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Laser powder bed fusion (L-PBF) allows for the fabrication of samples with complex geometries based on thin
struts or walls. However, only few studies have focused on the effect of these geometries on the properties of the
material fabricated using this technology. In this work, we studied the impact of wall thicknesses below 1 mm on
microstructure formation and mechanical properties in 316L parts fabricated by L-PBF. The size and geometry of
melt pools varied significantly between different wall thicknesses due to powder denudation and local pre-
heating, resulting in non-symmetrical melt pools for thicker samples. Furthermore, in the sub-grain micro-
structure, the thinnest samples consisted of solidification cells oriented almost parallel to the building direction.
In the thicker walls, side branching and slender columnar grains were observed in the center lines of the melt
pools. On the grain size scale, the thinnest samples consisted of finer grains with a more pronounced texture
(100), while large grains growing parallel to the build direction and texture (101) were found for the thicker
samples. Mechanical tests showed that the strength and ductility were higher in thicker samples, which was
attributed to finer solidification cells.

Mechanical tests
Microstructure

1. Introduction In L-PBF, a laser with a beam diameter usually between 50 and 100

um selectively scans the powder track by track and layer by layer. This

Laser powder bed fusion (L-PBF) is one of the additive manufacturing
(AM) technologies that offers a new approach to the fabrication of
complex geometries [1]. It allows fabricating lattice structure-based
components and very thin-walled structures that cannot be manufac-
tured by subtractive manufacturing. These geometries play an essential
role in various applications, such as aerospace, where lattice-based ge-
ometry contributes to reducing the weight of the final part [2]. A thin-
walled structure finds its application in parts exposed to elevated tem-
peratures and where fast exchange of heat is important. In the medical
sector, implants, including lattices, improve osseointegration [3,4].
Furthermore, a constantly growing variety of suitable materials for L-
PBF in combination with process tuning allows for a better design with
respect to its functionality [5-7]. Therefore, this technology has
received more and more attention in recent time.

step is repeated continuously until the desired geometry is obtained [8].
The interaction of the laser beam with the powder results in the for-
mation of the melt pool [9]. During this step, denudation and spattering
of the powder can occur, resulting from the movement of the particles
around the melt pool [10-12]. These phenomena can create defects in
the initial packing state of the deposited powder layer, leading to a
discontinuous melt pool during the scanning of the powder layers. This
can promote defect formation, such as porosity or a very poor surface
quality [10,11,13]. Thus, it is important to adjust the processing pa-
rameters such as laser power, scanning speed, layer thickness, hatch
spacing, and scanning strategy to ensure proper powder fusion, as well
as sufficient overlap of the subsequent tracks, which will enable fully
dense part fabrication [13].

The microstructure of L-PBF parts is very often far from equilibrium,
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due to the very complex thermal history of the process [14,15]. The
thermal history comprises local cyclic rapid heating and rapid cooling of
the part, which is caused by numerous track passes and the many
deposited layers. This results in fine solidification cell structures and
high residual stress levels [14,16]. This can lead to pronounced warpage
or even destruction of the fabricated part.

316L stainless steel (316L SS) is one of the most widely studied
materials, due to its very good processability. Moreover, because of its
good corrosion resistance and mechanical properties, this material is
used in the medical and automotive sectors [17]. The microstructure of
316L SS after the L-PBF process in the as-built state consists of very fine
solidification cells of face-centered cubic (FCC) austenite [18,19]. 316L
stainless steel fabricated with L-PBF typically exhibits a notable com-
bination of high tensile strength, ductility, and commendable creep
resistance. This represents a valuable characteristic of parts manufac-
tured with L-PBF, as they contribute to the alleviation of a constraining
factor known as the high-strength-ductility trade-off [20]. Numerous
studies have been published on the influence of the different L-PBF
process parameters on the formation and control of the microstructure
[21-23]. However, most of them have been carried out on simple bulk
geometries, such as cubes.

Considering the applications of the L-PBF technology, many use
cases are for very intricate and fine structures, very often below 1 mm in
thickness, e.g. thin-struts, thin walls, etc. Thus, the thermal history in
these samples will significantly differ from those in a simple, bulky
specimen. On the one hand, thinner samples require less heat input, due
to fewer laser track passes and on the other hand, the underneath solid
area for dissipating the heat is smaller. Moreover, the denudation of the
powder as well as wettability of the substrate in the case of the thinner
walls consisting of e.g. 1 or 2 tracks, will intrinsically differ in com-
parison to the thicker samples. Therefore, answering the question of how
the part’s size and geometry affects the formation of microstructures and
mechanical properties of fabricated parts with L-PBF technology is
imperative.

Up until now, only a limited number of studies has focused on the
effect of geometry on the microstructure formation and mechanical
properties. The influence of the titanium wall thickness on the micro-
structure formation has been studied by Antonysamy et al. [24]. In that
work, the sample thicknesses were ranging between 1 and 5 mm. The
authors found that with increasing wall thickness, large grains were
forming parallel to the build direction, while in the thinnest wall the
grains were growing towards the center of the melt pool. Very similar
observations were made by Leicht et al. in their study on the influence of
wall thickness on the microstructure formation in 316L stainless steel
[25]. It was shown that large, elongated grains with a pronounced (101)
orientation were formed in samples thicker than 0.6 mm, while in the
thinner ones, a random grain orientation was formed. Sanchez-Mata
et al. have focused on the microstructure formation in Hastelloy X
samples with different strut thicknesses produced with L-PBF [26]. They
found the presence of (110) fiber texture for the thicker parts, while
(110) single crystal microstructure was formed for the thinnest. More-
over, the solidification cells size was found to decrease with an increase
of the strut diameter. A study of the effect of geometrical aspect on the
mechanical properties has been carried out by Munk et al. [27]. They
investigated various samples thickness and show the variations in the
mechanical responses, highlighting that more focus needs to be put into
understating and prediction the influence of geometrical aspect in the L-
PBF.

In this work, the effect of the wall thickness on the microstructure
(grain morphology, texture) formation of 316L stainless steel was
characterized. The melt pool formation during the fabrication of single
and multi-track samples was investigated step by step, with an empha-
size on the influence of the preceding melt pools on the formation of new
ones. Additionally, to bridge the gap between the process parameters
and the geometry, we performed thermal simulations to examine the
thermal history for different wall thicknesses. Finally, the mechanical
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properties of the samples with different wall thicknesses were
characterized.

2. Materials and methods
2.1. Materials

In this study, a commercially available 316L stainless steel powder
with a mean diameter of (d50) of 32.2 ym was used as a material
feedstock. The powder was supplied by Oerlikon AM and the
morphology of the powder is shown in Fig. 1a.

A Sisma Mysint 100 (Sisma S.p.A., Italy) L-PBF machine was used for
the sample fabrication, equipped with a 200 W, 1070 nm fiber laser with
a Gaussian intensity distribution and 55 um spot size.

To examine the effect of the sample geometry on the microstructure
formation, a set of thin-wall samples consisting of 1 to 6 tracks was
fabricated (Fig. 1b). Moreover, to investigate the evolution of the melt
pool morphology step by step, another set of the thin-walled samples
were fabricated with a single track on top of the samples (e.g. for 3 tracks
samples, 3 samples were fabricated with a 1 track, 2 tracks, and 3
tracks). It is shown in Fig. 1d.

A set of dog bone samples was fabricated to investigate the impact of
the wall thickness on the mechanical properties, where only the thick-
ness of the samples was varied (Fig. 1c). Samples were tested in their as-
built state without additional post-processing. The objective was to
accurately depict the mechanical properties of samples in their original
condition. This approach facilitated a precise comparison of micro-
structures and their impact on mechanical properties across varying
sample thicknesses. Post-processing, if applied, would have removed
material near the edges of the samples, exhibiting a different micro-
structure than that found at the center of the samples.

All samples were fabricated using previously optimized L-PBF pa-
rameters on simple cubic geometries, giving almost 100 % relative
density. The laser power was 160 W, the scanning speed was 400 mm/s,
the hatch spacing was 0.1 mm, and the layer thickness was 0.03 mm. In
addition, a bidirectional scanning strategy was applied.

2.2. Microstructure characterization

To investigate the microstructure, the samples were subjected to
standard metallographic preparation, including grinding with SiC paper
and polishing with silica suspension (6 um, 3 ym, and 1 pm). To reveal
the melt pool boundaries and microstructure, the samples were etched
using a V2A atchany (hydrochloric acid, nitric acid and distilled water)
for 45 s at 40 °C.

Microstructure investigations were carried out using a Zeiss Axiovert
100 optical microscope and a TESCAM Mira scanning electron micro-
scope (SEM) using a secondary electron detector. Texture and grain
orientation were measured using the aforementioned SEM with an
electron-backscattered diffraction (EBSD) EDAX DigiView V camera. An
acceleration voltage of 20 kV, a beam current of 10,000 pA, and 1 pm
step size at a working distance of 15 mm were applied.

2.3. Mechanical tests

2.3.1. Tensile tests

To examine the mechanical behavior of samples with different wall
thicknesses, uniaxial tension tests were performed using dog-bone
samples, for which only the thickness was modified. For each thick-
ness, 3 samples were tested to confirm repeatability of the results. The
exact dimensions of the samples are shown in Fig. 1c. A universal testing
machine Zwick Roell (Ulm, Germany) with a maximum load of 10 kN
was used for this purpose.

2.3.2. Nanoindentation tests
High-speed nanoindentation mapping was used to investigate the



R. Wrobel et al.

Walls

1track 2 tracks

n +1 layer ﬁﬁ

n layer

Materials & Design 238 (2024) 112652

C) u

6 tracks

= |

d)

top layer

v\ w0\ i)k

1 track 2 tracks 3 tracks

Parameter Specimen
type
/%/; T [mm] varied
L1 [mm] 75.16
— Wimm] | 6.25
R [mm] 10.00
12 [mm] 28.50
= C [mm] 10.00
"IIL‘ G [mm] 17.50

Fig. 1. A) morphology of the 3161 stainless steel powder used in this study, b) geometry and scanning strategy of the thin-walled samples, ¢) geometry of the samples
for the mechanical tests, d) single-track deposition on walls with different thicknesses.

correlation of microstructure and local mechanical properties. This
experiment enabled mechanical characterization of the underlying
microstructure by means of high-speed mapping of hardness at sub-
micrometer resolution over a millimeter-scale area.

High-speed nanoindentation was carried out using a KLA iNano
system (KLA Instruments, USA). Different grid sizes of the maps with a 2
um step were used to cover the entire cross section of different wall
thicknesses and the indentation load was set to 4 mN.

2.4. Thermal simulations

In order to examine the thermal profiles exposed by laser across
different wall thicknesses, thermal simulations were performed using
the Abaqus finite-element software in conjunction with its additive
manufacturing plugin. Material addition reflecting the process in L-PBF
was implemented using the quiet element approach [28], where ele-
ments of all deposited layers were present from the start of the simula-
tion in a quiet state and did not contribute to the solution until activated.

The Abaqus/Standard algorithm was used to solve the problem of
heat transfer. The equation of energy balance can be written in the
differential form as follows:

pepT =V (kVT) = gyl (€8]

where T is the temperature, p is the density, c; is the specific heat ca-
pacity, and k is thermal conductivity of the material. In our case, a
constant density equal to 7954 kg/m> was used for 316L stainless steel
and the temperature-dependent thermal conductivity and specific heat
capacity were adapted from [29]. The thermal conductivity at temper-
atures above the melting point was artificially increased to imitate the
increased heat transfer resulting from the convection of the liquid inside
the melt pool, similar to [30]. In addition, the latent heat of fusion was
introduced as an increase in the effective specific heat capacity in a
200 °C temperature range above the melting point.

The right term of equation (1), qyo), describes the volumetric heat
generation due to the moving laser, which was represented by a
simplified variant of the Goldak heat source [31] as represented in the
following equation:

_6V3P o —3x2 o —3y? o —37 @
qm—nazbﬂﬁ P\~ P\ P\

where 1) is the absorption coefficient, P is the laser power, a is the laser
spot radius (a = 32 um), and b is the powder layer thickness (b = 30um).

3. Results
3.1. Melt pool morphology in thin-walled samples

Samples of different thicknesses were examined by optical micro-
scopy to evaluate the presence of defects as well as to characterize the
melt pool morphologies. The representative areas of cross sections
normal to the scanning direction of different wall thicknesses are shown
in Fig. 2. All the samples are free of defects (no pores, no cracks). The
microstructure consists of overlying melt pools, which is characteristic
for samples fabricated using a bidirectional scanning strategy without
rotation between layers. However, a significant difference could be
noticed in terms of the melt pool morphologies between these samples.
Very shallow melt pools can be found in the samples consisting of 1
track. A similar effect is observed in the 2-tracks sample, whereas for
samples consisting of 3 or more melt tracks, the melt pools in the center
of the wall become more spherical. Moreover, considering the melt pool
depth, it can be seen that every subsequently scanned track results in a
deeper melt pool. In contrast, all the melt pools near the edges of the
walls are shallower and become almost flat.

3.2. Microstructure in thin-walled samples

The sub-grain microstructures of the samples with different wall
thicknesses are shown in Fig. 3. The microstructure mainly consists of
very fine solidification cells that keep growing epitaxially across mul-
tiple melt pool boundaries; however, some differences in the cell size
and orientation can be observed between the samples with different wall
thicknesses. The single track sample consists of solidification cells of
different sizes, which are clustered to form bands of approximately 20
pm in width and inclined towards the wall’s center (Fig. 3a and b). The
width of these cells varies between 0.7 and 1.1 pm and their length
between 3.3 and 25 pm. In the 2-tracks sample, the microstructure
consists mainly of elongated solidification cells along the build direction
in the central part of the wall; however, we can distinguish two different
zones. They are shown in Fig. 3b and d and are marked with blue and
green colors. The blue area corresponds to the center of each melt pool
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Build direction

Fig. 2. Morphology of the melt pools in a) 1 track, b) 2 track, c) 3 track, d) 4 track, and e) 5 track samples. Dashed lines indicate melt pool contours.

and consists of cells of size between 0.58 and 0.7 pm in width and 4.52
and 14 pm in length. The solidification cells in the region marked in
green correspond to the overlapping area of subsequent melt pools
ranging between 0.79 and 1.1 pm in width and 1.5 to 3 pm in length.
Larger solidification cells can be found in both samples in the vicinity of
the sample edges, and their size is very similar to the size of the cells in
Fig. 3d, marked with green color.

Considering thicker samples, a side branching can be observed at the
melt pool boundaries and the center of the melt pools, as marked with
black arrows in Fig. 3f and h. In addition, in some of the melt pools in the
central part of the walls, continuous cell growth in a slender domain
following the centerline of the melt pools is evident (Fig. 3f — green
color), and the growth direction of these cells was marked with white
arrows. However, these domains are sometimes interrupted by the
pockets consisting of randomly growing solidification cells resulting
from the scanning of the subsequent track, as marked in Fig. 3f with red
color.

Fig. 4 shows detailed EBSD data obtained on specimens with
different wall thickness. The microstructure of all samples is charac-
terized by columnar grains, indicating epitaxial grain growth through
the layers; however, differences in the size and orientations can be
observed between different samples. The most visible difference is found
in the single track and double track samples (Fig. 4a and b, respectively),
compared to the thicker samples. In the case of the first group, the
samples consist of relatively small grains. In the single track sample, the
grains are inclined toward the center of the wall, while in the 2 tracks
sample, the grains are inclined towards the edge of the sample, consis-
tent with the order of the scanned tracks. In the single track sample, the
grain width and length are in the range of 20+£15 pm and 100+50 pm,
respectively. In the 2 tracks sample, the grains are longer compared to
the single track samples, and they range from 150 to 200 pm in length
and from 20 to 50 pm in width. In the case of the thicker samples, e.g., 3,
tracks sample and thicker (Fig. 4c and d), the grains are significantly
larger, and the vast majority are orientated parallel to the build direc-
tion. The grains reach a length of a few hundred micrometers, and their
width is around 100+20 pm.

Furthermore, smaller, elongated grains with respect to the build di-
rection are visible with the orientation of (001). They form in the central
part of the wall and the centerline of the melt pools. Another aspect that
differentiates the microstructures of the thicker samples from the
thinner ones is the presence of the fine grain regions near the edges of
the sample. This area forms a band with a width of around 80 pm,
consisting of fine grains, and very often, small powder particles are

partly melted to the surface, indicating nucleation of the grain on the
powder.

All the samples contain many small-angle grain boundaries with 2-
15° of misorientation, as shown in Fig. 4e — h. They appear inhomoge-
neously distributed, forming vertical bands of the highest density at the
center of the single track sample (Fig. 4e) and at a distance of around
100 um for the thicker samples, corresponding to the hatch spacing that
has been used for the sample fabrication. Moreover, the highest density
of small angle grain boundaries is visible in the thicker samples (3 and 6
tracks, Fig. 4g and h, respectively) in the areas where the fine (100)
grains form in the center of the melt pool.

To study the dislocation boundary density, kernel average misori-
entation (KAM) maps were extracted from EBSD data for different wall
thicknesses (Fig. 4i — 1). The KAM maps show local variations in the
lattice structure orientations, giving a qualitative evaluation of the
dislocation density. By comparing the data obtained from different wall
thicknesses, the thicker samples (3 tracks and 6 tracks, Fig. 4k and 1,
respectively) show thin bands of higher dislocation density in the areas
where the fine (100) grains in the center of the melt pool form. In the
single track sample (Fig. 4i), the dislocation density is more pronounced
in the center of the wall. In the 2 tracks sample (Fig. 4j), the density is
almost evenly distributed over the wall cross section.

Inverse pole figures of the samples with the different wall thicknesses
and different crystallographic planes are shown on Fig. 5. The [100],
[010], and [001], correspond to the build direction, perpendicular to the
scanning direction, and nominal to the scanning direction, respectively.
The measurements reveal a significant difference between the different
wall thicknesses. The inverse pole figures show that (100) is the
preferred orientation for 1 and 2 tracks samples. In the single track
sample, the (100) orientation is observed in the build direction while,
for the other direction, the texture is less pronounced. Interestingly, for
the 2-track sample an almost single-crystalline-like microstructure is
revealed: in all directions, a pronounced (001) texture is present. In
contrast, for the samples consisting of 3 tracks and more, the texture in
the build direction and perpendicular to the scanning direction is near
random; however, in the scanning direction all the samples show more
pronounced (111) texture.

3.3. Melt pool formation in thin-walled samples

The subsequent melt pool morphology evolution in samples with
different wall thicknesses is shown in Fig. 6. In the single track sample,
the melt pool has an almost elliptical shape, leading to a rounded top



R. Wrobel et al.

Materials & Design 238 (2024) 112652

Build direction

Direction of deposited tracks

>

Fig. 3. Microstructure of a, b) 1 track, b, d) 2 track, c,d) 3 track, e,f) 6 track, SEM. Dashed line indicate a melt pool contour, white arrows indicate the solidification

cells growth and with black arrows indicate side-branching.

surface morphology (Fig. 6 a). The depth and width of the melt pool is
90 pm and 178 pm, respectively. For the sample consisting of 2 tracks,
both tracks exhibit flattened melt pool contours towards the edges, and
the width of either of them is around 160 pm. However, the depth of
these melt pools differs; the depth is around 60 pm for the 1st track and
slightly above 80 um for the 2nd track (Fig. 6b and c). The penetration
depth is almost the same for both melt pools, therefore the top surface of
the second melt pool is placed 20 ym higher compared to the first one.
Moreover, the 2nd melt pool has an elliptical shape, which is rotated by
around 30° in the direction of the subsequently scanned tracks. In the
sample consisting of 3 tracks, all melt pools have relatively even di-
mensions (Fig. 6d - f). The width of the melt pools is around 170 ym. The
only difference in this case is, similar to the 2 track sample, that the melt
pools near the edges of the samples are flattened. Samples consisting of 4
tracks and more are characterized by a non-uniform top surface
morphology. The first tracks and the last ones are more elliptical and
oriented perpendicular to the build direction. The width of the first track

is around 164 um and the depth is around 85 um, while the width of the
last track is 185 um and the depth is 110 pm. For the rest of the tracks
located in the middle of the wall, the width is in the range of 175 to 185
um and the depth in the range of 100 to 110 um. These melt pools have a
rather semi-spherical shape in comparison with the elliptical shapes
observed in the thinner walls; however, their orientation with respect to
the build direction is changing with the number of tracks. The second
track is oriented at almost 45° to the build direction (reference axis
pointed on the Fig. 61), the third one at around 70°, while the fourth one
is becoming oriented almost perpendicular to the build direction.
Another difference is the penetration depth of the previous layers. For
the tracks in the middle of the walls, re-melting of the previous layers is
higher, resulting in formation of a “valley” in the central part of the wall
surrounded by a higher metal mount, given by the higher melt pools
near the edges. Moreover, the last track, in contrast to the first track, is
positioned lower by around 40 pm. The depth of the “valley” with the
respect to the height of the first track is in the range of 40 to 75 um.
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Fig. 4. Inverse pole figures maps with the respect to the build direction for a) 1 track, b) 2 tracks, c) 3 tracks, d) 6 tracks sample; grain boundary map with high angle
grain boundaries (>15°) in blue and small angle boundaries (2-15°) in red for for e) 1 track, f) 2 tracks, g) 3 tracks, h) 6 tracks sample; kernel average misorientation
(KAM) maps for i) 1 track, j) 2 tracks, k) 3 tracks, 1) 6 tracks sample. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

3.4. Thermal history

The simulated temperature distributions at different stages of
deposition on 1- to 3-track walls are shown in Fig. 7. A finer mesh size
was used in the middle of the walls to guarantee accurate and converged
analysis. The temperature scale is limited to 1370 °C in snapshots pre-
sented in Fig. 7, which corresponds to the liquidus temperature of 316L
stainless steel and thus, the regions above this temperature (in grey) are
in liquid state. This also allows to better visualize the lower temperature
ranges.

The temperature history varied for different wall thicknesses. A
slight heat accumulation was observed in the vicinity of scanned layers
for samples consisting of multiple tracks. Starting from the 2-track
sample, an influence of the first track on the temperature distribution
during scanning of subsequent track can be noted. The temperature
reached values of around 360 °C directly before the second track is
scanned. In 3-track samples, the local pre-heating before scanning the
second track is less pronounced than in the 2-track samples. However,
before scanning the third track, the heat accumulation in the vicinity of

the last track leads to temperatures of almost 470 °C. These can be
observed in simulation videos provided in Appendix A. In addition, there
are differences in the size of melt pools (i.e. the size of the area above the
melting point). Nevertheless, the melt pool size differences between
different samples are rather small in comparison to the differences that
are present between the different scanned tracks within the same
sample.

3.5. Mechanical tests

3.5.1. Tensile tests

The influence of the different wall thickness on the mechanical
properties are shown in Fig. 8. To evaluate the effect of the wall thick-
ness on the mechanical behavior, the samples were tested in two di-
rections, vertical and horizontal with regards to the build direction. The
results for the vertical and horizontal orientation are shown in Fig. 8a
and b, respectively. It was not possible to fabricate single track tensile
samples in vertical direction; the surface shape of the samples led to the
recoater hitting and deforming wall, resulting in the wall failure when a
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Fig. 5. Inverse pole figures for a) 1 track, b) 2 tracks, c) 3 tracks, d) 6 track sample.

height of approximately 7 mm was reached.

Considering the obtained results, the yield strength, the ultimate
tensile strength as well as the elongation differ between the different
wall thicknesses. For the vertical samples, the lowest mechanical prop-
erties were observed for the 2-track sample, where the 0.2 % yield
strength (YS) was around 410 MPa, the ultimate tensile strength (UTS)
was around 480 MPa, and the elongation at fracture was around 28 %. In
the case of thicker samples, a substantial improvement in the mechan-
ical performance was noted. The YS reached higher values ranging from
460, 470 and 480 MPa for 3-,4-, and 5-tracks, respectively. For the
thicker samples, the YS remained almost unchanged at approximately
500 MPa. Considering the UTS, a very similar trend is observed and the
values are 530, 540 and 550 MPa for 3, 4, and 5 tracks samples,
respectively. For the thicker samples this value is approximately 580
MPa. The elongation values for the samples starting from 3 tracks are
ranging between 48 and 60 %; however, no clear trend can be observed.

In the case of the horizontal samples, the YS of the 2 tracks sample

reaches almost the same values as the thicker samples, with values
varying between 560 and 580 MPa, i.e. around 100 MPa higher than for
the vertical samples. The single-track sample has a lower YS of 490 MPa;
however, the elongation at fracture reached around 8 %, which is very
similar to the 2-track sample. The fracture elongation of the samples
consisting of 3 or more tracks varies between 18 and 27 %.

3.5.2. Nanoindentation tests

The results of the nanoindentation tests for different wall thickness
are shown in Fig. 9. These tests allow to investigate the microstructure
and mechanical properties of material through rapid mapping of the
hardness with sub-micrometer resolution at the micrometer-scale area.
Across all samples, the hardness ranges between 3.4 and 4.6 GPa. Dif-
ferences in the hardness can be observed within the entire cross-section
of a sample. However, these differences are less pronounced in the 2
tracks sample compared to the remaining samples. Considering the
single-track sample, the regions of higher hardness are inclined towards
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Fig. 6. Morphology of the melt pools at the top of the samples consisting of a) 1 track, b) 2 tracks with deposited 1 track, c¢) 2 tracks width deposited 2 tracks, d) 3
tracks width deposited 1 track, e) 3 tracks width deposited 2 tracks, f) 3 tracks width deposited 3 track, g) 4 tracks width deposited 1 track, h) 4 tracks width
deposited 2 tracks, i) 4 tracks width deposited 3 tracks, j) 4 tracks width deposited 4 tracks, k) 5 tracks width deposited 1 track, i) 5 tracks width deposited 2 tracks,
m) 5 tracks width deposited 3 tracks, n) 5 tracks width deposited 4 tracks, o) 5 tracks width deposited 5 tracks.

the center of the wall with a band in the middle (around 25 pm in width),
where the hardness is lower. In contrast, for 3 and 4 tracks samples, the
areas of lower hardness form also bands oriented parallel to the build
direction; however, the width is significantly larger and it is estimated to
be around 100 um. Surprisingly, there is no significant difference in the
hardness from the regions in the vicinity of the edges and middle of the
samples. As nanoindentation tests are very sensitive to even the smallest
scratches, the results show slight variations in hardness, which should be
regarded as artefacts and not changes originating from the
microstructure.

3.6. Post-fracture microstructure

3.6.1. Fracture surface

To investigate the fracture surface of the thin walls after tensile tests,
SEM imaging of the 2 track and 6-tracks wall were performed using
vertical samples. The reason why only these 2 thicknesses were chosen is
that they exhibited the biggest differences in their tensile properties (2
tracks sample exhibited lower YS, UTS and elongation compared to the
thicker samples). The results are presented in Fig. 10. In both cases, a
ductile surface fracture was identified by the presence of dimples
(Fig. 10c and d)). However, it can be noted that the size of the dimples is
larger in the thicker sample compared to the thinner sample. Moreover,
a reduction in the cross-sectional area can be observed for the thinner
sample; however, to quantitatively confirm this phenomenon, a more in
depth study would need to be performed, which, however, is beyond the
scope of the present paper.

3.6.2. Post-fracture microstructure
To examine the deformation condition that led to the tensile test
result variations between 2-tracks sample and the thicker ones, IPF maps

were taken for the samples after tensile testing (Fig. 11). The predomi-
nant orientation in both samples is close to (111) with respect to build
direction, while only in the central part of the wall grains with a (100)
orientation formed. However, in the thinner sample, fine grains with
almost random orientation are present in the vicinity of the edges. These
grains do not undergo any orientation transformation after applying the
stresses.

The thicker sample is characterized by very large, elongated grains
with respect to the build direction as well as the tension direction.
Moreover, numerous thin stripes perpendicular to the tensile direction
with orientation (100) can be observed. The misorientation profile ac-
quired for both samples (Fig. 11e and f)), indicate up to 60° misorien-
tation between the grains, confirming the presence of twins in the
samples. Taking into account the number of peaks indicating twinning,
the density of twins in the thicker samples is significantly larger.

4. Discussion

The results indicate significant variations in the microstructures of
thin-walled 316L stainless steel samples with different wall thicknesses,
all manufactured using L-PBF under the same processing conditions that
were initially optimized for bulk samples. These distinctions point to the
substantial influence of sample dimensions on microstructure formation,
adding to the acknowledged impact of "optimal’ L-PBF process param-
eters—laser power, scanning speed, hatch spacing, and layer thickness.

Furthermore, sample thickness significantly affects the mechanical
properties. As detailed in the preceding sections, the most significant
influence of wall thickness on microstructure and mechanical traits
materializes in samples comprising 1 and 2 tracks, translating to wall
thicknesses of around 170 um and 250 pm, respectively. In contrast, for
thicker samples—comprising 3 or more tracks, with a thickness
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exceeding 350 pum—microstructure and mechanical characteristics
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Fig. 7. Far field temperature distribution obtained from the thermal simulations for a) 1 track, b) 2 tracks, ¢) 3 tracks.
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Fig. 8. Tensile tests results for the different wall thicknesses a) vertical and b) horizontal samples.

display minimal fluctuation across the samples.

4.1. Thermal history and melt pool formation

In this study, we have observed distinct variations in the morphology
of melt pools. These differences are not only present between samples of
varying thicknesses but also within individual tracks of the same sample.
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Fig. 9. Hardness maps results obtained via high-speed nanoindentation mapping for a) 1 track, b) 2 tracks, c) 3 tracks, d) 4 tracks sample.

Many instances of elliptical melt pools with asymmetrical features were
evident, as depicted in Fig. 6. Interestingly, this behavior stabilized
when examining samples containing five tracks, with the fourth track
exhibiting a degree of symmetry. This observation contrasts with the
majority of published studies [32-42], which have primarily focused on
either single-track samples or larger multi-track specimens, emphasizing
the shapes of the central melt pool. These observations underscore the
distinctive behaviors of melt pool formation between thin-walled and
thicker samples, as well as single tracks.

The formation of melt pools is influenced by several factors,
including temporal thermal history (both local and global pre-heating),
powder denudation, and the geometry, thickness, and morphology of
the previously consolidated layer. These variables collectively
contribute to varying la-ser-material interactions. Furthermore, these
factors can impact fluid dynamics within the melt pool, including
Marangoni convection and surface tension, resulting in the diverse melt
pool formation phenomena [43-45].

Symmetrical, elliptical melt pools are a characteristic feature of
single-track samples, as clearly demonstrated in Fig. 6a. These closely
resemble the first tracks in both four- and five-track samples (Fig. 6g and
k). Interestingly, despite observing local pre-heating in thicker samples,
this phenome-non was not relevant to the initial tracks. It is important to
note that the first track did not undergo pre-heating, as evidenced in
Appendix A; its temperature reverted to ambient levels after the new
layer was deposited. Consequently, it can be concluded that pre-heating
does not account for the observed differences in melt pool formation in
the first track.

A clear difference in this context compared to other tracks is the
presence of powder on both sides of the melt pool, significantly influ-
encing denudation. The denudation process is extensively detailed in
[10,46]. Here, powder is entrained and drawn directly into the melt pool
from both sides of the scan track, resulting in the symmetrical nature of
the melt pools. This process is schematically illustrated for a single-track
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sample in Fig. 12a. Moreover, the penetration depth within the pre-
ceding layer decreases due to the increased energy consumption
required for melting a larger amount of material that has been drawn
into the melt pool. This suggests that the build rate in single-track
samples or the first track of thicker samples is consistently higher
compared to subsequent tracks. This could potentially explain the
challenges faced in fabricating single-track tensile samples; the increase
in each layer’s height exceeds the powder layer thickness, leading to the
coater colliding with and distorting the wall upon reaching a critical
height. However, this phenomenon does not extend to two- and three-
track samples (Fig. 6b - f).

The top surface topography remains relatively flat in both two- and
three-track samples, while thicker samples exhibit a wavy pattern. Local
pre-heating contributes to the formation of larger depression zones and
more prominent remelting in thicker samples. The increase in depres-
sion zone size with rising temperatures aligns with findings by Chen
et al. [47]. Additionally, the reduced powder denudation in thicker
samples results in progressively lower top surface levels with each
subsequently deposited track. This effect is less pronounced in two- and
three-track samples due to the presence of a larger last melt pool. During
the scanning of the final track, heat accumulation intensifies due to local
pre-heating and limited heat dissipation towards the sample edges
(approximately 5 % of bulk material conductivity [48]). Consequently, a
deeper melt pool is formed, capable of absorbing more powder from the
regions near the sample edges. This prolonged solidification time for the
material and the enhanced liquid metal overflow due to gravitational
forces are schematically depicted in Fig. 12b, further supported by the
flattened morphology of the last melt pools toward the edges.

4.2. Solidification cell structure and crystallographic texture

The solidification microstructure discussed in Section 3.2 reflects the
typical pattern found in 316L stainless steel following L-PBF [38,41,49].
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Fig. 10. Low and high magnification of fracture surface for a, c¢) 2 tracks and b, d) 6 tracks sample after tensile tests.
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lines for 2 tracks sample a, c, e) and 6 tracks sample b, d, f).
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Fig. 12. Melt pool formation in a) single-track sample and b) multiple-track samples.

This structure is composed of columnar cells, growing epitaxially across
melt pool boundaries and spanning multiple layers. However, variations
in size and orientation are noticeable across different samples.

In the case of single-track samples, the cells are elongated along the
build direction, with a slight inclination towards the center of the melt
pool. This alignment corresponds to the semi-elliptical and symmetrical
melt pool formation detailed in the preceding section. Consequently, the
primary driver of solidification, the thermal gradient (G), is perpen-
dicular to the melt pool boundaries and extends toward the top center of
the melt pool, consistent with earlier findings [50]. Notably, the size of
solidification cells varied without exhibiting any consistent trends in the
central part of the wall. Only in the regions near the edges (~70 um from
the edges), larger solidification cells were observed. That could poten-
tially be attributed to restricted heat dissipation towards the powder bed
and localized lower cooling rates.

For samples comprising two tracks, the solidification cells are
marginally smaller compared to single-track samples, indicating
increased cooling rates due to enhanced heat dissipation. Larger

solidification cells were found in overlapping regions between two melt
pools, possibly due to incomplete cooling of the preceding track,
resulting in pre-heating effects that influence both G and the solidifi-
cation front velocity (Fig. 3d). These cells are elongated, influenced by
the non-symmetrical melt pools, with G shifting from the center of the
melt pool towards the edge of the second scanned track, as depicted in
Fig. 13.

In thicker samples, a significant distinction is evident in melt pools
with more symmetrical morphologies. These pools consist of epitaxially
grown cells spanning multiple layers, parallel to the build direction,
enveloped by elongated cells inclined towards the centerline of the melt
pool. This microstructure is consistent throughout thicker samples
exhibiting symmetric melt pools. Here, G follows the centerline of the
melt pool vertically, as each successive melt pool overlaps with the
previous one without significant geometry changes. However, the ver-
tical cells can be disrupted by subsequently scanned tracks if their ge-
ometry deviates.

Another notable aspect distinguishing solidification cells in single

Fig. 13. Solidification of the material in the zone near the edges of the wall. Nucleation takes place on the powder particles that are fused to the melt pool.
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and double track samples from those in thicker samples is the change in
orientation, marked by black arrows in Fig. 3f and h. This orientation
shift occurs at the melt pool boundaries, where cells grow at a 90° angle
relative to cells from the preceding melt pool. This phenomenon, termed
side-branching, has been previously noted [51,52]. It emerges from heat
flux variations that induce minor perturbations in the cells. These per-
turbations provide sites for side-branching responses to heat flux
changes, leading to growth in altered directions. Consequently, more
pronounced heat flux changes occur in thicker walls. However, further
investigation, particularly focused on melt pool formation, is necessary
to validate this hypothesis.

Comparing EBSD maps and IPSs of samples with varying wall
thicknesses reveals distinctions between single/double-track samples
and thicker ones. These differences vanish in samples comprising three
tracks or more. In single-track samples, grains are notably smaller
compared to 3+ track samples and align along the centerline of the melt
pool. This corresponds to the solidification direction, proceeding from
the melt pool’s edge to its top centerline. Although some grains possess
random orientations, the preferred direction is (100) relative to the
build direction, as depicted in Fig. 5a. It has been demonstrated that
obtaining a shallow melt pool encourages grains to favor the (100) di-
rection [53]. Adjusting process parameters can influence melt pool ge-
ometry, directly impacting grain growth direction. Hence, sample
dimensions, in addition to processing parameters, may influence
preferred growth orientation. The presence of singly oriented grains
with random orientation arises from nucleation on loose powder parti-
cles surrounding the melt pool.

For two-track samples, a similar trend in grain size and preferred
growth orientation is apparent, likely due to comparable melt pool
morphologies. The first melt pool resembles that of a single-track sam-
ple, shallow in nature, while the second is more elliptical and rotated to
the right. Consequently, the preferred growth direction in these melt
pools is (100) concerning the build direction, with the second melt
pool’s rotation influencing slight grain angle adjustments to the right
side.

As wall thickness increases, notably in samples with three or more
tracks, elongated grains emerge, growing parallel to the build direction,
often between neighboring melt pool centerlines, as seen in Fig. 4c, d.
These overlapping regions experience side-branching, forming larger
grains. These cells grow at 90° angles to one another, growing in (100)
direction for one melt pool and also (100) for another, both towards the
centerline of their respective melt pools. In FCC alloys, these directions
are symmetrically equivalent. While these cells experience 90° changes
in growth direction, their epitaxial growth leads to a larger grain for-
mation. Furthermore, nearly spherical melt pools give rise to elongated
(001) grains at the melt pool centerline, similar to the 3-track sample
with a near-perfectly symmetrical second track. In this scenario, the
solid-liquid interface progresses almost parallel to the build direction at
the centerline of the melt pool, facilitating epitaxial growth [54,55].

A shared feature across most samples is the presence of finer grains
lacking pronounced texture near the edges. In these regions, liquid metal
interacts with powder particles not drawn into the melt pool, fostering
partial sintering on the melt pool sides. Nucleation on these powder
particles aligns grain orientation with the powder grains, illustrated in
Fig. 13. Nevertheless, this theory requires further studies to be
confirmed.

4.3. Mechanical properties and post-fracture microstructure

Taking into account the outcomes of the nanoindentation tests,
discernible variations in hardness become apparent across distinct
samples. Much like grain diameters, certain regions exhibit slight de-
viations in hardness values. These alterations can thus be linked to
localized shifts in grain orientation.

Significant disparities surface among the various samples when
analyzing the results of the tensile tests. A pronounced anisotropy
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emerges between vertically and horizontally oriented samples. The
differences can be attributed to variations in the solidification cells sizes
along different planes. The cells are elongated towards the build direc-
tion which align with the loading direction for the vertical samples.
Conversely, in the horizontal loading direction (perpendicular to the
build direction), the cells are finer (higher amount of the solidification
cells boundaries, enriched with dislocation), impeding dislocation
movement and contributing to higher strength but lower elongation. A
similar observation has been already previously documented in addi-
tively manufactured bulk samples [56,57]. Furthermore, dissimilarities
in mechanical properties manifest across samples with differing thick-
nesses. Thinner samples, such as those comprising 1 and 2 tracks, exhibit
consistently lower mechanical properties (yield strength, ultimate
strength, and fracture elongation) compared to their thicker counter-
parts. Within the realm of 3-track samples and thicker ones, mechanical
properties display modest variation across samples, sans any conspicu-
ous trend attributable to varying surface roughness. Moreover, these
results of the thicker parts align with those already reported in other
literatures, reinforcing the statement that the most significant differ-
ences in performance occur in the samples consisting of 1 and 2 tracks
[22,23,56].

Regarding the microstructure of thicker samples, a finer solidifica-
tion cell structure comes to the fore, yielding heightened dislocation
concentrations at cell boundaries [58]. Furthermore, discernibly larger
misorientations are observable within thicker samples, as demonstrated
in Fig. 4 i-l—an aspect directly linked to amplified dislocation density.
These dislocations act as impediments to dislocation motion during
tension, rendering thicker samples endowed with higher yield strength
(YS) and ultimate tensile strength (UTS). This, however, doesn’t fully
elucidate the notably augmented ductility of thicker samples, almost
double in comparison to their thinner counterparts.

In the analysis of the fracture surface, both samples exhibit fine
dimples, consistent with findings from various studies on regular 316L
stainless steel geometries fabricated with L-PBF [59]. However, notable
differences emerged when compared the fracture surfaces of thinner
samples with thicker ones. These distinctions primarily arise from var-
iations in the grain size formed in each sample. Additionally, when
considering already existing research linking dimple size to factors like
laser power, scanning speed, hatch spacing, and layer thickness, it’s
important to recognize that geometry also plays a crucial role in this
context [17].

Upon investigating the microstructure post-fracture, noteworthy
shifts in grain orientation unfold. Evidently, lattice rotation occurs from
the original (110) orientation to (111) orientation (parallel to the
building direction) under stress—an occurrence previously detailed for
FCC alloys. On the other hand, orientations like (100) or (111) remain
stable and unaffected by applied stress, as evident in the finer grains
situated near the wall edge (Fig. 11c). Furthermore, the emergence of
twins is conspicuous across both sets of samples. These twins, recognized
for their influence on material ductility [26,57], are notably prevalent in
thicker samples, potentially underpinning the heightened ductility
observed.

When exploring elongation to fracture in samples of different
thicknesses, a crucial factor to account for is the slimness ratio K [60],
which is defined as:

L,
VT e W

where L, is the gauge length and T and W are the thickness and the width
of the tensile sample, according to Fig. 1.

Extensive research indicates that the elongation of the sample is
highly responsive to variations in gauge thickness, length, and width,
with a general trend of a decreasing elongation at fracture for increasing
values of K [60-62]. Our findings corroborate this, revealing a consis-
tent decrease in elongation at break as slimness ratio values increase (i.e.

K= 3
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the thickness decreases).

To enhance comprehension, the Bertella-Oliver formula has been
introduced to convert the total elongations of different tensile specimen
dimensions [60,62].

e=¢ KA\
=%

where € and &, are the total elongations of tensile specimens with slim-
ness values K and K;, respectively. The subscript r denotes the reference
specimen dimension. n is a constant depending on the material
composition. However, its application comes with constraints, as the
ratio of tensile bar width to thickness should be less than 20, and the
slimness ratio should not exceed 25. For the thickest samples, the K
value is around 16 and the W/T ratio is approximately 12.5, whereas for
the thinnest samples, these values increase to about 29 and 41, respec-
tively. This indicates that our thinnest samples do not meet these
criteria, rendering the Bertella-Oliver formula inapplicable for correct-
ing the measured values in these cases (for both single and double
tracks). However, according to Zhang et al. [63], the impact of the
slimness ratio on 316L’s fracture elongation change is relatively mod-
erate. This is evidenced by a lower value of n (0.11) as compared to e.g.
0.3-0.4 for ferritic steels. In their study, the average fracture elongation
decreased from roughly 66(+4/-10)% to 57(+/-7)% as the slimness ratio
varied between 3< K <16. Thus, it is presumed that the fracture elon-
gation’s dependence on sample thickness (i.e. the pure geometric effect)
is also moderate in our case.

In addition, the reduced fracture elongation in thinner walls might
partly be due to the comparably lower surface quality, which makes
them more prone to forming notches during tension. These notches
create stress concentrations that the material’s plasticity cannot
compensate for due to the limited thickness of the samples. As a result,
once cracks appear, they do not propagate far, leading to the rapid
fracture of the sample.

Nevertheless, it is proposed that future research should consider a
different methodology that complies with the specified geometric re-
quirements of the samples to gain a fuller understanding of the me-
chanical behavior being studied.

4

5. Conclusion

This study investigated the impact of wall thickness on microstruc-
ture and mechanical properties. Specimens of 316L steel with various
thicknesses underwent comprehensive microstructure, thermal history,
and mechanical analyses. In a broader sense, distinct wall thicknesses
led to significant shifts in both microstructure and mechanical attri-
butes. Beyond conventional parameters like laser power, scanning
speed, and layer thickness, these findings highlight the important role of
geometric considerations—an aspect usually confined to “printability”
discussions but now emerging as a performance determinant.

The key findings are as follows:

1. All sample thicknesses exhibited fully dense structures without evi-
dence of pores or cracks.

2. Single-track samples showcased symmetric elliptical melt pools due
to uniform denudation. This symmetry extended to initial paths in
other thicknesses. However, melt pools in the center of thicker walls
tended to be deeper and less symmetrical, inducing an undulating
upper surface.

3. 1- and 2-track samples presented elongated solidification cells par-
alleling the build direction. In contrast, thicker samples boasted finer
cells, yielding slender columnar grains along melt pool centerlines.
Larger cells near edges emerged across all samples due to limited
heat dissipation into the powder bed.
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4. Thinner walls exhibited small grains with pronounced (100) orien-
tation. This trend shifted in the 3-track sample, where large (101)
-oriented grains along the build direction prevailed.

5. While nanoindentation tests revealed minimal differences, tensile
tests exhibited notable variability among sample thicknesses.
Thinner samples manifested reduced yield and ultimate tensile
strengths compared to thicker counterparts, attributed to larger so-
lidification cells. Enhanced elongation in thicker samples was
attributed to the presence of large (101) grains transforming to
(111) and forming twins under tension.

6. In summary, “thin-walled” categorization applied to thicknesses up
to 300 pm (1-track and 2-track). Beyond this, samples with 3 tracks
or more (~350 pm thickness) mirrored bulk sample behavior.

These findings underline the intricate interplay of geometry,
microstructure, and mechanical properties, prompting a reconsideration
of optimal process strategies in additive manufacturing. Disparities be-
tween thicknesses are rooted in powder denudation and local preheat-
ing. Achieving uniform process conditions requires process optimization
transcending laser power and scanning speed adjustments. A proposed
solution entails a novel scanning strategy emulating single-track sample
conditions. This would involve alternating scanning between tracks in
adjacent layers to evenly denude powder and minimize local preheating.
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