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Abstract: The synthesis of novel materials by additive manufacturing requires the optimization of the
processing parameters in order to obtain fully-dense defect-free specimens. This step is particularly
important for processing of composite materials, where the addition of a second phase may significantly
alter the melting and solidification steps. In this work, a composite consisting of a 316L steel matrix and
5 vol.% CeO2 particles was fabricated by selective laser melting (SLM). The SLM parameters leading
to a defect-free 316L matrix are not suitable for the production of 316L/CeO2 composite specimens.
However, highly-dense composite samples can be synthesized by carefully adjusting the laser scanning
speed, while keeping the other parameters constant. The addition of the CeO2 reinforcement does not
alter phase formation, but it affects the microstructure of the composite, which is significantly refined
compared with the unreinforced 316L material.
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1. Introduction

Material synthesis by additive manufacturing (AM) has recently emerged as a flexible processing
tool for the fabrication of components with intricate geometries and superior properties [1]. Among the
different AM technologies, selective laser melting (SLM) represents an optimal choice for the production
of highly-dense metallic parts because of the use of high-energy laser beams capable to fuse/weld
metallic particles layer by layer [2,3]. Additionally, SLM processing leads to remarkable differences in
terms of microstructures and properties compared with conventional manufacturing processes, like
casting [4–6]. High temperature gradients, fast moving of the laser beam, and rapid solidification are
characteristic features of SLM, which can crucially affect microstructures and properties of the SLM
parts [2,7].

A wide variety of materials, including Al-based alloys, steels, and metallic glasses [5,7,8], has
been fabricated by SLM. In particular, 316L steel synthesized by SLM has been extensively investigated
because of its excellent corrosion and oxidation resistance under severe environments [9–11]. Recent
efforts have been focused on the fabrication of stainless steel matrix composites [12,13]. For example,
AlMangour et al. [14,15] studied the effect of powder preparation as well as of size and volume fraction
of TiC reinforcements on the microstructure and mechanical properties of 316L, while Hao et al. [16]
and Wei et al. [17] optimized the SLM processing parameters to fabricate a hydroxyapatite/316L
composite. The addition of reinforcing particles—such as SiC, TiC, TiB2, and Al2O3—to stainless steel
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can further enhance mechanical and wear properties at moderate and high temperatures, and expand
the range of potential applications of these composites to aerospace and biomedical industries [18,19].

Two main features play a decisive role for determining the final microstructure and the mechanical
properties of composites synthesized by SLM: the first is related to the processing parameters, such as
laser power, laser scan speed, hatch distance, hatch layer thickness, and laser spot size [20] and the
second is associated with the characteristics of the reinforcing particles, including particle size and
morphology, and their dispersion within the matrix [21]. A uniform distribution of the reinforcing
particles in a matrix-reinforcement powder mixture is a prerequisite for its homogeneous distribution
in the final bulk composite. Ball milling can be successfully used for the preparation of homogeneous
particle mixtures. The uniform distribution of the reinforcement achieved by ball milling, however,
it is usually accompanied by a change of the powder morphology resulting from the high energy
impacts between particles and milling media [22,23], which in turn may influence the solidification
characteristics and the properties of the composite material after SLM [23].

Due to the addition of the second phase and the change of the powder morphology, the SLM
processing parameters leading to defect-free specimens of the unreinforced matrix might not be suitable for
the synthesis of fully-dense composites and the optimization of the parameters might be necessary [24–26].
Accordingly, the objective of this work is the optimization of the SLM processing parameters to produce
defect-free 316L matrix composites reinforced with 5 vol.% CeO2 particles. To achieve this aim, different
scanning speeds have been employed and the resulting phases, microstructures and densification of
the SLM parts have been investigated. The present steel-matrix composite belongs to the family of
oxide dispersion strengthened (ODS) alloys, where oxide particles, such as Y2O3, CeO2, Al2O3, and
TiO2 [27], are dispersed into a metallic matrix in order to achieve elevated temperature strength, creep,
and resistance against radiation [28,29].

2. Materials and Methods

Gas-atomized 316L stainless steel powder (Realizer GmbH) with spherical morphology and
average particle size of 36 µm (Figure 1a,b) and CeO2 powder (chemPUR) with size in the range
of 0.5–1 µm were used for the present experiments. Composite powder mixtures consisting of the
316L matrix and 5 vol.% CeO2 were prepared by ball milling in order to ensure the homogeneous
distribution of the reinforcing phase. Ball milling was carried out for 2 h using a Retsch PM 400
(Retsch, Haan, Germany) planetary ball mill with hardened steel vials and balls at a ball-to-powder
weight ratio of 6:1 and a milling velocity of 100 rpm. To avoid an excessive temperature rise inside the
vial during milling, the rotation was paused for 15 min after every 15 min milling. SLM processing was
performed using an SLM 250 HL device (SLM Solutions, Lübeck, Germany) equipped with a Yb-YAG
laser. Cylindrical samples with 3.5 mm diameter and 7 mm length were built on a 316L substrate plate
using the following parameters: laser power 175 W, layer thickness 30 µm, hatch spacing 120 µm,
and hatch style rotation 79◦. The scanning speed was varied in the range of 250–688 mm/s (688 mm/s
being the optimized speed for the single-phase 316L). In order to minimize oxygen contamination,
SLM processing was carried out under high purity argon atmosphere. Phase analysis was performed
by X-ray diffraction (XRD) using a D3290 PANalytical X’ PRO diffractometer with Co-Kα radiation
(λ = 0.17889 nm). The density of the samples was measured by the Archimedes principle and by X-ray
computed tomography (XCT). XCT scans with voxel size of 5 µm were carried out using a General
Electric Phoenix Nanotom m device (General Electric, New York, NY, USA). The microstructure of
the samples was investigated by scanning electron microscopy (SEM; Leo Gemini 1530, Carl Zeiss,
Jena, Germany). Samples for SEM investigations were mechanically polished and chemically etched at
room temperature for 7 min using an acidic water solution containing 2% HF and 8% HNO3. The size
distributions of the particles and cells were evaluated from the SEM micrographs by using the image
analysis software ImageJ 1.X. Crystallographic orientation and grain size of the SLM samples were
studied by EBSD (Brooker esprit, detector e flash-HR) using the ESPRIT.2.1 CrystAlign software [30].
The step size of the EBSD measurement was 1 µm. For EBSD mapping, the unreinforced 316L matrix
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and composite samples were sectioned along the Y–Z plane (with X building direction). Room
temperature quasistatic compression tests (strain rate = 8 × 10−5 s−1) were performed on cylindrical
samples (7 mm length and 3.5 mm diameter) of the unreinforced 316L and 316L/CeO2 composites
using an Instron 5869 testing facility. The strain was measured directly on the samples using a Fiedler
laser-extensometer. The compression tests for all specimens were intentionally stopped at 15% strain.
A total of 10 specimens for unreinforced matrix and composite were tested in order to ensure the
reproducibility of the results.
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Figure 1. Powder morphology and particle size distribution for: (a,b) as-atomized pure 316L powder
and (c,d) 316L/CeO2 powder mixture ball milled for 2 h.

3. Results and Discussion

The optimized SLM parameters for the unreinforced 316L matrix (scanning speed 688 mm/s,
laser power 175 W, layer thickness 30 µm, hatch spacing 120 µm, and hatch style rotation 79◦) provide
highly-dense specimens with a relative density of 99.9%, as demonstrated by the corresponding results
in Figures 2a and 3a. On the other hand, the same parameters are not suitable for SLM processing of
the 316L/CeO2 powder mixture: the composite material is highly porous (relative density ~94%) with
the CeO2 phase (bright contrast in Figure 3b) mostly located at the interface between matrix and pores.
Two main differences, which can explain this behavior, exist in the processing of the unreinforced
matrix and 316L/CeO2 powders: (i) the milling step used for the preparation of the homogeneous
316L/CeO2 powder mixture and (ii) the presence of the CeO2 second phase.

Milling can induce a significant change in the size and morphology of the powder, which in turn
may influence the melting and solidification steps. Indeed, milling for 2 h drastically increases the size
of the unreinforced 316L powder so that defect-free specimens can no longer be synthesized using the
optimized parameters (not shown here). On the other hand, milling the 316L/CeO2 powder mixture
only slightly reduces the particle size compared to the as-atomized powder (Figure 1c,d). The effect of
milling can, therefore, be neglected.
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insufficient to entirely melt the 316L particles. This behavior may preferentially raise the temperature 
on the particles surface, leading to surface melting, while the particle cores are still solid. Through 
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Figure 3. SEM micrographs for: (a) an unreinforced 316L specimen synthesized by SLM at 688 mm/s;
(b) a 316L/CeO2 composite synthesized at 688 mm/s; and (c) 316L/CeO2 powder mixture ball milled
for 2 h. The bright contrast indicated by red arrows in (b) and the small bright particles adhering to the
large 316L particles in (c) are the CeO2 phase.

The addition to the CeO2 second phase most likely has the strongest impact for affecting powder
melting and the subsequent solidification process. The presence of the CeO2 particles on the surface
of the 316L particles (Figure 3c) may absorb some of the laser energy input, making the energy
insufficient to entirely melt the 316L particles. This behavior may preferentially raise the temperature
on the particles surface, leading to surface melting, while the particle cores are still solid. Through
this mechanism, necks are formed between the particles; however, due to the fast movement of the
laser beam, the particles are only partially joined together and pores between solidified metallic
agglomerates are left behind [31].

The use of a low laser power or a fast laser scanning speed usually leads to higher porosity during
laser processing of 316L stainless steel [31]. Under these conditions, the energy input is decreased and
the volume of the melt pool becomes smaller, leading to a discontinuous scan track smaller than the
laser spot and to the occurrence of the balling phenomenon [32–35], where the laser penetration depth
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is not deep enough to weld the neighboring layers [36]. To overcome this problem, the decrease of the
laser scanning speed is recommended to achieve higher densification levels in SLM parts [37]. Lower
scanning speeds, and thus the increase of the laser energy input, create a large melt pool and more
powder particles are melted [38].

The scanning speed should be selected carefully in order to provide sufficient energy input capable
to create a continuous track of molten liquid and a fully dense surface after solidification. The density
of CeO2 (7.65 g/m3) is slightly lower than that of 316L (8 g/m3) [39] and, consequently, the scanning
speed should be fast enough to shorten the solidification time without giving the reinforcement
particles time for floating on the top of the melt pool [17]. Decreasing the scanning speed to 350 mm/s,
while keeping the other parameters constant, increases the relative density to 98% (Figure 2b);
unfortunately, the CeO2 particles are not homogeneously distributed and are mainly located at the
edges of the sample. At such a low scanning speed, a large temperature gradient may exist between
the center and the edge of the melt pool [40]. This may lead to a higher surface tension at the cooler
edge, which may then be accompanied by the outward flow of the CeO2 particles from the hot liquid
to the edge of the pool, explaining the behavior observed in Figure 2b. This adverse effect can be
mitigated by increasing the scanning speed to 488 mm/s (Figure 2c). SLM processing using this speed
corresponds to sufficient energy density to fully melt the powder particles, avoiding the preferential
location of the reinforcement particles along the sample edges. No crack or balling phenomena occur
at this optimized speed and the 316L/CeO2 composite sample shows a very high relative density of
99.9% with rather well-distributed reinforcing particles.

Both the unreinforced 316L matrix and 316L/CeO2 composite consist of a single-phase austenite
structure (Figure 4). The CeO2 phase cannot be detected in all XRD patterns. This can be due to the
melting and dissolution of the CeO2 phase during SLM or because the small amount of reinforcement
is below the detection limit of the instrument. The latter possibility is corroborated by the fact that
no diffraction peaks of the CeO2 phase are detected in the 316L/CeO2 milled powder. In addition,
the CeO2 particles are visible in the XCT image in Figure 2c, further supporting that the CeO2 phase
is not melted during the process. Because XCT analysis was carried out using a voxel size of 5 µm,
which sets the lowest limit for the detection of the second phase, it is surprising to observe the CeO2

particles considering their small starting size (0.5–1 µm). The CeO2 particles must, therefore, have been
clustered during SLM processing to a size suitable for XCT analysis. This hypothesis is corroborated
by the SEM micrographs shown in Figure 5: CeO2 particles with size in the range of 30–200 µm are
indeed formed in the 316L/CeO2 composite.
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Figure 5. SEM micrographs for the 316L/CeO2 composite synthesized by SLM at 488 mm/s: (a) overview
showing the distribution of the CeO2 particles; (b) view at higher magnification revealing that clustering
of the CeO2 particles occurs during SLM (see also the inset corresponding to the dashed box in (b)).
The red arrows indicate the position of the CeO2 particles.

Due to the high cooling rate characterizing materials processing by SLM (103–106 K/s), metastable
phases and microstructures can be formed [6,8,41]. The present unreinforced 316L specimen displays
a fine cellular microstructure (Figure 6a,b), in agreement with previous reports on 316L fabricated
by SLM [42–44]. The addition of the CeO2 reinforcement does not affect the formation of the cellular
microstructure (Figure 6c–e); however, the CeO2 phase induces significant microstructural refinement and
decreases the cell size in the composite material with respect to the unreinforced matrix, as demonstrated
by the cell size distributions shown in Figure 6f.
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Figure 6. SEM images showing the cellular microstructure formed in (a,b) an unreinforced 316L
specimen synthesized by SLM at 688 mm/s and (c–e) a 316L/CeO2 composite synthesized at 488 mm/s;
(f) Distribution of the cell size in the unreinforced 316L and 316L/CeO2 composite.

Grain refinement occurs at a larger length scale as well. EBSD analysis reveals that the average
grain size (calculated over more than 2300 grains) of the unreinforced 316L (45 ± 3 µm) is reduced in
the 316L/CeO2 composite to about 25 ± 2 µm (Figure 7). The CeO2 particles are thus effective grain
refiners, acting as heterogeneous nucleation sites and hindering the growth of both cells and grains [45].
The reduced grain size cannot be attributed to the reduced scanning speed used in the 316L/CeO2

composite with respect to the unreinforced 316L. Slower scanning speed would increase the depth
and volume of the molten pool, consequently raising the temperature and increasing the time needed
for solidification. This, in turn, would give the grains more time to grow, leading to microstructural
coarsening rather than refining, in agreement with the work of Dutta Majumdar et al. [46], who observed
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the decrease of the grain size with increasing scanning speed in 316L steel processed by laser assisted
rapid fabrication. The addition of the CeO2 reinforcement has a significant influence on the yield
strength (0.2% offset), which increases from 412 ± 7 MPa for the unreinforced 316L to 485 ± 4 MPa
for the 316L/CeO2 composite while retaining appreciable plastic deformation (Figure 8). The observed
increase of strength can be ascribed to the load bearing capacity of the CeO2 reinforcement [47] along
with the Hall–Petch strengthening contribution resulting from structural refinement [48].
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4. Conclusions

In summary, we have optimized the SLM processing of 316L/CeO2 composites in order to achieve
highly-dense defect-free specimens. This aim can be achieved without the need to explore the effect of
the entire set of experimental parameters. Excellent specimens can be synthesized by carefully adjusting
the laser scanning speed, while keeping the other parameters constant. The addition of the CeO2

phase does not change the phase formation during solidification but it affects the microstructure of the
composite, which is considerably refined compared with the unreinforced 316L material. The refined
microstructure induces significant strengthening in the composite without deteriorating the plastic
deformation. These preliminary results not only indicate that highly-dense 316L/CeO2 composites with
enhanced room-temperature strength can be synthesized by SLM, but also they open the possibility to
extend the analysis of their properties to high temperatures, enlarging the possible applications of this
type of composites.
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