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1. Introduction

Nowadays, nitride-based ceramics, such as BN, Si3N4, transition
metal nitrides, and ternary and multinary nitrides (e.g., SiON,
SiAlON, SiBCN, and so on), have shown enormous potential

for applications in various industrial and
energy fields.[1–4] Among these materials,
polycrystalline Si3N4 and BN have been
proved to be the most widely used nitrides
due to their chemical stability, low dielec-
tric properties, high thermal conductivity,
and outstanding corrosion resistance
under a broad range of temperatures.
However, there is very limited study explor-
ing the preparation and properties of amor-
phous Si3N4- and BN-based materials as
compared to several kinds of polycrystalline
Si3N4- and BN-based composites which
have been extensively studied in the last
two decades.[4–6]

Amorphous ceramics are considered
to be the second state of matter in parallel
with crystalline ceramic phases.[7] Compared
to crystalline materials, amorphous materi-
als possess muchmore disordered structure,
highly homogeneous sites down to the
atomic scale, composition flexibility, isotro-

pic molecular diffusion, and more percolation pathways in solid
mixtures, providing them unique properties in terms of
electrical/thermal conductivity,[8] mechanical strength,[9] corrosion
and abrasion resistance,[10] etc., and rendering them as an interest-
ing class of structural materials.[11] In addition, bulk amorphous
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Amorphous Si3N4 and SiBN monoliths without sintering additives are
successfully prepared by high-pressure–low-temperature (HPLT) sintering using
the single-source-precursor-derived amorphous Si3N4 and SiBN powders as raw
materials. The microstructural evolution and crystallization behavior of the
as-prepared samples are investigated using scanning electron and transmission
electron microscopy and X-ray powder diffraction, respectively. The results show
that the incorporation of boron in the Si–N network enhances the crystallization
temperature up to 1200 °C. The Vickers’ hardness of the HPLT-sintered Si3N4

sample amounts ≈11.6 GPa whether prepared at 1000 or 1200 °C, while the
maximum hardness of the SiBN sample is up to 16.3 GPa. The fracture
toughness of amorphous Si3N4 and SiBN5 samples is almost identical (around
2.5 MPam1/2) whether prepared at 1000 or 1200 °C, and SiBN2 and SiBN5
samples show an improved fracture toughness. In addition, the oxidation
resistance of the as-prepared samples is investigated at temperatures up to
1000 °C. A comparison between amorphous Si3N4 and SiBN monoliths dem-
onstrates a positive effect of the presence of boron on their oxidation resistance.
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ceramics possess no grain boundaries if compared with polycrys-
talline materials influencing also abovementioned features. In the
family of amorphous materials, the synthesis of bulk amorphous
ceramics is challenging. In particular, amorphous covalent com-
pounds such as Si3N4 and BN are difficult to be consolidated at
low temperatures due to their low-diffusion coefficients, and at
high temperatures crystallization will occur.[12,13] Therefore, to find
efficient, convenient, and general methods to prepare bulk amor-
phous ceramics is of scientific interest.

The polymer-derived ceramic (PDC) route is an attractive
method for the preparation of advanced amorphous ceramic
materials and exhibits significant advantages compared to the
traditional ceramic processing techniques.[14–17] The PDC route
not only produces amorphous ceramics with unique phase
composition and microstructures by designing the preceramic
polymers, but also provides a method to prepare bulk amorphous
ceramics (e.g., SiC, BN, SiCN, SiOC, SiHfN, and so on).[18–22]

However, reaching fully dense bulk materials is difficult because
pyrolysis of the green parts is accompanied with release of
gaseous decomposition products, which negatively influences
the final density of the obtained bulk ceramics. Consequently,
it would be desirable to find an alternative processing technique
that can combine the advantages of PDCs with that of highly dense
amorphous ceramic products. Naturally, it is conceivable that low-
ering the sintering temperature by increasing the pressure could
consolidate such covalent materials. In recent years, some funda-
mental works have proved that dense amorphous ceramics can be
prepared under high pressure and low temperature (HPLT) and
showed outstanding high-temperature properties.[23,24]

Therefore, the motivation of this work is to produce dense
amorphous Si3N4 and SiBN-based monoliths by applying the
HPLT technique. The influence of temperature and boron
content on the attained density, phase evolution, microstructure,
and mechanical properties of the amorphous products is studied
and evaluated. Moreover, the oxidation resistance of the HPLT-
processed amorphous Si3N4 and SiBN ceramics is also system-
atically characterized and discussed. This work is expected to lay
the foundation for the application of the HPLT method in the
preparation of a wide range of amorphous ceramics.

2. Experimental Section

2.1. Experimental Procedures

Amorphous Si3N4 and SiBN powders with a molar ratio of Si:
B= 5, 2, and 1 were prepared at 1100 °C by the PDC route;
the detailed single-source-precursor synthesis and pyrolysis pro-
cedures can be found in our previous work.[25] The SiBN samples
with different molar ratio of Si:B= 5, 2, and 1 are denoted as
SiBN5, SiBN2, and SiBN1, respectively. The as-pyrolyzed pow-
ders were dry milled in a ZrO2 jar under an argon atmosphere
using ball milling at 1800 rpm for 3 h and then sieved by two
sieves (180 and 100 μm sieve, Merck, Darmstadt, Germany) to
obtain powders less than 100 μm in size. The as-milled powder
was stored in a vacuum oven at 100 °C for the subsequent HPLT
experiments. The starting materials were pressed into cylinders
(4mm in diameter and 2.5 mm in height) by a hydraulic press.
Hexagonal boron nitride was used as capsule to insulate the

sample with graphite heater, which prevents the chemical reac-
tion of the sample with other carbon. The synthesis experiments
were carried out on a China-type SPD 6� 600 T cubic press, at
Jilin University. The pressure of 5 GPa in the high-pressure
chamber was calibrated by the phase transformation of Bi, Tl,
and Ba in advance. The temperature of the sample was calibrated
with a C-type thermocouple with a temperature error around
20 °C. After reaching the target pressure, the specimens were
heated to the temperature of 1000–1200 °C and soaked at the tar-
get temperature for 20min. Finally, the sample was quenched
within 15 s and then cooled to room temperature. In the subse-
quent discussion, the prepared ceramics annealed at different
temperatures are denoted as SiBN1-1000, SiBN1-1200, SiBN2-
1000, SiBN2-1200, SiBN1-1000, SiBN1-1200, Si3N4-1000, and
Si3N4-1200, respectively.

2.2. Characterization

The phase identification of the recovered samples was character-
ized by the X-ray diffraction (XRD) diffractometer using Cu Kα1
radiation source (Rigaku D/Max-2500) in reflection geometry.
XRD patterns of the samples oxidated at different temperatures
(1000 and 1200 °C) were performed on a STADI P XRD diffrac-
tometer using Mo Kα1 radiation source (STOE & Cie GmbH,
Germany) in transmission geometry. The HPLT-sintered sam-
ples were coated with a thin layer of gold for the measurements
of microstructures using a scanning electron microscope (SEM,
30 kV, JEOL JSM 7600 F, JEOL Ltd., Chiyoda, Tokyo, Japan)
equipped with an energy-dispersive detector (EDS). The trans-
mission electron microscopy (TEM) studies were conducted
using a JEM-2200FS microscope (JEOL Ltd., Tokyo, Japan) cou-
pled with an electron diffraction spectroscope (EDS, Mahwah,
New Jersey, USA) and the acceleration voltage was 200 kV.
The boron content of the pyrolyzed samples was analyzed at
Mikroanalytisches Labor Pascher (Remagen, Germany), which
was detected using inductively coupled plasma-atomic emission
spectrometry. The hydrogen content of sample SiBN2 was deter-
mined at Labor Pascher by combustion in high-purity oxygen
determined using infrared (IR) spectroscopy. Nitrogen and oxygen
contents of the samples were measured by thermal conductivity
and IR analysis, respectively. Carbon analysis was carried out
by a LECO C-200 analyzer (LECO Corporation, St. Joseph,
Michigan, USA) in our lab. The elemental composition of the sam-
ples pyrolyzed at 1100 °C was measured and shown in Table 1.

Table 1. Elemental composition of raw Si3N4 and SiBN materials
pyrolyzed at 1100 °C.

Samples Composition [wt%] Empirical formula

Si B N H C O

SiN 72.14 0.00 25.83 n.d. 1.01 1.02 Si1.00N0.72(C0.033O0.025)

SiBN5 69.48 1.67 25.00 n.d. 2.23 1.61 Si1.00B0.06N0.72(C0.075O0.041)

SiBN2 68.50 2.56 23.00 0.84 3.36 1.36 Si1.00B0.10N0.67(C0.11O0.04H0.34)

SiBN1 66.73 4.94 24.41 n.d. 2.64 1.29 Si1.00B0.19N0.73(C0.11O0.034)

n.d. = not determined, the error bars of Si and N content are less than� 2.89 and
error bars for other elements are less than � 0.52.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 26, 2400677 2400677 (2 of 9) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


The content of boron gradually increases, and the contents of car-
bon and oxygen are low, while there is about 30 wt% excess silicon
in the system based on the chemical composition of Si3N4.

The HPLT-sintered specimens were polished by diamond
suspension on a felt cloth for measurements of density and
mechanical properties. The relative density and open porosity
of the as-recovered monoliths were measured using the water
immersion method (Archimedes’ method). Vickers hardness
measurements were performed on an HMAS-D1000SMZC
microindenter with a diamond indenter under a load of 9.8 N
held for 15 s. For Vickers hardness, at least five measurements
were repeated to ensure the reliability of the data. The fracture
toughness of the obtained samples was calculated based on
reports.[26,27] The oxidation behavior of the prepared samples
was investigated using thermogravimetric analysis/differential
thermal analysis (TG/DTA, STA 449F3 Jupiter, Netzsch,
Germany) by recording their mass change from room tempera-
ture to 1000 °C with a heating rate of 5 °Cmin�1 in purified com-
pressed air (gas purifier removes CO2, H2O, and hydrocarbons to
ppb range, a linear gas velocity of 0.2 cm s�1). Alumina crucibles
(type DTA, 0.3mL,Meiningen) were used for TGA/DTAmeasure-
ments and the measurements were corrected for the buoyancy.

3. Results and Discussion

XRD patterns of the Si3N4 and SiBN samples synthesized at 1000
and 1200 °C are shown in Figure 1. At 1000 °C, all the recovered
monoliths are predominantly X-ray amorphous. As the temper-
ature was raised up to 1200 °C, the amorphous Si3N4 and SiBN5
speci mens exhibit a low-intensity reflection of silicon, while the
SiBN2 and SiBN1 samples still remain X-ray amorphous. These
results demonstrate that the incorporation of boron into Si─N
network has an influence on the crystallization of amorphous
silicon nitride; the higher boron content suppresses the crystal-
lization because of the higher crystallization temperature of the
formed ternary Si─B─N network.[28]

The skeletal density and open porosity of the resultant speci-
mens are presented in Figure 1b. It can be seen that the skeletal
density and open porosity of amorphous silicon nitride, SiBN5,

and SiBN2 samples do not change significantly with increasing
temperature and boron content, which are within their error
bars. However, the SiBN1 specimen exhibits clear changes com-
pared to the other samples. This phenomenon is related to the
sinterability of the amorphous starting powders prepared at
1100 °C. The samples subsequently densified under HPLT con-
ditions at 1000 °C mainly undergo a particle arrangement and
sliding process by physical force to consolidate the specimens
rather than sintering as they have already seen 100 °C higher
temperature during powder synthesis. The densification of
boron-rich SiBN1 is difficult because the stiffness of SiBN1 par-
ticles is higher than that of amorphous Si3N4, SiBN5, and SiBN2
due to the higher boron content.[25,28] Crystallization of Si in the
amorphous Si3N4, SiBN5, and SiBN2 samples, as shown by
the XRD results in Figure 1a, already slowly starts to occur at
1200 °C, while the SiBN1 specimen remains X-ray amorphous
at this temperature. Therefore, we have to consider that the crys-
tallization process might hinder the densification, which will be
discussed below in conjunction with SEM and TEM results.

The densification of the as-prepared amorphous Si3N4-1200
and SiBN-1200 ceramics was further studied by analyzing the
polished surface, and SEM images are shown in Figure 2. No
crystalline phase morphologies (e.g., Si and Si3N4) are detected
from the SEM images, which is consistent with the XRD results.
Moreover, a few isolated micropores are found in amorphous
Si3N4 and SiBN5 samples, while the amorphous SiBN2 and
SiBN1 specimens exhibit a dense microstructure without pores
and cracks, indicating almost complete densification at 1200 °C.
As reported in the literature,[25,29] a slight mass loss was detected
in amorphous Si3N4 and SiBN5 ceramics by TG at ≈1200 °C. The
decomposition of terminal groups –NH2 and –SiH3 during crys-
tallization is the main reason for the formation of pores and
cracks in amorphous Si3N4 and SiBN5 samples, which results
in the release of hydrogen (Table 1) and impairs the densification
of the samples.

The corresponding EDS elemental mappings of the recovered
SiBN2-1200 sample are shown in Figure 2j–l. Si, B, and N are
homogeneously distributed in the amorphous structure without
obvious agglomeration of, e.g., binary phases such as Si3N4 and

Figure 1. a) XRD patterns of the recovered samples synthesized under HPLT conditions at 1000 and 1200 °C. b) Skeletal density and open porosity of the
HPLT-sintered samples obtained at 1000 and 1200 °C.
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BN. Molecular dynamic simulations have proven that the self-
diffusion coefficient of nitrogen decreases significantly with
increasing boron content in the SiBN system, while it has minor
influence on the Si diffusivity, which leads to a uniform but
unequal distribution of boron at the nanoscale.[30,31]

The microstructures of the HPLT-sintered amorphous
Si3N4 and SiBN ceramics obtained at 1200 °C were further inves-
tigated by TEM along with the selected area electron diffraction
(SAED) pattern. As shown in Figure 3a, the high-resolution TEM
(HRTEM) image of the as-prepared Si3N4 ceramic exhibits a
small amount of nanoprecipitations embedded within an amor-
phousmatrix, which corresponds to the Si (202) lattice plane with
a lattice spacing of 0.19 nm. This observation indicates that crys-
tallization of the HPLT-sintered Si3N4 takes place at 1200 °C
starting from silicon-containing regions, which is in agreement
with the XRD results displayed in Figure 1. The HRTEM image
and SAED pattern exhibit noticeable changes with the incorpo-
ration of boron into the amorphous Si─N network. The lattice
fringes of the poorly crystallized nanoparticles in SiBN5 sample
can be found in the HRTEM image (Figure 3b). Furthermore, the
appearance of diffraction rings instead of spots in the SAED pat-
tern also indicates partial crystallization of the SiBN5 sample,
which is not visible from the XRD pattern shown in Figure 1.
However, the HRTEM image and SAED pattern of the SiBN2
(Figure 3c) and SiBN1 (Figure 3d) sample are featureless corre-
sponding to an amorphous nature, which is in accordance with
the XRD pattern of the HPLT-prepared SiBN2 and SiBN1 sam-
ple, indicating that crystallization takes place at 1200 °C starting
from boron-free regions.

The Vickers hardness of the as-prepared amorphous Si3N4

and SiBN ceramics at 1000 and 1200 °C was measured and
calculated as shown in Figure 4. The Vickers hardness of amor-
phous Si3N4 ceramic is relatively stable with the change of den-
sification temperature, whereas temperatures have a significant
influence on the Vickers hardness of that of the SiBN samples.
The Vickers hardness of the SiBN5-1000 and SiBN2-1000
is higher than that of the samples prepared at 1200 °C.
Conversely, the changing trend of the Vickers hardness of the
SiBN1-1000 and SiBN1-1200 sample is opposite. The hardness
of the SiBN1 sample prepared at 1000 °C amounts 12.03 GPa,
while the hardness of the 1200 °C-obtained SiBN1 sample reaches
a value up to 16.32 GPa. As demonstrated by XRD and TEM, the
crystallization of SiBN5 and SiBN2 at 1200 °C leads to the forma-
tion of Si (low hardness≈11GPa)[32] and a small amount of pores,
thus resulting in the hardness of SiBN5-1000 and SiBN2-1000
being higher than the specimens sintered at 1200 °C. SiBN1-
1200 still remains amorphous, as a consequence, it not only
occurs particle arrangement and sliding but also densification
without crystallization, leading to a significant increase in the
Vickers hardness. This finding is in line with the analyzed density
of the samples as shown in Figure 1b. In addition, it can be seen
that the Vickers hardness of the SiBN ceramics is higher than that
of the amorphous Si3N4 ceramic (≈11.57� 0.38 GPa) except for
the SiBN5-1200 sample (11.25� 0.61 GPa). In fact, the value is
within the margin of error. Therefore, we can conclude that
the addition of boron into the amorphous Si─N network is bene-
ficial to improve hardness, which is attributed to the formation of
the rigid ternary Si─B─N network. Numerous experimental and

Figure 2. SEM micrographs of the HPLT-prepared samples: a) amorphous Si3N4 at 1000 °C; b) amorphous Si3N4 at 1200 °C; c) SiBN5 at 1000 °C;
d) SiBN5 at 1200 °C; e) SiBN2 at 1000 °C; f ) SiBN2 at 1200 °C; g) SiBN1 at 1000 °C; h) SiBN1 at 1200 °C; i–l) SEM graph and elemental mappings
of the SiBN2-1200, indicating a dense SiBN ceramic structure with homogeneous Si, B, and N elemental distribution.
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theoretical studies have proven that the atomic diffusivity of nitro-
gen and silicon atoms decreases with increasing boron content in
Si─N networks, leading to the formation of Si─B─N net-
works.[25,30,31,33] Furthermore, the amorphous SiBN phase will
be separated into SiN regions with less boron content, thus result-
ing in low hardness.

The fracture toughness of the obtained specimens was
calculated based on references and shown in Figure 4a.[26,27]

The fracture toughness of amorphous Si3N4 and SiBN5 samples
is almost identical (around 2.5MPam1/2) whether prepared at
1000 or 1200 °C, while SiBN2 and SiBN5 samples show
an increased fracture toughness at the same condition.

Figure 3. High-resolution TEM images of the HPLT-prepared a) amorphous Si3N4, b) SiBN5, c) SiBN2, and d) SiBN1 samples at 1200 °C; the below
insets in (a)–(d) are the SAED images; the up inset is the fast fourier transformation (FFT) image from the selected area.

Figure 4. a) Vickers hardness and fracture toughness of the HPLT-sintered amorphous Si3N4 and SiBN ceramics. b) Vickers hardness and fracture
toughness of SiBN1 sample (load: 9.8 N) in comparison with those of the reported amorphous/crystalline Si-based materials.
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Therefore, changes in fracture toughness are considered to relate
to the presence of boron. As mentioned above, Si─B─N bonds
are rigid networks, while relatively weak Si─N boundaries in
SiBN matrix may act as a lubricant to improve grain boundary
sliding, thereby leading to enhanced fracture toughness in
SiBN specimens.[26,34] In order to comprehensively assess the
hardness and fracture toughness of the obtained ceramics, a
comparison with reported amorphous/crystalline Si-based mate-
rials is summarized and shown in Figure 4b. Amorphous SiBN1
samples have lower fracture toughness than crystalline β-Si3N4 or
α/β-Si3N4 ceramics, but higher hardness and fracture toughness
than most of the reported amorphous Si-based materials
(e.g., SiHfOC, SiZrOC, SiOC, SiCN, and SiBCN).[10,33,35–39]

Therefore, the high-pressure-derived amorphous SiBN1 ceramic
monoliths are considered to be potential candidate materials for
structural applications.

The oxidation resistance of the obtained samples was evalu-
ated by TG at 1000 °C in air for 10 h, as shown in Figure 5.
To the best of our knowledge, there are no reports on the oxida-
tion properties of bulk amorphous silicon nitride. The obtained
amorphous Si3N4-1000 sample shows a mass loss of 7.58 wt%;
Ma et al.[40] reported that amorphous silicon nitride contains a
large number of unsaturated Si─N and Si dangling bonds, which
provide active sites for oxidation, leading to severe mass change.
In addition, excess silicon (≈30 wt%) and <1 wt% of hydrogen
also existed in the system;[25,41] therefore, the surface with
O3Si─H and Si─OH species could lead to the formation of
suboxides (e.g., SiO) and prevent the growth of a dense SiO2

layer, resulting in the continuous mass loss.[42–44] The total mass
variation of the obtained monoliths is smaller than that of
reported powder samples, indicating the improved oxidation
of the obtained bulk amorphous silicon nitride. For example,
Wen et al. demonstrated that the amorphous silicon nitride pow-
der showed a weight loss of ≈6.5 wt% at the beginning of the
heating process, which was ascribed to the decomposition of
the impurities.[45] The final mass change was around 13 wt%,
whereas the mass change of amorphous silicon nitride nanopar-
ticles was as high as 25 wt% in the work of Ma et al.[40]

The mass changes of the SiBN5-1000 and SiBN5-1200 sample
amount �1.25 wt% and 2.36 wt%, respectively, which are much
smaller compared to that of the other samples. The SiBN2 sam-
ples exhibit improved oxidation resistance with respect to that of
the Si3N4 samples under the same conditions, while the SiBN1-
1200 sample has a negative mass change of up to 18.4 wt%,
indicating that the boron content has a significant effect on
the oxidation resistance of the HPLT-prepared samples. The
incorporation of B into amorphous Si─N networks not only leads
to the formation of rigid B─N and Si─B─N linkages, but also
occupies part of the unsaturated spaces, thereby resulting in
improved oxidation resistance compared to amorphous silicon
nitride. However, the oxidation resistance of SiBN samples dete-
riorates with increasing boron content, indicating that the ana-
lyzed increased mass change correlates with increasing boron
content. It is well documented in literatures that the melting
point of the formed B2O3 is ≈450 °C and it starts to evaporate
at ≈900 °C.[46,47] Therefore, B2O3 evaporation is likely to occur
and is likely to be responsible for the severe mass loss of the
SiBN1 specimen under the oxidation condition.

In order to investigate the stability of amorphous samples in
air, the oxidation products of the oxidized specimens were ana-
lyzed by XRD, and the XRD patterns are presented in Figure 6.
The broad reflections of all oxidized SiBN samples imply a low
degree of crystallinity or (nearly) amorphous structure, indicating
that the amorphous boron containing SiBN material possesses
an enhanced crystallization resistance even at 1200 °C in air
and still remains X-ray amorphous. However, boron-free
Si3N4 prepared at 1200 °C crystallizes into α-Si3N4, Si, and a
small amount of Si2N2O.

The cross section of the oxidated SiBN5-1000 and Si3N4-1000
samples was characterized by SEM/EDS. As can be seen in
Figure 7, the SEM images of the SiBN5-1000 sample show an
obvious oxide scale at the surface, while no obvious oxide layer
was observed in the amorphous silicon nitride monolith.
Furthermore, the oxide scale thickness of the obtained sample
can be determined by EDS mapping, especially the distribution
of oxygen element, which is between 10 and 15 μm in the

Figure 5. TG curves of the HPLT-prepared samples recorded at the tem-
perature range from RT to 1000 °C and subsequent isothermal hold in air
for 10 h.

Figure 6. XRD patterns of the HPLT-sintered samples oxidized at 1000 °C
in air for 10 h.
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SiBN5-1000 sample and is much lower than that of the Si3N4-
1000 sample, indicating the improved oxidation resistance with
the incorporation of boron in the Si─N network. Furthermore,
the surface of the Si3N4-1000 sample after oxidation is rougher
under the same polishing conditions, whichmay be related to the
volatilization of small species during oxidation.

Many reports stated that the influence of boron on the
oxidation resistance relies on the boron content. For example,
the oxidation behavior of SiBN samples with a boron content
of 0.23 wt%, 3.56 wt%, 5.14 wt%, and 6.81 wt% was investigated
by Long et al.[48] the results show that the SiBN samples with
boron content over 5.14 wt% were easier to be oxidized, and
the escape of boron in the form of B2O3 gas at high temperatures
(>1000 °C) was confirmed by X-ray photoelectron spectroscopy.[48]

It is well documented in literatures that the melting point of
the formed B2O3 is ≈450 °C and it starts to evaporate at
≈900 °C. Combining our work with the work reported above, it
can be concluded that when the boron content is between
0.23 wt% and 1.67 wt%, it is beneficial to improve the anti-
oxidation performance of the amorphous SiBN system.

4. Conclusion

In the present work, amorphous Si3N4 and SiBN ceramic
monoliths have been successfully synthesized by HPLT sintering
starting from corresponding amorphous powders synthesized

via the PDC route. The density of the samples prepared at
1000 °C decreases from 2.68 to 2.62 g cm�3 with increasing
boron content, while the density of the samples prepared at
1200 °C shows the opposite trend, increasing from 2.77 to
2.81 g cm�3 due to partial crystallization. Therefore, high
pressure provides a low-temperature way to prepare dense
amorphous covalent compounds that are difficult to consolidate
by conventional sintering methods. In addition, the microstruc-
tural evolution of the HPLT-sintered ceramics reveals that
the crystallization of the obtained samples begins at 1200 °C
starting from Si-containing regions, which has a significant
influence on the hardness of the as-prepared samples.
The Vickers hardness of SiBN5 (11.74 GPa) and SiBN2
(13.53 GPa) ceramic monoliths prepared at 1000 °C is higher
than that of the samples SiBN5 (11.25 GPa) and SiBN2
(11.25 GPa) synthesized at 1200 °C due to beginning of crystal-
lization. Moreover, the maximum hardness up to 16.3 GPa is
achieved with the SiBN1 sample prepared at 1200 °C because
of enhanced densification without crystallization. The presence
of high amounts of boron obviously 1) hinders crystallization
and 2) enhances densification under the HPLT conditions used
in this study. Besides, amorphous SiBN5 monoliths exhibit
better oxidation resistance as compared to boron-free Si3N4

due to the formation of rigid B─N and Si─B─N linkages reduc-
ing the number of unsaturated Si─N and Si dangling bonds.
However, higher amount of boron as it is the case for SiBN1

Figure 7. SEM images and EDS mapping of the cross section of SiBN5-1000 (a–d) and Si3N4-1000 (e,f ) sample exposed at 1000 °C under air condition.
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reduces the oxidation resistance caused by the formation of vol-
atile boron oxide.

The influence of low-pressure–high-temperature conditions
(5 GPa and temperatures from 1400 to 1800 °C) on the phase
evolution, mechanical and oxidation resistance of Si3N4 and
SiBN ceramics as well as their high-temperature self-healing
capability, thermal and electrical conductivities are in progress
and will be reported in future studies.
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