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Laser powder bed fusion (LPBF) offers unique opportunities to produce metallic components without conven-
tional design and manufacturing constraints. During additive manufacturing process, titanium alloys like Ti-6Al-
4V undergo solid-state transformation that conceals initial solidification microstructure from room-temperature
observations. Revealing the as-solidified microstructure can be critical to understanding the early stages of so-
lidification. Using orientation relationships between parent (a) and child (f) phases, the as-solidified micro-
structures across the LPBF build volume has been reconstructed. Based on the as-solidified parent phase
information, variations of the thermal and solidification conditions that occur during the LPBF of Ti-6Al-4V are
revealed. The results show that how high cooling rates in the initially solidified lower layers contributed to
orientation distribution during parent phase solidification, compared to upper layers in the build volume.
Furthermore, the approach demonstrates the potential to further explore solidification microstructure and defect
formation in titanium alloys during additive manufacturing.

Titanium alloys are widely utilized in the fields of aerospace, trans-
portation and biomedical engineering [1]. Ti-6Al-4V (wt.%) is a popular
titanium alloy owing to its high strength-to-weight ratio, biocompati-
bility and good fatigue resistance [1,2]. Additive manufacturing (AM) is
becoming increasingly popular with its enhanced design flexibility and
tooling advantages [3-5]. Laser powder bed fusion (LPBF) is a widely
applied AM technique characterized by layer-by-layer scanning of a
high-energy laser beam [4]. During LPBF, metallic powders are rapidly
melted by a laser, then solidified and cooled to room temperature.
Solid-solid phase transformations also occur during this process [6]. The
solidification process, greatly influenced by the processing parameters
and thermal conditions, is of vital importance for the final microstruc-
ture and part quality. However, research to date on AM of Ti-6Al-4V and
similar titanium alloys has been mainly focused on the analysis of the
final room-temperature microstructure, rather than the as-solidified
microstructure and relevance to the solidification conditions [6-8].

In general, the Ti-6Al-4V microstructure above f-transus tempera-
ture (around 1000 °C) is dominated by relatively large prior or parent
grains [9,10]. According to the Continuous Cooling Transformation
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(CCT) diagram for Ti-6Al-4V [11], the transformed microstructure
present at room temperature would be observed as lamellar a and
phase at moderate cooling rate, or interwoven martensitic o’ laths with a
tiny number of equiaxed p grains when the cooling rate is high (i.e. 10
and 108 K s’l, respectively, for the LPBF process) [7,12,13]. The phase
transformation between the parent body-centred cubic (bcc) p phase
matrix and child hexagonal close-packed (hcp) o phase obeys the Bur-
gers Orientation Relationship (BOR) which is based on two parallel
planes {110}p//(0001), and two parallel directions
<111>p//<2-1-10>4 in o and f phase. Due to the crystal symmetry of
both phases, there are 12 distinct variants for the child a phase trans-
formed from a single parent §§ grain [12,14,15]. Notably, both « and o’
phase have hcp crystal structure and obey BOR during phase trans-
formation [16]. Thus, the reconstruction process, which we consider
here for a phase, is also valid for any o’ phase present.

The Ti-6Al-4V microstructure formed during the solidification pro-
cess cannot be directly observed via the final microstructure at room
temperature [17]. However, examination of the as-solidified micro-
structure will enhance the capability to control the LPBF process, which
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enables the elimination of solidification defects that persist as the build
cools further to ambient conditions. Here we study the as-solidified
Ti-6Al-4V microstructure formed during the LPBF process using the
crystallographic relationships between parent and child phases [12,14,
171, and enabled by the Electron Backscatter Diffraction (EBSD) data.

In this contribution, extra-low interstitial (ELI), grade 23 Ti-6Al-4V
alloy powders of ASTM B348-19 with powder sizes in the range of
21-48 pm were deposited with the Renishaw 500S® AM system. The
build plate was preheated and kept at 170°C during the process. The
laser power, hatch spacing, layer thickness, exposure time and point
distance were respectively 400 W, 100 pm, 60 pm, 60 ps and 80 pm, and
the build volume was 250 x 250 x 170 mm?>. Cylindrical samples of 12
mm diameter were initially extracted from positions 10, 140 and 235
mm away from the right edge of the build plate. The horizontal locations
are regarded as ‘Right’, ‘Middle’ and ‘Left’ respectively in this configu-
ration (for more details, see supplementary Fig. S1 and Ref. [18]). In
each location, samples were extracted from approximately 15 mm and
155 mm distance from the build plate, and these vertical locations are
regarded as ‘Top’ and ‘Bottom’. The laser moved from right to left during
the layer-by-layer additive process.

From these six locations, extracted disc-shaped sample slices were
mounted in hot-mounting resin, and ground on silicon carbide abrasive
papers with grit sizes from 240 to 2400 (pm). Afterwards, samples were
polished with 6, 1, 1/4 pm diamond paste and with OPUS® colloidal
silica. EBSD images were obtained using the TESCAN® Mira3® electron
microscope. The accelerating voltage, beam current and scanning step
size were respectively set as 20 kV, 11 pA and 0.25 pm. The Aztec® 5.1
software was used for data collection and initial data processing.

The MATLAB® MTEX toolbox was employed to implement the BOR
relationship and reconstruct the parent §§ phase microstructure and pole
figures from the EBSD details of the room-temperature child o and o’
phases, using the approach detailed in Ref. [19]. A given threshold of
grain boundary angle was employed to identify grain boundaries and to
achieve a desirable reconstruction rate for the results presented here.
Then the reconstructed grains were merged to become larger grains
based on the consideration of misorientation angles. The grain size and
the primary dendrite (grain) spacing, 4 of the reconstructed grains were
measured using the software NIH-Image/ImageJ. The relationship be-
tween the 42 (um) and cooling rate, T (K/s) for Ti-6Al-4V has been
established [20] as;

50 um
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The room-temperature microstructures in the six locations were
observed on sample cross-sections (looking down from the top of the
build sample) using EBSD images, and representative microstructures
for each location are shown in Fig. 1 (the supplementary phase maps and
misorientation profiles of the selected locations are presented in Fig. S3).
The microstructures (shown in Fig. 1) are dominated by the basket-
weave and needle-shaped laths microstructure consist of a/a’ phase,
which take up approximately 99% of the field of view. This can be
attributed to the high T encountered during the process [12,21,22]. In
Fig. 1, clusters of basket-weave and needle-shaped grains can be seen.
The grains in a single a/a’ cluster with a similar orientation are gener-
ally assumed as the grains that transformed from one parent § grain
[23].

The reconstructed microstructures of the parent § phase using the
BOR relationship (from Fig. 1 child phase) are presented in Fig. 2. The
orientations of large {3 grains vary considerably from location to loca-
tion. During the reconstruction of the parent  phase which was
implemented in the MTEX toolbox, two main parameters, the threshold
grain boundary angle and misorientation angle, allow the provision of
more rational rendering. 3° threshold grain boundary angle and 5°
misorientation angle were chosen as the optimum parameters that
achieved the 100% reconstruction rate with minimum angles just above
the orientation noise floor for separating grains [19].

To further detail the as-solidified § grain orientations, (001) pole
figures were created as shown in Fig. 3. (001) is the preferred crystal-
lographic growth direction for the bec crystals (e.g. Ti- phase), and the
microstructures were obtained from the planar-cross sections. Thus,
these pole figures generally represent the projected view of the growth
directions. For example, the centre of the pole figure (any circle) in-
dicates the grain(s) that grow directly upward. As displayed by the
reconstructed as-solidified microstructures, orientation distributions are
relatively random in the ‘Left-Bottom’ and ‘Middle-Bottom’ locations.
Compared to these two locations, less orientation scatter can be
observed in other locations, as evident from Fig. 3. This variation is
related to grain number density as well as measured grain sizes pre-
sented in Fig. 4a. For example, in Fig. 3b (‘Middle-Top’ location), there
are a small number of orientations with large grain sizes concentrating
around three directions, which indicate slightly offset growth direction

i
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Fig. 1. EBSD images for the final room-temperature microstructure view from the top side of Ti-6Al-4V produced by LPBF. (a) ‘Left-Top’ location. (b) ‘Middle-Top’
location. (c) ‘Right-Top’ location. (d) ‘Left-Bottom’ location. (e) ‘Middle-Bottom’ location. (f) ‘Right-Bottom’ location.
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Fig. 2. EBSD images for reconstructed parent microstructure of Ti-6Al-4V produced by LPBF. (a) ‘Left-Top’ location. (b) ‘Middle-Top’ location. (c) ‘Right-Top’
location. (d) ‘Left-Bottom’ location. (e) ‘Middle-Bottom’ location. (f) ‘Right-Bottom’ location.
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Fig. 3. Pole figures (001) for reconstructed parent microstructure of Ti-6Al-4V produced by LPBF. (a) ‘Left-Top’ location. (b) ‘Middle-Top’ location. (c) ‘Right-Top’
location. (d) ‘Left-Bottom’ location. (e) ‘Middle-Bottom’ location. (f) ‘Right-Bottom’ location.

to the upward. In contrast, in the ‘Left-Bottom’ (Fig. 3d) and ‘Middle-
Bottom’ locations (Fig. 3e), the grain sizes are relatively small and the
orientation distributions are more random compared to the location
‘Right-Bottom’.

The average grain size (equivalent diameter) of the room-
temperature microstructure (Fig. 1) is less than 10 pm, but some
o/o’-laths with large aspect ratios can have equivalent grain size up to
50 pm. But no extensive differences in the attributes of different loca-
tions can be directly observed. Thus, apparently, room-temperature
microstructures show good homogeneity across the build volume.
Generally, reconstructed parent p grains are several times larger than the

child (both a and «’) grains, and show an extensive size range in all
sample locations but only moderate differences in the average size, or
more accurately cross-sections, appear as shown in Fig. 4a. However,
higher contrast in grain sizes (room-temperature microstructure) is clear
when the grain orientations are taken into consideration using the pole
figures as shown in Fig. 3. When the parent grain structure is generated
during the solidification, cooling conditions dominate the microstruc-
ture formation. The local thermal gradient (G) influences the growth
direction, while the cooling rate controls the spacing between grains
that grow along a similar direction. Thus, as presented in Fig. 4b, T
during the solidification can be estimated by applying Eq. (1) to the
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Fig. 4. (a) Average grain cross-section size (maximum and minimum values are denoted with error bars): child a/a’ (room-temperature) and reconstructed parent p
(as-solidified). (b) Grain spacing (bubble diameter) and cooling rates (bubble colour) for reconstructed parent p microstructure, by location.

measured A. With the orientation details, . was obtained by taking
adjoining grains, with near parallel growth orientations (i.e., similar
colours in Fig. 2), into account. As indicated in Figs. 2 and 3 (and directly
shown in supplementary Fig. S2), most of the § appear to have solidified
as columnar grains. Such grains grow under high thermal gradients
either epitaxially from existing solid or nucleate in the melt. With highly
dynamic thermal conditions, the variation of thermal gradients within
the melt pool on a mesoscopic scale may allow grains to grow along
localised higher thermal gradients [24]. Flow-driven conditions can
dynamically change the growth orientations considerably [25,26], to
develop these as-solidified microstructures.

When this LPBF process is considered, the laser started scanning from
‘Right-Bottom’ towards ‘Left-Bottom’ of the build volume, then repeated
the same pattern while building the upper layers. The heat added during
the processing of the lower layers would reduce the effective cooling
rate of the upper layers. It is noteworthy that the cooling rates in
‘Middle’ locations are lower compared to ‘Right’ and ‘Left’ locations in
both the ‘Top’ and ‘Bottom’ layers. The quantified cooling rate obser-
vations here are consistent with the trend reported in the comparable
simulation results in Refs. [27,28]. The estimated cooling rate varia-
tions, particularly lower values, are possibly associated with the limited
heat dissipation potential in central locations, which are surrounded by
hot and just-solidified metal, while the thermal distributions in ‘Right’
and ‘Left’ locations reflect the proximity to relatively cold and un-fused
loose powder or the build plate, which can cool fast.

Both T and the temperature gradient G significantly affect the
microstructure formation. The higher T can mainly stimulate more
constitutional undercooling and nucleation, while the higher G can
promote the columnar morphology that prefers to grow along the di-
rection of the highest G [24,29,30]. The estimated T range is between 20
to 60 x 10% K/s, consistent with the values reported in Ref. [31]. As
observed here (Fig. 4b), T in ‘Bottom’ locations are higher than those of
‘Top’ locations. Thus, compared to the ‘Top’ locations in Fig. 3, there are
more grains with scattered orientations in the ‘Left-Bottom’ and ‘Mid-
dle-Bottom’. In this study, the laser scans started near the ‘Right--
Bottom’. Thus, relative to other locations, G could be higher in the
‘Right-Bottom’ due to lower residual heat. Consequently, grains in the
‘Right-Bottom’ location have a higher propensity to form columnar
grains with limited orientation distribution (Fig. 3f). Both T and G in
‘Top’ locations are relatively lower due to the heat build-up during the
printing of lower layers. Therefore, the grain sizes (projected columnar
cross-sections) and estimated A in “Top’ locations are higher as shown in
Fig. 4, with lesser scatter in growth orientation (Fig. 3a-c). Heat dissi-
pation in the ‘Right-Top’ location occurs through layers below and the
nearby right edge, where the heat transfer through loose powder would
not be as efficient as through solid metal. Therefore, variation of a
maximum thermal gradient, both the magnitude and the direction, in
the undercooled regions of the melt pool can vary. In this contribution,

we demonstrate the relatively straightforward solidification conditions
that can be expected at edge locations of the build volume. For the more
central regions of the build volume, which would be affected by
multi-directional heat flow, and further study of more complicated so-
lidification conditions could be completed in extended research. How-
ever, in this paper we demonstrate the approach to be taken.

Based on the consideration of the overall microstructure, despite the
large build volume, room-temperature final microstructures are
considerably homogeneous when the final o/o’-laths sizes are con-
cerned. However, parent solidification microstructures indicate inter-
esting solidification variations across the build volume. Notably, these
process condition variations are visible only when the as-solidified
parent microstructures are taken into account. As-solidified micro-
structure can be affected during the subsequent deposition of upper
layers, if the re-melting occurs considerably. Nevertheless, very limited
re-melting typically involves with LPBF. In addition, Ti-6Al-4V has
lower thermal conductivity. Thus, it is reasonable to suppose no sig-
nificant microstructure alterations happen in our considered location
due to the deposition of subsequent layers. With such consideration, the
example here reveals the diverse solidification conditions that can
appear across Ti-6Al-4V additively manufactured build volumes, but
may not be directly apparent or understandable from conventional
room-temperature microstructural investigations. The reconstruction
and analysis of the solidification, as demonstrated in this letter, can be
employed to study microstructure evolution and defect formation dur-
ing additive manufacturing of metallic alloys (i.e. titanium and steels)
that undergo solid-state phase transformation at high temperatures.
Similar research has also been reported with [32,33] for other metal
processing methods.

To conclude, we reveal the solidification conditions during an AM
process of Ti-6Al-4V alloy employing crystallographic relationships be-
tween the child and parent phases. The results reveal distinctive thermal
conditions ensue during the sequence of liquid-solid transformation
across the LPBF build volume. These thermal conditions are not directly
reflected from the room-temperature microstructure (after liquid — p
and p — a/a’ transformations). This highlights the importance of
considering the multiple-phase transformation sequences and their at-
tributes in establishing process-structure relations for alloys like Ti-6Al-
4V during AM processes. The revealed primary solidification grain
structure can also be used to validate the solidification models or study
the solidification related defeat formation during AM of Ti alloys.
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