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Abstract: For permanent magnetic materials, anisotropic microstructures are crucial for maximizing
remanence Jr and maximum energy product (BH)max. This also applies to additive manufacturing
processes such as laser powder bed fusion (PBF-LB). In PBF-LB processing, the solidification behavior
is determined by the crystal structure of the material, the substrate, and the melt-pool morphology,
resulting from the laser power PL and scanning speed vs. To study the impact of these parameters
on the textured growth of grains in the melt-pool, experiments were conducted using single laser
tracks on (CoCuFeZr)17Sm2 sintered magnets. A method was developed to quantify this grain shape
anisotropy from electron backscatter diffraction (EBSD) analysis. For all grains in the melt-pool, the
grain shape aspect ratio (GSAR) is calculated to distinguish columnar (GSAR < 0.5) and equiaxed
(GSAR > 0.5) grains. For columnar grains, the grain shape orientation (GSO) is determined. The
GSO represents the preferred growth direction of each grain. This method can also be used to
reconstruct the temperature gradients present during solidification in the melt-pool. A dependence
of the melt-pool aspect ratio (depth/width) on energy input was observed, where increasing energy
input (increasing PL, decreasing vs) led to higher aspect ratios. For aspect ratios around 0.3, an
optimum for directional columnar growth (93% area fraction) with predominantly vertical growth
direction (mean angular deviation of 23.1◦ from vertical) was observed. The resulting crystallographic
orientation is beyond the scope of this publication and will be investigated in future work.

Keywords: additive manufacturing; laser powder bed fusion (PBF-LB); permanent magnets; tailored
microstructure; Sm-Co; Sm2(CoCuFeZr)17; textured solidification; EBSD

1. Introduction

Additive manufacturing technologies such as laser powder bed fusion (PBF-LB) open
up new possibilities for the production of components with complex geometries and opti-
mized topologies that are difficult or impossible to achieve using conventional processes.
Additionally, PBF-LB enables functional integration and individually tailored microstruc-
tures and properties. For the processing of permanent magnets, a textured microstructure
is of special interest to achieve the best possible magnetic properties (remanence Jr and
maximum energy product (BH)max) [1,2]. Permanent magnets with high texture grades
(~98%) are conventionally manufactured by powder metallurgical processes. Achieving
a high degree of texture in PBF-LB, however, remains a major challenge. Until now, only
partially anisotropic microstructures were achieved by PBF-LB processing for permanent
magnets based on FeNdB [3], (CoCuFeZr)17Sm2 [4], and FePrCuB [5]. While anisotropic
microstructures in PBF-LB manufactured rare earth (RE)-based permanent magnets were
first published in FeNdB by Goll et al. [3] the samples did not exhibit high coercivities. The
reason for the low coercivities was found to be the size of the hard magnetic grains, which
solidified in dendrites with a length of >50 µm [6]. So far, all FeNdB magnets produced by
PBF-LB that showed high coercivities were found to be largely isotropic. This was the case
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in samples produced from the commercially available Fe-rich FeNdB-alloy Magnequench
MQP-S [7–10] as well as in samples with customized alloy compositions [11,12].

So far, FePrCuB and Co17Sm2 are the only RE-based permanent magnet materials that
have achieved both significant texture and high coercivity by PBF-LB processing. It is well
known that anisotropic microstructures occur in FePrCuB alloys (e.g., by directional solidifi-
cation at the mold wall during casting) [13–15]. The anisotropic microstructure is preserved
during the annealing process, leading to magnetic anisotropy and thus increased rema-
nence. Recently, FePrCuB alloys were also processed using PBF-LB [5,16]. Schäfer et al. [16]
compared the properties of Fe73.5-Pr21.0-Cu2.0-B3.5 suction cast samples with a few layers
of material built up in the PBF-LB process. The first PBF-LB processed FePrCuB magnet
with partial anisotropy was produced by Goll et al. [5], using the composition Fe73.8-Pr20.5-
Cu2.0-B3.7. Using EBSD analysis of the microstructure in the as-built condition as well as
after annealing, it was shown that the grains have a preferred growth direction along the
building direction, which leads to preferred alignment of the easy axis of the magnetization
(c-axis, <001> crystal direction) along the scanning direction. Measured with the magnetic
field along the scanning direction, the sample achieved a coercivity of µ0Hc = 0.67 T, a
remanence of Jr = 0.67 T, and a maximum energy product of (BH)max = 69.8 kJ/m3. The
remanence along the scanning direction (0.67 T) is about three times higher than along the
building direction (0.26 T). (CoCuFeZr)17Sm2 has also proven to be a promising material for
PBF-LB processing, where columnar dendritic growth of the grains along the building direc-
tion was observed [2]. The crystallographic anisotropy was preserved during the three-step
annealing procedure necessary to obtain favorable magnetic properties. After annealing,
the crystallographic anisotropy also leads to anisotropy of the magnetic properties, with an
increased remanence parallel to the scanning direction. With a coercivity of µ0Hc = 2.77 T,
a remanence of Jr = 0.78 T, and a maximum energy product of (BH)max = 109.4 kJ/m3, it
exceeded the remanence and maximum energy product of an isotropic sintered magnet of
similar composition (Jr = 0.63 T; (BH)max = 71.5 kJ/m3) by 24% and 53%, respectively [4].
Anisotropic sintered magnets of comparable compositions of (CoCuFeZr)17Sm2 achieve
remanences up to Jr = 1.1 T and maximum energy products up to (BH)max = 225 kJ/m3 (e.g.,
Recoma 28HE [17]). These properties show the potential for PBF-LB manufactured magnets
if the texture grade of anisotropic sintered magnets could be realized. This leads to the
question of how the anisotropy in such PBF-LB manufactured magnets can be controlled
and maximized.

Additive manufacturing of functional materials is still a comparatively new field of
research, and publications of in-depth research on specific topics are rather rare. However,
some of these topics are well-studied on more common structural materials such as steels,
aluminum alloys, titanium alloys, or nickel alloys. The knowledge from these materials
can provide guidelines to achieve better textures in additively manufactured functional
materials as well, although results have to be validated and adapted for their more complex
phase compositions, crystallographic structures, and solidification behavior.

In general, the microstructure of PBF-LB manufactured samples is always the result
of melting and solidification of material in the melt-pool produced by the laser [18,19].
Following that, the fundamental prerequisite for a textured microstructure is directional
solidification inside the melt-pool. In principle, the solidification microstructure is domi-
nated by the temperature gradient G and the growth rate R, as well as the crystallographic
structure. While the ratio of G/R determines the growth form and type, the product of G*R
determines the resulting grain size (Figure 1). To achieve a microstructure with anisotropic
properties, columnar dendritic growth has to occur. During columnar dendritic growth,
dendritic grains grow with the preferred growth direction of the crystal structure along the
temperature gradient [20]. According to Kurz and Fisher [20], the preferred growth direc-
tion of the binary Co17Sm2 phase is the <0001> crystal direction. A pronounced <0001>
texture along the growth direction was also found in (CoCuFeZr)17Sm2 single crystals
prepared by zone melting with low growth rates [21]. Contrary to that, in previous research
on PBF-LB processing of (CoCuFeZr)17Sm2, the <0001> crystal direction was found to be
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mostly perpendicular to the preferred growth direction of the grains [4]. This difference in
the preferred growth direction was also reported by Plugaru et al. [22], who found a transi-
tion of preferred growth along the <0001> direction to perpendicular to it when increasing
the floating zone velocity during unidirectional solidification of (CoCuFeZr)17Sm2 alloys.
During laser melting processes such as PBF-LB processing, the conditions are especially
favorable for columnar dendritic growth. This is due to the fact that the laser melting causes
localized overheating of the melt. This leads to extremely high temperature gradients and
high solidification velocities [23]. As a positive side effect, this often causes a suppression of
the growth of secondary dendrite arms (constrained dendritic growth) [24]. Such secondary
dendrite arms could disrupt the primary solidification texture.
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Figure 1. Influence of temperature gradient G and growth rate R on the morphology (G/R) and
fineness (G*R) of the solidification microstructure (Adapted from [25]).

In the laser melt-pool, the temperature gradient is approximately perpendicular to the
melt-pool interface (see black arrows in Figure 2), while the G and R values vary strongly
along the solid–liquid interface [26]. The highest values for G are found at the bottom of
the melt-pool and decrease along the sides towards the surface of the melt-pool and along
the scan vector towards the already solidified part of the scan-track. In contrast, the highest
values for the parameter R are found at the melt-pool surface and decrease towards the
solid–liquid interface [27,28]. This means that the solidification conditions and resulting
microstructures are highly dependent upon the melt-pool characteristics (depth, width),
which in turn are determined by the laser processing parameters as illustrated in Figure 2.
Considering a single laser track or single melt-pool, only the laser intensity IL (or simplified
by assuming a constant laser spot size, the laser power PL), the scanning speed vs, and the
resulting line energy EL (EL = PL/vs) determine the melt-pool characteristics [29]. Generally,
two process regimes can take place in laser melting. Depending on the energy input,
either heat conduction welding or keyhole welding takes place [30,31]. At lower energies,
heat conduction welding forms shallow melt-pools without boiling and vaporizing larger
quantities of material. When the energy input is increased high enough to vaporize a
larger volume of material, the absorption of the laser is increased dramatically (e.g., in
stainless steel from 15% in the melt in heat conduction to 65% in the metal vapor in
keyhole welding [32]) and a deep channel of evaporated material (the keyhole) forms. The
process regime of keyhole welding is characterized by very deep melt-pools but also causes
extensive evaporation. This evaporation can affect some alloying elements more than others,
which can cause a change in the composition [33]. This phenomenon can be especially
detrimental for functional materials such as the permanent magnetic (CoCuFeZr)17Sm2
alloy presented here.
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Figure 2. Schematic representation of the laser melt-pool formed by (a) lower and (b) higher energy
input in PBF-LB additive manufacturing. For single-track experiments, the melt-pool formation is
comparable to the PBF-LB process. Black arrows inside the melt-pool outline the local temperature
gradient perpendicular to the melt-pool interface. The resulting microstructure with columnar grains
is also shown (Adapted from [28]).

To efficiently study these laser-material interactions similarly to the PBF-LB process
without the need for large amounts of powder, single-track experiments are known to be a
useful tool [12,34–39]. Tosoni et al. [12] used single-track experiments to study the influence
of laser power and scanning speed as well as the material’s composition on the resulting
shape and geometry of the melt-pool and its microstructure in FeNdB.

In this paper, the influence of the most important laser processing parameters laser
power PL and scanning speed vs on the textured solidification of (CoCuFeZr)17Sm2 in the
melt-pool is analyzed. This is achieved through single-track experiments on (CoCuFeZr)17Sm2-
sintered magnets. To evaluate the solidification microstructure qualitatively and quantitatively,
a method is developed to analyze the growth type (equiaxed–columnar) and the growth
direction of grains in the melt-pool from EBSD analysis. The influence of the scanning speed,
the laser power, and their mutual interaction at constant line energy is investigated in three
series of experiments.

2. Materials and Methods
2.1. Sample Preparation and Measuring Equipment

To examine the influence of laser processing parameters on the solidification mi-
crostructure efficiently, single-track experiments were performed. For that, a series of
single laser tracks with varying laser parameters (scanning speed vs and laser power PL)
were exposed on (CoCuFeZr)17Sm2 isotropic sintered magnets of the composition Co61.4-
Cu6.2-Fe18.8-Zr1.9-Sm11.7. The (CoCuFeZr)17Sm2 magnets were provided by Arnold
Magnetic Technologies. From previous experiments, it is known that this alloy can produce
partially textured samples during laser additive manufacturing [4]. The magnets measure
25 mm × 20 mm × 3 mm (l × w × h) and were each exposed with 18 single tracks, two for
each parameter. To ensure even absorption of the laser on the magnets’ surfaces, the mag-
nets were ground by hand using 220-grit SiC-paper in a linear manner perpendicular to the
laser scan vector. The exposed laser tracks have a length of 12 mm, and a spacing of 1 mm
between lines, and were exposed in an alternating sequence (1, 9, 2, 10, . . .) to avoid local
heat accumulation from track to track, which could influence the results. The experiments
were performed in a laser processing chamber under Ar-atmosphere. A fiber laser (Tru-
Fiber 1000, TRUMPF, Ditzingen, Germany) with a wavelength of 1070 nm and a maximum
output power of 1000 W was used to expose the samples. The laser has a focal diameter
of 46 µm, which can be defocused to produce larger laser spot diameters. Preliminary
experiments were performed using laser power ranging from 50 W < PL < 250 W; scanning
speed 100 mm/s < vs < 1000 mm/s; and laser spot sizes 46 µm (in focus), 90 µm, 200 µm,
and 450 µm; produced by defocusing the laser by 2 mm, 5 mm, and 10 mm, respectively.
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For the experiments presented, a 4 by 4 matrix of parameters with PL = 50 W, 100 W,
150 W, 200 W and vs = 200 mm/s, 400 mm/s, 600 mm/s, 800 mm/s was produced, using
a laser spot size of 200 µm (5 mm defocus). After exposure, the magnets were covered
and infiltrated with epoxy resin to avoid damage to the samples during the following
materialographic preparation. The samples were cut using a high-precision diamond
bandsaw, embedded in epoxy resin, and—after curing—mechanically ground and polished.
The polished microsections were analyzed using EBSD with EDAX camera and software
(Hikari, OIM v8.6 orientation imaging microscopy, EDAX-Ametek, Weiterstadt, Germany)
in a scanning electron microscope (Sigma 300 VP, ZEISS, Jena, Germany). For every
parameter, six microsections were produced and analyzed using light microscopy as well
as scanning electron microscopy to ensure reproducibility of melt-pool depth, width, and
general microstructure.

For the evaluation of the solidification microstructure in the melt-pool, a multistep
processing of the EBSD data is performed in the EDAX OIM v8.6 software. This process is
described in more detail in the following section.

2.2. Evaluation of the Solidification Texture Using EBSD Analysis

The steps that are performed to evaluate the solidification texture in the laser melt-
pools are shown in Figure 3. In Step 1, the melt-pool region on which the evaluation is
based on is separated from the full scan (Figure 3a,b). Figure 3a shows the IPF map of the
EBSD scan, which the evaluation is based on, Figure 3b shows the IPF map of the isolated
melt-pool. This step is performed manually based on the IPF-map, the image quality map
and the SEM image (the latter two images are not shown). Step 2 aims to separate grains
that have a clear preferred growth direction from equiaxed grains without a preferred
growth direction. This is done by evaluating the grain shape aspect ratio (GSAR), which
is calculated by the ratio of the shortest axis in the grain to the longest. The GSAR map
is shown in Figure 3c and the corresponding quantitatively analyzed GSAR histogram
in Figure 3d. Grains with GSAR > 0.5 are excluded from the following steps. For Step 3,
an ellipsoid fitting is performed (Figure 3e). Each grain is fitted with an ellipse, which is
then used to determine the angle of the longest axis of the grain (which is parallel to the
longest axis of the ellipse). The angle is given with respect to the horizontal axis in the
image plane. This grain shape orientation (GSO) will be used to illustrate and quantify the
textured growth in the melt-pool. To do so, the ellipse angles are divided into 4 segments
in Step 4. The angle segments are as follows:

1. Segment 1: horizontally grown grains with ellipse angles from 0◦ to 25.7◦ and 154.3◦

to 180◦.
2. Segment 2: diagonally grown grains with ellipse angles from 25.7◦ to 51.4◦ and 128.6◦

to 154.3◦.
3. Segment 3: grains that grew almost vertically with ellipse angles from 51.4◦ to 77.0◦

and 102.9◦ to 128.6◦.
4. Segment 4: vertically grown grains with ellipse angles from 77.0 to 102.9◦.

The segment definitions, color coding, and a respective mapping using 4 colors are
shown in Figure 3h,f. In the last step, the ellipse orientation angle of each grain is nor-
malized by its grain area, and the summarized area for each angle segment is plotted in
a polar plot (Figure 3g), showing the area fraction of each segment in the corresponding
angular orientation.
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Figure 3. Procedure for the evaluation of the grain shape anisotropy in the melt-pool from (a) the
EBSD scan (IPF map) (b) using manual separation of the melt-pool area, (c,d) grain shape aspect ratio
(GSAR) evaluation to separate grains without preferential growth direction, (e) using an ellipsoid
fit to determine the longest grain axis and corresponding angle, (f) visualization of the grain shape
orientation (GSO) in four angular segments, (g) evaluation of the GSO in a polar diagram. The legend
(h) describes the four segments of near-horizontal growth (nhg), diagonal growth (dg), near-vertical
growth (nvg), and vertical growth (vg) for the GSO map.
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3. Results

The results from the single-track experiments are presented in three sections. Each
section will show the influence of one of the processing parameters PL, vs, and EL. Section 3.1
shows the influence of the laser scanning speed at a fixed laser power of 200 W. Section 3.2
shows the influence of the laser power at a fixed scanning speed of 600 mm/s. Section 3.3
shows how the melt-pool and microstructure changes at a fixed line energy of 0.25 J/mm,
produced by different combinations of laser power and scanning speed.

3.1. Influence of Laser Scanning Speed

The influence of the scanning speed on the melt-pool morphology and solidification
behavior was examined by varying vs (200 mm/s, 400 mm/s, 600 mm/s, 800 mm/s) and
leaving PL constant at 200 W.

The EBSD analysis of the four samples with their inverse pole figure (IPF), grain
shape aspect ratio (GSAR) map, and grain shape orientation (GSO) map are given in
Figure 4. In some melt-pools (e.g., Figure 4j–l), neighboring grains with low misorientation
to the substrate are not recognized as individual grains in the full-area IPF map. After
the isolation of the melt-pool area, the grains can be separated in the GSAR and GSO
map. The parameters for the melt-pool morphology (depth, width, and aspect ratio),
along the mean GSAR values and the grain size with the d90 (90th percentile of grain
size distribution) values for Feretmax and Feretmin, are listed in Table 1. The grain sizes
decrease with decreasing energy input when increasing the scanning speed from 200 mm/s
(Feretmax d90 = 96.8 µm, Feretmin d90 = 42.5 µm) to 600 mm/s (Feretmax d90 = 65.8 µm,
Feretmin d90 = 11.6 µm) with a slight increase again at 800 mm/s (Feretmax d90 = 73.6 µm,
Feretmin d90 = 18.6 µm). The mean GSAR value decreases from 0.44 at a scan speed of
200 mm/s to 0.25 at vs = 600 mm/s with a slight increase at vs = 800 mm/s to 0.30. This
indicates an increase in grain area that grows columnar rather than equiaxed.

Table 1. Overview of the laser parameters PL, vs and EL, melt-pool size (depth and width) and
aspect ratio, the grain shape aspect ratio GSAR as well as the grain size parameters Feretmax d90 and
Feretmin d90 for the samples of the first series—influence of the scan speed.

Sample
(PL, vs)

Line Energy Melt-Pool Melt-Pool Melt-Pool GSAR Feretmax Feretmin
EL (J/mm) Depth (µm) Width (µm) Aspect Ratio Mean d90 (µm) d90 (µm)

200 W,
200 mm/s 1.00 790 263 3.00 0.44 96.8 42.5

200 W,
400 mm/s 0.50 284 212 1.34 0.37 73.0 18.2

200 W,
600 mm/s 0.33 118 217 0.57 0.25 65.8 11.6

200 W,
800 mm/s 0.25 65 200 0.33 0.30 73.6 18.6

For the sample produced with 200 W, 200 mm/s (Figure 4a–c), a clear keyhole welding
behavior is visible. It is characterized by a melt-pool that is much deeper than wide. With
a depth of ~790 µm and a width of ~260 µm, the melt-pool aspect ratio is around 3. The
GSAR map shows a high proportion of grains with a GSAR > 0.5, meaning equiaxed
growth, especially in the lower part of the melt-pool. This area also mainly shows grains
with horizontal growth direction, visible in the GSO map. In the uppermost part of the
melt-pool, the grains grow more columnar with diagonal growth direction on the sides of
the melt-pool and a few vertically grown grains in the center.
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Figure 4. EBSD analysis and evaluation of the grain shape anisotropy in samples produced with a
constant PL = 200 W and vs of (a–c) 200 mm/s, (d–f) 400 mm/s, (g–i) 600 mm/s and (j–l) 800 mm/s.
(a,d,g,j), the inverse pole figure (IPF) maps, show the crystallographic orientation of the grains.
(b,e,h,k) show the grain shape aspect ratio (GSAR) map, indicating columnar grown grains with low
GSAR (>0.5) and equiaxed grains with a higher GSAR (>0.5). (c,f,i,l) show the grain shape orientation
(GSO) maps, which indicates the direction the grains grew in. Growth direction in the GSO maps is
shown in four categories (near-horizontal growth (nhg), diagonal growth (dg), near-vertical growth
(nvg), and vertical growth (vg)). A different scale bar is used for (a–c) to account for the much
deeper melt-pool.

A scanning speed of 400 mm/s (Figure 4d–f) produces a melt-pool with a depth of
~280 µm and a width of ~210 µm. With an aspect ratio of ~1.3, this is in the transition
from keyhole to heat conduction welding behavior. The melt-pool also shows a higher
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proportion of grains with equiaxed growth (GSAR > 0.5). The columnar grains show a
growth direction that is mostly vertical in the middle of the melt-pool and more diagonal
and horizontal on the sides. On the bottom of the melt-pool, an area of grains can be seen
that starts to grow perpendicular to the melt-pool interface but is then suppressed in favor
of the vertical grains in the middle. This suggests a stronger temperature gradient inside
the melt-pool in the vertical direction. A further reason for the suppressed growth could be
the crystallographic orientation of the grains. As explained in Section 1, columnar growth
is favored when preferred growth direction and temperature gradient direction match. This
might be the case here, where the vertical grains grow perpendicular to the [0001] crystal
direction. As established from the literature in Section 1, preferred growth perpendicular to
the [0001] crystal direction is assumed for this alloy under the conditions in the melt-pool.
Increasing the scanning speed to 600 mm/s (Figure 4g–i) decreases the melt-pool aspect
ratio to ~0.6 with a melt-pool depth of ~120 µm and a width of ~210 µm. The GSAR map
shows only a few grains with a GSAR > 0.5 and mostly columnar grown grains., the grains
in the middle of the melt-pool grow mostly vertical. On the sides of the melt-pool, the
grains grow more diagonally or horizontally. The growth direction is mostly perpendicular
to the melt-pool interface. A scanning speed of 800 mm/s (Figure 4j–l) produces an even
shallower melt-pool. With a depth of ~65 µm and a width of ~200 µm the melt-pool aspect
ratio is 0.33. The GSAR map shows almost no equiaxed grown grains with a GSAR > 0.5.
With the broad morphology, most grains grow horizontal, only at the side of the melt-pool
a few grains grow in diagonal direction. Figure 5 shows the GSO of the accumulated area
fractions in the corresponding angular segments. Table 2 also lists the area fractions of the
grains with a GSAR value < 0.5 and the area fractions of grains with the GSO in the four
angle segments.
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Figure 5. Polar plots of the grain shape orientation (GSO) of the samples produced with a constant
PL = 200 W and vs of (a) 200 mm/s, (b) 400 mm/s, (c) 600 mm/s and (d) 800 mm/s. The graphs
show the area fractions of the grains in the angular segments, described in Section 2—Materials
and Methods.

Table 2. Area fraction of grains with GSAR < 0.5. Accumulated area fractions of grains with a GSO
angle in the four defined angular segments for the samples of the first series—influence of the scan
speed. Segment 1, near-horizontal growth (0–25.7◦ and 154.3–180◦). Segment 2, diagonal growth
(25.7–51.4◦ and 128.6–154.3◦). Segment 3, near-vertical growth (51.4–77.0◦ and 102.9–128.6◦). Segment
4: vertical growth (77.0–102.9◦).

Sample
(PL, vs)

GSAR < 0.5 GSO Area Fraction
(Columnar) (%) Segment 1 (%) Segment 2 (%) Segment 3 (%) Segment 4 (%)

200 W,
200 mm/s 66 43.5 35.6 16.7 4.2

200 W,
400 mm/s 75 17.6 17.4 34.9 30.1

200 W,
600 mm/s 89 14.5 32.8 22.7 30.0

200 W,
800 mm/s 93 4.7 12.9 65.9 16.5
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As the scan speed increases, the area fraction of columnar grains increases strongly
from 66% to 93%. This shows a more pronounced columnar growth in the melt-pool, when
using lower line energies by higher scan speeds. Regarding the GSO, in the very deep
melt-pool of the sample with 200 mm/s scan speed (Figure 5a), the grains grow mostly
horizontally (Segment 1: 43.5%) and diagonally (Segment 2: 35.6%), with only 4.2% of
the grain area growing vertically (Segment 4). Using higher scan speeds of 400 mm/s
(Figure 5b) and 600 mm/s (Figure 5c), the area fraction of grains with more vertical growth
direction increases significantly. With the highest scanning speed of 800 mm/s (Figure 5d),
the area fraction with horizontal growth is reduced to only 4.7%.

3.2. Influence of the Laser Power

The influence of the laser power on the melt-pool morphology and solidification
behavior was examined by varying PL (50 W, 100 W, 150 W, 200 W) and leaving vs constant
at 600 mm/s. The EBSD analysis of the four samples with their inverse pole figure (IPF),
grain shape aspect ratio (GSAR) map, and grain shape orientation (GSO) map are given in
Figure 6. Table 3 additionally lists the parameters for the melt-pool morphology (depth,
width, and aspect ratio), along the mean GSAR values and the grain size with the d90
values for Feretmax and Feretmin.

Table 3. Overview of the laser parameters PL, vs and EL, melt-pool size (depth and width) and
aspect ratio, the grain shape aspect ratio GSAR as well as the grain size parameters Feretmax d90 and
Feretmin d90 for the samples of the second series—influence of the laser power.

Sample
(PL, vs)

Line Energy Melt-Pool Melt-Pool Melt-Pool GSAR Feretmax Feretmin
EL (J/mm) Depth (µm) Width (µm) Aspect Ratio Mean d90 (µm) d90 (µm)

50 W,
600 mm/s 0.08 25 170 0.15 0.40 24.5 8.8

100 W,
600 mm/s 0.17 80 124 0.65 0.25 44.8 7.3

150 W,
600 mm/s 0.25 63 231 0.27 0.33 44.4 14.7

200 W,
600 mm/s 0.33 118 207 0.57 0.25 65.8 11.6

The sample produced with PL = 50 W and vs = 600 mm/s (Figure 6a–c) shows a very
shallow melt-pool with a depth of only 25 µm and a width of ~170 µm. This accounts
for a melt-pool aspect ratio of 0.15, which is the lowest of all samples produced. This is
conclusive for the sample with the lowest line energy used (EL = 0.08 J/mm). The GSAR
map shows a few equiaxed grains (GSAR > 0.5), especially at the top and the bottom of
the melt-pool. The grains that grow columnar almost all grow in a near-vertical or vertical
angle, as can be seen in the GSO map. The melt-pool produced with 100 W laser power
(Figure 6d–f) shows a depth of 80 µm, a width of 124 µm, and an aspect ratio of 0.65. This
is significantly deeper and narrower than the melt-pools produced with a laser power of
50 W and even 150 W, and thus it appears to be an outlier. The cause of this behavior could
not yet be determined but could be reproduced on multiple lines with this parameter. The
GSAR map shows predominant columnar growth with only a few grains with a GSAR
value > 0.5. The preferred growth direction is again mostly perpendicular to the melt-pool
interface, as can be seen in the GSO map. In the middle of the melt-pool, vertical growth
dominates, whereas diagonal growth is more dominant on the sides.

Increasing the laser power to 150 W (Figure 6g–i) produces a much wider melt-pool
(~230 µm) with a depth of ~60 µm. The melt-pool aspect ratio is 0.27. The GSAR map
shows mostly columnar grains in the middle of the melt-pool and some grains with higher
GSAR values at the sides. The GSO map shows good vertical growth over the largest
part of the melt-pool. Only at the very edges of the melt-pool, the grains grow more



Metals 2024, 14, 1025 11 of 21

diagonally/horizontally. Using a laser power of 200 W and a scanning speed of 600 mm/s
(Figure 6j–l) produces the deepest melt-pool in the series. The sample presented is the same
as in Section 3.1 and Figure 3 (see also there for additional details). Increasing the line
energy EL from 0.08 J/mm to 0.33 J/mm by increasing the laser power PL from 50 W to
200 W mainly causes the grain size Feretmax d90 to increase from 24.8 µm to 65.8 µm and
the Feretmin d90 to increase from 8.8 µm to 11.6 µm. With the exception of the melt-pool at
100 W, 400 mm/s, the melt-pool aspect ratio increases with increasing EL from 0.15 to 0.57,
and the mean GSAR decreases from 0.40 to 0.25. This indicated a more columnar growth in
the bigger melt-pools produced by higher energy input.
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Figure 6. EBSD analysis and evaluation of the grain shape anisotropy in samples produced with a
constant vs = 600 mm/s and PL of (a–c) 50 W, (d–f) 100 W, (g–i) 150 W and (j–l) 200 W. (a,d,g,j), the
inverse pole figure (IPF) maps, show the crystallographic orientation of the grains. (b,e,h,k) show the
grain shape aspect ratio (GSAR) map, indicating columnar grown grains with low GSAR (>0.5) and
equiaxed grains with a higher GSAR (>0.5). (c,f,i,l) show the grain shape orientation (GSO) maps,
which indicates the direction the grains grew in. Growth direction in the GSO maps is shown in
four categories (near-horizontal growth (nhg), diagonal growth (dg), near-vertical growth (nvg), and
vertical growth (vg)).

Figure 7 shows the GSO of accumulated area fractions in the corresponding angular
segments. Table 4 also lists the area fractions of grains with a GSAR value < 0.5 and the
area fractions of grains with a GSO in the four angle segments. Looking at the proportions
of grain area with a GSAR value < 0.5, the results of the mean GSAR value are also reflected
here. Except for the sample at 100 W laser power with a higher-than-expected area of grains
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with GSAR < 0.5 (90.0%), the area of grains with a GSAR < 0.5 increases with higher laser
power from 70% at 50 W to 89% at 200 W.
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Figure 7. Polar plots of the grain shape orientation (GSO) of the samples produced with a constant
vs = 600 mm/s and PL of (a) 50 W, (b) 100 W, (c) 150 W, and (d) 200 W. The graphs show the area
fractions of the grains in the angular segments described in Section 2—Materials and Methods.

Table 4. Area fraction of grains with GSAR < 0.5. Accumulated area fractions of grains with a GSO
angle in the four defined angular segments for the samples of the second series—influence of the laser
power. Segment 1, near-horizontal growth (0–25.7◦ and 154.3–180◦). Segment 2, diagonal growth
(25.7–51.4◦ and 128.6–154.3◦). Segment 3, near-vertical growth (51.4–77.0◦ and 102.9–128.6◦). Segment
4: vertical growth (77.0–102.9◦).

Sample
(PL, vs)

GSAR < 0.5 GSO Area Fraction

(Columnar) (%) Segment 1
(%)

Segment 2
(%)

Segment 3
(%)

Segment 4
(%)

50 W,
600 mm/s 70 0.4 5.5 73.7 20.4

100 W,
600 mm/s 90 7.0 25.2 46.9 20.9

150 W,
600 mm/s 85 7.4 10.7 36.2 45.7

200 W,
600 mm/s 89 14.5 32.8 22.7 30.0

All melt-pools in this series produced with a scan speed of 600 mm/s show mostly
vertical grain growth. The area fraction of horizontally grown grains (Segment 1) ranges
from 0.4% to 14.5%, continually increasing with increasing laser power. Additionally, the
area fraction of diagonally grown grains (Segment 2) increases with increasing laser power
from 5.5% to 32.8%. In the vertical growth regime, the sample produced with PL = 150 W
shows a maximum of 45.7% of vertical growth in segment 4. However, when considering
both segments for nearly vertical growth (Segment 3) and vertical growth (Segment 4)
combined, the sample with PL = 50 W shows a maximum area of 94.1%.

3.3. Influence of Laser Power and Scanning Speed at Constant Line Energy

Section three examines the interaction of laser power PL and scan speed vs by varying
both at the same, keeping the line energy EL constant at 0.25 J/mm. The samples of this
series were produced by using PL = 50 W and vs = 200 mm/s, PL = 100 W and vs = 400 mm/s,
PL = 150 W and vs = 600 mm/s, PL = 200 W and vs = 800 mm/s. The latter two of these
samples were already presented in section one (200 W, 800 mm/s) and section two (150 W,
600 mm/s) of the results chapter. For more detailed information about these samples, the
reader is referred to Section 3.1 and Section 3.2, respectively.

The EBSD analysis of the four samples with their inverse pole figure (IPF), grain shape
aspect ratio (GSAR) map, and grain shape orientation (GSO) map are given in Figure 8.
Table 5 additionally lists the parameters for the melt-pool morphology (depth, width and
aspect ratio), along the mean GSAR values and the grain size with the d90 values for
Feretmax and Feretmin. With equal line energies used to produce the melt-pools, the depth
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of the melt-pools is quite similar, ranging from 52 µm to 65 µm. The melt-pool widths show
a bigger spread, ranging from 150 µm to 231 µm. A tendency for deeper and wider melt-
pools can be seen when using higher laser power and higher scan speed. The melt-pool
aspect ratio ranges from 0.27 to 0.41, with no clear correlation to the laser parameters used.
The mean GSAR value for the four samples is also very similar, ranging from 0.28 to 0.33,
also showing no clear correlation to the laser parameters. The grain sizes show a wider
distribution, with a Feretmax d90 ranging from 44.4 µm to 73.6 µm and a Feretmin d90 from
10.3 µm to 18.6 µm. The sample with the highest laser power of 200 W and highest scan
speed of 800 mm/s shows the highest values for Feretmax d90 (73.6 µm) and Feretmin d90
(18.6 µm). Other than that, no correlation between grain size and laser parameters is visible.
At a laser power of 50 W and a scan speed of 200 mm/s (Figure 8a–c), a shallow melt-pool
with a depth of 52 µm and a width of 155 µm forms. The GSAR map shows that with a
mean GSAR value of 0.33, only a few grains at the sides of the melt-pool grow equiaxed
(GSAR > 0.5). Some of these grains might actually grow in a columnar way, but with the
short distance to the top of the melt-pool, they cannot grow far enough with respect to their
width to be detected as such. The small crack on the left side of the melt-pool (black line in
the IPF map) might cause a similar problem by dividing some columnar grains lengthwise.
This would lead to a small deviation in the area fractions but should not influence the
overall trends.

Table 5. Overview of the laser parameters PL, vs and EL, melt-pool size (depth and width), and aspect
ratio; the grain shape aspect ratio GSAR and the grain size parameters Feretmax d90 and Feretmin d90
for the samples of the third series—influence of laser power and scan speed at constant line energy.

Sample
(PL, vs)

Line Energy Melt-Pool Melt-Pool Melt-Pool GSAR Feretmax Feretmin
EL (J/mm) Depth (µm) Width (µm) Aspect Ratio (-) Mean (-) d90 (µm) d90 (µm)

50 W,
200 mm/s 0.25 52 155 0.34 0.33 45.1 17.3

100 W,
400 mm/s 0.25 61 150 0.41 0.28 62.6 10.3

150 W,
600 mm/s 0.25 63 231 0.27 0.33 44.4 14.7

200 W,
800 mm/s 0.25 65 200 0.33 0.30 73.6 18.6

At PL = 100 W and vs = 400 W (Figure 8d–f), a higher fraction of smaller grains with
higher GSAR values is noticeable at the sides of the melt-pool. These smaller grains are
either equiaxed or grow diagonally/horizontally. This corresponds to the melt-pool shape
with a depth of ~60 µm, a width of 150 µm, and an aspect ratio of 0.41. This is the highest
aspect ratio of the samples in this series produced with an EL = 0.25 J/mm. This sample
shows a phenomenon that is also visible in some of the other samples (e.g., 50 W, 600 mm/s;
100 W, 600 mm/s, both Figure 6). The grains with a GSAR > 0.5 and, therefore, equiaxed
growth are mostly smaller grains at the sides of the melt-pool. This corresponds to the
literature [26–28], with temperature gradients being the lowest at the sides and the top
of the melt-pool, leading to more equiaxed growth. Again, it is visible in the GSO maps
(Figure 8c,f,i,l) that the preferred grain growth direction of the columnar grains is more
or less perpendicular to the melt-pool interface. Following that, the central region of the
melt-pools shows mostly vertical growth, while the sides of the melt-pool are dominated
by diagonal and horizontal growth directions.

Figure 9 shows the GSO of accumulated area fractions in the corresponding angular
segments. Table 6 additionally lists the area fractions of grains with a GSAR value < 0.5
and the area fractions of grains with a GSO in the four angle segments. All four samples
show high area fractions with GSAR < 0.5 of 83.0% (50 W, 200 mm/s) up to 93.0% (200 W,
800 mm/s). The area fractions for the near-vertical and vertical growth (Segments 3 and 4),
proportions are similar for all four samples with values of 77.5%, 73.8%, 81.9%, and 82.4%,
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respectively. Consequently, the area fractions for horizontal growth are low for all samples,
ranging from 4.7% (200 W, 800 mm/s) up to 9.1% (100 W, 400 mm/s).

Metals 2024, 14, x FOR PEER REVIEW 14 of 21 
 

 

 

Figure 8. EBSD analysis and evaluation of the grain shape anisotropy in samples produced with a 

constant EL = 0.25 J/mm produced by (a–c) PL = 50 W and vs = 200 mm/s, (d–f) PL = 100 W and vs = 

400 mm/s, (g–i) PL = 150 W and vs = 600 mm/s and (j–l) PL = 200 W and vs = 800 mm/s. (a,d,g,j), the 

inverse pole figure (IPF) maps, show the crystallographic orientation of the grains. (b,e,h,k) show 

the grain shape aspect ratio (GSAR) map, indicating columnar grown grains with low GSAR (> 0.5) 

and equiaxed grains with a higher GSAR (>0.5). (c,f,i,l) show the grain shape orientation (GSO) 

maps, which indicates the direction the grains grew in. Growth direction in the GSO maps is shown 

in four categories (near-horizontal growth (nhg), diagonal growth (dg), near-vertical growth (nvg), 

and vertical growth (vg)). 

Figure 9 shows the GSO of accumulated area fractions in the corresponding angular 

segments. Table 6 additionally lists the area fractions of grains with a GSAR value < 0.5 

and the area fractions of grains with a GSO in the four angle segments. All four samples 

show high area fractions with GSAR < 0.5 of 83.0% (50 W, 200 mm/s) up to 93.0% (200 W, 

800 mm/s). The area fractions for the near-vertical and vertical growth (Segments 3 and 

4), proportions are similar for all four samples with values of 77.5%, 73.8%, 81.9%, and 

82.4%, respectively. Consequently, the area fractions for horizontal growth are low for all 

samples, ranging from 4.7% (200 W, 800 mm/s) up to 9.1% (100 W, 400 mm/s). 

Figure 8. EBSD analysis and evaluation of the grain shape anisotropy in samples produced with
a constant EL = 0.25 J/mm produced by (a–c) PL = 50 W and vs = 200 mm/s, (d–f) PL = 100 W
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(a,d,g,j), the inverse pole figure (IPF) maps, show the crystallographic orientation of the grains.
(b,e,h,k) show the grain shape aspect ratio (GSAR) map, indicating columnar grown grains with low
GSAR (>0.5) and equiaxed grains with a higher GSAR (>0.5). (c,f,i,l) show the grain shape orientation
(GSO) maps, which indicates the direction the grains grew in. Growth direction in the GSO maps is
shown in four categories (near-horizontal growth (nhg), diagonal growth (dg), near-vertical growth
(nvg), and vertical growth (vg)).

Metals 2024, 14, x FOR PEER REVIEW 15 of 21 
 

 

 

Figure 9. Polar plots of the grain shape orientation (GSO) of the samples produced with a constant 

EL = 0.25 J/mm produced by (a) PL = 50 W and vs = 200 mm/s, (b) PL = 100 W and vs = 400 mm/s, (c) PL 

= 150 W and vs = 600 mm/s and (d) PL = 200 W and vs = 800 mm/s. The graphs show the area fractions 

of the grains in the angular segments, described in Section 2—Materials and Methods. 

Table 6. Area fraction of grains with GSAR < 0.5. Accumulated area fractions of grains with a GSO 

angle in the four defined angular segments for the samples of the third series—influence of laser 

power and scan speed at constant line energy. Segment 1, near-horizontal growth (0–25.7° and 

154.3–180°). Segment 2, diagonal growth (25.7–51.4° and 128.6–154.3°). Segment 3, near-vertical 

growth (51.4–77.0° and 102.9–128.6°). Segment 4: vertical growth (77.0–102.9°). 

Sample 

(PL, vs) 

GSAR < 0.5 GSO Area Fraction 

(Columnar) 

(%) 

Segment 1  

(%) 

Segment 2  

(%) 

Segment 3  

(%) 

Segment 4  

(%) 

50 W,  

200 mm/s 
83 5.0 17.5 46.1 31.4 

100 W,  

400 mm/s 
88 9.1 17.1 47.1 26.7 

150 W,  

600 mm/s 
85 7.4 10.7 36.2 45.7 

200 W,  

800 mm/s 
93 4.7 12.9 65.9 16.5 

4. Discussion 

As proposed from the literature in the Introduction, the main factors that determine 

the solidification behavior in the melt-pool of structural materials such as steels, Al-, Ti-, 

or Ni-alloys, are the crystal structure of the material [20], the substrate conditions, and the 

melt-pool size and shape, which in turn is determined by the used energy density [26–29]. 

In the case of single laser tracks, this is the line energy EL, which is again determined by 

the laser power PL and the scan speed vs. According to the literature [28,40–43] a large 

melt-pool with a low melt-pool aspect ratio (depth/width) is beneficial for columnar den-

dritic growth. In PBF-LB, this was previously realized by using higher energy densities 

with higher PL. When using a constant energy density, a combination of high PL and high 

vs proved beneficial [44–48]. 

Figure 10a shows the influence of the line energy EL on the aspect ratio (depth/width) 

of the melt-pool produced. As can be seen, the melt-pool aspect ratio increases signifi-

cantly with the EL used. An outlier here is the sample with an EL = 0.17 J/mm and an aspect 

ratio of 0.65, which is the sample that was already identified as an outlier (100 W, 600 

mm/s) in Section 3.2 (Results). Of the samples examined, only two parameters led to an 

aspect ratio > 1 (melt-pool is deeper than wide). This is caused by a difference in the two 

different process regimes, with a transition from heat-conduction welding to keyhole 

welding at higher energy densities [30,31]. 

Figure 9. Polar plots of the grain shape orientation (GSO) of the samples produced with a constant
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fractions of the grains in the angular segments, described in Section 2—Materials and Methods.
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Table 6. Area fraction of grains with GSAR < 0.5. Accumulated area fractions of grains with a GSO
angle in the four defined angular segments for the samples of the third series—influence of laser
power and scan speed at constant line energy. Segment 1, near-horizontal growth (0–25.7◦ and
154.3–180◦). Segment 2, diagonal growth (25.7–51.4◦ and 128.6–154.3◦). Segment 3, near-vertical
growth (51.4–77.0◦ and 102.9–128.6◦). Segment 4: vertical growth (77.0–102.9◦).

Sample
(PL, vs)

GSAR < 0.5 GSO Area Fraction

(Columnar) (%) Segment 1
(%)

Segment 2
(%)

Segment 3
(%)

Segment 4
(%)

50 W,
200 mm/s 83 5.0 17.5 46.1 31.4

100 W,
400 mm/s 88 9.1 17.1 47.1 26.7

150 W,
600 mm/s 85 7.4 10.7 36.2 45.7

200 W,
800 mm/s 93 4.7 12.9 65.9 16.5

4. Discussion

As proposed from the literature in the Introduction, the main factors that determine
the solidification behavior in the melt-pool of structural materials such as steels, Al-, Ti-, or
Ni-alloys, are the crystal structure of the material [20], the substrate conditions, and the
melt-pool size and shape, which in turn is determined by the used energy density [26–29].
In the case of single laser tracks, this is the line energy EL, which is again determined by the
laser power PL and the scan speed vs. According to the literature [28,40–43] a large melt-
pool with a low melt-pool aspect ratio (depth/width) is beneficial for columnar dendritic
growth. In PBF-LB, this was previously realized by using higher energy densities with
higher PL. When using a constant energy density, a combination of high PL and high vs
proved beneficial [44–48].

Figure 10a shows the influence of the line energy EL on the aspect ratio (depth/width)
of the melt-pool produced. As can be seen, the melt-pool aspect ratio increases significantly
with the EL used. An outlier here is the sample with an EL = 0.17 J/mm and an aspect ratio
of 0.65, which is the sample that was already identified as an outlier (100 W, 600 mm/s)
in Section 3.2 (Results). Of the samples examined, only two parameters led to an aspect
ratio > 1 (melt-pool is deeper than wide). This is caused by a difference in the two different
process regimes, with a transition from heat-conduction welding to keyhole welding at
higher energy densities [30,31].
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Figure 10. (a) Melt-pool aspect ratio increases with increasing line energy EL. (b) The grain size
(Feretmax d90 and Feretmin d90) increases with increasing line energy. (c) GSAR mean value and grain
area fraction with GSAR values > 0.5 (equiaxed grains) in dependence of the melt-pool aspect ratio.
GSAR mean value and grain area fraction with GSAR > 0.5 seem to have an optimum for a melt-pool
aspect ratio around 0.6. Graphs contain trendlines using a polynomial fit.
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All samples produced with an EL < 0.5 are clearly in the regime of heat conduction
welding with shallower melt-pools. At an EL = 0.5 J/mm (200 W, 400 mm/s), a behavior in
transition of heat conduction to keyhole welding is observed. This leads to a melt-pool with
a depth of ~280 µm, a width of ~210 µm, and an aspect ratio of 1.34. At EL = 1.00 J/mm
(200 W, 200 mm/s), the process regime is keyhole welding, producing a melt-pool that is
significantly deeper (~790 µm) than it is wide (~260 µm), with an aspect ratio of 3.

In most metallic materials, the grain size is a crucial factor regarding its properties.
While structural materials such as steels often require smaller grain sizes for improved
mechanical properties [49]. Because the nanostructure that leads to the permanent magnetic
properties of (CoCuFeZr)17Sm2 is not fully formed at the grain boundaries [50,51], a larger
grain size is beneficial for the magnetic properties [52], especially the coercivity. Looking
at the dependence of the grain size, Figure 10b shows the dependence of the grain size
parameters Feretmax d90 and Feretmin d90 of the line energy EL. Values for Feretmax and
Feretmin both rise with increasing line energy. At equal EL (0.25 J/mm), produced with
different combinations of PL/vs, a quite large spread of grain sizes can be seen in the Feretmax.
As mentioned before in the results (Section 3.3), there is a tendency for higher grain sizes
when using higher PL and vs for the same EL. The grain size in all melt-pools is significantly
smaller than the grain size of the substrate (Feretmin d90 = 88 µm; Feretmax = 152 µm).
Taking into account the large spread of grain sizes throughout the different parameters and
the difference in grain sizes between melt-pools and substrate, the grain size of the substrate
seems to have only marginal influence on the resulting microstructure in the melt-pool.
Looking at the dependence of the GSAR from the melt-pool aspect ratio in Figure 10c, a
trend becomes visible. At the lowest melt-pool aspect ratios (e.g., 50 W, 600 mm/s with
an aspect ratio of 0.15), quite high GSAR mean values of up to 0.4 and area fractions with
GSAR > 0.5 of 30% can be found. This is almost as high as the values of 0.44 and 34%,
respectively, achieved in the keyhole welding regime with very high melt-pool aspect ratios
(200 W, 200 mm/s with an aspect ratio of 3). The GSAR values (mean GSAR as well as the
area fraction with GSAR >0.5) seem to approach an optimum for columnar grain growth
(low GSAR values) at a melt-pool aspect ratio of around 0.6. The lowest GSAR mean values
and lowest area fractions with GSAR > 0.5 were achieved at melt-pool aspect ratios of
0.57 (200 W, 600 mm/s) and 0.65 (100 W, 600 mm/s), with GSAR mean values of 0.25 (both)
and GSAR > 0.5 area fractions of 11% and 10%, respectively.

To further assess and compare the shape anisotropy of grains in the melt-pool, the
mean angular deviation of the GSO from the vertical axis was calculated for each parameter
set. By plotting the mean GSO angle deviation separately for the three series of experiments
described in Section 3, the influence of the different process parameters can be evaluated.
The mean angle deviation of the GSO in dependence of the scan speed, the laser power, and
the combination of both at constant line energy is visualized in Figure 11a–c, respectively.

The influence of the scan speed shows a strong increase of the angle deviation for
the lowest scan speed of 200 mm/s. As explained before, this is the only parameter in the
experiments that produced a very deep, keyhole type melt-pool. Following that behavior,
many of the grains showed equiaxed growth or a more horizontal growth direction. The
remaining samples show a mean angle deviation between 34.2◦ and 29.2◦, with a minimum
at the highest scan speed of 800 mm/s. This shows a tendency of favored vertical growth
orientation at higher scan speeds. At constant scan speed, varying the laser power from
50 W to 200 W causes the mean angle deviation to increase from 22.5◦ to 34.2◦. With
the outlier at 100 W, which was described in more detail in Section 3.2, the trend is not
completely clear, but lower laser power seems to promote a more vertical growth direction.
Looking at the mean angle deviation at constant line energy of 0.25 J/mm, produced by
different combinations of PL and vs, the angle is quite similar for all samples. Ranging from
23.1◦ to 29.2◦, all samples with this line energy show quite good vertical growth. With a
minimum at the sample produced with PL = 150 W and vs = 200 mm/s, combinations with
higher scan speed and higher laser power seem to slightly favor a more vertical growth
direction of the columnar grains.
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Figure 11. Mean angle deviation of the GSO from strictly vertical growth in dependence of (a) the
scan speed at constant laser power, (b) the laser power at constant scan speed, (c) the combination of
laser power and scan speed at a constant line energy, and (d) the melt-pool aspect ratio. All graphs
contain trendlines using a polynomial fit.

The mean angle deviation in dependence of the melt-pool aspect ratio is visualized in
Figure 11d. It can be seen that the mean angle deviation increases with increasing melt-pool
aspect ratio. At lower melt-pool aspect ratios (around < 0.5), the angular deviation increases
rapidly. This clearly shows that vertical growth is favored in wider, shallower melt-pools.
This behavior is consistent with the literature on the fundamentals of solidification [20] and
with the results produced on aluminum alloys [26]. The grains grow along the temperature
gradient that lies perpendicular to the melt-pool interface [26]. If we take into account the
area fraction of the melt-pool that grows equiaxed without a growth direction (area fraction
with GSAR > 0.5, Figure 11a) and compare this to the mean angle deviation, the optimum
for columnar growth with vertical growth direction now seems to be at slightly higher
melt-pool aspect ratios of around 0.3–0.5 instead of at the lowest aspect ratio (~0.15). While
the shallowest melt-pools show the best degree of orientation of the grain shape, with
a minimum mean deviation of 22.5◦, they also exhibit higher area fractions of equiaxed
grains. At slightly higher melt-pool aspect ratios, the angular deviation is still similarly low
(e.g., 26.4◦ at a melt-pool aspect ratio of 0.4) but with lower area fractions of equiaxed grains.
This result is consistent with the previously presented literature on PBF-LB processing of
steels and Ti-alloys [28,40–43]. This suggests low melt-pool aspect ratios but also bigger
melt-pool areas for columnar growth.In addition to the reported results, the IPF maps of
melt-pools and substrate show several occasions, where the crystallographic orientation of
the substrate is almost identical to the grains that grow above them in the melt-pool. These
grains exhibit strong columnar growth, which is mostly undisturbed up to the surface of
the melt-pool. This is probably the result of a good match between the direction of the
predominant temperature gradient and the crystal direction of the substrate. Meaning, the
preferred growth direction of the crystal lattice is oriented along the temperature gradient
in the melt-pool, which provides optimal conditions for columnar dendritic growth [20,53].
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The single-track experiments represent a solid basis for future research. However, the
processing parameters have to be fine-tuned for the PBF-LB process, e.g., the absorption of
the laser in the powder bed, which is usually much higher than on the surface of a bulk sam-
ple because of multiple reflections and absorption on the powder particles [54]. To account
for that as good as possible on the bulk material, samples were roughly ground before the
laser experiments to minimize the reflection of the laser on the surface. A shift of param-
eters to a lower energy input to achieve similar results is expected in PBF-LB processing.
Additionally, in the PBF-LB process, the laser tracks, as well as the stacked layers, naturally
overlap each other to form a dense part. To summarize this, the parameters from the single-
track experiments might require adjustments but will provide valuable indications on how
to tune the laser parameters to improve the texture of solidification microstructures.

5. Conclusions

In this work a method is introduced to evaluate the solidification microstructure with
growth shape (equiaxed/columnar) and the growth direction of columnar grains from
EBSD analysis. Columnar dendritic growth and a uniform growth direction are seen as
prerequisites for the PBF-LB additive manufacturing of permanent magnets with a textured
microstructure and anisotropic magnetic properties in the future. The method is used to
study the influence of scanning speed, laser power and line energy on the solidification
microstructure in the laser melt-pool of single-track experiments on (CoCuFeZr)17Sm2
sintered magnets.

Starting from conventional EBSD analysis, the grain shape aspect ratio (GSAR) is
analyzed to distinguish between equiaxed grains (GSAR values > 0.5) and columnar grains
(GSAR values < 0.5). For columnar grains, the grain shape orientation (GSO) is determined
using an ellipsoid fit in the grains. The grain shape orientation angle (relative to the sample
surface) is used to determine the preferred growth directions of grains in the melt-pool.
The average deviation of the GSO from the vertical direction is introduced as a parameter
for the evaluation and comparison of the growth direction of the whole melt-pool.

Shallow melt-pools were found to favor columnar dendritic growth. The area fraction
of columnar grains reaches a maximum of ~90% at melt-pool aspect ratios around 0.3–0.5.
It was found that higher scanning speeds seem favorable for columnar growth with vertical
growth direction by the creation of a shallow melt-pool with a low aspect ratio. Higher
laser power was found to favor columnar growth with vertical growth direction only at
lower line energies. At high line energy, high laser power led to melt-pools with high aspect
ratios which was detrimental to the oriented columnar growth. The highest influence
was found in the line energy resulting from the combination of laser power and scan
speed. Lower line energies led to melt-pools with low aspect ratios that promote columnar
growth with a vertical growth direction. At a constant line energy, the combination of high
laser power and high scanning speed showed tendencies towards higher area fractions of
columnar grains and slightly higher area fractions of grains with vertical growth direction.
Additionally, it led to larger grain sizes, which are beneficial for the magnetic properties
of (CoCuFeZr)17Sm2.

Because the columnar grains in the melt-pool always grow along the temperature
gradient, the presented method for analysis of the growth direction can also be used to
reconstruct and visualize the temperature gradients that were present in the melt-pool
during solidification through the GSO. This will be used in a forthcoming publication, which
addresses the crystallographic orientations in directional solidification of (CoCuFeZr)17Sm2
in the laser melt-pool.
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