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Abstract: Metallic biomaterials are widely used in the orthopedic and dental applications owing to their advanced
biocompatibility and sophisticated mechanical properties. Many studies are carried out to develop new alloys with high specific
strength, high corrosion resistance and high biocompatibility as an alternative to present metallic biomaterials. Mg alloys are
potential alloys as a biomaterial, especially because they have low density and high biocompatibility. However, especially the
corrosion properties of Mg alloys need to be improved. In this study, the surfaces of AZ31, AZ61 and AZ91 alloys, which are
promising as biomaterials, were coated with hydroxyapatite with high biocompatibility, and the effects of the bioceramics
coatings on corrosion resistance were comprehensively investigated. Crack-free and porous surface morphologies were
obtained in all bioceramic coatings and the presence of the coatings on the surfaces was supported by EDS analysis. As a result
of the corrosion tests performed in SBF, it was determined that the AZ91 alloy had the highest corrosion resistance among the
uncoated samples. The hydroxyapatite bioceramic coatings also improved the corrosion properties of all samples. However,
among all samples, the highest corrosion resistance was obtained in the hydroxyapatite coated AZ91 alloy.
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AZ Serisi Mg Alasimlarinda Hidroksiapatitin Korozyon Davramsi Uzerine Etkisi

Oz: Metalik biyomalzemeler, &zellikle ortopedik uygulamalarda yaygin olarak kullanilmaktadir. Mevcut metalik
biyomalzemelere alternatif, yiiksek spesifik mukavemete, yiiksek korozyon direncine ve yiiksek biyouyumluluga sahip yeni
alasimlar gelistirebilmek i¢in pek c¢ok c¢aligma yapilmaktadir. Mg alasimlar &zellikle diisiik yogunluk ve yiiksek
biyouyumlulugu ile umut vaadeden bir alagimdir. Ancak &zellikle korozyon 6zelliklerinin gelistirilmesi gerekmektedir. Bu
calismada biyomalzeme olarak umut vadeden AZ31, AZ61 ve AZ91 alasimlarinin yiizeyleri yiiksek biyouyumluluga sahip
hidroksiapatit ile kaplanarak, kaplamalarin korozyon direncine etkileri kapsamli olarak incelenmistir. Tim biyoseramik
kaplamalarda catlaksiz ve gzenekli yiizey morfolojileri elde edilmis ve EDS analizleri ile kaplamalarin yiizeylerdeki varligi
desteklenmistir. SBF icerisinde yapilan korozyon testleri sonucunda kaplamasiz numuneler arasinda en yiiksek korozyon
dayanimma AZ91 alagiminin sahip oldugu tespit edilmistir. Hidroksiapatit biyoseramik kaplama, tiim numunelerde de
korozyon ozelliklerini iyilestirmistir. Bununla birlikte en yiiksek korozyon dayanimi hidroksiapatit kapli AZ91 alagiminda elde
edilmistir.

Anahtar kelimeler: Hidroksiapatit, AZ Mg Alagimlari, Sol-Gel, Korozyon

1. Introduction

The basic features that biomaterials should have in order to be used safely in orthopedic applications;
biocompatibility, corrosion resistance, wear resistance, mechanical compatibility and osteointegration [1,2].
Metallic biomaterials are widely used in the orthopedic and dental applications owing to their advanced
biocompatibility and sophisticated mechanical properties. Commonly used traditional metallic implant materials
are low-carbon stainless steel, cobalt, and titanium alloys. These alloys have highly improved mechanical
properties compared to body tissues (e.g. bone and tooth). However, the fact that the implant has very high strength
values compared to the tissue causes load distribution imbalances between the tissue and the implant. In tissue-
implant interaction, this biomechanical uncompatibility is called “stress shielding effect” and this is a negative
situation that reduces the life of the implant [3,4]. However, the high density values of these alloys cause tissue-
implant incompatibility and various complications [5,6]. This causes implant loss and requires a second surgical
operation. Therefore, it is very important to develop new biocompatible materials with sufficient strength and low
density. Magnesium alloys have high specific strength (strength/density) [3,7-10] and low density values [11,12].
Hence, magnesium alloys are a potential alloy for orthopedic applications due to their low density value, near-
bone elastic modulus and biocompatibility [13-17]. However, the biodegradable behavior of magnesium alloys
limits the use of these materials. Magnesium has a very low corrosion potential and is more active than most metals
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at 25°C. Therefore, it has a particularly high susceptibility to galvanic corrosion [18]. Implant materials used in
in-vivo applications are exposed to body fluids containing various anions (Cl-, HCOs", HPO4?), cations (Na*, K*,
Ca*?, Mg*?) and dissolved oxygen [19, 20]. Therefore, the human body is a highly corrosive environment for
metals used as biomaterials. Chloride, in particular, degrades the semi-passive unstable layer formed on the surface
of magnesium as a result of various reactions and causes local degradation. Therefore, it is very difficult to use
biodegradable metals (such as Mg alloys) as implant materials in in-vivo applications [21]. Therefore, it is
necessary to improve the corrosion properties of these alloys, which have low density and low elastic modulus
[22, 23]. In order to prevent or reduce corrosion, it is necessary to prevent the diffusion of corrosive media such
as water, oxygen, acid to the surface. For this purpose, metallic surfaces are coated with materials that are stable
against corrosive environments. However, bioceramic coatings are made not only to improve corrosion resistance,
but also to provide metallic implants with bioactivity and antibacterial properties, and to increase biocompatibility,
abrasion and creep resistance [24-27].

Different surface modifications are generally preferred in order to improve the interaction of the metallic
implant with the tissue and to increase its corrosion resistance and biocompatibility. The most commonly used
materials for surface modifications of metallic implants are hydroxyapatite, bioactive glass and glass ceramics
[12,28]. Hydroxyapatite (HA), which is a biodegradable or absorbable biocompatible material, is capable of
forming strong chemical bonds with natural bone tissue due to its characteristic properties [29-31]. Due to its bone-
like structure, HA allows tissue development of the bone and thus provides significant advantages in terms of
osteointegration in orthopedic applications [32]. Besides, it improves biocompatibility and corrosion resistance
and helps to prevent ion release as a physical barrier. For this reason, it is generally preferred as the surface coating
material of metallic implants [33-35]. Surface modifications of metallic implants can be made using different
techniques [36-39]. It is possible to obtain homogeneous solutions at low temperatures with the sol-gel method.
For this reason, it is a more advantageous and easier method compared to other methods [40,41].

In order to demonstrate a possible alternative usage of AZ series Mg alloys in low load bearing biomedical
applications, corrosion resistances of sol-gel derived Hydroxyapatite based bioceramic dip-coating on AZ31,
AZ61 and AZ91 alloys are investigated in this work.

2. Experimental Procedure
2.1. Materials

AZ31, AZ61 and AZ91 Alloys has been used as substrate. AZ series samples were cut in the sizes of 10x20x5
mm. Firstly, the substrates were sand blasted by SiO, particles before the coating process in order to improve
adhesion of the coating. Sand blasted process with SiO, particles (90 um) at 6 bar pressure was applied onto
surfaces. Finally, they were ultrasonically cleaned in distilled water, acetone, and ethanol in order to remove the
contaminants and made ready for the coating process.

2.2. Surface Coating

Substrates were coated by sol gel dipcoating technique. The dipping sol fort the coatings were prepared by
usingh HA powder with a approximately 10 um and to ease gelation and sinterability P,Os, KH2PO4 and NaCO3
inorganic materials as additives were added. Before sol gel process commercial pure hydroxyapatite (HA) and
NaCOs powders were dried in incubator at 80 °C to avoid agglomeration. The prepared sol was ultrasonically
homogenized until a homogenous gel was obtained. After the gel was formed, the substrates were dipped into the
gel and dip-coated at an immersion rate of 5 mm/s. Coated samples were kept under room conditions and then
they were subjected to the pre-drying in the furnace and later subjected to sintering process at 500 °C (3 °C/min)
for 120 min in a vacuum environment.

2.3. Corrosion Tests

The corrosion tests were performed by potentiodynamic polarization technique (PDP) in GAMRY PCI14/750
(USA) corrosion test unit in order to examine the effect of the coatings on corrosion resistance of AZ alloys. In
corrosion tests, Ringer solution was used as the electrolyte and the temperature of the corrosion cell was fixed to
the body temperature (37 °C). All the analyses were performed by using the three electrodes technique. Saturated
silver/silver chloride (Ag/AgCl), platinum wire (Pt), and the already prepared corrosion samples were used as
reference electrode (RE), counter electrode (CE), and working electrode (WE), respectively. A minimum of 2 tests
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were performed for each sample group until the steady state was determined. Open circuit potential measurements
(OCP) and potentiodynamic polarization measurements (PDS) were carried out at the scanning rates of 1 mV/s.

2.4. Surface Analyses

Microstructural characterization studies and film thickness of the coated samples were examined by using
scanning electron microscopes (SEM, Jeol JSM-6335F) with attachment energy dispersive spectroscopy (EDS).
Improving the image quality for before microstructural observations, samples were coated with Au-Pd alloy.
However, coating thicknesses were measured using SEM that views taken from the cross section of the samples
and mean coating thickness values were then determined.

3. Results and Discussion

In order to improve osseointegration in bioceramic coatings, it is desired that the coating has biocompatible
and homogeneous surfaces and low crack content [42]. Fig. 1 shows the SEM views of HA coated AZ alloy
substrates, before and after corrosion. SEM analyses showed that a porous surface morphology was obtained at
low crack intensity and the corrosion caused formation of dimple in the coatings (Fig. 1).

SEM images of surfaces before corrosion show the presence of locally agglomerated regions in bioceramic
coatings. Agglomeration intensity on AZ61/HA sample surfaces increased compared to AZ31/HA group samples.
SEM images show that the most agglomerated structure is in AZ91/HA coatings. It is thought that the
agglomeration intensity on the surfaces is related to the coating thicknesses. SEM images and coating thickness
measurements of the cross-sections of HA coated samples are given in Figure 2. While the average thickness value
was measured as 3,25 um in the AZ31 alloy, this value was measured as 6,68 um and 7,78 um in the AZ61 and
AZ91 alloys, respectively. These results show that the increase in the agglomeration intensity may be related to
the increase in the coating thickness. In similar studies, it is clear that there is a relationship between coating
thickness and agglomeration [43].

The damage and pits caused by corrosion on the sample surfaces is clearly seen in the SEM images (Fig. 1).
Magnesium and its alloys have very low corrosion resistance in high CI- environments [44]. Because unlike the
protective passive layer formed in metals such as aluminum or stainless steel, an unstable semi-passive magnesium
hydroxide layer is formed in magnesium and its alloys. The formation of metal-hydroxyl-chloride complex
compounds with the penetration of CI- ions into the hydroxide film causes the formation of pits and an increase in
the corrosion rate [45]. Furthermore, CI ions cause pitting corrosion in Magnesium alloys [46]. Although the
damages in bioceramic coatings after corrosion is close to each other, it would be more sensible to evaluate the
corrosion resistance properties of the samples together with the OCP and PDS analysis results.

EDS analysis results obtained from the surfaces of HA coated AZ alloys are presented in Table 1 and EDS
analysis results from cross-sections are presented in Figure 3. Ca, P, O and Mg were detected on all bioceramic
coated surfaces. It is thought that the differences in the amount of Mg are affected by the form and distribution of
the porosity in the coatings. In addition, differences were determined in the amount of Ca, P and Ca/P ratio. As it
is known, the Ca/P ratio in the HA structure is expected to be 1.62 [47]. However, the EDS analysis results show
that this ratio was only achieved in the AZ61/HA sample. For this reason, local EDS analyzes were performed on
the bioceramic coated sample surfaces and the Ca/P ratio was confirmed in all coatings (Figure 4). The local EDS
analysis results given in Figure 4 show that the Ca/P ratio is 1,62 in agglomerated structures and the Mg content
is quite low (2,86% wt). The fact that the Mg content in the general surface EDS analysis results given in Table 1
is higher than the local EDS results (Figure 4) is thought to be due to the porous structure of the coating.
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Figure 1. SEM views of coated surfaces before corrosion and after corrosion

Table 1. HA coated AZ Alloy surfaces EDS analysis results.

S Element (wt. %) CalP
Mg Al Zn Ca P 0] Rate
AZ31/HA | 45,49 - - 11,80 859 34,12 | 1,3737
AZ61/HA | 30,13 - - 1892 11,69 39,26 | 1,6185
AZ91/HA | 31,85 - - 16,06 1045 42,44 | 1,5368
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Figure 2. Cross-sectional images and coating thickness measurements of bioceramic coatings
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Figure 3. Cross-Sectional EDS analyzes of HA coated AZ series alloys
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Figure 4. Local EDS analysis results on HA coated AZ31 alloy surface before corrosion

In Figure 5, the EDS analysis results obtained from the inner and outer regions of the pits formed after
corrosion on the bioceramic coated surfaces are given. While the Ca-P structure was clearly detected in the outer
region of the pit (Spectrum 1), Ca-P could not be detected in the pit region (Spectrum 2). The high rate of CI-
(16,69 wt. %) detected in the pit region shows that the CI ions in the Ringer solution are highly effective in
corrosion. Similar results were obtained in the line EDS analyzes performed on the pits (Fig. 6). While Ca-P
dominates the structure throughout the coating, the inside of the pit is almost entirely composed of Mg-CI-O. These
results show that the coating is completely destroyed, especially in the region where the pits are formed, and the
corrosion reaches the substrate. It is thought that the porous structure of the coating reduces the corrosion resistance
and causes localized corrosion on the bioceramic coated sample surfaces. These pores are regions where the
electrolyte remains static. The increase in the concentration of Cl- ions in these regions causes the formation of
localized regions where the solubility of the oxide film and the surface conductivity increase. In other words, these
porosities may have acted as preferential corrosion sites.

Areas where passive Mg(OH), and MgO layers on magnesium alloys surfaces are destroyed are susceptible
to pitting. CI" ions penetrate these areas and activate the area [48,49]. However, ions in the body (especially CI°)
cause the environment to become aggressive in terms of corrosion. Especially cracked and porous surface
morphologies are areas where the electrolyte is static and cause local areas of high corrosion sensitivity [50]. The
accumulation of CI- ions in these regions causes the disruption of the magnesium hydroxide layer and ultimately
the degradation of magnesium [21].
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Figure 6. Pitting formation in HA coated AZ91 alloy
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OCP analysis results of uncoated and HA coated samples are given in Figure 7. It was observed that Eocp
values increased with time in all uncoated and HA coated samples. In addition, it was observed that there was no
significant change in Eoce values after an immersion period of approximately 30 minutes in all curves. OCP
analysis results of HA coated samples showed that the time to reach stable state was shorter for AZ61/HA sample
compared to AZ31/HA and AZ91/HA samples. However, only OCP analyzes are not sufficient to evaluate
corrosion properties. Therefore, the corrosion properties were interpreted together with the PDS curves obtained
by potentiodynamic analysis.

In Figure 8, the potentiodynamic (PDS) polarization curves of uncoated and AZ alloys coated with HA
bioceramic in Ringer solution and at body temperature are presented comparatively. The potentiodynamic
polarization method is a very useful method in the determination of the quality and stability of the coating by
electrochemical techniques to examine the corrosion that occurs starting from the coated surface. The samples
were over-polarized in the anodic direction with the PDS method. The samples were first exposed to free corrosion
for a certain period of time. Then, by increasing the potential, corrosion differentiations were determined. Some
corrosion parameters (Eocp, Ecorr, lcorr, Pa and Bc, Corrosion Rate) calculated from these curves for different coating
groups are given in Table 2.

In the PDS curves, it is observed that the potential increases and the current decreases regularly in the cathodic
region for all coatings. However, in all samples, it is observed that the corrosion current density increases
significantly in the anodic region. This indicates that the Ringer solution has a significant corrosive effect on the
samples and an activation-controlled corrosion mechanism occurs in all coatings. Therefore, it is decisive to
compare the Ieor values in determining the corrosion behavior. When uncoated AZ alloys are compared with each
other, leorr Values of AZ31, AZ61 and AZ91 alloys were measured as 3480, 621 and 97,2 nA/cm?, respectively.
These results show that the sample with the highest corrosion resistance on uncoated surfaces is AZ91 alloy.
However, it was determined that there was a significant decrease in lcorr Values in all samples after the alloy surfaces
were coated with HA. lcor values for AZ31/HA, AZ61/HA and AZ91/HA alloys were measured as 947, 159 and
32,40 nA/cm?, respectively. This decrease in leor Values after the surfaces were coated with HA indicates that the
corrosion resistance properties of all samples were improved with HA bioceramic coatings. The results show that
the lcorr Value of the AZ31 alloy, which was 3480 nA/cm? before coating, decreased to 947 nA/cm? after coating,
thus a decrease of 72%. Similarly, these decreases were calculated as 74% and 66% for AZ61 and AZ91 alloys,
respectively. In addition, while the corrosion rate values of uncoated AZ31, AZ61 and AZ91 alloys were measured
as 2940 — 525,3 and 80,89 mpy, respectively, these values were measured as 788,1 — 134,9 and 28,04 mpy, after
the HA bioceramic coatings on the sample surfaces. These results show that a significant increase in corrosion
resistance (73%, 74% and 65%, respectively) was achieved in all sample groups with HA bioceramic coatings.

Table 2. Corrosion parameters obtained as a result of corrosion tests

Sample Eocn Ecorr Tcorr Ba Bc Corrosion Rate

(mV) | (mV) (nA/cm2) (mV/dec.) (mV/dec.) (mpy)

AZ31 -1460  -1360 3480 382,1 892,4 2940
AZ61 -1463  -1350 621 69,9 332,2 525,3
AZ91 -1440 -1230 97,2 48,2 243,5 80,89
AZ31/HA -1462  -1355 947 155,1 311,3 788,1
AZ61/HA -1506  -1252 159 78,50 2779 134,4
AZ91/HA -1476  -1114 32,40 37 236,9 28,04
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Figure 8. PDS analysis results of uncoated (a) and HA coated (b) samples

As the corrosion potential value increases positively and the current density value decreases, the corrosion
rate decreases [51]. In addition, when the potential approaches zero, it means that passivation has started in the
surfaces [52]. Compared to the uncoated sample, Ecor Values were observed to be more noble in all bioceramic
coatings. Therefore, the surface reactivity of AZ alloys after coating decreased significantly. The results show that
AZ91/HA is the best sample in terms of corrosion resistance among all samples.
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In theory, the current flowing through the unit anode surface area gives the corrosion rate [51]. Corrosion
rates in uncoated AZ31, AZ61 and AZ91 samples were measured as 2940 — 525,3 and 80,89 mpy, respectively.
The corrosion rate decreased in all samples after coating and was measured as 788,1 — 134,4 and 28,04 mpy for
AZ31/HA, AZ61/HA and AZ91/HA, respectively. In orthopedic applications, long-term implant materials, at 37
°C solution, 0,5 mm annual degradation rate is desired and this value corresponds to approximately 19,7 mpy [53].
These results, it was determined that the closest result to this desired value was obtained with AZ91/HA (28,04

mpy).
4, Conclusions

The general results obtained as a result of the study are summarized below;

«  Crack-free and porous surface morphologies were obtained in all HA bioceramic coatings.

«  Coating thickness values of AZ31, AZ61 and AZ91 alloys were measured as 3,25 — 6,68 and 7,78 um,
respectively.

«  Agglomerated structures were detected in the coatings and it was determined that the agglomeration
intensity increased with the increase of the coating thickness.

«  Pit formation was observed in the coatings after corrosion.

» It has been determined that AZ91 alloy exhibits the highest corrosion resistance on uncoated metallic
sample surfaces.

+  The results show that the Icorr value of the AZ31 alloy, which was 3480 nA/cm? before coating,
decreased to 947 nA/cm? after coating, thus a decrease of 72%. Similarly, these decreases were calculated as 74%
and 66% for AZ61 and AZ91 alloys, respectively.

- After HA bioceramic coating, the corrosion rate of AZ31, AZ61 and AZ91 alloys decreased and
corrosion resistance increased.

« It was determined that the sample with the highest corrosion resistance and the lowest corrosion rate
among all sample groups was the AZ91/HA sample.
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