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Introduction  
Current demands for tribological and biomedical advances to decrease wear and 
increase strength encounter with challenges posed by increased use of engineered 
materials and enhanced functionality. In this context, the preparation of ready 
availability of “tailored-to-use” materials for consolidation appears to be one of the 
main issues. The consolidation technologies of the spark plasma sintering (SPS) and 
selective laser melting (SLM) constantly mature, creating new business values, opening 
new scientific horizons, conquering new geographies, and hence, requiring input 
materials with known specifications, which in turn requires reliable methods for 
powder synthesis [1], [2], [3]. 

Recently, titanium based materials (titanium-based alloys, titanium-boron based 
composites, etc.) grab leading position in aviation, automotive, metallurgy and 
medicine [4], [5], [6]. Due to the outstanding properties of high specific modulus, 
melting point, excellent hardness, elastic modulus, good thermal and electrical 
conductivity, abrasion resistance and chemical inertness, titanium-boron based 
materials drew attention for elevated-temperature structural and wear applications [7]. 
The manufacturing of the end-products with consistent and predictable properties 
requires input materials with exact specifications, which in turn requires reliable 
methods for powder synthesis [8], [9]. In addition, the synthesis and consolidation 
methods of titanium-boron based materials are decisive for the properties (chemical, 
physical, mechanical and tribological) and define their application field. The motivation 
for this work is the urgent need in a knowledge-based design of the powder materials 
suitable for advanced consolidation, as well as development a technological route for 
their fabrication. The aim of the thesis is to design, develop and synthesize Ti-B based 
feedstock well suited for consolidation (SPS/SLM) and subsequently produce the bulk, 
porous and complex shaped reliable items using the powders developed. From these 
perspectives the highly productive and energy-efficient self-propagating high-
temperature synthesis (SHS) method [10], [11] has precedence over other synthesis 
methods for the Ti-B based powder preparation, as SHS allows to tailor particle size and 
morphology by changing the precursors’ ratio, reactor chamber pressure, etc. 

Hereby, the following primary tasks were considered: (i) combustion synthesis of  
Ti-B based composite powder feedstock of special morphology suitable for SPS and SLM 
processing (ii) SPS processing of ceramic based bulks and SLM processing/optimization 
of bulk and lattice structures (iii) characterization of phase and microstructure 
transformation features during SHS, SPS and SLM processes and tribological properties 
of fabricated SPS compacts at a high temperature. 

To fulfill the tasks the phase and microstructure characteristics were examined in 
accordance with the synthesis and consolidation methods of a material. The main 
applications of Ti-B products and the further use in modern industrial spheres are 
detailed. For instance, the composites of TiB2-TiB-TiN regarded as potential substitutes 
to fill and reconstruct bone cavities or areas of bone loss caused by traumas or other 
disease. In-situ spark plasma sintering of Ti-TiBw composite lead to the material 
exhibiting substantially improved sliding wear performance at high temperatures. TiB-Ti 
composite from SHS produced powder and consolidated via SPS demonstrated 
enhanced hot sliding wear behavior.  
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1 The review of the literature 
Ti-B based composite materials have been garnered the interest of research community 
owing to their outstanding characteristics, essentially the high melting point, 
exceptional hardness, good thermal conductivity, high electrical conductivity, wear 
resistance, chemical stability for high temperature structural and wear applications [7], 
[12]. They are indispensable for cutting tools, armor materials, jet engine parts, dies, as 
a control rod material for high temperature nuclear reactors and other high-
temperature ceramic components [13]. Moreover, the Ti-B based ceramic composites 
are believed to be attractive as a weight-saving parts for aerospace applications [14]. 
Recently, TiB2 drew attention for elevated-temperature structural applications, metal 
melting crucibles and electrode materials due to good oxidation resistance (in dry air 
atmosphere at temperatures up to 1100°C), as well as for resistance to creep tension 
during oxidation [15].  

However, only very limited successful experiments on consolidation of Ti-B ceramic 
based composites are available in literature, because of poor sinterability. Moreover, 
complex shaping of Ti-B based ceramics remains a problem in winning industrial 
applications because of the brittleness and poor fracture toughness, which makes them 
difficult to fabricate, especially for producing complex geometry parts. The synthesis 
and consolidation methods of titanium-boron based materials were certified to be 
critically decisive for their properties (chemical, physical, and mechanical) and 
application fields. The presented thesis surveys the possibility of development of bulk 
and complex geometry Ti-B ceramic based composite materials, with particular 
emphasis on microstructure features as a function of the technological method of 
synthesizing material on its consolidation behavior and the preparation of bulk Ti-B 
ceramic based composite materials for high-temperature tribological applications. 

1.1 Ti-B system 
In Ti-B system equilibrium compounds found in the phase diagram (Fig. 1.1) are TiB2 

(MB2_C32) and TiB (MB_B27). Their main properties are listed in Table 1.1. 

Table 1.1 Properties of TiB2 and TiB  [15],  [16]. 

Material Density 
(g∙cm-3) 

Melting 
point 
 (°C) 

Hardness 
(GPa) 

Elastic 
modulus 
(GPa) 

Coefficient 
of thermal 
expansion  
(°C-1) 

Thermal 
conductivity 
(W∙m-1∙K-1) 

Electrical 
conductivity 
(µΩ∙cm) 

TiB2 4.52 3230 27 565 7.2×10-6 60-120 10-40 
TiB 4.56 2200 18 371 7.15×10-6 - - 

 
Based on thermodynamic modeling of the Ti-B system [17], at low amounts of 

titanium (up to 2 moles) in the xTi + 2B mixture, the formation of TiB and TiB2 is 
probable, but TiB2 has higher stability. At higher amounts of titanium (>2 mol) TiB is the 
only product of the process. Accordingly, the pure TiB2 formation becomes possible 
only at the exact stoichiometric composition of initial mixture (Ti + 2B). Molten Ti reacts 
with TiB2, and TiB forms from the melt by a peritectic reaction according to L + TiB2 → 
TiB equation (at 2190 ± 20°C). 
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Figure 1.1 Ti-B phase diagram (Calculated by Thermo-Calc software). 

The Gibbs free energy of formation (∆Gfo at 273K) for the reactions in the Ti-B 
system (solid-solution phase) was calculated using the following relations: Ti + B → TiB 
and Ti + 2B → TiB2, which compared with experimental data make about -160 kJ⋅mol-1 
and -275 kJ⋅mol-1, respectively (Fig. 1.2). Variation of ∆G against temperature for Ti + B 
→ TiB and Ti + 2B → TiB2 reactions from 0°C to 3000°C represents gradual increase of 
∆G values from -160 up to -85 kJ⋅mol-1 and -275 to -165 kJ⋅mol-1, correspondingly for 
TiB and TiB2 formation.  

  

Figure 1.2 Variation of ∆G and ∆H against temperature for Ti + B → TiB and Ti + 2B→TiB2 
reactions from 0°C to 3000°C (Calculated by HSC-5.0 software). 
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It is obvious that the Gibbs free energies of formation of both borides are negative, 
but lower values of ∆G favor TiB2 formation during direct Ti+B reaction.  

TiB2 has hexagonal symmetry (C32) with space group P6/mmm and TiB exists in  
FeB-type (B27) structure with primitive orthorhombic (Pnma) crystal [18]. It is reported 
that TiB also can be in NaCl structure [19]. Besides TiB2 and TiB, experimental studies 
evidenced the existence of Ti3B4 with a special orthorhombic Ta3B4-type structure.  
Ti3B4 is seldom mentioned and considered as a middle product or byproduct due to the 
high temperature peritectic reactions L+TiB2↔Ti3B4 (2473K) and L+Ti3B4↔TiB (2453K), 
and Ti3B4 is only stable to temperatures as low as 1690°C [20]. According to the  
first-principal calculations Ti2B intermetallic compound also exists [21].  

TiB2 is the most stable compound in Ti-B system and mostly used in industries.  
The preparation methods of titanium diboride powder are decisive for the properties 
(chemical, physical, and mechanical) and define its application field. Several methods 
have been utilized in the synthesis of TiB2 so far [22], [23]. Among them are: 

(1) Direct reactions of elemental titanium with boron Ti+2B→TiB2 (i) in the furnace, 
(ii) in the self-propagating high-temperature synthesis (SHS) reactor and (iii) by 
mechanical alloying. 

(2) Carbothermal reduction or hydrogen reduction from titanium and boron 
oxides.  

(3) Borocarbothermic reduction: 2TiO2 + B4C + 3C → 2TiB2 + 4CO. 
(4) Solid state reaction: TiO2 + 3NaBH4 → TiB2 + 2Na(g,l) + NaBO2 + 6H2(g). 
(5) Solvothermal reaction: TiCl4 + 2B + 4Na → TiB2 + 4NaCl. 
(6) Metallothermal reduction: titanium and boron oxides reduced by Mg or Al. 

1.2 Consolidation of Ti-B based materials 

Despite the attractive properties, the application of TiB2 is rather narrow on account, 
due to low sinterability caused by the formation of oxide layer on the surface and lack 
of machinability regarded to low fracture toughness at room temperature. Despite TiB2 
can be densified by liquid phase sintering with numerous metallic additives Cr, Ni, Fe, 
Cu etc.  [14], [24], [25], [26], however the presence of metallic phase causes 
degradation of properties at elevated temperatures. While non-metallic additives 
(mainly SiC, Si3N4, B4C, TiC, WC, TiN, MoSi2, and ZrB2) improve sinterability of TiB2 

without worsening the high temperature properties [27], [28], [29], [30], [31], [32], 
[33], [34], [35]. However, in this case the sintering process requires application of very 
high temperatures. The rundown of consolidation of TiB2 based composites is given in 
Table 1.2. TiB preferably exists in Ti matrix composite, the consolidation of TiB-Ti 
composites is briefed in Table 1.3.  

For the fabrication of Ti-B based composites with high content of ceramic phase, 
the combine of advanced synthesis (such as self-propagating high-temperature 
synthesis) and consolidation methods may offer new attractive technological 
possibilities and economic advantages, i.e. higher activity during sintering, a high 
chemical purity, a high content of combined boron, a controlled morphology of particle 
surfaces, facilitating in-situ chemical reactions, formation of materials into different 
shapes, etc. 
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Table 1.2 Consolidation of TiB2 based composites. 

System Sintering method Temperature (°C) Relative 
density (%) 

Hardness 
(GPa)  Reference 

TiB2-Cr  Pressureless sintering 1900 - - [24] 

TiB2-Ni  SPS  1150-1300 99.8 25 [25] 

TiB2-Fe HIP 1500-1650 97.8-99.1 15.1-22.6 [14] 

TiB2-Cu  SPS 1100, 1200 96 - [26] 

TiB2-SiC  SPS 1600-1800 97.1 27.4 [27] 

TiB2-TiC  HP 2477 99 22.6-23.9 [29] 

TiB2-SiC  HP 2000 99.3 23.6 [30] 

TiB2-Ti3AlC2  HP 1500 98.5 25 [34] 

ZrB2-TiB2  SPS 1400 >95 34 [35] 

 
Table 1.3 Consolidation of TiB-Ti composites. 

Material Process Relative 
density (%) 

Hardness 
(GPa) 

IFT 
(MPa⋅m1/2) 

Reference 

TiB-91.65vol.%Ti SLM 99.5 4.02 - [36] 

TiB2-TiBw-90.4wt.%Ti SPS >97.5 5.86 - [31] 

TiBw-60wt.%Ti SPS 99.6 - 9.35 [37] 

TiB-33vol.%Ti Ball Milling + 
Reaction HP - 13.51 - [4] 

TiB-30wt.%Ti SHS + HIP 98.45 11.5  6.15 [38] 

TiB-20wt.%Ti SHS + HIP 97.57 10.6  5.23 [38] 

 

1.3 Spark plasma sintering 

The most works on densification of Ti-B based materials (Table 1.2 and Table 1.3) have 
been done using hot-pressing (HP), hot isostatic pressing (HIP) and spark plasma 
sintering (SPS). As shown in Fig. 1.3, consolidation by HP is achieved by the application 
of heat and uniaxial pressure simultaneously, while HIP applies isostatic pressure to 
materials using compressed gas [39], [40]. Compare with the other consolidation 
methods, the SPS process is an unique consolidation technique in heating process by 
using a high pulse and low voltage current directly through the sample [41], [42]. As a 
result, the heating efficiency of SPS is much higher and the heating speed can reach up 
to 1000 °C⋅min-1. During the SPS process, Joule heat is produced by pulsed direct current 
passing through graphite mold and/or powder particles. The temperature is controlled 
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by thermocouple or pyrometer. The uniaxial pressure is applied during the heating 
process and controlled by a hydraulic system. SPS is already proved to be suitable for 
sintering a wide range of materials, including pure metals, alloys, ceramics and 
composites [41]. The processing of bulk ceramics via SPS method leads to the refinement 
of microstructure which in turn contributes to the enhancement of mechanical 
(hardness and strength) and physical (thermal and electrical) properties. Regardless the 
several advantages of SPS, it is not yet capable to process parts with intricate inner 
features, as they depend on the geometry of the mold. 

 
Figure 1.3 Scheme of Spark plasma sintering (SPS), Hot pressing (HP) device and hot isostatic 

pressure (HIP) devices. 

1.4 Powder bed fusion (PBF): Selective laser melting (SLM) 

1.4.1 Powder bed fusion overview 
Additive manufacturing (AM) exhibits great potential of manufacturing advanced parts 
of intricate geometry for mechanics, aerospace, and other fields [43], [44], [45], [46]. 
AM is suitable for the construction of complex shapes, as it can transfer the digital 3D 
model to 2D layers and build the parts layer-by-layer [47]. Different types of AM 
technologies have been developed to meet the requirements of advanced materials 
engineering. The AM classification according to the process mechanism is presented 
according to ISO/ASTM 52900 in seven categories, and two of them are based on 
powder bed processes, namely binder Jetting (BJ) and powder bed fusion (PBF, Fig. 1.4) 
[48], [49], [50], [51], [52]. 

 
Figure 1.4 Scheme of powder bed fusion process. 
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In powder-bed fusion processes, thermal energy selectively consolidates desired 
sections of a powder material layer by layer [53]. The powder particles of each layer are 
fused together with a laser beam, electron beam or a binder. Fresh layer of powder is 
spread by a coater in between each fusion of layers. A platform lowers the model step 
by step and a green body builds from the powder bed. The excess powder is recycled 
after treatment (such as sieving). The main disadvantage of natural supports is that for 
hollow part it must be designed with an open or escape hole for removal of the excess 
material.  

PBF includes the following commonly used printing techniques: electron beam 
melting (EBM), selective laser melting (SLM), selective laser sintering (SLS) and direct 
metal laser sintering (DMLS) [54]. EBM operates in a vacuum chamber with an electron 
beam generated in an electron beam gun [53]. Selective laser sintering and selective 
laser melting are both the layer-wise material addition techniques by consolidating 
successive layers of powder using the energy of laser beam, however different fusion 
mechanisms occur during the process (sintering or melting) [55]. In the direct SLS of 
ceramics, the high heating and cooling rates cause brittleness and poor fracture 
toughness of obtained shapes, so it may include a multi-step technology, such as the 
manufacturing of a green body with subsequent removal of binder and densifying in a 
furnace [56], [57]. Direct metal laser sintering (DMLS) is the same as SLS, but only 
metals are utilized.  

1.4.2 Selective laser melting  
As one of the most well-developed PBF technologies, SLM allows the producing of 
complex shapes and structures through the solidification of powder layer by layer [58]. 
The working process of SLM is as follows: powder material is applied in thin layers and 
melted at the predetermined areas using thermal energy supplied through a powerful 
laser beam. Following the melting of all selected locations of the target layer, the work 
platform is lowered, as a result new powder layer can be supplied repeatedly by the 
wiper, until the complete shape formation of the samples. Laser melting of metal 
powders requires Nd:YAG lasers or more commonly Yb:YAG-fiber lasers, which 
generate a laser beam with 1.06-1.07 µm wavelength, that is closer to the high 
absorptivity range of the most metallic powders.  

The main advantages of SLM method are fine resolution, good strength and high 
quality of the product, while the process is costly, the produced part usually comprises 
a support that needs to be removed by post processing [59].  

SLM technology has been used mostly for manufacturing metallic materials and 
metal-based composites. Metal-ceramic composites can be produced by SLM through 
mixing metal binders with ceramic powders, or through in-situ chemical reactions.  
The in-situ formation of metal-ceramic composites are far more advantageous 
compared to pre-mixed composites, because of the enhanced wettability between 
ceramic and metal, as well as fine and homogeneous distribution of ceramic or newly 
generated phases. But only limited systems are suitable for in-situ reactions, as the 
amount of energy generated from the chemical reaction is difficult to control. Another 
promising solution is to develop composite powders adopted for SLM process.  
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1.4.3 Power requirements for SLM 
For SLM applicable powders, size and shape must be tightly controlled because of  
their impact on powder flowability and deposition which altogether affect laser 
consolidation. There are several basic requirements for powder feedstock suitable for 
SLM process:  

(1) Powder flowability is an essential factor in SLM process, responsible for 
spreading powder smoothly across the build area and creating a uniform 
powder layer before irradiation [60]. 

(2) Homogeneous and dry powders of spherical morphology provide even 
distribution and improved powder flow. Particle shape irregularities increase 
surface area and may cause agglomeration. Rough surface and high humidity 
may result in deterioration of powder flow [61]. 

(3) Particle size distribution (PSD) is an important parameter, which influences 
number of operations of the SLM process, including powder spreading, storage 
and recycling [62]. In reused powders, particles becoming bigger as compared 
to the fresh powder is a common issue caused by pre-sintering of particles 
near the laser scanned areas. Also, spattered metal particles adhere onto 
neighboring particles and form larger and irregular powder structures [63]. 

(4) Low oxidation level is important because oxidation usually hinders the 
consolidation, causes instability, breaks up the melt pool into droplets during 
the laser treatment process [64]. 

(5) Thermal properties (thermal absorptivity and conductivity) of powders are 
detrimental due to the influence of laser absorptivity, melt zone formation and 
heat transfer mechanisms in the SLM process [53]. 

In general, commercial metals (alloys) powders for SLM are prepared by 
atomization method. During atomization liquid metal is broken into many droplets, 
then solidifies at flight cooling process in a chamber. The three main powder atomization 
methods for 3D printing [65] are shown in Fig. 1.5. There are three steps for all the 
atomization processes: 1) melting, 2) atomization and 3) solidification.  

 
Figure 1.5 Scheme of powder atomization process. 

Water atomization (WA) is primarily used for ferrous and related alloys. It is a  
low-price mode of atomization, but limits powder purity of reactive metals and alloys. 
The essence of gas atomization (GA) lies beneath using a high-pressure gas (N2 or Ar) to 
break up liquid metal flow through a nozzle. Although it is a relatively developed 
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technology, there are some hindering problems. Fine particles may fly back and lead to 
a collision partially melted particles from the circulation of gas in the atomizing 
chamber, which causes formation of satellite particles. These satellite particles are not 
desired for some applications as they have negative influence on the flowability of 
powder. In the plasma atomization (PA) process, a pre-alloyed wire is inserted onto a 
hot zone created by plasma torches. The wire is melted and then broken into droplets 
that cooled promptly, thus it is suitable for producing powders with high purity. But the 
cost of plasma atomization is much higher compared to the other two atomization 
processes. 

Self-propagating high-temperature synthesis has curious perspective to develop a 
powder suitable for SLM processes, as SHS allows to tailor structural features of 
produced powders by changing the initial composition of precursors’ mixture, sample 
size, packing density, chamber pressure, etc. The development of ceramic composite 
powders of special microstructure by the advanced SHS technology will create a new 
industrial platform for producing powders for the consolidation processes (SLM) of 
complex components with tailored physical-mechanical properties. 

1.5 Self-propagating high-temperature synthesis  
Self-propagating high-temperature synthesis (SHS) is an exothermic chemical reaction 
proceeding in a self-supporting manner for the production of solid materials in either 
air or an inert atmosphere [10], [11]. The method is based on the concept that once 
initiated locally by means of a momentary thermal heating, a highly exothermic 
chemical reaction self-propagates through the precursors converting them into desired 
products (Fig. 1.6). The beneficial aspects of CS are the high temperatures (500-3000°C), 
high heating rates (102 to 106 °C⋅s-1), and short reaction times. SHS received considerable 
attention as an innovative method to synthesize advanced materials including 
refractory ceramics, intermetallics, composites, as well as pure metals from cheap and 
available precursors [66]. SHS provides also a wide range of materials not only in the 
form of powders, porous materials, but also non-porous compacts, casts and coatings 
[67]. 

 
Figure 1.6 Scheme of Self-propagating high-temperature synthesis (SHS) process. 

As a result, SHS exhibits great flexibility, allowing to manufacture a wide diversity of 
products on virtually the same equipment. Up to now, more than three thousand 
substances and materials have been synthesized by the SHS method, and a number of 
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productions based on it have been established [68]. In comparison with the 
conventional methods of synthesizing materials in high-temperature furnaces, SHS has 
a number of obvious advantages, namely: low energy consumption, simple and  
small-sized equipment, high performance (productivity, effectiveness, substantial  
price reduction), high purity of products due to self-purification phenomena at high 
temperatures, environmentally friendly, easy scaling-up ability, etc., considering that: 

(i) SHS is a flexible, simple, energy-saving way to produce refractory and hard 
materials with high purity, controllable phases and microstructure, 

(ii) the structures formed during SHS process may provide enhanced exclusive 
properties of ceramic based composites of SPS and SLM printed parts. 

1.6 Objectives of the study  
The production of ceramic-based composites remains the provoking puzzle as the 
manufacturing of the end-products with consistent and predictable properties requires 
input materials with exact specifications. The latter in turn requires reliable and 
effective methods for powder synthesis. One of the key issues hindering further 
applications of Ti-B ceramic based materials is the limited number of materials suitable 
for the processing by advanced consolidation techniques (AM through SLM, SPS, etc.).  

Therefore, the objective of the PhD study is the design, synthesis and development 
of Ti-B based powder feedstocks suitable for SPS and SLM processing to produce bulk, 
porous and complex shaped reliable items using the developed powders. 

To tackle the objective, the specific aims are formulated as follows: 
1. Feedstock  

TiB2-Ti feedstock preparation from commercially available powders for SPS 
and SLM consolidation. 

Development and SHS preparation of Ti-B based composite powders of 
special size and morphology suitable for SPS and SLM processing. 

Characterization of the prepared feedstocks. 
2. Spark plasma sintering  

SPS consolidation of commercially available TiB2-Ti powder mixture and 
SHS-derived Ti-B based composite powders. Study of mechanical properties 
and tribological behavior (sliding wear resistance, etc.) of fabricated compact 
parts. 

3. Selective laser melting 
SLM fabrication of (i) bulks and lattices from commercially available TiB2-Ti 

powder mixture, (ii) SHS-prepared Ti-B based composite powders. SLM process 
optimization. Characterization and examination of phase transformation and 
microstructure features of SLM produced parts.  
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2 Materials and methods 
 
2.1 Feedstock preparation and design of the systems 
The raw materials used for the preparation of powder feedstock are listed in Table 2.1. 
  
Table 2.1 Raw materials (powders). 

Name Composition Particle size 
(µm) 

Purity 
(%) 

Impurity 
elements Producer 

Boron B 
(amorphous) <1 95 C, Fe Sigma-

Aldrich 
Titanium Ti <44 99.5 O, N, H, C Alfa Aesar 

Silicon Si <20 99 O, C, B, H Sigma-
Aldrich 

Titanium 
diboride TiB2 <25 99.5 O, C Alfa Aesar 

 
Three pathways were utilized to prepare precursors for the consolidation processes:   
(i) Feedstock 1: mechanical mixing of commercially available TiB2 and Ti powders 

with the composition (50wt.%TiB2-50wt.%Ti).  
(ii) Feedstock 2: SHS of Ti-B elementary mixtures. The maximum amount of ceramic 

phase (TiB2) according to the sinterability was experimentally deduced to be 50wt.% 
TiB2 in the commercially available powder TiB2-Ti mixture. To prepare the powder for 
consolidation with the same composition (50wt.%TiB2-50wt.%Ti) by SHS method Ti-B 
precursor mixture (85wt.%Ti-15wt.%B) was utilized. 

(iii) Feedstock 3: SHS Ti-B-Si elementary mixtures. Direct SLM of SHSed Ti-B based 
powder was impossible due to high ceramic phase content (>80wt.%), thus Si was 
chosen as a binder material. And the precursor for the SLM process was produced by 
SHS of Ti-B-Si elementary mixture with 38.6wt.%Ti-17.4wt.%B-44wt.%Si composition. 

The schematic overview of synthesis and consolidation Ti-B based material by SPS 
and SLM from commercial powder mixture and SHS-ed powder respectively is depicted 
in Fig. 2.1 and the designed powder percentage for SHS is listed in Table 2.2. 

 
Figure 2.1 The preparation pathways for Ti-B based composites.  
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Table 2.2 The composition of SHS raw materials and products. 

SHS System SHS raw materials SHS Products (calculated) 
Ti B Si Ti TiB TiB2 Si 

Ti-B 
(Feedstock 2) 

(moles) 1.28 1 - 0.28 1 0 - 
(wt.%) 85 15 - 18.6 81.4 0 - 

Ti-B-Si 
(Feedstock 3) 

(moles) 1 2 2 0 0 1 2 
(wt.%) 38.6 17.4 44 0 0 56 44 

2.1.1 Mechanical mixing  
Ti-TiB2 mixture of composition 50:50 wt.% (Feedstock 1) was prepared from 
commercially available powders of pure Ti and TiB2 by mechanical mixing.  

TiB2 and elemental Ti powders were dry mixed in a motor driving rotating plastic 
bottle (100 mm diameter and 150 mm height) for 2 h at 20 rpm speed and further were 
dried in oven at 60°C for 20 min before the consolidation procedure for moisture 
removal.  

2.1.2 SHS of Ti-B, Ti-B-Si composite powders  
For SHS process, a mixture of reactants (calculated according to Table 2.2) was 
homogenized in a ceramic mortar for 15 min. The green body was prepared in two 
ways: 1) stuffing into rectangular stainless-steel boat of 10 cm length, 20 mm width,  
12 mm height; 2) uniaxial pressing of cylindrical or hexagonal shape formed by  
die-mold. The samples were inserted into a CPR-3.5l reaction chamber filled with argon 
gas of 99.99% purity at pressure of 0.3 MPa. The mixture of KNO3 and Si powders (3 g) 
of the weight ratio 1:4 was used as igniting mixture positioned on the terminal or 
surface of the green body. To initiate the combustion reaction, a tungsten coil buried in 
the igniting mixture was charged with electricity under 12 V for 5 sec. Two C-type 
tungsten-rhenium (W/Re-5 and W/Re-20, 0.1mm in diameter) thermocouples were 
positioned at holes drilled in a green body to record temperature-time history of the 
combustion wave propagating process. After the SHS process, samples were cooled 
down in the chamber and the produced composites were further crushed or milled into 
fine powders. From the temperature-time curve the maximum combustion 
temperature (Tc) and the average combustion velocity (Uc) were deduced. Tc was 
averaged from two maxima temperatures of the recorded profiles. Uc was calculated 
by formula: Uc= L/t, where L is the distance between the two thermocouples, t is the 
time interval of combustion wave propagation between the two thermocouples.  

2.2 Spark plasma sintering 
The consolidation of commercial TiB2-Ti powder mixture and SHSed Ti-B based 
composite was performed in SPS (FCT Systeme GmbH, Germany) in vacuum (<5 mbar) 
employing continuous DC power. A graphite mold and punch set up for sample in 1 inch 
(25.4 mm) diameter was used for the sintering. The 20 g powder mixture was loaded 
into a graphite mold (graphite papers were located between the punch/mold and 
powder) and a BN solution was sprayed on the inner surface of graphite paper to make 
for easy separation after sintering. A fixed heating rate of 100 °C⋅m in-1 was applied to 
fabricate the samples with 8 mm in height, then cooled down by up to ∼200 °C⋅m in-1. 
Considering the high relative density and stable producing process, the optimized 
parameters are listed in Table 2.3.  
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Table 2.3 The process parameters of SPS.  

Precursor Pressure 
(MPa) 

Temperature (°C) Dwelling time 
(min) 

Heating rate 
(°C⋅min-1) 

Commercial TiB2-Ti 
(Feedstock 1) 

35 1500 3 100 

SHSed Ti-B 
(Feedstock 2) 

50 1200 3 100 

2.3 Selective laser melting 
Metal 3D printer (ReaLizer GmbH SLM-50, Germany) was used for the SLM 
consolidation process. The laser equipped is a Yb:YAG fiber laser of 1070 nm wave 
length and the maximum nominated output power is 120 W. The SLM process was 
performed in an argon protective atmosphere chamber with oxygen level below 0.5%.  

The laser energy density (LED) was calculated based on the following equation: 
E=P/vhd, where P is laser power, v is scanning speed, h is hatching distance and d is 
layer thickness. The scanning speed is evaluated from the quotient of exposure time 
and point distance. Bar shaped bulk samples with 10 mm diameter and 5 mm height 
were produced from the commercial TiB2-Ti powder mixture (Feedstock 1) at  
1500-3500 mA laser current (Fig. 2.2). 

 
Figure 2.2 The SLM process parameters for consolidation of bulk solid samples from commercial 

TiB2-Ti powder. 

Lattice structures from the commercial TiB2-Ti powder mixture (Feedstock 1) were 
3D printed at a fixed scanning speed of 80 mm·s-1, using the laser current of 2000 mA, 
layer thickness of 25 µm and hatching distance of 60 µm. The printed lattices were later 
heated in the furnace (WEBB, USA) up to 1100°C (dwell time 3 h). The heating rate was 
10 °C ·min-1 in the nitrogen gas flow of 200 ml·min-1 (purity 99.999 vol.%) during the 
heating process. The purpose of the nitridation was to convert the SLM produced 
ceramic-metal lattices into fully ceramic structures. 

For the SHS-ed TiB2-Si powders (Feedstock 3), solid cylinders (Ø10×5 mm) were built 
by SLM using laser current 1400-2200 mA at a scanning speed of 80 mm·s-1and layer 
thickness of 25 µm. The latter was chosen based on the average diameter (D50=21 µm) 
of the used TiB2-Si powders. 
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2.4 Characterization 
The particle size distribution of powders was assessed with the help of a laser 
diffraction using Malvern Mastersizer 3000 (Almelo, Netherlands). Hall Flowmeter was 
used to evaluate the flowability. According to the EVS-EN ISO 4490:2018 standard, test 
result was recorded as a time of 50 g of powder flowing passing through a Ø2.5 mm 
hole in a standard funnel.  

After the SPS process the surface graphite layers were removed by a grinding 
machine (80036, Cromag). After SPS and SLM processes, the samples were polished to 
1 µm finish using a Phoenix 4000 (Buehler, USA) system at flowing water with the help 
of 8-inch diamond grinding discs (DGD Terra, Buehler, USA). The polishing was executed 
in a speed of 300 rev⋅min-1 and kept for 3 minutes for each disc. The discs were 
changed in a certain sequence (74, 40, 20, 10, 3 and 1 μm) and then cleaned with 
acetone and ethanol.  

Archimedes’ densities of bulks were measured using balance (Mettler Toledo 
ME204, 0.1 mg accuracy, Australia), and geometrical densities were calculated from 
samples’ size (measured by digital caliper, 0.01 mm accuracy) and weight (measured by 
Eltra 84 analytical balance, 0.1 mg accuracy).  

The morphology and chemical composition of the initial powders, SHS-ed powders, 
SPS-ed compacts and SLM produced specimens were analyzed by scanning electron 
microscopes (SEM, HR-SEM Zeiss Merlin, Germany) equipped with EDS (Energy 
Dispersive X-Ray Spectroscopy) detectors. 

Phase composition of the samples was analyzed by X-ray diffractometers (XRD, 
D5005, Bruker, USA). Rietveld refinement method was used to evaluate the 
concentrations of compounds and elements.  

The hardness was evaluated by a Indentec 5030 SKV tester (Brierley Hill, UK), a load 
of 1-30 kgf were chosen and the final hardness value were calculated from average of 
at least 5 measurements.  

Compressive strength tests were performed by Zwick universal test machine 
(ZwichRoell Group, Germany). The strain rate of 0.1 min−1 was chosen based on ISO 
13314:2011 standard [69]. 

A universal tribo-test device (CETR/Bruker - UMT-2, USA) was employed for 
materials testing under dry unidirectional sliding in ball-on-plate configuration.  
The ball counterbody of Al2O3 with Ø10 mm (Redhill Precision, Czech Republic), 
hardness HV10≈1450 and surface roughness Ra=0.02 µm was exploited under the 
applied loads of 5 N (0.51 kgf) and 20 N (2.04 kgf), sliding speed of 0.1 ms-1 and distance 
of 1000 m with the radius of a wear track of 4.5 mm. Each test consists of 20 equal 
periods with duration of 500 s to assess friction evolution during each period (start, 
running and stop). Tests were performed both at room and elevated temperature  
(up to 900°C) and coefficient of friction (CoF) were evaluated. Besides CoF, the volume 
wear loss was recorded by 3D profilometer (Bruker Contour, USA).    
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3 Results and discussion 

3.1 Feedstocks 

3.1.1 Feedstock 1. Commercial Ti and TiB2 powder mixtures 
Powder feedstock 1 represents commercial mixture of 50 wt.% Ti and 50 wt.% TiB2.  
The morphology examined by SEM in Fig. 3.1 shows the irregular shape (Fig. 3.1a) of 
the Ti and flaky shape (Fig. 3.1b) of the TiB2 powder particles.  

 

Figure 3.1 SEM images of the initial powders (a) Ti, (b) TiB2 and their mixture at different 
magnifications(c) (x150), (d) (x300) (adapted from Publication III). 

After mixing, the powder displays <20 micron-size TiB2 particles with regional 
agglomerates (Fig. 3.1c and d). The flowability of the mixture was not possible to 
evaluate using the Hall Flowmeter method due to severe blocking of the hall hole 
during the testing. 

3.1.2 Feedstock 2. SHS-ed powder from Ti-B for SPS 
Powder feedstock 2 was prepared from combustion of element Ti and B powder 
mixtures with 1.2:1 molar ratio by SHS. The reaction between Ti and B in SHS process is 
a highly exothermic process (Tad=2660°C, calculated by ISMAN-Thermo software).  
Fig. 3.2b shows the combustion thermogram and pressure change curve during  
the SHS process. The maximum combustion temperature of 1700°C was reached at 
2.12 mm⋅s-1 combustion wave propagation velocity (Uheating=2500 °C⋅s-1). The thermal 
mode of combustion process was beneficient for Ti melting (Tm=1668°C) and 
dissolving/interacting with B to form TiB as per the principle of reaction diffusion. 
Additionally, an excess amount of Ti (nexcess=0.2 mol) in the system serves as an 
adhesion phase for the composite powder. The combustion product retains at high 
temperature for few seconds and temperature drop of below melting point of Ti is 
demonstrated at cooling rate of Ucooling=10 °C⋅s-1 (Fig. 3.2b). The wide post-combustion 
and cooling zones favor the formation of spherically shaped Ti droplets/particles. 
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Figure 3.2 (a) SHSed bulk product; (b) Combustion temperature and pressure evolution; (c,d) 

Typical examples of pre-crashed piece; and (e) Composite powder after the milling by 
disintegrator (adapted from Publication II). 

The SEM images of pre-crashed SHS product in Fig. 3.2 (c, d) demonstrate the  
co-existence of agglomerates of fine and coarse particles of either rounded or needle-like 
morphology. Spherical droplets of molten Ti were also present as Ti was added with an 
excess amount to the initial mixture. Since the elemental boron tends to center 
segregation on subsequent precipitation from molten solution of Ti and B,  the TiB 
needles mostly grow towards the center during SHS processing. 

Fig. 3.2e shows the SEM image of TiB-Ti composite powder after disintegrator 
milling. Particle size distribution (PSD) specified in Table 3.1 reveals the median 
diameter (D50) of TiB-Ti powder of around 9 µm, which is dramatically smaller 
compared to commercial TiB2-Ti powder mixtures (Fig. 3.1). Such distribution may 
contribute to the homogenity of precursor for the subsequent SPS consolidation process.  

Table 3.1. Particle size distribution of the SHSed TiB-Ti powder after disintegrator milling (adapted 
from Publication II). 

Particle Size of SHSed TiB-Ti powders 
D10 (µm) D50 (µm) D90 (µm) 

2.12 8.98 27.2 
 
The XRD patterns (Fig. 3.2a) of SHSed TiB-Ti powder confirm the presence of TiB, 

TiB2 and free Ti. The presence of TiB2 phase along with Ti and TiB is explained as 
follows: the reaction of fine Ti particles with boron proceeding in several stages 
includes the formation of diboride matrix, melting of Ti particles, capillary flow of Ti 
melt and its reaction with diboride with the subsequent formation of monoboride.  
In addition, the insufficient time for completion of the reaction between TiB2 and Ti due 
to fast propagartion of the combustion wave is responsible for the presence of TiB2. 
According to Rietveld refinement method the approximate concentrations were 
estimated as of 17.4 wt.% free Ti, 66.4 wt.% TiB and 16.2 wt.% TiB2.   
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3.1.3 Feedstock 3. SHS-ed powder from Ti-B-Si for SLM 
For powder feedstock 3, Ti-2B-2Si mixture was prepared for the combustion synthesis. 
The combustion synthesis was accomplished according to thermodynamic calculations 
considering a temperature of TiB2-Si formation (Tad=1700°C, calculated by  
ISMAN-Thermo software). During the reaction between Ti-2B-2Si mixture, the 
maximum combustion temperature of 1530°C (Fig. 3.3b) was recorded, which coincides 
to the thermodynamic calculations. The combustion front in the Ti-B-Si mixture 
progresses along the specimen heating reagents in the combustion wave at 250 °C·min-1 
rate as an undulating movement with a combustion velocity of 0.24 cm·s-1, in contrast 
to Ti-B mixture with smooth planar wave. The undulating movement is influenced by a 
liquid silicon phase in the front of the wave and produces a layered structure in the 
combustion product.   

 
Figure 3.3 (a) Combustion peculiarities in the Ti + 2B + nSi system; (b) Combustion temperature 

profiles; (c) XRD pattern of the produced powder; (d) SEM images of porous bulk SHS TiB2-Si 
product;  (e and f) milled TiB2-Si powder (adapted from publication V). 

XRD pattern of the combustion product of Ti-2B-2Si mixture certifies that product 
consist of only hexagonal titanium diboride and silicon (Fig. 3.3c). SEM analysis of the 
product immediately after the combustion synthesis depicts the bulk sample of porous 
morphology composed of many spherical protrusions (Fig. 3.3d). The porous bulk easily 

(Fig. 3.3e). Higher resolution SEM image (Fig. 3.3f) shows that the spherical protrusion 
has a “pomegranate-like” structure. This “pomegranate-like” particle represent the 
gathering of nano-size and ultra-fine TiB2 particulates “gluing” by silicon binder.  
The diameters of 436 nm, 349 nm, and 267 nm were measured for the selected 
particulates, named as Da1, Da2, Da3 in Fig. 3.3f. As shape of the precursor powders 
controls the spreading of particles and packing through the deposited layer during SLM 
process, the “pomegranate-like” structure will promote the melting/solidification 
process positively.  

The SHS-derived TiB2-Si feedstock comprises particles of pomegranate-shaped 
morphology and required particle size distribution. As well-documented, the PSD 
influence flowability, moreover round particles enhance the spreading of powders, 
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hence, vastly affect the final property of the produced part. In this work, the milled 
powder was sieved and ranged (less than 20 µm, 20-45 µm and 45-90 µm particle size). 
The PSD and flowability of powders tested by Hall flow meter are shown in Table 3.2. 
The flowing property of powders with particle size less than 20 µm was low, and 
supremely result was reported. The powders with particle size in the range of 20-45 µm 
show moderate flowability appropriate for the SLM process to provide a homogenous 
and smooth spreading of the powder. 
 
Table 3.2 Particle size distribution and flowability of produced TiB2-Si powders. 

Particle size range (µm) Particle size distribution (µm) Hall flow rate (s/50g) 
μ<20 - - 

20 - 45 D10=5.48, D50=21.2, D90=41.4 29.75 ± 0.31 (acceptable for SLM) 
45 - 90 D10=12.3, D50=57.56, D90=85.4 24.68 ± 0.34 

3.2 Spark plasma sintering  

3.2.1 SPS of commercial Ti and TiB2 powder mixtures (Feedstock 1) 
After SPS processing of commercial Ti and TiB2 powder mixtures (sample image shown 
in Fig. 3.4a), the surface X-ray diffraction pattern (Fig. 3.4b) reveals the coexistence of 
Ti, TiB and TiB2 phases, so the chemical reaction between Ti and TiB2 was not 
accomplished at the given sintering temperature and duration (1500°C, 3 min). 

 

Figure 3.4 (a) Photo image and (b) Surface XRD pattern of the SPSed TiB2-Ti sample. 

The specimens were polished for microstructure analysis by SEM. The fractured 
specimens were also examined and the morphology of fracture and polished surfaces 
are displated beside each other (Fig. 3.5). The samples are not homogeneous, in-situ 
synthesised TiB comprise particulates of a length of less than 2 µm and a diameter of 
few hundred nm randomly distributed on the polished surfaces of composite 
specimens. The lack of porosity observed in SEM images of polished fracture were in 
compliance with the Archimedes density measurements (relative density 99.4%).  
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Figure 3.5 The SEM image of SPSed TiB2-TiB-Ti composite (a, c, e) fracture and (b, d, f) polished 
surfaces (adapted from Publication I). 

Macrohardness measurements by Vickers indentation method showed that the 
HV30 of TiB2-TiB-Ti composite is 13.24±0.18 GPa. The indentation fracture toughness of 
the composite was calculated as 10.5±0.5 MPa·m1/2 using Palmqvist Crack method. The 
fracture toughness value of ceramic based TiB2-TiB-Ti composite is commensurate with 
titanium based composite TiBw-60wt.% Ti (IFT = 9.35 MPa·m1/2, Table 1.3) [37]. 

Fig. 3.6d demonstrates the coefficient of friction and average volumetric wear of 
pure Ti and the produced TiB2-TiB-Ti composite by sliding test. It is clearly seen that Ti-B 
reinforcement contributes to the wear behavior of the composite and is preferable 
compared to pure Ti. A significant drop in CoF and wear at elevated temperature 
(700°C-900°C) is noted. At 700-900°C a lubricating boric acid B(OH)3 characterized by a 
glass layer is formed on the composite surface (Fig. 3.6a-c). TiB oxidizes forming boron 
oxide (B2O3) starting from 700°C in air and the spontaneous chemical reaction between 
water molecules and the B2O3 coating in a humid environment leads to the formation 
of B(OH)3 film according to the chemical reaction: 

 
 
 

4𝑇𝑇𝑇𝑇𝑇𝑇 + 7𝑂𝑂2 = 4𝑇𝑇𝑇𝑇𝑂𝑂2 +  2𝑇𝑇2𝑂𝑂3 

 𝑇𝑇2𝑂𝑂3 + 3𝐻𝐻2𝑂𝑂 = 2𝑇𝑇(𝑂𝑂𝐻𝐻)3 
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Figure 3.6 Ti-TiBw Composite surfaces after sliding test (a) minimal glazed layer, 700°C; (b) 

maximum glazed layer, 800°C; (c) faded glazed layer after cooling, 900°C and (d) Coefficient of 
friction and average volumetric wear at several test temperatures (adapted from Publication I). 

3.2.2 SPS of SHS-ed Ti-B powder (Feedstock 2) 
SHSed Ti-B powder comprising TiB, TiB2 and free Ti phases was subjected to SPS to 
consolidate the same size specimens as from commercial Ti and TiB2 mixture. Fig. 3.7a 
illustrates the SEM image of SHS-SPSed composite indicating the distribution of two 
phases - TiB phase (grey) together with free Ti (white). The both SHS and SPS processes 
promoted the Ti + TiB2 → 2TiB interaction and complete formation of TiB phase in Ti 
matrix. XRD pattern (Fig. 3.7b) of SPSed bulk composite derived from the polished 
surface confirms the presence of only TiB and Ti with concentrations of 87.8% and 
12.2%, respectively, calculated by the Rietveld refinement method. In addition, 
according to the XRD patterns the peaks’ width was narrowed after SPS revealing the 
enhancement of crystallinity of the phases. Compared to the TiB-Ti composite 
produced by SPS from the conventionally mixed commercially available powders of Ti 
and TiB2 (Fig. 3.5), the product is more homogeneous, although they own similar 
densities, which results in improved mechanical and tribological features. The relative 
Archimedes density is calculated to be 99.7%, and hardness is 1550±26 HV30 for the 
TiB-Ti composite obtained by the conjugation of SHS and SPS processes. The Vickers 
hardness of pure TiB is about 1800, therefore, the hardness value for the current TiB 
rich composite is relatively higher in comparison to several published data (Table 1.3). 
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Apart from the high hardness, an enhanced IFT value in the current composite 
(8.16±0.5 MPa⋅m1/2) is observed due to the presence of 0.2 mole extra Ti in the 
composite as per design. In general, it is extremely difficult to produce a composite 
material with a high content of ceramic phase (here TiB) showing a commendable IFT 
value. This is also obvious from Table 1.3 demonstrating decrease in the IFT, as well as 
density values of the composite with the increase in ceramic content. A higher relative 
density and IFT values of the composite under study with high ceramic content is 
attributed to reactive SPS and in-situ formation of TiB phase. 

 
Figure 3.7 (a) SEM image of SPSed composite; and (b) XRD patterns of SHSed powder and SPSed 

composite (adapted from Publication II). 

The volumetric wear and coefficient of friction tested at different temperatures (RT, 
800°C) and loads (5 N, 20 N) are shown in Fig. 3.8. As expected, at room temperature, 
higher CoF and higher wear rate of TiB-Ti specimen was recorded; while at a 
temperature of 800°C, a lower CoF and a decrease in the wear rate of the material was 
demonstrated. This can be explained by the change in the wear mechanism and the 
formation of a new phase (B2O3) at the test temperature (the same mechanism occurs 
as for specimens from SPS of commercial Ti and TiB2 mixture). Compared with the test 
stabilization time at room temperature (3000 s), the time required for the stabilization 
of CoF at high temperature is substantially reduced (100 s, Fig. 3.8b). The range of CoF 
fluctuation and the stabilization time are affected by the mechanical properties of the 
material, the formation mechanism of the friction layer and the surface treatment 
(defects, roughness, presence of a small contaminants, etc.). Grinding and the forming 
of a characteristic friction layer is an indispensable process that affects the following 
steady-state wear mechanism and final wear rate.  

It is worth noting that at 800°C, the running-in period is very short regardless of low 
or high sliding loads. It is worth mention that at 800°C, especially at the maximum test 
load (20 N), the CoF is the lowest (Fig. 3.8b), and there is no substantial increase in each 
sliding cycle. This phenomenon leads to the conclusion that the interval between sliding 
oxidation is favored to friction coupling. 
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Figure 3.8  Effect of temperature and load on evolution of (a) volumetric wear and (b) coefficient 

of friction (adapted from Publication II). 

3.3 Selective laser melting 

3.3.1 SLM of commercial Ti and TiB2 Powder mixtures (Feedstock 1) 
Although Ti-B based samples sintered by SPS show encouraging properties, but lack of 
geometric flexibly prevents their further extensive applications. Hence, 3D printing via 
SLM was chosen to directly manufacture near net shape products. As the first step, 
cylindrical bulks and lattices were printed from 50wt.%Ti-50wt.%TiB2 commercial 
powder mixtures. The laser current and scanning speed were adjusted to get an 
optimized quality of the printed parts. 

Bulks 

SEM images of the polished samples obtained from commercial Ti and TiB2 powder 
mixtures (S1-S15) are depicted in Fig. 3.9. Laser current of 1500-3500 mA and  
scanning speeds of 500 mm·s-1, 290 mm·s-1 and 80 mm·s-1 were applied for the 
consolidation. 

The samples printed by highest applied scanning speed (500 mm·s-1) possess open 
pores pointed with green arrows. Their formation is justified by the lack of fusion of the 
powder (samples S1, Fig. 3.9a) and high viscosity of the melt pool handicapping the 
adequate flow to the desired regions. Besides the porosity formation, it is important to 
consider the new phases formation and their distribution. During the laser treatment 
TiB new phase formation was observed (pointed with yellow arrows). It is visible that 
tiny needle type TiB and the unreacted TiB2 (marked with pink arrows) co-exist in most 
of the samples (S3, S4 and S5). At higher laser scanning speed the irradiation is very 
quick (less than 40 μs in each exposure point), which results to a short lifetime of the 
blended melt pool, thus hindering the reactions between molten Ti and TiB2 interface. 
The latter results in pores, that are located between TiB2 particles and titanium melt 
and are irregular in form (pointed with orange arrows).   

Samples sintered at moderate-scanning speed (290 mm·s-1), have smoother  
surface with less pores compared to the first set. However, when the applied laser 
current is relatively lower, TiB is present in the form of colonies inhomogeneously 
distributed among Ti and alongside TiB2 (samples S6-S8). At higher laser current  
(>3000 mA), the needle shaped TiB particles are firmly apportioned in the material 
(samples S9 and S10). The TiB needles are with width of 2-5 mm and length up to  
50 mm. The neighboring needles have parallel direction, but overall distribution is 
random. 

At slow scanning process (80 mm·s-1), the phase transformation induced pores 
increased. Applying excess energy caused the formation of the dominating TiB phase 
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and the morphology of needles became coarser and uneven (samples S14 and S15).  
The absence of metallic titanium result in the brittleness of the sample, pores became 
inevitable in the ceramic rich areas.   

 
Figure 3.9 Top surface microstructure of polished TiB2-Ti samples prepared at different scanning 

speed and laser current (adapted from Publication III). 

To demonstrate the change in phase composition according to scanning speed and 
laser current, XRD patterns were quantified by Rietveld refinement method. According 
to Fig. 3.10b, the tendency of increase in TiB amount in samples S1-S5 and S11-S15 was 
observed demonstrating the crucial role of the laser current on the TiB formation.  
The samples scanned at the same laser current, but different scanning speed (500 
mm·s-1 and 80 mm·s-1), e.g. S1 with S11 or S5 with S15, demonstrate moderate 
difference in TiB content. From thermodynamic-kinetic point of view, it manifests that 
the main phase transformation from TiB2 to TiB is regulated by the achieved 
temperature rather than the keeping time, and needle colonies are influenced by the 
cooling process. In SLM process, laser power is determining factor for the temperature, 
and the scanning speed mainly controls the lifetime of the melting pool. For instance, at 
shorter laser exposure time (fast scanning speed) the holding time is short and the 
cooling rate is fast, TiB needles are thin and tiny; while at slow scanning speed, the 
melting pool holding duration is longer and the cooling rate is slower, thus TiB needles 
have more time to grow in preferred direction.  
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Figure 3.10 (a) Typical XRD pattern and (b) the TiB content (wt.%) in the samples sintered at 

scanning speed of 80 mm·s-1 (S1-S5) and 500 mm·s-1 (S11-S15)  according to Rietveld refinement 
method from XRD patterns  (adapted from Publication III). 

The density and hardness of the produced TiB2-TiB-Ti composites are listed in Table 
3.3. For sample S1, due to high porosity (Fig. 3.9a), the hardness measurement is 
unreliable. Overall, the hardness value shows an increasing tendency with the 
increasing of LED.  The highest hardness of around 20.4 GPa achieved for S15 is 
comparable with hardness of fully dense TiB2 - based composites. The density of SLM 
samples increase with the decrease of the scanning speed. For example, the density of 
samples S11-S15 sintered at 80 mm·s-1 scanning speed is obviously higher in 
comparison with the samples S1-S5 sintered at 500 mm·s-1. In general, increasing of LED 
can generate a larger area of melting pool during laser scanning, which results in a 
denser and harder specimen.   

Table 3.3 Density and hardness of the TiB2-TiB-Ti composites (adapted from Publication III). 

Sample  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 

LED 

(J∙mm
-3

) 
48 64 80 96 112 84 112 140 168 196 300 400 500 600 700 

Relative 
Density 
(%) 

∼77 ∼83 ∼86 ∼85 ∼86 ∼82 ∼84 ∼86 ∼87 ∼87 ∼89 ∼88 ∼90 ∼91 ∼92 

HV5 
(GPa) - 5.5 

±0.7 
9.5 
±2.3 

9.4 
±2.7 

9.6 
±1.7 

5.7 
±1.0 

7.1 
±0.8 

9.6 
±1.2 

12.1 
±1.1 

13.1 
±1.8 

9.4 
±2.5 

10.7 
±1.5 

11.8 
±2.0 

17.2 
±3.2 

20.4 
±2.5 

 

Lattices 

Lattice structures produced from TiB2-Ti powder mixtures are depicted in Fig. 3.11.  
The SEM images of the as-built structures show that the pore sizes are varied in a range 
of 550 to 630 µm, and the strut diameters are between 510 and 560 µm (Fig. 3.11b and 
e). The phase composition of the lattices after sintering is similar to the bulk samples. 
The formation of TiB phase coexisting with TiB2 and Ti after the SLM processing is 
demonstrated in Fig. 3.11c. After sintering the TiB2-TiB-Ti lattices were nitridized in the 
high-temperature furnace in nitrogen atmosphere to obtain fully ceramic composite. 
Nitridation of TiB2-TiB-Ti lattices leads to yellow-brownish appearance pointing out the 
generation of TiN phase at the expense of free titanium (Fig. 3.11f). According to phase 
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composition analysis of the lattices (Table 3.5) an increase of TiB and decrease of TiB2 
content is attributed to Ti participation in formation of both TiN and TiB phases 
according to TiB2 + Ti → 2TiB reaction started during room temperature ball milling; 
and 2Ti + N2 → 2TiN reaction at T > 800°C. The in-situ chemical reactions immediately 
during the laser sintering have tendency to build up and maintain the designed 
structures. 

The change in dimensions of lattices after the nitridation process was not noticeable 
(Fig. 3.11a and d) as the densities and coefficient of thermal expansion (CTE) of 
materials before and after nitridation are similar (Table 3.4). 

 

   
Figure 3.11 (a,b,c) General view, SEM images and XRD pattern of the as-built TiB2-TiB-Ti lattice 

and (d,e,f)  TiB2-TiB-TiN lattice after nitridation (adapted from Publication IV). 

Table 3.4 Density and thermal expansion of TiN, TiB2, TiB and Ti (adapted from Publication IV). 
Compound Density (g∙cm-3) Thermal expansion (°C-1) 

TiN 5.22 ∼9.35×10-6 
TiB2 4.52 ∼7.2 × 10-6 
TiB 4.56 ∼7.15 × 10−6 
Ti 4.506 8.4-10.8×10-6 

Table 3.5 Phase composition of lattices after SLM and nitridation (adapted from Publication IV). 

Phase Composition 
Content (wt.%) 

After SLM After nitridation 

Ti 21.1 0 

TiB2  46.3 23.5 

TiB 32.6 37.3 

TiN  0 39.2 

 
To evaluate the structural integrity of the samples, as well as their applicability in 

spongy bone regeneration, the compressive stress - strain measurements of the produced 
structures were conducted (Fig. 3.12). As shown in the curve, the first peak (Fig.3.12a) 
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is normally related to some struts crack, so the overall load-bearing capacity is 
comparatively low, but thanks to the lattice structure, the crack didn’t propagate 
directly through adjacent struts avoiding the entire failure of the ceramic specimen 
immediately during the compression process. The compressive strengths were 
recorded as 7 MPa and 3.5 MPa (Fig. 3.12), while compressive strain results were 24.4% 
and 20.5%, respectively for TiB2-TiB-Ti lattices before and after the nitridation.  
TiB2-TiB-Ti lattices shows a higher strength value because the metallic titanium can 
absorb the stress better compared to ceramic TiN.  

 
Figure 3.12 Compressive stress - strain curves of (a) as build TiB2-TiB-Ti lattice and (b) nitridized 

TiB2-TiB-TiN lattice (adapted from Publication IV). 

The natural trabecular bone of 64% porosity and 750±250 µm pores possesses a 
compressive strength of 4.1±1.9 MPa [70]. In comparison, the produced TiB2-TiB-TiN 
lattice maintain similar properties, so as a potential application, it may be considered as 
a substitute for filling and rebuilding the bone cavity or bone loss area caused by 
trauma or other bone disease.  

3.3.2 SLM of SHS-ed Ti-B-Si powder (Feedstock 3) 
Although the 3D printing from Ti and TiB2 commercial powder is promising, TiB2 is 
consumed during the in-situ reaction process with Ti. In order to produce composites 
with high content of TiB2 by SLM, another SHS system was considered. Si was chosen as 
the binder material due to good laser absorption properties at the applied wave length 
(41% for 1070 nm Yb:YAG fiber laser) and TiB2-Si composite powders (Feedstock 3) 
were produced from SHS of Ti, B and Si mixture. 

Bulk cylindrical samples with 10 mm dimeter and 5 mm height were built by SLM for 
the process parameter optimization. The microstructure of the TiB2-Si bulks printed 
using different laser currents are shown in Fig. 3.13.  
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Figure 3.13 Polished top surface SEM images of TiB2-Si bulks produced at (a-c) 1400 mA , (d-f) 

1800 mA and (g-i) 2200 mA laser current (adapted from publication V).  

Table 3.6 specifies the geometric density of 56wt.%TiB2-44wt.%Si system produced 
at a laser current of 1400 to 2200 mA. It is obvious that the densification level is 
improving with increase in the laser current. The highest geometric density of the  
bulk was achieved to be 3.05 g·cm-3. Considering the theoretical density of  
56wt.%TiB2-44wt.%Si material (3.19 g·cm-3), the calculated relative density reaches 97%.  

Table 3.6 Geometric density and hardness values of produced TiB2-Si bulk (adapted from 
publication V). 

Sample Laser current  
(mA) 

Geometric density  
(g∙cm-³) 

Relative density (%) HV1 
(GPa) 

C1 1400 2.77 87 - 
C2 1800 2.86 90 4.4±1.0 
C3 2200 3.05 97 7.6±1.0 

At laser current of 1400 mA (Sample C1, Fig. 3.13a-c), the non-spherical (irregular 
shape) pore formation is confirmed by the applied inadequate energy input to 
completely melt the raw material and promote consolidation. When the supplied 
power is insufficient, not fully fused zone caused by un-melted powder particles near 
the holes can be found. In the PBF process, in order to ideally perform sintering, the 
powder on the top of the sintered layer should absorb enough laser energy to melt a 
certain thickness of the spreading layer. However, insufficient energy input can result in 
a reduction in the size of the molten pool, and therefore inadequate melting of the 
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powder particles and/or spalling of the previously solidified layer. Under medium  
laser current (Sample C2, 1800 mA Fig. 3.13d-f), samples with smoother surface and 
higher density can be produced. In the morphology, fusion defects were observed in 
samples generated under a laser current of 1400-1800 mA. Spherical pores caused by 
the release of absorbed gas or the evaporation of the melt silicon were identifiable in 
both specimens. The overall microstructure of the sample prepared under a laser 
current of 2200 mA (Sample C3) is almost crack-free, and it is mainly composed of 
columnar grains with an average spacing in the sub-micron range (Fig. 3.13i). These 
grains follow the deposition direction due to the high thermal cooling gradient  
(up to 103-108 K·s-1). 

It is well-known that the residual porosity has dramatic influence on the hardness. 
For samples produced with lower laser current (1400 mA), it was impossible to measure 
a reliable hardness value due to high porosity. As expected, the hardness of the sample 
C3 is higher than that of the sample C2. The production of high-density and  
high-hardness materials requires high-intensity laser current (I=2200 mA). Due to 
larger/deeper melt pools, the sample C3 printed with high energy input shows 
improved particle connections. The immediate penetration of liquid silicon into the 
pores during laser treatment means that when the contact angle is small, the silicon is 
ready to wet TiB2, which limits the removal of TiB2 solid inclusions from the silicon.  
The increase in laser current results in acceleration of the movement and flowability of 
the melt, hence improved the infiltration of silicon through the “pomegranate-like” 
structural entities in the raw material. On the other hand, thanks to the  
“pomegranate-like” morphology of the precursor, the ultrafine-grained TiB2 particles 
act as nucleation centers during the cooling process, contributing to unform solidification 
of molten silicon.  

The SEM image and EDS mapping of the produced TiB2-Si solid parts are shown in 
Fig. 3.14 a-e. The microstructure of the composites consists of TiB2 with relatively large 
columnar grains with 2-10 microns length and numerous sub-micron equiaxed grains 
distributed along the silicon matrix. Hence, during the laser scanning, the TiB2 particles 
demonstrate high affinity for viscous silicon, thereby promoting the sintering and 
consolidation processes. Furthermore, the XRD pattern of the produced sample shows 
that no other phases are formed in the 3D printing process regardless of the laser 
treatment (Fig. 3.14f).  

 
Figure 3.14 (a) SEM image, (b-e) EDS mapping and (f) XRD pattern of selective laser melted TiB2-Si 

composite (adapted from publication V). 
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During SPS and SLM of SHSed powders the relatively fine TiB or TiB2 particles 
incorporated in the titanium or silicon matrix structure, increased the extent of 
nucleation sites providing new interfaces between Ti and TiB, Si and TiB2 for grain 
growth inhibition and enhancement of microstructural homogeneity and mechanical 
properties.
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4 Conclusions 
As a consistent result of the main objectives, i.e. design and producing of newly 
developed Ti-B based feedstocks suitable for advanced consolidation by spark plasma 
sintering and selective laser melting to produce qualified composites, the following 
conclusions were drawn: 

1. Findings/results in feedstock production (SHS process):  
A powder of TiB-Ti (Feedstock 2) was developed for SPS process from SHS of pure 

boron and titanium at the combustion temperature of 1700°C. It demonstrates the  
co-existence of agglomerates of fine and coarse particles of either rounded or  
needle-like morphology. Boron tends to center segregation with subsequent 
precipitation from molten solution of Ti and B,  the TiB needles mostly grow towards 
the center. The powder is relatively fine (D50=8.98 µm) and suitable for producing 
homogenous composite bulks.  

A TiB2-Si powder (Feedstock 3) in “pomegranate-like” structured was prepared for 
the first time by SHS at a combustion temperature of 1530°C. The powder particulates 
consist of a great number of TiB2 particles in nanoscale and “glued” together by silicon 
binder. The “pomegranate-like” powders consisting particles in the range of 20-45 µm 
demonstrated fair flowability and high efficiency for manufacturing solid bulks via SLM 
without any post-treatment/atomization.  

2. Results about composites produced by SPS:  
A fully dense TiBw-Ti composite was in-situ produced from commercial powders 

(TiB2-Ti, feedstock 1) by spark plasma sintering at 1500°C, pressure of 35 MPa for a 
dwell time of 3 min. Samples demonstrated 1324 ± 18 (HV30) hardness and IFT of  
10.52 MPa⋅m1/2.  

A fully dense and thermodynamically stable 88 wt.%TiB-Ti composites were 
fabricated by spark plasma sintering from SHS prepared TiB-Ti powders (Feedstock 2). 
The samples were successfully densified by spark plasma sintering at a relatively low 
temperature of 1200°C with the application of 50 MPa pressure during 3 min in 
vacuum. They exhibited the hardness of ∼1550 HV30 integrated with a good IFT of  
8.16 MPa·m1/2.  

Both TiBw-Ti and TiB-Ti composites exhibit a considerably low coefficient of friction 
(∼0.2) at elevated temperature (700-900°C) due to development of protective lubricious 
boric acid tribo-layers of a high load bearing capacity from 700°C. 

The spark plasma sintered samples from SHS prepared TiB-Ti powders showed more 
homogeneous microstucture, therefore improved mechanical and tribological features  
as compared to the samples sintered from commercial TiB2-Ti powders.  

3. Results about SLM of bulks and lattice structures: 
(i). TiB2-TiB-Ti (with 18-54 wt.%TiB) composite bulks were SLM fabricated from 

commercially available 50 wt.%TiB2-50 wt.%Ti powder mixture (Feedstock 1). The size 
and fraction of TiB needle-like colonies were governed by the laser energy density.  
The sintering at high laser current (3500 mA) and relatively slow scanning speed  
(80 mm·s-1) resulted in bulks of ∼20.4 GPa hardness, being comparable with ceramic 
composites produced by SPS method. SLM fabrication of TiB2-Ti powders led to the 
needle shaped TiB particles with width of 2-5 µm and length up to 50 µm firmly 
apportioning in parallel directions. 

The TiB2-TiB-Ti cellular structures were successfully SLM fabricated exploiting the 
laser current of 2000 mA corresponding to the laser energy density (LED) of 400 J·mm-3. 
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Nitridation of the structures resulted in the development of the TiB2-TiB-TiN ceramic 
lattices without significant deterioration of the geometrical parameters of the designed 
product. The composites of TiB2-TiB-TiN, comprising the similar properties of trabecular 
bone (porosity, strength, etc.), may be considered as the potential substitutes to fill and 
reconstruct bone cavities or areas of bone loss caused by traumas or bone disease. 

(ii). The 56 wt.%TiB2-44 wt.%Si composites with a relative density of ∼97% and 
hardness of ∼7.6 GPa (HV1) were fabricated from SHS-derived “pomegranate-like” 
powders (Feedstock 3) using a 2200 mA laser current at 80 mm·s-1 scanning speed. 
After SLM process the overall microstructure of the sample was almost crack-free, 
consisting of relatively large (2-10 µm) columnar and numerous of sub-micron equiaxed 
TiB2 grains distributed in a silicon matrix.  
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5 Future work 
Continuing the research briefly introduced in the thesis, more profound study have to 
be considered in the future: 

- combustion synthesis and microstructure evolution of Ti-B based composite materials 
with other elements, such as carbon, aluminum and nickel as binder phases;  
the influence of Ni-Ti, Ni-B, Ti-C, B-C in-situ generated phases formation on the 
microstructural homogeneity of the powders 

- selective laser sintering and spark plasma sintering of SHS derived Ti-B-C, Ti-B-Al,  
Ti-B-Ni composite materials, optimization of sintering procedure, recommendation for 
prospective applications. 
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Abstract  

Ti-B based composites by selective laser melting and spark 
plasma sintering 
Titanium-boron based materials are promising because of the outstanding 
characteristics of high specific modulus, excellent hardness, high electrical conductivity, 
good wear resistance and chemical stability. Recently, titanium-boron based materials 
have attracted attention in high-temperature structures and wear applications, but 
their feedstocks preparation and consolidation are less reported.  

The synthesis and consolidation methods of titanium-boron based materials were 
certified to be critically decisive for their properties and application. The present PhD 
work surveys the possibility of feedstock development and producing bulk and complex 
geometry Ti-B ceramic based composite materials. The particular emphasis is on the 
morphologies, mechanical properties, tribological properties and microstructural 
features affected by the technological procedure of material synthesis and 
consolidation of Ti-B ceramic based composites. 

The powder feedstocks suitable for spark plasma sintering (SPS) and selective laser 
melting (SLM) were prepared via a mechanical mixing and a self-propagating  
high-temperature synthesis (SHS). A novel “pomegranate-like” TiB2-Si ceramic-
metalloid powder feedstock with a fair flowability was successfully manufactured by 
SHS and subjected to SPS and SLM processes resulting in the production of the 
materials with 97% relative density and 7.6 GPa hardness. The TiB-Ti composites 
produced by SLM of the mixture of the commercially available TiB2 and Ti powders 
possess a high hardness of 20.4 GPa and an indentation fracture toughness of  
8.2 MPa·m1/2. The composites of TiB2-TiB-TiN have been regarded as the potential 
substitutes to fill and reconstruct bone cavities or areas of bone loss caused by traumas 
or bone disease. In-situ spark plasma sintering of Ti-TiBw composite has enabled 
preparation of the material exhibiting substantially improved sliding wear performance 
at temperatures up to 900°C due to development of a protective lubricious boric acid 
tribo-layer of a high load bearing capacity. Therefore, the Ti-TiBw compacts obtained 
are suitable for the self-lubrication at elevated temperatures. Furthermore, the TiB-Ti 
composite from SHS produced powder and consolidated via SPS demonstrated an 
enhanced hot sliding wear behavior. 
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Lühikokkuvõte 
Sädepaagutus- ja selektiivse lasersulatus-tehnoloogia abil 
valmistatud Ti-B baasil komposiitmaterjalid 
Titaani ja boori baasil materjale on palju uuritud kuna titaan-boor keraamikal on 
väljapaistvad omadused: kõrge erielastsusmoodul, suurepäane kõvadus, hea 
elektrijuhtivus ning kulumiskindlus ja keemiline stabiilsus. Viimasel ajal on palju uuritud 
Ti-B keraamika kasutamist rakendustes, kus materjalil peab olema kõrge temperatuuri 
taluvus ja kulumiskindlus. Sealjuures on vähe teadmisi, kuidas sünteesida vajalike 
omadustega lähtepulbreid. 

Ti-B materjalide omadused ja rakendus sõltuvad otsustest, mis tehakse erinevate 
tootmisprotsesside juures. Käesolev doktoritöö keskendub lähtepulbrite ja 
konsolideerimisprotsesside arendusele, mis võimaldaks Ti-B keraamikast keerulise 
geomeetriaga tooteid valmistada. Fookus on sellel, kuidas materjali valmistusmeetodid 
mõjutavad Ti-B  keraamika baasil komposiitide morfoloogiat ning mehaanilisi, 
triboloogilisi ja mikrostruktuuri omadusi. 

Doktoritöös kasutati konsolideerimismeetoditena plasmaaktiveeritud paagutust 
(SPS) ja kihtlisandustehnoloogiat selektiivne lasersulatus (SLM). Lähtepulbrid valmistati 
mehaanilise segamise ja iselevikõrgtemperatuursünteesi (SHS) teel. Uudne 
“granaatõuna sarnane” TiB2-Si keraamika-poolmetall pulber sobiva voolavusega 
valmistati SHS meetodil. See pulber sobis kasutamiseks toorainena nii SPS, kui ka  
SLM protsessides ja tulemuseks oli kõrge tihedusega (suhteline tihedus 97%) ja 
kõvadusega (7.6 GPa) materjal. TiB-Ti komposiit valmistati SLM meetodil kasutades 
pulbri tootjatelt saadud TiB2 ja Ti pulbreid ja saadud materjali iseloomustab suur 
kõvadus (20.4 GPa) ja sitkus (8.2 MPa·m1/2). TiB2-TiB-TiN keraamilist komposiiti 
peetakse üheks võimalikuks materjaliks, mida kasutada traumade või haiguste  
järgselt luude vigastuste ravimisel ja luude taastamisel. Reaktiivne plasmaaktiveeritud 
paagutus võimaldas valmistada Ti-TiBw komposiiti, mis toimib hästi hõõrdkulumisel 
temperatuuridel kuni 900°C. Selle omaduse tagab materjali pinnal moodustuv määriv 
boorhappe kaitsekiht, mis kaitseb materjali ennast. Ti-TiBw komposiitidel on seega 
tagatud isemääriv omadus kõrgetel temperatuuridel. Lisaks on SHS meetodil 
valmistatud pulbrist ja SPS meetodil konsolideeritud TiB-Ti komposiitidel kõrgendatud 
kulumiskindlus kõrgetel temperatuuridel. 
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Kumar, R., Liu, L., Antonov, M., Ivanov, R., Hussainova, I. (2021). Hot sliding wear of 
88wt% TiB-Ti composite from SHS produced powders. Materials, 14(5), 1242. 
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e�?�f��4� 3� 3��4�f�?f�=2� )+�4�<�2$=��)+24�<���$��)+>4�<�=�$=� �>$�2�g�4$���=2�f�?�f�>4� )+�4�<���$��)+24�<�2�$21�)+>4�<��2$=� ��=$1��g�4$�=�h�i���j�j�k�lj�mnojp�qj�k�rs��6�!���������!��#!�� �!#�-&�tu)�*!�!�"#v���!#����������7!���!�:EF�����!#��!�����!�������"��"�!������!���.w���u5$��6�!�'3�"&�#����"�������"��!��������!�:EF3!#��"���!��!+!"�������!*���������������"�!�����"�����#���� ���!�:EF�����!���.%� ��!��5$�6�!�'()��"��!���������!�:N:���*#!����#��"�!���!���!�!��!����==$��;:���*���!�"��!����!�:EF�����!������!�"���������:������"����"�!#����-!�=�$2;$�6�!�#���!�!��!��� ���-!�"����-��!#������!�"����"�&������!�(�!�+!�#��!���!�!����!���#@����!�+!������!�!+"���"����������������#���� ���!�:EF�����!����"�����-!�"+��#!#�"���4<�4��-"����!����!$�t���"�"��+!�"�"�&���������!�'()��"��!���������!���*#!���"�#������!#��"�����!+!"�!#������"� !������!"B���"�!�$�
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Current demands for tribological and biomedical advances to decrease wear and increase strength encounter with challenges posed by increased use of engineered materials and enhanced functionality. In this context, the preparation of ready availability of “tailored-to-use” materials for consolidation appears to be one of the main issues. The consolidation technologies of the spark plasma sintering (SPS) and selective laser melting (SLM) constantly mature, creating new business values, opening new scientific horizons, conquering new geographies, and hence, requiring input materials with known specifications, which in turn requires reliable methods for powder synthesis [1], [2], [3].

[bookmark: _Hlk67905227][bookmark: _Hlk67905171][bookmark: _Hlk73492812]Recently, titanium based materials (titanium-based alloys, titanium-boron based composites, etc.) grab leading position in aviation, automotive, metallurgy and medicine [4], [5], [6]. Due to the outstanding properties of high specific modulus, melting point, excellent hardness, elastic modulus, good thermal and electrical conductivity, abrasion resistance and chemical inertness, titanium-boron based materials drew attention for elevated-temperature structural and wear applications [7]. The manufacturing of the end-products with consistent and predictable properties requires input materials with exact specifications, which in turn requires reliable methods for powder synthesis [8], [9]. In addition, the synthesis and consolidation methods of titanium-boron based materials are decisive for the properties (chemical, physical, mechanical and tribological) and define their application field. The motivation for this work is the urgent need in a knowledge-based design of the powder materials suitable for advanced consolidation, as well as development a technological route for their fabrication. The aim of the thesis is to design, develop and synthesize Ti-B based feedstock well suited for consolidation (SPS/SLM) and subsequently produce the bulk, porous and complex shaped reliable items using the powders developed. From these perspectives the highly productive and energy-efficient self-propagating high-temperature synthesis (SHS) method [10], [11] has precedence over other synthesis methods for the Ti-B based powder preparation, as SHS allows to tailor particle size and morphology by changing the precursors’ ratio, reactor chamber pressure, etc.

Hereby, the following primary tasks were considered: (i) combustion synthesis of 
Ti-B based composite powder feedstock of special morphology suitable for SPS and SLM processing (ii) SPS processing of ceramic based bulks and SLM processing/optimization of bulk and lattice structures (iii) characterization of phase and microstructure transformation features during SHS, SPS and SLM processes and tribological properties of fabricated SPS compacts at a high temperature.

[bookmark: _Hlk67905196]To fulfill the tasks the phase and microstructure characteristics were examined in accordance with the synthesis and consolidation methods of a material. The main applications of Ti-B products and the further use in modern industrial spheres are detailed. For instance, the composites of TiB2-TiB-TiN regarded as potential substitutes to fill and reconstruct bone cavities or areas of bone loss caused by traumas or other disease. In-situ spark plasma sintering of Ti-TiBw composite lead to the material exhibiting substantially improved sliding wear performance at high temperatures. TiB-Ti composite from SHS produced powder and consolidated via SPS demonstrated enhanced hot sliding wear behavior. 

[bookmark: _Hlk73615540][bookmark: _Toc82035435][bookmark: _Toc82036548]
List of abbreviations

		Abbreviation

		Full Description



		AM

		Additive manufacturing



		BJ

		Binder jetting



		CAD

		Computer aided design



		CT

		Computed tomography



		CoF

		Coefficient of friction



		CPR-3.5l

		Constant pressure reactor -3.5 litres



		CS

		Combustion synthesis



		CTE

		Coefficient of thermal expansion



		DMLS

		Direct metal laser sintering



		d10

		The diameter defining 10% finer from particle size distribution curve



		d50

		The diameter defining 50% finer from particle size distribution curve



		d90

		The diameter defining 90% finer from particle size distribution curve



		EBM

		Electron beam melting



		EDS

		Energy Dispersive X-Ray Spectroscopy



		HIP

		Hot isostatic pressing



		HP

		Hot pressing



		HV

		Vickers hardness number



		IFT

		Indentation fracture toughness



		GA

		Gas atomization



		LC

		Laser current



		LED

		Laser energy density



		PA

		Plasma atomization



		PBF

		Powder-bed fusion



		PSD

		Particle size distribution



		sccm

		Standard cubic centimeters per minute



		SEM

		Scanning electron microscope



		SHS

		Self-propagating high-temperature synthesis



		SLM

		Selective laser melting



		SLS

		Selective laser sintering



		SPS

		Spark plasma sintering



		Tad

		Adiabatic temperature



		Tc

		Combustion temperature



		Tm

		Melting temperature



		Uc

		Combustion velocity (propagating speed)



		Ucooling

		Cooling speed



		Uheating

		Heating speed



		vol.%

		Volume percentage



		WA

		Water atomization



		wt.%

		Weight percentage



		YAG

		Yttrium aluminum garnet
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1. The review of the literature

Ti-B based composite materials have been garnered the interest of research community owing to their outstanding characteristics, essentially the high melting point, exceptional hardness, good thermal conductivity, high electrical conductivity, wear resistance, chemical stability for high temperature structural and wear applications [7], [12]. They are indispensable for cutting tools, armor materials, jet engine parts, dies, as a control rod material for high temperature nuclear reactors and other high-temperature ceramic components [13]. Moreover, the Ti-B based ceramic composites are believed to be attractive as a weight-saving parts for aerospace applications [14]. Recently, TiB2 drew attention for elevated-temperature structural applications, metal melting crucibles and electrode materials due to good oxidation resistance (in dry air atmosphere at temperatures up to 1100°C), as well as for resistance to creep tension during oxidation [15]. 

[bookmark: _Hlk73492830]However, only very limited successful experiments on consolidation of Ti-B ceramic based composites are available in literature, because of poor sinterability. Moreover, complex shaping of Ti-B based ceramics remains a problem in winning industrial applications because of the brittleness and poor fracture toughness, which makes them difficult to fabricate, especially for producing complex geometry parts. The synthesis and consolidation methods of titanium-boron based materials were certified to be critically decisive for their properties (chemical, physical, and mechanical) and application fields. The presented thesis surveys the possibility of development of bulk and complex geometry Ti-B ceramic based composite materials, with particular emphasis on microstructure features as a function of the technological method of synthesizing material on its consolidation behavior and the preparation of bulk Ti-B ceramic based composite materials for high-temperature tribological applications.

[bookmark: _Toc46889519][bookmark: _Toc82035437][bookmark: _Toc82036550]Ti-B system

In Ti-B system equilibrium compounds found in the phase diagram (Fig. 1.1) are TiB2 (MB2_C32) and TiB (MB_B27). Their main properties are listed in Table 1.1.

Table 1.1 Properties of TiB2 and TiB  [15],  [16].

		Material

		Density

(g∙cm-3)

		Melting point

 (°C)

		Hardness

(GPa)

		Elastic modulus (GPa)

		Coefficient of thermal expansion 

(°C-1)

		Thermal conductivity (W∙m-1∙K-1)

		Electrical conductivity (Ω∙cm)



		TiB2

		4.52

		3230

		27

		565

		7.2×10-6

		60-120

		10-40



		TiB

		4.56

		2200

		18

		371

		7.15×10-6

		-

		-







Based on thermodynamic modeling of the Ti-B system [17], at low amounts of titanium (up to 2 moles) in the xTi + 2B mixture, the formation of TiB and TiB2 is probable, but TiB2 has higher stability. At higher amounts of titanium (>2 mol) TiB is the only product of the process. Accordingly, the pure TiB2 formation becomes possible only at the exact stoichiometric composition of initial mixture (Ti + 2B). Molten Ti reacts with TiB2, and TiB forms from the melt by a peritectic reaction according to L + TiB2 → TiB equation (at 2190 ± 20°C).

[image: ]

Figure 1.1 Ti-B phase diagram (Calculated by Thermo-Calc software).

The Gibbs free energy of formation (Gfo at 273K) for the reactions in the Ti-B system (solid-solution phase) was calculated using the following relations: Ti + B → TiB and Ti + 2B → TiB2, which compared with experimental data make about -160 kJmol-1 and -275 kJmol-1, respectively (Fig. 1.2). Variation of G against temperature for Ti + B → TiB and Ti + 2B → TiB2 reactions from 0°C to 3000°C represents gradual increase of G values from -160 up to -85 kJmol-1 and -275 to -165 kJmol-1, correspondingly for TiB and TiB2 formation. 

 [image: Chart, line chart

Description automatically generated]

Figure 1.2 Variation of G and H against temperature for Ti + B → TiB and Ti + 2B→TiB2 reactions from 0°C to 3000°C (Calculated by HSC-5.0 software).



It is obvious that the Gibbs free energies of formation of both borides are negative, but lower values of G favor TiB2 formation during direct Ti+B reaction. 

TiB2 has hexagonal symmetry (C32) with space group P6/mmm and TiB exists in 
FeB-type (B27) structure with primitive orthorhombic (Pnma) crystal [18]. It is reported that TiB also can be in NaCl structure [19]. Besides TiB2 and TiB, experimental studies evidenced the existence of Ti3B4 with a special orthorhombic Ta3B4-type structure. 
Ti3B4 is seldom mentioned and considered as a middle product or byproduct due to the high temperature peritectic reactions L+TiB2↔Ti3B4 (2473K) and L+Ti3B4↔TiB (2453K), and Ti3B4 is only stable to temperatures as low as 1690°C [20]. According to the 
first-principal calculations Ti2B intermetallic compound also exists [21]. 

TiB2 is the most stable compound in Ti-B system and mostly used in industries. 
The preparation methods of titanium diboride powder are decisive for the properties (chemical, physical, and mechanical) and define its application field. Several methods have been utilized in the synthesis of TiB2 so far [22], [23]. Among them are:

(1) Direct reactions of elemental titanium with boron Ti+2B→TiB2 (i) in the furnace, (ii) in the self-propagating high-temperature synthesis (SHS) reactor and (iii) by mechanical alloying.

(2) Carbothermal reduction or hydrogen reduction from titanium and boron oxides. 

(3) Borocarbothermic reduction: 2TiO2 + B4C + 3C → 2TiB2 + 4CO.

(4) Solid state reaction: TiO2 + 3NaBH4 → TiB2 + 2Na(g,l) + NaBO2 + 6H2(g).

(5) Solvothermal reaction: TiCl4 + 2B + 4Na → TiB2 + 4NaCl.

(6) Metallothermal reduction: titanium and boron oxides reduced by Mg or Al.

[bookmark: _Toc46889523][bookmark: _Toc82035438][bookmark: _Toc82036551]Consolidation of Ti-B based materials

Despite the attractive properties, the application of TiB2 is rather narrow on account, due to low sinterability caused by the formation of oxide layer on the surface and lack of machinability regarded to low fracture toughness at room temperature. Despite TiB2 can be densified by liquid phase sintering with numerous metallic additives Cr, Ni, Fe, Cu etc.  [14], [24], [25], [26], however the presence of metallic phase causes degradation of properties at elevated temperatures. While non-metallic additives (mainly SiC, Si3N4, B4C, TiC, WC, TiN, MoSi2, and ZrB2) improve sinterability of TiB2 without worsening the high temperature properties [27], [28], [29], [30], [31], [32], [33], [34], [35]. However, in this case the sintering process requires application of very high temperatures. The rundown of consolidation of TiB2 based composites is given in Table 1.2. TiB preferably exists in Ti matrix composite, the consolidation of TiB-Ti composites is briefed in Table 1.3. 

For the fabrication of Ti-B based composites with high content of ceramic phase, the combine of advanced synthesis (such as self-propagating high-temperature synthesis) and consolidation methods may offer new attractive technological possibilities and economic advantages, i.e. higher activity during sintering, a high chemical purity, a high content of combined boron, a controlled morphology of particle surfaces, facilitating in-situ chemical reactions, formation of materials into different shapes, etc.







[bookmark: _Hlk62932443]Table 1.2 Consolidation of TiB2 based composites.

		System

		Sintering method

		Temperature (°C)

		Relative density (%)

		Hardness (GPa) 

		Reference



		TiB2-Cr 

		Pressureless sintering

		1900

		-

		-

		[24]



		TiB2-Ni 

		SPS 

		1150-1300

		99.8

		25

		[25]



		TiB2-Fe

		HIP

		1500-1650

		97.8-99.1

		15.1-22.6

		[14]



		TiB2-Cu 

		SPS

		1100, 1200

		96

		-

		[26]



		TiB2-SiC 

		SPS

		1600-1800

		97.1

		27.4

		[27]



		TiB2-TiC 

		HP

		2477

		99

		22.6-23.9

		[29]



		TiB2-SiC 

		HP

		2000

		99.3

		23.6

		[30]



		TiB2-Ti3AlC2 

		HP

		1500

		98.5

		25

		[34]



		ZrB2-TiB2 

		SPS

		1400

		>95

		34

		[35]







Table 1.3 Consolidation of TiB-Ti composites.

		Material

		Process

		Relative density (%)

		Hardness (GPa)

		IFT

(MPam1/2)

		Reference



		TiB-91.65vol.%Ti

		SLM

		99.5

		4.02

		-

		[36]



		TiB2-TiBw-90.4wt.%Ti

		SPS

		>97.5

		5.86

		-

		[31]



		TiBw-60wt.%Ti

		SPS

		99.6

		-

		9.35

		[37]



		TiB-33vol.%Ti

		Ball Milling + Reaction HP

		-

		13.51

		-

		[4]



		TiB-30wt.%Ti

		SHS + HIP

		98.45

		11.5 

		6.15

		[38]



		TiB-20wt.%Ti

		SHS + HIP

		97.57

		10.6 

		5.23

		[38]







[bookmark: _Toc82035439][bookmark: _Toc82036552]Spark plasma sintering

The most works on densification of Ti-B based materials (Table 1.2 and Table 1.3) have been done using hot-pressing (HP), hot isostatic pressing (HIP) and spark plasma sintering (SPS). As shown in Fig. 1.3, consolidation by HP is achieved by the application of heat and uniaxial pressure simultaneously, while HIP applies isostatic pressure to materials using compressed gas [39], [40]. Compare with the other consolidation methods, the SPS process is an unique consolidation technique in heating process by using a high pulse and low voltage current directly through the sample [41], [42]. As a result, the heating efficiency of SPS is much higher and the heating speed can reach up to 1000 °Cmin-1. During the SPS process, Joule heat is produced by pulsed direct current passing through graphite mold and/or powder particles. The temperature is controlled by thermocouple or pyrometer. The uniaxial pressure is applied during the heating process and controlled by a hydraulic system. SPS is already proved to be suitable for sintering a wide range of materials, including pure metals, alloys, ceramics and composites [41]. The processing of bulk ceramics via SPS method leads to the refinement of microstructure which in turn contributes to the enhancement of mechanical (hardness and strength) and physical (thermal and electrical) properties. Regardless the several advantages of SPS, it is not yet capable to process parts with intricate inner features, as they depend on the geometry of the mold.

[image: Schematic

Description automatically generated with medium confidence]

[bookmark: _Hlk65097742]Figure 1.3 Scheme of Spark plasma sintering (SPS), Hot pressing (HP) device and hot isostatic pressure (HIP) devices.

[bookmark: _Hlk67578188][bookmark: _Toc46889525][bookmark: _Toc82035440][bookmark: _Toc82036553][bookmark: _Hlk49367276]Powder bed fusion (PBF): Selective laser melting (SLM)

[bookmark: _Toc82035441][bookmark: _Toc82036554]Powder bed fusion overview

Additive manufacturing (AM) exhibits great potential of manufacturing advanced parts of intricate geometry for mechanics, aerospace, and other fields [43], [44], [45], [46]. AM is suitable for the construction of complex shapes, as it can transfer the digital 3D model to 2D layers and build the parts layer-by-layer [47]. Different types of AM technologies have been developed to meet the requirements of advanced materials engineering. The AM classification according to the process mechanism is presented according to ISO/ASTM 52900 in seven categories, and two of them are based on powder bed processes, namely binder Jetting (BJ) and powder bed fusion (PBF, Fig. 1.4) [48], [49], [50], [51], [52].

[image: A picture containing logo

Description automatically generated]

Figure 1.4 Scheme of powder bed fusion process.

[bookmark: _heading=h.3j2qqm3]In powder-bed fusion processes, thermal energy selectively consolidates desired sections of a powder material layer by layer [53]. The powder particles of each layer are fused together with a laser beam, electron beam or a binder. Fresh layer of powder is spread by a coater in between each fusion of layers. A platform lowers the model step by step and a green body builds from the powder bed. The excess powder is recycled after treatment (such as sieving). The main disadvantage of natural supports is that for hollow part it must be designed with an open or escape hole for removal of the excess material. 

PBF includes the following commonly used printing techniques: electron beam melting (EBM), selective laser melting (SLM), selective laser sintering (SLS) and direct metal laser sintering (DMLS) [54]. EBM operates in a vacuum chamber with an electron beam generated in an electron beam gun [53]. Selective laser sintering and selective laser melting are both the layer-wise material addition techniques by consolidating successive layers of powder using the energy of laser beam, however different fusion mechanisms occur during the process (sintering or melting) [55]. In the direct SLS of ceramics, the high heating and cooling rates cause brittleness and poor fracture toughness of obtained shapes, so it may include a multi-step technology, such as the manufacturing of a green body with subsequent removal of binder and densifying in a furnace [56], [57]. Direct metal laser sintering (DMLS) is the same as SLS, but only metals are utilized. 

[bookmark: _Toc82035442][bookmark: _Toc82036555]Selective laser melting 

As one of the most well-developed PBF technologies, SLM allows the producing of complex shapes and structures through the solidification of powder layer by layer [58]. The working process of SLM is as follows: powder material is applied in thin layers and melted at the predetermined areas using thermal energy supplied through a powerful laser beam. Following the melting of all selected locations of the target layer, the work platform is lowered, as a result new powder layer can be supplied repeatedly by the wiper, until the complete shape formation of the samples. Laser melting of metal powders requires Nd:YAG lasers or more commonly Yb:YAG-fiber lasers, which generate a laser beam with 1.06-1.07 m wavelength, that is closer to the high absorptivity range of the most metallic powders. 

The main advantages of SLM method are fine resolution, good strength and high quality of the product, while the process is costly, the produced part usually comprises a support that needs to be removed by post processing [59]. 

[bookmark: _Toc46889526]SLM technology has been used mostly for manufacturing metallic materials and metal-based composites. Metal-ceramic composites can be produced by SLM through mixing metal binders with ceramic powders, or through in-situ chemical reactions. 
The in-situ formation of metal-ceramic composites are far more advantageous compared to pre-mixed composites, because of the enhanced wettability between ceramic and metal, as well as fine and homogeneous distribution of ceramic or newly generated phases. But only limited systems are suitable for in-situ reactions, as the amount of energy generated from the chemical reaction is difficult to control. Another promising solution is to develop composite powders adopted for SLM process. 



[bookmark: _Toc82035443][bookmark: _Toc82036556][bookmark: _Hlk66580911]Power requirements for SLM

For SLM applicable powders, size and shape must be tightly controlled because of 
their impact on powder flowability and deposition which altogether affect laser consolidation. There are several basic requirements for powder feedstock suitable for SLM process: 

(1) Powder flowability is an essential factor in SLM process, responsible for spreading powder smoothly across the build area and creating a uniform powder layer before irradiation [60].

(2) Homogeneous and dry powders of spherical morphology provide even distribution and improved powder flow. Particle shape irregularities increase surface area and may cause agglomeration. Rough surface and high humidity may result in deterioration of powder flow [61].

(3) Particle size distribution (PSD) is an important parameter, which influences number of operations of the SLM process, including powder spreading, storage and recycling [62]. In reused powders, particles becoming bigger as compared to the fresh powder is a common issue caused by pre-sintering of particles near the laser scanned areas. Also, spattered metal particles adhere onto neighboring particles and form larger and irregular powder structures [63].

(4) Low oxidation level is important because oxidation usually hinders the consolidation, causes instability, breaks up the melt pool into droplets during the laser treatment process [64].

(5) Thermal properties (thermal absorptivity and conductivity) of powders are detrimental due to the influence of laser absorptivity, melt zone formation and heat transfer mechanisms in the SLM process [53].

In general, commercial metals (alloys) powders for SLM are prepared by atomization method. During atomization liquid metal is broken into many droplets, then solidifies at flight cooling process in a chamber. The three main powder atomization methods for 3D printing [65] are shown in Fig. 1.5. There are three steps for all the atomization processes: 1) melting, 2) atomization and 3) solidification. 

[image: Shape, arrow
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Figure 1.5 Scheme of powder atomization process.

Water atomization (WA) is primarily used for ferrous and related alloys. It is a 
low-price mode of atomization, but limits powder purity of reactive metals and alloys. The essence of gas atomization (GA) lies beneath using a high-pressure gas (N2 or Ar) to break up liquid metal flow through a nozzle. Although it is a relatively developed technology, there are some hindering problems. Fine particles may fly back and lead to a collision partially melted particles from the circulation of gas in the atomizing chamber, which causes formation of satellite particles. These satellite particles are not desired for some applications as they have negative influence on the flowability of powder. In the plasma atomization (PA) process, a pre-alloyed wire is inserted onto a hot zone created by plasma torches. The wire is melted and then broken into droplets that cooled promptly, thus it is suitable for producing powders with high purity. But the cost of plasma atomization is much higher compared to the other two atomization processes.

Self-propagating high-temperature synthesis has curious perspective to develop a powder suitable for SLM processes, as SHS allows to tailor structural features of produced powders by changing the initial composition of precursors’ mixture, sample size, packing density, chamber pressure, etc. The development of ceramic composite powders of special microstructure by the advanced SHS technology will create a new industrial platform for producing powders for the consolidation processes (SLM) of complex components with tailored physical-mechanical properties.

[bookmark: _Toc82035444][bookmark: _Toc82036557][bookmark: _Toc46889524]Self-propagating high-temperature synthesis 

Self-propagating high-temperature synthesis (SHS) is an exothermic chemical reaction proceeding in a self-supporting manner for the production of solid materials in either air or an inert atmosphere [10], [11]. The method is based on the concept that once initiated locally by means of a momentary thermal heating, a highly exothermic chemical reaction self-propagates through the precursors converting them into desired products (Fig. 1.6). The beneficial aspects of CS are the high temperatures (500-3000°C), high heating rates (102 to 106 °Cs-1), and short reaction times. SHS received considerable attention as an innovative method to synthesize advanced materials including refractory ceramics, intermetallics, composites, as well as pure metals from cheap and available precursors [66]. SHS provides also a wide range of materials not only in the form of powders, porous materials, but also non-porous compacts, casts and coatings [67].
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Figure 1.6 Scheme of Self-propagating high-temperature synthesis (SHS) process.

As a result, SHS exhibits great flexibility, allowing to manufacture a wide diversity of products on virtually the same equipment. Up to now, more than three thousand substances and materials have been synthesized by the SHS method, and a number of productions based on it have been established [68]. In comparison with the conventional methods of synthesizing materials in high-temperature furnaces, SHS has a number of obvious advantages, namely: low energy consumption, simple and 
small-sized equipment, high performance (productivity, effectiveness, substantial 
price reduction), high purity of products due to self-purification phenomena at high temperatures, environmentally friendly, easy scaling-up ability, etc., considering that:

(i) SHS is a flexible, simple, energy-saving way to produce refractory and hard materials with high purity, controllable phases and microstructure,

(ii) the structures formed during SHS process may provide enhanced exclusive properties of ceramic based composites of SPS and SLM printed parts.

[bookmark: _Toc82035445][bookmark: _Toc82036558][bookmark: _Toc46889528][bookmark: _Hlk73615350]Objectives of the study 

[bookmark: _Hlk73612518]The production of ceramic-based composites remains the provoking puzzle as the manufacturing of the end-products with consistent and predictable properties requires input materials with exact specifications. The latter in turn requires reliable and effective methods for powder synthesis. One of the key issues hindering further applications of Ti-B ceramic based materials is the limited number of materials suitable for the processing by advanced consolidation techniques (AM through SLM, SPS, etc.). 

[bookmark: _Hlk73492851]Therefore, the objective of the PhD study is the design, synthesis and development of Ti-B based powder feedstocks suitable for SPS and SLM processing to produce bulk, porous and complex shaped reliable items using the developed powders.

To tackle the objective, the specific aims are formulated as follows:

1. Feedstock 

TiB2-Ti feedstock preparation from commercially available powders for SPS and SLM consolidation.

Development and SHS preparation of Ti-B based composite powders of special size and morphology suitable for SPS and SLM processing.

Characterization of the prepared feedstocks.

2. Spark plasma sintering 

SPS consolidation of commercially available TiB2-Ti powder mixture and SHS-derived Ti-B based composite powders. Study of mechanical properties and tribological behavior (sliding wear resistance, etc.) of fabricated compact parts.

3. Selective laser melting

SLM fabrication of (i) bulks and lattices from commercially available TiB2-Ti powder mixture, (ii) SHS-prepared Ti-B based composite powders. SLM process optimization. Characterization and examination of phase transformation and microstructure features of SLM produced parts. 





4. [bookmark: _heading=h.2bn6wsx]


[bookmark: _Toc46889529][bookmark: _Toc82035446][bookmark: _Toc82036559]Materials and methods



[bookmark: _Toc82035447][bookmark: _Toc82036560]Feedstock preparation and design of the systems

The raw materials used for the preparation of powder feedstock are listed in Table 2.1.

 

Table 2.1 Raw materials (powders).

		Name

		Composition

		Particle size (µm)

		Purity

(%)

		Impurity elements

		Producer



		Boron

		B (amorphous)

		<1

		95

		C, Fe

		Sigma-Aldrich



		Titanium

		Ti

		<44

		99.5

		O, N, H, C

		Alfa Aesar



		Silicon

		Si

		<20

		99

		O, C, B, H

		Sigma-Aldrich



		Titanium diboride

		TiB2

		<25

		99.5

		O, C

		Alfa Aesar







Three pathways were utilized to prepare precursors for the consolidation processes:  

(i) Feedstock 1: mechanical mixing of commercially available TiB2 and Ti powders with the composition (50wt.%TiB2-50wt.%Ti). 

[bookmark: _Hlk80357588](ii) Feedstock 2: SHS of Ti-B elementary mixtures. The maximum amount of ceramic phase (TiB2) according to the sinterability was experimentally deduced to be 50wt.% TiB2 in the commercially available powder TiB2-Ti mixture. To prepare the powder for consolidation with the same composition (50wt.%TiB2-50wt.%Ti) by SHS method Ti-B precursor mixture (85wt.%Ti-15wt.%B) was utilized.

(iii) Feedstock 3: SHS Ti-B-Si elementary mixtures. Direct SLM of SHSed Ti-B based powder was impossible due to high ceramic phase content (>80wt.%), thus Si was chosen as a binder material. And the precursor for the SLM process was produced by SHS of Ti-B-Si elementary mixture with 38.6wt.%Ti-17.4wt.%B-44wt.%Si composition.

The schematic overview of synthesis and consolidation Ti-B based material by SPS and SLM from commercial powder mixture and SHS-ed powder respectively is depicted in Fig. 2.1 and the designed powder percentage for SHS is listed in Table 2.2.
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[bookmark: _Hlk64466958]Figure 2.1 The preparation pathways for Ti-B based composites. 

Table 2.2 The composition of SHS raw materials and products.

		SHS System

		SHS raw materials

		SHS Products (calculated)



		

		Ti

		B

		Si

		Ti

		TiB

		TiB2

		Si



		Ti-B

(Feedstock 2)

		(moles)

		1.28

		1

		-

		0.28

		1

		0

		-



		

		(wt.%)

		85

		15

		-

		18.6

		81.4

		0

		-



		Ti-B-Si

(Feedstock 3)

		(moles)

		1

		2

		2

		0

		0

		1

		2



		

		(wt.%)

		38.6

		17.4

		44

		0

		0

		56

		44





[bookmark: _Toc82035448][bookmark: _Toc82036561]Mechanical mixing 

Ti-TiB2 mixture of composition 50:50 wt.% (Feedstock 1) was prepared from commercially available powders of pure Ti and TiB2 by mechanical mixing. 

TiB2 and elemental Ti powders were dry mixed in a motor driving rotating plastic bottle (100 mm diameter and 150 mm height) for 2 h at 20 rpm speed and further were dried in oven at 60°C for 20 min before the consolidation procedure for moisture removal. 

[bookmark: _Toc46889532][bookmark: _Toc82035449][bookmark: _Toc82036562]SHS of Ti-B, Ti-B-Si composite powders 

[bookmark: _Hlk62991116]For SHS process, a mixture of reactants (calculated according to Table 2.2) was homogenized in a ceramic mortar for 15 min. The green body was prepared in two ways: 1) stuffing into rectangular stainless-steel boat of 10 cm length, 20 mm width, 
12 mm height; 2) uniaxial pressing of cylindrical or hexagonal shape formed by 
die-mold. The samples were inserted into a CPR-3.5l reaction chamber filled with argon gas of 99.99% purity at pressure of 0.3 MPa. The mixture of KNO3 and Si powders (3 g) of the weight ratio 1:4 was used as igniting mixture positioned on the terminal or surface of the green body. To initiate the combustion reaction, a tungsten coil buried in the igniting mixture was charged with electricity under 12 V for 5 sec. Two C-type tungsten-rhenium (W/Re-5 and W/Re-20, 0.1mm in diameter) thermocouples were positioned at holes drilled in a green body to record temperature-time history of the combustion wave propagating process. After the SHS process, samples were cooled down in the chamber and the produced composites were further crushed or milled into fine powders. From the temperature-time curve the maximum combustion temperature (Tc) and the average combustion velocity (Uc) were deduced. Tc was averaged from two maxima temperatures of the recorded profiles. Uc was calculated by formula: Uc= L/t, where L is the distance between the two thermocouples, t is the time interval of combustion wave propagation between the two thermocouples. 

[bookmark: _Toc82035450][bookmark: _Toc82036563][bookmark: _Hlk41986578]Spark plasma sintering

The consolidation of commercial TiB2-Ti powder mixture and SHSed Ti-B based composite was performed in SPS (FCT Systeme GmbH, Germany) in vacuum (<5 mbar) employing continuous DC power. A graphite mold and punch set up for sample in 1 inch (25.4 mm) diameter was used for the sintering. The 20 g powder mixture was loaded into a graphite mold (graphite papers were located between the punch/mold and powder) and a BN solution was sprayed on the inner surface of graphite paper to make for easy separation after sintering. A fixed heating rate of 100 °C⋅min-1 was applied to fabricate the samples with 8 mm in height, then cooled down by up to 200 °C⋅min-1. Considering the high relative density and stable producing process, the optimized parameters are listed in Table 2.3. 

Table 2.3 The process parameters of SPS. 

		Precursor

		Pressure (MPa)

		Temperature (°C)

		Dwelling time (min)

		Heating rate

(°C⋅min-1)



		Commercial TiB2-Ti (Feedstock 1)

		35

		1500

		3

		100



		SHSed Ti-B (Feedstock 2)

		50

		1200

		3

		100





[bookmark: _Toc46889535][bookmark: _Toc82035451][bookmark: _Toc82036564]Selective laser melting

Metal 3D printer (ReaLizer GmbH SLM-50, Germany) was used for the SLM consolidation process. The laser equipped is a Yb:YAG fiber laser of 1070 nm wave length and the maximum nominated output power is 120 W. The SLM process was performed in an argon protective atmosphere chamber with oxygen level below 0.5%. 

The laser energy density (LED) was calculated based on the following equation: E=P/vhd, where P is laser power, v is scanning speed, h is hatching distance and d is layer thickness. The scanning speed is evaluated from the quotient of exposure time and point distance. Bar shaped bulk samples with 10 mm diameter and 5 mm height were produced from the commercial TiB2-Ti powder mixture (Feedstock 1) at 
1500-3500 mA laser current (Fig. 2.2).

[image: ]

Figure 2.2 The SLM process parameters for consolidation of bulk solid samples from commercial TiB2-Ti powder.

Lattice structures from the commercial TiB2-Ti powder mixture (Feedstock 1) were 3D printed at a fixed scanning speed of 80 mm·s-1, using the laser current of 2000 mA, layer thickness of 25 m and hatching distance of 60 m. The printed lattices were later heated in the furnace (WEBB, USA) up to 1100°C (dwell time 3 h). The heating rate was 10 °C ·min-1 in the nitrogen gas flow of 200 ml·min-1 (purity 99.999 vol.%) during the heating process. The purpose of the nitridation was to convert the SLM produced ceramic-metal lattices into fully ceramic structures.

[bookmark: _Hlk81141608]For the SHS-ed TiB2-Si powders (Feedstock 3), solid cylinders (Ø10×5 mm) were built by SLM using laser current 1400-2200 mA at a scanning speed of 80 mm·s-1and layer thickness of 25 m. The latter was chosen based on the average diameter (D50=21 m) of the used TiB2-Si powders.

[bookmark: _Toc46889537][bookmark: _Toc82035452][bookmark: _Toc82036565][bookmark: _Hlk41987866]Characterization

[bookmark: _Hlk68266219]The particle size distribution of powders was assessed with the help of a laser diffraction using Malvern Mastersizer 3000 (Almelo, Netherlands). Hall Flowmeter was used to evaluate the flowability. According to the EVS-EN ISO 4490:2018 standard, test result was recorded as a time of 50 g of powder flowing passing through a Ø2.5 mm hole in a standard funnel. 

After the SPS process the surface graphite layers were removed by a grinding machine (80036, Cromag). After SPS and SLM processes, the samples were polished to 1 m finish using a Phoenix 4000 (Buehler, USA) system at flowing water with the help of 8-inch diamond grinding discs (DGD Terra, Buehler, USA). The polishing was executed in a speed of 300 revmin-1 and kept for 3 minutes for each disc. The discs were changed in a certain sequence (74, 40, 20, 10, 3 and 1 μm) and then cleaned with acetone and ethanol. 

Archimedes’ densities of bulks were measured using balance (Mettler Toledo ME204, 0.1 mg accuracy, Australia), and geometrical densities were calculated from samples’ size (measured by digital caliper, 0.01 mm accuracy) and weight (measured by Eltra 84 analytical balance, 0.1 mg accuracy). 

The morphology and chemical composition of the initial powders, SHS-ed powders, SPS-ed compacts and SLM produced specimens were analyzed by scanning electron microscopes (SEM, HR-SEM Zeiss Merlin, Germany) equipped with EDS (Energy Dispersive X-Ray Spectroscopy) detectors.

Phase composition of the samples was analyzed by X-ray diffractometers (XRD, D5005, Bruker, USA). Rietveld refinement method was used to evaluate the concentrations of compounds and elements. 

The hardness was evaluated by a Indentec 5030 SKV tester (Brierley Hill, UK), a load of 1-30 kgf were chosen and the final hardness value were calculated from average of at least 5 measurements. 

Compressive strength tests were performed by Zwick universal test machine (ZwichRoell Group, Germany). The strain rate of 0.1 min−1 was chosen based on ISO 13314:2011 standard [69].

A universal tribo-test device (CETR/Bruker - UMT-2, USA) was employed for materials testing under dry unidirectional sliding in ball-on-plate configuration. 
The ball counterbody of Al2O3 with Ø10 mm (Redhill Precision, Czech Republic), hardness HV10≈1450 and surface roughness Ra=0.02 µm was exploited under the applied loads of 5 N (0.51 kgf) and 20 N (2.04 kgf), sliding speed of 0.1 ms-1 and distance of 1000 m with the radius of a wear track of 4.5 mm. Each test consists of 20 equal periods with duration of 500 s to assess friction evolution during each period (start, running and stop). Tests were performed both at room and elevated temperature 
(up to 900°C) and coefficient of friction (CoF) were evaluated. Besides CoF, the volume wear loss was recorded by 3D profilometer (Bruker Contour, USA).  


[bookmark: _Toc46889538][bookmark: _Toc82035453][bookmark: _Toc82036566]Results and discussion

[bookmark: _Toc82035454][bookmark: _Toc82036567]Feedstocks

[bookmark: _Toc82035455][bookmark: _Toc82036568]Feedstock 1. Commercial Ti and TiB2 powder mixtures

Powder feedstock 1 represents commercial mixture of 50 wt.% Ti and 50 wt.% TiB2. 
The morphology examined by SEM in Fig. 3.1 shows the irregular shape (Fig. 3.1a) of the Ti and flaky shape (Fig. 3.1b) of the TiB2 powder particles. 
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Figure 3.1 SEM images of the initial powders (a) Ti, (b) TiB2 and their mixture at different magnifications(c) (x150), (d) (x300) (adapted from Publication III).

After mixing, the powder displays <20 micron-size TiB2 particles with regional agglomerates (Fig. 3.1c and d). The flowability of the mixture was not possible to evaluate using the Hall Flowmeter method due to severe blocking of the hall hole during the testing.

[bookmark: _Toc82035456][bookmark: _Toc82036569]Feedstock 2. SHS-ed powder from Ti-B for SPS

Powder feedstock 2 was prepared from combustion of element Ti and B powder mixtures with 1.2:1 molar ratio by SHS. The reaction between Ti and B in SHS process is a highly exothermic process (Tad=2660°C, calculated by ISMAN-Thermo software). 
Fig. 3.2b shows the combustion thermogram and pressure change curve during 
the SHS process. The maximum combustion temperature of 1700°C was reached at 2.12 mms-1 combustion wave propagation velocity (Uheating=2500 °Cs-1). The thermal mode of combustion process was beneficient for Ti melting (Tm=1668°C) and dissolving/interacting with B to form TiB as per the principle of reaction diffusion. Additionally, an excess amount of Ti (nexcess=0.2 mol) in the system serves as an adhesion phase for the composite powder. The combustion product retains at high temperature for few seconds and temperature drop of below melting point of Ti is demonstrated at cooling rate of Ucooling=10 °Cs-1 (Fig. 3.2b). The wide post-combustion and cooling zones favor the formation of spherically shaped Ti droplets/particles.
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[bookmark: _Hlk80392896]Figure 3.2 (a) SHSed bulk product; (b) Combustion temperature and pressure evolution; (c,d) Typical examples of pre-crashed piece; and (e) Composite powder after the milling by disintegrator (adapted from Publication II).

The SEM images of pre-crashed SHS product in Fig. 3.2 (c, d) demonstrate the 
co-existence of agglomerates of fine and coarse particles of either rounded or needle-like morphology. Spherical droplets of molten Ti were also present as Ti was added with an excess amount to the initial mixture. Since the elemental boron tends to center segregation on subsequent precipitation from molten solution of Ti and B,  the TiB needles mostly grow towards the center during SHS processing.

Fig. 3.2e shows the SEM image of TiB-Ti composite powder after disintegrator milling. Particle size distribution (PSD) specified in Table 3.1 reveals the median diameter (D50) of TiB-Ti powder of around 9 µm, which is dramatically smaller compared to commercial TiB2-Ti powder mixtures (Fig. 3.1). Such distribution may contribute to the homogenity of precursor for the subsequent SPS consolidation process. 

Table 3.1. Particle size distribution of the SHSed TiB-Ti powder after disintegrator milling (adapted from Publication II).

		Particle Size of SHSed TiB-Ti powders



		D10 (µm)

		D50 (µm)

		D90 (µm)



		2.12

		8.98

		27.2







The XRD patterns (Fig. 3.2a) of SHSed TiB-Ti powder confirm the presence of TiB, TiB2 and free Ti. The presence of TiB2 phase along with Ti and TiB is explained as follows: the reaction of fine Ti particles with boron proceeding in several stages includes the formation of diboride matrix, melting of Ti particles, capillary flow of Ti melt and its reaction with diboride with the subsequent formation of monoboride. 
In addition, the insufficient time for completion of the reaction between TiB2 and Ti due to fast propagartion of the combustion wave is responsible for the presence of TiB2. According to Rietveld refinement method the approximate concentrations were estimated as of 17.4 wt.% free Ti, 66.4 wt.% TiB and 16.2 wt.% TiB2.  

[bookmark: _Toc82035457][bookmark: _Toc82036570]Feedstock 3. SHS-ed powder from Ti-B-Si for SLM

[bookmark: _Hlk69464460][bookmark: _Hlk80130356]For powder feedstock 3, Ti-2B-2Si mixture was prepared for the combustion synthesis. The combustion synthesis was accomplished according to thermodynamic calculations considering a temperature of TiB2-Si formation (Tad=1700°C, calculated by 
ISMAN-Thermo software). During the reaction between Ti-2B-2Si mixture, the maximum combustion temperature of 1530°C (Fig. 3.3b) was recorded, which coincides to the thermodynamic calculations. The combustion front in the Ti-B-Si mixture progresses along the specimen heating reagents in the combustion wave at 250 °C∙min-1 rate as an undulating movement with a combustion velocity of 0.24 cm·s-1, in contrast to Ti-B mixture with smooth planar wave. The undulating movement is influenced by a liquid silicon phase in the front of the wave and produces a layered structure in the combustion product.  

[image: ]

Figure 3.3 (a) Combustion peculiarities in the Ti + 2B + nSi system; (b) Combustion temperature profiles; (c) XRD pattern of the produced powder; (d) SEM images of porous bulk SHS TiB2-Si product;  (e and f) milled TiB2-Si powder (adapted from publication V).

XRD pattern of the combustion product of Ti-2B-2Si mixture certifies that product consist of only hexagonal titanium diboride and silicon (Fig. 3.3c). SEM analysis of the product immediately after the combustion synthesis depicts the bulk sample of porous morphology composed of many spherical protrusions (Fig. 3.3d). The porous bulk easily powdered by milling portrays an assembly of particles (<50 µm) and their agglomerates (Fig. 3.3e). Higher resolution SEM image (Fig. 3.3f) shows that the spherical protrusion has a “pomegranate-like” structure. This “pomegranate-like” particle represent the gathering of nano-size and ultra-fine TiB2 particulates “gluing” by silicon binder. 
The diameters of 436 nm, 349 nm, and 267 nm were measured for the selected particulates, named as Da1, Da2, Da3 in Fig. 3.3f. As shape of the precursor powders controls the spreading of particles and packing through the deposited layer during SLM process, the “pomegranate-like” structure will promote the melting/solidification process positively. 

[bookmark: _Hlk67856352][bookmark: _Hlk66632128]The SHS-derived TiB2-Si feedstock comprises particles of pomegranate-shaped morphology and required particle size distribution. As well-documented, the PSD influence flowability, moreover round particles enhance the spreading of powders, hence, vastly affect the final property of the produced part. In this work, the milled powder was sieved and ranged (less than 20 m, 20-45 m and 45-90 m particle size). The PSD and flowability of powders tested by Hall flow meter are shown in Table 3.2. The flowing property of powders with particle size less than 20 m was low, and supremely result was reported. The powders with particle size in the range of 20-45 m show moderate flowability appropriate for the SLM process to provide a homogenous and smooth spreading of the powder.



Table 3.2 Particle size distribution and flowability of produced TiB2-Si powders.

		Particle size range (µm)

		[bookmark: _Hlk81143014]Particle size distribution (µm)

		Hall flow rate (s/50g)



		μ<20

		-

		-



		20 - 45

		D10=5.48, D50=21.2, D90=41.4

		29.75 ± 0.31 (acceptable for SLM)



		45 - 90

		D10=12.3, D50=57.56, D90=85.4

		24.68 ± 0.34





[bookmark: _Toc82035458][bookmark: _Toc82036571][bookmark: _Hlk67764410]Spark plasma sintering 

[bookmark: _Toc82035459][bookmark: _Toc82036572]SPS of commercial Ti and TiB2 powder mixtures (Feedstock 1)

After SPS processing of commercial Ti and TiB2 powder mixtures (sample image shown in Fig. 3.4a), the surface X-ray diffraction pattern (Fig. 3.4b) reveals the coexistence of Ti, TiB and TiB2 phases, so the chemical reaction between Ti and TiB2 was not accomplished at the given sintering temperature and duration (1500°C, 3 min).

[image: ]

Figure 3.4 (a) Photo image and (b) Surface XRD pattern of the SPSed TiB2-Ti sample.

[bookmark: _Hlk70065196]The specimens were polished for microstructure analysis by SEM. The fractured specimens were also examined and the morphology of fracture and polished surfaces are displated beside each other (Fig. 3.5). The samples are not homogeneous, in-situ synthesised TiB comprise particulates of a length of less than 2 m and a diameter of few hundred nm randomly distributed on the polished surfaces of composite specimens. The lack of porosity observed in SEM images of polished fracture were in compliance with the Archimedes density measurements (relative density 99.4%). 
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Figure 3.5 The SEM image of SPSed TiB2-TiB-Ti composite (a, c, e) fracture and (b, d, f) polished surfaces (adapted from Publication I).

Macrohardness measurements by Vickers indentation method showed that the HV30 of TiB2-TiB-Ti composite is 13.24±0.18 GPa. The indentation fracture toughness of the composite was calculated as 10.5±0.5 MPa·m1/2 using Palmqvist Crack method. The fracture toughness value of ceramic based TiB2-TiB-Ti composite is commensurate with titanium based composite TiBw-60wt.% Ti (IFT = 9.35 MPa·m1/2, Table 1.3) [37].

Fig. 3.6d demonstrates the coefficient of friction and average volumetric wear of pure Ti and the produced TiB2-TiB-Ti composite by sliding test. It is clearly seen that Ti-B reinforcement contributes to the wear behavior of the composite and is preferable compared to pure Ti. A significant drop in CoF and wear at elevated temperature (700°C-900°C) is noted. At 700-900°C a lubricating boric acid B(OH)3 characterized by a glass layer is formed on the composite surface (Fig. 3.6a-c). TiB oxidizes forming boron oxide (B2O3) starting from 700°C in air and the spontaneous chemical reaction between water molecules and the B2O3 coating in a humid environment leads to the formation of B(OH)3 film according to the chemical reaction:
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Figure 3.6 Ti-TiBw Composite surfaces after sliding test (a) minimal glazed layer, 700°C; (b) maximum glazed layer, 800°C; (c) faded glazed layer after cooling, 900°C and (d) Coefficient of friction and average volumetric wear at several test temperatures (adapted from Publication I).

[bookmark: _Toc82035460][bookmark: _Toc82036573]SPS of SHS-ed Ti-B powder (Feedstock 2)

[bookmark: _Hlk72866191]SHSed Ti-B powder comprising TiB, TiB2 and free Ti phases was subjected to SPS to consolidate the same size specimens as from commercial Ti and TiB2 mixture. Fig. 3.7a illustrates the SEM image of SHS-SPSed composite indicating the distribution of two phases - TiB phase (grey) together with free Ti (white). The both SHS and SPS processes promoted the Ti + TiB2 → 2TiB interaction and complete formation of TiB phase in Ti matrix. XRD pattern (Fig. 3.7b) of SPSed bulk composite derived from the polished surface confirms the presence of only TiB and Ti with concentrations of 87.8% and 12.2%, respectively, calculated by the Rietveld refinement method. In addition, according to the XRD patterns the peaks’ width was narrowed after SPS revealing the enhancement of crystallinity of the phases. Compared to the TiB-Ti composite produced by SPS from the conventionally mixed commercially available powders of Ti and TiB2 (Fig. 3.5), the product is more homogeneous, although they own similar densities, which results in improved mechanical and tribological features. The relative Archimedes density is calculated to be 99.7%, and hardness is 1550±26 HV30 for the TiB-Ti composite obtained by the conjugation of SHS and SPS processes. The Vickers hardness of pure TiB is about 1800, therefore, the hardness value for the current TiB rich composite is relatively higher in comparison to several published data (Table 1.3). Apart from the high hardness, an enhanced IFT value in the current composite (8.16±0.5 MPa⋅m1/2) is observed due to the presence of 0.2 mole extra Ti in the composite as per design. In general, it is extremely difficult to produce a composite material with a high content of ceramic phase (here TiB) showing a commendable IFT value. This is also obvious from Table 1.3 demonstrating decrease in the IFT, as well as density values of the composite with the increase in ceramic content. A higher relative density and IFT values of the composite under study with high ceramic content is attributed to reactive SPS and in-situ formation of TiB phase.
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Figure 3.7 (a) SEM image of SPSed composite; and (b) XRD patterns of SHSed powder and SPSed composite (adapted from Publication II).

[bookmark: _Hlk72867196]The volumetric wear and coefficient of friction tested at different temperatures (RT, 800°C) and loads (5 N, 20 N) are shown in Fig. 3.8. As expected, at room temperature, higher CoF and higher wear rate of TiB-Ti specimen was recorded; while at a temperature of 800°C, a lower CoF and a decrease in the wear rate of the material was demonstrated. This can be explained by the change in the wear mechanism and the formation of a new phase (B2O3) at the test temperature (the same mechanism occurs as for specimens from SPS of commercial Ti and TiB2 mixture). Compared with the test stabilization time at room temperature (3000 s), the time required for the stabilization of CoF at high temperature is substantially reduced (100 s, Fig. 3.8b). The range of CoF fluctuation and the stabilization time are affected by the mechanical properties of the material, the formation mechanism of the friction layer and the surface treatment (defects, roughness, presence of a small contaminants, etc.). Grinding and the forming of a characteristic friction layer is an indispensable process that affects the following steady-state wear mechanism and final wear rate. 

It is worth noting that at 800°C, the running-in period is very short regardless of low or high sliding loads. It is worth mention that at 800°C, especially at the maximum test load (20 N), the CoF is the lowest (Fig. 3.8b), and there is no substantial increase in each sliding cycle. This phenomenon leads to the conclusion that the interval between sliding oxidation is favored to friction coupling.
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Figure 3.8  Effect of temperature and load on evolution of (a) volumetric wear and (b) coefficient of friction (adapted from Publication II).

[bookmark: _Toc82035461][bookmark: _Toc82036574]Selective laser melting

[bookmark: _Toc82035462][bookmark: _Toc82036575][bookmark: _Hlk70325708]SLM of commercial Ti and TiB2 Powder mixtures (Feedstock 1)

Although Ti-B based samples sintered by SPS show encouraging properties, but lack of geometric flexibly prevents their further extensive applications. Hence, 3D printing via SLM was chosen to directly manufacture near net shape products. As the first step, cylindrical bulks and lattices were printed from 50wt.%Ti-50wt.%TiB2 commercial powder mixtures. The laser current and scanning speed were adjusted to get an optimized quality of the printed parts.

Bulks

[bookmark: _Hlk24190132]SEM images of the polished samples obtained from commercial Ti and TiB2 powder mixtures (S1-S15) are depicted in Fig. 3.9. Laser current of 1500-3500 mA and 
scanning speeds of 500 mm·s-1, 290 mm·s-1 and 80 mm·s-1 were applied for the consolidation.

The samples printed by highest applied scanning speed (500 mm·s-1) possess open pores pointed with green arrows. Their formation is justified by the lack of fusion of the powder (samples S1, Fig. 3.9a) and high viscosity of the melt pool handicapping the adequate flow to the desired regions. Besides the porosity formation, it is important to consider the new phases formation and their distribution. During the laser treatment TiB new phase formation was observed (pointed with yellow arrows). It is visible that tiny needle type TiB and the unreacted TiB2 (marked with pink arrows) co-exist in most of the samples (S3, S4 and S5). At higher laser scanning speed the irradiation is very quick (less than 40 μs in each exposure point), which results to a short lifetime of the blended melt pool, thus hindering the reactions between molten Ti and TiB2 interface. The latter results in pores, that are located between TiB2 particles and titanium melt and are irregular in form (pointed with orange arrows).  

Samples sintered at moderate-scanning speed (290 mm·s-1), have smoother 
surface with less pores compared to the first set. However, when the applied laser current is relatively lower, TiB is present in the form of colonies inhomogeneously distributed among Ti and alongside TiB2 (samples S6-S8). At higher laser current 
(>3000 mA), the needle shaped TiB particles are firmly apportioned in the material (samples S9 and S10). The TiB needles are with width of 2-5 mm and length up to 
50 mm. The neighboring needles have parallel direction, but overall distribution is random.

[bookmark: _Hlk68342551]At slow scanning process (80 mm·s-1), the phase transformation induced pores increased. Applying excess energy caused the formation of the dominating TiB phase and the morphology of needles became coarser and uneven (samples S14 and S15). 
The absence of metallic titanium result in the brittleness of the sample, pores became inevitable in the ceramic rich areas.  

[image: ]

Figure 3.9 Top surface microstructure of polished TiB2-Ti samples prepared at different scanning speed and laser current (adapted from Publication III).

To demonstrate the change in phase composition according to scanning speed and laser current, XRD patterns were quantified by Rietveld refinement method. According to Fig. 3.10b, the tendency of increase in TiB amount in samples S1-S5 and S11-S15 was observed demonstrating the crucial role of the laser current on the TiB formation. 
The samples scanned at the same laser current, but different scanning speed (500 mm·s-1 and 80 mm·s-1), e.g. S1 with S11 or S5 with S15, demonstrate moderate difference in TiB content. From thermodynamic-kinetic point of view, it manifests that the main phase transformation from TiB2 to TiB is regulated by the achieved temperature rather than the keeping time, and needle colonies are influenced by the cooling process. In SLM process, laser power is determining factor for the temperature, and the scanning speed mainly controls the lifetime of the melting pool. For instance, at shorter laser exposure time (fast scanning speed) the holding time is short and the cooling rate is fast, TiB needles are thin and tiny; while at slow scanning speed, the melting pool holding duration is longer and the cooling rate is slower, thus TiB needles have more time to grow in preferred direction. 
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Figure 3.10 (a) Typical XRD pattern and (b) the TiB content (wt.%) in the samples sintered at scanning speed of 80 mm·s-1 (S1-S5) and 500 mm·s-1 (S11-S15)  according to Rietveld refinement method from XRD patterns  (adapted from Publication III).

The density and hardness of the produced TiB2-TiB-Ti composites are listed in Table 3.3. For sample S1, due to high porosity (Fig. 3.9a), the hardness measurement is unreliable. Overall, the hardness value shows an increasing tendency with the increasing of LED.  The highest hardness of around 20.4 GPa achieved for S15 is comparable with hardness of fully dense TiB2 - based composites. The density of SLM samples increase with the decrease of the scanning speed. For example, the density of samples S11-S15 sintered at 80 mm·s-1 scanning speed is obviously higher in comparison with the samples S1-S5 sintered at 500 mm·s-1. In general, increasing of LED can generate a larger area of melting pool during laser scanning, which results in a denser and harder specimen.  

[bookmark: _Hlk80401331]Table 3.3 Density and hardness of the TiB2-TiB-Ti composites (adapted from Publication III).

		Sample 

		S1

		S2

		S3

		S4

		S5

		S6

		S7

		S8

		S9

		S10

		S11

		S12

		S13

		S14

		S15



		LED (J·mm-3)

		48

		64

		80

		96

		112

		84

		112

		140

		168

		196

		300

		400

		500

		600

		700



		Relative Density (%)

		77

		83

		86

		85

		86

		82

		84

		86

		87

		87

		89

		88

		90

		91

		92



		HV5 (GPa)

		-

		5.5 ±0.7

		9.5 ±2.3

		9.4 ±2.7

		9.6 ±1.7

		5.7 ±1.0

		7.1 ±0.8

		9.6 ±1.2

		12.1 ±1.1

		13.1 ±1.8

		9.4 ±2.5

		10.7 ±1.5

		11.8 ±2.0

		17.2 ±3.2

		20.4 ±2.5







Lattices

Lattice structures produced from TiB2-Ti powder mixtures are depicted in Fig. 3.11. 
The SEM images of the as-built structures show that the pore sizes are varied in a range of 550 to 630 µm, and the strut diameters are between 510 and 560 µm (Fig. 3.11b and e). The phase composition of the lattices after sintering is similar to the bulk samples. The formation of TiB phase coexisting with TiB2 and Ti after the SLM processing is demonstrated in Fig. 3.11c. After sintering the TiB2-TiB-Ti lattices were nitridized in the high-temperature furnace in nitrogen atmosphere to obtain fully ceramic composite. Nitridation of TiB2-TiB-Ti lattices leads to yellow-brownish appearance pointing out the generation of TiN phase at the expense of free titanium (Fig. 3.11f). According to phase composition analysis of the lattices (Table 3.5) an increase of TiB and decrease of TiB2 content is attributed to Ti participation in formation of both TiN and TiB phases according to TiB2 + Ti → 2TiB reaction started during room temperature ball milling; and 2Ti + N2 → 2TiN reaction at T > 800°C. The in-situ chemical reactions immediately during the laser sintering have tendency to build up and maintain the designed structures.

The change in dimensions of lattices after the nitridation process was not noticeable (Fig. 3.11a and d) as the densities and coefficient of thermal expansion (CTE) of materials before and after nitridation are similar (Table 3.4).
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Figure 3.11 (a,b,c) General view, SEM images and XRD pattern of the as-built TiB2-TiB-Ti lattice and (d,e,f)  TiB2-TiB-TiN lattice after nitridation (adapted from Publication IV).

Table 3.4 Density and thermal expansion of TiN, TiB2, TiB and Ti (adapted from Publication IV).

		Compound

		Density (g·cm-3)

		Thermal expansion (°C-1)



		TiN

		5.22

		9.35×10-6



		TiB2

		4.52

		7.2 × 10-6



		TiB

		4.56

		7.15 × 10−6



		Ti

		4.506

		8.4-10.8×10-6





Table 3.5 Phase composition of lattices after SLM and nitridation (adapted from Publication IV).

		Phase Composition

		Content (wt.%)



		

		After SLM

		After nitridation



		Ti

		21.1

		0



		TiB2 

		46.3

		23.5



		TiB

		32.6

		37.3



		TiN 

		0

		39.2







To evaluate the structural integrity of the samples, as well as their applicability in spongy bone regeneration, the compressive stress - strain measurements of the produced structures were conducted (Fig. 3.12). As shown in the curve, the first peak (Fig.3.12a) is normally related to some struts crack, so the overall load-bearing capacity is comparatively low, but thanks to the lattice structure, the crack didn’t propagate directly through adjacent struts avoiding the entire failure of the ceramic specimen immediately during the compression process. The compressive strengths were recorded as 7 MPa and 3.5 MPa (Fig. 3.12), while compressive strain results were 24.4% and 20.5%, respectively for TiB2-TiB-Ti lattices before and after the nitridation. 
TiB2-TiB-Ti lattices shows a higher strength value because the metallic titanium can absorb the stress better compared to ceramic TiN. 
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Figure 3.12 Compressive stress - strain curves of (a) as build TiB2-TiB-Ti lattice and (b) nitridized TiB2-TiB-TiN lattice (adapted from Publication IV).

The natural trabecular bone of 64% porosity and 750±250 µm pores possesses a compressive strength of 4.1±1.9 MPa [70]. In comparison, the produced TiB2-TiB-TiN lattice maintain similar properties, so as a potential application, it may be considered as a substitute for filling and rebuilding the bone cavity or bone loss area caused by trauma or other bone disease. 

[bookmark: _Toc82035463][bookmark: _Toc82036576]SLM of SHS-ed Ti-B-Si powder (Feedstock 3)

Although the 3D printing from Ti and TiB2 commercial powder is promising, TiB2 is consumed during the in-situ reaction process with Ti. In order to produce composites with high content of TiB2 by SLM, another SHS system was considered. Si was chosen as the binder material due to good laser absorption properties at the applied wave length (41% for 1070 nm Yb:YAG fiber laser) and TiB2-Si composite powders (Feedstock 3) were produced from SHS of Ti, B and Si mixture.

Bulk cylindrical samples with 10 mm dimeter and 5 mm height were built by SLM for the process parameter optimization. The microstructure of the TiB2-Si bulks printed using different laser currents are shown in Fig. 3.13. 
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[bookmark: _Hlk71193561]Figure 3.13 Polished top surface SEM images of TiB2-Si bulks produced at (a-c) 1400 mA , (d-f) 1800 mA and (g-i) 2200 mA laser current (adapted from publication V). 

[bookmark: _Hlk81144702][bookmark: _Hlk81144054]Table 3.6 specifies the geometric density of 56wt.%TiB2-44wt.%Si system produced at a laser current of 1400 to 2200 mA. It is obvious that the densification level is improving with increase in the laser current. The highest geometric density of the 
bulk was achieved to be 3.05 g·cm-3. Considering the theoretical density of 
56wt.%TiB2-44wt.%Si material (3.19 g·cm-3), the calculated relative density reaches 97%. 

Table 3.6 Geometric density and hardness values of produced TiB2-Si bulk (adapted from publication V).

		Sample

		Laser current 

(mA)

		Geometric density 
(g∙cm-³)

		Relative density (%)

		HV1

(GPa)



		C1

		1400

		2.77

		87

		-



		C2

		1800

		2.86

		90

		4.4±1.0



		C3

		2200

		3.05

		97

		7.6±1.0





[bookmark: _Hlk81761310]At laser current of 1400 mA (Sample C1, Fig. 3.13a-c), the non-spherical (irregular shape) pore formation is confirmed by the applied inadequate energy input to completely melt the raw material and promote consolidation. When the supplied power is insufficient, not fully fused zone caused by un-melted powder particles near the holes can be found. In the PBF process, in order to ideally perform sintering, the powder on the top of the sintered layer should absorb enough laser energy to melt a certain thickness of the spreading layer. However, insufficient energy input can result in a reduction in the size of the molten pool, and therefore inadequate melting of the powder particles and/or spalling of the previously solidified layer. Under medium 
laser current (Sample C2, 1800 mA Fig. 3.13d-f), samples with smoother surface and higher density can be produced. In the morphology, fusion defects were observed in samples generated under a laser current of 1400-1800 mA. Spherical pores caused by the release of absorbed gas or the evaporation of the melt silicon were identifiable in both specimens. The overall microstructure of the sample prepared under a laser current of 2200 mA (Sample C3) is almost crack-free, and it is mainly composed of columnar grains with an average spacing in the sub-micron range (Fig. 3.13i). These grains follow the deposition direction due to the high thermal cooling gradient 
(up to 103-108 K·s-1).

[bookmark: _Hlk73023047]It is well-known that the residual porosity has dramatic influence on the hardness. For samples produced with lower laser current (1400 mA), it was impossible to measure a reliable hardness value due to high porosity. As expected, the hardness of the sample C3 is higher than that of the sample C2. The production of high-density and 
high-hardness materials requires high-intensity laser current (I=2200 mA). Due to larger/deeper melt pools, the sample C3 printed with high energy input shows improved particle connections. The immediate penetration of liquid silicon into the pores during laser treatment means that when the contact angle is small, the silicon is ready to wet TiB2, which limits the removal of TiB2 solid inclusions from the silicon. 
The increase in laser current results in acceleration of the movement and flowability of the melt, hence improved the infiltration of silicon through the “pomegranate-like” structural entities in the raw material. On the other hand, thanks to the 
“pomegranate-like” morphology of the precursor, the ultrafine-grained TiB2 particles act as nucleation centers during the cooling process, contributing to unform solidification of molten silicon. 

[bookmark: _Hlk82030566]The SEM image and EDS mapping of the produced TiB2-Si solid parts are shown in Fig. 3.14 a-e. The microstructure of the composites consists of TiB2 with relatively large columnar grains with 2-10 microns length and numerous sub-micron equiaxed grains distributed along the silicon matrix. Hence, during the laser scanning, the TiB2 particles demonstrate high affinity for viscous silicon, thereby promoting the sintering and consolidation processes. Furthermore, the XRD pattern of the produced sample shows that no other phases are formed in the 3D printing process regardless of the laser treatment (Fig. 3.14f). 
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Figure 3.14 (a) SEM image, (b-e) EDS mapping and (f) XRD pattern of selective laser melted TiB2-Si composite (adapted from publication V).



During SPS and SLM of SHSed powders the relatively fine TiB or TiB2 particles incorporated in the titanium or silicon matrix structure, increased the extent of nucleation sites providing new interfaces between Ti and TiB, Si and TiB2 for grain growth inhibition and enhancement of microstructural homogeneity and mechanical properties.

7

[bookmark: _Toc46889542][bookmark: _Toc82035464][bookmark: _Toc82036577]Conclusions

[bookmark: _Hlk73612547][bookmark: _Hlk73615398]As a consistent result of the main objectives, i.e. design and producing of newly developed Ti-B based feedstocks suitable for advanced consolidation by spark plasma sintering and selective laser melting to produce qualified composites, the following conclusions were drawn:

[bookmark: _Hlk73493130][bookmark: _Hlk73493012]1. Findings/results in feedstock production (SHS process): 

A powder of TiB-Ti (Feedstock 2) was developed for SPS process from SHS of pure boron and titanium at the combustion temperature of 1700°C. It demonstrates the 
co-existence of agglomerates of fine and coarse particles of either rounded or 
needle-like morphology. Boron tends to center segregation with subsequent precipitation from molten solution of Ti and B,  the TiB needles mostly grow towards the center. The powder is relatively fine (D50=8.98 m) and suitable for producing homogenous composite bulks. 

A TiB2-Si powder (Feedstock 3) in “pomegranate-like” structured was prepared for the first time by SHS at a combustion temperature of 1530°C. The powder particulates consist of a great number of TiB2 particles in nanoscale and “glued” together by silicon binder. The “pomegranate-like” powders consisting particles in the range of 20-45 m demonstrated fair flowability and high efficiency for manufacturing solid bulks via SLM without any post-treatment/atomization. 

2. Results about composites produced by SPS: 

A fully dense TiBw-Ti composite was in-situ produced from commercial powders (TiB2-Ti, feedstock 1) by spark plasma sintering at 1500°C, pressure of 35 MPa for a dwell time of 3 min. Samples demonstrated 1324 ± 18 (HV30) hardness and IFT of 
10.52 MPa⋅m1/2. 

A fully dense and thermodynamically stable 88 wt.%TiB-Ti composites were fabricated by spark plasma sintering from SHS prepared TiB-Ti powders (Feedstock 2). The samples were successfully densified by spark plasma sintering at a relatively low temperature of 1200°C with the application of 50 MPa pressure during 3 min in vacuum. They exhibited the hardness of 1550 HV30 integrated with a good IFT of 
8.16 MPa∙m1/2. 

Both TiBw-Ti and TiB-Ti composites exhibit a considerably low coefficient of friction (0.2) at elevated temperature (700-900°C) due to development of protective lubricious boric acid tribo-layers of a high load bearing capacity from 700°C.

The spark plasma sintered samples from SHS prepared TiB-Ti powders showed more homogeneous microstucture, therefore improved mechanical and tribological features  as compared to the samples sintered from commercial TiB2-Ti powders. 

3. Results about SLM of bulks and lattice structures:

[bookmark: _Hlk80015748][bookmark: _Hlk73493151](i). TiB2-TiB-Ti (with 18-54 wt.%TiB) composite bulks were SLM fabricated from commercially available 50 wt.%TiB2-50 wt.%Ti powder mixture (Feedstock 1). The size and fraction of TiB needle-like colonies were governed by the laser energy density. 
The sintering at high laser current (3500 mA) and relatively slow scanning speed 
(80 mm∙s-1) resulted in bulks of 20.4 GPa hardness, being comparable with ceramic composites produced by SPS method. SLM fabrication of TiB2-Ti powders led to the needle shaped TiB particles with width of 2-5 m and length up to 50 m firmly apportioning in parallel directions.

The TiB2-TiB-Ti cellular structures were successfully SLM fabricated exploiting the laser current of 2000 mA corresponding to the laser energy density (LED) of 400 J∙mm-3. Nitridation of the structures resulted in the development of the TiB2-TiB-TiN ceramic lattices without significant deterioration of the geometrical parameters of the designed product. The composites of TiB2-TiB-TiN, comprising the similar properties of trabecular bone (porosity, strength, etc.), may be considered as the potential substitutes to fill and reconstruct bone cavities or areas of bone loss caused by traumas or bone disease.

(ii). The 56 wt.%TiB2-44 wt.%Si composites with a relative density of 97% and hardness of 7.6 GPa (HV1) were fabricated from SHS-derived “pomegranate-like” powders (Feedstock 3) using a 2200 mA laser current at 80 mm∙s-1 scanning speed. After SLM process the overall microstructure of the sample was almost crack-free, consisting of relatively large (2-10 m) columnar and numerous of sub-micron equiaxed TiB2 grains distributed in a silicon matrix. 








[bookmark: _Toc82035465][bookmark: _Toc82036578][bookmark: _Hlk50721366]Future work

Continuing the research briefly introduced in the thesis, more profound study have to be considered in the future:

- combustion synthesis and microstructure evolution of Ti-B based composite materials with other elements, such as carbon, aluminum and nickel as binder phases; 
the influence of Ni-Ti, Ni-B, Ti-C, B-C in-situ generated phases formation on the microstructural homogeneity of the powders

- selective laser sintering and spark plasma sintering of SHS derived Ti-B-C, Ti-B-Al, 
Ti-B-Ni composite materials, optimization of sintering procedure, recommendation for prospective applications.
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Ti-B based composites by selective laser melting and spark plasma sintering

Titanium-boron based materials are promising because of the outstanding characteristics of high specific modulus, excellent hardness, high electrical conductivity, good wear resistance and chemical stability. Recently, titanium-boron based materials have attracted attention in high-temperature structures and wear applications, but their feedstocks preparation and consolidation are less reported. 

The synthesis and consolidation methods of titanium-boron based materials were certified to be critically decisive for their properties and application. The present PhD work surveys the possibility of feedstock development and producing bulk and complex geometry Ti-B ceramic based composite materials. The particular emphasis is on the morphologies, mechanical properties, tribological properties and microstructural features affected by the technological procedure of material synthesis and consolidation of Ti-B ceramic based composites.

The powder feedstocks suitable for spark plasma sintering (SPS) and selective laser melting (SLM) were prepared via a mechanical mixing and a self-propagating 
high-temperature synthesis (SHS). A novel “pomegranate-like” TiB2-Si ceramic-metalloid powder feedstock with a fair flowability was successfully manufactured by SHS and subjected to SPS and SLM processes resulting in the production of the materials with 97% relative density and 7.6 GPa hardness. The TiB-Ti composites produced by SLM of the mixture of the commercially available TiB2 and Ti powders possess a high hardness of 20.4 GPa and an indentation fracture toughness of 
8.2 MPa∙m1/2. The composites of TiB2-TiB-TiN have been regarded as the potential substitutes to fill and reconstruct bone cavities or areas of bone loss caused by traumas or bone disease. In-situ spark plasma sintering of Ti-TiBw composite has enabled preparation of the material exhibiting substantially improved sliding wear performance at temperatures up to 900°C due to development of a protective lubricious boric acid tribo-layer of a high load bearing capacity. Therefore, the Ti-TiBw compacts obtained are suitable for the self-lubrication at elevated temperatures. Furthermore, the TiB-Ti composite from SHS produced powder and consolidated via SPS demonstrated an enhanced hot sliding wear behavior.
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Ti-B baasil komposiitmaterjalid valmistatud sädepaagutus- ja selektiivse lasersulatus-tehnoloogia abil 

Titaani ja boori baasil materjale on palju uuritud kuna titaan-boor keraamikal on väljapaistvad omadused: kõrge erielastsusmoodul, suurepäane kõvadus, hea elektrijuhtivus ning kulumiskindlus ja keemiline stabiilsus. Viimasel ajal on palju uuritud Ti-B keraamika kasutamist rakendustes, kus materjalil peab olema kõrge temperatuuri taluvus ja kulumiskindlus. Sealjuures on vähe teadmisi, kuidas sünteesida vajalike omadustega lähtepulbreid.

Ti-B materjalide omadused ja rakendus sõltuvad otsustest, mis tehakse erinevate tootmisprotsesside juures. Käesolev doktoritöö keskendub lähtepulbrite ja konsolideerimisprotsesside arendusele, mis võimaldaks Ti-B keraamikast keerulise geomeetriaga tooteid valmistada. Fookus on sellel, kuidas materjali valmistusmeetodid mõjutavad Ti-B  keraamika baasil komposiitide morfoloogiat ning mehaanilisi, triboloogilisi ja mikrostruktuuri omadusi.

Doktoritöös kasutati konsolideerimismeetoditena plasmaaktiveeritud paagutust (SPS) ja kihtlisandustehnoloogiat selektiivne lasersulatus (SLM). Lähtepulbrid valmistati mehaanilise segamise ja iselevikõrgtemperatuursünteesi (SHS) teel. Uudne „granaatõuna sarnane“ TiB2-Si keraamika-poolmetall pulber sobiva voolavusega valmistati SHS meetodil. See pulber sobis kasutamiseks toorainena nii SPS, kui ka SLM protsessides ja tulemuseks oli kõrge tihedusega (suhteline tihedus 97%) ja kõvadusega (7.6 GPa) materjal. TiB-Ti komposiit valmistati SLM meetodil kasutades pulbri tootjatelt saadud TiB2 ja Ti pulbreid ja saadud materjali iseloomustab suur kõvadus (20.4 GPa) ja sitkus (8.2 MPa∙m1/2). TiB2-TiB-TiN keraamilist komposiiti peetakse üheks võimalikuks materjaliks, mida kasutada traumade või haiguste järgselt luude vigastuste ravimisel ja luude taastamisel. Reaktiivne plasmaaktiveeritud paagutus võimaldas valmistada 
Ti-TiBw komposiiti, mis toimib hästi hõõrdkulumisel temperatuuridel kuni 900°C. 
Selle omaduse tagab materjali pinnal moodustuv määriv boorhappe kaitsekiht, 
mis kaitseb materjali ennast. Ti-TiBw komposiitidel on seega tagatud isemääriv omadus kõrgetel temperatuuridel. Lisaks on SHS meetodil valmistatud pulbrist ja SPS meetodil konsolideeritud TiB-Ti komposiitidel kõrgendatud kulumiskindlus kõrgetel temperatuuridel.
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