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Abstract: Cemented carbides, renowned for their exceptional strength, hardness, elastic
modulus, wear resistance, corrosion resistance, low coefficient of thermal expansion, and
chemical stability, have long been indispensable tooling materials in metal cutting, oil
drilling, and engineering excavation. The advent of additive manufacturing (AM), com-
monly known as “3D printing”, has sparked considerable interest in the processing of
cemented carbides. Among the various AM techniques, Selective Laser Melting (SLM),
Selective Laser Sintering (SLS), Selective Electron Beam Melting (SEBM), and Binder Jetting
Additive Manufacturing (BJAM) have garnered frequent attention. Despite the great ap-
plication potential of AM, no single AM technique has been universally adopted for the
large-scale production of cemented carbides yet. The SLM and SEBM processes confront
substantial challenges, such as a non-uniform sintering temperature field, which often
result in uneven sintering and frequent post-solidification cracking. SLS notably struggles
with achieving a high relative density of carbides. While BJAM yields WC-Co samples
with a lower incidence of cracking, it is not without flaws, including abnormal WC grain
growth, coarse WC clustering, Co-rich pool formation, and porosity. Three-dimensional gel-
printing, though possessing certain advantages from its sintering performance, falls short
in dimensional and geometric precision control, as well as fabrication efficiency. Cemented
carbides produced via AM processes have yet to match the quality of their traditionally
prepared counterparts. To date, the specific densification and microstructure evolution
mechanisms during the AM process, and their interrelationship with the feedstock carbide
material design, printing/sintering process, and resulting mechanical behavior, have not
been thoroughly investigated. This gap in our knowledge impedes the rapid advance-
ment of AM for carbide processing. This article offers a succinct overview of additive
manufacturing of cemented carbides, complemented by an analysis of the current research
landscape. It highlights the benefits and inherent challenges of these techniques, aiming to
provide clarity on the present state of the AM processing of cemented carbides and to offer
insights into potential future research directions and technological advancements.

Keywords: cemented carbide; additive manufacturing; microstructure; mechanical properties;
experimental techniques
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1. Introduction

Cemented carbides, renowned for their exceptional properties, such as high strength,
hardness, and wear resistance, have become the material of choice for cutting tools. They
are extensively used in the manufacturing of turning blades, drill bits, and saw heads for a
variety of materials, including metals, concrete, wood, and other materials [1]. However,
traditional manufacturing techniques, which often limit the design flexibility of cemented
carbides, suggest that additive manufacturing (AM) could present a promising alternative
for the future processing of these materials [2-4].

AM has signified a pivotal shift in manufacturing paradigms, offering unprecedented
flexibility in both the quantity and design of manufactured parts. It has facilitated the
efficient production of bespoke tools and enabled mass customization and production
on a large scale. This technology has unlocked the creation of a diverse array of prod-
ucts with intricate geometries, thereby enhancing functionality across various industries.
AM has enabled innovative designs, such as optimized cutting geometries, chip chutes
of various profiles and shapes, integrated cooling systems, and an increased number of
cutting edges [5-7]. The fabrication of cemented carbide modules with integrated fluid
channels or ports, which is challenging with traditional methods, has been simplified
through AM [8-10]. Moreover, the production of cemented carbide nozzles using tradi-
tional methods is fraught with difficulties and high costs, and it is inherently restricted in
terms of design optimization. In contrast, 3D printing technology has facilitated the efficient
manufacturing of nozzles with complex features, such as curved channels, threads, and
diverse mounting solutions, consequently reducing lead times [11]. Despite considerable
research efforts dedicated to the development of AM processes for cemented carbides, no
single AM technique has yet emerged as the dominant method for large-scale applications.
The primary obstacle to this research and development conundrum stems from the absence
of targeted investigations into the densification and microstructure evolution mechanisms
that are specific to the unique attributes of the AM processing of carbides. Furthermore,
the interconnections between these mechanisms and the design of feedstock carbide mate-
rials, the printing/sintering process, and the resulting mechanical behavior have not been
adequately explored.

To date, the realm of additive manufacturing (AM) for the production of cemented
carbides has been dominated by two principal methodologies, each with its own set of
advantages and disadvantages. As shown in Table 1, the first methodology encompasses
direct AM techniques, which integrate the processes of printing and sintering into a single,
streamlined cycle. Prominent examples of direct AM include Selective Laser Melting
(SLM) and Selective Electron Beam Melting (SEBM). The second methodology involves
indirect AM techniques, which begin with the printing of an unfired green part, followed
by traditional debinding and sintering processes to achieve the desired density of the
cemented carbides. Techniques, such as Selective Laser Sintering (SLS), Binder Jetting (B]),
and 3D gel-printing (3DGP), are representative of this approach. The selection of the AM
technique is crucial and must take into account the specific requirements and constraints of
each application.

Table 1. Categories of AM techniques for cemented carbides.

Classifications ~AM Techniques Sections in This Paper Pros and Cons
Printing-sintering in one step, low efficiency and
Direct AM SLM 21,41 high cost, notable printing defects and

decomposition of WC.
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Table 1. Cont.

Classifications =AM Techniques  Sections in This Paper Pros and Cons
Printing-sintering in one step, high efficiency, high
Direct AM SEBM 22,42 cost, notable printing defects and decomposition
of WC.
SIS 23,43 ngh printing eff1c1e.ncy, low cos.t, low relative
density and mechanical properties.
High fabrication efficiency, low cost, high relative
Indirect AM BJ 24,44 density and mechanical properties, low
microstructure homogeneity.
3DGP 25, 45 High sintering performance, high relative density,

low dimensional accuracy, low fabrication efficiency.

2. Advanced Additive Manufacturing Techniques for Cemented Carbides
2.1. Selective Laser Melting (SLM)

Selective Laser Melting (SLM), also called Laser Powder Bed Fusion (LPBF), is a direct
AM technique that utilizes a high-energy laser beam to selectively melt metal powders
according to the layer-by-layer slice information derived from a three-dimensional model
of the intended part [12]. As shown in Figure 1, the laser beam traces a precise path, melting
the powder completely and fusing it under thermal influence. As the melted material cools
and solidifies, it forms a solid layer, which is sequentially stacked upon with additional
layers of powder until the complete model is constructed.

Laser scanner system

Builted sample

Powder supply Building platform Powder collector

Figure 1. Schematic diagram of Selective Laser Melting (SLM) or Laser Powder Bed Fusion (LPBF).

Recent studies have highlighted the impact of the powder morphology on the SLM
process. Chen et al. [13] reported that spherical WC-Co granules, as opposed to irregularly
shaped granules, resulted in higher relative densities for WC-Co samples. However, the
SLM process could lead to inhomogeneous microstructures and the rapid grain growth of
WC [14], attributed to the non-uniform temperature distribution and varying dwell times
in the liquid phase. A comparative analysis of hot-pressed and SLM-processed WC-20Co
carbides revealed that both carbides exhibited a Vickers hardness surpassing 10 GPa, with
the SLM-processed carbides showing a slightly lower hardness due to its lower density
and coarser WC grains.

Grigoriev et al. [15] explored the SLM processing of WC-6Co with ultrafine Co particles,
implementing a multidirectional scanning strategy to counteract anisotropy’s effects on the
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mechanical properties. The resulting samples achieved a hardness of HV2500, which was
1.6 times greater than that of the conventional materials. An X-ray diffraction (XRD) analysis
indicated the presence of the carbon-deficient phase W;C in the printed samples. In practice,
the sintering temperature during the SLM process can exceed 2000 °C, significantly higher
than the melting/sintering temperature of the WC-Co system (1300 °C/1400-1480 °C).
Meanwhile, the liquid-phase sintering time during the SLM process is as brief as 1073 s,
which is considerably shorter than the sintering time for traditional powder metallurgy
processes (1-2 h). Consequently, achieving equilibrium sintering conditions during the
SLM process is extremely challenging, making abnormal WC grain growth and even the
decomposition of WC grains quite prevalent [16].

Liu et al. [16] conducted a comprehensive investigation into the microstructure and
WC grain growth of WC-Co during the SLM process, supported by a finite element simu-
lation. Their findings revealed that the microstructure and mechanical properties of the
printed samples with varying Co content displayed anisotropy, with the relative density
of the WC-Co samples increasing as the Co content increased. The maximum sintering
temperature was determined by the interplay of the laser power and scanning speed.
Figure 2 presents the typical microstructures of carbides processed via Selective Laser Melt-
ing (SLM). A carbon-deficient phase is commonly observed in these carbides. However,
the inhomogeneity in the sintering temperature caused by the laser beam often leads to

frequent occurrences of abnormal WC grain growth.

Figure 2. Microstructures of SLM-processed cemented carbides, showcasing the variability in the
decomposition of WC and abnormal WC grain growth across the different compositions: (a) WC-12Co,
(b) WC-20Co, and (c) WC-32Co [16].

A study on nano-structured WC-Co hardmetal containing 25 wt.% WC and 75 wt.%
Co demonstrated remarkable resistance to thermal shocks during the SLM process [17].
The tungsten carbide particles were found to be homogeneously dispersed within the Co
matrix, with no significant cracking observed. However, it was noted that an excessive
Co content could compromise the alloy’s strength and hardness. Increasing the scanning
velocity was found to refine the microstructure and reduce the spheroidization effect.
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It has been demonstrated that during the SLM process, a high relative density can be
achieved through a high energy input, while a high cobalt content can be maintained with
a low energy input [18]. A high laser energy density facilitates the formation of a coherent
molten pool, resulting in high-density samples, but this also increases the brittleness of
the cemented carbide. Meanwhile, a high Co content minimizes cracking formation and
maximizes the density of the fabricated parts.

Li et al. [19] conducted a study on the effects of the SLM process on the microstructure
and properties of a special cemented carbide system containing a high-entropy alloy binder
(NiAl-CoCrCuFe). The hardness and toughness of the SLM-processed carbides revealed a
clear gradient trend from the bottom (close to the baseplate region) to the upper portion.
The Vickers hardness gradually increased from the region close to the baseplate to the
upper portion. The baseplate region was characterized as having more metal binder, while
the upper portion was mainly composed of a W»C/metal dendritic matrix, with evenly
distributed WC precipitates and h-carbide.

Xing et al. [20] successfully fabricated WC-12Co cemented carbides using the LPBF
process. Their study examined the microstructural and mechanical property evolution of
these carbides after post-sintering treatments. Figure 3a,b show significant thermal cracking
and porosity in the as-fabricated WC-12Co carbides. Additionally, they observed WC phase
decomposition and abnormal grain growth, which can impair the material’s mechanical
integrity. The post-sintering process, detailed in Figure 3c—f, significantly altered the
microstructure, reducing thermal cracking and porosity, and enhancing the material density
and homogeneity. Low-carbon phases, such as W,C and Co3W3C, which can compromise
performance, were notably reduced due to the carbon compensation during post-sintering,
as shown in Figure 4. This figure illustrates the effective redistribution of carbon within the
microstructure, stabilizing the WC phase and mitigating phase decomposition. The post-
sintering process profoundly improved the mechanical properties of the LPBF-processed
WC-12Co carbides, increasing the compressive strength by over 300% compared to the as-
LPBF-processed material. This enhancement was attributed to the elimination of defects, the
refinement of grain boundaries, and the optimization of the phase distribution. Xing et al.’s
findings highlight the critical role of post-sintering in the LPBF processing of carbides,
not only correcting microstructural anomalies but also significantly enhancing the final
product’s mechanical properties.

The incorporation of nickel is widely recognized for its ability to enhance the wear
resistance of cemented carbides. Gu et al. [21] successfully synthesized WC-Ni cemented
carbide through a specialized in situ reaction within a W-Ni-C system, utilizing the Selective
Laser Melting (SLM) process. During their investigation, Gu et al. observed that the
SLM process parameters, particularly the scanning speed, had a profound impact on the
microstructure and, consequently, the performance of the WC-Ni cemented carbides. They
noted that excessively high scanning speeds can result in the formation of cavities and
cracks within the material, as well as the significant growth of WC grains, which can
compromise the material’s integrity and performance. To optimize the SLM molding
process for WC-Ni composite powder, Ergtider et al. [22] employed a meticulous feedstock
carbide powder design. The process began with the uniform coating of a 400 nm nickel
layer on WC powder through the technique of electroless plating. This step was crucial
for ensuring the homogeneous distribution of the nickel. Following this, the researchers
determined the optimal process parameters for the SLM method using the Ni-coated WC
powder. These parameters were critical for achieving a high relative density close to 99%.
The resulting material exhibited a hardness value of 1962 HV, highlighting the superior
mechanical properties achieved through this process. Furthermore, wear testing was
conducted to evaluate the influence of the hatch spacing on the wear resistance of the SLM
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carbides. Their findings, as depicted in Figure 5, demonstrate that the hatch spacing is a
critical parameter affecting the wear resistance of the material. Specifically, a 60% hatch
spacing was found to yield the lowest coefficient of friction, the lowest wear rate, and the
highest microhardness among the tested specimens.

IR A
Mean=4i5.+/

>

>
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0

0 ¢
QO 4RehV2 6
Grain size (ILm)e

Figure 3. Typical microstructure of LPBF-processed WC-12Co carbides (a,b) without and (c—f) with
post-sintering, (c,d) through post-sintering at 1390 °C, and (e,f) through post-sintering at 1480 °C [20].
Post-sintering significantly reduces cracking and improves the microstructure quality.

The fabrication of cemented carbides through the SLM process frequently results
in the presence of numerous cracks and warpings. In addition, abnormal WC grain
growth, the decomposition of the WC, and the formation of an h-phase have been widely
documented [13-16,20]. These defects are predominantly due to the extremely high local
sintering temperature and non-uniform thermal distribution that occurs during the SLM
procedure. The localized melting of the powder particles creates a molten pool, which,
when contrasted with the cooler surrounding material, establishes a significant temperature
gradient. This disparity in temperature leads to the generation of considerable longitudinal
and transverse tensile residual stresses within the material after the solidification phase.
These residual stresses can act as initiation sites for cracks and contribute to the warping of
the final product, thereby impacting the structural integrity and mechanical performance
of WC-Co carbides.

Furthermore, the elevated temperatures characteristic of the SLM process can induce
the evaporation of cobalt (Co), a key component that enhances the toughness of the WC-Co
material. The loss of Co from the material can result in a reduction in its fracture toughness,
making it more susceptible to brittle failure under stress. This decrease in toughness is
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a critical concern, as it directly affects the material’s ability to withstand the demanding
conditions encountered in various industrial applications, such as cutting tools and wear-
resistant components. The current research status of the SLM process for cemented carbides

is listed in Table 2.
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Figure 4. (a) XRD patterns of LPBF-processed WC-12Co carbides with and without (“As-printed”)
post-sintering at 1390 °C and 1480 °C; (b) the magnified view of the diffraction peaks in the 20 range
of 39-45° (purple frame in (a)) [20]. The XRD patterns confirm that the post-sintering notably reduces
the low-carbon phases.

®m Wear rate @ Microhardness

0.00045 2500
0.00040
~0.00035 ° 2000
E )
Z.0.00030 ® ° =
E ) 1500
£ 0.00025 !
:o 00020 z
g 1000
50.00015
z
0.00010 500
0.00005 -
0.00000 — = N 0
30 40 50 60 70 80 90

Hatch spacing (%)

Figure 5. Wear rates and microhardness of SLM-processed carbides as a function of the hatch
spacing [22]. The optimum hatch spacing substantially improves both the microhardness and
wear resistance.

Table 2. Current research status of SLM process for cemented carbides.

Representative Materials Key Studied Parameters Key Findings
References
1. Spherical-shaped carbide granules, as compared with
Effect of the morphology of irregular-shaped ones, significantly enhance
[13] WC-20Co feedstock carbide granules, printing performance.
anisotropic microstructure 2. SLM often introduces abnormal WC grain growth,
leading to anisotropic lamellar microstructures.
Types of feedstock carbide Significant and inhomogeneous WC grain growth, as well as
[14] WC-12Co granules (micron vs. nano WC), decarburization of WC and the formation of low-carbon

microstructure phases, are commonly observed in SLM-processed carbides.
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Table 2. Cont.

Ri{’s:::elz:;;ve Materials Key Studied Parameters Key Findings
Feedstock carbide powder SLM induces significant thermal cracking. However, carbides
[15] WC-6Co preparation, mechanical property ~ processed via SLM exhibit higher hardness and wear
comparison between SLM and resistance compared to those processed using
conventional processes conventional methods.
1. Higher Co content in feedstock carbide powders
suppresses WC grain growth during the SLM process.
Effect of Co content, 2. The primary mechanisms of WC grain growth during
WC-12Co, WC-20Co, and  microstructure evolution and WC SLM include dissolution—deposition and
[16] WC-32Co grain growth mechanisms, agglomeration, with the latter being more pronounced
simulation of SLM process in low-Co carbides.

3. The SLM process induces significant anisotropy in both
the microstructure and mechanical properties.

. . A higher Co content helps to mitigate thermal cracking.
[17] WC-75Co Feedstock carbide powder with SLM achieves extremely high cooling rates, reaching up to
nano WC 6
10° K/s.
Effect of SLM parameters on The energy density of the SLM process has a double-edged
[18] WC-12Co, WC-17Co relative density and Co content effect. While higher energy density enhances relative density,
of carbides it also leads to more significant cobalt evaporation.
Cast Carbide- The dilution effect from the baseplate and elemental
. I evaporation during the SLM process contribute to the
[19] 20NiAlCoCrCuFe The dilution effect of baseplate . . . .
high-entropy alloy formation of gradient microstructures and hardness profiles
& in carbides.
Microstructur t-sinterin Post-sintering significantly reduces the cracking and
[20] WC-12Co CTOSITUCIITE, POSTSINICrng, low-carbon phases introduced by SLM, thereby improving
cutting performance . . . .
microstructure quality and mechanical properties.

1. In situ WC/Ni2W4C cemented carbides were
fabricated using SLM from a W-Ni-graphite powder
mixture. A relative density of 96.3% was achieved at

. In situ WC formation, high laser energy input.
(21] 85W-5C-10Ni metallurgical mechanisms 2. The WC phase developed through multi-laminated
rowth mode, with its morphology evolving from
& phology &
block-shaped to triangular to elliptical as the applied
linear energy density decreased.
1. Ni plating on WC powder is essential for achieving a
) ) relative density of 99%.
Electroless Ni-plating process, 2. The microstructure exhibits a dendritic structure with
[22] Ni-coated WC powder SLM parameters, friction and

wear testing

some cracking.
3. Optimizing the hatch spacing significantly enhances
both microhardness and wear resistance.

2.2. Selective Electron Beam Melting

Selective Electron Beam Melting (SEBM) has emerged as an apt additive manufacturing

technique, particularly well suited for the fabrication of alloys that possess high melting
points or are prone to oxidation and nitrogen absorption [7]. This process shares similarities
with SLM in its fundamental approach of a layer-by-layer deposition of metal powder onto
a metal substrate. However, SEBM distinguishes itself by employing a high-energy electron
beam, rather than a laser, to melt the powder within a vacuum environment, as illustrated
in Figure 6. This environment is critical for preventing oxidation and ensuring the purity of
the melted material.

The SEBM process allows for a higher substrate preheating temperature compared
to SLM, which is essential for managing the thermal dynamics of materials with high
melting points. This elevated temperature facilitates the melting process and can lead to
an improved densification of the final product. Moreover, the scanning rate in SEBM is a
pivotal parameter that significantly influences the quality of the manufactured parts [23].
The rate at which the electron beam scans across the substrate directly affects the melting
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pool’s temperature distribution, the coalescence of adjacent powder layers and, ultimately,
the microstructure and mechanical properties of the consolidated parts.

Powder
hopper

Builted sample

Scraper—'

Building
platform

Figure 6. Schematic diagram of Selective Electron Beam Melting (SEBM).

The careful control of the scanning rate is therefore essential to optimize the SEBM
process, ensuring the production of components with the desired geometric accuracy,
surface finish, and mechanical integrity. By fine-tuning the process parameters, SEBM
can be effectively utilized to manufacture complex components from high-performance
alloys that are otherwise challenging to process using conventional methods. This makes
SEBM an invaluable technique in the realm of advanced materials science and engineering,
particularly for applications in aerospace, automotive, and tooling industries, where high-
strength and high-temperature resistance are paramount.

The concentration of cobalt (Co) in carbides synthesized via SEBM has been observed
to be significantly influenced by the specific manufacturing conditions, leading to substan-
tial deviations from the initial Co content present in the feedstock carbide powder. This
variation suggests that a considerable amount of liquid Co evaporates during the additive
manufacturing process, which could potentially alter the mechanical properties of the
final product. It has been hypothesized that the high strains present among the tungsten
carbide (WC) layers originate from the extremely high WC grain growth rates, particularly
in layers containing abnormally large WC grains [7]. These strains are anticipated to have a
substantial impact on the fracture toughness of carbide samples produced through SEBM.

Peng et al. [24] detailed the fabrication of cemented carbides with WC dispersed
in a NiBSi matrix using the SEBM technique under a variety of fabrication conditions.
Konyashin [25] utilized Selective Electron Beam Melting to shape WC-13Co samples, a pro-
cess that resulted in the evaporation of some liquid Co and intense local WC grain growth.
This led to the formation of unique microstructures in the cemented carbide particles, char-
acterized by layers with medium-coarse and abnormally large WC grains. The near-surface
layer of these cemented carbide particles exhibited high roughness, comparable to the mean
size of the original WC-Co granules.

Wang et al. [26] prepared WC-12Co cemented carbides via SEBM, followed by a post-
sintering heat treatment at 1400 °C and 5 MPa of argon pressure. As depicted in Figure 7,
similar to carbides processed with SLM/LPBE, anisotropic microstructures are evident in
SEBM-processed carbides.

The observation of alternative layers of coarse and fine WC grains in Figure 7 is at-
tributed mainly to the inhomogeneous liquid-phase sintering, and the 1 phase is commonly
present in WC-12Co cemented carbide, resulting from the partial decomposition of WC
and its reaction with Co. The post-sintering heat treatment reduces the anisotropy of the
microstructure and the 1 phase to a certain extent, but does not completely eliminate them.
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The friction and wear testing results, as shown in Figure 8, indicate that the post-sintering
heat treatment increased both the friction coefficient and wear rate of the SEBM-processed
carbides, primarily due to the substantial WC grain growth. These findings underscore
the importance of optimizing post-processing treatments to mitigate the effects of grain
growth and enhance the tribological properties of SEBM-manufactured carbides.

a b

x1 1

Figure 7. Microstructure of (a,c,e) longitudinal sections and (b,d,f) cross sections of (a-d) SEBM-
processed WC-12Co carbides, and (e f) post-sintering-treated specimens [26]. SEBM process intro-
duces apparent microstructure inhomogeneity, which can be mitigated via post-sintering treatment.

20 b 0015
a —— After heat treatment
. 1B —— before heat treatment
.8 164 —~
A
ﬁ 144 E 0.010
Y 124 o4
E 5
2 L =
o
E 0.8 4 g
0 5% 2 0005 4
o =
04
02
0.0 - : - -
0 5 10 15 20 25 9000 : :
Time (min) Before heat treatment After heat treatment

Figure 8. (a) Friction coefficients and (b) wear rate of SEBM-processed WC-12Co carbides before
and after post-sintering heat treatment [26]. Post-sintering increases the COF and reduces the wear
resistance of SEBM-processed carbides.

The current research status of the SEBM process for cemented carbides is listed in
Table 3.
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Table 3. Current research status of SEBM process for cemented carbides.

REZ;Z::::Z:W Materials Key Studied Parameters Key Findings
o 1. During the SEBM process, interfacial dissolution
Feasibility of SEBM, of the cast carbide and inter-diffusion of
[24] Cast Carbide-35NiBSi microshjucture and. elements between the matrix and the cast
mechanical properties carbide were observed.

1.  SEBM can produce fully dense carbides without
a post-sinter-hip process; however, the
post-sinter-hip process does enhance both

Feedstock carbide granule density and microstructure quality.
preparation, microstructure 2. Co evaporation and abnormal WC grain growth,
[25] WC-13Co analysis, printing parameters, leading to a layered microstructure, are
post-sintering commonly observed in
SEBM-processed carbides.

3. SEBM results in high surface roughness
of carbides.

1. In carbides processed by SEBM, an anisotropic
microstructure is observed, characterized by
abnormal WC grain growth that results in the
layered microstructure of the longitudinal

6] WC-12Co Microstructure, mechanical section, as well as the formation of

low-carbon phases.

2. While post-sintering can mitigate
microstructural inhomogeneity to some extent, it
also reduces the wear resistance of
SEBM-processed carbides.

properties, post-sintering

2.3. Selective Laser Sintering

Selective Laser Melting (SLM) and Selective Laser Sintering (SLS) are two discrete
AM processes that, despite occasional conflation, are fundamentally different in their
operational mechanisms. The principal distinction between SLM and SLS lies in the extent
of melting involved: SLS, essentially an indirect AM process, involves the bonding of
feedstock powder mainly through the use of organic binders for the melting process, while
SLM entails partial or complete melting of the feedstock powder rather than any organic
binders. Post-processing for SLS is essential, as it requires debinding and sintering or
infiltration to achieve the desired high-density characteristics [27-31].

Kumar et al. [28,29] conducted an in-depth investigation into the SLS processing of a
range of carbides, including WC-18Cu-12Co, WC-9Co, WC-12Co, WC-17Co, and WC-50Co.
Their comprehensive approach included the carbide design, SLS process optimization,
and infiltration, all aimed at overcoming the inherent limitations of the SLS technique.
The researchers applied a bronze infiltration to the SLS-processed carbides to achieve
final densification, concluding that this method significantly bolstered the mechanical and
wear properties of AM-produced cemented carbides without compromising the product’s
dimensional integrity. Moreover, their work evidenced a marked enhancement in the wear
resistance of post-processed SLS cemented carbides.

In another study by Jucan et al. [30], WC-Co/PA12 specimens with 15% and 20% PA12
by weight were successfully fabricated using the SLS technique. These specimens achieved
a relative density of 65% after undergoing a subsequent sinter-hip process at 1400 °C and
50 bar of argon pressure. The typical microstructure of these specimens is depicted in
Figure 9. This study underscores the importance of utilizing WC-Co powders with a higher
bulk density and/or increasing the cobalt content to attain high densification of the samples.
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Furthermore, Gadalean et al. [31] fabricated WC-10Co and WC-12Co carbides through
the SLS process, utilizing high-bulk-density powders. Following a sinter-hip process at
1400 °C with 50 bar of argon pressure, these carbides reached a maximum relative density
of over 80%. This achievement underscores the potential of SLS for producing high-density

carbide components when high-bulk-density powders are employed.
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Figure 9. Microstructure of SLS-processed WC-12Co carbide after sinter-hip treatment [30]. Apparent
porosity exists after sintering, indicating the significant challenge of SLS processing of carbides.

The current research status of the SLS process for cemented carbides is listed in Table 4.

Table 4. Current research status of SLS process for cemented carbides.

Representative
References

Materials Key Studied Parameters Key Findings

1. The SLS process, when combined with

\V,vvgfyc&v&%fgg{l_u&) Feedstock materials, SLS bronze infiltration, can yield
[28,29] , " process parameters, high-density carbides.
and WC-50Co, infiltration process 2. Optimizing SLS process parameters is
bronze infiltration essential for achieving this high density.
1.  Directly mixing carbide granules with coarse
Sacrificial binder polyamide sacrificial binder powder is viable for the SLS
(PA12) content, feedstock process, although t}.1e relat.ive density
[30,31] WC-10Co, WC-12Co powder preparation, effect remains low after sinter-hip processing.
of carbide granule density, 2. Increasing the density of carbide granules

can enhance the final sintered density of

sinter-hip process
carbides processed via SLS.

2.4. Binder Jetting Additive Manufacturing

Binder Jetting Additive Manufacturing (BJAM), also known as BJ3DP, is a widely
adopted 3D printing technology that caters to a diverse range of materials, including
metals, ceramics, and polymers. BJAM is a cost-effective process that generally involves
several stages [32]. This innovative process initiates with the meticulous deposition of a
powder layer onto a powder bed, as illustrated in Figure 10. Following this, an adhesive
is precisely sprayed onto the designated printing area of the layer through an array of
micro-nozzles, which serves to bind the powder particles together. The adhesive-bound
layer is then subjected to heating and drying. Then, the process of powder spreading
combined with binder spraying, heating, and drying is iteratively repeated until the entire
structure is meticulously constructed [33]. Once the printing is complete, the sample is
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exposed to a controlled thermal environment for curing, debinding, and sintering. This
post-processing step is critical for achieving full density and enhancing the mechanical
properties of the part, ensuring its structural integrity and performance.

Binder print-head

Powder supply

Roller Builted sample

Building platform Heat-treatment process
Figure 10. Schematic diagram of Binder Jetting Additive Manufacturing (BJAM).

In contrast to high-energy beam-based 3D printing technologies, such as Selective
Laser Melting (SLM) and Selective Electron Beam Melting (SEBM), BJAM offers a suite of
unique benefits. These include reduced costs, a broader range of material systems, superior
surface quality, and the elimination of the need for support structures, which can be a
significant advantage in terms of both material conservation and post-processing efficiency.

The printing parameters in BJAM, such as binder saturation, binder set time, drying
time, and layer thickness, significantly influence the properties of the printed blanks and
the final sintered parts. These parameters must be meticulously optimized to achieve the
desired material characteristics and dimensional accuracy. The binder saturation level, in
particular, plays a crucial role in determining a part’s green strength, while the drying
time and layer thickness directly affect a part’s dimensional stability and surface finish.
Therefore, a comprehensive understanding of these parameters is essential for harnessing
the full potential of BJAM for the production of high-quality 3D-printed components.

In their seminal work, Enneti et al. [34] conducted a thorough investigation into
the effects of the binder saturation and powder layer thickness on the green strength of
WC-12Co printed samples. Their study meticulously detailed the phenomena of binder
infiltration and spreading that occur when a binder droplet interacts with a powder layer.
The research revealed that the powder layer thickness and binder saturation are two
independent parameters, and at a constant powder layer thickness, the green strength of
the carbide samples increased with higher binder saturation levels. This enhancement in
strength was attributed to the binder’s ability to more effectively penetrate and disperse
within the powder layer, thereby enhancing the mechanical interlock between the particles.
Furthermore, the study demonstrated that the carbide samples printed with a 14 s binder set
time exhibited superior strength compared to those printed with a 7 s set time. This increase
in strength was attributed to the extended period, allowing for a more comprehensive
binder infiltration and spreading within the powder layer, leading to a more robust green
body. However, when the powder layer thickness was substantially increased to achieve
a 75% binder saturation, a notable decrease in the sample strength was observed. This
decline in strength was attributed to the binder’s limited spreading capability at higher
thicknesses, as the majority of the binder was consumed by the infiltration process, leaving
an insufficient binder to spread across the powder layer’s surface and form a cohesive
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bond. The findings underscore the critical interplay between the binder saturation, powder
layer thickness, and the resulting green strength of the printed components. These insights
are crucial for optimizing the Binder Jetting process to achieve the desired balance between
green strength and part geometry, which ultimately influences a sintered part’s mechanical
properties and dimensional accuracy.

Upon the completion of the BJAM printing phase, the subsequent steps of curing,
debinding, and sintering are imperative for the enhancement of the mechanical properties
of cemented carbide prints. In their pivotal study, Mostafaei et al. [35] determined that
the relative densities of BJAM-processed WC-12.5Co carbide can attain values between
97 and 100% following a sinter-hip procedure at a temperature of 1435 °C and an argon
pressure of 6.1 MPa. This finding underscores that the combination of Binder Jetting
with a subsequent heat treatment is adept at yielding defect-free carbides with satisfactory
properties from WC-Co composite powders. Furthermore, Mariani et al. [36] scrutinized the
impact of the printing parameters and the sintering process on the mechanical properties
of BJAM-derived WC-12Co. They observed that the relative densities of samples sintered
in a vacuum and under pressure (35 bar) were 97.4% and 99.3%, respectively. Pressure
sintering was particularly effective at obliterating closed pores within the samples, thereby
enhancing their density and mechanical integrity. Kumar et al.’s investigation [37] revealed
that non-spherical feedstock carbide powder was more prone to achieving higher sintered
densities compared to spherical feedstock powder, owing to the higher capillary pressure
that facilitates more efficient densification. Enneti et al. [38] substantiated the capability of
BJAM and sinter-hip processes for manufacturing WC-Co parts with desirable mechanical
properties. The printed WC-12Co samples achieved full density after sintering under 1.83
MPa pressure at 1485 °C. The hardness and fracture toughness of these fully sintered
samples were found to be on par with those of conventionally produced WC-12Co with
a medium WC grain size. During the debinding and sintering phases, the shrinkage of
the samples was within the range anticipated for powder injection molding and extrusion
processes, which was approximately 20-25% in all three dimensions. This dimensional
consistency is crucial for the precision and reliability of the final product. A microstructural
examination of the BJ-processed carbide samples, as illustrated in Figure 11, reveals a degree
of heterogeneity, with clusters of coarse WC grains interspersed among finer WC grains.
This variation is attributed to the significant gap between the WC-Co granules during
the B] powder-spreading process, which promotes the abnormal grain growth of the WC,
leading to the formation of coarse WC grain clusters or large Co pools. Such microstructural
nuances have implications for the BJ-processed carbides” mechanical properties, including
their wear resistance and fracture toughness, and are therefore of paramount importance in
the optimization of the BJAM process for carbide manufacturing.

Enneti et al. [39] conducted an exhaustive evaluation of the wear performance of
BJ-processed WC-12% Co cemented carbides, adhering to the stringent ASTM B611 [40]
and G65 [41] test methods. Their findings revealed that the wear resistance of the WC-
12Co material, fabricated through the BJAM process, notably exceeded that of standard
cemented carbides, with a comparable cobalt content mainly due to the dual WC grain
sizes of the BJ-processed carbides. This discovery underscores the potential of BJAM for
producing wear-resistant materials that outperform their traditional counterparts. In a
parallel study, Wolfe et al. [42,43] delved into the microstructure and mechanical behavior
of BJAM-processed WC-10-17Co carbides, which spanned a range of WC grain sizes. Their
study revealed that the use of coarse-grade WC resulted in the uniform distribution of WC
grain sizes during the sintering process, which, in turn, contributed to an enhanced trans-
verse rupture strength. In addition, their comprehensive investigation observed abnormal
WC grain growth in both WC-12Co and WC-17Co carbides with medium WC particle
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sizes [43], leading to the formation of a typical dual microstructure upon sintering treat-
ment. This unique microstructural development is believed to contribute to the enhanced
wear properties of these materials. As detailed in Table 5, a comprehensive summary of the
wear-testing results for BJ-processed carbides is compiled. The wear resistance, assessed
according to ASTM B611 [40] and G65 [41] standards, demonstrates that WC-12Co carbides
with a dual microstructure (designated as WC720A12 and WC721A12) exhibit superior
wear resistance compared to conventionally processed cemented carbides. This superiority
is attributed to the optimized distribution of the WC grains. Conversely, the wear resistance
of extra-coarse grades of WC-10Co and WC-12Co carbides (denoted as WC780A10 and
WC780A12), which possess uniform microstructures, is found to be equivalent to that of
conventional cemented carbides [43]. Although the formation of a typical dual microstruc-
ture, stemming from the abnormal WC grain growth during the sintering of BJ-processed
carbides, may confer a certain level of enhanced wear resistance, the prevailing consensus
in the academic and industrial communities is that the detrimental effects of abnormal
WC grain growth on the mechanical behavior of carbides outweigh the benefits. This
perspective is grounded in the understanding that abnormal WC grain growth can lead to
microstructural inhomogeneities, which can compromise a material’s overall performance.
The negative impact of abnormal WC grain growth is multifaceted. It can result in a reduc-
tion in a material’s fracture toughness due to the increased likelihood of grain boundary
weaknesses and the potential for crack propagation along these boundaries. Additionally,
large WC grains can create stress concentration points, making a material more susceptible
to premature failure under a load. In summary, while the dual microstructure resulting
from abnormal WC grain growth may provide some enhancement of wear resistance, the
overall negative impact on the mechanical properties of BJ-processed carbides is a subject
of significant concern. Continued research and development efforts are being directed
towards mitigating these effects to harness the full potential of BJ-processed carbides in
industrial applications where high-performance carbides are essential.
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Figure 11. Heterogeneous microstructure and consequent uneven hardness distribution of BJAM-
processed WC-12Co carbide [38]. Abnormal WC grain growth and clusters of coarse WC are easily
observed for BJAM-processed carbides.
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Table 5. Wear properties of BJ-processed WC-Co materials [43].

Powder Tvpe Chemical Initial WC B611 Volume G65 Volume

M Composition Particle Size Loss (mm?) Loss (mm?)
WC720A12 WC-12%Co Medium 1405 + 2.7 374+07
WC721A12 WC-12%Co Medium 1135+ 5.1 1.2+0.1
WC780A10 WC-10%Co Extra Coarse 239.3 + 3.7 40402
WC780A12 WC-12%Co Extra Coarse 2822 +£27 43+02

One of the primary challenges associated with the BJ process for carbide production
is the substantial shrinkage that occurs during the sintering treatment. This shrinkage
significantly impacts the precision control of the dimensions and the geometric integrity of
complex-shaped carbide components, potentially leading to deviations from the intended
design specifications. To address this critical issue, Cramer et al. [44—46] implemented
an infiltration approach for the production of BJ-processed cemented carbides, aiming
to reduce post-sintering shrinkage. Their methodology involved the utilization of pure
tungsten carbide (WC) powder to fabricate a green part through BJ printing. This green
part was then subjected to a pressureless infiltration process with Co. The infiltration
strategy employed by Cramer et al. demonstrated a remarkable reduction in shrinkage
by approximately 15%, which was a significant advancement in the field. However, the
infiltration process presents its own set of challenges, primarily concerning the precision
control of the final Co binder content within the carbide matrix. Accurate control of the Co
content is essential, as it directly influences a material’s mechanical properties’ consistency,
including its hardness, toughness, and wear resistance. The current research status of the
BJAM process for cemented carbides is presented in Table 6.

Table 6. Current research status of BJAM process for cemented carbides.

Reﬁ):;:esreer:::lsve Materials Key Studied Parameters Key Findings
1. Increasing binder saturation enhances the strength of
green parts and reduces the strength disparity between
samples printed with 60 and 70 um powder layers,
Effect of binder saturation, powder rather than extending the binder set time.
[34,35] WC-12Co, WC-12.5C0 layer thickness, and dryingIZime 2. Alonger drying time is essential for improving the
strength of green parts.
3. Increased binder saturation may lead to the formation
of Co-rich pools and h-phases.
o 1. The presence of coarse WC in the feedstock carbide
Effect f’f WC grain size or phase granules leads to coarse WC grain sizes post-sintering.
[36] WC-12Co status inside the feedstock 2. W,Cin the feedstock granules is eliminated during the
carbide granules sintering process.
S;n?ﬁ{aa:lonr(e)isclizllcl;rr}ilrforce and Non-spherical feedstock carbide particles are more likely to
apriary pressure g 5 achieve higher densification than spherical particles durin:
[37] WC-10Co liquid-phase sintering of 5 P b &
g BJ-processed carbides, effect of liquid-phase sintering for BJAM-fabricated WC-10Co carbide,
feegs tock powder mo;phology owing to the generation of higher capillary pressure.
1. The sinter-HIP process is essential for achieving high
. density in BJ-processed carbides.
[38,39] WC-12Co Sinter-HIP process, abnormal WC 2. Abnormal WC grain growth is evident in BJ-processed

grain growth upon sintering carbides with a medium initial WC grain size, which is
advantageous for enhancing wear resistance.




Crystals 2025, 15, 146

17 of 28

Table 6. Cont.

Representative Materials Key Studied Parameters Key Findings
References
1. Coarse WC granules in the feedstock aid in producing
uniform WC grain sizes after sintering of BJ-processed
carbides, whereas medium WC sizes can induce
Uniformity of WC grain size upon abnormal WC grain growth during sintering.
WC-10Co, WC-12Co, sintering, mechanical property 2. The mechanical properties of BJ-processed carbides are
[4243] WC-17Co comparison between BJ and comparable to those of conventionally processed ones.
conventional processes 3. BJ-processed carbides with a dual microstructure,
characterized by abnormal WC grain growth, exhibit
superior wear resistance compared to conventionally
processed carbides.
Infiltrating BJ-processed pure WC with Co or Co-WC
[44-46] WE-19Co, WC-32-35 Infiltration of BJ-processed carbides compositegs reslfﬂts in hig}ri density and minimal linear

vol.% Co

shrinkage.

2.5. Three-Dimensional Gel-Printing

Three-dimensional gel-printing (3DGP) represents a cutting-edge additive manufac-
turing technique that combines the principles of gel casting with those of Fused Deposition
Modeling (FDM). This process, which has been variably termed as Powder Extrusion
Printing (PEP) and Material Extrusion (MEX), among other nomenclatures, offers a unique
approach to the fabrication of complex structures from metal or ceramic powders. As
depicted in Figure 12, the 3DGP process is initiated by blending a metal or ceramic powder
with an organic solvent, thereby creating a slurry or paste that serves as the printable
material. During the printing phase, this slurry or paste is introduced into an extruder. The
extrusion is facilitated by either compressed air or the mechanical rotation of a screw, which
propels the material through a nozzle onto the printing platform. The nozzle is meticu-
lously controlled to selectively deposit the slurry or paste in layers, thereby constructing
the desired shape layer by layer. Following the extrusion, the organic components within
the deposited slurry or paste undergo crosslinking and polymerization. This curing process
solidifies the powder, resulting in the formation of a green part, which is the intermediate
structure, before further processing. To complete the fabrication process, the subsequent
steps of debonding and sintering are essential. These steps are aimed at eliminating the
organic components and achieving the final densification of the metal or ceramic parts.
Debonding involves the removal of the binder from the green part, a critical step that
prepares the part for sintering. Sintering then follows, where the part is subjected to high
temperatures to achieve the desired density and strength.

Wire-based extrusion Powder-based extrusion

Heating

L=

——

Figure 12. Schematic diagram of the extrusion and deposition system.
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The 3DGP process, with its ability to handle a wide range of materials and its po-
tential for high sintering performance, holds significant promise in the field of additive
manufacturing. It presents a viable alternative for the production of the intricate parts and
components that are required across various industries, from aerospace and automotive
to biomedical applications. The versatility of 3DGP, coupled with its potential for cus-
tomization and the ability to create parts with unique material properties, positions it as a
formidable technique in the advancement of modern manufacturing.

Three-dimensional gel-printing has been instrumental in the fabrication of intricate
carbide components, specifically the complex WC-20Co component referenced in [47].
The density and mechanical properties of the 3DGP-derived samples were significantly
augmented by elevating the solid loading within the WC-20Co slurry. In a seminal study,
Li et al. [48] adeptly prepared WC-8Co cemented carbide components employing the
3DGP process. They utilized a WC-8Co composite powder with an average particle size
of 3.4 microns. The optimal concentrations of hydroxyethyl methacrylate (HEMA) and
dispersant solsperse-6000 were determined to be 1.71 wt% and 0.3 wt%, respectively, with
a carbide powder content of 52 vol%. The resultant green body exhibited a strength of
25 MPa. Upon sintering at 1400 °C for a duration of 2 h, the relative density was 99%,
with the hardness and transverse rupture strength of the samples measured at HRA90
and 2250 MPa, respectively. Chen et al. [49] fabricated WC-9Co carbide using the Material
Extrusion (MEX) process, synonymous with 3DGP. Through meticulous feedstock powder
design and optimization of the printing parameters, they successfully manufactured nearly
fully dense carbides devoid of pores, cracks, or cobalt (Co) pools. The mechanical properties
of the WC-9Co carbide were found to closely resemble those produced through traditional
powder metallurgy processes. Figure 13 delineates the enhancement of the microstructure
facilitated by the optimization of the printing parameters, including the printing layer
thickness and microfilament overlap ratio.

In their seminal research, Zhao et al. [50] employed a paraffin/polymer binder com-
posite as the principal raw material for the fabrication of WC-8Co carbide through the MEX
process. Their investigation revealed that sintering under both a hydrogen and vacuum
environment was pivotal for the efficient removal of residual carbon from the printed
components. This process significantly contributed to the enhancement of the strength
and hardness of the resulting products. Expanding upon these findings, Zhao et al. [51]
subsequently refined the organic binder system, which comprised polyethylene glycol
(PEG), polyvinyl butyral (PVB), high-density polyethylene (HDPE), and several other addi-
tives, for the preparation of MEX-processed WC-8Co carbides. Their research highlighted
the critical role of polyvinyl butyral within the binder system, as it was instrumental in
conferring strength to the green parts. A thorough comparative analysis of WC grain sizes,
the final sintered density, and the mechanical properties of MEX-processed and traditional
powder metallurgy-processed carbides across various sintering temperatures is delineated
in Figure 14. This study demonstrates that the mechanical properties of MEX-processed
carbides are closely comparable to those of carbides processed through traditional methods,
albeit with a slight inferiority. This comprehensive analysis underscores the potential
of the MEX process for producing carbides with mechanical properties that are nearly
on par with those achieved through conventional powder metallurgy techniques, while
also highlighting the importance of optimizing the binder system to achieve the optimal
green part strength. Further research is warranted to bridge the slight gap in mechanical
properties and to fully realize the potential of the MEX process for the manufacturing of
high-performance carbides.
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Figure 13. Microstructure improvement of WC-9Co carbide through 3DGP printing parameter
optimization: printing layer thickness of (1-3) 0.1 mm, (4-6) 0.2 mm, and (7-9) 0.3 mm; microfilament
overlap ratio of (1, 4, 7) 30%, (2, 5, 8) 15%, and (3, 6, 9) 0% [49]. Both the printing layer thickness
and microfilament overlap ratio have critical effects on the final sintered density and microstructure
quality of 3DGP-processed carbides.
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Figure 14. Microstructure and mechanical property comparison of MEX (3DGP)-processed (“Printed”)
and traditional powder metallurgy-processed (“Pressed”) carbides: (a) WC grain size; (b) density;
(c) hardness; and (d) transverse fracture strength [51]. Compared with traditionally processed
carbides, 3DGP-processed carbides show slightly inferior mechanical properties.
The current research status of the 3DGP process for cemented carbides is listed in
Table 7.
Table 7. Current research status of 3DGP process for cemented carbides.
Representative Materials Key Studied Parameters Key Findings
References
1. Three-dimensional gel-printing is suitable for fabricating
complex green bodies. Utilizing a fine nozzle enhances
. . o the forming accuracy of 3DGP and reduces the surface
[47,48] WC-8Co, WC-20Co Gel system, solid loading, printing roughness of samples.
and sintering parameters 2. Increasing the solid loading of WC-20Co slurry improves
the slurry’s viscosity, green density, sintered density, and
the mechanical properties of the sintered samples.

1. A WC-9Co cemented-carbide green body, free of printed
defects and possessing a relative density of 98.5%, was
fabricated via MEX at a printing temperature of 150 °C,
with a microfilament overlap ratio of 30% and a printing

Solid loading, printing temperature, layer thickness of 0.1 mm.

[49] WC-9Co mi.crgﬁlament ox.zerlap ratio, o 2. The WC-9Co cemented carbide, prepared through
printing la.yer thickness, debinding two-step solvent debinding followed by continuous
and sintering processes thermal debinding and vacuum pressure sintering,

displays a uniform microstructure comprising two
phases: WC and Co. It also features small average-sized
WC grains that are uniformly distributed.

1. Thermal debinding in vacuum and argon atmospheres
results in uncombined carbon formation.

2. Sintering under hydrogen and vacuum effectively

oo L promotes further decomposition and transformation of

[50] WC-8Co Debinding anfl sintering residual carbon, whereas sintering in an argon
atmosphere, sintering temperature atmosphere causes uncombined carbon aggregation.

3. Excessively high sintering temperatures lead to WC
grain growth, which can deteriorate the mechanical
properties of the sintered body.

1. Residual carbon and decarburization during thermal
debinding can be minimized by employing a N, /H,

. o atmosphere in the furnace.
Water-soluble blpder, debinding 2. The completely debound body achieves near-full

[51] WC-8Co process, comparison of 3DGP vs. densification when sintered above 1340 °C.

conventional process 3. Carbides processed via 3DGP exhibit slightly inferior

properties compared to those produced by conventional
powder metallurgy processes.
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3. Testing Methods for AM-Processed Cemented Carbides

The testing methods for AM-processed cemented carbides are largely analogous to
those for traditionally processed ones. Per ASTM B311-17 [52], the green density and
post-sintering density of printed cemented carbide parts can be measured using the
Archimedean drainage method [36]. Additionally, an X-ray micro-CT can be utilized
to directly assess the porosity (and indirectly the relative density) of AM-processed car-
bides [20]. As referenced in [41], the Rockwell A hardness of AM-processed carbides can
be determined. The microhardness can be evaluated using the Vickers scale for a range
of loads according to ISO 6507 [53]. The transverse rupture strength of cemented carbides
can be readily determined according to ISO 3327 [54]. Additionally, a more precise method
for measuring transverse rupture strength is provided by ASTM B406 [55]. The Palmquist
method (ISO 28079) [56] is a commonly used method for assessing the fracture toughness
of AM-processed carbides, though its accuracy is debatable despite its simplicity. The wear
properties of cemented carbide samples are evaluated according to ASTM B611 [40] and
ASTM G65 [41] procedures.

4. Discussion
4.1. Challenges, Solutions, and Future Directions of SLM/LPBF

The SLM process frequently induces cracks and warpings in cemented carbides. Fur-
thermore, abnormal WC grain growth, WC decomposition, and the formation of low-carbon
phases are commonly observed. These defects primarily arise from the extremely high
local sintering temperature, exceedingly brief sintering time, and non-uniform thermal
distribution inherent in the SLM process. Additionally, Co evaporation and carbon loss are
major issues that compromise the fracture toughness and transverse rupture strength of car-
bides. Although the loss of Co and carbon may enhance the wear resistance to some extent,
the resultant decrease in toughness is a critical concern. This directly affects a material’s
capacity to endure the rigorous conditions encountered in various industrial applications.

To address these challenges, researchers have been focusing on optimizing the SLM
parameters to minimize thermal gradients and reduce the associated residual stresses.
This optimization includes the augmentation of the baseplate preheating temperation, as
well as the fine-tuning of the laser power, scanning speed, and hatch spacing to achieve
a more uniform heat distribution and improve the densification of the molten pool. In
addition, the feedstock carbide powder material design can be made to compensate for
the Co loss. Moreover, a sintering treatment after SLM processing is necessary to remove
thermal cracking, reduce the low-carbon phases, and improve the microstructure quality.
By adopting these methods, the formation of cracks and warpings can be reduced to some
degree, leading to an enhancement of the mechanical properties and overall quality of
SLM-manufactured carbides.

The pursuit of these optimization strategies is essential for the advancement of the
SLM technique in the production of high-performance cemented carbides that can meet
the stringent requirements of modern engineering applications. Owing to the distinctive
attributes of Selective Laser Melting (SLM), it appears more judicious to employ this
technique for the fabrication of carbides with elevated cobalt (Co) concentrations. A greater
investment of research efforts is warranted in this specific area.

4.2. Challenges, Solutions, and Future Directions of SEBM

The production of cemented carbide samples through SEBM often results in structures
that incorporate layers with medium-coarse and abnormally large WC grains, presenting a
considerable challenge for additive manufacturing processes. These microstructural char-
acteristics can lead to inconsistencies in the material properties and potential weaknesses
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of the final product. Furthermore, cemented carbide articles fabricated using SEBM are
commonly marked by a high surface roughness, particularly on the side surfaces. This
high surface roughness is a critical factor that can impede the functional performance
and aesthetic appeal of the components, especially in applications where precision and
smoothness are required.

Consequently, there is a compelling need for the development and implementation of
specialized heat treatment techniques tailored for carbide articles with intricate geometries
that are derived from SEBM processes. These treatments include liquid-phase sintering
and a surface treatment process post-SEBM process. Liquid-phase sintering is necessary to
adjust the residual stress and enhance the microstructure quality. A surface treatment is
essential not only for improving the surface finish but also for enhancing the mechanical
integrity and performance of the carbide components. Surface treatment methods can
include, but are not limited to, thermal etching, abrasive blasting, and chemical polishing,
each of which can address the surface roughness and achieve the desired level of refine-
ment. By refining the surface, these treatments can also help to reduce the potential stress
concentration areas that might initiate cracks or an early failure in service.

In comparison to SLM, SEBM demonstrates superior efficiency and enhanced control
over residual stresses, making it a more fitting choice for the production of carbides
with larger dimensions. Conversely, the considerably high energy of the electron beam
complicates the precise regulation of sintering temperatures. As such, carbides with a
higher metal content and larger dimensions are better suited for the SEBM process. A
greater emphasis on the research and development of this material category is essential to
fully capitalize on the technical advantages offered by the SEBM process.

4.3. Challenges, Solutions, and Future Directions of SLS

Achieving a high relative density is a formidable challenge in the SLS processing of
carbides, even with the employment of sophisticated sintering techniques and infiltration
strategies. This limitation significantly undermines the feasibility of the SLS process for
the additive manufacturing of cemented carbides, as attaining full density is imperative
for a material’s performance and structural integrity. The sintering process, which aims to
coalesce particles and eliminate porosity, often proves inadequate in SLS when compared
with other AM techniques such as SLM. The infiltration step, designed to fill residual
porosity with a secondary material, can also be ineffectual for achieving the requisite
density levels. Consequently, this leads to suboptimal mechanical properties of the final
product, such as reduced strength, toughness, and wear resistance.

To overcome these challenges and unlock the full potential of SLS in the additive man-
ufacturing domain for carbide materials, an advanced feedstock carbide powder material
design is required to minimize the organic binder size and enhance the sintering/infiltration
characteristics. Additionally, post-processing techniques, such as hot isostatic pressing
(HIP), could be employed to further densify the sintered parts and improve their mechanical
properties.

4.4. Challenges, Solutions, and Future Directions of BJAM

When compared with the results obtained from SLM, SEBM, and SLS, the carbides
processed via BJAM exhibit markedly superior densification, enhanced microstructure
quality, and, as a consequence, improved mechanical properties. The capacity of the BJAM
process to yield carbides with these enhanced attributes confers a significant advantage for
applications that demand high strength and durability. However, the BJAM process is not
without its attendant challenges.
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Notably, significant geometric distortion and suboptimal surface quality are frequently
observed following the sintering phase, primarily due to the considerable shrinkage during
this critical stage. These issues pose substantial hurdles for the BJ processing of complex-
shaped carbides, where a precise dimensional control and surface finish are of paramount
importance. Furthermore, the occurrence of abnormal tungsten carbide (WC) grain growth
and the aggregation of coarse WC grains upon sintering have been well documented in BJ-
processed cemented carbides. Such microstructural anomalies can compromise a material’s
mechanical properties, including its strength and toughness, thereby negatively impacting
the service performance of the carbides in practical applications.

To ameliorate these effects and optimize the BJAM process for carbide production,
there is an imperative need for intensified research endeavors on feedstock carbide powder
material design, printing process optimization, and treatments post-printing process. The
focus should be squarely on developing robust strategies to control WC grain growth,
minimize dimensional shrinkage, and enhance the surface quality of the sintered parts.
This could entail refining the feedstock carbide formulation to achieve a more uniform
particle distribution and size, optimizing the sintering parameters to better manage the
thermal dynamics of the process, or exploring advanced post-processing techniques, such
as heat treatment or surface-finishing methods, to mitigate microstructural irregularities
and improve dimensional accuracy.

Addressing these challenges is not only essential but also urgent to fully harness
the potential of BJAM in the manufacturing of high-performance cemented carbides. By
overcoming these obstacles, the BJAM process could be refined to produce carbides that
meet the stringent demands of modern industries, thereby expanding its applicability to
sectors where high-strength, durable materials are indispensable for the advancement of
technological innovations and the enhancement of industrial productivity.

4.5. Challenges, Solutions, and Future Directions of 3SDGP

The 3DGP process typically employs a significantly finer grade of feedstock carbide
powders than the SLM, SEBM, SLS, and B] processes. This key difference confers superior
sintering performance to the carbides processed via 3DGP, enabling them to surpass the
sintering quality attainable through other AM techniques. However, the dimensional
accuracy and geometric precision of the carbides produced by the 3DGP process are largely
determined by the nozzle size utilized. This often results in lower dimensional precision
compared to other AM technologies, thereby rendering the 3DGP process less accurate in
terms of the final product’s dimensions and geometry.

Moreover, the printing efficiency of the 3DGP process is generally deemed to be
suboptimal. This inefficiency poses a considerable challenge that warrants attention and
improvement. To surmount these limitations, extensive research efforts are imperative. It is
crucial to allocate resources to further studies aimed at rectifying the existing deficiencies of
the 3DGP process. The objective should be to enhance its precision, efficiency, and overall
performance within the spectrum of AM technologies. By doing so, the 3DGP process
could be optimized to better meet the demands of high-precision and high-efficiency
manufacturing, thereby expanding its applicability and competitiveness in the field of
advanced materials fabrication.

4.6. Comparison of Different AM Techniques

In conclusion, cemented carbides synthesized using BJAM or 3DGP processes are more
likely to achieve high density, high hardness, and exceptional fracture toughness, which
are comparable to those of samples prepared using conventional methods. Conversely,
WC-Co carbides produced through SLM and SEBM processes display increased hardness
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but reduced strength and fracture toughness. This discrepancy is attributed to the uneven
heat distribution characteristic of the selective melting processes, particularly in SLM,
which can result in cobalt evaporation and the formation of ternary phases. These factors
are known to enhance hardness but also increase brittleness. Additionally, the presence of
cracks and uneven microstructures further reduce the strength and fracture toughness of
these materials.

A comprehensive compilation of the mechanical properties of additively manufactured
WC-Co carbides, as reported in the literature, is detailed in Table 8. This table serves as a
summary for comparing the performance of different additive manufacturing techniques
in the context of WC-Co carbides, highlighting the nuances in the material properties that
arise from variations in the processing methods.

Table 8. Mechanical properties of WC-Co carbides fabricated by different AM methods.

Relative Fracture Toughness

Process Material Powder Parameters Density (%) Hardness (MPa/m) Ref.
WC-17Co Spherical carbide 96.2 9.0~9.5 GPa N/A [18]
granules
711.7-1178.6 HV1 in low-W
CC- Spherical cast carbide: content area;
SLM NiAICoCrCuFe 27.69 um 99.36 1306.8-1413.4 HV1 in 9.74-13.29 (1]
high-W content area
WC-12Co Spherical carbide 98.7-99.6 1260-1320 HV30 >17.4 [20]
granule: 13.74 pm
Irregular-shaped
WC-13Co WC-13Co granule: N/A 9.0-9.5 GPa about 20 [25]
WC-12Co Spherical WC-12Co N/A 18.92 GPa N/A [26]
granule: 84 um
WC-9Co,
WC-50Co,
WC-18Cu-12Co WC: <45 pm 76-96 26-155 HB N/A [28]
with bronze
SLS infiltration
WC-12Co Spherical WC-12Co 65 N/A N/A [30]
granule: 34 um
WC-12Co Spherical WC-12Co 98.4 88.9 HRA or 1256 HV30 17 [36]
granule: 25.16 pm
WC (infiltration . )
3 v0L% of Co) WC: 19.21 pm 98.5 9.0 GPa 23.2 [46]
WC (infiltration .
35.6 vol.% of Co) WC:19.2 um >97 9.32-11.2 GPa 25.87 [45]
Spherical WC-10Co
BJAM WC-10Co and granule: 20.3 um; 100 WC-10Co: 1119 HV30; WC-10Co: 18.8; [42]
WC-12Co Spherical WC-12Co WC-12Co: 1050 HV30 WC-12Co: 194
granule: 21.2 mm
WC (extra coarse)-10Co: WC (extra coarse)-10Co:
1058 HV30; 18.8;
Spherical WC-Co WC (extra coarse)-12Co: WC (extra coarse)-12Co:
WC-10-17Co granules: 99-99.7 9951050 HV30; 2194; [43]
193252 n{m ’ WC (medium)-12Co: WC (medium)-12Co:
’ : 1203-1306 HV30; 17-23;
WC (medium coarse)-17Co: WC (medium
1067 HV30 coarse)-17Co: N/A
WC-8Co WC-Co composite 99.8 90 HRA N/A [48]
powder: 3.4 pm
3DGP WC-9Co WC-Co composite 99.7 1525 HV30 20.4 [49]
powder
WC-20Co WC: 2.7 pm; 99.93 87.7 HRA N/A [47]

Co: 46.5 um
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5. Summary

This study provides a concise overview of the current research landscape concerning
the additive manufacturing of cemented carbides, with a focus on both direct and indirect
AM processes. It has been observed that each category of AM processes possesses its own
set of advantages and disadvantages when it comes to the fabrication of cemented carbides.
The significant challenges posed by these techniques impede the rapid advancement of AM-
processed carbides for diverse applications. The following conclusions have been drawn:

(1) Additive manufacturing has emerged as a viable method for producing WC-Co car-
bides, yielding mechanical properties that are generally comparable to those of conven-
tionally manufactured materials. However, AM also introduces unique manufacturing
challenges that necessitate further investigation.

(2) In the context of SLM and SEBM, printing and sintering are performed in a single,
integrated step. Nevertheless, non-uniform heating, significant temperature gradients,
and extremely high heating and cooling rates often result in uneven sintering, the
decomposition of WC grains, and frequent cracking post-solidification, thereby di-
minishing the mechanical properties. Additional sintering following the SLM/SEBM
process can enhance the density and microstructure quality to some extent, but it is
insufficient to resolve all the associated issues.

(38) SLS faces notable difficulties in achieving a high relative density of carbides. BJAM
produces WC-Co samples with a reduced incidence of cracking, but is not without
its drawbacks, such as abnormal WC grain growth, coarse WC clustering, Co pool
formation, and porosity. Three-dimensional gel-printing offers certain advantages in
terms of the sintering performance, but dimensional and geometric precision control,
as well as fabrication efficiency, remain its primary limitations. Cemented carbides
produced using these indirect-forming AM processes have yet to match the quality of
their traditionally prepared counterparts.

(4) A comprehensive investigation into the densification—microstructure evolution mech-
anisms, taking into account the unique characteristics of AM processing, is of
paramount importance for the development of AM processes and the enhancement of
the mechanical properties of cemented carbides. Such research is essential to overcome
the current challenges and to fully realize the potential of AM for the production of
high-performance cemented carbides.

6. Future Directions

For direct-forming techniques, such as SLM and SEBM, achieving precise control over
the temperature and sintering time presents a considerable challenge. This often leads to
overburning or under-sintering, which in turn impedes the development of an optimal
microstructure. Consequently, a comprehensive optimization of the post-printing sintering
treatment has become increasingly imperative for the SLM /SEBM processing of carbides.

Indirect AM techniques, including SLS, BJAM, and 3DGP, hold great promise for the
manufacturing of cemented carbides. These methods capitalize on traditional sintering
processes and offer enhanced control over the microstructure of the final product. However,
these techniques also face significant hurdles to improving density and microstructure
quality. The design of the feedstock powder material may be pivotal for overcoming
these challenges.

Despite the inherent potential of these AM technologies, further research is indis-
pensable to refine the material design, optimize the printing processes, explore debinding—
sintering procedures, characterize microstructures, and evaluate mechanical properties.
Progress in these areas will be crucial for enhancing the capabilities and quality of AM-
produced cemented carbides. Ensuring their competitiveness with traditionally manu-
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factured carbides, in terms of their microstructure quality, efficiency, performance, and
reliability, will depend on such advancements.
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