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Abstract Nanocomposites comprise polysilazane-derived

SiCN ceramic charged with carbon nanotubes (CNTs) have

been prepared by dispersion of multi-walled CNTs with a

diameter of 80 nm in a cross-linked polysilazane (HTT

1800, Clariant) using a simple roll-mixer method. Subse-

quently, the composites were warm pressed and pyrolyzed

in argon atmosphere. Scanning electron microscopy (SEM)

and 3D Raman imaging techniques were used as major tools

to assess the dispersion of CNTs throughout the ceramic

matrix. Furthermore, studies on the effect of the volume

fraction of CNTs in the nanocomposites on their electrical

properties have been performed. The specific bulk con-

ductivities of the materials were analyzed by AC impedance

spectroscopy, revealing percolation thresholds (qc) at CNT

loadings lower than 1 vol%. Maximum conductivity

amounted to 7.6 9 10-2 S/cm was observed at 5 vol%

CNT. The conductivity exponent in the SiCN/CNT com-

posites was found equal to 1.71, indicating transport in three

dimensions.

Introduction

Carbon nanotubes (CNTs) are known as one-dimensional

carbon materials with excellent properties, such as high

Young’s moduli [1–4], high tensile strength [5, 6], or axial

thermal conductivity higher than that of diamond [7].

Furthermore, CNTs can show semiconducting or metallic

behavior, depending on their diameters and chiralities [8–

10]. The incorporation of CNTs in ceramics has attracted a

great interest in the last years. Nevertheless, the preparation

of ceramic–matrix CNT composites is limited due to the

strong aggregation of the nanotubes in the matrix [11, 12].

Thus, carbon nanotubes are prone to form bundles due to

van der Waals interactions, and therefore their dispersion is

the limiting step in the preparation of nanocomposites.

Furthermore, appropriate interfacial bonding between the

CNTs and the matrix is an important condition to achieve

for instance an improvement of mechanical properties.

Ceramic–matrix CNT composites are usually prepared

by conventional powder technologies and high-temperature

sintering processes. The disadvantage of these techniques

rely on the fact that during processing the integrity of the

CNTs is altered, thus the improvement of mechanical or

electrical properties of the composites cannot be fulfilled.

In the last years, some reports on an alternative preparation,

namely polymer-derived ceramic (PDC) matrix CNT

composites have been published [13–15]. The advantage of

these materials consists of the possibility to incorporate the

CNTs into a liquid preceramic polymer, which can increase

the effectiveness of their dispersion. Nevertheless, the

addition of the CNTs into the liquid precursor has to be

done under ultrasonication condition, which may affect

also their integrity.

In this paper we present the preparation of SiCN

ceramic–matrix CNT composites by performing the

incorporation of multi-walled CNTs into a solid cross-

linked polysilazane using a mild role-mixing method.

Whereas published studies on polymer-derived ceramic–

matrix CNT composites rather focus on their mechanical

properties, our investigations were concentrated on the
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effect of the CNTs on the electrical properties of the

nanocomposites, since to the best of our knowledge this

feature has not been addressed yet for polymer-derived

ceramic–matrix CNT composites.

Experimental

For the preparation of the SiCN/CNT composites a com-

mercially available polysilazane (HTT1800, Clariant,

Germany) was used. The polymer was manipulated and

stored in a glove box (MBraun, Germany) under argon

atmosphere of 99.999% purity. The polysilazane was filled

into a quartz tube and cross-linked at 280 �C for 5 h in a

vertical furnace with SiC heating elements (Fa. GERO,

Germany). Subsequently, the cross-linked precursor was

milled in a planet ball mill (30 min at 180 rpm) using

zirconia milling balls, and sieved through a 32 lm sieve.

Multi-walled CNTs (MER company, USA, purity [ 95%,

80 nm diameter, 4 lm length) and the cross-linked

polysilazane were mixed in different ratios using a roll-

mixer (48 h at 90 rpm). Silicon nitride milling balls with

diameter of 1.4 and 12 mm (ratio 1 to 2) were used for

mixing at a ball power ratio (BPR) of 30. The homogenized

mixtures were subsequently warm pressed at 200 �C

(500 MPa, 60 min) and pyrolyzed at 1,100 �C and

1,300 �C, respectively, in argon atmosphere to obtain

SiCN/CNT ceramic composites.

Scanning electron microscopy (SEM) investigations

were performed using a Philips XL30 FEG microscope.

Raman spectra (from 50 to 4,000 cm-1) were recorded

with a micro-Raman HR800 spectrometer (Horiba Jobin

Yvon, Germany) using laser wavelength of 488 nm. D and

G band positions as well as their full widths at half-height

(FWHH) were determined by fitting the curves using

Lorentzian and/or Gaussian routines.

Raman maps on sample surfaces (60 9 60 lm2) of the

composites containing different volume fractions of CNTs

have been recorded in 1 lm steps in the region from 1,450

to 1,650 cm-1. Thus, the uniformity of CNT dispersions

throughout the ceramic matrix has been studied by map-

ping the change of the intensity of G band within the

sample surface. This has been performed by using a 509

microscope objective to focus the laser beam (488 nm) on

the sample surface.

AC impedance measurements were performed with a

Precision LCR meter 4284A (Hewlet Packard) impedance

spectrometer over a frequency range from 20 Hz to

1 MHz. The specific conductivity (r) for the investigated

samples was calculated as r = h/(R � S), where S is the

surface area of the sample, h is the sample thickness and R

is the impedance measured experimentally.

Results and discussion

In this study Si–C–N ceramic–matrix CNT nanocomposites

have been prepared and investigated with respect to CNT

dispersion within the ceramic matrix. SEM investigations

on the fracture surface of the monolithic SiCN/CNT

composites pyrolyzed at 1,100 �C showed that the distri-

bution of the carbon nanotubes throughout the matrix in the

composite depends on the volume fraction of the CNTs

loaded. Whereas the composite with 1 vol% CNTs showed

a fair distribution, a uniform distribution of the CNTs was

observed in composites with higher CNT volume fractions

(Fig. 1). Furthermore, the SEM studies showed that the

integrity and thus the aspect ratio of the CNTs were not

altered during processing or pyrolysis.

Powder X-ray diffraction investigations showed that the

matrix of the composites pyrolyzed at both temperatures,

i.e., 1,100 and 1,300 �C, is amorphous. Thus, only one

reflex for graphite (2H = 26.2) was observed due to the

presence of CNTs in the composites.

The SiCN/CNT composites were investigated via Raman

spectroscopy in order to obtain information about the

composition thereof and furthermore in order to assess the

dispersion of the CNTs throughout the PDC matrix. Raman

spectroscopy is a non-destructive method for characterizing

carbon-containing materials like graphite [16], carbon

Fig. 1 Scanning electron

microscopy (SEM) images of

the fracture surface of SiCN/

CNT composites containing

1 vol% (a) resp. 10 vol% (b)

CNTs pyrolyzed at 1,100 �C
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black-based materials [17, 18], amorphous carbon films

[19], or carbon nanotubes and their composites [20–22].

The Raman spectrum of the as received carbon nanotubes

used for the preparation of the composites (Fig. 2) shows

beside two bands at 1,561.1 cm-1 (G band) and at

2,691.6 cm-1 (G0 band) the spectrum presents a weak band

at 1,344.4 cm-1 (D band), corresponding to the presence of

amorphous carbonaceous products, disordered carbon [18]

or defects in curved graphene sheets, tube ends and sur-

viving impurities [23]. The band at 1,561 cm-1 is the

Raman active G-band (E2g) originating from the in plane

vibrational mode. The frequency downshift (21 cm-1) of

this band with respect to the G-band observed in natural

single crystal graphite (1,582 cm-1), is attributed to the

curved and closed graphitic structures in nanotubes [24].

The Raman spectra of the SiCN/CNT nanocomposites

pyrolyzed at 1,100 �C revealed the presence of both dis-

order-induced (D) and graphite-like (G) bands (Fig. 3).

However, an influence of the CNT content on the position

of the D and G bands as well as on their half-widths

(FWHH) and on their intensity ratios has been observed

(Table 1). This finding can be attributed to CNT–matrix

interactions or more probably to the in situ generation of

‘‘free carbon’’ during the pyrolysis of the polysilazane

matrix material, which is known to occur at temperatures

above 1,000 �C [25].

The shift in the Raman bands position can be further-

more attributed to the shrinkage of the SiCN matrix which

induces mechanical stresses in the incorporated CNTs [26,

27]. Thus, the carbon nanotubes experience a compressive

deformation, as can be observed from the shift of xG from

1,561 cm-1 in the as received CNTs toward higher wave

numbers in the SiCN/CNT composites. The half-widths

(FWHH) of the G (504.3–114.7 cm-1) and D bands

(330.0–272.5 cm-1) decrease with increasing content of

CNTs in the composites pyrolyzed at 1,100 �C. In the case

of the SiCN/CNT materials pyrolyzed at 1,300 �C the

FWHH of the G band increases (86.8–252.7 cm-1) while

that of the D band (440.2–169.0 cm-1) decreases with

increasing CNT loading. The graphitization grade GG (i.e.,

IG/(IG ? ID)) increases from 45.2% in SiCN to 54-57% by

adding CNTs into the PDC matrix and seems also to be

enhanced by increasing the pyrolysis temperature from

1,100 to 1,300 �C, which is however, much lower than GG

in the as received CNTs (92.4%). In the case of the SiCN/

CNT sample containing 10 vol% CNTs the opposite trend

has been observed, thus GG was found to be lower than in

the composites with lower CNT volume fraction loadings.

This observation could unfortunately not be explained.

Further systematic investigations on the influence of CNT

content and of temperature on the GG in the SiCN/CNT

composites have to be performed.

The uniformity of CNTs dispersion throughout the SiCN

matrix was studied furthermore by performing confocal

Raman mapping of 60 9 60 lm2 sample surfaces of the

SiCN/CNT composites in the region of 1,450–1,650 cm-1

0

500

1000

1500

2000

2500

3000

3500

4000

0 500 1000 1500 2000 2500 3000 3500 4000

D

).
u.a( ytis

n et
nI

Wavelength (cm  )
-1

G

G'

Fig. 2 Raman spectrum of as

received multi-walled carbon

nanotubes
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(G band). Confocal Raman mapping technique has been

shown to be a very convenient tool for in situ character-

ization of phase purity of materials [28] and has been used

also to assess the distribution of CNTs in composites and to

investigate CNT–matrix interactions in polymer/CNT

composites [29, 30]. Figure 4 illustrates the confocal

Raman maps of three SiCN/CNT composites containing 2,

5, and 10 vol% CNTs pyrolyzed at 1,100 �C. Whereas in

the SiCN/CNT material containing 2 vol% CNTs a fair

distribution of the carbon nanotubes throughout the SiCN

matrix can be evaluated (Fig. 4a), the materials with higher

CNT volume fraction loadings show an enhanced quality

of distribution of CNTs (Fig. 4b, c) as found also by SEM

investigations.

In order to assess the percolation behavior of CNTs in

the prepared polymer-derived SiCN/CNT composites, AC

conductivity measurements have been performed. Thus,

the critical CNT concentration (qc, as vol% of CNTs) has

been determined by AC conductivity measurements of

composites containing CNTs loadings from 0 to 10 vol%.

The AC conductivity of SiCN ceramic pyrolyzed at

1,100 �C without CNTs was found to be 10-9 S/cm,
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Fig. 3 Raman spectra of SiCN (a) and SiCN/CNT composites containing 2 vol% (b), 5 vol% (c), and 10 vol% (d) CNTs pyrolyzed at 1,100 �C

Table 1 Raman band positions (xG, xD), and FWHH (full width at half-height, CG/2, CD/2) for G and D bands and graphitization grade GG

(GG = IG/(IG ? ID)) for as received CNTs (at r.t.), and for SiCN and SiCN/CNT materials pyrolyzed at 1,100 and 1,300 �C

Sample Pyrolysis at 1,100 �C Pyrolysis at 1,300 �C

xG

(cm-1)

CG/2

(cm-1)

xD

(cm-1)

CD/2

(cm-1)

GG

(%)

xG

(cm-1)

CG/2

(cm-1)

xD

(cm-1)

CD/2

(cm-1)

GG

(%)

SiCN 1588.0 77.3 1347.3 87.84 45.2 1592.7 95.2 1323.2 204.3 47.1

SiCN/CNT (2 vol%) 1547.3 504.3 1321.8 330.0 57.5 1563.8 86.8 1346.7 440.2 61.3

SiCN/CNT (5 vol%) 1564.8 256.1 1348.7 292.2 54.3 1564.8 45.6 1336.3 223.2 66.0

SiCN/CNT (10 vol%) 1572.1 114.7 1340.4 272.5 56.8 1534.8 252.7 1309.4 169.0 47.1

MWCNT as received 5649 296 3434 556 92.6 – – – – –
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Fig. 4 3D Raman maps of G band (1,450–1,650 cm-1) for 60 9 60 lm2 sample surfaces of SiCN/CNT composites containing 2 vol% (a),

5 vol% (b), and 10 vol% (c) CNTs
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revealing that the amorphous SiCN matrix is an insulator at

room temperature. As shown in Fig. 5a, the conductivity

increases by ca. five orders of magnitude (to 10-4 S/cm) if

1 vol% CNTs are added into the SiCN matrix, indicating a

percolation threshold lower than 1 vol% CNTs. By further

increasing the CNTs content, the AC conductivity increa-

ses moderately, and reaches 7.6 9 10-2 S/cm at 5 vol%

CNTs loading, being unaltered at higher CNTs volume

fractions, most probably due to agglomeration of CNTs.

This is in accordance with literature known data of CNT

composites, which show a dramatic increase of conduc-

tivity in a narrow range of CNT volume fraction near the

percolation threshold (up to 10 orders of magnitude);

subsequently, the effective conductivity can be increased

further (up to three or more order of magnitude) by

increasing the CNT content in the composites up to

10 vol% [31].

The percolation threshold (\1 vol%) found in the SiCN/

CNT materials presented here emphasizes the good dis-

persion of the CNTs throughout the PDC matrix and thus

supports the SEM and Raman spectroscopy results. Gen-

erally, higher percolation thresholds are found for

composites containing multi-walled CNTs, e.g., 4.7 wt% in

polystyrene/CNT [32], 4–6 wt% in polyamide/CNT [33,

34], or 1–2 wt% in polycarbonate/CNT composites [35].

In the last two decades, many studies have been per-

formed in order to describe the percolation behavior in

polymer/CNT composites. Thus, different models have

been developed for estimating the percolation threshold in

composites containing high-aspect ratio fillers. A rela-

tionship between the critical volume fraction fc and the

aspect ratio for composites in which the filler geometry is

assumed to be stick-like was proposed as (L/r) � fc-3 by

Balberg et al. [36], with L being the length and r the radius

of the fillers. Using this model for an approximation of the

critical CNT concentration qc in our polymer-derived

SiCN/CNT composites, a higher value (3 vol%) was

calculated as compared to the experimental percolation

threshold which was found to be lower than 1 vol%. The

mismatch between the experimental and calculated perco-

lation threshold values can be explained by the low aspect

ratio of the CNTs used for the preparation of the com-

posites, since the Balberg model rather address composites

containing high aspect ratio fillers.

Celzard [37] and Munson-McGee [38] developed an

advanced percolation theory that includes the aspect ratio

of particles in determining the critical volume fraction

required to achieve a conducting, percolated network. The

percolation threshold for rod-like fillers with aspect ratios

higher than 100 was calculated to range from 0.24 to

1.35 vol% [37].

Considering the aspect ratio of 50 as in the CNTs used

for our SiCN/CNT composites, a value of approximately

1.5 vol% can be calculated for qc, which is still higher than

that of the experimental value [39]. The fact that the

experimental percolation threshold value in the case of our

SiCN/CNT composites is lower than the values predicted

by percolation models indicates the effectiveness of our

preparation method in achieving good dispersion of CNT’s

throughout the matrix.

The AC conductivities of the prepared SiCN/CNT

composites and the obtained percolation threshold value

were used for the calculation of t, i.e., the critical exponent,

which describes the dimensionality of the transport in the

investigated systems. Thus, the following scaling law was

used:

r ¼ r0 q� qcð Þt ð1Þ

with r being the composite conductivity (S/cm), r0—an

adjustable parameter, q—volume fraction of filler, and

qc—percolation threshold [40]. Figure 5b illustrates r as a

function of q-qc in the double logarithmic coordinates.

Assuming a qc value of 0.5 vol%, the critical exponent t

was found to be 1.71.
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The observed critical exponent t of the SiCN/CNT-

composites indicates transport within three dimensions as

for model systems of conductive particles in an insulating

matrix. This is in accordance with theoretical calculations

of the critical exponent t which show values from 1.1 to

1.35 for model systems with transport in two dimensions,

while in the case of three dimensional transport values of

1.6 to 2 have been predicted [41].

Similar values of t were previously reported for

MgAl2O4/single-walled CNT ceramic composites (t = 1.73)

[42] as well as in poly(3-octylthiophene)/SWCNT (t = 2)

[43] and polyimide/SWCNT polymer composites (t = 2.2)

[44]. However, lower values of t have been observed for

multi-walled CNT polymer composites, as in epoxy/

MWCNT-based materials (t = 1.2) [45], and in polyvinyl-

alcohol and poly(m-phenylenevinylene-co-2,5-dioctyloxy-

phenylenevinylene) MWCNT composites (t = 1.36) [46].

The lower t values for the MWCNT composites were

assumed not to reflect a dimensionality reduction in the

transport and were explained by the influence of different

factors such as aggregation of the CNTs during the prep-

aration of the samples [43] or tunneling processes between

nanotubes [44]. Thus, the observed value for t in the case of

our polymer-derived SiCN/CNT composites emphasizes

the uniform distribution of CNTs throughout the PDC

matrix, as observed by means of SEM and Raman

spectroscopy.

Conclusions

Polymer derived SiCN/CNT ceramic composites have been

prepared by incorporation of multi-walled CNTs into a

cross-linked polysilazane using a simple roll-mixing

method followed by warm pressing and pyrolysis. The

dispersion of MWCNTs within the polymer-derived SiCN

matrix has been investigated by means of SEM and Raman

spectroscopy techniques, showing a very good distribution

of CNTs throughout the PDC matrix. Studies on electrical

properties of the SiCN/CNT materials showed that the

presence of CNTs in the insulating SiCN ceramic matrix

increases its conductivity by up to seven orders of mag-

nitude. Furthermore, an electrical percolation threshold qc

at values lower than 1 vol% MWCNT loading was found,

thus supporting the uniform distribution of CNTs

throughout the PDC matrix as demonstrated by SEM and

Raman spectroscopy studies. The observed critical expo-

nent of electrical conductivity t (1.71) indicates a transport

in three dimensions and emphasizes also the good distri-

bution of CNTs in the composite materials. Thus, using a

simple roll-mixing method for incorporation of modest

aspect ratio CNTs into a cross-linked polymer, SiCN/CNT

ceramic composites have been obtained showing well

dispersed CNTs throughout the insulating amorphous SiCN

matrix. Further investigations concerning transport mech-

anisms as well as microstructure evolution of the

synthesized SiCN/CNT composites at high-temperatures

are currently in progress.
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