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Magnesium and its alloys have been introduced as innovative orthopedic implants due to their potential in
serving lightweight, bio-active, degradable, and biocompatible properties. Mg and its alloys corrode rapidly
in a biological environment and result in losing mechanical properties. However, to enhance corrosion
resistance and mechanical properties, Mg alloy was plasma-sprayed with pure hydroxyapatite (HA) and
HA-reinforced with strontium (Sr) powder at three levels (4, 8, and 12 wt.%). Surface parameters such as
microhardness, surface roughness, and wettability were examined. The electrochemical technique was used
to study the corrosion behavior in Ringer�s solution. The outcomes confirmed that with the rise in Sr
content in pure HA coatings, the surface properties as well as the corrosion resistance improved signifi-
cantly. The contact angle of substrates under examination exhibits hydrophilic nature. Collectively, the
findings of this study signify HA/Sr reinforced coatings are a promising approach to improve surface
properties and corrosion behavior of Mg alloys for future bone implant applications.
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1. Introduction

Metallic biomaterials such as stainless steel, cobalt alloys,
and titanium-based alloys have performed a significant role in
biomedical applications, like in the orthopedic and dentistry
field due to high mechanical strength and load-bearing
properties (Ref 1, 2). These metallic alloys are non-biodegrad-
able in the biological environment (Ref 3). The wear and
corrosion debris in these alloys increase the chances of
infection in the surrounding environment (Ref 4). Moreover,
these non-degradable implants mismatch the mechanical prop-
erties of natural tissues and result in harmful effects after
implantation (Ref 5, 6).

In recent years, the biodegradable materials like polymers
and ceramics gain a huge interest in the biomedical field and
termed as an innovative replacement over non-biodegradable
materials. On the other hands, magnesium alloys are considered
a promising biomaterial, because of the desirable properties as
they are biodegradable and possess the lightweight and an
excellent strength-to-weight ratio (Ref 7, 8). In addition to this,
the yield strength along with the elastic modulus is nearly
similar to the human bone (Ref 9). However, the magnesium

alloys corrode very quickly in physiological surroundings that
result in the formation of a corrosive layer which is generally
constituted of magnesium hydroxide as well as gaseous
hydrogen is released (Ref 10). This degradation leads to the
weakening of its mechanical integrity, and therefore, the
inserted bio-implants are not able to handle the exerted load,
which in the end triggers implant failure (Ref 11). In order to
slow down the quick degradation of Mg alloys and to maintain
the proper mechanical stability during implantation different
modification techniques are applied that include bio-ceramic
coatings as well as surface grafting (Ref 12).

Hydroxyapatite coatings on Mg substrates were the best
approach among all the methods (Ref 13, 14). In the biological
conditions, hydroxyapatite works as a protective barrier against
metal ions being released from the substrate. HA has several
chemical and biological similarities to a human bone (Ref 15,
16). These coatings promote the growth of bone cells and
advance the contact among body tissue and coated substrates
(Ref 17, 18). Different methods were used to deposit coatings
on the substrates, such as sol–gel coatings, RF magnetron
sputtering, electrochemical depositions, and thermal spray,
respectively (Ref 19-21). Among all these coating methods,
plasma spraying is a simple process that has a superior
deposition efficiency, including a broad variety of particle sizes.
Only plasma spray methodology was approved by the Food and
Drug Administration (FDA), the USA for coating bio-implants
(Ref 22, 23).

In HA coatings, the addition of reinforcement powders such
as CNTs, Sr, Zn, SiO2, and CaP are found to enhance the
hardness and corrosion resistance (Ref 24-26). Strontium
incorporation in HA coatings advances osteoblast as well as
osteoclast activity, which results in bone development of apatite
film on the coatings (Ref 27, 28). As per the available literature,
a limited study is performed on plasma-sprayed HA/Sr
reinforced coating on AZ31 alloys for biomedical applications.
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Therefore, in this article, electrochemical corrosion behavior, as
well as the surface properties of AZ31 alloy, was examined.

2. Materials and Methods

2.1 Samples Preparation and Coating Deposition

Magnesium alloy (AZ31), containing (wt.%) (Mg 95.998,
Al 2.83, Zn 0.80, Mn 0.37, and Cu 0.002) was cut to
(1591095) mm rectangular substrates. Spray powders of HA
and Sr were supplied by Medicoat, Etupes, France, and Nano
Labs, India, respectively. The plasma gun MF4 at Metallizing
Equipment, Jodhpur, India was utilized to produce pure HA,
HA-reinforced with Sr coatings (4 wt.%, 8 wt.%, and 12 wt.%)
at three levels on AZ31 alloy. The spraying parameters were arc
current of 600 Awith 57 Vof arc voltage. Argon and hydrogen
were selected as primary and secondary gas at 38.5 SLPM and
5 SLPM. The spraying gap of 75 mm was maintained between
both plasma gun and substrate at a powder flow rate of 9
standard liter per minute (SLPM).

2.2 Characterization

XRD analysis (X�Pert Pro Panalytical Pw-3050/60, the
Netherlands) was used to perform the structural characterization
with Cu-Ka radiation (k = 0.154059 nm) over 20�-60� (2h)
range. Scanning electron microscope (SEM: JEOL JSM-
6510LV, Akishima, Japan) equipped with energy- dispersive
x-ray spectroscopy (EDX) was utilized for the microstructural
and compositional analyses of the coated samples before and
after corrosion testing in Ringer�s solution and operated at 13
keV all the samples. The SEM examination of the experimental
substrates was also carried out from the cross-sections. The
specimens were cut across the cross-section with a precise low-
speed saw then mounted in epoxy resin. The substrates were
buffed with 220-2000 grade emery sheets to achieve a mirror
finish. Prior to SEM/EDX analysis to attain the required
conductivity, the samples were covered using a thin layer of
gold sputtering.

2.3 Surface Properties

The microhardness from the polished cross-section was
analyzed via microhardness tester (Wolpert Wilson 402MVD,
Germany) by applying a load of 50 gf and dwell time 15s. To a
obtain polished cross-section, the samples were firstly cut
across the cross-section using a low-speed precision sectioning
saw and then mounted in epoxy resin. Subsequently, the
polishing of the samples was performed with emery papers up
to grade 2000. Finally, alumina slurry was used for buffing of
the samples on a napped cloth. Surface roughness tester
(Mitutoyo SJ-210, Kamasaki, Japan) having measuring force
and stylus tip of 75 mN and 2 mlR at 60� was engaged to
measure the surface roughness. Surface wettability was deter-
mined from the contact angle measurement using a goniometer
(First Ten Angstroms FTA2000, the USA) having surface
tension (±0.1 mN/m), drop volume (±1.0 ll), and drop radius
(± 0.05 mm). The Ringer�s solution was used for contact angle
measurements. The surface properties’ measurements were
performed in triplicate on five samples from each group. The
average ± standard deviation of all the measurements is
reported in the present study.

2.4 Corrosion Behavior

The corrosion behavior was examined by potentiodynamic
polarization in Ringer�s solution at pH 7.2. The electrochemical
measurements were attained by means of Gamry Potentiostat/
Galvanostat/ZRA (G-750) using a typical cell of three-electrode
arrangements. AgCl and graphite rod served as reference and
counter electrodes, respectively, while the uncoated/coated
sample formed the working electrode. The potentiodynamic
scan was performed from an initial potential of �0.25 V to the
final potential of 0.25 V with respect to the open-circuit
potential at a scan rate of 0.5 mV/s. The potentiodynamic curve
was then analyzed with Echem Analyst Software (Gamry
Instruments, Warminster, the USA) to acquire the values of
electrochemical parameters by using Tafel extrapolation.
Before corrosion testing, the substrates were dipped in the
Ringer�s solution, while 1 cm2 area was uncovered and all
remaining sides are polished using epoxy resin. For each group
of samples, three measurements were determined by perform-
ing the corrosion analyses with five replicates.

2.5 Weight Loss Testing

The weighting scale of Kern ABS 220-4N Series, Europe
with least count of 0.01 mg and operating temperature 5-40� C
was used for weight loss testing. For 3 weeks, the immersion
testing was performed in Ringer�s solution. The substrates were
soaked in separate containers and each retained a 30 ml
solution. The samples were removed from the containers after
7, 14, and 21 days and then rinsed with deionized water (DI).
The substrates were first inserted in the chromic acid over 10
min to remove the corrosion components and then cleaned by
DI water. The weight loss method was applied to measure the
corrosion level. The relation (DR = W/At) helps to calculate the
degradation rate (DR) (mg cm�2 d�1), W defines the substrate
weight loss, A and t denote the surface area (cm2) and exposure
time (days), respectively (Ref 29, 30).

3. Results and Discussion

SEM was introduced to study the microstructure of both the
spraying powders as shown in Fig. 1(a) and (b). HA particles
show spherical, while Sr particles reveal irregular appearance.
In Fig. 2, x-ray diffraction patterns of HA as well as HA/Sr
reinforced powders are shown. The peaks strength associated
with Sr improves as the Sr content rises in HA. As revealed
from the figure, the diffraction patterns did not exhibit any
changes in position when the two powders were mixed. To
match the peaks of pure HA and Sr powders, the JCPDS cards
(004-932) and (0-001-0574) were employed which are deeply
evident with the cards (Ref 31-33).

Figure 3 demonstrates the XRD characteristics of HA and
HA-reinforced coatings formed on plasma-sprayed substrates.
HA remained the primary phase in all the coatings. Along with
the primary HA phase, other calcium phosphate phases were
also detected such as amorphous calcium phosphates (ACP)
peaks, namely a-tricalcium phosphate (a-TCP), b-tricalcium
phosphate (b-TCP) as well as tetracalcium phosphate (TTCP)
matched by JCPDS card 9-169, 25-1137, as well as 9-348. The
appearance of ACP, TCP, and TTCP is related to chemical
degradation of the HA which is understood as the result of a
dihydroxylation of the compound. The presence of ACP is
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beneficial for the early bio integration of the implants (Ref 34).
The peaks corresponding to ACP are reduced upon increasing
Sr content in HA (Ref 35). The difference in the thermal
conductivity of both the powders could be a promising reason
for the lowering of the amorphous phase. The thermal
conductivity of strontium powder is very high (35 W/m K)
and nearly 50 times as compared to that of hydroxyapatite (0.7
W/m K) (Ref 36). It results in the development of a thermal
gradient around the boundary of the HA/Sr and causes a
decrease in the cooling rate of the neighboring HA-region (Ref
37).

As shown in Fig. 4(a), SEM image of the substrate, plasma-
sprayed with hydroxyapatite, ensures the throughout domina-
tion of spheriodized particles in comparison to lesser accumu-
lated splats. In reinforced coating {Fig. 4(b), (c), and (d)} with
rising Sr content in HA lesser spheroidized particles are noticed
and majorly well-flattened splats have appeared on the surface.
The variation is because of the dissimilarity of thermal
conductivity in hydroxyapatite and strontium powders. The
lack of partially melted/unmelted crystals and the appearance of
well-flattened splats suggest the powders have been properly
melted and sprayed. On the other hands, no major cracks exist
at the coated surfaces. The development of microcracks in the
coating may lead to quick degradation of the sample as well as
the coating failure because of delamination, as it promotes
direct interaction among the coated sample and the body fluids
(Ref 38, 39). The EDX analysis has been used to analyze the
atomic composition of the coating. The obtained Ca/P ratio for
the HA-coated sample was 1.73 and reduced to the range of
1.72, 1.71, and 1.69 after reinforcement, when the content of Sr
continues to increase. The Ca/P ratio between 1.67–1.76 wasFig. 1 SEM micrograph of (a) HA and (b) Sr powder

Fig. 2 XRD patterns of (a) HA, (b) Sr, (c) HA + 4%Sr, (d) HA + 8%Sr, and (e) HA + 12%Sr powders
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termed as a standard ratio for bio-implants coated with HA (Ref
40, 41).

Figure 5 signifies the cross-section images of the coated
samples. The average thickness obtained for the coating was
120 lm. The region referred to �S,� �C,� and �E� in the cross-
sectional descriptions symbolizes the substrate, coated surface,
as well as, the epoxy resin. Crack-free coatings were obtained
for all the samples on the interface. HA coatings revealed a
prolonged as well as defect-free substrate interaction. Similarly,
the HA-reinforced coatings appeared well-bonded to the
substrate as no empty asperities were noticed across the
interface. No bearings from the sample were shifted to coatings
and similarly, no component moved from coating to sample.
This can be concluded that the impacted molten substance had
shown perfect adherence to the AZ31 sample surface resulting
in good metallurgical bonding (Ref 42).

3.1 Analysis of Surface Properties

The outcomes of the microhardness evaluations of samples
are shown in Fig. 6. The surface hardness assumes a significant
part in defining the superiority of a coating (Ref 43, 44). HA +
12%Sr-coated substrate exhibits a higher hardness value (288
± 4) HV as compared to all the coated samples. The obtained
values indicate the increase in microhardness on increasing Sr
content in pure HA. The generation of the layered framework
by the uniform distribution of reinforced Sr particles could be
the reason for the increment in the surface hardness value for
reinforced HA coatings. The earlier experiments carried out
suggested that HA-reinforced coated substrates retained greater
surface hardness in comparison to pure HA coating. According
to the literature, the harder the surface, the higher the corrosion
wear resistance, since it pauses a fast deterioration of the coated
substrate (Ref 45, 46).

Figure 7 illustrates the mean value of surface roughness. HA
+ 12%Sr-coated AZ31 substrate retains the lowest surface

roughness with Ra = (4.3 ± 0.03 lm). In addition to this, HA-
coated sample attains the maximum roughness with Ra = (5.2 ±
0.04 lm). It was noticed that the surface roughness decreases
on the continuing addition of strontium powder (Ref 47). The
SEM micrographs (Fig. 4) revealed a comparatively flattened
surface including reduced melt-resolidified particles as the
amount of Sr powder raised in HA. As previously discussed, it
reduces the solidification rate, caused by the difference in
thermal conductivity of HA and Sr. The investigations per-
formed to observe the influence of surface roughness on bio-
implants indicated that significantly rough surface results in
proper incorporation of protein in bio-implant�s surface. This in
turn caused adherence of cell/tissue with the bio-implant in a
better way (Ref 48, 49). The surface roughness values attained
in the present study are inside the range (Ra = 2–6 lm)
generated by plasma-sprayed coatings (Ref 50).

The substrates were tested for wettability to explain
hydrophilic and hydrophobic behavior. The contact angles of
the exposed surface are presented in Fig. 8. The obtained results
indicate that bare AZ31 reveals a hydrophobic surface having a
contact angle of (90.07� ± 3); however, hydrophilic nature was
found for all the coated samples. On reinforcement of Sr, the
rise in contact angle value was recorded. The angle below 60�
reveals hydrophilic nature, and the hydrophilic surface ensures
better cell attachment in comparison to a hydrophobic surface
(Ref 51, 52).

3.2 Electrochemical Testing

To investigate the corrosion performance of the AZ31
samples, the Tafel extrapolation approach was applied. The
potentiodynamic curves of all the samples are shown in Fig. 9.
In the valuation and comparison of corrosion behavior, the
crucial parameters are corrosion potential (ECorr) as well as
corrosion current density (ICorr) summarized in Table 1. The
outcomes showed the ICorr (250 ± 5 lA) of bare AZ31 alloy

Fig. 3 XRD patterns of plasma-sprayed coatings on AZ31 alloy (a) HA, (b) HA + 4%Sr, (c) HA + 8%Sr, and (d) HA + 12%Sr
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was the highest; however, HA + 12%Sr-coated AZ31 substrate
attained the lowest ICorr (37.6 ± 3 lA). The ECorr of coated
samples was nobler as compared to bare AZ31 alloy. With
rising Sr reinforcement in HA coatings, it was observed that the
maximum corrosion resistance was obtained for HA + 12%Sr-

coated substrate. For HA reinforcement coatings, similar
outcomes of improved resistant to corrosion are noticed (Ref
53, 54). Enhanced corrosion resistance, as stated in prior
studies, promotes lifelong implant-tissue bonding in a lesser
amount of time and facilitates the fast healing of destroyed

Fig. 4 SEM images and EDS analysis of plasma-sprayed coatings (a) HA, (b) HA + 4%Sr, (c) HA + 8%Sr, and (d) HA + 12%Sr
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Fig. 5 SEM images of plasma-sprayed coatings from cross-section (a) HA, (b) HA + 4%Sr, (c) HA + 8%Sr, and (d) HA + 12%Sr

Fig. 6 Microhardness of different samples

Fig. 7 Surface roughness of different samples

Fig. 8 Contact angle and droplet outline of different samples

Fig. 9 Potentiodynamic polarization curves
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tissue. Greater corrosion resistance gives rise to the develop-
ment of stronger implant-tissue attachment. In addition to this,
it leads to swift healing of the damaged tissue and in a short
time interval (Ref 55).

The findings of the electrochemical analysis indicate that the
fortified HA/Sr coatings revealed a greater protective role
against corrosion of the AZ31 alloy in comparison to pure HA
coatings. With rising the Sr amount in HA, the ICorr value goes
on decreasing. In previous investigations, it was also disclosed
that HA/Sr-coated samples showed significantly greater resis-
tance to corrosion compared to uncoated substrates (Ref 56,
57). The ions arising due to corrosion in metallic implants can
influence cell metabolism, i.e., corrosion current can affect cell
behavior (Ref 58).

In this report, the variation between the roughness outcomes
may describe the decline in ICorr value. This is a significant

parameter that affects a surface�s corrosion behavior. A rough
surface is more prone to pit formation than the smoother one. It
gives rise to pitting corrosion that reduces the protection ability
of that surface (Ref 59). The previous researchers also clarified
that the increase in surface roughness is directly related to its
decreased corrosion resistance. The higher corrosion resistance
inhibits the rapid corrosion of Mg implants upon implantation
that leads to the retention of mechanical strength of the coated
substrate (Ref 60, 61). In the present work, with the rise of the
Sr amount in pure HA, the value of surface roughness declines
that results in improved corrosion resistance.

After implantation, the implants interact in a physiological
environment that is delicate but hostile at the same time.
Therefore, in addition to favorable biological properties,
biomaterials should also possess adequate mechanical strength.
Surface hardness, a key mechanical property, can be used for
the assessment of functional effectiveness as well as the quality
of coating (Ref 62, 63). In this research work, the surface
microhardness tends to increase on rising Sr reinforcement and
HA + 12%Sr coatings achieved the maximum value. The high
hardness of the surface enhances the biomechanical compati-
bility of the metallic implant by facilitating good wear
resistance in vivo and improving the long-term survivability.
Moreover, coatings with higher hardness impart high load-
carrying capacity to metallic implants (Ref 64).

The XRD patterns of all samples after immersion are
represented in Fig. 10. The existence of all major phases was
observed in the as-deposited coatings, and no other phase
development was noticed, therefore, the phase purity was
retained by the coating even after immersion. The overall
intensity of the peaks improved marginally. In vivo tests, both
the properties, microstructure as well as phase purity affects the
biological reaction of hydroxyapatite-coated samples. This

Table 1. Mean values (standard deviation) of
potentiodynamic polarization parameters of uncoated and
coated AZ31 alloy in Ringer�s solution

Sample ECorr, V
ICorr, lA/

cm2
ba, e

23 V/
decade

bc, e
23 V/

decade

Uncoated � 1.46 ± 0.005 250 ± 5 361.7 529.9
HA � 1.44 ± 0.006 150 ± 3 115.7 145.4
HA +
4%Sr

� 1.43 ± 0.005 94.9 ± 4 131.5 171.8

HA +
8%Sr

� 1.41 ± 0.005 67.6 ± 3 90.0 96.5

HA +
12%Sr

� 1.39 ± 0.004 37.6 ± 3 39.0 52.0

Fig. 10 XRD patterns of plasma-sprayed coatings after corrosion testing on AZ31 alloy (a) HA, (b) HA + 4%Sr, (c) HA + 8%Sr, and (d) HA
+ 12%Sr
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Fig. 11 SEM Images and EDS of plasma spray coatings after corrosion testing (a) HA, (b) HA + 4%Sr, (c) HA + 8%Sr, and (d) HA + 12%Sr
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leads to accelerate bone growth and also results in a longer
lifetime of the implant (Ref 65, 66).

SEM and EDS examinations were applied after the corro-
sion analysis of all the substrates. As seen from Fig. 11,
micrographs of HA coatings remain unchanged, and no visible
cracks have been found on all the coated substrates after
immersion. In as-sprayed coatings majorly the spherical
particles are identified but in the exposed coatings, primarily
the accumulated splats were observed and a few flattened
particles with asymmetrical morphology were noticed by SEM.
After electrochemical corrosion testing, the EDX examination
clarifies the existence of Ca, P, O, and Sr constituents in the
samples being examined, and no supplementary material was
found. The Ca/P ratio for HA, as well as HA-reinforced, coated
samples are 1.72, 1.71, 1.68, and 1.67, respectively, indicated
that the Ca/P ratio drops after dipping. It was analyzed that the
concentration of oxygen in HA, HA + 4%Sr, HA + 8%Sr, and
HA + 12%Sr coatings increased from 70.01%, 67.82%, 65.75%

and 63.37% to 70.22%, 67.94%, 65.81%, and 63.45%,
respectively, after immersion. Accordingly, it has been con-
firmed in prior studies that the oxygen content rises, and the Ca/
P ratio reduces after immersion in Ringer�s solution/simulated
body fluid (Ref 67, 68). The rise in the coating�s oxygen rate
may also results in better bio molecular bonding to the bio-
implant (Ref 69). The measurements of SEM /EDX reflect that
distribution of the coating was uniform and retained morpho-
logical consistency on the addition of Sr, and the collective
outcomes ensure the improved corrosion resistance of AZ31
alloy.

3.3 Immersion Test

The immersion tests were performed to verify the weight
loss of all the substrates. The weight loss was measured by
analyzing the substrates prior to dipping and measuring the
corrosion agents for 7, 14, and 21 days. The degradation rate
and visual semblance of the different substrates over an
immersion period of 21 days as shown in Fig. 12 and 13. The
degradation rate of bare alloy observed to be extremely high for
the first week because of the presence of a large concentration
of Mg2+ ions in SBF (Ref 70). The weight loss drop was
observed over the next 14 days compared to the earlier 7 days,
due to the accumulation of corrosion particles on the bare
substrate (Ref 71). As discussed in the earlier research, severe
corrosion arises during the initial exposure phase due to the
large surface area of the substrate was accessible (Ref 72). The
weight loss observed for the uncoated substrate was 0.098 mg
cm�2 d�1 upon 21 days of exposure, relative to all the coated
substrates. The uncoated alloy showed major deterioration as
observed in Fig. 13(a) (Ref 73). Due to their superior corrosion
resistance, the coated samples retain their integrity in compar-
ison to bare alloy. In Fig 13, minor corrosion cavities as well as
lesser defects were found on the surface of the coated
substrates. The weight loss rate of HA + 12%Sr-coated sample
(0.15 mg cm�2 d�1) during 21 days immersion was smaller
than that of all coatings. Therefore, the results indicate that the
modification of Sr in hydroxyapatite provides excellent corro-
sion resistance for the Mg substrate and enhances the life of the
implant.

Fig. 12 Degradation rate of samples after immersion in Ringer�s
solution

Fig. 13 Visual appearance of the corroded samples after 21 days of immersion in Ringer�s solution
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4. Conclusion

Plasma-sprayed coatings were successfully utilized to
deposit hydroxyapatite and hydroxyapatite-strontium rein-
forced coatings on the AZ31 substrate. It was observed that
with the rise of Sr reinforcement in HA, there was progressive
increase in microhardness. HA + 12%Sr-coated sample deliv-
ered the maximum hardness value, whereas the lowest value
was attained by pure HA-coated sample. On the other hands,
the surface roughness is continued to decrease with Sr addition.
HA + 12%Sr sample attained minimal surface roughness than
all coated substrates. The SEM micrographs revealed that on all
the coated samples, no microcracks were noticed, and a
uniform coating thickness was obtained for all coatings reveal
AZ31 substrate as a promising material for bio-implant
applications. All the coated samples revealed hydrophilic
properties, while the bare AZ31 alloy had hydrophobic
properties. The electrochemical study showed that HA +
12%Sr-coated substrate possesses higher corrosion resistance
than bare and all other coated AZ31 substrates. It was observed
that with the increase in Sr reinforcement, the substrate tends to
be more protective in the biological environment.

In summary, the HA/Sr coatings could be a promising
strategy to enhance the surface properties, as well as the
corrosion resistance of Mg implants, and thus, they deserve
further biological evaluation to ascertain their usefulness for
clinical applications. The obtained electrochemical as well as
morphological investigations justify the potential of HA/Sr
reinforced coatings for biomedical implants. The forthcoming
stage of research will be focused on the in-depth phase and
structural characterization of HA/Sr coatings.
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