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A B S T R A C T

In this study, the structural evolution of SiBCN ceramics during crystallization and its effects on oxidation
behavior involving different atomic units or formed phases in amorphous or crystalline SiBCN ceramics were
analyzed. The amorphous structure has exceptionally high oxidation activity but presents much better oxidation
resistance due to its synchronous oxidation of atomic units and homogeneous composition in the generated oxide
layer. However, the oxidation resistance of SiBCN ceramic will degrade during the continual crystallization
process, especially for the formation of the nanocapsule-like structure, due to heterogeneous oxidation caused by
the phase separation. Besides, the activation energy and rate-controlling mechanism of the atomic units and
phases in SiBCN ceramics were obtained. The BNCx (Ea ¼ 145 kJ/mol) and SiC(2-x) (Ea ¼ 364 kJ/mol) atomic units
in amorphous SiBCN structure can be oxidized at relatively lower temperatures with much lower activation
energy than the corresponding BN(C) (Ea ¼ 209 kJ/mol) and SiC (Ea ¼ 533 kJ/mol) phases in crystalline
structure, and the synchronous oxidation of the SiC(2-x) and BNCx units above 750 �C changes the oxidation
activation energy of BNCx (Ea ¼ 332 kJ/mol) to that similar to SiC(2-x). The heterogeneous oxide layer formed
from the nanocapsule-like structure will decrease the activation energy SiC (Ea ¼ 445 kJ/mol) and t-BN (Ea ¼ 198
kJ/mol).
1. Introduction

Due to their combination of extraordinary high-temperature stability
(up to 2000 �C) [1–3] and oxidation resistance (up to 1800 �C) [4–6]
with the stability of useful functional properties up to these very high
temperatures [7–9], amorphous silicoboron carbonitride (SiBCN) ce-
ramics were developed as structural-functional material for
high-temperature harsh environments [8–10]. Despite the uniform and
disordered atom distribution on the nanoscale, amorphous SiBCN ce-
ramics also have near-ordered structure and are composed of silicon
atom units bonded by sp3 hybridization related with B–C–N atomic units
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bonded by sp2 hybridization [11,12]. Therefore, the temperature sta-
bility and oxidation resistance of SiBCN material strongly depend on the
strong three-dimensional amorphous network covalent bonding struc-
ture composed of the microscopic atom units.

However, although extensive investigations have been carried out
regarding the oxidation behavior and kinetics of SiBCN ceramics, the
existing research mainly focuses on the oxide layer growth such as oxide
layer structure, growth kinetic law and oxygen diffusionmechanism [4,5,
13–16], and no theory to systematically explain the microscopic mech-
anism and kinetics of oxidation of amorphous SiBCN ceramics involving
different atoms units has been developed yet. In fact, the characterization
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of oxidation of the different atomic units in amorphous SiBCN ceramics is
still a challenge. For one thing, the atomic units in amorphous ceramics
lie between the world of single atoms and molecules and the macroscopic
world, presenting different oxidation mechanisms and kinetics from
traditional polycrystalline ceramics [17,18]. For another, the two kinds
of atomic units with various compositions and chemistry have different
oxidation activities and kinetic laws, and interacting with each other
during the oxidation process. Therefore, the similar characterization of
mass variation and oxide layer growth to other crystalline ceramics
cannot describe the oxidation mechanism of amorphous SiBCN ceramics
involving its near-ordered structure.

Besides, the amorphous SiBCN ceramics will inevitably crystallize to
nanostructure during long-term high-temperature applications [19,20],
while the effects of amorphous-to-crystalline transformation on the
oxidation behaviors of SiBCN ceramics were rarely reported. Therefore,
oxidation experiments up to 1500 �C of amorphous and crystallized
SiBCN monolith were carried out prior to our studies. Amorphous SiBCN
ceramics present substantially different oxidation behavior and greater
oxidation performance than crystallized SiBCN ceramics. Interestingly,
the oxidation phenomenon can be well explained by the conclusion of
this paper. Detailed experimental results and analysis can be taken from
Section 4 in the supplementary material. Therefore, it is necessary to
Fig. 1. XRD (a) and XPS (b–f) spectra of different SiBCN ceramic
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systematically study the effects of the amorphous-to-crystalline evolution
on the oxidation behavior and kinetics law of SiBCN ceramics.

This paper, therefore, aims at determining the oxidation behavior and
kinetic law of amorphous SiBCN ceramics involving different near-
ordered structures and uncovering the influence of amorphous-to-
crystalline evolution on the oxidation of SiBCN ceramics. In this study,
amorphous SiBCN ceramic synthesized by mechanical alloying (MA) was
selected due to its relatively simple near-ordered structure [21,22]. The
MA-SiBCN ceramic was refined to the nanoscale to amplify the signal of
oxidation rate and then was crystallized at different temperatures to
explore the impacts of the structural evolution during crystallization on
the oxidation of SiBCN ceramics. The structural evolution of SiBCN ce-
ramics during crystallization was investigated and the influences of
structural evolution on the oxidation behavior of SiBCN ceramics were
obtained by non-isothermal oxidation experiment. Besides, the oxidation
behavior and interaction of different atomic units or formed phases in
amorphous or crystalline SiBCN ceramics and their effect on the gener-
ated oxide layer were analyzed. Finally, by kinetic calculation, the acti-
vation energy and rate-controlling mechanism of the oxidation of the
atomic units and phases in the SiBCN ceramics at different temperatures
was determined, which perfectly corresponds to the experimentally
observed oxidation behaviors.
s before and after oxidation: (b) Si; (c) C; (d) B; (e) N; (f) O.
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2. Results and discussion

2.1. Structural evolution and phase separation of SiBCN ceramics during
crystallization

2.1.1. Structural evolution in SiBCN ceramics during crystallization
Fig. 1(a) shows the XRD patterns of amorphous and crystallized

SiBCN ceramics before and after non-isothermal oxidation. Accordingly,
Sample A-1 presents an amorphous structure without any diffraction
peak in the XRD pattern while crystalline phases of β/α-SiC and turbos-
tratic BN(C) appear in annealed C-1 and C-2 samples. Note that the BN(C)
phase is composed of mutually doped and stacked turbostratic carbon (t-
C) and turbostratic boron nitride (t-BN) [19]. With increasing annealing
temperature, the crystalline phases, especially β-SiC in Sample C-2
significantly grow as compared to that in Sample C-1. For example, ac-
cording to the Scherrer formula (see Eq. (S1)), the average grain size of
the β-SiC phase in Sample C-2 is around 16.3 nm and much higher than
that of Sample C-1 (3.5 nm) indicating structural evolution of muti-phase
structure at higher annealing temperatures.

Fig. 2 (a-d) shows the microstructure and electron diffraction patterns
of A-1 (a-c) and C-1 samples (d). As shown in Fig. 2(a-c), Sample A-1 does
not show any obvious lattice pattern in the high-resolution TEM image
(see Fig. 2(b)) and any diffraction ring and diffraction spots in the cor-
responding selected area electron diffraction (SAED) pattern, further
3

indicating the amorphous structure of Sample A-1. As shown in Fig. 2(d),
a large number of SiC and BN(C) microcrystallines with a size of 2–5 nm
(approaching the calculation value from the XRD pattern) precipitate
from the amorphous structure. Due to the lower crystallization temper-
ature, SiC microcrystalline has a certain degree of lattice distortion pre-
senting (111) crystal plane with a larger distance (2.59 Å) and a certain
degree of deviation and some adjacent SiC grains have a similar orien-
tation relationship to SiC twins to reduce grain-boundary energy by
coherent state: the (111) crystal plane of adjacent grains is symmetrical
with each other with the crystal plane angle of θ ¼ 70.5� and (11–1)
crystal plane as twin boundary Besides, an BN(C) is precipitated prefer-
entially on the surface to form a BN(C) phase-rich edge with a thickness
of about 2–3 nm.

Fig. 2(e–f) and Fig. S1 show the microstructure and electron diffrac-
tion patterns of Sample C-2. As shown in Fig. 2(e), various SiC grains
(dark area) with a grain size of about 20–50 nm are encapsulated by
turbostratic BN(C) phase, presenting a nanocapsule-like structure in
Sample C-2, corresponding to the diffraction pattern in Fig. S1(a). As
shown in Fig. S1(b), BN(C) phase in the nanocapsule-like structure has a
loosely stacked turbostratic with a (002) crystal plane spacing of about
3.41 Å, while the SiC grain presents an almost perfect crystal structure
without obvious lattice distortion and defects. Compared with Sample C-
1, the interplanar spacings of SiC and BN(C) phases, especially the BN(C)
phase, in Sample C-2 are closer to the theoretical value indicating further
Fig. 2. TEM images of the microstructure of Sample
A-1 (a–c), Sample C-1 (d), and Sample C-2 (e–f): the
yellow or white double lines in (d) mark the (111)
crystal plane of β-SiC and symmetrical orientation
relationship between adjacent grains; (d-1) and (d-2)
are Fourier transform diagram and enlarged image of
(d); the twin boundaries in (f) and the low angle
boundary in abnormally grown SiC grain are marked
by red dotted line and yellow dotted line respectively,
causing the axially symmetrical diffraction patterns
and deformation of some diffraction spots in its
Fourier transform diagram (upper illustration); (f-1)
and (f-2) are the enlarged images of yellow and red
squares in (f) respectively, showing the low angle
boundary and twin structure in abnormally grown SiC
grain.
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ordering of each phase at the higher crystallization temperature.
Ordering or graphitization of the BN(C) phase is also proved by the
Raman spectra of the SiBCN ceramics in Fig. S2. As shown in Fig. S2, the
free carbon formed by phase separation, mainly the t-C in BN(C) phase, in
the crystallized C-1 and C-2 samples causes the obvious G peak at 1580
cm�1 and D peak at 1340 cm�1 in the Raman spectrum, corresponding to
in-plane sp2 stretching vibration and defects in the sp2-hybridized lattice
[23]. Through the exponential curve regression model, graphitization
parameters (g) of the BN(C) phase can be calculated from the ratio of the
G peak intensity (IG) to the D peak intensity (ID) (ID/IG) by Eq. (S2) [24,
25]. Accordingly, the graphitization parameter (g) of the BN(C) phase in
Sample C-2 (21%) is significantly higher than that in Sample C-1 (6%)
indicating a much higher graphitization degree of the BN(C) phase in
Sample C-2.

It should be noted that some abnormally grown SiC grain (>50 nm)
exist in the nanocapsule-like structure However, abnormally grown SiC
grain is not a complete single crystal and can be subdivided by many
parallel twin boundaries and small angle boundaries (see Fig. 2(f)) with a
certain interval. The adjacent SiC crystallites in the microcrystalline
structure of Sample C-1 evolve into the abnormally grown SiC grain by
twisting and merging, so the abnormally grown SiC grain shows the in-
heritance from the microstructure of Sample C-1. Specifically, during
mutual annexation of SiC crystallites, the orientation relationship be-
tween adjacent SiC crystallites in the microcrystalline structure promotes
the formation of twin structures in SiC nanocrystals. The lattice distortion
in SiC microcrystalline and the orientation deviation between the adja-
cent SiC crystallites cause the low-angle grain boundaries in the larger
SiC grain.

2.1.2. Phase separation during crystallization and effect on oxidation
activities of SiBCN ceramics

Fig. 1 (b-f) shows the XPS results of the SiBCN ceramics before and
after oxidation and the deconvolution of the XPS peaks of different ele-
ments in amorphous and crystalline SiBCN ceramics is displayed in
Fig. S3 and Fig. S4. Quantification of the local bonding environment of
the respective elements as calculated from the deconvolution results is
listed in Table 1, which reflects the change in surface/oxidation activity
and phase separation during crystallization.

2.1.2.1. Phase separation in the SiBCN ceramics during crystal-
lization. According to the XPS peak deconvolution of Si, B, and N ele-
ments in Fig. S3 and Fig. S4, the Si, B and N atoms in the amorphous
Sample A-1 have a chemical environment similar to that of the BN(C) and
SiC phases in the nanocrystalline structures of the C-1 and C-2 samples,
due to the short-range order structure of sp3 hybridized SiC(2-x) (x < 1)
and sp2 hybridized BNCx in amorphous MA-SiBCN ceramics. The exis-
tence of sp2 hybridized BNCx units in the amorphous structure is also
Table 1
Quantification of the local bonding environments of different SiBCN ceramics
based on deconvoluted XPS spectra.

Valence
bond

A-1 C-1 C-2

BE
(eV)

Content
(%)

BE
(eV)

Content
(%)

BE
(eV)

Content
(%)

Si–C 101.5 60.0 101.5 84.6 101.1 88.4
Si–O 103.4 40.0 102.5 15.4 101.9 11.6

B–N 190.4 61.6 190.8 94.5 190.8 87.9
C–B–N 192.1 12.8 191.9 5.5 191.4 12.1
B–O 193.5 25.6 – – – –

C–Si 283.5 45.9 283.6 52.4 283.3 29.2
C–C 284.7 42.1 284.7 39.0 284.8 53.4
C–N 286.1 12.0 285.8 8.6 285.7 17.4

N–B (sp2) 398.3 80.6 190.8 94.5 190.8 87.9
C–N–B 399.6 13.3 191.9 5.5 191.4 12.1
N–O 402.4 6.0 – – – –
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reflected in the Raman spectrum in Fig. S1. Although the atoms in the
BNCx units are bonded by sp2 hybridization, there is no complete sp2

hybridized atom ring with more than a certain scale in the BNCx unit due
to unsaturated and distorted bonding, according to obvious D peak but no
G peak in Raman spectrum. Despite a similar chemical environment of Si,
B, and N elements, the change in bonding environment of C element in
the SiBCN ceramics reflects the phase separation process during crys-
tallization. As shown in Fig. S3(c), the bonding environment of C element
in the SiBCN ceramics is mainly composed of C–Si and C–C bonds except
for a small number of C–N bonds. With the transformation from amor-
phous to nanocrystalline structure, the peaks of C–C and C–Si bonds are
gradually separated, reflecting the transition from a homogeneous phase
to a multiphase microstructure. The C–C and Si–C bonds in the amor-
phous structure of Sample A-1 are mainly present in BNCx and SiC(2-x)
units, respectively. Due to the excess of C atoms in the SiC(2-x) units (x <

1), the C atoms bond with both Si and other C atoms (Si–C–C), resulting
in an overlap of peaks of Si–C and C–C bonds. With the phase separation
and precipitation of SiC and BN(C) phases during crystallization, the
excess carbon precipitates from the SiC(2-x) units to form free carbon. The
interaction between BN(C) and SiC only exists at the interface, so that the
C atoms bonded to Si and C atoms (Si–C–C) are significantly reduced and
the amount of free carbon significantly increases, resulting in a separa-
tion of the peaks related to Si–C and C–C bonds. Moreover, the XPS peak
intensity of B and N elements also reflects the evolution of multi-phase
structure. As shown in Fig. 1(d-e), with the amorphous-to-crystalline
transformation, B and N elements are enriched on the surface with an
increase in peak intensity, due to the BN(C)-rich edge in Sample C-1 and a
nanocapsule-like structure in the Sample C-2. In Fig. 3, the elemental
distribution in A-1 and C-2 samples is compared by HAADF images and
EDS mapping. For the C-2 samples, the bright particles in the HAADF
image (see Figs. 3(b-1)) show the distribution of SiC grains. The Si-rich
region is surrounded by the N-rich region (see Figs. 3(b-2)) in the
nanocapsule-like structure, leading to the enhanced peak intensity of B
and N elements.

2.1.2.2. Effect of crystallization on oxidation activity of SiBCN ceramics. As
shown in Fig. 1(f), the peak intensity of O element on the surface of the
amorphous Sample A-1 is significantly higher than that of the crystallized
C-1 and C-2 samples. Besides, Sample C-2 with the highest crystallization
degree has the lowest oxygen content on the surface. The O peaks of all
SiBCN ceramics have good symmetry, indicating that the valence bond
states of all the oxygen atoms are similar. As shown in Fig. S3(b),
compared with C-1 and C-2 samples, the chemical state of Si element in
amorphous Sample A-1 contains a large number of Si–O bonds (40.0%) in
addition to Si–C bonds. Besides, as shown in Fig. S3(d) the local bonding
environment of B in Sample A-1 contains a large number of B–O bonds
(25.6%) in addition to B–N (61.6%) and C–B–N (12.8%) bonds. There-
fore, Si and B of Sample A-1 react with oxygen in the air even at room
temperature to form a large number of B–O and Si–O bonds at the sur-
face. Although the peaks of Si–O and B–O bonds cannot be identified in
the XPS spectra of Si and B elements in the C-1 and C-2 samples, it is
worth noting that the XPS peaks of Si–C bond in the C-1 and C-2 samples
have a certain degree of asymmetry on the high binding energy side.
According to their weak XPS peaks of O, the electromagnetic interaction
between the unsaturated Si atoms on the surface of the SiC grains and the
chemisorbed oxygen increases the binding energy of Si, resulting in
asymmetry on the high binding energy side. As shown in Fig. S3(b-3),
Sample C-2 with a higher crystallization degree has a smaller asymmetric
area (11.6%) than that of Sample C-1 (15.4%), because after crystalli-
zation the atoms in nanocrystalline ceramics tend to coordination satu-
ration and is hard to bond with oxygen at room temperature.

As shown in Fig. S4(e), N element forms N–B and C–N–B bonds in all
SiBCN ceramics. However, the amorphous Sample A-1 also shows the
presence of 6% and 19% of N–O bonds before and after high-temperature
oxidation, respectively. In contrast, for the crystalline C-1 and C-2



Fig. 3. HAADF images and EDS mappings of the A-1 (a) and C-2 samples (b).
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samples, N–O bonds do not appear even after high-temperature oxida-
tion. Like the formation of B–O and Si–O bonds, the N atoms on the
surface of the amorphous Sample A-1 can bond with O atoms to form
N–O bonds due to the unsaturated coordination in the amorphous
structure. However, the N atoms in C-1 and C-2 samples are mainly
distributed in BN(C) phase and bond with B atoms and a small number of
doped C atoms by sp2 hybridization, so the N atoms with saturated
electron shell are hard to bond with oxygen at room temperature and the
N–O bond formed during high-temperature oxidation is also quickly
converted into NO or NO2. As shown in Figs. 3(a-4), compared with
crystalline Sample C-2, more oxygen content is enriched on the surface of
the amorphous Sample A-1, especially on the fine particles with a size of
around 1–3 nm located on the surface. Therefore, the amorphous Sample
A-1 is severely oxidized even at room temperature to form fine oxide
particles containing Si–O, B–O and N–O bonds on their surface which is
rare for the strong covalent bonding structure, while crystallization leads
to a decrease in oxidation activity, due to the disappearance of vacancies
and dangling bonds in three-dimensional amorphous network covalent
bonding structure. It should be noted that the oxygen content sample of
A-1 (5.1 wt%) is only slightly higher than that of C-1 (3.8 wt%) and C-2
samples (3.4 wt%) and the difference in oxygen content between amor-
phous and crystalline structures is not as obvious as the XPS results,
because the XPS results only reflect element and the valence bond
composition on the surface with characterization depth of only 3–5 nm.
Therefore, the limited difference in oxygen content is derived from the
oxidation of the active site rather than the amorphous structure, so the
influence of the difference in oxygen content on oxidation behavior is
very limited.
2.2. Oxidation behavior of SiBCN ceramics containing different atomics
units or phases

Fig. 4(a–c) shows the thermogravimetric (TG), derivative thermog-
ravimetric (DTG), differential scanning calorimetry (DSC) and mass
spectra (MS) of the gas product during non-isothermal oxidation of
amorphous Sample A-1, Sample C-1 with microcrystalline microstructure
and Sample C-2 with nanocapsule-like microstructure. Besides, the mass
change, mass change rate and heat effect of A-1, C-1 and C-2 samples are
compared in Fig. 4(d-f). As shown in Fig. 4(a-c), the oxidation process of
the three kinds of SiBCN ceramic can be subdivided into three stages: in
the low-temperature range (RT~550), the SiBCN ceramics display little
5

change in mass and no heat effect. In the middle-temperature range
(550–1000/1200 �C), all SiBCN ceramics present a mass change in TG
curves, exothermic peaks in the DSC curves and mass spectra of different
gas products, indicating significant oxidation. Fig. S5 shows the change
of standard Gibbs free energy of different oxidation reactions with tem-
perature. Each reaction (Eqs. (1)–(6)) conforms to thermodynamic con-
ditions in the whole temperature range (RT-1500 �C) and the reaction
rate is controlled by kinetic conditions [26], so the mass change and
thermal effect in the middle-temperature stage are the comprehensive
results of the different reaction processes. The oxidation of carbon (Eqs.
(1-2)) and the volatilization of B2O3 (Eq. (7)) lead to weight loss, and the
oxidation of BN (Eqs. (3-4)) and SiC (Eqs. (5-6)) lead to weight gain. Note
that SiC, BN and C in Eqs. (1)–(6) do not represent different phases, but
different bonding environments of the atoms. Therefore, it is still
impossible to distinguish between the oxidation of different atomic units
and phases in the SiBCN ceramics at different temperatures just by the
change of mass. Fortunately, due to the different starting temperatures of
the individual reactions and their different gas products, combined with
TG and DSC curves, the mass spectra of the different gas products can
reflect oxidation rates of different reactions associated with the different
atomic units or phases in the SiBCN ceramics. However, after the
middle-temperature range, the mass increases slowly and the peak in-
tensities of the mass spectra maintain a relatively low level in the
high-temperature range (>1000/1200 �C), indicating a change in the
rate-controlling steps of oxidation in the high-temperature stage. The
oxidation behaviors of the SiBCN ceramics in each temperature range
have been exemplarily analyzed with Sample A-1 in Section 2.2.1 below.

2.2.1. Oxidation behavior of amorphous SiBCN ceramics with atomic units
of SiC(2-x) and BNCx

As shown in Fig. 4(a), at RT-250 �C, Sample A-1 yields a slight weight
loss (0.2%), accompanied by the appearance of an MS peak of m/z ¼ 18
(H2O) and an endothermic DSC peak, indicating no chemical reaction,
except for volatilization of absorbed moisture. Between 250 and 550 �C,
Sample A-1 presents a slight mass increase (0.5%) and a weak exothermic
DSC peak and the MS peaks of m/z ¼ 28 (CO/N2), 30 (NO), 44 (CO2) in
the mass spectra also increase gradually. This result is discussed in terms
that due to the extremely high oxidation activity of amorphous structure
oxidation reactions already start even at such low temperatures to form
Si–O and B–O related oxide phases at the surface with the release of C–O
and N–O related gaseous products.



Fig. 4. TG, DTG, and DSC curves and MS spectra of gas product evolved during non-isothermal oxidation of A-1 (a), C-1 (b), and C-2 (c) samples; (d)–(f): mass change,
mass change rate, and DSC of A-1, C-1, and C-2 samples for comparison.

Z. Niu et al. Advanced Powder Materials 3 (2024) 100163
In the middle-temperature range (550–1000 �C), the mass of Sample
A-1 begins to increase significantly (15 wt%) and the DTG and DSC
curves show a single weight gain peak and an exothermic peak, respec-
tively with a similar peak shape, reflecting the overall oxidation rate of
the amorphous phase. Besides, obvious peaks appear in the mass spectra
of m/z ¼ 44, 28 and 30, corresponding to the gaseous oxidation products
of CO2, CO/N2, except for the relatively weak peaks of m/z ¼ 14, 27, 43,
and 46 caused by the slight release of N2, BO, BO2, and NO2, respectively.
Obviously, the SiC(2-x) units are oxidized to form SiO2 releasing CO and
CO2 while the BNCx units are oxidized to B2O3 releasing CO2, CO, N2, NO
and NO2. Note that the coincidence degree between the mass spectra of
6

m/z ¼ 28 and m/z ¼ 44 in the middle-temperature range after normal-
ization is extremely high (see Fig. S6), indicating that the peak intensity
of m/z ¼ 28 mainly reflects the presence of CO, due to a relatively lower
concentration of N2. Besides, after normalization, the MS peak intensity
of the m/z ¼ 28 (N2) is slightly higher than that of m/z ¼ 44 (CO2),
especially at lower temperatures (<750 �C), which reflects the presence
of a small amount of N2, mainly due to the relatively low yield of CO at
lower temperatures. Therefore, since the concentrations of CO and CO2
should be proportional, the peak intensity ofm/z¼ 44 is a measure of the
oxidation rate of C in the amorphous Sample A-1. In addition, after
normalization, the MS peak of m/z¼ 14 almost coincides with that of m/



Fig. 5. Internal structure of the oxidized A-1 (a), C-1 (b), and C-2 (c) samples and microstructure of the oxidized crystalline C-1 (d–f) and C-2 (g–i) samples with their
electron diffraction patterns: upper illustration of (d) are Fourier transform diagram of Area 1 (left) and Area 2 (right), respectively; (e) is the enlarged image of Area 2
in (d); (h) is the enlarged image of red square in (g); the upper illustrations of (h) are the enlarged image of red square in (h) and its Fourier transform diagram.
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z ¼ 30, indicating that the oxidation rate of the BNCx atomic unit can be
reflected by the peak intensity of the MS peak of m/z ¼ 30 or 14. During
the whole non-isothermal oxidation process, no MS peaks of m/z ¼
68–70 (B2O3) are found. Nevertheless, this does not mean, that there is
no volatilization of B2O3 since volatilized B2O3 will condense before
reaching the collector and, thus cannot be detected. However, as shown
in Fig. 4(a), the MS peaks related to BO2 (m/z ¼ 43) and BO (m/z ¼ 27)
appear in the intense exothermic stage (700–1000 �C), indicating that
volatile boron oxides can be formed at high temperatures and decom-
posed to BO2 and BO molecules due to the severe heat release.

2CðsÞþO2ðgÞ→ 2COðgÞ ΔGΘ
1 ¼ � 228800� 171:54T (1)

2CðsÞþ 2O2ðgÞ→ 2CO2ðgÞ ΔGΘ
2 ¼ � 790700� 1:08T (2)

BNðsÞþ 3
4
O2ðgÞ→ 1

2
B2O3ðlÞþ 1

2
N2 ΔGΘ

2 ¼ � 360431þ 13:6T (3a)
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BNðsÞþ 5
4
O2ðgÞ→ 1

2
B2O3ðsÞþNOðgÞ ΔGΘ

3 ¼ � 270015þ 0:92T (3b)
BNðsÞþ 7
4
O2ðgÞ→ 1

2
B2O3ðsÞþNO2ðgÞ ΔGΘ

4 ¼ � 327331þ 74:48T (4)

SiCðsÞþ 3
2
O2ðgÞ→SiO2ðsÞþCOðgÞ ΔGΘ

5 ¼ � 955396þ 80:46T (5)

SiCðsÞþ 5
2
O2ðgÞ→SiO2ðsÞþCO2ðgÞ ΔGΘ

6 ¼ � 1236346þ 165:69T (6)

B2O3ðlÞ → B2O3ðgÞ (7)

According to the above analysis, the MS peak intensity of m/z ¼ 30
reflects the change of the oxidation rate of BNCx with temperature, while
oxidation of both BNCx and SiC(2-x) contributes to the peak intensity of
m/z¼ 44. However, in the middle-temperature range (550–1000 �C), the
mass spectra of m/z ¼ 30 and 44 show an obvious deflection at 750 �C,



Z. Niu et al. Advanced Powder Materials 3 (2024) 100163
indicating a change in the oxidation mechanisms of both SiC(2-x) and
BNCx between the lower temperature (550–750 �C) and higher temper-
ature regimes (750–1000 �C). In the lower temperature regime, the MS
peak of m/z ¼ 30 (NO) has a certain peak intensity, indicating that BNCx
begins to be oxidized, while the relatively weak peak intensity of m/z ¼
44 (CO2) attributed to the oxidation of C atoms in BNCx increases slowly.
In addition, according to the normalized MS peaks of m/z ¼ 28 and 44 at
lower temperatures (250–750 �C), the presence of a small amount of N2
also reflects the oxidation of BNCx in the lower temperature regime.
However, in the higher temperature regime, the MS peak of m/z ¼ 44
begins to increase significantly due to the oxidation of SiC(2-x). Simulta-
neously, the peak intensity of m/z ¼ 30 increases sharply. In the lower
temperature regime, due to the uniform distribution of SiC(2-x) and BNCx
at the nano-scale in an amorphous structure, unoxidized SiC(2-x) inhibits
the internal diffusion of oxygen and the further oxidation of BNCx, and
then in the higher temperature regime, oxidation of BNCx is accelerated
with synchronous oxidation of SiC(2-x) and BNCx, which can be validated
by transition of activation energy described in Section 2.3. In the high-
temperature range (1000–1500 �C), Sample A-1 is further oxidized but
the oxidation rate is much lower and increases slowly with temperature
due to the change in the rate-limiting step. After oxidation in the middle-
temperature range, the nanoparticulate structure of Sample A-1 is
covered by a molten oxide layer with good fluidity. Due to the capillary
forces, the powdered sample transforms into a monolithic sample
composed of molten oxide and unoxidized amorphous ceramic. In
consequence, the oxidation rate in the high-temperature regime is
reduced due to the in-situ formation of a glassy oxide layer. Besides, due
to more difficult gas diffusion in monolithic structures, the oxidation rate
in the high-temperature stage is also controlled by gas diffusion in porous
monoliths. Unlike the atomic diffusion in the oxide layer, the apparent
activation energy of gas diffusion in pores is much lower, oxidation rate
increases very slowly in this stage [27].

2.2.2. Effect of phase separation and structural evolution on the oxidation
behaviors of crystalline SiBCN ceramics

The oxidation of SiBCN ceramics in the low and high-temperature
ranges is determined by the oxidation of active sites on the surface and
gas diffusion in the porous monoliths respectively, so the oxidation
behavior of SiBCN ceramics is reflected only in middle temperature while
crystalline C-1 and C-2 samples exhibit a different oxidation process in
the middle-temperature range because phase separation in amorphous
structure and structural evolution of crystalline structure result in a
complex heterogeneous oxidation process. As shown in Fig. 4(b-c), the
mass spectra of m/z ¼ 44 (CO2) and the DSC curves of the C-1 and C-2
samples show peak maxima in the lower temperature (550–850 �C) and
higher temperature range (850–1200 �C). Besides, with increasing
crystallization temperature, the peak intensity in m/z ¼ 44 and DSC
curves in the lower temperature range increases significantly with more
obvious double peaked characteristics. Obviously, the double-peaked
curves reflect the heterogeneous oxidation process and correspond to
the oxidation process of two carbon-containing phases with different
oxidation activities. According to the mass loss in the lower and mass
gain in the higher temperature range, especially in Sample C-2, the peaks
in the lower and higher temperature ranges are mainly caused by the
oxidation of t-C and SiC respectively. Obviously, during phase separation,
a larger number of carbon atoms bonded to both C and Si atoms existing
inside the SiC(2-x) units or between the SiC(2-x) and BNCx units in the
amorphous SiBCN ceramics gradually disappear and transform to the
combined carbon in the SiC phase and the free carbon in the t-C phase
during crystallization with different oxidation activity, causing a het-
erogeneous oxidation characteristic of crystalline SiBCN ceramics and
this effect will be magnified by structural evolution to nanocapsule-like
structure. Specifically, in the microcrystalline structure, SiC and BN(C)
crystallites are uniformly dispersed in the residual amorphous phase and
in the BN(C) phase t-C layers are mutually stacked with t-BN layer. Thus,
in the lower temperature range, the inert phase, especially the t-BN layer
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in the BN(C) phase, to a great extent inhibits the internal diffusion of
oxygen and the oxidation of t-C in the BN(C) phase. However, in the
nanocapsule-like structure, a loosely stacked BN(C) continuous phase is
favorable to oxidation diffusion and much more vulnerable to oxidation,
causing preferential oxidation of t-C in the lower temperature range.

The MS peak of m/z ¼ 30 (NO) of the C-1 and C-2 samples shows a
continuous single peak in themiddle-temperature stage, indicating that t-
BN undergoes continuous oxidation throughout the middle-temperature
range. With the SiBCN ceramics transforming from an amorphous
structure into a multi-phase structure, t-BN is more oxidized than SiC
phase, especially in the nanocapsule-like structure, according to reduced
intensities ratio betweenm/z¼ 30 andm/z¼ 44 spectra. Compared with
t-BN phase in the crystalline structure, less oxidation of BNCx in the
amorphous structure is consistent with the formation of a dense N-con-
taining amorphous oxide layer on the amorphous SiBCN monoliths as a
passivating surface layer reported in Ref. [5]. In addition to the higher
oxidation reactivity of t-BN, both, the phase distribution and the pref-
erential oxidation of t-C at low temperatures also lead to enhanced
oxidation of t-BN: Associated with the phase separation, well-crystallized
SiC is encapsulated by loose turbostratic BN(C), so the continuous BN(C)
phase becomes a favorable channel for oxygen diffusion and is prefer-
entially oxidized. Besides, the consumed t-C layers at lower temperature
promotes the diffusion of oxygen in BN(C) and the oxidation of the re-
sidual t-BN.

2.2.3. Different oxidation activities between amorphous and crystalline
SiBCN ceramics

The peak temperature of the oxidation rate during non-isothermal
oxidation is taken as a measure for the oxidation activities of the
SiBCN ceramics. As shown in Fig. 4(e-f), the exothermic peak in the DSC
curve is in good correspondence with the maxima of the mass change
peaks in the DTG curves, reflecting the peak of oxidation rate during non-
isothermal oxidation. The oxidation peak temperatures of the crystallized
C-1 (1023 �C) and C-2 (1045 �C) samples are close to each other, but are
much higher than that of amorphous Sample A-1 (873 �C), indicating that
SiC and BN(C) phases have much lower oxidation activity than that of the
SiC(2-x) and BNCx in the amorphous state and require higher tempera-
tures to achieve thermal activation. Besides, the temperature of the
weight loss peak and the corresponding exothermic peak of Sample C-2
in the lower temperature range is around 760 �C, which is close to the
peak temperature of the oxidation of graphite powder [28], which
further indicates that the oxidation of free carbon occurs at this stage.
However, the temperature corresponding to the exothermic peak in the
lower temperature range of Sample C-1 is around 705 �C and lower than
that of Sample C-2, due to lower degree of graphitization of BN(C) phase
in microcrystalline structure than that in nanocapsule-like structure.

2.3. Structure and composition of oxide layer derived from amorphous and
crystalline SiBCN ceramics

To analyze and evaluate the oxidation behavior and mechanisms of
each SiBCN sample during the non-isothermal oxidation, the ceramics
oxidized from room temperature to 1100 �C were prepared for charac-
terization. The oxidation of all ceramics beyond 1100 �C is considered as
the high-temperature oxidation regime. The oxidation process in the
high-temperature range is controlled by the gas diffusion in porous
monoliths and is related to the type and form of porosity of the porous
monoliths which is beyond our research scope. As shown in Fig. 1(a), the
XRD patterns of the three ceramics after oxidation show a diffuse peak at
2θ ¼ 22�, corresponding to the amorphous borosilicate glass
(SiO2⋅xB2O3) formed during oxidation (Eq. (8)). Except for the diffuse
peak, Sample A-1 shows no further diffraction peaks, proofing no crys-
tallization of Sample A-1 during oxidation. Diffraction peaks related to
SiC in C-1 and C-2 samples after oxidation reveal almost no change in
FWHM indicating no further crystallization during oxidation. However,
the peak intensity decreased by 56.9% (Sample C-1) and 67.7% (Sample



Table 3
Quantification of local bonding environments of the post-oxidation samples of
SiBCN ceramics based on deconvoluted XPS spectra.

Valence
bond

A-1 C-1 C-2

BE
(eV)

Content
(%)

BE
(eV)

Content
(%)

BE
(eV)

Content
(%)

Si–C 101.0 6.8 101.0 8.6 100.5 4.1
Si–O 103.6 93.2 103.6 91.4 103.4 95.9
B–N 190.6 16.8 190.6 30.2 190.4 49.5
C–B–N 191.8 6.1 191.7 10.3 191.5 12.9
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C-2), respectively, since Sample C-2 compared to Sample C-1 is more
severely oxidized. After oxidation, the weight gains of C-1 and C-2
samples are 17.9 wt% and 14.4 wt%, respectively. Theoretically, when
SiBCN ceramics are completely transformed into oxide without volatili-
zation of any oxide product, the weight gain is around 32.4 wt%. Thus,
assuming homogeneous oxidation rather than heterogeneous oxidation,
the oxidation ratio of C-1 and C-2 samples amount to 55.2 wt% and 44.4
wt% respectively, according to the mass change. For Sample C-1, the
oxidation ratio calculated from the mass change (55.2 wt%) is close to
that derived from XRD peaks (56.9%). However, for Sample C-2, the
oxidation ratio calculated from the mass change (44.4 wt%) is much
lower than that calculated from the XRD pattern (67.7%), mainly due to
the preferred oxidation of the BN(C) phase. In particular, the preferential
oxidation of t-C at lower temperatures already causes a significant weight
loss (4.1 wt%) (see Fig. 4(c)). In fact, the actual oxidation ratio of Sample
C-2 is even higher than 67.7% calculated from the XRD pattern of SiC
phase, due to the less oxidation of SiC phase in Sample C-2. Due to the
near homogeneous oxidation of Sample A-1, the oxidation ratio of
amorphous Sample A-1 is inferred to be around 48.3% and much lower
than the oxidation ratio of crystalline SiBCN ceramics especially the
Sample C-2 with nanocapsule-like structure. Obviously, despite the much
higher oxidation activity, the amorphous structure has an enhanced
oxidation resistance than the crystalline structure, especially the
nanocapsule-like structure because the oxidation resistance of SiBCN
ceramics no longer depends exclusively on the oxidation activity of the
individual atomic units or phases but also depends on the growth of oxide
layer from the amorphous or multi-phase structure.

SiO2ðlÞ þ xB2O3ðlÞ → SiO2 � xB2O3ðlÞ (8)

As shown in Fig. S7, the SiBCN ceramic powders consist of micron-
sized aggregates stacked by many nanoparticles with a particle size of
50~200 nm. However, during oxidation, molten oxide glass heals the
space between the closely packed nanoparticles in aggregates under the
capillary force transforming the loosely stacked micron-sized aggregates
to a porous monolith. To observe the microstructure inside the healed
aggregates after oxidation, the porous monoliths were slightly ground
into powder and observed by SEM. Fig. 5(a-c) shows the internal struc-
ture of different samples after oxidation: the oxidized aggregates are
composed of molten oxides and unreacted core of a large number of
nanoparticles. For Sample A-1, more obvious unreacted cores of nano-
particles are found inside the oxidized aggregates and the space inside
aggregates is not completely healed by the oxide melt (see Fig. 5(a)).
However, with crystallization in SiBCN ceramics, the aggregates are
oxidized more severely with less unreacted core and residual pore inside
oxidized aggregates (see Fig. 5(b-c)), indicating the presence of a higher
fraction or better fluidity of molten oxides. Due to more difficult gas
diffusion in healed aggregates of the crystalline SiBCN ceramics, the
crystalline SiBCN ceramics show a lower oxidation rate in the high-
temperature regime than the amorphous SiBCN ceramic (see Fig. 4)
supporting the fact that the oxidation rate of the SiBCN ceramics in the
high-temperature range is controlled by gas diffusion in the porous
monolith. The EDS analysis results of the different spots in Fig. 5(a–c) are
listed in Table 2, which reflect the change in the elemental composition
of the SiBCN ceramics after oxidation. As shown in Table 2, after
oxidation, the oxygen contents of the A-1, C-1 and C-2 samples increase
to 42%, 46% and 58%, respectively, which is consistent with the more
Table 2
EDS result of different spots in Fig. 5

EDS Atomic content of element (%)

B C N O Si

Spot 1 9.5 31.8 3.3 42.9 12.5
Spot 2 9.4 28.7 3.7 46.3 11.9
Spot 3 7.5 22.3 2.0 55.0 13.2
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severe oxidation of crystalline SiBCN ceramic especially with
nanocapsule-like structure. With crystallization, the residual carbon
content of the oxidized ceramics decreases from 31.8% to 22.3%, due to
the preferred oxidation of free carbon, especially in a nanocapsule-like
structure.

Fig. S8 presents the deconvolution of XPS spectra of the different
elements in the SiBCN ceramics after oxidation. Besides the fractions of
the local bonding environment derived from the deconvolution of the
XPS peaks are listed in Table 3, reflecting the composition of the oxide
layer and heterogeneous oxidation process. As demonstrated in Fig. 1(b)
and Fig. S8(b), due to preferential oxidation of the t-C phase especially in
nanocapsule-like structure, after oxidation the content of C–C bonds of
crystalline SiBCN ceramic (55.9%) is much lower than that in amorphous
SiBCN ceramic (84.2%). Besides, the C-2 ceramic with a nanocapsule-like
structure even exhibits a small amount of C–O bonds (10%). After
oxidation, the peak intensity of O element increases significantly with a
decrease in that of other elements, especially the N element (see Fig. 1(b-
f)) and the Si–O and B–O bonds become the main valence bond form of Si
and B (see Fig. 1(c-d)), so XPS spectra reflect the composition and valence
bond environment of the oxide layer. Due to the preferential oxidation of
t-BN than SiC phase in a nanocapsule-like structure, the ratio of B–O
bonds to Si–O bonds (36%) in the oxidation product of Sample C-2 with
nanocapsule-like structure is much higher than that of A-1 and C-1
samples (18–19%), so oxide layer of Sample C-2 has more B2O3 content
in borosilicate glass with better fluidity. As shown in Fig. 1(f) and
Fig. S4(f), the XPS peak of oxygen on the surface of different SiBCN ce-
ramics presents a single peak with different degrees of asymmetry. The
XPS peak of O in Sample A-1 has good symmetry because the O atoms
exist in uniform borosilicate glass. However, the XPS peak of O element
in the C-1 and C-2 samples shows a certain degree of asymmetry on the
high binding energy side, reflecting the presence of B–O bonds of an
incompletely dissolved B2O3. The content of the asymmetric part of
Sample C-2 (15.3%) is higher than that of Sample C-1 (8.4%), demon-
strating that compared with mixed SiC and BN(C) crystallites, the
nanocapsule-like structure further inhibits B2O3 from effectively dis-
solving in SiO2 to form a uniform borosilicate glass due to the growth of
SiC grain and aggregation of the BN(C) phase.

Fig. 5(d-i) compares the oxide layer structure of crystalline SiBCN
ceramic. As shown in Fig. 5(d), oxidized Sample C-1 presents a core-shell
structure corresponding to the microstructure inside the healed aggre-
gates and the oxide layer protects the unreacted core from oxidation. The
SiC and BN(C) microcrystalline in the outer layer (Area 1) are completely
consumed and converted into amorphous oxide while in the oxide layer
near the unreacted core (Area 2), apart from a small amount of BN(C)
phase, many residual SiC microcrystalline are dispersed in the
B–O 193.6 77.0 193.5 59.5 193.1 37.7
B–O–Si 533.2 100 533.1 91.6 532.8 84.7
O–B
(B2O3)

– – 534.5 8.4 534.2 15.3

C–Si 283.0 6.4 283.0 8.3 282.8 7.0
C–C 284.9 84.2 284.8 76.1 284.8 55.9
C–N 286.5 9.4 286.4 15.6 286.7 26.6
C–O – – – – 289.4 10.5
N–B (sp2) 398.2 55.2 398.3 84.9 398.2 62.0
C–N–B 399.7 25.4 399.5 15.1 399.6 38.0
N–O 402.4 19.3 – – – –
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amorphous oxidation products (see Fig. 5(e-f)). Therefore, the oxidation
of Sample C-1 is controlled to a certain extent by the diffusion of the
oxide layer and the BN(C) phase is preferentially oxidized, becoming a
channel for oxygen diffusion to promote the oxidation of residual SiC
crystallites. In the process of continuous consumption of residual SiC, the
oxidation product SiO2 is continuously dissolved in the oxide layer to
form a relatively uniform borosilicate glass, which can inhibit the vola-
tilization of B2O3 and the crystallization of amorphous SiO2. However, as
shown in Fig. 5(g-i), Sample C-2 with a nanocapsule-like structure pre-
sents a different structure without obvious core-shell structure after
oxidation: most of the BN(C) phase is consumed, the residual SiC grains
with a size of about 30~40 nm are dispersed in the amorphous oxidation
products and the oxidation products contain many uniformly distributed
amorphous dark spots with a size of about 3–5 nm indicating to the
heterogeneity of oxide layer because nanocapsule-like structure further
inhibits B2O3 from effectively dissolving in SiO2 to form uniform
borosilicate.

In summary, due to phase separation and structural evolution during
crystallization, crystalline SiBCN ceramics especially those with a
nanocapsule-like structure present a more obvious heterogeneous
oxidation process and the oxide layer structure derived from the multi-
phase structure, causing the degradation in the oxidation resistance. For
one thing, the preferential consumption of BN(C) phase, especially the
consumption of t-C in BN(C) phase at lower temperatures, provides a
channel for oxygen diffusion and further promotes the oxidation of re-
sidual t-BN and SiC at higher temperatures and this effect will be
magnified by a continuous distribution of BN(C) phase in nanocapsule-
like structure. For another, unlike uniform distribution and the syn-
chronous oxidation of the SiC(2-x) and BNCx units in the amorphous
structure, the preferential consumption of BN(C) phase, especially in
nanocapsule-like structures, leads to excess B2O3 and heterogeneous
composition in the oxide layer, which exacerbates the diffusion and
volatility in the oxide layer. Specifically, due to the uniform distribution
of SiC(2-x) and BNCx at the nanometer scale, uniform borosilicate glass
formed during oxidation has a lower oxygen diffusion coefficient and
volatility than that of B2O3 and better liquidity than that of SiO2. How-
ever, phase separation and structural evolution in crystalline SiBCN ce-
ramics increase the diffusion distance of the oxidation product of BN(C)
and SiC, so that B2O3 and SiO2 cannot immediately form a uniform bo-
rosilicate glass. Therefore, the B2O3-rich zone volatilizes violently to
form a large number of bubbles, and the SiO2-rich zone with its relatively
high viscosity cannot heal the formed defects. As a result, a loose porous
oxide layer with poor protection against oxidation is formed (see sup-
plementary material).

2.4. Oxidation kinetics of different atomic units or phases in amorphous
and crystalline SiBCN ceramics

According to the analysis in Section 2.2, the oxidation process of the
SiBCN ceramics strongly depends on the developed microstructure
(amorphous versus polycrystalline). Besides, the MS peak of m/z ¼ 30
represents the oxidation rate of the BNCx units in the amorphous struc-
ture or that of the formed t-BN phase in the crystalline structure, while
the MS peak of m/z ¼ 44 is associated with the total oxidation rate of
carbon-containing phases or units. After crystallization, the free carbon
in t-C and the bonded carbon in SiC in the multi-phase microstructure of
the C-1 and C-2 samples have different oxidation activities. Thus, two
peaks in the m/z ¼ 44 mass spectrum stand for the oxidation rates of t-C
and SiC respectively. Although there is a proportional coefficient be-
tween the peak intensity of the mass spectrum and the oxidation rate, this
proportional coefficient is incorporated into the constant parameters and
does not affect the calculation of its kinetics. Therefore, according to the
kinetic calculation method described in the supplementary material, the
apparent activation energy (Ea) and rate-controlling mechanism of the
different phases are obtained from the MS peaks of m/z ¼ 30 and m/z ¼
44. According to the fitting results, the oxidation of each phase in all
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SiBCN ceramics conforms to the Zhuravlev-Lesokhin-Tempel (Z-L-T)
equation of the D5 model. The D5 model as a kind of three-dimensional
diffusion model is based on the assumptions of i) the presence of a solid
reactant with a regular spherical shape, ii) the formation of a dense oxide
layer and iii) a parabolic rate law of the oxide layer growth [29].
Therefore, the oxidation of the SiBCN ceramic is controlled by gas
diffusion through the oxide layer and follows a parabolic rate law during
the oxidation process like silicon-based ceramics such as SiC and Si3N4
[30].

Fig. 6 shows the fitting results of the oxidation kinetic curves of
different phases or units in the ceramics. Although the initial and tran-
sition stages of the peaks will be disturbed by the background noise of the
baseline and overlapping effect of peaks, with a large fitting deviation, it
does not affect the kinetic analysis of the entire peak. In the middle-
temperature range, the different atomic units or phases in SiBCN
ceramic present different activation energy of oxidation, so the oxidation
process is also controlled by the chemical reaction of the individual
atomic unit or phase and the activation energy stands for their different
oxidation activity in SiBCN ceramic. However, all oxidation kinetic
curves of each atomic unit or phase in the ceramics are deflected in the
high-temperature regime with much lower activation energy (Ea < 90
kJ/mol). In general, the gas diffusion rate is not sensitive to temperature
compared to the rate of the chemical reaction and when the oxidation
process is controlled by the diffusion of the gas, the apparent activation
energy is less than 60–120 kJ/mol [27]. Therefore, the lower activation
energy in the high-temperature regime further proves that the oxidation
rate is controlled by the gas diffusion in the porous structure. The fitting
effect of all kinetic curves in the high-temperature stage is poor (<96%)
because their low peak intensity is superimposed by the background
noise of the baseline. The activation energy of the amorphous Sample A-1
in the high-temperature range (Ea ¼ 143 kJ/mol) is significantly higher
than that of crystalline C-1 (Ea ¼ 57–59 kJ/mol) and C-2 (Ea ¼ 61–82
kJ/mol) samples, which is consistent with the analysis in Section 2.2.
Due to less oxidation and higher viscosity of the oxide layer, in oxidized
Sample A-1, the space inside aggregates is not completely healed by the
oxide melt with a loose structure enhancing the gas diffusion in porous
monolith (see Fig. 5(a)). Therefore, the oxidation rate of Sample A-1 at
high temperatures is also controlled by oxide layer diffusion or oxidation
reaction to a certain degree, rather than completely controlled by gas
diffusion, resulting in higher activation energy than that of the general
gas diffusion (Ea < 60–120 kJ/mol).

Fig. 6(a) shows the fitting results of the oxidation kinetic curves of
carbon-containing units in the amorphous structure and the SiC phase in
the crystalline structure. It is found that the oxidation kinetic curves of C-
1 and C-2 samples in the middle-temperature stage show a good fitting
effect (R2 > 99.4%), while the fitting effect of Sample A-1 is relatively
poor (R2 ¼ 96.1%). For Sample A-1, the total apparent activation energy
in the middle-temperature stage (550–1050 �C) is about 218 kJ/mol, but
the kinetic curve is significantly deflected at 750 �C, causing a poor
fitting effect. Therefore, the kinetic curve is well fitted in the two tem-
perature regimes dividually (R2 > 99.7%) to obtain the activation en-
ergies at 550–750 �C and 750–1050 �C, respectively (see Fig. S9). The
activation energy at 750–1050 �C (Ea ¼ 332 kJ/mol) is much higher than
that 550–750 �C (Ea¼ 145 kJ/mol), which verifies the analysis in Section
2.2.1: the oxidation kinetic curve at 550–750 �C reflects the oxidation of
carbon in BNCx with a lower oxidation activation energy while that at
750–1050 �C more reflects the oxidation of C atoms in the SiC(2-x) units
with a higher oxidation activation energy.

Fig. 6(b) shows the fitting result of the oxidation kinetic curves of
BNCx or t-BN in the different ceramics. Due to the weak intensity of the
m/z ¼ 30 peak of Sample A-1, its intensity in the high-temperature stage
is greatly affected by the background noise of the baseline, so only its
oxidation kinetic curve in the middle-temperature stage is calculated,
exclusively. As shown in Fig. 6(b), the oxidation kinetic curve of the N
element in Sample A-1 deflects obviously at around 830 �C and by fitting
in different stages, it is obtained that the oxidation activation energy



Fig. 6. Kinetic calculation of different components in SiBCN ceramics: (a) SiC; (b) BN; (c) C.
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above 830 �C (Ea ¼ 364 kJ/mol) is significantly higher than that below
830 �C (Ea ¼ 145 kJ/mol). In addition, above 830 �C, in Sample A-1, the
oxidation activation energy of the N element (Ea ¼ 145 kJ/mol) is almost
equal to that of the C element (Ea ¼ 145 kJ/mol) (see Fig. S9 and
Fig. 6(b)), further indicating oxidation of BNCx units in amorphous
structure in the lower-temperature range. However, above 830 �C, the
synchronous oxidation of the SiC(2-x) and BNCx units changes the
oxidation activation energy of BNCx to that similar to SiC(2-x) (Ea ¼ 332
kJ/mol). By careful observation, it is found that the oxidation kinetic
curves of t-BN in C-1 and C-2 samples also have a slight deflection at
about 900 �C. In the lower-temperature stage, B2O3 as the main oxidation
product has a high oxygen diffusion coefficient with lower diffusion
activation energy, while with oxidation of SiC phase in the higher tem-
perature range, SiO2 continuously dissolves in B2O3 to form a borosilicate
glass, increasing diffusion activation energy of the oxide layer and a
slight deflection above 900 �C. However, due to the multi-phase structure
and heterogeneous oxidation process, in crystalline SiBCN ceramics, t-BN
phase has a much lower activation energy SiC phase, unlike the similar
oxidation activation energy of BNCx and SiC(2-x) during synchronous
oxidation.

Due to the extremely higher oxidation activity of amorphous structure,
SiC(2-x) atomic unit (Ea ¼ 364 kJ/mol) in amorphous Sample A-1 presents
much lower activation energy than that of the SiC phase in crystalline C-1
(Ea¼ 533 kJ/mol) and C-2 (Ea ¼ 445 kJ/mol) samples and the BNCx (Ea ¼
145 kJ/mol) has much lower activation energy than the t-BN phase in C-1
(Ea ¼ 209 kJ/mol) and C-2 (Ea ¼ 198 kJ/mol) samples. However, despite
of higher oxidation activity of SiC and t-BN phase in Sample C-2 than in
Sample C-1 due to graphitization of t-BN and growth of SiC grain, the
oxidation activation energy (Ea¼ 198 kJ/mol, Ea¼ 445 kJ/mol) of SiC and
t-BN phases in C-2 sample is slightly lower than that in C-1 sample (Ea ¼
209 kJ/mol, Ea ¼ 533 kJ/mol) because the apparent activation energy of
SiC and t-BN phases is also determined by the diffusion through the formed
oxide layer. The oxide layer of Sample C-2 is rich in B2O3 that is not dis-
solved in the borosilicate glass, which promotes diffusion in the oxide layer
with the consequence of a decrease in the diffusion activation energy of the
oxide layer. Fig. 6(c) shows the fitting results of the oxidation kinetic
curves of t-C in the crystalline C-1 and C-2 samples (R2 > 99.5%): The
oxidation of t-C is not influenced by the diffusion of oxide layer due to the
preferential oxidation of t-C at low temperatures, so unlike the SiC and t-
BN phase, the activation energy of t-C in Sample C-2 (Ea ¼ 358 kJ/mol) is
much higher than that of Sample C-1 (Ea ¼ 209 kJ/mol), due to higher
degree of graphitization of t-C in Sample C-2.

3. Conclusions

In this study, the structural evolution during the crystallization of
amorphous SiBCN ceramics and its effect on the oxidation behavior and
kinetics of different atomic units or phases in the amorphous and crys-
talline SiBCN ceramics were investigated in detail. The main results are
as follows.
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(1) During crystallization, the SiBCN ceramics transform from an
amorphous structure composed of SiC(2-x) (x < 1) and BNCx
atomic units (Sample A-1) to a microcrystalline structure with
precipitated SiC and BN(C) microcrystalline (2–5 nm) (Sample C-
1), and then to a nanocapsule-like structure (20–50 nm) by
twisting and merging of adjacent SiC crystallites and aggregation
of the BN(C) phase (Sample C-2).

(2) The amorphous structure has exceptionally high oxidation activity
but presents much better oxidation resistance due to its synchro-
nous oxidation of atomic units and homogeneous composition in
the generated oxide layer. However, during crystallization, a
larger number of carbon atoms bonded to both C and Si atoms
exist inside the SiC(2-x) units or between the SiC(2-x) and BNCx
units in the amorphous SiBCN ceramics, transforming to the
combined carbon in the SiC phase and the free carbon mainly in
the t-C phase during crystallization, and the phase separation
degrades the oxidation resistance of SiBCN ceramic especially that
with nanocapsule-like structure, because the preferential con-
sumption of BN(C) phase, especially the t-C in BN(C) phase, pro-
vides a channel for oxygen diffusion and this effect will be
magnified by a continuous distribution of BN(C) phase in
nanocapsule-like structure.

(3) Compared with crystalline ceramics, amorphous SiBCN ceramics
present enormously high oxidation activity and can be severely
oxidized even at room temperature to form fine oxide particles
containing Si–O, B–O and N–O bonds on their surface. Therefore,
BNCx (Ea ¼ 145 kJ/mol) and SiC(2-x) (Ea ¼ 364 kJ/mol) atomic
units in amorphous SiBCN structure (Sample A-1) can be oxidized
at relatively lower temperatures with much lower activation en-
ergy than the corresponding BN(C) (Ea ¼ 209 kJ/mol) and SiC (Ea
¼ 533 kJ/mol) phases in crystalline structure (Sample C-1) and
the synchronous oxidation of the SiC(2-x) and BNCx units above
750 �C changes the oxidation activation energy of BNCx (Ea ¼ 332
kJ/mol) to that similar to SiC(2-x).

(4) The aggregation of the BN(C) phase and preferential consumption
of BN(C) phase in nanocapsule-like structure lead to excess B2O3

and heterogeneous composition in the oxide layer, decreasing the
apparent activation energy of SiC (Ea ¼ 445 kJ/mol) and t-BN (Ea
¼ 198 kJ/mol) in Sample C-2.

4. Materials and method

4.1. Powder preparation

The raw materials of cubic silicon (c-Si) powder (Beijing Mengtai
Research and Development Center Co., Ltd., Beijing), hexagonal boron
nitride (h-BN) powder (Fangyuan Boron Nitride Factory Co., Ltd., China),
and graphite powder (Qingdao Huatai Lubrication and Sealing Tech-
nology Co., Ltd., China) with the atomic ratio of Si:C:B:N ¼ 2:3:1:1 were
mechanically alloyed by high-energy ball milling for 40 h to prepare
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amorphous SiBCN ceramic nanopowder with a particle size of 50~200
nm as amorphous Sample A-1. To observe the structural evolution during
crystallization, the amorphous SiBCN nanopowder (A-1) was held for an
hour at 1600 �C and 1900 �C in a nitrogen atmosphere at atmospheric
pressure and the resulting materials are denoted as Sample C-1 and C-2,
respectively. The samples of A-1, C-1, and C-2 have a similar specific
surface of 22~25 m2/g, due to their same particle size, which is neces-
sary for comparison for oxidation of amorphous and crystalline SiBCN
ceramics.
4.2. Non-isothermal oxidation experiment

Non-isothermal oxidation test of the SiBCN nano-powders was con-
ducted on a simultaneous thermal analyzer-mass spectrometer
(STA449F3, Netzsch Group, Germany) and the TG curve, DSC curve, and
MS spectra of the gas products were recorded synchronously. The sam-
ples were heated to 1500 �C at a rate of 10 �C/min in a simulated air
atmosphere (O2: Ar ¼ 1: 4) with a total gas flow of 100 mL/min. The test
was repeated three times for each sample to ensure the accuracy and
repeatability of the experiment. To analyze the microstructure of the
oxidized powders after being heated to 1100 �C in the above non-
isothermal oxidation test, the powders in the crucibles were placed in a
muffle furnace, heated to 1100 �C at a rate of 10 �C/min in air, and then
taken away from the furnace quickly.
4.3. Characterizations

The morphology of the amorphous and crystallized SiBCN ceramic
powders before and after oxidation was observed by scanning electron
microscopy (SEM, SU5000, Hitachi Co., Japan). The microstructure and
elemental distribution of the different SiBCN ceramics before and after
oxidation were analyzed by transmission electron microscope (TEM,
JEM-F200, JEOL Ltd., Japan; Talos F200X, FEI, USA) with selective area
electron diffraction (SAED), high-resolution transmission electron im-
aging (HRTEM) and energy dispersive spectrometry (EDS). The phase
composition of the different SiBCN ceramics before and after oxidation
was characterized by X-ray diffractometer (XRD, X'PERT, Panalytical
Instruments Co., Netherlands) with a scanning range of 2θ ¼ 10–90� and
a scanning speed of 4�/min. The atom bonding state on the surface of the
SiBCN ceramics before and after oxidation was characterized by an X-ray
photoelectron spectrometer (XPS, ESCALAB 250Xi, ThermoFisher Co.,
USA). Structural information of the formed carbon phase in the SiBCN
ceramics was characterized by Raman spectroscopy (Raman, inVia,
Renishaw Co., UK). The oxygen content of the amorphous and crystal-
lized SiBCN ceramic powders was determined by an oxygen-nitrogen-
hydrogen analyzer (ONH836, LECO Co., USA). The specific surface
area of the powder was studied through nitrogen adsorption at 77K by a
physical chemistry adsorption instrument (ASAP 2020, Micromeritics
Instrument Corp, USA).
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