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Effect of Segregating Impurities on the Grain-Boundary Character

Distribution of Magnesium Oxide
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The grain-boundary character distribution (GBCD) of undoped
MgO has been measured and compared with samples containing
small concentrations of Ca, Sr, Ba, and Y. Auger electron spec-
troscopy measurements of intergranular fracture surfaces veri-
fied that Ca, Ba, and Y segregated anisotropically to grain
boundaries (GBs). The segregation of Sr was not detected. The
GBCDs of Ca, Ba, and Y doped MgO have more GBs com-
prised of {100} planes than the undoped material and the frac-
tional area of these planes was highest in the Ca-containing
samples. Sr impurities, on the other hand, have no measurable
influence on the GBCD. The results demonstrate that GB plane
distributions can be controlled through impurity additions.

L

OLUTE segregation to grain boundaries (GBs) is a well-estab-

lished phenomenon that refers to a localized increase in con-
centration of one or several components at interfaces, and which
is driven by the decrease in interfacial free energy that accom-
panies the adsorption process.' The anisotropy of the GB energy
is also thought to be linked to the types of GBs that occur within
polycrystals. The distribution of GB types is quantified by the
grain-boundary character distribution (GBCD), which is a mea-
sure of the relative areas of different types of GBs, distinguished
by their lattice misorientations and GB plane orientations. Be-
cause the GBCD is determined by relative GB energies, and
because segregation will alter the anisotropy of these energies, it
should be possible to influence the types of GBs that occur in a
polycrystal through the addition of impurities.*®

The purpose of this work is to determine how selected impu-
rities affect the GBCD of MgO. This was accomplished by mea-
suring the GBCDs of “pure” (not intentionally doped) MgO,
and of MgO containing selected impurities, using a stereological
analysis of electron backscatter diffraction (EBSD) maps.> Ca,
Sr, Ba, and Y were selected for study because they are either
known or expected to segregate to MgO GBs.®? One of the
major contributions to the driving force of segregation in MgO
is the solute strain energy which results from the size misfit be-
tween the ions of the solute and the solvent'® (see Table I '),
In addition, electrostatic effects, due to the interaction of ali-
ovalent impurity cations with the space charge associated
with GBs, are expected to play a role in the case of Y segrega-
tion to GBs in MgO. Auger electron spectroscopy (AES) of in-
tergranular fracture surfaces was used to quantify the degree of
segregation.

The five parameter GBCD of a MgO sample with a small but
significant (0.2%) concentration of Ca has been reported previ-
ously.'® The prior work revealed a significant texture in the dis-
tribution of GB planes. In particular, it was shown that for GBs
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of low misorientation angles, there is a preference for tilt bound-
aries, especially those with plane normals in the {(110) direc-
tion. At all fixed misorientations >10°, there was also a
preference for boundaries with < 100 boundary plane normals.
This preference is substantial because the {100} planes occur
twice as frequently as other types of GBs.

As already shown in various studies of crystalline materials,”
the degree of solute segregation differs among GBs of different
character. In their work on surface segregation, Tasker et al.’
showed that Ca>", Sr*", and Ba?* will segregate to the (100)
surface of MgO. Some recent results have shown that there is a
strong correlation between Nb segregation and GB plane ori-
entation in Nb-doped TiO,,® and that Nb-doping of TiO, mod-
ifies the frequency with which certain GB planes are observed.’
Also, as described in a previous paper,® preliminary results on
Ca-doped MgO showed the existence of a strong anisotropy of
GB segregation, with a variation of up to a factor of six between
low and high segregation GBs. Thus, there are ample grounds to
suppose that doping MgO with GB-segregating impurities will
have an effect on the GBCD.

1L

(1) Sample Preparation

A reference sample of undoped MgO and five MgO specimens
doped with Ca, Sr, Ba, and Y were prepared for this study. The
nominal compositions of these samples are summarized in Table
II. The starting material for the undoped MgO sample was a
carbonate powder of 99.996% purity. High purity dopant pow-
ders were used to reduce possible interference from uncontrolled
impurities. The Ca, Sr, and Ba, doped samples were prepared by
mixing carbonate powders and calcining in air at 1100°C for 15
h. The calcined powder was re-ground and compacted in a uni-
axial press, and the resulting pellets were sintered at 1600°C for
15 h. The calcination was carried out in magnesia crucibles
(Ozark, Webb City, MO, MgO 99.38%). During sintering, the
pellets were embedded in pure MgO powder within three nested
magnesia crucibles. Finally, the samples were polished and ther-
mally etched in air at 1400°C for 2-5 h to reveal the GBs. The Y-
doped samples were treated in exactly the same way as the oth-
ers, but yttrium oxide was used as the source instead of the car-
bonate. The grain sizes are reported in Table II.

Dopants were added in nominal quantities that may have ex-
ceeded the solubility limits, as these are not known for most of
the doping elements. ICP analysis was performed on the sam-
ples, but gave irreproducible results. Thus, the quantitative data
obtained is not considered reliable. With the exception of the
Ba-doped samples, the results confirmed the presence of the
added impurities, but at lower concentrations than the nominal
compositions. While the ICP did not detect Ba in the Ba-doped
sample, this dopant was detected on the GB fractures by AES
(as described in more detail in subsequent sections), so there is
no question of its presence in that sample. Therefore, while we
cannot be certain of the bulk compositions, we can be certain
that the samples contained the added impurities.

Experimental Procedure
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Table I. Octahedral Ionic Crystal Radii*

Element Tonic radius (107" m)
Mg?* 0.72

Ca** 1.00

Ba** 1.35

Sr** 1.18

Y3t 0.90

(2) GB Character and Stereological Analysis

A GB’s crystallographic characteristics are specified by five mac-
roscopic parameters. Three Euler angles (¢,,®, ¢,) can be used
to specify the transformation that brings one crystal into coin-
cidence with another and, therefore, define the lattice misorien-
tation (Ag). Two spherical angles (0 and ¢) can be used to
specify the orientation of the GB plane normal (#) in the crystal
reference frame. The relative areas of different types of inter-
faces, distinguished by Ag and n, were determined using a pre-
viously described stereological technique.'* The observations
needed for the stereological analysis are line segments approx-
imating GB traces, in the sample reference frame, and the ori-
entations of the crystals adjacent to each segment. These
segments were extracted from the orientation maps using the
orientation imaging microscopy (OIM) software.'

From these data, several related quantities can be derived.
The GB normal distribution in the crystal reference frame, A(#),
depends on only two spherical angles and has the symmetry of
the crystal. The GB normal distribution in the bicrystal refer-
ence frame, M(Ag,n), differs for each value of the misorientation
and has the symmetry of the bicrystal. These distributions are
plotted on stereographic projections in units of multiples of a
random distribution (MRD), where unity corresponds to the
population that is expected in a random distribution.

(3) Orientation Data Acquisition

Crystal orientation maps were obtained on planar sections by
OIM, within a scanning electron microscope (SEM Philips
XL40 FEG, Eindhoven, the Netherlands). The computer-
assisted TSL OIM system (TexSEM Laboratories, Provo, UT)
automatically indexes EBSD patterns, which specify the local
orientation of the crystal at each position where the beam is
diffracted. In this work, the samples were positioned at a 60° tilt
angle with respect to the direction of the incident beam. Multiple
areas of 1 mm? or less were mapped on the surface of each
specimen and grain orientations was recorded every 2 pum on a
square coordinate grid. In the case of the Y-doped sample, a 6
um step size was chosen due to its larger grain size (see Table II).
With the exception of the Sr-doped sample, there were at least
10 orientation points per average grain diameter, which is con-
sidered sufficient for an accurate determination of the GB po-
sitions and, hence, the GBCD. The anisotropy of the Sr-doped
sample may be underestimated because there were only five ori-
entation points per grain diameter. To eliminate charging effect
in the vacuum chamber of the microscope, a thin carbon coating
was applied to all of the samples.

Table II. MgO and Doped MgO Samples Characteristics

Nominal solute Average
concentration grain
Sample (Wt%) Powder purity size (pum)

“Pure” MgO — Mg CO5 99.996% 24
Ca-doped MgO 0.1% Ca Ca CO; 99.999% 34
0.3% Ca 24

Ba-doped MgO 0.1% Ba Ba CO; 99.997% 28
Sr-doped MgO 0.1% Sr Sr CO5 99.994% 10
Y-doped MgO 0.1% Y Y,05 99.99% 73
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The EBSD maps were processed using a grain dilation clean-
up in the TSL OIM software to remove spurious observations.
In this procedure, a minimum grain size (10 pixels) and a max-
imum disorientation angle among pixels within a single grain
(5°) are defined. Pixels not belonging to grains meeting these
criteria are then reassigned to neighboring grains meeting these
criteria. All of the orientations within a single grain are then
averaged to produce a single orientation that is assigned to all of
the pixels within a grain. GB traces are extracted using the cri-
teria that the line segment used to approximate the GB position
does not differ from the actual position by more than 2 pixels.

The stereological analysis used in this work requires that a
minimum number of GBs be characterized to ensure reliability
in the resulting values of the functions A(n) and A(Ag,n). This
minimum number depends on the crystal symmetry of the ma-
terial and the angular resolution of the function.'® For cubic
crystals, and a resolution of 10°, a minimum of 2 x 10° GBs
must be measured for A(n), and 5 x 10* GBs for M(Ag,n). The
numbers of GBs analyzed for each sample are given in Table I11.

(4) GB Segregation Measurements

The chemical composition of GBs was determined by AES per-
formed in a scanning Auger microscope on GB surfaces pre-
pared by intergranular fracture. In general, the fractures
obtained were predominantly intergranular, as illustrated in
Fig. 1, which displays a secondary electron image from a Ca-
doped MgO sample. Cleavage features were also occasionally
observed, indicating the presence of some transgranular frac-
ture. These areas were systematically avoided for the purpose of
the GB compositional analyses. In this work, both GB surfaces
on opposite sides of the facture surface were chemically analyzed
for the Ca and Ba-doped samples. To reduce charging, samples
were tilted within the chamber of the scanning Auger micro-
scope. Even with this procedure, some of the AES spectra had to
be discarded due to distortion by charging effects. The following
Auger peaks were used for the analyses: 1174 eV in the case of
Mg, 291 eV for Ca, 584 eV for Ba, and 127 eV for Y. In the case
of Sr-doped samples, GB compositional analyses were per-
formed, however the Sr Auger peak could not be measured be-
cause of its low intensity and of interference from other peaks.

III. Results

(1) Chemical Compositions of Fracture Surfaces

The compositions on both sides of about 100 GBs were deter-
mined on fracture surfaces of undoped MgO. No significant
contamination by Ca, the most common segregating impurity,
was detected (the average Ca/Mg peak ratio was 0.06+0.12).
However a significant number of GBs contained some excess Si
(Si/Mg peak ratio of 0.16+0.14).

The AES results indicate that Ca, Ba, and Y segregate to
MgO GBs in the doped samples. In MgO doped with 0.3% Ca,
GB compositions were determined on both sides of about 200
GBs. The results showed significant differences in Ca segrega-
tion between the two sides of a given GB, as illustrated in
Fig. 2(a) where the Ca/Mg Auger peak ratio is displayed for 20
of those GBs. In addition, the distribution of GB compositions,

Table III. Orientation Imaging Microscopy Acquisition Data

Total number of Total number of extracted

Sample analyzed grains grain boundaries
Undoped MgO 18950 60 863T
Ca-doped MgO 0.3% Ca 18360 56 682"
0.1% Ca 1687 5162
Ba-doped MgO 3120 9710
Sr-doped MgO 24313 75545"
Y-doped MgO 1313 7054

"Only these three samples had the required numbers of segments to allow a
reliable acquisition of A(Ag,n).
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Fig.1. Secondary electron image of fracture surface of 0.1% Ca-doped
MgO obtained in the scanning Auger microscope at an incident electron
energy of 3 kV, showing that the fracture surface is predominantly in-
tergranular.

expressed as the fraction of GBs which display a given value of
the Ca/Mg Auger peak ratio, is shown in Fig. 2(b). The Ca/Mg
Auger peak ratio ranges from ~0 to ~ 1, with an average value
of 0.38+0.19. Similar results were obtained in measurements on
28 GBs in Ba-doped MgO. These are shown in Figs. 2(c) and (d),
and indicate an average value of the Ba/Mg Auger peak ratio of
0.1940.08. The compositions of 28 GBs in Y-doped MgO had
an average Y/Mg Auger peak ratio of 0.20+0.03. However, the

1.2
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Y-doped samples also showed some Ca segregation at the GBs,
indicating some Ca-contamination of that sample.

(2) Grain Orientation Distribution

The inverse pole figure (IPF) map presented in Fig. 3 is a typical
microstructure obtained for undoped MgO. The orientation dis-
tribution functions (ODF) for each of the specimens were cal-
culated using the TSL software. For the most part, the samples
were untextured. The largest peak in the inverse pole figures (2.4
MRD) occurred at the [111] position of the Y-doped sample. In
the other samples, the peaks did not exceed 1.4 MRD. This
weak texture will not bias the stereological procedure.'* It
should be noted that the texture in these samples differs signifi-
cantly from that of the MgO samples studied by Saylor ez al.'?
In that earlier study, the processing method created strong
{111 axial texture with a peak of 11 MRD. The misorienta-
tion distributions for each sample were also calculated and did
not differ significantly from random.

(3) \(n): GB Normal Distribution in the Crystal
Reference Frame

The GB normal distributions in the crystal reference frame, A(n),
are presented for all samples in Fig. 4. The distributions are
plotted on stereographic projections and the colors represent
relative populations in units of MRD. Note that in each case,
the range is set by the maximum and minimum of the data. The
apparent anisotropy of the undoped MgO and Sr-doped MgO
samples, having minima of about 0.9 MRD and maxima of
about 1.15 MRD, is relatively weak. Recent work has demon-
strated that differences of 10% in the extrema should not
be considered significant.'® The peaks in these distributions
are only modestly above the 10% threshold and, therefore,
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Fig.2. Ca/Mgand Ba/Mg Auger peak ratios measured on both sides of certain grains on grain boundary (GB) fracture surfaces (a) in 0.3% Ca-doped
MgO and (c) in Ba-doped MgO, and distributions of GB segregation over a total of (b) 200 grains in Ca-doped MgO and (d) 28 grains in Ba-doped

MgO.
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001

Fig.3. Inverse pole figure maps obtained on the undoped MgO by
orientation imaging microscopy, displaying the orientation of approxi-
mately 1500 grains per area after annealing at 1600°C for 15 h. The ste-
reographic triangle provides the color coding for orientations.

have very weak anisotropy. In the Ca, Ba, and Y-doped sam-
ples, however, there is more significant anisotropy favoring the
{100} orientation. For the Ca-doped samples, there are minima
at {111} while for the Sr, Ba, and Y-doped MgO, the minima are
at {110}. For the two Ca-doped samples, {100} GB plane ori-
entations are observed more than twice as frequently as expected
in a random distribution (2.14 MRD for 0.1% Ca and 2.06
MRD for 0.3%). The differences between these distributions are
considered insignificant and, therefore, the samples are equiva-
lent. Interestingly, these distributions are also indistinguishable
from the previous work."?

(4) A(Ag,n): GB Normal Distributions in the Bicrystal
Reference Frame

The GB plane distributions for misorientations about the [100],
[110] and [111] axes for the undoped and 0.3% Ca-doped MgO

MRD
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are shown in Figs. 5-7, respectively. The GB plane distributions
for 15°, 25°, 35° and 45° misorientations about the [100] axis for
the undoped and 0.3% Ca-doped MgO are illustrated in Fig. 5.
For both samples, the GB plane distributions vary with misori-
entation angle. The maxima for the doped sample are approx-
imately twice as high as in the undoped sample. This greater
anisotropy is consistent with the GB plane distributions in the
crystal reference frame. The tendency to terminate GBs on {100}
planes means that the GB normals are usually either perpendic-
ular to the misorientation axis or parallel to the misorientation
axis. In the former case, these are pure tilt boundaries and are
distributed along the vertical line joining [010] and [010]. The
endpoints of this line are labeled by open circles. In the latter
case, they are pure twist boundaries and have either [100] or
[100] orientations. These points are labeled by the solid circles.
Undoped MgO shows a preference for pure tilt GBs at relatively
low angles (15° and 25°), whereas {100} terminated twist bound-
aries are preferred at higher angles (35° and 45°). This tendency
is also present, although less marked, in the case of Ca-doped
MgO, where both pure tilt and twist GBs display high values of
MRD at each misorientation angle. Families of planes other
than {100} are also identified as having higher than random
frequencies at relatively low misorientation angles (15° and 25°)
in MgO and more clearly at all misorientation angles in Ca-
doped MgO. These higher index planes are geometrically nec-
essary complements to the {100} plane on one side of the inter-
face. For example, if a bicrystal with a 25° misorientation about
[100] has a [001] plane bounding one of the crystals, the adjoin-
ing plane in the second crystal must be misorientated along the
[100] zone by 25° (see arrows in Fig. 5(a)). Thus, the multiple
peaks along the [100] zone arise from complementary GB planes
that make up asymmetric tilt boundaries (see also arrows in
Fig. 5(b)).

The GB plane distributions for misorientations about the
[110] axis are shown in Fig. 6. The distributions show maxima at
the positions of {100} planes and their geometrically necessary
complements. The ranges of anisotropy are similar, but in the
undoped sample, the maxima are confined to the [110] zone of
pure tilt boundaries, with the (001) plane matched with a geo-
metrically necessary complement. In the doped sample, how-
ever, (001), (010) and (100) planes all display maxima. The
influence of Ca on increasing the population of {100} planes is

MRD
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Fig.4. Distribution of grain boundary plane orientations in the crystal reference frame, displayed as [001]-centered stereographic projections. The [100]
direction is horizonal and to the right. Figures (a)—(f) show the raw data for (a) the undoped MgO, (b) 0.3% Ca-doped MgO, (c¢) 0.1% Ca-doped MgO,

(d) Sr-doped MgO, (e) Ba-doped MgO, and (f) Y-doped MgO.
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[100] 25°

(100] 35° [100] 45°

Fig.5. Stereograms showing the distribution of grain boundary (GB)
plane orientations in the bicrystal reference frame for specific GB mis-
orientations (15°, 25°, 35°, and 45° about [100]) for (a) undoped MgO,
and (b) 0.3% Ca-doped MgO. The [100] misorientation axis is horizontal
and points to the right. Pure twist orientations occur along the horizon-
tal line marked with filled circles, and pure tilt orientations occur along
the vertical line connecting the open circles. Arrows indicate the position
of the complementary crystal plane for any GB containing one {100}
plane inclined by the misorientation angle along the tilt axis.

demonstrated most clearly in the GB plane distributions for
[111] type misorientations, shown in Fig. 7. For the undoped
sample, Fig. 7(a), the maxima at 20°, 40°, and 60° are clearly
located at (111), which corresponds to the orientation of the
pure twist boundary. For the doped sample, Fig. 7(b), the max-
ima for 5°, 20°, and 30° misorientations occur at the orientations
of {100} planes and their geometrically necessary complements.
Only for the X3 boundary ([111] 60°) is the (111) GB plane fa-
vored; this is a twin boundary.

The GBCD measured stereologically in the present work is
entirely consistent with the GBCD determined previously by
serial sectioning.® Although it was not intentionally added, the
previous sample had a small amount (~0.2%) of Ca.'” The only
significant differences between the results presented by Saylor
et al."® and the present results occur at the (111) position; be-
cause of the (111) axial texture in the sample studied in the ear-

Vol. 92, No. 12

[110] 40°

[110] 60*

Fig.6. Stereograms showing the distribution of grain boundary plane
orientations in the bicrystal reference frame for specific grain boundary
misorientations (5°, 20°, 40°, and 60° about [110]) for (a) undoped MgO
and (b) 0.3% Ca-doped MgO. The orientation of the [110] misorienta-
tion axis is indicated by an arrow in (a).

lier work, (111) planes were, on average, oriented parallel to the
sample surface. As a result, their frequency was not accurately
measured. The present work therefore presents a more complete
and accurate picture of the GBCD of Ca-doped MgO.

IV. Discussion

(1) Segregation Results

The results presented here demonstrate that the five parameter
GBCD can be influenced by the addition of segregating impu-
rities. It is therefore useful to begin with a discussion of the
quantification of segregation effects. Observations of GB segre-
gation of the dopants used in this study were reported in Section
III.1 in the form of Auger peak ratios. Because the detection
sensitivity in AES differs significantly from one element to an-
other, these ratios cannot be used directly to compare how
strongly the different dopants segregate to GBs. Although the



December 2009
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[111] 40° [111] 60°

Fig.7. Stereograms showing the distribution of grain boundary plane
orientations in the bicrystal reference frame for specific grain boundary
misorientations (5°, 20°, 40°, and 60° about [111]) for (a) undoped MgO
and (b) 0.3% Ca-doped MgO. The orientation of the [111] misorienta-
tion axis is indicated by a triangle in (a).

Auger sensitivities of different elements are known when they
are present in elemental form,'® the relative sensitivities when
they are present in the form of oxides can be quite different, and
have not been studied systematically. As a rough guide, we give
the relative elemental sensitivities of the materials mentioned in
this study; Mg: Si: Ca: Sr: Y: Ba::1:4.8: 4.6: 0.6: 1.3: 1.1, which
can be useful in understanding the results obtained. The average
values of the Ca/Mg and Ba/Mg Auger peak ratios observed in
Ca- and Ba-doped samples were 0.38 and 0.19, respectively. Be-
cause segregation is expected to increase with increasing differ-
ence between the solute and solvent ionic radii, one would
expect stronger GB segregation of Ba than Ca (see Table I),
other factors being equal. Given that the Auger sensitivity for
Ba could be smaller than that of Ca by as much as a factor of
four, this means that the Ba/Mg ratio would need to be multi-
plied by four to be quantitatively compared with the Ca/Mg
ratio. Also, the lack of a measureable Sr signal from GBs in the
Sr-doped sample may be connected with its very low Auger
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sensitivity, even though it is expected to segregate more strongly
than Ca, on the basis of ionic radius differences.

In spite of the difficulty in determining absolute levels of seg-
regation, the results reported in Section III.1 can be used effec-
tively to assess the variability of GB segregation of a given
dopant, i.e. the manner in which its segregation varies from one
GB to another, or from one side of a given GB to the other. This
variability arises because of the differences in crystallography, as
was convincingly established previously in a study of Nb segre-
gation to TiO, GBs, where both GB segregation levels and GB
crystallography were determined.® Thus, the differences between
Ca/Mg and Ba/Mg peak ratios shown in Fig. 2 for Ca-doped
and Ba-doped samples, respectively, are interpreted as reflecting
an anisotropy of segregation that stems from the differences in
crystallographic structure from GB to GB, and from one side of
a GB to the other. Such conclusions have been reached previ-
ously in the case of Ca-doped MgO® and Nb-doped TiO,.°

(2) Segregation and GB Energy

Another issue that needs to be addressed is the relationship be-
tween the strength of segregation and the GB energy. In an
analysis of the results of Nb segregation to TiO, GBs it was
concluded that the higher the GB energy, the stronger the GB
segregation of dopant.!® While this conclusion was strongly
supported by the results on Nb-doped TiO,, it has since been
determined from models of interfacial segregation that this trend
is not necessarily general.® Depending on the magnitudes of the
parameters that control segregation behavior, it is also possible
for segregation to be strongest at the lowest energy interfaces or
GBs, i.e. no simple universal relationship exists between the
strength of interfacial segregation and interfacial energy. Fur-
thermore, the models show that the energetic ordering of inter-
faces is generally modified by segregation.’® More recent
investigation with similar models has determined that size
mismatch between solute and solvent is the most important
factor in changing the energetic ordering of interfaces, and that
the larger the solute misfit, the more significant the energetic
reordering.?!

(3) GB Energy Anisotropy in MgO and its Relation to the
GBCD

There exists a relationship between GB energy and the surface
energies associated with the crystallographic planes that bound
the crystals adjoining the GB. This conclusion has emerged from
the GB computer simulations of Wolf,?> which showed that GB
energy depends linearly on the mean energy of the two surfaces,
although GB energy is not proportional to mean surface energy.
In metal oxides, a similar concept was used by Saylor et al.** to
express GB energy as

YoB = ¥s1 +¥s2 — EB

where ygp is the GB energy, vs; and vys, are the surface energies
corresponding to the two adjacent GB planes, and Ep is an ori-
entation-dependent binding energy which accounts for the
bonding that occurs when two half-crystals are joined together
to form the GB. From the measured anisotropy of both the
surface and GB energy in MgO, it was concluded that for high
angle GBs, to a first approximation, the term Eg is constant.
Saylor er al.>*** also determined that both A(n) and A(Ag,n) are
inversely correlated with GB energy, i.e. the lower the energy of
a given GB the more frequently it appears in the microstructure.
In particular, because the GB energy is lowest for GBs bounded
by {100} planes, and highest for GBs bounded by {111} planes,
the observed GB plane distribution in MgO showed a maximum
at {100} and a minimum at {111}.

Because segregation lowers GB energy, and the level of GB
segregation is anisotropic, it is generally expected that doping a
material with interfacially active solute will modify the fre-
quency with which GBs of different types appear. The results
here suggest that in MgO, segregating impurities do not influ-
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ence the grain orientation texture or the misorientation texture.
For the undoped MgO, as well as Ca- and Ba-doped MgO
specimens, the maximum frequency ranges from 1.1 to 1.4
MRD, i.e. the population of grains is practically equally dis-
tributed over the whole domain of crystal orientations. In the
case of the Y-doped sample, we observe a slight {111 axial
preference with a maximum frequency of 2.4 MRD. This could
be a sampling artifact due the larger average grain size of the
Y-doped sample (see Table II) and the smaller number of grains
analyzed (see Table III).

(4) \(n): Distribution of GB Planes in the Crystal
Reference Frame

Figure 4 shows the effects of doping on the distribution of GB
planes in MgO. The main difference between the distributions is
the intensity of the peak at {100} and noting this, it becomes
clear that Ca segregation at GBs plays a more significant role in
changing the GB plane distribution of MgO than other dopants.
This result is somewhat surprising, given that based on ionic
size considerations, Sr and Ba would be expected to segregate
more strongly to MgO GBs than Ca, and to have a larger effect
on the energetic ordering of GBs.?! This apparent inconsistency
could be due to a lower solubility of Sr and Ba in MgO, such
that at the nominal 0.1% doping level of these solutes, the limit
of solubility is exceeded. Lower solubilities would mean lower
respective bulk concentrations of these dopants in the MgO
solid solutions, and hence lower GB concentrations. However,
the bulk solubilities of Sr and Ba in MgO are not available in the
literature, and the apparently higher effective concentration of
Ba than Ca in MgO GBs observed by AES (see Section 1V.1)
makes this interpretation less likely. Finally, it is possible that
because of its smaller ionic size, Ca is more easily accommo-
dated at GBs that are comprised of at least one {100} terminat-
ing plane than at other GBs, whereas Sr and Ba may have higher
misfit energies at all GBs, and may therefore be more evenly
distributed among GBs of all orientations. Unfortunately, no
simple models are available at this time to investigate such a
hypothesis in MgO. Thus, the reasons for smaller effects of Sr
and Ba on A(n) are unclear at this time.

(5) \(Ag,n):GBCD of Undoped and 0.3% Ca-Doped MgO
Figures 5-7 provide additional details on the relative frequencies
and stabilities of GB planes in undoped and Ca-doped MgO. The
general trends in the measurements have been described above in
Section II1.5. The principal observation is that Ca is effective in
stabilizing (and increasing the relative areas of) the {100} planes.
As discussed above, the origin of this effect in comparison to Sr
and Ba is not clear and it is therefore not useful to speculate on
the role of segregation effects at specific misorientations.

(6) Opverview

Solute segregation at interfaces (i.e., a positive excess interfacial
solute concentration) decreases the interfacial energy, according
to the Gibbs adsorption isotherm':

dy=—Y Ty,

where v is the interfacial energy, and I'; and p; are the adsorption
and chemical potential of the ith component, respectively. In
order to determine the change in surface energy accompanying
segregation (or adsorption), one therefore needs quantitative in-
formation on both the strength of the segregation and the vari-
ation of chemical potential. In the present study these quantities
were unavailable. However, the measurements performed here
do provide some indirect information on the anisotropy of GB
energy of MgO, because it has been shown previously that the
frequency at which GBs appear in MgO polycrystals is approx-
imately inversely related to the GB energy distribution.'* What
is unequivocally shown by the results is that the frequency of
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appearance of GBs terminated on one side by specific crystal
planes, in undoped MgO, is changed significantly by certain
dopants, and that the segregation of the dopants is strongly an-
isotropic. (It should be recalled that the effects of Sr on the GB
plane distribution is weak, and that segregation of Sr could not
be confirmed). The results therefore demonstrate that the pres-
ence of dopants at the GBs modifies the GB energy distribution,
i.e. GB energy anisotropy, as well as the energetic order of GB
energy. These results are consistent with predictions of recent
models of interfacial segregation.?%>!

V. Summary

We have investigated the changes in the GB distribution that
result from doping MgO with Ca, Sr, Ba, and Y. AES mea-
surements were able to establish that Ca, Ba, and Y segregate to
the GBs in MgO, but segregation of Sr could not be confirmed.
Both the orientation and the misorientation distributions of
MgO were unaffected by the presence of segregating dopants. In
both pure and doped MgO, the GB plane distribution shows a
preference for GBs that include at least one {100} terminating
plane. This tendency is significantly increased by GB segregation
of Ca, and to a lesser extent by Ba and Y segregation. Thus,
segregation preferentially decreases the energy of the lowest en-
ergy {100} GBs of MgO. The current results illustrate the pos-
sibility of controlling the GBCD by judicious doping with
suitable GB segregating impurities, and thereby open up new
approaches for controlling the macroscopic properties of poly-
crystals that depend on the GBCD.
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