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Abstract: The preparation of dense Si;Nj,-based ceramics has attracted great attention because of the achievable
improvements in their mechanical properties and high-temperature oxidation resistance. In this work, advanced dense
boron-containing a/B-Si;N,/Si monoliths were prepared via a high pressure—high temperature technique in which polymer-
derived amorphous SiBN powders were used as raw materials. The crystallization behavior and phase transformation of the
polymer-derived amorphous samples were studied in the temperature range from 1400 to 1800 °C. The results demonstrate
that the incorporation of boron in the Si;N, matrix suppresses the phase transformation from a-SisN, to B-SisN,.
Furthermore, the mechanical properties of the as-prepared samples were measured, and the maximum hardness and
fracture toughness of boron-rich SiBN samples reached 14.8 GPa and 7.96 MPa-m'?, respectively. The hardness of the
obtained boron-rich SiBN samples is stable up to 300 °C. In addition, the oxidation behavior of the samples prepared at
1400 and 1600 °C was investigated at 1400 °C for 50 h. The results show that the incorporation of boron significantly
improved the oxidation resistance of the samples because of the formation of borosilicate/cristobalite. This work provides
guidance for the synthesis of boron-containing a/3-Si;N,-based ceramics with excellent mechanical properties and oxidation
resistance.
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oxidic-based sintering additives such as Al,O; and Y,0; because
of their high degree of covalent bonding [10-13]. However, the
sintering additives usually remain as crystalline or amorphous
phases at grain boundaries and/or at grain junctions. These
intergranular phases soften at high temperatures, causing creep
and reducing the high-temperature behavior. These features limit
the application of nitride ceramics at high temperatures under
harsh conditions [14-16]. For example, Wang et al. [17] reported
that the thermal conductivity of Si;N, ceramics obtained by binary
nonoxide additives increased by 32% compared to those oxidic
sintering additives such as ZrO,-MgO [17]. Recently, the removal
and crystallization of the grain boundary glass phase in Si;N,
ceramics were investigated by Chen et al. [4] via post annealing
heat treatment. The results show that the flexural strength and
thermal conductivity of heat-treated Si;N, ceramics increased with
increasing the annealing temperature.

1 Introduction

Light-element nitride ceramics (e.g., BN and Si;N,) have been
widely applied in structural and technological fields owing to their
chemical/thermal stability, low dielectric properties, high thermal
conductivity, superior mechanical properties, and outstanding
corrosion resistance over a broad range of temperatures [1-5].
However, only a handful of studies have explored the preparation
and properties of polycrystalline boron-containing Si;N, materials
compared with those of Si;N,- and BN-based composites, which
have been extensively studied in the last two decades. Numerous
studies have demonstrated that boron results in more dynamic
constraints on the migration of Si and N atoms in Si-N ceramic
network, resulting in an inhibitory effect on the decomposition of
Si;N, ceramics as well as improved mechanical properties and
high-temperature behavior [6-9]. In general, the densification of

nitride ceramic materials is achieved by liquid-phase sintering via
Corresponding authors.

E-mail: S. Ma, mashuailing@nbu.edu.cn;
Y. Zhan, ying.zhan@tu-darmstadt.de

https://doi.org/10.26599/JAC.2024.9220961

In recent years, considerable interest has been developed in the
preparation of additive-free Si;N,-based ceramics. B-Si;N,
monoliths with high relative density (= 99%) were first prepared
without the use of sintering additives by hot isostatic pressing
(HIP) above 1900 °C [18]. The resultant dense -Si;N, materials
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exhibit outstanding mechanical properties even at high
temperatures, and Vickers hardness of 13.2 GPa and flexural
strength of 750 MPa are achieved at 1300 and 1400 °C,
respectively. The feasibility of densifying high-purity a-Si;N,
without the use of sintering aids was studied by Tanaka et al.
[19,20], and the obtained samples exhibited improved mechanical
properties compared with those of samples prepared with
sintering additives. However, all of these consolidations are
strongly dependent on the presence of SiO, on the surface of Si;N,
powder particles under high sintering temperatures of up to
1950 °C, and long holding time. Furthermore, the transformation
from a-Si;N, to -Si;N, and grain growth occur uncontrollably
because of the high sintering temperature. Therefore, it is still a
challenge to synthesize fine-grained a-Si;N, or a-/B-Si;N, bodies
with high hardness via conventional pressure sintering methods.
Lu et al. [21] reported that dense and additive-free B-Si;N,
ceramics can be prepared via HIP using amorphous Si;N, as
starting material. Compared with crystalline materials, amorphous
materials possess a much more disordered structure, highly
homogeneous sites down to the atomic scale, composition
flexibility, isotropic molecular diffusion, and more percolation
pathways in solid mixtures, providing more densification
possibilities. Polymer-derived ceramic (PDC) route is an attractive
method for the fabrication of amorphous ceramics because of the
facile tailoring of the element content at the molecular level, which
has significant advantages over traditional ceramic processing
techniques [22-24].

Pressure, like temperature, is a fundamental thermodynamic
variable and has a significant effect on material synthesis. High
pressure can induce atomic planes to coincide along small-angle
grain boundaries because of plastic deformation, which has a
significant effect on particle redistribution, pore elimination, and
destruction of agglomerates [25,26]. Furthermore, high-pressure
sintering can dramatically reduce the sintering temperature and,
to some extent, suppress decomposition, phase transformation,
and excessive grain coarsening, effectively increasing the density
and mechanical properties [22,27,28]. For example, additive-free
B,C/SiC ceramic composites were densified at 1500 °C under high
pressure of 4 GPa for 60 s [28]. The relative density of the
resulting B,C/SiC composite is similar to that of a sample
prepared by pressureless sintering using sintering additives at
2100 °C [29]. Furthermore, the obtained sample exhibited a high
Vickers hardness of 31 GPa and good thermal conductivity at
1000 °C. Another example is the preparation of dense P-SisN,
compacts without sintering additives at a pressure of 5.5 GPa [30].
The fracture toughness of the obtained sample reaches
4.1+0.3 MPa-m", which is 36% greater than that of conventional
additive-free  B-Si;N, monoliths (~3 MPam"). The
aforementioned examples clearly demonstrate that high pressure
is an effective method to fabricate highly dense covalent ceramics
without sintering additives, which has attracted significant interest
in recent years [31-33].

To gain a better understanding of the high-pressure sintering
potential for the consolidation of strong covalent compounds
derived from amorphous precursors, the fabrication of boron-
containing dense o/B-Si;N, ceramics at a pressure of 5 GPa is
presented in the current work. Polymer-derived amorphous SiBN
ceramic powders are synthesized and used as starting materials for
high-pressure densification. The influences of boron content and
sintering temperature on phase evolution, mechanical properties,
and oxidation resistance of the prepared samples are
systematically characterized and discussed.
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2 Materials and methods

2.1 Experimental

Perhydropolysilazane (PHPS)- and boron-modified PHPS
(BPHPS)-derived ceramic powders were prepared via PDC route,
and the detailed single-source-precursor (SSP) synthesis and heat-
treatment procedures can be found in our previous work [34].
Similarly, the boron-containing SSPs were synthesized upon
reacting a commercially available PHPS solution (20 wt% of PHPS
in dibutyl ether, Merck KGaA, Germany) with borane dimethyl
sulfide complex (BMS; Sigma-Aldrich, Germany). Si/B molar
ratios of the synthesized SSPs were set to 1, 2, and 5. The obtained
BPHPS precursors were subsequently ground and pyrolyzed at
1100 °C under a constant flow of N, for 2 h. The resulting
amorphous SiBN samples with Si:B molar ratios of 5, 2, and 1 are
denoted as SiBN5, SiBN2, and SiBN1, respectively. X-ray
diffraction (XRD) patterns of the pyrolyzed PHPS- and BPHPS-
precursor are shown in Fig. 1. The chemical composition of
the raw materials was measured and is shown in Table 2. The
as-obtained powders were milled in a ZrO, jar under an argon
atmosphere via high-energy ball milling (1800 r/min) for 3 h and
then sieved through two sieves (180 and 100 pm sieves, Merck,
Germany) to obtain fine powders for the subsequent high-
pressure experiments (Fig. S1 in the Electronic supplementary
material (ESM)). The starting materials were prepressed into bulk
materials (4 mm in diameter and 2.5 mm in height) via a
hydraulic press. To prevent reactions between the sample and
surrounding materials, hexagonal boron nitride was used to
insulate the sample from the graphite heater. High-pressure and
high-temperature sintering experiments were conducted with a
China-type SPD 6'600T cubic press at Jilin University. Six anvils
applied forces to the sample from six sides simultaneously to avoid
grain orientation. The pressure was determined in advance by the
phase transformation of Bi, Tl, and Ba. The temperature of the
high-pressure chamber was calibrated with a C-type
thermocouple with a temperature uncertainty of ~20 °C. When
the pressure reached 5 GPa, the samples were heated to
temperatures of 1400, 1600, and 1800 °C and held for 20 min.
After pressure release, the sample was quenched and cooled to
room temperature. A macro photograph of the obtained
monoliths prepared at 1600 °C is shown in Fig. S1 in the ESM.
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Fig.1 XRD patterns of PHPS-derived Si;N,, BPHPS-derived SiBN5, SiBN2,
and SiBN1 samples pyrolyzed at 1100 °C in nitrogen atmosphere.
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The quenched body was polished to conduct the subsequent
measurements. The samples prepared at different temperatures
are denoted as SiBNX-temperature. For example, SiBN1-1600
represents SiBN sample with a molar ratio of Si: B = 1 : 1, which
was prepared at 1600 °C.

2.2 Characterizations

The phase identification of the recovered samples was performed
via a Cu Ka; XRD (D/Max-2500, Rigaku, Japan) in reflection
geometry at a scan rate of 2 (°)/min. XRD patterns of the samples
oxidized at 1400 °C and in different directions were obtained on a
STADI P XRD diffractometer using Mo Ka, radiation source
(STOE & Cie GmbH, Germany) in transmission geometry. The
as-prepared high-pressure samples were sputter coated with gold
for characterization of their microstructure and chemical
composition via a scanning electron microscope (SEM; 30 kV,
JSM 7600F, JEOL Ltd., Japan) equipped with an energy-dispersive
detector (EDS). Transmission electron microscopy (TEM)
measurements were performed with a microscope (JEM-2100,
JEOL Ltd., Japan), and the acceleration voltage was 200 kV. Thin
SiBN1 sample was prepared via the focused ion beam (FIB)
technique (EM-F200, JEOL Ltd., Japan) and used for TEM
observation. The boron and silicon contents of the pyrolyzed
samples were detected via inductively coupled plasma-atomic
emission spectrometry (ICP-AES) at Mikroanalytisches Labor
Pascher (Remagen, Germany). The nitrogen and oxygen contents
of the samples were measured via thermal conductivity and
infrared (IR) analysis, respectively. Thermal conductivity for
nitrogen was measured by changes in the base gas composition,
resulting in changes in the filament resistance. Nitrogen in a

sample will cause such changes and will be recorded as an
analytical signal. Oxygen present in the sample reacts with the
graphite crucible to form CO and CO,, which are detected via
nondispersive infrared cells. Carbon analysis was carried out with
an analyzer (LECO C-200, LECO Co., USA) in our laboratory.

The recovered high-pressure samples were polished with
1/4 mm polycrystalline diamond on felt cloth for density,
mechanical property, and oxidation resistance measurements. The
bulk density and open porosity of the as-recovered monoliths
were measured via the water immersion method (Archimedes’
method). Vickers hardness measurements were performed on a
microindenter system (AHVD-1000XY, HMAS-D2000SMZC,
China) with a pyramid-like diamond Vickers indenter under a
load of 98 N held for 15 s, and at least five arbitrary
measurements were repeated to ensure reliability. The fracture
toughness was calculated from the indentation crack (c) and
impression diagonal (a) using the Evans equation (Eq. (1)) [22,35]:

(1)

where Kic .y, is fracture toughness, H, is Vicker’s hardness,
¢ represents the indentation crack, and a is the impression
diagonal. The oxidation experiments were performed in a muffle
furnace (Glith- und Harteofen, Arnold Schroder Industriedfen
GmbH, Germany) under air conditions. The oxidation
procedures were as follows: First, the furnace was heated to 1400 °C
and held for 30 min; subsequently, the samples for oxidation were
placed in the isothermal area of the furnace, and their weights
were recorded after dwelling times of 1, 2, 3, 5, 10, 20, 30, 40, and
50 h. At least five weight measurements were repeated and
averaged to ensure the reliability of the results.
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Fig.2 (a) XRD patterns of samples: (a) PHPS-derived Si;N,, (b) SiBN5, (c) SiBN2, and (d) SiBN1 synthesized at 1400, 1600, and 1800 °C.
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3 Results and discussion

3.1 Crystallization and microstructural evolution

Figure 2 and Fig. S2 in the ESM show XRD patterns of Si;N, and
SiBN samples prepared at 5 GPa and temperatures ranging from
1400 to 1800 °C. As shown in Fig. 2, silicon and a-Si;N, were the
main phases present at 1400 °C in all recovered samples. As the
sintering temperature increased to 1600 °C, a significant effect of
boron on crystallization was observed. To confirm the phase
composition of the samples prepared at 1600 °C, a quantitative
phase analysis was carried out by Rietveld refinements using the
GSAS 1I software, and the Rietveld patterns and weight fractions
are shown in Table 1 and Fig. S2 in the ESM, respectively. The
complete phase transformation from a-Si;N, to B-Si;N, clearly
occurs in the boron-free Si;N, sample, whereas the phase
transformation is hindered with increasing boron content in SiBN-
1600 samples. As shown in Fig. 2 and Fig. S2 in the ESM, some
low-intensity reflections of a-Si;N, are identified in SiBN5-1600
sample, whereas a-Si;N, appears to be the major phase in SiBN2-
1600 and SiBN1-1600 samples. The strongest reflections of
B-SisN, are visible with tiny intensities. From the PHPS-derived
Si;N, sample to the SiBN1 sample, the weight percentage of a-
Si;N, increases from 0 to 64.1 wt% (Table 1), whereas the weight
fraction of -Si;N, decreases from 69.1 to 9.8 wt%, indicating that
the incorporation of boron into Si-N network hinders the
transformation from a-Si;N, to B-Si;N,. Notably, samples
prepared at 1600 °C present approximately 30 wt% silicon
according to the quantitative phase analysis, which is consistent
with the results of the elemental analyses (Table 2). PHPS-derived
SiNx ceramics exhibit ~20 wt% excess silicon [36], although the
pyrolysis of PHPS and BPHPS was performed at 1100 °C in a
nitrogen atmosphere [34]. Here, an additional 10 wt% excessive
silicon exists in the sample, indicating that part of Si, N, and B
present as amorphous SiBN, which is confirmed by the broad and
low-intensity reflections in XRD patterns.

As the temperature further increases to 1800 °C, XRD patterns
of SiBN5-1800 are similar to those of boron-free Si;N,; B-Si;Nj is
the dominant phase, whereas a-Si;N, reflections still remain in
SiBN2-1800 and SiBN1-1800 samples. Furthermore, as clearly
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shown in Fig. 2(d), the reflections of SiBN1-1800 are relatively
broad and low in intensity compared with those of other samples,
indicating poor crystallization due to the high boron content.
These findings demonstrate that the incorporation of boron into
Si-N network has a significant effect on the crystallization of
PHPS-derived Si;N, ceramics (i.e., the higher the boron content is,
the lower the degree of crystallization), which is attributed to the
formation of the ternary Si-B-N network. Numerous
experimental and theoretical studies have proven that the atomic
diffusivity of nitrogen and silicon atoms in a network decreases
due to the presence of boron in Si-N networks [6,34,37].
Additionally, the grain orientation of the obtained samples was
confirmed via XRD, as shown in Fig. S3 in the ESM. XRD
diffraction peaks of all samples measured at the same temperature
and in different directions are identical, with no observed changes
in peak shape or position, indicating the absence of grain
orientation in HPHT-derived samples. SEM and TEM
observations in the next section further support this conclusion,
which is attributed to the six-sided cubic apparatus applying
pressure simultaneously from all sides.

The microstructural features of the as-prepared Si;N, and
SiBN1 samples were further investigated via high-resolution TEM
(HRTEM) along with selected area electron diffraction (SAED), as
shown in Fig. 3. HRTEM image of PHPS-derived ceramics at
1600 °C reveals a typical crystal structure with lattice spacings of
0.32 and 0.27 nm, corresponding to d-spacings of Si(111) and
-Si;N4(101) lattice planes. Furthermore, SAED patterns (the inset
of Fig. 3(a)) also show diffraction spots of Si and p-Si;N,, which is
consistent with XRD results. It is well known that the phase
transformation from a - B-Si;N, usually takes place at ~1650 °C
and is essentially completed at ~1750 °C [38,39]. Herein, complete
transformation was already observed via XRD and TEM at 1600 °C,
indicating that high-pressure conditions can accelerate the phase
transformation from o > -Si;N,. HRTEM images of SiBN1-1600
sample prepared under the same condition exhibit a-Si;N, lattice
plane exclusively. Although no B-Si;N, crystallites are visualized in
HRTEM images, the diffraction spots of B-Si;N, are found in
SAED pattern, demonstrating that the phase transformation from
a > B-SizN, in SiBN1 sample starts at 1600 °C. At 1800 °C, -SisN,
was identified as the main phase (Fig. 3(d)). Interestingly, a-Si;N,

Table1l Weight fractions calculated from Rietveld refinement of samples annealed at 1600 °C

Crystalline phase (wt%) SisN, (R, = 4.152%)

SiBN5 (R, = 4.851%)

SiBN2 (R, = 4.869%) SiBN1 (R, = 6.578%)

a-SizNy 0.0 24.9 59.5 64.1
B-Si;N, 69.1 44.0 10.6 9.8
Si 30.9 31.1 29.9 30.8
Table2 Elemental composition of samples prepared at 1600 °C
Composition (wt%) .
Sample - Empirical formula
Si B N C (6]

SiN-1100 72.14 0.00 25.83 1.01 1.02 Si; 00N0.72(Co.03300.025)
SiBN5-1100 69.48 1.67 25.00 2.23 1.61 Sy 00B0.0sNo.72(Co.07500.041)
SiBN2-1100 68.50 2.56 23.00 3.36 1.36 Siy00Bo.10N0.67(Co.1100.04)
SiBN1-1100 66.73 4.94 24.41 2.64 1.29 Si}.00B0.19N0.73(Co.1100.034)

SiN-1600 71.65 0.00 26.95 <LOD 1.27 Si, 00N07500.05
SiBN5-1600 70.87 1.43 25.00 <LOD 1.53 Si; 00Bo.05N07400.04
SiBN2-1600 69.85 243 23.00 <LOD 1.68 Si; 00Bo.10N07400.04
SiBN1-1600 67.41 4.50 2441 <1LOD 1.69 Si1.00Bo.17No.7800.034

Note: LOD means a limit of detection.

% 4 2 it

Tsinghua University Press

| Sci®pen

J Adv Ceram 2024, 13(10): 1611-1621



High-pressure synthesis, mechanical properties and oxidation behavior of advanced boron-containing o/f-Si;N,/Si ceramics using ... 1615

and Si are also visible from HRTEM and SAED results discussed
above, indicating that the phase transformation from a > -Si;N,
is strongly suppressed due to the presence of boron in Si;N,
matrix. As mentioned above, the atomic diffusivity of nitrogen
and silicon atoms decreases due to the presence of boron in Si-N
networks. Moreover, numerous studies have demonstrated that
the driving force for a - B-Si;N, phase transformation is the
formation of a metastable solid solution by the present oxide
additive [40,41], which leads to the dissolution of oxidated
impurities into a-Si;N, crystal lattice. Therefore, additive-free
sintering in this work suppresses the phase transformation from
a-> B-SisN,.

3.2 Density and mechanical properties

The density, open porosity, and mechanical properties of Si;N,
and various SiBN ceramics prepared at different temperatures
were analyzed, as shown in Table 3 and Fig. 5. Although all the
samples were densified with less than 2% open porosity (Table 3),
the skeleton density of the obtained samples (between 2.81 and
2.85 g/cm’) was lower than the theoretical density of Si;N,
ceramics (3.2 g/cm’) [42], which was attributed to the presence of

0-SizNy

10 pm

T 10mm?

low-density silicon (2.3 g/cm’). Interestingly, the samples prepared
at 1600 °C presented the highest skeleton density, indicating that
the densification of the samples improved from 1400 to 1600 °C.
With increasing temperature up to 1800 °C, the decrease in the
skeleton density is attributed to the decomposition of Si;N,
ceramics during HPHT experiment [43], leading to the formation
of pores. Batha and Whitney [43] confirmed that the fractional
decomposition of Si;N, ceramics at 1675 °C in vacuum is
approximately 20 wt%. Notably, the variations in density and
open porosity are within the margin of their error, indicating that
high pressure not only promotes densification but also suppresses
the decomposition of Si;N,-based ceramics. The morphologies of
the synthesized samples were further characterized via SEM to
assess the evolution of pores, grain growth, and microstructure at
different temperatures. As shown in Fig. 4, no obvious pores are
observed, and all the samples have a dense structure, which is
consistent with the density results.

Notably, the influence of silicon on the mechanical properties is
negligible because all the samples contain the same content of
silicon. In addition, on the basis of XRD and TEM results, the
effect of temperature is related mainly to the phase composition of

-Si3Ny

10 nm?

il

10 nm!

il

Fig.3 HRTEM images of as-prepared samples: (a) PHPS-derived Si;N, ceramics at 1600 °C and SiBN1 sample fabricated at (b) 1400 °C, (c) 1600 °C, and (d) 1800 °C.
Images on the left and right of (a-d) are FFT images of selected areas; the insets in (a-d) are SAED images.

Table3 Density and open porosity of Si;N, and SiBN ceramics prepared at 1400, 1600, and 1800 °C

Sample 1400 °C 1600 °C 1800 °C
Si;Ny 2.830+0.019 2.850+0.026 2.812+0.022
. SiBN5 2.824+0.021 2.852+0.029 2.811+0.030
Density (g/cm?)
SiBN2 2.816+0.041 2.841+0.041 2.814+0.048
SiBN1 2.829+0.022 2.852+0.029 2.817+0.036
SiN 0.383+0.007 0.521+0.009 0.457+0.008
i SiBN5 0.427+0.007 0.575+0.010 1.201+0.010
Porosity (%) .
SiBN2 1.646+0.014 1.701+0.013 1.934+0.018
SiBN1 0.973+0.008 1.059+0.009 1.434+0.012
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Fig.4 TEM micrographs of SiBN1 sample fabricated at 1600 °C.

the samples, which is considered to be the critical factor affecting
the mechanical properties. As shown in Fig. 5, the samples
obtained at 1400 °C exhibited the highest Vickers hardness
compared with the samples fabricated at 1600 and 1800 °C. The
theoretical hardness of a-Si;N, ceramics (21 GPa) is greater than
that of B-Si;N, ceramics (16 GPa) [44], and the main phase at
1400 °C is a-Si;N,, thus leading to the highest hardness. This
conclusion is further confirmed by the hardness results of the
samples prepared at 1600 and 1800 °C, and a comparison between
them can be seen in Fig. 5. Vickers hardness of SiBN samples
obtained at 1600 °C was greater than that of the samples prepared
at 1800 °C. As demonstrated by XRD and TEM results, SiBN-
1600 samples were composed of a-Si;N, and B-Si;N,, whereas
a-Si;N, completely transferred into B-Si;N, in SiBN-1800. In
addition, the lower hardness of SiBN samples prepared at 1800 °C
is related to the presence of h-BN (the Vickers hardness is
ca. 0.8 GPa) [45]. h-BN phase separates from the amorphous
SiBN phase at 1800 °C [46], but it was not distinguished from
XRD and TEM results because of its weak crystal quality and
inhomogeneous distribution, which was also reported by Baldus
and Passing [47] and Kaur ef al. [48].

In addition to the temperature, the boron content has a
significant effect on hardness. Vickers hardness of Si;N, samples is
clearly greater than that of SiBN5 samples but lower than that of
SiBN1 and SiBN2 samples. The Si;N, and SiBN5 samples have
similar phase compositions. Therefore, the slight decrease in the
hardness of SiBN5 monoliths is related to the density of the
samples. The lower density of SiBN5 sample is explained by the
formation of a rigid Si-B-N network [49], which obviously
densifies differently from that of the boron-free sample. The
relatively high open porosity (Table 3) also results in a reduced
hardness compared with that of Si;N, samples. As shown in
Fig. 5(a), increasing the boron content in SiBN2 and SiBNI1 leads
to increasing hardness due predominantly to the presence of

15—(a) —=—1400°C %/ 1400 °C
—e—1600°C %% 1600 °C
—a— 1800°C % 1800 °C
F10
e 4
2
=
-E Vs,
£ 59 %
& Y’ Vs,
04 %
Si;N, SiBN5 SiBN2  SiBNI

a-SizN,. Notably, the hardness of the obtained samples is not as
highasthatofSi;N,preparedwithsinteringadditives(~17GPa)[50,51]
because of the presence of ~30 wt% Si (~11 GPa) [52]. Furthermore,
Vickers hardness of SBN1 samples prepared at different
temperatures was also characterized from room temperature to
300 °C (Fig. 5(b)). Vickers hardness of SBN1 samples is stable,
indicating a relatively stable hardness below 300 °C.

Fracture mechanics studies have shown that the results are
closely related to the phase content of elongated -Si;N, and the
coarsened bimodal microstructure [53,54]. In the present study,
the fracture toughness did not increase significantly with
increasing -Si;N, content (Table 1 and Fig. 5(a)). In contrast, it
shows a decreasing trend in the SiBN1 sample. This phenomenon
is attributed to the grain size effect. The grain sizes and
morphologies of the obtained samples were characterized via
TEM (Fig. 4) and SEM (Fig. $4 in the ESM). The average grain
size of the SBN1 and SiBN2 samples was as low as 150 nm even
for the samples prepared at 1800 °C, whereas the grain sizes of
Si;N, and SiBN5 samples reached 500 nm, indicating that the
presence of boron prevents grain growth due to the formation of a
rigid Si-B-N network. Additionally, with increasing boron
content, elongated B-Si;N, grains do not develop, and the grain
size further decreases (~150 nm). Therefore, the effects of
elongated B-Si;N, and coarsened bimodal microstructures are
negligible. In addition to the effect of boron on grain growth, high
pressures up to 5 GPa also suppress grain growth. The variation in
fracture toughness is considered to be related to the presence of
boron. On the one hand, disordered SiBN boundary phases play
an important role in improving the plasticity of Si;N, ceramics by
acting as lubricants to enhance grain boundary sliding [22]. On
the other hand, the soft h-BN phase separated from the
amorphous SiBN phase can also act as a lubricant to promote
grain boundary deformation [46], thereby leading to improved
fracture toughness in the SiBN samples.

To comprehensively assess the mechanical properties of the
boron-containing Si;N, ceramics, a comparison with reported
Si;N,-based materials is compiled and shown in Fig. 6 [53,55-64].
The SiBN1-derived Si;N, samples clearly have higher fracture
toughness values than most of the reported Si;N,-based materials
do without sacrificing hardness, even when 30 wt% low-hardness
Si (~11 GPa) is included. Accordingly, the resulting
Si100Bo17No7800034 ceramic possesses both high hardness and
fracture toughness. Therefore, boron-containing Si;N, ceramics
prepared via a high-pressure technique are considered potential
candidate materials for structural applications.

17

PR (b)

E SiBN1-1600

g ~ 15 1

5

2 -~ 141 I

2 8 T . S

= 5 13

&0 2 L

3 SiBN1-1400

o 12 _

3

S 11 —

= SiBN1-1800
10 . . . . : ;

50 100 150 200 250 300

Temperature (°C)

Fig.5 (a) Vickers hardness and fracture toughness of Si;N, and SiBN ceramics prepared at 1400, 1600, and 1800 °C. (b) Vickers hardness of a/-Si;N,/Si as a function of
temperature in the range of room temperature to 300 °C (detailed values are shown in Table S1 in the ESM). The inset is representative SEM indentation image showing

cracks under indentation load of 9.8 N.

®
==Y

vl # £ % i

Tsinghua University Press

| Sci®pen

J Adv Ceram 2024, 13(10): 1611-1621



High-pressure synthesis, mechanical properties and oxidation behavior of advanced boron-containing o/f-Si;N,/Si ceramics using ... 1617

3.3 Oxidation behavior

The isothermal oxidation resistance of SiBN-1400 and SiBN-1600
samples was investigated in air at a temperature of 1400 °C. SiBN1
samples oxidized at 1400 °C for 1 h are partially covered by glass-
like oxidation products with large and nearly bursting bubbles, as
shown in Fig. S5 in the ESM. The transparent oxidation products
are low-melting-point borosilicate glasses formed by the reaction
of SiO, and B,O; due to the excessive boron content, which
evaporates at the oxidation temperature [65,66], resulting in a
heavily damaged surface (Fig. S4 in the ESM). Therefore, the mass
change of SiBN1 was not recorded because of extensive damage to
the samples. The isothermal oxidation curves of Si;N,, SiBN5, and
SIBN2 samples oxidized at 1400 °C are shown in Fig. 7. The mass
change of the obtained samples is smaller than that of most
reported SiBN-related ceramics, such as SiBCN [67], SiCN [68],
SiBN [69], and SisN, [70], indicating good oxidation resistance.
SiBN samples exhibited a mass loss in the first hour and then a
gradual increase until stabilization after 10 h of oxidation,
indicating parabolic oxidation behavior. However, Si;N, ceramics
deviate from pure parabolic behavior with increasing oxidation
time, which is similar to the behavior of CVD-synthesized Si;N,
[71]. The mass change in the initial stage is attributed to the
oxidation of the segregated carbon with a weight fraction of ca.
1.5 wt% [34]. In SiBN samples, the mass change is also related to
the evaporation of liquid B,O;. The mass loss due to the presence
of boron is stabilized by the formation of borosilicate glass with

20
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Fig.6 Vickers hardness and fracture toughness of SiBN1-derived Si;N, samples
(load: 9.8 N) in comparison with those of similar reported materials.

SiO, [72]. These results indicate that the SiBN sample with a
boron content of ~0.05 mol% has improved oxidation resistance
compared with that of the boron-free Si;N, at 1400 °C. Excessive
boron leads to significant volatilization of B,O; gas at high
temperatures, which is consistent with the results reported by
Long et al. [73].

To investigate the influence of boron on the oxidation behavior
of SiBN and Si;N, ceramics and assess the evolution of the surface
during oxidation, the oxidized samples were characterized via
XRD (Fig. 8 and Fig. S6 in the ESM) and SEM (Fig. 9 and Fig. S7
in the ESM). As shown in Fig. 8, a/p-Si;N, and small amounts of
cristobalite (SiO,) were detected as the main phases after
oxidation, indicating that cristobalite dominated the oxidation
phases of SiBN and SisN, monoliths. This behavior is in line with
various studies related to the high-temperature oxidation of Si;N,
ceramics [71,74,75]. The results reveal that the diffusion of oxygen
through the cristobalite layer is the rate-controlling step,
ultimately resulting in parabolic oxidation kinetics. However, no
signals related to boron-containing crystalline phases are detected
via XRD. As mentioned previously, B,O; is preferentially depleted
at high temperatures because of its low melting point [72,76],
which continuously decreases the amount of boron. In addition,
published studies have shown that the formed B,O; easily
dissolves in SiO, above ~900 °C to form borosilicate glass [67,77],
which cannot be detected by XRD.
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Fig.7 Isothermal oxidation curves of prepared samples oxidized at 1400 °C for
50 h in air.
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arrows indicate pores produced by evaporation of boron and outward diffusion of gaseous species.

The cross-sections of the samples oxidized at 1400 °C were
characterized via SEM/EDS, as shown in Fig. 9 and Fig. S6 in the
ESM. SEM images of the SiBN5-1600 and SiBN2-1600 samples
(Fig. 9(a) and Fig. S7 in the ESM) show an oxide scale at the
surface comparable with that of Si;N,-1600 (Fig. 9(b)). The oxide
scale thickness of the Si;N,-1600 sample can be determined via
EDS mappings, especially the distribution of oxygen, which is
between 25 and 30 pm and is much greater than that of the SiBN-
1600 sample (~15 pm). The oxide scale thickness of the SiBN5-
1600 samples is comparable to that of CVD-synthesized Si;N,
oxidized at 1400 °C for 8 h, indicating improved oxidation
resistance [78]. Furthermore, the oxygen content was also
measured, as shown in the corresponding EDS mappings. The
results show that the oxygen content of the Si;N,-1600 sample is
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greater than that of the SiBN5-1600 sample and that the oxygen
content of the oxygen layer is greater than that of the center area.
However, EDS analysis reveals that some pores located inside the
matrix are clearly visible, which are probably produced during
either the initial stage of B,O; volatilization or upon the outward
diffusion of NO, NO,, and N, gas due to the oxidation or
decomposition of SizN,. The boron distribution on the scale was
not quantified due to the low sensitivity of SEM/EDS for light
elements. The thermodynamic driving force for the formation of
boron silicate glass indicates that it restricts O, inward diffusion
and further volatilization of the B,O; phase [73,79,80]. Thus, the
results indicate that SiBN ceramics with low boron contents are
suitable candidate materials with advanced high-temperature
oxidation and corrosion resistance.
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4 Conclusions

In this work, Si;N, and SiBN ceramic monoliths were successfully
prepared via high-pressure and high-temperature synthesis
starting from the corresponding polymer-derived amorphous
powders. Advanced characterization revealed that the
temperature/pressure ratio and boron content significantly
influence the crystallization behavior and phase transformation, as
well as the mechanical properties and oxidation behavior. The
results revealed that high pressure facilitates the phase
transformation from a-Si;N, to B-SizN,, whereas the presence of
boron in Si;N, matrix suppresses the phase transformation due to
the formation of Si-B-N networks. Moreover, the investigation of
the mechanical properties of the resulting samples indicates that
SiBN1-derived samples exhibit increased hardness and fracture
toughness, which is attributed to the disordered SiBN boundaries
enhancing grain boundary sliding by acting as a lubricant. In
addition, Si;N, ceramics containing moderate amounts of boron
(Si:B = 5:1) exhibit remarkable oxidation resistance in comparison
to the boron-free Si;N, ceramics owing to the formation of
borosilicate glass as a protective layer, suggesting potential
structural applications of boron-containing Si;N, products in high-
temperature oxidation and corrosion environments.
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