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bstract

eramics rods of binary (Al2O3–Y3Al5O12) and ternary (Al2O3–Y3Al5O12–ZrO2) eutectic ceramic oxides were grown in air and nitrogen using the
aser-heated floating zone method. Both materials presented a fine and homogeneous microstructure, free from defects, with an average interlamellar
pacing of 1.1 and 0.7 �m for the binary and ternary eutectics, respectively. The strength and the toughness of the rods were measured from ambient
emperature up to 1900 K by three-point bending. For the fracture tests, a sharp notch was introduced in the rods using a femto second-pulsed
aser. Samples grown in nitrogen presented higher strength than those grown in air. The mechanical properties of the Al2O3–YAG binary eutectic
id not change with a temperature up to 1500–1600 K and plastic deformation above this temperature led to a slight reduction in strength and an
ncrease in toughness. In the case of the ternary eutectic, the toughening effect of the thermal residual stresses disappeared at high temperature and

he toughness decreased by a factor of two at 1473 K. The behavior of the ternary eutectic above this temperature followed the trends of the binary
ne although the changes in strength and toughness were much larger because of the smaller domain size (which favored diffusion-assisted plastic
ow) and the lower eutectic temperature.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Al2O3-based directionally solidified eutectic oxides (DSEO)
tand out as materials for very high temperature structural
pplications. As detailed in a recent review,1 this is the
esult of a unique combination of properties, which include
igh melting point, microstructural stability up to temper-
tures very close to the melting point, excellent chemical
tability in oxidizing atmospheres (even in the presence of
ater vapor). This behavior is associated with an outstand-

ng strength retention at high temperature and creep resistance
ue to the large area fraction of clean and strong inter-

aces without glassy phases. While the ambient temperature
trength of Al2O3–Y3Al5O12 (YAG) and Al2O3–Er3Al5O12
EAG) bulk eutectics processed by the Bridgman method
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lly solidified eutectic oxides

ere below 0.5 GPa due to large domain size generated at
ow growth rates,2,3 large improvements were obtained with
ther growth techniques.4,5 For instance, Al2O3–YAG eutec-
ics solidified at high growth rates (750 mm/h) under the high
hermal gradients provided by the laser-heated floating zone

ethod presented an ambient temperature strength of 1.9 GPa
wing to the fine and homogeneous microstructure formed
y an interpenetrating network of submicron domains of both
hases.4 Further reductions in the domain size were obtained
y adding a third phase (ZrO2) to the eutectic mixture, leading
o Al2O3–YAG–yttria-stabilized ZrO2 (YSZ) ternary eutectics.
hey presented higher strength than the binary counterparts
rown at the same rate because of their smaller domain size.6–8

inally, nanofibrillar Al2O3–YAG–YSZ ternary eutectics with a
ending strength of 4.6 GPa were recently grown at 1200 mm/h,

n an inert atmosphere.9 The microstructure was formed by bun-
les of single-crystal c-oriented Al2O3 and Y3Al5O12 whiskers
f ≈100 nm in width with smaller YSZ whiskers between
hem.

mailto:jllorca@mater.upm.es
dx.doi.org/10.1016/j.jeurceramsoc.2008.01.006
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pulsed laser.19 The combination of very short pulses (<1 ps)
and high density of energy per unit area triggers strong non-
linear processes within a very localized region on the surface
of the materials that culminates in the removal of a thin layer
346 J.Y. Pastor et al. / Journal of the Europ

The results summarized above show that large improvements
n the strength of DSEO can be achieved by the appropriate
hanges in the microstructure. Nevertheless, the Achilles heel
f DSEO for structural applications is their low toughness,
hich makes them prone to catastrophic failure. In addition,

heir strength is very sensitive to the nucleation of defects (for
nstance, by localized coarsening of the microstructure at high
emperature as a result of the reaction with Si-containing species
n the environment5). The fracture toughness of Al2O3–YAG
t ambient temperature is ≈ 2 MPa

√
m4,10,11 and independent

f the domain size4 and orientation (perpendicular or paral-
el to the growth direction).11 Slightly higher values, in the
ange 4–5 MPa

√
m, were reported in Al2O3–YSZ12–14 and

l2O3–YAG–YSZ7,15,16 DSEO, and were attributed to the
oughening effect of the thermal residual stresses.17 Only ternary
utectics with a nanofibrillar microstructure have presented a
ignificant increase in toughness perpendicularly to the growth
xis.9 In addition, experimental data on the elevated tempera-
ure fracture toughness are only available for Al2O3–YAG11;
uch information is critical in materials intended for structural
pplications at high temperature.

The lack of data on the high temperature toughness of DSEO
s mainly due the dimensions of the samples processed by direc-
ional solidification. Standard specimens for fracture tests can
e machined from samples grown by the Bridgman method11

ut not from rods or plates obtained using other direct solidifi-
ation techniques, in which the thermal stresses induced by the
arge longitudinal thermal gradients limit the sample thickness
o a few millimetres.1 Ambient temperature toughness can be
stimated from these specimens from the length of the cracks
manating from Vickers indentations, but this technique can-
ot be extended to elevated temperature. In this paper, a new
xperimental method to measure the toughness at high tem-
erature in thin rods is presented and applied to Al2O3–YAG
nd Al2O3–YAG–YSZ from 300 to 1900 K. The results of the
racture toughness and strength as a function of temperature are
iscussed in the light of the deformation and failure micromech-
nisms in the binary and ternary eutectic systems.

. Materials and experimental techniques

Al2O3–YAG and Al2O3–YAG–YSZ DSEO were prepared
rom commercial powders of Y2O3 (Aldrich, 99%), Al2O3
Aldrich, 99.99%) and 8% yttria-stabilized zirconia (Tosoh Cor-
oration) in the binary (81.5 mol% Al2O3, 18.5 mol% Y2O3)
nd ternary (65 mol% Al2O3, 19 mol% ZrO2, 16 mol% Y2O3)
utectic compositions. The powder mixture was milled using a
ibratory mill (model MM20000, Restch, Haan, Germany) and
red in air at 1000 ◦C for 1 h. Precursor rods were prepared by

sostatically pressing the powder mixture for 2 min at 200 MPa
ollowed by sintering in a furnace at 1500 ◦C for 12 h.

Eutectic rods were obtained by directional solidification
sing the laser-heated floating zone method with a CO2 laser.

he rods were grown with the molten zone travelling upwards
t 350 mm/h (binary) or 300 mm/h (ternary) and without rota-
ion of the crystal and precursor. Each material was grown in
wo different atmospheres, air (ambient pressure) and nitrogen

F
p
n

eramic Society 28 (2008) 2345–2351

slight overpressure of 0.15–0.25 bar). The final rod diameter
as around 1.4–1.6 mm. More details on the growth procedure

an be found in the referenced work.18

The strength of the rods in the longitudinal direction was
easured from 300 to 1900 K by flexure tests carried out in

n alumina three-point bend testing fixture of 8.5 mm loading
pan. The specimen and the loading fixture were placed in a
urnace and loaded through two alumina rods connected to the
ctuator and load cell, respectively, of a servo-mechanical test-
ng machine (model 4505, Instron Ltd., High Wycombe, UK).
he specimen was held at the test temperature for 30 min before

esting. The tests were performed in air under stroke control
t a cross-head speed of 50 �m/min. The flexure strength was
omputed from the maximum load in the test according to the
trength of Materials theory for an elastic beam of circular
ection.

Clearly, no standard fracture specimen can be manufactured
rom ceramic rods of 1.5 mm in diameter and it was neces-
ary to develop a novel strategy. The basic idea was to carry
ut three-point bend tests, which can be easily carried out at
igh temperature, on notched rods (Fig. 1a). The eutectic rods
ere slightly flattened by polishing with abrasive paper (Fig. 1b)

nd very sharp notch was made in the rods by means of a fs-
ig. 1. Schematic of the experimental set-up to carry fracture tests at high tem-
erature on thin rods. (a) Three-point bend fixture and (b) cross-section of the
otched rod.
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Fig. 2. Fracture surface of a ternary Al2O3–YAG–YSZ DSEO tested at 1700 K
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ith no time to allow thermal transfer of the absorbed energy
o the bulk.20,21 This gives rise to spectacular precision and
uality of the ablated microstructures without mechanical or
hermal damage (Fig. 2). The precise laser processing conditions
o make sharp notches in ceramics were previously established
or alumina.19 The stress intensity factor for beam subjected to
ending with the section depicted in Fig. 1b was computed from
he maximum load in the fracture test and the beam dimensions
rom the expression provided by Baratta22 for bending of circu-
ar beams with a straight crack. The influence of the flat zone
n the circular section was analyzed by Cho et al.,23 who con-
luded that it was negligible in the case of bending when the
nitial crack size verified the condition a0/D < 0.2

Longitudinal and transversal sections were cut from the
ods using a diamond saw, and initially polished using dia-
ond of 30 �m grain size as abrasive, and afterwards with
diamond slurry (up to 1 �m). The polished surfaces were

oated with a thin layer of Au and the microstructure as well
s the fracture surfaces were observed in a scanning electron
icroscope (Model 6300, Jeol, Tokyo, Japan) equipped with

nergy-dispersive X-ray microanalysis. Secondary and back-
cattered electron detectors were used to ascertain the particular
haracteristics of the microstructure and the associated fracture
icromechanisms (Fig. 2).

. Results and discussion

.1. Microstructure

The microstructure of the Al2O3-YAG DSEO grown in nitro-
en in the longitudinal and transversal sections is shown in
ig. 3a and b, respectively. As reported in previous research,1–5

he binary eutectic was formed by a three-dimensional interpen-
trating network of Al2O3 (45%) and YAG (55%) domains. The
verage interlamellar spacing, λ, (estimated from the transver-
al back-scattered electron images) was approximately 1.1 �m.
he domains were slightly elongated along the growth axis. The
icrostructure of the ternary DSEO grown in nitrogen is shown

n Fig. 4, and presented similar features to the binary counter-
art. The material is made of a continuous network of Al2O3
nd YAG domains, which are equiaxed in the transversal sec-
ion, Fig. 4b, and elongated in the growth direction, Fig. 4a.
maller YSZ domains, dispersed throughout the microstruc-

ure, were nucleated at the boundaries of Al2O3 and YAG.
he average interlamellar spacing, λ, was 0.7 �m, significantly
maller than that of the Al2O3–YAG DSEO, although the growth
ates for both materials were very close. This refinement of the
omain size due to the presence of the YSZ phase in the eutec-
ic microstructure is well established in the literature.1,7,8 There
ere no noticeable differences in the microstructure between

he materials grown in air and in nitrogen.

.2. Flexure strength
The average flexure strength of each material, together with
he corresponding standard error in the measurements, is plotted
n Fig. 5 as a function of the temperature. A minimum of three

i
c
t
s

howing the notch introduced with a fs-pulsed laser and the fracture surface. (a)
eneral view and (b) detail of the notch region.

ests was carried out for each experimental point. These results
ollow closely the trends established previously in these materi-
ls at ambient temperature.1,4,7 The flexure strength is controlled
y the critical defect size which depends on the interlamellar
pacing in materials with an interpenetrating and homogeneous
icrostructure. Thus, ternary eutectics present higher ambient

emperature strength than the binary counterparts grown at the
ame rate because of the smaller domain size.

The binary Al2O3–YAG DSEO retains most of the ambient
emperature strength up to 1900 K, very close to the melting
oint 2099 K.1,3,4 Previous studies3,24 in Al2O3–YAG DSEO
ith large interlamellar spacing (>20 �m) have shown that plas-

ic deformation at high temperature and high applied stress is
ontrolled by dislocation motion in YAG phase. This deforma-
ion mechanism leads to very high strength retention at high
emperature owing to the excellent creep resistance of single-
rystal YAG and to the interpenetrating microstructure which
mposed similar strain rates in both phases. Parallel studies

arried out in binary Al2O3–YAG DSEO under creep condi-
ions (applied stresses below 500 MPa and low strain rates)
howed that bulk diffusion in YAG becomes the dominant pro-
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ig. 3. Back-scattered scanning electron micrographs of the of Al2O3–YAG
inary eutectic grown in nitrogen at 350 mm/h. (a) Longitudinal section and (b)
ransversal section. The black phase is alumina, and the white one YAG.

ess of deformation in this situation,25,26 and the creep resistance
ecreases with interlamellar spacing. This effect is, however,
ery limited in the bending tests carried out in this research which
nvolve high applied stresses and very short time for diffusion,
nd thus the binary Al2O3–YAG DSEO retained the fracture
trength at high temperature. In fact, the slight strength reduction
t high temperature was attributed to the coarsening of the fine
icrostructure and the associated growth of the defects rather

han to the plastic deformation.4

On the contrary, the ternary Al2O3–YAG–YSZ DSEO
howed a large reduction in strength above 1500 K. Several
auses have been proposed to explain this behavior,1 includ-
ng the smaller domain size and lower eutectic temperature of
988 K (which enhance diffusion-assisted plastic deformation),
he release of thermal residual stresses (which reduce the tough-
ess), and the presence of cubic ZrO2 (whose resistance to plastic
ow is lower than that of Al2O3 or YAG). It is very likely that the
verall degradation comes about as a result of the contribution

f all. For instance, the two latter factors (plastic deformation
f YSZ and lower toughness) were responsible for a reduction
f 70–80% in strength of Al2O3–YSZ DSEO at 1700 K with
espect to ambient temperature.12,17 This contribution should

3

p

l2O3–YAG–YSZ ternary eutectic grown in nitrogen at 300 mm/h. (a)
ongitudinal section and (b) transversal section. The black phase is alumina,

he grey one YAG, and the white one YSZ.

e added to the one provided by the finer microstructure and
ower melting temperature in the case of the ternary eutec-
ic.

It should be finally noted that the strength of the DSEO sam-
les grown in nitrogen was consistently higher than that of those
rown in air. The influence of the growth rate and atmosphere in
he porosity of binary and ternary DSEO manufactured by the
aser-heated floating zone method was analyzed by Oliete and
eña.18 They found that pores develop due to the entrapment
f oxygen at the solidification front and, as a result, porosity
ncreases with the growth rate and disappears in samples grown
n nitrogen. No pores or bubbles were found in DSEO grown in
ir at growth rates below 500 mm/h, though the presence of a
omogeneous distribution of micropores in the samples grown
n air at 300–350 mm/h cannot be ruled out. These pores could
ct as defects and reduce the strength.
.3. Fracture toughness

The evolution of the fracture toughness with temperature is
lotted in Fig. 6a and b for the binary and ternary eutectics.
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Fig. 5. Flexure strength of the binary (Al2O3–YAG) and ternary
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Fig. 6. Fracture toughness of the DSEO grown in air and nitrogen as a function
of the temperature. (a) Binary Al2O3–YAG and (b) ternary Al2O3–YAG–YSZ.
The average values and standard errors correspond to a minimum of three tests
f
f
(

A
a
T
m
V
t
f
d

Al2O3–YAG–YSZ) DSEO grown in air and nitrogen as a function of
emperature. The average values and standard errors correspond to a minimum
f three tests for each material and temperature.

he average values and standard errors in Fig. 6 correspond
o a minimum of three tests for each experimental point. It
hould be noted that the ambient temperature fracture tough-
ess determined with the technique described in Section 2 is
qual to the one obtained with Vickers indentations4 in binary
l2O3/YAG DSEO with the same microstructure and domain

ize. The fracture toughness of this material was insensitive to
he temperature up to ≈1500 K and increased slightly beyond
his point up to ≈ 4 MPa

√
m at 1900 K. Such behavior is cor-

esponds with the results reported by Ochiai et al.11 and Poza
t al.27 in Al2O3/YAG DSEO grown by the Bridgman method
ith an interlamellar spacing above 20 �m, indicating that the

racture toughness of this material is very insensitive to the
icrostructure. In addition, samples grown in air or nitrogen

resented the same behavior.
Regardless of the temperature, the fracture surfaces were

acroscopically smooth and the extremely brittle nature of this
aterial is clearly seen in the straight propagation of the crack

hrough the eutectic domains (Fig. 7). At the microscopic level,
he specimens tested at high temperature showed a homogeneous
oarsening of the microstructure: the faceted interfaces between
l2O3 and YAG became rounded and the average interlamel-

ar spacing increased (Fig. 8). In addition, micron-sized pores
ere nucleated from Al2O3/YAG interfaces and were attributed

o the stress concentrations generated by the incompatibilities in

he plastic deformation of the Al2O3 and YAG single crystalline
omains. Obviously, the energy dissipated by plastic deforma-
ion was responsible for the increment in toughness at high
emperature.

f
h
a
h

or each material and temperature. The ambient temperature toughness obtained
rom Vickers indentations in the Al2O3–YAG binary system is also plotted in
a).

The evolution of the fracture toughness of the ternary
l2O3–YAG–YSZ DSEO with temperature is plotted in Fig. 6b,

nd shows significant differences with the binary counterpart.
he ambient temperature toughness measured with the notches
achined with fs-pulsed laser was similar to those obtained from
ickers indentations in other investigations,7,16 and more than

wice the values measured in the Al2O3–YAG DSEO. These dif-
erences were attributed to the thermal residual stresses, which
evelop upon cooling in the ternary eutectic as a result of the dif-

erences in the thermal expansion coefficient of YSZ on the one
and and Al2O3 and YAG on the other. Residual stresses in the
lumina phase of Al2O3–YSZ and Al2O3–YAG–YSZ DSEO
ave been measured in previous investigations7,28–30 and the
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ig. 7. Crack propagation at ambient temperature in the binary Al2O3–YAG
SEO grown in air.
esidual stresses in each phase were computed through the self-
onsistent model. They have shown that the Al2O3 and YAG
omains in the ternary eutectic are subjected to compressive
tresses of approximately 200 and 300 MPa, respectively, while

ig. 8. Fracture surface of the Al2O3–YAG DSEO tested at 1900 K. (a) Sec-
ndary electron image and (b) back-scattered electron image.
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SZ is under tension (>1 GPa). During crack propagation, the
rack front will prefer to rest in regions of compressive stress
nd in order to continue the crack propagation, the applied stress
ntensity factor will require increase by an amount equal to the
hielding effect induced by the compressive residual stresses at
he crack tip.

This hypothesis for the higher toughness of the ternary eutec-
ic at ambient temperature is supported by the results in Fig. 6b
t 1500 K. The thermal residual stresses are released and frac-
ure toughness drops to the values measured in the binary,
esidual stress free, DSEO. Ternary eutectics tested at 1700 K
howed a sharp increase in toughness which could be attributed
o plastic deformation around the crack tip, as in the binary

aterial tested at the same temperature. The fracture surfaces
ere macroscopically smooth in the ternary eutectic tested at
igh temperature (Fig. 2) and evidence of plastic deformation
t the microscopic level could not be obtained because of the
xtremely fine size of the domains. Nevertheless, the significant
eduction in bending strength and the sharp increase in tough-
ess above 1500 K seem to be a result of the development of
iffusion-assisted plastic flow. It should be finally noted that
amples grown in air or nitrogen presented the same behav-
or.

. Conclusions

The flexure strength and the fracture toughness of binary
Al2O3–YAG) and ternary (Al2O3–YAG–YSZ) DSEO grown
y the laser-heated floating zone method were measured from
mbient temperature up to 1900 K. The ambient temperature
trength was primarily a function of the interlamellar spacing,
hich controlled the critical defect size, and the ternary eutectics
ere stronger than the binary. The fracture behavior at ambi-

nt temperature was very brittle, and the cracks propagated in
traight line through the domains in the Al2O3–YAG eutectic.
he compressive thermal residual stresses in the Al2O3 and
AG domains of ternary eutectic improved slightly the ambient

emperature toughness.
The mechanical properties of the Al2O3–YAG binary eutec-

ic did not change with temperature up to 1500–1600 K. The
ctivation of plastic deformation mechanisms above this tem-
erature led to a slight reduction in the strength and an increase
n toughness. In the case of the ternary eutectic, the toughen-
ng effect of the thermal residual stresses disappeared at high
emperature: the fracture toughness at 1473 K was reduced by

factor of two, and it was equivalent to that of Al2O3–YAG.
he behavior of the ternary eutectic above this temperature fol-

owed the trends of the binary one: increase in toughness and
eduction in strength. The changes were, however, much more
ignificant because the smaller domain size and the lower eutec-
ic temperature of the ternary eutectic promoted the activation
f diffusion-assisted plastic deformation.
cknowledgements
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