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ABSTRACT 

 The objective of this Doctoral Thesis was to develop new ultra–hard composite 

ceramics based on B4C, with improved toughness. B4C has great potential since it has 

a singular density (∼2.52 g/cm³) and hardness (≥30 GPa), and is therefore an 

excellent candidate to be incorporated into various engineering areas that require 

components capable of withstanding extreme working conditions (strong contact 

stresses, high temperatures, aggressive chemical environments, etc.). However, its high 

melting point (∼2490 °C), and its inherent brittleness greatly hinders its manufacture 

and incorporation into these engineering areas. To solve these serious drawbacks, a 

possible option could be to use small proportions of certain additives that reduce the 

sintering temperature of the B4C without compromising its high hardness. The 

processing of composites based on B4C therefore represents a challenge worth 

exploring. Two additives were used in this Doctoral Thesis research, MoSi2 and Ti–

Al. These two were chosen because during sintering they generate a transient liquid–

phase, which first helps to densify and then reacts in situ with the B4C disappearing 

completely to give rise to other refractory and ultra–hard carbides and borides. In 

addition, to alleviate the problem of the brittleness of B4C, in this Doctoral Thesis 

ultra–hard and toughened materials were manufactured incorporating carbonaceous 

nanoplatelets as reinforcements that hinder the propagation of cracks. To obtain 

these reinforced composite ceramics, two processing routines were developed. The 

first consisted of homogeneously dispersing the nanoplatelets in the ceramic matrix 

so that the microstructural reinforcement is isotropic or orthotropic, depending on 

whether the nanoplatelets are short and randomly arranged or, on the contrary, 

elongated and oriented in a specific direction. The second consisted of 

mesostructural design of the material so that it contained layers of nanoplatelets that 

are equally spaced by about a hundred of microns. All materials were ultra–fast 

densified by spark plasma sintering (or SPS for short) with or without pressure. 

Furthermore, many powder mixtures used for SPS with pressure were prepared by 

aqueous colloidal processing, which was also the technique used for preparing the 

green parts with near–net–shape for presureless SPS. 
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RESUMEN 

 El objetivo de esta Tesis Doctoral ha consistido en desarrollar nuevos 

cerámicos compuestos ultraduros basados en B4C, con tenacidad mejorada. El B4C 

posee un gran potencial ya que presenta una densidad (∼2,52 g/cm3) y dureza (≥30 

GPa) singular, y, por ello, es un excelente candidato a incorporarse en diversas áreas 

de ingeniería que requieren componentes capaces de soportar condiciones extremas 

de trabajo (fuertes tensiones de contacto, temperaturas elevadas, ambientes químicos 

agresivos, etc.). No obstante, su elevada temperatura de fusión (∼2490 ºC), y su 

inherente fragilidad dificulta enormemente su fabricación e incorporación a dichas 

áreas de ingeniería. Para resolver estos serios inconvenientes una posible opción 

podría ser añadir pequeñas proporciones de ciertos aditivos que consigan reducir la 

temperatura de sinterización del B4C sin comprometer su elevada dureza. Por tanto, 

el procesado de materiales compuestos basados en B4C representa un desafío que 

merece la pena explorar. En esta Tesis Doctoral se han utilizado dos aditivos, el 

MoSi2 y el Ti–Al. Se han escogido estos dos porque durante la sinterización generan 

una fase líquida transitoria, que primero ayuda a densificar y luego reacciona in situ 

con el B4C desapareciendo completamente para dar lugar a otros carburos y boruros 

también refractarios y ultraduros. Además, para paliar el problema de la fragilidad del 

B4C, en esta Tesis Doctoral se han fabricado materiales ultraduros y tenaces 

incorporando nanoplaquetas carbonosas como refuerzos que dificultan la 

propagación de fisuras. Para obtener estos cerámicos compuestos reforzados se han 

desarrollado dos rutas de procesado. La primera de ellas ha consistido en dispersar 

homogéneamente las nanoplaquetas en la matriz cerámica de forma que el refuerzo 

microstructural sea isotrópico u ortotrópico, dependiendo de si las nanoplaquetas 

son cortas y están dispuestas al azar o, por el contrario, son alargadas y están 

orientadas en una dirección concreta. La segunda ha consistido en el diseño 

mesoestructural del material de forma que contuviera capas de nanoplaquetas 

equiespaciadas entre sí a una distancia cercana a la centena de micras. Todos los 

materiales se densificaron de manera ultrarrápida mediante sinterización por descarga 

eléctrica pulsada (abreviado como SPS por sus siglas en inglés) con o sin presión. 

Además, muchas mezclas de polvos usadas para SPS con presión se prepararon a su 

vez mediante procesado coloidal acuoso, que fue también la técnica empleada para 

preparar materiales verdes con casi forma final para SPS sin presión. 
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CHAPTER 1 

Introduction and statement of purpose 

 The continuous development of new industrial applications requires the 

increasing use of new materials to satisfy the demand for ever more stringent 

properties. Two large groups of materials are usually distinguished according to what 

they are needed for, i.e., functional and structural materials. Technical ceramics are 

used mainly in functional applications due to their special electrical, optical, thermal 

properties, etc., while metallic materials are the most used for structural purposes due 

to their excellent combination of mechanical properties (where their toughness 

stands out). However, it should be emphasized that the advantages of metallic 

materials disappear at high temperatures and/or in chemically aggressive 

environments due to the degradation (oxidation, corrosion, etc.) that they experience 

in such adverse working conditions. Thus, technical ceramics remain as the only 

possible alternative. In addition, ceramic materials can also be the best option at 

room temperature in those applications that require high resistance to wear and 

contact damage such as sliding or ball bearings, cutting tools, etc., as well as elements 

protecting against ballistic impact (armours, bullet–proof vests, etc.), because they are 

harder and lighter than metallic materials. 

 Ceramic materials are the result of the combination of metallic and non–

metallic chemical elements joined together by strong ionic–covalent bonds. In terms 

of their composition, two large groups of ceramics are usually distinguished, oxidic 

(SiO2, Al2O3, ZrO2, etc.) and non–oxidic, such as carbides, borides and nitrides (SiC, 

ZrB2, Si3N4, etc.). In general, they are materials with high melting points and very low 

diffusion coefficients, which makes their manufacture difficult. A second drawback is 

that, although they are rigid and hard materials, they are also brittle, which limits 

their usefulness in structural applications. The third drawback that ceramic materials 

generally have for them to be used in industrial applications is the difficulty in 

machining them, precisely due to their hardness and brittleness. 

 Boron carbide (B4C) is the hardest material that can be manufactured on an 

industrial scale since, while its hardness (≥30 GPa) is only surpassed by diamond and 

cubic boron nitride, B4C can indeed be synthesized in large quantities. This and its 

low density (∼2.52 g/cm³) make it an ideal candidate for many industrial 

applications, especially those that require high resistance against wear and, in general, 

contact damage. However, as mentioned above, elevated temperatures and long 
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sintering times are required to achieve fully dense B4C. Also the inherent brittleness 

of this material compromises its integrity under service conditions, especially when it 

is subject to strong and prolonged contact stresses. Finally, due to its extreme 

hardness and fragility, dense B4C is very expensive or unfeasible to machine, which is 

why there is a need for processing routes that allow the manufacture of near–net–

shape parts. 

 The main motivation of this Doctoral Thesis is precisely to advance in 

knowledge towards solving the aforementioned difficulties. Specifically, this study 

had four main objectives: 

1. To make new B4C–based composite materials at lower temperatures and for 

shorter times, in order to reduce production costs. 

2. To develop environmentally respectful processing routes to manufacture dense 

near–net–shape parts, thus minimizing the costly, tedious, and risky tasks of 

machining. 

3. To optimize the wear resistance of these materials, designing and developing 

microstructures that are suitable for this purpose. 

4. To fabricate new materials with microstructures that exhibit toughness 

reinforcement mechanisms, in order to increase their fracture resistance. 

 A wide variety of strategies were used to achieve these objectives. They 

included the following: 

• Incorporation of sintering additives to reduce the manufacturing temperature, 

but without excessively compromising the hardness of the material. The 

strategy followed consists of using suitable additives that generate a transient 

liquid–phase during sintering. With this, not only is a liquid–phase formed to 

facilitate densification during sintering, but also it is then completely 

consumed by reacting with the B4C, giving rise to second phases (carbides and 

borides) with a hardness that is also high. Specifically, the additives used in this 

Doctoral Thesis were a ceramic (MoSi2) and an intermetallic (Ti–Al). 

• Use of the ultra–fast spark plasma sintering (SPS) technique to achieve fine–

grained microstructures, and therefore materials with optimized hardness. This 

strategy avoids slow heating ramps that promote grain growth versus 

densification, as is unfortunately the case in conventional sintering. The 

simultaneous application of pressure during heating in the SPS technique also 

favours densification. Thus, the use of SPS provides a twofold benefit by 

substantially reducing manufacturing temperatures by 200–300 °C and 

allowing microstructures to be obtained that are unattainable by conventional 
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sintering. 

• Use of aqueous colloidal processing to manufacture near–net–shape parts. The 

preparation of highly concentrated ceramic suspensions in water is a great 

challenge, and in addition represents a major advance in the line of the 

research carried out to date since this processing method is more respectful 

with the environment. In particular, it is harder to form a dispersion of 

particles in an aqueous medium than in alcohol due to water's greater surface 

tension. This is especially so when the particle concentrations required are 

high. Furthermore, in the present case, B4C and its additives are non–oxidic, 

and therefore oxidize in water. The problem is even more complicated if one 

takes into account that it is not only a matter of dispersing particles but also of 

homogenizing mixtures of different kinds. 

• Incorporation of carbonaceous phases into the microstructure of the materials 

developed so as to increase their toughness. The strategy is to incorporate two–

dimensional nano–structures (i.e., nanoplatelets) because they disperse more 

readily than one–dimensional ones (i.e., nanotubes). In addition, they are more 

effective in bridging and redirecting cracks. In this work, both graphene oxide 

(GO) and partially reduced graphene oxide (prGO) nanoplatelets were used, 

but in both cases with the idea of obtaining reduced graphene oxide (rGO) 

nanoplatelets after sintering. 

• Fabrication of B4C–based materials with nanometric grain size to optimize 

their hardness and wear resistance. The strategy is to use B4C starting 

nanopowders in combination with the SPS technique to minimize grain 

growth during densification. Only in this way is it possible to finally obtain a 

dense and nanostructured B4C material. 

 The rest of this Thesis report is organized as follows: 

 Chapter 2 is dedicated to the “State of the Art” and deals with the advances 

and challenges posed by the development of new B4C–based ceramic materials. It 

begins in Subchapter 2.1 by presenting this compound's properties and crystalline 

structure. Subchapter 2.2 presents a bibliographic review of the most relevant studies 

available on the processing and mechanical properties of B4C ceramics. 

 From Chapters 3 to 10, the results of the work carried out in this Doctoral 

Thesis are presented, analysed, and discussed. These results have been published or 

submitted in articles in the Journal of the European Ceramic Society during the 

period “2019–2021”, but they are not necessarily described in chronological order. In 

all cases, these are studies aimed at the development, fabrication, and 
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characterization of new ultra–hard B4C–based materials. The first two chapters 

correspond to work carried out using MoSi2 as sintering additive, while the 

remaining six correspond to the use of Ti–Al. 

 Chapter 3 presents the results of a first study on sintering and characterization

 of new composite B4C–based materials with different proportions of MoSi2 additive 

(5, 10, and 15 vol.%). This work was the first time that the manufacture of these 

materials using the SPS technique had been explored. 

 Chapter 4 is the logical continuation of the previous one, since it is aimed at 

determining the ideal proportion of additives to achieve materials with optimized 

hardness and toughness, expanding the proportions of MoSi2 to 20, 25, and 30 

vol.%. The results of a detailed study of the most optimal material's dry wear 

resistance are included, comparing it with that of a reference B4C ceramic 

manufactured under the same conditions and with that of other B4C ceramics and 

compounds. 

 In Chapter 5, the wear resistance is studied of the composite material 

manufactured with the mixture of powders of B4C and Ti–Al (5 vol.%), also 

densified by SPS, again for comparison with that of a B4C reference manufactured 

under the same conditions and with that of another manufactured at a much higher 

temperature. 

 Chapter 6 focuses on the description of an aqueous colloidal processing route 

that was developed to co–disperse B4C and Ti–Al particles (5 vol.%) to obtain both 

powder mixtures and near–net–shape parts, in both cases for subsequent 

densification by SPS either with or without the simultaneous application of pressure. 

The main objective of this study was to determine the optimal conditions for 

obtaining concentrated suspensions of particles (30 vol.% solid) that are, on the one 

hand, homogeneous and, on the other, sufficiently fluid to be cast into moulds with 

complex shapes. 

 Once demonstrated the viability of aqueous colloidal processing and the 

advantages of the SPS technique to manufacture the composite materials described 

above, the interest is focused on developing new materials that may be useful in 

industry. This implied obtaining microstructures that are wear resistant because that 

is the property to be exploited, and that have improved toughness because that is the 

main problem to resolve. So, Chapter 7 presents the results of a detailed study of the 

influence of grain size on the dry wear resistance of B4C composites manufactured 

with Ti–Al (5 vol.%), covering the nano– to the micro–metre range. To manufacture 

these materials, it was necessary to first adjust the colloidal processing conditions that 
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allow the dispersion of particles of different sizes, especially in the case of nanometric 

particles, and the SPS conditions that retain the nanostructure. 

 Chapters 8, 9, and 10 correspond to work in which the focus was on the 

manufacture of composite materials of B4C with Ti–Al additives that, in addition, 

contain reinforcements (graphene oxide) to improve their microstructure's toughness. 

 Chapter 8 corresponds to the first work done using GO nanoplatelets (10 µm 

diameter and 0.005 µm thickness) and prGO (5 µm diameter and 0.002 µm 

thickness). The most suitable aqueous colloidal processing conditions to disperse 

these B4C+Ti–Al+GO/prGO mixtures were determined. With GO nanoplatelets, the 

simultaneous application of pressure during sintering causes them to align in the 

direction perpendicular to the load axis, and therefore the resulting microstructure is 

reinforced orthotropically. However, with prGO nanoplatelets, there is no definite 

preferential orientation to their alignment, leading to isotropically reinforced 

microstructures. 

 In Chapter 9 the focus is on the fabrication of materials reinforced with rGO 

nanoplatelets that are isotropic and near–net–shaped. For this reason, not only are 

small–sized rGO nanoplatelet reinforcements used, but also SPS densification is 

performed without applying pressure in order to preserve the original shape of the 

part. 

 In Chapter 10, the goal is to achieve mesostructured orthotropic 

microstructures. Laminated materials are prepared with alternating layers of B4C+Ti–

Al and rGO, approximately 100 µm and 2–3 µm thick, respectively. For this, 

individual sheets of B4C+Ti–Al were manufactured by means of aqueous colloidal 

processing and tape casting. They were subsequently coated with suspensions of 

B4C+Ti–Al with a high solid content of rGO. The sheets thus manufactured were 

stacked and punched for their densification by means of SPS with simultaneous 

application of pressure. 

 Finally, and in accordance with the Regulations for Doctoral Studies of the 

University of Extremadura, Chapter 11 summarizes the main results, and Chapter 12 

and 13 presents the most relevant conclusions and implications to be drawn from 

this Doctoral Thesis.  
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CHAPTER 2 

State of the art 

 2.1. Boron Carbide. Properties and Crystalline Structure 

 Refractory carbides are materials with melting points above 1800 °C and are 

characterized by their great chemical stability [1]. Two types of carbides are usually 

distinguished – the interstitials that result from the combination of C with a 

transition metal (groups IVB, VB, and VIB), and the covalents that are obtained 

when C forms a combination with B or Si. The interstitial carbides are arranged so 

that the carbon atoms occupy the interstitial voids in the compact structures of the 

transition metal, which is possible because the atomic radius of C is much less than 

that of the metal. The electronegativity of C is much greater than that of metals, so 

that in interstitial carbides are bonded by a mixture of metallic, covalent, and ionic 

bonds. The case of covalent carbides is completely different. The electronic 

configuration of the two elements is similar because they are very close in the 

periodic table, and so therefore are their atomic radii and electronegativities. The 

bond is therefore essentially covalent, i.e., the C and Si (or B) atoms share electrons. 

Table 2.1 lists the electron configurations of these three elements. 
 

Table 2.1. Electron configurations of B, C, and Si [1]. 
 

Element Z# 
Electron 

configuration 
Electronegativity 

Atomic radius 
(nm)* 

Boron 5 [He]2s2p1 2.0 0.088 

Carbon 6 [He]2s22p2 2.5 0.077 

Silicon 14 [Ne]3s23p2 1.8 0.117 

 
# Z denotes the atomic number. 

* In tetrahedral configuration (sp³ hybridization). 

 

 Table 2.2 compares some properties of various refractory carbides, both 

covalent and interstitial. As can be seen, boron carbide has a unique combination of 

properties since, although it is the least refractory, it has the highest hardness values 

and is the lightest. Indeed, its hardness is only exceeded by diamond and cubic boron 

nitride, which it surpasses in its capacity for production on an industrial scale. Given 

its colour, it is often called the “black diamond” [2,3]. In the last decades, it has 



2.1. Boron Carbide. Properties and Crystalline Structure 

 
 

 
  

 

12 

attracted the attention of numerous researchers due to its potential for applications 

that require great rigidity, hardness, and wear resistance, even at elevated 

temperatures. It is also used as a high–temperature semiconductor [1–5]. 

 
Table 2.2. Properties of some refractory carbides [1]. 

 

MATERIAL 
Density 
(g/cm³) 

Melting 
point 
(°C) 

Vickers 
hardness 

(GPa) 

Young's 
modulus 

(GPa) 

Thermal 
conductivity 

at 20°C (W/m·K) 

Interstitial 
carbides 

IV 

TiC 4.91 3067 28–35 410–501 21 

ZrC 6.59 3420 25.9 350–440 20.5 

HfC 12.67 3928 26.1 350–510 20 

V 

VC 5.65 2830 27.2 430 38.9 

NbC 7.79 3600 19.6 338–580 14.2 

TaC 14.5 3950 16.7 285–560 22.1 

VI 

Mo2C 9.06 2520 15.5–24.5 535 21.5 

WC 15.8 2870 22 620–720 63 

Covalent carbides 

SiC [6] 3.2 2650–2950 23–25 410 150–200 

B4C 2.52 [2] 2490 [10] 31 [7]–39 [8] 448 [2] 20–35 

 

 Boron carbide has been the subject of numerous investigations aimed at 

deciphering its complex crystal structure [2–5,9–12]. Although it is generally 

designated as B4C, unlike SiC, it is not actually defined with any given stoichiometry. 

The B–C phase diagram (Fig. 2.1) clearly reflects this fact, since it shows how boron 

carbide actually corresponds to an intermediate domain, i.e., its atomic percentage of 

C is variable. The limits of this domain are still unclear because, although there is 

some agreement that the minimum atomic percent of C is approximately 8.8% 

[2,4,10,11], atomic percents of 18.8%, 20%, and 21.6% have been proposed as upper 

limits [2,3,5,10,11]. The stoichiometries that delimit the stability domain of boron 
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carbide in the diagram of Fig. 2.1 are approximately B10.5C and B4C. Boron carbide 

only exists in equilibrium with C at the upper limit, while for values higher or lower 

than the stability domain it coexists with free boron or graphite, respectively. The 

melting point is approximately 2490 °C, and, as shown in Fig. 2.1, for percents close 

to 13% melting occurs directly, i.e., without passing through a prior two–phase solid–

liquid domain. However, when the carbon content approaches the limiting values, 

formation of the liquid–phase begins at notably lower temperatures. 
 

 
 

Figure 2.1. Boron carbide phase diagram [10]. 
 

 The crystalline structure of boron carbide is much more complex than that of 

silicon carbide, among other reasons because both C and Si require 4 electrons to 

complete their valence shell, while B requires 5 (Fig. 2.2a). In the three types of 

atoms, the orbitals hybridize in such a way that B passes from 1 to 3 valence 

electrons, while C and Si pass from 2 to 4 (Fig. 2.2.b). In both C and Si, the 2s 

orbital hybridizes with the three p orbitals to form four hybrid sp³ orbitals. Thus, 

each Si atom can bond to four C atoms in a tetrahedral arrangement and vice versa. 

In SiC therefore, there is only a single type of bond (C–Si), and the different possible 

ways of stacking these tetrahedra give rise to the different polymorphic variants 

exhibited by this compound [13]. In B, the 2s orbital hybridizes with one or two 2p 

orbitals, generating hybrid sp and sp² orbitals. There thus result four orbitals, but 

only three of them have an electron available to bond with another, while the fourth 

is empty. Hence B can accept pairs of electrons to complete the unoccupied fourth 

orbital, tending to form multi–centred bonds. For the reasons given, in boron 

carbide it is not possible to obtain crystalline structures only with C–B bonds, with 

C–C and B–B bonds also being necessary, as will be seen below. 
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(a) 
E* Z 

K L M 
 1s 2s 2px 2py 2px 3s 3px 3py 3pz 
 B 5 ↑↓ ↑↓ ↑       

 C 6 ↑↓ ↑↓ ↑ ↑      

 Si 14 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑ ↑  

 
(b) 

E* Z 
K L M 

 1s 2s 2px 2py 2pz 3s 3px 3py 3pz 
 B 5 ↑↓ ↑ ↑ ↑      

 C 6 ↑↓ ↑ ↑ ↑ ↑     

 Si 14 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑ ↑ ↑ ↑ 
*E denotes element 

 
Figure 2.2. (a) Configuration of the electron shells of B, C, and Si. 

(b) hybridization sp² of boron (yellow) and sp³ of carbon and silicon (blue) [1]. 
  

 Therefore, due to its diverse stoichiometry and the peculiarities of B, the 

organization of the atoms in boron carbide is complex and varied. However, it usually 

responds to an X12XXX pattern in which X12 represents 12 atoms that occupy the 

corners of an icosahedron, as is the case in pure boron, and XXX represents a 3–

atom chain [5]. With this pattern, the only two ordered structures possible are 

B12CCC and B12CBC [5], whose C atom percents are 20% and 13.3%, respectively. 

 The crystal structure of B12CCC has B icosahedra centred at the corners of a 

rhombohedral cell (a = 5.16 Å, α = 65.7°) [5], and a C chain in the centre aligned in 

the [111] direction (Fig. 2.3a). In elemental B, the atoms also occupy the vertices of 

icosahedra centred at the corners of a rhombohedral cell, so conceptually one may 

consider that the B12CCC structure is obtained by introducing a C chain in the 

centre of the B cell (Fig. 2.3b), with the consequent modification of the cell 

parameters. 

 
Figure 2.3. (a) Boron carbide unit cell based on icosahedra and a chain [10]. 

(b) Rhombohedral structure of boron. 
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(1,1,1) 

 In the B4C structure, the icosahedra are oriented so that the three B atoms of 

the same triangular face are each located on an edge of the cell, and at the same 

distance from the vertex (Fig. 2.4). Therefore, the direction [111] of the 

rhombohedral cell is always perpendicular to a pair of parallel faces of the 

icosahedron. As noted above, the central atom of the C chain is located at the centre 

of the cell, and the other two at the same distance from it in the [111] direction. The 

structural base thus comprises 15 atoms, 12 of B and 3 of C, so that the formula or 

stoichiometric ratio is B4C. 

 
Figure 2.4. Boron carbide unit cell [14]. 

 

 Focusing now on the coordination existing in the structure described above, 

i.e., the bonds between the different atoms, one sees that the B atoms occupy two 

types of sites in the icosahedron, polar and equatorial [3]. The six polar sites are the 

corners of the triangular faces perpendicular to the [111] direction. The six equatorial 

sites are the remaining vertex of the icosahedron. They form a hexagonal “chair” (Fig. 

2.5). 

 
 

 
 
 
 
 

 
 
 

 
 
 
 

 
Figure 2.5. Positions of the B atoms in the icosahedron. 
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 The C atoms also occupy two types of site, the centre and the ends of the 

chains. As illustrated in Fig. 2.6, the polar–site B atoms in the the B12CCC structure 

bind to six other B atoms, five in the same icosahedron (two at polar sites and three 

at equatorial sites) and the sixth in a neighbouring icosahedron (also at a polar site). 

However, the equatorial–site B atoms bind to five others in the same icosahedron 

(three at equatorial sites and two at polar sites) as well as to a C atom at the end of a 

chain. Finally, the only links of the central atom of each C chain are to the other two 

at the ends. In sum, all the B atoms are linked to a total of six atoms, while the C 

atoms are linked to either two or four, depending on whether they are in the centre 

or at the ends of the chain, respectively. It is therefore a structure formed by B 

icosahedra and C chains in which each icosahedron is linked to both six icosahedra 

(polar atoms) and six chains (equatorial atoms), while each chain is linked to just six 

icosahedra. 

 
 

Figure 2.6. Types of sites and bonds in the boron carbide unit cell [2]. 

 

 Thus, in this structure four types of bonds are distinguished. From shortest to 

longest they are [5]: (i) intra–chain C–C, (ii) chain–icosahedron C–B, (iii) inter–

icosahedral B–B, and (iv) intra–icosahedral B–B. In other words, the strongest bonds 

are those that link the atoms of a chain, followed by those that join a chain to the 

nearest icosahedra. The weakest are those that link the B atoms of the same 

icosahedron, followed by those linking the icosahedra. 
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 The B12CCC crystal structure can also be described by a hexagonal cell whose 

[0001] direction coincides with the [111] direction of the rhombohedral cell (Fig. 

2.7). As can be seen, the hexagonal cell contains three chains and three icosahedra, 

so that it contains the structural base three times, i.e., a total of 45 atoms (36 B and 9 

C). The volume of the hexagonal cell is thus three times that of the rhombohedral 

cell. 

 
Figure 2.7. Rhombohedral (red) unit cell and hexagonal (blue) multiple cell of boron carbide [5].  

 

 If the C atom in the centre of the chain in the B12CCC structure is replaced by 

B, one gets the B12CBC ordered structure. With this modification, the C atom 

percent falls from 20% to 13.3%. Substitution of another C atom by B would be 

impossible because this would reduce the atom percent to 6.6%, outside boron 

carbide's stability domain. Although the only two ordered structures B12CCC and 

B12CBC correspond to the stoichiometries B4C (20 at.% C) and B6.5C (13.3 at.% C), 

respectively, this does not mean that the inverse is necessarily the case. Indeed, the 

belief that B4C is formed by icosahedra of B and chains of C has been discarded since 

successive refinements of experimental models have shown that C atoms can also 

occupy the B sites and vice versa [2–5,9–12]. 

 In the B–C phase diagram (Fig. 2.1), the B4C stoichiometry is very close to the 

upper limit of the boron carbide stability domain, while B6.5C is close to the central 

zone. Thus in general, the structure of boron carbide can be considered to be either 

that of B6.5C modified to contain more or less C, or that of B4C modified to contain 
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less C. The latter interpretation is consistent with the fact that the formula B4C is 

always used to refer to this compound, regardless of its actual C content. 

 In view of the foregoing, one can state that in general there is an intrinsic 

disorder in boron carbide that gives rise to a great many polymorphic variants. In the 

case of B4C for example, a total of 52 polymorphs forming 10 different families have 

been recognized [12], with B11CCBC being the most abundant disordered structure 

[2–3,5,9–12]. The main difficulty with the different structural model proposals is to 

locate precisely the positions of B and C in the crystalline structure, since these atoms 

are so close in the periodic table that their (nuclear and electron) scattering cross–

sections are very similar [2,10]. 

 With regard to the composition of the icosahedra, it is generally accepted that 

with increasing carbon content there is a progressive change from B12 to B11C, B10C2, 

and B9C3 [3,5], with the C atoms preferentially occupying the polar sites [2,4]. There 

is far more controversy about the composition and organization of the chains since, 

although CBC is the most widely accepted configuration, some authors [2–5,9–12] 

claim that there is a certain percentage of chains such as CCC, CCB, CBB, BCB, and 

BBB, as well as others with vacancies, forming rings, etc. Some authors also argue that 

the bonds in the chains are not strongly covalent since the end atoms are weakly 

linked to the central atom which, moreover, tends to shift in the direction 

perpendicular to the ternary axis, and they even raise the idea that the central atom, 

generally of B, is actually an ion [5,9] compressed between the ends of the chain and 

that, therefore, it tends to occupy interstitial positions in the crystalline structure 

[4,9]. Therefore, the configuration of the chains is a clearly complex issue that 

requires much further analytical effort. Fig. 2.8 shows high–resolution electron 

microscopy images corresponding to single crystals with the stoichiometry B13C2. 

Based on the observations made, the following chain models have been posited [3]: (i) 

four–atom chains combined with straight CBCs, (ii) chains with vacancy defects C□C 

(where □ is a vacancy), (iii) bent CBCs oriented differently from the singular chains 

relative to the projected direction, (iv) straight chain combined with a CB2C 

rhombus, (v) bent chains combined with CB2C rhombi, and (vi) CB2C rhombi. 

Therefore, even for a stoichiometry that is compatible with the B12CBC ordered 

structure, six different chain patterns have been observed. 

 To end, Fig. 2.9 is a plot of the hexagonal cell parameters as a function of the 

boron carbide's C content. As can be seen, the parameter a decreases progressively as 

the C content increases, while the parameter c remains constant up to approximately 

13 at.% C, after which its decrease is even sharper than that of parameter a. Thus, 



Chapter 2. State of the art 

 
 

 
  

 

19 

the cell size in general decreases with increasing C content due to the progressive 

replacement of B atoms by the smaller C atoms. 

 

 
 

Figure 2.8. High resolution transmission electron microscopy of B13C2 along direction [211]: (a) TEM image, (b) 
projection of the ideal B12CBC structure; (i–vi) B13C2 chain model proposals [3]. 

 

 
Figure 2.9. Boron carbide hexagonal lattice parameters [5]. 
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 2.2. Boron Carbide: Densification and mechanical 
properties 

 As mentioned in Chapter 1, in order for their mechanical properties to be 

suitable for industrial uses, B4C–based materials must be fully dense and have 

microstructures with a grain size as fine as possible. Nonetheless, the fabrication of 

materials with these characteristics is a great challenge due to B4C's poor sinterability. 

This is conditioned by both intrinsic and extrinsic factors. First, B4C's high melting 

point and the low self–diffusion coefficients of B and C impose severe kinetic 

constraints on mass transport and hence on densification, so that full densification of 

these materials can only be achieved at very high temperatures. And second, B4C's 

oxidic impurities – in particular, passivating layers of boria (B2O3) on the B4C particle 

surfaces [15] – generate gas at around 1000 °C, thus favouring surface diffusion or 

vapour phase, and promoting grain growth over densification. It is therefore 

necessary to adopt strategies that can address these problems. 

 This subchapter will review and analyse the results of the most relevant studies 

on sintering B4C–based materials that have been published in the recent decades. 

First, the studies on sintering pure B4C will be reviewed, and then B4C in the 

presence of other compounds that act as sintering additives or toughening second 

phases. The first part is organized in accordance with the sintering technique used, 

and the second according to the phases present in the resulting sintered composite 

materials. The information will be presented in tables containing the following data: 

number (No), product (P), starting powders (if necessary) (SP), sintering technique 

(ST), sintering conditions (SC), relative density (RD), hardness (H), toughness (KIC), 

year (Y), and publication reference (R). The table rows will run from higher to lower 

relative density within each manufacturing technique used. 
 

 2.2.1. Sintering of pure boron carbide 

 Pressureless sintering of B4C 

 Conventional sintering (pressureless sintering, PLS) is the simplest and 

cheapest technique existing to fabricate B4C parts (as well as any other ceramic) since 

it is done without simultaneous application of pressure. The powders are compacted 

cold prior to sintering, generally by uniaxial or isostatic pressing, giving rise to a green 

material with sufficient mechanical integrity to allow its manipulation. The resulting 

powder compacts (generally contained inside a graphite die) are loaded into a 
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sintering furnace for their final processing, applying the thermal cycle most 

appropriate for each case. In its simplest form, the selection of the thermal cycle 

involves choosing the heating ramp up to the maximum sintering temperature, the 

residence time at that temperature, and the cooling ramp. In PLS, the heat source 

consists of thermal resistances located inside the furnace, and are therefore at a 

certain distance from the material to be sintered. In this way, the compacted powder 

is heated by the thermal radiation emitted when the resistors are heated by the Joule 

effect. For this reason, conventional sintering requires very long times (10–20 hours), 

which have the unfortunate effect of favouring grain growth. As mentioned above, 

the passivation of the B4C particles also favours grain growth over densification, and 

this, together with the fact that the B4C is a non–oxidic ceramic and that graphite 

furnaces are used given the high temperatures of densification, means that the 

sintering has to be done in a vacuum and/or under a flow of inert gas. This, due to 

the lack of oxygen, not only prevents the growth of the boria layer but also serves to 

eliminate any boria gas that has been formed. The inert gas generally used is argon. 

Table 2.3 compiles the results of different studies done to date on the fabrication of 

pure B4C using PLS. 
Table 2.3. B4C pressureless sintering. 

 

No P ST SC 
RD 

(%) 

H 

(GPa) 

KIC 

(MPa·m1/2) 
Y R 

1 

B4C PLS 

2170°C, 15min, Ar ∼95.6 ∼24.5 ∼3.2 1988 [16] 

2 2250°C, 120min, Ar ∼95.5 ∼21.0 – 2005 [17] 

3 2190°C, 60min, Arvacuum ∼95.0 – – 2004 [18] 

4 2375°C, 60min, vacuum ∼93.0 ∼25.0 – 2006 [19] 

5 2250°C, He ∼92.7 – – 2003 [20] 

6 1600°C–2260°C, 60min, vacuum ∼90.5 – – 2019 [21] 

7 2275°C, 60min, vacuum ∼86.6 ∼26.9  2008 [22] 

8 2150°C, vacuum ∼86.0 ∼22.0 ∼2.2 2008 [23] 

9 2150°C, 15min, Ar ∼85.0 – – 1992 [24] 

10 2180°C, 120min, Ar ∼83.0 – – 2007 [25] 

11 2180°C, 60min, vacuum ∼83.0 – – 2018 [26] 

12 2250°C, 60min ∼82.5 – – 2003 [27] 

13 2150°C, 90min, Ar ∼81.4 ∼17.1 ∼2.6 2020 [28] 

14 2250°C, 60min, Ar ∼79.6 ∼21.3 ∼1.8 2020 [29] 

15 2250°C, 60min, Ar ∼79.6 ∼21.3  ∼1.8 2021 [30] 

16 2150°C, 15min, Ar ∼78.0 – – 1981 [31] 

17 2050°C, 60min, inert ∼74.0 ∼18.0 ∼1.9 2006 [32] 

18 2050°C, 60min, Ar ∼72.0 ∼19.0 ∼2.0 2006 [33] 

19 2260°C, 15min, Ar–N2 ∼71.9 – – 1977 [34] 

20 2190°C, 60min, Ar  ∼71.0 – – 2000 [35] 

21 2050–2150°C, 60min, Ar ∼65.0 ∼8.5 ∼2.7 2010 [36] 

22 2050°C–2150°C, 60min, Ar ∼64.0 ∼7.5 ∼2.7 2011 [37] 
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  As can be seen in the table, no works were found in which fully dense 

(RD≥98.5%) B4C ceramics were fabricates despite using very high temperatures (over 

2000 °C). Indeed, in no case did the maximum densities reach an RD of 96%. 

Logically, the greatest hardnesses (∼25–26 GPa) correspond to the densest materials, 

although in no case do they reach 30 GPa (super–hard). Nonetheless, the results in 

Table 2.3 show some deviations from this expectation since there are materials with 

similar porosities but with different hardnesses, and some materials with greater 

hardness than others which are less porous. The explanation lies in the fact that the 

hardness values obtained in the different studies depend not only on the porosity but 

also on other factors such as the type of hardness test used (Vickers, Knoop, etc.), 

grain size, and even the load used during the test. Indeed, the Knoop hardness values 

are significantly lower than the Vickers values [38], especially when it comes to ultra–

hard (>20 GPa) ceramic materials such as B4C in which the difference may surpass 5 

GPa. As the sintering temperature increases, the hardness should increase because of 

decreasing porosity, but at the same time it also should decrease because of increasing 

grain size. A good example of grain growth is observed in the material made with 

submicron (∼0.8 µm) powder at 2375 °C, since the grain size of the final sintered 

material is 100–120 µm (Fig. 2.10). 

 

 
Figure 2.10. Microstructure of B4C sintered by PLS at 2375 °C for 60 min [19]. 

 

 The hardness may be overestimated when loads of less than 10 N are used, 

with overestimate being worse the lesser the applied load. This is especially the case 

for ultra–hard materials such as B4C. Finally, the use of low loads to get an estimate 

of the hardness of porous materials can lead to widely varying results since the values 

obtained will depend on whether or not there exist pores both in the tested area and 
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in its surroundings. In sum, hardness's dependence on porosity, type of test, grain 

size, and the load used greatly complicates comparison of the values reported in the 

different studies. Table 2.3 also lists the toughness values of these materials. The 

highest value, 3.2 MPa·m1/2, corresponds to the densest material (∼95.6%). It should 

be noted that in some cases the toughness values in Table 2.3 were obtained by 

Vickers tests [39], and that, since they are porous materials, these values would 

overestimates. Indeed, with this methodological approach, the greater the porosity, 

the greater the overestimate. 

 

 Hot–pressing of B4C 

 Hot–pressing (HP) is a sintering technique in which a simultaneous uniaxial 

pressure (30–40 MPa) is applied during heating. The only difference between PLS 

and HP equipment is the hydraulic press that applies a pre–set pressure during the 

sintering cycle. The pressure exerted favours inter–particle contact, reducing 

diffusion distances and promoting plastic deformation, and thereby favouring 

densification. It also facilitates rearrangement of the powder particles, eliminating 

pores and breaking up possible clumps, again favouring densification. Table 2.4 lists 

the results of studies carried out in recent years on pure B4C using HP. 

 
Table 2.4. B4C Hot–pressing sintering. 

 
 

No P ST SC 
RD 

(%) 

H 

(GPa) 

KIC 

(MPa·m1/2) 
Y R 

1 

B4C HP 

2202°C, 34.4MPa ∼99.6 – – 1983 [40] 

2 1850°C, 30MPa, 60min, N2 ∼99.5 ∼21.0 ∼5.4 2008 [41] 

3 1950°C, 30MPa, 60min, Ar ∼99.4 ∼31.0 ∼3.3 2020 [7] 

4 1900°C, 50MPa, 60min, Ar ∼99.0 – ∼2.5 2003 [42] 

5 1950°C, 30MPa, 60min, vacuum+Ar ∼99.0 – – 2015 [43] 

6 2100°C, 25MPa, 60min, Ar ∼98.8 ∼30.8 ∼4.4 2016 [44] 

7 2200°C, 22MPa, 10min ∼98.0 – – 1979 [45] 

8 2150°C, 36MPa, 60min, inert ∼95.5 ∼32.5 ∼3.0 2005 [46] 

9 2100°C, 40MPa, 30min, Ar >95.0 – – 1989 [47] 

10 2150°C, 35MPa, 65min ∼95.0 ∼29.0 ∼2.5 2002 [48] 

11 2150°C, 35MPa, 65min, Ar ∼95.0 ∼21.0 ∼2.6 2009 [49] 

12 1950°C, 60MPa, 60min, vacuum+Ar ∼94.5 ∼25.2 ∼3.3 2017 [50] 

13 1950°C, 40MPa, 60min, Ar ∼92.4 – – 2019 [51] 

14 1950°C, 30MPa, 60min, vacuum+Ar ∼91.7 ∼24.1 ∼3.34 2014 [52] 

15 1950°C, 30MPa, 60min, vacuum+Ar ∼90.0 – – 2018 [53] 

16 1900°C, 30MPa ∼83.0 ∼7.8 ∼2.1 2016 [54] 

17 1850°C, 30MPa, 30min ∼82.3 ∼8.2 ∼2.1 2019 [55] 

18 2050°C, 50MPa, 60min, Ar ∼79.3 – ∼1.9 2003 [56] 
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 Unlike the case with conventional sintering, there have been several studies in 

which fully dense materials were obtained at temperatures in the range ∼1900–2200 

°C and pressures in the range ∼25–50 MPa. Therefore, the pressure exerted during 

heating is a key to attaining full densification of pure B4C. Indeed, the greater the 

pressure, the lower the temperature required. As can be seen in the table, the dense 

materials obtained by HP are generally super–hard, with hardness values of ∼30–31 

GPa. Their toughness varies widely, even when the same experimental method is 

used. The values reported range from ∼2.5 to 5.4 MPa·m1/2. On average, the values 

are clearly superior to those of PLS since the latter's products are, as mentioned 

above, always porous. 

 

 Hot isostating pressing of B4C 

 In sintering by hot isostatic pressing (HIP), a much higher pressure is applied 

during heating than in HP (100–300 MPa vs 25–50 MPa), and it is applied 

isotropically (in all directions). Sintering temperatures are considerably reduced 

because this methodological approach is very effective in promoting contact between 

the particles, and hence the material's densification. It is a very sophisticated and 

costly technique, which may be why no literature could be found on the fabrication 

of pure B4C by HIP, although one study uses PLS followed by HIP to completely 

densify B4C [57], with the resulting hardness being comparable to that of the same 

material fabricated by HP (∼27.0 GPa). 

 

 Spark–plasma sintering of B4C 

 In spark plasma sintering (SPS), uniaxial pressure is also applied during 

heating, although somewhat greater than that applied in the HP technique (∼50–75 

MPa vs 25–50 MPa). Unlike the latter however, the heating in SPS is very rapid (some 

minutes), thus minimizing grain growth in favour of densification. Fig. 2.11 shows 

the microstructure of the dense B4C made using SPS with an average 0.5 µm size 

starting powder. As can be appreciated, with this technique it is possible to 

approximately retain the initial powder particle size during densification. 

 To achieve ultra–fast heating, SPS equipment has two copper electrodes 

contacting the graphite die holding the ceramic powders. A pulsed, high intensity, 

low voltage electric current is run through these electrodes. The current heats the 

graphite die by the Joule effect, thus also heating the ceramic powder inside.  
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Figure 2.11. Microstructure of B4C sintered by SPS [8]. 

 

 If the powders are themselves good electrical conductors, electrical current also 

flows through them. In any case, the heating of the material to be sintered is 

"immediate" with the passage of the current [58]. Table 2.5 summarizes the results of 

the studies on fabricating pure B4C using SPS. 

 
Table 2.5. B4C spark–plasma sintering. 

 

No P ST SC RD (%) 
H 

(GPa) 

KIC 

(MPa·m1/2) 
Y R 

1 

B4C SPS 

1700°C, 75MPa, 3min, vacuum ∼100 ∼39.3 ∼3.5 2013 [8] 

2 1650°C, 80MPa, 5min, vacuum ∼100 ∼34.5 ∼4.3 2020 [59] 

3 1800°C, 50MPa, 5min, Ar ∼99.9 ∼34.0 ∼3.4 2019 [60] 

4 1800°C, 60MPa, 13min ∼99.7 ∼33.9 – 2017 [61] 

5 1670°C, 40MPa, vacuum ∼99.6 ∼30.7 ∼4.8 2015 [62] 

6 1900°C, 50MPa, 25min, Ar ∼99.1 ∼37.0 ∼3.4 2021 [63] 

7 1700°C, 75MPa, 3min, vacuum ∼99.1 – – 2015 [64] 

8 1800°C, 50MPa, 5min, vacuum ∼99.0 ∼39.1 ∼5.3 2010 [65] 

9 
2100°C, 40MPa, 20min, 

vacuum+N2 
∼99.0 – – 2018 [66] 

10 1700°C, 75MPa, 3min, vacuum ∼98.8 ∼37.0 ∼2.9 2014 [67] 

11 1650°C, 100MPa, 5min, vacuum ∼98.0 ∼42.6 ∼2.6 2017 [68] 

12 1500°C, 75MPa, 3min, vacuum ∼98.0 ∼34.2 ∼3.0 2016 [69] 

13 1700°C, 45MPa, 10min, Ar ∼95.8 ∼38.1 ∼3.2 2017 [70] 

14 1800°C, 50MPa, 5min ∼95.4 ∼36.6 ∼2.1 2014 [71] 

15 1800°C, 75MPa, 3min, vacuum >95.0 ∼29.0 – 2018 [72] 

16 1800°C, 50MPa, 10min ∼94.3 ∼35.6 ∼2.4 2020 [73] 

17 1800°C, 75MPa, 3min ∼91.3 – – 2021 [74] 

18 1700°C, 50MPa, 5min, vacuum ∼90.4 ∼28.1 ∼3.4 2014 [75] 

19 1700°C, 32MPa, 5min ∼84.5 ∼17.9 ∼2.9 2016 [76] 

20 1800°C, 35MPa, 6min, vacuum ∼77.0 – – 2014 [77] 



2.2.1. Sintering of pure boron carbide. Flash sintering of B4C 

 
 

 
  

 

26 

 As can be appreciated, the sintering temperatures necessary to obtain dense 

materials are reduced by some 100–200 °C relative to HP, depending on the pressure 

applied. In addition, materials with hardnesses in the range of ∼30–40 GPa are 

obtained, in some cases much greater than the hardnesses of materials fabricated 

using HP (∼30 GPa). This is because, as mentioned above, the ultra–fast heating 

allows the initial particle size to be retained, so that it is possible to fabricate materials 

with different grain sizes (nanometric, submicron, or micron) and, therefore, with 

different hardnesses. The toughness values (∼3.5–5 MPa·m1/2) seem greater than 

those of dense materials fabricated by HP. The resulting values also present lower 

variability.

  

 Flash sintering of B4C 

 Flash Sintering (FS), like the SPS technique, is also ultra–fast, but does not 

apply pressure. The technique is based on the "flash effect" of an abrupt rise in 

conductivity under certain conditions of temperature and applied electric field. The 

flash event only occurs above a certain value of the electric field (several tens of 

V/cm), and depends on the material. It is usually accompanied by a flash with 

dissipation of energy (Joule effect) in the range of 10–50 mW/mm³ [78]. This 

technique generates faster heating than SPS, and materials can be fabricated in a 

matter of seconds or minutes without the need to apply simultaneous pressure. It 

would thus be expected that materials can be fabricated with properties similar to or 

better than those obtained by SPS. Nonetheless, it is thought that, given their 

fabrication conditions, these are materials that have not reached equilibrium. The 

difference between FS and SPS is in the form of heating, since in FS it is not the 

graphite die that conducts most of the electrical current but the sample itself. Only 

one study could be found in which B4C was fabricated using FS [79]. It resulted in 

uneven densification, with some zones in the material of ∼99.5% RD and others of 

∼89% RD. 

 

 In summary, the studies carried out to date on the fabrication of B4C clearly 

indicate the impossibility of obtaining fully dense materials by conventional sintering, 

and that the simultaneous application of pressure during heating is required (as in 

the cases of the advanced pressure sintering techniques, HP and SPS). With the HP 

technique, fully dense B4C can be fabricated at temperatures ≥1900 °C and pressures 

of ∼25–50 MPa. Logically, the lower the applied pressure, the higher the temperature 
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required to achieve full densification. The SPS technique reduces manufacturing 

temperatures by approximately 100–200 °C, so that fully dense B4C can be fabricated 

at temperatures ≥1700 °C and at pressures of ∼50–75 MPa. This reduction in 

temperature is in fact not totally real since the temperature recorded by the optical 

pyrometers during SPS is not that of the B4C powder but that of the graphite matrix, 

which is cooler. The SPS technique is not any more sophisticated than that of HP, 

but, being ultra–fast, it offers two major advantages over the latter. One is that the 

lower temperatures and shorter times allow manufacturing that is both more 

profitable (by reducing energy consumption costs) and more respectful with the 

environment. The other is that it allows dense materials of different grain sizes and 

therefore optimized hardness to be fabricated. 

 

 2.2.2. Boron carbide sintering with additives 

 In addition to applying pressure and/or reducing sintering time using ultra–

fast techniques, other compounds can be mixed in to facilitate B4C's sintering. These 

additives may or may not be in the solid state. If, once sintered, second–phase 

residuals remain, then what is actually obtained is a composite B4C–based material, 

even though the proportion of the second phases may be minor. As is logical, the 

presence of these phases also influences the mechanical properties of the final 

material. The ideal therefore is to choose additives which, in addition to promoting 

the B4C's sintering, generate secondary phases that are light, refractory, and with 

hardnesses that are as close as possible to B4C's. 

 The list of additives that have been used to densify B4C is long. Furthermore, 

the additive itself is less relevant than the composition of the final material, since the 

additives generally react with the B4C, being partially or totally consumed to give rise 

to other products. The organization of this part of the literature review will therefore 

be in accordance with the nature and number of the phases appearing in the final 

composites rather than with the additives themselves – firstly, whether the final 

composite has minority soft phases based on carbon (graphite, graphene oxide, 

carbon nanotubes, etc.), and secondly, whether the final composite contains other 

minor ceramic phases of high hardness (carbides, borides, nitrides, and oxides) and, 

occasionally, also other carbonaceous phases. In both cases, proportions of additives 

necessary to facilitate sintering are used that, if possible, augment the material's 

toughness, to some extent alleviating the main drawback of using B4C in structural 

applications, but without excessively compromising its hardness. 
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 Boron carbide with carbonaceous phases 

 Carbon was one of the first additives used in conventional sintering. Its 

effectiveness is based on the fact that it allows B2O3 impurities to be eliminated in 

accordance with the reaction: 

 2B2O3+7C→B4C+6CO(g)      (2.1) 

and therefore reduces grain growth in favour of densification. The removal of the 

oxide layer facilitates direct contact between the B4C particles, so that sintering starts 

at relatively low temperatures (∼1350 °C). Furthermore, since there is no vapour 

phase, mass transport is promoted by diffusion across the grain boundary or through 

the crystal lattice. Various studies have applied different types of carbon (graphite, 

phenolic resin, etc.) as an additive in conventional B4C sintering. Nonetheless, 

although the relative densities of these materials are greater than in the absence of 

carbon, none of them reached full densification. This is not the case when the 

additives are carbonaceous reinforcements in the form of tubes, fibres, platelets, etc. 

since they yield full densification of the B4C–based composite while preserving its 

lightness and providing toughness reinforcement mechanisms (crack bridging, crack 

deflection, etc.). However, the main problem to resolve is to disperse these additives 

evenly in the B4C matrix. Generally, nanocarbon reinforcements, the commonest 

today in brittle ceramics, are classified into zero–dimensional (carbon nanoparticles, 

CNPs), one–dimensional (carbon nanotubes, CNTs), and two–dimensional 

(graphene platelets, GPL; graphene nanoplates GNPs; reduced graphene oxide, rGO; 

etc.). CNPs provide optimal lubrication for wear applications but are not very 

effective in increasing toughness. CNTs provide greater toughness, although they are 

difficult to disperse in the B4C matrix since they are elongated and tend to roll up 

and agglomerate. They are also more costly to produce. The two–dimensional 

nanocarbon reinforcements are those with the greatest potential for improving 

toughness (due to the dimensionality of the cracks), and they are more easily 

dispersed in the ceramic matrix. Table 2.6 lists the results of studies on fabricating 

carbon reinforced B4C using HP and SPS. 

 As can be seen, HP yields dense materials at 1950–2100 °C and 25–30 MPa, 

and SPS at 1620–1800 °C and 40–50 MPa. In both cases, the materials obtained 

exhibit a good combination of mechanical properties, with hardness somewhat 

greater than 30 GPa and toughness of about 5 MPa·m1/2. Comparison of these results 

with those of Tables 2.4 and 2.5 corresponding to B4C materials fabricated by
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Table 2.6. Sintering of the B4C with nanocarbon reinforcements. 
 

 

No P SP ST SC 
RD 

(%) 

H 

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 
B4C–

2wt.%rGO 
B4C+GO# 

HP 

1950°C, 

30MPa, 

60min, Ar 

∼99.9 ∼33.0 ∼5.9 2020 [7] 

2 
B4C–1wt.% 

GNPs 
B4C+GNPs 

1950°C, 

30MPa, 

60min, 

vacuum+Ar 

∼99.1 ∼32.8 ∼4.7 2020 [80] 

3 B4C–GPL 
B4C+4.5 

wt.% GPL 

2100°C, 

25MPa, 

60min, Ar 

AFD* ∼30.4 ∼5.9 2016 [81] 

4 

B4C–

2.0vol.% 

rGO 

B4C+GO 

SPS 

1800°C, 

50MPa, 

5min, Ar 

∼99.7 ∼32.8 ∼4.9 2019 [60] 

5 B4C–CNT 
B4C+0.5 

wt.% CNT 

1620°C, 

40MPa, 

vacuum 

∼99.5 ∼32.2 ∼5.2 2015 [62] 

# Graphene oxide   * Almost fully dense 

 

HP and SPS without nanocarbon reinforcements suggests that, in the presence of 

these toughening phases, (i) it is possible to reduce the sintering temperature of B4C 

moderately, (ii) the hardness penalty is irrelevant since the materials obtained are also 

super–hard, and (iii) the toughness is significantly improved. 

 

 B4C materials with ceramic second phases 

 Next, the studies of fabricating B4C with other ceramic phases will be reviewed, 

starting with those that use only one additional phase, then two, and finally three or 

more. 

  

 Two–phase B4C–based compounds 

 There has been work on the fabrication of two–phase B4C–based compounds 

with transition metal diborides as minor phases (Table 2.7). As one sees in the table, 

these are TiB2 and ZrB2 (both group IV), TaB2 (group V), and CrB2 (group VI). They 

exhibit a good combination of properties. 
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Table 2.7. Properties of B4C and some metalic diborides. 
 

Properties B4C TiB2 [83]  ZrB2 [83] TaB2 [83] CrB2 [83] 

Density (g/cm3) ∼2.52 [2] ∼4.53 ∼6.09 ∼12.62 ∼5.6 

Melting point (°C) ∼2490 [10] ∼3063 ∼3473 ∼3310 ∼2473 

Hardness (GPa) ∼31[7]–39[8] ∼33 ∼22.1 ∼24.5 ∼20.6 

Toughness (MPa·m1/2) ∼2 [82] ∼6–8 [84] ∼2.3–3.5 [85] ∼4–5 [86] ∼3–4 [87] 

Thermal expansion 

coefficient (×10–6·K–1)  
∼6.5 [8] ∼8.6 ∼8.3 ∼8.4  ∼10.5 [87] 

 

 The B4C–TiB2 system 

 Compared with the rest of the above diborides, TiB2 is the one that has 

properties closest to those of B4C, and this probably is the reason why more studies 

were found with a focus on fabricating the B4C–TiB2 system (Table 2.8) than the 

B4C–ZrB2, B4C–TaB2, or B4C–CrB2 systems. 
 

Table 2.8. Sintering of the B4C–TiB2 two–phase system. 
 

No P SP ST SC 
RD 

(%) 

H 

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 B4C–TiB2 

B4C+ 

15wt.% TiO2+           

1–6wt.%C PLS 

1900–

2050°C, 

60min, Ar 

>99.0 – ∼3.7 1996 [88] 

2 B4C–TiB2 
B4C+ 

30wt.%TiB2 

2150°C, 

vacuum 
∼98.5 ∼23.0 ∼3.4 2008 [23] 

3 

B4C–

30vol.% 

TiB2 

B4C+TiB2 

HP 

2000°C, 

35MPa, 

60min, 

vacuum 

∼100 ∼30.4 ∼5.2 2018 [89] 

4 B4C–TiB2 B4C+TiO2+C 

2000°C, 

50MPa, 

60min 

∼100 – ∼3.0 2005 [90] 

5 

B4C–

30vol.% 

TiB2 

B4C+TiO2+ 

carbon black 

SPS 

2000°C, 

60MPa, 

5min, 

vacuum 

∼100 ∼39.3 ∼3.0 2011 [91] 

6 B4C–TiB2 
B4C+ 

30wt.%TiO2 

1900°C, 

50MPa, 

30min 

∼100 ∼35.0 – 2018 [92] 

7 

B4C–

5vol.% 

TiB2 

B4C+TiO2 

2100°C, 

35MPa, 

10min, 

vacuum 

∼99.2 ∼30.7 ∼3.3 2020 [93] 
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 The additives used to obtain this secondary phase are TiB2 directly or TiO2, 

the latter because it reacts with B4C giving rise to TiB2 in accordance with the 

following reactions corresponding to the absence and the presence of carbon, 

respectively: 

 5B4C+6TiO2→6TiB2+4B2O3+5C     (2.2) 

 B4C+2TiO2+3C → 2TiB2+4CO(g)     (2.3) 

 In the second case, the reaction takes place without forming boria, although 

this phase is always present, passivating the B4C particles. Nonetheless, as noted 

above, the boria can be partially or totally eliminated with an excess of carbon present 

as an impurity in the B4C starting powders, added intentionally as a sintering additive 

and/or present as an impurity in the B4C starting powder. Finally, the graphite die 

can cause carbon contamination during sintering, especially in HP and SPS because 

of the direct contact. Regardless of the origin of the C, its presence during sintering 

plays a fundamental role in promoting densification. 

 When TiO2 is used as a sintering additive, in principle its melting point of 

∼1843 °C [94] would allow accelerated densification of the material, especially in 

comparison with the solid–state sintering that takes place when using TiB2. This is 

because the liquid would quickly fill the pores in the material. It is important to 

emphasize that the liquid–phase is transitory and disappears by reacting with B4C 

and/or C giving rise to TiB2, whose melting point is much higher. Generally, liquid–

phase densification favours grain refinement during sintering (since the sintering 

temperatures are much lower). It is therefore to be expected that the hardness of 

these materials will be greater than that of materials fabricated with TiB2 additives 

directly. Indeed, the greatest hardness values in Table 2.8 correspond to TiO2 

additives. Therefore, the selection of additives that generate a liquid–phase at 

temperatures below that of the fabrication conditions seems quite appropriate. Also, 

by fully reacting with B4C, these additives disappear to form refractory compounds, 

thus avoiding the compromise that their presence in the final composite would 

otherwise entail for high temperature applications. 

 The toughness values are moderate (∼3 MPa·m1/2) except for one specific 

study. The main mechanism of toughness reinforcement observed in these materials 

is crack deflection. A crack passes through the B4C grains (transgranular fracture), but 

tends to go around the TiB2 grains (intergranular fracture) because the thermal 

expansion coefficient of TiB2 is greater than that of B4C, so that, unlike the case of 

pure B4C, the trajectory of the crack is not linear. Being more tortuous, the crack 
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requires more energy to propagate, making the composite material somewhat 

tougher.

 The B4C–ZrB2 system 

 The next diboride presenting the best combination of properties is ZrB2, being 

the most refractory of all the group. Table 2.9 lists the studies corresponding to the 

B4C–ZrB2 two–phase system. As can be seen, unlike the case with TiB2, no studies 

were found that used ZrB2 starting powders, probably because it is highly refractory. 

The commonest form of obtaining ZrB2 is through the following reactions 

corresponding to the absence or presence of additional carbon, respectively: 

 2ZrO2+B4C → 2ZrB2+B2O3+CO(g)    (2.4) 

 2ZrO2+B4C+3C → 2ZrB2+4CO(g)     (2.5) 
 

Table 2.9. Sintering of the B4C–ZrB2 two–phase system. 
 

No P SP ST SC 
RD  

(%) 

H 

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 
B4C–

ZrB2 

B4C+ 

15wt.% 

ZrO2 

HP 

1950°C, 30MPa, 

60min,  

vacuum+Ar 

∼99.3 – – 2018 [53] 

2 

B4C–

30vol.% 

ZrB2 

B4C+ZrO2+ 

carbon 

black 
SPS 

2000°C, 30MPa, 

5min, vacuum 
FD* ∼30.6 ∼3.0 2014  [95] 

3 
B4C–

ZrB2 

B4C+ 

10wt.% 

ZrH2 

1700°C, 32MPa, 

10min, vacuum 
∼98.8 ∼31.3 ∼4.2 2015  [96] 

  

 Another form of obtaining B4C–ZrB2 composites is through reactive sintering 

of a B4C+ZrH2 powder mixture, in accordance with the following reaction: 

 B4C+2ZrH2 → 2ZrB2+C+2H2(g)     (2.6) 

 Unlike ZrO2, ZrH2 is not refractory since it melts at ∼800 °C [97], and favours 

sintering with a transient liquid–phase which therefore promotes the production of 

dense materials even at relatively low temperatures. As in the case when using TiO2, 

the C product resulting from the reaction helps to remove B2O3 impurities. 

 Comparatively, it can be seen that the choice of ZrB2 instead of TiB2 reduces 

the hardness of the final composite materials moderately, although both cases are 

super–hard with hardnesses greater than 30 GPa. These composite materials' 

toughness is similar to that of the previous two–phase system because they have the 

same toughness reinforcement mechanism (crack deflection). 
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 The B4C–CrB2 and B4C–TaB2 systems 

 Only one study was found for each of these two biphasic systems (Table 2.10). 

That for the B4C–CrB2 system was carried out directly using CrB2 powders as the 

secondary phase, whose melting point (2473 °C) is very high and similar to that of 

B4C. Therefore, the densification of these composites at 1900 °C must be by solid–

state sintering. Of all the borides listed in Table 2.7, CrB2 is the softest (with a 

hardness of 20.6 GPa), although the hardness of the composite was not given. Its 

toughness, however, was indicated to be moderate. 
 

Table 2.10. Sintering of the B4C–CrB2 and B4C–TaB2 two–phase systems. 
 

No P SP ST SC 
RD 

(%) 

H  

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 
B4C–

CrB2 

B4C+ 

13vol.%CrB2 
HP 

1900°C, 

50MPa, 

60min, Ar 

∼99.0 – ∼3.5 2003 [42] 

2 
B4C–

TaB2 

B4C+ 

33mol%TaB2 
SPS 

2350°C, 

60MPa, 

1min, Ar 

∼99.8 ∼26.0 ∼4.5 2016 [98] 

 

 The B4C–TaB2 system study showed this composite to be softer than the 

previous two–phase systems, but to have much more optimized toughness. As can be 

seen in Table 2.7, TaB2 is, together with ZrB2, one of the most refractory diborides 

(its melting point is 3310 °C), and it has great chemical stability, which is why the 

B4C–TaB2 two–phase system might be very interesting for the fabrication of cutting 

tools, among other applications. Nonetheless, very high temperatures are needed to 

fabricate these composites, and they are heavy (density 5.0 g/cm³), and considerably 

penalize the characteristic hardness of dense B4C (≥30 GPa). 

 The B4C–SiC system 

 In addition to diborides, metal carbides are also excellent candidates for 

incorporation as secondary phases in B4C matrices. SiC particularly stands out 

because its properties are the closest to B4C (its density is ∼3.2 g/cm³ and its melting 

point is ∼2650–2950 °C, although its hardness is appreciably lower (∼23–25 GPa)). 

In addition, it offers good wear resistance and its fracture toughness (∼4.6 MPa·m1/2) 

[6] is greater than that of B4C. Furthermore, SiC could provide B4C composites with 

greater resistance to oxidation, as it already does in ultra–high temperature ceramics. 

This is because SiC oxidizes to form passivating protective layers of SiO2, and the 

SiO2 can react with B2O3 to form borosilicate layers. Table 2.11 lists some of the
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 work on the B4C–SiC system. 
 

Table 2.11. Sintering of the B4C–SiC two–phase system. 
 

No P SP ST SC RD (%) 
H 

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 

B4C–

30wt.%

SiC 

B4C+  

30wt.%α–SiC 

HP 

2000°C, 

40MPa, 

60min, 

vacuum 

∼99.8 ∼30.5 ∼3.6 2020  [99] 

2 

B4C– 

20wt.% 

SiC 

B4C+Si+C  

1950°C, 

30MPa, 

60min, 

vacuum+Ar 

∼98.6 ∼34.3 ∼6.0 2014 [100] 

3 

B4C–

SiC–

(Si)* 

B4C+8wt.%Si 

SPS 

1800°C, 

50MPa, 

5min, 

vacuum 

∼99.8 ∼41.8 ∼6.1 2010  [65] 

4 
B4C–

SiC 
B4C+8wt.%Si 

1700°C, 

60MPa, 

7min, 

vacuum 

∼99.7 ∼36.7 – 2015 [101] 

5 
B4C–

SiC 

B4C+15wt.% 

β–SiC 

1700°C, 

75MPa, 

3min 

∼99.4 – – 2016 [102] 

6 
B4C–

SiC 

B4C+15wt.% 

β–SiC 

1700°C, 

75MPa, 

3min, 

vacuum 

∼99.4 ∼36.2 ∼5.7 2013 [8] 

7 
B4C–

SiC 

B4C+20wt.% 

(Si+C) 

1800°C, 

30MPa, 

5min, Ar 

∼99.2 ∼35.8 ∼6.8 2017 [103] 

8 

B4C–

SiC–

(C)* 

50wt.%B4C 

+SiC+ 

1.5wt.%C 

1950°C, 

50MPa, 

5min, 

vacuum 

∼98.9 ∼30.3 ∼2.6 2021 [104] 

*The amount of the secondary phases in parenthesis is very small 

  

 Both B4C and SiC are non–oxidic ceramics, and their particles are therefore 

covered with a passivating oxide layer (B2O3 and SiO2, respectively). As mentioned 

above, this promotes grain growth to the detriment of densification. The idea 

therefore is that a small amount of C should be added to the powder mixture to 

remove the oxides. Nonetheless, this seems less critical than in the case of pure B4C 

because the B2O3 and SiO2 can react to form a borosilicate, minimizing the problem 

attributable to the formation of gaseous boria at high temperatures. As can be seen in 

Table 2.11, the additives used to obtain these composites are Si and SiC, but 
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generally in the presence of a certain amount of free C. Obviously this will be greater 

if more C is added intentionally. The fundamental difference between these two 

additives is that with Si a liquid–phase is generated since Si melts at ∼1410 °C, and 

this liquid then reacts with the free C and is completely consumed, producing SiC. 

One would expect that the densification of B4C with SiC would also occur by 

sintering with a liquid–phase (of borosilicates formed from the native oxides). 

 The hardnesses of the composite materials corresponding to the B4C–SiC 

system are in the range of ∼30–40 GPa, being greater the lower the proportion of 

SiC in the final composite. The results also suggest that the presence of SiC as a 

minor secondary phase reinforces toughness much more than in the case of metal 

diborides since values as high as ∼6 MPa·m1/2 can be reached (but as long as the SiC 

proportion does not exceed 20 wt.%). This is because SiC has a lower thermal 

expansion coefficient (4.5×10–6·K–1) [8] than B4C (6.5×10–6·K–1), so that the SiC 

particles are subjected to compressive, rather than tensile, residual stresses, and are 

thus more effective in improving the toughness of the composite material. 

 The B4C–Y3Al5O12 system 

 This is the two–phase system with the least refractory and lowest hardness 

secondary phase of all those mentioned so far. Y3Al5O12 (YAG) is the intermediate 

compound that corresponds to a eutectic in the Y2O3–Al2O3 phase diagram (molar 

ratio 3–5), with the following characteristics: melting point ∼1900 °C, density ∼4.56 

g/cm³, thermal expansion coefficient ∼8×10–6·K–1, and hardness ∼15 GPa [105]. 

Table 2.12 presents the results of the only study found for this system. It seems that 

densification originates by sintering with a liquid–phase, but in this case, and unlike 

the previous two–phase systems, it is permanent, so that the refractoriness of the 

composite material is limited by the secondary phase. As can be seen, the sintering 

temperature is moderate, but the hardness is also moderate (<30 GPa). Nonetheless, 

the toughness of this composite material is close to 6 MPa·m1/2, which is considerably 

greater than that of monolithic B4C ceramics and B4C composites with metal 

diboride secondary phases. 
 

Table 2.12. Sintering of the B4C–Y3Al5O12 two–phase system. 
 

No P SP ST SC 
RD 

(%) 

H 

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 
B4C– 

Y3Al5O12 

B4C+ 

4wt.%Al2O3+ 

6wt.%Y2O3 

HP 

1800°C, 

35MPa, 

60min, 

vacuum+Ar 

∼99.8 ∼28.3 ∼5.6 2015 [106] 
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 The B4C–hBN system 

 The last two–phase B4C–based system found in the literature is one that 

contains hexagonal boron nitride (hBN) as the secondary phase (B4C–hBN). Table 

2.13 summarizes the results of a recent study on this system. Cubic BN (cBN) was 

used as starting powder because it is easier to disperse, and during densification it is 

transformed into hBN at ∼1550–1625 °C. The sintering temperature seems 

moderate considering that BN is highly refractory. Nonetheless, the authors suggest 

that the exothermic transformation from cubic to hexagonal phase that occurs during 

sintering could facilitate densification. The resulting composite has high hardness, 

although its toughness is less than that of other two–phase systems such as B4C–SiC. 

Furthermore, it seems that the toughening of the B4C attained with hBN platelets is 

clearly inferior to that attained with nanocarbon. However, the use of GPL is more 

limited since they can react with B4C and their structural stability is compromised at 

high temperatures [5], especially if the sintering technique used is not ultra–fast. 
 

Table 2.13. Sintering of the B4C–hBN two–phase system. 
 

No P SP ST SC RD (%) 
H 

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 
B4C–

hBN 

B4C+ 

5vol.%cBN 
SPS 

1800°C, 

50MPa, 

10min 

∼99.7 ∼30.5 ∼3.8 2020 [73] 

 Three–phase B4C–based compounds 

 In addition to the aforementioned two–phase composites, other three–phase 

materials have been fabricated with B4C as the primary phase in order to facilitate its 

densification, maintain its hardness, and, if possible, improve its toughness. There 

are multiple combinations of secondary phases in three–phase systems, since they can 

include borides, carbides, nitrides, etc. As noted above, the most widely studied two–

phase systems are those with TiB2 or SiC as secondary phase, since both cases yield 

materials that are dense and ultra–hard (hardness >30 GPa), although SiC allows 

much greater improvements in toughness. Therefore, first the three–phase systems in 

which these two compounds are the secondary phases will be discussed, and then 

other combinations. 

 The B4C–SiC–TiB2 system 

 Table 2.14 lists the results of studies corresponding to the B4C–SiC–TiB2
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system, i.e., containing a carbide and a boride as minority phases. To produce 

materials of this type, it is necessary to use starting powders that provide Si and Ti. As 

indicated in the table, this has been achieved with various sintering additives: Ti–Si 

alloy (76 wt.% Si), TiSi2, TiC+Si, Ti3SiC2, Ti3SiC2+Si, and TiB2+SiC. 

 
Table 2.14. Sintering of the B4C–SiC–TiB2 three–phase system. 

 

No P SP ST SC RD (%) 
H 

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 

B4C–

20wt.% 

(SiC–

TiB2) 

B4C+ 

TiC+Si 

HP 

1950°C, 

60MPa, 

60min, Ar 

∼99.4 ∼35.2 ∼6.4 2019  [107] 

2 
B4C– 

SiC–TiB2 

B4C+ 

10wt.% 

Ti3SiC2 

2100°C, 

25MPa, 

60min, Ar 

∼99.6 ∼31.6 ∼7.0 2016  [44] 

3 
B4C– 

SiC–TiB2 

60vol.% 

B4C 

+30vol.% 

TiB2 

+10vol.%

SiC 

1950°C, 

30MPa, 

60min, 

vacuum+Ar 

∼99.2 ∼32.8 ∼8.2 2018  [108]  

4 

B4C–

10wt.% 

(SiC–

TiB2) 

B4C+ 

(TiC+Si) 

1950°C, 

60MPa, 

60min, 

vacuum+Ar 

∼98.9 ∼35.5 ∼6.0 2017  [50] 

5 
B4C– 

SiC–TiB2 

B4C+ 

30wt.% 

Ti–Si 

1850°C, 

30MPa, 

30min 

∼98.9 ∼28.4 ∼6.3 2019 [55] 

6 
B4C– 

SiC–TiB2 

B4C+ 

16wt.% 

TiSi2 

SPS 

1800°C, 

40MPa, 

5min, 

vacuum 

∼99.2 ∼33.5 ∼6.4 2021  [109] 

7 
B4C– 

SiC –TiB2 

B4C+ 

5wt.% 

(Ti3SiC2+

Si) 

1700°C, 

80MPa, 

5min, 

vacuum 

∼99.0 ∼38.4 ∼5.6 2019  [110] 

8 

B4C–

30wt.% 

(SiC–

TiB2) 

B4C+ 

Ti3SiC2+ 

Si 

1650°C, 

80MPa, 

5min 

∼98.6 ∼28.5 ∼5.8 2018  [111] 

 The composition selected for the Ti–Si alloy is eutectic, so that it melts at 

∼1330 °C giving rise to a transient liquid–phase that reacts with the B4C, thus 

disappearing to form SiC and TiB2. The same is the case when using TiSi2 or pure Si, 
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although their liquid–phases are formed at ∼1410 °C and 1480 °C, respectively 

[112]. When only Ti3SiC2 (a MAX phase1) is used, densification takes place by solid–

state sintering. In the case of directly incorporating both SiC and TiB2 into the 

starting powder mixture, it has been suggested that the densification is assisted by the 

liquid–phase, in this case associated with the formation of oxides during the previous 

stage of grinding the powder mixtures. The results of Table 2.14 indicate that in 

almost all cases super–hard materials with highly optimized toughness are obtained, 

with values as high as those obtained in the B4C–SiC system which, in turn, are 

clearly higher than those of the B4C–TiB2 system. The residual stresses generated in 

three–phase systems are greater than in two–phase systems due to the greater number 

of phases with different coefficients of thermal expansion, so it would be expected 

that the added toughening would be similar or even greater. 

 

 Other three–phase B4C–based compounds 

 Table 2.15 lists some results of recent studies on B4C–based composites with 

SiC or TiB2 and another secondary phase. There is only one study on fabricating B4C 

with SiC and another minor secondary phase (metal diboride), and this secondary 

phase was obtained from a metal disilicide, MoSi2, as sintering additive. The 

following reaction was proposed: 

 B4C+2MoSi2+3C→4SiC+2MoB2     (2.7) 

 However, when TiSi2 is used as sintering additive, the overall reaction actually 

occurring has been identified as being through the following two concatenated sub–

reactions: 

 B4C+2TiSi2→SiC+2TiB2+3Si     (2.8) 

 3Si(l)+3C→3SiC          (2.9) 

 Thus, everything seems to indicate that when disilicides are used as additives, a 

transient liquid–phase (in this case Si) is generated during sintering that facilitates 

densification, giving rise to a final three–phase composite, with a carbide and a 

boride as minority secondary phases. In these cases, super–hard materials with 

improved toughness are obtained, evidence for the interest of using metal disilicides 

as sintering additives. Despite the promising results obtained with the combination 

                                                 
1 MAX phases are layered hexagonal carbides and nitrides with the general formula Mn+1AXn, where n = 1 to 3, and 
M is an early transition series metal, A is an element of group A (mainly IIIA and IVA, or groups 13 and 14), and X 
is carbon and/or nitrogen [113]. 
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of B4C and disilicides, it is surprising to note that there have as yet been few studies 

on fabricating this type of three–phase composite. 

 
Table 2.15. Sintering of other three–phase B4C–based compounds. 

 

No P SP ST SC RD (%) 
H 

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 
B4C– 

SiC–MoB2 

B4C+30wt.%. 

MoSi2 

HP 

1900°C, 

50MPa, 

120min, 

vacuum 

∼99.2 ∼35.1 ∼4.8 2014 [114] 

2 
B4C– 

TiB2–W2B5 

B4C+30% 

(W,Ti)C 

1850°C, 

35MPa, 

40min, 

Ar 

∼99.2 ∼26.0 ∼3.9 2002 [48] 

3 
B4C– 

TiB2–Al2O3 

85.3wt.% 

B4C+ 4.7wt.% 

TiC+ 

10wt.% Al2O3 

1900–

1950°C, 

45–60 

min 

FD* ∼26.3 ∼4.0 2016 [115] 

4 
B4C– 

TiB2–Al4C3 

B4C+   

5wt.%Ti–Al 
SPS 

1700°C, 

32MPa, 

5min 

∼99.5 ∼33.5 ∼5.5 2016 [76] 

*Fully dense 

 

 With respect to three–phase B4C–based materials with TiB2 but not with SiC, 

Table 2.15 also presents the results of studies in which the third phase is a boride, an 

oxide, or a carbide. As can be seen, the best properties correspond to the B4C–TiB2–

Al4C3 system, i.e., again the combination of carbide and boride as secondary phases to 

achieve super–hard materials with improved toughness. For the fabrication of these 

composites, a Ti–Al intermetallic compound was used as sintering additive. This 

melts at ∼1450 °C, thus generating a transient liquid–phase which is consumed in 

reacting with B4C in accordance with the reaction: 

 2B4C+4Ti–Al+C→4TiB2+Al4C3     (2.10) 

so that the composite material resulting from sintering is of the B4C–TiB2–Al4C3 

type. The presence of Al4C3 in the composite is very interesting since it is a carbide 

which is also very light, ultra–hard, and refractory. Again, the scarcity of studies on 

B4C–based composites using Ti–Al as sintering additive is surprising since the 

densification temperatures are considerably lowered, and the composites obtained 

exhibit an excellent combination of mechanical properties. 



2.2.2. Boron carbide sintering with additives. B4C–based systems with more than three phases 

 
 

 
  

 

40 

 B4C–based systems with more than three phases 

 Finally, Table 2.16 lists the results of recent work in which B4C–based 

composite materials have been fabricated with microstructures made up of more than 

three phases, with a hardness of ∼30 GPa and a toughness of ∼6 MPa·m1/2. As can 

be seen, in all three cases the resulting composite contains a certain proportion of 

SiC. Two of them also use nanocarbon toughening reinforcement, once again 

showing the convenience of adding these phases to B4C to obtain ultra–hard 

materials with improved toughness. Nonetheless, the properties of these systems do 

not surpass those of others with far simpler microstructures, such as those fabricated 

using MoSi2 or Ti–Al as sintering additives. 

 
Table 2.16. Sintering of B4C–based systems with more than three phases. 

 

No P SP ST SC RD (%) 
H 

(GPa)  

KIC 

(MPa·m1/2) 
Y R 

1 

B4C–SiC–

Al4SiC4–

Al8B4C7–

Al3B48C2–

AlB12 

B4C 

+15wt.% SiC 

+3wt.% Al 

+1.5wt.%GPL 

SPS 

1825°C, 

30MPa, 

5min, 

vacuum 

∼100 ∼30.1 ∼5.9 2018 [116] 

2 

B4C–SiC–

B2O3–

TiO2–C–

CeB6 

B4C+ 5wt.% 

(Ti3SiC2 

+CeO2) 

1650°C, 

80MPa, 

5min, 

vacuum 

∼100 ∼28.5 ∼6.3 2020 [59] 

3 

B4C–SiC–

Y3Al5O12–

Y2O3 

78.5wt.% 

B4C+ 

15wt.% SiC 

+1.5wt.% 

GPLs+5wt.% 

Al2O3/Y2O3 

1900°C, 

30MPa, 

5min 

∼98.6 ∼30.6 ∼5.7 2019 [117] 

  

 In summary, the present literature review has clearly revealed the scarcity of 

studies on sintering three–phase B4C–based materials with secondary phases of the 

carbide–boride type, except for the SiC–TiB2 combination. The existing studies do 

suggest that the secondary phase combinations of SiC–MoB2 and Al4C3–TiB2, which 

can be obtained using MoSi2 and Ti–Al as sintering additives, respectively, are 

especially interesting to produce superhard materials with optimized toughness. They 

also suggest the convenience of incorporating nanocarbon reinforcements into the 

microstructure to improve toughness. 

 For this reason, this Doctoral Thesis was oriented in that direction, including
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different studies carried out on fabricating B4C with MoSi2 or Ti–Al, with or without 

the incorporation of GO or rGO, to obtain materials that are super–hard and 

toughened. This required a wide variety of materials to be fabricated and 

characterized, but always under a common experimental platform. In view of this, all 

the materials were fabricated using SPS. Only in this way was it possible to make a 

judicious comparison of the different results in order to extract processing guidelines. 

In addition, and to serve for applications that require parts with complex geometries 

and long curvatures (such as armours, bullet–proof vests, tribocomponents, etc.) and 

which are light, ultra–hard, and toughened, it was also intended to explore the 

fabrication of materials with pre–defined shapes by performing various colloidal 

processing and slip casting studies, and thus minimize machining tasks which 

otherwise would be unfeasible given the super–hardness of these materials. Finally, 

the mechanical characterization of the different materials fabricated was not 

exclusively restricted to the estimation of their hardness and toughness, but was 

extended to making detailed studies of the wear resistance of those that exhibit an 

optimal combination of properties. 
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 Abstract 

 Toughened, super–hard B4C triplex–particulate composites were densified by 

spark plasma sintering with MoSi2 additives (5, 10, and 15 vol.%) at temperatures in 

the range 1750–1850 °C at which the reference monolithic B4C ceramics are porous. 

It is proved that MoSi2 is a reactive sintering additive that promotes densification by 

transient liquid–phase sintering, thus yielding fully–dense B4C–MoB2–SiC 

composites at relatively lower temperatures. Specifically, the MoSi2 first reacts at 

moderate temperatures (<1150 °C) with part of B4C to form MoB2, SiC, and Si. This 

last is a transient component that eventually melts (at ∼1400 °C), contributing to 

densification by liquid–phase sintering, and then (at 1500–1700 °C) reacts with free 

C present in the B4C starting powders to form more SiC, after which densification 

continues by solid–state sintering. It is found that these B4C–MoB2–SiC composites 

are super–hard (∼30 GPa), tough (∼3–4 MPa∙m1/2), and fine–grained, a combination 

that renders them very appealing for structural applications. Finally, research 

opportunities are discussed for the future microstructural design of a novel family of 

toughened, ultra–hard/super–hard multi–particulate composites based on B4C plus 

refractory borides and carbides. 
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Abstract 

Seeking to fabricate B4C composites that are even more superhard (>30 GPa) 

at lower cost, B4C was transient liquid–phase assisted spark–plasma–sintered, 

somewhat counterintuitively, at lower temperature (<1750 °C) and with greater 

MoSi2 aid content (>15 vol.%) than ever before. It was found that just 20 vol.% 

MoSi2 aid enables the full densification of B4C at 1700 °C, thereby avoiding the 

deleterious transformation β–MoB2→α–MoB2, having consumed the entire MoSi2 to 

form MoB2 and SiC. This maximizes the hardness (∼33 GPa) of these novel triple–

particulate B4C–SiC–MoB2 composites without penalizing their toughness (∼4.1 

MPa∙m1/2). Also importantly, the dry sliding–wear of these novel composites was 

investigated for the first time, showing that they undergo only mild wear (specific 

wear rate of ∼10–8 mm³/N∙m) by plasticity–dominated two–body abrasion. 

Moreover, it was demonstrated that they are much more wear resistant than porous 

B4C monolithics fabricated under both the same and more demanding conditions, 

and at least as equally wear resistant as fully–dense B4C monolithics and composites 

fabricated under more demanding conditions. 
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 Abstract 

 A critical comparison is made between the dry sliding–wear resistance of a B4C 

composite fabricated by transient liquid–phase sintering with Ti–Al intermetallic 

additive and two reference monolithic B4C ceramics fabricated by solid–state 

sintering. It is shown that, as a consequence of its full densification and super–

hardness, the B4C composite is, despite containing secondary phases, markedly more 

wear resistant (significantly lower coefficient of friction, specific wear rate, worn 

volume, and wear damage) than the reference monolithic B4C ceramic fabricated 

under identical spark–plasma–sintering (SPS) conditions, and at least as wear 

resistant as the reference monolithic B4C ceramic fabricated at much higher SPS 

temperature. In all materials, wear is nonetheless mild and occurred by two–body 

abrasion dominated by plastic deformation at the micro–contact level plus, in the 

porous reference monolithic B4C ceramic, three–body abrasion dominated by 

fracture. Implications for the lower–cost manufacture of superhard B4C 

tribocomponents are discussed. 
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 Abstract 

 The aqueous colloidal processing of submicrometre B4C powder (∼0.6 µm) 

with coarse Ti–Al powder (∼40 µm) as sintering additive was investigated. Firstly, by 

measuring the zeta potential, pHs were identified that promote the individual 

colloidal stability of the B4C and Ti–Al particles as well as their co–dispersion in 

water with two different deflocculants (one anionic and the other cationic). It was 

found that the anionic and cationic deflocculants shift the isoelectric points of B4C 

and Ti–Al to more acidic and more basic pHs, respectively, making their co–

dispersion possible at neutral pH. And secondly, by means of rheological studies, 

conditions were identified (sonication time, deflocculant type, and deflocculant 

content) that at quasi–neutral pH yield B4C+Ti–Al shear–thinning concentrated 

suspensions (30 vol.% total solids) with low viscosity and small hysteresis loop. 

Interestingly, those deflocculated with the cationic polyelectrolyte had better 

rheological behaviour, being also less viscous and almost non–thixotropic. These 

suspensions were freeze–dried, obtaining powder mixtures that were compacted by 

conventional spark plasma sintering (SPS), and also slip–cast, obtaining robust green 

pieces that were densified by pressureless SPS. The two B4C composites thus 

obtained are superhard, with Vickers hardnesses greater than 30 GPa. 
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 Abstract 

 With the motivation of developing B4C composites with superior wear 

resistance for tribological applications, an ultrafine–grained (200—300 nm) B4C 

composite was fabricated, characterized microstructurally, and tested mechanically 

and tribologically. First, a well–dispersed powder mixture of B4C nanopowders (40 

nm) with coarse Ti–Al powders (38 µm) as transient liquid–phase sintering additives 

was environmentally–friendly prepared by aqueous colloidal processing, optimized by 

measurements of the zeta potential of dilute suspensions and rheological studies of 

concentrated suspensions. Second, the powder mixture obtained by freeze–drying was 

densified by spark–plasma sintering (SPS), identifying the optimal SPS temperature 

(1850 °C) by measurements of density, hardness, and toughness. Third, the dry 

sliding–wear behaviour of the optimal superhard B4C composite (31.5 GPa) was 

investigated by pin–on–disk tests and observations of the worn surface, determining 

its specific wear rate (4.4⋅10–8 mm3/(N⋅m)) as well as wear mode (two–body 

abrasion) and mechanism (plastic deformation). And lastly, the wear behaviour of the 

ultrafine–grained B4C composite was compared with that of a reference fine–grained  
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0.7–0.9 µm) B4C composite, finding that both have the same mode and mechanism 

of wear but with the former being more resistant than the latter (2.3⋅107 vs 1.9⋅107 

(N⋅m)/mm3). Implications for the fabrication of B4C tribocomponents with greater 

superior wear resistance are discussed. 
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 Abstract 

 A fabrication route based on aqueous colloidal processing plus transient 

liquid–phase assisted spark–plasma–sintering (SPS) with Ti–Al additives is described 

for the environmentally friendly obtention of superhard B4C composites reinforced 

with reduced graphene oxide (rGO) having orthotropic and isotropic 

microstructures. It is shown that the former, which have coarse rGO platelets 

preferentially aligned perpendicular to the SPS pressing direction, can be prepared 

from mixtures of B4C and Ti–Al particles with a source of thick, large rGO 

nanoplatelets by imposing smooth co–dispersion conditions to avoid platelet 

reexfoliation and fragmentation. The latter, which have fine rGO platelets randomly 

oriented, can be fabricated from mixtures of B4C and Ti–Al particles with a source of 

thin, small rGO nanoplatelets by applying intensive sonication to promote platelet 

reexfoliation and fragmentation during co–dispersion. Finally, it is shown that these 

orthotropic and isotropic B4C/ rGO composites are equally superhard, and that, as 

expected, their microstructures interact differently with the cracks. Finally, this 

processing route is simple, and easily adaptable/extensible to make other 

ceramic/rGO composites with orthotropic and isotropic microstructures. 
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 Abstract 

 Superhard composites of B4C reinforced with randomly–oriented reduced 

graphene oxide (rGO) nanoplatelets are manufactured by a near–net–shape 

fabrication route based on three successive steps. Firstly, aqueous colloidal processing 

is used for the environmentally–friendly preparation of a semi–concentrated multi–

component slurry (B4C as main component, Ti–Al as sintering additive, and rGO as 

toughening reinforcement), who se suitability for wet shaping is demonstrated by 

rheological measurements. Secondly, slip casting is used to produce robust green 

parts with shapes on demand and microstructures free of macro– and micro–defects. 

And thirdly, pressureless spark–plasma sintering (PSPS) is used for the ultrafast and 

energy–efficient densification of the green parts with shape retention. Measurements 

of shrinkage and hardness, as well as the microstructural observations, are used to 

identify suitable PSPS temperatures leading to obtaining isotropic B4C/rGO 

composites that are superhard and almost twice as tough as the monolithic B4C 

ceramics.
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 Abstract 

 Superhard B4C parts with microarchitectures constituted by ceramic layers and 

evenly–spaced rGO–enriched reinforcing interlayers were fabricated for the first time. 

To this end, a concentrated slurry of B4C with its Ti–Al sintering additive was first 

prepared by aqueous colloidal processing, optimizing its total solids loading and 

content of both binder and plasticizer to obtain, by tape casting, handleable and 

flexible green tapes. A semidilute aqueous suspension of B4C with Ti–Al and 

abundant GO was also prepared to dip–coat those greentapes with a GO–enriched 

layer, optimizing the withdrawal rate and the dipping time. The bare and GO–coated 

B4C+Ti–Al tapes were then sequentially laminated, thus yielding green multilayered 

laminates that finally were appropriately debinded and densified by spark plasma 

sintering. Vickers indentation tests demonstrated that these multilayered laminates 

are superhard (31 GPa), and that their rGO–enriched reinforcing interlayers are 

effective in arresting crack propagation. 
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CHAPTER 11 

Summary of results 

 The objective of the present Doctoral Thesis was to develop a new generation 

of ultra–hard B4C–based composites by transient liquid–phase assisted spark–plasma 

sintering (SPS). To that end, a series of eight interconnected studies, each of them 

constituting a Chapter of this Doctoral Thesis, were carried out. Below, a list is 

presented summarizing the most important results from this Doctoral Thesis, 

separated by Chapters:  

 

 With regard to Chapter 3, devoted to the “fabrication of toughened super–

hard B4C composites at lower temperature by transient liquid–phase assisted spark 

plasma sintering with MoSi2 additives”, it is worth summarizing that: 

1. Toughened, super–hard B4C triplex–particulate composites were densified by 

SPS with MoSi2 additives (5, 10, and 15 vol.%) at temperatures in the range 

1750–1850 °C at which the reference monolithic B4C ceramics are porous. It 

was proved that MoSi2 is a reactive sintering additive that promotes 

densification by transient liquid–phase sintering, thus yielding fully–dense 

B4C–MoB2–SiC composites at relatively lower temperatures. Specifically, the 

MoSi2 first reacts at moderate temperatures (<1150 °C) with part of B4C to 

form MoB2, SiC, and Si. This last is a transient component that eventually 

melts (at ∼1400 °C), contributing to densification by liquid–phase sintering, 

and then (at 1500–1700 °C) reacts with free C present in the B4C starting 

powders to form more SiC, after which densification continues by solid–state 

sintering. It was found that these B4C–MoB2–SiC composites are super–hard 

(∼30 GPa), tough (∼3–4 MPa∙m1/2), and fine–grained, a combination that 

renders them very appealing for structural applications. Finally, research 

opportunities were discussed for the future microstructural design of a novel 

family of toughened, ultra–hard/super–hard multi–particulate composites 

based on B4C plus refractory borides and carbides. 

 

 With regard to Chapter 4, devoted to the “ultra–low wear B4C–SiC–MoB2 

composites fabricated at lower temperature from B4C with MoSi2 additives”, it is 

worth summarizing that: 
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2. Seeking to fabricate B4C composites that are even more superhard (>30 GPa) 

at lower cost, B4C was transient liquid–phase assisted spark–plasma–sintered, 

somewhat counterintuitively, at lower temperature (<1750 °C) and with greater 

MoSi2 aid content (>15 vol.%) than ever before. It was found that just 20 

vol.% MoSi2 aid enables the full densification of B4C at 1700 °C, thereby 

avoiding the deleterious transformation β–MoB2→α–MoB2, having consumed 

the entire MoSi2 to form MoB2 and SiC. This maximizes the hardness (∼33 

GPa) of these novel triple–particulate B4C–SiC–MoB2 composites without 

penalizing their toughness (∼4.1 MPa∙m1/2). Also importantly, the dry sliding–

wear of these novel composites was investigated for the first time, showing that 

they undergo only mild wear (specific wear rate of ∼10–8 mm³/N∙m) by 

plasticity–dominated two–body abrasion. Moreover, it was demonstrated that 

they are much more wear resistant than porous B4C monolithics fabricated 

under both the same and more demanding conditions, and at least as equally 

wear resistant as fully–dense B4C monolithics and composites fabricated under 

more demanding conditions. 

 

 With regard to Chapter 5, devoted to “improving the dry sliding–wear 

resistance of B4C ceramics by transient liquid–phase sintering”, it is worth 

summarizing that: 

3. A critical comparison was made between the dry sliding–wear resistance of a 

B4C composite fabricated by transient liquid–phase sintering with Ti–Al 

intermetallic additive and two reference monolithic B4C ceramics fabricated by 

solid–state sintering. It was shown that, as a consequence of its full 

densification and super–hardness, the B4C composite is, despite containing 

secondary phases, markedly more wear resistant (significantly lower coefficient 

of friction, specific wear rate, worn volume, and wear damage) than the 

reference monolithic B4C ceramic fabricated under identical SPS conditions, 

and at least as wear resistant as the reference monolithic B4C ceramic 

fabricated at much higher SPS temperature. In all materials, wear is 

nonetheless mild and occurred by two–body abrasion dominated by plastic 

deformation at the micro–contact level plus, in the porous reference 

monolithic B4C ceramic, three–body abrasion dominated by fracture. 

Implications for the lower–cost manufacture of superhard B4C 

tribocomponents were discussed. 
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 With regard to Chapter 6, devoted to “manufacturing B4C parts with Ti–Al  

intermetallics by aqueous colloidal processing”, it is worth summarizing that: 

4. The aqueous colloidal processing of submicrometre B4C powder (∼0.6 μm) 

with coarse Ti–Al powder (∼40 μm) as sintering additive was investigated. 

Firstly, by measuring the zeta potential, pHs were identified that promote the 

individual colloidal stability of the B4C and Ti–Al particles as well as their co–

dispersion in water with two different deflocculants (one anionic and the other 

cationic). It was found that the anionic and cationic deflocculants shift the 

isoelectric points of B4C and Ti–Al to more acidic and more basic pHs, 

respectively, making their co–dispersion possible at neutral pH. And secondly, 

by means of rheological studies, conditions were identified (sonication time, 

deflocculant type, and deflocculant content) that at quasi–neutral pH yield 

B4C+Ti–Al shear–thinning concentrated suspensions (30 vol.% total solids) 

with low viscosity and small hysteresis loop. Interestingly, those deflocculated 

with the cationic polyelectrolyte had better rheological behaviour, being also 

less viscous and almost non–thixotropic. These suspensions were freeze–dried, 

obtaining powder mixtures that were compacted by conventional SPS, and also 

slip–cast, obtaining robust green pieces that were densified by pressureless SPS. 

The two B4C composites thus obtained are superhard, with Vickers hardnesses 

greater than 30 GPa. 

 

 With regard to Chapter 7, devoted to the “transient liquid–phase assisted 

spark–plasma sintering and dry sliding wear of B4C ceramics fabricated from B4C 

nanopowders”, it is worth summarizing that: 

5. With the motivation of developing B4C composites with superior wear 

resistance for tribological applications, an ultrafine–grained (∼200−300 nm) 

B4C composite was fabricated, characterized microstructurally, and tested 

mechanically and tribologically. First, a well–dispersed powder mixture of B4C 

nanopowders (∼40 nm) with coarse Ti–Al powders (∼38 μm) as transient 

liquid–phase sintering additives was environmentally–friendly prepared by 

aqueous colloidal processing, optimized by measurements of the zeta potential 

of dilute suspensions and rheological studies of concentrated suspensions. 

Second, the powder mixture obtained by freeze–drying was densified by SPS, 

identifying the optimal SPS temperature (1850 °C) by measurements of 

density, hardness, and toughness. Third, the dry sliding–wear behaviour of the 
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optimal superhard B4C composite (∼31.5 GPa) was investigated by pin–on–

disk tests and observations of the worn surface, determining its specific wear 

rate (∼4.4·10−8 mm³/(N·m)) as well as wear mode (two–body abrasion) and 

mechanism (plastic deformation). And lastly, the wear behaviour of the 

ultrafine–grained B4C composite was compared with that of a reference fine–

grained (∼0.7−0.9 μm) B4C composite, finding that both have the same mode 

and mechanism of wear but with the former being more resistant than the 

latter (∼2.3·107 vs 1.9·107 (N·m)/mm³). Implications for the fabrication of B4C 

tribocomponents with greater superior wear resistance were discussed. 

 

 With regard to Chapter 8, devoted to the “processing of orthotropic and 

isotropic superhard B4C composites reinforced with reduced graphene oxide”, it is 

worth summarizing that: 

6. A fabrication route based on aqueous colloidal processing plus transient 

liquid–phase assisted SPS with Ti–Al additives was described for the 

environmentally friendly obtention of superhard B4C composites reinforced 

with reduced graphene oxide (rGO) having orthotropic and isotropic 

microstructures. It was shown that the former, which have coarse rGO 

platelets preferentially aligned perpendicular to the SPS pressing direction, can 

be prepared from mixtures of B4C and Ti–Al particles with a source of thick, 

large rGO nanoplatelets by imposing smooth co–dispersion conditions to 

avoid platelet re–exfoliation and fragmentation. The latter, which have fine 

rGO platelets randomly oriented, can be fabricated from mixtures of B4C and 

Ti–Al particles with a source of thin, small rGO nanoplatelets by applying 

intensive sonication to promote platelet re–exfoliation and fragmentation 

during co–dispersion. Finally, it was shown that these orthotropic and 

isotropic B4C/rGO composites are equally superhard, and that, as expected, 

their microstructures interact differently with the cracks. Finally, this 

processing route is simple, and easily adaptable/extensible to make other 

ceramic/rGO composites with orthotropic and isotropic microstructures. 

 

 With regard to Chapter 9, devoted to the “pressureless ultrafast sintering of 

near–net–shaped superhard isotropic B4C/rGO composites with Ti–Al additives”, 

it is worth summarizing that: 

7. Superhard composites of B4C reinforced with randomly–oriented reduced
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graphene oxide (rGO) nanoplatelets were manufactured by a near–net–shape 

fabrication route based on three successive steps. Firstly, aqueous colloidal 

processing was used for the environmentally–friendly preparation of a semi–

concentrated multi–component slurry (B4C as main component, Ti–Al as 

sintering additive, and rGO as toughening reinforcement), whose suitability 

for wet shaping was demonstrated by rheological measurements. Secondly, slip 

casting was used to produce robust green parts with shapes on demand and 

microstructures free of macro– and micro–defects. And thirdly, pressureless 

spark–plasma sintering (PSPS) was used for the ultrafast and energy–efficient 

densification of the green parts with shape retention. Measurements of 

shrinkage and hardness, as well as the microstructural observations, were used 

to identify suitable PSPS temperatures leading to obtaining isotropic B4C/rGO 

composites that are superhard and almost twice as tough as the monolithic 

B4C ceramics. 

 

 With regard to Chapter 10, devoted to the “aqueous tape casting of super–

hard B4C laminates with rGO–enriched reinforcing interlayers”, it is worth 

summarizing that: 

8. Superhard B4C parts with microarchitectures constituted by ceramic layers and 

evenly–spaced rGO–enriched reinforcing interlayers were fabricated for the 

first time. To this end, a concentrated slurry of B4C with its Ti–Al sintering 

additive was first prepared by aqueous colloidal processing, optimizing its total 

solids loading and content of both binder and plasticizer to obtain, by tape 

casting, handleable and flexible green tapes. A semi–dilute aqueous suspension 

of B4C with Ti–Al and abundant GO was also prepared to dip–coat those 

green tapes with a GO–enriched layer, optimizing the withdrawal rate and the 

dipping time. The bare and GO–coated B4C+Ti–Al tapes were then 

sequentially laminated, thus yielding green multilayered laminates that finally 

were appropriately debinded and densified by SPS. Vickers indentation tests 

demonstrated that these multilayered laminates are superhard (∼31 GPa), and 

that their rGO–enriched reinforcing interlayers are effective in arresting crack 

propagation. 
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CHAPTER 12 

Conclusions 

 In this Doctoral Thesis, a number of different but interconnected studies were 

conducted, all aimed at developing a new generation of ultra–hard B4C–based 

composites by transient liquid–phase (TLP) assisted spark–plasma sintering (SPS). 

Below, a list is presented of the most relevant conclusions to be drawn from this 

Doctoral Thesis, separated by studies:  

 

 With regard to the study entitled “fabrication of toughened super–hard B4C 

composites at lower temperature by transient liquid–phase assisted spark plasma 

sintering with MoSi2 additives”, it is worth concluding that: 

1. MoSi2 additives can be used to fabricate B4C multi–particulate composites 

with superior toughness (∼3–4 MPa∙m1/2) and super–high hardness (∼30 GPa) 

by SPS at lower temperatures. 

2. Increasing MoSi2 addition (in the range 5–15 vol.%) benefits B4C sinterability 

and toughness, without penalizing its hardness. 

3. The B4C–MoSi2 powder mixtures lead to B4C–MoB2–SiC triple–particulate 

composites with fine–grained microstructures because MoSi2 acts as a reactive 

sintering additive that promotes the lower–temperature densification of B4C 

by TLP sintering. 

4. MoSi2 first reacts at moderate temperatures (<1150 °C) with part of B4C to 

form MoB2, SiC, and Si. This last is a transient component that eventually 

melts (at ∼1400 °C), contributing to densification by liquid–phase sintering, 

and then (at 1500–1700 °C) reacts with free C present in the B4C starting 

powders to form more SiC, after which densification continues by solid–state 

sintering. 

 

 With regard to the study entitled “ultra–low wear B4C–SiC–MoB2 composites 

fabricated at lower temperature from B4C with MoSi2 additives”, it is worth 

concluding that: 

5. The B4C composites TLP–SPSed with MoSi2 aids are triplex–particulate 

ceramics whose microstructure consists of a matrix of B4C grains containing 

both MoB2+SiC clusters and single SiC grains uniformly dispersed. 
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6. Only with 20 vol.% MoSi2 aid can B4C be TLP–SPSed at 1700 °C, thus 

avoiding the deleterious transformation β–MoB2→α–MoB2, having been 

consumed all the MoSi2 in forming SiC and MoB2. It therefore yields B4C–

SiC–MoB2 composites that are more superhard (∼33 GPa) and with the same 

fracture toughness as the toughest (∼4.1 MPa·m1/2). 

7. MoSi2 aid content below or above 20 vol.% lessens the super–hardness of 

these B4C–SiC–MoB2 composites (∼30 GPa). The former is because the higher 

SPS temperatures required for full densification promote the occurrence of the 

transformation β–MoB2→α–MoB2, and the latter because there is less of the 

hard B4C phase and more of the soft β–MoB2 and β–SiC (plus unreacted 

MoSi2 or MoSi2+Si which are even softer). 

8. Under conditions of dry sliding, B4C–SiC–MoB2 composites with the optimal 

20 vol% MoSi2 undergo mild wear, and show increased wear resistance (by a 

factor of 4.4) over B4C monoliths SPSed under the same conditions, 

attributable to their lower porosity (and attendant lower CoF and greater 

hardness). 

9. The wear mechanism of the fully–dense B4C–SiC–MoB2 composites is mainly 

plastic deformation at the asperity level, while B4C monoliths SPSed under the 

same conditions show additional grain pull–out due to microfracture at 

porosity defects. 

 

 With regard to the study entitled “improving the dry sliding–wear resistance 

of B4C ceramics by transient liquid–phase sintering”, it is worth concluding that: 

10. Ti–Al additives promote the lower–temperature densification of B4C, yielding 

superhard B4C composites with finer microstructures than those of their 

superhard near–fully dense monolithic B4C counterparts. 

11. The B4C composites have an excellent dry sliding–wear resistance that 

comparatively exceeds by a factor of two those of the monolithic B4C ceramics 

fabricated under the same conditions, attributable to their total densification 

and much greater hardness. 

12. The B4C composites have, despite containing secondary phases, dry sliding–

wear resistances that are at least as great as those of the monolithic B4C 

ceramics near–fully densified at much higher temperatures, which is 

attributable to their total densification, slightly greater hardness, and finer 

microstructures. 
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13. The B4C ceramics and composites undergo mild wear, which occurs principally 

by two–body abrasion dominated by plastic deformation at the micro–contact 

level. If porous, monolithic B4C ceramics also exhibit three–body abrasion 

dominated by fracture. 

14. Owing to the easier processing, lower cost, and enhanced wear resistance, B4C 

composites fabricated by TLP sintering are advantageous for tribological 

applications compared with monolithic B4C ceramics. 

 

 With regard to the study entitled “manufacturing B4C parts with Ti–Al 

intermetallics by aqueous colloidal processing”, it is worth concluding that: 

15. A procedure of aqueous colloidal processing was developed for the 

environmentally friendly preparation of well dispersed concentrated 

suspensions, and therefrom powder mixtures, of commercially available 

powders of submicrometre B4C (∼0.6 μm) with coarse Ti–Al (∼40 μm) as TLP 

sintering additive. 

16. B4C has little colloidal stability in water, requiring very basic pH (i.e., pH >10) 

for its individual dispersion. Ti–Al has greater colloidal stability than B4C, 

requiring quasi–neutral pH or above (i.e., pH >7.5). 

17. The addition of cationic (i.e., PEI) or anionic (i.e., PAA) deflocculants 

simultaneously improves the colloidal stability of both B4C and Ti–Al, making 

their co–dispersion possible at neutral pH (pH ≤9 and pH ≥5 when using PEI 

and PAA, respectively). 

18. Although the concentrated suspensions (i.e., 30 vol.% total solids) can be 

deflocculated with PEI or PAA, the former are less viscous and 

thixotropic/rheopexic than the latter and have the desirable shear–thinning 

rheological behaviour, being therefore preferable for obtaining both powder 

mixtures by freeze–drying and green pieces by slip–casting 

19. It is feasible to fabricate superhard B4C composites from these powder 

mixtures by conventional SPS with pressure or from the slip–cast (green) pieces 

by SPS without pressure. 

 

 With regard to the study entitled “transient liquid–phase assisted spark–

plasma sintering and dry sliding wear of B4C ceramics fabricated from B4C 

nanopowders”, it is worth concluding that: 

20. Optimal conditions have been identified for the environmentally friendly
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fabrication of these composites by aqueous colloidal processing and TLP 

assisted SPS with Ti–Al additives. The processing variables optimized were the 

deflocculant content (7 wt.% PEI), the total solids loading (25 vol.%), the 

dispersion mode (non–sonication), and the SPS temperature (1850 °C). 

21. These ultrafine–grained B4C composites were observed to be superhard (∼31.5 

GPa) and relatively tough (∼4 MPa∙m1/2), as is also the case of the fine–grained 

counterparts. 

22. Dry sliding wear of these composites, whether they have ultrafine or fine grain 

sizes, was shown to occur by two–body abrasion dominated by plastic 

deformation (ploughing), and as a result of their superhardness, they undergo 

only very mild wear with negligible grain pullout. 

23. The ultrafine–grained B4C composite was demonstrated to be more wear 

resistant than its fine–grained counterpart, with lower specific wear rate 

(∼4.4∙10–8 vs 5.2∙10–8 mm3/(N∙m) under the present testing conditions) and 

less damage. The microstructural refinement resulting from the use of starting 

B4C nanopowders is therefore a processing guideline to follow in order to 

obtain B4C tribocomponents with even greater wear resistance. 

 

 With regard to the study entitled “processing of orthotropic and isotropic 

superhard B4C composites reinforced with reduced graphene oxide”, it is worth 

concluding that: 

24. A simple processing route combining aqueous colloidal processing with TLP 

assisted SPS has been developed that is customizable to obtain both 

orthotropic and isotropic B4C/rGO composites, controllably. 

25. In this route, the orthotropic B4C/rGO composites are obtained by using a 

source of coarse rGO platelets and imposing smooth codispersion conditions 

during aqueous colloidal processing to avoid their re–exfoliation/re–

fragmentation. 

26. Contrarily, the isotropic B4C/rGO composites are obtained by using a source 

of fine rGO platelets and imposing intensive co–dispersion conditions to 

ensure their re–exfoliation/re–fragmentation. 

27. Both types of B4C/rGO composites are equally superhard (∼31−32 GPa). 

Nonetheless, the orthotropic composites exhibit marked toughening and 

virtually no toughening for cracks propagating perpendicularly and in parallel 

to the rGO reinforcements, respectively. The isotropic composites exhibit
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however moderate toughening for any crack. 

 

 With regard to the study entitled “pressureless ultrafast sintering of near–

net–shaped superhard isotropic B4C/rGO composites with Ti–Al additives”, it is 

worth concluding that: 

28. It is possible to fabricate superhard, toughened B4C/rGO composites with 

isotropic microstructures by combining aqueous slip casting and SPS without 

pressure. 

29. The former enables the environmentally–friendly preparation of slurries with 

shear–thinning rheological behaviour, low viscosity, and little thixotropy to 

obtain robust green parts with shape on demand and microstructures free of 

macro– and micro–defects, and the latter enables the ultrafast densification of 

these green parts while retaining their shape. 

30. By the measurement of shrinkages and hardnesses, as well as by 

microstructural observations, sintering temperatures were identified suitable 

for obtaining superhard isotropic B4C/rGO composites with enhanced 

fracture toughness relative to monolithic B4C ceramics. 

 

 With regard to the study entitled “aqueous tape casting of super–hard B4C 

laminates with rGO–enriched reinforcing interlayers”, it is worth concluding that: 

31. An optimal concentrated slurry has been formulated (32 vol.% total solids, 

and 15 wt.% of both PVA binder and PEG plasticizer) that allows the 

obtention of green B4C+Ti–Al tapes with appropriate handleability, flexibility, 

and surface finish. 

32. A semi–dilute suspension of B4C with Ti–Al and abundant GO (30 vol.%) has 

been formulated that allows the green B4C+Ti–Al tapes to be dip–coated with 

a GO–enriched layer. 

33. Green multilayered parts have been shaped by sequentially laminating bare 

and GO–coated B4C+Ti–Al tapes to the desired final thickness. 

34. Optimal conditions have been identified for the thermal debinding of these 

green laminates. 

35. It has been demonstrated that the SPS–ed laminates are superhard (∼31 GPa), 

and that their rGO–enriched reinforcing interlayers are able to arrest crack 

propagation. Further studies are however necessary to elucidate the reinforcing 

mechanisms. 
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 CHAPTER 13 

 Conclusiones 

 En esta Tesis Doctoral se han llevado a cabo una serie de estudios diferentes 

pero interconectados, todos ellos encaminados a desarrollar una nueva generación de 

compuestos ultraduros basados en B4C mediante sinterización asistida con fase 

líquida transitoria (FLT) por descarga eléctrica pulsada (SPS). A continuación se 

presenta una relación de las conclusiones más relevantes que se extraen de esta Tesis 

Doctoral, separadas por estudios: 

 

 Con respecto al estudio titulado “fabricación de compuestos B4C superduros 

y más tenaces a menor temperatura mediante sinterización por descarga eléctrica 

pulsada asistida por fase líquida transitoria con aditivos de MoSi2”, cabe concluir 

que: 

1. Se pueden usar aditivos de MoSi2 para fabricar compuestos multiparticulados 

basados en B4C con tenacidad mejorada (∼3–4 MPa∙m1/2) y súper–alta dureza 

(∼30 GPa) mediante SPS a menores temperaturas. 

2. Aumentar la cantidad de MoSi2 (en el rango de 5 a 15% en volumen) beneficia 

la sinterabilidad y la tenacidad del B4C, sin penalizar su dureza. 

3. Las mezclas de polvos de B4C–MoSi2 dan lugar a compuestos triple–

particulados de B4C–MoB2–SiC con microestructuras de grano fino porque el 

MoSi2 actúa como un aditivo de sinterización reactivo que promueve la 

densificación a menor temperatura del B4C mediante sinterización con FLT. 

4. El MoSi2 primero reacciona a temperaturas moderadas (<1150 °C) con parte 

del B4C para formar MoB2, SiC y Si. Este último es un compuesto transitorio 

que finalmente funde (a ∼1400 °C), contribuyendo a la densificación 

mediante sinterización con fase líquida, y luego (a 1500–1700 °C) reacciona 

con el C libre presente en los polvos de partida de B4C para formar más SiC, 

después de lo cual la densificación continúa mediante sinterización en estado 

sólido. 

 

 Con respecto al estudio titulado “compuestos de B4C–SiC–MoB2 de ultrabajo 

desgaste fabricados a menor temperatura a partir de B4C con aditivos de MoSi2”, 

cabe concluir que: 
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5. Los compuestos de B4C fabricados mediante SPS asistida con FLT con aditivos 

de MoSi2 son cerámicos triple–particulados cuya microestructura consiste en 

una matriz de granos de B4C que contienen tanto cúmulos de MoB2+SiC 

como granos individuales de SiC uniformemente dispersos. 

6. Sólo con un 20% en volumen de aditivos de MoSi2 es posible densificar B4C 

mediante SPS asistida con FLT a 1700 °C, evitando de este modo la 

deteriorante transformación –MoB2→–MoB2, habiendo consumido todo el 

MoSi2 en la formación de SiC y MoB2. Por lo tanto, se obtienen así 

compuestos de B4C–SiC–MoB2 más superduros (∼33 GPa) y con la misma 

tenacidad a fractura que el que más (∼4.1 MPa∙m1/2). 

7. Los contenidos de aditivo de MoSi2 por debajo y por encima del 20% en 

volumen disminuyen la superdureza de estos compuestos de B4C–SiC–MoB2 

(∼30 GPa). Lo primero porque las mayores temperaturas de SPS requeridas 

para la completa densificación promueven que ocurra la transformación–

MoB2→–MoB2, y lo segundo porque hay menos fase de B4C duro y más –

MoB2 y SiC blandos (además de MoSi2 sin reaccionar o MoSi2+Si que son 

incluso más blandos). 

8. En condiciones de deslizamiento en seco, los compuestos de B4C–SiC–MoB2 

con el 20% en volumen óptimo de MoSi2 sufren un desgaste moderado, y 

tienen una mayor resistencia al desgaste (por un factor de 4.4) que los 

monolitos de B4C fabricados mediante SPS en las mismas condiciones, lo cual 

se debe a su menor porosidad (con el correspondiente menor coeficiente de 

fricción y mayor dureza). 

9. El mecanismo de desgaste de los compuestos de B4C–SiC–MoB2 

completamente densos es esencialmente deformación plástica al nivel de las 

asperezas, mientras que los monolitos de B4C fabricados mediante SPS en las 

mismas condiciones sufren también arranque de grano debido a microfractura 

en los defectos de porosidad. 

 

 Con respecto al estudio titulado “mejorando la resistencia al desgaste por 

deslizamiento en seco de los cerámicos de B4C mediante sinterización con fase 

líquida transitoria”, cabe concluir que: 

10. Los aditivos de Ti–Al promueven la densificación a menor temperatura del 

B4C, produciendo compuestos de B4C superduros con microestructuras más 

finas que las de los homólogos superduros y casi completamente densos de 
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B4C monolítico. 

11. Los compuestos de B4C tienen una excelente resistencia al desgate por 

deslizamiento en seco que comparativamente es mayor por un factor dos a los 

cerámicos monolíticos de B4C fabricados en las mismas condiciones, lo que se 

atribuye a su total densificación y mucha mayor dureza. 

12. Los compuestos de B4C, a pesar de contener fases secundarias, presentan 

resistencias al desgaste por deslizamiento en seco que son al menos tan 

elevadas como las de los cerámicos monolíticos de B4C casi completamente 

densificados a temperaturas mucho mayores, lo que se debe a su completa 

densificación, a su dureza algo mayor y a sus microestructuras más finas. 

13. Los cerámicos y los compuestos de B4C sufren un desgaste moderado, que se 

produce principalmente por abrasión de dos cuerpos dominada por 

deformación plástica a nivel de los microcontactos. Si son porosos, los 

cerámicos monolíticos de B4C también experimentan abrasión de tres cuerpos 

dominada por fractura. 

14. Debido a su procesado más sencillo, su menor coste y su mayor resistencia al 

desgaste, los compuestos de B4C fabricados mediante sinterización con FLT 

son más recomendables para aplicaciones tribológicas que los cerámicos 

monolíticos de B4C.  

 

Con respecto al estudio titulado “fabricando piezas de B4C con intermetálicos 

de Ti–Al mediante procesado coloidal acuoso”, cabe concluir que: 

15. Se ha desarrollado una ruta de procesado coloidal acuoso para la preparación 

ecológica de suspensiones concentradas bien dispersas y, a partir de ellas, 

mezclas de polvos comerciales de B4C de tamaño submicrométrico (∼0.6 μm) 

con Ti–Al de tamaño grueso (∼40 μm) como aditivo de sinterización con FLT. 

16. El B4C tiene poca estabilidad coloidal en agua, requiriendo un pH muy básico 

(es decir, pH >10) para su dispersión individual. El Ti–Al tiene mayor 

estabilidad coloidal que el B4C, y requiere un pH casi neutro o superior (es 

decir, pH >7.5). 

17. La incorporación de defloculantes catiónicos (es decir, PEI) o aniónicos (es 

decir, PAA) mejora simultáneamente la estabilidad coloidal del B4C y del Ti–

Al, permitiendo su co–dispersión a pH neutro (pH ≤9 y pH ≥5 si se utiliza PEI 

y PAA, respectivamente). 

18. Aunque se pueden deflocular las suspensiones concentradas (es decir, 30% vol. 
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de sólidos totales) tanto con PEI como con PAA, las primeras son menos 

viscosas y tixotrópicas/reopéxicas que las segundas y tienen el deseado 

comportamiento reológico fluidificante, por lo que son entonces preferibles 

para obtener tanto mezclas de polvos por liofilización como piezas verdes por 

moldeo fluido. 

19. Es posible fabricar compuestos superduros de B4C a partir de estas mezclas de 

polvos mediante SPS convencional con presión o a partir de las piezas coladas 

(verdes) mediante SPS sin presión. 

 

 Con respecto al estudio titulado “sinterización por descarga eléctrica pulsada 

asistida con fase líquida transitoria y desgaste por deslizamiento en seco de 

cerámicos de B4C fabricados a partir de nanopolvos de B4C”, cabe concluir que: 

20. Se han identificado las condiciones óptimas para la fabricación ecológica de 

estos compuestos mediante procesado coloidal acuoso y SPS asistida con FLT 

con aditivos de Ti–Al. Las variables de procesado optimizadas han sido el 

contenido de defloculante (7% en peso de PEI), la carga de sólidos totales 

(25% en volumen), el modo de dispersión (sin sonicación) y la temperatura de 

SPS (1850 °C). 

21. Se ha observado que estos compuestos de B4C de grano ultrafino son 

superduros (∼31.5 GPa) y relativamente tenaces (∼4 MPa∙m1/2), como también 

es el caso de los homólgos de grano fino. 

22. Se ha demostrado que el desgaste por deslizamiento en seco de estos materiales 

compuestos, ya sean de tamaño de grano ultrafino o fino, ocurre mediante 

abrasión de dos cuerpos dominada por deformación plástica (“arado”), y que 

como resultado de su superdureza sólo sufren un desgaste muy moderado casi 

sin apenas arranque de grano. 

23. Se ha demostrado que el compuesto de B4C de grano ultrafino es más 

resistente al desgaste que su homólogo de grano fino, con una velocidad 

específica de desgaste menor (∼4.4∙10–8 frente a 5.2∙10–8 mm3/(N∙m) en las 

presentes condiciones de ensayo) y con menos daño. El refinamiento 

microestructural resultante del uso de nanopolvos de B4C de partida es, por 

tanto, una directriz de procesado a seguir para obtener tribocomponentes de 

B4C con una resistencia al desgaste aún mayor. 

 

 Con respecto al estudio titulado “procesado de compuestos de B4C 
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superduros ortotrópicos e isotrópicos reforzados con óxido de grafeno reducido”, 

cabe concluir que: 

24. Se ha desarrollado una ruta de procesado sencilla que combina el procesado 

coloidal acuoso con SPS asistida con FLT que se puede adaptar para obtener 

compuestos de B4C/rGO tanto ortotrópicos como isotrópicos, de manera 

controlada. 

25. En esta ruta, los compuestos ortotrópicos de B4C/rGO se obtienen utilizando 

una fuente de plaquetas de rGO gruesas e imponiendo condiciones suaves de 

codispersión durante el procesado coloidal acuoso para evitar su 

reexfoliación/refragmentación. 

26. Por el contrario, los compuestos isotrópicos de B4C/rGO se obtienen 

utilizando una fuente de plaquetas finas de rGO e imponiendo condiciones 

intensas de codispersión para asegurar su reexfoliación/refragmentación. 

27. Ambos tipos de compuestos de B4C/rGO son igualmente superduros (∼31−32 

GPa). No obstante, los compuestos ortotrópicos son marcadamente más 

tenaces e igualmente tenaces para fisuras que se propagan perpendicularmente 

y en paralelo a los refuerzos de rGO, respectivamente. Sin embargo, los 

compuestos isotrópicos presentan una moderada mejora de tenacidad para 

cualquier fisura. 

 

 Con respecto al estudio titulado “sinterización ultrarrápida sin presión de 

compuestos de B4C/rGO superduros e isotrópicos de casi forma final con aditivos 

de Ti–Al”, cabe concluir que: 

28. Es posible fabricar compuestos de B4C/rGO superduros y más tenaces con 

microestructuras isotrópicas combinando el moldeo por colado acuoso con 

SPS sin presión. 

29. El primero permite la preparación ecológica de suspensiones con 

comportamiento reológico fluidizante, baja viscosidad y poca tixotropía para 

obtener piezas verdes robustas con forma a demanda y microestructuras libres 

de macro y microdefectos, y el segundo permite la densificación ultrarrápida de 

estas piezas verdes preservando su forma. 

30. Mediante la medida de contracciones y durezas, y gracias también a las 

observaciones microestructurales, se han podido identificar las temperaturas de 

sinterización adecuadas para obtener compuestos de B4C/rGO superduros e 

isotrópicos con mayor tenacidad a fractura que los cerámicos monolíticos de 



Chapter 13. Conclusiones 

 
 

 
 
 

84 

B4C. 

 

 Con respecto al estudio titulado “moldeo acuoso en cinta de laminados de 

B4C superduros con intercapas reforzantes enriquecidas con rGO”, cabe concluir 

que: 

31. Se ha formulado una barbotina concentrada óptima (32% en volumen de 

sólidos totales y 15% en peso de aglutinante de PVA y plastificante de PEG) 

que permite la obtención de cintas verdes de B4C+Ti–Al con una adecuada 

manejabilidad, flexibilidad y acabado superficial.  

32. Se ha formulado una suspensión semidiluida de B4C con Ti–Al y abundante 

GO (30% en volumen) que permite recubrir por inmersión las cintas verdes de 

B4C+Ti–Al con una capa enriquecida con GO. 

33. Se han conformado piezas verdes multicapa laminando secuencialmente cintas 

de B4C+Ti–Al sin recubrir y recubiertas con GO hasta obtener el grosor final 

deseado. 

34. Se han identificado las condiciones óptimas para la eliminación térmica de los 

orgánicos de estos laminados verdes. 

35. Se ha demostrado que los laminados fabricados mediante SPS son superduros 

(∼31 GPa) y que sus capas intercapas reforzantes enriquecidas con rGO son 

capaces de detener la propagación de fisuras. Sin embargo, son necesarios más 

estudios para identificar los mecanismos de refuerzo. 



 

 

 



  






