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Abstract

The chemical state and local structure around zirconium
ions in doped �-polycrystalline alumina (300wt ppm
ZrO2) was studied by X-ray absorption spectroscopy
measurements at the zirconium K edge and by scan-
ning transmission electron microscopy on thin foils.
The zirconium segregation in alumina grain boundaries
depends on alumina grain size: for a mean grain size
of about �3.5mm, the grain boundaries are saturated
with zirconium. The zirconium grain boundaries to
bulk concentration ratio, calculated from energy dis-
persive X-ray spectrometry measurement on thin
foils is equal to �(5�3)�103. The zirconium loca-
ted in grain boundaries forms nanocrystalline tetra-
gonal zirconia particles. This allotropic zirconia
form is stabilised at room temperature because of the
important contribution of the surface free energy.
# 1999 Elsevier Science Limited. All rights reserved.

Keywords: segregation, Al2O3, ZrO2, XAS, grain
boundaries.

1 Introduction

Alumina is a stoichiometric oxide therefore, its
transport properties and its microstructure are
controlled by impurity or doping element contents.
The segregation of doping elements at the grain
boundaries is often important because of their low
solubility in the bulk and it depends on the grain
size. The segregation studies in alumina grain
boundaries1±8 were often conducted by using local
chemical analyses techniques with electron beam

such as Auger electron spectroscopy or energy dis-
persive X-ray spectroscopy (EDXS) analysis on
thin foils. Though these techniques consist, in most
cases, in a local analysis (because of the small size
of the electron beam), the information related to
the analysed zone around an interface prevents the
obtaining of the true atomic arrangement around
the elements which segregate into those interfaces.
The earlier X-ray absorption spectroscopy (XAS)

experiments at the K edge of yttrium9,10 and che-
mical analysis on thin foils (EDXS), performed on
hot-pressed and yttrium-doped aluminas, enabled
the demonstration with low contents of doping
elements (�300mol ppm Y2O3), that most of the
yttrium is found as a solid solution, whereas the
segregation ratio at grain boundaries (for an aver-

age grain size of about 3.5�m) is about
Cgb

Cb
�50 (Cgb

and Cb are the grain boundaries and bulk con-
centrations, respectively). Due to their great size,
yttrium ions in solid solution induce oxygen lattice
distortions. Therefore, oxygen vacancies (V

� �
O ) are

created around each yttrium ion, and oxygen
interstitials (O

00
i ) appear in a second intermediate

shell. The aim of the present work is to determine
the chemical state and the local structure around
zirconium as a doping element in the lattice and in
grain boundaries of the alumina samples by the
XAS technique. To clarify the di�erence of the
local structure between the bulk and the grain
boundaries, two types of alumina were studied: the
Zr-doping amount was the same, but the micro-
structure was di�erent. The polycrystalline samples
were 80mol ppm ZrO2 doped, and had a grain size
of about 0.7�0.3�m and 3.5�1.5�m. The results
are compared with those obtained on yttrium-
doped �-alumina.

Journal of the European Ceramic Society 19 (1999) 2659±2666

# 1999 Elsevier Science Limited

Printed in Great Britain. All rights reserved

P I I : S 0 9 5 5 - 2 2 1 9 ( 9 9 ) 0 0 0 4 6 - 1 0955-2219/99/$ - see front matter

2659

*To whom correspondence should be addressed.



2 Materials and Experiment

The XAS studies, at the K edge of zirconium, were
performed on �-polycrystalline-alumina samples,
doped with the same amount of zirconia (C0=
300wt ppm ZrO2). The �-alumina powder was
provided by Baikowski-France. The zirconia doping
was achieved during the production of the com-
mercially available 
-alumina (alun process) by
mixing aluminium sulphate hydrate [A12(S04)3.H2O]
and ammonium sulphate [(NH4)2(SO4)] with a
nitrate solution of zirconium.
The main impurities in the material are sodium

(11ppm), silicon (41 ppm), potassium (46ppm), cal-
cium (4 ppm), iron (7 ppm) and titanium (<1ppm).
Two �-polycrystalline-alumina samples were
studied. The ®rst one, labelled Zr1, was obtained
by hot pressing at 1400�C for 15min under a low
oxygen partial pressure (PO2�10ÿ13132 atm)11 and
has an average grain size G1�0.7�m. The second
one, labelled Zr2, was obtained by hot pressing at
1550�C for 75min. The average grain size is
G2�3.5�m. Two zirconia samples were used as
standards for the XAS study. For the ®rst one, the
sample was prepared from mixed powders: �-alu-
mina powder+2 mol% monoclinic zirconia and
room temperature compaction. A tetragonal single
crystal of yttrium-doped zirconia (ZrO2+3 mol%
Y2O3), prepared by the skull-melting technique, is
used as a second standard sample. The experi-
mental XAS measurements (transmission and
¯uorescence) were performed at room and low
temperature (12K) at Laboratoire d'Utilisation du
Rayonnement ElectromagneÂ tique (Orsay), using
the EXAFS-II spectrometer with a Si-311 double
crystal monochromator. In transmission mode, the
¯uxes before and after the sample were measured
with two ionisation chambers whereas, in ¯uores-

cence mode, the signal was obtained by using a
seven-element germanium detector. On account of
the low concentration of the doping elements, the
measurements on doped-alumina samples were
performed in the ¯uorescence mode, whereas the
tetragonal zirconia was studied in the transmission
mode. This local structure study was completed by
chemical analysis on thin foils (EDXS and STEM)
and microstructure analysis (SEM).

3 Microstructure Results and Chemical Analysis

3.1 Morphology of the polycrystalline samples (Zrl
and Zr2)
The samples were ®rst polished and their surfaces
were thermally etched. The sample microstructure
was observed by scanning electron microscopy
with back-scattered electrons on a digitalised
Stereoscan Leica 260 SEM. The image treatment is
conducted via the OPTILAB software of GRAF-
TEK society. The grain-size distribution plots were
based on a population of about 1150 grains. Figure
1(a) and (b) shows the grain-size distributions for
the Zrl and Zr2 samples. The average grain size
deduced from this study is G1�0.7�m and
G2�3.5�m (Zr2). Concerning the Zrl doped-alu-
mina sample [Fig. 2(a)] the grain size is roughly
homogeneous for the whole sample and on the
contrary, the Zr2 doped-alumina sample [Fig. 2(b)]
presents an asymmetrical grain-size distribution
with an abnormal grain growth.

3.2 Chemical analyses on thin foils

3.2.1 Sample Zrl (G1=0.7 mm, [Fig. 2(a)])
Because of the high dilution of zirconium and in
view of the minimal quantity required in

Fig. 1. Grain size distribution for (a) Zr1 and (b) Zr2 samples.
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EDXS(�0.08%),12,13 zirconium is not detected in
Zrl thin foils.

3.2.2 Sample Zr2 (G2�3.5mm, [Fig. 2(b)])
Observations on this sample do not reveal the pre-
sence of a second phase and the EDXS analysis
shows that the zirconium is detected only in grain
boundaries and triple junctions of the sample
(Fig. 3). Analysis results obtained on grain bound-
aries and triple junctions show that the apparent
concentrations along grain boundaries vary as
0.11%4Cgb ap40.45wt%, and higher concentra-
tions are reached along triple junctions. These
apparent concentrations are obviously related to
the analysed volume (v), (Fig. 4):

v � �tD
2 �D2�D� b� � �D� b�2

12
;

t being the average sample thickness (t � 150 nm),
D the average diameter of the electron beam �160
nm), and b the spreading of the incident electron
beam due to the electron di�usion. The value of b
is given by the approximate expression derived
from Goldstein studies:13

b � 625
Z

Eo

�

A
t 3=2 � 8�4nm;

where A and Z are the average atomic mass and
the average atomic number, respectively, ��3.98 g
cmÿ3 is the density of the material and Eo the
energy of the incident electrons (200 keV). The true
grain boundaries (CgbR) and bulk (CbR) con-
centrations are calculated from the apparent con-
centrations measured at grain boundaries (Cgb ap).
If f1 is the grain-boundary volume fraction related
to the analysed volume �v� : f1 � �Dt

v where � is the
average width of the grain boundary (�5 AÊ ),
Cgb ap. can be written as:

Cgb ap: � f1CgbR � �1ÿ f1�Cb 0R �1�

Fig. 2. Microstructure obtained on thin foils concerning the
two polycrystalline doped alumina samples: (a) Zr1 and (b)

Fig. 3. EDXS analysis on thin foil, concerning the KaÿZr
emission of zirconium in a grain boundary of the Zr2 sample.

Fig. 4. Scheme showing the extra X-ray volume excited
because of the beam spreading from the interaction of elec-

trons with the thin foil.
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where Cb 0R represents the contribution of the bulk
related to the size of the electron beam. If the grain
is assumed to have a cubic form, the equation of
mass conservation of zirconium in the polycrystal-
line sample becomes:

f2Cgbr � �1ÿ f2�CbR � Co � 300wt ppmZrO2 �2�

where f2 represents the volumic ratio of the grain
boundary in the polycrystalline sample:

f2 � vgb

vb
� �3�G2i�2�

��G2i�3 �
3�

G2
;

and G2 is the average grain size obtained from
image analysis on the Zr2 sample [Fig. 1(b)].
Assuming that Cb0R�CbR, the actual concentra-

tions of zirconium in the bulk (CbR) and along
grain boundaries (CgbR) can be calculated by
resolving the parametric eqns (1) and (2). Results
are shown on Figs 5 and 6. The average relative
concentration of zirconium in the grain boundaries
and in the bulk, deduced from the apparent grain
boundary concentration Cgb ap measurements, is

equal to S � CgbR

CbR
� �5� 3� � 103. These results are

calculated with the following values: Co=300�50
wt ppm ZrO2, G2=3.5� 1.5�m, D�160�10nm
and 0.03%4Cgb ap40.3% reported in eqns (1) and
(2).

4 XAS Results and Discussion

Figures 7±9 show, for �-alumina-doped samples
(Zrl, Zr2) and for standard samples (tetragonal and

Fig. 5. True grain boundaries concentration �Cgb R

Cb R
� ratio versus the

apparent grain boundary concentration �Cgb apwt%) of
zirconia in the Zr2-sample. The parameters CO; G2Cgb ap and
D varies as follows: CO � 300� 50wt ppm ZrO2, G2 � 3�5
�1�5�m, D � 160� 10 nm and 0.03%� Cgb ap � 0�3%.

Fig. 6. Distribution of the concentration ratio �S � Cgb R

Cb R
� of

zirconium in the grain boundaries and in the bulk allowing the
deduction of the average concentration ratio.

Fig. 7. Fourier-transform magnitude spectrum (uncorrected
for the phase shift) of tetragonal zirconia and polycrystalline
doped-alumina sample (Zr2) at room temperature and at 12 K.

Fig. 8. Fourier-transform magnitude spectrum (uncorrected
for the phase shift) of standards zirconia and Zr2 polycrystal-

line doped-alumina sample.

2662 M.K. Loudjani, R. CorteÂs



monoclinic zirconia) at room and low temperature
(12K), the Fourier transform magnitude spectrum
(uncorrected for phase shift):14

F�r� �
�kmax

kmin

w�k�k3��k�eÿ2ikrdk

with kmin � 3�6 �Aÿ1; kmin � 14�2 �Aÿ1

�3�

The F�r� curve shows one or two peaks which cor-
respond to the neighbouring j shells. In such a
representation, these peaks are situated at distances
that are slightly smaller than the true Rj intera-
tomic distances since the total phase shift �j�k�15±17
is not considered. The true distances Rj and the
number of neighbours Nj in each shell will be
accurately determined when the experimental and
calculated functions representing the normalised
oscillatory part of the absorption spectra [��k�exp

and ��k�cal] are ®tted by taking into account the
phase shift.18,19

The ®rst peak (A) represents the ®rst oxygen
neighbours around zirconium (Zr±O). The inte-
grate area under the curve peak corresponding to
the Zrl sample is slightly smaller than those of the
Zr2 and reference samples (Figs 7 and 9).
Concerning the second peaks (B), the coordination

number of the Zr±Zr shells for the Zr2 sample is
more important than for the Zrl sample, so that a
second peak on the Zrl sample is not observed. Con-
cerning the second neighbouring atoms (Zr±Zr
shells), the Fourier transform curve (Figs 7 and 8),
related to the Zr2 sample and tetragonal zirconia,
shows homothetic peaks. For standard and �-alu-
mina doped samples, the distances Rj (Rj is the
distance between the central atom and its neigh-
bouring ions) and the neighbouring number Nj, are
shown in Table 1.

4.1 Discussion about the local structure of
zirconium in reference samples
To point out the origin of the disorder around zirco-
nium, room temperature and low temperature tests
(12K) were performed for these measurements.
Concerning tetragonal zirconia samples (Figs 7

and 8), Fourier transform curves show, at both tem-
peratures, peaks that are located at the same posi-
tions.Whereas themagnitude of the ®rst peak, which
is related to the shells of the ®rst oxygen neighbours
(Zr±O), does not vary with the temperature, a sig-
ni®cant magnitude decrease is observed for peaks
which refer to the second neighbour shells (Zr±
Zr+Zr±O). The calculated FT's using the FEFF
program (version 6.1.0)20 for O and Zr atoms within
5 AÊ from the Zr absorber, shows that the scattering
contributions of Zr±O and Zr±O±Zr to the second
peak are very small. Then, for the ®rst shell, the
cation±oxygen vibration can be approximately con-
sidered as the optical mode of the phonon spectrum.
For the second shell the cation±cation vibration (Zr±
Zr) corresponds to acoustic modes.21 The deduced
Debye temperatures (�D) of bulk yttria-stabilised
zirconia are, respectively, �D�550K for Zr±O ionic
bond and �D�295K for Zr±Zr bond.
The parameters of the tetragonal zirconia cell

(a; c), described in terms of a body-centred cubic
lattice (Fig. 10) and the coordinate (z) of the oxy-
gen atoms were deduced from the Ri distances
(Table 1), using the equations:

R2�ZrÿO�1 � �a=2�2 � �zc�2;R2�ZrÿO�2
� �a=2�2 � �0�5ÿ z�2c2;R2�ZrÿZrO3 � 2�a=2�2

� �c=2�2

Fig. 9. Fourier-transform magnitude spectrum (uncorrected
for phase shift) of standard oxides (tetragonal zirconia) and

polycrystalline doped-alumina sample (Zr1).

Fig. 10. Tetragonal zirconia cell (a,c), described in term of
body centered lattice.
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These parameters (Table 2) are slightly di�erent
from those obtained at high temperature (1250�C)
by Teufer,22, but can be compared to the results
obtained by X-ray di�raction on tetragonal
yttrium doped-zirconia powder (ZrO2+3mol%
Y2O3) (Fig. 11).

4.2 Discussion about the local structure of
zirconium in the doped-alumina sample

4.2.1 Zr2 sample
The F�r� (Figs 7 and 8) curve shows two important
peaks: whereas the magnitude of the ®rst peak,
which is related to the shells of the ®rst oxygen
neighbours (Zr±O), does not vary with the tem-
perature, a signi®cant magnitude decrease is
observed for peaks which refer to the second
neighbour shells (Zr±Zr+Zr±O).

. The ®rst peak (A) represents two oxygen
shells (<Zr±O>1 and <Zr±O>2), located at
Rj=2.07 and 2.20 AÊ , respectively (Table 1).
The distances from these ®rst neighbours to
the central atom are similar to the ones

observed on the tetragonal ZrO2 sample. A
small di�erence appears on the total number
of oxygen neighbours, but the precision on
the determination of the neighbouring atom
number is about 20%.

. Two shells were required to ®t the second
peak (B): a signi®cant shell composed from
zirconium ions (<Zr±Zr>3) includes about
4.5�1 zirconium ions at the average distance
from the central atom R=3.65 AÊ , and the
second shell, composed from oxygen neigh-
bours, with a distance R�4. The contribution
of the <Zr±O>4 shell on the amplitude of
the B peak is very small.

. The shell distributions of O and Zr atoms
around the zirconium absorber atom in this
sample are similar to those of the metastable
tetragonal zirconia±ZrO2 compound. Though
the distances are very similar to those in the
tetragonal ZrO2 phase, the number of zirco-
nium neighbours is less than half lower than
those in the tetragonal zirconia. This small
coordination number observed on the <Zr±
Zr>3 shell, at room and low temperature, is
due to the small size of zirconia particles.
From the EDXS results, it may be considered
that the zirconium detected on this sample by
XAS analysis is the zirconium which appears
mainly to be located along the grain-bound-
aries and triple junctions. Indeed, the ratio of
the grain-boundaries XAS signal to the bulk
XAS signal is:

IXAS=gb

IXAS=b
53 and it is proportional

to the product of the concentration ratio
S�CgbR

CbR
�(5�3)�103, into the ratio of the ana-

lysed volume f2 � vgb

vb
� �3�Gi�2�

��Gi�3 �4�10
ÿ4. Then,

zirconium in the Zr2 sample forms little
nanometric clusters, each Zr ion being sur-
rounded as in tetragonal zirconia. The zirco-
nium ions, located at the surface of these
clusters, may mainly contribute to the XAS
signal. With the assumption that the zirco-
nium ions are mainly located at the surface of
the clusters, the distances between the Zr ions
become unde®ned because of the statistical
disorder. That is why the coordination num-
ber in the Zr±Zr shell decreases.
To estimate the average size of the ZrO2

particles, the average number of Zr neighbours

Table 1. Distances RJ� �A� and neighbour numbers Nj determined for the doped �-alumina and tetragonal zirconia at 12K

Zrl sample (G�0.7mm) (12K) Zr2 sample (G�3.5 mm) (12K) Tetragonal zirconia (12K)

Shells Rj� �A� Nj � 1 Shells Rj� �A� Nj� �A� Shells Rj� �A� Nj � 1
<Zr±O>1 2.05 5.6 <Zr±O>1 2.067 3.8 <Zr±O>1 2.091 4
<Zr±Al>2 2.50 4 <Zr±O>2 2.20 3.8 <Zr±O>2 2.347 4
<Zr±Zr>3 <Zr±Zr>3 3.65 4.5 <Zr±Zr>3 3.624 12
<Zr±O>4 <Zr±O>4 4.0 2 <Zr±O>4 4.0 4

Fig. 11. X-ray di�raction spectrum obtained on tetragonal
yttrium doped-zirconia (ZrO2+3 mol% Y2O3) powder and
paremeters cell deduced by X-ray di�raction at room tem-

perature, a=b=3.58AÊ , c=5.18AÊ , z=0.21.

Table 2. Parameters of the tetragonal zirconia cell (a; c; z),
described in terms of body centered lattice, deduced from the
Ri distances (Table 1), compared to the results obtained by
Xr-ray di�raction on tetragonal yttrium doped-zirconia

(ZrO2+3 mol% Y2O3) powder �-alumina

XAS results
at 12K

X-ray di�raction
results at 300K

a=3.58 c=5.20 z=0.208 a=3.58 c=5.18 z=0.21
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for a central zirconium atom has been calcu-
lated for di�erent shapes of clusters (such as
spherical, ¯at or thread-like). By comparing
calculated data (Fig. 12) with experimental
results (see Table 1) a cluster size (2±4 nm) can
be determined. When the temperature increa-
ses, the magnitude of the two shells of the Zr-
O and the Zr±Zr neighbours decreases (Fig. 7).
This can be attributed to a statistical disorder
due to the small size of the aggregates.
Though the tetragonal pure phase zirconia

is well-known as a stable one only above
T�1205�C and is metastable at room tem-
perature, it is here stabilised at room tem-
perature because of the small size of clusters
and probably also because of shearing strains
in grain boundaries. These results con®rm the
K edge XAS work made on pure nanocrys-
talline zirconia powders by Yurent:23 this
author observed a decrease of the coordina-
tion number of the Zr±Zr shell when the
average particle size decreases to�5 nm. These
results also con®rm those obtained by Gar-
vie24,25 on nanocrystalline structures of zirco-
nia. These authors showed that, when the size of
the nanocrystalline zirconia is lower than 30nm,
the tetragonal structure becomes stable. This
may be attributed essentially to the important
free surface energy (characterised by the term 


r
where 
 represents the free surface energy and r
the size of the oxide particle). Another reason
could explain the stability of this tetragonal
phase: it may be suggested that the particles of

Zr±O in grain boundarieswould be submitted to
stresses.26,27

4.2.2 Zr1 sample (Fig. 9)
The F�r� curve only shows one important peak
(Fig. 9): the peak (A) corresponds to the oxygen
ion shell which includes the ®rst neighbours of the
zirconium absorber atom in the Zrl sample. First,
two oxygen shells were used to ®t this peak con-
taining about �5.6�1 oxygen ions and located at
R�ZrÿO� � 2�05 �A. A better ®t of the peak can be
performed with a third shell containing about �4
aluminium ions located at R�ZrÿAl�2.5 AÊ . This ®t
explains the shoulder on the ®rst peak, observed
towards high values of Rj.
On the F�r� curve there is no signi®cant peak

corresponding to the second neighbours in the zir-
conium shell, so it can be suggested that zirconium
ions either form a solid (jZrA1

� j) solution into the
material on the aluminium site and surrounded
by aluminium vacancies (V000A1) according to the
equation of defect formation in alumina:28

ZrO2h��ijZr
�

A1j � 1
3V

000
A1 � 2Ox

O, or are located as
an unordered phase in grain boundaries. But, the
microstructure of the material is homogeneous so
that if it is suggested that the zirconium is homo-
geneously distributed in the alumina bulk and
grain boundaries, an average minor distance
between the zirconium ions would be calculated,
about R�Zrÿ Zr��63 AÊ . Such a value does not
allow to observe the second neighbouring shells
R�Zrÿ Zr�. If it is now admitted that most of the
zirconium is segregated along grain boundaries, the

Fig. 12. (a) An example of a sperical cluster form; (b) calculate average number of Zr-neighbours around a central zirconium atom
for di�erent cluster shapes and di�erent sizes: in a spindly cluster // to a axis (^), spindly cluster // to c axis (*), spherical cluster

(&), ¯at cluster (~).
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calculated distance between the zirconium ions
would be 8 AÊ . With such an assumption, due to
the statistical disorder, the distances between the
Zr ions become unde®ned. That is the reason why
no signi®cant peak of the second neighbours is
noticeable on the F�r� curve.

5 Conclusion

The XAS study at the K edge of zirconium and the
observations on thin foils, from hot-pressed doped-
alumina samples with the same zirconium content
and having a small grain size, have shown the
following points:

. Although the ionic radius of zirconium
(RZr4��0.8 AÊ ) is small when compared to that
of yttrium (RY3��0.92 AÊ ), zirconium presents
a strong tendency to be located along grain
boundaries of alumina at low oxygen pressure.
This is due to the charge e�ect.

. The segregation ratio of zirconium increases
while the average grain size increases. In grain
boundaries, zirconium forms little clusters of
ZrO2 (zirconia). In the present work, the
optimal segregation ratio from which the
cluster expansion can be detected has the fol-
lowing value: S � CgbR

CbR
� �5� 3� � 103. This

corresponds to an average grain size of
�G � 3�5 �m. With such conditions, it was
possible to observe the formation of a meta-
stable phase of tetragonal zirconia. At room
temperature, the stability of this phase is due
to the important contribution of the free sur-
face energy and probably also to the stresses
in grain boundaries.

Finally, this XAS result allows to point out the true
local structure of zirconium along alumina grain
boundaries. If only the results of chemical analysis on
thin foils were taken into account, a nanoscopic pre-
cipitation at the grain boundaries would be confused
with a segregation. So, in the case of a controlled
microstructure using the XAS technique associated
with the microscopy and the chemical analysis on
thin foils, the real local environment of the dopants in
grain boundaries could be determined, and also the
threshold of the doping concentration fromwhich the
`disorder±order0 transition can occur.
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