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Abstract

Carbon sheets were used as a starting materigloication of SiSiC composites by
advanced LOM. This approach consists of three stéjpst a preform was fabricated form
phenolic resin coated carbon paper with a LOM-dev&econd the preform was turned into a
carbon preform by pyrolysis inJNatmosphere. Third pressureless reactive meltriatibn of
silicon into the as fabricated carbon preform, whioally yielded a dense SiSiC composite.
SEM analysis revealed a microstructure consistingnaformly dispersed3-SiC grains in a
matrix of silicon. The LOM fabricated material elied an average four point bending

strength and Youngs modulus of 115 MPa and 165 @&RBpectively.

Introduction
SiC-based ceramics exhibit superior mechanical gut@s, high temperature resistance,
chemical stability and oxidation resistance fromb@nt to peek operation temperatures re-
quired for advanced applications ranging from auttive to aerospace uses [1-5]. The manu-
facturing of SiC-based ceramic composites by readtifiltration of C/SiC-powder or carbon

fiber reinforced carbon preforms with liquid Sitamperatures between 1450-1600°C in vac-
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uum (LSI-process) represents an established priogessute. Nearly dense interpenetrating
or fiber reinforced ceramic composite materialshwat variable amount of excessive Si are
obtained. Well known materials are REFEL SiC [6{ &ILCOMP SiC/Si [7] as well as car-
bon fiber reinforced SiC-CMCs [8]. The LSI-processalso capable for manufacturing near
net-shape ceramic composites for structural appdics [9, 10]. SiC can be manufactured by
rapid prototyping technologies, such as selectge sintering [13], three dimensional print-
ing [14] or laminated object manufacturing (LOM©L[12].

LOM produces three-dimensional objects with sheéisaper, polymer, metal or a combi-
nation thereof [15]. It can be considered as a idybetween “subtractive” and “additive”
processes: the parts are indeed built up in ther lay layer approach (“additive” processes),
but each layer is individually cut by a speciallt@subtractive” processes) in the shape of the
cross section of the part. Each layer is bonddtiégrevious layer with an adhesive coating
on the bottom side of the sheets (e.g., papen)jstectivated by a heat or pressure during the
LOM process [15]. A convenient way to fabricate adsed structural ceramics by LOM in-
cludes use of ceramic based tapes processed bygaspeg. The ceramics obtained include
Al O3 [16], monolithic ZrQ and ZrQ/Al203 [17], SiC and SiC/SiC [11,12] and;Ni [18].

The intention of the present work was to demonstita¢ fabrication of dense SiSiC laminar

composites by Laminated Object Manufacturing.

Experimental procedure
Processing included preparation of carbon sheedsedowith a suitable adhesive,
LOM processing and final post-processing with laydi infiltration into the porous carbon
component. Carbon sheets made from pitch fibeshawn in Fig 1 (Sigratex PE204, Thick-
ness ~ 200 um, SGL Carbon Group, Meitingen, Gerinameye laminated to a heat activated
adhesive film containing phenolic resin and butigtile rubber,(Tesa HAF 8410 Tesa AG,

Thickness ~ 60 pum, Hamburg, Germany). After lamamaat120°C a carbon sheet coated
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with a phenoly butyl nitrile rubber heat activateghesive film on one side and a thickness of
250pum was LOM processed in a LOM device (Kira PLT K#&a Corporation, Japan). Fig. 2
shows the processing scheme applied. Laminationcasaged out at 180 °C for 60 s and was
adopted to the curing cycle of the adhesive lagample bars which consisted of 20 individ-
ual layers each with an overall sample height ofirf and a density of 0.42 0.01 g/cm3

were prepared.

Figure 1 Microstructure of the carbon sheets,

The porous layered samples were pyrolysed in actredally heated furnace (Gero
GLO 40, Gero, Germany) in nitrogen atmosphere. fbating cycle was optimized using
differential scanning calorimetry (DSC) and thergravimetric analysis (TGA). A heating
rate of 1 °C mift up to 350°C with a holding time of 1 h was appltecavoid cracking and
curling of the sheet during pyrolysis. Further lnggup to 800°C was continued with a rate of
2 °C min'. After 1h exposure at 800°C the samples were dotleéoom temperature with a
cooling rate of 5°C/min. The porous carbonised damwere then infiltrated with liquid sili-

con in vacuum at 1500°C for 1h.
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Figure 2: Processing scheme.

The weight loss and shrinkage upon thermal treatraed post-infiltration were determined.
Densities were measured geometrically and by Areldies method using water as the immer-
sion medium. The strut density of the carbonisethpdes was measured using He-
pycnometry analysis. X-Ray diffraction (XRD) anatyqKristalloflex D 500, Siemens,
Karlsruhe, Germany) was conducted using monochiior@at-Ka radiation at a scan rate of
0.75min™. Microstructure and micro chemical compositiortte# as-pyrolysed and the SiSiC
samples were analyzed by scanning electron micpys(®EM, Quanta 200, FEI, Germany)
equipped with an energy-dispersive spectrometerS(Eldca x-sight, Oxford Instruments,
UK). The samples for SEM/EDS analyses were grourtilished to a gm diamond fin-
ish. At least five different spot analyses weredwarted to obtain the average composition of
a given phase.

The dependence of fracture strength on the fibentation of the fabricated SiSiC bars

(3x4x45 mms3) was evaluated in four-point bending with thading direction normal to the

260



layer extension using spans of 40 and 20 mm acograti ASTM standard C1211-92. The
tensile surfaces of the samples were polished3qa diamond finish prior to loading. The
tests were performed using an universal testinghmaqInstron 4204, Instron corp. Canton,
MA USA) with a crosshead speed of 0.5 mm/min. Thrvgs modulus was determined us-
ing the impulse excitation technique (Buzz-o-soBiazzMac Software, Glendale, MI, USA)

according to ASTM E1876 and C1259.

Results and discussion
Fig. 2 shows the cross section of the LOMed maitel prior to post-infiltration with Si. The
individual layers of the carbon sheets and the plemutyl nitrile rubber adhesive can be
distinguished in Fig 3a. Fig. 3b shows the mictasttire of the pyrolysed body. The proper-

ties of the carbonized LOMed samples are summairizé&dble I.

i pyrolysed phenolic
adhesive tape

Figure 3: Multilayer structure of a LOMed sampleaa LOMed, b) after pyrolysis.

Tablel: Properties of the carbonized LOMed samples.

Mass loss 43. % 1.7%
In plane shrinkage (x-, y-direction) 0.5+ 0.4 %
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Out of plane shrinkage (z-direction) 0.7+ 0.6 %

Total porosity 85.6 %
Geometrical density 0.24 g/cm3
Strut density (composite) 1.68 g/cm3

The mass loss during pyrolysis was caused by teagiit butyl nitril rubber adhesive. Ac-
cording to the results of the DSC and TGA measungsiie butyl nitrile rubber starts to
decompose at 275°C and the phenolic resin decormpds50°C.

After infiltration with Si, the geometrical shapétbe preforms was preserved and no
further shrinkage was observed. Thus, the presappbach can be considered as a near-net-
shape forming process of ceramic parts [19].

XRD analysis after reactive infiltration revealdu tpresence of only two crystalline
phases, Si an@-SiC. The as-infiltrated SiSiC laminar compositesla density of 2.3
0.02 g cn®. According to the SEM micrographs presented o Bi the porosity was com-
pletely infiltrated with Si, however, a substantahount of unreacted carbon still remained.
The phase composition after infiltration as obtdifi®m stereological analysis of the SEM
micrographs (Image C Intronic GmbH, Germany) wagreximated to 18.3 vol% SiC, 75.4

vol% Si and 6.3 vol% of residual carbon.

Figure 4: Microstructure of the SiSiC compositéalirdted 1h at 1500°C and annealed for 1h.
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The Youngs modulus for the specimen infiltrated%2@0°C for 1h was determined as H65
7 GPa. The measured values of the elastic moddline dabricated SiSiC composites are in

good agreement with the predicted values for tepasite materials [20]:
Ecomp = Z Ei Vi
|

where Eis the elastic moduli of the constituents ands\the volume fractions. Using the

date for the plain phases{E167 MPa [20], Eic = 414 MPA [21] and Eassyc= 20 GPa

[22]) a Youngs modulus of 200 GPa is estimated¢ctving slightly higher than the experimen-
tal one due to a higher amount of residual carban bbtain by image analysis.

The infiltrated SiSIC composites obtained an averbgnding strength of 115 15 MPa,
which is in the same range as other SiC-materiahuigtured LOM of cast SiC-tapes
[11,12]. Fig. 5 shows the correlation between ther fpoint bending strength and the fiber
orientation of the specimen. A fiber orientationQ5frepresents a loading direction (tensile
stress) parallel to the fiber elongation, whereasméentation of 90° denotes a loading direc-
tion perpendicular to the fiber. A fiber orientatiof 0/90° was created by alternatively stack-
ing layers with fiber orientation of 0° and 90°.€lhending strength remained almost invari-
ant with changing the fiber orientation which migget announced with the high amount of Si
and the low fraction of SiC giving rise for a quastropic mechanical behavior. Hence fur-

ther development will be focused on reducing tlaetfon of Si and unreacted carbon.
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Figure 5: Bending strength vs. fiber orientation.
Fig. 6 shows the rise in flexural strength withrgesing SiC content. According to Fig 7
which show the influence of the preform porositytba phase composition of the component,
the maximum SiC content is reached with a prefoamogity of 42.7 vol%. The focus of fur-
ther research is on decreasing the preform pordwitynfiltration resins with high carbon
yield or SiC-slurries into the as LOMed componetdsncrease the SiC- content and improve

the mechanical properties.
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Figure 6: Flexural strength vs. SiC content
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Figure 7: Influence of preform porosity on the ph@omposition.

Conclusions
SiSiC composites with a laminar structure wereitated by Laminated Object Manufactur-
ing. Carbon sheets made from pitch fibers wereezbaiith an adhesive consisting of pheno-
lic resin and butyl nitrile rubber and processea ibOM-device, subsequently pyrolysed and
finally infiltrated with silicon melt. Due to thexaemely low dimensional changes, LOM of
carbon sheets followed by post infiltration procegscan be considered as a near net shape
manufacturing process. Reduction of residual Siameacted carbon is expected to give rise

for improving the mechanical properties of the LE&WIC composite materials,
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