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Abstract. In this work, conversion coatings based on nitrates Ca(NOs), and Zn(NOs), were produced on the surface of MgZn49Ca4 to protect
against corrosion. The main aim of this study was to prepare dense and uniform coatings using a conversion method (based on nitrates Ca(NOs3),
and Zn(NOs),) for resorbable Mg alloys. The scientific goal of the work was to determine the pathway and main degradation mechanisms of
samples with nitrate-based coatings as compared with an uncoated substrate. Determining the effect of the coatings produced on the Mg alloy
was required to assess the protective properties of Mg alloy-coating systems. For this purpose, the morphology and chemical composition of
coated samples, post corrosion tests and structural tests of the substrate were performed (optical microscopy, SEM/EDS). Immersion and elec-
trochemical tests of samples were also carried out in Ringer’s solution at 37°C. The results of immersion and electrochemical tests indicated
lower corrosion resistance of the substrate as compared with coated samples. The hydrogen evolution rate of the substrate increased with the
immersion time. For coated samples, the hydrogen evolution rate was more stable. The ZnN coating (based on Zn(NOs),) provides better corro-
sion protection because the corrosion product layer was uniform, while the sample with a CaN coating (based on Ca(NO3),) displayed clusters
of corrosion products. It was found that pitting corrosion on the substrate led to the complete disintegration and non-uniform corrosion of the

coated samples, especially the CaN sample, due to the unevenly-distributed products on its surface.

Key words: magnesium alloys; protection coatings; hydrogen evolution; corrosion behavior.

1. Introduction

One of the directions in the search for new orthopedic implant
materials is the investigation of resorbable biomaterials. Bio-
compatible resorbable implants eliminate the need for a sec-
ond implant surgery and reduce post-operative costs, including
the costs of patient rehabilitation. New biocompatible resorb-
able short-term orthopedic implants are based on the idea that
implant materials should contain elements present in the human
body [1, 2]; however, it is difficult to guarantee only a small
variation in the strength and dimensions of implants, which
either lack or have a low degradation rate during bone concres-
cence. The volume of hydrogen released by implant degradation
should not exceed approx. 1 ml/h because this is the hydrogen
absorption limit of human tissues [3]. In addition, the problem
with new resorbable alloys based on Ca, Zn, and Mg is that
they may exceed the daily limit for elements introduced into
the body.

Generally, two research directions have been used to reduce
the degradation rate during bone concrescence: modification of
the chemical composition of Ca, Mg, and Zn alloys or the use
of slowly degradable protective coatings. The use of protective
coatings can increase the corrosion resistance of biocompatible
Ca, Mg, and Zn alloys, which are more widely studied in the
literature. Previously, ceramic coatings such as oxides [4-9]
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and phosphates [10—-12] have been used to increase the corro-
sion resistance of magnesium alloys. Most proposed ceramic
coatings are non-resorbable. In addition, polymer coatings have
been tested as resorbable coatings, including PLA, PLGA and
copolymers [13, 14]. Composite coatings increase the corrosion
resistance of magnesium alloys examined by several research-
ers, including oxide-phosphate [15, 16] and ceramic-polymer
[17, 18] coatings. In the literature, different conversion coatings
(e.g. those based on MgP, ZnP, CaP or Zn-Ca-P) on Mg alloy
substrates have been used to compare the corrosion resistance
and biocompatibility of these coatings [19-22]. Producing con-
version layers does not require sophisticated equipment, and
they can be obtained by chemical methods, e.g. dip coating,
or electrochemical methods, e.g. electrodeposition. Conversion
coatings are produced on the surface of metallic materials to
provide corrosion protection. The protective coatings, mainly
conversion coatings, are used to improve the corrosion resistance
of metals such as zinc [23].

The main aim of this study was to prepare dense and uniform
coatings using a nitrate-based conversion method for resorbable
Mg alloys. The scientific goal of the work was to determine
the course and main degradation mechanisms of samples with
nitrate-based coatings as compared with an uncoated substrate
sample. Determining the effect of the coatings produced on the
MgZn49Ca4 alloy was necessary to assess the Mg alloy-coating
systems manufactured in terms of the protective properties of
manufactured materials.

The MgZn49Ca4 alloy was selected for the study because
own studies and a literature review have demonstrated that the
alloying system of Mg — Zn — Ca may offer a very attractive
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combination of high strength and simultaneous high ductility;
Rp > 200 MPa, Rm > 250 MPa, A > 20%.4

In addition, Zn and Ca are both essential elements in the
human body and, as alloying element in Mg, they are known
to positively influence bone healing and cell reactions [24].

The chemical composition of the alloy for testing, such
as: Zn = 49% wt and Ca = 4% wt, was selected based on the
Mg-Zn-Ca phase system [25] in order to obtain a large pro-
portion of the Ca2Mg6Zn3 phase in the structure (Fig. 1). In
work [26], it was found that the Ca2Mg6Zn3 phase increases
the microhardness, strength and ductility of alloys.

Mechanical properties studies are not presented in this work.
However, microhardness of the MgZn49Ca4 alloy was tested.
The results are as follows: 186 HV, 190 HV, 179 HV, 181 HV
and 188HV. The average microhardness is therefore 185 HV.
It was found in [26] that the MgZn35Ca2 alloy, which was
characterized by microhardness of about 164 HV, is expected
to bear the load during long-term implantation.

The chemical composition of the layering solution was se-
lected to contain the nitrate components of the alloy. Safety data
sheets of calcium nitrate and zinc nitrate are classified as non-
toxic substances for human organs, not corrosive or allergenic.
Calcium and zinc nitrate are likewise not classified as being
germ cell mutagenic, carcinogenic or as a reproductive toxicant.

2. Material and methods

The MgZn49Ca4 alloys were produced by melting Mg, Zn and
Ca in an induction furnace. The following elements with high
purity were used: Mg 99.95%, Zn 99.98% and Ca 99.99%. The
elements, in the following order: Zn, Mg, Ca, were melted at
a temperature of about 650°C in a ceramic crucible with a pro-
tective atmosphere (argon). The order of adding elements to the
crucible was determined in terms of the melting point of the ele-
ment — from the lowest to the highest. The cooling of the alloy
takes place along with the furnace. The MgZn49Ca4 (wt.%)
samples with a size of 35x25x5 mm were used as a substrate
for coatings. The substrate surface was mechanically ground
up to 600 grit, cleaned using distilled water and ethanol, and
then dried in the open air. To prepare nitrate-based coatings, the
MgZn49Ca4 alloy samples were immersed in a beaker contain-
ing an RCaN and RZnN solution (Table 1) over 2 h. Samples
were annealed in an electric furnace at 150°C for 2 h.

Table 1
Chemical composition of solution (with designations)
used to prepare coatings

Name of | Qualitative chemical composition | Designation
solution of the solution of sample
0.2M Ca(NO3), - 4H,0 +
RCaN + 1M NaOH + distilled water + CaN
+ annealing (150°C, 2 h)
0.2M ZH(NO3)2 * 6H20 Ca(NO3)2 +
RZnN + IM NaOH + distilled water + ZnN
+ annealing (150°C, 2 h)
2

Both solutions (RCaN, RZnN, Table 1) were prepared at
room temperature. The ingredients were mixed until a homo-
geneous solution was obtained. Chemicals of analytical-grade
purity (produced by Chempur) were used to prepare solutions
for all samples.

The structure of the substrate was studied using light
microscopy (Zeiss) and Axiovision Rel. 4.4 software. To iden-
tify the location of phases in the substrate, scanning electron
microscopy (SEM Supra 35 Carl Zeiss) with an EDS ana-
lyzer was used. The structure of the coatings, particle mor-
phology (obtained by drying the RCaN and RZnN solutions)
and post-corrosion tests were observed by means of scanning
electron microscopy (SEM Supra 35 Carl Zeiss). After 96 h
of immersion in Ringer’s solution, the corrosion products and
chemical composition of the corroded surfaces were examined
using an EDS analyzer.

The immersion tests and measurements of released hydro-
gen volume were carried out in Ringer’s solution (8.6 g/dm?
NaCl, 0.3 g/dm? KCl, 0.48 g/dm? CaCI2 - 6H20) for 96 h. The
hydrogen evolution volumes were measured at 37°C using an
experimental station developed by the authors. The experimental
station consists of: a thermostat, a glass beaker with Ringer’s
solution with a sample inside, a burette with a shut-off valve,
avessel with a bottom tube for balancing the pressure in the
burette with atmospheric pressure, a venting valve and a silicone
stopper. The evolved hydrogen gas was directed to the burette
through a funnel, which in turn decreased the level of the solu-
tion in the burette. Changes in the solution level in the burette
after alignment with the level of solution from the vessel with
a tube were performed at 24 h intervals. It should be noted that
the experimental station was used to determine only the volume
of evolved hydrogen. Some hydrogen gas was absorbed by mag-
nesium alloys, and this amount was undetermined.

The corrosion behavior of alloys was studied by electro-
chemical measurements using an Autolab 302N workstation
controlled by NOVA 1.11 software. The corrosion studies were
conducted in Ringer’s solution at 37°C using a three-electrode
cell. The electrodes included a sample (uncoated MgZn49Ca4
alloy or coated samples) as the working electrode, a counter
platinum electrode and an AgCl reference electrode. Before
measurements, the uncoated MgZn49Ca4 alloy was polished
with grinding paper with 1200 grit and subsequently cleaned
in acetone. Potentiodynamic measurements involved recording
the open circuit potential (Eqcp) for 1 h and determining the
electrochemical curves.

3. Results

Structural studies of the Mg49Zn4Ca alloy are presented
in Fig. 1. Based on the Mg-Zn-Ca phase system [25], the
alloy structure included three phases: Mg, Ca2Mg6Zn3 and
Mgl2Zn13. Based on qualitative analysis results (EDX), the
probable distribution of these phases in the Mg49Zn4Ca alloy’s
structure was determined (Fig. 2).

The SEM images of CaN and ZnN coatings on the
Mg49Zn4Ca alloy and their chemical composition analy-
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Fig. 1. Structure of Mg49Zn4Ca alloy at 100x (a) and 500x (b—d)
magnification

Element Wt% At%
CK 13.9 21.9

OK 33.7 39.8

NaK 40.5 33.2

MgK 1.0 0.8

CaK 6.1 2.8

ZnK 45 1.3

Matrix Correction ZAF

Fig. 4. SEM images (a, b, ¢) of ZnN coating on Mg49Zn4Ca alloy and
EDX chemical composition analysis (d)
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Fig. 2. SEM images (a) of Mg49Zn4Ca alloy structure and EDX chem-
ical composition analysis of Ca2Mg6Zn3 (b), Mg (c¢) and Mgl12Zn13
(d) phases

sis (EDX) are shown in Fig. 3 and Fig. 4, respectively. Both
coatings were compact; however, the morphology of the CaN
coating consisted of crystal-like elements (Fig. 3b). The EDX
analysis of the CaN sample indicated the presence of mainly O,
Na, Mg, Zn and Ca (from the substrate). On the surface, ZnN
peaks of O, Zn, Mg and Ca were identified.

The SEM images of powder particles obtained by drying the
RCaN solution (a) and drying the RZnN solution (c) along with
the EDX chemical composition analysis are shown in Fig. 5. In
both samples, powder particles were agglomerated. EDX anal-
ysis indicated the presence of Na and O in the RCaN sample,
and Zn and O elements in the RZnN sample. This showed that
the CaN and ZnN coatings consisted of Na, O and Zn, O ele-
ments, respectively.
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Fig. 5. SEM images of powder particles obtained by drying the RCaN
(a) and RZnN solutions (c), and the EDX chemical composition anal-
ysis (b), (d), respectively
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The results of immersion tests in Ringer’s solution at 37°C
are shown in Fig. 6. After 96 h immersion, the volume of
evolved hydrogen (Fig. 6a) was about 7.1 ml/cm?, 4.1 ml/cm?,
3.4 ml/cm? for the Mg49Zn4Ca alloy substrate, Mg49Zn4Ca
alloy + CaN coating, and Mg49Zn4Ca alloy + ZnN coating,
respectively. The hydrogen evolution rate (Fig. 6b) of the sub-
strate increased with the immersion time. For coated samples,
the hydrogen evolution rate was stable at ~ 0.4 ml/cm?/h for the
CaN coating and ~ 0.3 ml/cm?/h for the ZnN coating.
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Fig. 6. Results of immersion tests: a) cumulative hydrogen volume, b)
hydrogen evolution rate of the substrate and coated samples immersed
in Ringer’s solution at 37°C

The substrate and coated samples were studied by means of
electrochemical measurements. The potentiodynamic measure-
ments (a) and changes in the open-circuit potential as a function
of immersion time (b) in Ringer’s solution at 37°C are shown
in Fig. 7. The cathodic part of the potentiodynamic curve of
the Mg49Zn4Ca alloy was located in the high current range,
which indicated high cathodic activity (Fig. 7a). The cathodic
part of the potentiodynamic curve of the coated samples was
located in a lower current range, which indicated lower cathodic
activity than for the substrate. In addition, the potentiodynamic
curves obtained for coated samples in relation to the potentio-
dynamic curves of the substrate moved to more positive poten-
tials, which indicates an increase in corrosion resistance. The
highest Eqcp fluctuation of 1 h for the substrate was observed
(Fig. 7b), while the open circuit potential of the coated samples
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Fig. 7. Potentiodynamic curves (a) and changes in the open-circuit
potential as a function of time in Ringer’s solution at 37°C for samples
studied

was more stable after 1 h of immersion. The results of the open
circuit potential measurements of the Mg49Zn4Ca alloy with
CaN moved to the negative direction after 10 min and remained
in the range of —1.4 to —1.45 after immersion for 1 h. The Egcp
determined for the ZnN-coated sample was similar to the Eqcp
of the substrate.

The SEM images of residual Mg49Zn4Ca after immersion
tests in Ringer’s solution at 37°C are shown in Fig. 8. After 96 h,
the substrate was completely degraded to irregular particles.

The surface morphologies of coated samples are shown in
Fig. 9. The surfaces of both samples were covered by corrosion
product layers; however, the corrosion product layer on the ZnN-
coated sample was uniform, while on the CaN-coated sample
the corrosion products were distributed in clusters (Fig. 9a, 9b).

The chemical composition analysis (EDX) presented in
Fig. 10 revealed a significant difference in the chemical com-
position of the surface corrosion products studied. From the
substrate surface (Fig. 10a, 10b), high-intensity peaks of Mg
and O were identified. EDX analysis indicated the presence of
Na, Cl, Ca and Zn. On the surface of CaN and ZnN samples,
high-intensity peaks of O and Mg were identified, and EDX
analysis indicated the presence of Cl, Zn and Ca.

Bull. Pol. Ac.: Tech. 69(1) 2021, e136045
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Fig. 8. SEM images of residual Mg49Zn4Ca sample after immersion
tests in Ringer’s solution at 37°C: a) magnification 90, b) magnifi-
cation 500 x

Fig. 9. SEM images of sample surface morphology of (a, b)
Mg49Zn4Ca + CaN coating and (c, d) Mg49Zn4Ca + ZnN coating
after immersion tests in Ringer’s solution at 37°C
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Fig. 10. Chemical composition analysis (EDX) of: a) Mg49Zn4Ca, b)
Mg49Zn4Ca + CaN coating, and ¢) Mg49Zn4Ca + ZnN coating after
immersion tests in Ringer’s solution at 37°C
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4. Discussion

Analysis of the microscopic observations of the substrate
(Fig. 1, 2) showed that the structure of the MgZn49Ca4 alloy
consisted of three phases: Mg, Ca2Mg6Zn3, and Mgl2Znl3.
This multiphase structure negatively affects the corrosion
resistance of magnesium alloys, as confirmed by the results
of corrosion resistance tests in this work. The results of immer-
sion and electrochemical tests indicated lower corrosion resis-
tance of the substrate as compared with the coated samples.
The hydrogen evolution rate (Fig. 6b) of the substrate increased
with immersion time. For coated samples, the hydrogen evo-
lution rates are more stable. The stable hydrogen release rate
of samples with CaN and ZnN coatings was associated proba-
bly with a homogeneous coating structure. The substrate with
a three-phase structure may corrode at different rates in differ-
ent areas. The penetration of chlorides from Ringer’s solution
occurred most easily at interphases and at pores in the intrinsi-
cally-formed oxide layer. A magnesium oxide layer formed on
magnesium alloys, but it was porous because the molar volume
of magnesium oxide was smaller than the molar volume of the
equivalent amount of magnesium (Pilling-Bedworth coeffi-
cient is 0.81), and the oxide film formed was not hermetic [27].
After immersion in an aqueous solution (Ringer’s solution) the
oxide layer changed from a magnesium hydroxide layer, which
is also porous [28].

Therefore, there is a need to create a uniform protective
layer on the surface of magnesium alloys. In the case of
coated samples, the corrosion rate is similar over the whole
surface; therefore, the hydrogen release rate is also similar
during the 96 h immersion, except for the first 24 h of immer-
sion, in which the coated samples and the substrate must adapt
to new environmental conditions. Hydrogen was released
from locations where chlorides damaged the oxide layer (in
the case of the substrate) or coating (in the case of the ZnN
and CaN-coated samples). The release of hydrogen is
a cathodic reaction during the corrosion of magnesium alloys.
Qin et al. [29] and Srinivasan [30] found that a higher cathodic
current density in the polarization curves accelerated the
cathodic process of hydrogen release for the magnesium alloys
studied. The test results confirmed higher cathodic electro-
chemical activity of the substrate as compared with coated
samples. The cathodic part of the potentiodynamic curve of
the Mg49Zn4Ca alloy was located in the high current range,
which indicated high cathodic activity (Fig. 7a). The cathodic
part of the potentiodynamic curve of the coated samples was
located in alower current range, which indicated lower
cathodic activity than the substrate. In addition, changes in
the open-circuit potential as a function of time (Fig. 7b) for
the substrate were very large. The Eqcp potential was unsta-
ble, probably due to the high activity of the cathodic (hydro-
gen release) and anodic (ion release of alloy components)
reactions of the substrate. Anodic reactions will likely lead to
the release and subsequent growth of a corrosion product
layer. These may be associated with the selective release of
active metals, which are alloy components (Mg, Ca), and
which thus increase the concentration of more electropositive
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zinc in the alloy. This, in turn, allows the progression of pit-
ting corrosion on the sample substrate.

The open-circuit potential of ZnN-coated samples showed
slight fluctuations, but the Eqcp fluctuations were much smaller
in both coated samples. For the CaN sample, Eqcp was also
more stable than that of the substrate, but it shifted to negative
values. This indicates a lower corrosion resistance of the CaN
sample than of the ZnN sample, implying non-uniform corro-
sion. Post-immersion SEM images of the substrate and coated
samples (Figs. 8, 9) confirmed that pitting corrosion during
substrate immersion probably led to complete disintegration
of the substrate, and non-uniform corrosion of the coated sam-
ples, especially the CaN sample, was caused by unevenly dis-
tributed products on the sample surface. The coated samples
created more stable layers of corrosion products; therefore,
rebuilding of the corrosion product layer was slower than that
of the substrate. The denser the layers of corrosion products,
the higher the corrosion resistance. The ZnN coating provided
better corrosion protection because the corrosion product layer
on the ZnN-coated sample was uniform, while the corrosion
products on the CaN-coated sample were distributed in clus-
ters (Figs. 9a, b). It should also be mentioned that the better
protective properties of the compact ZnN coating, together
with corrosion products, were confirmed by the measured Cl
concentration on the samples following immersion in Ringer’s
solution (Fig. 10). The CI concentration of the substrate was
nearly 20 wt% and about 1 wt% for the coated samples. High
concentrations of Na and Cl were found in the substrate because
it was completely degraded. On the other hand, in the case of
coated samples, the concentration of chlorine (about 1 wt%)
proves that the coatings, together with the corrosion product
layer formed during immersion, created an effective barrier
against corrosion.

The EDS results (Figs. 3, 5a, 5b) and the chemical com-
position of the RCaN coating solution (Table 1) show that the
CaN coating consisted mainly of sodium nitrate and/or calcium
hydroxide. Sodium nitrate is commonly used to preserve food.
In dentistry, calcium hydroxide is used as a base for filling
a tooth defect. This information concerns each substance sep-
arately. However, it is not certain that they will not become
toxic when combined in the human body. For this purpose,
cytotoxicity tests need to be performed.

The EDS results (Figs. 3, 5a, 5b) and the chemical com-
position of the RCaN coating solution (Table 1) show that the
CaN coating consisted mainly of sodium nitrate and/or cal-
cium hydroxide. The coating formed on the surface of the
MgZn49Ca4 alloy after immersion in the RZnN solution
showed more homogeneous morphology than the coating on
the CaN sample. The EDS results (Fig. 4, 5c, 5d) and the chem-
ical composition of the RZnN solution (Table 1) show that the
ZnN coating consisted mainly of zinc oxide and/or sodium
nitrate.

ZnO coatings on magnesium alloys in the literature have
been used to increase biological activity (accelerating the for-
mation of apatite on a sample surface) and to give anti-bacterial
properties to Mg alloy and ZnO coating systems [31]. Accord-
ingly, magnesium alloys with a ZnO coating may have a ben-

eficial effect on the progress and degradation mechanisms, as
shown in this work.

5. Conclusion

Based on the analysis of the research results, the following
conclusions were made: ZnN coating provided better corrosion
protection because the corrosion product layer on the ZnN-
coated sample was uniform, while the sample with a CaN coat-
ing showed corrosion products distributed in clusters; the coated
samples created more stable corrosion product layers; there-
fore, the rebuilding of the corrosion product layer was slower
than that of the substrate. As more dense corrosion product
layers formed, corrosion resistance increased. Pitting corrosion
during substrate immersion led to complete disintegration of the
substrate, and non-uniform corrosion of the coated samples,
especially the CaN sample, was caused by unevenly-distributed
products on the sample surface. However, the study analyzes
the corrosion mechanisms of the tested materials. On the basis
of the tests performed, it was concluded that the coating, espe-
cially on the ZnN sample, protects against chloride penetration
as long as it is uniform. However, if the thickness of the coating
changes with the time of immersion and its continuity is broken
by chlorides, there is a chance that a layer of corrosion products
will be formed at this point, which will also temporarily protect
against further corrosion damage. This is possible due to the
large amount of metallic Zn in the alloy, which has very low
solubility in aqueous solutions. Due to the immersion time (only
96 hours), there is a possibility that the coating only affects the
initial corrosion rate in the first days of immersion, but maybe
does not significantly affect the corrosion rate of the implant
in the long term. Long-term studies should be performed to
confirm the hypothesis.

The ZnN coating probably consisted of zinc oxide and/or
sodium nitrate. The ZnN coating on Mg alloys has a beneficial
effect on the progress and degradation mechanisms. A literature
review shows that zinc compounds, in particular ZnO, can pro-
vide antibacterial properties and increase the biological activity
of coated magnesium alloys [31, 32]; therefore, further research
on ZnN samples will be conducted by the author to assess the
bioactivity and antibacterial properties of the produced ZnN
layers on magnesium alloys to obtain bioactive and resorbable
materials for short-term orthopedic implants.
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