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A B S T R A C T

To control the degradation of magnesium alloys and improve the mechanical performance of common hydro-
xyapatite (HAp) coatings, a HAp coating containing multi-walled carbon nanotubes (MWCNT) was applied on
AZ31 magnesium alloy using plasma spray technique. The coating properties including thickness and mor-
phology, phase analysis and toughness were characterized through SEM, XRD, and indentation methods, re-
spectively. Biodegradation behavior in the presence and absence of slow strain rate test (SSRT) was then
thoroughly examined in a simulated body fluid (SBF). The results demonstrated that the stress corrosion cracking
(SCC) susceptibility of AZ31 Mg alloy is decreased from 26.8% (HAp coated sample) to 9.8% (HAp/MWCNTs
coated one). The combination of microscopic observations as well as mechanical-electrochemical degradation
data for long exposure times, suggests that the bridging effect of MWCNTs among molten HAp splats plays a key
role in the improvement of mechanical properties and consequently both electrochemical and stress corrosion
performances of HAp coating.

1. Introduction

In recent years, biodegradable implant materials have attracted
much interest in both medical science and therapeutic engineering [1].
In this way, the biodegradability of different classes of materials in-
cluding metallic alloys [2], ceramics [3], polymers [4], and composites
[5] has been evaluated. Due to relatively high yield strength and frac-
ture toughness, metals have appropriate mechanical properties for
biomedical applications [6]; however, this class of materials has two
basic problems for such purposes. The first one is that the majority of
metals are biologically non-absorbable i.e. further surgeries are needed
to remove the implants [7] and the second one is their toxicity which in
turn can threaten the human health [8]. The only metal element that
does not have mentioned problems is magnesium (Mg).

Mg and its alloys as biodegradable materials are completely com-
parable with the human bones in density, elastic modulus, and com-
pressive yield strength [9,10]. This element is the fourth most im-
portant material in the human body [11]. This fact means that the Mg
not only is non-toxic but also it is essential for human metabolism [12].

In spite of these unique advantages, Mg-based implants are of limited
use in the clinical applications. The main shortcoming of Mg alloys is
their low corrosion resistance in chloride containing solutions including
physiological environment (pH =7.4–7.6) [13]. High concentrations of
Mg (serum levels more than 1.05mmol/L) as a result of enhanced
corrosion can lead to muscular paralysis, hypotension, respiratory dis-
tress and even cardiac arrest [10,14]. In addition, Mg corrosion in the
body is involved a lot of gas bubbles and local pH increase which are
disturbing for bone tissue healing [15].

In the past decade, various approaches have been investigated to
improve the corrosion behavior of Mg in the physiological environ-
ments. Among them, surface engineering and coating application have
been documented as the most effective methods [16–18]. Using mod-
ified hydroxyapatite (HAp) coatings is one of the most recent and
hopeful methods to overcome the mentioned problem (low corrosion
resistance of Mg alloys) [19–21]. Among different modified HAp
coatings, plasma-sprayed multi-walled carbon nanotubes (MWCNTs)
reinforced HAp coatings have greater mechanical properties (especially
fracture toughness). Based on a report by Balani et al. [22], plasma
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spraying of HAp–4wt% MWCNT powder on titanium alloys led to a
uniform distribution of undamaged CNTs, high adhesion strength, im-
provement in the fracture toughness by 56%, and an increase in the
crystallinity from 53.7% to 80.4%. Similarly, there are other studies
which have been inclined to modify the mechanical properties of HAp
coatings through MWCNTs [23–25]; however, two important issues
should be well thought out from previous works. The first one is that
these efforts have been focused on the substrates other than Mg alloys
and it is necessary to fix this deficiency and the second one is the
consideration of synergistic presence of the mechanical loading along
with the corrosive environment on implant material which may lead to
a more complicated premature failure of implants (i.e. due to the
phenomenon of stress corrosion cracking (SCC), fracture can occur even
at stresses considerably lower than the yield and design stresses [26]).
In the present work, we tried to consider both mentioned problems. In
this way, HAp powder containing MWCNTs was sputtered on AZ31 Mg
alloy by plasma spray method. Different analyses methods including
scanning electron microscopy (SEM), X-ray diffraction (XRD) and in-
dentation measurement were employed to characterize the synthesized
coating. In addition, the electrochemical corrosion and SCC perfor-
mances of the coated alloy were evaluated by potentiodynamic polar-
ization, electrochemical impedance spectroscopy (EIS), and slow strain
rate tensile (SSRT) coupled with electrochemical noise (EN) tests in a
simulated body fluid (SBF).

2. Experimental procedure

2.1. Materials and processing

AZ31 Mg alloy was used as the substrate with chemical composition
as follows (wt%): 3.05 Al, 0.82 Zn, 0.40 Mn, 0.02 Si, 0.003 Cu, 0.001
Ni, 0.002 Fe and Mg balance. Prior to the coating application, AZ31 Mg
samples were ground with SiC abrasive paper (up to 2000 grit), po-
lished with diamond paste (particle size 3 µm), and then ultrasonically
cleaned in ethanol for 10min and dried at room temperature.
Commercial hydroxyapatite powders (HAp, SAI, France, particle size:
65–85 µm) and MWCNTs (Jiangsu, purity: 99%+, diameter: 10–20 nm,
length less than 1 µm) were used as precursor materials for the spray
feedstock (MWCNTs have a Young's Modulus of approximately 1–2 TPa,
tensile strengths in the range of 30–180 GPa, and a specific surface area
of up to 150m2/g). A combination of HAp powder and MWCNTs cor-
responding to HAp–4wt% MWCNTs was mechanically milled for 18 h
to obtain a homogeneous mixture [22,27]. In order to improve the mill
efficiency, Nylon ball-milling pot with Agate balls (diameter
0.5–2.0 cm) was used. The powder to ball weight ratio of 1:5 was kept
constant during the milling process. Ball milling parameters have been
shown in Table 1. Plasma spraying of HAp powder and HAp/MWCNTs
mixture was carried out using A3000s Plasma Technik–F4 gun with
optimized spray parameters presented in Table 2. Powder feedstocks
were injected with Ar carrier gas to result in the coatings onto AZ31 Mg
substrates.

2.2. Microstructural and mechanical characterization

SEM microscopy (Oxford S360, Cambridge, UK, JEOL JSM-6310)
was used for microstructural analysis. X-ray diffraction spectrum was
obtained using Philips Xpert MPD at 40 kV and 20mA with Cu-Kα peak.
The fraction of crystalline HAp phase (%C) present in the coatings was

calculated using Eq. (1):
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Where AHAp is the area under the HAp peaks and Aall_peaks is the area
under all peaks. HXD-100 TMC Lenovo Vickers microhardness tester
was also used for estimating the fracture toughness of the HAp and
HAp/MWCNTs coatings. Indentation toughness of the coatings was
calculated for a load of 100 g and dwell time of 15 s using Eq. (2) [22]:
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Where KIC is the fracture toughness of coating (MPa.m0.5), E is Young's
modulus (GPa), H is the hardness (GPa), P is the applied force (kgf) and
c is the average crack length (mm) from the center of indent.

2.3. Electrochemical corrosion measurements

Potentiodynamic polarization and electrochemical impedance
measurements (EIS) were carried out in an electrochemical system (An
EG & G potentiostat 273A along with a Solarton frequency response
analyzer SI 1255 for EIS measurements) with a conventional three-
electrode cell of saturated calomel electrode (SCE) as the reference
electrode, a platinum counter electrode, and a sample with 1 cm2 area
as the working electrode. All electrochemical experiments were run
after 60min to reach the open circuit potential (OCP) and afterwards
conducted with the SBF as the electrolyte at 37.0 ± 0.5 °C. The che-
mical composition of the SBF has been presented in Table 3. To get rid
of gas bubbles that may appear on the surface of corroding samples, the
electrolyte was de-aerated by bubbling nitrogen for 30min. Potentio-
dynamic polarization tests were carried out in the range of± 250mV
respect to the OCP with a scan rate of 0.2mV/s. The impedance mea-
surements were performed in the frequency range of 100 kHz to 10
mHz using an AC overpotential with an amplitude of 5mV around OCP.

2.4. SCC and EN measurements

SCC susceptibility of different samples was evaluated at
37.0 ± 0.5 °C using SSRT testing in SBF and free air. By using a DC
control motor with reduction gear box, dog-bone shaped samples with
gauge dimensions of 30mm (length), 6 mm (width) and 2mm (thick-
ness) were pulled with a 1.2× 10−7 /s strain rate until fracture. After
this test, the fracture surfaces were cleaned with chromic acid and then
examined using SEM. While carrying out the SSRT tests, EN test in a
freely corroding system was also performed with a setup similar to the

Table 1
The parameters selected for ball milling process.

Ethanol (mL) MWCNTs (g) HAp (g) Time (h)

HAp/MWCNTs 50 2.0 48.0 18
HAp 50 0 50.0 18

Table 2
The spray parameters for the depositing of HAp and HAp/MWCNTs coatings.

Ar (L/
min)

N2 (L/
min)

Current (A) Powder feed
rate (g/min)

Powder gas
Ar (L/min)

Spray
distance (cm)

25 2 400 30 4 8

Table 3
The chemical composition of SBF.

Reagent Amount

NaCl 8.035 g
KCl 0.225 g
NaHCO3 0.355 g
MgCl2·6H2O 0.311 g
K2HPO4·3H2O 0.231 g
HCl (1.0 M) 39.0mL
CaCl2 0.292 g
Na2SO4 0.072 g
Tris buffer 6.110 g
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other electrochemical measurements (Fig. 1). A NI cFP–Al–118 module
was applied to acquire the potential and current data. The potential and
current were amplified and digitized by using a 16–bit A/D converter
with a resolution of 0.03mV and 0.3 nA. It is worthy to note that the
noise data were transformed into the frequency domain using fast

Fourier transform (FFT) algorithm and fast wavelet transform algorithm
(FWT). For the FFT, power spectral density (PSD) was calculated in a
frequency domain from 10−3 to 0.5 Hz.

3. Results and discussion

3.1. Coating characterization

Figs. 2a and b show SEM images from the cross section of HAp and
HAp/MWCNTs coatings. It is evident from these images that the coat-
ings bonded to the substrate through fusion bonding. In both cases, the
fine pores are uniformly distributed throughout the coating. These
pores are in the nature of plasma spray coatings. The results of Mi-
crostructure Image Processing (MIP) software displayed porosity con-
tent less than 10% for the both coatings. As reported by Chen et al.
[23], these pores which have little interlinking are very helpful for
mechanical fixation of living bone tissues. The coatings are almost
uniform in the thickness and appear microstructurally homogeneous.
The average thickness of HAp and HAp/MWCNTs coatings are
122.2 ± 6.9 µm and 125.6 ± 9.1 µm, respectively. The surface mor-
phology of HAp and HAp/MWCNTs coatings in different magnifications
are presented in Figs. 2c-f. As can be seen from these images, the sur-
face microstructure has been mainly consisted of well-flattened/accu-
mulated splats (fully molten, as shown by arrowhead 1) and spher-
oidized particles (semi molten and non-molten particles, as shown by
arrowhead 2). These microstructural features lead to a rough surface for
the both coatings. In contrast to the HAp coating, HAp/MWCNTs one

Fig. 1. Schematic of the SSRT experimental set-up.

Fig. 2. SEM images taken from the cross-section of
(a) HAp and (b) HAp/MWCNTs coatings and the
surface of as-sprayed (c and e) HAp and (d and f)
HAp/MWCNTs coatings.
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shows a unique microstructural characteristic and that is the MWCNT-
bridging at the splat-splat interfaces (see Fig. 2f, arrowhead 3). As a
result of the high melting point of MWCNTs, they can remain intact
during plasma spraying and act as bridges between melted and/or semi-
melted splats. It is notable that in Fig. 2f, the widths of bridges are
several times bigger than the diameter of MWCNTs. This can be at-
tributed to the precipitation of HAp splats over the MWCNTs surface
during plasma spraying. This phenomenon increases the reinforcing
effect of MWCNTs [22,28].

The phase composition of the plasma sprayed coatings was char-
acterized by XRD analysis. As shown in Fig. 3, the constituent phases of
the coatings are HAp, CaO and dicalcium phosphate dihydrate (DCPD)
with some low intensity peaks related to tetracalcium phosphate
(TTCP), MWCNTs (only for HAp/MWCNTs coating) and tricalcium
phosphate (TCP, only for HAp coating). The presence of MWCNTs peak
and absence of any carbide peaks in the XRD pattern of HAp/MWCNTs
coating indicating that the MWCNTs in the precursor materials have not
been reacted with the substrate and HAp powder during coating ap-
plication. It is worthy to note that the small fraction of other possible
phases is difficult to detect within the sensitivity limit of XRD. HAp
coating represented crystallinity of 55.4% whereas HAp/MWCNTs
coating has a crystallinity of 71.1% which shows that the amount of
secondary phases (CaO, TCP, TTCP and etc.) has been decreased in the
presence of MWCNTs. Achieving a higher degree of crystallinity, by
itself, can improve the mechanical and biocompatibility properties of
the HAp coating [29].

Fig. 4 shows the results of Vicker's indentation toughness for the
both coatings. As can be seen, the fracture toughness of HAp/MWCNTs

coating is considerably higher than HAp one (2.13 ± 0.29MPa/m0.5

compared to 0.91 ± 0.16MPa/m0.5). This increment in the fracture
toughness can be attributed to two main reasons. Firstly, MWCNTs can
act as bridges (see Fig. 2f) and restrict the widening of the cracks. In
fact, MWCNTs bridges require more energy for opening up of the cracks
and cause toughening [30]. Secondly, a lower amount of secondary
phases (higher degree of crystallinity) is also improved the mechanical
properties of the HAp coatings especially their fracture toughness [22].

3.2. Electrochemical evaluation

Fig. 5 shows the polarization curves of different samples in SBF at
37.0 ± 0.5 °C. Electrochemical parameters derived from these plots
including corrosion potential (Ecorr), corrosion current density (icorr)
and cathodic (bc) and anodic Tafel slopes (ba), which were measured
using Tafel extrapolation of the anodic and cathodic lines, are listed in
Table 4. As can be seen from Fig. 5, the overall shape of polarization
curve is not changed in the presence of both coatings, so it can be
claimed that these coatings don’t affect the corrosion mechanism of
AZ31 Mg alloy. As can be assessed from Fig. 5 and Table 4, corrosion
performance of AZ31 Mg alloy is improved in the presence of HAp and
HAp/MWCNTs coatings. The Ecorr of the AZ31 Mg alloy increased from
−1.521 V vs. SCE to –1.465 and −1.417 V vs. SCE for HAp and HAp/
MWCNTs coatings, respectively. This shifting towards more noble va-
lues implying a decrease in the tendency of corrosion initiation due to
the thermodynamics. In addition, the icorr of HAp/MWCNTs coated
sample (3.7× 10−7 A/cm2) is approximately one order of magnitude
(4.1× 10−6 A/cm2) and three orders of magnitude (3.5× 10−4 A/
cm2) lower than HAp coated sample and bare one, respectively. These
results clearly demonstrate that the HAp/MWCNTs composite coating
provides a great protection from corrosion attack.

Impedance technique is known as one of the most powerful methods
to evaluate the durability of coatings [31]. Thus, EIS was performed in
order to obtain additional insight into the corrosion of AZ31 Mg alloy
protected by HAp and HAp/MWCNTs coatings in SBF at various im-
mersion times up to 30 h. For instance, Fig. 9 represents the Nyquist and
Bode modulus plots of different samples in the test solutions after two
different exposure times (60min and 30 h). In the case of the bare
sample, a capacitive loop in the high and medium frequency ranges and
an inductive loop in the low frequency ranges are observed in the
Nyquist plots (Figs. 6a and b). As it has been widely reported [32,33],
the capacitive loop is related to the charge transfer process, whereas the
inductive loop can be attributed to the dissolution of AZ31 Mg alloy.
Moreover, the bigger capacitive loop and larger low-frequency im-
pedance modulus indicate a better corrosion protection performance
[32–34]. So, the decrease in the diameter of the capacitive loop and

Fig. 3. XRD patterns of the HAp and HAp/MWCNTs coatings.

Fig. 4. The fracture toughness of HAp and HAp/MWCNTs coatings (indentation im-
pressions have been shown as inset).

Fig. 5. Potentiodynamic polarization tests of different samples in SBF.
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impedance modulus clearly reveal that the corrosion resistance is de-
creased after 30 h of immersion.

Both HAp and HAp/MWCNTs coated samples show two time con-
stants after 60min of immersion (Fig. 6a). The first one in the high
frequencies relating to the coating and the other one in the low fre-
quencies corresponding to the polarization resistance at the substrate
surface beneath the coating. Although both coatings reveal similar be-
haviors after 60min, due to the bigger capacitance loop and impedance
modulus, the corrosion resistance of the HAp/MWCNTs coating is
higher than the HAp one. This can be firstly attributed to the more
adhesion between HAp splats due to MWCNTs bridging, and conse-
quently, diffusion of corrosive species becomes more difficult. In ad-
dition, the presence of lower amounts of secondary phases in the HAp/
MWCNTs coating improves its corrosion resistance [9,35]. Although
this behavior is nearly maintained for the HAp/MWCNTs coating even
after 30 h of immersion, HAp coating suffers from considerable corro-
sion after this exposure time. As can be seen from Fig. 6b, a new time

constant (inductive loop) at low frequency ranges appears in the Ny-
quist plot of HAp coating which in turn indicating the occurrence of
localized corrosion beneath the coating. Thus, these results demonstrate
that the HAp/MWCNTs composite coating can effectively protect the
Mg alloy from corrosion.

In order to quantitatively analyze the EIS data, experimental results
were fitted to the electrical equivalent circuits shown in Fig. 7. These
circuits reveal the electrolyte resistance, Rs, constant phase element of
the double layer, CPEdl, polarization resistance, Rp, resistance and in-
ductance of the species adsorbed on the substrate surface, Rl and Ll,
constant phase element of coating, CPEc and coating pores resistance,
Rc. The constant phase elements consist of P and n which are the ad-
mittance of the CPE and the deviation parameter, respectively [31].
From the fitting data listed in Table 5, it can be found that HAp/
MWCNTs coating always shows higher Rp and lower Cdl values (espe-
cially after 30 h of immersion) which confirm that this coating exhibits
a better and more stable corrosion performance than other samples.

Fig. 6. Nyquist and Bode modulus plots of different samples after (left) 60min and (right) after 30 h of immersion in SBF.

Fig. 7. Equivalent circuits used to fit the EIS data for (a) uncoated alloy, (b) HAp (only after 60min of immersion) and HAp/MWCNTs coatings and (c) HAp (only after 30 h of immersion).
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3.3. SCC susceptibility and signal interpretation

The stress–strain curves of different samples tested in air and SBF
are shown in Fig. 8. Mechanical properties data are also presented in
Table 6. The SCC susceptibility of the samples was evaluated according
to elongation percentage loss (εloss) in SBF media and calculated by Eq.
(3) [36]:

⎜ ⎟⎜ ⎟= ⎛
⎝

− ⎛
⎝

⎞
⎠
⎞
⎠
×ε ε

ε
1 100loss

air

SBF (3)

Where εair and εSBF are the elongation percentages measured after SSRT
in air and SBF media, respectively. As can be found from Table 6, un-
coated AZ31 Mg alloy possesses the highest εloss (52.9%) i.e. this alloy is
extremely susceptible to SCC. Comparable results have been reported
by other researchers [36]. On the other hand, in the presence of HAp
coating or HAp/MWCNTs one, the SCC susceptibility is significantly

decreased so that the εloss of these coatings is 26.8% and 9.8%, re-
spectively. Since the twinning deformation is the source of SCC sus-
ceptibility [37], it is necessary to perform a detailed fractography on
the fracture surfaces of samples. Typical fracture surfaces of different
samples after SSRT in SBF are shown in Fig. 9. It can be seen from
Fig. 9a that the fracture surface of the uncoated AZ31 Mg mainly
consists of the cleavage facets. On the other hand, in the presence of
HAp or HAp/MWCNTs coating, the fracture behavior is altered
(Figs. 9b and c). The fracture surfaces of coated samples have been
composed of cleavage facets and dimple-like (especially at the edge of
facets) morphologies so that the fraction of dimple-like areas has been
obviously increased in the case of HAp/MWCNTs coated one. In fact, in
the presence of MWCNTs, the fracture surface goes toward a semi-
ductile fracture surface (mixed mode: ductile and brittle). These ex-
perimental data show that the fracture mechanism of AZ31 Mg alloy
can be affected and improved in the presence of plasma sprayed coat-
ings. Meanwhile, this improvement is more remarkable for HAp/
MWCNTs coated sample. In line with what we expressed to interpret the
fracture toughness, it can be claimed that the MWCNTs can act as
bridges between HAp splats and restrict the opening of the cracks. So,
the crack propagating through HAp splats gets restricted when it comes
in the vicinity of MWCNTs and more energy is required for debonding.
Other researchers also studied the MWCNTs bridging phenomenon and
its effects on the toughening of HAp/MWCNTs composite structures
[30,38].

As shown in Fig. 10, the electrochemical noise (EN) of samples
during SSRT test was also measured. A relatively monotonic increase in
current and a nearly steady decrease in voltage without certain tran-
sients are observed in Fig. 10. Based on these variations, it can be stated
that the degradation process (including the formation of loose mono-
layers and their rupturing [39]) is continuously occurred in different
samples. In addition, it is implied that the degradation mechanism of
different samples is almost similar and their difference is summarized in
different kinetics for degradation reactions. As it is clear (Fig. 10), HAp/
MWCNTs coated sample has the highest failure time. This matter can be
also confirmed by power spectral density (PSD) plots. For this purpose,
EN data were analyzed in the frequency domain. The power spectral
densities of current (PSDi) were calculated as follows [39] (Fig. 11):

= + −A S f i Hzlog PSD log ( )i i i
2 1 (7)

Where Ai and Si are respectively the noise intensity and the roll-off
slope of PSDi plot. The Ai and Si parameters can reveal some informa-
tion about the relative corrosion resistance and kind of corrosion
(general and/or localized corrosion), respectively [40]. Since the PSDi

plot of HAp/MWCNTs coated sample appears lower than other samples,
it may be found that its corrosion resistance is higher than other sam-
ples. In addition, the Si values of the bare sample, HAp coated and HAp/
MWCNTs one are respectively –1.65, –1.59 and –1.61 implying that for
all samples a continuous degradation process is occurring on the surface
[38,39]. Similar to electrochemical corrosion results, in the presence of
SSRT loading, it can be also claimed that the MWCNTs-bridging and
higher adhesion between the HAp splats can efficiently retard and/or
prevent the diffusion of corrosive species and postpone the fracture
time (see fracture times in Fig. 10).

4. Conclusions

1. The uniform HAp/MWCNTs coating with a thickness of
125.6 ± 9.1 µm was produced on the surface of AZ31 Mg alloy by
plasma spray technique. This coating was mainly composed of HAp,
CaO, and dicalcium phosphate dihydrate phases.

2. Due to the high melting point of MWCNTs, they remain intact
during plasma spraying and act as bridges between the melted/semi-
melted splats. In this way, they increase the fracture toughness of
HAp coating from 0.91 ± 0.16MPa/m0.5 to 2.13 ± 0.29MPa/
m0.5.

Fig. 8. Slow-strain curves of the SSRT tests for different samples in (a) air and (b) SBF.
The surface appearance of bare and HAp/MWCNTs coated samples after SSRT test in the
SBF has been shown as the inset.

Table 4
The electrochemical parameters extracted from the polarization curves.

Sample Ecorr (V vs.
SCE)

icorr (A/
cm2)

βa (mV/
decade)

-βc (mV/
decade)

Bare −1.521 3.5 ×
10−4

167 125

HAp coating −1.465 4.1 ×
10−6

142 169

HAp/MWCNTs
coating

−1.417 3.7 ×
10−7

157 171
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3. HAp/MWCNTs coating shifts the corrosion potential toward noble
values; Ecorr of the AZ31 Mg alloy increased from −1.521 V vs. SCE
to –1.465 and −1.417 V vs. SCE for HAp and HAp/MWCNTs coat-
ings, respectively. In addition, corrosion current density of HAp/
MWCNTs coated sample (3.7× 10−7 A/cm2) is respectively one
order of magnitude (4.1×10−6 A/cm2) and three orders of mag-
nitude (3.5× 10−4 A/cm2) lower than HAp coated sample and bare
one.

4. HAp/MWCNTs coating can efficiently decrease the SCC suscept-
ibility of AZ31 Mg alloy. Fractured surfaces showed that in the
presence of this coating the fracture mode is altered from cleavage
mode to a dimple-like one.

5. The combination of SEM imaging, mechanical properties, EIS and
EN measurements revealed that in the presence or absence of SSRT
loading, HAp coating reinforced by MWCNTs shows higher re-
sistance against crack formation: so, it can effectively prevent or
retard the penetration of aggressive chloride ions or water mole-
cules. Hence, HAp/MWCNTs coated sample possesses a good cor-
rosion resistance.
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Fig. 9. The fracture surface of different samples: (a)
bare AZ31 Mg alloy, (b) HAp coated, and (c) HAp/
MWCNs coated samples.

Table 5
The electrochemical data obtained after fitting the EIS data to the equivalent circuits shown in Fig. 7.

Sample Rs (Ω cm2) Rp (Ω cm2) CPEdl Ll (H/cm2) Rl (Ω cm2) Rc (Ω cm2) CPEc

P (µF/cm2) n P (µF/cm2) n

After 60min immersion
Bare 21.6 246.1 2.1 × 10−5 0.95 187.2 216.5 – – –
Hap coating 111.3 3.3 × 105 7.3 × 10−8 0.85 – – 1.2 × 105 2.6 × 10−7 0.61
HAp/MWCNT coating 107.8 3.7 × 105 1.4 × 10−8 0.84 – – 1.8 × 105 1.1 × 10−7 0.68

After 30 h immersion
Bare 8.2 105.9 3.7 × 10−4 0.81 152.7 143.5 – – –
Hap coating 92.5 9.2 × 104 2.8 × 10−7 0.56 717.4 8.8 × 104 4.2 × 103 1.5 × 10−5 0.50
HAp/MWCNT coating 99.1 2.4 × 105 8.5 × 10−7 0.63 – – 9.3 × 104 8.2 × 10−6 0.57

Table 6
The results of the SSRT tests on different samples in air and SBF.

Sample UTS (MPa) YS (MPa) Elongation (%)

In air
Bare 239 139 13.27
HAp coating 229 146 9.65
HAp/MWCNTs coating 247 152 11.94

In SBF
Bare 217 119 6.25
HAp coating 222 123 7.06
HAp/MWCNTs coating 231 139 10.77
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