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bstract

he eutectic architecture of “in situ” composites prepared by solidification from the melt in the Al2O3–Ln2O3 (ZrO2) systems gives rise to materials
ith a high creep resistance. With the objective to elucidate the high temperature deformation micro-mechanisms, microstructural features are

◦
nvestigated on crept specimens. Compressive creep experiments have been carried out between 1400 and 1550 C for various eutectic compositions.
ifferent deformation regimes depending on considered systems and conditions of stress and temperature are revealed. Transmission electron
icroscopy studies emphasize the activation of different slip systems in the alumina phase and the deformation by dislocation climb processes

ontrolled by bulk diffusion.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

The development of new ultra-high temperature structural
aterials in various fields such as gas turbine or thermal power

eneration systems is required to improve energy efficiency
nd also to reduce polluting emission of CO2 or NOx. For
xample, the Ni-based superalloys, currently used for making
ingle-crystal turbine blades operating in motors, will not be
ble to work at temperatures beyond 1150 ◦C, despite research
ctivities for increasing their heat resistance. Besides, oxida-
ion mechanisms that occur at high temperatures (>1300 ◦C)
lso limit the use of ceramic matrix composites consisting of
ilicon carbide fibers – or whiskers – embedded in a ceramic
atrix. Melt growth composites (MGC) of oxides prepared at

utectic composition appear to be promising materials by cou-
ling single-crystal phases within a microstructure almost free
f grain boundaries in addition to their intrinsic resistance to
xidation. These ceramic materials prepared by unidirectional
olidification from the melt add new potentialities compared to

intered ceramics: a high strength almost constant up to tempera-
ures close to the melting point (no secondary phase at the grain
oundaries), a stable microstructure and no chemical reaction

∗ Corresponding author.
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etween the component phases.1–5 However, these composites
eing grown from the melt, a large thermal expansion mismatch
etween the eutectic phases and the anisotropy of microstruc-
ure can be often seen as major drawbacks because they give
ise to cracks inside the material during cooling. In the last 10
ears, studies on eutectic compositions in the Al2O3–Ln2O3
ystems, have given rise to synthesis of “in situ” composites dis-
laying microstructures consisting of two entangled phases in
three-dimensional and continuous network. This novel family
f directionally solidified eutectic ceramics present outstanding
echanical properties as a flexural strength constant up to tem-

eratures close to Tm and a good creep resistance.6–11 Extension
o ternary systems, by addition of zirconia for improving fracture
oughness was also achieved.12–14

The aim of the present work is to understand the mechanisms
hat control creep behavior of these materials at high tempera-
ures (1400–1600 ◦C). In this purpose, specimens were prepared
rom various Al2O3–Ln2O3 systems and crept using com-
ressive tests. Transmission electron microscopy studies were
erformed on thin foils extracted from deformed specimen. All
he used methods are described in the experimental procedure.
he first part of the results describes the overall microstruc-
ural features of as-processed specimens. The creep behavior
nd macroscopic deformation parameters are detailed in a sec-
nd part. The last part of this paper presents the defect analyses
t a microscopic scale. Detailed investigations of dislocation

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.040
mailto:mazerolles@glvt-cnrs.fr
dx.doi.org/10.1016/j.jeurceramsoc.2010.07.040
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Table 1
Chemical compositions and constituent phases of studied eutectics.

Composition (mol.%) Eutectic phases Structure of phases

77Al2O3–23Y2O3 Al2O3–Y3Al5AlO12 Corundum (trigonal)
81Al2O3–19Er2O3 Al2O3–Er3Al5AlO12 + garnet (cub.)
77Al2O3–23Gd2O3 Al2O3–GdAlO3 corundum (trigonal) + perovskite (ortho.)
6 O2
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5Al2O3–16Y2O3–19ZrO2 Al2O3–Y3Al5AlO12–Zr
6Al2O3–15.5Er2O3–18.5ZrO2 Al2O3–Er3Al5AlO12–Z
8Al2O3–19Gd2O3–23ZrO2 Al2O3–GdAlO3–ZrO2

onfigurations have been mainly performed in alumina phase
hat presents various slip systems with different stress and tem-
erature dependence. We show that creep mechanisms depend
n the macroscopic thermomechanical loading (temperature,
tress) and are related to the microstructural characteristics.

. Experimental procedure

The oxide–oxide eutectics were grown from the melt by using
floating zone translation device consisting in an arc-image fur-
ace operating with a 6 kW xenon lamp as a radiation. The great
nterest of this equipment is to display high thermal gradients
n the solidification direction that are required for planar front
rowth conditions.15 Solidification was driven in air at a con-
tant speed ranging from 2 to 20 mm h−1. As-prepared specimen
isplay a cylindrical symmetry and dimensions of about 8 mm
n diameter and 50 mm in length. Creep tests reported in this
aper were performed on eutectic compositions solidified at a
0 mm h−1 solidification rate.

High-purity commercial powders (99.9%) were used for
tarting materials. They were mixed at eutectic composition,
ressed in cylinder bars and consolidated by sintering at 1400 ◦C
efore melting.

Specimen for creep experiments, were machined from the
olidified eutectic bars with dimensions of 2.5 × 2.5 × 5 mm3.

ests were performed in compression (the uniaxial applied stress
eing parallel to the solidification direction), in air environment
ith a temperature range 1450–1600 ◦C. The sample was put
nder stress by dead-weight loading. Stress ranges from 70 to

t
m
A
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ig. 1. SEM images of eutectic microstructures (BSE contrast). (a) Al2O3–Y
l2O3–Er2O3–ZrO2, and (f) Al2O3–Gd2O3–ZrO2. The dark contrast corresponds

mages d and e, and to the dark grey contrast in the image f.
corundum (trigonal)
+ garnet (cub.) + fluorite (cub.)
Corundum (trigonal) + perovskite (ortho.) + fluorite (cub.)

00 MPa. Compression rams were made of sintered alumina bars
oupled with sapphire rods oriented along the c-axis. Platens
ut perpendicularly to the axis of solidified eutectic bars were
andwiched between these sapphire rods and the specimen. Tem-
erature was measured with two sets of B-type thermocouples
ocated in the furnace and in the near vicinity of the specimen.
trains, during the creep tests were calculated from extensomet-
ic displacements measured using a linear transducer.

Microstructural studies were performed by scanning elec-
ron microscopy (SEM) (LEO1530) and transmission electron

icroscopy (TEM) (JEOL 2000EX). TEM foils were cut per-
endicularly to the compressive axis and prepared by ion-milling
fter mechanical polishing and dimpling.

. Results and discussion

.1. Microstructures and crystallography

The as-prepared eutectic compositions, are summarized in
able 1. Binary eutectics, display very similar microstructural
eatures (morphology, homogeneity) which were previously
eported15,16 and some of them are recalled in Fig. 1. SEM
bservations performed on sections perpendicular or paral-
el to the growth axis, for each eutectic composition, did not
eveal any difference between the two directions and confirmed

he 3D isotropic features of the microstructure.16 Only the

icrostructure corresponding to specimens prepared from the
l2O3–Y2O3 phase diagram exhibits a slightly larger domain
ean size (Fig. 1a). The eutectic phases corresponding to the

2O3, (b) Al2O3–Er2O3, (c) Al2O3–G2O3, (d) Al2O3–Y2O3–ZrO2, (e)
to the alumina phase. Zirconia phase corresponds to the white contrast for
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l2O3–Gd2O3 system were identified as Al2O3 (corundum
tructure) and GdAlO3 (perovskite structure) named “GAP”
fterwards. In the case of Al2O3–Y2O3 and Al2O3–Er2O3 sys-
ems the alumina phase is coupled to a Y (or Er)3Al5O12 phase
ith a garnet structure called YAG (or EAG). The addition
f ZrO2 to these systems, at a ternary eutectic composition,
as been shown to improve the fracture toughness of the
l2O3–Ln2O3 eutectics.15 For comparison with binary systems,

reep behaviors of three ternary eutectic compositions were also
nvestigated. The microstructures of Al2O3–Ln2O3–ZrO2 eutec-
ics consist in two entangled phases with a zirconia phase located
t the interfaces between alumina and the garnet (or perovskite)
hase (Fig. 1d–f).

Unidirectional solidification process often imposes preferred
rystallographic growth directions for each eutectic phase.17,18

hese directions and the crystallographic orientation relation-
hips between phases, for the studied systems, were previously
eported.16 Orientations of specimen before creep were con-
rolled, on large areas (150 × 150 �m2), by EBSD spectroscopy
nd were also locally verified by TEM on transverse section
latelets examined after creep.16 The microstructures investi-
ated in this paper were grown along the 〈1 0 1̄ 0〉 direction of
lumina phase. Consequently, this orientation will be parallel to
he compressive axis for the creep tests.

.2. Compressive creep behavior

The creep deformation curves start by a primary transient
reep regime during which the creep rate decreases in time. After
his short primary stage (e.g. strain of about 0.5%) the quasi-
teady state is reached with a quasi-constant creep rate. Then, in
he course of the same experiment, the applied stress is changed,
nd primary and secondary creep rates are again measured for
his new stress value. The strain rate strain plot in Fig. 2, for the

l2O3–YAG eutectic crept at 1525 ◦C, shows the quasi-steady

tate reached at different stress levels. The applied stress values
ere 70, 100, 140 and 200 MPa. Similar tests were performed
nder constant stress by temperature increments from 1440 to

1
A
s

ig. 3. Compressive creep test for the binary eutectics. (a) Creep strain rate vs. applie
0 and 200 MPa loadings.
ig. 2. Al2O3–YAG eutectic: typical strain rate strain plot, at different stress
evels as loading and unloading cycles at 1525 ◦C.

600 ◦C. The secondary creep rate, ε̇, depends on the applied
tress σ by a power–law relationship:

˙ = A · σn · exp

(−Q

RT

)

here Q, proportional to the slope of the ln ε̇ vs. 1/T plot, is the
pparent activation energy of creep.

The stress exponent, n, and the activation energy, Q, will be
iven by

=
(

∂ ln(ε̇)

∂ ln(σ)

)
T

Q =
(

∂ ln(ε̇)

∂ ln(1/T )

)
σ

Consequently, tests performed at a given temperature (or
tress) with load (or temperature) increments or decrements
llow the determination of n and Q, respectively. Apparent
ctivation energies for creep deformation are measured from
he slope of semi-logarithmic Arrhenius plots of creep rate vs.
nverse absolute temperature.
The stress dependence of creep strain rates at 1450 and
525 ◦C (Fig. 3a) is very similar for the Al2O3–YAG and
l2O3–EAG eutectics. The stress exponent n increases with the

tress at 1450 ◦C and is nearly constant at 1525 ◦C. At 1450 ◦C,

d stress at 1450 and 1525 ◦C. (b) Creep strain rate vs. temperature (1/T) under
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that the strain regime changes at 1500 ◦C in the case of the
Al2O3–Al2O3–YAG–ZrO2 eutectic. No change, on all over the
temperature range, is observed for the Al2O3–GAP–ZrO2 eutec-
ig. 4. Al2O3–YAG eutectic: comparison of strain rates at 1525 ◦C for com-
ressive creep tests performed along the directions parallel and perpendicular
o the growth direction.

he n values are close to 1, for low stresses, that suggests a
iffusion-controlled creep mechanism. The n values are higher
2 < n < 3) in the case of high stress and/or high temperature: this
ould indicate deformation mechanisms controlled by disloca-
ion motion. Variations of the activation energy (Fig. 3b) are very
imilar for the two eutectic compositions coupling alumina and
arnet-type phase. For low applied stresses (70 MPa) the Q value
s equal to 350 kJ mol−1 at temperatures lower than 1490 ◦C,
nd increases up to 600 kJ mol−1 above 1490 ◦C. This latter
alue is also observed for specimen crept under 200 MPa, on all
ver the temperature range. Similar values were also reported
n literature.19 Creep experiments performed with the compres-
ive axis perpendicular to the growth direction did not reveal
ny difference. For example, Fig. 4 shows the creep results corre-
ponding to the Al2O3–YAG composition with the stress applied
long the direction parallel or perpendicular to the solidification
xis (T = 1525 ◦C).

In the case of the Al2O3–GAP eutectic, the creep rates, mea-
ured with the same experimental conditions than previously,
re on the same order of magnitude than that of eutectics cou-
ling alumina and garnet type phases. However, the temperature
ncremental experiments do not reveal any regime change, and
he activation energy is constant whatever the applied stress
Q = 565 kJ mol−1).

Maximum strains ranging 10–15% (Al2O3–YAG) were
eached under 200 MPa. Fig. 5 shows, that, beyond these strain
alues, the strain rate lightly increases, revealing the first dam-
ge steps of the specimen and the loss of the quasi-steady state.
hese strain values do not change with the studied binary system.

These results show that the orientation of specimen and the
rystallographic form of the eutectic phase grown with the alu-

ina phase (garnet or perovskite) do not really modify the creep

ates of the eutectics. Besides, the deformation mechanisms
robably differ, depending on temperature or stress range. The
act that the stress exponent, n, does not vary when the rare-

F
t

ig. 5. Maximum strains obtained under 200 MPa for the Al2O3–YAG eutectic.

arth oxide rich phase coupled to alumina changes, suggests
hat plastic deformation is controlled by the �-alumina phase:
first regime sets up at low temperature (T < 1500 ◦C) and low

tress then, a second regime occurs at higher temperatures and/or
igh stresses. The activation energy values confirm the hypoth-
sis of two deformation regimes, with one of them preponderant
epending on temperature and stress conditions.

The creep tests performed on ternary eutectics reveal strain
ates with the same order of magnitude than that of their
inary counterparts (Fig. 6). However, at the contrary of
inary eutectics, the creep rates measured at 1525 ◦C for
he Al2O3–GAP–ZrO2 eutectic are higher than that of the
l2O3–YAG–ZrO2 eutectic, and the inverse phenomena is
bserved at 1450 ◦C. This difference could be explained by
he decrease of the microstructure mean size in the case of
he Al2O3–YAG–ZrO2 compared to the Al2O3–YAG eutectic.
xperiments carried out under low stress (70 MPa) also reveal
ig. 6. Compressive creep test for the ternary eutectics. Creep strain rate vs.
emperature (1/T) under 70 and 200 MPa loadings.
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Fig. 7. Al O –YAG eutectic crept under 200 MPa (stress increments) at
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Fig. 8. Al2O3–YAG eutectic crept under 200 MPa (stress increments) at
1450 ◦C. Bright field image centred on an alumina crystal. A basal growth twin
(horizontal, arrowed) contains extrinsic dislocations. Dislocations also appear
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450 ◦C. Bright field image showing a network of dislocations with basal Burg-
rs vectors in alumina, present at the thin extremity of a YAG phase (arrowed).
ome dislocations appear in the YAG phase at the right of the micrograph.

ic. This behavior, similar to that of binary eutectics, confirms the
nfluence of the garnet or the perovskite phase on the deforma-
ion mechanisms of the ternary or binary eutectic compositions.
owever, damage of specimen is reached more quickly during

he creep tests with strains lower than that of binary eutectics
3–4%).

.3. TEM study and discussion

Plastic deformation of single-crystal Al2O3 has been of inter-
st for many years.20,21 The two main slip systems are basal
lip (0 0 0 1)1/3〈2 1̄ 1̄ 0〉, and prism plane slip {1 1 2̄ 0}〈1 0 1̄ 0〉.

non-extensive list of works on sapphire deformation may be
ound in Refs.21–23 Basal slip has the lowest critical resolved
hear stress at all temperatures above 700 ◦C.23–25 Prism plane
lip is preferred at lower temperature; at high temperature it
ccurs for much higher stresses than those required for basal
lide22 and prism plane dislocations are found to decompose
nto basal dislocations; prism plane dislocations are no more
ound after some percents of deformation.22 Pyramidal slip
0 1 1̄ 2}1/3〈0 1̄ 1 1〉, or {1 0 1̄ 1}1/3〈0 1̄ 1 1〉, requires such high
tresses that is rarely a dominant deformation mechanism.
hombohedral dislocations are most often involved in processes
ther than those involving plastic deformation.21 However, it is
ecessary to activate pyramidal slip if a homogeneous deforma-
ion is to be achieved by glide alone.20 As the applied stress is
arallel to 〈1 0 1̄ 0〉, the Schmid factor for basal glide is equal to
.

Preliminary investigations have been performed on
l2O3–YAG eutectics deformed at 1450 ◦C under 200 MPa

after stress increments) and deformed at 1470 ◦C at a lower
tress of 70 MPa. Some results previously obtained on an
l2O3–GAP eutectic are compared to the present analyses.16

Fig. 7 shows a bright field TEM image obtained on a thin foil
f Al2O3–YAG eutectic after 1.5% deformation under compres-

ive creep test at 1450 ◦C under 200 MPa. Dislocation networks
re mainly observed in the alumina phase, and more particu-
arly located in the narrow regions of the microstructure between
wo YAG domains. Analyses of other areas confirm that dislo-

t
r

1

n the YAG phases, on each side of the twin. A hole occurs at a triple junc-
ion. The coarse dislocation network present in alumina contains both basal and
hombohedral 1/3〈1 0 1̄ 1〉 dislocations.

ation density is much lower in the YAG phase. As a matter
f fact, YAG shows a ductile behavior for temperatures higher
han 1600 ◦C, characterized by a dislocation climb controlled
reep at very low strain rates.26 These results show that the first
teps of plastic deformation at this temperature, are controlled
y the alumina phase, and the YAG phase accommodates this
eformation. Such mechanism agrees well with the temperature
ependence of the strain rate of Al2O3 which is higher, by several
rders of magnitude, than that of YAG for the same solicitation
irection.27

The dislocation network shown in Fig. 7 consists of basal
islocations with Burgers vectors of 1/3〈2 1̄ 1̄ 0〉 type. Their
rrangement involves climb processes. It is recalled that the
pplied stress is parallel to the (0 0 0 1) basal plane; however,
slight angle of 3 degrees between the applied stress and the

asal plane is sufficient to activate slip. It is also worth notic-
ng that dislocations in alumina preferentially occurs at the edge
f thin parts of the YAG phase, or near changes in orientation
f the interface between the two phases, or in connections with
islocations in the other phase (see below). The YAG phase can
hus be seen at the origin of stress concentrations that induce
asal slip in alumina. It is worth noting that triaxial stresses help
islocation climb and orientate bulk diffusion.

Fig. 8 shows a coarse dislocation arrangement and isolated
islocations. A basal twin, that results from a growth accident
uring solidification,16 contains extrinsic dislocations. Many
nteresting features, characteristic of the deformed microstruc-
ure, can be emphasized: dislocations occur in the YAG phase,
lose to the junction with the growth twin. Moreover, a hole is
resent at one of the triple junctions. The dislocation array con-
ains both rhombohedral and basal dislocations. Three different
hombohedral dislocations are present, most of the Burgers vec-

ors are not contained in the plane of the network. A possible
eaction between the defects is as follows:

/3[1̄ 1 0 1] + 1/3[1 2̄ 1 0] ⇒ 1/3[0 1̄ 1 1]
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This result leads to two conclusions. At first, the pyramidal
lip has been activated, as a result of high local stress concentra-
ions. Then, deformation proceeds with formation of networks
ith low energy configurations: this requires diffusion accom-
odated climb processes.
The Al2O3–YAG eutectic deformed at a similar temperature

ut under a low applied stress (70 MPa) displays a quite different
icrostructure characterised by much more less dislocations and

he presence of basal deformation microtwins in alumina and
lanar defects in the YAG phase.

Finally, the Al2O3–GAP eutectic shows the presence of dis-
ocations in both phases, as expected from the close temperature
ependence of the most favoured dislocation slip systems in both
hases.16

The lack of well defined slip planes or slip bands, the pres-
nce of dislocation nodes and configurations showing extensive
limb are consistent with a deformation by dislocation climb
ontrolled by bulk diffusion. The dislocation network consists
f both basal and non-basal dislocations. In this view, some
rimary creep resulting from glide must also occur prior the
ormation of the stable dislocation network.28 However, such
rimary creep is of short duration, as pyramidal slip requires
ery high stresses. This assumption is in good agreement with
he activation energy values measured at 1500 ◦C (668 kJ/mol).
ndeed this activation energy is of the same order of magnitude
f oxygen bulk diffusion.29,30

The microtwins could occur as an accommodation mecha-
ism of a deformation controlled by diffusion. Much more work
s needed to improve the knowledge of deformation mechanisms
nd in particular the role of heterophase interfaces in defect for-
ation, in agreement with the fact that macroscopic behavior

oes not depend on the specimen orientation.

. Conclusion

Compressive creep behaviors of binary or ternary eutectics
repared from the Al2O3–Ln2O3–ZrO2 phase diagram were
tudied in the temperature range 1400–1600 ◦C and stress range
0–200 MPa.The following conclusions were reached:

1) The eutectics exhibit stress exponent values increasing with
stress (1 < n < 3) for temperatures lower than 1500 ◦C and
close to 3 for higher temperatures under any stress. These
values (n ≥ 2) indicate that dislocations play a role in defor-
mation mechanisms.

2) The eutectic compositions containing a garnet phase, at
the difference of eutectic compositions containing a per-
ovskite phase, display, at low stress (70 MPa), 2 deformation
regimes with activation energies depending on temperature
(Q ∼ 350 kJ mol−1 at T < 1500 ◦C and Q ∼ 650 kJ mol−1 at
T > 1500 ◦C). Only one regime is observed at higher stresses

or temperatures for all the eutectics (Q ∼ 600 kJ mol−1).

3) The applied stress direction relatively to the crystallographic
orientation of specimen does not really modify their creep
behavior.
Ceramic Society 31 (2011) 1219–1225

4) Determination of operative slip systems from TEM studies
has shown that the interconnected microstructure induces
redistribution of applied stress, resulting in concentra-
tion of deformation in specific regions of microstructure.
Local stresses are sufficiently high to activate pyramidal
slip.

5) Analyses of dislocation networks emphasize deformation
by dislocation climb processes controlled by bulk diffusion.

6) Alumina phase plays a major role in the first steps of plastic
deformation of Al2O3–YAG composites (under low stress or
temperatures lower than 1500 ◦C), with a dislocation density
higher than those found in the garnet phase.

7) Strain rates, stress exponents and activation energies of
ternary eutectics are very similar to those of binary eutec-
tics. However, their maximum strain (<5%) is lower than
that of their binary counterparts (εmax ∼ 10 to 15%).
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