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Abstract

Titanium diboride (TiB2) is a promising material for commercial applications due to its
excellent mechanical properties, melting point above 3000°C, wear resistance, and good electrical
conductivity, similar to that of metals. However, its poor sinterability makes it difficult to fabricate
fully dense components with good properties and mechanical performance. Sintering additives and
different preparation methods can improve the sintering of TiB, but the effectiveness varies greatly.

In this thesis, various additives, preparation techniques, and sintering methods were
systematically investigated to comprehensively analyze their impact. The main objective was to
obtain a high-density material with good mechanical properties through pressure-less sintering, an
easily scalable and very common technique at the industrial level.

This work can be divided into four parts:

In the first part, the impacts of different sintering aids (B4C, Si3Ns, and MoSi2), preparation
methods (ball-milling and high-energy-planetary-ball-milling), and their combination on the
densification of TiB, were investigated through hot-pressing sintering. The shrinkage of the sample
over time was recorded to study the densification rate and temperatures at which occurred. Residual
porosity, microstructure, composition, and mechanical properties of the sintered material were
measured to study how additives, preparation methods, and their possible synergy improved the
densification of TiB2. MoSi; added in amount of 5 vol% proved to be the best sintering aid, leading
to complete densification due to the presence of a liquid phase. However, this left some silica pockets
trapped between the grains. High-energy-planetary-ball-milling (HEPBM) alone was as effective in
enhancing the sinterability thanks to grain refinements and WC doping, resulting in materials with a
good relative density (93.4 %) and Vickers hardness (24.5 £ 0.6 GPa). The best result was obtained
for the sample doped with MoSi» and prepared with high-energy-planetary-ball-milling. This sample
achieved almost complete densification (> 98 %) by hot pressing at 1700°C and good Vickers
hardness (24.4 = 0.7 GPa) due to the synergistic effect of high-energy-milling and sintering aid.

The second part of this work was focused on pressure-less sintering treatments. Several sets
of samples were sintered at various temperatures (from 1900 to 2100°C) and dwell times (from 60 to
120 minutes), to identify the best conditions. The amount of sintering aid was then optimized and
scale-up tests were conducted at various temperatures for the best compositions. Residual porosity,
microstructure, composition, and mechanical properties of the sintered materials were measured and
compared to those obtained through hot pressing. Preliminary tests on sintering aids showed
uncontrolled grain growth in all cases except for MoSi» additions. Higher densities and finer
microstructures were achieved through high-energy-planetary-ball-milling, both without and with

sintering aids. In the case of MoSi, addition, the additive and HEPBM worked together to create a
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synergistic effect that results in better densification (98.1 %) and a finer microstructure (1.2 + 0.6
um). The effect increased as the amount of MoSi» was raised from 1 to 5 vol%. The Vickers hardness
also followed the same trend, reaching the maximum value for the sample with 5 vol% of MoSi> (26.8
+ 2.7 GPa). The scale-up of the sample dimensions showed no significant variations in density,
microstructure, and Vickers hardness.

The third part of the thesis explored the effect of high-energy-planetary-ball-milling with WC-
Co media on the densification of TiB,. Milling cycles of different durations were tested, and the
resulting powders were characterized using XRD patterns, particle size analysis, SEM microscopy,
and mass measurements. These powders were then pressure-less sintered, and the effects of milling
time on densification, microstructure, and mechanical properties were evaluated. The reproducibility
of the HEPBM process was investigated by repeating the same milling cycle one year later with more
worn media. Finally, the role of WC was explored by preparing a mixture of TiB, and WC powders
(without Co) and ball-milling the mixture. From HEPBM powders analysis it was observed that while
the introduction of WC-Co increased linearly with time, the average particle size decreased
significantly within the first 10 minutes after which the rate of size reduction slowed down
progressively. Moreover, HEPBM mainly affected particles larger than 1.5 pum, while the added
submicrometric WC-Co particles were smaller than 0.5 pm. All HEPBM samples pressure-less
sintered at 2100°C for 60 minutes showed high relative densities (> 95%), while those added with
simply ball-milled WC reached densities of around 75%, demonstrating the value of high-energy-
planetary-ball-milling and the presence of Co during sintering.

The fourth part of this work was dedicated to mechanical thermal and electrical testing of
pressure-less sintered TiB». Preliminary flexural strength tests were carried out in Faenza. Then, the
mechanical, thermal, and electrical properties of specimens prepared at the Missouri University of
Science and Technology were explored. Flexural strength and fracture toughness were measured at
room and high temperature (1000-1600°C) to analyze the mechanical properties. Thermal
conductivity tests were performed between 25 and 200°C, and between 200 and 2000°C, to obtain
thermal properties. Electrical resistivity was measured for different currents at room temperature. The
best flexural strength was obtained for TiB: sintered at 2100 °C in preliminary tests, but the specimens
prepared at Missouri S&T had a narrower distribution of values. As the temperature increased, the
flexural strength decreased, dropping above 1000°C and showing softening at 1600°C with non-
elastic behavior and bending without breaking at low crosshead rates. Toughness remained relatively
constant with temperature. Thermal properties (thermal conductivity, thermal diffusivity, and specific
heat) were lower than those of monolithic TiB». The electrical resistivity of the material was similar

to that of other transition metal borides and metals.



Overall, this thesis work presents an industrially scalable TiB; sintering strategy that utilizes
high-energy-planetary-ball-milling, small amounts of sintering additives (< 5 vol%) and their synergy
achieving good densities and microstructures. The thermomechanical properties (at room and high
temperature) and the electrical properties of the resulting TiB» sintered through pressure-less-

sintering have been analyzed and compared with the values present in the literature.
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1. State of the art

1.1 Introduction

1.1.1 Transition metal borides

For several decades, transition metal borides (TMBs) such as TiB», ZrB>, HfB>, TaB2, NbB:
and CrB: have been explored because of their exceptional physical properties: indeed they display
good thermal, mechanical, chemical and electrical properties, e.g., very high melting point, high
hardness and also phonon and electron conduction; TMBs have been employed for a variety of
applications such as wear resistant parts, electrodes [ 1-4], microelectronics [5], refractory linings [6—
8], impact resistant armor, and cutting tools [9,10]. Furthermore, they have also attracted interest in
the thermonuclear, aerospace and hypersonic fields.

However, in order to be used for economic applications these materials must be available in
large quantities, at an affordable cost, have high reliability, long lifetime and finally a simple method
of preparation is required. Unfortunately, many of the borides mentioned above do not satisfy all
these prerequisites, and in particular the difficulty of sintering powder-derived parts limits their large-
scale production and final cost.

The difficulty in sintering TMBs is bound to their unique properties, in fact they are a
consequence of the strong covalent bonds present in the structure, which involve a low diffusion
coefficient and a high melting temperature: therefore, sintering requires high temperatures, long dwell

times and even high pressures.

1.1.2 Crystal Structure and Bonding

Boron can form various structural complexes containing one-, two-, and three-dimensional B
networks depending on its electronic structure, therefore borides can display a wide range of
compositions with metal:boron (M:B) ratios ranging from 4:1 (M4B) to 1:12 (MB12), where B:M ratio
affects both properties and electronic structure [11].

In metal diborides, the largest and most important class of borides, there is a strong covalent
bond between the boron atoms (B-B) and a weaker bond that combines a covalent and metallic
character between titanium atoms (Ti-T1) [12]; the strength of the M-B bond depends on the electron
delocalization of the metal which acts as an electron donor, while boron acts as an electron acceptor
[13—15]. Donor-acceptor interactions give M-B bonds ionic characteristics; however, these bonds
also possess covalent characteristics emerging from the partial excitation of d electrons and the

formation of spd hybrid configurations [16].
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Titanium diboride (TiB2) and others transition metal diborides of Group IV-VI (ZrB., HfB>,
TaB.) possess primitive hexagonal crystal structures of the AlB:> type.

AlIB; structure is composed of alternating layers of boron and metal of hexagonal symmetry
(Fig. 1.1 a), thus creating a two-dimensional, graphite-like, strong covalently bonded network for the
boron atoms. The hexagonal unit cell belongs to the P6/mmm space group and contains one MB»
formula unit. In the unit cell, M atoms are located at (0, 0, 0), while B atoms are at (1/3, 2/3, 1/2) and
(2/3,1/3, 1/2) (Fig 1.1 b).

a;

Fig. 1.1: (a) The alternating layers of the AIB; structure type [9] and (b) the hexagonal unit cell of single
crystal TiB, [17].

Most of the properties of diborides like hardness, bulk modulus, melting temperature,
coefficient of thermal expansion and thermal conductivity are determined by the strength and type of
bonds. Specifically, hardness is influenced by the covalency of the M—B bonds (Fig. 1.2), the same

forces that hold together the alternating boron and metal layers in these borides [18].

Bond Bond Honeycomb metal borides
Boride ionicity | covalency : ve. TiB,
(%) (%) n’
TaB,
MgB, 3.083 3.521 114 96.8 i -
TiB, 3.028 3.228 1.07 22.8 77.2 E NbB,
VB, 2998 3.057 1.02 323 67.7 % HIB,
b P -
CrB, 2969 3.066 1.03 822 17.8 2 ul ™
T uCrB,
MnB, 3.009 3.036 1.01 91.7 8.3 g AlB, :
ZrB, 3.170 3533 111 819 18.1 4 o SRR
HfB, 3.142 3476 111 79.8 20.2 2 sk :,,°,A\°_a,:,;,
- - aWa 4
NbB, 3.086 3.306 1.07 52.1 47.9 MnB, :ooo:e:
n ! 1 1
TaB, 3.088 3.241 105 507 493 VieB aglgn:»
10 i 1 1 " 1 "
AlB, 3.009 3.262 1.08 91.8 8.2 " o o o o o
YB, 3.299 3.836 1.16 91.0 9.0

Covalency of metal-boron bonds

Fig. 1.2: (a) the M-B ionicity, covalency and lattice parameters of metal diborides with AlB; structure [19]

and (b) Vickers hardness as a function of covalency of metal—boron bonds [18].
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1.2 Titanium diboride

Among the transition metal borides, TiB, has the lowest density and the highest bond
covalency (Fig. 1.2a). Titanium diboride exhibits exceptional hardness, high modulus, flexural
strength (Table 1.1) and wear resistance making it a suitable material for impact armor, cutting tools
and wear resistant coatings. Thanks to the good thermal and electrical conductivity, in addition to a
chemical inertness, it is an excellent candidate for crucibles and electrical applications such as
cathodes for aluminum electro-smelting and vacuum metal deposition equipment [20]. Moreover,
electrical conductivity can be exploited in electro-discharge machining, a more cost-effective
technique compared to conventional diamond tool machining for shaping the ceramic components.

Although TiB2 has a high melting temperature (3225°C) it does not have good resistance to
oxidation limiting its use for aerospace and high temperature applications in the presence of oxygen.

It is also characterized by relatively low fracture toughness and exhibits sensitivity to slow subcritical

crack growth [21] which limits its use to a wide range of engineering applications.

- TiB: ZrB: HfB: TaB: VB:
perty [22,23] [16,24] [16,24] [25] [18]
Crystal Structure Hexagonal P6/mmm AlB>
Densi
ensity 452 612 | 1221 | 12.60 5.07 697 | 5.22
(g cm’)
Melt‘(':g)p‘"“t 3225 | 3245 | 3380 3200 2745 | 2900 | 2200
Young’s modulus
565 489 445 551 577 539 -
(GPa)
Hardness
25.0 23.0 19.8 25.6 27.2 20.3 22.1
(GPa)
Fracture toughness
6.2 3.6 33 4.5 - 4.0 3.
(MPa m'?) /
Flexural strength
400 450 510 555 - - -
(MPa)
CTE
4.8 6.2 6.6 8.5 8.0 8.2 10.5
(ppm K
Thermal
Conductivity 60-120 60 60-105 16-35 = = =
[20] (W m! K1)
Electrical
conductivity 4.9%10° 1*107 | 9.1*10° - - - -
(Sm™)
Oxidation resistance
<1200 | <1400 | <1400 <1400 - - -
[20] (°C)

Table 1.1 Typical reference values for the material properties of some transition metal borides.
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However, the main limiting factor in using TiB2 for commercial applications is the difficulty
of obtaining a completely dense material with good properties and mechanical performances due to
its poor sinterability.

The densification of titanium diboride is hampered by the low self-diffusion coefficient of
boron [28] and relatively high vapor pressure of its constituents [21], resulting from the presence of
both ionic and covalent bonds [29] and consequently, long sintering times and high temperatures are
required to obtain good densities (> 95% relative density).

To initiate grain boundary and volume diffusion in pure TiB> are necessary firing temperatures
of 1800-2300°C. However, transition metal borides at high temperatures, as any material, show grain
coarsening, including exaggerated grain growths, which lead to a variation of the mechanical
properties. In particular, too large grain sizes in TMBs (>15 um) are associated with a decrease in
mechanical strength and formation of microcracks, partially due to thermal expansion anisotropy that
cause residual thermal stresses [30].

Also, the presence of contaminants in the powders and the native oxide layer (composed of
TiO2 and B»03) present on the surface of the grains regardless of the synthesis route can hinder
sintering, cause uncontrolled grain growth or lead to the formation of trapped porosity [31,32]. Baik
and Becher [33] studied the effects caused by the presence of oxides and divided them into two macro-
areas based on sintering temperature:

- Low sintering temperatures (1400 to 1700°C), where the cause of the coarsening is the
evaporation-condensation mechanism linked to BoOs and other boron suboxides that enhance
the grain growth without shrinkage;

- High sintering temperatures (1700°C or higher) in which the grains and particles growth is
correlated to an increase in diffusivity due to titanium oxides.

To limit the negative effects due to the presence of oxygen, it is necessary to keep the total
oxygen content below 0.5 wt% [33] or to use reducing agents to eliminate oxygen-bearing species.

To improve the densification of TMBs, sintering at lower temperatures and times, a series of
techniques have been developed, listed below:

- use of various synthesis routes to obtain higher purity powders to minimize the effect due to
contaminants or ultra-fine granulometry to increase the total particle surface for sintering
mechanisms (section 1.3);

- various sintering techniques, adopting for example the use of an applied external pressure or
electric current through the material (section 1.4.1);

- addition of sintering aids to promoting sintering and remove the oxide phases, also by liquid

phase sintering, and improving the performance of the final material (section 1.4.2);
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- reactive sintering (section 1.4.1.6) where the reaction between the constituents in the green
body and its densification occur in the same thermal treatment [34,35];
- decrease particle grain size and introduction of defects through high energy milling (section
1.4.3) results in an increase of powder reactivity, internal energy, and surface area [20].
The final material properties (section 1.5), as well as purity, final porosity and grain size, vary
significantly depending on the synthesis method, sintering technique and additives used, therefore it

is necessary to tailor the production route according to the intended application.

1.3 Synthesis

There are many processing routes through which TiB; powders can be synthesized, these can
be mainly divided into reactive, reduction and chemical processes which are distinguished by the

reagents, the cost, and the final properties of the powder.

1.3.1 Reactive routes

Reactive processes are the simplest method and produce the highest quality TiB: starting from
elemental precursor such as elemental boron (B) and titanium (Ti) or titanium hydride (TiH>) in direct
reactions (reaction 1.1 and 1.2). However, these processes are not applicable on a large scale due to

the cost of the B and the low production rate in the reactors [9].

Ti+ 2B — TiB (1.1)
TiH2 + 2B — TiB> + H» (1.2)

Both reaction 1 and 2 are highly exothermic (AHg,,= —323.8 kJ/mol and AHp,,= —181.4
kJ/mol, respectively, at 298 K [36,37]), especially the reaction 1.1 that is capable of self-sustaining
once triggered: this type of reaction can be exploited in self-propagating high-temperature synthesis
(SHS) or combustion synthesis, where a powdered mixture of the precursor elements is rapidly
traversed by a combustion wave following ignition [38].

Although this technique allows to reach a high purity and a fine particle size (Figure 1.3.a),
even ultrafine with additions of NaCl [39], at lower temperatures and processing times than other
techniques, it is an uncontrolled reaction whose rapid cooling leads to large concentrations of lattice

defects in the product [40].

1.3.2 Reduction routes

Reduction processes are the most common route, where titanium dioxide (TiO2) (reactions
1.3-1.7) or titanium tetrachloride (TiCls) react with reducing agents such as C, B, B4C, Al, Si and
Mg. This process leads to the inevitable presence of impurities in the final powder, such as residual

carbon, metals or oxides.
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In materials where the presence of residual carbon is tolerated up to 3% by mass, carbothermal
reduction (reaction 1.3a, Figure 1.3.b) is frequently used and it is the most used due to the high
availability and low cost of the reagents [9,41]. This reaction is strongly endothermic with an enthalpy
of formation at 298K of AHP,,= 1322.7 kJ/mol, and becomes favorable at temperatures above 1600K
for a pco/p =1 or above 1300K for pco/p = 0.01 as shown by the Gibbs free energy equation (equation
3b) dependent on temperature (T) and relative pressure of CO (pco/p) [42].

Industrially, a mixture of the reagents is placed in a crucible, heated up to temperatures above

1500°C and kept at this temperature for around 15 hours, until the reaction is complete [43].

TiO; + B203 + 5 C — TiB2 + 5 CO'  carbothermal reduction (1.3a)
AGr= 1338630 — 860.29T + SRTIn(pco/p), J/mol (1.3b)

Boron and boron carbide can also be used as reducing agents in borothermal reduction
(reaction 1.4, Figure 1.3.c) and boron carbide reduction (reaction 1.5), respectively. Borothermal
reduction is particularly worthwhile when carbon contamination is to be avoided. The main advantage
of these reactions is a higher purity and a finer particle size in the final product, however they are
more expensive than carbothermal reduction [44,45]. The boron carbide process is carried out at
1600-2000°C (below the melting point of the boride) in tunnel furnaces under vacuum or in a

hydrogen atmosphere.

TiO, + 4 B — TiB2 + B20,'  borothermal reduction (1.4)
7 TiO2 + 5 B4C — 7 TiB2 + 3 B203" + 5 CO'  boron carbide reduction (1.5)

The use of B4C and C can be combined in boro/carbothermal reduction (reaction 1.6), this
route allows the use of relatively cheap reagents and the achievement of a high purity TiB> with
minimum losses of boron [46]. Furthermore, thanks to the combined action of B4C and C, the
densification of the final powders can be improved through the minimization of oxides in the

synthesized material.

2 TiO2 + B4C +3 C — 2 TiB, + 4 CO"  boro/carbothermal reduction (1.6)
One more possibility is the metallothermal reduction (reaction 1.7) which involves the
reaction of TiO and B2O3 with Al, Si or Mg in the metallic form. It cannot be used for materials for
extreme environments applications, since the residual metallic impurities from this process could

compromise the high temperatures properties [47,48]

TiO2 + B20s3 + Al (Si, Mg) — TiB2 + ALOs (Si02, MgO)  metallothermal reduction  (1.7)
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1.3.3 Chemical routes

Nanocrystalline TiB2 can be obtained by chemical routes which include the solutions,
reactions with boron-containing polymers, and pre-ceramic polymers which allow to reach particle
sizes of up to 10-20 nm [49-51]. One of the principal methods for synthesizing TiB; involves the
high-temperature hydrogen reduction of titanium tetrachloride (TiCls) and a boron halide (BX3 with
X =F, Cl, Br, etc). This process (reaction 1.8) is typically carried out at 1475°C [52].

TiCls + 2 BCl3 + 5 H, — TiB> + 10 HCI (1.8)

Bates et al. synthesized TiB> nanocrystallites (5-100 nm) through a solution phase process
(reaction 1.9) involving NaBH4 and TiCls, followed by heat treatment of the resulting amorphous
precursor at temperatures ranging from 900 to 1100°C [53].

TiCls + 2 NaBH4 — TiB; + 2 NaCl + 2 HC1" + 3 Hy' (1.9

Gu and coworkers employed a solvothermal method at 400°C in benzene to produce
nanocrystalline TiB> [54]. This route involved a reaction between metallic sodium, amorphous boron

powder, and TiCly (reaction 1.10).
TiCls + 2 B + 4 Na — TiB2 + 4 NaCl (1.10)

TiB2 with nanometric particle size has been successfully synthesized also through the thermal

decomposition of titanium borohydride (reaction 1.11) [52].
2 Ti(BH4); — 2 TiBs + BoHe! + 9 Hy! (1.11)

Also sol—gel routes have been developed as energy-efficient and cost-effective methods for
producing high-purity nanocrystalline TiB, powder (Figure 1.3.d) [55]. Nevertheless, extreme
precaution had to be made during sub-micrometer powder handling due to their pyrophoric nature.

Regardless of the chosen synthesis route, it is essential to pay attention to controlling various
powder characteristics, including initial particle size, particle size distribution, agglomeration, and

purity. These factors play a crucial role in the subsequent densification process.
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AN :,;_ carbothermal reduction

PO Tl

Fig. 1.3: Morphology and dimensions of TiB> powders synthesized through different routes: (a) sieved (< 10
pm) combustion-synthesized powders [40], (b) carbothermically reduced TiB; [42], (c) micrograins obtained
by boron carbide reduction at 1800°C followed by milling with tungsten carbide media [56], (d) sol—gel-
synthesized nanocrystalline TiB, powder [55].

1.4 Densification

Different sintering techniques, sintering additives and preparation methods can be used to

improve the densification and properties of TiB2, the main ones being described below.

1.4.1 Sintering methods

TMBs densification is usually achieved by solid-state sintering, in which the bonding and
densification of particles are made by heating up the green body to a temperature corresponding to
70 — 90 % of their melting point. In solid-state sintering, the main transport mechanisms are lattice
and grain-boundary diffusion. Occurring without the presence of a glassy phase, solid-state sintering
is particularly useful for those materials with applications that require high electrical and thermal
conductivities and good mechanical performance at elevated temperatures.

The use of pressure, pulsed current, or microwave radiation can reduce times and temperatures

required for sintering leading to better final material properties.
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1.4.1.1 Pressure-less sintering (PLS)

PLS is the cheapest and simplest method and allows to obtain the ceramic final material to
near-net shape with complex geometries and/or large size using standard methods. It can also be made
continuous, therefore is the most commonly used technique at an industrial level [57].

Pressure-less sintering is typically conducted in a resistance furnace with a graphite, tantalum
or tungsten resistor or in an induction furnace with a graphite susceptor. The process is carried out
under vacuum or atmospheres of Ar or H» [58].

As already mentioned, TiB; requires high temperatures to be able to sinter, obtaining high
relative densities without any grain growth through conventional PLS is very difficult and may
require one or more of the techniques to improve sintering listed above. To improve the densification
in PLS, the methods adopted generally involve the use of sintering aids or powders with smaller initial
particle sizes, obtained by an appropriate synthesis or by high-energy milling of the powders to the
desired size. Baumgartner and Steiger [59] have demonstrated how it is possible to obtain TiB> up
to a density higher than 99% using submicron powders obtained from a chemical route and sintered

in PLS between 2100-2275°C for one hour (Fig. 1.4).
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Fig. 1.4 Polished and etched TiB» microstructures produced at sintering temperatures of
(A) 1800°C, (B) 2100°C, (C) 2200°C, and (D) 2275°C [59].
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1.4.1.2 Hot pressing (HP)

By applying uniaxial pressure (usually between 20 and 50 MPa) during sintering,
densification can be achieved at lower temperatures (1800-2000°C) and times. The simultaneous
application of pressure and temperature is referred to as hot pressing sintering.

HP sintering like PLS is conducted under vacuum or in an inert atmosphere with heating via
induction or graphite resistors. The dies normally used are of graphite (Fig. 1.5 a), which can be easily
machined and normally does not react with the sample during hot pressing [58]. The possibility of
measuring the displacement of the pistons during the sintering makes it possible to obtain a curve of
the shrinkage of the sample as a function of time and temperature (Fig. 1.5 b), therefore, to study the

evolution of densification and to better control the process and the final material.
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Fig. 1.5 (a) schematic representation of hot-pressing sintering and (b) sintering curve.

The hot-pressed composites have improved mechanical and thermal properties due to the fine-
grained and denser microstructures than the PLS samples [57]. The main disadvantages of this
technique concern the limitation to simple shapes and the difficulty of making the process continuous.
Especially the former increases the final cost of products with complex geometries that would need
further processing after sintering, since TiB: is difficult to machine, and its processing is expensive
and complicated.

Raju et al. [60] reported that a relative density of 98% can be achieved for monolithic TiB2
(without sintering aids) by HP sintering at 1800°C for 1 hour. The relative density can be further
increased up to 99% at 1700°C using MoSi; as an additive.

1.4.1.3 Hot isostatic pressing (HIP)

It is possible to achieve high density for complex shapes ceramic materials in pressure assisted
sintering by using an isostatic pressure that acts on the whole material in a uniform manner in hot

isostatic sintering. Three routes (Fig. 1.6) can be adopted for this technique [61]:
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- Encapsulation method: the green body is encapsulated by a membrane (typically a silica or
Pyrex glass tube or a refractory metal container) which is deformable, impermeable to gases
and allows the pressure to be applied isostatically. The main problems of this method are
related to the encapsulation of large parts, the removal of the capsule without damaging the
material, the prevention of reactions between the sample and the membrane and the cost;

- Glass bath method: this method bypasses the encapsulation step by immersing the green
body in glass powder at a low softening temperature. It is necessary, however, to cover with
a suitable coating material the sample to prevent the glass from penetrating the pores.

- Sinter-plus HIP method: to achieve the same benefits of applying isostatic pressure during
densification without encapsulating, the green compacts is first pre-sintered under vacuum or
in an inert atmosphere, and then in the same cycle, once the pores are closed, it is isostatically

pressed at high temperature by introducing inert gas up to the desired pressure.
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Fig. 1.6 Possible routes for the production of dense ceramics [62].
1.4.1.4 Spark plasma sintering (SPS)

Spark plasma sintering is a technique that through the simultaneous application of a uniaxial
pressure and a pulsed direct current during sintering of the material reduces the time required for
densification and grain growth [63—67].

Densification is improved both by direct heating of the die and the powder, if this is conductive
as in the case of TiB: (but once sintering has started due to the presence of the oxide layer), and by
high heating rates (up to hundreds of °C/min) reducing process times and grain growth. Mizuguchi
et al. [68] compared ZrB; samples made for HP and for SPS, in the latter oxygen impurity was not
detected even at the grain-boundaries because of the cleaning effect generated on the powder surfaces
during spark plasma sintering. However, the sample also exhibited dislocations, the presence of which

was associated with localized high stresses originating from rapid cooling.
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High densities can be achieved with SPS even for monolithic TiB> in less than 10 minutes,
Ahmadi et al. [69] achieved a relative density of 96% for TiB> and 100% for TiB> + 5 wt% AIN at
1900°C, for 7 min under 40 MPa pressure.

As for HP sintering, the disadvantages of this technique mainly concern the possibility of
sintering only simple shapes and the difficulty of making a continuous process. However, the use of
current can also promote unwanted reactions within the material giving rise to side products and a
variation of the final properties. Mukhopadhyay et al. [70] observed the presence of TiB as a second
phase at the matrix grain boundaries associated with a decrease in mechanical properties of TiB»

compared to that obtained by hot pressing sintering.

1.4.1.5 Microwave sintering (MWS)

It is also possible to exploit the benefits of rapid and uniform heating in the bulk of the material
as the SPS in microwave sintering in which the energy is directly coupled into the sample rather than
being conducted into the specimen from an external heat source [71]. Even in this case the result is a
faster densification and a lower grain growth.

There has been limited literature published on borides and carbides, renowned for their
reflectivity. Because of the high loss of these species, the skin depth at 2.45 GHz is very shallow, of
the order of millimeters, so microwave heating of these materials is a surface phenomenon
comparable to inductive heating of a material like graphite [72].

Nonetheless, successful sintering of TiB» using this approach has been documented [73,74].

1.4.1.6 Reactive processing (RP)

In reactive processing, called reactive sintering (RS) if done without pressure or reactive hot
pressing (RHP) if pressure-assisted, the final material is obtained directly from its precursors by
making the synthesis and densification reactions take place simultaneously in a single in situ process.
This technique can be divided into three categories: reaction of a porous solid preform in presence of
a gas phase, solid preform reacting with liquid phase and reaction between solid powders [57].

Focusing on solid powders as precursors, they are heated up to the temperature at which the
reaction gives the final product. As shown in the synthesis chapter (section 1.3), many reactions are
exothermic and can increase the temperature locally, increasing the reaction rate or lead to
overheating in some areas of the material. A transient liquid phase may form during the process and
facilitate densification, if the melting temperature of one or more components is lower than the
process temperatures or if a low temperature eutectic is formed [57].

The advantage of this process is that potentially a purer material with finer grain size and

homogenized size distribution can be obtained. However, the lesser control over the process can lead
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to the formation of side products from undesired reactions or intermediate products that remain within
the material and cannot be removed between synthesis and sintering.

Starting from Ti and B4C powders, Wen et al. [75] obtained an almost completely dense TiB»-
TiCx sample at 1800°C for 60 min under a pressure of 35 MPa. No Ti3B4, TiB, Ti2Bs or free Ti phases

were identified in the final material.

1.4.2 Sintering aids
The use of sintering additives is another strategy often used to improve the densification and

final properties of ceramic materials. These sintering additives can be classified as:

1.4.2.1 Metallic additives and borides
Metallic additives such as Ti [76], Cr [77,78], Fe [79-82], Ni [82—-85], Co [86,87] and Ta [85]

or their combinations [86,88,89] were used successfully to achieve high relative density. These
transition metals react with TiB> to form the corresponding metal borides, which have lower melting
points and good wettability with TiB». To avoid the occurrence of reactions which consume titanium
diboride, it is also possible to use the metallic borides directly as additives.

When the melting point of the metallic borides formed (FesB, Ni3B, Ni2B, Co3B etc) or other
components is lower than the process temperature, the densification proceeds through a liquid phase
sintering (LPS) mechanism. For instance, with addition of 1-3 vol.% of Ni or Ta high relative density
(> 95%) was achieved via hot pressing at 2100°C for 60 minutes [85].

In the LPS, the liquid phase formed wets grain boundaries and forms a continuous boundary
phase that promotes mass transfer and fills the pores, enhancing the densification of the compact.
Through this mechanism it is possible to reduce the sintering temperature (1400 - 1700°C) and the
process time however the higher mass transfer can cause also an accelerated grain growth [57,79].
Moreover, the evaporation of Fe-, Co-, or Ni- borides may cause entrapped gas pores.

The microstructures of liquid phase sintered TiB> (Fig. 1.7) are similar to those of other hard
metals like WC-Co etc. The TiB: particles form a rigid skeleton of crystals, less faceted than in solid
stat sintering, surrounded by the metal borides that act as a binder [29]. These binders must exhibit
the ability to adequately wet, and partially dissolve and reprecipitate titanium diboride during the
sintering process. At the same time, it is crucial to inhibit the formation of brittle and comparatively
soft binary or ternary borides, as they tend to consume a significant portion of the ductile binder [90].
Therefore, hot pressing technique is necessary to achieve a uniform distribution of the liquid phase,

particle rearrangement, and complete elimination of residual porosity.
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Fig. 1.7 SEM micrograph of the (a) fracture and (b) polished surface of TiB2/Ni composites [84].

Tennery et al. [10] observed that the hot-pressed TiB> microstructure remained similar
regardless of the initial Ni content, within the range of 10 to 20 wt % Ni, measuring just Ni3B and
TiB> phases. During the densification process, a significant amount of nickel is exuded from the
compacts, resulting in similar final Ni contents across the compositions. According to their findings,
the production of superior ceramics, characterized by high strength and other desirable properties, is
achievable when most of the liquid phase is exuded from the compact under the applied pressure at
high temperature in the die. This exudation process is strongly influenced by the particle size
distribution and the oxygen content of the TiB> powders.

However, inclusion of a metallic binder is highly undesirable for high-temperature structural
applications due to the low melting point of either the sintering liquid or metallic additives, resulting
in incipient fusion and the degradation in the high-temperature properties [29]. Non-metallic additives

are preferable for this type of application.

1.4.2.2 Carbon and carbides

Carbon [33,91] and other carbides such as SiC [31,92-95], B4C [96-100], WC [101,102], TiC
[75,103,104], TaC [105,106], NbC [107] can react with the thin oxygen-rich layer improving
sinterability and reducing final grain size as described previously.

Torizuka et al. [92] sintered TiB> with SiC as sintering aid via a two-step sintering process: a
first PLS sintering at 1500, 1700 or 1900°C in vacuum for 4 hours, followed by a HIP sintering at
1600°C under 200 MPa pressure for 2 hours. They showed that SiC sintering aids did not react with
TiB>, while the reaction with TiO> took place and produced SiO; and TiC (reaction 1.12). The
increase in sinterability is associated with SiO» being liquid at process temperatures resulting in liquid
phase sintering. The highest density value was obtained for SiC content equal to 2.5 wt%, at 1700
and 1900°C PLS beyond which the porosity started to rise again. Anyway, HIPing was necessary for

the final densification and allowed 99% relative density to be achieved.
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TiO; + SiC — SiO + TiC (1.12)

Chen et al. [99] observed that the higher relative density and mechanical properties (flexural
strength, hardness and fracture toughness) were obtained when B4C was added at 10 wt% upon
densification at 1850 for 10 minutes by SPS under a pressure of 48 MPa in vacuum. TiB2-TaC spark-
plasma sintered at 2050-2100°C for 5 minutes under 40MPa and TiB2-NbC spark-plasma sintered at
2000°C for 5-30 minutes under 40MPa also showed the best results when the carbide was added at
10 wt% or less [106,107].

While SiC and B4C does not react with TiB, Demirskyi et al. [105] reported the presence of
a core-shell-like structure after spark-plasma sintering at 2000°C for 10 minutes under 40 MPa due
to the reaction of TiB; and TaC resulting in a solid solution phase of tantalum titanium carboboride
(Ti,Ta)(C,B) that surround the TiB> core (Figure 1.8). NbC also reacted with TiB» during the spark-
plasma sintering at 2000°C leading to the formation of (Nb,Ti)C and (Ti,Nb)B phases [107].

Fig. 1.8 Core-shell structure present in (a and b) TiB,—TaC spark-plasma sintered ceramic [105] and
(c) hot-pressed TiB> milled with WC media for 8 hours and (d) 24 hours [101].

Chao et al. [101] introduced inclusions of WC and some Co into the matrix by ball milling
with WC-Co media obtaining high values of density, hardness, and elastic modulus after hot-pressing
at 1900-1950°C for 30 min under 25 MPa of pressure. The WC added can react with surface TiO»
and possibly with TiB; via reactions 1.13 and 1.14, equivalent to those observed in HfB, [108]. The
final microstructure is of the core-shell type where the TiB> cores are surrounded by a shell of mixed

boride (Ti,W)B> (Figure 1.6 ¢ and d).

33



TiO, +3 WC — TiC + 3 W +2 CO' (1.13)
TiB: + 2 WC — TiC +2 WB + C (1.14)

1.4.2.3 Nitrides
Also the addition of ceramic nitrides like Si3N4 [109,110], AIN [111] or TiN [112] has proven

to be an effective method to improve the densification of TiB» by eliminating the surface oxide phase
present on the particles and forming secondary phases such as TiN and BN.

Li et al. [111] evaluated the effects of AIN addition with amounts between 2.5 and 20 wt%.
While AIN improved sinterability and mechanical properties (flexural strength, fracture toughness,
Vickers hardness, and elastic modulus) in small amounts (< 5 wt%) by removing particle surface
TiO; via reaction 1.15, when it was added in larger amounts (> 10 wt%) the trend was reversed. A
relative density of 98% was achieved for TiB2 + 5 wt% AIN hot-pressed at 1800°C for 60 minutes
under an applied pressure of 30 MPa.

3 TiOz +4 AIN — 3 TiN + 2 ALO; + 3 No' (1.15)

Traces of BN were also found in the sample due to the subsequent reaction between product

Nz and TiB; according to reaction 1.16.
TiBz+%N2—>TiN+ZBN (1.16)

Similarly, SizNs in small amount (< 2.5 wt%) can enhance densification, mechanical
properties and suppress grain growth through the elimination of the oxide phase with reactions 1.17

and 1.18.

3 TiOz + SisNg — 3 TiN +3 Si0 + 5 N (1.17)
2 B20s + SisNs — 4 BN + 3 SiO» (1.18)

For amounts > 5 wt% of Si3N4 mechanical properties and densification are not improved, due
to extensive formation of secondary phases at the grain boundaries [109].

Shayesteh et al [112] observed that the presence of TiN (5 wt%) in TiB; spark-plasma sintered
at 1900°C for 7 minutes under 40 MPa leads to an almost complete densification (99.9%) and to the
formation of in-situ nano-sized hBN secondary phase. Evidence that TiN itself also plays a role in

promoting sintering of TiB2 with nitrides aids.
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1.4.2.4 Oxides

Although the presence of oxygen has negative effects on sinterability as shown above, some
oxides such as ZrO> [113-116], Al2O3 [117], Nb2Os and Y203 [118] have been successfully used in
sintering obtaining good density values and mechanical properties.

Muraoka et al. [114] have obtained higher density values than monolithic TiB, with ZrO;
amounts between 10 and 30 mol% (also Y203 was present at 2 mol%) by hot isostatic pressing for
120 minutes at 1500°C under 196 MPa, no reaction between TiB» and ZrO> was observed, contrary
to the results of Watanahe and Shoubu [113] who conducted hot pressing at higher temperature (1800-
1900°C) and observed the formation of considerable amount (= 45 vol%) of t-ZrO; and (Ti,Zr)Bo.

ZrO7 has a remarkable toughening effect via microcracking and stress-induced transformation
mechanisms by increasing the fracture toughness to a maximum of 11.2 MPa m"? with 30 mol% of
additive, almost 3 times higher than monolithic TiB,. The bending strength was increased from 645
MPa for the sample without additive to a maximum of 910 with 20 mol% ZrO; (Figure 1.9).

Gonzalez et al. [118] obtained high densities and hardness values higher than monolithic TiB:
for the samples sintered for SPS at 1950°C with Nb2Os, ZrO> and Y203 as additives, respectively.
From the interaction of TiB; with ZrO> and Nb>Os, phases of (Zr,T1)B> and (Nb,T1)B: respectively
were formed. In the case of Y203, the presence of a secondary phase consisting of Ti, B, O and Y was

associated with the formation of Y3BOs at the interface between the two phases [119].
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Fig. 1.9 Fracture toughness and bending strength of TB>-ZrO> (2 mol% Y»03) composites densified by hot
isostatic pressing for 120 minutes at 1500°C under 196 MPa [114].
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1.4.2.5 Disilicides
Metal disilicides (MeSi, with Me = Ti [120-124], Mo [60,125-128], Cr [129] and W [130])

have been added improving densification and oxidation resistance of TiB,.

Raju et al. [120] hot-pressed TiB> with various amounts of TiSi>» at 1650°C showing an
improvement with increasing amount of additive. Samples up to 5 wt% of TiSi after sintering were
mainly composed of TiB: and TisSiz while in the sample with 10 wt% of disilicide also TiSi2 phases
were identified. TisSi3 has been indicated to come from the reaction between TiSi> and TiO2 which
produces it together with SiO», the latter however has not been clearly identified in the matrix.

Since the TiSi2 (Tm = 1540°C) is melted at the process temperature the densification proceeds
mainly by liquid phase sintering. The sample with 5 wt% TiSi> achieved the maximum value of
hardness, elastic modulus, flexural strength, and fracture toughness at room temperature.

At 900°C TiB2-2.5 wt.% TiSi> has the highest hardness value, while TiB>—5 wt.% TiSiz
maintains the higher strength up to 500°C, at 1000°C the flexural strength of all additived materials
drops compared to monolithic TiB> due to grain pullouts and microcracking [121].

The addition of MoSi> resulted in the reaction with TiO2 and the formation of MosSis and
Ti5S13 in the work conducted by Raju et al. [60]. After sintering TiB2 with WSi» additions, Murthy et
al. [130] observed the disappearance of WSi> and the appearance of WsSi3 and SiO2 peaks in the
XRD spectra.

1.4.3 High Energy Planetary Ball Milling (HEPBM)
High energy planetary ball milling with WC-Co media is another method currently used to
improve the sintering of TiB2-based materials: the powders are milled in a planetary mill (Fig. 1.10)

with grinding media and inner walls of the jar made of WC-Co.

I
Fig. 1.10 A schematic diagram of the planetary ball mill and the jar [131].
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HEPBM improves densification by reducing grain size from a few microns down to hundreds
of nanometers [132,133], increasing the surface area and surface energy of the particles, introducing
defects, and in addition, the debris from the grinding media remaining in the powder acts as a sintering
additive [87,134-136].

The main drawbacks of this method concern the control of milling and contamination, since
the WC-Co media decrease in mass and size as they are consumed by the HEPBM cycles and the
difficulty of scaling planetary milling to an industrial level.

Sintering of TiB» high energy milled with WC-Co results in a core-shell structure where pure
TiB; grains are surrounded by a shell of (Ti,W)B: solid solution with variable W content. The final
microstructure suggests a densification mechanism involving a transient liquid phase and diffusion at
high temperatures [137]. As the amount of W in the solid solution increases, the hardness and stiffness
at room temperature decrease due to enhanced activation of dislocation plasticity, potentially resulting

in greater energy absorption prior to failure.

1.5 Material properties

To evaluate the real effect of synthesis, sintering methods and additives on the final material
density measurements and microstructural analyzes are only the first step, in fact, these parameters
have repercussions on the material properties and applications even for samples with the same

porosity or size of the grains. The main properties that are usually measured are described below.

1.5.1 Elastic properties

Elastic properties can be evaluated through two independent moduli, the elastic modulus E
and the shear modulus G. Both moduli are intrinsic properties of the material which mainly depends
on its porosity and composition, increasing as the density and purity of TiB2 increases (Fig. 1.11).

They are usually measured by strain measurement, resonance and ultrasonic methods [138].
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Spoor et al. [143] calculated a maximum E of 569 GPa and a maximum G of 259 GPa for
TiB; at full density using equation 1.19, where E and P are the measured modulus and porosity

fraction, respectively, and Eo is the modulus of the fully dense material:

E=Eo(1 - 2P + P?) (1.19)

Among the different TMBs, TiB: exhibits the highest room-temperature elastic modulus [20].
Although the elastic and shear modulus can vary widely due to porosity, the value of both
moduli decreases with a constant slope for temperatures below 1000°C which is dE/dT = —(0.032 +
0.015) GPa/K for E and dG/dT = —(0.015 + 0.002) GPa/K for G (Fig. 1.8) [22]. For temperatures

above 1000°C the elastic modulus decreases rapidly as the temperature increases.

1.5.2 Strength

Strength for polycrystalline ceramic materials generally refers to the flexural strength, which
can be measured with 3-point or 4-point bending. In addition, specimen sizes can also vary, thus
results are not always directly comparable.

However, flexural strength shows a direct dependence on the particle size (Fig. 1.12 a) and
density (Fig. 1.10) of the final material. In particular, Fahrenholtz et al. [16] highlighted how TMBs
strengths, in general, show an inverse square root relation with grain size (GS'?) as would be

expected for ceramics free from other, larger flaws (Fig 1.12 b).
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Fig. 1.12 Room temperature flexural strength as a function of grain size for (a) TiB; at a fixed density

[22] and (b) literature diborides [16].

The high temperature strength properties are also very sensitive to microstructural phase
assemblage, grain boundary phases, the content and the type of additives [20,121]. For example,
metallic additives (chapter 1.4.2.1) that promote densification through liquid phase sintering, in
addition to causing grain growth, have been shown to be detrimental to strength at high temperatures

[21].
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Fig. 1.13 The temperature dependence of the flexural strength of TiB, in three-point bending for
various densities and grain sizes [22].

At elevated temperatures up to 1500°C, the flexural strength increases with a constant and
very similar slope between samples of various densities and particle sizes (Fig. 1.13). The mean value
calculated by Munro [22] is (Oc¢/ 0T ) = (0.06 + 0.02) MPa/K. The increase of TiB; strength with
temperature can be attributed to the relaxation of residual internal stresses that arise from anisotropic

thermal expansion stress [59].

1.5.3 Fracture Toughness

One of the main limitations of TiB: is its low fracture toughness making it sensitive to small
surface and internal flaws [148]. This property is mainly influenced by density, grain size, which
finds its optimum between 5 and 12 pm [22], and by the type and content of additives and chemical
impurities.

As can be seen from Fig. 1.14 the toughness value for TiB: can vary greatly depending on the
sintering cycle and sintering aid.

Raju and Basu [120] observed an increase in fracture toughness with the amount of TiSiz
sintering aid and a maximum of 5.8 MPa for TiB; - 5wt%TiSi>. The increase in toughness was
associated with crack deflection by ceramic particulates. Crack deflection enhances the fracture
toughness by reducing the stress intensity at the crack tip during propagation, consequently
decreasing the driving force acting on the crack. It is widely recognized that either residual strain

within the composite or weak matrix/second-phase interfaces can lead to crack deflection.
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1.5.4 Hardness

Hardness, usually carried out by indentation, is one of the most used mechanical measures to
test the quality of ceramic materials such as borides and carbides. It is strongly influenced by density
and grain size but also residual stresses, toughening phases, microstructural textures and composition
of grain boundaries. Furthermore, the value may vary depending on the method used and the load
applied [150].

The room temperature hardness for fully dense TiB2 is approximately 25 GPa [74,126,151],
the use of additives improves hardness mainly by reducing the grain size and increasing the relative
density of the material. The sintering technique also has a remarkable effect, Mukhopadhyay et al.
[70] have observed how the use of SPS can significantly reduce the hardness, probably due to the

formation of TiB which has a lower hardness value (16 GPa).
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Temperature dependence of hardness is a standard analytical tool to evaluate high-temperature
mechanical behavior [20,29]. For metal borides, as for other ceramic materials, the hardness decreases
with increasing temperature (Fig. 1.15), due to the increased deformation during indentation caused

by the high temperature softening of the material.

1.5.5 Thermal properties

The specific heat (Cp), the amount of energy absorbed per unit mass to increase the
temperature 1 K, does not depend on grain size or the type of impurity [22]. It increases as the
temperature increases, with greater rate below 500°C and with a smaller but constant slope above that

temperature (Fig. 1.16).
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Fig. 1.16 Specific Heat Cp of TiB; as a function of temperature [22].

Thermal conductivity measures the ability of TiB> to transmit heat, it depends on temperature
and other physical factors that can influence the movement of phonons, such as porosity, and is
therefore related to the steady-state heat flow. It can be calculated as:

x=pCpD (20)

Where p is the density, Cp the specific heat and D the thermal diffusivity. Unlike conductivity,
thermal diffusivity measures the aptitude of a substance to transmit, not heat, but a temperature
variation and pertains to transient heat flow.

From the few data available in the literature (Fig. 1.17), it appears that diffusivity decrease

while thermal conductivity remains constant for TiB: as the temperature increases.
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Fig. 1.17 (a) Thermal Diffusivity D and (b) Thermal Conductivity x of TiB, , ZrB> and HfB: as a
function of temperature [155].

1.5.6 Electrical properties

The electrical resistivity, which indicates how much TiB: resists the passage of an electric
current and therefore also how conductive it is, depends on the density and on the quantity and type
of impurities. McLeod et al. [156] observed an increase in resistivity with porosity and comparable
values between monocrystalline and high relative density (99%) polycrystalline samples.

The electrical resistivities of TiB2 and ZrB: as a function of temperature are shown in Fig.
1.17, both materials exhibit metal-like electrical conduction behavior, where resistivity increases with
temperature due to increased scattering of conducting electrons by lattice phonons [23].

It is interesting to note that the resistivity of pure titanium metal (42 Q.cm at room

temperature) is much larger than that of TiB> [157].
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Fig. 1.17 Electrical resistivity of TiB2 and ZrB> as a function of temperature [23].
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1.6 Ceramic materials for ballistic applications

The main function of ballistic protection is to prevent the penetration of a projectile; therefore,
it is possible to evaluate its effectiveness through the ability to stop various types of projectiles and
one or more numbers of shots. Furthermore, since it has to be worn on person, it should be as light as
possible. Finally, a last parameter to consider from a commercial point of view is the final cost of the
product.

The evaluation criteria for a ballistic material are therefore the relative density, energy
absorption capacity, damage resistance, and multiple impact resistance [158]. Ceramic materials such
as alumina (Al>O3, density 3,95 g/cm?), silicon carbide (SiC, density 3,21 g/cm?) and boron carbide
(B4C, density 2,52 g/cm?®) are excellent materials for ballistic protection due to their high hardness,
good mechanical properties and low density, which provide a great mechanical strength/density ratio
compared to other materials [159,160].

Alumina is the most cost-effective and most widely used technical ceramic of these [161,162]
B4C on the other hand has the highest cost, lowest density and best mechanical properties of the three
[163], finally, SiC has intermediate cost and properties [164].

The thickness of the ceramic specimen has a significant effect on the ballistic performance
[165,166]. For alumina and silicon carbide in particular, performance increases linearly as thickness
increases. The advantage of lighter materials is the possibility of increasing the thickness for the same

weight of the final product [167].

1.6.1 Mechanical properties and ballistic performance

Despite the large number of studies done to delineate the relationship between mechanical
properties and ballistic performance in the past (Table 1.2), the contribution and effect of each
property is still not fully understood [168,169]. Typically, the properties sought in ballistic materials

are hardness, flexural strength, fracture toughness, and Young's modulus [160,169,170].

Ceramic property Effect on ballistic performance

Density Bulletproof armor weight
Hardness Projectile damage
Young Modulus Propagation of shock waves
Mechanical Resistance Resistance to multiple impacts
Fracture Toughness Multiple impacts resistance; field durability
Fracture mode (inter- or trans-granular) Energy absorption

Table 1.2 Relationship of properties of ceramic materials with emphasis on ballistic performance [158].
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Generally, hardness and fracture toughness show an inverse relationship in ceramic materials,
however both play a crucial role in stopping the projectile. The hardness should be at least higher
than that of the projectile [171], thus higher tungsten carbide—cobalt core/tungsten carbide AP tip
commonly used in projectiles, as it helps to shatter and erode the projectile on impact (Fig. 1.18). On
the other hand, fracture toughness reduces shattering and improves the ability to withstand multiple
shots of the material, making it more effective [172].

Fracture toughness can be increased through toughening methods such as in the case of ZrO»
addition (section 1.4.2.4) where residual stresses generate microcracks which can deflect and branch
the main crack. However, it is not easy to optimize the amount of stress and microcracks in the
material which can result in a significant decrease in the mechanical properties.

Since failure in ceramic bodies subjected to ballistic impacts is governed by bending stresses
[161,173,174], higher flexural strength also results in a better ability to withstand multiple shots, in
fact it improves the amount of load it can withstand before breaking [160].

The elastic modulus influences the impedance and the propagation of the shock wave,
reducing its speed and increasing the absorbed energy [175]. Furthermore, higher modulus values
lead to a longer dwell time and therefore a greater interaction between ceramic and projectile which

results in greater damage to the projectile and better ballistic performance [176].

(@a)5ps || (b)
{c) 35 s

_——_

Fig. 1.18 Damage pattern of the two armor designs at 5 pus and 35 ps [177].
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1.6.2 Microstructure

The microstructure of ballistic ceramic materials is essential in order to achieve the desired
mechanical properties, and therefore the ballistic performance, in the final product [178,179]. The
most important parameters are the relative density, which dramatically influences the elastic modulus,
and the grain size which has an impact on hardness and flexural strength [160].

For this reason, the choice and optimization of the synthesis and sintering process is essential
to control not only the final cost of the material but also the microstructure and its properties.

The mode of fracture is also important, as it determines the amount of energy absorbed by the
fragmentation of the material. In particular, an intergranular fracture, since it takes a more tortuous
path through grain boundaries and involves a greater surface area, results in higher energy absorption

than a transgranular fracture [180,181].

1.6.3 Titanium diboride

Despite the advantages listed above, the alumina-based ceramics, although cheaper, have
lower performances and are progressively less used, while boron carbide has a phase change collapse
of the crystal structure under the action of extremely high speed and pressure, an amorphization
phenomenon of weakening the elastic resistance occurs, and it is very expensive to produce [182].
For these reasons, TiB2 appears to be an attractive alternative option, given the very high hardness
and strength that are particularly sought after in ballistic materials. Due to the higher density,
however, TiB: is not suitable for personal protection as much as vehicle protection, in fact it was
successfully adopted by the M2IFV modified infantry combat vehicles by the American Cerayne and
Cercom [182].
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2. Aim of the work

Titanium diboride (TiB») is a prominent technical ceramic due to its exceptional properties.
As the lightest transition-metal diboride (TMBs), it exhibits remarkable mechanical characteristics:
high hardness, flexural strength, and elastic modulus [1-5]. Additionally, TiB> exhibits superior wear
resistance and a very high melting temperature (over 3000°C) [6—8]. Notably, it distinguishes itself
from other technical ceramics such as Al,O3, SiC, and B4C by its good electrical conductivity, similar
to the one of the metals [9-11], this feature could be effectively exploited with electro-discharge
machining, which is a more cost-effective technique compared to conventional diamond tool
machining for shaping the ceramic components.

Despite these excellent properties, TiB2 does not have good resistance to oxidation limiting
its use for aerospace and high temperature applications in the presence of oxygen. It is also
characterized by relatively low fracture toughness and exhibits sensitivity to slow subcritical crack
growth [12] which limits its use to a wide range of engineering applications.

The main limiting factor in using TiB; for commercial applications is the difficulty of
obtaining a completely dense material with good properties and mechanical performances due to its
poor sinterability. This is primarily due to the low self-diffusion coefficient and relatively high vapor
pressure of its constituents, [12] resulting from the presence of both ionic and covalent bonds [13].
Furthermore, the presence of an oxide layer (TiO and B2O3) on the surface of TiB, powder promotes
excessive grain growth through vapor or surface transport mechanisms during the sintering process,
leading to the formation of porosity that becomes trapped within the grains [14,15].

To improve the densification of TMBs, a series of strategies can be used, including the use of
various synthesis routes to obtain finer and less contaminated powders [16], pressure- or current-
assisted sintering techniques [17,18], the addition of sintering aids [19-22], high-energy-milling of
the powders to reduce the dimensions, introduce defects and possible mechanical alloying [23-26].

The main objective of this thesis was to obtain a high-density material with good mechanical
properties through pressure-less sintering, a widely used and scalable industrial technique.

The main objective of this thesis was to obtain a high-density material with good mechanical,
thermal and electrical properties through pressure-less sintering, an easily scalable and very common
technique at an industrial level. To achieve this goal, different sintering aids were chosen, in
particular: a carbide, B4C [27-31]; a nitride, Si3N4 [32,33]; and a silicide, MoSi> [34-38]. The effect
of sintering aids, of high-energy-milling with WC-Co media and their possible synergy have been
systematically investigated with hot-pressing (1700-1900°C) and pressure-less sintering (1900-
2200°C) techniques to comprehensively analyze their impact on TiB> densification, reactions and

secondary phases formed during the sintering.
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This thesis work was divided into four parts:

1. Impacts of sintering aid, high-energy milling, and their synergy on TiB: sintering were
evaluated using hot-pressing sintering in the first part of this thesis. The shrinkage of the
sample over time was recorded to study the densification rate and temperatures at which
it occurs. Microstructural analysis was performed to hypothesize reactions and
densification mechanisms based on observations of the microstructure and secondary
phases. Vickers hardness and indentation fracture toughness measurements were used to

explore the mechanical properties of the various compositions.

2. In the second part, the effect of sintering aids and powder preparation methods was
investigated in pressure-less sintering. Best sintering conditions were identified with sets
of tests at a range of temperatures (from 1900 to 2100°C) and dwell times (from 60 to 120
minutes). For the best compositions identified, scale-up tests were carried out and the
amount of additive used was optimized. Residual porosity, microstructure, composition,
and mechanical properties of the sintered materials were measured and compared to those

obtained from hot-pressing.

3. The third part of the thesis studied the effect and optimization of high-energy milling with
WC-Co media on TiB> green powders microstructure and densification. The variation in
grain size and the increase in the quantity of WC-Co introduced in powders as the milling
time increased were analyzed as a function of milling time. Pressure-less-sintering was
used to investigate the effect of HEPBM on sintering. Reproducibility tests were
performed. To better understand the effect of HEPBM on TiB: green powders
microstructure and densification, mixtures with simply mixed WC (without Co) were also

tested.

4. The fourth part of this thesis work investigated the mechanical, thermal, and electrical
properties of pressure-less sintered TiB». Flexural strength and fracture toughness were
measured at room and high temperature (1000—-1600°C) with different test rate to assess
the mechanical properties. Laser flash tests were performed between 25 and 200 °C, and
between 200 and 2000 °C, to measure the thermal properties (thermal conductivity,
thermal diffusivity, and specific heat). Electrical resistivity was measured at different

currents at room temperature and compared with other ceramic and metallic materials.

This work was carried out at the Institute of Science, Technology and Sustainability for
Ceramics (CNR-ISSMC former ISTEC) in Faenza (Ravenna, Italy), with a period abroad at the

Missouri University of Science and Technology in Rolla, Missouri.
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3. Experimental

This chapter describes the materials, techniques, and instruments used to produce and analyze

the samples.

3.1 Material processing

This thesis focused on developing a TiB»-based material that can be easily sintered via
pressure-less sintering and scaled to industrial production. To achieve this objective, several steps are
necessary:

e choice of sintering aids;

e powder treatment;

e shaping;

e sintering process;

e finishing;

Each step in this process is critical to the final result, which is the sum of all the steps,
influenced by the previous one. Moreover, the properties of the final material depend not only on its

density but also on how the sample was prepared and sintered. Therefore, an accurate and precise

methodology is required.

3.1.1 Raw materials and preparation of mixtures

The powders to obtain the samples were prepared by mixing TiB, powders with each sintering
aid in turn. Commercial titanium diboride was used as the main ingredient with a view to an industrial
development that can start from TiB2 powders present in large quantities on the market and at an
accessible price. The sintering additives selected for the compositions tested in this thesis were boron
carbide (B4C), silicon nitride (Si3N4), molybdenum disilicide (MoSiy), and tungsten carbide (WC).
The following commercial powders were used to prepare the mixtures:

- TiB; (H.C. Starck, Grade F, Dgg 4.0 -7.0 um, Dsp 2.5-3.5 pm, < 4.5 um, impurities (wt. %):
0.4C,2.50,0.5N,0.1 Fe);

- B4C (H.C. Starck Grade HS-A, Dy 2.0-4.0 pm, Dso 0.6-1.2 um, B:C ratio 3.7, impurities (Wt.
%): 0.7 N, 1.7 O, 0.05 Fe, 0.15 Si, 0.05 Al);

- Si3Ng (a-Si3Ny, H.C. Starck Grade M 11, o > 90%, D90 1.3 um, Dsp 0.6 pm, Dio 0.3 pum,
impurities (wt. %): 0.5 O, 0.5 C, 0.08 Al, 0.01 Ca, 0.008 Fe);

- MoSiz (Sigma Aldrich, purity > 99% average particle size <2 pm, metallic impurities (<2000
PPM): 400 ppm Al, 12 ppm Ba, 16ppm Cr, 400 Fe, 12 ppm K, 39 ppm W);

- WC (H.C. Starck, Grade D60, fisher number 0.60-0.70 um, impurities: < 0.4 % O, < 0.08 %
Ciice, < 150 ppm Fe, < 100 ppm Co, < 100 ppm Mo, < 70 ppm Ni, < 50 ppm Cr);
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To prepare the soft homogenized (SH) mixtures of powders we used the wet ball milling
technique. The powders were weighed and placed inside a polyethylene bottle with ethanol and WC-
Co spheres (diameter 10mm) and the mixing was carried out for 24 hours on a jar turner (= 60 rpm).
The ratio of the masses of powder, solvent and beads used was 1:1:1.

The use of a solvent serves to facilitate mixing and to better disperse the heat generated. A
non-aqueous solvent, ethanol, was used to prevent oxidation of the powders which hinders their
densification [1]. Low rotational speeds and spheres of a very hard material (WC-Co) were used to
be able to break up the aggregates in the powders and improve mixing without significantly reducing
the grain size or contaminating the mixture.

After mixing, the powders were dried using a rotary evaporator (80 °C and -40 mmHg) to
prevent the preferential sedimentation of heavier powders and then passed through a 250-mesh sieve

with a brush to break up any agglomerates.

3.1.2 High-energy-planetary-ball-milling

High-Energy-Planetary-Ball-Milling (HEPBM) was used to reduce the grain size of the
powders, increasing the surface area, and to introduce submicron WC debris. This technique was used
to mill commercial TiB2 powder or mixtures already homogenized by wet ball milling.

The powders were placed in a WC jar (Fig. 3.1) with WC-Co spheres (6 wt. % Co, 0.5 mm
diameter) and ethanol. The same mass was used for powders and solvent (120 g) while the mass of
the added spheres (about 500 g) varied during the experiments due to their erosion (about 10 g per
cycle), as explained in detail in chapter 6.

The jar was then placed in a planetary mill (Pulverisette 6 Classi Line, Fritsch Planetary Mill)
and rotated at 400 rpm with cycles of 5 minutes of milling and 15 minutes of pause to avoid
overheating. At the end of the procedure the solvent was removed by evaporation in an oven at 80°C
overnight, while the powders were passed through a 125-mesh sieve with a brush to break up the

agglomerates formed during the evaporation and recover the spheres.
[

Fig. 3.1 WC jar and planetary mill (Pulverisette 6 Classi Line, Fritsch Planetary Mill).
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The estimation of the WC-Co contamination in the powders was made considering the mean
value between the mass obtained by the HEPBM powders and the mass lost from the WC jar and
WC-Co spheres. The grain size and quality of the powders before and after HEPBM were measured
by sedimentation analysis (Sedigraph 5100, Micrometrics, Atlanta, USA), XRD spectrographs and
SEM micrographs.

3.1.3 Powder molding
The preparation of the green compacts into a disc shape from the powders was done through
two techniques: uniaxial pressing and cold isostatic pressing. For both techniques, the geometric

density of the samples was measured after pressing using the following equation:

pgeometric = ,:i—rznh G.D

where m is the mass of the sample, d is the diameter and h the height of the powder disc

measured with a caliper.

In uniaxial pressing, the powders are weighed, placed inside a stiff steel die (Fig. 3.2), and
compacted with uniaxial pressure of 25-50 MPa. The final relative density is approximately 50%.

Cold isostatic pressing is done to obtain higher relative densities and a more uniform pressing
after linear pressing. The uniaxially pressed discs are vacuum sealed inside plastic bags and then
immersed in hydraulic oil in a pressure chamber. A pressure of 250-300 MPa is applied to the fluid

which transfers it uniformly onto the samples. In this case the final relative density is about 60%.

Stiff steel dies:

a) diameter 44 mm

b) diameter 12 mm

Cold isostatic press L5 3
- -

Sl
aee’

N

Fig. 3.2 Powder forming laboratory equipment: presses and dies utilized.
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The samples for hot-pressing sintering were just linearly pressed into a mold with an internal
diameter of 44 mm and the powder was weighed to reach a final height of approximately 7 mm. The
pressure used was 25 MPa.

The pressure-less sintered samples were prepared in two formats: a first format of small
dimensions (green diameter 12 mm) to make a preliminary screening of the most effective
compositions, and one of larger dimensions (green diameter 44 mm) to evaluate the effect of the scale
up on the densification and morphology of the sample. The smaller format was linearly pressed at 50
MPa, while the larger format at a pressure of 25 MPa. Both were then cold isostatically pressed at a
pressure of 300 MPa to achieve a higher green density and compensate for the lack of pressure during

sintering.

3.1.4 Powder sintering

During sintering, ceramic powder particles aggregate to form a dense material with improved
mechanical properties, without the massive melting of the material. To achieve this result, it is
generally necessary to keep the material at high temperatures for long periods of time. However,
under these conditions, grain growth can occur, and depending on the material it could result in a
deterioration of the mechanical properties and the formation of internal stresses.

To sinter faster at a lower temperature and avoid these phenomena, pressure-assisted
techniques can be used. Applying pressure during densification accelerates sintering at a lower
temperature, but this limits the material to simple geometries that can withstand uniform pressure.

In this thesis, two sintering methods were used to densify the samples: hot-pressing sintering
to study the sintering of the mixtures (Chapter 4) and pressure-less sintering to evaluate a more easily
scalable industrial approach (Chapter 5).

The final density of the material is measured both as apparent density, by Archimedes'
principle (Equation 3.2) and relative density, calculated using the formula (1-P), where P is the
percent porosity measured by image analysis (Image -ProAnalyzer 7.0 software) on micrographs of
the polished sample cross section. To better distinguish the secondary phases from the porosity, EDS
analyzes (section 3.2.3) were carried out on the same surfaces examined in the calculation of the
residual porosity. Relative density cannot be directly obtained from Archimedes' principle because
the theoretical density of each mixture is difficult to determine due to the reactions that occur during

sintering. Archimedes' apparent density is obtained from the following equation:

p Mdry (3.2)

archimede = * Pliquid

where mqry 1s the mass of the dry sample, msup 1s the mass of the sample totally immersed in a

liquid and piiquia 1s the density of the liquid.
71



3.1.4.1 Hot-Pressing Sintering (HP)

In the hot-pressing technique (Ing. Allaria MP20 / II Alto Vuoto, IT), a constant uniaxial
pressure (30-40 MPa) is applied to the sample placed in a graphite die by means of two vertical
pistons, while it is heated. The applied pressure and temperature promote sintering. The evolution of
the sintering process can be studied by analyzing the displacement of the pistons as a function of
temperature and time.

This is done by plotting a sintering curve, which shows the change in piston displacement as
a function of temperature or time. The sintering curve can be divided into three stages:

e Heating stage: The powders are compressed, but the temperature is insufficient for any

shrinkage. Only minor displacements can be observed.

e Sintering stage: When the sample reaches the minimum temperature necessary to sinter

under the given sintering conditions, shrinkage begins to be observed and becomes more
significant and rapid as the temperature increases.

e Final densification stage: In this stage, the material is fully densified and the piston

displacement no longer changes.

c) "

Top ram

Graphite die
Sample

Induction coil

Botton ram

Fig. 3.3 a) Vacuum hot-pressing (HP) with induction heating system (Ing. Allaria MP20 / II Alto
Vuoto, IT); b) induction coil (internal chamber of the oven, working condition 1900 °C); c¢) simplifying scheme

of the hot-pressing process.
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From the sintering curve it is possible to determine at which temperature the shrinkage of the
material begins, the shrinkage rate and to recognize one or more phases during the process. It is also
possible to replace the displacement of the pistons with the relative density of the sample to be able
to compare the different mixtures.

The relative density of the sample at time t (p;) during sintering can be calculated according

to the following equation:

pe = py (hoh_f dt) (3.3)

where pr is the final relative density, hr the final height of the sample, ho the initial height of
the sample and d; the displacement of the pistons at time t. For simplicity, the equation assumes that
the theoretical density does not change significantly with temperature.

Hot-pressing was conducted in medium vacuum (10 Pa) in a graphite kiln where the graphite
susceptor was heated by induction heating, with a heating rate about 80°C/min and free cooling. The
hot-pressing schedule was determined during the heating process based on the recorded shrinkage

measured by the displacement of the rams.

3.1.4.2 Pressure-less sintering (PLS)

Pressure-less sintering is a simple technique in which the sample is just heated to the sintering
temperature and kept at that temperature. Without pressure, sintering is not promoted as well, so
higher temperatures and times are required to achieve good densification. However, the simplicity of
pressure-less sintering makes it easily scalable and therefore the most common industrial technique.

In this thesis work, this technique was used to test preparation methods and sintering
conditions easily applicable to an industrial setting. Since a sintering curve was not possible, as in the
case of hot-pressing, sets of tests were conducted at various temperatures (1900-2100°C, heating rate
10 °C/min) and holding times (60-120 minutes) to identify the best conditions.

To further evaluate the sintering process, two sample sizes were tested: a smaller one to
optimize sintering conditions and evaluate compositions using this technique compared to HP, and a
larger one to assess the effects of scaling up the process.

Small size (12 mm diameter) samples were sintered in an argon atmosphere (1.2 bar) between
1900 and 2200°C with holding times between 60 and 120 minutes. Since the furnace chamber is large
enough to accommodate up to 4 samples of the small sizes, different sample set were sintered together
under the same condition to increase the number of results.

The best results were repeated for the larger sample sizes (diameter 44 mm) of the more

promising compositions with additional sintering cycles to optimize density and microstructure.
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Fig. 3.4 LHTG 200-300/24-1G Carbolite Gero high performance oven.

3.1.5 Sample machining

After sintering, higher density samples have high hardness and resistance to abrasion, this
results in the difficulty of cutting them with the classic method of the rotating diamond blade. Since
TiB> has good electrical conductivity, it was possible to cut it by electrical discharge machining using
wire EDM. This technique was used to obtain the cross sections of the samples and to prepare the
bars for the mechanical tests.

After cutting, polishing down to 0.25 um was carried out with a semi-automatic polishing
machine (Tegramin-25, Struers, Italy) directly on the cross sections for SEM, EDS, and XRD analysis
and measurements of hardness and intentional fracture toughness.

Regarding the bars for the mechanical tests prepared during my stay at the Missouri University
of Science and Technology, surface grinding with a fully automated surface grinder (FSG-3A818,
Chevalier, Santa Fe Springs, CA) using a 600-grit diamond grinding wheel, was first used to remove
the oxidized surface and reach the final dimensions of the bar, ensuring that the sides were parallel.
Then it was proceeded to the final steps of chamfering the edges and polishing the tensile surface for

the specimens for flexural strength, and preparing the Chevron notch for the fracture toughness bars.
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3.2 Microstructural characterization

The microstructure of a material is determined by its composition, the distribution of the
phases present, the morphological and crystallographic characteristics, and determines its
mechanical, chemical, thermal and electrical properties.

Microstructural characterization was useful in this thesis work to determine the reactions that
occurred during sintering and the products of these reactions. It was also necessary to better
understand the effects of sintering aids, preparation methods such as high-energy-planetary-ball-
milling, and sintering techniques on the microstructure of TiBo.

The main techniques for microstructural characterization used in this work were X-Ray
Diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDS).

3.2.1 X-Ray diffraction analysis

X-ray diffraction (XRD) is a non-destructive technique that allows to determine the chemical
composition, the crystallographic structure and the physical properties of the materials. While XRD
is usually used for qualitative and quantitative analyses of crystalline phases in materials, it can also
be employed for characterization of solid solutions, crystallite size and shape, crystal orientation,
internal elastic strains/stresses or the effect of temperature [2].

XRD analysis is based on the elastic scattering of X-ray by the electron clouds acting as
scatterers. X-rays are high-frequency electromagnetic waves with a wavelength that generally varies
between 10 nm and 1 pm, however the wavelength in X-ray analyzes is around 1A (10 pm) thus the
same order magnitude as the spacing between the crystallographic planes of the atomic structure.

A regular array of scatterers (Fig. 3.5), such as in the case of a crystal lattice, where the atoms
repeat periodically in nearly perfect order, produces a regular array of spherical waves. While in most
directions the waves cancel each other out through destructive interference, they combine
constructively in a few specific directions, determined by Bragg's law [3]:

nA = 2d sin 6 (3.4)
where n is an integer (1,2,3...n) that represents the “harmonic order” of the diffraction, A is the
wavelength of the beam, d is the spacing between diffracting planes and 0 is the incident angle at
which a diffraction peak is measured.

The result of the diffraction of a given A of X-rays by a crystalline lattice is a series of peaks
where each of theirs represents the spacing between a family of planes which can be calculated from

the 6 angle at which it can be measured.
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Each crystalline cell presents a unique set of peaks at different 8 angles and intensities, the
qualitative analysis of a spectrogram is therefore usually achieved by comparison with standard

reference patterns (JCPDS standard) [4].

Fig. 3.5 Representation of the Bragg’s law.

Most of powder diffractometers use Bragg-Brentano parafocusing geometry [5], Fig. 3.6,
where the main parts of the instrumentation are X-ray source, sample holder and detector. In this
geometry, the incident and diffracted beams move on a circle which is centered on the sample and
the incident angle (0) between X-ray source and the sample is the half of the detector angle (20).

Two different goniometer configurations are possible:

e 0-20 scan, where the X-ray tube is fixed while the sample rotates at 6/min and the
detector at 20/min;
e 0-0 scan, where the sample is fixed while source and detector move at the same speed

of 0/min.

| Scattering plane
X-ray 4
source

Detector

Sample ™ 2 9

Fig. 3.6 Hemisphere of diffraction for an X-ray diffractometer with a Bragg-Brentano geometry [6].
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The X-ray source consists of a cathode of tungsten filament that emit electron when heated,
and a metal anode (typically copper, molybdenum, or cobalt) that emits X-rays when hit by the
emitted electrons, accelerated by a high voltage. This geometry offers high-resolution and high beam-
intensity analysis at the cost of very precise alignment requirements and carefully prepared samples.

In this work, the instrument used for X-ray diffraction analysis on powders and polished
surfaces of solid sintered sample presents Bragg-Brentano 0-0 geometry (D8 Advance, Bruker,
Germany), LYNXEYE detector and a Cu Ka radiation as X-ray source (A\=1.54178 A). The analysis

conditions of the spectrograms were steps of 0.02° for 0.5 sec from 20° to 80°.

3.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to analyze the microstructure of the sintered
materials, i.e. the size and morphology of the grains, pores and secondary phases.

SEM is an imaging technique that allows to obtain high-resolution images at high
magnifications of the sample surface (>100k) through a scanning electron microscope where an
electron beam is focused through electromagnetic lenses on the sample surface and allows to obtain
images in various modes. In order to be analyzed using this technique, samples must be conductive
and stable in vacuum (107°-10°6 Pa).

A scanning electron microscope (Fig. 3.7) consists of an electron source or "gun",
electromagnetic lenses, a sample stage and detectors for the various signals of interest. The electron
beam is typically produced by thermionic emission (TE gun) but it is also possible to exploit the field-
emission (FE gun) or Schottky-emission (SE gun) effects.

In TE guns a cathode composed of a thin filament (0.1 mm) usually of tungsten is heated to
high temperatures (2800 K) to emit electrons by thermionic effect. In this type of guns, the electron
beam is generally 15-20 pm.

To generate a field-emission it is necessary that a high voltage is applied to a very clean metal
surface and in an ultra-high vacuum (about 10® Pa). In FE guns the emitter is usually sharp single
crystal tungsten with a tip radius of about 100 nm. The electron beam of these emitters is smaller than
that of the TE guns guaranteeing a higher final resolution, furthermore, in this case there is no
chromatic aberration, which TE has instead. [7].

SE guns are thermally assisted, combining the benefits of thermionic and field emission
sources. Schottky emitters are made by coating a tungsten tip with a layer of zirconium oxide (ZrO2)
which facilitates the thermal emission of electrons when the source is heated, decreasing the work
function of the tip. Although the electron beam in the SE guns is wider compared to the FE guns, it
has greater stability which is its primary advantage [7].
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In all the previously described guns the electron source acts as a cathode and to create a beam
the electrons produced must all flow in the same direction, for this an anode is used which attracts

them, accelerates them, and passes them on toward the column.

Condensor lenses

X,y scancoils

/

Objective lens

Back-scattered
electron detector

|
r
@ <+— Amplifier

X-ray
detector @

4= Secondary electron
detector

Sample

s Stage
Fig. 3.7 Schematic representation of a scanning electron microscope (SEM).

The electron beam, generally with energy ranging from 0.2 keV to 40 keV, gets focused
through one or two condenser lenses into a focal point that measures approximately 0.4 nm to 5 nm
in width. This beam traverses sets of scanning coils or deflector plates arranged in pairs within the
electron column, often within the ultimate lens. These components alter the beam's trajectory along
the x and y axes, causing it to sweep systematically in a grid-like pattern across a rectangular section
of the sample's surface.

The sample is mounted on a specimen stage, inside a vacuum analysis chamber. This stage
can move horizontally (along the X and Y axes), vertically (Z axis) and can also rotate and tilt. From
the interaction between the electron beam and the sample, several types of signals emerge, including
backscattered electrons (BSE), secondary electrons (SE), and characteristic X-rays. These signals are
collected by special detectors and processed to generate images of the sample.

As the primary electron beam reaches the surface of the sample it gradually loses energy due
to scattering and absorption within a teardrop-shaped volume known as the interaction volume. The
size of this volume (Fig. 3.8 a) can range from 0.1 to 5 um in the sample surface and depends on the

energy of the electron beam, the density, and the atomic number of the specimen.
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Fig. 3.8 (a) Electron volume interaction with matter and mechanisms of emission of (b) secondary
electrons, (c) backscattered electrons, and (d) characteristic X-rays from atoms of the sample.

The most common imaging method is obtained from low-energy (< 50eV) secondary electrons
(Fig. 3.8 b) emitted from the valence band of the sample atoms following inelastic interaction with
beam’s electrons. Since their energy is low, only those generated in a few nanometers below the
surface are detected, while those in depth are rapidly reabsorbed, therefore it is used for surface
analysis.

The backscattered electrons (Fig. 3.8 c) originate from high-energy electrons (>50 eV) that
interact with the atomic nuclei of the sample via elastic scattering. Being high-energy, they provide
information on regions at relative depth compared to other signals, and since the nuclei of heavy
elements backscatter electrons better, they are very sensitive to the composition of the sample.
Dedicated backscattered electron detectors are placed above the sample and have a circular shape.

The interaction between the electron beam and the sample can produce characteristic X-rays
(Fig. 3.8 d) which can be measured using an energy-dispersive spectrophotometer and that are mainly
analyzed for elemental microanalysis.

In this work a FE-SEM (field emission gun scanning electron microscope) was used to record
micrographs of polished cross sections or fractures of the specimen. Specifically, the electronic source
was a Schottky-emission electron gun (Zeiss Sigma, Carl Zeiss Microscopy Gmbh, Germany)
equipped with detectors for secondary electrons (SE2), low energy electrons (SE1) and backscattered
electrons (BSE).
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3.2.3 Energy- dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) was used coupled to SEM to make qualitative
and semi-quantitative analyzes on the microstructure of the samples.

EDS is an analytical technique which allows to perform elemental analysis or chemical
characterization by measuring the characteristic X-ray fluorescence emitted by the sample as a result
of irradiation with a beam of electrons or X-ray.

The incident beam can interact with the atoms of the sample causing the excitation of electrons
from inner shells and their expulsion, these electronic vacancies can be filled by higher energy
electrons from the outer layers, releasing energy during the electron transitions due to relaxation. The
energy is usually released via X-ray fluorescence and is equal to the difference between the energy
levels of the electron transition. Since these transitions are unique and characteristic for each element,
it is possible to carry out elemental microanalysis of the sample by measuring the X-rays emitted with
an energy-dispersive spectrophotometer.

A representation of the x-ray fluorescence phenomenon is shown in Figure 3.9, the energy
levels are labeled with a capital letter (K, L, M, etc.) which refers to the orbital (where K is the
innermost orbital with the lowest energy) while the transitions are labeled by the letter of the arrival
orbital and by Greek letters (a, B, etc.) which refer to the dimension of the transition (a for one level
of difference, P instead for two levels). Thus, a relaxation from L to K or from M to K will be
described as Ka or Kf3, while a relaxation from M to L will be termed La. This method is known as
Siegbahn notation [8].

The instrumentation typically consists of an excitation source (electron beam or X-ray beam),
an X-ray detector, and an analyzer. It is usually integrated with other instruments that use electron
beams (e.g., electron microscopes, scanning electron microscopes (SEM), and scanning transmission

electron microscopes (STEM)) or X-ray beams (e.g., XRF spectrometers).
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Fig. 3.9 representation of the X-ray fluorescence phenomenon.
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The result of the analysis is a spectrum (Fig. 3.10) with the energy of the X-rays in KeV on
the x-axis and the intensity of these on the y-axis from which it is possible to obtain the energy of the

transitions that have taken place and their number.

OKa *

Fe Ka

0 2.0 4.0 6.0 8.0
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Fig. 3.10 example of an EDS spectrum.

The EDS analysis allows to identify the elements present in a certain portion of the sample,
however it can be difficult to identify elements present in traces or with a low atomic weight: for
example, H and He which have only one orbital do not give rise to X-ray fluorescence.

Since it is not a particularly sensitive method, it is mainly used for qualitative analyses,
however it is possible to carry out quantitative analyzes after a calibration with a metal standard.
Accuracy and sensitivity of the analysis depend on the composition of the sample and on the energy
of the incident beam: light elements are harder to detect because as their atomic number decreases, it
becomes increasingly difficult to ionize an atom, and the ionized atom produced is less likely to
generate X-rays, thus giving a lower signal. Also, longer wavelength X-rays produced by these
elements are absorbed more rapidly within the sample so most X-rays from light elements that reach
the detector come from near the surface of the sample. Furthermore, if in order to improve the
accuracy for heavy elements, that require high energies to emit X-rays, it is necessary to use more
energetic electron beams. this can reduce the accuracy with respect to light atoms due to the greater
penetration of a beam electronic with more energy [9].

During this thesis work EDS analyzes (Oxford Energy X-act, Oxford Instruments, UK,
interfaced by INCA software) were performed to determine the composition of the samples after
sintering. In particular, the instrumentation is coupled with the previously described scanning electron

microscope.
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3.3 Mechanical testing

3.3.1 Vickers hardness

Hardness is defined as the resistance of a material to the penetration of a hard penetrator of
specific geometry and charged in a defined way (CEN ENV 843, 1992). Different factors can
influence hardness:

e interatomic bound;
e type and number of dislocations required for plastic deformation;
e microstructural parameters such as mean grain size, porosity and composition [10].

A penetrator is placed under static load on the surface with an applied specific force for a
certain time. After the load is removed, the dimensions of the produced impression are measured with
an optical microscope: the hardness is calculated from the measured dimensions and the value of the
applied load. In addition to plastic deformation, a sample subjected to penetration can give rise to
incipient cracks or brittle fractures according to various mechanisms. For this work, the hardness was
measured using a static method [11].

In this thesis work, Vickers micro-hardness, HV 1.0 (GPa), was measured using a standard
micro-hardness tester. This method is often easier to use than other hardness tests because the required
calculations are independent of the indenter size. It is also the most common hardness test used in
ceramic research.

A hard indenter, typically made of diamond, is pressed into the sample. The load on the
indenter is increased until it reaches a predetermined value (9.81 N for HV 1.0). The load may then
be held constant (10-15 seconds) or removed. The area of the resulting indentation is measured and

the hardness, HV, is calculated as follows:

. 136°
2Fsin

F
—i= 18544 — (3.5)

dZ

HV =
where F si the maximum load (kgf) and d? is the residual indentation area (mm) (Fig. 3.11).

In this thesis work, the hardness was measured using the Vickers indentation method
(Innovatest Falcon 505, Rupac, Netherlands), with a 1 kg (9.81 N) load held for 10 seconds. The

indentation area was measured using optical microscopy.
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136°

Figure 3.11 Vickers hardness indentation.

3.3.2 Flexural strength

Flexural strength represents the maximum stress that a material can tolerate before fracture in
a bending test [12]. For a bulk ceramic, the flexural strength depends on different factors such as size,
shape grain size, density, pores and flaws distribution. In fact, residual porosity, large grains can
decrease the mechanical properties. More in detail, the pores decrease the area where the load is

applied and can act as defects where the stress is concentrated and leads to a catastrophic failure [13].
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Figure 3.12 Four-point flexural strength test geometry.

All flexural strength tests were performed with four-point geometry (Fig. 3.12) using a semi-
articulated test fixture with an outer span of 20 mm and an inner span of 10 mm (Fig. 3.13). Then the
bending resistance value was calculated using the following equation:

The flexural strength value was then calculated using the following equation:

— 3F(L=Lo) 2(2;0) (3.6)
Where F is the force, L and Ly are the outer and inner support span respectively and b and d

are the width and thickness respectively.
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Figure 3.13 Illustration of Z050, Zwick-Roell (left) and a semi-articulated test fixture for the four-point
bending strength test (right).

Tensile testing of ceramics is time-consuming and expensive to conduct, especially when
fabricating the specimens. Therefore, this thesis work used two types of specimen preparation: a faster
and cheaper method involving simple cutting via EDM with chamfering of the edges but without
grinding, and a more accurate but expensive method including surface grinding and tensile surface
lapping. The former preparation and test were carried out at the CNR in Faenza, and the latter
preparation and tests were conducted during the period abroad at the Missouri University of Science
and Technology.

Four-point bending strength tests performed in Faenza were carried out only at room
temperature on specimen with dimensions of 25 mm x 2.5 mm x 2 mm using a semi-articulated test
fixture with a outer span of 20 mm and inner span of 10 mm, using a screw-driver testing machine
(2050, Zwick-Roell, Germany) and a displacement rate of 1.0 mm/min, Fig. 3.13.

For test specimens obtained via electrical discharge machining at Missouri S&T using wire
EDM (HSS150, Aegi), the oxidized surface was removed and the final dimensions were achieved by
surface grinding (see section 3.1.5). Flexural strength A bars (25 mmx 2.0 mm x 1.5 mm) were
prepared according to ASTM C1161-02c, the edges were chamfered by hand using 15 pm diamond
abrasives and the surface subjected to traction was polished down to 0.25 pm with a semi-automatic
polishing machine. The four-point flexural strength was measured at room temperature with a
displacement rate of 0.5 mm/min, using a screw-driven instrumented load frame (Model 5881,
Instron, Norwood, MA), employing a fully articulating fixture with load and support spans of 10 and
20 mm [14].
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High-temperature flexural strength testing was conducted at Missouri S&T using a
mechanical testing setup that comprised a screw-driven instrumented load frame (model 33R4204,
Instron), and an inductively heated graphite hot zone (model SI-30KWLF, Superior Induction
Technology) situated inside an environmental chamber. Temperature control was achieved through a
two-color optical pyrometer (model SR-35C15, Ircon Inc.) and a programmable PID controller
(model 2404, Eurotherm).

The test specimens were affixed to a fully articulating graphite 4-point bend fixture using
cyanoacrylate adhesive. The specimens were then subjected to a heating rate of approximately
50°C/min until reaching the target temperature, where they were held for 5 minutes to ensure
temperature equilibration prior to testing. To maintain a linear elastic response until failure, the

crosshead displacement rate was adjusted (Table 7.3) in accordance with ASTM C1211 [15].

3.3.3 Fracture toughness

Fracture toughness is a critical property of materials that it is defined as the ability of a material
to resist the propagation of a crack [16]. Fracture toughness is measured in terms of the stress intensity
factor, K, which is a measure of the stress concentration at the tip of a crack. The critical stress
intensity factor, Kje, is the value of K in mode I loading measured under plane strain conditions that
leads to brittle fracture [17,18].

Kic depends on the nature of the material, the value is generally higher for ductile materials
and lower for brittle materials, such as ceramics. One way to determine Klc is through indentation
testing. This method is popular for bulk ceramics because it is relatively simple to perform [19-21].
In an indentation test, a hard indenter is pressed into the surface of the specimen. This creates cracks
that radiate outward from the corners of the indent. The length of these cracks can be correlated to
the material's fracture toughness.

Other fracture toughness evaluation methods for ceramic materials involve introducing a

notch where the stresses concentrate [22]. In Fig. 3.14 are illustrated the different notch geometries.
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Figure 3.14 Schematic representation of the different notch geometries.
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The chevron notched beam (CNB) method is a fracture toughness testing method that uses a
specimen with a triangle-shaped notch. The application of a load initiates a crack at the top of the
triangle, which then propagates through the specimen. The CNB method has several advantages over
other fracture toughness testing methods, including that it can be used on small sample sizes and is
relatively easy to perform and analyse, moreover, this method avoids the issue of crack tip curvature.

The CNB fracture toughness is calculated from the maximum load (Pmax) measured in a four-
point bending test using the “slice model equations” of Munz [22]. The CNB model and these
equations are reported in Figure 3.15, where y* is the dimensionless stress intensity factor coefficient,
B and W are the thickness and width of the specimen, S; and S, are the spacing between the rollers,
ao ¢ a; are the crack lengths (measured from load line), and oo e a1 are the dimensionless ratios

between the crack lengths and the width of the specimen.
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Figure 3.15 Chevron notched beam (CNB) model and equations for the determination of Ky..

In this thesis, fracture toughness (Kic) was measured using four-point bending test with
chevron notch configuration "A," in accordance with ASTM C1421 standards but with a shorter
length due to the initial sample's size.

Six fracture toughness specimens were prepared, featuring final dimensions of 25 mm % 3 mm
x 4 mm. A chevron notch was machined using a dicing saw (Accu-cut 5200; Aremco Products)
equipped with a 150-um thick diamond wafering blade. For both room temperature and elevated
temperature testing, the same procedural approach and equipment employed for flexural strength
testing was applied. Notably, the crosshead rate was adjusted (Table 7.4) in correspondence with

temperature conditions.
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3.4 Thermal testing

In this thesis work the thermal properties measured were thermal diffusivity, thermal
conductivity and specific heat. Thermal conductivity (k) is a measure of how easily heat can be
transferred through a material and is measured in W/m K. Specific heat capacity (cp) is a measure of
how much heat is required to raise the temperature of a unit mass of a material by one degree Celsius
and has J/kg K as its unit of measurement. Finally, thermal diffusivity (D) is the thermal conductivity
normalized on density and specific heat capacity of the material studied and is measured in m?/s and
is calculated from equation [23,24]:

D = s (3.7)
pPCp

where k is the thermal conductivity, p the density and cp the specific heat capacity. Thermal

diffusivity is usually measured trough the laser flash method.

3.4.1 Laser flash analysis

Laser flash analysis is a non-destructive technique for measuring the thermal diffusivity of
materials. It is the most common technique for this purpose and is based on the following principle:
a short pulse of energy (from a laser or flash lamp) is applied to one face of a sample, and the resulting
temperature rise on the opposite face is measured (Fig. 3.16). The thermal diffusivity of the sample
can then be calculated using the following equation [24,25]:

x2

D =1.38 (3.8)

w2 t1/2
where D is the thermal diffusivity (m?%/s), x is the sample thickness (m) and ti is the half

temperature rise time (s).

Laser pulse

Diffusion to “
opposite face %
Increase in

temperature

Figure 3.16 Representation of the laser flash analysis setup: a radiation source, typically a laser, heats the
surface of the target at a fixed rate, and the temperature is monitored on the back side of the specimen as
function of time [24].
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In this thesis work, a circular specimen with a diameter of 12.7 mm and a height of 2.0 mm
was cut, grinded and prepared for thermal testing. The thermal diffusivity was then measured using
a thermal property analyzer (Flashline L-S2, Anter Corporation) by employing the laser flash method.
To reduce reflection of the laser and ensure uniform energy absorption during testing, a thin layer of
graphite spray was applied to the prepared disc. Thermal diffusivity values were obtained through an
average of three measurements at each measured temperature, which ranged from 25 to 200°C, with
data points recorded at intervals of around 25°C, and from 200 to 2000°C, with data points recorded
at intervals of around 200°C. Subsequently, the measured thermal diffusivity values, along with the
bulk densities obtained through Archimedes' measurements and estimated heat capacities, were used

in the equation 3.8 to calculate the thermal conductivity.

3.5 Electrical testing

In this thesis, to evaluate the electrical properties of the material, a measurement of the
electrical resistivity was carried out using the Von der Pauw method. Electrical resistivity (p) is a
property of a material that measures its resistance to the flow of electric current. It is defined as the
resistance of a conductor of unit length and unit cross-sectional area and is measured in Q m.

The Van der Pauw method is a technique used to measure the resistivity of a conducting
material. The method is based on Ohm's law, which states that the electrical resistance of a conductor
is directly proportional to the length of the conductor and inversely proportional to its cross-sectional
area. In the Van der Pauw method, the sample is placed in a four-point configuration, as shown in the
Figure 3.17. Four contacts are placed on the edge of the sample.

1 4

2 3

Figure 3.17 Representation of the Van der Pauw method setup.

A current is applied between two contacts, and the voltage is measured between the other two

contacts. The resistance between the two measurement points is then calculated as follows:

= % (3.9)
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The resistivity was calculated using the following equation:

A

A 74
p=30=7 TA (uf2 cm) (3.10)

where p is the resistivity, A is the cross-sectional area of the disc (cm?), A is the distance
between the inner probes (cm), Q is the calculated resistance (u€2), Va is the measured voltage drop

between the inner probes (uV), and I is the applied amperage (A).

The same cylindrical sample, with a diameter of 12.7 mm and a height of 2.0 mm, was also
employed to measure its electrical properties. Electrical resistivity was determined using the Van der
Pauw method, utilizing an in-house fixture powered by a KEITHLEY 2230G-30-1 power source, at
room temperature. The specimen disc was positioned within an alumina fixture, featuring four wire
contacts constructed from inconel wire. The electrical resistivity was determined as the average of

three measurements, corresponding to three different current values: 0.2 A, 0.3 A, and 0.4 A.
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4. Hot-pressing sintering studies on TiB:

This chapter investigates the use of various sintering aids (B4C, Si3N4, and MoSi>), different
preparation methods (ball-milling and high-energy-planetary-ball-milling), and their combination to
improve the densification of TiB: through hot-pressing sintering. The shrinkage of the sample over
time was recorded to study the trend of densification and the temperatures at which it occurs. Residual
porosity, microstructure, composition, and mechanical properties of the sintered material were
measured to study the mechanism by which additives, preparation methods and their possible synergy
improve the densification of TiB.. Finally, the best compositions were highlighted and compared with

literature values.

4.1 Introduction

To improve the sintering of TiB., sintering additives and/or specific preparation methods are
required. Metallic additives can improve sintering, but the resulting material is less suitable for high
temperature applications, therefore non-metallic additives of different categories, specifically a
carbide (B4C), a nitride (Si3N4) and a silicide (MoSi2) have been investigated in this chapter.

TiB> and additives were either just soft homogenized by wet-ball-milling (SH) for 24 hour or
further high-energy-milled for 30 minutes (after wet-ball-milling) with WC-Co media (HEPBM).

The aim of ball-milling was to mix powders without changing their grain size, while HEPBM
has been used to improve densification through the reduction of particle size, increasing the surface
area and the introduction of debris from the grinding media that act as sintering aids [1-4].

The details of the sintering cycles and quantitative data on microstructural features are
summarized in Table 4.1. The hot-pressing schedule was determined during the heating process based
on the recorded shrinkage measured by the displacement of the rams. The displacement component
due to piston expansion was subtracted from the total displacement according to the equation:

D, = Dy — L,aAT 4.1)
where D. is the correct displacement, Dt is the displacement at T, L, is the initial length and
a is the coefficient of thermal expansion of the piston material and AT is the change in temperature.

Due to the reactions between the matrix, sintering aids and oxide phase, it was not possible to
calculate a theoretical density for the different compositions, except for T sample, which consisted of
solely as-received TiB». The relative density of samples was calculated as (1-P) where P represents
the percent porosity determined through image analysis on backscattered electron micrographs of the

polished cross sections. Secondary phases and porosity were recognized through EDS analysis.

Part of the content of this chapter has been published in Nanomaterials 13 (2023) as “S. Taraborelli, S. Failla, E. Sani,
D. Sciti, Sintering, Mechanical and Optical Properties of TiB2 Composites with and without High-Energy-Milling.”



Each percent porosity and mean grain size measurement was repeated on five different
images, and the standard deviation between measurements was reported as the measurement error.

To measure the grain size in the samples where a core-shell structure was observed, the contact edges

between the shells, more easily visible in backscattered electron micrographs, were considered.

Sintering aid, \% B:D. Apparent | Relative Crystalline Mean

Process temp./time | density density phases after grain size

(vol%) (°C, min) (g/em?) (%) sintering (TiB,, pm)

T - 1950, 20 3.45 =76 TiB, 32+14
TC 5 B4C, SH 1900, 15 3.71 ~178 TiB» 24+14
TS 5 SizsN4, SH 1900, 15 4.28 85.6 £ 0.7* TiB,, TiN 3.1+1.6
™ 5 MoSi,, SH 1900, 10 4.43 95.1 £0.6* TiB2, MoSi» 1.8+0.8

TiB,, WB,
T-h HEPBM 1900, 10 4.60 93.4+0.1 1.0£0.5
W,CoB;

TC-h 5 B4C, HEPBM 1900, 10 4.22 87.9+0.9 TiB,, WB 1.3+0.1

TS-h 5 SisNg, HEPBM 1830, 10 4.54 92.4+0.7¢*  TiB,, TiN, WB 09+04

. TiB,, TiC, TiSi,
TM-h 5 MoSi;, HEPBM 1700, 10 4.67 94.7+0.7* 0.8+0.5
MoB, WB,

Table 4.1 Sintering parameters and microstructural features of hot-pressed TiB, composites at 35 MPa.
Notes: SH—24h wet-ball-milling, HEPBM— 24h wet-ball-milling and 30 min high-energy-planetary-ball-
milling, *— porosities mainly filled by silica pockets (empty porosities < 2%).

4.2 Sintering behavior and microstructural features

The densification behavior was clearly affected by both the addition of sintering agents and the
high-energy-planetary-ball-milling of the powders, as shown in Fig. 4.1 a and b which present the
relative density plotted against time. From this type of graph, it can be observed at which temperature
the shrinkage starts, and the maximum temperature needed for complete densification.

It can be noted that for the as-received TiB2 powder, densification was very slow and only began
after 10 minutes at 1950°C. In contrast, for the powder mixtures containing the sintering additives,
densification started at lower temperatures: 1630°C for TC (addition of B4C), 1770°C for TS (addition
of Si3N4) and 1710°C for TM-h (addition of MoSi»), see curve in Fig 4.1 a. The addition of boron
carbide increased densification rate, but the final relative density remained below 80%. SizNs and
MoSi» notably improved sintering, as indicated by a steep increase in the densification curve and the

presence of SiO2 pockets after sintering for both samples.
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The steep change in the slope of the curve could be indication of liquid phase formation and

increase of the densification rate due to particle rearrangement.
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Fig. 4.1 Comparison of densification curves for HP sintered samples just soft homogenized by wet-ball-
milling (a) and high-energy-planetary-ball-milled (b).

In the case of high-energy-planetary-ball-milled powders, densification initiated at 1570°C
for T-h (reference, no sintering aids), 1530°C for TC-h (addition of B4C), 1560 °C for TS-h (addition
of Si3N4) and 1250°C for TM-h (addition of MoSiy).
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For the just high-energy-planetary-ball-milled TiB> ceramic, the increase in the shrinkage rate
was more gradual. In contrast, a steep increase like what was observed for the TS and TM samples

was also noticed for the three systems with either B4C, Si3N4 and MoSi.

|| a)TiB . 1bTiB+BC .
157 ) TiB, o TiB, 1) ) TiB, + By o TiB,
_ °© + WB = | o + WB
2 v W,CoB, | £ 1o
5 3 |
g1 8 .l
Z z |
2 2 61
2 ° 2 |
£ s/ [¢] =
y | o o o 4'| o l o T o ,0©
v v v o . .
M oM ‘mL o . 'L 24 A ( ! | A A 1§l
1073, l \ L i .|L m»;l l L_ . _L . y) A } J
20 30 i 50 60 70 20 30 40 50 60 70
2-Theta (°) 2-Theta (°)
(o) 12 (o)
15| €) TiB; + SisN, . W d) TiB, + MoSi, o TiB,
) ° TiB, 104 v MoSi,
+ WB
— . _ o + WB
F ® TiN )
c E 8 < MoB
3 104 3 .
<] 8 o TiC
z z° o TiSi
2 ‘2
E 54 ° . N o o o £ °) S & 7
l . P A + o l R | - ¢ . o S o, 00 $£°9
— o — Nt ‘|~ I . 1Y T <2 B 00 S |
%103 l \ * * L A A 4 100 || v v A AV \ 'ﬂL A ,ﬂ
20 30 40 50 60 70 20 30 40 60 70 '

50 R
2-Theta (°) 2-Theta ()

Fig. 4.2 X-ray diffraction patterns for the soft homogenized (line below) and high energy milled (line
above) sintered sample of TiB: without additives (a), with 5 vol% of B4C (b), 5 vol% of SizN4 (c) and 5 vol%
of MoSi: (d).

X-ray diffraction patterns (Fig. 4.2) recorded TiBz (TiB2: JCPDF card 35-0741) in all the samples
and WB for the high-energy-milled ones, along with minor secondary phases depending on the
sintering aid and the preparation method employed. After sintering, no B4C or Si3N4 peaks were
detected, while MoSi> was still present in the softly homogenized sample. Moreover, TiN was
observed in the S13N4 samples (TS and TS-h) originating from the reaction between Si3N4 and TiO».

W>CoB> was only found in the high-energy-planetary-ball-milled sample of TiB> without additives
(T-h), TM-h (MoSi>) exhibited phases of MoB, TiC and TiSi.

An overview of the microstructural features of both just ball-milled and high-energy-planetary-
ball-milled samples is provided in Table 4.1. It can be observed that all samples treated with high-
energy-planetary-ball-milling displayed a higher degree of densification, the highest densification
grades were obtained for TiB2 samples densified with MoSi; as sintering aid (TM and TM-h) which
reached final relative densities equal to 95.1% for the soft homogenized sample and 94.7% for the
HEPBM sample.

A detailed description of the microstructure is given below.
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4.2.1 TiB: without additives

1-TiB, core
w 2— (Ti, W)B, rim
3 - (W, Co, Cr)By

Fig. 4.3 SEM micrograph of T (left column) and T-h (right column) samples fractured and polished sections
and EDS spectrum of T-h sample polished section (third row).

The EDS spectrum of the three different phases confirmed the absence of the other metals in the
TiB: cores, and the presence of W and Co in TiB: solid solution rims. Moreover, the presence of Cr
and C can be observed in the mixed boride coming from WC-Co grinding media: chromium is indeed

present in lower quantities than Co and carbon is attributable to residual unreacted carbide.

4.2.2 Boron carbide as additive

TiB:> without sintering aids (T) has very minimal densification, in fact as can be seen in Figure 4.3
only few necks have formed between the grains. Adding 5 vol% B4C soft homogenized (Fig. 4.4, left
column) improved sintering and densification rate but after 15 minutes at 1900°C although the necks
had already formed, the pores were still interconnected, therefore the material is in an intermediate
stage where pores are closing, and the relative density is less than 80%. With the additional aid of
high-energy-planetary-ball-milling, a microstructure with closed porosities and a relative density of

around 89% is reached.
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Fig. 4.4 SEM micrograph of TiB, with 5 vol% B4C soft homogenized (TC, left column) and high-energy-
planetary-ball-milled (TC-h, right column) samples fractured and polished sections and EDS spectrum of
polished sections.

Although XRD spectra did not record the presence of residual crystalline B4C, from the
polished surface SEM images of TC sample dark BxCy phases were detected by EDS (Fig. 4.4, left
column). In the HEPBM sample (TC-h) B4C instead is not present and wider rims than other HEPBM
samples can be noted. Moreover, EDS revealed that the white contrasting phases in TC-h micrographs
1s WC with a lower Co content and not WB.

The core-rim microstructure had two types of rims: an inner one of a lighter color, therefore
heavier atomically, and an outer one of a darker grey color. The EDS spectra of these rims showed

no significant differences in the composition.
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4.2.3 Silicon nitride as additive

The SEM micrograph of TS (5 vol% SizNs) polished surface shows a bulk with 14% of
residual porosity, however SEM image of the fracture appears to be totally dense and without any
porosity (Fig. 4.5). This is due to the large presence of amorphous compounds like BN and SiO>
products from the reaction between Si3N4 and oxide phases (B203 and TiO»).

TS o TS-h
5 pm 3 2 um o
5 um Y 5 um
2 um / < 2 pm
si 1-TiB, o 1-TiB,
2-BN W 2- (T, w)B,
3-Si0, + TiN 3-WB

4-5sio,

Ti

N
B /il Ti

0 05 1 15 2 25 3 35 4 4.5 5 |0

Fig. 4.5 SEM micrograph of TiB; with 5 vol.% Si3N4 soft homogenized (TS, left column) and high-energy-
planetary-ball-milled (TS-h, right column) samples fractured and polished sections and EDS spectrum of
polished sections.

Porosities in TS sample polished section revealed the presence of secondary phases when
observed with InLens mode. In detail, phases of h-BN were recognized, with the characteristic
lamellar structure, SiO», a darker phase, and TiN, which having a higher molecular weight than TiB»

appears as a light gray phase in the SE2 mode. EDS spectra confirmed these phases (Fig. 4.5).
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SEM micrograph of HEPBM sample with 5 vol% Si3N4 (TS-h) shows the typical core-shell
structure of TiB> with WB inclusions in addition to the phases already seen in the soft homogenized
sample. Despite the presence of WC contamination in the powders which reacted with the oxide
phases to form WB, the formation of SiO, and BN phases can still be noted. In addition, an amorphous

phase containing B, O, N and Si was identified among the grains.

4.2.4 Molybdenum disilicide as additive

1-TiB,

1-TiB, ,

. 2 (Ti, W)B
2 — (Ti, Mo)B, 3— :W M)O)ZB
3 - MosSi, '

4-5sio,

Ti

T i
3 35 4 45 5 0 3 35 4 45 5

Fig. 4.6 SEM micrograph of TiB> with 5 vol.% MoSi: soft homogenized (TC, left column) and high-energy-
planetary-ball-milled (TC-h, right column) samples fractured and polished sections and EDS spectrum of
polished sections.
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As already observed for TS, also TM sample (with 5 vol% MoSi> soft homogenized) does not have
empty pores but silica pockets produced by the reaction between MoSi, and B20s. A solid solution
containing Mo instead of W with TiB> was formed leading to a similar core shell structure to that of
the HEPBM sample. No MoB was spotted but XRD and EDS confirmed the presence of unreacted
MoSi», which appears as a white phase.

In the HEPBM sample (TM-h) WC and MoSi> phases combined resulting in a core shell structure
where the cores of TiB, were surrounded by a rim composed of solid solution of mixed boride of Ti,
W, Mo (and Co in minor part) with inclusions of mixed borides of W, Mo (and Co). Again, complete
densification of the matrix was interrupted by the formation of silica pockets (Fig. 4.6). The rims in

this sample are very narrow and light grey colored TiSi phases can be spotted.

4.3 Densification mechanisms

The densification behavior was highly affected by the sintering aid and the high-energy-
planetary-ball-milling procedure. Starting from the as received powder, the effect of HEPBM with
WC-Co media was twofold: on one hand high-energy-planetary-ball-milling reduced the mean
particle size, activating the particle surface; on the other, contamination from WC led to elimination
of surface oxides through surface reactions on the TiB: particles (TiO2 and B>O3) [5,4,6].

The most probable reactions are [6-9]:

T10, ) T 3 WC (s) — TiC ) T 3 W(S) +2CO (© 4.1)
3 TiB, s T Ti10, ) T 6 WC (s) — 4 TiC s T 6 WB ) T 6 CO (@ 4.2)
3 WC )t B,Os (s) — 2 WB ) T W +3CO (©) 4.3)
Co ot 2 WC s T 2 B(s) — W,CoB» ) T 2C (s) 4.4)

WC inclusions favored the elimination of surface oxides, while release of W resulted in the
formation of core shell structures in TiB2. Although the formation of TiC seems favored, it was not
detected with EDS and XRD methods. The large presence of WB inclusions and the absence of TiC
therefore suggest a greater relevance of reaction 4.3 between WC and B2O:s.

The addition of sintering aids made the picture even more complex with other reactions taking
place. In addition to reactions 4.1-4.4, B4C reduced the oxygen-carrying chemical species present on

the surfaces of the TiB2 powder particles through the following reaction:
7 TiO2)+ 5 B4C sy > 7 TiB25) + 5 CO (g) + 3 B203 ) 4.5)
WC inclusions can also react with B4C via the reaction:

2WC 5+ B4C sy > 2 WB25) +3 Cys) (4.6)
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The main effect of Si3Ns was to remove surface oxides from TiB> powder particles and

forming liquid phases according to [10]:

Si3N4 5) + 2 B2O3 1) > 4 BN 5) + 3 SiO2 1y 4.7)
2 Si3N4 (s) + 6 TiO2 sy > 6 TiN ) + 6 SiO02 1) + N2 () (4.8)
2 TiB2 sy + 3 N2 (@) > 2 TiN (s + 4 BN ) (4.9)

Subsequently, the liquid formed at about 1600°C was very likely to be due to the reaction of
Si3N4 remaining from reactions (4.7) and (4.8) with SiO> and TiB,. During cooling, BN, TiN and
Si0; pockets precipitated from the liquid phase (Fig. 4.5), but part of it was retained along the grain
boundaries in form of amorphous Si-O-B-N-Ti films.

Similar to other borides, for MoSi> addition densification is presumed to be assisted by a
transient liquid phase, due to the reaction between MoSi» and surface oxide impurities on the diboride
particles [11,12]. Several reaction paths were indicated, as suggested by the variety of crystalline and
amorphous phases identified in the dense microstructures. The presence of crystalline MoB (only for

HEPBM sample) and pockets of amorphous SiO; suggests the following reaction occurs:
2 MoSiz sy + B203 1y > 2 MoB 5+ 2.5 Sigy + 1.5 Si02 gy (4.10)

Reaction 10 implies removal of B2O3 from boride particle surface and formation of Si- or Si-
O-based liquids. According to the Mo-Si-B phase diagram (Fig. 4.7), liquids could form at

temperatures as low as 1350°C.

U, -2040£14°C
U, -198146°C
U, -1964+8"C
U, 922413°C
L, -120645°C
p, 1850415 Ups1844°C
U-1830°C
U,~1830°C
ZE00+8,max A U-1425°C
E,-1885810°C
E,- 180225°C
E,-13s0'C
max,- 2130£15°C

T =Mo,SiB,

, &, 1385415
(5i)

Mo p, 20258, 20205450 o6 1900 e, 1400  Sj
Ve L 2030,
2623°C Mo,5i 1414 °C

Fig. 4.7 Melting diagram of Mo—Si—B system [13].
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Formation of liquid promotes mass transfer mechanisms, by partial dissolution of the boride
matrix. The observed formation of epitaxial core-shell structures suggests a solution re-precipitation
mechanism even if diffusion of Mo into the diboride lattice could also occur. During cooling the
transient liquid-phase solidifies, resulting in the formation of discrete crystalline phases.

The mixing of TiB>, WB and MoB resulted in a core-shell microstructure (Fig. 4.6) with TiB»
core, a mixed boride rim with the three metals (Ti, W, Mo)Bx and (W, Mo)Bx particles.

4.4 Mechanical properties

Hardness and fracture toughness measurements were conducted for all the samples except T
and TC, as their relative density was below 80% (Table 4.2). The hardness of the samples was
negatively influenced by porosity and the presence of softer phases, while it increased with a decrease
in the mean grain size. In this batch of materials, the highest hardness value, 24.5 GPa, was observed
for T-h, indicating that high-energy-planetary-ball-milling (HEPBM) has a comparable effect on
hardness as the addition of additives. Moreover, both samples with the addition of MoSi> (TM and
TM-h) exhibited similar hardness values due to their higher relative density and relatively small mean

grain size. The lowest hardness value, 20 GPa, was recorded for TC-h, which had the highest porosity

among the high-energy-milled samples.

Sintering aid, Max Apparent | Relative Mean
Process temp./time | density density | grain size
(vol%) (°C, min) | (g/cm?) (%) (TiB2, um)
T - 1950, 20 3.45 =76 32+14 - -
TC 5 B4C, SH 1900, 15 3.71 ~78 24+14 - -
TS 5 SisNg, SH 1900, 15 4.28 85.6* 3.1+£1.6 222+1.6 54+038
™ 5 MoSi,, SH 1900, 10 4.43 95.1* 1.8+£0.8 244+13 54+02
T-h HEPBM 1900, 10 4.60 934 1.0£0.5 245+0.6 50+£1.0
TC-h  5B4C,HEPBM 1900, 10 4.22 87.9 1.3+£0.1 19.6 +£ 0.8 4.1+0.1
TS-h 5 SisNg, HEPBM 1830, 10 4.54 92.4% 09+04 232+06 3.6+£0.2
TM-h 5 MoSi;, HEPBM 1700, 10 4.67 94.7* 08+05 244+0.7 3.5+0.1

Table 4.2 Sintering parameters, microstructural features and mechanical properties of hot-pressed TiB.
composites.

Notes: SH—24h wet-ball-milling, HEPBM— 24h wet-ball-milling and 30 min high-energy-planetary-ball-
milling, *— porosities mainly filled by silica pockets (empty porosities < 2%).
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Sample Sintering method, | Relative References

composition temp., dwell time density
(°C, min) (%) (GPa) [(MPam'?)
TiB, HP, 1800, 60 90 - 24 5.8 Park et al. [10]
TiB, MWS, 1700, 10 95.5 2.0 24 5.6 Demirskyi et al. [15]
Demirskyi and Sakka
TiB: SPS, 2000, 5 96 6-10 235 5.5
[16]
TiB; HEPBM, HP, 1900, 10 93.4 1.0 24.5 5.0 Present work
TiB; + 2.5
HP, 1800, 60 99 - 27 5.1 Park et al. [10]
Wt.% Si3N4
TiB, + 10
HP, 1800, 60 96 - 20 5.4 Park et al. [10]
wt.% Si3N4
TiB; + 3.6
HP, 1900, 15 85.6* 3.1 22.2 5.4 Present work
wt.% Si3N4
TiB; + 3.6
HEPBM, HP, 1830, 15  92.4* 0.9 23.2 3.6 Present work
Wt.% Si3N4
TiB; + 6.8
HP, 1900, 10 95.1% 1.8 24.4 5.4 Present work
wt.% MoSi,
TiB; + 6.8
HEPBM, HP, 1900, 10  94.7* 0.8 24 .4 3.5 Present work
wt.% MoSi;
TiB; + 10
HP, 1700, 60 99.3 1-2 27 4.0 Ch. Murthy et al. [17]
wt.% MoSi;
TiB; + 20
HP, 1700, 60 98.7 1-2 25 5.0 Ch. Murthy et al. [17]
wt.% MoSi,
TiB; + 10 Demirskyi and Sakka
SPS, 2000, 5 >98 2-4 28.8 5.9
wt.% TaC [16]

Table 4.3 Sintering parameters, microstructural characteristics and mechanical properties of TiB, samples
sintered with different sintering methods and different amounts of additives.

Notes: HP—hot-pressing, MW S—microwave sintering, SPS—spark-plasma sintering, SH—24h wet-ball-
milling, HEPBM— 24h wet-ball-milling and 30 min high-energy-planetary-ball-milling, *— porosities
mainly filled by silica pockets (empty porosities < 2%).
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Generally, the toughness of TiB: is greater for grain sizes between 5 and 12 um [14]. A mild
porosity can also increase toughness because the pores can act as a “sink™ for cracking (both empty
porosities and silica pockets). In accordance with theory, the fracture toughness measurements shown
sensitive to the presence of defects, secondary phases, and their dispersion in the material.

The highest fracture toughness value, 5.4 MPa m'? was measured for TS and TM samples,
which were soft homogenized with Si3N4 and MoSiz, respectively. These samples exhibited large
pockets of silica embedded within the material. T-h also showed similar level of toughness, while the
HEPBM samples with aids displayed lower values, approximately 4 MPa m'? or below, despite their
high relative density.

The highest hardness and fracture toughness values obtained in this study are comparable to
the limits reported in the literature for TiB> samples with very high relative density, see Table 4.3,
achieved through various sintering techniques such as hot-pressing, spark-plasma and microwave

sintering.

4.5 Conclusions

TiB» ceramics were prepared through hot-pressing-sintering after just wet-ball-milling (soft
homogenization) or also high-energy-planetary-ball-milling (after ball-milling) using WC-Co media
for four different compositions: TiB: as received and with 5 vol% of B4C, SizN4 or MoSi> as sintering
aid. The addition of sintering aids, except for B4C which only had a slight improvement in sintering,
accelerated the densification process but also resulted in the formation of secondary phases.
Specifically, a liquid phase was formed at around 1600°C when using Si3N4 or MoSi; as aids, which
improved the densification rate but left silica pockets within the bulk material after sintering.

High-energy-planetary-ball-milling proved to be highly effective in reducing the size of the
starting powders, leading to improved densification. The presence of carbon from WC doping exerted
a cleaning action, contributing to elimination of surficial oxide phases. W remnants were incorporated
in the TiB lattice, resulting in the formation of core-shell structures, the development of which was
influenced by temperature and holding time.

Even without the addition of sintering aids, high-energy-planetary-ball-milling of TiB; alone
resulted in a relative density of 93.4% and the highest recorded Vickers hardness of 24.5. The best
material was the one added with 5 vol% MoSi» and high-energy-milled, which achieved almost
complete densification (although limited by the presence of silica pockets) at 1700°C. This material

also exhibited a Vickers hardness of 24.4 GPa, indicating its superior hardness properties.
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5. Pressure-less sintering studies on TiB:

This chapter examines the effect of sintering aids, preparation methods, and their combination
in pressure-less sintering, a more easily scalable and more common technique at an industrial level.
The best sintering conditions were identified through sintering sets at various temperatures and dwell
times, because shrinkage cannot be measured during pressure-less sintering. The amount of sintering
aid in the best compositions has been optimized, and scale-up tests were conducted at various
temperatures for the best compositions. Residual porosity, microstructure, composition, and
mechanical properties of the sintered materials were measured and compared to those obtained

through hot pressing.

5.1 Introduction

Starting from the results obtained through hot pressing sintering, analyzed in the previous
chapter, the same compositions were sintered for pressure-less sintering: a higher challenge that has
rarely been overcome in the past but necessary for the industrialization of the process as it is much
easier to scale-up compared to hot pressing or spark plasma sintering. Several sets of sintering tests
were carried out. Again, B4C, Si3N4 and MoSi» were used as sintering aids and the preparation of the
powders involved just a ball-milling step or a further high-energy-planetary-ball-milling step.

Table 5.1 summarizes all the tests carried out with the pressure-less sintering technique.
Smaller discs (Fig. 5.1 a) were sintered in a first phase of preliminary tests to evaluate the effect of
sintering additives (B4C and Si3N4) and high-energy-planetary-ball-milling in PLS. The scale up was
subsequently evaluated by comparing small and large disks (Fig. 5.1 b) sintered under the same

sintering conditions.

Format A FormatB
oo ¢ 0 ) (Y
) TP
10 mm, : 35 mm :
e >

Fig. 5.1 Sintered shape and dimensions of the two formats to test scale-up in pressure-less sintering.
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Sintering | Process | Format . | Dwell | Apparent Relative

aid Time density density
(vol%) (min) (g/cm?) (%)
T 2000°C x 60’ - - A 2000 60 3.50 =77
T 2000°C x 120° - - A 2000 120 3.87 ~ 86
T 2100°C x 60’ - - A 2100 60 3.84 ~ 85
T 2100°C x 120° - - A 2100 120 3.74 ~ 83
T-h 2000°C x 60’ - HEPBM A 2000 60 4.40 99.9
T-h 2000°C x 120’ - HEPBM A 2000 120 4.47 98.8
T-h 2100°C x 60’ - HEPBM A 2100 60 4.38 =93
T-h 2100°C x 120° - HEPBM A 2100 120 4.44 ~94
TCS 2000°C x 60’ B.C, 5 SH A 2000 60 3.91 ~ 88
TCS 2000°C x 120° B4C, 5 SH A 2000 120 3.96 ~90
TCS5 2100°C x 60° B.C, 5 SH A 2100 60 4.18 ~ 95
TCS 2100°C x 120° B.C, 5 SH A 2100 120 4.15 ~94
TS5 2000°C x 60° SizNa, 5 SH A 2000 60 4.07 ~91
TSS 2000°C x 120° Si3Ny, 5 SH A 2000 120 4.31 ~97
TSS 2100°C x 60’ Si3Ny, 5 SH A 2100 60 4.03 ~91
TS52100°C x 120° SizNa, 5 SH A 2100 120 3.93 ~ 88
T-h 2-2000°C - HEPBM A 2000 60 4.54 98.0+0.2
T-h 2-2030°C - HEPBM A 2030 60 4.61 98.0+0.3
T-h 2-B-2030°C - HEPBM B 2030 60 4.42 98.6 0.3
T-h 2-2050°C - HEPBM A 2050 60 4.69 97.7+0.5
T-h 2-2100°C - HEPBM A 2100 60 4.54 99.2+0.2
T-h 2-B-2100°C - HEPBM B 2100 60 4.64 99.0 £ 0.1
TMS5 1900°C x 60’ MoSiy, 5 SH A 1900 60 4.21 85.4+0.5
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TMS 2000°C x 60’ MoSis, 5 SH A 2000 60 4.39 93.4+0.8

TMS 2100°C x 60’ MoSiy, 5 SH B 2100 60 4.08 96.6 0.2

TM1 2000°C x 60’ MoSiy, 1 SH A 2000 60 - =65

TM3 2000°C x 60’ MoSi», 3 SH A 2000 60 3.88 88 +£2
TCS-h 1900°C x 60’ B«C,5 HEPBM A 1900 60 4.34 95.8 0.1
TCS-h 2000°C x 60’ B«C,5 HEPBM A 2000 60 4.55 95.0+0.4
TS5-h 1900°C x 60°  SisN4, 5 HEPBM A 1900 60 4.34 92.5+0.1
TS5-h 2000°Cx 60°  SisNg, 5 HEPBM A 2000 60 4.59 98.7+0.3
TMS5-h 1900°C x 60°  MoSi, 5 HEPBM A 1900 60 4.77 96.9+0.2
TMS5-h 2000°C x 60° MoSi,, 5 HEPBM A 2000 60 4.80 98.1 £0.1
TM1-h 2050°C x 60° MoSi,, 1 HEPBM A 2050 60 4.70 98.6 0.1

Table 5.1 Summary of sintering parameters, composition, preparation method and sintered densities of all
pressure-less sintered samples.

Notes: SH—24h wet-ball-milling, HEPBM — 24h wet-ball-milling and 30 min high-energy-planetary-
ball-milling, Format A—35 mm height and 10 mm diameter when sintered, Format B—10 mm height and 35
mm diameter when sintered.

5.2 First set of tests: identification of optimal sintering conditions

Since in the PLS it is not possible to evaluate the progress of sample shrinkage as done in the
HP, preliminary sintering cycles on the T, T-h, TC and TS compositions were carried out to identify
the optimal conditions, starting from two sintering temperatures (2000 and 2100°C) and two dwell
times at the sintering temperature (60 and 120 minutes). These conditions were chosen considering
the results in the literature which use temperatures approximately 200°C higher than HP and dwell
times of a few hours [1-3].

From the first pressure-less sintering tests on high-energy-milled TiB> (T-h), one of the best
compositions in the HP tests, an exaggerated grain growth was observed for the samples at 2100°C
(Fig. 5.2) possibly due to the excessive sintering temperature, the samples were even more porous
than samples sintered at 2000°C in PLS, possibly due to de-sintering, common in samples sintered at
high temperatures with closed porosities, which contain gases at high pressure.

The samples sintered at 2000°C, on the other hand, presented an almost complete bulk

densification and a finer microstructure (Fig. 5.2).
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Sintering | Process | Format | Temp. | Dwell | Apparent | Relative

aid Time density density
(vol%) (°0C) (min) (g/cm?) (%)
T 2000°C x 60’ - - A 2000 60 3.50 ~77
T 2000°C x 120’ - - A 2000 120 3.87 ~ 86
T 2100°C x 60° - - A 2100 60 3.84 ~ 85
T 2100°C x 120° - - A 2100 120 3.74 ~ 83
T-h 2000°C x 60’ - HEPBM A 2000 60 4.40 99.9
T-h 2000°C x 120° - HEPBM A 2000 120 4.47 98.8
T-h 2100°C x 60’ - HEPBM A 2100 60 4.38 ~93
T-h 2100°C x 120’ - HEPBM A 2100 120 4.44 ~ 94
TC5 2000°C x 60’ B4C, 5 SH A 2000 60 3.91 ~ 88
TCS 2000°C x 120° B.C, 5 SH A 2000 120 3.96 ~90
TC5 2100°C x 60 B.C, 5 SH A 2100 60 4.18 ~ 95
TCS 2100°C x 120° B.C, 5 SH A 2100 120 4.15 ~ 94
TS5 2000°C x 60° SizNg, 5 SH A 2000 60 4.07 ~91
TSS 2000°C x 120° SizNy, 5 SH A 2000 120 431 ~97
TSS 2100°C x 60° Si3Ng, 5 SH A 2100 60 4.03 ~91
TS5 2100°C x 120° SizNg, 5 SH A 2100 120 3.93 ~ 88

Table 5.2 Sintering parameters, composition, preparation method and sintered densities of the first set of
pressure-less sintered samples.

Notes: SH—24h wet-ball-milling, HEPBM — 24h wet-ball-milling and 30 min high-energy-planetary-
ball-milling, Format A—5 mm height and 10 mm diameter when sintered.
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Fig. 5.2 SEM micrographs of the polished cross sections of HEPBM TiB, samples pressure-less sintered at
2000 and 2100°C for 60 minutes.

Another anomaly of these samples sintered for PLS concerned the edges of the sintered discs,
in fact these presented a very high inhomogeneity (in particular on the upper edge), which was not
found in any hot-pressed sample. In the T-h sample sintered at 2000°C for 60 minutes (Fig. 5.3) it is
possible to observe a compact upper layer composed of an atomically heavy phase, which appears

white in the backscattered electron mode and which therefore contains high amounts of W.

o ';Sum

1108 pm

#1325 um

Fig. 5.3 SEM micrographs of the polished upper (left) and lower (right) edges cross sections of HEPBM
TiB, sample sintered at 2000°C for 60 minutes.

The edges of the high-energy-planetary-ball-milled TiB> sample sintered at 2000°C for two
hours (Fig. 5.4) were even more inhomogeneous than after just one hour. In particular, the two zones
concerns 1.00 mm on the upper side and 1.35 mm on the lower side, almost half the height of the disc
which measures approximately 5 mm in total.

In this case, however, the superficial 80 pm of the upper side do not contain any W but just
oxide phase that appears dark in the SEM backscattered mode, and under it a 1 mm thick layer with

the same microstructure as that of the bulk but without WB but more porosity.
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On the lower side, on the other hand, there is a significant accumulation of W-rich phase
involving a homogeneous layer of approximately 15 um as seen on the right side of Fig. 5.4 and a

heterogeneous layer together with TiB> for another 35 pm.

11350 pm
(80 um

(345 ym

t 50 ym

Fig. 5.4 SEM micrographs of the polished upper (left) and lower (right) edges cross sections of HEPBM
TiB; sample sintered at 2000°C for 60 minutes.

1- (Ti, W)B,
2— (W, Ti)(B, C)
3— (W, Ti)(B, C)

Fig. 5.5 SEM micrographs and EDS spectrum of the polished cross sections of the lower edges of HEPBM
TiB: (T-h) sample sintered at 2000°C for 120 minutes via pressure-less sintering.
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From the EDS analyses on the lower edge of the T-h sample sintered pressure-less at 2000°C
for 120 minutes, it can be seen that there are no more pure TiB: cores present and the grey grains are
made up of mixed boride (Ti, W)B.. Furthermore, the W-rich phases of the surface layer contain both
T and C, and probably there is also B but the peak is covered by that of the noise, and the phase is
therefore a solid solution of tungsten titanium carboboride (W, Ti)(B, C), similar to that obtained with
the addition of TaC, (Ti, Ta)(C, B) observed by Demirskyi et al. [4].

Again, under the W-rich layer there is a zone with many large pores composed of large
(T1,W)B: grains and without the presence of pure TiB: cores or WB phases with a width of about 300
pum, and finally there is a 1 mm thick zone with a microstructure similar to the bulk of the material
but with very few WB phases.

While the commercial TiB> samples without additives (T) did not sinter under any of the four
sintering conditions described above (Table 5.2), the results of the samples with 5 vol% B4C (TCS)
and Si3N4 (TSS5) just soft homogenized with wet-ball-milling showed significant anomalies as for the
HEPBM TiB; samples (T-h). In particular, grain growth was even higher, reaching tens of microns
for the sample with B4C (Fig. 5.6, TC) and hundreds of microns for the sample with Si3N4 (Fig. 5.6,
TS) respectively at 2000°C for 1 hour.

.

Fig. 5.6 SEM micrographs of the polished cross sections of (T) commercial TiB, without additives, (TC5)
TiB2 + 5 vol% B4C and (TSS5) TiB: + 5 vol% SizN4 samples sintered at 2000°C for 60 minutes.

The additives therefore improved sintering but at the same time caused uncontrolled grain
growth and non-homogeneous microstructures with non-measurable mechanical properties.
Due to the anomalies found, since the kiln used is a prototype and requires regular maintenance, it
was decided to carry out an overhaul to ensure that the sintering was carried out correctly and
subsequently tests were carried out to evaluate any change. The results of the new sintering cycles

are described in the next section.
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5.3 Second set of sintering tests and scale-up
To evaluate whether there had been a change in the sintering cycle after the kiln control, high-
energy-planetary-ball-milled TiB, was sintered again at 2000°C for 60 minutes and compared with

the previous sample sintered under the same conditions.

T-h 1-2000°C

75 pm

Fig. 5.7 SEM micrographs of the polished cross sections of (1-2000°C) old and (2-2000°C) 1I sintering
cycle with HEPBM TiB; at 2000°C for 60 minutes. On the right, the polished cross section of the upper edge
in the new sintering cycle.

From the comparison between the images of the cross sections of the samples (Fig. 5.7) it can
be seen how the sample from the II cycle (2-2000°C) has a finer microstructure and a greater porosity,
indicative of a less extreme condition. To confirm this, the upper edge showed a lack of homogeneity
in an area with a width of approximately 75 um (compared to 325 um in the old cycle).

Moreover, in this case a surface layer composed of W-rich phase was identified. Finally, there
is a porous core-shell layer with microstructure and composition similar to the bulk but without WB

phases. The lower edge did not present microstructural inhomogeneity.

Apparent | Relative
density density

(g/em’) (%) (um)

T-h 2000°C x 60’ 2000 60 4.68 999+ 0.1 33+£23 23.3+0.8
T-h 2-2000°C 2000 60 4.54 98.0+0.2 1.5+0.8 24+ 4
T-h 2-2030°C 2030 60 4.61 98.0+0.3 1.6 +0.8 222+14
T-h 2-2050°C 2050 60 4.69 97.7+0.5 1.6+0.8 19.8 1.7
T-h 2-2100°C 2100 60 4.54 99.24+0.2 1.7+0.9 22.5+0.8

Table 5.3 Sintering parameters and microstructural features of pressure-less sintered HEPBM TiB,.
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To evaluate the impact of temperature and aim for a higher bulk density, experiments were
conducted at different ascending temperatures (as shown in Table 5.3). Additionally, two of the
smaller disks (at 2030 and 2100°C) were tested together with a larger disk (format B) to investigate
the effects of scaling up on the microstructure.

From the cross sections of Fig. 5.8 it was observed that by increasing the sintering temperature
the microstructure did not change significantly, increasing from an average grain size of 1.5 + 0.8 pm
at 2000°C to 1.7 £ 0.9 um at 2100°C, at same time porosities increase in size and decrease in number
with the temperature.

Despite an increase of 100°C for the last sample, the final microstructure still has grain sizes
slightly larger than those of the sample sintered at 2000°C and almost half of the sample from the old
sintering cycle (1.7 = 0.9 versus 3.3 + 2.3 um), indicating that in the old cycle the temperature was
underestimated and what was observed in the preliminary tests corresponded to a higher temperature,
at least more than 100°C.

Despite the high densities and fine microstructures, the samples sintered with the new cycle
displayed a lower Vickers hardness than that measured for the bulk of the sample sintered at 2000°C
for 1 hour in the old cycle (Table 5.3). Furthermore, due to the residual stresses within the material
following sintering, it was not easy to obtain good indentations, and this is reflected in the very high

standard deviations. The discussion on mechanical properties is explored in depth in chapter 7.

T-h 2100°C

Fig. 5.8 SEM micrographs of the polished cross sections of HEPBM TiB; (T-h) sintered with the new cycle
at different temperatures for 60 minutes.

5.3.1 III set of sintering tests: Scale up tests
To evaluate the effects of a scale-up on the microstructure and properties of TiB2, two samples
with the two sintering disks formats (A and B, Fig. 5.1) were pressure-less sintered together in two

different sintering conditions (2030 and 2100°C for 60 minutes) and compared (Table 5.4).
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Label Format . | Dwell | Apparent Relative MGS

time density Density
(min) (g/cm?) (%) (um)
T-h 2-2030°C A 2030 60 4.61 98.0+0.3 1.6+£0.8 222+14
T-h 2-B-2030°C B 2030 60 4.42 98.6+0.3 1.5+0.8 226+1.3
T-h 2-2100°C A 2100 60 4.54 99.2+0.2 1.7+£0.9 22.6+1.0
T-h 2-B-2100°C B 2100 60 4.64 99.0+0.1 1.7+0.9 23.0+0.9

Table 5.4 Sintering parameters and microstructural features of pressureless sintered HEPBM TiB, with A
and B format and different temperatures.
Notes: Format A—5 mm height and 10 mm diameter when sintered, Format B—I10 mm height and 35 mm
diameter when sintered.

From the comparison of the microstructure (Fig. 5.9) and relative density between the samples
with format A and B, no significant differences emerged at either of the two testing temperatures
(2030 and 2100°C) despite the variation in dimensions resulting in an increase in volume equal to

2350%. Vickers hardness also does not change for larger sample sizes.

T-h A-2030°C [ ! T-h B-2030°C

2 Woiush o
" Scale-up
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Fig. 5.9 SEM micrographs of the polished cross sections of HEPBM TiB, (T-h) sintered with the two
pressure-less sintering disks formats (A and B) at 2030 and 2100°C.

Starting from these results it has been possible to consider the results obtained for the discs
sintered with format A also valid for format B and once the best sintering conditions and the best
compositions had been identified, prepare and sinter sufficient material to obtain specimens with the

right dimensions for the mechanical tests.
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5.4 IV set of tests: sintering behaviour of TiB: with MoSi; in PLS

Molybdenum disilicide was found to be the best sintering additive among those tested in hot-
pressing sintering (B4C, Si3N4, MoSi»), it was therefore also tested in PLS (Table 5.5). Samples of
TiB> with 5 vol% of MoSi, soft homogenized were sintered for 1 hour at 2100, 2000 and also at

1900°C since it showed a sintering curve that started at a lower temperature in the HP (=1700°C).

Method, Apparent Relative
Format density density
(g/cm?) (%)

TMS5 HP-1900°C HP, B 1900 10 4.43 95.1+£0.6 2.0+£1.0 244+13
TMS 1900°C x 60°  PLS, A 1900 60 4.21 854+0.5 1.7+09 13.5+23
TMS 2000°C x 60°  PLS, A 2000 60 4.39 93.4+£0.8 19+09 214+0.8
TMS 2100°C x 60’ PLS,B 2100 60 4.08 96.6+0.2 3.0+1.5 20.6+14

Table 5.5 Sintering parameters and microstructural features of HP and pressure-less sintered TiB, with 5
vol% MoSi> at 1900 and 2000°C.

Notes: HP—hot-pressing, PLS—pressure-less sintering, Format A—5 mm height and 10 mm diameter
when sintered, Format B—10 mm height and 35 mm diameter when sintered.

Although already at 1900°C the TiB» pressure-less sintered sample with 5 vol% MoSi
showed densification in the last stage (Fig. 5.10) where closed porosities were found, it had a relative
density of 93.4 %, lower than the HP sintered sample at the same temperature which reached the 95.1
%. The sample sintered at 2000°C (TMS5 PLS-2000°C) had a slightly lower relative density (93.4 %)
while the one sintered at 2100°C (TM5 PLS-2100°C) had a higher relative density, reaching 96.6 %,
with only 3.4 £ 0.2 % of porosity measured by image analysis (Fig. 5.10).

| S

Fig. 5.10 SEM micrographs of the polished cross sections of TiB, + 5 vol.% MoSi, (TM5) sintered via hot
pressing at 1900°C for 10 minutes and via pressure-less sintering at 1900, 2000 and 2100°C for 60 minutes.
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After pressure-less sintering, all the sintered samples had a core-shell structure as in the case
of the sample sintered by hot pressing, therefore they displayed pure TiB» cores (dark grey)
surrounded by a rim of mixed boride (Ti, Mo)B: (light grey). While in the hot-pressed sample the
white phases were made of MoSi», in the PLS samples MoSi, completely reacted with TiB; and B203
forming MoB (Fig. 5.11).

All PLS-TMS samples had also empty porosities unlike HP-TMS5 where only trapped silica
pockets could be found, moreover the amount of residual silica present in the PLS samples pores
samples seemed to decrease as the process temperature increased. It is assumed that the SiO> in the
PLS left the bulk of the sample due to the longer times at high temperature and the absence of an

applied pressure.
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Fig. 5.11 SEM micrographs of the polished cross sections of TiB; + 5 vol.% MoSi, (TM5) sintered via hot
pressing (left column) and via pressure-less sintering (right column) and EDS spectrum of polished sections.

Although TM5 PLS-2100°C sample had the lower residual porosity measured by image
analysis, the apparent density measured with the Archimedes’ method was the lowest of the four
samples examined (Table 5.5). Nonetheless, the edges of the sample did not present inhomogeneities.

Worthy of note is the fact that the Vickers hardness of all pressure-less sintered samples was
lower than the hot-pressed sample (24.4 £ 1.3 GPa) due higher porosity and larger mean grain size.

In their work, Raju et al. [5] identified 2.5 wt% as the optimal amount of MoSi; in TiB:
(1700°C, HP), achieving a relative density of 99% and a flexural strength of 391 MPa. In this regard,
two other TiB-based compositions (TM1 and TM3) were prepared and tested, the results are

presented and discussed in the next section.
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5.4.1 V set of sintering tests: Optimization of the amount of MoSi: as sintering aid

To evaluate the best MoSi» content to obtain high density and mechanical properties, three
mixtures were evaluated: respectively with 1, 3 and 5 vol.% of MoSi», soft homogenized (TM1, TM3
and TM5). Lower contents were evaluated compared to the one initially prepared to try to have the
promotion of sintering by the MoSi» with a lower production of SiO> during the sintering which would

otherwise remain trapped between the grains. Furthermore, a smaller quantity of additive corresponds

to a lower cost and a lower final density, therefore a more interesting material on a commercial level.

The three mixtures were tested in PLS at 2000°C for 60 minutes (Table 5.6).

MoSi; . | Dwell | Theoretical | Apparent | Relative

content time density density density

(vol.%) ' (min) (g/cm?) (g/cm?) (%)
TM1 2000°C x 60’ 1 2000 60 4.54 - =65 -
TM3 2000°C x 60° 3 2000 60 4.57 3.88 88+2 -
TMS 2000°C x 60° 5 2000 60 4.61 4.39 93.4+0.8 21.4+0.8

Table 5.6 Sintering parameters and microstructural features of pressure-less sintered TiB, with 1, 3 and 5
vol% MoSis at 2000°C for 60 minutes.

From the polished cross section of TM1 (Fig. 5.12) it can be seen that the densification after
one hour is still in the initial stage, where the necks between the particles have formed but the relative
density is less than 70%. A better result was obtained for TM3 which reached 88% relative density,
however lower than the sample with 5% MoSiz, which is therefore the minimum quantity to have
good densification (>90%) at 2000°C. It was not possible to calculate the hardness of samples TM 1

and TM3 due to their high porosity.

¢ “ ‘

i Dt porosmes

Fig. 5.12 SEM micrographs of the polished cross sections of TiB, + 1, 3 and 5 vol.% MoSi; (respectively
TM1, TM3 and TM5) sintered via pressure-less sintering at 2000°C for 60 minutes.
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5.5 VI set of sintering tests: Additives and HEPBM combination in PLS

As in the HP tests, the synergy between sintering aids and high-energy-planetary-ball-milling
was also evaluated via pressure-less sintering. The additives tested were again B4C, Si3N4 and MoSi»
at 5 vol.% (Table 5.7). The sintering conditions chosen were 1900 and 2000°C for 60 minutes: it was

decided to test lower temperatures again because the densification of also these mixtures began at a

lower temperature in HP compared to the others.

Process Apparent Relative \% (EN)

density density

(g/em’) (%) (um)
T-h 2-2000°C x 60° HEPBM 2000 60 4.54 98.0+£0.2 15+0.38 24+4
TC5-h 1900°C x 60° HEPBM 1900 60 4.34 95.8+0.1 1.2+0.6 14.8+1.8
TC5-h 2000°C x 60°  HEPBM 2000 60 4.55 95.0+£04 1.2+0.6 19.0+1.3
TS5-h 1900°C x 60° HEPBM 1900 60 4.34 92.5+0.1 1.1+0.5 154+0.9
TS5-h 2000°C x 60°  HEPBM 2000 60 4.59 98.7+£03 1.2+0.6 20.7+0.9
TMS5-h 1900°C x 60° HEPBM 1900 60 4.77 96.9+02 1.2+0.6 248 +1.7
TMS5-h 2000°C x 60° HEPBM 2000 60 4.80 98.1+0.1 1.2+0.6 26.8+2.7

Table 5.7 Sintering parameters, microstructural features, and Vickers hardness of HEPBM TiB, with 5
vol% B4C, SizN4 or MoSi; pressure-less sintered at 1900 and 2000°C for 60 minutes.
Notes: HEPBM — 24h wet-ball-milling and 30 min high-energy-planetary-ball-milling.

For all the samples sintered at 2000°C, the apparent density and relative density were higher,
with the exception of the sample with B4C as sintering aid (TC-h), in which the relative density was
higher at 1900°C.

While the grain size and microstructure of all samples was similar (Fig. 5.13), also the Vickers
hardness appeared to be greater for the samples sintered at 2000°C. In particular, in the samples doped
with MoSiz, the hardness changed less significantly from 1900 to 2000°C and was higher than that of

all the other samples examined.
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Fig. 5.13 SEM micrographs of the polished cross sections of HEPBM TiB, with 5 vol% B4C, SizN4 or

MoSi, pressure-less sintered at 1900 and 2000°C for 60 minutes.
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Fig. 5.14 Figure 5. X-ray diffraction patterns for the hot-pressed (line below) and pressure-less sintered
(line above) sample of HEPBM TiB; without additives (a), with 5 vol.% of B4C (b), 5 vol.% of SizNs4 (c) and
5 vol.% of MoSi» (d).

PLS (Fig. 5.14) it is possible to notice some differences.

From the comparison of the XRD patterns of the HEPBM compositions sintered in HP and
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T-h. In the just HEPBM TiB; sample the W>CoB: peak disappears, this is because due to the
lack of applied external pressure and long times at high temperature the Co partly came out of the
sample and was found on the graphitic surface under the sample. The peaks relating to WB
consequently increase in intensity.

TC5-h. After PLS sintering, unreacted B4C phases are no longer seen in SEM images, XRD
spectra indicate the presence of new phases, in particular WB, not present after HP sintering (possibly
because boron carbide reacted with B2Oj3 instead of tungsten carbide). From the reaction of unreacted
carbides with TiB> during PLS TiC is formed, confirmed by the peaks at 36.5 and 42°.

TS5-h. The XRD patterns of the PLS-sintered TS5-h also present more intense WB peaks than
the HP sample. There are also peaks of crystalline SiO2 and TiN, possibly resulting from the reaction
between TiO; and Si3N4, BN or No».

TM5-h. In contrast to the other HEPBM samples, in the TM5-h sample sintered in PLS the
disappearance of some peaks of the HP sample is observed, MoB and TiC in fact disappear while the
peaks relating to the WB seem just to decrease in intensity.

Given the better densities and mechanical properties of the samples doped with MoSi», it was
decided to focus the research on this composition and prepare and sinter larger disks to produce

samples for mechanical tests.

5.5.1 VII set of sintering tests: Optimization of MoSi2 amount in TM-h samples
As in the case of the samples with MoSi; just soft homogenized, it was decided to test a lower

MoSi; content also in the high-energy-milled composition. A mixture of TiB2 + 1 vol.% MoSiz was

mixed, high-energy-milled and pressure-less sintered at 2050°C for 60 minutes (Table 5.8).

MoSi,, . Apparent | Relative MGS
Process density density
(vol%) (g/cm?) (%) (wm)
4.69 97.7 + 19.8 1.7
T-h 2-2050°C x 60° 0, HEPBM 2050 60 05 1.6+0.8
98.6 £
TM1-h 2050°Cx 60° 1, HEPBM 2050 60 4.70 X 14+0.7 21+£2
98.1 +
TMS-h 2000°C x 60° 5, HEPBM 2000 60 4.80 X 1.2+0.6 26.8+2.7

Table 5.8 Sintering parameters, microstructural features, and Vickers hardness of HEPBM TiB, with 0, 1
and 5 vol% MoSi, pressure-less sintered.
Notes: HEPBM — 24h wet-ball-milling and 30 min high-energy-planetary-ball-milling.
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From the comparison of the TM1-h sample with the sample without MoSi> (T-h) sintered
under the same conditions it is possible to note the presence of a synergistic effect between the high-
energy-planetary-ball-milling and the presence of the additive: TM1-h reached a higher relative
density (98.6 %) with the same fine and homogeneous microstructure (Fig. 5.15).

The relative density achieved was even higher than that achieved with the addition of 5 vol.%
of MoSi> (TM5-h) sintered at 2000°C, however this difference was small and attributable to the
difference in sintering temperature.

An increase in Vickers hardness was noted with increasing MoSi> content in the HEPBM
TiB», with a maximum value of 26.8 GPa for TM5-h. MoSi, was therefore the best additive among
those studied and shows a synergistic effect with high-energy-planetary-ball-milling the higher the

silicide content.

Fig. 5.15 SEM micrographs of the polished cross sections of HEPBM TiB, with 0 (T-h), 1 (TM1-h) and 5
vol% (TM5-h) MoSi, pressure-less sintered.

5.6 Conclusions

As for hot pressing sintering, various compositions were tested in pressure-less sintering: in
particular the additives B4C, SisNs and MoSiz, the high-energy-planetary-ball-milling and their
combination.

Preliminary tests on the effect of sintering aids revealed uncontrolled grain growth in all cases
except that of MoSiz. For this reason, different MoSi> contents were evaluated but after 60 minutes
at 2000°C only the sample with 5 vol.% MoSi> (TM5) had a relative density greater than 90%.

Higher densities and finer microstructures were achieved through high-energy-planetary-ball-
milling, both in the absence and presence of sintering aids. However, despite the relative densities
above 90%, the Vickers hardness for the samples added with B4C and Si3N4 showed lower values

than the sample without additives (T-h) with a detrimental effect on the mechanical properties.
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In the case of MoSi» addition, a synergistic effect is observed between the additive and the
HEPBM which results in a better densification and a finer microstructure, furthermore the effect
increases as the MoSi, increases. The Vickers hardness also follows the same trend, reaching the
maximum value for the sample with 5 vol% of MoSi; (TM5-h).

Dwell times and temperatures of pressure-less sintering were evaluated, following an overhaul
of the kiln, for the different compositions, obtaining higher density values for higher temperatures,
up to 2100°C and better microstructures for dwell times of 60 minutes.

The effects of the scale-up of the sample dimensions were evaluated by sintering the just
HEPBM TiB; at 2030 and 2100°C, and using a size compatible with the industrial standard as the
final size; the density and microstructures obtained for the larger sized samples did not report
significant variations, as well as Vickers hardness.

The best results in pressure-less sintering were obtained for HEPBM TiB: (T-h) sintered at
2100°C for 60 minutes and TiB2 + 5vol% MoSi> high-energy-planetary-ball-milled (TM5-h) sintered
at 2000°C for 60 minutes. Building on these results, other samples of these two compositions were
sintered in PLS with the B format from which specimens were obtained for the mechanical, thermal,
and electrical tests, which are described in detail in the chapter 7.

Before characterizing the thermomechanical properties of the PLS samples, the effects of
high-energy-planetary-ball-milling were studied to optimize this process, evaluate its reproducibility,

and better understand its effect on TiB; sintering. This study is discussed in the next chapter.
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6. Studies on high-energy-planetary-ball-milling with WC-Co

In this chapter, the effect of high-energy-planetary-ball-milling (HEPBM) with WC-Co media
on the densification of TiB: is explored extensively. To do this, milling cycles of different durations
were tested, and the resulting powders were characterized using XRD patterns, grain size analysis,
SEM microscopy, and mass measurements. The powders were then pressure-less sintered, and the
effects of milling time on densification, microstructure, and mechanical properties were evaluated.
The reproducibility of the HEPBM process was evaluated by repeating the same milling cycle one
year later with more worn media. Finally, the role of WC was explored by preparing a mixture of

TiB2 and WC powders (without Co) and ball-milling the mixture.

6.1 Introduction

As described in section 2.4.3, one strategy to improve the sintering of TiB: is to high-energy-
planetary-ball-mill the powders in order to reduce the size of the particles, increasing surface area.

HEPBM in this particular case presents some issues: due to the high hardness and abrasion
resistance of TiB: it is necessary to use milling media of adequate hardness and composition, in fact,
in addition to determining the milling efficiency, some debris from the grinding media remains within
the powders and affect their sintering [1]. For this reason WC-Co milling media have been used, the
contamination of which acts as promoters for sintering while grinding media based on ceramic oxides
which can increase oxygen contamination should be avoided [2-5].

The consumption of the grinding media represents the main unknown factor on the
reproducibility of the process: after each grinding cycle the mass and the dimensions of the media are

reduced, potentially resulting in a progressively lower effect and less contamination.

6.2 High-energy-planetary-ball-milling cycle time

To evaluate the effect of the high-energy-planetary-ball-milling two parameters have been
identified: the final dimensions of the particles and the mass of WC-Co debris obtained from the
grinding media. Due to the mass losses in the various milling and sieving steps, it was not easy to
have a precise estimate of the transferred WC mass, which was calculated as the average value
between the mass lost by the grinding media and the jar, and that obtained from the powders. Three
HEPBM cycles were carried out at 400 rpm with a total time of 10, 20 and 30 minutes respectively
(see Table 6.1).

Part of the content of this chapter has been published in Nanomaterials 13 (2023) as “S. Taraborelli, S. Failla, E. Sani,
D. Sciti, Sintering, Mechanical and Optical Properties of TiB2 Composites with and without High-Energy-Milling.”



The WC-Co content (vol %) was calculated using the following equation:

100
1+ MTiB,*PWC—Co
MW C—-Co*PTiB,

WC — Co content =

> [vol %] (6.1)

where mrip: is the initial mass of TiB2, mwc-co is the mass of WC-Co transferred from the
grinding media and the jar to the TiB> powder, prig2 and pwc are the theoretical densities of TiB:
(4.52 g/cm?®) and WC-Co (14.95 g/cm?)

Plot in Fig. 6.1 shows the values of mean particle diameter and mass of added WC-Co as a
function of the milling time. After 30 minutes of HEPBM there is a significant decrease of mean grain
size (from 3.80 to 2.17 um, a decrease of approximately 43%) and increase of WC-Co contamination
(~1.8 vol%). While the mass from the grinding media appears to increase linearly with time, the
particle size change progressively decreases during the HEPBM process without reaching a plateau

within the first 30 minutes.

Average Doo WC-Co Theoretical
particle size content density
(um) (um) (vol %) (g/em?)

T 0 3.80 5.8 0 0 4.52
T-h 10 10 2.84 4.7 1.49 0.4 4.56
T-h 20 20 2.52 4.1 5.12 1.3 4.65
T-h 30 30 2.17 3.6 7.45 1.8 4.71

Table 6.1 TiB, commercial powders and batches at different HEPBM times.
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Fig. 6.1 Mean particle diameter measured through sedimentation method and
WC-Co amount added after 10, 20 and 30 minutes of HEPBM.
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Furthermore, as the added WC-Co increases, the powders increase in theoretical density and
become progressively heavier (despite the additive content being 1.8 in the T-h 30 sample, the
theoretical density increases by 4.2%).

The progressive decrease of particles dimensions and the introduction of submicrometric
debris of WC-Co was confirmed by the XRD pattern (Fig. 6.2) where the peak WC increases
progressively, and the SEM micrograph (Fig. 6.3). Although the debris from the grinding media are
also composed of 6 wt% Co, from the XRD patterns only the WC peaks can be seen, possibly because

the amount of cobalt is too low to be noticed.
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Fig. 6.2 X-ray diffraction patterns of TiB, powders before and after 10, 20 and 30 minutes HEPBM.

In the SEM micrographs of the powders (Fig. 6.3), TiB: has a gray color while the carbide,
given the greater atomic mass of the tungsten, appears white. As the grinding time increases, the TiB2
grains decrease in size while the amount of submicrometric WC-Co particles increase, and they also

appear to decrease in size with time.

Fig. 6.3 Backscatter electron micrographs of TiB, powders before and after 10, 20 and 30 minutes HEPBM.

The sedimentation method (Fig. 6.4) was used to evaluate the particle size distribution for the
commercial powders and batches at different HEPBM times. It can be seen from the graph that there
is a first significant variation within the first 10 minutes, after which each HEPBM cycle reduces the
average size but acting mainly on particles with dimensions above 1.5 um, as below this value, the

curves overlap.
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The peaks observed in the distribution below 0.5 pm in Figure 6.4 and which increases
progressively with time has been attributed to the lower limit of the instrument's resolution which
prevented the distinction of particles with a diameter of 0.25 microns or less. This increase is due to

the introduction of the submicrometric debris of WC-Co milling media.
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Fig. 6.4 Cumulative Finer Mass Percent vs. Diameter (a) and Mass Frequency vs. Diameter (b) for TiB,

particles before and after 10, 20 and 30 minutes HEPBM.

The coarse fraction of the mixture was reduced, as evidenced by the change in the D90 value
of the starting TiB> from the nominal 5.8 um (the coarsest) to 3.6 um in the 30-minute planetary
milled mixture. It was found that TiB> have a significant amount of oxygen impurities. According to
previous analyses (Fig. 6.5) on B4C-TiB2 composites, SEM/TEM images of the powder mixtures after
milling revealed that TiB> particles were surrounded with continuous amorphous layer of about 5.5
+ 1 nm, containing Ti, W and O elements [5]. SEM analyses confirmed that high-energy-planetary-
ball-milling resulted in smaller particle sizes and contamination with WC/Co-Cr due to wear of WC-
Co balls. This contamination could be attributed to a mechanical alloying phenomenon [6].

Additionally, alloy nanoparticles with different chemical compositions, such as W-rich (W-
Ti-Cr-Co) and Co-rich (Co-Cr-Ti-W), were observed to be attached to TiB, due to the mechanical
alloying process during high-energy-planetary-ball-milling. These nanoparticles were formed as a

result of contamination from other metallic species, such as W, Co, and Cr [5].
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Fig. 6.5 TEM images of high-energy-planetary-ball-milled powder mixture (a) showing general overview,
(b) showing continuous amorphous layer around TiB», (c) STEM-BF image of a TiB; particle attached with
alloy particles, (d) STEM-HAADF image of a B4C particle attached with alloy particles, (e) and (f) EDS results
obtained from TiB,, B4C, amorphous layer and alloy particles (please note that EDS results given in (f) are
color coded with (¢) and (d)) [5].

6.3 Effect HEPBM time on sintering

The effect of different high-energy-planetary-ball-milling times on the densification of TiB>
was tested by sintering the powders prepared at different HEPBM times (already described in the
previous section) in PLS at 2100°C for 60 minutes (Table 6.2).

Although the 10-minute HEPBM sample (T-h 10) already presented a good relative density
(96.7 £ 0.6 %) and a fine microstructure (Fig. 6.6), as the milling time increased there was an increase
in the relative density (which reaches a maximum of 99.2 + 0.2 % for the T-h 30 sample) and a
progressive decrease in mean grain size up to 1.7 pm.

Moreover, while the T-h 10 sample exhibited good densification, it proved challenging to
determine the Vickers hardness (9.8 N load) due to residual stresses present within the material. These
residual stresses hindered the creation of distinct, measurable indentations, resulting in the formation

of cracks or chipped edges.
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Label T-h 10 T-h 20 T-h 30

HEPBM time (min) 10 20 30

WC-Co added (vol%) 0.4 1.3 1.8

Temperature (°C) 2100 2100 2100

Theoretical density (g/cm®) 4.56 4.65 4.71
Apparent density (g/cm?) 4.39 4.26 4.54
Relative density (%) 96.7 £ 0.6 98.1 £0.7 99.2+0.2
Mean grain size (um) 3.1+1.9 1.9+1.1 1.7+ 0.9

222+1.2 229+1.0

Vickers hardness (GPa)

Table 6.2 TiB, high-energy-planetary-ball-milled at different times

pressure-less sintered at 2100°C for 60 minutes.

The samples high-energy-planetary-ball-milled for 20 and 30 minutes instead gave values
comparable with those previously obtained for the T-h and not significantly different from each other,
showing how 20 minutes can be enough to have an improvement in the sintering with a lower

theoretical density, therefore a lighter material and a lower consumption of milling media.

Fig. 6.6 SEM micrographs of the polished cross sections of high-energy-planetary-ball-milled TiB, for 10
(T-h 10), 20 (T-h 20) and 30 minutes (T-h 30) sintered at 2100°C for 60 minutes.

6.4 Reproducibility of HEPBM

To evaluate the reproducibility between the high-energy-planetary-ball-milling processes, two
HEPBM experiments (Table 6.3, T-h and T-h 30) were carried out under the same conditions one
year apart with same grinding media, just more consumed (therefore with lower mass and smaller

dimensions).
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Milling media | Average WC-Co WC-Co Theoretical

mass particle size added content density
(2 (pm) (2 (vol %) (g/em’)
T 0 3.80 0 0 4.52
T-h 30 445.70 2.03 7.78 1.9 4.72
413.76 2.17 7.45
T-h 30 30 (-7.2%) (+6.9%) (-4.2%) 1.8 4.71

Table 6.3 comparison between TiB, commercial powders and batches with same HEPBM times but
different grinding media conditions.

In the second experiment (T-h 30), the lower mass (7.2% less) and smaller dimensions of
grinding media resulted in less contamination (4.2% less) and a larger final particle size (6.9%
bigger). However, the distributions of the two final powders were very similar (Fig. 6.7), with the
D90 value rising from 3.3 pm in T-h to 3.6 um in T-h 30. Their appearance from the SEM
micrographs also do not present major differences (Fig. 6.8). Again, greatest difference was found

for particles larger than 1.5 pm while below this value the curves overlap.
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Fig. 6.7 Cumulative Finer Mass Percent vs. Diameter (a) and Mass Frequency vs. Diameter (b) for TiB»
commercial powders and batches with same HEPBM times but different grinding media conditions.

The reproducibility of the high-energy-planetary-ball-milling is, therefore, directly influenced
by the mass of the milling media used, although this issue can be fixed by using the same mass of
grinding media, the influence of the media size which decreases after each cycle remains unknown.

Despite the dependence on the quantity and size of the grinding media, the process shows
good reproducibility, with results proportional to the decrease in the mass of the milling media. It is
therefore possible to consider non-significant variations in the starting powders between batches

prepared at different times.
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Fig. 6.8 Backscatter electron micrographs of TiB, powders with same HEPBM times but different
grinding media conditions.

6.5 Effect of just WC content on sintering

In order to examine the impact of high-energy-planetary-ball-milling and the specific

contribution of tungsten carbide in the sintering process of TiB», were prepared two mixtures

containing 2 and 5 vol% of submicrom

in Table 6.4).

Sample Average WC
particle size | added
(um) (vol%)
T-h 10 2.84 0.4
T-h 20 2.52 1.3
T-h 30 2.17 1.8

TW2 291 2.0

etric WC (with no Co inclusion) just wet-ball-milled (as shown

Theoretical Apparent Relative
density density density
(g/cm?®) (g/cm?®) (%)
2100 4.56 4.39 96.7+0.6
2100 4.65 4.26 98.1 £0.7
2100 4.71 4.54 99.2 £0.2
2100 4.74 3.86 =75

~

Table 6.4 comparison between TiB; with different HEPBM times and soft homogenized WC content.

The first mixture, with 2 vol%

of WC (TW2) was prepared to have a direct comparison with

T-h 30 which has a content equal to 1.8 vol%, while the mixture with 5 vol% of WC (TW5) was

tested to compare this additive with the previous soft homogenized ones.

From the plots in Fig. 6.9 it can

presents a grain size distribution very

be seen how the TW2 sample after 24 hours of wet ball milling
similar to that of the TiB2 sample high-energy-planetary-ball-

milled for 10 minutes (T-h 10), with a mean grain size equal to 2.91 um versus 2.84 um of the sample

T-h 10.
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Sample TWS5, on the other hand, has a grain size distribution that has an intermediate trend
between T-h 10 and T-h20 with an average particle diameter even lower than both and equal to 2.45
um. Moreover, samples TW2 and TWS5 have D90 of 4.6 and 4.1 um respectively, similar to those of
T-h10 and T-h20 which are 4.7 and 4.1 pm respectively.

This may be due to the fact that the instrument reports the particle size without distinguishing
between TiB, and WC, and as the concentration of submicrometric WC particles increases, the

average powder size decreases.
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Fig. 6.9 Cumulative Finer Mass Percent vs. Diameter (a) and Mass Frequency vs. Diameter (b) for TiB»
commercial powders and batches with different HEPBM times and soft homogenized WC content.

TW2 and TWS5 were sintered in PLS at 2100°C, however after 60 min both samples showed
poor densification (Fig. 6.10), still in the first stage (= 75% relative density). Despite the higher WC

content compared to all high-energy-planetary-ball-milled samples there was no improvement in

sintering indicating that WC alone is not sufficient to promote a complete TiB> densification.
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Fig. 6.10 SEM micrographs of the polished cross sections of TiB» high-energy-planetary-ball-milled 10
minutes (T-h 10) and soft homogenized with 2 (TW2) and 5 vol% (TWS5) sintered at 2100°C for 60 minutes.
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From a close-up of the TW2 and TWS5 microstructure (Fig 6.11) it can be seen that the usual
core-shell structure was partly formed, although to a much lower extent than in the HEPBM samples
sintered in PLS. Furthermore, the necks that formed between the particles are mainly composed of
solid solution (Ti, W)B., this solid solution in fact seems to be characterized by a higher self-diffusion

rate than TiB,.

Fig. 6.11 Close-up of SEM micrographs of the polished cross sections of TiB, soft homogenized with 2
(TW2) and 5 vol% (TWS5) sintered at 2100°C for 60 minutes.

It is possible to state that in addition to adding WC and increasing the available surface area
by decreasing the average particle size, high-energy-planetary-ball-milling has other fundamental
effects for promoting the densification of TiB:> such as the addition of cobalt and chromium which
contribute to the formation of a liquid phase at high temperature, which through dissolution and
reprecipitation processes (Fig. 6.12) of TiB; and the other phases present (e.g. WC) leads to a more

effective densification and the formation of the solid solution of mixed boride [7].
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Fig. 6.12 Formation scheme of the core-shell microstructure [8].
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6.6 Conclusions

The effects of different high-energy-planetary-ball-milling cycles on TiB> powders and their
densification were investigated, while the introduction of WC-Co increased linearly with time, the
average particle size decreased significantly within the first 10 minutes after which the rate of size
reduction slowed down progressively.

After 30 minutes of HEPBM, TiB; showed an average particle diameter that was 43% smaller
and a D90 of 3.6 compared to 5.8 um of the starting powder. HEPBM mainly affected particles larger
than 1.5 um, while the added submicrometric WC-Co particles were smaller than 0.5 pm.

All HEPBM samples sintered at 2100°C for 60 minutes showed high relative densities (>
95%), however the sample high-energy-planetary-ball-milled for 10 minutes (T-h 10) showed the
presence of residual stresses after sintering resulting in crack formation and edge chipping during the
measurement of Vickers hardness (9.8 N load).

T-h 20 and T-h 30 showed very similar densification, microstructures and Vickers hardness,
indicating that 20 minutes may be sufficient to obtain good results with lower consumption of WC-
Co milling media.

The reproducibility of the HEPBM cycles was tested by repeating the same cycle one year
later with the same but more consumed milling media, whose mass had decreased by 7%. Despite the
smaller quantities and dimensions, the second batch of HEPBM powder displayed 7% larger
dimensions and a 4% lower quantity of WC-Co, indicating a non-significant variation potentially
resolvable with a replenishment of the lost mass.

Finally, the effect of HEPBM was investigated through the preparation of TiB> compositions
with soft homogenized WC as sintering aid. Samples with 2 and 5 vol% WC (TW2 and TWS5) showed
a similar particle size distribution to samples T-h 10 and T-20, however after 60 minutes of PLS at
2100°C they did not fully densify (reaching about 75% of relative density).

The absence of densification and the lower quantity of solid solution following sintering
indicated the presence of other effects due to HEPBM in addition to the introduction of
submicrometric WC particles and the reduction of grain size, in particular it was hypothesized that
densification could be also attributed to the presence of Co and Cr that lead to the production of a
liquid phase which improves densification through dissolution/reprecipitation mechanisms which

also give origin to the solid solution of mixed boride (Ti, W)B,.

136



6.7 References

[1] H. Ghayour, M. Abdellahi, M. Bahmanpour, Optimization of the high energy ball-milling:
Modeling and  parametric  study, @ Powder  Technology. 291 (2016)  7-13.
https://doi.org/10.1016/j.powtec.2015.12.004.

[2]  D. Agaogullar;, H. Gokce, I. Duman, M.L. Ovecoglu, Influences of metallic Co and
mechanical alloying on the microstructural and mechanical properties of TiB2 ceramics prepared via
pressureless sintering, Journal of the European Ceramic Society. 32 (2012) 1949-1956.
https://doi.org/10.1016/].jeurceramsoc.2011.10.033.

[3] S. Failla, C. Melandri, L. Zoli, G. Zucca, D. Sciti, Hard and easy sinterable B4C-TiB2-based
composites doped with WC, Journal of the European Ceramic Society. 38 (2018) 3089-3095.
https://doi.org/10.1016/j.jeurceramsoc.2018.02.041.

[4] M. Yao, Y. Wang, L. Chen, J. Ouyang, H. Li, H. Gu, Y. Zhou, Mechanical properties and
microstructural evolution of pressureless sintered ceramics obtained from high-energy ball-milled
TiB2-TiC powders, Materials Science and Engineering: A. 819 (2021) 141510.
https://doi.org/10.1016/j.msea.2021.141510.

[5] D. Sciti, S. Failla, S. Turan, U. Savaci, P. Galizia, Properties and ballistic tests of strong B4C-
TiB2 composites densified by gas pressure sintering, Journal of the European Ceramic Society. 43
(2023) 1334—-1342. https://doi.org/10.1016/j.jeurceramsoc.2022.11.066.

[6] C. Suryanarayana, T. Klassen, E. Ivanov, Synthesis of nanocomposites and amorphous alloys
by mechanical alloying, J Mater Sci. 46 (2011) 6301-6315. https://doi.org/10.1007/s10853-011-
5287-0.

[7] L. Silvestroni, S. Failla, N. Gilli, C. Melandri, U. Savaci, S. Turan, D. Sciti, Disclosing small
scale length properties in core-shell structured B4C-TiB2 composites, Materials & Design. 197
(2021) 109204.

[8] R. Telle, Analysis of pressureless sintering of titanium diboride ceramics with nickel, cobalt,
and tungsten carbide additives, Journal of the European Ceramic Society. 39 (2019) 2266-2276.
https://doi.org/10.1016/j.jeurceramsoc.2019.02.036.

[9] A. Marquez-Herrera, G. Bermudez-Rodriguez, E.N. Hernandez-Rodriguez, M. Melendez-
Lira, M. Zapata-Torres, Boride coating on the surface of WC—Co-based cemented carbide,
International Journal of Materials Research. 107 (2016) 676—679.
https://doi.org/10.3139/146.111387.

[10] Effect of MgO Solute on the Kinetics of Grain Growth in A1203 - Bennison - 1983 - Journal
of  the American Ceramic Society - Wiley Online Library, (n.d.).
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1151-

137



2916.1983.tb10065.x?casa token=7uRs 1kbs TIAAAAA:KgjtmHhxImCpHijS9UihRIUEfYUTjoeL
DV4cQojWvmnuP3WIxHhylJjjBA-ktQsXy2JNOuvnf-hHQRyc (accessed October 6, 2023).

[11] F. Monteverde, ZrB2-MoSi2 ceramics: A comprehensive overview of microstructure and
properties relationships. Part I: Processing and microstructure, Journal of the European Ceramic
Society. (2019).
https://www.academia.edu/95366217/ZrB2_MoSi2 ceramics A comprehensive overview of mic
rostructure _and properties_relationships Part 1 Processing and microstructure (accessed October
7,2023).

[12] F. Monteverde, R.J. Grohsmeyer, A.D. Stanfield, G.E. Hilmas, W.G. Fahrenholtz,
Densification behavior of ZrB2-MoSi2 ceramics: The formation and evolution of core-shell solid
solution  structures, Journal of Alloys and Compounds. 779 (2019) 950-961.
https://doi.org/10.1016/j.jallcom.2018.11.238.

138



7. Thermomechanical and electrical properties of pressure-less

sintered TiB>

In the previous chapters the effect of additives, high-energy-planetary-ball-milling and their
combination on the densification of TiB> was evaluated (chapter 4); pressure-less sintering and its
scale-up were studied, identifying MoSi> as the best additive in PLS and the promoter effect of high-
energy-planetary-ball-milling in all tested samples, with and without additives, and finding best dwell
time and temperature conditions (chapter 5); finally, after having explored the effect of HEPBM and
the role of WC in the densification of TiB; (chapter 6), the thermomechanical and electrical properties
were measured for the most promising compositions, the results of these tests are shown in this
chapter.

Pressure-less sintered TiB; properties were explored on specimens made from PLS samples
prepared during my time at the Missouri University of Science and Technology. Flexural strength
and fracture toughness measurements were carried out at room and high temperature (1000-1600°C)
to analyze the mechanical properties. Thermal conductivity tests were performed between 25 and
2000°C to obtain thermal properties, while electrical resistivity was measured for different currents

at room temperature.

7.1 Introduction
Due to the cost and time required to machine TiB2, in the previous chapters a preliminary
study on the mechanical properties of the sintered samples was accomplished by conducting Vickers

hardness measurements (using a 9.8 N load) on polished cross sections. The specific sintering cycles

and composition details and the resulting mechanical properties are presented in Table 7.1.

Sintering aid, Technique, max | Apparent Relative
Process temp./time density density
(vol%) (°C, min) (g/cm?) (%)
T - HP 1950, 20 3.45 =76 -
TC 5 B4C, SH HP 1900, 15 3.71 ~78 -
TS 5 SizsN4, SH HP 1900, 15 4.28 85.6% (>98) 222+1.6
™ 5 MoSi,, SH HP 1900, 10 4.43 95.1%(>98) 244+123
T-h HEPBM HP 1900, 10 4.60 934 24.5+0.6
TC-h 5 B4«C, HEPBM HP 1900, 10 4.22 87.9 19.6 £ 0.8
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TS-h

TM-h

T-h 2-2000°C

T-h 2-2030°C

T-h 2-B-2030°C

T-h 2-2050°C

T-h 2-2100°C

T-h 2-B-2100°C

TMS 1900°C x 60’

TMS 2000°C x 60°

TMS 2100°C x 60’

TCS5-h 1900°C x 60°

TCS5-h 2000°C x 60’

TS5-h 1900°C x 60°

TS5-h 2000°C x 60°

TMS-h 1900°C x 60°

TM5-h 2000°C x 60°

TMS-h B-2100°C x 60’

5 Si3N4, HEPBM
5 MoSi,, HEPBM
HEPBM
HEPBM
HEPBM
HEPBM
HEPBM
HEPBM
5 MoSi,, SH
5 MoSiz, SH
5 MoSi,, SH
5 B4C, HEPBM
5 B4C, HEPBM
5 Si3N4, HEPBM
5 Si3N4, HEPBM
5 MoSi,, HEPBM
5 MoSi,, HEPBM

5 MoSi,, HEPBM

HP 1830, 10
HP 1700, 10
PLS 2000, 60
PLS 2030, 60
PLS 2030, 60
PLS 2050, 60
PLS 2100, 60
PLS 2100, 60
PLS 1900, 60
PLS 2000, 60
PLS 2100, 60
PLS 1900, 60
PLS 2000, 60
PLS 1900, 60
PLS 2000, 60
PLS 1900, 60
PLS 2000, 60

PLS 2100, 60

4.54

4.67

4.54

4.61

4.42

4.69

4.54

4.64

4.21

4.39

4.08

434

4.55

434

4.59

4.77

4.80

4.42

92.4* (>98)
94.7* (>98)
98.0+0.2
98.0+0.3
98.6+0.3
97.7+0.5
99.240.2
99.0+0.1
85.4+0.5
93.4+0.8
96.6 % 0.2
95.8+0.1
95.0 + 0.4
92.540.1
98.7+0.3
96.9+ 0.2
98.1+0.1

95.1+0.9

23.2+0.6

24.4+0.7

24+4

222+1.4

226+1.3

19.8+1.7

229+1.0

23.0£0.9

13.5+0.8

21.4+0.8

20.6 1.4

148+1.8

19.0+1.3

154+£09

20.7 £ 0.7

248+ 1.7

26.8 2.7

209+13

Table 7.1 Sintering parameters, microstructural features and Vickers hardness of hot-pressed and some of
the pressure-less sintered samples.
Notes: HP—hot-pressing, PLS—pressure-less sintering, SH—24h wet-ball-milling, HEPBM —24h wet-
ball-milling and 30 min high-energy-planetary-ball-milling.

Vickers hardness measurements conducted on the hot-pressed samples (see Fig. 7.1) revealed

that T-h (high-energy-planetary-ball-milled TiB2), TM (softly homogenized TiB> with 5 vol%

Mosiz), and TM-h (high-energy-milled TiB, with 5 vol% MoSi>) compositions exhibited the highest

levels of hardness, with values approximately at 24 .5 GPa. Conversely, samples with the addition of

5 vol% of B4C (TC and TC-h) demonstrated significantly lower hardness values, whereas samples

containing 5 vol% of SizN4 (TS and TS-h) exhibited Vickers hardness ranging from 22 to 24 GPa.
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Figure 7.1 Apparent density and Vickers hardness (9.8 N load) for hot-pressed TiB, samples.

By comparing the T-h sample hot-pressed with those sintered using pressure-less sintering
(see Figure 7.2), it can be observed that the pressure-less sintered samples exhibit lower hardness
levels across all temperatures, even when the apparent density is higher. On the other hand, there are
no substantial differences between samples of different sizes, thereby confirming the efficacy of the
scale-up process.

Since the best hardness value with the lowest standard deviation obtained by pressure-less
sintering was the one obtained at 2100°C, the T-h sample of larger dimensions (format B) was

machined to obtain the specimens for the mechanical tests (section 7.2)

HEPBM TiB, VH1
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4.1 17
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Figure 7.2 Apparent density and Vickers hardness (9.8 N load) for hot-pressed (orange) and pressure-less
sintered (green) HEPBM TiB, samples.
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Samples containing 5 vol% MoSiz (TMS5) only ball-milled were also pressure-less sintered
and compared to the hot-pressed sample (Figure 7.3). PLS sample sintered at the same temperature
(1900°C) exhibited significantly low hardness (< 15 GPa). Samples sintered at 2000°C and 2100°C
displayed Vickers hardness values of 21.4 and 20.6 GPa, respectively, both of which were lower than
the hardness of the HP sample.

The samples mixed with B4C or SizN4 high-energy-planetary-ball-milled exhibited hardness
values below 21 GPa at both 1900 and 2000°C. Consequently, it was determined not to proceed with
any further testing on these blends.

Through the combination of incorporating 5 vol% of MoSiz> and employing high-energy-
planetary-ball-milling (TM5-h) in TiB pressure-less sintering, it was possible to achieve not only
good relative densities and Vickers hardness values but even surpass those obtained from the sample
sintered via hot pressing (Figure 7.3). In fact, despite a rise in the standard deviation of hardness, the
material exhibited exceptional mechanical properties, reaching 26.8 GPa after sintering at a
temperature of 2000°C.

Due to these promising results, a larger sample was produced by PLS at 2100°C (TM5-h PLS
B-2100°C) in order to obtain specimens for evaluating the mechanical properties of this composition
as well. Unfortunately, due to the too high temperature (2100°C) or the difficulty in the sintering
scale-up of this composition, a lower apparent density (4.42 versus 4.80 g/cm?) and a lower hardness
(20.9 versus 26.8 GPa, Table 7.1) were obtained compared to the small sample sintered at 2000°C
(TM5-h PLS 2000°C).

TiB, + 5 vol% MoSi, VH1
5.0 31
4.8
4.6

4.4 25
4.2 23
4.0 1
3.8 I 9
3.6 7

T™MS T™MS ™S TM-h TMS-h TMS5S-h TMS-h
HP PLS PLS PLS HP PLS PLS PLS B-
1900°C 1900°C 2000°C 2100°C 1700°C 1900°C 2000°C 2100°C

k. [
Vicker hardness (GPa)

Apparent density (g/cm?)

Figure 7.3 Apparent density and Vickers hardness (9.8 N load) for hot-pressed (orange) and pressure-less
sintered (green) SH and HEPBM TiB, samples with 5 vol% MoSi,.
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7.2 Room temperature flexural strength

As previously stated, starting from the two most promising compositions (T-h and TM5-h),
two samples were prepared with Format B (section 5.1, height 10 mm and diameter 35 mm after
sintering) and pressure-less-sintered at 2100°C for 60 minutes in Ar atmosphere. Subsequently, these
samples were characterized by conducting measurements of Vickers hardness (9.8 load) and flexural
strength at room temperature (see Table 7.2).

3 bars measuring 2.0 x 2.5 x 25 mm were cut and chamfered on the edges just using electrical

discharge machining, then were directly tested without grinding and lapping surfaces oxidized by the

EDM process, in fact these processes are those that require more time and cost.

Sintering aid, Max Apparent Relative Flexural
Process temp./time density density strength

(vol%) (°C, min) (g/cm?) (%) (MPa)
T-h B-2100°C HEPBM 2100, 60 4.64 99.0+0.1 23.0£0.9 460=+108
TMS-h B-2100°C 5 MoSi;, HEPBM 2100, 60 4.42 951+09 209+1.3 259+148
T-h B-2200°C HEPBM 2200, 60 4.06/4.25 98.4+0.1 228+1.5 394+27

Table 7.2 Sintering parameters, density, and Vickers hardness of pressure-less sintered HEPBM TiB»
samples with B format.
Notes: HEPBM —24h wet-ball-milling and 30 min high-energy-planetary-ball-milling.

T-h B-2100°C RT TMS5-h B-2100°C RT
flexural strength flexural strength
400 400
350 350
300 300
Z. 250 Z. 250
= 200 1 = 200 1
S 150 ) g 150 2
] - ] -
100 —_ 100 —_
50 50
0 0
0.00 0.05 0.10 0.00 0.05 0.10
Displacement (mm) Displacement (mm)

Figure 7.4 Load displacement curves for the 4-point room temperature (RT) flexural strength of HEPBM
TiB, sample with (TM5-h B-2100°C) and without MoSi2 as sintering aid (T-h B-2100°C).
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The room temperature flexural strength of HEPBM TiB; without additives (T-h B-2100°C)
was found to be high and consistent with values found in the literature, where fully dense monolithic
TiB2 reaches approximately 400 MPa [1]. On the contrary, the HEPBM sample added with MoSi>
(TM5-h B-2100°C) displayed a very low flexural strength value, probably mainly due to its high
porosity (about 5% measured by image analysis).

Furthermore, both samples presented very high standard deviation values, indicating a very
wide dispersion of the data, possibly due to the method of preparation of the bars which left the
surface of the samples oxidized and introduced defects from which it was possible that the fracture
originated during the measurement of flexural strength.

From the micrographs in Figure 7.5, which show a fracture surface for each of the
compositions, the numerous surface defects from which the fracture possibly starts can be seen, while

it is not possible to distinguish any oxidized layer of significant dimensions.

Th B-2100°C ' B TMS5-h B-2100°C

Figure 7.5 SEM micrograph in SE2 (above) and backscattered (below) mode of the fracture surface after
flexural strength test for just high-energy-planetary-ball-milled TiB, sample (T-h B-2100°C, left column) and
HEPBM TiB2 with MoSi, (TM5-h B-2100°C, right column). The two fracture surfaces were brought together
on the respective tension side.

144



Two other samples of HEPBM TiB» without additives and with B format were sintered in PLS
at 2200°C for 60 min (T-h B-2200°C) to evaluate hardness and flexural strength at these sintering
conditions (see Table 7.2). Moreover, these samples were exploited to test the high temperature
flexural strength (section 7.3), the room temperature and high temperature fracture toughness (section
7.4) and finally thermal and electrical properties (section 7.5) of HEPBM TiB; during my stay in
Professor Fahrenholtz's research group at the Missouri University of Science and Technology.

Although the apparent density measured by the Archimedes method for the pressure-less
sintered T-h samples at 2200°C is much lower than the sample sintered at 2100°C (4.06 and 4.25
versus 4.64 g/cm?), the residual porosities measured by image analysis (1.6 versus 1.0%) and the
hardness (22.8 versus 23.0 GPa) are very similar.

In the case of these samples, after cutting by electrical discharge machining, the oxidized
surface was removed and the final dimensions (1.5 x 2.0 x 25mm) of the specimen were reached by
surface grinding, finally the edges were chamfered, and the surface subjected to traction was polished

down to 0.25 um. The difference between the two types of bars can be seen in Figure 7.6.

Figure 7.6 Flexural test bars just cut for EDM (above) or also ground and
polished down to 0.25 um (below).

The flexural strength of the T-h B-2200°C sample (394 + 27 MPa), although perfectly in
agreement with the results present in the literature, is lower than the sample sintered at 2100°C
probably due to its lower density, however the standard deviation is significantly lower in this case

(see Fig. 7.7) confirming the problems related to test samples with surfaces just cut with EDM.
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Figure 7.7 Load displacement curves for the 4-point room temperature (RT) flexural strength
of HEPBM TiB; sample (T-h B-2200°C).
Bars processed using the same method were tested at a higher temperature, the results are

described in the next section.

7.3 High temperature flexural strength

The high-temperature flexural strength tests were conducted in an Ar atmosphere starting from
a temperature of 1600°C and a crossheads rate of 0.8 mm/min. However, under these conditions the
sample showed non-elastic behavior, bending without breaking (see Fig. 7.8).

To achieve elastic behavior and fracture, the crossheads rate was increased to 1.6 and 2.4
mm/min (Figure 7.9), obtaining a sufficient result in the latter case. The test was repeated two more

times, always obtaining an elastic fracture.

0.8 mm/min

1.6 mm/min

2.4 mm/min

Figure 7.8 Flexural strength bars tested at 1600°C with different crossheads rate.
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T-h 1600°C flexural strength

30 Crossheads rate
0.8 mm/min
1.6 mm/min

10 =7 .4 mm/min

0.00 0.20 0.40 0.60 0.80 1.00
Displacement (mm)

Figure 7.9 Load displacement curves for the 4-point flexural strength at 1600°C of HEPBM TiB; sample
(T-h B-2200°C) with different crossheads rate.

Given the softening of the HEPBM TiB: at 1600°C, the flexural strength was also measured
at 1400°C at various crossheads rates (ranging from 2.4 to 0.8 mm/min), however in this case no
significant variations were recorded (Figure 7.10).

The softening of the material therefore occurs at a temperature higher than 1400°C, possibly

due to softening of residual phases that derive from liquid phase formed during sintering.

T-h 1400°C flexural strength

60
50
Crossheads rate
~ 40
Z 0.8 mm/min
= 30 .
s 1.6 mm/min
- .
20 —2.0 mm/min
10 =2 .4 mm/min
0
0.00 0.05 0.10 0.15 0.20 0.25

Displacement (mm)

Figure 7.10 Load displacement curves for the 4-point flexural strength at 1400°C of HEPBM TiB,
sample (T-h B-2200°C) with different crossheads rate.
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In order to investigate the effect that leads the bars to bend at 1600°C, the specimen tested at
0.8 mm/min was fractured in the center, after which one of the fracture surfaces perpendicular to the
long side was polished and compared with the polished cross section of the sample before the flexural
strength test.

In Figure 7.11 the microstructures of T-h sample pressure-less sintered at 2200°C before and
after the flexural strength test can be observed: after the test it seems that the shells have grown, a
strange phenomenon given the temperature much lower than the sintering temperature. Furthermore,
the grains appear to be less equiaxed after testing at 1600°C, it is possible that the bending of the bars
during the test was due to softening of the mixed boride shells or to the expansion of the mixed boride
shells under the bending load. The bending of the bar could also be due the formation of a liquid
phase at the grain boundary and the sliding of the grains over each other, under the test load. More

tests are needed to clarify this phenomenon.

Figure 7.11 SEM micrographs of the polished cross sections T-h B-2200°C
before and after flexural strength test a 1600°C

The flexural strength of the T-h B-2200°C sample was measured at two other high
temperatures: 1200 and 1000°C, again at 0.8 mm/min (Table 7.3). As the temperature decreased, the
flexural strength increased significantly, reaching 351 MPa at 1000°C (Figure 7.12).
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Temperature Crossheads rate | Flexural strength

(°C) (mm/min) (MPa)
20 0.2 394
1000 0.8 351
1200 0.8 238
1400 0.8 157
1600 24 115

Table 7.3 4-point flexural strength test of T-h B-2200°C

T-h HT flexural strength

120

100

L
=]

—1000°C
1200°C
—1400°C
20 1 —1600°C
0
0.00 005 010 015 020 025 030 035  0.40

Displacement (mm)

Load (N)

N
=

Figure 7.12 Load displacement curves for the 4-point high temperature (HT) flexural strength
of HEPBM TiB; sample (T-h B-2200°C).

From the flexural strength versus temperature plot (Figure 7.13) it can be seen that as the
temperature increases the flexural strength decreases, in particular it drops above 1000°C, decreasing

of 40% by 1200°C and of 70% by 1600°C.
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Figure 7.13 Flexural strength versus temperature plot of HEPBM TiB, sample (T-h B-2200°C).

Our results are in stark contrast to those presented in the literature, where an increase in
flexural strength is reported as the temperature increases due to the relaxation of the material internal
stresses (Fig. 7.13) [1]. This result may be due to the different microstructure of the materials, the

grain boundary phases, and the presence of macro-defects and large grains formed during the long

stay at high temperature in pressure-less sintering (Fig. 7.14).

i, T

Very large grains |

Figure 7.14 Macro-defects and very large grains in the microstructure of the bars
obtained from T-h B-2200°C sample.

7.4 Fracture toughness

Bars for fracture toughness were obtained from the T-h B-2200°C sample, also in this case
the sample was first cut using EDM and then the oxidized surface was removed, and the final
dimensions of 2.0 x 2.5 x 25 mm were obtained by surface grinding.

After grinding, a chevron-type notch was introduced into the samples using a diamond blade,
finally the fracture toughness was measured at room temperature and 1000°C under Ar atmosphere

using the 4-point method (Table 7.4).
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Sample Temperature Fracture toughness

(°C) (MPa m'?)
T-h B-2200°C 20 48402
T-h B-2200°C 1000 51+03

Table 7.4 4-point fracture toughness test of T-h B-2200°C.

The fractures obtained through measurements at room temperature, except the first (Figure
7.15 a), presented an irregular fracture which exited the notch before it ended (Figure 7.15 b and c¢).
For the purposes of the measurement, the dimensions considered for the calculation of the fracture
toughness were those of the notch as per the standard. In the case of measurements at 1000°C, the
problem of the fracture coming out from the notch was not encountered (Figure 7.16).

Despite the problem found at room temperature, the fracture toughness measured for this
sample displayed a low standard deviation and it was similar to that reported in the literature which

12

varies from 4 to 6 MPa m'~. As the temperature increased, it was noticed an increase in fracture

toughness probably due to the decrease in internal residual stresses.

Figure 7.15 Front view of fractures in the first (a) and third (c) room temperature fracture toughness
specimens. Lateral view of the fracture in the third specimen (b).

Figure 7.16 Front view of fractures in the first (a) and second (b) 1000°C fracture toughness specimens.
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7.5 Thermal and electrical properties

For the measurements of the thermal and electrical properties, a cylindrical pellet with a
diameter of 12.7 mm was cut with EDM from the T-h B-2200°C sample. The oxidized surface was
then removed by surface grinding, obtaining a final thickness of 2.05 mm.

The density of this round specimen was measured with the Archimedes method obtaining a
higher apparent density than that measured for the entire sample (4.57 versus 4.06 g/cm?).

Thermal diffusivity, specific heat and thermal conductivity were measured by the laser flash

method from room temperature to ~200°C and from 200°C to ~2000°C.

7.5.1 Low temperature (25-200°C) thermal properties

Sintering method | Apparent Thermal Specific Thermal Electrical
temp./time density diffusivity Heat conductivity | resistivity
(°C, min) (g/cm?) (cm?/s) (J/Kg K) (W/m K). (€ cm)
T-h B-2200°C PLS, 2200, 60 4.57 0.225 491 50.5 14.6
Ref. TiB; [2] HP, 1800, 60 4.35 0.24 643 68.2 13.9

Table 7.5 Room temperature thermal properties comparison between the T-h B-2200°C sample and the
TiB> from the literature.
Notes: HP—hot-pressing, PLS—pressure-less sintering.

In Table 7.5 the room temperature thermal properties of the T-h B-2200°C sample are
compared with monolithic TiB: sintered by Raju et al. [2] via hot-pressing at 1800°C for 60 minutes.
From the comparison, lower thermal property values can be noted for the sample prepared in this
work, in particular a 6 % lower thermal diffusivity (0.225 versus 0.24 cm?/s), a 21 % lower specific
heat (491 versus 643 J/Kg K) and a 26 % lower thermal conductivity (50.5 versus 68.2 W/m K). In
the reference, a long dwell time (60 minutes) and an applied pressure of 30 MPa were used to achieve
a high relative density (> 95%) with hot-pressing. The difference between the two samples may be
due to the use of high-energy-planetary-ball-milling and the influence of (Ti, W)B: solid solution.

As can be seen from the graphs in Figure 7.17, thermal diffusivity decreases by approximately
25% from 25 to 200°C while the specific heat increases by approximately 35%. The thermal
conductivity, however, remains stable, around an average value of 49.4 W/m K for the entire

temperature range (Figure 7.18).
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Figure 7.17 Thermal diffusivity and specific heat versus temperature (25-200°C)
plot of HEPBM TiB; sample (T-h B-2200°C).
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Figure 7.18 Thermal conductivity versus temperature (25-200°C)
plot of HEPBM TiB, sample (T-h B-2200°C).
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7.5.2 High temperature (200-2000°C) thermal properties

Temperature Thermal diffusivity Specific Heat Thermal conductivity
(°C) (cm?/s) (J/Kg K) (W/m K).
25 0.225 +0.006 491 50.5
100 0.192 £0.010 583 47.3
200* 0.116 £+ 0.002* 661* 50.2%*
400 0.159 + 0.004 899 65.3
600 0.147 £ 0.001 934 62.6
800 0.141 = 0.004 933 60.3
1000 0.136 + 0.003 960 59.8
1200 0.136 + 0.003 973 60.6
1400 0.132 +0.003 1146 69.0
1600 0.142 £ 0.007 1748 113.4
1800 0.543 +£0.357 1024 254.4
2000 0.122 +0.003 2946 164.1

Table 7.6 Thermal properties of T-h B-2200°C sample.
Notes: *— values measured in the range 25-200°C.

As shown in graph 7.19, thermal diffusivity decreases almost linearly with increasing
temperature, from 0.17 cm?/s at 200°C to 0.12 cm?/s at 2000°C. On the other hand, heat capacity
increases from 683 J/kg K at 200°C to 1145 J/kg K at 1400°C, and then increases more sharply to
2945 J/kg K at 2000 °C. The thermal conductivity (Fig. 7.20), which increases linearly with the
change in thermal capacity, increases from 53 to 69 W/m K between 200 and 1400°C, then suddenly
triples to 164 W/m K by 2000°C.

The values recorded above 1500°C were “unexpected” and therefore more test in future are
planned to validate the trend or better identify the anomaly that occurs in that range of temperatures,
possibly linked to what happens with the flexural strength.

The values measured at 1800°C have been omitted due to an anomaly in the measured thermal
properties values, in fact thermal diffusivity had a standard deviation more than one hundred times

higher than at other temperatures (Table 7.6).
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Figure 7.19 Thermal diffusivity and specific heat versus temperature (200-2000°C)
plot of HEPBM TiB; sample (T-h B-2200°C).
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Figure 7.18 Thermal conductivity versus temperature (200-2000°C)
plot of HEPBM TiB; sample (T-h B-2200°C).

7.5.3 Electrical resistivity

Electrical resistivity was measured by the Van der Pauw method using an in-house fixture at
room temperature. The electrical resistivity value measured at room temperature was very similar to
that found in the literature (14.6 versus 13.9 uQ cm). Table 7.7 shows electrical resistivity values for
some materials; TiB2 has values similar to Zr and Hf borides and much lower than other ceramic

materials, for example SiC, B4C, AL,Os, being a good electrical conductor.
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The electrical conductivity, similar to that of metals, in particular 47.8% compared to Ni and
11.5% to Cu, not only broadens the applications available for TiB> but allows good processing by

electrical discharge machining.

Label Room temperature Reference

electrical resistivity

(n€Q cm)

TiB: 14.6 Present work
Z1B; 10 [3]
HfB> 11 [3]
B.C 714 [4]
SiC + 1wt% Be 310" [5]
SiC + 1wt% B 210" [5]
SiC + 1wt% Al 8 10° [5]
AlO3 10%° [6]
Ti 42 [7]
Ni 6.99 [7]
Cu 1.68 [7]

Table 7.7 Room temperature electrical resistivity for ceramic and metallic materials.
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7.6 Conclusions

A preliminary analysis on the mechanical properties of the prepared samples was performed
by measuring the Vickers hardness (load 9.8 N). Both hot-pressed and pressure-less sintered samples
showed improved hardness when added with MoSi, and/or high-energy-planetary-ball-milled.

Of the most promising mixtures, two larger pressure-less sintered discs were prepared at
2100°C, from which specimens were obtained by electrical discharge machining. The specimens were
tested directly without grinding or polishing, obtaining very high standard deviation values. The
HEPBM TiB: (T-h) sample showed a high flexural strength (460 MPa), higher than those in the
literature, while the HEPBM MoSi> (TM5-h) sample displayed a very low flexural strength (259
MPa) due to the residual porosity (about 5%).

Two other T-h pressure-less discs sintered at 2200°C were prepared and processed via
electrical discharge machining to obtain specimens which were subsequently ground and polished.
These specimens were tested to measure mechanical, thermal and electrical properties during my stay
in Professor Fahrenholtz's research group at the Missouri University of Science and Technology.
These samples displayed a lower standard deviation but also a lower flexural strength (394 MPa) due
to their lower relative density. The flexural strength was also tested at high temperatures showing a
drop above 1000°C and softening at 1600°C with non-elastic behavior and bending without breaking
at low crossheads rates.

The fracture toughness was measured for the T-h sample at room temperature and 1000°C
(4.8 and 5.1 MPa respectively) recording values very similar and in agreement with the literature.

The measured room temperature thermal properties had lower values than those of TiB»
present in the literature with a 25% lower thermal conductivity (50.5 W/m K). Heat capacity and
thermal conductivity moreover showed a “unexpected” sudden increase above 1400°C.

The electrical resistivity, however, was similar to that of Zr and Hf borides and much lower

than other oxide and non-oxide ceramics and comparable to that of metals.
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8. Conclusions and outlook

The primary goal of this thesis was to explore the manufacturing of a high-density TiB»-based
material with favorable mechanical, thermal, and electrical properties using the pressure-less sintering
(PLS) technique. Achieving fully dense TiB> ceramics with a fine microstructure and improved
properties can be challenging due to the limited sintering capability of this covalently bonded boride.

In this thesis work, different sintering aids (B4C, Si3N4 and MoSi») and powder preparation
methods (ball-milling and high-energy-milling) were used to improve the densification and final
properties of sintered TiBz. In Chapter 4, samples with different additives and preparation methods
were hot-pressed (HP) and their properties were compared to those reported in the literature. Based
on the results of these preliminary tests, the mechanisms by which the additives promoted sintering
and their effect on the final properties were hypothesized.

Chapter 5 evaluated the different compositions in pressure-less sintering with different
sintering conditions. From these tests the best sintering conditions for each composition were
identified. In this chapter, scale-up tests were conducted, moreover the amount of sintering aid was
optimized.

Chapter 6 focused on high-energy milling with WC-Co media. The effect of this technique
was investigated by milling green powders for different HEM durations and sintering them in PLS.
The reproducibility of this technique was also tested by repeating experiments over time. Finally, the
mechanism induced by of high energy milling with WC milling media was investigated comparing
the microstructure of TiB> powders sintered with addition of WC powders.

Chapter 7 was dedicated to mechanical, thermal, and electrical properties of pressure-less
sintered TiB> at room and high (1000-2000°C) temperature. The properties were compared with those
of monolithic TiB: from the literature to evaluate the effects of additives and understand the new
possibilities and limitations of the developed material.

The main results can be summarized in the following points:

e Effect of high-energy-milling

High-energy milling significantly improved the sintering of TiB2 by reducing particle size,
increasing the surface area, and introducing submicrometric WC-Co debris. This resulted in good
densification and mechanical properties in both hot-pressing and pressure-less sintering.

The WC-Co added via HEM reacted with the oxide phases (mainly with B2Os) present on the
particle surface, resulting in secondary WB phases. Addition of cobalt and chromium, present as a
binder in WC media, contributed to the formation of a liquid phase at grain boundaries at high

temperatures, which improved TiB: sintering.
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Shrinkage began at 1570°C and the presence of a liquid phase caused partial dissolution of W
in TiB., forming a core-shell microstructure in which cores of pure TiB2 were surrounded by (Ti,
W)B: mixed boride solid solution.

Increasing the high-energy-milling time from 10 to 30 minutes the amount of incorporated
WC-Co increased linearly with time. In contrast, the average particle size decreased significantly
within the first 10 minutes (passing from 3.80 to 2.84 um). HEM mainly affected particles larger than
1.5 um, since no significant changes in particle distribution were observed below this size, while the
added submicrometric WC-Co debris were smaller than 0.5 pm. All HEM samples had high relative
densities (96.7, 98.1 and 99.2 % for 10, 20, and 30 minutes HEM respectively) after PLS, increasing
as the grinding time increased.

When WC powders were added to TiB, without high energy milling, a low densification (=
75 %) and limited formation of solid solution was observed. This indicates that HEM had a more
extensive role than simply decreasing the grain size and introducing WC. In particular, HEPBM
introduced Co and Cr in the powders, which contributed to forming the liquid phase at the grain
boundary.

All in all, this method was suitable for use on a laboratory scale to produce TiB> with high
densities and mechanical properties. However, to scale up the process, a different type of mill is

needed, as planetary mills are not suitable for this purpose. One possibility is to use attrition mills.

e [Effect of sintering aids

All the additives examined were shown to improve the sintering of TiB», with densification
in hot-pressing beginning at a lower temperature than for TiB> alone (T, 1950°C). Specifically,
shrinkage began at 1630°C with the addition of B4C (TCS), 1770°C with Si3N4 (TS5), and 1710°C
with MoSiz (TMS).

B4C had a poor effect on the densification of TiB2, while the addition of SizN4 and MoSi:
improved the densification up to 85.6 and 95.1 % rate respectively and resulted in the formation of
secondary phases. Specifically, a liquid phase was formed at around 1600°C with both Si-based
sintering aids, which improved the densification rate but left silica pockets within the sintered sample.
The use of MoSi» as a sintering aid led to the formation of a core-shell structure similar to that
observed with high-energy-milling where the cores were pure TiB; and the rims were formed by (Ti,
Mo)B: solid solution.

Adding B4C and Si3N4 to the mixture caused uncontrolled grain growth during pressure-less
sintering. MoSi>, on the other hand, proved to be the most promising additive, both in terms of final

density and mechanical properties, in HP and PLS.
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By high-energy-milling compositions with sintering aids wet-ball-milled, even more
promising results were achieved. Starting shrinkages were recorded at 1530°C for the B4C
composition (TC5-h), at 1560°C for the SizN4 composition (TS5-h), and at 1250°C for the MoSi»
composition (TM5-h), compared to 1570°C for the just HEM TiB, composition (T-h). All high-
energy-milled compositions presented similar core-shell microstructure, for the TM-h sample there
were inclusions of (W, Mo)B and the rim were instead formed by a solid solution of (Ti, W, Mo)B:.
Moreover, TM5-h achieved almost complete densification (although limited by the presence of silica
pockets) at 1700°C.

The hot-pressed samples with the highest hardness were HEM TiB> (24.5 GPa) and both
MoSi; samples (24.4 GPa), regardless of preparation method. In the PLS tests, TM5-h had the highest
hardness (26.8 GPa), followed by T-h (24 GPa). TM5 had a hardness of 21.4 GPa, and all other

compositions had lower Vickers hardness.

e Pressure-less sintered TiB»

High-energy-milled TiB> was pressure-less sintered at different temperatures between 2000°C
and 2100°C, reaching good density (> 4.5 g/cm®), low residual porosity (< 2 %), and a fine
microstructure (mean grain size ~ 1.5 um) for all samples. Scale-up tests for this composition revealed
no significant differences in density, microstructure, or Vickers hardness for the bigger samples which
indicates good scalability.

High-energy-milled samples with sintering aids were pressure-less sintered at 1900°C and
2000°C. Although shrinkage began at a very low temperature (around 1500°C) in the hot-pressing
tests, all PLS samples had higher densities and hardness at 2000°C. This indicates that pressure-less
sintering requires much higher temperatures than hot pressing, despite the longer dwell time used (60
minutes for PLS versus 10 minutes for HP).

The microstructure of the pressure-less sintered HEM samples was very fine for all samples
(mean grain size approximately 1.2 um) and displayed a core-shell structure. The extension of the
rims was more pronounced than for the HP sintered samples because of the higher temperatures and
longer holding time. The HEM samples with Si3N4 and MoSi» after PLS retained silica pockets at
triple points but also many empty porosities because some of the silica left the bulk during sintering.
Regarding MoSi, samples (TM and TM-h), mixtures with less sintering aid were also tested to try to
optimize its content, however 5 vol% was the minimum amount for achieving the best mechanical
properties.

In summary, the compositions that proved most promising for pressure-less sintering were

those of high-energy-milled TiB> with and without MoSi» (T-h and TM5-h).
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e Properties of PLS TiB»

Preliminary room temperature flexural strength tests were performed on T-h and TM5-h
samples sintered in PLS at 2100°C for 60 minutes and machined by EDM, without surface grinding.
The values of the sample without additive (460 + 108 MPa) were higher than those of the sample
with MoSi> (259 + 148 MPa). In both cases, the standard deviations were very high.

During the time at the Missouri University of Science and Technology, extensive testing was
performed on T-h samples PLS at 2200°C for 60 minutes. The samples were surface ground after
EDM cutting. The resulting flexural strength at room temperature was lower (394 + 27 MPa) than
previously reported, possibly due to the different sintering conditions, but with a much smaller
standard deviation.

High-temperature flexural strength dropped above 1000°C, reaching 238 MPa at 1200°C. At
1600°C, the material softened and exhibited non-elastic behavior, bending without breaking at low
crosshead rates. Increasing the crosshead speed from 0.8 to 2.4 mm/min resulted in elastic behavior,
but the measured flexural strength (115 MPa) dropped to approximately 70% less than the value at
room temperature. This phenomenon at 1600°C of softening was probably due to the growth of mixed
boride phases or to the melting of the secondary phase at the grain boundaries present as residue of
the liquid phase formed during sintering.

The fracture toughness of the T-h sample was measured at room temperature and 1000°C (4.8
and 5.1 MPa respectively), recording values similar to those reported in the literature.

The measured thermal properties had lower values than those of TiB; present in the literature
with a 25% lower thermal conductivity (50.5 W/m K). The electrical resistivity, however, was similar
to that of Zr and Hf borides and much lower than other oxide and non-oxide ceramics and comparable

to that of metals.

In conclusion, this thesis developed a scalable and industrially suitable process for the
preparation and pressure-less sintering of TiB2-based material. High energy milling was found to be
a very promising method for the processing of TiB2 with enhanced mechanical properties. Thermal,
mechanical and electrical properties were in agreement with state-of-art TiB> produced with more
expensive techniques. The load/displacement curve of the high-energy-milled TiB> showed a linear

response up to 1500°C but at 1600°C the strength dropped due to the softening.
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