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Abstract This study is a comparison between the effect of
sintering and alkaline post-treatment techniques on calcium
phosphate-coated Co—Cr—Mo alloy in terms of electrochem-
ical corrosion behavior and wettability. The Co—Cr—Mo sub-
strates were electrophoretically coated by calcium phosphate
in a solution of Ca(NOj3) - 4H,0O and NH4H>POj4. The sin-
tering and alkaline post-treatment techniques were then con-
ducted to convert an as-deposited dicalcium phosphate dihy-
drate phase to crystalline hydroxyapatite (HA). The coated
layers were characterized in terms of phase, crystallinity
and composition using X-ray diffraction, Fourier transform
infrared spectroscopy and energy-dispersive spectroscopy.
In addition, morphology and thickness of coated layers were
evaluated using a scanning electron microscope. The results
indicate HA-coated samples with a sintering post-treatment
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technique exhibit more improvement in corrosion parame-
ters, such as corrosion potential (E.qy) and corrosion cur-
rent density (Icorr), but lower enhancement in hydrophilic-
ity. However, the HA-coated samples with an alkaline post-
treatment technique reveal higher hydrophilicity with lower
improvement in corrosion resistance.

Keywords Co—-Cr—Mo - Electrophoretic deposition
(EPD) - Post-treatment - Corrosion - Wettability

1 Introduction

Cobalt chromium alloys have been used as orthopedic
implants due to their wear resistance in vivo and superior
stiffness compared to titanium alloys and stainless steels [1].
However, their use in hostile electrolytic environments, such
as in human body fluid, is limited due to ion release [2], slow
osseo-integration and lack of bioactivity [3]. The ion release
and corrosion products can adversely affect the mechanical
integrity and biocompatibility [4] and also lead to infection,
swelling, loosening and local pain [5]. Coating the surface
with hydroxyapatite, which is the main inorganic compo-
nent of human bones and teeth, has been widely used to
enhance its biocompatibility while maintaining its mechan-
ical strength [6]. This non-conductive layer prevents ion
exchange between the implant and its environment and con-
sequently leads to increased corrosion resistance [7].

Other than resistance to corrosion, wettability of the
implant surface also plays a crucial role in improving the
clinical success rates of implantation [8]. Increasing sur-
face wettability or hydrophilicity influences implant osseo-
integration and bone formation by enhancing osteoblast mat-
uration in vitro [9]. It can also affect the biological response
to an implanted material through protein adsorption and
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adhesion, platelet adhesion and activation, blood coagulation
and cell and bacterial adhesion [10]. Wetting properties are
affected by surface characteristics, such as surface topog-
raphy and chemistry [8]. It has been reported that surface
wettability was significantly higher in the HA-coated tita-
nium sample compared to the non-coated titanium samples;
this contrast is directly related to the difference in the surface
chemistry of non-coated and HA-coated samples [11].

Although there are many methods, such as pulsed laser
deposition [12], plasma spray [13], solgel [14] and elec-
trophoretic deposition (EPD) [7,15-17], available to coat
HA on metallic substrates, there are only two post-treatment
methods that are commercially used: sintering post-
treatment [15—17] and alkaline post-treatment [18-20]. Sim-
ple equipment, rapid formation and high efficiency have
made EPD a preferable method for the coating of HA on
biomaterials, such as stainless steel and titanium. Sintering
post-treatment is then applied to convert dicalcium phosphate
dehydrate (DCPD) to crystalline HA and also to minimize
the porosity by increasing the coating density. In other bio-
materials such as magnesium and its alloys, sintering post-
treatment is not applicable due to the low melting point of
the substrate after EPD process of HA. As an alternative,
alkaline post-treatment is employed to transform the DCPD
phase to crystalline HA.

Due to the increasing demand of the use of cobalt
chromium alloys as biomedical devices and implant mate-
rials, this study embarks on the development of HA coating
on Co—Cr—Mo using an EPD technique. Two post-treatment
methods, including sintering and alkaline post-treatments,
were then employed to modify the coating structure. The
main aim of this research is to compare the effect of each
post-treatment method on wettability and electrochemical
corrosion behavior of this substrate.

2 Materials and Methods
2.1 Materials

A cylindrical bar of wrought Co-28Cr—6Mo alloy (ASTM
F1537-94) [21] with a diameter of 10 mm. was cut into disks
of 2mm. thickness using a precision cutting machine. Sam-
ples were polished with abrasive silicon carbide papers (320,
600, 800 and 1200 grit) then ultrasonically cleaned with
acetone for 10 min.

2.2 Electrophoretic Deposition
Electrolyte was prepared by mixing 0.42 mol/L Ca(NO3) -
4H,0 and 0.25 mol/L NH4H,PO4 [16] with the Ca/P ratio

being 1.67 in DI water with the pH value of 3.5 adjusted by
adding HNO3 and (CH,OH)3CNH; [20]. The electrolyte
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was rendered homogeneous by continuously stirring at
100 rpm for 24 h. The EPD process was performed by a regu-
lated DC power supply (DY Y-6C, BEIJING LIUYI) in a cur-
rent density of 9 mA/cm?. The substrate, Co—Cr—Mo alloy,
acted as the cathode, while a graphite electrode was used as
the anode. Deposition was carried out in 20 min at room tem-
perature (25 °C). After coating with the calcium phosphate,
the specimens were removed from the electrolyte solution,
rinsed in distilled water and dried at (60 °C) for 24 h. Two
different post-treatment methods were then employed to con-
vert dicalcium phosphate dihydrate (DCPD) to crystalline
HA. The first as-deposited sample was sintered at (800 °C)
for 1h in the vacuum furnace at 10~ torr [16], and the sec-
ond one was immersed into the 0.1 mol/L. NaOH solution
at (70°C) for 2h [20]. After immersion, the samples were
rinsed with distilled water and subsequently dried.

2.3 Electrochemical Corrosion and Wettability

In order to assess the corrosion behavior of non-coated and
post-treated coated samples, potentiodynamic polarization
studies were conducted using the potentiostat corrosion test
machine (Princeton applied research, AMETEK, versaS-
TAT3). A three-electrode cell was used for electrochemi-
cal measurements, including a reference electrode [saturated
calomel electrode (SCE)], counter electrode (graphite rod)
and working electrode (the specimens). The tests were car-
ried out in 500 mL of simulated body fluid (Kokubo solution
[(mmol/L) 142Na*t, 5K+, 2.5 Ca>*, 1.5 Mg>*, 4.2 HCO?~,
147.8 CI~, 1 HPO; ™, 0.5 SO3~]) with a pH of 7.6 and a
temperature of (37 °C) [20]. The critical parameters, such
as corrosion potential (Ecqrr) and corrosion current density
(Icorr), were evaluated from the polarization curves.

The surface wettability of non-coated and HA-coated
samples after each post-treatment method was evaluated
by a water droplet contact angle-based test (VCA optima,
AST) according to the ASTM D7334-08 standard [22]. A
14+0.1 pL drop of water was utilized on the surface samples
to measure the contact angles in a specified time (5s). Five
experiments were carried out for each of the samples.

3 Results and Discussion
3.1 Characterization

The surface morphology of the sintering post-treated sam-
ples is shown in Fig. 1a. The morphological feature reveals a
regular flake-like structure diverging from the center toward
the periphery after this post-treatment method. It has been
reported that this morphological feature is beneficial for
improvement in osseo-integration related to its efficiency
of anchoring bone cells and promoting vascular and bone



Arab J Sci Eng (2015) 40:1197-1203

1199

15.1 sample3
, .-\p,

SN - T e
AccV Spot Magn Det WD 1 50um
250kvV 50 500x SE 116

b A B

Fig. 1 SEM image of HA-coated Co—Cr—Mo after a sintering, b alka-
line post-treatment

tissue in-growth. Consequently, mechanical interlocking at
the bone and implant interface would be enhanced with
better bone growth [23]. Figure 1b shows the morphology
of the coated sample within the alkaline post-treatment.
A chrysanthemum-like structure with a solid core proved
that HA crystals were grown in a radial way to construct
this chrysanthemum flower morphological feature on the
substrate surface. The cross-sectional SEM image of sam-
ples in Fig. 2a, b reveals that after both post-treatment
methods, the HA-coated layer is relatively uniform with a
thickness of about 55 um for sintering and 45 wm for the
alkaline post-treatment. The lower thickness of the alka-
line post-treated sample is due to partial dissolution of
DCPD resulting in the release of Ca’t and PO?[ ions
[22]. Figure 3a, b shows typical energy-dispersive spec-
troscopy (EDS) area analysis results of the sintered and
alkaline post-treated sample, respectively. The Ca/P ratio
of 1.57 and 1.59 confirms the formation of HA crys-
talline after both post-treatments. Dorozhkin has reported
that the non-stoichiometric hydroxyapatite within 1.5 <
Ca/P < 1.67 has the same crystal structure and might
be similarity described as a stoichiometric hydroxyapatite
[24].

AccV Spot Magn Det WD 1 100 m
30.0kV 5.0 250x SE

AccV SpotMagn Det WD 1 100um
30.0kV 5.0 250x SE

Fig. 2 Cross-sectional SEM image of HA-coated Co—Cr—Mo after a
sintering, b alkaline post-treatment

The X-ray diffraction (XRD) pattern of the as-deposited
sample is shown in Fig. 4a. It is obvious from this pattern that
the as-deposited coating is the mixture of HA and DCPD
phases. Although the intensity of the DCPD phase is the
highest, there are a few peaks related to crystalline HA. This
resultis in close agreement with the finding of Wen et al. [18].

Figure 4b shows the XRD pattern of the coated sample
within the sintering post-treatment. This pattern confirms
that most of the DCPD phase was transformed to the crys-
talline HA phases without detection of other apatite phases.
This result is in close agreement with the finding of Eliaz
etal. [17]. The XRD pattern of the coated sample within alka-
line post-treatment is shown in Fig. 4c. This pattern reveals
that regardless of the remaining small amounts of the DCPD
phase, the mixture of HA and DCPD phases was transformed
into HA crystalline by the alkaline solution. This resultis also
in close agreement with those of Wen et al. [18] and Song
etal. [19].

Although both post-treatment methods transformed most
of the DCPD phase to crystalline HA, the sharper peaks of
crystalline HA in the XRD pattern of the sintered sample
indicate that more crystallinity was obtained through this
pre-treatment method. Although the difference is very small,
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Fig. 3 EDS analysis of HA-coated Co—Cr—Mo after a sintering, b alka-
line post-treatment

it is in close agreement with the EDS results which indicate
that Ca/P ratio after sintering post-treatment is closer to the
value of 1.67 rather than alkaline post-treatment. Both XRD
and EDS results confirm that there is more crystalline HA
after the sintering post-treatment.

Fourier transform infrared (FT-IR) spectroscopy (Thermo
Scientific iD5 Diamond ATR 133, Nicolet iS5 FT-IR Spec-

trometer) was conducted to detect the chemical bonding in
a spectral range of 500-4000cm™!. The FT-IR spectrum of
the as-deposited sample is shown in Fig. 5a. PO bending is
observed at 660 cm™!, while P—-O(H) stretching is found at
876 cm™!. The bands at 1020, 1050 and 1127 cm ™! indicate
the PO stretching, while O-H in-plane bending is observed
at 1385c¢cm™!. The band at 1637cm™! pertains to H,O,
while O-H stretching of water is observed at 3328, 3473
and 3518cm~!. The observations are in close agreement
with those reported by Jamesh et al. [23]. The FT-IR spec-
trum confirms the formation of DCPD in the as-deposited
sample.

Figure 5b shows the FT-IR spectrum of the sample within
the sintering process at (800 °C); the O—H peaks became
narrow, indicating the removal of some amount of hydroxyl
component, such as water, from the crystalline structure. The
bands observed at 875,981, 1039 and 1091 cm ™! indicate the
formation of a well-crystallized apatite in the FT-IR spectrum
of the coated sample after the sintering process, which is
in close agreement with the results reported by Meejoo et
al. [25].

The FT-IR spectrum of the sample within the alkaline
post-treatment is shown in Fig. 5c. The peak around 3400—
3500 cm ™ is related to strongly absorbed or/and bound H,O.
The band at 3537cm™! is attributed to the O—H group, and
the peak at 1640cm™"! could correspond to the presence of
water associated with HA. The formation of well-crystallized
apatite within the alkaline post-treatment is recognized in the
split bands particularly at 1112, 1052 and 1008 cm™! which
is in close agreement with the results reported by Jamesh et
al. [23].

3.2 Electrochemical Corrosion Test

The potentiodynamic polarization tests were undertaken
in a simulated body fluid (SBF) solution, and the related
curves of non-coated and coated samples using different

Fig. 4 X-ray diffraction
patterns of samples a
as-deposited, b sintering
post-treatment, ¢ alkaline
post-treatment
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Fig. 5 FT-IR spectrum of sample a as-deposited, b sintering post-
treated, ¢ alkaline post-treated

post-treatments, in comparison, are given in Fig. 6. Both
curves of post-treated samples exhibit a similar regime of
bare material but with a different value of E.or and Icor
which is summarized in Table 1. Corrosion current density
(Icorr) 1s defined as the intersection between cathodic and the
anodic linear extrapolations at corrosion potential (Ecorr).
This value is directly related to electrode potential, and it can
provide more realistic results related to the electrochemical
behavior of the material. Therefore, Ecor and I values
can provide more realistic results related to electrochemical
behavior of the implants [26]. It can be clearly seen from
Fig. 6 and Table 1 that compared to the bare sample, the
Ecorr of both alkaline and sintering post-treated samples has
increased from —0.117 to —0.01 Ve and 0.53 Ve, respec-
tively. In addition, .o of both alkaline and sintering post-

Sintering post-treatment
—— Alkaline post-tratement
—— Bare Specimen

0.8 1

0.6

0.4 -

0.2

potential (V)

0.0 4

-0.24

0.4
1E-12  1E-11  1E-10 1E-9 1E-8 1E7  1E6

Current (vAicm?)
Fig. 6 Potentiodynamic polarization curves of bare specimen and post-

treated samples

Table 1 Electrochemical corrosion test results

Corrosion Corrosion current
potential (Vice) (LA cm™?)
Bare specimen —0.117 1.51E-7
Alkaline post-treatment —0.01 1.42E—-8
Sintering post-treatment 0.53 1.23E-9

treated samples has increased from 1.51E—7 to 1.42E—8
wAcm~2 and 1.23 E—9 pAcm™2, respectively. Based on
these results, the comparison of the corrosion resistance of
these three samples is observed in the following order: sin-
tering post-treatment > alkaline post-treatment > bare spec-
imen. Results reveal that HA-coated sample with sintering
post-treatment exhibits higher corrosion resistance than HA-
coated sample with alkaline post-treatment. This possibly is
related to the thicker coating layer and creation of a uni-
form and denser structure with more crystalline HA at a high
temperature [7].

3.3 Contact Angle Measurement

In this study surface, wettability was evaluated by con-
tact angle measurement. The hydrophilic and hydrophobic
nature of bare specimen and coated samples within both post-
treatment methods was determined by its water contact angle.
As shown in Fig. 7, the water contact angle of the bare spec-
imen surface is 118°. This indicates that this smooth surface
is a hydrophobic surface and is not considered desirable for
medical implants [27,28] since it could not promote an envi-
ronment conducive to bone formation [8]. The HA-coated
sample within the sintering post-treatment shows a lower
water CA of 71° which demonstrates a significant improve-
ment in surface wettability compared to the bare specimen.
Rausch-fan et al. [29] and Zhao et al. [30] reported that the
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(b)

Fig. 7 Contact angle of water droplets measured on a bare specimen,
b sintering, ¢ alkaline post-treated samples

hydrophilic nature of implant surfaces strongly influences
the cell differentiation and growth factor production. There-
fore, it seems that the sintering post-treatment of the HA-
coated sample possibly creates more a desirable surface for
implant applications. The modified HA-coated sample within
the alkaline post-treatment reveals a CA of 15° lower than the
sintering post-treatment results. This is possibly related to the
surface characteristics, such as surface topography, and the
chemistry of the HA-coated layer. Therefore, it seems that the
alkaline post-treatment creates a highly hydrophilic surface
which plays a major role in tissue—implant interaction [31],
early osseo-integration [15] and also bone formation [8].

4 Conclusion

This study developed EPD HA coating on Co—Cr-Mo alloy
and compared the effect of sintering and alkaline post-
treatment in terms of characterization, electrochemical cor-
rosion behavior and wettability on this substrate. The fol-
lowing conclusions were drawn from the above experimental
evidence:

1. It can be seen that HA coating on Co—Cr-Mo alloy via
the EPD method provides a bioactive layer to increase
the corrosion resistance of the substrate and provide a
hydrophilic surface.

@ Springer

2. XRD analysis confirmed that the majority of the DCPD
phases transformed to HA crystalline after both sintering
and alkaline post-treatment. However, the comparison
between two patterns indicates a higher percentage of
crystallinity of HA within the sintering post-treatment.

3. SEM and EDS analyses confirmed the presence of
densely packed uniform HA coating on the substrate after
both post-treatment methods but with different morphol-
ogy. The sintering post-treatment produced regular flake-
like structures which are beneficial for the improvement
of osseo-integration, while the alkaline post-treatment
produced chrysanthemum-like structures.

4. The FT-IR spectrum of the as-deposited sample con-
firmed the formation of DCPD phases after EPD coating,
and the FT-IR spectrum of both sintering and alkaline
post-treated samples indicated the formation of a well-
crystallized apatite.

5. Compared with the non-coated Co—Cr-Mo sample,
Ecorr and Ioor as well as the corrosion resistance of
both coated samples with alkaline and sintering post-
treatment increased. However, this increase is more sig-
nificant for the sintering post-treated sample possibly due
to its thicker coating layer and higher amount of crys-
talline HA.

6. A lower contact angle of the alkaline post-treated sub-
strate (15°) compared to the sintering post-treated sub-
strate (71°) reveals that the alkaline post-treatment pro-
duced more hydrophilic surface.
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