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Abstract

Fused silica materials are of high importance because of their excellent thermomechanical properties. So
far, fused silica bodies have been produced mostly through solid-state sintering of slip-cast bodies. Herein, a
novel processing route based on the polymer-derived ceramic (PDC) method for the fabrication of porous
fused silica bodies was presented for the first time. In this method, the key to fabricating these bodies is to
use  polydimethylsiloxane  (PDMS)  as  a  source  of  silica  and a  binder  to  provide  formability  and green
strength besides of fused silica aggregates. It was revealed that this method provides porous bodies with up
to 24 vol.% porosity and relative low strength.  It  was shown that  the addition of  PDMS helps with the
sintering of the bodies at temperatures ≥1200 °C by increasing the density and strength due to their melting
and infiltration inside the pores. It was also noted that the addition of PDMS increases the tendency of the
system to crystallization.
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I. Introduction

Advanced  ceramics  have  a  phenomenal  role  in
developing  advanced  materials  with  great
functionalities [1]. Among various advanced materials,
fused  silica  has  attracted  extensive  attention  in
applications such as cores in the casting of super alloys
[2]  mostly due to  its  high thermal  shock resistance,
high strength at elevated temperatures, high chemical
resistance,  thermal  stability  and  refractoriness  [3].
Moreover,  fused  silica  has  been  found  useful  in
applications like space shuttle windows, deep UV lens
elements and optical fibres due to its high resistance to
optical damage, high refractive index homogeneity and
large  transparency  range  [4].  Fused  silica  materials
have  also  been  utilized  for  semiconductor  and
photovoltaics  (PV)  applications  such  as  high-purity
fused silica  crucibles for  Czochralski  silicon (Cz-Si)
growth,  parts  for  etching  or  cleaning  and  tubes  for
annealing  [5].  Fused  silica  substrates  showed  great
potential  for  developing  laser-based  multifunctional
thermal-control microfluidics [6].
_____________
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Fused silica bodies are mainly fabricated through
slip-casting methods, in which wet milling is first done
to  yield  an  ideal  particle  size  distribution.  Then,  its
viscosity  is  controlled  to  stabilize  the  slip.  After
casting,  the  drying  and  sintering  procedures  are
conducted  to  achieve  the  final  product  [7].  Also,
several  other  forming methods  exist,  which  are  less
common, like cold press [8] and gel-casting [9]. Some
other techniques involving simultaneous shaping and
sintering  have  been  reported,  such  as  spark  plasma
sintering [10], hot-press [11], hot isostatic press [12]
and flash sintering [13]. Two phenomena occur during
the sintering: the first, upon sintering the mechanical
strength  of  the  material  increases  due  to  the
densification  of  the  system,  and  the  second,  the
crystallization of  the most  stable  form of crystalline
silica at high temperature, β-cristobalite phase [14,15].
It is well known that densification is a positive issue
while crystallization is not, mainly because it changes
the  sintering  mechanism  from  viscous  flow  to
diffusion,  which  is  less  efficient.  Moreover,  β-
cristobalite  undergoes  a  phase  transformation  that
induces strains at the interface of glass-cristobalite and
creates  microcracks,  giving  rise  to  strength
deterioration [16]. 
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Kazemi  et  al.  [17]  investigated  the  cristobalite
crystallization  of  fused  silica-based  ceramic  cores
formed through injection molding.  They reported that
in-situ cristobalite crystallization occurs at 1380 °C on
the  surface  of  fused  silica  grains,  decreasing  the
flexural  strength  and  leachability.  Moreover,  the
addition  of  alumina  enhances  the  cristobalite
crystallization.  Manivannan  et  al.  [18] used the gel-
casting method with colloidal silica as the binder and a
solid loading of 73% to fabricate fused silica samples
sintered  at  1200  °C  for  2  h.  The  sintered  samples
retained their amorphous nature and achieved 95 % of
the theoretical density and flexural strength of 60 MPa.
Dehghani  et  al. [15]  sintered  fused  silica  samples
formed  with  slip  casting  at  1100 to  1400 °C.  They
reported that the density, cristobalite phase content and
dielectric  constant  increased  with  increasing
temperature,  while  the  highest  strength  (48.7  MPa)
was achieved at 1300 °C. In another study, Dehghani
et al. [10] fabricated and sintered fused silica powders
with different particle sizes using the SPS method at
900  to  1300  °C.  They  reported  that  density  and
cristobalite  phase  content  increased  upon  increasing
temperature  and  reducing  initial  particle  size.  The
highest bending strength (40 MPa) was reported to be
of the sample with coarser powder plasma-sintered at
1100 °C. 

The polymer-derived ceramic (PDC) method has
emerged  recently  as  a  promising  method  for  the
fabrication and sintering of ceramic bodies [19]. In this
method,  a  preceramic  polymer  source  is  prepared,
which is usually blended with ceramic fillers [20]. The
polymer is then cured, and the whole blend is shaped
to  form  the  desired  geometry.  Then,  the  system
undergoes heat treatment and the polymer decomposes

in  a  process  referred  to  as  ceramization  [21].  It  is
obvious that the main advantage of this method is the
ability to form precursors in the plastic state through
methods  like  injection  moulding.  Also,  the  atomic
scale  homogeneity  of  the  blend  requires  less  heat
treatment  temperatures  than  conventional  solid-state
methods [22].  It  is  also anticipated that  this  method
yields porous bodies, primarily due to the sublimation
of  gasses  produced  from  polymer  decomposition
[23,24].

In the present  study,  the novel  PDC method for
the fabrication of porous fused silica bodies has been
introduced.  As presented  in  previous  publications,  a
precursor polymer material like polydimethylsiloxane
(PDMS) is dissociated in the air when heated at 450
°C  and  forms  amorphous  silica  submicron  particles
[25].  Herein,  the  PDMS polymer  was  blended  with
fused silica particles at specific ratios and underwent
heat treatment in the air at different temperatures. The
merit  of  this  method  is  the  deformability  and
capability of the blend,  which helps in methods like
injection moulding, casting, etc. The goal of this work
was to assess how the fine submicron silica  derived
from PDMS could  influence  the  sintering  of  coarse
fused silica particles and how the crystallization of the
system  underwent  changes.  The  effect  of  heat
treatment temperature and the fused silica  to  PDMS
ratio on the sintering and crystallization was studied.
Since the inorganic content of the polymer was around
50%,  it  is  evident  that  a  massive  proportion  of  the
polymer  turned  into  empty  space.  Thus,  higher
fractions of PDMS than 20% were not possible due to
the  deformation  of  the  samples.  Then,  structural,
microstructure, physical, and mechanical properties of
fabricated samples were investigated.

Table 1. Chemical composition and final heat treatment temperature of the fabricated samples

Sample
Chemical composition Final heat treatment

temperature [°C]PDMS [wt.%] Fused silica [wt.%]
FS1100 10 90 1100
FS1150 10 90 1150
FS1200 10 90 1200
FS1250 10 90 1250
FS1300 10 90 1300

FS80201200 20 80 1200

II. Experimental

2.1. Fabrication of porous fused silica bodies
All precursors used in this work are of commercial

grade and used without purification. Commercial fused
silica  (Pooyandegan  Sanat  Aria  Co.,  with  average
particle  size  of  44  µm  and  99.8%  purity)  was
employed  as  an  inorganic  part.  Commercial  RTV2
silicone  resin  (PDMS  with  99.999%  purity)
accompanying a liquid hardener, xylene as a solvent
and Span 80 as a surfactant were used as the organic

part. The chemical composition of each sample and its
processing temperature are presented in Table 1. First,
silicone resin is poured inside a small beaker. Then, 20
wt.% xylene and 2 wt.% Span 80 (dispersing agent)
relative to the whole batch were added to the system to
dilute  the  resin  and  disentangle  the  polymer  chains.
After that the fused silica was added slowly and if the
system could not mix well,  more xylene was added.
Then, the beaker was put on a heater to evaporate the
solvent, and stirring continued throughout the process.
Finally,  the  hardener  was  added  to  the  system  (in
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amount  equivalent  to  5  wt.%  of  the  used  polymer)
with  continuous  stirring.  After  5  min,  the  mixtures
were poured inside ruler-shaped moulds, kept outside
for 2 h and transferred to a furnace for sintering. The
materials were heated at the rate of 5 °C/min until 400
°C and at the rate of 0.5 °C/min (the lower rate is used
because  of  the  polymer  dissociation  and  gas
sublimation) until 550 °C. Soaking times were 30 min
at 400 and 550 °C to ensure the pyrolysis process was
terminated.  Finally,  the  obtained  as-received  silica
samples  were  heated  to  the  final  temperature  at  5
°C/min  rate  and  soaking  time  of  60  min.  Figure  1
shows the scheme of sample fabrication.

Figure 1. Scheme of sample fabrication

2.2. Structural and microstructural evaluations
Differential  scanning  calorimetry  (DSC)  was

conducted  with  regard  to  ASTM E1131  by Mettler
Toledo up to 600 °C in air atmosphere with 10 °C/min.
The  density  and  open porosity  of  the  samples  were
computed  according  to  the  ASTM  C373  protocol,
whereas  the  closed  porosity  was  calculated  by  the
difference  between  the  total  porosity  and  the  open

porosity.  The  total  porosity  was  calculated  by
considering  the  ratio  between  the  bulk  density  and
theoretical  density  of  the  glass-ceramics,  which  is
itself calculated by taking in account the real densities
of fused silica and cristobalite. In order to examine the
phase evolution during heat treatment and identify the
crystalline phases, the phase analysis was carried out
using  X-ray  diffraction  (XRD;  Panalytical-2009,
Cambridge, U.K.) with Cu Kα radiation (λ = 0.15418
nm).  Also,  the  Rietveld  refinement  technique  was
employed for the quantitative phase analysis. A field
emission electron microscope (FESEM; TeScan Mira
III,  Brno,  Czech Republic)  was used to  conduct the
microstructural  evaluations.  For  thermal  shock
resistance evaluation, the samples were heated at 1000
°C for 10 min and then cooled abruptly in  water  at
room  temperature.  Flexural  strength  (Modulus  of
rupture,  MOR  test)  was  measured  according  to  the
ASTM C583 using an eXpert 8600 device. The cycle
was repeated 3 times, and then MOR and reduction in
MOR  were  measured  and  reported.  Each  test  was
repeated 3 times.

III. Results and discussion

Behaviour of the pure PDMS upon heat treatment
up to 600 °C was investigated by DSC and shown in
Fig. 2a. In the temperature range from 25 to 300 °C
solvent,  small  organic  moieties  and hardener burned
and sublimated  from the  sample.  Strong  exothermal
effect was observed in the temperature range from 420
to  550  °C  and  indicates  the  reaction  of  silicone
polymeric  chains  with  the  oxygen and  formation  of
silica.  XRD  pattern  of  the  as-received  fused  silica
material,  presented  in  Fig.  2b,  confirms  the  highly
amorphous structure with a broad peak at 2θ ~20°. It is
in  accordance  to  the  literature  data  [14],  which
confirmed that the crystallization in this system starts
at temperature above 1100 °C. 

Figure2. DSC analysis of pure PDMS (a) and XRD pattern of as-received fused silica (b) 
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Figure 3. XRD patterns of sintered samples (a) and the quantitative phase analysis by Rietveld refinement (b)

Figure  3  demonstrates  XRD  results  of  the
fabricated  samples  accompanied  by  the  Rietveld
quantitative  analysis.  According  to  Fig.  3a,  upon
increasing the temperature,  a ratio of the amorphous
phase  of  the  fused  silica  turns  into  a  crystalline
cristobalite  phase  (JCPDS  04-008-7642),  which  is
widely  accepted  in  the  literature  [10,16,18,26].
However, unlike other works, in this work, 5–10 wt.%
of  the  whole  silica  (after  pyrolysis)  is  supplied  by
PDMS. 

It  was known from the  previous work  [25]  that
silica  derived  from PDMS is  not  crystallized  below
1050 °C and in our case XRD results revealed that the
PDMS-derived  silica  crystallizes  at  1100  °C  and
above. Since the PDMS-derived silica particles have
submicron size and their surface area is much higher
than  of  the  fused  silica  particles  (filler),  it  can  be
concluded that their tendency for crystallization must
be higher than fused silica. This is mainly due to the
surface  nucleation  of  crystals,  which  is  preferred  in
this  system  [27,28].  Thus,  the  broad  peaks  of
cristobalite  at  lower  temperatures  prove  their  small
crystal size and low crystallinity of the PDMS-derived
silica.  According  to  above  discussion,  more
cristobalite phase can be expected in the FS80201200
than in  the FS1200 sample,  what was confirmed by
XRD results (Fig. 2a). Thus, one theory is plausible
here,  which  is  as  follows:  upon  increasing  the
temperature  to  1200  °C,  submicron  PDMS-derived
silica was able to melt and diffuse across the surface of
fused silica particles and form a layer on them. Apart
from  the  role  of  this  phenomenon  on  mechanical
strength,  which  will  be  addressed  in  the  following
parts  of  the  article,  it  could positively  or  negatively
influence the crystallization of the fused silica. Since
higher  amounts  of  cristobalite  were  detected  in  this
work compared with the literature [26], it is possible
that the PDMS-derived silica layer on the surface of
fused silica encouraged the crystallization.

Figure  4  shows  the  results  of  the  physical
properties  assessments  of  the  samples.  Figure  4a
demonstrates  the  results  of  bulk  density,  open  and
closed porosity. The bulk density of the samples was
in the range of 1.48–1.66 g/cm3,  which is consistent
with the results of the same materials made through
gel-casting  [9,16].  However,  it  is  much  lower  than
those  slip-casted  [29]  or  pressed  specimens  [26],
which are in the range of 1.8–2.0 g/cm3. The density of
the samples increased with temperature (Fig. 4a) due
to  the  higher  diffusion  rate  and  viscous  flow.
Nonetheless,  the  crystallization  lowers  the  sintering
efficiency  by changing the  sintering mechanism and
makes  the  microstructure  more  porous,  since  the
crystals  grow  in  an  anisotropic  way  in  various
directions. However, in this case, the density increase
is  due  to  the  sintering  effect,  which  dominated  the
decrease in density due to crystallization. 

It  was noticed that  although polymer content  in
the  FS80201200  sample  is  twice  as  much  as  the
FS1200 sample,  its  density  is  not  much lower.  This
can be explained by the same theory explained above.
The PDMS-derived silica was melted at  temperature
≥1200  °C  and  since  its  amount  is  higher  in  the
FS80201200 sample,  it  could  fill  the  pores  to  some
extent by viscous flow mechanism. Until 1250 °C, the
open porosities decrease and turn into closed porositie,
and  at  1300  °C  this  trend  reverses  (i.e.  closed
porosities  become  open)  due  to  further  process  of
crystallization. 

Figure  4b  indicates  the  evolution  of  flexural
strength  before  and  after  thermal  shock.  Overall,
thermal shocks deteriorate the MOR and the amount of
strength  reduction  is  proportional  to  the  amount  of
cristobalite.  The  strength  amounts  before  thermal
shocks correspond with the density of the samples and
the  amount  of  their  cristobalite  contents,  which
increase  and  decrease  the  strength,  respectively.
Before 1250 °C, the densification has dominant 
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Figure 4. Density and porosity (a) and MOR results of fabricated samples before and after the thermal shock (b)

Figure 5. FESEM micrographs of: a) FS1100 (with and enlarged area), b) FS1200 and c) FS80201200

contribution in determining the MOR, while after that
this role is taken over by crystallization. The strength
of the FS80201200 sample is lower than that of the
FS1200  ceramics,  which  is  expected  considering  its
lower density and higher cristobalite content. Overall,
MOR values of the fabricated samples by this method
are  lower  than  that  of  the  pressed  and  slip-casted
samples due to the lower compaction of particles (i.e.
lower  densities).  The  low-toxicity  monomer  N-
dimethyl  acrylamide  (DMAA)  was  used  in  the  gel
casting of fused silica glass by Wang  et al. [30] and
maximal density and flexural strength of fused silica
glass sintered at 1275 °C was 81.36 MPa and 1.975
g/cm3,  respectively.  Mao  et  al.  [31]  employed  the
spontaneous coagulation casting (SCC) method, using
APTMS as a surface modification. After sintering at
1260 °C for 4 h, the fused silica ceramics (50 vol.%
solid content) showed a high bending strength of 61.59
MPa. Clegg et al. [32] used an improved process (with
the help of  a polymer solution additive)  for  making
dense vitreous silica from submicrometer particles by
sintering  near  1000  °C  and  the  measured  strength
value was 150 MPa. 

Figure  5a  shows  the  overview  of  the
microstructure of the FS1100 sample, which contains

grain sizes between 2–20 µm with intergranular pores.
The  amount of  PDMS-derived silica  particles  is  not
large  enough  to  fill  the  pores  and  merely  form
submicron islands on the surface of fused silica (Fig.
5a). Figure 5b shows SEM micrograph of the FS1200
sample in which PDMS-derived silica creates a liquid
phase and covers the surface of fused silica particles.
The presence of liquid phase at the surface of fused
silica particles is more obvious in SEM image of the
FS80201200  sample  (Fig.  5c).  It  was  shown  that
higher  amounts  of  PDMS-derived  silica  melted,
covering  the  surface  of  the  fused  silica  grains,
connecting  the grains,  and filling the  pores to  some
extent. This can be the reason for the not much lower
density and MOR strength of the FS80201200 sample
despite  its  higher PDMS content  compared with the
FS1200  sample.  In  fact,  this  helps  the  grains  form
thicker  necks,  as  shown  in  the  FESEM  image  and
yields higher strength.

IV. Conclusions

Mixing  polydimethylsiloxane  (PDMS)  with  the
commercial fused silica helps in the formation of silica
bodies  with  different  shapes,  which  is  very  useful
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especially  when hollow slip-casting  technique is  not
applicable.  The  PDMS  curing  provides  the  initial
green  strength  necessary  for  fabricating  specimens
with  uniform  shapes.  After  sintering,  submicron
PDMS-derived silica particles are formed, but cannot
efficiently  fill  the  pores  between coarse  fused  silica
particles. XRD results revealed that the PDMS-derived
silica  crystallizes  at  1100  °C  and  the  amount  of
cristobalite phase increase with sintering temperature.
The  bulk  density  of  the  samples  is  in  the  range  of
1.48–1.66 g/cm3 with maximal value at 1300 °C, but
this sample still has a high portion of porosity (about
24  vol.%).  At  sintering  temperatures  ≥1200  °C,
submicron PDMS-derived silica particles melted and
could  bind  the  fused  silica  grains  together  which
contribute to increase the strength (MOR). The MOR
and  density  dropped  with  the  increase  of  PDMS
content  to  20  wt.%.  However,  this  decrease  is  not
pronounced  since  higher  amount  of  porosity  in  this
sample  is  compensating  with  enhanced  liquid  phase
sintering.  Compared  with  other  processing  methods,
this  method  provides  less  density  and  strength  with
more  tendency  to  crystallize.  This  approach  is
promising, especially for preparing porous fused silica
materials  used  as  high-temperature  filters  and
membranes.
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