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1. Introduction

The improvement of energy efficiency
and the reduction of polluting emission such as
CO; and NOy in some fields such as gas tur-
bine and thermal power generation systems,
require the use of new high-temperature struc-
tural materials exhibiting a tensile strength of
at least a few hundreds MPa at temperatures
above 1500°C, in air. For example, turbine
blades and nozzles in the future engines would
be made of lightweight, high-strength, high
toughness and oxidation resistant materials at
temperatures where metal superalloys, even
coated by zirconia, would have already melted.
The ceramic matrix composites consisting of
silicon carbide fibers —or whiskers - embedded
in a ceramic matrix, which were developed in
the twenty last years, do not remain stable at
temperatures higher than 1300°C in oxidizing
atmosphere. Ceramic oxides could be poten-
tially good candidates but up to now, brittle-
ness of polycrystalline sintered materials,
mainly due to the grain boundaries, limits their
use. Melt growth composites (MGC) of oxides
seem to be promising materials by coupling

two or three single crystal phases in a micro-
structure almost free of grain boundaries in
addition to their intrinsic resistance to oxida-
tion. About this class of material the challenge
for future applications will be (i) to prepare,
from binary or ternary systems, materials dis-
playing minimal residual stresses arising from
the different thermal expansion coefficients of
constituent phases and (ii) to maintain a high
flexural strength and a good fracture toughness
at high temperatures. Waku et al [1, 2] have
recently developed composites with micro-
structures consisting of interconnected net-
works of eutectic phases and exhibiting high
flexural strength and good creep resistance. In
this paper we will present results on similar
microstructures obtained by directional solidi-
fication in different AlLOs; and Ln,Os based
systems. We investigated the effect of solidifi-
cation conditions using two different crystal
growth methods, the crystalline homogeneity
of the as-prepared materials, and the role of
the addition of a third phase (ternary systems)
concerning the microstructure and the fracture
toughness at room temperature.
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2. Experimental procedures

2.1 Crystal growth

Under controlled conditions, solidification
from the melt leads to materials free of poros-
ity and with a very low amount of grain
boundaries which are generally at the origin of
brittleness in sintered ceramics. Furthermore
directional solidification process often results
in highly textured materials with well-defined
crystallographic orientation relationships be-
tween the constituent phases [3]. Unidirec-
tional solidification of based-oxide systems at
eutectic composition usually leads to compos-
ites displaying an organized microstructure
ranging from fibrous to lamellar depending
upon the volume fractions of the eutectic
phases [4,5]. The regular alignment of eutectic
structures free of primary phase generally re-
quires planar growth front conditions. Such
conditions are met by using methods which al-
low high G/R values (G is the temperature
gradient at the solid-liquid interface and R is
the growth rate) [6]. These aligned fiber-type
or lamellar microstructures give rise to a very
strong anisotropic behaviour of these “in situ”
composites which is not always wanted for
good thermomechanical properties.

Other microstructures can be obtained in
refractory oxide systems by unidirectional so-
lidification such as continuous and isotropic
networks of eutectic single-crystal phases
which interpenetrate without grain boundaries.
Synthesis of this class of materials as mono-
liths or fibers respectively in the Al,03-Gd,0;
and Al,03-Y,0; systems was reported in re-
cent papers [1,2,7]. The equipments that we
used so far for the growth of oxide-oxide
eutectics were made of high temperature sin-
gle-crystal devices which display a high ther-
mal gradient. Rods of oriented eutectics, of
about 8mm in diameter, were grown using two
different techniques:

(1) the floating-zone translation using an
arc image furnace operating with a 6-kW xe-
non lamp as radiation source. Solidification

runs were achieved at various rates ranging be-
tween 2 and 20 mm.h™' [8].

(i1) the Bridgman method consisting in
lowering, through a RF heated graphite sus-
ceptor, a molybdenum cylindrical crucible
containing the powder mixture at the eutectic
composition. The experiment was performed
under a pressure of 10° mm.h'Hg of argon.
The slowest solidification rate used with this
technique was 14 mm.h™".

2.2 Microstructural and crystallographic
characterization

Microstructural analysis was achieved on
sections of rods parallel and perpendicular to
the growth direction. These sections were cut
using a diamond saw and their surfaces were
polished to the micrometer scale using dia-
mond paste. Samples, after Au-Pd coating,
were examined by Scanning Electron Micros-
copy (SEM) using a Leo 1530 (Leo, Germany)
equipped with a Princeton Gamma Tech
(USA) EDX accessory. Backscattered electron
contrast was used for these observations. Dis-
tribution of elements and compositions of
eutectic phases were determined by EDX mi-
croanalysis. The structural analysis of the dif-
ferent phases and determination of the cell pa-
rameters were achieved from X-Ray powder
patterns recorded with a PW 1830 Philips dif-
fractometer (using the A=0.17889nm K, radia-
tion of cobalt). Growth directions and local
relative orientations of phases were investi-
gated from Transmission Electron Microscopy
(TEM) observations performed on a Jeol
2000EX microscope (operating at 200kV).
Thinned foils of transverse sections were pre-
pared by mechanical dimpling and ion-milling.
Electron backscattered diffraction (EBSD) was
used to map the crystallographic orientations
distribution and to determine the crystalline
homogeneity of specimen. EBSD patterns
were collected from a Zeiss DSM 960 micro-
scope equipped with a tungsten filament and
TSL anlysis system. A step size of 0.5um, was
generally used. Measurements of the ratio of
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the crack length to the Vickers indent size pro-
vided estimation of fracture toughness using
the calibration curve developed by Marshall
and Evans [9].

3.Results

3.1.Binary systems

The considered eutectic composites were
prepared in the Al;03-Ln,O; systems of which
phase diagrams all display a eutectic composi-
tion at a temperature closed to 1800°C on the
alumina rich side. Depending on the rare-earth
oxide, eutectic phases consist in an Al,O3 phase
which is associated to either LnAIOs (Ln=Sm,
Eu, and Gd) or Ln3;AlsO;, for the other ele-
ments of the lanthanides serie. LnAlOs; has a
distorted perovskite structure (orthorhombic
Pnma symmetry) and Ln3AlsO;, crystallizes
with a garnet-type structure (cubic [a3d symme-
try). Table I reports the unit-cell parameters of
eutectic phases of various grown composites.
SEM images of the microstructures correspond-
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ing to cross sections perpendicular to the solidi-
fication direction are shown in Figure 1. In
every case we observe continuous networks of
single-crystal Al,O; phase (dark contrast) and
single-crystal based lanthanide and aluminium
oxide compounds (Fig 1 a/ GAP = GdAIlOs,
b/ EAP = EuA103, ¢/ EAG = EI’3A15012,
d/ YAG= Y3A15012)

The two phases interpenetrate without
grain boundaries, pores or colonies. These
complex microstructures are consistent with
other observations reported in literature [1,2].
The average phase domain size (length of the
short axis of each domain) does not vary
greatly for Al,O3-Ln,0; eutectics. But we can
note that the Al,O3-YAG composite exhibits a
microstructure about five times larger. For all
composites the microstructure size does not
change on a large central part of rods when so-
lidification rates are lower than 20 mm.h™.
Above this value, colony microstructure be-
gins to appear (Fig. 2). However we observed
a decrease of this domain width towards the
edge of the rod when specimen are prepared
using the arc image furnace technique. This

Table 1
Al,O3; |corundum struct. hexagonal symmetry, R-3¢ a=0.47591nm c=1.29916nm
LnAlO; |perovskite-type struct., orthorhombic symmetry, Pnma | a(nm) | b (nm) | ¢ (nm)
Ln=Gd GAP 0.53063 |0.74452 [0.52580
Ln=Eu EAP 0.52877 10.74599 |0.52775
Ln3;Als0;; | garnet-type struct. cubic symmetry, Ia3d a (nm)
Ln=Y YAG 1.20065
EAG 1.19867
DAG 1.20594
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decrease is directly related to the heating
method which induces a radial temperature
gradient higher than the Bridgman method.

SEM observations of sections parallel to the
growth direction have a similar three-
dimensional configuration of the microstructure.

Electron diffraction studies were per-
formed on thin plates cut perpendicularly to the
rod axes. They reveal that growth directions of
these eutectics follow well-defined crystallo-
graphic axes. The orientations are usually
unique. Two preferred orientations were deter-
mined for Al,O3 only depending on the used so-
lidification process: [1010] when specimen are

grown by the floating zone method and [1123 ]
when the Bridgman method is employed. The

: 2110
o011 * .
100 0

electron diffraction pattern on figure 3 was per-
formed on a platelet perpendicular to the
[IOTO] growth direction of a ALO;-GAP
eutectic. The selected area is centred on the in-
terface, and diffraction spots of both phases are
superimposed on the same pattern. Crystallo-
graphic principal directions are strictly aligned
according to the following epitaxial relations:

[1010] ALLOs //[011]Ln AlO;
[2116] ALO;s // [100]Ln AlO;

The growth directions and orientation re-
lationships are summarized in Table 2 for the
as-prepared eutectics.

Table 2

Eutectic phases | ALbO; - LnAP | ALLO; - LnAG

Qrowth direc- [IOTO] ALO; [IOTO] ALO;
tions _
//[011]LnAP |/ [110 JLnAG

Orientation re-

(2110)AL0; [(0001) ALO;
lationships

// (211)LnAP |/ (112)LnAG

These results were obtained from TEM
patterns corresponding to local observations
(some micrometers). In order to control the sin-
gle-crystal homogeneity in large areas of the
specimen, the EBSD technique has been used.

Figure 4, corresponding to the Al,Os-
YAG eutectic, shows orientation and Inverse
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Pole Figures (IPF) maps in which the colors
correspond to the crystal orientation as shown
in the stereographic projection. For example,
crystals with their 111 axis normal to the sur-
face of the sample will be blue, and so on. The
nearly alignment of <1010> and <110> crys-
tallographic orientations with the Ny direction,
normal to the observed surface (center of the
stereo projection), is in good agreement with
the growth directions reported in Table 2.

The orientation image maps (150 x 36 um)
presented on figure 4 reveal the sample texture
and the nearly single crystalline homogeneity of
the sample. A unique colour corresponds to the
YAG phase exhibiting one growth direction fea-
turing and the absence of grain boundary. Two
different colours are visible for alumina. They
correspond to the same {1010} orientation re-
vealing two twin-related variants of Al,Os. The
non-centrosymmetry of the corundum structure
gives rise to [1010] and [0110] crystallo-
graphic non-equivalent directions which cannot
be distinguished by electron diffraction. Com-
parison of the Al,O3; and YAG pole figures leads
to the same crystallographic relationships than
those determined by TEM (Table 2).

3.2 Ternary systems

We showed in the previous section that
the microstructure of the composite, in differ-
ent oxide binary systems, could be controlled
by unidirectional solidification. A high flex-
ural strength, thermal stability and creep resis-
tance of some of these binary eutectics have
been reported in the literature. To increase the
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fracture toughness of these materials we added
a third phase (ZrO;). For each system we pre-
pared MGC at the eutectic composition in the
AL O3/ZrO,/Ln,0; ternary phase diagrams. Af-
ter solidification, the phases identified by X-
ray diffraction consist of an alumina phase, a
perovskite (or garnet) phase and a Ln-
containing fully-stabilized cubic ZrO,. The
starting eutectic compositions, unit-cell pa-
rameters of constituent phases and the compo-
sition of zirconia phase are gathered in Table3.

Table 3
65 AlL,O; - 19 ZrO, - 16 Y,05 (mol%)

AlLO; YAG 710,
a=0.4758nm |a=1.2005nm |(15.5mol% Y,053)
c=1.2997nm a=0.5165 nm

65.9 Al,O; - 18.6 ZrO; - 15.5 Er,O; (mol%)

Al,O4 EAG 71O,
a=0.4759nm |a=1.1983nm |(15.3mol%Er,03)
¢=1.2999nm a=0.5159 nm

58 ALLO; - 23 ZrO; - 19 Gd,0; (mol%)

AL O, GAP ZrO,
a=0.4759nm |a=0.53022nm | (16 mol% Gd,O;)
¢=1.2993nm |b=0.74418nm |a=0.5200 nm

¢=0.52541nm

The amount of Ln(orY),0; as solid solu-
tion in ZrO, was determined from X-Ray pat-
terns using a Vegard's law [10]. Transverse
sections of different ternary eutectics contain-
ing Y03 (a), Er,0O3; (b) and Gd,O3; (c¢) are
shown in Figure 5. Firstly, we can note, that
morphology of the garnet-type phase is modi-
fied depending on the oxide added to alumina
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and zirconia (indicated by arrrows). At the
same solidification rate, large facets are de-
veloped for the ternary eutectic with Ln=Er at
the contrary of composites containing Y.
Secondly, in the case of based-yttrium eutec-
tic, zirconia phase is always grown at the in-
terface between AlLOs; and YAG. When
Ln=Er, cubic zirconia dispersoids are ob-
served not only at the interfaces but also in
the alumina phase. A similar microstructure
was observed for yttrium based eutectics pre-
pared by the Bridgman technique at higher
solidification rates. Electron diffraction pat-
terns (Fig. 6) performed on the interfaces of
the eutectic phases reveal the epitaxial rela-
tionships on the one hand between Al,O; and
ZrO, (left image) and on the other between
A1203 and Y3A15012 (I‘lght image).

We determined the following relationships:

[1010]ALOs/[001]Y AG//[001]ZrO;

corresponding to growth directions of each
phase coupled with relative orientations :

(0001)A1,04//(100)ZrO;
and (0001)A1,05//(100)YAG

Fig. 6

The orientation relationships between
alumina and cubic zirconia are strictly similar
to those determined in previous papers for the
ALO;-ZrO, binary eutectic [11]. Crystallo-
graphic orientations of three phases are veri-
fied for large areas of the specimen as shown
on IPF images which reveal unique growth di-
rections on 2x2mm?” zones and relative orienta-
tions in good agreement with electron diffrac-
tion studies (Fig. 7)

Z10,(Y,0,)

Fig. 7
3.3 Mechanical properties

As reported in the paragraph before, addi-
tion of zirconia to binary eutectics modifies so-
lidification conditions and consequently the mi-
crostructure of the final composite. However the
single-crystal homogeneity of the material is not
changed. Orientation relationships between zir-
conia and the two others eutectic phases which
were revealed involves low-energy interfaces.

We investigated the influence of that addi-
tion on hardness and fracture toughness of these
materials at room temperature. Hardness values
measured with a Vickers indent are reported in
Table 4. 1 and // symbols indicate that meas-
urements were carried out on sections perpen-
dicular and parallel to the growth direction.

The mean value of hardness varies very
little whatever the considered oxides system.
Fracture toughness values calculated from the
length of cracks reveals following features :

— binary eutectics have a fracture toughness
higher than Al,O; and close to known
values for Al,03-ZrO, composites [12].

— lower is the mean size of the microstruc-
ture higher is the K¢ value (Al,O3-YAG <
ALO3-EAG < A1203—GAP).
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— addition of zirconia induces a noticeable
toughening effect. This effect is more im-
portant for the systems associating alu-
mina and garnet type structure. The esti-
mated value of K¢ increases from 6 to 10
MPa.m'?,

—  Kjc values perpendicular or parallel to
growth directions are very similar in good
agreement with the isotropy of the micro-
structure and do not seem dependent of
cristallographic orientation.

Table 4

Hv (GPa) Kic
System "

(MPa.m ™)
ALO;-YAG (1) 21.8 5.2
ALO;-EAG (1) 16.9 6.2
ALO;3-ZrO,-YAG (1) 18.4 9.8
Al,O3-ZrO,-YAG (//) 19.8 8.9
AlLO3-ZrO,-EAG (1) 18 10
AlL,O3-GAP (1) 15.9 7.5
Al,O3-ZrO,-GAP (1) 17.9 8.5

4. Conclusion

Interconnected microstructures were ob-
tained from based-oxide binary and ternary
systems using two different growth methods.
Whatever the used method, morphology of
microstructures does not change. The floating
zone method allows to grow composites at so-
lidification rates higher than the Bridgman
method due to a higher thermal gradient but
the microstructure displays a lower homogene-
ity on the external zones of the as-prepared
rods. Preferred growth directions and crystal-
lographic orientation relationships between
constituents phases were revealed for all the
investigated eutectics. The EBSD technique al-
lowed to show the single-crystal feature of
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grown composites. The addition of zirconia
corresponding to ternary eutectic compositions
led to an increase of fracture toughness.
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