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Abstract

WC-Co hardmetals are widely used in wear-resistant parts, cutting tools, molds, and mining parts, owing to the combination of high
hardness and high toughness. WC-Co hardmetal parts are usually produced by casting and powder metallurgy, which cannot
manufacture parts with complex geometries and often require post-processing such as machining. Additive manufacturing (AM)
technologies are able to fabricate parts with high geometric complexity and reduce post-processing. Therefore, additive manufactur-
ing of WC-Co hardmetals has been widely studied in recent years. In this article, the current status of additive manufacturing of WC-
Co hardmetals is reviewed. The advantages and disadvantages of different AM processes used for producing WC-Co parts,
including selective laser melting (SLM), selective electron beam melting (SEBM), binder jet additive manufacturing (BJAM),
3D gel-printing (3DGP), and fused filament fabrication (FFF) are discussed. The studies on microstructures, defects, and mechan-
ical properties of WC-Co parts manufactured by different AM processes are reviewed. Finally, the remaining challenges in additive
manufacturing of WC-Co hardmetals are pointed out and suggestions on future research are discussed.

Keywords Additive manufacturing - WC-Co hardmetals - Selective laser melting - Binder jet additive manufacturing - Selective

electron beam melting - Fused filament fabrication - Cermet

1 Introduction

Hardmetals, typically consisting of a carbide skeleton and metal
binder, are a group of materials having extraordinary hardness
and wear-resistance and highly desirable in some demanding
environments [1-3]. Among them, tungsten carbide-cobalt
(WC-Co) is one of the most widely used materials for wear-

Yankun Yang and Chaoqun Zhang contributed equally to this work.

P4 Chaoqun Zhang
acezcq@gmail.com; chaoqunzhang @sjtu.edu.cn

>4 Yingtao Tian
y.tian12 @lancaster.ac.uk

School of Mechanical Engineering, Shanghai Jiao Tong University,
Shanghai 200240, China

BGRIMM Technology Group, Beijing General Research Institute of
Mining and Metallurgy, Beijing 102600, China

State Key Laboratory of Long-life High Temperature Materials,
Dong Fang Turbine Co., Ltd., Deyang 61800, Sichuan, China

Dongfang Electric Corporation Dongfang Turbine Co., LTD,
Deyang 618000, China

Department of Engineering, Lancaster University, Bailrigg,
Lancaster LA1 4YW, UK

resistant parts, cutting tools, molds, mining part for excavation,
and electronic packaging since its advent in 1923 thanks to its
excellent performance [4, 5]. WC-Co cermet with a Co content
of 5-25 wt.% possesses superior hardness, compressive
strength, fracture toughness, and transverse rupture strength
[6, 7]. In addition, WC-Co provides high wear properties and
good corrosion resistance [8—12]. Binder content, carbide par-
ticle size, and carbide particle distribution are critical factors
affecting the mechanical properties of the WC-Co cermet
[13—16]. It was identified that the increase in wear resistance
has a linear relationship with the reduction of the square root of
WC patrticle size regardless of the Co contents [15]. The rela-
tionship between hardness of WC-Co samples and WC dis-
tance size and Co content is shown in Fig. 1 [17].

WC-Co could be produced through conventional molding
methods including injection molding, extrusion molding, and
powder metallurgy. The component produced by injection
molding has a small shrinkage, but a high susceptibility to
form undesirable 1 phase (CozW3C, CogWC, etc.) [18-21].
Extrusion and powder metallurgy can achieve low porosity,
but these processes can only produce components with limited
geometrical complexity [22-27]. In addition, these conven-
tional processes are inefficient and costly [28].

Additive manufacturing (AM) process has emerged as an
alternative to traditional manufacturing processes that can
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Fig. 1 Relationship between WC-Co hardness and WC grain size and Co
content [17] (reproduced from [17], with permission from Elsevier, 1998)

fabricate very complicated geometries with high efficiency
and low cost [29-35]. Therefore, more and more attention
have been paid to additive manufacturing of WC-Co
hardmetals. Unlike the traditional processes, AM technologies
manufacture parts by adding materials layer by layer, which
increases the complexity of part geometry and reduces time
and cost [36-38]. Additive manufacturing technologies offer
attractive advantages in terms of producing WC-Co hardmetal
cutting tools with complex geometries, such as U-shaped or

helical cooling channels inside. These internal, contour-
adapted cooling channels allow higher cutting speeds and,
consequently, a remarkable increase in the productivity of
the machining process. The main additive manufacturing
technologies suitable for metals are selective laser melting
(SLM), selective electron beam melting (SEBM), laser pow-
der deposition, binder jet additive manufacturing (BJAM),
and wire arc additive manufacturing (WAAM) [39-49]. So
far, AM technologies have been successfully applied to stain-
less steels [50-54], Ni alloys [55, 56], Ti alloys [57, 58],
refractory metals [59, 60], Al alloys [61, 62], etc. For tungsten
carbide-cobalt, it still remains very challenging to use AM due
to its very high melting temperature. SLM and BJAM are the
most attempted AM processes for manufacturing WC-Co
hardmetals. Besides, a few studies on SEBM [41], 3D gel-
printing (3DGP) [63], and fused filament fabrication (FFF)
[64] of WC-Co hardmetal samples were reported. The AM
techniques used for fabrication of WC-Co hardmetals and
the main research groups working on WC-Co AM were sum-
marized in Tables 1 and 2. Although some examples of WC-
Co parts with nearly full density and good mechanical prop-
erties have been successfully manufactured by AM technolo-
gies [65, 78], there are still many problems to be resolved.
Insufficient mechanical properties still prevent applying the
new process in industry [92-94]. The almost unavoidable de-
fects, such as micro-cracks and porosities, and lack of

Table 1 Main research groups working on AM of WC-Co hardmetals
Country  Research group Researcher AM process Material Ref.
Austria  Vienna University of Technology Lengauer et al. Fused-filament fabrication (FFF) WC-10Co [64]
China Guangdong University of Technology Chen et al. Selective laser melting (SLM) WC-20Co [65]
China University of Science and Technology Beijing Zhang et al. 3D gel-printing (3DGP) WC-20Co [63]
China National Tsing Hua University Lietal Selective laser melting (SLM) High entropy [66]
alloy
based WC
China Nanjing University of Aeronautics and Gu et al. Selective laser melting (SLM) WC-Co/Cu [67, 68]
Astronautics
France  Lyon University Domashenkov  Selective laser melting (SLM) WC-12Co [69]
etal.
Germany Fraunhofer Institute for Production Systems and Uhlmann et al. ~Selective laser melting (SLM) WC-17Co [70]
Design Technology, IPK
Germany Fraunhofer Institute for Ceramic Technologies Berger et al. Fused-filament fabrication (FFF) WC-Co [71]
and Systems, IKTS
Germany Element Six GmbH Konyashin Selective laser melting (SLM) WC-13Co [41]
etal.
Italy Politecnico di Bari Campanelli Selective laser melting (SLM) WC-10Co-4Cr [72]
etal.

Italy Universita di Bologna Fortunato et al. Selective laser melting (SLM) WC-17Co [73]
Russia ~ Moscow State University of Technology Khmyrov et al. Selective laser melting (SLM) WC-50Co, [74, 75]
“STANKIN” WC-75Co
USA Oak Ridge National Laboratory Cramer etal.  Binder Jet Additive Manufacturing WC-35Co [76, 77]

(BIAM)
USA Global Tungsten and Powders Corp Enneti et al. Binder Jet Additive Manufacturing WC-12Co [78, 79]

(BJAM)
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dimensional accuracy, prevent AM processes from being
widely used for producing WC-Co parts in industry [67, 95].
Post-processings, such as heat treatment, hot isostatic pressing
(HIP), infiltration, and machining, are often required, resulting
in additional time and cost [96, 97].

In this review, the current status of additive manufacturing
of WC-Co hardmetals is reviewed. The advantages and dis-
advantages of different AM processes used for producing
WC-Co parts, including selective laser melting, binder jet ad-
ditive manufacturing, selective electron beam melting, 3D gel-
printing, and fused-filament fabrication are discussed. The
studies on microstructures, defects, and mechanical properties
of WC-Co parts manufactured by different AM processes are
reviewed. Finally, the remaining issues and suggestions on
future research on additive manufacturing of WC-Co
hardmetals are put forward.

2 Additive manufacturing processes used
for WC-Co hardmetals

Additive manufacturing processes used for fabrication of WC-
Co hardmetals include the following: (1) selective laser melt-
ing (SLM, also called laser powder bed fusion, L-PBF), (2)
selective electron beam melting (SEBM, also called electron
beam powder bed fusion, E-PBF), (3) binder jet additive
manufacturing (BJAM), (4) 3D gel-printing (3DGP), and (5)
fused filament fabrication (FFF), as summarized in Table 2.

2.1 SLM and SEBM

SLM is currently the most promising AM technology for met-
al materials, which selectively melts powder layer by layer
with a laser beam (as illustrated in Fig. 2) to form dense parts
with good mechanical properties comparable to casting or
forging [98, 99]. Subsequently, post-processing is sometimes
essential for SLM due to the need to reduce defects and elim-
inate residual stress [100—-102].

SEBM is similar to SLM, but also different in some as-
pects. For metal AM, SLM is more widely used than SEBM
mainly due to lower equipment cost. SEBM can only be used
for conductive materials since electric conductivity is required
[84]. The most important difference is the heat sources. The
heat source of the SEBM is an electron beam, which can be
controlled by a magnetic field and causes the scanning speed
to be much higher than the SLM [41]. The use of an electron
beam leads to the need for a vacuum, whereas SLM requires
only argon protection [84]. This also makes the cavity volume
of SLM larger than SEBM. The heat source also determines
how heat is absorbed by the material. Laser is absorbed or
reflected within a few nanometers of the material’s surface,
while electron beam can reach a depth of a few microns,
which is about three orders of magnitude larger [85]. In

addition, the operating temperature of SEBM is higher than
SLM [86]. Usually, supporting structure is much less required
for SEBM compared with SLM, since there is a heating
(sintering) step for SEBM, in which the sintered powder acts
as a kind of support structure [84]. As a result, the geometric
freedom of SLM is lower than SEBM.

For the AM technology that uses a heat source to melt
powder, energy density is a very important parameter and
related to many properties of the sample [103]. Energy density
is defined as:

£ P
T vehel

(1)

where P is the power of laser/electron beam (W), v is the
scanning speed of the beam (mm/s), 4 is the spacing of the
scanning lines (mm), and | is the thickness of the powder layer
(mm) [103-105].

BJAM

BJAM is an additive manufacturing technique in which the
powders are bound together selectively by a liquid binding
material and sintered thereafter to form a high strength part
as shown in Fig. 3 [106-108]. In BJAM process, thin metal
powder layers are distributed on the substrate and selectively
bound by liquid binders sequentially (instead of melted by a
heat source) to obtain a so-called green part, which has a weak
strength but strong enough to maintain the 3D shape during
handling. Next, a debinding step is carried out to remove the
polymer binder material followed by a sintering process to
form a strong metal part [78, 79]. For WC-Co, the sintering
temperature is usually higher than 1400 °C. Parts fabricated
through BJAM often has high level of porosities due to the
nature of sintering, i.e., partially melting of the powder, and
sometimes can be infiltrated by another metal, if needed. For
WC-Co, tungsten carbide skeleton can be fabricated first
through the BJAM process and infiltrated with Co [76, 77].
In this way, infiltrating Co content needs to be carefully cal-
culated, which means that the Co content in the sample cannot
be controlled exactly [76].

Compared to SLM, BJAM is a cost-effective process,
although it typically consists of three steps [87].
Shrinkage occurs unavoidably during the sintering pro-
cess of the BJAM and therefore needs to be compensated
during the design stage, which means that the dimensional
accuracy cannot be controlled precisely [76-78]. For
SLM, due to the extremely high cooling rates and thermal
cycle, the sample produced by SLM has an uneven mi-
crostructure with high residual stress, and is very prone to
form defects such as porosities and micro-cracks [75, 100,
109].

For the AM processes that require a powder spreading step,
including the above three, powder properties, most important-
ly the flowability, are critical to the success [110]. In SLM and
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Table 2  Additive manufacturing techniques used for printing WC-Co hardmetals

AM Process Abbreviation Other names Advantages Disadvantages Ref.
Selective Laser Melting SLM Laser Powder Bed Fusion =~ High dimensional accuracy High residual stress [65, 70,
(L-PBF) High geometric freedom Uneven microstructure 80-83]
Less steps Carbon loss and evaporation of
High hardness Co
Selective Electron SEBM Electron Beam Powder Bed High dimensional accuracy High residual stress [41, 84-86]
Beam Melting Fusion High geometric freedom  Uneven microstructure
(E-PBF) Less steps Expensive equipment
High hardness Needs vacuum
High scan speed
Binder Jet Additive BIAM Binder Jet 3D Printing Uniform microstructure Complicated processes [76-79, 87]
Manufacturing (BJ3DP) High toughness Large shrinkage
Low cost Low hardness, moderate
Low residual stress strength
3D gel-printing 3DGP N/A Low residual stress Complicated processes [63, 88, 89]
Uniform microstructure Large shrinkage
Low powder requirements
No raw material loss
Fused Filament Fabrication FFF N/A Low residual stress Complicated processes [64, 90, 91]
Uniform microstructure Large shrinkage
Low powder requirements  Needs filament fabrication
No raw material loss equipment
Rough surface

BJAM without an infiltration process, WC-Co powders need
to be pre-alloyed before printing [78, 111]. In the BJAM pro-
cess that requires infiltration, WC powder is used directly
[76]. Regardless of whether it is WC-Co powder or WC pow-
der, the particle size will affect the fluidity, and 10 to 50 um is
a suitable size [78, 111]. The powder should be spherical and
free of surface defects because the irregular topography and
defects can impair the flowability of the powder [112]. In
addition, the powder needs to have low residual moisture
which can cause porosity at high temperatures [103]. Spray
drying and cold pressing and crushing are two typical WC-Co

Laser Generator

Fig. 2 Schematic diagram of
SLM process [65] (reproduced
from [65], with permission from
Elsevier, 2019)

powder preparation processes. Because the WC-Co powder
made by the crushing and sintering method is irregular, spray
drying is a more suitable process [41, 72].

2.2 3D gel-printing

3DGP is an additive manufacturing technique that combines
gel casting and fused deposition modeling (FDM) [63, 89]. In
the 3DGP process, the powder is first dissolved in an organic
solvent to form a slurry. During the printing process, the slurry
is added to the screw extruder together with the initiator and
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Fig. 3 Schematic diagram of : i o )
BJAM process [106] (reproduced (St:'t';:;sso Ocoio;::nd) Repeat spreading then printing until complete
from [106], with permission from r
Elsevier, 2017) 'u
(a)—
Roller Printing new layer Roller

o

Build bed Supply bed
Spreading 1t layer

Alumina plate 1

(9)

Sintering toward
near full density

catalyst by compressed air. These materials are mixed and
extruded from a nozzle and deposited on a printing platform
as shown in Fig. 4. The nozzle is selectively moved to ensure
that the required shape is printed. Organic matter is cross-
linked and polymerized to fix the powder to form a green part.
Subsequently, debonding and sintering processes are per-
formed to obtain a finished sample [63]. Unlike the above
technology, 3DGP does not spread powder on the powder
bed, which means that the powder is not required to have high
fluidity. It also means no raw material loss [63, 88].

WC-20Co slurry Catalyst and initiator

Fig. 4 Schematic diagram of 3D gel-printing (3DGP) [113], (1) screw
extruder, (2) nozzle, and (3) green body (reproduced from [113], with
permission from Elsevier, 2020)
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2.3 Fused filament fabrication

FFF is an additive manufacturing technology similar to
3DGP. But different from using powder slurry as the printing
material, FFF technology uses powder to prepare filament as
the printing material [90]. The preparation of filament is an
important step in the FFF process. A main binder and a back-
bone are mixed with the powder firstly. Then, a high-pressure
capillary rheometer is used to prepare filament by extrusion.
The printing process is shown in Fig. 5. The filament is output
from the nozzle and selectively deposited on a printing plat-
form to form a green part. Subsequently, a debonding process
and a sintering process are performed [91]. Unlike debonding
processes in the above additive manufacturing, a solvent
debonding in which the green part is placed in organic sol-
vents is performed before thermal debonding [64].

In summary, the above five additive manufacturing pro-
cesses can be divided into two types: selective melting process
and shaping-debonding-sintering (SDS) process. Selective
melting processes include SLM and SEBM, which make parts
by melting powder with a heat source. This type of process is
very simple and enables one-step molding. But sometimes
post-processing is needed to eliminate stress and defects.
The SDS process includes BJAM, 3DGP, and FFF. The
SDS type processes are characterized by forming a green part
with organic compounds as binder and then sintering.
Compared with the selective melting process, the SDS process
is more complicated. Because SLM, SEBM, and BJAM all
contain a powder spreading step, all three processes require
the powder to have good flowability. While 3DGP and FFF
prepare powders as slurry and filament for printing, there is no
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coil with filament

filament transport
system

heated nozzle

printed body

X-y-z table

Fig. 5 Schematic diagram of fused filament fabrication (FFF) [91]
(reproduced from [91], with permission from Elsevier, 2018)

need for powder flowability. The application of SEBM is
limited by its very high equipment cost. SLM suffers from
uneven microstructure, carbon loss, and evaporation of Co.
More details on advantages and disadvantages of various
AM processes used for WC-Co are summarized in Table 2.

3 Macroscopic characteristics of samples

SLM WC-Co samples have almost no macro defects when an
appropriate scanning strategy and parameters are used, but the
surface of the sample is very rough as shown in Fig. 6 [70, 72].

Fig.6 SLM WC-17 (wt%) Co samples [70] (reproduced from [70], with
permission from Elsevier, 2015)

@ Springer

When the scanning area occupies a small portion of a single
layer, the melted material suffers a very severe thermal impact
leading to a high tendency of macro defects [73]. Figure 7
shows WC-Co samples prepared by SEBM. The surface of
the sample prepared by SEBM is a bit rough. Samples pre-
pared by SEBM usually have macroscopically visible pores
that can be eliminated by sintering [41]. Porosity in SLM
samples can also be eliminated by HIP (hot isostatic pressing)
due to the rearrangement and diffusion of particles when the
energy density is not too low to cause a large number of
porosities [114].

In the BJAM process, significant shrinkage of the printed
WC-Co parts occurred due to the densification and removal of
the binder. In simple cuboid samples, the shrinkage can reach
22-27% as shown in Fig. 8 [79]. In samples with complex
geometries, this shrinkage is anisotropic. The shrinkage in the
x and y directions is about 6-9%, while the shrinkage in the z
direction can reach 21-23%. As the height increases, the
shrinkage in the x and y directions also increases. It may be
that the weight of the part has increased too much during the
infiltration process and slump under its own weight [77]. In
addition, unsintered samples cannot retain their original shape
during infiltration [76].

The macro morphology of the 3DGP WC-Co hardmetal
sample is shown in Fig. 9. The morphology of 3DGP samples
is mainly affected by the filling rate and nozzle diameter. Due
to the extrusion swelling effect, the diameter of the slurry
column is slightly larger than the diameter of the nozzle, so
when 100% filling rate is selected, the slurry will pile up and
destroy the sample shape. Conversely, low fill rate will result
in voids. Proper filling rate is an important factor in forming a
good green part [63]. The nozzle diameter determines the
thickness of the print layer and therefore affects surface rough-
ness and dimensional accuracy. The small nozzle diameter
results in low surface roughness and high dimensional accu-
racy [63]. However, due to the large thickness of the printed
layer of 3DGP (compared to SLM, SEBM, and BJAM), ob-
vious surface waves can be seen on the side of the sample. In
addition, like the BJAM process, the printed green part shrinks
during sintering [63].

The FFF WC-Co hardmetal sample is shown in Fig. 10.
Due to the large nozzle diameter, the thickness of the printed
layer of FFF is even larger than that of 3DGP, which makes
the FFF sample have greater roughness [64]. An effective
treatment is to surface treat the green part. Laser surface treat-
ment is an effective method [115]. In addition, similar to
BJAM, the sintering process in 3DGP and FFF also shrinks
the sample [63, 64].

In summary, there are no macro defects in WC-Co samples
fabricated by various AM processes when appropriate printing
parameters and strategies are used. For the SDS processes,
shrinkage due to sintering limits dimensional accuracy. For
the 3DGP process and the FFF process, due to the large
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Fig. 7 SEBM WC-13Co samples [41] (reproduced from [41], with
permission from Elsevier, 2019)

thickness of the printing layer, the sample has a large surface
roughness, which requires surface treatment.

4 Microstructure

In SLM process of WC-Co, the powders in the center region
of the laser beam absorb more energy than the powders at the
edges, which cause the temperature in the center to be ex-
tremely high and exceeding the boiling point of Co [70].
The evaporation of Co will cause splashing and the reduction
of Co that promotes the formation of very brittle ternary
phases [73, 74, 116]. In addition, the reduction of Co will also
cause the material to become brittle, which increases the trend
of cracking. However, this will bring high hardness [73]. Co
content is mainly affected by energy density, where high-
energy density will cause severe Co reduction [109].
Uhlmann et al. indicated that the scanning speed and Co con-
tent show a U-shaped curve relationship, which needs further
research [70].

Printed

Sintered

Fig. 8 Shrinkage of the BIAM printed WC-12Co part after sintering [79]
(reproduced from [79], with permission from Elsevier, 2019)

Due to the high operating temperature, SLM also causes
carbon loss in WC-Co [82, 83]. During the melting process,
WC dissolves into the Co phase and forms a Co-based solid
solution phase during solidification. However, the carbon loss
leads to the transformation of WC carbide to the n phase
(CozW3C, CogWeC, etc.) during solidification [117, 118].
The 7 phase is formed on the WC grains, and its formation
is due to the interaction between Co and the dissolved W and
C [119, 120]. The formation of the n phase requires the con-
sumption of W and C in the Co-based solid solution, and its
nucleation and production depend on the C content in WC and
the W content in Co [121]. Experiments have shown that the
W4CogC phase content increased after sufficient cooling, in-
dicating that the W4Co¢xC phase is in equilibrium in the W-C-
Co system [122]. The hardness of 7 phase is higher than that
of WC, but it is very brittle. The generation of this phase will
make the sample brittle [123].

The Co/WC ratio also has an important effect on the prop-
erties of WC-Co. On the one hand, samples with high Co
content are less susceptible to cracking. No crack was found
in the sample with 75 wt.% Co, while the sample with 50
wt.% Co had obvious cracks [74, 75]. On the other hand, this
ratio has a great influence on the phase composition in the
sample. In the WC-Co system, the common forms of W are
WC and W,C double carbides, WCo; and W¢Co-, bimetallic
compounds, and W5Co;C, W,4Co,C, and WCosC ternary
carbides. Co usually exists as a solid solution [124, 125]. In
samples with 75 wt.% and 72.5 wt.% Co content, only Co-
based solid solution phase was present, while in the sample
with 50 wt.% Co content, additional Co3W;C phase can oc-
cur. In the sample with 6 wt.% Co content, a W,C phase was
formed [116]. The common WC-Co samples prepared by
SLM do not contain more than 20 wt.% Co, and ternary and
W,C phases are generally formed in these samples [111].

Because the volume energy density in SLM is very large
and distributed non-uniformly, the microstructure of the WC-
Co sample is also inhomogeneous as shown in Fig. 11 [70].
The sample has a typical molten pool structure (Fig. 12a).
Since the molten pool has reached a temperature high enough
to melt WC as well as evaporate Co and a large cooling gra-
dient occurs during solidification, it has fine WC grains and a
relatively low Co content. Large WC grains were generated
along the fusion boundary of the molten pool [72]. Because
SLM is a layer-by-layer manufacturing process, the upper part
of each layer is reheated during the following melting passes.
This results in a layered structure in which fine-grain layers
and coarse grain layers alternate periodically in the vertical
direction as shown in Fig. 12b [65]. Based on this, the micro-
structure of the sample can be controlled by energy density.
High-energy density produces brittle structures with small
WC grains and low Co content, and low-energy density pro-
duces tough structures with large WC grains and high Co
content [70]. Besides, it was found that a high scanning speed
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Fig. 9 3DGP WC-20Co samples
[63] (reproduced from [63], with
permission from Elsevier, 2018)

can lead to a more uniform structure. In contrast, WC grain
aggregation occurs at low scanning speeds [103].

Due to the similarity in process, SEBM samples also have
similar layered structure as SLM samples as shown in Fig. 13a
[41]. Typical microstructures of SEBMed WC-Co hardmetal
are shown in Fig. 13. The microstructure is featured by layers

Fig. 10 WC-10 Co hardmetal turbo rotor fabricated by FFF, a as printed,
b sintered [64] (reproduced from [64], with permission from Elsevier,
2019)

@ Springer

with relatively fine WC grains and coarse WC grains (Fig.
13a, b). Konyashin et al. [41] suggested that the abnormally
coarse-grained layers form as a result of highly localized
heating of the WC-Co particles leading to the super-fast WC
grain growth in a thin layer, where the electron beam directly
interact with WC-Co. Figure 13c and d are scanning transmis-
sion electron microscopy (STEM) and high-resolution trans-
mission electron microscopy (HRTEM) images of the WC/Co
phase boundary. It can be seen that there are no complexes or
other third phase inclusions on the phase boundary [41],
though the material has experienced very high temperatures
during the SEBM process. The super-fast heating and cooling
during SEBM maybe the reason for the clear WC/Co interface
with no reaction products, since the growth of a reaction prod-
uct phase is usually a diffusion-controlled process, which
needs sufficient time to occur [126—128]. Experiments on
some other materials have proven that the residual stress of
SEBM is less than that of SLM, because high operating tem-
perature causes stress relief annealing [86].

small a-phase
grains

Fig. 11 Microstructure of SLM WC-10C04Cr hardmetal sample [72]
(reproduced from [72], with permission from MDPI, 2019)

'_ large a-phase
grains S
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Fig. 12 Microstructures of SLM
WC-Co hardmetal samples. a
Molten pool structure in WC-
17Co sample [70]; b lamellar
structure WC-20Co sample [65]
(reproduced from [65, 70], with
permission from Elsevier, 2015
and 2019)

(a)

Compared to SLM, sintering temperature of BIAM is very
low and its distribution is uniform, which means there is no
evaporation of Co and very little carbon loss. Residual C dur-
ing the debonding process reduces the formation of ternary
phases [76]. In addition, the microstructure of the BJAM sam-
ples is usually more homogeneous than SLM and SEBM
samples, due to the uniform sintering temperature distribution.
The typical microstructure of BJAM samples after sintering
consists of medium-sized (1.4-2.0 um) and a coarse WC grain
cluster with a size of about 20 pm is uniformly distributed in
the binder phase as shown in Fig. 14. The grain cluster has a
volume fraction of about 10% [78, 79]. The microstructure of

Fig. 13 Microstructure of SEBM
WC-13Co hardmetal sample [41],
a layered structure, b microscopy
image of the cross-section of the
sample, ¢ scanning TEM (STEM)
image, d HRTEM image of the
WC-Co interface (reproduced
from [41], with permission from
Elsevier, 2019)

200 um
(b)

end produce is related to its processes. When using the method
of fabricating a carbide skeleton (by binder jetting) followed
by infiltration of Co, excessive infiltration time will lead to the
growth of WC grains, and sintering process can avoid random
aggregation of WC grains [76]. The typical microstructure of
samples prepared by the aforementioned binder jetting + in-
filtration process is shown in Fig. 15. It can be seen that the
microstructure is also uniform, compared with the layer struc-
tures in SLMed and SEBMed samples. Some studies have
suggested that different height positions in the BJAM sample
have different microstructures. The higher the position, the
lower the Co content, which means that the 7 phase is easier
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to form. When the position is too high, low Co content will
even bring porosity [77].

Similar to BJAM, both 3DGP and FFF are processes
that require sintering [89, 90]. Therefore, both 3DGP and
FFF samples have a uniform microstructure [63, 64].
Because the slurry has good wetting and spreading prop-
erties, the 3DGP sample is uniform and nearly pore-free
as shown in Fig. 16 [63]. The filament does not have the
same good spreading property as the slurry in 3DGP,
which results in wedge-shaped holes in the FFF sample
as shown in Fig. 17 [64].

In summary, for the selective melting processes, the heat
distribution is uneven, which can lead to the formation of
layered structures. Super-fast WC grain growth was observed
due to the very localized and high-temperature heating by
laser or electron beam. The heat distribution in SLM is more
uneven than in SEBM [84]. Local high temperatures in SLM
cause problems such as carbon loss, Co evaporation, and high
residual stress. Some studies suggest that according to the
ternary phase diagram of W-C-Co, decarburization promotes
the formation of ternary brittle phases[117, 118]. The evapo-
ration of Co also makes the sample brittle [81]. Cracks form
under the effect of residual stress [80]. Compared with the
selective melting processes, the heat distribution in the SDS
processes (BJAM, 3DGP, FFF) is uniform, which makes the
sample have a uniform microstructure, fewer defects and low-
er residual stress. Figure 18 shows the microstructure of a
conventional sintered WC-8Co sample [28]. It can be seen
that the microstructure of the sample prepared by the SDS
processes (Fig. 16) is more similar to that of the sample pre-
pared by the conventional method, compared with the layered
structure in SLM and SEBM samples.

frs:

Fig. 14 Microstructures of a BJAM WC-12Co hardmetal sample [79]
(reproduced from [79], with permission from Elsevier, 2019)

@ Springer

Fig. 15 Typical microstructure (SEM image) of a BJAM WC-35Co
sample prepared by binder jetting + infiltration [76] (reproduced from
[76], with permission from Elsevier, 2019)

5 Defects

There are usually many cracks in WC-Co samples
manufactured by SLM. During printing, the thermal load on
the material is about 2.5 x 105 W/cm?, which is one to two
orders of magnitude higher than the thermal load in casting
applications [129]. Because this heating is not uniform, there
is a high-temperature difference between the molten pool and
other areas, which results in very high longitudinal and trans-
verse tensile residual stresses in the track after solidification
[80]. High temperature in SLM causes evaporation of Co,
which will lead to a decrease in the toughness of the material
[81]. Cramer et al. suggested that a decrease in Co content
increases the ternary phase generation window using a W-C-
Co tenary phase diagram [77]. In addition, the thermal expan-
sion coefficient mismatches between Co and WC [69, 129].
These factors, combined with residual stresses, lead to cracks
in SLM WC-Co samples. In general, high-energy density and
low binder content (Co) lead to high cracking tendency [70,
74].

The pores in the WC-Co sample are closely related to the
energy density [109]. As shown in Fig. 19, a simulation of the
relationship between the bubble movement in the molten pool
and the linear energy density in the WC/Cu system in the SLM
process was performed. It shows that low-energy density
causes bubbles to move slowly and become trapped under
the surface of the molten pool, and the excessive energy den-
sity makes the flow form of the bubbles tend to be deposited at
the bottom of the molten pool or aggregated by the swirling
flow in the molten pool, thereby increasing the porosity [68].
Decomposition of residual moisture in the powder and evap-
oration of the binder phase can also cause porosity. It was also
found that the cracks in the porous samples were distributed
between the pores, while the cracks in the dense samples were
more continuous [70]. In addition, the powder may form
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Fig. 16 Microstructure of WC-
20Co samples prepared by 3DGP
with different slurry solid loading:
a 56 vol%, b 53 vol%, ¢ 50 vol%,
and d 47 vol% [63] (reproduced
from [63], with permission from
Elsevier, 2018)

rough pellets, making the powder unevenly distributed on the
powder bed and lead to voids [103]. Some studies have sug-
gested that the apparent density of irregular powders is lower
than that of spherical powders, which are easier to form pores
[65].

In the SLM of WC-Co, cracks occur when the energy den-
sity is too high, and pores cannot be reduced sufficiently when
the energy density is too low. The high-energy density re-
quired for the low-porosity samples brings inevitable thermal
shock, but preheating can be used to reduce the thermal gra-
dient as well as the tendency of cracks. Some studies have
preheated the powder and found that preheating can effective-
ly reduce or avoid cracking completely [130, 131]. There are
also experiments that use laser beams or furnaces to perform
in situ temperature control of the samples [132, 133]. Another
way to reduce defects is to use a suitable scanning strategy.
Multi-pass strategy can increase energy density and reduce
pores without increasing cracks. It was found that the

Fig. 17 Cross-section and
microstructure of WC-10Co
samples made by FFF: a cross-
section; b magnification of a,
Murakami etched, ¢
microstructure [64] (reproduced
from [64], with permission from
Elsevier, 2019)

scanning strategy in which energy density increased linearly
for all laser passes can get better results [73]. Increasing the Co
content can reduce the amount of ternary phases and cracks.
No cracks and ternary phases are found in the sample with a
Co amount of 75 wt.% [74, 116]. Increasing Co content can
effectively reduce defects, but it is foreseeable that a large
amount of Co will lead to poor mechanical properties.

In SEBM of WC-Co samples, the main defects are poros-
ities, which are related to scan rate and electron beam current
and can be eliminated by HIP (hot isostatic pressing) sintering.
Both scan rate and electron beam current have a U-shaped
curve relationship with porosity, which means there is a min-
imum of porosity under certain combinations of electron beam
current and scanning rate [41].

Cracks rarely occur in BJAM WC-Co samples and the
main defect is porosity. The generation of pores is mainly
related to the conditions of post-treatment. Increasing the
sintering temperature and pressure can reduce the porosity,
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Fig. 18 Microstructure of
sintered WC-8Co alloy: a sintered
from ball milling powder; b
sintered from composite powders
[28] (reproduced from [28], with
permission from Elsevier, 2014)

as shown in Fig. 20 [78]. Too much Co used in the infiltration
process will lead to larger pores [76]. This is because high
liquid content captures more cavitation, which leads to more
rearrangement of WC and more solidification shrinkage [76].

Fig. 19 Bubbles movement in
different LEDs (linear energy
density): a LED = 15 kJ/m, b
LED = 17.5kJ/m, ¢ LED =20 kJ/
m, and d LED = 22.5 kJ/m [68]
(reproduced from [68], with
permission from Elsevier, 2019)

@ Springer
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In the higher position of the sample, the inability of Co to
reach leads to the formation of pores [77].

Due to the small residual stress in the sintered samples,
there were no cracks in either the 3DGP or FFF samples. In
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3DGP, the porosity depends on the solid loading of the slurry.
As shown in Fig. 16, the reduction in solid loading in the
slurry results in voids [63]. The pores in the FFF are shown
in Fig. 17. The pores are caused by the low spreadability of the
filament. Optimizing the printing strategy can reduce porosity
[64].

To realize industrial applications of AMed WC-Co hardmetal
parts, specific standards on AM of WC-Co hardmetals need to be
established for evaluating the quality of the parts and for stan-
dardizing the manufacturing processes. Though there are a few
published standards on metal AM, such as ASTM F3303-2018,
ISO/ASTM52907-19, they are far from enough for the fast de-
velopment of metal AM.

In summary, in SLM, the WC-Co samples are prone to cracks
due to the evaporation of Co and formation of brittle ternary
phases combine with high residual stress. Porosity is mainly
affected by energy density, and powder properties such as
flowability and participation in moisture also affect porosity.
The porosity of the SEBM sample is mainly related to the print-
ing parameters. Appropriate parameters can bring the lowest po-
rosity. In addition, porosity can be reduced or even eliminated by
HIP (hot isostatic pressing) sintering. For the SDS process, no
cracks are generated due to the uniform energy distribution. The
porosity of BJAM samples is mainly related to the sintering
temperature. The porosity of 3DGP samples is mainly affected
by the solid loading of the slurry. Porosity in both BIAM and
3DGP samples can be eliminated by improving manufacturing
parameters. In the FFF process, wedge-shaped pores are gener-
ated due to poor spreadability of the filament. Pores in FFF can
be reduced by optimizing printing strategies. The main causes of
the defects formed in WC-Co samples fabricated by various AM
processes are listed in Table 3.

6 Mechanical properties

In the AM process of WC-Co hardmetals, density is a primary
indicator for quality. In SLM, the density of the sample

increases as the energy density increases [73, 109], like report-
ed in other materials [135-137]. When the parameters are
suitable, the relative density can reach more than 95% [70,
73, 114]. Density of high porosity SLM samples can be in-
creased by HIP (hot isostatic pressing) sintering [114]. In ad-
dition, the use of irregular powders results in a decrease in
sample density [65]. BJAM makes samples easier to achieve
high density, even without sintered process, the relative den-
sity can reach more than 96%. For sintered samples, the den-
sity can be as high as 98.7% [76]. In addition to the sintering
process, the amount of Co and the infiltration time also affects
the density of the sample. Too much Co and too long time will
lead to a reduction in density [76].

For WC-Co parts, hardness is also an important perfor-
mance indicator. The hardness of WC-Co samples prepared
by SLM is usually around 1500 HV0.5 or 9.5 GPa [69, 70].
The hardness of the samples made by SEBM is 9.0~9.5GPa
[41]. Due to the uneven structure of the SLM sample, its hard-
ness distribution is also uneven. The hardness of the fine-
grained region is higher than that of the coarse-grained region
[69]. Adding Cr to WC-Co can limit the growth of WC grains,
thereby improving the hardness. The hardness of the WC-
CoCr samples prepared by SLM can reach 1840~2138 HV1
[72], which is higher than the hardness of WC-Co hardmetal
samples (with similar WC grain size) fabricated by conven-
tional methods (Fig. 1). Li et al. used NiAlCoCrCuFe high-
entropy alloy instead of Co as the binding phase. The prepared
sample showed uneven distribution of components, which can
be divided into high W content region and low W content
region. The hardness in the high W content region is
1306.8~1413.4 HV1, and the hardness in the low W content
region is 711.7~1178.6 HV1 [66]. The hardness of samples
prepared by BJAM is relatively low. The hardness of fine-
grained region can reach 1300~1400HV0.5, and the hardness
of coarse-grained cluster region is 1200~1300HVO0.5 [78].
Areas with different infiltration heights have different Co con-
tent and different hardness. In areas with normal Co content,
the hardness is 9.0 GPa, while in areas with lower Co content,
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Table 3  Defects in AM WC-Co samples and the causes
Process Defects Causes
SLM Cracks Evaporation of Co and formation of brittle ternary phases combine with residual stress [69, 80, 81, 129, 134].
Pores Inappropriate energy density; unevenly distributed of powder; residual moisture; evaporation of the binder phase [65, 103]
SEBM Pores Improper printing parameters [41]
BJAM Pores Low sintering temperature, Too much Co used in the infiltration, The sample is too high for Co to reach [76-78].
3DGP Pores Low solid loading [63]
FFF Pores Low spreadability of the filament, inappropriate scanning strategy [64]

the hardness can reach 14.1 GPa [77]. The hardness of WC-
12Co sample prepared by BJAM is 1300-1400 HV, in which
the WC grain size is in the range of 1.4-2.0 um [78].
Compared with Fig. 1, it can be seen that the hardness of this
sample is similar to that of the WC-12Co sample prepared by
the traditional method. The average hardness of SLM samples
with similar WC grain size reached 1515 HV, which is higher
than the samples prepared by traditional methods [69].

Another important indicator of WC-Co samples is fracture
toughness. The fracture toughness of BJAM samples can
reach 17 MPa m'? [78], and even samples with fracture
toughness of about 25 MPa m'? have been prepared [77,
138]. The fracture toughness of the sample prepared by
SEBM is 13 MPam'”/ 2, but the author believes that this value
cannot reflect the true fracture toughness of the sample, for the
fracture toughness can reach 20 MPa m'? when calculated
based on the cracks perpendicular to the WC layer [41].

The performance of 3DGP samples is mainly affected by
the solid content of the slurry. A high solids content results in
high density and hardness. The WC-20Co sample prepared
with 56 vol% solid content slurry can obtain a relative density
01 99.93% and a hardness of 87.7 HRA. The 47 vol% solids
sample had a relative density of 88.58% and a hardness of
84.5 HRA [63].

An effective method to improve the mechanical properties
of WC-Co samples is to reduce the WC grain size [10].
Because the resulting WC crystallite size largely depends on
the initial one, WC-Co nano powders have attracted attention
[75]. The WC grain size in the sample prepared from the
nanostructured powder can reach 180 = 50 nm, which is much
smaller than the 330 £ 100 nm in conventional powder
manufacturing samples [69]. Small grain size can bring high
hardness and high wear resistance, but low toughness [31, 78].
The hardness of the nano-powder manufacturing sample can
reach 2500 HV s, which is much higher than the 1550
HV, 5 of the conventional sample. In addition, the wear rate
of the conventional sample was 1.3 times that of the nano-
powder manufacturing sample. The fracture toughness of the
nano powder sample is only 6.9 MPa m'?, which is lower
than the 8.9 MPa m' of the conventional powder sample
[31].

@ Springer

In summary, it can be seen that the SDS WC-Co samples
(3DGP, BJAM, FFF) are easier to obtain high density, hard-
ness similar to samples prepared by conventional methods,
and the fracture toughness are excellent, while the selective
melting (SM) samples (SLM, SEBM) have higher hardness
but lower toughness. This is due to the uneven heat distribu-
tion of the selective melting process, especially in SLM,
which leads to the evaporation of Co and the formation of
ternary phases, both of which can make the sample hard and
brittle. Cracks and uneven microstructures further reduce the
toughness of the sample. The mechanical properties of all
reported AMed WC-Co hardmetal samples are listed in
Table 4.

7 Summary

In this paper, the current status of additive manufacturing of
WC-Co hardmetals is reviewed. The advantages and disad-
vantages of different AM processes used for producing WC-
Co parts, including selective laser melting (SLM), selective
electron beam melting (SEBM), binder jet additive
manufacturing (BJAM), 3D gel-printing (3DGP), and fused
filament fabrication (FFF) are discussed. The studies on mi-
crostructures, defects, and mechanical properties of WC-Co
parts manufactured by different AM processes are reviewed.
The main findings are summarized below:

(1) The properties of WC-Co samples are related to WC
particle size and Co content [13—16]. The samples with
high Co content have fewer defects, but too much Co can
damage the mechanical properties of the samples. The
reduction of the square root of WC particle size is line-
arly related to the increase in the wear resistance of the
sample [15].

(2) Due to the uneven energy distribution, the microstructure
of'the SLM and SEBM WC-Co samples is also inhomo-
geneous [41, 70]. Because of the layer-by-layer printing
process, the sample showed a layered structure with al-
ternating coarse and fine grain layers [41, 65].
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E S 3 (3) In the SLM process, too high-energy density will cause
Co evaporation and carbon loss, making the sample brit-
tle [73, 74, 82, 83, 116]. Cracks occur under the effect of
o 2 thermal stress [80]. When the energy density is low, the
:E) JED < P melting time of Co is insufficient to fill the pores, and the
£ 3 Z Z porosity of the sample is high [109].

(4) The main defect in the SEBM WC-Co sample are pores,
which has a minimum under the appropriate combination
of scan rate and electron beam current. Pores in the sam-
ple can be eliminated by HIP sintering [41].

(5) During BJAM, the WC-Co samples will shrink [78, 79].
Co content in the sample decreases with increasing
height, and lower Co content led to the more favorable

2 é formation of the brittle ) phase [77], which is detrimental
.:,f E P to mechanical properties of WC-Co samples.
= > Z (6) In WC-Co samples manufactured by BJAM, porosity is
related to sintering temperature, infiltration time, and
° . amount of Co for infiltration [76, 78].
% ‘E‘ § P (7) By comparing WC-Co samples prepared by SDS pro-
2 _§ 2 Z cesses (3DGP, BJAM, FFF) and selective melting pro-
" cesses (SLM, SEBM), SDS samples have higher density
2 and better fracture toughness [76—78], selective melting
g samples have higher hardness [69, 70].
£ o 2 (8) The 3DGP and FFF processes have no requirements for
g B .E ) & Sz powder flowability, but the WC-Co samples
z §2 e é s 2 § ; manufactured by these two processes have large surface
g 584 & S@ 5z 2 roughness [63, 64].
g cgEabeac
g SSSFESEswY
¥ |$2255555%¢
£ |8Y8sEEREES
£ EZ3AERZLn
8 Perspectives
(1) Additive manufacturing technologies offer attractive ad-
g g vantages in terms of producing WC-Co hardmetal cut-
= ting tools with complex geometries, such as U-shaped or
‘q\j g helical cooling channels inside. These internal, contour-
% E adapted cooling channels allow higher cutting speeds
g g g and consequently, a remarkable increase in the produc-
£ & é tivity of the machining process.
% qé“ & § (2) Up to now, it is difficult to manufacture fully dense WC-
5 z g 7 Co parts with good properties using SLM. Therefore,
é%. § 38 g more efforts are needed for developing an SLM process
for the production of crack-free and dense (> 99 %) WC-
Co parts.

(3) The exposure of WC-Co to high-energy laser/electron

beam may cause decarburization of WC, formation of
=l ° ° carbides like W,C, and possible Co evaporation, which
é g % % have detrimental effects on the properties of the final
g é § (3) part. Thus, further efforts are needed for retarding the
< | o above-mentioned phenomenon. Preheating the base
= § & - plate and the powder and using low-energy density print-
el & o &= ing parameters could be an effective measure.
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(4) For BJAM and 3DGP, it is much easier to achieve fully
dense and high-quality WC-Co parts compared with
SLM and SEBM, though the printing accuracy is lower
and the process is more complicated. One challenge for
BJAM of WC-Co parts is that Co content in the sample
decreases with increasing height, and different Co con-
tent will lead to different phase composition. Therefore,
further research is demanded in improving the BJAM
process to achieve homogeneous BIAM WC-Co parts.

(5) SEBM of WC-Co hardmetals faces similar challenges
with SLM. Besides, in SEBM WC-Co samples, very
intense local WC grain growth occurred, which leads to
undesirable inhomogeneous microstructure. Further ef-
forts are needed to retard the extremely fast growth of
WC grains. Moreover, the cost of SEBM is higher than
SLM.

(6) One major application of additive manufacturing of WC-
Co hardmetals is producing cutting tools. Thus, cutting
durability, fracture behavior, and wear mechanism of
AMed WC-Co tools deserve great attention in the future.

(7) Both 3DGP and FFF processes are easy to obtain sam-
ples with uniform microstructure and high density, and
both have low requirements for powder properties.
However, the large surface roughness caused by the large
printing layer thickness is a disadvantage of these pro-
cesses. Reducing surface roughness is a major challenge
for both processes. In addition, more research is needed
to reduce the porosity caused by poor spreadability of
filament in the FFF process.
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