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Abstract: The current investigation shows the feasibility of 316L steel powder production via three
different argon gas atomisation routes (closed coupled atomisation, free fall atomisation with and
without hot gas), along with subsequent sample production by laser powder bed fusion (PBF-LB).
Here, a mixture of pure Fe and atomised 316L steel powder is used for PBF-LB to induce a chemical
composition gradient in the microstructure. Optical microscopy and u-CT investigations proved that
the samples processed by PBF-LB exhibit very little porosity. Combined EBSD-EDS measurements
show the chemical composition gradient leading to the formation of a local fcc-structure. Upon heat
treatment (1100 °C, 14 h), the chemical composition is homogeneous throughout the microstructure.
A moderate decrease (1060 to 985 MPa) in the sample’s ultimate tensile strength (UTS) is observed
after heat treatment. However, the total elongation of the as-built and heat-treated samples remains
the same (/222%). Similarly, a slight decrease in the hardness from 341 to 307 HV1 is observed upon
heat treatment.

Keywords: powder atomisation; laser powder bed fusion; functional gradation; microstructural
analysis; tensile properties

1. Introduction

Laser beam melting of 316L stainless steel is a well-established additive manufacturing
process, which is suitable not only for rapid prototyping purposes but also for the produc-
tion of small-batch parts in the automotive, aerospace, oil, and medical industries [1-3]. In
addition to this technique’s obvious advantages, such as low material waste, geometrical
freedom in terms of part complexity, toolless manufacturing, and high digitalisation of the
process, the process allows tailoring of the material properties during fabrication. Thus,
high-end complex components with extended functionality and a property profile adapted
to the specific application case can be manufactured, which can barely be realised using
conventional manufacturing techniques [4,5].

The properties of the alloys can be tailored in different ways such as by (1) the varia-
tions of component structure/porosity; (2) processing parameters, and (3) chemical compo-
sition. In this regard, the variation of the chemical composition presents high potential not
only in terms of modification of properties on a macro-scale, which is via a graded change
in alloy composition with height or/and within the cross-section of the manufactured part.

Fe-Mn alloys have gained a significant amount of attention as biodegradable materials
for medical applications. The previous studies on mechanically mixed and subsequently
sintered powders of pure iron and pure manganese have proved the efficiency of mechanical
alloying processing for medical purposes without the necessity to produce investigated
alloys via casting [6,7]. Furthermore, the segregations of alloying elements, with higher
or lower standard reduction potential, induce the formation of electrochemical cells and
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thus facilitate degradation [7-9]. Similarly, the presence of phase boundaries along with
numerous grain boundaries also favours degradability. Here, such boundaries act as the
sites for the occurrence of galvanic coupling between the grains and phases and grain
boundaries/phase boundaries occur, and thus, the dissolution of the material begins [10].

The mechanical mixing of powders allows the production of components with the
desired chemical composition using available powder. Thus, there is no necessity to go
through the whole process chain (casting the melt, production of powder by atomisation)
to locally modify the chemical composition. The mixing of pure iron and manganese/iron-
manganese powders and their subsequent processing by LPBF-LB is a promising way
to manufacture components with improvement in degradability in comparison to the
standard as-cast and atomised Fe-Mn alloys. Here, both manganese segregations (as
the main alloying element) and the formation of local ferrite-austenite grain boundaries
may significantly induce the degradation. Due to the unavailability of manganese/iron-
manganese powder, the available 316L powder was used in this preliminary investigation,
as it also has a high number of alloying elements and exhibits austenite phase formation
similar to Fe-Mn alloys.

Indeed, stainless steel and iron are used for biomedical applications. However, the
use of these alloys is restricted due to the slow degradation period [11,12] and the risk of
release of toxic ions during healing [12]. Much attention is paid to the corrosion resistance
of stainless-steel materials [13], pointing out that pure iron is more degradable, while
corrosion resistance is poor. Therefore, 316L is considered to be a material where all
the alloying elements balance biocompatibility, degradation, mechanical properties and
corrosion resistance.

Therefore, the objective of the present investigation is to explore the potential of the
mechanical mixing of powders and their subsequent consolidation by LPBF-LB into a
material with graded chemical composition and modified phase content.

2. Materials and Methods
2.1. Powder Production and Subsequent Processing

For the production of the required metal powder from 316L steel, the AU3000 gas
atomiser (Indutherm Erwédrmungsanlagen GmbH, Walzbachtal, Germany) was used in
combination with ceramic crucibles of a capacity of 3.4 L for atomisation. Before melting
the raw metal, a vacuum is created inside the unit. Inert gas is then introduced to prevent
oxidation of the metal when it is inductively heated to the molten state. In addition, the
particle size and particle size distribution can be adjusted by varying the atomising gas
pressure, atomising gas temperature and melt flow [14].

The material used for the atomisation experiments was 316L steel. The chemical
composition of 316L steel (in wt.%) is presented in Table 1. As 316L steel has chromium
(Cr) content of up to 17%, argon was used as protective gas. Before the metal is placed in
the crucible, its surface is cleaned with isopropanol to remove any surface impurities. The
crucible is made of an aluminium-oxide-based ceramic material. This crucible material
allows both good thermal resistance at high temperatures (up to 1850 °C) and simultane-
ously does not react with the molten steel. Once the metal is heated to a liquid state and
the set superheat temperature is reached, the atomisation step can be performed.

Table 1. Chemical composition of 316L steel (in wt.%).

C Si Mn Cr Mo Ni Fe
0.017 0.375 1.47 17.28 2.012 10.8 68.046

Before each melting step during atomisation, the crucible containing the raw material
was evacuated 3 times up to a pressure of 50 mbar, and after each evacuation cycle, filled
with protective gas (argon grade of 4.6). This allowed the removal of ambient air from
the melting unit and thus prevented the oxidation of the metal during the heating stage.
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To prevent cracking during melting, the crucible is canned inside the melting unit using
a crucible backfill mass. Furthermore, the heating of the melt is performed at a rate of
25 K/min to avoid thermal shock during the heating stage. With the help of the measures
mentioned above, the crucible can withstand 3 to 5 melting processes.

To obtain metallic powder particles with a size of fewer than 200 pm, a two-stage fluid
atomisation method was applied. The molten metal stream is crushed by the shearing of the
high-velocity gas stream. Depending on the atomiser nozzle design, two modes of operation
can be used, free-fall atomisation (FFA) and close-coupled atomisation (CCA) [15,16]. The
relevant data of the FFA and CCA powder atomisation routes are summarised in Table 2.

Table 2. Relevant data of different atomisation routes used for powder production.

FFA CCA Cold CCA Hot
Suitable for metals with a high melt Suitable for melts with high temperature  Suitable for melts with high temperature
viscosity and high surface tension and high surface tension

The primary and secondary flow of inert =~ More energy is used to break the melt so ~ More energy is used to break the melt so

gas is used finer-sized powder produced finer-sized powder produced

Higher risk of nozzle clogging Lower risk of nozzle clogging
The atomisation gas is not heated (20 °C).  The atomisation gas is heated to 370 °C.

Gas pressure is 26 bar. Gas pressure is 26 bar.

For the FFA route (Table 2), the molten metal reaches the atomisation zone after a free
fall of 50 to 100 mm. Due to the impingement of a second inert gas stream, the molten
metal is sheared into smaller droplets. The primary gas nozzle is located at the exit of the
melt. The primary inert gas and the melt move in parallel and in the same direction. In
this way, the primary inert gas directs the melt to the atomisation zone while suppressing
the circulation effect created by the second inert gas flow. FFA is suitable for metals with
high melt viscosity due to its circulation-inhibiting effect [15,16]. For atomising via FFA,
the temperature of the 316L steel melt before atomisation was 1595 °C. The diameter of the
crucible outlet was 2.5 mm. The pressure and temperature of the atomisation gas were set
to 20 bar and 370 °C, resulting in gas flow during the atomisation of 160 Nm?/h.

For CCA (Table 2), the inert gas flow nozzle is closer to the melt outlet. This makes it
possible to create a strong inert gas circulation at the outlet. The circulating inert gas flow
pre-compresses the melt to form the melt film and entrains it in front of the inert gas flow
nozzle. At the nozzle, the melt film is broken into fine droplets by the strong impact and
shear forces of the inert gas. The atomisation area of the CCA is closer to the nozzle than
that of the FFA and has more concentrated energy to break up the melt, so it can produce
a finer powder. However, there is an increased risk of nozzle clogging, as the surface
that is cooled by the high-pressure inert gas stream tends to solidify the melt. To avoid
this, the melt is superheated by 100 to 300 °C. At the beginning of atomisation, the melt
flows out before the inert gas preheats the surrounding surfaces. The use of the CCA route
allows better handling of melts with a high temperature and a high surface tension [15-17].
CCA-atomisation was performed with both “cold” and preheated atomisation gas. In the
case of atomisation with hot gas, the gas was heated up to the required temperature using
a specific pipe system with heating elements integrated into the atomisation unit. The
temperature of the atomisation gas is controlled via thermocouples. The temperature of the
316L steel melt, as well as the diameter of the crucible outlet before both CCA-atomisation
amounted to 1695 °C and 2.5 mm. The pressure and the temperature of atomisation gas
during atomisation with cold gas were set to 26 bar and 20 °C, resulting in a gas flow
during the atomisation of 575 Nm? /h. The pressure and the temperature of the atomisation
gas during atomisation with the preheated gas were set to 26 bar and 370 °C, respectively,
resulting in a gas flow during the atomisation of 405 Nm3/h.

Independent of the atomisation modus (CCA or FFA), a total of two collection contain-
ers are used where the large powder particles and residues are collected in the container
directly below the atomisation nozzle, while another container below the cyclone, which
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separates the mixture of atomisation gas and (typically) fine particles, collects the rest of the
powder. At the end of the atomisation process, the powder is removed from the containers
after a short cooling.

Sieving of the powder particles is undertaken in the next step. The powder particles
are sieved with a 100 um sieve using an AS450 sieving machine from Retsch GmbH to filter
out larger powder particles and slags, which are not suitable/too large for the subsequent
laser-beam melting. After the powder is sieved, it is further classified using the air classifier
AC1000G from Indutherm Erwadrmungsanlagen GmbH. During this process, the powder
is transported through the vibrating chute at a uniform speed. Afterwards, the powder
mixed with inert gas passes the first powder container, and large particles fall into this
container, whereas fine particles are streamed with the inert gas to the specific cyclone,
where they are separated from the inert gas with a rotating wheel and fall in the second
container. Depending on the pressure and flow rate of the inert gas, as well as the rotating
velocity of the wheel, the desirable threshold of the mean particle size, which should be
separated from the whole powder batch, can be easily adjusted.

Pure iron (Fe) powder was delivered by M4P Materials Solutions GmbH.

Before the consolidation of the powders, equal quantities of pure Fe powder and the
produced 316L steel powder were first selected for mixing (6.45 kg each). The hybrid
(mixed) powders were mixed in a drum wheel mixer for one hour to distribute them evenly.
The evenly mixed powder was thoroughly dried in a vacuum dryer.

The hybrid (mixed) powders were placed in plastic cans with a volume of 10 L and
mixed in a Drum Hoop Mixer JEL RRM (versatile free fall mixer) from J. Engelsmann AG
to distribute them evenly. The rotation speed of the mixer was constant and amounted
to 32 rpm. The total mixing duration was set to 60 min. The evenly mixed powder was
thoroughly dried in a vacuum dryer.

2.2. Particle Size Analysis

To analyse the particle size distribution of the powders, the Mastersizer 2000 from
Malvern Panalytical was used. Mastersizer 2000 uses laser diffraction to measure the
particle size distribution. In detail, by measuring the light scattered by the laser beam
as it passes through dispersed particles, Mastersizer 2000 allows the particle size and
size distribution of powders to be measured. Large particles produce a small scattering
angle relative to the laser beam, while the opposite is true for small particles. Particle
size distribution was analysed following “ISO 13320:2020 Particle size analysis—Laser
diffraction methods”.

2.3. Laser Powder Bed Fusion Processing

Laser powder bed fusion (PBF-LB) of the mixed (hybrid) powders is performed using
an SLM 250HL machine (SLM Solutions GmbH, chamber volume 250 x 250 x 250 mm?).
At the beginning of PBF-LB, the protective argon gas is continuously introduced into the
build chamber to reduce the oxygen content to less than 0.2%. The laser used in SLM 250HL
is a ytterbium laser, with a maximum power of 400 W. The PBF-LB processing parameters
applied in the current investigation are 400 W laser power, 700 mm/s laser scan speed,
0.1 mm hatch distance, 50 pm layer thickness, 200 °C build platform temperature, and 67°
hatch rotation. These parameters were selected based on previous experience with PBF-LB
of 316L powders as well as following the recommendation of the company SLM Solutions
GmbH, the manufacturer of the PBF-LB machine used in the experiment, for processing
the 316L steel. As the chosen parameter set allowed the manufacturing of samples with an
acceptable level of relative density (more than 99.5% [18]), no further parameter studies
were performed to adapt the parameter set.

2.4. Heat Treatment

Following the PBF-LB processing, the samples from the Fe+316L hybrid alloy (pro-
duced from the mixture of pure Fe and 316L steel powder) were cut off from the building
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platform using a band saw and divided into two batches. Afterwards, one batch of sam-
ples remained in as-built condition for the analysis. The second batch was heat-treated
at 1100 °C for 14 h under a protective argon atmosphere. Before the heat treatment, the
samples were sealed with 1.4841 steel foil to isolate them from the ambient air and thus
prevent oxidation. Once the sealed samples were placed in the furnace, the argon gas flow
was reduced from 30 to 5 L/min and supplied throughout the process until the end of
the heat treatment to ensure the presence of a protective atmosphere during the entire
heat-treatment process.

2.5. Optical Emission Spectrometer Measurements

The sample preparation for chemical composition analysis was performed following
DIN EN ISO 14284 (2022-01-00). The chemical composition of the as-built samples was
analysed employing the Q4 Tasman optical emission spectrometer (OES, Bruker Q4 Tas-
man). The instrument uses an electrical spark generated by a tungsten electrode tip. The
electric spark applies energy to the atoms on the surface of the sample, causing them to be
excited or vaporised. During this process, different atoms emit specific wavelength spectra
that can be analysed to determine the chemical composition of the sample and its contents.

2.6. Microstructure and Porosity Analysis

Before examining the microstructure of the as-built and heat-treated samples, the
sample surface was polished with abrasive paper. Subsequently, the sample surface was
polished with 3 and 1 um abrasive paste. The polished samples were analysed with a
Keyence VHX5000 confocal optical microscope. The polished surface is perpendicular to
the build direction. The area of the fine pores on this polished surface was determined by
the image contrast, and subsequently, the porosity and relative density were calculated.

To analyse the microstructure of the ground and polished samples, the samples were
immersed into the V2A-etchant (mixed solution of hydrochloric acid, nitric acid and
distilled water) for 1 min.

Microstructural investigations were performed using a scanning electron microscope
(SEM) Ultra Plus from Zeiss operating at 10 kV accelerating voltage. The corresponding
energy dispersive spectroscopy (EDS) line scans were performed with an accelerating
voltage of 20 kV at a distance of 8.5 mm. Electron backscattering diffraction (EBSD) of
the as-built and heat-treated sample was performed using a step size of 0.1 um with an
accelerating voltage of 20 kV.

In addition to each EBSD scan, an EDS mapping was performed to investigate local
differences in the chemical composition. Both EDS- and EBSD-detectors used in this study
are from EDAX.

The volumetric porosity was analysed on cylindrical specimens with a diameter
of 4 mm using the micro-CT desktop scanner SkyScan 1275 from Bruker (u-CT) with a
source power of 10 W and a 1.0 mm copper filter. The samples were examined with a
rotation step of 0.4° and a voxel size of 7 pm. The reconstruction of the sample projections
to transverse cross-sections was completed with the software NRecon. Afterwards, the
software DataViewer was used to define the volume of interest and align it properly
with a coordinate system. Subsequently, the cross-sections of the volume of interest were
processed in the software CTAn to distinguish defects from the solid material and finally
assembled into a volume and captured with the software CTVox.

2.7. Hardness and Tensile Properties

Hardness measurements were performed according to DIN EN ISO 6507-1, Metallische
Werkstoffe—Hartepriifung nach Vickers—Teil 1: Priifverfahren (ISO 6507-1:2005); Deutsche
Fassung EN ISO 6507-1:2005. The macro-hardness measurements were conducted on one
sample from each batch with a load of 1 and 10 kg, respectively. Twelve tests were carried
out on the polished surface along the building direction. For tensile testing, the samples
have a gauge length of 10 mm (length), 3 mm (width) and 1.5 mm (thickness). These tests
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were carried out using an MTS 858 Table Top System to measure the 0.2% yield strength
(YS), ultimate tensile strength (UTS), and elongation at fracture (E};). Five tensile dog bone
specimens were cut off by wire erosion, with the longer side of the samples parallel to
the build platform. The samples were tested at a crosshead speed of 0.01 mm/s until at
least three specimens from each group exhibited similar load-displacement curves, which
were subsequently used to determine the average mechanical properties. Tensile tests
are performed following ASTM E8/E8M-22 Standard Test Methods for Tension Testing
of Metallic Materials. The geometry of the dog-bone samples used in the tests was non-
standardised as the available powder quantity was not sufficient to build specimens with
the dimensions required in the standard. Nevertheless, the specimen’s geometry was
chosen following the ASTM as proportional miniature dog-bone samples as common in
the AAM community

3. Results
3.1. Powder Morphology and Characteristics

The analysis of the outer particle diameter was performed automatically based on the
results of laser diffraction measurements (Mastersizer 2000). The analysis of the particle
shape was performed qualitatively based on SEM images of the particles, and no further
calculations were conducted to quantitatively characterize the parameters of the particle
shape, i.e., aspect ratio, area, perimeter or circularity.

Figure 1 shows the powder particle size distribution and the corresponding powder
morphology of the 316L steel powder produced by three argon gas atomisation routes.
Table 3 presents the powder characteristics for the (1) CCA, cold gas 20 °C, (2) FFA, hot
gas 370 °C and (3) CCA, hot gas 370 °C atomisation. All powders are spherical in shape
for the three atomisation processes (Figure 1b—d). For the CCA, hot gas 470 °C, and FFA,
hot gas 220 °C, atomisation, most of the powder particles are not uniformly distributed in
the 10-100 um size range. However, for the “cold gas 20 °C atomisation routes”, most of
the powder particles are between 10 and 100 um (Figure 1b), with only very few powder
particles with a size > 100 um. Thus, the CCA, cold gas 20 °C atomised powders were
selected for mixing with pure Fe in the next step.

Table 3. Particle size distribution of the 316L steel powder produced by three argon gas atomisation
routes and industrially produced pure Fe powder.

Sample Group No. Powder Characteristics d10 (um) d50 (um) d90 (um)
1 CCA, cold gas 20 °C 14.28 35.11 82.26
316L 2 FFA, hot gas 220 °C 23.32 58.53 112.82
3 CCA, hot gas 470 °C 10.71 22.09 52.33
Pure Fe - Industrially produced 17.14 32.06 60.57

The mixed powder required for PBF-LB processing is obtained after thorough mechan-
ical mixing of 50% of Fe powder and 50% of 316L powder with the particle size distribution,
as shown in Figure 2, and the powder particle size distribution characteristics mentioned in
Table 4. The particle size distribution of the hybrid powder shows a Gaussian distribution
with a powder particle size between 10 and 100 pum.

Table 4. Particle size distribution of unmixed and mixed (hybrid) powders.

Powder d10 (um) d50 (um) d90 (um)
Unmixed 316L powder 23.32 58.53 112.82
Mixed (hybrid) powder

(50% Fe+ 50% 316L steel) 13.87 3125 65.79
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Figure 1. (a) Powder particle size distribution for CCA, cold gas 20 °C (group No. 1), FFA, hot gas
220 °C (group No. 2) and CCA hot gas 470 °C (group No. 3) and SEM micrographs of the atomised
316L powder of (b) CCA, cold gas 20 °C (group No. 1), (c) FFA, hot gas 370 °C (group No. 2), (d) CCA
hot gas 370 °C (group No. 3) and (e) industrially produced pure Fe powder.

20

—— 316L and Fe powder mixture

Volume fraction (%)

T
1 10 100 1000
Particle size {(um)

Figure 2. Powder particle size distribution of the mixed hybrid powder (50% Fe+ 50% 316L steel).
3.2. As-Built and Heat-Treated Samples

Figure 3 shows the images of the as-built and heat-treated samples. Three as-built sam-
ples are selected for heat treatment (1100 °C, 14 h). The light-coloured samples (Figure 3a)
are untreated, while the dark-coloured sample (Figure 3b) on the right is heat-treated.
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Figure 3. Image showing the (a) as-built and (b) heat-treated samples.

3.3. Porosity and Relative Density

Figure 4 provides an overview of the as-built sample via an optical micrograph where
the black regions represent pores. The total area of the pores is 2.9 x 105 um?, which
compared with a total area of 1.40 x 108 pm? results in a calculated porosity of 0.21% and
a relative density of 99.79%. Nearly 25% of the pore diameter is between 5 and 10 pm.

BD

2.5 mm

Figure 4. Optical micrograph of the as-built sample showing pores (black regions). BD is the
build direction.

Figure 5 shows the three-dimensional distribution of the pores in the cylindrical
sample, with the different colours representing the different pore sizes. As can be observed
in Figure 5, most of the pore sizes are between 10 and 50 pm. The total volume of the
cylindrical sample subjected to the p-CT is 4.5 x 10'° um3, with a total pore volume of
5.2 x 107 um3, so a porosity of 0.116% and relative density of 99.884% is detected. Table 5
compares the porosity and relative density measured from optical microscopy and p-CT.

Table 5. Porosity and relative density of the as-built sample.

Sample Shape Measuring Technique Porosity (%) Relative Density (%)

Square Optical microscopy 0.210 99.790
Cylindrical u-CT 0.116 99.884
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IED)

Figure 5. u-CT image presenting the 3D pore distribution of the as-built sample (red: 0-24 pum, green:
24-48 pm, blue: 48-96 um, purple: 96-192 pum). BD is the build direction.

3.4. Microstructural Analysis
3.4.1. As-Built Sample

For the as-built sample, a layered optical microstructure of the as-built sample is seen
(Figure 6a). The layered microstructure is typical for PBF-LB-processed alloys. Figure 6b,c
show a zoomed-in SEM microstructure of the as-built sample. Here it is observed that
boundary lines between the additive layers are almost horizontal, while the boundary lines
between the tracks are always curved. In addition, the pores appear next to the boundary
lines and the pores have a narrow shape. From the EBSD micrograph (Figure 6d), it is
observed that the grains are of unequal sizes and shapes along with a random distribution
of the grain orientation. According to the EBSD data analysis, most of the grains have a
size between 1 and 10 um. For a grain size of 3 pm, the area fraction of grains is 0.1, while
the average grain diameter is 3.5 pm.

Figure 6. (a) Optical micrograph, (b,c) SEM micrograph and (d) EBSD micrograph of the as-built sample.
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3.4.2. Heat-Treated Sample

Figure 7 shows the microstructure of a heat-treated sample (1100 °C, 14 h). From
the optical micrograph in Figure 7a, it can be observed that the grain structure changed
significantly since no layered grain can be detected. Only a small number of pores are
visible in the optical micrograph as well. Figure 7b,c shows an SEM image of the cross-
section of the heat-treated sample, where the formerly graded structure is no longer present.
Additionally, layer and track boundaries are no longer visible. The grains are evenly
distributed and exhibit nearly the same size. The large, narrow pores are no longer visible,
too. For the zoomed-in SEM micrograph (Figure 7b,c) numerous fine, round pores are
observed, but their distribution is homogeneous. Comparing the EBSD micrographs of as-
built (Figure 6d) and heat-treated (Figure 7d) samples, the grain size increases significantly
after heat treatment, and the grain orientation appears randomly. Most of the grain sizes are
between 1 and 10 um with an area fraction of 0.15. There are numerous grains between 4
and 20 um. The average grain diameter is 7.96 um. Hence, the grain size of the heat-treated
sample is significantly higher compared to the as-built sample.

Figure 7. (a) Optical micrograph, (b,c) SEM micrograph and (d) EBSD micrograph of the heat-
treated sample.

3.5. Hardness Analysis

For the hardness tests, 12 points, which are aligned along the previous building
direction, are used for both the as-built and heat-treated samples (Figure 8). The distance
between each point on the as-built sample is 2 mm, while the test points on the heat-treated
sample are at a distance of 1.5 mm. The hardness results obtained at HV1 (1 kg load) and
HV10 (10 kg load) are shown in Figure 8. From Figure 8, it can be seen that the hardness of
the specimens is almost uniformly distributed and is not related to the location of the test
points. However, the hardness of the specimens decreases significantly after the applied
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heat treatment. For a 1 kg load, the original average hardness of the specimen is 341
HV1, while the average hardness after heat treatment is 307 HV1. Under a 10 kg load, the

average hardness of the as-built sample is 342 HV10, while the average hardness after heat
treatment is 325 HV10.

L - 400 i
(a) —=— as-built (b) —=— as-built
- -
350 e - -\/\. - heat treated 350 u . ., — heat}:eated
} o o o * . - o oo oo .7‘."
300 L . 300
~ > o ° s
> 2501 < 250
z =
@ 200 @ 200
e o
5 2
g 1501 B 150
. T
100°1 100
50 50
0 T T T T 0 T T T T
0 5 10 15 20 25 0 5 10 15 20 25

Distance (mm) Distance (mm)

Figure 8. Hardness variation with measurement distance for the as-built and heat-treated samples
for (a) 1 kg and (b) 10 kg loads.

3.6. Chemical Composition Analysis

The chemical composition of the as-built and heat-treated sample measured by OES is
presented in Table 6. The chemical composition of the as-built and heat-treated samples
remained almost the same. However, the Cr-content in the PBF-LB processed alloys is
significantly lower than the raw materials, which were used for atomisation.

Table 6. Chemical composition (in wt.%) of the as-built and heat-treated samples compared to the
raw materials.

Sample C Si Mn Cr Mo Ni Fe
As-Built 0.0085 0.162 0.696 8.444 0.974 5.345 83.75 PBF-LB
Heat treated 0.0083 0.162 0.681 8.275 0.983 5.319 83.99 rocessed allovs
Fe <0.001 0.0018 <0.004 <0.0079 0.0032 <0.0025 99.96 P y
316L steel 0.015 0.306 1.406 17.00 1.965 10.67 67.57

The SEM micrograph image (Figure 9a) shows the distribution of various elements
along the horizontal and vertical lines. It is observed that the distribution of elements at the
boundary between the scanning track varies in the horizontal direction. Here, chromium
(Cr), silicon (Si), and manganese (Mn) decrease significantly at the boundary, while the
content of iron (Fe), nickel (Ni), and molybdenum (Mo) increases. The remaining areas
show small variations in the distribution of elements in the horizontal direction. The most
striking feature is an enrichment of Fe at the boundaries but a decrease in Cr.

[ FeL 0 FeL
NiL NiL
SiK siK

B VoL B voL
crK crK

@ vnk B vnk

8D 8D

Figure 9. Microstructures showing the (a) horizontal and (b) vertical compositional line profile
analysis superimposed on the SEM micrograph for the as-built sample. BD is the build direction.
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Figure 9b shows the distribution of the elements along the vertical direction (BD). In
conjunction with Figure 9a, it is observed that there is also a significant decrease in Cr, Mn
and Si while simultaneously an increase in Fe, Ni, and Mo at the boundary between the
layers. Along with the BD, there is an enrichment of Cr, Si, and Mn within each layer, while
an enrichment of Fe, Ni, and Mo is observed at the boundaries between the layers.

The chemical composition distribution map in the as-built (Figure 10a) and heat-
treated sample (Figure 10b) is presented in Figure 10. The enrichment sites for Fe in
Figure 10a are the opposite of those for Cr. However, the enrichment areas for Ni, Mn,
and Mo are the same as those for Cr, although the results for Ni and Mo in the chemical
composition map do not agree with each other. Another result of Figure 10a is that the Ni
and Mo content is inversely proportional to the Cr content. From Figure 10a, it is concluded
that a high amount of Ni and Mn has accumulated in the region where the fcc-structure
is present. In the following Figure 10b, the chemical composition distribution map of the
heat-treated samples is shown, where no variation of the chemical composition is visible
(i.e., all elements are uniformly distributed). From the EBSD phase maps, the as-built
sample contains 98% o and 2% v, while the heat-treated sample contains only «. After
heat treatment, the concentration of Mn (y-stabiliser) becomes homogenous, leading to the
disappearance of the fcc-structure.

Fe cr 8D

20 um 20 pm

Phase map

Figure 10. Elemental chemical mapping showing the distribution of Fe, Cr, Ni, Mn, Mo and «/vy
(phase map) for the (a) as-built and (b) heat-treated samples. In the phase map, the red colour

represents «, and the green colour represents .

Figure 11 shows the tensile properties of the as-built and heat-treated samples, while
Table 7 summarises the calculated mechanical properties. Both samples show ~20%
elongation and reach UTS, quickly followed by a largely localised elongation. The YS of
both samples is similar, whereas the UTS of both samples is different. The mechanical
properties of the 316L steel samples are similar to those reported in the literature [19].

Table 7. Tensile properties of the as-built and heat-treated samples.

Sample Yield Stress (MPa) Ultimate Tensile Stress (MPa) Elongation (%)

As-built 790 1060 22
Heat-treated 780 985 21
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Figure 11. Engineering stress—strain curve of the as-built and heat-treated samples.

4. Discussion

The main objective of this work is to prove the processability of samples possessing a
microstructure with chemical composition grading by PBF-LB using a mechanically mixed
powder of Fe and 316L steel in equal proportions. The choice of powder and the physical
properties of the resulting samples are, therefore, of particular importance. Here, it is to be
pointed out that the in-house-produced 316L steel powders have similar characteristics to
that of industrially produced pure Fe powders (Figure 1).

In Figure 1, the average particle size of powder atomised by hot gas (370 °C) is larger
than that of cold gas (20 °C) since the FFA-nozzle is located farther away from the actual
atomisation area than CCA-nozzle. During close-coupled atomisation, gas jets hit the melt
with higher velocity resulting in finer powder than in the case of free-fall atomisation.
Although hot-gas free-fall atomisation allows refinement of the particle size in comparison
with cold-gas free-fall atomisation, the chosen temperature of the preheated gas is not high
enough to overcome the effect of the remote position of the FFA-nozzle and the resulting
lower velocity of gas jets in comparison with the CCA-nozzle [16]. Therefore, the powder
atomised via CCA with cold gas is still finer than in the case of FFA with hot gas (see
particle size distribution in Figure 1).

The microstructure has (i) elemental enrichment/redistribution at certain locations
within the microstructure, (ii) the presence of additive layers (which is expected in AM
due to the layer-wise building manner), and (iii) graded chemical composition. As can be
seen in the SEM micrographs of the as-built samples, the PBF-LB-produced samples exhibit
elemental enrichment at certain locations within the microstructure where the boundaries
between the additive layers are visible. Such distributions of phases and alloying elements
were also observed by Hengsbach et al. in inline additively manufactured functionally
graded multi-material consisting of 316L and H13 [19]. However, after heat treatment
(1100 °C, 14 h), the graded structure decreased, and the shape of the grains changed greatly.
As seen in Figure 7d, the EBSD map indicates that residual stresses are relieved during
the heat treatment process, and the grains recrystallise, causing new grains to form and
grow [20-22].

The as-built sample not only has a microstructure showing the presence of additive
layers but also has a graded chemical composition, as presented in Section 3.6. Here, it is
seen that Fe, Ni and Mo are enriched at the boundary between the layers, while Mn, Si
and Cr are found within the layers. The enrichment of the various elements between the
different layers allows the graded chemical composition of the microstructure. The main
cause of this phenomenon is the temperature gradient within the melt pool during PBF-LB.
The occurrence of the temperature gradient leads to a gradient distribution in the surface
tension of the melt pool. According to the Marangoni effect, the melt with a low surface
tension flows to the area with a high surface tension. In addition, the presence of Mn, Si
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and Cr reduces the surface tension of the molten Fe. The temperature in the middle of the
molten pool is higher than at the bottom of the molten pool, which is the reason for the
accumulation of these elements in the additive layers [23-26].

After the sample is heat-treated at 1100 °C for 14 h, the elements are uniformly dis-
tributed in the sample, while the layered chemical composition completely decreases. At
high temperatures, diffusion of elements from high to low concentrations occurs until
equilibrium is reached. Moreover, due to the dilution of the Mn enriched in the region in
the sample, no fcc-grains are present. Diffusion annealing, as a common heat treatment,
homogenises the chemical element distribution within the sample and leads to recrys-
tallisation [27]. Furthermore, according to the results of the OES analysis (Section 3.6),
the total elemental content of the sample is essentially unchanged before and after heat
treatment. Hence, it can be assumed that the presence of additive layers, as well as the
graded chemical composition, does not affect the total element content.

Thus, the mechanical mixing of ferritic (pure iron) and austenitic (316L) powders al-
lows producing a material with graded chemical and phase composition on the micro-scale.
These findings present a basis for future research on the materials of mixed powders of pure
iron and manganese/iron-manganese alloys. Such alloys should exhibit increased degrada-
tion compared to standard iron-manganese steels, which are discussed as biodegradable
materials. A disadvantage of mixed austenitic-ferritic material is the presence of a ferritic
phase disabling the application of magnetic resonance imaging (MRI). However, the ad-
vantage of degradability might prevail over the disadvantage of disabled MRI, and this
concern has to be addressed in further research.

5. Conclusions

In the present investigation, a mixed (hybrid) alloy with an elemental enrichment at
certain locations within the microstructure is produced by PBF-LB using a powder mixture
of pure Fe and 316L steel in equal amounts. The powders produced after CCA with cold gas
are used for mixing with equal amounts of Fe powders as most of the powder particle size
is between 10 and 100 um. From the experimental results, it is concluded that the sample
exhibits a graded structure in chemical composition. The presence of additive layers is due
to layer-by-layer additive processing. The boundary lines between the additive layers are
observed via SEM, where the preferred formation of pores is shown.

The experimental results show that the hybrid alloy with an elemental enrichment
at certain locations within the microstructure can achieve a relative density of 99.8%.
Moreover, its hardness is similar in the build direction, and there are no areas with an
abrupt change in hardness. The graded chemical composition is due to the influence of the
Marangoni effect. Different elements are enriched in each layer of the structure or at the
boundaries between these layers. This results in a chemical composition gradient. However,
the local enrichment of some elements leads to a local appearance of the fcc-structure. After
heat treatment, it is also clear that the layered microstructure completely disappears due to
the recrystallisation of the hybrid alloy and a uniform chemical composition distribution
is achieved.
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