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Research in the preparation of ceramics from polymeric precursors is giving rise to increased interest in
ceramic technology because it allows the use of several promising polymer forming techniques. In this work
ceramic composite pieces were obtained by pyrolysis of a compacted mixture of a polysiloxane resin and alumina/
silicon powder. The mixture consists of 60 vol% of the polymer phase and 40 vol% of the filler in a 1:1 ratio for
alumina/silicon, which was hot pressed to crosslink the polymer, thus forming a compact body. This green body
was trimmed into different geometries and pyrolised in nitrogen atmosphere at temperatures up to 1600 °C. X-ray
diffraction analysis indicated the formation of phases such as mullite and Si,ON, during pyrolysis, that result
from reactions between fillers, polymer decomposition products and nitrogen atmosphere. The porosity was
found to be less than 20% and the mass loss around 10%. The complex geometry was maintained after pyrolysis
and shrinkage was approximately 8%, proving pyrolisis to be a suitable process to form near-net-shaped bulk

ceramic components.
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1. Introduction

One of the reasons for not using ceramic materials more frequently
in industrial applications, besides their brittleness, may be found in
machinability problems. Despite great improvements in sintering proc-
esses for ceramic parts, components for most applications still require
finishing. Problems encountered in finishing high performance ceram-
ics are caused precisely by its main attributes, as the high hardness of
ceramics rapidly destroys the diamond tools that are used'.

An alternate way to overcome problems related to machinability
in conventional ceramic processing has been the manufacture of com-
plex shaped components from polymer-filler systems, followed by
conversion to ceramic material through pyrolysis®*“. The advantages
of this process are the relatively low processing temperatures, the pos-
sibility to incorporate fibrous and particulate reinforcement and low
processing cost, besides the unique opportunity to make high quality
ceramic components using plastic forming technologies®”.

Processing of preceramic polymers into ceramic products involves
shaping of a low viscous polymer precursor, subsequent curing, and
pyrolysis at temperatures above 800 °C. Due to the marked density
difference between the polymer (1-1.2 g.cm™) and the ceramic phases
(2-3 g.cm™), linear shrinkage of more than 30% usually results in
extensive cracking and porosity. To overcome this problem, a modi-
fied process, the so called AFCOP (active filler controlled polymer
pyrolysis) was developed by Greil®. According to this method, the
polymer is partially filled with inert or active powder particles, typi-
cally in the range of 30-50 vol%, to reduce shrinkage and to enable
the manufacture of bulk crack-free ceramics.

When inert fillers such as ALQ,, SiC, B,C, SiSNA, etc, are used,
the precursor volume is reduced and this lowers linear shrinkage of
the sample. However, active fillers like Ti, Nb, Cr, Mo, B, MoSi, can
lower the shrinkage caused during polymer to ceramic conversion
by reacting with the solid, and gaseous decomposition products of
the polymer precursor and/or the firing atmosphere to form carbides,
oxides, nitrides or mixtures®!'. This reaction can in fact occur with
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expansion of the filler particles, which counteracts the shrinkage dur-
ing densification, and lead to near-net-shaped ceramic components.

Typical grain sizes of the active filler powders are in the range of
1 to 10 wm, and part of this can be replaced by inert filler powders.
The inert filler particles are used to stabilize a homogeneous distri-
bution of the active filler phase particles, by reducing sedimentation
effects during processing. A number of systems have already been
investigated using polysiloxane resins as preceramic polymers filled
with different oxide, carbide or metallic powders®!?. This work
reports data about samples obtained by mixing Al,O, as inert filler,
Si as active filler and a commercially available polysiloxane resin
PMS - (CH,SiO, ,), . A homogeneous mixture of 40 vol% of the total
filler powder in the ratio of 1:1, in the polymer matrix (dissolved in a
suitable solvent) was obtained and used to prepare compacted bodies
that could be easily cut, drilled and machined before pyrolysis in a
nitrogen atmosphere. These materials can be molded into complex
geometries, making it a suitable process to form near-net-shaped
bulk ceramic composites.

2. Experimental Procedure

A commercially available thermosetting solid poly(methylsiloxane)
(PMS-MK, Wacker AG, Burghausen, Germany) with a general for-
mula (CH,SiO, ,) , with n=130-150 was used as a preceramic binder
precursor. The polymer is a powder at room temperature and has a
melting point of 42 °C. The total carbon content is up to 13.2 wt. (%).
The average molecular weight is 9400 g.mol' and the density, in
the range of 1.1-1.3 g.cm™. The amount of cross-linking active hy-
droxyl- (-Si-OH) and ethoxy- (-Si-OC Hy) groups is 4 mol%. Due to
the release of water and ethanol upon polycondensation of (-Si-OH)
and (-Si-OC,H,) groups, curing has to be done under pressure and
at temperatures between 150-250 °C.

Silicon (Si) powder, used as an active filler, with a mean particle
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size of 8.8 um was mixed with 0-ALO, (A-16 SG, Alcoa) powder
(an inert filler) with a mean particle size of 0.9 um, as measured by
the laser scattering method. Specimens were prepared with solid PMS
polymer phase by adding 40 vol% of filler powder. The ratio of active
filler (Si) to inert filler (A1,0,) was set at 1:1.

Powders were mixed with a solvent (acetone), forming a highly
viscous slurry, and homogenized by mechanical and ultrasonic stir-
ring. After removing the solvent by heating on a hot plate fitted with
a magnetic stirrer, the mixture was dried at 45 °C for 12 hours and
then milled and sieved (150 pm) to render a fine powder. Cylindrical
specimens 30 mm in diameter were compacted by uniaxial hot press-
ing with a pressure of 40 MPa at 170 °C for 30 minutes. During hot
pressing, curing of poly(methylsiloxane) via polycondensation resulted
in an unmeltable thermoset. Aluminun acetylacetonate (AlO,C H, )
was added as a curing catalyst (0.1 wt. (%))'*'>3. The compacted
specimens were then cut, drilled and machined into complex shapes
followed by pyrolysis in an electrically heated tube furnace, in a ni-
trogen atmosphere. A typical heating cycle consisted of heating up to
500 °C at 5 °C/min, holding at this temperature for 4 hours; heating
again at 3 °C/min up to three different final temperatures of 1450 °C
for 2 hours, 1500 °C for 2 hours and 1600 °C for 1 hours, and cooling
at 10 °C/min.

Thermogravimetric analysis (TGA) of the green body was carried
outin a thermobalance (Perkin Elmer model-TGA-7), in flowing nitro-
gen with a heating rate of 10 °C/min up to a maximum temperature of
1000 °C. The bulk density of the pyrolysed samples was measured by
the Archimedes method, using distilled water. The open porosity was
determined by measuring the volume of absorbed water. Weight and lin-
ear dimensional variations were measured by weighing and measuring
the dimensions of the samples before and after pyrolysis respectively.
Phase analysis of the crystalline constituents was done by X-ray dif-
fraction analysis using monochromated CuKo-radiation (Philips-model
PW18/30). The microstructure of the pyrolysed material was examined
by optical microscopy (Leica-model DMRXP) and by scanning electron
microscopy (SEM) (Zeiss model-LEO 435 Pi) equipped with energy
dispersive spectroscopy (EDS) for element mapping.

3. Results and Discussion

The green bodies produced from the mixture of polysiloxane and filler
powders were compact and withstood machining and drilling, without
change in shape after pyrolysis, and were visually crack free (Figure 1).
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The green density of the hot pressed samples was 2.03+ 0.02 g/cm’.
This value corresponds to total densification of the mixture according
to theoretical density calculated by the mixtures rule, and for which
the theoretical density of polysiloxane was considered to be 1.3 g.cm™.
This value confirms that polysiloxane resin melted and wetted the
filler particles during hot pressing, imparting good strength to the
body to enable machining without damage or cracking.

Figure 2 shows the TGA curve of the polymer-filler mixture and
reveals at least two chemically distinct weight loss events. The first
one, in the range of 300-600 °C, probably corresponds to release of
some cure products not eliminated during cross-linking and also to
the evolution of organic phases of CH, and C,H, usually observed
in silicones or its products. The decomposition of the polysiloxane
matrix results in the higher weight loss at around 600 °C, due to evo-
lution of cleavage of Si-(CH,) and redistribution reactions between
Si-O and Si-C bonds'*. The organic-inorganic conversion, with the
formation of the SiOC glass, occurs between 700 and 900 °C and
corresponds to the mineralization process of the material. The total
weight loss between room temperature and 1000 °C is 4.5%.
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Figure 2. TGA curve and the corresponding rate of weight change curve

of the polymer-filler mixture at a constant heating rate of 10 °C min™ in N,
atmosphere.

Figure 1. Samples obtained from the AFCOP. Samples were cut, drilled, machined and then pyrolysed at 1500 °C/2 h.
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Table 1 lists density, porosity, weight and linear dimensional
change after pyrolysis during the three different heat treatments. The
porosity is relatively high compared to ceramics obtained by sinter-
ing of powders, even in samples pyrolysed at 1600 °C. The apparent
density decreases as temperature increases, due probably to increase
in weight loss caused by carbothermal reduction of SiO,. This reac-
tion leads to gaseous species, SiO and CO which may form in the
Si-O-C system at higher temperatures (>1400 °C)'3. The total linear
shrinkage is less (= 8%) than that typically observed in conventional
sintering processes (15 to 20 %)".

Polished surfaces of pyrolysed samples were observed by optical mi-
croscopy (Figure 3). The silicon filler distribution can be easily observed
owing to contrast at low magnifications (100x). The highest concentra-
tion of silicon (bright phase) was observed in the sample pyrolysed at
1450 °C/2 h, and it decreased as pyrolysis temperature increases.

Reactions between the polysiloxane, fillers and N, atmosphere
during pyrolysis take place giving rise to what appears to be different
ceramic phases. The green body, which is initially a mixture of metal,
polymer and ceramic, converts gradually to a multiphase ceramic
compound upon thermal treatment. The phases resulting from py-
rolysis were identified from X-ray diffraction patterns and the phase
development at different temperatures is shown in Figure 4. After
2 hours at 1450 °C un-reacted Si is still present. This result is in agree-
ment with the optical microscopic observations which revealed more
metallic phases in the sample pyrolysed at this temperature. Cova-
lent phases, Si,0N, and SiAION, resulting from reactions between
Si, N,, ALO, and the polymer residue were also identified and B-SiC
is present even in the sample pyrolysed at the lowest temperature.
AL O, was also detected at all temperatures, although the intensities
of the peaks decreased with increase in temperature. On the other
hand, mullite phase and SiAION phases (X-SiAlION, 3-SiAION and
O’-SiAION) formed as the temperature increased.

These different phases are distributed in the ceramic body accord-
ing to the initial distribution in the green compact sample. Finer the
initial powder and its homogeneity, more homogeneous was the final
multiphase distribution. Elemental analysis with energy dispersive
spectroscopy (EDS) during SEM observation of polished surfaces
of pyrolysed samples was used to distinguish the phases. Figure 5
shows a micrograph obtained using back-scattered electrons and
contrast to visualize the different phases in the sample according
to atomic number of the predominant element present in the phase.
The bright spot in the micrograph was identified as Si by EDS, as
shown in spectrum 1 (Figure 5). Around this particle, besides Si, the
elements O and Al were also detected (spectrum 2). This phase could
be a mullite phase (Al Si,0,,) that formed by reaction between Al,O,
filler and the SiO, layer that resulted from the oxidation of Si particle
or from the polymer decomposition. EDS number 3 corresponds to
aregion of the AL O, particle.

Figure 6 shows another micrograph obtained with back scattered
electrons, of the sample pyrolysed at 1600 °C. The bright spots related
to pure Si are not observed in this sample, indicating that all Si had
reacted to form Si,ON,, B- SiC, mullite or SiO gas phase. Three dif-

Table 1. Density, open porosity, weight and linear dimensional change of
samples pyrolysed at the three different temperatures.

Temperature Density Porosity Weight Linear
(g/em?) (%) change change (%)
(%)
1450°C/2h 2.50+£0.04 174+0.8 -103+0.7 -7.8+0.5
1500 °C/2h 247+0.02 17.7£09 -11.6%£0.8 -8.0%0.6
1600 °C/lh  2.41+£0.03 19.5+0.7 -11.4+£0.6 -82%0.7
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Figure 3. Optical micrographs of the polished surface after pyrolysis at: a)
1450 °C/2h; b) 1500 °C/2h; ¢)1600 °C/1 h.
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ferent regions were examined by EDS showing distinct phases. These
phases were identified as B- SiC, mullite and SiAION, according to
elemental concentrations.

SEM examination of fracture surfaces of pyrolysed samples
show clear evidence of large pores and the presence of structures like
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Figure 4. X-ray diffraction patterns of specimens after pyrolysis at three
different final temperatures.
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whiskers and elongated grains (Figure 7). These structures could be
observed inside the large pores and channels.

The micro-hardness of the resulting multiphase compound after
pyrolysis was determined by Vickers indentation using a load of 4.5 N.
The average value of 20 measurements was 8.6 = 1.8 GPa. This value
is relatively low and presents a large dispersion because of porosity,
difficulty in obtaining a good smooth surface for indentation and also
the presence of different phases in the sample. Figure 8 shows an opti-
cal micrograph of the indentation on the polished surface (Figure 8a)
and a micrograph at higher magnification with an indentation in a
region with a mixture of phases (Figure 8b).

4. Conclusions

In this investigation the AFCOP process method has been suc-
cessfully applied to a system of inert filler (Al,O,) and active filler
(Si) for the preparation of multiphase ceramic compound pieces. The
ceramic bodies present shape retention and very low linear shrinkage
(8%), compared to those produced by conventional ceramic sinter-
ing. Therefore this is a suitable process to form near-net-shaped bulk
ceramic components. The major phases formed upon pyrolysis were
covalent ceramic materials like Si,0N,, SiAIONs phases and B-SiC
that guarantee refractory performance. The material had relatively
high porosity (~20%) and low Vickers hardness (~ 8.6 GPa). These
results, besides the lack of homogeneity, are some of the drawbacks to
overcome, to improve mechanical properties for widespread applica-
tion of this process to obtain complex shaped ceramic bodies.
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Figure 5. SEM micrograph of the sample pyrolysed at 1450 °C/2 h using back scattered electrons showing Si particles embedded in a Si, Al, O matrix, as

determined by EDS.
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Figure 6. SEM micrograph of the sample pyrolysed at 1600 °C/1 h using back scattered electrons showing regions with differences in elemental composition,

according to the EDS.
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Figure 8. Optical micrographs of the polished surface of the sample pyrolysed
at 1600 °C/1 h: a) showing Vickers indentations; b) indentation in a region
with a mixture of phases.
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