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Abstract

Amorphous Si–B–C–N ceramics were prepared from suitable boron-modified polyvinylsilazanes by solid state thermolysis under
an argon atmosphere. The amorphous Si–B–C–N ceramics were further annealed at 1800 �C by applying different nitrogen pressures
and holding times. The present work reports for the first time on high temperature creep studies coupled with a comprehensive struc-
tural characterization of the samples via X-ray diffraction, transmission electron microscopy and solid state NMR methods. It is
shown that, depending on the actual annealing conditions, SiC and Si3N4 nanocrystallites are formed which are distributed in
an amorphous B–C–N matrix consisting of amorphous carbon and boron nitride domains. The high temperature mechanical prop-
erties of the various annealed Si–B–C–N samples and of a representative amorphous specimen were examined by compression creep
experiments. Constant load experiments were carried out at 1400 �C which showed that an improved creep resistance exists for the
annealed Si–B–C–N samples, containing SiC and Si3N4 nanocrystallites. The smaller creep rates of the nanocrystalline ceramic are
attributed primarily to the densification of the amorphous structure upon sample annealing. In addition, load change experiments
were performed on the present ceramic materials. The high temperature viscosities derived were found to be substantially higher
than for instance those discussed for fused silica. Finally, the anelastic behavior was examined by load release experiments. Here,
a quantification of the experimental data was possible on the basis of the Kohlrausch–Williams–Watts equation.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Precursor-derived Si–B–C–N ceramics have attracted
considerable interest in recent years primarily because of
their extraordinary material properties [1,2]. It has been
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demonstrated that the addition of boron to ternary
Si–C–N ceramics results in a substantial increase of the
thermal stability of these materials. Thus, Si–B–C–N
ceramics were reported to be stable up to temperatures
of 2000 �C [3–6]. In the past, studies about the mechan-
ical properties were mainly focused on the amorphous
state of the precursor-derived ceramics. For instance,
compression creep studies on amorphous Si–C–N and
Si–B–C–N ceramics in the temperature range from
1400 to 1550 �C at stresses between 30 and 250 MPa
demonstrated that these materials exhibit an unusu-
ally high creep resistance [7]. Likewise, deformation
models – developed for metallic glasses – were employed
for the description of the deformation behavior in
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amorphous Si–B–C–N ceramics which provided new in-
sights into the mechanical properties of these materials
[8]. Apart from an earlier examination of the deforma-
tion behavior of crystallized Si–B–C–N ceramics [9], a
comprehensive study about the effect of crystallization
on the mechanical properties of such quaternary ceram-
ics has not been reported so far.

For this reason, we report in the present work on
compression creep investigations of annealed Si–B–C–
N ceramic samples, derived via thermolysis of a suitable
boron-modified polyvinylsilazane precursor. In order to
examine the influence of the actual annealing condition
on the structure of the final Si–B–C–N ceramics, the
respective (intermediate) amorphous samples were
heat-treated employing different annealing conditions,
i.e., nitrogen pressure and annealing time. A compre-
hensive structural characterization of the annealed
Si–B–C–N specimens was achieved by the combined
application of X-ray diffraction (XRD), solid-state
NMR spectroscopy and transmission electron micros-
copy (TEM). It was found that in particular the amount
of SiC and Si3N4 nanocrystallites strongly depends on
the chosen experimental conditions. The high tempera-
ture deformation behavior was examined via constant
load and load change experiments at 1400 �C on both
annealed Si–B–C–N ceramics and the as-pyrolyzed
amorphous ceramic prior to further crystallization.
The results from the present mechanical studies are dis-
cussed in connection with the specific structural features
of these quaternary ceramic materials.
2. Experimental

2.1. Sample preparation

The synthesis of the polymer precursor – a boron-
modified polyhydridovinylsilazane with a chemical
composition (B[C2H4-Si(H)NH]3)n – from which the
Si–B–C–N ceramic was prepared is described elsewhere
[4]. The solid polymer was milled and sieved. The result-
ing particles were segregated into various size fractions,
which were then thoroughly mixed in various propor-
tions. In the next step, the polymer particles were com-
pacted to yield a green body by uniaxial warm-pressing
in a graphite die at a pressure of 48 MPa within a temper-
ature range of 150–350 �C. The thermolysis of the green
body was carried out in an argon atmosphere by heating
at a rate of 1 K/min to 1400 �C, keeping the sample at
this temperature for 2 h, and cooling back to room tem-
perature at a cooling rate of 5 K/min. During this ther-
mal treatment a series of solid state transformations
(i.e., ceramization reactions) take place along with the
evolution of different gaseous species. As a result, the
polymer precursor is converted into the desired amor-
phous ceramic (Si–B–C–N ceramic). The amorphous
ceramic was then annealed at 1800 �C at a nitrogen pres-
sure between 10 and 100 bar, and at holding times be-
tween 1 and 3 h, in order to crystallize the metastable
as-pyrolyzed material. In the present work, four different
annealed Si–B–C–N specimens were prepared which re-
fer to the following treatments: (i) 1 h, 10 bar N2 (sample
I), (ii) 3 h, 10 bar N2 (sample II), (iii) 1 h, 100 bar N2

(sample III), and (iv) 3 h, 100 bar N2 (sample IV). For
comparison, experimental data will also be provided
for the amorphous Si–B–C–N ceramic (sample V), which
reflects the situation right after thermolysis of the green
body to 1400 �C, as described above.

2.2. Solid-state NMR spectroscopy

Solid-state NMR experiments were carried out at
room temperature on a Bruker MSL spectrometer oper-
ating at a static magnetic field of 7.05 T (1H frequency:
300.13 MHz) using a 4 mm magic angle spinning (MAS)
probe. 13C, 29Si and 11B NMR experiments were per-
formed at 75.47, 59.6 and 96.26 MHz, respectively. 13C
and 29Si NMR spectra were recorded under MAS condi-
tions (sample rotation frequency: 5 kHz) with single
pulse excitation, using p/2 pulse widths of 4.0 ls (13C,
29Si) and recycle delays up to 5 min. 29Si and 13C chem-
ical shifts were determined relative to external standards
Q8M8 (trimethylsilylester of octameric silicate) and ada-
mantane, respectively. These values were then expressed
relative to the reference compound TMS (d = 0 ppm).
11B MAS NMR (central transition) spectra were re-
corded at a sample spinning rate 10 kHz with single
pulse excitation using p/6 (pulse length: 1.2 ls) pulses
and a recycle delay of 2 s. The spectra were calibrated
relative to an aqueous solution of H3BO3 (d =
19.6 ppm) as the external standard and are given relative
to BF3 Æ OEt2 (d = 0 ppm).

2.3. X-ray diffraction

The X-ray diffraction measurements were carried out
at room temperature on a Siemens D5000 X-ray diffrac-
tometer with a position-sensitive detector. The voltage
and current used for the measurements were 40 kV
and 30 mA, respectively.

2.4. TEM experiments

The samples used for the TEM experiments from
Si–B–C–N ceramics I–IV were prepared following stan-
dard techniques, which involve diamond cutting, ultra-
sonic drilling, mechanical grinding, dimpling, polishing,
and argon-ion thinning to perforation. TEM measure-
ments at room temperature were carried out using a Phi-
lips CM200 microscope at an operating voltage of
200 kV. It should be noted that the corresponding
TEM image of sample III could not be given due to



Table 1
Experimental conditions for load change experiments

Time (s) Stress (MPa)

0–2.5 · 105 100
2.5 · 105–5 · 105 150
5 · 105–9 · 105 200
9 · 105–1 · 106 5

20 30 40 50 60 70 80
2θ [˚]

1h , 100 bar

3h , 100 bar

1h , 10 bar

3h , 10 bar
(II)

(I) 

(IV)

(III) 

Fig. 1. X-ray diffraction pattern of four different Si–B–C–N samples,
annealed at 1800 �C with the conditions (holding time, N2 pressure)
described in the text (d: a/b-SiC, m: b-Si3N4).
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its poor quality (the reason for that is not known so far),
and because, due to decomposition of the sample, the
experiment could not be repeated again.

2.5. Mechanical measurements

Creep specimens with nominal dimensions of
3 mm · 3 mm · 7 mm were cut from the ceramic mono-
liths followed by grinding. Compression creep tests in
air were performed at 1400 �C coupled with a compres-
sive stress of 100 MPa for constant load experiments for
all four annealed (crystallized) Si–B–C–N samples. Load
change experiments were conducted with the conditions
summarized in Table 1. For comparison, measurements
were made on the respective amorphous Si–B–C–N
sample. The compression creep experiments were carried
out using a testing frame from Amsler, covering a force
range between 0.5 and 5 kN (accuracy: 1 N). The tem-
perature was measured with a Pt-Rh(10)/Pt thermocou-
ple. The load was applied by a spiral spring, which was
preloaded by a spindle. The compression of the spiral
spring was measured by a linear potentiometer. The
strain of the specimen was calculated from the displace-
ment of the load pads. Two SiC scanning pins connected
the upper load pad with the housing of an inductive
strain gauge, which was placed under the specimen out-
side of the furnace in the cold part of the testing ma-
chine. The displacement between the upper and lower
load pad was measured with a third scanning pin, which
Fig. 2. TEM images of nano-crystalline Si–B–C–N ceramics crystallized a
pressure (sample II) and 1800 �C, 3 h/100 bar N2 pressure (sample IV).
connected the sensor of the strain gauge with the lower
load pad.
3. Results

3.1. Structural characterization

The X-ray diffraction diagrams of the Si–B–C–N
ceramics obtained by annealing at 1800 �C for different
holding times and nitrogen pressures are given in
Fig. 1. They reflect a considerable influence of the nitro-
gen pressure on the crystallization of the present amor-
phous Si–B–C–N ceramics. Obviously, a high nitrogen
pressure of 100 bar retards the crystallization process.
Here, the corresponding samples with 1 and 3 h of
annealing (samples III and IV) exhibit only three broad
peaks at 2h = 36�, 60.5�, and 72�, due to the formation
of some silicon carbide domains. If during the annealing
t 1800 �C, 1 h/10 bar N2 pressure (sample I), 1800 �C, 3 h/10 bar N2
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process a lower nitrogen pressure of 10 bar is applied,
then additional peaks due to the formation of silicon ni-
tride are visible. At a holding time of 1 h (sample I) only
relatively weak and broad diffraction signals show up.
An extension of the holding time to 3 h, however, results
in a considerable sharpening of all reflections along with
a substantial increase of the peak intensities (sample II).

The bright-field TEM images of crystalline Si–B–C–N
ceramics, obtained at nitrogen pressures of 10 and
100 bar (samples I, II and IV), are presented in Fig. 2.
The TEM images of the specimen I and II, obtained at
10 bar N2 clearly proves the formation of SiC and
Si3N4 nanocrystallites. The mean crystallite size is esti-
mated to be 30 nm for sample II. The TEM image for
samples obtained at a higher nitrogen pressure of
Fig. 3. 13C (left), 29Si (middle) and 11B NMR spectra (right) of four different
time, N2 pressure) described in the text.

Fig. 4. Deformation curves of four different Si–B–C–N samples,
annealed at 1800 �C with the conditions (holding time, N2 pressure)
described in the text, and of the corresponding amorphous specimen.
The experiments were performed at 1400 �C with a compressive stress
of 100 MPa.
100 bar and an annealing time of 3 h (sample IV) reflect
suppression of crystallization as a result of application
of higher nitrogen pressure, in close agreement with
the findings from the X-ray diffraction experiments
(see above, Fig. 1).

The experimental solid-state 13C NMR spectra of the
same materials, derived from boron-modified polyhy-
dridovinylsilazane under different annealing conditions,
are given in the left column of Fig. 3. The upper spec-
trum, referring to sample I (annealing time: 1 h, nitrogen
pressure: 10 bar) exhibits two broad signals at around
120 and 20 ppm, which, according to previous studies on
boron-modified polysilazanes [10,11], can be attributed
to amorphous (graphite-like) carbon and CHxSi4 � x

units (x = 0, 1 or 2), respectively. A longer annealing
Si–B–C–N samples, annealed at 1800 �C with the conditions (holding
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time of 3 h (sample II) at the same nitrogen pressure
gives rise to a 13C NMR spectrum (second spectrum
from the top) with a single peak in the high field region
at 20 ppm. The 13C NMR spectrum for the sample an-
nealed at a nitrogen pressure of 100 bar (annealing time:
1 h, sample III) again contains both signals at 120 and
20 ppm, as discussed for sample I. In the case of 3 h
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Fig. 6. Deformation (strain) as a function of time for nano-crystalline Si–B–
experiments at 1400 �C.
annealing at a nitrogen pressure of 100 bar (sample
IV) no 13C NMR signals could be detected, which on
the basis of former studies, however, is not unusual. In
fact, other NMR studies on such precursor-derived
ceramics have shown that in general 13C NMR spectra
are very difficult to detect at annealing temperatures be-
yond 1100 �C [10,11]. The 13C NMR spectra shown here
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therefore represent rare cases, where it was nevertheless
possible to get 13C NMR signals of reasonable quality.

The corresponding 29Si NMR spectra are given in the
second column of Fig. 3. Inspection of these spectra re-
veals that, independent of the particular annealing con-
ditions, two signals can be registered at �18 and
�48 ppm, which are attributed to the formation of
SiC4 (b-SiC: �20 ppm [12]) and SiN4 units (Si3N4:
�48 ppm [13]), respectively. The relative magnitudes
and widths of these signals, however, vary with the
actual annealing conditions. It is quite obvious that
the 29Si NMR signals from samples I and II exposed
to a lower nitrogen pressure of 10 bar exhibit a smaller
line width than those obtained from treatment at higher
nitrogen pressure. Likewise, the relative signal intensity
of the SiN4 units is found to increase with increasing
nitrogen pressure, and decreases with increasing anneal-
ing time, whereas the signal intensity of the SiC4 units
displays the opposite behavior.

The signals derived from the samples annealed at the
higher nitrogen pressure clearly show an increased inten-
sity in between the two peaks of SiC4 and SiN4 which
indicates the presence of mixed coordinated silicon
atoms, i.e., SiC3N, SiC2N2 and SiCN3 units, typical
for the amorphous state of such materials. According
to these data, sample III annealed for only 1 h contains
the highest amount of amorphous phase.

The experimental 11B NMR spectra are displayed in
the right column of Fig. 3. These spectra consist of two
components: (i) a broad spectral component with a sec-
ond-order quadrupolar broadening, which is typical for
trigonally coordinated boron (BN3 units [14]) as in
hexagonal boronnitride, and (ii) a second, isotropic signal
at 0 ppm which can be attributed to tetragonally
co-ordinated boron (BN4 units [14]). The former compo-
nent obviously dominates the 11BNMR spectrumof sam-
ple III (annealing conditions: 1 h/100 bar N2). The
isotropic component is found to increase with increasing
annealing time and upon lowering the nitrogen pressure.

In summary, the present X-ray, solid-state NMR and
TEM data seem to provide consistent results for the var-
ious samples, as will be further discussed below. The
microstructure of the annealed samples is characterized
by small crystallites embedded in a matrix phase which
is still amorphous. The highest amount of crystallinity
was detected for sample II, with a mean crystallite size
of about 30 nm. A further quantification of the amount
of crystalline phases in the present samples, however,
was not feasible.

3.2. Constant load experiments

Compression creep experiments were performed for
the aforementioned Si–B–C–N specimens, obtained with
four different annealing treatments. The experiments
were done at a temperature of 1400 �C, and with a com-
pression load of 100 MPa. For comparison, a represen-
tative amorphous Si–B–C–N ceramic sample (i.e.,
without high-temperature annealing) was examined
employing the same experimental conditions. The re-
sults are summarized in Fig. 4. In contrast to normal
conventions, the positive strain in Fig. 4 denotes com-
pression in the direction of the applied load. It can be
seen that the deformation curves of samples I–IV behave
in a very similar way and quite different from that re-
corded for the amorphous sample.

In Fig. 5 the deformation rates _e for the annealed
samples I–IV are depicted along with those from the
amorphous counterpart (sample V). It can be seen that
the time dependence of _e for the amorphous and an-
nealed, nanocrystalline ceramics is almost identical,
including the absence of any asymptotic behavior even
after 300 h of testing time. However, there is a consider-
able difference between the annealed and the amorphous
Si–B–C–N samples, as the former display a significant
increase of their creep resistance. The annealed material
therefore exhibits deformation rates _e, which are about
one order of magnitude smaller than those of the amor-
phous counterpart (sample V) throughout the whole
testing time covered here. At the same time, for the an-
nealed, nanocrystalline ceramics the deformation rates _e
decrease by about 21

2
orders of magnitude reaching a va-

lue of 10�9 1/s after 300 h at the end of the constant load
experiment. It is worth noting that although sample II

seems to be structurally somewhat different from the
other three annealed specimens (higher amount of crys-
tallinity, i.e. Bragg reflections indicated clearly the pres-
ence of SiC and Si3N4), very similar strain rates (or the
scatter in the data) were obtained for all four annealed
Si–B–C–N samples.

3.3. Load change experiments

Additional compression creep experiments, by apply-
ing various loads between 5 and 200 MPa at the time
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Fig. 8. Deformation rates for annealed Si–B–C–N samples and the corresponding amorphous specimen as a function of the applied stress, derived
from load change experiments at 1400 �C (see Fig. 6).

Table 2
Calculated creep viscosities obtained from load change experiments

Material condition Viscosity

Amorphous 4.50 · 1015 Pa s
1800 �C, 3 h, 10 bar N2 (II) 8.72 · 1015 Pa s
1800 �C, 3 h, 100 bar N2 (IV) 4.31 · 1016 Pa s
1800 �C, 1 h, 10 bar N2 (I) 2.96 · 1016 Pa s
1800 �C, 1 h, 100 bar N2 (III) 2.86 · 1016 Pa s
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intervals given in Table 1, were performed for the afore-
mentioned annealed, nanocrystalline Si–B–C–N ceram-
ics I–IV and the corresponding amorphous sample V.
The dependence of the deformation as a function of
increasing load (100–200 MPa) is shown in Fig. 6. At
the end of the experiment the samples were unloaded
from 200 MPa to 5 MPa, from which further informa-
tion about the anelastic behavior in these materials



1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

lo
g 

(a
ne

la
st

ic
 s

tr
ai

n 
ra

te
)

log (time)

b

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

lo
g 

(a
ne

la
st

ic
 s

tr
ai

n 
ra

te
)

log (time)

a

Fig. 9. Experimental deformation rates as a function of time, derived
from load release experiments at 1400 �C (see Fig. 6). The theoretical
fits using the Kohlrausch–Williams–Watts equation are also given. The
two diagrams refer to (a) the amorphous (sample V) and (b) an
annealed Si–B–C–N sample.

4574 N.V. Ravi Kumar et al. / Acta Materialia 53 (2005) 4567–4578
was expected. In Fig. 7 representative deformation rates
_e are given for sample II, which were derived from the
curves in Fig. 6.

Inspection of the data in Figs. 6 and 7 reveals that the
deformation rates continue to decrease even after 300 h
of testing time which holds for the amorphous and
nanocrystalline ceramics as well as for all applied loads.
Hence, the strain rate _e of the crystallized material can
be approximated by Eq. (1), which was earlier applied
for the description of strain rate curves from amorphous
precursor-derived ceramics [9,15]

_e ¼ 1

aþ bt
. ð1Þ

In this equation a and b are fitting parameters, while t

represents the creep time.
The viscosities of the present ceramic materials were

determined by plotting the deformation rates _e as a func-
tion of applied stress r, and assuming Newtonian vis-
cous flow (see Fig. 8). The values of the deformation
rates _e for various loads (i.e., stresses r ) at an identical
time of t = 106 s were obtained by extrapolation of the
data given in Fig. 7. The viscosity g is calculated by
means of the following equation:

g ¼ r
3 � _e . ð2Þ

The derived viscosities from this analysis are summa-
rized in Table 2. It can be seen that the viscosities of
the annealed, nanocrystalline samples are about one or-
der of magnitude larger than that of the amorphous
sample V. However, this is a relatively small difference,
unlike the findings, for instance, in metallic glasses
[16–18].

If during a load experiment the load on the specimen
is released, then a finite time is required to establish
equilibrium between stress and strain in the unloading
direction. The resulting time-dependent reversible defor-
mation, which also depends on the applied initial stress,
is termed anelastic. In fact, such an anelastic deforma-
tion was observed earlier for amorphous precursor-de-
rived Si–B–C–N ceramics [19]. We have performed
such an unloading experiment for the present materials
by reducing the load from 200 to 5 MPa (see Fig. 6).
The time dependence of the anelastic strain rates for
the amorphous and nanocrystalline Si–B–C–N ceramics
(sample II) is given in a double logarithmic representa-
tion in Fig. 9.

These experimental data were fitted using the well-
known Kohlrausch–Williams–Watts (KWW) equation,
which is frequently used for the description of relaxation
processes in various materials [20–24]. According to this
approach, the relaxation for a residual strain e(t) is
described by the following equation:

_e ¼ deðtÞ
dt

¼ �cðtÞ � eðtÞ. ð3Þ
The time dependence of the coefficient c(t) is assumed to
follow

c / t�ð1�bÞ with 0 < b 6 1. ð4Þ
The analytical solution of Eq. (4) is known as the
stretched exponential or KWW function [25]. The
anelastic strain ean(t,T) is then given by

eanðt; T Þ ¼ e0 exp � t
srelðT Þ

� �b
" #

. ð5Þ

The parameter srel in Eq. (5) denotes an effective relaxa-
tion time, while the stretching exponent b quantifies the
extent of deviation from pure exponentiality, or equiva-
lently, the degree of relaxation time dispersion. The
KWW function implies a spectrum of relaxation times
whose width is connected with the parameter b. A
stretching exponent b of 1 thus describes a relaxation
process with a single activation energy (infinitesimally
sharp relaxation spectrum), while the relaxation spec-
trum broadens to an indefinite number of activation
energies for values of b close to zero [26]. The time deriv-



Table 3
Derived parameters from stress strain measurements (analysis with
KWW equation, see text)

Material Amorphous Si–B–C–N Crystalline Si–B–C–N

e0 2.5 · 10�3 2.6 · 10�3

b 0.50 0.41
srel (s) 2.8 · 104 3.6 · 104
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ative of Eq. (5) yields the anelastic strain rate _ean, defined
by the following equation:

_eanðT ; tÞ ¼ � e0b
t

� t
srelðT Þ

� �b

exp � t
srelðT Þ

� �b
" #

. ð6Þ

For demonstration, this aforementioned procedure was
used to fit the experimental anelastic strain data
for the amorphous sample V and the nanocrystalline
Si–B–C–N ceramics (sample II), as depicted in Fig. 9.
The derived values of e0, b, and srel for both samples
are summarized in Table 3. It can be seen that the data
for the amorphous and nanocrystalline Si–B–C–N cera-
mic are very similar. The relaxation times srel in both
systems are about 3 · 104 s, while the parameter b of
the nanocrystalline Si–B–C–N ceramic implies a some-
what sharper relaxation time dispersion.
4. Discussion

4.1. Sample annealing, crystallization and structural
characterization

Amorphous Si–B–C–N ceramics are metastable with
respect to the crystalline phases of silicon nitride, silicon
carbide, carbon and boron nitride [27]. However, the
metastable state of these materials is characterized by
a low atomic mobility, which prevents crystallization
at lower temperatures. As a result, they only crystallize
at temperatures above 1400 �C. If such amorphous
materials are annealed at high temperatures, then vari-
ous processes – comprising densification, crystallization
and phase separation – might alter the sample structure.
A similar phenomenon is observed in amorphous metal-
lic glasses, if they are annealed at temperatures above
the glass transition. Nevertheless, the structural stability
of these ceramic materials and, consequently their
respective mechanical properties, might be substantially
improved by crystallization. It has been shown that after
crystallization, b-SiC and eventually Si3N4 nanocrystal-
lites are embedded in a turbostratic ‘‘B–C–N’’ matrix
consisting of amorphous carbon and boron nitride do-
mains [9]. Earlier studies on the crystallization of these
materials have indicated that silicon carbide is the first
phase to nucleate in the temperature range between
1400 and 1500 �C, whereas silicon nitride nucleates at
and above 1700 �C [28]. Below 1350 �C the ceramic
material was found to remain purely amorphous. The
size of the SiC nanocrystallites was determined by
high-resolution TEM studies, from which values be-
tween 2 and 5 nm were found [29].

It was observed that the crystallization kinetics di-
rectly depends on the actual annealing conditions. That
is, the crystallization rate increases with increasing
annealing temperature and time [28]. Likewise, the gas
atmosphere plays an important role as well, which in
particular holds for the impact of a nitrogen atmosphere
[30]. For this reason the present amorphous Si–B–C–N
ceramic was heat-treated at four different annealing con-
ditions. The conditions (holding time, nitrogen pressure,
temperature) were chosen in order to study the influence
of these experimental parameters on the crystallization
process.

It should be noted that so far no solid-state NMR
studies exist for the structural evolution of Si–B–C–N
ceramics after being subject to different annealing condi-
tions at such high temperatures. At such high annealing
temperatures of 1800 �C, in principle, two basic pro-
cesses have to be distinguished: (i) sample decomposi-
tion via the reaction of Si3N4 with ‘‘free’’ (amorphous)
carbon to form SiC and nitrogen [27], and (ii) crystalli-
zation of the amorphous ceramic material, i.e., demixing
of the amorphous ‘‘Si–C–N’’-matrix along with the for-
mation of crystalline Si3N4 and SiC domains [27,31,32].
For the present discussion the demixing process is dom-
inant, since sample decomposition is largely suppressed
by the presence of a relatively high nitrogen pressure
(pN2

P 10 bar).
Thus, the experimental 13C and 29Si NMR spectra

prove the presence of SiC (29Si NMR signal at
�18 ppm, 13C NMR signal at 20 ppm), amorphous car-
bon (13C NMR signal at 120 ppm), and Si3N4 (29Si
NMR signal at �48 ppm). For all samples the signal
intensity of the SiC component is somewhat larger than
that of the Si3N4 component, which qualitatively is in
line with the X-ray observations. The NMR results for
sample II, i.e., increase of the silicon carbide signal, loss
of amorphous carbon signal, and reduction of silicon ni-
tride signal intensity, suggest some decomposition dur-
ing sample annealing. However, it should be noted
that the relative 29Si NMR signal intensities might not
be completely correct. In highly crystalline Si3N4 very
long spin-lattice relaxation times are expected, which
for experimental reasons cannot always accounted for
and which give rise to NMR signal saturation. Much
more important, however, is the observed reduction of
the 29Si NMR line widths, which stems from an en-
hanced degree of crystallinity for sample II, i.e., the for-
mation of larger nanocrystals.

The highest degree of crystallinity is thus registered
for the sample exposed to a nitrogen pressure of
10 bar at 1800 �C for 3 h (sample II). At a higher nitro-
gen pressure of 100 bar silicon carbide and silicon
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nitride domains are formed as well. However, relatively
broad 29S NMR line widths are registered, reflecting a
lower degree of crystallinity for these samples, and the
presence of the amorphous phase with mixed coordi-
nated SiCxN4 � x units (x = 1–4). In agreement with
the corresponding X-ray diffraction and TEM studies,
the present solid-state NMR data show that the highest
degree of crystallinity is achieved by applying longer
annealing times and lower nitrogen pressures.

On the basis of the derived 11B NMR data it can be
concluded that, during the silicon carbide formation
and sample crystallization, distinct changes occur in
the coordination sphere of the boron atoms. That is, a
certain amount of the boron nuclei, that originally built
up hexagonal BN domains, change their coordination
from trigonal to tetragonal. Similar observations have
been made during a previous NMR study on the same
precursor system where the samples were annealed in
an argon atmosphere [10]. However, so far no further
detailed information about the constitution and struc-
tural changes within these BN domains is available.

In summary, the present annealed samples consist of
hexagonal BN and graphite-like structures (‘‘B–C–N’’
matrix) with SiC and Si3N4 domains, from which,
depending on the annealing conditions, SiC and Si3N4

nanocrystals emerge. We can further state that the degree
of crystallinity increases in the following sequence sample
III ! sample IV ! sample I ! sample II. The present
X-ray diffraction, TEM and solid-state NMR data inde-
pendently demonstrate that a high nitrogen pressure of
100 MPa in general stabilizes the amorphous state, i.e., re-
tards the crystallization of SiC and suppresses the forma-
tion of Si3N4 nanocrystals. Likewise, earlier extensive
TEM studies have shown that holding times greater than
10 h at a given annealing temperature have only a mar-
ginal effect on the volume fraction of the produced nano-
crystals [31]. In general, a nitrogen pressure of 10 bar was
found to be completely sufficient to stabilize Si3N4 crys-
tals. It was further concluded that an increasing nitrogen
pressure provides no benefit, since it only retards the crys-
tallization process. Thus, for the present Si–B–C–N
ceramics, an annealing temperature of 1800 �C, a holding
time of 3 h, and a nitrogen pressure of 10 bar provided a
maximum amount of SiC and Si3N4 nanocrystals. These
experimental results are qualitatively confirmed by ther-
modynamic calculations [33] which showed that the N2

pressure is very crucial for the reaction of Si3N4 with car-
bon. A N2 pressure of only 1 bar has thus practically no
influence on the reactivity of Si3N4, whereas the transfor-
mation of Si3N4 is considerably retarded at higher nitro-
gen pressures.

4.2. Mechanical deformation at high temperatures

During the present work two types of high tempera-
ture compression tests were performed at a working
temperature of 1400 �C, namely constant load experi-
ments and load change experiments. Constant load
experiments, with a load of 100 MPa, were performed
on all annealed Si–B–C–N samples I–IV, and for
comparison on an amorphous Si–B–C–N sample V. In
general, an extraordinary high creep resistance could
be detected for both types of materials. However, the
deformation rates for the annealed Si–B–C–N ceramics
(samples I–IV) were found to be an order of magnitude
lower than those of the amorphous material throughout
the whole testing period, implying a smaller total defor-
mation of the former specimens (Fig. 5). It therefore can
be concluded that a higher creep resistance emerges
from the additional sample annealing at 1800 �C.

The time dependence of the deformation rate for the
amorphous and nanocrystalline Si–B–C–N ceramics
(Fig. 5) can be understood on the basis of a continuous
structural evolution of the matrix phase during such
experiments. Since the time dependence is rather similar,
it is reasonable to assume that the matrix – consisting of
well-defined but only partially crystalline SiC, Si3N4, BN
domains and amorphous, graphite-like regions – plays
the dominant role for the deformation behavior even
of the crystalline Si–B–C–N ceramic rather than the dis-
persed nanocrystallites. In close analogy to the amor-
phous sample [8], it is the ongoing structural alteration
in the amorphous matrix with testing time which is
responsible for the continuous reduction of the deforma-
tion rate of the partially crystalline ceramics. The pres-
ence of isolated nanocrystallites obviously has a minor
effect on the time dependence of the deformation or
creep rate.

This is quite in contrast to the observations for par-
tially crystalline metallic glasses where the effect of crys-
tallization dominates the creep behavior [18]. The creep
rates were found to decrease by several orders of magni-
tude in annealed metallic glasses, where continuous crys-
tallization was observed in prolonged creep experiments
at high temperatures. The strong reduction of the creep
rate from its initial value was mainly attributed to the
in situ formation of crystallites in such metallic glasses.
It was further observed that the creep rates of com-
pletely crystalline specimens do not drop down any fur-
ther, and reach a constant limiting value [18]. In the case
of the present annealed Si–B–C–N ceramics, the struc-
tural evolution of the amorphous phase is not yet com-
pleted, not even after a very long time. Thus, structural
changes in the amorphous B–C–N matrix still go on
along with sample crystallization during the entire time
of the creep experiments. This is also consistent with the
absence of any asymptotic behavior even after 300 h of
testing time. The fact that the crystallization rate in
Si–B–C–N ceramics is much smaller than in metallic
glasses also supports the hypothesis of a minor influence
of nanocrystallites on the enhanced creep resistance of
the annealed Si–B–C–N ceramics. A finite contribution
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from the nanocrystallites, nevertheless, cannot be com-
pletely ruled out.

The viscosities of amorphous and nanocrystalline
Si–B–C–N ceramics derived from load change experiments
were found to be very similar with values between 1015

and 1016 Pa s. These values are about six orders of mag-
nitude higher than those discussed for fused silica in the
temperature range from 1400 to 1500 �C [34], reflecting
in general a high mechanical stability of the more cova-
lent Si–B–C–N materials. Moreover, the four annealed
samples I–IV exhibit somewhat higher viscosities (about
one order of magnitude) than the amorphous sample V,
which can be traced back to the structural differences be-
tween the amorphous and annealed samples (i.e.,
‘‘BCN’’-matrix, Si3N4 and SiC domains), as already out-
lined above.

Earlier studies showed that the fitting parameters b
and srel (Eq. (6)) are practically independent of the ap-
plied stress. At the same time the pre-exponential con-
stant e0 exhibited a pronounced stress dependence,
which is reflected by a linear variation with stress change
[35]. In the present study, no further attempts were made
to relate these fitting parameters to the applied stress.
The stretching exponent b is known to be directly con-
nected with the structural relaxation of these materials,
and will be discussed next.

Stretching exponents b of 0.6 for amorphous
Ni0.5Zr0.5 [21], 0.43 for C60 [22], 0.42 for amorphous sil-
icon [23], 0.4–0.6 for various polymers [24], and 0.47 for
amorphous Si–C–N ceramics [35] have been reported in
the literature. It is found that practically all published
values for the stretching exponent b lie between 0.4
and 0.6. Phillips et al. [36,37] explained these stretching
exponents by a trap model, which is based on the idea
that in glasses a static distribution of traps or sinks exists
towards which excitations diffuse and disappear [38].
The value of the stretching exponent is then given by

b ¼ d
ðd þ 2Þ ; ð7Þ

where d is the dimensionality of the configuration space
in which the relaxation takes place. For a three-dimen-
sional distribution, Eq. (7) yields a value of b = 0.6
which reproduces the stretching exponents observed
for some of the glasses, but not for all materials. By
comprising long range forces, namely the Coulomb
forces, a new dimensionality was formulated with
d = 3/2. From this, a stretching exponent of b = 3/7
= 0.43 was derived which is much closer to the value
found experimentally for the annealed, nanocrystalline
Si–B–C–N ceramics of the present study (Table 3).
According to this model, Coulomb forces would govern
the observed relaxation processes in addition to density
fluctuations. The experimental stretching exponent
b = 0.5 derived for the amorphous Si–B–C–N sample
V is neither close to 0.43 nor to 0.6. In this context, it
is interesting to note that the published stretching expo-
nents for stress relaxation in oxide glasses are also about
0.5 for a wide range of compositions [26], which there-
fore also cannot be completely reproduced on the basis
of the existing theoretical models.
5. Conclusions

A detailed investigation has been carried out on the
crystallization behavior of amorphous Si–B–C–N
ceramics. Part of the present work focused on the effects
of temperature, holding time and nitrogen pressure on
the structural changes during crystallization. The analy-
sis of the solid-state NMR, X-ray diffraction and TEM
experiments clearly demonstrated that at the chosen
annealing temperature of 1800 �C both the nitrogen
gas pressure and the exposure time have a strong impact
on the actual molecular constitution. It was found that a
maximum of sample crystallinity is achieved by anneal-
ing for 3 h at a nitrogen pressure of 10 bar.

During constant load and load change deformation
experiments at 1400 �C, the nanocrystalline, annealed
Si–B–C–N ceramic samples were found to exhibit a
higher creep resistance than the corresponding amor-
phous sample, while the actual time dependence of the
creep rates – including the absence of any asymptotic
behavior – was practically identical for both materials.
It is thus anticipated that it is the viscous flow of the
B–C–N matrix and its change with time at the testing
temperature which governs the creep behavior in nano-
crystalline Si–B–C–N ceramics. The role of the nano-
crystallites is obviously of minor importance for the
mechanical properties examined here.
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