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Abstract

Carbon nanotube (CNT) reinforced hydroxyapatite composite coatings have been successfully fabricated by laser surface alloy-
ing. The phase compositions and the microstructure of the composite coatings were studied using X-ray diffraction, scanning elec-
tron microscopy, transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM). TEM
observation showed that a large amount of CNTs can be found with their original tubular morphology in the composite coatings,
even though some CNTs react with titanium element in the substrate during laser irradiation. Additionally, measurement on the
elastic modulus, hardness of the composite coatings by nanoindentation tests indicated that the mechanical properties are affected
by the amount of CNTs in the starting precursor materials. Therefore, CNT reinforced hydroxyapatite composite coating is a prom-
ising coating material for high-load-bearing metal implants.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) have been an attractive
candidate for fundamental research studies since their
discovery by Iijima [1]. Several applications were pro-
posed for CNTs many of which are concerned with con-
ductive or high strength composites [2–4], in which the
inclusion of CNTs in a ceramic matrix is expected to
produce composites possessing high stiffness and im-
proved mechanical properties compared to the single-
phase ceramic material [5]. For example, Lupo et al.
[5] successfully fabricated zirconium oxide ZrO2/carbon
nanotube composites by hydrothermal crystallization at
200 �C for 8 h of zirconium hydroxide (Zr(OH)4nH2O;
n = 8–16) in the presence of carbon nanotubes, and
Seeger et al. [6] firstly synthesized multiwalled carbon
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nanotube/SiO2 composites by means of partial matrix
melting caused by a Nd:YAG laser.

Recently, hydroxyaptite (HA) has received increas-
ing attention as a bone implant material to promote
the ability to bond chemically with living bone tissues
owing to its similar chemical composition and crystal
structure as apatite in the human skeletal system [7].
However, the intrinsic brittleness and poor strength
of sintered HA restricts its clinical applications under
load-bearing conditions. As a result, one of its major
applications is as a covering material for titanium or
other metal used in implants [8]. In recent years, lots
of investigations have been carried out to fabricate
HA coating [8,12] or HA composite coating [9–11]
using a plasma spraying technique. Although plasma
sprayed HA coatings have successful improvement on
promoting bone attachment and integration of the im-
plants [12], the long-term stability of these coatings is
still a very challenging issue since these coatings trend
to have uncontrollable dissolution and sometimes
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exhibit insufficient bond strength to the metal substrate
[13,14]. Therefore, there are needs for improving fur-
ther the mechanical properties of these coating materi-
als and the bond strength of HA/metal interface. It is
well known that the carbon nanotubes (CNTs) possess
excellent mechanical properties and chemical stability
resulted from their cylindrical graphitic structure, and
carbon is one of known fundamental elements in the
development of life on the planet Earth [15]. Therefore,
hydroxyapatite composite coatings reinforced with
CNTs might have tailored properties including high
strength and good bioactivity. Meanwhile, metallurgi-
cal bonding between the HA and the metallic substrate
can be easily obtained using laser surface processing.
Fig. 1. XRD results of laser surface alloyed CNTs reinforced HA coatings wi
20% CNTs (c), respectively (wt.%).
Furthermore, the attractions of using nanoindentation
techniques to study coated system is that it is good
candidate for investigating microplasticity of these
coated system locally, in which both the force and
the displacement of a small-scale indenter are measured
in an extremely sensitive way [16].

To the knowledge of the authors, meager information
is available as regards the fabrication and the evaluation
of mechanical properties of laser surface alloyed CNT
reinforced HA composite coating. In this paper, the
aim is to fabricate HA composite coating, in which
CNTs as a reinforcement, using laser surface alloying,
and evaluate the mechanical properties using
nanoindentation.
th powder mixtures of HA–5% CNTs (a), HA–10% CNTs (b) and HA–
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2. Experimental procedures

Commercially hydroxyapatite powder with an aver-
age particle size ranging from 30 to 50 lm and the com-
mercially multiwalled carbon nanotubes (CNTs) with a
diameter from 20 to 40 nm and the length from 5 to
15 lm were selected as starting precursor materials for
fabricating carbon nanotube (CNT) reinforced hydroxy-
apatite composite coatings by a laser surface alloying
Fig. 2. Field emission SEM images showing the overview microstructure o
mixture of HA–10% CNTs (wt.%).

Fig. 3. SEM micrographs showing the surface morphology of as-alloyed with
20% CNTs (c).
technique. The CNT powder was cleaned in acetone
and dehydrated at 473 K before mixing with hydroxyap-
atite powder. The powder 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 60 · 30 · 5 mm. Prior to laser surface alloyed com-
posite coatings, the substrates were preheated to reduce
the residual thermal stress. The experiments of laser
n the cross-section of the laser surface alloyed coating with a powder

a powder mixtures of HA–5% CNTs (a), HA–10% CNTs (b) and HA–



Fig. 4. TEM image showing the typical morphology of as-prepared CNTs (a), residual CNTs in laser surface alloyed coating (b), the selected area
diffraction pattern of HA in the direction of [0001] (c).
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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.

The cross-section of the as-alloyed CNT reinforced
HA composite coatings were prepared for the metallo-
graphic samples using standard mechanical polishing
procedures, thin-foil samples for TEM observation were
cut from laser surface alloyed coating, paralleling to the
direction of laser beam movement. They were mechani-
cally thinned to 50 lm and then thinned by argon ion
milling.Microstructure was characterized usingNeophot
optical microscopy (OM), SIRION400NC field emission
scanning electron microscopy (FEI, Netherlands), trans-
mission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) in a JEM-
2010 operating at 200 kV, respectively. The surface of
the coating was coated with gold and morphological
observation was employed by using S-570 scanning elec-
tron microscopy (SEM). Phase constituents of composite
coatings were analyzed by X-ray diffraction (XRD) using
a Rigaku D/max 2200 diffractometer with Cu Ka radia-
tion operated at a voltage of 40 kV, a current of 40 mA
and a scanning rate of 5� min�1.

Nanoindentation tests were conducted using a MTS
Nano Indenter� XP with a Berkovich diamond tip.
Hardness and elastic modulus of the coating were mea-
sured as a function of indentation depth using a contin-
uous stiffness measurement (CSM) method. The typical
nanoindentation test consists of seven subsequent steps:
approaching the coating surface; determining the contact
point; loading to peak load; holding the tip for 10 s at the
peak load; unloading 90% of peak load; holding the tip
for 100 s at 10% of the peak load for thermal drift correc-
tion; unloading completely. The hardness and elastic
modulus were obtained from the curves using Oliver–
Pharr method [17]. Indents surface observation was per-
formed by a S-570 scanning electron microscopy (SEM).
3. Results and discussion

XRD results of the laser surface alloyed coatings with
the powder mixture of HA–5% CNTs, HA–10% CNTs



Fig. 5. TEM image showing amorphous regions in conjunction with crystalline HA in the as-alloyed coating (a), corresponding ð30�31Þ HRTEM of
crystalline HA (b) and the selected area diffraction of the amorphous regions (c).
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Fig. 6. Typical load–displacement curves of laser surface alloyed
coating with different content of CNT.
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and HA–20% CNTs, respectively, are presented in
Fig. 1. It shows that the constituent phases of the as-al-
loyed coating are mainly HA, TCP, CaO and TiC.
Meanwhile, compared with the relative peak intensity
of these XRD patterns, it is clearly seen that the volume
fraction of HA decreases and that of TiC increases with
increasing of content of CNTs in the powder mixtures.
The results imply that the CNTs have reacted partially
with Ti, from Ti–6Al–4V substrate, to form TiC, and
HA has partially decomposed into CaO and TCP. It is
well known that the titanium element has a much larger
negative heat of formation (184.0 kJ/mol) with carbon
than that of other elements in the laser-generate 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 tem-
perature of the laser-generated pool is more higher than
the melting point of HA (1450 �C), leading to the
decomposition of HA to form a-TCP and TTCP. Being
an unstable phase at room temperature, a-TCP natu-
rally transform to b-TCP (a stable phase at room tem-
perature) at about 1100 �C [18]. Concerning the TTCP
phase, it would further decompose to form HA and
CaO [19]. However, no CNTs peaks were found in the
XRD patterns of the as-alloyed composite coatings, as
shown in Fig. 1, indicating that either the CNTs in the
precursor materials have been reacted completed with
Ti or a small volume fraction of residual CNTs intro-
duced in the composite coatings is difficult to detect
within the sensitivity limit of XRD. Therefore, other



42 Y. Chen et al. / Carbon 44 (2006) 37–45
method is needed to employed to confirm whether the
existence of residual CNTs in the composite coatings
or not.

It is evident from Fig. 2 that the bonding to the sub-
strate is of high-quality metallurgical fusion bonding,
leading to strong bond strength of coating/metal inter-
face. Also, it is clearly seen that the laser surface alloyed
coating is relatively dense though some pores can be
seen from Fig. 2. SEM micrographs of the surface mor-
phology of the as-alloyed CNT reinforced HA coatings
are shown in Fig. 3. Obviously, the coating has a rough
surface with little interlinking of pores, which are
very helpful to mechanical fixation of the living bone
tissues.

TEM observations are conducted to confirm the exis-
tence of CNTs in the laser surface alloyed coating, and
the images are shown in Fig. 4. Fig. 4(a) shows a typical
tubular morphology of as-prepared CNTs. Fig. 4(b)
shows the typical morphology of residual CNTs in the
as-alloyed coating. It is obvious that some CNTs with
their originally tubular structure can be observed after
laser surface alloying. It is clearly seen that CNTs still
keep their cylindrical graphitic structure due to both
the high thermal stability and the high chemical stability
of the CNTs [20,21], implying that the introduced CNTs
in the as-alloyed composite coatings are expected to
maintaining their original excellent mechanical proper-
ties. Furthermore, the selected area diffraction pattern
in the matrix of the coating shows that the matrix is
hydroxyapatite (Fig. 4(c)). According to the above-
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Fig. 7. Hardness (a) and elastic modulus (b) curves of as-

Table 1
Values of Hardness and modulus of different laser surface alloyed coatings

CNT-free coating HA–5% CNTs coating

H (GPa) 9.347 10.216
E (GPa) 157.216 160.384
results, CNTs have been successfully introduced into
the HA matrix using laser surface alloying.

In the as-alloyed CNT reinforced HA coatings, amor-
phous region is also observed, which is in conjunction
with these crystalline hydroxyapatite, as shown in
Fig. 5(a). Results of high-resolution transmission elec-
tron microscopy (HRTEM) for the crystalline hydroxy-
apatite and selected area diffraction (SAD) for the
amorphous region are indicated in Fig. 5(b) and (c),
respectively. As is known, laser surface alloying is a
rapid heating/rapid cooling process, and therefore the
solidification of laser-generated pool is far from the
equilibrium solidification, leading to the formation of
metastable phase such as amorphous.

In the present work, nanoindentation technique is
employed to study the variation of the mechanical prop-
erties of laser surface alloyed coatings with different
CNT contents, as shown in Fig. 6. It shows that the load
increases with increasing content of carbon nanotube in
the powder mixtures, indicating that the higher the con-
tent of carbon nanotube, the higher the hardness and the
elastic modulus. After removal of the indenter tip, the
plastic deformation of CNT-free coating is about
1480 nm, while 1290 nm for the HA–20% CNTs coating.
This means the CNT-free hydroxyapatite coating under-
goes a larger plastic deformation during nanoindenta-
tion experiments.

The hardness and elastic modulus curves as a func-
tion of indentation depth are shown in Fig. 7, and the
average hardness and elastic modulus for these compo-
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Fig. 8. Relative changes in hardness and modulus as a function of
content of CNTs in starting precursor materials.
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site coatings are indicated in Table 1. It shows that the
hardness of these coatings increases with increasing of
CNT content. It is well known that the carbon nanotube
is one of the stiffest structures ever made [22] and, TiC
Fig. 9. SEM images showing the typical surface morphologies of indent mar
5% CNTs (b), HA–10% CNTs (c) and HA–20% CNTs (d).
also has higher hardness. Therefore, the residual CNTs
and the in situ formation of TiC in the hydroxyapatite
matrix, especially the residual CNTs, have an effective
strengthening role in the composite coatings. Also, hard-
ness and elastic modulus decrease with increasing the
distance from the free surface of the coating respectively,
the reason might be hardness and modulus elastic mod-
ulus are sensitive to the minor compositional distur-
bance and the compositional distribution along the
coating depth is inhomogeneous in the laser-generated
pool owing to the dilute effect of the substrate.

It has been reported that the value of elastic modulus
of CNT is as high as approximately 1.8 TPa [22], 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
CNT reinforced hydroxyapatite coatings according to
the simple rule of mixtures. The relative changes in hard-
ness and modulus, (Y � YH)/YH (YH is the parameters
of the CNT-free coating, Y is the parameters of the
ks for as-alloyed coatings with powder mixtures of CNT-free (a), HA–
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CNT reinforced coatings) is shown in Fig. 8. It is clearly
seen that the addition of CNTs has no strong effect on
the value of modulus of these as-alloyed coating, but it
has notable effect on the value of hardness of these com-
posite coatings. The reason for this phenomenon might
be that the multiwalled carbon nanotube usually has
structural defects, which can result in the notable de-
crease of the value of the modulus [23]. It is worthy not-
ing that the higher the value of the modulus of the
biomaterial coating, the stronger the mismatch between
coating and living bone tissues, due to the small value of
the modulus of the bone tissues (20–30 GPa). Compared
with the CNT-free hydroxyapatite coating, as the con-
tent of CNTs in the starting precursor materials in-
creases, the remarkable increase in the hardness and
slightly increase in the modulus of the CNT reinforced
hydroxyapatite coating has a potential contribution to-
ward improving the bone repair. As is known, the
porosity of the material is an important factor for its
mechanical behaviour. Therefore, how porosity changes
with changing CNT content and effect of porosity on the
mechanical properties of the laser surface alloyed CNT
reinforced hydroxyapatite composite will be carried
out under further investigation.

SEM images of the indent marks of different as-al-
loyed coatings are shown in Fig. 9, they represent over-
lapping layers of displaced material that flow upwards
and way from the depth of the indent. With the increase
in the content of CNTs, the significant decrease of the
height of the pile-up is displayed, it illustrates that the
higher content of CNTs, the higher resistance to plastic
deformation, which is well agreement with the hardness
measurement results.
4. Conclusions

In this paper, high-quality carbon nanotube (CNT)
reinforced hydroxyapatite composite coatings have been
successfully deposited on the surface of Ti–6Al–4V sub-
strate using laser surface alloying. The bonding charac-
teristics of the coating/substrate system are all of
metallurgical fusion bonding. SEM images showed that
the coatings have a rough surface with interlinking of
pores, and TEM observation showed that a large
amount of CNTs can be found with their original tubu-
lar morphology, even though some CNTs react with
titanium element in the substrate during laser irradia-
tion. The glassy phase was also found in the coating.
Compared with the CNT-free hydroxyapatite coating,
as the content of CNTs in precursor powders increases,
the remarkable increase in the hardness and slightly in-
crease in the modulus of the CNT reinforced hydroxy-
apatite coating has a potential contribution towards
improving the bone repair. Therefore, CNT reinforced
hydroxyapatite composite coating is a promising coating
material for high-load-bearing metal implants.
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