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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


dx.doi.org/10.1016/j.jeurceramsoc.2010.09.016
mailto:roger.valle@onera.fr
dx.doi.org/10.1016/j.jeurceramsoc.2010.09.016

1200 L. Perriere et al. / Journal of the European Ceramic Society 31 (2011) 1199-1210

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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