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A study of grain-boundary structure in rare-earth
doped aluminas using an EBSD technique
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Oversized rare-earth dopant ions such as Y3+, Nd®*, and La®* segregate to grain boundaries
and reduce the tensile creep rate of «-Al,03 by 2-3 orders of magnitude. It has been
speculated that these dopant ions can modify the grain boundary structure in alumina by
promoting the formation of special grain boundaries. If this were indeed the case, it would
provide a possible explanation for the aforementioned creep rate retardation. In order to
test this hypothesis, electron backscatter diffraction (EBSD) has been used to assess both
the proportion of coincidence-site lattice boundaries, and the grain boundary
misorientation distribution, in aluminas doped with various ions (Zr, Y, Nd, La, Nd/Zr). The
results show that the grain boundary structure in alumina is not significantly altered by the
addition of the above dopants, implying that the change in grain boundary chemistry is
primarily responsible for the observed creep behavior.
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1. Introduction

It has been found that the tensile creep rate of a-Al,O3
is reduced by 2-3 orders of magnitude with the addi-
tion of ppm levels of oversized, isovalent dopant ions
(e.g., Y>*, Nd*, La’*) [1-3]. Due to the dramatic
creep improvement, these doped oxide systems can
be utilized in ceramic matrix composites (CMCs) in-
tended for very high temperature environments (e.g.,
>1400°C), where oxidation is of major concern [4—6].
In these promising materials, emerging evidence sug-
gests that grain boundaries play a dominant role in this
behavior, however the detailed nature of the mechanism
responsible for the creep enhancement is the subject
of debate. Previous work has shown that the dopants
strongly segregate to grain boundaries, driven by their
large size (radius) mismatch between the dopant ions
(Y3*:0.89 A,Nd>:0.99 A, La’*+: 1.06 A), and the host
APt (0.51 A) [7-10]. It was suggested by Cho et al.
that the observed reductions in creep rate resulted from
a ‘site-blocking’ effect of oversized segregant ions on
selected grain boundary diffusion paths [2]. Recent de-
terminations of AI** migration enthalpies by computer
simulations support this idea, but direct experimental
evidence is scarce [11].

Recently, Yoshida et al. [12] have studied the ef-
fectiveness of a series of lanthanide oxides (Sm, Eu,
Tm, Lu) on the creep rate of alumina. They found that
the effectiveness of the dopants in retarding creep was
in the order, Sm < Tm < Eu < Lu, (although it should
be mentioned that the data were not corrected to take
into account the effect of grain size). Yoshida and co-
workers explained the trend in creep behavior in terms
of the effect of the dopant on the chemical bond strength
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around the A1 ion, based on first principles molecular
orbital calculations. According to the “site-blocking”
model one would have predicted the opposite trend,
since Lu has the smallest ionic radius (0.861 A) and
Sm has the largest (0.96 A).

Another possibility is that the presence of the dopant
ions can modify the grain boundary structure. The ar-
gument is that certain types of ‘special’ boundaries are
favored, which play a limiting role in the transmission
of grain boundary sliding during creep deformation,
due to the difficulty in accommodating lattice disloca-
tions [13, 14]. Lartigue and Priester [15] reported that
a dopant ion such as magnesium (Mg) increased the
proportion of special (i.e., coincidence site lattice-CSL
and coincidence axis direction-CAD) grain boundaries
in alumina. In subsequent work, however, Lartigue-
Korinek and Dupau [16] observed that yttrium addi-
tion leads to a proportion of near coincident boundaries
which is close to that found in undoped alumina. In ad-
dition, Bouchet et al. [17] have shown that there is a
relationship between grain boundary plane orientation
and Y segregation, and argued that Y segregated grain
boundaries are indeed flat and have ordered structures
on the atomic scale.

In contrast to the above model, recent studies by Cho
et al. using electron back-scatter diffraction (EBSD)
[18] and Giilgiin et al. using TEM [19], did not re-
veal any significant differences in grain boundary struc-
ture between Y-doped alumina and undoped alumina.
The aim of the present work was to extend our previ-
ous EBSD study to other dopant systems (Zr, Nd, La,
Nd/Zr) which have also resulted in enhanced creep be-
havior [1-3], and hence elucidate the beneficial role of
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these ions. Based on previous work [18] where it was
found that the misorientation distribution in Y-doped
crept samples was essentially identical to that of the
undeformed samples, all of the EBSD characterization
in the present study was carried out on as hot-pressed
specimens. Note that data from the Y-doped sample
is included not only for completeness, but also because
the previous study utilized hexagonal rather than rhom-
bohedral symmetry. It is also worth mentioning that the
EBSD technique [20, 21] has several advantages over
the TEM; most importantly, it can characterize a large
number of grains in a single scan, and in addition spec-
imen preparation is relatively easy.

2. Experimental procedure

2.1. Specimen preparation

For the investigation of grain orientation and grain
boundary geometry (i.e. misorientation angle and axis),
six alumina specimens were examined; undoped alu-
mina (Pure A), 1000 ppm Y-doped alumina (YA),
500 ppm La-doped alumina (LA), 100 ppm Nd-doped
alumina (ND), 100 ppm Zr-doped alumina (ZR), and
100/100 ppm Nd/Zr-codoped alumina. In all cases,
the purity of the starting alumina powder (AKP-53,
Sumitomo Chemical America, New York, NY) was
99.995%. A broad range of dopant concentrations was
purposely selected in an effort to test the general ap-
plicability of the observed results. Note that a simi-
lar approach was adopted in previous creep studies to
test dopant levels both below and above the solubility
limit [22]. All six specimens were hot-pressed, and the
processing conditions of these materials have been de-
scribed elsewhere [1-3, 9]. For EBSD observation, the
surfaces of the as-hot-pressed specimens were polished
down to a 1 um finish with diamond slurry, followed
by polishing with 0.02 um colloidal SiO; in the vibra-
tory polisher (Vibromet II, Buehler, Lake Bluff, IL). In
order to avoid charging, a thin carbon layer (<5 nm)
was deposited on the polished surface.

2.2. Acquisition of EBSD patterns
The details of the SEM operation conditions and EBSD
acquisition were described in previous studies [11, 18].
Essentially, diffraction of the backscattered electrons
occurs, where for a given set of crystal planes, the
directions of the diffraction maxima define a pair of
cones, directed away from either side of the crystal
plane. When projected onto a flat screen, the pairs of
cones appear as lines which define a Kikuchi band.
The width of the band (i.e. the distance between lines
of each pair) is inversely proportional to the d-spacing
of the diffracting crystal plane, and the orientation of
the band is determined by the spatial orientation of the
crystal plane within the sample. The spatial resolution
of backscattered electron diffraction is typically about
0.2 pm, with variations depending on the atomic num-
ber of the specimen and the accelerating voltage used
in the SEM.

Subsequent analysis of the EBSD patterns using
rhombohedral symmetry was carried out with the aid
of computer software (TSL, Inc., Draper, UT). The
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stored data (location, orientation, and image quality)
can be processed to create orientation imaging micro-
graphs, thereby enabling a visual representation of the
microstructure. Each location is represented by a pixel,
to which a color or gray scale is assigned on the basis
of grain orientation.

2.3. Analysis of EBSD results

The orientation of each grain is expressed with refer-
ence to a set of fixed orthogonal axes, one normal to the
specimen plane, and two lying in the plane of the spec-
imen. The detailed procedure for obtaining an absolute
orientation from an EBSD pattern has been given in
the literature [20, 23]. Briefly, the orientation is stored
as a 3 x 3 matrix, which relates the crystal axis direc-
tions [100], [010], and [001] to the specimen directions.
Given the orientation of each grain, the relative orien-
tation between two contiguous grains, Al and A2, is
given by:

R12 =A17'A2 (1)

where R12 is the rotation matrix that represents rota-
tion of A2 onto Al. The matrix, R12 can then be repre-
sented in terms of specific parameters such as ideal ori-
entation, Euler angle, or angle and axis pair of rotation
to convey orientation information [23]. In general, the
angle/axis pair is used to describe the misorientation ge-
ometry between adjacent grains, and the smallest angle
of the symmetry of rotation is chosen. Here, misorien-
tations less than 5° were not searched, since low-angle
boundaries are often difficult to distinguish from dislo-
cation sub-boundaries. Note that although misorienta-
tions were determined using rhombohedral symmetry
(which reflects the true three-fold rather than six-fold
symmetry about the normal to the basal plane), for ease
of recognition, the rotation axes in Table I are quoted
with respect to indices corresponding to the hexagonal
unit cell.

One advantage of the misorientation angle/axis con-
cept is that it can readily be adapted to the CSL formal-
ism. Thus, the 6 CSLs (Common rotations with X = 36)

TABLE 1 Selected CSLs with rotations about [00.1] and other
directions [24]

Criterion b Misorientation (degrees) uv.w
Common rotation 3 60.00 00.1
7 38.21 00.1
13 27.80 00.1
19 46.83 00.1
21 21.79 00.1
31 17.90 00.1
Specific rotation 7 85.90 02.1
11 95.22 01.0
13 57.42 01.0
17 96.76 12.1
19 65.10 50.1
21 64.62 11.0
23 55.58 11.0
31 56.74 50.2
33 35.10 11.0
36 86.02 02.1




for a rotation axis of [0001], as well as 10 CSLs for
rotation axes of other direction (specific rotations with
% = 36) were systematically searched based on the cor-
responding angle/axis pair (Table I) [24]. The crys-
tal planes are indicated in Miller-Bravais notation of
the non-primitive hexagonal lattice. Crystal directions
are quoted using the convention commonly used for
hexagonal unit cells: i.e., [uvt-w]=[uv-w], where
u+v+t=0/[24].

3. Results and discussion

Fig. 1 shows the EBSD derived orientation image maps
(OIM) for undoped, Zr-doped, Y-doped, Nd-doped,
La-doped and Nd/Zr-codoped aluminas; the grains are
color coded, where each color corresponds to the ori-
entation normal to the specimen surface, as represented
in the stereographic triangle (Fig. 1g). In order to fur-
ther explore texture information, the distribution of
grain normals of the entire scanned area of the above

001

100

Figure 1 Orientation image maps (OIM) for (a) undoped alumina, compared with doped aluminas: (b) 100 ppm Zr; (c) 1000 ppm Y; (d) 100 ppm

Nd; (e) 500 pm La; (f) 100/100 ppm Nd/Zr.
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TABLE II EBSD acquisition parameters and grain size data

Scan area Step size Total number Avg. grain
Data points (um?) (um) of grains diameter (um)?
Pure A 29985 129.00 x 49.80 0.50 1610 2.25
ZR 23370 9.84 x 3.26 0.04 267 0.40
YA 34649 98.80 x 48.15 0.40 841 2.68
LA 36383 4725 x41.35 0.25 698 1.89
ND 48403 39.60 x 23.64 0.15 1029 1.08
NZ 49714 19.60 x 21.82 0.10 1475 0.61

®Average grain diameter =2 x /A /7, where A = total area/total number of grains.

(a) b)

Figure 2 Inverse pole figures of grain normal directions for the entire
scanned area of alumina specimens considered in Fig. 3: (a) undoped;
(b) 100 ppm Zr; (c) 1000 ppm Y; (d) 100 ppm Nd; (e) 500 ppm La;
(f) 100/100 ppm Nd/Zr.

specimens was plotted as an inverse pole figure (IPF),
as shown in Fig. 2. Here, each point is orientation in-
formation derived from a single measurement pixel (as
opposed to a grain). It is apparent from the IPF that
none of the specimens exhibit a very pronounced tex-
ture (i.e. preferred orientation). The OIMs from un-
doped, Y-doped, and La-doped alumina were obtained
at the same magnification. Due to the very fine grain
sizes of the Nd-doped, Nd/Zr-codoped, and Zr-doped
specimens, however, the step size between each mea-
surement during scanning was reduced. Table II sum-
marizes the EBSD acquisition parameters and the spec-
imen grain size.

The distribution of grain boundary misorientation an-
gles for both undoped and doped aluminas is shown in
Fig. 3 in the range of 5-55 A (a), and 55-105 A (b). In
addition, for each misorientation interval, the number
fraction for the five doped aluminas were averaged and
compared with that of undoped alumina (see Fig. 4).
Overall, doping does not seem to have a pronounced in-
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Figure 3 Misorientation angle histograms for undoped and various
doped aluminas: (a) misorientation range of 5-55°; (b) misorientation
range of 55-105°.
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Figure 4 Comparison of misorientation angle distributions between un-
doped and doped aluminas. The curve from doped aluminas represents
the average misorientation distribution of the five doped aluminas.

fluence on the misorientation distribution, although the
data suggests a higher proportion of low-angle (<10°)
boundaries in the ZR sample. However, it can be seen
from Fig. 4 that compared to the undoped alumina, the
distribution of grain boundary misorientations of the
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Figure 6 The proportion (by number) of CSL’s around the [0001] axis
(common rotations with different rotation angles). Note that the basal
twin is the only boundary which has a higher incidence for the doped
systems.

doped aluminas was slightly skewed towards higher
angles (<50°).

Selected CSL boundaries (6 CSLs around c-axis and
10 CSLs around the non-c-axis) were searched to test
the effect (if any) of these dopants on grain boundary
structure in alumina systems. As seen in Fig. 5, the
proportion of CSL’s was shown to constitute only a
small fraction (<4 %) of the total number of boundaries.
In this case, the permissible angular deviation, 6, from
the exact coincidence was determined using Brandon’s
criterion:

0 =6/ 2)

where 6 is a constant (~15°) and X a multiplicity [25].
The slight increase of total CSLs (about a factor of
two) in doped aluminas is mainly due to a higher fre-
quency of X3 (basal twin) boundaries, as indicated by
the open bar histogram in Fig. 5. This increase is the
only detectable difference between undoped and doped
systems. In contrast, another twin boundary formed on
a rhombohedral plane (X7; 85.90°/[02.1]) was found
to be very rare (comprising less than 0.5% of the total
number of grain boundaries). Out of interest, the pro-
portion (by number) of basal plane CSL’s was identified
and plotted in Fig. 6. It can be seen that apart from X3,
the only other boundary present to an appreciable de-
gree was X 13.

Overall, the EBSD results from various doped alumi-
nas revealed only subtle differences in grain boundary

misorientation distribution, as compared to undoped
alumina. Whether such differences can be attributed
to the dopant segregation, or whether they result from
other factors such as differences in grain size, the pres-
ence of precipitates, etc. requires further study. More
significantly, the fraction of special boundaries defined
by selected misorientation angle/axis pairs was very
limited in the doped aluminas. As mentioned previ-
ously, this result (for Y-doped alumina) was also sup-
ported by independent work by Giilgiin et al. [19] on
samples provided by Lehigh. These workers used TEM
to characterize more than 100 grain boundaries, and
found very few special boundaries. This is in marked
contrast to the case of Mg-doped alumina which was
reported to have around 30% of CSL boundaries [15].
In the present study, the only slight increase in the fre-
quency of special boundaries was for the X3 (basal
twin) boundary. In the Zr-doped and Y-doped systems,
there was more than a factor of three increase (relative
to undoped alumina); nonetheless, the number fraction
of X3 boundaries was still less than 2.5% of total num-
ber of boundaries. It is believed that this small fraction
would be insufficient to produce the dramatic creep im-
provement observed for these compositions.

It should be recognized that in the present study, the
CSL information is based solely upon misorientation
angle and axis, and the boundary plane is not taken
into account. Further, the influence of temperature on
the (c/a) ratio was neglected. In the alumina structure,
changes in axial ratio, (c/a) can be accommodated by
both a deviation in misorientation and a dislocation
array. The former may result in the boundary being
excluded by giving a value exceeding what would be
deduced from Brandon’s criterion [26]. In addition, spe-
cial boundaries consisting of dislocation networks that
do not exhibit CSL orientations are not accessible using
this technique.

The above considerations notwithstanding, it is be-
lieved that the present study shows convincingly that
there is little significant difference in the overall grain
boundary structure in undoped alumina and doped alu-
minas. The results, therefore, are consistent with the
hypothesis that the improvement in creep behavior re-
sults primarily from a lowering of grain boundary dif-
fusion due to a ‘site-blocking’ effect by the dopant
ions, as opposed to increasing the proportion of special
boundaries.

4. Summary

In an effort to explain the basic mechanism for creep
rate reduction in doped aluminas, we have used the
EBSD technique to study a) differences in grain bound-
ary misorientation and b) frequency of selected CSL
boundaries between undoped alumina and aluminas
doped with oversized dopant ions (Zr, Y, Nd, La,
Nd/Zr). It was found that in all cases, the addition of
dopant ions produced no significant effect. The only
marked change was the increased fraction of £3 bound-
ary (basal twin) in the doped aluminas, although overall,
these CSL boundaries represented only a very small
fraction (<2.5%) of the total number. Thus, the work
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strongly supports the hypothesis that the beneficial in-
fluence of oversized, segregating dopants ions is not
primarily through changes in the distribution of grain
boundary type and misorientation. Instead, it is argued
that the reduction of creep rate occurs by blocking of
grain boundary diffusion.
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