Variant selection in laser powder bed fusion of non-spherical Ti-6Al-4V powder
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Abstract

The presence of a/a’ on prior f/f grain boundaries directly impacts the final mechanical properties
of the titanium alloys. The f/f grain boundary variant selection of titanium alloys has been
assumed to be unlikely owing to the high cooling rate in laser powder bed fusion (L-PBF).
However, we hypothesize that powder characteristics such as morphology (non-spherical) and
particle size (50-120 pm) could affect the initial variant selection in L-PBF processed Ti-6Al-4V
alloy by locally altering the cooling rates. Despite the high cooling rate found in L-PBF, results
showed the presence of f/f grain boundary a' lath growth inside two adjacent prior f grains .
Electron backscatter diffraction micrographs confirmed the presence of f/f grain boundary variant
selection, and synchrotron X-ray high-speed imaging observation revealed the role of the
“shadowing effect” on the locally decreased cooling rate because of keyhole depth reduction and
the consequent f/f grain boundary o' lath growth. The self-accommodation mechanism was the
main variant selection driving force, and the most abundant a/a boundary variant was type 4
(63.26°//[10 5 5 3]) . The dominance of Category II « lath clusters associated with the type 4 a/a
boundary variant was validated using the phenomenological theory of martensite transformations
and analytical calculations, from which the stress needed for the f—=>a’ transformation was

calculated.
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1. Introduction

Fusion-based additive manufacturing (AM) of titanium alloys such as laser powder bed
fusion (L-PBF) or electron beam powder bed fusion (EB-PBF) is known to create a columnar prior
[ grain structure parallel to the build direction (BD), which appears equiaxed in a horizontal cross-
section. Along with strong prior f grain solidification texture with <100>//BD, the subsequent o
phase textures are formed via the Burgers orientation relationship (BOR) that is characteristic of
the body-centered cubic (bcc) to hexagonal close-packed (hcp) transformation [1-3]. The BOR
defines twelve a phase variants that can be formed with respect to the prior £ grain orientation [4].
Bias in the relative frequency of the twelve variants is known as variant selection [5,6]. Variant
selection results in an a phase texture in AM parts that differs from what might be expected from
the typical <100>//BD in the prior f grains, which affects the anisotropy in mechanical behavior
of AM parts [7]. Note that a strong influence on the BCC to HCP transformation is the
minimization of shape strain caused by the extremely high cooling rates in the L-PBF process

[8.,9].

Variant selection is governed by three possible mechanisms of (1) certain 4/f grain boundary
characteristics at elevated temperatures, i.e., <900 °C, that favor the nucleation of specific a
variants during the solid-state phase transformation in the cooling process [10—12], (2) nucleation
and growth of three different variants with a shared <1120> direction in a cluster known as the
self-accommodation process in order to minimize the transformation strain [13—17], and (3)
presence of metastable a particles above f transus temperature that acts as preferred nucleation
sites for particular o variants during the cooling process [5,18]. The grain boundary variant
selection results in either (i) an a grain holding the special BOR with both adjacent prior § grains
or (i1) an o grain sharing a basal plane with the o grain on the opposite side of the f/f boundary.
Regardless of the type of a phase produced from f grain boundary variant selection, the a grains
on both sides of the so-called f/f boundary have crystallographically similar orientations, thus,
they reduce the barriers to dislocation movement during the deformation [19]. The variant
selection process can intensify the texture and increase the anisotropy of the mechanical properties

of Ti-6A1-4V [20-22].

There have been various studies on variant selection in AM fabricated Ti-6Al-4V. DeMott et

al. [23] used 3D electron backscatter diffraction (EBSD) to study the variant selection phenomena



in EB-PBF processed parts and demonstrated the presence of three-grain clusters of o variants.
Stephenson et al. [24] investigated the effect of scanning strategy on variant selection in EB-PBF
parts. They demonstrated such that a linear scan pattern, i.e., no rotation resulted in self-
accommodation dominance and a random scan resulted in § grain boundary variant selection. Lu
et al. [7] reported that hot isostatic pressing (HIP) intensified the texture of the Ti-6Al-4V parts
produced by the EB-PBF process because of a variant selection and subsequent reduction in the
deformation constraints of the parts. Simonelli ez al. [25] studied a variant selection during L-PBF
with spherical Ti-6Al-4V powder and concluded that the high cooling rate minimized the chance
of S grain boundary variant selection. The o’ martensite texture was correspondingly random with
a high density of small o grains inside each prior § grain. Kamath et al. [26] studied the effect of
spot-melt scanning strategy on the variant selection during EB-PBF of Ti-6Al-4V powder
compared to the linear scan strategy. They reported that the texture intensity gradually increased
with build height with 0° scanning, however, the spot-melt strategy did not show this trend.
Moreover, they showed that the variant selection was more distinct when the spot-melt strategy

was used compared to the linear strategy.

To broaden feedstock in powder bed AM processes, use of non-spherical powder can
significantly lower the powder production cost [27-29]. Moreover, powder size metrics and
morphology can alter PBF process parameters thus optimization is required to attain a relative
density 0 99.8 % [30,31] while minimizing defect density (i.e., pores and surface roughness) [32],
and obtain mechanical properties comparable to parts manufactured with spherical powder [33—
36]. Variant selection in AM parts fabricated using spherical powders has been extensively studied,
however, the effect of using non-spherical powder has not been investigated. In this study,
however, non-spherical powder with size distribution of 50-120 pm was used to understand the
effects of morphology/size combination on the texture evolution and « variant selection during L-
PBF with Ti-6Al-4V alloy. This is important because variant selection and texture evolution
directly affect the final properties of the AM parts. First, the occurrence of variant selection is
demonstrated, then, the significance of each a variant selection mechanism is discussed during the

thermal cycles through the g transus associated with the L-PBF process.

2. Materials and methods



Non-spherical hydride-dehydride (HDH) Ti-6Al-4V powder (see Figure la) was supplied by
Kymera International — Reading Alloys with the powder size distribution (PSD) of 50-120 um and
chemical composition given in

Table 1. The PSD was also analyzed using LS13 320 XR System: dio = 54.66 um, dso = 85.1 pm,
doo = 119.4 um, with a mean size of 84.8 um, and average circularity of 0.68 (see Figure 1b). Note
that only 6 % of powder particles were smaller than 40 pm, and all measurements reported as
spherical equivalent diameter of the powder particles. Powder morphology was confirmed by
scanning electron microscopy (SEM, model JEOL 5900LV), as shown in Figure 1a.
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Figure 1. (a) Scanning electron micrograph and (b) particle size distribution of non-spherical Ti-6Al-4V powder.
The inset plot in (b) shows the powder particle size probability distribution for particles smaller than 40 pm.

Table 1. Chemical composition of non-spherical Ti-6Al-4V powder provided by the manufacturer compared to the
nominal composition per ASTM B 348 standard [2]. Units for all values are wt.%.

Ti | Al \Y% Fe C H N (6]
Nominal composition (wt. %) Bal. | 5.5-6.75 | 3.5-4.5 | <0.40 | <0.08 | <0.015 | <0.05 | <0.20
non-spherical powder Bal. | 6.08 3.88 0.19 0.02 0.005 0.02 0.17

Coupons with dimensions of 15 x 10 x 10 mm?® were L-PBF processed in an EOS 290M
machine. Laser power of 370 W, laser scan speed of 1250 mm/s, hatch spacing of 90 um, and layer
thickness of 60 um were used as the optimized processing parameters (which results in part with
a relative density of > 99.8%), described in Ref. [31]. Coupons were cut off from the base plate
using a wire electrical discharge machining (wire-EDM, model GF Machining Solutions AC

Progress VP3).

Samples were cross-sectioned parallel to the build direction using a Mitsubishi FX10k wire-
EDM Machine. Slices were hot-mounted using phenolic thermosetting powders (MetLab) and a

compression molding process for metallographic observations. Afterward, samples were ground

4



up to 800 grit size sandpapers, polished using 1 pym and 0.05 pum alumina solutions, followed by a
final polishing using 0.04 um colloidal silica. To observe microstructure and texture, an SEM
microscope (JEOL 5900LV) equipped with an electron backscatter diffraction (EBSD, Oxford
Instruments) was used at an accelerating voltage of 20 keV and step size of 0.5 um. Data was
collected using AzTec software from the center of cross-sections and analyzed using the HKL
Channel 5 software package. Also, a open source MATLAB-based toolbox called “MTEX” [37]
was used to reconstruct the prior f grains (PBG), extract the crystallographic orientation
distributions, measure the crystallographic textures, and study the variant selection and orientation
relationship (OR) based on the EBSD results. All the prior f/f grain boundaries with the

misorientation angle < 10° were analyzed for grain boundary a' growth based on Ref. [25,38].

The L-PBF processed non-spherical Ti-6Al-4V powder was sectioned using a Southbay
Technology Model 650 low-speed diamond wheel saw. One section was then ground to 150 um
thickness using progressively coarser grits up to 1000 grit SiC sandpaper. The sample was cut into
3 mm disks and dimple ground using a Fischione model 200 dimpling grinder with 6 um diamond,
3 um diamond, 1 um diamond, and finally 0.02 pum SiO; to a thickness of 10 um. The sample was
then ion milled in a Gatan Model 600DIF at 4 kV until electron transparent. Then, scanning
precession electron diffraction (SPED) was conducted using a 200 keV JEOL ARM transmission
electron microscope (TEM). The electron beam was precessed by the NanoMEGAS DigiSTAR
unit at the angle of 0.4° with a frequency of 100 Hz and one precession per frame. An area of 2
pm * 2 um was scanned with the step size of 5 nm. The spot diffraction patterns were recorded
using a standard Stingray camera. The collected patterns were indexed by cross-correlating them
with the quasi-kinematically simulated diffraction patterns made in the automated crystal

orientation mapping (ACOM) software for the a' and £ titanium crystal structures.

3. Results and discussion

3.1. General microstructural features

The typical microstructure of the L-PBF processed non-spherical Ti-6A1-4V powder consists
of acicular o' martensitic phase because of the high cooling rates associated with the AM process
(see Figure 2). The optical micrograph showed the general columnar grain structure, the low

magnification SEM micrograph showed the different types of o’ laths with a 90° angle of growth,



and the high magnification SEM micrograph demonstrated the nano-size f phase particles due to

the continuous heat cycles during the L-PBF process which was in agreement with Ref. [39-41].
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Figure 2. (a) optical micrograph and (b) low and (c) high magnification SEM images of the L-PBF processed non-
spherical Ti-6Al-4V powder.

Another important aspect of microstructural features in titanium alloys is the size of a phase
laths which has a direct impact on the mechanical properties of the parts. To study the constituent
phases and o' lath sizes with more precision, TEM data was collected from the L-PBF processed
non-spherical Ti-6Al-4V powder, and the results are shown in Figure 3. Due to the potential
overlap between fine o' lath along the TEM foil thickness, a mixture of more than one diffraction
pattern usually forms. The multi-indexing algorithm in the ACOM software was used to determine
the orientations of fine a' laths that overlap over the TEM foil thickness. In this algorithm, a
recorded diffraction pattern is initially indexed to find the most matched simulated pattern (or
template), as shown in Figure 3b. Subsequently, the best solution template is subtracted from the
recorded diffraction pattern and is re-indexed by detecting the remaining spot diffraction patterns
(see Figure 3¢). Mapping the pixel-by-pixel changes in the diffraction signal can highlight through-
thickness structural features that may otherwise be obscured. The correlation coefficient was used
to measure the degree of similarity between the intensities of neighboring diffraction patterns.
Very fine o' lath microstructures presented in Figure 3d reveal a considerably large cooling rate
during the first cycle of cooling and solidification. These o' laths may grow during successive
iterations of heating and cooling and form a wide range of «' lath thickness. Therefore, a broad
design space exists to engineer the distribution of a' lath size and significantly improve the

strength-ductility balance.



A negligible amount of S phase was detected only in areas of low phase reliability. As shown
by an arrow in Figure 3(e,f), some of the detected beta phase regions are located at the interface of
o' laths. Since the generated diffraction patterns in these regions are usually a mixture of more than
one microstructure/phase, it is challenging to index the acquired diffraction pattern reliably.

Therefore, it can be concluded that no f phase exists or the size of the f phase is extremely fine,

which is lower than the capability of the SPED technique to detect.

Figure 3. (a) Virtual bright field TEM result of L-PBF processed non-spherical Ti-6Al-4V powder. (b) Indexing a
recorded spot diffraction pattern and (c) re-indexing the acquired pattern after removing the diffraction spots detected
in (b). (d) plane view of the SPED orientation distribution map overlaid with the correlation coefficient map of the
part, note that the overlaid map shows small alpha laths obscured by larger overlapping grains. (¢) Phase map and (f)
phase map overlaid on the phase reliability map. Note that the reliability of a phase is determined by comparing the
index values of the two best-matched diffraction templates.

3.2. Texture analysis

The diffusionless transformation of f to o’ during the rapid cooling of the melt pool follows
the Burgers Orientation Relationship (BOR) [1]. Burgers showed that twelve o/f variants are
expected based on the orientation relationship between the BCC and HCP crystal structures. The
(close-packed) basal plane of the HCP {0001} aligns with one of the {110} close-packed planes



in the BCC, and the close-packed direction of the HCP <1120> aligns with one of the <111> close-
packed directions in the BCC. Combining any two of the twelve variants results in an a/a grain

boundary inside a prior f grain. The twelve variants of the BOR are summarized in Table 2.

Table 2. The twelve variants of the Burgers Orientation Relationship (BOR) found in the solid state f—2>a
transformation.

Variant Orientation relationship

(110)][ (0001)y — [111]3 || [1120],
(101)g]] (0001)q — [111] ][ [1120],
(011 (0001)g —[111]3 ][ [1120]a
(110) ] (0001)y —[111]3 ][ [1120]a
(101)p | (0001) = [111] || [1120],
(011)p] (0001)y — [T117p | [1120],
(110)g]] (0001)g — [111]5 || [1120]a
(101)p] (0001)o —[111]p || [1120]a
(011)p | (0001) = [111]5 || [1120],
(1103 (0001)y —[111]p | [1120]4
(101)p | (0001)o —[111] || [1120],
(011)p | (0001)y —[111] || [1120],

R = T |QHmgla|w >

Wang et al. [42] proposed that six unique types of o/a boundaries can form based on 144

combinations of the BOR between BCC and HCP, as follows:

o Type2:60°//[1120]

o Type 3: 60.83°//[1.377 12.377 0.359]
o Type4:63.26°//[105 5 3]

Type 5: 90°//[1 2.38 1.38 0]

o Type 6:10.53°//[0001]

o

Type 1 corresponds to two identical or similar o lath orientations resulting in a low angle grain
boundary; these were not analyzed quantitatively in this study. However, Types 2 to 6 result in a

high-angle grain boundary and are discussed in detail.

EBSD data was collected from horizontal and vertical cross-sections of the L-PBF processed
non-spherical Ti-6Al-4V part, and the results are shown in Figure 4. The columnar (vertical cross-
sections) and equiaxed (horizontal) grain structures were confirmed by EBSD IPF-Z maps from
the color similarity in each prior § grain along with occasional grain boundary alpha, and the results
are shown in Figure 4(ai,b1). Misorientations between adjacent o' laths were measured from the
EBSD data for both cross-sections, and results were shown in Figure 4(az,bz) in the form of a

relative frequency distribution. Note that the horizontal cross-section with equiaxed prior £ grains
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showed the misorientation distribution as the vertical cross-section with columnar prior f grains
within statistical variation. The misorientation data showed four main peaks at (1) ~10° associated
with type 6, (2) ~60° associated with types 2 and 3, (3) ~63° associated with type 4, and (4) ~90°
associated with type 5 a/a boundary variants. By considering randomly generated distributions of
o/o. boundary types between variants (i.e., in the absence of variant selection), the relative
frequency for each type is 9.1 % for type 6, 18.2 % for types 2, 4, and 5, and 36.4 % for type 3,
based on their respective contribution to the general 144 combinations of a@/f orientation
relationship variants. However, as reported by Stanford and Bate [38], the variants of a/a
boundaries are not equally distributed, which meant the percentage of each type deviated from the

random values. This difference is called “variant selection,” in which the frequency of occurrence
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Figure 4. (al,bl) EBSD IPF-Z maps of the L-PBF processed non-spherical Ti-6Al-4V powder and (a2,b2)
misorientation distributions of neighboring o' laths (the inset figures show the misorientation distribution in the range

55-70°).

One way to show the occurrence of variant selection is by showing that the distribution of o’
laths orientations for a given prior £ grain is biased. To show this, one must reconstruct the prior

[ grain orientation from the data in the EBSD maps shown in Figure 5. The pole figures of the



selected grains show the orientation distribution of the o' laths inside the selected grains from both
cross-sections, along with the superimposed {110} poles of each prior S grain shown as black dots.
In the absence of variant selection, the o lath orientations would be uniformly distributed, and the
intensities of the poles would be the same. However, the max-to-min ratios of pole densities were
5.0 (vertical cross-section with columnar grains) and 2.1 (horizontal cross-section with equiaxed
grains), which differ strongly from unity. Lu et al. [44] reported differences between the variant
bias for the equiaxed grains (with a max-to-min ration of 4.6) and columnar grains (with a max-
to-min ration of 2.4) in laser directed energy deposition (L-DED) of Ti-6Al-4V. The contradiction
in reported pole density ratios in Ref. [44] and the current study could be related to the nature of
the equiaxed and columnar grain formations, in which the former was produced by utilizing high-
intensity ultrasound during the L-DED process. In this study, the equiaxed grains were created due
to the scanning pattern in the horizontal cross-section. Note that there have been studies showing
fine grain structures near the base plate that turn into strong textures moving away from the build
[45], however, in the current study, the EBSD data was collected far from the base plate (~5 mm
away from the base plate) to ensure that the potential fine grain structure near the base plate does

not affect the overall analysis.

Figure 5. The reconstructed prior f orientat

arrows point to the alpha map of each selected grain after the reconstruction (of prior f8), and the pole figures show
the orientations of the o' laths inside the selected grains. The black dots inside the pole figures represent the six {110}
poles of the corresponding prior S grain. The strong bias towards a single pole indicates that variant selection has
occurred.

The quantification of the a/a boundary variant type was performed on both cross-sections,
and the results are shown in Figure 6. The type 4 a/a boundary variant constitutes the majority of
the variants with a relative frequency of 35 % and 37 % in vertical and horizontal cross-sections,
respectively. The type 5 o/a boundary variant was the second most frequent o/o variant with

relative frequencies of 24 % and 23 % in vertical and horizontal cross-sections, respectively.

10



Comparing these with a relative frequency of 18.2 % for unbiased selection, it is clear that both
types occur much more frequently. On the other hand, the type 2 and type 3 o/a boundary variants

showed a relative frequency close to that of a randomly distributed dataset in both cross-sections.
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Figure 6. Distribution maps of the different a/a boundary variant types in (a) vertical and (b) horizontal cross-sections,
and (c) comparison of a/a boundary variant type distribution in both cross-sections.

So far, the general variant selection phenomenon has been analyzed to show that variant
selection occurs during the L-PBF process of (non-)spherical Ti-6Al-4V powder. Variant selection
analysis inside the prior f grains in the vertical cross-section was performed, and the results are
shown in Figure 7. The type 2 o/ boundary variant was present in both grains with its distinctive
rotation of 60° about [1 1 2 0]. This type of a/a boundary variant can be identified from the pole
figures based on the different (0 0 0 1) poles and a common (1 1 2 0) pole of the o' lath orientation
as indicated by T2 in Figure 7a,b. The type 6 a/a boundary variant was present in one of the grains
and was evident from the ~10° rotation of the a' lath around the (0 0 0 1) axis by moving from one
o' lath to the neighboring o' lath as indicated by T6 in Figure 7a,b. In addition, the type 3 a/a
boundary variant was present in one of the grains, which was distinguishable from the type 2 a/a

boundary variant based on the axis of the rotation as indicated by T3 in Figure 7a,b.
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Figure 7. Detailed analysis of variant selection inside the prior £ grains in the vertical cross-section showing examples
of various o/a boundary types inside the grains. Larger points in all the pole figures belong to the corresponding prior
p grain, and the small points are color coded with the corresponding o' lath groups in each grain. Note that the term
“cp” in front of the T2 and T3 shows the common (1 1 2 0) pole.

The grain boundary precipitation of the a phase has been discussed in the a-f titanium alloys
[46,47], however, o' precipitation has been assumed to be absent along prior f grain boundaries,
specifically during the L-PBF process [25]. Stanford et al. [38] classified pairs of prior f grains
into three types: (i) one common (110) pole between two adjacent f grains, (ii) close orientation
between two adjacent f grains, and consequently, more than one common (110) pole, and (iii) two
adjacent f grains without any special relationship. The first two types of adjacent f grains can
result in variant selection during the f=>a transformation. The second type of adjacent S grain
pairs and the consequent a variant selection were discussed above (Figure 8a), however, the first
type of adjacent f grains and the consequent a variant selection could not be found in the current

dataset (with 50 and 30 prior £ grains in the horizontal and vertical cross-sections, respectively).

The detailed analysis of a grain boundary a' laths, which grew into both g grains (shown by
the blue oval in Figure 8a), showed that two small o' laths with type 1 o/a boundary variant (with
misorientation of ~2°) were present on the opposite sides of the prior § grain boundary. To assess
the integrity of the prior f reconstruction and validation of the grain boundary between two
selected grains, the twelve variants were superimposed on the actual data. The results supported
the conclusion that the drawn grain boundary had high reliability, thus, the grain boundary
precipitation of the o' laths was validated once more. This finding contrasts with the findings of

Simonelli ef al. [25] who reported that regardless of the misorientation between prior £ grains, no
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grain boundary o precipitation occurred during L-PBF of Ti-6Al-4V. This difference in outcome
could be explained by the different powder type used in the current study. Compared to the
standard powders used in L-PBF with a PSD of 15-45 um, the “shadowing effect” [31,48] caused
by non-spherical coarse powders with PSD of 50-120 um, in which ~23 % of particles were larger
than the laser spot size of 100 um, could (slightly) alter melt pool dynamics and its stability. The
instability in the keyhole, caused by laser-powder interaction and slightly lower powder packing
density of non-spherical powder, could locally change the heat transfer in the interrupted melt
pool. It is worth noting that the presence of 5/ grain boundary o phase has been shown in L-DED
processed Ti-6Al1-4V parts by Carroll et al. [49]. The f/f grain boundary o phase is more prevalent
in the L-DED process because of significantly lower cooling rates (i.e., 10°-10° °C/s [50])
compared to the L-PBF process (i.e., >10° °C/s). The o' laths shown in Figure 8a is relatively small
compared to the a lath precipitated along the f grain boundaries during the f—>a transformation.
As reported in [51-53], increasing the cooling rate during >« transformation results in smaller
a colonies and a lath width along with a higher number density of differently oriented o laths
inside a single prior f grain. The L-PBF process causes melting/solidification of material once or
twice in a matter of microseconds [54], causing extremely high cooling rates (i.e., > 10° °C/s)
inside the melt pool and during the solid-state f—>a transformation. This high cooling rate
suppresses the f~>a equilibrium transformation, thus, martensitic o’ laths with an average width
of ~1.5 um grow inside the S phase with £45° angle with respect to the build direction [55]. The
same phenomenon was found in the horizontal cross-section between two adjacent equiaxed prior

p grains, and results are shown in Figure 8b.

Figure 8. Analysis of grain boundary ' precipitation between the corresponding « laths inside each prior £ grains in
(a) vertical and (b) horizontal cross-sections. Larger points in all the pole figures belong to the corresponding prior f
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grain orientation, and the small points are color coded with the corresponding o' lath groups in each grain. The
colorized o' laths in magnified images are the o' precipitation from the /p grain boundary.

Selected grains from each cross-section were analyzed separately for the constituent o
variants based on the BOR governing the >« transformation, and results are shown in Figure 9.
As mentioned before, if the variants were distributed randomly inside a prior f grain, the relative
frequency of each variant would be 8.33 %. However, the different relative frequencies of variants
suggested the presence of variant selection during L-PBF on non-spherical Ti-6Al-4V powder.
Regardless of cross-section, the maximum variant relative frequency was ~16 % in all the grains.
This showed that the variant selection intensity in the equiaxed or columnar grains was similar,
thus, there was no orientation dependence in the L-PBF Ti-6Al-4V part. It should be noted that
sample height from the base plate potentially affects the variant bias throughout the sample, hence,

this will be studied in future work.
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Figure 9. Relative frequency of the twelve variants in three prior beta grains from (a) vertical and (b) horizontal
cross-sections. The dashlines showed the random distribution percentage of each variant (8.33 %). The a' laths in the
grains were color-coded based on the colors under the figures associated with different variants.

Typically, the “shadowing effect” results in locally lower cooling rates during the L-PBF
process. This effectively correlates with the size of the particle blocking the laser path. Khairallah
et al. [56] showed that agglomerated small spherical powders could block the laser path and cause
defects as significant as lack of fusion or end-of-track pores. To our knowledge, the hypothesis of
cooling rate reduction because of the shadowing effect has not been studied quantitatively. Here,
using dynamic x-ray radiography (DXR), the reduction in keyhole depth as a result of shadowing

is shown, and different cooling rates are calculated using the following equation [57-59]:

aT _ £ 2af AP VE o1 v S
at 1 + JE2+22 V(§'2+22)] (2n'k 2a /82422 «,‘2+22) EXP[ 2a (E Vit tz )] (Eq. 1)
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where ¢ is the relative distance to the center of the laser spot in the x direction defined by (x — Vt)
(mm), z is the vertical distance from the center of the laser spot (mm), « is the thermal diffusivity
of Ti-6Al1-4V alloy (mm?/s), V is the laser scan speed (mm/s), P is the laser power (W), k is the
thermal conductivity of Ti-6Al-4V alloy (W/mm-K). The keyhole depth is directly proportional to
the laser power impinging on the melt pool above the threshold for keyhole formation. The keyhole
depth reduction can be used to measure the effective laser power after the shadowing effect:

EP =P x —

(Eq. 2)

max

where EP is the effective laser power in W, P is the nominal laser power in W, D is the keyhole
depth at the specific time in um, and D,,,, is the maximum keyhole depth in um. The constant
vertical distance of 90 pm from the top of the base plate is used in (Eq. 1) to effectively compare

the effect of the shadowing phenomenon on the cooling rate in the same spot.

Figure 10 shows the DXR results in which the laser-powder interactions and dynamics of
the melt pool were observed during keyhole mode laser melting of non-spherical Ti-6Al1-4V
powder. In each DXR frame, the cooling rate was calculated at 90 um beneath the base plate,

and the results are summarized in

Table 3. As demonstrated in Figure 10, the melt pool depth was ~149 pum at to, while it
decreased to ~108 um at to+12.3 ms. The keyhole depth reduction was ~ 28 % and could be related
to the shadowing effect when spattered non-spherical particles block the laser path. In other words,
the shadowing effect could locally lower cooling rates, thus, the f/f grain boundary a variant
selection would be present. Since ~23 % of the particles have an equivalent diameter of > 100 um,
it seems reasonable to relate the occurrence of f/f grain boundary a variant selection process to

the powder morphology and resultant higher cooling rate.

16



”:\‘\
Keyhole { @)

S
Porosity ~ ="

t;+27.06

Figure 10. Dynamic x-ray radiography frames collected from the powder-added single-bead Ti-6Al-4V experiment
using laser power of 350 W and a laser scan speed of 650 mm/s. Results show a keyhole pore formation, powder
ejection from the powder bed as a result of laser impact, and keyhole depth reduction because of the laser shadowing
phenomenon. A powder layer thickness of 200 um and a laser diameter of 100 um was used in the DXR experiments.
The time unit was in ms.

Table 3. Estimated cooling rates at 90 pm beneath the base-plate surface during the occurrence of the shadowing
effect.

}"im; Keyhole depth ratio (DL) Effective la[sgl;]power (EP) CO([)liél/g ]rate
ms max °C/s

0 1 350 2.51x103
4.92 0.886 310 2.23x10°
7.38 0.866 303 2.18x10°
12.3 0.725 253.4 1.82x10°
17.22 0.839 293.6 2.11x10°
22.14 0913 319.5 2.29x10°
27.06 0.953 333.5 2.40x10°
31.98 0.993 347.6 2.50x10°

In titanium alloys, the martensitic transformation of f—>a’ that occurs at a high enough
cooling rate [40] is a diffusionless process with a large transformation strain that includes a large
volume change. The latter means that each o' lath sets up reaction stresses against its surroundings

with a consequent elastic strain energy in the material. The calculated volume changes (see
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Appendix A.1, Eq. A.21) show that the principal lattice distortions are +2.2%, +10.9%, and -9.4%
in the BCC parent structure aligned with [110]g, [110]g, and [001]p, respectively.

After calculating shape strains for each variant using the formulation in Appendix A.1, the
results showed that the magnitude of the shape strain for all variants was the same, as expected.
Each one varied, however, in the direction of the displacement (d) and the orientation of the habit
plane (p), as explained in Appendix A.1 (see Eq. A.2). The shape strain of variant A (see Table 2)
in the parent coordinate system for the primary basal slip system of (110)[111] is

1.2068 —0.1084 —0.1973
0.1105 0.9420 —0.1054| with the displacement direction of d =[0.9459 0.5056 0.5876],
0.1284 —-0.0673 0.8774

habit plane of p = (0.2186 0.1146 0.2085), and shape strain magnitude of 1.22.

To minimize the elastic strain energy, certain combinations of variants of ' laths can
accommodate each other’s strains which results in clusters of particular variants. This clustering
phenomenon is called self-accommodation, which minimizes the elastic deformation at the
microscopic scale and avoids shape change at the macroscopic scale [60,61]. Wang et al. [42]
showed that two categories of cluster tend to form, each consisting of three a variants, thus,
minimizing the transformation shape strain by self-accommodation. Category I comprises clusters
of variants A-B-C, D-E-F, G-H-I, and J-K-L (see Table 2), and Category II comprises clusters of
variants A-E-I, B-D-L, C-G-K, and F-H-J. Since the a variants in cluster Categories I and II belong
to the type 2 and type 4 o/ a boundary variants, respectively, the percentage of occurrence of these

o/ a boundary variant types can be used to determine which cluster category is dominant.

Figure 6¢ shows that the type 4 o/« variant was dominant, thus, cluster Category II is
considered to be the dominant self-accommodation cluster. As an example of the self-
accommodation phenomenon, a Category I cluster is illustrated in Figure 1la, and the
corresponding o/o boundary variant type distribution inside the selected grain is displayed in
Figure 11b. The dominance of the Category II cluster inside the selected grain was obvious,
however, Category I clusters were present, and one of them is shown in Figure 11a. The Category
I clusters were reported to be the typical category of o' laths regardless of the cooling rate during
the f—>a transformation [62], however, the results from L-PBF of non-spherical Ti-6Al1-4V
powder suggested that the Category II clusters dominated in this case. This observation was related

to the cooling rate during L-PBF in agreement with Ref. [24,63]. Generally, high cooling rate
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results in large residual stress because the equilibrium S->a transformation is suppressed and is
replaced by the diffusionless f>a’ transformation. This residual stress favors the nucleation of
certain variants over others, thus, exaggerating variant selection [64]. As reported by Zhang et al.
[65], any applied shear stress or internal residual stress affects the variant selection process. Also,
Shi et al. [66] used phase-field simulation and showed that applying shear stress along a specific
direction biased the f—>a transformation and increased variant selection. Herein, under high
cooling rate conditions in L-PBF processed non-spherical Ti-6Al-4V powder, Category II clusters
dominated. To quantify the amount of shape strain minimization, the corresponding shape strains

for each variant were multiplied together and resulted in the shape strain of

0.908 -0.407 -0.16 1.002 —-0.149 0.009
0.145 0996 —0.272| and | 0.029 1.036 —0.122| for Categories I and II,
0.395 0.185 0.968 —-0.108 0.037 1.034

respectively. The calculations showed a significant reduction of shape strain by the occurrence of
Category II clusters compared to Category 1. Note that the Category I clusters even increased the
shear and dilatation components of the shape strain, leading to a lower frequency of Category I

clusters.

40

30

20

Relative frequency [%]

10

2 3 4 5 6
o/o. boundary variant type

Figure 11. (a) A cluster of three o' lath variants sharing a [1120] pole, characteristics of a Category I self-
accommodation, and (b) the corresponding distribution of a/a boundary variant inside the prior § grain shown in (a).
Larger points in all the pole figures belong to the corresponding prior f grain orientation, and the small points are
color coded with the corresponding o' lath groups in each grain.

Now that the general occurrence and the presence of each type of variant selection inside the
L-PBF processed non-spherical Ti-6Al-4V powder has been discussed, we assess the degree of

variant selection (DVS) inside each cross-section using the following equation [67]:
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DVS = 216 |Ptheoretical - Pexperimentall (Eq- 3)

Here Pipeoreticar 18 the relative frequency of each a/a boundary variant type in the condition of
random distribution, Peyperimentar 18 the experimentally measured relative frequency of each a/a

boundary variant type, and i is the variant type counter which can take integer values from one to
six. If no variant selection is present, DVS is zero, and if just one variant is present inside the prior
p grain, DVS is 1.833. The calculated DVS was found to be 0.57 and 0.54 for horizontal and
vertical cross-sections, respectively. The small difference suggests that the variant selection
phenomenon is independent of orientation inside the prior § grain. Any difference between the

horizontal and vertical cross-sections would be merely statistical.

The present work included the effect of non-spherical powder with PSD of 50-120 pum
compared to the spherical powder with PSD of 15-45 um on the texture evolution of the L-PBF
processed Ti-6Al-4V. The general idea was that high cooling rates in L-PBF suppress some
specific variant selection processes. However, here it was shown that the locally lower cooling
rates during L-PBF of particles larger than laser beam diameter could slightly change the variant

selection mechanism. The following points require further study:

e Effect of the L-PBF processing parameters such as laser power, scan speed, hatch
spacing, and scanning strategy on the variant selection.
e Role of build height, pre-heat temperature, and in-situ heat treatment due to

consecutive thermal cycles on the variant selection.

4. Conclusion

This study focused on manufacturing of Ti-6Al-4V parts through L-PBF processing of non-
spherical powder and the occurrence of the alpha on prior beta grain boundaries. The potential
effect of powder characteristics on f/f grain boundary o' phase was studied which was previously
assumed to be absent in the L-PBF processed Ti-6Al-4V parts because of the high cooling rates.

The following conclusions were drawn:

e The presence of f/f grain boundary o' phase was demonstrated using EBSD. This contrast
with other literature was justified using synchrotron X-ray high-speed imaging and keyhole

instability analysis. Locally lower cooling rates were detected under special circumstances
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of keyhole depth reduction due to the “shadowing effect,” which increased the chance of
initial grain boundary a' nucleation.

e The prevalent mechanism of variant selection was self-accommodation and the most
abundant a/a grain boundary variant was type 4 (63.26° // [10 5 5 3]) with a frequency of
~36% which was in agreement with the frequencies (35-40%) reported in the literature for
the Ti-6Al1-4V alloy fabricated using process with extremely high cooling rates (e.g., L-
PBF).

e The phenomenological theory of martensite transformation was used to calculate (i) the
shape strain needed for the f—>a' transformation and (ii) the amount of shape strain
minimization caused by self-accommodation clustering. The results showed the dominance

of Category II clusters associated with the type 4 a/a grain boundary variant.

The influence of processing parameters and build height on the evolution of microstructure and
variant selection phenomenon in the L-PBF processed non-spherical Ti-6Al-4V powder requires

further assessment.

Acknowledgments

AM acknowledges startup funding from the Mechanical, Materials, and Aerospace Engineering
Department at the Illinois Institute of Technology in Chicago, Illinois. Also, this work is supported
in part by the Pennsylvania Infrastructure Technology Alliance, a partnership of Carnegie Mellon,
Lehigh University, and the Commonwealth of Pennsylvania’s Department of Community and
Economic Development (DCED). The authors recognize Reading Alloys (formerly affiliated with
AMETEK Inc., now a part of Kymera International), especially Muktesh Paliwal and Mike
Marucci, for providing the Ti-6Al-4V powder used in this work and assistance with the study. This
work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract DE-AC52-07NA27344 and IM release number # LLNL-
JRNL-834760. The authors acknowledge partial support from the National Science Foundation
under grant number DMR-2050916. IG appreciates the financial support from the Gallogly
College of Engineering at the University of Oklahoma.

Appendix A.1: Martensitic transformation and shape strain calculations
In theory, the martensitic transformation of BCC to HCP is based on the fact that the

interface between them should be macroscopically invariant (i.e., invariant plane strain (IPS))
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because this transformation is diffusionless and the interface between parent and product phases
should be highly coherent [68]. This transformation consists of three components; (i) the Bain
transformation B to convert the parent lattice (BCC) to the product lattice (HCP), (ii) an
inhomogeneous shear P’, aka complementary shear, in the converted lattice to provide an
undistorted plane, and (iii) a rigid body rotation R to keep bringing back the interface line to the
invariant condition. There have been different approaches to formulating the martensitic
transformation by Bowles et al. [69] and Wechsler [70]. Here, the calculations from [69] are used
because of the conciseness of their formulation. The total shape deformation can then be expressed

as:
P = RBP' (Eq. A.1)

where P is an invariant plane strain in the habit plane, which is the interface between the parent
and product phases, R is the rigid body rotation, B is the Bain transformation, and P’ is the
complementary shear. Using this equation, the total deformation during the martensitic
deformation can be calculated. Bain transformation is known based on the lattice correspondence,
and rigid body rotation is known based on the relationship between the two different coordinate
frames. Thus, by having the complementary shear, the total deformation can be calculated. This
complementary shear is a slip or twinning system in the HCP phase expressed in the parent phase
coordinate system and selected based on the most common slip systems for the crystal structure.

Because both P and P’ are in the form of IPS, they can be expressed using the following equations:
P=I+d-p (Eq. A.2)
PP=I1+d-p (Eq. A.3)

where [ is a unit matrix, p is the unit vector normal to the habit plane, d is the vector showing the
direction of displacement, which includes the magnitude of strain as well, p’ is the unit vector
normal to the complementary shear plane, d’ is the vector perpendicular to the complementary
shear which includes the magnitude of shear as well. The nearly parallel slip systems in the BCC-
Ti and HCP-Ti can produce a complementary shear. There are four crystallographically different
slip systems in the HCP-Ti that are nearly parallel to the slip systems in the BCC-Ti:

1: (1101)[1213] || (011)[111]p
2:(0001)[1120]a ]| (110)[111]p
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3:(1101)[1120]. || (011)[111]p
4:(1100)[1120]a | (112)[111]p

If we take, for example, slip system 1 to be the acting slip system, p’ will be (011). To
calculate the invariant line of the interface of the parent and product phases, a unit vector parallel
to the invariant line is assumed. This unit vector is expressed as X = [X; X, X3] in the parent phase
coordinate system and as x = [x; x, X3] in the product phase coordinate system. Similarly, the
invariant plane containing the displacement vectors of P and P’ is assumed and expressed by N =
(N; N3 N3) and n = (nq n, n3) in the parent and product phases coordinate systems, respectively.

X and x are related by the Bain transformation:
x=B-X (Eq. A4)

There are certain conditions that help to solve and find the unit vector X. Firstly, the length

of X and x are unchanged, thus:
X2+ X2+X:=1 (Eq. A.5)
xt+xs+x5=1 (Eq. A.6)
And by substituting Eq. A.4 in Eq. A.6:
mexi Xy At xs =1 (Eq. A.7)
Secondly, the complementary shear plane p’ = (p'; p'; p’s) contains the invariant line, thus:
p'X=p - Xi+p,-X,+p'5-X3=0 (Eq. A.8)
Similarly, N and n are related by the Bain transformation:
N=B-n (Eq. A.9)
Again, because the length of the plane normal is unchanged:
NZ+N;+NZ=1 (Eq. A.10)
ni+n3+ni=1 (Eq. A.11)

And by substituting Eq. A.9 in Eq. A.11:

2 2 2
T | (Eq. A.12)

noon 3
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Plane N contains the complementary shear direction d’, thus:
d"N:dll'N1+d,2'N2+d,3'N3:O (EqA13)

By using Eq. A.5, Eq. A.7, and Eq. A.8, the invariant line X can be calculated and by using
Eq. A.10, Eq. A.12, and Eq. A.13, the invariant plane N can be calculated. There are two possible
solutions for X, and two possible solutions for N, resulting in four combinations of possible
invariant lines and planes. The combination with the smallest shape strain and simple shear values

was suggested to be appropriate [71].

Both n and x need to be brought back to their initial position to have an invariant line interface.

A rigid body rotation can be applied to achieve this:
X=x-R (Eq. A.14)
N=n-R (Eq. A.15)

Also, the outer product of the invariant plane normal and invariant line should be brought back
by R:

(NxX)y=(mnxx)-R (Eq. A.16)

It is of great importance to note that all the parameters (B, R, X, and N) are defined in the
orthorhombic coordinate system, O, and they need to be expressed in the BCC coordinate system.

The transformation matrix 7 can be used to do this, which is expressed as follows if the

(100)[011]o || (110)[111]p is selected:

1 1
/\/5 /\/g 0
T=|-1 1 Eqg. A.17
/\/E /\/E 0 (Eq )
0 0 1

By using transformation matrix 7, the parameters can be expressed in the BCC coordinate

system instead of an orthorhombic coordinate system using the following series of equations:
u=T-X,h=N-T"Y,R,=T'-R-T,B,=T '-B-T (Eq. A.18)

where u, h, R}, and Bj, are the parameters in the BCC coordinate system corresponding to the X,
N, R, and B in the HCP coordinate system, respectively. After finding the u, h, R;, and B,, the

following equations can be used to calculate the elements of shape strain P [71]:
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p=p""(R,By) " —p (Eq. A.19)
d=((RpBp)-d" —d")/(p-d") (Eq. A.20)
Finally, the total shape deformation P can be calculated using Eq. A.2.

The choice of lattice correspondence to convert the BCC to HCP is based on the minimization
of distortion and rotation of the lattice vectors. One of the orientation relationships other than the
aforementioned BOR is the Pitsch-Schrader orientation relationship which is defined as
[110]p/[[0001],, [110]p/[[1010]a, and [001]||[1210]. In order to simplify the calculations, the
Pitsch-Schrader orientation relationship can be expressed in the orthohexagonal system, which
shows the relationship between the BCC and orthorhombic lattices as [110]p||[100]o,
[110]p|[[010]o, and [001]p||[[001]o [72]. The most basic Bain transformation was originally
developed for the FCC to BCC transformation. Here, by using the Pitsch-Schrader orientation
relationship, the Bain transformation B for the case of BCC to HCP in the orthohexagonal system

can be expressed as follows:

C
© 0 0]
V2
n, 0 07 |V e | oqrozz o 0
B=|0 7, Of=| 0 =< 0|=[0 1109 0 (Eq. A.21)
N S 0 0  0.9055

ag
where ag is the lattice parameter of # phase (3.23 A), a, and c, are the lattice parameters of «
phase (2.925 A and 4.668 A, respectively, see supplementary Fig. 1), and 1> N, and 7, are the

principal lattice distortion in the orthohexagonal system.

Up until this point of calculations, the type of a variant produced from the f phase did not
have any effect because the nature of transformation for every variant is basically a BCC to HCP
transformation, thus, the Bain transformation matrix B would be the same and only dependent on
the lattice parameters. It should be noted that the direction of each principal lattice distortion would

change based on the variant type, but still, the magnitude of distortion would be constant.

By multiplication of corresponding shape strain of each variant in each self-accommodation
cluster, the amount of shape strain after the self-accommodation process can be calculated. For
example, for the cluster of A, B, and C variants, the shape strain can be calculated using the

following equation:
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(Eq. A.22)

—
O
S

3.234 nm

ﬂ{gz

Supplementary Fig. 1. (a) Schematic of the Burgers orientation relationship (BOR) between the BCC and HCP
showing the corresponding planes and directions, and (b) schematic of the necessary dilation and compression to
convert the BCC to HCP. The lattice parameters were measured using X-ray diffraction pattern on the L-PBF
processed non-spherical Ti-6Al-4V powder [31] and Rietveld refinement method.
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