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Introduction  
Additive manufacturing (AM) via selective laser melting (SLM) has matured as a 
promising technique providing straightforward part fabrication with high level precision 
and design freedom. SLM adopts a layer-wise production of simple to sophisticated 
structures, outrunning the conventional manufacturing technologies, such as extruding, 
molding or assembling.  Although the SLM process includes series of steps starting from 
powder selection and 3D model preparation until the removal of the printed shape;  
as well as the understanding of complex physics guiding the process sequel, while it is 
overpowering with the whole basket of advantages, including fast prototyping and 
production launch, new customized applications, etc. (Patel, 2020; Attaran, 2017). 

Powder preparation and respective characteristics are the cornerstones for the SLM 
process. Self-propagating high-temperature synthesis (SHS), also known as combustion 
synthesis (CS), is a widely acknowledged energy-saving powder preparation technique, 
allowing control over the synthesized powders’ size and shape by regulating the initial 
composition of reactive mixture, gas pressure and additives (Minasyan, 2018), thus, 
ensuring powder viability for the SLM process. 

The refractory metal-silicides have attracted plenty of research interest due to 
promising properties demanded for high temperature structural applications. MoSi2 is a 
recognized refractory transition metal silicide used for applications ranging from heating 
elements for high-temperature furnaces to protective coatings (Sundberg, 2004; Zhang, 
2019). However, the limited machinability of MoSi2 because of low fracture toughness at 
room temperature, and severe oxidation above 500oC has narrowed the application field 
of the material. To overcome these limitations of MoSi2, two main approaches are 
known: reinforcing MoSi2 with chemically compatible compounds (ZrO2, WSi2, TiB2, Si3N4, 
SiC, etc.) or alloying MoSi2 with metals or alloys (Nb, Cr, Ti, Ta, V, etc.) Using Si3N4 as an 
additive enhances the fracture toughness and high thermal shock resistance of the 
overall MoSi2-Si3N4 composite (Gabrielyan, 2008); alloying MoSi2 with Al leads to 
formation of Mo(Si,Al)2 (molybdenum aluminosilicide), which increases the oxidation 
resistance of the material at intermediate and high temperatures, without suppressing 
its high temperature nature (Sharif, 2001). 

Thus, this work focuses on the design and preparation of MoSi2-Si3N4 and Mo(Si,Al)2 
based composite structures, using the combination of SHS and SLM technologies for 
powder feedstock and part preparation, respectively. 

Accordingly, this thesis reports: 
(i) A novel approach for the preparation of MoSi2-Si3N4 composites, including 

selective laser melting of combustion synthesized MoSi2-Si composite 
powders, and subsequent nitridation; 

(ii) The preparation of hexagonal C40 Mo(Si,Al)2-based composites by reactive 
selective laser melting of MoSi2-AlSi10Mg and Mo-Si-AlSi10Mg powders 
mixtures; 

(iii) Powders and parts characterization along with parametric study aiming at 
process optimization.  

The SLM parametric study considers the laser power and the laser scanning speed as 
essential variables to establish their influence on microstructure, densification behavior, 
surface quality and mechanical properties of as-printed parts. 

  



 

10 

 List of abbreviations 
Abbreviation Full Description 
bct Body centered tetragonal 
SHS Self-propagating high-temperature synthesis 
SLM Selective laser melting 
SPS Spark plasma sintering 
DIP Direct inkjet printing 
CS Combustion synthesis 
AM Additive manufacturing 
2D 2 dimensional 
3D 3 dimensional 
3DP 3D printing 
MJ Material jetting 
BJ Binder jetting 
SLA Stereolithography 
FDM Fused deposition modelling 
PBF Powder-bed fusion 
DED Direct energy deposition 
LOM Laminated object manufacturing 
SLS Selective laser sintering 
DMLS Direct metal laser sintering 
EBM Electron beam melting 
CAD Computer aided design 
YAG Yttrium aluminum garnet 
SS Stainless steel 
AMC Aluminum matrix composite 
MMC Metal matrix composite 
CBN Cubic boron nitride 
PPM Pacific particulate materials 
BFE Basic flowability energy 
SI Stability index 
CPR-3.5L Constant pressure reactor -3.5 liters 
DSC Differential scanning calorimetry 
TG Thermogravimetric 
EDS Energy Dispersive X-Ray Spectroscopy 
XRD X-ray diffractometer 
SEM Scanning electron microscope 
CT Computed tomography 
LVED Laser volumetric energy density 
HV Vickers hardness number 
ppm Part per million 
rpm Rotation per minute 
sccm Standard cubic centimeters per minute 
wt.% Weight percentage 
at.% Atomic percentage 



 

11 

 List of symbols 
Symbol Explanation 
σy Yield strength 
σu Ultimate strength 
µm Micrometer 
µs Microsecond 
ρ Density 
ρ [◦] Initial bulk density of the powder 
ρ [n] Packed density 
ρ [∞] Extrapolated powder bulk density  
λ Wavelength 
∅ Diameter 

  



 

12 

1 Review of the literature 

1.1 MoSi2 properties, limitations, ways to offset the limitations 
The research direction of metal-silicides has always revolved around establishing a 
material threshold with higher operating temperatures (1100-1500 °C) pertinent to gas 
turbine components in jet engines and the lucrative aerospace sector (Pan, 2018). Other 
potential applications include heating elements for combustion furnaces, molten metal 
plants and the diesel engine spark plugs. The key attributes for those materials are high 
melting point, strength retention at such operating temperatures and their resistance to 
creep tension during oxidation (Pan, 2017). MoSi2 is an attractive binary silicide for 
elevated-temperature structural applications. It has outstanding oxidation resistance 
(between 1000-1700 °C) and an electrical resistivity that increases proportional to 
temperature, making it a perfect heating element (Mitra, 2015)(Fig.1).  

 
Figure 1. MoSi2: Properties, drawbacks and methods to overcome the limitations.  

However, MoSi2 is not readily machinable in regard to its low fracture toughness at 
room temperature and weak creep resistance above 1200 °C (Sun, 2017a). Moreover, 
MoSi2 disintegrates (pesting) due to severe oxidation from 500 °C, which restricts the 
scope of its applications (Nanko, 2001; Vasudevan, 1992).  

There are 2 methods to offset MoSi2 limitations: 
(i) Adding chemically compatible compounds (either ZrO2, WSi2, Mo5Si3, SiC, 

TiC, Si3N4, etc.) 
(ii) Alloying MoSi2 with metals or alloys (Nb, Cr, Re, Ti, V, Ta, Al, etc.) (Fig. 1)  

Method 1- MoSi2 with chemically compatible additives: MoSi2 shows thermodynamic 
stability when combined with a ceramic reinforcement, including SiC, Si3N4, ZrO2, Al2O3, 
TiC and TiB2, as a composite. It was reported that creep resistance and fracture toughness 
of MoSi2 can be remarkably improved when reinforced with SiC, Si3N4 and ZrO2 

 



13 

(Yeh, 2007). Among mentioned additives, Si3N4 has garnered a huge research interest 
(Kushan, 2012; Hebsur, 2001; Manukyan, 2009); and a wide range of Si3N4 additions was 
found to enhance MoSi2 based material quality. 

Method 2- MoSi2 with metallic additives: The body centered tetragonal (bct) structure 
of C11b MoSi2 is unchanged during minor alloying up to a threshold concentration of 3 
at.%, while exceeding the limit of alloying element, the bct structure stability is affected, 
leading to formation of C40 primitive hexagonal structure. Depending on the atomic 
radius and electronic structure of the alloying elements, they can substitute either Mo 
or Si sublattice sites in MoSi2. Alloying MoSi2 with transition metals (W, Nb, Ti, Ta, V, Re, 
Cr) Mo sites replacement occurs, meanwhile Al with atomic radius proportionate to Si 
occupies the Si sites (Ingemarsson, 2011; Ghayoumabadi, 2009; Harada, 1998; Wang, 
2015). Alloying MoSi2 with aluminum has shown to remarkably improve MoSi2 oxidation 
resistance at above 500 °C, yielding alumina forming Mo(Si,Al)2, which provides the 
formation of protective, more stable and adherent Al2O3 scale during oxidation. Unlike 
silica forming MoSi2 based materials, there is no evidence of oxide scale spalling for 
Mo(Si,Al)2. Moreover, aluminum addition stabilizes the Mo(Si,Al)2 C40 structure and 
accords a “metallic qualities” to the molybdenum disilicide, improving its ductility (Sharif, 
2001; Liu, 2000). 

1.2 Synthesis and consolidation methods of MoSi2, MoSi2-Si3N4, 
Mo(Si,Al)2 

The rundown of fabrication methods for the synthesis and consolidation of MoSi2, 
MoSi2-Si3N4 and Mo(Si,Al)2 is given in Table 1. 

Traditionally, molybdenum disilicide is produced using mechanical alloying (Lee, 1995) 
(Liu, 1995; Zakeri, 2005), arc melting (Sharif, 2010) and shock synthesis methods (Yen, 
1997). Most recently, self-propagating high-temperature synthesis (SHS) was perceived 
as a promising route for MoSi2 and MoSi2 based composite powders production (Yeh, 
2007; Deevi, 1992; Jo, 1996). Self-propagating high-temperature synthesis of MoSi2, 
when compared to conventional processing techniques, has a favored position being 
extremely time- and energy-efficient. Consolidation of powdered MoSi2 can be achieved 
by hot pressing (Cotton, 1991) and additive manufacturing techniques (Hagihara, 2017; 
Cappi, 2011).  

MoSi2-Si3N4 composite powder preparation is largely conducted by SHS technique 
(Gabrielyan, 2008; Manukyan, 2008), meanwhile for consolidation hot pressing (Choe, 
1997; Suryanarayana, 2008; Bartlett, 1998; Choi, 1998) and pulse current-activated 
sintering methods are prevailing (Ko, 2010). 

For powdered Mo(Si,Al)2 preparation, SHS is an acknowledged technique 
(Ghayoumabadi, 2009; Hou, 2016), and for the compaction arc melting (Sharif, 2001; 
Maruyama, 1997; Stergiou, 1994), hot pressing (Costa e Silva, 1993; Dasgupta, 2007; 
Ramberg, 2000), spark plasma sintering (Wang, 2015) and other (Nanko, 2001) 
techniques are used. 
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Table 1. Fabrication of MoSi2, MoSi2-Si3N4 and Mo(Si,Al)2 

 

MoSi2 preparation 

Mechanical alloying (Liu, 1995; Zakeri, 2005) 
 Mechanical alloying of Mo and Si → MoSi2/MoSi2-Mo5Si3 → hot pressing 

Arc melting (Sharif, 2010) 
 Arc melting of Mo and Si → MoSi2  

Shock synthesis (Yen, 1997) 
 Prealloyed Mo and Si →shock synthesis→ MoSi2 

Self-propagating high-temperature synthesis (SHS) 
 Mo+2Si powder mixture → SHS → MoSi2 powder (Deevi, 1992) 
 Mo+45.5-66.7 at.% Si powder mixture →SHS →MoSi2/MoSi2-Mo5Si3 powder (Jo, 1996) 

Hot pressing (Yeh, 2007; Cotton, 1991) 
 Arc melting of Mo and Si → MoSi2→ hot pressing  

Selective laser melting (SLM) 
 MoSi2 powder → SLM → bulk MoSi2 (Hagihara, 2017) 

Direct inkjet printing (DIP) 
 Aqueous suspension of MoSi2 → Direct inkjet printing → bulk MoSi2 (Cappi, 2011)   

MoSi2-Si3N4 preparation 

SHS 
 SHS of Mo + 2.4Si mixture under N2 pressure → MoSi2-Si3N4 (Gabrielyan, 2008) 
 SHS of Mo-5Si-NaCl-Si3N4 in N2 environment → hot pressing (Manukyan, 2008) 

Hot pressing 
 Ball milled MoSi2-10-40 vol.% Si3N4 → hot pressing (Choe, 1997) 
 Prealloyed MoSi2-Si3N4 powder/ball milled Mo and Si and Si3N4 → vacuum hot 

pressing (Suryanarayana, 2008) 
 SHS MoSi2-10-20 vol% Si3N4 → hot pressing/plasma spray processing (Bartlett, 1998) 

Pulse current-activated sintering 
 Ball milling of Mo2N and Si → 8MoSi2–Si3N4 powder → pulse current-activated 

sintering (Ko, 2010) 
Mo(Si,Al)2 preparation 

SHS 
 SHS of Mo, Si and Al powders → Mo(Si1-x, Alx)

 
 with x= 0-0.5 (Hou, 2016) 

 SHS of Mo+2(1-x) Si+2xAl (x=0-0.5) → Mo(Si,Al)2 (Ghayoumabadi, 2009) 
Arc melting 

 Arc melting of Mo, Si, Al → bulk Mo(2at.%Al,Si)2 (Sharif A. A., 2001) 
 Arc melting of plates of Mo, Si, Al→ C40 Mo(Si1-x,Alx)2 (0.11<x<0.55) (Maruyama, 1997) 
 Arc melting of Mo, Si, Al→C40 Mo(Al0.5Si0.5)2 and the C54 MoAl1.3Si0.7 (Stergiou, 1994) 

Hot pressing 
 Hot pressing of MoSi2+0-8.1 wt.% Al → dense C11 or C40 Mo(Al,Si)2+SiO2/Al2O3 (Costa 

e Silva, 1993) 
 Arc melting of Si+Al alloy+hot pressing of Si-Al with Mo → Mo(Si1-x,Alx)2 (x=0-0.1) 

(Dasgupta, 2007) 
 SHS of elemental Mo, Si, Al + hot pressing → dense Mo(Alx,Si1-x)2 (Ramberg, 2000) 

Spark plasma sintering (SPS) 
 SHS of Mo, Si and Al +spark plasma sintering → Mo(Si1-x,Alx)2 (x=0-0.3) (Wang, 2015) 

Other 
 Dipping Mo plate into Al liquid with saturated Si → Mo covered with Mo(Si,Al)2 

(Nanko, 2001) 
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1.3 Self-propagating high-temperature synthesis (SHS) 

Self-propagating high-temperature synthesis (SHS), also recognized as combustion 
synthesis (CS), is a cutting-edge technique to produce engineering ceramics and 
refractory materials. The rapid heating and cooling rates during SHS provide a potential 
to produce materials with unique phase and microstructure features and enhanced 
properties. SHS is based on the ignition of a powdered material in either atmospheric or 
an inert environment, leading to a self-supporting exothermic chemical reaction, which 
provides heat for reaction completion. In this method, the exothermic nature of 
products’ formation reactions provides primary heat source (requiring external heat only 
for reaction ignition), propelling the production of high-quality materials in a very short 
period, as the temperature of the combustion can reach up to 4700oC, and the velocity 
of combustion wave propagation up to 25 cm·s-1 (Merzhanov, 2004; Mossino, 2004; 
Vorotilo, 2018).  Usually, in combustion synthesis, the reactants are powdered materials, 
dry mixed and compressed into a tablet to increase packing density and decrease the 
heat loss. The tablet is then set in a graphite or metallic boat in the reaction chamber 
and ignited with a coil either in vacuum, reactive gas or inert atmosphere. The schematic 
representation of the process is illustrated in Fig. 2. SHS process’ advantages, materials 
and applications are depicted in Fig. 3. 

 
Figure 2. The simplified scheme of self-propagating high-temperature synthesis process. 

 
Figure 3. SHS process’ advantages, typical SHS produced materials and their applications. 
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1.4 Additive manufacturing (AM): Selective laser melting (SLM) 

Additive manufacturing (AM) is a layer-wise technology enabling the construction of 
complex shapes generated from digital 3D models. AM technologies have been matured 
to comply with the demand of printing complex and intricate structures. Fast and cost-
effective prototyping, defect minimization and part production with promising 
properties are the crucial driving factors for the evolution of AM techniques (Guo, 2013; 
Szost, 2016; Ngo, 2018). The state of industry for 2019 and main benefits of AM are 
shown in Fig. 4.   

 
Figure 4. Additive manufacturing state of industry and main benefits (Wohlers Report , 2019), 
(Attaran, 2017), (Ford, 2016). 

AM technology includes seven different types of processes: vat photopolymerization, 
material jetting (MJ), binder jetting (BJ), fused deposition modelling (FDM) or material 
extrusion, powder bed fusion (PBF), direct energy deposition (DED) and laminated object 
manufacturing (LOM) (Pinkerton, 2016; Revilla-León, 2017).  

The performance of AM is driven by printing parameters, materials, binding agents 
and post treatment. 

 To improve and optimize the AM process performance the following are considered: 
1. To tune process parameters accordingly, considering the characteristics of 

materials. The optimized process parameters will reduce the process variability 
while enhancing the process performance and reproducibility. 

2. To synthesize new materials with distinct desirable properties suitable for 
additive manufacturing.  

Powder bed fusion has 4 subcategories including selective laser melting (SLM), 
selective laser sintering (SLS), direct metal laser sintering (DMLS) and electron beam 
melting (EBM) (Prakash, 2018). 

In selective laser melting (SLM) a laser in either continuous or pulse mode scans the 
powders in a predetermined pattern to generate layers with given size and shapes 
(Salarian, 2020; Patel, 2020). A 3D computer-aided design mathematically slices model 
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into 2D cross sections, which act as a blueprint for the SLM machine. The roller  
(or recoater) smoothly distributes a thin powder layer onto the build platform, 
subsequently, a laser beam precisely melts the powder in a pattern following the 
execution of the build file from a computer-aided design (CAD) part model. Each lasering 
sequence forms a novel cross-section slice of the constructed object, the work platform 
is gradually lowered by a set thickness of a layer, after which a scraper distributes the 
new portion of free-packed powder (Fig. 5).  

 
Figure 5. The simplified schematic illustration of selective laser melting process. 

The process repeats growing the build layers until the part is complete. The finished 
object is removed and cleaned from the unused recyclable powder. SLM and SLS  
(or mainly DMLS) are sister technologies, while in SLM, a relatively high-power Nd:YAG 
and Yb:YAG - fiber lasers fully melt each layer of powder instead of sintering as in SLS.  

The number of processing parameters have an influence on SLM outcome.  
The microstructural features, physical and mechanical properties of the printed parts rely 
upon the careful selection of SLM parameters and the starting materials, involving:  

(i) laser absorptivity, reflectivity, thermal expansion coefficient, particle size, 
shape and distribution, powder bed density/packing density, layer slice 
thickness, powder flowability, powder melting point, chemical 
composition, thermal conductivity, specific heat (Brandt, 2016; Munir, 
2017); 

(ii) laser type, laser working mode (continuous or pulse), wavelength, power, 
radius/effective diameter, beam shape, pulse duration, pulse repetition 
rate (if pulsed laser is used) (King, 2015); 

(iii) scanning speed, scanning strategy, scan raster rotating angle, hatching 
distance, hatching angle (Jhabvala, 2010); 

(iv) powder bed and feeder heating (Aboulkhair, 2014; Munir, 2017),  
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(v) reaction chamber atmosphere – flooding inert gas type, flow rate, flow 
direction, gas pressure (Patel, 2020; Sames, 2016); 

(vi) build plate type, chemical composition, probable reactiveness with 
feedstock, thickness (Sames, 2016); 

(vii) build file setup: location, orientation, building angle (Esmaeilizadeh, 2019; 
Simonelli, 2014); 

(viii) feedstock recycle (Slotwinski, 2014; Tang, 2015); 
(ix) other variables (Paper V) 

 
The SLM process has been investigated with numerous metals and alloys for 

fabricating cellular structured and high-performance parts, including aluminum (Anwar, 
2017; Ding, 2017; Delroisse, 2017), stainless steel (Sun, 2016; Zhong, 2016; Yan, 2014), 
high speed steel (Kempen, 2014; Liu, 2013), titanium (Zhang, 2016; Attar, 2014a), nickel 
(Harrison, 2015; Yap, 2017), tungsten (Iveković, 2018; Zhou, 2015), as well as high 
entropy alloys (Luo, 2020; Zhou, 2019), etc. Metal-ceramic composites are mainly 
produced via SLM by (i) mixing the required individual ceramic and metal components, 
or (ii) in-situ chemical reactions that yield the desired product. In (Gu, 2012) and 
(AlMangour, 2016) the SLM fabrication of Ti-TiC and 316L SS-TiC MMCs via SLM with 
improved wear resistance and microhardness is reported. Manufacturing of almost full 
dense AlSi10Mg-15 wt.% Al2O3 aluminum matrix-oxide ceramic composite by SLM was 
presented in (Liao, 2019). Al-Fe2O3 aluminum matrix composite (AMC) was fabricated in 
(Dadbakhsh, 2014). Ti-cBN composite with improved mechanical properties was 
produced via SLM, as described in (Minasyan, 2019). In (Attar, 2014b) it is stated the 
fabrication of almost fully dense Ti-TiB composite bulks by SLM, starting with Ti-TiB2 
powder. In (Kühnle, 2012) the SLM of a high-energy ball milled Ti-B4C powder mixture 
was conducted resulting in the in-situ formation of TiB2 and TiC. The in-situ formation of 
metal-ceramic composites holds more promise, in comparison with pre-added 
compounds, due to better wettability between ceramic and metal in addition with 
chemical homogeneity of the product.  

1.4.1 SLM of ceramics and ceramic based materials 
AM technologies have historically been aimed at fabricating polymer or metal-based 
prototypes. In the recent past, new generation materials have been imported to the 
global market that cannot be manufactured by other techniques, rather than additively. 
Ceramic materials have always been a sought-after substitution to polymers or metals 
for AM. Ceramic materials possess high melting temperature and hardness compared to 
polymers or metals, and thereby open up multifunctional applications in the AM field,  
as AM empowers the fabrication of intricate shaped cellular frameworks with a highly 
restrained dimensional accuracy, target shape and cell sizes, not attained by other 
techniques used for the manufacturing of full dense bulk or macroporous structures 
(Zocca, 2015). 

In fact, the laser absorptivity of ceramic materials is vulnerable to the laser wavelength 
(Nd:YAG (λ = 1.06 µm), Yb:YAG (λ = 1.07 µm) and CO2 fiber laser (λ = 10.6 µm)), as for 
example, carbides show higher absorbance when lasers with short wavelength are used, 
while in case of oxide ceramics, the laser absorbance proportionally increases when  a 
long wavelength laser is used (Tolochko, 2000). Moreover, ceramic materials are also 
innately brittle and possess low fracture toughness, which make them difficult to 
manufacture, especially for producing parts with complex geometries.  
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A few industrial ceramics (e.g. oxides, nitrides and diborides), advanced ceramics and 
biocompatible ceramics have been investigated to be manufactured as net-shaped and 
dense parts using indirect AM approaches such as FDM, SLS, 3DP and stereolithography 
(SLA).  

However, all these techniques usually result in a green body using excessive organic 
or inorganic binders. The binder is burnt out and final densification of the part is achieved 
by conventional sintering way (Guo, 2013). 

Direct laser processing of ceramic (ceramic-metal) powders (part build by partial or 
full melting of the constituents) offers a processing alternative without using binding 
materials.  

SLM is thus far the only 3D printing process allowing single step production of  
ready-to-use individualized ceramic parts with intricate geometries and good mechanical 
properties (Deckers, 2014). However, the short exposure of laser during direct melting 
leads to wide temperature gradient, resultant thermal stresses and rapid thermocapillary 
flow.  As a result, ceramics, unlike metals, defined with poor thermal-shock resistance 
and thermal conductivity, are prone to cracking. Another problem associated with 
ceramics is the high viscosity of ceramic melt, as it suppresses the merge of smaller 
droplets into a larger melt, hindering the consolidation process (Sing, 2017).  

One way to circumvent thermal shock and to increase surface tension of the melt and 
promote the droplet merging, is to preheat powders before SLM, as in the case with 
dense oxide ceramics. Crack free, almost full density zirconia-alumina composite was 
achieved by selective laser melting process, when powder was preheated up to 1600 oC 
(Wilkes, 2013). Likewise, Al2O3 samples with 94% relative density were prepared via SLM, 
while in case of feedstock preheating up to 1600 oC for 5h, the relative density of 
produced part was increased up to 98% (Balla, 2008). 

SLM can successfully showcase the advantages of using ceramic-metal composites,  
as they possess valuable properties sought-after in the aerospace industry, biomedicine, 
energy generation, etc. The ceramic-metal composites are more tolerant to  
temperature gradient and their laser absorptivity might be adjusted via proper  
selection of ceramic-metal pair. Quite a few authors had reported the preparation of  
ceramic-metal/metalloid composites via selective laser melting technique. For example, 
Liu. et al. report the successful preparation of TiB2-Si and TiB2-Ti ceramic-metal/metalloid 
composite bulks with high density and promising mechanical properties through 
selective laser melting technique (Liu, 2020a; Liu, 2020b). 

1.4.2 Powder requirements for SLM 
These are basic criteria for powder feedstock in the SLM process to form a thin and even 
powder layer, to ensure good processability and high-quality of the products.  

• High and uniform sphericity  
Highly spherical particles possess smoother surfaces which alleviate inter-particle 
motion to provide better rheology performance. Quality feedstock requires 
spherical particles with few irregularities (Attar, 2015; Bourell, 2011). 

• Sufficient flowability 
Homogeneous spherical powders with Gaussian size distribution provide 
smooth coating of the build area in the granular feedstock. Particle shape 
irregularity, increase in surface area due to the reduction of particle size, rough 
oxide skin, as well as high humidity result in powder flow deterioration. 
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• High packing density  
The powder granules with a wide size distribution and optimal amounts of fine 
grains (multi-modal or negatively skewed Gaussian distribution) contribute to 
display high packing densities. Non-uniform powder packing properties will lead 
to disordered irradiation of powder particles by the laser beam causing an 
inhomogeneous material coalescence and defective parts (Tan, 2017).  

• Avoiding powder surface contamination  
Despite the fact, that the SLM process is carried out in a highly controlled inert 
environment, residual oxygen in the flooded gas and oxygen pick-ups are still 
inevitable, especially for the powders showing high affinity to oxygen.  
The surface oxidation of the powders disturbs the stability of the melt pool, 
splitting it into smaller drops, which is recognized as balling effect (Tan, 2017). 

• Sufficient thermal absorptivity and thermal conductivity 
A powder’s laser absorptivity alters with the sum of particles irradiated by the 
laser and is greatly affected by powder’s thermal conductivity and tapped 
density. High packing density of the powders would allow more irradiated 
energy transmission reaching the underlying substrate (Tan, 2017; Sun, 2017b).  

1.5 Objectives of the study  

For industrial applications engaging to manufacture novel customised products,  
the SLM/SLS processing of composites with specific and tailored properties has become 
a viable commercial business. Taking into consideration the rapid development of 
SLM/SLS, the fabrication of composites remains the challenging issue as the use of the 
products depends upon the quality of the produced items. By tailoring the material 
properties, more efficient engineering structures can be offered to the market. 

Therefore, the overall objective of the current PhD study is development and 
manufacturing of novel MoSi2-containing powder feedstock suitable for SLM/SLS 
processing and printing reliable items using the developed powders. 
 
The main aims are as the following: 

1. Development and preparation of SLM applicable MoSi2-Si composite powders, 
by self-propagating high-temperature synthesis technique.  

2. Manufacturing and characterization of SLM prepared MoSi2-Si based bulks and 
lattices. 

3. Manufacturing and characterization of MoSi2- Si3N4 ceramic lattices. 
4. Consolidation of Mo(Si,Al)2 based composites from Mo-Si-AlSi10Mg and  

MoSi2-AlSi10Mg powder mixtures by SLM. 
5. Process optimization for selective laser melting of Mo-2Si-30 wt.% AlSi10Mg and 

MoSi2-30 wt.% AlSi10Mg powders. 
6. Evaluation of the effect of process parameters on mechanical properties, 

microstructure, phase composition and surface finish of the printed Mo(Si,Al)2 
based composite bulks. 
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2 Materials and methods 

2.1 Design of the systems and powder feedstock preparation 

The preparation pathways of MoSi2-Si3N4 and Mo(Si,Al)2-based composites (by two 
different routines) are depicted in Fig. 6. The raw materials used for powder feedstock 
preparation are listed in Table 2. 

Considering the challenges of direct selective laser melting of MoSi2-Si3N4 powder 
mixture, a novel approach was proposed for MoSi2-Si3N4 part fabrication, including SLM 
applicable MoSi2-Si powder preparation by self-propagating high-temperature synthesis, 
selective laser melting of MoSi2-Si powder feedstock and further nitridation. This work 
has focused on the preparation of MoSi2-15.6 wt.% Si3N4 and MoSi2-20 wt.% Si3N4 parts, 
from powders prepared by SHS technique (Fig. 6a).  

For the feedstock preparation aiming at fabrication of Mo(Si,Al)2-based composites by 
routine 1 (Fig. 6b), elemental Mo, Si and AlSi10Mg powders with 44.2:25.8:30 wt.% ratio 
(Mo+2Si+30 wt.% AlSi10Mg) were dry mixed for 3 h at 20 rpm mechanical rotation speed. 
The feedstock for the fabrication of Mo(Si,Al)2-based composites by routine 2 (Fig. 6c) 
was prepared by mixing combustion synthesized MoSi2 powder with AlSi10Mg alloy with 
70:30 wt.% ratio, respectively following the mixing procedure as for routine 1. Prepared 
powders were characterized with different analyses techniques.  

 Table 2. Raw materials (powders) 

Figure 6.The preparation pathways for MoSi2-Si3N4 (a) and Mo(Si,Al)2-based composites by routine 
1 (b) and routine 2 (c). 

For MoSi2, MoSi2-10 wt.% Si and MoSi2-13 wt.% Si powders, the combustion synthesis 
of 3 various compositions of powder mixtures with elemental Mo:Si molar ratio of 1:2, 
1:2.6 and 1:2.8 was conducted (Fig. 6a and c). The homogenized powders mixtures were 
poured into a reaction boat and placed into the CPR-3.5 liters reaction chamber. 
Afterwards the chamber was purged and flooded with nitrogen (purity 99.97%, oxygen 
content not exceeding 0.02%) to the pressure of 0.2 MPa. The combustion process was 

Name Composition Particle size Purity Producer 
Molybdenum Mo 1-5 µm 99.9% Aldrich 
Molybdenum Mo <5 µm 99% Pacific Particulate Materials 
Silicon Si  <20 µm 99% Silgrain-Elkem 
Aluminum alloy AlSi10Mg 15-63 µm 99% SLM Solutions 
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launched by short heating of ignition coil (18 V, 3 s) from the side corner of the specimen 
(Fig. 7). MoSi2, MoSi2-10 wt.% Si and MoSi2-13 wt.% Si products (Table 3) were crushed 
into powders and sieved with a 45 µm openings. 

Figure 7. Schematic representation of MoSi2 preparation by self-propagating high-temperature 
synthesis technique. 

Table 3.The composition of elemental powders mixture of reactants and the SHS products 

2.2 Powders characterization 

The particle size analysis of the powders was carried out by CAMSIZER X2 (Retsch 
Technology, Haan, Germany) instrument using the digital image processing principle.  

The FT4 Powder Rheometer (Freeman Technology, Tewkesbury, UK) was utilized to 
determine the flowing behavior of the powders by means of basic flowability energy 
(BFE). To determine the resistance of powder to flow 8 tests were performed.  For each 
of the tests the precision blade is rotating downwards (100 mm·s-1 speed) and upwards 
through the powder creating a particle flow. BFE is calculated from the BFE = Etest8 
equation, where Etest8 is the energy registered during 8th test. Stability Index (SI) is 
calculated according to SI= Etest8/Etest1 formula. 

Powder cohesion and the flowing angle were measured by GranuDrum (GranuTools, 
Awans, Belgium). The powder was half-filled into the cylindrical drum and placed in the 
device. The drum rotated around its axis with 2-10 rpm speed producing particle flow. 

Raw materials SHS Product 
Mo Si MoSi2 Si MoSi2 Si 

(moles) (moles) (moles) (moles) (wt.%) (wt.%) 
1 2 1 0 100 0 
1 2.6 1 0.6 90 10 
1 2.8 1 0.8 87 13 
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Installed cameras were collecting images after each rotation, revealing the air/powder 
interface position by edge detection.  

The powders’ packing density was estimated by GranuPack (GranuTools, Awans, 
Belgium). Powder was filled in the vessel and device taped the powder for 2000 times. 
The actual values for average bulk density at the end of each trial (ρ[n]) are defined, and 
the bulk density values were extrapolated (ρ[∞]). 

Differential scanning calorimetry (DSC) analysis were conducted to investigate  
the thermal behavior of feedstock powders by NETZSCH-STA 449 F1 Jupiter  
(NETZSCH-Gerätebau GmbH, Selb, Germany) thermal analyzer at 25 °C to 1450 °C 
operating temperature and with 20 °C⋅min-1 heating rate in argon environment.  

2.3 SLM for powder consolidation 

The consolidation of MoSi2/10-13 wt.% Si (System 1) and Mo+2Si+30 wt.% AlSi10Mg 
powder mixture (System 2 routine 1) was performed in Metal 3D Printer SLM-50 (Realizer 
GmbH, Germany) employing Yb:YAG fiber laser (120 W max power and 1.07 μm 
wavelength). A “zig-zag” scan strategy was applied and the laser scan pattern rotation 
angle for each layer was set 90°.  

The consolidation of MoSi2-30 wt.% AlSi10Mg powder mixture (System 2, routine 2) 
was conducted in Renishaw AM400 (Renishaw, UK), which employs an Ytterbium laser 
with continuous-wave (CW) emission strategy of power (maximum power of 400 W, 
1.07 μm wavelength), while adjusted to operate like a pulse wave (PW) laser system.  
The Meander scan pattern was used as scan strategy, and the angle of scanning was 
alternated by 67° with respect to the precedent layer. Prior to laser treatment,  
the chamber was filled with inert gas (N2 or Ar); at oxygen level below 500 ppm.  
Figs. 8-10 demonstrate the process parameters applied for the consolidation of 
MoSi2/10-13 wt.% Si, Mo+2Si+30 wt.% AlSi10Mg and MoSi2-30 wt.% AlSi10Mg powders 
mixtures via selective laser melting.  
 
System 1 
To determine the printability of the MoSi2-Si composite powders, bulk cylindrical samples 
with ∅10 mm x 5 mm dimensions were prepared by SLM technique. Afterwards, for 
MoSi2-Si3N4 composite preparation, MoSi2-Si cellular lattice structures (designed by 
Magics software) with ∅10 mm x 5 mm height and with definite porosity level (66%) 
were produced and subjected to nitridation in the furnace (WEBB, Greensboro, USA) at 
1350 °C with 10 °C min-1 heating rate, in nitrogen flow of 200 sccm (standard cubic 
centimeters per minute). 

In System 1, lattices and bulks of MoSi2-10 wt.% Si are labeled as L1-L6 and B1-B2, and 
lattices and bulks of MoSi2-13 wt.% Si are labeled with L1*-L6* and B1*-B2*, respectively 
(Fig. 8). For bulk samples laser power of 26.4 W and 31.2 W and for lattices 36 W,  
40.8 W, 48 W, 60 W, 72 W and 84 W (corresponding to 1500-3500 W laser current),  
was used at fixed 80 mm⋅s-1 scanning speed (ν). The hatching distance (h) was set as 
60 µm and layer thickness (d) as 25 µm.  

Laser volumetric energy density (LVED) was estimated according to E=P/νhd formula, 
where P is the laser power, ν-scanning speed, h-hatching space and d speaks for the layer 
thickness. Process parameters and samples’ labels are represented in Fig. 8.  
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Figure 8. SLM process parameters for consolidation of MoSi2-10 wt.% Si (first row) and MoSi2-13 
wt.% Si (second row) composite powders for bulk and lattice sample preparation (Note, process 
was carried out in Realizer SLM-50 device). 

System 2. Routine 1 
Mo(Si,Al)2 based composite bulks with ∅ 10 mm x 5 mm dimensions prepared by SLM of 
Mo+2Si+30 wt.% AlSi10Mg powder mixture are labeled as A1-A4. Specimens were 
prepared at 100 W laser power, at fixed point distance (85 µm), hatching distance  
(85 µm) and layer thickness (35 µm). The scanning speed was altered to 300, 350, 400 
and 500 mm·s-1.  The energy density was in 67.2-112.0 J⋅mm-3 range. Build rate was 
derived from BR=νhd formula, where ν is scanning speed, h-hatching distance and  
d-layer thickness.  

Sample’s labels and respective process parameters are illustrated in Fig. 9.  

 

Figure 9. SLM process parameters for consolidation of Mo+2Si+30 wt.% AlSi10Mg powder mixture 
(Note, process was carried out in Realizer SLM-50 device). 

System 2. Routine 2 
Mo(Si,Al)2 based composite bulk samples with 7 mm of height and diameter ∅ were 
prepared. The hatching distance and laser spot size were correspondingly set as 85 µm 
and 90 µm. Laser power was changed from 100 to 300 W with the step size of 50 W. 
Point distance was chosen 85 μm and exposure time accordingly to achieve  
400-1500 mm·s-1 scan speed. The layer thickness was set 35 μm, as the D50 of  
MoSi2-30 wt.% AlSi10Mg powder particles was less than 35 μm. The labels for each 
sample and corresponding scheme of process parameters are depicted in Fig. 10.  
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Figure 10. SLM process parameters for consolidation of MoSi2-30 wt.% AlSi10Mg powder mixture 
(Note, process was carried out in Renishaw AM400 device) (adapted from Paper V). 

2.4 Characterization of printed parts 
Density values of the as-printed parts were measured by Archimedes’ principle (Mettler 
Toledo ME204, Australia) and by measuring volume (Digital Caliper, 0.01 mm accuracy, 
KS Tools Werkzeuge-Maschinen GmbH, Germany) and weight (Eltra 84 analytical 
balance, 0.1 mg accuracy, Haan, Germany) of the samples. For porosity evaluation in the 
SLM-fabricated samples, the X-ray computed tomography (CT) was performed by  
3D X-ray microscope (ZEISS Xradia 520 Versa, Carl Zeiss Microscopy GmbH, Jena, 
Germany). The surface roughness analysis was performed by Keyence VK-X250 3D laser 
scanning microscope (Keyence Corporation, Osaka, Japan) using 20x lens. The average 
values of maximum height (Sz) and arithmetical mean height (Sa) were defined.  

Zeiss EVO MA15, HR-SEM Zeiss Merlin and TESCAN VEGA3 scanning electron 
microscopes (SEM) equipped with INCA Energy, Bruker EDX-XFlash6/30 and Bruker 
QUANTAX 200 (USA) EDS detectors, respectively, were used to study the morphology and 
chemical composition of the powders, as well as the microstructural development in  
as-built and polished parts.  

Phase identification of the samples was conducted with X-ray diffractometers 
(Siemens/Bruker, D5005 (USA) and Rigaku SmartLab SE (Japan)) with CuKα1 radiation  
(λ= 1.5406 Å).  The phase and elemental composition of the samples were evaluated via 
Rietveld refinement method. The Indentec 5030 SKV tester (Brierley Hill, UK) was used 
for hardness measurements. Compression tests were performed by Instron 5869 test 
machine (Norwood, USA) with maximum force of 550 N. And the strain rate of 0.1 min−1 
was chosen following ISO 13314:2011 standard (ISO 13314:2011).  
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3 Results and discussion 

3.1 System 1. MoSi2-Si3N4 preparation 

Powders 
The combustion synthesized MoSi2-10 wt.% Si and MoSi2-13 wt.% Si porous bulk 
products, represent agglomerates of 2-3 µm particulates (Fig. 11 a-d). The powdered 
MoSi2/10-13 wt.% Si embody up to 20 µm agglomerates (Fig. 11 e-h). According to EDS 
mapping (Fig. 11i), during SHS process the MoSi2 particulates are bonded by silicon melt.  

 
Figure 11. SEM images of combustion synthesized MoSi2-10 wt.% Si (a, b) and MoSi2-13 wt.% Si 
product (c, d), crushed powders of MoSi2-10 wt.% Si (e, f) and MoSi2-13 wt.% Si (g, i). EDS mapping 
of MoSi2-13 wt.% Si (i) combustion product (adapted from Paper I). 

The diffractograms of combustion synthesized MoSi2-10 wt.% Si (Fig. 12a) and  
MoSi2-13 wt.% Si (Fig. 12b) composite powders show the distinctive peaks of tetragonal 
MoSi2 and face centered cubic Si. No other phases are detected. The EDS maps of the 
respective secondary electron image (Fig. 12c) of the MoSi2-13 wt.% Si composite powder 
(Fig. 12, d-f) show the MoSi2 particles are smoothly covered and bonded with a layer of 
molten silicon (Fig. 12d, green map), making the impression of “core-shell” structure.  

Fig. 13 shows the MoSi2-13 wt.% Si composite powder/air interfaces captured during 
drum rotation, pointing that the angle of repose is ∼47-48o at 2-10 rpm drum rotation 
speed. This states the applicability of the chosen powder for SLM. Similar results  
were obtained for MoSi2-10 wt.% Si composite powder. The initial bulk density of  
MoSi2-13 wt.% Si was 1.91±0.010 g·ml-1, after 2000 taps 2.75±0.042 g·ml-1 and the 
extrapolated value was calculated to be 2.93±0.034 g·ml-1. For MoSi2-10 wt.% Si powder 
almost similar results were achieved. 
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Figure 12. XRD patterns of powdered MoSi2-10 wt.% Si (a), MoSi2-13 wt.% Si (b) and EDS mapping 
of MoSi2-13 wt.% Si (c-f) (adapted from Paper II).  

Figure 13.Captured images of the MoSi2-13 wt.% Si powder repose at drum rotation speed of 2, 6 
and 10 rpm.  

Bulks 
The top view micrographs of MoSi2-10 wt.% Si and MoSi2-13 wt.% Si composites 
consolidated at 26.4W and 31.2W laser power are shown in Fig. 14.  

 
Figure 14. Backscattered electron images of polished top surfaces of samples B1(a-c), B2(d-f), B1* 
(g-i) and B2* (j-l) with various magnifications. 
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The long scanning tracks composed of half-cylindrical shaped horizontal cross sections 
of the melt pools from different scanned layers are visible. The melt pool solidification 
mode is observed to be mostly cellular, but periodically, several side-branching was 
observed. The samples mainly consist of 1-3 µm size MoSi2 cellular grains (Fig. 14 c, f, i, l) 
enveloped and bonded by submicron layer of molten silicon shell, as shown by the EDS 
maps of the fabricated sample B1* (Fig. 15). 

The change in cell size and frequent edge segregation of silicon implements to 
differentiation of the melt pool tracks from low magnification images (Fig. 14 a, d, g, j). 
In Fig. 14 b and k the presence of infrequent elongated MoSi2 grains and in Fig. 14h 
misoriented columnar dendritic MoSi2 crystals with occasional secondary arming were 
observed. 

Figure 15. Top surface secondary electron (SE) image and respective EDS maps of sample B1* (red 
and blue areas demonstrate the distribution of Si and Mo respectively) (adapted from Paper I). 

The highest relative density was achieved for sample B2 being 90%, and due to the 
fine decoration of silicon around MoSi2, the Vickers hardness of the as-built B2, B1* and 
B2* samples at 1 kg load was in 10.3-10.9 GPa range for B2, B1* and B2* samples 
(Table 4).  

Table 4. Density and hardness results of B1, B2, B1* and B2* bulk samples (Paper I)  

According to compression test results the ultimate compressive strength (σu) and 
compressive strain for bulk sample B2 was 610 MPa and 19.3%, respectively.  

Based on above mentioned statements it was proven the printability of MoSi2/10-13 
wt.% Si composite powder by SLM approach. 

Bulk sample Laser power Laser current Relative Density Hardness 

(Name) (W) (mA) (%) (GPa) 

B1 26.4 1100 82 8.8 
B2 31.2 1300 90 10.3 

  B1* 26.4 1100 83 10.8 
  B2* 31.2 1300 88 10.9 
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Lattices 
Making headway with the next step MoSi2-10 wt.% Si and MoSi2-13 wt.% Si lattices were 
produced and subjected to subsequent nitridation for MoSi2-Si3N4 composite lattice 
preparation. Six lattices were prepared from each composite powder.  

Fig. 16 d-i shows the top view SEM images of L1*- L6* MoSi2-13 wt.% Si lattices 
produced at 36-84 W laser power. The estimated strut diameter of the lattices varied in 
300-350 μm, the pore diameter in 750-850 μm and the period size in 1100-1200 μm 
range. For MoSi2-10 wt.% Si L1-L6 lattices the strut diameter values were measured in 
380-490 μm, pore diameter from 625 to 725 μm and the period size in 1050-1170 μm 
interval (Paper II). In this case the strut diameters overmatch the designed model  
(Fig. 16 a and b), due to number of adhered particles from heat affected zones on the 
struts, which artificially increase the struts diameter.  

 
Figure 16.  The CAD model of the lattice (a, b) and unit cell (c). SEM images of MoSi2-13 wt.% Si 
lattices produced at 36W (d), 40.8 W (e), 48 W (f), 60 W (g), 72 W (h) and 84 W (i) laser power 
(adapted from Paper II). 

Apparently, the applied laser power has a remarkable effect on the strut diameter of 
produced cellular structures. In consolidation process, the laser beam initially melts 
silicon (which has lower melting point) and the subsequent sintering occurs in liquid-solid 
state. The molten Si serves as a binding phase providing capillary force for bonding the 
ceramic particles and for subsequent 3D structure development. High ceramic portion in 
the composite leads to low solidification shrinkage when relatively low laser power is 
used. Increasing the laser power from 36 to 60 W, the apparent relative density for 
MoSi2-10 wt.% Si lattices was increased from 33% to 39% and for MoSi2-13 wt.% Si 
lattices from 32 to 35%. While applying laser power of 72 and 84 W resulted in the textile 
growth and expansion of struts increasing the apparent relative density of the MoSi2-13 
wt.% Si up to 47% (Paper II). Conclusively, the lattices printed at lower 36-60 W laser 
power are in close correspondence with designed model (Fig. 16 a and b, 350 µm strut 
size, 770 µm pore size, 66% porosity, (34% apparent relative density)).  The presence of 
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cracks, marked with white arrows, can be noticed from SEM images (Fig. 16 e, g and i) 
attributed to process induced thermal stresses and different coefficient of thermal 
expansion (CTE) of Si and MoSi2, as CTESi = 2.59–4.56·10−6 K−1 and CTEMoSi2 = 8.6·10−6 K−1 

(Paper II). According to compression test results the ultimate compressive strength (σu) 
and compressive strain for L1 and L6 lattices were 8.7 MPa and 9.3 MPa, and 4.17% and 
7.48% respectively (Table 5).  

Table 5. Mechanical properties of as-built (after SLM) and nitridized lattices (Paper II) 

Fig. 17 a-c show the top fracture of lattice L1*, where tetragonal MoSi2 (gray) is 
encircled with face centered cubic Si phase (white). The side fracture images (Fig. 17 d-f) 
show that the vertical cross section of the lattices consists of well oriented long columnar 
structures with casual arming grown perpendicular to build direction.  

Figure 17. SEM images of top fracture (a-c), side fracture (d-f) and strut connection point (g-i) of  
MoSi2-13 wt.% Si lattice sample L1*. 

The neck connections of the lattices (xy plane) show the coexistence of columnar and 
cellular solidifications modes of melt pools (Fig. 17 g-i). The connecting area of 3 struts is 
composed of well oriented cells with length ranging from submicron to 2 µm (grown 

Lattice sample Ultimate compressive 
strength (σu)   

Compressive strain 

(Name) (MPa) (%) 
L1 8.7 4.17 
L6 9.3 7.48 
L1 nitridized 5.7 6.68 
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along the temperature gradient direction) and misoriented 3-20 µm columnar grains 
nucleated and grown from cellular grains with converging grain boundaries. The latter is 
caused by the overlapping of the diffusion boundary layers of cellular grains, where the 
interaction leads to the columnar grains outgrowing the cells, Fig. 17i.   

Eventually, to attain MoSi2-Si3N4 lattices the MoSi2/10-13 wt.% Si lattices were 
attempted to nitridize in nitrogen atmosphere to convert Si into Si3N4. The XRD pattern 
of nitridized L4 and L4* lattices (Fig. 18 a and b) reveal the characteristic peaks of MoSi2, 
Si3N4, while Mo5Si3 peaks were also detected disturbing the compositional balance of the 
samples. Thus, samples with MoSi2-5.1 wt.% Mo5Si3-14.8 wt.% Si3N4 and MoSi2-9.4 wt.% 
Mo5Si3-17.5 wt.% Si3N4 composition were prepared (Table 6).

Table 6. Expected and achieved compositions of samples L4 and L4* before and after nitridation 

After heating the MoSi2/10-13 wt.% Si samples in nitrogen, the struts of the lattices 
were expanded by 5-10 μm while maintaining the period size in the same scope. 
Nanosize Si3N4 fibers (Fig. 18 c and f) were grown on lattice struts, which may additionally 
reinforce the fabricated material. 

Figure 18. XRD pattern (a), SEM images (b, c) of nitridized MoSi2-10 wt.% Si lattice sample L4.  
XRD pattern (d), SEM images (e, f) of nitridized MoSi2-13 wt.% Si lattice sample L4* (adapted from 
Paper II). 

Analyzing the compression test results, it can be noted, that the compressive strain of 
the nitridized MoSi2-10 wt.% Si L1 lattice (6.68%) was higher in comparison with the 
compressive strain of as-built sample (4.17%), Table 5 (Paper II).  

Considering that the dimensions of the lattices were in a close correspondence with 
CAD model, the laser power in 36-60 W range was chosen as optimum, and heating the 
lattices at 1350oC for 3h in N2 was sufficient for almost complete Si→Si3N4 conversion.  

Sample Expected composition (wt.%) Achieved composition (wt.%) 
Name MoSi2 Si Si3N4 MoSi2 Si Mo5Si3 Si3N4 
 L4 90 10 0 90 10 0 0 
 L4* 87 13 0 87 13 0 0 
 L4-nitridized 84.4 0 15.6 80.1 0 5.1 14.8 
 L4*-nitridized 80 0 20 73.1 0 9.4 17.5 
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3.2 System 2. Mo(Si,Al)2-based composite preparation. Routine 1. 

Powders 
Feedstock for SLM (Fig. 19d) consists of agglomerates of Mo in the form of 2-3 µm 
spherical particulates (Fig. 19a), angular shaped Si powder (Fig. 19b) and gas atomized 
AlSi10Mg in the form of spherical particles and satellite structures (Fig. 19c). The angle 
of repose and cohesion of Mo+2Si+30 wt.% AlSi10Mg powder mixture were measured to 
be 49o and 14.7, respectively, exhibiting the fair flowability of the powder for SLM 
processing. The XRD pattern shows the respective peaks of body-centered cubic Mo and 
face-centered cubic Al and Si (Fig. 19e).  

 
Figure 19. SEM images of Mo (a), Si (b), AlSi10Mg (c) raw powders. SEM image (d) and XRD pattern 
(e) of Mo+2Si+30wt.%AlSi10Mg powder mixture (adapted from Paper III). 

Bulks 
Fig. 20 represents SEM images of sample A2 fabricated at 83.9 J·mm-3 energy density. 
The top view micrographs point the elliptically shaped melt pools (marked with orange 
dashes) from different printed layers. In the center of the melt pool fine columnar 
dendrites with occasional arming were homogenously distributed perpendicular to the 
stacking direction and grown towards thermally favorable directions. Coarsening of 
dendrites towards to the border of the melt pools took place (Fig. 20b) and segregation 
of Al-Si phase was observed (Fig. 20a marked with pink arrows and Fig. 21 f). Fine 
columnar dendrites in the core are enfolded by the comparably coarse and long 
columnar dendrites in the periphery (Fig. 20b), as a result of overlapping of neighboring 
melt pools. Figure 20 d-f illustrate the unpolished side surface of sample A2, 
demonstrating the presence of fine columnar dendrites in the center (Fig. 20e), and 
coarser grains in the boundary (Fig. 20f).  

EDS mapping of sample A2 (Fig. 21a) indicates that the light gray dendritic textures 
are composed of Mo, Si and Al (Fig. 21e, purple phase), while the dark gray textures 
represent the Al rich phase (Fig. 21b, green map). Hexagonal C40 Mo3(Si4Al2), (which 
corresponds to Mo(Si0.67Al0.33)2 composition) together with face centered cubic Al0.85Si0.15 
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and free unreacted silicon were identified in sample A2 XRD profile (Fig. 21g). 
The hexagonal C40 molybdenum aluminosilicide was developed as the dominant phase, 
and Al0.85Si0.15 phase was generated from aluminum-silicon eutectic liquid. 

Figure 20. SEM images of the polished top surface (a-c) and unpolished side fracture (d-f) of sample 
A2 (adapted from Paper III)  

Figure 21. Secondary electron image (a), EDS maps (b-e), backscattered electron image and EDS 
spectrum measured from the point marked as * (f). XRD pattern from top surface of sample A2 (g) 
(adapted from Paper III).  
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Phase content analysis has revealed that despite the change in applied energy density, 
all samples have similar phase composition, and quantitative analysis of element content 
indicated a close correspondence with starting reactant mixture (Paper III).  

In defiance of the detection of aluminum rich Al0.85Si0.15 phase, the Mo(Si1-x,Alx)2 phase 
was formed with x=0.33 mole (while based on the literature review at excess aluminum 
content x should grow up to 0.65 mole forming MoAl1.3Si0.7 (Mo(Si0.35Al0.65)2) 
(Ghayoumabadi, 2009). This could be explained by localized heating nature and fast 
heating/cooling rates of SLM process, preventing the further widening of the C40 lattice 
and the development of the orthorhombic Al dominant C54 molybdenum aluminosilicide 
phase of a restricted homogeneity zone.  

As the composition of molybdenum aluminosilicide is dependent on the composition 
of reactive mixture, Mo+1.34Si+0.66AlSi10Mg stoichiometric powder mixture was 
subjected to thermogravimetric analysis, to form pure Mo(Si0.67Al0.33)2. From the DSC 
curve the endothermic peak at 579oC speaks for the formation of the Al-Si eutectic phase 
formation (Tstart=570oC). The high exothermic interaction between Mo and Al-Si phase 
initiates at 800oC registering the largest heat release at 869oC (Fig. 22a). No other thermal 
effects were identified up to the end of heating process demonstrating almost complete 
consumption of molybdenum.  

XRD analysis of quenched DSC product (Fig. 22b) revealed the presence of 95.9% 
Mo3(Al2Si4) along with negligible amount of Mo (0.9%), Al0.85Si0.15 (1.9%) and Mo5Si3 

(1.3%) phases, meaning that aluminum is substituting silicon up to x=0.33 mol (2x=0.66), 
as was observed for SLM fabricated samples. 
 

 
Figure 22. DSC curve of Mo+1.34Si+0.66AlSi10Mg powder mixture (a) and XRD pattern of quenched 
specimen after DSC analysis (b) (adapted from Paper III). 

Making strides to characterization of printed A1-A4 samples, Fig. 23 demonstrates the 
side surface profiles and the average surface roughness results by means of Sa and Sz. 
All printed samples possess moderate surface roughness (Sa) in 8.4-11.1 µm (Fig. 23e) 
and maximum height (Sz) in 89-111 µm range (Fig. 23f), with standard deviation less  
than 10%. 

The quality of the Mo(Si0.67Al0.33)2-based specimens produced by routine 1 from the 
Mo-Si-AlSi10Mg powder, is not conceding the SLM produced AlSi10Mg parts according 
to the results of the side surface roughness (Sa) reported to be in 8-11 µm range (Majeed, 
2019; Yu, 2019).  

Fig. 23 g shows the 3D microscan of sample A2. The detected pores determine the 
porosity of 0.02%. Most of the disclosed pores are in 40-50 µm range (colored with pink, 
purple and blue) (Fig. 23i) with aspect ratio of 0.3 and 0.4 (Fig. 23j), meaning that they 
primarily possess irregular shape. 
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Figure 23.The side surface profiles (a-d), average arithmetical mean height (Sa) (e) and average 
maximum height (Sz) for samples A1-A4 (f), 3D microscan of as-built sample A2 (g) and analysis of 
X-ray CT results: pore volume (h), aspect ratio (i), and diameter (j) distribution (adapted from Paper 
III). 

The theoretical density was calculated to be 4.37 g·cm-3, considering the content of 
constituent phases. Thus, the relative density of samples reaches up to 98-99%, and the 
hardness values are in the range of 424-496 HV1 and 417-498 HV5 (Table 7).  
Conclusively, successful in-situ fabrication of Mo(Si,Al)2 based composite coupons  from 
Mo+2Si+30 wt.% AlSi10Mg powder mixture. 

Table 7. Density and hardness of samples A1-A4 (Paper III) 

Sample Energy density Relative density Hardness 
(Name) (J⋅mm-3) (%) (HV1) (HV5) 

A1 67.2 97.9 424±10 417±11 
A2 83.9 99.0 490±15 477±20 
A3 95.3 98.3 496±12 498±17 
A4 112.0 98.8 476±19 450±15 
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3.3 System 2. Mo(Si,Al)2-based composite preparation. Routine 2. 

Powders 
The powder feedstock for Mo(Si,Al)2-based material preparation consists of a mixture of 
gas atomized AlSi10Mg alloy and combustion synthesized MoSi2 powders at a 30 wt.% : 
70 wt.% ratio. The SEM image of AlSi10Mg powder is shown in Fig. 24a. The size of 
spherical AlSi10Mg powder range from 15 μm to 63 μm with a Gaussian distribution 
centered on 38 μm. MoSi2 powder is composed of agglomerates of fine (1-5 µm) 
particles, Fig. 24b, with D10 =5.4 µm, D50 = 18.9 µm, D90 = 43.4 µm (Paper IV). The SEM 
image of MoSi2-30 wt.% AlSi10Mg powder mixture (Fig. 24c) points clear differentiation 
of AlSi10Mg and MoSi2 particle size. The MoSi2-30 wt.% AlSi10Mg powder mixture has 
shown negatively skewed Gaussian size distribution, with D10 = 7.68 µm, D50 = 33.0 µm 
and D90 = 54.1 µm.  

 
Figure 24.SEM images of AlSi10Mg alloy (a), SHS prepared MoSi2 (b) and MoSi2-30 wt.% AlSi10Mg 
mixture (c). Average packing density as a function of stress (d) and XRD pattern (e) of MoSi2-30 
wt.% AlSi10Mg powder mixture (adapted from Paper IV). 

The powders with negatively skewed Gaussian size distribution have high packing 
density, due to small particles filling voids between the larger ones. The initial  
bulk density of the MoSi2-30 wt.% AlSi10Mg powder mixture was measured as 
1.76±0.012 g·ml-1, after 2000 taps the bulk density increased up to 2.45±0.048 g·ml-1 and 
the packing density after extrapolation was 2.62±0.064 g·ml-1, because of fine MoSi2 
particles occupying the vacancies between relatively bigger AlSi10Mg particles (Fig. 24d). 

The XRD pattern of MoSi2-30 wt.% AlSi10Mg powder shows the corresponding peaks 
of tetragonal C11b MoSi2 and face centered Al and Si (Fig. 24e).  

The basic flowability energy of AlSi10Mg, MoSi2-30 wt.% AlSi10Mg and MoSi2 are  
∼206 mJ, 252 mJ and 307 mJ, respectively, and stability index (SI) around ∼1 (Paper IV). 
The flowability of the MoSi2-30 wt.% AlSi10Mg mixture can be considered as fair, thus 
the powder is suitable for SLM processing. 
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Bulks 
The disclosed pores of samples E6, E10 and E16 are visualized in Fig. 25 (colored from 
pink to red). The level of porosity determined by calculating the pore and part voxels is 
less than 1%, meaning that relative density of the samples exceed 99%.  

 
Figure 25. 3D visualization of porosity in as-built samples E6 (a), E10 (b) and E16 (c) (pores are 
labelled by volume (μm3)) (adapted from Paper IV). 

The analysis of X-ray CT scans revealing the pore size, distribution and respective pore 
aspect ratio for samples E6, E10 and E16 are illustrated in Fig. 26. 

Figure 26. X-ray CT results: pore volume distribution (a), aspect ratio of the pores (b), pore diameter 
distribution (c) in as-built samples E6, E10 and E16 (adapted from Paper IV). 

For samples E6 and E10, the maximum counts were detected for the pores having 
aspect ratio of 0.4, while for E16, majority of the pores had the aspect ratio of 0.5  
(Fig. 26c). This explains that samples E6 and E10 has high number of more elongated and 
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irregularly shaped pores, compared to E16, which has more rounded pores. The greater 
number of pores for analyzed samples are in 30-35 µm size range.   

The top surface profiles of samples E5, E6, E9, E10, E13 and E16 are displayed in  
Fig. 27, and the average top surface roughness (Sa) and the maximum height (Sz) derived 
from surface profiles are presented in Fig. 28. SLM manufactured part quality and surface 
characteristics are dependent on process parameters to a great extent. 

 
Figure 27.Top surface profiles of samples E5, E6, E9, E10, E13 and E16 (adapted from Paper V). 

Increased scanning speed at fixed laser power drives to increase of top surface 
unevenness, withal disturbing the dimensional accuracy of printed objects. While, at the 
same scanning speed, parts fabricated at higher applied laser power display relatively 
flat surface (e.g. samples E1-E5-E9 and E4-E8-E12). In case of applying low 100 W laser 
power, the samples (E1-E4) possess deep valleys and high peaks, resulted by inadequate 
melting of consecutive powder layers, as the process is proceeding beyond the melting 
mode.  

The laser scan tracks are clearly seen at top surface profiles of samples E6 and E13 
(Fig. 27). The almost spherical shaped particles adhered on the top surfaces of the 
samples (colored with yellow, orange and red) portray the spattered particles,  
as a consequence of splashing droplets from melt pool. The EDS analysis revealed that 
these trapped particles embody surface oxidized Al alloy, which prevent the wettability 
between melt pool and the substratal layer resulting in ragged surface.  (Wang, 2016).  

At the combination of higher laser powers (150-300 W) and high scanning speeds 
(1000-1500 mm⋅s-1), during powder bed fusion shallow melt pools are being generated, 
which inadequately wets the preceding solidified layer. The latter results to shrinkage of 
molten tracks leading to balling phenomenon owing to the tension between the scan 
tracks’ interfaces. 

Relatively smooth surfaces were developed for samples E5, E6, E9, E10, E11 and E13 
as evaluated Sa was in 9-11 µm range (Fig. 28), as when moderate scan speed is used, 
there is sufficient solidification time for melt pool relaxation and solidification, leading to 
an even surface finish. (Strano, 2013). The gradual growth of estimated max height was 
noticed, when scan speed was increased at stated laser power (Fig. 28). Samples E9, E10 
and E11 manufactured at 200 W laser power and moderate 400-700 mm·s-1 scan speed, 
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portray moderate maximum height results. Sample E16 produced at the highest  
applied laser power shows inferior surface quality in comparison with E9-E11 samples.  
The reason behind is rapid solidification and not sufficient relaxation time for the melt 
pool, accompanied by insufficient capillary forces for powder fusion, resulting rippling on 
the surface and degrading the surface quality. 

Figure 28.Top surface roughness results of samples E1-E18 (standard deviation is less than 10%) 
(adapted from Paper V). 

Phase composition 
Fig. 29 shows the polished top surface XRD patterns for the samples E10 (a) and E4 (b). 
The diffractogram of sample E4 reveals the presence of unreacted tetragonal MoSi2, face 
centered cubic Al, the substituted face centered cubic Si phases, duplex, in-situ formed 
Mo3(Al2Si4)/MoAl0.6Si1.4 phases (resembling Mo(Si1-x,Alx)2, x=0.3-0.33 composition) with 
hexagonal lattice structure and Si enriched Al rich Al0.85Si0.15 phase.  

 
Figure 29.Surface XRD pattern of the samples E10 (a) and E4 (b) (adapted from Paper IV). 

The diffractogram of E10 shows almost complete MoSi2 phase transformation to C40 
molybdenum aluminosilicide with subtle peaks of unreacted C11b and minor aluminum 
lean MoAl0.6Si1.4. It reveals the formation of Al0.85Si0.15 phase and replaced Si. In case of 
low applied energy density, the reaction between MoSi2 and AlSi10Mg is incomplete, 
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which results in unreacted MoSi2 and face centered cubic Al phase in the produced 
material. In E10, no Al was detected, but Si saturated Al rich Al0.85Si0.15 phase. It is 
important to note that under chosen conditions (33.6-168.0 J·mm-3 energy density),  
the addition of AlSi10Mg to the MoSi2 demonstrates that C11b tetragonal lattice of MoSi2 
widens until hexagonal Mo(Si0.67Al0.33)2 (x=0.33 mol) structure, and no further C40 lattice 
transformation to form Al rich orthorhombic C54 structure is observed. Similar results 
have been obtained in Routine 1 (Paper III), where mixture of Mo, Si and Al alloy were 
used as feedstock. It was disclosed, that the increase in scanning speed at fixed laser 
power, leads to incomplete single displacement reaction of MoSi2 and aluminum, causing 
chemical and compositional inhomogeneity. The theoretical density is averaged 
considering slightly different compositions of the samples and the certainty level of the 
Rietveld refinement method and is calculated to be 4.37 g·cm-3. The relative density is 
calculated in relation to this number. 
 
Microstructural analysis 
The SEM images of polished top and side surfaces of samples E10 and E12 are illustrated 
in Fig. 30.  The areas highlighted with elliptical orange dashed-lines in Fig. 30 a and c point 
the melt pool cores. After laser scanning, different regions of generated melt pools have 
different solidification modes, caused by the gradient thermal distribution. The latter 
results in the formation of diverse microstructure in the manufactured components.  
The variation of local thermal histories between the center and the edge of the melt pool 
makes the melt pool visible after polishing. The microstructure of the elliptical melt pool 
cores comprises of sub-micron to 1-micron structures (Fig. 30 a). Meantime at the 
boundary of each elliptical section, the coarser columnar dendrites are observed in the 
perpendicular direction of stacking, as the edges are exposed to longer laser treatment 
because of the overlap of adjacent scan tracks. The dendritic growth is caused by the 
non-homogeneous nucleation taking place ahead of the liquid-solid interface. Sample 
E10 has homogeneous microstructure, while sample E12 printed at high 1000 mm·s-1 

scan speed shows inhomogeneous morphological texture and underdeveloped  
non-continuous melt pools, as the fabrication process was beyond melting zone.  
The orange dashed curve in Fig. 30b shows the morphological transition zone of fine 
grains of melt pool core and the heat affected overlapped regions.  

Fig. 30 e and g show the vertical side fracture of the samples E10 and E12.  
The semi-elliptical dashes highlight the melt pool cores in X-Z direction (parallel to build 
direction). And the orange dashed curve in Fig. 30f shows the morphological transition 
zone, like in case of top surface. In sample E12 it was challenging to find melt pools, as 
the procedure was in sintering mode. 

When compared the microstructural features of samples produced by routine 1 and 
2, and taking step back to Figure 20, it can be noted that samples A2 and E10 possess 
almost full densification, but have different morphological textures. Both top surface and 
side fracture of sample A2 are composed of columnar dendrites, while for sample E10 
the melt pool solidification mode is duplex cellular (cellular dendritic) and columnar 
dendritic on the top surface and columnar dendritic on the side fracture. This means, 
that the cellular grains on the top surface are the tips of the elongated columnar 
dendrites observed in the fracture.  Grain coarsening in the periphery of solidified melt 
pools was observed in both cases due to the overlapping of the consecutive and adjacent 
melt pools. The formation of columnar dendrites all over the sample A2 can be 
conditioned by the internal heat released during the exothermic Mo-Si-Al interaction 
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combined with external heat from provided by laser beam. Thus, it makes a large thermal 
gradient between the border and the center of melt pool, promoting the formation of 
dendritic crystals together with the center segregation of Al-Si rich phase. 

Figure 30. SEM images of polished top surface of samples E10 (a, b) and E12 (c, d). SEM images of 
the side fracture of samples E10 (e, f) and E12 (g, h) (adapted from paper V). 

Fig. 31 a and b show the top surface secondary electron and backscattered electron 
images of sample E10, respectively. 

Figure 31. Top SE image (a), BSE image (b), corresponding EDS maps (c-f), and side surface SE image 
(g), BSE image (h) and respective EDS maps (i-l) of sample E10 (adapted from paper IV).  
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Fig. 31 c, d, e show the corresponding elemental maps of Mo, Si and Al and mixed EDS 
map is shown in Fig. 31 (f). Molybdenum signals are recorded from across the sample 
except in the darker regions which corresponds to interdendritic Al rich phase (Fig 31d 
bright green regions). Silicon is also observed among all analyzed zone, while the radiant 
red sections reveal the existence of replaced free silicon, where no aluminum signal is 
registered.  Fig. 31 g and h show the SE and BSE images of the polished side fracture of 
sample E10. The orange dashed regions (Fig. 31h) represent the melt pool core. The EDS 
maps corresponding to Fig. 31 g SEM image reveal the similar elemental composition as 
for the top surface of the sample (Fig. 31 i-l). Most of the studied area is composed of 
Mo-Si-Al containing phase, which is revealed to be Mo(Si1-x,Alx)2 at x=0.33 mole, while in 
the dark regions observed in Fig. 31 g, the absence of Mo and presence of Al rich phase 
is revealed (Al0.85Si0.15). The black regions in Al green map and bright red regions in Si map 
reveal that there is substituted Si phase, meaning that Al partially replaced Si, being in 
agreement with XRD results. 
 
Density and hardness of produced E1-E18 parts 
Fig. 32 shows the relative geometric, relative Archimedes density results and Vickers 
hardness values at 1 and 5 kg load. For samples E3 and E4 Archimedes density is not 
estimated, because of huge open porosity. The increase in scan speed in sets E1-E4,  
E5-E8, E9-E12, E13-E15 and E16-E18, results the drop in density values, caused by 
insufficient energy applied for powder fusion (Fig. 32).  

 
Figure 32. Relative geometric, relative Archimedes densities, HV1 and HV5 hardness values for 
E1-E18 samples (adapted from Paper V). 

In the vertically arranged sample sets of E1-E9, E2-E10, E3-E13, E4-E16 and E15-E7, 
where the laser power is ramped up to 50 W (step size), the density values progressively 
grow as the applied energy completely melts the deposited powder layers ensuring 
adequate bonding between consecutive and adjacent layers. Samples E15, E17 and E18 
produced at relatively high 250-300 W laser power and high 1250-1500 mm·s-1 scanning 
speeds show inferior densification behavior (Fig. 32). 
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To provide the reliable hardness results, the indentations were made at 9.8 N and  
49 N force, as the indentation mark after applying 9.8 N force is small and results higher 
deviation. Due to relatively high porosity, it was not possible to evaluate the hardness 
for samples E1-E4. When a 9.8 N force is applied samples E8 and E18 produced at  
50.4 J·mm-3 and 67 J·mm-3 energy density, respectively, yielded to hardness less than  
500 HV1, which is caused by heterogeneity of developed microstructure. For the rest of 
samples, hardness of up to 594 HV1 (E14) and for sample E7 up to 618 HV1 are measured. 
When the applied force is 49 N, hardness in 427-559 HV5 range is observed (Fig. 32).  

According to the scheme showing the relationship of process parameters and built 
part characteristics (Fig. 33), samples E5, E6, E9, E10 and E13 possess high density,  
high hardness, moderate surface roughness, high microstructural and compositional 
homogeneity and can be applicable for industrial use. 

 

Figure 33.Revealed influence of process parameters on Mo(Si1-x,Alx)2-based part characteristics 
fabricated by routine 2. 

For the comparison of the molybdenum aluminosilicide based composite preparation 
by routine 1 and 2, it can be noted that almost full density samples were produced 
following the both approaches. The hardness up to 500 HV1 and HV5 was achieved for 
samples prepared by routine 1, while hardness reached up to 600 HV1 and HV5 for the 
samples prepared by routine 2. This can be explained by different microstructural 
features of the samples.  

The primary distinctive feature for routines 1 and 2 is the interaction nature of the 
reactants.  In case of routine 1, the Mo-Si-Al reaction is comparably exothermic, which 
makes challenges to estimate the real influence of the energy supplied by laser beam, 
while in case of routine 2 the reaction between MoSi2 and aluminum is weak exothermic, 
allowing a better control of applied laser energy. For this reason routine 2 appears more 
advantageous. However, the complex physics behind the process and the complex 
chemistry of the Mo-Si-Al combination reaction make the system quite interesting for 
deeper analysis and comparison of experimental results with thermodynamic 
calculations, and correspondence with phase diagrams.   
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4 Conclusions 
The main targets of this work were development and manufacturing of novel  
MoSi2-containing powders feedstock suitable for SLS/SLM processing and printing 
reliable items using the developed powders. The prepared feedstocks were subjected to 
SLM, and the consolidated structures were characterized.  
 
From this study, the following conclusions can be drawn: 

1. The method of self-propagating high-temperature synthesis allows 
production of MoSi2/10-13 wt.% Si composite powders feedstock, 
possessing fair flowability and high packing density, which is applicable for 
SLM processing. 

2. MoSi2/10-13 wt.% Si bulks were successfully manufactured via SLM process 
reaching to 90 % relative density, homogeneous microstructure and 
hardness of 10.9 GPa. 

3. Cellular ceramic lattices of MoSi2-Si3N4 were prepared with the help of 
subsequent nitridation of MoSi2/Si structures keeping the original lattice 
design and period size. Parametric study of SLM consolidation of  
MoSi2-13 wt.% Si powder showed that applying 36-60 W laser power at 
fixed 80 mm⋅s-1 scanning speed, the dimensions (300-350 µm strut 
diameter, 750-850 µm pore size) and porosity level (up to 35% apparent 
relative density, 65% porosity) of prepared lattices are in close 
correspondence with CAD model. 

4. For the first time, the successful consolidation of MoSi2-30 wt.%  
AlSi10Mg and Mo-2Si-30 wt.% AlSi10Mg powders was conducted by  
SLM yielding the preparation of C40 hexagonal Mo(Si1-x,Alx)2 (molybdenum 
aluminosilicide) based composites.  

5. For SLM of Mo-2Si-30 wt.% AlSi10Mg powder, the influence of scanning 
speed (300-500 mm⋅s-1) was studied at fixed laser power (100 W), layer 
thickness (35 µm) and hatching space (85 µm), showing that under all 
chosen parameters, the solubility limit of Al in Mo(Si1-x,Alx)2 was 0.33 mole 
regardless the excess amount of AlSi10Mg in the reactants’ mixture. 
Samples consist of fine columnar dendrites and display up to 99% relative 
density, ∼496 HV1 and 498 HV5 hardness and moderate 8.4-11.1 µm side 
surface roughness (Sa). 

6. For SLM of MoSi2-30 wt.% AlSi10Mg powder mixture, the influence of 
scanning speed (400-1500 mm⋅s-1) and laser power (100-300 W) was 
studied at a fixed layer thickness (35 µm) and hatching space (85 µm).  
It was shown, that samples produced at 150-200 W and 400-500 mm⋅s-1 

scan speed, as well as 250 W laser power and 700 mm⋅s-1 scan speed, 
possess 6.5-10.3 µm top and 10.5-13.2 µm side surface roughness,  
up to 99.8% relative density, up to 570 HV1 and 540 HV5 hardness  
along with remarkable chemical and microstructural homogeneity.  
The SEM examination of the cross section revealed that the solidified melt 
pools are constructed by well oriented fine columnar dendrites of  
Mo(Si1-x,Alx)2 x=0.33, while the heat affecting zones surrounding the melt 
pools consist of misoriented coarser dendritic structures along with 
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Al0.85Si0.15 and substituted Si phases. A low laser power (100 W) and applied 
high scan speeds (1000-1500 mm⋅s-1) are leading to unreacted MoSi2 and 
the formation of Al lean Mo(Si1-x,Alx)2 x=0.3 mole, disturbing both 
microstructural and chemical homogeneity of the printed parts. 
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5 Future work 
Continuing the research briefly introduced in thesis, further investigations are going to 
be performed in future, such as: 

• Oxidation tests of SLM built Mo(Si,Al)2-based composites at intermediate  
(500-700oC) and high temperatures (>1600oC); 

• Preparation of Mo(Si1-x,Alx)2-based composites with different compositions  
(by changing the ratio of initial reactants) via selective laser melting technique;  

• Parametric study and SLM process optimization of newly developed  
Mo(Si1-x,Alx)2-based composites; 

• Preparation of MoSi2-Si3N4 lattices with new model design for specific 
applications. 
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Abstract 
MoSi2-based composites by selective laser melting 
Molybdenum disilicide (MoSi2) is a promising refractory material widely used for high 
temperature structural applications ranging from heating elements for combustion 
furnaces to turbine components for jet engines. However, some limitations, such as: 
severe oxidation of MoSi2 in intermediate temperatures and low fracture toughness at 
room temperature are narrowing the application of MoSi2. There are two approaches to 
improve the quality of MoSi2 based materials: reinforcing MoSi2 with thermodynamically 
compatible compounds (WSi2, Mo5Si3, TiC, SiC, Si3N4, etc.), and alloying with metals or 
alloys (Nb, Al, Cr, Ti, Ta, W).  

In this work Si3N4 was chosen as a reinforcing additive and aluminium as an alloying 
additive. The addition of Si3N4 is believed to improve the high thermal shock resistance, 
fracture toughness and high temperature creep strength. The addition of Al results on 
enhancement of ductility and oxidation resistance of MoSi2-based materials by forming 
molybdenum aluminosilicide (Mo(Si1-x,Alx)2). 

Self-propagating high-temperature synthesis (SHS) technique was used for MoSi2 and 
MoSi2-Si powders preparation as energy and time efficient process, allowing the control 
of size and shape of synthesized powders and ensuring high purity of the product. 
Commercially available (CA) powders (AlSi10Mg, Mo, Si) and SHS synthesized products 
were used for powder feedstock preparation by conventional mixing/milling techniques. 

Selective laser melting (SLM) devices with different maximum laser power (Realizer 
SLM50 at 120 Watts and Renishaw AM400 at 400 Watts) were used for samples 
manufacturing. High dimensional accuracy, design freedom, ability of in-situ phase 
formation (reactive sintering) and single step process are the primary motivating 
attributes for SLM technique in the present research. 

Goals of the present study are production of MoSi2-Si3N4 ceramic lattices; preparation 
of Mo(Si1-x,Alx)2 based composite bulks by SLM along with parametric study and process 
optimization. 

For the first time the approach of MoSi2-Si3N4 lattice preparation by SLM of SHS 
prepared MoSi2-Si composite powders and subsequent nitridation was successfully 
accomplished. MoSi2-Si3N4 lattices with definite porosity, strut and pore size in close 
correspondence with CAD model were successfully fabricated.  

For the first time an in-situ SLM processing (reactive sintering) of the Mo(Si1-x,Alx)2-
based composite bulks were performed by two routines. The first routine represents the 
SLM consolidation of the mixture of three CA powders: 44.2 wt.% Mo + 25.8 wt.% Si +  
30 wt.% AlSi10Mg (Mo+2Si+30 wt.% AlSi10Mg), and the second routine proposes the 
SLM consolidation of SHS prepared MoSi2 mixed with 30 wt.% commercial AlSi10Mg 
powder.  

Mo(Si1-x,Alx)2-based composite bulks (x=0.33 mol) prepared by the first routine are 
composed of fine columnar dendrites and possess up to 99% relative density; 496 HV1 
and 498 HV5 hardness and moderate 8.4-11.1 µm side surface roughness (Sa) at applied 
100 W laser power and 300-500 mm·s-1 scanning speed range. 

Mo(Si1-x,Alx)2-based composite bulks (x=0.33 mol) prepared by the second routine 
consist of cellular and columnar dendrites; possess 6.5-10.3 µm top and 10.5-13.2 µm 
side surface roughness; up to 99.8% relative density; up to 570 HV1 and 540 HV5 
hardness along with remarkable chemical and microstructural homogeneity at optimized 
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parameters of 150-200 W and 400-500 mm⋅s-1 scan speed, as well as 250 W laser power 
and 700 mm⋅s-1 scan speed.  

Conclusively, the approach suggested for MoSi2-Si3N4 lattice preparation was found as 
an effective way to reach the target phase composition and can be applied for production 
of complex shaped parts.  

Characterization of Mo(Si1-x,Alx)2-based composite bulks, produced at optimized 
parameters of two different routines, reveals the phase composition, density and surface 
roughness to be suitable for applications, where high oxidation resistance at elevated 
temperatures is required. The second routine can be proposed as preferable, as it allows 
to apply external heat (laser power) in a more controllable manner, considering the weak 
exothermic reaction between MoSi2 and aluminium compared to a high exothermicity of 
Mo-Si-Al reaction occurring in the first routine. 
 

Keywords: self-propagating high-temperature synthesis, additive manufacturing, 
selective laser melting, molybdenum disilicide, molybdenum aluminosilicide, surface 
roughness, CT scanning, hardness 
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Lühikokkuvõte 
Selektiivse lasersulatuse teel valmistatud MoSi2 baasil 
komposiidid 
Molübdeendisitsiid (MoSi2) on paljutõotav kõrgtemperatuurne materjal, mida 
kasutatakse struktuurse materjalina laialdaselt kõrgete temperatuuridega rakendustes, 
alates põletusahjude kütteelementidest kuni reaktiivmootorite turbiinikomponentideni. 
Tugev oksüdeerumine juba keskmistel temperatuuridel ning madal purunemissitkus 
toatemperatuuril on peamised asjaolud mis kitsendavad MoSi2 rakendusi. MoSi2-põhiste 
materjalide kvaliteedi parandamiseks on kaks lähenemisviisi: MoSi2 tugevdamine 
termodünaamiliselt ühilduvate ühenditega (WSi2, Mo5Si3, TiC, SiC, Si3N4 jne) ning 
legeerimine metallide või metallisulamitega (Nb, Al, Cr, Ti, Ta, W). 

Käesolevas töös valiti tugevdavaks lisandiks Si3N4 ning legeerivaks lisandiks 
alumiinium. Arvatakse, et Si3N4 lisamine parandab termolöögikindlust, purunemissitkust 
ja kõrgtemperatuurset roomekindlust. Alumiiniumi lisamine tõstab MoSi2-põhiste 
materjalide plastseid omadusi ja vähendab kõrgtemperatuurset oksüdeerumist tänu 
molübdeenalumiinisilitsiidi (Mo(Si1-x,Alx)2) moodustumisele. 

MoSi2 ja MoSi2-Si pulbrite valmistamisel kasutati kõrgtemperatuurse iselevisünteesi 
(SHS) meetodit kui energiat ja valmistusaega säästvat protsessi, mis võimaldab 
kontrollida sünteesitud pulbriosakeste suurust ja kuju ning tagab toote kõrge puhtuse. 
Kaubanduslikult kättesaadavatest pulbritest (AlSi10Mg, Mo, Si) ja SHS-i teel sünteesitud 
toodetest valmistati pulbrisegud tavapäraste segamis- ning jahvatamistehnikate abil. 

Proovide valmistamiseks kasutati erineva maksimaalse laserivõimsusega selektiivse 
lasersulatuse (SLM) seadmeid (Realizer SLM50 120 W juures ja Renishaw AM400 400 W 
juures). Kõrge mõõtmete täpsus, kujundusvabadus, in-situ faaside moodustumine 
(reaktiivne paagutamine) ja üheastmeline protsess on käesolevas uurimustöös peamised 
motiveerivad tegurid SLM tehnoloogia valimiseks. 

Käesoleva uuringu eesmärkideks on MoSi2-Si3N4 keraamiliste võrestruktuuride 
tootmine; Mo(Si1-xAlx)2 komposiittahkiste valmistamine läbi SLM protsessi optimeerimise 
ning parameetrilise uuringu. 
Esmakordselt õnnestus käesolevas töös MoSi2-Si3N4 võrestruktuuride valmistamine 
kasutades SLM meetodit sellele järgneva nitreerimisega, SHS-i teel valmistatud MoSi2-Si 
komposiitpulbritest. Edukalt valmistati 3D mudeliga vastavuses olevad kindlaksmääratud 
poorsuse, varraste ja poorisuurusega MoSi2-Si3N4 võrestruktuurid. 

Esimest korda valmistati Mo(Si1-x,Alx)2 komponendid protsessi in-situ SLM teel 
(reaktiivpaagutamine) läbi kahe erineva meetodi. Esimese protseduuri puhul valiti 44.2 
massiprotsenti Mo+25.8 massiprotsenti Si + 30 massiprotsenti AlSi10Mg segu mis 
konsolideeriti SLM teel. Teine meetod kasutab 30 massiproti SHS teel valmistatud MoSi2 
ning kaubandusliku AlSi10Mg pulbri SLM tehnoloogiaga konsolideerimist. 

Esimese protseduuri järgi valmistatud Mo(Si1-x,Alx)2 tahkiste (x=0.33 mol) 
mikrostruktuur koosneb peenetest dendriitidest. Komposiitide suhteline tihedus on kuni 
99%; kõvadus 496 HV1 ja 498 HV5 ning pinnakaredus 8.4–11.1 µm (Ra), 100 W 
laservõimsuse ja 300–500 mm·s-1 skaneerimiskiiruse juures. 

Teise meetodi järgi valmistatud Mo(Si1-x,Alx)2 komposiitide (x = 0.33 mol) 
mikrostruktuur koosneb võre- ja sammasdendriitidest. Nendepinnakaredus on 
pealispinnal 6.5-10.3 µm ja külgpinnal 10.5-13.2 µm; suhteline tihedus kuni 99.8%; 
kõvdus kuni 570 HV1 ja 540 HV5 koos märkimisväärse keemilise ja mikrostruktuuri 
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homogeensusega. Optimeeritud parameetrid on 150-200 W juures ja 400-500 mm·s-1 
skaneerimiskiirusel, samuti 250 W laservõimsuse ja 700 mm·s-1 skaneerimisel kiiruse 
juures. 

Kokkuvõtteks leiti, et MoSi2-Si3N4 võrestruktuuride valmistamiseks pakutud 
lähenemisviis võimaldab saavutada soovitud faasilise koostise ja seda saab rakendada 
keerukate detailide tootmiseks. 

Kahe erineva meetodiga valmistatud Mo(Si1-x,Alx)2 faasilise koostise, tiheduse ja 
pinnakareduse näitajad kinnitavad, et need materjalid sobivad rakendusteks kus on 
vajalik kõrge oksüdatsioonikindlus kõrgendatud temperatuuridel. Eelistatumaks võib 
pakkuda teist protseduuri, kuna see võimaldab rakendada sisendenergiat (laseri 
võimsust) paremini kontrollitaval viisil, arvestades MoSi2 ja alumiiniumi madalamat 
eksotermilist reaktsiooni, võrreldes esimese protseduuri puhul toimuva kõrge 
eksotermilisusega Mo-Si-Al reaktsiooni käigus. 
 
Märksõnad: kõrgtemperatuurne iselevisüntees, kihtlisandustehnoloogiad, selektiivne 
lasersulatus, molübdeendisilitsiid, molübdeenalumiinisilitsiid, pinnakaredus, 
kompuutertomograafia, kõvadus 
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Paper II 

Minasyan, T., Liu, L., Holovenko, Y., Aydinyan, S., & Hussainova, I. (2019). Additively 
manufactured mesostructured MoSi2-Si3N4 ceramic lattice. Ceramics International, 45(8), 
9926-9933. 
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Paper IV 

Minasyan, T., Aydinyan, S., Toyserkani, E., & Hussainova, I. (2020). In situ Mo(Si,Al)2-based 
composite through selective laser melting of a MoSi2-30 wt.% AlSi10Mg mixture. 
Materials, 13(17), 3720. 
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Paper V 

Minasyan, T., Aydinyan, S., Toyserkani, E., & Hussainova, I. (2020) Parametric study on 
in-situ laser powder-bed fusion of Mo(Si1-x,Alx)2. Materials, 13(21), 4849. 
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