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Abstract

The development of directionally solidified eutectic (DSE) ceramics for gas turbine applications necessitates improving their strength and tough-
ness. The early stage of crack propagation is investigated in either binary (Al,03/Y3Al50y,, Al,03/GdAlO; and Al,O3/Er;AlsO4,) or ternary
(AL O3/Y3A150,/ZrO,, Al,03/GdA1O3/ZrO, and Al,03/Er;AlsO,,/ZrO,) DSE ceramics. Post-mortem scanning electron microscopy (SEM)
examination of biaxial flexure induced cracks revealed crack deflection and branching in the various phases and in the phase boundaries. These
observations are correlated to analytical and finite element (FE) internal stress calculations, FE determination of the axial shear stress component
in the interfaces in the vicinity of the specimen surface (free-edge effect) and FE calculations of the stress distribution resulting from an applied
loading. Results from ruby (Cr**) fluorescence piezo-spectroscopy measurements are analyzed, taking into account the hydrostatic and plane stress
hypotheses. Moreover, transmission electron microscopy (TEM) examinations have confirmed the role of interfaces in the crack nucleation and

propagation modes.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of new ultra high temperature structural
materials in the aerospace field and in particular for gas tur-
bine applications is a real challenge. Despite the various studies
performed to increase the heat-resistance of nickel-based super-
alloys, their use at temperatures beyond 1400 K remains difficult.
For higher temperatures, sintered ceramic oxides offer many
advantages compared to superalloys: resistance to oxidation and
abrasion, lower density. Unfortunately, sintered ceramics are
brittle and their failure strength decreases when the temperature
increases. Ceramic materials prepared from oxides by unidi-
rectional solidification from the melt (melt growth composites
(MGCQ)) add new potentialities to the advantages of sintered
ceramics: a higher strength, almost constant up to temperatures
close to the melting point (no amorphous phases at the inter-
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faces), good creep resistance, stability of the microstructure
and no chemical reaction between the constituent phases.'™
The microstructure of directionally solidified eutectic (DSE)
ceramics consists in three-dimensional (3-D) and continuous
interconnected networks of single-crystal eutectic phases. After
solidification of binary eutectics, the eutectic phases are alumina
and either an LnAlO3 perovskite phase (Ln, lanthanide element:
Gd, Eu) or an Ln3Al;01; garnet phase (Ln: Y, Yb, Er, Dy). In the
case of ternary systems, zirconia is added as a third phase in order
to refine the microstructure and to promote energy dispersive
crack deflection modes acting in favour of a better toughness.
In the present case, the directionally solidified eutectic ceramics
under investigation are either binary (Al,03/Y3Al5012 (YAG),
Al 03/Er3AlsO12 (EAG) and Al,03/GdAlO3 (GAP)) or ternary
(Al,O3/YAG/ZrO;, Al,O3/EAG/ZrO; and Al,O3/GAP/ZrOy)
eutectics. Studies to control the microstructure of direction-
ally solidified eutectic ceramics have been performed, acting
on the processing parameters of the floating-zone method (arc
image furnace).*® The mechanical properties have thus been
investigated on the small specimens manufactured through this
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process. A biaxial testing disc flexure device’ has been used
to investigate the early stage of crack propagation in the inter-
connected microstructure of the DSE ceramics. Post-mortem
scanning electron microscopy (SEM) examination of the biax-
ial flexure induced cracks is focused on the possibility of crack
deflection in the various phases and in the phase boundaries,
a phenomenon which may markedly improve the toughness
of these eutectic composites. However, the mechanical prop-
erties and the crack propagation modes depend on the level of
the internal thermal stresses. In this context, internal stresses
measurements have already been performed in eutectic ceram-
ics using either X-ray!'®!! or neutron'? diffraction techniques
or fluorescence piezo-spectroscopy.>!3~15 Analytical and finite
element (FE) calculations of the thermal mismatch stresses can
also be performed; they however require the prior knowledge
of the thermomechanical parameters of the various phases'®2*
and of the eutectic composites.?

Consequently, complementary measurements have been per-
formed, not only on the eutectic composites, but also on the
individual garnet and perovskite phases. Even if analytical cal-
culations had already provided a good estimate of the residual
stress level in the vicinity of the interfaces in the simple con-
figuration of infinite concentric cylinders,” additional FE stress
calculations have been performed in order to map the stress com-
ponents in more complex geometrical configurations. Moreover,
concerning the free-edge effect in the vicinity of the specimen
surface, FE calculations have permitted to determine the axial
shear stress component in the interfaces. Internal stress mea-
surements through ruby (Cr3*) fluorescence piezo-spectroscopy
have provided an average value of the stress state in the alumina
phase of the various investigated DSE composites. The fluo-
rescence signal being emitted from a small depth interaction
volume, FE calculations, taking into account the presence of
the neighbouring surface, have allowed comparing these exper-
imental results with those of analytical and FE calculations
representative of the bulk material. Furthermore, transmission
electron microscopy (TEM) examinations were performed in
order to investigate, at a finer scale, the role of the interfaces in
crack nucleation and propagation. Finally, a comparative anal-
ysis of all these complementary experimental and calculated
results was aimed at a better understanding of the role of the
interfaces in the fracture modes and on the toughness of the
DSE composites.

2. Experimental procedures
2.1. Materials

Eutectic samples are prepared from high purity powders
(Al,O3: Baikowski Chimie, France; Y,03, EryO3, Gd,Os:
Rhodia, formerly Rhone Poulenc, France; ZrO;: Th. Gold-
schmidt Industriechemikalien, Germany) mixed at the ratios
corresponding to the eutectic compositions.*?0-3 Rods, isostat-
ically pressed at room temperature, are then sintered at 1675 K
for 10 h in order to improve their handling strength. Directional
solidification is performed in air using the floating-zone trans-

lation technique (6 kW xenon lamp arc image furnace) at a
solidification rate of 10mmh™', or 20mmh~! in the only case
of AlL,O3/EAG/ZrO;. Final rods of oriented eutectics are about
6—8 mm in diameter and 40-60 mm in length.

2.2. Biaxial flexure testing

Biaxial flexure testing was preferred to beam-bending tests
since the coaxial-ring test is free of edge condition influences?!:
cracks initiate in the central area and propagate outwardly. On
the contrary, the beam-bending test is influenced markedly by the
edges parallel to the specimen major axis, the presence of flaws
leading to premature and non-representative crack initiation.
The biaxial disc flexure testing device® presents the ring sup-
ported/ring loaded test geometry (Fig. 1). The stress components
may thus be determined through an analytical calculation.? In
the central area (Fig. 1), inside the inner loading ring (0 < r < ry),
the radial (o;) and tangential (o) stress components are equal,
uniform and maximum. The main advantage of this system, as
concerns the initiation of cracks and the early stage of crack
propagation, is thus the possibility to subject the relatively large
central area, which is free from edge defects, to a uniform biaxial
tensile loading.

Specimens for the biaxial bending tests (=800 pm in thick-
ness) are cut perpendicularly to the growth axis of the 8 mm in
diameter eutectic rods, the 5mm in diameter discs being then
cut in the central area of the slice. High quality surface finish of
the lower surface of the specimen (i.e. the surface which will be
subjected to the biaxial tensile loading), is obtained through dia-
mond polishing. The biaxial bending tests are conducted at room
temperature. After the flexure tests, examination of cracks is
performed through scanning electron microscopy (SEM): Zeiss
Gemini (field emission gun (FEG)-SEM).
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Fig. 1. Biaxial disc flexure test: the specimen under biaxial loading between the
flat-ended punch (radius ry) and the support (radius r; ), with specimen overhang
(rp—r1). In the central area, the radial (o) and tangential (o) stress components
are equal, uniform and maximum (F: applied force, v: Poisson’s ratio of the
specimen, 1: specimen thickness).”
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2.3. Thermomechanical testing

Dilatometric measurements in the longitudinal direction are
performed in an Adamel (DI24) thermoanalyser. Rods, approxi-
mately 8 mm in diameter and 15 mm in length, are used for these
measurements, the sample ends being ground flat and parallel.

In order to perform dilatometric measurements on the isolated
garnet or perovskite phases, polycrystalline rods of YAG, EAG
and GAP are prepared using the same oxide powders mixed at
the ratios corresponding to the composition of YAG (Y3Al5012),
EAG (Er3AlsO12) and GAP (GdAlO3) phases, re:spectively.26‘28
After being isostatically pressed at room temperature, the rods
are sintered at 1975K for 48h. The single phase nature of
the polycrystalline rods thus obtained is verified through X-
ray diffraction.’ Although the lanthanide oxide (Y703, Er,O3
or Gd>03) molar content of the zirconia phase in the eutectics
is rather high (~20mol%),* dilatometric measurements have
been performed on commercially available ZrO; sintered rods
(stabilized cubic ZrO,—8.2 mol% Y,0s3: Kyocera, Japan).

Measurement of the longitudinal Young’s modulus is
performed through longitudinal compression tests. The par-
allelepipedal specimens, approximately 7 x 4 x 4 mm, are cut
parallel to the solidification direction, using a diamond edged
blade. These specimens are equipped with strain gauges
mounted on two parallel sides. The tests are conducted on an
electromechanical MTS (DY 37) testing system in the elastic
domain. The brittle ceramic specimens are isolated from the
compression plates by ductile aluminium foils. Taking advan-
tage of the plastic deformation of the aluminium foils which
progressively ensures a uniform applied loading on the two ends,
the cyclic compressive stress level is increased by steps until the
responses given by the two strain gauges become identical.’
Unfortunately, the resulting mechanical cycling may sometimes
lead to brittle failure of the specimen, thus impeding the exper-
imental determination of the Young’s modulus of the eutectic
composite (e.g. Al,O3/EAG/ZrO; ternary DSE).

2.4. Micrometer scale fluorescence piezo-spectroscopy
measurements of the internal stresses

Ruby fluorescence is used to determine the thermal resid-
ual stress level in the alumina phase of the binary and ternary
eutectics (Cr’* impurities generate sharp stress sensitive R
and R, fluorescence bands).>3* Fluorescence spectra are
recorded using either a “XY”” model Raman micro-spectrometer
(Horiba-JY, formerly Dilor, France) equipped with a double
monochromator as a filter and a back-illuminated liquid nitro-
gen cooled 2000 x 800 pixels CCD detector (Spex, Jobin-Yvon,
France) or, in the only case of Al,O3/EAG/ZrO;, a Labram
HR Raman microspectrometer (Horiba-JY). The laser excitation
(A=514.529 nm) is focused on Al,O3 phases through a 100x
microscope objective (=1 wm in diameter probe size) and the
backscattered light analyzed. The motorized XY-stage (0.1 pm
step) allows a very precise choice of the analyzed area.>>-% Five
to 30 spectra are recorded in each eutectic composite and emis-
sion lines from a neon lamp are used to control the spectrometer
calibration.

2.5. Microstructural investigations

Growth directions, orientation relationships between eutectic
phases and structure of interfaces are investigated by trans-
mission electron microscopy (TEM). These observations are
performed on thin foils of transverse sections using either a
conventional TEM (JEOL 2000EX) or a high-resolution TEM
(Topcon 002B), both operating at 200 k'V.

3. Results
3.1. Crack propagation modes

The essential propagation mode in the six investigated direc-
tionally solidified eutectics is transgranular crack propagation.’
Following the zig—zag propagation of a crack over a long dis-
tance in the Al,O3/YAG binary eutectic composite confirms
these previous observations (Fig. 2a). This type of crack prop-
agation does not only result from deflections of the cleavage
crack inside each phase or when crossing phase boundaries,
but also from crack deflection in these interfaces themselves.
The interfaces may thus play a major role in the nucleation
and propagation of cracks. In both binary® and ternary eutec-
tics, interface crack propagation is observed between Al,O3 and
YAG (large black arrows in Fig. 2a and b), Al,O3 and EAG
(large black arrows in Fig. 2¢), Al,O3 and GAP (large black
arrows in Fig. 2d), Al,O3 and ZrO, (white arrows in Fig. 2b—e),
YAG and ZrO; (sharp black arrow in Fig. 2b), EAG and ZrO;
(sharp black arrow in Fig. 2¢) and GAP and ZrO; (sharp black
arrow in Fig. 2d). Crack branching is also observed (split arrows
in Fig. 2a, b and e), although, in most cases, these bifurcation
mechanisms lead to stopped cracks.

3.2. Thermomechanical behaviour

The coefficients of thermal expansion (CTE) of Al,O3 single
crystals (directions // and L ¢), of the isolated YAG (Y3Al5012),
EAG (Er3Al5012), GAP (GdAIO3) and ZrO» phases and of the
investigated binary and ternary eutectic ceramics (longitudinal
direction) are reported in Table 1. The CTEs found for Al,O3
are in good agreement with those found in the literature and
confirm the quality of calibration of the thermoanalyser. These
experimentally determined values will be used for the internal
stress calculations. Concerning the DSE ceramics, it should be
noted that the CTE:s of the three ternary eutectics are higher than
those of the corresponding binary eutectics. In each case, the
percentage of lanthanide oxide (Y203, Er,O3 or Gd;03) addi-
tion in the zirconia phase is high (220 mol%),* much higher
than that of the zirconia specimen used for the CTEs measure-
ments. However, the CTEs measured on the stabilized cubic
Zr0,-8.2mol% Y,0s3 are rather high and in good agreement
with those found in the literature.'0-' The higher values of the
CTE:s of the ternary eutectics, as compared with the binary eutec-
tics, may thus be explained by the high value of the CTEs of the
zirconia phases, fully stabilized cubic ZrO, with Y>0s3, Er,O3
or Gd, O3 additions.
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Fig. 2. Crack propagation modes at room temperature in eutectic ceramics subjected to biaxial flexure (FEG-SEM, back-scattered electrons): Al,O3/YAG (a),

Al,03/YAG/ZrO; (b), Al,O3/EAG/ZrO; (c) and Al,O3/GAP/ZrO; (d and e).

Table 1

Coefficients of thermal expansion (CTEs) of Al,O3 single crystals (directions
/l 'and L c), of the YAG, EAG and GAP polycrystalline samples, of commer-
cial sintered ZrO, (8.2 mol% Y,03) and of the investigated eutectic ceramics
(longitudinal direction) (*: 1400 K).

System o o o
(107K~ 1) (107K~ (107K~
500K 1000K 1500K

ALO3 /i ¢ 8.2 93 10.5

ALO3 Lc 8 8.7 95

YAG 7.8 8.8 9.7

EAG 8.2 9.0 9.8

GAP 6.4 7.7 8.8%

7r0, (8.2mol% Y,03) 9.0 96 10.4

AlLO3/YAG 8.3 9.1 9.9

Al,03/YAG/ZrO 8.4 92 10.1

AL O3/EAG 8.2 9 93

Al,O3/EAG/Z1O, 8.2 93 10.3

Al,O3/GAP 8.1 9.1 10

Al,03/GAP/ZrO 8.1 95 10.9

Concerning the determination of the Young’s moduli of
the various eutectic composites through compression tests, the
results of these measurements are reported in Table 2. The eutec-
tic ceramics being two- or three-phase composites, the measured
average moduli may be compared to those determined using
either the Voigt (uniform strain) or Reuss (uniform stress) meth-
ods. The Voigt modulus (Evoigt) thus corresponds to the rule
of mixture (ROM) modulus in the longitudinal direction of a
unidirectional composite, whereas the Reuss modulus (ERreyss)
corresponds to the ROM modulus in the transverse direction of

Table 2
Young’s moduli of the various eutectic composites determined through com-
pression tests.

System E (GPa)
Al O3/YAG 326
Al,03/YAG/ZrO, 333
Al O3/EAG 320
Al,O3/GAP 310

Al O3/GAP/ZrO; 300
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a unidirectional composite.
Evoigt = VIE1 + V2 E> ()

1 Vi Vs
= — + e
EReuss E E;

@

where V1 and V; are respectively the volume fractions of phases
1 and 2.

The Voigt and Reuss moduli may thus be determined using
the values found in the literature?*-23 for the Young’s moduli
of the individual phases (Al,O3, YAG, ZrO;) and the volume
fractions experimentally determined through image analysis.*
In this respect, the measured Young’s modulus (326 GPa) for
the Al,O3/YAG eutectic (Val,0, = Vyac = 50%) is closer to
that given by the Reuss modulus (339 GPa) than to that given
by the Voigt modulus (355 GPa). The mechanical behaviour
in the elastic domain (Young’s modulus) of the 3-D inter-
connected eutectic composite is thus essentially governed by
the portion of phases elongated in the transverse direction
(ROM modulus in the transverse direction of a unidirectional
composite). However, in the case of the Al,O3/YAG/ZrO,
ternary eutectic (Vano0, = 43%, Vyac =43%, Vzi0, = 14%),
the measured Young’s modulus (333 GPa) is located between
the Reuss (321GPa) and Voigt moduli (339 GPa), thus
suggesting a complex mechanical behaviour in the elastic
domain, influenced by both the longitudinal and transverse
contributions of the various phases subjected to a uniaxial
loading.

3.3. Internal stresses

The piezo-spectroscopic internal stress measurements in the
alumina phase are performed using a micro-Raman spectrom-
eter to detect chromium ion fluorescence. Cr’* impurities are
responsible for Ry and R» stress sensitive fluorescence lines and
the relationship between the frequency shift (Av) in the spectrum
and the state of stress of alumina is given by>>

Av=Ilo 3)

where IT and o are respectively the piezospectroscopic and stress
tensors.

These tensors are defined in the ((1210), (1010), (0001))
orthogonal frame of a-Al>O3. The coefficients of the piezospec-
troscopic tensor have been determined experimentally in
Cr**-doped sapphire.3*

If a hydrostatic 3-D stress system (ohydro) is assumed, then

the frequency shifts are given by’
Avg, =17.59 G}fy'dm 4)
Avg, =T7.61 010, )

where the units of frequency shift and stress are respectively
cm~! and GPa.

Concerning the crystallographic orientation of the alumina
phase, electron backscattered diffraction (EBSD) and TEM
investigations*~” have shown that the growth direction (i.e. the
normal (z) to the specimen surface in the present measurements)

is (1010) in all the binary and ternary DSEs under considera-
tion. The other two axes of the orthogonal frame of the a-Al>O3
crystal, directions (000 1) and (12 10), are thus parallel to the
specimen surface (x, y plane). The fluorescence signal being
emitted from a small depth interaction volume,>> much smaller
than the size of the interconnected microstructure of the eutec-
tics, the stress state in the analyzed volume may be supposed to
be essentially plane stress.>>” Consequently, the stress compo-
nent in the direction normal to the polished surface is assumed
to be zero (o, =0) and the stress components in the plane per-
pendicular to this direction are supposed to be equal and given
by 0x =0y =0planar- Then’-’

Avg, =4.09081 (6)
Avg, =481052 (7

The experimentally determined line shifts Avg, and Avg,
may thus lead to different internal stress levels depending on
the assumption of either a hydrostatic (opydro) or plane stress
(0planar) state. The hydrostatic (oydro) and planar (o'pjanar) inter-
nal stresses thus determined are reported in Table 3. It is worth
noting that both the hydrostatic (o'hydro) and planar (o'planar) inter-
nal stresses in the alumina phase of the investigated eutectic
composites are negative; the alumina phase is thus subjected to
acompressive loading. It is also worth mentioning that the values
obtained from the R; and R; lines shifts are similar in magni-
tude. As expected, the presence of the ZrO; phase in the ternary
eutectics leads to higher values of the compressive stress. This
phenomenon may be attributed to the high value of the coeffi-
cient of thermal expansion of the ZrO, phase as compared to
those of the other phases.

4. Discussion

The various crack propagation modes observed using the
biaxial bending tests have to be correlated to the level of the ther-
mal mismatch stresses, to the stress distribution resulting from
the applied loading and to the nature of the interfaces between
the various phases.

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 R; and R, peak
positions were converted into equivalent stress values using hydrostatic (ohydro)
or plane stress (Oplanar; 0z = 0) models.

System Ol MPa) %2 (MPa) offl  (MPa) o2 (MPa)
AL 03-YAG —90 —74 -166 -116
AL O3-YAG-ZrO; —295 —255 —548 —403
AL O3-EAG —80 —67 —149 —106
AL O3-EAG-ZrO; —401 —365 —743 —578
Al,03-GAP —208 -167 -386 —264
AlL03-GAP-ZrO; —430 —363 —797 —574
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the microstructure is essentially hieroglyphic in shape, instead
of being fibrous or lamellar, as observed in regular eutectics.38
In this context, the presence of a ZrO; phase totally embedded
in Al,O3 (Fig. 3a (top center)) suggests the use of a model of
concentric cylinders (Fig. 3b and c) to calculate the stress dis-
tribution. Contrary to the 1-D model of stacked plates, this 2-D
model allows the determination of the normal stresses (o, =0o7)
acting on the interfaces between the various phases and result-
ing from this type of concentric arrangement.’ For instance,
the ZrO, phases in Fig. 3a (top center) may be represented by
a 1 pm in diameter ZrO; bar, bonded into a 1.5 pm in thick-
ness AlpOs3 sleeve, surrounded by a 0.5 pm in thickness ZrO;
sleeve (Fig. 3b and c). Finally, these three concentric cylin-
ders are embedded into an equivalent homogeneous medium
(EHM) having the diameter of the specimen under investigation
and the macroscopic thermo-mechanical properties of the bulk
Al O3/GAP/ZrO; eutectics (Fig. 3b and c). Assuming linear
elasticity, generalized plane strain and perfect bonding between
the four concentric phases, a completely analytical solution is
obtained.?® In the case of the Al,O3/GAP/ZrO, eutectics sub-
jected to a AT~ 1700 K temperature change, the normal stress
(or) acting on the ZrO,/Al, O3 interface attains ~1000 MP2%;
this high tensile normal stress helps interface crack propagation,
as observed in Fig. 3a. The external ZrO; layer is subjected to

(nm)

a high tensile circumferential loading (o9 & 1800 MPa)? which
helps transgranular crack propagation in this phase, as observed
in Fig. 3a.

However, near the surface, another stress component has
to be taken into consideration for the possibility of interface
crack nucleation and propagation: the shear stress component
71, (Fig. 3c and d) which favours extrusion of the ZrO, phase
subjected to a thermal compression loading. This shear stress
component is zero on the surface (plane stress condition) and
inside the specimen, far from the surface (plane strain con-
dition). Close to the surface, due to free-edge effects, this
shear stress component may attain a high value. An analytical
approach of these effects being impossible, a fine mesh finite ele-
ments (FE) calculation, performed using the ZeBuLoN code, %0
is required to determine the maximum value. For instance, in
the Al,O3/GAP/ZrO; eutectics, the shear stress component Ty,
attains 600 MPa at a distance of approximately 0.3 wm from the
surface (Fig. 3b). In this region, the ZrO,/Al,O3 interface is
thus subjected to the combined effects of a high tensile normal
stress (o & 1000 MPa) and a high shear stress (7, ~ 600 MPa).
Simultaneous relaxation of these two components of the thermal
stresses explains the preferential crack nucleation and propaga-
tion in the AlyO3/ZrO; interface. It should be noted that, in the
case of bending tests where the stress component resulting from

0 100 200 300 400 560 600
T (MPa)

Fig. 3. Thermal mismatch stresses in the AloO3/GAP/ZrO; eutectics. A ZrO, phase (top center) surrounded by a continuous layer of Al,O3 (a) and the corresponding
model of concentric cylinders: ZrO; (phase 1), Al,O3 (phase 2), ZrO, (phase 3), embedded in an equivalent homogeneous medium EHM (b and c). Radial (o7),
circumferential (o), axial (o) and shear stress (z,,) components (c). Fine mesh FE calculation of the maximum value of the shear stress (z;,) in the Phase 1/Phase
2 cylindrical interface (d). This stress component which is zero on the surface (plane stress condition) and inside the specimen, far from the surface (plane strain

condition), attains a very high value near the surface (d).
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the applied loading is maximum on the surface, the combina-
tion of o, and 1, may lead to premature crack nucleation. This
crack nucleation mode is not representative of the bulk mate-
rial subjected to a tensile or compressive loading and may lead
to lower values of the ultimate tensile strength when measured
through bending tests. From a practical viewpoint, it should be
noted that thermal cycling during service of a turbine blade may
result in a to and fro displacement of the zirconia phase inside
the alumina phase, thus leading to interface damage and finally
to debonding.

Nevertheless, the model of concentric cylinders is only
representative of this very simple geometrical configuration.
Consequently, the stress component values thus determined can
only be considered as estimates. The observed configurations are
generally more complex and cannot be represented by a model
of concentric cylinders. Examples are given in Fig. 2b (center),
¢ (center), d (bottom) and e (center). In the first three cases, the
ZrO; phase is not completely surrounded by the Al,O3 phase,
whereas, in the last case (Fig. 2e), the ZrO, phase is elongated
in one direction and broken. Representative models of these real
geometrical arrangements are presented in Fig. 4a and b. The
stress components can no more be determined through analyt-
ical calculations. The calculations are thus performed through
finite element calculations, using the ZeBuLoN code,*0 with the
same assumptions as those of the analytical calculations. The
results are presented in Fig. 4c—f. In the case of a ZrO, phase
not completely embedded in the Al, O3 phase (Fig. 2b—d, Fig. 4a,
c and e), the value of the normal stress (o) at the interface is
lower at points A and C (Fig. 4e) than in the axi-symmetrical
case. These stress levels are however sufficiently high to explain
crack propagation along these interfaces (Fig. 2b—d). In the case
of an elongated ZrO; phase (Fig. 2e, Fig. 4b, d and f), the level of
the normal stress (o) at point A is high (Fig. 4f), which explains
crack propagation along this interface (Fig. 2e). It should be
noted that this normal stress is higher than in the axi-symmetrical
case, whereas the normal stress (o) at point B (Fig. 4d) is lower
than the normal stress in the axi-symmetrical case. The normal
stress (oy) 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
ceramics,>!3 the level of these internal stress components is
very high, which, added to the applied loading, explains their
essential role in crack nucleation and propagation. Moreover,
determination of the normal stress (and, near the surface, of the
shear stress) acting on the interfaces explains the possibility of
crack deflection in the interfaces in the ternary eutectic ceramics,
a phenomenon which may markedly improve the toughness of
these DSE ceramics.

The level of the internal stresses found in the alumina phase
of the ternary eutectic composites using fluorescence piezo-
spectroscopic internal stress measurements (Table 3) may be
compared to the results found using either the concentric cylin-
der model (Fig. 3) or the more representative models (Fig. 4). In
this context, it should be noted that even if a complete description
most probably involves a combination of both the “bulk repre-
sentative” hydrostatic model and of the “surface representative”

planar isotropic model, the level of the (oplanar) internal stress
in the alumina phase of the ternary Al,O3/GAP/ZrO, eutec-
tic composite is in good agreement with the calculated thermal
mismatch stresses, the alumina phase being under a high level
compressive loading for the three stress components: o, og and
o..” From a mechanical viewpoint, the hypothesis of a “surface
representative” planar isotropic model, leading to the (oplanar)
internal stress, may be justified through a FE calculation of the
variation of the stress component o, near the surface. Assum-
ing that the laser beam is focused on a large cylindrical Al,O3
phase, 4 pm in diameter, surrounded by a thin (0.5 pm) ZrO,
layer (Fig. 5a), the variation of o, as a function of depth along
the z axis, is given in Fig. 5b. At a depth of 1 wm, the stress
component o, is negligible as compared to its maximum value,
whereas at a depth of 2 wm, it only attains half its maximum
value. Consequently, the real value of the internal stress level is
probably comprised between those given by the “bulk represen-
tative” hydrostatic model and the more “surface representative”
planar isotropic model.

As mentioned earlier, in the present investigation, the obser-
vation of crack propagation is performed on the polished and
tensile-subjected surface of the specimen. In this context, does
the presence of the neighbouring surface exert so strong an
influence on crack branching, as it does on interface debond-
ing through the thermal mismatch stress component t,? First
of all, it should be noted that crack branching is observed not
only in the interfaces where crack deflection through debond-
ing has occurred,’ but also in an individual phase (Fig. 2a).
In this last case, the bifurcation mechanism is most probably
related to the presence of an underlying phase of the 3-D inter-
connected microstructure, hidden under the surface. When the
macroscopic crack attains this hidden phase, bifurcation may
occur through interface debonding on this phase. In this context,
it should be noted that bifurcation mechanism generally leads to
stopped cracks. Although performed on the specimen surface,
the observation of crack branching, which has a non-negligible
role in energy dissipation, may be supposed to be representative
of the behaviour of the bulk material.

4.2. Stress distribution resulting from an applied loading

As mentioned earlier, in the ternary eutectics, the internal
mismatch stresses are sufficiently high to explain the crack
propagation modes, especially the deflection of cracks in the
interfaces. However, in the binary eutectics, the propagation
modes are similar, whereas the internal stresses are much lower
and can only help the nucleation and propagation of cracks.
In this context, another specific aspect of the eutectic ceramics
has to be taken into consideration: the non-uniform stress dis-
tribution in such two-phase or three-phase specimens subjected
to a uniaxial applied loading. As a matter of fact, the eutectic
ceramics differ from a one-phase single crystal by two factors:
the 3-D interconnected microstructure and the ratio between
the Young’s moduli of the various phases, which is different
from 1. These two factors involve a non-uniform stress distri-
bution. This phenomenon was revealed through a paradoxical
observation. 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 ZrO; phase not
completely surrounded by Al,O3 (e.g. Fig. 2b (center), ¢ (center) and d (bottom)) is given in (a), whereas the model of an elongated ZrO, phase (e.g. Fig. 2e (center)),
is given in (b). The o, and oy stress components corresponding to configurations (a) and (b) are given by grey level density maps (unit: MPa); o, in (c) and (d), and

oy in (e) and (f).

an Al,O3/GAP eutectic® previously subjected to a compressive
creep test (Fig. 6a). This is in agreement with the fact that the
basal slip system has the lowest critical resolved shear stress at
high temperature.*!*> However, due to the crystallographic ori-
entation of the compressive creep test specimens, the basal plane
is oriented parallel to the loading direction and the shear stress
on the basal planes would be negligible in a one-phase single
crystal. The only slip system which could be activated would be
the prismatic slip system. Thus, the fact that the only observed
slip system is the basal slip system implies a stress redistribution
in the alumina phase.

Concerning the possible role of the Young’s modulus ratio in
the eutectic ceramics, this ratio, EG o p/Eal,0;, is only approx-
imately 0.7 and thus far from the extreme situations of a hole in
a plate (ratio =0), or of a rigid bar inserted in the hole of a plate
(infinite ratio). However, FE calculations performed on a repre-
sentative two-phase model have shown that the shear stress ||
in the loading direction (applied loading ¥) may locally attain
0.1 X in the alumina phase (Fig. 6b), whereas it would be zero
in a one-phase single crystal. As a comparison, the maximum
shear stress in a single crystal, in a plane oriented at 45° to the
loading axis, is 0.5 X- This stress redistribution, resulting from
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Fig. 5. Hydrostatic and plane stress models in micrometer scale fluorescence piezo-spectroscopy. FE calculation of the variation of the stress component o, near the
surface, along the z axis, in a large cylindrical Al,O3 phase (Phase 1), 4 m in diameter, surrounded by a thin (0.5 pm) ZrO, layer (Phase 2) (a). Variation of o, as a

function of depth (b).

the Young’s modulus ratio of the two-phase eutectic ceramics
subjected to a uniaxial loading, is thus strong enough to acti-
vate the basal slip system although the direction of the uniaxial
loading is parallel to the basal plane. In this respect, it should be
noted that the inhomogeneous spatial distribution of the equiv-
alent strain rate in the alumina phase in the plastic region of an
AlyO3/YAG eutectic has already been evidenced.*?

As regards the preferential role of curved interfaces in the
propagation of cracks, a stress concentration at the interface
between the two phases may also result from the ratio between
the Young’s moduli of the various phases. In the case of a very
simple model such as a two-phase plate subjected to a tensile
loading (Fig. 6¢), the stress concentration factor may be eas-
ily determined through analytical formulae.**#¢ Even in the
case of such a simple arrangement, the normal stress at the
interface at point A (Fig. 6¢) is already increased by a factor
of ~1.1, as compared to a one-phase single crystal (o(r=p,
0=0°)=0,(A)~ 1.1 X). This local stress concentration may
help crack nucleation and propagation, essentially in the binary
eutectics where the level and thus the contribution of the ther-

-0.1

mal mismatch stresses is lower. Consequently, the role of the
Young’s modulus ratio (Eg or p/Eal,0,) of the two-phase inter-
connected microstructure may be considered as essential, not
only in the activation of deformation mechanisms, but also
in the crack nucleation and propagation modes in the binary
eutectics.

4.3. Role of the interfaces

Even if the thermal mismatch stresses and the stress
redistribution resulting from an applied loading (for
EGorp/EaLo, # 1) obviously play a non negligible role
in the crack propagation modes, the various mechanisms
involved in the nucleation and propagation of cracks have to be
considered more precisely. As mentioned earlier, the observed
crack propagation modes are: transgranular crack propagation
through cleavage, which is a well-known mechanism in
ceramics, crack branching, which may be attributed to the 3-D
interconnected microstructure and, finally, crack deflection in
the interfaces.

SRS

r "A

GorP

AARA

0.07

Fig. 6. Stress redistribution in the eutectics subjected to a uniaxial loading (Eg o p/Eal,0, & 0.7). Basal slip in the Al;O3 phase of an Al O3/GAP eutectic previously
subjected to a compressive creep test with basal plane oriented parallel to the loading direction (a). Representative model and FE calculations of the shear stress 7 in
a direction parallel to the applied loading (b). Two-phase eutectic specimen: an Al,O3 phase embedded in either a garnet (G) or perovskite (P) phase (G or P plate),
subjected to a tensile loading (c). Stress concentration factor at point A: o (r=p, 0=0°)=0,(A)~ 1.1 Z (c).



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

200 nm

Fig. 7. TEM examination of a curved interface: presence of steps and dislocation pairs at each step (arrows) (a). Crack nucleation (arrow) in an Al,O3/YAG interface

(b).

In this respect, the specific aspects of the interfaces in the
DSEs have to be taken into consideration. First of all, there is no
interphase layer, contrary to sintered ceramics. The interfaces
are clean, often presenting an intrinsic dislocation network.>0
However, due to the presence of intrinsic dislocations and possi-
ble dangling bonds, the interfaces are weaker than the individual
phases. Moreover, curved interfaces are preferential sites of
crack deflection.” In the case of curved interfaces, transmission
electron microscopy examinations have revealed the presence
of steps and dislocation pairs (Fig. 7a), thus leading to a further
interface weakening. Crack nucleation in the interface between
two adjacent phases (Al,O3/YAG) has also been observed in
TEM (Fig. 7b). Such an observation confirms the weakness of
the interfaces as compared to the individual phases and explains
the essential role of the interfaces in the nucleation and deflection
of cracks.

5. Conclusion

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

Concerning the internal stresses, fluorescence piezo-
spectroscopy has allowed an experimental measurement of the
internal stresses in the alumina phase of the binary and ternary
eutectics. The level of the residual stresses in the alumina phase
of the eutectic composites is in good agreement with that found
using either a concentric cylinder model or more representative
models for the calculation of the thermal mismatch stresses. This
stress level, determined through analytical and FE numerical cal-
culations, is sufficiently high to explain the crack propagation
modes in the ternary eutectics and to help crack propagation in
the binary eutectics. Moreover, the combined effect of the o;
normal stress and of the 7., shear stress near the surface, on the
possible nucleation of cracks, has been evidenced. In this con-

text, it should be noted that thermal cycling during service of
a turbine blade may result in a to and fro displacement of the
zirconia phase inside the alumina phase, thus leading to inter-
face damage and finally to debonding. Furthermore, the role of
the Young’s modulus ratio (Eg or p/Ea1,0;) of the two-phase
interconnected microstructure is far from being negligible, not
only in the activation of deformation mechanisms, but also in the
crack nucleation and propagation modes in the binary eutectics.

The role of the interfaces in the propagation and deflection of
cracks seems to be essential. As confirmed through TEM exam-
inations, the interfaces, although clean and strong, are however
weaker than the individual phases. Nevertheless, the problem is
rather complex and requires a more detailed investigation of the
interfaces and especially of the curved interfaces which play an
essential role in crack propagation. Moreover, it should be noted
that the observed crack deflection modes in the various phases
and in the interfaces are more numerous in ternary than in binary
eutectics. This experimental result is in good agreement with the
previously determined improvement of the fracture toughness of
ternary eutectics as compared to binary eutectics.*©

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

Finally, this better knowledge of the mechanical behaviour of
DSE ceramics has led to the development of a specific Bridgman
furnace (Cyberstar, Grenoble, France) according to the spec-
ifications established by Onera. This device, which includes
two superposed radiofrequency heating elements, is specifically
designed to produce large eutectic crystals (up to 50 mm in diam-
eter and 200 mm in height) and turbine blades. In this context,
new eutectic compositions without Al,O3 phase are under inves-
tigation to improve the resistance of the DSE composites to high
temperature water vapor corrosion.
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