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Carbon-nanotubesCNTd-reinforced hydroxyapatite composite coatings have been fabricated by
laser surface alloying. Microstructural observation using high-resolution transmission electron
microscopy showed that a large amount of CNTs remained with their original tubular morphology,
even though some CNTs reacted with titanium element in the substrate during laser irradiation.
Additionally, measurements on the elastic modulus and hardness of the composite coatings indicated
that the mechanical properties were affected by the amount of CNTs in the starting precursor
materials. Therefore, CNT-reinforced hydroxyapatite composite is a promising coating material for
high-load-bearing metal implants. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1951054g

HydroxyapatitesHA:Ca10sPO4d6sOHd2d is widely pre-
ferred as a biomaterial that has attracted great attention
mainly because it has a crystallographic structure similar to
apatite crystallites in living bone tissues,1–3 and therefore it
has osteoconductive and bioactive properties that promote
rapid bone formation and strong biological fixation to bony
tissues.4 Furthermore, the special structural characteristics of
single crystal HA, namely, dipolar-type defect chemistry,
render it extremely interesting dielectrics of a new functional
material.5 Unfortunately, its usage under high load-bearing
conditions is restricted due to its brittle nature and poor
strength.6 Hence, there is a need for increasing the mechani-
cal properties of these materials suitable for clinical applica-
tions. The problem can be solved through either fabricating
fibrous HA-reinforced polysethylene oxided composites7 and
HA whiskers-reinforced high-density polyethylene
composites,8 exhibiting improved mechanical properties, or
applying HA as a covering material for titanium or other
metal used in implants, in which the biocompatibility is as-
sured by HA while the mechanical aspects are provided by
the metal-matrix material.9 Considerable efforts have been
made in resent years to develop HA coatings10–13 or HA-
based composite coatings that are reinforced with bionert
ceramics such as zirconiasZrO2d14 by a plasma spraying
technique. Although many experimental studies have illus-
trated that plasma sprayed hydroxyapatite coatings on a
metal substrate can induce a direct chemical bond with bone
tissues and hence achieve biological fixation of the implants,
the bonding strength of the HA /metal interface has been a
important point of potential weakness in prosthesis.15 As is
known, carbon nanotubessCNTsd possess excellent mechani-
cal properties and chemical stability which result from their
cylindrical graphitic structure. It is worth noting that carbon

is one of known fundamental elements in the development of
life on the planet Earth.16 Therefore, hydroxyapatite coating
reinforced with CNTs might have excellent properties in-
cluding high strength and excellent bioactivity. Additionally,
metallurgical bonding of coating/substrate can be obtained
by laser surface processing, improving effectively the bond
strength of HA/metal. In this letter, the laser surface alloyed
CNTs reinforced HA bioactive composite coatings are re-
ported, in which the CNTs with their original tubular mor-
phology dispersed in the HA matrix, and the properties of the
bioactive coating have been improved.

Commercially hydroxyapatite powder with an average
particle size ranging from 30–50mm and the commercially
multiwalled CNTs with a diameter from 20–40 nm and the
length from 5–15mm were selected as starting precursor
materials for fabricating CNTs reinforced hydroxyapatite
composite coatings by a laser surface alloying technique.
The CNT powder was cleaned in acetone and dehydrated at
473 K before mixing with hydroxyapatite powder. The pow-
der mixtures were mechanically ball milled together in four
different weight proportions, namely 0%, 5%, 10% and 20%
CNTs. The substrate used for the coatings was of Ti-6Al-4V
with a dimension size of 6033035 mm. Prior to laser sur-
face alloyed composite coatings, the substrates were pre-
heated to reduce the residual thermal stress. The experiments
of laser surface alloying were carried out using a HL2006D
Nd:YAG laser, and the laser processing parameters were
selected as: Laser outpower 400 W, beam diameter 4.0 mm
and the beam scanning speed 4 mm/s. Microstructure was
characterized using high-resolution transmission electron mi-
croscopy sHRTEMd in a JEM-2010 operating at 200 kV.
Phase constituents of composite coatings were analyzed by
x-ray diffractionsXRDd using a Rigaku D/max 2200 diffrac-
tometer with CuKa radiation operated at a voltage of 40 kV,
a current of 40 mA and a scanning rate of 5° /min. Nanoin-
dentation tests were conducted using a MTS Nano Indenter®
XP with a Berkvich diamond tip. Hardness and elastic modu-
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lus of the coating were measured as a function of indentation
depth using a continuous stiffness measurement Method.

Figure 1 shows XRD results of the laser surface alloyed
coating with a powder mixture of HA-10% CNTsswt %d,
which can be clearly seen that the phase constituents of the
coating are the HA, CaO, TCP, and TiC. The results indicates
that the CNTs have reacted partially with Ti, from Ti-6Al-4V
substrate, to form TiC, and HA has partially decompose into
CaO and TCP. It is well known that the titanium element has
a much larger negative heat of formations184.0 J/mold with
carbon than that of other elements in the laser-generated
pool, suggesting that Ti and C have the largest driving force
to form TiC. Therefore, the reaction of Ti with C is favored
during the laser surface alloying. Also, the temperature of the
laser-generated pool is higher than the melting point of HA
s1450 °Cd, leading to the decomposition of HA to form
a-TCP and TTCP. Being an unstable phase at room tempera-
ture,a-TCP naturally transforms tob-TCPsa stable phase at
room temperatured at about 1100 °C.17 As for the TTCP
phase, it would further decompose to form HA and CaO.18

Transmission electron microscopysTEMd and HRTEM
observations are conducted to confirm the existence of CNTs
in the laser surface alloyed coating, and the images are
shown in Fig. 2. Figure 2sad shows a typical tubular mor-
phology of as-prepared CNTs. Figure 2sbd shows the typical
morphology of residual CNTs in the coating. It is obvious
that some CNTs with their originally tubular structure can be
observed after laser surface alloying. Furthermore, the se-
lected area diffraction pattern in the matrix of the coating
shows that the matrix is hydroxyapatitefFig. 2scdg. HRTEM
observation is employed to investigate further the detailed
structure of CNTs in the coating, as shown in Fig. 2sdd. It is
clearly seen that CNTs still keep their cylindrical graphitic
structure due to the high thermal stability and the high
chemical stability of the CNTs.19,20 According to the above
results, the CNTs have been successfully introduced into the
HA matrix using laser surface alloying.

In the present work, nanoindentation was used to study
the variation of the physical properties of laser surface al-
loyed coatings with different CNT content. As shown in Fig.
3, It displays that the load increases with increasing content
of carbon nanotube in the powder mixtures, indicating that

the higher the content of carbon nanotube, the higher the
hardness and the elastic modulus. After removal of the in-
denter tip, the plastic deformation of CNT-free coating is
about 1480 nm, while 1290 nm for the HA-20%CNTs coat-
ing. This means the CNT-free hydroxyapatite coating under-
goes a larger plastic deformation during nanoindentation ex-
periments. The average hardness and modulus for these
coating are indicated in Table I. It shows that the hardness of
these coatings increases with increasing of CNT content. It is
well known that the CNT is one of the stiffest structures ever
made21 and TiC has higher hardness. Therefore, the residual
CNTs and thein situ formation of TiC in the hydroxyapatite
matrix, especially the residual CNTs, have an effective
strengthening role. It has been reported that the value of the

FIG. 1. XRD patterns of the laser surface alloyed coating with a powder mixture of HA-10%CNTswt %d.

FIG. 2. TEM image showing the typical morphology of as-prepared CNTs
sad, residual CNTs in laser surface alloyed coatingsbd, the selected area
diffraction pattern of HA in the direction off0001g scd, and HRTEM image
of the CNT distributed in the coatingsdd.
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elastic modulus of CNT is as high as approximately 1.8
TPa,21 which is much larger than that of hydroxyapatite.
Generally, the addition of small content residual CNTs can
cause the notable increase in the elastic modulus of these
CNTs reinforced hydroxyapatite coatings according to the
simple rule of mixtures. The relative changes in hardness and
modulus,sY-YHd /YH sYH is the parameters of the CNT-free
coating,Y are the parameters of the CNTs reinforced coat-
ingsd are shown in Fig. 4. It is clearly seen that the addition
of CNTs does not have a strong effect on the value of modu-
lus of these coatings. The reason for this phenomenon might
be that the multiwalled CNT usually has structural defects,
which can result in the notable decrease of the value of the
modulus.22 It is worth noting that the higher the value of the
modulus of the biomaterial coating, the stronger the mis-
match between coating and living bone tissues, due to the
small valve of the modulus of the bone tissuess20–30 GPad.
Compared with the CNT-free hydroxyapatite coating, the re-
markable increase in the hardness and slight increase in the
modulus of the CNT reinforced hydroxyapatite coating has a
potential contribution toward improving the bone repair.

In conclusion, CNT reinforced hydroxyapatite coating
was fabricated using laser surface alloying. The composite
coating consists of the hyaroxyapatite matrix, TiC, CaO,
TCP, and residual CNTs that still keep their tubular structure.
The addition of CNTs results in the remarkable increase in
both hardness and slight increase in modulus, which suggests
that CNT reinforced hydroxyapatite coating is a promise for

improving the long-term stability of the bioactive coating
under high load-bearing conditions.
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FIG. 3. Typical load-displacement curves of laser surface alloyed coating
with different CNT content.

TABLE I. Values of hardness and modulus of different laser surface alloyed
coatings.

CNT-free
coating

HA-5%CNT
coating

HA-10%CNT
coating

HA-20%CNT
coating

H sGPad 9.047 9.743 11.026 12.811
E sGPad 149.435 152.186 164.265 180.604

FIG. 4. Relative changes in hardness and modulus as a function of content
of CNTs.
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