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Abstract: This article overviews the scientific results of the microstructural features observed in
316 L stainless steel manufactured by the laser powder bed fusion (LPBF) method obtained by the
authors, and discusses the results with respect to the recently published literature. Microscopic
features of the LPBF microstructure, i.e., epitaxial nucleation, cellular structure, microsegregation,
porosity, competitive colony growth, and solidification texture, were experimentally studied by
scanning and transmission electron microscopy, diffraction methods, and atom probe tomography.
The influence of laser power and laser scanning speed on the microstructure was discussed in the
perspective of governing the microstructure by controlling the process parameters. It was shown that
the three-dimensional (3D) zig-zag solidification texture observed in the LPBF 316 L was related to the
laser scanning strategy. The thermal stability of the microstructure was investigated under isothermal
annealing conditions. It was shown that the cells formed at solidification started to disappear at
about 800 °C, and that this process leads to a substantial decrease in hardness. Colony boundaries,
nevertheless, were quite stable, and no significant grain growth was observed after heat treatment at
1050 °C. The observed experimental results are discussed with respect to the fundamental knowledge
of the solidification processes, and compared with the existing literature data.

Keywords: 316 L stainless steel; laser powder bed fusion; cellular solidification; solidification texture;
electron microscopy; thermal stability of microstructure

1. Introduction

Additive manufacturing (AM) techniques are recognized as manufacturing processes with the
high ability to generate parts from three-dimensional (3D) CAD models that are impossible to produce
through conventional methods. Initially developed for prototyping, nowadays, AM techniques
are used to produce spare parts and repair parts, and to fabricate end-use products. Powder bed
fusion (PBF) and direct energy deposition (DED) are the most widely used methods in the AM of
metallic materials [1]. Effective implementation of laser powder bed fusion processes (LPBF) requires
a clear understanding of the process—structure—properties—performance relationships in fabricated
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components. This is especially important for the manufacturing of end-use products, as the qualities
and properties of the materials have to be the same as for conventional alloys.

The optimization of laser processing parameters to produce high-quality, porosity-free samples
is one challenge for LPBE. A number of studies have shown that by controlling the laser power and
the laser scanning speed, one can remarkably eliminate porosity in quite a broad window of the
process parameters [2—4]. The final properties are governed by the microstructure of the material. The
microstructure of the LPBF material is formed under the conditions of high temperature gradients
and solidification rates, far from the ones of conventional materials. This results in the formation
of a nonequilibrium microstructure with a unique set of properties. Epitaxial nucleation of cellular
colonies has commonly been observed, which results in the solidification texture and anisotropic
mechanical properties of LPBF materials [5-11]. The methods of designing microstructure and control
the solidification texture have been rarely suggested in the literature. Most commonly, a post-treatment
is recommended to convert the LPBF colonial microstructure and to obtain the typical structures
and properties for the corresponding conventional materials. Nevertheless, the direct application of
conventional heat-treatment regimes is not always successful [6,12-15], so the thermal stability of
LPBF microstructures has to be further investigated.

This article overviews the scientific results obtained by the authors over several years, and
discusses the results with respect to the existing literature data. Our focus was on the metallurgical
aspects, and a deep understanding of the microstructure and the microstructure stability of LPBF
316 L stainless steel. The formation of the cellular structure in the molten pool was discussed in
relation to the thermal gradient and solidification rate. The correlation between the primary cell
spacing and hardness was discussed with respect to the AM process parameters and the presence
of porosity. The formation of the solidification texture and the way to control it was experimentally
illustrated. The stability of the microstructure under isothermal conditions was investigated to provide
a background for the future development of post-treatment regimes of LPBF 316 L steel. Generally,
the discussed phenomena can be expanded to other single-phase LPBF alloys solidifying without
phase transformations in solid state.

2. Materials and Methods

Spherical gas-atomized powder supplied by Sandvik Osprey Ltd. (Neath, UK) was used in
this study. The volume equivalent diameters were dig = 4.6 um, dsg = 13.0 pm, and dgg = 27.5 pm.
According to the supplier, the chemical composition of the powders was (in wt %, bal. Fe), 10-14% Ni,
16-18% Cr, 2-3% Mo, max 0.75% Si, max 2% Mn, max 0.03% C, max 0.045% P, and max 0.03% S. Prior
to the laser manufacturing, the powders were dried at 80 °C for 12 h.

LPBF experiments were carried out using a Phenix Systems PM 100 (Riom, France) machine.
The machine was equipped with a single-mode continuous-wave ytterbium fiber laser with a
wavelength of 1075 nm (IPG Photonics Corp., Oxford, MA, USA) in a protective atmosphere of
nitrogen. The laser beam had a transverse electromagnetic (TEM) mode, TEMy, with Gaussian profile.
The focal length of the optical system was 495 mm. The focal spot size was about 70 um (1/ e2 metrics)
and this size was confirmed by measuring the width of the molten pool at different process parameters.
A laser power of 50 W and scanning speed of 0.08 to 0.28 m/s with a step of 0.04 m/s were used as
the test manufacturing process parameters. The thickness of the deposited powder layer was 50 pm,
and the hatch distance was 120 pm. For microstructure assessment, rectangular 5 x 5 x 30 mm?
specimens were manufactured. Process-parameters of a 50 W laser power and a 120 mm/s laser
scanning speed, which provided the lowest porosity (below 0.01%, assessed by the image analysis
with an optical microscope), were chosen to manufacture specimens for the microstructural analysis.

The specimens were fabricated using a rescanning strategy. In the first scan, a laser beam melts
a powder layer with a 120 um hatch distance and then, without deposition of any new powder,
the laser beam shifts by 60 um and rescans the surface again in the same direction, but between the
previously formed tracks (Figure 1a). Next, the scanning direction changes by 90° and the next layer is
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manufactured in the same way. This rescanning strategy significantly improves the surface quality
and minimizes porosity in the final 3D LPBF objects [16,17]. In cross sections of the material, the tracks
appear as semi-circular features if they are oriented perpendicular to the observation direction, and as
horizontal, elongated features if they are oriented along the plane of the image (Figure 1b).

Building
direction

layer n+3; +90°

layer n+2; 0°

layer n+1; +90°

layer n; 0°

Figure 1. (a) Scanning strategy used to manufacture laser powder bed fusion (LPBF) 316 L;
(b) microstructure of the LPBF 316 L steel, optical micrograph.

Microstructural characterization of the as-built specimens was conducted by optical and electron
microscopy methods. Specimens were cut into cross sections, ground, and mirror-like polished
with 1 um diamond paste. Electroetching in aqueous oxalic acid and chemical etching by standard
Kalling’s No.2 reagent were used to etch specimens for microscopy. For the electron back-scattering
diffraction (EBSD) studies, colloidal silica was used for the final step of surface preparation. Scanning
electron microscopy (SEM) was carried out with a LEO 1350 FEG-SEM (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) at 20 kV. Energy dispersive X-ray spectroscopy (EDX analysis) was done
with an Oxford Instruments (Oxford Instruments plc, Abingdon, UK) INCAx-sight EDX detector.
Orientation imaging microscopy was performed using an analytical SEM Hitachi SU70 equipped with
an electron back-scattering diffraction (EBSD) system from HKL Technology (Hong Kong, China)
at 20 kV.

The X-ray diffraction (XRD) phase analysis was conducted using Cr-K radiation in a Seifert
XRD 3000 PTS X-ray diffractometer (XRD Eigenmann GmbH, Schnaittach-Hormersdorf, Germany),
operating at 40 kV and 35 mA. Transmission electron microscopy (TEM) was done with a JEOL JEM
2100 equipped with a LaBg cathode and a digital camera from Gatan (San Francisco, CA, USA) (SC1000
Orius). Specimens for TEM were electro-chemically prepared with Struers TenuPol-5 equipment using
the procedure and the electrolyte recommended by Struers (Ballerup, Denmark).

Preparation of needle-shaped specimens for atom probe tomography (APT) analysis was done
using the standard two-step electropolishing method. The samples were analyzed in an Imago LEAP
3000X HR atom probe system (Imago Scientific Instruments Corporation, Madison, WI, USA). Field
evaporation was initiated by laser pulsing with green light (A = 532 nm) at a 200 kHz pulse rate using
0.3-0.4 n] pulse energy. The temperatures of the tips were held at 50 K and the pressure in the chamber
was approximately 10~° Pa. APT data were analyzed using CAMECA IVAS software (Version 3.6.10,
CAMECA, Gennevilliers, France). The reconstructions were made using the k-factor of 4.0 and an
evaporation field of 25 V/nm.



Metals 2018, 8, 643 4 0f 18

3. Results and Discussion

3.1. Microstructure: Colonies, Epitaxial Nucleation, Cellular Dendritic Structure, and Nanoparticles

The investigated specimens in the present study were manufactured in a layer-by-layer way,
and the layers were clearly visible by means of optical microscopy of the etched specimens, as shown
in Figure 1b. The layers consisted of colonies that were inclined towards the laser movement direction.
Each colony had a cellular structure or a cellular dendritic structure. The observed colonies of the
cellular dendrites microstructure of 316 L steel manufactured by LPBF were consistent with previous
reports [5-7,18-22]. XRD, EBSD, and TEM analysis carried out in the present investigation revealed
a fully austenitic structure in the LPBF 316 L steel. These results were similar to the ones reported
in [7,18-22], while contradicting the authors in [23,24], where delta ferrite or martensite was observed.

When manufacturing a single layer, the laser beam melts the deposited powder and a part of the
previous layer. This is a requirement to obtain track stability and material integrity in high quality LPBF
objects. The crystallization of a track starts with the nucleation of the solid phase at the solid-liquid
interface where the solid is the previously solidified layer. Figure 2a shows a SEM micrograph of the
etched cross section of a single track. Here, it can be seen that the microstructure consisted of colonies
of cellular dendrites. The colonies are marked with dashed lines in Figure 2a. It can also be seen that
cells within a single colony grew continuously through the fusion boundaries.

To investigate the relationship between the crystal orientation of the substrate and the orientation
of the colonies in a single track, an EBSD map of the colony and a part of the substrate was acquired
(Figure 2c). The crystallographic orientation of different colonies was color coded in the map. It can be
seen that several colonies, marked as 1, 2 and 3, had the same color as the parental grains below the
fusion boundary in the substrate. This confirmed that these new grains were nucleated epitaxially, and
therefore inherited the crystallographic orientation of the parental grains. Not all newly nucleated
colonies had the same color as the adjacent grains in the substrate, meaning that that not all substrate
grains satisfied the conditions for epitaxial nucleation. Similar epitaxial nucleation between the layers
was observed by EBSD in different AM materials [5-7,25,26]. Figure 2c also shows that in many
colonies, the orientation in the inner region was generally the same. For example, in the upper part
of the image, there was a colony consisting of regions colored in different shades of green. This
indicates that all the cells forming one colony had almost the same crystallographic orientation, with
insignificant misorientation between regions of different shades.

The EBSD observations carried out in the present investigations suggested that all cells that formed
a colony inherited the crystallographic orientation of a substrate grain, due to epitaxial nucleation.
According to [27], the new grains also grow along a preferred crystallographic direction. In the case
of cubic crystals, it has been shown that the dominating direction of crystal growth is <100>, which
is typical for stainless steels, Ni-base alloys, and Al alloys [5,27]. TEM observations in the present
investigation confirmed this behavior. Figure 3a,b show a bright-field TEM image from the central
region containing several cells. In Figure 3a, cells were oriented perpendicular to the observation
direction. In Figure 3b, the cells grew approximately parallel to the observation direction. Additionally,
a selected area electron diffraction (SAED) pattern taken from several cells is presented in Figure 3b,
and the diffraction pattern had the typical appearance of a single crystal. The diffraction pattern from
this region corresponded to the <100> zone axis, confirming the preferential cell growth along the
<100> crystallographic direction.

Misorientation between adjacent cells was negligible, although the cells were formed directly
from the melt at solidification. The cell boundaries that were perfectly visible in the etched specimens
should not be interpreted as regular high-angle boundaries, since TEM observations showed that the
boundaries between the cells were quite thick and consisted of high-density dislocation structures.
Additionally, all cells grew in the same crystallographic direction, which means that the crystal
planes between adjacent cells could be distorted by dislocations, but could still be continuous.
The experimental TEM and EBSD observations presented in this investigation clearly support
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this statement. Recently, it was shown in [28] that in the LPBF of a martensitic stainless steel
subjected to martensitic transformation upon cooling, fresh martensite needles grow freely through
the cell boundaries, but stop at the colony boundary. This observation confirmed a crystallographic
continuousness of crystal planes between cells, but not between colonies. Nevertheless, the mechanism
of formation of such boundaries directly at solidification is not clear. Additionally, factors such as
thermal stresses caused by high thermal gradients could also influence the redistribution of dislocation
in the as-built material.

(b) (©

Figure 2. (a) Scanning electron microscopy (SEM) micrograph of the etched cross section of the LPBF
316 L. Colony boundaries are marked by a dashed line; (b) channeling contrast SEM image of a cross
section of the LPBF 316 L single track; (c) an electron back-scattering diffraction (EBSD) orientation
map of the marked in the (b) region; grains 1, 2, and 3 illustrate the epitaxial nucleation of colonies
from the substrate. Reproduced from [7], with permission from Elsevier, 2013.

Spherical particles were observed in the microstructure of the as-built LPBF 316 L steel (Figure 3c).
The particles were 15-100 nm in size and they were located both in the cells and at the cell boundaries
without any preferred location. No additional reflexes were observed in the diffraction patterns
taken from areas, including particles and the surrounding matrix, which implies that the particles
were amorphous. TEM EDX analysis (Figure 3d) showed that the particles contained an enhanced
concentration of Si, O, and Mn. These observations were consistent with the data obtained by
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others [22,23,25,29-31] who have also investigated LPBF 316 L stainless steel. Saeidi [22] detected
similar elements in nanoparticles observed by TEM and denoted the particles as silicates. It has been
suggested that the round nano-inclusions were chromium-containing silicates with a high viscosity
and tendency to solidify in a spherical shape to reduce surface tension. In [23], amorphous particles
containing Cr, Mn, Si, and O were studied by TEM. MnO-5iO, nanoscale rhodonite particles were
reported in [25]. Si-enriched oxide nanoparticles were also reported in [29]. In [30,31], Mn-Si-Al-O
particles with some amounts of Al were investigated by TEM EDX.

220,

#020, *200,

Counts

(©)

Figure 3. (a) Bright-field transmission electron microscopy (TEM) image of the cells oriented
perpendicular to the observation direction; (b) Bright-field TEM image of the cells oriented parallel to
the observation direction, diffraction pattern illustrates the <100> fcc zone axis orientation of the cells;
(c) nanoparticles observed in the microstructure of LPBF 316 L steel marked by arrows; and (d) TEM
energy dispersive X-ray (EDX) spectra taken from one of the particle illustrated in (c).

Formation of nanoparticles has commonly been associated with a reaction of molten powder
with residual oxygen during manufacturing. Rapid cooling from the melt resulted in the amorphous
structure of the particles observed in [32]. Another possible origin of the particles could be an oxide
layer on the feedstock powder. Auger and X-ray photoelectron spectroscopy performed by [32] showed
that the surface of the gas-atomized powder of 316 L stainless steel, which is a typical manufacturing
method for 316 L powder for LPBE contained enhanced amounts of Fe-, Mn-, and Cr-oxides. This thin
oxide layer could coalesce in the melt during the laser remelting. The spherical shape of the particles
supports the idea that they were formed in the liquid phase.
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3.2. Influence of Solidification Conditions on Microstructure and Microsegregation

A cellular microstructure that developed during the solidification of LPBF 316 L steel was observed
(Figure 1). In the laser powder fusion processes, the cellular or cellular-dendritic mode was not
uncommon. This type of microstructure has been observed for different engineering alloys like
austenitic steels, aluminum alloys Co-Cr, and nickel base alloys [5-7,10-22] manufactured by laser or
electron powder bed fusion methods. At the high solidification rates observed in the PBF processes, a
solute-rich boundary layer is built up in front of the solid-liquid interface due to the limited solute
atom diffusion in the liquid phase, thus approaching the conditions for constitutional supercooling [27].
If conditions for the constitutional supercooling described by Equation (1) are satisfied, the planar
crystallization front becomes unstable, and cellular or dendritic solidification mode is observed.

G/R < AT/D; (1)

where G is the thermal gradient, R is the solidification rate, AT is the is the equilibrium freezing range
AT = Tiiguidus — Tsotidus, and D is the diffusion coefficient of the solute in the liquid. If the gradient
G is steep, the material crystallizes in a cellular mode. If the gradient G has a gentle slope, directly
solidified dendrites with well-developed arms are formed. This phenomenon has been thoroughly
investigated in relation to welding and the conventional directional solidification processes [27].

As has been experimentally confirmed, the LPBF 316 L steel is crystallized in cellular mode,
therefore, the characteristic feature of the microstructure is the primary cell spacing. The primary cell
spacing is defined as an average distance between centerlines of adjacent primary cells.

A relationship between the primary cell spacing, A1, the thermal gradient G, and the solidification
rate R can be expressed as follows:

AMxG "R 2)

where m and n are the constants [33]. The thermal gradient G is defined as the temperature change
rate in a direction that is normal to the solid-liquid interface.

Equation (2) shows a strong correlation between A;, and thermal gradient G and solidification
rate R. The solidification rate is not a constant within the moving molten pool. At a selected point at
the solid-liquid interface, it is coupled with the energy source movement velocity by an expression
that includes a misorientation factor [19,27,34,35]:

IRI = 1VLI| X {cos («)/cos (« — B)} 3)

where R is the local velocity of the solid-liquid interface, Vi is the laser beam velocity, « is the
misorientation angle between the source movement direction and the normal to the solid-liquid
interface, and S is the angle between the normal of the solid-liquid interface and a crystallographic
orientation, along which preferable crystallization takes place. In the case of cubic crystals, this
orientation is <100>.

If the surface is molten by a moving energy source, the solid-liquid interface has a complex
shape [27], and the solidification rate and the thermal gradient are varied continuously along the
solid-liquid interface. The thermal gradient has its highest values at the bottom, and it decreases
gradually along the interface towards the end and sides of the melt pool. The solidification rate,
in contrast, is the lowest at the bottom (« approaches 90°, cos () — 0), but is the highest at the
end and sides of the pool (« approaches 0°, cos (x) — 1), see Equation (3). In an intermediate
location, the thermal gradient and the solidification rate have intermediate values with respect to the
misorientation factor, which is related to the preferred crystallization direction. Due to this, the primary
cell spacing varies depending on the location at the solid-liquid interface, and it reaches the lowest
values at points where G and V are the highest (Equation (2)).

Figure 4 presents the experimental confirmation of this discussion. Experimental results obtained
in the present investigation showed that the primary cell spacing varied at the top and bottom of the
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single tracks. The SEM study showed that the primary cell spacing in the LPBF 316 L steel was smaller
at the bottom of the single track where the thermal gradient G was the highest. This was similar to the
results reported in [19,36].
Commonly, the primary cell spacing obeys an empirical dependence on the laser scanning
speed [33,37]:
A o VK (4)

where V| is the laser scanning speed, and k is a constant. The k value has been reported as 0.5 for tool
steel [38] and martensitic stainless steel [39] manufactured by laser cladding i.e., with relatively low
solidification rates. As experimentally observed in this study, the constant k values varied between
k =0.240-0.378, as shown in Figure 4. At the higher solidification rates observed in LPBF, the diffusional
path became shorter than the length of a characteristic microstructural feature, and this dependence
was not obeyed. The laser scanning speeds used in the present investigation varied in the range of
0.08-0.28 m/s, which were very close to the transition values [37]. This can explain why the values of
the constant k, obtained from the fitted lines in Figure 4, deviated from the ~V; =% dependence. This
deviation, in turn, reflected the fact that crystallization can approach a rapid solidification regime at
which diffusional processes are suppressed [40].

142
1
£
:‘_- @®Top @Bottom
<
o 0.8
=
- y = 0.3703x 0378
o R?=0.9991
= 0.6 \ |
[ e
c
£
= 04
a
y =0.318x0-24
R?=0.996
0.2 T T T T T T |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Laser scanning speed, m/s

Figure 4. Variations of primary cell spacing in dependence on a location within the single track.
Adopted from [7], with permission from Elsevier, 2013.

In metallic materials manufactured by LPBF, microsegregations are not uncommon and they can
cause undesirable effects like hot cracking [41,42]. In LPBF 316 L steel, segregation of Cr and Mo on
cell boundaries has been reported [22,43,44]. In the present investigation, TEM EDX and APT were
carried out to study microsegregation in LPBF 316 L austenitic stainless steel. The results from the
APT are shown in Figure 5. Figure 5a represents the results from a specimen where no segregation of
Cr, Ni, or Mo were observed. On the contrary, in the specimen presented in Figure 5b, Cr segregation
was clearly visible. This inconsistency could be explained by suggesting that Specimen 1 in Figure 5a
was cut out from the cell body, while Specimen 2 was from the region containing the cell boundary,
which does not contain a boundary and, therefore, does not contain any segregation of elements at the
atomic scale. Figure 5c illustrates the size of the APT specimen, which was obviously much smaller
when compared to the cell boundary thickness.

The area with enhanced concentration of Cr in Figure 5b was quite broad, and the concentration
gradient in this area was quite smooth (Figure 5d), which is not typical for sharp microsegregations
or an ordinary high-angle grain boundary [45]. At the same time, the thickness of the area enriched
with Cr corresponded quite well to the thickness of the cell boundaries observed in TEM (Figure 3b).
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Additionally, some segregation of Si was visible, but they could be artefacts related to the migration of
Si on the surface and to crystallographic orientation of the specimen. These observations allow us to
suggest that microsegregation could occur on cell boundaries at manufacturing.
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Figure 5. (a) Variation of Fe, Cr, and Si in Specimen 1, box size 15 x 15 x 225 nm3. (b) Variation of Fe,
Cr, and Si in Specimen 2, box size 20 x 20 x 225 nm?3. The area enriched with Cr is marked with an
arrow. (c¢) TEM image of a needle used for APT investigations; and (d) Cr and Mo 1D profile obtained

from Specimen 2.

In the TEM EDX analyses carried out in the present investigations, Cr segregation was detected in
about half of the line scans performed across cell boundaries. The observed reduced repeatability in
the observation of Cr on cell boundaries by TEM EDX could be explained if solidification conditions
were taken into account. The solidification conditions of the molten pool differed depending on the
location at the solid-liquid interface, as confirmed by a variation of the primary cell spacing (Figure 4).
Consequently, it was suspected that at locations where the solidification rate was the highest, material
could crystallize in the rapid solidification regime. Under these conditions, the diffusional path and
the solidification rate are comparable, so solute atoms do not have enough time to segregate, and are
trapped in the newly formed solid phase with a random distribution [40]. This regime does not imply
a microsegregation phenomenon. If the specimen was cut from such a region, microsegregation would
not have been observed by TEM EDX, or by APT. Therefore, APT and TEM EDX investigations of
microsegregation in LPBF materials are challenging, as results can vary depending on the location of



Metals 2018, 8, 643 10 of 18

the specimen. It, nevertheless, has to be statistically investigated as the currently available data on
APT and TEM EDX of LPBF materials is limited.

3.3. Solidification Texture

The growth of colonies at LPBF is controlled by competitive crystallization. Colonies that have the
best orientation according to Equation (3) will have preferential conditions to continue growing [5,27].
Therefore, within one single layer, the majority of the colonies will have a solidification texture and will
grow at a similar angle to the laser scanning direction. This angle depends on the laser scanning speed
(Equation (3)). As the solid-liquid interface at the bottom of the molten pool is curved, a number of
colonies with different misorientations will also nucleate, following the epitaxial nucleation conditions.

Figure 6a illustrates the orientation map of LPBF manufactured 316 L stainless steel specimen,
cross sectioned along the longitudinal direction. The misorientation angle between the colony growth
direction and the laser scanning direction depends on the shape of the solid-liquid interface and
the local G and R parameters within the molten pool. Within colonies, low-angle boundaries were
also observed; shades of color (Figure 6a), and red dashed lines (Figure 6b) indicate the low angle
boundaries within a colony. It has been reported that the angle between colonies varies between 30-65°
depending on laser scanning speed [35], and the position of the colony within the molten pool [7].
The experimentally observed variations in the colony growth direction could be related to the local
crystallographic orientation of the nucleation site of each colony, nucleation of a colony at a side of the
pool, local temperature, and concentration fluctuations in the melt at manufacturing. In [19], it was
also indicated that the Marangoni flow in the molten pool might also change the heat flux direction
and affect the growth orientation of dendrites in LPBF.

c
=
i)
£
o
)
£
o
!
]

Laser scanning direction

Figure 6. (a) EBSD map of the longitudinal cross section with example of lattice orientation of
colonies; and (b) EBSD map illustrating high- and low-angle boundaries between and inside colonies.
Red color—misorientation < 10°, black color—misorientation > 10°.

In manufacturing a multilayered object, the colonies inherit the crystallographic orientation from
the previous layer due to the epitaxial nucleation (Figures 1 and 2). Therefore, each next layer inherits
the texture repeatedly, layer after layer, forming a three-dimensional solidification texture in the
final 3D object. Formation of solidification <100> texture has been reported for cubic materials like
austenitic stainless steel [5,46,47], Ni-base superalloys [9,34], Al alloys [48], tantalum [49], and others.
Strongly textured as-built LPBF 316 L samples with a high fraction of <100> oriented grains have been
investigated by [18,46], while in [47], relatively low fraction of <100> textured grains were reported.
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Figure 7 illustrates the formation of the 3D solidification texture that was observed in the present
investigation in the 316 L steel manufactured using the rescanning strategy. A schematic representation
of the mechanisms of the formation of the 3D texture is illustrated in Figure 7a. When the laser
manufactures layer “n”, it scans along the X direction. According to Equation (3), the colonies
grow along the X direction. Then, the laser scanning direction is changed by 90° and a new layer is
manufactured. The laser scans along the Y direction, and colonies, after epitaxial renucleation, grow
along the Y7 direction. Then, the laser changes the scanning direction back and colonies again grow
along the X; direction.

/
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Figure 7. (a) Schematic representation of colony growth at the selected building strategy. Xy and
Y represent the laser scanning directions, X; and Y; represent the colony growth directions. The
zig-zag line represents change in colony growth direction as the 3D layer-by-layer object is built.
(b) Channeling contrast SEM image of the cross section made parallel to the X; and Y directions, as
denoted in Figure 1a. The zig-zag pattern is clearly visible. (¢) EBSD map taken from the same area
as (b). Preferential growth directions <100> are marked with arrows; (d) Etched SEM micrograph
illustrating epitaxial nucleation and formation of the solidification texture in LPBF 316 L stainless steel.
White arrows correspond to the growth direction of cells within colonies.

In the present investigation, to visualize microstructure and texture in the LPBF 316 L steel,
the specimen was cross-sectioned so that the surface of interest was coplanar to the X; and Y;
directions. In the etched cross-section, it was seen that the cell growth direction within this colony
changed at the solidification line by 90°. This can be interpreted as a change of growth direction; for
example, from [100] to [010] within the same colony. Thus, a colony can be interpreted as a single
crystal of a zig-zag shape, with the growth direction changing from [100] to [010] subsequently in
each next layer. The EBSD map in Figure 7c confirmed this hypothesis. The zig-zag shape of a colony
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(colored in, for example, blue) was clearly recognizable. Different shades of blue within this colony
corresponded to low-angle misorientations. A reconstruction of the cubic orientations in this colony
showed that the whole colony had the same 3D crystallographic orientation through at least four layers.

Nevertheless, the colony cannot grow continuously through an infinite number of layers.
The directions X; and Y are coplanar but not orthogonal, while the angle between [100] and [010] is
90°. Due to this, a misorientation between the <100> growth directions and the laser scanning direction
accumulates, and finally, another colony will have better conditions to continue growth. This could be
a reason as to why LPBF materials show a clear solidification texture (directed solidification of colonies
through several layers), while a crystallographic texture (preferable orientation of crystal directions of
the bulk sample) is much less pronounced.

Thus, the formation of texture is attributed to the scanning and building strategies, as well as
the process-parameters. The formation of the final 3D texture is dependent on the laser scanning
directions, and therefore, it could be predicted and controlled if the manufacturing strategy is known.
Experimentally, the possibility to control microstructure through adjustments of the scanning strategy
and process parameters has been presented for DED Ni-base alloys [34,50] and LPBF Ni- [51,52],
and Al-alloys [48].

3.4. Mechanical Properties

Commonly, when compared to conventional wrought material, 316 L steel manufactured by LPBF
has higher yield and ultimate tensile strength, but lower ductility. Quite remarkable variations of
yield strength (300-600 MPa), ultimate tensile strength (350-650 MPa), and elongation (10-60%) are
usually observed [5,6,18-21,29,36,44,46,47]. Higher strength could be associated with fine structure,
high dislocation density, cellular structure, and the presence of nanoparticles. Additionally, tensile
characteristics have been found to vary depending on the building direction and manufacturing
strategy. A lower elongation in LPBF material is associated with high strength; additionally, porosity
and internal defects contribute to a large scatter in elongation values. A summary of the mechanical
characteristics of LPBF 316 L steel can be found in [5,6,44].

Figure 8 illustrates the dependence of the hardness of AM and conventional 316 L steel on the
inversed square root of primary cell spacing. Hardness values of LPBF 316 L steel have been collected
from our own measurements and from the literature [19,22,23]. For a comparison, hardness for 316 L
steel manufactured by direct laser deposition was collected from [36,53-56]. Hardness for conventional
and nanoscale 316 L steel was found in [57-59]. It can be seen that the experimentally observed data of
hardness in AM 316 L steel agreed well with a linearized Hall-Petch dependence for conventional
materials with different grain size. Therefore, it is possible to conclude that the primary cell spacing is
the key microstructural parameter controlling strength and hardness characteristics in the laser-assisted
additive manufactured materials. This is an important observation because the primary cell spacing
can be directly controlled through alterations of laser power and laser scanning speed [7].

Although the hardness of LPBF materials can be described quite well by a Hall-Petch relationship,
the experimental results had quite a remarkable scatter. It has been experimentally demonstrated that
the primary cell spacing is smaller at the bottom of the molten pool and therefore, the hardness
measured there is higher [7,36,43]. This is an important factor causing the large scatter of the
experimentally measured hardness values. Other factors that influence the hardness of PLBF stainless
steels are, for example, the interaction of dislocations with the particles [22,23,25,29], residual stresses,
material porosity, and defects. These factors may result in a strengthening or weakening effect, thus
increasing spread in the experimentally measured data. For example, a decrease in hardness from 225
to 162 HV10 was observed as porosity increased from 0.38% to about 8.84% [60].
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Figure 8. Dependence of microhardness of 316 L stainless steel on primary cell spacing and grain size
in LPBF and conventional coarse- and nano-grained 316 L steel [19,22,23,36,53-59].

3.5. Thermal Stability

To remove thermal stresses, a stress relieving post-treatment is often required for LPBF objects.
The stress relieving temperature of 316 L stainless steel is 700 °C or above [61]. At these temperatures,
thermally activated processes affect the microstructure and properties of the material. Recovery
processes, which are related to the dynamics of dislocations, involve interaction, annihilation, and
non-conservative movement of the dislocations. Recrystallization leads to the migration of grain
boundaries and grain growth. In AM 316 L materials, two types of boundaries are observed. The cell
boundaries are formed by dislocations. They are dislocation structures rather than regular grain
boundaries (Figure 3). The colony boundaries are prior regular high-angle austenite grain boundaries.

The primary cell spacing, as illustrated in Figure 8, governs hardness and strength. Therefore,
the stability of the cells has to be directly related to the control of the stability of strength of the AM
316 L material. To investigate the stability of the cellular structures in the present study, a number of
isothermal 15 min heat treatments at temperatures in a range of 450-1050 °C were conducted. After the
heat treatments, the microstructure of specimens was investigated. Figure 9 shows the microstructures
of the AM 316 L material in as-built and heat-treated (15 min at 800 and 900 °C) conditions.

It is seen (Figure 9a,b) that the cell boundaries were still stable after heat treatment at 800 °C.
After heat treatment at 900 °C, the cells were no longer observed (Figure 9c). Similar observations
of cell stability have been reported in [62,63]. Colonies, in contrast, were quite stable. Even
after 15 min at 1050 °C, no remarkable colony growth was observed. These observations were
in agreement with the results published in [22,25,64], where recrystallization and grain growth in LPBF
316 L material were observed after annealing for 30-60 min at temperatures between 1060-1400 °C.
The experimentally observed recrystallization temperatures of LPBF 316 L steel were higher than
those in conventional materials where static recrystallization starts after annealing for 30-60 min at
temperatures 750-900 °C [61]. This can be explained by stabilization of the colony boundaries due to
the segregation of solute atoms.

The microstructural changes correlated well with changes in the hardness measured after the heat
treatments (Figure 10a). After heat treatments below 800 °C, the hardness did not change remarkably.
Some decrease in hardness could be associated with the relaxation of the residual stresses, which are
usually high in as-built AM materials. It can be seen in Figure 9, that up to 800 °C, the cells were
stable. At 850-900 °C, the cells disappeared, and hardness also decreased. After annealing at 1000 °C,
the hardness reached values typical for annealed coarse-grained conventional materials [65].
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(a) (b) (c)

Figure 9. SEM images illustrating microstructures of LPBF 316 L steel in (a) as-built, and after 15 min
annealing, (b) at 800, and (c) at 900 °C.
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Figure 10. (a) Changes of primary cell spacing and microhardness of LPBF 316 L stainless steel
depending on heat treatment; and (b) bright-field TEM image of the nanoparticles and dislocations
after annealing.

TEM of the annealed specimens carried out in the present investigation showed that the particles
had quite high thermal stability and did not change size after heat treatments. Figure 10b illustrates
the interaction of dislocations with the particles, confirming possible Orowan looping mechanisms.
Similar oxide particles have been suggested to contribute to the hardness and strength of the as-built
LPBF 316 [22,23,25,29]. Nevertheless, the present investigation showed that after annealing, the
hardness of the LPBF 316 steel was 198 HV, which was lower than the 210-220 HV (95 HRB) mentioned
as typical for annealed wrought 316 L steel that does not contain such particles [65]. Therefore,
a contribution of the particles in the strengthening effect due to the Orowan looping could be considered
as quite insignificant. Instead, the formation of cells in the microstructure is believed to be the main
strengthening mechanisms leading to the high hardness and strength values observed in as-built LPBF
316 L stainless steel.
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4. Conclusions

e  As-built microstructure in AM 316 L consists of colonies of cells. Boundaries between cells are not
regular high-angle grain boundaries, but rather, dislocation structures of 100-300 nm in thickness.

e  The size of the cells in the colonies depends on the manufacturing conditions and may vary even
within a single track. The segregation of elements on the cell boundaries is presumably a function
of the solidification conditions, and it may vary in AM 316 L manufactured at different laser
powers and scanning speeds.

e Primary cell spacing is the key parameter that controls strength, following the Hall-Petch
relationship. In many cases, deviations from the Hall-Petch relationship can be explained by
variations of the primary cell spacing through the LPBF material and porosity.

e  Solidification texture is formed by colonies that grew through several layers. The texture was
controlled by the manufacturing strategy. This phenomenon provides an opportunity to design
the microstructure and anisotropy in the final LPBF 316 L component.

e  Cells within colonies are stable up to 800900 °C, after that they disappear. The disappearance of
cells directly results in a decrease in hardness. Colony growth was not significant until 1050 °C.

e Nanoscale oxide particles probably form from surface oxide, or due to oxygen pick up during
manufacturing. They are stable and do not coalesce or change shape after heat treatment up to
1050 °C. The contribution of these nanoscale particles to hardness of LPBF 316 L material seems
to be insignificant, since after heat treatment the hardness of LPBF 316 L steel approached values
typical for conventional coarse-grained material.
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