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Abstract

Hot pressing (1000–1150 �C, 25 MPa, 15 min, argon atmosphere) was used to process unreinforced and carbon short fibre rein-
forced hydroxyapatite (20% fibre volume fraction). Due to the selected processing parameters, a fine grained crystalline calcium

hydroxyapatite matrix without any decomposition products and a close contact between the slightly curved surface of the carbon
fibres and the hydroxyapatite was realized. The nano- and microstructure of the hydroxyapatite and the composites is characterized
by Fourier transformed infrared spectroscopy, Raman spectroscopy, X-ray diffraction and high resolution transmission electron

microscopy. Ball-crater wear tests were performed with abrasive SiC particles to assess the sensitivity against microabrasion. The
reinforcement of calcium hydroxyapatite with carbon short fibres enhances the resistance against microabrasion. An additional 60
nm thick pyrolytic carbon coating on the fibres further improves the wear resistance due to prevention of the crack formation,
which can be induced by thermal expansion mismatch between reinforcement and matrix.
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1. Introduction

Calcium hydroxyapatite bioceramic is applied as a
coating on metallic prostheses in order to improve their
biocompatibility. Recent results from orthopaedic
implantation of hydroxyapatite coated hips lead to the
conclusion that the hydroxyapatite bony bonding
secures the implant.1 The majority of hydroxyapatite
coatings are deposited by the plasma spraying tech-
nique. Fu et al.2 gave evidence of the essential influence
of the microstructure of such hydroxyapatite coatings
on their wear resistance. They suggest a post-treatment
of plasma sprayed coatings like hot isostatic pressing
(HIP) to densify the microstructure, decrease the gen-
eration of wear debris and mitigate the wear. Changing
the microstructure of hydroxyapatite bioceramic is also
an important measure to expand the applicability of the
ceramic further. Due to the brittleness of synthetic cal-
cium hydroxyapatite, the bioceramic is only applicable
as a coating or under nonload bearing conditions.
However, because of the excellent biocompatibility of
hydroxyapatite, there are extensive efforts to improve
also its own mechanical properties. One possible
method is reinforcement with particles,3�5 short or long
fibres.6�8 Reinforced hydroxyapatite is expected to have
a considerably changed wear resistance in comparison
to the unreinforced bioceramic. Although, the wear
resistance of artificial materials in the body is of high
relevance, the tribological properties of hydroxyapatite-
based composites are only lightly illuminated at present.
The following study correlates the microstructure of
carbon fibre reinforced hydroxyapatite to the resistance
of the bioceramic against microabrasion. In addition to
modified processing parameters, the fibre–matrix inter-
face is tailored by a pyrolytic carbon coating.
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2. Experimental procedure

2.1. Processing of unreinforced and carbon fibre
reinforced hydroxyapatite ceramics

The starting materials for the processing of unrein-
forced and fibre reinforced hydroxyapatite are commer-
cial hydroxyapatite powder (2196, company Merck,
Germany) and carbon fibres of the type T 800 H (com-
pany Toray, Japan). The fibres are supplied as endless
bundles. An initial step of fibre desizing, a thermal
treatment under protective atmosphere in order to
remove the epoxy sizing on the fibres, is carried out. A
pyrolytic carbon coating (pyC) of 60 nm thickness is
deposited on a set of the endless fibres by chemical
vapour deposition (CVD) using gaseous hydrocarbon,
e.g. touloene, as a precursor.9 Subsequently, the endless
uncoated and pyC-coated carbon fibres are cut into
short fibres with a length of between 20 and 150 mm.
The fibre cutting is carried out in a planetary ball mill
(Fritsch ball mill) with 5 g fibres and 10 SiO2 balls with
a diameter of 20 mm. The ball surfaces were roughened
before the cutting process by milling them for 10 min
with abrasive SiC particles. The roughened balls and the
fibres were placed in 250 ml SiO2 cups and exposed to a
high rotation speed (step 8.5). The reached length of the
short fibres depends on the duration of the milling time.
For a fibre length of between 20 and 150 mm, a milling
time of 90 s is necessary.
Both, the hydroxyapatite powder and the uncoated or

the pyC-coated short fibres are mixed in a planetary ball
mill under gentle conditions. In the 250 ml cups, 17 g
hydroxyapatite and 2.28 g fibres (20 vol.% fibre rein-
forcement) as well as five SiO2 balls without a rough-
ened surface are given. A homogeneous powder mixture
(Fig. 1) is reached after 3 min mixing at rotation step 3.
Finally, bioceramic samples of cylindrical shape of 10
mm high and 30 mm diameter were sintered by hot
pressing under argon atmosphere in a hydraulic press.
The powder mixtures were added as loose powders to
the dies and heated up with a heating rate of 15 �C/min
to the sintering temperature of 1000, 1075 or 1150 �C.
After the sintering temperature was reached, the loading
with 25 MPa pressure took place for a time of 15 min.
Cooling rate of the samples was 30 �C/min. Using the
described parameters, ceramic cylinders of unrein-
forced hydroxyapatite, hydroxyapatite with uncoated
fibres and hydroxyapatite with pyC-coated fibres were
processed.

2.2. Characterisation of the microstructure

Phase identification of the unreinforced and carbon
fibre reinforced hydroxyapatite was performed using the
X-ray diffractometer URD 63 (company Seifert-FPM).
A diffraction angle range 2� of between 10 and 80 � was
used with a step width of 0.05 � and a measurement time
of 15 s by applying Co-radiation. Fourier transformed
infrared spectroscopy was performed with a spectro-
meter of the type Nicolet 510 at room temperature. The
spectra were recorded after the sintering process on
pulverized samples. The bioceramics were ground. The
bioceramic powder (1.5 mg) was mixed with 450 mg
KBr and pressed to pellets in an evacuated die with a
pressure of 25 MPa. Of this mixture 250 mg served as
material for recording FT-IR spectra. Furthermore,
Raman spectroscopy was carried out at room tempera-
ture with a spectrometer of the type Jobin Yvon T
64000. In the quasi-back scattering geometry of an Ar+

laser operating with a power of 200 mW, the hot pressed
samples were proven with 5 mW of the 514,5 nm line
over a spot of about 2 mm. The scanning electron
microscopy (SEM) investigations were made with a Carl
Zeiss DSM 960 apparatus. SEM investigations were
carried out at a voltage of 15 kV. For high resolution
transmission electron microscopy (HR-TEM), a Jeol
JEM 2010 FEF with an accelerating voltage of 200 kV
was used. Before the nano-structure of the materials was
characterised, thin samples were prepared by mechan-
ical and ion thinning. For better interpretation of the
mechanical properties, the porosity of the samples were
determined by quantitative analysis on polished surfaces
using light microscopy. On each sample, 10 measure-
ment fields of (250�250) mm2 were evaluated.

2.3. Microabrasion by ball-crater wear and hardness

The hardness of the samples was assessed with a
Vickers type diamond indenter using a Fischerscope
H100. The final load amounted to 1 N. Each sample
was tested 10 times for calculating the mean value and
the standard deviation. Before mechanical testing, the
Fig. 1. Powder mixture of 20 vol.% carbon fibres and hydroxyapatite,

SEM.
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surface of the samples was polished up to a finish of 1
mm with diamond paste.
Wear experiments were performed with a ball-crater

apparatus, the Calowear tester (CSEM Instruments,
Switzerland). Hereby, the abrasive wear of the samples
is caused by an abrasive fluid which consists of distilled
water and SiC-particles with an average diameter of
about 4 mm. This fluid is constantly supplied and drip-
ped on the balls surface. Due to the rotation of the steel
ball (diameter: 30 mm, sliding speed: 0.22 m s�1), the
abrasive fluid forms a continuous film on it. The weight
and the rotation of the ball transfers a normal and a
tangential force on the SiC particles which are able to
penetrate into the worn surface, scratching it and
removing material. For every measurement the sliding
distance was 33.3�0.07 m and the acting normal force
approximately 400 mN; which can be determined by a
loading cell beneath the sample (see Fig. 2). The geo-
metry of the formatted spherical wear crater is mea-
sured and used for the calculation of the wear coefficient
k. On every sample three measurements were carried
out. The wear coefficient k can be calculated according
Eq. (1).

k ¼
�b4

32LdFN
ð1Þ

k—wear coefficient (mm2 N�1), d—diameter of the
rotating ball (mm), b—diameter of the spherical wear
crater (mm), L—wear way (mm), FN—normal force
(N).
3. Results

3.1. Micostructural characterisation

Figs. 3 and 4 show SEM images of hydroxyapatite
with uncoated and hydroxyapatite with pyC-coated
carbon fibres. Although, there is no fibre agglomeration,
the distribution of the reinforcement is not completely
homogeneous. The polished cross-sections also reveal
the remaining porosity. Furthermore, in composites
with uncoated carbon fibres, a crack net is evident
which was not observed in the composites with pyC-
coated carbon fibres.
From X-ray diffraction, no decomposition of the

hydroxyapatite matrix or reaction product between the
carbon fibres and the calcium phosphate matrix were
detected after hot pressing the unreinforced and the
fibre reinforced hydroxyapatite at temperatures of
between 1000 and 1150 �C for 15 min (Fig. 5). The
XRD spectra matches with the ICDD PDF No. 9-432
Fig. 2. Schematic of the apparatus used for measuring the micro-

abrasion (CSEM Instruments, Switzerland).
Fig. 3. Polished surface of hydroxyapatite reinforced with uncoated

carbon fibres after hot pressing at 1000 �C: crack net! , SEM.
Fig. 4. Polished surface of hydroxyapatite reinforced with pyC-coated

carbon fibres after hot pressing at 1000 �C, SEM.
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for calcium hydroxyapatite exactly. No additional pha-
ses were detected. Infrared spectroscopy confirms a
similar composition of both, unreinforced and fibre
reinforced hydroxyapatite (Figs. 6 and 7). In addition to
PO4

3�, O–P–O and OH� as well as H–O–H, the IR-
spectra of all samples give evidence of the presence of
CO3

2� (absorption bands at 1420 and 878 cm�1) which
can substitute OH-groups in the calcium hydroxyapatite
lattice. The high crystallinity of all samples is proven by
the splitting of the band between 1040 and 1100 cm�1.
For unreinforced hydroxyapatite, the IR-spectra do not
change with hot pressing temperature (Fig. 6). How-
ever, for both the hydroxyapatite reinforced with
uncoated carbon fibres and that with pyC-coated car-
bon fibres, the intensity of the lines around 3500 and
1600 cm�1 decreases with increasing sintering tempera-
ture. This confirms the evaporation of crystal water
from the calcium phosphate matrix of the composites
Fig. 5. X-ray diffraction patterns of unreinforced hydroxyapatite, hydroxyapatite with 20 vol.% carbon fibres and hydroxyapatite with 20 vol.%

pyC-coated carbon fibres after hot pressing at 1150 �C.
Fig. 6. FT-IR spectra of unreinforced hydroxyapatite sintered at 1000, 1075 and 1150 �C.
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with increasing hot pressing temperature to an extent
that is not reached by the unreinforced hydroxyapatite.
The Raman spectra of all samples exhibit peaks at 964
cm�1 (symmetrical phosphate stretching) and 3575
cm�1 (OH stretching). The 964 cm�1 peak is sharp and
of high intensity which points to high crystallinity and
phase purity. In addition to hydroxyapatite, no other
calcium phosphates were detected by Raman spectro-
scopy. In the samples with carbon fibre reinforcement
(Fig. 8), the sp2-hybridized carbon gives additional
peaks at 1357 and 1596 cm�1. For both, the C/HA- and
the C(pyC)/HA-composites a very fine grained matrix,
Fig. 7. FT-IR spectra of unreinforced hydroxyapatite sintered at 1000, 1075 and 1150 �C.
Fig. 8. Raman spectra of the carbon fibre reinforced hydroxyapatite sintered at 1000, 1075 and 1150 �C.
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excellent fibre–matrix contact without microspaces at
the interface and no reaction products were observed by
TEM (Figs. 9 and 10). In C/HA and C(pyC)/HA com-
posites, ‘‘void type’’ defects within the hydroxyapatite
grains are located some 10 nm away from the fibre–
matrix interface (Fig. 11).

3.2. Wear behaviour under microabrasive conditions

Two essential influences on the hardness of hydro-
xyapatite are porosity and grain size. As the grains are
in the nano-meter scale for all tested materials, a posi-
tive effect on the hardness is expected. For the unrein-
forced hydroxyapatite the porosity was of 3.5�0.18%
after hot pressing at 1000 �C, 3.1�0.19% after sintering
at 1075 �C and 0.5�0.09% after hot pressing at 1150 �C.
For hydroxyapatite, a sintering temperature for reach-
ing maximum density has been proposed.10 Above this
temperature, the calcium hydroxyapatite starts to
decompose which results in a rapidly decreasing density.
As confirmed by the microstructural investigations,
decomposition of the hydroxyapatite did not occur
under the chosen process parameters. In accordance to
the unreinforced hydroxyapatite, the measured porosity
of carbon fibre reinforced materials declines from
2.9�0.92% after hot pressing at 1000 �C to 0.7�1.4%
after hot pressing at 1150 �C with only minor differences
to the composites with pyC-coated fibres.
The hardness of the hydroxyapatite with 20 vol.%

carbon fibres is of between 0.34 and 0.53 GPa and
about one half lower in comparison with the hardness
of the unreinforced ceramic which is between 0.74 and
0.63 GPa (Table 1). The distance is attributed to the
much lower resistance of sp2-hybridised carbon against
the indentation of the Vickers diamond.
Although, the hardness of the reinforced hydroxy-

apatites is lower in comparison with the unreinforced
calcium phosphate ceramic, the resistance against
microabrasion of the composites is improved. As evi-
dent from Table 1 and Fig. 12, the wear resistance of the
hydroxyapatite with uncoated carbon fibres increases by
about 50% in comparison to the unreinforced ceramic,
while composites with pyC-coated fibres show even
better results. The wear coefficient of this composites is
reduced up to 90% in comparison with unreinforced
Fig. 10. Coated carbon fibre and hydroxyapatite after sintering at

1000 �C, HR-TEM.
Fig. 11. Uncoated carbon fibre and hydroxyapatite after sintering at

1000 �C, HR-TEM.
Fig. 9. Interface between carbon fibre and hydroxyapatite matrix,

TEM.
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hydroxyapatite. With increasing hot pressing tempera-
ture, the wear coefficient increases for the unreinforced
bioceramic. It can be considered as approximately con-
stant for the calcium phosphates with uncoated fibres.
For the hydroxyapatite with pyC-coated fibres, there is
a strong improvement of the wear resistant with
increasing sintering temperature.
Figs. 13 and 14 show the worn surface of unreinforced

hydroxyapatite sintered at 1000 �C. There are crater-like
traces and scratches visible which roughen the pre-
polished surface. Scratches and tiny crater-like traces
are also evident on the worn surface of the fibre rein-
forced hydroxyapatite (Fig. 15). However, the scratches
are shorter in comparison to the unreinforced ceramic.
In contrast to the brittle dense hydroxyapatite matrix of
the composites, there are no wear traces and damage
visible on the fibre surface. A few hundred nanometer
thick layer of hydroxyapatite remains on the surface of
the fibres (Fig. 16), but the more brittle hydroxyapatite
is worn away around the fibres, even through, the fibres
have a close interfacial contact to the matrix. The same
observations can be made on the composites with
pyC-coated fibres (Fig. 17).
4. Discussion

In general, the reinforcement of hydroxyapatite with
20 vol.% carbon fibres improves the resistance of the
bioceramic against microabrasion if the microstructure
of the composite is adapted. Although, the graphitic
carbon fibres have a lower hardness in comparison to
the hydroxyapatite ceramic, they have a higher damage
tolerance. In the brittle hydroxyapatite matrix, cracks
move progressively and the size of critical defects, which
are starting points for crack propagation, is low. The
atomic and microstructural build up of graphite allows
Table 1

Hardness and wear coefficient of the unreinforced and short fibre

reinforced hydroxyapatite
Sample
 Sintering

temperature

Ts (
�C)
Hardness

(GPa)
Wear coefficient

k (10�5 mm�2 N�1)
Hydroxyapatite
 1000
 0.73�0.02
 0.155�0.053
1075
 0.64�0.01
 0.156�0.041
1150
 0.63�0.01
 0.177�0.047
Hydroxyapatite

with uncoated

carbon fibres
1000
 0.34�0.01
 0.078�0.029
1075
 0.53�0.02
 0.087�0.025
1150
 0.43�0.01
 0.079�0.033
Hydroxyapatite

with pyC-coated

carbon fibres
1000
 0.34�0.01
 0.073�0.016
1075
 0.50�0.02
 0.054�0.022
1150
 0.42�0.01
 0.019�0.012
Fig. 12. Wear coefficient of calcium phosphate ceramic and compo-

sites: HA: unreinforced hydroxyapatite, C/HA: carbon fibre reinforced

hydroxyapatite (carbon fibres without coating), C(pyC)/HA: carbon

fibre reinforced hydroxyapatite (carbon fibres with additional

pyrolytic carbon coating).
Fig. 13. Unreinforced HA, Ts=1000 �C: worn, surface, SEM.
Fig. 14. Scratches and craters on unreinforced HA, SEM.
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energy dissipation without a destruction of the lattice.
The basal graphitic planes can be shifted against each
other easily without generation of defects. As observed
on the worn surface, the carbon fibres are more resistant
against the indentation of the microparticles during the
wear test.
The phase composition of the unreinforced and the

fibre reinforced hydroxyapatite was identified as similar.
No decomposition products were found and the calcium
hydroxyapatite, which showed evidence of carbonate
substitution, consists of fine crystalline grains without
any amorphous fraction. A slight difference is observed
between unreinforced and carbon fibre reinforced
materials. FT-IR measurements confirmed promotion
of the loss of crystal water in all composites. It is
reported, that the presence of reinforcements in calcium
hydroxyapatite promotes the decomposition.11,12 Because
dehydroxylation is considered as a preliminary stage of
decomposition, the measured loss of crystal water is an
additional hint to this phenomenon.
Although, microstructural features like the fibre

volume fraction, the porosity or the matrix phase com-
position are similar for the hydroxyapatite with uncoa-
ted and with pyC-coated carbon fibres, the sensitivity
against microabrasion is clearly different. A micro-
structural feature which is dissimilar is the crack net,
which was only observed in hydroxyapatite with uncoa-
ted fibres. The symmetry structure of hydroxyapatite
leads to an anisotropy in the thermal expansion coeffi-
cient.13 The reported thermal expansion coefficient
along the crystallographic axes vary from �a=14.1�10�6

K�1 and �c=21.9�10�6 K�1 14 to �a=11.8�10�6 K�1

and �c=11.4�10�6 K�1.14 Due to this thermal expan-
sion anisotropy of the crystalline lattice, already sin-
tered hydroxyapatite can have a high density of internal
defects. Additionally, there is an immense difference
between the thermal expansion coefficient of hydro-
xyapatite and the carbon fibres. The thermal expansion
coefficient of carbon fibres is of between �0.1 and
+1.0�10�6 K�1. This drastic difference in thermal
expansion leads to the observed crack net in the com-
posites with uncoated fibres. In the case of a reinforce-
ment with pyC-coated fibres, no crack net occurs.
Obviously, the internal stresses can relax due to the
interfacial pyrolytic carbon layer. The microstructure of
this carbon layer differs from the oriented graphitic
carbon in the fibres. In the pyC-coatings the graphitic
basal planes of sp2-hybridised carbon are oriented iso-
tropic without any preferred orientation. In the case of
such an isotropic orientation, a sufficient amount of
Fig. 15. Carbon fibres in HA matrix, Ts=1000 �C: worn surface,

SEM.
Fig. 16. Uncoated carbon fibre in HA, SEM.
 Fig. 17. Carbon fibre with pyrolytic C-coating in HA, SEM.
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basal planes are positioned in a way which allows stick–
slip effects, which are nano- or micro-movements
between the basal planes. These stick–slip effects lead to
a certain damage tolerance and buffer the stresses
during the cooling of the composite.
As mentioned before, for all composites the resistance

against microabrasion is improved. However, the com-
posites with the pyC-coated fibres achieved the best
results. A crack net eases the fracture of the brittle
ceramics due to the impact of abrasive SiC-particles and
with this the wear. The ability to reduce internal stresses
by a stress consuming pyrolytic carbon coating and the
subsequent absence of defects like cracks is a possible
reason for the reduced sensitivity against wear.
5. Conclusions

Hot pressing at adjusted parameters (1000–1150 �C,
25 MPa, 15 min) allows the processing of a fine grained
crystalline calcium hydroxyapatite matrix without any
decomposition products. At the fibre–matrix interface, a
close contact between the slightly curved fibre surface
and hydroxyapatite grains was achieved, but no reac-
tion occurred.
The reinforcement of calcium hydroxyapatite with 20

vol.% carbon short fibres positively improves the resis-
tance against microabrasion. Additional improvements
of the wear behaviour can be reached, if the micro-
structure is optimised. A critical factor seems to be the
mismatch between thermal expansion of reinforcement
and matrix. In the case of carbon fibres with preferred
orientation of the graphitic basal planes, a 60 nm thick
buffer layer of pyrolytic carbon with an isotropic orien-
tation of the sixfold carbon rings is advantageous and
successful in preventing crack formation. Composites
with pyC-coated carbon fibres reached the best wear
resistance.
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