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High-quality bulk boron carbide (B4C) is successfully prepared at high pressure and high temperature (HPHT) by
using B4C powder as a precursor. The as-synthesized B4C possesses a nanosheet structure with a thickness value of 15 nm
and a length of several dozen micrometers. Its Vickers hardness value and fracture toughness value are 42.4 GPa and
4.51 MPa-m'/2, respectively, which are superior to those of B4C obtained from spark plasma sintering due to its high
densification and nanosheet structure. Additionally, it shows good property of oxidation resistance. In air, its oxidation
resistance temperature is 1100 °C which is higher than that of diamond under the same test condition.
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1. Introduction

Boron carbide (B4C) has been widely used in cutting
tools, wear resistant parts, ball mills, neutron absorber and
shielding material in nuclear industry due to its high melting
point, outstanding hardness, low specific weight, high modu-
lus, high chemical stability, good wear resistance, high neu-
tron absorption cross-section, and so forth. =61 However, two
problems still need to be solved urgently to synthesize high-
quality B4C. (i) The hardness of B4C is usually lower than
the threshold of superhard materials (40 GPa) resulting from a
low densification.[”-"1 Synthesis of high-densification of B4C
is extremely difficult and costly due to its very strong covalent
bonds and the low self-diffusivity. (ii) Phase-pure B4C has a
low fracture toughness (generally lower than 4 MPa-m'/2),[10]
which restricts its wider applications in structural materials.
Hence, it is imperative to fabricate B4C with both high hard-
ness and high fracture toughness to satisfy the requirement of
practical application. To date, many approaches to increas-
ing the densification of B4C, such as via increasing sintering
temperature, introducing sinter additives and using pressure-
assisted sintering have been utilized. Pressureless sintering
of pure B4C is extremely difficult and only obtains a rela-
tive density of 93% even at 2375 °C.[810.11] The addition of
additives to raw material has proven to be an effective way
to improve the densification as well as mechanical properties
by hindering grain growth and forming second phase at the
grain boundaries. Metallic sintering aids such as Al, Ti, Ni,
and Fe are frequently added to provide a medium for liquid-
phase sintering.!'>~4] However, metallic phases at the grain
boundaries generally deteriorate the unique properties of hard
ceramics. Pressure-assisted sintering is a useful strategy to en-
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hance the densification of sintered products. Pure B4C can be
densified by pressure-assisted sintering at 1600 °C for 10 min—
20 min under 300 MPa.l">! Compared with the sample pre-
pared by pressureless sintering (19 GPa-32 GPa),®! the sam-
ple obtained by pressure-assisted sintering shows an improved
hardness value, reaching up to 35 GPa. Nevertheless, the
hardness of B4C prepared by both pressureless sintering and
pressure-assisted sintering are always lower than the threshold
of superhard materials (40 GPa). The nano-structured ceramic
has higher hardness and fracture toughness due to the effect
of Hall-Petch than the micro-structured ceramic.!!®!7! Unfor-
tunately, the nano-structured B4C cannot be prepared via the
above mentioned method due to the grain growth at a very
slow rate of densification. Although higher densification can
be achieved at higher temperatures, it is difficult to prevent the
grains from growing. The hardness of B4C with high densifi-
cation and nano-structure should be greatly improved.

In this work, we successfully synthesize the nanosheet-
structured B4C by using HPHT apparatus. The synthesized
B4C is demonstrated to reach a hardness value of 42.4 GPa
and a fracture toughness value of 4.51 MPa-m'/2. To the best
of our knowledge, this hardness value is the highest for B4C
to date, even higher than that of B4C single crystal. Conse-
quently, it displays excellent application prospects in the me-
chanical field.

2. Experiment

In this study, high-purity B4C (97% purity, Mudanjiang
Diamond Boron Carbide Co., Ltd., China) powders were used
as starting material. The average grain size of B4C power was
about 50 um. The powder of B4C was pressed into a rod shape
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of 4 mm in diameter and 3 mm in thickness, which was en-
closed in a hexagonal BN capsule. The hexagonal BN cap-
sule was surrounded by a graphite sleeve, which was used as
a heater. An SPD6 x 600 T-type hexahedral anvil press was
used, and all experiments were performed under HPHT con-
ditions of 5.2 GPa and 1800 °C-2200 °C. The temperature
was measured by a chromel-alumeltype thermocouple placed
in the center of the BN capsule. The pressure was given by a
calibration curve that was established by determining the ap-
plied loads corresponding to the phase transformation pres-
sures of bismuth, thallium and barium. The samples were kept
at target pressures and temperatures for 15 min. The crystal
structures and morphologies of the final powders were charac-
terized using an x-ray diffractometer (XRD) with Cu Ka radi-
ation (Siemens D5000, Germany), a field-emission scanning
electron microscope (JEOL JSM-6700 F, Japan). The density
was measured by the Archimedes method with distilled water
as an immersion medium. The Vickers hardness was measured
by a Vickers hardness tester (HV-1000ZDT) with an applied
load of 9.8 N for a dwell time of 15 s. The fracture toughness
(Kic) of the ceramic was calculated after the indentation from
the following equation:!®]

Kic = 0.203Hya'/?(c/a) /3. (1)

Here, H, is the hardness, a is the impression radius, and c is

the radial/median crack length.

3. Results and discussion

The typical XRD patterns of bulk B4C synthesized under
5.2 GPa for 15 min at a temperature ranging between 1800 °C
and 2200 °C are shown in Fig. 1. The x-ray diffraction pat-
terns of the prepared samples match very well with the stan-
dard diffraction data of B4C, which demonstrates that no re-
action product is observed. Figure 2 displays the SEM im-
ages taken at low magnification from pure B4C prepared un-
der 5.2 GPa for 15 min at temperatures of 1800 °C, 2000 °C,
and 2200 °C, respectively. It can be seen that the num-
ber of pores decreases as the temperature increases. Nearly
no obvious residual porosity can be seen in B4C synthe-
sized at 2200 °C. Thus, it may possess the highest densifi-
cation. High-magnification SEM images of B4C synthesized
at 1800 °C, 2000 °C, and 2200 °C are shown in Figs. 2(d),
As revealed in the SEM im-
ages, the crystal morphologies of B4C are very fine nanosheets

2(e), and 2(f), respectively.

with thickness of about 10 nm—60 nm. The average thickness
of B4C synthesized at 1800 °C, 2000 °C, and 2200 °C are
52.3 nm, 34.7 nm, and 15.2 nm, respectively. It is reported
that the B4C nanosheet can act as a metal-free catalyst for
high-performance electrochemical nitrogen-to-ammonia fixa-
tion under ambient conditions.'”) The catalyst can achieve

a high ammonia yield of 26.57 ug-h‘l-mg;i, and a fairly
high Faradaic efficiency of 15.95% at —0.75 V with respect
to reversible hydrogen electrode, and is placed in the most
active aqueous-based nitrogen reduction reaction electrocata-
lysts. The fine as-synthesized nanosheet B4C suggests that it is
a promising candidate for use as an electrocatalyst. It is worth
nothing that the grain size apparently decreases as the syn-
thesis temperature is raised at a certain pressure. It is known
that increasing synthesis temperature can accelerate the grain
growth. However, in our method, grain size decreases with
temperature increasing at a certain pressure. The melting point
of B4C is 2350 °C. The highest synthesis temperature in our
method is only 2200 °C, which is lower than the melting point
of B4C. The higher the temperature, the easier the deformation
is. Consequently, grain change may happen in the process of
modification and recrystallization.
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Fig. 1. X-ray diffraction patterns of bulk B,C synthesized under 5.2 GPa for
15 min at different temperatures of 1800 °C (a), 2000 °C (b), 2200 °C (c),
respectively.
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Fig. 2. SEM results of as-synthesized sample, showing (a)—(c) SEM results of
B4C prepared at 5.2 GPa for 15 min, with different temperatures of 1800 °C,
2000 °C, 2200 °C, respectively, and (d)—(f) magnified parts of panels (a)—(c),
respectively.

All samples are then polished and examined by Vickers
hardness (H,) measurement, which are characterized by the
Vickers indentation method with a pyramidal diamond inden-
ter. The fracture toughness (Kjc) of B4C is calculated after
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being indented. The Vickers hardness data measured at differ-
ence loading pressure for B4C are shown in the inset of Fig. 3.
The hardness decreases with loading pressure increasing. In
recent studies, researchers suggest that hardness for hard and
brittle materials should be reported in the asymptotic-hardness
region under the prerequisite of a well-controlled indentation

20211 The hardness value of B4C is converged at an

process.
applied load of 9.8 N. So, we measure the hardness value
of B4C synthesized at difference temperature with an applied
load of 9.8 N and the Vickers hardness data are shown in
Fig. 3. It is obvious that the hardness is enhanced with the
increase of density at a higher temperature. The highest hard-
ness value is 42.4 GPa measured at 9.8 N for B4C synthe-
sized at 2200 °C, which is much superior to all the reported
values (26 GPa—37 GPa) and also higher than the values of
single-crystal B4C in Refs. [3], [15], [22], and [23]. The frac-
ture toughness is 4.51 MPa-m'/2, which is superior to that of
phase-pure B4C (2.5 MPa-m'/2-3.0 MPa-m'/2) synthesized
by the conventional method, corresponding to a growth rate
ranging between 50% and 80%.3! The relatively high hard-
ness and fracture toughness for B4C may be caused by the fine
nanosheets with thickness in a range of about 10 nm—20 nm.
Reducing the particle size is found to be an efficient method
to improve the mechanical properties. The compacting of
smaller grain sizes leads to a greater concentration of grain
boundaries. Thus, there is a greater frequency at which mov-
ing dislocations encounter grain boundaries. The resulting dis-
location pileups at grain boundaries require a larger stress for
further deformation, resulting in a greater measured hardness
value. Two-dimensional nanostructures are a promising plat-
form for producing hybrid structures and improving structural
and mechanical properties of metal matrix composites.?*! The
combination of sheet-like B4C with the addition of additives
to form a hybrid structure should improve the hardness and
fracture toughness. Consequently, using the HPHT method to
fabricate B4C with the addition of additives may be an effect
way to increase hardness and fracture toughness.

Oxidation resistance is a very important property for B4C.
Here, we study the oxidation resistance of B4C prepared at
2200 °C. It has been reported that the B4C has a good oxida-
tion resistance beyond 1000 °C.! So, the oxidation tests are
conducted in a muffle furnace and samples are heated to tem-
peratures 700 °C, 1100 °C, and 1300 °C, respectively, with the
dwelling times 5 h and 10 h in stagnant air. The furnace is then
cooled naturally. The sample vanishes after being heated at a
temperature of 1300 °C, due to B,Oj3 volatilizing when tem-
perature approaches to 1300 °C. The thickness values of oxi-
dation layer are ~ 3 um and ~ 21 pm for 700 °C and 1100 °C,
respectively. The thickness of oxidation layer does not change
apparently as heating time increases. Surface morphologies

of the oxidized specimens are shown in Fig. 4. The B4C and
B,03 are connected through the grain boundaries. Therefore,
the oxidized B4C generates the oxidation layer on the surface
in oxidation process which acts as O, barrier layer to resist
oxygen corrosion in the interior of the sample. These results
indicate that the B4C has a good property of oxidation resis-
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Fig. 3. Variation of hardness with temperature for B4C synthesized at
5.2 GPa and temperatures 1800 °C, 2000 °C, and 2200 °C for 15 min. Inset
shows measured Vickers hardness of B4C synthesized at 5.2 GPa and tem-
peratures of 2200 °C for 15 min at different applied loads.
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Fig. 4. Surface morphology of the oxidized B4C heated in the air at temper-
atures (a) 700 °C and (b) 1100 °C.

4. Conclusions and perspectives

In summary, this study presents a novel process for man-
ufacturing high-quality dense B4C with a two-dimensional
nanosheet structure. The pressure assisted sintering meth-
ods are useful in restraining crystal grain from growing up
in the recrystallizing process. The sheet-like B4C particles
show excellent mechanical properties, including a Vickers
hardness value of 42.4 GPa and fracture toughness value of
4.51 MPa-m'/2. The B4C shows a good property of oxidation
resistance even under temperature up to 1100 °C by generating
the oxidation layer on the surface to provide effective protec-
tion against oxidation.
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