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Abstract

Silicon oxycarbide glass with the composition Si; (O, ¢Cos Was synthesized from a commercial polysiloxane by polymer pyrolysis. Dense SiOC
samples were obtained by cross linking of the polysiloxane followed by warm pressing to form cylindrical samples and subsequent pyrolysis of the
shaped polymer at 1100 °C in Ar. Hardness (H), Young’s modulus (E) and Poisson’s ratio (v) of the as-prepared SiOC glass were evaluated from
indentation studies and from acoustic microscopy. Indentation studies showed that E depends on the applied load and amounts to 90 GPa for low
load and to 180 GPa for high load. Average values of 6.4 and 101 GPa were obtained for H and E, respectively, by the Vickers indentation method.
Acoustic microscopy analysis yielded values of 96 GPa and 0.11 for E and v, respectively. Compared to vitreous silica, the Young’s modulus of the
SiOC glass is about 1.3—1.5 times higher. To the knowledge of the present authors, the measured Poisson’s ratio (v=0.11) is the lowest reported

so far for glasses and polycrystalline ceramics.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon oxycarbide glasses and ceramics are accessi-
ble via the polymer pyrolysis technique. Suitable prece-
ramic polymers to produce SiOC are poly(organosiloxanes)
and poly(organosilsesquioxanes) of the general composition
[RR’SiO], and [RSiOj 5]y, respectively where R and R’ =H,
methyl, vinyl, phenyl, OH, OEt, etc. Synthesis of SiOC by
conventional solid state reactions using SiO;, SiC and C or
Si as starting materials is not possible for thermodynamic
reasons.

In the last decade a variety of silicon-based preceramic
polymers such as polysilazanes or polysiloxanes were further
developed and commercialized. While polysilazanes are still
expensive precursors and pose problems in handling as they
are sensitive to ambient atmosphere, polysiloxanes are available
easily and are cheap in cost and can be converted to silicon oxy-
carbide (SiOC) ceramic by a thermal treatment (pyrolysis).!-?
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Poly(organosiloxanes) can be handled in air and are available in
both liquid, semi-solid (viscous) as well as solid (powder) form.
Among all available polymers a proper selection should be done
which satisfies the required processing properties. For example,
if the polymer is in the liquid state at room temperature it can be
easily injected into a mould cavity to form a component but as
soon as it reaches the cavity it has to be to cross-linked in order
to retain the mould shape. Cross linking can be done thermally
via hydrosilylation of vinyl groups containing polymers® or via
polycondensation reaction.* In the case the preceramic polymer
itself is a solid material it must be initially meltable and should
be prone to cross linking.’

In recent years, SiOC based glasses and ceramics have been
investigated in more detail in terms of their high temperature
stability.>%7 Silicon oxycarbide-based materials containing a
variety of fillers are presently commercialized as ceramic heaters
or as materials for heat protection of glass fiber fabrics against
flame burn through.[83° By the addition of filler particles such
as alumina, silicon carbide or metals the mechanical and physi-
cal properties of the SiOC matrix can be adjusted over a broad
range.’ However, only few papers reported on the quantitative
analysis of the mechanical properties of this new class of mate-
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rials that resist crystallization up to at least 1300°C (see for
example refs.%7).

The present research is hence focused on the detailed anal-
ysis of the Young’s modulus and the Poisson’s ratio of pure
SiOC matrix-derived from a commercial polysiloxane. Our stud-
ies first required the synthesis of SiOC bulk materials before we
could analyse the mechanical properties. Therefore, the process-
ing of the polymer to dense SiOC bulk samples is an important
step in this work and is described in detail in Section 2.

2. Experimental
2.1. Synthesis of SiOC ceramics

Dense SiOC ceramics were obtained from a commer-
cial polysiloxane as reported in refs.>> The polymer used
for this research is a product from Wacker Chemie GmbH,
Burghausen, with the trade name Wacker-Bensil PMS MK
(MK polymer). The MK polymer is a solid solvent free
poly(methylsilsesquioxane) polymer with [CH3Si0; 5], basic
structure and falls under the silicone resin group. The odorless,
colorless flakes of MK-polymer have a softening range between
45 and 60 °C and a good solubility in organic solvents, namely,
aromatic solvents and ketones. The polymer possesses approxi-
mately 2 mol.% hydroxy and ethoxy groups, as functional units.
Accordingly, the possible structure of the used resin along with
its functional groups is illustrated in Fig. 1. With evolution of
water and ethanol by polycondensation reaction, the formation
of a three dimensional network with Si—O-Si alternating units
as the backbone takes place. In order to achieve an acceptable
process regime, the addition of a suitable cross linking agent
in sufficient amount and a distinct thermal treatment are neces-
sary. Zirconium acetylacetonate, CooH3OgZr, with an amount
of 1 wt.% related to the polymer mass was used as cross linking
agent (henceforth referred as CLA).

The polysiloxane MK was dissolved in isopropanol along
with 1 wt.% CLA and the solution was stirred by a magnetic stir-
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Fig. 1. Section of the molecular structure of the commercial poly(methyl-
silsesquioxane) Wacker-Bensil PMS MK: (a) linear and crosslinked polymer
network units; (b) structural units containing OH- and OEt-functional groups
which are used for cross-linking.

rer for 30 min. The CLA added polymer solution was dried under
vacuum at moderate temperature (40-50 °C). The resulting pow-
der was in a semi-dried condition, containing some bigger par-
ticles with entrapped solvent. Therefore, the mixture was milled
using a ball mill followed by redrying in vacuum for 3-5 h, and
subsequently sieved from 100 wm mesh producing free flowing
powder. This method resulted in a homogeneous distribution of
the CLA in the polymer mass. Shaping of the powder mixture
together with cross-linking of the poly(methylsilsesquioxane) to
an infusible polymer mass with a three dimensional network of
polymer chains is achieved by warm pressing under pressure and
high temperature in a metallic die. For warm pressing, a cylin-
drical steel die with 10 mm internal diameter was used. Around
the steel die a heating element was attached, which could oper-
ate between ambient temperature and 500 °C. The temperature
control was made by a thermocouple, which by an appropriate
drilling at half the height of the cylinder is directly positioned
beside the pressed powder. Pressure was applied with an oil
hydraulic press (Model from Paul-Otto—Weber GmbH) with a
maximum load of 100kN. Before every pressing process, the
inner side of the warm pressing form and the used side of the
stamps were coated with silicone oil as a lubricant. The use of
silicone oil was necessary to reduce the friction between the
green body and the pressing form, which otherwise would have
caused demoulding difficulty and may have resulted in cracking
of the polymeric green body.

In our case, the initial weight of the polymer powder mix-
ture filled in the mould cavity varied between 0.5 and 1 g. The
filled pressing die was inserted into the press and heated up
with a constant load (4.8 kKN for 10 mm diameter form, corre-
sponding to 50 MPa) to the selected warm pressing temperature
(150-170 °C). In addition, for all attempts a constant heating rate
of 10 °C/min was selected. During the heating cycle, continu-
ous decrease of the applied load was observed between 60 and
110 °C and the load rose with further heating, but was constantly
corrected by manual readjustment to the desired value. The com-
pression pressure was maintained for 10—15 min after reaching
the final temperature. The pressure was gradually reduced to
zero during the cooling cycle and when the temperature reached
100°C the green body was ejected. Gradual reduction in the
applied pressure in the cooling cycle and ejection of the sample at
a temperature beyond room temperature avoided damage of the
sample. Ejecting the sample at room temperature could lead to
crack formation because of the brittle nature of the cross-linked
green body. Before pyrolysis the thick green body was sliced by
diamond wire saw for maximum thickness of 0.6—0.8 mm.

Pyrolysis of the shaped and cross-linked polymer was accom-
plished in a quartz tube (2 =50 cm, diameter =3 cm). The green
bodies were heated to 1100 °C at a rate of 25 °C/h, held at this
temperature for 2 h, and then cooled to room temperature at a rate
of 100 °C/h. Due to such long duration of pyrolysis cycle, and
in order to avoid oxygen contamination, the top lid of the quartz
tube was sealed using high temperature grease (Apiezon H).
The quartz tube was inserted perpendicularly in an electrically
heated vertical Al,O3 tube furnace. The samples were positioned
in the correct height of the furnace where the adjusted temper-
ature was reached. This position was frequently calibrated by
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an external temperature controller. The lower end of the fur-
nace was closed in order to prevent variations in temperature by
radiation. Pyrolysis took place under a constant argon stream
via plastic/rubber tubing, which was connected to a flow con-
troller. The applied argon stream provided easy and continuous
transport of the decomposition gases out of the quartz tube. The
volatile decomposition products along with the used argon were
passed through two exhaust bottles partially filled with glyc-
erine. This procedure prevents any access of air in the reverse
direction back into the quartz tube. The samples were removed
from the quartz tube after ensuring complete cooling of the tube
down to room temperature.

2.2. Mechanical properties

Vickers hardness and Young’s modulus were evaluated by
indentation method. In addition, longitudinal (Young’s) and
shear elastic moduli as well as Poisson’s ratio were evaluated
by means of a non-destructive acoustic microscopy method. A
detailed description of this method is given below.

2.2.1. Indentation experiments

The indentation behaviour was investigated using a Vick-
ers diamond indenter with the load ranging between 0.098 and
9.81N and a loading time of 20s. Most experiments were
conducted with a load of 0.098 N to avoid any microcracking
with the aim to get rheological parameters from the analysis
of the indentation profiles by atomic force microscopy (AFM
Nanoscope I1II, Digital Instruments). All the characteristics were
averaged over measurements on three indentations per load
value. Error bars on the experimental points mainly derived from
the scattering of the AFM measurements. Specimen surfaces
were mirror-polished with diamond suspension down to 0.25 um
particle size prior to indentation. Note also that all measurements
were performed in a thermally regulated room, at 20 °C. Meyer’s
hardness (H) is defined by:

P
H=— ey

2a?

where P (N) is the load applied on the Vickers indenter and a
(m) is the half of the mean size of the two diagonals. When
elastic recovery is assumed to have little effect on the projected
dimension of the indent, Meyer’s hardness can be considered
as the true hardness, defined as the mean normal stress over
the contact region, and is thus a more fundamental measure of
hardness than the Vickers’ one. The indentation profile could be
studied by atomic force microscopy (AFM) as long as the inden-
tation size remained smaller than 50 pm in diagonal length, i.e.
provided that the load is smaller than 1kg. The permanent (i),
total () and reversible (1) displacement components were sys-
tematically estimated from the profiles following the procedure
illustrated by the schematic drawing in Fig. 2. The permanent
displacement was directly measured on the AFM (or confocal
microscope) profile, whereas the total displacement was evalu-
ated by extrapolation, by considering the ideal identation shape
at maximum load from the Vickers diamond shape. Then the
reversible component, u, was deduced: ue = uy — up.

Uy

Fig. 2. Typical indentation profile with the different displacement components
as measured by AFM (300 g, 30s).

2.2.2. Acoustic microscopy

The linear elasticity theory makes it possible to give analytical
expressions for the propagation velocity of acoustic waves in
infinite media (continuum). For instance, E and v are expressed
as follows:

E 3VE —4v2 @
= 107
i/ V)? -1

2 2
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1 t
where p is the density of the material, V| and V; are the longitu-
dinal and transversal wave velocities, respectively.

The density was measured at 20°C by the Archimedean
displacement technique using CCly. The relative error on the
density is +0.5%: p=2.23 g/cm’.

‘When the specimen thickness is small, the piezoelectric trans-
verse transducers are often unable to efficiently promote the
propagation of shear waves through the specimen. In this latter
case, surface-type waves, also called Rayleigh waves, can be
used. These waves are characterized by a velocity, VR, propor-
tional to V;: VR = ¢ Vi, where ¢ is a function of Poisson’s ratio, or
of the V}/V; ratio. VR and V| were measured and V; was optimised
to satisfy the following Eq. (4):
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3. Results and discussion

Silicon oxycarbide is referred as black glass and is syn-
thesized from poly(organosiloxanes) via polymer-to-ceramic
transformation.! Compared to vitreous silica, part of the oxy-
gen is substituted by carbon in SiOC glasses. In consequence,
the silicon atoms in SiOC glasses are coordinated not only by
oxygen but also by carbon. Thus, the typical microstructure of
SiOC is characterized by the presence of different Si-tetrahedra
ranging from SiO4 via SiO3C and SiO,C; to SiCy4 as has been
confirmed by solid state 2°Si-NMR spectroscopy.'®!! Accord-
ing to the work reported by Renlund et al. in 1991, the Vicker’s
hardness Hy, E-modulus and transformation temperature T, are
significantly increased from 6—7 GPa, 70 GPa and 1190 °C for
silica to 8-9 GPa, 98 GPa and 1350 °C for SiOC, respectively.'
The enhanced values are discussed in terms of the Si—C bonds
in addition to the Si—O present in SiOC. The carbon content
in SiOC varies and depends on the chemical composition of
the starting poly(organosiloxane). Thus, the organic substituent
attached to the silicon atoms (see Fig. 1) influences the final
carbon content of the pyrolysed polymer. In addition, SiOC
glasses are not stoichiometric in terms of thermodynamically
stable SiO; and SiC and contain either excess silicon or excess
carbon.!? In the course of our work, the product as-synthesized
at 1100 °Cin Aris black and X-ray amorphous and the chemical
composition of the SiOC glass-derived from the MK polymer
is analysed to be Si1.001.6C0_g.2’5 Assuming that all oxygen is
bonded to Si and the remaining Si is bonded to carbon, the
following composition with respect to the thermodynamically
stable products is derived: 0.8 SiO; +0.2 SiC+0.6 C. Accord-
ingly, the material contains a significant amount of free carbon
that is not bonded to silicon.

In the following, we report on Young’s modulus and Pois-
son’s ratio of dense SiOC glass as measured by indentation and
by acoustic microscopy. The analysed density of p=2.23 g/cm?
corresponds to that published for silicon oxycarbide, e.g. by
Renlund et al.!

3.1. Indentation

The SiOC glass specimen exhibits a remarkable resistance
against indentation cracking. Cracks usually do not appear at
loads lower than 196.2N (20kg) (Fig. 3). By comparison, a
standard window glass exhibits radial cracks at loads beyond
100 g and vitreous silica exhibits ring-type cracks (intersection
of cone cracks with the surface) at a load exceeding 50 g.

C. Moysan et al. / Journal of the European Ceramic Society 27 (2007) 397—403

Fig. 3. Vickers indentation: (a) SiOC glass, 20kg, 20 s (confocal miscroscope);
(b) window glass, 1kg, 20s (optical microscope).

If cracks tend to form, they show up as surface ring-type
cracks, as visible on the bottom right side of the indentation in
Fig. 3a. This finding suggests a behaviour resembling the one of
vitreous silica. The indentation profile as studied by atomic force
microscopy (AFM) is shown in Fig. 2 and the corresponding
results are summarized in Table 1.

It is in principle possible to evaluate Young’s modulus, E,
from the indentation topometry analysis. Lawn et al.'3 and Lou-
bet et al.!* proposed different methods leading to approximate
solutions. In the first approach, a permanent Vickers indentation
being loaded elastically from its actual state (deformed material)
is assumed to behave as if the material was already pre-stressed,
with a pre-stress scaling with the indentation depth (to the power
2), so that the total penetration depth (u;) comes into play in the
equation for E to account for the pre-stress acting along the
elastic recovery path:

(1—-v)P
tan @(2u — ue)ite

&)

ELn =9

where subscript (L.H.) refers to the authors of ref.!3 and where
¢ is half the value of the apical angle of the indenter and, in
the present case, is taken as the apical angle of an equivalent
cone leading to the same contact pressure for a given penetra-
tion depth, i.e. by writing that 7R? =242, where R and a are the
radius and half the diagonal of the projected contact area of the
conical and Vickers indentations, respectively (see Fig. 4). For
the Vickers diamond indenter (148.1° between opposite pyrami-
dal edges), this procedure results in an equivalent cone having
an apical angle of 70.3°. Note that the glass is much less rigid
than the diamond indenter, so that the latter is assumed to be
perfectly rigid.

A major difficulty with the use of Eq. (5) arises from the
determination of parameter y, the relative penetration depth,

Table 1
AFM (columns 2-5) and confocal microscope measurements (columns 6-9) from Vickers indentations performed at loads ranging from 10 to 1000 g
M () 2a (m) ug (pum) up (pm) ue (nm) 2a (pum) ug (um) up (pum) Ue (nm)
1000 39.54 5.65 2.40 3.25 39.92 5.70 1.53 4.17
500 37.03 5.29 1.84 3.45 36.57 522 1.25 3.97
300 2391 3.42 1.22 2.20 24.57 3.51 0.18 3.33
50 12.26 1.75 0.92 0.83 11.33 1.62 0.43 1.19
25 9.40 1.34 0.61 0.73 8.98 1.28 0.06 1.22
10 5.67 0.81 0.30 0.51 6.22 0.89 0.03 0.86
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Fig. 4. Vickers indenter (left) with its equivalent cone indenter (right) producing the same contact area for a given penetration depth.

which is introduced to account for the fact that the penetration
depth (1) may greatly differ from the contact depth (u.) (Fig. 5):

g=—. (6)

Uc

In the case of a perfect linear elastic material y should be close
to /2. Nevertheless this may be regarded as an overestimation
in real cases, where the behavior is obviously not purely elastic.
For instance a value of 0.91 was proposed by Lawn et al.!? to get
a good correlation between experiments and theory in the case
of indentation experiments conducted with different materials,
including a standard soda—lime-silica glass. It is noteworthy,
that in this latter reference focussing on Vickers indentations,
the equivalent cone angle was taken equal to 74.05°, i.e. equal to
the angle between opposite pyramidal edges. A y value of about
0.73 would be obtained from their analysis taking an equivalent
angle of 70.3°.

In the second approach, '# the elastic displacement originating
from Vickers indentation is assimilated to the one which would
be produced by a flat cylindrical punch under the same load
provided that the contact area is identical to the one of the Vickers
indenter contact. The elastic solution obtained by Sneddon!?
for a flat punch hence applies to the problem and the following

2. ?
lu iuc \ ﬁ u
C
Piling-up process Sinkirig-in process
y<1 7>1

Fig. 5. Schematic drawing of the piling-up and sinking-in phenomena occurring
during indentation with a conical or a pyramidal indenter.'®

equation is finally derived:
y> (1=v)P
V27 tanguue

In Eqgs. (6) and (7), a unique y parameter was introduced.
However, it should be underlined that y certainly takes con-
siderably different values during the loading and the unloading
stages, and may evolve throughout both stages as well. It is note-
worthy that to the knowledge of the authors, all previous studies
assumed a constant value for y although it depends much on
the mechanical behaviour of the material, being as high as 1.3
when elasticity predominates and as low as 0.8 when the mate-
rial behaves in an essentially “plastic” manner. According to
a previous work reported by Lawn and Howes'? y correlates
with the Poisson’s ratio. Applying Eq. (5), we derived the fol-
lowing intercorrelation: y =2.2v+0.53. In our study, a value of
0.11 was evaluated by acoustic microscopy for v, so that y was
determined to be 0.77. Fig. 6 shows the Young’s modulus cal-
culated according to Eq. (5) (see also ref. 16y a5 a function of the
indentation load.

Young’s modulus ranges between 90 (low load) and 180 GPa
(high load). The load effect is possibly linked to the flow den-
sification process which occurs in the SiOC glass as well as
in vitreous silica, and results in a harder and stiffer material
beneath the indenter. It is important to note also that high loads
enhance the occurrence of microcracks which may affect the
result by reducing the amount of energy available to deform

@)
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Fig. 6. Young’s modulus as calculated by means of Eq. (5) as a function of the
indentation load.
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the material, so that both H and E are expected to increase at
high loads. Average hardness and Young’s modulus of 6.4 £ 1
and 101 + 15 GPa, respectively, were estimated from the exper-
imental data obtained for indentation loads lower than 100 g.

It should be mentioned that the commonly used continuous
indentation stiffness method is inadequate to evaluate the elastic
properties of the SiOC glass since it was observed that flow
densification contributes to the indentation deformation which
changes the local stiffness and invalidates the standard equation
used to estimate E from the slope during the unloading stage.

3.2. Acoustic microscopy

The surface wave velocity V}, Vg and V; were measured along
a radius at the surface of a SiOC disk, on both sides. The val-
ues for VR as well as the corresponding calculated £ moduli
are shown in Fig. 7a and b. A gradient was observed from the
surface to the centre, especially in a 2 mm thick ring includ-
ing the surface. Furthermore, properties were slightly different
from one side to another. In a region showing homogeneous
colour and located within 2mm from the specimen centre, £
and v values of 96.1 £0.5GPa and 0.11 +0.02 were deter-
mined, respectively. These measured value gradients are likely to
correlate with chemical gradients. The different chemical com-
position between core and rim in cylindrical polymer-derived
bulk samples is due to the complex decomposition mechanism
of compacted polymer powders and has been discussed and

5000
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Fig. 7. (a) Rayleigh wave velocity; (b) Young’s modulus (from Eq. (5)).

reported for example in ref.!” One essential point is that the
partial pressures of the evolved pyrolysis gases like Hy and CHy4
vary between the surface and the centre of the material during
polymer pyrolysis generating chemical heterogeneities.

The Young’s modulus analysed in this study is in the range of
SiOC glass obtained from polysiloxanes with the composition
DyTn0.5 (E=104 GPa) and DyTy! (E=110 GPa) as reported
by Soraru et al.'® The measured Poisson’s ratio v=0.11 is sig-
nificantly lower than that for other ceramics and glasses and
is, to our knowledge, the lowest Poisson’s ratio in this class of
materials known so far. Most materials show values between 0.2
and 0.4 and vitreous silica is characterized by v=0.17. A low
Poisson’s ratio means that the corresponding material has an
enhanced tendency for volume change under mechanical load.
On the contrary, a value of v=0.5 corresponds to volume con-
servation.

4. Conclusion and outlook

Silicon oxycarbide glass of the composition Sij ¢O16Cog
was produced by polymer pyrolysis of a commercial polysilox-
ane. For mechanical testing, the polymer was processed to give
dense cylindric samples by (i) cross-linking of the polysiloxane,
(ii) warm pressing of the cross linked material and finally (iii)
pyrolysis of the shaped polymer at 1100 °C in Ar.

Hardness, Young’s modulus and Poisson’s ratio of the
obtained dense glass were analyzed. The hardness was deter-
mined to be 6.4 GPa and corresponds to that of silica. It was
found that E varies from the surface to the interior of the sam-
ple between 85 and 96 GPa with increasing modulus in the inner
volume of the sample indicating different chemical composition
between the outer and inner part of the cylinder. Interestingly, the
sample sustained indentation loads up to 20 kg for 20 s without
cracking. This behaviour is related to network rearrangement
under the indenter resulting in densification. Network densifi-
cation is also probably responsible for the increase in E with
increasing load, starting at 90 GPa for low load and reaching
180 GPa at high load. An average Young’s modulus of 101 GPa
was derived from indentation studies while 96 GPa was obtained
by acoustic microscopy. It is hence concluded that SiOC is sig-
nificantly stiffer than vitreous silica (E~ 73 GPa). Despite E
still being rather low (oxynitride glasses exhibit Young’s mod-
uli higher than 150 GPa), SiOC glasses are potential materials
with high thermal shock resistance and are suitable for high
temperature applications between 1000 and 1300 °C.

The analysed Poisson’s ratio v=0.11 is exceptionally low
and falls below the value of pure silica. The low Poisson’s
ratio implies a high reversible volume change under mechani-
cal load and is associated to a remarkable ability of the glass
to accommodate sharp contact loading deformation without
microcracking.
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