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bstract

his paper presents the pressureless preparation of fully dense and crack-free SiOC ceramics via direct photo-crosslinking and pyrolysis of a
olysiloxane. Elemental analysis revealed the presence of high levels of carbon in the SiOC ceramics. Thus, the samples showed the highest
ontent (78–86 mol%) of segregated “free” carbon reported so far. XRD investigations indicated that the materials prepared at 1100 ◦C were X-ray
morphous, whereas the sample prepared at 1400 ◦C contained a turbostratic graphite-like phase and silicon carbide as crystalline phases, as

dditionally confirmed by TEM and Raman spectroscopy. Vickers hardness was measured to be 5.5–8.6 GPa. The dc resistivity of the prepared
aterial at 1100 ◦C was 0.35 � m, whereas the ceramic pyrolyzed at 1400 ◦C showed a value of 0.14 � m; both values are much lower than those

f other known SiOC materials. This latter feature was attributed to the presence of a percolating carbon network in the ceramic.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Polymer derived ceramics (PDCs) are materials which have
een intensively studied in the last four decades.1 They can be
repared by thermal handling of appropriate precursors (prece-
amic polymers2) in inert or reactive atmosphere without using
ny additives as in the case of conventional ceramics fabricated
ainly by sintering techniques.
The overall process for fabrication of PDCs involves four

ajor steps: (i) synthesis of preceramic polymers starting from
uitable monomers; (ii) polymer crosslinking at moderated tem-
eratures (100–400 ◦C) to furnish infusible organic/inorganic
ybrid materials (preceramic networks); (iii) shaping and (iv)
eramization process (pyrolysis) of the crosslinked and shaped
reen bodies, which are converted into inorganic materials by
eat treatment at temperatures ranging from 1100 to 1500 ◦C.3
uring the polymer-to-ceramic conversion a high mass loss is
ypically observed, which leads to high porosity and high shrink-
ge in the green bodies. Since preceramic polymers usually have

∗ Corresponding author. Tel.: +49 0 6151 166344; fax: +49 0 6151 166346.
E-mail address: ionescu@materials.tu-darmstadt.de (E. Ionescu).
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ensities of ca. 1 g/cm3, while the corresponding ceramic mate-
ials exhibit densities in the range of 2–3 g/cm3, the conversion
nto a ceramic is obviously accompanied by the generation of
esidual stresses leading to defects and cracking of the ceramic
arts.4 Thus, it is very difficult to produce dense and crack-
ree monoliths using the polymer derived route. To avoid these
roblems, the use of passive or active filler particles was pro-
osed in order to act against shrinkage and mass loss and thus
llow the production of crack-free monoliths with low resid-
al porosities.5,6 By combining passive and active fillers, near
et shape production of PDC-based parts is possible since zero
hrinkage can be achieved.7 Hence, filler-free PDC-based parts
an only be produced either by having high porosity8 or by
eeping the parts very thin.9

The fabrication of dense and crack-free PDC-based mono-
iths has been reported to be possible by using pressure-assisted
echniques, such as pressure-assisted casting,10,11 hot isostat-
cally pressing techniques (HIP)12 or field assisted sintering
echnology (FAST).13 However, by means of these techniques

nly small parts with simple geometries can be fabricated.

There have been several publications on the pressureless
abrication of dense polymer derived ceramics in the SiOC9

r SiCN system.14–16 Here we report for the first time on the

dx.doi.org/10.1016/j.jeurceramsoc.2010.11.019
mailto:ionescu@materials.tu-darmstadt.de
dx.doi.org/10.1016/j.jeurceramsoc.2010.11.019
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ig. 1. Structure of the commercially available polysiloxane Polyramics® RD-
84 (Starfire Systems Inc.) as provided by the producer.

ller-free and pressureless production of dense and crack-free
iOC-based monoliths with a thickness up to 1.5 mm via direct
hoto-crosslinking and subsequent pyrolysis of a commercially
vailable polysiloxane. Since the geometry is determined by the
old used for the liquid polymer, fully dense ceramic parts with

omplex geometries can be prepared using this rather simple
echnique.

. Experimental procedure

Commercially available polysiloxane RD-684 Polyramic®

Starfire Systems Inc.) was used as a preceramic polymer
Fig. 1). The preceramic polymer was first mixed with 5 wt% of
he photoinitiator Irgacure® 651 (Ciba) by means of ultrasonic
reatment. Subsequently, vacuum was applied to eliminate the
enerated bubbles. In order to obtain the monolithic specimens,
ifferent PTFE crucibles with thicknesses of 2, 2.5 and 4 mm
ere used. They were filled with the liquid precursor and covered
ith a transparent glass substrate. The samples were irradiated
ith a UV Lamp (UVACUBE 200®, Honle, mercury lamp with
= 30 mW/cm2 and λ = 365 nm) for 30 min After demolding,
ransparent infusible dense crack-free monoliths (3 cm × 3 cm)
ith thicknesses of 1.5, 2 and 3.5 mm were obtained. The green
odies were pyrolyzed under argon at 1100 ◦C at a heating rate
f 50 ◦C/h. The samples were placed in the furnace between two
raphite felts in order to avoid warping and cracking. Thus, the
raphite felts might reduce friction forces due to shrinking of
he samples during pyrolysis and simultaneously allow for uni-
orm outgassing of volatiles during ceramization.11 At the end,
ense, flat and crack-free SiOC specimens were obtained with
hicknesses up to 1.5 mm.

The chemical analysis of the polymer was performed at
he Mikroanalytisches Labor Pascher (Remagen, Germany).
lemental analyses for carbon and oxygen were performed
sing a LECO C-200 and a LECO TC-436 analyzer, respec-
ively.

The pyrolytic transformation from the polymer to the ceramic
as studied by thermo gravimetric analysis (TGA) using Net-

sch STA 429C Jupiter® equipment operating in argon flux
25 ml/min) at a heating rate of 5 ◦C/min up to the max. temper-
ture of 1400 ◦C. Analysis of the evolved gases was performed
n situ using a coupled quadrupole mass spectrometer (QMS
03C Aeolos).

The density of the ceramic samples was analyzed geo-

etrically and by means of liquid pycnometry (water) and
g-pressure porosimetry. The residual porosity in the ceramics
as measured by a mercury pressure porosimeter (Micromet-

ics poresizer 9320) and by the BET (Brunauer-Emmett-Teller)
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t
w
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ethod with a Quantachrome Autosorb 3B surface area ana-
yzer.

Powder X-ray diffraction (XRD) of the ceramic samples was
erformed with a STOE X-ray diffractometer using Ni-filtered
u K� radiation.

Micro-Raman spectra (10 scans, each lasting 3 s) were
ecorded using a Horiba HR800 micro-Raman spectrometer
quipped with an air-cooled Melles Griot argon laser (irradiation
avelength 514.5 nm). The excitation line has its own inter-

erence filter (to filter out the plasma emission) and a Raman
otch filter (for laser light rejection). The measurements were
erformed with a grating of 1800 g mm−1 and a confocal micro-
cope (magnification 100×, NA 0.5) with a 100 �m aperture,
iving a resolution of 2–4 �m. The laser power (ca. 20 mW) on
he sample was attenuated using neutral density (ND) filters in
he range of 2 mW–20 �W.

Scanning electron microscopy (SEM) measurements were
erformed with a Philips XL30FEG SEM microscope. The
amples were sputtered with a thin gold layer before the
EM investigation. Transmission electron microscopy (TEM)

maging was performed using a Philips CM20STEM (FEI, Eind-
oven, The Netherlands) operating at 200 keV on TEM-foils
btained from the pyrolyzed SiOC bulk samples. Sample prepa-
ation followed the standard ceramographic technique of cutting,
ltrasonic drilling, dimpling and Ar-ion thinning to perforation
ollowed by light carbon coating to minimize charging under the
ncident electron beam.

Vickers hardness of the bulk SiOC samples was evaluated by
he indentation method using a Vickers diamond pyramid inden-
er (Otto Wolpert Werke) under various loads (0.5–20 N, loading
ime 15 s.). Nanoindentation experiments were performed with
Picoindentor® HM500 device (Fischer) equipped with a dia-
ond pyramid Berkovich indenter to measure the hardness and

he Young’s modulus of the ceramic samples. The experiments
ere carried out with a max. load of 300 mN during 5 s. The

lastic modulus was calculated as an average, using the experi-
entally determined continuous stiffness measurements.
The linear four-point probe technique using a Lucas Signa-

one QuadPro Resistivity System (Lucas-Signatone Corp.) was
pplied to obtain the dc resistivity of the SiOC samples at room
emperature.

. Results and discussion

The crosslinking of the polysiloxane RD-684 was performed
ia UV light irradiation (wavelength 365 nm). Photoinitiator
rgacure 651 was used as a sensitizer (5 wt%), since it generates
adicals upon UV exposure. The generated radicals can activate
he vinyl groups of the polysiloxane to react and polymerize,
ielding a three dimensional infusible network. Furthermore,
ther crosslinking mechanisms known for polysiloxanes (such
s hydrosilylation or dehydro coupling reactions)3 can also
e initiated under these conditions. Whereas vinyl polymer-

zation and hydrosilylation reaction occur without mass loss,
he dehydro coupling reactions lead to hydrogen release, which
as determined via in situ mass spectrometry during thermo-
ravimetric analysis of the polymer (see below). The polymeric
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ig. 2. Optical photographs of (a) the green body after photo-crosslinking of
iameter 34 mm) after pyrolysis.

amples were irradiated with UV light for 20 min to obtain trans-
arent infusible monoliths (green-bodies) which were easily
emoved from the Teflon crucible and the glass substrate. When
rradiated for a longer time, the samples were found to crack
pon demolding. Subsequently, the free-standing bulk green
odies were irradiated for an additional 10 min on each side
o ensure complete crosslinking. They were finally pyrolyzed in
rgon atmosphere at 1100 ◦C to furnish dense crack-free silicon
xycarbide specimens (Fig. 2).

Fig. 3 shows the TG curve of the UV cured infusible polymer
D-684 (with 5 wt% Irgacure added) from ambient temperature

o 1400 ◦C. The polymer-to-ceramic transformation induces a
otal weight loss of 40 wt%, which occurs in two main decom-
osition steps in the temperature region between 350 ◦C and
50 ◦C, as shown by the DTG curve (Fig. 3). The high mass
oss is due to the release of hydrocarbons (vinyl—m/z = 26,
7; phenyl—m/z = 50, 51, 52, 77, 78; methyl—m/z = 14, 16;
ropyl—m/z = 37) and hydrogen, as indicated by in situ mass
pectrometry investigation.

Although different PTFE molds with thicknesses up to
.5 mm were tested, only the monoliths with thicknesses up to

.5 mm did not crack during pyrolysis. This behavior can be
xplained by considering the amount of evolved gases during
yrolysis. If the surface-to-volume ratio of the green body is too

ig. 3. TG and DTG (first time derivative of TG) curves of the UV-cured pre-
eramic polymer (RD-684 + 5 wt % Irgacure 651) from room temperature up to
400 ◦C.
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iloxane Polyramics RD-684 and (b) of the SiOC ceramic (thickness 1.5 mm,

ow, the removal of the gaseous by-products can be hindered
ith the result of interior pressure increase and crack forma-

ion. Furthermore, it should be noted that despite of relatively
igh mass loss of the polymer during ceramization, the residual
orosity of the ceramic parts is negligible.

The largest crack-free SiOC ceramic part we have obtained
howed a diameter of 3.4 cm and a thickness of 1.5 mm. The
inear shrinkage of the green body upon pyrolysis was found to
e 20% and the weight loss of the part (35 wt%) was ca. 12%
ower than that determined by TGA measurements. This can be
xplained by the additional UV irradiation of the green bod-
es after demolding, a process which increases the crosslinking
rade in the green parts and thus leads to an increase in their
eramic yield. The effect of the different heating rate used (i.e.
◦C/min for TGA and 0.8 ◦C/min upon pyrolysis) can probably
e excluded since the ceramic parts were annealed for 1 h upon
yrolysis, whereas during TGA cooling was started immediately
fter reaching the maximal temperature. Thus, the pyrolysis pro-
ess is expected to lead to a higher mass loss than that recorded
y TGA. This has been shown also in other cases, as for polymer
erived SiOC/ZrO2 and SiOC/HfO2 nanocomposites. Whereas
he mass loss of the ceramic pyrolyzed at 1100 ◦C upon anneal-
ng at 1600 ◦C was 10.8 and 8.5 wt%, respectively (heating
ate 1 ◦C/min),17,18 mass losses of only 1 wt% and 0.38 wt%,
espectively were recorded at 2000 ◦C via high temperature TGA
heating rate 5 ◦C/min).19 Since the opposite trend was observed
n our case, the increased crosslinking grade in the green parts
which was induced by the intensive UV irradiation of the green
odies) is most probably the reason for the low mass loss upon
eramization.

The chemical compositions and empirical formulae of the
olymer as well as those of the ceramic materials obtained
pon pyrolysis at 1000 ◦C, 1100 ◦C and 1400 ◦C are summa-
ized in Table 1. The hydrogen content in the sample pyrolyzed
t 1000 ◦C was found to be relatively high (0.53 wt%). How-
ver, by increasing the pyrolysis temperature to 1100 ◦C, the
ydrogen content in the ceramic decreases notably. Interestingly,
he addition of the photoinitiator to the polysiloxane leads to a

emarkable decrease in the hydrogen content compared to that of
ceramic sample prepared without the addition of Irgacure. Fur-

hermore, the addition of Irgacure® to the polysiloxane induces
he increase of the carbon content in the SiOC sample from
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Table 1
Elemental analysis of the polymer RD-684 and of the SiOC ceramics prepared upon pyrolysis at different temperatures.

Sample Content in wt% Empirical formula* Calculated content in mol%

Si O C H SiO2 SiC Cfree

RD-684 22.65 13.10 57.45 6.00 SiOC5.84H7.32 – – –
1000 ◦C 28.35 20.00 49.75 0.53 SiO1.24C4.10H0.52 13.14 8.05 78.81
1100 ◦C 22.10 16.71 61.19 0.09 SiO1.32C6.43H0.11 9.31 4.80 85.89
1100 ◦C (no addition

®
29.01 16.90 51.56 0.28 SiO1.02C4.15H0.27 11.89 9.34 78.77

1 SiO1.06C4.60 10.37 6.63 83.00
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of Irgacure )
400 ◦C 25.32 17.52 57.16 –

* Normalized to one silicon atom.

1.56 wt% in the ceramic without the initiator to 61.19 wt% in
he material pyrolyzed in the presence of Irgacure®.

Considering oxygen bonded to silicon and the rest of silicon
onded to carbon, the amount of “free” carbon can be esti-
ated (Table 1). Thus, for a chemical composition SixOyCz,

he molar fractions of SiC, SiO2, and “free” carbon were cal-
ulated, as presented in Table 2.20 The prepared ceramics show
remarkably high content of carbon, thus a significant amount
f free carbon is present. Carbon-rich polymer derived ceramics
ave been claimed to exhibit interesting and intriguing behav-
or with respect to their microstructure,21 thermo-mechanical
roperties22 or crystallization resistance23 at high temperatures.
o the best of our knowledge, the presented ceramics show the
ighest carbon content measured as yet in SiOC-based materi-
ls. Whereas in the case of our samples carbon mol fractions of
8 to ca. 86% were observed, other carbon-rich SiOC materi-
ls reported in the literature show carbon contents up to max.
3 mol%.24,25

The porosity of the SiOC ceramic pyrolyzed at 1100 ◦C
as studied by BET, mercury intrusion porosimetry and SEM.
he BET analysis revealed a surface area less than 1 m2/g,

ndicating that the bulk SiOC ceramic does not contain any
icropores, mesopores or open porosity. Furthermore, the BET

nalysis shows a Type VI isotherm, which is typical for layer-by-
ayer adsorption on a uniform surface of a non-porous material
Fig. 4).

In agreement with the porosity analysis, SEM investigation
ndicated that the SiOC ceramic is fully dense and exhibits a
uite smooth surface (Fig. 5).

The density of the prepared ceramic parts was evaluated
ia pycnometry, Hg-pressure porosimetry and geometrically.

ll three methods indicate a density of 1.6–1.7 g/cm3. This
alue is quite low compared to other SiOC ceramics (2.1 to
.3 g/cm3).19,21,26–28 The low density of our SiOC ceramic can

able 2
alculated mol fractions of SiO2, SiC and free carbon in SiOC ceramics using

heir chemical composition.

ixOyCz Amount (mol) Mol fraction (%)

iO2 y/2 y/(2z + y) × 100
iC x − (y/2) 2[x − (y/2)]/(2z + y) × 100
free” C z − [x − (y/2)] 2{z − [x − (y/2)]}/(2z + y) × 100

otal z + (y/2) 100

s
m
m
s
p
l
e
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m
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a
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ig. 4. N2 adsorption isotherm of the SiOC ceramic pyrolyzed at 1100 ◦C
btained by the BET method.

e attributed to the unusually high carbon content. Based on
he elemental analysis data, a density value of ca. 1.8 g/cm3

an be calculated in the case of the SiOC sample pyrolyzed at
100 ◦C and consisting of 31 wt% of amorphous SiO2 (density
a. 2.2 g/cm3),29 11 wt% of amorphous SiC (ca. 3.1 g/cm3)30

nd 58 wt% of segregated carbon (1.45 g/cm3 for amorphous,
yrolytic carbon).31 This result matches quite well with the
xperimental values Fig. 6.

The SiOC ceramic samples prepared upon pyrolysis at 1100
nd 1400 ◦C were investigated with respect to their microstruc-
ure by means of transmission electron microscopy (TEM). The
ample pyrolyzed at 1100 ◦C presented a completely amorphous
icrostructure (not shown here), as reported usually for poly-
er derived ceramics prepared upon pyrolysis at 1000–1100 ◦C

howing random glass network.32,33 However, the ceramic
yrolyzed at 1400 ◦C showed the presence of �-SiC crystal-
ites with a size of 1–4 nm, whose presence was confirmed by
lectron diffraction analysis. Furthermore, a percolation network
f turbostratic carbon was also identified within the sample
icrostructure (with an interplanar distance of approximately

.33 nm between the graphene layers perpendicular to the c-

xis). It should be noted that different defocus settings were
tilized in order to image either �-SiC or turbostratic carbon.
hereas for imaging of carbon the defocus was ca. −5 nm

Gauss defocus), a defocus value of ca. −40 nm (close to
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Fig. 5. SEM micrographs of the SiOC ceramic pyrolyzed at 1100 ◦C.
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ig. 6. TEM micrographs of the SiOC ceramic pyrolyzed at 1400 ◦C showin
40 nm). Note that both images reveal the very same sample area.

cherzer defocus) was used to image the silicon carbide phase.
he overall microstructure of the SiOC sample produced upon
yrolysis at 1400 ◦C is similar to that of other carbon-rich SiOC
aterials.18,21,29

The SiOC ceramic samples pyrolyzed at 1100 and 1400 ◦C
ere investigated with respect to their crystalline phase compo-

ition by means of powder XRD (Fig. 7). The samples prepared
pon pyrolysis at 1100 ◦C were found to be X-ray amorphous.
he SiOC produced at 1400 ◦C revealed the presence of �-SiC-
anocrystallites with diffraction reflexes at 2Θ = 35.6◦ (1 1 1),
0.1◦ (2 2 0), 71.9◦ (3 1 1) and 75.7◦ (2 2 2) and having a size
f 1–2 nm (as calculated by Debye-Scherer equation). Further-
ore, a turbostratic graphitic-like phase34 was found to be

resent in the sample, with a main diffraction reflex at 2Θ ≈ 43◦.
hus, the XRD data support the TEM results.

The presence of the carbon phase in the SiOC sample
repared at 1400 ◦C was also clearly supported by Raman spec-
roscopy (Fig. 8). The Raman spectrum of the SiOC materials
howed the presence of two high intensity bands at ca. 1350 and
590 cm−1, corresponding to typical vibration modes in carbon-

ased materials, i.e. disorder-induced (D) and graphitic-like (G)
ode, respectively.35–37 The ratio of the intensities of the D

nd G bands was determined to be 2.5. Applying the equation
roposed by Ferrari and Robertson,30 the carbon cluster size

T
t
o
1

turbostratic carbon (left-defocus −5 nm) and the �-SiC phase (right-defocus

La—size of carbon domains along the six fold ring plane, i.e.
ateral size), was determined to be 2.1 nm. This value is compa-
able with cluster sizes observed in other carbon-rich polymer
erived ceramics.20 It is interesting to note that this value of the
arbon cluster size is slightly underestimated; the actual lateral
ize was imaged by TEM approximately by a factor of 2–3×
arger.

The Vickers hardness of the SiOC ceramic pyrolyzed at
100 ◦C was determined to be between 5.5 GPa (at 20 N) and
.6 GPa (at 0.5 N), which is in the range of other analyzed
iOC systems.25,38,39 Furthermore, for the SiOC ceramic pro-
uced upon pyrolysis at 1100 ◦C, nanoindentation investigation
evealed a hardness value of 8.6 GPa and a Young’s modulus
f 66 GPa. Also the Young’s modulus of the SiOC ceramic was
ound to be similar to that of other silicon oxycarbide glasses
50–90 GPa).23,25,40

The electrical dc resistivity at room temperature of the SiOC
eramic produced at 1100 ◦C was 0.35 � m as analyzed by the
inear four-point probe method, whereas the sample pyrolyzed
t 1400 ◦C showed an even lower dc resistivity of 0.14 � m.

hese values are much lower than those of other SiOC sys-

ems (107–1010 � m)41 and can be explained by the high content
f free carbon (turbostratic carbon, graphite-dc resistivity of
–10−5 � m)37 present within the ceramic. This result supports
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Fig. 7. X-ray powder diffraction patterns of SiOC ceramics pyrolyzed at 1100
and 1400 ◦C (*—�-SiC; C—carbon).
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Fig. 8. Raman spectrum of the SiOC ceramic pyrolyzed at 1400 ◦C.

he TEM investigation, which indicates the presence of a perco-
ation network of turbostratic carbon being responsible for the
lectrical conductivity of the samples.

. Conclusions

Crack-free and fully dense silicon oxycarbide ceramic parts
ere prepared pressureless via direct UV-light crosslinking and

ubsequent pyrolysis of a commercially available polysiloxane.
hereas pressure-assisted techniques furnish dense ceramics
ith only simple geometries, the preparation method presented

n this paper allows the production of parts with complex shapes;
esults related to this will be published in a separate paper.42

hus, crack-free bulk SiOC ceramic discs with a diameter of

4 mm and a thickness as high as 1.5 mm were produced. The
eramic parts exhibited a rather low density (1.6–1.7 g/cm3),
hich was attributed to their high content of carbon, the high-

st reported yet for silicon oxycarbide ceramics prepared from
pean Ceramic Society 31 (2011) 913–919

ingle-source precursors. The high content of segregated tur-
ostratic carbon present in the SiOC ceramic was also supported
y electron microscopy and Raman spectroscopy studies as
ell as by dc resistivity measurements. Annealing at 1400 ◦C

eads to homogeneous dispersion of nanosized �-SiC crystal-
ites throughout the SiOC matrix, embedded in a percolation
etwork of turbostratic carbon.
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