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A B S T R A C T

Facets are flat faces of a single crystal, which are typically parallel to the low-energy lattice planes. The orienta-tion
of a facet can sometimes be determined by simple visual examination, as in the case of the gemstone indus-try.
Facets on microscale particles often do not correspond to the expected results of equilibrium, and the smaller
physical size presents a challenge in observation. Using a facet observed on spherical particles of 20 μm diameter in
alloys of Al Cu Fe     composition as an example, a procedure to determine facet orientation based on the
combined usage of Scanning Electron Microscope (SEM) and Electron Backscatter Diffraction (EBSD) has been
proposed and tested. Out of three types of facets found, the crystalline orientation of one type is determined by two
approaches: by examination of facet relative layout and by orientation analysis based on the usage of SEM-EBSD.
The former is along the traditional line of visual examination and the latter represents an attempt to ex-pand the
application of EBSD in a different field. Both approaches proved that the surface of the facet is parallel to the {100}
lattice plane of a cubic phase. The experimental details and the strength of SEM-EBSD in such appli-
cation are discussed.

1. Introduction

It is well known that single crystals often have unique shapes de-
fined by the relative layout of facets, which are faces smooth down to
atomic level [1]. The arrangement of facets is closely related to the
point symmetry of the crystal structure. It is generally accepted that the
main driving force for the formation of facets is the reduction of surface
energy. Studying facets gives us some insight about crystal structure
and atomic bonding. On the other hand, facets affect the properties of
materials. This is especially true for nano- and micro- particles, where
the smaller size means increased ratios of surface to volume. Depending
on which lattice plane a facet is terminated, properties, such as the ac-
tivity of catalysts [2], will be different. Therefore, determination of
facet crystalline orientation is important to both fundamental crystal
structure study and to the application of micro- and nano- particles
[3,4].

The crystalline orientation of facets can be determined by (a) simply
observing the layout of facets and (b) relating the orientation of a facet
relative to the crystal structure. The first approach takes advantage of
the aforementioned relationship between crystalline point symmetry
and the relative layout of facets [5]. Examination of the facet layout can
be done by simple visual inspection when the crystal and facets are in

macroscale. When they are in micro- to nano- meter order, usage of mi-
croscopes is necessary. Examples for microscopes are Atomic Force Mi-
croscope (AFM) [6], Scanning Electron Microscope (SEM) [7], and
Transmission Electron Microscope (TEM) [8]. It should be pointed out
that, in this approach, the value of experimental examination is more to
confirm a suggested model. In contrast, the second approach is self-
sufficient and can have some well-established steps to follow. The in-
struments for this purpose have to provide both morphology and crystal
structure information. TEM satisfies this requirement. TEM is an excel-
lent tool to study nanoparticles when specimen preparation can be ac-
complished by simple dispersion. The challenge of using TEM for this
purpose is the specimen preparation when the particle is in micrometer
order, which will be discussed later in conjunction with results of the
current study. SEM is also a tool suitable for this purpose. The stage of a
typical modern SEM is equipped with tilting and rotation functions, en-
abling the view of particles from different angles. With the addition of
Electron Backscatter Diffraction (EBSD), direct crystal structure infor-
mation can be obtained. The combination of the morphology and crys-
tal structure information makes SEM-EBSD a promising tool in facet
crystalline orientation analysis for particles of micrometer size, though
it has not been fully explored.
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The facet that will be studied in the present work is on spherical par-
ticles found in as-prepared alloy of Al Cu Fe     composition by arc
melting. There have been extensive studies about this alloy, mainly be-
cause of the reports of successful preparation of a stable and single
Icosahedral Quasicrystalline (IQC) phase [9,10]. However, follow-up
studies have revealed that the constituent phases and microstructure of
this alloy depend on the preparation and subsequent thermal processes
very sensitively [11,12]. In an as-prepared alloy by arc melting,
Balzuweit et al. [13] reported the presence of a β crystalline phase in
spherical shape, instead of pure IQC phase. This report is confirmed by
Cheung et al. [14]. In a more recent study, this spherical particle has
been found to have more complicated structure and phases [15]. It has
IQC particles as a core and is covered with a single crystal of β phase on
the surface. Since the characterization techniques used in this study
probes the surface layer only, we still consider the spherical particle as
single crystal of β phase. β phase is of TiNi type cubic crystal system.
Facets on the surface of the spherical particles have been reported, the
formation of which depends on the thermal process sensitively. There-
fore, the details of the facet, in return, could serve as a foot-print for the
thermal process an alloy went through, which is very important for the
study of this alloy. Despite its importance and the wealth of information
it could bring in, there have been no dedicated studies regarding these
facets.

In the present paper, using the facets mentioned above as an exam-
ple, two approaches of studying facet orientation have been proposed
and tested based on the combined usage of SEM and EBSD. The first ap-
proach is based on simple layout observation, while the second one re-
lates EBSD data to morphology information of SEM images. The two ap-
proaches reached the same conclusion. It is further suggested that the
second approach eliminates the speculation in the first one and can be
used in a wide range of cases.

2. Experimental

The alloy was prepared by arc melting pure Aluminum (99.99%),
Copper (99.9%), and Iron (99.9%) from Goodfellow with a nominal
composition of Al Cu Fe . The chamber was evacuated to a vacuum
of 10−5 Torr, purged and refilled with pure Ar gas. The alloy was cast
into a water-cooled copper crucible. The button shaped alloy ingot has
a diameter of 2 cm for its circular cross-section and a height of 1 cm.
The as-prepared alloy is porous, consisting of multiple voids. The alloy
was crushed to pieces of several ten micrometers in size to expose the
surface of the voids, on which the spherical particles of interest were
found.

Particle morphology examination was carried out by using a TES-
CAN Vega-3 XMU SEM with LaB type emitter. The equipped Oxford
Aztec symmetry EBSD system was used for facet crystalline orientation
analysis. For both SEM imaging and EBSD analysis, the SEM was oper-
ated at an accelerating voltage of 10 kV. The electron beam diameter is
controlled by choosing beam intensity. A smaller beam intensity num-
ber corresponds to a smaller electron beam diameter and weaker elec-
tron beam current. Beam intensity of five was used for SEM imaging
and 15 was used for EBSD analysis. The SEM stage can be rotated 360o.
A single tilting axis enables tilting of the specimen, the limit of which
depends on the stage position with a typical value of 30o for regular
SEM imaging. The combination of the two allows the observation of an
object from a range of angles. However, as will be explained later, this
range is not sufficient for the present work. A special specimen holder is
assembled to extend the angle range.

3. Result and discussion

A typical SEM image of the spherical particle of interest is shown in
Fig. 1(a). On the SEM image, the facets appear as different patterns,
based on which they can be classified to three types and have been
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marked with markers of elliptical, triangular, and square shapes. Based
on the consideration of cubic crystal structure for the sphere and the
layout of different facets to be explained later, we propose the following
model regarding the facets in relation with the crystalline orientation of
the β phase. The facet marked with a square appears to be multiple con-
centric rings on the SEM image, which is actually a terrace-like struc-
ture in three dimensions. Each ring can be considered as the result of in-
tersection between a plane parallel to the {1 0 0} lattice plane and the
sphere. If we consider the particle is of perfect spherical shape, a line
connecting the centers of the sphere and the center of the circular rings
is parallel to the �100� crystalline direction. Along the <1 0 0> crys-
talline direction, there is four-fold rotational symmetry in the cubic
crystal structure. Because of this, when viewed in a direction normal to
this type of facets, the arrangement of other facets is expected to show
four-fold rotational symmetry. Out of such consideration, this type of
facet is marked with a square-shaped marker. Similar consideration
about the nature of the facets and the choice of markers are adopted for
other types of facets. Facets marked with elliptical-shaped markers cor-
respond to two-fold rotational symmetry and those with triangular
markers correspond to three-fold rotational symmetry. The present
work focuses on the type of facet marked with a square, which corre-
sponds to four-fold rotational symmetry.

In the first approach, the orientation of the spherical particle is ad-
justed so that the SEM image corresponding to the edge-on orientation
of the central four-fold rotational symmetry facet can be taken and the
expected symmetric layout can be examined. Here, edge-on orientation
is defined as the case when the electron beam is normal to the planes of
the facets. The procedure of orientation adjustment is explained as fol-
lows in conjunction with Fig. 2, which shows the same SEM image as
that of Fig. 1(a) with different schematic drawings. In Fig. 2(a), the pro-
jected circle of the spherical particle is traced with dotted line. The
facets around the central vertical line are of three-, four-, and three- fold
rotational symmetries. Their surface normal can be considered as, for

example, parallel to [111], [001], and            directions, respectively.
As a result, the centers of the three facets lie on a big circle of the
sphere. The big circle is projected as an ellipse because the circle plane
is not parallel to the electron beam. Vector OA starts from the center of
the sphere, ends at the center of the four-fold rotational symmetry facet,
and is the surface normal of the facet. On the SEM image, O is projected
as the center of the traced circle. If OA is parallel to the electron beam,
O and A overlap with each other. The fact that OA has finite length on
the SEM image implies that the facet is not edge-on. The required stage
rotation and tilt angles to bring the facet to be edge-on can be estimated
by analyzing the SEM image as shown in Fig. 2(b). For the convenience
of explanation, a coordinate system has been designed with the origin
sitting at the center of the sphere. The x-, y-, and z- axes point toward
right, up, and out of the paper, respectively. The x-axis is in the same di-
rection as the SEM stage tilting axis, while the z-axis is in the same di-
rection as the stage rotation axis. This coordinate system is considered
to be fixed while the orientation of the spherical particle can be ad-
justed relative to this coordinate system. The inlet is a drawing of the
big circle of the sphere involving the highest point O″ of the sphere and
the facet center A. On the SEM image, O″, O′, and O overlap with each
other. To obtain an edge-on view of the facet is equivalent to make OA
coincide with the z-axis. This can be accomplished by the combined us-
age of stage rotation and tilting functions. The first step involves rotat-
ing the sphere by angle ϕ shown in Fig. 2(b) so that vector OA lies in the
y-z plane. Then, OA can be brought to be parallel to the z-axis by tilting.
Angle ϕ can be measured directly on Fig. 2(b). The necessary tilting an-
gle θ can be calculated as shown in the inlet of Fig. 2(b). Consider the
right triangle AO'O, θ = Sin−1(O'A/OA). Here, O'A is the distance of
O″A on the SEM image and can be measured directly. OA is the radius
of the sphere, which is the same as the radius of the traced circle. For
the specific case shown in Fig. 2, this procedure predicted that the SEM
stage needs to be rotated clockwise by 47o and tilted by 19 o to bring the
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Fig. 1. SEM images of a typical spherical particle. (a) and (c) are SEM images before orientation adjustment while (b) and (d) are the images after adjustment. (c) and
(d) are enlarged parts of (a) and (b), respectively.

central facet to be edge-on. A more detailed experimental examination
found that a combination of 35 o rotation and 17 o tilt results in the best
result. The criterion used to judge the accuracy of facet edge-on in fine-
tuning is to maximize the area of the circles which is explained later.
While the predicted and actual angles are very close for the tilting, the
two values for the rotation are significantly different. Repeated trials
found that the uncertainty comes from tracing the perimeter of the
sphere with a circle on the SEM image. Our model assumes the particle
is a perfect sphere while in reality, it is not; this leaves room for subjec-
tive judgement in the tracing operation. This uncertainty affects the di-
rection of O″A and angle ϕ significantly. Its effect on the length of O″A
and the radius of the circle is less significant. This is why the predicted
rotation angle is less accurate as compared to the tilting angle. In sum-
mary, the suggested approach for orientation adjustment provided a
rough road map for the rotation and tilting operation in the present
case. The accuracy of this approach is limited and the best result is ob-
tained by fine tuning the orientation to maximize the areas of the cir-
cles.

Fig. 1 shows the SEM images of the spherical particle before (a) and
after (b) orientation adjustment. (c) and (d) are the corresponding en-
larged images of the central parts, respectively. Based on our model,
there are three criteria that can be used to judge if the four-fold rota-
tional symmetry facet is edge-on. First, the centers of some facets, such
as the two marked with triangles and the one with a square near the
vertical line in Fig. 2(a), are on a big circle of the sphere. When the cen-
tral facet is adjusted to be edge-on, the electron beam is parallel to the
plane of the big circle. Then, the projection of the big circle is a straight

line, on which the centers of the three facets are located. Similar consid-
eration applies to the centers of facets near the horizontal line in Fig. 1
(a). Combining all these considerations, it is expected that the horizon-
tal and vertical lines should intersect at the center of the four-fold rota-
tional symmetry facet, when the central facet is edge-on. Judging based
on this criterion, the facet in (b) and (d) is closer to being edge-on than
that in (a) and (c). The second criterion is related to the circular shape
of the concentric ring patterns. If we consider the rings to be perfectly
circular in the edge-on orientation, they will be elliptical in any other
orientation. Eccentricity for the circles on Fig. 1(c) is 0.36 while that for
Fig. 1(d) is 0.29, indicating that the circles on Fig. 1(d) are closer to be-
ing perfect. The third criterion is related to the size. When the facet is
edge-on, the area of a circle is expected to be the largest. Measurements
obtained results consistent with this speculation. For example, ten mea-
surements gave an average area of the circle traced with dotted line on
Fig. 1(c) of 1.95 um2 with a standard deviation of 0.02 um2. Ten mea-
surements of the same circle on Fig. 1(d) gave an average area of 2.08
um2 with a standard deviation of 0.02 um2. Measurement of other cir-
cles obtained very similar results in terms of both area size and eccen-
tricity. The effectiveness of these three criteria have different depen-
dency on the model. The first criterion is as good as the sphere approxi-
mation holds true. The second one depends on both the approximations
of spherical shape for the particle and circular pattern for the facet. The
third criterion does not depend on these and is believed to be universal,
although it is not easy to figure out in what direction and how many de-
grees the rotation and tilting should be carried out. Nevertheless, in the
present case, the judgements based on all three criteria are consistent in
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Fig. 2. SEM image of a spherical particle with four-fold rotational symmetry
facet around the center. The schematic drawing in (a) shows that the centers of
some facets are on big circles of the sphere. The schematic drawing in (b)
shows how the rotation and tilt angles, which are required to make the central
facet edge-on, are determined. The inlet in (b) is a drawing explaining the
quantities needed to calculate tilting angle θ.

that the four-fold symmetry facet orientation in Figs. 1(b) and (d) is
closer to being edge-on. As shown in Fig. 1(b), the arrangement of
facets shows four-fold rotational symmetry, validating our hypothesis
that the central facet is parallel to the {1 0 0} plane or normal to the
<1 0 0 > crystalline direction.

This conclusion is verified by the second approach based on the us-
age of EBSD. For the analysis by EBSD, the specimen is tilted by 70o

from the edge-on setting shown in Fig. 1(b), which is the typical prac-
tice for EBSD analysis [16]. The details of this experimental operation
are explained later. Fig. 3 shows an SEM image of the spherical particle
after tilting. Nearly all of the features can be traced back to that of Fig. 2
(b), ensuring that it is the same particle that is under analysis. The facet
of interest is close to the very tip of the sphere. As shown by the en-
larged inlet, the facet pattern is highly elongated in the horizontal di-
rection, which is the direction of stage tilting axis. The elongation is ex-
pected because of the 70o tilting. Fig. 4(a) shows the EBSD patterns
when electron beam is placed around the center of the facet. Fig. 4(b)
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Fig. 3. SEM image of the spherical particle shown in Fig. 1(b) after tilting for
70o toward the EBSD detector. The four-fold rotational symmetry facet is on the
tip and an enlarged image is shown in the inlet.

shows the same pattern with detected bands marked and Fig. 4(c) is one
with the simulated pattern overlapped. The simulated pattern is gener-
ated by considering β phase of cubic structure with lattice constant re-
ported in reference [17]. The agreement of the simulated and the de-
tected patterns confirms the β phase crystal structure of the sphere. Fur-
ther, a three-dimensional view of the cubic unit cell relative to the spec-
imen surface, which is the flat surface of the four-fold rotational sym-
metry facet in this present case, is constructed and is shown in Fig. 4(d).
Qualitatively, it can be seen that the specimen surface is parallel to the
{1 0 0} lattice plane. Quantitatively, the orientation angles are (22.5o,
2.1o, 87.4o), from which the angle between the facet surface normal and
that of the <1 0 0 > β phase crystalline direction is 2.1o [18]. It is con-
sidered that the 2.1o angle difference is due to experimental uncer-
tainty. Therefore, it is concluded that the facet surface is parallel to the
{1 0 0} lattice plane, again supporting our proposed model. Fig. 5
shows EBSD patterns taken from four different locations on the sphere.
The patterns are displayed on top of the sphere according to the loca-
tions where they were taken. The pattern taken from the tip of the
sphere has the best quality and is used for quantitative analysis in Fig.
4. EBSD patterns taken from other locations have portion or the whole
area with reduced contrast due to the spherical geometric effect. De-
spite the quality difference, a close examination revealed that all the
patterns have the same bands, implying that the sphere is of single crys-
tal, confirming the previous report [15].

This paper presents two approaches to analyze the crystalline orien-
tation of a facet: observation of facet layout and EBSD analysis. It is
worthy to make a comparison of the two. In the present case, the hy-
pothesis of facet symmetric arrangement depends on the assumption
that the particle is of spherical shape. There are parts where the shape
of the particle deviates from sphere. When this happens, the layout of
the facets departs from the expected symmetry. Two examples are
shown in Fig. 6. In Fig. 6(a), facets are marked with markers based on
the same rule used in Fig. 1(a). We consider the facet layout centered on
the one located in the right-upper corner and marked with triangle. Al-
though this facet is not edge-on, the layout of the three adjacent facets
marked with ellipses appears to have three-fold rotational symmetry.
This symmetric arrangement is due to the spherical shape of the particle
around this area. Moving further away from the chosen facet, facets
marked with triangles are observed in the upper-left and lower-right
corners. The layout of these two together with one not visible on this
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Fig. 4. EBSD pattern from the tip of the spherical particle in Fig. 3 and the results of analysis. (a) is the raw pattern, (b) is the pattern with detected bands marked,
(c) is the pattern with simulated result overlapped, and the (d) is a three-dimensional view showing the crystalline orientation relative to the specimen coordinate.

Fig. 5. EBSD patterns taken from different parts of the sphere. The locations of
the patterns correspond to the points where electron beam is positioned to take

the patterns.

image is expected to show three-fold rotational symmetry. However,
the two do not resemble each other and do not appear to overlap with
each other under three-fold rotational symmetry operation. This is be-
cause the surface morphologies of the particle at the locations of the
two facets do not follow the spherical shape defined by that on the
right-upper corner. Further, as shown with the trace-drawings, the rings
of the facet on the right-lower corner do not have a shared center,
which is a result of deviation of surface morphology from sphere lo-
cally. A more dramatic example is shown in Fig. 6(b). Here, one facet
appears to have two centers. One possible explanation is that the parti-
cle is the result of two spherical particles fused together. Therefore, the
first approach of facet orientation determination has limitation. On the
other hand, the procedure of maximizing the area of a facet is universal.
Once the plane(s) of facets are brought to be edge-on, it establishes a

reference orientation. The facet can then be tilted in a controlled way to
facilitate EBSD analysis, and the obtained EBSD pattern enables the de-
termination of the crystalline plane parallel to the facet surface. There-
fore, the second approach is universal. There are many factors that af-
fect the uncertainty of the second SEM + EBSD approach. It is believed
that the accuracy of setting-up the reference orientation plays impor-
tant role. As discussed above, the ultimate criteria for judging a facet
edge-on is the maximization of the area of a ring of the facet. The exam-
ple of ring area measurement of 2.08 um2 with a standard deviation of
0.02 um2 shown in Fig. 1(d) can be used to estimate the uncertainty in
this process. If we consider the area of the ring has a maximum of 2.08
um2 when it is viewed along the surface normal, the area is decreased to
2.08 cos (∆θ) μm2 when it is viewed in a direction ∆θ  off from its sur-
face normal. Based on this formula, when the area changes by one stan-
dard deviation, from 2.08 um2 to 2.06 um2, the corresponding ∆θ  value
is 8o, which can be considered as the standard deviation of setting-up
the reference orientation. Uncertainties also come from other factors:
the errors associated with switching from the reference orientation to
that suitable for EBSD analysis and the accuracy of EBSD analysis. It
seems reasonable to consider the overall uncertainty of this method is
in the order of 10o, which may not be ideal for facet analysis on some
crystals. As discussed above, the precision of the ring area measurement
plays important role, which can be improved by using field-emission
SEM to obtain sharper SEM image and developing a computer program
to measure the ring area automatically with higher accuracy.

This work demonstrated that the combination of SEM and EBSD is a
unique and effective approach in analyzing facet crystalline orienta-
tion. A comparison of SEM-EBSD with TEM will make the point clear. If
the facet in the present work is to be analyzed by using TEM, a speci-
men in the form of thin film must be prepared. This thin film must be
extracted in a way such that it contains a significant portion of the sur-
face of the facet and it must be perpendicular to the surface of the facet.
The only possible way to prepare such a specimen is to use expensive
modern dual-beam Focused Ion Beam (FIB) technology. Even with FIB,
this task presents a very serious challenge. To protect the facet surface,
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Fig. 6. SEM images showing the layout of facets on non-spherical particles. The
drawings on the lower-right corner of (a) show that different rings of one facet
have different centers and it is impossible to define a single center for the facet.
The two arrows on (b) show the two centers for one facet.

the specimen must be coated, which makes locating the exact area diffi-
cult. Further, to make the edge-on SEM observation and to establish a
reference orientation, the stage must be rotated and tilted. This will
make switching from the SEM mode to FIB mode extremely difficult or
nearly impossible. These multiple requirements reduce the rate of suc-
cessful specimen preparation significantly. As a comparison, SEM-EBSD
analysis, as we have demonstrated here, is all on the same instrument
and is relatively easy to operate. Also, it is worthy to note that SEM-
EBSD is inexpensive as compared to TEM and FIB. The present work ex-
panded the usage of EBSD. It is a common belief that EBSD requires a
flat smooth surface to obtain quality data. However, the specimen in
the present study is of spherical shape. Instead of specimen preparation,
this study made an effort in searching the suitable specimens. With
these precautions taken, quality EBSD data has been obtained.

There are some experimental details that deserve more explanation.
First, attention should be taken to choose particles that have higher ele-
vation compared to the local terrain, to ensure the visibility of the ob-
ject of interest after rotation and tilting. This is especially true for EBSD
analysis since it involves large tilting angles. Second, since we have ap-
proximated the particle to be spherical, efforts should be made to
choose those that resemble a sphere. A particle closer to being a perfect
sphere will make the calculated rotation and tilting angles, as shown in
Fig.2, more accurate. It also will enable an edge-on SEM image, such as
those shown in Fig. 1(b), to present better expected symmetry of facet
layout. Third, we spent time choosing the suitable facet, which is the
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four-fold symmetry one in the present case. The facet of interest should
be close to the center of the projected circle of the sphere on the SEM
image to start with, which implies that the necessary tilting angle is rel-
atively small to bring the facet to edge-on orientation.

There are details in switching the facet orientation from edge-on for
SEM observation to an orientation suitable for EBSD analysis. For the
edge-on SEM observation, the specimen typically needs to be tilted by a
smaller angle, 17 o in the present case. From this edge-on orientation,
the facet needs to be tilted typically 70 o to facilitate EBSD analysis. The
tilting requirement for EBSD is large, exceeding the tilting capability of
most SEM. The following procedure is taken to address this problem. A
SEM specimen holder with its own tilting function is assembled as
shown in Fig. 7(a). The holder has more than 90o tilting capability, al-
though it has to be done outside the SEM chamber. On top of the holder,
a regular SEM stub is mounted. The stub can be rotated relative to the
holder outside the SEM chamber. A piece of silicon wafer of rectangular
shape and centimeter size is glued on top of the SEM stub. Double sided
conductive tape is glued on top of the wafer, onto which the crushed
particles are dispersed. The silicon wafer edge is straight and its orien-
tation can be recorded with low-magnification SEM image as shown in
Fig. 7(b). Such SEM image is comparable to image of optical micro-
scope and the edge is used as a reference for consistent specimen orien-
tation adjustment for the two orientations. Such an assembly is loaded
into the SEM chamber with the holder tilting angle set at zero degree.
Once a candidate of suitable facet is found, its orientation is adjusted by
using SEM stage rotation and tilting functions so that the facet is edge-
on and the rotation and tilting angles are recorded. The effect of stage
rotation is recorded and reproduced by using the holder rotation func-
tion as follows. With the stage tilting set at zero degrees and rotation
kept at the angle required for facet edge-on, a low magnification SEM
image, comparable to optical microscope images in terms of magnifica-
tion, is taken. This image is centered on the silicon wafer edge, an ex-
ample of which is shown in Fig. 7(b). From this image, the angle be-
tween the straight edge and stage tilting axis can be measured. Then,
the whole assembly is removed from SEM. Under an optical microscope
with a video camera, the SEM stub on top of the assembled holder is
readjusted so that the silicon wafer edge forms the same angle with the
holder tilting axis. The direction of the holder tilting axis is represented
by the edge marked as T in Fig. 7(a). In the subsequent reloading of the
assembly, we made the holder tilting axis parallel to the stage tilting
axis. This is done by adjusting the stage rotation so that the edge paral-
lel to the holder tilting axis in Fig. 7(a) runs in horizontal direction on
the SEM image. As a result of this operation, holder and stage tilting
have the same effect. With the previously recorded stage tilt and rota-
tion angles, we know at what holder tilting angle the facet of interest is
edge-on. Another 70o tilt makes the facet surface suitable for EBSD
analysis.

There are many unanswered questions regarding facets found in the
present study. For example, as shown in Fig. 1, different types of facets
have different appearances. While the facets corresponding to two-fold
rotational symmetry appear to be a plain flat face, those corresponding
to three- and four- fold rotational symmetries resemble multiple con-
centric rings. Further, the latter two differ from each other in terms of
sizes and quantities of rings. It is valuable to find out how they quantita-
tively differ from each other and the reasons behind. Further, a close ex-
amination of some selected facets of three- and four- fold rotational
symmetries revealed strong hints that they are polygon-shaped, not cir-
cular, as we have reasonably approximated. An example is shown in
Fig. 8, where the assumed straight side of the central two rings have
been drawn with dotted line on the inlet. Usage of a field emission SEM
could give a more conclusive answer regarding the shapes and the grad-
ual evolution from central polygon-resembling rings to outer circle-
resemble rings. Application of SEM and EBSD, developed in the present
work, will enable the determination of crystalline direction of the poly-
gon sides.
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Fig. 7. A picture of the assembled special specimen holder (a) and a sample low magnification SEM image (b) of the silicon wafer edge for reference purpose. In (a), I,
II, and III mark the three parts used to assemble the holder. Arrows of A, B, and C point to the silicon wafer, the set-screw for SEM stub, and the tilting axis screw,
respectively. T marks the edge parallel to the holder tilting axis. In (b), the arrow points to the silicon wafer edge, which is used as a reference in switching
orientations from edge-on SEM observation to that for EBSD analysis.

Fig. 8. A SEM image of facet with the central rings resemble polygon. The inlet
shows the central part with straight sides traced.

4. Conclusion

Facets found in spherical particles of as-prepared alloy of
Al Cu Fe     composition by arc melting are classified to three types
based on their appearance. The crystalline orientation of one type of
facets, corresponding to four-fold rotational symmetry, has been stud-
ied by two approaches. Examination of the facet layout on the SEM im-
age taken when the facet is edge-on, enables us to conclude that the sur-
face of this type of facet is parallel to the {1 0 0} lattice plane of the cu-
bic β phase. In the second approach, the facet surface is analyzed by us-
ing EBSD, which provides direct evidence for the parallel relationship
between the facet surface and the {1 0 0} lattice plane. Procedures have
been proposed and tested to bring a facet to edge-on orientation, which

is important for both approaches. The criterion of maximizing facet sur-
face area in judging the degree of facet edge-on is suggested to be effec-
tive universally. A special specimen holder has been developed and a
procedure has been proposed to tilt a facet surface by a large angle to
facilitate EBSD analysis from the reference edge-on orientation. It is
suggested that this combination of SEM imaging and EBSD analysis is
very effective in analyzing a facet crystalline orientation.
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