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Abstract. Biomorphic silicon carbide ceramics are light, tough and high-sttemgtterials with
interesting biomedical applications. The fabrication method of the bgmw§6iC is based in the
infiltration of molten-Si in carbon preforms with open porosity. Thel fpraduct is a biostructure
formed by a tangle of SiC fibers. This innovative process allowfatirecation of complex shapes
and the tailoring of SiC ceramics with optimised properties andaitaitie microstructures that
will match the biomechanical requirements of the natural hosietigsn interdisciplinary approach
of the biomorphic SiC fabricated from beech, sapelly and eucalyppuesented. Their mechanical
properties, microstructure and chemical composition were evaluatedhiddmmpatible behaviour
of these materials has been testedtro.

I ntroduction

In the last decades many materials have been developed and improveedfoal applications,
such as metals, ceramics, glasses, polymers and compositedidnlgrathere has been a recent
interest in the research and development of biomaterials from Inbitbiegical structures with an
open porosity. The challenge of the implant technology is to get ligidaéerials, with enhanced
mechanical properties, wear resistance and with better biological response.

Biomorphic silicon carbide ceramics are very promising as @alabase material for dental
and orthopaedic implants due to their unique mechanical and microstrustaperties. This
innovative material is produced by molten-Si infiltration of carborptatas obtained by controlled
pyrolysis of wood [1]. This innovation introduces two beneficial factinst, the versatility for the
fabrication of complex shapes, because it will only require the repagbithe wood template, and
secondly, the high strength and toughness associated with the fibrous ofatbe wood. The
biodiversity of the natural grown wood structures offers a largetyanf templates with different
porosity and morphologies [2]. The SiC ceramics retain the miaotgtal details of the
biostructure derived carbon preforms and it allows the tailoringwida range of SiC ceramics
with optimised microstructure and properties close to those ofdbeetito be repaired. The final
product is a light, tough and high-strength material, with controlladiéeostructure, that mimics
the starting wood fibrous structure that has been perfected by natural evolution.

Presented in this work is an extensive study on the physico-cheamcalmechanical
properties, as well as the biocompatible behaviour of biomorphic S#thaey obtained from three
selected woods.
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M aterials and methods

Biomorphic SiC has been obtained from beech, sapelly and eucalyptus wbedsaniples are
pyrolyzed in an argon atmosphere at 1000°C with well-controlled heatthgaoling ramps. The
porous carbon preforms are then infiltrated with liquid silicon in vacuAmsubsequent
spontaneous reaction forms SiC [1].

Room temperature crushing strength experiments were perfornmgdausniversal mechanical
testing machine. Compressive rates were 2»d0on 5x2x2 mm samples tested along their longer
axis. Specimens were cut for testing both parallel (axial)p@npendicular (radial) to the direction
of growth of the wood.

In order to assess possible adverse physiological effects Ioodyegin vitro tests were carried
out by soaking the SiC ceramics in 1,5 ml of Simulated Body FluidF$8 at 37°C for 1 week.
Chemical analyses of the SiC ceramics and the fluids fod#mification of the composition and
the trace element content by Energy Dispersive X-Ray SpegppgEDS), X-Ray Fluorescence
Spectrometry (XRF), X-Ray Photoelectron Spectroscopy (XPS) andtivelycCoupled Plasma
Mass Spectrometry (ICP-MS) were performed. Cytotoxicity wasessed performing a solvent
extraction test according to ISO 10993 standards, using PVC and Thermsnmositive and
negative controls respectively. MG-63 osteoblast-like cells weyen to confluent layers in 96-
well tissue culture plates and tested against different coatiens of the extracts for 24 hours. The
cell viability was assessed by determining the reduction of MiE&suring the absorbance in each
of the wells.

Results and discussion

Figure 1 shows the microstructure of the three Bio-SiC matetséd in this study. Different
porous size and porosity grade can be observed. The biomorphic microstresemeles the
cellular microstructure of bone, and this type of large porosity ecoajribute to the vasculature of
the repaired tissue around the implant, providing a route for migratiastebgenic cells and,
consequently, new bone formation within the implant.

500 pm

Fig. 1. SEM cross-sections of Bio-SiC materials from (A) sapelly, (B)taed (C) eucalyptus wood.

Table 1 presents the densities of the woods, the carbon preforms atehsity of the SiC
skeleton, which controls the mechanical properties of the matemiat. lkars are assessed to be less
than 5%.

Depending on the amount of remaining

Si filling the porosity of Bio-SiC, the bulk Table 1. Densities of Bio-SiC

density of the material can vary. When a Density (g.cri?)

porosity is filled with Si these three Bio-SiC Wood Carbon Sic

materlal_s reach a density of approximate Sapelly 0.61 0.36 115

2.0 g.cn®. Recent developments have show

that unreacted Si can be removed K Beech 0.70 0.48 1.42
u Eucalyptus  0.79 0.58 1.57

appropriate chemical treatment. If al
porosity is empty, then the density is that
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shown in Table 1 as SiC.

As demonstrated, an important advantage of this process is the lgggsiline the density of
this material in a wide range (1,15 — 2 gdmBiomorphic SiC is defined as a light material,
because its density is very low in comparison with the literatakges of the theoretical density of
SiC (3.21 g.crif) and both medical-grade Ti (4,51 g:&hand Ti-alloy (4,42 g.ciP).

The room-temperature crushing
strgngths of the threg types O.f B'.O'S'C' ! Table 2. Crushing Strength results
axial and perpendicular direction arg
included in Table 2. For comparisor Strength (MPa)
purposes, literature crushing strengths Axial Radial
cortical bone, and both medical-grade Ti ary Bone[e] 195 135
Ti-alloy are shown. Ti [7] 310 --

As observed, the microstructure an Ti-6Al-4V [7] 880 --
mechanical properties of the material can | Sapelly 1070+ 200| 105+ 20
tailored by an appropriate wood precursq Beech 1160+ 300| 530+ 100
selection. From the material science point ¢ Eucalyptus | 1175+ 400| 165+ 60
view, the bulk properties of this material will
match the biomechanical requirements of a
particular type of natural host tissue thg  Table 3. Chemical composition of Bio-SiC
should be repaired. _

Concerning the chemical composition o Element 5= B'OS'Z'OCelgpe T
these ceramics, EDS analyses show that't R xPsTXRE XPsTXRE - XPS
biomorphic material is a composite of a Si( A X < x | x X
skeleton with small amounts of unreacted § B X X
and C. Recent studies conclude that tf c X XX X1 x X
residual silicon does not present advers (é‘";‘ X X X X § X
physiological effects in the body; Si is safel cu X X XX
excreted through the wurine and n Fe X X X
accumulation was found distributed in th K X X X
major organs [4]. Table 3 shows the XR ,\L/l";‘] §
and XPS analyses of the three SiC types. T N X X X
elements identified by both techniques al Na X X X X
marked in grey. The measurements reve O X X X
the majority presence of Si and C. Sma 2 i § i
amounts of Ca were found in all sampl€ Si X X X X X X
and, in some cases, Al, Cu and Na. Oth Ti X X X
trace elements were also identified in vel Zn X
low concentrations.

The biocompatible
behaviour of this material has Table 4. Release test of Bio-SiC (mg/l)
been tested by soaking the Sid
ceramics in Simulated Body Element SBF Beech Sapelly  Eucalyptus
Fluid. Table 4 shows the ICP- Al 0,014 0,007 0,005 0,004
MS analyses of the SBF fluids ca 93 104 97.8 86,4

: , Cu 0,01 0,375 0,097 0,166
after one-week immersion of Fe <0,005 <0,005 <0,005 <0,005
the Bio-SiC materials. The P 37,1 32,4 33,8 32,3
SBF element concentrations g 0456629 ggg 45639 048'29

[ : : : :
used as reference values af Ti <0,005 | <0.005 <0005 <0,005
also shown. Only weak signald
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related to the release of Si and Cu until reaching concentratioesval the order of ppm were
observed. Most of the elements remain unchanged within experimemtal érerefore, it can be
concluded that no important dissolution rate of these materials igvetlsand no adverse
physiological effects in the body are expected.

Figure 2 summarises the result of a representative solveatiom test. Cells incubated with
the biomorphic SiC extracts at different concentrations showed ityatates similar to those
obtained for the negative control. Only a slight decrease inaelltg could be observed when the
eucalyptus and sapelly extract concentrations were 100%.

1,2 -
1 i
o T B Thermanox
o 0,84
g OBeech
5 0,6 B Eucalyptus
N 0O Zapell
2 04 pety
gpPvC
0,2 1 J:'L
0 ,
0 10 20 30 50 100
Extract concentration (%)
Fig. 2. Solvent extraction test using PVC and Thermanox as positive |and
negative controls, respectiv.

This interdisciplinary study demonstrates that biomorphic SiGroesaare promising materials
for medical applications. Moreover, these ceramics can be sudbesshted with a bioactive glass
layer [5], which will improve the biological response of this new product.

Conclusions

Biomorphic SiC ceramics appear as an interesting alternativié implants, by showing higher
biomechanical requirements and lower density. Timevitro biocompatible behaviour of the
biomorphic SiC obtained from three selected woods is demonstrated.
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