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1  |  INTRODUCTION

Ultra-high temperature ceramics (UHTCs) are proposed to 
be the most promising material candidates for structural and 
thermal protection components in the aerospace field, due 
to their extremely high melting points, high hardness and 
strength, good thermal and chemical attack resistance.1-4 

When considering engineering manufacturing and application 
in very harsh environment, silica formers (silicon-containing 
materials such as SiC, Si3N4, SiBCN, MoSi2, TaSi2 etc) are 
generally introduced into UHTCs to significantly improve 
their sinterability, mechanical property, as well as oxidation 
and ablation resistance.5-8 Among them, SiC as a typical ef-
fective additive can not only modify the sintering behavior 
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ABSTRACT
A zirconium and a zirconium/boron containing single-source precursor were synthe-
sized via chemical modification of a commercially available polysilazane (Durazane 
1800) with tetrakis (dimethylamido) zirconium (IV) (TDMAZ) as well as with 
both TDMAZ and borane dimethyl sulfide complex, respectively. The polymer-to-
ceramic transformation of the precursors into SiZrCN and SiZrBCN ceramics as 
well as the thermal evolution of their phase composition and microstructure was 
studied. The pyrolysis of the precursors led to the formation of amorphous SiZrCN 
and SiZrBCN ceramics. Interestingly, the as prepared SiZrBCN ceramic was single-
phasic and fully featureless; whereas SiZrCN exhibited the presence of nano-sized 
ZrO2 particles; however, only very localized in close proximity to internal surfaces. 
Heat treatment at higher temperatures induced crystallization processes in both pre-
pared ceramics. Thus, at temperatures beyond 1500°C, cubic ZrCxNy, β-Si3N4 as 
well as β-SiC were generated. It was shown that the incorporation of B into SiZrCN 
suppressed the crystallization of ZrCxNy and, in addition, impeded the reaction of 
SiNx with C, resulting in an improved thermal stability of SiZrBCN compared to 
SiZrCN ceramic. Moreover boron was shown to be mainly located in the sp2-hy-
bridized “free” carbon present in SiZrBCN, forming a turbostratic BCN phase which 
has been unequivocally detected by means of high-resolution transmission electron 
microscopy (HRTEM) and energy-dispersive X-ray spectroscopy (EDS).
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of ZrB2 ceramic by pinning grains from overgrowth, but also 
enhance the oxidation resistance by forming a protective sur-
face layer of borosilicate glass or ZrSiO4.

2,6,9 Meanwhile, it 
has been shown that the particle size of SiC has important 
effects on the microstructure and mechanical property of 
ZrB2–SiC composites.10,11 Thus nano-sized silicon-contain-
ing additives are expected to have beneficial effects on the 
structural features and performance of UHTC/silica former 
composites. However, in most cases these additives are added 
to UHTCs via mechanical mixing procedures, making it dif-
ficult to disperse these crystalline powders homogeneously 
within the UHTC matrix, especially for nano-sized additives. 
Employing chemical synthesis to introduce nanoscaled sili-
con-containing phases into the UHTC matrix is likely to be a 
better way.4,12,13

The polymer-derived ceramic (PDC) technique is an ap-
plicable chemical approach to synthesize multielement sil-
icon-based ceramics.14-19 In particular, polymer-derived 
ceramic nanocomposites comprising of highly refractory sec-
ondary phases (eg group IV transition metal oxides, carbides, 
(carbo)nitrides, silicides) dispersed within a PDC-based ma-
trix (such as SiOC, SiCN, SiBCN) have been reported within 
the last years to exhibit improved thermal stability, and 
oxidation and corrosion resistance as compared with their 
PDC counterparts.4,16,20-26 The preparation process of poly-
mer-derived ceramic nanocomposites involves in a first step 
synthesis of suitable single source precursors with tailored 
compositions and architectures (ie preceramic polymers 
chemically modified with metal alkoxides, acetylacetonates, 
acetates, amido complexes etc).4,21,27 The precursors are 
thermally converted at temperatures of ~1000°C into a sin-
gle-phase amorphous ceramic, which upon further heat treat-
ments at higher temperatures undergoes subsequent phase 
separation and crystallization processes to deliver ceramic 
nanocomposites. For instance, the polymer-to-ceramic trans-
formation of a polysilazane (HTT1800) chemically modified 
by both tetrakis (dimethylamido) hafnium (TDMAH) and 
borane dimethyl sulfide complex was studied recently.28 The 
subsequent annealing of the obtained amorphous, single-pha-
sic SiHfBCN ceramic resulted in nanocomposites with inter-
esting phase compositions, namely HfC/HfB2/SiC in argon 
and HfN/Si3N4/SiBCN in nitrogen at 1700°C. The formation 
of such ceramic nanocomposites upon high-temperature an-
nealing procedures of amorphous single-phase ceramics may 
be considered as thermodynamically driven process, thus al-
lowing to anticipate and consequently adjust/tailor the phase 
composition of the nanocomposites.28-30

Given the characteristics of UHTCs and PDCs, UHTC 
phases can be precipitated in situ as secondary phases within 
nano-scaled silicon-based PDC matrices by the preceram-
ic-polymer-based technique.23,31-38 This synthetic approach 
towards UHTC/PDC nanocomposites may have high rel-
evance for the preparation of coatings, CMCs (via PIP) or 

for the purpose of densification of UHTCs, where UHTC/
PDC nanocomposites may be used as sintering additives as 
well as silica-former phases. In order to do so, precise in-
formation about the polymer-to-ceramic transformation of 
the single-source precursors as well as the high-temperature 
evolution of the resulting ceramic nanocomposites is needed. 
In the present work, we employed our previously reported 
synthesis method for polymer-derived SiHf(B)CN25 to pre-
pare SiZrCN and SiZrBCN-based ceramic nanocomposites. 
Thus, single-source precursors for the preparation of SiZrCN 
and SiZrBCN ceramics were synthesized through reactions 
of a vinyl-substituted polysilazane with tetrakis (dimethyl-
amido) zirconium and borane dimethyl sulfide complex. The 
polymer-to-ceramic transformation of the precursors and the 
high-temperature evolution of the phase composition and in-
dividual microstructure of the resulting SiZrCN and SiZrBCN 
ceramics were carefully assessed. The main focus of the pres-
ent study was to monitor structural changes in silicon car-
bonitride induced by incorporation of Zr and boron. Thus, 
a detailed comparative study of the chemical composition, 
phase composition, and microstructure in SiCN, SiZrCN, and 
SiZrBCN as well as their evolution at high temperatures was 
performed and is discussed in the present work.

2 |  EXPERIMENTAL PROCEDURE

2.1 | Materials synthesis

The whole process of synthesizing the single-source pre-
cursors for SiZrCN and SiZrBCN ceramics was carried 
out under argon atmosphere using the Schlenk technique. 
Commercially available polysilazane Durazane1800 
(Merck) and tetrakis (dimethylamido) zirconium (TDMAZ, 
Zr[N(CH3)2]4, Sigma, Aldrich) were each dissolved in anhy-
drous toluene. The solution of TDMAZ was added dropwise 
into the solution of Durazane1800 at room temperature. The 
mass ratio of Durazane1800 to TDMAZ is 7:3, which cor-
respond to a Si: Zr molar ratio in SiZrCN and SiZrBCN of 
ca. 10:1. The mixture was stirred for 24 hours and then the 
solvent was removed under vacuum. The obtained viscous 
polysilazane modified by zirconium was the precursor of 
SiZrCN, named as Zr-Durazane1800.

To further modify the precursor, the solution of Zr-
Durazane1800 (before removal of the solvent) was cooled 
to −78°C. Subsequently, borane dimethyl sulfide complex 
(BH3·(CH3)2S, Sigma, Aldrich) dissolved in toluene was 
added dropwise to the cooled solution, which was stirred for 
24 hours. The amount of BH3·(CH3)2S was set to provide a 
Zr:B molar ratio of 1:2. After removing the solvent, the precur-
sor of SiZrBCN was obtained, termed as Zr-B-Durazane1800.

The as-synthesized precursors were cross-linked at 200°C 
for 3  hours and pyrolyzed at 1100°C for 2  hours in argon 
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atmosphere with a heating rate of 100°C/h. To study the 
thermostability and microstructural evolution at higher tem-
perature, the pyrolyzed powders were annealed in flowing 
nitrogen atmosphere (1 bar) at 1300°C, 1500°C, and 1700°C 
for 2 hours.

2.2 | Materials characterization

The synthesized Zr-Durazane1800 and Zr-B-Durazane1800 
were characterized by Fourier transform infrared spectros-
copy (FTIR, Vertex 70, Bruker). To study the polymer-to-ce-
ramic process of the precursors, thermal gravimetric analysis 
(TGA, STA449C Jupiter, Netzsch, Selb) combined with 
a quadrupole mass spectrometer (MS, QMS403C Aëolos, 
Netzsch) as well as FTIR spectroscopy (Tensor 27, Bruker 
Optics) was performed under flowing argon atmosphere with 
a heating rate of 5°C/min from room temperature to 1400°C.

The polymer-derived SiZrCN and SiZrBCN ceramics 
were investigated by powder X-ray diffraction (XRD), ele-
mental analysis, Raman spectroscopy, and transmission elec-
tron microscopy (TEM). XRD was carried out in transmission 
mode on a STOE Model STAD1 P diffractometer (STOE & 
Cie. GmbH, Germany) with Mo Kα radiation. Mean crystal-
lite size, phase fraction, and lattice constants were obtained 
upon Rietveld refinement of the powder XRD patterns (soft-
ware: Fullprof Suite).39 For elemental analysis, carbon and 
nitrogen/oxygen contents of ceramics were measured by hot 
gas extraction technique through a LECO C-200 and a LECO 
TC-436 analyzer (LECO Corporation St. Joseph, Michigan, 
America), respectively. The Si, Zr, and B contents were es-
timated assuming that the Si: Zr and Si: Zr: B molar ratios 
set in the preceramic polymers are preserved upon pyrolysis. 
A micro-Raman HR8000 spectrometer (Horiba Jobin Yvon) 
was used to record Raman spectra from 400 to 4000 cm−1 
with a laser wavelength of 514.5  nm. The microstructure 
and morphology of the ceramics were analyzed by TEM 
(JEM2100F, Jeol) equipped with an energy-dispersive X-ray 
spectrometer (EDS, EDAX).

3 |  RESULTS AND DISCUSSION

3.1 | Synthesis of the single-source 
precursors

As described in the experimental section, the Zr-Durazane1800 
precursor was synthesized by the reaction of Durazane1800 
with Zr[N(CH3)2]4. The zirconium-containing polymer was 
further modified upon the reaction with BH3·(CH3)2S, lead-
ing to Zr-B-Durazane1800 as the precursor for SiZrBCN. 
The FT-IR spectra of both single-source precursors are 
shown in Figure  1. The main absorption bands are N-H 

(3376 cm−1), C–H (2953 cm−1), Si–H (2119 cm−1), C = C 
(1592  cm−1), Si–CH3 (1252  cm−1), Si–N–H (1165  cm−1), 
Si–N–Si (889  cm−1), and SiC (751  cm−1), which can also 
be observed in pure Durazane1800. According to similar 
reactions of Durazane 1800 with hafnium alkoxides29 or 
hafnium amido complexes,28 the functional N–H and Si–H 
groups present in Durazane1800 are most likely to react with 
Zr[N(CH3)2]4 upon Si–N–Zr linkages. The FT-IR spectrum 
of Zr-Durazane1800 shown in Figure 1 shows that the N-H 
and Si-H absorption bands probably decrease in intensity 
though do not disappear completely, indicating that the sub-
stitution with Zr amido complex does not consume all N–H/
Si–H groups.40 Further introduction of BH3·(CH3)2S, as for 
Zr-B-Durazane1800, induces significant changes in the mo-
lecular architecture of the precursor. Thus, the typical absorp-
tion band at 1592 cm−1, assigned to the stretching of C = C 
bond in vinyl groups, becomes weak and the corresponding 
C–H bond stretching at 3047 cm−1 nearly vanishes. At the 
same time, signals appear at around 2380  cm−1, being as-
signed to B–H bonds.18 These features support the occurrence 
of a hydroboration of the vinyl groups of Durazane1800.19,41 
Furthermore, a new band at 1324 cm−1 has been detected and 
assigned to B–N bonds.7,40 The formation of B–N bonds is 
considered to rely on dehydrocoupling reactions between the 
N–H groups of Durazane1800 and the B–H groups of bo-
ron-containing additions.18,41 The FT-IR spectrum of Zr-B-
Durazane1800 still features small-intensity bands for vinyl 
and N–H groups, indicating that a total hydroboration and 
dehydrocoupling reaction has not been realized, most prob-
ably due to some steric hindrance effect.28

Based on the FT-IR spectra of the modified precursors 
and combined with previous research,19,28,29,40-43 we pro-
pose possible reaction pathways during the synthesis of the 
single-source precursors as shown in Figure 2. Thus, when 

F I G U R E  1  FT-IR spectra of Durazane 1800 as well as of both 
preceramic polymers Zr-Durazane1800 and Zr-B-Durazane1800 
[Color figure can be viewed at wileyonlinelibrary.com]
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Zr[N(CH3)2]4 is added to Durazane1800, it reacts with Si–H 
and N–H groups on the main chain of Durazane1800, leading 
to the formation of (Si-)N–Zr linkages and the release of CH4 
and HN(CH3)2, respectively (Figure 2A)

When BH3·(CH3)2S is further added to Zr-Durazane1800, 
vinyl groups contained in Durazane1800 undergo hyd-
roboration reactions with borane. The hydroboration of 
the vinyl groups does not occur regioselectively, thus both 
the Markovnikov as well as the anti-Markovnikov addi-
tion products are formed.18,44,45 Additionally, B–H/N–H 

dehydrocoupling occurs upon B–N formation40,41,45 
(Figure 2B).

3.2 | Polymer-to-ceramic transformation

The thermal behavior of Zr-Durazane1800 and Zr-B-
Durazane1800 was studied by means of thermogravimetry 
coupled with evolved gas analysis. Figure 3A shows that 
the ceramic yield of Zr-B-Durazane1800 is about 78 wt%. 

F I G U R E  2  Possible reaction pathways during the synthesis of the single-source precursors Zr-Durazane1800 and Zr-B-Durazan1800: A, 
Reaction of Zr[N(CH3)2]4 with Si-H and N-H groups of Durazane1800; B, hydroboration of the vinyl groups of Durazane1800 (this reaction is not 
regioselective, thus both Markovnikov and anti-Markovnikov addition occur) and B–H/N–H dehydrocoupling reaction
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This is comparable with the ceramic yield reported for 
polymer-derived SiHfBCN (~80  wt%), which was pre-
pared from a hafnium-amido-complex-modified polysi-
lazane.28 According to the DTG (first time derivative of 
the thermogravimetric curve), the polymer-to-ceramic 
conversion proceeds in three steps. An initial mass loss of 
4.5% from room temperature to ca. 300°C is mainly due to 

the volatilization of oligomers (Figure 3A). From ~74°C, 
there is a wide exothermic peak in the DTA (differential 
thermal analysis) curve, which stands for the occurrence 
of crosslinking processes, mainly relying on hydrosilyla-
tion and vinyl polymerization processes (as for vinyl-sub-
stituted polysilazanes)21,29; those have no influence on the 
mass loss during this stage, though do influence the ceramic 

F I G U R E  3  Thermogravimetric analysis and in situ evolved gas analysis of Zr-B-Durazane1800 during the polymer-to-ceramic 
transformation: TG, DTG, and DTA curves (A); QMID (quasi multiple ion detection) ion current curves of H2 (B), CH4 (C), C2H4 and C2H6 (D), 
and some amine fragments (E) [Color figure can be viewed at wileyonlinelibrary.com]
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yield. Hydrosilylation reaction occurring between Si-H and 
vinyl groups, is fast even at low temperatures (starting at 
100°C-120°C) and leads to the formation of Si-C linkages.

In the second decomposition step (Figure  3A), a major 
mass loss takes place from 300°C to 800°C, amounting to 
~17  wt%, which corresponds to decomposition processes 
leading to the ceramization of the precursor, as described 
briefly below. At temperatures beyond 800°C, only a slight 
mass loss is detected, indicating that the polymer-to-ceramic 
conversion is practically completed at these temperatures.

The releasing gas species accompanying the structure 
transformation of the precursors are presented in Figure 3B-
E. It seems that H2 has been released in the whole temperature 
range. The hydrogen evolution has been attributed to dehydro-
coupling reactions (eg ≡Si–H and = N–H, =B–H, and = N–H) 
or decomposition of hydrocarbon substituents.21,28 In the 
temperature range from 350°C to 750°C, a strong release 
of CH4 was detected, which relies mainly on rearrangement 
processes based on reactions between ≡Si–CH3 and = N–H 
groups. Volatiles (Figure  3D, m/z  =  25-30) detected from 
350°C to 600°C were assigned to ethane or amine fragments, 
as reported for the ceramization process of Durazane1800 

based polymers.28,29 Moreover as corroborated with in situ 
FT-IR spectroscopy, it is also likely that C2H4 (m/z = 25-28) 
has been released from the reaction between ≡Si-CH = CH2 
and = N-H. Within the same temperature range, transamina-
tion processes between ≡Si–N = and ≡Zr–N = groups occur 
with the release of ethane (m/z = 29,30) and amine fragments 
(m/z  =  29, 30, 41-43). Moreover the generation of amines 
may result also from the decomposition of -NMe2 end groups.

The polymer-to-ceramic conversion of Zr-Durazane1800 
exhibits similar characteristics, as shown in Figure 4. After 
pyrolysis at 1100°C, the ceramic yield amounts ~77  wt%, 
which is higher than that of Durazane1800 (~65 wt%).28 The 
increase is considered to be the consequence of the improved 
crosslinking degree of the preceramic polymer caused by the 
incorporation of Zr(NMe2)4. The TG/MS/FT-IR curves in-
dicate that the transformation of Zr-Durazane1800 into the 
ceramics occurred in nearly the same steps as monitored 
for Zr-B-Durazane1800. There are only a few differences. 
Firstly, no H2 release has been detected during the ceram-
ization of Zr-Durazane1800, unlike in the case of Zr-B-
Durazane1800. Furthermore, the evolution of amines during 
the ceramization of Zr-Durazane1800 was not as strong as 

F I G U R E  4  Thermogravimetric analysis and in situ evolved gas analysis of Zr-Durazane1800 during the polymer-to-ceramic transformation: 
TG, DTG, and DTA curves (A); QMID (quasi multiple ion detection) ion current curves of CH4 (B), C2H4 (C), amine fragments (D) [Color figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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that of Zr-B-Durazane1800, indicating that the higher cross-
linked Zr-B-Durazane1800 polymeric backbone is more 
prone to transamination reactions between ≡Si–N  =  and 
≡Zr–N  =  groups. Thus, the ceramic yield of both investi-
gated precursors is rather similar (ie 78 and 77 wt.% for Zr-B-
Durazane1800 and Zr-Durazane1800, respectively), despite 
the first exhibits a significantly higher cross-linking degree 
as compared to the latter.

The as-prepared SiZrCN and SiZrBCN samples were 
investigated by means of X-ray powder diffraction (XRD, 
Figure  5) and transmission electron microscopy (TEM, 
Figure 6). Both samples were fully amorphous.

In the as-prepared SiZrCN and SiZrBCN samples, only 
minor variations in microstructure and/or morphology of the 

particles were observed, as revealed in Figure 6. In regions, 
where the particles were exposed closer to the surface of the 
sample, an increase in the oxygen signal of the EDS mea-
surement was observed, accompanied by the formation of 
very small ZrO2 nano crystallites, homogeneously distributed 
within the matrix (near the surface regions).

The observation of local crystallization of nano-ZrO2, 
typically 2-5 nm in diameter, was however mainly observed 
in the SiZrCN sample (compare Figure 6B,C) and could not 
be verified in the B-containing counterpart. Hence, it can be 
concluded that the incorporation of boron into the SiZrCN 
network structure increases the crystallization stability of 
the PDC. However, the suppression of local crystallization 
is reduced, when the samples are oxidized in regions in close 
proximity to the sample surface.29,46-49 It should be noted 
that the total amount of ZrO2 in the studied SiZrCN sample 
was very low (the oxygen content was as low as 2.12 wt%, ie 
~2.7 at.%), in addition to the small particle size of 2-5 nm. 
Consequently, ZrO2 was not detectable by means of XRD.

In regions free of oxygen, there is a pronounced effect 
based on the incorporation of boron on the phase composi-
tion of the materials studied. The SiZrBCN sample does not 
partition during pyrolysis at 1100°C, whereas SiZrCN shows 
a stronger trend to undergo phase separation at elevated tem-
perature. This observation is in agreement with earlier re-
ports from literature.28,42

3.3 | High-temperature evolution of 
SiZrCN and SiZrBCN

The amorphous as-prepared samples SiZrCN and SiZrBCN 
were annealed at 1300°C, 1500°C, and 1700°C for 2 hours 
in nitrogen atmosphere to explore their high-temperature be-
havior with respect to phase separation, crystallization and 

F I G U R E  5  XRD measurements of SiZrCN (bottom) and 
SiZrBCN (top) as prepared upon pyrolysis at 1100°C. Both samples 
are X-ray amorphous, with no significant crystallization [Color figure 
can be viewed at wileyonlinelibrary.com]

F I G U R E  6  TEM bright field images of SiZrBCN (A) and SiZrCN (B) upon pyrolysis at 1100°C. In agreement with the XRD results, 
both samples were predominantly amorphous and showed a homogeneous amplitude contrast. However; the SiZrCN sample, when oxygen is 
incorporated in the structure (see EDS inset) showed precipitation of nanosized ZrO2 crystallites. In (C), two particles with different oxygen content 
are shown; the one with the higher O-signal showed local surface crystallization (arrows)

www.wileyonlinelibrary.com
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microstructure evolution. Figure  7 shows the mass loss of 
the samples after the thermal treatment in different condi-
tions. Heating at 1300°C did not lead to a large mass change 
for both ceramics. Especially, the mass of SiZrBCN sample 
hardly decreased. After annealing at 1500°C, the SiZrCN 
sample exhibited about a mass loss of about 7.5 wt%, while 
the SiZrBCN sample exhibited only 1.7 wt%. Annealing at 
higher temperature (1700°C) induced a significant mass loss 
in both samples, amounting to total weight loss of ~23 wt%.

The C, N, and O contents in the annealed samples have 
been listed in Table  1. Upon exposure to temperatures 
below 1500°C, the composition of the investigated ceram-
ics barely changes. With increasing the annealing tempera-
ture to 1700°C, it is shown that the recorded mass loss (as 
shown in Figure 7) correlates to the release of nitrogen from 
the samples. Thus, the nitrogen content in SiZrCN decreases 

from ~22 wt% in the as-prepared sample to ~8.3 wt% in the 
sample annealed at 1700°C. Similarly, the nitrogen content in 
SiZrBCN decreases significantly upon exposure to 1700°C. 
However, at 1600°C, the B-containing sample is still signifi-
cantly more stable as compared to the SiZrCN ceramic.

It was reported that the Zr and B free sample, SiCN, an-
nealed at 1700°C for 5 hours in N2 atmosphere had a mass loss 
of ~30 wt.%.28 Upon high-temperature annealing, SiCN ceram-
ics undergo structural processes including phase separation of 
the single-phase SiCN into SiCx and SiNx nanodomains with ex-
cess C, carbothermal decomposition of SiNx regions by a reac-
tion with C to β-SiC as well as decomposition of SiNx to Si.14,50 
The latter two processes occur with the release of gaseous N2 
and result in the observed significant mass loss of SiCN at tem-
peratures beyond 1600°C. In the case of SiZrCN samples, the 
incorporation of Zr is shown to generate ZrN which is more 
stable than SiNx in terms of decomposition. Consequently, 
the nitrogen release in SiZrCN is significantly suppressed as 
compared to that in SiCN. Furthermore, the incorporation of 
B into the system is considered to have an additional beneficial 
effect on the improvement of the thermal stability of SiCN.51 
Consequently, SiZrBCN shows an improved stability with re-
spect to decomposition as compared to SiZrCN.

Figure 8 shows the XRD patterns of the SiZrCN and SiZrBCN 
samples, annealed at high temperatures. It is shown that the sam-
ples annealed at 1300°C mainly keep their amorphous nature, 
whereas annealing at 1500°C induces crystallization of ZrCN 
and α-Si3N4 in both samples. Annealing at 1700°C leads fur-
thermore to the appearance of β-Si3N4 at the costs of α-Si3N4 as 
well as to the crystallization of β-SiC. Typically, both samples 
exhibit similar behavior upon exposure at high temperatures. 
At temperatures up to 1500°C partitioning and crystallization 
processes occur in both samples, while at higher temperatures 
α-Si3N4 seems to be consumed by two processes: one leading 
to the crystallization of β-Si3N4 and the second being the reac-
tion of α-Si3N4 with sp2-hybridized excess carbon to form β-SiC 

F I G U R E  7  Mass loss of SiZrCN and SiZrBCN samples during 
thermal treatment at different temperatures in nitrogen atmosphere. 
The mass loss values relate to the mass of the as-prepared samples 
[Color figure can be viewed at wileyonlinelibrary.com]

T A B L E  1  Element content of carbon, nitrogen, and oxygen in SiZrCN and SiZrBCN after heat treatment at different temperatures. The last 
column indicates the mass loss of the samples upon high-temperature annealing (as compared to the mass of the as-prepared samples)

Sample
Annealing temperature
/°C

C
/wt.%

N
/wt.%

O
/wt.%

Elemental
Composition*

Mass loss
/wt.%

SiZrCN 1100 15.39 ± 0.07 21.96 ± 0.36 2.12 ± 0.012 SiZr0.1C0.8N0.98(O0.08) —

1300 15.68 ± 0.24 24.09 ± 0.34 1.91 ± 0.010 SiZr0.1C0.83N1.09(O0.07) 2.51

1500 15.20 ± 0.16 24.88 ± 0.16 0.72 ± 0.006 SiZr0.1C0.79N1.11(O0.04) 7.48

1700 20.36 ± 0.31 8.28 ± 0.02 0.23 ± 0.005 SiZr0.1C0.88N0.31(O0.005) 23.38

SiZrBCN 1100 13.70 ± 0.52 25.15 ± 0.85 1.25 ± 0.093 SiZr0.1B0.2C0.70N1.11(O0.05) —

1300 15.20 ± 0.60 24.53 ± 0.54 1.07 ± 0.108 SiZr0.1B0.2C0.84N1.16(O0.04) 0

1500 14.24 ± 0.31 24.37 ± 0.27 1.04 ± 0.025 SiZr0.1B0.2C0.79N1.16(O0.04) 1.70

1700 19.97 ± 0.58 11.64 ± 0.02 0.08 ± 0.0001 SiZr0.1B0.2C0.96N0.48(O0.003) 22.60

*The elemental composition of the samples has been estimated assuming that the Si: Zr and Si: Zr: B molar ratios set in the polymeric precursors to be 10:1 (as for 
SiZrCN) and 10:1: 2 (as for SiZrBCN) are preserved upon pyrolysis. 
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F I G U R E  8  XRD patterns of SiZrCN (A) and SiZrBCN (B) samples annealed at different temperatures in nitrogen atmosphere [Color figure 
can be viewed at wileyonlinelibrary.com]

F I G U R E  9  Rietveld refinement of the XRD patterns of SiZrCN (A) and SiZrBCN (B) annealed at 1700°C. The Bragg positions of ZrCN, 
β-Si3N4, and SiC are shown by green tick marks. The intensity difference between the experimental and the calculated profiles are denoted by the 
blue line at the bottom [Color figure can be viewed at wileyonlinelibrary.com]

Sample
Weight 
fraction/wt%

Estimated 
crystallite size/nm Lattice parameter/Å

SiZrCN ZrCN 22.73 64.37 a = b=c = 4.6208

β-Si3N4 15.74 49.95 a = b=7.5969 c = 2.9033

SiC 61.53 34.64 a = b = c = 4.3541

SiZrBCN ZrCN 22.88 81.87 a = b = c = 4.6204

β-Si3N4 20.18 43.69 a = b = 7.5988 c = 2.9028

SiC 56.94 37.10 a = b = c = 4.3549

T A B L E  2  Weight fractions, crystallite 
sizes, and lattice constants of the three main 
phases in SiZrCN and SiZrBCN samples 
annealed at 1700°C, as determined from 
Rietveld refinement results

www.wileyonlinelibrary.com
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upon nitrogen release (this process can be clearly correlated to 
the relatively large mass loss at elevated temperatures).

The XRD patterns of SiZrCN and SiZrBCN an-
nealed at 1700°C were assessed by Rietveld refinement 
(Figure 9 and Table 2). Three phases, ZrCN, β-Si3N4 and 
SiC were considered to match the experimental patterns. 

A comparison of the phase composition of SiZrCN and 
SiZrBCN (Table 2) reveals that the SiZrBCN contains a 
slightly larger amount of β-Si3N4 and a lower fraction of 
β-SiC than its counterpart SiZrCN. The composition of the 
ZrCN phase has been estimated employing the Vegard's 
law to be ZrC0.36N0.64.

F I G U R E  1 0  Raman spectra of SiZrCN (A) and SiZrBCN (B) samples annealed at different temperatures in nitrogen atmosphere [Color 
figure can be viewed at wileyonlinelibrary.com]

F I G U R E  1 1  TEM bright field 
images of SiZrBCN (A) and SiZrCN (B) 
upon pyrolysis at 1700°C. In both samples, 
ZrCN as a secondary crystalline phase was 
observed. Since in the SiZrBCN sample, 
the Zr-phase was typically rather thick, 
the incorporation of boron into the ZrCN 
lattice is potentially possible, but could 
not unequivocally be detected. However, 
as shown in (C) and (D), both samples 
contained also β-Si3N4 and SiC as the 
thermodynamically stable phases at such 
high temperature

(A) (B)

(C) (D)

www.wileyonlinelibrary.com


   | 7011FENG Et al.

The Raman spectra of the SiZr(B)CN ceramics annealed 
at different temperatures are given in Figure 10. According 
to the absorption bands located at ~1360 cm−1 (D peak) and 
1580 cm−1 (G peak), sp2-hybridized carbon with a disordered 
structure is present in the as-prepared samples pyrolyzed at 
1100°C. When the temperature reaches 1300°C, the intensity 
of the D peak compared to that of the corresponding G peak 
(ID/IG) increased from 1.19 to 1.38 for the SiZrCN sample 
and from 1.20 to 1.85 for SiZrBCN sample, indicating that 
the degree of carbon disorder increases during the initial 
heating stage. However, the value of ID/IG became smaller 
(1.16 for SiZrCN,1.42 for SiZrBCN) upon further increasing 
the annealing temperature, indicating that the structural or-
ganization of carbon phase increased at higher temperature.

The SiZrCN sample annealed at 1700°C did not contain 
segregated carbon. Instead, the band of SiC phase appeared. In 
addition, the spectra exhibited an absorption band at 521 cm−1, 
indicating the presence of silicon generated upon decomposition 
of Si3N4. Interestingly, there was no segregated silicon detectable 
in the annealed SiZrBCN sample, illustrating that the incorpora-
tion of B into the structure effectively suppresses the decompo-
sition of Si3N4 into its elements. Moreover the SiZrBCN sample 
annealed at 1700°C still exhibited the presence of segregated 
carbon, indicating that the reaction between Si3N4 and carbon is 
suppressed as compared to SiZrCN and SiCN.

Both the SiZrCN and the SiZrBCN samples annealed at 
1700°C were also studied by transmission electron micros-
copy (TEM) in conjunction with EDS analysis to verify the 
chemical composition of the corresponding phase observed 

in the microscope. In addition, electron diffraction experi-
ments were performed to identify the particular crystalline 
phases present in the respective sample. Figure 11 reveals 
the observed thermodynamically stable phases in both 
samples.

Apart from ZrCN, which in the SiZrBCN sample may in-
corporate a minor amount of boron into the lattice, both sam-
ples revealed also β-Si3N4 and SiC as the thermodynamically 
stable phases upon annealing at 1700°C, being consistent 
with the XRD data shown in Figure 8. Locally, some par-
ticles such as ZrCN shown in Figure 11B were found to ex-
hibit larger sizes as compared to the average values estimated 
via Rietveld refinement in Table  2. However, the majority 
of the ZrCN crystallites ranged between 60 and 100 nm in 
diameter.

At elevated temperature, there is no major difference be-
tween the two polymer-derived ceramics studied with respect 
to their phase composition, with one rather interesting excep-
tion. In the B-containing sample, a turbostratic carbon-like 
phase was observed, as given in Figure 12, which in fact con-
tained boron and nitrogen.

The observation of the BCN phase via high-resolution 
TEM in conjunction with EDS analysis was unexpected. No 
other secondary phase with a rather high B-content was de-
tected in this material. Therefore, the majority of the boron 
added to the system, with the exception of a small amount 
possibly present in the ZrCN phase, forms turbostratic BCN 
at the high annealing temperature of 1700°C; this phase was 
only rarely observed in SiCN systems doped with boron.45,52

F I G U R E  1 2  HRTEM images of the SiZrBCN sample annealed at 1700°C. Only in the B-containing sample, a turbostratic carbon-like phase 
was observed which also contained boron and nitrogen, as shown in the insets in (A) and (B). Therefore, in this sample, the presence of a BCN 
phase was unequivocally detected [Color figure can be viewed at wileyonlinelibrary.com]

(A) (B)
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4 |  CONCLUSIONS

Single-source precursors based on a zirconium/zirconium 
& boron-modified polysilazane for the synthesis of novel 
ceramic nanocomposites were synthesized and their cer-
amization was investigated in detail. Moreover the high-
temperature evolution of the phase composition and the 
microstructure of the prepared SiZrCN and SiZrBCN mate-
rials were assessed. It has been shown that the introduction 
of Zr and B into SiCN improves its thermal stability with 
respect to decomposition. Both materials revealed a pre-
dominantly amorphous structure upon pyrolysis at 1100°C; 
however, showed basically the same phase composition of 
ZrCN, β-Si3N4, and SiC at elevated temperature of 1700°C. 
In the B-containing sample, a boron- and nitrogen-con-
taining carbon phase, that is, BxCNy, was unequivocally 
identified.

It is considered that the ceramic systems studied in the 
present work may be appropriate for the use at high tem-
peratures as well as in harsh environmental conditions, 
either as monolithic parts, protecting coatings or as alterna-
tive sintering additives for ultrahigh-temperature ceramics 
(UHTCs).
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