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Abstract

Improving the strength and toughness of directionally solidified eutectic ceramics is essential for practical applications. In this respect, a biaxial
disc flexure testing device has been designed. This system, which presents the ring supported/ring loaded test geometry, is essentially used as a
means for the nucleation and early propagation of cracks, with the flexure test being stopped as soon as a load drop is detected in the loading curve.
The composites under investigation are either binary (Al,O3/Y3Al5015, Al,O3/Er;AlsOy, and Al,03/GdAlO;3) or ternary (Al,03/Y3A1501,/Zr0O,,
Al,03/Er; AlsO1,/ZrO, and Al 03/GdAlO;/Zr0O,) eutectics. Examination of cracks is performed in field emission gun-scanning electron microscope
on the polished surface of the biaxial bending test specimens, with attention being paid to 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 ceramics. These observations are correlated

to internal stress calculations, such as normal stress acting on the phase boundaries.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Directionally solidified eutectic ceramics add new potential
advantages to sintered ceramics: a higher strength almost con-
stant up to temperatures close to the melting point, and a better
creep resistance.”> The microstructure of melt growth com-
posites (MGC) of ceramic oxides consists in three-dimensional
and continuous interconnected networks of single-crystal eutec-
tic phases. After solidification of binary eutectics, the eutectic
phases are alumina and either a LnAlO3 perovskite phase (Ln,
lanthanide element: Gd, Eu) or a Ln3AlsO1, garnet phase
(Ln: Y, Yb, Er, Dy). In the case of ternary systems, zirconia
is added as a third phase. In the present case, the direction-
ally solidified eutectic ceramics under investigation are either
binary (A1203/Y3A15012 (YAG), A1203/E1”3A15012 (EAG)
and AlpO3/GdAIO3 (GAP)) or ternary (Al,O3/YAG/ZrO»,
Al O3/EAG/ZrO;, and Al,O3/GAP/ZrO,) eutectics. However,
improving the strength and toughness of eutectic ceramics is
essential for practical applications such as turbine blades in
future aerospace engines or thermal power generation sys-
tems. A better knowledge of the crack propagation modes
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in such an interconnected microstructure is thus required. In
this respect, a biaxial disc flexure testing device has been
designed and built at ONERA. The observed crack propaga-
tion modes will be correlated to internal stress calculations. The
thermal residual stresses found in composite materials result
from the thermal expansion mismatch between the different
phases. In ceramic eutectics, residual internal stresses mea-
surements have already been performed using either X-ray>*
or neutron® diffraction techniques and Raman spectroscopy.®’
These residual stresses greatly affect the mechanical behaviour
of the material. For instance, during tensile or creep tests,
the yield stress is attained first in the phases under tension,
thus allowing earlier deformation of these phases. Concern-
ing the crack propagation modes, tensile stresses within a
phase will act in favor of transverse crack propagation in this
phase, whereas a normal tensile stress on the phase bound-
aries will help interface crack propagation. However, calculation
of the internal thermal stresses requires the prior knowledge
of the thermomechanical parameters of the various phases®12
and of the eutectic composites.'> In the present investigation,
complementary measurements have been performed on the
eutectic composites. The determined parameters have allowed
the calculation of estimates of these two types of stress compo-
nents and have helped explain the observed crack propagation
modes.
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Table 1
Chemical compositions and eutectic phases of the investigated in situ eutectic
composites

Composition (mol%) Eutectic phases Ref.
81A1,03-19Y,03 AlLO3 Y3Al5015 (YAG) 14
81Al,03-19Er, 03 AL O3 Er3AlsO;» (EAG) 15
77A1,03-23Gd, 03 Al O3 GdAlO3 (GAP) 14,16
65A1,03-16Y,03-19Zr0; ALO3;  YAG ZrO, 17
65.9A1,03-15.5Er,03-18.6Zrt0,  ALO3 EAG  ZrO, 18
58A1,03-19Gd;03-23Zr05 AlLO3s GAP  ZrO, 19

2. Experimental procedures
2.1. Crystal growth

Eutectic samples are prepared from high purity Al,O3
(Baikowski Chimie, France), Y203 (Rhodia, formerly Rhone
Poulenc, France), ErpO3 (Rhodia, France), Gd,O3 (Rhodia,
France) and ZrO; (Th. Goldschmidt Industriechemikalien, Ger-
many) powders mixed at the appropriate eutectic compositions
(Table 1).'41° Rods are isostatically pressed at room tempera-
ture and then sintered at 1400 °C for 10h in order to improve
handling strength. Directional solidification is performed in
air using the floating-zone translation technique. The various
solidification runs are achieved in an arc image furnace oper-
ating with a 6kW xenon lamp as a radiation source, at a
solidification rate of 10mmh~! (20mmh~! in the case of
Al,O3/EAG/ZrO5). Final rods of oriented eutectics are about
8mm in diameter and 40mm in length. The solidification
oriented eutectic ceramics thus obtained present a fine inter-
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2.2. Biaxial flexure testing

The biaxial flexure test offers many advantages over the
beam-bending test. First of all, the beam-bending test is influ-
enced by the conditions of the edges parallel to the specimen
major axis, the presence of flaws at these edges leading to pre-
mature crack initiation, and thus to non-representative strength
values. On the contrary, the coaxial-ring test is free of edge con-
dition influences; cracks initiate in the central area and propagate
outwardly. The initiation of cracks and the strength values thus
only depend on the condition of the specimen surface subjected
to the tensile loading and on the bulk homogeneity of the spec-
imen. This possibility to test a relatively large area free from
edge finishing defects is a major advantage, other advantages
include the ease of specimen preparation and the use of thin
sheet material.

The biaxial disc flexure testing device designed and built at
ONERA presents the ring supported/ring loaded test geome-
try (Fig. 1). In this compression testing system, the circular
shaped punch is fixed directly on the crosshead of the rigid
frame (Fig. 1a). An x—y adjustment device allows alignment of
the punch with the cylindrical specimen holder. Vertical motion
and guidance of the specimen holder is ensured through a ball
screw, a needle roller thrust bearing and a linear bearing slide.
The load cell is fixed on the loading support, flexure plates allow-
ing a friction free displacement between the specimen holder
and the loading support. The disc specimen (=5 mm in diame-
ter, ~800 wm in thickness) rests freely on the support ring and
is loaded coaxially to the support ring with the circular shaped
punch (Fig. 1b). Once deflection of the specimen occurs, the flat
ended punch acts as a ring loading device (Fig. 1b). Extension
of the specimen beyond the support ring eliminates the edge

(b)

z
Po
0 T
) 21 Punch
Specimen
| =4
Support
25 1 mm
2r,

Fig. 1. The biaxial disc flexure testing device (a). The specimen under biaxial loading between the flat-ended punch (radius rp) and the support (radius r;), with

specimen overhang (12 — 1) (b).
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effects.” The specimen thickness is smaller than the support
ring diameter and the specimen deflection is smaller than its
thickness, the specimen may thus be considered as a thin rigid
plate for which the equations of the theory of elasticity are appli-
cable. The stress components may thus be determined through
an analytical calculation?!; in the central area, inside the inner
loading ring (0 < r < ry), the radial (o;) and tangential (o) stress
components are equal, uniform and maximum; they are given
by

3(1+W)F 1—vri—rjri
gr:@:ﬂ 21HLl Yr—rhrn 1)
472 ro 1+4+v r% r%

where F is the applied force, v the Poisson’s ratio of the speci-
men, ryp the loading disc radius, 7 the support ring radius, r the
specimen radius and ¢ the specimen thickness. The factor r% / r%
represents the correction for the stiffening effect of the overhang
portion of the specimen.

The fact that the biaxial stress system is uniform within the
inner loading ring (i.e. over a relatively large area) constitutes
another advantage of the coaxial-ring test, since the measured
strength of brittle materials depends on the size of the tested
area. Moreover, this system being essentially used as a means
for the nucleation and early propagation of cracks, the flexure
test is stopped as soon as a load drop is detected in the loading
curve.

Slices for the biaxial bending tests are cut perpendicular to
the growth axis of the 8 mm in diameter eutectic rods, the 5 mm
in diameter discs being cut in the central area of the slice. A
high quality surface finish of the specimen surface which will
be subjected to the biaxial tensile loading (i.e. the lower surface
in the present device) is obtained through diamond polishing.
The biaxial bending tests are conducted at room temperature.
After the flexure tests, examination of cracks is performed in the
Zeiss Gemini field emission gun-scanning electron microscope
(FEG-SEM).

2.3. Thermomechanical testing

Dilatometric measurements in the longitudinal direction
are performed in an Adamel (DI24) thermoanalyser. Eutectic
ceramic rods, approximately 8 mm in diameter and 15 mm in
length, are used for these measurements, the sample ends being
ground flat and parallel. Alumina single crystals, cut parallel or
perpendicular to the c axis are used as a calibration test.

Table 2

Longitudinal compression tests are performed on paral-
lelepipedal specimens, approximately 7 mm x 4 mm X 4 mm,
cut parallel to the solidification direction, using a diamond edged
blade. The specimens are equipped with strain gauges mounted
on two parallel sides. These tests are conducted on an electrome-
chanical MTS (DY 37) testing system, at a rather low stress level
(=150 MPa), i.e. in the elastic domain.

3. Results
3.1. Crack propagation modes

In the six investigated directionally solidified eutectics, the
essential propagation mode is the transgranular crack propaga-
tion (Fig. 2). A zig-zag crack growth with multiple branches
is observed in most cases. However, 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
more essentially from crack deflection in the interfaces them-
selves. Interface crack propagation is thus observed between
Al,O3 and YAG (large black arrows in Fig. 2a and b), Al,O3
and EAG (large black arrows in Fig. 2¢ and d), Al,O3 and GAP
(large black arrows in Fig. 2e and f), Al,O3 and ZrO, (white
arrows in Fig. 2b, d and f), YAG and ZrO, (sharp black arrow
in Fig. 2b) and EAG and ZrO; (sharp black arrow in Fig. 2d).
However, interface crack propagation is not observed between
GAP and ZrO,. Crack branching is observed, not only in one of
the various phases such as ZrO; (split arrow in Fig. 2b), but also
in the interfaces where crack deflection through debonding has
occurred (split arrows in Fig. 2a, e and f). In most cases, these
bifurcation mechanisms lead to stopped cracks (Fig. 2a, b, e and

f).
3.2. Thermomechanical behaviour

The thermal expansion curves (strain vs. temperature) of
Al,O3 single crystals (directions // and L c¢) and of the
investigated binary and ternary eutectic ceramics (longitudinal
direction) are reported in Fig. 3. The coefficients of thermal
expansion (CTE), which are given by the slope of the curves,
are reported in Table 2. The CTEs found for Al,O3 (direc-
tions // and _L c¢) agree with those found in the literature. These
experimentally determined values, which will be used for the
internal stress calculations, confirm the quality of calibration of
the thermoanalyser.

Coefficients of thermal expansion of Al,O3 single crystals (directions // and _L ¢) and of the investigated eutectic ceramics (longitudinal direction)

« (107°°K~1) 500K

o (107°K~1) 1000K o (107°K~1) 1500K

AL O3 /e 8.2
AlLO3 Lc 8

AlL,O03/YAG 8.3
Al O3/YAG/ZrO, 8.4
AlL,O3/EAG 8.2
Al O3/EAG/ZrO; 8.2
Al,O3/GAP 8.1

Al O3/GAP/ZrO; 8.1

9.3 10.5
8.7 9.5
9.1 9.9
9.2 10.1
9 9.3
9.3 10.3
9.1 10

9.5 10.9
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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 (c), Al,O3/EAG/ZrO; (d), Al,O3/GAP (e) and Al,O3/GAP/ZrO; (f).

It should be noted that the CTE’s of the three ternary eutec-
tics are higher than those of the corresponding binary eutectics.
This phenomenon may be attributed to the presence of Y,03-,
Er;O3- and Gd03-doped ZrO,. In each case, the percentage
of dopant is rather high (220 mol%).!° X-ray diffraction tests
and transmission electron microscopy examinations have shown
that the ZrO, phases are stabilized zirconia having a cubic (fcc)
structure. The CTE’s of such doped ZrO, are markedly higher®
than that of pure ZrO,. The fact that the CTE’s of the doped
ZrO;, are higher than those of the binary eutectics, explains the
higher values of the CTE’s of the ternary eutectics, as compared
with the binary eutectics.

Concerning the determination of the Young’s moduli of the
various eutectic composites through compression tests, mea-
surements performed on Al,Os single crystals have already
demonstrated the feasibility of the method. Although the mea-
surements performed on the eutectic composites may only be
considered as preliminary tests, they seem to confirm the result
previously found on the Al;03/YAG binary eutectic composite,*

where the measured Young’s modulus corresponds to that given
by the rule of mixture.

4. Discussion

The various crack propagation modes observed using the
biaxial bending tests must be correlated to internal thermal stress
measurements and calculations. First of all, it should be noted
that the microstructure is only locally lamellar in some rare
areas, but is rather hieroglyphic in shape with numerous con-
vex phase boundaries. The arrangement of the various phases
can thus no more be represented by a stacking of plates. In this
context, the presence of ZrO, phases surrounded by a continu-
ous layer of Al,O3 (Fig. 2d; top right corner) and Fig. 2f (top
left corner) suggests the use of a model of concentric cylinders
(Fig. 4a). Contrary to the model of stacked plates, this model
allows the determination of the normal stresses acting on the
interfaces between the various phases and resulting from this
type of concentric arrangement. These normal stresses are given
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Fig. 3. Thermal expansion (strain vs. temperature curves, the coefficients of thermal expansion being given by the slope of the curves) of Al,O3 single crystals
(directions // and L ¢) and of the investigated eutectic ceramics (longitudinal direction).

by the value of the radial stress component (o) at the interface
under consideration. For instance, the ZrO, phases in Fig. 2d
(top right corner) and f (top left corner) may be represented by
a 1 pm in diameter ZrO; bar, bonded into a 1.5 pm in thick-
ness Al,O3 sleeve, surrounded by 0.5 wm in thickness ZrO,
sleeve, these three concentric cylinders being embedded into
an equivalent homogeneous medium (EHM) having the diam-
eter of the specimen under investigation and the macroscopic
thermomechanical properties of the bulk Al,O3/EAG/ZrO; or
Al,O3/GAP/ZrO; eutectics, respectively. In the present case of
only four concentric phases subjected to a temperature change
(AT 1700 °C), a completely analytical solution is obtained??;

the values of the stress components in the various phases and
interfaces may thus be directly calculated through these formu-
lae. In the case of the Al,O3/GAP/ZrO; eutectics, the normal
stress acting on the ZrO,/Al,O3 interface attains 1000 MPa
(Fig. 4b); this high tensile normal stress helps interface crack
propagation, as observed in Fig. 2f (top left corner). The external
ZrO, layer is subjected to a high tensile circumferential loading
(09 =~ 1800 MPa) which helps transgranular crack propagation
in these phases, as observed in Fig. 2d (circle, top right cor-
ner) and f (top left corner). Due to the fact that this model of
concentric cylinders is only a crude representation of the real
geometrical configuration, such values can only be considered as

(a) zZ (b) O  ZrOy/ALOy/ZrO,/EHM (ALO3 /GAP/ZrO;)
(MPa)
2000 1
Phase 3 Zr0, e gr
Equivalent T AlLO EHM — — GOpg
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Fig. 4. Internal thermal stresses. Determination of the normal stress component acting on the phase boundaries. The four-phase concentric cylinder model (a) and
the corresponding stress system (b), where oy, is given by the radial stress component o7.
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estimates. However, as compared to the ultimate tensile strength
of such eutectic ceramics,’ the level of these internal thermal
stress components is very high, which may explain their essen-
tial role in crack nucleation and propagation. Determination,
through this model, of the normal stress acting on the interfaces
thus explains the possibility of crack deviation in the interfaces in
the ternary eutectic ceramics. It should also be noted according
to this model that a large fraction of the alumina phase is under
a compressive loading for the three components (o, o9 and o),
which is in agreement with internal stress measurements per-
formed on ternary eutectic ceramics.’ However, in the case of
binary eutectic ceramics, the level of the internal thermal stresses
is much lower, at least in the case of A1203/YAG,5 whereas crack
propagation is still observed in the phase boundaries (Fig. 2a—c).

The fact that such a propagation mode is observed essen-
tially along interfaces exhibiting a strong curvature (Fig. 2a—c)
suggests the effect of a local weakness of such a curved phase
boundary. The two neighbouring phases having given orienta-
tions, the crystallographic orientation of the phase boundary
with respect to the two phases continuously varies along the
curved interface. The nature of the phase boundary (coincidence
site lattice and intrinsic dislocation network) thus also continu-
ously varies along the curved interface. Moreover, the radii of
curvature may be sufficiently small to isolate half a cylinder of a
given phase (Fig. 2a). During cooling, the isolated half-rod and
the surrounding material are subjected to strong internal thermal
stresses which may be determined through a concentric cylin-
der model. This stress field may lead to plastic deformation;
the resulting dislocations may reach the interface, the imping-
ing dislocations becoming extrinsic dislocations. In this context,
an extension of the already performed microstructural investi-
gation of the phase boundaries?>>* may help verifying these
assumptions. Nevertheless, the fact that crack branching through
cleavage of the individual eutectic phases is observed after inter-
face propagation through debonding, confirms the high strength
of the interfaces.

5. Conclusion

Biaxial bending tests investigation of the crack propagation
modes in the directionally solidified eutectics have revealed the
possibility of crack deflection through crack propagation in the
phase boundaries. Although observed over short distances, this
crack propagation mode through interface debonding allows
the crack to strongly deviate from its main path. However, the
fact that interface propagation concerns only a very small frac-
tion of the whole crack path confirms the relative high strength
of the phase boundaries, compared to cleavage of the various
phases during transgranular crack propagation. This relative
high strength of the interfaces is also confirmed by the fact that
crack branching is observed in the interfaces where crack deflec-
tion through debonding has occurred, whereas the secondary
crack has to propagate through cleavage in the neighbouring
phase. Even if such a bifurcation mechanism leads to stopped
cracks, it may have a non-negligible role in energy dissipation.

Concerning the fracture toughness of eutectic ceramics, mea-
surements have shown that the fracture toughness increases from

the individual constituents to the binary eutectics and to the
ternary eutectics.!®23 In this respect, it should also be noted
that the observed crack deflection modes 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.
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