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Abstract In order to eliminate micro-cracks in the
monolithic hydroxyapatite (HA) and composite hydroxy-
apatite/carbon nanotube (HA/CNT) coatings, novel HA/
TiO,/CNT nanocomposite coatings on Ti6Al4V were
attempted to fabricate by a single-step electrophoretic
codeposition process for biomedical applications. The
electrophoretically deposited layers with difference con-
tents of HA, TiO, (anatase) and CNT nanoparticles were
sintered at 800°C for densification with thickness of about
7-10 pm. A dense and crack-free coating was achieved
with constituents of 85 wt% HA, 10 wt% TiO, and 5 wt%
CNT. Open-circuit potential measurements and cyclic po-
tentiodynamic polarization tests were used to investigate
the electrochemical corrosion behavior of the coatings in
vitro conditions (Hanks’ solution at 37°C). The HA/TiO,/
CNT coatings possess higher corrosion resistance than that
of the Ti6Al4V substrate as reflected by nobler open circuit
potential and lower corrosion current density. In addition,
the surface hardness and adhesion strength of the HA/TiO,/
CNT coatings are higher than that of the monolithic HA
and HA/CNT coatings without compromising their apatite
forming ability. The enhanced properties were attributed
to the nanostructure of the coatings with the appropriate
TiO, and CNT contents for eliminating micro-cracks and
micro-pores.
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1 Introduction

Titanium and its alloys are commonly employed as load-
bearing orthopedic and dental implants because of their
high mechanical strength and toughness, low density and
excellent corrosion resistance in physiological environment
[1]. However, the bio-inertness of the metallic surfaces
inhibits the growth of bone tissue [2, 3]. In order to over-
come this shortage, hydroxyapatite (HA, Ca,o(PO4)s(OH),)
has been applied as a coating on the metallic implants due
to its similarity in chemical compositions, high biocom-
patibility and osteoconductivity to bone tissue of human.
Plasma spraying is currently the most extensively used
manufacturing process for HA coatings on the metallic
implants but long-term stability of plasma sprayed coatings
could be a problem because of their high degree of
porosities, poor bond strength, non-stoichiometric compo-
sition, non-uniformity and amorphous structure [4-6].
Moreover, plasma spraying requires the size of HA parti-
cles ranging from 20 to 40 um and thus relatively thick
coatings are formed. These thick coatings are likely to
fracture during insertion and service and have unpredict-
able dissolution rates. In view of these shortcomings, other
alternative methods such as dip coating, ion sputtering,
sol-gel coating, pulsed-laser deposition, laser surface
alloying, electron-beam deposition, biomimetic process
and electrophoretic deposition (EPD) have been proposed
to fabricate HA coatings [7]. Among the various fabrica-
tion methods, EPD is a promising technique, with merits
including simple and low-cost apparatus, short processing
time, easy control of thickness and capability of coating
complex-shaped implants [8, 9]. In EPD, charged ceramic
particles dispersed or suspended in a liquid medium are
attracted and deposited onto a conductive metallic substrate
of opposite charge on application of a DC electric field [8].
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However, a subsequent sintering process is required to
enhance densification of the HA coatings [9]. Owing to the
mismatch of coefficients of thermal expansion of the HA
coatings and the metallic substrates, sintering often causes
residual stress, which leads to micro-cracks in the coatings
[10], reduction in adhesion between them [11] and peeling
of coatings.

Recent studies have reported that nano-structured HA
coatings fabricated by EPD have high chemical homoge-
neity, reduced flaw size, microstructural uniformity, and
lower sintering temperature for densification [12]. The
nano-scale roughness and grains, and the high volume
fraction of grain boundaries in nano-structured HA coat-
ings can increase osteoblasts adhesion, proliferation,
and mineralization [13]. Due to their extraordinary elastic
modulus  (200-1,000 GPa) and tensile  strength
(11-63 GPa), chemical stability and light-weight arising
from the unique cylindrical graphite structure and small
dimensions, carbon nanotubes (CNTs) have attracted
attention as reinforcement in HA for forming nanocom-
posite coatings [14, 15]. According to the Hall-Petch
principle, the smaller the particles reinforced in the coating,
the more strengthened the coating will be [16]. Moreover,
addition of CNTs is able to transfer and eliminate residual
stress in the HA coating [17]. Some published papers
reported the results on the HA coating reinforced with
CNTs fabricated by EPD for enhancing adhesion strength,
mechanical and corrosion properties [17-23]. It was shown
that the addition of 1 wt% CNT in HA increased the
hardness, elastic modulus and interlaminar shear strength
of the HA/CNT composite layers [18]. Improvement in the
mechanical performance of the HA/CNT coating was
explained by inducing toughening mechanisms, that is,
crack deflection [18-20]. Kaya and his coworkers also
investigated the effect of CNT addition on the bonding
strength of the electrophoretically deposited layer on
Ti6Al4V [20]. After sintering at 600°C for 2 h under
flowing nitrogen gas, the bonding strength for the HA/CNT
composite coating containing 2 wt% CNT was higher than
the one with 1 wt% CNT (2.76 and 1.84 MPa, respec-
tively), while the bonding strength for the monolithic HA
coating was only 0.7 MPa, in agreement with the results of
Lin et al. [17]. Adding CNTs helps to prevent peeling of
the HA/CNT coating by acting as reinforcement network
[18]. However, thick coating achieved by long deposition
time can lead to extensive surface micro-cracks after sin-
tering due to thermal expansion mismatch between
Ti6Al4V and HA/CNT coating [18]. In a previous study of
the present authors, 10 pm thick composite coatings of HA
with 4-25 wt% CNT on Ti6Al4V sintered at 800°C for 1 h
were attempted to fabricate by EPD [23]. Among the
coated specimens, the HA coating reinforced with 10 wt%
CNT was reported to have the highest corrosion resistance
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in Hanks’ solution. But the presence of micro-cracks in the
HA/CNT coating led to low adhesion strength [23]. On the
other hand, a nanostructured TiO, inner layer between
Ti6Al4V substrate and outer HA coating formed by EPD
was reported to be acting as a diffusion barrier for reducing
HA decomposition due to ion migration from the substrate
into the HA coating [24]. Nevertheless, increase in the
voltage for TiO, deposition resulted in surface cracks and
reduction in adhesion strength of HA/TiO, coating.

In order to lessen the micro-cracking problem and
improve the adhesion strength of the monolithic HA and
composite HA/CNT coatings, fabrication of HA/TiO,/CNT
nanocomposite coatings on Ti6Al4V with different con-
tents of HA, TiO, and CNT nanoparticles were attempted
by a single-step electrophoretic codeposition process in the
present study. Surface characterization, corrosion behavior,
hardness, adhesion strength and apatite-forming ability of
the nanocomposite coatings on Ti6Al4V were also
investigated.

2 Experimental details
2.1 Specimens preparation and characterization

As-received titanium alloy Ti6Al4V in form of cylindrical
bar with a diameter of 13.5 mm was cut into discs with
thickness of 10 mm. The discs were then successively
ground with 200, 400, 600, 800-grit silicon carbide papers,
washed with alcohol and dried in air. The nano-size coating
materials were commercially obtained including needle-
shaped HA powder with size of 50 x 200 nm (Kingo Co.,
China), multi-walled CNTs with an average diameter of
30 nm and length of 1 um (Shenzhen Nanoport Co., China)
and spherical TiO, powder with size of 10 nm (anatase,
International Laboratory Ltd., USA). The blend of HA/
TiO,/CNT with three different weight percents and corre-
sponding designations of the coatings are shown in
Table 1. The monolithic HA and composite HA/CNT
coatings without TiO, (designated as nHA and HA10CNT,
respectively) on Ti6Al4V were also fabricated for com-
parison. In the previous study of the present authors,
excessive CNTs (20-25 wt%) were found to result in
incomplete infiltration of HA into the CNT network [23].
So 5-10 wt% CNTs were added to fabricate the specimens
in the present study. The blend of HA/TiO,/CNT (2.5 wt%)
with the addition of a little benzalkonium chloride as a
cationic surfactant [25] was ultrasonically mixed in anhy-
drous ethanol by a vibratory sonicator (Sonics VCX750,
USA) at 20 kHz and 25°C for an hour to obtain a homo-
geneous colloidal suspension. In order to avoid severe
oxidation of Ti6Al4V at high voltage, cathodic EPD was
used for codeposition of HA/TiO,/CNT nanoparticles on



J Mater Sci: Mater Med (2011) 22:2249-2259

2251

the Ti6Al4V substrate. Ti6Al4V played the role of cathode
and a graphite bar with dimensions of 7.5 x 11 x 85 mm’®
acted as the anode. 100 ml colloidal suspension of HA/
TiO,/CNT was put into a 250 ml beaker and continuously
stired by a magnetic stirrer. Both electrodes were
immersed in the suspension and kept at a distance of
20 mm and 25°C, under a deposition voltage of 200 V for
10 s in order to achieve coating thickness of about 10 pm.
High deposition voltage was used for achieving a faster
deposition rate [26]. The nanoparticles in the suspension
were positively charged to enable their migration towards
the Ti6Al4V substrate (the cathode) under the applied
electric field. The details mechanisms involved in electro-
phoretic codeposition of equally charged particles have
been explained by considering the different trajectories of
nanoparticles in suspension [27].

After EPD, HA/TiO,/CNT layer was deposited on the
surface of Ti6Al4V and allowed to dry in air at room
temperature, and then put into a vacuum furnace (Centu-
rion, QEX 9494306, USA) for sintering at 800°C and
3 Torr, at a heating rate of 100°C/h, a dwell time of 1 h,
and a cooling rate of 100°C/h. Low sintering temperature
below the o—f transition temperature of Ti6Al4V
(955-1,010°C) was selected to avoid degradation of its
mechanical properties [28] and avoid partial transformation
of HA at 875°C into more soluble phases such as tricalcium
phosphate (o-TCP or -TCP) [29].

The coating thickness was evaluated by a coating
thickness gauge (Elcometer 456, UK) and confirmed by
cross-sectional observation. In addition to visual inspec-
tion of the overall macroscopic quality of the surface of
coatings, scanning-electron microscope (SEM, Hitachi
S3400N, Japan) and energy-dispersive spectrometer (EDS,
Horiba EX-250, Japan) were used to examine the surface
morphology and compositions of the coatings, respectively.
A thin layer of gold with thickness of about 1 um was
coated on the specimens to increase conductivity by an
ion sputter (Hitachi E1010, Japan). X-ray diffractometer
(XRD, Bruker D8 Advance, Germany) was used to identify
the crystalline phases present in the coatings. The XRD
measurements were performed using a Cu-Ko X-ray source

with a scanning rate of 0.025°/s and a scanning range of
20°-60°.

2.2 Corrosion study

To investigate the electrochemical corrosion behavior, the
various uncoated and coated specimens was fixed in a flat
cell (Princeton Applied Research K0235, USA) exposing
an area of 0.34 cm? in Hanks’ physiologic solution (0.14 g/l
anhydrous CaCl,, 0.1 g/l anhydrous MgSQ,, 0.4 g/l KCI,
0.06 g/l anhydrous KH,PO,, 8 g/l NaCl, 0.06 g/l anhy-
drous Na,PHO,, 0.35 g/l NaHCOs;, 1 g/l glucose, and
0.011 g/1 Phenol Red). The solution was kept at 37 & 1°C
by an electronic water bath. Open-circuit potential (OCP)
measurement and cyclic potentiodynamic polarization
of the specimens were performed using a potentiostat
(Princeton Applied Research Versastatll, USA). All
potentials were measured with respect to a saturated calo-
mel electrode (SCE, 0.244 V vs. SHE) as the reference
electrode. A 2 x 2 cm? platinum net served as the counter
electrode for current measurement. OCP was recorded for
10* s and then followed by cyclic polarization. For the
cyclic polarization experiment, the potential was increased
at a rate of 1 mV/s, starting from 200 mV below the OCP
conforming to ASTM Standard G61-94 [30]. The scan was
reversed when a current density of 5 mA/cm? was reached.
From the polarization curve, the corrosion current density
(I.,r) Was determined by Tafel extrapolation with the aid
of a commercial software (PowerCORR, V.2.42). Three
specimens were used in the OCP measurement and cycle
polarization. The steady OCP and I, with standard
deviations were shown in Table 1.

2.3 Hardness and adhesion strength tests

Vickers hardness tests were performed on the surface of all
coated specimens using a micro-hardness tester. A load of
9.8 N was applied with a dwell time of 10 s. The coated
specimens were also undergone tensile adhesive strength
test using a universal force testing machine (Chatillon,
LCTM-500, USA) with a 2.5 kN load cell and a crosshead

Table 1 Compositions, corrosion parameters, average hardness and adhesion strength of uncoated and coated specimens

Designations HA TiO, CNT OCP (V) Lo (uA/cmz) Average Adhesion

of specimens (Wt%) (Wt%) (wt%) hardness (HV) strength (MPa)
Ti6Al4V - - - —0.306 £ 0.00076 8.00 £+ 0.013 421 £ 8.2 -

nHA 100 0 0 0.130 £ 0.00043 1.66 + 0.045 585 £ 12.6 59 4+ 0.44
nHA10CNT 90 0 10 —0.020 + 0.00043 0.15 £ 0.047 923 £+ 16.4 6.5 £ 0.55
nHASTiO5SCNT 90 5 5 —0.002 £ 0.00041 0.12 £ 0.044 880 + 18.8 6.4 + 0.68
nHASTiO10CNT 85 5 10 —0.031 &£ 0.00051 0.089 £ 0.037 956 £+ 14.0 11.9 + 0.79
nHA10TiO5SCNT 85 10 5 0.096 £ 0.00047 0.084 £+ 0.035 991 £ 194 12.6 + 0.73
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speed of 5.0 mm/min, conforming to International Stan-
dard ISO 13779-4:2002(E) [31]. Adhesion strength of the
coating was determined by applying a uniaxial tensile load
to a cylindrical test assembly composed of the coated
specimen bonded to an uncoated Ti6Al4V both with
diameter of 13.5 mm. The parts of the test assembly were
bonded together by epoxy adhesive and cured at room
temperature for 24 h prior to the adhesion strength test. The
adhesion strength was calculated as the load at failure
divided by the coated area bonded to the stub. Four coated
specimens were used in the hardness and adhesion tests and
the average hardness and adhesion strength with standard
deviations were shown in Table 1.

2.4 In vitro bioactivity test

The uncoated and coated Ti6Al4V were immersed in
500 ml of Hanks’ physiologic solution at 37°C for 4 weeks
to study the ability of the coating to induce apatite films on
their surface. In order to avoid depositing of apatite on the
surface of the coatings by gravity, the specimens were
vertically suspended in a sealed polyethylene jar. The
specimens were taken out after 4 weeks, washed with
distilled water and dried at room temperature for sub-
sequent SEM analysis.

3 Results and discussion
3.1 Characterization of the coatings

The surface morphologies of the coated specimens are shown
in Fig. 1. From Fig. la—c, the specimens nHA, nHA10CNT
and nHASTiO5SCNT show extensive micro-cracks on the
surface (indicated by red arrows), nHASTiOlOCNT has
fewer cracks (Fig. 1d-i), while no crack is observed on the
surface of nHAI1OTiO5SCNT (Fig. le-i). Wei and his
co-workers reported that the less equiaxed HA particles such
as needle-like and plate-like ones have higher cracking sus-
ceptibility in the electrophoretically deposited coatings after
sintering than the round HA particles [32]. In addition,
the difference in thermal expansion coefficients of HA
(15.2 x 107%C~ ") and Ti6Al4V (8.6 x 107%°C~!) would
lead to excessive strain and hence forming micro-cracks
during heating and cooling. The thermal expansion coeffi-
cient of multi-wall CNT ranges from 16 to 26 x 107%C™!
[33] and is even larger than that of HA and Ti6Al4V. But the
CNT content (5-10 wt%) is relatively low and the effect of
thermal expansion due to CNT is then less dominant. In
addition, some interconnected micro-pores with size of
0.5 um can be observed in the coatings at high magnifica-
tion (Fig. la-ii—e-ii). Fewer and smaller micro-cracks are
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observed in nHASTiO10CNT but micro-pores with similar
size are still present. The specimen nHA10TiOSCNT with
lower HA content (85 wt%) or higher TiO, content (10 wt%)
possesses no micro-cracks, some micro-pores and smooth
surface (Fig. le-i). Among HA, TiO, and CNT, the thermal
expansion coefficient of TiO, (9.0 x 107%C™1) is the most
comparable to that of Ti6Al4V, resulting in minimizing the
strain during heating and cooling. The TiO, nanoparticles
dispersed uniformly between the HA crystals and CNTs
causing an elimination of micro-cracks and micro-pores and
an increase in density of the nanocomposite coating as
schematically shown in Fig. 2. There are two functions of
TiO, nanoparticles. Firstly, it acts a bonding agent for pro-
viding better adhesion bond to the oxide layer (rutile) of
heated Ti6Al4V substrate. Secondly, its spherical shape can
fill the gap between the needle-shape HA crystals and CNTs
with large aspect ratio.

A typical cross-sectional appearance of nHAI10-
TiOSCNT is shown in Fig. 3a. A continuous and uniform
HA/TiO,/CNT coating on the substrate can be observed.
The thickness of all the coatings is about 7-10 pm. Thin
HA coatings are more desirable while thick coatings
obtained by plasma spraying have been reported to be
prone to fracture and fragmentation during insertion and
service [34]. From the compositional profile obtained from
the coating to the substrate, a gradual decrease in Ca, P and
C content and an increase of Ti content can be observed
(Fig. 3b). The presence of Ca, P and C is probably from
HA and CNTs in the coating. The combination of CNTs
and TiO, enhances their mechanical and functional prop-
erties of the coatings, CNTs in the nanocomposite coatings
act as reinforcement fibers to hold the matrix together,
while TiO, acts as a filler to fill the voids between the HA
and CNTs and provide good adhesion to the substrate
resulting in fewer micro-cracks.

From the XRD patterns as shown in Fig. 4a and b, CNT
and anatase remained unchanged (no decomposition or
transformation) after heating at 800°C for an hour for
simulating the sintering process. Anatase can only be
transformed into rutile above 915°C [35]. The XRD patterns
of monolithic HA and nanocomposite coatings after sin-
tering at 800°C reveal high crystallinity (Fig. 4c—g). A high
degree of crystallinity of HA would render the coating less
susceptible to dissolution in body fluids [36, 37]. The dis-
tinct peaks for the nanocomposite coatings (nHAI10-
TiO5CNT, nHASTiO10CNT and nHASTiO5CNT) such as
anatase (25.324°), HA (25.879°) and rutile (27.435°) are
apparently distinguishable, confirming their existence. No
other crystalline phases such as o- and f-Ca3(POy), were
observed in the XRD patterns. However, the existence of
CNTs in the nanocomposite coatings cannot be confirmed
by XRD because the peak at 26.3° of CNT may overlap with
the peak at 25.879° of HA. In addition, the CNT content in
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Fig. 1 SEM micrographs of
various coated specimens after
sintering: a nHA,

b nHA10CNT,

¢ nHASTiO5CNT,

d nHAS5TiO10CNT,

e nHA10TiO5CNT at different
magnifications

(b)) (b)(ii)

(@) @
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Fig. 2 Schematic diagram of structure of electrophoretically depos-
ited HA/TiO,/CNT nanocomposite layer (strips, ellipses and circles
represent CNT, HA and anatase, respectively)

the nanocomposite coatings was relative low for
XRD detection. However, the compositional profile of
nHA10TiOSCNT (Fig. 3b) confirms the existence of car-
bon in such nanocomposite coating. The presence of CNTs
in the specimen nHA10TiO5CNT is also evidenced by
SEM micrograph as shown in Fig. 3c and similar observa-
tion was reported by Lin and his co-workers [17]. Increase
in hardness of the HA/TiO,/CNT coatings can also support
the existence of the hard CNT (Table 1). Moreover, the
diffraction peaks of rutile were detected in the XRD pat-
terns of all coated specimens. This was formed due to
thermal oxidation of the exposed substrate during sintering
in the moderate vacuum atmosphere. It was reported that the
rutile film was also an excellent interfacial bonding layer
between Ti6Al4V substrate and HA coating [38]. The rutile
interfacial layer can provide a ground to be attached by the
anatase and HA in the nanocomposite coating.

3.2 Electrochemical corrosion behavior

Metallic implants may susceptible to corrosive attack by
body fluids with subsequent release of metallic ions which
might cause adverse effects to the surrounding tissues. It is
crucial to understand the corrosion characteristics of implant
materials interacting with physiological environment. The
plot of OCP versus time and cyclic potentiodynamic polar-
ization curves for the uncoated and coated specimens in
Hanks’ solution at 37°C are shown in Fig. 5. The values of
steady OCP and I, are extracted as shown in Table 1. The
OCP for various HA/TiO,/CNT coatings (from —0.031 to
0.096 V) is much higher than that of the uncoated Ti6Al4V
(—0.306 V). This shows higher thermodynamic stability of
the HA/TiO,/CNT coatings. It can be observed that the
polarization curves of the coated specimens with HA/TiO,/
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Fig. 3 a Cross-sectional view, b compositional profiles (by EDS line
scan) from the coating to the substrate, ¢ surface morphology of
nHA10TiOSCNT

CNT shifted towards the region of lower current density and
the nobler potential as compared with the uncoated Ti6Al4V.
The 1.,,, which represents the corrosion rate of metallic
materials, achieves the minimum value fornHA10TiO5SCNT
(0.084 uA/cmz) with 10 wt% TiO,. The I.,,, values of all
nanocomposite coatings are in the range of 0.084-0.15 pA/
cm? and are much lower than that of Ti6Al4V (8 uA/cmz)
and nHA (1.66 uA/cmz). According to the values of I.,,,,, the
corrosion resistance of the specimens is ranked as:

nHA10TiO5CNT > nHASTiO10CNT > nHASTiO5
CNT > nHA10CNT > nHA > Ti6Al4V

The corrosion resistance of nHA10TiOSCNT was higher
than that of monolithic nHA and uncoated Ti6Al4V by
factors of 20 and 95, respectively. This indicates that
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higher TiO, content helps to produce a coating with fewer
micro-cracks. At potential below 1.7 V (Fig. 5b), all
specimens coated with HA/TiO,/CNT have significant
improvement in corrosion resistance, the anodic current
densities are lower than that of uncoated Ti6Al4V. More-
over, no specimen exhibits appreciable hysteresis loop
indicating the absence of passivity breakdown.

In fact the corrosion resistance of coated metallic
implants is greatly affected by the passivation ability of the
metallic substrate and the quality of the coating. It was
reported that the corrosion resistance of thermally oxidized
Ti6Al4V was enhanced as compared with the air passiv-
ated Ti6Al4V due to presence of the rutile layer [39]. After
sintering, the nanocomposite coating became more com-
pact due to the clustering together of the nanoparticles and
the rutile layer also formed below the coating. The coating
acts as a barrier to the transport of electrons and ions
between the substrate and the electrolyte, thus reducing the
electrochemical reaction rate. The improved corrosion
resistance of the Ti6Al4V coated with HA/TiO,/CNT is
attributed to the combined effect of the semi-insulating
nanocomposite coatings and the rutile interlayer.

It was reported that the OCP of plasma sprayed HA
coating on Ti6Al7Nb was more active, and the corrosion
rate was higher compared with the substrate because of the
presence of pores [40]. Although the nanocomposite HA/
TiO,/CNT coatings and monolithic HA coating formed by
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Fig. 5 a Plot of OCP versus time and b polarization curves of
uncoated and coated specimens in Hanks’ solution at 37°C

EPD also contained micro-pores, they are much smaller
and less abundant than those formed in plasma spraying.
Consequently, the nanocomposite coatings act as a semi-
insulating barrier to lessen interaction of the solution and
the Ti6Al4V substrate. When micro-pores are present in
the nanocomposite coatings, conducting paths between the
corrosive medium and the Ti6Al4V substrate will eventu-
ally be formed. Corrosion is associated with the penetration
of chloride ion and water into the coating, transport of ions
through the coating, and the subsequent electrochemical
reactions at the interface of HA and Ti6Al4V. Zhang et al.
[41] proposed that the corrosion mechanism of HA coating
on Ti6Al4V with pores fabricated by EPD involved two
steps. Firstly, hydrogen ions are produced at the interface
area where corrosion of titanium occurs. It is then followed
by the dissolution of HA in the high hydrogen ions con-
centration area. The local pH of the interface is very low
because the hydrogen ions cannot be well circulated out of
the interface and the dissolution of HA catalytically speeds
up. Whenever the corrosion starts, it cannot stop until the
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entire interfacial HA is dissolved. While anatase and CNT
are chemical inert and do not interact with the corrosive
medium. The coating then fails at the coating and substrate
interfacial area [41]. The difference in corrosion resistance
of various nanocomposite coatings on Ti6Al4V, which
have different degrees of micro-pores and micro-cracks, is
consistent with this corrosion mechanism.

3.3 Hardness and adhesion strength

The surface hardness and adhesion strength for various
coated specimens are depicted in Table 1. The hardness of all
nanocomposite coatings is higher than that of Ti6Al4V and
monolithic HA coating mainly attributed to the hard CNT.
Among the nanocomposite coatings, nHA10TiOSCNT
possesses the highest hardness because the suitable TiO,/
CNT content makes the densified and crack-free coating
despite of the lower CNT content (5 wt%). The hardness
of nHASTiOl0CNT and nHAIOCNT with the same
CNT content (10 wt%) is similar but lower than that of
nHA10TiO5CNT because of the presence of micro-cracks in
the formers. Compared with the uncoated Ti6Al4V and
monolithic HA coating, the hardness of nHA10TiOSCNT
was increased by factors of 2.4 and 1.7, respectively. The
high hardness of the HA coatings containing CNT on
Ti6Al4V can improve their wear resistance and hence
increase the service life of the load-bearing orthopedic
implants. Lahiri and his coworkers reported that the addition
of 4 wt% CNTs to HA plasma-sprayed coating improved the
wear resistance by 80% and also resulted in less volume of
debris generation [42] while the elastic modulus and fracture
toughness increased by 72.5 and 350%, respectively.

All specimens coated with HA/TiO,/CNT exhibit a higher
adhesion strength (6.4—12.6 MPa) than that of the mono-
lithic HA coating (5.9 MPa) and the plasma sprayed HA

Fig. 6 Morphology of failed
surface of (a) nHA10TiOSCNT
and (b) nHA showing the
coatings peeled off from the
substrate after adhesion test

@ Springer

coating on titanium (4.5-6.8 MPa) [43]. The relative poor
adhesion of plasma sprayed HA coating on Ti6Al4V mainly
arise from the mismatch of their coefficients of thermal
expansion [44]. The specimen nHAI1OTiO5CNT has the
highest adhesion strength (12.6 MPa), this indicates that the
adhesion strength increases with higher TiO, content. It was
reported that CNTs can reduce the crack propagation in
TiO,/CNT films deposited by EPD [45] and mechanisms
related to crack bridging and CNT pull-out are possible in
these composite layers [46]. HA/TiO,/CNT coatings showed
higher adhesion strength to the Ti6Al4V substrate due to
several possible reasons. Firstly, the mismatch of the coef-
ficients of thermal expansion is reduced and the residual
stress is prevented by the addition of spherical TiO, nano-
particles to the coating. Secondly, the cohesive strength
between the different particles increases because chemical
bonding of HA/TiO, on surface of CNTs may form during
sintering [17]. Lastly, the dense HA/TiO,/CNT coatings
with reduced micro-cracks lead to higher adhesion strength.

The images of the fracture surfaces of nHA10TiOSCNT
and nHA after adhesion strength tests are shown in Fig. 6.
Failure occurred entirely at the interface for the nano-
composite coating nHA10TiOSCNT (Fig. 6a), adhesive
failure is the main fracture mechanism. While some debris
of the coatings remained on the surface of nHA shows both
cohesive and adhesive failures (Fig. 6b). It suggests that
the bond strength is dictated by the coating defects and the
interface. Thus, the lower cohesive and adhesive strengths
for nHA are attributed to the presence of high degree of
micro-cracks.

3.4 In vitro bioactivity

The bioactivity of bioceramics has been defined as ‘the
bond ability with host bone tissue’ [47]. This includes
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enhancing the ability of apatite formation, osteoblast dif-
ferentiation and bone matrix formation. In order to develop
new composite coatings for load-bearing orthopedic
applications, it is vital to understand their bonding abilities
to living bone. In the immersion test for evaluating in vitro
bioactivity, the Hanks’ solution used in the present study
does not contain any biological matter such as bone-
forming cells. Nevertheless, it has been pointed out in a
recent review [48] that results of immersion tests in inor-
ganic simulated body fluids like Hanks’ solution are useful
in predicting in vivo bone bioactivity. From Fig. 7, thick
layers of apatite were formed on the surface of the
monolithic HA and nanocomposite HA/CNT and HA/
TiO,/CNT coatings after immersion in Hanks’ solution at
37°C for four weeks. Addition of TiO, and CNT in HA
would not affect the apatite-forming ability on their sur-
face. From Fig. 7b—f, the apatite particles on the coatings
containing TiO, are observed to be smaller than those in
nHA and nHA1OCNT. According to the crystallization
theory [49], in order for a stable apatite crystal to form, it

Fig. 7 SEM micrographs of
uncoated and coated specimens
after immersed in Hanks’
solution for 4 weeks:

a Ti6Al4V, b nHA,

¢ nHA10CNT,

d nHA10TiO5CNT,

e nHASTiO10CNT,

f nHASTiOSCNT

requires to overcome the activation energy for crystalli-
zation. This energy is the result of the balance between the
energy increase due to the formation of a new solid-solu-
tion interface and the energy decrease due to the crystal
formation. For heterogeneous nucleation, i.e. nuclei are
formed on a solid surface, the surface free energy between
nucleus and solid must also be considered. Due to the
presence of nano-size TiO, in the coatings, it is believed
that surface free energy between nucleus and solid gener-
ally lower than the free energy per unit area of the nucleus-
solution interface, so the critical size of the apatite particles
is smaller and nucleation is easier [49]. By XRD analysis,
the intensity of the apatite peaks in nHA10TiO5SCNT after
immersed in Hanks’ solution for 4 weeks has found to be
increased as shown in Fig. 8, confirming that the particles
grown on the specimen are apatite. On contrary, no apatite
was formed on the surface of Ti6Al4V (Fig. 7a). The
present results reveal that the HA/TiO,/CNT coatings
formed by EPD are bone bioactive and hence favor
osseointegration. However, the combination of simulated

@ Springer
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Fig. 8 Typical XRD pattern of nHA10TiOSCNT after immersed in
Hanks’ solution at 37°C for 4 weeks

body fluid and cell testing methods were recommended to
evaluate the in vitro bioactivity of bioceramics, an
approach which will improve the efficiency of screening
bioceramics for further in vivo evaluation of bone repair
and bone-forming [50]. So the further research should
focus on the cell testing investigation of the nanocomposite
coatings for future biomedical applications.

4 Conclusions

Nanocomposite HA/CNT/TiO, coatings with thickness of
about 7-10 pm were successfully fabricated on Ti6Al4V
by electrophoretic codeposition. All coated specimens
show significant enhancement in corrosion resistance,
hardness and adhesion strength. Among the specimens, the
HA coating reinforced with 10% TiO, and 5% CNT
(nHA10TiOSCNT) possessed the most uniform and the
hardest surface (991 HV) without micro-crack, and the
highest adhesion strength (12.6 MPa). The highest corro-
sion resistance was evidenced by a noble shift of open-
circuit potential (0.096 V) and a lower corrosion current
density (0.084 pA/cm?). Formation of apatite particles on
the surface of all HA/CNT/TiO, coatings after immersion
in Hanks’ solution at 37°C for 4 weeks indicates high bone
bioactivity. Addition of TiO, and CNT in HA could
markedly increase corrosion resistance, hardness and
adhesion strength without compromising bioactivity.
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