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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.



List of abbreviations

Abbreviation

Full Description

AM Additive manufacturing

BJ Binder jetting

CAD Computer aided design

CcT Computed tomography

CoF Coefficient of friction

CPR-3.5L Constant pressure reactor -3.5 litres

(o) 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

10




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

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

Material | Density | Melting Hardness Elastic Coefficient Thermal Electrical
(g-ecm3) | point (GPa) modulus of thermal | conductivity | conductivity
(°C) (GPa) expansion (W-m™K?) (pQ-cm)
(°c)
TiB» 4.52 3230 27 565 7.2x10°® 60-120 10-40
TiB 4.56 2200 18 371 7.15x10°® - -

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 TiB: 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 TiB> 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 (AGf 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 > TiB,, which compared with experimental data make about -160 kJ-mol*
and -275 kJ-mol?, respectively (Fig. 1.2). Variation of AG against temperature for Ti + B
-> TiB and Ti + 2B - TiBz reactions from 0°C to 3000°C represents gradual increase of

AG values from -160 up to -85 kJ-mol™? and -275 to -165 kJ-mol?, correspondingly for
TiB and TiB2 formation.

0 —AH —AG
kJ-mol?!
-100 4
TiB

-200

-300

-400

-500

0 500 1000 1500 2000 2500 3000
T (°C)

Figure 1.2 Variation of AG and AH against temperature for Ti + B > TiB and Ti + 2B->TiB,
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 AG 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 TiB, and TiB, experimental studies
evidenced the existence of TisBs with a special orthorhombic TasBs-type structure.
Ti3Ba is seldom mentioned and considered as a middle product or byproduct due to the
high temperature peritectic reactions L+TiB2¢>TisB4 (2473K) and L+TisB4<>TiB (2453K),
and TisBs 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 TiBz so far [22], [23]. Among them are:

(1) Direct reactions of elemental titanium with boron Ti+2B->TiB: (i) in the furnace,
(i) 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) + NaBO:2 + 6Ha(g).
5) Solvothermal reaction: TiCls + 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 TiB: 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 TiB>
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, SisNs, B4C, TiC, WC, TiN, MoSi, and ZrB;) improve sinterability of TiB>
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 TiB> 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 TiB; based composites.

System Sintering method  [Temperature (°C) d::sliatt;v(t;) Ha(z;d:at;ss 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-TizAlC2 HP 1500 98.5 25 [34]
ZrB>-TiB2 SPS 1400 >95 34 [35]

Table 1.3 Consolidation of TiB-Ti composites.

Material Process d::sliat::v(;) Ha(;d:ae)ss (MPIaF-Ir-nl ) Reference
TiB-91.65vo0l.%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 ii';:fii!;nﬁ; - 13.51 - [4]

TiB-30wt.%Ti SHS + HIP 98.45 115 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. 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.

SPS HP HIP

Punch High pressure gas
[ ] ] @
| RN
o | \ .
| ) Heating
@ | Die Die | @ _elements
o | e/
ol | [ ]

Punch

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].

L:
Powder coater et ‘ Object

Deposition of one layer powder

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 pum 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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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)

(2)

(5)

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].

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].

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].
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].

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.

Water atomization Gas atomization Plasma atomization
Metal electrode Wire

° ® Induction
oMo coi

Gas ...

Nozzle ¢ ¢ ¢
0009
00,
TN

00

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 (10? to 10°°C-s'), 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
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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).

. Particle size Purity Impurity

Name Composition (um) (%) elements Producer

B Sigma-

<

Boron (amorphous) 1 % ¢ Fe Aldrich
Titanium Ti <44 99.5 O,N,H,C Alfa Aesar

- . Sigma-

Silicon Si <20 99 0,C B, H Aldrich
Titanium TiB, <25 99.5 0,C Alfa Aesar

diboride

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

(i) Feedstock 1: mechanical mixing of commercially available TiB2and 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.

‘ !
Feedstock powder SPS SLM
1
Commercially available (CA) powder mixture
O\ Bulk Bulk
TiB, + Ti TiB,-TiB-Ti TiB,-TiB-Ti
Feedstock 1
Bulk
SHS
SHS-ed Powder Ti+B —> TiB,-TiB-Ti
H Feedstock 2 TiB-Ti
Bulk
SHS .
Ti+B+Si —> TiB,-Si
Feedstock 3 TiB,-Si

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 TiB, Si
Ti-B (moles) 1.28 1 - 0.28 1 0 -
(Feedstock 2) (Wt.%) 85 15 - 18.6 81.4 0
Ti-B-Si (moles) 1 2 2 0 0 1 2
(Feedstock 3) (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-3.5I reaction chamber filled with argon
gas of 99.99% purity at pressure of 0.3 MPa. The mixture of KNOs 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 nh'! was applied to
fabricate the samples with 8 mm in height, then cooled down by up to ~200 °C-m n?,
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 Temperature (°C) Dwelling time Heating rate
(MPa) (min) (°C:min‘)
Commercial TiB,-Ti 35 1500 3 100
(Feedstock 1)
SHSed Ti-B 50 1200 3 100
(Feedstock 2)

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).

Energy density
(J-mm-3)

I 700

500

Scanning speed (mm-s!)
2
S

(o]
S

1500 2000 2500 3000 3500 i 48
Laser current (mA)

Figure 2.2 The SLM process parameters for consolidation of bulk solid samples from commercial
TiB,-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?, using the laser current of 2000 mA,
layer thickness of 25 um and hatching distance of 60 um. 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’t in the nitrogen gas flow of 200 ml-min’! (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 TiB>-Si powders (Feedstock 3), solid cylinders (#10x5 mm) were built
by SLM using laser current 1400-2200 mA at a scanning speed of 80 mm-s™and layer
thickness of 25 um. The latter was chosen based on the average diameter (D50=21 pum)
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 1SO 4490:2018 standard, test
result was recorded as a time of 50 g of powder flowing passing through a 2.5 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 um 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™ and kept for 3 minutes for each disc. The discs were
changed in a certain sequence (74, 40, 20, 10, 3 and 1 pm) 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™ was chosen based on 1SO
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 AlOs with @10 mm (Redhill Precision, Czech Republic),
hardness HV10=1450 and surface roughness Ra=0.02 um was exploited under the
applied loads of 5 N (0.51 kgf) and 20 N (2.04 kgf), sliding speed of 0.1 ms™ 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 TiB, powder mixtures

Powder feedstock 1 represents commercial mixture of 50 wt.% Ti and 50 wt.% TiB..
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.

TiB: = Ti

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

After mixing, the powder displays <20 micron-size TiB, 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 (T.d=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! combustion wave propagation velocity (Uneating=2500 °C-s!). 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? (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 um, 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 ).

Particle Size of SHSed TiB-Ti powders
D10 (um) D50 (um) D90 (um)
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 TiB. 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 TiB..
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.% TiB..
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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 (Taa=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!
rate as an undulating movement with a combustion velocity of 0.24 cm-s™, 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.
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» 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 TiB,-Si
product; (e and f) milled TiB,-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 um) 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 Dal, 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 um, 20-45 um and 45-90 um 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 um was low, and
supremely result was reported. The powders with particle size in the range of 20-45 um
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 (um) Particle size distribution (um) Hall flow rate (s/50g)
u<20 - -
20-45 D10=5.48, D50=21.2, D90=41.4 29.75 1 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 TiB, 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 TiB. was not
accomplished at the given sintering temperature and duration (1500°C, 3 min).
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Figure 3.4 (a) Photo image and (b) Surface XRD pattern of the SPSed TiB,-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 um 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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Fracture

Figure 3.5 The SEM image of SPSed TiB,-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 TiB>-TiB-Ti composite is 13.24+0.18 GPa. The indentation fracture toughness of
the composite was calculated as 10.5+0.5 MPa-mY2using 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-m"'/?, Table 1.3) [37].

Fig. 3.6d demonstrates the coefficient of friction and average volumetric wear of
pure Ti and the produced TiB,-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)s characterized by a
glass layer is formed on the composite surface (Fig. 3.6a-c). TiB oxidizes forming boron
oxide (B203) starting from 700°C in air and the spontaneous chemical reaction between
water molecules and the B.0s coating in a humid environment leads to the formation
of B(OH)s film according to the chemical reaction:

ATiB + 70, = 4Ti0O, + 2B,05

B,0; + 3H,0 = 2B(0H);
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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 TiB, 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 1550126 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).

29



Apart from the high hardness, an enhanced IFT value in the current composite
(8.1620.5 MPa-m%?) 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 Il).

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 (B203) 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 Il).

3.3 Selective laser melting

3.3.1 SLM of commercial Ti and TiB, 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.%TiB> 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 TiB> powder
mixtures (S1-S15) are depicted in Fig. 3.9. Laser current of 1500-3500 mA and
scanning speeds of 500 mm-s?, 290 mm-s! and 80 mm-s?' were applied for the
consolidation.

The samples printed by highest applied scanning speed (500 mm-s) 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 s in each exposure point), which results to a short lifetime of the
blended melt pool, thus hindering the reactions between molten Ti and TiB: interface.
The latter results in pores, that are located between TiB, particles and titanium melt
and are irregular in form (pointed with orange arrows).

Samples sintered at moderate-scanning speed (290 mm-s?), 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 TiB> (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?), 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.

Scanning speed (mm-s™)

1500 2000 2500 3000 3500
Laser current (mA)
-Open pores «p -TiB2 Particles -TiB needles

-Phase transformation induced pores

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

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 $1-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? and 80 mm-s?), 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-S5) and 500 mm-s (§11-S15) according to Rietveld refinement
method from XRD patterns (adapted from Publication Ill).

The density and hardness of the produced TiB.-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 S$11-S15 sintered at 80 mm-s? scanning speed is obviously higher in
comparison with the samples S1-S5 sintered at 500 mm-s™™. 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 TiB,-TiB-Ti composites (adapted from Publication ).

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

LED

3 80 |96 |112 (84 |112 |140 |[168 |196 |300
(J:mm )

Relative
Density ~77 |~83 |~86 |~85 |~86 [~82 |~84 |~86 [~87 |~87 |~89 |~88 |~90 |~91 |[~92
(%)

HV5 ] 55 (95 [9.4 |96 |57 |7.1 |9.6 |12.1 |13.1 |9.4 |10.7 |11.8 |17.2 |204
(GPa) +0.7 [+2.3 [+2.7 [+1.7 | £1.0 | 0.8 | #1.2 |+1.1 |+1.8 |+2.5 |+1.5 |+2.0 |+3.2 |+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 um, and the strut diameters are between 510 and 560 um (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 TiB:
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).

TiB,-TiB-Ti
(as-built)

Intensity (a.u.)

30 40 50 60 70 80
20 (degree)

D
S

TiB,-TiB-TiN

(after nitridation)

Intensity (a.u.)H

70 80

30

n
S

40 50 60
20 (degree)

Figure 3.11 (a,b,c) General view, SEM images and XRD pattern of the as-built TiB,-TiB-Ti lattice
and (d,e,f) TiB>-TiB-TiN lattice after nitridation (adapted from Publication 1V).

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

Compound Density (g-cm3) Thermal expansion (°C1)
TiN 5.22 ~9.35x10°®
TiB, 4.52 ~7.2x10°
TiB 4.56 ~7.15x 10
Ti 4.506 8.4-10.8x106

Table 3.5 Phase composition of lattices after SLM and nitridation (adapted from Publication 1V).

Content (wt.%)
Phase Composition
After SLM After nitridation
Ti 21.1 0
TiB, 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 TiB>-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.

8 4
n; B;
g 2
2 6 2 3
IO ) TiB,-TiB-TiN (aft
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g0 TiB,-TiB-Ti z 52 oo
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Figure 3.12 Compressive stress - strain curves of (a) as build TiB,-TiB-Ti lattice and (b) nitridized
TiB,-TiB-TiN lattice (adapted from Publication 1V).

The natural trabecular bone of 64% porosity and 750+250 um pores possesses a
compressive strength of 4.1+1.9 MPa [70]. In comparison, the produced TiB>-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 TiB>-Si bulks printed
using different laser currents are shown in Fig. 3.13.
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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-cm3. Considering the theoretical density of
56wt.%TiB2-44wt.%Si material (3.19 g-cm), the calculated relative density reaches 97%.

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

Sample Laser current | Geometric density | Relative density (%) HV1
(mA) (g-cm3) (GPa)
C1 1400 2.77 87 -
c2 1800 2.86 90 4.4+1.0
Cc3 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-s71).

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 (1=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 TiB: 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 TiB: 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).

C Titsi+B

Intensity (a. u.)

20 30 40 70 80

50
26 (deg.)

Figure 3.14 (a) SEM image, (b-e) EDS mapping and (f) XRD pattern of selective laser melted TiB,-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 TiB> 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 um) and suitable for producing
homogenous composite bulks.

A TiB>-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 TiBz particles in nanoscale and “glued” together by silicon
binder. The “pomegranate-like” powders consisting particles in the range of 20-45 um
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-mY/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-m?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 TiB>-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™) resulted in bulks of ~20.4 GPa hardness, being comparable with ceramic
composites produced by SPS method. SLM fabrication of TiB.-Ti powders led to the
needle shaped TiB particles with width of 2-5 um and length up to 50 um 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-mm3,
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Nitridation of the structures resulted in the development of the TiB,-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™ scanning speed.
After SLM process the overall microstructure of the sample was almost crack-free,
consisting of relatively large (2-10 um) 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 TiB, and Ti powders
possess a high hardness of 20.4 GPa and an indentation fracture toughness of
8.2 MPa-m*2. The composites of TiB>-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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Lithikokkuvote

Sadepaagutus- ja selektiivse lasersulatus-tehnoloogia abil
valmistatud Ti-B baasil komposiitmaterjalid

Titaani ja boori baasil materjale on palju uuritud kuna titaan-boor keraamikal on
valjapaistvad omadused: korge erielastsusmoodul, suurepdane kdvadus, hea
elektrijuhtivus ning kulumiskindlus ja keemiline stabiilsus. Viimasel ajal on palju uuritud
Ti-B keraamika kasutamist rakendustes, kus materjalil peab olema kérge temperatuuri
taluvus ja kulumiskindlus. Sealjuures on vahe teadmisi, kuidas slinteesida vajalike
omadustega lahtepulbreid.

Ti-B materjalide omadused ja rakendus sdltuvad otsustest, mis tehakse erinevate
tootmisprotsesside  juures. Kdesolev doktorito6 keskendub I3htepulbrite ja
konsolideerimisprotsesside arendusele, mis vdimaldaks Ti-B keraamikast keerulise
geomeetriaga tooteid valmistada. Fookus on sellel, kuidas materjali valmistusmeetodid
mojutavad Ti-B  keraamika baasil komposiitide morfoloogiat ning mehaanilisi,
triboloogilisi ja mikrostruktuuri omadusi.

Doktoritoos kasutati konsolideerimismeetoditena plasmaaktiveeritud paagutust
(SPS) ja kihtlisandustehnoloogiat selektiivne lasersulatus (SLM). Lahtepulbrid valmistati
mehaanilise segamise ja iselevikGrgtemperatuursiinteesi (SHS) teel. Uudne
“granaatéuna 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 kdrge tihedusega (suhteline tihedus 97%) ja
kovadusega (7.6 GPa) materjal. TiB-Ti komposiit valmistati SLM meetodil kasutades
pulbri tootjatelt saadud TiB2 ja Ti pulbreid ja saadud materjali iseloomustab suur
kdvadus (20.4 GPa) ja sitkus (8.2 MPam™?). TiB2-TiB-TiN keraamilist komposiiti
peetakse Uheks vdimalikuks materjaliks, mida kasutada traumade vd&i haiguste
jargselt luude vigastuste ravimisel ja luude taastamisel. Reaktiivne plasmaaktiveeritud
paagutus vGimaldas valmistada Ti-TiBw komposiiti, mis toimib hasti hddrdkulumisel
temperatuuridel kuni 900°C. Selle omaduse tagab materjali pinnal moodustuv maariv
boorhappe kaitsekiht, mis kaitseb materjali ennast. Ti-TiBw komposiitidel on seega
tagatud isemadriv  omadus korgetel temperatuuridel. Lisaks on SHS meetodil
valmistatud pulbrist ja SPS meetodil konsolideeritud TiB-Ti komposiitidel kdrgendatud
kulumiskindlus kdrgetel temperatuuridel.
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ARTICLE INFO ABSTRACT
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Although Ti-based composites find wide industrial applications, their tribological behaviour, especially at
elevated and high temperatures, is not conclusively evaluated. In this work, a sliding wear performance of metal
— ceramic composite of 50 wt%Ti-50 wt%TiBy, which were in-situ produced by spark plasma sintering, was
studied. Microstructural examination and X-ray diffraction analysis identified presence of two phases, Ti and TiB,
and confirmed the formation of stable TiB whiskers-like grains (TiB,,) during reaction synthesis of Ti and TiB.
Ball-on-plate dry sliding wear tests were performed against a 10 mm alumina ball under 5 N normal load with the
sliding speed and distance of 0.1 ms~! and 1000 m, respectively. The tests were performed at RT and elevated
temperatures of 300 °C, 500 °C, 700 °C, 800 °C and 900 °C. The worn surfaces were studied using scanning
electron microscopy and 3D profilometry to understand the responsible wear mechanisms. Results have
demonstrated significantly reduced wear rates of Ti-TiB,, composite as compared to reference pure Ti across all
temperatures. The formation and the protective role of tribo-oxide layers on the surface of Ti-TiB,, composite

during elevated temperature sliding is reported.

1. Introduction

Over the past few decades, titanium (Ti) based materials have
matured at a large pace in various sectors including aviation, biomed-
ical, chemical and structural industries due to their excellent combina-
tion of high strength, modulus and fracture toughness, biocompatibility
and corrosion resistance [1]. Nevertheless, their poor wear resistance
and relatively low hardness due to a low c/a ratio in a HCP unit cell
limits their applicability in tribology related applications [2,3], espe-
cially at elevated and high temperatures (HT). Change in wear mecha-
nism from mild to severe one, which is conditioned by the development
of tribo-films, is a process of high probability during operation at the HT
[4,5]. For many materials, including steels, the oxide-layers serve as
protective layers against wear [6,7]. The tribo-layers developed on the
surface of titanium alloys are reported to be thin, brittle, loosened and
weakly adhered to a parent surface resulting in spallation during sliding
[5,8,9]. Large difference in hardness between pure Ti substrate and
developed surface oxides is reported to be a reason for non-adherent
nature of tribo-layer [1]. Another possible reason owing to oxide
delamination during room temperature (RT) sliding is a low value of
Pilling-Bedworth ratio (PBR) [10], and therefore, a large lattice

mismatch between the layers. At temperatures beyond ~700 °C, a
higher PBR value in Ti alloys results in scaling and oxides delamination
[10,11]. However, the protective behavior of tribo-layer developed
under sliding of Ti-6A1-4V and Ti-6.5Al1-3.5Mo-1.5Zr-0.3Si alloys was
reported in Refs. [5,8,12,13]; whereas, the formation of brittle titanium
and vanadium oxides (such as TiO, TiO5 and V304) over Ti-6A1-4V was
demonstrated in Refs. [2,14]. Moreover, properties and performance of
the tribo-layer are found to be highly dependent on temperature, sliding
velocity and load applied [8,9,12]. Therefore, the role of surface
tribo-layer during HT applications remains unclear and inconclusive for
Ti-based composites.

The large number of works has been carried out to improve the wear
performance of Ti-based composites exploiting a laser surface process-
ing, coatings deposition, and reinforcements incorporation [15-20].
Most of these approaches does not result in a substantial enhancement of
overall strength and hardness of materials [2,15,19]. Reinforcement
with ceramic particles, such as TiN, TiC, TiB, TiB, B4C, SiC and Al»Os3,
has demonstrated a great benefit in regards of improvement in me-
chanical as well as physical properties [1,2,17,18,21]. Titanium mono-
boride (TiB) is of the most widely used additive due to its excellent
thermodynamic and chemical stability with Ti matrix, comparable
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densities of Ti and TiB, as well as a good interfacial bonding. Composites
of Ti-TiBy usually exhibit a high strength [1,3,21], low PBR and an
overall biocompatibility.

Commonly, the reinforcements in metal matrix composites (MMCs)
are prepared ex-situ and then added to the matrix. The other way is in-
situ processing using exothermic reactions in solid-state processes or
crystallization during solidification. More chemically and thermody-
namically stable and homogeneous MMCs with a fine microstructure are
demonstrated by the in-situ processed composites. The Gibbs free energy
for the reaction between Ti and TiBy (i.e. Ti 4+ TiBz —TiB) is of a negative
value (AG ~ —154 kJ/mol) [21,22], indicating thermodynamically
instability of TiB, and Ti and, consequently, tendency to form TiB.
Growth of needle-shaped TiB particles (whiskers-like) with a high aspect
ratio (due to one dimensional growth along [010]) and well-developed
interfacial bonds (due to no byproduct/intermediate phase) enhances
stiffness, strength, and creep resistance of the composite [22]. In-situ
formation of titanium boride whiskers (TiBy) in titanium matrix dem-
onstrates some benefits, such as constrained grain growth, increase in
ultimate tensile strength and hardness as compared to the monolithic
titanium [1,23,24]. In contrast, TiB particles do not generate such a
needle-like structure due to their two dimensional growth along [1100]
directions [22,23].

Several methods to fabricate titanium based bulk composites (TMCs)
have come into picture in recent years including selective laser sintering
[15,22], hot isostatic pressing [17,23], vacuum sintering [25], spark
plasma sintering (SPS) or field-assisted sintering technique (FAST) [1,
24], etc. Very limited information is available on the microstructures
and mechanical properties of the Ti-TiB,, composites fabricated by the
SPS method. Unlike the conventional powder metallurgy (PM) tech-
niques, no external heat supply is required for SPS; instead, a pulsed
direct current is passed through the starting powders confined in an
electrically conducting pressurized graphite die. The applied uniaxial
pressure on the sample contributes to a high densification level of the
products. SPS enables mixtures to be sintered at a lower temperature, as
compared to the conventional PM sintering, within a relatively shorter
time, which positively contribute to the dense fine-grained materials
[26].

The 50 wt%Ti-50 wt%TiB,, ceramic-metal composite is an attractive
candidate for a wide variety of applications not only at room tempera-
ture but also at elevated and high temperatures especially under con-
ditions, where a good wear resistance is required. Although RT
tribological performance of Ti-TiB composites have recently been
extensively studied, very limited information is available on tribo-
behavior of the composites at elevated temperatures. Consequently,
the present paper aims at filling the existing gap and reporting on the
tribological performance of the spark plasma sintered Ti-TiB,, com-
posites identifying the role of the tribo-layer and wear associated
mechanisms of materials damage. The transition from mild to severe
wear is examined and variations in wear behavior at different temper-
atures are evaluated.

2. Experimental
2.1. Material processing

The powder mixture of Ti and TiBy was prepared by 2 h of me-
chanical rotation mixing of Ti (Alfa Aesar, Germany, particle size 0-50
pm) and TiBy (>99.5% Alfa Aesar, Germany, 0-44 pm) powders. The 50
wt%Ti-50 wt%TiB,, composites were fabricated by SPS (FCT Systeme
GmbH, Germany) at temperature of 1500 °C in vacuum. The pressure of
35 MPa was applied under continuous application of electric current for
a dwell time of 3 min.

The powder mixtures were loaded into a graphite mold of 25.4 mm in
diameter and heated up to sintering temperature with a heating rate of
100 °C/min. The Ti-TiB,, composites are densified by means of solid
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state sintering, which is a common pathway for production of high
temperature ceramics and composites.

2.2. Microstructural characterization

After SPS, the sintered cylinders of 5 mm thickness and 25 mm
diameter were polished to 1 pm finish using a Phoenix 4000 (Buehler)
system and cleaned with acetone and ethylene alcohol.

Microstructural examination of the specimens was performed on
mechanically polished and fractured surfaces using a scanning electron
microscope (SEM, Hitachi TM1000) and a high-resolution scanning
electron microscope (HR-SEM Zeiss Merlin) equipped with an energy
dispersive spectrometer (EDS).

Phase identification was conducted by X-ray diffractometer (XRD,
Siemens Bruker D5005 X-ray analyzer with a Philips X'Pert PRO
diffractometer, PANalytical, Netherlands) using Cu Ka radiation (30
mA, 40 kV, A =0.1542 nm) in a # — 26° scan with a step size of 0.02°and
a count time of 0.4 s). Relative content of phases was estimated by
Rietveld refinement method, which was performed by quantitative
analysis of the crystalline phases detected by the corresponding XRD
patterns.

2.3. Mechanical properties

The bulk density of composites was measured using Archimedes
principle with a distilled water as the immersing medium using Mettler
Toledo ME204 balance with 0.1 mg accuracy. The density reported is the
mean of 3 measurements.

The bulk Vickers hardness (HV30) was measured using Indentec 5030
SKV unit with an indentation load of 30 kg for 10 s. The reported values
are the mean of at least 5 indentations.

The indentation fracture toughness (IFT) was calculated from the
length of radial cracks emanating from the corners of the indents
following Palmgqvist approach [27]. The load of 50 kgf for 10 s on the
indenter resulted in quite well developed crack systems, which mitigate
any surface effects of the indentation. Five equally spaced indents were
recorded for each sample and values were averaged. The surface cracks
initiated by the indenter were measured using optical microscopy (Zeiss
Discovery V20) equipped with AxioVision software.

The surface roughness (R,) was measured with the help of the Mahr
perthometer, PGK 120, in contact mode.

2.4. Wear tests

A universal materials test device (UMT-2) supplied by CETR (Bruker)
was employed for materials testing under dry circular sliding ball-on-
plate configuration. Al;O3 @10 mm ball (Redhill Precision, Czech Re-
public) of HV10 ~ 1450 and R, = 0.02 pm was used as a counterbody
with an applied load of 5 N (0.51 kgf), sliding speed of 0.1 ms™' and
distance of 1000 m (duration of sliding - 10000 s) with a radius of wear
track of 4.5 mm. Tests were conducted at room and elevated tempera-
tures of 300 °C, 500 °C, 700 °C and 800 °C. As the materials may be of
interest for applications at a higher than titanium phase transformation
temperatures of about 883 °C, the tests were also conducted at 900 °C.
The heating rate was settled to 6 °C/min. Coefficient of friction (CoF)
was recorded during sliding. CpTi was used as a reference material. After
the tests, the surface of the wear tracks was examined under SEM and
evaluated by means of the 3D profilometer. The profiles of worn surfaces
were assessed with the help of Bruker Contour GT-KO + 3D profilometer
to determine the depth, shape and volume of material removed (net
missing volume).

The performed tests take into consideration the phenomena of
running-in as well as the start-stop durations during the test imitating
the situation in real field bending or forming operations due to required
part loading-offloading or any other process interruption and possible
time delay, for example, due to human factors, etc. The running-in is
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described as an initial surface and subsurface conditioning process
occurring at the interface of sliding bodies during sliding test [28]. The
current work is represented by a non-conformal tribo-test; the test
duration is long enough to reach a steady state wear regime [28,29].
Besides, the additional step of recalibrating of device during in-
terruptions was made to increase the test precision during testing.
Therefore, the tests consist of 20 periodic restarting during a single test
to assess friction evolution during each period (start, running and stop).
The other parameters, such as load and frequency, were unchanged
during all periods.

The fractured cross-sections were studied to evaluate the nature of
the developed tribo-oxide layers. An essential step to understand the
strength of the tribo-oxide layer formed at elevated temperatures, the
effect of varying load at temperatures of 700, 800 and 900 °C was
explored. These tests were carried out for a short time (1 min) for each
load until the sufficient (more than 20%) increase in CoF or unaccept-
able vibration was observed. The results are reported in terms of ‘load
bearing capability’ of the material, which includes its ability to bear a
high load in addition to impart a stable and low CoF. The complex of
studied properties is an important criterion for design of a tool material
for forming and forging applications.

3. Results and discussion
3.1. Microstructural analysis

Fig. la demonstrates a uniform distribution of whiskers-like TiB
grains throughout the titanium matrix and absence of spurious phases or
reaction products. The XRD patterns of the composite (Fig. 1b) identifies
just a few peaks of TiBy confirming the presence of in-situ formed TiB
phase together with semi-reacted TiB, particles in titanium matrix
containing both « (alpha) and p (beta) phases of titanium. The parent
HCP alpha microstructure dissolves into the BCC structured beta phase
as temperature increases beyond ~883 °C (allotropic transformation in
Ti), leading to a decrease in alpha phase content with an increase tem-
perature [30]. However, due to presence of some impurities of alpha
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stabilizers (such as, Al, O, C) in the starting powder of CpTi, the a phase
transformation is incomplete.

3.2. Mechanical properties

The density, hardness and indentation fracture toughness values of
the spark plasma sintered Ti-TiB,, composites are reported in Table 1.

SEM inspections of the fractured specimen (Fig. 1c) reveal the rela-
tively fine TiB particles, incorporation of which increases the extent of
nucleation sites providing new interfaces between Ti and TiB for grain
growth inhibition during the sintering process [24].

3.3. Tribological performance

3.3.1. Wear and CoF analysis

The effect of temperature on wear rates and CoF is summarized in
Figs. 2 and 3, respectively. Figs. 4 and 5 show the SEM and 3D profil-
ometry images of the worn surface. The XRD patterns of the composites
tested at 700, 800 and 900 °C are given in Fig. 6.

It was found that the wear performance of the materials tested is
significantly improved with the increase in temperatures; being partic-
ularly pronounced at temperatures of 700 °C and higher. To be accurate,
the wear measurements at high temperatures is greatly influenced by the
oxide layer formation. At 900 °C, due to considerable oxidation of the
surface, differentiation between the wear track and the pristine surface
was rather difficult due to a comparable roughness.

A significant drop in CoF is indicated for composites tested at

Table 1
Density, hardness and fracture toughness of SPSed samples.

Material ~ Density, Relative Hardness, Indentation Fracture
gem® Density HV30 Toughness, MPa-m'/?
Ti 4.443 98.6% 287 + 33 -
Ti-TiBy, 4.487 99.4% 1324 + 18 10.52
(b) [} [
A TiB,
O Alpha- Ti|
| O Beta- Ti

Intensity a.u

Fig. 1. Composite surface (a) SEM image; (b) XRD pattern; (c) SEM image of fractured surface; and (d) SEM image of polished surface.
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Fig. 3. Coefficient of friction of pure Ti and Ti-TiB,, composite at several test temperatures.

elevated temperatures. For the most of the cases, CoF stabilization was
recorded during approximately 10 m of test run. However, at tempera-
tures of 800 and 900 °C, the stabilization took a longer time of up to ~50
m. High CoF in the case of pure Ti is conditioned by its lower hardness
and instability of the tribo-layer [10,11,31]. Moreover, the wear debris
or third bodies [32,33] accumulated during the tests might promote
wear and fluctuation in CoF. Generated third bodies result in the high

localized stresses (stress concentration) and facilitate the removal of soft
binder phase. However, at elevated temperatures, retained debris might
be compacted and contribute to tribo-layer formation which is believed
to reduce CoF. CoF fluctuation was also seen under RT composite
sliding. At 300 and 500 °C, the SEM images (Fig. 4c) demonstrate a
corrugation-like surface, which may be regarded as responsible for un-
stable CoF. The lowest friction was detected for composite tested at 800
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Fig. 4. SEM images of materials surface after sliding at various temperatures; (a) Pure Ti, 20 °C; (b) Ti-TiB,, 20 °C; (c) Ti-TiBy, 300 °C; (d) Ti-TiB,,, 700 °C; (e) Ti-
TiB,,, 800 °C; and (f) Ti-TiB,, 900 °C.

(a) Pure Ti, 20 °C (b) Ti-TiB,, 20 °C

(c) Ti-TiB,, 800 °C

=
2
Fig. 5. 3D wear profiles of; (a) Pure Ti, 20 °C; (b) Ti-TiB,,, 20 °C; (c) Ti-TiB,,, 800 °C; and (d) Ti-TiBy, 900 °C.
and 900 °C (i.e. CoF~0.18). material removal. This increase in wear of pure Ti is amplified due to the
Fig. 4 demonstrates the different wear mechanisms of sliding wear of characteristic of thermal softening (accompanied by conversion of fric-
pure Ti and the composites. Wear of pure Ti is associated with severe tional work into heat) during sliding. Abrasive wear and patches of
ploughing, plastic deformation and cutting resulting in significant adhesive wear mark were found on the surface of Ti specimens due to
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Fig. 6. XRD patterns of composite surface after test at (a) 700 °C; (b) 800 °C;
and (c) 900 °C.

sliding against a much harder Al;03 counterbody [31]. In addition, the
wear of Ti as well as of RT tested composite is intensified by the phe-
nomena of third body. Extreme vibration of test setup during testing of
pure Ti was observed at 700 °C due to ‘stick-slip’ adhesive behaviour of
Ti.

Normally, it is reported that a longer duration of wear test results in a
high strain level at the surface, which is in contact with the counter disc,
leading to the formation of surface and sub-surface cracks or fatigue-
driven delamination [34]. SEM images demonstrate limited amount of
delamination or local material removal along the ploughing grooves in
Ti as well as the composite. The main wear mechanisms related to

‘| Tribo-oxide layer,
P ~ .| thickness= 39.09 ym
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Ti-TiB,, composite sliding at RT is similar to that of pure Ti except the
fact that the intensity of occurring is significantly lower and is further
supressing with an increase in testing temperature. Adhesion and
abrasion were dominant wear at RT composite sliding.

The XRD pattern, Fig. 6, displays the peaks of titania (TiO2) on the
surface of composite. Composite tested at 700 °C generated some peaks
of TiB, which was supressed when materials were tested at 800 and
900 °C due to intensive oxide layer development. Tribo-oxide layer
delamination was evident at the lower temperatures of 300 and 500 °C
tests. However, a significant diminution in tribo-layer delamination was
detected at 700 °C and was almost not evident during sliding at 800 and
900 °C. The main wear mechanism at temperatures between 300-700 °C
was oxidative in nature. A decrease in tribo-layer delamination from the
surface during test at 700 °C and above is conditioned by the low CoF
between tribo-pairs sliding and, therefore, relatively low shear stresses
on the surface area. The stability and thickness of tribo-oxide layer
increased with the increase in temperature of the test, which was also
confirmed with cross sectional SEM imaging, Fig. 7. The principal
mechanism involved into process of composite wear at 800 and 900 °C
was a micro-polishing by the counterbody alumina.

The XRD patterns of the specimens tested at 700 and 800 °C, Fig. 6,
reveal peaks of the compounds containing hydrogen (titanium hydride,
boron oxide) owing to the precipitation of water vapour near ~
600-800 °C. Water vapour release at this temperature range is reasoned
by the presence of chlorine impurities, TiHy or formation of hydrated
oxides [35-37].

Anatase is often the first titanium dioxide phase to form in many
processes (mainly at low temperatures) due to its lower surface energy;
however, anatase tends to convert into rutile phase at elevated tem-
peratures. The XRD patterns in Fig. 6 demonstrate a significant decrease
in the peaks intensity of anatase at 800 °C and disappearance of these
peaks at 900 °C. The precipitated water vapour preferably reacts with
the existing metastable, less dense anatase to form the most stable,

Tribo-oxide layer,
thickness= 12.73 pm

]
y

Fig. 7. SEM images of wear track cross-section of the composites tested at (a) 700 °C; (b) 800 °C; and (c) 900 °C with indication of the thickness of oxide layer
formed; (d) EDS mapping of cross-section of the composite tested at 900 °C (red — oxygen; blue — titanium). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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dense, hard, and well-adherent rutile at elevated temperatures [38]. In
addition, a decrease in the peak of hydrogen related compounds
together with the increase in peaks of rutile TiO, was seen in XRD.

Fig. 7 demonstrates the cross-sectional examination of the compos-
ites tested at 700, 800 and 900 °C. During examination of the surface
inside and outside of the wear track, it was found that the thickness of
tribo-oxide layer was kept almost unchanging with no detectable al-
terations on the original surface. Therefore, the formation of protective
tribo-layer on the surface of the composites at 700 °C and above can be
stated. The thickness of oxide layer and its adherence with the parent
material readily increased with the increase in test temperature from
700 to 900 °C. This situation states the role of temperature on oxidation
rate by activating diffusing species. It should be noted that the accel-
erated oxidation rate due to increasing temperature can put the oxide
layer in a more stressed condition as a result of thermal effects [39],
which results in their gradual detaching from the surface as fragments.
This could be the reason behind a fairly porous (or not as homogeneous
as surfaces of materials tested at 700 and 800 °C) oxide layer over the
composites tested at 900 °C, Fig. 7c.

The XRD patterns at Fig. 6 demonstrate the presence of lubricious
boric acid, B(OH)3, on the composite surfaces characterized by a glazed/
glassy layer (Fig. 8) at 700-900 °C. Moreover, the presence of boron
oxide (B203) at 700 °C confirmed the formation of B(OH)3 films from a
spontaneous chemical reaction between water molecules and B;O3
coatings in a humid environment (Egs. (1) and (2)). At 800 °C, TiB peaks
get suppressed by extensive formation of TiO, phase, mainly rutile. The
instant ByO3 phase was barely detected. Since TiO, formation is faster
than B,03 formation, it is possible that B,O3 are scarcely detected by
XRD. A new peak for B(OH)3 is detectable at 800 °C, Fig. 6b, confirming
the reaction described by Eq. (2). At 900 °C, apart from strong rutile
TiO; phase, the formed B(OH)3 peak is still recognizable, Fig. 6¢. The
lubricous property of formed boric acid films is believed to contribute in
lowering of CoF during tribo-pair sliding [40,41]. The formation of such
self-lubricating and lubricious layer of boric acid on TiB, containing
composites closer to ~1000 °C was also reported in Refs. [40-42].
However, a decline in its concentration at temperatures beyond 1000 °C,
due to evaporation as gaseous phase is reported in Refs. [41,42]. Ac-
cording to the results of the current research it is possible to expect that
initiation of the evaporation of in-situ formed B(OH)3 took place already
at 900 °C that resulted in its deficiency and intensification of titanium
oxidation. This is confirmed by a decrease in the B(OH)3 peak intensity
at 900 °C, Fig. 6¢. The highest peak intensity of boric acid and resulting
glaziness was observed at 800 °C (Fig. 8b). As the temperature decreased
after the test, the glazed film gradually faded away as shown in Fig. 8c.
Fig. 8d shows the accumulation of liquid droplets (supposedly, boric
acid) around the counterbody ball after composite sliding at 800 °C. The
formation of glassy glazed layer in various metals and alloys at HT
sliding and termed it to be wear protective is reported in Ref. [43].
Moreover, since the average surface roughness measured for pure Ti as
well as composite specimens tested from RT to 800 °C was in the same
range i.e. Ry ~ 0.15 + 0.05 pm, it is believed that there is no significant
surface smoothening due to glazed layer formation.
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3.3.2. Effect of load on coefficient of friction

The effect of applied load on coefficient of friction is illustrated in
Fig. 9, wherein the CoF is plotted as a function of varying loads at test
temperatures of 700, 800 and 900 °C. Dense, thick and stable (adherent)
tribo-layer during the test at 800 °C resulted in the lowest and stable (at
wider range of loads) CoF as compared to CoF detected at temperatures
of 700 or 900 °C. Comparatively thin tribo-oxide layer developed at
700 °C resulted in unstable CoF (and increased vibration during sliding)
as the load approached 14 N. The protective layer in Ti based materials
usually benefit the best until 800 °C and under approaching
900-1000 °C, it tends to spall off and gradually lose its protective nature.
Composite sliding under 900 °C exhibits a very fluctuating and unstable
CoF with increasing loads. This was also confirmed by a high surface
roughness value obtained for composite after the test at 900 °C, i.e. R, ~
1.80 + 0.2. An important point to note is that there was no oxide-layer
breaking (or increase in CoF) during 800 °C test even at 26 N. However,
during the test at 900 °C, a sudden jump in CoF at 17 N was found, which
could be due to the oxide-layer breaking. Nevertheless, there could be
other reasons for CoF jump, such as third body or debris particles present
on the sliding track. Hereby, it can be established that the protective
nature of tribo-oxide layer formed at 700 and 800 °C is the most stable
and reliable, whereas the one formed at 800 °C has the highest load
bearing capacity.

3.3.3. Counterbody ball wear

The ball wear (Fig. 10a) was measured using 3D profilometer and
studied under SEM and analysed by EDS. No ball wear was seen for pure
Ti at RT as well as 700 °C. High to average wear of alumina balls sliding
against composite counterpart at RT, 300 and 500 °C was detected.
Formation of patches of material removal clearly indicated the adhesion
between the composite and alumina balls. At temperatures below
500 °C, the EDS mapping (RT sliding, Fig. 10c) demonstrated a signifi-
cant amount of Ti transfer from the composite specimen to the alumina
counterbody signifying that a severe adhesion took place between them
[44,45]. However, wear is reduced with the increase in test temperature.
The main mechanism responsible for wear of the ball at RT- 500 °C was
mainly adhesive wear (Fig. 10b).

The EDS analysis (Fig. 10c for 900 °C) shows that a worn area on the
ball surface after the tests at 700, 800 and 900 °C consists of nearly zero
Ti transfer from the composite surface. This is due to the well adhered
tribo-layer on the tribo-surfaces mating, which is difficult to wear out.
Moreover, Ti transfer was also prevented by the formation of lubricous
boric acid covering the composite surface, and acting as the main sliding
surface. Besides, boron transfer was evident on the balls surface
(Fig. 10c). A visually smoothened/polished surface was evident on the
balls at 800 and 900 °C. It is understood that transferred boron on the
balls surface transformed to boric acid at 800 and 900 °C, thus

Liquid

A droplets
(d) After 800 °C |

Fig. 8. Composite surfaces; (a) minimal glazed layer, 700 °C; (b) maximum glazed layer, 800 °C; (c) faded glazed layer after cooling, 900 °C; and (d) Liquid droplets

staying around ball after test at 800 °C.
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significantly reducing friction and wear. The main wear mechanism of
alumina balls at 800 and 900 °C was mainly attributed to micro-
polishing.

4. Conclusions

In the current work, a fully dense 50 wt%Ti-50 wt%TiB,, composite
was in-situ produced with the help of SPS; and their tribological
behavior under dry sliding conditions at temperatures up to 900 °C was
evaluated. The effect of increasing temperature was demonstrated by a
significant reduction in composite wear rate and lowering CoF due to
development of protective tribo-layers. The formation of lubricious
boric acid on the composite surface contributed into self-lubricating
properties of the tribo-couple at temperatures of 700-900 °C. The
highest load bearing capacity (up to 26 N) in combination with a lower
CoF (<0.2) of the generated tribo-oxide layer was demonstrated at
800 °C. The wear mechanism of composite changed from adhesive and
abrasive (at room temperature) to oxidative with an increase in test
temperature. At temperatures of 800 and 900 °C, the micropolishing was
considered as a prevailing wear mechanism.
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Abstract: Titanium alloys and composites are of great interest for a wide variety of industrial
applications; however, most of them suffer from poor tribological performance, especially at
elevated temperatures. In this study, spark plasma sintering was utilized to produce a fully dense
and thermodynamically stable TiB-Ti composite with a high content of ceramic phase (88 wt.%)
from self-propagating high temperature synthesized (SHS) powders of commercially available Ti
and B. Microstructural examination, thermodynamic assessments, and XRD analysis revealed the
in situ formation of titanium borides with a relatively broad grain size distribution and elongated
shapes of different aspect ratio. The composite exhibits a considerable hardness of 1550 HV30
combined with a good indentation fracture toughness of 8.2 MPa-m'2. Dry sliding wear tests were
performed at room and elevated temperature (800 °C) under 5 and 20 N sliding loads with the
sliding speed of 0.1 m-s™ and the sliding distance of 1000 m. A considerable decline in the coefficient
of friction and wear rate was demonstrated at elevated temperature sliding. Apart from the
protective nature of generated tribo-oxide layer, the development of lubricious boric acid on the
surface of the composite was wholly responsible for this phenomenon. A high load bearing capacity
of tribo-layer was demonstrated at 800 °C test.

Keywords: sliding wear; TiB-based composite; high temperature; SHS; SPS

1. Introduction

Growing demand for titanium (Ti) and titanium alloys for a wide variety of
industrial applications including, but not limited to, aerospace, marine, automotive, and
biomedical industries have made Ti-based materials highly important. An extensive use
of titanium alloys has been connected to their high strength-to-weight ratio, toughness,
and extraordinary corrosion resistance. However, insufficient tribological performance of
many alloys has hindered even wider applications of titanium, its alloys, and Ti-based
composites [1,2], especially at elevated temperatures. To fill the gap and overcome the
associated limitations, several methods including surface modifications [3], hard and soft
coatings deposition [4], incorporating self-lubricating mediums [5], and reinforcements
inclusion [6] are continuously reported. Titanium monoboride (TiB) is one of the most
used additives for Ti matrix to yield improvement in mechanical as well as tribological
properties due to Ti and TiB thermodynamic and chemical stability, similar density (4.5
g/cm? for Ti and 4.56 g/cm? for TiB), close values of coefficient of thermal expansion (8.2 x
10 °C for Ti and 6.2 x 10 °C! for TiB), ability to retain protective tribo-oxide layer
formed at elevated temperatures, and no spurious interfacial phase formation [1,7]. In situ
formation of TiB during the reaction between Ti and TiB2has drawn considerable interest
and is widely studied [3,8]. The Gibbs free energy for the reaction (i.e., Ti +TiB2 —2TiB) is
anegative one (AG ~ -154 kJ/mol) demonstrating thermodynamical instability of TiB2 and
Ti and, therefore, a high potential to form a more stable TiB [8]. At elevated temperatures
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and oxidative environment, Ti-TiB composites are suspected for the development of a
dense rutile dominated oxides with a strong interfacial cohesion over the composites
preventing the materials from severe oxidation and brittle fracture of sub-surface tribo-
layers [9].

Changes in surface reactivity at elevated temperatures is a common attribute in
metals. A large number of applications depends upon the ability of contacting surfaces to
self-lubricate and/or to form protective oxide layers as a result of reactions with
environments or during the tribo-contact [2]. Unlike steels and few others, oxides of Ti
and its alloys are termed to be unprotective and undergo easy spallation during tribo-
cycles [10,11]. Large lattice mismatch between the developed oxides and pristine Ti (or
alloy) and ineffective Pilling-Bedworth ratio (P-B ratio) are the reason for such behavior
[12]. Oxide scales developed over Ti and Ti-6Al-4V are reported to experience scaling,
delamination, and constant fragmentation of brittle TiO, TiO2, and V30 [12,13], especially
at temperatures above ~700 °C. Sliding wear tests accomplished on Ti-6Al-4V alloy under
10-50 N load at a room temperature were carried out with the integration of TiO>, Fe2Os,
or mixtures of nano-scaled oxides onto sliding pathways, and the wear-increasing
function was credited to TiO2with a low load-carrying capability [11]. On the other hand,
in [14], a thermal oxidation treatment of Ti6Al4V-10 vol.%TiC composites at a temperature
of 600-800 °C was performed, revealing the development of a uniform oxide layer of
rutile. Besides, a higher load carrying capacity of thermally oxidized composites was
reported after a sliding test with 10 N of a load. Similarly, in [15], the development of a
dense rutile dominated layer with a strong interfacial cohesion over Ti-8 vol.% TiB
composites at 650 °C was demonstrated. The performance of the tribo-oxide layer was
found to be greatly influenced by temperature, sliding velocity, and the load applied. In
general, the lack of clarity regarding the properties and the elevated temperature wear
performance of Ti-TiB composites in conditions of dry sliding has motivated this study.

Energy and time efficient spark plasma sintering (SPS) is one of the successfully used
processing techniques to produce dense Ti-matrix composites with minimal porosity and
tremendous improvements in mechanical as well as tribological properties [1]. It is a well-
established fact that the successful performance of composite materials at service
requiring movement of one part over another is attainable with the help of careful
selection of constituents, manufacturing technology, and post-treatment. The method of
the precursor powders preparation and developed microstructure are shown to be the
main features for the Ti-TiB cermet as the composite for tribological applications.

Most of the time, the composites are consolidated using commercially available and
conventionally mixed/milled precursor powders of Ti and TiB2, which often result in
inhomogeneous structures with whisker-like TiB grains. To minimize these drawbacks,
our approach proposes utilization of self-propagating high-temperature synthesis (SHS)
or combustion synthesis for fabrication of the powder feedstock representing a collection
of “pomegranate-like” particles consisting of TiB particulates bonded/clued by titanium.
SHS has been widely accepted for production of various materials including ceramics,
composites, and intermetallic and nano-phase materials [16,17] due to its high efficiency,
negligible energy consumption, short processing time, and high productivity. It utilizes
the advantages of extreme heat generated by the exothermic reaction in a reactive mixture
during processing, resulting in the formation of a needed solid product [6]. Besides, SHS
represents an in situ processing for the preparation of composite materials with
interpenetrating phases of tailored composition.

As the formation of glazed layers of compacted oxides can provide wear protection
to the composites at elevated temperatures [18,19], the current research work reports on
the development of a tribo-layer during the sliding wear of spark plasma sintered Ti-TiB
cermet of only 12 wt.% metal content, which were fabricated from the SHS produced
“pomegranate-like” powders of Ti and TiB. Wear of the composite has been studied at the
conditions of dry sliding at room (20 °C) and elevated (800 °C) temperatures. The
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responsible wear mechanisms have been evaluated, and the role of surface layer
formation during elevated temperature sliding has been discussed.

2. Materials and Methods
2.1. Self-Propagating High-Temperature Synthesis

The commercially available pure boron, B (purity >95%, Sigma-Aldrich, Taufkirchen,
Germany, particle size <l pum), and Ti (purity >99.5%, Alfa Aesar, Karlsruhe, Germany,
particle size <44 um) were prepared as 15 and 85 wt.% powder mixture, Figure 1a, for the
combustion synthesis of the precursor suitable for SLM processing. The composition was
designed to produce 85 wt.% of TiB with 15 wt.% of Ti upon a complete reaction
xTi+yB—yTiB+(x-y)Ti. A mixture of reactants was homogenized in a ceramic mortar for
15 min and filled in a steel boat to prepare the rectangular green bodies of 10 mm length,
20 mm width, 15-20 mm height, and 50 grams’ weight. The samples were placed into a
reaction chamber CPR-3.51 filled with argon gas of 99.999% purity and subjected to the
pressure of 0.3 MPa. To initiate the combustion reaction, a 7 sec annealing of a tungsten
coil positioned on the bottom side of samples was employed under 12 V. The mixture of
KNOs and Si powders with the weight ratio 1:4 was used as ignition agents. Two C-type
tungsten-rhenium thermocouples (wire diameter 0.1 mm) preliminarily covered with a
thin layer of boron nitride were positioned at holes drilled in the green body to record
temperature-time profiles of the combustion process. Subsequently, the SHSed samples
were crashed by a roller, then treated by disintegrator milling to make fine “pomegranate-
like” powders, as detailed in [8]. The “pomegranate-like” powder represents the collection
of composite particles with a relatively low size distribution and of the same flowability.
Ceramic particles have been already embedded into the metallic titanium, which make
the process of sintering much easier and more reliable.

The maximum combustion temperature (Tc) of 1700 °C was recorded. The computed
average value of combustion velocity (Uc) is 2.12 mm/sec. The standard error of
measurement for Tc and Uc were #20 °C and 5%, respectively. The evolution of
temperature (Tc) and pressure during synthesis is demonstrated in Figure 1b.

2.2. Spark Plasma Sintering

Prior to SPS processing, the powder blends were milled in a semi-industrial milling
system DSL-115 disintegrator (TalTech, Tallinn, Estonia). The SHS synthesized Ti-B
powdered product was consolidated using SPS (FCT Systeme GmbH, Frankenblick,
Germany) at a temperature of 1200 °C with application of 50 MPa pressure and continuous
direct electric current during 3 min in a vacuum. The mixture was loaded into a graphite
mold (diameter—25.4 mm) and heated up (heating rate—100 °C/min) to the temperature
of processing.

2.3. Materials Characterization

The produced cylinders with a thickness of 5 mm were refined to 1 um finish with a
Phoenix 4000 (Buehler) with the help of 8 inch diamond grinding discs (DGD Terra,
Buehler, Esslingen, Germany). The polishing was executed with a speed of 300 rev/m
during 3 min for each disc. The discs were changed in a sequence (74 um, 40 um, 20 pm,
10 pm, 3 pum, 1 um) and water was used as a polishing medium. Then the polished
specimens were cleaned by acetone and ethylene alcohol.

Microstructural inspection of the composites was made on polished and fractured
surfaces using a high-resolution scanning electron microscope, SEM (HR-SEM Zeiss
Merlin, Oberkochen, Germany) equipped with an energy dispersive spectrometer (EDS).
The particle size distribution was assessed with the help of a laser diffraction using
Malvern Mastersizer 3000, Almelo, Netherlands.

The chemical compositions of the powder mixture and the bulk samples were
analyzed with the help of X-ray diffractometer (XRD, Siemens Bruker D5005 X-ray
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analyzer with a Philips X'Pert PRO diffractometer, PANalytical, Almelo, Netherlands)
using Cu Ka radiation (A = 0.1542 nm, 30 mA, 40 kV) with a scan step size of 0.02° and a
count time of 0.4 s at each step. Relative fraction of the presented phases was estimated
with the help of the Rietveld refinement method, which was performed by quantitative
analysis of the crystalline phases detected by the corresponding XRD pattern.

The bulk density of composites was measured by means of the Archimedes’ principle
(Mettler Toledo ME204 balance, Greifensee, Switzerland) with 0.1 mg accuracy and
distilled water as the immersing environment. The reported density is an average of at
least 3 measurements. The relative density calculations are based on the assumption of
presence of phases detected by XRD and their volume fraction.

The bulk Vickers hardness (HV30) was estimated using a tester (Indentec 5030 SKV,
Stourbridge, West Midlands, UK) at the indentation load of 30 kg applied for 10 s. The
reported values are the mean of at least 5 indentations.

The indentation fracture toughness (IFT) was calculated from the length of radial
cracks emanating from the corners of the indents following the Palmqvist approach [20].
The load of 50 kg-f on the indenter resulted in the quite well-developed crack systems,
which mitigate any surface effects of the indentation. The length of the cracks initiated on
the sample’ surface by the indent were recorded by optical microscopy (Zeiss Discovery
V20, Oberkochen, Germany) equipped with AxioVision 4.8.2 software. For each sample,
values of 5 recorded indents were averaged.

2.4. Sliding Wear Test

A universal tribo-test device CETR/Bruker—UMT-2 was employed for materials
testing under dry unidirectional sliding in ball-on-plate configuration. The ball
counterbody of Al2Os with @10 mm (Redhill Precision, Prague, Czech Republic), hardness
HV10~1450, and surface roughness Ra = 0.02 um was exploited under an applied load of
5N (0.51 kgf) and 20 N (2.04 kgf), sliding speed of 0.1 m's-, and distance of 1000 m with
the radius of a wear track of 4.5 mm. Each test consists of 20 equal periods with a duration
of 500 s to assess friction progress during each test (start, running, and stop). An additional
recalibration of device between periods was implemented to increase the test precision.
This is especially important for the tests performed at elevated temperatures due to
possible effect of a heat from a test chamber on the performance of force sensors
positioned above it. The other parameters (load and frequency) were kept unchanged
during the whole period. The duration of the test was selected to be sufficient to reach a
steady state wear regime and to provide a measurable wear [21,22]. Surfaces of disk and
ball were cleaned with ethanol, acetone, and then dried prior each test. Tests were
conducted both at room and elevated temperature of 800 °C. The heating rate of 6 °C/min
was settled to avoid unwanted thermal shock to test materials and equipment. The
developed wear tracks were examined by SEM and evaluated by 3D profilometer Bruker
Contour GT-KO0+ to control the net missing volume.

The cross-section of the materials tested at 800 °C and both sliding loads of 5 and 20
N were examined with the help of SEM (HR-SEM Zeiss Merlin, Oberkochen, Germany)
to explore the nature of the developed tribo-oxide layers.

In addition, oxidation tests were conducted in a laboratory furnace (Nabertherm
muffle furnace, Lilienthal, Germany) at 300, 500, 700, and 800 °C to evaluate the oxide
layer development. The oxidation duration was kept similar to the sliding test duration
(10000 s). The oxidized samples were checked for weight gain to the nearest 0.1 mg using
a Mettler Toledo ME204 and surface Vickers microhardness (HV0.5) using a tester unit
(Indentec 5030 SKV, Stourbridge, West Midlands, UK) applying 500 g (0.5 kg) load for a
dwell time of 10 s. The load of indentation was selected to provide precise imprint
diagonal measurement and to reduce the influence of the underneath material. The values
reported are averaged for at least 5 indentations/measurements made.
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3. Results and Discussion
3.1. Microstructural Analysis

Figure 1a,b show SEM images of the initial powder mixtures and the combustion
thermogram and pressure during SHS.

Pressure a Propagation

Te

10 20 30 40 50
Time (s) - —

Figure 1. (a) SEM image of initial Ti and B powder mixture; (b) combustion temperature and pressure evolution; (c) high
temperature synthesized (SHS) bulk product; (d,e) typical examples of SHSed fragments after manual crushing; and (f)
composite powder after disintegrator milling.

According to the curve of temperature evolution during the combustion process, the
temperature of 1700 °C is sufficient to melt Ti and dissolve or interact with B (according
to phase diagram presented in [7]) to form TiB as per the principle of reaction diffusion.
Additionally, an excess of Ti in the system serves as a matrix phase in a composite powder.
It is to be noted that the high temperature during synthesis will not retain for a long time
and a rapid drop in the temperature of the part below melting point of Ti (~1650 °C) is
demonstrated (Figure 1b). A concurrent decrease in combustion temperature and an
increase in pressure (due to sudden gas expanding from reaction frontier) creates the
kinetic conditions which favored the formation of spherically shaped Ti droplets/particles.

The SEM images of a crashed SHS product in Figure 1d, e demonstrate the co-existing
agglomerates of fine and coarse particles of either rounded or needle-like morphology
together with spherical molten Ti droplets, as Ti was given with an excess amount to the
initial mixture. The TiB whiskers mostly grow towards the center of the piece of material
after SHS processing, which can be explained by the fact that elemental boron tends to be
present in the center of segregation on subsequent precipitation from molten solution of
Ti and B.

Figure 1f shows the SEM image of Ti-TiB composite powder after disintegrator
milling. Particle size distribution (PSD) specified in Table 1 reveals the median diameter
(D50) of Ti-TiB powder of around 10 um.

Table 1. Size distributions of the SHSed Ti-TiB powders.

Particle Size
(Ti-TiB SHSed Powder)
D10 (um) D50 (um) D90 (um)
2.12 pm 8.98 um 27.2 um
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The XRD patterns of SHSed Ti-TiB powder confirm the presence of TiB, TiBz, and
free Ti as per Equation (1), which describes the first step of composite development, Figure
2. The presence of TiB2 phase together with Ti and TiB was also reported in [23,24], mainly
due to either the inhomogeneity of B in the mixture powder or the insufficient time for
completion of the reaction between TiB2 and Ti. The approximate concentration of 17.4%
free Ti, 66.4% TiB, and 16.2% TiB2 was evaluated through the analysis of the XRD pattern
of the SHSed powder, Figure 1f.

However, upon SPS, no evident TiB2is identified by the XRD of the composite bulk
as duration of the process allows complete chemical reaction between TiB2and Ti as per
Equation (2), which describes the second step of composite fabrication (SPS) resulting in
complete reaction between available TiB2 and free Ti; therefore, the stable TiB phase and
monoclinic a-Ti are the main constituents of the composite. The XRD pattern of SPSed
bulk recorded from the polished surface confirms the concentration of TiB phase of ~87.8%
and Ti phase of ~12.2% with neither TiB2 nor other phases.

Figure 2a demonstrates the SEM image of the composite revealing rather
homogeneous distribution of TiB phase (grey) throughout the monoclinic Ti (white).

(1 +x)Ti+ 1.5B = 0.5TiB, + 0.5TiB + x. Ti 1)
TiB, + (x + 1)Ti = 2TiB + x. Ti )

(b) | ==sPs oTB
= SHS ATi
o) aTis,
=
o
2 ° Al O o
2| o Al ¢
H A 00 YO
£
O g m]
[m)
20 30 40 50 60 70 80
2theta degrees

Figure 2. (a) SEM image of SPSed (spark plasma sintering) composite; and (b) XRD patterns of
SHSed powder and SPSed composite.

The TiB-Ti composite produced by SPS from the conventionally milled/mixed
commercially available powders of Ti and TiB2 are detailed in [19]. Fabrication of the fully
dense composites with a high hardness of ~1324 HV30 and an indentation fracture
toughness of 10.5 MPa-m'? has been reported. The homogeneous distribution of needle-
like colonies of fine TiB was shown to be a key feature of the microstructure. The
composites produced out from SHSed “pomegranate-like” powders display a relatively
large distribution in the grain’ shape (from elongated with aspect ratio of 4 to equiaxed)
as well as in the grain’ size (from as small as 0.5 um up to as large as 10 um), which, by
very rough estimation, may be considered as bi-modal distribution. Tiny pores are only
observed inside the large grains of TiB, indicating the high level of densification at the
given conditions. A composite of only 12 wt% Ti has been consolidated to 99.7% of relative
density, suggesting an improved densification of the material of high ceramic content.

3.2. Mechanical Properties

The density, hardness, and indentation fracture toughness (IFT) values for pure Ti
and various Ti-TiB composites produced by different methods are listed in Table 2. Figure
3 demonstrates the images of fractured SPSed bulks.

The Vickers” hardness of TiB is about 1800 HV and, therefore, the high hardness of
the TiB rich composite in the current research is ascertained (Table 2). Apart from a high
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hardness, a good IFT value (8.2 MPa-m'?) is demonstrated due to the presence of metallic
Ti in the composite. In general, it is challenging to produce a composite material with a
high content of ceramic phase (here TiB) showing a commendable IFT value, Table 2, as
decrease in the IFT and density with an increase in ceramic content is widely reported.
However, in the current study, a high relative density and IFT are evidenced even with
an extremely high ceramic content.

The SEM image of fractured composite surface, Figure 3, demonstrates significant
amount of plastic deformation and few cleavage facets/steps, which are characteristic of a
granular fracture. In addition, the river pattern features of the cleavages are also noticed
pointing at a brittle mode of fracture. Intergranular as well as transgranular crack
propagation is one of the features of composite fracture. It appears that the crack is
initiated at a point on the interface of TiB grain and propagated alongside this interface,
consuming a large amount of energy, and thus enhancing the fracture toughness. The
propagating crack, upon confronting a TiB particle, tends to encircle it and is deflected
from its original track. Therefore, the crack deflection mechanism of fracture can be held
responsible for improved composite toughening. A similar phenomenon was also
reported in [7,25,26].

Figure 3. SEM images of fractured cross-sections: (a) Backscattered electron (BE); and (b)
secondary electron (SE).

Table 2. Comparison of processing methods, relative density, hardness and indentation fracture toughness of Ti-TiB

composites.
Material Process Relative Density (%) Hardness TFT
(MPa-m'?)

CpTi[1] SPS 97.92+0.03 291 +10 (HV30) -
TiBw-60 wt.% Ti [15] Mixing + SPS 99.6% - 9.35
TiBw-50 wt.% Ti [19] Mixing + SPS 99.4% 1324 +18 (HV30)  10.52

TiB- 33 vol% Ti [24] Ball Milling + Reaction hot pressing - 1351 (HV50) -
TiB-30 wt.%Ti [17] SHS + PHIP (Pseudo Hot Isostatic Pressing) 98.45 87.8 HRA 6.15
TiB-20 wt.%Ti [17] SHS + PHIP 97.57 86.7 HRA 523
TiB-12 wt.% Ti SHS + SPS 99.7 1550 +26 (HV30)  8.16

(current work)

3.3. Sliding Wear

Figure 4 demonstrates the effect of temperature and load on the wear rates of the
composite along with the counterbody ball. Figure 5 shows the coefficient of friction (CoF)
evaluation during sliding tests. Figure 6 displays the scanning electron microscope (SEM)
images of the worn surfaces. The XRD pattern of the composite after 800 °C sliding test is
given in Figure 7.
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The wear rates and CoF values of composite tested at 800 °C are significantly reduced
in comparison to RT test (Figures 4 and 5, Table 3). A distinct behavior of material at
different load is clearly noticed. At a room temperature, an increase in load results in an
expected rise in wear rate. However, at 800 °C, the wear rate is reduced with an increase
in the test load.

100,000

I specimen wear

10,000 - N counterbody wear

1,000 -

100

Average Volumetric Wear (x105 pm?)

20°C,5N 20°C,20N 800°C,5N 800 °C, 20N
Test condition

Figure 4. The effect of temperature and load on wear rate of Ti-TiB specimen and alumina
counterbody (logarithmic scale).

The coefficient of friction is lower during tests performed at a higher load and/or
temperature (Table 3, Figure 5). At a temperature of 800 °C, a lower CoF (during test with
20 N), as expected, resulted in a lower wear rate of material; while at room temperature,
a lower CoF (during test with 20 N) resulted in a sufficiently higher wear rate of the Ti-
TiB specimen. This can be explained by change in wear mechanism or the formation of
new phases. The stabilization of CoF (reduction of fluctuations, running-in period) at a
high temperature required significantly less time (100 s) as compared to the test at RT
(3000 s), Figure 5. The range of CoF fluctuations and time to stabilization are influenced
by properties of material, surface preparation (roughness, defects induced, presence of
minor pollutants etc.), as well as mechanisms of tribo-layer formation. The running-in
accompanied with formation of a characteristic tribo-layer is an essential process affecting
the following steady state wear mechanism and the ultimate wear rate [27]. It is worth to
note, that at 800 °C, a short running-in period was seen for both low and high sliding
loads. It is important to mention that, at 800 °C, especially with maximum test load (20
N), the CoF is the lowest after restarting (Figure 5), and experiences insignificant growth
during each sliding period. This leads to the conclusion that intervals between sliding-
oxidation are favorable for tribo-couple. Table 3 specifies the CoFs measured at the end of
the tests.

Table 3. Effect of temperature and load on CoF measured at the end of test.

Test Conditions Final CoF
20°C,5N 0.71+0.02
20°C, 20N 0.60 +£0.02
800 °C, 5 N 0.19 +0.02

800 °C, 20 N 0.18 +£0.02
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Figure 5. Effect of temperature and load on evolution of coefficient of friction.

Figure 6 illustrates the features of the main wear mechanisms associated with the
composite subjected to sliding under given conditions. The composite surface after RT
sliding is dominated by the features, which are characteristic for adhesive and
delamination wear modes. It is a well-established fact that a long-time sliding results in a
higher strain level at the composite surface causing the development of fatigue-driven
surface or sub-surface cracks [26], which grow to a critical length during the sequence of
sliding cycles, followed by material delamination from the surface. This time-progressive
process of delamination can also be observed in Figure 6a, where surface cracks
progressively propagate towards other cracks causing detachment of a material from the
surface. The detached wear debris at RT may further act as a third body intensifying the
wear [28]. Apart from delamination, adhesion and abrasion are the common mechanisms
of wear during RT sliding. At a higher load, the adhesion and abrasion mechanisms
escalated, resulting in high wear of composite, which is characterized by deep plough
grooves and almost doubled width (=1 mm) of a wear track as compared to the test under
5 N load. In all probability, a flash surface temperature is sufficient to cause the material
transfer (adhesive wear) from the composite surface to the counterbody. It is confirmed
by the fact that a substantial amount of material transfer for RT sliding was encountered
on the worn counterbody surface at both tests performed at 5 and 20 N. The transferred
material mostly consisted of elements from composite surface, i.e., titanium and boron.



Materials 2021, 14, 1242 10 of 15
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Figure 6. SEM images of composite surfaces with different magnification taken after sliding test.
The test conditions are indicated in the figure.

At 800 °C, an oxidative wear has demonstrated a noticeable effect. The frictional
surface was dominated by an even oxide layer. In general, the wear at this stage is mainly
conditioned by the fragmentation of oxide scales; the direct contact between the alumina
ball and the composite surface is limited. The XRD pattern in Figure 7 details the phases
on the surface demonstrating the formation of rutile and the presence of boric acid.
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Figure 7. XRD pattern of composite surface after sliding at 800 °C, 20 N.

During cross-sectional examination of the wear tracks on the surface of the
composites tested at 800 °C, the development of quite thick (= 8 um), uniform, and well-
adhered to the parent material tribo-oxide layer was confirmed, Figure 8. The tribo-layer
is thick enough to prevent direct contact between the composite surface and alumina
counterbody. The oxide layer is worn out during successive sliding cycles, following by
rapid re-oxidation of the exposed or damaged surfaces, preventing further contact
between the parent surfaces [28]. No considerable difference in thickness and roughness
of the developed surface layers inside and outside of the wear track was revealed.
Therefore, the counterbody ball was borne by the generated tribo-oxide layer, and there
is a low chance of complete removal of tribo-layer and sliding over the unprotected
surface. Moreover, at elevated temperatures, the generated third body or retained debris
are reported to undergo compaction and contribute to the development of a mechanically
mixed layer responsible for a stable CoF and reduced wear rate [9,28]. However, the
compaction of debris is much less pronounced at RT. Moreover, the wear is intensified by
brittleness of original material, which can be easily fractured by wear debris retained in
the wear scar. Apart from oxidation, micropolishing, which is commonly reported
phenomenon under elevated and high temperatures sliding [19], can also be considered
as one of the wear mechanisms.
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Figure 8. (a,b) SEM images of a central part of wear track cross-section of the composites tested at
800 °C with load of 5 or 20 N; (c) effect of oxidation temperature on weight gain and
microhardness of composite.

Figure 8c demonstrates the effect of temperature on surface hardness and weight
gain of Ti-TiB composite. All samples show negligible weight change at temperature
below 500 °C, suggesting an insignificant oxidation evolution. The material exhibits a
substantial weight gain and increased surface hardness at 700 and 800 °C due to the
formation of rutile (Table 2). It is well documented that the first phase to form under
oxidative media is anatase due to its lower surface energy and its further transformation
into a harder and thermodynamically stable rutile at elevated temperature [29]. Therefore,
it can be stated that the sliding behavior of composite at 800 °C is positively influenced by
the rutile formation, which is a hard, thermodynamically stable, and thick layer of a P-B
ratio in between 1-2 characterized by a higher load bearing capacity as compared to
anatase.

Apart from rutile, the XRD pattern in Figure 7 reveals boric acid, B(OH)s, presented
on the surface of the composite after sliding at 800 °C. The slippery or lubricating behavior
of boric acid is detailed elsewhere [30] in imparting a low CoF due to its layered crystal
structure. The occurrence of boric acid is conditioned by the oxidation of boron above 600
°C with formation of boric oxide, B2O:as per Equation (3); and further B2O:readily reacts
with moisture in humid environment as per Equation (4). A surface film of a lamellar
structure (as B(OH)s) consists of the atomic layers aligned parallel to the direction of
sliding, causing them to easily slide over one another due to and interlayer slip [5].

4B + 30, = 2B,0, 3
1 3
EB203 + zﬂzo = B(OH); 4

Figure 4 demonstrates rather low wear of the counterbody alumina ball at the given
sliding conditions. The hardness of alumina is comparable to that of the Ti-TiB composite
(HV1450 vs. 1550, respectively); thus, the comparable wear rates of both bodies in contact
are expected. Since, during an EDS study (Figure 9c,d), some amount of Ti-TiB specimen
material transfer is evident on the Al2Os ball surface. In all probability, the contact area of
the ball should have higher temperature due to the fact that it is experiencing continuous
friction, while the material of wear scar of the disk is experiencing wear only during
passing of the ball and can slightly cool down between such passes.
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More intensive transfer of titanium onto the counterbody in the case of RT sliding
confirms the evidence of a severe adhesion between tribo-bodies. However, no detectable
Ti transfer was recognized after the test conducted at 800 °C. It is understood that boron
transfer from the composite to counterbody surface resulted in the formation of lubricious
boric acid at elevated temperature sliding, thus minimizing counterbody as well as
composite wear. At RT sliding, adhesion and abrasive marks were recognizable on the
ball surface (Figure 9a), as the protection of oxide and lubricating boric acid layers is
negligible. However, at 800 °C sliding under both loads, no marks of materials adhesion
in the worn area were evidenced, Figure 9b. This was also confirmed by EDS analysis
(Figure 9d). A smooth, polished surface of counterbody is clearly seen in Figure 9b.

(a)20°C,5N

E — som Boam
— &oum — soum — som

Figure 9. (a,b) SEM images of the counterbody ball worn surface; and (c,d) energy dispersive spectrometer (EDS) mapping
of the worn area of the counterbody tested at 20 °C and 800 °C with load of 5 N.

4. Conclusions

In this study, a fully dense and thermodynamically stable TiB-Ti composite of TiB
ceramic phase content of ~ 88 wt.% is densified by spark plasma sintering at a temperature
of 1200 °C with the application of 50 MPa pressure during 3 min in vacuum. The
“pomegranate-like” powder feedstock is produced with the help of self-propagating high-
temperature synthesis of commercially pure boron and titanium at the combustion
temperature of 1700 °C. During SPS, the TiB phase is mostly grown as equiaxed grains of
a large size distribution. The bulks of TiB-Ti exhibit the hardness of ~ 1550 HV30
combined with a good indentation fracture toughness of 8.2 MPa-m!2.

The wear behavior at room and elevated temperature of 800 °C under dry sliding
conditions under loads of 5 and 20 N is shown to be highly affected by the temperature of
the test. A considerable decrease in wear rate and the coefficient of friction is
demonstrated at 800 °C. The protective behavior and a high load bearing capacity of
generated tribo-oxide layer at 800 °C is confirmed. The significant decrease in the
coefficient of friction (i.e., ~0.18) at elevated temperature is attributed to the generation of
lubricious boric acid on the composite surface. Abrasion and adhesion are the main
mechanism of wear at room temperature sliding, whereas micropolishing of oxide surface
dominates at 800 °C.
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ARTICLE INFO ABSTRACT

An increasing need in customized ceramics and ceramic-metal composites has driven the development of
powders feedstock and procedures for utilization of additive manufacturing for production of mechanically
reliable composites. However, processing of materials with a high fraction of ceramic particles is still in its

Keywords:
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Cqmposites infancy. Herein we report on 3D printing of TiB,-TiB-Ti composites from TiB,-Ti powder mixture of high ceramic
g;:::;;‘cmre content (50 wt%TiB,) by an optimized process of selective laser melting. In-situ synthesized from the mixture of

commercially pure Ti and TiB, powders, the composites possess up to 20.4 GPa hardness despite of a relatively
high porosity of around 8%. Improvement in hardness is mainly due to hardening effect of both TiB and TiB2 and
correlated with an increase in fraction of needle-shaped TiB phase with an increase in laser energy density (LED).
Depending on process parameters, an amount of the ceramic phases (needle-shaped TiB and coarse elongated
TiB,) can be customized. The laser energy density significantly affects the development of microstructure and
size of the ceramic grains as well as the formation of solidification cracks. This study demonstrates the capacity

of AM through SLM to produce the composites of high percentage of ceramic phase.

1. Introduction

The wide industrial use of advanced ceramic materials depends on
the technological readiness to fabricate near-net-shaped three-dimen-
sional ceramic-based parts with custom oriented geometry [1-3]. Ad-
ditive manufacturing (AM), as an intensively developing smart tech-
nology, holds a unique position in modern-day product development
[3-5]. The growing interest in manufacturing of high-performance
complex-shaped components for applications in biomedical, aerospace
and automotive industries exemplifies the need for development of
materials through AM approaches. Selective laser melting (SLM), as one
of the most commercialized and rapid growing AM technique, provides
precise regulation of the shape, dimensional accuracy and internal
inner architecture of designed objects [5].

Among refractory ceramics, TiB, has emerged as an outstanding
reinforcing phase for metals and alloys due to the extremely high spe-
cific modulus of 125 GPa g cm ™, which is desirable in the components
where the low weight and stiffness are important. TiB, exhibits high
melting point (2790 °C), high hardness (27 GPa) and elastic modulus
(565 GPa at 23 °C). Therefore, TiB, based materials are attractive for
applications such as armors, cutting tool composites and crucibles [6].
Furthermore, TiB, has a high thermal conductivity (~110 Wm ™' K~ *

at 25 °C) and a lower coefficient of thermal expansion as compared to
titanium, steel, iron based alloys and aluminum (8.4-10.810° K~ ! for
Ti and ~7.2.10~° K~ for TiB,) [7,8]. Metal-matrix composites with
TiB, reinforcing phase have increased stiffness, hardness, and wear
resistance, along with reduced coefficient of thermal expansion and
only a moderate decrease in thermal conductivity. The Al alloy re-
inforced with up to 15 vol% TiB, demonstrated an increase in strength
and wear resistance [9]. Fe-TiB, (80/20 vol%) composite prepared by
aluminothermic reduction of Fe,O3, TiO, and B,O3 powders possessed
high hardness, high temperature stability and a better abrasive wear
resistance as compared to high-chromium white cast iron [10]. In Ref.
[111, Al-7Si with up to 6.8 vol% TiB, composites with significant im-
provement in hardness, yield strength, tensile strength, Young's mod-
ulus and wear resistance have been successfully synthesized by salt
reaction route.

SLM of materials with a high fraction of ceramic phase, however, is
a much more complicated process as compared to metals or metal-
matrix composites [12-15]. A direct SLM of high ceramic content
components usually results in cracking during the forming process
owing to the high melting point of the ceramic powder and contraction
during fast cooling after laser irradiation. A viable solution is to coat or
mix other materials of a lower melting/softening point, which may
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serve as a binder for the ceramic powder. In Ref. [12], the SLM of Ti-
B4C powder mixture has been reported; however, the intended in-situ
3Ti + B4C — TiC + 2TiB, reaction did not occur due to the strong
dilution of the molten powder blend with the molten substrate material.
The in-situ processed Ti- 5%wt.TiB composites have been reported to
possess full density (> 99%) and remarkably increased hardness [14].
It has been shown, that the relatively small amount of TiB reinforce-
ment is sufficient to increase both stiffness and strength of the com-
posites; moreover the composite with TiB have exhibited an improved
thermodynamic and chemical stability at high temperatures.

The in situ TiB formation during reaction of Ti with TiB, results in a
strong interfacial bonding between the materials of similar densities
and thermal expansion coefficients. Therefore, the thermal stresses can
be minimized allowing the fabrication of mechanically reliable con-
struct. In this study, the printability of 50 wt%TiB,-50 wt%Ti composite
was examined for the first time. The evolution of the microstructure and
mechanical properties during SLM at different process parameters were
thoroughly analysed.

2. Experimental

TiB,-Ti powder mixture was prepared by 2 h a mechanical rotation
mixing of Ti (purity > 99.5%, Alfa Aesar, Germany, particle size 325
mesh, < 44 pm) and TiB, (> 99.5% Alfa Aesar, Germany, mean par-
ticle size 500 mesh, < 25 um) powders during 2 h at a rotation speed of
20 rev min~?, Fig. 1.

SLM process was performed by metal 3D printer (ReaLizer GmbH
SLM-50, Germany) equipped with a Yb:YAG fiber laser with 1070 nm
wave length and a maximum output power of 120 W. The laser energy
density (LED) was calculated based on laser current, scanning speed,
hatching distance and layer thickness. The manufacturing process was
carried out in a chamber containing a tightly controlled atmosphere
(high purity argon > 99.996 vol%) at oxygen level below 0.5%. The
produced solid samples were of a cylindrical shape with 10 mm dia-
meter and 5 mm height.

According to the literature review, the SLM of Ti and Ti-based
metal-matrix composites was performed in a wide range of scanning
speeds (100-400 mm s-1) [14,16,17]. In this work, lower, higher and
reported scanning speeds were applied. Three sets of bulks were pro-
duced at: 500 mm s~ ! (the first set $1-S5); 290 mm s~ ! (the second set
$6-S10); and 80 mm s~ ! (the third set S11-15), Table 1. Laser current
was changed in a range of 1500-3500 mA with a step of 500 mA for all
sets. A “zig-zag” scanning strategy and rotation of a laser scanning di-
rection by 60° on each next layer was exploited. Hatching distance and
layer thickness were kept at 60 um and 25 pm, respectfully, for all three
sets. All samples were printed on a pure titanium substrate. The overall
scheme of the preparation route of TiB,-Ti bulks and picture of sample
S8 are given in Fig. 2.

The SLM processed materials were cut off from the substrate using a
wire-cutting machine; ultrasonically cleaned in an acetone solution;
then sectioned, grounded and polished for further examinations.

The dimensions were measured using a digital Vernier calliper of
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0.01 mm accuracy (Digital Caliper, KS Tools Werkzeuge - Maschinen
GmbH, Germany). The density of sintered samples was calculated from
geometric dimensions and weight. The Vickers hardness was estimated
on the polished surface using a hardness tester (Indentec 5030 SKV)
applying a load of 49 N for 10 s. Hardness and density were averaged
for 5 measurements.

Morphology and microstructure were examined by a high-resolution
scanning electron microscope (HR-SEM Zeiss Merlin) at an accelerating
voltage of 15 kV. The SEM images were taken from the polished top
surface and the side surface of the samples.

Phase compositions were analysed by X-ray diffraction (XRD;
D5005, Bruker, USA) using CuKal radiation (A = 1.5406 A). Relative
contents of the phases were estimated by Rietveld refinement method,
which was performed by quantitative analysis of the crystalline phases
detected by the corresponding XRD patterns.

3. Results and discussion
3.1. Thermodynamics

Thermodynamic calculations reported elsewhere [18] for the Ti-B
system revealed that the formation of TiB, is a spontaneous process due
to negative Gibbs free energy (AGY) values regardless the ambient gas
pressure, but at high amount of boron phase. Increasing the amount of
titanium in the initial mixture favors the formation of titanium mono-
boride. Accordingly, the formation of pure TiB, becomes possible only
for the stoichiometric composition of initial mixture (Ti+2B). In ad-
dition, the Gibbs free energies of TiB and TiB, formation (— 160 kJ/mol
and —275 kJ/mol, respectively) are negative, but the value of TiB, is
lower than this of TiB, which indicates that TiB, is of priority to be
generated in Ti-B reaction. Thus, the reaction of TiB, formation is
thermodynamically easier than that of TiB. One important thing needs
to be noted is that although the TiB, is easier to be generated than TiB
in thermodynamic point of view, the diffusion coefficient of boron in
TiB, to the titanium matrix and the growth rate of TiB is very high,
which causes the real product to be TiB, rather than TiB,. This might be
also explained by the following thermodynamic data, i.e. the relation-
ship between standard Gibbs free energy (AG) and temperature (T). The
variation curve between Gibbs free energy AG and temperature T for
the TiB, + Ti interaction demonstrates that the Gibbs free energy AG of
the reaction is negative from 3000 °C to 0 °C, which indicates that the
reaction between Ti and TiB, can be carried out spontaneously at
temperatures ranging from 3000 °C to 0 °C. At 0 °C, AG value is about
—43 kJ/mol, it decreases to —54 kJ/mol at 1500 °C and then increases
up to — 22 kJ/mol at 3000 °C, however maintaining its negative value
in a wide temperature interval (Suppl.Fig.).

Supplementary Figure. The variation curve between Gibbs free en-
ergy AG (also AH, AS) and temperature T for the TiB,+Ti = 2TiB in-
teraction.

Fig. 1. SEM images of the initial powders Ti (a), TiB, (b) and their mixture(c).

21129



L. Liu, et al.

Ceramics International 46 (2020) 21128-21135

Table 1

Parameters of SLM process.
Set First set Second set Third set
Sample S1 S2 S3 sS4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15
Scanning speed [mm-s™!] 500 500 500 500 500 290 290 290 290 290 80 80 80 80 80
Laser current [mA] 1500 2000 2500 3000 3500 1500 2000 2500 3000 3500 1500 2000 2500 3000 3500
Laser power [W] 36 48 60 72 84 36 48 60 72 84 36 48 60 72 84
Laser energy density (LED) [Jmm 3] 48 64 80 96 112 84 112 140 168 196 300 400 500 600 700

TiB./ Ti bulk
Fig. 2. Schematic of the preparation route of the TiB,-Ti bulks and photograph of S8.
Sample: s1 S2 S3 S4 S5

4200 ym

LED:

Laser power: 36

48 64
48

-Open pores
=» Solidification cracks

=» -Gas induced spherical pores
=» -Phase transformation induced pores

96
72
=p -TiB2 Particles

112
84

-TiB needles

[Jemm=3]
[W]

Fig. 3. Top surface SEM images of the first set of samples sintered at 500 mm s~ scanning speed.

3.2. Microstructural analysis

The SEM images of the samples S1-S15 consolidated using laser
current of 1500-3500 mA at a scanning speed of 500 mm s !,
290 mm s~ ! and 80 mm s~ ! are depicted in Fig. 3, Fig. 5 and Fig. 6,
respectively.

In Fig. 3a, which demonstrates the SEM images depicted from the
surface of the materials of the first set, the black regions marked with
green arrows are identified as randomly distributed open pores. Por-
osity can appear because of insufficient melting of the powder (samples
S1, S2, Fig. 3) and/or the incomplete flow of material into the melt
region; i.e. pores can be classified as metallurgical ones conditioned by

21130

trapped gases, and process-related ones formed due to a high scanning
speed providing insufficient time for the molten pool to fill all defects in
the previously deposited layer [19]. Fig. 4a—c, e-g shows the micro-
structural features of the cross-sectioned S4 and its EDS mapping
(Fig. 4d) and the XRD pattern (Fig. 4h). Taking into consideration the
visible higher concentration of B atoms at the irregular shaped “dark”
sites as well as widely reported needle-like morphology of TiB
[14,17,19], the presence of 2 ceramic phases can be stated. This fact is
also supported by XRD analysis, Fig. 4h.

Samples S4 and S5 prepared at a laser power =72 W do not exhibit
the unmelted regions; however, they are prone to form solidification
cracks during the rapid cooling process as pointed in Fig. 3 by red
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o

Intensity [a. u.]

4um

30 60 70

40 50
-TiB needles 20 [degree]

Fig. 4. Backscattered electron (BSE) images (a—c), EDS mapping (d), secondary electron (SE) images (e-g) and the XRD pattern (h) of the Sample 4 longitudinal cross

section.

Sample: s6 S7

LED: 84
Laser power: 36

-Open pores
=» -Solidification cracks

=

S8

S9 S10

140 168 196  [Jemm™2]
60 72 84 [W]
=» -TIBz2Particles -TiB needles

=» -Gas Induced spherlcal pores
-Phase transformation induced pores

Fig. 5. Top surface SEM images of second set samples sintered at 290 mm s~ ' scanning speed.

arrows. Applying higher LED, such as 80, 96 and 112 J mm ™2, in $3, S4
and S5, the near-spherical shape pores, marked with blue arrows, were
formed by the release of entrapped gas from the titanium melting pool
during the solidification process. Gas induced pores can be identified
because they have a compact spherical shape due to the effect of the
pressurized bubble moving route during solidification. Due to the small
size of the gas induced pores, they are less harmful for mechanical
properties as compared to the open pores. For instance, open pores in
S3 appear as a source of cracks, unlike the gas pores, that are found as
isolated entities. Open pores are gradually decreasing in size and
number with the increasing the LED.

According to Ti + TiB, — 2TiB in-situ reaction, the development of
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TiB phase is detected after the laser treatment. This reaction has ne-
gative Gibbs energy value (— 43 kJ mol ~ ') ensuring high probability of
the reaction; however, the reaction rate is limited by the low diffusion
rate of B in Ti and, therefore, can be controlled. To demonstrate the
feasibility of the Ti+ TiB, 2TiB reaction further, the existing ex-
perimental data was evaluated. TiB, particle is difficult to melt, but
TiB, can be dissolved in liquid Ti, so TiB can be synthesized by an in
situ reaction between liquid Ti and the TiB, particle. The development
of titanium monoborides may be conditioned by melting/solidification
process on the hypereutectic side of the eutectic in the binary Ti-B
system. Fig. 7a demonstrates the XRD pattern of the initial Ti-TiB,
mixture and a typical XRD of the sintered material (Sample 9). Apart
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Sample: s11 S12 S13 S14 S15

LED: 300 400 500 600 700 [Jemm™3]
Laser power: 36 48 60 72 84 (W]

= -Open pores =» -Gas Induced spherical pores =p -TiBz2Particles -TiB needles

=» -Solidification cracks = -Phase transformation induced pores

Fig. 6. SEM images of third set samples sintered at 80 mm s~ ' scanning speed.
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Fig. 7. XRD pattern of initial powder and Sample 9 (a); TiB content (wt. %) in samples S1-S5 (b); and S11-S15 (c) according to Rietveld refinement method.
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Table 2

Density and hardness of the TiB,-TiB-Ti composites.

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

S2

S1

Sample

112 140 168 196 300 400 500 600 700

80 96 112 84

64

48

Laser energy density (LED) [Jmm 2]
Relative geometric density [%]

Hardness HV5 [GPa]

~92
3.2 204

~91
20 17.2

~90
1.5 11.8

~88
2.5 107

~89
9.4

~87
1.1 131

~87
1.2 121

~86
9.6

~84
7.1

~82
5.7

~86
9.6

~85
9.4

~86
9.5

~83
5.5

~77

+ 2.5

*

*

*

*

1.8

+

*

*

0.8

*

1.0

*

1.7

*

* 27

2.3

*

+ 0.7
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from the presence of a-Ti, the TiB phase is identified in sintered sample,
suggesting reaction between TiB, with Ti during SLM. The tiny needle-
shaped TiB (marked with bright yellow arrows) and the untransformed
TiB, (marked with pink arrows) co-exist in many materials, Figs. 3-6.
The TiB particles represent either a single “whisker” or a colony of the
parallel-oriented whiskers. XRD examinations stated that (010) crystal
orientation is faster than that of the (100), (101) and (102) plane di-
rections in the TiB crystal formation process, so a fine needle mor-
phology can be found after SLM process in the TiB,-Ti system [15].
Several studies reported formation of TiB whiskers with needle-shape
morphology inside the Ti matrix [14,17,20]; however, the co-existence
of two phases is seldom reported.

Applying a laser scanning speed of 500 mm s~ ?, the laser treatment
time was very short (less than 40 um in each exposure point), and the
titanium melting pool cannot completely overspread around each TiB,
particle or entire powder interface, thus generating small pores in the
TiB, particle transformation areas, marked with orange arrows (Fig. 3).
Solidification cracks appear in samples S4 and S5 simultaneously with
the phase transformation induced pores (Fig. 3 d,e).

Samples in the second set (Fig. 5) demonstrate a smoother surface of
less porosity as compared to the materials of the first set. However, the
open porosity in second set of samples (S6-S10) is still noticeable be-
cause of the lack of fusion. An increase in LED results in decrease in the
level of porosity, while the open pores and phase transformation in-
duced pores co-exist in samples 6-8 produced at the laser power
=60 W.

If the applied energy is relatively low, TiB particles are developed as
colonies inhomogeneously distributed throughout Ti matrix and
alongside TiB, (samples S6-S8). At LED > 168 J mm 3, the needle-
shaped titanium monoborides are relatively uniformly apportioned in
the material (samples S9 and S10). The TiB “whiskers” are measured to
be 2-5 pm in width and up to 50 um in length representing fibre-like
reinforcements.

In the third set, the samples show the same trend regarding a de-
crease in porosity and an increase in number of cracks. This is because
the applied excess energy can result in the formation of solidification
cracks propagating across the entire sample (S14 and S15) due to
stresses induced between different solidified parts. The areas with a
well-recognizable cracks system is demonstrated in Fig. 6d and e. At
LED higher than 600 J mm 3, it is visible (Fig. 6i and j) that the TiB
becomes the dominating phase, and the morphology of needles be-
comes coarser and uneven. The absence of metallic titanium result in
the overall brittleness of the composite; the cracks are unavoidable in
the ceramic rich areas.

Fig. 7 comprises the typical XRD pattern of Sample 9 and the TiB
content (wt. %) in the SLM processed materials. Fig. 7a reveals a-Ti
(hexagonal close packed), TiB, and TiB. According to Fig. 7 b,c, the
tendency of an increase in TiB amount pointed at the crucial role of the
laser power on phase formation. The comparison of the TiB content in
the samples treated using the same laser power, but different scanning
speed (500 mm s~ ! and 80 mm s~ '), e.g. S1 with S11 or S5 with S15,
although being slightly different, reveals no strict influence of scanning
speed on TiB content.

From kinetic point of view, it means the main phase transformation
from TiB, to TiB is dominated by the reached temperature rather than
the cooling speed. Once the temperature is high enough, this transfor-
mation is proceeded quickly at excessive Ti condition. In SLM process,
the laser power is the main parameter regulating the temperature; and
the exposure time (scanning speed) mainly controls the cooling rate of
the molten pool. An increase in a laser power results in a higher laser
density and, consequently, in a greater effective temperature within a
molten pool, providing sufficient energy for TiB “whiskers” growth. For
example, at a shorter laser exposure time (fast scanning speed), the
cooling rate is fast, the TiB needle-shaped grains appear to be thin and
short; while at a longer laser exposure time (slow scanning speed), the
cooling rate is slow, the TiB grains have enough time to grow coarse
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Table 3

Comparison with other related publications.
Composition (matrix-filler) Ratio Method Relative density [%] Hardness [GPa] Ref.
Ti-TiB 91.65/8.35 vol% SLM 100 3.93 GPa [14]
316L-TiB, 85/15 vol% SLM 90.03 5.98 GPa [25]
TiAl-TiB, 98/2 wt% SLM - 10.57 GPa [26]
Ti-TiB, 93.4/9.6 wt% SPS 99.55 5.74 GPa [271
TiB,-CoCrFeNiTiAl 95/5 wt% SPS 99.12 23.08 GPa [28]
TiB,-Si 70/30 wt% SPS 99.8 10.5 GPa [29]
TiB,-Ti 50/50 wt% SLM 92 20.4 GPa This work

and elongate.

3.3. Mechanical properties

The deviation in diameter of solid cylinder samples after SLM pro-
cess was estimated to be less than 2%. As specified in Table 2, with an
increase in the LED (from 48 to 700 J mm ~3), the relative geometric
density of the bulks increases from 76.7 to 92.0% (about 15%); the
hardness increases from 5.53 to 20.38 GPa (about 4 times). As TiB,, TiB
and Ti have very close densities (4.52 g cm™ >, 4.56 gem ™ *and
4.506 g cm ™3, respectively [21]), the formation of the TiB results in
only slight change in density of the obtained TiB,-TiB-Ti composite.

The measured Vicker's hardness of the SLM processed bulks is
ranged from as low as around 5 GPa for porous S1 up to 20 GPa for the
densest S15, Table 2, and is below the values reported for pure TiB,
(~27 GPa) [21,22]. For a composite with 50 wt% of metallic binder of a
lower hardness, this decrease in the overall hardness is well understood
phenomenon. An increase in fraction of needle-shaped TiB phase with
increase in LED and its homogeneous distribution throughout the ma-
trix positively contribute into the overall hardness of the composites.
The high-aspect-ratio morphology of reinforcements generally leads to
improvement in hardness, stiffness and strength [14,30], hence the
samples with a high content of TiB phase exhibit a higher microhard-
ness as compared to other samples of relatively similar level of porosity.

High porosity of the S1 makes the hardness measurements unreli-
able (Fig. 3 a). Hypothetically, the density of SLM samples should in-
crease with the decrease of the scanning speed [23], such behaviour
was observed for the samples $6-S10 sintered at 80 mm s~ ! scanning
speed, in contrast to the samples S1-S5 sintered at 500 mm s~ '. In-
creasing of LED can generate a larger area of melting pool, which re-
sults in a higher density and less cracking. However, an excessive LED
supply leads to the solidification cracks (S9, S10).

The dependence of the hardness on porosity level is an established
fact — the closed porosity can reduce the hardness exponentially [22].
The hardness correction may roughly be estimated as H=H, x e®F,
where H is the measured hardness, Hy is the hardness of the material
with no porosity, P is the volume fraction of porosity, and b is a char-
acteristic number for the porosity depending on shape and distribution
[24]. In this case, the b factor of 3 was adopted for the dispersed
spherical porosity mostly observed in the microstructure of a relatively
high density. When the hardness of TiB,-TiB-Ti composite was cor-
rected for porosity, the value of H, was estimated to reach 35 GPa.
Table 3 shows a comparison of different Ti-TiB, composites, regardless
the method of TiB, reinforced composite preparation, in which most of
the times the content of the metallic matrix was surpassing the content
of the filler a couple of times. The measured hardness value of around
20.4 GPa for S15 is comparable with hardness of fully dense TiB, —
based composites and is much higher than the hardness of other SLM
produced samples.

4. Conclusions

In the current work, the TiB,-TiB-Ti composites were in-situ pro-
duced from 50 wt%TiB,-50 wt%Ti powder mixture by selective laser

melting. The SLM processing resulted in the in-situ development of the
multiphase ceramic — metal composites comprising of Ti, TiB and TiB,
in concentrations controllable by the process parameters. During the
laser treatment, needle like TiB colonies were obtained according to
TiB, + Ti — 2TiB interaction. The size and fraction of TiB phases is
affected by the laser energy density and may be tailored with the help
of precisely specified process’ conditions.

Application of the relatively slow scanning speed (80 mm s~ ') and
the high laser power (84 mA) results in bulks of > 90% relative geo-
metric density. Hardness of 20.4 GPa, which makes composites to be
comparable with similar materials produced by other methods (SPS, for
ex.), ensures capability of the SLM to be applied to production of
ceramic-metal composites of customized and flexible geometry/archi-
tecture. However, further refinement of process parameters is needed
for production of fully dense composites.

This study demonstrates the capacity of AM through SLM to produce
the composites of high percentage of ceramic phase.
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1. Introduction

The fast evolution of additive manufacturing (AM) over several
decades is a response to the need in complex-shaped products for
industry. Metal AM through Laser Powder Bed Fusion (LPBF) has
been matured for a wide range of compositions; however, LPBF
of ceramic and/or ceramic-based materials is still in infancy [1].
The PBF process of selective laser melting/sintering (SLM/SLS) of
ceramics has mostly been focused on alumina and alumina-based
composites [2,3]. Recently, an attempt has been made to produce
silicon nitride [4], and molybdenum disilicide [5,6] ceramic-
matrix composites.

Titanium and titanium-based alloys have been widely used for
bio-medical applications due to their unique combination of bio-
compatibility, high specific strength and good corrosion resistance
[7-9]. However, the titanium-based composites can hardly be
machined and suffer from low hardness, and poor wear resistance
[9,10]. To overcome these obstacles, various ceramic added tita-
nium - matrix composites have been developed. For example, cor-
rosion and wear resistant ceramics of TiB,, TiC, CrB, SiC and TiN
have been predominately linked with commercially pure titanium
and Ti6Al4V alloy [8,10-12]. Amongst bio-compatible ceramics,
TiB, and TiN are considered as the most appropriate materials
for the load-bearing implants due to their excellent thermody-
namic stability, suitable modulus of elasticity combined with high
wear resistance [13,14]. However, the production of porous

* Corresponding author at: Tallinn University of Technology, Estonia.
E-mail address: irina.hussainova@taltech.ee (I. Hussainova).

https://doi.org/10.1016/j.matlet.2020.128337
0167-577X/© 2020 Elsevier B.V. All rights reserved.

titanium-based biomaterials of prescribed porosity and cus-
tomized design is still a challenging process. A large number of
studies is devoted to either bulk samples [15,16] or metal-matrix
composites with a high fraction of titanium [17].

Herein, for the first time, we report the fabrication of the bio-
inspired TiB,-TiB-TiN entirely ceramic lattice structures by SLM
of TiB,-Ti powder mixture with a high fraction (50 wt%) of ceramic
phase, and subsequent nitridation. As the optimum pore size (300-
800 um) plays a decisive role in osteointegration of the mangled
bone to ensure influx of the body fluids and ingrowth of the capil-
laries, the pore size of 800 um has been modelled to be applicable
of reconstructing bone cavities. However, the bio-response of the
materials is out of scope of the present study.

2. Experimental

The mixture of 50 wt.%TiB, and Ti was prepared through 2 h
mechanical rotation mixing of commercially pure Ti (purity > 99.5%,
Alfa Aesar, Germany, particle size-325 mesh) and TiB, (>99.5%, Alfa
Aesar, Germany, particle size-500 mesh) powders.

SLM process was performed in metal 3D printer (ReaLizer
GmbH SLM-50, Germany) equipped with a Yb:YAG fiber laser of
1070 nm wave length. Lattice structures with 0.8 mm unit cell (tri-
pod structure turn round 90°symmetry with 400 mm diameter
strut size to have about 800 pm hexagon pore) and porosity of
60% were designed with SolidWorks software; and were produced
in a cylindrical shape with 10 mm diameter and 5 mm height.

Based on the parametric study, the laser current of 2000 mA
corresponding to the laser energy density (LED) of 400 J-mm 3
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was applied at a fixed scanning speed of 80 mm-s~' and a hatching
distance of 60 pum, keeping layer thickness of 25 pm. The lattice
sample produced from Ti-TiB, mixture was named as L1 and pure
Ti lattice sample (LO) fabricated at the same conditions was used as
reference.

The printed cellular lattices were heat treated in a furnace
(WEBB, USA) at 10 °C-min~"! heating rate up to 1100 °C in a nitro-
gen gas flow of 200 ml-min~"' (purity 99.999 vol%) for 3 h. The nitri-
dation was performed to convert the SLM produced ceramic-metal
lattices into completely ceramic structures. The overall scheme of
the process is depicted in Fig. 1.

Microstructural analysis was performed by a high-resolution
scanning electron microscope (HR-SEM Zeiss Merlin). Phase com-
position was examined by X-ray diffraction (XRD; D5005, Bruker,
USA). The relative content of phases was estimated by the Rietveld
refinement method. Compressive strength tests were performed by
Zwick universal test machine (ZwichRoell Group, Germany). The
maximum load applied is 550 N for TiB2-TiB-Ti and 255 N for
TiB2-TiB-TiN. The strain rate (0.1 min~') is chosen according to
1SO 13314:2011 standard.

3. Results and discussion

Fig. 2 demonstrates the general view, SEM images and the XRD
patters of the produced structures. The SEM images of the as-built
TiB,-Ti structures (L1) demonstrate that the strut diameters are
varied in a range of 510-560 um; and, correspondingly, the pore
size are from 550 to 630 um (Fig. 2 h). The lattice L1 has relatively
thicker struts as compared to the reference lattice (LO, Fig. 2 d, e)
and a CAD module (Fig. 2 a, b). This is conditioned by the fact that
for the ceramic-metal lattice, the powder mixture was prone to be
sintered by the applied heat and powder particles tend to adhere
the lattice struts widening the strut diameter.

The XRD pattern of L1 indicates the formation of TiB phase
coexisting together with TiB, after the SLM processing (Fig. 3i);
therefore, the sample composition may be specified as TiB,-TiB-
Ti. After nitridation of lattices, an appearance of yellow-brownish
colour points at the formation of TiN phase in account of titanium
(Fig. 2 j). However, for the nitridized LO lattice, TiNg 3 phase along
with TiN was observed (Fig. 3f) stating incomplete nitridation of Ti
under the same heating conditions as were used for L1(Table 1).
After the nitridation of TiB,-TiB-Ti lattice (L1), an increase of TiB
and decrease of TiB, content was detected (Table 1), which attri-
bute to Ti participation in formation of both TiN and TiB phases
according to TiB; + Ti — 2TiB reaction started during room temper-
ature ball milling; and 2Ti + N, — 2TiN reaction at T > 800 °C. In
principal, the chemical bonding positively affects the maintenance
of structures; and, since the density and the coefficient of thermal
expansion (CTE) of the TiN (5.22 g-cm 3, 9.35 x 10°%°C~') does not
significantly differ from the density and CTE of TiB,(4.52 g-cm 3,
~7.2 x 107 °C™1), TiB(4.56 g-cm37.15 x 107°° °C"!) and Ti
(4.506 g-cm >, 8.4-10.8 x 107 °C "), the change in geometrical

Table 1
Phase composition of LO and L1 lattices after SLM and nitridation.

Sample ID Phase Composition Content (wt.%)
After SLM After nitridation

LO Ti 100 0

TiN 0 54.4

TiNgs 0 45.6
L1 Ti 211 0

TiB, 46.3 235

TiB 32.6 373

TiN 0 39.2
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parameters of the lattices after the nitridation is not noticeable
(Fig. 2 h,k,n).

The compressive stress - strain curves of the produced struc-
tures are given in Fig. 3. Commonly, the cellular structures demon-
strate three characteristic regions: (i) linear or non-linear elastic
deformation, which is followed by (ii) drop-in to a short plateau
experienced stress fluctuations, and (iii) densification (not
observed here). In all probability, the first peak is associated with
crush of some struts, where the overall load-bearing capacity is
significantly less as compared to other struts due to inner defects
of the structure. According to the compression tests, the ultimate
strengths (G,) are 7 MPa and 3.5 MPa, the estimated compressive
moduli of elasticity are 0.53 + 0.15 and 0.28 + 0.16GPa, the com-
pressive strains ~ 25%, correspondingly, for lattices before and after
nitridation. The fracture surface of strut (Fig. 3c) demonstrates reg-
ular stepped cleavage planes indicating typical brittle fracture.

Trabecular bone with porosity of 50-90% and pores of 200-
600 um possesses compressive strength of 2-12 MPa and modulus
of elasticity of 0.3-17GPa [18,19]. Therefore, the composites of
TiB,-TiB-TiN, comprising the similar properties, may be considered
as the potential substitutes to fill and reconstruct bone cavities or
areas of bone loss caused by traumas or bone disease.

4. Conclusions

The TiB,-TiB-Ti cellular structures were successfully produced
from the 50 wt%TiB,-50 wt%Ti powder mixtures by selective laser
melting exploiting the laser current of 2000 mA corresponding to
the laser energy density (LED) of 400 ]-mm>. Nitridation of the
structures resulted in the development of TiN and formation of
the TiB,-TiB-TiN ceramic lattices without significant deterioration
of the geometrical parameters of the designed product. A potential
of the material for bio-applications is the next step of the study.
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Abstract: One of the main limitations for widespread additive manufacturing is availability and
processability of the precursor materials feedstock. For the first time, this study reports the
development of a “pomegranate-like” structured TiB2-Si ceramic-metalloid powder feedstock
suitable for selective laser melting (SLM) of ceramic-based composite. The powder was produced
via self-propagating high temperature synthesis (SHS) at a moderate combustion temperature of
1530 °C. The effective activation energy in the Ti-B-Si system for the slow step of the combustion
Pprocess was estimated as 184 kJ. Conditions of SHS process demonstrated a strong influence on the
properties of produced powders and, therefore, on SLM parameters and properties of the printed
materials. The powders have demonstrated a high performance for manufacturing bulks of 56
wt%TiB2—44 wt%Si ceramic-based composite.

Keywords: titanium diboride; ceramic composite; selective laser melting; self-propagating high-
temperature synthesis

1. Introduction

Recent progress in materials science and technology has established a new paradigm in
producing visual models of 3D architectures by additive manufacturing (AM) or 3D printing. AM
represents a continuously growing multi-billion-dollar industry and has a profound impact on
society and culture [1-3] as this technology allows for the fabrication of precisely dimensioned high-
value products with specified internal features without extensive tooling.

The growing interest in the manufacturing of high-performance components for applications in
biomedical, aerospace, and automotive industries exemplifies the need for development of high-
temperature (HT) ceramic materials with the help of AM [4]. While still at its infancy, direct AM
processing of ceramics or ceramic-based composites requires the development of specific precursor
materials and procedures to sinter them.

Thorough selection of feedstock powders, which highly affect structures, properties, and
performance of final product, is urgently needed for the fabrication of defect-free, structurally sound,
and reliable AM parts. An ability to add functionality requires not only the precise control over the
process, but also the efficiency of powders used. Production of AM parts with consistent, repeatable,
and predictable characteristics depends on input materials. Although a wide variety of available
methods offer powerful features and impressive capabilities, one of the key hurdles impeding wider
application of AM is the current severe limitation of materials feedstock suitable for direct or indirect
AM processing [4,5]. The main advantage of the direct AM route is a simultaneous combination of
forming and densification steps, which allows generation of the final component without any post-
treatment. The direct selective laser melting (SLM) is one of the most convenient and reliable methods
for producing polymer- and/or metal-matrix composites [3,4]. A relatively wide range of metallic
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powders has been developed for AM; however, there is a lack of ceramic or ceramic-based powders
available for AM through SLM. The process of building defect-free dense ceramic parts by SLM
remains challenging due to the extremely high melting point, poor thermal shock resistance, and low
or no plasticity of ceramics [5,6]. Commonly, the components fabricated by the direct SLM exhibit a
high level of porosity and poor mechanical properties. One of the approaches is combining ceramic
particles with a metal/metalloid binder, which ideally represents core-shell structures with a ceramic
core responsible for mechanical properties and a metallic shell needed for laser absorptivity and
material ductility. Production of custom-made items of a high performance and economic efficiency
necessitates the utilization of powdered feedstock, which meets the requirements posed by the AM
process conditions [7]. Therefore, the development of powder materials with tailorable physical and
chemical properties has attracted a great deal of attention in the research community and industry.

The quality of the feedstock powders largely depends on manufacturing process. The alloy
powders are mainly prepared with the help of either the gas atomization process, rotary atomization
process, or plasma rotating electrode process (PREP) [8]. The importance of a cost-effective
production of powders with controlled particle size distribution and purity is a driving force for the
development of several innovative concepts.

We report on the exploitation of the energy-efficient and time-saving method of self-propagating
high-temperature synthesis (SHS) or combustion synthesis (CS) [9,10] to design and produce the
ceramic-metal powders for AM process [11,12]. We demonstrate the “pomegranate-like” TiB2-Si
powder particulates to be suitable for SLM of the ceramic-based composite of high ceramic fraction.

The main characteristics of the feedstock materials, which govern the powders flowability
during the layer building, include shape, size distribution, surface morphology, and composition [8].
Fine particles may undergo a significant aggregation, while large particles reduce the maximum layer
packing density. Optimization and precise control of combustion synthesis (e.g., combustion
temperature, velocity, cooling rate, etc.) ensure production of the feedstock exhibiting the pre-
requisite characteristics.

An increasing demand for properly designed engineering ceramics needed for armor,
hypersonic aerospace vehicles, and electronically conductive ceramics has resumed an interest in
titanium diboride-based materials due to their high melting point and high temperature stability,
remarkable hardness and stiffness combined with a good fracture toughness, and their electrical- and
thermal-conductivity [13]. The main limiting factor for wide application of these materials is their
poor sinterability related to the exaggerated grain growth and spontaneous mechanical degradation
by an internal stress-induced cracking during cooling from a high sintering temperature [13,14].
Another disadvantage is reasoned by the economic factors, particularly the high cost of the
consolidation ongoing at temperatures in the range of 1800-2300 °C. One of the approaches to
fabricate the materials of high density is a liquid phase sintering with metallic additives, which
promotes a fast particle re-arrangement and further densification [15]. The liquid phase sintering,
however, also fosters rapid mass transport through the melt and considerably accelerates grain
growth. Therefore, to prevent the grain growth, the use of a minimum volume of liquid phase or the
implementation of grain growth retarding additives is needed.

The drawbacks in producing and shaping products are the main concerns, which can be solved
by a powder-based AM technique such as SLM enabling layer-by-layer fabrication of complex 3D
structures. In [16], the fabrication of TiB: reinforced Al-matrix composites by the combustion
synthesis was reported; however, the printed parts of uncontrolled porosity were obtained. TiB2
decorated AlSi10Mg composite (NTD-Al) powder was prepared in [17] using a gas-atomization
procedure. Ti-TiB (monoboride) cermets were in situ produced from Ti-(5-15 wt%TiB2) mixtures
using SLM, and they demonstrated promising results for future developments [18-20]; however,
titanium diboride based ceramics have not yet been produced with the help of AM.

The present work reports a strategy for the preparation of TiB2-Si powders for AM by the self-
propagating high temperature synthesis (SHS). TiB2-Si bulks were fabricated out of the combustion
synthesized “pomegranate-like” TiB2-Si precursor powders, which, to the best of our knowledge, are
unique and have not been yet documented elsewhere.
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Laser melting of a single-component powder (either Si or TiB) is a rather complicated process
due to a very narrow processing window, especially for ceramics of a high melting point. A tendency
of melt surface to shrink and minimize the surface energy results in the formation of re-solidified
droplets. Therefore, the high-melting point powders (such as TiB2) are usually mixed with the
relatively low-melting point binding powders (here Si). The addition of silicon to TiB: yields to
increase fluidity, which reduces cracking during solidification and minimizes shrinkage porosity.
The presence of silicon significantly decreases the surface tension and viscosity of the pool. The
optical properties of silicon, studied in a broad range of laser wavelength (500-1500 nm) under the
atmospheric pressure, demonstrated that an average absorption of a silicon slab (20-260 um) makes
61%, 41%, and 0.5% at 500 nm, 1000 nm, and 1500 nm of laser wavelength, respectively [21].
Generally, powdered materials exhibit a significantly higher absorptance than their dense form; thus,
silicon absorption at 1.07 um wavelength of Yb-fiber laser is >41 %. On the other hand, borides have
been shown to be good absorbers in the range of 500-900 nm with the reflectance of about 50%. Based
on the estimation of borides absorption given in [22], the absorptance of TiB2-Si powder mixture can
be roughly assessed to be ~ 45% for materials comprising of 60 vol%Si. Therefore, the composition of
56 wt%TiB2-44 wt%Si has been chosen for consideration.

2. Materials and Methods

2.1. Self-Propagating High Temperature Synthesis of TiB2-Si Composite Powder

The commercially pure materials listed in Table 1 were used for the combustion synthesis of the
precursor powder. The density of the synthesized powder in its reference state is 1.2 g mL-. A green
mixture of reactants was homogenized in a ceramic mortar for 15 min to prepare the cylindrical
samples of 2.1-2.3 g-cm density, 30-35 mm height, and 20 mm diameter with the help of uniaxial
pressing of 5 kN. Two C-type tungsten-rhenium thermocouples (wire diameter 0.1 mm) covered with
a thin layer of boron nitride were positioned in the holes (diameter 1 mm, depth 10 mm) drilled in
each sample to record the temperature-time profiles of the combustion process.

Table 1. Precursor powders.

No Precursor Particle size, um Producer Purity, %
1 Ti 20 Alfa Aesar >99
2 B <1 amorphous powder (Sigma-Aldrich) >95
3 Si 20 Sigma-Aldrich >98

The samples were placed into a reaction chamber CPR-3.5], which was sealed, evacuated,
purged, and filled with argon of 99.999% purity to the pressure of 0.5-2 MPa. To initiate the
combustion reaction, a short-term annealing of a tungsten coil (12 V, 1-2 s) positioned on the upper
surface of a sample was employed. Maximum combustion temperature (Tc) for each sample was
calculated as an average of the maximum for two temperature profiles. The average value of
combustion velocity was calculated as U.= L-t7, where L is a distance between the thermocouples,
and t is a time between the signals of the thermocouples. The standard error of measurement for Te
and Uc was +20°C and 5%, respectively. After the combustion process, TiB2-Si samples were ground
into powder in a laboratory porcelain mortar by pestle and sieved to the fraction of 2045 pm.

2.2. Selective Laser Melting of TiB2-Si

The SHS-ed TiB:-Si powders were printed as solid cylinders (@10x5 mm) with the help of SLM
apparatus (ReaLizer 50 GmbH, Germany) at the conditions listed in Table 2. The SLM machine
employs a high powered continuous-wave laser, which is modulated to function like a pulsed laser
system. The Yb:YAG fiber laser with a maximum power of 120 W and wavelength of 1.07 um was
used to solidify the structures under consideration. The process of SLM was performed in the argon
atmosphere of high purity (99.999 vol.%) using 1400-2200 mA, at a scanning speed of 80 mm-s-'. Point
distance and exposure time were chosen as 10 um and 125 ps, respectively. As median diameter (D50)
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of the synthesized TiB2-Si particles was measured to be 21 pm, the single layer thickness of 25 um
was chosen accordingly. A “zig-zag” scan strategy, in which the laser pattern rotates by 60° after each

layer, was used to fabricate the samples.

Table 2. Laser current and volumetric energy density applied to produce TiB2-Si solid parts.

Laser Current  Volumetric energy density

No. (mA) (J-mm™)
Cylinder 1 1400 280
Cylinder 2 1800 360
Cylinder 3 2200 440

2.3. Characterization of Powders and Printed Parts

Standard feedstock characterization techniques for industry are defined in ASTM F3049
(Standard Guide for Characterizing Properties of Metal Powders), which is specified for the powder
metallurgy. Nevertheless, these techniques may be used to estimate powders flowability for AM
processing. In this work, the flowability was evaluated using the Hall Flowmeter test as a time of 50
g of powder flowing through the 2.5 mm hole in a funnel according to the EVS-EN ISO 4490:2018
standard. At least five measurements were carried out and values were averaged. The particle size
distribution was assessed with the help of laser diffraction using a Malvern Mastersizer 3000.

The bulk density of the prepared composites was measured by Archimedes” method (Mettler
Toledo ME204, Australia) using distilled water as the immersion medium. The theoretical density
was estimated assuming a rule of mixture and taking the density of TiB2and Si as 4.49 g cm?and 2.33
g cm?, respectively. Phases analysis of the samples, which were crashed into powders, was
performed by X-ray diffraction (XRD) using a Philips X'Pert PRO diffractometer (40 mA, 40 kV, CuKa
radiation, A = 0.1542 nm, step size of 0.02°, PANalytical, Netherlands) for both powders and as-
printed specimens. The XRD peaks were determined from the HighScore Plus software database
(ICSD-cross referenced). The relative contents of the phases presented in the structures were
estimated by the Rietveld refinement method, which was performed by quantitative analysis of the
crystalline phases detected by corresponding XRD patterns (TiB2-ICDD card No. 04-002-0799 and Si-
ICDD card No. 04-014-8844).

For microstructural analysis, a field-emission scanning electron microscope (FE-SEM, Zeiss Evo
MA15, Germany) equipped with an EDS (energy dispersive spectroscopy) detector was utilized.
Samples were subjected to a hot conductive (resin) mounting, polished with the diamond abrasives
down to 0.5 um finish and coated with a thin layer of Pt for better conductivity.

Micro-hardness measurements were conducted using the Vickers microhardness tester
(Indentec 5030 SKV) at a load of 1 kg for a dwell time of 10 s. The measured hardness value for each
specimen was taken as the average of 10 indents.

The surface roughness analysis was performed by a Keyence VK-X250 profile-analyzing
confocal laser microscope (Keyence Corporation, Osaka, Japan). Maximum height (Sz) and
arithmetical mean height (Sa) were averaged for four scanned areas with the dimensions of 500 um
x 700 um. Sz is a sum of the maximum peak height and the maximum valley depth in the defined
area, and Sa is the average value of the absolute height at each point.

3. Results and Discussion

3.1. Combustion Dynthesis in the Ti-B-Si System

The SHS process is a self-sustained combustion where the heat is generated by the direct
synthesis reaction to support combustion wave propagation. The combustion synthesis was
performed based on thermodynamic calculations taking into consideration a temperature of TiB2/Si
formation (~ 1430 °C) [15]. The combustion limit was achieved for the mixture with n (Si) = 2.75
regardless to the ambient gas pressure (0.1-2 MPa) and the relative density of the initial specimen
(30-60%). Combustion temperature was 100-500 °C lower than the adiabatic temperature, which is
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conditioned by large heat losses through radiation and the geometrical set-up of the apparatus.
According to the thermodynamic model of the Ti-B-Si system, the formation of TiB2 is a spontaneous
process due to negative Gibbs free energy (AGr) at the calculated temperature interval (1500-2000
K). At temperatures exceeding 1700 K, the evolution of titanium monoboride (TiB) and titanium
silicides (TiSi) may be considered as the competitive processes to TiBz2 formation. Therefore, the
combustion synthesis was performed in the Ti-2B-nSi system at a temperature around 1700 K to avoid
by-products and to provide formation of TiB2-Si fine particles. An amount of silicon was varied from
1 up to 3 moles to ensure a sufficient quantity of liquid silicon fuse to cover titanium diboride
particulates.

Parameters of the combustion process in the Ti-B-nSi mixtures are highly affected by the amount
of silicon. At a silicon content of n = 2.75 moles, Si occupies ~ 63 vol.% of the Ti-B-Si mixture.
Considering the packing geometry of Ti, B, Si particles, a heat transfer at the Ti-B interface mostly
occurs through silicon particles during the combustion reaction.

Low thermal conductivity of boron (0. 26 W-cm-K-! at 300 K) and silicon (1.42 W-cm™-K! at 300
K and 0.287 W-ecm-K-! at 1400 K) may result in an inhomogeneous heat transfer and consequent
interruption of the CS reaction. Both combustion temperature and velocity decrease with an increase
in Si amount in the initial mixture. As illustrated in Figure 1a, a combustion limit is achieved below
the melting point of silicon. The combustion wave propagation in the Ti-B-5Si system is also governed
by the size of the specimen. Pilot batches of 30 x 40 x 120 mm? provided a complete conversion of
reagents attributed to decreased radial heat losses; therefore, the combustion temperature was equal
to the adiabatic temperature.

At a lower than stoichiometric amount of the boron source, the formation of titanium silicides
(TiSi, TisSis) and titanium monoboride (TiB) becomes favorable. In terms of preparation of the TiB2-
Si composite powder, where nano- or ultra-fine scaled TiB: particles are held together by molten
silicon, the stoichiometric amounts of titanium and boron are relevant at the silicon amount of 2 moles
at the combustion temperature over the melting point of silicon. The interaction of the solid Ti
particles with the melt of Si or eutectics in the combustion wave was reported in the temperature
interval 1330 °C < T <1670 °C [23,24] accompanied by the formation of TiSi> and TiSi. In these works,
it was shown that the interaction between the reagents at a temperature of 1330 °C, which is below
all reactant melting points, occurs through the eutectic reaction, L = TiSiz2 + Si (L-liquid). At higher
temperatures, the fusion of both silicon and titanium appears to proceed almost simultaneously and
results in the formation of TisSis. In the system under consideration, the formation of only trace
amounts of TiSi was observed in the non-stoichiometric mixtures. At a high temperature, the amount
of silicon is deficient for TiSi2 formation, while at a low temperature, the TiSi> formation is unlikely.
At a temperature below the Si melting point (1414°C), the eutectic reaction (L = Ti + TiSis) is not
detected.
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Figure 1. Combustion law for Ti + 2B + nSi system (a), and combustion thermograms of Ti + 2B + 2Si
mixture (b) at Pargon) = 1 MPa.

The combustion front progresses from top to bottom of the specimen with an undulating
movement in the presence of silicon. This combustion mode differs from the smooth planar wave
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observed in an undiluted Ti-B. As the combustion temperature is decreased by the silicon diluent,
the wave propagation is recorded to be unstable. The undulating movement produces a layered
structure in the product as shown in Figure S1. This type of wave propagation is influenced by a
liquid phase in the front; thus, the Arrhenius plot of the activation energy for the slow step in the
combustion reaction may be determined. The effective activation energy was estimated as 184 kJ
assuming no change in the phase composition, Figure S1.

In [25], the effective activation energy of 539 k] and 318 k] has been reported for the reaction to
form TiB2 and 410 kJ for the combustion of Ti + 1.5B with the formation of the TiB2+ TiB mixture.
Inferior values of the activation energy suggest a liquid state mechanism rather than the participation
of a solid phase in the combustion reaction in the Ti-B-Si system. During the combustion of the Ti +
2B + 2Si mixture, a wave is propagated with a velocity of 0.24 cm's' reaching the maximum
combustion temperature of 1530 °C, as in Figure 1b. Figure 2 represents the product after the SHS
process demonstrating a highly porous bulk, which easily can be powdered by milling. Figure 2b
demonstrates the SEM image of the product of Ti + 2B + nSi (n = 1.5-2 moles) mixture after milling,
which represents a collection of particles (<50 um) and their agglomerates (~0.1 mm). The diameters
of the chosen particulates, labelled as Dal, Da2, Da3 in Fig 2c, were estimated to be 436 nm, 349 nm,
and 267 nm, respectively, asserting particulates sizes in the 200-450 nm range.

Intensity (a. u.)

iy ‘M
- Vaad o

70

50
20 (deg.)

Figure 2. Scanning electron microscope (SEM) images of porous bulk TiB2-Si product produced by
SHS (a), the TiB2-Si powder after milling (b and c), and the X-ray diffraction (XRD) pattern of the
combustion product (d).

Morphology of the starting powders defines the degree of particles packing throughout the
deposited layer. It is well-documented that spherical particles improve the flowability of powders
and, therefore, highly affect the quality of the printed product. The SHS method utilized for the
preparation of the TiB2-Si feedstock allows for the production of irregular-shaped particles with the
required size. The “pomegranate-like” particle represents the collection of nano- and ultra-fine TiB2
particulates “gluing” together by silicon, as in Figure 2c. This kind of structure may positively
contribute to the process of melting/solidification. During laser heating, the ceramic phase TiBz,
which is tightly embedded in Si without formation of the chemical bonds, attains affinity to viscous
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silicon, thus promoting the sintering and compaction process. Figure 2d displays the XRD pattern of
the powder revealing the presence of hexagonal titanium diboride (PDF#65-1073) and no spurious
phase formation.

The as-synthesized products of Ti+2B+2Si, corresponding to a composition of 56 wt.%TiB—44
wt.%Si, were grinded and sieved to the powder fractions of 90 um, 45 um, and 20 um particle size.
Particle size distribution (PSD) and shape factor influence flowability; moreover, the quality of the
final product is affected by the thickness and uniformity of each powder layer in the build box [26].
The PSD and flowability of the powders are specified in Table 3. The flowability of the powders with
a particle size less than 20 um was negligible, and no meaningful result was recorded. The powders
with a particle size in the range of 20-45 um demonstrated moderate flowability, which nevertheless
was acceptable for the SLM processing to ensure a homogenous and non-porous microstructure.

Table 3. Particle size distribution (PSD) and Hall flow rate of TiB2-Si powders.

Hall flow rate

Powder size, u m PSD, uym (FRw), s/50g
u<20 - -
Dv10-5.48
20 < u<45 Dv50 -21.2 29.75 +0.31
Dv90 -41.4
Dv10-12.3
45< <90 Dv50 - 57.56
Dvo0 — 85.4 24.68 +0.34

3.2. Selective Laser Melting

The structures designed by CAD were adjusted to optimize the SLM procedure in terms of a
laser current (I, mA).

The X-ray diffraction pattern of the SLM-ed sample reveals no new or spurious phase formation
during the SLM process (Figure 3). The XRD patterns of the SHS powder indicate the presence of 44.1
%Si, while after the SLM process, the amount of Si is calculated to be 43.5%. The difference might be
attributed to the accuracy of the Rietveld refinement method; moreover, some evaporation of silicon
during the SLM process cannot be avoided at 10-20 mbar pressure. Comparative analysis of the XRD
patterns of the powders and printed parts revealed no changes of peak shapes.

* TiB,
e Si

#(101)

®(111)

% (100)

Intensity (a. u.)
001

20 30 40 60 70 80

50
20 (deg.)

Figure 3. XRD pattern of TiB2-Si composite after selective laser melting (SLM) (I = 1400mA).

The geometric density of the TiB2-Si compacts printed at the laser current ranging from 1400 to
2200 mA is specified in Table 4. Taking into consideration the theoretical density of the 56 wt.%TiB2—
44 wt.%Si composite (3.19 g-em?), the density of the bulks varies from 2.77 to 3.05 g-cm?
corresponding to a relative density range from ~ 87 to ~ 97%. Therefore, a laser current of a high
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intensity (at least I = 2200 mA) is needed for the production of a high-density material. Cylinder 3,
printed at a high energy input, exhibits the highest density due to larger/deeper melt pools, which
provides sufficient stitching, melt track overlapping, and improved interlayer connection, resulting
in the elimination of the defects caused by lack of fusion. Rapid infiltration of liquid Si into the pores
implies readiness of Si to wet TiBs, assuming a low contact angle resulting in the restricted removal
of TiBz solid inclusions from silicon [17]. With an increase in a laser current, the viscosity of liquid
silicon decreases, and the flattened silicon inclusions homogeneously occupy the distance between
the titanium diboride particles being promoted by the “pomegranate-like” morphology of the
feedstock. Due to the “pomegranate-like” structure of the initial powder particles, during the process
of cooling, ultra-fine grained TiB: particles serve as nucleation centers making the solidification of
molten silicon more homogeneous. This prevents the coarsening of silicon grains and decreases the
chance of cracking during shrinkage.

Table 4. Density and hardness results of TiB2-Si solid parts.

No Geom. Density Relative Density Vickers Hardness
’ (g-em™) (%) (GPa)
Cylinder 1 2.77 87 -
Cylinder 2 2.86 90 44+1
Cylinder 3 3.05 97 7.6+1

The microstructures of the composites processed at different laser currents are shown in Figure
4 and Figure 5, which demonstrate some reduction in porosity level with increase in the laser current.

Figure 4. Top surface backscattered electron (BSE) images of TiB2-Si bulks printed by SLM at 1400 mA
(a—c, Cylinder 1) and 1800 mA laser current (d—f, Cylinder 2). Cracks and pores are pointed out by
yellow and red arrows, respectively.

Process induced non-spherical (irregular shaped) porosity was substantiated by an insufficient
energy density (or unexpected disturbances during the printing process) that is needed for complete
melting of the feedstock and for promoting consolidation (Figure 4a). If insufficient power is
supplied, a lack of fusion regions is identifiable by un-melted powder particles visible near the pores.
During the powder bed fusion process, the powder layer and some amount of the underlying
substrate undergoes melting; however, an insufficient energy input can result in a decrease in molten
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pool dimensions and, therefore, in the deficient melting of powder particles and/or re-melting of
previously solidified layers.

40 pm 20 ym

Backscattered electron images

Secondary electron images

Figure 5. Top surface backscattered electron (a-d) and secondary electron (SE) images (e—h) of TiB2-Si bulks
printed by SLM at 2200 mA laser current. Unmelted or partially melted particles are pointed out by green
arrows; pores and surface defects are pointed out by blue and pink arrows, respectively.

With the application of a high-power laser, the powder absorbs higher energy as compared to a
solidified layer; hence, the temperature of the molten pool increases above the boiling point leading
to the vaporization of silicon and possible formation of a plasma state during the SLM process. This
immoderate vaporization of silicon melt causes a different kind of defect in the microstructure of the
as-built part due to the interplay between the thermo-capillary force introduced by the temperature
gradient, drag force induced by the melt flow, and recoil pressure due to material vaporization. The
excessive heat input results in enhanced Marangoni flow and the probability of dragging gaseous
species (formed by the turbulence of the molten pool or transferred from the as-synthesized TiB2-5i)
into the molten mass. The pressure applied by the silicon vapors leads to the development of
spherical pores, which are well-recognized in Figure 4.

At ahigher laser current (1800 mA), the specimens with a smoother surface and a higher density
can be produced; however, the surface cracks are found in both samples, as seen in Figure 4d-f. In
the system under discussion, the fusion defects were observed in the samples produced at 1400-1800
mA laser current, while the spherical pores are identifiable in all bulks caused by the absorbed gas
release or by evaporation of the melt.

Hot-tearing porosity is related to the shrinkage during solidification. Upon cooling through the
mushy zone, there is an insufficient amount of material to fill the voids in the solidifying material
(Figure 4 a—d). No clearly recognizable large cracks were observed in the probed region of the sample
produced at 2200 mA laser current. The overall microstructure mostly consists of the columnar
dendritic grains (Figure 5d and h) with an average spacing in the submicron range, which is formed
along the deposited direction due to the high thermal gradients of around 103-108 K-s1[27].

An influence of the residual porosity onto the hardness is a well-established phenomenon.
Expectedly, the hardness of Cylinder 2 is lower as compared to Cylinder 3. For the sample produced
at the lowest laser current (1400 mA), no reliable hardness values were measured due to a high
porosity.

The microstructures of the 56 wt.%TiB2—44 wt.%Si composites are comprised of relatively large
columnar grains with 2-10 microns length and hundreds of sub-microns of rather equiaxed grains of
TiB2 distributed in the silicon matrix. On the SE images of Cylinder 3, the unmelted or partially melted
particles (marked with green arrows in Figure 5) trapped on the surface of the sample are clearly
recognizable. The relatively large grooves (marked with blue arrows) are generated by material chips



Appl. Sci. 2020, 10, 3283 10 of 12

removal from the surface, and a few surface defects (marked with pink arrows) are either scratches
essentially produced during polishing or segregated silicon in a solidified melt pool; however, further
detailed analysis is required to prove or disapprove this statement.

EDS mapping of 3D printed solid parts is shown in Figure 6. Figure 6b—e demonstrates the
prevailing presence of Si and a minor concentration of Ti atoms (possible formation of TiSi or TisSis
is not detectable by XRD) between TiB2 grains. The images indicate Ti and B atoms mostly located at
the TiBz sites.

Figure 6. SEM and EDS mapping analysis of selective laser melted TiB2-Si Cylinder 3 (2200 mA laser
current): (a) SEM morphology, and (b-e) is the TiB2-Si-B map (TiB2 is marked by orange, Si by blue,
top view).

The evaluation of side surface profiles (500 um x 700 um) and surface roughness has indicated
that both Sa and Sz values are prone to gradually decrease with an increase in the applied laser
power, as seen in Figure 7. Cylinder 3 prepared at a laser current of 2200 mA demonstrates the lowest
Sa (11.92 um) and Sz (117.69 pm) for the side surface, i.e., the outer boundary is properly sintered
and comprises insignificant surface irregularities.
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Figure 7. Surface profiles of Cylinders 1, 2, and 3 (a, b, ¢). Average arithmetical mean height (Sa) (d),
and average maximum height (Sz) (e) for Cylinders 1, 2, and 3.
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4. Conclusions

For the first time, the “pomegranate-like” structured TiB:-Si ceramic-metalloid powder
feedstock suitable for AM process was prepared by combustion synthesis at a moderate combustion
temperature of 1530 °C. As for SHS process, an effective activation energy in the Ti-B-Si system for
the slow step was estimated to be 184 k]. The powder particulates consist of huge amount of nano-
scaled TiB: particles glued together by silicon. No spurious phases were detected assuming no phase
transformation or reaction between the constituents during processing. The powders consisting
particles in the range of 2045 um demonstrated flowability that may be considered to be acceptable
for AM through SLM without any post-treatment/atomization.

The “pomegranate-like” powders demonstrated a high efficiency for manufacturing solid bulks.
The 56 wt.%TiB2—44 wt.%Si composites with a relative density of around 97% and hardness of 6.7 + 1
GPa (HV1) were processed employing a laser current of 2200 mA and a scanning speed of 80 mm s.

Supplementary Materials: The following are available online at www.mdpi.com/2076-3417/10/9/3283/s1, Figure
S1. Arrhenius plot for the effective activation energy of the Ti-B-Si combustion reaction.
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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. 
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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
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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.
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[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].
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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. 
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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:













[image: A picture containing graphical user interface

Description automatically generated] 

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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