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Abstract

Although ceramic particle-metal matrix materials (i.e. cermets) can offer superior
performance, manufacturing of these materials via conventional means is difficult compared to
the manufacturing of metal alloys. This study leverages the laser powder bed fusion process to
additively manufacturing dense WC-17 wt.% Ni composite specimens using a novel spherical,
sintered-agglomerated composite powder. A range of processing parameters yielding high density
specimens were discovered using a sequential series of experiments comprised of single bead,
multi-layer, and cylindrical builds. Cylinders with a relative density >99% were fabricated and
characterized in terms of microstructure, chemical composition, and hardness. SEM images show
favorable wetting between the nickel binder and carbide particles without any phase segregation
and laser processing increased the average carbide particle size. EDX and XRD analyses detected
traces of secondary products after laser processing. For samples processed at high energy
densities, complex carbides and carbon agglomerate phases were detected. A maximum hardness
of 60.38 Rockwell C is achieved in the printed samples. The successful builds in this study open
the way for laser powder bed fusion of dense WC-Ni parts with a large workable laser power-laser
velocity processing window.
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Introduction

Novel applications in the tooling and machining industries drive material development
beyond that of established metal alloys to ceramic particle-metal matrix composite (i.e. cermet)
material systems [1]. Although cermet materials can offer superior performance (e.g., high
temperature resistance, corrosion resistance, and wear resistance), their manufacturing via
conventional means is difficult compared to the manufacturing of metal alloys. Traditional
manufacturing methods, such as milling and casting, are not suited for materials with high hardness
values and melting temperatures. As such, pressing and extrusion methods are used to produce
green parts that are subsequently heat treated to create stronger, denser parts. The geometries of
these parts are significantly constrained due to the inherent limitations of their fabrication
processes. The emergence of additive manufacturing processes presents an opportunity to fabricate
ceramic and cermet parts with greater geometric complexity [2][3][4].

Carbide particle-metal matrix or cermets are materials comprised of ceramic carbide
particles (e.g., WC, Sic, and TC) homogeneously dispersed within a metal matrix phase. Compared
to metal alloys, cemented carbides can exhibit a wide range of thermal/electrical conductivities,
abrasion resistance, creep resistance, and stiffness; such properties can be tailored by changing
carbide particles, metal matrices, or the ratio between the two phases [5]. Tungsten Carbide (WC)
particles are commonly used in cermets; these composites are specifically favored for applications
requiring high hardness, temperature stability, tailored thermal and/or electrical conductivities, and
wear resistance [6][7]. Mechanical properties of WC cermets are greatly affected by the volume
ratio between the metal and WC phases and the size of the carbide grains [8][9]. Cobalt (Co) is

typically used as the metal matrix in WC cermets for high strength applications, but nickel (Ni) is



a common substitute as it is less magnetic, exhibits greater corrosion and oxidation resistance, and
possesses comparable mechanical properties [10][11].

Many processes can produce WC-Ni composites, but only a few are proven at the industrial
level as challenges include economic considerations, powder properties, and powder
processability. Bulk WC-Ni parts are typically fabricated using liquid phase sintering techniques
where WC and Ni powders are pressed and shaped to a desired geometry. The compacted green
part is then subjected to high temperatures (>1300°C) and pressures (>1 MPa) where the metal
melts, wets the WC powder, and densifies the part [12]. WC-Ni coatings can be fabricated by laser
cladding methods; in such processes, a laser (typically a CO2) heats the powder and melts the
nickel to generate a coating on a metal substrate. Acker et al. was able to deposit thick layers of
WC-Ni with porosities less than 2% and a maximum nickel volume percentage of 45% although
nickel agglomerations began to form at volume percentages higher than 30% [8]. High-frequency
induction-heated sintering [13], microwave sintering [14], and spark plasma sintering [15] also
demonstrate potential to fabricate WC-Ni composites.

Conventional manufacturing techniques demand a great deal of time and energy to produce
WC-Ni parts. Additive manufacturing provides a wide collection of processes that can be used to
produce geometrically complex, bulk cermets at lower energy and capital costs [16]. Enneti et al.
studied the binder jetting capabilities of WC cermets and provided details about sintering
densification and mechanical properties. In these studies, an intermediate green part was additively
manufactured and post processed in a high temperature (>1400°C), high pressure sintering step to
achieve high densities with high levels of shrinkage [14][15]. The directed energy deposition
process has been used to manufacture WC composites, as exemplified by Balla et al. where WC-

12% Co dense coatings were deposited onto a steel substrate [19]. The electron beam melting



process has also been used to fabricate WC cermets; Kenyoshi et al. demonstrated the feasibility
of printing WC-Co which resulted in specimens with intense WC grain growth due to the high
powder bed temperatures of the electron beam melting process [20].

Laser powder bed fusion (LPBF) or selective laser melting (SLM) has advantages over
other manufacturing processes because it operates at substantially lower temperatures and can
create fully dense, near net shape parts. In this process, a laser beam provides the thermal energy
to melt and fuse a thin layer of metal powder in the shape of the cross section of the part. The build
platform is then lowered and a new layer of powder is deposited, usually by a recoater blade
dragging powder from a dispenser platform to the build platform. Several studies explore the
possibilities of printing WC-Co cermets with LPBF: Uhlmann et al. measured porosity and cobalt
content of printed samples [21], Khmyrov et al. demonstrated the possibility of printing with nano-
sized WC powder [22], Campanelli et al. analyzed the resulting microstructure of Cr-doped WC-
Co builds [23], and Kumar achieved high density prints using a WC-Co composite powder [24].
Ku et al. examined the feasibility of printing cemented WC with an iron alloy matrix (10 wt.%)
and printed samples with densities up to 95% and macropores as big as 500 microns [25]. Kang et
al. printed miraging steel with up to 15 wt.% WC and found an increase in WC decreased the
surface roughness, increased ultimate tensile strength, increased repeatability of processing,
increased thermal conductivity and created a more homogenous samples [26]. Cavaleiro et al.
conducted a study on surface modified WC particles to print a WC cermet reinforced with steel
[27].

The LPBF of WC-Ni cermets, our material system of interest, was reported in several
studies. Gu et al. processed in situ WC-Ni1 based cemented carbides using a mechanically mixed

W-C-Ni ternary powder system in the LPBF process [28][29]; this approach resulted in samples



with a maximum relative density of about 96% and the formation of unwanted complex carbides
that can compromise mechanical strength. In another study, Li et al. investigated the solidification
process of nickel-coated W2C-WC powder in the LPBF process[30]; this approach produced
specimens with carbide grains larger than what’s typically desired (0.5-15 pm [1]), phase
segregation between carbides and nickel binder, and a significant amount of unwanted complex
carbides. The novelty of this work focuses on introducing a new type of powder to process WC-
Ni within the laser powder bed fusion process.

In this study, we additively manufacture cemented WC with a nickel matrix (17 wt.%)
using a spherical, sintered and agglomerated WC-Ni composite powder. A 17wt% was chosen
because it’s the largest amount of metal content offered by the powder manufacturer. This powder,
coupled with careful processing parameter selection, can be leveraged to improve some of the most
common, and previously mentioned, issues in the LPBF of cemented carbides: inhomogeneity or
phase segregation between the metal matrix and ceramic particles, poor powder flowability, low
powder bed packing efficiencies, low printed densities, large amounts of unwanted products after
laser processing, and poor wetting between carbide particle and metal binder. A series of
experiments based on sequential prints is used to discover a range of workable processing
parameters for this powder. Process outcomes (e.g., density/porosity, microstructure, chemical
composition, and hardness) are evaluated and correlated with processing parameters. As such, the
successful builds in this study clearly open the way for the fabrication of fully dense and functional

WC-Ni parts, via the laser powder bed fusion process.



Experimental Methods

a) Materials
304 stainless steel build plates were used for each build. The powder used in this study is

a sintered and agglomerated WC-Ni composite powder (WOKA 3502) manufactured and supplied
by Oerlikon Metco (Switzerland) with the intended purpose of being used for thermal spray
coatings. The powder underwent scanning electron microscopy (SEM) with a back scattering
electron (BSE) detector, which will make the heavier tungsten element appear brighter than the
lighter nickel element. Images of the powder (Figure 1) show the particles are composed of fine
(~1 pm, measured using the line intercept method) WC particles within a darker nickel matrix.
The powder particles have an average diameter of 30 pm, a D10 value of 10 um, and a D90 value
of 45 pm. Given its size distribution and spherical shape, the powder exhibits superior flowability
and a high packing efficiency during layer deposition, which is necessary to build high density
parts in the LPBF process [31][32]. Because the carbide grains are homogeneously embedded
within the powder’s metal matrix, there will be no segregation of phases in the powder bed; this
should allow for better wetting of the WC particles and mitigate the production of metal deposits

within the printed part after laser processing. The powder was not preprocessed before printing.

200 um 20 um 10 um

Figure 1: Scanning electron microscopy images of WC-Ni composite powder. WC and nickel phase
are shown light and dark grey, respectively. Powder is spherical in shape and posseses fine (<Ium)
WC particles uniformly distributed throughout the powder agglomerate.



b)  Fabrication Process

Experiments were performed on an EOS M290 (EOS GmbH, Germany) LPBF machine at
Carnegie Mellon University’s NextManufacturing Center. The machine is equipped with a
neodymium-doped ytterbium-aluminum garnet (Nd:Y AG) laser with a wavelength of 1.07 um and
maximum power output of 400 W. The laser spot diameter is approximately 100 pum at the top
surface of the powder bed. The build plate measures 250 mm x 250 mm and the build volume
extend to 325 mm in height. At the start of the build, argon floods the build chamber and
continuously flows across the build area; laser processing will occur if oxygen concentration
within the chamber is less than 1000 ppm. The only heating in the system originates from the
preheated build plate; a build plate temperature of 200 °C, which is the highest temperature capable
by the EOS M290, is chosen to maximize the number of laser power-laser velocity combinations
that will fully melt the powder. A brush recoater is used, as opposed to a blade recoater, because
it can adapt to a part’s thermal deformation. This lowers the probability of the recoater jamming,

shearing off the part, and/or interrupting the build.
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Figure 2: A) Laser power and laser velocity combinations used in the single bead
experiment and B) their respective location on the build plate.



c) Fabrication Procedure

The procedure to identify a suitable processing region for WC-Ni powder can be broken
up into three sequential experiments: a single bead/track build, a multilayer/pad build, and a
specimen build. The single bead experiment was used to evaluate the powder’s melting behavior
and dimensions of the solidified bead. The multilayer/pad experiment was used to evaluate
porosity of the pads and any delamination effects between pad and build plate. The final specimen
build was used to evaluate density/porosity, chemical composition, microstructure, and
mechanical properties (i.e. hardness).

In the single bead experiment, 36 laser power and laser velocity combinations were used
to print five beads each (as seen in Figure 2). Typically, single bead printing parameters can be
chosen by modelling the melted region using an Eager-Tsai model and the material’s thermal
properties [33]. However, thermal and absorptivity properties are unknown for this material. In a
similar situation, previous authors took an approach in choosing parameter combinations based on
work that investigated the variability in melting behavior and morphology of a nickel-based alloy
[34]. Beads were printed at 1 cm length to ensure steady state thermal conditions. One layer of
powder was deposited with a layer thickness of 50 pum. To mitigate the effects of residual heating
by adjacent beads, the order of exposure for the beads were arranged such that a minimum of two
seconds elapsed between adjacent beads. Distance between adjacent beads was 1 mm, which
avoids the denudation of powder [35] .

In the pad experiment, the processing region was reduced based on the single bead
experiments. Eighteen parameter combinations were selected to print one-centimeter squares
consisting of ten layers. Each pad had a normalized hatch spacing of 0.7 times the measured width

of its respective single bead. Scan rasters were rotated 67° at every layer. To mitigate the effects



of residual heating by adjacent pads, the order of exposure for all the pads was arranged such that
a minimum of 5 seconds elapsed between adjacent pads.

The parameter combinations that successfully built pads were used to print 15 mm tall
cylinders with a diameter of 15 mm. Scan rasters were again rotated 67° at every layer. To mitigate
the effects of residual heating by adjacent pads, the order of exposure for all cylinders was arranged
such that a minimum of 5 seconds elapsed between adjacent samples. To mitigate the effects of

residual heating by the previous layer, a minimum of 60 seconds elapsed between layers.

d) Characterization

Beads were topographically imaged with an Alicona Infinite-Focus optical microscope.
The melting behavior of each parameter combination was manually classified as full/acceptable
melting (bead is continuous with constant width), partial melting (bead is discontinuous or has
inconsistent width), or no melting (bead does not appear). Widths for continuous beads were
measured using line intercept methods via ImageJ. Approximately twenty measurements were
taken for each continuous bead to ensure a high confidence measurement.

Pads were cross sectioned on the sacrificial build plate via electric discharge machining
(EDM). Sample preparation was conducted per ASTM B665 [36]; cross sectioned samples were
hot mounted and polished down to 1 um using diamond suspension. The cross section of each pad
was optically imaged (Alicona microscope). These images underwent a particle analysis to
quantify the apparent porosity of each processing combination using ImageJ per ASTM B276 [37].
Relative densities were calculated as the inverse of the apparent porosity.

Cylinders were removed from the build plate and cross sectioned via EDM. Sample

preparation was conducted per ASTM B665 [36]; cross sectioned samples were hot mounted and



polished down to 1 um using diamond suspension. Relative density for each cylinder was
measured the same way the pads were. Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray (EDX) Analysis were performed in a Quanta 600 microscope using a back-
scattering detector at an operating voltage of 15kV and a working distance of 10.5 mm. X-Ray
diffraction (XRD) was carried out on polished samples to determine the chemical composition
(PANalytical X’Pert Pro, United Kingdom); diffraction patterns were collected with 26 steps of
0.02° and 120 ps of acquisition time. The macrohardness of each printed specimen was measured
on the Rockwell C (HRC) scale using a Wilson Rockwell 2000 Hardness Tester per ASTM E18
[38]. For these tests, a one cm square with a minimum thickness of 5 mm was sectioned out of

each cylinder via EDM. Ten measurements were carried out at different locations for each sample.



Laser Power (W)

Results and Discussion
a) Single Beads (SB)

The laser power and laser velocity combinations resulted in beads that were fully melted,
partially melted, and not melted. Classification of each parameter combination is shown in Figure
3A. As expected, the melting behavior diminishes as the energy density decreases, which suggests
the top left of the processing space would be optimal to work in. Each laser power-laser velocity
combination and its respective label was used to train a logistic regression model. This model
interpolated and extrapolated melting behavior across the processing space and is shown in Figure
3A and 3B where the green region predicts full melting of the powder, the yellow region predicts
partial melting of the powder, and the blue region predicts no melting of the powder.

Bead width measurements for all continuous single beads are shown in Figure 3B as a
function of laser power and laser velocity. A large range of bead sizes can be produced by simply
adjusting the laser power and laser velocity; the largest bead had an average width of 246 pm, and

the minimum bead width for our material system is about 130 pum. Consistent with results seen in
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Figure 3: A) The melting behavior of each laser power and laser velocity combination based off the
single bead (SB) experiments superimposed over the predicted melting behavior. B) The widths and
standard deviations of the continuous single beads superimposed over the predicted melting
behavior. For both plots, full melting is expected in the green region, partial melting in the yellow
region, and no melting in the blue region.
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The laser power and laser velocity combinations used to print the pads are shown in Figure
4A with the measured relative densities on each point. Optical images of various cross sectioned
pads on the substrate are shown in Figure 4B, and the respective parameter combination of each
pad is labeled to the right of its measured density in Figure 4A. Increasing the energy density
increases the resulting relative density of the pad, because a higher energy density increases the
size of the region of melted Ni, ensuring very little of the matrix goes unmelted. Large pores were
present in pads built in or near the “partially melted” processing space (cross sections A and D in
Figure 4B); such pores originate due to insufficient melting of the Ni within the composite powder
or insufficient overlap between adjacent melt tracks. Pads in the top left of the processing space
reached nearly full density (>99%) as shown in cross sections B and C in Figure 4B). Pads that
achieved >99% relative density operate in the processing space that would result in keyholing
porosity of pure nickel alloys, as seen in Scime et al. [34]. This suggests that the addition of carbide

particles mitigates the formation of keyholing porosity, perhaps by mitigating the formation of a
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Figure 4: A) Resulting relative densities of pads as a function of laser power and laser velocity superimposed
over the predicted melting behavior of the powder, full melting is expected in the green region, partial
melting in the yellow region, and no melting in the blue region. B) Optical images of cross sectioned pads
from various locations in the processing space.



Figure 5: WC-Ni cylinder specimen
removed from build plate
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Figure 7: Relative densities of cylinders built by
processing parameter combinations superimposed over
the melting behavior of the powder evaluated from the
single bead (SB) experiment.

Figure 6: Cross sectional images of samples built by various processing parameters (Figure 6).
Relative densities are labeled at the bottom of each image. Porosity visibly decreases when
increasing the laser power and decreasing the laser velocity. Magnified images of cross section C
and F are presented. Cross section C shows a highly dense sample, while cross section F
demonstrates large pores caused by lack of fusion.



XRD Measurements
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Figure 8: XRD analyses of samples built by various processing parameters
(Figure 6). WC and Ni phases are present for all printed specimens. Laser
processing also produced unwanted products (e.g., NiO, and W2C) not
present in the original powder.
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deep vapor channel caused by the vaporization of the nickel. Although cracks did not form within
the printed pads, crack formation and keyholing porosity was observed within the steel build plate,
near the pad-substrate interface, at high energy dense processing combinations. Fortunately, these

defects within the substrate did not result in the delamination of the printed pads.

c) Cylinders
In an initial cylinder build, the recoater blade impacted some specimens as it moved across
the powder bed to deposit a new layer of powder. These impacts caused a few cylinders to shear
off the build plate. To overcome this type of build failure, the layer thickness was increased by
40% to 70 pum. Increasing the layer thickness increases the clearance between the blade the top
surface of the part, ensuring no impact would occur. All cylinders were printed successfully after

this parameter modification (Figure 5).



Measured relative densities are labeled over the cylinder’s parameter combination in
Figure 6. The process parameters used in the fabrication of the cylinders produced specimens with
a relative density range between 83.4-99.5%. The maximum density in this build is higher than
those reported in previous LPBF WC-Ni studies [28-30]. Several sectioned and polished
specimens from different locations in the processing space (as indicated in Figure 6) are shown in
Figure 7. Lack-of-fusion porosity appears to be the main mechanism behind the resulting porosity
of the printed samples, similar to that of metal alloys [40]; This porosity is reduced by increasing
laser power or decreasing the laser speed, which ultimately increases the size of the melt pool and
the overlap between meltpools to ensure more of the material is melted and resolidified. A
magnified image of Sample F (Figure 7) exemplifies the large pores that result from lack of fusion.
These pores are not found in highly dense samples, as seen in magnified images of Sample C
(Figure 7). Upon inspection, relative densities of the cylinders decreased from those of the pads,
likely because more energy is needed to melt the larger amount of material caused by the increase
in layer thickness. The increase in layer thickness increases the slope of the “partial melting”
threshold, which further reduces the “acceptable melting” processing region.

XRD spectra (Figure 8) confirm all WC and nickel peaks from the powder are still present
in the six specimens. However, W2C and NiO peaks are present in the printed samples but are not
present in the powder, which indicates laser processing causes a compositional change to the
material system. The growth of a W-rich phase (W2C) is common in other WC processing methods
and can be attributed to the thermal degradation of the WC particles [41]. The NiO phase is
produced by the oxidation of the Ni phase since there may still be traces of oxygen inside the

chamber during laser processing.



SEM image of a cylinder’s microstructure and its respective EDX chemical mapping are
shown in Figure 9, and specific point measurements from the image are shown in Table 1. EDX
mapping qualitatively shows a strong contrast between Ni and W phases; WC particles are lighter,
and a darker Ni fills the space within the particles in the SEM micrograph. The carbon is evenly
distributed throughout the WC grains, and oxygen shows no preference. A small number of pores
between the WC particles and nickel phases suggests sufficient melting of the nickel and wetting
of the WC particle; the heating cycles allowed for (1) the melting of the nickel, (2) fluid flow and
rearrangement, and (3) solidification. WC particles are homogenously distributed throughout all
the samples. For each printed sample, hundreds of carbide particle sizes were measured using the
line intercept method on SEM micrographs. Figure 10 shows the average particle size and standard
deviation for each laser power-laser velocity combination. Laser processing induces an increase in
carbide particle sizes from the average of 1 pm (present in the powder) to a value that appears to
be directly correlated to the laser’s energy density. The largest average particle size achieved in
this study was 2.61 pm and occurred at a power of 375W and velocity of 200 mm/s. The presence
of grain growth and an increase in particle sizes suggests the laser energy is high enough to create
a wet film around the WC particles and recrystallize them together, a phenomena also observed in
high-temperature spraying techniques [6][25].

Samples with very high laser powers and low laser velocities (i.e., high energy densities)
showed additional phases within its microstructure and more exaggerated grain coalescence
(Figure 11). Dendritic-like grains are present in between the WC particles. Chemical mapping
(Figure 11) and specific point measurements (Table 2) show these complex grains are solid
solution phases composed of Ni, W, and C and can be labeled as a complex Ni(W,C) phase; these

phases are known to be brittle in nature and detrimental to the cermet structure because they



decrease the amount of metallic binder [42]. Specimens built at high energy densities are also
plagued with “dark spots” throughout their microstructure, which are shown to be carbon
agglomerates by the EDX mapping and point measurements (Table 2). It is often difficult to
identify these new phases in the XRD measurements (Figure 8), because their characteristic peaks

are often broadened, convoluted, and/or shifted [43].

Figure 9: SEM image of typical microstructure found in all specimens shows good wetting
of nickel binder as it surrounds the WC particles. EDX chemical composition maps are
shown for elements of interest (W, Ni, C, O). W and C are present in the carbide particles
(light grey), while Ni is predominantly in the matrix phase (dark grey). Oxygen shows nc
preference within the microstructure.



Laser Power (W)

A B C D
W atomic % | 53.2 | 53.4 | 11.4 | 13.4
Catomic % |40.0 | 41.2| 48 | 34
Ni atomic % | 3.6 | 2.4 | 82.2 | 81.5
O atomic % | 3.2 | 3.0 | 1.6 | 1.7

Table 1: EDX point measurements showing
chemical compositions at various locations
within the microstructure of printed samples, as

seen in Figures 9.
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Figure 10: Average particle size and respective standard deviation of
printed cylinders projected onto the processing space as a function of
laser velocity and laser power. Average particle size generally increases

with increasing energy density.
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Figure 11: SEM image of microstructure found in the specimen processed with the highest
energy-dense processing parameters. Light grey carbide particles and dark grey nickel
matrix are present. However, novel dendritic-like and agglomerate-like phases are also
present in these samples. EDX chemical composition maps are shown for elements of
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Table 2: EDX point measurements showing chemical compositions at
various locations within the microstructure of printed samples, as seen in

Figures 9.




Regardless of process parameters, all point measurements done on WC particles showed a
noticeably greater amount of W compared to C. The imbalance in the atomic composition between
tungsten and carbon suggests the formation of W2C on the surface of the WC particles, a phase
that forms at high temperatures (>2700 °C) and is metastable below 1250 °C [43]. The presence
of W2C on WC particles, regardless of processing conditions, and the formation of complex
Ni(W,C) phases and carbon agglomerates at high energy densities indicate the laser processing
produces various degrees of carbide decomposition or decarburization within the printed samples
[42]. Decarburization is well documented in the high temperature processing of WC-metal
coatings and is characterized by a reduction in WC content and formation of undesirable phases
such as W2C, W, C, and amorphous or nanocrystalline Ni-W-C phases [43,44]. It is hypothesized
that the laser processing in this study provides enough energy for the thermal decomposition of
tungsten and carbon within the WC particles, as shown in Figure 12. If there are traces of oxygen
in the system, it’s possible the oxygen reacts with the nickel and carbon to form nickel oxide,
carbon dioxide, and W2C (Figure 12A). Given their drastically different diffusion rates in melted
nickel, the carbon can quickly diffuse out of the carbide and agglomerate to form carbon particles
while the slow and heavy tungsten remains in the carbide to form W2C and, if the temperatures are
high enough, react with the nickel to form Ni(W,C) (Figure 12B).

Rockwell C hardness measurements of all samples shows the relationship with porosity
(Figure 13A). Hardness decreases in a logarithmic behavior, and least squares fit of the
measurements predicts the relationship between hardness and porosity is

Hardness = 55.6 — 4.7 x log(P)
where P is porosity (in percentage form). This fit is projected in Figure 13A and shows good fit

with the measurements. When projected onto the processing space, hardness generally increases



as energy density increases (Figure 13B). Although comparing hardness between cermet systems
is nontrivial since hardness is dependent on the metal matrix, carbide particle size, and volume
ratio between metal matrix and carbide particle, the obtained maximum hardness of 60.38
Rockwell C meets the nominal hardness (60.0 Rockwell C, per vendor’s specifications) of thermal
spray coatings fabricated from the same powder used in this study. Maximum hardness was
achieved with the following processing parameters: 300 W laser power, 200 mm/s laser speed, 70
um layer thickness. At a laser velocity of 200 mm/s, there was a noticeable decrease in hardness
once laser power exceeded 300 W. This decrease can be attributed to the minor decrease in relative
density (as seen in Figure 6), increase in carbide particle sizes (Figure 10), and/or the increasing

presence of novel metallic carbide phases (as seen in Figure 11).
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Figure 12: Laser processing of the WC-Ni composite powder can produce several products. (4) If
there are traces of oxygen in the chamber, the oxygen atoms can react with the liquid nickel to form
liguid NiO and react with the solid carbide to form solid W:>C and gaseous CO:. (B) The
decomposition of W and C within the carbide can cause the formation of W2C, carbon agglomerates,
and a complex Ni(W,C) phase.
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Conclusion

In this study, a sintered and agglomerated WC-Ni composite powder with 17 wt.% nickel
was processed in a laser powder bed fusion machine. A successive series of experiments was
applied across single beads, 10-layer pads, and cylinders (in that order), linking the powder’s
melting behavior to the successful fabrication of three-dimensional specimens. A region of full
melting behavior was found via single bead experiments. The process parameters that produced
acceptable melting were used to successfully print pads consisting of ten layers with no
delamination from the build plate. The apparent densities of these pads were directly correlated
with the energy densities of their respective processing parameters. Highly dense (>99%)
cylindrical samples were successfully printed at various processing parameters. XRD chemical
analyses indicate WC and Ni phases are present in all printed specimens, and traces of W2C and
NiO are produced after laser processing. SEM images show good wetting between WC and Ni
phases and mixing is homogenous without the apparent segregation of phases. However, an
increase in decarburization occurs in samples that were processed at high energy densities,
resulting in the formation of W2C on the surface of WC particles, carbon agglomerates, and
complex Ni(W,C) phases. Hardness is indirectly correlated with porosity and the relationship
appears to be exponential. The maximum hardness value within the printed cylinders (60.38
Rockwell C) is comparable to that of specimens fabricated via conventional means. Parts with the
highest densities and hardness were processed with the following processing parameters: 300 W
laser power, 200 mm/s laser speed, 70 pum layer thickness. The successful builds in this study
clearly open the way for laser powder bed fusion of dense WC-Ni parts without the need for post-
processing. These successes appear to be robust given the large workable laser power-laser

velocity processing window that prints highly dense WC-Ni cermets, which is constrained by low



energy dense parameters that produce lack-of-fusion porosity and high energy dense parameters

that increase carbide particle sizes and decarburize the WC particles to produce unwanted phases.
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