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Abstract The cobalt—chromium (CoCr) alloys have been
extensively used as implants, especially in total joint
replacements and in odontology, due to their superior
mechanical properties and wear resistance in vivo. How-
ever, the excessive release of the ‘Co’ and ‘Cr’ ions from
CoCr implants can lead to adverse health issues, such as
hypersensitivity and inflammatory reactions. The present
study aimed to improve the corrosion resistance of a
medical grade CoCr alloy (ASTM F-1537) plasma-sprayed
with tantalum (Ta)-reinforced hydroxyapatite (HA) coat-
ing. The weight percent (wt.%) of Ta content in HA
coating was varied at three levels, i.e., 10, 20, and 30%.
In vitro corrosion behavior was investigated by electro-
chemical measurements in Ringer’s solution along with
surface properties analysis. The results revealed an increase
in surface hardness value with an incremental increase in
Ta content in the HA coating. The surface of HA as well as
Ta-reinforced HA coatings possessed adequate roughness
and demonstrated hydrophilic nature. With the Ta rein-
forcement in HA coating, the E values shifted toward
nobler potentials and /.., values declined noticeably which
indicated an increase in corrosion resistance of the surface.
The results of the study indicate that the proposed Ta
reinforcement in HA is potentially important for CoCr bio-
implant applications.
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Introduction

Medical and surgical therapies have been progressed
immensely due to the extensive research. However, despite
the advancements, such as advances in suppressive
antimicrobial therapy (Ref 1), development antibiotic-loa-
ded bone cement (Ref 2), progress in biomedical imaging
and monitoring (Ref 3, 4), evolution of debridement and
implant retention procedure (Ref 5), and the surge in the
use of antibiotic-impregnated articulating spacers (Ref 6),
the infection and osteomyelitis rates are still noteworthy
with 4-64% in open long-bone fractures and about 1% in
total joint replacements (TJR) (Ref 7). The by-products and
debris produced due to the corrosion of implants lead to
aseptic osteolysis, which accounts for almost two-thirds of
TJR failures (Ref 8). CoCr alloys have been widely used as
orthopedic implants, especially in TJR and in odontology,
due to robust mechanical properties and lower wear in vivo
compared to titanium alloys and stainless steels (Ref 9).
However, the excessive release of ions, such as C02+,
Cr**, and Cr°", from CoCr implants results in hypersen-
sitivity and inflammatory reactions as well as chromosome
breakage and DNA damage, cell apoptosis, and later
necrosis (Ref 10, 11). HA (Ca;o(PO4)s(OH),) coatings are
considered as a promising method to prevent the excessive
release of these ions (Ref 12, 13). HA has chemical and
biological similarities to the human hard tissue (bone) (Ref
14, 15), and its coating can boost bone cell growth (i.e.,
osteoblast) activity which enhances the interaction between
implant and the surrounding tissue (termed as “osseointe-
gration”) (Ref 16). To improve the performance of CoCr
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alloys for biomedical applications, HA coating had been
investigated in the earlier studies, in which HA coatings
were mainly deposited by using electrochemical deposi-
tion, electrophoretic deposition, and sol-gel method (Ref
17-20). It is worthwhile to mention that plasma spraying is
the only clinically accepted coating method for HA coating
on a metallic substrate as well as it is commercially viable
and a repeatable technique with high deposition efficiency
(Ref 21). Various reinforcements such as silicon oxide
(Si0,), calcium phosphate (CaP), titanium oxide (TiO,),
zirconium oxide (ZrO,), polycaprolactide (PCL), and zinc
had been tried in HA coating to further enhance its per-
formance for the bio-implant applications (Ref 22-25).

The clinical practices of the use of Ta as an implant
started about half a century ago in a wide range of diag-
nostic and implant applications such as cranioplasty plates,
orthopedic and dental implants, vascular clips and
endovascular stent (Ref 26-29). However, relatively high
cost and casting ability issues due to the complex shapes
required were major obstacles in the acceptance of Ta as a
bulk material for implants manufacturing (Ref 30, 31). This
issue leads to a new approach of using Ta as a coating
constituent for the surface modification of traditional bio-
materials. Moreover, Ta in combination with HA is rarely
studied compared to other materials formulations. By using
Ta as a reinforcement in HA, the prominent cause of
implant failure, i.e., corrosion (Ref 32), can be addressed at
relatively low expense compared to a bulk Ta implant.

In addition to corrosion properties, the analysis of sur-
face properties, such as surface hardness, roughness, and
wettability, is also essential because these properties
influence the corrosion resistance and biocompatibility.
Surface hardness is a critical property, which is frequently
associated with the surface degradation rate of implants
(Ref 33). Surface roughness is often related to biocom-
patibility because attachment of the biomolecules and cell
tissues depend upon the surface area provided by the
implant (Ref 34). Generally, the rougher the surface, then
the better will be the attachment of biomolecules and cell
tissues. Surface wettability has attracted the attention of
researchers due to its correlation with the biologic response
of implants. The rate at which a surface is being hydrated
decides its wettability. The rate and ease of attachment of
biomolecules to the surface of an implant depend on the
rate of surface hydration (Ref 35).

The results of corrosion behavior and surface property
analyses of plasma-sprayed Ta-reinforced HA coating on
CoCr alloy (ASTM F-1537) have not been reported. In this
study, plasma-sprayed coatings of HA, Ta, HA reinforced
with 10, 20, and 30 wt.% of Ta (HA-10Ta, HA-20Ta, and
HA-30Ta) were developed on CoCr alloy. The corrosion
behavior of uncoated and coated samples was investigated
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using electrochemical corrosion testing along with surface
property analyses.

Materials and Methods
Materials

A solid rod of CoCr alloy (ASTM F-1537) supplied by
Zapp Precision Metals, Schwerte, Germany, was cut into
®15 mm x 5 mm disks to form the substrate. These disks
were then grit-blasted using alumina particles of size of
50-70 pum at a pressure of 5 bars to generate a rough sur-
face followed by air blasting to remove any residual grit.
Powders of HA (Medicoat, Etupes, France) and Ta (BGY
Science and Technology Co. Ltd., Beijing, China) of par-
ticle size 45-125 pm were sprayed. The morphology of HA
powder and Ta powder was determined by SEM (JEOL
JSM-6610LV, Akishima, Japan) and is shown in Fig. 1.
The morphology of the particles was irregular for both
powders. The HA powder blended with Ta contents of 10,
20, and 30 wt.% was used as spray feedstock. To ensure
the homogeneity of the mixtures, a jar mill (Mikrons,
Chennai, India) was used for the blending process.

Deposition of Coatings

Coatings of HA, Ta, HA-10Ta, HA-20Ta, and HA-30Ta
were produced using plasma spray processing at MEC Pvt.
Ltd., Jodhpur, India. Plasma spray gun MF4 (MEC Pvt.
Ltd., Jodhpur, India) was used for plasma spraying. The
spraying parameters were: an arc voltage of 63 volts, arc

Fig. 1 Morphology of powders: (a) HA (b) Ta
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current of 600 A, traverse speed of 10 mm/s, rotating speed
30 rpm, and six number of passes. The flow rate of the
primary gas (argon) and secondary gas (hydrogen) was 40
SLPM and 5 SLPM, respectively. The standoff distance
and distance between spray beads was maintained at 75 and
125 mm, respectively.

Characterization of Coatings

XRD analysis (X’Pert Pro PANalytical PN-3040/80,
Almelo, the Netherlands) was undertaken to carry out the
structural characterization of the coatings using the Cu-Ka
radiation (A = 0.15406 nm) with 40 kV and 30 A, over a
20 range of 20°-80°. The crystallinity of the HA phase in
the coatings was determined through Eq 1 as per an earlier
study (Ref 36). In Eq 1, Ay, is the total integrated area
under HA peaks in 25°-37° range of 20 and XA+ is the total
area under XRD pattern of 20 range of 25°-37° including
the area under HA peaks as well as amorphous hump and
peaks. The area was calculated using curve fitting and
estimated relative error was within + 2% of the mean
value

Crystallinity (%) = > Aua S A (Eq 1)
Surface morphology and elemental composition of the
coatings were analyzed before and after corrosion testing in
Ringer’s solution by using SEM equipped with EDX
(JEOL JSM-6610LV, Akishima, Japan). Spot size (SS) 50
was used for EDX analysis. EDX elemental mapping of the
exposed coated samples was carried out on cross sections
to further observe the distribution of the compositional
elements of the substrate as well as coatings. For elemental
mapping analysis, the samples were cut across the cross
section by using a low-speed precision saw and mounted in
epoxy resin. To obtain a mirror finish, the samples were
first polished by emery papers of grade 220, 320, 400, 800,
1000, and 2000, and then buffing of samples was done
using alumina slurry on napped cloth. To achieve the
desired conductivity, all the samples were coated with a
thin layer of gold by using sputtering technique prior to
SEM/EDX analysis.

Surface Properties

The microhardness of the surface was evaluated from the
polished cross section of the coatings using a microhard-
ness testing machine (Wolpert Wilson 402MVD, Aachen,
Germany). For microhardness testing, 50 gf load was used
for 15-s dwell time. The roughness of the surfaces was
analyzed by using a surface roughness tester (Mitutoyo SJ-
210, Kamasaki, Japan). Wettability of surface was evalu-
ated from the contact angle measurement between Ringer’s

solution droplet and the surface using a goniometer (First
Ten Angstroms FTA2000, Portsmouth, USA). Fifteen
readings of each surface property were taken and the
average value is reported.

Electrochemical Corrosion Analysis

The corrosion behavior of the coated and uncoated samples
was evaluated by using the potentiodynamic polarization
technique. Electrochemical corrosion tests were conducted
using a Potentiostat/Galvanostat/ZRA (Gamry G-750,
Warminster, USA) with the standard three-electrode
arrangement. Ag/AgCl (saturated KCIl) and graphite rod
served as reference and counter electrodes, respectively,
while the uncoated/coated sample formed working elec-
trode. For simulating human body fluid conditions, Ring-
er’s solution (Nice Chemicals Pvt. Ltd., Kochi, India) was
used as an electrolyte with the chemical composition (in
gram/L) as 9 NaCl, 0.24 CaCl,, 0.43 KCl, and 0.2 NaHCO;
at pH 7.2. The potentiodynamic scan was performed from
an initial potential of -0.25 V to the final potential of
0.25 V with respect to open-circuit potential at a scan rate
of 0.5 mV/Sec. The potentiodynamic curve was then ana-
lyzed with Echem Analyst Software (Gamry Instruments,
Warminster, USA) to acquire the values of electrochemical
parameters by using Tafel extrapolation. Each sample was
immersed in Ringer’s solution for 24 h before conducting
the experiments to obtain a relatively stable state. Only a
surface area of 1 cm? was exposed to the Ringer’s solution
for each sample by covering all the other sides with epoxy.
Testing of each sample was performed at least thrice to
establish a good agreement between the curves.

Results and Discussion
XRD Analysis

The XRD patterns of the HA, Ta, HA-10Ta, HA-20Ta, and
HA-30Ta powders are shown in Fig. 2. The XRD patterns
reveal that both HA and Ta powders consisted of crys-
talline phases. The HA and Ta phases were compared with
JCPDS card no. 9-432 and 4-788, respectively. With an
increment of Ta content in HA powder, no negative effect
on the crystallinity of HA phase was observed, while Ta
peaks became more prominent.

The XRD patterns of the as-sprayed HA, Ta, HA-10Ta,
HA-20Ta, and HA-30T coatings are shown in Fig. 3. The
analysis of HA and Ta-reinforced HA coatings revealed the
presence of amorphous calcium phosphates, i.e., tetracal-
cium phosphate [(Cay(PO,4),0), TTCP], oa-tricalcium
phosphate [(a-Ca3(POy4),, o-TCP) and B-tricalcium phos-
phate [(B-Ca3(POy),, B-TCP). The peaks of TTCP, a-TCP,
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Fig. 2 XRD pattern of powders: (a) HA, (b) Ta, (c) HA-10Ta,
(d) HA-20Ta, (e) HA-30Ta

and B-TCP were compared with JCPDS card no. 25-1137,
9-348 and 9-169, respectively. As plasma spraying
involves processing at very high temperatures, amorphous
phases of the feedstock powder are generally present in the
coating (Ref 37).

In case of Ta and Ta-reinforced HA coatings, peaks
corresponding to Ta oxide (JCPDS card no. 19-1300) were
also observed. The earlier studies on Ta-based coatings, in
which the coatings were deposited by using sol-gel method
(Ref 38), electron beam melting (Ref 39), and anodization
(Ref 40), suggested that the Ta oxide content in the coating
was advantageous for the improved corrosion resistance
and biological properties of the surface. When the Ta
reinforcement increased in HA coating, the amorphous
hump corresponding to B-TCP reduced and the peaks
corresponding to TTCP lowered as well. The overall
intensity of HA peaks slightly increases with increase in Ta
reinforcement in HA. HA coating represented crystallinity
of 74.6%, whereas HA-10Ta, HA-20Ta, and HA-30Ta
coatings had a crystallinity of 78.7, 82.2 and 84.1%,
respectively.

The difference in the thermal conductivities of HA and
Ta could explain the change in crystallinity for the coat-
ings. The thermal conductivity of Ta (57 W/m K) is about
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Fig. 3 XRD pattern of plasma-sprayed coatings on CoCr: (a) HA,
(b) Ta, (c) HA-10Ta, (d) HA-20Ta, (¢) HA-30Ta

81 times higher than HA (0.7 W/m K) (Ref 41, 42), which
can create a thermal gradient across HA/Ta boundary. It is
reported in the literature that when the thermal conductivity
of the second constituent is significantly higher than HA, it
allows the lower cooling rate to adjacent HA region/splats
(Ref 43). Reportedly, rapid cooling rate is one of the main
reasons due to which crystallinity of HA phase decreases
after plasma spraying (Ref 44). Due to the presence of Ta,
the slower cooling rate of the coating could be the reason
for the higher crystallinity of HA phase for Ta-reinforced
coatings.

SEM/EDX Analysis

Cross-sectional SEM analysis of as-sprayed HA, Ta, HA-
10Ta, HA-20Ta, and HA-30Ta coatings are shown in
Fig. 4. In this figure, the scanned area represents three
domains, i.e., substrate (S), coating (C), and epoxy (E) do-
main. The average value of coating thickness measured
from the SEM micrographs was around 125 pm. At the
substrate—coating interface, no prominent crack was
observed in case of HA coating. Similarly, Ta-reinforced
HA coatings were also well adhered to the substrate and no
major crack was observed at the substrate-coating
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Fig. 4 SEM micrographs of
plasma-sprayed coatings from
interface with CoCr alloy
substrate: (a) HA, (b) Ta,

(c) HA-10Ta, (d) HA-20Ta,
(e) HA-30Ta

(a)

(b)
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interface. However, at the interface of Ta coating, some
microcracks were noticed.

The SEM micrographs of as-sprayed HA, Ta, HA-10Ta,
HA-20Ta, and HA-30Ta coatings are presented in Fig. 5.
The morphology of HA coating (Fig. 5a) was dominated
by spheroidized particles along with melt-resolidified fine
and nodular particles over a small amount of accumulated
splats. As the reinforcement of Ta increased in HA, the
spheroidized particles decreased and the surface appeared
to be constituted of well-flattened splats (Fig. 5c, d, and e).
Some micropores were present on the surface of HA
coating as well as on the Ta-reinforced HA coatings but no
microcrack was observed. However, some micropore and
microcracks were seen on the surface of the Ta coating
(Fig. 5b). The reason for the development of microcracks
at the interface and surface of the Ta coating could be the
extremely anisotropic coefficients of thermal expansion of

Ta oxide, which can lead to spontaneous microcracking on
cooling (Ref 45, 46). The EDX analysis of the HA coating
revealed that the atomic calcium—phosphorus ratio (Ca/P)
was 1.74. The Ca/P for HA-10Ta, HA-20Ta and HA-30Ta
coatings were 1.72, 1.70 and 1.69, respectively. The Ca/P
values exhibited by HA and Ta-reinforced HA coatings are
within the ideal range of Ca/P (1.67-1.76) for HA-coated
bio-implants (Ref 47). Further, the EDX analysis reveals a
uniform distribution of reinforced Ta content in the HA
coating without any lump formation.

Surface Properties Analysis
Surface Hardness

One of the key mechanical properties in determining the
quality of the coating is microhardness (Ref 48). The
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Fig. 5 SEM micrographs of plasma-sprayed coatings on CoCr:
(a) HA, (b) Ta, (c) HA-10Ta, (d) HA-20Ta, (e) HA-30Ta

microhardness value of the samples is shown in Fig. 6(a).
Microhardness of the uncoated CoCr alloy and Ta-coated
surface was notably higher than the other samples. The
HA-coated surface had the lowest microhardness value. As
the reinforcement of Ta increased in the HA coating, the
value of microhardness was enhanced significantly. The
generation of the layered framework by the uniform dis-
tribution of reinforced Ta particles could be the reason for
the increment in the surface hardness value for reinforced
HA coatings. The previous studies conducted on reinforced
HA coatings have also endorsed that the surface of the
reinforced HA coating possessed higher surface hardness
value than that of the pure HA coating (Ref 35, 49). The
microhardness value for HA as well as Ta-reinforced HA
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Fig. 6 (a) Microhardness values of samples, (b) R, values for coated
samples

coatings is comparable to the hardness value (200-300 HV)
that the HA coatings generally exhibit (Ref 50).

Surface Roughness

The value of average surface roughness (R,) of the
uncoated CoCr alloy sample after air blasting was
1.16 & 0.2 pm. The values of R, for coated samples are
depicted in Fig. 6(b). Ta-coated sample possessed the
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lowest surface roughness. The R, values of HA coating and
HA-10Ta coating were very close. But in the case of HA-
20 Ta and HA-30Ta samples, there was a noticeable
decrease in the surface roughness as compared to HA
coating. It can also be seen in the SEM micrographs
(Fig. 5) that the surface seemed relatively flattened with
lesser melt-resolidified particles as the Ta content increased
in HA. The previous studies which analyzed the effect of
surface finish on biocompatibility suggest that an ade-
quately rough surface of the bio-implant improves protein
absorption at the surface, which results in better cell tissue/
bone adherence with the bio-implant (Ref 34, 51). The
obtained values of surface roughness for HA and reinforced
HA coating were within the range of surface roughness
produced by plasmas-sprayed coatings (R, = 2-6 um) as
reported by Gross and Babovic (Ref 52).

Surface Wettability

The contact angle value and profile of Ringer’s solution
droplet on the surface of different samples are shown in
Fig. 7. The surface of the uncoated CoCr alloy was found
to be of slightly hydrophobic nature. Ta coating also pos-
sessed hydrophobic nature, which is consistent with the
previous studies conducted on Ta coating (Ref 53, 54). The
nature of CoCr surface altered to hydrophilic with HA
coating. With the Ta reinforcement in HA, a slight increase
in the contact angle values was observed as compared to
the HA-coated surface but the nature of the surface
remained hydrophilic. Cells could be described as a simple
viscous fluid during initial contact with the surface of an
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Fig. 7 Contact angle values for different samples

implant (Ref 55). After implantation, proteins from the
blood (i.e., collagen, fibronectin, laminin, and vitronectin)
are absorbed in the surface of an implant and then the cell
attachment at the surface starts (Ref 56). A contact angle
value of 60° or below was classed as hydrophilic and for
the hydrophilic nature of the surface, cell adhesion found to
be favored as per the literature (Ref 57).

Electrochemical Investigation

Potentiodynamic polarization curves of the uncoated CoCer,
HA, Ta, HA-10Ta, HA-20Ta and HA-30Ta-coated samples
are shown in Fig. 8. The corresponding electrochemical
parameters, i.e., corrosion current density (I o), corrosion
potential (E..), anodic slope (f,), and cathodic slope (f3.)
are enlisted in Table 1. E ., and I, are very effective
parameters to analyze and compare corrosion behavior of
different samples in a specific solution under similar con-
ditions. The E.,, value refers to the chemical potential of a
material to corrosion, a nobler E.,, value represents higher
corrosion protection ability (Ref 58). The I, value is a
kinetic parameter to quantify the corrosion rate and lower
I.orr value is an indication of higher corrosion resistance
(Ref 59).

The E.q value of uncoated CoCr alloy was the lowest
and for coated samples, the order for E,, value was:
Ta < HA < HA-10Ta < HA-20Ta < HA-30 Ta. The Ta
coating and HA coating improved the E_,, value of the
uncoated CoCr and this value further shifted to nobler
direction with Ta-reinforced HA coatings. The I.,, value
of uncoated CoCr was the highest among all the samples.
The Ta-coated samples revealed lower I, values than the
uncoated sample but higher than HA coating. The results of
electrochemical corrosion testing are in agreement with the
earlier studies on HA-coated CoCr alloys which revealed
that the corrosion resistance of uncoated specimens was
improved by HA coating (Ref 18-20). The surface micro-
cracks (Fig. 5b) present at the Ta coating could be the
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Fig. 8 Potentiodynamic polarization curves of different samples
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Table 1 Corrosion parameters ) 2 -3 ) -3
determined by Tafel Sample Eeoms V Lo, Alcm Ba, €77 V/decade Be, e V/decade
Extrapolation method Uncoated CoCr ~ 392 3.03E—06 166 143
Ta — 306 415E—-09 190 176
HA — 280 354E—-09 175 148
HA-10Ta — 274 328E—-09 149 162
HA-20Ta — 254 269E—09 137 119
HA-30Ta — 245 262E—09 141 122
reason for its lower E.., and higher I ., values than the T-TTCP e-HA
HA coating. Any structural imperfection in the coating o-o-TCP m-Ta
L . . . 3000 - B-B-TCP  <- Ta-oxide
such as a microcrack facilitates corrosion under the coating 01 .
or on the surface of the substrate, which leads to leaching ] ¢ oo (@) HA
. . . . . 1000 4 oo o .'TTHM. . f.o...
of ions to the corrosive media and thus resulting in a 0] A NA o) foionee
decrease in protection ability/corrosion resistance of the T ' T T T T T ' T !
surface (Ref 60). With the Ta reinforcement in HA, the ... 1500 - -
value further decreased and HA-30Ta-coated sample 1000 1 ‘ﬁ\ (b) Ta
exhibited lowest /.., which is about 11.5 times lower than —_ 508'. o J‘L .
) J
the uncoated CoCr alloy. Fathi and Azam (Ref 61) also E , : i : , : ,
reported that HA/Ta-coated specimen revealed to be sig- S 300
nificantly higher corrosion resistant than the bare stainless e 2000 *
. = 1 Lo (¢) HA-10Ta
steel 316L. In the present study, the difference between the Z 10003 s el lle u .
d ° 21| 2 e ve? . ° o0
crystallinity of HA and Ta-reinforced HA coatings could £ 0] O I BRAV e A SRR S
explain the decrease in I, value, i.e., enhancement of ! ' I ' I ' ! ' ' '
corrosion resistance. Mohajernia et al. (Ref 62) reported 3000 4 .
that the higher phase purity of HA coating improves cor- ﬁggg' Qe (d) HA-20Ta
. . . . ] s Lot i, .
r0s10n. re.s1stance as well as the Pl.ologlcal performance of 0] o] ..ﬁ"J&J U\JL.{, l@ '.\Jw feese w
the bio-implants. The crystallinity of HA phase was T T T T T . T T T 1
increased with the incremental increase of Ta reinforce- 3000 - .
ment in HA coating and consequently /..., decreased. In 2000 4 ﬁ
.. . . 1 = f’.'. (e) HA-30Ta
addition, the surface roughness is also an important factor 1000 4 o .gT e ®e . o
.. . . . ] N WL N I ¥+ 1
which influences the corrosion behavior of a surface. Dudin 04 l””*’“ el : = I”““"‘ : “*”’l W .
et al. (Ref 63) suggested that pit formation on the rougher 2 %0 40 5 80

surface can happen easier as compared to a smoother sur-
face. The pit formation leads to pitting corrosion, which
results in lower protection ability of the surface. The earlier
studies also demonstrated that corrosion resistance
decreases with increased surface roughness (Ref
22, 63, 64). It has been proved that the ions resulting from
the corrosion of metallic implants may affect cell meta-
bolism, i.e., cell behavior may be affected by corrosion
current (Ref 61). In the present study, the Ta reinforcement
enhanced the corrosion resistance as well as the crys-
tallinity of HA coating which could improve the long-term
survivability and osseointegration (Ref 65).

XRD patterns of coated samples after electrochemical
corrosion testing are shown in Fig. 9. The analysis of XRD
data revealed that all the coatings have maintained phase
purity, i.e., no major phase appeared/disappeared after
exposure to the Ringer’s solution. However, a small
increase in the overall peak intensities of HA as well as Ta-
reinforced HA coatings was observed. The crystallinity
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Fig. 9 XRD pattern of plasma-sprayed coatings on CoCr alloy after
corrosion testing: (a) HA, (b) Ta, (c) HA-10Ta, (d) HA-20Ta, (e) HA-
30Ta

values of HA, HA-10Ta, HA-20Ta and HA-30Ta were
78.8, 80.2, 83.2, and 85.1%, respectively. A slight increase
in the crystallinity value for the HA phase can be attributed
to the dissolution of the amorphous phases during immer-
sion in Ringer’s solution. For the early stage in the
development of biological equivalents that play a mediator
role between osteoclast and osteoblast differentiation, the
initial dissolution of HA is considered advantageous (Ref
37).

The surface morphology of the coated samples after
corrosion testing is shown in Fig. 10. In the as-sprayed
coating of HA, several spheroidized particles were present,
but after corrosion testing, the microstructure mainly
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Fig. 10 SEM micrographs of plasma-sprayed coatings on CoCr alloy
after corrosion testing: (a) HA, (b) Ta, (c) HA-10Ta, (d) HA-20Ta,
(e) HA-30Ta

consisted of accumulated splats and some flattened parti-
cles of irregular morphology (Fig. 10a). Some microcracks
were also observed on the surface of the HA-coated sample
after corrosion testing. The microcracks that were present
on as-sprayed Ta-coated surface became more noticeable
after exposure to Ringer’s solution (Fig. 10b). The
microstructure of HA-10Ta, HA-20Ta and HA-30Ta sam-
ple (Fig. 10c, d, and e, respectively) consisted of well-
flattened splats and free from any prominent microcrack
after corrosion testing. Presence of a microcrack in the
coating leads to a decrease in corrosion protection ability of
the surface but more importantly, it can cause coating
failure/delamination (Ref 44, 66).

To detect the changes in the composition of the coating,
if any, EDX analysis was carried out after electrochemical
corrosion testing. EDX data revealed that the Ca:P
decreased for HA as well as Ta-reinforced HA-coated
samples after exposure to Ringer’s solution. The value of
Ca/P for HA, HA-10Ta, HA-20Ta, and HA-30Ta coatings
were 1.72, 1.70, 1.69, and 1.68, respectively. The oxygen
content for HA-, HA-10Ta-, HA-20Ta-, and HA-30Ta-
coated samples was observed to be increased from 69.9,
67.4, 64.2, and 63.1% to 72.4, 69.6, 66.7, and 64.3%,
respectively. The increase in oxygen content and a
decrease in Ca:P after immersion in Ringer’s solution/
simulated body fluid as observed in the present investiga-
tion was also reported in the earlier studies conducted on
HA (Ref 15, 22, 66). The increased oxygen content of the
coating can also enhance the attachment of biomolecules to
the surface of bio-implant (Ref 59).

EDX elemental mapping of the cross section of the
coated samples after electrochemical corrosion testing is
presented in Fig. 11. In all the coatings, no constituent of
the substrate’s composition was observed in the coating
domain. The major coating constituents of HA coating, i.e.,
Ca and P along with Ta in the case of Ta-reinforced HA
coatings were distributed uniformly over the coating
domain. The results of SEM/EDX analysis from the surface
and elemental mapping from cross section after corrosion
testing revealed that the Ta-reinforced HA coatings
retained their morphology and compositional integrity even
after corrosion testing.

Conclusions

In this study, the coatings of HA, Ta, HA-10Ta, HA-20Ta,
and HA-30Ta were successfully developed over CoCr alloy
by using plasma spraying technique. The characterization
of the coatings has been done on the basis of microstruc-
ture, phase composition, corrosion behavior, and surface
properties. The following conclusions have been drawn
from the study:

e The Ta-reinforced HA coatings demonstrated better
crystallinity than pure HA coating and fraction of
amorphous phases decreases with the increase in Ta
content in the coating.

e The surface of as-sprayed HA coating and Ta-rein-
forced HA coatings found to be free from any
microcrack and a sound and adherent interface between
substrate and coating was observed. However, micro-
cracks were present on the surface as well as at the
substrate-coating interface of the pure Ta coating.

e With the increase in Ta reinforcement in HA coating,
microhardness of the surface increased significantly.
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Fig. 11 Elemental mapping of
plasma-sprayed coatings on
CoCr alloy after corrosion
testing: (a) HA, (b) Ta, (c) HA-
10Ta, (d) HA-20Ta, (e) HA-
30Ta

(c) HA-10Ta

However, lower surface roughness was observed in
case of Ta-reinforced HA coatings as compared to the
pure HA coating.

e The surfaces of the CoCr alloy, as well as Ta coating,
were hydrophobic. HA-coated surface nature revealed
hydrophilic nature. With the Ta reinforcement, the

@ Springer

(d) HA-20Ta (e) HA-30Ta

contact angles between Ringer’s solution droplet and
the surface increased slightly, but the nature of the
surface remained hydrophilic.

The corrosion resistance uncoated CoCr alloy was
enhanced by pure HA coating as well as Ta-reinforced
HA coatings, whereas Ta-coated sample demonstrated
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relatively lower corrosion resistance as compared to
other coated samples. A decrease in the I, for the Ta-
reinforced HA coatings was observed (~ 7, 24 and
26% for HA-10Ta, HA-20Ta, and HA-30Ta, respec-
tively) as compared to the HA coating.

After exposure to Ringer’s solution, the microcracks
which were present in the as-sprayed Ta coating
became more prominent and some microcracks were
observed on the surface of HA coating. Ta-reinforced
HA coatings effectively maintained the morphological
integrity confirming their superior protection ability.

These findings provide a perspective of Ta-reinforced HA
coatings for improving the corrosion resistance as well as
surface properties, which may be a promising combination
for CoCr based bio-implants and deserves further biologi-
cal investigation.
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