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bstract

his paper compares the shrinkage during pyrolysis of a gel precursor as thin film and as bulk sample. The hybrid silica gel, precursor for SiOC
lasses, contains Si–CH3 and Si–H moieties. The shrinkage of bulk samples has been measured with conventional dilatometry. Shrinkage of thin

lms has been studied for the first time with in situ dilatometry allowing to measure the thickness and the refractive index during pyrolysis. Thin
lms shrink more compared to bulk samples and the pyrolytic transformation occurs at lower temperature (100–150 ◦C) compared to the bulk
amples.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon oxycarbide (SiOC) is a ceramic material belonging
o the wider Polymer Derived Ceramics (PDCs) family1 which
as attracted much attention in recent years for its high ther-
al stability,2 creep resistance3 and interesting electrical and

ptical properties.4–6 Processing of SiOCs via polymer pyrol-
sis starts with the shaping and cross-linking of the polymer
recursor followed by pyrolysis at 800–1000 ◦C. The polymer-
o-ceramic transformation occurs via solid-state reactions with
he release of gaseous products such as H2, hydrocarbons (CH4
r CH2 CH2) and Si-containing molecules (silanes or silox-
nes), which are responsible for the weight loss and for the
hrinkage of the component.7 Weight losses around 20–30%
nd volumetric shrinkage around 50% are common for many
iCN and SiOC PDCs.8 The gaseous species produced during
yrolysis, must diffuse through the network to the surface of the
omponent. Accordingly the “diffusion distance” could affect

he polymer-to-ceramic transformation, its ceramic yield and
ventually the composition and the structure of the final ceramic
aterial. In principle, ultra-thin structures such as thin films with
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hickness lower than ∼1–2 �m or 1D/2D nanostructure could
llow a higher escape of pyrolysis gases compared to thicker
amples such as rods3,8 or powders7 with a length-scale of ∼
.1–1 mm in the shortest dimension. Differences in weight loss
ould in turn affect the shrinkage and the composition/properties
f the final PDC components compared to those obtained on
hicker structures. Among the various papers reported in the
iterature dealing with PDC thin films1 only one study men-
ions a difference in the pyrolitic transformation between thin
lms and coarse powders.9 In this work,9 the synthesis of thin
iC films from polycarbosilane is studied and it showed that
tandard grade Ar (99%) led to a complete oxidation of the poly-
arbosilane thin film to SiO2, whereas corresponding coarse SiC
owders were produced without any problem. More interest-
ngly, thin films exhibited an enhanced crystallization of �-SiC
ompared to powder sample. These results seem to point out the
mportance of the samples’s dimensions (film thickness or pow-
er size) when processing a PDC. However, perhaps due to the
xperimental difficulties in characterizing the pyrolitic transfor-
ation of thin films, no information are available in the literature

o compare the weight loss and/or the shrinkage of thin films and
ulk samples.
To get insights into this problem, in the present study we
ompare the pyrolysis behavior of a hybrid silica gel, precursor
or SiOC glass, as thin film and as bulk sample. The shrinkage of

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.004
mailto:soraru@ing.unitn.it
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he bulk sample has been recorded using conventional dilatom-
try while the shrinkage of the corresponding thin film has been
tudied by in situ ellipsometry. To the best of our knowledge
hese are the first in situ ellipsometry measurements obtained
uring the pyrolysis of a preceramic precursor. This technique
llows measuring the thickness and the refractive index of the
hin film. Since the refractive index is also related to the poros-
ty of the material, in situ ellipsometry gives also information
n the development of porosity during the pyrolytic conver-
ion.

The precursor for the present study is a hybrid silica gel con-
aining Si–CH3 and Si–H groups.10 This precursor has been
hosen since: (i) it has been extensively studied and its pyroly-
is mechanism is well known,7 and (ii) it can be easily pyrolyzed
o SiOC glass either as millimeter-sized crack-free components
in the form of thin disks of 5–10 mm in diameter and around
–1.5 mm thick)11 and as thin films.12

. Experimental

.1. Synthesis of the samples

Bulk SiOC samples were produced by the polymer
yrolysis method from sol–gel derived precursors. The
ol–gel solution was prepared from triethoxysilane (TH),
Si(OEt)3, and methyldiethoxysilane (DH), HCH3Si(OEt)2
ith a TH:DH = 2:1 molar ratio and using ethanol as solvent
ith a Si:EtOH = 1:2 (molar ratio). The hydrolysis was induced
y adding acidic water (HCl, pH 4.5). After stirring for 20 min,
he solution was cast into test tube and left open at room tem-
erature for gelation. Xerogels were obtained after drying the
el by increasing the temperature slowly up to 110 ◦C for 10
ays. Accordingly, crack formation due to fast release of solvent
as prevented and xerogel rods were obtained with 7–8 mm in
iameter and 30–40 mm in length.

A sol–gel solution, with the same molar ratio of the two Si
lkoxides, was used and spin coated on ultrasonically cleaned
iO2 (Heraeus – HSQ300) at 3000 rpm for 1 min. For the
T-IR characterization in transmission mode the sol–gel solu-

ion was spun on Si wafers. The gel films were dried at
0 ◦C for 24 h before pyrolysis. Typical thickness of the gel
lms is below 1 �m. Details of this preparation are reported
lsewhere.12

.2. Sample characterization

FT-IR (Nicolet Avatar 330) in transmission mode is used to
nalyze bonding structure of bulk samples. The bulk sample
as milled in an agata mortar and the powders were mixed with
Br to get a pellet for FT-IR analysis. Similar to bulk samples,
onding structure of the dried film is analyzed by FT-IR in trans-

ittance mode without further preparation. The FT-IR spectra
ere collected from 4000 to 400 cm−1 recording 256 scans for

ach analysis.

i
i
t
t
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.3. Characterization of the pyrolysis process

.3.1. Weight loss
Weight loss of the powdered sample (80 �m ≤ dp ≤ 224 �m)

as followed by thermo gravimetric analysis (TGA) using a
TA 409 Netszch apparatus. The experiment was performed
nder Ar flow of 100 ml/min with a heating rate of 10 ◦C/min
p to 1400 ◦C.

.3.2. Shrinkage
The shrinkage of the bulk gel samples during pyrolysis

as followed by dilatometric experiments up to 1400 ◦C. Disc
ample having approximately 1.5 mm thickness and 7.7 mm
iameter was obtained by cutting and polishing a dried gel rod.
he sample was loaded into Netszch 402/E dilatometer and the
xpansion and/or contraction along its diameter was recorded
s a function of temperature. Experiment was performed under
r flow (100 ml/min) with a heating rate of 5 ◦C/min. The sam-
le survived the dilatometric test without breaking – or even
eveloping cracks – allowing for ex-post measurement of its
imensions at room temperature. Measuring the shrinkage along
he disc diameter and thickness provides a means to assess if the
olume contraction is isotropic.

Shrinkage of the films during pyrolysis was followed up
o 700 ◦C by measuring its thickness using in situ thermal
llipsometric analysis. Ellipsometry measurements were per-
ormed on a UV–vis variable-angle spectroscopic ellipsometer
VASE) from Woollam, and data analysis was performed with
he WVase32 software. Measurements were fitted over the trans-
arent range (550–1000 nm). A single Cauchy layer was used to
odel the deposited films, asymmetric optical properties ema-

ating from unidirectional contraction were not observed, and
herefore, no correction was applied. For in situ ellipsometric
nalysis, the ellipsometer was fitted with a home-built covered
eating unit connected to a programmable temperature regula-
or (developed in conjunction with SOPRA). Small holes were
resent to allow a thermocouple and beam access to the sample
s well as gas flow. The pyrolysis environment was adjusted by
owing Ar (ca 2.5 L min−1) on top of the sample.13

For pyrolysis temperature above 700 ◦C the film shrinkage
as followed by ex-post measurements by standard ellipsome-

ry. Accordingly, the films were pyrolyzed in a C-furnace under
r flow (100 ml/min) with a heating rate of 5 ◦C/min at different

emperatures, in the range 800–1200 ◦C with 1 h holding time at
he maximum temperature. Both in situ and standard ellipsome-
er are used to calculate refractive indexes of the films allowing
ollowing its evolution during pyrolysis.

. Results and discussion

.1. Characterization of the samples

Since the aim of this study is to compare the shrinking behav-

or during pyrolysis of thin coatings and bulk monoliths it is
mportant to characterize the starting precursors to make sure
hat the two different processing techniques, i.e. spin coating for
he films and casting for the bulk components, did not result in
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ig. 1. FT-IR spectra of gel film and powder. Relevant bands used to have a
emi-quantitative comparison of the two samples are indicated with arrows.

ifferent chemical composition or gel structure. For example,
preferential evaporation of one of the two silicon precursors

ould occur at different extent from the thin films compared to
he thick monolithic gels. Accordingly, the bonding structure
f the bulk and films in the gel state is studied by FT-IR anal-
sis (Fig. 1). Both spectra showed similar features: C–H (ν)
ond are visible at 2900–3000 cm−1, Si–H bonds gave rise to
eaks at 2250 cm−1 (νSi–H in TH units), 2180 cm−1 (νSi–H in
H units) and 830 cm−1 (δ), Si–CH3 vibrations at 1265 cm−1

ν) and 760 cm−1 (rocking). Si–O (ν) peaks lead a broad peak
t 1140–1065 cm−1. These results indicate that in both samples
eaks related to the presence of Si–CH3 and Si–H moieties of the
H and TH precursors are present with similar intensities sug-
esting that no major compositional differences exist between
he two set of samples (see Fig. 1).

.2. Characterization of the pyrolysis process

.2.1. TGA
The organic-to-inorganic transformation was followed by

GA and the result is reported in Fig. 2. The precursor
el shows a very small weight loss up to 350 ◦C (1.2 wt%)
ue to the removal of residual OH and/or OEt groups,7 a
.3 wt% loss between 350 and 550 associated with the evolu-
ion of silanes/siloxanes formed through redistribution reactions
etween Si–H, Si–O and Si–C bonds and a final ceramization

tep (1.4 wt%) with evolution of CH4 and H2.7 Above 800 ◦C
he TGA does not show any further weight loss and the pyrol-
sis may be considered complete. The overall weight loss is

o

p

able 1
imensions, weight and density of bulk sample in the gel state and after the dilatome

ample and % of change Dimensions (mm)

Thickness Diameter

recursor gel 1.53 7.69
iOC pyrolyzed at 1400 ◦C 1.19 5.99
ariation from RT and 1400 ◦C (%) 22.2 22.1
ig. 2. TGA curve of the gel powders (80 �m ≤ dp ≤ 224 �m) with correspond-
ng weight losses.

mall, ∼6.9 wt%, in agreement with published data7 and with
ur previous experience.14

.2.2. Shrinkage behavior
The dimensional changes of the bulk sample after the dilato-

etric study are reported in Table 1. It can be seen that the linear
hrinkage is isotropic and reaches 22% from RT up to 1400 ◦C
hile the volume shrinkage is ∼53%.
The shrinkage behavior of 3D bulk samples and thin films

annot be studied by comparing the linear shrinkage measured
y dilatometry on bulk gels and the shrinkage of the film thick-
ess. Indeed, it should be noted that the shrinkage of 3D samples
s isotropic (see Table 1) while the volume shrinkage of the
lm is accommodated only in the z direction being the shrink-
ge in the plane constrained by the bonding with the substrate.
herefore, what we need to compare is the volumetric shrink-
ge rather than the linear one. Accordingly, the raw data have
een used to calculate the volume shrinkage using the following
elationships:

�V

V0

)
film

= �h

h0
(1)

�V

V0

)
bulk

= 3
�l

l0
+ 3

(
�l

l0

)2

+
(

�l

l0

)3

(2)

ith h being the thickness of the film and l the linear dimension

f the bulk gel.

The volumetric changes of the film and bulk sample are com-
ared in Fig. 3. The shrinkage of the film is measured up to

tric test up to 1400 ◦C.

Volume (mm3) Weight (mg) Density (g/cc)

71.1 91.1 1.26
33.5 83.5 2.53
52.8 8.3 100
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Fig. 3. Volumetric changes of bulk sample, calculated from dilatometer and
of film measured by in situ ellipsometer up to 700 ◦C. Volumetric shrinkage
measured at 700 ◦C, 1000 ◦C and 1200 ◦C are measured ex-post by standard
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index of the film. Indeed, based on network models obtained
llipsometer. Similarly, the refractive index of film is measured by in situ ellip-
ometer up to 700 ◦C and ex-post for pyrolysis temperature of 700 ◦C, 1000 ◦C
nd 1200 ◦C.

00 ◦C with in situ ellipsometry and above that temperature,
t 700, 1000 and 1200 ◦C, the thickness is measured after the
yrolysis with standard ellipsometry technique.

Both bulk and film samples show an initial expansion, that
each a maximum and then start to shrink. For the bulk sam-
le the inversion is gradual and spans over a temperature range
f 100–150 ◦C. The maximum temperature can be estimated
t around 300–350 ◦C. Above 350 ◦C the bulk sample shows
first shrinkage step up to ∼600 ◦C and a second step up to
1200 ◦C. By comparing this dilatometric behavior with the

orresponding TGA curve (see Fig. 2) recorded on coarse pow-
ers (80 �m ≤ dp ≤ 224 �m) the following information can be
btained: (i) the temperature at which the sample starts to shrink
orresponds to the temperature at which the gel starts to decom-
ose (after the removal of the residual OH and/or OEt group);
ii) the main weight loss step, from ∼350 to ∼550 ◦C, where
here is the evolution of silanes and siloxanes, is associated with
he first shrinkage step up to 550–600 ◦C, (iii) the last weight
oss step above 600 ◦C leads to an extended continuous shrink-
ge from 600 up to ∼1200 ◦C, well beyond the temperature
t which the pyrolysis can be considered complete from the
GA curve, ∼800 ◦C. The shrinkage measured in the tempera-

ure range where the TGA shows no weigh loss, i.e. from ∼800
o ∼1200 ◦C, could be correlated either to the escape of very low
mount of H2, below the resolution of the TG instrument or to
structural rearrangement occurring without any compositional
hange.

The evolution of the thickness of the film with the pyrolysis
emperature (Fig. 3) shows an initial expansion up to 200 ◦C.
he curve matches perfectly the one recorded for the bulk sam-
le providing a further support, beyond the results of the FT-IR
haracterization previously discussed, that no major composi-
ional and structural differences exist between the two set of
amples.
Interestingly the film suddenly inverts its expansion trend
nd, above 200 ◦C, begins to shrink. The shrinkage of the
lm continues up to 1200 ◦C. The volume shrinkage of the

u
i
s
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lm is very rapid from 200 up to 400–500 ◦C and then, from
00 up to 1200 ◦C, the shrinkage continues with a constant
nd lower rate. Above 1200 ◦C we do not have data points
ince the film becomes unstable and starts to react with the
ubstrate.

The evolution of refractive index with the pyrolysis tempera-
ure is also shown in Fig. 3. At room temperature the as-prepared
lm shows a refractive index of 1455 which is consistent with

he known value of hybrid silica-based gels.15 By increasing the
emperature, the refractive index shows two distinct decreases:

well defined one centered at ∼250 ◦C and a second one at
500 ◦C which is much broader. Each peak shows a decrease

f refractive index to a minimum value and then it increases
gain. After the 2nd peak the refractive index increases mono-
onically up to the maximum pyrolysis temperature (1200 ◦C).
t 1200 ◦C the refractive index reaches the value of 1.563. The

ransformation occurring in the film during pyrolysis and densi-
cation, such as evolution of residual water and alcohol, CH4,
2, etc., they all promote an increase in the refractive index
f the film. Therefore the observed decrease of refractive index
as to be associated with the formation of porosity. Accordingly,
ach peak in the curve can be associated with the development
f porosity, which is then re-adsorbed by further increasing the
emperature. The formation of “transient porosity” is well doc-
mented for the pyrolysis of preceramic polymers as powder or
ulk and the results obtained in this study on thin film agree well
ith this model.16 In particular, the porosity formed between 200

nd 300 ◦C is related with the first shrinkage step which could be
ssigned to the evolution of silanes/siloxanes while the porosity
ormed between ca 400 and ca 700 ◦C can be related to the evo-
ution of H2/CH4 from the mineralization reactions. Thus, the
efractive index data suggest that even for the thin film the pyrol-
sis occurs with two distinct processes as for the bulk samples.
inally, the increases in refractive index from 700 to 1200 ◦C

ndicate a densification of the glass. At 1200 ◦C the refractive
ndex at 700 nm is 1.563, higher than the value for fused silica
n700nm = 1456) as can be expected if C is inserted in to siloxane
tructure via the formation of Si–C bonds.

By assuming that films prepared at 1200 ◦C are dense, we can
stimate the volume fraction of SiC, and consequently the molar
raction of SiC in the pyrolyzed film. According to the literature,
morphous SiC is significantly less dense than crystalline SiC.
n particular, Heera et al.17 showed that amorphous SiC can be
rom 10 to 30% less dense than crystalline SiC–4H. By using
n effective medium approximation of Bruggemann18,19 mixing
morphous SiC and silica optical properties, the estimated molar
raction of SiC in the film was between 23 and 25% (for amor-
hous SiC density equal to 90 and 70% that of dense SiC–4H
espectively).

The SiC molar fraction in this film has also been measured
y XPS analysis and was found to be 35%.12 The difference
etween theoretical and experimental fraction of SiC can be due
o a residual porosity of the film that decreases the refractive
sing density functional theory, Kroll suggested the presence,
n the glassy SiOC networks, of substantial fractions of open
pace which could be associated with closed porosity.20
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. Discussion

The volume shrinkage data reported in Fig. 3 show that the
yrolytic conversion of bulk and thin film samples is different:
hin film shrinks 15–20% more than bulk samples. This is an
mportant result since a different shrinkage may also imply a
ifferent chemical composition of the resulting SiOC material
nd suggests that we need to be very cautious in conveying exper-
mental data obtained on coarse powders or bulk samples to thin
lms, thin fibers or fine powders.

As a general trend, the shrinkage curves show two common
ecomposition stages: a first one (low temperature stage) which
how a rapid reduction of the volume and a second stage (high
emperature stage) which goes on up to 1200 ◦C. The presence
f two distinct stages is clear from the shrinkage curve of bulk
ample while for thin film this feature is suggested only from the
efractive index study more than from the measured shrinkage
rom ellipsometry.

The data reported in Fig. 3 also show the following main
ifferences between the two type of samples: (i) the onset tem-
erature of first stage for the thin film (Tonset, film ∼200 ◦C) is
hifted 100–150 ◦C to lower temperatures compared to the bulk
ample (Tonset, bulk = 300–350 ◦C), (ii) the peak present in the
efractive index curve at around 500–550 ◦C suggests that even
he second decomposition step is shifted to lower temperatures
ompared to the bulk gel and (iii) the first decomposition stage
f the film results into a higher volumetric shrinkage and the
ifference is maintained up to the maximum temperature.

The reason why we observe, in the low temperature regime
f the pyrolysis process, a higher shrinkage for the film com-
ared to the bulk gel is not straightforward. Indeed, while for
he high temperature regime, i.e. from ∼800 to ∼1200 ◦C, the
hrinkage could be due to either the escape of very low amount
f H2, below the resolution of the TG instrument and/or to a
tructural rearrangement occurring without any compositional
hange, in the low temperature regime, i.e. up to ∼800 ◦C, the
hrinkage is clearly associated with the weight losses. Weight
oss is the result of two consecutive steps: (i) the formation
f molecular species through the pyrolysis reactions and (ii)
heir diffusion through the solid network to the surface of the
ample.

Bearing in mind that no compositional and structural dif-
erences are detected between starting film and bulk samples,
e can suggest that the chemical reaction forming the gaseous

pecies should be similar in terms of amount and rate of the
eaction products. Therefore, the observed difference in the vol-
metric shrinkage must be related to the diffusion process.

The chemical reactions involved in the first decomposi-
ion step are the so called “redistribution reactions” between
i–O, Si–H and Si–C bonds which lead to the formation
f silanes and siloxanes molecules such as: SiH4, CH3SiH3,
r even R3Si–O–SiR3, R H, CH3.7,14,21 These reactions
re known to be very fast21 with low activation energies
round 80–100 kJ/mol22 and therefore the overall process could

ell be diffusion-controlled, especially for the bulk sample.
ccordingly, for the bulk sample, the longer diffusion dis-

ance compared to thin film decreases the decomposition rate
Ceramic Society 32 (2012) 627–632 631

hifting the temperature onset toward higher values and limiting
he amount of by-products, which can be released.

On the other hand, the second decomposition process, the
o-called ceramization or mineralization process, involves the
omolytic cleavage of Si–C and C–H bonds with a very high
ctivation energy and the formation of H2 and CH4. The shrink-
ge curve of the bulk sample indicates that the ceramization step
tarts at ∼600 ◦C. The refractive index curve shows that the same
rocess for the thin film is shifted to lower temperatures and has
ts peak at ∼500 ◦C. Again, we observe a low temperature shift
or the thin film but in this case this difference does not result
nto a major difference of volumetric shrinkage for the two types
f samples. The reason for this is not known at the moment.

. Conclusion

The shrinkage during pyrolysis of a hybrid silica gel, pre-
ursor for SiOC glass, has been studied with conventional
ilatometry (for bulk samples) and, for the first time, with in situ
llipsometry (for thin films). Both type of samples continue to
hrink well above the temperature (800 ◦C) at which the TGA
nalysis suggests that the weight losses are complete. Com-
ared to bulk samples thin films: (i) show a higher shrinkage
15–20 vol%) and (ii) the onset of the pyrolytic transformation
s shifted 100–150 ◦C toward lower temperatures.
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