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bstract

he development of directionally solidified eutectic (DSE) ceramics for gas turbine applications necessitates improving their strength and tough-
ess. The early stage of crack propagation is investigated in either binary (Al2O3/Y3Al5O12, Al2O3/GdAlO3 and Al2O3/Er3Al5O12) or ternary
Al2O3/Y3Al5O12/ZrO2, Al2O3/GdAlO3/ZrO2 and Al2O3/Er3Al5O12/ZrO2) DSE ceramics. Post-mortem scanning electron microscopy (SEM)
xamination of biaxial flexure induced cracks revealed crack deflection and branching in the various phases and in the phase boundaries. These
bservations are correlated to analytical and finite element (FE) internal stress calculations, FE determination of the axial shear stress component
n the interfaces in the vicinity of the specimen surface (free-edge effect) and FE calculations of the stress distribution resulting from an applied

oading. Results from ruby (Cr3+) fluorescence piezo-spectroscopy measurements are analyzed, taking into account the hydrostatic and plane stress
ypotheses. Moreover, transmission electron microscopy (TEM) examinations have confirmed the role of interfaces in the crack nucleation and
ropagation modes.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

The development of new ultra high temperature structural
aterials in the aerospace field and in particular for gas tur-

ine applications is a real challenge. Despite the various studies
erformed to increase the heat-resistance of nickel-based super-
lloys, their use at temperatures beyond 1400 K remains difficult.
or higher temperatures, sintered ceramic oxides offer many
dvantages compared to superalloys: resistance to oxidation and
brasion, lower density. Unfortunately, sintered ceramics are
rittle and their failure strength decreases when the temperature
ncreases. Ceramic materials prepared from oxides by unidi-
ectional solidification from the melt (melt growth composites

MGC)) add new potentialities to the advantages of sintered
eramics: a higher strength, almost constant up to temperatures
lose to the melting point (no amorphous phases at the inter-

∗ Corresponding author. Tel.: +33 1 46 73 45 69; fax: +33 1 46 73 41 42.
E-mail address: roger.valle@onera.fr (R. Valle).
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aces), good creep resistance, stability of the microstructure
nd no chemical reaction between the constituent phases.1–3

he microstructure of directionally solidified eutectic (DSE)
eramics consists in three-dimensional (3-D) and continuous
nterconnected networks of single-crystal eutectic phases. After
olidification of binary eutectics, the eutectic phases are alumina
nd either an LnAlO3 perovskite phase (Ln, lanthanide element:
d, Eu) or an Ln3Al5O12 garnet phase (Ln: Y, Yb, Er, Dy). In the

ase of ternary systems, zirconia is added as a third phase in order
o refine the microstructure and to promote energy dispersive
rack deflection modes acting in favour of a better toughness.
n the present case, the directionally solidified eutectic ceramics
nder investigation are either binary (Al2O3/Y3Al5O12 (YAG),
l2O3/Er3Al5O12 (EAG) and Al2O3/GdAlO3 (GAP)) or ternary

Al2O3/YAG/ZrO2, Al2O3/EAG/ZrO2 and Al2O3/GAP/ZrO2)
utectics. Studies to control the microstructure of direction-

lly solidified eutectic ceramics have been performed, acting
n the processing parameters of the floating-zone method (arc
mage furnace).4–8 The mechanical properties have thus been
nvestigated on the small specimens manufactured through this

dx.doi.org/10.1016/j.jeurceramsoc.2010.09.016
mailto:roger.valle@onera.fr
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temperature. After the flexure tests, examination of cracks is
performed through scanning electron microscopy (SEM): Zeiss
Gemini (field emission gun (FEG)-SEM).
200 L. Perrière et al. / Journal of the Europ

rocess. A biaxial testing disc flexure device9 has been used
o investigate the early stage of crack propagation in the inter-
onnected microstructure of the DSE ceramics. Post-mortem
canning electron microscopy (SEM) examination of the biax-
al flexure induced cracks is focused on the possibility of crack
eflection in the various phases and in the phase boundaries,
phenomenon which may markedly improve the toughness

f these eutectic composites. However, the mechanical prop-
rties and the crack propagation modes depend on the level of
he internal thermal stresses. In this context, internal stresses

easurements have already been performed in eutectic ceram-
cs using either X-ray10,11 or neutron12 diffraction techniques
r fluorescence piezo-spectroscopy.3,13–15 Analytical and finite
lement (FE) calculations of the thermal mismatch stresses can
lso be performed; they however require the prior knowledge
f the thermomechanical parameters of the various phases16–24

nd of the eutectic composites.25

Consequently, complementary measurements have been per-
ormed, not only on the eutectic composites, but also on the
ndividual garnet and perovskite phases. Even if analytical cal-
ulations had already provided a good estimate of the residual
tress level in the vicinity of the interfaces in the simple con-
guration of infinite concentric cylinders,9 additional FE stress
alculations have been performed in order to map the stress com-
onents in more complex geometrical configurations. Moreover,
oncerning the free-edge effect in the vicinity of the specimen
urface, FE calculations have permitted to determine the axial
hear stress component in the interfaces. Internal stress mea-
urements through ruby (Cr3+) fluorescence piezo-spectroscopy
ave provided an average value of the stress state in the alumina
hase of the various investigated DSE composites. The fluo-
escence signal being emitted from a small depth interaction
olume, FE calculations, taking into account the presence of
he neighbouring surface, have allowed comparing these exper-
mental results with those of analytical and FE calculations
epresentative of the bulk material. Furthermore, transmission
lectron microscopy (TEM) examinations were performed in
rder to investigate, at a finer scale, the role of the interfaces in
rack nucleation and propagation. Finally, a comparative anal-
sis of all these complementary experimental and calculated
esults was aimed at a better understanding of the role of the
nterfaces in the fracture modes and on the toughness of the
SE composites.

. Experimental procedures

.1. Materials

Eutectic samples are prepared from high purity powders
Al2O3: Baikowski Chimie, France; Y2O3, Er2O3, Gd2O3:
hodia, formerly Rhône Poulenc, France; ZrO2: Th. Gold-

chmidt Industriechemikalien, Germany) mixed at the ratios

orresponding to the eutectic compositions.4,26–30 Rods, isostat-
cally pressed at room temperature, are then sintered at 1675 K
or 10 h in order to improve their handling strength. Directional
olidification is performed in air using the floating-zone trans-
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ation technique (6 kW xenon lamp arc image furnace) at a
olidification rate of 10 mm h−1, or 20 mm h−1 in the only case
f Al2O3/EAG/ZrO2. Final rods of oriented eutectics are about
–8 mm in diameter and 40–60 mm in length.

.2. Biaxial flexure testing

Biaxial flexure testing was preferred to beam-bending tests
ince the coaxial-ring test is free of edge condition influences31:
racks initiate in the central area and propagate outwardly. On
he contrary, the beam-bending test is influenced markedly by the
dges parallel to the specimen major axis, the presence of flaws
eading to premature and non-representative crack initiation.
he biaxial disc flexure testing device9 presents the ring sup-
orted/ring loaded test geometry (Fig. 1). The stress components
ay thus be determined through an analytical calculation.32 In

he central area (Fig. 1), inside the inner loading ring (0 ≤ r ≤ r0),
he radial (σr) and tangential (σ�) stress components are equal,
niform and maximum. The main advantage of this system, as
oncerns the initiation of cracks and the early stage of crack
ropagation, is thus the possibility to subject the relatively large
entral area, which is free from edge defects, to a uniform biaxial
ensile loading.

Specimens for the biaxial bending tests (≈800 �m in thick-
ess) are cut perpendicularly to the growth axis of the 8 mm in
iameter eutectic rods, the 5 mm in diameter discs being then
ut in the central area of the slice. High quality surface finish of
he lower surface of the specimen (i.e. the surface which will be
ubjected to the biaxial tensile loading), is obtained through dia-
ond polishing. The biaxial bending tests are conducted at room
ig. 1. Biaxial disc flexure test: the specimen under biaxial loading between the
at-ended punch (radius r0) and the support (radius r1), with specimen overhang
r2–r1). In the central area, the radial (σr) and tangential (σ�) stress components
re equal, uniform and maximum (F: applied force, ν: Poisson’s ratio of the
pecimen, t: specimen thickness).9
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.3. Thermomechanical testing

Dilatometric measurements in the longitudinal direction are
erformed in an Adamel (DI24) thermoanalyser. Rods, approxi-
ately 8 mm in diameter and 15 mm in length, are used for these
easurements, the sample ends being ground flat and parallel.
In order to perform dilatometric measurements on the isolated

arnet or perovskite phases, polycrystalline rods of YAG, EAG
nd GAP are prepared using the same oxide powders mixed at
he ratios corresponding to the composition of YAG (Y3Al5O12),
AG (Er3Al5O12) and GAP (GdAlO3) phases, respectively.26–28

fter being isostatically pressed at room temperature, the rods
re sintered at 1975 K for 48 h. The single phase nature of
he polycrystalline rods thus obtained is verified through X-
ay diffraction.5 Although the lanthanide oxide (Y2O3, Er2O3
r Gd2O3) molar content of the zirconia phase in the eutectics
s rather high (≈20 mol%),4 dilatometric measurements have
een performed on commercially available ZrO2 sintered rods
stabilized cubic ZrO2–8.2 mol% Y2O3: Kyocera, Japan).

Measurement of the longitudinal Young’s modulus is
erformed through longitudinal compression tests. The par-
llelepipedal specimens, approximately 7 × 4 × 4 mm, are cut
arallel to the solidification direction, using a diamond edged
lade. These specimens are equipped with strain gauges
ounted on two parallel sides. The tests are conducted on an

lectromechanical MTS (DY 37) testing system in the elastic
omain. The brittle ceramic specimens are isolated from the
ompression plates by ductile aluminium foils. Taking advan-
age of the plastic deformation of the aluminium foils which
rogressively ensures a uniform applied loading on the two ends,
he cyclic compressive stress level is increased by steps until the
esponses given by the two strain gauges become identical.5

nfortunately, the resulting mechanical cycling may sometimes
ead to brittle failure of the specimen, thus impeding the exper-
mental determination of the Young’s modulus of the eutectic
omposite (e.g. Al2O3/EAG/ZrO2 ternary DSE).

.4. Micrometer scale fluorescence piezo-spectroscopy
easurements of the internal stresses

Ruby fluorescence is used to determine the thermal resid-
al stress level in the alumina phase of the binary and ternary
utectics (Cr3+ impurities generate sharp stress sensitive R1
nd R2 fluorescence bands).33,34 Fluorescence spectra are
ecorded using either a “XY” model Raman micro-spectrometer
Horiba-JY, formerly Dilor, France) equipped with a double
onochromator as a filter and a back-illuminated liquid nitro-

en cooled 2000 × 800 pixels CCD detector (Spex, Jobin-Yvon,
rance) or, in the only case of Al2O3/EAG/ZrO2, a Labram
R Raman microspectrometer (Horiba-JY). The laser excitation

λ = 514.529 nm) is focused on Al2O3 phases through a 100×
icroscope objective (≈1 �m in diameter probe size) and the

ackscattered light analyzed. The motorized XY-stage (0.1 �m

tep) allows a very precise choice of the analyzed area.35,36 Five
o 30 spectra are recorded in each eutectic composite and emis-
ion lines from a neon lamp are used to control the spectrometer
alibration.
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t
z
o
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.5. Microstructural investigations

Growth directions, orientation relationships between eutectic
hases and structure of interfaces are investigated by trans-
ission electron microscopy (TEM). These observations are

erformed on thin foils of transverse sections using either a
onventional TEM (JEOL 2000EX) or a high-resolution TEM
Topcon 002B), both operating at 200 kV.

. Results

.1. Crack propagation modes

The essential propagation mode in the six investigated direc-
ionally solidified eutectics is transgranular crack propagation.9

ollowing the zig–zag propagation of a crack over a long dis-
ance in the Al2O3/YAG binary eutectic composite confirms
hese previous observations (Fig. 2a). This type of crack prop-
gation does not only result from deflections of the cleavage
rack inside each phase or when crossing phase boundaries,
ut also from crack deflection in these interfaces themselves.
he interfaces may thus play a major role in the nucleation
nd propagation of cracks. In both binary9 and ternary eutec-
ics, interface crack propagation is observed between Al2O3 and
AG (large black arrows in Fig. 2a and b), Al2O3 and EAG

large black arrows in Fig. 2c), Al2O3 and GAP (large black
rrows in Fig. 2d), Al2O3 and ZrO2 (white arrows in Fig. 2b–e),
AG and ZrO2 (sharp black arrow in Fig. 2b), EAG and ZrO2

sharp black arrow in Fig. 2c) and GAP and ZrO2 (sharp black
rrow in Fig. 2d). Crack branching is also observed (split arrows
n Fig. 2a, b and e), although, in most cases, these bifurcation
echanisms lead to stopped cracks.

.2. Thermomechanical behaviour

The coefficients of thermal expansion (CTE) of Al2O3 single
rystals (directions // and ⊥ c), of the isolated YAG (Y3Al5O12),
AG (Er3Al5O12), GAP (GdAlO3) and ZrO2 phases and of the

nvestigated binary and ternary eutectic ceramics (longitudinal
irection) are reported in Table 1. The CTEs found for Al2O3
re in good agreement with those found in the literature and
onfirm the quality of calibration of the thermoanalyser. These
xperimentally determined values will be used for the internal
tress calculations. Concerning the DSE ceramics, it should be
oted that the CTEs of the three ternary eutectics are higher than
hose of the corresponding binary eutectics. In each case, the
ercentage of lanthanide oxide (Y2O3, Er2O3 or Gd2O3) addi-
ion in the zirconia phase is high (≈20 mol%),4 much higher
han that of the zirconia specimen used for the CTEs measure-

ents. However, the CTEs measured on the stabilized cubic
rO2–8.2 mol% Y2O3 are rather high and in good agreement
ith those found in the literature.16–19 The higher values of the

TEs of the ternary eutectics, as compared with the binary eutec-

ics, may thus be explained by the high value of the CTEs of the
irconia phases, fully stabilized cubic ZrO2 with Y2O3, Er2O3
r Gd2O3 additions.



1202 L. Perrière et al. / Journal of the European Ceramic Society 31 (2011) 1199–1210

Fig. 2. Crack propagation modes at room temperature in eutectic ceramics subject
Al2O3/YAG/ZrO2 (b), Al2O3/EAG/ZrO2 (c) and Al2O3/GAP/ZrO2 (d and e).

Table 1
Coefficients of thermal expansion (CTEs) of Al2O3 single crystals (directions
// and ⊥ c), of the YAG, EAG and GAP polycrystalline samples, of commer-
cial sintered ZrO2 (8.2 mol% Y2O3) and of the investigated eutectic ceramics
(longitudinal direction) (*: 1400 K).

System α

(10−6 K−1)
500 K

α

(10−6 K−1)
1000 K

α

(10−6 K−1)
1500 K

Al2O3 // c 8.2 9.3 10.5
Al2O3 ⊥ c 8 8.7 9.5
YAG 7.8 8.8 9.7
EAG 8.2 9.0 9.8
GAP 6.4 7.7 8.8*
ZrO2 (8.2 mol% Y2O3) 9.0 9.6 10.4
Al2O3/YAG 8.3 9.1 9.9
Al2O3/YAG/ZrO2 8.4 9.2 10.1
Al2O3/EAG 8.2 9 9.3
Al2O3/EAG/ZrO2 8.2 9.3 10.3
Al2O3/GAP 8.1 9.1 10
Al2O3/GAP/ZrO2 8.1 9.5 10.9
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ed to biaxial flexure (FEG-SEM, back-scattered electrons): Al2O3/YAG (a),

Concerning the determination of the Young’s moduli of
he various eutectic composites through compression tests, the
esults of these measurements are reported in Table 2. The eutec-
ic ceramics being two- or three-phase composites, the measured
verage moduli may be compared to those determined using
ither the Voigt (uniform strain) or Reuss (uniform stress) meth-
ds. The Voigt modulus (EVoigt) thus corresponds to the rule

f mixture (ROM) modulus in the longitudinal direction of a
nidirectional composite, whereas the Reuss modulus (EReuss)
orresponds to the ROM modulus in the transverse direction of

able 2
oung’s moduli of the various eutectic composites determined through com-
ression tests.

ystem E (GPa)

l2O3/YAG 326
l2O3/YAG/ZrO2 333
l2O3/EAG 320
l2O3/GAP 310
l2O3/GAP/ZrO2 300
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4.1. Thermal mismatch stresses

Concerning the choice of a mechanical model representative
of the 3-D interconnected microstructure, it should be noted that

Table 3
Chromium ion fluorescence-based internal stress measurements in the alumina
phase of the binary and ternary eutectics. The experimental R1 and R2 peak
positions were converted into equivalent stress values using hydrostatic (σhydro)
or plane stress (σplanar; σz = 0) models.

System σR1
hydro (MPa) σR2

hydro (MPa) σR1
planar (MPa) σR2

planar (MPa)

Al2O3–YAG −90 −74 −166 −116
Al2O3–YAG–ZrO2 −295 −255 −548 −403
L. Perrière et al. / Journal of the Europ

unidirectional composite.

Voigt = V1E1 + V2E2 (1)

1

EReuss
= V1

E1
+ V2

E2
(2)

here V1 and V2 are respectively the volume fractions of phases
and 2.
The Voigt and Reuss moduli may thus be determined using

he values found in the literature20–23 for the Young’s moduli
f the individual phases (Al2O3, YAG, ZrO2) and the volume
ractions experimentally determined through image analysis.4

n this respect, the measured Young’s modulus (326 GPa) for
he Al2O3/YAG eutectic (VAl2O3 = VYAG = 50%) is closer to
hat given by the Reuss modulus (339 GPa) than to that given
y the Voigt modulus (355 GPa). The mechanical behaviour
n the elastic domain (Young’s modulus) of the 3-D inter-
onnected eutectic composite is thus essentially governed by
he portion of phases elongated in the transverse direction
ROM modulus in the transverse direction of a unidirectional
omposite). However, in the case of the Al2O3/YAG/ZrO2
ernary eutectic (VAl2O3 = 43%, VYAG = 43%, VZrO2 = 14%),
he measured Young’s modulus (333 GPa) is located between
he Reuss (321 GPa) and Voigt moduli (339 GPa), thus
uggesting a complex mechanical behaviour in the elastic
omain, influenced by both the longitudinal and transverse
ontributions of the various phases subjected to a uniaxial
oading.

.3. Internal stresses

The piezo-spectroscopic internal stress measurements in the
lumina phase are performed using a micro-Raman spectrom-
ter to detect chromium ion fluorescence. Cr3+ impurities are
esponsible for R1 and R2 stress sensitive fluorescence lines and
he relationship between the frequency shift (�ν) in the spectrum
nd the state of stress of alumina is given by33

ν = Π σ (3)

here Π and σ are respectively the piezospectroscopic and stress
ensors.

These tensors are defined in the (〈1 2̄ 1 0〉, 〈1 0 1̄ 0〉, 〈0 0 0 1〉)
rthogonal frame of �-Al2O3. The coefficients of the piezospec-
roscopic tensor have been determined experimentally in
r3+-doped sapphire.34

If a hydrostatic 3-D stress system (σhydro) is assumed, then
he frequency shifts are given by5,37

νR1 = 7.59 σR1
hydro (4)

νR2 = 7.61 σR2
hydro (5)

here the units of frequency shift and stress are respectively
m−1 and GPa.
Concerning the crystallographic orientation of the alumina
hase, electron backscattered diffraction (EBSD) and TEM
nvestigations4–7 have shown that the growth direction (i.e. the
ormal (z) to the specimen surface in the present measurements)

A
A
A
A

eramic Society 31 (2011) 1199–1210 1203

s 〈1 0 1̄ 0〉 in all the binary and ternary DSEs under considera-
ion. The other two axes of the orthogonal frame of the �-Al2O3
rystal, directions 〈0 0 0 1〉 and 〈1 2̄ 1 0〉, are thus parallel to the
pecimen surface (x, y plane). The fluorescence signal being
mitted from a small depth interaction volume,35 much smaller
han the size of the interconnected microstructure of the eutec-
ics, the stress state in the analyzed volume may be supposed to
e essentially plane stress.5,37 Consequently, the stress compo-
ent in the direction normal to the polished surface is assumed
o be zero (σz = 0) and the stress components in the plane per-
endicular to this direction are supposed to be equal and given
y σx = σy = σplanar. Then5,37

νR1 = 4.09 σR1
planar (6)

νR2 = 4.81 σR2
planar (7)

The experimentally determined line shifts �νR1 and �νR2

ay thus lead to different internal stress levels depending on
he assumption of either a hydrostatic (σhydro) or plane stress
σplanar) state. The hydrostatic (σhydro) and planar (σplanar) inter-
al stresses thus determined are reported in Table 3. It is worth
oting that both the hydrostatic (σhydro) and planar (σplanar) inter-
al stresses in the alumina phase of the investigated eutectic
omposites are negative; the alumina phase is thus subjected to
compressive loading. It is also worth mentioning that the values
btained from the R1 and R2 lines shifts are similar in magni-
ude. As expected, the presence of the ZrO2 phase in the ternary
utectics leads to higher values of the compressive stress. This
henomenon may be attributed to the high value of the coeffi-
ient of thermal expansion of the ZrO2 phase as compared to
hose of the other phases.

. Discussion

The various crack propagation modes observed using the
iaxial bending tests have to be correlated to the level of the ther-
al mismatch stresses, to the stress distribution resulting from

he applied loading and to the nature of the interfaces between
he various phases.
l2O3–EAG −80 −67 −149 −106
l2O3–EAG–ZrO2 −401 −365 −743 −578
l2O3–GAP −208 −167 −386 −264
l2O3–GAP–ZrO2 −430 −363 −797 −574
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he microstructure is essentially hieroglyphic in shape, instead
f being fibrous or lamellar, as observed in regular eutectics.38

n this context, the presence of a ZrO2 phase totally embedded
n Al2O3 (Fig. 3a (top center)) suggests the use of a model of
oncentric cylinders (Fig. 3b and c) to calculate the stress dis-
ribution. Contrary to the 1-D model of stacked plates, this 2-D

odel allows the determination of the normal stresses (σn = σr)
cting on the interfaces between the various phases and result-
ng from this type of concentric arrangement.9 For instance,
he ZrO2 phases in Fig. 3a (top center) may be represented by

1 �m in diameter ZrO2 bar, bonded into a 1.5 �m in thick-
ess Al2O3 sleeve, surrounded by a 0.5 �m in thickness ZrO2
leeve (Fig. 3b and c). Finally, these three concentric cylin-
ers are embedded into an equivalent homogeneous medium
EHM) having the diameter of the specimen under investigation
nd the macroscopic thermo-mechanical properties of the bulk
l2O3/GAP/ZrO2 eutectics (Fig. 3b and c). Assuming linear

lasticity, generalized plane strain and perfect bonding between
he four concentric phases, a completely analytical solution is
btained.39 In the case of the Al2O3/GAP/ZrO2 eutectics sub-
ected to a �T ≈ 1700 K temperature change, the normal stress

σr) acting on the ZrO2/Al2O3 interface attains ≈1000 MPa9;
his high tensile normal stress helps interface crack propagation,
s observed in Fig. 3a. The external ZrO2 layer is subjected to

S
s
t
c

ig. 3. Thermal mismatch stresses in the Al2O3/GAP/ZrO2 eutectics. A ZrO2 phase (t
odel of concentric cylinders: ZrO2 (phase 1), Al2O3 (phase 2), ZrO2 (phase 3), em

ircumferential (σ�), axial (σz) and shear stress (τrz) components (c). Fine mesh FE c
cylindrical interface (d). This stress component which is zero on the surface (plan

ondition), attains a very high value near the surface (d).
eramic Society 31 (2011) 1199–1210

high tensile circumferential loading (σ� ≈ 1800 MPa)9 which
elps transgranular crack propagation in this phase, as observed
n Fig. 3a.

However, near the surface, another stress component has
o be taken into consideration for the possibility of interface
rack nucleation and propagation: the shear stress component
rz (Fig. 3c and d) which favours extrusion of the ZrO2 phase
ubjected to a thermal compression loading. This shear stress
omponent is zero on the surface (plane stress condition) and
nside the specimen, far from the surface (plane strain con-
ition). Close to the surface, due to free-edge effects, this
hear stress component may attain a high value. An analytical
pproach of these effects being impossible, a fine mesh finite ele-
ents (FE) calculation, performed using the ZeBuLoN code,40

s required to determine the maximum value. For instance, in
he Al2O3/GAP/ZrO2 eutectics, the shear stress component τrz
ttains 600 MPa at a distance of approximately 0.3 �m from the
urface (Fig. 3b). In this region, the ZrO2/Al2O3 interface is
hus subjected to the combined effects of a high tensile normal
tress (σr ≈ 1000 MPa) and a high shear stress (τrz ≈ 600 MPa).

imultaneous relaxation of these two components of the thermal
tresses explains the preferential crack nucleation and propaga-
ion in the Al2O3/ZrO2 interface. It should be noted that, in the
ase of bending tests where the stress component resulting from

op center) surrounded by a continuous layer of Al2O3 (a) and the corresponding
bedded in an equivalent homogeneous medium EHM (b and c). Radial (σr),

alculation of the maximum value of the shear stress (τrz) in the Phase 1/Phase
e stress condition) and inside the specimen, far from the surface (plane strain
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he applied loading is maximum on the surface, the combina-
ion of σr and τrz may lead to premature crack nucleation. This
rack nucleation mode is not representative of the bulk mate-
ial subjected to a tensile or compressive loading and may lead
o lower values of the ultimate tensile strength when measured
hrough bending tests. From a practical viewpoint, it should be
oted that thermal cycling during service of a turbine blade may
esult in a to and fro displacement of the zirconia phase inside
he alumina phase, thus leading to interface damage and finally
o debonding.

Nevertheless, the model of concentric cylinders is only
epresentative of this very simple geometrical configuration.
onsequently, the stress component values thus determined can
nly be considered as estimates. The observed configurations are
enerally more complex and cannot be represented by a model
f concentric cylinders. Examples are given in Fig. 2b (center),
(center), d (bottom) and e (center). In the first three cases, the
rO2 phase is not completely surrounded by the Al2O3 phase,
hereas, in the last case (Fig. 2e), the ZrO2 phase is elongated

n one direction and broken. Representative models of these real
eometrical arrangements are presented in Fig. 4a and b. The
tress components can no more be determined through analyt-
cal calculations. The calculations are thus performed through
nite element calculations, using the ZeBuLoN code,40 with the
ame assumptions as those of the analytical calculations. The
esults are presented in Fig. 4c–f. In the case of a ZrO2 phase
ot completely embedded in the Al2O3 phase (Fig. 2b–d, Fig. 4a,
and e), the value of the normal stress (σy) at the interface is

ower at points A and C (Fig. 4e) than in the axi-symmetrical
ase. These stress levels are however sufficiently high to explain
rack propagation along these interfaces (Fig. 2b–d). In the case
f an elongated ZrO2 phase (Fig. 2e, Fig. 4b, d and f), the level of
he normal stress (σy) at point A is high (Fig. 4f), which explains
rack propagation along this interface (Fig. 2e). It should be
oted that this normal stress is higher than in the axi-symmetrical
ase, whereas the normal stress (σx) at point B (Fig. 4d) is lower
han the normal stress in the axi-symmetrical case. The normal
tress (σy) at point C inside the elongated phase is also very high
Fig. 4f), which explains the crack propagation across this phase
Fig. 2e).

As compared to the ultimate tensile strength of such eutectic
eramics,2,13 the level of these internal stress components is
ery high, which, added to the applied loading, explains their
ssential role in crack nucleation and propagation. Moreover,
etermination of the normal stress (and, near the surface, of the
hear stress) acting on the interfaces explains the possibility of
rack deflection in the interfaces in the ternary eutectic ceramics,
phenomenon which may markedly improve the toughness of

hese DSE ceramics.
The level of the internal stresses found in the alumina phase

f the ternary eutectic composites using fluorescence piezo-
pectroscopic internal stress measurements (Table 3) may be
ompared to the results found using either the concentric cylin-

er model (Fig. 3) or the more representative models (Fig. 4). In
his context, it should be noted that even if a complete description

ost probably involves a combination of both the “bulk repre-
entative” hydrostatic model and of the “surface representative”

t
f
b
o

eramic Society 31 (2011) 1199–1210 1205

lanar isotropic model, the level of the (σplanar) internal stress
n the alumina phase of the ternary Al2O3/GAP/ZrO2 eutec-
ic composite is in good agreement with the calculated thermal

ismatch stresses, the alumina phase being under a high level
ompressive loading for the three stress components: σr, σ� and
z.9 From a mechanical viewpoint, the hypothesis of a “surface

epresentative” planar isotropic model, leading to the (σplanar)
nternal stress, may be justified through a FE calculation of the
ariation of the stress component σz near the surface. Assum-
ng that the laser beam is focused on a large cylindrical Al2O3
hase, 4 �m in diameter, surrounded by a thin (0.5 �m) ZrO2
ayer (Fig. 5a), the variation of σz, as a function of depth along
he z axis, is given in Fig. 5b. At a depth of 1 �m, the stress
omponent σz is negligible as compared to its maximum value,
hereas at a depth of 2 �m, it only attains half its maximum
alue. Consequently, the real value of the internal stress level is
robably comprised between those given by the “bulk represen-
ative” hydrostatic model and the more “surface representative”
lanar isotropic model.

As mentioned earlier, in the present investigation, the obser-
ation of crack propagation is performed on the polished and
ensile-subjected surface of the specimen. In this context, does
he presence of the neighbouring surface exert so strong an
nfluence on crack branching, as it does on interface debond-
ng through the thermal mismatch stress component τrz? First
f all, it should be noted that crack branching is observed not
nly in the interfaces where crack deflection through debond-
ng has occurred,9 but also in an individual phase (Fig. 2a).
n this last case, the bifurcation mechanism is most probably
elated to the presence of an underlying phase of the 3-D inter-
onnected microstructure, hidden under the surface. When the
acroscopic crack attains this hidden phase, bifurcation may

ccur through interface debonding on this phase. In this context,
t should be noted that bifurcation mechanism generally leads to
topped cracks. Although performed on the specimen surface,
he observation of crack branching, which has a non-negligible
ole in energy dissipation, may be supposed to be representative
f the behaviour of the bulk material.

.2. Stress distribution resulting from an applied loading

As mentioned earlier, in the ternary eutectics, the internal
ismatch stresses are sufficiently high to explain the crack

ropagation modes, especially the deflection of cracks in the
nterfaces. However, in the binary eutectics, the propagation

odes are similar, whereas the internal stresses are much lower
nd can only help the nucleation and propagation of cracks.
n this context, another specific aspect of the eutectic ceramics
as to be taken into consideration: the non-uniform stress dis-
ribution in such two-phase or three-phase specimens subjected
o a uniaxial applied loading. As a matter of fact, the eutectic
eramics differ from a one-phase single crystal by two factors:
he 3-D interconnected microstructure and the ratio between

he Young’s moduli of the various phases, which is different
rom 1. These two factors involve a non-uniform stress distri-
ution. This phenomenon was revealed through a paradoxical
bservation. Basal slip was identified in the alumina phase of
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Fig. 4. FE stress calculations in geometrical configurations too complex for a concentric cylinders model to apply. A situation representative of a ZrO2 phase not
c ) is gi
i s (a)
σ
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s
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ompletely surrounded by Al2O3 (e.g. Fig. 2b (center), c (center) and d (bottom)
s given in (b). The σx and σy stress components corresponding to configuration

y in (e) and (f).

n Al2O3/GAP eutectic8 previously subjected to a compressive
reep test (Fig. 6a). This is in agreement with the fact that the
asal slip system has the lowest critical resolved shear stress at
igh temperature.41,42 However, due to the crystallographic ori-
ntation of the compressive creep test specimens, the basal plane
s oriented parallel to the loading direction and the shear stress
n the basal planes would be negligible in a one-phase single

rystal. The only slip system which could be activated would be
he prismatic slip system. Thus, the fact that the only observed
lip system is the basal slip system implies a stress redistribution
n the alumina phase.

0
i
s
l

ven in (a), whereas the model of an elongated ZrO2 phase (e.g. Fig. 2e (center)),
and (b) are given by grey level density maps (unit: MPa); σx in (c) and (d), and

Concerning the possible role of the Young’s modulus ratio in
he eutectic ceramics, this ratio, EG or P/EAl2O3 , is only approx-
mately 0.7 and thus far from the extreme situations of a hole in
plate (ratio = 0), or of a rigid bar inserted in the hole of a plate

infinite ratio). However, FE calculations performed on a repre-
entative two-phase model have shown that the shear stress |τ|
n the loading direction (applied loading 
) may locally attain

.1 
 in the alumina phase (Fig. 6b), whereas it would be zero
n a one-phase single crystal. As a comparison, the maximum
hear stress in a single crystal, in a plane oriented at 45◦ to the
oading axis, is 0.5 
· This stress redistribution, resulting from
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ig. 5. Hydrostatic and plane stress models in micrometer scale fluorescence pi
urface, along the z axis, in a large cylindrical Al2O3 phase (Phase 1), 4 �m in d
unction of depth (b).

he Young’s modulus ratio of the two-phase eutectic ceramics
ubjected to a uniaxial loading, is thus strong enough to acti-
ate the basal slip system although the direction of the uniaxial
oading is parallel to the basal plane. In this respect, it should be
oted that the inhomogeneous spatial distribution of the equiv-
lent strain rate in the alumina phase in the plastic region of an
l2O3/YAG eutectic has already been evidenced.43

As regards the preferential role of curved interfaces in the
ropagation of cracks, a stress concentration at the interface
etween the two phases may also result from the ratio between
he Young’s moduli of the various phases. In the case of a very
imple model such as a two-phase plate subjected to a tensile
oading (Fig. 6c), the stress concentration factor may be eas-
ly determined through analytical formulae.44–46 Even in the
ase of such a simple arrangement, the normal stress at the
nterface at point A (Fig. 6c) is already increased by a factor

f ≈1.1, as compared to a one-phase single crystal (σr(r = ρ,
= 0◦) = σn(A) ≈ 1.1 
). This local stress concentration may
elp crack nucleation and propagation, essentially in the binary
utectics where the level and thus the contribution of the ther-

t
c
i
t

ig. 6. Stress redistribution in the eutectics subjected to a uniaxial loading (EG or P/EA

ubjected to a compressive creep test with basal plane oriented parallel to the loading
direction parallel to the applied loading (b). Two-phase eutectic specimen: an Al2O

ubjected to a tensile loading (c). Stress concentration factor at point A: σr(r = ρ, θ =
ectroscopy. FE calculation of the variation of the stress component σz near the
er, surrounded by a thin (0.5 �m) ZrO2 layer (Phase 2) (a). Variation of σz as a

al mismatch stresses is lower. Consequently, the role of the
oung’s modulus ratio (EG or P/EAl2O3) of the two-phase inter-
onnected microstructure may be considered as essential, not
nly in the activation of deformation mechanisms, but also
n the crack nucleation and propagation modes in the binary
utectics.

.3. Role of the interfaces

Even if the thermal mismatch stresses and the stress
edistribution resulting from an applied loading (for
G or P/EAl2O3 /= 1) obviously play a non negligible role

n the crack propagation modes, the various mechanisms
nvolved in the nucleation and propagation of cracks have to be
onsidered more precisely. As mentioned earlier, the observed
rack propagation modes are: transgranular crack propagation

hrough cleavage, which is a well-known mechanism in
eramics, crack branching, which may be attributed to the 3-D
nterconnected microstructure and, finally, crack deflection in
he interfaces.

l2O3 ≈ 0.7). Basal slip in the Al2O3 phase of an Al2O3/GAP eutectic previously
direction (a). Representative model and FE calculations of the shear stress τ in

3 phase embedded in either a garnet (G) or perovskite (P) phase (G or P plate),
0◦) = σn(A) ≈ 1.1 
 (c).



1208 L. Perrière et al. / Journal of the European Ceramic Society 31 (2011) 1199–1210

F n pair
(

D
i
a
H
b
p
c
e
o
i
t
T
t
t
o

5

i
s
c
t

s
i
e
o
u
m
s
c
m
t
n
p

t
a
z
f
t
i
o
c

c
i
w
r
i
e
t
a
e
p
t

3
p
t
p
s
c

D
f
i
t
d

ig. 7. TEM examination of a curved interface: presence of steps and dislocatio
b).

In this respect, the specific aspects of the interfaces in the
SEs have to be taken into consideration. First of all, there is no

nterphase layer, contrary to sintered ceramics. The interfaces
re clean, often presenting an intrinsic dislocation network.1,2,6

owever, due to the presence of intrinsic dislocations and possi-
le dangling bonds, the interfaces are weaker than the individual
hases. Moreover, curved interfaces are preferential sites of
rack deflection.9 In the case of curved interfaces, transmission
lectron microscopy examinations have revealed the presence
f steps and dislocation pairs (Fig. 7a), thus leading to a further
nterface weakening. Crack nucleation in the interface between
wo adjacent phases (Al2O3/YAG) has also been observed in
EM (Fig. 7b). Such an observation confirms the weakness of

he interfaces as compared to the individual phases and explains
he essential role of the interfaces in the nucleation and deflection
f cracks.

. Conclusion

The crack propagation modes observed in directionally solid-
fied eutectic ceramics seem to be drastically influenced by
everal factors: the thermal mismatch stresses, the stress con-
entration factors resulting from the Young’s modulus ratio of
he various phases and the nature of the interfaces.

Concerning the internal stresses, fluorescence piezo-
pectroscopy has allowed an experimental measurement of the
nternal stresses in the alumina phase of the binary and ternary
utectics. The level of the residual stresses in the alumina phase
f the eutectic composites is in good agreement with that found
sing either a concentric cylinder model or more representative
odels for the calculation of the thermal mismatch stresses. This

tress level, determined through analytical and FE numerical cal-
ulations, is sufficiently high to explain the crack propagation

odes in the ternary eutectics and to help crack propagation in

he binary eutectics. Moreover, the combined effect of the σr
ormal stress and of the τrz shear stress near the surface, on the
ossible nucleation of cracks, has been evidenced. In this con-

e
n
t
t

s at each step (arrows) (a). Crack nucleation (arrow) in an Al2O3/YAG interface

ext, it should be noted that thermal cycling during service of
turbine blade may result in a to and fro displacement of the

irconia phase inside the alumina phase, thus leading to inter-
ace damage and finally to debonding. Furthermore, the role of
he Young’s modulus ratio (EG or P/EAl2O3) of the two-phase
nterconnected microstructure is far from being negligible, not
nly in the activation of deformation mechanisms, but also in the
rack nucleation and propagation modes in the binary eutectics.

The role of the interfaces in the propagation and deflection of
racks seems to be essential. As confirmed through TEM exam-
nations, the interfaces, although clean and strong, are however
eaker than the individual phases. Nevertheless, the problem is

ather complex and requires a more detailed investigation of the
nterfaces and especially of the curved interfaces which play an
ssential role in crack propagation. Moreover, it should be noted
hat the observed crack deflection modes in the various phases
nd in the interfaces are more numerous in ternary than in binary
utectics. This experimental result is in good agreement with the
reviously determined improvement of the fracture toughness of
ernary eutectics as compared to binary eutectics.4,6

Consequently, due to the presence of a two- or three-phase
-D interconnected microstructure, a highly detrimental crack
ropagation mode such as transgranular crack propagation in
he brittle ceramic phases is drastically limited by energy dissi-
ative crack deflection modes resulting from thermal mismatch
tresses, effects of Young’s modulus ratios and nature of the
urved interfaces between the various phases.

Finally, this better knowledge of the mechanical behaviour of
SE ceramics has led to the development of a specific Bridgman

urnace (Cyberstar, Grenoble, France) according to the spec-
fications established by Onera. This device, which includes
wo superposed radiofrequency heating elements, is specifically
esigned to produce large eutectic crystals (up to 50 mm in diam-

ter and 200 mm in height) and turbine blades. In this context,
ew eutectic compositions without Al2O3 phase are under inves-
igation to improve the resistance of the DSE composites to high
emperature water vapor corrosion.
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