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A range of high resolution techniques have been used to characterise the grain boundary
segregation behaviour of rare earth (RE) doped (La, Gd, Eu and Yb) alumina and spinel.
TEM based techniques (HR-TEM, HAADF STEM and EDS) have been used to study the
structure and chemistry of grain boundaries. The use of a HAADF detector in STEM
provides atomic number contrast and easy identification of heavy (RE) segregants.
This has been used to produce high resolution RE elemental maps, showing the width of
the segregated region to be less than the size of the electron probe (1 nm) for all
boundaries studied. EDS showed that within a 1 nm thick boundary region (an upper limit)
the RE cations would account for 10 (±2)% and 15 (±2)% of the cation total in alumina and
spinel respectively. Preliminary results from ultra-high resolution STEM (probe size
∼0.1 nm) suggest that, in spinel, the segregated region is actually composed of a much
thinner continuous monolayer of RE atoms at the grain boundary. This is consistent with
HR-TEM, which showed spinel grain boundaries possessed minimal grain boundary
structural disorder.

AFM has been used to study the effect of RE grain boundary segregation on thermal
grooving behaviour. The improvement in resolution that is achieved by operating in
TappingTM mode is shown to translate into an improved profile of the groove root. This has
been used in conjunction with Electron Backscattered Diffraction (EBSD) to examine the
relationship between grain boundary geometry and misorientation. The addition of RE
dopants to alumina was found to significantly increase the size of grain boundary grooves.
This can be attributed to the out-diffusion of RE segregants, an effect which compromises
grain boundary energy calculations for materials with grain boundary segregation. AFM
and EBSD are also used to relate anisotropic tribo-chemical polishing-wear with grain
orientation. C© 2004 Kluwer Academic Publishers

1. Introduction
The microstructural evolution during sintering of alu-
mina is well known to be highly sensitive to low lev-
els of impurities. This has led to the production of ul-
tra high purity starting powders and the formulation of
clean processing procedures. These inconveniences are
however more than compensated by the microstructural
control that dopants can provide. A classic example is
the addition of MgO to alumina, which, under appro-
priate sintering conditions, increases density by reduc-
ing pore/grain boundary separation. This discovery in
the 1960s led to the development and commercialisa-
tion of translucent alumina (LucaloxTM) for the con-
tainment of corrosive plasma in high-pressure sodium
lamps, still used extensively for street lighting. The
optical quality attainable in coarse-grained polycrys-
talline alumina is however severely limited by grain
boundary scattering, which is inherent to non-cubic
materials.

The optical properties of polycrystalline alumina
have attracted renewed interest recently, triggered by
the observation that decreases in grain size yield im-

provements in optical quality [1]. This behaviour is
counter-intuitive as decreasing the grain size increases
the number of grain boundaries from which scatter-
ing can occur. The phenomenon has been explained
by a change in scattering mechanism as the grain size
becomes comparable with the wavelength of light [2].
The improvement in optical quality that can be achieved
simply by reducing grain size is illustrated in Fig. 1. The
fine-grained alumina possesses a much greater unscat-
tered transmitted component compared with the coarse-
grained alumina (similar to LucaloxTM) and leads to
the possibility of producing a genuinely transparent
material.

These improvements in optical quality are additive to
the well-known increases in hardness, wear resistance
and strength that can be achieved as grain size is de-
creased [3]. Fig. 2 shows a clear increase in hardness
with decreasing grain size for both alumina and spinel.

The improvements in mechanical and optical proper-
ties provide a strong motivation for decreasing the grain
size in alumina and ceramics in general. However, to
achieve the available improvements, porosity and other
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Figure 1 The angular distribution of light (λ = 633 nm) scatter around
the forward direction for fine (G = 0.5 µm) and coarse (G = 25 µm)
grained alumina (both samples ∼ 0.5 mm thick).

Figure 2 The relationship between grain size and hardness for alumina
and spinel.

defects must be avoided, requiring the optimisation of
processing and sintering procedures. The grain size
of undoped alumina sintered using such procedures is
known to be highly sensitive to sintering temperature
and it is difficult to restrict grain growth. The sensitivity
can be reduced by the addition of dopants (e.g., Zr, Y
and other rare earths), which inhibit grain growth by
reducing the diffusivity of cations at grain boundaries.
The same process is also responsible for the large (up to
3 orders of magnitude) increase in creep resistance [4,
5], which provides an additional motivation for study-
ing these materials.

An alternative ceramic that combines high hard-
ness with optical transparency is magnesium aluminate
spinel. Although the addition of dopants to spinel has
not been systematically investigated, it is considered
considerably less sensitive to low levels of impurities
than alumina [6]. Despite this, low levels of certain im-
purities (e.g., Ti) can alter the defect population within
the cation lattice and promote abnormal grain growth.
Sintering behaviour is also a strong function of spinel
stoichiometry (MgO·nAl2O3) with boundary mobility
100–1000 times greater in Mg rich (n < 1) compared

with Al rich (n > 1) compositions [6]. This is impor-
tant if there is a variation in stoichiometry for example
at a grain boundary. The motivation for decreasing the
grain size in spinel is the improvement in mechanical
properties that can be achieved, since in cubic ceramics
optical quality is not intrinsically linked with grain size.

In this paper, the use of high-resolution microscopy to
characterise fine-grained oxide ceramics is discussed.
Together these techniques enable critical grain bound-
ary properties such as structure, chemistry, energy and
misorientation to be determined. This is a necessary
requirement for furthering the understanding of sinter-
ing behaviour and mechanical and optical properties of
these ceramics.

2. Experimental procedures
2.1. Sample preparation
Fully dense alumina and stoichiometric spinel (i.e.,
MgAl2O4) samples were prepared from Taimicron
TM-DAR (Taimei Chemicals, Japan) and Baikowski
S30CR (Baikowski Chimie, France) powders, respec-
tively. Rare earth (RE) dopants (La, Gd, Eu and Yb)
were introduced by dissolving the appropriate hydrated
RE nitrate, e.g., 99.99% ytterbium (III) nitrate pen-
tahydrate (Aldrich Chemicals, UK), in IPA and mix-
ing with an alumina/IPA slurry. The slurry was dried at
room temperature and used without further processing
to minimise possible contamination. The powder was
hot-pressed in a graphite die at temperatures between
1400 and 1650◦C with a dwell time of 10 min and a pres-
sure of 30 MPa. A dopant level of 500 ppm (RE: Al (or
Al + Mg) cation ratio) was used, although grain bound-
ary concentration was dependent on grain size and
hence sintering temperature. All doped samples with
an average grain size >1 µm (i.e., ≥1500◦C) contained
precipitates, suggesting saturation of grain boundary
segregants. The distribution of these precipitates was
examined using SEM and found to be uniform. Unless
stated otherwise all alumina samples described were
prepared at 1500◦C and all spinel samples at 1400◦C.

2.2. Characterisation techniques
TEM was performed using a Jeol 2000 FX and a Philips
Tecnai F20 FEG both operating at 200 kV. The latter is a
hybrid TEM/STEM equipped with a high angle annular
dark field detector (HAADF) (Model 3000, Fischione
Instruments) and EDS (Oxford Link ISIS 300) and was
used for both high resolution and analytical character-
isations. In addition ultra-high resolution images of an
Eu-doped spinel were obtained from the super-STEM
facility, located at Daresbury, UK [7]. This dedicated
STEM operates at 100 kV and is equipped with a spher-
ical aberration corrector (Nion Co.). Images were ac-
quired using a HAADF detector with a collection angle
range between 70 and 210 mrads and an electron probe
size of ∼1 Å. PEELS spectra were recorded at 2 Å in-
tervals along lines of interest each with an acquisition
time of 1 s. TEM sample preparation involved stan-
dard grinding and polishing procedures, followed by
ion milling (Ar) to electron transparency using a Gatan
PIPS system.
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Initial electron backscattered diffraction (EBSD) ex-
periments were conducted using a HKL Technology
system attached to a Philips XL30 FEG SEM operat-
ing at 20 kV. Further work was performed using a TSL
system attached to a Philips XL30 LaB6 SEM. Samples
were prepared by conventional grinding and polishing
procedures followed by an extended finish with col-
loidal silica to removal all surface damage. To avoid
charging, samples were lightly coated with either C
or Au/Pd, the latter was found to produce strong EBSD
patterns more reliably. Surface preparation and conduc-
tive coating deposition are both very important practical
issues for EBSD of ceramics and are discussed in de-
tail by Farrer et al [8]. Samples were tilted 70◦ to the
horizontal and patterns were indexed using an α-Al2O3

structure file (i.e., trigonal, (D3d)(-3m), a = 4.759 Å,
c = 12.991 Å). All data was analysed using commer-
cial HKL Technology (Channel 5, Tango) and TSL
(OIM analysis) software.

AFM was performed using a Digital Instruments
module with a Nanoscope IIIa controller. The micro-
scope was operated in both contact and tapping modes
with Si3N4 and Si (TAP 300) tips respectively (both sup-
plied by Lot-Oriel). In tapping mode oscillations were
set near free amplitude (i.e., high set point). Indenta-
tions were used as reference marks so that specific areas
(e.g., those previously examined with EBSD) could be
located using a visible light microscope positioned di-
rectly above the AFM module. Samples were examined
both before and after thermally etching at 1100◦C for
2 h.

3. Results and discussion
3.1. The effect of rare earth dopants

on microstructure
As expected, the addition of RE dopants to alumina
reduced the grain size relative to undoped samples
(Fig. 3). Typical microstructures of doped aluminas are
shown in Fig. 4. The microstructures of undoped and
Yb and Gd doped alumina were found to be equiaxed,
whereas the addition of La can be seen to cause some
grain elongation.

This grain elongation seems to suggest that grain
boundary segregation is non-uniform, this will be dis-
cussed further in the succeeding sections.

The microstructural evolution with sintering temper-
ature for undoped and RE doped spinel was compli-
cated by poor compatibility with the graphite die. The
use of refractory metal spacers such as Mo were found
to react with RE to form the so-called metal bronzes.
Consequently, both doped and undoped spinels were
prepared at a single temperature of 1400◦C, where
these problems were minimised. Both doped and un-
doped samples were highly transparent, with a real in
line transmission of over 75% [9]. Such transparency
was due to the pore-free microstructure that these ma-
terials possessed (Fig. 5). Although the grain sizes of
doped and undoped samples were similar, the addition
of the RE dopant reduced the abnormal grain growth
that occurred in the undoped sample, predominately
at the edge. Abnormal grain growth has been reported

Figure 3 The relationship between hot pressing temperature and grain
size for La-doped (a) and undoped (b) alumina.

previously [6] and could be due to local deviations in
stoichiometry.

3.2. Characterising rare earth segregation
The segregation of RE cations to grain boundaries in
alumina has been demonstrated using a variety of tech-
niques such as SIMS [10], Auger [11] and those based
on TEM (EDS, STEM, HR-TEM and PEELS) [12–
15]. The detection of segregation is relatively straight-
forward, especially when there is such a large atomic
number differential. For example, the segregation of RE
cations to grain boundaries in doped alumina (or spinel)
can be observed using a backscatter electron detector
in an SEM. This is shown in Fig. 6b where there is a
clear increase in grain boundary brightness compared
with the undoped sample in Fig. 6a. The problem with
this technique, and indeed many of the other techniques
that have been used (SIMS, Auger and to a lesser extent
EDS in STEM), is that they possess insufficient spatial
resolution to provide a reliable measure of boundary
width and hence boundary concentration. This is fur-
ther complicated by difficulties aligning the boundaries
into the edge on position, a necessity even for qualita-
tive study. TEM is currently the only technique, which
can overcome these difficulties satisfactorily.

3.3. Measuring the width of the segregated
region using EDS

The segregation of rare earth cations to grain bound-
aries in oxide ceramics is simple to demonstrate using
EDS in STEM (or TEM). An example is shown in Fig. 7
where the composition at a grain boundary (position 2)
is compared with an intragranular region (position 1)
for Yb doped spinel. In addition to Yb, S (the major im-
purity in the powder used) can also be seen to segregate
to the grain boundary. Although it is straightforward
to quantify the concentration of impurities detected in
such spectra using the Cliff-Lorimer equation [16a],
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Figure 4 TEM micrographs of La-doped (a) and Gb-doped (b) alumina HPed at 1500◦C.

Figure 5 TEM micrographs of undoped (a) and Yb-doped (b) spinel HPed at 1400◦C.

unless the width of the segregated region and the size
of the electron probe are known precisely, the data is of
limited use. The real problem is measuring the thickness
of the RE segregated layer, which previous studies in
alumina have suggested is ∼1 nm [15]. Attempts were
made to perform EDS with very small probes but the
counting statistics were poor, and the long acquisition
times required were both inconvenient and increased
the likelihood of practical problems such as drift, con-
tamination and beam damage. As discussed in detail in
the next section it was found to be more accurate (and
convenient) to measure the width of the segregated re-
gion using HAADF STEM.

3.4. Measuring the width of the segregated
region using HAADF STEM

In STEM the microscope is operated in diffraction
mode so the collection angle of the HAADF detec-
tor can be controlled by adjusting the camera length.
As shown in Fig. 8 the diffracted component of con-
trast within an image increases with increasing camera
length. (It should be noted that genuine HAADF im-
ages contain no diffraction contrast and have collection
angles >50 mrad). At collection angles >50 mrads im-
age intensity is provided by Rutherford Scattering (i.e.,
electrons scattered by the nucleus, atomic number Z ).
This can be expressed using the differential Rutherford
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Figure 6 (BSE) SEM micrographs of undoped (a) and Yb doped (b) alumina (Courtesy of F. J. Humphreys and I. Brough).

cross section (dσ /dcosθ ), given in Equation 1.

(
dσ

d cos θ

)
R

= π

2
Z2α2

(
hc

KE

)2 1

(1 − cos θ )2 (1)

where α is a dimensionless constant (=1/137), h =
h/2π (h = Planck’s constant), c = velocity of light,
KE = energy of an electron, and θ = scattering angle.

This equation predicts that scatter intensity will be
proportional to Z2, leading to strong contrast between

RE dopants and the alumina (or spinel) matrix. This
has been observed at the grain boundaries of all RE-
doped samples and can be attributed to RE segre-
gation. It is further confirmed by the absence of in-
creased grain boundary intensity in the HAADF image
of the undoped spinel sample shown in Fig. 9. A long
camera length was used to introduce diffraction con-
trast since no contrast was obtained at short camera
lengths.

Intensity also varies with sample thickness (prob-
ability of scatter is proportional to thickness), which
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Figure 7 A bulk EDS spectrum of Yb doped spinel (a) acquired in the region of the HAADF image shown in (b). EDS spectra collected close to (c)
and at (d) the grain boundary at locations indicated in (b).

Figure 8 HAADF STEM micrographs of Gd-doped (500 ppm) spinel taken with collection angles of: (a) ∼50 mrad and (b) ∼20 mrad.

causes the observed gradual intensity gradient in im-
ages. Thus contrast in HAADF images occurs from lo-
cal changes in atomic number density as well as sample
thickness. It is interesting to note that atomic number
and thickness have a similar effect on contrast in RE

EDS elemental maps, Fig. 10 shows a comparison. The
collection efficiency of the HAADF detector is however
several orders of magnitude higher than the EDS detec-
tor. This has two major advantages. Firstly it enables the
use of very small electron probes, which are necessary
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Figure 9 A HAADF STEM micrograph of undoped spinel (1400◦C/10 min) taken with a low collection angle ∼20 mrad to reveal diffraction contrast.

Figure 10 A comparison between a HAADF image (a) and a RE EDS elemental map (b) for La doped alumina. The Al EDS elemental map is shown
in (c).

for high resolution but contain insufficient current for
robust EDS. Secondly, since images are acquired in
∼5 s the effects of any sample drift are minimal.
Pennycook [17] pioneered the technique of using
HAADF images as high resolution elemental maps,
and was able to quantify the intensity to an absolute
accuracy of 20%. Similar quantification is possible for
the RE-doped oxides studied in this project if the RE
scattering cross section can be calculated. The actual re-
lationship between Z and scattering is less than that pre-
dicted in Equation 1, due to increased electron shielding
and general divergence from Rutherford Scatter with
increasing Z. These two effects can be corrected by
employing the Screened Rutherford Cross Section or
(if Z > 30) the Mott Cross Section [16b]. At high Z
it is particularly difficult to model such scattering for a
real sample with reasonable accuracy and this will not

be attempted. However, HAADF images can be used
to provide high resolution elemental maps, which can
be used to measure boundary thickness and enable a
qualitative measure of RE content.

High magnification HAADF STEM images of grain
boundaries were acquired from both RE-doped spinel
and RE-doped alumina. In order to measure the thick-
ness of the segregated layer, samples were tilted so that
grain boundaries were viewed edge on. (The ability to
tilt freely provides a significant advantage over EDS
where the tilt allowed is restricted by detector posi-
tion). The importance of aligning the grain boundaries
in the precise edge on position is illustrated in Fig. 11,
where the thickness of the grain boundary appears to
vary. Image intensity profiles were acquired at vari-
ous positions along the grain boundary. It was found
that the thinnest region possesed a symmetric intensity
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Figure 11 A high magnification HAADF STEM micrograph of a grain boundary in Gd-doped spinel. Inset is image intensity profiles of the grain
boundary orientated near edge on (1) and edge on (2).

profile (profile 2), and as the boundary thickness ap-
peared to increase so did the asymmetry (profile 1).
Such image intensity profiles were used to align grain
boundaries into a precise edge on position. The image in
Fig. 11 was acquired with an intermediate collection an-
gle (∼30 mrad) to balance the minimisation of noise and
diffraction contrast. Fig. 9 demonstrates that diffraction
contrast does not increase the intensity at grain bound-
aries and consequently the inclusion of some diffrac-
tion contrast does not alter the segregation profiles
obtained.

The boundary thickness was similar throughout the
sample suggesting segregation was not strongly depen-
dent on grain boundary misorientation. The boundary
thickness was also found to be similar for Yb, La and
Gd dopants in both alumina and spinel. The FWHM of
the intensity profile across the grain boundaries mea-
sured approximately 1 nm, which is similar to the size
of the electron probe used. The measured width of the
segregated layer is clearly compromised by the width of
the smallest available electron probe, but can be con-
sidered to be ≤1 nm for all RE doped aluminas and
spinels investigated (Yb, Gd, Eu and La).

3.5. Measuring RE concentration
at grain boundaries using EDS
and HAADF STEM

The grain boundaries analysed with HAADF STEM
were subsequently analysed with EDS to enable the
concentration of RE segregants to be quantified. Since
the widths of segregating layers were determined from
HAADF STEM images, high spatial resolution was not
sought in EDS. This enabled the use of larger probes,
resulting in increased statistical accuracy. Automated
EDS linescans were performed perpendicular to edge
on orientated grain boundaries. In these scans the lo-
cation of the grain boundary is unambiguously shown
in the image intensity profile, which is collected simul-
taneously with the X-ray derived chemical data. Since
the electron probe is significantly larger than the seg-
regated boundary layer the intensity profile provides a
good and convenient measure of probe width. The im-
age intensity profile can also allow the amount of drift
(change of peak location) and contamination build up
(change in profile shape) to be monitored.

Examples of typical EDS linescans for both an alu-
mina and spinel sample are shown in Figs 12 and 13.
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Figure 12 A typical EDS linescan obtained perpendicular to an edge-on orientated grain boundary in La-doped alumina. The image intensity variation
(HAADF) (a) is compared with the EDS counts obtained for (b) Al, (c) La and (d) Ti.

The similarity in the contrast between HAADF images
and RE elemental maps is once again underscored by
the similarity in both position and shape of the image in-
tensity and RE elemental profiles. In Fig. 12 the profile
of Ti (an element not present in the sample) is included
to show that background counts are constant across the
scan length. The retention of stoichiometry across grain
boundaries in spinel is shown by the constant Al/Mg
ratio across the grain boundary region in Fig. 13d (the
gradual reduction in this ratio is a thickness effect).

The measured value of the grain boundary thickness
can be combined with EDS linescans to calculate
segregant concentration at grain boundaries. This was
done by calculating the fraction of the beam that is
located on the grain boundary.

Fraction of beam on segregated layer

= 2tr

πr2
= 2t

πr
when 2r � t (2)

where t is the thickness of the segregated layer at the
grain boundary and 2r is probe diameter. The RE/Al
ratio (for spinel samples RE/(Al + Mg) ratio) within
the 1 nm segregated region was calculated assuming
a RE:Al sensitivity factor of 0.53 for all samples (this

factor was determined experimentally using a LaAlO3
powder). Probe size was taken as the FWHM of the
bright field intensity trace (e.g., from Figs 12a and 13a),
which is valid provided 2r � t . The RE/Al ratios for
various samples are shown in Table I. The RE/Al ratio
is the average of at least 3 boundaries in each sample,
whereas the counts and probe size are typical values
from the data set. The data shows no difference in the
boundary concentration of Yb, Gd and La in alumina.
This is consistent with the results of Bruley et al. who
observed a similar RE grain boundary concentration
for both Y and La using EDS and assuming a l nm
segregated layer [15]. The Gd boundary concentration
can be seen to be higher in doped spinel than alumina

TABLE I The RE/Al ratio at grain boundaries (assuming t = 1 nm)
for selected samples

RE counts
(after background Cation Probe size RE/Al

Sample subtraction) counts (nm) ratio

La alumina 50 9000 12.5 0.10 ± 0.02
Gd alumina 23.5 2500 8 0.11 ± 0.02
Yb alumina 75 11700 12 0.11 ± 0.02
Gd spinel 80 3600 4.5 0.15 ± 0.02
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Figure 13 A typical EDS linescan perpendicular to an edge-on orientated grain boundary in Gd-doped spinel. The image intensity variation (HAADF)
(a) is compared with the EDS counts obtained for S (b) and Gd (c). The Al/Mg ratio (d) shows the variation in cation stoichiometry.

(linescans for other doped spinels suggested a similar
trend). Since the width of the segregated layer was as-
sumed to be 1 nm (the upper limit), these boundary
measurements provide the lower limit of RE segregant
concentration.

The possibility that grain elongation in La-doped alu-
mina was caused by a reduced concentration of segre-
gant along the preferential growth direction was also
briefly investigated. No evidence for this was found al-
though concentration differences may only be present
before La segregation reaches saturation. Elongated
alumina grains may also be linked with the growth
of elongated β-alumina (LaAl11O18) precipitates. The
concentration of such precipitates was very low in the
sample sintered at 1500◦C and were easily differenti-
ated from elongated matrix grains with the HAADF
detector.

3.6. Aberration corrected STEM
Attempts to measure the width of the RE segregated
region in the hybrid FEG TEM/STEM were compro-
mised by the minimum size of electron probe avail-
able with sufficient probe current. This is dictated by

the trade off between spherical aberration and diffrac-
tion/brightness, which are limiting when the conver-
gence angle of the electron probe is large and small re-
spectively. This trade-off has recently been removed by
the development of spherical abberation correction in
STEM. It is now possible to produce atom sized probes
with an order of magnitude increase in current com-
pared with uncorrected systems [18]. Fig. 14a–b shows
HAADF images of a Eu-doped spinel (which exhib-
ited similar segregation behaviour to other RE-doped
spinels) formed with a 1 Å electron probe. The grain
boundary aligned close to an edge-on position shows
that the RE forms a continuous monolayer at the grain
boundary. The image intensity profile shown in Fig. 14e
shows that the boundary region has a width of ∼0.4 nm.
This value does however vary slightly along the bound-
ary due to deviations from edge on-orientation caused
by grain boundary curvature. The width of the Eu-rich
layer was also seen to broaden due to electron probe in-
duced Eu diffusion probably on the surface of the TEM
section.

Grain boundary segregation was also examined using
PEELS by studying the energy-loss near-edge struc-
tures (ELNES) of Al-L1 and Eu N4,5. Spectra were
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Figure 14 Ultra-high resolution HAADF images (taken with the superSTEM) of Eu-doped spinel (a–b). Examples of the ELNES spectra obtained
close to (1) and on (2) the grain boundary. The integrated ratio of the peaks at 120–130 eV and 140–150 eV formed in a series of ELNES spectra
taken across the grain boundary (d). The image intensity profile across the grain boundary is taken directly from the HAADF image (e).

acquired sequentially at 2 Å intervals along a line per-
pendicular to the grain boundary as shown in Fig. 14b.

The ELNES spectra obtained after background sub-
traction at and close to the grain boundary are compared
in Fig. 14c. The fine structure is similar to that recorded
from Al and Eu oxides. The relative intensity of the two
main peaks can be seen to differ substantially between
the two locations. However overlap between the Al-L1
and Eu-N4,5 edges means that although the peak located
at ∼125 eV is characteristic of Al, that at ∼145 eV is
due to a combination of Al and Eu. The change in con-
centration of Eu at the grain boundary was calculated
simply from the integrated intensity ratio of these two

peaks and is shown in Fig. 14d. Similar to the HAADF
image, the PEELS shows that the Eu segregant is con-
fined to within a 0.5 nm region at the grain boundary.

3.7. Grain boundary structure
Grain boundary structure was examined using HR-
TEM. The number of boundaries that could be ex-
amined was limited by the difficulty of simultane-
ously aligning the boundary in the edge on position
while achieving suitable diffraction conditions for lat-
tice fringes either side of the boundary. Beam dam-
age, particularly in alumina samples, limited exposure
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Figure 15 HRTEM micrographs of La-doped (a–c) and undoped (d) alumina grain boundaries viewed edge-on.

times to a few minutes thus inhibiting the alignment
processes. Fig. 15a–c shows typical images acquired
in randomly chosen grain boundaries in RE doped
alumina (Fig. 15d shows a grain boundary of an un-
doped sample for comparison). The images show lat-
tice fringes from neighbouring grains joining at the
interface. These fringes become diffuse in the grain
boundary region, which can be attributed to a relax-
ation in crystallographic structure near the grain bound-
ary. This is consistent with experiments on bicrystals,
which have shown that the addition of RE dopants have
a tendency to broaden interfacial structure [19]. These
studies also show that boundary structure and segrega-
tion behaviour are sensitive to the type of special bound-
ary examined. The proportion of such special bound-
aries in RE-doped alumina is known to be very low
(this is discussed further in Section 4), and the struc-
ture and chemistry of general boundaries are shown to
be more uniform. Assuming that the RE cations are seg-
regated uniformly in this 1 nm wide, less ordered grain

boundary region, a distribution similar to Fig. 16 can be
anticipated.

Fig. 17a shows a typical HR-TEM micrograph of
a grain boundary interface in RE (Gd) doped spinel.
Again there is no evidence of grain boundary phases and

Figure 16 Schematic models of an undoped (a) and RE doped (b) grain
boundary in alumina. Note the broader interfacial structure of the RE-
containing grain boundary.
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Figure 17 Typical HRTEM micrographs of Gd-doped spinel grain boundaries viewed edge on (a) and close to edge on (b).

the adjacent crystal structure is maintained to within
a 0.5 nm separation. Increased brightness at the grain
boundary can be attributed to the presence of segregants
(this was insensitive to defocus). Fig. 17b shows that
even when grain boundary orientation deviates slightly
from the edge-on position, the crystal structures of the
neighbouring grains are again maintained to within
0.5 nm of the grain boundary. HAADF STEM showed
that RE segregants are also located within this grain
boundary region. Together this is consistent with the
RE cations occupying lattice sites adjacent to the grain
boundary. In general grain boundaries this results in a
continuous layer of segregant along the grain boundary.
In special or low angle grain boundaries (the presence
of which was confirmed during TEM investigations)
the segregant distribution is expected to become dis-
continuous as low energy (or CSL) sites are filled with
the appropriate matrix cation (Al or Mg).

4. Effect of grain orientation
on surface topography

EBSD has been used to determine local grain ori-
entation in a range of fine-grained alumina samples
(undoped, Yb, Gd and La-doped). All samples were
shown to possess near-random grain orientation and
grain boundary misorientation distributions. A typical
example of the latter is compared with the theoretical
random distribution in Fig. 18. The proportion of spe-
cial CSL grain boundaries was also found to be very
low. This is consistent with the results of Cho et al.
[20] who studied the effect of RE addition on grain
boundary character in similar systems albeit with differ-
ent dopant chemistries and (in general) coarser-grained
microstructures.

A typical example of an EBSD pattern is shown in
Fig. 19. The average pattern quality was however found
to decrease significantly as the average grain size of
the sample is reduced below 1 µm. This is partly due
to the increased grain boundary area, which causes an

Figure 18 A histogram showing the misorientation distribution of Yb-
doped alumina. Similar results were obtained for other doped and un-
doped aluminas.

intrinsic reduction in pattern quality. This is however
exacerbated by pattern overlap, which occurs in near
grain boundary regions, and shadowing caused by grain
height variations (the grain height variation were insen-
sitive to grain size and hence became more problematic
as grain size was reduced). The relationship between
crystallographic orientation and grain height variation
is discussed in the next section.

4.1. The relationship between wear rate
and crystal orientation

Polishing alumina with (alkaline) colloidal silica pro-
duces a surface with minimal strain (suitable for
EBSD) but relatively rough due to grain height vari-
ations. These grain height variations provide sufficient

6699



CHARACTERISATION OF CERAMICS

Figure 19 A typical EBSD pattern of alumina without (a) and with (b) the bands used for orientation determination displayed.

Figure 20 AFM images acquired in contact mode of Yb-doped alumina. Images were formed from the height (a) and deflection (b) signals.

topographic contrast to reveal grain microstructure with
visible light microscopy, SEM or AFM. AFM is par-
ticularly suited to fine-grained oxide ceramics because
it combines a high-resolution capability with the abil-
ity to quantify roughness and other surface features.
Also poor electrical conductivity is not an issue as it is
in SEM, although conductive coating can be avoided
in modern SEMs by operating at either low voltage
or low vacuum. In AFM, images can be formed from
a variety of signals produced from sample-tip inter-
actions. Fig. 20 shows height (a) and deflection (b)
images, for a fine-grained Yb-doped alumina taken
in contact mode. The height image provides quan-
titative height information whilst the deflection sig-
nal produces an image, which is in effect the deriva-
tive of the height image, with a natural 3D effect
enabling easier visualisation of grain microstructure

(height images can also be displayed in 3D format e.g.,
Fig. 23).

The rate of grain wear during chemo-mechanical pol-
ishing is dependent on the crystallographic orientation
of the grain, which leads to the observed grain height
variation. The orientation of the grains in the AFM im-
age in Fig. 20 are shown in the EBSD derived inverse
pole figure image map in Fig. 21a. Grain orientations
are displayed relative to the sample surface plane and
are colour coded according to the stereographical tri-
angle shown in Fig. 21c. Comparison of Figs 20 and 21
shows that grains orientated close to the 0001 plane are
recessed. This is shown more clearly in Fig. 21b where
all grains within a 30◦ tolerance of the 0001 plane are
indicated. The wear rate of other planes was found to
be more sensitive to the precise crystallographic ori-
entation. EBSD possesses a high level of accuracy in
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Figure 21 EBSD derived image maps of Yb-doped alumina showing grain orientation with image quality overlay (a) and grains located within a 30◦
tolerance of the 0001 plane. The grain colours shown in (a) are related to orientation with the stereographical triangle in (c).

Figure 22 A comparison between contact (a–b) and tapping images (c–d) of thermally etched fine-grained alumina.
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Figure 23 A comparison of the trace profiles produced from contact and tapping along the same section of sample.

orientation measurement (absolute orientation typical
within ∼2◦) and together with AFM, it is possible to
relate grain wear with orientation over all possible ori-
entations, although this would require the examination
of a very large number of grains.

This method of linking grain wear to orientation
could be extended to other wear situations. For exam-
ple alumina on alumina wear under mild conditions is
often tribochemical and also leads to grain height vari-
ations [21, 22]. If the process controlling wear rate is
the same (e.g., surface adsorption) as colloidal silica on
alumina, then a similar relationship between wear and
orientation is expected.

4.2. Using AFM to examine thermally
etched samples

The use of AFM to study thermal grooves at grain
boundaries is becoming a popular alternative to the tra-
ditional and significantly more labour-intensive Metal
(or Carbon) Reference Line technique and Optical In-
terferometry. In addition to increased speed of mea-
surement AFM also offers a significant improvement
in resolution, which enables materials with fine grain
sizes (<2 µm) to be investigated. The majority of stud-
ies reported in the literature, which use AFM to examine
thermal grooves in metallic systems, use a Si3N4 tip in
contact mode. The main attraction of the Si3N4 tip is
that it is fairly robust allowing large areas to be scanned
quickly. However, the major drawback of Si3N4 tips are
that they are relatively coarse, possessing a truncated
cone shape with a polished point typically with a diame-
ter between 50 and 60 nm [23, 24]. This tip geometry in-
troduces two well-known errors into the surface profile
obtained. Firstly the cone shape (inner angle typically
35◦) causes flat stepped regions to appear curved [25]
and secondly the width of the tip limits the thickness
of grooves that can be accurately examined to >2 µm

[23]. A further problem with AFM when performed on
hard materials such as alumina is tip wear. This is a sig-
nificant problem when quantitative measurements are
required as tip wear increases the width of the point
in contact with the sample. Tip wear is expected to in-
crease as force, tip velocity and scan size are increased
(i.e., as grain size is increased). To enable the boundary
grooves of fine-grained (<2 µm) materials to be stud-
ied an alternative Si tip was used in tapping mode. The
decreased hardness of the Si tip is offset by the use of
the tapping mode, in which only transient contact with
the sample is made. Tip wear was found to be minimal if
operation was performed under optimal conditions (i.e.,
minimal tip sample forces). This is in contrast with the
severe tip wear encountered when using a Si tip in con-
tact mode as has been reported previously by Saiz et al.
[26]. Fig. 22 compares images that have been acquired
in the same area of a sample in both Contact (with
Si3N4) and Tapping (with Si tip) modes. Although the
images look similar, the cross sectional profile shown
in Fig. 23 shows that in tapping mode the tip penetrates
deeper into the thermal groove. Also, the higher mag-
nification images in Fig. 24 demonstrate the improved
resolution obtained in tapping mode. An example of a
high resolution AFM image of fine-grained undoped
alumina is shown in both conventional 2D and 3D for-
mats in Fig. 25. The 3D representation provides a par-
ticularly good illustration of grain (and grain-boundary)
curvature, faceting and grain height variation.

4.3. Effect of misorientation and dopant
on groove size

AFM images and the corresponding grain boundary
misorientation map (from EBSD) for undoped and Yb-
doped alumina are compared in Fig. 26. The locations
of the thermal grooves in the AFM images are in ex-
cellent agreement with the grain boundaries within the
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Figure 24 A comparison of high magnification images obtained from
contact (a and c) and tapping (b and d). (Image width 800 nm.)

Figure 25 High-resolution AFM images of an etched fine-grained
Al2O3 acquired using a Si tip in tapping mode. The images were pro-
duced from height (a and c) and amplitude (b) data ((c) is a 3D repre-
sentation of (a)).

Figure 26 AFM images (a and c) and EBSD derived grain boundary
misorientation maps (b and d) collected at the same location in undoped
(a and b) and Yb doped (c and d) Al2O3.

Figure 27 A scatter graph comparing the groove width of undoped
(grey) and Yb-doped (black) Al2O3 as a function of misorientation.

corresponding EBSD map. The size of the grooves is
relatively constant which is consistent with the very
low fraction of special and low-angle boundaries deter-
mined using EBSD. This is confirmed in Fig. 27, which
shows that grain boundary misorientation has no dis-
cernable effect on groove size (shown as groove width
but similar profiles were obtained for groove depth) for
either doped or undoped samples. The Yb-doped sam-
ple can also be seen to possess much larger grooves
than the undoped sample. Other (Gd and La) dopants
were found to have a similar effect on groove size. This
is not unexpected because groove geometry is known
to be highly sensitive to the presence of segregating
impurities [27]. The large increase in groove size of
doped samples must be related to the out-diffusion of
RE segregants to the free surface. Consequently groove
size can be linked with RE concentration at the grain
boundary. This relationship can be used, for example,
to determine the grain size at which grain boundary
saturation occurs for a particular system. Taking quan-
titative measurement from the thermal grooves in such
fine-grained samples is however hindered by a number
of practical issues. These include the random orienta-
tion of the grain boundary plane, surface anisotropy,
faceting on both grains and thermal grooves and the
effect of grain size on groove geometry (groove width
and hence depth are increasingly constrained as grain
size is decreased).

The out diffusion of RE segregants from the grain
boundary to the free surface results in unreliable
measurements of grain boundary energy or energy
anisotropy. This is because the out-diffusion of dopants
to the free-surface, apart from boundary-depletion,
has a more sensitive influence on the surface energy.
This modifies the balance between surface and grain
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boundary energy, which is routinely used for grain
boundary energy calculations. This has important im-
plications for all studies measuring grain boundary en-
ergy in samples possessing grain boundary segregants.

5. Conclusions
A wide range of techniques are available to charac-
terise fine-grained ceramic materials. Of these, TEM
based techniques are particularly valuable in studying
grain boundary structure and quantifying segregation.
These techniques have shown that the RE segregant
is confined to within a 1 nm wide region at the grain
boundary in both alumina and spinel. Assuming that
segregation occurs in a 1 nm wide region, the RE con-
centration is 10 and 15% of the cation total in alumina
and spinel respectively, and is insensitive to the identity
of RE cation.

A new level of imaging and analytical performance
has recently become available with the development of
spherical aberration correction in STEM. These micro-
scopes possess atomic resolution imaging (HAADF)
coupled with a single atom analytical detection capa-
bility (PEELS). Ultra-high resolution HAADF STEM
and PEELS showed that in Eu doped spinel the seg-
regated region was <0.4 nm wide, and consisted of a
single layer of Eu atoms at the grain boundary. The RE
concentration in this single layer is expected to be ap-
proximately 50% of the cation total from EDS studies.
Further ultra-high resolution STEM is planned to study
a wider range of grain boundaries in both RE-doped
alumina and spinel systems.

EBSD showed that the addition of dopants had neg-
ligible effect on either the grain orientation distribution
(texture) or the concentration of special grain bound-
aries in alumina. Also, no correlation was observed be-
tween grain boundary segregation and misorientation.
The thermal grooves formed in RE-doped alumina were
much larger than those formed in undoped samples due
to out diffusion of RE atoms to the surface. This pro-
cess reduces the surface energy of the system and con-
sequently alters the energy balance often used in grain
boundary energy calculations.

AFM in tapping mode can provide HR-images of
thermally etched samples with a more accurate profile
of the groove root compared with the traditional contact
mode. Tapping mode requires slower scan speeds and is
consequently only suitable for fine-grained materials.

EBSD in conjunction with AFM has been used to
relate grain orientation with wear rate anisotropy in
fine-grained alumina. Grain surfaces close to the (0001)
plane were found to exhibit high wear, whilst other
orientations were found to be much more sensitive to
grain orientation.

Although grain boundary segregation is beneficial for
grain-size control, sinterability and mechanical proper-
ties, there may be greater susceptibility to grain bound-
ary embrittlement resulting from a reduction in inter-
granular fracture surface energy which dominates the
reduction in grain boundary energy. At high tempera-
tures, increased grain boundary groove size due to ther-
mal etching in doped ceramics may also contribute to

the critical defect population and a limit to fracture
stress in high strength materials.
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