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Commercially pure a-Ti was serial sectioned using a Xe plasma focused ion beam (PFIB) scanning
electron microscope and orientation maps were obtained on the parallel layers by electron backscatter
diffraction. The orientations and shapes of 13,900 grains and 92,100 grain faces were characterized. The
mean number of faces per grain was 14.2. The grain boundaries were classified according to the three
misorientation parameters and two grain boundary orientation parameters. There were more grain
boundaries with 180�-twist and 180�-tilt character than expected in a random distribution. Furthermore,
grain boundary planes with prismatic orientations were more common than those with basal orienta-
tions. The grain boundary with the greatest relative area had a 28�/[0001] misorientation and ð3140Þ and
ð7250Þ grain boundary planes. Compared to earlier instruments with Ga-ion sources, the milling speed of
the PFIB makes it possible to collect ten times more data in a comparable time.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, several techniques have been used to determine
the three-dimensional (3D) microstructure of metallic and ceramic
polycrystals [1e6]. These studies make it possible to measure the
quantitative characteristics of microstructures that can only be
estimated from two-dimensional sections. In particular, they can be
used to define all five of the crystallographic parameters of grain
boundaries, which are known to influence materials properties
such as corrosion resistance [7], electrical resistance [8], and
strength [9]. The most common technique for 3D microstructure
studies has been focused ion beam (FIB) serial sectioning in a
scanning electron microscope (SEM) [10e15]. In this experiment,
the crystal orientations are mapped in a section plane, a Ga-ion
beam is used to remove a thin layer, and the orientation mapping
is repeated. A 3D orientation map can then be constructed from the
resulting set of parallel layers.

The main limitation of the FIB SEM experiment is the time it
takes to remove the material with the Ga-ion beam. Collecting a
volume of data 1 � 105 mm3 (a typical volume in past studies) re-
quires several continuous days of automated data collection.
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Assuming a grain diameter of about 5 mm, this volume contains
approximately 103 grains and 7 � 103 grain faces. This is approxi-
mately the number of distinguishable grain boundary types in a
cubic material, when the boundary parameters are resolved with
an accuracy of 10� [16]. For hexagonal materials, the number of
distinguishable grain boundaries is four times larger at the same
angular resolution because of the lower symmetry. Therefore, to
characterize a number of grain boundaries that meets or exceeds
the number of distinguishable possibilities, it is necessary to sam-
ple larger volumes of material or more grains. For this reason, past
3D studies by FIB SEM have been limited to materials with cubic
symmetry and relatively small grain sizes.

The recent availability of commercial Xe plasma focused ion
beams (PFIBs) makes it possible to remove material at a faster rate
and, in comparable times, characterize a much greater volume of
material [17]. Compared to Ga FIBs, the PFIB has a greater current
and the ion has a greater mass. As we show below, this instrument
makes it possible to characterize a volume of at least 4.3� 106 mm3,
which is more than ten times greater than the volume that has been
characterized by the Ga FIB, in a similar amount of time. This paper
has twomain objectives. The first is to demonstrate the capabilities
of the PFIB for developing 3D orientation maps. The second
objective is to describe the five-parameter grain boundary char-
acter distribution of the hexagonal metal, a-Ti. While many aspects
of a-Ti's microstructure [18], texture [19], and microtexture [20,21]
have been reported, the 3D structure and five-parameter grain
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boundary character distribution of a-Ti (or any other hexagonal
metal) has not been previously quantified.
2. Experimental

2.1. Data acquisition

Commercially pure a-Ti was prepared by first polishing the
sample to a thickness of 80 mm. Pillars, approximately 300 mm in
width, were created by making incomplete, parallel cuts with a
diamond saw. FEI's Helios™ PFIB Dual-Beamwas used to collect the
data. The FEI AutoSlice and View (EBS3 G21.6) software was used to
control the milling and Oxford's HKL fast acquisition was used for
orientation mapping on each slice. A schematic of the system is
provided in Fig. 1, illustrating the geometry of the specimen and
beams. The specimen was mounted onto a 36� angle pre-tilted
holder and the horizontal axes of the sample holder and stage
were aligned (these axes are perpendicular to the page in Fig. 1).
The vertical positionwas adjusted so that the region of interest was
4 mm from the pole piece. The stage was then tilted to 16�, which
brings the region of interest to an inclination of 70� with respect to
the electron beam for electron backscatter diffraction (EBSD)
pattern collection; this is referred to as the EBSD position (see
Fig.1(a)). Formillingwith the Xe-ion beam, the stage is rotated 180�

around the z-axis of the stage, so that the region of interest is
parallel to the ion beam; this is referred to as the milling position
(see Fig. 1(b)). The region of interest (ROI), which is perpendicular
to the page in Fig. 1(a) and (b), is shown in an oblique projection of
the sample in Fig. 1(c).

A platinum layer a few nm thick was deposited over the region
of interest with the gas injection system needle at an accelerating
voltage of 8 kV, beam current of 0.35 nA, 80% overlap, and 250 mm
defocus. An X-shaped fiducial mark was then milled into the pillar
at a position just below the region of interest. The Pt coating re-
duces charging and increases the contrast of the fiducial mark. The
increased contrast is important because the AutoSlice and View
software must recognize the fiducial mark to re-align's the pillar
with eachmill step so that the amount of material removed and the
position of each EBSD scan is consistent. The through-the-lens
detector performed better than the Everhart-Thornley detector
for imaging the fiducial mark.

The total data set is made up of two volumes. The first is rela-
tively small and the second is much larger. In both cases, the sample
was ion milled at 30 kV and 59 nA using the PFIB. The EBSD data
Fig. 1. Schematic of the Xe-ion PFIB. (a) In the EBSD position, the region of interest (ROI) ma
the Xe-ion beam. The change from the EBSD position to the milling position is accomplished
paths of the ions in the two different positions are shown by the dashed lines.
were collected using a 20 kV and 5.5 nA beam. A “rockingmill”with
a 5� angle was used to minimize curtaining. In this procedure, the
sample is milled at two different angles, þ/� 5� about the rocking
axis in Fig. 1(b). This is accomplished by a compound stage tilt.
While the manufacturer's term, rocking, suggests continuous mo-
tion, the sample is actually fixed in one of the two positions during
milling. The paths of the ions in the two positions are illustrated by
the lines on the region of interest in Fig. 1(c). In the first, smaller
volume, 55 parallel layers separated by 50 nm were characterized.
The total area was 165 mm � 40 mm and the EBSD step size was
0.5 mm. Operating at 24.9 ms per point, about 11 minwere required
to characterize each layer. The second, much larger data set is made
up of 325 parallel layers, each separated by 100 nm. The EBSD data
was collected in an area of 218.5 mm � 57.5 mm with a step size of
0.5 mm. Operating at 24.9 ms per point, about 21 minwere required
to characterize each layer. The time required for milling was only
130 s. For EBSD pattern collection, the camera was set to 4x4 pixel
binning, an integration time of 4 ms, and eight frames were aver-
aged for each point. For indexing, we selected a maximum of 32
reflectors. In the indexing software, we used band edge detection,
standard divergence, a Hough resolution of 60, and orientations
were determined from between five and seven bands.
2.2. Post processing and reconstruction

Once the data were collected, the default Oxford 3D file type
(CPR) was converted to the CTF file type using a Python script
provided by Oxford instruments. This 3D CTF file was used for
subsequent reconstruction and clean-up procedures in DREAM.3D
[22]. The steps used in this process, known as a ‘pipeline’, were
essentially the same as the pre-set reconstruction and clean-up
pipelines provided in DREAM.3D, except for the parameters that
were particular to this dataset. Briefly, the stacks of 2D EBSD maps
were aligned such that the overlap of pixels of similar orientations,
belonging to adjacent slices and differing by no more than 5�, was
maximized. The magnitudes of in-plane x and y shifts of the slices
are illustrated in Fig. 2. In the current work, the in-plane shifts
differed no more than 5 pixels as compared to much larger shifts in
data collected by the Ga-ion FIB-SEM. The smaller shifts result from
the new instrument's improved control of the stage position during
slicing and the ability to carry out the sequential orientation
mapping and milling without changing the stage tilt.

The EBSD data were cleaned, first, by iteratively ascribing the
parameters (orientations, image quality, etc.) of the most reliable
kes a 70� angle with the electron beam. (b) In the milling position, the ROI is parallel to
by a 180� rotation around the z-axis. (c) In oblique projection, the ROI is visible and the



Fig. 2. Scatter plot illustrating x and y shifts necessary to align subsequent slices in 3D
EBSD data collected from various materials. Shifts for Ti data, indicated as Tibig and
Tismall, acquired in this work utilizing Xe - Plasma FIB-SEM are compared to those that
were needed to align the yttria [10], ferrite [14], pure nickel [11], and superalloy IN100
[12] data obtained in earlier works using Ga ion FIB-SEM.
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neighbors to all voxels with undetermined orientations. Clusters of
at least 50 voxels, whose orientations deviated from one another by
less than 5�, were grouped into grains and average orientations
were assigned to each grain. In addition, grains with fewer than
four neighbors were removed. The reconstructed three-
dimensional orientation maps, after clean-up, are shown in
Fig. 3(a). Note that the orientations are colored with respect to the
normal of the surface analyzed by EBSD. There was some texture in
the sample; the [0001] poles were preferentially oriented 20�e40�

from the direction labeled ‘T’ in Fig. 1(b), perpendicular to the
sample's largest surface, with an intensity of 6 multiples of a
random distribution (MRD). This texture is consistent with results
in Ref. [20].

The surfaces of boundaries separating the grains were recon-
structed in the form of meshes of planar triangular segments. The
difference between the in-plane (0.5 mm) and out-of-plane (0.1 mm)
spacing led to irregular triangle shapes. So, after aligning and
cleaning the data from all slices, a DREAM.3D [22] filter was applied
that changed the resolution of the larger (smaller) data set from
0.5 mm to 0.1 mm (0.5 mm and 0.05 mm) to 0.5 mm and 0.3 mm
(0.25 mm and 0.15 mm). Note that the resolution ratios for the two
data sets were kept constant. In the future, it will clearly be more
efficient to collect fewer slices with a more isotropic resolution. For
Fig. 3. (a) Three-dimensional orientation maps (after clean-up and reconstruction) of the
cording to the inverse pole figure (IPF). (b) Example of one of the larger grains and the me
same IPF coloring scheme as in (a).
each triangular segment, its normal, area, and misorientation be-
tween grains on its sides were determined. An example of one of
these grains, and its triangular mesh, is illustrated in Fig. 3(b). Note
that the triangles attached to triple lines are constrained in the
smoothing procedure and they therefore preserve the stair-stepped
characteristic of the voxelized data. The smaller data set contains
~1500 grains and ~7800 distinct grain faces (modeled by ~1.6 � 106

triangular segments), while the larger one enclosed ~12,400 grains
and ~84,300 grain faces (modeled by ~1.5 � 107 triangular seg-
ments. For comparison, if the minimum number of neighbors is 2,
there are 12,500 grains in the larger dataset. In other words, less
than 1% of the grains have fewer than 4 sides. For a minimum grain
size of 20 voxels and a minimum number of neighbors equal to 2
(4), we have 15,400 (14,900) grains in the larger dataset. Calcula-
tion of the GBCD using these different thresholds showed that there
is almost no impact. This is because the GBCD is area weighted and
these very small grains have little interfacial area.
2.3. Computational methods

Although most Grain Boundary Character Distributions (GBCD)
published so far were computed using a method based on dividing
five-dimensional boundary space into bins and ‘counting’ bound-
aries ascribed to each bin [23], in our analysis, we took advantage of
an alternative approach that leads to more accurate distribution
functions [24]. The idea is to estimate values of a distribution at
given points by ‘counting’ boundaries that are close enough to
those points; the closeness is measured in terms of metrics defined
in the space of boundary parameters.

Let us recap the steps and basic assumptions of the newmethod.
Mathematically, the boundary parameter space is a Cartesian
product of the misorientation and boundary normal subspaces.
Because the accuracies for determining grain misorientations and
inclinations of boundary planes are significantly different, the
calculation is simplified by using separate metric functions for each
subspace. The distance in the misorientation subspace between
two boundaries is given as minfacos½ðtr M0MT � 1Þ=2�g, where M
(M0) denotes a misorientation matrix corresponding to the first
(second) boundary, and the minimization is over all symmetrically
equivalent representations of both boundaries. In the subspace of
boundary normals, the distance is quantified as min½

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðc2L þ c2RÞ=2

q
�,

with ci ¼ arccos mi$m0
i andmi (m0

t) standing for the normals to the
smaller (top) and the larger (bottom) titanium sample volumes. Maps are colored ac-
sh modeling the boundaries. Triangles are colored according to their normal using the
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first (second) boundary expressed in the reference frames of its left
(L) and right (R) grains, respectively.

GBCDs are typically presented as a series of sections for fixed
misorientations and varying boundary normals. We followed this
established convention and, to obtain a given section, the distri-
butionwas probed at points corresponding to the misorientation of
interest and vectors pointing from the center towards a set of
points evenly scattered on a unit hemisphere. For each sampling
point, areas of mesh segments with misorientations closer than a
limiting distance rm to the fixedmisorientation and having normals
within another limiting distance rp from the corresponding vector
were summed. The obtained sums were normalized to express the
distribution in conventional MRD units.

The radii rm and rp are selected to be consistent with the
experimental resolution. The resolution of the grain boundary
plane measurement has been determined to be approximately 7.5�

[23,24], so we use rp ¼ 7�. The threshold disorientation for the
definition of a grain boundary in this work was 5�, so we selected a
slightly larger value, rm ¼ 6�. Angular ranges greater than the
experimental resolution could be used for cases where the data is
sparse, but that was not the case for these data. Here, limited tests
using larger radii led to decreased maxima in the distributions, as
more and more different types of grain boundaries are averaged
together. If n is the number of distinct grain boundaries (92,100)
and v is the fractional volume of a subspace restricted by the radii
rm and rp (1.21� 10�4), then the error (one standard deviation s) of
the distribution value f at a given point can be estimated as
s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f = nnð Þp

.
A projection of the five-dimensional GBCD onto the subspace of

boundary planes is known as the Grain Boundary Plane Distribu-
tion (GBPD). The GBPD depicts the frequencies of occurrence of
boundary planes averaged over all misorientations.
3. Results

The distribution of disorientation angles was computed from
the combined data and is illustrated in Fig. 4. The distribution in-
dicates that grain boundaries with disorientation angles smaller
than 30� occurmore frequently thanwould be expected for random
boundaries. To obtain more complete information concerning dis-
orientations of adjacent grains, the disorientation axes in fixed
intervals of the disorientations angle were analyzed (Fig. 5). They
were obtained using the OIM Analysis software based on several
two-dimensional EBSD maps taken from both data sets. For this
purpose, we selected maps from different depths of the samples in
such a way that no disorientation data were duplicated. In the
distribution of disorientations, there is a peak of approximately 5
MRD for all boundaries with disorientations less than 30�; other-
wise, the distribution is uniform.

Another relatively simple microstructural characteristic is the
Fig. 4. Distribution of disorientation angles for a-Ti (bars) and random grain bound-
aries (line).
grain boundary plane distribution averaged over all mis-
orientations. The GBPD obtained for the combined datasets is
plotted in Fig. 6. This distribution indicates that, on average,
boundaries having planes at the prismatic positions make up a
greater fraction of the total grain boundary area than the basal
planes. The corresponding relative areas are about 1.2 MRD and
about 0.8 MRD, respectively. The range of the populations is rela-
tively narrow meaning that the anisotropy of the boundary plane
distribution is weak.

With knowledge of the disorientation distributions and the
GBPD, wemoved on to the analysis of the GBCD. In this analysis, we
focused on the sections enclosing peaks with heights exceeding 1
MRD by more than 3s, i.e., the sections for which we have the
highest degree of confidence that the features are representative of
the true anisotropy of the distribution. Most of such peaks occur in
sections at misorientations corresponding to the over-represented
disorientation angles in Fig. 4. Fig. 7aed presents the GBCD sections
for the misorientations with angles close to 20� and axes corre-
sponding to the vertices (7aec) and the center (7d) of the standard
stereographic triangle. For the 22�/[0001] misorientation, peaks
with heights of 7.9 ± 0.8 MRD are observed at the ð3120Þ pole and
its symmetrically equivalent positions. These peaks correspond to
boundaries which are simultaneously 180�-twist and 180�-tilt [25].
Note that 180�-twist boundaries are also referred to ‘symmetric’
boundaries [26]. Also, the maxima at the ð0331Þ plane in the
18�=½1010� section and at the ð2421Þ plane in the 21�=½2110� sec-
tionwith the intensities of 4.7 ± 0.6 and 4.1 ± 0.6MRD, respectively,
correspond to boundaries having the same special type of geome-
try. Besides the aforementioned peaks, it is observed e consistent
with the GBPDe that boundaries with disorientations smaller than
30� tend to have planes at the prismatic positions rather than at the
basal locations. This tendency is also apparent for boundaries with
the 20�=½4132�misorientation (Fig. 7(d)). It is worth noting that the
corresponding section does not exhibit any distinct peaks, but a
ring-shaped maximum with values up to 4.3 ± 0.6 MRD is clearly
seen. The same tendency is visible for boundaries with the 28�/
[0001] misorientation (Fig. 7(e)). However, in this case, local
maxima can be distinguished at the ð3140Þ and ð7250Þ orientations,
with relative areas of 8.5 ± 0.9 MRD and 7.9 ± 0.8 MRD, respec-
tively; again, the maxima correspond to 180�-twist and 180�-tilt
boundaries. It should be noted that the latter section partially
overlaps with the one for the 22�/[0001] misorientation, however,
it still reveals different peaks in the distribution. In the 90�=½1010�
section (Fig. 7(f)), there are two smeared maxima with heights
about 5.5 ± 0.7 MRD centered at the ð1213Þ and ð3;6;3;10Þ poles.
These poles correspond to 180�-twist boundaries.

It has been shown that high populations of grain boundaries are
correlated to low boundary energies [27]. The relationships be-
tween the disorientation angle and the energies of certain
boundaries tilted about the ½2110� and ½1010� axes have been
computed by simulation for hexagonal close-packedmetals [28,29].
For ½2110�-tilt boundaries in titanium, cusps in the boundary en-
ergy were observed for the angles 31�, 42�, 61�, and 75� and for
½1010�-tilt boundaries there were cusps at 28�, 38�, 58�, and 72�. In
the section for the 31�=½2110� misorientation (Fig. 7(g)), there is a
peak near the ð1013Þ pole corresponding to a boundary that is twist
and 180�-tilt simultaneously; the height of that peak is 3.8 ± 0.6
MRD. In the 75�=½2110� section (Fig. 7(h)), there are several over-
lapping maxima with intensities up to 3.5 ± 0.6 MRD centered at
the intersections of distinct zones of tilt boundaries [25]. For the
other misorientations that are predicted to have low energies, the
populations did not exceed 1 MRD by at least 3s [28,29].

The highest intensities in the GBCD were for 180�-twist and
180�-tilt boundaries. Therefore, it was interesting to estimate the
fractions of these two types of boundaries. For this purpose, the



Fig. 5. Scatter plots illustrating the disorientation axes in fixed intervals of the disorientations angle for a-Ti. In each plot are the axes (in the equal-area projection) corresponding to
a range of disorientation angles centered at a given value ± 5� . Only large-angle boundaries (>15�) are taken into consideration.

Fig. 6. Distribution of boundary planes (GBPD) for all misorientations displayed in the
stereographic projection. Units are multiples of the random distribution.
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parameters aS and aI, introduced in Refs. [26], were used. These
parameters are approximate distances (in the boundary space)
from a given boundary to the nearest 180�-twist and the nearest
180�-tilt boundaries, respectively. If aS or aI are less than a specified
limit, then the boundary is classified adequately as near-180�-twist
or near-180�-tilt. In previous work, the influence of the threshold
values on the results was explored [26,30]. Following that work
[26], the limit of 8� (embracing the accuracies of both mis-
orientations and boundary normals) was assumed. With this limit,
the fractions of near-180�-twist and near-180�-tilt boundaries
among random boundaries are 0.7% and 11.3%, respectively (for
hexagonal symmetry). For titanium, they were 1.4% and 16.7%, thus,
it is clear that near-180�-twist and near-180�-tilt boundaries are
over-represented in this material.

For completeness, the twist and tilt characters of boundaries can
be quantified using an analogous pair of parameters, aN and aL,
defined in Ref. [30]. It turned out that, using the same level of
tolerance, the fraction of near-twist boundaries in titanium (11.5%)
is similar to that for random boundaries (11.3%). In the case of tilt
boundaries, it would be difficult to draw any conclusions from
experimental data as 92.2% of random boundaries can be classified
as near-tilt (within 8�).

Many microstructural characteristics can be estimated from 2D
EBSD maps using stereological techniques. With 3D data, these
characteristics can be obtained directly, avoiding a number of ap-
proximations. Those considered here are the grain size distribution
(Fig. 8) and the distribution of the number of faces per grain
(Fig. 9(a)). A histogram combining these two characteristics and
presenting the fractions of grains with given numbers of faces and
given grain diameters is shown in Fig. 9(b) (To obtain graphs in
Figs. 8 and 9, only the grains entirely contained in the micro-
structure images were taken into account, i.e., the grains cut by the
outer surfaces of the images were neglected.). It can be seen that
the number of faces per grain is correlated to the grain diameter
(the Spearman's rank correlation coefficient is 0.89).
4. Discussion

The number of distinguishable grain boundaries in a poly-
crystalline hexagonal material is four times larger than in a poly-
crystalline cubic material. If the five grain boundary parameters are
discriminated with a resolution of 10�, then there are approxi-
mately 1.3 � 104 distinguishable grain boundaries in hexagonal
materials [16]. If one wishes to measure the relative areas of
different grain boundary types, at least this many boundaries must
be observed. In thework, 9.2� 104 grain faces where characterized,
which is more than seven times the number of distinguishable
boundaries. It should be noted that the comparison of these
numbers is not so simple. Each grain face is comprised of many
triangular segments that span a range of boundary plane orienta-
tions (see Fig. 3(b)). While there is considerable degeneracy among
the triangles that make up a grain face, they typically represent
more than one grain boundary type. So, the number of grain
boundaries characterized is greater the number of grain faces
(9.2 � 104), but less than the number of triangular segments
(1.7 � 107). Considering this, we can be confident that we observed
many more grain boundaries than there are types of grain bound-
aries and should have an acceptable measure of the distribution, at
least in the sections where the population is large.

The distribution of disorientation angles in a-Ti has been
measured previously [20] and is similar to the distribution shown
in Fig. 4. However, the five-parameter GBCD is not known and,
because of the large number of distinguishable boundaries, there
are no previous 3D datasets for a hexagonal metal. The observed
grain boundary plane distribution (see Fig. 5) for a-Ti is relatively
isotropic. In other words, the relative areas of different grain
boundaries vary over a range that is smaller than observed in some
cubic materials. For example, the GBPD varies from 0.8 MRD at the
(0001) orientation to 1.2 MRD at the prismatic orientations. The
differences between the maximum and minimum in Ni [11], SrTiO3
[31], MgO [23], andWC [32] are 2.1 MRD, 0.8 MRD,1.3 MRD, and 3.7
MRD, respectively. The difference for a-Ti (0.4) is similar to that



Fig. 7. Sections for selected misorientations through the Grain Boundary Character Distribution of a-Ti. In each pair, the upper plot depicts populations of boundaries as a function
of boundary plane orientation, while the lower one is the corresponding error. Contours are plotted in stereographic projections and given in multiples of the random distribution.

Fig. 8. Grain size distribution obtained for the larger Ti sample. The domain is limited
to 8 mm to emphasize the most common grains. All grain sizes are displayed in
Fig. 9(b).
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observed for Al [33].
All GBCDs for hexagonal materials obtained before now were

calculated using stereological approaches that partition the
boundary space into discrete bins [32,21]. Because the volume
determined by rm¼ 6� and rp ¼ 7� in the metric-based approach is
larger compared to the volume of a typically used “10�-bin” by a
factor of 3.4 and because these volumes are a key factor in the
normalization of the distributions, the intensities of peaks in the
GBCDs obtained using the two methods cannot be directly
compared. However, the shapes of the functions and the locations
of the peaks can still be compared. For example, in the distribution
of WC/WC boundaries in a WC-Co composite [32], there was a
strong peak for the (0001) planes in the section for the 30�/[0001]
misorientation. That peak was about four times higher compared to
the maxima at the prismatic positions in that section. No such peak



Fig. 9. (a) Distribution of numbers of faces per grain obtained for the larger Ti sample.
The domain is limited at 40 faces to emphasize the most common grains. (b) Fractions
of grains as a function of grain diameters (abscissa) and numbers of grain faces
(ordinate) in the same sample. Dimensions of bins are 0.25 mm � 2 mm.

Fig. 10. Population of grain boundaries for disorientations about the ½2110� and ½1010�
axes and for all axes. For the misorientations around the ½2110� and ½1010�, the pop-
ulation is the average of all boundaries within 5� of the misorientation and 14� of the
appropriate grain boundary plane, which has the same orientation on both sides of the
boundary.
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is observed for titanium (with rm ¼ 6� it would be seen in the 28�/
[0001] section presented Fig. 7(e)). For tungsten carbide, a sharp
peak was also reported at the (1010) pole for the 90�=½1010�
misorientation. This peak does not exist in the case of titanium
(Fig. 7(f)). In the GBCDs computed for both WC [32] and Ti6Al4V
alloy [21], there were significant maxima for misorientations about
the ½2110� axis by largemisorientation angles: 57�, 85�, and 90�. For
our samples, no reliable features of the distributionwere visible for
these misorientations. Summarizing, the GBCD obtained in this
work is significantly different from GBCDs obtained in the previous
studies of other hexagonal materials. Considering the significant
differences between the materials being compared, this is not
surprising. The Ti6Al4V alloy has a different composition and its
microstructure was determined mainly by the b-to-a phase trans-
formation during processing. WC has a very different structure and
its near unity c-to-a ratio is one characteristic that leads to a high
population of 90�=½1010� grain boundaries.

There is considerable evidence that in materials with weak
texture that evolve by grain growth, the GBCD is inversely related to
the grain boundary energy [34,35]. With knowledge of the GBCD,
we can see the extent to which it correlates with the energies
predicted by simulations [28,29]. Similar comparisons between
computed grain boundary energies and populations in face
centered cubic metals showed moderate to strong correlations
[36,37]. The simulations computed the energies of certain tilt
boundaries with misorientations about the ½2110� and ½1010� axes,
configured to have the same plane on each side of the boundary.
The populations of these same types of boundaries are presented in
Fig. 10. The population of boundaries with all axes is also presented
for reference. For all grain boundaries, there is an increase in
population at small disorientation angles, which mimics the
decrease in energy expected at small disorientation angle. How-
ever, this trend is not found for the specific tilt boundaries about
½2110� and ½1010� axes. For disorientations around the ½2110� axis,
there are strong peaks in the population for the predicted low
energy boundaries at 31�=½2110� and 75�=½2110�, as we would
expect. However, there is no indication of an increase in population
at 42�=½2110� and 61�=½2110�. For the population of grain bound-
aries with ½1010� misorientations, there are weak local maxima in
the population at the 38�=½1010� and 58�=½1010� cusps, but no signs
of elevated populations at the 28�=½1010� and 72�=½1010� cusps.
There is also a peak in population at 90� for both types of mis-
orientations, suggesting a low energy configuration, but the energy
of this boundary was not simulated.

The results indicate that only some of the grain boundaries
predicted to have low energies have elevated populations. One
possible explanation is that the microstructure was formed at high
temperature while the energies are computed at absolute zero.
Furthermore, the predicted cusps for the ½1010� boundaries are
weak; the minimum energy boundaries are only 15e20% lower
than the energies of boundaries 5� away, and these differences are
likely to diminish at higher temperature where materials are pro-
cessed. However, the cusps at 42�=½2110� and 61�=½2110� are much
deeper and these boundaries did not have relatively larger pop-
ulations. Finally, we note that the inverse correlation between en-
ergy and population is strongest in materials with random texture
and this sample's texture is not random.

The mean number of faces per grain is 14.2. The grain with the
most neighbors has 70 faces. However, one should note that both
the mean and maximum are sensitive to the clean-up procedure
and change when different thresholds are selected for the mini-
mum grain size. The results are reported for a grain size threshold
of 50 voxels. This threshold is selected to be large enough for the
grain shape to be approximated by the voxelized data, but small
enough so that large numbers of grains are not eliminated. To
illustrate the sensitivity of topological parameters to this choice,
other thresholds were selected; if the threshold is taken to be 30
(20) voxels, the mean number of faces was 13.8 (13.4) and the
maximum number of faces was 75 (81). Note that the range of the
mean number of faces for these different choices spans the number
determined by Rowenhorst et al. [3] for b-Ti, 13.7. The similarity of
the average numbers of grain faces in hexagonal and cubic Ti sug-
gests that crystal symmetry does not strongly influence the to-
pology of grains in a dense compact. The clean-up procedures also
influence the average grain diameter, which can vary from 2.8 to
3.2 mm, depending on the assumption of the minimum grain size.
The correlation between grain size and the number of faces re-
ported here (see Fig. 9) is similar to the relationship observed for b-
brass [38].

The ability to characterize enough grain boundaries to deter-
mine the GBCD for a hexagonal material was enabled by the Xe
PFIB, which is able to remove material faster than conventional Ga-
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ion FIBs. The Xe ion plasma source can be generated at a current of
up to 1.3 mA whereas the Ga ion source can only produce a current
up to 50 nA. It should be noted however, that in neither case are the
highest currents used, because they will damage the surface and
degrade the diffraction patterns. However, because of the Xe
plasma beam's characteristics, which include the ability to defocus
during milling, and the rocking of the sample to decrease
curtaining, samples can be milled at currents approximately ten
times greater and still produce surfaces suitable for EBSD. The
higher current of the Xe PFIB allows for much faster milling rates
which allows for the acquisition of much larger data sets. Some of
the materials that have been studied by Ga-ion FIB for 3D orien-
tation analysis are Y2O3 [10], Ferrite [14], and Austenite [15]. The
volumes of these materials are: 30 mm � 40 mm x 17 mm (Y2O3),
40 mm � 35 mm x 35 mm (Ferrite), 65 mm � 40 mm x 20 mm
(Austenite). The volume of material analyzed in the present work
was approximately 10 times greater. It should be noted that the
rate-limiting step in the measurement of 3D orientation maps is
now the EBSD measurement, not the milling. With the PFIB system
used here, the milling time is roughly 10% of the time needed to
measure the orientations. To our knowledge, this is the largest
collection of grains (1.4� 104) to bemeasured in 3D by a FIB. In fact,
the only data set we are aware of that contains more grains
(1.9 � 104) was obtained by manual serial sectioning [39]. Larger
volume 3D reconstructions with orientation information can give
us more statistically significant grain boundary character distribu-
tions, especially for lower symmetry materials and thus we will be
able to analyze more types of materials than was possible before.

5. Conclusions

The grain boundary character distribution of a-Ti has been
determined from 3D EBSD data. Prismatic planes make up rela-
tively more grain boundary area than basal planes, but overall, the
anisotropy of the distribution is relatively weak compared to other
materials. 180�-twist and 180�-tilt boundaries are significantly
over-represented when compared to the random distribution.
These types of boundaries dominate at the most highly populated
misorientations, such as 28�/[0001]. Other features of the micro-
structure, including the average number of faces per grain and the
dependence of the number of grain faces on the grain diameter are
similar to the characteristics previously reported for cubic metals.
The PFIB's increased milling rate, which made it possible to char-
acterize more then 92,000 grain faces, greatly enhances our ability
to characterize microstructures.
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