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Here coordinated experimental efforts to quantitatively correlate crystallographic orientation and surface
faceting features in UO; are reported upon. A sintered polycrystalline UO, sample was thermally etched
to induce the formation of surface faceting features. Synchrotron Laue microdiffraction was used to
obtain a precise crystallographic orientation map for the UO; surface grains. Scanning electron micro-
scopy (SEM) was utilized to collect the detailed information on the surface morphology of the sample.
The surface faceting features were found to be highly dependent on the crystallographic orientation. In
most cases, Triple-plane structures containing one {100} plane and two {111} planes were found to
dominate the surface of UO,. The orientation-faceting relationship established in this study revealed a
practical and efficient method of determining crystallographic orientation based on the surface features
captured by SEM images.
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1. Introduction

Surface properties of UO, play an important role throughout the
lifetime of this widely-used commercial nuclear fuel material, from
manufacturing to storage. The surface features and corresponding
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thermodynamic characteristics influence the morphology, size, and
distribution of fission gas bubbles as well as the initiation and
propagation of micro-fractures within the nuclear fuel pellets.
Hence, a better understanding of the surface behavior of UO, will
help interpret the in-pile behavior of UO,, thereby advancing the
capability of precisely predicting fuel performance [1-3]. Like
many other materials, the surface energy of UO, varies substan-
tially with crystallographic orientation. This energy variation cre-
ates anisotropy in surface energy, which leads to the formation of
surface faceting features during annealing. Detailed understanding
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of these orientation-dependent surface faceting features can not
only expand the fundamental knowledge of the surface character-
istics of UOy, but can also shine a light on the mechanisms involved
in gas swelling and micro-fracture of UO, fuel [4,5]. Additionally, by
establishing a deterministic correlation between the crystallo-
graphic orientation and surface morphology, it is possible to
develop a method to deduce the lattice orientation of surface grains
of a UO, sample based on its surface faceting features.

As a consequence of anisotropic surface energy, the surface
faceting phenomenon occurs in a great number of crystalline ma-
terials. The surface faceting features can also be correlated with the
Waulff shape of the crystal [6]. The formation mechanism for surface
faceting has been investigated by both experimental and compu-
tational approaches [7—10]. Previously, the surface faceting of UO,
was investigated by low energy electron diffraction (LEED). How-
ever, as LEED is limited to the characterization of single crystal
specimens, only those planes with low Miller indices; namely,
{100}, {110}, and {111} planes; have been examined [11—14]. As the
closest packed layer, the {111} surface of UO; has the lowest surface
energy [15,16] and is, therefore, not subject to surface coarsening or
faceting [17]. On the contrary, the {110} surface forms a wavy
structure consisting of two {111} planes sharing a <110> edge with
the angle of 109.47° as a result of annealing. In addition, although
the majority of the {100} surface remains smooth during annealing,
hemi-octahedra (square pyramids) that contain four {111} planes,
form on the {100} surface. These pyramid features are believed to
be due to the deposition of UO, vapor, which is generated during
annealing. Only {111} and {100} planes are present at equilibrium,
while the {110} and higher-index planes are absent. All the edges
present on equilibrium UO, surfaces are <110> type, as reported by
previous studies [14]. The dominance of the {111} and {100} planes
and the <110> edge is also comparable to previous studies of the
morphology of UO, single crystal. Theoretical prediction gives a
simple {111} faceted octahedron [15]. Meanwhile, the experimental
examination is limited to some SEM observation of voids on U0,
surfaces, which shows a {111} faceted octahedron truncated by
{100} planes [18,19]. The appearance of {100} planes might be
explained by non-equilibrium kinetics model [15] or the modifi-
cation of surface energy due to hydroxidation [20,21]. Hence,
further studies are necessary to clarify the morphology of UO,
crystal. Recently, the {100} and {111} surfaces were characterized
by scanning tunneling microscopy (STM), revealing the atomic level
structure of these low-index crystallographic planes [22,23].

All previous investigations on the surface faceting features of
UO; are limited to three low Miller index planes present within
single crystal specimens. There is a scarcity of comprehensive
studies on the faceting features of surfaces with general indices. In
order to develop a comprehensive understanding of the faceting
behavior of polycrystalline UO,, two key properties need to be
determined: the crystallographic orientation of the grains, and a
quantitative description of their corresponding surface faceting
features. The coarse surface of U0, with faceting features limits the
utilization of conventional techniques. For instance, although
electron backscattering diffraction (EBSD) is capable of working
with coarse surfaces, the faceting features may create shadows on
investigated surfaces, preventing the collection of grain to grain
matching maps of crystallographic orientation, especially when
grains are small. However, synchrotron X-ray diffraction is barely
influenced by surface roughness due to the deep penetration ability
originating from its high energy and intensity, making it an ideal
technique for this study. This synchrotron technique has been
adopted to examine a variety of bulk materials, including advanced
Fe-based alloys [24—29] and metallic nuclear fuel materials [30,31].
When the X-ray beam is focused to a submicron size, mapping of a
micrograined specimen can be easily achieved [32]. Thus,

synchrotron Laue microdiffraction [33] has the unique non-
destructive capability of measuring the crystallographic orienta-
tion of grains with coarse surfaces. The surface features can be
characterized by secondary electron (SE) imaging with a scanning
electron microscope (SEM). Synchrotron microdiffraction and SE
SEM techniques were coordinated in this study to establish the
precise correlation between crystallographic orientation and the
surface faceting features of multiple grains within a polycrystalline
UO; specimen.

2. Experiments
2.1. Specimen preparation

The polycrystalline UO; specimen investigated in this study was
fabricated utilizing spark plasma sintering (SPS) [34]. UO, powder
was procured from International Bio-analytical Industries Inc. To
reduce the particle size, the powders were ball milled for 30 min
utilizing tungsten carbide container and milling balls. To produce
bulk UO, samples, an SPS within an industrial argon atmosphere
(<5 ppm oxygen) was used. The temperature was increased to
1600 °C with a 100 °C/min ramp rate, while the pressure was
increased from a 10 MPa pre-load to 40 MPa. The sample was
sintered for 5 min under these conditions, and then the tempera-
ture was decreased to 1500 °C at 20 °C/min as the pressure was
decreased to 10 MPa. The sample was annealed for 30 min under
these conditions in order to relieve residual stresses induced during
sintering. The power was turned off, and the sample was allowed to
cool to room temperature. Further details about the ball milling and
SPS procedures can be found in Ref. [34]. The sintered UO; sample
was mechanically polished down to 0.5 um roughness using dia-
mond lapping films to produce a uniformly smooth surface finish.
The sample was then thermally etched by annealing at 1500 °C for
1 h in a He gas environment to activate the formation of surface
faceting by enhancing surface diffusion. By measuring the lattice
parameter using an PANalytical X-ray diffractometer, the stoichi-
ometry of the sample was determined according to the following
equation: a = 5.4705-0.132x [35,36], where a is the derived lattice
parameter, and x is the stoichiometry parameter as in the formula
U0y, x. The stoichiometry of the sample investigated in this study
was found to be UO3g0047+0.00608- No distinguishable oxygen
pickup was detected during the thermal etching procedure based
on the lattice parameter measurement.

2.2. Synchrotron microdiffraction

Synchrotron Laue microdiffraction measurements were per-
formed at Sector 34-ID-E at the Advanced Photon Source (APS),
Argonne National Laboratory (ANL). The synchrotron experiment
setup is illustrated in Fig. 1(a). The UO, specimen was kept in a
sealed container with a Kapton film window. The synchrotron
white X-ray beam was focused by a Kirkpatrick-Baez (K-B) mirror
system to provide a 0.6 um x 0.8 um beam size for 2D scanning. The
sample was oriented such that the sample surface was at a 45°
angle to the beam direction. Laue diffraction patterns were
collected by a 2048 x 2048 2D area detector at an array of points
across the sample. The Laue patterns were then processed to
determine the reciprocal lattice vectors so that the crystal orien-
tation of all the scanned positions could be derived. The scanning
step length in both directions was 2 um. Because the grain size of
the UO, sample was 18.93 + 1.28 um according to the SEM images,
approximately 70 data points were collected for each grain.
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Fig. 1. the experiment setups: (a) the setup of the synchrotron Laue microdiffraction
experiment; (b) the relationship between the lattice coordinate system of UO, with
fluorite structure (left) and the specimen coordinate system (right): each grain in the
specimen has its own lattice coordination system and corresponding Euler angles for
transformation to the specimen coordinate system; (c) the tilting setup of the SEM
investigations: the specimen coordinate system (') and tilted specimen coordinate
system (”) are shown in this figure: the z’ direction is the surface normal.

2.3. Surface analysis

The surface morphology of the UO, specimen was captured by a
Hitachi S-3000N SEM. As the SEM only captures 2D projections of
3D surface features, the specimen was tilted to two angles (0° and
45°) for the regions of interest, to avert the loss of information
during projection, as shown in Fig. 1(c). The tilting axis is the x-axis
of the specimen coordination system (x).

Previous investigations on both surface faceting and
morphology of UO, at equilibrium showed the dominance of {111}
planes as well as the coexistence of {100} planes. However, {110}
surfaces, and surfaces with higher Miller indices were not observed
at equilibrium [14]. Therefore, the {111} and {100} planes are
assumed to be the dominant surface facets for analysis in this study,
namely, all the edges observed are assumed to be <110> type.

Any orientation of a UO, lattice can be described by three Euler
angles: ¢, 6 and v, representing three rotation operations, respec-
tively. Any point in the lattice coordinate system, P = [x,y,z]", can be
transformed into the corresponding coordinates in the specimen
coordinate system, P’ =[x,y ,z’]T through the Euler rotations
described by the following expression (x-convention):

cosy siny 0O 1 0 0
P = | —siny cosy O 0 cosfl sinf
0 0 1 0 -sinf cosf
cos¢p sing O
x | —sing cos¢ O |P (1)
0 0 1

Because the specimen was also tilted to 45° in SEM, the coor-
dinate of the point in the tilted specimen coordinate system (45°),
P’ =[x, y”,z”]T experiences an extra rotation operation:

1 0 0
o L _1
P = V2 V2 P (2)
o L 1
V2 V2

As mentioned previously, <110> are assumed to be the domi-
nant edges on the UO, surfaces, and all six <110> edges were
considered in this study. These six <110> edges can be defined by 5
points in the lattice coordinate system: P, = [0,0,0]",
P =[-1,0,-1]%, P, = [1,0,-1]%, P3 = [0,—1,—1]", and P4 = [0,1,—1]". If
Lij= Pj—Pi = [xj—xyj—Yizj—zi]" represents the direction vector of the
edge defined by the two points P; and P;, the six unique <110> edges
are respectively Lo1, Loz, Lo3, Los, L13, and Li4. In the specimen co-
ordinate system (0°), those L; become ng = P]’ — P{ from Equation
(1). At a 45° tilt in the SEM, the corresponding direction vectors of
the <110> edges are L; = P, — P}, as described in Equation (2).
Because the information of the third component (z} — z; and Z]/.' -z)
of the edge direction vector is lost during the 2D projection in SEM
imaging, the first and second components of L;j and L] determine
the direction of the specific <110> edges observed in SEM images.
Polar coordinates were used to define the <110> edges in the SEM
images. The polar angles are defined as: Ii; = atan2(y; — y;,x]’. —X})
(zero tilt) and ll] = atan2(y]'f —y;-',x]'f —x{) (45° tilt), where atan2 is
the two-argument arctangent function.

3. Results
3.1. Orientation-dependent surface faceting

An approximately 250 um x 400 um region of the poly-
crystalline UO, specimen was selected to perform both Laue
microdiffraction and SEM measurements (Fig. 2). The orientation
map with inverse pole figure (IPF) coloring from the Laue micro-
diffraction patterns was compared to the surface topography im-
ages obtained by the SEM. Grain to grain matching between the two
images confirmed that both techniques captured the same region
on the specimen. Based on the orientation information obtained by
microdiffraction, the surface faceting features can be correlated to
the crystallographic orientation of each individual grain.

The presence of surfaces with low Miller indices ({100}, {110}
and {111}) that were observed in previous studies was confirmed.
Due to the unique nature of this study, a much broader range of
surface normal orientations were able to be observed. The unique
surface features of these orientations were mapped out on the
standard stereographic triangle (SST), and are described in the
following paragraph. Fig. 3 elucidates the change in surface
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<100>

Fig. 2. Same region in the UO, specimen characterized by synchrotron Laue microdiffraction and SEM: (a) orientation map determined by Laue microdiffraction patterns with
inverse pole figure (IPF) coloring. The black spots represent those positions of which crystallographic orientations failed to be indexed; (b) SEM secondary electron image.
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Fig. 3. Surface faceting features with surface normal from <100> tilting to <111>: surface morphology was illustrated by both schematics and SEM images on the SST.

morphology as the surface normal changes from <001> to <111>,
along a <110> axis (on side of the SST). When the surface normal is
near <001>, the surface is dominated by a {100} plane with a series
of hemi-octahedra made of four {111} planes (see the blue point in
Fig. 3). The large pyramids sometimes are truncated by a {100}
plane to form a frustum. When the surface normal is slightly in-
clined from <001>, the pyramids are also inclined, and the surface
becomes stepped by {111} planes (see the green point in Fig. 3). As
the surface normal becomes closer to <111>, the fraction of {111}
planes increases. When the surface normal is close to <111>, the
surface is dominated by a {111} plane, with steps formed by a {100}
plane, and residual inclined pyramids or frusta(see the red point in
Fig. 3). When the surface normal is perfectly <111>, it is theoreti-
cally a smooth {111} plane.

Fig. 4 shows the evolution of the surface morphology as the
surface normal evolves from <001> to <101> along a <010> axis.
When the surface normal is near <001>, the dominant feature is
still a stepped {100} plane with {111} square pyramids or frusta.
However, as the surface normal tilts towards <101>, the steps are
no longer dominated by one {111} plane (as occurred when the
surface normal was tilted towards <111>), but split between two
{111} planes (see the red point in Fig. 4). As the surface normal

<101>

yeer /4

Fig. 4. Surface faceting features with surface normal from <100> tilting to <110>:
surface morphology was illustrated by both schematics and SEM images on the SST.
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Fig. 5. Surface faceting features with surface normal from <111> tilting to <110>: surface morphology was illustrated by both schematics and SEM images on the SST.

approaches <101>, the proportion of the two {111} planes con-
tinues to increase, as illustrated by the green and blue points in
Fig. 4. When the surface normal is close to <101>, the surface is
dominated by a wavy feature containing two {111} planes and
stepped by a {100} plane (see the orange point in Fig. 4).

Fig. 5 tracks the surface morphology as the surface normal
changes from <111> to <101> along a < 101> axis. As the surface
normal tilts from <111> to <101>, the original {111} plane starts to
be stepped by another {111} plane with a 107.49° angle. When the
surface normal is close to <101>, the fractions of the two types of
{111} planes are equal, creating the characteristic wavy features of
the {110} surface. It is worth mentioning that the {100} planes are
present in the SEM images in Fig. 5 because the surface normal is
not exactly on the side.

After investigating the surface faceting features near the three
vertexes and along the three boundaries of the SST, regions with a

surface normal falling in the core area of the SST were also exam-
ined. Multiple surface normal vectors within this area were studied,
some representative cases of which are shown in Fig. 6. For all those
cases, two {111} planes and one {100} plane are present with three
<110> edges, forming the so-called triple-plane structure, as
defined in this study. The fraction of each plane type is determined
by the specific position on the SST. For example, if the surface
normal is relatively close to <001>, the {100} plane is dominant
(see the red point in Fig. 6). Similarly, if the surface normal is
relatively close to <111>, a {111} plane is dominant (see the green
point in Fig. 6), and if the surface normal is relatively close to
<101>, two {111} planes are equally dominant to form a wavy
feature, as shown by the blue point in Fig. 6.

Therefore, the triple-plane structure is the main component of
UO; surfaces with general surface normals. Even the smooth {111}/
{100} surface and the wavy {110} surface can be regarded as

Fig. 6. Surface faceting features with surface normal far away from the edges: surface morphology was illustrated by both schematics and SEM images on the SST.
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variants of the triple-plane structure, where one or two of the three
planes is overwhelmingly dominant. The only exception occurs
when the surface normal is close to <100>, where the {100} plane
can be elaborated by square pyramids or frusta. According to pre-
vious calculations of surface energies of the {111}, {100}, and {110}
planes of UO, [15,16], the {111} plane has the lowest surface energy,
whereas the {100} plane has the highest surface energy among the
three planes of lowest Miller indices. As the closest packed layer of
the fluorite structure, the {111} plane has lower surface energy
compared to the {110} plane. The wavy feature consisting of two
{111} planes, which have an angle of 109.47°, is preferentially
formed over a smooth {110} plane once vyi;9>+/3/2711;- The
inequality is satisfied according to the surface energy calculations
[15,16], explaining the absence of {110} planes throughout the
studies on UO; surfaces, including the present one. Due to a rela-
tively higher surface energy, {100} planes can be replaced by a
square pyramid composed of four {111} planes as long as
Y100 > V37111 This can be confirmed by the fact that {100} planes
are usually accompanied by a series of pyramids. However, a great
fraction of {100} planes are still smooth and free of square pyramids
or frusta, showing that y;gg < v/3v111. This controversy in surface
energy anisotropy also determines whether the Wulff shape of UO,
is truncated by {100} planes or not. According to both DFT and
empirical calculation of surface energy anisotropy of UO, [15,16],
v100 is much larger than v/37y4;;. A recent STM investigation on the
{100} surface of UO; showed that the “smooth” {100} surface is
actually covered by trenches of atomic level {111} facets [23].
Accordingly, the effective surface energy of {100} plane, 7‘;00 is
reduced but still exceeds v/3v111[21]. However, the surface of UO;
can be hydroxidized. Computational results show that yif(flo can be
lower than v/3y;7; once their surfaces are partially or entirely
hydroxidized [20,21]. Therefore, the coexistence of faceting and
smooth features on {100} surface actually originates from the local
fluctuation of surface hydroxidation. On the other hand, the triple-
plane structure does always include one {100} plane, rather than
three {111} planes, regardless to the local hydroxidation situation.
This is because that the three {111} plane structure inevitably in-
volves an acute angle (70.53°) between planes, compromising its
space efficiency in covering surfaces. All the surface energy values
discussed here are also listed in Table 1.

3.2. Determination of orientation based on SEM images

Based on the assumption of the dominance of the <110> edges
on UO, surface, the surface morphology has been determined as
described above. To validate this assumption, the crystallographic
orientations of particular grains were derived directly based on its
surface morphology, and then compared with the synchrotron-
based experimental data. As all the edges on the surface are
<110> edges, the algorithm is based on the measured projected
directions of <110> edges (l;f"p and/or l’;"p ). For a specific combi-
nation of Euler angles (¢, 6, and y), the theoretical direction vectors
of the <110> edges (L;; and L'll) can be calculated according to
Equations (1) and (2). The angles of the SEM projections of the
<110> edges, I and [;", can be deduced from the first two com-
ponents of L;.j and Lu A least squares estimation was used to obtain

the optimized combination of Euler angles that minimize the
following expression:

2 " 2
ith /exp ""th exp
Z. (l"f — ) +Z. (l"f ~l )
y y

The summation was done over all the measurable <110> edges
on the SEM images. At minimum, a pair of <110> edges at both
0° and 45° tilting angles are required for the least squares esti-
mation. In this study, a mesh with 1° increment for all three Euler
angles was used to approach the optimized combination. The
misorientation (6) between the optimized crystallographic orien-
tation and the microdiffraction measured crystallographic orien-
tation was used to evaluate the accuracy of the fit. The reciprocals of
the values of Equation (3) for all possible combinations of Euler
angles were used to evaluate the sensitivity of the fitting. In order to
visualize the sensitivity examination, the reciprocals were shown in
the SST according to the surface normals determined by the Euler
angles. Since multiple combinations of Euler angles may share one
point on the SST, only the maxima reciprocals were illustrated. The
quality of the fit was further evaluated by analyzing the condition
number of the Jacobian matrix of the least squares estimation at the
optimized point. According to the non-linear least squares esti-
mation theory, the Jacobian matrix has the following components:

(3)

_OF,
8Xj ’

Jij (4)

where, F; can be any measurable l;?h or l;ffh, and x; can be ¢, 6, or y.
The condition number, ¢, of the Jacobian matrix J is defined as the
ratio between the maximum and minimum singular values of J. The
singular values were calculated by singular value decomposition of
the Jacobian matrix:

Jmxn = Ummean(m >n),

S
men:(él):

where U, and V,, are two unitary matrices, S, = diag{c1,02,...,0n}
with g1 > g3 > ...> 0, is a diagonal matrix containing the singular
values. Determined by the three Euler angles, n = 3. Therefore,
¢ = g1/o3. The number of non-zero singular values indicates the
number of fitting parameters (Euler angles) that can be uniquely
determined. If ¢3 is non-zero but small, namely, the condition
number is large, the Jacobian matrix is ill-conditioned, implying
that the optimization results are influenced by the errors in mea-
surement. Otherwise, the Jacobian matrix is well-conditioned,
indicating that the optimization is robust.

When the surface normal is close to <100>, due to the existence
of the pyramids, all six <110> edges are visible in SEM images.
Therefore, no tilting is needed to determine the crystallographic
orientation. The fitting result is compared with the synchrotron
measured orientation in Fig. 7. The sensitivity of this category of
fitting is quite good according to the mapping of the reciprocal least
squares. The condition number of the Jacobian matrix is as low as

(5)

Table 1
Surface energies of UO, surfaces of different indices.
{111} {100} (flat) {100} (trench) {110} Ref. Comments
1.18 235 n/a 1.74 [15] Empirical potential
027 1.04 nja 0.73 [16] DFT
1.29 2.85 245 2.04 [21] Empirical potential
0.85 1.54 1.18 1.21 [21] Empirical potential; 50% surface hydroxidation
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Fig. 7. Fitting details of a typical grain with a surface normal near <100>: (a) the SEM image of a grain with surface normal close to <100>; (b) schematic indicating the six
measurable <110> edges in (a); (c) the reciprocals of Equation (3) with surface normal vectors throughout the SST. The red cross marks the crystallographic orientation determined
by synchrotron diffraction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

12.4. The only exception occurs as the surface normal is exactly at
<100>, namely, § = 0 and only ¥ + ¢ can be uniquely determined,
this also results in a zero ¢3, implying that only two of three Euler
angles can be uniquely determined.

In most cases, the triple-plane structure dominates the surface
morphology. Thus, only three of six <110> edges are visible on the
surface. Assuming the three observable edges are Lo, Loz, and Loa,
SEM images from both tilting angles (0° and 45°) were used for

0

determining the Euler angles. Because one {100} plane and two
{111} planes are involved, the plane types need to be assumed prior
to any fitting. There are three possible combinations of plane types
that fulfill the triple-plane structure requirements. All three com-
bination are taken into consideration, and the combination that
minimizes Equation (3) is regarded as the optimized solution. Fig. 8
illustrates the fitting details of a typical three-plane structure case.
All three possible triple-plane structures were fitted, and only one

Fig. 8. Fitting details of a typical three-plane feature with three measurable <110> edges: (a) the SEM image of a grain with the triple-plane surface feature; (b) the correct
combination of the three measurable <110> edges and the corresponding reciprocals of Equation (3) with surface normal vectors throughout the SST. The red cross marks the
crystallographic orientation determined by synchrotron diffraction; (c) and (d) the incorrect combinations of the three measurable <110> edges and the corresponding reciprocals
of Equation (3) with surface normal vectors throughout the SST. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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yielded a sufficiently small value of Equation (3). The misorienta-
tion between the optimized crystallographic orientation and the
microdiffraction measurement is 3.5° with a condition number of
4.0, demonstrating the adequate reliability of the fitting. When the
surface normal is close to <111> and is near the upper left side of
the SST, all three <110> edges within the {111} planes are observ-
able (see the red point in Fig. 3 as an example). With the three
measurable <110> edges, the orientation can be obtained from the
SEM images taken at both tilting angles.

When the surface normal is near the right side of the SST (be-
tween <111> and <101>), the fraction of the {100} plane in the
triple-plane structure is marginal. As a result, only two <110> edges
can be measured. Fortunately, by utilizing two tilting angles, the
orientation of the grain can still be deduced. Fig. 9 shows the fitting
method for a case where there are only two measurable <110>
edges. The misorientation between the fitting result and the
microdiffraction measurement is only 2.9°, while the condition
number of the Jacobian matrix is 13.6, indicating a sound fit.

When the surface normal is along the right boundary in the SST,
between <111> and <101>, there is only one measurable <110>
edge in this regime, which is inadequate for the deduction of
crystallographic orientation (see Fig. 10) However, the orientation
of this type of grains can still be determined to be a <1x1>
(0 < x < 1) type orientation.

The orientation estimation situations are summarized in Fig. 11.
For the majority of the surface normal orientation cases, the pro-
jected directions of two or more <110> edges can be precisely
measured from SEM images taken at two different tilting angles.
Therefore, the Euler angles of these grains can be deduced based on
the knowledge of the orientation-dependent surface faceting fea-
tures discussed previously. Using this method, the misorientation
between the fitted crystallographic orientation and the real crys-
tallographic orientation is usually smaller than 5°. However, when
the surface normal is along the right boundary of the SST, the
orientation cannot be determined, as only one <110> edge is
measurable. This validates the assumption made for surface
morphology investigation. Additionally, the surface morphology of
UO; also provides an alternative method of measuring crystallo-
graphic orientation of surface grains with acceptable uncertainty
only using SE images. In addition to the standard mechanical pol-
ishing procedures for SEM/EBSD investigations, this alternative
method only requires extra thermal etching at an appropriate
temperature for an adequate period (1 h at 1500 °C for UO;) in an
inert gas atmosphere. This is especially meaningful for a nuclear

Fig. 10. An SEM image of a typical case near <1x1> surface normal orientation, where
there is only one measurable <110> edge. The position of the surface normal in the SST
is shown in the upper right corner.

fuel material, the characterization of which is usually restricted due
to their radioactivity.

Aside from UO», this technique might potentially be applied to
other materials. Two prerequisites are required for successful
adoption of this method: prominent anisotropy in surface energy
and a highly symmetrical crystal structure. The former prerequisite
ensures the preferential appearance of some characteristic surface
orientations, whereas the latter one helps reduce the complexity in
geometry. Thus, this method is expected to work for any cubic
materials with large surface energy dependence on crystallo-
graphic orientation. On the other hand, for those materials with
low-symmetry crystal structures, the determination of crystallo-
graphic orientation solely based on surface morphology could be
challenging, as the number of different orientations increases
greatly in the absence of symmetry reduction.

4. Conclusions

In this study, synchrotron Laue microdiffraction and SEM tech-
niques were collaboratively utilized so as to establish a general
correlation between the crystallographic orientation and surface
faceting features of polycrystalline UO,. Sets of low-Miller-index

9000

0

Fig. 9. Fitting details of a typical three-plane feature with two measurable <110> edges: (a) the SEM image of a grain with two measurable <110> edges; (b)the cartoon indicating
the two measurable <110> edges in (a) and corresponding reciprocals of Equation (3) with surface normal vectors throughout the SST. The red cross marks the crystallographic
orientation determined by synchrotron diffraction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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<111>

<001>

<101>

Fig. 11. An SST map summarizing the possibility of determining a grain’s crystallo-
graphic orientation from SEM images, the regimes outlined in green have sufficient
information available from SEM images for orientation determination. The number
within each regime indicates the number of measurable <110> edges at a specific
tilting angle. The region in blue does not have enough information from SEM images to
determine the crystallographic orientation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

planes were found across the sample, with a dependence upon the
surface normal. A triple-plane structure, which contains one {100}
plane, two {111} planes, and three <110> edges, is the major surface
faceting feature for most orientations. The dominance of this
structure can be explained by the preference in thermodynamic
preference for low-energy surfaces. The coexistence of {100} and
{111} planes on {100} surface also implies the variance of y100/Y111,
probably due to the local fluctuation of surface hydroxidation. The
knowledge of the orientation-dependent surface faceting features
was used to develop a method to determine the orientation of a
grain based on SEM images. This technique is applicable for the vast
majority of crystallographic orientations.
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