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ABSTRACT. Boron carbide (B4+δC) possesses a large potential as structural material owing to its 

lightness, refractory character and outstanding mechanical properties. However, its large-scale 

industrialization is set back by its tendency to amorphize when subjected to an external stress. In 

the present work, we design a path towards nanostructured boron carbide with greatly enhanced 

hardness and resistance to amorphization. The reaction pathway consists of triggering an 

isomorphic transformation of covalent nanocrystals of Na1-xB5-xC1+x (x = 0.18) produced in molten 

salts. The resulting 10 nm B4.1C nanocrystals exhibit a four-fold decrease of size compared to 

previous works. Solid-state 11B and 13C NMR coupled to DFT reveal that the boron carbide 

nanocrystals are made of a complex mixture of atomic configurations, which are located at the 

covalent structural chains between B11C icosahedral building units. These nanocrystals are 

combined with a spark plasma sintering-derived method operated at high pressure. This yields full 

densification while maintaining particle size. The nanoscaled grains and high density of grain 

boundaries provide the resulting nanostructured bodies with significantly enhanced hardness and 

resistance to amorphization, thus delivering a superhard material. 

KEYWORDS. boron carbide, nanocrystals, hardness, spark plasma sintering, high pressure, 

molten salts.  
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INTRODUCTION 

Boron carbide (B4+δC, with -0.2 < δ < 6.1) 1 exhibits an attractive combination of low density 

(2.52 g·cm-3),2 high melting point (2720 °C),3 elevated elastic modulus (448 GPa),4 

incompressibility (adiabatic bulk modulus of 241 GPa),5 and chemical inertness,6 which make it 

one of the most performing refractory compounds.7,8 Yet, its hardness is well below diamond and 

it does not exceed the hardness threshold for superhard materials (40 GPa) in its polycrystalline 

form. It is also subject to mechanical failure under stress,9 including softening and fracture that are 

often ascribed to local amorphization.10,11 This behavior strongly limits the range of applications 

of boron carbide. 

We demonstrate herein how to overcome the current limitations of boron carbide as 

structural material by combining molten salts-mediated colloidal synthesis, nanocrystals 

transformation, and high-pressure flash sintering. 

Boron carbide is built from covalently interconnected boron-based icosahedra as structural 

motifs. Each icosahedron contains polar (superindex p) and equatorial (superindex e) sites (Figure 

1a). Every atom in a polar site links to another polar site of a neighboring icosahedron, while 

equatorial atoms bond to chains of ideally three atoms CBC. In the most widely accepted B-C 

phase diagram (Figure 1b),12 the boron carbide structure accommodates between 9 (B10.1C) and 

21 at. % (B3.8C) of carbon.1 The most common occurrence is 20 at. % C (B4C). It should be ideally 

built from solely B11Cp clusters and CBC chains ((B11Cp)CBC structure), but this configuration is 

encountered together with different local arrangements, most notably at the three-atom chains.13  
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Figure 1. Compositions and ideal structures of boron carbide and precursor sodium 
borocarbide. (a) Scheme of the chemical pathway towards boron carbide nanocrystals, relying on 
the transformation of Na1-xB5-xC1+x into B4+δC. In the B4+δC structure (rhombohedral R3�m space 
group), CBC chains are highlighted in red and the polar/equatorial positions marked with arrows. 
From the boron-to-carbon ratio, the composition of the precursor sodium borocarbide is located 
within the homogeneity range of boron carbide in the (b) B-C phase diagram.1 “SS” indices stand 
for “solid solution”. 

 

The hardness and resistance to amorphization of B4+δC have been previously enhanced by 

grain-boundary strengthening,14 where grain boundaries pine the dislocations and impede their 

propagation. Decreasing the grain size down to the nanometric range limits the amount of 
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dislocations that can accumulate in a single grain and increases the density of grain boundaries. 

Therefore, the density of dislocations is decreased and their movement is restrained, thus hindering 

the onset of plasticity, of amorphization, and increasing the yield strength. This phenomenon, 

known as the Hall-Petch effect and observed for various materials, is typically optimized for grains 

of 5 - 50 nm,15,16 but previous attempts for boron carbide were performed for particles at least an 

order of magnitude larger. This calls for the synthesis of sub-50 nm boron carbide nanocrystals 

and their compaction into dense bodies without grain growth, two currently unmatched objectives.  

Carbothermal reduction is the most usual method to synthesize boron carbide,17–19 but it 

does not yield microstructural control. Liquid-phase processes, like the sol-gel process, have 

enabled better morphological control down to the 40-90 nm range,20 which is far from optimal to 

favor Hall-Petch strengthening. The difficulty to control the size of nanoparticles of boron carbide 

is intrinsic to its strong covalence, which requests high temperatures for crystallization and 

densification of powders.21 Indeed, as for synthesis of small nano-objects, densification of boron 

carbide with limited grain growth remains a challenge. Sintering additives lower the densification 

temperature, but are detrimental to chemical stability and mechanical performances.22 Spark 

plasma sintering using pulsed currents, usually at moderate pressures below 0.2 GPa, on one side, 

and high-pressure sintering on the other side, enable separately to limit grain growth and reach 

fully densified bodies (compaction above 99 %), but they have been applied only to micron-sized 

boron carbide grains.23 Alternative crystallization and densification pathways are then mandatory 

to reach sub-50 nm boron carbide nanocrystals and to enable their densification. 

To design boron carbide nanocrystals, we explore herein isomorphic transformation of 

precursor nanocrystals. Reacting nanocrystals by maintaining their shape and size is a well-
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established approach to modify the composition or crystal structure of compounds bearing high 

ionicity or metallicity,24 such as halides,25 chalcogenides,26 oxides,27 and metal phosphides.28 

These transformations are much more difficult in compounds with predominant covalence because 

they require higher temperatures that are accompanied by morphological restructuration.29 Boron 

carbide is prototypical of such solids. We have shown previously that sodium borocarbide Na1-

xB5-xC1+x nanocrystals (Figure 1a) produced in molten salts might be efficient precursors of boron 

carbide nanocrystals through sodium elimination,30 but only poor size control was achieved. 

Herein we show that by precisely tuning the composition of sodium borocarbide nanocrystals, we 

achieve composition and size control of ~10 nm boron carbide nanocrystals. We then go a step 

further, by triggering densification while maintaining the nanocrystal size. To achieve this 

behavior, we combine high pressures with spark plasma sintering (HP-SPS),31 a recently issued 

method32,33 that provides fast heating rates, short durations and moderate temperatures, but has 

never been applied to highly refractory boron carbide, a very hard-to-sinter material.  

 

RESULTS AND DISCUSSION 

Na1-xB5-xC1+x nanocrystals: Controlling the transformation to boron carbide through 

composition 

The sodium borocarbide nanocrystals were synthesized by reacting sodium borohydride and 

polyethylene in molten sodium iodide at 900 °C. The original ratio of reactants30  is set to a large 

excess of carbon to compensate for carbon losses during the synthesis (initial C:(B+C) = 56.1 at. % 

in contrast to 19.6 at. % in the resulting Na1-xB5-xC1+x (x = 0.18) nanocrystals and 16.7 at. % in the 

bulk compound). The retrieved sample is made of slightly elongated faceted nanoparticles 
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(Figure S1a) with a size distribution centred at 7 nm (Figure 2). High resolution transmission 

electron microscopy (HRTEM, Figure S1a-b) and selected area electron diffraction Debye rings 

(SAED, Figure S1c) confirm the expected NaB5C structure.30 HRTEM also suggests the formation 

of single-crystalline domain particles that expose {100} facets. The particle size is consistent with 

the 5 nm diffraction domain size extracted from Le Bail refinement of the powder X-ray diffraction 

(XRD) pattern, which confirms the single crystal nature of the nanoparticles.30 

The transformation of Na1-xB5-xC1+x nanocrystals into boron carbide (B4+δC) occurs upon 

sodium evaporation during annealing at 1200 °C (Figure 1a), according to XRD (pattern recorded 

under argon in Figure 3a).30 No trace of sodium was detected in the products by Energy Dispersive 

Spectroscopy (EDS), as discussed below in the processing section. TEM indicates evolution from 

a monomodal distribution of 5–7 nm sodium borocarbide nanocrystals (Figure 2) to a bimodal 

population upon boron carbide crystallization, with ~10 nm nanoparticles and more polydisperse 

objects up to 200 nm (Figure S2a-b). The former can be ascribed to direct transformation of the 

sodium borocarbide nanocrystals (Equation 1): 

1
1+𝑥𝑥

 Na1-xB5-xC1+x(s) →  B4+δC(s) +  1−𝑥𝑥
1+𝑥𝑥

 Na(g)    (1) 

Equation (1) is valid if the C:(B+C) atomic ratio is maintained in the transformation from the 

sodium borocarbide to the boron carbide, hence δ = 1−5𝑥𝑥
1+𝑥𝑥

 = 0.08 ≈ 0.1 for x = 0.18. 

The larger objects suggest either uncontrolled growth of the particles, or an alternative 

boron carbide crystallization pathway. Indeed, the large excess of carbon source initially used 

could yield remaining free amorphous carbon with the sodium borocarbide nanocrystals. During 

annealing, carbon could react in turn with sodium borocarbide to form boron carbide, as a pathway 
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alternative to reaction (1). In agreement with this hypothesis, we observed that pristine boron 

carbide samples exhibit XRD patterns with a broad bump indicative of an amorphous component 

(Figure 3a) that evolves into boric acid H3BO3 upon exposure to air (Figure 3a). After boric acid 

removal and second exposure to air, the sample does not show new formation of boric acid 

(Figure 3a). Hence, the amorphous component and the derived boric acid do not arise from the 

reactivity of the boron carbide sample with air. Instead, the amorphous component forms during 

annealing. To ascertain the existence of a crystallization pathway parallel to the direct 

transformation of sodium borocarbide, due to remaining free carbon, we have screened the 

C:(B+C) ratio in the reaction mixture yielding sodium borocarbide from 56.1 to 44.4, 28.6 and 

16.7 at. %. The resulting boron carbide samples exhibit narrowed size distribution (Figure S2), 

the narrowest one being obtained for initial 44.4 at. % (Figures S2c-d and 2a), with particles of 

(10 ± 2) nm and a negligible proportion of larger objects compared to other reaction conditions. 

TEM and HRTEM (Figure 2) show preservation of the initial particle size. This indicates that by 

limiting excess carbon, one can trigger reaction (1) as the only pathway of boron carbide 

crystallization. This isomorphic crystallization enables size control. Note that some carbon excess 

is still needed to compensate for the low char yield of the polyethylene carbon source during the 

borocarbide synthesis.  
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Figure 2. Isomorphic conversion to size-controlled boron carbide nanocrystals with optimal 
C:(B+C) reagent ratio. (a) TEM image of monodisperse boron carbide nanomaterial synthesized 
from Na1-xB5-xC1+x with C:(B+C) input ratio of 44.4 at. %. Comparison between (b) the initial Na1-

xB5-xC1+x and (c) the final B4.1C nanostructures, illustrating successful size retention throughout 
the conversion. Size distribution from counting 100 particles fitted by a lognormal function of (d) 
the initial Na1-xB5-xC1+x and (e) the final B4.1C nanoparticles. 

 

The average crystallite size of 10 nm for the sample corresponding to initial C:(B+C) ratio 

of 44.4 at. %. was retrieved from Le Bail refinement (Figure 3, Table S1). This value is consistent 

with TEM, confirms the retention of the original size of Na1-xB5-xC1+x nanocrystals, and further 

suggests that the boron carbide particles are single crystals. Successful size retention despite the 

high temperatures (1200 °C) involved is ascribed to the high covalency of both the reagent and 
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final product, which enables only short-range atomic movements during the transformation. 

Noteworthy, the particle size evaluated by TEM and XRD coincides with the theoretical optimum 

for Hall-Petch strengthening. No other synthesis process has delivered boron carbide particles 

smaller than 40 nm (Table S2). The lattice parameters retrieved from Le Bail refinement 

(Figure 3, Table S1, a = b = 5.6012(2) Å, c = 12.0792(3) Å) can be correlated by the Vegard’s 

law (Figure 3b inset)1 to a B4.1C stoichiometry (C:(B+C) = 19.6 at. %), fully consistent with 

retention of the C:(B+C) ratio of 19.6 at. % in the precursor borocarbide nanocrystals (Figure 1). 

The sample is named nano-B4.1C hereafter. 

 

Figure 3. Crystal structure and composition of size-controlled boron carbide nanocrystals. 
(a) Powder XRD patterns of boron carbide powders obtained from calcination of Na1-xB5-xC1+x 
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nanocrystals synthesized with initial C:(B+C) = 56.1 at. %. The patterns have been recorded under 
different conditions: argon atmosphere, air exposure, subsequent washing with methanol followed 
by drying, and then re-exposure during 24 h. The initial sample measured under argon already 
shows some diffraction peaks of H3BO3, which we ascribe to contamination of the sample with air 
leaking into the sample holder during XRD acquisition. (b) Le Bail refinement of the boron carbide 
product (nano-B4.1C) obtained by conversion of Na1-xB5-xC1+x nanocrystals for C:(B+C) input ratio 
of 44.4 at. %. Inset: Vegard’s law relationship between lattice parameters and the carbon content 
of boron carbide, with data obtained from reference 1. The interpolation from the refined lattice 
parameters yields a B4.1C stoichiometry (19.3 % C at.). 

 

Local structure of size-controlled boron carbide nanocrystals 

Because the mechanical properties of boron carbide are linked to the local structure, and especially 

to the actual configuration of ideal inter-icosahedra chains,34,35we have delved into a precise 

investigation of the local structure of the boron carbide nanocrystals. Experimentally achieved 

boron carbide cannot be described by sole (B11Cp)CBC units (Figure 1a).1 Local defects, notably 

within the linear C-B-C chains, are a common occurrence. Rasim and collaborators identified 

experimentally at least five different local arrangements in the chain region for bulk boron 

carbide.13 DFT calculations confirmed the observations, highlighting preferential configurations 

at lower energies with respect to standard CBC chains by ~ 1 eV/group.13 We have then used 11B 

and 13C solid-state nuclear magnetic resonance (SS-NMR) to probe the local structure of the 

atomic chains in the as-synthesized boron carbide nanocrystals. 13C-SS-NMR measurements were 

performed on an isotopically enriched sample. To do so, we prepared a Na1-xB5-xC1+x precursor 

from 13C-enriched polyethylene, which was then calcined towards 13C-enriched boron carbide. All 

NMR spectra shown herein correspond to the 13C-enriched sample, including 11B-SS-NMR 

spectra. The experimental data (Figure 4) were interpreted thanks to DFT calculations of the NMR 

spectra, according to several structural models. Two initial models were considered for the average 

structure: (B11Cp)CBC (Figure 4a) and (B11Ce)CBC (Figure 4b) (Cp and Ce stand for the 
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icosahedral carbon atom in polar and equatorial positions, respectively). The experimental 11B-SS-

NMR spectra recorded for the nano-B4.1C sample and for a bulk B4C reference are depicted in 

Figure 4c with the corresponding simulated spectra. Similarly, 13C-SS-NMR spectra are shown in 

Figure 4d (without the bulk reference, as it was not 13C-enriched). Both (B11Cp)CBC and 

(B11Ce)CBC models fit the major signals of the 11B-SS-NMR spectra, but (B11Ce)CBC fails to 

account for the 13C-SS-NMR results, as it predicts an extra signal at ~ 20 ppm, not observed 

experimentally. (B11Cp)CBC fits better the 13C-SS-NMR spectrum and then is ascribed to the 

average structure. However, weak additional signals in the 11B and the 13C spectra are discerned 

(arrows in Figure 4c-d and Figure 5), similar to those reported for amorphous-B2.5C.36 The 

(B11Cp)CBC model does not account for these contributions, which are then assigned to atomic 

configurations that deviate from the ideal model. We embarked in the identification of these 

features by considering alternative structural models. 

 

Figure 4. SS-NMR study of the icosahedral B11C clusters of boron carbide nanocrystals.  
Model structures are depicted for the (a) (B11Cp)CBC (also displayed in Figure 5) and (b) 
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(B11Ce)CBC models, where the icosahedral C atoms in either the polar (Cp) or equatorial (Ce) 
positions are marked in red circles. Corresponding experimental and calculated 11B and 13C SS-
NMR spectra are displayed in (c) and (d), respectively. Additional signals not ascribed to the 
average structure are marked with red arrows and spinning side bands with an *. 

 

Out of the 15 energetically favorable configurations that were evaluated for the chains,13 

two of them reproduced the additional signals in the NMR spectra: the rhombi-like BBBB 

(Figure 5 and Figure S3) cluster and the linear chain CBC-B (Figure 5 and Figure S3). These 

groups are also the two most stable configurations according to DFT calculations.13 For 

comparison, some consistent features are also observed for a CBBB-B model with two additional 

boron atoms in the chain center and an additional boron along the chain (Figure S3), even if 

calculated 13C signals around 50 ppm are not observed experimentally. As this model is less 

favorable energetically than the previous BBBB and CBC-C ones, it is not considered further. 

Other low energy defects13 show weaker agreement with experimental data (Figure S4), especially 

for the 13C spectra.  
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Figure 5. SS-NMR study of the atomic arrangement at the chain sites of boron carbide 
nanocrystals. (a) 11B-SS-NMR and (b) 13C-SS-NMR. In (a) and (b), the experimental spectra 
(nano-B4.1C), and the DFT-simulated spectra for standard CBC chains ((B11Cp)CBC), BBBB 
clusters and CBC-B chains are stacked. Red arrows indicate the experimental contributions that 
are not accounted for by the CBC model but are consistent with BBBB and CBC-B configurations. 
spinning side bands are marked with an *. Middle insets: structural model of the chain geometry 
variations use for DFT simulation of the NMR spectra. Assignment of the most prominent features 
in the calculated spectra is given in Figure S3. 

 

Most notably, the BBBB model reproduces all the observed signals while presenting 

certain not observed signals at 63 and -25 ppm in the 11B-NMR spectrum. On the other hand, the 

CBC-B motifs reproduced very well the 13C-NMR and the additional signal of the 11B-NMR at -

25 ppm, although it does not show the contributions at 20 ppm. This suggests that a combination 

of the three environments CBC, BBBB and CBC-B could reproduce the overall NMR profile and 

is then representative of the local structure of boron carbide nanocrystals. Note that the local 

structure we describe herein corresponds to boron carbide nanocrystals derived from a specific 

conversion of precursor sodium borocarbide nanocrystals. Despite this process being very different 
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from more classical solid-state methods that yield bulk boron carbide, the chain configurations we 

detect are among those predicted as the most stable in bulk boron carbide.13 

 

Processing of boron carbide nanocrystals 

Once the purity, stoichiometry and size-control of the boron carbide nanocrystals were optimized, 

we sintered the powder to produce a dense monolith while maintaining grain size. This was 

performed in a prototype Paris-Edinburgh press coupled to a spark plasma device (Figure S5), at 

5 GPa.31,37 Here, contrary to conventional spark plasma sintering where the electrical current used 

for heating passes through the sample for localized heating and sintering, it goes through the outer 

graphite oven, separated from the sample by an insulating h-BN capsule, so that carbon cannot 

migrate from the oven to the sample. A fast heating ramp of 200 °C·min-1 and a dwell time of 5 

min were used. A slow cooling rate of 50 °C·min-1 was applied down to 600 °C before abrupt 

temperature quenching to prevent the appearance of dislocations.38,39 Two dwell temperatures 

were studied: 2100 °C and 2300 °C. The respective recovered densified monoliths are named 

nano-B4.1C-2100 and nano-B4.1C-2300. 

The power, resistance and anvils displacements were recorded throughout the procedure in 

order to understand the sintering process (Figure S6).40 At least one major event occurs at 2000 °C, 

where the displacement transiently accelerates and the resistance abruptly decreases. This event 

lasts about 5 min and stops before the end of the temperature plateau, thus suggesting completion 

of the sintering. As expected, a sharp peak in the displacement speed curve appears when the 

heating slope changes from the ramp to the dwell step. Further spikes in the resistance curve can 

be ascribed to non-optimized contacts in the setup assembly.  
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The densities of the recovered monoliths measured by the Archimedes method are (97 ± 5) 

% and (99 ± 4) % for nano-B4.1C-2100 and nano-B4.1C-2300, respectively. Scanning electron 

microscopy (SEM) for the nano-B4.1C-2300 surface confirm the poreless structure (Figure S7a). 

EDS coupled to SEM show that the nanostructured monoliths do not contain sodium (Figure S7b). 

Because sintering is performed in close-system conditions, the B4.1C nanocrystals obtained by 

annealing the sodium boron carbide nanocrystals were also exempt of sodium and Na was 

completely evaporated during annealing. XRD (Figure 6) performed on the sintered bodies detects 

h-BN impurities, coming from the sintering h-BN capsule. This is not threatening the mechanical 

properties, as boron nitride is located only at the periphery of the monolith, in the superficial part 

in contact with the capsule, as confirmed below by Raman microscopy. Le Bail analysis of the 

XRD patterns for both samples yields an average crystallite sizes of 16 and 21 nm for nano-B4.1C-

2100 and nano-B4.1C-2300, respectively (Tables S3 and S4). Williamson-Hall plots41 (Figure S8) 

for the nano-B4.1C and the sintered nano-B4.1C-2300 samples confirm negligible strain in both 

cases and the assignment of XRD peak broadening to nanoscale crystallite size effect. 
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Figure 6. Crystal structure and hardness of densified boron nanocrystals. XRD patterns of 
the nano-B4.1C sintered bodies at 5 Gpa and (a) 2100 °C or (c) 2300 °C, with corresponding Le 
Bail refinements. Corresponding (b, d) Vicker’s hardness curves in the 0.98 – 9.8 N load range. 

 

Hardness of boron carbide nanostructures 

Vicker’s microhardness curves were recorded for nano-B4.1C-2100 and nano-B4.1C-2300 bodies 

(Figure 6). We do not discuss further the low load domain, which is associated with large 

uncertainties for superhard materials.42 Ideally, an asymptotic decay of the hardness should be 

observed down to a load-independent value. This is rarely the case in superhard (or close-to) 

materials, and instead, a load of 9.8 N in the Vicker’s hardness (VH9.8) is taken as reference, as 

per the ASTM-C1327 recommendations.43 Both samples exhibit a high HV9.8 hardness of (33 ± 2) 

and (39 ± 1) GPa respectively, the latter reaching the highest values reported for boron carbide 
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(Table 1). The higher hardness measured for the sample sintered at 2300 °C compared to the one 

obtained at 2100 °C is ascribed to its higher density, consistent with a poreless structure, as 

demonstrated above by density measurements and SEM.   

We also evaluated the fracture toughness by using the extent of the cracks from the 

indentation vertexes. (1.29 ± 0.08) and (1.21 ± 0.06) MPa·m1/2 values are obtained at applied loads 

of 9.8 N for the 2100 and 2300 °C samples, respectively. Both values are smaller than those usually 

reported for boron carbide (2.5 – 3.0 MPa·m1/2), which is in line with the higher hardness, as harder 

materials tend to be more fragile, as particularly observed for boron carbide.44 Although more 

thorough screening of sintering conditions could further improve hardness and fracture toughness, 

the values we report are already very high.  

 

Table 1. Literature Vicker’s hardness and Berkovich’s nanohardness for boron carbide sample 
along with the main sample characteristics, as compared to the values reported in the present work. 

Grain size (nm) Density (%)a VH9.8 (GPa) Reference Densification method 
21 99 39 ± 1 This work HP-SPS 5 GPa / 2300 °C 
16 97 33 ± 2 This work HP-SPS 5 GPa / 2100 °C 

2350 99.7 39 ± 1 39 Hot-pressing 4.5 GPa / 1500 °C 
690 100 34 ± 2 44 SPS 75 MPa / 1700 °C 
130 97 33 ± 3 23 SPS 75 MPa / 1550 °C 
300 99.2 32 ± 1 14 SPS 75 MPa / 2150 °C 
180 97.5 31 ± 3 23 SPS 75 MPa / 1600 °C 

27700 Not reported 30 ± 2 45 SPS 13.8 MPa / 2200 °C 
100 94.6 23 ± 3 23 SPS 75 MPa / 1600 °C 

5000 – 10000 99 20 ± 2 This work HP-SPS 5 GPa / 2300 °C 
Grain size (nm) Density (%) BH500 (GPa) Reference  

21 99 43 ± 2 This work HP-SPS 5 GPa / 2300 °C 
Single crystalb 100 41.5 ± 1 46 Floating zone crystal growth Single crystalc 100 40.5 ± 1 46 

5000 99.6 39 ± 2 47 Hot-pressing (conditions not 
reported) 

40 – 150 92.8 20.5 ± 1.0 48 
Hot-pressing 980 GPa / 1600 

°C 
a Density shown as percentage of the crystallographic density. b Measurement performed over the (0001) 
facet.  c Measurement performed over the (101�1) facet. 
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For comparison, we produced a reference sample by sintering a commercial boron carbide 

powder with particle size ranging from 5 to 10 μm (named micro-B4C), as confirmed by XRD and 

SEM-EDS (not shown). The sample was sintered under the same conditions as the nano-B4.1C-

2300 sample. We measured an HV9.8 hardness of (20 ± 2) GPa for the reference sample made of 

microscale particles, hence hardness much smaller than for the nanostructured nano-B4.1C samples 

(39 GPa). Therefore, nanostructuration yields a 95 % strengthening. This is in agreement with the 

extent of the Hall-Petch effect observed previously for other superhard materials, like cubic boron 

nitride, for which a polycrystalline sample is strengthened from an HV9.8 of 45 GPa with micron-

size grains to 85 GPa with nanodomains, that is a 89 % increase.49 Similarly, 10-20 nm diamond 

samples showed a Knoop hardness (HK) of up to 140 GPa, 100 % higher than its polycristalline 

counterpart (HK of 70 GPa maximum).50 To further assess the intrinsic properties of sintered boron 

carbide, the Berkovich’s nanohardness (BH) was also measured, by focusing on the most 

promising nano-B4.1C-2300 sample. With BH nanohardness measurements, the indentation tip 

leaves indents with lateral dimensions of ca. 500 nm, as opposed to 20 – 30 μm for Vicker’s 

microhardness. As a consequence, nanohardness measurements are less sensitive to bulk effects 

like residual porosity, which may result from imperfect sintering, so that BH nanohardness is a 

better probe for the intrinsic mechanical properties and for potential nanostructuration effects. For 

a reference load of 500 mN, the measured BH500 hardness goes as high as (43 ± 2) GPa. While the 

maximum Vicker’s hardness achieved in this work has already been achieved by Liu and 

collaborators with samples of higher relative density,39 the Berkovich’s hardness is instead above 

values previously reported for boron carbide sintered compacts nor for boron carbide single 

crystals (Table 1), which highlights the key role of the nanostructure on enhancing hardness. The 
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resulting sintered boron carbide powders surpass the 40 GPa threshold to be ranked among 

superhard materials (Table 1). Liu et al.39 showed how going from 99 to 99.7 % of density boosts 

the hardness by 20 %. This means that fine tuning sintering conditions of the boron carbide 

nanocrystals described herein to slightly increase the relative density may result in even higher 

hardness values, although it is outside the scope of this work, which demonstrates a leap in 

mechanical properties by designing nanostructures. 

 

Amorphization under load of boron carbide nanostructures 

The two limitations of boron carbide for mechanical applications are its limited hardness and its 

tendency to become amorphous under load. We have shown in the previous section that 

nanostructuration enables to bypass the first limitation. We have then addressed the amorphization 

behavior by using Raman microscopy as a probe to detect the amorphous phase.48,51 The most 

promising sample nano-B4.1C-2300 and the reference microstructured boron carbide (micro-B4C) 

were selected for this study. Raman spectra (Figure 7) were recorded in pristine regions and in 

areas indented at 9.8 N for microhardness measurements (Figure 7c-e). While prominent broad 

amorphization bands are observed above 1200 cm-1 48,51 in the indented region for the reference-

B4C, no major amorphization can be detected for nano-B4.1C-2300. Note that the Raman spectrum 

of the nanostructured sample also confirmed the absence of graphite or hexagonal boron nitride in 

the core of the monolith, as the corresponding bands at ~1350 cm-1 (graphite D band and h-BN E2g 

band) and ~1580 cm-1 (graphite G band) are absent.52  
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Figure 7. Resistance to amorphization. Raman spectra in pristine (1) and indented with a load 
of 9.8 N (2) zones for nano-B4.1C (a) and for the reference-B4.1C (b), both sintered at 2300 °C and 
5 GPa. (c) Indentation scheme and selected spots for acquiring Raman spectra. The actual probed 
spots are exemplified in (d) for the pristine region and (e) for the indented region, showing in the 
latter the imprecision and lack of resolution of the targeted position. 

 

To probe the spatial distribution of the amorphized areas, we have performed Raman 

mapping with a 2.2×2.2 μm2 spatial resolution for different loads. Quantitative information was 

obtained by Gaussian deconvolution on each Raman spectrum. The area of the peaks associated to 

the amorphized phase (Aam) were then evaluated with respect to the crystalline B4.1C Raman bands 

area (Acr) to extract the relative amorphous peak area Aam,rel = Aam./(Aam. + Acr). Aam. bands are 

defined as those between 1170 cm-1 and 1670 cm-1, while Acr bands are those between 450 cm-1 

and 1160 cm-1 (Figure 7). The corresponding maps are displayed in Figure 8. Although a certain 

degree of amorphization occurs at the indents of the nanostructured body, it is significantly less 

than for the reference microstructured sample, with Aam,rel reaching maximum values of 40 % and 

100 % at 9.8 N for nano-B4.1C-2300 and reference boron carbide, respectively. Therefore, 
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nanostructuration not only significantly increases hardness, it is also strongly limiting the 

detrimental tendency of boron carbide to amorphization, thus providing a promising route to 

develop mechanically performing ceramics. 

  

Figure 8. Structural evolution under load of densified boron nanocrystals. Raman mapping 
of the amorphous area at different indentation loads for nano-B4.1C (a) and for the reference micro-
B4C (b), both sintered at 2300 °C and 5 GPa. The intensity scale corresponds to the relative 
amorphous peak area Aam,rel. Scale bars correspond to 10 μm. 

 

CONCLUSION 

By exploiting the conversion of sodium borocarbide nanocrystals produced in molten salts, we 

designed boron carbide nanocrystals with a narrow size distribution at 10 nm, hence a 4-fold 

decrease of the size compared to previous achievements. Therefore, we demonstrate that 

isomorphic transformation of nanocrystals can be achieved for highly covalent materials, provided 

that the reaction temperature is sufficient to trigger structural changes. By using this approach, we 

could elucidate the local structure of these nano-objects. While they are built mainly from 

traditionally considered carbon-boron-carbon covalent chains, they also contain additional atomic 
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arrangements consisting of four-fold boron clusters and linear carbon-boron-carbon-boron chains. 

By combining these nanocrystals with high-pressure spark plasma sintering, we reached fully 

densified nanostructured bodies with retained grain size, thus delivering strongly increased 

hardness, a superhard material, and high resistance against amorphization under load. All these 

features can be ascribed to grain-boundary strengthening. Therefore, we demonstrate that 

nanostructuration yields boron carbide-based materials with high potential in mechanical 

applications. This synthesis route towards boron carbide nanocrystals provides perspectives for 

the design of superhard materials, as one can capitalize on the well-furnished toolbox of colloidal 

synthesis in molten salts53 to adjust the size and the deviation to stoichiometry of the precursor 

sodium borocarbide nanocrystals, and then assess the role of size and composition on the 

mechanical properties of nanostructured boron carbide. 

 

MATERIALS AND METHODS 

All reagents were stored and handled in an argon-filled glove box. Na1-xB5-xC1+x nanocrystals were 

obtained from a modification of a protocol described elsewhere.30 Briefly, the synthesis relies on 

the reaction between sodium borohydride and polyethylene in molten sodium iodide at 900 °C 

under argon. The nanocrystals are purified by cycles of redispersion-centrifugation in methanol 

(VWR Normapur grade). After drying, they are stored in an argon-filled glovebox. The boron-to-

carbon ratio (B:C) in Na1-xB5-xC1+x (x value) was screened by modifying the ratio between boron 

and carbon sources for B:C ratios of 5:6.4, 5:4, 5:2, 5:1 at. CORTECNET 99% 13C-enriched 

polyethylene was used for synthesizing 13C-enriched Na1-xB5-xC1+x and the resulting 13C-enriched 
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B4+δC. Typically, 150 mg of Na1-xB5-xC1+x product was obtained per batch. A commercial B4C 

powder was used as reference (5 μm < particle size < 10 μm, 98 %, Sigma).  

Isomorphic synthesis of B4+δC nanocrystals: The initial Na1-xB5-xC1+x powder was placed into 

an h-BN crucible inside an Ar-filled glove box and sealed with parafilm. The crucible was 

transferred to a previously Ar purged (for 1 h) horizontal tubular oven, which was then further 

purged with Ar flow for 1 hour before being heated under argon flow up to 1200 °C at a heating 

rate of 5 °C min-1. Then the temperature was dwelled for 12 hours before stopping heating and 

letting the oven cool down naturally. The resulting powder was washed with methanol by cycles 

of centrifugation and redispersion until a conductivity of 4 μS·cm-1 in the supernatant was 

achieved. The sample was stored in air. The procedure was analogous for the different B:C ratios 

and for the 13C-enriched sample. A whole Na1-xB5-xC1+x batch (150 mg) was used per B4+δC 

synthesis. 

Spark-Plasma Sintering at high-pressure: The produced boron carbide powders were densified 

by using a custom-made spark plasma sintering (SPS) equipment coupled to a Paris-Edinburgh 

press.31,37 In an argon-filled glovebox, B4+δC powders were compacted and loaded into a Ø (3 mm 

outer, 2.5 mm inner) × H 3 mm h-BN capsule, which was assembled inside a conventional 10×6.6 

mm baked pyrophyllite high-pressure set-up and then placed into a Paris-Edinburgh anvils 

assembly as described by Le Godec and co-workers.54 The filled mass varied between 9 and 11 

mg. Briefly, the set-up was compressed between two tungsten carbide conical anvils with a 

specially designed bottom part to improve mechanical strength and compression.54,55 The high-

resistivity graphite inside the assembly was used as heater by injecting controlled electrical current 

from the anvils through the assembly. Pulsed current was passed in patterns consisting of trains of 
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twelve 3.3 ms pulses with two of the same pulses as lap time in between trains. The temperature 

was monitored from a previous calibration to the delivered power. The samples were compressed 

at 5 GPa at a pressing ramp of 100 MPa min-1 s-1 in a four columns V4 Paris-Edinburgh press. 

Once the desired pressure was reached, the samples were heated to the targeted temperature using 

the following heating profile: heat at a rate of 200 °C min-1 up to dwell temperature – hold for 5 

min – cool at 50 °C min-1 down to 600 °C – quench heating by shut off the power supply – release 

the pressure at 25 Mpa min-1. The assemblies were then cut and opened under air and the products 

recovered for further analysis. A reference sintered sample was performed from a boron carbide 

powder purchased from Sigma (98% purity) with particle size ranging from 5 to 10 μm. 

Powder X-ray diffraction (XRD): Powders produced at room-pressure were analyzed by powder 

XRD in a Bruker D8 Advance diffractometer in the Bragg-Brentano θ-θ geometry. The X-ray 

source consisted of a sealed Cu anode with emission lines sited at Kα1 = 1.5406 Å, Kα2 = 1.5443 Å, 

with an acceleration tension of 40 kV and a current of 30 mA. Diffracted intensity was detected 

using a LynxEye linear detector. Powder patterns were collected in the 2θ range 10-90° with a step 

of 0.0486° and 5 s step-1. X-ray diffractograms of the pelletized compacts retrieved from high-

pressure experiments were obtained from a Rigaku MM07HF diffractometer equipped with a 

microfocus Mo rotating anode (Kα1 = 0.709319Å, Kα2 = 0.713609 Å) and a RAXIS4++ image 

plate detector. The sample was mounted in the head of a rotating goniometer and a 15 min phi scan 

with angular amplitude of 40° and rotation speed of 20° s-1 was performed. An LaB6 NIST standard 

sample was measured in the same experimental conditions to calibrate the Fit2D program, the 

image processing software used to integrate the intensities around the Debye-Scherrer rings and to 

get the 1D patterns.56 The reference crystallographic structures were taken from the ICSD 

database: B4C (ICSD #79958), H3BO3 (ICSD #24711) and h-BN (ICSD #241875). The powder 
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patterns were refined following the Le Bail algorithm, where the Bragg intensities are empirically 

adjusted and thus not calculated from structure factors.57 Refinements were performed using the 

FullProf suite of programs.58 For data recovered from the Bruker D8 Advance diffractometer, an 

Al2O3 NIST pattern was used to determine the instrumental function. For data recovered from the 

Rigaku MM07HF diffractometer, a LaB6 NIST pattern was used for the same purposes. 

Transmission electron microscopy (TEM): Transmission electron microscopy analyses were 

performed in a Tecnai Spirit 2 apparatus, equipped with a LaB6 electron gun, operating at 120 kV. 

Samples were dispersed by sonication in ethanol and deposited on top of Cu grids covered with a 

carbon membrane. 

Solid-State Magic Angle Spinning – Nuclear Magnetic Resonance (SS–NMR): Solid-state 

MAS NMR spectra were acquired on a Bruker AVANCE III 700 spectrometer (16.4 T) operating 

at ν0 = 224.68 and 176.01 MHz for 11B and 13C, respectively, and using a 3.2 mm Bruker probe. 

Powder samples were transferred to ZrO2 rotors and spun at a MAS rate of 20 kHz. Single pulse 

13C MAS NMR spectra were recorded with a recycle delay of 120 s while 11B MAS NMR spectra 

were acquired using a spin-echo θ-τ-2θ pulse sequence with θ = 90°, to overcome problems related 

to the probe signal. The τ delay (50 μs) was synchronized with the spinning frequency and recycle 

delay was set to 2 s. 13C and 11B chemical shifts were referenced to TMS and BF3·Oet2, 

respectively. 

Nuclear Magnetic Resonance modelling – B4+δC: Two basic B4C models were obtained starting 

from the crystalline structure of B4C (Figure 1a and Figure 4): (i) (ICSD #79958) polar 

(B11Cp)CBC model using a CBC chain and B11C icosahedra with the C atom in a polar site; (ii) 

equatorial (B11Ce)CBC model using a CBC chain and B11C icosahedra with the C atom in an 
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equatorial site. In addition, more complex models proposed by K. Rasim et al.13 on the basis of 

DFT calculations were also investigated. They are composed of 2×2×1 hexagonal supercells 

containing initially 180 atoms, which corresponds to 12 chain-icosahedron building blocks 

(B12+CBC i.e. B156C24). In these models, one CBC chain motif is modified with different local 

atomic arrangements, whether the chain contains four atoms instead of three, or the boron atoms 

of the chain are located out of the three-fold axis, forming bent chains CBC or rhombi CB2C. We 

investigated more specifically most energetically favourable structures (see schemes in Figure 

5):13 (iii) CBC-B with an additional boron atom on top of the chain; (iv) BBBB with two additional 

boron atoms in the center of the chain and no more carbon in this chain; and (v) CBBB-B with two 

additional boron atoms in the center chain and one boron above the chain, which leaves just one 

carbon. For comparison, we also investigated less energetically favourable models described in 

Figure S4. For all models from iii, changing the chain atomic arrangements modifies the electron 

filling of the valence states.13 We ensured that the models used for DFT calculations were 

corresponding to the expected semiconducting behavior of boron carbide by adapting the boron-

to-carbon stoichiometry , i.e. by adding carbon atoms until all valence states are filled, which does 

not necessarily renders the B4.1C empirical stoichiometry, but is still more representative of the 

actual behavior of boron carbide than a metallic behavior. These additional carbon atoms were 

introduced in the polar position of the icosahedra, because this allows for the best match with 

experimental NMR data (Figure S4). The NMR parameters were then calculated for all these 

models within Kohn-Sham DFT using the QUANTUM-ESPRESSO code.59 The PBE generalized 

gradient approximation60 was used and the valence electrons were described by norm conserving 

pseudopotentials61 in the Kleinman Bylander form.62 The shielding tensor was computed using the 

Gauge Including Projector Augmented Wave (GIPAW) approach,63 which enables the 
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reproduction of the results of a fully converged all electron calculation. The isotropic chemical 

shift δiso is defined as δiso = ‒[σ ‒ σref] where σ is the isotropic shielding and σref is the isotropic 

shielding of the same nucleus in a reference system. In the present case, the comparison between 

the experimental σiso and calculated σiso 11B and 13C chemical shift values for B2O3 (ICSD #16021) 

and amino acids64 were used as previously described. The principal components Vxx, Vyy, and Vzz 

of the electric field gradient (EFG) tensor were obtained by diagonalization of the calculated tensor 

giving access to the quadrupolar coupling constant CQ and the asymmetry parameter ηQ, which are 

defined as: CQ = eQVzz/h and ηQ = (Vyy – Vxx)/Vzz (e is the proton charge, h is the Planck constant 

and Q the quadrupole moment of the considered nucleus). The Q value reported by Pyykkö65 was 

used in the calculations for 11B (40.59 mb). Calculated spectra were then plotted using the DMFit 

program.66 

Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDS): The 

scanning electron microscopy images were taken on a SEM-FEG HITACHI SU-70 microscope 

without any conductive deposition. EDS spectra were acquired with an electron accelerating 

voltage of 10 kV. 

Vicker’s microhardness measurements: For performing Vickers hardness characterization, the 

compressed pellets were first embedded in an acrylic resin of methyl methacrylate for polishing. 

The composite was thoroughly polished using SiC polishing paper up to grit sizes of P2000. 

Surface flatness was confirmed by optical microscopy. Vickers hardness measurements have been 

performed using a microhardness tester (Duramin-20, Struers) under the load from 0.49 to 19.6 N. 

At least ten indentations were performed for each data point to provide good statistics. The radial 
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cracks observed at the loads of 10 and 20 N allowed us to calculate the reliable load-independent 

value of fracture toughness by the method that was previously used for other superhard materials.67  

Berkovich’s nanohardness measurements: Berkovich nanohardness measurements were 

performed on the same samples used for Vicker’s microhardness. An XP diamond nanoindenter 

(MTS Nano Instruments, Santa Clara, USA) was used under a 500 mN load. At least ten 

indentations were performed for each data point to provide good statistics. 

Density measurement: The density of the sintered samples was measured using Archimedes 

method with distilled water as a liquid medium. The values for the relative densities were 

calculated assuming a theoretical density of B4.1C, that is 2.52 g cm-3.  

Raman spectroscopy and mapping: Raman spectra of Na1-xB5-xC1+x powders were acquired on 

a Kaiser Optical System Raman Analyzer RX1 Microprobe with a 785 nm laser diode. Raman 

spectra of mechanically tested B4+δC samples were acquired using a Jobin-Yvon/Horiba HR-460 

spectrometer equipped with a monochromator with 1500 grooves·mm-1 and an Andor CCD. An 

Argon laser operating at 514.5 nm was focused on the sample with an optical lens and the 

backscattered Raman spectra in the Raman shift 470 – 1900 cm-1 range were collected with a laser 

power of ~ 50 µW and averaged from 3 accumulations, each with a collection time of 300 s. Raman 

hyperspectral maps were recorded using a Renishaw InVia spectrometer equipped with a 532 nm 

Cobolt diode laser. The laser was focused on the sample using a DM2500 Leica microscope with 

a long working-distance 50× objective (NA = 0.55) to obtain a planar resolution of ~ 1 µm2. The 

laser power at the sample surface was set at around 5 mW using neutral density filters to avoid 

damages due to laser-induced heating. The signal was filtered by edge filters and dispersed by 

a diffraction grating with 2400 grooves per mm and the signal was analyzed with a RENCAM 
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CCD (charge-coupled device) detector. The spectrometer was calibrated using a silicon standard. 

Spectra were collected using the software WIRE 4.4 provided by Renishaw. More details on 

hyperspectral mapping using such configuration may be found in ref 68.  
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Figure S1. (a) High-resolution transmission electron microscopy (HRTEM) images of Na1-xB5-

xC1+x sodium borocarbide nanocrystals. (b). Fast Fourier Transform (FFT) and indexation of 
image (a). Selected area electron diffraction (SAED) pattern fully indexed along the NaB5C 
structure. 
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Figure S2. Transmission electron microscopy (TEM) images and size distribution from 
counting 100 particles for boron carbide samples synthesized from different C:(B+C) input 
ratios in the Na1-xB5-xC1+x precursor: (a) and (b) for C:(B+C) = 56.1, (c) and (d) for B:C = 44.4, 
€ and (f) for B:C = 28.6 and (g) and (h) for B:C = 16.7 at. %. 
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Table S1. Crystallographic data of nano-B4.1C powder, obtained by Le Bail refinement of the 
structure from the X-Ray powder diffraction data at room temperature. 

Space group R3m 

a, b (Å) 5.6012(2) 

c (Å) 12.0792(3) 

α, β (°) 90 

γ (°) 120 

Volume (Å3) 328.185(4) 

Crystallite size (nm) 10 

Rwp (%) 12.6 

χ2 5.26 

 
 
Table S2. Summary of reported synthesis procedures towards boron carbide and the particle 
sizes attainable. 
 
Reagents Reaction temperature Product size (dispersion) Ref. 

Na1-xB5-xC1+x 1200 °C (10 ± 2) nm This work 

B(am) + Li + CCl4 600 °C (60 ± 30) nm 1 

B(OH)3 + (CH2CHOH)n 1400 °C (67 ± 20) nm 2 

B(OH)3 + phenyl resin 1270 °C (70 ± 30) nm 3 

B2O3 + C 1400-1600 °C (70 ± 50) nm 4 

B(OH)3 + (CH2CHOH)n 1600 °C (87 ± 30) nm 2 

H3BO3 + Mg + C 750 °C (90 ± 50) nm 5 
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Figure S3. SS-NMR assignment for Nano-B4.1C. Model structures are depicted for the (a) 
BBBB (referenced BBcBcB in ref 6, also displayed in Figure 5), (b) CBBB-B (referenced 
CBcBcB-Ba in ref 6 and (c) CBC-B (referenced CBC-Ba in ref  6, also displayed in Figure 5) 
models. Corresponding experimental and calculated 11B and 13C SS-NMR spectra are displayed 
in (d) and (e), respectively. Additional signals not ascribed to the average structure are marked 
with red arrows and spinning side bands with an *. 
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Figure S4. SS-NMR of Nano-B4.1C: (a-e) structural models of some defects predicted with low 
energy.6 Corresponding experimental and calculated 11B and 13C SS-NMR spectra are displayed 
in (f) and (g), respectively. Additional signals not ascribed to the average structure are marked 
with red arrows and spinning side bands with an *. 
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Figure S5. The custom-made tabletop High Pressure-Spark Plasma Sintering device. (1) Pulse 
generator; (2) Paris-Edinburgh press; (3) Tungsten Carbide anvils; (4) Displacement sensors; 
(5) Graphite mold; (6) Molybdenum foil; (7) Insulating ceramic; (8) Backup ring; (9) 
Pyrophyllite gasket; (10) Electrical contact; (11) Sample to densify. 
 
 

 

Figure S6. Experimental heating profile (temperature or power vs. time), displacement and 
displacement derivative of the anvils position over time and resistance over time for the two 
sintering experiments performed at 5 GPa and (a) 2100 °C or (b) 2300 °C.  
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Figure S7. SEM image from the nano-B4.1C-2300 sample (a). EDS spectrum from marked 
region in (a), showing the absence of Na in the final product (b). 
 

 
Figure S8. Williamson-Hall plots for the as-prepared nano-B4.1C and the sintered nano-B4.1C-
2300 samples. The strain is proportional to the slope, which is close to null in both cases. 
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Table S3. Crystallographic data of nano-B4.1C monolith sintered at 2100 °C (nano-B4.1C-2100), 
obtained by Le Bail refinement of the structure from the X-Ray powder diffraction data at room 
temperature. 

Space group R3m 

a, b (Å) 5.6050(3) 

c (Å) 12.0811(3) 

α, β (°) 90 

γ (°) 120 

Volume (Å3) 328.682(2) 

Crystallite size (nm) 16 

Rwp (%) 4.67 

χ2 3.15 

 

 

Table S4. Crystallographic data of nano-B4.1C monolith sintered at 2300 °C (nano-B4.1C-2300), 
obtained by Le Bail refinement of the structure from the X-Ray powder diffraction data at room 
temperature. 

Space group R3m 

a, b (Å) 5.5996(2) 

c (Å) 12.0799(3) 

α, β (°) 90 

γ (°) 120 

Volume (Å3) 328.016(3) 

Crystallite size (nm) 21 

Rwp (%) 6.63 

χ2 2.69 
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