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Titanium alloys exhibit complex, multi-phase microstructures which form during liquid-solid and solid-solid
phase transformations. These phase transformations govern the microstructural evolution and are potentially
more complex during additive manufacturing due to large thermal gradients and inhomogeneities. The proto
typical fundamental unit of titanium microstructures are the α laths, and investigations into their three-di
mensional morphology may provide new insights. A prior β-grain boundary, 3-variant clusters and inter
connected laths were studied in 3D in electron-beam printed Ti-6Al-4V using a plasma FIB. These key features
are of interest for studying variant selection in additive manufacturing.

1. Introduction
Titanium alloys, particularly Ti-6Al-4V, are well suited to additive
manufacturing (AM) due to their applications in biomedical implants
and aerospace components which benefit from the design advantages of
AM. These alloys combine high corrosion resistance and biocompat
ibility with desirable mechanical properties, such as a high strength-toweight ratio. The mechanical properties are highly dependent on the
microstructure [1], and the details of microstructural evolution can
vary widely depending on the alloy composition and processing con
dition [2]. Ti-6Al-4V is an α+β alloy consisting of the hexagonally
close packed (HCP) α phase and a small volume fraction of body cen
tered cubic (BCC) β phase at room temperature. Typical α morphologies
include laths arranged in colonies or basket-weave structures, or
equiaxed grains which are the result of thermomechanical processing
[1].
During AM, large thermal gradients exist and numerous re-heating
cycles occur. The magnitude of the gradients and the details of the
cycles will depend upon the AM processing conditions. Such variation
in processes may result in concurrent variations in the microstructural
evolution which are not yet fully understood. A more complete un
derstanding of the microstructures is required in order to potentially
elucidate the details of the phase transformations and microstructural

evolution that accompany the complex thermal history. Ti-6Al-4V
presents an opportunity to understand repetitive solid-solid phase
transformations during processing. In electron beam melting (EBM), the
high temperature β phase is thought to undergo a martensitic trans
formation to α’ and to subsequently decompose into an α+β lamellar
structure as the build is held at an elevated temperature [3–5].
The Burgers orientation relationship, typically obeyed between the
α and β phases in titanium alloys [6] allows for the formation of 12
possible α orientations from a parent β grain. However, usually only a
few α variants are observed within one prior β grain. This preference
for some α variants over others is known as variant selection. Variant
selection is believed to play an important role in determining the final
microstructure [7] but the role of variant selection during the micro
structural evolution and its influence on properties of AM Ti-based al
loys is largely unexplored.
The two well-accepted mechanisms identified for variant selection
are: (i) nucleation of a certain variant at a prior β-β grain boundary to
minimize the interfacial energy between the α and the two β grains
based either on the disorientation of the two β grains [7–13] or the
grain boundary plane [14–16]; and (ii) the simultaneous nucleation of
three variants which share a 112̄0 direction in order to minimize their
transformation strain by growing as a self-accommodating cluster
[17–21] which has been referred to as a 'delta' distribution [18].
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Generally, variant selection at β grain boundaries may have a large
impact on the mechanical properties due to special cases where one α
grain holds a Burgers orientation relationship with both β grains or
where it shares a common basal plane with the α on the non-Burgers
oriented side of the boundary. Microstructures that exhibit such variant
selection are expected to have a reduced barrier to dislocation motion
due to the ability of slip to transfer between crystallographically similar
α orientations [9,22].
While AM Ti-6Al-4V has been studied extensively, most of the mi
crostructural characterization has been limited to either qualitative
descriptions of morphology (i.e. basket-weave or colony) or quantita
tive descriptions based upon two-dimensional measurements. Studies of
variant selection have been predominately limited to wrought near-β
titanium alloys to allow for observations of isolated α precipitates at β
GBs, and almost exclusively in 2D. To the best of the authors’ knowl
edge, there is only one published example of 3D characterization of an
AM titanium alloy wherein a single α lath was reconstructed from op
tical images [23].
Even with the most sophisticated stereological tools, 2D methods
alone cannot capture complex 3D morphologies of α laths. Nor, for
limited datasets, can they directly measure the full five-parameter de
scription of the grain boundary character distribution. Although this
information can be calculated from 2D data, very large data sets are
necessary [24–26]. To understand the interconnectedness of α laths and
the 3D morphology of 3-variant clusters, 3D characterization methods
are needed. 3D characterization methods including serial sectioning by
mechanical polishing [27–29], focused ion beam (FIB) [30–32] or laser
machining [22], as well as high-energy x-ray diffraction [33] and x-ray
microtomography [34] have been applied to wrought titanium alloys to
study α morphologies [27,28,30,32,34], prior β grains [32,33] and the
behavior of macrotextured regions [22]. Common drawbacks of all
these techniques are their limited resolution and the time required for
collecting large datasets. In the past, serial sectioning experiments have
often relied on SEM imaging only due to the time required to collect
electron back scatter diffraction (EBSD) from every slice. These lim
itations are indeed challenging in Ti-6Al-4V where the wide range of
length scales of the features of interest (i.e. fine α grains and coarse
prior β grains) necessitates the collection of a large volume at a high
resolution. The work by Williams et al. [35–37] and Searles et al. [30]
are a good examples of both the limitations and potential benefits of
applying 3D characterization to Ti alloys. Using serial sectioning with
FIB combined with SEM imaging, they revealed the 3D morphology and
intersection of α laths, however, due to limitations in the collected
volumes, only a few laths were able to be reconstructed.
3D-EBSD is a characterization method which has been around for

over a decade but is used quite infrequently due to the aforementioned
limitations of time and resolution. Fig. 1 shows the results of a search of
a publication database using the keywords ‘EBSD’ and ‘3D-EBSD’ over
time on Scopus (12/02/2020). While publications using EBSD have
been increasing steadily since it was developed in the 1990s, the
number of publications using 3D-EBSD has remained relatively low,
around 10 per year, and accounts for less than 1% of publications using
EBSD in most recent years. Furthermore, a search for “3D-EBSD + Ti
tanium” yielded a total of 17 results and “3D-EBSD + Additive” yielded
only 2. Though this may not represent every publication using the
technique, as a few studies may refer to the method as ‘EBSD tomo
graphy’ or simply ‘serial sectioning with EBSD’, it suggests that re
searchers still rely on 2D data to draw conclusions the vast majority of
the time, leaving the potential for incomplete or misleading results and
that researchers have rarely applied 3D-EBSD to additively manu
factured materials, where complex and inhomogeneous microstructures
require thorough characterization.
Thus, here we perform 3D-EBSD using serial sectioning in a Xe+
plasma FIB to overcome the limitations of other 3D techniques. The
Xe+ plasma FIB provides two main advantages in this study. Firstly, the
sputtering rates for Ti have been found to be similar for Xe+ plasma FIB
and a Ga+ liquid metal ion source (LMIS) FIB, so the milling time for
each slice would be about the same if the beam current were kept
constant. However, a Xe+ plasma FIB produces a thinner layer of sur
face damage which results in better quality EBSD patterns. Thus, the
plasma FIB allows for milling at higher beam currents and therefore
shorter milling times [38]. Secondly, the plasma FIB can run at very
high beam currents (up to 2.5 μA) which are not accessible with a Ga+
FIB [38]. High current milling allows the rough cuts around the pillar to
be sectioned to be done very quickly. It is necessary to remove large
amounts of material below and to the sides of the pillar to prevent
shadowing of the EBSD detector. Large trenches, which could take
several hours to mill at 60nA in a Ga+ FIB, can be milled out in a few
minutes at 2.5 μA in a plasma FIB. A new EBSD camera using a CMOS
detector enables high quality EBSD data to be collected in a very short
time [39]. The pairing of these two technologies allows large, high
resolution datasets to be collected in just a few days. We apply this
technique to additively manufactured Ti-6Al-4 V, where the fine,
complex basket-weave microstructure requires a high-resolution 3D
technique to characterize fully and reveal new insights into the com
plexities of the microstructure.
2. Materials and methods
A Ti-6Al-4V block (15 × 15 × 25 mm3) was manufactured using an

Fig. 1. (a) Publications using EBSD and 3D-EBSD over time (b) The fraction of EBSD publications using 3D-EBSD over time. Source: www.scopus.com, accessed (12/
02/2020).
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Fig. 2. (a) Schematic of the 3D printed build with sectioning shown as dotted lines and the region where the 3D dataset was taken shown as a red box. (b) IPF map
with color scale inset and (c) image quality maps of a 2D EBSD dataset from z-x plane in the middle of the build showing the lamellar α+β basketweave structure. All
IPF maps shown herein use the same color scale shown in the inset of (b) with the build direction as the reference direction. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

ARCAM EBM system with a linear raster scan and a layer thickness of
50 μm. The build temperature was 470 °C. The block was sectioned for
SEM and EBSD along the x-z plane in the center of the build (Fig. 2(a)).
The initial 2D EBSD data (Fig. 2 (b, c)) reveals the microstructure to
consist of α lamellae in a basket-weave configuration. The β phase is
too fine to be reliably indexed, however, the image quality map
(Fig. 2(c)) can provide a good indication of the presence of retained β
between α laths. The inverse pole figure (IPF) map (Fig. 2(b)) shows a
prior β GB, with a few orientations on either side dominating the mi
crostructure and strongly suggesting variant selection.
A small, spatially registered and mirrored specimen was also ex
tracted from the center of the build and mounted onto a pre-tilted
sample holder for 3D-EBSD analysis. 3D-EBSD was performed in an FEI
Helios Xe+dual beam plasma FIB. analysis volume measuring
~50 × 50 × 100 μm3 was prepared in the region of interest and was
protected with a Pt layer about 5 μm thick to minimize curtaining ef
fects. Sectioning slices was done with a 30 kV accelerating voltage and
a 60 nA ion-beam current using rocking milling with an angle of 5° The
rocking milling feature allowed for better surface quality with shorter
milling times for each slice and kept curtaining to a minimum
throughout the automated run. To ensure the same surface quality for
each EBSD scan, the slice thickness was set to 50 nm and EBSD was
collected every 2 slices to produce a total thickness of 100 nm for each
EBSD scan. The total milling time for each slice was around 3 min. A
similar experiment by He et al. on a similar alloy provides a reasonable
benchmark for how the milling time achieved here compares to a tra
ditional Ga+ FIB [40]. They mention a milling time of 30 min/slice at a
current of 500 pA for slices about half the volume of the slices milled
here. Rocking milling caused the bottom corners of the volume to begin
to be milled away due to the corners not being protected by the Pt layer
when the sample was rocked. This, however, did not cause significant
damage to the EBSD scan area during the automated run. Some re
deposition did occur on the sides of the pillar and on the side walls
across from the pillar. However, there was not enough redeposition on
the side walls to obstruct the signal to the EBSD detector.
EBSD data was collected using an Oxford Symmetry CMOS detector
and the Aztec 4.0 collection software with an accelerating voltage of
20 kV. A 100 nm step size was chosen to produce cubic voxels of
(100 nm)3. The process was automated using the FEI Auto Slice and
View software. 316 slices were collected over ~3 days. A scan area of
roughly 30 μm x 30 μm and exposure time of 6.95 ms were chosen
based on a test scans to find a reasonable balance between collection
time and data quality. This resulted in a collection speed of 143 fps or
about 10 min per slice. The indexing success rate was between 75% and
80% with non-indexed points primarily due to the inability to reliably

index the β phase, which is comparable to what was achieved with the
2D data set shown in Fig. 2 (b,c). While this speed is achievable without
a CMOS based detector (the data shown in Fig. 2 (b,c) was collected at
~250 fps with a Hikari 31 Super EBSD detector), it was still sufficient to
allow the collection of a reasonably large dataset in a few days. As this
was the first attempt at running automated 3D-EBSD with this system,
the speed of the data collection can certainly be improved by further
fine tuning of the milling and collection parameters. The run was
aborted after 316 slices due to the software being unable to recognize
the fiducial marker used for alignment. This may have been a result of
redeposition in the fiducial marker, sample drift, or of the electron
beam and/or ion beam drifting out of alignment.
The analysis volume is shown in Fig. 3(a) with the build axes and
the EBSD axes overlaid in red and white, respectively, and the EBSD
scanned area shown as a white box. The fiducial marks used for the
alignment of the milling position and the EBSD position are visible in
the Pt layer on top of the block and on the surface to the left of the
block, respectively. 3D reconstruction and analysis were performed
using DREAM.3D. A misorientation based alignment was used followed
by a neighbor orientation comparison clean-up, segmentation based on
a 5° misorientation tolerance, and minimum feature size of 16 voxels.
3. Results and discussion
The reconstructed and cleaned-up volume used for analysis is a
rectangular prism of ~30 × 30 × 14 μm3 (Fig. 3(b) supplementary
video 1). The microstructure consists of α laths arranged in a basketweave structure. The volume contains 3337 grains with 2149 of those
fully contained in the volume. A grain tolerance angle of 5° was used to
define a grain. Interestingly, some key features for understanding var
iant selection can be observed in close proximity to each other within
this dataset. One of those features is a prior β grain boundary (indicated
by the dotted line in Fig. 3(b)). This is evident from a shift in the α
orientations present. Only a few α variants dominate the microstructure
on either side of the prior β grain boundary. For example, the right side
is dominated by the orientations with green, pink, and magenta IPF
colors, while the left side is dominated by orientations with blue, or
ange, and mint IPF colors. It should be noted that in this case, the prior
β was captured in the analysis volume purely by accident. This was
fortunate considering that the prior β grain size is ~100 μm. In the
future. it would be possible to target prior β grain boundaries by col
lecting an EBSD scan or backscattered electron image of the top surface
to select an area for 3D-EBSD collection.
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Fig. 3. (a) The volume sectioned for 3D-EBSD with fiducial markers for alignment. The axes of the build reference frame are shown in red where z is the build
direction and the axes of the EBSD reference frame are shown in white. The EBSD region of interest is shown as a white box. (b) The reconstructed volume after
alignment, clean-up and cropping shown with IPF coloring. The dotted line represents a prior β grain boundary. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

3.1. Observation of a 3-variant cluster

observed by Miyano et al.
Another notable difference between the example shown here and
the structures observed in the studies mentioned above is that in this
case, all three laths cross through each other and extend beyond the
area where they intersect. Thus, the cluster is not a well-defined pyr
amid like those previously observed.
It is also suggested by the grain boundary misorientation distribu
tion (Fig. 4(c)) that such structures dominate the 3D volume collected,
as suggested by the strong peak around 60°. The grain boundary mis
orientation angle alone as shown in Fig. 4(c) does not have sufficient
resolution to distinguish between the 60° 112̄0 boundary and another
possible boundary between α variants with a 60.83°
10 7̄ 17 3 misorientation. Analysis of the full grain boundary mis
orientations revealed that the area fraction of 60° 112̄0 boundaries is
54% while the frequency of this boundary should only be ~18% for
populations of random α variants [41]. This does not directly reveal the
frequency of 3-variant clusters as only individual boundaries between
pairs of grains are considered, but the high fraction of 60°
112̄0 boundaries strongly suggests variant selection driven by strain
minimization [18].
The cluster shown in Fig. 4 (a,b) was found by manual inspection.
Fig. 3(b) shows that the same three orientations which comprise the
cluster occur many times within the same prior β grain. Thus, there are
likely many more areas where these three orientations meet in a similar
fashion. Furthermore, the prevalence of 60° 112̄0 boundaries suggests
that there are likely other groups of orientations that share the same
relationship in the other prior β grain, if not also in the same one. An
automated analysis of triple junctions where these boundaries meet

Another important feature present are 3-variant clusters associated
with self-accommodation (Fig. 4 (a, b) and supplementary video 2).
Three platelets of different crystal orientations intersect to form a
pyramidal shape. The misorientation between each of these grains is
within 1° of 60° 112̄0 , a match with the misorientations expected to
minimize the transformation strain of such clusters. These clusters are
similar to the 'delta' morphologies observed by Balachandran et al. and
Kashiwar [18,27]. These previous experiments, however, lacked the 3D
orientation data presented here which can confirm that the mis
orientation between the laths involved matches boundaries which
minimize the transformation strain [17,20,21]. Importantly, none of
these prior observations were made in Ti-6Al-4V where the higher
volume fraction of α makes the identification of such features difficult.
As mentioned by Balachandran et al., these structures can be seen most
easily in 2D when sectioned normal to a 〈111〉 β direction due to
growth of the cluster along a shared 112̄0 . Thus, while the ‘delta’
distribution stands out quite strikingly in the optical micrographs of
near-β alloys [18], it could be easily overlooked when integrated into
an α basketweave structure, particularly if the sectioning plane is not
oriented favorably. A 3D technique allows these structures to be visible
regardless of how they are oriented within the sample. When viewed
along the axis of the pyramid (Fig. 4(b)), the three-fold symmetry that is
evident shows a striking similarity to the pyramidal structures observed
in TEM by Miyano et al. [19]. Since 3D-EBSD allows for the direct
measurement of the grain boundary plane, in the future it will be
possible to see if these laths meet along (011̄1) planes like the ones

Fig. 4. (a) A 3-variant cluster 60° misorientation angles intersecting in a pyramidal configuration shown with IPF coloring. (b) The same cluster of grains viewed
down the axis of the pyramid showing the three-fold rotational symmetry. (c) The grain boundary misorientation distribution showing a large peak around 60°.
4
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Fig. 5. (a) A group of interconnected laths which make up a single contiguous feature. (b) The same feature viewed from another angle. (c) Another group of
interconnected laths of a different orientation. (d, e) Two different views of the populations of grains of two different orientations showing how the platelets are
interwoven in 3D. Colors represent IPF coloring.

is pervasive in the microstructure, and can only be observed in 3D, is
the topologically complex nature of the α laths. The platelets are not, as
is often imagined, discrete particles bounded by a continuous network
of the β phase. Rather, the two phases interpenetrate in a complex
fashion, whose surface concavities and convexities, holes and bridges
present (erroneously) as discrete particles when observed in 2D [40].
Two examples of this shown in Fig. 5(a) and (b) (supplementary video
3) are views of a single feature which spans nearly the width of the
collected volume in both the x and y dimensions. While it would appear
from a 2D section as a single or a few distinct platelets, it is actually one
contiguous feature comprised of interconnected and branching platelets
of the same orientation. Another example is shown in Fig. 5(c) (sup
plementary video 4) where a feature which appears to be three separate
parallel platelets is actually a single contiguous feature due to bridges

would allow for a more thorough characterization of the prevalence of
these clusters. This is currently in development and will be included in
future publications. Additionally, the integration of these clusters into
the basketweave microstructure makes it very difficult, if not im
possible to say with certainty where they originated. This makes it
extremely challenging to determine if any point where the three or
ientations meet occurred as a result of a separate nucleation event or by
impingement.
3.2. 3D morphology of basket-weave α
While 3-variant clusters can be analyzed semi-quantitatively using
EBSD data and rationalized using 3D reconstructions, other interesting
features are most easily described qualitatively. One such feature which
5
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between the platelets. The bridging between platelets can be seen in the
cross sections of the feature in supplementary video 5. This is similar to
observations by Sharma et al. who found that apparently separate α
grains were revealed by 3D-EBSD to be branches from a single α nu
cleus at a β grain boundary [28]. This suggests that similar branching
growth may occur throughout the formation of the basket-weave
structure, and not just in the case of isolated α nuclei growing along β
grain boundaries. These models are arguably incomplete, as the for
mation of branching is effectively treated, but the confluence of sepa
rate branches back into a single unit is neglected.
To examine how these variants fill the volume, one can look at how
the two orientations fit together in space. Visualizing the full popula
tion of features of the two orientations shows how they are interwoven
to form the basket-weave structure. All features of each orientation/
variant were isolated by selecting a reference lath, finding its average
orientation in a fundamental zone and converting to an axis-angle pair.
All other features for which both the axis and angle of the average
orientation were within 5° were then identified, effectively identifying
identical variants, and all features larger than 2000 voxels were se
lected for visualization by their unique feature IDs.
The platelets of the two orientations cross each other in a complex
3-dimensional configuration (Fig. 5(d, e) and supplementary video 6).
Both variants appear to be within a single prior β grain and consist of a
population of interconnected parallel platelets. While most of them are
interconnected, some isolated platelets are present.
To the best of the authors knowledge, this represents the first time a
high degree of branching and interconnectivity in a basket-weave
structure has been reported in literature, which could provide valuable
insight on the microstructural evolution of Ti-6Al-4V during EBM.

Office of Naval Research.
Supplementary materials
Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.ultramic.2020.113073.
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