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a b s t r a c t
Polymer-derived Si–C–N ceramics reinforced by homogeneously distributed octadecylamine–functionalized single-walled carbon nanotubes (SWCNTs) were synthesized using a casting process, successive
pressureless cross-linking and thermolysis. We ﬁnd that the incorporation of even small amounts of
modiﬁed SWCNTs leads to a remarkable improvement of mechanical and electrical transport properties
of our composites. In particular, we ﬁnd twofold enhancement of fracture toughness. The Youngs
modulus and the hardness show increase by 30% and 15%, respectively. Furthermore, the electrical conductivity was found to increase more than ﬁve orders of magnitude even for a tube content of 0.5 wt.%.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Ceramics based upon polymer-derived silicon carbonitride (Si–
C–N) have attracted great interest for structural applications due to
their low density, high hardness and elastic modulus, extraordinary chemical stability, and high creep resistance at elevated
temperatures [1–5]. These excellent properties are reached
through cross-linking and pyrolysis of organosilicon precursor
polymers, leading to ceramics with high purity, controlled structure and chemical composition [1,6,7]. Depending on the chemical
nature of the starting precursor and pyrolysis conditions, different
ceramics whose atomic structure ranges from fully amorphous to
nanocrystalline can be obtained [8]. Moreover, this synthesis route
enables forming ceramics bodies into small scales and complex
shapes, which is of strong relevance for many technological applications. However, like all ceramics, the resulting non-oxide material suffers from low fracture resistance and poor electrical
conductivity [9–11]. Consequently, strategies to improve the fracture resistance and electrical conductivity of these materials are
needed in order fully exploit their application perspectives.
Enhanced fracture resistance of ceramic materials has been
achieved, among other approaches, via tailoring the microstructure
by incorporating a second phase in the form of particles or ﬁbers.
⇑ Corresponding author. Tel.: +49 711 685 61967; fax: +49 711 689 1010.
E-mail address: mwishopova@imw.uni-stuttgart.de (D. Shopova-Gospodinova).
0266-3538/$ - see front matter Ó 2011 Elsevier Ltd. All rights reserved.
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Carbon nanotubes (CNTs) have proven particularly useful for this
purpose [12,13], owing to their extraordinary mechanical [14–17],
thermal [18] and electrical properties [19], as well as their low
weight and high aspect ratio. There are numerous examples of
enhanced electrical conductivity upon incorporation of carbon
nanotubes in polymer matrices [20]. For instance, Ionescu et al. have
attained good electrical conductivity through incorporation of
5 vol.% multi-wall carbon nanotubes (MWCNT) into polysilazanederived Si–C–N ceramic.
Up to date, several mechanical studies of CNTs/polymer-derived
ceramic composites have been reported, in most cases comprising
multi-wall carbon nanotubes (MWCNTs) as reinforcing elements
[21,22]. In one case, the MWCNTs were mixed into a Si–C–N ceramic precursor solution, followed by catalytic cross-linking and
pressure-assisted pyrolysis at 1000 °C [21]. In this manner, a
substantial increase in Young’s modulus, hardness and contactdamage resistance was achieved for a MWCNTs content of
6 vol.%. In a related work [22], MWCNTs were ultrasonically dispersed in a liquid polysilazane precursor polymer, with subsequent
casting, pressure less cross-linking and thermolysis at 1000 °C. Preliminary investigations of the fracture toughness of thus obtained
composites using a thermal loading method revealed that the extent to which the incorporated nanotubes enhance the mechanical
properties depends strongly on their structural characteristics, in
particular their aspect ratio [23]. Recently, we have utilized single-wall carbon nanotubes (SWCNTs) for the reinforcement of
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Si–C–N polymer-derived ceramics, and found that the increase of
Young’s modulus increases with the dispersion degree of the
nanotubes inside the amorphous matrix [24]. However, while it is
well-documented that the incorporation of SWCNTs into polymer-derived amorphous ceramics can enhance their mechanical
performance and electrical conductivity, detailed studies of the
fracture toughness are very limited. Recent results reveal that the
incorporation of MWCNT into Si–C–N amorphous ceramics and
the formation of CNT–matrix interfaces lead to 25% increase of
the fracture toughness [23]. Due to their small diameter SWCNT́s
basically provide a means to increase the interface area without
changing carbon nanotubes weight fraction. A promising route toward well-separated and homogeneously distributed SWCNTs relies upon appropriate chemical functionalization of the tubes [25].
The work of Gojny et al. [26] has demonstrated that the presence
of carboxylic groups on the surface leads to a better dispersion of
the nanotubes in an epoxy system. Especially attractive is the use
of polymers in the nanotube functionalization. In this context, Hill
et al. have attached a polystyrene copolymer to SWCNTs, which
then could be homogeneously dispersed within a polystyrene
matrix [27].
Here, we report the synthesis of a polymer-derived Si–C–N
amorphous ceramic, reinforced by octadecylamine-functionalised
SWCNTs. It is demonstrated that the presence of long alkyl chains
on the tubes promotes the efﬁcient disintegration of nanotube
bundles into individual nanotubes, and their dispersion inside
the polymer precursor matrix. The major aim of this study was
to explore the inﬂuence of concentration and agglomeration state
of the SWCNTs on the mechanical and electrical properties of the
resulting composites. To this end, the hardness and Young’s modulus of the composites were determined by nanoindentation technique, while the fracture toughness was determined by measuring
the crack opening displacement (COD) of indentation cracks.

2. Experimental
2.1. Materials and processing of composites
The SWCNT-reinforced polymer-derived Si–C–N ceramics were
prepared following the procedure illustrated in Fig. 1. Commercial
liquid poly(ureamethylvinyl)silazane (Ceraset, KION, USA) was
used as starting precursor polymer. Octadecylamine-functionalised SWCNTs (P5-SWCNTs) were purchased from Carbon Solutions,
Inc., USA, 60–70 wt.% SWCNT loading) and utilized without any

further puriﬁcation. 1,2-Dichlorobenzene (Aldrich, 99.9%) was
used as a solvent. The synthesis was performed by a standard
Schlenk technique under argon. In the ﬁrst step, the required
amount of P5-SWCNT was dispersed for 15 min in 1 ml of 1,2dichlorobenzene using an ultrasonic bath (SONOREX RK 52H,
140W, BANDELIN electronic). In order to obtain 0.5, 1 and 2 wt.%
P5-SWCNT content, the calculated amounts of degassed Ceraset
were added to the solution of P5-SWCNT, and further sonicated
by an ultrasonic probe (SONOPULS HD2200, 200W, BANDELIN
electronic) for 60 min in an ice bath under argon atmosphere. Subsequently, the solvent was removed under vacuum, and the resulting viscous slurry of Ceraset and P5-SWCNTs placed in a Teﬂon
mold, which was tightly closed by a metal die. The cross-linking
was performed at 360 °C for 6 h in an electric furnace (Heraeus)
under argon atmosphere. Finally, the samples were subjected to
pyrolysis in a quartz tube at 1000 °C for 1 h under argon, with a
heating and cooling rate of 10 °C/h and 25 °C/h, respectively. A
monolithic ceramic reference sample was prepared from pure
Ceraset following the same procedure as described above.
2.2. Morphology
The samples were characterized using a Zeiss GEMINI LEO 1530
VP scanning electron microscope with an acceleration voltage of
3 kV and working distance of 6 mm. For this purpose, the samples
were coated by a nominally 0.5 nm thick Pt–Pd layer.
2.3. Mechanical testing
Toward mechanical testing by nanoindentation, a special
sample preparation technique [10] was employed. Speciﬁcally,
plates of 2 mm width and 8 mm length were cut from the circular
shaped samples with a diameter of 12 mm, and then mounted into
an alumina frame. The platelets were oriented with their side-face
upwards, such that a width corresponding to the sample thickness
became available for indentation (see inset of Fig. 2a). In the last
step, the sample surface was polished to a ﬁnal roughness of
1=
4 lm. Vickers indentation of samples was performed with a Buehler Micromet 1 micro indenter (Buehler LTD, Lake Bluff, IL, USA)
with an applied load of 1 kg. A representative indentation impression with well-developed radial cracks is shown in Fig. 2a.
Crack proﬁles were determined with the aid of a scanning
electron microscope (Gemini, Zeiss, Germany). The samples were
ﬁrst sputtered with a 0.8 nm thick layer of a gold/palladium alloy.

Fig. 1. Synthesis scheme of polymer-derived (Si–C–N) ceramics reinforced by octadecylamine modiﬁed SWCNT.
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Fig. 2. (a) SEM micrographs of the Vickers indentation impression with associated radial crack system in Si–C–N nanocomposite reinforced by 1 wt.% P5-SWCNTs, the inset
on the right represents picture of the sample mounted in the alumina holder, (b) crack tip geometry displayed by an appropriately arranged set of individual SEM images, and
(c) crack opening displacement u(x) from the crack tip, data ﬁt (line) is obtained with Eq. (2).

To ensure high reproducibility, in all micrographs the border line
between the inner dark region and the white edge region was
deﬁned as crack edge position. This was necessary since the edges
of the crack faces are not perfectly deﬁned due to deposited carbon
contaminations and the sputtered metal. The crack opening along
the crack tip was detected by an image assembling procedure
(Fig. 2b). In order to remain in the region displaying a parabolic
shape of the crack opening displacement (COD) function, data have
been collected for the ﬁrst 5 lm distance from the crack tip. A
typical crack opening proﬁle of the crack tip, together with a ﬁtting
line obtained using Eq. (2), is presented in Fig. 2c. The plot shows a
very good agreement between the ﬁt and the measured data.
The nanoindentation experiments were performed in continuous stiffness mode (CSM) with a Nano Indenter XP nanoindentation system (MTS Nano Instruments, Oak Ridge, TN, USA) and a
Berkovich indenter. Since a maximum load of 700 mN is available
for this instrument, the penetration depth was limited to 1.6 lm.
Nevertheless, the volume of the plastic and elastic deformation
ﬁeld, formed by Berkovich indenter at this penetration depth, is
big enough to ensure reliable results [28], as conﬁrmed by reaching
plateaus of the measured values already at the penetration depth
of 800 nm (Fig. 3). For each sample, the results were averaged over
60 measurements made at ﬁve different locations. At each location,
a 4  3 array of indentations with a distance of 30 lm was created.
Hardness and Young’s modulus were determined using the Oliver
and Pharr analysis [29]. To this end, the Poisson’s ratio value of
0.22, as obtained for pure SiCN pyrolized at 1000 °C [30], was used.
Typical values of hardness and Young’s modulus obtained in this
manner are plotted as a function of tip displacement in Fig. 3. In
general, nanoindentation data obtained at small penetration depth
are inﬂuenced by the surface roughness of the sample. Since the
samples were polished to a ﬁnal roughness of 1=4 lm, this inﬂuence
can be recognized for penetration depths up to 300 nm. Above this
range, for both properties there occurs a slight increase, followed
by a plateau above 800 nm. The plateau values are expected to
be most reliable.

2.4. Electrical conductivity
Electrical conductivity measurements were performed under
ambient with a Keithley 2400 source-meter and a DLPCA-200 Femto ampliﬁer. Contact to the samples was made by two needles and
silver paste. As four-terminal measurements revealed the presence
of only negligible contact resistance mainly two-probe measurements were performed. All I/V curves acquired in the latter conﬁguration generally showed ohmic behavior.
3. Results and discussion
Microstructures at the crack faces for 1 wt.% P-SWCNT/Si–C–N
nanocomposites show homogenously distributed carbon nanotubes and plenty of bridging structures reinforcing the enhancement of the mechanical properties (Fig. 4).
SEM micrographs of the fracture surface of the P5-SWCNT-reinforced Si–C–N nanocomposites display a homogeneous distribution of the nanotubes for all three tube contents, as exempliﬁed
in Fig. 5. This ﬁnding proves the capability of the appended alkyl
chains to enhance the interaction with the polymer precursor matrix, which represents a useful extension of previous work on
nanocomposites wherein carbon nanotubes are embedded in a
polymer-derived ceramic matrix, as has been documented for pristine SWCNTs [24] or MWCNTs [22].
Besides the homogeneous distribution of the nanotubes, the
SEM images reveal a similar fracture morphology for both 0.5
and 1 wt.% of P5-SWCNs (Fig. 5a and b), predominately consisting
of tubes pulled out from the matrix. In contrast, less pull-out and
more broken tubes can be observed for the sample reinforced by
2 wt.% (see Fig. 5c). The different fracture surface morphologies
can be explained by an increase of the precursor polymer viscosity
due to the addition of the tubes, reﬂecting in higher carbon nanotube interactions and possibility of their agglomeration. Moreover,
owing to the shrinkage of the matrix during pyrolysis, at higher
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Fig. 5. SEM micrographs of the fracture surfaces of polymer-derived Si–C–N
nanocomposite reinforced with (a) 0.5 wt.%, (b) 1 wt.%, and (c) 2 wt.% P5-SWCNs.
Fig. 3. Plots of (a) hardness and (b) Young’s modulus derived via nanoindentation
for the polymer-derived Si–C–N nanocomposite reinforced with 2 wt.% P5-SWCNs
as a function of penetration depth.

Fig. 4. SEM micrographs at the crack face of the 1 wt.% P-SWCNT/Si–C–N nanocom
posites.

nanotube concentrations the tubes are more densely packed, and
hence their pull-out more difﬁcult to detect.
Another possible reason for the different fracture surface
morphologies relates to the different interfacial strength of tubes
and matrix. For ﬁber-reinforced composites, it is known that the

ease of pulling-out of ﬁbers from the matrix or their breakage during fracture strongly depends on the interfacial strength of ﬁbers
and matrix [31]. Hence, crack deﬂection along the nanotubes and
their subsequent pull-out will be more difﬁcult, with the consequence that the tubes rather break. This explanation gains support
from the fracture surface of all three nanocomposites (Fig. 5). In
addition, the length and diameter of the ﬁbers, as well as their
intrinsic strength and stiffness can have an inﬂuence, although
these factors are not relevant in our experiments using the same
type of tubes. In general, pulling-out of the tubes will be prominent
when the tube strength exceeds the interfacial strength, while
otherwise they will preferably break.
The values of hardness and Young’s modulus, as derived from
the nanoindentation load–displacement curves, are plotted in
Fig. 6 as a function of the P5-SWCNT content. For the pure polymer-derived Si–C–N ceramic, a Young’s modulus of 141 GPa
and a hardness of 17.4 GPa are obtained (see Fig. 6). These values
agree well with those reported for polymer-derived Si–C–N ceramics prepared in the same way [23,24]. It can be seen that the incorporation of nanotubes improves both properties in comparison to
the pure polymer-derived Si–C–N ceramic. Maximum enhancement is achieved for 2 wt.% tube content, with a value of 182 ± 2
for Young’s modulus and 20 ± 0.4 GPa for the hardness. The modulus increase by 30% is comparable to that observed for the
SWCNT reinforcement of polymer-derived-ceramic prepared in
the same way [24]. By comparison, the observed hardness by
15% is higher than for the latter material [24].
The enhanced Young’s modulus of the reinforced polymer-derived Si–C–N ceramic reﬂects a sizeable interfacial bonding
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template or nucleation effect of CNTs on the matrix crystallization
has also been observed for polymer-based CNTs nanocomposites
[33,34]. In conclusion, the improved Young’s modulus and hardness, as compared to polymer-derived ceramic reinforced by
MWCNTs (120 GPa and 14 GPa respectively) [21], underline
the suitability of the alkyl-functionalized SWCNTs for enhancing
the mechanical resilience of these ceramics.
The fracture toughness of the samples was determined through
measurement of the crack opening displacement (COD) of indentation cracks in the crack tip vicinity [35,36]. As a major advantage in
comparison to the standard crack length measurements [37], this
method can be applied to materials showing any type of indentation behavior [10,38]. In fact, the validity of fracture toughness
estimation of CNTs/ceramic matrix composites by measuring the
crack length using indentation technique has been questioned
[39]. By contrast, the COD approach relies upon the crack proﬁle
for constant applied load under Mode I conditions, and exploits
the fact that the applied stress intensity (KA) is transferred to the
stress ﬁeld at the crack tip (Ktip), while the near-tip half crack opening (u) shows a parabolic dependence on the distance (x) from the
crack tip:

K tip
uðxÞ ¼
E

Fig. 6. Dependence of Young’s modulus (a) and hardness (b), derived from
nanoindentation data of P-SWCNT/polymer-derived Si–C–N ceramic samples with
different nanotube content.

strength between the ceramic matrix and the nanotubes, which is
an important prerequisite for taking beneﬁt of the exceptionally
high Young’s modulus of the nanotubes. Such bonding can also
be concluded from TEM images of the interface between pristine
SWCNTs and polymer-derived ceramics, which reveal good
wetting of the ceramic by the tubes, but lack evidence of a strong
coupling between these two materials [32]. Therefore, we suppose
that chemical bonding between the precursor polymer and nanotubes via functional groups are not present. The octadecylamine
modiﬁed SWCNT‘s are soluble in common organic solvents that
are compatible with polysilazane, making it possible to prepare
those composites by solution-based method. It is furthermore
documented that the integrity of the tubes is preserved during
pyrolysis at 1000 °C [22,32]. An additional contribution to the
enhancement arises from the homogenous distribution of the
tubes in the matrix (Fig. 5), which ensures an efﬁcient stress distribution from the matrix to the tubes. It is furthermore noteworthy
that the purity of the present tubes is much higher than those in ref
[24], which reduces the risk of mechanical failure associated with,
e.g., amorphous carbon particles. This can explain the higher hardness of the present composites in comparison to previous studies
[24].
Although a direct microscopic proof is lacking, it is nonetheless
plausible that the present samples contain SiC nanocrystals at the
nanotube/matrix interface, which could exert a positive inﬂuence
on the properties. Indeed, TEM investigation [22] of Si–B–C–N/
CNTs subjected to 1000 °C revealed the nanocrystalline character
of the polymer-derived matrix in the vicinity of the tubes. Such

rﬃﬃﬃﬃﬃﬃ
8x

ð1Þ

p

In this equation, Ktip is the stress intensity factor at the crack tip,
and E is the Young’s modulus for plain strain. The Ktip value can be
obtained by ﬁtting a parabolic proﬁle to the measured crack tip
COD as a function of the distance from the crack tip. This approach
had originally been developed for compact tension (CT) specimens
[35]. When applying it to determine Ktip from indentation, however, a complication arises because only a small part of the COD
proﬁle close to the crack tip is of parabolic shape [36]. At larger distance from the tip, due to the high residual stress originating from
the region near the indent, the parabolic shape can be severely distorted. In order to account for this deviation, a phenomenological
ﬁt for the data measured on indentation made cracks has been proposed and proven reliable [10]. The corresponding equation

uðxÞ ¼

K tip
E

rﬃﬃﬃﬃﬃﬃ
8x

p

3

5

þ Ax2 þ Bx2

ð2Þ

contains two ﬁtting parameters A and B. Since the present fully
dense polymer-derived ceramics reinforced by CNTs can be produced only as small (12 mm diameter) and thin samples
(0.45 mm thickness), this ﬁtting method is appropriate [10].
Thus obtained fracture toughness data of the nanocomposites
are presented in Fig. 7 as a function of CNT content. The value of
1.4 ± 0.1 MPa m1/2 obtained for pure polymer-derived Si–C–N is included as 0 wt.% sample. A more than twofold increase of fracture
resistance is observed for all CNTS content in comparison to the
pure polymer-derived ceramic.
All three major toughening mechanisms documented for ceramic
matrix composites reinforced by micron-scale ﬁbers [40], i.e., crack
bridging by ﬁbers, ﬁber pull-out on the fracture surfaces, and crack
deﬂection at the ﬁber/matrix interface, are likely to contribute to
the toughening in the present samples. Especially the crack deﬂection mechanism should be operative in light of the high aspect ratio
of the used SWCNTs, which represents a critical factor governing the
efﬁcacy of crack deﬂection along the interface [22,23]. Moreover, the
tubes’ high tensile strength and stiffness is expected to allow effective crack bridging (Fig. 7b and c) and their pull-out (cf. Fig. 5). The
relevance of these three mechanisms is further supported by the
homogenous distribution of the tubes in the matrix (Fig. 5), which
may also explain the smaller fracture toughness of 1.8 MPa m1/2 obtained for polymer-derived Si–C–N ceramics reinforced by 2 wt.% of
pristine SWCNTs [23]. It is furthermore noteworthy that the fracture
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Fig. 7. (a) Dependence fracture toughness extracted from COD data of P-SWCNT/polymer-derived Si–C–N ceramics, on nanotube content; (b and c) examples of crack
bridging by CNTs at different distance from the crack tip.

4. Conclusions
In summary, polymer-derived Si–C–N ceramics have been reinforced by alkyl chain-functionalized SWCNTs. We ﬁnd a remarkably large, more then twofold, increase of fracture resistance in
our composites. Furthermore, the incorporation of nanotubes increases the Younǵs modulus and hardness of the ceramic matrix
by 30%, i.e. 15% (for 2 wt.%), respectively. At the same time, the
electrical conductivity is strongly enhanced for tube contents as
low as 0.5 wt.%. It is concluded that adequately functionalized
SWCNTs are a promising ﬁller material for polymer-derived ceramics, with the potential to obtain composites of high temperature
stability as well as excellent toughness and creep resistance.
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