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Abstract 

Lightweight magnesium alloys are currently being investigated as implants due to their 

biodegradability and mechanical properties. However, their clinical applications are limited by 

their high corrosion rate in the physiological environment. Coating Mg-based alloys is an 

approach that is used to delay primary corrosion and increase their lifetime. Therefore, 

hydroxyapatite was coated on anodized and non-anodized magnesium substrates using high-

velocity oxy-fuel spraying. This study aimed to evaluate the effect of the MgO intermediate layer 

between the hydroxyapatite coating and Mg alloy substrate. The microstructure and corrosion 

behaviour of the coated samples are the main focuses of this study. X-ray diffraction 

spectroscopy was used to analyse the phases. Electrochemical impedance spectroscopy was 

performed in simulated body fluid. The results revealed that the presence of an anodized layer 

increased corrosion resistance. 
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1. Introduction 

Magnesium (Mg) alloys are promising materials due to their biodegradability in the physiological 

environment. Other advantages of these materials include decreased cost and inconvenience due 

to the avoidance of secondary surgeries after healing. Furthermore, Mg is a crucial element in the 

physiological environment, and its Young modulus is similar to that of bone, thus overcoming 

stress-shielding effects. However, it has some disadvantageous, such as a high corrosion rate, that 

prevent its clinical applications. A high corrosion rate leads to insufficient strength for bone 

healing. Another issue during corrosion is the release of hydrogen gas as a reaction product, 

which can damage forming tissues [1-5]. 

Several coating techniques, such as sol-gel [6], bio-mimetic coating [7], thermal spraying [8], 

electrochemical deposition [9], chemical vapor deposition (CVD), and physical vapor deposition 

(PVD) [10], have previously been applied to fabricate hydroxyapatite (HA) coatings to control 

the Mg corrosion rate. Among them, spraying technologies are widely used for coating implant 

surfaces with HA being the Plasma Spraying (PS) method in commercial use for implant 

prosthesis. Their wide renge application is due to their features, including easy process control 

and high efficiency for mass production. However, PS seems not to be suitable for depositing HA 

onto Mg substrates because of the heat generated in this technique and the relatively low melting 

point of magnesium. Abdullah C.W. Noorakma et al. used cold spray deposition to avoid such 

handicaps [11]. 

Compared with the plasma spraying technique, high-velocity oxy-fuel (HVOF) is a thermal 

spraying technique that uses a lower temperature and heat input. Therefore, it creates fewer phase 

transformations and amorphous phases in HA coatings [12-15].  

Typically, an intermediate layer is often used to increase the adhesion of coatings to substrates 

and reduce the gradient of the thermal expansion coefficient between coatings and substrates. 



However, studies on intermediate layers between HA coatings and magnesium substrates are 

limited. The main reason for using of the intermediate layers in the base of coatings for Mg alloys 

is enhanced corrosion performance [16].  

Ji-Hoon Jo et al. used an MgF2 interlayer as a protective layer for HA coating. According to their 

results on the immersion test in SBF, it was found that the Mg released ion content of the HA+ 

MgF2 double layer coating was much less than that of the single-layer HA coating [17]. 

Magnesium oxide coatings produced by electrochemical methods are among the most effective 

manners to control the high corrosion rate of magnesium-based alloys. Numerous studies have 

been performed to investigate the effect of these coatings on the corrosion resistance of 

magnesium-based alloy implants [18]. 

In recent years, investigators have attempted to use calcium phosphate compounds as additives in 

electrochemical coatings to enhance the bioactivity of implant surfaces by this composite coating. 

However, achieving a suitable percentage of stable-phase HA requires the control of the effective 

parameters in this process, which is difficult [19]. Here, the authors tried to coat an HA double 

layer on the anodized surface in order to increase bioactivity. In this case, phase controlling is 

much easier.  

In previous studies, hydroxyapatite was coated on an anodized Mg-based alloy by HVOF and 

flame spraying [20, 21]. The effects of the magnesium oxide layer on the microstructure and 

electrochemistry were shown in this study. 

2. Materials and methods 

The substrate was composed of 5.50% Al, 1.5% Zn, 0.78% Mn, and <0.02% Si, and the 

remaining mass fraction was Mg. Specimens with sizes of 15×15×5 mm were degreased in 

NaOH (10 g in 100 ml water) at 70 °C for 5 min. The anodization treatment was carried out in 3 

M KOH and 1.3 M Na3(PO4) at 25 °C using a DC power supply (IPC-SL20200J, Iran) under a 



constant voltage of 70 V for 60 min. The distance between two electrodes was 4 cm. The cathode 

consisted of a stainless steel plate (25×30×3 mm). 

Characteristics of the initial synthesized HA powder have been previously described [20]. The 

particle size was in the range of 0.5-0.9 µm, and the particle morphology was semi-spherical. 

After spray drying, the size of agglomerates was 17-20.5 µm. To create the second layer, an 

HVOF torch spraying system (K2-GTV, Germany) was used for thermal spraying. The 

parameters for HVOF spraying included an 850 L/min oxygen flow rate, 24 L/h kerosene flow 

rate, 0.5 m/sec scan rate and 35 cm spray distance. These parameters were selected according to 

the parameters recommended by the device manufacturer. The HA coating delaminated from the 

substrate if the samples were coated with a thickness greater than 20 µm. 

The phase composition of the coatings was analysed using X-ray diffraction (XRD) (Bruker, 

Germany). Line-scan elemental analysis of the cross-sectional microstructure of the samples was 

conducted by SEM (Bruker Nano GmbH, Germany) equipped with energy dispersive X-ray 

spectroscopy (EDX) instrumentation (Bruker, Germany). The crystallite size was obtained using 

the modified Scherrer formula (Eq. (1)) [22] as follows: 

ln𝛽𝛽 = ln 0.9𝜆𝜆
𝐷𝐷

+  ln 1
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 ,                                                      (1) 

where β (rad) is the full-width half maximum of peaks (FWHM), θ (°) is the diffraction angle, λ 

(nm) is the wavelength of the X-ray (λ=0.154056 nm), and D (nm) is the grain size. 

To obtain βinstrument, quartz (SiO2) was used as a standard. Quantitative analysis of the phase 

composition was conducted using the Rietveld refinements method and structural models 

obtained from American Mineralogist Crystal Structure (AMS) Database reference files for the 

calcium phosphate, Mg and MgO phases. Maud software with the fundamental parameters 

approach was employed. Scale factor, specimen displacement, background as a fifth order 



Chebyshev polynomial and 1/x function, crystallite size, micro-strain, and lattice parameters were 

refined parameters [23]. 

Profilometry analysis was carried out to evaluate the surface topography. In this measurement, 

images were acquired from a 14.5×14.5 mm surface and scanned. 

Corrosion analysis of the coatings was performed by electrochemical impedance spectroscopy 

(EIS) in simulated body fluid (SBF) using a computer-controlled potentiostat system. SBF was 

prepared according to the composition suggested by Tang [24]. A setup with a working electrode 

(coated samples with an area of 0.5 cm2), counter electrode (a spiral platinum wire) and reference 

electrode (saturated Ag/AgCl) was used. The frequency range was from 30 kHz to 0.1 Hz, and 

the AC signal amplitude was ±10 mV with RMS sinusoidal perturbations. The EIS spectra were 

analysed using Zview software (Scribner Associates Inc.). The measurements were repeated three 

times. The corroded surface of the samples was analysed using an optical microscope. 

The samples were immersed in αMEM medium (Gibco™ 31966021, UK) for 5 days in an 

incubator (37 °C, 5% CO2, and ca. 90% rH). To protect other sides of the sample from corrosion, 

they were masked with resin (methyl methacrylate). Changes in the pH and osmolality in the 

medium were monitored every day. 

 

3. Results  

The phase compositions of the anodized substrates and HA coatings with and without an 

anodized MgO layer, are shown in Fig 1. XRD patterns showed that the coatings were completely 

crystallized. The formation of the magnesium oxide phase on the anodized sample was verified. 

The majority of formed phases in the HA+ MgO sample consisted of HA (96.2%), but Mg 

(2.1%), α-TCP (tricalcium phosphate) (1.2%) and MgO (0.5%) were also observed. The 

calculated crystallite size of the HA phase in this sample was 36 nm. The HA-coated sample 



contained HA (49%), Mg (43.8%), α-TCP (4.9%) and tetra calcium phosphate (3.2%) phases. 

The crystallite size of the HA phase in this sample was 38.6 nm.  

Cross-sectional microstructures are shown in Fig 2. The HA-sprayed layer thickness of the HA 

coating (Fig 2a) was in the range of 5.7 to 10.5 µm. The HA-sprayed layer thickness of the HA+ 

MgO coating (Fig 2b) was between 2.1 and 11.8 µm. The MgO layer thickness in this sample 

was in the range of 1.8 to 2.5 µm. The homogeneity of the HA coating is shown in Fig 2c. The 

anodized layer thickness was in the range of 7.6 to 15.6 µm (Fig 2d). A decrease in the 

magnesium oxide layer thickness after the thermal spraying process indicated that this process 

had an abrasive effect on this layer. 

The surface morphology of the samples is shown in Fig 3. Flattened splats, semi-melted particles 

and small amounts of un-melted particles were observed. During spraying, high-speed particles 

caused incomplete spreading of the splats, and the particles retained a spherical shape. The 

surface was rough as a result of the incomplete spreading and un-melted particles. For both 

morphologies, nanoscale surface roughness was observed. 

Line-scan elemental analysis of the cross-sectional microstructures of the samples is shown in Fig 

4. As shown in Fig 4a, the amount of Mg increased from left to right. This curve can be divided 

into the following two regions: the calcium phosphate layer and substrate layer. However, line-

scan elemental analysis of the HA coating on the anodized substrate showed three areas, as 

shown in Fig 4b. From left to right, these areas include the HA coating, magnesium oxide layer 

and Mg substrate layer. Additionally, Fig 4c shows two regions of the magnesium oxide layer 

and the substrate layer for the anodized sample. 

The mean roughness parameter (Ra) of the samples is shown in Fig 5. The mean roughness 

difference between the substrate and anodized surfaces was 2 μm, which was negligible. 

However, the roughness of the HA+MgO surface was less than that of the other surfaces. This 



result indicated the HVOF coating reduced the roughness due to high-speed particles during the 

spraying process. 

Fig 6 shows the EIS analysis results. Two capacitive loops were observed for all samples. The 

loop diameter of the HA + MgO coating was greater than that of the anodized coating. The EIS 

results analysed by Z-view software are shown in Table 1. The presence of the anodized layer 

affected the mass transfer impedance and charge transfer impedance. Fig 7 shows the surface of 

the samples after EIS. Pitting caused by magnesium corrosion was observed on the bare alloy 

surface and HA-coated surface. However, this effect was less prominent on the HA + MgO 

sample. 

Well plates containing samples immersed in αMEM medium after 24 h of incubation are shown 

in Fig 8. Hydrogen gas bubbles in the well containing the bare alloy were more prominent than in 

the wells containing the other alloys. High-rate corrosion products of the magnesium-based alloy 

were also observed for the bare alloy. The intensity of bubbling for the HA + MgO-coated 

sample was the lowest, indicating a low corrosion rate. 

Changes in the pH and osmolality are shown in Fig 9. The pH value of the HA + MgO coating 

initially increased and eventually decreased. Osmolality refers to as the number of molar ions in a 

solution. An increase in osmolality can be caused by an increased corrosion rate. The changes in 

osmolality were similar to changes in the pH variations. 

 

4. Discussion 

The presence of an anodized layer on a substrate affects the phases formed in HA coatings. The 

thermal conductivity of ceramics is less than that of metals [25]. Therefore, by anodizing the 

substrate surface, the cooling rate of HA particles sprayed on the substrate is reduced. It was 

expected that more stable phases form in the HA + MgO coating than when the thermal 



conductivity of the substrate was greater in the HA coating. For this reason, the percentage of 

tricalcium phosphate in the HA + MgO coating was 1.2%. The tricalcium phosphate percentage 

in the HA coating was 4.9%, and the tetra-calcium phosphate phase in this sample was 3.2%. The 

HA coating without the anodizing treatment contained Ca4(PO4)2O, while the coating with the 

anodizing treatment did not contain Ca4(PO4)2O. This result indicated the effect of the substrate 

on the formed phases in the thermally sprayed coating. In the coating on the anodized layer, the 

sprayed calcium phosphate particles cooled more slowly and thus had more stable phases due to 

the lower heat transfer coefficient at the surface of substrate (CTEMgO= 0.36 Wm-1K-1 [26] and 

CTEMg= 156 Wm-1K-1 [27]). Intermediate phases, such as tricalcium phosphate and tetra-calcium 

phosphate, are more soluble in SBF. Therefore, decreased corrosion resistance of coatings with 

more intermediate phases is expected. 

For the cross-sectional microstructure of the coatings, the HA coating created by high-speed 

thermal spraying had some voids and empty spaces between the splats and micro-cracks. 

Therefore, this coating was not as effective as the anodized layer for the reduction of the Mg 

corrosion rate. 

Different parameters, such as pore resistance and double-layer capacitance, have serial or parallel 

effects on the final impedance. A capacitive loop at high frequencies is related to the charge 

transfer reaction (Rct). A capacitive loop at low frequencies is related to mass transfer processes 

in the solid phase (Rpore) [28]. Compared with other plots, the Bode plots showed that the increase 

in impedance for the HA + MgO coating at low frequencies indicated the high corrosion 

resistance of this coating. 

The impedance of the HA coating was less than that of the anodized sample. Furthermore, the 

impedance of the HA + MgO coating was greater than that of the anodized coating, indicating 

that the HA coating created on the anodized substrate reduced the corrosion of the substrate. In 



fact, the HA coating, which acted as a space barrier between the corrosive solution and substrate, 

caused a delay in corrosion (Table 1). 

The osmolality and pH during immersion of the HA + MgO coating in αMEM medium first 

increased and then decreased due to the decreased corrosion rate. As shown in Fig 8a, in the final 

days, the pH of all solutions decreased, which could be due to the deposition of degradation 

products on the surface because the formation of these products consumed hydroxyl groups (OH-

). As shown in Fig 8b, precipitation of corrosion products, such as magnesium hydroxide 

compounds and calcium magnesium phosphate on the surface, caused magnesium ions in the 

solution to be consumed, which reduced magnesium ion content on the 4th and 5th days. In fact, 

the release of magnesium ions and their consumption by depositing degradation products led to a 

steady-state magnesium ion concentration over time. Notably, for the calcium phosphate-coated 

samples, not only magnesium ions but also calcium, phosphorus and hydroxyl ions contributed to 

the osmolality [29]. 

5. Conclusions 

The thermally sprayed HA coating on the Mg alloy substrate increased corrosion resistance. 

However, the presence of cracks and the uniformity of this layer influenced this behaviour. Then, 

to increase this corrosion resistance, an intermediate layer of magnesium oxide was used. The 

presence of the MgO layer increased the amount of stable phases in the HA layer. By adding the 

intermediate layer, the amount of hydrogen generated by magnesium corrosion was reduced. 
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Table 1. Electrochemical corrosion parameters of the SA, SH and SHM samples obtained from  

electrochemical impedance spectroscopy (EIS) 

6 -(10 ctCPE

)2-Fcm 

3 -(10 dlCPE

)2-Fcm 

(ohm) ctR (ohm) poreR (ohm) sR  

0.15±0.08 0.68±0.05 64.5±0.8 52.1±1.2 41.7±0.9 Substrate 

0.4±0.12 0.98±0.6 196±3.3 156.3±1.4 41±1.4 Anodized 

layer 



0.17±0.01 

 

1.13±0.5 306.3±1.3 274±2.1 41.2±2 HA coating 

+ MgO 

0.25±0.06 0.65±0.1 180.2±2.5 152±4.2 42±0.5 HA coating 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. XRD patterns of the formed phases in the anodized, HA+ MgO-coated and HA-coated 

samples. 

Fig 2. Cross-sectional microstructure of the a) HA-coated, b) anodized smple, c) HA + MgO 

double-layer-coated, d) HA + MgO at a higher magnification. 

Fig 3. Surface morphology of the a) HA and b) HA+MgO coatings; F = flattened splat; U = un-

melted particle; S = semi-melted particle; and I= inter-splat microcrack. 



Fig 4. Linear elemental analysis of the a) HA coating, b) HA + MgO and c) anodized layer cross-

sections. 

Fig 5. Average roughness of the samples. 

Fig 6. a) Nyquist, b) Bode and c) equivalent circuit plots for modelling the EIS data. 

Fig 6. Corroded surfaces of the a) bare alloy, b) HA coating and c) HA + MgO coating after 

electrochemical impedance spectroscopy in SBF. 

Fig 7. Images of the a) bare alloy, b) HA coating and c) HA + MgO coating after 5 days of 

immersion in αMEM medium. 

Fig 8. Changes in the A) pH and b) osmolality over the course of 5 days of immersion in αMEM 

medium. 
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