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Abstract

Yttrium doping induces modifications of the microstructural features and properties of polycrystalline alumina. This paper pre-
sents a review of most results on this topic. Experimental and calculated results on yttrium grain boundary (GB) segregation are
first described. They include yttrium distribution as a function of grain size and atomic structural configurations around yttrium in
GBs. The role of yttrium on the overall microstructure, GB structure, GB defects and grain growth is discussed. The discussion
provides a basis for the understanding of sintering phenomena and creep behaviour. Attention is particularly focussed on the effect
of the transition between GB yttrium segregation and the occurrence of GB precipitates on the properties of yttria doped alumina.
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1. Introduction

Creep and sintering behaviour of fine-grained alumi-
nas have been widely investigated. The different
mechanisms which may operate during creep are sum-
marized in a map giving the different domains of stress
as a function of the grain size.! Doping alumina gen-
erally has a pronounced influence on its behaviour.
Most elements present a low solubility limit in this oxide
and thus are segregated at grain boundaries. Magne-
sium doping of alumina polycrystals yields a high duc-
tility under creep, seen as a superplastic behaviour,
which has been attributed to grain boundary (GB) dif-
fusion coupled with GB sliding (GBS).! Yttrium doping
is well known to have a positive influence on the corro-
sion resistance of alumina scales’ and on the creep
resistance of polycrystals.’* On the other hand, yttrium
has a deleterious effect on alumina sintering by reducing
the densification rate.’

These effects are obviously due to microstructural
changes induced in alumina polycrystals by the presence
of yttrium. Many efforts have been made to thoroughly
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investigate the microstructures by transmission electron
microscopy (TEM)®® and Scanning Transmission
Electron  Microscopy (STEM).®!®  Furthermore,
attempts have been made to correlate the evolution of
the microstructures of the deformed samples under
creep with micromechanims compatible with the mac-
roscopic behaviour of the samples.!'='# Similarly, a
thorough analysis of the microstructural changes which
occur during sintering may allow to understand the
micromechanisms of densification.

However, some of the observed phenomena have not
been explained until now. For instance, there are still
controversies about the role of GBs in the high tem-
perature deformation of fine-grained aluminas. This can
be explained by a lack of experimental data and an
insufficient understanding of GB structures and the
relationship between intergranular structure and inter-
granular chemistry. In particular, the following ques-
tions must be raised:

e Until now the transition between the Y segregated
state in a GB to the precipitated state in the form
of garnet is not well investigated.

e The way how yttrium segregation and/or pre-
cipitation affects the processes usually involved in
creep and in sintering is not known.
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e Yttrium, either alone or associated to other doping
elements or impurities, may modify the structure
and chemistry of GBs. These GBs may influence
creep and sintering processes according to their
geometry and consequently to their structure and
to their ability for segregation.

e Is there a contribution of grain deformation to the
overall response to creep?

e What are the reactions that occur between lattice
dislocations and GBs during the high temperature
deformation?

To answer these previous questions a multiscale
approach of the Y effect on alumina creep and sintering
behaviour is required. Starting with the analyses of the
constitutive laws, investigations of the microstructures
at the mesoscopic scale—with a statistical aspect—must
then be performed. They have to be accompanied by
microscopic observations in order to emphasise the
micromechamisms and how they are affected by the
doping element. Finally, a better explanation of the Y
effects may be probably found in the changes of the
atomic bonding within the GBs between aluminium
atoms and between aluminium and oxygen atoms and
their influence on the transport phenomena.

The purpose of this paper is twofold.

e To draw up a complete picture of yttrium’s role in
alumina by reviewing all experimental evidence and
theoretical prediction mainly obtained in the last
decade which allow some progress in the under-
standing of the yttrium doped alumina behaviours.

e To understand the GB phenomena in ceramics
based on the knowledge of the GB structure, the
GB segregation and of the accommodation phe-
nomena of GB dislocations previously developed
on metals.'?

2. Microstructure of yttrium doped aluminas

This section presents experimental results and predic-
tions from atomistic calculations on the distribution and
environment of yttrium in GBs of alumina. The rela-
tionship between GB chemistry and GB structure as
well as the main features of the yttrium doped alumina
microstructures are analysed.

2.1. Grain boundary yttrium segregation

Segregation of yttrium at alumina GBs has been evi-
denced by a wide variety of techniques.'®~!® Yttrium is
isovalent to aluminium ion and its ionic radius (r=
0.093 nm) is larger than that of aluminium (r=0.041
nm). The upper limit of yttrium solubility in alpha alumina
is less than 10ppm.2%-2! This low solubility is due to

rather high defect formation energy as deduced from
ab-initio calculations.?? The strain energy is the main
driving force for GB segregation'® and first AES (Auger
Electron Spectroscopy) results are consistent with seg-
regation of yttrium at monatomic layer levels.'® SIMS
investigations confirmed that a localised enrichment of
the dopant occurs at GBs and suggested that the dis-
tribution of solute was relatively uniform.'4

Early investigations by STEM helped establishing the
GB yttrium content as a function of grain size for a
given nominal yttrium concentration (Fig. 1).23 During
grain growth, the GB yttrium content increases until
GBs are saturated with yttrium and precipitation of
yttrium aluminium garnet (YAG) compound occurs.
An interesting result is that the transition from GB seg-
regation to precipitation at GBs depends only on the
grain size, whatever the thermomechanical history of
the material. The grain sizes for which the transition
occurs have been determined for different yttrium con-
centrations (2.3 pum for 225 ppm Y/Al and 0.8 um for
676 ppm Y/Al). Predictions using a geometrical model
based on the mass conservation of yttrium during grain
growth are in good agreement with the experimental
results for both types of microstructures, either display-
ing only segregation or with precipitation. Starting from
these results a general map of the grain size as a func-
tion of the atomic ratio Y/Al can be drawn (Fig. 2).2*
The upper part on the right side (square symbols) of the
diagram corresponds to the microstructure with pre-
cipitates while the lower part on the left side (round
symbols) corresponds to the microstructures with only
GB segregation. These two regions are separated by a
straight line whose slope is equal to (—1).
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Fig. 1. Schematic diagram of the evolution of yttrium concentration
at grain boundaries in fully dense alumina with increasing grain size
for two doping levels.??
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Fig. 2. Diagram showing the grain size versus yttrium doping level on the basis of litterature data concerning grain boundary segregation or pre-
cipitation in alumina; square and round symbols correspond, respectively, to microstructures with segregation and precipitation, and to micro-

structures with only yttrium segregation.?*

A recent STEM study, using EDXS, on numerous
alumina samples doped with increasing amounts of
yttrium emphasised the yttrium segregation beha-
viour:?> the excess concentration of yttrium at GBs
increases with increasing total amount of dopants up to
a level (approximately 6 yttrium atoms/nm?) where
precipitation occurs. After the precipitation, the excess
concentration is lower (3.5 atoms/nm?) than the highest
measured yttrium excess before precipitation. Thus
supersaturation of yttrium occurs on GBs before pre-
cipitation. In another work, the highest concentration
value at GBs is 5.140.2 atoms/nm?, which corresponds

to 1/2 equivalent monolayer. The yttrium concentration
drops to a value of 3.2+0.8 atoms/nm? after the super-
saturation, corresponding to the equilibrium concentra-
tion of yttrium in GBs in presence of the YAG phase.
Finally chemical composition profiles indicate that
yttrium is localised within 2 nm of the GB and the
average yttrium content is equal to 4.441.5 atoms/nm?
equivalent to a cation fraction of 943 at.%.!° It is esti-
mated at 6.0 atoms/nm? from EXAFS experiments.?°
The supersaturated GBs have been considered to consist
of three layers, a disordered core region and a near
boundary layer on each side of the GB core. High
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resolution images show that the GBs are not disordered
beyond one or two atomic planes in materials with low
impurity content.?’” A relationship exists between the
yttrium supersaturation in GBs and the resulting
microstructures that will be discussed further.

In polycrystalline aluminas containing YAG pre-
cipitates, EXAFS and STEM investigations attempted
to precise the structural and electronic configurations of
yttrium ions in the GB. GB bonding states in doped
aluminas without precipitation were analysed by EELS.
The slight differences which occur in the O-K edge
peaks are attributed to a change in the chemical bond-
ing state with the segregation of cations at GBs.
Yttrium induces a shift of the peak toward the highest
energies in comparison with the peak due to the grain
interior. This would reflect a strengthening of GB
bonding.?® EELS analyses suggest that some of the Al
ions in GBs containing Yttrium may be tetrahedrally
coordinated with oxygen atoms.?’

Furthermore the distance corresponds nearly to the
Y-O bond length in cubic Y,0s;. Thus the nearest
neighbours move outward by 19% of the normal A-O
distance. In another work, the number of first oxygen
neighbours for yttrium has been found equal to 2.7 at a
distance of 0.23 nm and 1.7 at a distance of 0.28 nm.3°
This last shell is attributed to oxygen ions in interstitial
positions. The large yttrium ion size induces locally a
significant distortion of the oxygen ion lattice that
decreases the yttrium coordination number and creates
point defects such as vacancies and interstitial oxygen
ions.

At this stage atomistic simulation can bring insights on
the atomic environment in GBs and relationship with
segregation. Static lattice calculations of energies and
structures of near coincidence GBs emphasised that the
coordination number of aluminium atoms in GBs is
lower than this number in alumina bulk structure, in
agreement with the results of EXAFS experiments.3! In
the intergranular region of a X33 GB, there is an
increased charge transfer from Al to O, arising mainly
from the lower coordination number of the GB atoms,
and therefore the reduction in the covalent bond for-
mation.??

Lattice Statics, molecular dynamics and Monte Carlo
calculations carried out on the basis of empirical
potentials indicate that the segregation energy of triva-
lent dopants is quadratically dependant on the differ-
ence in volume between the dopant and the aluminium
ions, thus confirming the predominant elastic effect on
segregation.’® This effect is also evidenced from the
segregation enthalpy calculations for trivalent dopants
in substitution on the largest boundary sites.** In the
213 boundary, the largest substitutional sites represent
4% of the boundary sites. This value is not in contra-
diction with the dopant coverage of about 10% experi-
mentally found for general boundaries with probably

more opened structures than the X13 one. An interest-
ing result is that the segregation energy for a second
yttrium is reduced in comparison with this energy for
the first yttrium. This indicates that the defects attract
each other and form bound agglomerate.3?

Finally the change in chemical bonding state with
doping was estimated by a First principles Molecular
Orbital Calculation. The net charges of cations AI** and
02~ are calculated and their product corresponds to the
ionic bond strength between Al and O atoms. Yttrium
induces an increment in the absolute value of the net
charge product showing that the ionicity between the two
ions AI** and O?~ increases on substituting an AI** ion
by an Y7 ion.3* The net charge product seems to be a
determinant parameter in high temperature creep of
lanthanoid ion-doped alumina.

2.2. Structure and chemistry of grain boundaries

The relationship between GB segregation and GB
structure is twofold: on the one hand, the segregated
species can modify the crystallographic parameters, and
thus the GB structure; on the other hand this structure
itself may determine the GB content of segregated spe-
cies. As a first approximation it has been shown, in
experiments with polycrystals and bicrystals on equili-
brium segregation in metals, that GBs that present a
low segregation are those that display a high mean
atomic density at the interface. Segregation is often
relatively low at singular boundaries with a large inter-
planar spacing and a short periodicity, however this
trend is not universal. The nature of solvent and solute
atoms and the boundary characteristics are important
variables that must be considered.’® The “GB segrega-
tion-structure” relationship is better understood in
metals than in ionic crystals where space charge effects
must be taken into account. The situation is even more
complex if the studied system contains several solutes.
This could be the case for alumina in which residual
impurities may not be easily eliminated during powder
processing.

In an alumina doped with only yttria, containing a
high number of YAG precipitates, yttrium is below the
detection limit in a singular boundary X3 and in vicinal
boundaries very close (0.2°) to the X7 orientation rela-
tionship. One faceted GB and a general GB with a basal
boundary plane in one grain display a low yttrium con-
tent.’

In aluminas codoped with magnesia and yttria, as well
as in aluminas doped with only yttria, containing silicon
as the main impurity, yttrium is segregated at nearly all
GBs.?7 Yttrium is not detected in one general GB, but
its level is high in a low angle GB and in a boundary
close to a coincidence orientation relationship. These
results prove that there is no reciprocal relationship
between three-dimensional coincidence relationship and
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intergranular segregation. Indeed the GB plane must be
considered as it imposes the GB atomic structure.

Most near coincidence GBs contain dislocation net-
works. Actually, direct evidence of yttrium segregation
on intergranular dislocations has been made.’” As an
example, a general boundary that has shown no con-
tinuous segregation contains two isolated dislocations
with local yttrium enrichment (Fig. 3). It is assumed
that yttrium is attracted by the strain field of extrinsic
dislocations that are then stabilised by the segregated
species. This result supports the strengthening mechan-
isms that account for the role of yttrium on creep
deformation of alumina, as it will be discussed later on.

Finally a relationship between the GB plane orienta-
tion and the nature and the content of segregated spe-
cies has been evidenced in an alumina with an
anisotropic large grain sized microstructure.?’ The large
grains correspond to cross-sections of discs whose faces
are parallel to the basal plane of alumina, and edges are
parallel to other orientations, most often the rhombo-
hedral plane. A preferential segregation of yttrium
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Fig. 3. Detection of yttrium on two GB dislocations.?’ (a) Bright field
image of a general GB containing two isolated dislocations; (b) EDXS
spectra obtained on two parts of the GB:Y is only detected in the part
containing dislocations.

occurs in GBs whose plane is parallel to the (0112) plane
in one grain; silicon is highly segregated at GBs parallel
to the basal plane in one grain, although yttrium segre-
gation is relatively low, in agreement with the results of
previous study.” This indicates that the driving force for
segregation of this aliovalent solute also includes charge
effects. Atomistic calculations of segregation enthalpy
of Y3 exist for surface segregation phenomena. They
must be considered with caution when GB segregation
is concerned. An interesting point is that they predict
large reductions in surface energy for (0112) and (0110)
surfaces and virtually no change for the (0001) surface.
Moreover a minimum in the heat of segregation occurs
at half coverage of (0112) plane that suggests the for-
mation of a coherent second phase at this surface.’®

2.3. Microstructural features in yttria doped alumina

2.3.1. Main microstructural features

As expected, overall microstructural features in alu-
mina depend on the total amount of the dopant, and
whether yttrium is segregated at GBs or engaged in
YAG precipitates, this latter being a function of the
grain size and total yttrium content. They are also
influenced by residual impurities such as silicon. Gen-
erally, lightly doped aluminas without precipitation dis-
play a uniform grain size (Fig. 4), whereas a bimodal
distribution of grain sizes occurs for highly doped alu-
mina, the precipitates being preferentially localised in
the fine grained areas.®?® Detailed investigations of the
microstructure and microchemistry of polycrystalline
alumina doped with varying amounts of yttrium indicate
that an explosive jump in the grain size occurs for high
yttrium doping level and is linked to transition between
supersaturation and precipitation.?> The microstructure
of the samples with segregation is made up of small
grains of uniform size (1-2 pm), and the grain size in the
samples with precipitates is more than one order of
magnitude larger but yet uniform. However, this

f
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Fig. 4. Microstructure of the fine grained (d=0.65 um) as sintered
alumina (225 Y/Al ppm cation, 500 ppm MgO).
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“bimodal uniformity” is not observed in samples that
contained silicon and calcium impurities and exhibited
exaggerated growth of plate-like grains, most often
observed in alumina without Mg doping. This feature
may be linked to the preferential segregation of silicon
in the basal type GBs terminating these elongated grains
and highlights the determining role of silicon in the
development of such anisotropic grain shape.?’ Finally,
the heat treatment atmosphere can strongly modify the
final microstructure. For same yttrium content, the
microstructure is bimodal with precipitates in air
although it is fine-grained equiaxed under low oxygen
pressure conditions that induce a larger solubility of
yttrium in alumina bulk.?®

2.3.2. GB crystallographic parameters and features

GB crystallographic parameters were analysed in
undoped alumina, alumina codoped with magnesium
and yttrium and alumina only doped with yttrium.
Transmission electron microscopy studies have shown
that large grained undoped aluminas display a low pro-
portion of near coincidence GBs, close to a theoretical
distribution of GBs determined for a random distribu-
tion of grain orientations.*>-#! This is also the case for
aluminas doped with only yttria that had a similar
microstructure like undoped aluminas.’” In micro-
structures displaying an exaggerated growth of lathlike
grains, about half of the GBs are parallel to the basal
plane in one grain.

These results are confirmed by statistical determina-
tion of GB misorientations by using electron back-
scattered Kikuchi diffraction.*? In this last study, GBs
close to a near coincidence description according to the
Brandon criterion were considered as “special”.** The
crystallographic symmetry in alumina was assumed as
hexagonal. In the studies by Lartigue et al., the near
coincidence GBs are defined by considering the correct
rhombohedral symmetry of alumina** and also include
boundaries that present a matching of dense planes
across the interface. Furthermore, the classification of
GBs as near coincidence GBs is made on the basis of the
presence of periodic networks of intrinsic dislocations
and not only on the basis of a geometrical criterion.
This last point will have importance when analysing the
micromechanisms of deformation (Section 4.3). How-
ever, the results are roughly similar in the two stud-
ies.*%*2 On the contrary, the results from aluminas
codoped with magnesium are somewhat different. Fine-
grained aluminas containing only magnesium display a
relatively high number of near coincidence GBs. In alu-
minas codoped with magnesium and yttrium, this is the
case for only the smallest grain size sample (0.65 pm).
All the other samples with larger grain sizes contain few
near coincidence GBs.

These results indicate that yttrium has a complex
influence on microstructural features and thus on related

properties of sintered alumina polycrystals as will be
described in the next sections.

3. Sintering

Since the successful demonstration by Coble that fully
dense transparent alumina can be produced by sintering
in the presence of small amounts of magnesia,* the
influence of solutes on alumina sintering behaviour has
been the subject of extensive investigations. During sin-
tering, two main mechanisms can contribute to a
decrease in the grain surface area or the grain boundary
area: the grain or particle coarsening which occurs at
the beginning of the sintering of a fine grained compact
and the grain growth in the final step when the porosity
does not limit the grain boundary migration.

Chronologically, yttrium is firstly described as a pos-
sible beneficent doping element for alumina in a 1968
US patent.*¢ It was claimed that “the preferred additive
is yttria in combination with magnesia, 0.05% Y,O;
plus 0.05% MgO being outstanding”. It was further
stated that “with this combination alumina bodies can
be attained having a density of 3.99, alumina crystal size
of about 2-3 pm and with commensurately excellent
mechanical strength and other properties”. The grain
size range for this yttrium doping level corresponds
exactly to the grain boundary saturation with yttrium as
it was firstly experimentally evidenced 25 years later.??
In mid 1970s, US patents by Japanese teams proposed
the range of 0.05-0.5% by weight of Y,03 as an opti-
mum for properties.*”*® Finally, minor additions of
Y,03 produced some apparent beneficial effect on the
shrinkage of alumina compacts attributed to an increase
in the diffusion rate.*’

Later, it was found that addition of yttrium reduces
the sintering rate, effect which is attributed to the GB
segregation of this element.!'®>%3! The claim of a
decrease in densification rate due to Y-doping compares
favourably with the observed decrease in creep rates as
it will be discussed in the next section.

In an attempt to understand these contradictory
results, careful analyses of the sintering behaviour cou-
pled to microstructural investigations have been per-
formed on yttrium doped alumina (225 and 775 ppm Y/
Al) codoped with magnesia (500 ppm MgO).>>

Constant heating rate dilatometric experiments
revealed that the main densification rate peak is shifted
toward higher temperature for yttrium-doped compacts.
Apparent activation energies of the intermediate stage
of sintering increase with the yttrium content of the
powder. In addition, yttria doped aluminas system-
atically exhibit an anomalous densification rate peak at
temperatures which decrease with the increase of the
global yttrium content (Fig. 5). This anomalous peak is
also observed in isothermal sintering conditions.?
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Fig. 5. Sintering behaviour of yttrium doped alumina: an anomalous secondary densification rate peak is observed.®

Actually these anomalous peaks correspond to a
microstructural transition from GB yttrium segregation
to YAG precipitation. Within the anomalous peak, ytt-
trium GB segregation near the saturation level increases
the densification.> Similar effect of yttrium (from 670 up
to 6700 ppm Y/AI) has been found recently for sintering
experiments starting from gamma alumina.>* The
anomalous densification rate peak occurs at a lower
temperature for higher yttrium content. Also the grain
size corresponding to this peak decreases linearly with
increasing yttrium doping level.

Although the hot pressing technique was widely used
to prepare dense Y-doped samples, until now no study
has focussed on the microstructural evolution of these
aluminas during sintering. For example, highly doped
aluminas present a bimodal microstructure and a het-
erogeneous distribution of the YAG phase.”*® Such

characteristics could result from the transient increase in
the diffusional mechanisms rather than from an uncon-
trolled doping process. This will be discussed in the last
section. The influence of yttrium on the overall micro-
structure and sintering will be correlated to the complex
creep behaviour of Y-doped aluminas presented in the
next section.

4. Role of yttrium in creep of alumina polycrystals

Since fifteen years> it is experimentally well estab-
lished that yttrium decreases the creep strain rate of
alumina. Besides, the improvement of fracture tough-
ness at room temperature is significant in yttria doped
alumina.?®>> This behaviour is attributed to the segre-
gation of yttrium at GBs. In case of high temperature
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creep, small grain sizes are achieved and the general
behaviour is a structural superplasticity. Before analys-
ing the role of yttrium on creep, it is useful to recall the
physical models that may account for the observed
behaviour at both mesoscopic and microscopic levels.

4.1. Creep processes of fine-grained alumina

As in most superplastic materials, the predominant
creep process of fine-grained alumina is a GB diffusion
accommodated GB sliding.!-*® The micromechanisms of
deformation are consistent with a “GB dislocation/
creep model”.>”-3® GB sliding occurs by the glide/climb
of GB dislocations in the GB plane. These dislocations
result from the interaction of lattice dislocations with
GBs or may be created directly in the GBs. The local
stress concentrations may be relaxed by incorporation of
the extrinsic dislocations in the intrinsic dislocation net-
work or by emission of dislocations into the crystal.>® In
the latter case, the emitted dislocations may or not be
absorbed by other GBs. This may induce or impede fur-
ther GB sliding. Our previous works on Mg-doped alu-
minas have emphasized the activity of dislocations during
creep.” The role of GBs as sources and sinks for vacancies
and dislocations is a function of the GB structure and
chemistry. Diffusion controlled accommodation of
extrinsic dislocations may be limited in near coincidence
GBs. Dislocations may then be arranged in pseudoper-
iodic networks, characteristic of a “non equilibrium”
configuration. Such dislocation arrays are effectively
observed in numerous near coincidence GBs of the
deformed samples, although they are scarcely observed
in as pressed and annealed samples.”-® It is highly likely
that near coincidence GBs keep the trade of phenomena
that have occurred in all GBs but are not evidenced by
TEM in general GBs owing to their rapid recovery.

These intergranular processes have been taken into
account in a phenomenological approach that predicts
all the observed macroscopic laws as well as the classical
features of superplasticity. This physical model postu-
lates for the appearance of fluid-like regions in the GBs
subjected to the flux of lattice dislocations. These fluid-
like portions result from the spreading of the dislocation
cores increasing the free volume. Note that an excess
concentration in vacancies has been experimentally evi-
denced in sliding GBs of superplastically deformed
alloys.°® At the corners of the fluid like regions with the
crystalline GB regions, emission of lattice dislocations
occurs to relieve stress concentration.®! The rate of GB
deformation &, has two components with: ¢;! =&, +
é;'. &, 1s the rate of accommodation at triple points,
and & is a composition of rates of rest portion and fluid
like portion of the GB. The model allows calculating the
contributions of different deformation processes viz. GB
sliding ¢,, intragranular deformation ¢, and diffusional
creep &, &€ = &, + &, + &.,. During creep, the role of

intragranular slip is reduced such as to maintain super-
plastic state of GBs and to accommodate the GB slid-
ing. The plastic flow is nearly Newtonian and a low
density of lattice dislocations is observed.

It is worth noting that this model considers GB
behaviour at a mesoscopic scale: it concerns ‘“‘general”
boundaries that are claimed to be disordered at the
atomic level to justify the viscous nature of the plastic
flow. However in singular and vicinal boundaries, the
accommodation processes involve incorporation of dis-
crete products into the intrinsic network, as inferred in
the GB dislocation creep approach. Thus, different
types of GBs may answer differently to the deformation,
a phenomenon better understood with this approach.
Near coincidence GBs were found to be hard elements
of the microstructure towards fracture and onsets of
cavitation in magnesia doped alumina.’

4.2. General role of yttrium on the macroscopic and
microscopic behaviour

In the phenomenological equation relating the strain
rate to the stress: & = Ag—ﬁe‘%, the values of the mac-
roscopic parameters obtained for alumina with various
dopant contents and microstructures are summarised in
Table 1.3411.63-71 The stress exponent n is comprised
between 1 and 2. The grain size exponent p is generally not
reported except in one case where it has been reliably
determined.!" In most studies this coefficient is supposed
to be equal to 3 to normalise the strain rates* although the
microstructure may present in some cases bimodal grain
size distributions.?®?792 The reported values of the
apparent creep activation energies Q,, (Table 1) are sys-
tematically higher for yttrium-doped alumina (700-800
kJ/mole) than for non-doped or magnesia doped alumina
(450-550 kJ/mole) as illustrated in the Fig. 6 from.”°

The fact that yttrium decreases the strain rate (by a
factor from 3 to 6) was first evidenced in 1987%% at 1450 °C
and confirmed later from tensile tests®> and compressive
tests.!! More recently other groups reported results at
1250 °C*%%-70 with a decreasing factor much higher (from
150 to 200) for stresses ranging between 50 and 100 MPa.
This striking difference in the reduction of strain rates can
be related to the difference in apparent activation energies
between non-doped and yttrium doped alumina. In Fig. 6,
we have calculated the curves for 20 MPa from the 100
MPa curves using a stress exponent of 2 as reported in the
corresponding reference.”® Fig. 7 shows the experimental
strain rate versus grain size curves at 1450 °C under 20
MPa!! and the corresponding calculated curves at
1250 °C using the apparent activation energies char-
acteristic of the various compositions and grain sizes.
This figure clearly shows that the decreasing strain rate
factor is much higher at low temperatures.

This beneficial effect on creep properties was also
observed for other trivalent dopants.*3>70 In 1990 a
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Table 1
Main macroscopic parameters from various creep experiments of the literature
Reference Y/Al (Y,03) ppm Grain size (um)* T(°C) o (MPa) TCF n Q (kJ/mol) p &0/é
631983 (+500 ppm MgO) 225 *0.6 1500 25-30 C 1.1-1.8
(500)
64 1987 (+500 ppm MgO) 225 0.86%*—1.93%* 1450 25-50 C 1-2 2.5-6
(500) 1500 1450 °C
651988 225 0.7 ** 1450 20 T,C 3.5
(500) 1450 °C
661990 (+500 ppm Mg0O) 225 0.9-3** 1450 20-30 C 1.3-1.8  ND 620
(500) 1500 D 800
31990 (+ 500 ppm MgO) 0 0.8%* 1450 2040 C 1.3 550
225 0.65%* 1450 C 1.3 600
(500) 2.3%* 1450 860
675 0.8%* 1450 Plateau C 1.6 860
(1500)
671990 225 1 ** 1450 20 C 450
(500) Plateau 750
681991 (+200 ppm MgO) 800 1 1150 12-39 F, T
1250 40-100 1.8 390
111993 (+500 ppm MgO) 1 ** 1450 20 C 1.3 520 1 5
0 3 ** 1450 20 C 1.1
225 1 ** 1450 20 C 1.6 600 3 5
(500) Plateau 20 C 1450 °C
3 ** 1450 20 C 1.3 800 3 5
691994 0 3 1125 35-75 T 1.7 453
1250 T 1.8
1000 2.6 1125 35-75 T 1.7 680
(2219) 1250 T
41997 0 50 T 483 200
1000 2.2 1250 50 T 700 1250 °C
(2219) 1350
701998 0 1 1250 50-200 C 2 410 180
450 1 1250 50-200 C 2 830 1250 °C
(1000)
711999 (+500 ppm MgO) 0 0.8-3.3%* 1000 0-1 I.F. 860
225 0.7 ** 1300 0— I F. 790
(500) 2.2 ** 1300 0— L. F. 970
675 0.8 ** 1300 0-1 L. F. 1075
(1500) 0-1 I F.

2 Grain size values correspond either to the intercept value 7 (*) or to 1.38+/3 (**). Other abbreviations are ND, non-doped; D, doped; 1. F.

Internal Friction.

first assumption on the role of yttrium put forward that
yttrium decreases the intergranular diffusion and thus
the dislocation climb process kinetics.®® The same idea
of an inhibition of GB diffusion by yttrium was taken
up by another group that proposed a site blocking
mechanism for rapid transport path.!# In any case the
deformation is not purely Newtonian and GB processes
must involve dislocation climb; the decrease in GB dif-
fusion with yttrium segregation was confirmed by diffu-
sion analyses using a radioactive tracer.”> As for
sintering behaviour, yttrium plays a complex role on
creep depending on its level and distribution in GBs.

4.3. Influence of the transition between GB segregation
and precipitation on creep of alumina

High temperature deformation of fine-grained mag-
nesia and yttria doped alumina presents an “abnormal”

“plateau” in the curve giving the creep rate in function
of the grain size (Fig. 7). In the usual creep hypothesis
of constant microstructure the creep rate must decrease
with the grain size. Therefore, the “plateau’ regime may
be considered as a temporary increase of the deforma-
tion rate. This “plateau’ appears strongly linked to the
evolution of the grain boundary yttrium content. As
already mentioned, the grain size increases during
deformation and yttrium redistributes itself in a dimin-
ishing number of grain boundaries. As a result, yttrium
saturation is progressively reached and occurs for an
average grain size which just coincides with the grain
size at the end of the creep rate “plateau’. The presence
of a supersaturation just before the precipitation has not
been evidenced in these samples but cannot be ruled
out. The grain size range of the plateau corresponds
roughly to the grain size for which a supersaturation is
measured.?> It is worth noting that the “plateau” is
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Fig. 6. Creep rates versus inverse of temperature for non doped and 450 ppm Y/Al doped alumina (100 MPa, 1 um);’® dashed curves (20 MPa 1 um)

were computed from 100 MPa curves assuming a stress exponent of 2.

shifted towards smaller grain size when the nominal
yttrium content increases (Fig. 7). There is obviously a
link between the abnormal creep behaviour of alumina
and the segregation/precipitation behaviour transition.
In order to understand this link, seven deformed sam-
ples corresponding to different stages of the curves
relating the creep rate versus the grain size were studied
by transmission electron microscopy: before the “pla-

teau” (stage A), during the “plateau” stage B), during
the strong rate decrease following the “plateau” (stage
Q), and after the anomaly (stage D; Fig. 8).!!

The microstructure of the sintered samples may be
slightly different depending on the grain size. It is
equiaxed for grain sizes of 0.65 pm (cf. Fig. 4) and 2.3
pm. For a grain size of 1.9 pm (comprised in the grain
size range of the “plateau”), the microstructure contains
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were computed from 1450 °C curves using apparent activation energies.

slightly elongated grains in some regions of the sample.
Simultaneously, the grain boundaries show a tendency
to align parallel to the basal plane in one grain. These
GBs contain no glassy phase and are faceted at the
atomic level; the grain shape heterogeneity is expected
to be an unfavourable factor for superplasticity.

The samples deformed during the stage A well before
the “plateau” and during the stage D well after the
“plateau” presents similar microstructures, although
grain growth has occurred, except for the presence of

YAG precipitates in samples deformed after the ““pla-
teau”. On the other hand, differences occur in the
microstructural features of the samples deformed during
the stages B and C that are detailed below. After defor-
mation up to a grain size of 1 um the microstructures
remain equiaxed with a relatively high number of near
coincidence GBs. The most striking difference between
codoped alumina and alumina doped with only MgO is
the presence of numerous dislocations: aperiodic dis-
location networks appear both in near coincidence and
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Fig. 8. Creep rates as a function of the grain size for yttrium doped aluminas (225 ppm Y/Al 500 ppm MgO, 20 MPa 1450 °C). Four stages (A-D)
may be defined on the curve. A schematic representation of the contribution of the different mechanisms for the total creep rate is also shown (see

Section 5). &, = 6-107%~! for d=2.2 um.

“general” GBs (Fig. 9). The microstructures of the
samples whose grain sizes correspond to the middle of
the “plateau’ are similar to those of the sample before
the “plateau”. A preferential segregation of yttrium on
intergranular dislocations has been evidenced in one of
these samples,’ which reveals a strengthening effect of
yttrium on the kinetic processes at GBs. It must be
noted that a slight elongation of grains occurs after
deformation, as in the pressed sample with similar grain
size.

Fig. 9. GB dislocation arrays in MgO + Y,0; doped alumina.

The microstructure of the sample deformed just after
the “plateau”, when the creep rate rapidly decreases, is
quite different. It presents a strong dislocation activity
in several crystals gathered in some definite regions of
the sample. Numerous isolated dislocations occur in
GBs and the grains present evidence of basal slip and
basal twinning (Fig. 10). The CRSS required to activate
basal slip is much larger than the applied stress, imply-
ing that GBs are sources for lattice defects. Moreover,
some highly deformed grains, often bordered by basal
type GB planes, contain dislocations in other slip sys-
tems with still higher CRSS. This means that a very high
level of internal stresses is attained in some regions of
the samples. More surprising is the presence of basal
stacking faults bordered by partial dislocations and
emitted by GBs (Fig. 11), implying that yttrium must
decrease fault energy in the basal plane.”? In fact this is
the first direct observation of the occurrence of grain
deformation in superplasticity mechanisms of alumina.
This grain deformation is accompanied by a strength-
ening effect just after the transition segregation/pre-
cipitation. This strengthening is confirmed by the
microstructures of the samples with a final grain size
corresponding to stage D. The sample whose initial
grain size corresponds to a stage with only segregation,
before the “plateau”, still presents dislocation activity,
but less pronounced than in the previous sample; basal
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Fig. 10. Dark field image of the microstructure of the MgO + Y,05 doped alumina deformed up to the stage C in the deformation curve of the Fig. 8.
The grain presents basal slip (dislocations 1) and basal twins. The twin contains twinning dislocations (4 and 2) and basal dislocations (3). The GB at

the right end of the micrograph presents numerous extrinsic dislocations.

Fig. 11. Basal stacking fault bordered by a partial dislocation in a
grain of the MgO + Y,0; doped alumina deformed up to the stage C
in the deformation curve of the Fig. 8.

slip and basal microtwins occur in grains most often
slightly elongated. On the contrary, the microstructure
of the sample whose initial grain size corresponds to the
end of the “plateau” is similar to those of the samples
deformed before the “plateau”. The strong lattice dis-
location activity is suppressed and GB dislocations are
arranged as arrays (Fig. 12). The grains are equiaxed.
Similar observations have been made on the sample
with still larger grain size; thus the transition from a GB
segregation to a GB precipitation induces striking
modifications in the creep behaviour that are tentatively
interpreted in the next section.

5. Discusssion

The mechanisms that occur during the different stages
of deformation of the fine-grained aluminas doped with
yttria are described on the basis of the superplasticity
models. The contribution of each mechanism to the

Fig. 12. Dislocation networks in the GBs of a sample deformed up to
the stage D, well after the “plateau” regime.

total creep is schematically reported in Fig. 8. During
stage A, GB sliding is accommodated by GB diffusion
in agreement with a grain size exponent p equal to 3 (cf.
Section 4.2). GB diffusion is coupled with climb motion
of GB dislocations. Yttrium decreases intergranular
dislocation climb kinetics by decrease in the GB diffu-
sivity. Dislocation mobility is reduced in GBs and there
is no lattice dislocation activity inside the grains. Thus
the main contribution to the GB sliding rate is the GB
diffusion rate &; = é; + ... As &, is proportional to o>
and &, is proportional to o, the mean n value may have
an intermediate value between 1 and 2.

During stage B, the Y content in the GBs increases.
GB dislocations are stabilised by yttrium segregation as
it has been revealed by STEM analyses.?” The accom-
modation processes within GBs are now difficult.
Relaxation occurs by emission of lattice dislocations that
can be absorbed by opposite GBs. These dislocations are
not observed because they rapidly cross the small grains.
But the activation of basal slip is supported by the grain



1538 S. Lartigue-Korinek et al. | Journal of the European Ceramic Society 22 (2002) 1525-1541

elongation and by the basal texture observed at the
mesoscopic scale.?? According to the “fluid like model”,
the increase in the flux of lattice dislocations leads to an
overlapping of fluid like regions and the formation of a
highly excited state for the GBs. The shear potential
relief decreases and the GB diffusivity increases such as
Dy = Dyo(1 + k€).' The strain rate takes now a new
component &, in the total strain rate & = &, + &, + &..
Estimation of the lattice dislocation activity at the end
of the plateau regime has been made using Taylor’s law:
&y = a-pp-b-v in which «=0.25, p,, is the density of
mobile dislocations in the crystals, » the amplitude of
their Burgers vector and v their average glide rate. &,
has been estimated as the difference between the experi-
mental curve (the total creep rate) and the extrapolated
rate curve due to diffusion (Fig. 8). By assuming a
plausible value of the dislocation motion velocity v =
10°ms~" or 107’ms~",7* the calculated density of
mobile dislocations takes a reasonable value: p, =
10" —10"”m=2.

In stage C, just after the plateau, GBs are saturated
with yttrium. Extrinsic dislocations are stabilised by
segregation and the GBs can no longer absorb lattice
dislocations. As a result the stresses remain con-
centrated within some grains. The high dislocation
activity revealed by TEM could explain the hardening
effect observed on the creep rate curve. &, decreases
rapidly and the total creep rate is strongly reduced.

In stage D, the lattice dislocation activity disappears
and simultaneously the slope of the creep rate curve
becomes identical to that of part A. The presence of sub
grain boundaries within several crystals suggests the
occurrence of a dynamic recovery process. Indeed,
competition between deformation and relaxation at
high temperature is plausible at the low strain rates
reached in that stage.

An alternative explanation may also account for the
enhancement of creep rate during the “plateau”. As
already mentioned, yttrium modifies sintering behaviour
but also anelastic and viscoplastic deformation. Internal
friction measurements on the same alumina codoped
with Y and Mg reveal the same trends as those obtained
by creep.”! In that case the most likely mechanism of
deformation is the motion of GB dislocations; as a
matter of fact no intragranular dislocation activity
could occur at the low stresses and temperatures of the
tests, nor a long-range diffusional accommodation. Of
particular interest is the enhanced mechanical loss con-
current with the saturation of GBs with yttrium.”! It
was interpreted by an enhanced GB diffusivity, and a
continuously changing GB microstructure during
saturation and before precipitation. The strong mod-
ification of the microstructures around the transition
between yttrium GB segregation and precipitation of
yttrium aluminium garnet,?> and the increase in sinter-
ing rate for this same transition’® support a transient

change in diffusional behaviour. The hypothesis of a
disordered GB region with yttrium supersaturation
before the transition is in agreement with a transient
increase in diffusion. Nevertheless, this hypothesis must
be considered with caution in so far as the results on GB
segregation in metals merely suggest the formation of an
ordered two dimensional compound in the interface.”>
A transient increase in the boundary width §, deduced
from EXAFS experiments,?’ also increases the product
0D and may play a role in the kinetics of creep and
sintering. An increase of this product has a similar effect
as an increase in the diffusion coefficient. The micro-
structural features of highly doped aluminas with
bimodal microstructure can be understood from this
assumption. GBs are not saturated with yttrium at the
same moment during grain growth. First saturated GBs
may display higher migration rates than other non
saturated GBs. Rapid diffusion of yttrium (yttrium GB
diffusion is five order of magnitude greater than self
diffusion in alumina’®) occurs towards nucleation sites
mostly located at some triple points bounding the areas
where a local preferential grain growth occurs. The
precipitates then impede growth of smaller grains
remaining in the microstructure by a pinning effect. An
anisotropy of grain shape occurs in the presence of sili-
con with predominance of the basal type GB plane
(Section 2). Such an anisotropy is not observed when
Mg is added; this element plays a homogenising role
toward GB segregation and limits grain growth.”’
Nevertheless, grain elongation occurs during the plateau
despite the presence of magnesium. At the saturation
stage, strong variations in GB chemistry from one GB
to another must occur with probably site competition
effects.

6. Concluding remarks

The main effect of yttrium doping on alumina poly-
crystal microstructures and behaviours at high tem-
peratures are summed up as follows: yttrium decreases
the alumina densification and creep rates. The transition
between yttrium GB segregation and precipitation of
garnets within the GBs is associated with anomalies of
densification and creep rates. These two effects are
strongly linked to the microstructure with a particular
emphasis on the change in the GB microchemistry and
structure. As soon as precipitation occurs in GBs, the
decrease in creep rate no longer depends on the dopant
concentration. This decrease is more striking at lower
temperature, owing to the large apparent activation
energy.

At much lower temperature (ambient), when the dif-
fusional mechanisms cannot operate, the differences
between the mechanical properties of doped and non-
doped alumina still exist. In particular, the toughness of
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polycrystals displaying GB saturated with yttrium is
significantly higher than those of non-doped alumina.

For other doping elements with low solubility in alu-
mina (La, Ti, Zr. . .etc.), similar microstructural transition
between GB segregation and GB precipitation should
exist; anomaly on sintering rates has effectively been
observed for titanium doped alumina.’® Such transition
with increasing grain size has been reported in another
oxide (TiO,) doped with calcium.” It probably could
occur in most oxide polycrystals with rather anion closed
packed structure and low doping element solubility.

Codoping effects on such microstructural transition
and thus on macroscopic behaviours should be studied
on powders and materials with a level of residual
impurity carefully controlled.

Finally these results open the way to further design of
nanograined alumina. In that case, the highest doping
level inducing only GB segregation should increase with
decreasing grain sizes. However this limit level has to be
investigated on samples prepared with powders doped
at the precursor level and carefully processed. The effect
of very high GB densities in nanograined material
properties has to be explored carefully as any extra-
polation from micrograined material behaviour is
hazardous.

For an intermediate temperature practical application
such as the translucent alumina tube of sodium lamps it
should be interesting to use materials with only GB
segregated microstructure: the 1968 US patent*® claim is
a very good illustration of such an adequate doping
level (Y and Mg) and grain size combination.
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