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The surface morphology and corrosion behavior of a hydroxyapatite (HA)-
coated cobalt-chromium (Co-Cr) implant after sintering posttreatment using
different times and temperatures were investigated. The substrates were
electrophoretically coated with calcium phosphate in solution of Ca(NO3)Æ4-
H2O and NH4H2PO4. Sintering at four different conditions was then per-
formed on the as-deposited samples. Scanning electron microscopy, contact
angle measurement, and potentiodynamic polarization studies were employed
to investigate the surface morphology, porosity, wettability, and corrosion
behavior of the coated samples. The results revealed that the HA-coated
substrate sintered at temperature of 600�C for 20 min showed fairly uniform
microstructure with the highest density and corrosion resistance compared
with the other conditions. Moreover, the highest wettability was exhibited by
the HA surface sintered at temperature of 500�C for 60 min.

INTRODUCTION

Cobalt chromium (Co-Cr) alloy is widely used as
metallic biomaterial in many orthopedic applica-
tions owing to its high biocompatibility and excel-
lent mechanical properties such as high stiffness as
well as wear resistance.1,2 However, its poor level of
osseointegration and high release of toxic ions such
as Co and Cr into human body fluids remain
matters of concern.3 Therefore, improving the bioac-
tivity of the surface of Co-Cr and reducing its
corrosion are essential for clinical applications of
implants using this material.4

Due to the good biocompatibility as well as
bioactivity of hydroxyapatite (HA), it has great
potential for use in orthopedic and dental applica-
tions.5,6 It has been reported that deposition of a HA
layer on implants made from metallic materials
such as Co-Cr results in improved surface bioactiv-
ity and reduced ion release.7 The similarity of
hydroxyapatite [Ca10(PO4)6(OH)2] to the main inor-
ganic component of hard tissues (bone) in the
human body makes it a suitable replacement mate-
rial for use in orthopedic applications.8,9 Owing to

the structure and chemical composition of HA, it can
promote bone cell growth and bone resorption
activity, resulting in formation of chemical bonding
(osseointegration) between the implant and tis-
sue.10 However, the poor mechanical properties of
HA coating layers make them unsuitable for use in
many load-bearing applications.11,12

Sintering posttreatment is considered to be one of
the promising surface modification techniques for
improving the mechanical properties of HA coating
layers.7 It has been reported that sintering post-
treatment can affect the biocompatibility, corrosion
resistance, and adhesion strength of such coated
implants.13,14 Although sintering posttreatment is
considered to be an excellent surface modification
method for enhancing the mechanical properties of
HA coating layers,7 high sintering temperature
leads to degradation of HA and the metal substrate
while low sintering temperature results in a HA
coating layer with high porosity and weak bond-
ing.15 It has been reported that high sintering
temperature may induce crack formation on the
surface of the HA coating layer owing to thermal
expansion coefficient mismatch.16 In addition, the
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sintering time strongly influences the amount of
crystalline apatite phase present.17,18 Therefore, the
sintering posttreatment parameters of time and
temperature are considered to be two critical factors
determining the quality and performance of HA
coated layers, potentially affecting their coating
properties.14

The cellular response to an implant is strongly
influenced by its microtopography or surface tex-
ture.19 For instance, hydrophilicity or high wetta-
bility of the implant surface enhances clinical
success rates of implantation. It has been reported
that increasing the surface wettability of the
implant surface accelerates osseointegration and
bone formation by enhancing osteoblast maturation
in vitro.2,20 Rausch-fan et al.21 and Zhao et al.22

reported that the hydrophilic nature of the implant
surface strongly influences growth factor production
and cell differentiation. The importance of porosity
and pore structure for osteogenesis has also been
extensively investigated.23 It has been reported that
porous structure of HA coatings is essential for
implant fixation via bone ingrowth into the pores.24

Among several possible techniques for HA coat-
ing, including plasma spraying, sol–gel technique,
electrophoretic deposition (EPD), pulsed laser depo-
sition, biomimetic coating, and investment casting,
the EPD technique has attracted considerable
attention due to its simple setup, ability to deposit
on complex shapes with different dimensions, low
temperature, high efficiency, and short processing
time.7,25 In this study, HA was deposited on Co-Cr
substrates using the EPD technique. Sintering
posttreatment using four different conditions was
then performed on coated samples to investigate the
morphology and corrosion behavior of the coated
substrates.

MATERIALS AND METHODS

A rod of high-carbon Co-28Cr-6Mo (ASTM F1537)
with diameter of 10 mm was cut into disks with
thickness of 2 mm. Samples were polished using
abrasive silicon carbide papers, then cleaned ultra-
sonically using acetone. Electrolyte consisting of
Ca(NO3)2Æ4H2O and NH4H2PO4 in deionized (DI)
water with pH of 5 and Ca/P ratio of 1.67 was
prepared. The prepared electrolyte was then stirred
at 400 rpm for 12 h. The EPD process was con-
ducted using a regulated direct-current (DC) power
supply (DYY-6C, BEIJING LIUYI) at current den-
sity of 12 mA cm�2. The deposition process was
carried out for 20 min at temperature of 25�C using
a graphite electrode as anode with the substrate
acting as cathode. Subsequently, the coated samples
were removed from the electrolyte and rinsed in
distilled water. The samples were then oven dried at
60�C for 24 h before conducting sintering posttreat-
ment. Finally, the prepared samples were sintered
in a muffle furnace with setpoint ramp rate (SP.rr)
of 10�C min�1 under four different conditions, viz.

500�C for 20 min, 500�C for 60 min, 600�C for
20 min, and 600�C for 60 min. The corrosion behav-
ior of the coated samples was investigated using
potentiodynamic polarization studies according to
ASTM standard G5. The tests were carried out in
500 mL Kokubo simulated body fluid (SBF) using a
potentiostat corrosion test machine (Princeton
Applied Research, AMETEK, versaSTAT 3) with a
three-electrode cell. The surface wettability of HA-
coated samples was measured using contact angle
measurements based on a water droplet (VCA
optima, AST) as stated in ASTM standard D7334-
08. A droplet of water (1 ± 0.1 lL) was dropped onto
the surface of the coated layer, and the contact
angle measured at a specified time (5 s).

RESULTS AND DISCUSSION

The surface morphology of HA-coated Co-Cr sub-
strates before and after sintering posttreatment is
shown in Fig. 1. The top-view scanning electron
microscopy (SEM) image of the coated substrate
before sintering is illustrated in Fig. 1a. HA clearly
formed on the surface of the Co-Cr alloy without any
visible cracking, confirming the eligibility of the
coated layer for the subsequent sintering process.
The morphology of the HA-coated substrate after
sintering at 500�C for 20 min is presented in
Fig. 1b, revealing an uncracked coating layer with
nonuniform microstructure. It can be interpreted
that, when applying this sintering condition, some
areas of the coating layer remained unchanged. A
SEM image of the HA coating layer after sintering
posttreatment at 500�C for 60 min is illustrated in
Fig. 1c. The uncracked surface morphology shows
more regular structure compared with after sinter-
ing at 500�C for 20 min in Fig. 1b. It is noteworthy
that, on increasing the sintering time from 20 to
60 min, only a few parts remained unchanged.
Figure 1d shows the surface morphology of the HA
coated layer after sintering posttreatment at 600�C
for 20 min, illustrating a dramatic change in the
morphology of the coating surface after sintering
under this condition. This fairly uniform coating
layer may indicate that most of the amorphous
phase was transformed to crystalline HA after
sintering posttreatment at this condition.14 Such
an uncracked and homogeneous layer of crystalline
HA may improve the mechanical and electrochem-
ical properties of the coated sample.4 A SEM image
of a HA-coated layer after sintering posttreatment
at 600�C for 60 min is presented in Fig. 1e. It can be
observed that, on increasing the sintering time from
20 to 60 min, some flakes merged together to form
an irregular structure, possibly including apatite,
tricalcium phosphate (TCP), and calcium oxide
(CaO).26 Therefore, the grains did not have well-
defined shape and formed with different sizes.
Creation of different calcium phosphate phases
after sintering under these four conditions was
reported in our previous study.14

Shirdar and Taheri2832



Figure 2 presents the surface porosity of HA-
coated substrates sintered under different condi-
tions. Applying a threshold to separate the two
classes (with red color in the image indicating
porous area) allows measurement of the porosity
area percentage, revealing values of 39%, 31%, 23%,
and 27% for the samples sintered at 500�C for
20 min, 500�C for 60 min, 600�C for 20 min, and
600�C for 60 min, respectively. This implies that
sintering of the HA-coated layer at 600�C for 20 min
resulted in the minimum porosity and densest

microstructure compared with the other sintering
conditions. HA with such dense structure may
exhibit enhanced mechanical as well as electro-
chemical properties.27

Potentiodynamic polarization curves of noncoated
and HA-coated Co-Cr sintered under different con-
ditions are shown in Fig. 3. The corrosion potential
(Ecorr) and corrosion current density (Icorr) of the
substrates were obtained from the point at which
the slope lines of the curves meet each other.14 The
corresponding values of Ecorr, Icorr, and the corrosion

Fig. 1. SEM images of HA-coated Co-Cr: (a) before sintering and after sintering at (b) 500�C for 20 min, (c) 500�C for 60 min, (d) 600�C for
20 min, (e) 600�C for 60 min.
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rate for the noncoated sample were � 625 mV, 3.69
lA and 0.0412 mmPY, respectively, as shown in
Fig. 3a. Generally, the corrosion current is directly
related to the corrosion rate.28 Therefore, lower

corrosion current results in lower corrosion rate,
and vice versa. The potential versus current plot for
the coated substrate sintered at 500�C for 20 min is
presented in Fig. 3b. The electrochemical results

Fig. 2. Image analysis showing porosity of HA coating layers after sintering at (a) 500�C for 20 min, (b) 500�C for 60 min, (c) 600�C for 20 min,
(d) 600�C for 60 min.
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indicated that the Icorr, Ecorr, and corrosion rate
values for this HA-coated sample were 2.158 nA,
� 11.859 mV, and 5.7448 9 10�5 mmPY, respec-
tively. Due to the insulating nature29 and high
thermodynamic stability30 of the HA structure, HA
coating decreased the corrosion rate of the Co-Cr
alloy. The potentiodynamic polarization curve of the
HA-coated sample sintered at 500�C for 60 min is
presented in Fig. 3c, indicating Icorr, Ecorr, and
corrosion rate values of 747.147 pA,
� 333.348 mV, and 1.9881 9 10�5 mmPY, respec-
tively, for this sample. In comparison with the HA-
coated sample sintered at 500�C for 20 min, this
reduction in corrosion rate can be explained based
on the higher density of this coating layer and its
possibly greater transformation of amorphous to
crystalline phase.14 This lower corrosion rate indi-
cates lower release of Co and Cr ions from the
substrate to the SBF.31 Figure 3d shows the

corrosion curve of the HA-coated Co-Cr implant
after sintering posttreatment at 600�C for 20 min,
revealing Icorr, Ecorr, and corrosion rate values of
9.849 nA, 178.321 mV, and 0.00026209 mmPY,
respectively, for this sample. This improvement in
corrosion resistance is related to the low porosity of
this HA coating layer, which may provide fewer
channels for Co or Cr ions to pass through the
coating layer to reach the SBF.32 This means that,
after sintering under this condition, the porosity of
the coating layer was reduced, possibly owing to the
excessive growth of the HA grains, which filled the
empty spaces between grains.14,32 The Icorr, Ecorr,
and corrosion rate values for this HA coated sample
sintered at 600�C for 60 min were 407.676 pA,
� 278.473 mV, and 1.0848 9 10�5 mmPY, respec-
tively, as shown in Fig. 3e. Compared with the
sample sintered at 600�C for 20 min, the corrosion
rate of this sample was decreased. This may be

Fig. 3. Potentiodynamic polarization curves of (a) noncoated Co-Cr and HA-coated Co-Cr sintered at (b) 500�C for 20 min, (c) 500�C for 60 min,
(d) 600�C for 20 min, (e) 600�C for 60 min.
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related to the formation of different phases (HA
crystalline, TCP, and CaO)14 and the creation of
some nanocracks due to the growth of flakes under
this sintering condition.

The hydrophilic nature of the HA-coated samples
sintered under different conditions was evaluated by
wettability test. The contact angle results for the HA-
coated samples are shown in Fig. 4, revealing values
of 74�, 71�, 55�, and 46� for the coated samples
sintered at 500�C for 20 min, 500�C for 60 min, 600�C
for 20 min, and 600�C for 60 min, respectively. It is
considered that higher degree of surface hydrophilic-
ity is more desirable for medical implants33,34

because it can promote new bone formation.35,36

Based on these findings, the HA-coated sample
sintered at 500�C for 20 min exhibited the lowest
hydrophilicity while the HA-coated sample sintered
at 600�C for 60 min showed the highest degree of
hydrophilicity. This may be related to the surface
characteristics, such as surface topography, and the
chemistry of the HA coated layer. Therefore, it seems
that the sintering condition of 600�C for 60 min
results in a coating layer with a texture which is more
suitable for implant applications.

CONCLUSION

HA was coated on Co-Cr alloy by EPD technique.
The coated samples were then sintered using dif-
ferent times and temperatures. The findings reveal
that the sintering condition played a remarkable
role in the surface morphology and corrosion behav-
ior of the HA-coated substrates. SEM images of

coated samples revealed that sintering posttreat-
ment at 600�C for 20 min resulted in a fairly
uniform microstructure with the lowest porosity.
In addition, potentiodynamic polarization measure-
ments indicated that the HA-coated sample sintered
under this condition exhibited the lowest corrosion
rate compared with the other conditions. Wettabil-
ity testing of coated samples after sintering at
different conditions indicated that the samples
sintered at 600�C for 60 min and 500�C for 60 min
possessed the highest and lowest hydrophilicity,
respectively.
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