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Magnesium and its alloys have attracted more and more attentions due to their potential applications in
biodegradable implants. But the applications are limited by high corrosion rate of magnesium. In this
paper, CaP coatings were fabricated on the ZK60 magnesium alloys by a biomimetic method. The
revised SBF solutions with ion concentration of Ca and P elements varied from 0.5 to 2 times of that of
standard r-SBF are used. The coatings were composed of amorphous and poorly crystallized CaP
phases with globule structure. SEM images show that crack density and size decrease with increasing
Ca/P ion concentration. Electrochemical corrosion and in vitro immersion were conducted to evaluate
the corrosion resistance. The corrosion resistance of the coated samples was greatly improved
comparing with that of the uncoated sample. For the samples fabricated at different Ca and P ion
concentration, the sample coated from the 2xr-SBF solution with has the best corrosion resistance.
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1. INTRODUCTION

Materials like titanium and its alloys, steel, and cobalt-chromium alloys are widely used as
implant materials in load-bearing devices for the repair and replacement of bone tissues [1,2].
Although these metals have proven to be effective in providing the required mechanical support during
the healing process, stress shielding can occur resulting in decreased implant long-term stability.
Furthermore, there exist problems of metal ions release [2,3], which lead to physiological
inflammatory effects and the necessity of a second surgical procedure to remove implants [1-5]. To
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overcome the need for this second surgery, biodegradable implants have been proposed. These
materials would provide the necessary stability in the initial stages of healing and would gradually be
replaced by bone as they degraded

Magnesium and its alloys have been suggested as a revolutionary metallic biomaterial for the
design of orthopedic devices. They are more suitable for load-bearing applications due to their
excellent mechanical properties and characteristics, i.e. the specific density (1.74-2 g/cm3) and
Young’s modulus (41-45 GPa) of magnesium are close to those (1.8-2.1 g/cm®, 3-20 GPa) of human
bone [1,6,7]. Some researchers [8] reported that magnesium has antibacterial properties. The greatest
novelty Mg provides is its ability to degrade within a physiological environment removing the
necessity for implant removal at a later stage. Biodegradable implants can be gradually dissolved,
absorbed and excreted in a biological environment owing to their corrosion. Thus, magnesium alloys
combine biocompatibility, biodegradation and mechanical properties which are similar to natural bone
which makes them promising materials for biodegradable implants.

Whilst the corrosion of Mg provides a novel advantage over other metallic materials, the
adaptation of this material for orthopedic purposes requires corrosion rates to be closely controlled to
match bone healing. Recently, the corrosion properties of Mg and its alloys have been investigated
extensively [9~16]. The main problem for magnesium and its alloys is that their corrosion rate in the
physiological environment with high chloride concentration is too high due to their reactive properties.
Thereby, they lose their mechanical integrity long before the expected service life [1,2]. Therefore, the
main research activities are focused on how to protect magnesium from fast corrosion and improve
corrosion resistance of Mg alloys [17-26]. To date, still a limited number of studies on the use of Mg
as a biodegradable material have been conducted (reviewed in [1]), with many open questions
remaining.

To tailor the degradation rate of the Mg-based implant for the specific biomedical application, a
lots of studies have been performed for the purpose of reducing the corrosion rate of Mg, including
alloying [17~19], processing [20,21] and protective coating [22-26] Previous research has investigated
the use of hydroxyapatite (HA) coatings on titanium orthopedic implants with success in regards to
increased biocompatibility and decreased wear of the implant.[27,28] Furthermore, hydroxyapatite, the
major composition of bone, have demonstrated high biocompatibility, osteoconductivity and non-
toxicity in an in vivo environment.[27-29] Such evidence advocates that bioactive HA coating on Mg
alloys might be an effective way to solve this problem. There are various techniques for HA coating
deposition onto Mg substrates: chemical deposition, electrodeposition, hydrothermal treatment and
alkali-heat treatment.[29,30] Though many methods for fabricating HA coatings are available, the
biomimetic method [31-34] offers the advantages of a simple, low temperature, non-toxic and non
line-of-sight process. The technique is relatively simple to set up and perform, and is a cost-effective
way of creating homogeneous coatings on several samples simultaneously and allows for complex
shapes to be coated. The biomimetic coating process uses only ions found in the body fluids to create
safe, biocompatible coatings with properties similar to natural bone.

The main mineral component of bone is calcium deficient carbonate hydroxyapatite. Calcium
phosphate coatings have been shown to improve the biocompatibility of metallic implants and to
increase bone growth at the site of implantation. In particular, biomimetically deposited coatings have
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received recent attention because of their excellent biocompatibility and ability to promote
osseointegration.[31-34] The biomimetic approach is a solution technique that involves immersing the
substrate material in SBF at low (ambient to physiological) temperatures. This technique has been
successfully used to apply calcium phosphate coatings onto various substrates. [27,28] The technique
is relatively simple to set up and perform, and is a cost-effective way of creating homogeneous
coatings on several samples simultaneously and allows for complex shapes to be coated. The
biomimetic coating process uses only ions found in the body fluids to create safe, biocompatible
coatings with properties similar to natural bone. The composition of the coating bath and the chemistry
of the implant surface have both been shown to play a key role in the nucleation and growth of calcium
phosphate coatings from SBF.

Zinc is recognized as a highly essential element for humans. In zinc deficiency, nearly all the
physiological functions are strongly perturbed. Zirconium possesses a set of suitable properties for
orthopedic applications such as low specific weight, high corrosion resistance, and biocompatibility.
Based on the above considerations, ZK60 magnesium alloy (Mg-5.5wt%Zn-0.5wt%Zr) was chosen in
our studies. In this study, biomimetic techniques used for HA-based CaP coating deposition are carried
out in revised simulated body fluids (r-SBF), where CaP phases are precipitated out of solution and
‘grown’ on the ZK60 substrate. The ion concentration of Ca and P elements is varied from 0.5 to 2
times of that of standard r-SBF in order to refine fabricating protocols of CaP coatings. The
microstructure and composition of the biomimetic CaP coatings were characterized, and the
degradation properties were also investigated.

2. EXPERIMENTAL

2.1 Sample Pretreatment

The magnesium alloy used in this study was ZK60 alloy, with the major alloying elements of
approximately 5.5wt% Zn and 0.5wt% Zr. It was cut into rectangular samples with a size of
10x10x5mm?>. These samples were ground with SiC papers up to 8004, rinsed ultrasonically in ethanol
and then air dried. The dried samples were etched in phosphoric acid solution at 55°C, followed by
neutralization in NaOH solution. Samples were then rinsed with distilled water and air dried.

Subsequent pretreatment procedures include alkaline aging in a 200 g/L sodium hydroxide
solution (Aldrich) followed by heat treatment for 24 h at 140°C. Alkaline aging was used to increase
the surface concentration of hydroxyl groups. This has been shown to be effective in inducing calcium
phosphate deposition from aqueous solutions on other materials such as titanium and stainless steel.

2.2 Biomimetic CaP Coating

In this study, the Mg samples prepared earlier were applied with a layer of biomimetic Ca-P
coating using a revised SBF. The ion concentrations of SBF and the revised SBF are listed in Table 1.
These Ca and P concentrations were chosen to maintain the stoichiometric ratio of Ca/P in
hydroxyapatite, 1.67:1, and several times as high as those of the SBF respectively. The pH of the
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revised solution was adjusted to 6, using either hydrochloric acid or sodium hydroxide as required. The
pre-treated Mg samples were immersed in the revised SBF for 3 days at ambient temperature. The
samples were then removed from the solution, rinsed with deionized water, and dried in air.

Table 1. Composition of SBF and revised SBF solution

Revised 0.5xR- 1.5%R- 2xR- SBF(g/L)

SBF(g/L) SBF(g/L) SBF(g/L) SBF(g/L)
CaCl, 0.333 0.167 0.500 0.666 0.1397
MgSQO, 0.09767 0.09767 0.09767 0.09767 0.09767
KCI 04 0.4 04 0.4 0.4
KH,PO, 0.06 0.06 0.06 0.06 0.06
NaHCOs 0.335 0.335 0.335 0.335 0.355
NaCl 8.0 8.0 8.0 8.0 8.0
Na,HPO,-12H,0 0.256 0.128 0.384 0.512 0.1206
D-Glucose 10 1.0 1.0 1.0 1.0

2.3 Surface Characterization

The crystallographic structure and chemical compositions of the coatings were examined using
X-ray Diffraction (XRD) and energy dispersive spectroscopy (EDS), respectively. To study the
morphology, coated samples were analyzed with a field emission scanning electron microscope (FE-
SEM).

2.4 Electrochemical Measurements

Corrosion behavior of the samples was studied by electrochemical tests (Tafel Plot) with a
electrochemical work station. The experiments were performed in the SBF solution (listed in Table 1)
with a pH value of 7.4 at 37 "C. A three electrode set-up with a saturated calomel reference and a
platinum counter electrode was used. The area of the samples for working electrode was 10x10mm?,
Prior to characterization, the samples were immersed in the solution for 20 min to establish the open
circuit potential.

2.5 Immersion Tests

Immersion tests were carried out in SBF solution. The pH value was adjusted to 7.4 + 0.1 and
the temperature was kept at 37 + 0.5 °C using a water bath. The samples were immersed into 120 ml

SBF solution for 8 days, respectively. The pH value of the solution and the samples’ mass were
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recorded during the immersion every 24h, with a blank SBF solution as control group. The SEM
characterizations were performed before and after immersion tests.

3. RESULTS AND DISCUSSION

Acid etching is a common pretreatment in preparation for surface coating. Acid etching of
magnesium alloys is believed to remove the gross scale that is produced during the manufacturing
process and to replace the native oxide layer with a more passive oxide layer. Figure 1 shows SEM
images of a magnesium alloy sheet that has been solvent degreased [Fig. 1(a)] and a sample that has
been etched in phosphoric acid [Fig. 1(b)]. It is clear from these images that prior to acid etching the
sample surface have a non-uniform morphology with visible pits, whereas the acid-etched sample is
much more homogeneous. To obtain coatings with minimum porosity and maximum adhesion a
uniform surface is desirable.

Acid etching also results in significant changes in the surface chemistry of the magnesium alloy
sheet. Following the acid etching step the samples are neutralized in a solution of sodium hydroxide. It
is likely that the magnesium hydroxide forms at this stage. In fact, the formation of magnesium
phosphate films during etching in phosphoric acid has been previously observed. The following
reactions have been proposed for magnesium alloys with acidic phosphate solutions:

Mg — Mg** + 2e” (1)
2H* +2e” = 2H, T 2)
2Mg?* + 2H,PO; — Mg,(PO,), + 3H, T (3)

!
4/14/2011 | Mag D |X:-88 mm(S W ——50.0ym—— 4/14/2011
000 8.8 Tongji University 51:54 AM|200x|15.0 k

Figure 1. SEM images of a magnesium alloy sheet. (a) solvent degreased; (b) etched in phosphoric
acid
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In the first reaction, anodic dissolution of magnesium occurs because of its instability at pH
values less than 11, and this is coupled with the reduction of hydrogen (reaction 2). Indeed, hydrogen
bubbles were observed during etching of our samples. Finally, magnesium phosphate precipitates onto
the surface of the alloy because of its low solubility.

3.1 Characterization of as-prepared CaP coatings

Figure.2 shows the XRD patterns of biomimetic CaP coatings fabricated with different ion
concentration. It can be seen that there is a broad peak at 26=30°and the other peaks are relatively
weak in the XRD pattern of all the samples. This indicates that the main part of the CaP coating is a
poorly crystallized or amorphous Ca-P phase. A peak at 260=32° was observed in the XRD patterns,
corresponding to overlapping of the (211) and (112) diffraction planes and indicative of a bone-like
crystalline HA phase. At low ion concentration (0.5 and 1xr-SBF), the peak intensity at 20=32° is very
weak, indicating a poorly crystalline HA phase. With increasing ion concentration, the intensity of
peak at 20=32° increases, indicating a better crystalline of HA phase. For all the samples, the FWHW
(Full Width at Half Maximum) of the broad peaks decrease while the intensity of that increases with
increasing ion concentration. In addition, the diffraction peaks from Mg(OH), phase were clearly
observed at 260=19° and 38° for the sample fabricated at ion concentration of 1xr-SBF. Further
increasing the ion concentration (1.5xr-SBF), the peak intensity of Mg(OH), phase decreases and the
diffraction peak of Mg(OH), phase disappear evenly when the ion concentration was increased to 2xR-
SBF. It can be suggested that the crystallinity of HA phase increases with increasing ion concentration
in current study.

In present study, the CaP coatings deposited on ZK60 substrate using r-SBF solutions with
different Ca/P ion concentration were characterized mainly as amorphous CaP (ACP) phase by XRD,
which is in accordance with literature which demonstrated the ability of depositing ACP on titanium
substrate [27, 35]. Precipitation of various phases of CaP from solution involves the formation of an
ACP as the initial phase prior to hydrolysis and conversion to other crystalline phases.[36] The
presence of crystal growth inhibitors Mg?* and HCO® in the r-SBF solution inhibits the formation of a
crystalline CaP phase and promotes the formation of ACP. Interestingly, when the substrates were
coated with r-SBF solution with high Ca/P ion concentrations, the conversion of the ACP phase to
poorly crystalline HA phase are observed from the XRD patterns. According to theoretical models
based on classical crystallization theory, r-SBF solutions containing high concentrations of Ca®* and
PO,*favor nucleation of HA compared to both DCPD and OCP. [37]. SEM images showing the
morphology of the CaP coatings as a function of ion concentration in the coating bath are shown in
Fig.3. SEM observation reveals the differences between the morphology of the CaP coatings formed at
different Ca/P ion concentration. From Fig.3 (a), it can be seen that the CaP coating deposited at 0.5xr-
SBF solution is composed of globules with a diameter of about 1~5um, and a lot of globules stacked
so closely that it showed dense cluster structure on the surface, as seen from the high magnification
(x10000) SEM images which are not shown here. Although the final coating covered the substrate
more or less uniformly on the macro scale, cracks and defects were observed in the coatings from Fig.3
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(a). For the coating deposited from the 1xr-SBF solution, it can be observed from Fig.3 (b) that the
morphology of the coating is still composed globules with dense-cluster structure. Also, cracks and

defects are clearly observed in this sample.
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Figure 2. XRD patterns of coating powders in solutions with different Ca/P ratio
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Figure 3. SEM morphologies and corresponding EDS patterns of coated samples. 0.5xR-SBF: (a)/(e)

; IXR-SBF: (b)/(f); 1.5xR-SBF: (c)/(g); 2xR-SBF: (d)/(h)
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Fig.3 (c) depicts the coating morphology of the sample deposited at 1.5xr-SBF solution. The
coating seems dense compared with the coatings precipitated at low Ca/P ion concentration. A similar
globule-like morphology was observed in this sample. Interestingly, the coating is composed of two
layers: outer layer and inner layer, as shown in Fig.3 (c). It can be observed from SEM image that the
inner layer is dense while the outer layer is loose. Also, the cracks and defects are less. When the Ca/P
ion concentration is increased to 2xr-SBF solution, the outer layer in the CaP coating becomes dense
and covers all the surface of substrate, as seen from Fig.3 (d). In addition, there is no cracks in the CaP
coating can be observed from Fig.2 (d). Only pores were observed among these CaP clusters in Fig.2
(d). From SEM observation, crack density and size was found to decrease with increasing Ca/P ion
concentration.

The compositions of the coatings deposited from the revised SBF solution with different ion
concentration in the coating bath were examined by EDS, as shown in Fig.3 (e)~(h). The main
elements detected on the surface of the coatings were Ca, P, C, and O indicating that CaP phase was
present in the coating. Na and Mg were also detected in the coatings but the content is less. EDS
analysis of the various coatings revealed that Ca/P atomic ratio was found to be around 0.89, 0.95, 1.16
and 1.31 for coatings deposited at Ca/P ion concentration of 0.5xr-SBF. 1xr-SBF. 1.5xr-SBF. 2xr-
SBF, respectively, as shown in Fig.3. The Ca/P ratios of all the coatings are below that of the
stoichiometric HAp (1.67). This result indicates that our hydroxyapatite coating is calcium-deficient.
This is due to substitutions in the lattice. Calcium phosphate compounds can be substituted with
different ions. In the HA lattice, calcium can be replaced by small amounts of magnesium and sodium,
and phosphates can be replaced by carbonate ions [27]. During the biomimetic depositing process,
these ions are incorporated into the coating. It is also known that there is a significant amount of
magnesium incorporated into coatings which makes calcium magnesium hydroxyapatite the mostly
like phase present due to the revised SBF solution and the corrosion of the substrate during the coating
process. This is mostly due to the presence of Mg?* and CI ions in solution. In fact, it has been
previously observed that the substitution of magnesium ions into the crystal structure of hydroxyapatite
significantly decreases the crystallinity of the materials.[27] Substitution and interstitial Mg in the
lattice affect the growth of the CaP crystal structure [38, 39]. EDX results confirmed minor amounts of
Mg in all coatings. The subsequent dissolution and release of Mg®*, as well as the initial Mg®*
concentration in solution, would have an influence on coating topography, since the presence of Mg?*
in solution is capable of reducing the surface roughness and producing apatite coatings exhibiting finer
surface structures. [40] With increasing Ca/P ion concentration, the Ca/P atomic ratio in the coatings
increases due to the reduction of lattice substitution of Mg and Na. This indicates that higher Ca/P ion
concentration in the r-SBF solution results in higher Ca content in CaP phase in CaP coatings.

3.2 Electrochemical test in SBF

The potential dynamic polarization curves (PDP curves) obtained for CaP-coated and uncoated
ZK61 alloy samples in SBF solution at 37°C were plotted based on the -electrochemical
characterizations, as shown in Fig.4. Tafel-type analysis was performed on the linear regions of the
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plot, using the Tafel slopes from between 50 and 250mV away from the corrosion potential, to provide
an approximation of the corrosion current density. The corrosion potential (Ecor) Was determined
according to Tafel extrapolation and shown in Table.2. Generally, a material that has a higher
corrosion potential will have a lower degradation rate. The initial corrosion potential (Ecor) of the CaP-
coated Mg alloy samples were all higher than the uncoated alloy sample (-1.53V) and increase from
1.42 V t0 1.24 V with increasing Ca/P ion concentration (0.5xr-SBF to 2xr-SBF), as shown in Table 2.
The PDP tests showed that the biomimetic coating had a lower corrosion current density (as shown in
Table.2) than the uncoated ZK60 alloy and corresponding higher polarization resistance. The lower
current density was due to the smaller portion of exposed area to the solution. Thus, there was a
decrease in anodic reaction rate (the corrosion rate). The coating decreases the available surface area
susceptible to corrosion. The corrosive solution cannot attack the magnesium where it is protected by
the CaP coating. This matched with the immersion testing results that the initial degradation rate of the
CaP-coated samples was lower than the uncoated ones. From the results of electrochemical testing
analysis, it is obvious that the Ca-P coating could improve effectively corrosion resistance of the ZK60
alloy in the SBF solution. The improvement in corrosion resistance will greatly reduce the initial
biodegradation rate of the implants, and is essential for maintaining the implant’s mechanical strength
in the bone reunion period. Thus ZK60 alloy coated with the Ca-P coating prepared in this study is a
promising candidate for biodegradable orthopedic implant.

Table 2. Corrosion parameters obtained from electrochemical analysis

uncoated -1.531 1.768e-004
0.5xR-SBF -1.420 2.429e-006
1 xR-SBF -1.390 9.154e-007
1.5xR-SBF -1.357 5.455e-006
2xR-SBF -1.236 5.571e-007

2xR-SBF
 15¢R-SBF
" 1RSBF
_—_ 05xR-SBF
i untreated

log(if/A)

-10 T T ¥ T T T
06 -08 10 12 14 16 18 20

potential(V)

Figure 4. Tafel plot of the samples in SBF solution
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3.3 Immersion test

To examine the long-term corrosion behavior, the in vitro corrosion behavior of the CaP-coated
and uncoated ZK60 alloy samples in SBF were monitored. Fig.5 shows the relationship of sample
weight versus immersion time. It was observed that the weight of coated samples do not change much
and keep almost constant (there are a little bit increase) with increasing immersion time while that of
uncoated sample decreases significantly. The weight change of the samples immersed in SBF solution
was a result of the following three processes: (1) the corrosion of magnesium, (2) the precipitation of
CaP coating, and (3) the dissolution of CaP coating. The corrosion of magnesium occurred for all the
samples, but their corrosion rates were significantly different owing to varied surface coatings applied
to the substrate, including no coating and coating at different ion concentrations. Besides the corrosion
of magnesium, CaP precipitation and dissolution were two processes continuously occurred during the
immersion in SBF solution. As the CaP coating formed was poorly crystalline or amorphous (Fig.2), it
could dissolve in a physiological solution at a body temperature. It can be proposed that the CaP
coating underwent a dynamic process of precipitation and dissolution during the immersion test. For
the samples with a CaP coating, there was a small increase in the weight of the samples after
immersion in SBF solution for 8 days. This indicates that more CaP phase was formed during the
soaking in SBF solution, where the CaP precipitation process predominated over the dissolution
process.

—=— untreated
o 0.5xR-SBF

0.26 A— 1xR-SBF
v 1.5%xR-SBF
555 = < 2xR-SBF

o
8
An
.
A
A
A
A
A

time(d)

Figure 5. Relationship of sample weight versus immersion time

The pH values of the SBF were monitored every day during the sample immersion. Fig.6
shows the variation of the pH value of SBF solution at different immersion time. The corrosion rate of
Mg alloys during the early stages of implantation would play a critical role in the initial surrounding
tissue response. If the initial degradation of Mg-based implants was too rapid, osteolysis would occur,
thus adversely affecting bone tissue regeneration.[41] Therefore, it was critical to control and decrease
the initial degradation rate. From Fig.6, it can be seen that there is an increase in pH value for all the
samples with increasing time. At the first day, the pH value increases sharply for all the samples
because of the increase of OH™ concentration caused by the release of Mg** [42]. The pH for the
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uncoated sample increases from 7.4 to 9 while the pH of coated samples increase only about 0.6 (reach
to 8). After 2 days’ immersion, the pH changes for all samples slow down. It is clear that the pH
change for the uncoated sample was the highest and the pH value reaches to about 10.2 while the pH
values of the solution immersed with CaP coated samples are around 8.0, which is much lower than
that of uncoated samples. Therefore, it can be concluded that the samples coated with CaP have a
better corrosion resistance than uncoated sample.

10.5 4

10.0 /,,H—lﬁ‘""

—a— untreated

9.5 P o 0.5xR-SBF
= A 1xR-SBF
g - v 1.5xR-SBF
/ < 2xR-SBF
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854 |
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A——l— & &
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time(d)

Figure 6. Variation of the pH value of SBF solution at different immersion time

4. CONCLUSIONS

In summary, Ca-P coating was successfully prepared on the ZK60 magnesium by biomimetic
deposition. The CaP coatings show an amorphous and poorly crystallized phase structure and the Ca/P
ratio is in the range of 0.89~1.31. The amount and size of cracks in the coatings decrease with
increasing Ca and P ion concentration. The Ca-P coating has tailored the corrosion of the magnesium
substrate. The corrosion resistance of ZK60 alloy is obviously improved after coated with CaP
coatings and the sample with CaP coating deposited from the 2xr-SBF solution has the best corrosion
resistance. The improvement in corrosion resistance will greatly reduce the initial biodegradation rate
of the implants, and is essential for maintaining the implant’s mechanical strength in the bone reunion
period. Thus ZK60 alloy coated with the Ca-P coating prepared in this study is a promising candidate
for biodegradable orthopedic implant.
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