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Abstract: The carbon content of steel affects many of its essential properties, e.g., hardness and
mechanical strength. In the powder bed fusion process of metals using a laser beam (PBF-LB/M),
usually, pre-alloyed metal powder is solidified layer-by-layer using a laser beam to create parts.
A reduction of the carbon content in steels is observed during this process. This study examines
adding carbon particles to the metal powder and in situ alloying in the PBF-LB/M process as a
countermeasure. Suitable carbon particles are selected and their effect on the particle size distribution
and homogeneity of the mixtures is analysed. The workability in PBF-LB is then shown. This is
followed by an evaluation of the resulting mechanical properties (hardness and mechanical strength)
and microstructure in the as-built state and the state after heat treatment. Furthermore, potential use
cases like multi-material or functionally graded parts are discussed.

Keywords: additive manufacturing; PBF-LB/M; in situ alloying; case-hardening steel; 16MnCr5;
gears; multi-material

1. Introduction and Literature Review

Additive manufacturing (AM) refers to a category of production techniques that can
produce complex parts [1]. Powder Bed Fusion of metals using a laser beam (PBF-LB/M,
according to ISO 52900) is one of the most advanced technologies in the field of AM and is
commonly used in industry. Other commonly used names and abbreviations are selective
laser melting (SLM) or laser powder bed fusion (L-PBF). However, for standardization, the
terminology according to ISO5299 is applied. PBF-LB/M is capable of producing parts
with very detailed features from metal powder [2]. During the process, a thin layer of metal
powder is solidified by a laser beam to create one layer of the part. The complete part
is created through layer-by-layer fabrication [3]. This process opens up the possibility of
producing parts with complex shapes and internal features, which cannot be accomplished
by conventional manufacturing methods. At the same time, the production of small lot
sizes becomes economical since little or no tooling is needed [1,4]. Combining these benefits
leads to the development of new business models [4]. PBF-LB/M processes metals and
focuses predominantly on a small number of alloys like tool or corrosion-resistant steels
(e.g., maraging steel, 316L or 17-4PH), titanium alloys (Ti-6Al-4V) and nickel-based alloys
(e.g., IN718 and IN625) [5]. Nevertheless, other material classes such as case hardening
steels are also investigated [6]. This material class is mainly used in drive train applications
because of its high wear resistance and high fatigue load-carrying capacity [7]. Case
hardening steels have a carbon content of 0.15-0.23 wt.%. During the case hardening
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treatment of parts, the carbon content in the case is increased to 0.8-1.0 wt.% through the
diffusion of carbon gas. Quenching results in a high case hardness of about 60 HRC and a
comparably lower core hardness with good dynamic and ductile fatigue properties [8].

In 2014, the basic workability of 16MnCr5 (1.7131) for PBF-LB/M was presented by
Kamps and Reinhart, claiming that a relative density of close to 100% can be achieved
using an M1 system from Concept Laser [9]. Ziebura and Meiners stated the workability of
16MnC5 and 42CrMo4 in 2016, though without specifying the parameters used and the
resulting mechanical properties [10]. Kluge et al. showed that the similar case hardening
steel 20MnCr5 (1.7147) can be used to fabricate drive train applications [11]. However,
no detailed parameters for the PBF-LB/M process such as laser power or scan speed
were published. The focus of Kluge et al. was on measuring the resulting distortion with
different base plate temperatures and combinations of different stress relief annealing
procedures. Increasing the base plate temperature led to a decrease in distortion, measured
by cantilevers. Stress relief annealing proved effective in reducing distortion to almost zero,
no matter which base plate temperature was used [11]. Schmitt et al. published a detailed
processing approach and examined a process window for four selected energy density
levels for 16MnCr5 in PBF-LB/M [6]. The influence of scan strategies and energy density
on the resulting hardness of specimens with high relative densities (>99.8%) was discussed,
but no clear correlation could be derived. The full process chain (PBF-LB/M, stress relief
annealing, machining, case hardening and hard machining) for parts made from case
hardened steels was investigated by Kamps [12]. The high cooling rates in PBF-LB/M
(c.f. [13]) between 4 and 40 K/ us lead to martensitic or bainitic microstructures, which are
closely connected to the carbon content during the cooling process, as described by Kamps
during the evaluation of the as-built state [12]. The static mechanical properties after
PBF-LB/M and the dynamic behaviour of finished gears from 16MnCr5 were compared to
values derived from conventional manufacturing and showed that static properties can
be met and that the load-carrying capacity was nearly reached [12]. Beer et al. processed
the case hardening steel M50NiL, which is used for ball bearings with a relative density of
above 99.9%. Experiments were conducted on the case hardening capabilities and showed
that a case hardness of more than 750 HV can be achieved [14]. The design potentials
in gears manufactured by PBF-LB/M were examined, showing that the integration of
cooling channels can greatly decrease flank temperatures under high loads [15]. Kamps
and Schmitt [12,16] examined the benefits of introducing lightweight design in parts such as
gears made from case hardening steels. In both cases, mass savings of more than 30% were
demonstrated, which could increase the drivetrain efficiency. Nevertheless, the complex
process chain of case hardened parts (e.g., state of residual stress or distortion) has to be
evaluated in more detail since the interdependencies between the PBF-LB/M process and
the heat treatment for lightweight structures are not well known yet.

One issue with the PBF-LB/M process is that the chemical composition of the built
part often does not match the chemical composition of the metal powder that is used. This
phenomenon of element depletion has been observed during the processing of the corrosion
resistant steel 316L (1.4404), which resulted in a decrease in chromium and manganese
from the powder to the resulting part [17]. At the same time, the carbon content of the
resulting process fume was analysed and showed a much higher percentage by weight
of carbon than expected from the low carbon steel. A study was performed in 2009 into
the processing of four low-alloyed steel powders with varying carbon content from 0.33 to
1.04 wt.% [18]. The resulting carbon loss was highest in the steel with 1.04 wt.%, even
though the energy density required for full solidification was low compared to the energy
density needed for the 0.33 wt.% carbon steel. Taha et al. described the loss of carbon
during the processing of ultra-high carbon steel in PBF-LB/M [19]. The carbon content
from powder to part decreased by 0.12 wt.%. Jelis et al. studied the carbon content during
powder reuse when processing AISI 4340 steel and showed that more than 15% of the
carbon content was lost after two recycling stages [20]. Higher carbon decarburization is
described for the martensitic stainless steel AISI 420, which showed a loss of 21% carbon
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during the PBF-LB/M process [21]. The authors explain the depletion with the reaction
of carbon and residual oxygen in the build chamber. Additionally, carbon-rich zones at
the melt pool boundaries are shown. Comparably low hardness values were observed in
the core when examining the case hardening properties of 20MnCr5 samples [11]. This
could be the result of carbon depletion, which leads to a lower hardenability. Beer et al.
conducted measurements along the process chain from raw material to powder and part
for the case hardening steel M50NiL. They concluded that the carbon content decreased
from the raw material to the powder during the atomization process and an additional
decrease of carbon content was observed during the PBF-LB/M process [14].

Carbon is a main alloying element to achieve wear resistant properties in steels and
leads to a martensitic microstructure. Carbon atoms are around half the size of iron atoms,
making them interstitially soluble. They can diffuse with relative ease within unoccupied
space, e.g., the octahedron gaps. The diffusion direction is determined by concentration
differences that can be described by Fick’s law. The formation of martensite in particular
leads to an increase in hardness. This is caused by a diffusion-free process from austenite,
whereby the carbon in the martensite is forcibly dissolved. Subcooling is needed for this
folding process to take place, which can occur during quenching or in processes with high
cooling rates such as laser hardening or L-PBPFE. One property determined by the carbon
content is the hardness. The maximum hardness that can be achieved depending on the
carbon content is calculated by Equation (1) for un- and low alloyed steels when the carbon
range is between 0.1 and 0.6 wt.% [22]:

Hardnessmax = 32.87 + 83.86 X (wt.% C) — 49.75 x (wt.% C)?> HRC @)

Hence, a drop in the carbon content during PBF-LB/M is closely linked to the resulting
microstructure and a lower achievable hardness. Furthermore, hardenability is related
to the distortion that takes place during case hardening [23]. During case hardening, the
core hardness is determined by the initial carbon content because carbon diffusion only
takes place in the case region. During PBF-LB/M, the carbon depletion of case hardening
steels could be compensated by longer carburization times, even though the core material
would not be affected. Furthermore, this would lead to a change in the hardness profile
and the resulting case hardening depth (CHD), which has very narrow tolerances in certain
component requirements, e.g., gears [24]. Therefore, requirements have to be met to expand
the field of application for PBF-LB/M. Possible strategies can be to increase the carbon
content in specially alloyed powders to counteract the depletion or to add carbon particles
to commercially available powders, also referred to as in situ alloying. The first strategy
requires many iterations of powder atomization, which is costly and time-consuming.
These development costs can only be compensated by large production series and a valid
business case. In contrast, in situ alloying is a flexible and cost-efficient strategy that allows
fast iterations [25]. Further applications of carbon-modified powders are functionally
graded materials, hybrid processes or multi-material PBF-LB/M [26,27].

Murali et al. published a study on processing a mixture of pure iron and graphite
powder with PBF-LB/M using a carbon content of 0.8 wt.%. The manufactured specimen
only reached a relative density of around 90%. Hardness measurements in a range from
350 HV to 540 HV showed an inhomogeneous dissolution of the carbon [28]. Addition-
ally, Simchi and Pohl processed a mixture of pure iron and graphite with varying carbon
contents from 0.4 to 1.6 wt.%. A layer thickness of 0.1 mm was used in the PBF-LB/M pro-
cess. Increasing the carbon content led to a better densification and improved the surface
quality. Nevertheless, a maximum relative density of only around 80% was achieved [29].
Kruth et al. used a mixture of Fe, Ni, Cu and Fe3P powders and a modified laser mode
as well as scanning patterns. A density of 91% was ultimately achieved [30]. In more
recent studies, Zhang et al. used a powder mix of Fe-80%Ni to in situ synthesize FeNis
magnetic parts and showed that the magnetic properties can be altered by the prevalent
laser parameters [31]. Dadbakhsh et al. investigated the in situ formation of Metal Matrix
Composites during PBF-LB/M, stressing the need for small nanoparticles to create an effec-
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tive reinforcement [32]. By adding CaB6 nanoparticles to 2024 aluminum alloy powder,
the processability in PBF-LB/M was improved leading to crack-free and dense specimens
with very small grains with high mechanical properties [33]. Adding pure copper (3%) to
Ti6Al4V leads to intermetallic CuTi, precipitates through in situ alloying which increases
the hardness and strength of the material [34]. Similar results were achieved by increasing
the copper content to 5% and in addition, a correlation between applied volume energy
density and resulting anisotropy was found [35]. Hentschel et al. used a direct energy
deposition technique (LMD) to include carbon black nanoparticles in the tool steel AISI H11.
Increasing the carbon content to more than 0.3 wt.% led to an increase in crack formation.
The cracks could be reduced by implementing substrate pre-heating to 400 °C since the
temperature is near or above the martensite start temperature of H11 [36]. By mixing
pre-alloyed powders (316L with corrosion- and abrasion-resistant materials) in powder
bed fusion using an electron beam unique tailored properties could be achieved [37]. Con-
trolling the aluminum content in the X30Mn21 steel through powder blending and mixing
in the PBF-LB/M process led to the ability to optimize the work-hardening behaviour
through adjusting transformation-induced plasticity (TRIP) and twinning-induced plas-
ticity (TWIP) [38]. In a review paper, Katz-Demyanetz et al. state promising possibilities
to develop tailored material properties and the application for high entropy alloys (HEA).
Although, the need for in-depth material studies is addressed [39]. Chen et al. fabricated a
CoCrFeMnNi HEA through in situ alloying showing a homogeneous chemical distribution
with an evaporation of Mn [40]. The use of a carbon-enriched paste in laser hardening
was studied by Spira; this increased the case hardness of 16MnCr5 significantly [41]. In
summary, it can be said that in situ alloying, especially with carbon, has a great potential
to increase flexibility and alter material properties. However, choosing the right carbon
particles and laser parameters to achieve fully dense parts is still a challenge. Additionally,
further investigation is needed into the resulting microstructure and the process of carbon
diffusion in rapid cooling processes like PBF-LB/M.

In this contribution the resulting microstructure when fabricating 16MnCr5 with PBF-
LB/M is initially described with an analysis of the depletion of carbon that occurs during
the process. Three carbon carrying powders are then presented and two are selected for
the in situ alloying process. The resulting microstructure with a varying carbon content is
described in detail for the most promising powder. Next, the final mechanical properties
(hardness and tensile strength) in the as-built and in a heat-treated state are presented.
Finally, there is a thorough discussion of the conducted research. The outlook presents the
potential of multi-material parts in a gear section and summarizes the results.

2. Materials and Methods

An EOS M 290 machine (EOS GmbH, Krailingen, Germany) was used to manufacture
the specimen. The maximum laser power of the ytterbium-fibre-laser is 400 W nominal laser
power and the maximum scanning speed is 7 m/s. A carbon brush was used for recoating
and a constant layer thickness of 30 um with preheating to 80 °C was employed. Argon
served as a shielding gas. A modified SLM 250HL machine (SLM Solution AG, Liibeck,
Germany) was used to fabricate a gear segment with varying carbon content showing
the possible freedom of functional graded materials in additive manufacturing [26]. The
particle size distribution (PSD) of the powders was analysed by laser diffraction with
a Mastersizer 3000 from Malvern Instruments (Worcestershire, UK). The microstructure
was investigated using the Olympus BX53M optical microscope (Olympus Corporation,
Shinjuku, Japan) and detailed images of the fracture surfaces were captured with a Hitachi
TM3030Plus Tabletopscanning electron microscope (SEM, Hitachi High-Tech Corporation,
Tokyo, Japan). Microstructure images were taken after etching for 30 s with 2% nitric
acid (2% HNOs). The hardness was tested (HV0.1 to HV10) using a Zwick Roell ZHU2.5
according to DIN EN ISO 6507-1. Tensile tests were carried out using a Zwick Roell Z050
(Zwick Roell, Ulm, Germany) according to DIN EN ISO 6892-1. The tensile specimens were
in accordance with form E from DIN 50125. The chemical composition was analysed by
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optical emission spectrometry (OES) and the carbon content was additionally determined
by carrier gas hot extraction using a Leco CS5-200 (Leco Corporation, St. Joseph, MI, USA).
A Nabertherm annealing furnace N31 under argon atmosphere was used for the heat
treatment. For the X-ray diffraction, an empyrean XRD Diffractometer using Co-tubing
was used.

Prealloyed 16MnCr5 (1.7131) powder is used as a basis. 16MnCr5 is a low alloyed
steel with case hardening capabilities. It is widely used in drivetrain parts and especially
in gears. The chemical composition of the powder can be seen in Table 1.

Table 1. Chemical composition of 16MnCr5 in wt.% (1) DIN EN10084 (2) supplier certificate and
carrier hot gas extraction.

Elements C Mn Cr Si P S Fe
1) 0.14-0.19 1.0-1.3 0.8-1.1 <04 <0.025 <0.035 residual
2) 0.15 1.05 0.9 0.19 - - residual

The powder was atomized using argon gas and lies within the range specified in DIN
EN 10084, whereby all main alloying elements are at the lower end of the tolerance. The
lower carbon content could decrease the possibilities of cracks. However, even low element
depletion has the possibility of leading to a part with a chemical composition that is out of
the specification.

3. Results
3.1. Microstructure and Carbon Depletion of 16MnCrb

The microstructure in the as-built state after the PBF-LB/M process is shown in Figure 1.

g

Polygonal |~ if
Ferrite 5
B R S

i Direction {5 S 4,
| of growth 0 = Lo\
) 2 e

Acicular
Ferrite |0

Figure 1. Microstructure of as-built 16MnCr5 with z indicating the build direction of the PBF-LB/M
process, (a) 100 x magnification, (b) 500 x magnification, (c) digital magnification.

Parameters derived from earlier work that result in high part densities have been used
to manufacture the specimens [6]. The horizontal and undulating weld tracks can be seen
in Figure 1a. Following further magnification, the microstructure can be divided up into
ferritic, bainitic and martensitic microstructure constituents. The ferritic structures can
be split into polygonal and acicular ferrite. Polygonal ferrite, also called allotriomorphic
ferrite, primarily forms at grain boundaries or inclusions through heterogeneous nucleation
and has an amorphous shape with no crystallographic symmetry. In contrast, acicular
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ferrite is produced at very fast cooling speeds, such as those experienced in PBF-LB/M,
and is characterized by an arbitrary arrangement of small, needle-shaped ferrite plates.
Acicular ferrite is preferable since its toughness can delay crack propagation [42]. Moreover,
the dark areas are identified as a bainitic-martensitic mixed structure. Possible melt pool
boundaries are marked in Figure 1c, showing a directed solidification in build direction
(z-direction). Relatively small grain sizes can be seen in the proximity of the melt pool
boundaries, whereas the more distant grains show an increased grain size, which may be
attributed to different temperature gradients during the cooling phase.

Table 2 shows the chemical composition of the powder that was used and the resulting
sample of 16MnCr5, combining OES (used for Mn and Cr) and hot carrier gas extraction
(carbon content) measurements. It becomes clear that the sample has a low carbon and
manganese content. 13% of carbon and 19% of manganese content are lost during the
process, respectively. In contrast, the chromium content is slightly higher. The most likely
explanation is that the elements are vaporized during the process due to the high energy
input of the laser. Additionally, Zhao et al. suggest a reaction of carbon atoms with residual
oxygen into carbon monoxides (CO) and dioxides (CO,) at the melt pool surface, leading
to the depletion of the carbon content [21].

Table 2. Comparison of chemical composition showing carbon depletion (1) powder, wt.% (2) build
material, wt.% (3) percentage change; rem: remaining.

Elements C Mn Cr Si P S Fe
@ 0.15 1.05 0.9 0.19 - - residual
2) 0.13 0.86 0.97 0.15 0.01 0.008 residual
3) —13% —19% +7% —21% - - -

The measured loss of carbon content lies within the range presented in the literature.
If one applies Equation (1), the carbon loss of 0.02 wt.% results in a maximum loss of
hardness of around 2.5 HRC, or roughly 50 HV. This may not seem much at first glance but
becomes relevant if one considers the high demands of drivetrain applications. This may
lead to a loss of certain critical properties required in the heat treatment process, especially
considering the interdependency with the loss of manganese (reduction of critical cooling
rate and increasing hardenability). In addition, the positive effects of manganese are
decreased in terms of forgeability and weldability, which have a positive influence on the
tensile and yield strength.

3.2. Carbon Particle Selection and Particle Size Distribution of Pre-Mixed Powders

To counteract the effect of carbon depletion and to allow the possibility of adjusting
specific material properties, carbon particles are mixed with the pre-alloyed 16MnCr5
powder. Suitable powders containing carbon have to be identified beforehand. In this
case, two graphite powders, both containing more than 99% carbon and a glassy carbon,
are analysed. Glassy carbon is pure carbon that combines the properties of graphite and
ceramics with a strongly disordered microstructure. The particle size distributions of
the powders are shown in Figure 2, which indicates a bimodal distribution of graphite
powder 1 with a high amount of particles with a size of around 10 um. In contrast, graphite
powder 2 has a very broad distribution. The 50%-quantile of the powders are 47 pm for the
16MnCr5 powder, 14 um for graphite powder 1, 42 pm for graphite powder 2 and 30 um
for the glassy carbon powder (c.f. Table 3).
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Figure 2. Particle size distribution of the powders used showing a narrow distribution of the glassy
carbon powder.

Table 3. 10, 50, 90 %-quantile of the 16MnCr5, graphite and glassy carbon powder.

Powder D10 D50 D90
16MnCrb5 28 um 47 um 72 um
Graphite 1 5 pum 14 um 130 pm
Graphite 2 15 um 42 um 116 um
Glassy Carbon 18 um 30 um 114 pm

None of the carbon-carrying powders have clear borders at the higher end of the
distribution. They all contain large particles with sizes above 120 um. A large share of
fine particles is preferred for a homogenous distribution of the carbon particles in the
16MnCr5 powder.

The resulting powder mixtures are depicted in Figure 3, showing that the particles
from graphite powder 2 are equal to or larger than the particles of the 16MnCr5 powder.
The glassy carbon powder particles are significantly smaller and can mix well with nearly
twice as large 16MnCr5 particles. Graphite powder 1 has the smallest particles, which are
non-spherical but possess the ability to adhere to the 16MnCr5 particles, as can be seen in
the magnification in Figure 3b.

d) Glassy carbon powder

Figure 3. Powder mixtures of pre-alloyed 16MnCr5 powder with (a) graphite powder 1, (b) magnification of graphite
powder 1, (c) graphite powder 2, (d) glassy carbon.

Graphite powder 1 and the glassy carbon powder are used in the further investigations.
Graphite powder 2 is excluded on account of the large particles and the broad distribution,
which are incompatible with the goal of a homogeneous particle mixture. A wheel mixer
was used to mix the powders homogeneously and carbon particles were added to achieve
carbon contents from 0.3 to 0.8 wt.% in the processed material. An analysis of the mixed
powder showed that in addition to the 0.02 wt.% to counteract the depletion, 0.04 wt.%
of carbon has to be added to achieve the nominal carbon content. Some of the graphite
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powder, as well as the glassy carbon particles, stick to the container walls during the mixing
process, leading to the additional loss of carbon during this process.

3.3. Processing by Powder Bed Fusion Using a Laser Beam

An EOS M290 machine was used to process the powder mixtures by means of PBF-
LB/M, with process parameters at an energy density of 110 J/mm?3 [6]. No process-related
disturbances such as excessive fume or spatter formation were observed. During the
processing of the powder mixture with glassy carbon, non-dissolved particles could be
observed in the top layers or when the energy input was reduced (c.f. Figure 4b).

Figure 4. Comparison of resulting microstructure, (a) result with graphite powder 1 at 0.5 wt.% C,
(b) result with glassy carbon powder at the top layer with marked particle and crack at 0.5 wt.% C;
z indicates the build direction.

Microcracks were often found next to unmolten glassy carbon particles, indicating
that the residual stresses exceed the yield strength of the material at this point. Since
the unmolten particles only appeared in the top layers, re-melting and heating while
processing the subsequent layers led to a homogeneous distribution and dissolution of the
glassy carbon particles. When processing the powder mixtures with graphite powders,
the graphite was dissolved without residue. Analysing the specimen revealed no cracks
or pore formation. The resulting relative density of all specimens was over 99.8% and is
shown in detail in Table 4. The carbon content does not influence the density, even if the
carbon content reduces the weldability of steels.

Table 4. Resulting relative densities depending on the carbon content.

Carbon Content, wt.% 0.15 0.3 0.4 0.5 0.8
Relative density, % 99.93 99.89 99.91 99.91 99.84

Figure 5 shows the resulting microstructure of the specimen, whereby the proportion
of martensite increases steadily while the bainitic and ferritic shares decline. At carbon
contents between 0.15 wt.% and 0.4 wt.%, the microstructure is still ferritic (needle-like
and polygonal).

In addition, fine structures can be found which correspond to bainite and possibly
lancet martensite. Plate martensite can be detected for the first time as of 0.5 wt.% C,
whereas ferritic components are now absent. Very low amounts of retained austenite are
visible in the metallographic cross-sections. At 0.8 wt.% carbon content, an increasing
amount of plate martensite is formed with a low retained austenite content. X-ray crystal-
lography experiments on the specimens show the occurrence of a face-centred cubic phase
above a carbon content of 0.5 wt.% (c.f. Figure 6). By applying the Rietvield-methode the
retained austenite content can be estimated with 10% at 0.8 wt.% C. The emerging retained
austenite content is comparable with the literature from case-hardened 16MnCr5 [43].
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Figure 5. Microstructure depending on the carbon content achieved with graphite powder at 500 x
magnification, (a) 0.15 wt.% C (reference), (b) 0.3 wt.% C, (c) 0.4 wt.% C, (d) 0.5 wt.% C, (e) 0.8 wt.% C.
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Figure 6. X-ray diffraction pattern at varied carbon content showing retained austenite at 0.8 wt.%
carbon content (bce: body-centred cubic; fee: face-centred cubic).

In addition to the X-ray diffraction, images of the specimen with 0.8 wt.% carbon
taken by light microscope and SEM are presented in Figure 7. The images confirm the
previous findings by revealing retained austenite and a mainly martensitic structure. The
SEM image provides evidence in presenting the formed carbides that were formed during
the PBF-LB/M process.

Figure 7. Details of the 0.8 wt.% C specimen in the as-built state, (a) light microscope image
revealing fine martensite and retained austenite (b) SEM image showing carbides; z indicates the
build direction.
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3.4. Mechanical Properties

The hardness of the specimens with varied carbon content is initially measured in the
as-built state. The hardness at 0.15 wt.% C is 330 HV10 and rises slowly to 527 HV10 at
0.8 wt.% C (c.f. Figure 8). A good regression fit (coefficient of determination R? = 0.98) is
achieved by a logarithmic approximation with the exact equation displayed in Figure 8. The
increasing hardness corresponds to the change in microstructure from a ferritic to a more
bainitic-martensitic composition. Nevertheless, for a bainitic-martensitic microstructure
at 0.8 wt.%, the hardness of 527 HV10 is relatively low which is caused by the amount of
retained austenite.
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Figure 8. (a) Hardness measurements in the as-built and heat-treated state. Hardness after PBF-LB/M
is higher before a heat treatment for low carbon content (b) Microstructure of 16MnCr5 with 0.15 wt.%
C before and after heat treatment.

Furthermore, these hardness values differ significantly from the maximum achievable
hardness, which can be calculated using Equation (1). Subsequently, heat treatment is
carried out at the case hardening temperature of 16MnCr5 with quenching (heating at
870 °C for 50 minutes with subsequent oil quenching). The hardness values for higher
carbon contents increase significantly whereas the hardness of the low carbon content
decreases even further from 330 HV10 to 261 HV10 (—21%). A higher ferrite content and
a different ferrite morphology can be observed in the microscope images in part (b) of
Figure 8 for the 0.15 wt.% carbon state after heat treatment. Martensitic fractions do not
occur here because of the comparatively low cooling rates and low carbon content. In
addition to the higher ferrite content, the microstructure after heat treatment is much
more coarse. The changed morphology, as well as the more coarse microstructure, are
possible causes for the decrease in hardness. The hardness increases from 450 to 620 HV10
(+37%) at 0.5 wt.% and changes from 527 to 786 HV10 (+49%) at 0.8 wt.%. A regression fit
(coefficient of determination R? = 0.99) is achieved by a logarithmic approximation. After
heat treatment, the maximum nominal hardness (c.f. Equation (1)) is almost reached in the
0.3 to 0.5 wt.% carbon content range. The intersection of the two logarithmic regressions is
located at a carbon content of 0.215 wt.% and a hardness of around 370 HV10.

The hardness and the microstructure give a good impression of the nature of the
resulting material. Nevertheless, the state of residual stress or the ductility are vital
properties and the tensile tests that are performed offer more insights into the material.
The specimens were printed in a horizontal position facing downwards, as indicated in
Figure 9, and the samples were tested in the as-built state. The specimens show a plastic
deformation and necking at 0.15 wt.% C. The tensile and yield strength are very close
together and an ideal elastic-plastic behaviour can be observed. The corresponding fracture
surface in Figure 9b show microscopically recognizable honeycombs which are typical for
a ductile fracture. The samples with 0.5 wt.% carbon content showed the highest tensile
strength of 1438 N/mm? and a yield strength of 1330 N/mm?. The analysis of the fracture
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surface reveals a mixed fracture surface with fracture honeycombs and transcrystalline
fracture surfaces. A further increase in carbon content leads to a decrease in strength
and ductility. The samples break without necking and the fracture surfaces show typical
signs of transcrystalline fractures. With an increasing carbon content, the elongation at
fracture decreases steadily. In contrast, the strength is highest at 0.5 wt.% C and decreases
at 0.8 wt.% C. In a trade-off between strength and ductility, the samples produced with
0.5 wt.% C possess the highest strength while maintaining medium ductility.
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Figure 9. (a) Results of the tensile tests showing the strength-ductility trade-off with a varied carbon
content; the arrow indicates the build direction (b) Fracture surfaces of the corresponding specimen
changing from ductile to brittle behaviour with an increased carbon content.

4. Discussion

The formation of the resulting microstructure in the as-built state is closely connected
to the melt pool behaviour and cooling rates. The largest temperature difference occurs at
the melt pool boundaries. This means that the highest cooling rates can be expected here
because of heat conduction to solid material. Strong subcooling causes a high nucleation
rate, resulting in a finely structured microstructure. A diffusion-free folding process with
bainite and martensite formation is the logical consequence. Further solidification moves
in the direction of the melt pool centre. The temperature gradient between the melt
and the already solidified material decreases, and with it the cooling rate. Consequently;,
increasingly ferritic and coarser structures can form in the melt pool centre. This mechanism
describes a single exposure and does not consider the layer-by-layer structure of the PBF-
LB/M process. The temperature input of the subsequent layers affects the microstructure
that has already formed through tempering effects such as carbon partitioning or grain
coarsening. Nevertheless, the fine microstructure at the melt pool boundaries prevails.

The depletion of chemical elements during the PBF-LB/M process with pre-alloyed
powders must occur during the coupling of heat from the laser into the powder bed and
the formation of the melt pool. Sublimation is possible due to the rapid input of heat.
The melting point of manganese is 1519 K, with an evaporation temperature of 2334 K,
whereas graphite melts at 3813 K, evaporates at 5100 K and pure carbon’s sublimation point
is at 3915 K. Melt pool measurements by Hooper on Ti-6Al-4V show that temperatures
of well above 3000 K occur for hatch scans with peaks of over 4000 K during turns at
the end of scan lines [13]. Considering the lower laser power applied for Ti-6Al-4V,
similar or even higher temperatures have to be expected when processing 16MnCr5. This
allows the manganese to melt, which promotes the reaction with residual oxygen in the
build chamber or the direct sublimation. This can also be observed when welding high
manganese steels [44]. Simulation results for the melt pool formation of 316L show that the
evaporation temperature of sulphide (>3200 K) is reached in a small area of the melt pool
at laser powers above 200 W [45]. This can promote the evaporation of manganese and the
reaction of liquefied carbon with the residual oxygen in the build chamber.
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The added graphite particles are fully absorbed and the microstructures show no signs
of carbon aggregations. The Marangoni convection in the melt pool leads to a homogeneous
distribution of carbon, promoting a good mixture in the melt pool and thus leading to the
development of the homogenous microstructure [46]. It would also appear that the carbon
has diffused since no aggregations are seen. This diffusion takes place during the first
rapid cooling of the melt pool or re-heating when processing subsequent layers. The glassy
carbon particles are not dissolved in the top layers, indicating that the repeated heating of
16MnCr5 in the PBF-LB/M process is more likely to cause the glassy carbon to diffuse and
spread. For this distribution to occur and for the glassy carbon to dissolve completely, a
high energy input and several melting processes are necessary. The use of graphite with
small particles is recommended for further studies since the glassy carbon is not fully
dissolvable and micro-cracks occurred. This difference can be linked to the difference in the
crystalline structure of graphite (hexagonal planes) and the unsorted amorphous structure
of glassy carbon. A higher energy is needed to break the amorphous structure, whereas
only weak Van der Waals connections between the planes have to be broken in the graphite.

The hardness measurements reveal that fine grains with a mostly ferritic and bainitic
microstructure are formed during the PBE-LB/M process at low carbon contents, which
become coarser during the heat treatment and lead to a decrease in hardness. At higher
carbon contents, the as-built state has a lower hardness compared to the heat-treated state
which is in accordance with the amount of retained austenite found in the as-built state.
Additionally, a thermal cycle of cooling and re-heating takes place during the PBF-LB/M
process. This in situ heat treatment leads to tempering effects and favours the formation of
precipitates at the grain boundaries. In addition, an effect due to coarsening can also be
assumed, since a martensite needle originally has a high dislocation density due to the high
cooling rate. A high dislocation density can act as a driving force for recrystallization [47].
The retained austenite and these effects decrease the hardness in the as-built state.

Tensile tests showed that the yield and tensile strength is highest at 0.5 wt.% C,
combined with a medium elongation at fracture. Adding further carbon particles does not
improve the strength but does decrease the ductility significantly. Martensite forms after
heat treatment (heating and quenching) with high carbon contents. The tempering effects
of the PBF-LB/M process are eliminated and a higher hardness can be achieved.

The in situ alloying approach is very suitable for PBF-LB/M. Further powder bed
based additive manufacturing technologies like binder jetting or electron beam melting
could also benefit within certain limits. Due to the vacuum chamber in electron beam
melting less element depletion due to reactions with residual oxygen in the build chamber
is presumable. The high powder bed temperatures would lead to a higher diffusion of
the carbon decreasing multi-material capabilities. On the other hand, even higher carbon
contents could be processed with the high preheating temperatures. The difference in
as-built and quenched hardness would increase since a lower temperature gradient during
the process is present. In situ alloying could also be used in binder jetting. However, the
recoating with a roller could lead to adhesion of the carbon particles and thus segregation
of the powder mixture. The high temperatures and long process time during sintering
would increase the diffusion of carbon, limiting parts with a defined carbon gradient. After
sintering, quenching would be necessary to achieve full hardness.

5. Summary and Outlook

The microstructure of 16MnCr5 processed via PBF-LB/M is presented in detail and the
resulting carbon and manganese depletion are quantified. Adding carbon particles to pre-
alloyed 16MnCr5 powder is one way to counteract this effect. Altering the carbon content
is also a suitable strategy to adapt the microstructure and the mechanical properties of
parts. Processing the powder mixture with an increased carbon content does not lower the
relative densities that are achieved. Glassy carbon particles are less suitable than graphite
powder because micro-cracks occur close to non-dissolving particles of glassy carbon in top
layers. Depending on the carbon content, the microstructure changes from ferritic-bainitic
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at 0.15 wt.% to bainitic-martensitic at 0.8 wt.%. The most balanced mechanical properties
in the as-built state are achieved at a carbon content of 0.5 wt.%. During subsequent heat
treatment (heating and quenching), the microstructure becomes more coarse with low
carbon contents, which in turn decreases the hardness. With higher carbon contents, the
retained austenite and the tempering effects that occur during the thermal cycle in the
PBF-LB/M process are eliminated and the hardness increases significantly.

The possibility of quickly altering the steel composition by adding carbon opens up
new opportunities in the development of alloys for additive manufacturing and could
shorten development cycle times and reduce costs. Furthermore, new possibilities arise
when considering multi-material processing in additive manufacturing. Materials with
high carbon content and increased hardness can be used in wear-affected zones, whereas the
nominal material can be used in the remaining part for good dynamic and ductile fatigue
properties. No additional carburization process would be required for case hardening
steels if carbon-enriched powders could be deposited during the PBF-LB/M process. The
freedom offered by PBF-LB/M means that parts with varying case hardening depth (c.f.
Figure 10; pores originating from faulty contour scan) are possible or even structures with
high intrinsic strength. In addition, the use of lattice structures or minimum surface areas
bodies, e.g., gyroids is possible. Global case hardening of such structures would lead to an
embrittlement and weaken the part’s overall integrity. Combined with the design approach
of ultralight components by replicating lattice structures in different sizes and order of
magnitude, highly optimized and extreme lightweight parts for demanding applications
like energy or aerospace could be produced [48].

Figure 10. Potential of the combination of in situ alloying and multi-material processing (a) Tooth
with various case hardening depths produced with multi-material PBF-LB/M (b) Tooth with inherent
pressure-resistant zones of high strength material.

Future work should explore the effects of in situ alloying with different elements such
as manganese or wear-resistant components such as tungsten carbides. These elements
have different alloying characteristics since no, or much less diffusion is possible compared
to carbon. Additionally, the multi-material process has to be improved to take full advan-
tage of in situ alloying. Furthermore, powder recycling has to be addressed as a key point.
Up to now, the graphite particles cannot be separated from the original powder to create a
new powder batch.
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