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Abstract

The effect of strontium doped Zn-Ca-P (ZCP) coating by chemical conversion technique on the biodegradation of AZ31 alloy was
evaluated. The coating formed with 1.5wt.% Sr and 20 min phosphating time at 50°C with pH 2.5 completely covers the alloy surface. The
Sr doped coated sample also showed very low evolved hydrogen gas and pH change than the ZCP coatings suggested that the degradation of
the alloy was extremely controlled. The in vitro bioactivity studies in simulated body fluid exhibits deposition of calcium phosphate phases
with Ca/P ratio of 1.55 which is close to that of hydroxyapatite, mineral component of bone. Cytotoxicity evaluation with 1.929 cells showed
higher cell viability of the Sr doped coatings compared to ZCP coatings.
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1. Introduction

Magnesium alloys have been evolving as a promising
biodegradable material due to its favourable mechanical prop-
erties and biocompatibility [1,2]. Moreover, magnesium is an
important element found in human body and is involved in
body metabolic activities such as protein synthesis, muscle
contraction and relaxation, energy transport etc. [3]. Low lev-
els of magnesium in human body lead to neurological, mus-
cular and attention deficit hyperactivity disorders (ADHD)
[4]. At present, magnesium alloys are used for biodegrad-
able orthopedic implant applications such as screws, pins and
stents. Although magnesium has many favourable properties
due to its higher standard (negative) electrode potential value
(—2.37V vs. Standard Hydrogen Electrode (SHE)), it has the
tendency to dissolve and thereby resulting in rapid corrosion,
increase in local pH, hydrogen evolution, loss of their me-
chanical integrity before bone healing process [5,6]. How-
ever, the requirement of any biodegradable implants is that
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the degradation rate should be matched with the healing rate
of bone [7]. Typically, magnesium alloys should maintain its
mechanical integrity at least for 3 months for new bone for-
mation [8].

Mainly three approaches have been developed to control
the degradation rate of magnesium such as alloying, surface
modification and coating [9]. Coating is one of the key
solutions to overcome the corrosion rate of magnesium
alloy in chloride containing environment by providing some
barrier effects between the material and the environment.
Various surface treatment techniques such as physical vapor
deposition, electrodeposition, anodization, chemical vapour
deposition, microarc oxidation were attempted to achieve
desired coating [10]. Protective coatings with various func-
tionalized polymeric groups such as polylactic acid (PLA),
poly (latic-co-glycolic) acid (PLGA), polycaprolactone (PCL),
polydopamine (PDA), chitosan (CS), collagen (Col) were
attempted to control the degradation and improve the biocom-
patibility of magnesium alloys [11]. But long process time,
high cost, high temperature and complex procedures seem to
limit wide spread use of these techniques. In contrast, chem-
ical conversion coating process is very simple, economic and
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without the requirement of any instruments for the coating
process. [12] As the coating is formed through the chemical
reaction of metal with the electrolyte, it becomes the integral
part of the alloy surface which may be essential for the
highly degradable magnesium alloys [13].

Recently zinc phosphate, calcium phosphate and zinc cal-
cium phosphate (ZCP) coatings have become attractive for
magnesium alloys, as they can produce corrosion resistant
coatings with high adhesion strength [14-21]. Zeng et al.
studied the effect of solution temperature on the corrosion
resistance of Mg-Li-Ca alloy [22] Doping is one of the ef-
fective strategy to improve bioactivity of the coatings and
bioactive dopant ions such as Mg?*, Cu?*, Mn**, Sr** and
Zn>* have many physiological roles including bone forma-
tion process [23,24]. Among the various dopant ions, stron-
tium is of current interest due to its physicochemical and
biological performance in bone repairing process. Sr is also
an important element involved in bone metabolism and also
promotes preosteoblastic cell proliferation, osteoclast apopto-
sis and collagen synthesis [25,26]. Sr doped hydroxyapatite,
bioactive glass, bone cement have been synthesized [27-31].
Sr doped calcium phosphate coatings have also been investi-
gated [32,33]. Chen et al. reported that strontium phosphate
has excellent corrosion resistance compared to manganese
phosphate and calcium phosphate coatings [34]. By adding
strontium precursor in the phosphating bath, strontium incor-
porated conversion coatings can be developed. However, there
are no literature reports on the effect of dopant ion in the ZCP
coating to further improve the bioactivity and corrosion resis-
tance of magnesium alloys. In view of the advantages of both
the coating material and coating technique, we have attempted
the feasibility of Sr doped ZCP coating by chemical conver-
sion coating method. Hence, the present work deals with the
optimization of Sr doped ZCP conversion coating on magne-
sium AZ31 alloy and its evaluation for bioactivity, corrosion
resistance and cytocompatibility.

2. Experimental procedure
2.1. Substrate preparation

AZ31 magnesium alloy was purchased from Exclusive
Magnesium, Hyderabad, India. The chemical composition of
the alloy is 2.9% Al, 0.88% Zn, 0.001% Fe, 0.02% Mn, and
balance magnesium. The alloy was polished with SiC pa-
per up to 1200 grit. The alloy was then washed with double
distilled water and ultrasonically cleaned and degreased with
acetone.

ZCP and Sr doped ZCP coatings were prepared on the
surface of AZ31 alloy in the phosphating bath. The phos-
phating temperature was maintained at 50° C. The pH of the
bath was adjusted to 2.5 with the help of phosphoric acid.
The composition of the phosphating bath is 10g/L diammo-
nium hydrogen phosphate ((NH4),HPO,), 7g/L zinc nitrate
(Zn(NO3),), 3g/L calcium nitrate (Ca(NOs3);), 3 g/ sodium
nitrate (NaNO;), 1g/L sodium fluoride (NaF). Sr doped
ZCP coating was deposited on the substrate by varying the

strontium nitrate content (precursor used is strontium nitrate)
as 0.5, 1 and 1.5wt.% with optimized pH of 2.5 at 50° C (op-
timized temperature) for various deposition times i.e. 5, 10,
15, 20 and 30min. ZCP coating was also deposited for com-
parison [35]. Samples were coded as ZCP, 5SZCP, 10SZCP
and 15SZCP for undoped, 0.5, 1 and 1.5wt.% Sr doped ZCP
coatings respectively.

2.2. Surface characterization

Fourier transform infrared (FTIR) spectra of ZCP and Sr
doped ZCP coatings of various compositions were recorded
on an FTIR spectrometer in the range of 400-4000cm™" with
a single reflection ATR accessory (Perkin Elmer Spectrum
two, USA). Chemical composition and phases of the com-
pounds were analyzed using X-Ray powder diffractometer
(XRD, D8 DISCOVER, Bruker, USA) using Cu k, radiation
at 40kV and 30mA at a scan rate of 0.02° Scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM,
FEI, QUANTA 200, NETHERLANDS) was used to charac-
terize the surface morphology and elemental composition of
ZCP and Sr doped ZCP coatings. 3D profiles of FESEM im-
ages were obtained using scanning probe image processor
WSxM 5.0 develop 7.0 software [36]. Contact angle mea-
surements were performed to evaluate the surface wettability
of the samples using water with a contact angle instrument
(Easy Drop KRUSS, Germany) and a minimum of 10 values
were collected per group of samples from different locations.

2.3. Adhesion characterization

Various test methods are available to study the adhesive
strength and degradation of the coating. In this work, the
adhesion between the coating and the substrate is monitored
according to ASTM D 870 [37]. 25 squares were made on
the coated substrates using cross cut tester and the coated
samples were completely immersed in water in a container
which is completely resistant to corrosion. The permeation
of water depends on coating characteristics. After 3 days of
immersion, the% of the peeled off area of the coating in the
squares was evaluated.

2.4. In vitro degradation and mineralization

Biomineralisation, weight loss, pH and hydrogen evolution
studies were conducted by immersing the samples in simu-
lated body fluid (SBF). Samples with equal dimensions were
prepared by coating process as explained in Section 2.1. The
procedure for the preparation of SBF was reported by Kokubo
and Takadama [38]. Initial pH of SBF was maintained at 37°
C for all the experiments. Biomineralisation studies were car-
ried out by immersing the samples in SBF for 15 days to
\analyse the deposition of calcium phosphates on the surface.

Immersion test was carried out in SBF for 96h. The
ratio of the surface area of the sample to solution vol-
ume was maintained as lcm?: 30mL [39]. Initial weights of
the samples were recorded before immersion in SBF. After
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immersion, the samples were cleaned with chromic acid to
remove corrosion products. Then, the samples were weighed
and corrosion rates were calculated based on Eq. (2)

o _ 3763 x 10'W
- ATD

Where, CR is corrosion rate in mm/yr, W is the weight loss,
T is immersion time in h, A is initial surface area in cm?, D
is density of sample (1.74 g/cm?).

Hydrogen evolution test (HET) was carried out for the pe-
riod of 96h to study the evolved hydrogen from corroding
sample. The procedure for the HET experiment was in accor-
dance with the earlier report [40,41]. The sample was placed
at the center of the beaker containing SBF with a funnel
placed over the sample to collect the evolved hydrogen from
corroding magnesium. A graduated burette filled with SBF
was inverted over the funnel. The evolved hydrogen is col-
lected at the top of the burette by replacing the SBF solution
downwards. The initial pH of SBF was maintained as 7.2 and
pH were noted down at different time intervals.

The ionic concentrations of the SBF after immersion of the
uncoated and coated alloys for known periods were analysed
using an Inductive Coupled Plasma-Optical Emission Spec-
troscopy (Perkin Elmer, Optima 5300 DV, USA) analysis.

(@)

2.5. MTT assay

L929 cells (from NCCS, Pune) were cultured with Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 1% 100 x antibiotic antimy-
cotic liquid and incubated in a CO, incubator at 37° C. A
cell suspension with DMEM containing 1 x 107 cells were
seeded on the sample which was placed in the 9 well cell
culture plate and MTT (3-(4,5-Dimethylthiazol-2-Y1)—2,5-
Diphenyltetrazolium Bromide) assay was conducted by in-
cubating for 72h at CO, incubator. 200 pL of cell culture
medium was added to each well. Then 20 wnL MTT solution
was added followed with incubation for 4h at 37°C. After
4h incubation, 1mL of DMSO (Dimethyl Sulphoxide) was
added. Viable cells were determined by the absorbance at
540nm. All the experiments were performed in triplicate.

3. Results
3.1. Surface morphology of the coating

Fig. 1(a—e) shows the surface morphologies of the coatings
after immersion in the ZCP phosphating bath for 5, 10, 15, 20
and 30 min respectively. Very few deposits were randomly de-
posited on the surface during the initial period. With increase
in the phosphating time, the size of the deposits became larger
and covered the surface. The maximum surface coverage was
found at 20 min deposition time. Some cracks were found in
the coating due to internal stresses and also the evolution of
hydrogen from the dissolving magnesium alloy. As the depo-
sition time was extended up to 30min, some of the crystal

Fig. 1. Surface morphology of ZCP formed at (a) 5, (b) 10, (c) 15, (d) 20
(e) 30min and Sr doped ZCP coating formed at (f) 5, (g) 10, (h) 15, (i) 20
and (j) 30 min with 0.3 wt.% Sr content.

deposits were dissolved in the phosphating bath and the sur-
face was exposed to the medium again (Fig. 1(e) and (j)).
Fig. 1(f—j) shows the surface morphology of Sr doped ZCP
coated samples. The particles seems to be formed randomly
during initial deposition time and the entire surface was cov-
ered with the coating with an increase in the deposition time.
Although some defective regions were visible in the coating
due to the release of hydrogen from the corroding magne-
sium, the voids were very small suggesting controlled degra-
dation of the alloy. Fig. 2(a—e) shows the cross section of the
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Fig. 3. Surface morphology of Sr doped ZCP coatings formed at 20min deposition time with (a) 0.5wt.% Sr (b) 1wt.% Sr (c) 1.5wt.% Sr contents.

SEM morphologies of ZCP coating formed at 5, 10, 15, 20
and 30min. It can be noticed that the thickness of the coating
which is formed at 5 min deposition time was 3.5254+0.34 um
and 20min deposition time was 23.13+1.52 um. Hence, the
thickness of the coating has been increased at 20 min deposi-
tion time.

As 20min deposition time is fixed as optimum deposition
time, ZCP coating with varying Sr(NOs), content was stud-
ied and the morphology of the coatings are shown in Fig. 3
which exhibit slab like particles. Low strontium content in
ZCP coating did not cover the entire surface of the alloy. As
the strontium content was increased to 1.5wt.%, the surface
was entirely covered with slab like crystals which is oriented
in different directions. The coating formed at 50 °C was more
compact compared to low phosphating temperature. If coating
temperature is further increased, the coating dissolves in the

acidic phosphating bath. Hence 20min deposition time, 50°
C temperature and 1.5wt.% strontium content seems to be
optimal parameters for the formation of a crack free coating.
Fig. 4 shows the cross sections of surface morphology of Sr
doped ZCP coatings formed at 20min deposition time with
0.5wt.% Sr, 1wt.% Sr and 1.5wt.% Sr contents. The thick-
ness of ZCP coating with 1.5wt.% Sr content has been greatly
improved (46%3.1 wm) compared to low strontium content
coatings.

The 3D images of various Sr doped ZCP coatings obtained
from SEM images for same configuration are shown in Fig. 5.
5SZCP sample showed more gaps and cracks in the coating,
but 15SZCP coated alloy didn’t exhibit any cracks. Average
roughness value of ZCP coating with 0.5, 1 and 1.5wt.% Sr
substitutions were found to be 58.70, 57.89 and 52.09 pm
respectively. Low average roughness (R,) value of 15SZCP
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Fig. 4. Cross sections of Surface morphology of Sr doped ZCP coating formed at 20min deposition time with (a) 0.5wt.% Sr (b) 1wt.% Sr (c) 1.5wt.% Sr

contents.
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Fig. 5. 3D images of Sr doped ZCP coating formed with (b) 0.5wt.% Sr (c¢) 1wt.% Sr (d) 1.5wt.% Sr contents (obtained from SEM image).
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Fig. 6. FTIR spectrum of (a) ZCP and Sr doped ZCP coating formed with
(b) 0.5wt.% Sr (¢) 1wt.% Sr (d) 1.5wt.% Sr contents.

sample indicated that the surface became more uniform com-
pared to other samples.

3.2. FTIR analysis

FTIR spectra of ZCP and Sr doped ZCP coated samples
formed with different strontium nitrate contents are shown in
Fig. 6. The phosphate coatings show two strong absorption

bands between 900 and 1150cm~! which is due to the
stretching vibration of PO43~ group. The characteristic bend-
ing vibrations of phosphate groups are formed at 550, 610
and 730cm™! [42]

The broad band around 3250cm~! and small band around
1680cm™! correspond to OH™ vibration [43]. Although the
spectra look similar to each other, increase in the peak inten-
sity of PO4>~ vibrations around 550 and 1026cm™! with in-
creasing strontium content in ZCP coating has been observed.
The high intense peak of PO, vibrations has appeared for
15SZCP sample. Michele et al. also reported that the inten-
sity of phosphate peak increases with strontium substitution
in calcium phosphate coating [44].

3.3. XRD analysis

Fig. 7 shows the XRD patterns of pure and Sr doped ZCP
coated samples with various amount of Sr doping. All the
XRD pattern closely resemble with each other. The main
diffraction peak of (3 2 1) of zinc calcium phosphate (JCPDS
98-000-427), (2 4 1) of zinc phosphate (JCPDS 98-001-8145),
(0 2 10) of calcium phosphate (JCPDS 29-359) and (0 4 0) of
strontium phosphate phases (JCPDS 96-153-3308) are clearly
visible in Figure. It is evident from the XRD analysis that
the ZCP coating contains zinc phosphate and zinc calcium
phosphate phases. In addition, strontium phosphate phase is
also appeared in Sr doped ZCP coated samples [45].



P. Amaravathy and T.S.S. Kumar/Journal of Magnesium and Alloys 7 (2019) 584-596 589

#- Magnesium
. O - Zinc phosphate
S E % - Zinc calcium phosphate
= = = - Strontium phosphate
;# # + - Calcium phosphate
-~ & Y #
o5 § as H § =)
e 8 Su gl Y —~ - ~ & &
8o ¢7T 38 T 58 §7 8%
(o 1o TG Y <0/ S0 2 3 _ 8 T 2o
el b= = 8 * Ja?)oa(‘)‘ o O o
cegsd 5 "S2
. S* 0 o + g
S o
~
= |2 ‘
‘@
g
£ ) MWJLJ it A
(&3
) i s A ~~——A'\‘
d) A a ) JU\J
T T T ¥ T ¥ 1
10 20 30 40 50 60 70
26 (degree)

Fig. 7. XRD pattern of (a) ZCP and Sr doped ZCP coating formed with (b) 0.5wt.% Sr (c) 1wt% Sr (d) 1.5wt.% Sr contents.
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Fig. 8. Contact angle values of AZ31, ZCP and 1.5wt.% Sr doped ZCP coated AZ31 samples.

3.4. Contact angle measurements

The contact angle values of uncoated, ZCP and Sr doped
ZCP coated substrates are shown in Fig. 8. The contact angle
of the uncoated alloy is found to be 89+6°, whereas, for
ZCP and Sr doped ZCP coatings, the values are 97+£11° and
112+18° respectively. High contact angle values suggest that
the surface energy of coated surfaces is low, thereby resulting
in the hydrophobic behavior of the sample surface.

3.5. In vitro biomineralization

The surface morphology of AZ31, ZCP and Sr doped
ZCP coated samples after immersion in SBF for 15 days are
shown in Fig. 9. The surface of the uncoated AZ31 alloy
was severely cracked with less amount of calcium deposi-
tions (Fig. 7c). The deposited calcium phosphate was peeled
off from the surface due to the continuous corrosion reac-
tion (Fig. 7c). In case of ZCP coating, stable deposits were
observed on the surface and size of deposits were found to

increase from 38 pum to 43 wm with increase in the immer-
sion time from 10 to 15 days respectively. However, Sr doped
ZCP coating exhibits the deposits after five days of immer-
sion and the entire surface was covered with deposits of larger
diameter (54 wm) (Fig. 7i) at the final immersion period. The
strontium phosphate present in the coating seems to assist in
the deposition of more calcium phosphates from SBF [46].
EDX spectra of AZ31, ZCP and Sr doped ZCP
coated samples after 15 days of immersion are shown in
Fig. 10(a, b, c). All the spectra indicate the presence of Mg,
Al, Zn, Ca, and P elements. The Mg, Al, and Zn elements are
deposited from the substrate and Ca and P elements are pre-
cipitated from SBF. The Ca/P ratio calculated from EDX re-
sults for AZ31 was 0.67, while the ratio of ZCP and Sr doped
ZCP coating were 1.26 and 1.55 respectively. The higher Ca/P
ratio as close to that of hydroxyapatite (Ca/P=1.67) obtained
for Sr doped alloy indicated the improved biomineralization.
Bioactivity of the samples was further characterized us-
ing ICP-OES method by monitoring the Mg, Ca and P ions
of SBF after immersion of ZCP and Sr doped ZCP coated
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Fig. 9. Surface morphology of AZ31 (a, b and c¢), ZCP (d, e and f), 1.5wt.% Sr doped ZCP (g, h and i) coated magnesium alloy after immersion in SBF for
5, 10 and 15 days.
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Fig. 10. EDX spectra of AZ31, ZCP and Sr doped ZCP coated samples after 15 days of immersion in SBE.

samples for 96h. The results as shown in Fig. 11, clearly  and 23£2.54 mg/L respectively. The amounts of Ca and P ions
indicated that the uncoated alloy degraded rapidly and re-  in SBF of coated alloys were found to be less compared to the
leased large amount of magnesium ions into SBF. The Mg  uncoated alloy, which may be due to greater amount of min-
ion concentrations of SBF in which the uncoated, ZCP and Sr  eralization and high affinity of bioactive compounds present
doped ZCP coated alloys immersed are 1601+7.47, 4643.95 on the surface. Remarkably, Ca and P ion concentrations of
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Fig. 11. Mg, Ca, P ion concentrations of SBF after the immersion of AZ31, ZCP and Sr doped ZCP samples for 96h.
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Fig. 12. Photographic images of ZCP and Sr doped ZCP samples.

the SBF which contained 15SZCP sample was very less indi-
cating enhanced bioactivity and leading to slower degradation
rate of the substrate.

3.6. Adhesion characterization

Fig. 12(a) and (b) show the photographic images of the
ZCP and Sr doped ZCP samples after the test according to
ASTM D 870. The delamination of the coatings were eval-
uated. Eventhough, the coating is present in both the doped
and undoped coatings, non-uniform degradation can be ob-
served. The damages are more in ZCP coating than Sr doped
coating. The ZCP coating has 60-70% peel off area and the
doped coating has only 20-30% peel off area.

3.7. Corrosion charaterisation

3.7.1. Hydrogen gas evolution

The hydrogen evolution results of the uncoated, ZCP and
Sr doped ZCP coated samples in SBF are shown in Fig. 13.
Hydrogen bubbles come out of the uncoated alloy as soon
as it is immersed in the SBF, but the volume of evolved
hydrogen decreases after 12h due to the deposition of cal-
cium phosphates and corrosion products. As the layer un-
dergoes degradation, the hydrogen evolution increases again
and the volume of gas collected after the immersion test was
4.35mL/cm?/h. In case of ZCP coated samples, the evolved
hydrogen was low upto 48h and the total hydrogen gas col-
lected was 2.25mL/cm?/h. In contrast, all the Sr doped con-
version coated substrates exhibits low volume of hydrogen
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Fig. 13. Hydrogen gas evolution for various samples after 96h of immersion in SBF.

evolution since the surfaces were much protected compared to
uncoated and undoped coated substrates. Particularly, 15SZCP
sample has not evolved any bubbles upto 5h and possessed
lowest volume of hydrogen evolution (1.2mL/cm?/h) with
minimal cracks present in the coating. The 15SZCP sample
which contains compact coating delays the ingression of SBF
to the alloy surface and avoids fast hydrogen evolution.

3.7.2. pH measurements

The pH variation of SBF containing uncoated and coated
samples as a function of immersion time are shown in Fig. 14
and the pH variation follows the same trend of hydrogen gas
evolution. The pH of AZ31 immersed SBF increases sharply
from 7.2 to 7.7 during the initial immersion time which
is due to the release of hydroxide ions into the solution.
Subsequently it showed low pH values due to the deposition
of corrosion products and calcium phosphate. In contrast,
the pH values of SBF of coated samples are lower than
that of the uncoated alloy over the entire immersion period.
Especially, they exhibited negligible pH raise at the initial
immersion time, but showed an increase in pH after initial
immersion time which is due to the penetration of solution at
the interface between the coating and the substrate via cracks.
All the Sr doped samples show low pH change compared
to ZCP coated samples. Among Sr doped samples, 15SZCP
sample showed the lowest pH variation due to the mini-
mum cracks in the coating. Moreover, the coating exhibits
maximum biominaralisation throughout the immersion time.

3.7.3. Corrosion rate
The corrosion rate of the samples with the immersion time
in SBF is shown in Fig. 15. The results are in accordance

with hydrogen evolution and pH variations. The ZCP coating
seems to significantly reduce the corrosion rate of AZ31 from
about 2.42mg/cm?/h to about 1.35mg/cm?/h at the end of
immersion. The addition of Sr in ZCP coating further reduces
the corrosion rate to 0.67 mg/cm?/h. It is remarkable that the
corrosion rate of 15SZCP sample is one fourth of uncoated
AZ31 alloy during the initial immersion time.

3.8. MTT assay

The cell viability of samples was tested with L929 cells
using MTT assay and the results are shown in Fig. 16. The
coated samples exhibit higher cell viability than uncoated
AZ31 alloy. This may be due to the controlled degradation of
the alloy. As strontium promotes osteoblast cell proliferation,
the 15SZCP sample exhibits the highest cell viability.

4. Discussion

As soon as the samples were immersed in the phosphat-
ing solution, the sample surface is divided into two sites,
hydrogen evolution and metal matrix dissolution occurring at
the micro cathode while the phosphating process initialized
by dissolution of magnesium at micro anodic site [47]. Si-
multaneous evolution of hydrogen from micro cathode results
in further increase in local pH at the interface between phos-
phate solution and alloy surface following with the deposition
of insoluble phosphates. The precipitation process preferen-
tially starts with the formation of magnesium phosphate due
to the readily available magnesium ions at the surface which
is followed by the formation of zinc phosphates and calcium
phosphates [48]. Being octahedrally coordinated and identi-
cal structure (zinc phosphate and calcium phosphate), zinc and
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calcium ions exchange with each other resulting in the forma-
tion of CaZny(POy),. H,O. In addition, strontium phosphate
is precipitated in Sr doped samples during the process. Based
on the discussion, a model can be proposed to explain the
formation of Sr doped ZCP coating as shown schematically
in Fig. 17 involving a) dissolution of magnesium and evolu-
tion of hydrogen b) local increase in pH c) precipitation of

magnesium phosphate d) formation of alkaline pH surround-
ing the implant e) precipitation of Zn3(POy4),, Caz(POs),,
Zn,Ca (POy); and Sr3(POy), according to the equations

H,PO; — HPOY — PO}~ 3)

3Zn** 4 2POY + 4H,0 — Zns(POy), 4Hy0 @
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Fig. 16. MTT assay on AZ31, ZCP and Sr doped ZCP coated samples. The
significance P < 0.05 has been indicated by the asterisk (*).

3Zn*t + Ca*t + 2H,PO; + 4H,0

+4e” — Zny,Ca(P04),.4H,0 + 2H,0 5)
3Ca*" 4 2P0} + 4H,0 — Caz(PO,),.4H,0 (6)
3Sr*t + 2P0 + 4H,0 — Sr3(P0O4),.4H, O (7)

The above reactions occur continuously with higher pH
conditions until the entire micro anode is covered by crys-
talline phosphates. The XRD analysis confirms the formation
of Ca3(POy4),, Zn3(POy4), and Zn,Ca(POy4), phases in undoped
coating and additional Sr3(POy), formation in doped coatings,
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but there is no detectable amount of magnesium phosphate
phase in the uncoated alloy.

4.1. Degradation and in vitro biomineralization studies

It is known that magnesium provides only temporary me-
chanical support and degrades completely after the healing
process. One of the important characteristics of bioimplant is
that the degradation rate of implant should be matched with
the healing rate of bone. Otherwise, the implant will be dis-
solved and disappeared from the implantation site before the
wound heals [49]

The improvement of interface between bone and implant
material is an important factor in the development of bioma-
terials because the formation of viable bone which is close to
the surface of the biomaterials are essential for the stability of
orthopedic implants. Osseointegration depends on biominer-
alization which normally happens into the surrounding tissue.
Optimum degaradation rate of the implant with faster biomin-
eralization results in osseointegration of bone within the ex-
pected time frame. Hence, study on degradation and biomin-
eralization behavior of the uncoated and coated magnesium
alloys are essential in the development of novel orthopedic
implants.

Adhesion strength, chemical composition, compactness of
the coating plays an important role in controlling the degra-
dation of the sample [50]. Since the ZCP conversion coating
layer offers immediate protection in SBF, the above reactions
are slower than that of uncoated alloy. Prolonged immersion
of the coating allows the SBF to reach the surface through
gaps and cracks. However, the extension of degradation is less
due to stable and adherent compounds such as Zn,Ca(POy),
Zn3(POy4), (from adhesion results) present in the coating and
as time passes, it acts as a scaffold for the deposition of cal-
cium phosphates through biomineralization. Hence, biominer-
alization is much better on ZCP coating. This CaP layer also

Formation of Mg;(PO,)z Formation of Zn; (PO,),and Zn,Ca(PO,),

ﬁ. 5 ezn  WMg(PO,),
Q .p S 2‘53:‘ ) 2n,(P0)),
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Fig. 17. Schematic diagram representing the mechanism of ZCP and Sr doped ZCP coating.
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Table 1
Lists of solubility product of various compounds.

Compounds Solubility product (Ksp)
Mg(OH), 5.6x 10712

MgCl, 3.5%x1078

Mg3(POy4)> 1.0x 107

Ca3(POy), 2.0x 107

Zn3(POy), 9.0x 1073

Sr3(POy4)s 1.0x 1073

helps in protecting the surface from degradation and assists
in the further deposition of biomineralized products. Hence,
Ca/P ratio has been improved at the end of immersion time.

Addition of 0.5wt.% strontium in ZCP coating enhanced
the surface protection of magnesium alloy with better surface
coverage of the alloy surface (SEM image Fig. 2(a)). Further
the protective efficiency of Sr doping seems to depend on its
amount and increase in the Sr doping enhances the compact-
ness of the coating and thereby controlling the degradation
rate of the alloy. All the in vitro degradation experiments
showed that the degradation rate of 15SZCP sample was very
much less compared to other doped samples. The reasons
are that the surface contains only minimal cracks which re-
sulted in delaying the penetration of the corrosive medium
and hydrogen evolution. [51]. Moreover, the solubility prod-
uct plays an important role in delaying the dissolution of
the compounds present in the coating. The stability of the
compounds in the coating based on their solubility product
value follows the order: MgCl, < Mg(OH), < Ca3(POy),
<ZnyCa(PO4); < Zn3(POyy, <Sr3(PO4), (Table 1). From the
order, it is obvious that the presence of strontium phosphate
possess low solubility product value and it would strengthen
the barrier effect of coating which would further enhance the
corrosion resistance.

According to the phenomenon of corrosion mechanism of
metallic materials, coating with low contact angle is easily af-
fected by water. Otherwise, the coating with low wettability
can effectively prevent the surface from water. Previous litera-
ture reports also showed that hydrophobic surface is useful for
improving the corrosion resistance of magnesium alloys [52].
In this study, the doped coating has high contact angle value
and also possesses highest corrosion resistance. Moreover, it
also indicates that the coating contains minimal cracks and
pores. From 3D images, it also can be clearly noticed that
the coating with higher Sr contains low average roughness
value due to uniform surface. Hence, the coated surface re-
sists the ingression of water into the surface, which in turn
improves the corrosion resistance. Hence, this hydrophobic,
corrosion resistant and uniform surface induces high bioac-
tivity since the deposited calcium phosphate particles during
biomineralization do not detatch from the surface. Moreover,
the coating also act as a platform for the deposition of calcium
phosphates (Ca/P ratio 1.55) from SBF and so the surface is
entirely covered with biomineralized products of large size.

In addition, increase in% cell viability at the end of 72h
confirms that ZCP and Sr doped ZCP coatings have not

released any toxic ions which could affect the cells involved
in osseointegration. In contrast, it helps in controlling the
degradation rate of magnesium to control the pH, thereby
inducing a favourable environment for cells to grow. Par-
ticularly, combination of bioactive strontium phosphate with
other corrosion resistant phosphates in the coating improves
the cytocompatibility of the alloy by enhancing the surface
properties of Sr doped coated samples. Dan Li Fu et al. also
indicated that Zn and Sr substituted hydroxyapatite improves
cell adhesion and proliferation of osteoblasts and exhibits
positive effect on several osteogenic proteins [53]. Hence, the
present study shows that controlled degradation and bioactive
surface modification of AZ31 by Sr doped ZCP coating can
promote cell growth for superior bone healing.

5. Conclusions

Optimal parameters such as pH, temperature, phosphating
time and strontium content for the deposition of Sr doped
ZCP coating on magnesium alloy using chemical conver-
sion technique has been obtained. Strontium phosphate with
low solubility product value has not easily dissolved in the
SBF and hence provides more protection in the coating. The
15SZCP sample exhibits low pH, evolved hydrogen volume
and corrosion rate. This coating showed improved bioactivity
with deposits of Ca/P ratio closer to hydroxyapatite due to
the higher induction of calcium and phosphorous by stron-
tium from SBF solution. Hence Sr doped ZCP coated AZ31
alloy may be a suitable degradable implant for orthopedic
applications.
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