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Abstract

Compression creep experiments were carried out on nano-crystalline precursor derived Si–B–C–N ceramics in atmospheric

ambience at loads varying from 5 to 100 MPa and in the temperature range 1350–1500 �C to investigate the high temperature

deformation behaviour and understand the mechanisms of deformation. The activation energy in the temperature range of 1350–

1500 �C was determined to be 98± 12 kJ/mol and the stress exponent was found to be 1.1.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Amorphous Si–B–C–N ceramics have been investi-

gated to a reasonable extent in order to understand the

high temperature deformation behaviour by carrying

out extensive compression creep experiments [1,2]. The

studies showed that these materials yield a highly creep

resistant class of materials. The relatively high creep
resistance comes from the fact that these materials lack

the presence of any oxidic grain boundary phase,

resulting from low melting point sintering additives as in

the case of conventionally sintered materials. The

deformation in amorphous Si–B–C–N ceramics at high

temperatures was analysed via the free volume model

which is generally used to describe the deformation

behaviour in amorphous metallic glasses [1]. But these
amorphous Si–B–C–N ceramics are metastable and
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devitrify at high temperatures in the order of 1800 �C.
Also, traces of nano-crystallites have been observed by

TEM studies at even lower temperatures during long

term creep tests. This motivated us to crystallize these

quaternary amorphous systems to produce stable nano-

crystallites of SiC and Si3N4 prior to creep studies and to

investigate the influence of the crystallinity on the high

temperature deformation behaviour.
2. Experimental

The boron modified poly(vinyl)silazane polymer

precursor with the chemical composition (B[C2H4-

Si(CH3)NH]3)n was milled using a tungsten carbide ball

mill and sieved. The synthesis of the polymer itself is

described elsewhere [3]. The polymer particles in the size
range 80–160 lm were compacted in a graphite die at 48

MPa. The temperature for compaction was optimized to

be 330 �C. Amorphous ceramics were obtained by solid

state thermolysis at a temperature of 1300 �C for 2 h in

argon atmosphere. Nano-crystallinity was produced by

annealing the amorphous as-thermolysed ceramics at

1900 �C for 3 h and in a nitrogen atmosphere of 10 bar.
lsevier Ltd. All rights reserved.
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For the creep measurements, a Zwick universal test-

ing machine was used. In this machine the load is ap-

plied via a spiral spring preloaded by a spindle. With a

linear potentiometer the compression of the spiral spring
is measured. This set up allows to calculate the load with

an accuracy of ±1 N. The uni-axial deformation of the

samples was measured using three scanning pins. Two

scanning pins are connected to the upper SiC load pad,

while the third touches the lower SiC load pad. The

distance between the upper and lower load pads is

measured via an inductive strain gauge, which is located

in the cold part of the testing machine.
SEM studies on crystallized Si–B–C–N ceramics be-

fore and after creep were carried out using a field

emission Zeiss DSM 982 GEMINI microscope coupled

with an EDX Oxford/Link system ISIS 300 with a ger-

manium detector. All the samples were given �1.8 nm

Pt–Pd coating before observation.

Energy filtered transmission electron microscopy of

the as-crystallized ceramics was carried out by standard
techniques using a Zeiss EM 912 microscope.
3. Results and discussion

Amorphous precursor derived ceramics are known to

exhibit shrinkage during creep deformation due to

structural changes in the amorphous state by tempera-

ture treatment. This is in agreement with earlier findings

[4]. The shrinkage component of the total deformation
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Fig. 1. (a) Comparison of shrinkage curves of amorphous and nano-crystal

1350 �C (j), 1450 �C (�) and 1500 �C (M) at a constant load of 50 Mpa; (

calculated at 1350 �C (j), 1450 �C (�) and 1500 �C (M).
was determined by carrying out the creep experiments in

the temperature range of 1350–1500 �C at a negligible

load of 5 MPa, which is just required to hold the spec-

imen in position. Similarly creep tests at 5 MPa were
carried out for the crystallized material. As suspected

the shrinkage of the crystallized materials was negligible

under such conditions as shown in Fig. 1(a). At 1500 �C,
there seems to be small expansion due to oxidation and

the shrinkage of the nano-crystalline ceramics was less

than 0.1% as compared to 1.4% exhibited by amorphous

Si–B–C–N ceramics after 300 h. The temperature

dependence and load dependence of deformation follow
the conventional Norton power law, expressed as shown

in Eq. (1):

_e ¼ Arn expð�Q=RT Þ ð1Þ
3.1. Temperature dependence of deformation

The deformation rate _e shows a strong temperature

dependence through out the creep tests and the curves

run parallel to each other at temperatures as high as

1350, 1400 and 1500 �C, respectively, as shown in Fig.

1(b). This is quite contrary to what has been observed

earlier in the case of amorphous Si–B–C–N ceramics
wherein the temperature dependence decreases with time

and diminishes beyond 2 · 105 s [1,4]. Since amorphous

Si–B–C–N ceramics are metastable thermodynamically,

there is enough scope for continuous structural modifi-

cations through out the creep test at high temperatures
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Fig. 3. (a) Deformation rate of nano-crystalline Si–B–C–N ceramics as

a function of time for various loads at a test temperature of 1400 �C
(O ¼ 5 Mpa, j ¼ 50 Mpa, � ¼ 75 Mpa, M ¼ 100 MPa; (b) deter-

mination of stress exponent at t ¼ 105 s.
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causing slight densification. Various processes like con-

tinuous densification, and nano-crystallization affect the

deformation rate eventually making it indistinguishable

after long durations [4,5]. In the case of stable nano-
crystalline ceramics, such processes have taken place

prior to conduction of creep experiments. This eluci-

dates the strong temperature dependence of the defor-

mation rate. By plotting the logarithm of _e after a testing
frame of 100,000 s versus the reciprocal temperature 1/T

(see Fig. 1(c)) the activation energy in the temperature

range of 1350–1500 �C was determined to be 98± 12 kJ/

mol which is low as compared to amorphous Si–B–C–N
ceramics which exhibits more than twice, as much as

230± 40 kJ/mol in the same temperature range and at a

stress of 50 MPa [1]. This low activation energy hints

that the most probable creep controlling mechanism

should be solid state diffusion [6]. Since the curves run

parallel to each other in the temperature range 1350–

1500 �C at all times, the above determined activation

energy could be simply attributed to a thermally acti-
vated process. The viscosity was determined assuming

Newtonian viscous flow using the expression r=3_e in the

temperature range 1350–1500 �C at a constant load of

50 MPa. The viscosity values plotted as a function of

time for various temperatures are shown in Fig. 1(d). It

decreased with increasing temperature, but nevertheless

all the curves showed a linear increase with time. Again,

in contrast to amorphous Si–B–C–N ceramics, nano-
crystalline ceramics showed a strong dependence of

viscosity on temperature at all times.
3.2. Stress dependence of deformation

The dependence of the load on deformation is shown

in Fig. 2. The compression creep experiments carried out

at a constant temperature of 1400 �C for various loads

from 5 to 100 MPa showed a maximum deformation of

around 1.6–1.7% after 300 h. The deformation rate de-

creased as a function of time for all loads which is
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Fig. 2. Deformation of nano-crystalline Si–B–C–N ceramics as a

function of time for various loads at a test temperature of 1400 �C.
plotted as shown in Fig. 3(a). A stress exponent of 1.1

was determined from a linear fit to the data as shown in

Fig. 3(b). At all loads the deformation rate seems to be

within the primary stage without any asymptotic ap-

proach to steady state even after 300 h. At loads of 75

and 100 MPa, the strain rates exhibited constant values

for a small period of time and again the strain rates
further start reducing. Beyond 4 · 105 s, strain rates at 75

and 100 MPa overlapped with a continuous decrease

indicating further improvement in creep resistance.

TEM investigation of the material shows the presence of

elongated crystallites SiC of some 100 nm in length

embedded along with small nano-sized crystals of SiC

and Si3N4 in a matrix of BNC (Fig. 4). It is believed that
Fig. 4. Bright field (BF) and low loss (LL) images of crystallized Si–B–

C–N ceramic showing nano-crystallites embedded in a BNC matrix.
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the presence of such large elongated crystallites play a

role in improving the creep resistance. The enhancement

of creep resistance due to the presence of such long

grains has been observed for example in Si3N4 materials
[7] and has been observed in other particulate reinforced

ceramic composites too. The rate controlling creep

mechanism at higher loads in these materials is initially

due to viscous flow of the matrix and then dominated by

inter-particle interactions resulting in a continuous de-

crease in deformation rates.
4. Oxidation

The oxidation behaviour in these ceramics is also

studied since all the compression creep experiments were

conducted in atmospheric ambience. The effect of tem-

perature on the oxidation behaviour is exclusively

shown in Fig. 5. The thickness of the oxide layers at all

temperatures after 300 h of testing, was around 30–40
lm. Since the material being tested had a lot of inter-

connected open pores, thin layers of silicon oxide were

found also inside the pores. This indicates that the oxide

layer formed at the outside surface of the sample cannot

prevent internal oxidation. The open pores on the sur-

face of the specimens act as channels for internal oxi-
Fig. 5. SEM pictures showing morphology of porosity before (a) and after cr
dation, and it was observed that the pore morphology

inside the specimen changed from an irregular shape

(uncrept specimens) to a nearly spherical shape (crept

specimens). At higher temperatures, it was also observed
that most of the closed pores were completely filled with

oxidic products.
5. Summary

Nano-crystalline materials obtained after annealing

the amorphous Si–B–C–N ceramics at 1900 �C, for 3 h
and at 10 bar N2 overpressure have been characterized

for their high temperature mechanical properties.

Compression creep experiments carried out at various

temperatures indicate strong creep resistance and

temperature dependence of strain rates at all times.

Viscosity at high temperatures also showed a strong

temperature dependence. The stress dependence on

deformation has been established in the load range of
5–100 MPa. The improvement in creep resistance at

higher loads can be attributed to the presence of large

elongated crystallites embedded in an amorphous phase

with dispersed nano-sized crystals of the same compo-

sition which obstructs the flow of the material at high

loads.
eep at 1350 �C (b), 1400 �C (c), and 1500 �C (d), after 300 h of testing.



N.V. Ravi Kumar et al. / Scripta Materialia 51 (2004) 65–69 69
Acknowledgements

Mr. Gerstel is acknowledged for providing the poly-

mer precursor for the experiments. Mr. Labitzke’s help
in carrying out the SEM observations is acknowledged.

The Max-Planck-Society is gratefully acknowledged for

the financial support.
References

[1] Christ M, Thurn G, Weinmann M, Bill J, Aldinger F. J Am Ceram

Soc 2000;83(12):3025–32.
[2] Baufeld B, Gu H, Bill J, Wakai F, Aldinger F. J Eur Ceram Soc

1999;19:2797–814.

[3] Riedel R, Kienzle A, Dressler W, Ruwisch L, Bill J, Aldinger F.

Nature 1996;382:796–8.

[4] Bill J, Wakai F, Aldinger F. Precursor-Derived Ceramics, Synthe-

sis, Structure and High Temperature Mechanical Properties.

Germany: Wiley-VCH; 1999.

[5] Aldinger F, Prinz S, Janakiraman N, Kumar R, Christ M,

Weinmann M, et al. Int J Self-Prop High-Temp Syn 2001;10(3):

249–63.

[6] Wan J, Mukherjee A. JOM 2003;(Jan):28–33.

[7] Buljan, ST, Huckabee, ML, Baldoni, JG, Neil JT. Ceramic matrix

composites, GTE Laboratories, Inc., Waltham, MA, Semiannual

report prepared for Oakridge National Laboratories, TN

1989;October 19.


	High temperature deformation behaviour of crystallized Si-B-C-N ceramics obtained from a boron modified poly(vinyl)silazane polymeric precursor
	Introduction
	Experimental
	Results and discussion
	Temperature dependence of deformation
	Stress dependence of deformation

	Oxidation
	Summary
	Acknowledgements
	References


