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bstract

he correlation between microstructure evolution and increasing processing temperature of a polymer-derived SiOC ceramic with a high volume
raction of free carbon was studied by transmission electron microscopy (TEM). The high carbon content of the SiOC ceramic was achieved by
rosslinking the starting precursor polyhydridomethylsiloxane (PHMS) with divinylbenzene (DVB). Focus of the TEM characterization was the
volution of the carbon phase upon pyrolysis at 1000 ◦C and after additional heat treatment at 1450 ◦C. Although a continuous structural rearrange-
ent within the bulk SiOC matrix was observed with raising temperature, the sample annealed at 1450 ◦C remained predominantly amorphous,

ith the exception of a percolation network of turbostratic carbon and a slight precipitation of nanosized SiC particles. The micro/nanostructure
bserved in this sample upon thermal treatment at high-temperature suggests a phase separation in small SiO4- and SiC4-rich regions encapsulated
y carbon. This specific phase distribution is consistent with the exceptional thermo-mechanical properties reported for similar high C-content
iOC materials.
2007 Published by Elsevier Ltd.
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. Introduction

Compared to fused SiO2, carbon-rich SiOC glasses reveal
uperior mechanical properties at elevated temperatures, in par-
icular, improved creep and oxidation resistance.1–3 Saha et al.
eported on the viscoelastic response of SiOC(C) at 1300 ◦C,
hen an external load was successively applied and released,

nd the authors developed a model of the corresponding nanos-
ructure, which will be discussed in this paper.

The incorporation of a high carbon content into the fused
ilica glass structure is extremely difficult, if not impossible,
hen for example mixing carbon black or graphite with molten

ilica.4 Therefore, most SiOC glasses reported in literatures,
ontaining excess free carbon, were synthesized by the sol–gel
oute. This processing routine enables the formation of a homo-
eneous glass network (at the molecular level) at a rather low
yrolysis temperature.5–8 In addition, this approach offers the
bility to easily tailor various compositions by mixing corre-

ponding starting alkoxides in different molar ratios,7 where a
H/DH ratio of 2 theoretically yields a stoichiometric SiOC glass
ithout the residual free carbon phase. TH represents HSiO3

∗ Corresponding author. Tel.: +1 49 6151 164554; fax: +1 49 6151 164021.
E-mail address: keebe@geo.tu-darmstadt.de (H.-J. Kleebe).
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mission electron microscopy

nits, derived from HSi(OR)3, while DH stands for CH3SiHO2
nits, prepared from a CH3SiH(OR)2 precursor. In comparison,
he starting precursor polyhydridomethylsiloxane (PHMS), used
or processing the carbon-rich SiOC material studied here, is pre-
ominantly made of DH units, which either convert to pseudo
H units when reacted with alkenes, or to TH units when reacting
ith water.9

In general, such a SiOC network can be generated by the sub-
titution of two divalent oxygen ions by one tetravalent carbon
on within the SiO2 network. The composition of a stoichio-

etric SiOC, consisting solely of Si–O and Si–C bonds, is
iven by SiCxO2(1−x). Since excess free carbon is incorporated
nto the SiOC glass network, C(Si)4 units are locally formed,
hich results in a strengthened glass network, owing the locally

ncreased bond strength, which also explains the improved resis-
ance against creep deformation as well as the reported rise in
lass-transition temperature, Tg, viscosity, η, Young’s modu-
us, E and hardness, H, all of which increase with an increased
ncorporation of carbon into the glass network structure.10,11

Heat-treatment at 1000 ◦C commonly yields amorphous
iOC solids, which contain a small molar ratio of residual

ydrogen as well as residual free carbon; the latter being the
ocus of this paper.3,12 Annealing temperatures exceeding
100 ◦C promote local decomposition within the matrix due
o the escape of gaseous species such as SiO, CO and/or CH4.

mailto:keebe@geo.tu-darmstadt.de
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.024
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he decomposition process is accompanied by the formation of
anosized SiC crystallites embedded in the amorphous matrix,
s confirmed by transmission electron microscopy (TEM).13–20

In a previous TEM/EELS study it was shown that a stoi-
hiometric SiOC sample revealed a phase separation process,
iCxO2(1−x) ⇒ xSiC + (1 − x)SiO2, which started at ∼1200 ◦C
nd resulted in the formation of nanosized SiC precipitates finely
ispersed in the amorphous SiO2-rich bulk.13 The phase sep-
ration into crystalline SiC and amorphous SiO2 was shown
o progress with increasing temperature. A variety of polymer-
erived ceramics (PDC’s) were characterized by high-resolution
EM 20 and it was reported that the first nucleation event typi-
ally observed was the formation of excess free carbon, followed
y the nucleation of SiC. It was concluded that the presence
f SiC nanocrystals was associated with the progression of
ocal carbothermal reduction, SiO2 + 3C ⇒ SiC + 2CO(g). Two
on-stoichiometric SiOC materials (TH/DH = 1 and 9) were
haracterized by TEM in conjunction with electron energy-loss
pectroscopy (EELS). The study showed that the SiOC glasses
ere either enriched in carbon or silicon.21 The Si-rich SiOC
atrix revealed pronounced grain growth of the Si precipitates

pon annealing at 1300 ◦C for 100 h. The observed grain coars-
ning is consistent with the classical Ostwald ripening model
f spherical particles embedded in an amorphous matrix.22 The
nalysis of the size variation with time allowed the determination
f a diffusion coefficient of Si in SiOC of 10−16 cm2/s, which
s consistent with Si volume diffusion in amorphous SiO2. In
eneral, TEM studies confirmed the metastable nature of such
olymer-derived SiOC glasses, since crystallization into ther-
odynamically stable phases occurred upon subsequent thermal

reatment. It is interesting to note though that the formation of
rystalline SiO2 phases such as crystobalite or tridymite is not
bserved in these materials.

The one SiOC material characterized here, PHMS +
0%DVB, contains a much higher carbon content as compared
o similar SiOC samples prepared via the sol–gel route. The

icrostructure evolution, in particular the evolution of the car-
on phase, was studied with emphasis on the correlation between
icro/nanostructure and the corresponding thermo-mechanical

esponse.

. Experimental procedures

Preceramic polymers were synthesized by modifying and
uring polyhydrido-methylsiloxane (PHMS).23 The high carbon
ontent was tailored by mixing PHMS with 60 wt.% divinylben-
ene (DVB). The DVB was first mixed with a diluted solution
f a platinum-divinyltetramethyldisiloxane-catalyst in xylene
5 ppm relative to PHMS) and then added to the low viscosity
HMS. The blend was stirred for about 20 min in dry environ-
ent, cast in a dish to form 2–3 mm thick specimens and cured

t room temperature for 12 h. A brittle rubbery solid is obtained.
dditional curing was carried out at 120 ◦C overnight in air.

oth reactions were performed in a liquid phase with no sol-
ents added (except for diluting the Pt catalyst), leading to a
ense, cured polymeric, resin-like SiOC material. Subsequently,
he cured preceramic bulk specimen was pyrolyzed under flow-

s
b
l
d
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ng Ar-atmosphere in a Lindberg tube furnace, equipped with a
ealed alumina tube and inert gas flow system, using a heating
ate of 5 ◦C/min and a holding time of 1 h at 1000 ◦C (pyrolysis)
nd 1450 ◦C (annealing). Elemental analyses of the pyrolysed
ample was performed by Galbraith Laboratories, USA, and
evealed an overall composition of SiC0.44O1.13 + 2.27% Cfree
hich relates to 37.7 vol.% of excess free carbon.
Transmission electron microscopy (TEM) imaging and elec-

ron diffraction pattern (EDP) analysis were performed on
EM-foils obtained from the bulk pyrolysed and annealed SiOC
amples. Sample preparation followed the standard ceramo-
raphic technique of cutting, ultrasonic drilling, dimpling and
r-ion thinning to perforation followed by light carbon coat-

ng to minimize charging under the incident electron beam. The
nstrument used was a Philips CM20STEM (FEI, Eindhoven,
he Netherlands) operating at 200 keV.

. Results

The data presented focus on a detailed micro/nanostructure
haracterization of one polymer-derived SiOC material. In par-
icular, the question of the influence of excess free carbon, a
ommon impurity in those materials which results from the
rganic precursors employed as starting materials, on the high-
emperature stability and thermo-mechanical response of the
morphous network is addressed.

Since the SiOC material was not processed by dissolving ele-
ental carbon into molten silica, a processing route which was

hown to be rather unsuccessful4, but by well-controlled pyrol-
sis of crosslinked PHMS, [CH3SiHO]n, a unique molecular
rrangement of the intrinsic polymer architecture was achieved.

Transmission electron microscopy (TEM) allows the imaging
f local structures that formed upon pyrolysis or after sub-
equent thermal treatment.24–26 The pyrolysis temperature of
he PHMS + 60%DVB specimen was 1000 ◦C, while the high-
emperature anneal was performed at 1450 ◦C for 1 h. As often
eported for polymer-derived ceramics (PDCs) after pyrolysis
7–29, this SiOC sample also exhibited a completely amorphous
icrostructure. A random glass network was observed by high-

esolution TEM (HRTEM) imaging, as depicted in Fig. 1(a).
Electron diffraction analysis of the pyrolysed and annealed

ample confirmed the trend observed by HRTEM imaging
Fig. 1(a) and (b)): a considerable rearrangement of the glass
etwork, leading to the formation of a high volume fraction of
urbostratic carbon in the otherwise predominantly amorphous
iO2/SiC matrix. It is interesting to note that heat-treatment of
morphous SiOC at temperatures exceeding the pyrolysis tem-
erature results in the formation of turbostratic carbon, and SiC
anocrystals as will be shown later, whereas the formation of
rystalline SiO2 phases such as tridymite or cristobalite was not
etected.

The radial intensity profile of the corresponding electron
iffraction pattern (EDP) of the pyrolysed PHMS + 60%DVB

ample revealed only a weak intensity at ∼4.8 nm−1, which can
e assigned to the spacing of carbon atoms in isolated graphene
ayers (0.21 nm).30 However, the corresponding HRTEM image
id not reveal any nanostructural feature that could be corre-
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ig. 1. (a) HRTEM image of the amorphous structure of the PHMS + 60%DVB s
f the boxed region. (b) HRTEM image of the sample shown in (a); however, aft
arbon phase, which is not visible in (a).

ated with the presence of this carbon phase. The absence of an
DP signal at 0.33 nm, the (0 0 0 2) lattice spacing of graphite,

ndicates that the graphene layers are not yet well-stacked rather
han being finely dispersed throughout the amorphous matrix
nd hence could not be detected by HRTEM imaging (Fig. 1(a)).

The radial intensity profile of the annealed sample showed
hat the heat-treatment at 1450 ◦C induces a pronounced struc-
ural rearrangement, which is consistent with 13C NMR data
eported on this material.23 Note that the 13C NMR study con-
rmed a distinct separation in sp2 and sp3 carbon environments,
ith a high fraction of aromatic carbon already at 800 ◦C, which

s seen as evidence for the presence of isolated graphene layers at
ow pyrolysis temperature. The corresponding EDP intensities

−1
an be assigned to a SiC environment at 3.9, 7.0 and 7.5 nm
nd to a graphite environment at 3.0, 4.8 and 8.3 nm−1. Hence,
igh-temperature anneal results in the formation of turbostratic
arbon, where the graphene layers are now well-stacked ontop

fi
i
g
s

ig. 2. Schematic showing the two potential models of the carbon dispersion within t
emaining SiO2 phase and (b) graphene cages encapsulating the amorphous silica. No
iOC with a high fraction of excess free carbon.
e upon pyrolysis at 1000 ◦C. The inset shows an enlarged Fourier-filtered image
sequent annealing at 1450 ◦C. Note the pronounced formation of a turbostratic

f each other, given a spacing between the graphene layers along
he c-axis of 0.33 nm.

Scarmi et al. reported on a very interesting and unexpected
bservation: the viscoelastic behaviour of carbon-rich SiOC
t temperatures exceeding 1000 ◦C.31 In brief, their exper-
ment was performed as follows: when loading pure SiO2
lass in compression at 1000 ◦C, an expected high-temperature
reep deformation was monitored. However, when continuously
oading and unloading the SiOC sample at a slightly higher tem-
erature, the initial strain was recovered after the applied stress
as removed from the sample. Scrami et al. proposed two dif-

erent SiOC nanostructure models regarding the distribution of
he carbon phase within the residual amorphous silica. In the

rst model, the carbon phase was embedded in a SiO2 matrix as

solated individual clusters, while the second model predicted
raphene cages, which encapsulated the SiO2 glass phase. A
chematic illustration of the two models is given in Fig. 2.

he SiOC bulk proposed in Ref. 31. (a) Isolated carbon clusters embedded in the
te that only the model depicted in (b) can explain the viscoelastic behaviour of
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ig. 3. (a) HRTEM image of the thermally treated PHMS + 60%DVB sample aft
ilica phase forming small pores (indicated by arrows) with an average diamet
rea clearly shows the formation of nanosized SiC crystallites in close proximit

nly the second model could explain the observed viscoelastic
ehaviour of the carbon-rich SiOC. When applying a compres-
ive stress, the graphene cages will be deformed together with
he entrapped SiO2 glass phase. In contrary, when releasing the
pplied compressive stress, the graphene cages can gradually
eturn to their original shape dragging the encaged silica phase
long, resulting in no permanent creep deformation.

In order to verify as to whether such a nanostructure model
Fig. 2(b)) indeed represents the intrinsic microstructure of the
nnealed carbon-rich PHMS + 60%DVB sample studied here,
F-etching was performed on a dimpled TEM foil, in order

o selectively remove the residual SiO2 phase. The resulting
icrostructure is shown in the HRTEM image of Fig. 3(a).
As shown in Fig. 3, the nanostructure of the annealed, HF-

tched sample revealed small pores close to the edge of the TEM
oil. It is concluded that the residual silica phase was selec-
ively etched creating the observed residual porosity with pore
iameters of 10–20 nm. SiC nanocrystals were detected in the
HMS + 60%DVB sample in close proximity to the turbostratic
arbon. The fraction of carbon atoms that are directly bonded to
ilicon is rather high in the DVB-containing sample, as compared
o a stoichiometric SiOC material. Therefore, a higher fraction
f thermodynamically stable SiC crystallites was expected to
orm at elevated temperature.

. Discussion

Turbostratic carbon can easily be detected within an amor-
hous bulk by HRTEM; however, only when the (0 0 0 2)
raphite lattice planes are oriented perpendicular to the image
lane, i.e., parallel to the incident electron beam. The number of
ayers constituting the turbostratic structure has probably to be
igher than three or four to allow an unequivocal distinction of

urbostratic carbon by HRTEM. Consequently, due to electron
ptical limitations, regions with excess free carbon composed
nly of one or two graphene layers are commonly not distin-
uishable from the surrounding amorphous SiOC network by

i
b
H
t

-etching. It is assumed that the etching process selectively removed the residual
10–20 nm. (b) HRTEM image of the same sample shown in (a). The enlarged
he turbostratic carbon (graphene cages).

RTEM. Therefore, it is deduced that the nanostructure of the
yrolyzed PHMS + 60%DVB sample contains a large number of
ell-dispersed graphene sheets (aromatic carbon), being con-

istent with a previous 13C NMR analysis,23 which however
annot be recorded by HRTEM (cf. Fig. 1(a)). Upon exposure to
450 ◦C, the SiOC glass network undergoes a marked reconfig-
ration by rearranging the excess free carbon phase. At elevated
emperature, the initially finely dispersed graphene layers grow
nd form multi-layered turbostratic carbon, as shown in Fig. 3.

While nucleation within the binary Si–C system was reported
o start at temperatures as low as 900 ◦C, crystallization within
he ternary Si–C–N and Si–O–C systems was observed at
emperatures exceeding 1100 ◦C.20,32 In contrast, the quater-
ary Si–C–N–O system remained amorphous at temperatures
ven exceeding 1400 ◦C. A number of studies focused on the
roperties and microstructure evolution of Si–B–C–N ceram-
cs and monitored a higher thermal stability of this quaternary
ystem.33–35 Using HRTEM imaging it was observed that thin
urbostratic B(C)N layers had formed in close proximity to
i3N4-rich regions. It was concluded that such layers, form-

ng a kind of percolation network in the otherwise amorphous
atrix, act as diffusion barriers that prevent local crystallization

y keeping the size of the nucleus below the critical radius, Rc.
ote that a similar percolation network of the turbostratic carbon
as observed in the annealed PHMS + 60%DVB sample.
An interesting question to address is where in carbon-rich

iOC materials the Si–C bonds and thus the SiC4 units are
ocated. Upon exposure to 1450 ◦C, carbon atoms can only bond
o either other carbon atoms or directly to silicon. Within the
raphene layers, carbon atoms are all bonded to each other
nd do not reveal out-of-planes bonds. The graphene sheets
re chemically stable and hence do not react with the excep-
ion of carbon atoms at their molecular edges. Therefore, it

s assumed that most of the edges of the graphene layers are
onded to either Si or to oxygen forming mixed SiOxCy units.
owever, it is expected that, in particular at higher tempera-

ures, the formation of mixed units is thermodynamically not
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avorable. The observed fraction of SiC crystallites (Fig. 3(b))
an also be a result from a local carbothermal reduction of silica,
iO2 + 3C → SiC + 2CO, which is commonly monitored at tem-
eratures exceeding 1300 ◦C. However, the rather low weight
oss of approximately 6% determined after exposure to 1500 ◦C
or 1 h suggests that carbothermal reduction is not a dominating
rocess in this sample, despite its high carbon content.

Therefore, it can be concluded that carbothermal reduction
ccurs only at the edges of the graphene layers forming SiC
anocrystals in close proximity to the turbostratic carbon, result-
ng in the nanostructure depicted in Fig. 3(b). Since HF-etching
enerated small pores in the order of 10–20 nm in diameter, as
ndicated by arrows, the SiO2-rich regions must be of a similar
imension. However, it cannot be excluded that a small frac-
ion of mixed SiOxCy units were also etched by hydrofluoric
cid. The overall micro/nanostructure observed in the annealed
HMS + 60%DVB sample closely reflects the second structural
odel shown in Fig. 2(b), which is consistent with the thermo-
echanical behaviour of a similar carbon-rich SiOC material,

.e., with the viscoelastic behaviour at elevated temperature.
However, there is still an open question regarding the trans-

ort mechanism of the carbon phase through the amorphous
atrix. Although the intrinsic density of such SiOC glasses

s rather low, it is counterintuitive that entire graphene sheets
igrate though the glass network. In contrast, it is thought

hat the overall micro/nanostructure evolution of this sample
s closely related to the intrinsic architecture of the starting pre-
ursor employed for synthesis. A recent study by Störmer et
l. conclusively showed that depending on the architecture of
he starting SiCN polymer, different nanostructures and thermal
tabilities result upon thermal annealing. Hence it was con-
luded that some of the glass structures “memorize” the polymer
rchitecture, which in turn affects the nanostructure evolution at
igh-temperature. In contrast, it is well-established from NMR
ata that major molecular rearrangements in SiCN and SiOC
ystems occur,36 so that for the material discussed here, the
ncorporation and dispersion of the high excess free carbon con-
ent may not be governed by the initial architecture of the starting
olymer. The observed microstructural variations, in particular
f the carbon phase, support the latter view.

. Conclusions

One carbon-rich, polymer-derived SiOC ceramic was studied
y transmission electron microscopy to follow the nanostructure
volution, in particular of the excess free carbon phase, upon
yrolysis and subsequent thermal treatment at 1450 ◦C. High-
esolution TEM did not allow imaging of the excess free carbon
hase, which however could already be detected by 13C NMR
ven below the pyrolysis temperature. Upon additional heat-
reatment, the carbon phase undergoes severe rearrangement
eading to the formation of a percolation network of turbostratic
arbon by growth and ordered stacking of graphene layers.

arbothermal reduction is strongly suppressed in this mate-

ial resulting in the formation of SiC nanocrystals only in close
roximity to the turbostratic carbon. The overall nanostructure
ormed in this sample at high-temperature is characterized by

1

n Ceramic Society 28 (2008) 1037–1042 1041

mall SiO2-rich regions engulfed by turbostratic carbon which
gain is connected by SiC nanocrystals. This particular phase
rrangement is responsible for a viscoelastic response at high-
emperature. Moreover, it is thought that the nanostructural
volution observed is not a consequence of the specific poly-
er architecture employed during processing, but a result of

ronounced molecular rearrangements upon thermal anneal.
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