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Abstract

Cermets are composite materials consisting of a ceramic reinforcement and a metal matrix. Laser Powder Bed Fusion (L-PBF) is an Additive
Manufacturing (AM) technology. The present paper deals with the feasibility study of AM of cermet parts by L-PBF using WC-17Co powder.
The results showed that parametric optimization of the L-PBF process allowed the production of solid WC-17Co part. Structural analysis revealed
the presence of significant porosity (1.41%) and small-scale cracks in the as-built samples. Post-processing by HIP (Hot Isostatic Pressure)
significantly improved the structure of manufactured parts. The porosity became very low (0.01%) and XRD phase analysis revealed the absence
of the fragile W2C phase. Abrasive wear and hardness tests showed that performances of additively manufactured parts were comparable to a
reference part produced by powder sintering. The study successfully demonstrated the possibility of manufacturing wear-resistant cermet parts

© 2022 The Authors. Published by Elsevier B.V.
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1. Introduction

Laser power bed fusion (L-PBF), also known as selective
laser melting (SLM), is an additive manufacturing process
employed for the production of complex functional parts using
metal powder as feedstock material. In L-PBF, a laser beam is
applied to melt the powder material and form three-dimensional
parts employing the layer-by-layer approach. The final
properties of the built parts, such as roughness, density,
porosity, cracking propensity, and mechanical properties,
depend on process parameters, such as laser power, scanning
speed, and layer thickness [1]-[6]. Considering several studies,
it can be concluded that L-PBF manufacturing of WC-Co parts
remains challenging [7]-[11]. Preheating of the building plate
to a high temperature allowed the manufacturing of solid

2212-8271 © 2022 The Authors. Published by Elsevier B.V.

samples with some residual porosity that could be eliminated
through post-treatment [12]-[14]. However, in the absence of a
preheating plate option, the manufacturing of complex-shaped
WC-Co parts, even with high internal porosity, was not possible
owing to crack formation and the destruction of the part during
cutting from the plate [15], [16]. Considering the available
literature data, this study will focus on the following:

. Optimization of the L-PBF parameters for the
manufacture of solid complex-shaped WC-17Co parts without
the use of a preheated plate.

. Analysis of the effect of hot isostatic pressing (HIP)
on the structure and properties of WC-17Co produced using L-
PBF.
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Nomenclature

AM Additive Manufacturing

L-PBF Laser Powder Bed Fusion

SLM  Selective Laser Melting

ICP-MS Inductively Coupled Plasma Mass Spectrometry

XRD  X-Ray Diffraction

EBSD Electron Back Scattered Diffraction
HIP Hot Isostatic Pressure

Ev Volume Energy Density

P Power

Vs Scan Speed

Hq Hatching Distance

1 Layer thickness

2. Material and methods
2.1. L-PBF Equipment

Pro X 200 DMP equipment supplied by 3D Systems was
used in the study. The volume of the working chamber where
the parts were manufactured was 140 x 140 x 125 mm3. The L-
PBF machine was equipped with a 400 W fiber laser with a
wavelength of 1070 nm. The working chamber was filled with
nitrogen during manufacturing to prevent oxidation. It is
important to note that the analysis of the laser beam quality
revealed a significant effect of the laser power on the energy
distribution in the beam. In particular, for powers higher than
200 W and long exposure times, the energy distribution
changed from a Gaussian spot to a ring shape. Evidently, this
effect introduces an additional process parameter that
significantly complicates the optimization process. To avoid
the influence of energy distribution on the optimized
parameters, the maximum laser power applied in the
experiments was set to 160 W, when the shape of the energy
distribution surface remained close to Gaussian. The spot
diameter was 130 um. The laser power and scan velocity were
varied from 100 to 160 W and from 30 to 200 mm/s,
respectively. Layer thickness of 30 um was applied. No build
plate preheater was used during the study.

2.2. Powder

Agglomerated-sintered WC-17Co powder with a particle
size distribution of 15-53 pm (Oerlikon Metco) was used in
this study. The powder was initially developed for thermal
spray applications, such as HVOF and HVAF. SEM images of
the particles and their cross-sections are presented in Figure 1.
From the SEM images, it is evident that the particles are quasi-
spherical in shape. The cross-sectional images revealed the
presence of internal porosity. The average size of the WC
grains (dark grey phase) was estimated to be 4-5 pm. The
carbide grains were uniformly distributed in the cobalt matrix
(light grey phase).

Fig. 1. SEM images of (a) the WC-17Co particles and (b) their cross-sections

The inductively coupled plasma mass spectrometry (ICP-
MS) analysis results are presented in Table 1. The chemical
composition determined using ICP-MS was within the range
stated by the supplier. However, it did not correspond exactly
to the result declared by the powder supplier. XRD
measurement conducted on initial powder shown only WC (P-
6m2) and Co (Fm-3m) phases.

Table 1. Chemical analysis of the initial powder employing ICP-MS.
Element [wt.%]

w C Co
76.4 52 18.4

2.3. Post-treatment processes

Cube-shaped samples with dimensions of 10 x 10 x 10 mm3
manufactured using L-PBF were used for post-treatment. A
batch was subjected to capsule-free HIP, which is a cycle
applied during industrial processes. The HIP process was
performed in several steps. First, the temperature was gradually
increased from room temperature to 1000 °C over 15 h under
normal pressure. The temperature was then increased to the
sintering temperature of 1450 °C at a heating rate of 5 °C/min
in a pressure furnace maintained at 40 MPa, and these
conditions were held for 5 h. Cooling to room temperature was
performed in the HIP chamber at a rate of 6 °C/min.

2.4. Structural and mechanical properties

The relative density of the manufactured parts was determined
by the Archimedes method according ASTM-B962. Image
analysis was performed using ImageJ [17]. The microstructure
and element distribution were analyzed using a Zeiss Supra
55VP v2 scanning electron microscope (SEM). Vickers
hardness (HV) was determined by applying a load of 30 kg for
10 s to all samples [18]. The wear resistance of the materials
was measured following the ASTM G-65 standard [19] using
dry sand and a rubber wheel. Samples with dimensions of 25 x
60 x 7 mm*® were used for the wear resistance tests. The
abrasion wear test conditions are listed in Table 2.

Table 2 : Abrasion wear test conditions.

Abrasive  Abrasive Wheel Abrasion  Applied Test
flow, revolution length, load, duration,
[g/min] [nb] [m] [N] [min]
Silica
sand
(125- 300 6000 4309 130 30
400)
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3. Results and discussion
3.1. Optimization of process parameters

In the first step, the parametric window of the L-PBF
process was determined. The principal purpose of these
experiments was to determine the parameters that enable the
production of materials with the lowest porosity and least
cracks. Initially, single tracks were deposited with a powder
layer thickness of 30 um. The power and scan velocity were
varied from 100 to 160 W and from 30 to 200 mm/s,
respectively. Table 3 summarizes the parameter ranges tested
in the first stage.

Table 3 : Ranges of L-PBF manufacturing parameters applied in the
experiments

Layer thickness [pum] 30

Range of laser power [W] 100-130-160
Range of scan speed [mmy/s] 30-100
Range of hatching distance [pm] 140-200
Inert gas Nitrogen

Analysis of the track shape revealed that stable tracks were
formed only when the scanning speed was in the 30-40 mm/s
range at a laser power of 130 W. Following the single-track
experiments, 3D objects with simple geometries (cubes and
parallelepipeds) were manufactured. Numerous factors can
affect the process results, such as the laser power, scan speed,
hatch spacing, layer thickness, and scanning strategy. These
factors are important because re-melting depends on the
amount of volumetric energy density (E,) absorbed during the
process as defined by the following equation:

P
" Ve M

where E, is the energy density (J/mm?®), P is the laser power
(W), Vs is the scanning speed (mm/s), Hd is the hatch distance
(mm), and 1 is the layer thickness (mm). Similar approaches
based on energy density optimization in the L-PBF process
have already been successfully applied several times [20]-[22].
Furthermore, hexagonal and zigzag scanning strategies were
applied to produce WC-Co cubes (Figure 2).

Fig. 2. Schematic illustration of (a) zigzag and (b) hexagonal scanning
strategies

To analyze the porosity and other defects, the samples were cut
in XZ plane. Figure 3 shows the relationship between sample
porosity and energy density.
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Fig. 3. Top: plot of sample porosity vs. energy density for zigzag and
hexagonal scanning strategies. Bottom: SEM images of samples
manufactured via the hexagonal scanning strategy at (a) (520 J/mm?), (b) 602
J/mm?3, and (c) 833 J/mm?

The plot in Figure 3 indicates that samples with the highest
density (98.6%) were manufactured using an energy input of
602 J/mm® and the hexagonal scanning strategy (Figure 4b).
The samples manufactured at a lower energy density
(hexagonal scanning strategy) were significantly more porous,
and the pore size was significantly larger (Figure 4a). This
dramatic increase in porosity could be explained by the lack of
fusion of the WC-Co powder. An increase in the energy density
to > 602 J/ mm? led to crack formation at the layer interface.
The samples manufactured at 833 J/mm® using the hexagonal
scanning strategy contained abundant cracks and had the lowest
density, which indicates a high level of residual stress. For the
samples produced employing the zigzag scanning strategy, the
optimum energy density was found to be 560 J/mm?. However,
in general, the densities of the zig-zag-generated samples were
lower than those produced using the hexagonal scanning
strategy. Thus, the final batch of samples was produced using
the hexagonal strategy. HIP treatment was used to close the
cracks and the pores.

3.2. Microstructure and composition of different samples

SEM images of the sample produced at 602 J/mm?
applying the hexagonal manufacturing strategy and the sample
after HIP treatment are shown in Figure 4. Microstructure
observations revealed that unlike the powder, the as-built
samples contained significantly finer carbide grains. In
particular, plenty of grains with a size of ~1-3 um were visible,
but some submicron carbide inclusions were also present in the
metal matrix. Cracks and pores were visible throughout the
sample. However, these defects did not affect the integrity of
the cube. HIP of the as-built samples significantly modified
their microstructures and crystallographic phases. In particular,
cracks were no longer visible in the cross-section images
(Figure 4b), because high temperature and the external pressure
promote material diffusion, allowing for crack closure and
sintering of the contact surfaces.
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According to image analysis results, the relative density
of the as-built samples was 98.59%, in contrast, the effect of
HIP on porosity was remarkable with a relative density of
approximately 99.99%.

Fig. 4. Sample microstructures of (a) as-built and (b) HIP

X-ray diffraction was employed for phase analysis using an
X'PertPro MPD diffractometer with CuKa radiation, Rietveld
refinement was perfomred using the MAUD software [23]. A
Ni filter was set in the beam to remove the CuKp spectral
component.
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Fig. 5. XRD patterns of the (Bottom) as-built and (Top) HIP-treated samples.

The results of the XRD analysis performed on the as-built and
HIP samples are shown in Figure 5. Complex carbide phases
formed during the L-PBF process were detected in the XRD
patterns of the as-built samples. In particular, the W>C, ternary
Co3W3 C, and Co3Wy C4 phases were present in the as-built
samples. These phases present compact hexagonal (P63/mmc),
cubic (Fd-3m), and compact hexagonal structures (P63/mmc),
respectively. The XRD patterns of the HIP samples are
presented at the top of Figure 5. The phase transformation
induced during HIP at high temperature resulted in the
complete dissolution of the fragile W>C phase. Meanwhile,
formation of the CosWesC phase with a cubic structure (Fd-3m)
was observed. It can be concluded that the temperature of 1450
°C during treatments was the key factor influencing the final
phase composition.

3.3 Macrohardness and wear resistance

Macrohardness tests were performed on the as-built and
HIP-treated samples. Three measurements were performed per
sample according to the standard methods, the results are
shown in Table 4. The mean value obtained for the as-built
samples was 1096 HV3, which is close to those obtained for

WC-17Co parts manufactured using powder sintering [24]—
[26]. In addition, material cracking was observed near the
corners of the indent , which indicated high material brittleness
(Figure 6a). The hardness of the HIP-treated (1152 HVs3p)
samples was slightly higher than that of the as-built samples
and material cracking occurred to a significantly lower extent,
likely due to elimination of the fragile W>C phase.

Fig. 6. Overview Vickers indent on the surface of the (a) as-built and (b) HIP
samples

The results of the abrasion wear tests are summarized in Table
4. The wear rate is represented by volume loss.

Table 4: Results of the mechanical test.

Volume loss Hardness

Sample Density [g/cm®
As-built 14.30 420+0.4 1096 + 40
HIP 14.66 529+£0.8 1152+ 17

The density and volume loss of the HIP treated parts was
slightly higher than for the as-built parts, which can be caused
by larger carbides grown during HIP. Previously reported
results indicated that WC-17Co parts obtained via conventional
powder sintering exhibited comparable density and volume
loss during the wear resistance test in accordance with the
ASTM G 65 standard [27]-29].

Conclusion

The feasibility of L-PBF additive manufacturing without a
preheated plate to generate dense cermet samples from WC-
17Co was successfully assessed. The results can be
summarized as follows:

- The manufacture of WC-17Co parts using L-PBF
without plate preheating was found to be feasible despite the
presence of porosities and cracks. Samples with the lowest
porosity fraction (1.4%) and highest integrity were obtained
using a volume energy density of 602 J/mm?. The as-built
samples contained the brittle W,C phase and some small-scale
pores and cracks.

- The sample structure, density, and hardness can be
significantly improved through capsule-free HIP, resulting in
close-to-zero porosity and no cracks. HIP allowed the
dissolution of the undesirable brittle W,C phase. Other
complex carbides, such as CosW3C, CosWoCs, and CosWeC,
observed in the as-built samples were also present after HIP.

- The macrohardness and abrasive wear resistance of
the L-PBF-manufactured WC-17Co parts were comparable to
the values obtained for the sintered reference samples.
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