expected to vary significantly
with growth speed.

The most important remaining processing parameter
that can be varied is the growth rate. In Fig. 1 the
microstructures observed in the transverse sections of
eutectic rods grown at different growth rates are shown.
At the lowest growth rate, v=10 mm/h, a homo-
geneous, coupled eutectic microstructure defined by two
three-dimensional interpenetrating networks is
obtained. The homogeneous microstructure that
extends throughout the rod cross section consists of
irregular ZrO2 lamellae (light phase) in a continuous
Al2O3 matrix (dark phase). The thickness of the ZrO2

lamellae ranges from 1 to 2 mm. No amorphous phase
or primary phase grains were detected.

Increasing the growth rate dendrites start to develop
and the solidification suffers a transition from the pla-
nar to the cellular regime. At 300 mm/h faceted cells
consisting of a Al2O3 matrix with a triangular disper-
sion of embedded, orderly zirconia fibers of about 0.3
mm diameter is observed. The colonies are surrounded
by a coarser structure. An alumina-yttria-rich phase
(gray color) is identified in this inter-colony region. A
similar observation has been reported before, where was
assigned to the yttrium aluminum garnet phase.3 In
Table 2 the microstructural properties obtained from
the analysis of the SEM images are summarized. The
size of the colonies is maximum at v�150 mm/h and
decreases for higher growth rates. At the highest
achieved growth rates the colony structure is almost
completely substituted by a nearly homogeneous cell
structure with lamellae on it which resembles the struc-
ture obtained at low growth rates. This is a character-
istic behavior of eutectic growth when one of the phases
has a high entropy of fusion. Likely, the system follows
the laws of competitive growth, which explains the
development of dendrites or cells in the solidified eutec-
tic for intermediate growing rates. According to that

Table 1

Maximum axial thermal gradients (in K/cm units) for different crystal

radii (in cm)

Crystal radius 0.05 0.1 0.2

ZrO2–Y2O3
a 8�103 2.7�103 1.0�103

Sapphirea 2.5�104 8.8�103 3�103

a Parameters taken from Ref. 21.
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model homogeneous eutectic microstructures should
form at both low and high growth velocities.22

The transition from the coupled to the cellular regime
takes place in this system at rates of about 50 mm/h.
Using the thermal diffusion coefficient given by Bour-
ban et al.21 in Eq. (1), a supercooling of about 15 K is

calculated. It was also observed that coupled growth
was possible at higher growth rates for thinner samples.
As stated by Eq. (3) decreasing the rod radius induces
an increase in the axial thermal gradient and the
inequality given by Eq. (1) will be fulfilled for higher
growth rates.

Fig. 1. SEM micrographs of transverse sections of Al2O3–ZrO2(Y2O3) eutectics grown at (a) 10 (b) 100 (c) 300 and (d) 1500 mm/h. Bright phase is

c-ZrO2 and dark phase a-Al2O3. Scale bars=20 mm.

Table 2

Microstructure features size (in mm) as a function of the growth rate (in mm/h). Data were taken from the center of the rod

Growth rate 1500 300 200 150 100 75 50 20 10

Colonies 20 70 95 100 20 20 e e Coupled

ZrO2
a 2 3 2.5 5 3.5 4 3 1.5 c

ZrO2
b 0.08c 0.3d 0.3d 0.3d,c c c c c

a Intercolony.
b Intracolony.
c Lamella.
d Fibers.
e Transition from cellular to coupled.
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3.2. Crystallography

The crystal growth directions and relative phase orien-
tations were determined using the preferential orientation
effects observed in XRD patterns on selected rod planes
using both theta and alpha-scans. XRD patterns obtained
from the transverse sections of eutectic samples grown at
the different rates between 10 to 300 mm/h are shown in
the Fig. 2. The XRD patterns are formed basically by
the {111} and {220} zirconia reflections at 30.1 and
50.2�, respectively, and {0006} at 41.7� and {00012} at
90.8� for alumina. At first glance these results are com-
patible with a preferential orientation of the alumina
phase with the c-axis parallel to the growth direction
and two zirconia variants, the majority growing along
the [110] axis and some, less frequently, along the [111]
axis. To discuss these details we will focus on the two
extreme cases of samples grown at 300 and 10 mm/h.

Eutectics grown at high growth rates present a
microstructure of regularly distributed trigonal elon-
gated cells similar to that recently reported by Lee et al.9

In Fig. 3 the XRD patterns obtained on the transverse
and longitudinal cross sections of an eutectic sample
grown at 300 mm/h are given, with the microstructures
shown in Fig. 1c. The longitudinal section has been
done, as sketched in Fig. 4. The colonies consist of
Al2O3 single crystals, 70 mm diameter and 1 mm length,
with ZrO2 fibers of about 0.3 mm diameter. Optical
microscopy shows that one of the three ZrO2 rod sets are
parallel to the longitudinal section plane and at an angle
of approximately 60� from the colony axis (i.e. the
growth axis), whereas the other two sets follow the trigonal
symmetry shown in the transverse cross-section.

The preferential orientation observed in the XRD
diagrams allow the determination of the orientation of

the phases in both cross-sections. These orientations are
depicted in Fig. 4. It is worth noting that in the long-
itudinal (12�10) plane the alumina R-axis can be found at
57.6� from the c-axis. Since the zirconia fibers grow
parallel to this R direction, a growth model for the
eutectics with the colony structure can be tentatively
proposed. In this model, the alumina which has the lar-
gest entropy of fusion is the phase which plays the
leading role during solidification. In the uncoupled
growth regime, the alumina crystals grow along the c-
axis but with R-plane facets. In fact, rhomboid facets
have been found when Al2O3 single crystals grew along
the [0001] direction.23 In the eutectic, the ZrO2 fibers
will grow perpendicular to these planes and parallel to
the alumina R direction. This growth process would
cause the conspicuous triangular shape observed in the
transverse sections. The crystallographic orientation
reported in Fig. 4 is the dominant one. Some of the
Al2O3 grains have a different orientation, which is the
one that results from rotating the above given Al2O3

Fig. 2. XRD patterns measured in transverse sections of Al2O3–

ZrO2(Y2O3) samples grown at different growth rates. XRD diagrams

of a-Al2O3 and c-ZrO2 are also given for comparison.

Fig. 3. XRD patterns measured in transverse and longitudinal

sections of an Al2O3–ZrO2(Y2O3) sample grown at 300 mm/h.

Fig. 4. Microstructure and phase crystallographic orientations of an

Al2O3–ZrO2(Y2O3) eutectic sample grown at 300 mm/h. The long-

itudinal cross-section is the (12�10) Al2O3 crystallographic plane.
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Fig. 5. SEM micrographs of transverse sections of Al2O3–ZrO2(Y2O3) eutectics grown at: left side, 10 mm/h and right side, 300 mm/h after heating

in air at 1500 �C during: (a) 0, (b) 100 and (c) 340 h.
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crystal 60� around the [0001] axis. In our model this
reflects the presence some of the trigonal cells in anti-
parallel orientation (see Fig. 6).

From the width of the diffraction peaks in the alpha-
scan patterns a misorientation of about 5� in the crystal-
lographic directions attributed to some mosaic structure
along the whole sample can be estimated. The orientation
relationships between the different phases are:

(1012)A//(011)Z

[2201]A//[111]Z
[0100]A//[111]Z

In the case of the eutectic samples with the inter-
penetrating microstructure grown at the lowest rate, the
phase orientations clearly correspond to an inter-
penetrating bicrystal. In general the same growth habits
described above are found. However, this general beha-
vior breaks down in some cases where, although the
bicrystal characteristic is preserved, the phases do not
grow along a simple crystallographic direction. This
result may be explained in light of the coupled growth
dynamic. In this growth regime, the leading role of the
phase with the highest entropy of fusion (the alumina
phase) can be displaced to the benefit of the cooperative
growth. This absence of faceted growth may introduce
the observed variability in growth habit.

3.3. Thermal treatment

Samples from melt-grown rods containing either an
interpenetrating or a colony microstructure were chosen

for thermal stability studies. The thermal cycle was at
1500 �C in air for 24, 100 and 340 h (Fig. 5). The treated
samples were polished to remove a few microns near the
surface and studied by SEM. The microstructure was
analyzed using Digital Micrograph software. The evo-
lution of the microstructure is illustrated in Fig. 5. An
evolution is observed inside the colonies, where the
ordered fine fibrous structure of the zirconia phase is
substituted by a coarser globular microstructure. The
interpenetrating microstructure remains essentially
unaltered by the thermal annealing.

4. Conclusions

Al2O3–ZrO2(9 mol% Y2O3) melt-growth composites
were produced by the laser float zone method. The
microstructure was studied as a function of the proces-
sing parameters and thermal gradient; growth rate and
rod radius values for optimal crack free, homogeneous,
interpenetrating microstructures were obtained. Ther-
mal annealing experiments indicate that the inter-
penetrating coupled microstructure is stable during
thermal treatments at high temperature. Crystal-
lography studies determined the crystallographic
growth habits with the sapphire phase usually growing
along the c-axis and cubic zirconia along its [110] axis.
Orientation relationships between the component pha-
ses were also obtained.
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