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Abstract

In the present study, a combination of friction stir processing and electrophoretic deposition was used to fabricate nano-hydro-

xyapatite coatings on the Ti-CaP nanocomposite surface layer. A constant tool rotation rate of 250 rpm, travel speed of 16 mm/min and

plunge depth of 1.2 mm with a tool tilt angle of 31 were used to incorporate nano-hydroxyapatite particles into Ti–6Al–4V substrates.

Microstructure of the stir zone was analyzed using optical and scanning electron microscopy. Microhardness profile and AFM analysis

of substrates were then studied. The electrophoretic deposition of nano-HA particles was carried out at constant voltage of 30 V after

60 s. The as-deposited nano-HA coating was characterized employing scanning electron microscope and X-ray diffraction. The results of

adhesion test and potentiodynamic polarization measurements showed that Ti-CaP nanocomposite layer could effectively increase the

bonding strength between coating and substrate as well as corrosion resistance.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ti–6Al-4V (Ti64) is the most widely used titanium alloy
for load bearing bioimplant applications [1]. It offers a
high strength to weight ratio, low modulus, high biocom-
patibility and resistance to corrosion [1]. However, due to
poor osteoinductive properties of titanium alloys, coating
hydroxyapatite (Ca10 (PO4)6(OH)2) on Ti64 substrates has
received considerable attention [2]. Hydroxyapatite (HA),
a biocompatible ceramic material with high osseoconduc-
tivity, is commonly used as a filler to replace amputated
bone or as a coating to promote bone ingrowth into
prosthetic implants [2]. However, due to poor mechanical
properties of HA, a great deal of interest is focused on
improving the mechanical and biological performances by
using HA coatings on Ti64 alloy [2]. Electrophoretic
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deposition (EPD) is successfully implemented for the
fabrication of dense and uniform HA coatings on the
substrates with various geometries [3–6]. Moreover, EPD
is more economically favorable technique among other
methods such as plasma spray [7,8], sol–gel [9,10], and
biomimetic [11,12]. The basis of an EPD process is the
migration of colloidal particles suspended in a liquid
medium under the influence of an electric field and their
deposition onto an oppositely charged electrode [13].
In order to cope with metallic substrate degradation and

HA decomposition, in fabrication of HA coatings on the
Ti64 substrates, sintering temperatures is set at o1000 1C;
however, at these temperatures HA densification is insuffi-
cient [14]. Furthermore, due to high difference between
thermal expansion coefficients (CTE) of Ti64 substrate and
HA [15,16], thermal contraction mismatch leads to the
cracks formation during cooling the system from the
elevated temperatures; additionally, a considerable firing
shrinkage during sintering stimulates the propagation of
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cracks in coatings [17]. One promising way to deal with
these problematic issues is the use of inner layers between
substrate and HA coating. The inner layers act as a
diffusion barrier and reducing the decomposition of the
HA powders in the second layer during sintering [16,17].
Additionally, the presence of inner layers in HA coatings
improves the bonding strength and reduces CTE mismatch
at HA/Ti64 interface [15,16].

Recently, friction stir processing (FSP) has been demon-
strated as an effective technique for the fabrication of nano-
composite surface layer enhancing microstructural
modification of the working piece [18]. In the FSP, a
rotating tool was inserted into a single piece of material,
for severe plastic deformation, material mixing, and
thermal exposure, resulting in significant microstructural
refinement, densification, and homogenization [18]. This
technique has been successfully applied in the production
of fine grained structures, surface composites, and micro-
structural modification of castings [18]. FSP is a solid state
process which has the advantages of adjusting mechanical
properties by optimizing tool design and process para-
meters and avoiding the excessive interfacial reactions of
reinforcement with metal matrix [19]. Since the bonding
strength of HA coating is improved by incorporating
an inner layer [15–17], FSP can be potentially applied
for the modification of electrophoretically deposited nano-
HA coatings. To the authors’ best knowledge, there is
no through work reporting the influence of FSP on the
bonding strength of HA coatings.

In the current study, a combination of friction stir
processing (FSP) and electrophoretic deposition (EPD)
was used to fabricate nano-HA coatings on Ti-CaP
nanocomposite layer. The FSP was performed by plunging
a rotating, cylindrical tool into the work-piece grooves
containing nano-HA powders. Then, the EPD of nano-HA
particles on Ti-CaP nanocomposite layer was studied.
Finally, the electrochemical corrosion behavior in a simu-
lated body fluid solution and the bonding strength of
friction stir processed and as-received samples were dis-
cussed. The fabricated Ti-CaP nanocomposite layer and
nano-HA coatings were characterized employing micro-
hardness measurements, SEM, XRD, and AFM analyses.

2. Experimental procedures

2.1. Friction stir processing on Ti–6Al–4V substrates

Ti–6Al–4V mill-annealed plates and nano-sized HA
powders (synthesized by precipitation method [3]) were
used as substrate and reinforcement particulates, respec-
tively. The as-received substrates (AR) was 3-mm-thick
mill-annealed Ti–6Al–4V plates with the chemical composi-
tion of Al¼6.28, V¼4.90, Fe¼0.29, Nb¼0.05, Mn¼0.03.
Cr¼0.02, Si¼0.05, Sno0.05, Moo0.03, Cuo0.02, Zr¼
0.01, and Ti balance (all in wt%). The as-received plates were
additionally annealed at 850 1C for 1.5 h to form a homo-
genous microstructure with equiaxed grains. The whole
surface of a 10 cm� 2 cm work piece was subjected to
friction stir processing (FSP). The used tungsten carbide tool
was 16 mm in diameter and the tilt angle was 31. The tool
rotation was set to be 250 rpm, plunge depth was 1.5 mm and
its advancing speed was 16 mm/min. Three grooves with
1 mm depth and 2 mm width were machined on the surface
of work piece and separated from each other by a 2 mm
distance. Subsequently, nano-sized HA powders were com-
pacted into the grooves and 3 passes FSP was carried out on
the prepared sheets under an argon gas shrouding system.
Cross and lateral sections of the friction stir processed sample
(designated as Ti-CaP) was mounted, and then mechanically
polished, followed by etching in an etchant composed of
2.5% HNO3, 1.5% HF, and 96% distilled water. The phase
composition of Ti-CaP sample was analyzed by XRD
(Philips PW 1480) in 2y¼20–1001 range at a step size of
0.021 and a count time of 0.6 s. The hardness profile was
obtained using a scanning microhardness tester with a load
of 100 g and a dwell time of 10 s. Five Vickers hardness
indentations were performed on each specimen. Surface
topography and roughness of Ti-CaP sample were character-
ized by scanning probe microscope (SPM, DME DS-95-
50E). The microstructural characterization and elemental
composition of the Ti-CaP sample were analyzed by using
scanning electron microscope (SEM, Philips XL 30) equipped
with an Energy Dispersive Spectrometer (EDS).

2.2. Electrophoretic deposition of nano-HA powders

Nanocrystalline hydroxyapatite powders (synthesized by
precipitation method [3]) were used as the coating material.
The suspension was prepared by adding 1 g of HA powders
into 50 mL of absolute ethanol (Merck, USA). The addition
of 1 g/L iodine (dispersant) to ethanol was resulted in
positively charged particles. The prepared suspension was
dispersed in a 50 kHz ultrasonic bath for 60 min, and then
was immediately used for electrophoretic deposition (EPD)
without further aging. Ti–6Al–4V substrate as the working
electrode and 316 L stainless steel as the counter electrode
were immersed in the suspension with a fixed distance of
10 mm. Prior to deposition, Ti–6Al–4V substrates were
ground with 400–1200 grit SiC papers, then washed out
with detergent and degreased with acetone, and finally
passivated in a HF (100 mL/L)–HNO3 (300 mL/L) solu-
tion. One side of the cathode was masked with a non-
conducting tape. The surface area of the cathode was
1 cm2. The EPD process was conducted on the Ti-CaP
nanocomposite layer for 60 s under a constant voltage of
30 V. After deposition, the green coatings were dried in air
for 24 h at room temperature. Sintering of the coatings was
carried out in an argon-purged atmosphere at 900 1C. The
heating rate and cooling rate were the same (10 1C/min)
and the dwell time was 1.5 h. The phase composition of
coated surface was analyzed by XRD (Philips PW 1480),
by scanning in 2y¼20–1001 range at a step size of 0.021
and a count time of 0.6 s. The microstructural characteriza-
tion of the as-deposited sample (designated as HA/Ti-CaP)



Table 1

Chemical composition of simulated body fluid employed in this study.

Ion SBF (mM) Blood plasma (mM)

Naþ 142.0 142.0

Kþ 5.0 5.0

Mg2
þ 1.5 1.5

Ca2
þ 2.5 2.5

Cl� 147.8 103.0

HCO3
� 4.2 27.0

HPO4
2� 1.0 1.0

SO4
2� 0.5 0.5

Fig. 1. Cross section of a typical fabricated Ti-CaP layer exhibiting grain

refinement in the stir zone.
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was carried out by using SEM (Philips XL 30). To
investigate electrochemical corrosion behavior of HA/Ti-
CaP coating, samples were embedded in cold-curing epoxy
resin, exposing a surface area of 1 cm2. Potentiodynamic
polarization test in a corrected-SBF solution [20], open to
air at 37 1C and at the physiological pH 7.40, was
performed using AutoLab PGstat 30. The chemical com-
position of the employed SBF is given in Table 1. All
potentials were measured with respect to a saturated
calomel electrode. Two parallel graphite rods served as
the counter electrode for current measurement. From the
polarization curve, the corrosion parameters were evalu-
ated by Tafel extrapolation method by Nova v1.6 soft-
ware. Bonding strengths of the sintered samples were
measured by using a pull-off adhesion tester (PosiTest,
Defelsko). A 10 mm diameter Al rod was glued onto the
coated surface with epoxy resin as the hardener. The
adhesive strength was then calculated as the tensile force
per fracture area.
Fig. 2. Vickers microhardness profile versus the distance from surface of

Ti-CaP nanocomposite layer.
3. Results and discussion

3.1. Characterization of Ti-CaP nanocomposite surface

layer and HA/Ti-CaP coating

In Fig. 1, the cross section of fabricated Ti-CaP layer
exhibits the grain refining within the stir zone. During a
sever plastic deformation of Ti64 alloy, the occurrence of
dynamic recrystallization (DRX) is the most probable
restoration mechanism [21]. The severity of plastic defor-
mation results in the formation of dislocation tangle zones
close to the grain boundaries. Then, annihilation of
dislocations leads to sub-grain formation and finally new
dislocations-free grains are produced with high misorienta-
tions [22]. On the other hand, the grain growth was limited
effectively due to severe deformation and short time at
elevated temperature in FSP zone.

Fig. 2 presents the microhardness profile of Ti-CaP sample
versus the distance from the surface. An approximately 33%
increase in microhardness can be achieved in severe deformed
layer. Besides, the thickness of the friction stir processed layer
may reach to 160 mm. The grain refinement accompanied by
a considerable increment in hardness is observed due to
friction stir processing and the distribution of nano-hydro-
xyapatite particles along the mentioned depth.
Typical microstructure of nanocomposite surface layer

fabricated by 3 passes FSP is shown in Fig. 3a. Obviously,
there are nanoparticles (�50 nm) distributed uniformly in
the titanium matrix. The EDS spectrum and quantitative
results of the average element composition are shown in
Fig. 3b. The Ca/P atomic ratio is 1.21, which concludes
that the phase is likely to be between octacalcium phos-
phate (OCP, Ca8(HPO4)2(PO4)4 � 5H2O) with Ca/P¼1.3
and dicalcium phosphate anhydrous (DCPA, CaHPO4)
with Ca/P¼1. It should be noted that the transformation
of HA phase to OCP and DCPA phases is affected by FSP
parameters which determines the temperature and proces-
sing time during severe plastic deformation.
Fig. 4 shows the surface topography of Ti-CaP nano-

composite layer. It is seen that the surface layer is
composed of nanoparticles ranging from 40 to 60 nm
which is in agreement with Fig. 3a. In addition, the average
surface roughness height obtained from roughness analysis



Fig. 3. SEM micrograph (a) and EDS spectrum (b) of fabricated Ti-CaP

nanocomposite layer showing CaP particles dispersion within the stir zone.

Fig. 4. AFM 3d image of the fabricated Ti-CaP nanocomposite surface layer.

Fig. 5. X-ray diffraction patterns of (a) Ti-CaP substrate and (b)

as-deposited HA/Ti-CaP sample.
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was 98.6 nm. The characterization of the surface roughness
is very important for biomedical application where an
appropriate roughened surface is highly desirable due to its
higher bonding strength with the coating [23].

Fig. 5 illustrates XRD spectra of Ti-CaP nanocomposite
surface layer and as-deposited HA/Ti-CaP sample. The
pattern in Fig. 5a reveals a typical fabricated Ti-CaP layer;
no titanium oxide reflection was detected using XRD.
Reflections related to HA were indicative of its presence in
the fabricated composite layers. However, the number of
HA reflections and their associated intensities were limited;
these are attributed to its relatively low volume fraction in
the composite layer. In the spectrum shown in Fig. 5b, the
peaks appeared at 2y¼25.81, 28.71, 311, 32.11, 33.31, 45.71,
48.31 and 521 are corresponded to (002), (210), (211), (112),
(222) and (321) planes of hydroxyapatite crystal, respec-
tively [24]. Furthermore, the characteristics peaks of Ti at
2y¼37.41 and 39.31 are apparently distinguishable in both
Ti-CaP and HA/Ti-CaP samples which are assigned to
(002) and (101) planes, respectively. Also, SEM micro-
graph of the nano-HA coated on Ti-CaP sample shown in
Fig. 6 indicates that the coated surface is composed of HA
nanoparticles with the size of �76 nm.
3.2. Bonding strength and corrosion behavior of

HA/Ti-CaP coatings

The mean values of bonding strength for the coated
samples are presented in Fig. 7. Compared with the HA/



Fig. 6. SEM micrograph showing the surface morphology of as-deposited

HA/Ti-CaP sample.

Fig. 7. Bonding strength of HA/AR Ti and HA/Ti-CaP samples.

Fig. 8. Potentiodynamic polarization curves of AR Ti, Ti-CaP and

HA/Ti-CaP samples in SBF at 37 1C.
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AR Ti sample, the bonding strength of HA/Ti-CaP sample
is increased by a factor of 2.1 which is higher than those
reported for HA coated samples (7–11 MPa) [25]. The
enhancement in bonding strength stems from reducing
thermal expansion mismatch between Ti64 and the HA
coating by introducing Ti-CaP inner layer. Furthermore,
the Ti-CaP nanocomposite layer acts as a diffusion barrier
and reduces the decomposition of HA coating during
sintering. As a result, the dense HA/Ti-CaP coatings with
reduced micro-cracks lead to higher bonding strength.

The potentiodynamic polarization curves of the AR Ti,
Ti-CaP and HA/Ti-CaP samples in a corrected-SBF solution
are depicted in Fig. 8. The corrosion parameters, extracted
from polarization curves using Tafel least square fitting
method, are listed in Table 2. Additionally, the polarization
resistance (Rp) is estimated by the use of Stern–Geary
equation ðRp ¼ ðba� bc=2:303ðbaþbcÞÞð1=IcorrÞÞ [26]. The
results corresponding to HA/Ti-CaP sample imply a signifi-
cant decrease in the corrosion current density (Icorr), and an
increase in the corrosion potential (Ecorr), linear polarization
resistance (Rp) and corrosion rate. This indicates that Ti-CaP
inner layer helps to produce a coating with fewer micro-
cracks. When microcracks are present in the HA coatings,
conducting paths between the corrosive medium and the Ti64
substrate will eventually be formed. By implementation of
friction stir processing, the Ti-CaP inner layer acts as a
barrier to the penetration/transport of chloride ions and
water molecules through the coating, transport of ions the
coating, and hinders the subsequent electrochemical reactions
at the interface of HA and Ti64. In addition, the corrosion
rate of Ti-CaP sample is lower as compared with the AR
substrate which is caused by rapid formation of stable passive
layer due to its fine grained microstructure [27–29]. The
reduction of grain size plays an important role in enhancing
the activity of electrons at the grain boundaries. In this
regard, the surface becomes more electrochemically reactive
giving rise to an increase in passivation ability resulting in
rapid formation of a mechanically strong and stable passive
film [27–29].

4. Conclusions

In the present study, a combination of friction stir proces-
sing and electrophoretic deposition was performed to fabricate



Table 2

Electrochemical corrosion parameters of AR Ti, Ti-CaP and HA/Ti-CaP samples.

Sample Ecorr (mV) Icorr (mA/cm2) ba (V/decade) bc (V/decade) Rp (O cm2) Corrosion rate

(mm/year)� 10�2

AR Ti �327 2.76 0.23 0.28 19,925 2.4

Ti-CaP �127 0.048 0.07 0.12 390,030 0.041

HA/Ti-CaP 0.011 0.021 0.13 0.15 1430,510 0.018
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the nano-HA coatings on Ti-CaP nanocomposite surface
layer. The FSP was performed at a constant tool rotation
rate of 250 rpm, travel speed of 16 mm/min and plunge depth
of 1.2 mm with a tool tilt angle of 31. The microhardness of
Ti-CaP nanocomposite layer was reached about 386 HV due
to the grain refinement and the distribution of nano-hydro-
xyapatite particles. The cathodic electrophoretic deposition of
nano-HA particles from ethanol based suspension was carried
out on Ti-CaP and AR Ti specimens at constant voltage of
30 V after 60 s. It was found that FSP process leads to an
improvement in thermal expansion mismatch which could
effectively improve the bonding strength between coating and
substrate. The electrochemical corrosion behavior of the nano-
HA coatings in SBF solution at 37 1C was investigated by
means of potentiodynamic polarization test. The results imply
that Ti-CaP inner layer significantly decreases the corrosion
current density, and increases the corrosion potential, linear
polarization resistance and corrosion rate of HA/Ti-CaP
sample.
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