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Selective laser melting (SLM) is an additive manufacturing technology widely applied for direct fab-rication of functional parts from metal powders. In
this paper, the feasibility of the fabrication of three-dimensional cermet objects by SLM using 5-35 wm boron carbide particles surrounded by ~2 wm
cobalt-based layers was explored. Microstructure, composition, porosity, compressive strength and microhardness of the fabricated object were
investigated. A highly porous (37%) homogeneous structure containing grains of boron carbides with 2900-3200 HV hardness embedded in the cobalt-
based matrix was obtained. It was also found that new phases were formed during SLM as a result of the interaction of B4C with the cobalt-based matrix.

1. Introduction

Selective laser melting (SLM) of metal powders is an Additive
Manufacturing technology with the ability of layer-by-layer build-
ing of complex-shape functional parts (Wohlers Report, 2007). The
available literature reports successful results of SLM manufactur-
ing of 3D objects and functional parts from steel (Murr et al.,
2012), nickel (Jia and Gu, 2014), cobalt (Pupo et al., 2013) and
titanium based alloys (Yadroitsev et al., 2014). However, materials
with enhanced performance compared to metallic alloys typically
applied in SLM are required to withstand harsh operating condi-
tions such as elevated temperature, high abrasive wear, etc. For
example, cutting tools materials must have strong characteristics
of hardness, wear resistance and compressive strength. Applying
different types of ceramic and cermet materials is now emerg-
ing as the only solution to achieve this goal. Cutting tools are
typically manufactured by sintering ceramic and cermet powders
containing tungsten carbide, titanium carbide, titanium carboni-
trides or other types of hard phases. SLM of ceramics is a difficult
task (Deckers et al., 2014). High temperature gradients during SLM
process often lead to parts cracking (Shishkovsky et al., 2007) and
high residual stress. Some successful results have been reported on
SLM of yttria-stabilized zirconia (YSZ) (Bertrand et al., 2007) and

* Corresponding author. Fax: +33 477 74 34 97.
E-mail addresses: sova.aleksey@gmail.com, aleksey.sova@enise.fr (A. Sova).

alumina-zirconium (Shishkovsky et al., 2007) ceramics. However,
the mechanical properties of the obtained materials are signifi-
cantly lower compared to conventional ceramics. For example, YSZ
fabricated by SLM has a very high porosity (44%) and a poor inter-
layer adhesion (Bertrand et al., 2007). SLM of cermet powders or
mixtures of metal and ceramic powders where the metal phase
acts as a binder material seems to be less challenging. In this case,
the laser melts the metal phase creating the connection between
separated particles of the layer whereas the ceramic particles could
remain in solid state (Kumar, 2009) or be partially molten (Gu et al.,
2006). However, composition inhomogeneity, phase segregation
and high porosity of the resulting structures are common prob-
lems of SLM of conventional cermet powders (Kruth et al., 1996)
and metal-ceramic powder mixtures (Krakhmalev and Yadroitsev,
2014). It can be caused by the initial inhomogeneity of the mate-
rial in the powder bed, heat and mass transfer particularities in the
molten pool, and melting-solidification process of a multimaterial
system.

This paper proposes a method for SLM manufacturing of 3D
objects from a cermet cladded powder in which the ceramic core is
surrounded by a thin layer of metallic binder. The literature reports
successful results of the use of this type of powder in cold spray of
nickel-coated alumina (Li et al., 2008) and boron carbide particles
(Feng et al., 2012) for coating deposition and, as a tentative exper-
iment, for 3D parts building. Such metal-ceramic powders have
never been applied in SLM.
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Fig. 1. SEM images of B4C particles coated by a cobalt-based layer used in the experiments: (a) particle cross-section, (b) powder general view.

The main purpose of this study is to explore the feasibility of
SLM of a cobalt-cladded boron carbide ceramic powder as a poten-
tial solution for additive manufacturing of cutting tools. The choice
of boron carbide as a ceramic reinforcing phase was governed by
its good mechanical properties, high hardness and high abrasion
resistance. Cobalt is actually used as a matrix in cermet materials
due toits high corrosion and wear resistance in a wide temperature
range. From these considerations, it appears that a cobalt-cladded
boron carbide powder may be a good choice to investigate the SLM
potential for cutting tools manufacturing.

2. Experimental procedure
2.1. Feedstock material

Batches of composite metal-coated B4,C powders were produced
using a chemical vapor deposition (CVD) facility for the indus-
trial production of cladded powders (LIFCO Industrie, France). A
patented CVD coating process (Bucher and lacob, 2004) was applied
using a fluidized bed furnace reactor. The use of a fluidized bed
allowed the flow of gaseous reactive species to have a good contact
with each particle to be cladded. CVD precursors served to synthe-
size a cobalt metallic layer reinforced by inclusions of pure boron
and Co3B phase deposited onto the surface of fine B4C powder.

The particles have a strongly irregular shape; 95% of the particles
have a size lying in the range between 5 and 35 pm with an average
size of about 13 pwm. SEM analysis of the powder revealed that the
average thickness of the cobalt-based coating layer was near 2 pum

(Fig. 1).
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SEM images show that the metallic coating layer is homogenous
in thickness but contains some spherical inclusions representing
points of nucleation during CVD deposition of cobalt on the ceramic
surface of the particles. Also, an amount of particles having visible
gaps in the surrounding layer was detected. The percentage of the
non-fully covered particles was not measured, but visual observa-
tion permitted to estimate their percentage as about 3-5 %. XRD
analysis of the particles detected the presence of pure cobalt, pure
boron and a Co3B phase in the particle coating (Fig. 2).

2.2. Experimental set-up

Samples were fabricated using a PM100 (Phenix Systems)
SLM machine. The radiation source was a continuous-wave Ytter-
bium fiber laser YLR-4 x 200-SM (IPG Photonics Corporation) with
1.075 pm wavelength and 200 W maximum laser power. The size
of the laser spot on the surface was 70 pwm. The process chamber
was filled by argon as a protective gas. Stainless steel plates were
used for the tests as a substrate for the powder bed. For a better
bonding of the first layer, the substrate was laser cladded with
cobalt-reach Stellite 6 powder. The deposited Stellite 6 layer was
further on machined and grinded. The resulting coating thickness
was ~100 pm.

2.3. Characterization of the samples

The samples were analyzed using an optical microscope Zeiss
Axioscope and a SEM Tescan Vega 3 sSB with EDS function.
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Fig. 2. Results of XRD analysis of B4C powders covered by a cobalt-based layer.
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Fig. 3. Geometrical characteristics of the single tracks cross-sections obtained at different laser scanning velocities; laser power 60 W, layer thickness 50 pm

Microhardness was measured using BUEHLER Omnimet MHT 510
equipment. Powder and samples phase XRD (X-ray diffraction)
analysis was performed on Panalytical X'Pert Pro MRD equipment.
Density of the 3D samples was measured by Archimedes’ method
using analytical balances, and compressive strength was measured
using a tensile-testing machine.

3. Results
3.1. Single tracks and layer

To determine working parameters allowing obtaining stable
single tracks with constant geometrical shape and required metal-
lurgical properties is an essential part of SLM process (Monroy et al.,
2014). The final properties of the tracks for a given powder depend
on laser power (P), scanning speed (V) and powder layer thickness
(L) (Ciurana et al., 2013). The main challenge of this study was to
establish process parameters permitting to obtain stable tracks and,
at the same time, preserving the carbide phase from decomposi-
tion. For this purpose, experiments were performed with varying
scanning velocity and laser power in the range of 100-300 mm/s
and 50-70 W, respectively. Similar parameter ranges had been suc-
cessfully applied for SLM of Fe-SiC (Song et al., 2014) and Ti-SiC
(Krakhmalev and Yadroitsev, 2014) cermet powders.

The first experiment revealed significant problems in as-
received powder layering because of its weak apparent density
and high agglomerating tendency due to a non-spherical particle
shape. The minimum layer thickness achieved without visible gaps
was of 250 wm which is significantly larger than the standard layer
thickness for the given equipment and material (30-50 wm). The
powder was subjected to a heat treatment in an oven at 200°C
during 2 h. This helped to decrease the level of powder agglom-
eration, and a homogenous SLM layer with 50 wm thickness was
achieved. Further experiments were conducted for two powder
layer thicknesses: 250 pm for the as-received powder, and 50 pum
for the heat-treated powder.

In the experiments with 250 wm layer thickness, no stable con-
tinuous tracks with uniform geometry were formed. Under the
whole range of tested parameters, the input laser energy was not
sufficient to melt the particles of the bottom layer. Thus, metallur-
gical contact with the substrate was not achieved.

50 wm layer thicknesses permitted to obtain geometrically
homogenous tracks. Fig. 3 shows track dimensions versus scan-
ning velocity at 60 W laser power. 100 mm/s scanning velocity
was selected as the optimal in the studied range of parameters
as it permitted to obtain tracks with constant dimensions. The
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Fig. 4. Top view of the fabricated layer. Process parameters:: laser power 60 W,
scanning speed 100 mmy/s, powder layer thickness 50 wm, hatch distance 120 pm.

next experimental step was the fabrication of surfaces. Based
on the analysis of the single tracks, surfaces were manufactured
at the following parameters: laser power 60 W, scanning speed
100 mm/s, powder layer thickness 50 wm. 120 um hatch distance
(shift between tracks in the plane of the beam scanning) was cho-
sen based on the single track width. Top view of the obtained layer
is shown in Fig. 4. One can see that the single tracks composing the
layer have a sound metallurgical contact.

3.2. 3D samples (cuboids)

Quality and properties of the whole 3D object depends on
those of each fabricated layer. To minimize anisotropy of the cubic
sample, the criss-cross strategy previously successfully applied in
(Krakhmalev and Yadroitsev, 2014) was used, that is, each next
layer was deposited perpendicularly to the previous one. The pro-
cess parameters were the same as for the fabrication of surfaces.



Fig. 5. General view of a 10 x 10 x 5 mm SLM cubic sample.

Table 1
Results of porosity analysis.

Theoretical density of Apparent density,
B4C-Co, g/cm? g/cm?

2.95 1.86 37

Total porosity, %

Three 10 x 10 x 5 mm cubic samples were fabricated. General view
of one of them is presented in Figure 5.

3.3. Porosity and microstructure

Analysis of the cross section images of the obtained cubic sam-
plesrevealed significant porosity. Pores of two different scales were
detected: 10-30 um and 100-200 pwm. The first one was the most
probably artificial porosity induced by falling out of hard carbide
particles during cutting and grinding of the specimens (Fig. 6).
100-200 pm pores were generated under SLM process. Density was
measures by Archimedes’ method, and the total porosity was found
to be very high. The measurement results are presented in Table 1.

It is important to note that the pores are mainly concentrated
at the interface region between neighboring tracks and layers. The
amount of porosity makes it difficult to distinguish between open
and closed porosities. Indeed, the capillarity effects required for
Archimedes’ method are too weak to allow ethanol used in the
measurements to be retained in the open pores of the material.

No large-scale cracking was observed on the samples cross-
section but some micro-cracks are visible on SEM images (Fig. 6).
Most probably those small-scale cracks were induced by high-
temperature gradients during SLM process. On the other hand,
sample cutting may also generate local cracks observed in Fig. 6.
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Fig. 6. SEM image of a sample transversal cross-section at low magnification; (1)
pores induced during sample fabrication, (2) apparent porosity induced by grinding
procedure.

SEM images of the sample surface and cross-section showed that
the sample consists mainly of 10-20 wm boron carbide grains (that
is close to the initial size of the boron carbide particles) surrounded
by a cobalt-based matrix (Fig. 7a and b).

Microscopy observations showed that the laser beam melts first
the shell material due to a significant difference between the melt-
ing temperatures. One can suggest that the molten metal phases of
the binder of neighboring particles in the powder bed could inter-
act and create a cobalt based matrix. However, the volume of the
metal in the binder is not sufficient to completely fill the voids
neither between the particles in single tracks nor in the interfaces
between neighboring tracks. It was also observed that high heating
and cooling rates of the process lead to the partial melting and re-
solidification of the boron carbide phase and the formation of new
compounds in the cobalt-rich matrix. Additionally to Co, Co3B and
B4C phases initially present in the powder before SLM processing,
the XRD analysis (Fig. 8) also revealed the presence of Co3C. The
formation of these precipitates may generate a significant change

A pm

Fig. 7. SEM images of the sample: (a) sample surface, (b) sample cross-section.
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Fig. 9. Stress-strain curve representing results of the compressive strength testing
of the sample.

in the behavior of the cobalt-rich binder. Note that XRD analysis of
the manufactured object did not allow to clearly observe Co3B ini-
tially present in the powder. XRD showed the presence of Coy3Bg
rather than Cos3B (Fig. 8).

3.4. Compressive strength

The stress-strain curve obtained during sample testing is pre-
sented in Fig. 9. As it could be seen from the figure, the maximum
stress value was near 110 MPa that corresponded to the formation
of visually detectable cracks in the sample volume. Unfortunately,
the literature does not report the similar type of compressive
strength of a cermet based on B,C-Co obtained by SLM. However,
it is known that typical compressive strengths of widely used sin-
tered cermets WC—12% Co (Ceramics, 2015) as well as pure boron
carbide (Mandel et al., 2014) are significantly higher (~4200 MPa
and 2900 MPa, respectively).

It is well known that compressive strength of sintered ceramic
and cermet parts strongly depends on material properties as well
as on the method of sample fabrication (Hausner, 1996). Obviously,
total strength of SLM samples should strongly depend on not only
the phase composition but also on the strength of the metallurgical
contacts between layers and tracks. In case of a cermet sample,
strength of the interface contact between the metal and ceramic
phases is also an important factor determining the final strength
value.
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Fig. 10. SEM image of the interface between the metal matrix and boron carbide
grains after strength measurements.

As it could be seen from Fig. 10 representing SEM analysis of
a destructed sample, fractures mainly propagate in the interface
between the metal matrix and the boron carbide particles. Even a
partial cracking of boron carbide was not detected. One can con-
clude that a relatively low value of compressive strength is related
to the low strength of the metal matrix with boron carbide particles
and a significant overall porosity of the sample.

3.5. Microhardness

Microhardness was measured by a Vickers indenter under 300 g
load. Metal matrix as well as ceramic grains was subjected to
indentation. The metal matrix yielded about 600 HV hardness. This
value is slightly less than that of the cobalt-based particle coat-
ing obtained before SLM (~700HV). Microhardness of the boron
carbide grains in the sample was in the range of 2900-3200 HV
that is comparable to the hardness of SLM boron carbide parts
(Moshtaghioun et al., 2013).



4. Conclusion

e The experiments performed in this study proved the feasibil-
ity of building 3D objects of simple geometry by SLM from a
cladded powder consisting of ceramic particles surrounded by
a metal binder. SLM results for the initial B4C powder cladded
with a cobalt based binder under the chosen SLM parameters
showed that the laser beam had melted the metal, and a metal
matrix composite with non-molten ceramic particles inclusions
had been formed. Besides, the interaction of B,C with the molten
metal binder reach in cobalt yielded a new cobalt carbide phase
uniformly distributed in the matrix.

Hardness of the cuboids varies from 600 to ~3000 HV depending
on the measurement zone.

¢ The obtained samples have a significant porosity (~37%) mainly
distributed in the interlayer region. Porosity may be diminished
through the optimization of the ceramic particles granulometry,
the increase of the metal binder layer on the ceramic particles,
and by a further optimization of the laser scanning parameters.
Compressive strength of the obtained samples does not exceed
110 MPa. This result obviously does not satisfy the targeted appli-
cation: cutting tools materials. Cracks appear at the interface
between the boron carbide particles and the metal matrix, and
propagate along the boundaries between the ceramic grains and
the metal. High porosity of the samples plays an important role
in decreasing the compressive strength mean value. Decreasing
porosity may be also a way to enhance mechanical properties of
manufactured samples.
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