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Abstract
Boron carbide is a material well known for its desirable properties such as low specific gravity, high hardness, and resistance to wear. However, boron carbide is prone to oxidation at elevated temperatures, due to the high affinity of its constituents to oxygen. One way of fabricating a fully dense boron carbide body is based on the reaction bonding (RB) process, in which a boron carbide preform is infiltrated with a reactive metal or alloy. In this process, using silicon as the infiltration medium, a B-C-Si ternary phase [B12(B,C,Si)3] is formed. The idea that the silicon incorporated in the boron carbide structure (Si-Doped B4C) could act as an oxidation barrier at high temperatures (silicon forms an oxide stable up to 1700°C) and protect the boron carbide from oxidation, led this research. Three synthesis methods of the ternary phase were attempted in this research: extraction from RBBC, molten salt shielded synthesis and solid state sintering. The latter showed promising results and was based upon the mixture of B4C, SiB6 and boron powders. Five different mixtures were made, containing 2.5, 4, 10 at% Si and 10, 12.5 at% Si without the addition of boron powder. The microstructure, mechanical and physical properties of the samples were characterized. Finally, samples were oxidized at temperatures ranging from 1000°C to 1400°C, to understand the phase oxidation behavior. It was found that mechanical properties of the samples were inferior compared to those of boron carbide, sintered in similar conditions. Additionally, samples containing larger amounts of silicon were not fully dense, which indicated insufficient synthesis duration. Oxidation of the samples revealed that due to the large boron content, originated from the powders mixtures, large amounts of boron oxide formed and increased as the temperature increased. These results confirm that the silicon content was insufficient to act as an oxidation barrier for the boron carbide.
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1. [bookmark: _Toc74171646][bookmark: _Toc74173605][bookmark: _Toc74248732]Introduction
Boron carbide is a ceramic material well-known for its elevated properties, such as low specific gravity, high hardness, and elastic modulus. Because of that, boron carbide is an ideal candidate for lightweight armor, and is used as pressure nozzles for abrasive particles and as wire drawing dies. A major disadvantage of boron carbide is that unlike oxide and silicon-based ceramics, it is prone to oxidation at high temperatures due to its constituents’ affinity to oxygen. Exposing boron carbide to high temperatures at the presence of oxygen, result in the formation of CO2 gas and boron oxide glass. At 800°C the boron oxide viscosity begins to decrease, and as a result, more of the unexposed boron carbide comes in contact with oxygen present in the air. at 1200°C the glass layer begins to volatilize and further expose the boron carbide underneath it. As a result, boron carbide is not suitable for use in aerospace and high temperature applications, although its mentioned properties are much desired in those fields.
Due to its covalent bond and high melting point, fabrication of fully dense boron carbide samples requires high temperatures and pressures for powder consolidation. To overcome that, several relatively inexpensive fabrication methods were developed, while maintaining similar mechanical properties. One of those fabrication methods is reaction bonding (RB) in which a boron carbide porous preform is infiltrated with a reactive metal or alloy. In the case of silicon infiltration, a ternary B-C-Si phase is formed around the boron carbide particles, by silicon incorporation inside the boron carbide lattice structure [1].
The aim of this study was to synthesize the Si-doped boron carbide phase, with different silicon content and evaluate the phase resistance to oxidation at high temperatures in relation to the silicon content and the phase mechanical properties in comparison to boron carbide, fabricated in similar conditions.

2. [bookmark: _Toc74171647][bookmark: _Toc74173606][bookmark: _Toc74248733]Literature review
2.1. [bookmark: _Toc74171648][bookmark: _Toc74173607][bookmark: _Toc74248734]Boron carbide
Boron carbide is a high technological ceramic material. It is used for lightweight armor material, neutron absorbers, and wear-resistant parts. Boron carbide counts (along with alumina, silicon carbide, silicon nitride, cubic boron nitride (CBN), and diamond) as one of the non-metallic hard materials, and it is third only to CBN and diamond in hardness. Boron carbide has a high melting point temperature, low mass per volume ratio, chemical resistivity, and wear resistivity. Thevenot [2] reported that boron carbide exists as a single solid phase in a wide range of compositions, from 8.8 at% carbon to 20 at% carbon, corresponding to the stoichiometric ratio of B10.5C-B4C, respectively. As can be seen in the B-C phase diagram (Figure 1).
[image: ]
[bookmark: _Ref52357531][bookmark: _Toc74249652]Figure 1: boron-carbon phase diagram [2].
The stable crystallographic structure of boron carbide is a Rhombohedral lattice of trigonal symmetry (), in which twelve atom icosahedra are located on the corners of the rhombohedral unit cell with three atom chain along the body diagonal (111), connecting two icosahedra (Figure 2). The icosahedra contain two distinct sites, polar and equatorial. Polar site correspond to the three atoms on top and bottom of the icosahedra while the equatorial site correspond to the six atoms that are involved with the bonding to the three atom chain [3]. The three-atom chain can be composed of either CBC, CBB or BVB (V-vacancy) chains. Lazzarri et al. has shown, by comparing calculations to Raman spectroscopy, that the most likely structure is B11Cp(CBC) (p – polar site in the icosahedra) [4]. Fanchini et al. has shown, using DFT, that several polytypes of boron carbide exist in the structure, such as B12(CCC), B12(CBC) and the most stable being B11Cp(CBC) [5].
[image: ]
[bookmark: _Ref52357539][bookmark: _Toc74249653]Figure 2: Unit cell of boron carbide. The red cell is in rhombohedral configuration. The blue cell indicates hexagonal unit cell [6].
Fully dense boron carbide can be manufactured only by hot pressing at temperatures above 2473K. The properties of hot-pressed boron carbide are as follows:
[bookmark: _Ref55581483][bookmark: _Toc74250312]Table 1: hot-pressed boron carbide properties [2].
	Property
	Hot-pressed B4C

	Melting temperature [K]
	2350

	Density [g/cm3]
	2.52

	Young modulus [GPa]
	441

	Hardness [HV]
	3500-4000

	Poisson ratio
	0.17

	Fracture toughness [MPa∙m0.5]
	3.3-3.9


Boron carbide exhibits high hardness values with low density which makes it a candidate for armor applications. Further, boron carbide is used as neutron absorbing materials in nuclear reactors and as an abrasion material. Although the melting temperature of boron carbide is above 2000°C, in the presence of oxygen, the oxidation of its constituents at lower temperatures occurs (boron carbide does not form a stable oxide film). Another disadvantage is the requirement costs of the hot-pressing (HP) process. An alternative production method is the “reaction bonding” (RB) process that involve infiltrating a preform of boron carbide with molten silicon. This process results in several phases present and the mechanical properties are governed by the amount of residual silicon present. The lower temperature of the RB makes it more cost worthy. another manufacturing process in spark plasma sintering (SPS), which densifies the material by applying pressure and electric current. The advantage of this process is fully dense samples without additives, at lower temperature that HP and with same if not superior mechanical properties compared to HP.
2.2. [bookmark: _Toc74171649][bookmark: _Toc74173608][bookmark: _Toc74248735]Oxidation of boron carbide at high temperatures
J. P. Viricelle et al. [7] investigated boron carbide behaviour in dry and wet atmosphere. Boron carbide was deposited by CVD on a silicon nitride substrate (the highest temperature applied in the study did not cause oxidation of the substrate). Experiments were preformed using thermogravimetry, in dry atmosphere: 20 vol.% oxygen, 5 vol.% carbon dioxide and helium or a wet atmosphere obtained by bubbling the mentioned gas mixture through a water bath kept at constant temperature of 20°C leading to a water content of 2.3 vol.%. Isothermal kinetics curves were obtained in the range of 500-1000°C for 20 hours. The temperature ramp (10 ) was conducted under dry helium atmosphere until desired temperature reached. In order to study the rate of boron oxide Consumption, according to the following equations:




previous samples were oxidized in dry atmosphere at 900°C until complete transformation of the boron carbide (after 30 hours). Then the boron oxide films were treated in either dry helium or wet helium (bubbled through water).
Dry atmosphere
[image: ]
[bookmark: _Ref52357869][bookmark: _Toc74249654]Figure 3: Kinetic curves during oxidation in dry atmosphere [7].
As can be seen at Figure 3, at 500°C a small mass change is observed, which can be attributed to the combustion of free carbon. At higher temperature, a mass gain corresponding to the combustion of carbon and formation of boron oxide is observed. Between 600 and 800°C the mass gain follows a parabolic behavior () which indicated a diffusion regime. At 900°C however, the mass gain increases drastically, and the curve does not obey a parabolic regime (Figure 4).
[image: ]
[bookmark: _Ref52357912][bookmark: _Toc74249655]Figure 4: parabolic transformation of kinetic curves at dry atmosphere [7].
An explanation for the change is the volatilization of boron oxide and change in its viscosity. Boron oxide layer becomes very fluid and spreads at the bottom of the crucible, leaving the top of the sample exposed. Furthermore, the experiment at 900°C also indicated that the rate of mass loss is weak compared to the rate of formation of boron oxide, otherwise a mass loss should have been measured. A mass loss in observed after 20 hours at 900°C, when the boron carbide is entirely oxidized.
Wet atmosphere
[image: ]
[bookmark: _Ref52357961][bookmark: _Toc74249656]Figure 5: Kinetic curves during oxidation in wet atmosphere [7].
[image: ]
[bookmark: _Ref52357944][bookmark: _Toc74249657]Figure 6: comparison of oxidation at 700 and 800°C in dry and wet atmosphere [7].
As seen in Figure 6 the oxidation at 700 and 800°C is enhanced by the water vapor and according to Figure 5 the kinetic regime is parabolic. This means that the oxidation is still limited by diffusion through boron oxide, but the diffusion is enhanced by water. It can be explained by the thickness of the oxide scale and the nature of the diffusing species. The result also indicates that the loss of boron oxide by volatilization (Eq. (2)) or by reaction with water vapor (Eqs. (3), (4)) is negligible compared to the boron oxide formation.
[image: ]
[bookmark: _Ref52357978][bookmark: _Toc74249658]Figure 7: influence of water vapor on oxidation in 900°C [7].
At 900°C the mass gain in wet atmosphere is lower than in the dry (Figure 7). As seen at 700 and 800°C experiments, the water enhances diffusion through the oxide layer. The weaker mass gain is explained by the loss of boron oxide layer and occurs mainly by the reactions with water vapor (Eqs. (3) and (4)).
[image: ]
[bookmark: _Ref52357994][bookmark: _Toc74249659]Figure 8: Influence of water vapor on oxidation at 600°C [7].
Three experiments have been conducted under the same conditions (wet atmosphere) and Figure 8 shows non consistent results: continuous mass loss, mass gain then mass loss or continuous mass gain. Considering the competition between reactions and their kinetics:
· Formation of B2O3 – mass gain (Eq. (1)).
· Consumption of B2O3 – mass loss (Eqs. (2), (3) and (4)).
· Combustion of free carbon – mass loss (C+O2=CO2)
Taking into consideration the material composition, the global reaction results in a mass gain. However, the kinetics of boron oxide formation are slow, the rate of boron oxide consumption by reaction with water vapor becomes significant. A boron oxide layer cannot form, and oxidation of carbon occurs, creating porosity in the samples and leading to mass loss. The behavior of samples at 600°C at a wet atmosphere depends extremely on the dispersion of carbon in boron carbide.
metallic alloys employed for heat resisting applications are usually based on iron, nickel or cobalt and contain chromium and\or aluminium to provide protective oxide scales. Chromium and aluminium oxides are more stable and thermodynamically favored than those of iron, nickel, and cobalt, thus will form preferably [8]. Another example is silicon containing materials. The formation of stable silicon oxide layer plays a protective role in the high temperature performance of several non-oxide ceramics, like MoSi2, SiC, Si3N4. The silicon oxide is stable up to 1700°C [9] and as will be shown later, there is a solubility of silicon in boron carbide. For that reason, the incorporation of silicon in boron carbide to act as a protective oxide layer is desired.
2.3. [bookmark: _Toc74171650][bookmark: _Toc74173609][bookmark: _Toc74248736]SPS of boron carbide
Hayun et al. have investigated the effect of spark plasma sintering of boron carbide in terms of microstructural characterization and static and dynamic mechanical properties [10], [11]. The densification behavior of the boron carbide powder was determined by reducing the thermal expansion effects generated by a same tool set-up with a fully dense sample. It was found that regardless of heating rate, the densification begins at around 1500°C and reaches a maximum densification rate at around 1900°C. The hardness (32 GPa), Young modulus (470 GPa), flexural strength (430 MPa) and fracture toughness (3.9-4.9 MPa∙m0.5) of SPS consolidated boron carbide are close or better than those of hot-pressed boron carbide.
2.4. [bookmark: _Toc74171651][bookmark: _Toc74173610][bookmark: _Toc74248737]SPS of boron carbide with silicon as a sintering aid
Ye et al. [12] and Rehman et al. [13] investigated the influence on densification and mechanical properties of different amount of silicon as a sintering aid to spark plasma sintered boron carbide. Boron carbide powders, with average particles size of 2.5-3.5μm, were mixed with different amount of high purity silicon (0, 4, 8, 10wt%). Each powder was then sintered at 1800°C for 5 minutes in vacuum and under uniaxial pressure of 50 MPa (1700°C for 7 minutes under 60 MPa load for Rehman et al. [13]). Shrinkage of pure B4C started at about 1450°C and continued during the holding at 1800°C for 90 seconds. The silicon addition decreased the starting temperatures of shrinkage and increased the shrinking rate. 
[image: ]
[bookmark: _Toc74249660]Figure 9. : Densification curves of B4C with different Si contents during SPS process [12].
The shrinkage is attributed to the formation of liquid silicon during sintering. All samples containing silicon reported to have higher relative density than the pure B4C sample. X-ray diffraction (XRD) has found, in samples containing silicon, the presence of SiC phase, due to the reaction of silicon with the carbon supplied by the B4C. The addition of silicon has decreased the B4C grain size, in the 4wt% Si the grain size decreased from 3.2μm in pure B4C to 2.1μm. The grain refinement is attributed to the SiC phase, which can pin migrating grain boundaries and thus inhibit the grain growth. Furthermore, SPS method and the Si addition improves the B4C mechanical properties.
[image: ]
[bookmark: _Ref52358239][bookmark: _Toc74249661]Figure 10: Mechanical properties of the investigated B4C ceramics with different Si contents. (a) Vickers hardness, (b) flexure strength and fracture toughness. [12].
In the pure B4C sample, the measured hardness was found to be 39.11 GPa (much higher that HP B4C at 2000°C, 24 GPa) and for the sample containing 8 wt% Si, measured hardness was almost 42 GPa (Figure 10). The decrease in hardness at 10 wt% Si is due to low hardness phases i.e., Si and SiC. The flexural strength also displays an increase with increasing Si content. The decrease at 10wt% Si may be due to the thermal residual stresses generated because of different thermal expansion coefficients of B4C and SiC. The increase of hardness and flexural strength is attributed to the grain refinement. The fracture toughness increases linearly with increasing Si content and reaches a value of 6.4 MPa∙m½. The residual thermal stress due to thermal expansion mismatch was believed to be beneficial to the fracture toughness by promoting crack deflection. This could be confirmed by the fracture surfaces in Figure 11.
 (a)
(b)

[bookmark: _Ref52358282][bookmark: _Toc74249662]Figure 11: SEM photographs of fracture surfaces of (a) pure B4C and (b) 10 wt% Si [12].
The addition of Si changes the fracture mode from transgranular mode in pure B4C to intergranular mode, due to crack deflection.
2.5. [bookmark: _Toc74171652][bookmark: _Toc74173611][bookmark: _Toc74248738]Silicon doped boron carbide
The structure and properties of silicon-doped boron carbide were investigated by Telle [1]. Ranging from 1000°C to 2100°C, Telle showed a maximum solubility of silicon in boron carbide to be 2.5±0.3 at%. By pressureless sintering of boron carbide, boron, and silicon powder mixture (to be on the boron rich side of the ternary phase) a phase diagram was built at 2050°C (Figure 12).
[image: ]
[bookmark: _Ref52357801][bookmark: _Toc74249663]Figure 12: Homogeneity range of B12(B,C,Si)3 single phase at 2050ºC. The numbers refer to the table below [1].
[image: ]
[bookmark: _Toc74249664]Figure 13: Composition and lattice parameters of boron carbide solid solutions [15].
Khan et al. [14] have found that the silicon incorporation in the boron carbide lattice, in the icosahedra connecting chain, bonded to the C atoms (causing a kinked chain) and bonded to the neighboring equatorial B atom of the icosahedra, resulting in a bridge-like structure (Figure 14).
[image: ]
[bookmark: _Ref52357827][bookmark: _Toc74249665]Figure 14: the alteration of chain with silicon incorporation in the B4C lattice structure [14].
2.6. [bookmark: _Toc74171653][bookmark: _Toc74173612][bookmark: _Toc74248739]Reaction bonding
Reaction bonding is a process in which a porous green body is infiltrated with different metals to produce a fully dense material. In free reaction bonding, the metallic phase is being melt and penetrate the cavities and pores of the green preform. The ceramic and metallic phases react to produce new phases rather than neck-growth mechanism. The new phases connect to the ceramic particles to form a composite material. These processes have the advantage of reducing the working temperature and thus lowering manufacturing costs.
A disadvantage to this process is the residual metallic phase that did not react during the infiltration. This phase has lower mechanical properties compared to the other phases, therefore decreasing the composite’s mechanical properties.
2.6.1. [bookmark: _Toc74171654][bookmark: _Toc74173613][bookmark: _Toc74248740]Reaction bonded boron carbide (RBBC)
The reaction bonded boron carbide (RBBC) was published as a patent in 1973 by M. Taylor and J. Palicka [15]. This patent describes a technique to fabricate a dense composite of B4C-SiC-Si.
In the RBBC process, a mixture of different particle size boron carbide powder and free carbon powder are mixed and compacted into a porous green body (preform) and being infiltrated with molten silicon at temperature range of 1873-2273K at an inert atmosphere. The product is a dense composite of ceramic phases according to the following reaction:
(B4C + C) + Si → B4C + SiC + Si residual
The silicon phase is softer than the boron carbide and silicon carbide thus the use of free carbon in the preform is to aid in minimizing the amount of residual silicon after infiltration. It was reported that a dense boron carbide – silicon carbide body may be formed by using a unimodal particle size, but the green body have considerably more porosity and therefore have more free silicon after the infiltration (20%vol [16]). It is preferred to use a multimodal distribution particle size boron carbide to produce an effective armor material. The minimal fraction of residual silicon was achieved using a mixture of about 70 vol.% of coarse size particles, about 30 vol.% fine size particles and 2-4 vol.% free carbon. However, the authors have reported that these specimens were cracked after infiltration, especially when trying to produce larger bodies. It was thought to be due to the stresses developed when the silicon reacts with the carbon to form silicon carbide. To achieve good yields, it is preferable to produce bodies containing at least 10% free silicon.
Hayun et al. investigated the microstructure formation of infiltrated B4C-SiC/Si composite [17]. It was found that a silicon carbide phase appeared as a white plate-like particle adjacent to the boron carbide, as shown in Figure 15 (b). In a specimen made from preform containing free carbon, the silicon carbide phase appeared as an irregular polygonal shape. Only a small fraction of SiC displayed the plate-like form (Figure 15 (a)).
[image: ]
[bookmark: _Ref52357754][bookmark: _Toc74249666]Figure 15: SEM images of composites microstructure with (a) and without (b) free carbon addition [17].
The SiC phase formation occurs when the silicon melt consumes the free carbon, SiC precipitates on the melt\graphite interface. When the silicon melt reacts with boron carbide, it precipitates in the form of plate-like particles. When there is no free carbon in the preform, the silicon melt reacts directly with the boron carbide to form a more complex microstructure. It was found that the liquid silicon reacts with the boron carbide to form a “core-rim” like structure (Figure 16). This structure consists of a boron carbide core surrounded by a 3-7μm thick B12(B,C,Si)3 ternary phase that precipitate on top of the original boron carbide particles in a dissolution-precipitation mechanism.
[image: ]
[bookmark: _Ref52357727][bookmark: _Toc74249667]Figure 16: Optical image of the core-rim structure [17].
In this mechanism, the silicon dissolute the boron carbide until reaching equilibrium with the boron and carbon. The concentration of the dissolved elements is higher near the below average size boron carbide particles because of their higher chemical potential. A chemical gradient is set and causes a flux of boron and carbon, in the liquid silicon, from the small to large particles. There the silicon reacts with the carbon to form secondary SiC, and a ternary phase B12(B,C,Si)3 precipitates on the large B4C particles. Thus, creating the mentioned above “core-rim” structure.
2.7. [bookmark: _Toc74171655][bookmark: _Toc74173614][bookmark: _Toc74248741]Summary of literature review
Besides being an attractive material for ballistic armor applications, boron carbide can be a candidate for ballistic applications due to its low density and high abrasion resistance. The problem is the lack of heat resistance at high temperatures of boron carbide when the carbon oxidizes to form CO2 gas, and the boron oxidizes to form boron oxide glass. This glass is stable up until 800°C; then it starts to be less viscous, which causes it to flow from the sample and expose new surface to air. At around 1200°C the glassy boron oxide phase begins to vaporize and to further reveal new sample surface. Silicon carbide, which has a higher density than boron carbide, form at exposure to high temperatures, a stable oxide layer. One way of fabricating dense boron carbide is by reaction bonding approach, which involves the infiltration of porous ceramic preforms with molten silicon. The latter will react to form a silicon carbide phase, a Si-doped boron carbide phase on top of the boron carbide grains and residual silicon.
In the present study, an attempt was made, using several approaches, to isolate the ternary phase and to investigate the possibility that the incorporated silicon protects the boron carbide from oxidizing at high temperatures similar as in silicon carbide.


3. [bookmark: _Toc74171656][bookmark: _Toc74173615][bookmark: _Toc74248742]Research goals
The main research goal of this work is to improve the oxidation resistance of boron carbide via silicon doping. The following has been attempted to achieve it:
· To successfully synthesize the silicon-doped boron carbide phase.
· To evaluate the oxidation resistance in comparison with boron carbide.
· To evaluate the mechanical properties of the phase.

4. [bookmark: _Toc74171657][bookmark: _Toc74173616][bookmark: _Toc74248743]Methodology and experimental procedure
To evaluate the effect of Silicon on the oxidation resistance and mechanical properties of boron carbide, one should first identify the best synthesis method. In the present work several approaches were taken to achieve it. Once the synthesis method was established, several compositions would be prepared to study the effect of the silicon content on the mechanical properties and oxidation resistance. The methodology taken in the researcher’s thesis are summarized in Figure 17.

[bookmark: _Ref70535702][bookmark: _Toc74249668]Figure 17: Summary of research methodology.
4.1. [bookmark: _Toc74171658][bookmark: _Toc74173617][bookmark: _Toc74248744]Experimental procedure
4.1.1. [bookmark: _Toc74171659][bookmark: _Toc74173618][bookmark: _Toc74248745]Synthesis
To successfully synthesis the silicon doped boron carbide phase and solely receive it, several approaches were applied during this study.  
4.1.1.1. [bookmark: _Toc74171660][bookmark: _Toc74248746]Si-doped boron carbide extracted from RBBC
Samples of RBBC, made from H.C. Stark boron carbide powder (~1µm. grade HS) and silicon lumps (Alfa Aesar, 98.4%) were crushed into powder. In order to etch the residual silicon, a mixture of nitric acid (HNO3) and hydrofluoric acid (HF) at ratio of 1:4.5, respectively, was made according to D. R. Turner [18]. The nitric acid acts as an oxidizer for the silicon and the hydrofluoric acid as an etcher of SiO2. The powder was then consolidated using SPS apparatus, with applied pressure of 50[MPa] and heated to a temperature of 1600°C at a rate of 50 °C/min and dwell time at maximum temperature of 30 minutes.
4.1.1.2. [bookmark: _Toc74171661][bookmark: _Toc74248747]Molten salt shielded synthesis (MS3)
Dash et al. [19] have shown the synthesis of several MAX phases, TiC and titanium by using molten KBr salt as a synthesis\sintering medium and an oxygen barrier. According to that, a mixture of boron carbide powder (H.C. Starck, ~1µm, grade HS), silicon powder (Alfa Aesar, 98.4%) (at a ratio of 85 to 15 percent, respectively) and binder (mixture of 2 wt% glycerol an 8% ethanol) was uniaxial compacted in a 20mm die at a pressure of 80MPa (Carver® model #3925). The preform was sealed in double vacuum plastic bag, inserted in a CIP apparatus and was isostatic compacted at a pressure of 200[MPa]. The preform was put in an alumina cylindrical crucible, covered with KBr that was compacted by hand and the crucible was covered by an alumina plate to serve as a lid. The crucible was the inserted in a furnace at 1450°C for 4 hours.
4.1.1.3. [bookmark: _Toc74171662][bookmark: _Toc74248748]Solid state sintering
Khan et al. [14] reported to successfully synthesize the silicon doped boron carbide phase without any additional phases, by mixing boron carbide, silicon boride and boron powders at 56.32:12.42:31.26 ratio, respectively. The mixture was consolidated using SPS at a temperature of 1850°C for 3 hours. Using the powders mentioned and taking to consideration Telle's maximum solubility stoichiometry of silicon in boron carbide [1], ratios were calculated, corresponding to 2.5, 4 and 10 at% silicon, and two more mixtures made without boron addition to test the large boron content on oxidation, corresponding to 10 and 12.5 at% silicon. Each powder mixture was ball milled for 2 hours in a boron carbide container with boron carbide bearings and suspended in ethanol. After that, the mixture was dried at 90°C for several hours. The powders were then consolidated via SPS apparatus (type HP D5/1, FCT System, Rauenstein, Germany) equipped with a 50 kN uniaxial press. Each powder was compacted in graphite dies at a pressure of 48 MPa and heated to 1850°C at a rate of 50  and held for 30 minutes.
[bookmark: _Ref76742771][bookmark: _Toc74250313]Table 2: powder mixtures ratio of different samples.
	Sample
	B4C [wt%]
	SiB6 [wt%]
	B [wt%]

	B12C1.91Si0.36
	64.86±0.01
	20.68±0.008
	14.46±0.009

	B12C1.67Si0.57
	55.46±0.008
	32.17±0.007
	12.36±0.008

	B12C0.66Si1.44
	20.38±0.003
	75.08±0.003
	4.54±0.003

	B12C0.68Si1.55
	20.62±0.005
	79.37±0.007
	0

	B12C0.34Si1.77
	10.17±0.007
	89.83±0.009
	0



4.2. [bookmark: _Toc74171663][bookmark: _Toc74173619][bookmark: _Toc74248749]Microstructure characterization
The microstructure of the samples was studied by scanning electron microscopy (SEM, FEI Verios XHR 460L, Germany) in conjunction with an energy-dispersive spectrometer (EDS). The samples were polished with 9µm, 3µm and 1µm diamond suspension, until mirror like finish was achieved. To expose grain boundaries, the samples underwent electro-chemical etching in a KOH solution.
All X-ray diffractions were performed on a Malvern Panalytical Empyrean diffractometer with Cu Kα radiation, 2θ, 0.02° step size and at range of 10°-90°.
4.3. [bookmark: _Toc74171664][bookmark: _Toc74173620][bookmark: _Toc74248750]Mechanical and physical properties
4.3.1. [bookmark: _Toc74171665][bookmark: _Toc74173621][bookmark: _Toc74248751]Porosity and density calculations
The density of all samples was determined by the water displacement method (Archimedes method) according to ASTM B311.
The theoretical density, ρth, for the mixture of powders was derived from the calculation of the lattice density, as follows:

Where Vu.c. is the boron carbide unit cell volume, calculated from the rhombohedral unit cell volume equation: 

*Lattice constants were taken from the X-ray diffraction (XRD) of each sample.
4.3.2. [bookmark: _Toc74171666][bookmark: _Toc74173622][bookmark: _Toc74248752]Elastic modulus evaluation
The longitudinal sound velocity, Cl, and the shear sound velocity, Cs, were determined according to the "pulse echo" method by measurements of the time interval in which propagating sound waves go through the samples. The sound waves are propagated through 5 MHz piezoelectric probes.

x - L for longitudinal sound wave, S for shear sound wave.
h - Indicates the sample thickness (measured using a micrometer).
t - The round-trip time of the sound wave.
The Young modulus was calculated by the following equation:

The density, ρ, was taken from the Archimedes water displacement method, mentioned above.
4.3.3. [bookmark: _Toc74171667][bookmark: _Toc74173623][bookmark: _Toc74248753]Microhardness evaluation
Microhardness values were measured by the Vickers hardness method, using hardness measurements instrument (Buehler® Micromet® 2100) equipped with a diamond indenter and with 2000 [g] of applied load. Measurements were performed on metallography prepared samples (polished up to 1µm) and at least 10 indentations were made. Lubrication was applied to the indenter to reduce friction at the indenter retraction that may cause spalling at the indented area. The indentation diagonals trace and cracks length were measured, to calculate the hardness value and the fracture toughness, KC, respectively. Indentation toughness measurement result highly dependent on the assumption of the crack type (i.e. median\radial or Palmqvist cracks) [20]–[25]. Thus, to determine the crack type, the samples were again polished after the hardness measurement (Figure 18).
(a)
(b)
(c)

[bookmark: _Ref52358355][bookmark: _Ref57397166][bookmark: _Toc74249669]Figure 18: Vickers indentation before polish (a), after initial polish (b) and after further polish (c) (spalling due to  polishing).
4.4. [bookmark: _Toc74171668][bookmark: _Toc74173624][bookmark: _Toc74248754]Oxidation
Samples were heat treated to temperature range of 1000-1400°C for 2 hours. Samples and substrates were weighted before and after the heat treatment. To evaluate the amount of oxide formed, samples were submerged in boiling water with a magnetic stirrer to dissolve the oxide layer and were weighted after that. The etched and consolidated RBBC sample was heat treated in a furnace exposed to air at a temperature of 1400°C and dwell time of 2 hours.
By knowing the initial mass and mass after oxidation, the mass change of the B4C sample could be calculated, by the following equation:

It is worth mentioning the for samples who got attached to the substrate, the error in the mass change was greater. After dissolving the boron oxide layer formed after oxidation, the remaining B4C mass, boron oxide mass and amount of CO2 formed could be obtained.


During these experiments, it was found that alumina substrate is not suited for boron carbide. Samples would disappear and leave a hole in the alumina substrate (Figure 19). As the boron oxide forms, it reacts with the Al2O3 to form several aluminum-boron-oxide compounds such as Al4B2O9 and Al18B4O33 [26], and the glassy boron oxide layer that reacted, would leave a bare boron carbide sample to further oxidize, until no sample remained.
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[bookmark: _Ref61854494][bookmark: _Toc74249670]Figure 19: alumina substrate after heat treatment at 1400°C of boron carbide.
5. [bookmark: _Toc74171669][bookmark: _Toc74173625][bookmark: _Toc74248755]Results and discussion
5.1. [bookmark: _Toc74171670][bookmark: _Toc74173626][bookmark: _Toc74248756]Synthesis
5.1.1. [bookmark: _Toc74171671][bookmark: _Toc74173627][bookmark: _Toc74248757]Si-doped boron carbide extracted from RBBC
Figure 20 shows the XRD patterns for each stage of the sample preparation. It can be seen from the diffractogram of the RBBC, that a silicon peak is present, along boron carbide, silicon carbide and silicon-doped boron carbide phases. After etching, the silicon peak has disappeared. When looking on the lattice parameters of the boron carbide phase (Figure 21), a decrease in the c lattice parameter can be noticed after the consolidation of the etched RBBC. What may imply that the ternary phase is unstable and the SPS process cause it to decompose, as the silicon is extracted from it. 


[bookmark: _Ref76742169]Figure 20: XRD of (a) RBBC, (b) RBBC after etch, (c) RBBC after etch and SPS.




[bookmark: _Ref60781356][bookmark: _Toc74249672]Figure 21: RBBC lattice parameters.
5.1.2. [bookmark: _Toc74171672][bookmark: _Toc74173628][bookmark: _Toc74248758]Molten salt shielded synthesis (MS3)
The next attempt to synthesize the B12(B,C,Si)3 phase was the molten salt shielded synthesis using KBr following the method used in [27]. The XRD analysis of the sample after this experiment is present in Figure 23. According to this analysis, the lattice parameters for the boron carbide phase stay as the initial values (a=5.608±0.00045Å, c=12.086±0.0014Å). Moreover, the silicon weight percent remains as the initial value. Thus, no synthesis occurred during this process.
	[image: ]
	


	[bookmark: _Ref52357501][bookmark: _Toc74249673]Figure 22: boron carbide and silicon powders mixture, submerged in a KBr melt.
	[bookmark: _Ref76742260][bookmark: _Toc74249674]Figure 23: XRD of the boron carbide and silicon powders mixture after heat treatment at 1400°C for 4 hours.


5.1.3. [bookmark: _Toc74171673][bookmark: _Toc74173629][bookmark: _Toc74248759]Solid state sintering
In this stage, silicon doped B4C were synthesized in the SPS following the work of Khan et al. [14]. Five compositions were fabricated and the XRD analysis of these mixtures are presented in Figure 24.


[bookmark: _Ref66308601][bookmark: _Toc74249675]Figure 24: XRD of solid state sintered samples.
The peaks shift is an indication for the change of the unit cell’s dimension. In this case, as seen in Figure 24, the shift to the left – decrease in the angle, indicates the increase in lattice planes distance (from Bragg’s law, the angle is inversely proportional to the lattice planes distance), meaning that the synthesis occurred, and the boron carbide unit cell expanded due to silicon incorporation. The following lattice parameters of the obtained samples are plotted in Figure 25. The horizontal lines, solid and dashed, represent point 3 and point 4 in Figure 12, respectively. It is worth noting that Telle samples were synthesized at 2050°C and could be said with some certainty that at higher temperature, more silicon could be incorporated in boron carbide. In terms of stoichiometry ratios, all the calculated ratios for the samples lies above point 4 (which has the largest silicon content), but according to Figure 25, the lattice parameters are below or close to those of point 4 and as mentioned, are an indication to the silicon content.
The decrease in the c lattice parameter for the 10 and 12.5 at% silicon with no addition of free boron samples, could be explained by the fact that the synthesis duration time was not sufficient to fully incorporate all the silicon in the boron carbide lattice structure. It would be evident in the following chapter.


[bookmark: _Ref61260414][bookmark: _Toc74249676]Figure 25: lattice parameters as a function of silicon content.
5.2. [bookmark: _Toc74171674][bookmark: _Toc74173630][bookmark: _Toc74248760]Microstructure characterization
in the SEM micrographs of B12C1.91Si0.36 and B12C1.67Si0.57 samples (Figure 26 and Figure 27), the are some pores and scratches evident, presumably created during the polishing process. Overall, the samples display a homogenous microstructure, meaning that there was a complete solubility of the silicon in the boron carbide. For the higher silicon content samples (Figure 28 and Figure 29) The SEM micrographs reveal a non-homogenous microstructure, with significant porosity and secondary phase (brighter areas) in the form of silicon clusters, characterized by EDS. It is assumed that due to the high silicon content for those samples and relatively low synthesis time duration, not all the silicon could be incorporated in the boron carbide atomic structure.
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[bookmark: _Ref74168998][bookmark: _Toc74249677]Figure 26: SEM micrograph of B12C1.91Si0.36 sample.
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[bookmark: _Ref74169000][bookmark: _Toc74249678]Figure 27: SEM micrograph of B12C1.67Si0.57 sample.
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[bookmark: _Ref74169319][bookmark: _Toc74249679]Figure 28: SEM micrographs of B12C0.66Si1.44 sample.
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[bookmark: _Ref76742349][bookmark: _Toc74249680]Figure 29: SEM micrograph of B12C0.34Si1.77 sample.
Displayed in Figure 30 is the average grain size for each sample and for boron carbide [10]. Compared to boron carbide, which was sintered at 2050°C, the Si-doped boron carbide samples were sintered at 1850°C, and the average grain size for the latter are smaller or the same as that of boron carbide. Ignoring the samples containing 10 and 12.5 at% silicon, which were not fully dense (Table 3) the sample containing 2.5 and 4 at% silicon, achieved nearly full density and smaller grain size at 200°C less than boron carbide.


[bookmark: _Ref62300752][bookmark: _Toc74249681]Figure 30: average grain size of doped and undoped [10] boron carbide samples.
As a mean to understand the stability of the phase, samples were heat treated at 1850°C for 4 hours.


[bookmark: _Ref62310650][bookmark: _Toc74249682]Figure 31: XRD of (a) 2.5 at%, (b) 4 at%, (c) 10 at% silicon doped boron carbide samples after heat treatment.
As seen in Figure 31, silicon carbide peak appeared. As it seems, the phase composition changed, from point 4 to point 2 in the homogeneity range for the Si-doped born carbide phase, displayed in Figure 12. This could indicate that the Si-doped boron carbide phase is unstable in these conditions and cannot exist on its own. Compared to the ternary phase in the RBBC system, which apparently the large amount of free silicon present, contributes to the phase stability. Thus, given sufficient time and\or temperature, Si-doped boron carbide synthesized via boron carbide, silicon boride and boron powders mixture in SPS, will eventually degrade and decompose.
5.3. [bookmark: _Toc74171675][bookmark: _Toc74173631][bookmark: _Toc74248761]Mechanical and physical properties
[bookmark: _Ref71963271][bookmark: _Toc74250314]Table 3: mechanical properties of samples
	Sample
	
	
	
	E [GPa]
	G [GPa]
	K [GPa]
	ν
	 [GPa]
	

	B4C
	2.52
	-
	-
	470
±7[11]
	-
	-
	-
	29.67
±2.76
	4.93
±0.30[11]

	B12C1.91Si0.36
	2.512 (98.10%)
	13.12
±0.007
	8.63
±0.005
	416.26
±15.24
	184.97
±7.36
	185.11
±35
	0.125
±0.009
	25.285
±1.178
	2.673
±0.620

	B12C1.67Si0.57
	2.501
(96.26%)
	13.11
±0.007
	8.58
±0.005
	423.20
±15.63
	192.67
±7.70
	175.57
±31
	0.098
±0.009
	26.378
±1.147
	3.291
±0.338

	B12C0.66Si1.44
	2.518
(91.08%)
	-
	-
	-
	-
	-
	-
	21.217
±1.083
	2.931
±0.357

	B12C0.68Si1.55
	2.489
(88.53%)
	-
	-
	-
	-
	-
	-
	23.253
±2.363
	3.044
±0.586

	B12C0.34Si1.77
	2.439
(85.40%)
	-
	-
	-
	-
	-
	-
	21.829
±2.458
	3.790
±1.046


Looking at Table 3, the decline in the relative density, , is due to insufficient sintering duration time, and material loss during consolidation. As it was evident in the previous chapter, which showed porosity and secondary phase for the high silicon content samples. Taking the density values, the lattice parameters from the X-ray diffraction, and “reverse engineering” the theoretical density equation – a modified stoichiometric ratio was found (the calculated stoichiometric ratio of silicon appear in brackets), and by using the modified ratios, the following silicon amounts were found, displayed in Table 4. Smaller amounts of silicon are exhibited, which could have happened during the powders mixing process or during the synthesis via material loss (evaporation, reaction with the graphite dies).
[bookmark: _Ref74168368][bookmark: _Toc74250315]Table 4: calculated silicon content from density values
	Sample
	Silicon content [at%]

	B12C1.91Si0.25 (0.36)
	1.780

	B12C1.67Si0.35 (0.57)
	2.519

	B12C0.66Si0.87 (1.44)
	6.443

	B12C0.68Si0.69 (1.55)
	5.195

	B12C0.34Si0.93 (1.77)
	7.027


Due to a limitation of the ultrasonic transducers, thin samples (<2mm) cannot be measured because of high noise in the proximity of the transducer and is dependent on the transducer’s geometry. Samples with high silicon content changed drastically in mass during consolidation and therefore changed in thickness and were not able to be measured. From Table 3, B12C0.66Si1.44, B12C0.68Si1.55 and B12C0.34Si1.77 were not able to be measured due to low thickness. From Hayun et al. [11], boron carbide consolidated via SPS, displays an elastic modulus of E=470±7 [GPa]. The two measured samples exhibit relatively the same elastic modulus and a decrease of 10-11% in value compared to the boron carbide. This could be associated to the silicon in the samples which lower the elastic modulus.
The overall hardness of the Si-doped boron carbide is less than that of boron carbide (Table 3). On the lower silicon at%, an increase trend in the hardness is present. The higher silicon content samples have overall lower hardness values. This is because these samples are not fully consolidated.
The crack patterns produced in the indented sample by the Vickers indenter may be of two distinct types. One is the median crack system, which consists of two half-penny shaped cracks and the other is the Palmqvist crack system, which consists of four cracks of semi-elliptical shape. Each type results in a different expressions of KC calculation. To identify the type of crack, a post indentation polishing was performed. The optical images seen in Figure 18, suggest that the cracks appearing under the indentation are Median cracks. The KC values, calculated from equations found in [28]-[32] are presented in Table 3. Compared to boron carbide, which value was calculated according to the Palmqvist crack system, the Si-doped sample exhibit lower values of fracture toughness.
5.4. [bookmark: _Toc74171676][bookmark: _Toc74173632][bookmark: _Toc74248762]Oxidation
5.4.1. [bookmark: _Toc74171677][bookmark: _Toc74173633][bookmark: _Toc74248763]RBBC
Figure 32 show a piece of RBBC (after etching and SPS) before (a) and after (b) heat treatment at 1400°C for 2 hours. The sample shape has changed, and a glassy substance appeared on its surface. The oxidation of boron carbide results in the oxidation of the carbon, to carbon monoxide and carbon dioxide and the oxidation of boron, to boron oxide. According to the XRD (Figure 33), the glassy substance is boric acid, which was created by the adsorption of humidity by boron dioxide. The mass change of the sample is -32.49%. it can be understood that the silicon incorporated in the RBBC was not sufficient to form a stable oxide to protect the sample from further oxidizing. 
(a)
(b)

[bookmark: _Ref57152295][bookmark: _Toc74249683]Figure 32: RBBC sample before (a) and after (b) oxidation at 1400°C.


[bookmark: _Ref57490779][bookmark: _Toc74249684]Figure 33: XRD of etched RBBC after heat treated at 1400°C.
5.4.2. [bookmark: _Toc74171678][bookmark: _Toc74173634][bookmark: _Toc74248764]Solid state sintering



[bookmark: _Ref62319651][bookmark: _Toc74249685]Figure 34: mass change of boron carbide and silicon doped boron carbide samples.


[bookmark: _Ref62326416][bookmark: _Toc74249686]Figure 35: B2O3 formation on boron carbide and silicon doped boron carbide samples.


[bookmark: _Toc74249687]Figure 36: formation of CO2 on boron carbide and silicon doped boron carbide samples.
Figure 34 shows the behavior of silicon doped samples compared to boron carbide at different temperatures. The boron carbide sample gain mass up until 1200°C. at temperatures above 1200°C a mass loss is evident. According to Steinbrück et al. [28], who investigated the behavior of boron carbide oxidation by steam at high temperatures, the mass gain is associated to the formation of the boron oxide, which is a high viscosity glassy liquid at those temperatures and acts as an oxidation barrier. Contrary to oxidation by controlled steam, in this research the atmosphere is ambient air, which contains a certain amount of humidity. Thus, there will be some reaction with the moisture to form volatile boric acids. Higher temperatures lower the viscosity of the boron oxide layer, which in turn reveal more of the unoxidized surface. This, combined with the reaction with moisture, causes the weight loss of the boron carbide samples. Figure 37 shows the differences between temperatures for the oxidation of boron carbide. A glassy substance can be seen from 1100°C and is increasing as the temperature increases. At 1400°C, a significant dimensional change can be seen and a milky glassy substance around it (boron oxide reacted with moisture to form boric acid).
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[bookmark: _Ref62328302][bookmark: _Toc74249688]Figure 37: boron carbide samples after oxidation.
The silicon doped boron carbide samples act the same as the boron carbide up until 1200°C. at 1300°C the samples are experiencing a weight loss, which can be related to the viscosity change and moisture reaction of the boron oxide layer. At 1400°C a large weight gain is evident. Looking at Figure 35, as the silicon content of the sample increases, so does the weight gain and boron oxide formation. according to Table 2, the amount of boron present in each sample (which is contributed a lot from the silicon boride) is corelated to the amount of boron oxide formation and eventually to the weight gain. This could imply that the large amount of boron causes a large amount of boron oxide formation.
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[bookmark: _Toc74249689]Figure 38: 4, 10, 10 and 12.5 at% silicon doped boron carbide samples after oxidation at 1000°C (from left to right).
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[bookmark: _Toc74249690]Figure 39: 4, 10, 10 and 12.5 at% samples silicon doped boron carbide after oxidation at 1300°C (from left to right).
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[bookmark: _Toc74249691]Figure 40: 2.5, 4, 10, 10 and 12.5 at% silicon doped boron carbide samples after oxidation at 1400°C (from left to right).
It can be seen from Figures 38-40 the evolution of the oxide layer. At 1000°C, the glassy layer is thin and mostly clear. As the temperature rises, the oxide layer grows and the amount of boron oxide, turned boric acid, is considerable.
6. [bookmark: _Toc74171679][bookmark: _Toc74173635][bookmark: _Toc74248765]Summary and conclusions
In this work the oxidation resistance at high temperatures of silicon doped boron carbide was studied. the hypothesis of it being that the silicon dopants would react to form a protective layer against further oxidation, like that occurring in silicon carbide (or other alloying elements, forming stable oxides to protect the bulk material).
Several synthesis methods were taken. And indication to the success of the synthesis is the increase in the lattice parameters, which indicates the silicon incorporation inside the boron carbide atomic lattice. Firstly, an attempt to refine the silicon doped boron carbide phase from RBBC. Upon oxidation of the sample, a large mass change was observed and thus an alternative method was needed. Another attempt was made, the synthesis of boron carbide and silicon using molten salt as a shielding medium from oxygen. Examining the post treatment sample revealed that no synthesis occurred. Additionally, difficulties maintaining the molten medium and preventing it from evaporating led to finding another synthesis method. Finally, a synthesis method of solid state sintering of boron carbide, silicon boride and boron yielded satisfactory results. The lattice parameters increase gave an indication for the ternary phase presence. Five compositions were synthesized using the solid-state sintering method, with different silicon content, and two more compositions without boron and with different silicon content, to mitigate the amount of boron in the composition. Samples were sintered using SPS apparatus, at 1850°C. The compositions were characterized for their resistance to high temperature oxidation and mechanical properties, and compared to boron carbide, consolidated using SPS apparatus at 2050°C.
From the microstructure characterization and density measurements, samples B12C1.91Si0.36 and B12C1.67Si0.57, containing 2.5 and 4 atomic percent silicon, achieved nearly full density. For the other samples, as the silicon content increased, the density decreased, and porosity increased. It was also evident in the SEM micrographs, were clusters of silicon appeared. It is thought that insufficient sintering time caused the density to decrease, and the silicon incorporation did not fully occur. Evaluating the elastic modulus was made possible only for the B12C1.91Si0.36 and B12C1.67Si0.57 samples, due to the other samples being too thin to overcome the pulse-echo method’s limitation. The results, compared to boron carbide, shown as decrease of 10-11% in the modulus value, due to the presence of silicon, as reported in [12], [13]. When evaluating the microhardness of the samples, the B12C1.91Si0.36 and B12C1.67Si0.57 (2.5 and 4 at%) exhibit similar behavior as in the elastic modulus, and the latter approaches lower value of boron carbide. The B12C0.66Si1.44, B12C0.68Si1.55 and B12C0.34Si1.77 samples exhibit lower values of hardness, due to porosity (it can also be seen by the deviation in measurements for those samples). The calculated fracture toughness of the samples exhibits the same trend as the hardness, which is reasonable because it is derived from it. From Figure 31, after heat treating the samples at the same sintering temperature, it is notable that the ternary phase is not stable, and silicon precipitate out of the phase to form silicon carbide. Apparently, to stabilize the phase, an excess amount of silicon is needed, like in the RBBC system.
In the oxidation treatments, it was found that instead of mass loss, typical to boron carbide, as seen and as reported in literature, or nearly no mass change, like in the RBBC system, the samples gain mass. This was associated to the amount of boron present in the sample. as mentioned, starting from 800°C, boron reacts with oxygen to form boron oxide, B2O3, a vitreous substance. This glassy layer loses it viscosity as temperature increases, exposing more of the unoxidized surface which results in further oxidizing of the sample. in terms of the silicon content, the atomic percentages are not sufficient to form a protective layer.
To summarize, the synthesis of the ternary Si-doped boron carbide phase did not achieve the same results in terms of lattice parameters as that in RBBC material system. This indicate that not enough silicon was incorporated in the boron carbide structure, leading the ternary phase to be unstable. In addition, the silicon amount present was insufficient to act as an oxidation protection for the material.
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תקציר
בורון קרביד הוא חומר קרמי הידוע בשל תכונותיו הגבוהות כגון צפיפות סגולית נמוכה, קושיות גבוהה ועמידות לשחיקה. למרות כל אלה, בורון קרביד הינו רגיש לחמצון בטמפרטורות גבוהות בשל הזיקה של מרכיביו ליצור תרכובות עם חמצן. אחת הדרכים לייצר גוף צפוף של בורון קרביד מבוססת על השיטה של חיבור ריאקטיבי (RB), שבו גוף ירוק של בורון קרביד מוספג במתכת או סגסוגת ריאקטיבית. בתהליך זה, בעת שימוש בסיליקון, נוצרת פאזה טרנרית של בורון-פחמן-סיליקון [B12(B,C,Si)3]. הרעיון שהסיליקון שחדר לתוך המבנה הגבישי של הבורון קרביד יוכל להתחמצן ולשמש כמחסום לחמצון של בטמפרטורות גבוהות (תחמוצת סיליקון יציבה עד 1700°C) הוא מה שהוביל את מחקר זה. שלוש שיטות סינתזה נוסו במחקר זה על מנת לקבל את הפאזה הטרנרית: הפקה מ-RBBC, סינתזה בתמלחת וסינתזה באמצעות סנטור במצב מוצק. השיטה האחרונה הראתה תוצאות מבטיחות וזו מבוססת על תערובת של אבקות בורון קרביד, סיליקון בוריד ובורון. חמש תערובות הוכנו, המכילות 2.5, 4 ו-10 אחוז אטומי של סיליקון ותערובות המכילות 10 ו-12.5 אחוז אטומי של סיליקון ללא תוספת בורון. המיקרומבנה והתכונות המכניות של הדגמים נבדקו. בהמשך, בוצעו לדגמים חמצון בטמפרטורות של 1000°C עד 1400°C, על מנת להבין את התחמצנות הפאזה בטמפרטורות אלה. נמצא כי התכונות המכניות של הדגמים היו נמוכות בהשוואה לבורון קרביד, שסונטר בתנאים דומים. בנוסף, דגמים אשר הכילו כמויות גדולות של סיליקון, לא היו צפופים לחלוטין, מה שהצביע על כך שמשך הסינתזה לא היה ארוך דיו. חמצון הדגמים הראה שכמות הבורון הגדולה, שמקורה בתערובת האבקות, גרמה להיווצרות רבה של תחמוצת בורון וזו גם עלתה עם עליית הטמפרטורה. תוצאות אלו מצביעות על כך שכמות הסיליקון בדגמים לא הייתה מספקת על מנת לשמש כהגנה מפני חמצון של הבורון קרביד.
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