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Introduction 
Cemented carbide, Hardmetals, and Cermets with Co and Ni-based binder (5–25 wt.%) 
have been widely used in industries for decades for high wear-resistant parts, molds, 
mining parts, drilling and cutting tools, etc (Aramian, Razavi, Sadeghian, & Berto, 2020; 
Ettmayer, 1989; R. S. Khmyrov, Safronov, & Gusarov, 2017; Kübarsepp & Juhani, 2020; 
Son, 2021). This material exhibits excellent mechanical properties, including hardness, 
fracture toughness, transverse rupture strength (TRS), and compressive strength 
(Ettmayer, 1989; Heydari, Lietor, Corpas-Iglesias, & Laguna, 2021; Kübarsepp & Juhani, 
2020). Moreover, these materials possess better wear and corrosion resistance for such 
applications (Enneti & Prough, 2019b, 2019c; Kübarsepp, Klaasen, & Pirso, 2001). 
However, there are some limitations to such materials especially poor oxidation behavior 
and deterioration of the mechanical properties at elevated temperatures (Lofaj & 
Kaganovskii, 1995; Voitovich, Sverdel, Voitovich, & Golovko, 1996). In general, cemented 
carbides can be classified into three types: cemented carbides based on WC with Co 
binder phase, WC in combination with NbC and TaC, and TiC with Co binder phase and 
cermets (TiC and TiCN). 

W and Co have both been added to the 2019 list of critical raw materials (CRMs) 
(Kolnes et al., 2018; Kübarsepp & Juhani, 2020; Tarraste et al., 2018). There is a high 
economic importance and a high supply risk associated with both metals. It is therefore 
vital that these CRMs are replaced completely or partially to benefit the hard metal 
industry. Recycling of waste, the substitution of critical raw materials, and resource 
efficiency will be essential in the future manufacturing chain (Kolnes et al., 2018). 
Moreover, these CRMs is also declared as a carcinogen to human health in both the 
powder and sintered forms according to the European Union REACH program 
(Registration, Evaluation, Authorization, and Restriction of Chemical Substances) and  
U.S NTP (National Toxicology Program)(Kübarsepp & Juhani, 2020). In WC-based hard 
metals, Ni has been proven to be a promising replacement for Co, however, it is also 
deemed to be toxic to human health according to the EU REACH and US NTP program 
(Tarraste et al., 2018). 

TiC-based cermets have been considered to be the most important metal carbides for 
manufacturing a new generation of cermets and have the potential to substitute these 
hard metals in certain applications that require wear at high temperatures under 
corrosive conditions (Akinribide et al., 2019; Aramian, 2020a; L. Wang, Liu, Huang, Zou, 
& Liu, 2014; Zhuang, Lin, He, & Kang, 2017). The TiC-based cermets have a low coefficient 
of friction (CoF), a high level of solvency with other carbides, excellent thermal stability, 
high elastic modulus (410–450 GPa), better melting point (3067 °C). In addition, these 
cermets are more thermodynamically stable and have a higher hardness than WC (33% 
more than WC) and much lower density than commercial WC-Co hard metals (WC 
density is ~ 3 times of TiC), making them extremely suitable for hot rolling equipment 
roller guides as well as other components subjected to high inertial loads (Aramian, 
Sadeghian, Narimani, Razavi, & Berto, 2023).  

Furthermore, TiC-based cermets are generally less expensive to fabricate than WC, 
which could lead to many applications replacing WC with TiC-based cermets (Tarraste 
M.; Kolnes, M.; Kübarsepp, J.; Juhani, K.; Viljus, M.; Külaviir, 2020). Several types of  
metal alloys are used to control the properties of cermet, including Ni, Fe, and Co alloys.  
The various alloys will provide specific benefits to the cermet, such as improving the 
sintering response and toughness, increasing corrosion resistance, improving thermal 
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conductivity, and/or enhancing thermal shock resistance. A Ni or Co-based binder phase 
exhibits the best wetting properties when used in conjunction with (Ti, X) (C, N) phases 
(Kübarsepp & Juhani, 2020). Research efforts are currently being directed at developing 
Ni-Co-free TiC-based cermets with low-cost Fe-based binders. 

Die casting and Powder metallurgy techniques have been extensively adapted over 
the decades to manufacture WC-based Hard metals and Cermet parts by different 
solidification/fusion/diffusion processes (Heydari, 2021; Yang et al., 2020). Although both 
manufacturing processes can fabricate near-net-shaped parts, die-casting manufacturing 
has many limitations, including higher production cost on average, restrictions on 
nonferrous metals (especially for materials with high melting points), and the lower 
quality final product (with process defects like porosity), which affects the quality and 
performance of the final product (Konyashin, 2023). 

Powder metallurgy can eliminate these challenges by providing new material 
possibilities and enabling intricate designs with better-quality parts (Konyashin, 2023). 
Cermets are manufactured via conventional methods such as spark plasma sintering (SPS), 
hot isostatic pressing (HIP), hot pressing (HP), and self-propagating high-temperature 
synthesis (SHS) that have been adapted for several decades (Aramian et al., 2020).   
These conventional methods adopted for the fabrication of cermets are time and  
energy-consuming. In addition, the other limitations are the need for several  
post-processing steps to achieve the final product, restriction to fabricating complex 
geometry in a single step, waste of energy and scarp material, etc. in terms of being 
sustainable and environmentally friendly (Aramian et al., 2023). 

Compared to conventional methods, the fabrication of cermets using additive 
manufacturing technologies (AM) overcomes these limitations and aids in 
improving/modulating the microstructure and properties of the fabricated parts 
(Aramian et al., 2020). With increased competitiveness, AM has attracted a great deal of 
attention and is under intensive investigation for fabricating cermets with improved 
density and mechanical properties. 

The novel aspect of this research work is the fabrication of TiC-based cermets using 
different Fe-based binder via Additive manufacturing route based on Laser Powder Bed 
Fusion (LPBF) such as Selective Laser Melting. Fabrication of cermets poses a stiff 
challenge when processed by any of the solidification processes like the laser-based 
powder fusion technique due to their brittle nature, high thermal residual stresses,  
and process defects such as cracks, pores, delamination, etc. Therefore, in this work, 
novel laser processing techniques have been adapted to fabricate the cermet parts with 
lower process defects by controlling the melt pool/powder bed temperature. 
Furthermore, the effect of laser process parameters and laser scanning techniques 
adapted to fabricated TiC-Fe-based cermets has a significant impact on microstructural 
formation, mechanical properties, density, and tribological characteristics, as a result of 
the adapted SLM process rapid melting and unique solidification conditions that have 
been studied in detail. 
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Abbreviations and symbols  
AM Additive Manufacturing 
LPBF Laser Powder Bed Fusion 
SLM Selective Laser Melting 
AISI American Iron and Steel Institute 
ISO International Organization of Standardization 
a.u. arbitrary unit 
CAD Computer-Aided Design 
CoF Coefficient Of Friction 
EDS Energy Dispersive X-Ray Spectroscopy 
3DP Three-Dimensional Printing 
SEM Scanning Electron Microscope 
HV Hardness Value (Vickers Hardness) 
FSS Ferritic Stainless Steel 
LPS Laser Pulse Shaping 
MLS Multiple Laser Scanning 
CALPHAD CALculation of PHAse Diagrams 
IFT Indentation Fracture Toughness 
DED Directed Energy Deposition 
EBM Electron Bean Melting 
TRS Transverse Rapture Strength 
RD Relative Density 
PHS Preheating Scan 
MS Melting Scan 
PS Pulse Shaping 
HIP Hot Isostatic Pressing 
CPS Conventional Pressureless Sintering 
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1 Literature review 
This chapter describes the cermets materials and their development. Moreover, different 
direct Additive manufacturing routes are adapted to fabricate cermets specimens.  
The LPBF AM method such as the Selective laser melting process will be discussed in 
detail, followed by describing the process parameters and its shortcomings for the 
fabrication of such brittle materials. Finally, the latest development of the TiC-based 
Cermet fabricated by Direct additive manufacturing will be reviewed, as well as the 
research gaps that need to be addressed in future research. 

1.1 Cermets and hardmetals 
A Cermet is an acronym derived from CERamic and METal, both of which are the major 
phases of this material, and it exhibits excellent mechanical properties such as hardness 
and toughness, which are characteristic of ceramics (reinforcement phase) and metals 
(binder phase), respectively (Jose, 2022). Among the most common ceramic phases are 
titanium, tungsten, niobium, tantalum, vanadium carbides and carbonitrides, while 
molybdenum, cobalt, and nickel alloys are used as metallic binder components (Fig. 1) 
(Chang, Chang, & Huang, 2015; Kenneth J. A. Brookes, 1992; Sabatello, Frage, & Dariel, 
2000). The wear and corrosion resistance of the carbide phases is enhanced with the 
toughness of the metallic phase by combining both hardness and toughness to determine 
the wear behavior of cermet materials (D’Errico, Bugliosi, Cuppini, & Guglielmi, 1997; Jin, 
Onuoha, Farhat, Kipouros, & Plucknett, 2017; Pirso, Viljus, Letunovitš, Juhani, & Joost, 
2011).  
 

 
Figure 1. Classification of Cermets and Hardmetals (Ettmayer, 1989; Kulu, 2001). 
 

The first hardmetals (WC-Co) were introduced in 1927, and Cermets, containing 
titanium carbide/molybdenum carbide with nickel as a binder, were first manufactured 
in Germany in 1929. This class of cermet materials also contains ceramic phases like WC 
or Mo2C to improve the wetting of the hard phase and improve the mechanical 
performance of the fabricated specimens.  Since then, Cermets have been combined with 
ceramics and metals in various combinations to enhance their densification and 
mechanical properties. There is a wide variety of applications for Cermets consisting of 
TiC, Ti (C, N), and WC-Co with binders such as Co, Fe, Mo, Ni, and alloys. For the 
preparation of such cermets, powder metallurgy techniques such as Vacuum sintering, 
Reactive sintering, sintering under pressure such as Hot Isostatic Pressing, and Field 
assisted sintering techniques such as Spark plasma sintering (SPS) are most commonly 
used. 



13 

1.2 Additive Manufacturing of Cermets 
3D printing (3DP) or Additive manufacturing (AM) is a revolutionary material fabrication 
technology that has been developing rapidly over the past 30 years (Aramian et al., 2020; 
Berman, 2012; Lele, 2019). As opposed to traditional manufacturing techniques (or 
Subtractive manufacturing), AM uses 3D CAD models to construct parts by adding 
material layers at a time, rather than removing them. This fabrication technique fulfills 
the demand for parts that have intricate geometric shapes, are highly accurate, and are 
easy to assemble. American Society for Testing and Materials (ASTM) defines AM as  
“a process of joining materials to make objects from 3D model data, usually layer upon 
layer, as opposed to subtractive manufacturing technologies”.  
    Through the development of this precision manufacturing process from rapid 
prototyping to ready-to-use parts, manufacturing constraints have been significantly 
relieved and design freedom has been significantly increased(Berman, 2012). Compared 
to conventional manufacturing methods, AM is considered a green technology that 
allows the fabrication of a variety of complex-shaped parts and offers advantages such 
as high design flexibility, customization, shortened lead time, no assembly or molds 
needed, and reduced energy consumption (R. S. Khmyrov et al., 2017; Lengauer et al., 
2020; Santos, Shiomi, Osakada, & Laoui, 2006). Additive manufacturing consists of 
different technologies, which can be categorized into two major categories; the “direct” 
way is where the metal powder melts and solidifies to create the final dense part (Azam, 
2018). And secondly, the “indirect” way, involves the joining of the feedstock powder 
particles with a binder and then post-processing steps adapted to achieve desired dense 
fabricated parts (Guo & Leu, 2013). Fig.2 illustrates the classification of AM processes 
adapted for the fabrication of the cermets. 
 

 
Figure 2. Classification of Additive manufacturing processes (Azam, 2018). 
 
     So far both the indirect and direct methods have been employed for the fabrication 
of the Cermets and Hardmetals (Aramian et al., 2020; Jose, 2022). The most commonly 
used methods include Selective laser sintering/melting, Laser engineering net shaping 
(LENS), binder jet (3D printing), and direct laser deposition (DLD). Moreover, the 3D 
gel/robocasting/direct-ink-write printing AM method, combining gel casting and material 
extrusion, has also been applied recently to cermet production (Lengauer et al., 2019; 
Sing et al., 2017).  Table 1. summarizes recent developments in the fabrication of 
Hardmetals and Cermets via Additive manufacturing routes. 
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Table 1. Table illustrating the relative density and various properties of the Cermets and Hardmetals 
fabricated via Additive manufacturing routes. 

AM 
Process 

Powder 
Composition

Structural 
characteristics Properties 

Ref. Relative 
density (%)/ 

density 
(g/cm3) 

Hardness 
Fracture 

toughness 
(MPa·m1/2) 

LPBF/ 
SLM 

WC/W2C-
Ni-Cu 85-97.5% 34-47

HRC 7-12 (Tan et al., 2022) 

WC-Co - - - 
(Uhlmann, 

Bergmann, & 
Gridin, 2015) 

WC-W2C-
8.3 wt.% 

Ni 

97.5% 
/14.69 - - (C. W. Li, 2018) 

WC-Co 97% - - 
(Uhlmann, 

Bergmann, & Bolz, 
2018) 

WC-Co - - - (Yang et al., 2020) 

TiC-Ni-Cr 88-97.5%
1027-
1289 
HV1 

- (Aramian, 2020c) 

WC-Co - - - (Yang et al., 2020) 

WC-Co - - - 

(Roman S. 
Khmyrov, 

Shevchukov, 
Gusarov, & 

Tarasova, 2017) 

WC-12Co 
Near 

theoretical 
density 

1496-
1515 

HV0.3 
- 

(Domashenkov, 
Borbély, & Smurov, 

2017) 

WC-Ni 82-96 %
1000-
1871 

HV0.1 
- (Gu & Meiners, 

2010) 

WC-27.9 
wt.% Co - 964 ± 49 

HV0.5 - (Son, 2021) 

TiC-Ni-Cr 93-98%
1250-
1370 
HV1 

19- 26 (Aramian, 2020b) 

WC-10 
wt.% Co-4 

wt.% Cr 
~98 % 2001±29

8 HV1 - 
(Campanelli, 

Contuzzi, Posa, & 
Angelastro, 2019) 

TiC-NiCr ~97% 
1300-
1500 
HV1 

- (Aramian, 2021) 
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WC-20 
wt.% Co 86-96% ˃10 GPa - (J. Chen et al., 

2019) 
WC-12 

wt.% Co 4-72% 870-1400
HV - (Bricin & Kriz, 

2019) 
WC-11Co 
W5C11Co 

(HIP) 
W5C17Co 
W5C17Co 

(HIP) 

14.27 
14.64 
13.64 
14.04 

- 
77 HRA 

- 
86 HRA 

- 
(Fortunato, Valli, 
Liverani, & Ascari, 

2019) 

WC-12 
wt.% Co 99.5% 

1315-
1397 

HV0.3 
(Picas et al., 2009b) 

B4C-Co 67% 
2900-
3200 

HV0.3 
- (Davydova et al., 

2016) 

WC-6 
wt.% Co - 2500 7 

(Grigoriev, 
Tarasova, Gusarov, 

Khmyrov, & 
Egorov, 2019) 

WC-10 
wt.% Fe-

Ni-Zr 
78-96% - - 

(Ku, Pittari, 
Kilczewski, & 
Kudzal, 2019) 

WC- 12 
wt.% Co 84-92%

1080-
1425 

HV0.2 
9-11 (L. Zhang, 2022) 

Ti- 28% 
B4C - - - (Kühnle & Partes, 

2012) 

WC- CO 98.5-99.9% 
1000-
1200 
HV1 

- (Ibe, 2021) 

WC-Co ˃90% 
1150-
1350 
HV30 

- (J. Liu et al., 2021)v 

WC – 
12Co - - - (Xing et al., 2022) 

WC- 13Co 90-96% - - (Y. Li, Bai, Wang, 
Hu, & Guo, 2009) 

WC-20 
HEA (Ni-
Al-Co-Cr-

Cu-Fe) 

99.35%/13.46 988-1396
HV 9-11 (C. W. Li, 2019) 

WC-17Co 96-97% 1410-
1484 HV - (D. Liu, Yue, Kang, 

& Wang, 2022) 

WC-17Co 97% - - (D. Liu, Yue, Kang, 
& Wang, 2021) 

WC-12Co 83.5-96% - - (Kim, 2021) 
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DED/ 
LENS/ 

DLF 

WC – 13 
wt.% Co 96-97% - - 

(Y. Xiong, 
Smugeresky, 
Lavernia, & 

Schoenung, 2008) 

WC-12Co ˃99.5% 86-92.5
HRA - (X. Li et al., 2022) 

WC-10 
wt.% Co 96% 1300-

1350 HV - (Xiong, 2009) 

TiC-20 
vol.% 

Ni TiC-30 
vol.% Ni 
TiC-40 

vol.% Ni 

- 

2200 
HV0.3 
2000 
HV0.3  
1900 

HV0.3 

- (Y. Li et al., 2009) 

(Ti, W) C–
Ni 94-95% 17 GPa 6-7 (Y. Xiong, 2010) 

WC-17 
wt.% Co 

95-97%/
12.95-13.70 

584-663
HV10 - (Fries et al., 2020) 

WC-10 
wt.% FeCr - 1300-600 

HV30 - (Molobi, Sacks, & 
Theron, 2022) 

Binder 
jet 3D 

printing 

WC-
10%Co 14.52 g/cc - - 

(Kernan, Sachs, 
Oliveira, & Cima, 

2007) 

WC-12% 
Co 

Near 
theoretical 

density 

 1256 HV
30 17  (Enneti & Prough, 

2019d) 

WC-12% 
Co - - - (Enneti & Prough, 

2019a) 
TiCN-Ni-

Mo2C ˃ 98% - - (Berger, 2022) 

Extrusion-
based 

3D
printing 

WC-10Co 
& (Ti(C, 
N), WC, 

(Ta,Nb)C, 
Cr3C2, Co, 

Ni) 

- - - (Lengauer et al., 
2019) 

3D gel 
printing WC-

20%Co 99.93 % 87.7 HRA - 
(X. Zhang, Guo, 
Chen, & Yang, 

2018) 
Thermo
plastic 

3D 
Printing 
(T3DP) 

WC-
10%Co ~100 - - (Scheithauer et al., 

2017) 
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1.2.1 Indirect Additive Manufacturing technologies 
The indirect Additive manufacturing process for the fabrication of the cermets parts uses 
an organic binder to temporarily fix the feedstock particles during fabrication. By layering 
three-dimensional objects, the binder is removed, and the powder is sintered to produce 
the final parts. For indirect additive manufacturing of cermets, a number of shaping 
technologies can be used, including binder jetting, material extrusion, and material 
jetting. A generic Indirect AM process follows the concept of Shaping-Debinding-Sintering 
as a sequential processing route. Hence, they are sometimes referred to as “sinter-based” 
Additive Manufacturing technologies. Following are some of the indirect additive 
manufacturing processes employed to fabricate cermets parts. 

1.2.1.1 Extrusion-based 3D printing 
Extrusion-based 3D-printing is used for producing hard metals and cermets parts using 
the SDS (shaping-debinding-sintering) process. This technique uses wire or powder-based 
feedstock to fabricate fused-filament structures (FFF) or composite-extrusion structures 
(CEM). In both methods, the feedstock is fused, and nozzles are used to print free-form 
structures. In some recently developed extrusion-based AM technologies for the cermets 
and hard metal, the feedstock material is already in a liquid or soft state (e.g., inks, 
pastes, etc.) before insertion. Lengauer et al. fabricated a cermet based on (Ti(C, N), 
WC,(Ta, Nb)C, Cr3C2)-Co, Ni by using a FFF AM technologies (Lengauer et al., 2019). 
However, the fabricated parts exhibit a microstructure similar to conventional sintered 
cermets parts. In addition, fabricated cermet parts exhibit an insufficient density and 
relatively high surface roughness as a result of non-optimal process parameters. 

Fabrication of the Hard metals and cermets using Extrusion based 3D printing 
technologies has some limitations such as raw material must meet several stringent 
requirements, including maintaining shape and supporting the next layer’s weight 
without deforming or collapsing. Consequently, extrusion-based 3DP techniques cannot 
be utilized for specimens with complex hollows or irregular geometries. Thus, future 
efforts need to be made to fabricate parts with better surface quality and improved 
density by optimizing printing parameters and using the appropriate feedstock. 

1.2.1.2 Binder jet 3D printing 
Binder jet 3D Printing (BJ3DP) has emerged as a promising alternative to overcome the 
limitation of extrusion-based AM (Aramian et al., 2020). As a result of this AM process, 
Cermets and hard metal parts with complex geometries can be manufactured. Powder 
and binder are the two types of materials used in BJ3DP. An adhesive pattern is 
commonly printed by binder-jet 3D printers in order to bind the feedstock powders into 
3D structures (Enneti & Prough, 2019b; Enneti et al., 2020). A major disadvantage of the 
binder jet 3DP process is the volume change from green specimens to fully consolidated 
parts, along with the need to remove the binder by extensive post-processing, which 
results in distortion and shrinkage of the printed cermets parts (Enneti et al., 2020, 2018).  
Until now, only limited work has been done on BJT3D of cermets or super hard 
composites. Recently Berger et al. investigated the fabrication of TiCN based with 
different Ni and Mo2C contents (Berger, 2022). To improve the printing of cermets parts, 
spray granulation techniques have been adapted in order to produce spherical powder. 
Therefore, the printed parts have a higher density (98%) as a result of the spray granulation 
techniques. As a result, further efforts need to be focused on improving the density of 
the final parts and achieving homogeneous microstructures. 
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1.2.2 Direct Additive Manufacturing technologies 
Direct AM methods such as laser-based powder bed fusion technology (L-PBF) also known 
as selective laser melting (SLM), laser-based powder-fed process also known as directed 
energy deposition (DED), and Electron beam melting (EBM) that offers the fabrication of 
high-performance materials with intricate structures with unprecedented properties 
(Hu, 2018). The direct/single-step AM methods combine the forming and densification 
procedures in a single step and fabricate the final components without the need for  
post-sintering or post-processing processes. Therefore, direct/single-step AM processes 
as compared to the indirect/multi-step AM methods can produce components with 
improved mechanical properties, higher density, and greater purity by adapting less time 
and energy. In addition, the direct laser-based AM method employs a laser or electron 
beams as a heat source, where these heat sources have high directionality and high 
energy intensity and hence, can deliver an intense amount of energy to a micro-scale 
focused region (Kruth, 2007). Fig. 3 exhibits the cermets parts fabricated via a direct 
Additive manufacturing route. Due to the intense amount of energy offered by the laser, 
even materials like Mo/W with high melting points can be fabricated with ease.  
The following article section briefly describes direct additive manufacturing technologies. 

 

 
Figure 3. Cermets parts fabricated via a direct Additive Manufacturing process. (a) WC-HEA (C. W. Li, 
2019), (b) WC-W2C-8.3 wt.% Ni (C. W. Li, 2018), (c) WC-25Co (Ibe, 2021), (d) WC-Co(L. Zhang, 2022), 
(e) WC-13Co (Bricín, 2020), (f) WC-12Co (Kim, 2021). 

1.2.2.1 Electron Beam Melting /Selective Electron beam melting 
Electron Beam melting is a direct additive manufacturing (AM) technology that fabricates 
the 3D printed parts in one step by full melting of feedstock powder particles. The heat 
source is the primary difference between laser-based additive manufacturing technologies 
and EBM. In EBM, an electron beam instead of a laser is used as a heat source to melt 
the powder bed, which requires that the procedure be conducted under a vacuum to 
prevent electromagnetic dissipation (Nickels, 2016; Wysocki et al., 2017). In the EBM 
printer, as shown in Fig. 4, the feedstock powder material is spread on the build platform 
by the machine, and based on the CAD data provided to it, the electron beam melts the 
material powder selectively (also known as Selective electron beam melting (SEBM)).  
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A layer of powder is spread on top of the build platform. By tracing the cross-section of 
the next layer, the beam melts the powder until the 3D part is built, and the process is 
repeated. 
 

 
Figure 4. Schematics of the Electron beam melting process (Azam, 2018). 

1.2.2.2 Directed energy deposition 
Directed energy deposition is a powder-based additive manufacturing method used to 
create 3D parts, repair metal components that are deemed unrepairable by conventional 
methods, or modify existing components (Gibson, Rosen, & Stucker, 2015; Svetlizky  
et al., 2021; B. Zheng et al., 2019). DED is a 3D printing/AM technology that operates on 
different sources of energy such as laser beam, electron beam, and electric/plasma arc. 
The energy source will directly melt the metal powder/wire that comes coaxially with the 
energy beam, which meets each other near the workpiece as shown in Fig. 5. The melt is 
then deposited directly on the workpiece or substrate to fabricate 3D parts layer by layer 
manner. A melt pool is generated when the feedstock powder is heated to a precise 
temperature with concentrated energy, usually surrounded by an atmosphere of inert 
gases.  
     Like other AM processes, DED also involves layer-by-layer fabrication of parts based 
on a CAD model. During layer-by-layer deposition, DED-deposited parts are subjected to 
rapid and repeated heating-cooling cycles that can result in microstructural 
inhomogeneities, residual stresses, solidification cracks, delamination, porosity, and 
warping (Gibson et al., 2015; Kim, 2021; Svetlizky et al., 2021). DED can deposit  
high-performance materials such as stainless steel, tool steel, alloy steels, titanium-based 
alloys, aluminum alloys, cobalt-based alloys, high-entropy alloys, nickel-based alloys, 
intermetallic, functionally graded materials (FGMs), ceramics, composites, and shape 
memory alloys (SMAs) (Svetlizky et al., 2021). However, the DED process has some 
drawbacks, such as local deformation due to the local temperature gradient, high surface 
roughness, problems with powder recyclability when multiple materials are used, etc 
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(Picas et al., 2009a; Y. Xiong, 2010). Compared to other AM processes, DED offers a 
unique advantage, which is site-specific deposition and repair such as in wind turbines, 
automotive parts, or other industrial parts (Svetlizky et al., 2021).  
 

 
Figure 5. Schematics of the Directed energy deposition process (DED) (Lim, 2021). 

1.2.2.3 Selective laser melting /Laser powder-bed fusion process 
SLM/ L-PBF is an AM process that uses a laser (as an energy source) to fabricate 3-D 
intricate parts layer-by-layer fashion using a feedstock powder bed as dictated by 3D CAD 
data. Generally, the process is carried out in an inert atmosphere to protect the melt 
pool against contamination/oxidation during the solidification process. The layers are 
printed by scanning the powder bed with the exposure of a laser on a cross-sectional 
area to melt the powder particles together as an even-thin layer. The melt pool solidifies 
in a rapid fashion with extremely high cooling rates. However, the melt pool experiences 
different cooling rates in different directions leading to inhomogeneity in the microstructure 
along different length scales. After the solidification of the single layer of the powder 
bed, the subsequent layer of the powder is spread, and the iterative process continues 
until the entire part is fabricated as shown in Fig. 6. Adapting the SLM process in 
industrial settings, critical and intricate components that are not feasible to produce with 
conventional methods can be manufactured in a one-step process. 
      SLM/ L-PBF process finds its applications in a variety of sectors including the aerospace 
industry, automotive industry, medical sector, gas and oil plants, jewelry industries, etc 
(De Wild et al., 2019; Olakanmi, Cochrane, & Dalgarno, 2015; Rahmani, Antonov, Kollo, 
Holovenko, & Prashanth, 2019; T. Zheng, Pan, Murali, Li, & Li, 2022). However, there exist 
issues and problems that prevent this technology from being used in a widespread 
application in mass production. SLM is green technology as it’s used to fabricate parts 
with minimum raw material, creates less waste/scarp, and reduces the overall time of 
processing as it doesn’t require/require minimal machining/post-processing of the 
fabricated parts. The use of post-processing treatments such as hardening, heat treatment, 
and hot isostatic pressing (HIP) has been known to improve the microstructure and overall 
mechanical properties of the SLM finished parts. 
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Figure 6. (a) Overview of the laser powder-bed fusion process/ Selective laser melting, and  
(b) Schematics illustrating the physical processes involved in Selective laser melting (Z. Chen, 2018).  

     The gas-atomized spherical powder has typically been used for SLM due to its better 
flowability and homogeneity. In addition to the mechanical mixing method, the milling 
process can also be used to prepare the composite powders as SLM powder feedstock. 
The unique advantage of the SLM/ L-PBF process is its ability to utilize unmelted metal 
powder particles efficiently as it allows for re-use and recycling up to 20 times.  
The morphological characteristics of the reused powder and fabricated test parts did not 
change significantly until 14 cycles, validating the methodology of powder recycling for 
its use in SLM manufacturing (Ardila et al., 2014; Olakanmi et al., 2015). Among other 
outstanding environmental benefits of SLM, the processing of novel design with weight 
reduction (topology optimization) leads to reduced emissions in the automobile and 
aerospace sectors.  
      In addition, the present methodology eliminates/minimizes the use of toxic chemicals 
such as lubricants. A major disadvantage of the SLM process is its lower productivity and 
inferior fatigue performance compared to that of its wrought counterpart. In addition, 
wider temperature gradients can cause cracking and significant residual stresses (due to 
high cooling rates ~105-106 K/s) in the SLM fabricated components, making it challenging 
to process brittle materials like cermets (Hooper, 2018; Jung et al., 2015). A variety of 
process parameters play a crucial role in the fabrication of the parts including their 
microstructure and properties, which will be discussed in detail in the coming sections. 

1.2.2.3.1 Process parameters 
The quality of a part fabricated using laser-based additive manufacturing processes 
depends on several factors including the process parameters. Some of the important 
process parameters are laser power, laser scan speed, hatch distance, hatch style, laser 
focus, layer thickness, etc (Hanzl, 2015; Oyesola, 2021). In addition, the powder 
characteristics including, powder morphology, rheology of the powder, layer thickness, 
etc. also influence the quality of the fabricated parts (Y. Wang, 2023; Yu, 2022).  
Laser-based fusion processes (SLM/L-PBF) are controlled by a set of process parameters 
and changing any of these parameters can adversely affect the fabrication process and 
densification of the final component, and result in process defects such as delamination, 
warpage, porosity, micro cracks, etc. which can be avoided by optimizing these 
parameters. Fig. 7 outlines the different factors (including the process parameters) that 
affect the fabrication of cermets in the LPBF/SLM process.  
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Figure 7. An outline of the process parameters that affect the laser powder bed fusion / Selective 
laser melting process. 

    One of the equations that need to be accounted for when discussing the process 
parameters is the laser energy density or volumetric energy density (J/mm3), which can 
be calculated as(Aramian, 2020a; Tonelli, Fortunato, & Ceschini, 2020): 

 
                                                                  VED = 𝑃𝑃 · 𝐸𝐸𝐸𝐸

𝑃𝑃𝑃𝑃 · 𝐻𝐻𝑃𝑃 · 𝑑𝑑
  ………………. (1) 

 
     where VED represents the volumetric laser energy density, 𝑃𝑃 denotes a laser power 
in Watts, 𝐸𝐸𝐸𝐸 represents the exposure time in seconds, 𝑃𝑃𝑃𝑃 represents point distance in 
mm, 𝐻𝐻𝑃𝑃 denotes the hatch distance in mm and 𝑑𝑑 represents the layer thickness in mm. 
Even though the equation does not include many parameters that are crucial for the 
fabrication of defect-free parts, they are widely used as an empirical formula for the 
parameter optimization process. Many parameters such as laser focus diameter, laser 
offset at the corners, hatching style, gas flow direction, etc. must also be considered to 
calculate the overall energy transferred to the powder bed (Prashanth, 2017).  

Several reports have focussed on the influence of process parameters on 
microstructural formation and in turn their mechanical properties. For instance,  
Aramian et al. have studied the effect of the process parameters for the fabrication of 
the TiC-NiCr-based cermets by SLM. Aramian et al have varied the laser scan speed, and 
thus the Volumetric laser energy density to evaluate their influence on the microstructures. 
The changes in the process parameters influence the thermal behavior of the melt pool 
and density, which significantly influences the microstructure of the fabricated part. 
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1.2.2.3.2 Process-induced defects 
Fabrication of the cermets through laser-based fusion processing such as LPBF/SLM is 
challenging to produce without any external defects. During the fabrication of cermets, 
the inherent brittleness and the difference existing between the thermal conductivity of 
the ceramic and the binder phases, the samples readily crack (Campanelli et al., 2019;  
R S Khmyrov, Safronov, & Gusarov, 2017). In addition, due to the rapid heating of the 
powder bed during the laser-based fusion processing, the melt pool temperature rises 
rapidly, causing thermal residual stress in the fabricated part, which also leads to the 
cracking of the parts (Yadroitsev & Yadroitsava, 2015). The process defects are not 
limited to the laser processing condition, but also the morphology and rheology of the 
powder particles. L-PBF/SLM processes require good powder rheology and flowability  
(J. Chen et al., 2019; J. Liu et al., 2021). A wide variation in particle size distribution in the 
feedstock powder can lead to defects that ultimately affect the density/porosity of the 
as-built parts. Even though, processing defects can be minimized by altering the 
processing conditions, eliminating the process defects completely is rather a challenge 
(Aramian et al., 2020; Ku et al., 2019). Cracks and porosity are the two major defects that 
are often found in laser-processed materials (Campanelli et al., 2019; Xing et al., 2022). 
Fig. 8 summarizes the different process defects that may be observed during the 
processing of the laser-based solidification process.  
 

 
Figure 8. Schematics illustrating the different process defects observed during the fabrication of 
cermets by laser-based solidification processes. 

1.3 Fabrication of TiC-based cermets via Additive Manufacturing route 
Recently, several efforts have been made to widen the range of materials used in AM, 
including polymers, metals, ceramics, and their combinations (such as cermets), and 
several publications have been published in the field of AM of carbide-based cermets via 
different AM fabrication techniques. By far the most common carbides fabricated using 
the L-PBF/SLM process are WC and TiC with different metals and alloys as binders. 
Cermets are one of the most challenging materials for the solidification-based 3D 
printing/AM process to be fabricated without defects like porosity and cracks as they 
combine the desirable toughness and thermal conductivity of metals with high hardness 
(source of cracks), excellent wear resistance, and oxidation resistance of ceramics.  
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In addition, the wider temperature difference between the carbides and metal/alloy 
reinforcement makes the additive fabrication process more challenging. 

A high cooling rate during the laser-based process and the characteristics of the 
feedstock affected the fabrication process and the mechanical properties of the final 
product. Table 1 and Table 2 provide a summary of the recent research and development 
of the TiC-based cermets (highlighted) and the adapted laser process parameters 
fabricated via Direct Additive manufacturing processes respectively. This review is mostly 
focused on the cermets having (≥ 50 wt.%) of the ceramic or hard phase. 

 To the best of the author’s knowledge, a few studies have been conducted on the 
fabrication of TiC-based cermets via a direct additive manufacturing route with Ni-based 
binder. Due to the paucity of research on the development of low-cost TiC -Fe-based 
cermets by AM, this Ph.D. work focuses on developing and advancing laser-based fusion 
processing of such cermets. 

Table 2.  Laser process parameters adapted to fabricate TiC-based cermets parts via different laser-
based Additive manufacturing routes. 

AM 
Process Composition

Process parameters 
Ref. Laser 

Power 
Hatch 

distance 
Scan 

speed 
Layer 

thickness 
Energy 
density 

SLM TiC- 40wt. 
%NiCr 62.4 W 0.06 mm 

50-
150 

mm/s 
0.05 mm 

138.7 -
416 

J/mm3 

(Aramian, 
2020a, 
2020c, 
2021; 

Aramian
et al., 
2021) 

DED/ 
LENS 

Laser 
Power - Traverse

speed

Powder 
feed 
rate 

TiC-20 
vol.%Ni 

TiC-30 vol.% 
Ni 

TiC-40 vol.% 
Ni 

2400–
2600 W - 

200 
mm/min 1.5–1.8 

g/min 

(Y. Li 
et al., 
2009) 

(Ti, W) C-20 
wt.%Ni 

260–300 
W - 2–4

mm/s 
3–5 

 g/min 

(Y. 
Xiong, 
2010) 
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1.4 Research gap 
Cermets fabricated via AM processes such as L-PBF /SLM show different microstructural 
characteristics due to high cooling rates, which in turn could be beneficial to get the final 
parts with improved mechanical properties. However, the presence of process defects 
due to materials’ inherent brittleness, large thermal expansion coefficient, thermal 
residual stresses, powder rheology, etc. makes the fabrication of the cermets through 
laser-based processing challenging. Many open issues need to be considered to improve 
the quality of the fabricated cermets. The factors that need to be considered in the 
upcoming years to widen the research area in the field of cermets via AM processing have 
been discussed below. 
 

• A major challenge in fabricating cermets via laser-based AM processes is 
attaining fully dense consolidated parts. In most research projects, the density 
of the samples achieved varies between 96–98%, which is low in comparison to 
the parts fabricated by conventional methods. To fabricate dense parts, various 
factors such as the rheology of powder, laser energy density, process defects, 
etc. must be taken into consideration one at a time. The process parameters 
need to be optimized to fabricate dense parts and the parameters need to be 
considered one at a time to have a better output. Novel laser pulse modification 
techniques should be adopted and explored to carefully tune the microstructure 
both in terms of morphology and porosity content. 

 
• Preheating the powder bed using laser pulse shaping/laser beam optimization 

and laser rescanning methods are considered as some options to mitigate crack 
formation, which is one of the most challenging effects in the fabrication of 
brittle materials such as cermets. Extensive research should be carried out on 
laser shaping/modulation and standards should be established using laser 
modulation to fabricate defect-free cermets. 

 
• Several research studies have been conducted on the fabrication of WC-based 

cermets with Co or Ni as a binder material. The toxic nature of these elements 
and the rising price of Co warrants the research towards the development of 
green/low-cost cermets. TiC-based cermets prove to be an alternating solution 
and show better mechanical properties at higher temperatures. TiC-based 
cermets with Fe-based binder show promising results through conventional 
methods but research in the field of laser-based fusion of AM is still in its infancy. 
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1.5 Aim and objective of the thesis 
Due to the limited availability of critical raw materials like tungsten, cobalt, or, more 
recently, nickel, the hard metal industry is challenged to discover alternatives to  
WC-based cermets. Therefore, the main aim of the present thesis is to investigate the 
fabrication of TiC-based cermets with different Fe-based binders adapting advanced 
fabrication routes such as Additive Manufacturing. In addition, to fabricates the cermet 
parts with improved mechanical properties and lower process-induced defects such as 
cracks. 
     Hypothesis of the study is that TiC-based cermets could be a potential replacement in 
applications involving high temperatures and harsh environments. Compared to 
conventional methods, the fabrication of cermets using additive manufacturing 
technologies (AM) overcomes some limitations (restriction to fabricating complex 
geometry in a single step, waste of energy and scarp material, etc. in terms of being 
sustainable and environmentally friendly) and aids in improving/modulating the 
microstructure and properties of the fabricated parts. Laser-based processing of cermets 
parts can be challenging because of the complex thermal history of the fabrication 
process, inherent ceramic brittleness, variations in thermal expansion coefficients of 
ceramics and binder materials, etc. Previous studies suggest lowering the thermal 
gradient of the powder bed may result in fewer defects during laser processing of 
cermets.  
     Based on this, the main objectives of this thesis can be formulated as. 

• Fabrication of TiC-based cermets with different Fe-based binder compositions 
(such as Fe and Fe-Cr (AISI 430L FSS)), that offer low-cost, nontoxic alternatives 
to conventional WC-based Hardmetals.  

• To lower the process-induced defects by adapting Novel laser scan strategies 
(Laser Pulse Shaping and Multiple Laser Scanning) that can control the melt 
pool/powder bed temperature during the laser scan of the powder bed.  

• To investigate the influence of adapted laser scan techniques on phase 
formation, morphological inhomogeneity, and anisotropy in the microstructure 
of the fabricated TiC-based cermets. 

• To improve the physical and mechanical properties of the fabricated cermets 
(microhardness, fracture toughness) and tribological properties (wear) by 
adapting optimal laser process parameters. 

• A comparison study of conventionally sintered cermet w.r.t laser-processed 
cermet to evaluate microstructural and mechanical properties via different 
fabrication routes. 
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2 Experimental methodology 
This chapter of the dissertation describes the experimental methodology for fabricating 
and characterizing cermet parts. The AM LPBF/SLM process, microstructure 
characterizations (SEM, EDS), Phase composition (XRD), mechanical tests (Hardness and 
Fracture toughness), and Wear behavior via scratch test were discussed in detail. 

2.1 Investigated materials 
For the fabrication of the TiC-based cermet parts with different Fe-based binders,  
two different cermet compositions were investigated via a direct additive manufacturing 
process (LPBF/SLM) (Table 3). TiC powder (purity ≥ 99.9) as a reinforcement material 
supplied by Pacific Particulate Materials Ltd. with an average particle size of 2.10 µm.  
For the binder system, pure Fe (purity ≥ 99.8) and ferritic stainless-steel (AISI 430L-FSS) 
(purity ≥ 99.9) have been used, supplied by TLS Technik GmbH, and Sandvik Osprey Ltd. 
respectively with an average particle size in the range of 10–45 µm. Fig. 9. exhibits the 
SEM micrograph of the initial powders. The particle size distribution for TiC powder 
exhibits an irregular morphology with a small average particle size, while the particle size 
distribution for the binder materials (Fe and AISI 430L FSS) exhibits a spherical 
morphology with wide variations in particle size. 

 

 
Figure 9. Scanning electron microscopy images of the initial powder particle (a) TiC, (b) Fe, and  
(c) 430L FSS. 

2.2 Feedstock preparation 
Table 3. Feedstock composition adapted for the fabrication of the cermet parts via laser powder 
bed fusion/Selective laser melting technology (in vol.%). 

Samples designation TiC Fe 
AISI 430L FSS 

X2Cr17  
(EN 1.4016) 

Cermet Composition 1 
(CC1) 70 30 - 

Cermet Composition 2 
(CC2) 65 - 35 

 
To prepare the feedstock powder, mechanical mixing was adapted to the composition 

indicated in Table 3. The powder was mixed in a jar using a Yttria Stabilized Zirconia (YSZ) 
ball as a mixing media to provide attrition during the mixing. Low powder-to-ball ratios 
were used to prevent the mechanical milling of powders, which can affect the morphology 
of the powder and its rheology during printing (Bricin & Kriz, 2019; Gómez, Gordo, & 
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Torralba, 2006). SEM micrograph of the prepared feedstock powder has been depicted 
in Fig. 10 (a, c). The binder powders exhibit a spherical morphology, whereas the ceramic 
phase exhibits irregular morphology after mixing. As a result of the initial powder 
provided, the mix feedstock powder in both cermet compositions has a wide particle size 
distribution. Fig. 10 (b, d) shows the XRD pattern of the mixed feedstock powder of both 
the cermet compositions. The high-intensity peaks of the TiC and α-Fe phases in both the 
CC1 and CC2 compositions suggest that no new phase formation occurred during mixing. 
 

 
Figure 10. (a) Scanning electron microscopy images of the mixed feedstock powder CC1, (b) X-ray 
diffraction pattern of the mechanically mixed feedstock powder CC1, (c) Scanning electron microscopy 
images of the mixed feedstock powder CC2, and (d) X-ray diffraction pattern of the mechanical mixed 
feedstock powder CC2.  

2.3 SLM/LPBF fabrication 
Fabrication of the cermet parts was performed by using a Realizer SLM 50 (SLM Solutions 
GmbH, Germany). It was equipped with a 120-watt Nd-YAG pulse fiber laser with a spot 
size of ~39 µm. The system was designed to produce 3D components up to a diameter 
and height of 70 and 80 mm, respectively. In this work, the focal diameter of the laser 
beam on the work surface was fixed at 0.0134 mm, and in order to avoid contamination 
and melt pool oxidation, parts were fabricated under an Argon atmosphere (Bricin & Kriz, 
2019). These cermets parts were printed on stainless-steel substrates, oriented vertically 
toward the building direction. For the fabrication of the cermet parts with different  
Fe-based binders (Table 3), two laser scanning techniques have been adapted to control 
the melt pool/powder bed temperature during the fabrication. 
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2.3.1 Laser Pulse shaping 
During a pulsed laser operation, a specific amount of energy is emitted for an associated 
period. Laser pulse shaping is a technique of distributing energy within a single laser pulse 
in a controlled manner. It can also be defined as the modification of the power supplied 
to a laser in order to change the shape of the output pulse and, as a consequence, to 
change its heat distribution (K. A. Mumtaz & Hopkinson, 2010; K. Mumtaz & Hopkinson, 
2010). A material’s melting behavior can be completely changed by changing the energy 
distribution within a pulse. Laser Pulse shaping can be achieved by dividing the laser 
pulse’s current that is used to excite a laser’s flash lamp into multiple events and detailing 
the peak power and duration of each event. Each laser pulse in this work is adapted to  
5 different events with variations in laser peak power and exposure times (Fig. 11 (b)).  
     Multiple events have been adapted during the pulse shaping to preheat, melt, and 
cool the powder bed at the laser exposure point of the powder bed to lower the thermal 
gradient or control the cooling rate. Fig. 11 (b) depicts different laser events adapted for 
single laser scans at each exposure point. Event 1 and 2 with lower laser power and small 
exposure time act as pre-heating of the powder bed while Event 3 with high laser peak 
power and exposure time act as a melting laser scan to melt and fuse the powder bed 
and at the end, Event 4 and 5 with lower laser power and wide exposure time act as a 
controlled cooling of the melt pool/powder bed. The point scanning strategy has been 
adapted to scan the laser at the exposure point (Fig. 11 (a)). This variation in the laser 
process parameters during the laser exposure helps to control the melt pool temperature 
and thus lowers the process defects in the parts. The laser process parameters adapted 
to fabricate the TiC-30 vol.% Fe cermets parts vis LPS are depicted in Table 4. 
 

 
Figure 11. Schematics of (a) laser pulse shaping technique adapted for the fabrication of the  
TiC-Fe-based cermets, (b) An illustration of various laser peaks adapted to a laser pulse shaping. 
 
Table 4. The laser process parameters adapted to fabricate TiC-30 vo.% Fe via Laser Pulse shaping. 

Sample 
designation Laser Pulse-type Laser power (W) Exposure time (μs) 

SP-1 Standard pulse 60 200 
SP-2 Standard pulse 72 200 

CC1-1 Laser Pulse shaping 12-24-60-19.2-14.4 100-200-200-500-200 

CC1-2 Laser Pulse shaping 12-24-72-19.2-14.4 100-200-200-500-200 
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2.3.2 Multiple Laser scanning technique 
Another strategy technique adapted for the fabrication of the cermet parts are multiple 
laser scan strategy. In general, this approach is similar to laser pulse shaping, where the 
melt pool/powder bed temperature is controlled, and the thermal gradient is lowered. 
In this technique, the powder bed was scanned twice with different laser process 
parameters in each laser scanning of the powder bed. Initially, a high laser scan speed 
with a lower laser energy density is used to preheat the powder bed, followed by a high 
laser energy density but lower scan speed to melt and fuse the powder as shown in Fig. 12. 
Between two consecutive powder layers, a 60° scan rotation was employed. Scanning 
the powder bed with different laser process parameters helps to lower the thermal 
gradient of the melt pool and consequently lower the thermal residual stress and help to 
fabricate the parts with lower process defects such as thermal cracks. The effect of laser 
energy density and laser scan speed on the fabrication of the cermet parts has been 
studied through the variation of these parameters. All the laser process parameters 
involved in the MLS for the fabrication of the cermet composition 2 are shown in Table 5. 

 
Figure 12. Schematics of Multiple laser scanning techniques adapted for the fabrication of the  
TiC-Fe-based cermet (adapted from publication III). 
 
Table 5. The laser process parameter adapted to fabricate cermets parts (TiC-35 vol.% 430l FSS) 
with variation in laser scan speed and energy density employed for both pre-heating scan and 
melting scan during the selective laser melting process. 

Sample 
designation 

Pre-heating scan (PHS) Melting Scan (MS) 
Scan speed 

(mm/s) 
Energy Density 

(J/mm3) 
Scan speed 

(mm/s) 
Energy Density 

(J/mm3) 
CC2-1 488 80.4 99 844.7 
CC2-2 203 84.5 81 958.7 
CC2-3 176 97 56 1127.6 
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2.4 Test methods 

2.4.1  Metallographic preparation  
To prepare bulk samples for microstructural analysis, standard metallographic processing 
according to hard metal procedures, such as grinding and polishing, was employed. 

2.4.2 Microstructure and phase analysis 
The phase constituents of the initial and mixed feedstock powder as well as the SLM 
fabricated parts of both cermet compositions were determined using X-ray diffraction 
(XRD) methods by Rigaku Smart lab X-Ray Diffractometer (XRD) equipped with Cu-Kα 
radiation (λ = 0.1542 nm) at room temperature. Scanning electron microscopy (SEM) 
(Zeiss EVO MA15) coupled with the EDS system INCA was used to observe the 
microstructure and elemental distribution of the as-built parts. 

Process defects in the fabricated parts (pores and cracks) were analyzed through 
µ-X-ray computed tomography (CT – Phoenix nanotom, General Electric). The scanning 
was performed at 120 kV and 100 mA with a voxel size of 2.75 µm. Additionally, 
the distribution and size of phases in both fabricated samples were examined using 
Image J software, using contrast difference measurements.  

2.5 Characterization of physical and mechanical properties 

2.5.1 Density 
Archimedes’ method was adapted to calculate the density of the fabricated parts at room 
temperature by using an Analytical balance (Mettler Toledo ME204) with a precision of 
± 0.0001 g. Initially, each sample was weighed in air, then immersed in distilled water for 
an adequate amount of time, and then weighed again at a constant temperature. 
The rule of the mixture has been adapted to calculate the theoretical density of the 
present cermet compositions. A minimum of 10 readings were recorded for each sample, 
and the average value was reported. 

2.5.2 Hardness and microhardness testing 
The Vickers microhardness using a microhardness testing machine (Buehler Micromet) 
of SLM processed samples (both longitudinally and cross-sectionally) was determined at 
room temperature according to standard EN-ISO-6507 at 1000 g load with a dwell time 
of 10 s. For fracture toughness measurement, the fracture by indentation method 
(Indentation fracture toughness (IFT)) has been adapted according to (EN-ISO 
28079:2009) by using a 30 kgf load (Vickers INDENTEC 5030SKV) with a dwell time of 10 s 
and by subsequently measuring the crack length (Palmqvist method) using optical 
micrography (Zeiss Axiovert 25). Calculation of fracture toughness values was performed 
using the following equation (Tarraste et al., 2018; Wu et al., 2011). 

   KIC= 0.15 �𝐻𝐻𝐻𝐻
∑ 𝑙𝑙

               …………   (2) 

where KIC (MPa·m1/2) denotes fracture toughness, ∑ 𝑙𝑙 (mm) represents the sum of crack 
tip length from the hardness indent, and HV (N/mm2) denotes Vickers microhardness.  
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2.5.3 Tribological characterization 
To assess the tribological properties, scratch tests were conducted on polished as-built 
cermets by using the CSM Revetest device (Anton Paar GmBH, Austria). An indentor 
(Rockwell C diamond) with a radius of 200 µm and 120° cone angle has been used for 
scratch testing. A variation in a normal load of 10, 30, and 50 N is used for all scratches 
at a scratch length of 2 mm and a scratching speed of 10 mm/min. Fig. 13 (a) shows a 
schematic diagram of the performed scratch test. In order to assess the wear behavior of 
additively manufactured cermets, scratch tests were conducted with single and multiple 
passes (5 passes) of the indenter. The direction of scratching in the multi-pass scratch 
test was not reversed, i.e., unloading the indenter load at the final scratch position, and 
applying the same load from the initial scratch position for the next pass. A 3D optical 
surface profilometer (WYKO NT9100) was used to analyze the macroscopic appearance 
of scratched surfaces. In order to measure the groove depth and scratch width, the vision 
4.10 software was used to make 2D profiles of the scratch track. To evaluate the 
reproducibility of the results, all tests were repeated three times. 

 

 
Figure 13. Schematics illustrating (a) scratch test used to study the wear behavior of the additively 
manufactured cermet parts, (b) 2D profile of the cermets scratch test where A1 represents the 
groove area and A2 and A3 corresponds to ridge area due to pile-up of the plowing material. 
(Adapted from publication IV)
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3 Results and discussion 

3.1 Development of optimal process parameters to fabricate parts with 
lower process-induced defects 

3.1.1 Standard laser pulse 
A study on the effectiveness of laser exposure with standard laser pulse or without laser 
pulse shaping has been conducted to determine the effect on the fabrication of the  
TiC-30 vol. % Fe-based cermets. In a single scan strategy single pulse laser with high laser 
power and exposure time has been applied to a powder bed  (Fig. 14 (a)).  The powder 
bed has only been exposed to one Laser event with the variation in laser melting peak 
power (60 and 72 watts). In both cases, the exposure time/scan speed was kept the same 
(200 µs/250mm·s-1). 
 

 
Figure 14. Schematics of the (a) standard laser pulse and, (b) laser pulse shaping adapted for the 
cermets fabrication (adapted from publication I).      

Fig. 15 depicts the SEM microstructure of the cermet samples fabricated using a 
standard laser pulse and variation in laser melting peak power (60 and 72 watts). Cracks 
were evident in all the fabricated cermet parts as shown in Fig 15. Due to the  
high-temperature gradient caused by the adaptation of single laser scanning (Event 1), 
the melt pool may induce a high thermal residual stress in the parts during fabrication, 
failing the parts during printing. As built cermets parts have cracks, so they gradually 
weaken from the base, and the material deteriorates after a few layers of printing. As a 
result, to prevent such process defects (thermal cracks), it is quite important to control 
the temperature gradient of the melt pool to lower the thermal residual stress in the 
cermet parts during fabrication. The use of laser pulse shaping could be an optimal 
method of reducing these process defects by allowing the laser energy to be distributed 
temporally depending on the duration of exposure time and laser power, thereby 
reducing the melt pool’s thermal gradient. 

https://www.sciencedirect.com/science/article/pii/S2214860422004055#fig0020
https://www.sciencedirect.com/science/article/pii/S2214860422004055#fig0020
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Figure 15. Scanning electron microscopy images of the TiC- 30vol.% Fe cermet parts fabricated via 
standard laser pulse with variation in laser melting peak power (a) SP-1 (60 Watt), (b) SP-2 (72 Watt). 
(Adapted from publication I) 

3.1.2  Laser pulse shaping 
Fabrication of the TiC-30 vol.% Fe cermet (CC1) via laser pulse shaping has been 
investigated in Publication I. Microstructural formation and mechanical properties were 
investigated under the influence of laser peak power variation during the laser pulse 
shaping. As part of the Laser pulse shaping process, five different laser events with 
varying laser peak power and exposure time have been adapted as shown in Fig. 14. Point 
scanning strategy has been adapted to expose the laser on the powder bed. The powder 
particles were melted and fused with the highest laser melting peak power (LMP) in 
Event 3. To study the effects of laser melting peak power on microstructural formation, 
only Event 3 laser peak power was varied. The other parameters of the event’s process 
(Events 1,2,4,5) have been kept fixed.  
      Two distinct phases of TiC (fine dendritic and coarser) have been observed in all the 
microstructures of the as-built parts (Fig. 16). The dark phase corresponds to the TiC 
ceramic phase while the bright phase corresponds to the Pure Fe binder. Laser scan 
tracks are visible in both fabricated parts, which is a typical characteristic of SLM 
fabricated parts. The microstructural gradient could be related to Gaussian laser energy 
distribution (Z. Chen, 2018). This will affect the energy distribution on the powder bed 
and lead to a finer and coarser microstructure formation. Laser energy density is higher 
in the center of the laser scan than in the boundary region, resulting in a higher cooling rate 
in the center of the laser exposure, leading to the development of finer microstructures 
(Aramian, 2020b). In both cases (60 and 72W) similar gradient microstructure can be 
observed. However, samples with 60W laser power (CC1-1) have coarser microstructure 
as compared to 72-watt laser power (CC1-2) which could be attributed to the higher 
cooling rate of the melt pool and led to a fineness of the microstructure. In general,  
a higher cooling rate in the SLM process leads to a more finely-grained microstructure in 
the material.    
      The fineness of the microstructure of an SLM-processed part is determined by the 
solidification rate (R), the thermal gradient (G), and the cooling rate (T = G × R) (Casati, 
Hamidi Nasab, Coduri, Tirelli, & Vedani, 2018). G denotes the temperature gradient over 
a distance and is a function of time and place in the melt pool. R depends on the laser 
scanning speed and the angle between the laser scanning direction. The cooling rate 
(G × R) of a melt pool determines its microstructure fineness (Aramian, 2020c). Different  
Cermets composition i.e. TiC with ferritic stainless steel binder (TiC-30 vol.% 430l FSS) 
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has also been fabricated adapting laser pulse shape techniques with variation in laser 
melting peak power (LMP with 38,48,60,72 and 84 Watt) (Maurya, 2021). Microstructure 
formation exhibited a similar trend as observed in CC1, with variations in laser melting 
peak power. Gradient microstructures have been observed with lower laser power and 
increasing the laser melting peak power led to finer microstructures and decreased 
gradient microstructures (coarse and fine TiC). An increase in cooling rate and change in 
melt pool width may be responsible for this variation in microstructural formation. 

 

 
Figure 16. Scanning electron microscopy images of the TiC-30vol.% Fe cermets fabricated via laser 
pulse shaping with different laser melting peak power (a, b) CC1-1 (60 Watt), (c, d) CC1-2 (72 Watt) 
(Adapted from publication I). 
 
      To study the effect of pre-heating (Events 1 and 2) and cooling (Events 4 and 5) on 
the microstructural formation of the TiC-30 vol.% Fe cermet during laser pulse shaping, 
variation in process parameters of laser pulse shaping has been adapted and investigated 
in publication II. In this case, the laser peak power and exposure time of Event 3 have 
been kept constant while the process parameters of the other events (1,2,4, and 5) have 
been varied. Cermets sample with 72W Laser melting peak power (described in 
publication I) exhibits finer microstructures as compared to the sample with laser melting 
peak power (60 Watt). As a result, to study the effect of preheating and cooling through 
varying laser exposure times, sample PS1 (72-watt) has been considered as an optimal 
parameter to analyze the variation in microstructural formation. As can be seen in  
Fig. 17, changes in the exposure time of all the events in the laser pulse shaping led to 
variations in the microstructures and the defect formation such as porosity in the parts. 
Changing the exposure time led to a change in the scan speed and affected the overall 
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laser energy density of the exposed laser and the microstructural formation of the 
fabricated parts. 
    The laser energy density (LED) has been used to describe the energy density of each 
single laser pulse at each exposure time. In this study laser energy density (LED in J/ mm3) 
affects the cermet forming and microstructure. The following formula can be used to 
calculate LED (Yu et al., 2021). 

    𝐿𝐿𝐸𝐸𝑃𝑃 = 𝑃𝑃
𝑣𝑣∗ℎ∗ 𝑑𝑑

 ……………………………                  (3) 

where P (in watt) denotes the effective laser power, v (mm/s) represents the scan speed, 
h (mm) is the hatch distance, and d (mm) denotes the layer thickness of the powder bed.  

Figure 17. Scanning electron microscopy images of the TiC-30 vol.% Fe-based cermets fabricated 
with variation in laser process parameters (laser exposure time in µs) via laser pulse shaping (Event 
1-Event 2-Event 3-Event 4-Event 5) (a, b, c,) 100-200-200-500-200, (d) 100-250-200-250-200, 
(e) 100-250-200-50-200, (f) 100-200-200-250-200, (g) 100-200-200-0-0, (h) 100-250-200-500-200, 
(i) 100-50-200-500-200 (Adapted from publication II).

Pre-heating of the powder bed is imperative for the formation of such brittle materials
during laser pulse shaping. The pre-heating pulse (Events 1 and 2) with low laser power 
and exposure time before the laser melting peak power, preheats the powder bed and 
prevents any sudden heat generation during the melting of the powder or high thermal 
gradients in the melt pool. Due to the controlled solidification/cooling of the melt pool, 
post-pulse laser peaks (Events 4 and 5)  with lower laser power and wide exposure time, 
control the cooling of the powder bed and may lower the thermal residual stress during 
the fabrication of the parts resulting in lower process induced defects such as cracks 
(Kempen et al., 2014; Mertens et al., 2016; Park et al., 2021; Sadhu et al., 2020).  
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3.1.3 Multiple laser scanning 
The development of the optimal laser process parameters to fabricate cermet parts with 
lower process defects and their effect on microstructural formation with multiple scan 
strategy techniques has been investigated in publication III. The SEM microstructure of 
the TiC-35 vol.% FSS cermet fabricated via Multiple laser scan technique has been 
depicted in Fig.18. Laser process parameter (i.e., scan speed and laser power) of both the 
preheating and melting scan plays a vital role in the microstructural formation (Bricin & 
Kriz, 2019; Karimi, Ma, Jia, & Prashanth, 2020; Uhlmann et al., 2015). High preheating 
scan speed with lower energy density and high melting scan speed with lower laser 
energy density seems to be optimal parameters to fabricate the parts with lower process 
defects (cracks and pores).  

Modulating these laser process parameters (lowering the scan speed of both the 
preheating and melting scan) led to the increment of the laser energy density (according 
to eq. 3) and coarsened the microstructure (TiC phase) due to the lower cooling rate of 
the melt pool. Growth morphology and dispersion state of TiC phases are significantly 
affected by both the preheating and melting scan parameters. Typical SLM characteristic 
microstructure (coarser and finer TiC phase) can be observed in the fabricated parts with 
high laser scan speed (both preheating and melting scan) (Aramian, 2020b; Marchese 
et al., 2017; Sahoo, 2017).  

At lower scan speeds (preheating and melting), less gradient in the microstructure can 
be observed due to a lower cooling rate and an adapted rotation scan strategy. 
Moreover, the scanning of the subsequent layer also leads to heat transfer to the 
previously solidified layer and causes the coarsening of the microstructure(Guan, Jiang, 
Zhang, & Chong, 2020; Karimi, Suryanarayana, Okulov, & Prashanth, 2020). As-built 
samples were found to be defect/crack-free after adapting multiple scanning techniques, 
thus supporting the idea that multiple scanning techniques can reduce thermal residual 
stress and facilitate the fabrication of cermets without cracks. However, fabricated 
cermets parts with multiple laser scanning exhibit porosity in the parts and samples with 
high preheating and melting scan speeds, maximum relative density was achieved 
(97.8%), while for samples with medium and low preheating and melting scan speeds, 
achieved relative density was 95.5% and 95.1% respectively. 
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Figure 18. Scanning electron microscopy images of the TiC-35 vol.% 430L FSS-based cermet exhibiting 
variation in the microstructure with varying pre-heating (PHS) and melting scan (MS) energy densities. 
(a, b) CC2-1 (High PHS-MS), (c, d) CC2-2 (Medium PHS-MS), and (e, f) CC2-3 (Low PHS-MS) (Adapted 
from publication III). 
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3.2 Effect of adapted laser scan techniques on the microstructural 
formation 
Microstructural formation of the TiC-Fe-based cermets with different laser scan 
techniques has been depicted in Fig. 19. In both the laser scan techniques, similar 
microstructural characteristics (coarser and finer dendritic TiC phase) have been 
observed. As explained before, this could be attributed to Gaussian laser energy 
distribution, high cooling rate, and the scan strategies adopted. In the case of the laser 
pulse shaping, laser scan zones are visible in the cross-section view of the fabricated parts 
due to the point scan strategy adapted without any rotation of the laser scanning  
(Fig. 19 (a, b)). In the case of Multiple laser scanning, there are no laser tracks visible in 
the SEM micrograph, which could be the result of the scanning rotation (60°) adapted 
after each layer of scanning, which could transfer heat energy to previously solidified 
layers, dissipating the laser scan area, and affecting the microstructure formation. 
Moreover, the MLS fabricated parts as compared to LPS exhibit finer microstructure and 
lower gradients in the coarse and fine zone that could be attributed to the introduction 
of the FeCr binder and scanning the powder twice with variations in laser energy density. 
 

 
Figure 19. Microstructural formation of the TiC-Fe based cermets with different laser scanning 
techniques adapted (a, b) TiC-30 vol.% Fe by Laser pulse shaping (LPS), (b, c) TiC-35 vol.% 430L FSS 
by Multiple laser scanning (MLS) (Adapted from the publication I & II). 
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3.3 Effect of laser process parameters on the phase formation 
The X-ray diffraction patterns of the SLM-built TiC-30 vol.% Fe based adapting laser pulse 
shaping technique with variation in laser peak power have been depicted in Fig. 20. 
According to the obtained XRD patterns, the SLM-processed cermets exhibit prominent 
peaks corresponding to Titanium carbide (TiC) (simple cubic system with the space group 
Fm-3m (225) (line NaCl)), and α-Fe (body-centered cubic system (bcc) with a space group 
Im-3m (229)). An XRD analysis in both cases (60- and 70-Watt laser peak power) shows 
some very low-intensity peaks or noise that may indicate the formation of some 
intermetallic carbide phases. However, due to their low volumetric percentage, they 
were not detected in the diffraction pattern of the as-built parts. Changing the laser 
melting peak power led to a change in the laser energy density and led to texture 
formation which can be attributed to the significant variation in XRD peak intensity.  
This is quite natural in the SLM process that the change in the energy density may change 
the preferential growth direction leading to texture in these cermets. 
 

 
Figure 20. X-ray diffraction pattern of the TiC-30 vol.% Fe-based cermets fabricated via laser pulse 
shaping with variation in laser melting peak power. (a) CC1-1 (60 Watt), (b) CC1-2 (72 Watt). 
 

Fig. 21 exhibits the X-ray diffraction pattern of the TiC-35 vol.% 430L FSS cermet parts 
fabricated via multiple laser scanning techniques. Similar to LPS fabricated parts, XRD 
analysis of the MLS fabricated parts shows some lower intensity peaks or noise, which 
suggests that due to the higher affinity of Cr for carbide formation, there may be a lower 
volumetric percentage of additional carbide phases (such as iron carbide, chromium 
carbide, or complex metal carbides) (Kolnes et al., 2018). Moreover, some minor changes 
both in peak intensity and broadening of both phases (TiC and 430 L) can be observed. 
Variations in these peak intensities can be attributed to texture formation (preferred 
growth/orientation) in these samples as a function of preheating and melting energy 
densities. In the SLM process, changing the energy density may lead to changes in the 
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preferential growth direction resulting in a different texture. Changes in defect 
concentrations may lead to the broadening of the peaks (such as dislocations) and/or 
internal strain. 
 

 
Figure 21. X-ray diffraction pattern of the TiC-35 vol.% 430L FSS-based cermets fabricated via 
Multiple laser scanning with variation in laser process parameters. (a) CC2-1 (High PHS-MS), (b) CC2-2 
(Medium PHS-MS), and (c) CC2-3 (Low PHS-MS). 

 
      The elemental mapping distribution of the TiC-based cermets fabricated via multiple 
laser scanning has been depicted in Fig. 22. The elemental mapping revealed that Cr and 
Fe were evenly distributed in the binder phase. It is possible that no or only low volumes 
of intermetallic carbides are formed during the SLM process, which corroborates with 
the XRD data. However, processing such cermets via non-conventional techniques such 
a pressure less sintering could lead to the formation of intermetallic carbides. Kolnes  
et al. investigated the fabrication of TiC-30 wt.% FeCr based cermets via pressure less 
sintering (Kolnes et al., 2018). It was reported that the formation of complex intermetallic 
carbides (M7C3, M23C6, M3C, M6C) has been observed during the conventional sintering 
process. It can be attributed to the segregation of Cr from the binder during the 
processing due to the slow heating rate which allows for diffusion, resulting in the 
formation of metal carbides during the process. As a result of the formation of 
intermetallic complex carbides, the mechanical properties (toughness and strength) and 
corrosion resistance of the cermets were affected. The SLM process has the advantage 
of a high solidification/cooling rate, that may prevent the formation or lowering the 
unwanted formation of Fe-Cr- intermetallic carbide phases. 
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Figure 22.  X-ray energy dispersive spectrum mapping of the TiC-35 vol.% 430L FSS based cermets 
via Multiple laser scanning techniques with variation in laser process parameters. (a) CC2-1 (High 
PHS-MS), (b) CC2-2 (Medium PHS-MS), and (c) CC2-3 (Low PHS-MS) (Adapted from publication III). 

3.4 Process induced defects 
Even though the SLM process can produce complex parts with a high material utilization 
rate, it is influenced by a variety of factors. SLM consists of complicated physics, such as 
absorbing and transmitting laser energy, melting and solidifying materials rapidly, 
evolving microstructures, and material evaporation from molten pools. Consequently, 
the process is affected by these factors to form defects such as porosities, incomplete 
fusion holes, cracks, and impurities as shown in Fig. 23. The mechanical and physical 
properties of fabricated parts are adversely affected by these defects, which restricts the 
application of SLM.  
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Figure 23. Characteristic process defects observed in the fabricated cermets parts (TiC-35 vol.% 
430L FSS) as a function of varying process parameters. (a) Keyhole porosity, (b, c) Spattering effect, 
(d) Entrapped gas porosity, (e f) Low energy density (Adapted from publication III). 

3.4.1 Keyhole effect 
A keyhole feature may form in a melt pool as some elements evaporate during the 
fabrication process (Fig. 23 (a)). Process parameters such as laser energy density, 
temperature distribution in the melt pool, and cooling rate can affect keyhole depth, 
shape, and size(B. Liu, Fang, Lei, & Yan, 2022). 

3.4.2 Spattering effect 
In high laser energy density exposure, heat transfer can be inadequate between melt 
pool boundaries, causing overheating and evaporation of the material particles.  
As a result of vaporization, droplets or powder particles can be spattered (Fig. 23 (b)). 
When droplets are spatter from a molten pool, their volume decreases, which causes  
the formation of voids/pores after solidification (Aramian, 2020b). During the recoating 
of the next powder layer, these voids /pores are filled with powder particles, increasing 
the local layer thickness. This layer may not reach the previously solidified melt pool 
during the subsequent laser scanning, as the melt pool will be deeper in these zones. 
 This deep melt pool can cause voids and the presence of partially melted or unmelted 
particles in the material after consolidation. 
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3.4.3 Entrapped gas 
The formation of entrapped gas process defects could be caused by non-uniform 
feedstock power distribution, poor powder rheology (non-uniform morphology), or a 
wide particle size distribution (Fig. 23 (d)). Powder recoating causes trapped gases to be 
trapped between the powder particles, and the trapped gases can dissolve in the melting 
pool, but after solidification, they may remain as part of the solid because of the high 
cooling rate (Aramian, 2020b). 

3.4.4 Low energy density 
Typical defects of the SLM process are linear defects caused by a lack of melting. A lack 
of energy input during fabrication leads to these process defects (Fig. 23 (c, e, f)).  
As a result of low laser power, powder particles are not melted fully, resulting in 
gaps/pores forming during the melting of subsequent layers. During solidification, 
inadequate melt powder particles may cause poor bonding or unmelted metal powder 
may cause defects during fusion (Vilaro, 2011). 

3.5 Mechanical properties 
The mechanical properties of the SLM/LPBF fabricated parts via different laser processing 
techniques are a function of the laser process parameters. A change in the parameters 
of the laser process altered the laser energy density and affected the formation of the 
microstructure. The mechanical properties of both the cermets composition have been 
investigated in publications I and III. 

3.5.1 Hardness 
The microhardness graph of the SLM processed cermet compositions 1 and 2 via LPS and 
MLS respectively has been depicted in Fig. 24. It can be observed that there are wide 
deviations in hardness values in both cases (LPS and MLS). This may be related to the 
gradient microstructure (finer and coarser) of the TiC phase resulting from the complex 
thermal history of laser processing. Additionally, this wide variation can also be 
attributed to the area where the indenter is placed (Enneti & Prough, 2019b; Son, 2021). 
There is a wide range of microhardness values between the ceramic phase and the binder 
phase (TiC ˃ 2000HV and Fe ˂ 200HV). As a result, if the indenter is placed in the TiC-rich 
phase, then the hardness value will be higher than in areas with Fe-based binder. 
According to this study, microhardness values are in agreement with those reported 
previously. Moreover, It was found that the microhardness value of cermets varied 
considerably depending on the fabrication method adopted, the type and amount of the 
binder phase, and the degree of defects present in the fabricated parts. Other 
researchers have reported hardness values ranging from 1300 to 1900 HV for TiC-based 
cermets using different metal binders and processing methods (Aramian, 2020b; Gaier 
et al., 2019; Heydari et al., 2021; Kolnes et al., 2018; Sahoo, 2017; Y. Xiong, 2010). 
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Figure 24. Hardness graph of the Cermet composition 1 and 2 fabricated via laser pulse shaping 
and multiple laser scanning techniques.  
 
        To study the variation in the microhardness value of the fabricated cermets parts, 
microhardness contour maps have been plotted and investigated in publication III.  
Fig. 25 illustrates the microhardness contour mapping along the longitudinal axis of the 
cermets fabricated via MLS. Comparatively to the binder phase, the TiC phase occupies 
a substantially larger volumetric percentage of some areas and vice versa. There is a 
possible explanation for the inhomogeneous distribution of binders and ceramic  
phases through variations in observed microhardness values (Son, 2021). As a result, 
microhardness fluctuation will differ if the indenter is placed on a ceramic (TiC), binder 
phase (Fe or FeCr), or an intermediate zone. 
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Figure 25. Microhardness contour mapping of the SLM processed cermet composition 2 (TiC-35 vol.% 
430L FSS) fabricated via multiple laser scanning techniques. (a) CC2-1 (High PHS-MS), (b) CC2-2 
(Medium PHS-MS), and (c) CC2-3 (Low PHS-MS) (Adapted from publication III). 

 
As can be seen from Fig. 25, higher microhardness values in the edges of the samples 

can be observed as compared to the core region. Laser scan strategy and gradient of melt 
pool temperature could be responsible for such variation. At the beginning of laser 
exposure, the starting corner has a lower temperature, while the corner at the end of 
laser exposure has a higher temperature, as laser melting ends there, and this will be the 
last point to solidify. As a result, defects are observed along the corners, where there is 
melting pool instability. 

3.5.2 Fracture toughness 
A study on the fracture toughness of the SLM-processed cermet compositions 1 and 2 
fabricated via LPS and MLS respectively has been reported in publications I and III.  
The fracture toughness value of both compositions has been depicted in Fig. 26. Cermet 
composition 2 exhibited a higher fracture toughness value as compared to cermet 
composition 1, owing to the presence of a FeCr-based binder that may refine the particle, 
improved wettability, and consequently improved fracture toughness. 
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Figure 26.  Fracture toughness micrograph of the cermet composition 1 and 2 via laser pulse shaping 
and multiple laser scanning techniques.  

 
By analyzing the crack propagation behavior when the load is applied via the indenter, 

the toughness mechanisms in TiC-Fe-based cermets were investigated. A number of 
mechanisms were considered for toughening the TiC-Fe-based cermets, including grain 
bridging, grain fracture, crack deflection, and crack branching, which are commonly seen 
in brittle materials (Fig. 27). The fracture toughness of the SLM-processed as-built cermet 
is affected by the transgranular and intergranular fractures observed in its surface. 
Grains, particle distributions, TiC phase sizes, and variations in thermal expansion 
coefficients play an important role in toughness (Sergejev, Preis, Kübarsepp, & Antonov, 
2008). Depending on the distribution and shape of the hard phases, crack propagation 
paths can be affected (Aramian, 2020a; Neumeister et al., 2013; Rodriguez-Suarez et al., 
2009; Ullah et al., 2021). 

Cermet parts with finer microstructures require more energy to propagate cracks, and 
crack deviation is more prone to these microstructures. With coarser TiC, crack initiation 
of the cracks consumes more energy, however, this is accompanied by easier crack 
propagation and less chance of crack deviation. A mismatch Thermal expansion coefficient 
between the TiC and binder phase results in residual compressive and tensile tensions 
within the matrix, resulting in microcracks and contributing to crack branching. As a result, 
more fracture energy was dissipated and crack extension was halted, resulting in 
improved toughness. This cermet was perceived to have greatly improved damage 
tolerance due to the gradient in TiC phases in its microstructure. Several defects, 
including porosity, can also reduce fracture toughness, as evidenced by samples with 
higher porosity.  
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Figure 27. Crack propagation path observed in the SLM processed TiC-Fe based cermets fabricated 
via different laser scanning techniques (a, b, c) TiC-30 vol% Fe by Laser pulse shaping and (d, e, f) 
TiC-35 vol.% 430L FSS by Multiple laser scanning.  

3.6 Tribological properties 
The wear behavior of the additively manufactured Cermet composition 2 has been 
investigated in publication IV via scratch testing. Single- and multiple-pass scratch tests 
as a function of load have been conducted using a Rockwell indenter to study binder and 
matrix phase wear mechanisms. The SEM micrograph of the scratched area after the 
single pass of the indenter has been depicted in Fig. 28. It has been observed that at 
lower loads (10N), the TiC phases have remained intact or have suffered only minor 
fractures. Increasing the applied load, however, resulted in the smear out of the soft 
binder material and the fracture of the coarse TiC particles. Despite all applied loads (10, 
30, and 50N), no fracture was observed in the finer TiC phase, indicating that its wear 
resistance is higher than that of the coarser TiC phase. 



49 

 
Figure 28. Scanning electron microscopy images of the scratched surface of the TiC-35 vol.% 430L 
FSS-based cermets (CC2-1) after a single pass of the indenter as a function of loads (a) 10N, (b) 30N, 
(c) 50N. 
 

Fig. 29 exhibits the SEM micrograph of the scratched cermet parts after the multiple 
passes (5 times) with variation in applied loads. There is no significant variation in the 
scratched zone under lower load (10N) and it behaves similarly to a single-pass scratched 
test. However, scratched tracks undergo a complete microstructural change with an 
increase in load during multiple passes. The TiC and binder phases are not visible in the 
scratched region at higher loads (30N and 50N). Bypassing the indenter multiple times, 
the TiC phase was severely fragmented, smearing out the binder material and causing 
mechanical mixing between the two phases, causing the formation of the tribolayer.  
It appears that under higher loads, the dominant mechanism for severe wear is localized 
coarse TiC particle fragmentation accompanied by plastic deformation of the binder 
phase. 
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Figure 29. Scanning electron microscopy images of the scratched surface of TiC-35 vol.% 430L 
FSS-based cermets (CC2-1) after the multiple passes of the indenter as a function of loads (a) 10N, 
(b)30N, (c) 50N. 
 
     Fig. 30 depicts the 3D optical surface profile of the scratch track with single and 
multiple passes as a function of load. As described earlier, lower wear has been observed 
at 10N load with single and multiple passes. Increasing the load with the single and 
multiple passes results in more smearing and pile-up of the plow material. 
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Figure 30. 3D optical surface profilometry images of the scratch track observed on the TiC-35 vol.% 
430L FSS based cermets (CC2-1) as a function of loads (a, c, e) Single pass, (b, d, f) Multiple passes 
of the indenter (Adapted from publication IV). 
 
     Fig. 31. exhibits the Coefficient of Friction plot of the cermet’s as a function of load 
and indenter passes. In the case of the smaller load, there is only a slight variation in the 
COF value, which can be supported by the SEM micrograph. It could be due to the fact 
that the COF is resistant to forming wear debris or the fact that it has stronger 
microstructural stability at 10N loads. The COF fluctuates strongly under conditions of 
single-pass or multiple-pass operations when the load is higher (30 and 50 N). As the 
stylus tip slides over the cermet surface, wear debris will accumulate in the crevices of 
its tip and act as a third body abrasive wear of the cermet’s materials and lead to the 
fluctuation of the CoF value. 
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Figure 31. Coefficient of friction plot of the TiC-35 vol.% 430L FSS based cermets (CC2-1) under single 
pass and multiple pass conditions as a function of loads (Adapted from publication IV). 

3.7 TiC -Fe-based cermets via Conventional sintering route 
Various conventional powder metallurgy techniques such as Conventional Pressureless 
Sintering, Spark Plasma Sintering, Hot Isostatic Pressing, etc. have been extensively 
adapted by industries and researchers over the decades to fabricate cermets parts with 
different factors (for example temperature, pressure) impacting grain size and hence the 
material properties. In recent years, the ability to rapidly manufacture (3D print) cermets 
and hard metals is becoming a more attractive means of producing complex parts in one 
step. The literature related to the fabrication of cermets using AM techniques is limited; 
most of it relates to the production of conventional hard metals. The purpose of this 
chapter is to compare the characteristics of TiC-based cermets manufactured via 
conventional routes (CPS and SPS) and Additive manufacturing processes (SLM). There are 
advantages and disadvantages to each processing route on the fabricated cermet parts, 
which will be addressed in this section using the same cermet material (TiC-430L FSS). 
      Mart et al. investigated the fabrication of the TiC-based cermets with AISI 430L FSS as 
a binder material (TiC-30 wt.% 430L FSS) via a conventional sintering route. For the 
fabrication of the cermet parts, Liquid phase sintering has been adapted at different 
sintering temperatures to produce a dense cermet part (Kolnes et al., 2018). Maurya  
et al. also recently investigated the fabrication of the TiC-based cermets with steel as a 
binder material (TiC-35 vol.% 430L FSS) adapting Spark plasma sintering conventional 
route to compare the fabricated cermets parts with the Additive manufactured cermets 
part (Maurya et al., 2023). The following section discusses the influence of fabrication 
routes on the microstructural and mechanical properties of fabricated TiC-based cermets 
parts, as well as the advantages and disadvantages of each process. 
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3.7.1 Microstructural formation 
Fig. 32 exhibits the SEM micrographs of the TiC-based cermets with AISI 430L FSS as a 
binder material via different processing routes obtained from the literature and the 
current thesis work. Across all processing routes, different microstructural formations 
(both in length scale, size, and distribution) can be observed, which may be related to 
solidification and cooling rates, feedstock powder morphology, and the adapted process 
parameters (temperature, heating rate, dwell time, etc) In all three cases (CPS, SPS, and 
SLM), the bright phase in the microstructure corresponds to the binder phase rich in  
Fe-Cr and the darker phase represents the TiC phase. An investigation was performed by 
Mart et al. on the fabrication of TiC-based cermets with 430L FSS as a binder at two 
different sintering temperatures. Fig. 32 (a) shows the powder feedstock used for 
fabricating the cermet parts after being milled for 72 hours in order to achieve 
homogeneity and reduce particle size. Cermet parts fabricated through LPS at higher 
sintering temperatures (1500 °C) exhibit a microstructure exhibiting nearly complete 
densification (Fig. 32 (c)). A globular shape TiC microstructure can be observed at  
such sintering temperatures, with a core-rim structure typical of such cermets  
(Zhou et al., 2023). The core and core rim structure comprise of TiC phase due to the 
dissolution-reprecipitation mechanism and the M7C3 carbides bonded with the metallic 
binder phase (Fig. 32 (f)). Further, increasing the sintering temperature (1300–1500 °C) 
has been reported to produce a homogeneous microstructure due to the reduction of 
the wetting angle between carbide grains and binder. 
      As a result of SPS fabrication, inhomogeneous distributions of TiC particles are 
observed with wide variations in TiC particle shapes (elliptical and polygonal shapes). 
(Fig. 32 (d, g)). During the SPS process, particles are not completely melted, but rather 
diffused across particle boundaries, preserving their shapes. Furthermore, pressure 
deforms the particles, resulting in deformed powder particles (Namini, 2019; Tokita, 
2021). The inhomogeneous distribution of the TiC particle could be related to wide 
feedstock particle size distribution (Fig. 32 (b)) and the slower cooling rate as compared 
to LPS fabricated parts (Tang, 2021; Xiong, 2009). It has been found that SPS fabricated 
cermets parts have a lower relative density (95%) due to the wide particle size 
distribution of the feedstock powder that can interfere with densification (Diouf & 
Molinari, 2012). The slow cooling rate has also been found to affect flowability/dynamic 
viscosity, causing pores in the fabricated parts (K. Xiong, 2022). 
    SLM fabricated cermets parts, however, exhibit distinct microstructures, which could 
be caused by laser energy distribution, High solidification/cooling rates of the process, 
feedstock powder morphology, and adapted laser process parameters and laser scan 
techniques that have been previously discussed in section 3.1.3. A general conclusion can 
be drawn that the cooling rate of the process changed the microstructural formation of 
the cermets. Compared to another conventional sintering route, SLM fabricated cermets 
parts have a finer microstructure. 
       Another significant aspect that needs to be addressed is the fact that in both the CPS 
and SPS fabricated parts, intermetallic carbides were formed and chromium was 
unevenly distributed, which could affect the mechanical properties (toughness and 
strength) of cermet parts (Kolnes et al., 2018). 
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Figure 32. Scanning electron microscopy images of the TiC-based cermets fabricated by different 
processing routes. (a) TiC-22 vol.% 430L FSS by CPS (Kolnes et al., 2018), (b) TiC-35 vol.% 430L FSS 
by SPS (Maurya et al., 2023), (c) TiC-35 vol.% 430L FSS by  SLM (Maurya, 2022).   

Fig. 33. exhibits the elemental mapping of the TiC-430L FSS cermets parts fabricated 
via CPS, SPS, and SLM. It was reported that both the CPS and SPS cermets parts exhibit 
an uneven chromium distribution and the formation of the intermetallic carbides (Fe-Cr 
complex carbides) (Fig. 33 (a, b, d, e,)). Due to the slow heating rate of the fabrication 
process, Cr separates from the binder, allowing diffusion to occur during the process, 
resulting in the formation of metal carbides. In these Cr-rich zone regions, the Cr was 
partially substituted by the Cr-based carbides, resulting in the reduction of Cr from the 
metallic binder phase. In contrast, there has not been any evidence of the formation of 
such unwanted intermetallic carbides in large volumes in SLM fabricated parts (according 
to XRD analysis). In addition, Fe and Cr distribution in the binder phases was quite 
homogeneous as compared to cermets parts with similar composition fabricated via 
conventional sintering route (Fig. 33 (c, f). These results could be attributed to the higher 
solidification/cooling rate involved in the SLM process (Kolnes et al., 2018; Zeisig et al., 
2020).  
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Figure 33. Elemental distribution mapping of the TiC-based cermets fabricated by different 
processing routes. (a, d) TiC-22 vol.% 430L FSS by CPS (Kolnes et al., 2018), (b) TiC-35 vol.% 430L 
FSS by SPS (Maurya et al., 2023), (c) TiC-35 vol.% 430L FSS by SLM (Maurya, 2022). 
 
3.7.2 Mechanical properties 
A comparison study of the mechanical characteristics of TiC-based cermets fabricated 
using conventional and additive manufacturing routes is shown in Fig. 34. A comparison 
of mechanical properties of the current thesis work was also made with literature data 
on WC-based hard metals and cermets fabricated conventionally and by AM route. 
 

 
Figure 34. Hardness and Indentation fracture toughness of the TiC-430L FSS cermets compared with 
various TiC-Fe based cermets, WC-Co grades, and Cemented carbide fabricated via different 
fabrication routes. 
 
 



56 

Table 6. List of Cermets and Hardmetals fabricated via Conventional and Additive manufacturing 
routes (detail of Fig. 34) 

Compositions Fabrication route Ref. 

TiC-30 wt.% FSS Conventional Pressureless Sintering (Kolnes et al., 2018) 
TiC-35 vol.% FSS Spark Plasma Sintering  (Maurya et al., 2023) 
TiC-35 vol.% FSS Selective Laser Melting  (Publication III) 
TiC-30 vol.% Fe Selective Laser Melting  (Publication I) 

WC-30 wt.% FeCr Hot Isostatic Pressing  (Tarraste et al., 
2018) 

WC-Co Conventional Pressureless Sintering (Tarraste et al., 
2018) 

WC-Co Conventional Pressureless Sintering (Tarraste et al., 
2018) 

TiC-30 wt.% FeCrSi Conventional Pressureless Sintering (Kübarsepp et al., 
1993) 

TiC-30 wt.% FeCrNi Conventional Pressureless Sintering (Reshetnyak, 1994) 
WC-20 HEA (Ni-Al-

Co-Cr-Cu-Fe) Selective Laser Melting  (C.-W. Li, 2019) 

WC- 12 wt.% Co  Selective Laser Melting  (L. Zhang, 2022) 
(Ti, W) C–Ni Directed Energy Deposition  (Y. Xiong, 2010) 

 
It has been observed that the microstructure of cermets influences the mechanical 

properties of fabricated parts. Compared to conventional-based TiC cermets, TiC-430L 
FSS-based AM cermets exhibit high fracture toughness. However, conventionally 
fabricated TiC-based cermets and WC-Co-based hard metals have higher hardness 
values. Improvement in the fracture toughness could be attributed to the finer 
microstructure that can affect the crack propagation (discussed in 3.5.2). It is, however, 
difficult to achieve full density through AM fabrication with adapted process parameters 
and feedstock powder rheology, which can affect the hardness of the fabricated cermets 
parts. 
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4 Conclusion 
The development of TiC cermets with Fe-based binder may offer an alternative to 
conventional WC-Co cermets due to their low cost, non-toxicity, and superior  
high-temperature mechanical properties. Green technology such as Laser-based direct 
additive manufacturing (L-PBF/SLM) could be adapted to fabricate Cermet’s parts with 
modulating microstructure and complex geometry parts at one step. As a whole, the 
present dissertation reaches the following conclusions. 

 
1. When cermets parts are processed with regular laser pulse waves, cracks appear on 
the specimens. Therefore, for the first time, TiC-based cermets with different Fe-based 
binders have been fabricated by adapting a novel laser scan technique with variation in 
laser process parameters to distribute the laser energy with a single pulse for lowering 
the formation of the thermal residual stress and subsequently lowering the process 
defects such as cracks by controlling the melting pool/powder bed temperature. 

2. The Laser pulse shaping (LPS) and Multiple laser scanning (MLS) techniques may be 
considered an optimal method to fabricate such brittle materials via laser-based processing 
to achieve lower process defects in the fabricated parts. The laser scanning techniques 
are influencing the melt pool melting and cooling rates or solidification, thus eliminating 
the cracks. Cermet parts exhibit mainly TiC and α-Fe phases in the as-built condition, with 
no or a very low quantity of other phases (such as intermetallic complex carbides). 

3. Fabricated cermet’s parts exhibit a characteristic SLM microstructure with variations 
in finer dendritic and coarser TiC phases. Microstructure gradients can be attributed to 
SLM complex thermal history and Gaussian laser energy distribution. 

4. To avoid sudden melting or wide thermal gradients of the melt pool/powder beds 
during pulse shaping, preheating the powder beds is quite imperative during the 
fabrication of these cermets. Similarly, laser pulse shaping can reduce the cooling rate 
and may reduce the thermal residual stresses in the parts by controlling the cooling rate 
or lowering the thermal gradient. 

5. The mechanical properties (hardness and Indentation Fracture toughness) of the 
pulse-shaped TiC-Fe-based cermets depend on the microstructural characteristics of the 
fabricated parts. The maximum hardness and Indentation fracture toughness have been 
achieved for the sample with a laser peak power of 60 Watt (1010 ± 65 HV1 and  
16.3 ± 1.7 MPa·m1/2) due to the presence of fine and coarse TiC phases and large gradient 
in the microstructure. A maximum density of 98% has been achieved with LPS with a 
laser peak power of 72 watts. 
 
6. The mechanical properties (Microhardness and  Indentation fracture toughness) of the 
Multiple laser scan samples depict better mechanical properties due to the dual 
morphology of the ceramic phase and the introduction of the Fe-Cr-based binder,  
The maximum hardness and Indentation fracture toughness has been achieved for the 
sample with high preheating scan speed and lower melting scan speed (1218 ± 141 HV1 
and 20.42 ± 3.3 MPa·m1/2) resulting cermets parts with finer microstructure and lower 
process defects. The maximum density has been achieved for the fabricated parts with 
MLS is 97.8%. 
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7. The investigation of the wear behavior of the fabricated parts via scratch testing shows 
that gradient microstructure affects the wear resistance of the parts. For both single-pass 
conditions and multiple-pass conditions, better wear resistance was observed under low 
loads, and the plastic deformation of the soft binder material was found to be the 
dominant wear mechanism. Additionally, tribo-layers formed over multiple passes do 
not contribute to improved wear resistance due to the brittle nature of cermets. 
 
8. SLM-built cermets (TiC-430L FSS) have relatively fine microstructures and a gradient 
morphology of the TiC phase as compared to conventionally manufactured cermets 
(Pressureless sintering and Spark plasma sintering). These results can be attributed to 
the high solidification/cooling rate and unique thermophysical phenomenon of the SLM 
process. 
 
  



59 

5 Kokkuvõte 
 
Tulenevalt Fe-baasil sideainetega titaankarbiidsete kermiste madalast maksumusest, 
mittetoksilisusest ja suurepärastest mehaanilistest omadustest kõrgetel 
temperatuuridel võivad nad pakkuda alternatiivi WC-Co kõvasulamitele. “Rohelisi 
tehnoloogiaid”, näiteks laseri-baasil otsene kihtlisandustehnoloogia (L-PBF/SLM), saab 
kasutada valmistamaks moduleeritud mikrostruktuuri ja keerulise geomeetriaga 
kermisdetaile ühe tsükliga. Laseri-baasil konsolideerimistehnoloogiat kasutati 
esmakordselt Fe-baasil sideainega TiC-baasil kermiste valmistamiseks. Käesolevast 
dissertatsioonist saab välja tuua järgnevad järeldused: 

 
1. Kermiste töötlemine korrapäraste laserimpulsslainetega põhjustab pragude tekke 

katsekehades. Seetõttu võeti edukalt kasutusele uudne laseriga skaneerimistehnoloogia 
muutes lasertöötluse parameetreid jaotamaks laseri energiat ühe impulsi kaupa, 
kontrollides sellega pulbri sulavanni temperatuuri, vähendamaks termilisi jääkpingeid ja 
seeläbi vähendades pragude teket. 

 
2. Laserimpulss töötlemise (LPS) ja mitmekordse laseriga skaneerimise (MLS) 

tehnoloogiat võib käsitleda kui optimaalset meetodit tootmaks hapraid materjale 
kasutades laseri-baasil töötlemist vähendamaks valmistatud detailides protsessist 
tulenevaid defekte. Laseriga skannerimise tehnoloogiad mõjutavad sulavanni sulamis- ja 
jahtumiskiirusi või tahkumist, ellimineerides sellega pragude teket. Nendel tingimustel 
valmistatud kermistes on peamiselt TiC ja α-Fe faasid, kuid võib esineda ka väikesel 
määral muid faase. 

 
3. Valmistatud kermiseid iseloomustab SLM kasutamisele omane mikrostruktuur, 

milles esinevad koos peened dendriitsed ning jämedad titaankarbiidi terad. 
Mikrostruktuuri gradientsust saab seletada SLM käigus toimuvate keerukate termiliste 
protsesside ja laseri energia Gaussi jaotusega. 

 
4. Vältimaks ootamatut sulamist või suurt temperatuuri gradienti pulbrivannis 

laserimpulsiga töötlemise ajal, on hädavajalik pulbrivanni eelkuumutamine kermiste 
valmistamise korral. Laserimpulsiga töötlemine võimaldab vähendada jahtumiskiirust ja 
võib vähendada jääkpingete teket katsekehades kontrollides jahtumiskiirust või 
vähendades temperatuuri gradient. 

 
5. Laserimpulsiga töödeldud Fe-baasil sideainetega TiC-baasil kermiste mehaanilised 

omadused (kõvadus, purunemissitkus) sõltuvad valmistatud kermiste mikrostruktuurist. 
Kõrgeimad kõvaduse ja purunemissitkuse näitajad saavutati kasutades laseri 
tippvõimsust 60 W (1010 ± 65 HV1 ja 16.3 ± 1.7 MPa·m1/2) tulenevalt antud mikrostruktuuri 
suurest gradientsusest, kus peene- ja jämedateralised titaankarbiidi terad esinevad 
mikrostruktuuris samaaegselt. Laser impulss töötlemise (laser pulse shaping LPS) teel 
valmistatud detailide korral saavutati maksimaalne tihedus – 98%, kasutades laseri 
tippvõimsust 72 vatti. 

 
6. Mitmekordselt laseriga skaneeritud (MLS) kermiseid iseloomustavad  

paremad mehaanilised omadused (mikrokõvadus, purunemissitkus ja survetugevus) 
tulenevalt antud kermistes kasutatud suuremast keraamilise faasi sisaldusest ja  
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FeCr-baasil sideainest. Maksimaalne kõvadus ja purunemissitkus (1218 ± 141 HV1 ja 
20.42 ± 3.3 MPa·m1/2) saavutati kasutades suuremat eelkuumutava skaneerimise ja 
madalamat sulatava skaneerimise kiirust tulenevalt saavutatud peenemast 
mikrostruktuurist ja väiksemast defektide arvust. MLS teel valmistatud kermiste kõrgeim 
tihedus oli 97.8%. 

 
7. Valmistatud kermiste kulumiskindlust uuriti kasutades kriipetesti. Kulutamiskatsed 

näitasid, et kermiste gradientstruktuur mõjutab nende kulumiskindlust. Nii ühe kui 
mitme läbimiga kriipetesti korral oli kulumiskindlus suurem madalamate koormuste 
korral, peamiseks kulumismehhanismiks oli pehme sideainefaasi plastne deformatsioon. 
Mitme läbimi kasutamise korral kulumisjäljele tekkinud tribo-kiht ei tõstnud 
kulumiskindlust tulenevalt kermiste haprusest. 

 
8. Võrreldes tavatehnoloogiate (survevaba paagutus ja plasmaaktiveeritud paagutus 

(SPS)) teel valmistatud TiC-430L FSS kermistega iseloomustab selektiivse lasersulatuse 
(SLM) teel valmistatud TiC-430L FSS kermiseid suhteliselt peen terasuurus ja TiC faasi 
gradientsus. Seda saab seletada kiire tahkumise/jahtumisega selektiivse lasersulatuse 
(SLM) korral ja selektiivse lasersulatusega (SLM) kaasneva unikaalse termofüüsikalise 
käitumisega.  
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6 Future work 
The current thesis works add to the broader understanding of the adapted novel laser 
scan techniques for the fabrication of brittle materials such as cermets by laser-based 
solidification process. To provide a more comprehensive understanding of the 
development of these cermets with improved microstructural and mechanical 
properties, the following further studies are recommended: 

 
1. Through LPBF/SLM, it is possible to fabricate cermet parts with higher density 

and lower process defects by adapting feedstock powder with better rheology 
and morphology. There is a need for a detailed study on the fabrication of 
cermets parts with different feedstock morphologies. 

 
2. Introducing binder elements that are not critical raw materials (CRM, as defined 

by EU) could be adapted to improve the wettability or mechanical properties of 
the fabricated parts. 

 
3. A thermodynamic analysis or phase calculation of these materials can certainly 

give insights into the unavoidable phase formation and improvements in the 
mechanical properties of the materials when binders are introduced. 

 
4. Studying the mechanical and tribological behavior of these fabricated parts at 

higher temperatures could lead to disclosing the wear behavior of these 
materials at such temperatures. 
 

5. Fabrication of the TiC-based cermets with Fe-based binder via another direct 
Additive manufacturing process based on laser/electron-based solidification 
such as Directed energy deposition (DED), Electron beam melting (EBM), etc. 
needs to be addressed. This will provide a better understanding of the 
fabrication of cermet parts with fewer process defects and the advantages and 
disadvantages of the various processes. 
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Abstract 

Additive Manufacturing of TiC-based cermets with Fe based 
Binders using Novel Laser Scan Techniques 
Cermets or ceramic matrix composites belong to the special class of materials that 
combine both ceramic and metallic phases to reap the properties of both ceramics and 
metallic phases together. Contrary to conventional WC-based hard metals, TiC-based 
ceramics exhibit better oxidation resistance, thermal stability, high red hardness, and 
wear resistance at elevated temperatures.        

Cermets are primarily used in tool applications and parts requiring high wear 
resistance. It is possible to improve the properties of the Hardmetals and Cermets by 
combining the right binder material or proportion of the ceramic and binder phase 
(carbides, nitrides vs. binder), which allows engineers to explore a wide range of 
possibilities. Moreover, in terms of health and economics, W, Co, and Ni have been 
declared carcinogens and incorporated into the list of critical raw materials by the 
European Union. Due to this, recent developments have focused on the development of 
TiC-based cermets with low cost and superior wear resistance. 

Cermets and Hardmetals are generally prepared using the classical powder 
metallurgical route – press and sinter. Moreover, fabrication of such materials via a 
conventional sintering route involves restrictions such as geometrical complexity and 
size, excessive equipment requirements for the processes such as powder injection 
molding, time- and cost-consuming post-processing, and extensive machining operation.  

Novel additive manufacturing (AM) processes may be used to fabricate the parts from 
the cermets to broaden their applications and fabricate intricate parts with added 
functionalities. AM-based technologies such as “laser-based processing” use a laser as a 
power source to melt and fuse powder components. As the AM process involves  
layer-by-layer fabrication, cermets can yield parts with intricate shapes without 
boundary restriction. The laser powder-bed fusion process (L-PBF) commonly known as 
selective laser melting (SLM) can be used to fabricate the parts from the cermets using 
the laser solidification route. The advantage of solidification-based AM is that it allows 
for the production of near-dense and neat-net-shaped components without the need for 
further post-processing. 

The current thesis focuses on the development of TiC-based cermets with different 
Fe-based binders by direct Additive manufacturing technology based on laser powder 
bed fusion (LPBF) such as Selective Laser Melting (SLM). Novel laser scanning techniques, 
Laser Pulse Shaping, and Multiple laser Scanning have been adapted to consolidate such 
brittle materials by controlling the melt pool/powder bed temperature during the 
fabrication of parts. The application of such laser scan strategies to the cermets parts 
allows for modulation of the microstructure and process defects. Moreover, the 
influence of the laser process parameters of both laser scan techniques on the fabrication 
of the cermets parts has been investigated; the optimal parameters to fabricate such 
cermets parts via the Additive manufacturing route have been developed. 

The microstructure of the TiC-based cermets with different Fe-based binders exhibits 
gradient microstructure due to SLM’s complex thermal history. Variations in 
microstructure resulted from the adaptation of different laser scanning techniques and 
laser process parameters. Moreover, SLM-fabricated cermets parts exhibit a finer 
microstructure compared to conventionally produced TiC-based cermets. 
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Mechanical properties such as microhardness, fracture toughness, and compressive 
strength of the fabricated parts from the cermets have been discussed extensively.  
The wear behavior of the additively manufactured cermets parts has been investigated 
by scratch testing as a function of load. The effect of SLM characteristic microstructures 
on the wear mechanism has been investigated in detail. 
 
Keywords: Cermets, Titanium carbide-based cermets, Selective Laser Melting, Steel 
binder, Laser Pulse shaping, Rescanning 
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Lühikokkuvõte 

Titaankarbiidsete Fe-baasil sideainega kermiste valmistamine 
uudse laserskaneeriva kihtlisandustehnoloogia teel  
Kermised ehk keraamilis-metalsed komposiidid on keraamilise ja metalse faasi baasil 
komposiitmaterjalid, milles on ühendatud keraamika kõvadus metalse faasi plastsusega 
kombineerides sellega mõlema omadusi. Erinevalt klassikalistest volframkarbiidi  
baasil kõvasulamitest iseloomustab titaankarbiidi baasil kermiseid parem 
oksüdeerumiskindlus, termiline stabiilsus ning suur kõvadus ja kulumiskindlus 
kõrgematel temperatuuridel. 

Kermiste peamisteks kasutusvaldkondadeks on metallide töötlemise tööriistad ja 
masinaosad, kus on nõutav kõrge kulumiskindlus. Kombineerides kõvasulamite ja 
kermiste keraamilise ja metalse faasi suhet (karbiid, nitriid vs sideaine) või kasutades 
erinevaid sideaine kombinatsioone on võimalik valmistada komposiite mis sobivad 
kasutamiseks laias kasutustingimuste vahemikus ja laiendavad tunduvalt inseneride 
võimalusi seadmete projekteerimisel. Samas, arvestades tervishoiu ja keskkonnakaitse 
ning kättesaadavuse aspekte on W-baasil kõvasulamites kasutatavad W ja Co ning  
Ti-baasil kermistes laialt kasutatav Ni tunnistatud kantserogeenseteks ning lisatud ka 
Euroopa Liidu kriitiliste toorainete (Critical Raw Materials – CRM) nimekirja. Seetõttu on 
viimasel ajal kermistealane uurimistöö fokusseerunud W-, Co- ja Ni-vabade kõrgendatud 
kulumiskindlusega titaankarbiidi baasil kermiste arendamisele. 

Kermiseid valmistatakse kasutades traditsioonilist pulbermetallurgia 
tootmistehnoloogiat – pressimine ja paagutamine. Traditsioonilise tehnoloogia 
kasutamise puuduseks on tehnoloogia olemusest tulenevad piirangud toote 
geomeetriale ja mõõtmetele, samuti kasutatavate seadmete (näitesk pulbersurvevalu 
masinate) kõrge maksumus, aega- ja ressurssi nõudev järeltöötlus. 

Uudsete kihtlisandustehnoloogiate (AM) kasutamine kermiste valmistamiseks 
võimaldab laiendada nende kasutusvaldkondi ja toota keeruka kujuga ja täiendatud 
funktionaalsusega detaile. Kihtlisandustehnoloogiad, näiteks “laseri-baasil töötlemine” 
kasutab laserit energiaallikana pulbriosakeste sulatamiseks. Kuna kihtlisandustehnoloogia 
korral valmistatakse detail kiht-kihi haaval on võimalik valmistada keeruka geomeetriaga 
kujupiiranguteta kermisest detaile. Laseriga pulbrivannis materjali sulatamise protsessi 
(L-PBF), laiemalt tuntud kui selektiivne laser sulatus (SLM), on võimalik kasutada kermiste 
valmistamiseks laser-tahkumine meetodil. Sellise meetodi eeliseks on, et ta võimaldab 
valmistada teoreetilise lähedase tiheduse ja kõrge täpsusega detaile, mis välistab 
vajaduse järeltöötluseks. 

Käesolev doktoritöö keskendub Fe-baasil sideainetega titaankarbiidsete kermiste 
valmistamisele, kasutades otsest laseriga pulbrivannis materjali sulatamise protsessi  
(L-PBF) kihtlisandustehnoloogiat (AM) selektiivne laser sulatus (SLM). Uudsed laseriga 
skaneerimise meetodid, laserimpulss töötlemine (laser pulse shaping) ja mitmekordne 
laseriga skaneerimine kohandati habraste materjalide valmistamiseks kontrollides 
pulbrivanni temperatuuri valmistamise käigus. Uuritud laseri kasutamisstrateegia 
kermiste valmistamiseks võimaldas moduleerida kermiste mikrostruktuuri ja protsessi 
defekte. Uuriti protsessi parameetrite mõju kermistele mõlema laseriga skaneerimise 
meetodi  korral; töötati välja optimaalsed protsessiparameetrid titaankarbiideste 
kermiste valmistamiseks kasutades kihtlisandustehnoloogiat. 
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Kihtlisandustehnoloogia teel valmistatud Fe-baasil sideainega titaankarbiidseid 
kermiseid iseloomustav gradientne mikrostruktuur on põhjustatud selektiivse 
lasersulatuse (SLM) käigus toimunud keerukatest termilistest protsessidest. Erinevused 
mikrostruktuurides tulenevad erinevate laseriga skaneerimise meetodite kasutamisest ja 
kasutatud protsessi parameetritest. Selektiivse lasersulatuse (SLM) teel valmistatud 
titaankarbiidsed kermised on peeneteralisema struktuuriga võrreldes traditsioonilise 
tehnoloogia teel valmistatutega. 

Uuriti kihtlisandustehnolooga teel valmistatud Fe-baasil sideaine titaankarbiidsete 
kermiste mehaanilisi omadusi (mikrokõvadus, purunemissitkus ja survetugevus) ja 
kulumiskindlust kasutades kriipetesti erinevate koormustega, selgitati välja 
kulumismehhanismi sõltuvus mikrostruktuurist. 

 
Märksõnad: kermised, titaankarbiidsed kermised, selektiivne lasersulatus, terassideaine, 
pulseeriv laser, üleskaneerimine 
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]arìaZ\]cpa



��������	
��� �����������������	
��	�������
����������	�	������������
����������	���
���������������	���
����	��	�����	
�
���������������������������� ����������������	�	
������!���	������������	
�
������������������"�#$%%%&' ���(��)$%%&' �&�����	
�
����������	��	�������������
���	
������	����������������	
���"�
�������	
�(��
�������	�������	�	�	
���	���
�����*�	
�������"���+�
��������	�����	
���
���������������	
	
�������������������������,%,%-./	�01%-,%%&'�������	�������
������������������	
�
�������������������	
���������2��������		����	��	�	
���������������	�����	
��������	��"�
�������	
���������	�����	
�����������	�������"����		
��3�������������������	
���������	
�4�(��
����(���/ �(���	�	
�����	���	���
���������������������	
����� �����������"�(������������	������	
���������	
����"�����������	��������	���	
�		
�����������������������������	
��	�������������������	�������	��	
��	
���/56.%(���	���	���
��������������"���+��
,.�1-,�0���,1�5-,�17�8�,9$�������	�������
������	��
��	
�	�����������	
���������2�	����	
�	
�����	���	���
��������������������!���	�������		��������	���	
�����	���	���
�����	
�����2�������	������
��������������	���	���(�����0�
���	
�����2�������	�����	
��������
�������������
��������	�����	
�����2����������������	
���������	�������2�����	����������������	����+��	���������	���
���������	���������	��������������	�
�����	����!��������������		
���	����������"���4�(��:
��	
�����2	������
��	
����	�������	
����������	������	����������	��	������������	��
��
	
���������	�����	
�����2	����	������	
�����	����������		
���	����������������	����������������	�����
�	�	������	
��	
�����2������������	������	�����
��
��������	
�����	�������������������	
���������������������������	���������������	
�����2����	
���	��
��
��	���������������	������������	������������	����������
���������������2�������	��������������	
�	���
������	
���	������.,6.1

(;<�0�������������	������������
��
�����	
�����2�������	�����	
�����������=>?@������"�>A@������+�

(;<�5���
���	��������	��	���	
�������������	����������������>?@��	
��	���>A@��	
�
������

BCB DEFGHEIJEKL
MNOPQNRSTSUVWUXRQQYPPUZ
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H.S. Maurya, L. Kollo, K. Juhani, F. Sergejev, K.G. Prashanth, Effect of preheating and cooling 
of the powder bed by laser pulse shaping on the microstructure of the TiC based cermets. 
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~)}@A.01/613><B.)*�,4+5,4+<.45.1+</=1,+.=<+E.-2+.<=:<-4-=-4/5./*.,14-4,38.139.>3-+1438<.�@~D�E.357.93<-+.1+,;,8456.9488.:+.,1=,438.45.-2+.*=-=1+.>35=*3,-=1456.,2345.��¡�B.�+L+8/0456.5+9.2317.>3-+1438<.94-2.38-+1�53-4L+.>+-3884,.:457+1<.�:+;/57.@/�.357.,31:47+<.�:+;/57.¢@�.23<.:+,/>+.3.�+;./:K+,-4L+.45.-2+.2317.>+-38<.357.743>/57.-//8.457=<-14+<.����B.�5.1+,+5-.7+,37+<E.3774-4L+.>35=*3,-=1456.01/,+<<+<.<=,2.3<.<+8+,-4L+.83<+1.>+8-456.�CGD�./*.83<+1�:3<+7.0/97+1�:+7.*=<4/5.01/,+<<.�G�NJ�.23<.+>+16+7.3<.3.01/>4<456.>+-2/7.*/1.01/7=,456.,/>08+�E.5+31�5+-�<230+7.<3>08+<.��§�¦£�B.CGD.4<.3.13047.01/-/-;0456.-+,25/8/6;.:3<+7./5.-2+.0/97+1.:+7.*=<4/5.01/,+<<.94-2.2462.2+3-456.357.,//8456.13-+<.�1356456.:+-9++5.�£¤��£¡.Ḧ<�.�¦��¦ �.-23-.+53:8+<.-2+.,1+3-4/5./*.,/>084,3-+7.031-<.357.3<<+>:84+<.741+,-8;.*1/>.,/>0=-+1�347+7.7+<465.�@}��.>/7+8<.�¦¤�¦§�B.?2+.CGD.>3,245+.2+3-<.-2+.0/97+1.:+7.<+8+,-4L+8;.-/.*/1>.3.>+8-.0//8.-23-.4<.130478;.</8474�+7.-/.*/1>.3.<4568+.83;+1E.3<.74,-3-+7.:;.@}�.>/7+8.�¦©� ��B.?2+.0313>+-+1<./*.-2+.CGD.01/,+<<+<.<=,2.3<.83<+1.0/9+1E.83;+1.-24,�5+<<E.0/45-.74<-35,+E.357.<,35.<0++7E.3<.9+88.3<.-2+.0/97+1.01/0+1-4+<E.083;.3.�+;.1/8+.45.7+-+1>45456.-2+.>+-388=164,38.01/0+1-4+<./*.-2+.>/8-+5.0//8.357.<=:<+�=+5-.>4,1/<-1=,-=138.357.>+�,2354,38.01/0+1-4+<./*.-2+.*3:14,3-+7.�538.01/7=,-.�¦¦E ¦� ¤�B.C+L+138.37L35,+<.23L+.:++5.>37+.45.1+,+5-.;+31<.-/.+�0357.-2+.-;0+<./*.>3-+�1438<.-23-.31+.=<+7.45.3774-4L+.>35=*3,-=1456.84�+.CGDE.45,8=7456.F@/11+<0/57456.3=-2/1B.bªUR\].R̂ ŜPaa�.24>3=1«-38-+,2B++.�ABCB.D3=1;3�B..

@/5-+5-<.84<-<.3L3483:8+.3-.C,4+5,+�41+,-.@+13>4,<.�5-+153-4/538.¬®̄°±².³́ µ¶±·µ̧.¹¹¹ºµ²»µ¼½µ̄º¾́ ¿²¾±Àµ¿¾µ̄±́ ½°À.

2--0<Á̈̈ 7/4B/16̈�£B�£�¡̈KB,+13>45-B¦£¦¦B£¤B£¦Â.~+,+4L+7.¡.J+:1=31;.¦£¦¦Ã.~+,+4L+7.45.1+L4<+7.*/1>. .}0148.¦£¦¦Ã.},,+0-+7.¤.}0148.¦£¦¦...
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�'"&)(�!#%#,�C%'*%)""!8.�'"%#,'�!% �"�,���8�%C)&,%'%�'"&)(�!%#)M!%+)#@&")-.&)�*%-!��C%E4%o $%'#%#,�C*%)*%j)86%EJ-K6%F�%'(,)!?!%'%,� �8!*!�.#%+)#&")-.&)�*$%-�&,%&,!%��C+!"#%C!"!% !(,'*)('���% )A!+%)*%'%��'#&)(%?)'�%9�"%q3%,%'&%&,!%#�!!+%�9%E4%"� 6%r)"(�*)'%-'��#%J�9%E4%  %+)' !&!"%'*+%k%)*%*. -!"K%C!"!%.#!+%&�%')+%&,!% )A)*8%'*+%�"�?)+!%'&&")&)�*%+.")*8% )A)*86%j)86%EJ(K%#,�C#%&,!%:s<% )("�8"'�,#%�9%&,!% !(,'*)('���% )A!+%9!!+#&�(=%(!" !&%��C+!"$%C,)(,%#,�C#%'%*!'"��%,� �8!*!�.#%+)#&")@-.&)�*%�9%&,!%F)>%'*+%j!%��C+!"%�'"&)(�!6%j)86%EJ+29K%#,�C#%&,!%!�! !*&'�%+)#&")-.&)�*%�9%&,!% )A!+%9!!+#&�(=%��C+!"%.#!+%9�"%&,!%9'-")('&)�*%�9%&,!%F)>2j!@-'#!+%(!" !&6%]̂]̂ tù %vdwxcggeyz%O*%:;<%+!?)(!%{!'�)M!"%14%!D.)��!+%C)&,%'*%|+}%~Ol%B-!"%�'#!"%C)&,%'% 'A) . %�'#!"%��C!"%�9%E44%G%+!?!���!+%-�%{!'�)M!"%l -L%Jl!"@ '*�K%C'#%.#!+%&�%9'-")('&!%(!" !&%#' ��!#%)*%&,)#%#&.+�6%F,!%�'#!"%9�('�%+)' !&!"%C'#%BA!+%'&%464E03%  6%F,!%�'#!"%�"�(!##)*8%�'"' !&!"#%)*(�.+!%�'#!"%��C!"%"'*8!%9"� %Eq%&�%mq%G$%��)*&%+)#&'*(!%4641%  $%'*+%�'�!"%&,)(=*!##%46401%  6%O%��)*&%#('**)*8%#&"'&!8�%9�"%�'#!"%!A��#."!%)#%'���)!+6%H.�#!%�'#!"#%'"!%.#!+%)*%&,)#%#&.+�$%'*+%&,!%�'#!"#%'"!%!A��#!+%&�%��C+!"%-!+#%'&%&,!%!A��#."!%��)*&6%O%�.�#!@#,'�!+%�'#!"%)#%!A��#!+%&�%'%#)*8�!%!A��#."!%��)*&%'*+%&,!%#' !%�.�#!%�'#!"%)#%"!�!'&!+%9�"%!'(,%!A��#."!%��)*&6%O%�.�#!@#,'�!+%�'#!"%(�*&')*#%#!?!"'�%#,�"&%�'#!"%�!'=%��C!"#%+.")*8%'%#)*8�!%�'#!"%�.�#!$%C,)(,%('.#!#%&,!%(�*&"���!+% !�&)*8N%#��)+)B('&)�*%�9%&,!% !�&%����$%"!9!""!+%&�%'#%�v�fgc%g�aveyz�6%;'#!"%�.�#!%#,'�)*8%(�*&')*#%&,!%*. -!"%�9%�'#!"%�.�#!#%'&%!'(,%!A��#."!%��)*&$%C,)(,%?'")!#%#)8*)B('*&��%C)&,%!A��#."!%&) !%'*+%�'#!"%��C!"6%;'#!"%�!'=%��C!"%+.")*8%�.�#!%#,'�)*8%C'#%=!�&%(�*#&'*&%)6!6%mq%G%9�"%'��%&,!%#' ��!#6%j)86%q6%J'K%n��.#&"'&!#%&,!%#(,! '&)(#%�9%&,!%�'#!"%�.�#!%#,'�)*8%&!(,*)D.!%'*+%j)86%qJ-K%#,�C#%&,!%��)*&%#('**)*8%#&"'&!8�%'*+%+)"!(&)�*%�9%&,!%#('*%'+'�&!+%9�"%&,!%�.�#!%#,'�)*8%)*%&,)#%#&.+�6%O%&) !%8'�%�9%464k% #%C'#%=!�&%-!&C!!*%!'(,%�'#!"%!A��#."!%C)&,)*%'%#)*8�!%�'#!"%�.�#!6%F�%�"!?!*&%�A)+'&)�*%'*+%(�*&' )*'&)�*%�9%&,!%9!!+#&�(=%��C+!"%+.")*8%9.#)�*$%&,!%C�"=)*8%(,' -!"%C'#%B��!+%C)&,%'"8�*%8'#%'*+%'*%�A�8!*%(�*(!*&"'&)�*%-!��C%34%�� %C'#% ')*&')*!+%&,"�.8,�.&%&,!%�"�(!##6%:&')*�!##%#&!!�%#.-#&"'&!%C'#%.#!+%'#%'%-.)�+)*8%��'&9�" 6%F,!%�'#!"%�'"' !&!"%.#!+%9�"%&,!%9'-")('&)�*%�9%&,!%#' ��!%C!"!%+!�)(&!+%)*%F'-�!%E6%F,!%&�&'�%!A��#."!%&) !%'*+%!*!"8�%+!*#)&�%9�"%!'(,%�'#!"%!A��#."!%��)*&%�9%'%#)*8�!%�'#!"%�.�#!%'"!%'�#�%('�(.�'&!+%.#)*8%&,!%?��. !&")(%!*!"8�%+!*#)&�%9�" .�'%/1�56%F,!%?��. !&")(%!*!"8�%+!*#)&�%

�W�Q%�Q:('**)*8%!�!(&"�*% )("�#(���%) '8!#%�9%&,!%#&'"&)*8%J'K%j!$%J-K%F)>%��C+!"#%J(K%L� �8!*!�.#��% )A!+%F)>2j!%��C+!"$%'*+%J+29K%)&#%!*!"8�@+)#�!"#)?!%#('**)*8% '��)*86%

�̂t̂%̀a�d�a%cb%af̂%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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Publication III 
H.S. Maurya, K. Kosiba, K. Juhani, F. Sergejev, K.G. Prashanth, Effect of powder bed preheating 
on the crack formation and microstructure in ceramic matrix composites fabricated by laser 
powder-bed fusion process. Additive Manufacturing 58(2022)103013. 

https://www.sciencedirect.com/author/25652170500/konda-gokuldoss-prashanth
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�,5*(5*9+=49*9+3I34=31=(+3*+A)4(5)(̄40()*+�//4*4I(+B35:'3)*:0456+±²³́µ¶·+̧²¹º»¶¼º½+¾¾¾¿º·ÀºÁÂº́¿Ã²¹Ä·²Ã¶ÅºÄ¶ÆÆ¹¶+

2**-9®ÇÇ/,4@,06Ç£�@£�£̈ÇH@3//83@¬�¬¬@£���£�+�()(4I(/+¦+G(10:30<+¬�¬¬È+�()(4I(/+45+0(I49(/+',08+¬�+F:5(+¬�¬¬È+�))(-*(/+¬É+F:5(+¬�¬¬+++
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Publication IV 
Investigation of the tribological behavior of the additively manufactured TiC-based cermets 
by scratch test. H.S. Maurya, J. Jayaraj, Z. Wang, K. Juhani, F. Sergejev, K.G. Prashanth. 
Journal of Alloy and Compound 959 (2023) 170496. 
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���&����Z���&�&�**���������]&�������O�&����� ������'����&�JOÎ "̂4�����]���*����O�'������V�����*�����I�����)��O)_!_(S	>?�@̀
�;�
���
	@:�
>=>:C:�>����������&��������������������������Z�������*����'�,!�������������&�&����*��&�������������&��*&�����������������**�����������6������������Z���*������������&�*�*��(9:W:@:��:
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