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Abstract

There has been increasing interest over the past few years to evaluate how additive
manufacturing can be used to tailor the microstructure of metallic materials. The objective of
this work is to demonstrate through a few illustrative examples the possibility to tailor the
crystallographic texture of pure copper processed by Electron Powder Bed Fusion (PBF-EB)
by manipulating the molten pool morphology via the scanning strategy. We illustrate
schematically how changes in molten pool geometry via modifications of the scanning
strategies can affect texture development. Different processing conditions are selected to
produce dense samples by PBF-EB while altering the crystallographic texture. The samples
produced are examined by optical microscopy and Electron Back-Scattered Diffraction (EBSD)
to characterize the molten pool geometry and the inherited microstructure to experimentally
validate the pragmatic approach suggested in this work. Manipulations of the scanning
strategies are shown to be efficient to produce a strong Cube texture or Goss texture or
alternatively, a mixture between the two. A Cube texture is generated by promoting the
formation of a melt pool with a flat geometry (its width being much larger than its depth). A
Goss texture results from melt pools having a more hemispherical geometry with a large overlap
between adjacent tracks. Adjusting the hatch spacing is a good way to achieve a mixture
between columnar grains having a Cube texture and others exhibiting a Goss one. The results
of this work could be considered as a guideline to tailor the microstructure of other cubic
materials processed by PBF-EB.

Keywords: Additive manufacturing; melting strategy; copper; microstructure; EBSD;
texture
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1. Introduction

Additive manufacturing (AM) first represented a revolution in the world of manufacturing and
design by offering new possibilities in terms of part design geometry, see e.g. [1,2]. These new
manufacturing techniques have made it possible to produce parts resulting from topological optimization
as typically done in [1], often carried out intending to reduce weight. A significant amount of work has
been carried out or is still being carried out to improve material quality (internal or surface defects) [3—
8], either by optimizing processing conditions [6] or by applying post-treatments, see e.g. [9-14].
Metallurgy has been essentially passively experienced for the time being. The control of microstructures
by fully exploiting the processing conditions specific to additive manufacturing is not yet systematically
considered but becomes an area of intensive research, see e.g. [15,16]. Modifications of the grain
structure: size, morphology, and texture by adjusting the scanning strategies is an interesting pathway
to take full advantage of AM-processes because such features can be used to alter the mechanical
properties of polycrystalline alloys.

Body-Centered Cubic (BCC) or Face Centered Cubic (FCC) materials processed by Electron Beam
Powder bed Fusion (PBF-EB [17]) or Laser Powder Bed Fusion (PBF-LB [17]) tend to often develop a
microstructure consisting of relatively coarse columnar grains with their <001>-direction parallel to the
build direction. Strongly textured microstructures have been reported for different alloy families: Ni-
based superalloys [18-20], Ti-alloys (based on the reconstruction of the parents B-grains [21-23], Co-
Cr alloys [24,25], high entropy alloys [26], austenitic steels [14,27-29]. More recently similar
observations were made for pure copper [30].

Over the past few years, there have been intensive research efforts devoted to showing that the strong
morphological and crystallographic textures of the grains in parts fabricated by PBF-EB can be altered
or modified. This has recently been identified as an area that will require more intensive researches in a
recent viewpoint paper, see [31]. The first demonstration of the ability of PBF-EB to produce site-
specific controlled microstructures was given in the pioneering work of Dehoff et al. [20,32] in a Ni-
based superalloy. This was further investigated by different studies, see e.g. [33-36] reporting scanning
strategies to produce equiaxed grains with a much weaker morphological and crystallographic texture.
Similarly, several research groups reported the possibility to grow single crystals of Ni-based
superalloys by selecting appropriate scanning strategies [36—-38]. Ramsperger et al. went a step further
by investigating the creep properties of single crystals grown using PBF-EB [37]. However,
investigating ways to tailor the crystallographic texture of pure metals did not receive as much attention
although being interesting from a fundamental point of view since the nucleation of grains is
significantly reduced in pure metals due to the absence, or a very limited constitutional undercooling.

Pure copper is an interesting material for components such as heat exchangers or electrical conductors.
However, pure copper turns out to be difficult to process by PBF-LB using IR-lasers because a large
part of the energy input is reflected leading to lack-of-fusion defect (density <98%) and instabilities of
the molten pool, see e.g. [39-42]. Less than 5% of the laser beam energy is absorbed by the material
when using IR wavelengths [43]. Unlike PBF-LB, PBF-EB was proven to be efficient to build dense
parts with relative densities higher than 99.8% [44-47]. The good processability of pure copper using
PBF-EB can be accounted for by the good absorptivity of the electron beam energy. The PBF-EB build
chamber is under vacuum, and thus can be seen as an additional advantage because parts contamination
can lead to a decrease in the electrical conductivity. The possibility to produce dense samples made of
pure copper using PBF-EB was reported by several research groups [30,44,46-48]. However, to our
knowledge, the effect of the scanning strategy on the microstructure of pure copper fabricated by PBF-
EB has not been investigated yet and the possibility to tailor the grain structure is yet to be demonstrated.

In a previous study, we showed that the yield strength and electrical performances of pure copper were
not significantly affected by the strong crystallographic and morphological texture inherited from PBF-
EB, we only noticed an effect of this strong texture on the work-hardening rate, see [48]. Thus the
motivation of this work is not driven by an optimization of the mechanical and/or electrical properties
but rather by a need to evaluate how the crystallographic texture of a model FCC-material (pure copper)
for which constitutional undercooling is negligible can be modified through changes of the scanning
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strategy. As a result, the conclusions drawn in this work could be used to suggest guidelines to tailor the
grain structure of other FCC-metals when epitaxial growth is promoted and the nucleation of grains is
very limited.

In the present work, we aim at exploiting the processing conditions of Electron Powder Bed
Fusion (PBF-EB) to control the melt pool geometry in order to tailor the crystallographic texture of pure
copper. We first qualitatively illustrate how changes in molten pool geometry via modifications of the
scanning strategy could be employed to alter the crystallographic texture. Different processing
conditions are finally retained to produce dense samples by PBF-EB (relative density > 99.9%) while
altering the crystallographic texture. The samples produced using the selected processing conditions are
examined by optical microscopy and Electron Back-Scattered Diffraction (EBSD) to characterize the
molten pool geometry and the inherited microstructure in order to experimentally validate the approach
suggested in this work.

2. Conceptual view of the links between molten pool geometry, texture, and
scanning strategy

2.1. Role of melt pool geometry on texture development

The objective of this section is to qualitatively illustrate how the molten pool geometry can
affect texture development in a pure FCC-metal where dendrites are known to grow preferentially along
with one of their <001>-directions. The molten pool geometry as observed in a transversal cross-section
can be described using its aspect ratio (AR) defined as the ratio between the melt pool depth and its
width: AR = d/w, see Figure la.

Let us now consider two contrasted situations illustrated with schematics of the transversal cross-
sections: on the one hand a “flat” molten pool with a small aspect ratio (AR << 0.3), see Figure 1a; and
on the other hand a hemispherical molten pool with a larger aspect ratio (AR > 0.3), see Figure 1b. The
thermal gradient being perpendicular to the solid/liquid interface, one could expect substantial
differences in texture development. A molten pool with a small aspect ratio promotes the growth of
columnar grains with a <001>-direction parallel to the build direction (red grains) while a hemispherical
molten pool will have a significant portion of columnar grains having a <110>-direction parallel to the
build direction (green grains) because of the grain orientation angle (45° for the <110>-direction), the
latter being defined as the angle between the building direction (BD) and the grain growth direction. We
are aware that such schematics are a simplified view of texture development along the molten pool
boundary because grain orientation angles between 0 and 90° are theoretically possible but we decided
to keep only two grain orientations in for the sake of pedagogy. One should also keep in mind that
epitaxial growth from the underlying layers plays a key role in texture development in AM parts,
especially for a pure metal for which nucleation of grains is made very difficult due to the absence of
constitutional undercooling.
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Figure 1. Schematic illustration of the effect of molten pool geometry on texture development (transversal cross-section views).
(a) Molten pool with a flat geometry: width much larger than its depth. (b) Molten pool exhibiting a hemispherical morphology.

2.2. Role of hatch spacing on texture development

After having schematically illustrated the role of the molten pool geometry on texture
development, we suggest now examining how the hatch spacing, i.e. the distance between adjacent
molten tracks can be used to control the texture in parts processed by PBF-EB. Two cases will be
considered, once again illustrated with schematics of the transversal cross-section view of the molten
pool: a small hatch spacing and a large hatch spacing for respectively a flat molten pool (Figure 2 (a-
b)), and a hemispherical one (Figure 2 (c-d)).

The schematics displayed in Figure 2 (a-b) show that in the case where the molten pool is extended in
the direction perpendicular to the scanning direction, the hatch spacing has nearly no effect on the
resulting texture. Indeed, regardless of the imposed hatch spacing, most of the grains will be oriented
such as one of their <001>-direction is parallel to the build direction. The addition of layers will promote
epitaxial growth (promoted in the case of pure Cu because nucleation is very difficult due to the absence
of constitutional undercooling) and the few grains with a growth direction tilted with respect to the build
in the overlap area between two adjacent tracks (green grains) will disappear for the benefit of red grains,
i.e. grains with a <001>-direction parallel to the build direction.

As illustrated in Figure 1 (b), the formation of a hemispherical molten pool enables to change the texture
by promoting the formation of grains with a <110>-direction parallel to the build direction (green grains)
at the expense of the grains with a <001>-direction parallel to the build direction (red grains). In addition,
Figure 2 (c-d) shows that when a more hemispherical molten pool geometry is achieved, hatch spacing
can be tuned to control the proportion of <001>-oriented grains. Ultimately, the presence of red grains
can even be suppressed when imposing a small enough hatch spacing as shown in Figure 2 (d). In the
latter case, the side branching mechanism is exploited in the overlap region between adjacent tracks to
preserve the <110>-oriented grains. Side branching is defined as a mechanism allowing the growth of
grains along with orthogonal directions in response to changes in local heat flux, see [49] for more
details. The region where side-branching occurs is highlighted by the gray area in Figure 2 (c).
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Figure 2. Schematic illustrating the effect of hatch spacing on texture development for (a-b) a molten pool spread in the
direction perpendicular to the scanning direction (cross-section views), and (c-d) a molten pool exhibiting a hemispherical
morphology (cross-section view). Red grains are grains having a <001>-direction parallel to the build direction while green
grains are tilted with respect to the build direction.

2.3. Role of the scanning strategy on the molten pool geometry

Now that we have qualitatively established the relationships between the melt pool morphology
and texture development, one needs to think about the links between the processing conditions including
melting parameters and scanning strategy, and the resulting melt pool morphology. Based on simple
considerations supported by the published literature [34,50-52] regarding the effect of the processing
conditions on the molten pool size and morphology, we illustrate hereafter using schematics how
changes in beam power or speed while using a snake-like hatching pattern can affect the melt pool
geometry. Similarly, the case of a spiral-like molten pool geometry will be considered. Such simple
considerations will be then used to guide the processing conditions that will be retained to produce dense
pure copper samples with specific crystallographic textures.

2.3.1. Snake-like scanning strategy: effect of beam power and speed

We illustrate with the help of simple schematics how changes in first-order melting parameters,
namely power and scan speed, can result in drastically different molten pool morphologies. This is
important because we conceptually showed in sections 2.1 and 2.2. how the molten pool morphology
and hatch spacing can be tuned to alter the crystallographic texture.

A schematic illustrative example of the effect of the first order melting parameters while using
a snake-like scanning strategy is given in Figure 3 where top views (building direction pointing to the
reader) are shown to appreciate differences in molten pool geometry induced by an increase of beam
power or beam speed. The scanning strategy chosen here is the most widely employed scanning pattern
in PBF-EB, i.e. a snake-like hatching strategy. For a given power, one needs to select a not too high
scan speed to extend the melt pool perpendicularly to the scanning direction. Similarly, for a given scan
speed, an increase of power is desired to promote the spread of the melt pool perpendicularly to the
scanning direction. From Figure 3, it is rather clear that the melt pool shape varies greatly depending
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on the processing parameters applied, ranging from a point source, typically the cases illustrated in
Figure 3 (a, d, g) to very large and stretched shapes as exemplified in Figure 3 (b, ¢) and (f, i). This
situation is sometimes described in the literature as the difference between a point heat source that leads
to the formation of a tear-drop shape molten pool and a line heat source that gives much larger molten
pools, see e.g. [53][50]. In PBF-EB, the molten pool geometry (i.e. the aspect ratio) can be more easily
changed in comparison with PBF-LB. Indeed, the combination of both preheating and relatively high
scanning speeds lead to the formation of large molten pools elongated in the direction perpendicular to
the scanning tracks because the heat generated while melting a given track does not have enough time
to be fully released when the electron beam melts adjacent lines, see e.g. [50,53,54][51]. In other words,
this means that the molten pool geometry depends on the time required to release the heat generated by
the preceding track. In the time required for scanning, the heat-induced by the preceding track diffuses
into the substrate by heat conduction, if the time between two adjacent tracks is not long enough, it will
promote the formation of large molten pools stretched in the direction perpendicular to the scanning
direction [51,52,54] (Figure 3 (b, c) and (f, i)). On the opposite, if the time is long enough then
hemispherical molten pools (as observed in transversal cross-sections) will be promoted (Figure 3 (a,
d, g, h)). Note that depending on the physical properties of the material fabricated the molten pool can
be even more elongated in the direction perpendicular to the scanning tracks. Here, pure copper has a
very high thermal conductivity but with the processing parameters and a snake-like scanning strategy,
it is still possible to achieve a melt pool propagating through several adjacent lines. Metals and alloys
having thermal conductivities lower than pure copper such as superalloys, and to a larger extent, Ti-
alloys are known to develop even larger molten pools, see e.g. [50,53,54].
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Figure 3. Schematic top views (building direction perpendicular to the plane of observation) illustrating the influence of beam
power and scan speed on the molten pool morphology in the stationary regime. Here P1 > P2 > Pz and vi > v2 > vs.

2.3.2. Spiral-like strategy

We have also considered the peculiar case of a spiral scanning strategy because the time between
two adjacent tracks will continuously increase as the beam gets further from the center. The situation
shown in Figure 4 allows the change of molten pool geometry to be schematically and qualitatively
appreciated in the case of a spiral-like scanning strategy. When melting the first few spiral patterns at
the center, the time to completely release the residual heat of the previous pattern is expected to be not



long enough resulting in a large square-shape molten pool as illustrated in Figure 4a. While getting
further from the center, the time required to release the heat-induced by a given track when melting the
adjacent line becomes long enough so that a hemispherical molten pool is promoted, see Figure 4b.
Thus, we can take advantage of a spiral scanning strategy to evaluate with a single sample the effect of
this critical time on the molten pool morphology. Indeed, evaluating the effect of this critical time using
a snake-like scanning pattern will require producing cubes with different sets of melting parameters
(power and scan speed) as shown in Figure 3.

(a) (b)

y —
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X

Figure 4. Schematic top views illustrating the morphology of the melt pool when using a spiral-like scanning strategy. (a)
Molten pool morphology after scanning the first few spiral patterns at the center. (b) Molten pool morphology when scanning
spiral patterns further away from the center.

We will now rely on our conceptual views of the relationships between the molten pool morphology and
texture development (Figure 1 and Figure 2) and between the melting parameters or scanning strategy
and the molten pool morphology (Figure 3 and Figure 4) to guide the selection of processing conditions
that lead to drastically different textures. However, such guidelines remain qualitative and therefore still
require experimental validations to ensure the fabrication of dense samples to avoid porous samples or
on the contrary overmelted samples. Numerical approaches could be further employed in the future to
strengthen the pragmatic approach suggested in this work as it would possibly offer the opportunity to
guantitatively guide the selection of some processing conditions, thus speeding up the subsequent
experimental optimization of the processing conditions. The processing conditions that were finally
employed to experimentally validate our approach to tailor the microstructure of pure copper fabricated
by PBF-EB will be detailed in section 3.2.



3. Experimental procedures
3.1. Materials and PBF-EB fabrication

The copper powder was produced by gas atomization (argon) from Oxygen-free copper (Cu-
OF) rods with 25 ppm of oxygen. The composition of the copper powder meets the requirement for Cu-
ETP grade (99.93 %wt in Cu), with 0.011 %wt O, 0.005 %wt Ti, %wt of P < 0.005, and 1 ppm of H. A
more detailed analysis of the chemical composition of the powder batch is given in [48]. The powder
was loaded into a PBF-EB machine from ARCAM (Al machine controlled by the software EBM
Control 3.2 operating under vacuum (2.10 mbar) and at an accelerating voltage of 60 kV. The automatic
mode of the software EBM Control 3.2 that controls the beam parameters was disabled. This is important
because when the automatic mode is turned on, different functions are activated to control the electron
beam to improve the build quality for sophisticated geometries by adjusting the beam parameters
(power, scan speed) to locally vary melting conditions as a function of the scan lengths or the presence
of negative surfaces.

A homemade miniaturized building chamber that fits into the ARCAM-AL standard building chamber
was used in this study. 70x70x10 mm? start plates made of Cu-ETP were used. The preheating area was
kept constant for all experiments: 60x60 mm2 and was performed using a defocused beam (focus offset
set to 100 mA). On the contrary, a focused beam was used to melt the powder bed. Parallelepipedic
samples were built with an edge length of 10 mm and a height of 15 mm using the different scanning
strategies that will be detailed in the next section entitled “Selected scanning strategies”. Throughout
the manuscript, (x,y,z) refer to the coordinate system of the building substrate: x and y being the
scanning directions, and z the building direction (BD).

3.2. Selected scanning strategies

Based on the schematics shown in Figure 1 and Figure 2, we selected different processing conditions
that ensured the fabrication of dense samples (relative density > 99.9%) while allowing the
crystallographic texture to be modified. Simple thermal calculations using analytical solutions such as
the Rosenthal model, see e.g. [49,52,55] could have been used to guide the selection of the processing
parameters but this is not what has been done in this work. Here, the selection of the processing
parameters finally retained were empirically determined by conducting design of experiments for the
various scanning strategies investigated but with variations of the beam power and speed. The relative
density and melt pool geometry were systematically examined to guide our final selection. The detailed
processing conditions used to produce the different samples selected for further analyses are given in
Table 1. Those samples are used to provide several experimental validations of the simple approach
suggested in this work in section 2. It is important to emphasize that the different samples selected were
not necessarily produced in the same build. Thus, the preheating temperature applied to produce the
samples retained in this work is not necessarily the same. As a general rule of thumb, increasing the
preheating temperature with a given scanning strategy promotes the formation of large molten pools that
get extended perpendicularly to the scanning direction (i.e. AR < 0.3). Copper, also known to be a non-
smoke sensitive material due to a combination of high density and high electrical conductivity, can be
processed using significant variations of the preheating temperatures from 380°C to 600°C [47,56]. On
the opposite, the range of preheating temperatures required to produce samples made of Ti-alloys is not
as wide.

Scanning strategy (1) was chosen to achieve a strong Cube texture. A Cube texture corresponds to the
case where grains are oriented such as they have a <001>-direction parallel to the building direction and
the two others <001>-directions aligned with the scanning directions x and y. Scanning strategy (2)
allows the development of a mixture between grains with a Cube texture and grains exhibiting a Goss
texture while scanning strategy (3) was retained to promote the formation of a strong Goss texture. A
Goss texture corresponds to the case where grains are oriented such as they have a <110>-direction
parallel to the building direction while one of the <001>-direction remains parallel to one of the scanning



directions x or y. This terminology to qualify a texture: Cube or Goss was adapted from the literature
regarding texture development in processing routes involving plastic deformation, see e.g. [57].
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# Scanning strategy Tpreheat Scanning speed  Beam Power Line offset Hatch depth  Layer thickness
(9] (mm/s) (W) (mm) (Hm) (pm)
(1) Cube Texture
= 550 3000 1200 0.1 50 50
2 0.1 mm
hy =
Il layer
(2) Goss Texture
-I loffsct =
4 0.2 mm 410 1300 1200 0.25 NA 50
hy=
]1 layer
(3) Goss texture and grain boundary morphology
—"\ . Lgu=
X4 0.1 mm
% | 2h, = 460 350 600 0.1 50 100
1 layer

Table 1 : Overview of the various scanning strategies along with the associated processing parameters employed to tailor the microstructure and microtexture. Scanning strategy (2) consists in using the contour
strategy available in EBM Control 3.2. with the multisport option disabled. Line offset corresponds to the so called hatch spacing, i.e. to the distance between two adjacent tracks. Hatch depth indicates the frequence

of the rotation of the scanning direction. For example, a hatch depth of 50 um means that the scanning pattern is rotated at each layer for a layer thickness of 50 pm. A hatch depth of 50 pm when the layer thickness
is taken equal to 100 pm means a rotation of the scanning pattern by 180° at each layer.
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3.3. Microstructural characterization

Samples for metallography were subjected to the following preparation stages starting with

grinding from 800 down to 2400 using SiC abrasive papers and polishing with 3 and 1 pm diamond
suspensions. Due to the high ductility of copper, porosity in the sample can be filled in during grinding
and polishing. Thus, an additional chemical polishing step was carried out using a solution consisting
of 100 mL H,O, 100 ml ethanol, and 19 g of iron (l11) nitride as a lubricant. This chemical treatment
helps to clear out the pores as well as reveal the grain boundaries. However, as such a chemical polishing
also reveals the grain boundaries, estimating the porosity required a final gentle polishing using the 1
um diamond suspension. The latter operation allowed the etching effects to be removed without filling
the pores. Optical micrographs were then taken with an Olympus DSX 510 opto-numerical microscope.
Note that revealing the melt pool boundaries is not always straightforward in materials processed by
PBF-EB, most likely because the material undergoes an in-situ heat treatment during the process due to
the preheating stage. This in situ heat treatment is thought to homogenize the microstructure making
challenging the detection of the melt pool boundaries. Here, as we are working with a metal exhibiting
a relatively high purity, this can make the identification of the melt pool boundaries even more difficult.
For a sake of clarity, we intentionally have highlighted at least some melt pool boundaries in the etched
micrographs shown in the subsequent sections.
The melt pool geometry, namely its aspect ratio (AR), was characterized by measuring its depth, d, and
half-width, w (AR = d/(2 x w)) in optical micrographs taken perpendicularly to the scanning direction,
see example in Figure 5. At least ten measurements for the depth and half-width were made and the
average value was retained, the error is estimated by computing the standard deviation.

For Scanning Electron Microscopy (SEM) observations, samples were mechanically polished
down to 1 um with a diamond suspension and then electropolished in a 65% aqueous phosphoric acid
solution. The electropolishing conditions were set at 5 V and 2 mA for 120 seconds with a stainless-
steel cathode. SEM images were acquired with a ZEISS GEMINI SEM500 with an operating voltage of
15 kV. For EBSD analysis, a step size varying from 2 to 5 um was employed. Electron Backscatter
Diffraction (EBSD) maps were post-treated using the OIM Analysis software. The grain widths were
measured using the intercept method with lines drawn perpendicularly to the build direction (BD).
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4. Results and discussion

4.1. Promoting a strong Cube texture

We recall here that a Cube texture is achieved when the grains show one of their <001>-
directions parallel to the build direction while two others <001>-directions are aligned with the scanning
directions x and y. To achieve a microstructure consisting of columnar grains exhibiting a strong Cube
texture, we need to promote a line heat source that leads to the formation of a large molten pool that
spreads along the direction perpendicular to the scanning direction.

We decided to produce a sample using a relatively high power (P set to 1200 W) and a not too high scan
speed (v fixed at 3000 mm/s) to promote the formation of a large molten pool extending in the direction
perpendicular to the scanning direction mimicking a situation close to the one shown schematically in
Figure 3 (f, i). The scanning strategy employed here is the most widely employed scanning pattern in
PBF-EB: a snake-like strategy with a 90° rotation of the scanning pattern at each layer. The hatch
spacing was set to 0.1 mm (Line offset) and the layer thickness was constant throughout the build and
set to 50 um. Based on previous work, we knew that such processing conditions allow dense samples to
be produced consistently since the relative density of such samples was measured to be higher than
99.95% by both X-ray computed tomography and image analysis, see [48]. Those melting conditions
are summarized in Table 1. This optimized set of parameters is also consistent with the processing
window identified in another recent publication, see [19].

An overview of the microstructure inherited from scanning strategy (1) is given in Figure 5. A
homogeneous microstructure was found from the bottom to the top of the 15 mm-height samples. The
EBSD-IPF map normal to the build direction (BD) and the associated pole figures are shown
respectively in Figures 5 (a) and (b). This microstructure consists of columnar grains elongated along
the build direction with an average width measured with the intercept method of nearly 50 um. As
targeted, a strong Cube texture is evidenced by the pole figures shown in Figure 5 (b), the <001>-
directions being aligned along the build direction (BD = z) as well as along both scanning directions (x
and y) with a maximum intensity close to 15.

13
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Figure5: (a) EBSD IPF-Z map acquired in the xz-plane of a sample produced using the standard snake-like scanning strategy
(processing parameters given in Table 1) where grain boundaries are displayed in black and are associated with interfaces
having a misorientation angle > 15°. (b) (001), (110) and (111) Pole figures, (c) Optical micrograph of the topmost layer,
grain boundaries are highlighted in blue while melt pool boundaries appear in black (x,y,z) is the coordinate system with x
and y being the scanning directions, and z the build direction (BD).

Observations of the topmost layer of a part fabricated using the standard snake-like scanning strategy
(details of the processing conditions provided in Table 1) have been carried out to assess that the molten
pool geometry was indeed stretched in the direction perpendicular to the scanning direction. Grain and
melt pool boundaries were revealed by chemical etching and are respectively highlighted using black
and blue lines in Figure 5 (c). The molten pool aspect ratio (AR) was roughly estimated by measuring
its depth, d, and half-width, w (AR = d/(2 x w)) as indicated in Figure 5 (c). The melt pool depth was
measured to be about d = 70 = 8 um and the width w = 2x250 = 500 + 10 um. For the selected processing
parameters, the melt pool exhibits a relatively flat morphology (AR = 0.15) as shown in Figure 5 (c)
suggesting that it is indeed elongated in the direction perpendicular to the scanning direction, see Figure
2 (a-b). The molten pool depth being 1.5 times larger than the layer thickness, promotes the epitaxial
crystal growth leading to columnar grains propagating through several layers and elongating over
several hundreds of microns. This first illustrative example can be considered as the first experimental
validation of the simple approach proposed in this work.

Scanning strategy (1) leads to a strong Cube texture, see Figure 5 (a). Similar strong Cube textures have
been produced in different cubic materials processed by PBF-EB, see e.g. examples in Ni-based
superalloys [18,34,35,38], Co-Cr-Mo alloys [25], and CrMnNi steel [27]. Interestingly, in
microstructures inherited from PBF-LB, it turns out to be more difficult to produce such strong Cube
textures because large melt pools stretched in the direction perpendicular to the scanning strategy as
schematically illustrated in Figure 1 (a) and in Figure 3 (b) (for a cross-section view and a top view,
respectively) are very difficult to achieve in PBF-LB. This has to do with the absence of preheating and
slower scanning speeds in PBF-LB in comparison with PBF-EB. The formation of such large melt pools
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in PBF-EB partly explain why different groups have successfully grown single crystals by PBF-EB
[38,58,59]. It is also interesting to highlight that in PBF-LB, the melt pool morphology often shows a
hemispherical morphology but can relatively easily be modified by substantially increasing the energy
input to be in a keyhole regime where the melt pool depth becomes much larger than its width (exactly
the opposite situation as the one selected here to produce a Cube texture). Achieving a keyhole regime
with the PBF-EB machines currently available is relatively difficult (accelerating voltage of 60 kV). In
summary, one could say that PBF-EB enables to achieve flat melt pools with small AR (< 0.3), this
cannot be easily done in PBF-LB. On the opposite, large AR (> 1) can be easily achieved in PBF-LB but
this is very challenging to do in PBF-EB, at least with the current generation of machines.

The objective was then to apply scanning strategies allowing to alter this Cube texture and ultimately
to produce a Goss texture, i.e. grains having one of their <110>-directions parallel to the build direction
(green grains in the schematics shown in Figure 2 (c)). To do so, we need (i) to select conditions that
lead to a hemispherical molten pool geometry, and (ii) to adjust the hatch spacing to control the
proportion of green grains and red grains as shown in Figure 2 (c-d).

4.2. Producing a mixture of Cube and Goss texture

To reproduce the situation represented in Figure 2 (c), we employed a spiral scanning pattern
consisting of scanning the surface concentrically from the center towards the edges (inner to outer beam
trajectory) as typically shown in Table 1 — strategy (2). A relatively large line offset, set to 0.25 mm
(more than twice the one used for the sample produced using a standard snake-like strategy) was
employed. Power and scan speed were adjusted to achieve a relative density above 99.5%. When using
a constant scan speed when applying such a strategy, a change in molten pool geometry is expected
because the time between adjacent tracks will continuously increase when getting closer to the edges,
see the schematic of the top view of the melt pool in Figure 4.

The EBSD-IPF map acquired over the whole width (Figure 6) of the sample reveals the presence of two
different microstructures depending on the location: a first microstructure consisting of two very large
grains at the center of the sample, and a periodic arrangement consisting of wide columnar grains with
the <110>-direction parallel to the build direction and thinner columnar grains with their <100> -
direction parallel to the build direction near the edges. The microstructure observed near the edges is
very similar to the situation schematically represented in Figure 2(c). As a result, we suggest first
focusing on the microstructure observed near the edges as it corresponds to the one desired. The
difference between the center and the edges will be discussed later.
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parallel to the build direction. Schematic top views of the molten pool morphology associated to different region of interest
along the width of the sample fabricated using a spiral-like strategy.
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The microstructure of the sample built with scanning strategy (2) is a mixture of grains with a Cube
texture (Figure 7a) and grains showing a Goss texture (Figure 7b). The formation of the alternating
Goss-Cube textured columnar grains can be accounted for based on the examination of the melt pool
shape revealed by optical microscopy. In Figure 8, the melt pool shape obtained with scanning strategy
(2) is compared with the one resulting from the snake-like scanning strategy (1). Based on the optical
micrographs of the topmost layer, see Figures 8 (a) and (b), the melt pool boundaries are observed in
the xz-plane. These boundaries are illustrated in Figures 8 (c) and (d) along with the thermal gradient
directions (see arrows in Figure 8 (c-d)). In comparison with the microstructure inherited from the
scanning strategy (1), scanning strategy (2) leads to a larger aspect ratio, AR ~ 0.34 vs 0.15 for the
scanning strategy (1). Figure 8 (c-d) shows the influence of the change of the melting strategy on the
melt pool morphology and thus the thermal gradient orientation. Indeed, in presence of a more
hemispherical molten pool with deeper edges, the thermal gradient direction along the solidification
front is significantly modified, from 0 (bottom) to 45° (edge) with respect to the BD.
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Figure 8 : Optical micrographs of (a) the sample built with the scanning strategy (2) and (b) the sample fabricated using
scanning strategy (1) where both the grain and the melt pool boundaries have been revealed by chemical etching. Schematic
illustrations of the melt pool shape of (c) the new sample and (d) the sample fabricated using scanning strategy (1). Those
illustrations are based on the optical micrographs presented above. The thermal gradient directions, perpendicular to the
solid/liquid interface, are indicated with arrows.

To link the melt pool shape with the resulting microstructure, an optical micrograph and an
EBSD-IPF map are shown in Figure 9. On the optical micrograph shown in Figure 9 (a), six melt pool
boundaries are highlighted in black, the thermal gradient orientations are indicated with arrows. The
thin red grains (<001>-direction parallel to the build direction) are located at the center of the melt pools
whereas the larger green grains (<110>-directions parallel to the build direction) are located near the
edges. These melt pool boundaries are then superimposed onto the EBSD-IPF map, see Figure 9 (b).
At the center of the melt pool, the thermal gradient is mainly parallel to the build direction. Thus, at this
location, columnar grains with a Cube texture grow epitaxially along the build direction. This is
consistent with the fact that the periodicity of the texture is approximately 0.25 mm, exactly the imposed
hatch spacing (line offset). This crystal growth direction is also promoted thanks to a relatively small
overlap between adjacent molten tracks. Indeed, the melt pool center is not remelted while melting the
adjacent scanning track, but only while processing the next layer with melt pools stacked on each other
along the build direction. At the edges of the melt pool, the same mechanism operates, however, in this
case, the thermal gradient is oriented at nearly 45° with respect to the build direction according to the
steep edges of the melt pool. The grains grow in epitaxy but with the <110>-direction being aligned
with the build direction. Note that the thermal gradient and consequently the preferential crystal growth
direction, exhibit the same direction in all layers because the melt pools are stacked on top of each other
without changing the scanning pattern orientation. For both columnar grain orientations (red and green
grains in Figure 9 (b)), the epitaxial growth is promoted because about 2-3 layers are remelted and the
thermal gradient direction is preserved between successive layers.
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Figure 9 : (a) Optical micrograph of the sample built with scanning strategy (2), where the melt pool and grain boundaries
were revealed by chemical etching. 6 melt pool boundaries are highlighted with black lines, and some selected thermal gradient
orientations are represented with arrows. (b) EBSD-IPF map representing the grain orientation normal to the build direction.
Two populations of grain orientations are observed: the red grains with a texture (Cube texture), and the green grains with a
texture (Goss texture). The melt pool boundaries are superimposed from the optical micrograph to the EBSD-map.

The opposite scanning strategy, i.e. melting from the edges to the center of the surface (Outer to Inner
scanning strategy), has also been studied. The resulting microstructure is very similar to the sample
studied here as shown in Figures 10 (a) and (b).

(a) Inner to Outer

Figure 10. EBSD-IPF maps normal to the build direction acquired near the edges in (a) a sample built with the scanning
strategy (2) (Inner to Outer) and (b) a sample produced with the same set of parameters but from Outer to Inner. Grain
boundaries are displayed in black and are associated with interfaces having a misorientation angle > 15°.

The differences in grain structure between the center and the edges can be rationalized based on the
simple thermal considerations shown in Figure 4. Two regimes can be distinguished when using the
scanning strategy (2). For the first squares (center), the melt pool is stretched over the adjacent lines
leading to a large square-shaped molten pool with a very small aspect ratio because there is not enough
time to completely release the heat generated by the preceding line (Figure 4 (a)). This situation results
in the formation of two large grains on either side of the center of the sample. When getting closer to
the edges, there is enough time to release the heat generated by the previous tracks leading to the
formation of a more hemispherical melt pool along the beam trajectory, see Figure 4 (b).

18



To summarize, the crystallographic texture has been successfully changed from a strong Cube texture
to a microstructure consisting mostly of columnar grains showing a Goss texture and a few other
columnar grains with a Cube texture. Interestingly, this microstructure mimics a lot of situations found
in the PBF-LB literature dealing with the fabrication of different cubic materials [14,26,28], in particular
studies dedicated to austenitic stainless steels, see e.g. [28,29,60]. Note that there would be different
ways to produce such a microstructure and that one needs to promote hemispherical melt pools,
something that can be easily done in both PBF-EB and PBF-LB. One option would consist in applying
the snake-like scanning strategy but by increasing the line offset and suppressing the rotation of the
scanning direction at every layer or imposing one of 180° so that the molten tracks stack on top of each
other between successive layers as done in the study of Andreau et al. using PBF-LB [28].

4.3. Promoting a strong Goss texture

To reproduce the situation shown in Figure 2 (d), we needed to (i) promote the formation of a
hemispherical molten pool geometry and (ii) apply a reduced hatch spacing to suppress the formation
of grains exhibiting a Cube texture (red grains). This was achieved using the scanning strategy (3). Here
the layer thickness was set to 100 um. The hatch depth was set to 50 um (i.e. 0.5 layers), meaning that
the scanning pattern was rotated by 180° at each layer while it was 90° for the scanning strategy (1).
The melting parameters (power and scan speed indicated in Table 1) were optimized to produce samples
with a relative density > 99.5%.

The microstructure resulting from the scanning strategy (3) is shown in Figure 11. The EBSD-
IPF map shows that the inherited microstructure is strongly textured with the <110>-direction aligned
with the build direction (Goss texture, see Figure 11 (a-b)). Note, in contrast with the microstructure
shown in Figure 10 (a-b), the absence of columnar grains having their <001>-direction parallel to the
build direction. This has been made possible by drastically reducing the hatch spacing resulting in a
large overlap between two adjacent tracks as schematically shown in Figure 2 (d). An additional
consequence of the use of the scanning strategy (3) is the waviness character of the grain boundaries
(Figure 11 (a)) that contrast with the relatively straight boundaries observed in the specimens shown in
(Figure 5 (a) or Figure 10 (a-b). This was caused by the 180° rotation of the scanning direction at each
layer. The wavelength of this microstructure is about 200 pm which corresponds exactly to twice the
layer thickness applied to produce this specimen. The average columnar grain width measured using the
intercept method is about 45 um on average with some grains having a length as long as 3 mm.
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Figure 11. (a) EBSD-IPF map of the microstructure produced using the scanning strategy (3). (b) (001), (110) and (111) Pole
figures. Grain boundaries are displayed in black and are associated with interfaces having a misorientation angle > 15°.

Some microstructural observations were carried out to validate the schematics shown in Figure 2 (d)
that reflects the effect of the molten pool geometry and hatch spacing on texture development and grain
boundary morphology. An optical micrograph of the topmost layer is shown in Figure 12 (a) where the
melt pool boundaries and grain boundaries have been revealed by chemical etching and highlighted
respectively with green lines and black dotted lines. Note that the scanning direction is systematically
perpendicular to the plane of observation of the micrograph shown in Figure 12 (a). The front view of
the melt pools is revealed for every single layer because the hatch depth, i.e. the increment of height at
which the scanning direction changes, is taken equal to half a layer so that the scanning pattern rotates
by 180° at each layer. The comparison of the melt pool shape observed in the topmost layer between the
sample fabricated using the scanning strategy (3) and the sample produced with the scanning strategy
(1) is given in Figures 12 (c) and (d). The melt pool depth was measured to be about 200-250 pm vs.
nearly 70 pum for the scanning strategy (1) resulting in an aspect ratio close to 0.3. The overlap between
adjacent tracks is also very large with this scanning strategy as illustrated in Figures 12 (a) and (c).
Thus, the bottom of the melt pool, where the thermal gradient is parallel to the build direction, is
systematically remelted when melting the adjacent track. Figure 12 (a) shows that grains are all tilted
in the same direction in each layer (tilted to the right in this case).
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Figure 12 : Optical micrographs of (a) the sample built with the scanning strategy (3) and (b) the sample fabricated using
scanning strategy (1) where both the grain and the melt pool boundaries have been revealed by chemical etching. Schematic
illustrations of the melt pool shapes of (c) the sample produced using scanning strategy (3) and (c) the sample built using
scanning strategy (1). Those illustrations are based on the optical micrographs shown in (a) and (b). The thermal gradient
directions, perpendicular to the solid/liquid interface, are indicated with arrows.

To better reveal the link between the molten pools arrangement and the microstructure, an optical
micrograph and an EBSD-IPF map taken in the same region of interest are displayed in Figure 13 (a)
and Figure 13 (b) respectively. The melt pool boundaries have been superimposed and highlighted in
black. The direction of grain growth changes at every layer, following the change in the direction of the
thermal gradient, leading to the formation of wavy columnar grains. Based on the optical microscopy
observations, the thermal gradient direction is mainly oriented at nearly 45° relatively to the build

direction.
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Figure 13: (a) Optical micrograph of the sample built with scanning strategy 4 where the grain and the melt pool boundaries
have been revealed by chemical etching. Thirteen melt pool boundaries over two layers are highlighted with black lines, and
some selected thermal gradient directions are represented with green arrows. (b) EBSD-IPF-Al (BD) map of the sample
obtained with scanning strategy 4. The melt pool boundaries of the micrographs are superimposed on the EBSD-IPF map.

Since the scanning pattern rotates by 180° at each layer, the thermal gradients between two consecutive
layers are roughly perpendicular, as is the direction of grain growth. According to Pham et al. [49], in
such a situation, a side-branching mechanism between successive layers is promoted. Side-branching is
defined as the epitaxial growth between two perpendicular growth directions which is made possible
thanks to the symmetry of the cubic unit cell. In such a situation, the change of thermal gradient direction
does not stop the epitaxial growth of the <110>-oriented grains growing over several millimeters as

shown in Figure 11 (a).
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In summary, the scanning strategy (3) is successful to produce a strong Goss texture but this goes along
with a change of grain boundary morphology. This microstructure results from a deep hemispherical
melt pool being highly overlapped to promote side-branching. One could imagine keeping the same
hatching direction at each layer (no rotation of the hatching direction) to preserve more regular grain
boundaries. Such strong Goss textures could also be produced using PBF-LB as reported in [28,61]

among others.
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5. Conclusion

Through a few illustrative examples, we show that it is possible to tailor the texture of pure
copper produced by PBF-EB. The strategy suggested relies on the links between the molten pool
morphology and texture development. We show that the melt pool geometry is controlled by the first-
order processing parameters (power and scanning speed) as well as by key parameters describing the
scanning pattern such as the hatch spacing (line offset) and scanning trajectories. The control of the
molten pool geometry and their degree of overlapping is the key to achieving different textures. Large
molten pools stretched in the direction perpendicular to the scanning direction with small aspect ratios
promote the formation of a Cube texture. On the opposite, promoting the formation of more
hemispherical molten pools, typically with aspect ratios larger than 0.3 allows a Goss texture to be
produced. The hatch spacing could be further utilized to control the proportion of grains exhibiting a
Cube or a Goss texture. We believe that the simple approach proposed in this work and validated on
pure copper (a model FCC-metal) could be further used to tailor the texture of other cubic materials
such as Al-alloys, Ni-based superalloys, or copper alloys whose properties (yield strength, creep, work-
hardening rate) would be more sensitive to the crystallographic texture. This piece of work could also
be useful for those interested in validating numerical approaches coupling thermal calculations with
cellular automaton to predict the grain structures (size, shape and crystallographic texture) depending
on the melting parameters and scanning strategy.
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