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bstract

ods of 1–2 mm diameter of Al2O3/Y3Al5O12/ZrO2 in the ternary eutectic composition (65 mol% Al2O3, 19 mol% ZrO2, 16 mol% Y2O3) were
rown by the laser-heated floating-zone method at growth rates between 10 and 1000 mm/h. At low growth rates the rods presented a Chinese
cript microstructure formed by an interpenetrating network of Al2O3 (40%) and Y3Al5O12 (42%) domains of similar size, with smaller cubic
2O3-stabilized ZrO2 (18%) domains at the Al2O3/Y3Al5O12 interfaces. Compressive residual stresses of 200 MPa were measured in the alumina
hase by piezo-spectroscopy and their thermo-elastic origin was validated by self-consistent simulations. The phase spacing and the residual stresses

ecreased with increasing growth rate and this influenced the hardness and the fracture toughness. The fine and homogeneous microstructure of the
ernary eutectic rods led to an outstanding flexure strength of 2.3 GPa at ambient temperature, which was retained up to 1473 K, and then decreased
apidly to 1.2 GPa at 1700 K.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Directionally-grown sapphire-based eutectics present excel-
ent creep and oxidation resistance as well as chemical sta-
ility at high temperature in aggressive environments,1 and
his has prompted the search and development of new eutec-
ic ceramic oxides for structural applications at elevated tem-
eratures. The research was focused mainly on binary eutec-
ics of the families Al2O3/ZrO2 and Al2O3/Y2O3, where the
elationship between microstructure and mechanical proper-
ies on the one hand2–6 and between growth parameters and

icrostructure on the other7–10 is well established. For exam-
le, Al2O3/Y3Al5O12 (YAG) eutectics with a fine microstruc-
ure formed by an interpenetrating network of both phases

ttained an excellent bending strength of 1.9 GPa at ambi-
nt temperature, which decreased only to 1.5 GPa at 1900 K.
owever, their toughness is very low (≈2 MPa m1/2),5,6 and
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his leads to materials whose strength was very sensitive to
he development of micron-sized surface defects and prone to
rittle fracture. Other sapphire-based pseudo-binary eutectics,
uch as Al2O3/ZrO2(Y2O3), present better fracture toughness
≈4–5 MPa m1/2) and excellent mechanical properties at ambi-
nt temperature although the strength retention at high tempera-
ures was poorer, presumably because cubic ZrO2 presents lower
reep resistance than YAG.2–4

Further improvements in the mechanical properties can be
xpected in other regions of the Al2O3–ZrO2–Y2O3 phase dia-
ram, and the Al2O3/ZrO2/Y2O3 ternary eutectic composition
as attracted attention recently. Calderón-Moreno manufactured
ernary eutectic pellets of this composition using rapid solidifi-
ation techniques,11 and Lee et al.12 and Waku et al.13 have
eported some preliminary results on the microstructure and
echanical properties of fibers and bulk samples grown by

irectional-solidification. However, no comprehensive study of

he relationship between the growth parameters, the microstruc-
ure and the mechanical properties of ternary eutectics has yet
een carried out and this was the main objective of this inves-
igation. Al2O3/ZrO2/Y2O3 ternary eutectic rods were grown

mailto:jipena@unizar.es
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y the laser-heated floating-zone (LFZ) method at growth rates
etween 10 and 1000 mm/h. The processing conditions were
ptimized to manufacture rods with homogeneous microstruc-
ure throughout the sample, and the microstructural character-
zation was completed with the measurement of the residual
tress in the Al2O3 phase. The hardness and fracture toughness
ere measured in rods grown at different rates and the evolution
f the flexure strength with temperature up to 1700 K was deter-
ined in one selected material. The results of the mechanical

ests and of the microstructural characterization were used to
stablish the influence of the microstructure (and hence of the
rocessing conditions) on the mechanical behavior of the ternary
utectics.

. Experimental techniques

Commercially available powders were mixed in the ternary
utectic composition (65 mol% Al2O3, 19 mol% ZrO2, 16 mol%
2O3) given by Lakiza and Lopato.14 The powders used were
9.99% aluminum oxide from Sasol North America Inc., 8%
ttria stabilized zirconia (TZ-8YS) from Tosoh Corporation and
9.99% yttrium oxide from Aldrich Chemical Company Inc.
ince the zirconia powder was already stabilized with yttria, the
ddition of yttrium oxide was smaller than if pure zirconia had
een used (14.3% mol). A small amount of polyvinyl alcohol
as added as a binder to the mixed powder and rods were pre-
ared by isostatic cold-pressing at 200 MPa for 3 min. The green
odies were heat treated for 1 h at 800 K to burn off the organic
inder and then sintered at 1773 K for 12 h to obtain the precur-
or rods. They were directionally-solidified from the melt by the
FZ method as described elsewhere15 to obtain eutectic crystals
f 1–2 mm in diameter. The dependence of microstructure on the
rocessing parameters was studied by varying systematically
he growth rate (from 10 to 1000 mm/h) and the rotation speed
f the rods (from 0 to 200 rpm). Usually the rotation direction of
he precursor rod was contrary to that of the grown rod. A molten
one of length of ≈1.5 times the rod diameter was maintained by
djusting the laser power input. Upward solidification was cho-
en because this led to higher stability of the molten zone than
ownward growth. Reductions in rod diameter were achieved
hen necessary by setting a lower speed to the precursor than

o the grown rod. Some experiments were ended abruptly by
urning off the laser and the pull speed to study the shape of the
olidification front. This gave an air-quenched molten zone of
xtremely fine phase size, which is easily distinguished from the
od grown under standard conditions. Longitudinal and transver-
al sections of the rods were examined under the scanning elec-
ron microscope to determine the spatial distribution and size of
he phases.

The Vickers hardness was measured following the ASTM
1327–99 Standard16 using a Matsuzawa MXT50 microhard-
ess indenter. The specimens were loaded with 4.9 N for 15 s
nd at least ten valid microindentations were made in each sam-

le. The size of the indentation mark as well as the length of the
racks emanating from the indentation corners were measured
mmediately after each indentation. The flexure strength of the
ods was measured from 300 to 1700 K by three-point bend tests

c
d
o
(

eramic Society 26 (2006) 3113–3121

n air in an alumina fixture of 8.5 mm loading span. The speci-
en and the loading fixture were placed in a furnace and loaded

hrough two alumina rods connected to the actuator and to the
oad cell, respectively, of a servo-mechanical testing machine
model 4505, Instron Ltd, High Wycombe, UK). The specimen
as held at the test temperature for 30 min before testing. The

ests were performed under stroke control at a cross-head speed
f 50 �m/min. The load-displacement curves were linear for
ll the materials and temperatures, and the flexure strength was
omputed from the maximum load in the test according to the
trength of Materials theory for a Bernoulli elastic beam of cir-
ular section.

Piezo-spectroscopic measurements were made at room tem-
erature using an optical spectrometer (Model XY, DILOR,
ille, France) with a diode array multichannel detector.17 The
r3+ emission spectra of ruby from chromium traces in the

tarting powders, were collected at room temperature using
n Ar+ laser as the excitation source. An unstressed sapphire
ingle crystal was used to derive the reference spectrum. The
ydrostatic component of the residual stresses in the Al2O3
hase was determined from the shift in the position of the R2
ine of ruby (14433 cm−1 at 300 K) in rods grown at different
ates.

. Results and discussion

.1. Microstructure

The directionally-solidified rods were white with a smooth
urface. Those grown at the lowest rates were opalescent
hereas the rods grown at the highest speeds were glossy and

hiny. Rotation did not modify their appearance. The quenched
one created by switching off the laser power was translucent and
ery fragile. The samples grown at the highest rate (1000 mm/h)
resented a skin-core structure clearly visible in the transverse
ross section, and the skin had the same appearance as in the
uenched zones. Obviously, these changes in the optical appear-
nce were related to variations in the phase size.

The presence of pores in the directionally-solidified rods was
ne of the main concerns because of their influence on the
echanical properties. Fig. 1 shows the changes in pore mor-

hology with the growth rate and the rotation speed. No porosity
as detected in the rods grown at low rates (<50 mm/h) (Fig. 1a)
ut small pores, evenly distributed throughout the cross section,
ere found in those grown at 50 mm/h (Fig. 1b). Larger pores
ere found ubiquitously in all the samples grown at higher rates

ven if the precursors were fully dense. The melt viscosity was
ery high, probably associated to the ternary eutectic composi-
ion rich on Y3Al5O12 (YAG).18 In fact, molten YAG presents
igh viscosity values as compared for example, with those of
l2O3. Consequently, the gas cavities have no time to reach

he melt surface and escape in the rods grown at high rates,
emained trapped in the solid phase. Large cavities in the rod

entre appeared at 300 mm/h (Fig. 1c), while pores of interme-
iate size were found between the outer edge and the centre
f the rod at 1000 mm/h (Fig. 1d). Vigorous counter rotation
200 rpm) of the precursor and grown rods did not eliminate the
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ig. 1. Scanning electron micrographs of transversal cross sections of Al2O3–Z
00 mm/h, ±200 rpm and (d) 1000 mm/h.

ores although it forced the aggregation of pores in the core to
ollapse at the rod axis while those near the surface were pushed
owards the rod surface and eventually escaped.

Representative micrographs of the transverse sections of
ernary eutectics grown at 10, 50, 300 and 1000 mm/h are shown
n Fig. 2a–d. The microstructure of the rods grown at 10 mm/h
howed three evenly distributed phases, Al2O3, cubic Y2O3-
tabilized ZrO2 (YSZ), and YAG as shown by X-ray diffraction
nalysis. Image analysis of SEM images of the low growth rate
amples leads to approximated volume fractions of 0.40, 0.18
nd 0.42, respectively which coincides with that expected for
utectic composition. The YAG domains of different size were
mbedded in a matrix formed by a mixture of Al2O3 and YSZ
omains (Fig. 2a). The YSZ domains tended to appear at the
l2O3–YAG interfaces and were much smaller than the Al2O3

nd YAG ones. The eutectic morphology changed at 50 mm/h
Fig. 2b), and the YAG domains were interconnected while
he Al2O3 and YSZ phases formed the dispersed phase. These
esults are in good agreement with those reported by Lee et
l.,12 who observed a similar change in the morphology between

amples grown at low and at high rates. This morphology (also
amed Chinese script microstructure) was maintained at the
igher growth rates (Fig. 2c and d). The size of the domains
ecreased rapidly with growth rate and no YSZ domains could

s
h
S
A

Y2O3 ternary eutectics grown at different rates: (a) 10 mm/h; (b) 50 mm/h; (c)

e resolved by scanning electron microscope in the samples
rown at 1000 mm/h (Fig. 2d). The analysis of the longitudi-
al sections (Fig. 2e) showed that the Al2O3 and YAG domains
ere elongated along the growth axis while the YSZ regions
ucleated at the Al2O3/YAG interfaces. Rotation did not mod-
fy significantly the microstructure morphology.

The interface between the quenched and the normally solidi-
ed material is shown in Fig. 3a, and a detail of the solidification

nterface in Fig. 3b. The YAG phase is being projected into the
elt as a result of the high entropy of melt of YAG which plays

he leading role in the eutectic solidification.1 The solidification
ront was macroscopically curved and convex towards the melt
n the rods grown at 10 mm/h (Fig. 3a) and the processing effort
as directed towards obtaining a flat solidification front, which

s expected to yield a more homogeneous microstructure than
curved one. According to the Young and Chait model,19 this

an be done by increasing the growth rate but this increased the
endency to develop pores. Rotation can also help to flatten the
olidification front but its influence in this material was negli-
ible. Of course, rotation led to a more symmetrically shaped

olidification front because of the homogeneous distribution of
eating but it also introduced banding in the microstructure.
imilar effects were reported by de Francisco et al.20 in the
l2O3–ZrO2(Y2O3) binary eutectics, and the mechanical char-
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ig. 2. Back-scattered scanning electro micrographs of the transversal cross sec
otation: (a) 10 mm/h; (b) 50 mm/h; (c) 300 mm/h; (d) 1000 mm/h and (e) back-
utectic grown at 10 mm/h The black phase is alumina, the grey one YAG and t

cterization was made in rods grown without rotation because
anding increases scatter in the mechanical properties.3

.2. Residual stresses
Thermo-elastic residual stresses develop upon solidification
n account of the thermal expansion coefficient mismatch among
he component phases. The average value of the alumina thermal
xpansion coefficient is very similar to that of YAG while that of

o
g
s
d

of Al2O3–ZrO2–Y2O3 ternary eutectics grown at different speeds and without
red scanning electro micrograph of the longitudinal cross section of the ternary
ite one YSZ.

ubic zirconia is higher. As result, Al2O3–YAG binary eutectics
re practically free of thermal residual stresses21 while Al2O3
s in compression and YSZ in tension in Al2O3–YSZ binary
utectics.22–24 The R1 and R2 emission bands, corresponding,
espectively to the E(2E) → 4A2 and 2A(2E) → 4A2 transitions

f the Cr3+ in Al2O3 are plotted in Fig. 4 for ternary eutectics
rown at 50 mm/h, together with those of an unstressed ruby
ingle crystal. The hydrostatic stress component in the Al2O3
omains in the eutectic, σh, is obtained from the shift in the R2
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Fig. 3. (a) Back-scattered scanning electro micrograph of the solidification front
in a rod grown at 10 mm/h. (b) Detail of the solidification interface in (a). The
region at the left side of the solidification front is the air-quenched melt zone.
The black phase is alumina, the grey one YAG and the white one YSZ.

Fig. 4. Cr3+ emission spectra of an eutectic rod grown at 50 mm/h (solid line)
and unstressed single crystal ruby (broken line). Shifts of the peaks to lower
wavelengths correspond to compressive stresses in alumina.
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ig. 5. Thermo-elastic residual stresses at ambient temperature in the Al2O3

hase as a function of the growth rate. Experimental results provided by piezo-
pectroscopy and predictions by the self-consistent model.

and peak position �ν by the scalar relationship.17

h = �ν

7.61
(1)

here the stress is expressed in GPa and the shift in cm−1.
lumina was subjected to compressive residual stresses after

ooling at room temperature and the average residual stresses in
he eutectic rods are plotted as a function of the growth rate in
ig. 5. They were lower than those found in Al2O3–YSZ binary
utectics, where alumina was subjected to compressive stresses
f ≈400 MPa.23

The generation of thermal residual stresses upon cooling
rom the processing temperature was studied through the self-
onsistent model. This mean-field approximation, developed to
ompute the effective elastic properties of polycrystalline solids,
s particularly appropriate when the distribution of the vari-
us phases leads to an interpenetrating network. All the phases
Al2O3, YAG and YSZ) in the eutectic composite were assumed
o be perfectly bonded and embedded in an effective medium,
hose properties are precisely those of the composite, which

re sought. The thermal residual stress tensor in phase i, σi,
s a result of a homogeneous temperature change �T from the
tress-free temperature is given by

i = bi�T (2)

here bi is the thermal stress concentration tensor of phase i,
hich is computed as24

i = (I − Bi)[(C
−1 − C−1

i )
−1

(σi − σ)] (3)
here I is the unit tensor of fourth order, and αi and Ci stand
or the thermal expansion coefficient tensor and the elastic stiff-
ess tensor of phase i. Assuming that all the phases behaved
s isotropic thermo-elastic solids, these tensors are respectively
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Table 1
Elastic modulus, E, Poisson’s coefficient, ν, and linear thermal expansion coef-
ficient α

Phase E (GPa) ν α (K−1 × 10−6)

Al2O3 390 0.27 8.4
YSZ 220 0.29 12.65
Y
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unctions of the longitudinal thermal expansion coefficient and
f two independent elastic constants, which are given in Table 1.
he remaining tensors in Eq. (3) are the mechanical stress con-
entration tensor of phase i, Bi, and the thermal expansion tensor
nd the elastic stiffness tensor of the eutectic composite, α and
, which are given by the self-consistent model as24

Bi = (Ci[I + (SiC
−1)(Ci − C)]

−1
)C−1

C =
∑

fiC[I + (SiC
−1)(Ci − C)]

−1

α =
∑

fiBiαi (4)

here fi is the volume fraction of phase i and Si stands for
shelby’s tensor, which depends on the phase shape. To sim-
lify the analyses the simulations assumed that all phases were
pherical and the stress free temperature was taken as 1493 K
�T = 1200 K) as in previous investigations in Al2O3–YSZ
inary eutectics.17,23 The hydrostatic component of the resid-
al stresses in each phase is given in Table 2. The compres-
ive residual stresses in Al2O3 are in good agreement with the
iezo-spectroscopic results, particularly of the rods grown at
igher rates, and they support the thermo-elastic origin of the
esidual stresses (Fig. 5). Moreover, the self-consistent simu-
ations revealed that the tensile stresses in the YSZ domains
ere extremely high. The absence of interface cracks in the
irectionally-solidified eutectics pointed to the excellent inter-
acial bonding between phases. The piezo-spectroscopic results
howed a significant increase in residual stresses in the com-
osite grown at lower rates (≤50 mm/h). There is no clear
xplanation for this result although it might be related to the
ifferences in the morphology of the microstructure between
he rods grown at low and high rates.

.3. Hardness and fracture toughness
The Vickers hardness measured on the longitudinal sections
s plotted in Fig. 6 as a function of the growth rate. The depen-
ence of the hardness on growth rate in our eutectic was slightly
ower than that reported on ternary eutectic fibers by Lee et al.12

able 2
ydrostatic component of the thermal residual stresses in the eutectic phases

omputed by the self-consistent model

hase Residual stress (MPa)

l2O3 −199
SZ 1130
AG −295

T
t
e
c
c
b
e
h
o
a
t
m
c

ig. 6. Vickers hardness and fracture toughness of the ternary eutectic as a
unction of the growth rate.

hese authors reported an increment from 12.4 to 17.5 GPa as the
rowth rate varied from 60 to 900 mm/h. The fracture toughness
as calculated from the Vickers hardness, the eutectic elastic
odulus (310 GPa according to the self-consistent model), the

rack length l and the indentation diagonal 2a using the expres-
ion proposed by Niihara for Palmqvist cracks26 if l/a ≤2.5 or
y Anstis25 for median cracks if l/a >2.5. The results are also
lotted in Fig. 6 as a function of the growth rate and showed a
light but noticeable reduction in toughness as the characteristic
icrostructural size decreased.
It is relevant at this point to compare the results in Fig. 6

ith those reported in Al2O3/YAG binary eutectic rods pro-
essed by the LFZ method at growth rates between 25 and
50 mm/h.27 The eutectic microstructure was made up of an
nterpenetrating network of both phases in the proportion 55/45.
igher growth rates also led to a marked reduction in the aver-

ge thickness of the Al2O3 and YAG domains from ≈4 to
.7 �m but the hardness (≈15–16 GPa) and the fracture tough-
ess (≈2 MPa m1/2) were practically independent of the domain
ize (or growth rate). This was supported by the observation
f the fracture micro-mechanisms which showed that the cracks
ropagated in a straight line from the indentation corners and did
ot deflect at the interface between the Al2O3 and YAG domains.
his weak interaction of the crack path with the microstruc-

ure was induced by the absence of residual stresses and the
xcellent bonding between the eutectic phases. On the contrary,
rack arrest—followed by the development of another parallel
rack a few micrometers above or below the first crack tip—had
een observed throughout the crack path in Al2O3–YSZ binary
utectics, which presented large thermal residual stresses and
igher fracture toughness (≈4–5 MPa m1/2).2,28 The toughness
f the ternary eutectics was in between those of Al2O3–YAG

nd Al2O3–YSZ, and reduction in the fracture toughness of the
ernary eutectics with growth rate could be attributed to a similar

echanism. This was explored by studying the interaction of the
rack path with the microstructure in the rods grown at different
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Fig. 7. Back-scattered electron micrographs showing the propagation of a crack
t
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hrough the microstructure in the rods grown at different rates: (a) 50 mm/h and
b) 1000 mm/h. The arrow in (a) points to the arrest of a crack at the YAG/Al2O3

nterface. The black phase is alumina, the grey one YAG and the white one YSZ.

ates. Representative micrographs of the interaction are shown
n Fig. 7a and b of rods grown at 50 and 1000 mm/h. The crack
ended to propagate through the YAG phase, which was sub-
ected to tensile residual stresses, and sometimes it was stopped
t the YAG/Al2O3 interface and a new crack was initiated nearby
Fig. 7a). The interactions of the crack path with the microstruc-
ure were more difficult to detect in the rods grown at higher
ates because of the submicron domain size, but the meandering
rack profile shown in Fig. 7b is indicative that the direction of
rack propagation at the microscopic level was influenced by
he microstructure. Of course, crack deflection and crack arrest
ere more pronounced in the eutectics with larger domain size,

nd led to the reduction in toughness with growth rate observed
n Fig. 6.

.4. Flexure strength

Recent experimental data on the Al2O3/YAG binary sys-

em have demonstrated that the flexure strength of eutectics
ith an interpenetrating microstructure increased as the domain

ize decreases.26 Hence, the best mechanical properties were
xpected in the rods grown at higher rates, which also pre-

n
b
s
m

ig. 8. Influence of temperature on the flexure strength of Al2O3/YAG/YSZ
ernary eutectic rods grown at 300 mm/h. The behavior of an Al2O3/YAG binary
utectic grown at 350 mm/h is also plotted for comparison.26

ented more porosity. The best compromise between poros-
ty and domain size was reached in the ternary eutectic rods
rown at 300 mm/h, whose flexure strength is plotted as a
unction of the test temperature in Fig. 8. The ambient tem-
erature results showed a lot of scatter due to the presence of
oids and pores in the rods which acted as stress concentrators,
ut the average value was impressive, showing the outstand-
ng strength of this ternary eutectic, which is higher than the

aximum values reported for Al2O3/YAG (1.9 GPa in26) and
l2O3/YSZ (1.6 GPA in3) processed and tested under the same

onditions. The flexure strength of Al2O3/YAG binary eutectics
rown at 350 mm/h is also plotted in Fig. 8, as it demonstrates
he advantages and limitations of the ternary eutectic system
s compared with the binary one. The presence of the small
SZ domains in the ternary eutectic led to a significant reduc-

ion in the average domain size (from 1 �m in Al2O3/YAG
o 0.35 �m Al2O3/YAG/YSZ). The eutectic strength is con-
rolled by the average defect size which, in turn, is related
o the domain size if the microstructure is homogeneous. As

result, the ambient temperature strength of ternary eutectic
as twice higher than that of the binary system grown at the

ame rate.
The susceptibility of the ternary eutectic to pores and other

mperfections was reduced at high temperature, as plastic defor-
ation around the pores smoothed out the stress concentration.
owever, the flexure strength of the ternary system dropped

apidly above 1473 K, being reduced to one half of the ambient
emperature value at 1700 K. This contrasts with the behaviour of
he Al2O3/YAG binary eutectic, which retained the ambient tem-
erature strength up to 1873 K. The excellent strength retention
f the binary Al2O3/YAG eutectics was attributed to the combi-

ation of the creep resistance of YAG with the microstructure sta-
ility of the system, which presented very little coarsening after
hort-term exposure at 1900 K. Al2O3/YAG/YSZ exhibits two
echanisms, which may explain, at least partially, the strength
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egradation at high temperature and which are not present in
he Al2O3/YAG eutectic system. The first is the relief of the
hermal residual stresses at high temperature, which leads to
etter crack growth resistance at ambient temperature as they
romote crack arrest and deflection.28,31 The second is the plas-
ic deformation of YSZ above 1473 K, which is well documented
n the literature and can also lead to a reduction in the eutec-
ic strength above this temperature. Finally, the extremely fine
omain size in the ternary eutectics (0.35 �m) will enhance the
ctivation of diffusion-assisted deformation mechanisms which
re not critical in binary eutectics with larger domain size, where
lastic deformation at high temperature is controlled by dislo-
ation movement.13 It should be noted, however, that even if the
trength retention of the Al2O3/YAG/YSZ is poor in compar-
son with that of binary systems, the ternary eutectic presents
n extraordinary ambient temperature strength, which is still
qual to or even higher than that of the binary eutectics at
673 K.

. Summary

Directionally-solidified rods of Al2O3/YAG/ZrO2 ternary
utectic were manufactured by the LFZ under different growth
onditions. The rods presented a Chinese script microstructure
ormed by an interpenetrating network of Al2O3 (40%) and YAG
42%) domains of similar size with smaller YSZ (18%) domains
t the Al2O3/YAG interfaces. The domain size decreased and the
olidification front became flatter with the growth rate, leading to
ore homogeneous microstructures. Precursor rotation did not
odify, however, the domain size nor improve the homogeneity.
longated pores were always found within the rods at solidifi-
ation rates above 300 mm/h. Thermo-elastic residual stresses
eveloped upon cooling due to thermal expansion mismatch
f the phases; they were compressive in Al2O3 (as shown by
iezo-spectroscopic measurements) and tensile in YAG and YSZ
as indicated by the self-consistent simulations). The hardness
ncreased and the fracture toughness decreased with the growth
ate, and maximum values of 14.8 GPa and 4.3 MPa m1/2, respec-
ively, were measured. The ternary Al2O3/YAG/YSZ eutectic
resented a much finer microstructure size than did binary
l2O3/YAG eutectics grown at the same rate, and as a result,

he flexure strength of the rods grown at 300 mm/h was higher
nd reached an average value of 2.2 GPa. The ternary eutectic
howed good strength retention up to 1473 K but the flexure was
educed to one half at 1700 K, which is still comparable to the
est binary eutectics of the Al2O3–YAG system. The relation-
hip between the microstructure and the mechanical properties
nd the possible causes of the strength degradation above 1473 K
ere discussed.
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