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In precursor-derived nanocrystalline Si –B –C –N materials,
grain or interphase boundaries constitute a major part of
the material. They control various properties of nanostruc-
tured solids, e. g., by forming fast diffusion pathways. In
such highly covalent materials, where the interfaces be-
tween the individual crystallites or domains tend to be broa-
dened and structurally disordered, high-temperature plastic
deformation (i. e., the creep behavior) can be used as a
probe which is particularly sensitive to processes involving
internal interfaces and glass-like features of the microstruc-
ture. The focus of the present study is an investigation of the
deformation behavior of precursor-derived nanocrystalline
Si– B – C– N ceramics in the phase-separated amorphous
and nanocrystalline states under inert atmospheres. A con-
cise analysis of creep mechanisms free of any oxidation ef-
fects was carried out. Isothermal compression creep experi-
ments at 1400 °C and at various loads (50 MPa–150 MPa)
have indicated a stress exponent near to unity hinting diffu-
sion creep, and an activation energy of 0.16 � 0.03 MJ/mol
was derived from temperature change experiments under an
iso-stress condition. The mechanisms of deformation are
elucidated using a free volume model.

Keywords: Si – B– C –N ceramics; Free volume; TEM;
Compression creep

1. Introduction

Precursor-derived Si –B – C –N ceramics are a new class of
high-temperature structural ceramics produced from solid-
state thermolysis of polymers. They are of interest, since
the properties of the material can be tailored at the atomic/
molecular level [1]. High-temperature stability up to
2000 °C [1 –5], chemical and mechanical stability at ele-
vated temperatures concurrent with high creep resistance
[6– 12] induce continued scientific interest in this class of
materials. Si– B – C– N ceramics obtained from boron mod-
ified poly(vinyl)silazanes with chemical compositions of
(B[C2H4 – Si(CH3)NH]3)n (denoted T2-1) and (B[C2H4 –
Si(H)NH]3)n (denoted MW-33) were investigated exten-
sively for their high-temperature mechanical properties in
atmospheric conditions.

Polymer-derived Si– B – C– N ceramics in the amor-
phous state as well as in the crystalline state exhibit extraor-
dinary creep resistance. Si– B– C – N ceramics in the amor-
phous state (MW-33 and T2-1) exhibited low strain rates in
the order of 10 – 8 s – 1 with no sign of steady state even after
300 h of testing [8]. In the crystalline state, annealed
MW-33-derived ceramics heat-treated at 1800 °C for 3 h in
1 MPa N2 atmosphere exhibited an order of magnitude in-
crease in creep resistance for the same combination of load
and temperature (1400 °C, 100 MPa). The strain rates of
such annealed Si – B– C –N ceramics continued to decrease
and exhibited values in the range of 10 – 9 s – 1 at the end of
300 h of creep [11, 12].

T2-1-derived ceramics annealed under identical condi-
tions, but synthesized using larger polymer particle size
fractions, showed a relatively lower creep resistance in con-
trast to their crystalline MW-33 counterparts as a result of
extensive internal oxidation of the material [13]. Extensive
internal oxidation due to relatively wide-spaced pore chan-
nels converted the highly covalent, creep-resistant non-ox-
idic microstructure to one containing a substantial amount
of oxidic phase, albeit low strain rates in the order of
10 – 8 s – 1 were observed for the most critical conditions of
creep [13].

In the present investigation, we have chosen T2-1-de-
rived materials with identical composition, and annealing
conditions similar to those investigated in air which were
subjected to severe oxidation. The focus of the present
study is to understand the material behavior at elevated tem-
peratures under argon atmosphere so that a concise analysis
of the deformation mechanisms of these materials can be
made without any oxidation- induced effects on the creep
behavior.

2. Experimental

The synthesis of the polymer precursor with the chemical
composition (B[C2H4 –Si(CH3)NH]3)n and details of the
ceramization processes can be found elsewhere [2, 14].
Nano-crystalline Si– B –C – N ceramics were prepared by
annealing the polymer-derived amorphous Si –B – C– N
ceramics in nitrogen atmosphere of 1 MPa at a temperature
of 1800 °C for a duration of 3 h in a high-temperature fur-
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nace (FCT, Germany). Transformation of the Si –B – C– N
ceramics from the amorphous to the crystalline state was
accompanied by a weight loss of 3.0 % and an increase in
bulk density of 8.8 %. The bulk density of the crystalline
Si– B – C– N ceramic measured by displacement measure-
ments in mercury is 1.93 g/cm3.

Chemical analysis of the sample was carried out by spec-
troscopic methods and the elemental composition is listed
in Table 1. The elements carbon, nitrogen, and oxygen were
determined by combustion techniques using Elementar
Vario EL and LECO TC-436. Boron was quantified by in-
ductively coupled plasma-atomic emission spectroscopy
(ICP-AES) using an ISA JOBIN YVON JY70 plus instru-
ment. X-ray fluorescence was used to quantify silicon in
these ceramic materials. The empirical chemical formula
of the ceramic is found to be Si2.9 B1.0 C4.6 N2.3, which is
deduced from the elemental composition.

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. The samples used for the TEM experiments
were prepared following standard techniques, which in-

volve diamond cutting, ultrasonic drilling, mechanical
grinding, dimpling, polishing, and argon-ion thinning to
perforation. TEM measurements at room temperature were
made using a Zeiss EM 912 microscope at an operating
voltage of 120 kV.

Compression-creep specimens were prepared by cutting
and grinding the annealed samples. For carrying out com-
pression-creep experiments in a controlled atmosphere, a test
frame ‘Zwick’ with a furnace from the company ‘Maytec’
was used as shown in Fig. 1. Two thermocouples (Pt/Pt
10 % Rh) are installed inside the furnace, one for measuring
the temperature of the sample and connected to the control-
ler to maintain the creep test temperature, and the other for
limiting the temperature to 1530 °C. The heating elements
and the radiation shields are made of molybdenum
(Fig. 1). A rotary-vane vacuum pump in series with a turbo-
molecular pump which can generate vacuum of the order of
9 × 10 – 6 mbar is used for the evacuation of the chamber.
The vacuum generated in the chamber is constantly moni-
tored using a Penning gauge. A 10 kN load cell is installed
in the machine, although the frame itself is designed for
100 kN. The load measurement accuracy is of the order of
� 0.2 N. During all the creep tests, a continuous flow of ar-
gon gas with a flow rate of 1 litre/min is maintained.

3. Results

Earlier studies on structural characterization of crystallized
Si– B – C– N ceramic samples of MW-33 and T2-1-derived
materials indicated that the resulting nanostructure is de-
pendent on the actual annealing conditions [12, 14]. The an-
nealing temperature, holding time, and nitrogen pressure
control the size, distribution, and morphology of the crys-
tallites formed in situ in the matrix. A pronounced influence
of the size of the polymer particles used for processing on
the crystallization behavior is also observed [14]. However,
for the present investigation only a brief note on the struc-
tural features of the material under investigation is given
via results obtained from X-ray diffraction (XRD) and
transmission electron microscopy (TEM).

X-ray diffraction patterns were recorded as shown in
Fig. 2. The concomitant bright-field TEM image shows the
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Table 1. Chemical analysis of the crystalline T2-1 derived Si–
B – C– N ceramic prior to creep investigations. (XRF = X-ray
fluorescence, ICP-OES = Inductively coupled plasma-optical
emission spectroscopy, Vario and TC-436 are combustion techni-
ques).

Element % Mass Process

Si 45.1 XRF
B 6.0 ICP-OES
C 30.5 Vario
N 17.5 Vario
O 1.1 TC-436

Fig. 1. Experimental set-up for compression creep showing the sample
(P) placed between two SiC pads (S). Heating and radiation shields are
made of molybdenum (R).

Fig. 2. X-ray diffraction diagram of the T2-1-derived crystalline Si–
B–C–N ceramic annealed at 1800 °C (3 h, 1 MPa N2 atmosphere)
showing peaks corresponding to SiC and Si3N4 crystallites.
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structural features of the crystallized samples (Fig. 3). The
Bragg reflections correspond to SiC and b-Si3N4. A broad
peak corresponding to 2h = 25°– 26° indicates the presence
of turbostratic BN and C. An analogous observation is made
by TEM, where the bright-field image (Fig. 3) distinctly
shows the formation of crystallites of SiC and Si3N4. The
average size of the crystallites was found to be around 30–
50 nm. They were dispersed in a matrix of boron, nitrogen,
and carbon (B– C –N matrix) which is amorphous. How-
ever, the amorphous nature of the matrix is still not very
clear.

3.1. Time dependence of deformation

The time dependence of deformation of T2-1-derived crys-
talline Si– B – C– N ceramics investigated in compression
creep under isothermal tests at a temperature of 1400 °C
and compressive stresses 50, 100, and 150 MPa is depicted
in Fig. 4. The strain rates decrease with time at all loads
during the entire duration of the creep test with no
asymptotic approach to steady state. This behavior indi-
cates a continuous increase in creep resistance with time.
Since no drastic change in the microstructures of the speci-
mens investigated is expected as a result of an inert atmo-

sphere, valid creep parameters can be evaluated using the
well known Norton equation for compression creep which
is given in Eq. 1 [8]:

_ee ¼ A � rn � exp
�Q
R � T

� �
� t�c ð1Þ

where A is a constant which is representative of the micro-
structural state of the material, r is the compressive stress,
Q is the activation energy for creep, R is the gas constant,
T is the absolute temperature, t is the creep time, c is the
time exponent, and n is the stress exponent. It is obvious
that the minimum strain rates are obtained at the end of the
creep tests, and hence the creep parameters (n and Q) are
determined using strain rate values at time, t = 300 h
(� 106 s). No noticeable change in the slope of the curves
could be identified, and a time exponent of c � 0.73 was
determined which did not change significantly during the
entire creep test.

3.2. Stress dependence of deformation

The compression-creep experiments carried out at a con-
stant temperature of 1400 °C for various loads from 5 –
100 MPa showed a maximum deformation of around
1.6 %– 1.7 % after 300 h for T2-1-derived crystalline mate-
rials annealed at 1900 °C, tested in air [11]. The strain rates
achieved at the end of the creep tests were of the order of
4 × 10 – 9 s – 1 to 5 × 10 – 9 s – 1. Contrarily, in argon atmos-
phere, crystalline T2-1-derived material exhibited far less
accumulated viscous deformation at the end of the creep
tests and low deformation rates. The total viscous deforma-
tion exhibited in the load regime (50 – 150 MPa), varied
between about 0.32 % and 0.54 %, which was in fact depen-
dent on the applied compressive stress during the isother-
mal test (T = 1400 °C). The strain rates at the lowest and
highest loads investigated during the isothermal tests
reached values in the order of 2 × 10 – 10 s – 1 to
4 × 10 – 10 s – 1 after 300 h of creep time as shown in Fig. 4.
For all the three loads only an extended primary creep stage
over the entire test duration was observed (Fig. 4).

3.3. Temperature dependence of deformation

The deformation behavior of T2-1-derived crystalline
Si– B – C– N ceramics as a function of temperature was
studied by performing a temperature change experiment
during an iso-stress condition at 100 MPa (Fig. 5). The
specimen was initially subjected to a temperature of
1300 °C for a period of 100 h. Subsequently the tempera-
ture was raised to 1400 °C and 1500 °C, keeping the com-
pressive stress constant through out the experiment and al-
lowing the material to creep at all the three temperatures.
Another sample from the same material was simultaneously
tested in air at 1500 °C coupled with a compressive load of
100 MPa in another creep machine and the strain values
are plotted for comparison in Fig. 5. The deformation re-
corded after 250 h was around 0.5 % and around 2.3 % for
tests carried out in argon and in air respectively. The materi-
al tested in air, however, failed at the end of around 260 h
with a strain to failure of 2.45 %.

The deformation rates corresponding to different tem-
peratures are plotted as a continuous function of time in
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Fig. 3. Bright-field image of the T2-1-derived crystalline Si–B–C–N
ceramic showing nanocrystallites dispersed in a matrix of B–C–N.

Fig. 4. Variation of strain rates with time and applied compressive
stresses during isothermal creep experiments with T2-1-derived crys-
talline Si–B–C–N ceramics at 1400 °C.
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Fig. 6. A strong temperature dependence of strain rates at
all times was observed and it can be seen that the depen-
dence was the same at all times. An affine inverse linear
function which is deduced from free-volume theory was
fitted to the experimental data. The extrapolated strain rate
values at t = 106 s for all the three different temperatures
investigated are plotted against reciprocal temperature
(Fig. 7) and the activation energy in the temperature regime
of 1300 °C to 1500 °C is determined to be Q = 0.16 �
0.03 MJ/mol.

4. Discussion

4.1. Time and stress dependence of the deformation rate

High-temperature deformation studies by compression
creep in atmospheric ambience for amorphous and crystal-

line Si – B– C – N ceramics exhibited a similar time depen-
dence of strain rates [8, 11, 12]. A continuous decrease in
strain rates with time was observed, indicating only the pri-
mary stage of creep for the entire creep tests for all loads in
the temperature regime investigated [8, 11, 12]. However,
crystalline T2-1-derived Si– B –C – N ceramics produced
by heat treatment at 1800 °C (3 h, 1 MPa N2 pressure), in-
vestigated in air at compressive stresses from 25 to
150 MPa, and at temperatures from 1350 °C to 1500 °C, ex-
hibited increasing strain rates beyond 2 × 105 s [13]. The
creep behavior was extensively influenced by oxidation
and the non-oxide covalent microstructure was converted
to that of an oxidic one, resulting in decreasing creep resi-
stance with time and temperature. Microstructural investi-
gations elucidating this behavior and the role of oxidation
on the high-temperature deformation behavior are ex-
plained in detail elsewhere [13]. However, the crystalline
T2-1-derived material synthesized under identical condi-
tions, i. e., heat treated at 1800 °C (3 h, 1 MPa N2 pressure),
when investigated in argon atmosphere showed only pri-
mary creep for the entire duration of the creep test, as
shown in Fig. 4. This indicates an entirely different behav-
ior in an oxygen-free environment. As a result of an inert at-
mosphere during the creep tests, the mechanisms of defor-
mation of these materials were determined unambiguously.

The time dependence of the deformation rate for the
T2-1-derived nanocrystalline Si– B –C – N ceramics can be
understood on the basis of a continuous structural evolution
of the matrix phase during deformation. Since the time de-
pendence is similar to that of its amorphous counterpart
[8], 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 dispersed
nanocrystallites. In close analogy to the amorphous sample
[8], it is the ongoing structural alteration in the amorphous
matrix with testing time which is responsible for the contin-
uous reduction of the deformation rate of the partially crys-
talline ceramics.
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Fig. 5. Deformation of the crystalline T2-1-derived Si–B–C–N
ceramic during a temperature change experiment at a constant com-
pressive stress of 100 MPa. Deformation behavior of the same material
at a temperature of 1500 °C and a compressive stress of 100 MPa in at-
mospheric ambience is given for comparison.

Fig. 6. Variation of strain rates relative to time at 100 MPa and differ-
ent temperatures during iso-stress creep experiments with T2-1 derived
crystalline Si–B–C–N ceramics.

Fig. 7. Arrhenius plot for the calculation of the activation energy of the
deformation rate of crystalline T2-1 derived Si–B–C–N ceramic after
106 s. All tests were performed at a stress of 100 MPa.
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The stress dependence of the deformation rate is shown
in Fig. 8a for two different testing times, that is, after 105 s
and 106 s. A linear fit to the experimental data describes
the stress dependence of deformation rate very well. The
stress exponent was calculated by plotting the minimum
strain rates obtained during the creep tests (i.e after 106 s)
against stress as shown in Fig. 8b. The slope of the linear
fit to the experimental data gives a value near to unity indi-
cating a diffusion-based mechanism of creep. The atomistic
mechanisms of viscous flow even of the crystalline materi-
als can be explained using the free volume theory, which
was applied to understand the deformation mechanisms in
metallic glasses [15 – 17] and recently in amorphous
Si– B – C– N ceramics [8]. In the following two sections,
the time and temperature dependence of viscosity is ana-
lyzed using the aforementioned theory.

4.2. Time dependence of viscosity

Figure 9 shows the time-dependent increase in viscosity
that was calculated using Eq. 2 for the T2-1-derived crystal-
line ceramic at a temperature of 1400 °C and various ap-
plied stresses. The strain rates for the calculation of the
viscosity are obtained from Fig. 4.

g ¼ r

3 � _ee ð2Þ

A linear expression as given in Eq. 3 was used to fit the ex-
perimental data in Fig. 9.

g(t) = a + b · t (3)

where a and b are constants, and t is the creep time.
The fitted data and experimental data are in good accord-

ance with each other, however, at shorter times (< 2 × 104 s)
a deviation is observed which is attributed to anelastic de-
formation. Independent of the applied stress (r), the values
of viscosity increase linearly and reach the order of
1017 Pa · s at the end of creep time, t = 106 s. Within the
time frame of creep testing, more than 2 orders of magni-
tude increase in viscosity is observed. Qualitatively, the be-
havior is similar to their amorphous and MW-33-derived

crystalline counterparts investigated in air, where a similar
linear time dependence has been observed [8, 11, 18]. How-
ever, T2-1-derived materials which were extensively
influenced by oxidation did not show such linear time de-
pendence for long durations [13]. In an oxidation-free en-
vironment, T2-1-derived crystalline materials not only
showed a continuous increase of viscosity during 300 h of
testing time, but also an order of magnitude increase in the
values at any instant of time in comparison with materials
investigated in air. The similar time-dependent increase
both in the case of amorphous materials and in crystalline
materials is indicative of the fact that the role of crystallites
in the crystalline state of such materials is of minor impor-
tance. However, the increase in viscosity of the surrounding
matrix in crystalline materials should be the reason for the
higher values reported here. The disordered turbostratic
matrix that surrounds the crystallites (as observed in
Fig. 3) is still amorphous, and continuous annihilation of
defects in the residual amorphous phase causes such in-
creasing viscosity values.

The annihilation of defects during structural relaxation
takes place by a bimolecular process, which means that the
annihilation of free volume takes place by the collapse of
two adjacent free volume fluctuations [17, 19, 20]. Hence
the annihilation rate can be written as

dcf

dt
¼ �krc

2
f ð4Þ

where cf is the concentration of flow defects, and kr is a rate
constant. The annihilation kinetics follows from the ob-
served linear increase of viscosity with time as seen in
Fig. 9. Also, from the free-volume theory, in the low-stress
regime, the viscosity is given by

g ¼ kTX

cfkrðe0m0Þ2 ð5Þ

where k is the Boltzmann constant, T is the creep test tem-
perature, X is the atomic volume, and v0 is the volume
which undergoes a strain e0 under the application of an ex-
ternal stress r.
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Fig. 8. Strain rate as a function of stress at 1400 °C for T2-1-derived
crystalline Si–B–C–N ceramic after 105 s and 106 s and calculation
of stress exponent.

Fig. 9. Measured data and fitted curve of the time dependent viscosity
of the T2-1- derived crystalline Si–B–C–N ceramic.
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The solution of the differential equation (Eq. 4) gives the
value of the concentration of flow defects cf. Incorporation
of this value into Eq. 5 leads to an affine linear relation of
viscosity with time which takes the form of Eq. 3. Hence,
the time dependence of viscosity can be very well described
by the free-volume model.

4.3. Temperature dependence of viscosity

Viscosities calculated from strain rates (see Fig. 6 for the
strain rate values) corresponding to three different test tem-
peratures in a temperature change experiment at a constant
applied stress of 100 MPa using Eq. 2 are plotted in
Fig. 10 as a function of time. A linear and distinct depen-
dence of viscosity during the entire test time for all tem-
peratures was observed. An order of magnitude decrease in
the viscosity values from 1017 Pa · s to 1016 Pa · s was ob-
served with increase in test temperature to 1500 °C at the
end of the creep test. The dotted line in Fig. 10 represents
the expected slope according to Eq. 3, and is valid for all
the three test temperatures investigated. However, even at
the severe combination of load and temperature, the viscos-
ity values were increasing at the end of the creep test. This
supports the fact that even under these extreme creep condi-
tions, the highly covalent, load-carrying bridges of the ma-
terial are not softened, indicating very high creep resist-
ance.

5. Conclusions

Annealed nanocrystalline T2-1-derived Si– B– C– N ceram-
ics were investigated for their high-temperature mechanical
properties in argon atmosphere. In this work, the influence
of the interfaces in these nano-structured materials was
studied using creep measurements as a probe. The investi-
gation in controlled atmosphere showed a dramatic increase
in creep resistance (strain rates ~ 10 – 10 s – 1) in contrast to
the results obtained in atmospheric conditions. The exist-
ence of only an extended primary regime of creep with no
asymptotic approach to steady state for the entire creep tests
indicates the role of the matrix phase only (lack of long-

range order, annihilation of defects) on the high-tempera-
ture deformation. A free-volume model was successfully
used to analyze the deformation behavior of the crystalline
state. A stress exponent near unity indicates a diffusion
creep mechanism.
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Fig. 10. Variation of viscosity of the T2-1 derived crystalline Si–B–
C–N ceramic with time and temperature. All tests performed at a con-
stant compressive stress of 100 MPa.
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