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ARTICLE INFO ABSTRACT
Keywords: Three-dimensional characterization methods, such as 3D electron backscatter diffraction (3D-EBSD), have been
3D EBSD used to reveal phase transformation and microstructural evolution mechanisms in multi-phase materials such as
Titanium alloys steel or titanium alloys. While 3D techniques have enabled many findings in steels, fine dual phase microstruc-
P}fase morphology . tures in titanium alloys such as the basketweave structure have been challenging to resolve. Now, advances in
Microstructure formation . . . . . . .

L 3D-EBSD methods using sectioning with a plasma focused ion beam have allowed in-depth analyses of fine «
Interconnectivity

microstructures. We apply 3D-EBSD to investigate the microstructures formed in Ti-6Al-4V by electron powder
bed fusion (E-PBF) using different scanning strategies. Basketweave, acicular, and colony microstructures are pro-
duced from linear, Dehoff, and random scanning strategies, respectively. Different types of 3D interconnectivity
were revealed in each microstructure including within clusters of platelets in the basketweave microstructure,
within a grain boundary allotriomorph in the acicular microstructure, and between platelets in colonies. These
observations are discussed in terms of the formation mechanisms of interconnectivity, including sympathetic nu-
cleation, impingement, and morphological instability. Morphological instability was found to potentially play a
role in both the basketweave and colony structures while the interconnectivity in the acicular structure likely
forms via sympathetic nucleation or impingement. This information allows for a more complete description of
the phase evolution of Ti-6Al-4V during thermal cycling in E-PBF than previously available and represents new
insights into the complex branching reported in different titanium microstructures.

nite/acicular ferrite, and the formation mechanism of pearlite. Deep
etching [2] and serial sectioning [3] revealed how proeutectoid cemen-

1. Introduction

Three-dimensional microscopy techniques, while far from new, have
lately gained increased interest due to improvements in resolution
and computational reconstruction and visualization techniques [1]. 3D
imaging and analysis have enormous potential to provide crucial in-
sights into the true morphology and evolution of complex microstruc-
tures. These techniques can now be applied to reveal the microstruc-
tural evolution of titanium alloys, which can form a variety of phases in
highly complex 3D morphologies under certain processing conditions.
This potential has been demonstrated previously in answering several
open questions within the field of steels, which undergo a similar array
of phase transformations and form similar complex structures, though
generally on a coarser scale.

In case of steels, these include the morphology and origin of
proeutectoid Widmanstitten ferrite and cementite, the origins of bai-
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tite plates in fact originated at an austenite grain boundary (GB) even
when they appeared to be intragranular, as well as dendrite-like 3D mor-
phologies within cementite films on austenite GBs. A major controversy
in this area was whether Widmanstétten side plates formed on GB al-
lotriomorphs via sympathetic nucleation [4] or branching due to mor-
phological instability [5]. Sympathetic nucleation is the nucleation of
a precipitate at the interface of another precipitate of the same phase
in order to continue a phase transformation after the phase interface
can no longer move, or to replace the high energy phase interface with
a lower energy GB [4,6-8]. Morphological instability can occur when
perturbations in a migrating phase boundary cause the interface to be-
come unstable and form branches [9-11].

Though in situ experiments and many observations of low angle
grain boundaries (LAGBs) between side plates have contributed to the
conclusion that sympathetic nucleation generally dominates in this case
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[12-16], several studies utilizing 3D characterization provided impor-
tant information about the true 3D morphology of Widmanstatten fer-
rite [17-21]. Mangan et al. [17] showed how plates can intersect each
other in 3D, either blocking or growing past each other, and also that
when plates grow near each other, interactions between the diffusion
fields of the growing plates (or soft impingement) caused the plates to
bend away from their ideal habit plane. Kral et al. [18] provided an up-
dated version of a classic scheme for classifying precipitate morpholo-
gies [22] to take the full 3D morphology into account. Another exam-
ple is the serial sectioning of Widmanstatten in a meteorite (the original
source of the term Widmanstétten) to observe cases of plates intersecting
[23].

In the case of bainite/acicular ferrite, there is ongoing debate over
whether the phase transformation is diffusive, displacive, or a combina-
tion of the two [24] (often called a diffusive-displacive transformation
[25]). 3D characterization has provided key insights in this area, includ-
ing the morphologies of nanobainite [26], coalesced bainite [27], and
interwoven acicular bainite [28]. Kang et al. used 3D-EBSD to show how
different bainite morphologies can result from diffusive vs displacive
processes [28] and Motomura et al. paired elemental mapping with se-
rial sectioning to show the role of diffusion in forming acicular bainite
[29]. Acicular plates have often been observed in complex, interwoven
patterns in 3D [28-32] with sympathetic nucleation often cited as mech-
anism for forming interwoven structures [30-34].

A pioneering serial sectioning experiment by Hillert [35] proved that
pearlite colonies actually only consist of a single crystal each of ferrite
and cementite, branched and woven together. This enabled understand-
ing how pearlite forms by branching via morphological instability and
ledge-wise growth [36-40] and the original micrographs from [35] have
even been digitized to produce a 3D reconstruction of the original colony
[41].

These results set the scene for 3D characterization to provide sim-
ilar insights into the microstructural evolution of titanium alloys, due
to the wide array of microstructures and phase transformations that
occur. Pure titanium has a body-centered cubic crystal structure (4
phase) at high temperature and hexagonal close-packed crystal struc-
ture (a phase) at room temperature. Titanium alloys generally consist
of a mix of the two phases at room temperature with the fractions deter-
mined largely by the amount of g stabilizing elements such as vanadium
or molybdenum. Phase transformations can be martensitic, diffusional,
diffusive-displacive, massive, or pseudo-spinodal depending on the alloy
and processing conditions [42-47]. Microstructures commonly seen in
a+p alloys such as Ti-6Al-4V include colony a, where parallel « lamel-
lae of the same crystal orientation are arranged in sheaves or colonies;
basketweave (Widmanstétten «), where a platelets of multiple orienta-
tions are woven together in a complex 3-dimensional fashion; and o’
martensite, consisting of fine acicular laths arranged similarly to the
basketweave microstructure. Equiaxed and bimodal microstructures are
also common [42]. This considerable complexity is exacerbated by ad-
ditive manufacturing (AM) methods such as electron beam powder bed
fusion (E-PBF) which result in significant anisotropy and complicate the
phase evolution with repeated thermal cycling. AM microstructures in
Ti-6Al-4V generally consist of fine a microstructures with different mor-
phologies within large, columnar g grains.

One particular open question is whether branching via morpholog-
ical instability plays any role in the evolution of titanium microstruc-
tures, especially in the case of the formation of Widmanstitten side
plates forming on GB allotriomorphs [48-51]. While these side plates
have often been attributed to sympathetic nucleation [7,52,53], there
is evidence for morphological instability as well [49,51] and one study
suggests that both may occur [48]. Morphological instability has been
observed or modelled in titanium in several other contexts, includ-
ing branching growth of a GB-a precipitate [54], formation of sheafs
of parallel platelets [55], and secondary branches off of Widmanstat-
ten side plates [50]. Additionally, it has recently been reported that «
grains within the basketweave microstructure in additively manufac-
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tured (AM) Ti-6Al-4V exhibit extensive interconnectivity in 3D which
may be indicative of branching behavior [56].

Though some 3D characterization has been employed on titanium al-
loys already [54,57,66-69,58-65], it has often been limited to relatively
low-resolution techniques, such as serial sectioning via mechanical pol-
ishing [69], high-energy x-ray diffraction [67,68], and reconstructions
of coarse features such as equiaxed microstructures [61], prior f§ grains
[67], or low-density « laths in near g alloys [62]. The recent devel-
opment of the plasma based focused ion beam (P-FIB) now allows for
the collection of large volumes at high resolutions [70]. When paired
with a high-speed electron backscattering diffraction (EBSD) detector,
this allows for the collection of large, high-resolution 3D datasets with
crystallographic information. This can provide details on the 3D mor-
phology of the fine acicular and basketweave microstructures in a+p
alloys which are otherwise very challenging to resolve with other 3D
characterization methods [56].

The microstructural evolution of Ti-6Al-4V during E-PBF has been
investigated previously [71-73] but the general phase transformation
route proposed (¢/—pf—a’—a+p) is insufficient to account for the arrays
of microstructures produced by different scanning strategies [74-76] or
the 3D interconnectivity [56]. Following our extensive 2D EBSD char-
acterization of the effects of E-PBF scanning strategy on microstructural
evolution in Ti-6Al-4V [74,77], and a feasibility study employing 3D-
EBSD on basketweave Ti-6Al-4V [56], two main areas were identified
that would benefit from an in-depth 3D analysis. The first was the effect
of scanning strategy on variant selection behavior and grain boundary
network in 3D which was the subject of our previous publication [78].
This study revealed that the variant selection behavior is strongly de-
pendent on the scan strategy due to differences in the thermal profile.
The variant selection behavior was dominated by two different types
of self-accommodation in the linear and Dehoff samples and dominated
by prior g grain boundaries in the random sample. The second, which
is presented here, is the 3D morphology and interconnectivity of fine
a microstructures and its role in microstructural evolution during E-
PBF. We present analyses of the grain morphologies and interconnectiv-
ity observed in Ti-6Al-4V processed by E-PBF using three different scan
strategies to produce three different characteristic microstructures. This
provides critical insights into two important gaps in the state of the art:
first, a better understanding of the origins of interconnectivity in tita-
nium microstructures in general and what role branching plays in mi-
crostructural evolution, and second a more comprehensive model of the
microstructural evolution during E-PBF using different scanning strate-
gies. The raw data used here is the same as that presented in [78], with
new and distinct analysis presented here.

2. Methods

As previously described [56,74,77,78], blocks were built using an
ARCAM EBM system using three different scan strategies: a linear raster,
a periodic spot melt (Dehoff) and a random spot melt. A 3D-EBSD data
set was collected from each sample from a location chosen based on ex-
tensive 2D observations [74,77] to represent three distinct microstruc-
tures. The center of the linear build is composed of a basketweave
structure; the bottom of the Dehoff build is composed of an acicular,
martensite-like microstructure; and the center of the random build is
composed of a colony microstructure. A representative 2D EBSD map
of each of the microstructures is shown in Fig. 1. The maps shown
are inverse pole figure (IPF) maps which represent the crystal direction
aligned with the build direction overlaid with image quality to show the
internal structure of the colonies in the random sample (Fig. 1(c)). The
inset IPF color triangle in Fig. 1(a) applies to all IPF maps throughout
the remainder of the manuscript.

The 3D-EBSD datasets were collected using block-face serial section-
ing in a Xe+ plasma FIB, controlled using the Auto Slice and View soft-
ware and Aztec 4.0 EBSD collection software. The slice thickness was
50 nm using rocking milling to reduce curtaining effects, and EBSD was
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Fig. 1. Inverse pole figure (IPF) maps with image quality overlaid for (a) the basketweave microstructure in the center of the linear build, (b) the acicular mi-
crostructure in the center of the Dehoff build with large grain boundary « indicated by dashed white circles, and (c) the colony structure in the center of the random

build.

collected every two slices with a step size of 100 nm for a final voxel size
of (100 nm)3. The volumes collected for the linear, Dehoff, and random
samples were 13.6 x 29.4 x 31.3 ym3, 22.1 x 24.1 x 36.3 ym?, and
23.5 x 31.6 x 37.0 um3, respectively. Reconstruction and analysis were
performed with the DREAM. 3D software package [79] and further anal-
ysis was carried out with the MTEX toolbox for Matlab [80]. Briefly, the
reconstruction consisted of alignment, clean-up, and segmentation with
a grain tolerance angle of 2° The raw indexing rate for the linear, Dehoff,
and random samples, respectively were 74, 66, and 90%. An in-depth
description of the reconstruction and analysis methods will follow in a
separate publication. The linear dataset by random chance happened to
contain a prior § grain boundary though the center of the volume and
the other two datasets were placed to contain prior f grain boundaries
using BSE imaging prior to milling out the pillar for sectioning.

Many grains included multiple platelets spread over different planes.
In order to calculate how many platelets each grain had, we used
M-estimator Sample Consensus (MSAC) algorithm [81], a variant of
the Random Sample Consensus (RANSAC) [82], provided in MATLAB’s
Computer Vision Toolbox. The RANSAC algorithm considers the desired
fitting model with an unknown set of parameters and estimates them
while maximizing the number of inliers within a pre-specified distance
(7 voxels in this case). The RANSAC treats all inliers uniformly without
any penalty while the MSAC utilizes a cost function where a penalty is
assigned to an inlier based on the extent it satisfies the required func-
tional relation [81,82]. Here we assumed our fitting models are planes.
We iteratively fitted a series of planes to each grain in the linear and De-
hoff data sets using the MSAC algorithm. In the first iteration, the first
plane, with the highest number of points, was detected and all points
belonging to the fitted plane were excluded from the data. In the next
iteration, the second plane was fitted to the remaining points. The iter-
ative process terminated when less than 5% of the data was remained.
For monolithic platelets, or grains containing only a single platelet, only
one plane should be required to fit more than 95% of the voxels, while
grains with multiple platelets should require several iterations to fit a
plane to each platelet. This provides a metric for how interconnected
each grain is based on how many planes need to be fitted to include
most of the data.

3. Results
3.1. Linear (basketweave)

An overview of the full volume of the linear dataset is shown in
Fig. 2(a). The structure is composed generally of platelets in a bas-
ketweave configuration, and the prior # GB can be seen running though
the center of the sample. The 3D perspective of the basketweave mi-
crostructure reveals that the structure is more complex and intercon-
nected than is apparent from a single 2D section.

Fig. 2. (a) The full volume of the linear 3D EBSD dataset in IPF color showing
the basketweave microstructure in both prior § grains and no apparent grain
boundary a. The prior f grain boundary is indicated by the dashed line. (b, c)
All of the grains intersecting on each side of the prior g grain boundary surface
in the linear dataset shown in unique grain color.

As the presence or absence of grain boundary « is important for the
microstructural evolution, it is useful to examine the surfaces of the prior
p grain boundaries to see what role GBa may have played. Fig. 2 (b,c)
and supplemental video 1 show all the a grains which intersect the prior
p grain boundary on either side of the boundary. The platelets all in-
tersect the boundary along their growth directions without seeming to
grow along the boundary surface or cover a large area. The apparent
relatively large boundary area occupied by the light blue grain is a re-
sult of that variant having a habit plane near to the boundary plane.
Thus, in this sample, there does not appear to be any so called allotri-
omorphic «. Though this is only a small section of one prior g grain
boundary, this observation is consistent with the 2D EBSD scans of this
microstructure in previous work [74,77] which found very little GBa in
the basketweave structure.

The complexity of the grain structure can be seen more readily
in Fig. 3 and supplementary video 2, where (a-d) show examples of
very large, interconnected grains consisting of multiple platelets of the
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Fig. 3. A collection of representative grains from the linear dataset including
(a-d) highly branched/interconnected grains, (e) a cross section of the grain in
(d) with arrows indicating branching points, (f-g) large, monolithic grains, and
(h) a selection of small monolithic grains. (a-g) are shown in IPF color and (h)
is shown in unique grain color.

same orientation that are connected via bridges and branching points
throughout the volume. Fig. 3(e) is a cross section through the grain
in (d) where several of the bridges and branching points between adja-
cent platelets can be seen and are marked with arrows. Although these
highly branched grains make up the majority of the volume, there are
some monolithic grains as well (Fig. 3(f) and (g)). Additionally, there
are many small grains with a range of shapes including equiaxed, rods,
and platelets. They are generally elongated along the growth direction
of their particular variant. A subset of these small grains with volumes
between 1 and 2 ym? are rendered in Fig. 3(h) in unique grain color to
provide a sense of their shape and distribution.

3.2. Dehoff (acicular)

The full volume of the Dehoff sample is shown in Fig. 4(a). The vol-
ume is mostly from one prior § grain with a small amount from a second
prior § grain in one corner. The microstructure can be seen to contain
many fine « plates and one large, interconnected cluster along the prior
p grain boundary.

The a grains along the prior § grain boundary are shown in unique
grain color in Fig. 4 (b,c) and supplementary video 3. A number of small
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Fig. 4. (a-b) The full volume of the Dehoff 3D EBSD dataset in IPF color (a) with
respect to the build direction and (b) with respect to the Y direction (green axis).
The prior f grain boundary is indicated by the dashed line. (c-d) All grains inter-
secting each side of the prior § grain boundary surface in the Dehoff dataset are
shown in unique grain color. Arrows show where the very large cluster curves,
likely following the prior g GB outside of the collected volume.

platelets intersect the boundary, but a large portion of the boundary
surface on the side of the larger prior § grain is taken up by one very
large grain. Additionally, the large grain can be seen to curve where it
intersects the edge of the volume, suggesting that it continues to follow
the boundary surface outside of the collected volume as shown by the
arrows in Fig. 4(c). This suggests that the large, interconnected grain
may have grown from the prior g grain boundary from a GBa precipitate.
While it is difficult to generalize the behavior along prior § GBs based on
this small area of GB surface, this structure is similar to some observed
in 2D EBSD scans of the acicular microstructure at the bottom of the
Dehoff sample indicated by the dashed circles in Fig. 1(b).

This microstructure contains many more monolithic, flat, martensite-
like plates, some examples of which are shown in Fig. 5(b-d) and sup-
plementary video 4. As in the linear sample, there is also an array of
small grains of assorted shapes, generally elongated along the growth
direction of their variant. The Dehoff sample also contains some inter-
connected structures. This is primarily one very large grain consisting of
many platelets which are all interconnected. This grain spans nearly the
entire volume of the larger prior § grain and contains platelets which
have grown in two different directions and is shown in Fig. 5(a). These
different growth directions may represent impingement of distinct vari-
ants.

In contrast to the linear sample, the Dehoff sample contains relatively
large intragranular misorientations which can be seen in the changes in
IPF color both within the large, interconnected cluster as well as the
monolithic platelets.

3.3. Random (colony)

The full volume of the random sample is shown in Fig. 6(a). The
grains are noticeably larger than the other samples and are generally
colonies of parallel platelets. The thin g ribs which delineate the indi-
vidual lamellae of the colonies can be seen as areas of low band slope
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Colony 1 (IPF) Colony 1 (BS)

Interconnected Monolith

Colony 2 (IPF)

A p
24. Colony 2 (BS)

Monolith Monolith

Monolith Colony 1 + Monolith

Monoliths (small)

Fig. 5. A collection of representative grains from the Dehoff dataset including
(a) a very large and complex grain, (b-d) large, monolithic grains, and (e) a
selection of small monolithic grains. (a-d) are shown in IPF color and (e) is
shown in unique grain color. Arrows in (c) show LAGBs in one of the monolithic
platelets.

Fig. 7. (a-d) 2 examples of a colonies from the random dataset in (a,c) IPF
color and (b,d) BS. (e) a single « platelet. (f) the same a platelet embedded in
the colony shown in (a). (g,h) two basketweave-like regions (dashed circles) in
the random sample shown in unique grain color.

(BS) in Fig. 6(b). The prior f GB surfaces are shown in Fig. 6 (b,c) and
supplementary video 5.

The colonies which intersect the boundary can be seen to cover large
areas of the GB surface and follow the curve of the surface, suggesting
that the colonies may have nucleated as GB « and subsequently grown
into the prior f grains. As mentioned before, though this is a very limited
dataset with respect to the prior # GB behavior, the result is consistent
with extensive observations in 2D of colonies growing from GB « films
[74].

Two representative examples of colonies are shown in Fig. 7 (a-d)
and supplementary video 6. The colonies can be seen to have a sig-
nificant amount of branching between the lamellae within each colony
as indicated by the arrows in Fig. 7(d). There are also a few smaller,
monolithic grains in a few areas which appear more basketweave-like.
Fig. 7(e) and (f) show an example of one such platelet which is embed-
ded almost entirely within one colony. Two examples of areas which
appear more basketweave-like are shown in Fig. 7(g) and (h).

Fig. 6. (a-b) The full volume of the random 3D EBSD dataset (a) in IPF color to
show the orientation of the colonies and (b) in band slope to show the internal
structure of the colonies. The prior g grain boundary is indicated by the dashed
line. (c-d) All of the grains intersecting each side of the prior g grain boundary
surface shown in unique grain color.

3.4. Interconnectivity

To examine whether the interconnectivity in the basketweave mi-
crostructure of the linear sample and the acicular microstructure in the
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Fig. 8. Kernel average misorientation (KAM) maps of cross
sections from branched grains in (a) the linear dataset and (b)
the Dehoff dataset.
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Fig. 9. Interconnectivity of linear (a) and Dehoff (b) samples as indicated by the volume fraction of grains consisting of 1,2, or 3 or more platelets as calculated by
the MSAC algorithm which fits the points in each grain to a series of planes until 95% of the points are assigned to a plane. A large portion of the grains containing
3 or more platelets in the Dehoff sample is labeled as impingement as it is from the single large cluster in Fig. 5(a) which contains many LAGBs.

Dehoff sample results from the same phenomenon, the kernel average
misorientation (KAM) with a 3 x 3 x 3 voxel kernel size was calcu-
lated for both samples. Fig. 8(a) shows the KAM within a slice through
one of the interconnected grains in the linear sample (Fig. 3(d)) while
Fig. 8(b) shows the KAM within a slice through the highly intercon-
nected grain from the Dehoff sample (Fig. 5(a)) (supplemenary video
7). The grain from the Dehoff sample contains many LAGBs between
different platelets, suggesting that this may have formed as a result of
hard impingement or sympathetic nucleation, while the grain from the
linear sample does not appear to have any LAGBs, indicating that this
may be a true branching behavior.

The interconnectivity of the linear and Dehoff samples is summa-
rized quantitatively in Fig. 9. This is accomplished by classifying grains
identified in the orientation-based segmentation by the number of in-
dividual platelets they contain. About 41% of the volume of the linear
sample is composed of grains or clusters consisting of 3 or more platelets
and 37% of the volume is composed of grains consisting of two platelets
while only 22% of the volume consists of monolithic platelets. In the
Dehoff sample, 32% of the volume is composed of monoliths and 26%
is composed of duplets. The algorithm identified a large volume com-
posed of three or more platelets; however, this is almost all from the
cluster shown in Fig. 5(a) and Fig. 8(b), where the apparent branch-
ing may be a result of impingement as discussed above. There are three
smaller clusters of the same variants which are likely connected to it
outside the volume and one grain which is composed of two monolithic
platelets of different variants which were segmented as a single grain
due to intragranular misorientations blurring the boundary between
them (supplementary figure 1). If these grains are ignored, the volume
fraction of the Dehoff sample composed of highly branched grains is
only 6%.

4. Discussion

The three samples studied in this work represent distinct microstruc-
tures as a result of the different thermal histories of the three different
scan strategies. All microstructures exhibit some degree of interconnec-
tivity when examined in 3D. However, differences in the nature of the
interconnectivity suggest that different phenomena may be at play. Un-
derstanding the nature of each phenomenon can shed light on how each
microstructure may have formed during its respective thermal history.
Thus, in the following discussion, we will first examine possible origins
of the interconnectivity and analyze which may be operating in each
sample, and then discuss the likely sequence of microstructural evolu-
tion that led to the formation of each final microstructure. These findings
will then be compared to the similar phenomena and 3D characteriza-
tion studies in steels.

4.1. Origins of interconnectivity

Three possibilities exist for the interconnectivity between « laths ob-
served in this study. The first is coalescence or impingement of initially
separate platelets as they coarsen. This would most likely be marked by
a LAGB where the two platelets meet in the case of coalescence/hard
impingement or a thin layer of § in the case of soft impingement. An-
other possibility is sympathetic or autocatalytic nucleation, where one
a platelet nucleates at the interface of another in order to minimize
boundary energy [7] or local strain energy [8], respectively. Since sym-
pathetic nucleation is driven by replacing the a-p interface with a lower
energy a-a GB, it will most likely favor nucleation of a platelet of the
same variant as the substrate platelet, and in turn form a LAGB [7]. Au-
tocatalysis on the other hand will often result in the formation of clusters
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of three variants sharing <1120> directions [83]. The third possibility
is through branching via interfacial instabilities. This is often observed
in the case of side plates forming off of GBa films [49]. The formation of
branches off of growing side plates has recently been modelled by Sun
et al. [50] using phase field. Their results suggest that the branches oc-
cur when a side plate is not growing along its ideal growth direction, to
correct for the deviation. Additionally, experimental evidence of branch-
ing in the formation of colony like sheafs of platelets has been reported
by Choudhuri et al. [55] along with phase field modeling which shows
that growth ledges provide sufficient perturbations in the inter-phase
boundary to allow branches to grow.

While the formation of the colonies in the random sample is rela-
tively straightforward, it is worth examining as it has not been discussed
in previous literature on the microstructural evolution of Ti-6Al-4V dur-
ing E-PBF, and branches within colonies have rarely been reported [55].

The linear and Dehoff samples are more difficult to interpret, due
to the high degree of complexity within the basketweave and acicular
structures. While both microstructures look similar and contain a certain
degree of interconnectivity, a 3D perspective confirms that these are in
fact distinct microstructures, as previously indicated by their differing
variant selection behavior [74,77]. More detailed quantitative informa-
tion about the branching behavior than that presented in Fig. 9 could
provide more insight, but is currently impractical due to the difficulty in
isolating individual platelets in the clusters of multiple platelets which
are segmented as single grains. If the large, branched grains could be
sub-segmented to identify individual platelets, their spatial orientation
and number of branching points could be calculated.

4.1.1. Linear (basketweave) interconnectivity

The basketweave microstructure in the linear sample is largely com-
posed of clusters of interconnected platelets of each variant woven to-
gether in 3D. The morphology of the interconnected platelets suggests
that the branches have most likely formed via interfacial instability.
This type of branching has never before been observed in the forma-
tion of a basketweave microstructure, but the lack of any LAGB at
branching points (Fig. 8(a)) is evidence against impingement or sympa-
thetic/autocatalytic nucleation. During the formation of a basketweave
microstructure, the presence of multiple platelets of different variants
could often result in interactions between diffusion fields (soft impinge-
ment [84]), forcing a growing platelet away from its ideal habit plane
[17]. This could create a sufficient perturbation to allow a branch to
form in order to correct the growth direction and allow for the grain to
continue growing past the obstacle [5,50].

Interactions between growing platelets have been studied little, how-
ever, Rajab and Doherty [85,86] studied the growth and intersection
of plate-like precipitates in Al-Ag alloys and found that impingement
between plates spurred the formation of growth ledges to facilitate
growth out of the habit plane. In titanium alloys, impingement between
a platelets is most likely soft impingement, where the precipitates will
stop growing toward each other once their diffusion fields overlap [87-
91]. Soft impingement was suggested by Townsend and Kirkaldy [5] as
the mechanism behind a platelet curving away from its crystallographic
habit plane in steel. Thus, branching may occur in the formation of bas-
ketweave to accommodate soft impingement when platelets of different
variants meet. When a growing platelet encounters an obstacle, it may
start growing out of its habit plane, and then form a new branch to
correct for the deviation in habit plane. However, the lack of LAGBs or
low band may not be sufficient by itself to definitively rule out hard
impingement/coalescence.

4.1.2. Dehoff (acicular) interconnectivity

The interconnectivity within the acicular microstructure in the De-
hoff sample, however, is almost wholly accounted for by a single very
large cluster of platelets from two variants which may be associated
with a GBa. There are many LAGBs within this cluster. Based on this
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evidence, it seems that the Dehoff sample could most accurately be de-
scribed as consisting of large flat platelets embedded within a large clus-
ter of platelets which are interconnected via sympathetic nucleation or
possibly hard impingement. This large cluster/grain is apparently asso-
ciated with GB « and is analogous to the region in 2D along the prior f
GB circled in Fig. 1(b).

4.1.3. Random (colony) interconnectivity

The simplest case is the colony microstructure in the random sam-
ple, where branches within individual colonies are clearly visible with-
out the additional complication of other variants in the vicinity. These
branches appear quite similar to those observed in other lamellar struc-
tures such as pearlite [41], and there is no evidence of any sort of bound-
ary at the branching points. This indicates that branching via instability
is likely operative, similar to the accepted method for pearlite growth
except that in this case it is simply a colonies growing in a f# matrix
rather than a eutectoid transformation. Impingement may be dismissed
as the so many platelets of the same variant nucleating independently
would be highly unlikely. Sympathetic nucleation is also unlikely due
to the lack of any visible boundaries at the branching points [4,7]. With
the right growth conditions, growth ledges could be sufficient pertur-
bations to lead to branching [55]. Additionally, if a colony is growing
around a pre-existing platelet, such as the one in Fig. 7(e), the inter-
actions between the diffusion fields or strain fields of the pre-existing
platelet and the growing colony could lead to interfacial instability.

4.2. Microstructural evolution during E-PBF

Now that the 3D morphology and interconnectivity have been dis-
cussed, it is of interest to link this to the phase transformations that
each sample underwent. It is largely accepted that during E-PBF, Ti-
6Al-4V first forms f upon solidification and then transforms to «’ as it
rapidly cools. The o’ then transforms to a+p during subsequent thermal
cycles [71,73]. But, what exactly happens during the thermal cycling
is complex, and the microstructural evolution in these samples is more
complex than o’ formed on the initial cooling decomposing to a+f in
place as in [73]. It is evident from the three unique final microstruc-
tures that the three scanning strategies studied here can produce differ-
ent routes of microstructural evolution [74,77,78]. All three microstruc-
tures observed here exhibit distinct 3D morphologies and interconnec-
tivity/branching behaviors that can only arise from the thermal cycling
experienced by each point in the build after its initial melting. The 3D
morphology, when considered along with observation from previous 2D
and 3D analyses of the final microstructures, can allow a general outline
of the microstructural evolution in each case. The relevant observations
are summarized in table 1. Based on these points, schematics of potential
transformation routes for the formation of each microstructure resulting
from its respective scan strategy are presented in Fig. 10 and discussed
in detail below. The final microstructural schematics can be compared
to Fig. 1 to see how the proposed mechanisms lead to structures similar
to the observed final microstructures.

4.2.1. Linear (basketweave) evolution

The significant degree of interconnectivity in the basketweave mi-
crostructure in the linear sample indicates that it has transformed con-
siderably from the acicular structure which would have formed during
the martensitic transformation on the first cooling cycle. There are two
possibilities for how this might have occurred: One is that the o’ trans-
formed back to # on a subsequent reheating cycle and then transformed
into the a+p basketweave by nucleating new variants intragranularly
via autocatalysis (Fig. 10(a)). In this case, branching could occur either
by impingement or as a result of surface instability when interactions
with neighboring platelets force a growing platelet out of its ideal grow-
ing condition. The lack of LAGBs and change in VS behavior observed
in the linear sample support this route [7,83,92]. However, the lack
of GB allotriomorphs is evidence against the transformation back to g.
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Table 1
Relevant observations of the three microstructures formed from the three scanning strategies which provide insight into the microstructural evolution.
Linear Dehoff Random
Microstructure Basketweave Acicular Colony
GB allotriomorphs No Yes Yes
3D morphology Interconnected platelets Isolated laths in interconnected Colonies with internal branching

Moderate

Self-accommodation

(dominance of type 2 (60° <1120>)
clusters)

Possible

Impingement if not from f

Maybe instability if from f

Intragranular misorientation
Variant selection behavior [74,77,78]

Transformation back to g
interconnectivity mechanism

allotriomorph side plates

High Low

Self-accommodation Dominance of prior # grain boundary
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Fig. 10. Schematics of phase transformation routes which likely produced the
microstructures observed in the linear, Dehoff, and random samples. Two possi-
ble paths for the linear sample include path 1: acicular o’ transforms fully back
to p before nucleating new « variants which form a basketweave structure via
branching growth (a), or path 2: acicular o’ coarsens as it decomposes to the
equilibrium a+p structure and eventually forms an interconnected basketweave
via impingement (b). Two possible paths for the Dehoff sample include path 1:
a region of a’ near a prior f GB transforms back to # and then transforms into
agg which fills around the remaining acicular laths (c), or path 2: acicular o’
and massive a form at the same time and the o’ decomposes to acicular a+g (d).
In the random sample, acicular «’ transforms most of the way back to g which
transforms into a+f colonies surrounding the retained « platelets (e). The colors
used here represent different « variants, but not specific orientations.

The p—a diffusional transformation often involves nucleation at grain
boundaries, though this is not always the case [93-95] and the unique
thermal environment of E-PBF may allow for nucleation to occur intra-
granularly. It is also possible that nucleation still occurred at the grain
boundary, with growth occurring into the grain rather than along the
boundary to form an allotriomorph [96].

The other possibility is that the acicular o’ transformed directly
into the a+p basketweave via decomposition in place and coarsening
(Fig. 10(b)). This is the same transformation route proposed in [73]. In
this case, interconnectivity could only form from impingement of the

original laths as they coarsen. The lack of LAGBs in the interconnected
grains, and the previously observed change in variant selection behav-
ior are both evidence against the case of the a’ decomposing in place
and coalescing. However, the lack of GB allotriomorphs suggests that
a transformation back to § may not have occurred and the change in
variant selection behavior might be explained by a preferential growth
of certain variants rather than nucleation of new ones.

Measurement or modeling of the thermal cycling during E-PBF of the
different scanning strategies, as has been done for other AM methods
previously, would allow for a definitive answer as to which transfor-
mation pathway occurs [97-99]. While this is outside the scope of the
current study, it will be pursued in the future.

4.2.2. Dehoff (acicular) evolution

The acicular microstructure in the Dehoff sample consists of large
monolithic platelets surrounded by a very large, interconnected grain.
The monolithic platelets were likely formed during the initial marten-
sitic transformation. During a later thermal cycle, a large portion of the
volume near the prior # GB may have transformed back to g, while some
of the martensitic laths were retained (though they likely relaxed to
equilibrium « as V diffused out into the growing #). Then the secondary
p transformed back to « diffusionally, starting as a GB allotriomorph
and filling in around the retained laths via sympathetic nucleation of
new side plates (Fig. 10(c)).

Another possibility is that the interconnected grain formed via a mas-
sive transformation starting at the prior g GB either in the same cycle as
the martensitic transformation or in the subsequent cycle (Fig. 10(d)).
Massive transformations have been reported to occur during E-PBF, re-
sulting in structures similar to that observed here, generally starting at
a p GB [45].

4.2.3. Random (colony) evolution

It is clear in the case of the colony structure in the random scan strat-
egy, that the microstructure transforms almost completely back to f. The
colony structure is only observed when g transforms to « at a relatively
slow cooling rate. A martensitic or basketweave structure does not trans-
form to colonies directly [100]. Generally, if a basketweave structure is
annealed below the g transus for long times, the observed behavior is
coarsening and spheroidization [101-103]. With this in mind the re-
gions which resemble basketweave in Fig. 7 (g,h) can be interpreted as
coarsened primary a while the colonies are secondary « that formed af-
ter the martensite transformed back to f. So, the transformation most
likely occurred as shown in Fig. 10(e), with the acicular o’ transforming
mostly back to g, with some a laths remaining, and then the g transform-
ing into a+p colonies growing in from the GBs and around the retained
primary a.

4.3. Comparison to steels

The results presented here have many interesting parallels to the
literature on 3D characterization in steels described in the introduc-
tion. 3D characterization provided much valuable information on the
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formation of Widmanstétten ferrite, bainite, and pearlite colonies. The
advancement of serial sectioning and reconstruction capabilities now al-
lows similar investigations in a+p titanium allows which exhibit many
similar microstructural features on a finer length scale. On top of allow-
ing a more detailed understanding of the phase evolution of Ti-6Al-4V
during E-PBF, this reveals some new information about phase transfor-
mations in titanium alloys in general. The debate surrounding instability
vs sympathetic nucleation in the formation of Widmanstétten structures
in titanium is very similar to that in steels [4], although an interest-
ing contrast is that here we see little evidence in favor of sympathetic
nucleation. We show evidence of branching growth in the formation
of the basketweave microstructure, similar to the branching behaviors
observed in other titanium microstructures [50,54,55]. This suggests
that the formation of this structure may have been diffusional while
the formation of monolithic laths in the acicular structure was likely
martensitic. This provides an interesting parallel to 3D studies on bai-
nite structures which helped to unravel when the transformation was
diffusional vs displacive [24,28,29,104]. The formation of colony «a is
similar to the formation of pearlite colonies [35,36,39,41] in many ways
and likely also undergoes branching via morphological instability.

Conclusions

We present a detailed 3D investigation of the morphology, and par-
ticularly the interconnectivity, of three different microstructures pro-
duced by three different scanning strategies in Ti-6Al-4V during E-PBF.
This information, which is unavailable using 2D characterization alone
has provided several new insights into branching behavior in Ti-6Al-4V
and its microstructural evolution following the martensitic transforma-
tion during initial rapid cooling.

1 The linear scan strategy results in a basketweave microstructure
with extensive 3D interconnectivity. This microstructure may have
formed directly from coarsened decomposed «’, with interconnec-
tivity arising solely from hard impingement or it may have formed
as secondary « after a transformation back to f, with interconnec-
tivity arising partially from morphological instability as platelets of
different variants interact. The evidence for and against each case is
discussed.

2 The Dehoff scan strategy at the bottom of the build results in an aci-
cular microstructure consisting of individual « laths as well as large,
interconnected clusters of allotriomorphic «. The interconnected al-
lotriomorphic a may originate from a partial transformation back to
p followed by a diffusional transformation to « with sympathetic nu-
cleation or from a massive transformation during the initial cooling.

3 The random scan strategy results in colony microstructure that forms
after a transformation back to g and has branching as a result of
morphological instability.

These results have many parallels to similar phase transformations
and microstructures in other complex alloy systems, such as steels, and
illustrate the ways that 3D characterization can provide unique insight
into microstructural evolution.
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