
 

 
Abstract— B6O powders were produced from the reaction 

between boric acid and amorphous boron powders at the 
reaction temperatures between 300 and 1400oC for 6 hours. 
The powders produced were characterized in terms of particle 
size, phase analysis and composition, product yield as well as 
morphology. Increase in temperature increases both the yield 
as well as the particle size of the produced powders. XRD 
pattern obtained also showed improved crystallinity of the 
produced powder as the temperature increases. SEM image 
obtained at higher temperature clearly showed improved 
crystallinity (star-like crystals) as the reaction temperature was 
increased. The B6O powders synthesised at 1300oC for 6 hours 
had the optimum yield of over 95%. 

 
Keywords — Boron suboxide, Synthesis, Morphology, 
  Crystallinity. 
 

I. INTRODUCTION 

IAMOND and cubic boron nitride (cBN)  are the 
superhard materials currently used in industrial 

applications. However, these materials utilize ultra-high 
temperature and pressure to manufacture, thus making their 
production expensive. Although these materials combine 
excellent chemical, mechanical, and physical properties, 
their applications are limited at high temperatures. Diamond 
cannot be used as a cutting tool for ferrous alloys at high 
temperatures while an increase in temperature weakens cBN 
and transforms it to its hexagonal structure (hBN) [1]. These 
problems with the current superhard materials have 
stimulated research into finding new superhard materials 
(with properties comparable to or even superior to those of 
diamond and cBN) for industrial applications. 

Boron suboxide (nominally B6O) has been found to 
possess properties that indicates its potential use as an 
industrial superhard material. A single crystal of B6O has a 
hardness of 45 GPa and a fracture toughness of 4.5 
MPa.m0.5 [2], approaching that of single crystal diamond at 
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5 MPa.m0.5 and significantly better than that of a single 
crystal of cBN at 2.8 MPa.m0.5 [3]. B6O has a better 
thermal stability compared to that of diamond [2, 4] and can 
be produced without high pressure [5–8]. All these 
properties suggest that B6O may be a good candidate for 
cutting tool and other wear part applications where abrasive 
wear resistance is important. 

Several publications and patents have reported that B6O 
powder can be produced mainly via two techniques: the 
reaction of boron with boron oxide (B2O3) at moderately 
high temperatures and pressure, and the reaction of boron 
with a metal oxide at temperatures ranging between 1200oC 
to 1500oC at ambient pressure. Ellison-Hayashi et al., [9] 
reported that B6O powder can be produced by reacting 
elemental boron with boron oxide between 1900 and 
2100oC, under a pressure of between 21 and 28 MPa, while 
Oloffson and Lundstrom [10], suggested a temperature 
between 1000 and 2000oC with the reaction in equation 1. 
 

 
 

The second technique (by reacting boron with metal 
oxide) can be performed at between a tempareatures of 1200 
and 2000oC via a low pressure [11–l2], and at a high 
pressure of about 3.5 GPa [13]. The reaction of boron 
powder with metal oxide is represented in equation 2. 

 

                    
 
Where M could be metals from zinc (Zn), magnesium 

(Mg), cadmium (Cd), Gallium (Ga), chromium (Cr), copper 
(Cu), bismuth (Bi), and indium (In) [10, 14]. In the 
production of B6O powders through this reaction, zinc oxide 
(ZnO) has gained acceptance due to the ease with which the 
undesired products and reactants can be removed. The Zn is 
removed from the crucible in gaseous form while the ZnO 
and excess boron powder can be removed by washing in 
hydrochloric acid. Also, at the reaction temperature, ZnO is 
a liquid phase and so would increase the rates of reaction via 
increased mass transport rates [12]. 

The replacement of diamond and cBN by B6O in 
industrial applications primarily depends on the 
commercialization of an economically viable method of its 
manufacture. Such a method has already been developed 
and involves the reduction of boric acid with amorphous 
boron under ambient pressure. The method has however 
never been thoroughly investigated and optimized as much 
research concerning B6O has dwelled on improving its 
hardness and toughness properties. This research is therefore 
focused on the optimization of this technology that would 
therefore translate to a much more affordable method of 
bulk production of B6O powders for industrial use. 
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II. METHODOLOGY 

     The B6O powder used in this study was produced from 
the reaction of boric acid (H3BO3; 99% purity, from Sigma-
Aldrich and amorphous boron powder (B; 95–97% purity, 
from Sigma-Aldrich) as described elsewhere [10, 15–16]. 
Prior to the synthesis, a stoichiometric amount of H3BO3 and 
B were weighed out using a mass balance.  An excess 
amount of 3% of H3BO3 was added in order to compensate 
for the evaporation of B2O3 during the reaction. 

About 50 g of the reagents were mixed in a tubular mixer 
for approximately 2 hours to ensure a homogenous mixture, 
this is necessary as it ensures similar reaction kinetics 
throughout the mixture. 20 g of the mixture was weighed out 
into the alumina boat, filled such that it is leveled at the 
center and loosely filled at the sides. The alumina boat was 
firstly washed with propanol prior to the first run and with 
distilled water thereafter and then air dried.  The alumina 
boat was coated on the outside with hexagonal boron nitride 
(hBN) in order to prevent it sintering onto the inside of the 
tube furnace upon the condensation of the residual boric 
acid vapor during cooling.  The boat had to be placed upside 
down during coating in order to ensure that the boron nitride 
particles do not enter into the boat and consequently 
contaminate the sample. 

The mixture was then heated in a tube furnace under 
argon at temperatures between 300 and 1400oC for 6 hours 
at ambient pressure. The products were then transferred into 
a beaker and distilled water added to ensure washing of 
residual B2O3 and other soluble contaminants. The washed 
product was then heated at a temperature of about 60oC, 
while stirring at a speed of 400 rpm using a magnetic stirrer. 
The product was washed twice (under each condition) for 
about 2 hours and left to settle for about 16 hours and 
thereafter decanted. The decanted product (B6O powder) 
was then dried and weighed on a mass meter in order to 
determine the yield.  A small sample of the product was also 
used for XRD, particle size analysis and the SEM analysis. 

The particle size of the milled powder was measured 
using a Mastersizer 2000 (Malvern Instruments, Germany), 
with the d10 and d50 sizes of the powders recorded. X-ray 
diffraction (XRD) was performed on a Philips PW 1713 
fitted with a monochromatic Cu Kα radiation set at 40 kV 
and 20 mA in the 2Θ range of 10 – 90 degrees, and the 
phase identification with X’Pert HighScore. The 
microstructural changes was investigated in an 
environmental scanning electron microscope (Philips ESEM 
XL30) equipped with energy dispersive X-ray spectrometer 
(EDX) for various elemental compositions found in the 
materials. 
 

III. RESULTS 

Table 1 shows the summary of the resulting properties of 
the produced B6O powders at the reaction temperatures 
between 300 and 1400oC. The trend shows that as the 
reaction temperatures is increased, so does the particle size 
and the yield. The increase in particle size was particularly 
significant above the reaction temperature of 1100oC 
whereby it is observed that the d50 jumped from a value just 
below 3 µm to above 10 µm. 

The yield of the B6O powder obtained at the various 
reaction conditions was primarily influenced by the method 
of washing and the purity of the powder.  The washing 

resulted in loses of some of the B6O powder, specifically the 
lighter particles that did not settle fast enough within the 
time that each batch powder was allowed to stand after 
washing. This effect was mainly observed for the B6O that 
was produced at the reaction temperature of 1100oC and 
below (Figure 3).  Such loses were also experienced with the 
B6O powder produced at higher temperatures, though it was 
not as extensive. Another factor which could influence the 
calculated yield was the actual purity of the powder 
produced.  It is shown by the XRD analysis (Figure 1) that 
some of the B6O powders produced also contained other 
constituents than B6O.  In such cases the calculated yield 
was then not a true reflection of the actual B6O that was 
produced at the particular reaction 

 
  
Table 1 Properties of produced B6O powders 

Temperature (oC) d10 (µm) d50 (µm) Yield (%) 

300 1.02 2.73 43.10 
400 1.20 2.84 47.63 
750 0.98 2.67 53.20 

1100 0.69 2.00 83.82 
1300 1.72 10.53 95.18 
1400 1.70 11.01 88.84 

 
 
Figure 1(a – e) shows the XRD pattern of the produced 

B6O powders at different temperature between 300 and 
1400oC at the reaction time of 6 hours. From the pattern, it 
was observed that the amorphous nature of the produced 
B6O powders decreases with increasing temperatures. At 
temperatures below 750oC, only boron major peaks were 
obtained. The decomposition of H3BO3 to form H2O and 
B2O3 had already begun at approximately 160oC [17] 
making B2O3 available for the reaction with B according to 
equation 3. 

 

 
 
However, from Figure 1(a) only the crystallisation of B 

occurred and very little, if any, B6O was formed at this 
reaction temperature below 750oC. The B peaks further 
show that crystallisation of amorphous B that occurred 
resulted in the formation of tetrahedral and rhombohedral B 
phases.  The absence of B6O is most likely owed to the fact 
that the energy available at this temperature was not 
sufficient to initiate the crystallisation of B and still 
overcome the energy barrier for the reaction between B2O3 
and B thereafter. B6O was however detected by the XRD at 
the reaction temperatures of 750oC and above Figure 1(b – 
e), though small peaks of B were still present. Comparison 
of the Figure 1 (a–e), shows that the crystallinity of the 
powder increased as temperature increases. 
 

IV. DISCUSSION  

This study investigated the effect of varying temperature 
on the production of B6O powder. Figure 2 shows the 
influence of temperature on the particle size and the 
percentage yield. The observed result are much anticipated 
since an increase in temperature results in an increased 
kinetic energy of the system on a micro scale, and thus an 
increased tendency for diffusion to occur thus making the 
atoms travel longer distances during diffusion.  Increased 
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diffusion favours crystal growth to form clusters as an 
initiative to minimise the overall energy of the system. 
Higher reaction temperatures therefore primarily results in 
larger B6O sub-crystals, recalling the fact that this particular 
ceramic is non-stoichiometric when produced under ambient 
pressure. A higher energy of the system helps break the 
energy barriers hindering grain growth, especially the 
energy required for grain boundary diffusion to occur. 

Consequently smaller crystals are consumed by larger 
ones as grain boundaries expand so that significantly larger 
crystals are formed.  The increasing energy of the system as 
a result of the reaction temperature also results in significant 
diffusion on a macro scale so that B6O particles are able 
agglomerate forming larger B6O particles at the given 
reaction time. 

Figure 3 also showed significantly larger particle size were 
apparent at temperature of 1300oC and above. It is 
envisaged that most of the energy of the system at the 
reaction temperature 1100oC and below was supposedly 
used to initiate the reaction for the production of B6O so that 
very little energy was available to thereafter promote grain 
growth. 

XRD results (Figure 1) showed that the B6O powders 
obtained at the temperature 1100oC and below contained B, 
Al-compounds along with B6O.  Furthermore, the XRD 
obtained at 300oC showed only the presence of crystallised 
B and no B6O peaks.  The yield that was calculated for these 
products was therefore a poor indication of the actual B6O 
produced.  Hence, it can be deduced that the yield produced 
at these conditions was very low based on the quality of the 
powder obtained. At the reaction temperature of 1300oC and 
above, the quality of the powder obtained during the 
reaction time was much better (Figure 1).  The XRD peaks 
of these products did not show the presence of any Al-B 
compounds, which is thought to have been contamination by 
the alumina boat. 

The SEM images of the B6O powders obtained at the 
reaction time of 6 hours as shown in figures 3(a – d) clearly 
outline the fact that crystallinity improved as the reaction 
temperature was increased. Figure 3(a & b) does not clearly 
show the presence of star-shaped B6O crystals due to the 
presence of amorphous B co-existing with B6O at these 
reaction temperatures (750 and 1100oC), as confirmed by 
the XRD.  Figure 3(c & d) shows a better star-shaped, 
crystal structures of the B6O powders produced at the 
reaction temperatures of 1300 and 1400oC respectively, with 
much superior crystal obtained at 1400oC.  It is theoretically 
reported that the most stable form of B6O has a crystal 
rhombohedral structure and it can therefore be assumed that 
the star-shaped structure is formed as a result of the long-
range ordering of a number of single rhombohedral crystals 
[18–19]. 

The B6O crystals formed (Figure 3(a–d)) are not perfect 
due to the obstacles encountered during their growth, 
especially the presence of impurities during the reaction.  
The presence of impurities implies the predominance of a 
heterogeneous nucleation in the crystallisation of the B6O 
powders. The star-like crystals are less defined at the 
reaction temperature of 1300oC and below. This is perhaps 
the best indication that crystallinity is improved with 
increasing reaction temperature.  A better crystallinity of 
B6O is desirable as it implies a more discrete physical 
properties [18–19], thus making its use more practical for 
proposed   industrial  applications.  Superior   crystallinity is  
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Figure 1 XRD pattern of the B6O powders obtained at (a) 300, (b) 750, 
(c) 1100, (d) 1300, and (e) 1400oC respectively. 
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also expected to improve the mechanical properties of the 
compacts of this B6O powder such as the hardness.  Thus far 
high crystallinity has only been achievable by high pressure 
methods of the production of B6O [18], which are rather 
costly and thus less industrially marketable.  This is 
therefore a very desirable result towards the development of 
a more marketable method of producing B6O. 
 

Figure 2 Effect of temperature variations of B6O powders on 
particle size and the percentage yield. 

 
 

  
 

  
Figure 3 SEM images of B6O powders at (a) 750, (b) 1100, (c) 

1300, and (d) 1400oC reaction temperatures respectively.

 
 

V. CONCLUSIONS 

B6O powders were produced at the reaction temperatures 
between 300 and 1400oC for 6 hours. XRD analysis showed 
that the purity of the powders increases with reaction 
temperature with corresponding increase in the particle size. 
SEM image obtained at higher temperature clearly showed 
improved crystallinity (star-like crystals) as the reaction 
temperature was increased. The B6O powders synthesised at 
1300oC for 6 hours had the optimum yield of over 95%. 
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