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Abstract 

Over the last two decades, many studies have contributed to improving our understanding of the 

brittle failure mechanisms of boron carbide and provided a road map for inhibiting the underlying 

mechanisms and improving the mechanical response of boron carbide. This paper provides a review 

of the design and processing approaches utilized to address the amorphization and transgranular 

fracture of boron carbide, which are mainly based on what we have found through 9 years of work in 

the field of boron carbides as armor ceramics. 

 

Keywords: Boron carbide; Doping; Titanium boride; Reinforcement; Amorphization; 

Fracture behavior 

 

Introduction 

With the pursuit of advanced lightweight protection materials that not only ensure the 

protection but also less hinders the mobility of personnel and vehicle, there has been an ever-
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increasing demand for harder, lighter, and tougher armor ceramics.(1) In meeting the demand, boron 

carbide possesses the most potential because it is the hardest and lightest among the structural and 

impact-resistant ceramics for armor applications (Fig. 1).(2) Besides the extraordinary hardness and 

low density, it also displays high compressive strength and high melting point (~2350°C), which 

make boron carbide attractive for diverse applications under extreme environments, such as grinding 

materials and shielding components in nuclear reactors.(3, 4)  

These remarkable properties of boron carbide are rooted in its strong covalent bonding 

between B (boron) and C (carbon) atoms, arranged into an icosahedron incorporated into a 

rhombohedral crystal structure (Fig. 2). While the exact crystal chemistry of boron carbide has been a 

subject of debate, most agree that the structure consists of two basic units, 12-atom icosahedra located 

at the vertices of the rhombohedral symmetry and a 3-atom chain connecting the icosahedra along the 

longest body diagonal.(11, 12) The low specific gravity of boron carbide can be attributed to a 

combination of light elements that constitute the compound and the icosahedral geometry that makes 

the crystal less dense. Extraordinary structural stability, strength, and hardness have also been 

documented in other covalent materials with near-spherical polyhedron configurations including 

fullerene molecules (13) and other icosahedra-based structures such as B6O and α-boron.(14, 15)  

Although the exceptional properties of boron carbide can be attributed to its unique crystal 

bonding and structure, it is also responsible for its limitations. As with other covalently bonded 

ceramics, boron carbide suffers from low lattice relaxation resulting in a limited modality of failure 

mechanism. The low packing density and low crystal symmetry imply that few slip systems are 

possible. Dislocation movement has not been observed in boron carbide subjected to deformation at 

ambient temperature (except for amorphization mediated dislocation).(16, 17) Expectantly, the 
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predominant failure mode of boron carbide is brittle fracture, and the fracture mode is transgranular, 

shown in Fig. 3A.(18-20) Under high-pressure loading scenarios, such as indentation, diamond anvil 

compression, laser shock, and ballistic impact, boron carbide also fails through a competing 

mechanism known as stress-induced amorphization (Fig. 3B).(21-25) This stress-induced deformation 

mechanism has been described as an inhomogeneous loss of crystalline order in localized zones 

scattered within a crystalline volume, forming nanoscale bands with large aspect ratios (i.e. nanoscale 

shear bands). Such amorphous bands act as a “path of least resistance” for crack nucleation and 

propagation, leading to an accelerated fragmentation and an abrupt loss of shear strength. The two 

dominant failure modes, transgranular fracture and amorphization, limit employing boron carbide as 

materials for structural applications, especially as armor ceramics against high-speed projectiles.  

The transgranular fracture mode of boron carbide is a consequence of strong grain boundary 

cohesive strength.(25) One possible way to alter the fracture behavior of boron carbide is to form a 

microstructural-level composite with a secondary phase reinforcement. The reinforcement of 

transition-metal diborides has shown to hinder the propagation of crack and alter its traveling mode in 

boron carbide.(27, 28) On the other hand, atomic doping has demonstrated to be a viable method to 

suppress amorphization.(23, 29-31) Therefore, a solution comprised of microstructural reinforcement 

and atomic doping could address both failure mechanisms of boron carbide simultaneously.  

This paper summarizes 9 years of work in the field of boron carbides and discusses a 

multiscale design and processing strategy that encompasses atomic-level doping and microstructural-

level reinforcement to address the two major failure modes of boron carbide chosen by the authors: 

Amorphization and transgranular fracture. This paper is divided into three sections: 1) Improving the 

tolerance of boron carbide to amorphization via atomic doping, 2) Altering the fracture behavior of 
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boron carbide through microparticle reinforcement, and 3) Addressing both failure modes of boron 

carbide simultaneously by combining atomic doping and microparticle reinforcement. In addition, we 

also identified opportunities that have the potential to further enhance the multiscale design and 

processing strategy. 

 

Part 1. Atomic doping to improve the tolerance of boron carbide to amorphization 

Observation of amorphization in boron carbide (B4C) 

The phenomenon of amorphization in boron carbide was first discovered through a Raman 

study on an indented boron carbide by Domnich et al.(21). A boron carbide single crystal (B4.3C) was 

indented at a small load (100 mN) and the change in Raman spectrum before and after indentation 

was observed (Fig. 4a and b). The most dramatic changes after indentation were the appearance of 

new Raman bands between 1200-2000 cm
-1

, the most intense of which is at ~ 1330 cm
-1

 (Fig. 4b). 

Considering that the peak at ~ 1330 cm
-1

 is close to the D band of amorphous (glassy) carbon, it is 

surmised that the high-pressure contact loading (~40 GPa) during indentation may have caused a 

stress-induced phase transformation to a disordered structure, i.e. amorphization, in boron carbide.   

TEM observations of post-impacted boron carbide fragments by Chen et al. (25) directly 

revealed and confirmed the presence of amorphous boron carbide (Fig 3b). The observed amorphous 

bands were found to be several nanometers across and hundreds of nanometers in length. Chen’s 

TEM study involved ballistic-impacted boron carbide fragments that were impacted above and below 

the critical impact velocity for comminution (~ 850 m/s). The nanoscale amorphous bands were 

observed in fragments that were impacted at velocities above the critical velocity but not for those 
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below it.(25) At the higher velocities, the impact pressure is sufficiently large, surpassing the 

Hugoniot elastic limit (HEL) of boron carbide (20 GPa), to cause irreversible deformation and fast 

fracture.(32, 33) The long and narrow geometry of the amorphous bands was first associated with 

catastrophic collapse and highly localized softening of the boron carbide lattice. However, long thin 

amorphous bands have since been observed and associated with a wide variety of loading conditions 

(ballistic impact(25), indentation(21), scratching(34), etc.(22, 24)), and shear loading is now widely 

accepted to be a requisite condition for amorphization. Later the atomic structure of amorphous bands 

has been further revealed by Reddy et al.(35) that the amorphous shear bands preferentially take place 

along the particular crystal plane (01 ̅ ̅) that is comprised of aligned three-atom chains (Fig. 5). 

   

Theoretical studies on the mechanism of amorphization in boron carbide 

The experimental observation of the stress-induced amorphization in boron carbide motivated 

numerous theoretical studies aimed at understanding the mechanism of amorphization in boron 

carbide.(22, 36-39) 

Density functional theory (DFT) simulations have been used to investigate the initial bond 

deformation, bond breaking, and formation, as well as the icosahedra deconstruction during 

amorphization.(22, 36, 38) 

An et al. examined the shear-induced structure failure of B4C along 11 plausible slip systems 

using DFT simulations.(38) They found that, among the 11 slips systems, the shear along 

(01 ̅ ̅)/[  ̅101] slip system has the lowest ideal shear strength of ~40 GPa, is much lower than the 

compression/tension strength from other DFT work.(22, 36, 37) 
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This finding provides the foundation that shear plays an important role in the mechanical 

failure of B4C and its amorphization. The DFT-derived deformation mechanism along this slip system 

is illustrated in Fig. 6. Firstly, shear breaks the inter-icosahedral B-C bonds as the icosahedral layers 

slipped relative to each other (Fig. 6b). This leads to the formation of carbene with one lone pair, 

making it very reactive to positively charged atoms. Then the C-B-C chain approaches the carbene 

with further shear deformation (Fig. 6c), leading to the Lewis acidic B in the chain to bond with the 

carbene, which results in the irreversible deconstruction of the icosahedra (Fig. 6d), i.e. shear stress-

induced amorphization. 

These DFT studies involve cells too small to observe amorphous shear bands so Qi and 

Goddard used ReaxFF reactive dynamics simulations to observe the shear induced deformation of a 

~20 nm by 20 nm single crystal, where they observed first twinning, then formation of a 2~3 nm shear 

band that later underwent cavitation and crack formation.(39) They found that breaking the 

icosahedron increased the density leading to tension that caused the cavitation and failure. 

 

A theoretical suggestion of amorphization mitigation via atomic doping 

The modeling and simulation studies on the mechanism of stress-induced amorphization in 

B4C suggested that it is important to prevent the interaction between the chain and cage to avoid the 

deconstruction of the icosahedral clusters. Furthermore, this suggested that substituting the C-B-C 

chain with a two-atom chain might completely suppress the deconstruction of icosahedra, leading to a 

mitigated amorphization in B4C.(40, 41) One promising element to form a two-atom chain is silicon, 

Si.(40) The DFT simulations on the (B11Cp)Si2 system showed that the icosahedra are not 
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deconstructed under shear deformation, as shown in Fig. 7.(40) Instead, the three bonds of each Si to 

the icosahedra break one bond but keeping the other two as it migrates to form the 3
rd

 bond to 

neighboring icosahedra. Thus, the icosahedra remain stable during this shearing. This study provided 

the theoretical logic for doping boron carbide with Si to mitigate its amorphization. 

 

Experimental preparation of monolithic doped boron carbides 

Available methods to dope boron carbide with elements 

The theoretical suggestion doping boron carbide with Si encouraged studies to prepare Si/B 

co-doped boron carbide ceramics. To dope boron carbide with Si and B, a variety of methods have 

been utilized. These methods include pressureless sintering, reaction bonding, high-energy ball 

milling, arc melting, nanorod growth, and pressure-assisted sintering.(23) The different methods entail 

boron carbides with different characteristics, such as different degrees of densification and doping as 

well as the presence of a secondary or residual phase. Preferred methods should minimize the 

formation of undesirable secondary or residual phase while ensuring full densification, high content of 

doping elements, and scalability.(19, 42) 

Pressureless sintering methods have an advantage in producing boron carbide with complex 

shape without the need for extensive post machining.(43) Despite the advantage, it alone is not 

suitable for reaching full densification of boron carbide.(44) Sintering additives have been utilized to 

improve densification, but they typically lead to the formation of undesirable secondary phase, which 

negatively impacts the mechanical properties of boron carbide.(45, 46) 
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Reaction bonding can be used to produce Si/B co-doped boron carbide by infiltrating porous 

boron carbide with a molten silicon source, which then reacts with boron carbide to form a doped 

phase.(47, 48) However, the presence of residual un-reacted Si is inevitable, which has poor 

mechanical properties and thermal stability compared to boron carbide.(48) Powder shape of Si/B co-

doped boron carbide also can be synthesized through high-energy ball milling and arc melting.(23, 

49-51) High-energy ball milling possesses the merit of operating at low temperature (<500 °C), which 

allows for doping boron carbide while suppressing the formation of the undesirable secondary phase. 

Whereas, arc melting process utilizes high temperature (>3,000 °C) that allows for higher contents of 

doping elements. However, the feasibility of utilizing the doped boron carbide powders synthesized 

through the high-energy ball milling and arc melting process has not been established yet to produce 

doped boron carbide bulk ceramics. Growing nanorods of Si-doped boron carbide through a solid-

liquid-solid process has also been explored.(52) Though the process achieved doping content of Si 

between 0.6-1.6 at%, it is not suitable for producing large-size bulks due to the low production yield 

of the process.  

Up to date, pressure-assisted reactive sintering processes can be regarded as the most efficient 

route to produce dense Si/B co-doped boron carbides. By applying pressure, higher density can be 

obtained at lower temperatures compared to pressureless sintering, and by reacting boron carbide with 

doping sources, doping can be achieved.(53, 54) The two most common pressure-assisted sintering 

techniques are hot press sintering (HP) and spark plasma sintering (SPS).  

Preparation of Si/B co-doped boron carbides through a pressure-assisted reactive sintering process 
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Dense (99.6% TD) large tiles (120 x 120 x 1.3 cm) of Si/B co-doped boron carbide were 

prepared by reactive hot pressing a particulate mixture of B4C (a base powder), SiB6 (a source of Si 

and B), amorphous B (a source of B).(28) SiB6 is chosen over Si for its higher melting point (1950°C 

vs 1414°C of Si), which allows for pressure to be applied at higher temperatures. The additional B is 

to adjust the B/C ratio to roughly 6.5, where the solubility of Si is the highest.(44) The reaction hot-

pressing is carried out at 1950°C for 3 hours at 20 MPa. 

The chemistry of the as-sintered Si/B co-doped boron carbide was characterized using XRD 

and Raman spectroscopy (Fig. 8) and compared to a commercially available undoped B4C tile (PAD 

B4C; CoorsTek). Using XRD, only the boron carbide phase was identified in the Si/B co-doped boron 

carbide, whereas C and BN were identified in the PAD B4C in addition to the boron carbide phase. 

The enlarged section shows a downshifting in the (021) peak reflection, which indicates that the Si/B 

co-doped boron carbide has a larger unit cell.(53) Raman spectra also show the salient differences 

between the doped and undoped boron carbide. Compared to the PAD B4C, the spectrum of Si/B co-

doped boron carbide shows two Si-doping peaks at 240 and 1120 cm
-1

 peaks.(23, 28, 53) And the 

decrease in the 478 cm
-1

 peak intensity relative to the 530 cm
-1

 peak suggests that the strong C-B-C 

chains are replaced by weaker C-Si-C chains. Lastly, a downshift in the 1190 cm
-1

 peak suggests that 

the Si/B co-doped boron carbide has larger icosahedra compared to the undoped PAD B4C.  

The microstructure of the as-sintered Si/B co-doped boron carbide has an average grain size 

of 79.8 ± 11.0 µm, compared to 11.2 ± 1.5 µm of the PAD B4C. A secondary phase rich in Si and O 

was found throughout the microstructure of the Si/B co-doped boron carbide. The lack of X-ray 

diffraction peaks suggests that the secondary phase is likely amorphous SiO2 introduced by the SiB6 

powders as a surface oxide. During the sintering process, transient liquids with various compositions 
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form through the eutectic reactions in the B-C-Si system and the melting of SiB6.(44) And the 

presence of liquid phases lowers the sintering conditions for boron carbide, requiring only 1950 °C at 

20 MPa to achieve >99% TD, as compared to >2100 °C at 30-40 MPa to achieve >95% TD for liquid 

phase-free sintering.(51, 55, 56) It accelerated the kinetics of sintering, but also resulted in 

exaggerated grain growth as seen in Fig. 8c.  

 

Effect of Si/B co-doping on amorphization and properties of boron carbides 

Raman analysis was carried out to assess the effect of Si/B co-doping on amorphization. The 

amorphization intensity inside of residual imprints is illustrated as color maps in Fig. 9a. The 

amorphization is contained entirely inside of the residual imprint and the highest intensity is located 

near the center where it experienced the highest pressure during indentation. By normalizing the 

amorphized area by the indentation size, we found 41 and 27% of the impression is amorphized in the 

PAD B4C and Si/B co-doped boron carbide, respectively, which equates to a reduction of 34% of 

amorphous area reduction. The histogram of the pixels is illustrated in Fig. 9b to further understand 

the extent of reduction. Si/B co-doping is most effective at suppressing the higher intensity pixels 

(marked by arrows), which is presented by smaller high intensity near the center of the impression in 

Fig. 9a. By integrating the pixel intensity, we obtained a reduction of 44% in the total amorphous 

intensity in the Si/B co-doped boron carbide. It should be noted that the above evaluation of 

amorphization is based on a quasi-static indentation of boron carbide, which is different from a 

dynamic indentation where the imprint is created for a short time frame, on the order of 60 - 100 µs. 

The effect of stress state and strain rate on the amorphization of un-doped boron carbides can be 

found in the literature.(57, 58) 
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The mechanical and physical properties of the Si/B co-doped boron carbide and PAD B4C are 

summarized in Table 1. There is an overall reduction in mechanical properties due to Si/B co-doping, 

notably a decrease in Vickers hardness (-5%), indentation fracture toughness (-13%), and flexural 

strength (-15%). Interestingly, Si/B co-doped boron carbide shows an improvement in the Young’s 

modulus by 6%. The density of both samples is roughly the same. The reduction in the mechanical 

properties can be partially attributed to microstructural effects, such as residual porosity, the presence 

of SiO2, and the increase in the grain size, which has shown to negatively impact the mechanical 

properties due to the Hall-Petch relationship.(59) The presence of Si- and/or B-containing melt during 

reactive sintering facilitated the exaggerated grain growth. As a result, the grain size of Si/B co-doped 

boron carbide is six times greater than that of the PAD B4C. The reduction in mechanical properties 

can also be explained by the changes in atomic bonding strength. Si/B co-doping lengthens the bonds 

in the crystal structure of boron carbide, evident by the peak shifting in the XRD pattern and Raman 

spectrum in Fig. 8. In covalently bonded solids, longer bonds are weaker, thus reduced mechanical 

properties can be anticipated. Furthermore, doping also replaces the stronger C-B-C bonds with C-Si-

C bonds as pointed out in the previous section. Taken together, the Si/B co-doped boron carbide 

shows a reduction in amorphization but also a reduction in mechanical properties.  

 

Part 2. Microparticle reinforcement to alter the fracture behavior of boron carbide 

Fracture behavior of boron carbide and an improvement strategy 

Like most ceramics, strong covalent bonds confer boron carbide high hardness and high 

stiffness, but also brittle fracture.(11, 55) For example, Chen et al. observed that boron carbide 

experiences brittle fracture during impact tests, showing typical cleavage surface in fragments (Fig. 
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10).(25) In addition, the intrinsically strong grain boundaries of polycrystalline boron carbide permit 

crack propagation only in a transgranular manner.(20, 60) Taken together, boron carbide has a low 

toughness, ~2.5 MPa·m
1/2

 (indentation fracture toughness), which limits its use for structural 

applications. 

Toughening strategies have been developed to address the two aspects accordingly. First, 

altering bonding nature through atomic doping is conceivable, but how to realize this in reality is 

extremely challenging. Moreover, studies on boron carbide doped with boron or silicon showed an 

adverse effect of doping on the indentation fracture toughness of boron carbide, as pointed out in the 

previous sections.(28, 61) Therefore, more attempts were focused on toughening boron carbide by 

modifying its fracture behavior. Adding a “tougher” reinforcement to activate additional toughening 

mechanisms is a proven strategy. Transition metal borides and carbides are of particular interest 

because of their excellent compatibility with the boron carbide matrix. More importantly, they are 

tougher than boron carbide while being similarly hard. Table 2 summarizes the representative boron 

carbide composites, such as B4C-SiC, B4C-TiB2, and B4C-ZrB2, along with the processing methods, 

sintering conditions, and properties. The toughness and hardness change relative to boron carbide 

(B4C) monolith is shown in Figure 11. In contrast to boron carbide, significant improvement (~60%-

100%) in the toughness has been achieved by adding reinforcement of SiC, TiB2, and ZrB2. A drop in 

hardness, about 10-20%, was observed, since boron carbide is harder than any of the reinforcement 

phases. Here, we focused more on TiB2 reinforcement for two reasons. First, it provides a high 

toughness improvement with a comparatively less hardness reduction. Moreover, it has the lowest 

density in the group of transition metal borides, which is of benefit in suppressing the density penalty 

accompanied by the addition of heavy reinforcement. It should be noted that the following sections 
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are mainly focusing on the authors’ work. For more comprehensive understanding of the approach, 

the readers are recommended to refer to other important work, such as the study on the topic of 

deformation and failure mechanisms under quasi-static and dynamic loading in B4C-TiB2 

composites.(26)     

 

Preparation and characterization of TiB2 reinforced boron carbides 

There have been numerous attempts to incorporate TiB2 as a reinforcement phase into B4C 

ceramics.(66, 67, 70-72) B4C-TiB2 composites had been prepared by pressure-assisted sintering 

particulate mixtures of B4C and TiB2.(66, 67) Reactive sintering had also been utilized to sinter B4C-

TiB2 composites by using reactions between B4C, TiO2, and carbon. Fine-grained (<1 µm) B4C-15 

vol.% TiB2 composite exhibited high Vickers hardness of 36.9 GPa and outstanding flexural strength 

of 724 MPa.(72) Sigl et al. consolidated B4C-TiB2 composites through pressureless sintering followed 

by HIP (hot isostatic pressing) at 2050 ºC and 200 MPa.(71) More recently, sputter deposition of TiB2 

on B4C powders was utilized to hot press B4C-TiB2 composites with a small amount of well-dispersed 

TiB2 particulates. Indentation fracture toughness of B4C was improved by 15% with the addition of 

2.3 wt.% TiB2, while its bulk density was only 2% higher than that of a monolithic B4C.(27) 

To reinforce B4C with TiB2, commercial powders of B4C (Grade HD20, H.C. Starck, d50=0.7 

µm) and TiB2 (Grade F, H.C. Starck, d50=2.5 µm) were used.(73) Since TiB2, (4.52 g/cm
3
) has a 

higher density than boron carbide (2.52 g/cm
3
), only small amount of TiB2 (up to 15 wt%) was 

considered to minimize the increase in density, which is one of the critical factors for armor 
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applications. Dense (>99% TD) B4C-TiB2 disks (> 100 mm diameter) were successfully fabricated at 

2150ºC and 24 MPa for 2 hours in Ar gas. 

X-ray diffraction pattern of B4C-10% TiB2 composite as-sintered is shown in Fig. 12 along 

with those of starting powders. Primary peaks obtained in the composite belong to the B4C and TiB2 

phases. No other peaks were identified, except for a minor graphitic peak at ~26.5°, which is 

indicative of a small amount of free carbon pre-existing in the starting boron carbide.  

Fig. 13 shows the microstructures of the B4C reinforced with 10% TiB2. The secondary 

electron images (Fig. 13a & b) confirm that the composite is dense. Phase contrast is from the 

difference in atomic number (Z), i.e., the bright phase contains higher Z elements, Ti in this case. TiB2 

particles have an average size of 1.3 µm and were uniformly distributed throughout the material (see 

Fig. 13a & b). The spatial distribution of reinforcement can be critical to the reliability of material. 

The grain size of the matrix phase, B4C, was measured to be 1.6 µm (see Fig. 13c). In general, the 

processing of boron carbide requires high temperatures (close to its melting point) and long dwelling 

times for full densification, leading to the formation of large grains. For example, boron carbide 

processed at identical conditions gives a grain size of ~17.0 µm (see Fig. 13d). However, the addition 

of TiB2 could impede the grain boundary movement, resulting in refined grains. This finding is 

consistent with results in the literature.(26) The grain size and density are summarized in Table 3.     

Mechanical properties of B4C-10%TiB2 composite, including hardness and indentation 

fracture toughness, are summarized in Table 4. In contrast to commercial armor-grade boron carbide 

(PAD B4C), a notable increase (>20%) in hardness has been achieved. This can be attributed to the 

Hall-Petch relationship as a result of the grain size refinement by TiB2 addition. In addition, 

commercial boron carbide often contains impurities like AlN and Fe-based alloys, which are 
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detrimental to hardness.(19, 20) For example, monolithic B4C produced from high purity powders 

exhibits a higher hardness value, ~29 GPa. Reinforcing B4C with TiB2 also improved i) toughness by 

activating additional energy dissipation mechanisms upon a crack propagates, such as crack deflection 

and crack bridging, as well as ii) elastic modulus because of the high stiffness of the TiB2 phase (E, 

565 GPa).(74) Moreover, there is only a minor increase in the density of boron carbide composite.  

The crack propagation behavior of TiB2 reinforced B4C was investigated in detail. The 

Vickers indentation method was used to initiate controlled damage to the composite, as shown in Fig 

14a, where radial cracks emanated from corners of the pyramid. Most of the crack paths show a 

nonlinear profile across the specimen. Fig. 14b shows a closer observation of the crack path near the 

crack tip. As expected, the boron carbide matrix fractured in a transgranular manner.(20, 25, 60) 

However, the crack was deflected at the interface between the matrix (B4C) and the reinforcement 

(TiB2), as reported in the literature.(75, 76) This can be attributed to the residual stress built by the 

lattice and thermal mismatches between B4C and TiB2 phase.(12, 74, 77), which is estimated to be 

~500 MPa(27, 78). Taken together, the B4C-TiB2 composite displays a mixture of transgranular and 

intergranular fracture modes.  

 

Part 3. Combining atomic doping and microparticle reinforcement to prepare boron carbide 

with improved amorphization tolerance and fracture behavior 

Preparation and characterization of Si/B co-doped TiB2 reinforced boron carbides 

As discussed in Part 1, atomic doping boron carbide with Si and B has proven to be an 

effective strategy for suppressing amorphization.(23, 29) However, the improved amorphization 
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resistance of boron carbide by atomic doping was achieved at the expense of degradation in hardness 

and toughness. This was attributed to weaker covalent bonds and exaggerated grain growth, both 

caused by doping.(79, 80) Since hardness weighs heavily in the ballistic performance of boron 

carbide, compensation of hardness loss should be considered for designing boron carbide as 

lightweight protection materials.(11, 81) An effective design strategy to overcome this issue is to 

reinforce doped boron carbide with a tough and hard reinforcement. As shown in Part 2, TiB2 

reinforced boron carbide displays high hardness, high toughness, and comparably low density. Thus, 

it is conceivable that a TiB2 reinforced Si/B co-doped boron carbide could possess enhance 

amorphization resistance without compromising the mechanical properties. 

Bulk Si/B co-doped boron carbide reinforce with TiB2 (denoted as Si-BC/TiB2) was prepared 

by reactive hot pressing particulate mixtures of B4C, SiB6, B, and TiB2 at 1950 ºC and 20 MPa for 3 

hours in Ar gas.(28) The chemistry of Si-BC/TiB2 was designed to be nominally 1.5 at% Si-B6.5C/10 

wt% TiB2. Large square tiles (107 x 107 x 13 mm) were successfully produced, having a density of 

2.59 g/cm
3
, which corresponds to 99.2% of the theoretical density (2.61 g/cm

3
 from a rule of mixture).  

Fig. 15 shows the microstructure of the Si-BC/TiB2. Almost no sintering pores were seen in 

the microstructure (Fig. 15a and 15b), which validates the high relative density. The bright phase is 

TiB2 reinforcement particles, uniformly distributed throughout the material. A closer observation of 

the matrix (Fig. 15b) identified a minor secondary phase (later confirmed the SiO2-rich phase). Fine 

grain size of 1.5 µm was measured on average (Fig. 15c). In contrast, a grain size of ~80 µm was 

reported in silicon doped boron carbide processed at similar conditions, because a rapid grain growth 

occurred.(28) This discrepancy in grain size can be attributed to the addition of reinforcement 

particles, as TiB2 does not diffuse easily and thus impedes grain boundary movement, refining grain 
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growth. Similar results were observed in other systems, like SiC/TiB2(82) and B4C/TiB2(27). 

Occasionally, a few large grains in tens of microns were observed in the microstructure, which is 

possibly due to agglomerates in powder mixing.  

X-ray patterns and Raman spectrum of Si-BC/TiB2 are shown in Fig. 16, where B4C/TiB2 was 

also listed as a reference. The peaks obtained in Si-BC/TiB2 belong to those of boron carbide and 

titanium diboride phases. A downshift in peak positions of Si-BC matrix, i.e., (021)Si-BC, indicates a 

lattice expansion due to Si/B co-doping, which is also observed in Si/B co-doped boron carbide (Part 

1). Little change was observed in the peak position of TiB2 phase, since Si does not dissolve into the 

TiB2 phase. Raman analysis (Fig. 16b) further points to the Si/B co-doping in boron carbide, evident 

by the formation of the 210/240 cm
-1

 doublet(23, 47, 53) and 1170 cm
-1

 peak(61, 80). In addition, the 

downshift in the 1090 cm
-1

 Raman band with respect to the B4C matrix in B4C/TiB2 composite also 

indicates larger unit cells due to B-enrichment in the icosahedra. TiB2 is not Raman active and gives 

no signals. 

 

Amorphization mitigation, fracture behavior, and properties of Si/B co-doped TiB2 reinforced boron 

carbides 

Amorphization induced by the indentation method was semi-quantified by Raman 

spectroscopy. The average amorphization intensity inside of residual imprints is illustrated as pseudo 

color maps in Fig. 17.(28) The highest intensity was predominantly at the center of the imprint, where 

it experienced the highest pressure during indentation. By normalizing the amorphized area by the 

indentation size, we found 31% and 44% area was amorphized inside the imprint for Si-BC/TiB2 and 

B4C/TiB2, respectively. In other words, those are reductions of 30% in amorphous areas from 
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B4C/TiB2 to Si-BC/TiB2. Since each pixel carries an intensity, the summation of the intensities, after 

accounting for the indentation size, can also estimate the overall reduction in amorphization intensity. 

The cumulative sum of the amorphization intensity yields a reduction of up to 44% from B4C/TiB2 to 

Si-BC/TiB2.  

Fig. 18 illustrates how cracks propagate through Si-BC/TiB2. The crack path is clearly 

nonlinear but deflected at phase boundary as a result of residual stress built at the interface.(27, 83)  

The termination of crack by a TiB2 grain can also be found. Taken together, the addition of TiB2 

changed the crack propagation behavior of Si/B co-doped boron carbide from intergranular to a mixed 

mode of intergranular and transgranular, as shown in Fig. 18. 

The mechanical and physical properties of the Si-BC/TiB2 are summarized in Table 5. As 

mentioned earlier, silicon doped boron carbide (Si-BC) showed overall inferior mechanical properties 

as compared to undoped commercial boron carbide (B4C), notably a substantial decrease in 

indentation fracture toughness (KIc, -13%) and flexural strength (σf, -15%). The reduction can be 

attributed to the weakening of atomic bonding strength, exaggerated grain growth, and formation of 

secondary phase inclusions as discussed in Part 1. However, the degradation in mechanical properties 

could be effectively compensated by the incorporation of TiB2. For example, 10% TiB2 addition 

witnessed the increases of 6% in Hv, 8% in KIc, and 18% in σf, when compared to Si-BC, making Si-

BC/TiB2 comparable to commercially available armor-grade B4C (PAD B4C). Moreover, there is only 

a minor increase in density, which can be attractive for armor applications. More importantly, Si-

BC/TiB2 preserved superior resistance to amorphization. Taken together, boron carbide with 

improved amorphization tolerance and fracture behavior was demonstrated by combining the 

approaches of atomic doping and microparticle reinforcement. 
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Opportunities 

Throughout this paper, we identified two key opportunities to further improve the 

amorphization mitigation and fracture behavior of boron carbide.  

Based on a number of studies(23, 53, 84), it is conceivable that increasing Si doping amount 

of boron carbide may further enhance its tolerance to amorphization. Altering the chemistry of boron 

carbide to a more boron-rich composition remains as the principal technique to increase the Si doping 

amount (i.e. Si solubility) in boron carbide.(23, 53) According to the phase equilibrium of B-C-Si, the 

solubility of Si in boron carbide maximizes near a B to C ratio of approximately 6.5.(44, 85) Further 

increases in the Si solubility are expected to afford even more amorphization resistance to boron 

carbides.(85) Toward this end, arc melting has been suggested as a processing route to synthesize pre-

reacted powder of boron carbide with higher Si content than normally obtainable by reaction 

sintering.(23) This is because the solubility of Si at arc melting temperatures, typically >3000 °C(23, 

86), is expected to be significantly higher than the solubility at sintering temperatures, typically 1600 

~ 2100 °C(60).(50) The approach of Si/B co-doping may be combined with arc melt processing to 

further increase the Si solubility and benefit from potentially enhanced amorphization mitigation.  

Secondly, microparticle reinforcement using TiB2 particulate has proven effective in 

toughening and altering the fracture behavior of boron carbide. A further improvement may be 

achievable by optimizing the morphology of TiB2 reinforcement. The aspect ratio of reinforcement 

particles has been found critical in determining the toughness and fracture behavior of composites in 

various material systems, including polymers(87), cement(88), and ceramics(89). For example, 
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needlelike -Si3N4 grains were found more efficient in promoting crack deflection (more new surface 

areas created to dissipate elastic energy), leading to a high toughness of more than 8 MPa·m
1/2

 

(indentation fracture toughness). Similarly, a study showed that increasing the aspect ratio of TiB2 

reinforcement improves the toughness of the B4C-TiB2 composite.(90) In the previous section of 

reinforcing Si/B co-doped boron carbide (Part 3), commercially available TiB2 powders with irregular 

morphology and low aspect ratio (closer to equiaxial particle) were used. Thus, it is suggested that the 

fracture behavior and toughness of Si/B co-doped boron carbide could be further enhanced by using 

TiB2 reinforcement with higher aspect ratios, such as TiB2 powder synthesized by a carbothermal 

reduction process or TiB2 whisker/fiber/platelet, though the sintering may require enhanced conditions 

for full densification. 

It is noteworthy that, besides the above approaches based on atomic doping and microparticle 

reinforcement, one can also consider other approaches to mitigate the amorphization tendency and 

improve the fracture behavior of boron carbide. Through a theoretical simulation as well as 

experimental observation on nanocrystalline boron carbide, prepared by high pressure high 

temperature processing (1 GPa and 1600°C), it was reported that reducing grain size to nanoscale 

promotes the plastic deformation of boron carbide, retarding amorphization to occur at higher shear 

stains, as well as the intergranular fracture of boron carbide rather than transgranular fracture.(91, 92) 

In addition, forming graphene or graphene oxide at grain boundaries proved to be effective in 

deflecting the propagation of the cracks in boron carbides.(93, 94) 
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Table 1. Physical and mechanical properties of the Si/B co-doped boron carbide and PAD B4C. The 

flexural strength of PAD B4C is taken from literature.(42)  

 

Properties Si/B co-doped PAD B4C %Δ 
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Hv9.8N (GPa) 25.0±0.9 26.6±0.5 -5 

Indentation K1C 2.06±0.2 2.25±0.14 -13 

Young’s modulus (E, GPa) 430±2 405 +6 

Flexural strength (σf, MPa) 332±23 398±34* -15 

Density (g/cm
3
) 2.49 2.50 ~0 

Average grain size (µm) 79.8±11.0 11.2±1.5 +654 

 

 

Table 2. Properties of representative boron carbides reinforced with particulate SiC, TiB2, and 

ZrB2.(10, 42, 62-69) Fracture toughness were measured by either indentation(10, 62-64, 66, 67, 69), 

single-edge notched beam(65, 68), or chevron notch method(42). 

System 

Reinforce

-ment 

amount 

Processing method & 

condition 

Density Vickers 

hardness 

(GPa) 

Fracture 

toughness 

(MPa·m
1/2

) 

Ref. Real 

(g/cm
3
) 

Relative 

(%) 

B4C - HP, 2150°C, 36 MPa, 60 min 2.41 95.5 32.5 2.5-3.0 (62) 

- SPS, 1700°C, 75MPa, 3 min 2.50 99.4 39.3 3.5 (10) 

- HP, Commercial plate >2.50 > 99.0 25.8 2.7-2.9 (42) 

B4C-

SiC 

15 wt% SPS, 1700°C, 75MPa, 3 min 2.59 99.4 36.2 5.7 (10) 

5 vol% SPS, 1750°C, 40MPa, 5 min 2.50 98.0 34.4 - (63) 

10 vol% SPS, 1750°C, 40MPa, 5 min 2.54 98.0 33.4 - (63) 

15 vol% SPS, 1750°C, 40MPa, 5 min 2.57 97.8 31.1 - (63) 

30 wt% HP, 2000°C, 50MPa, 30 min 2.67 99.0 24.0 3.8 (64) 
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50 wt% HP, 1950°C, 30MPa, 30 min 2.71 96.0 24.0 4.6 (65) 

B4C-

TiB2 

5 vol% SPS, 1760°C, 40MPa, 60 min 2.57 98.1 34.5 5.0 (66) 

10 vol% SPS, 1760°C, 40MPa, 60 min 2.67 98.3 32.5 6.9 (66) 

15 vol% SPS, 1760°C, 40MPa, 60 min 2.79 99.2 32.0 6.0 (66) 

20 vol% SPS, 1760°C, 40MPa, 60 min 2.89 99.2 32.5 5.3 (66) 

20 vol% SPS, 2000°C, 60MPa, 6 min 2.92 99.9 32.5 3.2 (67) 

30 vol% SPS, 2000°C, 60MPa, 6 min 3.12 100 31.2 - (67) 

40 vol% SPS, 2000°C, 60MPa, 6 min 3.32 100 30.5 4.4 (67) 

60 vol% SPS, 2000°C, 60MPa, 6 min 3.72 100 29.0 4.5 (67) 

80 vol% SPS, 2000°C, 60MPa, 6 min 4.09 99.3 26.3 4.8 (67) 

B4C-

ZrB2 

20 vol% HP, 2100°C, 30MPa, 60 min 3.08 95.2 30.4 6.3 (68) 

30 vol% HP, 2100°C, 30MPa, 60 min 3.52 98.0 32.4 7.0 (68) 

40 vol% HP, 2100°C, 30MPa, 60 min 3.86 97.8 28.8 6.6 (68) 

31 vol% SPS, 1900°C, 60MPa, 5 min 3.61 100 31.1 3.0 (69) 

46 vol% SPS, 2000°C, 60 MPa, 5 min 4.16 100 26.8 4.3 (69) 

 

 

Table 3. Comparison of grain size and density between B4C reinforced with 10% TiB2 and monolithic 

B4C. 

Specimen 

Average B4C Average TiB2 Bulk density, Relative density, 

grain size (µm) grain size (µm) ρ (g/cm
3
) ρ/ρth % 

B4C–10 wt% TiB2 1.6 ± 0.5 1.25 ± 0.2 2.64 > 99.9 

Monolithic B4C 17.0 ± 2.1 – 2.52 > 99.9 
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Table 4. Mechanical properties of the commercial armor-grade boron carbide (PAD B4C), monolithic 

B4C and B4C reinforced with TiB2. 

Properties PAD B4C Monolithic B4C B4C-10 %TiB2 

Vickers Hardness (GPa, @1kg) 26.6 ± 0.5 28.6 ± 1.1 32.9 ± 1.5 

Indentation Toughness 

(MPa.m
1/2

) 

2.25 ± 0.14 2.29 ± 0.19 2.88 ± 0.21 

Young’s Modulus (GPa) 405 398 407 

Density (g/cc) 2.50 2.48 2.60 

 

 

Table 5. Physical and mechanical properties of Si-BC/TiB2. Si-BC and commercial armor-grade B4C 

(PAD B4C) are listed for reference. 

Specimen 

TD 

(g/cc) 

H
V, 9.8N

 

(GPa) 

Indentation K
1C 

(MPa·m
0.5

) 

Strength 

(MPa) 

E 

(GPa) 

Amorphization 

reduction 

Si-BC/TiB
2
 2.62 26.6 ± 0.9 2.3 ± 0.2 410 ± 52 427 -39.2 ± 4.6 % 

Si-BC 2.50 25.0 ± 0.9 2.1 ± 0.2 
338 ± 30 

430 -36.9 ± 10.5% 

Commercial 
2.49 26.5 ± 0.5 2.4 ± 0.1 398 ± 34 406 Reference 
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Fig. 1. Hardness and density of representative structural and hard materials.(5-10) 
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Fig. 2. The crystal structure of boron carbide.(11, 12) 
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Fig. 3. The two major failure modes of boron carbide. (A) Boron carbide fails through a transgranular 

fracture mode: the fracture surface of boron carbide after a three-point flexural test.(26) (B) High-

pressure loading triggers amorphization in boron carbide: an amorphous band observed in a fragment 

after a ballistic test; the insets show FFT (Fast Fourier transform) patterns confirming the amorphous 

nature of region (a) surrounded by the crystalline region (b).(25) Reproduced from Rubink et al.(26) 

and Chen et al.(25) with permission. 

 

 

 

 

Fig. 4. Raman spectra of boron carbide (B4.3C) before (a) and after (b) 100 mN indentation at several 

laser wavelengths (514.5 nm, 630 nm, and 780 nm). Arrows indicate (a) 1570 cm
-1

 peak of the 

pristine surface and (b) the new peaks appearing after indentation. Reproduced from Domnich et 

al.(21) with permission.  
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Fig. 5. The high-resolution STEM image showing the amorphous structure of the shear band along 

the (01 ̅ ̅) plane. Inset FFT patterns demonstrate the amorphous nature of the shear band. Reproduced 

from Reddy et al.(35) with permission. 
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Fig. 6. The structures evolution of B4C under shear along (01 ̅ ̅)/[   ̅101] slip system: (a) The 

structure at 0.209 strain with no bond breaking. (b) At 0.245 strain, the B-C bond connecting two 

icosahedra breaks, leading to the formation of carbene (marked with a circle). (c) The C-B-C chain 

approach the carbene at 0.331 strain. (d) The carbene reacts with the B atom in the C-B-C chain (red 

circle), deconstructing the cage (black circle). Reproduced from An et al.(38) with permission. 
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Fig. 7. (a) The (B11Cp)Si2 structure transition under shear along (01 ̅ ̅)/[  ̅101] slip system: (a) the 

intact structure; (b) the structure corresponds to the maximum stress; (c) the structure where the B−C 

bonds between icosahedra break; (d) the structure where the Si−Si bonds in the chain break and the Si 

atoms rebond to the unbonded B, C atoms from previous breaking B−C bond,; and (e) the transformed 

structure with new formed Si−Si bond and B−B bond between icosahedra. Reproduced from An et 

al.(40) with permission. 
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Fig. 8. (a) XRD patterns, (b) Raman spectra, and (c) SEM images of Si/B co-doped boron carbide and 

commercial PAD B4C. The enlarged section in the XRD shows a downward shift in the (021) peak, 

indicating a larger unit cell in the Si/B co-doped boron carbide than that of the PAD B4C. Reproduced 

from Yang et al.(28) with permission. 
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Fig. 9. (a) Amorphization intensity color map of PAD B4C vs Si/B co-doped boron carbide. A 

reduction of 34% in amorphization area and 44% in amorphization intensity from the PAD B4C to 

Si/B co-doped were obtained. Results from 5 individual 4.9N Vickers indents were averaged to 

construct the color map. Each image is 20 x 20 µm. (b) Amorphization pixel population histogram 

illustrating that Si/B co-doping is effective at suppressing the most intense amorphization. 

 

 

 

 

Fig. 10. SEM micrographs of B4C fragments produced after an impact test showing cleavage surface 

at (a) low and (b) high magnification. (c) a TEM micrograph showing that most of the boron carbide 

grains had clean grain boundary (no or few defects or intergranular films). (d)  a SEM micrograph 

showing a fracture surface of hot pressed boron carbide. Reproduced from Chen et al., Xie et al., Roy 

et al. with permission.(20, 25, 60) 
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Fig. 11. Changes in (a) toughness and (b) hardness of B4C composites by adding reinforcements of 

SiC, TiB2, and ZrB2.(10, 42, 62-69)  
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Fig. 12. X-ray diffraction pattern of B4C-10 wt.% TiB2 composite along with those of starting B4C 

and TiB2 powders. 

 

 

 

 

Fig. 13. Microstructural observation of B4C-10% TiB2 at (a) low and (b) high magnifications. (c) 

grain boundaries of the B4C matrix were highlighted under the InLens detector: TiB2 is the dark phase, 

and (d) monolithic B4C sample prepared at the same conditions is also prepared for comparison. 
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Fig. 14. (a) An optical micrograph of a Vickers’ indent on TiB2 reinforce B4C (15 wt% TiB2), 

showing cracks emanating from four corners. (b) A SEM micrograph showing a closer observation of 

the crack tip, showing a mixed fracture mode: transgranular (within B4C matrix) and intergranular (at 

the interface between B4C and TiB2).  
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Fig. 15. SEM micrographs of polished Si-BC/TiB2. (a) A dense microstructure with TiB2 particles 

(bright phase) uniformly distributed throughout the material. (b) The minor secondary phase was 

identified in the Si-BC matrix. (c) Fine grain in the Si-BC matrix measured to be 1.5 µm on average. 
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Fig. 16. (a) X-ray diffraction pattern and (b) Raman spectrum of Si-BC/TiB2, where B4C/TiB2 was 

also included as a reference.  
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Fig. 17. Amorphization intensity pseudo-color map of Si-BC/TiB2 vs. B4C/TiB2.  
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Fig. 18. Crack propagation behavior in (a) Si-BC/TiB2 and (b) Si-BC matrix. Intergranular fracture 

was evidenced by crack deflection at the interface between Si-BC matrix and TiB2 particles. On the 

other hand, the Si-BC experienced a transgranular fracture through multi-grains (as marked by 

arrows). 

 

 

 

 

 


