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Sintered composites in the B6O-xB4C (x = 0–40 vol%) system were prepared under high
pressure and high temperature conditions (3–5 GPa, 1500–1800◦C) from the mixture of
in-laboratory synthesized B6O powder and commercially available B4C powder.
Relationship among the formed phases, microstructures and mechanical properties of the
sintered composites was investigated as a function of sintering conditions and added B4C
content. Microhardness of the sintered composite was found to increase with treatment
temperature up to 1800◦C, while fracture toughness decreased slightly. Maximum
microhardness of Hv∼ 46 GPa was obtained from B6O-30vol%B4C sintered composite
under the sintering conditions of 4 GPa, 1700◦C and 20 min. C© 2000 Kluwer Academic
Publishers

1. Introduction
Hexaboron monoxide (B6O) is known as one of the
boron suboxides [1, 2] which possess high hardnesses
comparable with B4C or cBN. B6O has a structure re-
lated toα-rhombohedral boron [3–8], where strong co-
valent bonding within and between icosahedral clusters
at the corners of unit cell contributes to such high hard-
ness. Recent studies by Hubertet al. [9, 10] stimulate
the interests in relation to the fine microstructure and
morphology of B6O crystallites synthesized under high
pressure. However, B6O is a typical unsinterable mate-
rial under normal pressure conditions. No appropriate
sintering agent has been found because B6O is easily
oxidized to form B2O3 with the mechanical strength of
the resultant sintered compact degraded. Fully densified
compact of B6O is rather difficult to be prepared even by
high pressure sintering techniques such as hot-pressing
or hot isostatic pressing [11]. A wide range of micro-
hardness Hv= 34–38 GPa is reported [3, 12–14] and
less information is provided on chemical or mechan-
ical properties of B6O sintered compact. We reported
[15–17] that a single phase of B6O sintered compact
was prepared by high pressure (3–5 GPa) sintering of
B6O powder which was synthesized by a high tem-
perature (1300–1500◦C) reaction of amorphous boron
with B2O3 in an inert atmosphere. This consolidation
process of B6O has an advantage that dense and ho-
mogeneous sintered compact can be formed by us-
ing fine-grained sinterable B6O powder. Vickers mi-
crohardness of the single phase B6O sintered compact
was 32–34 GPa and a sluggish oxidation behavior was
observed in air up to 1000◦C.

On the other hand, B4C has a similar crystal structure
(α-rhombohedral boron type), which is better repre-
sented as B13C2 with C−B−C chain on the trigonal axis
[7, 18]. The sintered compact is known to have the mi-
crohardnesses as high as 34.5–40 GPa [4, 13, 18], which
are scattered depending on the preparation method. Al-
though its sinterability is supposed to be higher than
that of B6O, the sintered compact of single phase B4C
is still brittle and unstable in an oxidative atmosphere.

Both B6O and B4C have a tendency to form nonsto-
ichiometric compositions under normal pressure [4–
7, 18]. It is interesting to examine under high pressure
and temperature conditions, whether solid solutions or
new compounds are formed by a solid state reaction be-
tween these compounds [16, 17, 19, 20]. Investigations
on sintering behavior and microstructure in the B6O-
B4C systems are also important in order to improve
the chemical or mechanical properties of these sintered
composites. In the present paper, B6O based sintered
composites containing B4C up to 40 vol% B4C were
prepared under high pressure and temperature condi-
tions using our in-laboratory synthesized B6O pow-
der and commercially available B4C powder as starting
materials. Relationship among the formed phases, mi-
crostructure and mechanical properties of the sintered
composites was examined and discussed.

2. Experimental procedure
2.1. Preparation of B6O powder
B6O powder was synthesized by a solid-liquid reaction
[11, 15–17] between amorphous boron and amorphous
boron sesquioxide (B2O3).
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16B(s)+ B2O3(l) → 3B6O(s)· · · · · · · · · · · · · · · (1)

Commercially available powders of amorphous boron
(Rare Metallic Co., grain size: 0.5–3µm, purity
>96.6%) and amorphous B2O3 (Kojundo Chemical
Lab. Co., purity>99.9) were mixed for 30 min in an
agate mortar with a mole ratio of B : B2O3= 16 : 1.03
using ethanol as solvent. The slightly excess amount of
B2O3 for stoichiometric mixing mole ratio of 16 : 1 was
added to compensate the evaporated B2O3 during the
heat treatment process. The mixed powder was charged
in an alumina boat and heat-treated in an argon stream
(70 ml/min) at 1400◦C for 240–300 min to form B6O
powder.

2.2. High pressure treatment of B6O-B4C
powder

The synthesized B6O powder was mixed with commer-
cially available B4C power (Denki Kagaku Kogyo Co.,
average grain size: 0.7µm) in ethanol for 30 min. The
mixing volume fraction of B4C was 0–40 vol%. Then
the mixed powder was treated in vacuum 1.33×10−5 Pa
at 600◦C for 60 min to eliminate the adsorbed mois-
ture or oxygen gas. Subsequently, the degassed powder
was charged quickly into hBN capsule of the specimen
cell, and high pressure and high temperature treatment
was carried out using the girdle-type high pressure ap-
paratus [21, 22]. The cell assembly for high pressure
sintering is shown in Fig. 1. The specimen was heated
by a graphite heater in the temperature range of 1500–
1800◦C. The calibration method for pressure and tem-
perature is the same as that described in the previous
literature [23].

Figure 1 Cell assembly for high pressure sintering of B6O-B4C com-
posites. 1. anvil, 2. cylinder, 3. composite gasket, 4. WC-Co disk, 5.
pyrophyllite 6. Mo plate 7. fired pyrophyllite, 8. graphite heater, 9. hBN
sleeve, 10. sample.

2.3. Characterization of sintered
composites and evaluation of
mechanical properties

The specimens before and after the high pressure treat-
ments were identified by X-ray diffraction (XRD) and
X-ray microanalysis (XMA). The fractured and pol-
ished surfaces of the sintered composites were ob-
served by scanning electron microscopy (SEM). To
observe the grain boundary microstructure of pol-
ished specimen, the surface was etched with concen-
trated nitric acid for 10 min or the Murakami reagent
(10 g K3[Fe(CN)6]+ 10 g KCl in 100 ml water) for 5
min. The bulk density was measured by Archimedes’
method. The Vickers microhardness (Hv) and fracture
toughness (KIc) were measured by the indentation tech-
niques under the loads of 1.96 N (200 gf) and 4.9 N
(500 gf), respectively. An average for five measured
values of hardness or toughness was plotted in each fig-
ure with excluding the maximum and minimum data in
seven trials. This measurement technique is consistent
in our data [16, 17, 21, 22, 23] of super-hard materials
which can be compared each other.

3. Results and discussion
3.1. Phases formed after high pressure and

temperature treatment
Fig. 2a shows the SEM photograph of the powder which
was synthesized according to the reaction (1) at the
heat treatment temperature of 1400◦C for 300 min in
an argon stream. This powder was identified as B6O
(JCPDS card no. 31-210) by XRD. The synthesized
B6O powder has a homogeneous particle size distri-
bution with grain sizes from 0.8 to 1.2µm, which is
similar to the average grain size of starting amorphous
boron powder [9]. B6O fine particles would be formed
by the reaction of boron with molten B2O3 impregnated
along into the grain boundary at elevated temperature
above 1300◦C. B6O powder formed is well-dispersed
with less coagulation and grain growth. Nearly hexag-
onal platelet crystal of B6O are found in some places in
Fig. 2a. SEM photograph of as-purchased B4C powder
is also shown in Fig. 2b, where a uniform particle size
distribution (0.4–1µm) and an appropriate dispersibil-
ity are observed.

Fig. 3 shows the XRD patterns of the specimens af-
ter the high pressure treatment at 4 GPa, 1700◦C and
20 min. Strong diffraction peaks for single phase B6O
can be observed without any addition of B4C, as shown
in Fig. 3a. In cases of 5 vol% or 40 vol% B4C added,
the diffraction lines for B4C are confirmed with their
intensities increased as the added content of B4C in-
creasing. No variation of lattice constants for both B6O
and B4C suggests that neither formation of solid so-
lution nor new compound occurs under high pressure
and high temperature conditions employed. Existence
of mixed phase, B6O and B4C only was confirmed at
higher pressures up to 6 GPa and higher temperatures
up to 1800◦C. Hubertet al. [19] and Garvieet al. [20]
synthesized solid solution of B6O and B4C by high pres-
sure and temperature treatment (7.5 GPa, 1700◦C, 30
min) of starting powder of B2O3, amorphous boron and
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Figure 2 SEM photographs of (a) synthesized B6O powder and (b) as-received B4C powders.

Figure 3 XRD patterns of the B6O-xB4C specimens for (a)x= 0 vol%, (b)x= 5 vol% and (c)x= 40 vol%. Sintering conditions: 4 GPa, 1700◦C
and 20 min.▼ B6O, ● B4C.

Figure 4 SEM photographs of the fractured surfaces of the B6O-30vol%B4C sintered composites. Sintering conditions: (a) 1500◦C, (b) 1800◦C;
4 GPa, 20 min.
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Figure 5 SEM photographs of the sintered composites prepared at 4 GPa
for 20 min. (a) polished and indented surface of the B6O-30vol%B4C
composite sintered at 1700◦C, (b) polished and etched surface of the
B6O-10vol%B4C composite sintered at 1700◦C (etched with conc. nitric
acid for 10 min), (c) polished and etched surface of the B6O-30vol%B4C
composite sintered at 1800◦C (etched with Murakami reagent for 5 min).

Figure 6 (a) SEM photograph and (b) XMA image for carbon after etching with Murakami reagent for B6O-40 vol%B4C composite sintered at
4 GPa, 1700◦C and 20 min.

graphite. No solid solution formed in our case from the
starting mixed powder of B6O and B4C even by such
high pressure and temperature treatments.

3.2. Microstructure of the B6O-B4C sintered
composites

Fig. 4 shows the SEM photographs of the fractured
surfaces of the specimens of the composition B6O-30
vol%B4C, which were prepared at the temperatures of
(a) 1500◦C and (b) 1800◦C and under the identical con-
ditions of 4 GPa and 20 min. At the sintering temper-
ature of 1500◦C in Fig. 4a, a rough surface with each
grains distinguishable is seen, which represents that the
fracture occurs in a grain boundary fracture mode. In
contrast, a smooth but sharply edged fractured surface
is observed in the specimen sintered at the elevated
temperature of 1800◦C, suggesting that an intragran-
ular fracture prevails. These results show that strong
intergranular bonding among B6O grains and/or B4C
grains is formed at higher sintering temperatures.

Fig. 5 shows the SEM photographs of the polished
sintered composites, which were prepared under the
conditions of 4 GPa for 20 min. A smooth and dense pol-
ished surface of B6O-30vol%B4C composite sintered
at 1700◦C is observed along with a Vickers indenta-
tion for hardness measurement, as outlined by white
dotted line in Fig. 5a. The relative bulk density of the
sintered compact was>96%. The diagonal separation
in the pyramidal indent is 12µm, from which the mi-
crohardness of 40 GPa is measured. Fig. 5b shows the
microstructure appeared after etching the polished sur-
face with concentrated nitric acid for 30 min. No mi-
cropore is seen also with the B4C content of 10 vol%.
High chemical stability of this composite against strong
acid can be verified by no appearance of grain boundary.
The polished surface was further etched with Murakami
reagent to observe the microstructure of the composite
(B6O-30vol%B4C), which was sintered at higher tem-
perature of 1800◦C. Fig. 5c indicates that B4C is pref-
erentially etched with the result of grey colored portion
appeared. It is found that no exaggerated grain growth
of B6O and B4C can be seen and both grains are well-
dispersed each other.
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Fig. 6 shows SEM photograph and XMA image for
carbon after etching with Mrakami reagent for the B6O-
40vol%B4C sintered composite which was sintered at
4 GPa, 1700◦C and 20 min. In such a higher content of
40 vol%, aggregated B4C grains are observed in some
places, as seen from the portions with higher carbon
concentrations.

3.3. Mechanical properties of the B6O-B4C
sintered composites

The effect of applied pressure on microhardness and
toughness was found minor in the pressure range of 3–6
GPa, from which the pressure of 4 GPa was found suffi-
cient to densify the composite. On the other hand, the in-
fluence of sintering temperature was found greater than
that of pressure. Fig. 7 shows the Vickers microhard-
ness and fracture toughness of the B6O-30vol%B4C
sintered composites as a function of sintering tempera-
ture. The pressure and holding time were kept constant
at 4 GPa and 20 min, respectively. The microhardness
is found to increase linearly with increasing temper-
ature from 27 GPa at 1500◦C to 43 GPa at 1800◦C.
This conspicuously large dependence of microhardness
on sintering temperature suggests that the intergranular
bonding between B6O and B4C grains increases with
temperature, as shown in Fig. 4. The fracture toughness
is between 0.5 and 1 MNm−3/2 decreasing slightly with
temperature.

Fig. 8 shows the effect of B4C content on the mi-
crohardness and fracture toughness under the constant
conditions of pressure 4 GPa, temperature 1600◦C and
holding time 20 min. It is found that the effect of B4C
content is minor as far as microhardness is concerned.
However, fracture toughness increases with increasing
in B4C content. Fig. 9 shows the SEM photographs in-
dicating the crack propagation in the sintered compos-
ites of (a) B6O-10vol% B4C and (b) B6O-30vol%B4C,
which were obtained under the sintering conditions of
4 GPa, 1700◦C and 20 min. Crack deflection can be ob-

Figure 7 Vickers microhardness (●) and fracture toughness (■) of the
B6O-30vol%B4C sintered composites as a function of sintering temper-
ature. Pressure: 4 GPa, holding time: 20 min.

Figure 8 Vickers microhardness (●) and fracture toughness (■) of the
sintered composites as function of B4C content. Sintering conditions:
4 GPa, 1600◦C, 20 min.

Figure 9 SEM photographs of crack propagations on the polished sur-
face of the sintered composites: (a) B6O-10vol%B4C and (b) B6O-
30vol%B4C. Sintering conditions: 4 GPa, 1700◦C, 20 min.

served in the higher content of B4C. This verifies that
the toughness is greatly dependent on the microstruc-
ture of the sintered composite; i.e. the toughness in-
creases with B4C content and the fracture occurs along
the grain boundary of B6O and B4C.

Fig. 10 shows the summarized diagram between
microhardness and sintering temperature for various

697



Figure 10 Vickers microhardness measured under various sintering
temperatures and compositions of B6O-xB4C, ● B6O, ◆ B6O-
10vol%B4C, ▲ B6O-30vol%B4C, ■ B6O-40 vol%B4C. Pressure: 4
GPa, holding time: 20 min.

compositions of the sintered compacts prepared at the
constant pressure of 4 GPa and at the constant hold-
ing time of 20 min. It is an outstanding feature that
the microhardness increases with temperature in cases
of higher content of B4C. A maximum microhardness
as high as 46 GPa is attained at 1800◦C for the B6O-
30vol%B4C composite. In contrast, the microhardness
of monolithic B6O sintered compact is 34 GPa even at
1800◦C.

4. Conclusions
B6O-xB4C (x= 0–40 vol%) sintered composites were
prepared under high pressure and high temperature con-
ditions using the mixture of in-laboratory synthesized
B6O powder and commercially available B4C powder
as starting powder. Formed phases, microstructures and
mechanical properties of the sintered composites were
investigated varying the added B4C content and sinter-
ing conditions. Following conclusions were obtained.

1) Neither solid solutions nor new compound formed
under the conditions of the pressures of 3–6 GPa and
the temperatures of 1500–1800◦C. Sintered composite
in full density consisting of the mixed phase of B6O
and B4C was prepared.

2) The treatment temperature has a great influence on
the formation of strong interparticle bonding between
B6O and B4C, which increases the hardness and tough-
ness of the sintered composite. The pressure of 4 GPa

is enough to densify the composite powder of B6O and
B4C.

3) Microhardness was found to increase with treat-
ment temperature up to 1800◦C, while fracture tough-
ness decreased slightly. A maximum microhardness of
∼46 GPa was obtained from B6O-30vol%B4C powder
under the sintering conditions of 4 GPa, 1700◦C and 20
min.
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