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A biocompatible dicalcium phosphate dihydrate (DCPD) brushite coating of flake-like crystals was
developed on AZ91D and AZ31 magnesium (Mg) surfaces to control and slow down the rapid degradation
rate of the substrates. The electrochemical behavior of the DCPD-coated substrates was examined in a
simulated body fluid (SBF) with uncoated substrates as the control. Fabrication of the coating was achieved
via chemical immersion technique by modifying the surfaces with Ca(NO3)2Æ4H2O and KH2PO4 in addition
to heat treatment. The morphology of the DCPD coating is uniform and dense with a flake-like crystal
structure. After in vitro tests, the DCPD coating would have exhibited excellent corrosion resistance with
more biomineralization of the active calcium phosphate (CaP). Moreover, the DCPD coating induced CaP
formation after immersion in the SBF, indicating excellent bioactivity upon increasing the coating. Hence,
the two-step chemical treatment enhances the bioactivity of DCPD coatings on Mg alloys, making them
better implant materials.
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1. Introduction

Magnesium (Mg) and its alloys are considered as a
promising material for the next-generation degradable ortho-
pedic implant and received more attention in recent years due to
their excellent biocompatibility and corrosion resistance with
suitable mechanical properties. However, the poor biological
activity and fast degradation rate in the human body environ-
ment have limited their applications to artificial bioimplant
materials for the treatment of heart and other bone diseases. No
infections were observed, when these biomedical implant
materials have been operated in the human body. However,
the major drawback is the fast degradation rate observed in the
pH range (7.4-7.6) with high chloride content (of approxi-
mately 150 mmol�1) in a living human body. An occurrence of
rapid hydrogen gas evolution during the corrosion process leads
to a mechanical integrity loss before the completion of healing
tissues (Ref 1-3). Mg alloys can be used worldwide, if their
corrosion resistance is increased.

Suitable nontoxic elements such as Ca, Zn, Mn, Zr and Al
were added to reduce the fast degradation rate of the Mg alloys.
Generally, aluminum and zirconium have been used as the main
alloying elements (Ref 4). Alloying elements play a major role
in improving and influencing the physical, chemical and
mechanical properties of Mg alloys. Aluminum has signifi-
cantly improved the mechanical properties of Mg alloys with
the formation of the Mg17Al12 phase. The Mn and Zn elements
also play a similar role as Al in Mg alloys. The solubility of Zr
in magnesium is lower, and Zr has a strong affinity with
oxygen; thus, it can form zirconia to refine the grain size of
magnesium alloys.

Surface modification methods are one of the most widely
used techniques as an effective way to decrease the initial
degradation rates in vivo and to maintain the mechanical
properties of Mg and its alloys (Ref 5, 6). Among the various
coating methods available, the sol–gel coating method has been
found to be appropriate for coating Mg alloys to reduce their
degradation rate. However, the major drawback of sol–gel
coating is the dissolution rate, which is very high; this increases
the potential of biomedical implants, which leads to the
loosening of the implant from the bone attachment and
compromises the in vivo stability (Ref 7-11). Hence, it is the
simplest, most cost-effective method with a good bone bonding
ability. The surface modification method through the chemical
route has found to be a promising method and has received
attention because of its application for implants with compli-
cated shapes (Ref 12). Thus, a simple, cost-effective chemical
treatment was performed to produce a uniform porous network
structure over Mg surfaces to enhance the osseointegration
suitable for the orthopedic implants. Surface modification by
chemical treatments, such as NaOH (Ref 13) and H2O2 (Ref
14), is common for modifying surfaces to improve their
corrosion resistance and mechanical stability. Deposition
techniques, like CaP treatment, HA coatings, biomimetic
techniques (Ref 15), chemical deposition (Ref 15, 16) and
electrodeposition (Ref 17-22), are employed. CaP coatings,
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including HA, DCPD and TCP, offer good biocompatibility and
bioactivity due to the main elements such as Ca and P, which
have been present in natural bone. Hence, DCPD and HA
are the most preferred materials used for coatings because of
their chemical and structural resemblance similar to human
natural bone, which can accelerate bone concrescence
(Ref 22).

Bioactive surface modification of carbon/carbon composites
with multilayer SiC nanowire-Si-doped hydroxyapatite coating
with a controllable preparation and its oxidation damage of
SiC-coated carbon fiber-reinforced hydroxyapatite composites
have been studied by various researchers (Ref 23-25).

Preparation and characterization of carbon/SiC, nanowire/
Na-doped carbonated hydroxyapatite multilayer coating for C–
C composites (Ref 26), Sr and Na co-substituted hydroxyap-
atite coatings for carbon/carbon composites (Ref 27), Sr and
Mg co-substituted dicalcium phosphate dehydrate coating for
carbon/carbon composites by pulsed electrodeposition (Ref 28),
pyrolytic carbon-SiC-fluoridated hydroxyapatite multilayered
coating on carbon fibers (Ref 29) have been reported by various
researchers.

The coating employed on magnesium and its alloys should
be bioactive with good biocompatibility of the osteoconductive
CaP coating. The main objective of this investigation was to
fabricate DCPD coating via chemical immersion technique on
the surface of AZ91D and AZ31 alloys and its electrochemical
corrosion behavior in an SBF solution. Furthermore, in vitro
studies were carried out for the AZ91D and AZ31 alloys in
SBF for long-term implant applications.

2. Materials and Methods

2.1 Substrate Preparation and Cleaning

AZ91D and AZ31Mg alloys with dimensions of 1 9 1 cm2

were used as the substrates, and their chemical compositions
are given in Table 1. All the substrates were mechanically
polished using SiC-coated abrasive emery papers with a 2500
grit to obtain a homogeneous roughness. After grinding,
the substrates were ultrasonically cleaned with acetone to
remove the residue materials present on the substrates.
Furthermore, the substrates were thoroughly rinsed and gently
washed with distilled water and then dried at room temperature.
The residue-free cleaned substrates were chemically etched
with HCl:H2O mixture in the ratio of 1:4 (in volume) at
60 �C for 2 min to remove the oxide layer formed on the
substrates. Additionally, ultrasonic cleaning was performed in
distilled water for approximately 15 min; further, they were
dried.

2.2 Surface Treatment via Chemical Deposition

The chemical conversion coatings were fabricated by two-
step process. Step 1: All rinsed and cleaned substrates were
pretreated with NaOH by immersing the substrates with 40 mL
aqueous solution of 1 M NaOH at 60 �C for 24 h in an oven
and gently washed with distilled water. Step 2: After the
pretreatment process, the substrates were removed from the
NaOH solution and thoroughly washed with distilled water and
dried. The dried substrates were immersed in 40 mL of an
aqueous solution containing 0.1 M Ca(NO3)2Æ4H2O and
0.05 M KH2PO4 in 500 mL of deionized water at 80 �C for
2 h. Hence, the two-step chemical treatment was performed.
DCPD coatings were fabricated on the substrates. Further, the
substrates were thoroughly rinsed and washed with distilled
water and dried. The dried substrates were further subjected to
heat treatment using an airtight electric furnace kept at 400 �C
for 1 h. Finally, the substrates were allowed to cool until
reaching room temperature inside the furnace. The thickness of
the DCPD or brushite coatings was measured by a coating
thickness gauge (Elcometer Instruments, Germany), and the
error in the thickness measurements was less than 5%. The
average thickness of DCPD coatings was found to be about 14-
15 lm, respectively.

2.3 In Vitro Corrosion Studies

In vitro corrosion experiments for the surface-treated
AZ91D and AZ31 alloys were performed to assess the
bioactivity of the DCPD coating and CaP growth formation
(through immersion tests) by immersing the substrates in SBF
solution for a period of approximately 168 h. The electrolyte
medium used was the SBF solution, and the in vitro corrosion
experiments were analyzed. The ionic concentrations of the
human blood plasma and SBF (Ref 30) are presented in
Table 2. Each substrate was immersed in 500 mL of SBF at pH
7.4 at 37 �C, respectively. After immersion in the SBF for
168 h, the substrates were removed from the SBF, thoroughly
rinsed and gently washed well with distilled water and dried.
The dried substrates were used for further characterization
studies.

The SBF solution was prepared by the procedure developed
by Kokubo and Takadama (Ref 31), and its composition is
provided in Table 3. The SBF solution was replenished during
the in vitro assessment to maintain the ionic concentration of
the solution for every 24 h for all the experiments. The
substrates after being chemically treated (labeled as HT) and
after being immersed in SBF (labeled as HTI) were subjected to
corrosion experiments in the SBF medium. Substrates without
any chemical or surface treatment (labeled as UT) were used as
controls for the comparison.

Table 1 Chemical compositions of the AZ91D and AZ31 alloys in wt.%

Alloys

Main Alloying elements, wt.%

Al Zn Mn Si Cu Fe Ca Ni Mg

AZ91D 9.20 0.71 0.30 0.03 0.01 0.003 … … Bal.
AZ31 2.83 0.8 0.37 … 0.002 … … … Bal.
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2.4 Surface Characterization of the Coatings

The surfaces of the untreated and treated Mg substrates
before and after immersion in SBF were examined. XRD
studies were performed using a RINT 2500 with a scattering
angle of 20� £ 2h £ 80� and at a 2h step of 0.02�. The
structure and functional groups on the substrates were charac-
terized using an IR spectrometer (Thermo Scientific, with a
universal ATR attachment, range of 500-4000 cm�1). The
surface morphological behavior of the substrates was analyzed
via SEM studies (JEOL, JSM-6360). The surface chemical
analysis of the substrates was performed using energy-disper-
sive x-ray spectroscopy (EDS). The surface topography of the
substrates was analyzed using an AFM (Agilent 5500 AFM,
USA) instrument with Au-coated silicon cantilevers in non-
contact mode with a resonance frequency of 26 kHz at a spring
constant of 1.6 N/m under ambient atmosphere at room
temperature. Contact angles of the substrates were measured
using contact angle goniometry with an attention optical
goniometer interfaced with image capture software by dropping
2 lL of liquid drops on the surface of the substrates.

2.5 Electrochemical Characterization of the Coatings

An electrochemical workstation (IVIUM Potentiostat/Gal-
vanostat) with a three-electrode cell assembly was used for the
electrochemical experiments. The substrates (AZ91D and
AZ31 alloys) served as the working electrode with an exposure
of the surface area of 1 cm2 and a platinum foil as the counter
electrode with a saturated calomel electrode (SCE) as the
reference electrode. Corrosion experiments were conducted
using SBF as the electrolyte solution. A stabilization period of
30 min was allowed to attain a stable value for the open circuit
potential (OCP) prior to all the electrochemical measurements.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed with the scan frequency ranging from
105 to 10�1 Hz and with an amplitude voltage of 10 mV peak

to peak using the AC signal with the OCP. Potentiodynamic
polarization curves (PDP) were measured in the Tafel potential
range of ± 250 mV from the OCP with a scan rate of 1 mVs�1.
To obtain reliable results, at least three parallel substrates were
tested to verify the repeatability.

3. Results and Discussion

3.1 XRD Analysis of the DCPD Formation

Figure 1 shows the XRD patterns of the UT, HT, and HTI
AZ91D and AZ31 alloys. Very intense peaks were observed for
the Mg substrates. XRD peaks shown at 2h values of 29.5�,
34.6�, 37�, 48.2�, 58�, 63.5�, 69� and 73� were attributed to the
planes of (141), (002), (101), (102), (110), (103), (201) and
(004) and are in good agreement with JCPDS 11-293, JCPDS
20-0669 and JCPDS-70-1433 (Ref 32). The XRD peaks at
2h = 29.5�, 34.6�, 37� and 48.2� were identified as DCPD or
brushite (JCPDS 11-293), whereas the peaks at 2h = 58�,
63.5�, 69� and 73� corresponded to Mg, Mg(OH)2 and MgO
phase formation on the substrates after the immersion in SBF
(Ref 33). No other calcium phosphate phases were found on the
substrates. A thick coating formation has caused a lack of
detection of magnesium peaks for the HT and HTI substrates.

Jiang et al. (Ref 34) investigated the formation of FHA
coating on a biodegradable Mg-Zn-Zr alloy using two-step
chemical treatment method using Ca(NO3)Æ4H2O and
NH4H2PO4. According to their results, Mg-Zn-Zr alloys were
treated with and without HF after chemical deposition for 2 h in
a Ca-P solution. The Mg-Zn-Zr surface without HF treatment
showed obvious HA diffraction peaks, indicating that the sheet
material formed on the surface was hydroxyapatite. Jamesh
et al. (Ref 35) studied the electrodeposition of HA coating on
magnesium using Ca(NO3)2, (NH4)3PO4 and NaOH. The XRD
pattern results showed the conversion of DCPD to HA and that
the intensity of HA was less when compared to DCPD. This
was due to the reduction in the thickness of the DCPD coating
during the alkali treatment. A portion of the DCPD coating
dissolved by releasing Ca2+ and PO4

3� ions.
Similarly, the intensities of the XRD peaks have decreased

for the HT and HTI AZ91D and AZ31 surfaces, which may be
associated with the thickness of the newly formed layer on the
substrates. The formation of the new layer can be ascribed to a
crystalline formation of DCPD or brushite coating on the
surface of the AZ91D and AZ31 alloys. This DCPD coating
can induce the nucleation and growth of CaP on Mg surfaces
after immersion in SBF.

By using Scherer�s equation (Ref 32), the average crystallite
size was calculated for the surface-treated AZ91D and AZ31
substrates using the following formula:

Dhkl ¼
kk

b cos h
; ðEq 1Þ

Table 3 Chemical composition of the simulated body
fluid (SBF) solution

S. no. Reagents used Grams in 1000 mL

1 NaCl 8.035
2 NaHCO3 0.355
3 KCl 0.225
4 K2HPO4Æ3H2O 0.231
5 MgCl2ÆH2O 0.311
6 1 M HCl 40 mL
7 CaCl2 0.292
8 Na2SO4 0.072
9 ((CH2OH)3CNH2) 6.118
10 1 M HCl Appropriate amount for adjusting

the pH 7.4

Table 2 Ionic concentrations of the SBF and the inorganic part of the human blood plasma (mmol21)

Ions Na+ K+ Mg2+ Ca2+ Cl2 HCO3
2 HPO4

2 SO4
22 pH

Plasma 142.0 3.6-5.5 1.0 2.12-2.6 95-107 27.0 0.65-1.45 1.0 7.3-7.4
SBF 142.0 5.0 1.0 2.5 131.0 5.0 1.0 1.0 7.4
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where k represents a constant (with a shape factor of 0.89), k is
the wavelength of the x-rays (0.154056 nm), b denotes the
difference in the half-maximum width of the peaks obtained for
the pure diffraction profile (in radians), h is the diffraction angle
and Dhkl represents the average diameter of the crystallites. The
values obtained ranged from 40 to 80 nm, which is within the
range of values reported by Wen et al. (Ref 17).

3.2 ATR-IR Spectroscopic Analysis of DCPD Formation

ATR-IR spectroscopic analysis was performed to identify
the functional groups and vibration modes for each peak
associated with the DCPD or brushite coating on the substrates.
The ATR-IR spectra for the UT, HT, and HTI AZ91D and
AZ31 alloys are presented in Fig. 2.

The absorption spectral bands at 3500 cm�1 correspond to
O-H stretching, and the bending vibration modes between 1650
and 1600 cm�1 are assigned to H2O absorption on the surface
of the substrates. The absorption spectral bands detected
between 2350 and 2340 cm�1 represent the formation of
DCPD or brushite (Ref 33, 36, 37). The main absorption bands
located at 1420-1400 cm�1 were attributed to the C-O stretch-

ing of the CO3
2� group. The absorption spectral bands detected

from 1072 to 920 cm�1 represent the existence of P-O
stretching of the HPO4

2� group. Bands at 724 and 713 cm�1

correspond to absorption of H2O liberation. These observations
are in close agreement with Xu et al. (Ref 38). The spectral
bands at 650-600 cm�1 were assigned to triple (t4) and double
(t2) degeneration of bending vibrational modes of O-P-O bonds
of the phosphate group (Ref 30). The absorption bands at 560-
500 cm�1 are due to the characteristic peak of the PO4

3� group.
A more detailed analysis allows the deduction of the presence
of a carbonated component, where carbonate ions are substi-
tuted at A and B sites (Ref 35). The presence of CO3

2�,
HPO4

2� and PO4
3� bands in the entire spectrum confirms CaP

layer formation over the Mg surfaces after immersion in SBF.
The CaP nuclei could spontaneously grow once formed by
consuming more Ca and P ions from the SBF. Hence, the ATR-
IR spectrum confirms DCPD or brushite formation for the
AZ91D and AZ31 alloys as evidenced by the XRD character-
ization (Ref 32, 37).

3.3 SEM and EDS Analysis of the DCPD Coating Formation

The surface morphological features of the as-deposited
DCPD or brushite coatings on the substrates were examined
using SEM. The elemental compositional analysis of the

Fig. 1 X-ray diffraction patterns of the (a) AZ91D and (b) AZ31
alloys

Fig. 2 ATR-IR spectra of the (a) AZ91D and (b) AZ31 alloys
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coatings was investigated using EDS. The surface morpholo-
gies of the UT, HT AZ91D and AZ31 alloys are presented in
Fig. 3(a), (b), (c), (d), (e) and (f). The micrograph of the UT
surfaces (Fig. 3a and d) revealed a smooth uniform surface
texture with unidirectional grooves representing the mechani-
cally polished surface. The morphological features of the HT
AZ91D surface reveal a denser flake-like DCPD crystal structure
(Fig. 3b), and the clustering and dissolution of CaP flakes toward
the periphery with irregular flakes of different dimensions over
the entire surface were observed. Wang et al. (Ref 33) have
studied Mg substrates with Ca and P ions solution containing
Ca(NO3)2 and Na2HPO4 to create a DCPD surface layer. The

DCPD layer was effective in providing protection for the Mg
substrate after 21 days of immersion in the SBF.Xu et al. (Ref 39)
have investigatedMg-Mn-Zn alloy in an alkaline solution for the
formation of a brushite (CaHPO4Æ2H2O) surface coating. The
results revealed that the DCPD coating was able to improve the
surface biocompatibility of the Mg substrate since the DCPD
coating transformed into an HAP phase with time. Additionally,
during this transformation, acidic phosphate ions were released
into solution, which have a neutralizing effect on the alkalization
process. Furthermore, the surface treatment enhanced the
bioactivity of the Mg-Mn-Zn alloy, which promoted bone
formation and was also examined by Xu et al. (Ref 40).

Fig. 3 SEM micrographs of AZ91D (a) UT, (b) HT and (c) HTI and SEM micrographs of AZ31 (d) UT, (e) HT and (f) HTI
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Meanwhile, the HT AZ31 surface exhibited a cluster of
spherical particles loosely covering the surface with the
particles composed of radially oriented flake-like aggregates
with different sized lengths were identified (Ref 33, 37).
Yanovska et al. (Ref 41) have investigated the influence of low
magnetic fields during a one-step dipping technique over Mg
substrate with a solution containing Ca(NO3)2Æ4H2O and
Na2HPO4Æ12H2O. Depositions of both DCPD and HAP phases
under the influence of the magnetic fields lead to the formation
of a crystal orientation. Jamesh et al. (Ref 35) used an
electrodeposition technique to produce three types of coatings,
including DCPD, HAP and fluorapatite (FHA). The results
showed that the FHA coating had long-term stability even after
1 month of immersion in a simulated body fluid.

For biomedical applications, particularly for bioimplants,
the essential key requirement for successful osseointegration is
the internal fixation of bone plates. Hence, these bone plates
should have an essential CaP-forming ability over the surfaces
for better fixation. In vitro evaluation tests have been performed
to achieve this goal and typically carried out in SBF solution
via immersion tests by immersing for a period of few weeks
(Ref 42). After 168 h of immersion in an SBF solution, the
morphology and elemental composition of HTI AZ91D and
AZ31 alloys exhibited variations in their material surfaces
exhibited by their significant behavior and the interaction of the
ions present in the SBF solution. Additionally, the surfaces of
the HTI AZ91D and AZ31 alloys showed a cluster of white
particle formation uniformly over the entire surface area
(Fig. 3c and f) due to the interaction of Ca and P ions adsorbed
on the surfaces (Ref 33, 37) which was also evident from the
ATR-IR and EDS analyses.

The EDS analysis was performed on the coated regions of
the AZ91D and AZ31 alloys as depicted in Fig. 4. The
spectrum reveals the presence of O, Ca, P, Cl, Na and Mg
elements. The relative intensities of the Ca and P peaks have
decreased for the HTI AZ91D and HTI AZ31 alloys (Fig. 4b
and d) after immersion in the SBF solution, suggesting that
Ca2+ and PO4

3� ions diffused to the surface. Additionally, the
CO3

2� substituted for the PO4
3� or OH� and Mg2+, Na+ ions

substituted for the Ca2+ position represent an apatite or CaP
composition similar to human bone. The CaP ratio of the HT
surfaces was found to be 0.82, and for the HTI surfaces, it was
1.58. However, both the values were lower than the theoretical
value of HA (1.67). Hence, the formed DCPD coating was
identified to be Ca-deficient HA (CDHA) (Ref 17). Dorozhkin
(Ref 43) determined that the CDHA in the range of 1.33 and
1.55 for the Ca/P atomic ratio induced the formation of new
bone in vivo. Hence, this confirms that the coating formed is
DCPD or brushite.

3.4 AFM Analysis of the Coating Formation

The surface topography of the typical AFM images obtained
for the UT, HT, and HTI AZ91D and AZ31 alloys is shown in
Fig. 5. The surface topography of the UT surfaces (Fig. 5a and
d) exhibited a relatively smooth surface texture along with few
micro-scratches acquired during the mechanical polish. The HT
surfaces acquired a nonuniform surface with the formation of
pores (Fig. 5b and e) due to the roughness in the level of the
microscale range during the deposition of the DCPD coating.

The arithmetic average roughness (Ra) obtained for the UT,
HT, and HTI AZ91D and AZ31 alloys is shown in Table 4.

Fig. 4 EDS micrographs of AZ91D (a) HT and (b) HTI and EDS micrographs of AZ31 (c) HT and (d) HTI
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Eventually, the surface roughness in the microscale range
indicated that the roughness has increased for the HT surfaces
compared with UT. The HTI surfaces (Fig. 5c and f) showed a
slight increase in the surface roughness (Ra) values compared
with the HT and UT AZ91D and AZ31 surfaces, indicating the
formation of uneven pores with DCPD coating formation after
immersion in the SBF solution. The increase in the roughness
values was better because it increased the surface area and

provided more anchoring points for tissues, thus promoting
tissue growth (Ref 37, 44, 45).

3.5 Contact Angle Measurements of the DCPD Coating
on the Mg Alloys

The surface hydrophilicity of the Mg surfaces was examined
using water contact angle (CA) measurements. The contact
angle values for the UT, HT, and HTI AZ91D and AZ31 alloys
are shown in Fig. 6. The CA was measured by dropping 2 lL
of water droplets on the HT, HTI and UT surfaces at room
temperature. The AZ91D and AZ31 alloys exhibited a relative
hydrophilicity with water contact angles of 75.20� for UT
AZ91D and 68.55� for UT AZ31. After DCPD treatment, the
CAwas reduced to 25.35� for HTAZ91D and to 38.80� for HT
AZ31, indicating that the hydrophilicity was obviously
enhanced. As from the ATR-IR analyses, more hydrophilic
hydroxyl groups were introduced on the surfaces after DCPD
treatment, which significantly enhanced the surface
hydrophilicity. In contrast, compared with the UT alloys, the
CA values for the HTAZ91D and AZ31 alloys decreased. They
were further decreased to 18.35� and 24.20� for the HTI
AZ91D and AZ31 alloys, respectively. Hence, the DCPD

Fig. 5 AFM micrographs of AZ91D (a) UT, (b) HT and (c) HTI and AFM micrographs of AZ31 (d) UT, (e) HT and (f) HTI

Table 4 Surface roughness values for the AZ91D and
AZ31 alloys

Alloys Surface treatment Surface roughness Ra, lm

AZ91D UT � 0.65
HT � 1.23
HTI � 0.92

AZ31 UT � 0.52
HT � 0.95
HTI � 1.05
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treatment after immersion in the SBF (HTI surfaces) has
contributed to the improved and good hydrophilicity of the
coatings (Ref 46–48).

3.6 Corrosion Behavior of the DCPD Coating

Electrochemical tests in the SBF were performed for the UT,
HT, and HTI AZ91D and AZ31 alloys to assess the biocor-
rosion resistance properties of the Mg surfaces. The represen-
tative PDP plots are presented in Fig. 7. From the PDP curves,
the corrosion potential (Ecorr) values for all the substrates
ranged from � 1.36 to � 1.52 V. Compared with the UT
AZ91D substrate (� 1.4532 V), the corrosion potential values
observed for the HT and HTI AZ91D substrates were � 1.3859
and � 1.3609 V, respectively. Similarly, the corrosion potential
value for the UT AZ31 substrate was 1.5221 V, and for the HT

and HTI AZ31 substrates, it was � 1.5002 and � 1.4855 V,
respectively.

The Ecorr values shifted toward the nobler direction after
immersion in the SBF for the HTI AZ91D and AZ31 alloys,
corresponding to a higher resistance to corrosion initiation in
the SBF. The corrosion current density (icorr) value observed for
AZ91D was significantly decreased from 17.45 to 1.46 lA/
cm2. Meanwhile, for AZ31, the current density value decreased
from 12.34 to 3.77 lA/cm2. Obviously, the icorr value was two
orders of magnitude with a lower corrosion rate of 33.48 mpy
for HTI AZ91D compared with the UT, HT AZ91D and AZ31
substrates. Xu et al. (Ref 39) studied Mg-Mn-Zn alloy in
alkaline solution to form a brushite (CaHPO4Æ2H2O) coating on
its surface. The results showed that the layer formed was porous
and did not prevent corrosion in a simulated body fluid.
Additionally, the degradation rate was significantly reduced

Fig. 6 Contact angle measurements for the AZ91D and AZ31 alloys
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with reasonable protection against the corrosive effects of the
simulated body fluid. Yanovska et al. (Ref 41) observed that
dipping Mg substrates into an aqueous solution containing
Ca(NO3)2Æ4H2O and Na2HPO4Æ12H2O to deposit both DCPD
and HAP phases has provided coatings with enhanced corro-
sion resistance, which in turn reduced their degradation rate.

The electrochemical process can be studied via the electro-
chemical reactions that take place between the solution
interface and electrode by varying the corrosion potential with
respect to the immersion time. Since the anodic and cathodic

branches were asymmetrical, the Ecorr and icorr values were
extracted using Tafel extrapolation from the cathodic polariza-
tion curves. Tafel regions utilized for the polarization curve
assessment start at approximately 50 mV (generally up to
100 mV) from the Ecorr, and the open circuit potential is in the
steady state in the cathodic and in the anodic branches of the
polarization curve. However, for many metals and alloys
showing active–passive behavior, the anodic branch of the
polarization curve should not be used to assess material
performance because of the absence of a linear Tafel region
(Ref 49–51). During Tafel analyses, the cathodic polarization
branch was only utilized for the calculation of icorr. The anodic
branch was not considered due to the abnormal behavior
(negative difference effect: the increase in the rate of hydrogen
evolution with the increase in the anodic polarization) exhibited
by the Mg alloys during anodic dissolution (Ref 52-55). To
calculate icorr, a slope was drawn in the cathodic branch at

Fig. 7 Potentiodynamic polarization curves for the (a) AZ91D and
(b) AZ31 alloys in the SBF solution

Fig. 8 Bode impedance and bode phase angle plots for the AZ91D
alloy in the SBF solution

Table 5 Tafel polarization parameters for the AZ91D and AZ31Mg alloys in the SBF solution

Alloys Surface treatment Ecorr, V icorr, lA cm2 ba mV/decade bc mV/decade Rp, kX cm2 Corrosion rate, mm/year

AZ91D UT � 1.4532 17.4591 87 98 1.146 0.398
HT � 1.3859 5.8862 69 84 2.794 0.134
HTI � 1.3609 1.4656 75 92 12.241 0.033

AZ31 UT � 1.5221 12.3439 69 81 1.310 0.282
HT � 1.5002 16.3740 112 93 1.347 0.374
HTI � 1.4855 3.7713 102 87 5.405 0.086
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� 100 mV from the meeting point of the anodic and cathodic
curves (Ecorr) in the Tafel plot. The corrosion current of the
point at which the slope line intersected with the horizontal line
drawn from the Ecorr was considered to be icorr (Ref 41). The
various parameters, viz. corrosion potential (Ecorr), corrosion
current density (icorr), polarization resistance (Rp) and the
corrosion rate (CRi) of the substrates, were calculated, and the
values are provided in Table 5. The instantaneous corrosion
rate (mm/year) was calculated by using the following formula
(Ref 32):

CRi ¼ 22:85icorr ðEq 2Þ

where CRi is the corrosion rate and icorr is the corrosion current
density of the AZ91D and AZ31 alloys.

When magnesium alloys are exposed to the corrosion
environment medium, the penetration of the electrolyte along
with the chemical dissolution results in spontaneous corrosion
in the form of corrosion products over the entire surface. This
results in an increase in corrosion potential due to the protection
of the corrosion product layer and a decrease in the active
region, which becomes enhanced with a prolonged exposure
times. Hence, it is very difficult for corrosion products to
precipitate in the cathode region where the process of hydrogen
evolution occurs. The corrosion products mainly precipitate at
the vicinity of the anodic region due to the diffusion of OH�

ions (Ref 47). Chloride ions present in the SBF solution
transform the MgO/Mg(OH2) film surface into soluble MgCl2
in addition to corrosion products. Due to the Mg(OH2)
dissolution, the surface will be more active, and the decrease
in the protected area will promote further dissolution of Mg. As
manifested by a constant potential, an equilibrium exists
between the dissolution and formation of the established
corrosion products that are sufficiently immersed for a longer
time. Due to the prolonged immersion time, the corrosion
potential moves toward a nobler direction. As it is known,
during immersion in an SBF, electrolytes gradually penetrate
into the coating (Ref 44, 46, 47, 56). Hence, the polarization
results suggested that the HTI AZ91D was significantly
improved with a better corrosion resistance after DCPD
formation on the surfaces, which is essential for long-term
implants.

EIS is a powerful tool that can be used to analyze the
corrosion of coated metals and alloys. EIS provides information
about the quantitative evaluation and its corrosion properties of
a system. It is very difficult to use this technique in
conventional electrochemical measurements. Detailed informa-
tion on the corrosion process that occurs at the electrolyte/elec-
trode interface can be evaluated using an appropriate equivalent
circuit model with EIS data interpretation. Representative EIS
curves obtained for the Mg alloys in SBF were evaluated as a
function of immersion time (Ref 44, 46, 47).

The impedance response of the UT, HT and HTI AZ91D and
AZ31 alloys was assessed, and the representative bode phase
angles and bode impedance plots are provided in Fig. 8. The
electrochemical impedance response for the UT AZ91D
showed a single spectrum, representing a thin passive oxide
film on the surface. The HT and HTI AZ91D represent the
entire spectrum with two time constants and a well-separated
range in the frequency domain, one at the higher frequency and
one at the lower frequency regions with the phase angle
approaching approximately 45� and 60� in the intermediate
frequency regions, which corresponds to the formation of a

passive film on the metal surface. The secondary region begins
at an intermediate frequency, and the attained phase angle
values were approximately 30� and 20� in the lower frequency
regions, which corresponds to the formation of the DCPD layer
as confirmed by the XRD and ATR-IR analyses (Ref 30).
However, a small bump observed for HTI AZ91D in the lower
frequency region from 100 to 10�1 Hz may be due to the
formation of Mg(OH)2 layer. The chloride ions from the SBF
solution can transform the Mg(OH2) film surface into soluble
MgCl2 in addition to corrosion products. Thus, the surface can
be more active due to the dissolution of Mg(OH2), and there
was a decrease in the protective surface area to promote further
dissolution of Mg (Ref 47).

The impedance response for the UT, HT and HTI AZ31
alloys was examined, and the bode phase angles and bode
impedance plots are depicted in Fig. 9. All the spectra exhibited
similar shapes with the presence of two time constants and were
similar to AZ91D. The impedance response behavior of HTI
AZ31 was significantly improved with the high corrosion
resistance compared with the HT and UT AZ31 substrates.
Wang et al. (Ref 33) have also investigated similar observations
in research studies on the improvement in corrosion resistance
of magnesium in simulated body fluid via DCPD coating. Their
studies revealed that DCPD coating composed of bar-shaped
crystals was deposited on the surface of magnesium to slow
down the corrosion rate of the substrates. The DCPD-coated
substrates were evaluated in a simulated body fluid (SBF) with
uncoated substrates as a control, and the corresponding SBF

Fig. 9 Bode impedance and bode phase angle plots for the AZ31
alloy in the SBF solution
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was analyzed at various time periods of 3, 5, 7, 14 and 21 days
of immersion. The results reveal that after 3 days of immersion
in the SBF, the DCPD coating was still intact and completely
covered the substrate. DCPD dissolution was observed on the
3rd day and became noticeable for 5th and 7th day, and it was
found that there was no new phase formation for the entire
immersion period.

To analyze the capacitive behavior of an electrochemical
system, instead of using a capacitor (C), a constant phase
element (CPE) was introduced for the compensation of the
nonhomogeneity at the surface of the electrode. The impedance
behavior for a constant phase element is given by

ZCPE ¼ ½QðjxÞn��1; ðEq 3Þ

where Z is the impedance, Q is CPE, j denotes an imaginary
number (j = �1), x is the angular frequency = 2�Pf (rad s�1)
and Q and n denote the frequency-independent parameters that
mainly depend on the temperature. The condition for any
electrochemical system is that n is � 1 £ n £ 1. CPE (Q)
denotes an ideal capacitor when n = 1, an ideal resistor when
n = 0 and a pure inductor when n = � 1.

An equivalent circuit model fitted for the AZ91D and AZ31
alloys was Rs(RctQdl) (RfQf), and the circuit diagrams are
presented in Fig. 10. The proposed model used to fit the spectra

for the UT substrates was Rs(RctQdl) (Fig. 10a), and for the HT
and HTI substrates, it was Rs(RctQdl) (RfQf) (Fig. 10b). In this
case, Qdl and Qf were assigned to the capacitance of the coating
layer and the oxide layer formed at the surface of the AZ91D
and AZ31 alloys. Rs represents the solution resistance, whereas
the Rct and Rf parameters correspond to the charge transfer
resistance of the coating layer and the oxide layer, respectively.
The main criteria for choosing the best model to fit and interpret
the EIS data are a low% error in the parameters and low Chi-
square values.

The electrochemical impedance parameters were obtained
from the impedance spectra, and the fitted values are provided
in Table 6. Table 6 shows that the charge transfer resistance
value of the barrier oxide layer (Rf) initially increased because
of the insulating nature of the oxide film that formed and aged
with the SBF solution. Meanwhile, for the HT and HTI AZ91D
and AZ31 alloys, the resistance values increased for the coating
layer (Rct), which may be due to the solution ion adsorption on
the coating layer (Ref 32). However, the HTI AZ91D had a
higher corrosion resistance value compared with the other
substrates due to the DCPD formation along with the adsorp-
tion of more CaP ions after 168 h of immersion in the SBF
solution. When the magnesium alloys were exposed to the air
environment, an Mg (OH)2 layer formed on the metal surface,
which is slightly soluble and reacts with chorine ions to form
highly soluble magnesium chloride and hydrogen gas. Addi-
tionally, the oxide layer fully covers and seals the metal surface,
which forms a kinetic barrier or passive layer that physically
limits or prevents further migration of ionic species over the
metal oxide/solution interface (Ref 44, 45, 57).

4. Conclusions

A biocompatible DCPD or brushite coating on the surface of
AZ91D and AZ31 alloys was successfully fabricated. Surface
treatment was performed using Ca(NO3)Æ4H2O and KH2PO4

followed by heat treatment to enhance the performance of the
corrosion resistance and biocompatibility. This surface treat-
ment method allows the surface with the formed DCPD layer to
retard the deterioration of AZ91D and AZ31 alloys. The DCPD
coating with the formation of a CaP layer was confirmed via
XRD, ATR-IR, SEM, EDS and AFM studies. The superhy-
drophilic nature of the DCPD coatings was determined via the
contact angle. The polarization and impedance results predicted
that the HTI AZ91D exhibited a lower current density and a
higher corrosion resistance compared with the other substrates
and confirmed its higher bioresistivity due to the surface
treatment followed by immersion in the SBF for 168 h. From

Fig. 10 Equivalent circuit diagrams fitted as Rs(RctQdl) and
Rs(RctQdl) (RfQf) for the AZ91D and AZ31 alloys: (a) UT and (b)
HT, HTI (Rs—solution resistance, Rct—charge transfer resistance,
Rf—film resistance, Qdl—CPE of the double-layer capacitance and
Qf—CPE of the film capacitance)

Table 6 Electrochemical impedance parameters for the AZ91D and AZ31Mg alloys in the SBF solution

Alloys Surface treatment Rs, X cm2 Rct, X cm2 Qdl, lF cm22 n Rf, X cm2 Qf, lF cm22 n

AZ91D UT 54.28 1665 74.52 0.90 … … …
HT 48.57 6005 10.58 0.94 2404 23.57 0.93
HTI 42.58 12,521 4.25 0.93 2921 18.04 0.92

AZ31 UT 62.01 631 79.24 0.89 … … …
HT 58.21 2048 23.74 0.93 996 45.36 0.94
HTI 49.65 2988 12.57 0.94 1454 32.54 0.92
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this investigation, we determined that there was a considerable
deterioration of the UT AZ91D and AZ31 alloys in the SBF,
whereas the DCPD coating retarded the biodeterioration and
favored the CaP layer formation on the surface of the AZ91D
and AZ31 alloys. Among the surface-treated AZ91D and AZ31
alloys, DCPD treatment and immersion in the SBF for the HTI
AZ91D were found to impart excellent bioactivity with a higher
corrosion resistance compared with the AZ31 alloy. Hence, the
present surface treatment is strongly proposed for attaining
good biocompatibility, osteoconductivity and longevity of
AZ91D and AZ31 alloys that serve as long-term orthopedic
implants.
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