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ABSTRACT: In this work, laser coating of biphasic calcium
phosphate/titanium (BCP/Ti) nanocomposite on Ti-6Al-4 V
substrates was developed. A continuous wave neodymium-
doped yttrium aluminium garnet (Nd:YAG) laser was used to
form a robust multilayer of BCP/Ti nanocomposite starting
from hydroxyapatite and titanium nanoparticles. In this process,
low power coating is realized because of the strong laser-
nanoparticle interaction and good sinterability of nanosized
titanium. To guide the optimization of laser processing conditions
for the coating process, a multiphysics model coupling electro-
magnetic module with heat transfer module was developed.
Thismodel was validated by laser coating experiments. Important
features of the coated samples, including microstructures,
chemical compositions, and interfacial bonding strength, were
characterized. We found that a multilayer of BCP, consisting
of 72% hydroxyapatite (HA) and 28% beta-tricalcium phos-
phate (β-TCP), and titanium nanocomposite was formed on
Ti-6Al-4 V substrates. Significantly, the coating/substrate interfacial bonding strength was found to be two times higher than that of
the commercial plasma sprayed coatings. Preliminary cell culture studies showed that the resultant BCP/Ti nanocomposite coating
supported the adhesion and proliferation of osteoblast-like UMR-106 cells.

KEYWORDS: laser coating, nanoparticles, BCP/Ti nanocomposite, functional gradient coating, interfacial bonding strength,
biocompatibility

1. INTRODUCTION

Biphasic calcium phosphate (BCP) is a bioceramic that has
similar chemical composition to natural human bones and teeth.
It consists of a mixture of hydroxyapatite (HA, Ca10(PO4)6-
(OH)2), and beta-tricalcium phosphate (β-TCP, Ca3(PO4)2).
BCP possesses the combined properties of both stable (HA) and
unstable (β-TCP) phases. Although HA implants are highly
stable, β-TCP can be readily dissolved in physiological environ-
ment. BCP mixtures have been widely used in artificial bone and
tooth implants;1 delivery of drugs, antibiotics and hormones;2

and nasal septum repair.3

BCP are commonly prepared by sintering commercially
available tricalcium phosphate (TCP) or precipitated apatites.4

BCP with varying HA and β-TCP components are usually
formed by sintering calcium deficient apatites of varying Ca/P
molar ratio.5 However, because of their natural brittleness, HA
and β-TCP has unfavorable hardness, ductility, and toughness,6

which greatly reduces the lifetime of load bearing implants. To
achieve good durability of the BCP ceramics implants, the

mechanical strength, fixation ability, and osteoconductive prop-
erties of the materials must be improved. BCP ceramics are
commonly coated onmetal substrates using a variety of methods,
including plasma spraying,5,7 precipitation,8 dip coating,9,10

electrochemical deposition,11 salt leaching,12 pulsed electro-
deposition,13 and flame spray pyrolysis.14 However, these coating
techniques have at least one of the following drawbacks: (i) weak
coating/substrate interfacial bonding strength,15 (ii) non-uni-
formity of coating,16 (iii) mismatch of thermal and mechanical
properties due to sharp interface,17 and (iv) limited thickness.

In this work, we have developed a new method for low laser
power coating of BCP/Ti nanocomposite on Ti-6Al-4 V sub-
strates based on localized laser heating. This method addresses
the above drawbacks. In addition, the composition of HA and
β-TCP in the BCP coating can be varied by controlling the laser
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power. Specifically, a mixture of HA nanoparticles (nanoHA)
and Ti nanoparticles (nanoTi) is first coated on the substrate.
The coating is then exposed to laser irradiation that converts the
nanoHA and nanoTi mixture (nanoHA/Ti) layer into a robust
BCP/Ti nanocomposite coating. Since conversion of nanoHA
into β-TCP occurs above a threshold temperature, by varying the
laser power, the amount of β-TCP formed in the composite
could be controlled.

Another novelty of this approach is the employment of
titanium nanoparticles. Depending on the size, nanoTi possesses a
higher laser adsorption cross-section and plasmon resonance.18,19

Therefore, upon lower laser irradiation, the nanoTi can be
melted to form a liquid network entrapping the nanoHA in the
composite. The liquid Ti network also maximizes the contact
with the substrate. After solidification, this process results in a
tight integration of the coating with the substrate, as illustrated by
Figure 1a. Note that nanoHA is almost transparent to the 1064 nm
infrared laser20 used in this study, whereas the laser energy is
almost exclusively adsorbed by the nanoTi followed by heat
transfer to the surrounding nanoHA.

A gradient coating scheme can also be realized by this method
to further enhance the coating properties. In this scheme, the
nanoHA/Ti ratio in the pre-coated composite layers is decreased
from the coating/substrate interface towards the top surface. The
high content of Ti at the substrate interface greatly reduces
coating substrate mismatch, resulting in a high degree of integra-
tion with the substrate and enhanced coating/substrate inter-
facial strength. To demonstrate this approach, we first deposited

layer-by-layer of nanoHA/Ti with increasing ratio on a Ti-6Al-4 V
substrate by dip-coating of polyvinyl alcohol (PVA) solutions of
the mixtures of nanoHA and nanoTi. Laser beam was then
applied to heat the pre-coated substrate. Controlling the tem-
perature is critical because nanoTi needs to be melted and nanoHA
to be partially decomposed.

To find optimal processing conditions, we built a multiphysics
model by coupling electromagnetic module with heat transfer
module. This model is used to propose a mechanism for the laser
coating process, and is validated experimentally. After laser coating,
several important features of the nanoHA/Ti coatings are character-
ized, including the microstructures, chemical compositions, surface
roughness and porosity, and interfacial bonding strength between
coating and substrate. Furthermore, preliminary cell culture experi-
ment on the nanoHA/Ti coatings is performed to demonstrate
that the coating supports the adhesion and proliferation of osteoblast
cells.

2. MATERIALS AND METHODS

2.1. Formation of NanoHA. Two types of nanoHA were used in
current investigation: fiber and spherical shapes. The fiber-shaped
nanoHA was purchased from Shanghai Rebone Biomaterials Co., Ltd,
with nominal diameter ranging from 20-50 nm, and length ranging from
400-800 nm. Spherical nanoHA was prepared similarly to the literature
method.21 A 0.6 M solution of (NH4)2HPO4 and a 1.0 M solution of
Ca(NO3)2 was prepared. The pH of the latter solution was adjusted to
10 using concentrated NH4OH. HA was formed by the drop-wise

Figure 1. (a) Experimental schematic of laser coating of BCP/Ti nanocomposite on metal substrates and (b) experimental layout.
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addition of the Ca(NO3)2 solution with stirring to the (NH4)2HPO4

solution at a rate of 6-7 drops every 5 s. The formation of HA could be
described by the following formula:

10CaðNO3Þ2 þ 6ðNH4Þ2HPO4 þ 8NH4OH

f Ca10ðPO4Þ6ðOHÞ2 þH2Oþ 20NH4NO3

The solution was then left to stand and equilibrate for 20 h at room
temperature with continuous stirring. The resulting white precipitate
was washed 3 times with Milli-Q water and centrifuged at 2500 rpm for
2 minutes to separate the HA. The wet white powdery residue was pooled
together and heated in a temperature-controlled furnace at 200�C for
20 h. After cooling, the product formed a coalescedmass of white opaque
solid which was then grounded with a pestle and mortar. The powder
was characterized by X-ray diffraction (XRD) using Bruker AXS D8
focus X-ray powder diffractometer as shown Figure 2a. The X-ray source
generator was set at 40 KV and 40 mA, with the 2θ angle starting from
20� and ending at 90� with a stepping of 0.01o. The powder was con-
firmed to be mainly HA by comparing the XRD pattern with Powder
Diffraction File (PDF) Ref. 74-0566 (HA, synthesis). No peaks for other
phases were found.
2.2. Dispersion of NanoHA/Ti. NanoTi were purchased from

Nanostructured & Amorphous Materials, Inc. Water-soluble polyvinyl-
alcohol (PVA, Sigma-Aldrich, USA), which has good layer forming,
emulsifying and adhesive properties, was used to disperse the nanopar-
ticles. PVA powder was added slowly into hot distilled water to form a
4% (wt %) solution in a clean beaker. The beaker was covered by aluminum
foil and the solution was stirred for about 4 h using a magnetic stirrer
until it became clear. Then the PVA solution was cooled down to room
temperature. HA and Ti nanoparticles were then added into the PVA
solution and stirred until the nanoHA and nanoTi were evenly dis-
tributed in the solution. Two types of nanoHA/Ti mixture with different
mixing ratio (wt %) were prepared: 50%HA/50%Ti and 80%HA/20%Ti.
2.3. Dip Coating. Dip coater with a thermal-controlled chamber

(with temperature set at 363 K) was used to perform nanoHA/Ti pre-
coating on flat Ti-6Al-4 V substrates. The Ti-6Al-4 V substrate was first
prepared by sand-paper polishing, followed by oxygen plasma treatment
for 60s to increase the substrate hydrophilicity. The thickness of the
coating was controlled by withdrawal speed and the viscosity of the
solution. Multilayer of nanoHA/Ti coatings can be formed by repeating
the dip-coating process with coating solution of varied nanoHA/Ti mixing
ratio. A representative dip-coated nanoHA/Ti sample was characterized

by XRD as shown in Figure 2b. Peaks of HA (Ref. 74-0566) and Ti
(Ref. 44-1294) were indexed and found as expected.
2.4. Laser Coating. Neodymium-doped yttrium aluminium gar-

net (Nd:YAG) laser operating in continuous wave (CW) mode with
wavelength of 1064 nm was employed. The experimental layout is
illustrated in Figure 1b. After three reflection mirrors, laser beam was
focused to obtain the desired beam radius. The dip-coated samplewas placed
in a closed chamber purged with Helium. The sample moving relative to
laser beam was controlled by a motorized x-y stage.

Different laser processing conditions were tested for coating nano-
HA/Ti on Ti-6Al-4 V substrate in order to achieve the following three
properties: (i) favorable chemical composition of BCP/Ti nanocompo-
site (gradient composition with mixing ratio of 80%HA:20%Ti in the
outer layer and 50%HA:50%Ti in the inner layer), (ii) strong coating/
substrate interfacial bonding, and (iii) beneficial biocompatibility. Systematic
optimizations were carried out in finding the optimal processing parameters
to achieve these properties in laser engineered low power coating of
nanoBCP/Ti nanocomposite. The processing parameters include laser
power (12 to 30W), laser scanning speed (0.5 to 2 mm/s), and laser beam
radius (0.3 to 1 mm) for coatings with different thickness (20 and
40 μm). Details will be discussed in section 3.1.
2.5. Characterizations. Surface and cross-section morphological

study was performed by field emission scanning electron microscopy
(FESEM) using Hitachi S-4800. The accelerating voltage used was 5 kV.
The magnifications used ranged from several thousands to several
hundreds of thousands times. In order to determine the chemical com-
position before and after laser coating, selected area energy dispersive
X-ray spectrometry (SAEDS) and elemental mapping were employed to
characterize the chemical composition of the coatings with a high spatial
resolution. JSM 6400 scanning electron microscope system equipped
with energy dispersive X-ray spectrometry (EDS) detector was employed to
perform SAEDS and elemental mapping. Before spectrum analyzing, a
calibration process was conducted against pure copper tape. The calibration
file is then saved for reference. After properly calibration, spectra of the
region of interests (ROIs) were obtained. The integrated counts in the
elements region of interests were obtained for relative probability of
calciumandphosphorus. Elementalmapping showing the spatial distribution
of elements (Ca, P, and Ti) in our sample was produced by scanning the
electron beam over a ROI area of 60 x 80 μm2. XRD was performed to
determine the crystallographic structure and phase of calcium phosphate,
using a Bruker AXS D8 focus X-ray diffractometer. The X-ray source
generator was set at 40 KV and 40 mA, with the 2θ angle starting at 20�
and ending at 90� with a stepping of 0.01o.
2.6. Multiphysics EM-HT Simulation. The laser processing

parameters consist of laser wavelength, laser intensity (determined by
laser power and laser beam size), and laser scanning speed. We used a
1064 nm laser because HA absorbs very little in the infrared region,17,22

whereas nanoTi and titanium alloy substrates take most of the laser
incident energy. The mechanism of laser coating of BCP/Ti nanocom-
posites on metal substrate is not fully understood. The interaction
between laser and nanoTi is complicated since the wavelength of laser is
much greater than the nanomaterials and the coatings cannot be assumed
as continuous materials. To understand the laser coating mechanism, and
select appropriate laser processing conditions, multiphysics simulation
of laser interaction with nanoHA/Ti is performed using ComSol. There
are two sub-modules in the model: electromagnetic (EM) module and
coupled heat transfer (HT)module. The schematic of multiphysics EM-
HT simulation modeling is shown in Figure S1 in the Supporting Informa-
tion and corresponding 2D finite element model (FEM) model is estab-
lished as shown in Figure S2 in the Supporting Information.

The precoated layer is composed of closely packed nanoHA and nanoTi
particles; as a result, near-field scattering happens because of nanopar-
ticles, and enhances the local optical intensity close to the surface of nano-
particles. The absorbed energy releases in the form of resistive heating.

Figure 2. X-ray diffraction patterns of (a) original nanoHA powder,
(b) dip-coated pre-coating layer, (c) laser coated double-layer BCP/Ti
nanocomposite. The obtained XRD peaks were compared to HA (PDF
Ref. 74-0566), β-TCP (PDF Ref. 09-0169), Ti (PDF Ref. 44-1294), and
TiO2 (PDF Ref. 21-1276). The doublet peaks of PVA were observed in
dip-coated sample b, but not in the laser-coated sample c. Cu KR
radiation was used (λ = 1.54178 Å).
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The EM module is established to investigate the resistive heating as a
result of laser-nanoparticle interaction, and examine how resistive
heating was formed and hence heated up nanoparticles. Amp�ere's law
with Maxwell's correction and Faraday's law of induction are the governing
equations of the EM module. Combining the Poynting's theorem,23 the
following equation (eq 1) could be obtained:Z

V
JEdV þ

I
S
ðEHÞnds ¼ -

Z
V

E
∂D
∂t

þH
∂B
∂t

� �
dV ð1Þ

where: the first term on the left represents the resistive losses, and the
second term denotes the radiative losses. According to ComSol v3.3
user's guide, the resistive heating (QHT: W/m3) can be expressed as the
following (eq 2):

QHTT ¼ 1
2
RefσEE�- jωED�g ð2Þ

With the resistive heating calculated from by EMmodule, it is then input
into the HTmodule as the heat source. The coupled HTmodule is used
to compute the resulting temperature as a result of resistive heating
induced by laser-nanoparticle interactions. The heat transfer process can
be modeled by heat diffusion mechanism24 for a continuous wave laser
irradiation where the laser duration (in the order of nanoseconds) is
much longer than the electron-photon relaxation time (in the order of
tens of picoseconds). The governing equation for heat diffusion can be
expressed as follows (eq 3):

FCp
∂T
∂t

þrð- krTÞ ¼ Q ð3Þ

where Q = QHT is the resistive heating calculated from (eq 2).
Other than heat source, thermal properties (e.g. thermal conductivity,

heat capacity, and density) were also applied to define involved materials.
The final output of the EM-HT model was temperature distribution. A
typical distribution of resistive heating and resulting temperature dis-
tribution is shown Figures S3 and S4 in the Supporting Information.
Figure S3 in the Supporting Information shows that resistive heating
typically occurred only in nanoTi, since only nanoTi is interact with laser
with 1064 nm wavelength. Figure S4 in the Supporting Information
shows that temperature elevation occurs in both HA and Ti particles as a
result of heat energy transfer. More details on the modeling of multiphysics
simulation can be found in Supporting Information and our previous
report.22

3. RESULTS

3.1. Effects of Laser Power on Temperature. Multiphysics
simulation indicates that the temperature on nanoHA/Ti coating
is strongly dependent on laser intensity applied. A representative
example of the calculated temperature field (Figure 3a) and
history profile (Figure 3b) along the 40 μm thick (double-layer)
nanoHA/Ti (50%HA/50%Ti in the inner layer, and 80%HA/
20%Ti in the outer layer) coating on a Ti-6Al-4 V substrate. The
laser processing parameters used are: laser power 30 W, laser
beam radius 0.5 mm, and scanning speed 1mm/s. The shape and
size distribution of the nanoHA (rectangles and ellipses) and nanoTi
(circles) used for the simulation are based on the field emission
scanning electronmicroscopy (FESEM) image (Figure 3c) of a film
of composite of nanoHA/Ti (80%HA/20%Ti in the outer layer).
Figure 3a shows that under this condition, the temperature was
about 1105 K near the surface of the coating, and increased to
1911K at the coating/substrate interface. The temperature history in
the first 3 milliseconds (ms) after laser irradiation was plotted in
Figure 3b. At the beginning, temperature in both layers started to
increase. The temperature of interfacial layer reached the peak at
0.8 ms, whereas nanoHA layer reaches peak at 1.2 ms. After the

peaks, both temperature continuously dropped to ∼1000 K
within 3 ms.
Accordingly, experiments were carried out to validate the

simulation results, as summarized in Figure 4. The laser proces-
sing conditions were: CW laser beam with power of 12 to 30 W,
laser scanning speed of 1 mm/s and laser beam radius of 0.5 mm.
As shown in Figure 4a, the temperature increases with increasing
of laser power. There is a good agreement found in resulting
temperature between simulation and experiments. Both simula-
tion and experimental data show that the surface temperature
increases almost linearly with applied laser power. A representa-
tive IR camera temperature frame was presented in Figure 4b
obtained with P = 18 W for a 40 μm thick nanoHA/Ti (double-
layer) coating on a Ti-6Al-4 V substrate. The maximum tem-
perature detected was 1163(100 K. After series of trails-and-
errors and systematic optimizations, the optimal conditions found
for the single-layer nanoHA/Ti (50%HA/50%Ti) sample was
18 W, whereas it was 30 W for the double-layer nanoHA/Ti
(50%HA/50%Ti in the inner layer, and 80%HA/20%Ti in
the outer layer) sample. The optimal laser scanning speed was
1 mm/s and laser beam radius was 0.5 mm.
3.2. Surface Microstructure Analysis. FESEM characteriza-

tions were carried out to investigate the surface morphological
changes of nanoTi during the laser coating process. Images a and
b Figure 5show the dip-coated nanoHA/Ti on substrate before
laser processing. The samples were double-layered coatings with
50%HA/50%Ti in the inner layer, and 80%HA/20%Ti in the
outer layer. Two types of nanoHA were used: left images show
the fiber-shaped nanoHA mixed with nanoTi, and right images
show the spherical nanoHA mixed with nanoTi. PVA polymer
was used as the confinement media to bond nanoHA/Ti layer on
the metal substrate. After laser coating, as shown in Figure 5c and d,
the morphology of fiber-shape and spherical nanoHA remained
the same, while most of the titanium nanospheres were melted and
merged together to encapsulate the nanoHA. The molten and
resolidified nanoTi formed a strong metallurgical bonding be-
tween Ti-6Al-4 V substrate and the laser-processed coating.
3.3. Compositional and Structural Analysis. Morphology

studies can only tell the change in physical appearance of involved
nanoparticles, but compositional and structural analysis could
determine how those nanoparticles are chemically altered. In this
study, selected area energy-dispersive X-ray spectrometry (SAEDS)
and elemental mapping was employed to characterize the chemical
composition of the coatings with a high spatial resolution.
The integrated counts of the element region of interests (ROIs)
were obtained for relative probability of calcium and phosphorus.
Spectra of selected area of the double layer sample are shown in
Figures 6a-c. Figure 6a showed a typical HA nanoparticle where
no decomposition occurred after laser processing with power
of 30 W. The Ca/P ratio was 1.66, which is very close to the
stoichiometric of Ca/P in original HA (1.67). However, a larger
area scanning of the same sample gave a spectrum, as shown
in Figure 6b, where the molar ratio of Ca/P was found to be
1.62(0.1. These statistical data (standard deviation) were obtained
by selecting 3 different areas on 3 separate double-layer samples
after a 25 min data collection for each spectrum. The decline in
Ca/P ratio is likely due to the decomposition of HA into β-TCP.2

In agreement, it was reported that partial conversion of HA to
β-TCPoccurred at <1125 oC,25 resulting in formation of amixture of
HA and β-TCP, i.e., the biphasic calcium phosphate (BCP).
Figure 6d-f showed the elemental mapping of calcium, phos-

phate, and titanium over a 60 x 80 μm2 rectangular area. The
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results suggested that: (i) Ca and P were located in the exact
same region. (ii) Ti was complementary to Ca and P. However,
this does not indicate phase separation between BCP and titanium
because the region scanned was a few orders of magnitude larger
than the nanoparticle size. The elemental mapping does indicate
that the distribution of nanoHA and nanoTi is not perfectly even,
aggregation of each of these two types of nanoparticles occurred
during laser coating. (iii) BCP had a higher concentration than
nanoTi in the top layer of the selected region. This result is expected
because the top layer starting material of the sample was 80%
HA/20%Ti.
The formation of β-TCP was also confirmed by XRD. As shown

in Figure 2c, peaks of HA (Ref. 74-0566), β-TCP (Ref. 09-0169),

and TiO2 (Ref. 21-1276) were found in the XRD pattern after
laser coating. However, no β-TCP was found in neither nanoHA
powder (a) nor pre-coating (b), which suggested thatβ-TCPwas
introduced by laser irradiation. TiO2 peaks were found because
oxidization occurred during laser coating likely by trace amounts
of oxygen present in the Helium atmosphere.
The SAEDS spectrum of a typical nanoTi was given in

Figure 6c. It shows that the major signals are titanium, with
minor signals (V) coming from the substrate. PVA was reported
to have a boiling point of 500 K.26When laser irradiation produced a
peak temperature of about 1100 K, PVA was vaporized from the
BCP/Ti nanocomposite coating. Indeed, no PVA peak was found in
the XRD spectrum after laser coating (Figure 2c).

Figure 3. Typical simulated temperature field (a) and history profile (b) of BCP/Ti nanocomposite on Ti-6Al-4 V upon laser treatment, computed by
the EM-HT coupled model at ComSol platform, using the following parameters: double-layer sample with thickness of 40 μm, laser power 30 W, laser
beam radius 0.5 mm, and scanning speed 1 mm/s. (b) A typical FESEM image of pre-coated nanoHA/Ti mixture on which simulation modeling wais
based.
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3.4. Interfacial Strength between Coating and Substrate.
The interfacial bonding strength between coating and substrate
was determined by scratch testing, which involves creating a
controlled scratch by an indenter on the sample surface, and then
analyzing the scratch via an integrated, real-time optical micro-
scope. Observations from real-time images of the scratch are used
to determine the point at which failure occurs over the progression of
the scratch.
Three types of samples were evaluated: (a) Monolayer BCP/

Ti nanocomposite (starting material were 50%HA/50%Ti, 20 μm
thick); (b) double-layer BCP/Ti nanocomposite (starting ma-
terial were 50%HA/50%Ti in the inner layer and 80%HA/20%Ti

in the outer layer, 20 μm thick for each layer); (c) commercial
plasma sprayedHA coating. A 50 μmdiamond Rockwell indenter
was drawn across the surface under incremental load from 0.1 N to
20 N with loading rate of 19.9 N/min. During loading, real-time
values of friction coefficient, frictional force, normal force,
acoustic emission, penetration depth, and residual depth were
collected and then plotted (Figure 7). The material will start to
fail at a certain critical load, marked as LC1. The critical load data
are used to quantify the abrasion-resistance of the adhesive pro-
perties of different film-substrate combinations. A higher critical
load usually means a larger interfacial bonding strength between
layer and substrate.

Figure 4. (a) Plot of simulated and measured temperature of a 40 μm thick nanoHA/Ti (50%HA/50%Ti in the inner layer, and 80%HA/20%Ti in the
outer layer) coating on a Ti-6Al-4 V substrate as a function of laser power; and (b) a real-time image captured by calibrated infrared camera during laser
irradiation with a power of 18 W, using a 1064 nm laser with a beam radius of 0.5 mm and scan speed of 1 mm/s.

Figure 5. FESEMmicrographs showing BCP/Ti nanocomposite coating before and after laser treatment. NanoHA in two different shapes were used:
fiber and spherical. Dip-coated double-layer nanoHA/Ti coating, before laser treatment, (a) fiber-shaped and (b) spherical-shaped nanoHA were used.
After laser coating, (c) fiber-shaped and (d) spherical-shape BCP/Ti nanocomposite were shown. Laser power used was 30 W, laser beam radius was
0.5 mm, scanning speed was 1 mm/s, and coating thickness is 40 μm. During the laser coating process, PVA was vaporized and left the coating.
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The statistical data were obtained over four different scratches
at each sample (Table 1). The interfacial strength of laser coated
monolayer sample was comparable with that of plasma sprayed
sample; and the interfacial strength of laser coated double-layer
sample was more than twice of that of plasma sprayed sample.
This is because the gradient multilayer nanoHA/Ti coatings
alleviate the mismatch of mechanical property due to the sharp
HA/substrate interface in monolayer and plasma sprayed HA
coatings. The nanoBCP are entrapped firmly by molten and
resolidified titanium. The BCP/Ti nanocomposite is bonded
with the substrate coherently because titanium and Ti-6Al-4 V
have similar thermal andmechanical properties. This strong bonding
between coating layer and metal substrate makes implants suitable
for load-bearing and long life cycle applications.
3.5. Qualitative Cell Culture Study. Preliminary cell culture

study was performed on the BCP/Ti nanocomposite coated
samples using UMR-106 osteoblast-like cells. The study was
designed to qualitatively evaluate the ability of the laser coated
BCP/Ti nanocomposite samples to support the adhesion and
proliferation of osteoblast-like UMR-106 cells. Thus, the samples
were plated with UMR-106 cells at a concentration of 200,000
cells/well in a 12-well plate. Briefly, both blank Ti-6Al-4 V substrate
(control experiment) and 3 types of laser coated samples were
cleaned and sterilized by immersing in absolute ethanol overnight
and then washing 3 times with autoclaved Milli-Q water before

plating with cells. Two milliliters culture media (90% DMEM,
10% Fetal Bovine Serum) suspending UMR-106 cells at a
concentration of 100 000 cells/mL was added to each well to com-
pletely submerge the samples. The cells were allowed to adhere
and proliferate on the surfaces for 48 h before fixing and stain-
ing with crystal violet for visualization using the reported protocol.27

Initially, we attempted to visualize the fixed and stained cells
using an upright microscope with a monochrome camera. However,
because of the roughness of the sample, the quality of the images
was poor. This problem was solved using an Olympus SZ61 Zoom
Stereo microscope. Representative stereomicroscopy images are
presented in Figure 8 showing the uniform adhesion of violet-
stained cells on the pure titanium,monolayer andmultilayer BCP/Ti
nanocomposite coated samples. To quantify cell attachment and
growth on the samples, we performed the trypan blue exclusion
test.28 Briefly, UMR-106 cells proliferating on the surfaces were
treated with trypsin to dislodge the cells, centrifuged, and resus-
pended in culture media. Trypan blue dye was added to an aliquot of
the cell suspension to distinguish between dead cells (stained blue)
and live cells (unstained) thatwere quantifiedwith a hemocytometer.

4. DISCUSSION

4.1. Low-Power Coating Due to Increased Laser-NanoTi
Interaction. Because of the strong laser-nanoTi interactions,

Figure 6. Typical SAEDS spectra of (a) nanoHA particles with Ca/P molar ratio of 1.66, (b) BCP composites with Ca/P molar ratio of 1.62, and
(c) titanium nanoparticles, and the elemental mapping images showing (d) calcium, (e) phosphate, and (f) titanium over the same region. Double-layer
laser coated sample with 40μm thickness was used. Laser power used was 30W, laser beam radius was 0.5mmwith scanning speed of 1mm/s. Note: The
scale bar is 20 micrometers.
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laser coating utilizing lower laser power is realized. When
particles sizes are in the scale of nanometers, they show different
properties from bulk counterparts, such as increase in plasmon
resonance29 and reduction on melting point.30 Intrinsic proper-
ties of nanoparticles are strongly dependent on particle sizes.
These unstable size-dependent properties are mainly due to higher
surface atom to total atom ratio, higher surface area-to-volume
ratio, and larger surface energy (surface tension) of nanoparticles.31

When nanoparticle size is in the range of 80 nm, reduction on
melting point is limited but the laser-nanoparticle interaction
remains strong.22 Strong laser-nanoparticle interaction enhances
the resistive heating inside the nanoTi generating a temperature
increase. Multiphysics simulation (Figure 9) shows smaller nanoTi
achieves a higher temperature than larger particles at a given laser
power. For instance, when laser power is 20W, peak temperature
of 1050 K is obtained for 100 nm particles; but only 380 K was
obtained for 800 nm particles under the same laser power. In
otherwords, smaller nanoparticles effectively decrease the laser power
level required to perform laser coating of nanoBCP/Ti layer.
High-resolution FESEM micrographs provided stronger evi-

dence to the surface melting and re-solidification of nanoTi
during laser coating process. Figure 10 show double-layer laser
coated samples before (a, b) and after (c, d) laser coating process
with laser power of 30 W, laser beam radius of 0.5 mm, with a
scanning speed of 1 mm/s. Before laser coating, all nanoTi appeared
in the shape of spheres; however, after laser irradiation, surface
melting and some complete body melting were observed under
high-resolution FESEMs. Surrounding nanoTi particles were
melted and merged together to form a liquid network. This network
entraps nanoBCP and forms a tightly integrated BCP/Ti nano-
composite. According to calculations and temperature measure-
ment, laser power of 30 W could generated a peak temperature
of ∼1160 K at the surface of the 40 μm thick BCP/Ti nano-
composite coating, while near the surface region, the temperature
is close to 1660 K. Note that the IR beam of the IR camera cannot
penetrate into the interfacial region to detect the temperature,
thus no verification could be provided for the temperature at the
coating-substrate interface. The measured temperature of 1660 K
is about 262 K (13.6%) less than the calculated melting point
(1922 K)22 of 80 nm nanoTi particles. Considering the uncer-
tainties of the temperatures measured by the IR camera, and the
simplification and assumption were made to EM-HT model, the
13.6% discrepancy was acceptable. Nevertheless, more future
work will be carried out to further improve the multiphysics model.
4.2. BCP/Ti Nanocomposite Enhances Biocompatibility.

Both SAEDS and XRD results suggested that nanoHA was
partially decomposed into β-TCP. The following reaction is
believed to be responsible for this transformation25

Ca10ðPO4Þ6ðOHÞ2ðHAÞ
f 2Ca3ðPO4Þ2ðTCPÞþCa4P2O9 þH2O

According to the Ca/P molar ratio 1.62(0.1, it can be calculated
that 28% of HA has converted into β-TCP phase32,33 with 72% of
HA still exists in the BCP (with possible variation of 6%). BCP is
now widely-used in many different applications due to its hybrid
properties of both HA (relatively stable phase) and β-TCP
(relatively unstable phase), which provides a better basis for new
bone formation, delivering drugs, antibiotics, hormones,2 and
nasal septum repair.3 Therefore, our laser coating process is also
beneficial for bone formation because of the generation of BCP.
In addition, absolute temperature and duration of high tempera-
ture are two important factors to induce thermal decomposition

Figure 7. Scratch testing results of three samples. The left column
shows the sample number and the right column shows the resulted scratch
tracks after a progressive load scratch from 0.1 N up to 20 N in one
minute. Sample 1 is a mono-layer BCP/Ti nanocomposite sample with
50% HA/50% Ti as starting material; sample 2 is a double layer BCP/Ti
nanocomposite sample (inner layer: 50%HA/50%Ti, outer layer: 80%
HA/20%Ti as starting). Solid lines (LC1) denote the start of failing of
materials, or critical load. Laser powers used were 18 and 30 W for
samples 1 and 2, respectively; the laser beam radius was 0.5 mm with a
scanning speed of 1 mm/s.
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of HA. By controlling the laser power and irradiation time, it is
possible to manipulate the conversion rate of HA to β-TCP,

which would be potentially an ideal method to create BCP with
different Ca/P molar ratios. This is one of the advantages of the
laser coating technique.
Some recent studies revealed that nanoscale bioceramics have

the following improved biocompatibilities over microscale or
larger counterparts. First, nanoscale biomaterial attracts a greater
number of osteoblasts, i.e., bone-producing cells, and increase the
activity of bone cells on the surface of implants.34,35 Conse-
quently, they improve the strength between implants and natural
bone host. More extensive bone formation also occurs in samples
with nanoscale features as compared to electropolished implants.36

Likewise, nanoHA has been shown to support the attachment
and growth of human osteoblast-like cells while preventing
significant inflammatory responses.37 Second, nanoscale bioma-
terial has higher surface area, thus enhancing the osteoblast
adhesion.38-40 Third, the biodegradation of nanoscale bioma-
terials is much faster41 than micrometer scale materials. Nano-
scale biomaterial is also easier to be remodeled and integrated to
bone by osteoblasts, which greatly reduces the infection and pain.42

The preliminary results of the cell culture experiment showed
more cell growth on both single and multilayer BCP/Ti nano-
composite compared with blank Ti-6Al-4 V substrate (Sample
(a) of Figure 8) and pure nanoTi coated sample (sample b in
Figure 8). Using the trypan blue exclusion test, the UMR-106
cells proliferating on the surfaces were detached by treatment
with trypsin, and quantified with a hemocytometer after staining
with trypan blue. The result showed that after culturing cells for
4 days, the cell proliferating were barely observed on blank Ti-6Al-
4 V substrate, and the cells proliferating on both the single and
multilayer BCP/Ti nanocomposite were two times greater (∼20 vs.
10 cells/μL) than those on pure titanium-coated samples. The
existence of BCP/Ti nanocomposites are responsible for the
better biocompatibility for both single and double BCP/Ti
coated samples. AndTiO2 (due to oxidization of Ti nanoparticles
during laser coating process) on pure nanoTi substrate is believed to
be responsible for biocompatibility which is worse than BCP/Ti
coated samples, but better than blank Ti-6-Al-4 V substrate. A

Table 1. Scratch Testing Results Summary

sample number

(coating thickness) 1 (20 μm) 2 (40 μm) 3 (5 μm)

critical load LC1, [N]

scratch 1 4.690 10.935 5.741

scratch 2 5.575 11.173 6.349

scratch 3 4.069 13.205 5.805

scratch 4 4.519 12.549 6.060

mean 4.713 11.966 5.989

std. dev. 0.631 1.860 0.277

Note: Four scratch testing were conducted to each sample, then
the mean of critical load values were averaged out. Sample 1 is
monolayer laser coated BCP/Ti nanocomposite sample; sample 2 is
multilayer laser coated sample; sample 3 is plasma sprayed sample.
Both samples 1 and 2 were processed using laser beam with radius
of 0.5 mm, and scanning speed of 1 mm/s. Laser power used
was 18 and 30 W for samples 1 and 2, respectively.

Figure 8. Cell culture study with UMR-106 osteoblast cells on nano-
HA/Ti coated samples. Images were taken by a stereomicroscope.
(a) Blank Ti-6Al-4 V substrate with no coatings as a control experiment
sample; (b) single-layer laser coating pure nanoTi coating with no
nanoHA; (c) mono-layer laser coated sample with 50% HA/50% Ti;
(d) double-layer laser coated sample (inner layer: 50%HA/50%Ti, outer
layer: 80%HA/20%Ti).

Figure 9. Multiphysics simulation calculated resulting temperature at
interface region of different nanoTi particles. Resulting peak interface
temperature decreases with increase of particle diameter, and size effect
is more significant in small particles (<100 nm for instance). Coating
layer thickness is 20 μm, laser beam radius is 0.5 mm with laser scanning
speed of 1 mm/s.
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comprehensive study to quantify the gene expression of bone-
related characteristics on UMR-106 cells grown on these samples
will be conducted and reported in due course.
4.3. Functional Gradient Coating Improves the Interfacial

Strength between Coating and Substrate. Novel microstructure

with functional gradient coating was obtained. Cross-section FESEM
images of laser coated BCP/Ti nanocomposite were taken, as shown
in Figure 11a. FESEM images show the thickness of each layer was
about 20 μm, in good agreement with the micrometer measurement
and the thickness used inmultiphysics simulation. It also shows good
homogeneity of laser coating BCP/Ti nanocomposite film, with a
solid interfacial bonding between coating and substrate. The substrate
has a zigzag morphology, which was introduced during the substrate
sand-paper polishing procedure. Laser coating is a non-equilibrium
process involving fast heating process (in the scale of microsecond),
which produces metastable phases by exceeding the solid-solubility
limit beyond the equilibrium phase diagram. This could lead to fine
titanium grain structure. NanoBCP and nanoTi form a composite
coating structure.With gradual variation in the ratio of nanoBCP and
nanoTi, as shown in Figure 11b, coating/substrate interfacial bonding
strength was determined to be superior to the commercial plasma
spraying method. Strong coating/substrate interfacial bonding
is obtained because the replaced ceramic composite precursor is
entrapped with a thin layer of themolten titanium to produce a laser-
melt zone; these coatings are metallurgically bonded, providing a
sound and adherent interface between the coating and substrate. In
Figure 11a, BCP has a high concentration near the surface, whereas
nanoTi has higher concentration near the coating/substrate interface.
The high concentration of nanoTi in the coating/substrate interface
minimizes the mismatch of thermal and mechanical properties since
nanoTi has similar properties as the Ti-6Al-4 V substrate.17 More-
over, it is expected that the fine phases formed at the bioceramics/
metal interface due to high cooling rate can further reduce the
chances of crack propagation.43

5. CONCLUSIONS

Multilayer laser coating of BCP/Ti nanocomposite on metal
substrates is presented. We have demonstrated a coating pro-
cess for multilayer of BCP/Ti nanocomposite on Ti-6Al-4 V

Figure 10. Laser coated BCP/Ti nanocomposite sample was characterized via FESEM. Before laser coating: dip-coated nanoHA/nanoTi layer,
(a) fiber-shaped and (b) spherical-shaped nanoHA. After laser coating: (c) fiber-shaped and (d) spherical nanoHA/β-TCPþTi. Melting of nanoTi was
observed after laser coating. The physical appearance of some nanoHA was maintained after laser treatment. PVA was thermally desorbed from the
coating layer. Laser power used was 30 W, laser beam radius was 0.5 mm with scanning speed of 1 mm/s.

Figure 11. (a) Cross-section FESEM images of laser coated double-
layer BCP/Ti nanocomposite. (b) Schematic of nanoBCP coating/
substrate interface of functional gradient coating. Functional gradient
coating has smooth transition in material properties, such as mechanical
property, and biocompatibility. A solid interfacial bonding can also be
achieved via laser coating technique.
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substrates. This unique gradient coating structure has very good
mechanical property, and also promotes cell attachment and
proliferation. The coated samples are characterized using FES-
EM, SAEDS, elemental mapping, XRD, and scratch testing.
Preliminary in vitro study shows the preferential growth of
osteoblast-like UMR-105 cells on the BCP/Ti nanocomposite
surfaces. The following three objectives have been also achieved.

(1) Low laser power processing is realized. Because of the size
effect on nanoparticles, significant increase in laser-particle
interactions is expected from nanoTi used. The presence of titanium
nanoparticles also provides a stronger interfacial strength com-
pared with plasma sprayed technique.

(2) BCP/Ti nanocomposite coating with good mechanical
properties (high surface hardness, and strong interfacial strength
between coating and substrate), beneficial microstructure, and
biocompatible phases (nanoHA and β-TCP) are obtained using
laser coating technique. The formation and adhesion of BCP to
metal substrate is realized at the same time.

(3) Multiphysics model to describe the laser-nanoparticle
interaction and heat transfer within nanoparticles is established,
and validated with experiments. Optimal processing conditions
for experiments are found under the guidance of simulation results.

For an ideal functional gradient multilayer coating, nanoHA/
Ti mixture with variable nanoHA concentration from 100% at
the top to 0% on the interface could be used. The scheme that has
pure nanoBCP at top surface and pure nanoTi on the interface
would avoid sharp change in material properties while interfacial
bonding strength and top surface biocompatibility are well
maintained.
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nanoHA HA nanoparticles
nanoTi Ti nanoparticles
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