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Abstract  Glass frits were added into silicone-based
composites with the aim to improve low temperature
ceramification at elevated temperatures. The effect of glass
frits on the properties of ceramic residue is investigated.
Field emission scanning electron microscopy (FESEM),
electron probe microchemical analysis (EPMA) and X-ray
diffraction analysis (XRD) showed that glass frits reacted
via a eutectic reaction with mica and silica. Electrical
conductivity measurements at elevated temperatures
showed a decline in volume resistivity with glass frit
addition. It was concluded that increased conductivity is a
result of ionic conduction of the glass phase produced by
eutectic reactions between frits, silica and mica at high
temperatures. Thermal mechanical analysis (TMA) was
used to explore the dimensional changes of these com-
posites during programmed heat treatment.

J. Mansouri (X)) - R. P. Burford

School of Chemical Sciences and Engineering,

University of New South Wales, Sydney, NSW 2052, Australia
e-mail: j.mansouri@unsw.edu.au

Y.-B. Cheng
Department of Materials Engineering, Monash University,
Clayton, VIC 3800, Australia

C. A. Wood
Air Vehicles Division, Defence Science & Technology
Organisation, Fisherman’s Bend, VIC 3207, Australia

J. Mansouri - K. Roberts - Y.-B. Cheng -

R. P. Burford

Cooperate Research Centre for Polymers, Notting Hill,
VIC 3168, Australia

@ Springer

Introduction

Silicone polymers have been produced commercially since
the beginning of the 1940s. Over the past 60 years, sili-
cones have grown into a multimillion-dollar industry with
polydimethylsiloxane (PDMS) being the most common
member of this class of materials. PDMS-based products
include fluids, foams, resins and elastomers and have been
used in many fields such as electrical, construction and
aerospace industries.

PDMS materials are more fire-resistant than many other
organic polymers because both their heat of combustion
and heat radiated from the flame to the burning material are
substantially lower than those for organic polymers [1-3].
Furthermore, the energies required to depolymerise and
volatilise PDMS are significantly larger than those for
common organic polymers [4], which means that PDMS
combusts and sustains combustion less readily than organic
polymers. The deposition of amorphous silica on the sur-
face of PDMS during combustion also provides thermal
insulation to the remaining polymer. These attributes make
PDMS polymers more suitable for fire resistant applica-
tions. As a result, they have been used to improve the fire
barrier properties of other polymers. For example,
Kashiwagi et al. [5] have shown that when silicone was
added to polycarbonate, the rate of heat release during
combustion was greatly reduced. Silicone polymers have
also been used in the production of ceramics because they
can act as a high purity precursor material and are appli-
cable for versatile plastic shaping technologies at low
manufacturing temperatures [6, 7].

There have been some attempts to further improve the
fire resistance properties of silicone polymers. For example
silphenylene-siloxane elastomers were synthesised with a
phenyl-silicon-oxygen backbone and pendant vinyl groups.
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These polymers have higher decomposition temperature
than PDMS (500 vs. 380 °C), indicating that a higher level
of heat is needed for their ignition [§—11]. However, these
polymers are too expensive for large volume commercial
applications.

The powdery silica ash remaining after polymer
decomposition is very weak and therefore not suitable for
structural applications. It is desirable for polymer compo-
sitions used in fire protection applications to maintain their
original shape and have sufficient strength.

One approach to improve the strength of the residues is
to add inorganic fillers, which could assist densification of
the powdery silica through solid-state or liquid phase
sintering. From the ceramifying perspective, a high con-
centration of fillers in the polymer composite would
facilitate the formation of a ceramic after polymer
decomposition. However, excessive amounts of inorganic
fillers could make polymer processing difficult.

Inorganic fillers with a high aspect ratio, such as mica
and talc, have been found to provide strength and low
shrinkage to residues of polymer-ceramic composites. Weil
et al. have found that in thermoplastics, small amounts of
high aspect ratio materials such as mica or wollastonite
can improve fire-resistance properties of residues by a
“‘bridging action’’ [12], while Marosi et al. proposed the
use of polymeric ceramic precursors for forming a pro-
tective surface layer [13—15]. They showed that polybo-
roxo-siloxanes improved the performance and stability of
ammonium polyphosphate based intumescent systems, by
the formation of silica coated flame retardant particles.
In the presence of flame, these particles tend to accumulate
on the surface of the polymer and transform to a continuous
and protective ceramic-like layer. In spite of much work on
the transformation of silicone compositions into ceramics,
the mechanism of the transformation and, specifically, the
formation of the skin on the surface of ceramic after
pyrolysis, have seldom been discussed.

Muscovite mica is a 2:1 layered aluminosilicate that has
been of particular interest for electric insulation because of
its outstanding corona resistance and insulation properties
[16]. Our previous work has shown that a degree of
strength was achieved in pyrolysed silicone-mica com-
pounds when muscovite mica was combined with silica
residue. This was shown to result from localised liquid
formation at silica/mica interfaces via a eutectic reaction
[17, 18]. Whilst effective at high temperatures (around
1,000 °C), strength development at lower temperatures
remained poor. A ceramifying compound, when exposed to
increasing degrees of heat, would ideally transform from a
polymeric material into a strong, hard ceramic material
with no weak, intermediate stage. In practice this may be
difficult to achieve as silicone decomposes to a soft,
powdery silica at approximately 350-500 °C, whilst the

liquid phase formed from eutectic reactions between mica
and silica does not occur until much higher temperatures
(above 800 °C). Thus there is a need to improve low
temperature strength and also increase high temperature
strength.

The approach taken in the current work is to use glass
additives (glass frits) to improve the low temperature
strength of silicone/mica compositions. Two types of glass
frits with low softening points, and another with a high
softening point, were examined for their ability to improve
the strength of pyrolysed silicone/mica compositions at
both intermediate and high temperatures. Samples from
each of these compositions were heated to different tem-
peratures and their strength and dimensional changes were
estimated. FESEM, EPMA, TMA and XRD were used to
study the ceramifying process. Residue electrical conduc-
tivity issues were also addressed, by evaluating the changes
in volume resistivity of compositions with respect to
temperature.

Experimental
Materials

All materials were used as received.

Elastosil® R401/80S, a silicone gum from Wacker-
Chemie GmbH (Table 1), was used in this work.

Dicumyl peroxide (Di-Cup 40C, cure temperature range:
160-170 °C; Akzo-Nobel) in powder form was used as the
curing agent.

Two different muscovite micas with different particle
sizes were used. Mica MT60C (Mica A) is coarse musco-
vite mica manufactured by MinTech International,
Bloomington, IN, USA. Greater than 90% is retained on
a 100 mesh (150 pm) screen, and 99% is retained on a
240 mesh (63 um) screen. XRF analysis showed a
composition of SiO,: 55.15%; Al,O5: 29.98%, Fe,Os:
1.95%, MgO: 0.72%, CaO: 0.03%, SOs: 0.24%, MnO:
0.05%; Na,O, 0.77%; K50, 8.33%; TiO,, 0.13%; P,0s,
0.03%, minor oxides and volatile compounds: 2.62%.

Mica F260 (Mica B) is dry-ground fine muscovite mica
manufactured by Oglebay Norton Specialty Minerals,

Table 1 Properties of Elastosil® 401/80S silicone rubber

Density, g/cm>® 1.17
Hardness, Shore A unit® 75-85
Glass transition, °C® -122
Cold crystallisation, oCP -80
Melting point, °C® -39

% From suppliers catalogues

® Measured by differential scanning microscopy (DSC)
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Kings Mountain, NC, USA and supplied by Omya South-
ern Pty. Ltd. About 34% is retained on a 400 mesh (38 pum)
screen and 8.5% retained on a 200 mesh (75 pm) screen. It
had a composition of SiO,: 49.88%; Al,0s3: 31.90%,
Fe,05: 2.58%, MnO: 0.08%, CaO: 0.02%, SO;: 0.25%,
Na,O, 0.76%; K,0, 8.87%; TiO,, 0.24%; P05, 0.05% and
other minor oxides and volatile components: 5.37%.
Muscovite mica was chosen as it is expected that its alkali
component would promote the formation of a liquid phase
during heating at elevated temperatures.

Frits are ground glass of a desired particle size distri-
bution supplied by Ferro Corporation (Australia) Pty. Ltd.
One of the main factors considered in selecting glass
additives for these compositions was the glass softening
point. This is because it indicates the temperature at which
the viscosity of the glass additive decreases enough for
glass to flow and begin to bind pyrolysis products and other
inorganic components together. The softening point of a
glass is defined as the temperature at which it has a vis-
cosity of 10°° dPa s [19].

Softening points and chemical compositions of glass
additives were estimated by the method described in Sect.
““‘Softening point of glass frits’” and XRF, respectively, and
summarised in Table 2. The Loss on Ignition values (LOI,
an approximate measure of volatile components) were 7.7,
14.4 and 8.7 wt% for glass frits C, D and E, respectively.

Sample preparation

All compounds were prepared using a conventional two-
roll mill, with silicone rubber first softened at room tem-
perature and fillers then added until a homogeneous batch
was obtained. The curing agent was then added and
processed until a visually good dispersion was achieved.
Silicone compounds were moulded and cured into flat
sheets by compression moulding at 175 °C for 20 min
under 7 MPa pressure.

Sample pyrolysis

Pyrolysis of flat sheet samples (50 X 14 X 2 mm) was
performed using a muffle furnace. Samples were heated
from room temperature to target temperatures using a
heating rate of 12 °C/min.

Characterisation
X-ray fluorescence (XRF)

Chemical compositions of mica and glass frits were anal-
ysed by the X-ray fluorescence method using a Philips
PW2400 XRF spectrometer. Glass sample disks (40 mm
diameter) were prepared using a mixture of flux (borate
glass and ammonium nitrate) and sample in an approximate
ratio of 5.43:1. The mixture was heated in a platinum-gold
crucible for 15 min at 1,050 °C by which time the sample
had dissolved. The melt was poured into a graphite disc
held on a hot plate at about 220 °C. An aluminium plunger
was then brought down to gently mould and quench the
melt [20].

Morphological studies

Field emission scanning electron microscopy (FESEM)
observations of both cured and ceramified silicone com-
pounds were made using a Hitachi S4500II instrument.
Samples were sputter-coated with either gold or carbon
using a Polaron Sputter coater unit.

Microchemical mapping analysis

A Cameca SX-50 microprobe was used to carry out the
microchemical mapping of the residue ceramics. Calibra-
tion was carried out using certified standard reference
materials for silicon, potassium and aluminium. The con-
centration of each element present in the area of interest
was determined in two dimensions. Typically the analysed
area was divided by 256 x 256 pixels with 0.2 pm/pixel
and the intensity was measured at each pixel. For these
measurements samples were embedded in epoxy resin,
polished and made conductive by carbon coating.

Flexural strength measurements

The flexural strength of pyrolysed samples was determined
by the 3-point bend method using an Instron Universal
Testing Machine. Samples measuring 50 X 14 X 3 mm
were heated at various temperatures and held at the target
temperature for 30 min. Loads were applied at a rate of

Table 2 Chemical compositions (wt.%) and softening point (°C) of glass frits

Ferro code  Code for this work  Softening point, (°C)  Chemical composition, wt%

5102 A1203 CaO NaQO K20 ZnO T102 p205 V205 Fez O';
EAP8017 C 525 335 18.2 10.8 19.3 1.8 8.7
EAP8053 D 525 37.7 1.2 14.6 10.6 16 1.3 3.0
KMP4103 E 800 39.2 53 29 22 362
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0.5 mm/min. Flexural strength was calculated using
Eq. (1):
3PL
il 1
2bd? (1)

where P is the maximum load (), L is the outer support
span (mm), b is the specimen width (mm) and d is the
specimen thickness (mm), to give S in MPa.

Thermal characterisation

(a) Thermal transitions of silicone elastomer compounds

Glass transitions, crystallisation and melting points of
raw rubbers were determined using a 2010 Differential
Scanning Calorimeter (TA Instruments). Samples were
cooled from room temperature to —160 °C and then heated
to 250 °C at 20 °C/min in a nitrogen environment.

(b) Thermomechanical analysis (TMA)

TMA expansion mode was used. A quartz cylindrical
expansion probe rested on the surface of the test specimen
with a 0.02 N load applied. Displacement was measured as
the temperature was raised from 20 to 950 °C, using a TA
Instruments TMA 2940 unit.

X-ray diffraction analysis (XRD)

Wide angle X-ray scattering was conducted using a Philips
PW1830 generator with a 371 mpd control. The scan was
conducted from a 20 angle of 2° to 60° at a scan rate of
1°/min.

High temperature electrical resistivity measurements

A procedure was developed to measure the electrical
resistivity of the ceramic materials at high temperatures,
which uses a 40 mm square sheet of the polymeric com-
pound. This sits on a copper sheet electrode that is larger
than the sample. An upper square electrode (25 X 25 mm) is
then centred on top of the sample. Rigid electrically insu-
lating weights sit on top of this stack to keep components in
place. Thin 1.5 mm?® cables insulated with non-burning
insulation are attached to each of the electrodes. The whole
unit is then placed inside a muffle furnace. The two wires
leading to each of the electrodes are able to protrude from
the closed furnace door. Soft kaowool insulation is used to
add extra electrical insulation to the electrode wires. The
muffle furnace can then be heated and the electrical resis-
tance across the sample can be measured. Measurements
were made on samples at temperatures up to 1,000 °C.

A DC power supply was used to measure both voltage
and current with a known voltage across the sample. The
current is measured and the resistance, R, is then calculated

using Ohm’s Law. With known thickness, ¢, and area of the
sample prior to the test, A, the volume resistivity, p,, can be
calculated using Eq. (2):

R xA
pyv = p

(ohm - cm) (2)

where R, A and ¢ are in units of ohms, cm? and cm, respec-
tively. Volume resistivity is a more useful value than resis-
tance, as it is an intrinsic material parameter, and therefore
allows direct comparison between different compositions.

Shrinkage properties

Shrinkage of a range of compositions was measured by
heating flat sheet samples sandwiched between thin stain-
less steel plates to 600, 800 and 1,000 °C for 30 min in air.
To avoid any bloating effects, the length and width changes
of the sample were measured and the average calculated,
correcting for any changes in the thickness of the samples
that may have arisen from bloating.

Softening point of glass frits

A technique to estimate the softening point involves form-
ing a solid body with sharp edges from the glass frit and
heating it to various temperatures. The temperature at which
the sharp edges of the glass begin to change can be con-
sidered the softening point. Whilst lacking absolute accu-
racy, it was found to be satisfactory for the comparison of
different glasses. Fourteen millimeter diameter cylindrical
pellets of the glass additives were compressed and heated in
steps of 25 °C. The furnace was held at each temperature
for 30 min to allow time for the glass to begin to flow at
each temperature. The temperature at which the edges of the
pellet began to round off or at which the pellet began to
slump is considered to be the softening point of the glass.

Results and discussion

Dimensional changes of ceramifying compositions fired
at different temperatures

Dimensional changes of ceramified samples were measured
and show that addition of fine mica B and glass frits to a
silicone/mica A base composition increased the shrinkage
at 1,000 °C, but decreased expansion at lower temperatures
(Table 3). Shrinkage at 1,000 °C increased when low
temperature glass frits (C and D) are added, compared with
the high temperature glass frit E. Increasing the level of
liquid phase at high temperatures by adding glass frits
increased the 1,000 °C shrinkage that occurred at 1,000 °C.
This is expected if liquid phase sintering is via the

@ Springer
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Table 3 Dimensional changes of different silicone compositions at different temperatures

Compositions Shrinkage (—)/expansion (+) (%)
600 °C 800 °C 1,000 °C

Silicone/mica A/peroxide (78:20:2) 1.5 0.57 -0.73
Silicone/mica A/peroxide/glass frit E (75.5:20:2:2.5) (composition H) 0.64 0.59 -3.5
Silicone/mica A/peroxide/glass frit D (76.75:20:2:1.25) -0.37 -1.2 -5.7
Silicone/mica A/peroxide/glass frit D (75.5:20:2:2.5) -0.8 -1.96 5.4
Silicone/mica A/peroxide/glass frit D/glass frit E (75.5:20:2:1.25:1.25) 0.26 -0.17 -5.9
Silicone/mica A/mica B/peroxide (68:20:10:2) (composition F) 1.10 0.3 -1.3
Silicone/mica A/mica B/peroxide/glass frit C (65.5:20:10:2:2.5) (composition G) 0.92 0.2 -6.3

Note: Numbers in brackets are weight percent of each component in the composition

densification mechanism, as a greater volume of liquid
phase would allow for more rapid particle rearrangement.
Compositions made with glass frits C and D showed
limited shrinkage at 600 and 800 °C, which contrasts with
other compositions, which expand at these temperatures.
This indicates that a degree of sintering may have occurred
in these compositions, which could result in a stronger
material. When high softening point glass frit E was added
to the base composition, no significant dimensional changes
occurred up to 800 °C. In contrast to the results for the
lower temperature, heating at 1,000 °C caused significant
shrinkage, due to the formation of a liquid phase, that allows
densification via liquid phase sintering. This mechanism
was not observed at lower temperatures, because insignifi-
cant amounts of low viscosity liquid phase are produced.

Mechanical strength

The flexural strengths of different compositions pyrolysed
at various temperatures are summarised in Table 4.

For samples heated at 800 °C, addition of low softening
point glass frits (C and D) leads to a significant increase in

the flexural strength of the residue samples. When half of
glass frit E is replaced with glass frit D, the flexural
strength of the ceramified residue improved, at all heating
temperatures. When heated at 1,000 °C, the combinations
of silicone/mica/glass frit produced flexural strengths of
1.88 MPa with 2.5% glass frit E. With 1.25 wt.% of glass
frits D and E the flexural strength increased to 4.84 MPa.
Strength at 600 and 800 °C was increased by low tem-
perature glass frits 5-fold. The addition of the high soft-
ening point glass frit (frit E) had an insignificant effect on
strength for samples heated at 600 °C when compared with
no glass frit. Similarly, little effect is seen at 800 °C for frit
E. However, the low softening point frit increases strength
compared with the equivalent compositions with no glass
frit or with high softening point glass frit. Glass frit E
becomes active only at 1,000 °C, and then provides sig-
nificant improvements in flexural strength.

Microstructural studies

To investigate the mechanism of ceramic formation,
compositions F and G (Tables 3, 4) were selected for

Table 4 Flexural strength of different silicone compositions at different temperatures

Compositions Flexural strength (MPa)
600 °C 800 °C 1,000 °C

Silicone/mica A/peroxide (78:20:2) 4 0.34 0.64
Silicone/mica A/peroxide/glass frit E (76.75:20:2:1.25) 0.12 0.34 1.70
Silicone/mica A/peroxide/glass frit E (75.5:20:2:2.5) (composition H) 0.1 0.32 1.88
Silicone/mica A/peroxide/glass frit D (76.75:20:2:1.25) 0.64 1.65 292
Silicone/mica A/peroxide/glass frit D (75.5:20:2:2.5) 0.88 2.30 3.53
Silicone/mica A/peroxide/glass frit D/glass frit E (75.5:20:2:1.25:1.25) 0.52 1.9 4.84
Silicone/mica A/peroxide/glass frit C (76.5:20:2:2.5) 0.68 2.14 3.21
Silicone/mica A/mica B/peroxide (68:20:10:2) (composition F) 0.12 0.42 0.93
Silicone/mica A/mica B/peroxide/glass frit C (65.5:20:10:2:2.5) (composition G) 0.65 2.54 3.89

% Too weak to be measured

Note: Numbers in brackets are weight percent of each component in the composition

@ Springer
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Fig. 1 Microstructure of cross-section of samples at room temper-
ature (a) composition F and (b) composition G

microstructural and microchemical analysis using FESEM
and EPMA techniques. It was expected that a mixture of
micas (with different particle sizes) and the presence of
vanadium in the glass frit C should contribute to glass

Fig. 2 Fracture surface of (a)
composition F and (b)
composition G after heating to
1,000 °C for 30 min

Fig. 3 FESEM of polished
sections of (a) composition F
and (b) composition G

forming at low to medium temperatures. Ceramifying
samples were prepared by heating the compositions in a
muffle furnace in air for 30 min at 1,000 °C.

Samples were embedded in epoxy resin, sliced cross-
wise and polished to give a flat and smooth surface. Prior to
heating, both compositions had a similar morphology, with
fillers uniformly dispersed in the silicone rubber matrix.
The highly oriented nature of mica particles in the matrix
after compaction is also evident (Fig. 1).

Figures 2 and 3 show SEM images at high temperatures.
The fracture surface of composition F shows localised
melting of mica particles at the edges and bridging between
mica plates and pyrolysis products after heating to
1,000 °C (Fig. 2a). When glass frits were used, the matrix
became glassy and porous, Fig. 2b, indicating that the glass
frit had facilitated bonding between the mica particles and
the silica originated from pyrolysis of silicone. The bond-
ing between mica and matrix in composition G is more
advanced and the particle size of the matrix was noticeably
increased by addition of glass frit. The higher strength of
composition G than composition F (Table 3) can be
attributed to these differences in microstructure.

Smooth polished cross-sections of samples heated to
1,000 °C are shown in Fig. 3. For composition F the mica
plates are mostly isolated and in one case, the de-bonding
between mica and matrix is evident, which indicates rather
poor adhesion of mica to the matrix. In contrast, mica
particles in composition G show advanced local melting
and in many cases they are inter-connected through micro-
bridges of the liquid phase. However, this eutectic liquid
phase can be conductive (Sect. ‘‘Electrical resistivity at
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elevated temperatures’’). Thus may provide a continuous
conducting path leading to lower resistivity at high tem-
peratures, limiting the use of these compositions in certain
applications including cable insulation. For example, in
emergency power supply circuits, there is a requirement for
electric cables to continue to operate and provide circuit
integrity, even when subjected to fire (and water spray).
Thus it is important that the insulation maintains a suffi-
ciently high electrical resistivity even after prolonged
heating at elevated temperatures.

Localised micro-chemical analysis

Cross-sections of samples fired at 1,000 °C were studied by
EPMA in mapping mode. For composition F (images are
not shown here) these results showed very low amount of
glass (mainly rich in silica) at the edges of the mica. Trace
amounts of potassium and sodium may diffuse from mica
to the adjacent areas in the matrix, but they could not be
detected by microprobe analysis.

An overview of the cross-section of composition G
(prepared with the same method which was described in
Sect. ‘‘Microstructural studies’’) is shown in Fig. 4 and
shows consistent liquid formation. The mapping area and
signals for different elements in a 50 um square area are
given in Fig. 5 and show that both Na and K are present in
mica and the matrix. Potassium and sodium alkali have
diffused into the matrix, assisting glass formation via a
eutectic reaction. Vanadium is present at the edges of the
mica particles and to a lesser extent in the glassy region. As
only original component that contains vanadium is the
glass frit, this indicates that vanadium was mobilised by

Fig. 4 An overview of the cross-section of composition G. Liquid
regions are shown by arrows

@ Springer

heating and has contributed to the eutectic reaction. Micro-
bridges between mica particles can be seen in Fig. 5c. They
contain mainly silicon with some vanadium and potassium
(Fig. 5b, e), confirming the contribution of these elements
to the glass formation.

XRD analysis

XRD spectra for the mixture of mica A and mica B before
and after heat treatment and for composition F and com-
position G after heating to 1,000 °C for 30 min are given in
Figs. 6 and 7. These patterns show that.

e The XRD pattern for the mica mixture possesses all
peaks of the 2M1 type muscovite [21] together with
some impurities such as quartz and kaolin.

e More liquid phase was formed at 1,000 °C, as shown
by the appearance of a large hump around 20 = 24°
confirming the presence of an amorphous phase in the
product.

e Mica in composition F remained approximately the
same before and after heat treatment at 1,000 °C, but
disappeared in composition G after heating and cristo-
balite became a major phase. This suggests that the
addition of low temperature glass frit facilitates the
decomposition of mica, leading to an increased amount
of liquid phase for solidification.

Dimensional change and thermal expansion coefficient

Figure 8 shows the TMA trace for composition F. The first
linear part (20-360 °C) is a constant slope of dimensional
change before polymer pyrolysis, representing a thermal
expansion coefficient about of 440 x 10™° m/m °C. Above
360 °C, there is a rapid increase in expansion (from 17% to
62%) due to the evolution of gases during pyrolysis.
Optical images taken after the TMA test showed bloating
and crack for Composition F (see Fig. 10). Shrinkage was
recorded between 550 and 1,000 °C due to liquid phase
assisted densification, showing an average thermal shrink-
age of 120 x 107°® m/m °C, which was a result of sintering.

Composition G had a similar thermal expansion coeffi-
cient (about 424 x 10° m/m °C) to F below 350 °C
(Fig. 9). However a much lower expansion (11%) com-
pared to composition F was seen at above 350 °C, probably
due to the expansion derived from polymer pyrolysis being
compensated by the shrinkage due to sintering. The sample
showed no large cracks after the TMA test (Fig. 10b). At
temperatures above 430 °C, consecutive dimensional
changes with thermal expansion coefficients of —118
(430-625 °C), —138 (625770 °C), —387 (765-835 °C) and
~143 x 10° m/m °C (835-950 °C) occur. These differ-
ences in sintering rates may indicate different stages of



J Mater Sci (2007) 42:6046-6055

6053

(

Fig. 5 About 50 pm square area of composition G heated at 1,000 °C, (a) backscattered image, (b) vanadium, (c¢) silicon, (d) aluminium, (e)
potassium and (f) sodium signals. Arrows in (b) show areas rich in V and in (¢) show the micro bridges

reactions leading to the formation of the liquid phase in this
multi-component system.

Electrical resistivity at elevated temperatures

Whilst the use of glass frit additives improves strength, it is
critical to evaluate the electrical conductivity of the pyr-
olysed compounds at elevated temperature if the material is
to be suitable for fire-resistant cable applications. The test
described in Section ‘‘High temperature electrical resis-
tivity measurements’’ measures the volume resistivity of

the compositions at high temperatures using flat sheet
samples. The results of the measurement are plotted in
Fig. 11 for the following compositions (see Table 3 for
compositions F, G and H). Composition S is silicone rubber
with 2 wt.% peroxide.

These results show a steady decrease in resistivity with
increasing temperature for all compositions. Silicone
polymer containing no additional fillers (composition S)
exhibits a relatively high volume resistivity, up to
1,000 °C. The addition of 30% muscovite mica (compo-
sition F) dramatically reduces the volume resistivity of the
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Fig. 6 XRD spectrum for the mixture of mica A and mica B at room
temperature
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Fig. 7 XRD spectra of (a) mixture of mica A and mica B (b)

composition F and (¢) composition G after heating to 1,000 °C for
30 min
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Fig. 8 TMA trace for composition F between room temperature and
950 °C at a heating rate of 10 °C/min in static air

silicone material, by an order of magnitude at 1,000 °C. It
is thought that this increased conductivity results from io-
nic conduction in the glass phase that is created by eutectic
reactions between silica and mica on heating.
Conductivity of glasses depends on glass composition.
Alkali ions such as Li*, Na*, and K" are relatively small
and thus quite mobile in the glass network [22, 23]. These
alkalis, especially Na*, are very common in a wide range of
glasses as they are effective network modifiers, used to
lower the melting temperature of glasses. Muscovite mica
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Fig. 9 TMA trace of composition G between room temperature and
950 °C at a heating rate of 10 °C/min in static air

has a nominal composition of KAl;Si30;3(OH), and also
contains sodium as a major impurity. When muscovite and
silica react via a eutectic reaction at high temperature, they
form a liquid phase that contains potassium and sodium.
The relatively mobile K™ and Na* ions then increase
electrical conductivity at elevated temperature.

Further evidence of the role of glass in electrical con-
ductivity can be seen when glass frits were added to the
silicone-mica compositions. The addition of 2.5% glass frit
C (composition G) led to significant reduction in volume
resistivity, being two orders of magnitude lower than
that for the silicon/mica compound (composition F), and
three orders lower than for the silicone only material
(composition S).

XRF results show that glass frit C contains 18.2 wt.%
Na,O and 10.8 wt% K,O. Given this very high alkali
content, high conductivity of the material containing the
frit is expected at elevated temperature. This glass frit also
contains vanadium, which is a transition metal. It is re-
ported that the presence of transition metal ions can make
oxide glasses conductive [24]. On the other hand, glass frit
E contains only 2.9 wt.% Na,O and 2.2 wt.% K,0O. The
replacement of glass frit C by glass frit E (composition H),
provides higher volume resistivity.

In summary, the addition of any alkali-containing filler
to silicone, whether it is muscovite mica or a glass frit, has
the potential to increase conductivity of silicone based
composites at high temperatures if conductive ions can be
liberated via melting or dissolution. It is also clear that
alkali-containing glasses increase conductivity more than
mica. When mica particles react with the silica matrix at
the fire testing temperature (1,000 °C), melting takes place
only at mica particle edges, with most of alkali ions being
still bound in the crystalline structure of mica. Because this
would only release a limited amount of alkali ions to the
liquid phase, the increase in material conductivity is less.
Glass does not have a fixed melting point and softens with
increasing temperature. Above the glass softening point, all
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Fig. 10 Optical microscopy
images of top surface of (a)
composition F and (b)
composition G after TMA
analysis (mag: (16)
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Fig. 11 Volume resistivity versus temperature for different silicone
compositions

alkali ions in a glass become mobile and contribute to ionic
conduction under an electric field.

Conclusion

The requirement for low temperature ceramification means
that it would be insufficient to rely on purely the mica-
silica eutectic reaction, which takes place above 800 °C.
The addition of glass frits is a useful technique for
lowering the temperatures at which strength is developed
in pyrolysed compositions. These glass frits melt at tem-
peratures below the mica-silica eutectic temperature and
combine with the inorganic fillers and pyrolysis products
of silicone rubber to assist the formation of a ceramic.
FESEM, XRD and EPMA analyses showed that glass frits
react with fillers and the silica matrix to form a liquid
phase which bonds the fillers and silica matrix together,
rendering strength to the char. However, compositions with
glass frits became conductive at high temperatures. It was
found that for an equivalent reduction in resistivity, much
higher loadings of mica can be used, compared to glass
frits.
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