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Abstract To slow down the corrosion rate and increase the

bioactivity of magnesium alloys, biodegradable hydrox-

yapatite/magnesium (HA/Mg) composite coating was

deposited onto AZ91D alloy substrate by high-velocity

suspension flame spray technique using nano-sized HA and

micron-sized Mg powders. Microstructures and phase

constitutions of HA/Mg composite coating were analyzed

by scanning electron microscopy and x-ray diffraction.

Corrosion resistance of composite coating was also eval-

uated by potentiodynamic polarization test and electro-

chemical impedance spectroscopy in Hanks’ balanced salt

solution (HBSS). The result shows that the HA/Mg com-

posite coating mainly consisted of Mg and HA in addition

to a few of MgO phases. The coating showed a rough

surface morphology with homogeneous elemental distri-

bution and a lamellar structure in cross section as well as

well-bonded coating/substrate interface. Mg particles pre-

sented superior deposition during spraying due to their

higher melting degree compared to HA particles. AZ91D

alloy substrate was significantly protected from corrosion

in HBSS by the HA/Mg composite coating with Mg dis-

solution on surfaces of the composite coating. This strategy

can offer a new route to fabricate HA/Mg composite

coatings on other metal substrates for use in biodegradable

implant fields.

Keywords AZ91D alloy � corrosion resistance � HA/Mg

composite coating � HVSFS � microstructure

Introduction

The well biodegradability in the physiological body envi-

ronment and the similar mechanical properties to human

bone of magnesium (Mg) alloys has made them to be

potential for implant materials over other metallic materi-

als (Ref 1), such as Ti and Fe. However, Mg alloy implants

cannot provide effective biomechanical support and pro-

mote bone reconstruction because of their rapid corrosion

rates and low bioactivities (Ref 1, 2). Therefore, there is a

challenge to improve the corrosion resistance and bioac-

tivity of Mg alloys for actual applications.

To slow down the corrosion rate and enhance the

bioactivity of Mg alloys, preparation of coatings on the

substrate surfaces is a potential method (Ref 1-4). These

coatings not only protect the substrate from corrosion, but

also improve the bioactivities of Mg alloy substrates. Up to

now, many materials have been coated on the surface of

Mg alloys, such as CeO2 (Ref 5), stearic acid (Ref 6),

polymeric (Ref 7), Nb2O5 (Ref 8), ZrO2 (Ref 9) and so on.

Among those materials, hydroxyapatite (HA) has a similar

chemical composition to human bone (Ref 2, 10), which is

widely used as coatings on the surfaces of Mg alloys.

However, HA has poor mechanical properties with the

brittle nature and puts forward a significant difference of

thermal expansion coefficient from Mg alloys (Ref 1-4).

Those phenomenon result in cracking between the HA

coating and Mg alloy substrates. To increase the
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mechanical properties of HA coatings, different rein-

forcements have been added into the HA coatings to form

HA-based composite coatings, such as ceramics (Ref 11),

metal (Ref 12) and polymers (Ref 13, 14). Following

consideration of the requirement of biodegradability for the

substrates and coatings, the reinforcements used in the HA

coatings and the substrates should be biodegradable (Ref

15-18). Due to the biodegradability of the Mg metal, HA/

Mg composite is considered as one of the potential coatings

onto the Mg substrate. Recently, HA/Mg composite coat-

ings have been developed for implant applications using

low-temperature methods such as electromagnetic induc-

tion deposition (Ref 19) and chemical conversion deposi-

tion (Ref 16). High-velocity suspension flame spray

(HVSFS) technique is another coating deposition technol-

ogy, which has been widely used to deposit HA or HA-

based coatings onto different metals or alloys substrates

owing to the high-deposition efficiency (Ref 20-22).

However, because of easy combustion of Mg particles, the

preparation of HA/Mg composite coating by thermal

spraying technique has not been reported.

The purpose of this study was to develop a HA/Mg

composite coating on the surface of AZ91D alloy using

HVSFS technique. Nano-sized HA and micron-sized Mg

powders were used as raw materials to prepare the HA/Mg

composite coating. Phase composition, microstructure and

corrosion resistance of the HA/Mg composite coating were

investigated.

Experimental Procedures

Materials and Suspension

To prepare the HA/Mg composite coating, both nano-

sized HA powders with diameter of 20 nm and spherical

micron-sized Mg powders with an average diameter of

10 lm were used as raw materials to prepare the particle

suspension (Fig. 1). For preliminary study, 30 wt.% Mg

powders were added into the HA powders to produce a

HA/Mg particle mixture. An optimal particle suspension

was prepared by using our previous method (Ref 21, 22).

A 5 wt.% HA/Mg particle mixture was dispersed into

95 wt.% mixed solution. The mixed solution consisted of

the distilled water and ethanol (50:50, v/v). AZ91D

magnesium alloy plates with dimensions of

30 9 20 9 6 mm were used as substrates. Before coating

deposition, AZ91D substrates were sand-blasted for 5 min

by corundum particles of 200 lm in diameter with an air

pressure of 0.4 MPa, and then ultrasonically cleaned in

fresh ethanol bath for 10 min.

Coating Preparations

A homemade HVSFS system was utilized to deposit the

HA/Mg composite coating onto AZ91D substrate. The

procedure has been described in our previous study (Ref

21, 22). The HA/Mg particle suspension was mechanically

fed into the combustion chamber of the spray torch using a

peristaltic pump. The sand-blasted AZ91D substrates were

preheated at around 100 �C (measured using an infrared

pyrometer) in the flame without feeding the suspension.

Fig. 1 Morphologies and XRD patterns of HA and Mg powders.

(a) HA powder, (b) Mg powder

Table 1 HVSFS deposition parameters

Fuel (propane) flow rate, slpm 45

Oxygen flow rate, slpm 180

Suspension flow rate, ml/min 40

Spray distance, mm 100

Torch traverse speed, mm/s 200
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The optimal spraying parameters are given in Table 1.

Except for torch speed of 1000 mm/s, the spraying

parameters applied to deposit single particles onto the

polished AZ91D substrate were identical to that of spray-

ing coating.

Coating Characterization

Surface morphology and cross-sectional microstructure of

the HA/Mg composite coating was examined by a scanning

electron microscopy (SEM, VEGA II, Tescan, Czech

Republic). The SEM system is also equipped with an

energy-dispersive spectrometry (EDS) to analyze elemental

distribution of composite coatings. Phase constitutions of

both the HA/Mg mixed powder and composite coating

were analyzed by an x-ray diffraction (XRD, D8 Advance,

Bruker, Germany). The XRD analysis was operated in the

reflected model with Cu-Ka radiation and a wavelength of

1.5418 Å, an operating voltage of 35 kV, and an operating

current of 35 mA. A diffracted beam monochromator was

accompanied by a scan rate of 0.2�/s over a 2h range of

20�-70�.
Tensile strength of as-sprayed HA/Mg coating was

measured using a standard tensile test method (ASTMC-

633) designed for thermal-sprayed coatings. The end sur-

face of cylindrical sample with deposited coatings was

boned on grit-blasted facings of the loading fixtures, being

the same size and shape as the sample, using a special

adhesive glue (E-7, Adtest, Shanghai huayi resins Co. Ltd.,

China) with an tensile strength of about 70 MPa. The

assembly was held perpendicularly and put in an oven at

100 �C for 2 h. After the adhesive glue being cured and

hardened, the assembly was loaded in the machine

(ZWICK, Z050 model) at a head speed of 1 mm/min. The

tensile strength was assessed by the average value of at

least three sample test results.

To investigate corrosion behaviors of both HA/Mg

composite coating and bare AZ91D substrate, a potentio-

dynamic polarization test and electrochemical impedance

spectroscopy (EIS) were carried out in a commercial

Hanks’ balanced salt solution (HBSS, H1025, Solarbio

material, China). HBSS consists of 8 g/L NaCl, 0.126 g/L

Na2HPO4�12H2O, 0.4 g/L KCl, 0.06 g/L KH2PO4, 0.098 g/

L MgSO4, 0.14 g/L CaCl2, 1 g/L D-glucose, and 0.35 g/L

NaHCO3. A flat three-electrode cell consisting of a work-

ing electrode (coating or bare substrate), a reference elec-

trode (Ag/AgCl electrode) and a counter electrode (Pt grid)

was utilized. The HA/Mg composite coating with surface

area of 1 cm2 was exposed to the HBSS. All the samples

were immersed in HBSS for 1 h before the tests. Polar-

ization curves were measured using an electrochemical

station (IM6, Zahner, Germany). The working electrode

was polarized in HBSS at a temperature of 37 ± 1 �C from

- 2 to - 0.1 V (versus SCE) at a scan rate of 1 mV/s.

CorrWare software was employed to estimate the corrosion

potential (Ecorr), corrosion current (Icorr), corrosion resis-

tance (Rp) and corrosion rate. EIS measurements were

conducted at the open-circuit potential (OCP) with an

amplitude of 10 mV. The frequency ranged from 0.01 Hz

to 100 kHz, with a logarithmic sweep of ten points per

decade. The recorded impedance spectra were then fitted

using Z-view software. For comparison, the sand-blasted

AZ91D substrate was also investigated. After the polar-

ization tests, the microstructures and phase constitutions of

all samples were examined by SEM and XRD,

respectively.

Results and Discussion

Phase Constitutions of HVSFS HA/Mg Composite

Coating

Figure 2 shows the XRD patterns of HA/Mg mixed powder

and composite coatings. The HA/Mg composite coating

mainly consisted of HA and Mg in addition to a few of

MgO phase. Consistent with our previous results (Ref

21, 22), the HA was not decomposed into other additional

phases such as TCP, TTCP or CaO. Moreover, no mutual

reaction of HA particles with Mg particles occurred. These

facts indicate that the Mg and HA particles were largely

preserved in the composite coating.

It is worth note that the HA/Mg composite coating

contained only very few of MgO phase, although the Mg

powders were subjected to the oxygen-propane flame with

the temperature of higher than 1800 �C (Ref 21). Com-

bustion of Mg particle usually has four stages: molten,

Fig. 2 XRD patterns of HA/Mg mixed powder and composite

coating
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expansion, inflame, and combustion (Ref 23). It is reported

that the lifetime of Mg particles with 50 lm in diameter

burning in the oxygen and air atmosphere is 1.30 and

1.85 ms (Ref 24), respectively. According to the mean

particle velocity at the similar condition during HVSFS

(Ref 21), the flying time of Mg particles from the com-

bustion chamber of the HVSFS torch to the substrate sur-

face was less than 1 ms. These facts indicate the limited

time for Mg particle combustion during HVSFS. Further-

more, it is also reported that the combustion of Mg parti-

cles in air depends on the diffusion rate of the oxygen (Ref

24). However, the amount of residual oxygen gas was

limited in the present flame after burning due to the oxy-

gen/propane ratio of 4 with excessive propane. Figure 3

shows the typical morphology of HA/Mg splat on AZ91D

substrate. The Mg particle was completely melted and

flattened after impacting onto the substrate. While some

agglomerates composed of nano-sized HA particles were

dispersed in the melted Mg splat. It can be considered that

nano-sized HA particles could adhere to the surfaces of Mg

particles forming the HA shell after the solution

evaporating (see the schematic diagrams shown in Fig. 3).

This Mg-core/HA-shell structure of particles can slightly

hinder the heat and oxygen transferring from flame to Mg

particles, which are beneficial to inhibit the oxidation of

Mg particles. Therefore, a slight amount of MgO was

formed on the Mg particle surface during the HVSFS.

Microstructure of HVSFS HA/Mg Composite

Coating

Figure 4(a) shows that the HA/Mg composite coating

presented a rough surface with different features, i.e.,

smooth surface splats, nanoparticle agglomerates and near-

spherical droplets, which were the typical features of HA/

metal composite coatings deposited by HVSFS, as descri-

bed in our previous study (Ref 22). The smooth splats and

near-spherical droplets are formed by melted Mg and HA

particles. In contrast, the nanoparticle agglomerates with

unsmooth surface are formed by the un-melt HA particles.

Those surface features were consistent with the HA/Mg

splats as shown in Fig. 3. EDS analysis shows that Mg, Ca,

Fig. 3 SEM image (a) and schematic diagram (b) of single HA/Mg deposition
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P, and O elements were homogeneously dispersed on the

coating surface (see inset in Fig. 4a). Compared to the

original Mg powder, no micron-sized spherical Mg splats

were observed on the coating surface. This phenomenon

indicates that the Mg particles were melted, dispersed and

deformed during the coating deposition.

The cross-sectional morphology of the HA/Mg com-

posite coating exhibits a typical lamellar structure at the

BSE mode (see Fig. 4b) and exists alternatively distributed

lamella with different grayscale. Moreover, the coating was

well-bonded to the substrate without any obvious coat-

ing/substrate interface. According to the elemental content,

the dark lamellae were rich in Mg and the gray lamellae

were rich in HA. It is difficult to identify the MgO phase

from the cross-sectional image due to its limited content.

Conventionally, the TEC of HA is around 11-13 9 10-6/K

(Ref 25) and the TEC of AZ91D alloy is around

28 9 10-6/K (Ref 26). This significant difference in TEC

between HA and AZ91D alloy is liable to induce cracking

in the coating during thermal spraying. However, from

Fig. 4(b), there were not any obvious cracks in the HA/Mg

composite coating and on coating/substrate interface.

According to the tensile strength test, the bond strength of

the HA/Mg composite coating was 26.7 ± 5.6 MPa. This

bond strength was comparable to that of HVSFS HA/TiO2

multilayer coating (Ref 21). This phenomenon can be

ascribed to the match of thermal expansion coefficient

(TEC) between the AZ91D substrate and HA/Mg com-

posite coating. In addition, the HA/Mg composite coating

was dense with some small isolated pores. This dense

microstructure is benefit to prevent the corrosion elec-

trolyte from penetrating into the coating/substrate

interface.

By using the photo-image method, the cross section of

HA/Mg composite coating consisted of 28.5 wt.% HA and

71.5 wt.% Mg. HA content in the composite coating was

significantly lower than that in the starting HA/Mg mixed

powder. This fact indicates the superior deposition of Mg

Fig. 4 Surface morphology (a) and cross-sectional microstructure (b) of HA/Mg composite coating. (In Fig. 4a, black arrows refer to

nanoparticle agglomerates, white arrows refer to near-spherical splats, whit hollow arrows refer to smooth surface splats)
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particles during the co-deposition of HA-Mg mixed pow-

der. Owing to the melting points of Mg and HA are 650 �C
(Ref 2) and 1570 �C (Ref 25, 27), respectively, the molten

degree of Mg powder was greater than that of the HA

powder HVSFS. This higher melting point of Mg particles

would result in their superior depositions.

Corrosion Behavior of HVSFS HA/Mg Composite

Coating

Corrosion resistance performance of Mg alloys in simu-

lated body fluid (SBF) is usually weak (Ref 28), resulting

in the rapid failure of Mg-based implants before the

expected period. Preparations of coatings on Mg-based

implants are the main method to improve their corrosion

resistance properties (Ref 2, 10). Figure 5 shows that the

HA/Mg composite coating had a lower corrosion current

than the bare AZ91D substrate. Based on the potentiody-

namic polarization curves, the electrochemical parameters

are listed in Table 2. Compared with the bare substrate, the

corrosion current of HA/Mg composite coating was

decreased by * 7-fold from 570.5 ± 79.5 to

81.8 ± 15.2 lA/cm2, and the corrosion resistance was

increased by * 7-fold from 45.7 ± 12.5 to

331.9 ± 65.9 Ohms/cm2 resulting in the decrease in cor-

rosion rate by * 7-fold from 264.2 ± 56.9 to

37.4 ± 7.7 MPY. The corrosion potential was slightly

decreased from - 1.215 ± 0.012 to - 1.482 ± 0.007 V.

According to our previous study (Ref 22), two semi-

circles of the HA/Mg composite coating in EIS as shown in

Fig. 6 refer to charge transfer resistance for the composite

coating and coating/substrate or substrate/electrolyte

interface, respectively. Thus, in the equivalent circuit (Ref

22) (see the insert in Fig. 6), R1 and CPE1 represent the

charge transfer resistance and capacitive characteristics of

HA/Mg composite coatings, respectively; R2 and CPE2

represent the charge transfer resistance and electrical

double layer capacitance of the coating/substrate or sub-

strate/electrolyte interface, respectively. Compared to the

bare AZ91D substrate, the HA/Mg composite coating

showed higher charge transfer resistance (as shown in

Fig. 6 and Table 3), which was consistent with the above

potentiodynamic polarization measurements. Similarly,

many studies also report that HA/Mg composites or coat-

ings on Mg substrates can show high corrosion resistances

compared to the bare Mg alloys, such as HA/Mg com-

posites (Ref 29, 30), pulsed laser-deposited HA/Mg coat-

ings (Ref 31), and plasma-sprayed HA coatings (Ref 32).

These results indicate that the HVSFS HA/Mg composite

coating can also protect the AZ91D substrate against cor-

rosion in HBSS.

Figure 7 shows the surface morphologies of both the

HA/Mg composite coating and bare AZ91D substrate after

the polarization tests. Compared with the as-sprayed

coating, some microcracks and nanoparticles agglomerates

appeared on the surface of HA/Mg composite coating (see

Fig. 7a). Those microcracks resulted from the dissolution

Fig. 5 Potentiodynamic polarization curves for HA/Mg coating and

bare AZ91D substrate

Table 2 Polarization results for

the HA/Mg coating and bare

AZ91D substrate

Samples Icorr, lA/cm
2 Ecorr, V Corrosion rate, MPY Rp, Ohms/cm2

HA/Mg composite coating 81.8 ± 15.2 - 1.482 ± 0.007 37.4 ± 7.7 331.9 ± 65.9

Bare AZ91D substrate 570.5 ± 79.5 - 1.215 ± 0.012 264.2 ± 56.9 45.7 ± 12.5

Fig. 6 EIS and equivalent circuits for HA/Mg coating and bare

AZ91D substrate
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of Mg metal in HBSS during the polarization test (Ref 13).

In contrast, on the surface of sand-blasted AZ91D after the

polarization tests, there appeared some microcracks and

smooth precipitation. The abrasive feature caused by sand-

blasted disappeared (see Fig. 7b) indicating the dissolution

of AZ91D substrate. To identify the formation of precipi-

tations, the XRD analysis was performed on the surface of

HA/Mg composite coating and bare AZ91D substrate after

the polarization tests (see Fig. 8). It is shown there existed

Mg(OH)2 peaks in the XRD pattern analyzed on these two

surfaces and the relative intensities of Mg peaks decrease.

It also shows the disappearance of MgO phase and the

formation of Mg(OH)2 phase (Ref 15). The Mg(OH)2
phase is resulted from the chemical reaction as following

(Ref 11, 33).

Table 3 EIS results for the HA/Mg coating and bare AZ91D substrate

Sample Rs, Xcm2 R1, Xcm2 CPE1, lFcm-2 n1 R2, Xcm2 CPE2, mFcm-2 n2

HA/Mg composite coating 2.81 ± 0.07 35.06 ± 4.4 2.79 ± 0.6 0.93 ± 0.01 151.6 ± 25.6 0.69 ± 0.01 0.39 ± 0.01

Bare AZ91D substrate 15.57 ± 2.26 … … … 6.53 ± 3.11 0. 18 ± 0.1 0.79 ± 0.07

Fig. 7 Surface morphologies of both the HA/Mg composite coating (a) and bare AZ91D substrate (b) after the polarization tests
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Mgþ 2H2O��Mg(OH)2 þ H2 ðEq 1Þ
MgOþ H2O��Mg(OH)2 ðEq 2Þ

Usually, oxidization-formed MgO film on the surface of

Mg was not compact, which cannot be a barrier layer on

the Mg alloy substrate. However, it is reported that the

cold-pressed MgO coating by using MgO nanoparticles on

Mg alloy substrate can improve the corrosion resistance

(Ref 11). The MAO film prepared by micro-arc oxidation

method can also effectively hinder the corrosion medium

diffusion through this kind of MAO film is porous (Ref 5).

Evermore, addition of MgO to Mg/HA composite can

increase its corrosion resistance compared to the Mg/HA

composite (Ref 33). In the present study, although the

oxidization-formed MgO film itself cannot hinder the

corrosion medium penetration, it can decrease the mis-

match of TEC between HA particles and Mg particles

which would be liable to decrease the cracks between those

heterogeneous particles in the HA/Mg composite coatings.

Therefore, it can be considered that the MgO film is benefit

to hinder the corrosion medium penetration. In addition,

the HA splats in the composite coating can also hinder the

corrosion medium diffusion by decreasing the Mg splat

dissolution owing to its less solubility of HA than Mg (Ref

32, 33). Consequently, this HA/Mg composite coating can

be a potential strategy to prepare biodegradable coatings on

metal substrates for use in the implant field.

Conclusions

A HA/Mg composite coating was deposited onto AZ91D

alloy by HVSFS. Both the Mg and HA were largely pre-

served in the composite coating with a slight amount of

MgO. The HA/Mg composite coating exhibited a rough

surface and a lamellar structure in the cross section as well

as a well-bonded coating/substrate interface. The Mg par-

ticles showed superior deposition during the co-deposition

of HA/Mg mixed powder. The HA/Mg composite coating

significantly improved corrosion resistance performance of

AZ91D substrate with a low corrosion current, corrosion

rate and a high corrosion impedance. The composite

coating and AZ91D substrate after polarization tests pre-

sented rough and cracked surfaces with the dissolution of

Mg in HBSS. This HA/Mg composite coating can be a

potential strategy to prepare biodegradable coatings on

metal substrates for applications in the implant field.
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