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ARTICLE INFO ABSTRACT

Article history: Biomaterials can be coated with hydroxyapatite for different purpose. These reasons can be listed as increasing
Received 21 May 2021 corrosion resistance, increasing biocompatibility, increasing adhesion to bone or tissue etc. Since the use of
Received in revised form 15 June 2021 magnesium-based biomaterials is generally based on biodegradability properties, one of the main tasks of
Accepted 25 June 2021 hydroxyapatite coating will be to increase corrosion resistance. In this study, hydroxyapatite coating methods

on Mg based biomaterials and methods used to determine corrosion rate are mentioned. These methods are
plasma spray coating, electrostatic coating, pulse electroplating, electrophoretic coating, sol-gel deposition,
radio frequency magnetron sputtering. As a coating method, especially plasma spray coating is a promising
method. The main reason for this is that there is no need for a secondary heat treatment after coating and that
homogeneous coatings are obtained.
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1. INTRODUCTION

Titanium alloys, Co-Cr alloys and stainless steels are metallic bio alloys that are prominent for hard tissue
replacement applications and are frequently used due to their various properties. The mentioned properties can be
listed as mechanical, corrosion resistance and biocompatibility. When these implants are used, a second surgical
intervention is required to be removed from the body after recovery. The development of biodegradable implant
materials for stents used in vessels and screws and plates used in hard tissues is in high demand by the biomedical
market. The development of biodegradable materials applies not only to metallic, but also to polymers and bio
ceramics. Only metallic biomaterials can simultaneously provide both the necessary mechanical properties and

biodegradability for the applications listed above [1 - 4].

Traditional bio alloys are desired to be bio-inert and not to interact with surrounding tissues. Mg and its alloys are
biodegradable. Because of its low corrosion resistance and dissolution in the body, Mg and its alloys have been
considered insufficient as bio alloys for many years. However, the idea of using biodegradable implants as a result
of increasing corrosion resistance by alloying and surface modification has been adopted and attracted attention
by researchers in the last decade. In addition, as a result of the fact that the mechanical properties of Mg are very
close to the bone and it has been demonstrated that it accelerates the bone healing process by about 30%, the

interest shown on it is increasing exponentially [5 - 9].
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Hydroxyapatite is a material that is used for many different purposes and attracts attention in the biomedical field.
Due to their excellent biocompatibility, osteoconductive properties and similarity to the inorganic component of
human bones, they have uses such as bone fillings, bone tissue engineering scaffolds, bioactive coatings, soft tissue

repairs, drug/protein/gene loading and delivery systems [2, 10, 11].

Pure Hydroxyapatite is a stoichiometric apatite phase with a molar ratio of 1.67 Ca/P, the most stable calcium

phosphate salt at normal temperatures and pH between 4 and 12. It has the chemical formula Caso (PO4) OH2[12].

Many studies have been carried out for years on the hydroxyapatite coating of traditional bio alloys such as
stainless steels and Titanium alloys and some basic methods have been developed. However, not all these methods
can be applied on Mg, because the melting temperature of Mg is much lower than the other mentioned ones (316l
~ 1400 °C, TigAlsV ~ 1660 “C Mg ~ 650 °C). In addition to hydroxyapatite coating techniques applied to other bio
alloys, there are techniques developed for coating magnesium only. The 6 most commonly used coating methods
are: Electrophoretic Coating, Sol-Gel Deposition, Pulse Electroplating, Radio Frequency Magnetron Sputtering,

Electrostatic Spray Coating, Plasma Spray Coating [1, 13].

Il. COATING METHODS
2.1 Electrophoretic Coating

Conventional electrophoretic coating (EPD) is a 2-step process. The first step is to prepare the suspension
containing the nano HA particles. In this process, Nano-HA particles are dissolved in a suitable liquid (isopropanol,
methanol, acetic anhydride or ethanol). Then, carbon black is added to the mixture in the amount that only HA can
be used. This suspension is then stirred for 24 hours on a magnetic stirrer and dispersed ultrasonically. It is then
rested for one hour (for particles to collapse if only HA is used). As a second step, this suspension is placed in a
cell. The bio alloy plate is attached to this cell as a cathode. A smaller plate of the same bio alloy is connected as
the anode. Voltage is applied to this cell. Positively charged nano HA particles are collected to form a dense coating
on the cathode. Before characterization, the coated cathode is subjected to another process. There are 4 commonly
used methods for this process. 1) The coated sample is dried either in air at room temperature or in a humid stove
at 60 °C for 24 hours. 2) The coated sample is dried and sintered. 3) The coated electrode is sintered for one hour
at 800 °C or heated to 800 °C in a pre-degassed furnace, then kept in an argon atmosphere until the temperature
reaches 1000 °C, the samples are kept at 1000 °C for 1 hour and left to cool slowly in the furnace. The samples are
removed after they reach room temperature (argon sintering) or removed at 800 °C in the degassed furnace and
then heated to 1040 °C in vacuum. It is kept at 1040 °C for 1 hour. Then it is cooled in the oven. Then it is taken.
(vacuum sintering). 4) It is dried at room temperature for 24 hours. It is sintered for 1.5 hours at 900 °C in an argon
atmosphere. The coating on AZ91 samples is practically uncracked homogeneous and the surface roughness is
good. (Supports adhesion and supports growth. Provides cell germination and high bone integration) Corrosion
test results showed a significant decrease in corrosion rate. The coated samples showed a 90% reduction in
corrosion rate compared to the uncoated samples. These results show that the coating effectively prevents corrosion
[14, 15].
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2.2 Sol-Gel Deposition

It is a 2-stage process. Firstly, Sol-gel solution is prepared and mixed. Then the alloy is dipped vertically. It is
rotated in the solution at a speed of 2000 rpm and then the sample is taken out. In the 2nd step, the coated sample
is kept at room temperature for 24 hours or dried in an oven at a temperature below 100 °C. It is then sintered at a
temperature suitable for the alloy. In this method, coating thickness, homogeneity and degree of crystallinity

change depending on the sintering temperature [5, 6, 14, 15].

2.3 Pulse Electroplating

It is a 3-step process. First, the electrolyte is prepared. Electrolyte is a solution containing Ca(NO3)2, NH4H2POs.,
and H,0,. The pH of the solution is brought to 4.5 and mixed at a speed of 400 cycles/minute until it becomes
uniform. The mixture prepared in step 2 is taken into a cell where the implant cathode, platinum electrode anode
and reference electrode are located. In the 3rd stage, the coating is made by providing a sudden voltage change

with the help of a voltage generator [15].

2.4 Radio Frequency Magnetron Sputtering

With the help of Radiofrequency Magnetron source, the particles to be coated are sprayed onto the sample surface
and coating is done. This process is carried out in an argon atmosphere and generally the radiofrequency is at the
level of 500W [15].

2.5 Electrostatic Spray Coating

It is a method that can be applied in 2 different ways. In the first method, crystalline hydroxyapatite powders are
sprayed onto the sample surface. These powders are subjected to electrostatic fields and make them charged. These
charged particles follow the electric field lines and travel to the grounded alloy and begin to accumulate there.
Therefore, hydroxyapatite is negatively charged, and the litter material is positively charged. The coated samples
are then sintered in the Microwave oven. In the second method, the hydroxyapatite suspension is prepared in
ethanol. The suspension is fed into the capillary tube via a peristaltic pump. Voltage is applied to the tube and
grounded substrate material and the suspension is allowed to atomize. This directs the droplets onto the alloy
surface and leaves a coating layer on the sample surface after the suspension evaporates. As a last step, the sample
is washed with deionized water and dried at room temperature. Heat treatment can be applied to increase the

bonding strength [5, 6, 14, 15]. In figure 1 schematic representation of electrostatic spray coating is shown.
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Figure 1. schematic representation of electrostatic spray coating [16]

2.6 Plasma Spray Coating

It is a very suitable method for covering implants used in orthopedic surgery, due to the ease of applying the
procedure, high deposition rates, the fact that the litter material does not get too hot and is economically viable. It
stands out as the most suitable method for coating metals with relatively low melting temperatures, such as Mg,
since the temperature of the litter material does not rise too much. In the plasma spraying process, the coating is
created by spraying molten or heat softened hydroxyapatite particles onto a metallic substrate. Typically, He, Ar,
N2, Hz and a mixture of these gases are used as the plasma gas, while Ar is generally chosen as the main gas. Two
main types of plasma are used for hydroxyapatite coating. Radio frequency (RF) and Direct current (DC). The
plasma jet generated in the torch can heat the gas flowing between the electrodes to 6000-10,000 K. Compared to
DC plasmas, RF plasma provides more homogeneous plasma temperature and particle velocity distributions,
provides a higher purity coating due to the relatively non-contact processing to electrodes and results in a longer
residence time of particles in the plasma as a result of lower plasma velocities. However, DC plasma has lower
setup costs and is easy to use. In this coating process, only one surface of the sample can be covered. Therefore,
the process must be applied again for other surfaces. Since the process cannot be done in a single step, different

coating thickness can be observed on different surfaces [5, 6, 15, 17].

Table 1 shows the comparison of different coating methods in terms of some features. Coating thickness,
advantages and disadvantages have been compared separately. Among these methods, plasma spray coating,
electrostatic spray coating and dip coating methods similar to sol-gel coating were determined and applied as the
methods to be applied within the scope of the thesis. The processing speed and ease of application of the plasma
spray coating and electrostatic spray coating methods have been extremely important in these choices. In addition,
electrophoretic coating has been applied many times in researches on Ti alloys and stainless steel, and plasma
spray coating is recommended as a new trend. Although there are examples of electrophoretic coating on Mg
alloys, the applications of plasma spray coating and electrostatic spray coating methods are extremely limited.

However, in recent years, these 2 methods have emerged as promising methods [5, 6, 13-18].
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The comparison of different coating methods is given in table 1. According to table 1, the most important coating
method that stands out is seen as plasma spray coating. However, the need to apply the application repeatedly to
the surfaces makes the process difficult. With electrostatic coating, it is possible to achieve coating thicknesses
close to plasma spray, but the need for a secondary heat treatment makes the process difficult. The coating
thicknesses made with Sol-gel are very thin, and the process steps and application are both complicated and long-
lasting [19].

Table 1. comparison of different coating methods

Coating
Thickness

Coating Method Advantages Disadvantages

- Single surface

-Thick layers can be coated at .
coating can be made.

high deposition rates.

Plasma Spray Coating ~ ~30-300um _Surface cracks may

occur due to rapid
cooling.

- Increases biocompatibility, wear
and corrosion resistance.

It is very difficult to

_Quick coating. make a crack-free

Electrophoretic ~0.1-2mm coating.
Coating
-Complex surfaces can be coated. . .
Requires high
sintering temperature.
- Complex surfaces can be - Requi " heri
coated. equires atmospheric
control.
Sol-Gel Coating <lpm

-Low processing temperature. .
P g P -Raw materials are

Thin film coating. quite expensive.

-Uniform coating
thickness is very

Elect_rostatic Spray ~1-200um -Quick coating difficult to obtain
Coating K

-Ease of application

-High Sintering

-High deposition rates temperature

I11. CORROSION TESTS

When biomaterials which are Mg based are used on the human body, they are generally used in an aqueous
environment. For this reason, it is appropriate to apply corrosion tests applied in aqueous environments. There are
3 methods that can be applied when conducting corrosion studies on Mg alloys. These are weight loss method,
Hydrogen collection and electrochemical methods. If it is desired to observe the passivation film and the phases
formed on the surface of the material during the corrosion test, the electrochemical methods should be used. If it
is desired to determine the material loss and corrosion rate due to corrosion in a long time, the weight loss method
should be preferred. Especially in load-bearing parts such as screws and plates used in the skeleton system, it is
extremely important to test the weight loss method in order to observe the changes in the surface and volume due
to the long-term corrosion effect. However, the disadvantage of the weight loss method is that it takes an extremely
long time. With the electrochemical methods, the corrosion rate data to be obtained in a few days can be reached
in months with the weight loss method [20-24].
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Potentiodynamic polarization (PDP), Potentiostatic polarization, Galvanostatic and Galvanodynamic polarization,
Electrochemical impedance spectroscopy, Scanning vibrating electrode technique, Scanning electrochemical
microscopy, Atomic emission spectroelectrochemistry methods can be considered as electrochemical methods
[20]. PDP uses a reference electrode counter electrode and a potentiostat to scan the potential of an electrode at a
constant speed over a fixed range. Potentiostat requirements for the PDP in recent years has led to the increasing
importance of this method. This method works in the same way as potentiodynamic measurements, but here only
one fixed potential is applied, and the current is measured. Potentiostatic polarization measurements can be useful

when it is desired to investigate certain processes [20].

Galvanostatic polarization measurements are widely used for Mg based alloys. In electrochemical reactions,
potential and current are interdependent. Therefore, it is possible to control one and measure the other. With the
introduction of potentiostats, in most methods, the current is measured by applying it in a potential-controlled
manner. Electrochemical impedance spectroscopy (EIS) method actually consists of measuring the response of an

electrode to small-amplitude sinusoidal potential shaking at different frequencies [20].

The primary cathodic reaction in dissolution of Mg and its alloys in aqueous electrolytes is the reduction of water
that causes the formation of hydrogen gas. It makes sense to collect hydrogen to determine the cathodic reaction
rate. Unless there is an external influence, for the charge to be neutral, the anodic reaction rate must be equal to
the cathodic reaction rate. (ianod = | icatn |). Consequently, under open circuit conditions, it is possible to determine

the instantaneous corrosion rate from the rate at which HE is formed at the electrode surface [20].

When applying the weight loss method, the samples are dipped into a container containing that solution or the
solution is sprayed on the sample surface, in whatever environment it is desired to perform a corrosion test.
Generally, dipping method is used for Mg alloys, while simulated body fluid is used as a corrosive medium [17,
20].

IV. CONCLUSIONS

The use of magnesium and its alloys as biomaterials shows an increasing interest day by day. Surface modification
is extremely important before these alloys are used as biomaterials. In this research, hydroxyapatite coating
methods of magnesium alloys and corrosion tests used in determining the corrosion behavior afterwards were

investigated.

Coating methods that do not require a secondary heat treatment, especially afterwards, have great advantages due

to the low melting temperature of magnesium. Plasma spray coating stands out as the most affordable alternative.

Electrochemical methods should be used if it is desired to observe the corrosion zone and the formed phases while
performing the corrosion test, and if the corrosion surface is to be observed for a long time, the weight loss method

should be preferred.
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