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Abstract

In situ fabrication of new ceramic eutectic composites by rapid solidification of eutectic drops is a cheap and quick method compared to
fabrication of directional solidification or multi-step fabrication methods of fiber reinforced/layered composites for high temperature use. This
study reports the fabrication of ceramic composites during rapid solification of eutectics melts in the ternary oxide alumina—yttria—zirconia
system. Layered ternary eutectics are obtained in the alumina—YAG-zirconia subsystem. The microstructy@e-;Als0,,—2rO,
composites rapidly solidified from melts is presented.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction ing, the multi-oxide composites obtained by melt quench-
ing have thinner interphase spacifgihus yielding lamella

The periodic structure of the multi-oxide eutectic ceramics sizes well into the sub-micron range. The typical lamella
forms naturally during solidification from the eutectic melt.  sizes also corresponds to the size of inhomogeneities and
The phase spacing (or eutectic lamella) and eutectic patterndefects not intrinsic of the eutectic pattern, which are in-
formed are kinetically controlled during the solidification. evitally formed during processing and critically control the
The interphase spacing for each eutectic system is dependemnnechanical properties of the composites, such as the fracture
mainly on the solidification rate, while the eutectic arquitec- toughness. Therefore, there is a strong interestin determining
ture of the composites depends on the volume fraction of eachthe effects of rapid solidification routes in both the eutectic
phase, the formation of faceted or non-faceted interphasesmicrostructure and the mechanical properties.
the movement of the liquid—solid front, the nucleation of mul- This study aims to present the novel eutectic arquitecture
tiple eutectic colonies, etc. in rapidly solidified AbOs—Y3Al5012(YAG)-ZrO, ternary

The studied composition corresponds to the ternary eutectic composites obtained during rapid solidification of
eutectic inside the AlD3—Y3Al5012-ZrO, region of the ternary eutectic melts in the alumina—yttria—zirconia system.
Al,03-Y,03-Zr0, ternary oxide diagrarh® Composites  The fracture toughness of the as-solidified composites was
showing homogeneous structure and phase distribution coulddetermined by indentation methods.
be obtained in spite of the high thermal residual stresses gen-
erated upon cooling. Due to the rapid growth during quench-

2. Experimental
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mixed powders were placed on a copper plate cooled by water o | yttrium aluminium gamet (YAG) |
and melted in air by the radiation of a Xe lamp. The spherical a:  alumina g

arc-melted specimen was quenched by rapidly moving the c-z: cubic zirconia
copper plate from the focal point. The cooling rate using the cz
described method is estimated to be higher thatKi® 16

and solidification rates higher than 1 mm/s. Arc-melted ma-
terials were white spheres with diameters up to 1 cm.

The microstructure of the composites and component
phases was determined by scanning electron microscopy
(SEM), energy dispersive X-ray (EDX), X-ray diffraction
(XRD) and micro-Raman techniques. Powder XRD patterns

g cz g g a
a a a
were obtained after grinding in ethanol using an agate mortar, A AAJ J U\f\ A M J\ f\lA
IWAWAN 1 1 1
25 30 35 40

Intensity (a.u.)

using Cu kx radiation in a curved graphite-beam monochro-
mator.

The solidified pellets were cut with a diamond saw and
the cross-sections were sequentially polished up fionl Fig. 1. XRD spectra of a composite after rapid solidification of
Surfaces of melted samples were prepared by diamond pol-the Al,03—Y3Al5015(YAG)-ZrO; ternary eutectic. Identified crystalline
ishing and Pt—Pd coated before observation. phases are corundum-fAl>0z), ytrium aluminium garnet (¥AlsOx,

The crystalline phases present and the cation substitutionY_AG) {and zirconia—yttria solid solution with quorite-type structu_re, cubic
in each phase (variable in the ternary system, due the eXtendeél_rconla. The obse_rved phases are those predlc_ted by the solid phase re-

AR . : . ions of the subsolidus diagram in the ternary oxide system, determined in
mutual solubility in the different solid solution phases) were 5 previous study
determined by XRD and Raman spectroscopy techniques.
Hardness and fracture toughness were determined by Vickergross-section. Rapid solidification results in a layered eutec-
indentations techniques on the polished surfaces, using aptic with zirconia placed as intermediate phase between par-
plied loads from 9.8 to 98 N. The length of the radial cracks g|le| layers of alumina and yttrium aluminium garnet. The
emanating from the indenter was measured in SEM micro- pattern can be described as an ordered/aligned eutectic, sim-
graphs of the cracks. At least 12 cracks were measured forjjar to alumina—-zirconia eutectics, instead of an ‘entangled’
the fracture toughness measurement in each sample. eutectic, typical of alumina—YAG eutectic composites.

26 (deg)

3.2.1. Ternary microstructure

The microstructure of the ternary composite is shown
in Fig. 3 In the SEM micrograph the different phases
can be distiguished by their contrast: the black phase is
alumina, grey is YAG and the white interphases corre-
spond to zirconia. The zirconia phase is placed either as
rods, which tend to be surrounded by alumina, or as a
planar interphase between the alternating layers of alu-
mina and YAG, which are aligned in each eutectic colony.

3. Results and discussion
3.1. X-ray diffraction (XRD)

The XRD spectra of a composite after rapid solidifica-
tion of the AbO3—Y3Al5012(YAG)—-ZrO, ternary eutectic is
shown inFig. 1 Identified crystalline phases are corundum
(a-Al203), ytrium aluminium garnet (¥Al5012, YAG) and
zirconia—yttria solid solution with fluorite-type structure cu-
bic zirconia. No other phase was found. The observed phases
are those predicted by the solid phase regions of the sub-
solidus diagram in the ternary oxide system, determined in a
previous study.

The mutual solubility between the different oxides is very
different, alumina shows very little solubility of either zirco-
nia or yttria, while YAG exhibit a noticeable shifting of the
peaks in the X-ray diffraction spectra, due to the presence of
Zr cations substituting Y, while the highest solid solubility is
found in the cubic zirconia phase, whichis in fact a solid solu-
tion with ~33 mol% Y>O3 and about as many cations of each
Zrand Y, as has been confirmed by Raman spectrostbpy.

3.2. Eutectic microstructure after rapid solidification

The COmPOSite pres&_ants afine S.trUCturevWith typiqal phaserig. 2. SEM micrograph showing the polished cross-section of a pellet
spacings in the sub-micron randg€g. 2 shows a polished  rapidly solidified from melt.
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There is not a unique eutectic microstructure, as the solid-
ification of the eutectic melt will be strongly dependent of the
heat transfer conditions. During rapid solidification there is
a strong tendency to form well-aligned structures not only at
the eutectic composition but relatively far from it, in a wide
compositional range of quasi-eutectiés.

3.3. Indentation results

Values of the indentation fracture toughness were obtained
using the Eq(1)

" . . > E\2/5/ p\ /2
L ch:k(ﬁ) <a> , Q)

Fig. 3. SEM micrograph showing the ADs—Y3Als012(YAG)-ZrO; whereE is the Young's Modulus of the materidl;, hardness;
te_rnary eutectic microstr_ucture. The alumina Iayers_(black), run in parallel P, indentation loada, half diagonal of the indent; crack
ywth the garne_zt Iaye_rs (with grey contrast) and the thinner white |nter_phast_es Iength measured from the tip akddimensionless constant
in be_t_ween,_dlsp!aylng rod or lamella patterns, correspond to the cubic yttria determined experimentally The experimental details are de-
stabilized zirconia phase. :
scribed in'® Obtained values of the fracture toughness were
Kic =9.04 2.0 MPant’?,

Zirconia acts as the intermediate phase typical of a lay- Other fracture toughness values reported for different eu-
ered ternary eutectic arquitectdegresent at each inter-  tectic composites inthe system are: between 2 and 4 MPam
phase (- -—zirconia—alumina-zirconia—YAG-zirconia-). for the ALO3—YAG binary eutectic and up te-10 for
The addition of zirconia and the preparation route at rapid yttria stabilized zirconia—alumina eutectics with layered
solidification rates, therefore, alters the typical entangled ar- structure!® In solidified eutectics, the indentation cracks
quitecture of alumina—YAG eutectic bicrystals promoting a appear often arrested, associated with the appearance of
more ordered eutectic pattern. one or several parallel cracks with the same crack growth

The fine lamella structure is due to the rapid solidification direction” Crack branching and deflection and the elastic
method used. Compared to directional solidification meth- unbroken ligaments leftin the crack wake behind the crack tip
ods, i.e. Bridgman; ! laser floating zone (LF2¥*3or fiber contribute to the toughness of solidified eutectics, compared
pulling,** with solidification velocities ranging from 0.1 to  to the monolithic phases. The reduction in phase spacings by
less than 100 cm/h, the solidification velocities (and growth one order of magnitude, compared to directionally solidified
rate) in our composites are at least one order of magnitudeeutectics, causes the more rapid accumulation of interactions
higher than in the pulling down method and two orders of between the eutectic interphases and the crack during crack
magnitude higher than in directional solidification. It is in- growth and in the crack wake.
teresting to compare the microstructure reported here withre- ~ The fracture toughness at high temperature may be signif-
ported directionally solidified composites in the ternary sys- icantly different that the measured room temperature fracture
tem. Bulk samples of several centimeters have been grown bytoughness reported here because of the contribution due to
Bridgman modified method<, but the interphase spacings the residual stresses between the eutectic lanfeliaie to
are at least one order of magnitude higher than in this com- the differences in thermal expansion coefficient.
posites. Laser floating zone method allows to obtain cylin-
drical geometries of up to several millimeters in diaméer.
Eutectic fibers with an interphase spacing near the micron4. Summary
range have been grown recently grown by thepulling
down method?3 an inverse-Stepanov technique suitable for ~ An Al,03-YAG-ZrO; ternary eutectic composite with an
the growth of fibers with submilimeter diameters. However, ordered ternary structure of successive alternating lamella:
micro-fibers or bulk eutectics with a cylindrical geometry zirconia—alumina-zirconia—YAG-, has been obtained by
have limited applications, specially if a large surface of ma- the coupled growth of the three phases during rapid solidifi-
terial is required, such as in coatings, or complex shapes arecation from the ternary eutectic melt. The ternary microstruc-
needed, and more economic preparation routes must be deture obtained is presented. Both laminar and rod-type zirco-
veloped first. The present results indicate that rapid solidi- nia eutectics are observed, but not the entangled microstruc-
fication can result in homogeneous bulk microstructure by ture typical of unidirectionally solidified alumina—YAG
using fast heat transfer conditions during cooling, therefore, eutectics.
the ternary eutectic seems to offer potential to explore in situ  The preparation of ternary composites by other prepara-
shaping during solidification, i.e. by melt casting. tion methods and experimental conditions will help to under-
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