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Abstract

Carbon-carbon composite plates with three differ-
ent reinforcement styles were manufactured and
tested for mechanical properties and biocompatibility
in view of their application as implants in bone sur-
gery. Their stress state under load on bending was
simulated by the Finite Element Method. The shape
of the plates was designed to match the pig femur.
The reinforcement was made of plain-weave carbon
fabric lamina by stacking, coiling, or combination of
both. Phenolic resin was used both as a precursor of
the matrix and an impregnant. After final heat treat-
ment at 2200°C a layer of pyrolytic carbon was de-
posited to reduce the formation of carbon particles.
The plates with combined reinforcement yielded higher
bending strength and lower stiffness on bending than
those of human bones. Biocompatibility of the mate-
rial was tested using "in vitro" and "in vivo" tests. The
FEM stress distribution simulation yielded a good
agreement of the failure location and bending strength
value with the experimental data.
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Introduction

Progress in bone surgery is closely connected with the
development of new materials used as connecting elements
of fractured bones (i.e. bone fixation plates). The currently
widely used metallic plates made of high-grade steel ex-
hibit some disadvantages such as high rigidity that causes
slow healing and may lead even to bone atrophy [1,6,7].
New materials exhibiting sufficiently high mechanical
strength but considerably lower rigidity than metallic plates
may eliminate this disadvantage. Among them, CFRP com-
posites (carbon-fibre-reinforced polymer, e.g. carbon fibres
embedded in an epoxide matrix) [6,7] and CFRC compos-
ites (carbon-fibre-reinforced carbon, carbon-carbon com-
posites) play an important role. Preparation routes and prop-
erties of CFRP composites are already relatively well known
but the carbon-carbon composites are still under develop-
ment as they seem to be promising due to their excellent
biocompatibility with tissue, blood and bones [2, 3]. Moreo-
ver, their mechanical properties can be adjusted by choos-
ing properly the processing parameters and optimising the
reinforcement design. For this purpose, a numerical stress
analysis (e.g. finite element method, FEM) can yield useful
data.

The present study discusses carbon-carbon composite
plates manufactured in three different reinforcement

modes. They were tested for mechanical properties and
biocompatibility from the viewpoint of application as implants
in bone surgery, and their stress state under flexural load-
ing was simulated by FEM.

Material and methods

The carbon-carbon composite plates were manufactured
using carbon fabric plain-woven reinforcement with area
density 273 g/m?and phenolformaldehyde resin matrix pre-
cursor.

The process consisted in soaking the fabric with an etha-
nol solution of the resin Umaform (product of SYNPO
Pardubice, Czech Republic) and making a CFRP ("green")
composite by curing the preform at 120°C in an autoclave
in a silicon rubber mould under the pressure of 0.6 MPa.The
green composites were converted to carbon-carbon ones
by carbonisation up to 1000°C. They were further densified
by several repeated cycles of impregnation with Umaform
and recarbonisation, followed by final heat treatment to
2200°C and covering with a thin layer of pyrolytic carbon [4]
in order to prevent dusting-off carbon microparticles under
loading.

It was necessary to match the desired shape of the bone
plate (FIG.1).
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FIG.1. Dimensions of plates

Moreover, the complex loading pattern of the bone plate
after its implantation to a fractured femur of pig required
optimisation of the reinforcement layout. Therefore, three
different arrangements were tested and compared: a) sim-
ple stacking of parallel fabric layers, b) coiling (winding)
around the axis parallel to the plate length, and c) combina-
tion of the above-mentioned: coiling around a stack of three
parallel layers that form a core.

Biocompatibility of the composite was tested by "in vitro"
and "in vivo" tests.

The former consisted of a direct contact test (prolifera-
tion of cells on the tested material) and an extract test (meta-
bolic activity of cells culture in medium containing liquid
extracts from the composite material).




The latter consisted of a histological study of surround-
ing tissue and capsule of implants which were subcutane-
ously implanted in rats (after 5 days, 1 and 2 months) and
to an artificial defect in the pig femur (after 5 and 12 weeks).

From the mechanical viewpoint, the investigated plates
were subjected to the three-point bending test to assess
the plate strength and stiffness. The three-point bending
arrangement to fit the INSTRON 1185 tensile test machine
was employed. Due to the irregular plate shape, the elastic
response of the plates was expressed as their stiffness on
bending (i.e. product E | of the Young's modulus and the 2
moment of the cross-sectional area) according to the for-
mula
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where: / - support span,

v- plate deflection at load F acting at the centre of
the plate length.

The values of open porosity and apparent density were
measured by the water penetration technique according to
ASTM C-20 standard.

For FEM numerical simulation of the stress state exerted
in loaded composite plates, a special set of experiments
was performed to obtain necessary input data. Here, the
bending strength was measured with the plates fixed by
cortical screws to two aluminium alloy tubes. The purpose
of thus chosen arrangement was to simulate real loading
conditions of the plate mounted to a fractured femur. The
bending moment causing plate failure was used for the simu-
lation and the failure mode obtained experimentally was
compared with the calculated stress distribution at failure.

Results

Biocompatibility tests "in vitro”

During the direct contact test the composite material ex-
hibited very good cell population density and the cell prolif-

Biocompatibility tests "in vivo"

The composite samples implanted to rats induced a for-
eign-body response and they were surrounded by a con-
nective tissue capsule. The same histological feature was
observed, however, also in the case of the titanium refer-
ence implant. A variable number of carbon particles were
found in the pig tissue in the vicinity of the implants. These
debris were located even inside the compact bone adja-
cent to the implant. The implants and debris induced a for-
eign-body response accompanied with an extensive infil-
tration of the implant surrounding tissue by acid phosphatase
positive macrophages and foreign-body giant multinucle-
ated cells.

Mechanical properties

Results of the measurements of structural and mechani-
cal properties of the bone plates in function of the reinforce-
ment style are presented in the TABLE 1.

The composite plates manufactured according the three
above-mentioned reinforcement techniques varied in their
performance. Those produced by the simplest technique of
stacked lamina (a) lacked any mechanism of out-of-plane
reinforcement. Moreover, numerous matrix-rich regions with-
out fibres were observed by inspection under optical micro-
scope (Nikon Optiphot 100 S). The composite plates ob-
tained by coiling the fabric reinforcement (b) revealed im-
proved stiffness but they contained an enhanced amount of
voids.

The best results were obtained with the plates prepared
by a combined technique (c). They had the lowest open
porosity and the highest apparent density.

Stiffness and strength analysis of the investigated plates
were performed using the FEM code COSMOS/M (version
2.0). Due to the existence of 2 planes of symmetry, the con-
structed model represented only a quarter of the real body
(FIG. 2). It contained the screw holes includihg the counter-
sinking. The model consisted of the 8-node multilayer three-
dimensional solid elements SOLIDL in the total number of
1728. It was loaded by a bending moment M, = 600 N'mm
induced by a force acting at the distance 30 mm from the xy
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TABLE 2. Stresses in the C/C plate corresponding to the
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FIG.2. Model of the C/C plate

For the strength analysis, the "maximum stress" crite-
rion was used due to the lack of data required by the
Tsai/Hill strength criterion. It was established experimen-
tally that the investigated plate failed at the xy plane of sym-
metry when reaching the 18400 N'mm bending moment.
The latter corresponded to the maximum strength in bend-
ing reaching approximately 170 MPa. The stress values
calculated in selected nodes for the given bending moment
at failure are listed in TABLE 2.

The maximum positive (tensile) stress is located at the
xy plane of symmetry. Its value (184.3 MPa) is very close to
the bending strength found experimentally.

Discussion

Our results demonstrated that the C/C composite can
be a good support for attachment and growth of cells "in
vitro". From immunohistological and histological results it is
obvious that C/C composites implanted subcutaneously to
rats induce a foreign-body response fully comparable with
titanium, the biomaterial commonly used in clinical prac-
tice.

The application of the C/C implant to the pig bone was
complicated by a high amount of carbon debris in the sur-
rounding tissue. The observed C/C composite wear may
be caused by mechanical loading of the plate during its fixa-
tion with metal cortical screws, because the rat tissue sam-
ples surrounding the subcutaneous implants did not con-
tain any carbon debris.

Both the structure and mechanical behaviour of the in-
vestigated carbon-carbon composite plates can be to a con-
siderable extent controlled by a suitable design of their fab-
ric reinforcements. It is desirable to minimise the non-rein-
forced volume as well as redundant void content of the
plates. This can be achieved by using the combined
(stacked/coiled (c)) reinforcement style. The bending
strength (240 MPa) reached in such a way is higher than
the value given by Evans [5] for human bones (100 - 150
MPa). The stiffness on bending of the mentioned bone plate
E.l (2.6 1106 N'mm?) is about 25 times lower than that of the
bone, calculated from its known modulus of elasticity.

The FEM stress distribution simulation yielded a good
agreement of both, failure location and bending strength
value, with the experimental data.

Conclusions

It has been shown that it is feasible to manufacture bone
plates of carbon-carbon fibre composites whose bending
strength is higher and stiffness on bending is lower com-
pared to those of human bones. Such a combination of
mechanical properties is promising for eliminating some
unfavourable consequences of using high-grade steel plates
(slow healing, danger of the healed bone atrophy). Further
work is needed, however, to cope with the problem of the
minute carbon particle release from the plate into the tis-
sue.
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