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bstract

anocomposites consisting of precursor-derived Si–C–N ceramics incorporated with carbon nanotubes (CNTs) were successfully prepared by
asting of a mixture of CNTs and a liquid precursor polymer followed by cross-linking and thermolysis. The effect of CNTs on the fracture
oughness of these nanocomposites was investigated by a thermal loading technique. The results reveal a dependence of the fracture toughness on

he type of the CNTs. One type shows a significant increase of the fracture toughness at CNT contents of only 1–2 mass%, whereas the other one
xhibits no effect. The microstructural effects of CNTs observed at the fracture surfaces of the nanocomposites by scanning electron microscope
SEM) and transmission electron microscope (TEM) can be correlated with the observed fracture toughness behavior.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

CNTs are seamless cylinders of graphene sheets either in the
orm of single-walled (SW) or multi-walled (MW) assemblies.

uch research has been dedicated to the understanding of CNTs
evealing their superior properties. For example, SWCNTs are
nown to have a Young’s modulus of above 1 TPa,1,2 tensile
trength of above 30 GPa,2 thermal conductivity at room tem-
erature up to 6600 W/mK3,4 and metallic or semiconductive
ehavior depending on the helicity of the graphene sheets.5–7

NTs are expected to be used, e.g. for the production of such
lectric devices as field emission displays,8 nanometer-sized
emiconductors,9 supercapacitors for energy storage10 or filler
aterials to induce or improve the electrical, thermal or mechan-
cal functions.11–15 Especially from the mechanical viewpoint,
NTs are promising reinforcement materials combining a low
eight, nanometer size and a high aspect ratio (length to radius).
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In the case of polymer matrix CNT composites, the
ixing process with liquid polymers enables CNTs to be

ighly dispersed and the following low heat-treatment tem-
erature excludes the destruction of CNTs during the matrix
ensification. Sandler et al.11 studied the electrical con-
uctivity of epoxy matrix CNT composites and determined
he percolation threshold to be below 0.04 vol.%. Gojny
t al.13 investigated the mechanical properties of similar
omposites and revealed a fracture toughness increase by
a. 25% with the incorporation of 1 vol.% double-walled
NTs.

Concerning the ceramic-matrix CNT composites, conven-
ional powder technological techniques including powder mix-
ng and high temperature sintering might cause CNTs to lose
heir integrity which is necessary to fulfil their function in the

atrix. Because of that, Zahn et al.15 demonstrated the effec-
iveness of spark plasma sintering for the preparation of alumina

atrix CNT composites, where a significant increase in the frac-

ure toughness was obtained with 10 vol.% of SWCNT incorpo-
ation. It was concluded that the low sintering temperature and
hort duration might give less damage on CNTs during alumina
intering.
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Ternary Si–C–N ceramics can be obtained by thermoly-
is of organometallic precursor polymers at relatively low
emperatures.16,17 They are predominantly amorphous or
anocrystalline materials and possess excellent structural sta-
ility leading to high creep and corrosion resistance at high
emperatures.18,19 One of the distinctive process features of
recursor-derived ceramics is the unique polymer-ceramic trans-
ormation by heat treatment, which can provide a means to form
eramic bodies into near-net shapes, small scales or complex
orms from cross-linked polymer bodies. In this connection,
aj20 applied precursor-derived Si–C–N ceramics to microelec-

romechanical devices (MEMS technologies).
However, a main drawback of precursor-derived ceramics is

heir brittle nature leading to a deterioration of their mechani-
al properties. The incorporation of toughening agents to form
omposites is an approach to reinforce the brittle ceramics. From
his point of view, An et al.21 recently synthesized MWCNT-
einforced Si–C–N ceramics by catalytic cross-linking and
ressure assisted pyrolysis from mixtures of a precursor and
NTs. They revealed a Young’s modulus, hardness and damage

esistance increase with 6.4 vol.% MWCNT incorporation into
i–C–N ceramics. However, the effect on the fracture toughness
ehavior is still unclear.

This paper describes the incorporation of MWCNTs into
olymer-derived Si–C–N ceramics applying a casting pro-
ess followed by pressureless cross-linking and thermolysis.
he effect of MWCNTs on the fracture toughness behavior
f nanocomposites is investigated by a thermal loading tech-
ique, where the crack propagation induced by thermal stress
s analyzed. The results are mainly discussed in connection
ith microstructural features characterized by scanning elec-

ron (SEM) and transmission electron microscopy (TEM). Two
ypes of MWCNTs are used to compare and differentiate the
ffect of reinforcement.

. Experimental

A commercial liquid polyureasilazane (Ceraset, KION,
SA) was used as the starting precursor polymer for Si–C–N

eramics. Two types of MWCNTs (type A: NanoLab, USA, Lot.:
91002LPG and type B: Nanocs Inc., USA) were applied for the
einforcements. In typical experiment, the CNTs (30–70 mg)
ere dispersed in tetrahydrofuran (30 ml) as a solvent and deag-
lomerated by direct sonication for 1 h using a probe type
ltrasonic generator (SONOPULS HD2200, BANDELIN Elec-
ronic, Germany). The liquid polysilazane (5 g) was then added
nto the suspension and mixed by stirring. After the removal of
etrahydrofuran in vacuum under stirring, the obtained viscous

ixture of CNTs and polyureasilazane was cast into a Teflon
old (18 mm in diameter and 1 mm in thickness) in a metal die

nd heat-treated at 360 ◦C for 6 h in an argon atmosphere to
ross-link and solidify the precursor polymer. Finally, the solid-
fied bodies were thermolysed at 1000 ◦C for 1 h in an argon

tmosphere (heating rate of 25 ◦C/h). The contents of CNTs
n the Si–C–N nanocomposites were adjusted from 0 to 2 in

ass%, which corresponds approximately to the volume con-
ent (vol.%).22

i
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i
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The density and thermal expansion of the prepared mate-
ials were characterized by conventional techniques using
rchimedes’ principle and a push rod dilatometer, respectively.
he elastic properties were measured by a resonant frequency
nd damping analyzer (Integrated Material Control Engineering
.V., Belgium). Microstructural characterization was performed
ith a SEM (JSM-6300F, JEOL) and a TEM (CM200, Philips).
The thermal loading technique23–25 with an edge-cracked

ircular disk (12 mm in diameter and 0.25 mm in thickness)
as used to determine the fracture toughness behavior of the
anocomposites. In this technique, the thermal stress is induced
nto the specimen by irradiation with a tungsten lamp (150 W),
here the rate of applied voltage (1 V/130 s) is precisely con-

rolled to produce the desired temperature distribution in the
pecimen. The stress intensity factor KI can be defined by the
hermal stress field σ(x) and the Weight function parameter h(x,
) in Eq. (1) developed by Brueckner26;

I =
∫ a

0
h(x, a)σ(x)dx, (1)

here a is the crack length and x is the distance from the edge.
or a single edge-cracked disk, the solution of h(x, a) determined
y Fett and Munz27 in Eq. (2) can be applied;

(x, a) =
√

2

πa

[
ρ√

1 − ρ
+ D0

√
1 − ρ + D1(1 − ρ)3/2

+ D2(1 − ρ)5/2
]
, ρ = x

a
, (2)

here D0, D1 and D2 are coefficient functions derived by the
rack length (see the Appendix A).

The stress distribution σ(r) produced in the tangential direc-
ion of a circular disk can be defined as Eq. (3)28 by using a
emperature distribution T(r);

(r) = αE

[
1

R2

∫ R

0
T (r)rdr + 1

r2

∫ r

0
T (r)rdr − T (r)

]
(3)

here x is converted to r by x = R − r, R is the radius of the disk,
is the radial distance from the center, α is the coefficient of

hermal expansion and E is the Young’s modulus. In the present
tudy, the measured temperature distribution T(r, t) could be
easonably fitted by a fourth order polynomial23–25 as in Eq.
4);

(r, t) = c0(t) + c2(t)r2 + c4(t)r4 (4)

here c0, c2 and c4 are time-dependent fitting parameters and t
s the time. Finally, the time- and crack-length-dependent stress
ntensity factor KI as well as KIc at the crack tip can be calculated
y using the crack length time relation monitored by a CCD
amera and the measured α and E profiles.

. Results and discussion
First, both MWCNTs (types A and B) were character-
zed by electron microscopy. The micrographs are shown in
igs. 1 and 2, respectively. From the SEM micrographs in Fig. 1,

t can be seen that the type A-CNTs are smaller in diameter and
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Fig. 1. SEM micrographs showing the morphology of MWCNTs: (a) type A, high aspect ratio and (b) type B, low aspect ratio.

MWC
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Fig. 2. TEM micrographs of

elatively longer than the type B ones, which indicates that type A

as a high aspect ratio (length to radius). The TEM micrographs
n Fig. 2 reveal that type A-CNTs exhibited the characteristic
ollow structure of CNTs with several stacked graphene sheets.
n contrast, type B-CNTs show a stuffed structure inside with

i

c
p

ig. 3. SEM micrographs of the fracture surface of cross-linked bodies derived from t
ype B nanocomposite (c).
NTs: (a) type A, (b) type B.

o distinctive graphene sheets indicating an amorphous nature

n the majority.

The representative microstructures at fracture surfaces of
ross-linked materials are shown in Fig. 3. The pure Si–C–N
recursor (Fig. 3a) shows a featureless surface apart from some

he pure Si–C–N precursor (a), 2 mass% type A nanocomposite (b) and 2 mass%
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Table 1
Materials properties of Si–C–N ceramics incorporated with MWCNTs

CNT Amount
(mass%)

Bulk
density
(g/cm3)

Young’s
modulus
(GPa)

Poisson’s
ratio

CTE
50-800C
(10−6/K)

– 0 2.15 138 0.21 3.5
Type A 1 2.19 138 0.22 –
Type A 2 2.21 140 0.21 3.4
T
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ype B 1 2.18 139 0.22 –
ype B 2 2.16 138 0.22 3.4

teps which arise from the cleavage of the material. In both
ross-linked composites (Fig. 3b and c), CNTs are observed as
ullout features uniformly distributed. In contrast to the fracture
urface found within CNT-epoxy composites,14 no holes at the
nterfaces between the CNTs and the cross-linked matrix are
bserved, indicating the strong bonding nature of CNTs to the
ross-linked matrix.

The cross-linked materials were thermolysed at 1000 ◦C for
h in an argon atmosphere, where the linear shrinkage and
eight loss during the thermolysis in all materials were ca. 25%

nd ca. 20%, respectively. The thermolysed materials exhibited
n amorphous nature as revealed by XRD. Some of their mate-
ials properties are summarized in Table 1. It is confirmed that
here are no significant differences in the bulk density, Young’s

odulus, Poisson’s ratio and coefficient of thermal expansion
CTE) among the materials prepared in this study. That is, the
ddition of CNTs up to 2 mass% does not influence the basic
aterial properties of the nanocomposites.
Fig. 4 shows the measured temperature distribution in the

ure Si–C–N ceramic produced by a lamp heating (closed cir-

les) and the fitted profiles by a fourth order polynomial as in
q. (4) (solid lines) for different lamp voltages. The representa-

ive fracture toughness behavior of nanocomposites as a function
f crack length measured by this thermal loading technique is

ig. 4. Temperature distribution of the pure Si–C–N ceramic produced by a
amp heating, measured data (closed circles) and the fitted profiles (solid lines)
or different lamp voltages (radius = 0 represents the center of the disc-shaped
pecimen).
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ig. 5. Fracture toughness behavior of Si–C–N nanocomposites as a function
f the crack length.

hown in Fig. 5. It reveals that each material shows nearly con-
tant fracture toughness during crack propagation but that the
agnitudes are much different among the considered materials.
he averaged fracture toughness values are plotted in Fig. 6 as
function of the CNT content. As can be seen from the dia-

ram, the incorporation of type A-CNT significantly increases
he fracture toughness of Si–C–N ceramics even at content as
ow as 1 mass%. With a content of 2 mass%, the increase of KIc
eaches more than 60% as compared to the pure Si–C–N mate-
ial. On the other hand, the addition of type B-CNTs has no
ffect on the fracture toughness as revealed by behavior similar
o that of the pure material.
Typical microstructures at the crack faces of 2 mass% CNT
anocomposites after fracture toughness measurement are
hown in Fig. 7. There exists a big difference between the
wo types of nanocomposites, where CNTs lead to pullout and

ig. 6. Fracture toughness behavior of Si–C–N nanocomposites as a function
f the CNT content.
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ig. 7. SEM micrographs at the crack face of Si–C–N nanocomposites after fr
NTs in the matrix.

ridging structures in the type A nanocomposite, whereas no
NTs are observed in the other one in a way similar to the pure
i–C–N material. Further SEM investigations were performed
n matching fracture faces created during fracture toughness
easurement (Fig. 8). The pure Si–C–N (Fig. 8a) shows only

flat featureless structure in accordance with the amorphous

ature of the materials. In the type A nanocomposites (Fig. 8b
nd c), besides some CNTs pulled out from the matrix (marked
), the corresponding holes (marked X′) are also observed at the

e
a
i
t

ig. 8. SEM micrographs of the matching fracture faces of Si–C–N nanocomposite
mass% type A and (d and e) 2 mass% type B nanocomposite. The notes X–X′ and Y
toughness measurement. Both (a) type A and (b) type B contain 2 mass% of

pposite face. Furthermore, a few broken CNTs can be deter-
ined (Y and Y′) in pairs at both surface levels. That is, two
NT features of pulled out and broken are identified on the

racture surface of the type A-CNT nanocomposites. On the
ther hand in the case of the other nanocomposite (Fig. 8d and

), only highly distributed dark parts from the traces of CNTs
re observed instead of pulled out or broken CNTs, indicat-
ng a deterioration of the CNTs structure in the matrix during
hermolysis.

s after fracture toughness measurement: (a) pure Si–C–N ceramic, (b and c)
–Y′ indicate pullout CNT-hole and broken CNT pair structure, respectively.
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ig. 9. TEM micrographs of 2 mass% CNTs (type A) Si–C–N nanocomposites
heir boundary to the matrix; (b and c) CNTs pulled out from the matrix after
ith the matrix (c) are shown. Black arrows in (c) indicate the matrix layer atta

TEM micrographs of Si–C–N nanocomposites incorporated
ith type A-CNT (2 mass%) are shown in Fig. 9. The embedded
NTs in the matrix (Fig. 9a) of an ion-thinned sample clearly

eveal their multi-walled structure as in the initial state indicating
he preservation of their mechanical nature in the nanocom-
osites. Moreover, no crevices can be observed at the interface
etween CNTs and the matrix revealing the existence of the well-
onded nature at their interfaces. Within pulled out CNTs after
racture toughness measurement, two types of CNT features con-
isting of bare CNTs (Fig. 9b) and broken CNTs covered with
he matrix layer (Fig. 9c) were observed. These different fea-
ures are in accordance with the high strength of the embedded
NTs in combination with the well-balanced interface between
NTs and the matrix, as revealed by the presence of both pulled
ut and broken nanotubes.

Consequently, the increase of the fracture toughness is con-
idered to be due to the tensile load carrying of type A-CNTs via
he interfacial bonding between CNTs and the Si–C–N matrix.
n the other hand in type B nanocomposites, the existence of
NTs and their boundary could not be clearly identified by TEM
r SEM analysis indicating a degeneration of the CNTs in the
atrix during thermolysis. This may be trace back to the amor-

hous nature of type B-CNTs, which reveals the importance of
he CNTs nature for reinforcement.
. Summary

Two types of MWCNTs have been incorporated into the
i–C–N ceramics via casting of a mixture of CNTs and a

D

mbedded CNTs in the Si–C–N matrix, where white arrows indicate CNTs and
re toughness measurement, where a bare CNT (b) and a broken CNT covered
to the pulled out CNT.

recursor polymer followed by pressureless cross-linking and
hermolysis. The mechanical studies by a thermal loading
echnique reveal remarkable increase in the fracture tough-
ess of the nanocomposites, where pulling out, bridging up
nd breaking of CNTs are observed at the fracture surfaces.
he TEM analyses demonstrate the preservation of MWCNTs
tructure in the Si–C–N matrix and the existence of the well-
onded interface between CNTs and the Si–C–N matrix. On
he other hand, the CNTs possessing an amorphous nature
rovide no effect on the mechanical properties of the nano-
omposites.
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ppendix A

0 = 1.5721 + 2.4109β − 0.8968β2 − 1.4311β3

(1 − β)3/2
1 = 0.4621 + 0.5972β + 0.7466β2 + 2.2131β3

(1 − β)3/2
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