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Abstract

In-situ fabrication of ceramic eutectic composites by rapid solidification of eutectic drops is a cheap and quick method compared to
directional solidification or to multi-step fabrication methods of fiber reinforced/layered materials for high temperature use. Binary eutectic
composites with a homogeneous periodic microstructure have been obtained by directional solidification of eutectic melts for many years,
but typical solidification velocities used in directional solidification are limited to the range of cm/hour or, more recently, up to 15 mm/min.
The present study aims to determine the effects of faster solidification rates on the structure of the alumina—zirconia binary composites
obtained at higher growth rates by rapid solidification from eutectic melts in air or vacuum. A binary composite with zirconia stabilized in
the high-temperature tetragonal form is presented. The stabilization of the tetragonal phase has not been observed before in bulk crystalline
pellets of binary AdO;—ZrO, eutectic composites.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction taining bulk ceramic composites with homogeneous struc-
ture increases with solidification velocity. The fabrication of
Ceramic composites with a naturally assembled structure binary eutectics by rapid solidification techniques yielded
can be formed by solidification of eutectic melts and the moderate success in the past, producing partially amor-
phase interspacing reduced by decreasing the time availablgohous or inhomogeneous samples, because it is difficult
for diffusion of species in the transition from the composi- to maintain a homogeneous heat transfer at high cooling
tionally homogeneous liquid to the different solid phaes. rates® Therefore, rapid solidification methods were used
Due to the rapid growth during quenching, the compos- to fabricate eutectic powders, but not layered eutectic crys-
ites have thinner interphase spacifgéThe typical lamella tals. More recently, AOs—ZrO, eutectics with submicron
sizes also corresponds to the size of inhomogeneities andohase spacings have been obtained as fib¢vath diam-
defects not intrinsic of the eutectic pattern, which are in- eters from 0.2 to 2 mm) and plates (with thicknesses up to
evitably formed during processing and critically control the 250um).11
mechanical properties of the composites. Therefore, there This study presents the preparation of alumina—zirconia
is a strong interest in determining the effects of rapid so- eutectic and quasi-eutectic composites with reduced lamella
lidification routes in both the eutectic microstructure and spacing, using rapid solidification. The effect of solidifica-
the mechanical properties. However, the difficulty of ob- tion velocities of several mm/s on the crystallization and the
microstructure of eutectic is presented. Composites with ho-
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2. Experimental L B R AR A
a:  alumina
. . . . t-z: tetragonal zirconia

Starting materials were prepared from high purity
(>99.9%) Zr@ and AbO3 powders by dry and wet mixing
in methanol using an alumina mortar. Pellets of the mixed
powders were melted in air by the radiation of a Xe lamp
and rapidly quenched on a copper plate cooled by water.
The cooling rate using the described method is estimated to
be higher than 1¥K/s and solidification rates higher than
1 mm/s. Arc-melted materials were white spheres with diam-
etersuptolcm.

The solidified pellets were cut with a diamond saw and
the cross-sections were sequentially polished up jionl a
Surfaces of melted samples were prepared by diamond pol- J a
ishing and Pt—Pd coated before observation. The microstruc- A atutresil Bermarearan-il - \ :
ture of the composites and component phases was determined 25 30 35 40
by scanning electron microscopy (SEM), energy dispersive 26 (deg)

X-ray (EDX), X-ray diffraction (XRD) and micro-Raman
techniques.

The crystalline phases present and the cation substitu-
tion in each phase (variable in the ternary system, due the
extended mutual solubility in the different solid solution
phases) were determined by XRD and Raman spectroscopysize effect, as zirconia domains have lower surface energy in

tz

Intensity (a.u.)

Fig. 1. XRD spectra of a composite after rapid solidification of the
Al,03—ZrO; binary eutectic. Identified crystalline phases are corundum (
Al»03), and tetragonal zirconia.

techniques? Powder X-ray diffraction patterns were ob-
tained using Cu Kk radiation in a curved graphite-beam

monochromator. The proportion of tetragonal zirconia was

the tetragonal form. For free nanopatrticles, the typical size
for transformation is~15 nm16
The mutual solubility between the different oxides is very

evaluated from the experimental intensities using the ratio different, alumina shows very little solubility of zirconia,

IT[111/(Im[11 1] +17[111]+Im[111]), wherelt and Iy

while the significant high temperature solubility of alumina

are the intensities of the corresponding tetragonal and mon-in zirconia can be maintained at room temperature because

oclinic peaks.

3. Results and discussion

3.1. X-ray diffraction (XRD)

fast solidification prevents the sample attaining thermody-
namical equilibrium at lower temperatures. Due to the slug-
gish cations movement below1500°C, the alumina sub-
stituted lattice can retain the high-temperature composition.
In unconstrained, microsized zirconia domains, the marten-
sitic transformation from tetragonal to monoclinic is trig-
gered during cooling regardless of the diffusion velocities of

The spectra of the raw powders matched the vibrational cations if the alumina content in the lattice is not sufficient to

features of JCPDS Card Files No. 10-1#3A4l1,03) and
36-420/37-1484 (monoclinic Zrf). The XRD analysis of
rapidly solidified binary composites from non-eutectic melts
with compositions in the alumina-rich region showed also

stabilize the tetragonal form. Therefore, the presence of mon-
oclinic zirconia in non-eutectic composites solidified using
the same method mentioned above indicates that the stabi-
lizing effect of alumina is not sufficient per se to retain the

additional features corresponding to tetragonal zirconia, with tetragonal form.

lower intensity than the monoclinic zirconia. The tetragonal
content in rapidly solidified non eutectic composites was in
the order of~5%.13

The XRD spectra of a composite after rapid solidification
of the AlLbO3—ZrO, binary eutectic is shown iRig. 1 Identi-
fied crystalline phases are corundumAl 203) and tetrago-
nal zirconia. The XRD spectra indicate that the solidification

In non-eutectic composites the homogeneous reduction
of zirconia phase spacing does not take place as it does for
solidified eutectic, so the size reduction and the constraining
effect of the alternating layers in the eutectic architecture are
not effective.

The constraining effect of alumina can hinder the trans-
formation of the tetragonal structure in the zirconia parti-

conditions promote the stabilization of the high-temperature cles, because the needed volume expansion associated to
tetragonal allotrope at room temperature. The causes of stathe tetragonal-monoclinic transformation. The effect has
bilization are the enhanced solid solubility of alumina into been observed by many authors in sintered alumina—zirconia
zirconia at higher temperatures, which can be retained duringcomposites.” It is worth noting that the level of ther-
quenching, therefore causing the stabilization of the tetrago- mal residual stresses that eutectics phase boundaries can
nal phasé# the constraining effect of the alumina phd8e,  stand without opening is significantly higher than in sintered
with lower thermal dilatation coefficient than zirconia; and a composites®
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Previous studies by Claussen etfand Mckittrick et
al.”8 have showed the solidification of amorphous in the bi-
nary system and the precipitation/crystallization of tetrago-
nal grains in the amorphous by thermal treatment. Due to
its lower activation energy and lower surface energy, as the
tetragonal phase is structurally closer to the amorphous state
than monoclinic zirconia, it is possible to obtain even pure
tetragonal zirconia at room temperature, without adding any
stabilizing agent® There is no amorphous in the crystalline
composite obtained upon solidification of the eutectic meltin
this study, therefore the low temperature retention of tetrago-
nal zirconia observed here cannot be due to precipitation from
glass. This is also evident from the eutectic microstructure,
whichis described later. While in the precipitation from amor- . )
phous the dominantzirconia phase formed s tetragonal, inthe  « SO N
case of eutectic composites only the monoclinic allotrope is - ‘ o
generally obtained in the solid composite. The microstructure rig. 3. SEM micrograph showing the ADs—ZrO, binary eutectic mi-
is significantly different, of isolated and small nanoprecipi- crostructure. The alumina layers (black), run in parallel with the zirconia
tates in the former case and of continuous layered structuredayers (white) inside each eutectic colony.
in eutectics solidified from melt, as it was shown by Claussen
et al® in rapidly solidified pellets, with diameter200um,
containing both types of structures. The crystalline zirconia colonies or grains can be distinguished. Typical diameters of
allotrope in eutectic fibers with diameter of up to 2mm ob- the colonies in the cross-section micrographs-a2eum.
tained by Lee et al® at growth rates up to 15 mm/min and in The eutectic pattern inside a colony is showrFig. 3,
laser-melted eutectic plates obtained by Larreatislalso ~ the black phase in the scanning electron microscope (SEM)
the monoclinic form. Zirconia lamella thicknesses reported micrograph corresponds to alumina and the white phase
were, respectively, 110 and 160 nm. Bourbashowed that ~ to zirconia. Rapid solidification results in a layered eutec-
it is possible to reduce further the lamella size locally by tic with alternate alumina and zirconia layers. The pattern
laser remelting of alumina—zirconia eutectics. The XRD can be described as an ordered eutectic in each eutectic
results indicate that the eutectic composites studied here,colony, with typical phase spacings below 100 nm foy@d
with a tetragonal content of 100%, have smaller eutectic and below 50nm~30nm) for ZrQ inside each eutectic

spacing. colony.
The fine lamella structure is due to the rapid solidification
3.2. Eutectic microstructure after rapid solidification method used. Although it is not the scope of this report to

estimate the growth rate during melt quenching, compared
Fig. 2 shows a polished cross-section of the binary com- to directional solidification methods (i.e. Bridgm&hlaser

. 1’21’22 . . 10 . . yege
posite. The composites present a fine structure, where eutectifloating zone (LFA ~+““or fiber pulling;™ with solidifi-
cation velocities ranging from 0.1 to less than 100 cm/h, the

solidification velocities (and growth rate) in our composites
are at least two orders of magnitude higher than in directional
solidification and about one order of magnitude higher thanin
laser floating zone methods, as supported by the microstruc-
tural observations of the typical eutectic spacings. It is worth
to note that micro-fibers or bulk eutectics with a cylindri-
cal geometry obtained by modified-Stepanov techniques and
laser floating zone methods have limited applications and are
expensive to produce.

More economic preparation routes of high temperature ce-
ramic eutectics must be developed, specially if a large surface
of material is required, such as in coatings, or complex shapes
are needed. The present results indicate that rapid solidifica-
tion can result in homogeneous bulk microstructure by using
fast heat transfer conditions during cooling, therefore rapid
solidification of eutectic seems to offer potential to explore

Fig. 2. SEM micrograph showing the structure of the rapidly solidified 1N-Situ shaping during solidification, i.e. by melt casting and
alumina—-zirconia eutectic composite in a polished cross-section. an inexpensive preparation route.




Fig. 4. SEM micrograph showing a boundary between eutectic colonies.

4. Summary

An Al,03—ZrO, binary eutectic composite with zirconia
stabilized in the tetragonal form throughout the bulk of the 13.
composite, due to the effect of rapid solidification, has been
presented. The effects of rapid solidification to promote the 14
stabilization of the tetragonal zirconia form have been dis-
cussed and the eutectic architecture of the rapidly solidified 15

composite has been presentedy( 4).
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