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Abstract. Ceramic matrix composites materials (CMC's) basadSiOC/AJO,/TiC were obtained through polymeric
precursors method. Mixtures of a polysiloxane resith alumina-powders as inert filler and Ti-powdsnd Al-
powder as reactive filler were molded and pyrolys¢dlO00 - 1400 °C in inert atmosphere for 60 mésut The
ceramic samples obtained were characterized resfpenticrostructure by scanning electron microsc¢giM), the
presence of crystalline phases by X-ray diffrac{igRD) and the mechanical strength by four-poirgading testing.
The analyses reveals porous ceramic matrix compaosdterials with glass matrix of SiOC and crystadlialumina
embedded by TiC particles. Superior mechanical jpimgsical properties went observed in infiltratedrgples after
pyrolysis with the polysiloxane, with Al and withspecial commercial glass for infiltration of dehfaorcelain.
Density, porosity and mechanical strength valuesye 2.34 — 2.62 g/cinl5 — 33% and 30 — 42 MPa, respectively.

Keywords: CMC's, pyrolysis, polysiloxane, reactive fillénfiltration.
1. INTRODUCTION

In recent decades several advanced materials weveloggped to meet specific needs through their smper
properties. Additionally, this development has iiegglienergy efficiency coupled with the satisfastad environmental
requirements, both in the processing and final pcadCompliance with these technical requiremestoeaiated with
the commercial feasibility constitutes the "poorn/satechnology”, ie to achieve maximum quality wittinimum
resources.

These needs have stimulated research to developeaéwologies and processing routes compatible adttanced
materials commercially usable.The polymer pyrolysisnbined with the furnace atmosphere or inerttige loads,
converting the polymer into a ceramic material emeld with particular properties, is a technologyttfits this
category (Chantrell and Popper, 1965; Yajehal (1976); Greil , 1995).

Conventionally, dense advanced ceramic materigohtained by processing at high temperatures, frigbsures
and long lead times on special equipment, requlange energy resources and resulting high coat firoduct (Acchar
et al (2008)).

The ceramic processing via the polymeric precumocessing method gives complex geometries ceramaitix
composite materials, with phases and propertiegoes so faster, at lower temperatures and usimglsi equipment
and technologies of polymer processing (Greil, 3996e growing number of published papers relatedthe
production of ceramic matrix composite materialdM(@) by polymer pyrolysis is indicative of the techogical
importance of this route processing (Radovanetial (1999); Dernovsekt al (2000), Wanget al. (2009); Tavakoli,
2010). However, the polymeric precursor route hagomdisadvantages the high residual porosity aoldmetric
shrinkage of ceramic bodies, reducing the mechasitength and dimensional and geometric stalslitie

In this work, ceramic matrix composite materialsddhon SiOC/AIO,/TIC have been developed aimed at meeting
energy / environment requirements by the polymamécursors method.

Mixtures of a polysiloxane resin with alumina-powsleand Ti-powder and Al-powder filler were moldedda
pyrolysed, adopting simpler equipment and at lowemperatures than those adopted in conventionanger
composite material processing.

The obtained ceramic composite material provideshamical strengt and thermal stability providediy alumina
matrix reinforced by particles of refractory titam carbide. There are possible applications iratitemotive industry,
aeronautics or electronics. In the automotive itrgudor example, materials with these charactiessallow us to
obtain lighter internal combustion and more resista heat engines, ensuring greater energy efiigieand reduce
emissions, complying with environmental requirersei the airline industry, coating of turbine k#adand heat
resistant to wear. And, in the electronic industiyat-resistant components are potential appicsti

The research in this paper seeks to - circumventiittadvantages of this relatively new processeofriique — by
investigating the processing parameters that infleethe final properties of the ceramic compositgemnials, such as
pyrolysis temperature, Al content in the startimmposition as densifier, and the presence ofiafitg agents.
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Thus a polysiloxane was mixed with inert filler paav (ALO3) and reactive (Ti, Al) filler, conformed to the amwn
and pyrolysed in inert atmosphere. The obtainedroiEr composite materials were characterized witipeet to bulk
density, porosity and mechanical strength by fair{s bending testing. Tests including X-ray ditian to identify
crystalline phases and analysis of the fracturtasearby scanning electron microscopy.

2. MATERIALS AND METHODS

The polysiloxane was obtained from the mixturefdrour on a magnetic stirrer in presence of catdlgtveen the
oligomers D4Vi and D1107 Dow Corning. The inerteiil of o - Al,O; APC 2011 SG, 1.5 ff g, Alcoa, was mixed
with the reactive load of Ti metal with purity 099% and 100 mesh from Aldrich Chem, and the powdsetal Al
reative load, Alcoa, for 1 hour under manual agitatThe inert filler and reactive filler were usad powders. The
mixture of powders was added to the polymer blend homogenized manually for 1 hour with the aid sof
spatula. The mass obtained was deposited in axwdtstainless steel AlSI 304 and resignhed undéxial press-fitted
with heating plates at 80 ° C for 1 hour in ordeysslinking polymer and sufficient mechanical sg#n to handle the
green body.

The pressed green bodies were pyrolyzed at 100A.0%D ° C 1100 ° C, 1200 ° C and 1400 ° C in tesifurnace
alumina tube MAITEC FTE-1600 / H, in argon atmogghender a flow of 100 ml / min for 1 hour, withatimg rates
of 3 °C / min and cooling to 5 °C / min.

Some pyrolysed samples were infiltrated with thdygtoxane, with Al and with a commercial glass-cifie
infiltration of dental porcelains (lanthanum glaggamic system). Preparing for polymer infiltratiwas performed by
immersing the sample in the polysiloxane in liquite vessel under vacuum. The preparation of thkes infiltrated
with Al and the glass was performed by depositingyar of infiltrating mixture with distilled watesn one side of the
longitudinal rectangular sample (50 mm x 5 mm xr&)m

After preparation, samples were taken at the sam@ysis oven under vacuum at a heating rate & 5 rhin to
1000 °C for 30 minutes, and cooling rate of 5 1@in.

The composition of the starting mix is shown in Taland pyrolysis is shown in Fig. 1.

Table 1 — Composition of starting materiais

Material Weight % % Total

Polymers 19.00

D,Vi 10.10

D1107 8.90
Filler 81.00

Ti 25.00

Al 25.00

a-Al,0; 31.00

1600
1 hou

Temperature (°C

0 200 400 600 800 1000
Time (min)

Figure 1. Schematic of the processing of cerammpausites AJO,/TiC pyrolysis at various temperatures.

The samples were investigated for the bulk deresity porosity by Archimedes' principle, accordingA8TM C
373/72. The samples were evaluated for resistamdending machine bending test model four pointsckw Roel
Z2.5 according to ASTM C1161-94, with speed of iagdof 0.5 mm / min. The fracture morphology of sd&s
subjected to mechanical tests were analyzed bynstgrelectron microscopy (SEM) Philips XL30 in egient —
ESEM. The ceramic composite materials were subjetd elemental and compositional analysis by Xeliffyaction
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and energy dispersive spectrometry (EDS) on Shim&dRD 6000 using Cu radiation fland angle of the beam of x-
rays (d) ranging from 10° to 90°.

3. RESULTS AND DISCUSSION

3.1. Pyrolysis temperature

The influence of pyrolysis temperature on the ptalsaind mechanical properties of the obtained ceraoamposite
materials is condensed in Tab. 2.

Table 2 - Influence of pyrolysis temperature onghgsical and mechanical properties of the obtagerdmic
composite materials.

Temperaturel]  Density Porosity Mechanical
(°C) (g/cnt) (%) strength by 4pts
bending testing
(MPa)
1000 2.33+0.30 3313 37.3+1.9
1050 2.34+0.28 3714 36.9+1.8
1100 2.38+0.23 38+3 30.5+1.5

It is noted in Tab. 2 that increasing the tempegatenhances the densification, as expected in powde
processing. However, the porosity is increased lsémeously, reflecting the drop in mechanical sgtnThis occurs
due to entrapment of volatiles from the polymerateposition during pyrolysis; pressurized, increathes average
pore diameter, simultaneous to the consolidaticth@fceramic body.

This phenomenon is more pronounced the higher psitg temperature, as observed in this study, irclwh
samples pyrolysed at 1200 °C and 1400 °C had pheperties damaged, breaking up the handling.

3.2. Aluminum content

The Al content in the starting composition of theeaamic composite materials objectives densify therfilling the
pores by capillary effect. His influence on theafiproperties of ceramic bodies is shown in Tab. 3.

Table 3 - Properties of pyrolyzed ceramic compasigerials according to the Al content in the cosifon.

Al Density | Porosity Mechanical
content (g/cnt) (%) strength by 4pts
(%) bending testing
(MPa)
5 2.73+0.30| 26%3 35.0+1.80
15 2.34+0.28| 33+4 30.0£1.90
25 - - 0

It was observed that pyrolyzed ceramic bodies @4% by weight of aluminum had cracks deep and sktenThe
formation of liquid phase due to the excess of awum, with different linear coefficient of thermakpansion in
relation to the matrix, promotes thermal stresbas @re not supported by the structure, causincksrand impairing
the mechanical strength, as also observed by (D2@@27) and ( Alexandrinet al (2006)). The densification and the
improvement of mechanical strength properties inoeeased the lower the Al content for ceramic posite
SIOC/ALOS/TIC materials. The effect of Al as an agent of sndiffusion and pore-filling is responsible for tinerease
in the densification and mechanical strength, evigm minimal content that this study was limited5%.

It was also observed that the absence of Al instheting composition caused blackening of the samplue to
excess free C coming from the bond breaking ofthlgmer network during pyrolysis. The presence binthe pores
provides resistance to leakage of C to the sampface as the organic-inorganic conversion is clichsied, giving the
lighter colored ceramic body.

3.3. Influence of infiltration

The infiltration of pyrolyzed ceramic composite ewdls promoted the densification of these ceraroimposite
materials, associated with reduced porosity anceased mechanical strength, as shown in Tab. 4.
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Table 4 - Physical / mechanical properties of wétacomposite materials infiltrated with Al, glassd polymer.

Temperatureg Condition | Infiltrant | Time | Density | Porosity| Mechanical
(°C) of (min.) | (g/en?) (%) strength by 4pts
infiltration bending testing

(MPa)

control 2.34+0.28| 334 30.0+1.5

1000 vacuum | aluminum| 30 2.60+0.30| 25+2 36.0+2.0

1000 vacuum glass 30 2.61+0.31| 24+2 35.0+1.8

1000 vacuum | polymer 30 2.60+0.31| 19+1 42.0+2.3

The three infiltrators gave equal density to theasec composite materials. Al and glass gave simpidaosity,
however, the polymer shows better properties dilkegeffective infiltration properties by immersiander vacuum
and its conversion of organic- ceramics, closirggdpen porosity with a infiltrating material sinita the matrix,
giving the composite isotropic characteristicsnstating into superior properties.

3.4. Identification of phases

The XRD patterns of pyrolysis samples are showhRi@n 2. Their analyses revealed the presence @Aphases
originated from the raw material as inert fillerdaalso the reaction of Al as the active filler withcomposed Si-O-Si
sites of the polymer, forming Al-O-Al bonds; andthhase TiC, generated by the reaction of decoedppslymer C
with Ti present in the raw material as active fille

The presence of Tigphase is in agreement with published literaturairflll et al (1999); Dernovsekt al (2000))
where silicides are expected in ceramic compos#¢erals produced via polymer pyrolysis with reaetfiller. The
phase AlTj arises because of the reactivity of Ti with Al.i§ phase in ceramic composite materials based GniSi
responsible for deterioration of mechanical prapsrtiue to reaction with the same ceramic phasésngieratures
above 1000 ° C, as reported by (Paransky et &9} and, by analogy, explains the fragility o tteramic samples
processed above 1000 ° C, in this work.

As was not identified the formation of titanium d&j this suggests that Al acted effectively to prevhis stage, as
suggested by (Acchat al. (2008)).
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Figure 2. Standard X-ray diffraction of sinteredngdes (a) 1000 ° C (b) 1050 ° C and (c) 1100 ° C.

Based on the XRD patterns, Eq (1) represents tlie pfathe reaction between the components subjettied
pyrolysis:

Al +Ti + AlL,O; + SIOC — ALO; + TiC + AlTi; + TiSh (1)
3.5. Microstructure analysis

Microstructural analysis of the pyrolysed and indited ceramic composite materials was performetyscanning
electron microscopy (SEM) of their fracture surface

3.5.1. Pyrolysis

Microscopy reveals a porous structure with TiC ipbles homogeneously dispersed in the matrix of SIGT,0s,
identified by X-ray diffraction, as Fig. 3.
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This also occurred in pyrolysed samples at 1050aA@ 1100 °C, and the porosity inherent in the psiog
technique using polymeric precursors. However pibre size appears larger as increasing the pysaigsiperature and
/ or Al content in the starting composition.

becV  Probe
000 60

(b) 5% Al
Figure 3. SEM image of AD; / TiC pyrolysed ceramic composite material samplih various levels of aluminum.

It was observed that the samples processed at lteveperatures and with lower Al content are presknt
microstructurally more cohesive, explaining thegaies shown in Tab. 2 and Tab. 3.

3.5.2. Infiltration

Microscopy reveals that the infiltrators becamefae and sub-surface samples with the most denddilbed
porosity, as Fig. 4. Figure 4 (a) shows that thenglt effectively penetrated the pores below théase deposition to
71.9 micrometres, densifying the samples and shpwgneater mechanical strength compared to a cosa&wiple, as
shown in Tab. 4. In Figure 4 (b) it is observed tha filling of pores by glass penetration hacheal 1 / 3 smaller than
that obtained with Al (50 um). The lower viscositiyaluminum makes it more effective in filling iros by capillary
effect aided by vacuum suction.

(a) (b) (©)
Figure 4. SEM image of fracture surface of ceracoimposite materials infiltrated with (a) Al, (b)gkand
(c)polysiloxane.

In Figure 4 (c) it is observed a dense infiltratiager near the edge, which is repeated for the éalges of the
fracture surface of the ceramic body, becausedh®kes were infiltrated with the polymer by immersin liquid by
vacuum 60 minutes before being introduced into dkien. This, coupled with the lower viscosity of ymiloxane
favored so that it satisfied the porosity more @ffely than Al and glass, allowing a penetrati@d¥ um) to the core
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of the ceramic body, making it denser and with ceduporosity, when compared with Fig 4 (a) and Bigb). The
filling of pores by polysiloxane and its conversiioo ceramic composite material has committed gtracture with
superior properties compared to other i iltratesglaining the observed results in Tab. 4.

4. CONCLUSIONS

SIOC/ALOS/TIC based ceramic composite materials can be mddaat lower temperatures than in conventional
processing, using equipment and raw materials enmadly feasible. Processing temperatures and curet@ons of Al
above 1000 ° C and 5% by weight, respectively, tendegrade the physical and mechanical propeofieseramic
composite materials, being the parameters that miaenced the final properties, as well as thiltiation process
after pyrolysis. The infiltration with a preceranpolymer (polysiloxane), preceded by the immersérihe sample
under vacuum for 1 hour, is the most effective méaphe of infiltration aimed superior properties.eTmechanical
properties obtained does not allow applicationhef ¢eramic bodies as structural elements, butittiermal stability,
dimensional and/or geometric properties is thetnmportant variable in selecting material for aesivg specific
need, this is one of the most effective methodwzrofluction.
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