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A B S T R A C T   

A route based on the shaker milling of B and C powders followed by reactive spark plasma sintering (SPS) of the 
resulting B+C powder mixture is presented for the fabrication of exotic boron carbide monolithic ceramics with 
controlled stoichiometry, and applied to the elusive B6C ceramics. Firstly, it is shown that shaker milling for only 
1 h refines down to the nanoscale, mechanically activates, and intimately mixes the B and C powders, making the 
resulting B+C powder mixture far more sinterable. Secondly, it is shown that B and C react during the heating 
ramp of the SPS cycles, resulting in a fully dense superhard (~30 GPa) boron carbide monolith with the desired 
stoichiometry (B6C in this case) and fine twinned-grain microstructure at an SPS temperature (1550 ◦C in this 
case) at which typical commercial B4C powders barely densify. This low-temperature densification is possible 
mainly due to the enhanced solid-state sinterability promoted by both shaker milling and structural ordering, 
with the exothermic heat released during the formation of the boron carbide contributing little. And thirdly, it is 
shown that there is an optimal SPS temperature above which the hardness of these exotic boron carbide 
monoliths decreases because there is less twinning hardening.   

1. Introduction 

Boron carbide ceramics possess a singular combination of properties 
that makes them highly appealing for use in both structural and func
tional applications, including for example ultra-low density, super-high 
hardness, high wear resistance, ultra-refractoriness, low thermal 
expansion, high neutron absorption, low band gap, and high Seebeck 
coefficient, to name a few [1–10]. Not surprisingly, they are receiving 
growing attention and are increasingly in demand in such critical and 
strategic sectors as ballistic protection (i.e., as personnel and vehicle 
armours), nuclear industry (e.g., as control rods, radiation shields, etc.), 
tribological parts (e.g., as bearings, valves, seals, dies, nozzles, etc.), 
electronic industry (e.g., as diodes, transistors, etc.), and many more. 

Importantly, the term boron carbide does not refer only to B4C, but 
actually collectively denotes a large family of B–C isostructural com
pounds that all share the same crystal structure based on 12-atom ico
sahedra (X12) located at the corners of a trigonal-symmetry 
rhombohedral lattice (space group R 3 m) plus a 3-atom linear chain 
(XXX, without or with vacancies) that links the icosahedra along the 

<111> rhombohedral axis [1–3]. There are thus boron carbides in a 
wide range of stoichiometries from ~B10.36C (B-rich limit) to B3.2C 
(C-rich limit) [1–3]. The well-known B4C, which is a C-rich boron car
bide with the structural configuration (B11C)CBC [3], is by far the 
commonest, and therefore the most widely studied. B6.5C, which is a 
B-rich boron carbide with the structural configuration (B12)CBC [3], is 
also relatively common, but less so than B4C. Excitingly, many of the 
other “exotic” boron carbides remain explored little or not at all because 
some are very elusive, and because in general boron carbides are all very 
difficult to fabricate as dense monoliths using the typical two-step 
approach involving first their synthesis by carbothermal reduction of 
B2O3 or H3BO3, which is an endothermic reaction, followed by sintering. 
Since the properties of boron carbide ceramics (such as hardness, ther
mal and electrical conductivities, heat capacity, and resistance to 
neutron irradiation, to name a few) are expected to be highly dependent 
on B/C stoichiometry, a critical need to be addressed before systematic 
comparative property studies can be performed is to be able to fabricate 
wide sets of dense boron carbides with customised stoichiometry. 

Reactive sintering, in which boron and carbon sources react and 
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4. Conclusions 

A study was conducted on the fabrication of exotic boron carbide 
ceramics by shaker milling and reactive SPS of elemental B+C, applying 
it to the elusive B6C. Based on the experimental results and analyses, the 
following conclusions can be drawn:  

1. Shaker milling for only 1 h refines, mechanically activates, and 
uniformly mixes the elemental B and C reactants, thus making the 
resulting B+C powder mixture far more sinterable. 

2. The shaker-milled B+C powder mixture first reacts and then den
sifies during the SPS cycle, resulting in a boron carbide ceramic with 
the desired stoichiometry (B6C in this case) and a dense fine twinned- 
grain microstructure at an SPS temperature (1550 ◦C in this case) at 
which typical commercial B4C powders barely densify.  

3. The exothermic reaction heat released during the synthesis of the 
boron carbide contributes little to the low-temperature densification, 
with shaker milling and structural ordering being mainly responsible 
for the enhanced solid-state sinterability.  

4. The exotic boron carbide ceramics thus obtained are, if dense, 
superhard, but their hardness decreases with increasing SPS tem
perature as a result of less twinning hardening.  

5. The processing route described here, combining short-term shaker 
milling with ultrafast reactive SPS of elemental B+C, is potentially 
customizable to obtain controllably exotic boron carbide ceramics on 
demand. 
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