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a b s t r a c t
This study shows the effect of dynamic ﬂow on the degradation behaviour and mechanical integrity of
porous magnesium. A test rig that mimics the environment surrounding a cancellous bone was developed and a dynamic immersion test was performed to assess the degradation rate of the material for
bone scaffold application. Three different percentages of porous magnesium (30%, 41%, and 55%) were
immersed in simulated body ﬂuid. The results show that mass loss and mechanical integrity of the specimens deteriorated linearly with an increase in porosity and degradation time, correlating to a drop of
41% and 89%, respectively, within 3 days.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Augment bone repair and regeneration requires a bone graft
or scaffold. Annually, about 2.2 million bone scaffolds are used in
orthopaedic procedures worldwide, mainly for stimulating new
bone formation to replace and regenerate lost bone as a result
of trauma, infection, or disease [1]. Among other materials for
bone scaffolds, metallic biomaterials such as stainless steel, cobaltchromium alloys, and titanium alloys are the ones most used
when a mechanical load is present. However, despite their high
mechanical strength and fracture toughness, they also come with
disadvantages such as the possible release of toxic metallic ions
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and poor stimulation of new bone growth due to elastic moduli
mismatch [2,3]. These disadvantages have given rise to a new area
of interest—the utilization of biodegradable metals. This type of
metal is expected to fulﬁll its mechanical function and then degrade
in vivo without causing any toxicological problems [4].
Compared to iron-based and newly introduced zinc alloys,
magnesium and its alloys are the most investigated biodegradable metals for their potential application as biomedical implants
[4,5]. This metal and its alloys possess interesting mechanical
properties similar to that of human bone; the Young’s modulus (41–45 GPa) of these metals is close to that of cortical bone
(3–23 GPa) [6,7]. Besides that, magnesium has a low density and
adequate strength-to-weight ratio [8,9]. From a bioactivity point of
view, magnesium has a stimulatory effect on bone growth due to
the formation of bone-apatite like hydroxyapatite crystals, which
are quite favorable for bone strength [10–12]. The mechanical property of magnesium could be further manipulated to achieve the low
Young’s modulus of cancellous bone (0.01–2.0 GPa), thus turning
it into a porous structure to match that of cancellous bone [13].
Porous magnesium has been shown to induce early vascularization
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Table 1
The chemical composition (in wt. ppm) of the commercially pure magnesium 99.9%
purity.
Element

Al

Zn

Fe

Cu

Mn

Ni

Si

wt. ppm

70

<20

280

20

170

<10

50

on the permeability study of cancellous bone [26,27]. The test
rig created a fully laminar ﬂow in a channel 41 mm in length (L)
and provided a ﬂow rate of 0.025 ml/min with a Reynolds number (Re) of 5.44 by regulating a pump with a ﬂowrate capacity
of 0.015–32 ml/min. The pump was connected to a 250 ml tank
immersed in a water bath using a 2 mm inner diameter silicone
tube. A specimen chamber with a 2-mm diameter (D) was placed
in the channel to clamp and hold the specimen in place during testing. The specimen and the chamber had a gap of 2 mm, to ensure
that the whole surface area of the specimen would be exposed to
the ﬂuid medium. Two pressure gauges (EMA, China) were placed
before and after the specimen chamber to measure the pressure
difference between suction and discharge, and connected to a data
acquisition (DAQ—National Instruments, USA) system. A modiﬁed
tee-connector was used to trap hydrogen gas coming out of the
channel with the assistance of a manometer containing lubricant
oil (SAE 5W-30, density of 860 kg/m3 ). As shown in Fig. 1d, the
evolving hydrogen gas displaced the oil upward by hdepending
on the testing duration.

leading to good integration with tissue regeneration after gradual
degradation [14,15]. Ideally, this porous structure will have 25–90%
porosity and a 10–1000 m pore size to provide the ideal condition
for inﬁltration of essential nutrients, oxygen, and progenitor cells
for cell survivability [1,16].
Once implanted, the porous magnesium scaffolds will be in contact with cancellous bone and will biomechanically adapt to the
mechanical loading from the perpetual motion of physiological
activities through the mechanobiological signalling of osteocytes
[17,18]. The bone marrow, which is the home for progenitor
cells of osteoblasts and osteoclasts, will move as a ﬂuid medium
with a ﬂowrate range of 0.012–1.67 ml/min [19–21]. The interaction between the bone marrow movement and the cancellous
bone structure induces mechanical stresses that stimulate the
mechanobiological response to the bone quality and bone healing
process [18]. The movement of bone marrow through the porous
structure of cancellous bone due to pressure difference is generated by continuous cycles of mechanical loading from physiological
activities [22]. This bone marrow movement in the cancellous bone
must be considered as an actual boundary for testing the material
of bone scaffolds. Unfortunately, all studies conducted on porous
biodegradable metals for potential bone scaffold applications have
been done under static immersion tests only [14,23–25]. Therefore,
to address this gap, in this study, we integrated a biomechanical
condition of cancellous bone for testing porous pure magnesium
specimens under a dynamic immersion condition. The tests were
performed with variations in time of immersion under a constant
ﬂow rate of Simulated Body Fluid (SBF), which represents daily
physiological activities. The inﬂuence of the dynamic immersion
condition on the degradation behaviour and mechanical property of
the specimens will be the focus of our assessments. We believe that
the results from this study will provide insight into the degradation
behaviour of porous biodegradable metals when used as scaffolds,
as they are tested in a more realistic, in vivo-simulating condition.

A commercially pure magnesium rod with a diameter of
25.4 mm and 99.9% purity (Goodfellow Inc, Cambridge, UK) was
cut into cuboid-shaped specimens measuring 5 × 5 x 3 mm. The
chemical composition of the tested material as shown in Table 1.
Inter-connected holes with varying porosity, as shown in Fig. 1d,
were drilled into the cuboids using an 800 m diameter drill bit of a
CNC machine (HAAS, USA). The morphological indices of the specimens, including porosity and surface area, were determined using
CAD models [28] and are presented in Table 2. Prior to outer surface grinding, any excess materials and chemicals were removed
using air jets after which the specimens were immersed in acetone
for 15 min. Interdental brushes (Tepe, USA), 0.6 mm and 0.8 mm
in size, were then used to clean the internal surface of the specimens before their ﬁnal immersion in acetone for another 15 min.
The outer surface of the specimens was polished using an abrasive
paper grit #1200, and then ultrasonically cleaned in acetone for
15 min, rinsed with acetone, and dried in a vacuum chamber for 1 h
before being subjected to immersion tests.

2. Materials and methods

2.3. Dynamic immersion test

2.1. Dynamic degradation test rig

The porous magnesium specimens were subjected to dynamic
immersion tests using the test rig system shown in Fig. 1 using an
SBF as per Kokubo et al. [29] that has a composition per litre as
shown in Table 3. The pH of the SBF was adjusted to 7.4 using drops
of 1.0 M HCl of up to 5 ml, and its temperature was maintained
at 37 ◦ C ± 1 ◦ C; the ﬂowrate was kept constant at 0.025 ml/min.
The specimens were then subjected to dynamic immersion tests
for periods of 24, 48, and 72 h. The SBF volume used in this study

Fig. 1a shows a schematic view of the test rig in this study
that was designed to mimic the condition of daily physiological
activities of bone marrow ﬂow through a cancellous bone structure, which follows a laminar ﬂow [18]. The design was inspired
by the setup used in previous works on dynamic immersion tests
of magnesium alloy for coronary stent applications including one

2.2. Preparation of porous magnesium specimens

Table 2
The morphologic details of the porous pure magnesium specimens.
Type

Porosity

Surface area

Mass

Volume

Surface area per volume

Mass per Surface area

A
B
C

30%
41%
55%

189.30 mm2
209.81 mm2
225.75 mm2

82.8 mg
70.3 mg
53.3 mg

52.87 mm3
44.57 mm3
33.83 mm3

3580.48 m−1
4707.43 m−1
6673.07 m−1

0.44 kg/m2
0.34 kg/m2
0.24 kg/m2

Table 3
Composition for preparing 1 litre SBF solution.
Reagents

NaCl

NaHCO3

KCl

K2 HPO4 ·3H2 O

MgCl2 ·6H2 O

HCl 1.0M

CaCl2

Na2 SO4

Tris buffer

Quantity

8.035 g

0.355 g

0.225 g

0.231 g

0.311 g

39 ml

0.292 g

0.072 g

6.118 g
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Fig. 1. The dynamic test system: (a) a schematic view of the test rig and (b) a photograph of three types of porous magnesium specimens, (c) a detailed illustration of the
ﬂuid medium direction in the chamber, and (d) the hydrogen gas trapping system in this study.

was 250 ml. The same volume was re-circulated through particular
dynamic immersion test periods.
2.4. Specimen characterization and testing
The tested specimens were removed from the chamber, gently
rinsed with deionized water, and then dried under vacuum for 1 h.
The specimens were then observed under a Field Emission Scanning
Electron Microscope (FESEM Supra 35-VP, Carl Zeiss, Germany)
equipped with an Energy Dispersive Spectrometer (EDS) for surface morphology and chemical analysis. The corrosion product
was analysed using an X-ray diffractometer (XRD D5000, Siemens,
Germany) using a Cu Kɑ radiation at a step size of 0.02◦ with a
scanning speed of 2◦ /min.
The degraded specimens were scanned using micro computed
tomography (CT) before compression was conducted. The specimens were scanned using CT (Skyscan 1172; Kontich, Belgium) at
a resolution of 17 m. The raw data in dicom format were input into
the MIMICS software (Materialise, Belgium) to reconstruct a threedimensional model of the specimens. This model will then be used
to measure the actual cross-section of the degraded specimens.
Next, the specimens before and after immersion tests were subjected to a compression test at a strain rate of 0.005/s using a 25 kN
load with a universal testing machine (The FastTrack 8874, Instron,
Norwood, USA). Three replications were done and the compressive
strength, yield strength, and Young’s modulus were determined as
per ASTM D1621 and ISO 13314 standards.

was performed on the specimen by immersing in diluted chromic
acid for 5 min. No weight change was found. The weight loss percentage was calculated and then correlated to degradation rate in
units of weight change (mg/cm2 day) and penetration (mm/year)
using Eqs. (1) and (2) [30–32]:
Wm =
Pm =

Wo − Wf
At

3.65Wm


(1)
(2)

where A is the area of the specimen in contact with the ﬂowing
SBF is similar to the exposed surface area of the specimen in cm2
and t is time of exposure in days, and  is the density of pure Mg
(1.74 g/cm3 ).
The degradation rate measurement via hydrogen gas evolution
was based on the fact that magnesium corrosion in a biomedical
environment produces hydrogen gas (Eq. (3)) [8,9,31,33], where
1 mol of Mg (24.31 g) is equal to 1 mol of hydrogen gas (22.4 l):
Mg + 2H2 O → Mg2+ + 2OH− + H2 → Mg(OH)2 + H2

(3)

The hydrogen evolution rate (ml/cm2 day) and penetration rate
(mm/year) were determined using equations 4 and 5 [30,32,34]:
VH =

Vh
At

Wm = 1.085VH

(4)
(5)

where Vh is the volume of hydrogen gas (ml), A is the area exposed
to solutions in cm2 , and t is time of exposure in days.

2.5. Degradation rate determination
3. Results
Degradation rate was approximated via two methods: weight
loss measurement and hydrogen gas evolution. After dynamic
immersion test, the subsequent degradation product formed was
removed using diluted chromic acid (H2 CrO4 ) (200 g/L in distilled
water) for 5 min at room temperature. Prior to the immersion, a test

3.1. Morphology of specimen and corrosion product identiﬁcation
Fig. 2 shows the photographs of specimens after having gone
through dynamic immersion tests at 24, 48, and 72 h. It can be
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Fig. 2. Morphology comparison of the specimens after the dynamic immersion tests before and after cleaning.

observed that the severity of degradation and the percentage of
porosity increased with an increase in immersion time. The pores
of specimens tested at a longer period were mostly covered with a
white precipitate (Figs. 2g, h, i).
Fig. 3 shows the SEM images and EDS spectra of the tested
specimens after cleaning. A difference in morphology and chemical composition of the corrosion products was observed: (1) a
cluster of needle-like formations predominated the surface of the
specimens as a result of the presence of magnesium, oxygen, and
chloride (Fig. 3a) after 24, 48, and 72 h; (2) rod-like formations were
found on the surface as a result of magnesium, oxygen, and calcium
(Fig. 3b) after 72 h; (3) a cluster of spherical deposits on the pores
as a result of oxygen, calcium, and phosphorus, were found after
24, 48, and 72 h.
Fig. 4 shows the XRD patterns of the specimens after being subjected to immersion tests at different periods in which two phases
were detected: Mg and Mg(OH)2 . Basically, there is no difference
in the intensity of the peaks, even with prolonged test periods. Any
formation of other phases containing calcium or phosphorus was
not detected, as indicated by the EDS spectra.

tion even though it was not that obvious during the early periods
of testing (Figs. 5c, d). Specimens A and B only showed a slight
increase in hydrogen volume over time, but a remarkable increase
was observed for specimen C (highest porosity) at 48 h. When transformed to hydrogen evolution rate, the specimens A and B showed
a decreasing rate from 24 to 48 h and then increased again at 72 h of
test immersion. Meanwhile, the remarkable increase in hydrogen
evolution rate at 48 h for specimen C eventually decreased at 72 h.

3.2. Degradation rate

3.4. Mechanical properties

Fig. 5 shows the charts of degradation rate of the porous magnesium specimens calculated based on weight loss measurement
and hydrogen evolution.
The relatives weight loss increased with prolonged immersion
test period; the specimens with the highest porosity also had the
highest weight loss (Fig. 5a). When the weight loss is transformed
to degradation rate, a gradual decrease in degradation rate as a
function of time as well as porosity can be observed (Fig. 5b).
A similar increasing trend was observed for hydrogen gas evolu-

Fig. 8 shows the typical compressive stress-strain curves of the
porous magnesium specimens in comparison to solid pure magnesium. The curves show three distinct regions: elastic deformation
stage at the beginning, then plastic yielding stage up to peak stress,
and ﬁnally the failure stage. Compared to solid magnesium, the
porous structure has a lower compressive stress, which decreases
as porosity increases. After being subjected to 72 h of dynamic
immersion tests, all porous specimens were observed to experience
a substantial drop in compressive stress.

3.3. Changes in pH and suction pressure
Fig. 6 shows the changes of pH of the SBF solution for each specimen at different immersion test periods. The degradation of all
the specimens caused little change to the solution pH ranging from
−0.4 to +0.2 from a pre-set value of 7.4.
Fig. 7 shows the suction pressure proﬁle of the SBF ﬂow through
the porous structure of the specimens. After a 72-h period of
immersion, three peaks of pressure increase were identiﬁed, all of
which are related to the clogging and unclogging events of the pores
due to the corrosion products.

A.P. Md. Saad et al. / Corrosion Science 112 (2016) 495–506
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Fig. 3. SEM images and EDS spectra of: (a) needle-like formations and (b) rod-like formations found on the surface, and (c) a uniform corrosion product that has cracked on
drying with spherical deposits found on the pore.

Fig. 9 illustrates the overall mechanical properties of the porous
magnesium specimens as a function of immersion test period. The
yield strength, compressive strength, and Young’s modulus displayed a similar tendency to decrease as porosity and immersion
test period increased.
4. Discussion
Magnesium and its alloys have recently been viewed as potential materials for bone scaffolds. Their degradation behaviour has
been assessed in many in vitro studies but under static immersion conditions where the nature of ﬂuid ﬂow experienced by the
bone scaffold is not considered. The importance of taking dynamic
immersion into consideration has been shown in many studies
including one that proved about a 70% difference in degradation
rate between the static and dynamic conditions [35]. The present

work is among the ﬁrst to assess in vitro dynamic degradation
of porous magnesium, which simulates the condition of SBF ﬂow
through porous magnesium. The ﬂow was kept constant but the
porosity and immersion time were varied, both of which inﬂuence
degradation behaviour.
As shown in Fig. 5a, the relative weight loss increased as the
percentage of porosity increased and the immersion time was prolonged. This is expected because a higher porosity means that a
higher surface area is exposed to the degradation process, which is
also a function of time. The exposed surface area is the important
parameter to determine the degradation rate as stated in Eq. (1).
Based on this equation, if the exposed area (A) increases, the degradation rate will decrease as long as weight and time immersion
remain constant. However, as the exposed surface area increases,
the weight of the specimen decreases. The weight is therefore
dependent on the surface area, and the ratio of these two parame-
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Fig. 4. The XRD patterns of degraded porous magnesium specimen C in dynamic immersion at 24, 48, and 72 hours.

Fig. 5. Degradation rate of the porous magnesium specimens after immersion for 24, 48 and 72 hours were calculated based on: (a, b) weight loss measurement, and (c, d)
hydrogen gas evolution. Three specimens per group were tested and evaluated. Standard error bars are the results from the data spread.

ters is the one affecting the degradation rate. The effect of surface
area is more obvious when hydrogen gas evolution is measured,
where specimen C (55% porosity) produced much more hydrogen
than specimen A (30% porosity) and specimen B (41% porosity). The
effect of time, however, did not cause much difference in hydrogen
gas evolution (Fig. 5c). This is related to the fact that less material
was available for consumption via the degradation reaction as time
was prolonged, which is shown in the decrease in calculated degra-

dation rate over time (Fig. 5b). There is also a notable difference
in degradation rate, where the rate measured using weight loss is
about 10 times higher than that measured using hydrogen gas evolution. This may be attributed to some technical limitations in the
chemical cleaning of the degradation product where parts of the
metal were removed, and in hydrogen trapping where some of the
gas may have escaped, as other works have similarly highlighted
[36].

A.P. Md. Saad et al. / Corrosion Science 112 (2016) 495–506
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Fig. 6. Changes in pH of the SBF solution after dynamic immersion over time.

Fig. 7. Suction pressure proﬁle of the solution during dynamic immersion test over 72 hours.

Fig. 8. Typical compressive stress-strain curves of the porous magnesium specimens in comparison to solid pure magnesium before and after 72 hours of dynamic immersion
tests.

As detailed in Table 4, the present study demonstrates the effect
of dynamic ﬂow on the degradation rate of porous magnesium in
comparison to static immersion conditions. Based on the weight
loss measurement, the degradation rate of porous magnesium was

four times higher than the work done by Cheng et al. [15] and eight
times higher than those reported by Gu et al. [7], both of which
used solid magnesium specimens. Porous magnesium is expected
to degrade faster than non-porous magnesium due to its larger
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Table 4
Comparison between the degradation rate of porous magnesium.
Degradation test method

Purity of Mg (%)

Porosity (%)

Wm (mg cm−2 d−1 )

Pm (mm y−1 )

Vhe (ml/cm2 d−1 )

PH (mm y−1 )

Static immersion in Hank’s [37]
Static immersion in 3.5% NaCl [38]
Static immersion in SBF [7]
Static immersion in DMEM [15]
Dynamic immersion in SBF, present work

HP
UP
99.9
99.9
99.9

0
0
0
55
30–55

0.19–0.31
0.12
0.4
0.62–0.73
2.3−3.3

0.4–0.64
0.25
0.84
1.31–1.53
4.9–7.0

0.19–0.34
0.06
2.3
–
0.2–0.5

0.44–0.78
0.12
5.24
–
0.45–1.14

Fig. 9. The mechanical properties of the porous magnesium specimens: (a) yield
strength, (b) compressive strength, and (c) Young’s modulus.

surface area. However, Johnston et al. [37] reported a 50% lower
degradation rate of solid high purity (HP) magnesium compared to
the commercially pure samples used in Gu et al. [7]. Cao et al. [38]
reported a 50% lower degradation rate using the ultra-high purity
(UP) magnesium compare with HP magnesium. This is expected
because samples with impurities below a certain tolerance limit
will have a lower degradation rate as reported by Shi [39], Atrens
[31], Qiao [40] and Zainal Abidin et al. [34]. Johnston et al. [37]
also used the CO2 —bicarbonate buffered solutions in their immersion test system in order to maintain the pH and other constituent
concentrations so that it would mimic blood, as reported by Abidin
et al. [33]. The use of CO2 -bicarbonate buffered solutions does inﬂuence the degradation rate; Bobe et al. [41] reported that a lower
degradation rate was observed under a similar buffer system. In
most in vitro experiments, a CO2 -bicarbonate buffer was used to
assist in the precipitation of calcium phosphates and the growth of
cells, thus improving corrosion resistance [31,33,42]. However, this
study did not use a buffer system similar to blood as the nature of
the experiments conducted does not require such a buffer [7,15,43].
As shown in Fig. 6, the change in solution pH is minor (deviated ± 0.4 from 7.4) compared to the changes caused by the
static immersion of both solid and porous pure magnesium (pH
increased to 8–10), as reported by other works [14,44]. This could
be simply related to the high ratio between the mass of one
specimen (53.3–82.8 mg) and the volume of the specimen was
33.83–52.87 mm3 to the 250 ml (250,000 mm3 ) volume of SBF solution, the usage of tris-buffer and the dynamic ﬂow that prevents the
saturation of OH− ions [26] and the change in ion concentrations
was also insigniﬁcant. The OH− ions quickly reacted with the Mg2+
ions and formed a Mg(OH)2 layer (equation 3) due to the ﬂow being
displaced, clogging the pores and causing an increase in suction
pressure, as shown in Fig. 7. The interaction between the degradation process, degradation product formation, pore clogging, and
SBF ﬂow is illustrated in Fig. 10.
Once the specimens are in contact with the SBF solution, the
degradation process will occur via oxidation of magnesium to form
Mg2+ ions, and the reduction of water to form OH− ions and H2
gas (Fig. 10a). The two ions will react and form a Mg(OH)2 layer
(Fig. 10b), as conﬁrmed by the XRD patterns (Fig. 4). Over time,
the layer will become damaged by the aggressive Cl− ions from
the solution as well as by the mechanical force from the SBF ﬂow
(Fig. 10c). The formation of the Mg(OH)2 layer will facilitate the
precipitation of calcium and phosphorus (CaP) [45–47], however
the synergetic action of Cl− ions and ﬂuid ﬂow will result in the layer
peeling off (Fig. 10d), which will eventually cause pore clogging
(Fig. 10e), manifested as the increase in suction pressure (Fig. 7)
and in the change of ﬂuid ﬂow. The continuous degradation process
and shear stress created by the ﬂuid ﬂow will eventually free the
pores from any clogging (Fig. 10f).
The different forms of degradation products, as shown in
Fig. 3, can be attributed to the precipitation and chemical reaction
between the Mg(OH)2 layer and other species in the SBF solution
[9,32]. A cluster of needle-like formations containing magnesium,
oxygen, and chloride (Fig. 3a) was also observed in other works
and identiﬁed as MgCl2 due to the reaction of Mg(OH)2 with the
Cl− ions [9,44,47–49]. The rod-like and porous formation (Fig. 3b)
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Fig. 10. Schematic illustration of the degradation process of, and SBF ﬂow interaction in porous magnesium specimens during the dynamic immersion test.

Table 5
The mechanical properties of porous magnesium compared to human bone.
Work

Porosity (%)

Compressive strength (MPa)

Young’s modulus (GPa)

Cancellous bone [60]
Zhang, et al. [12]
Gu, et al. [14]
Cheng, et al. [15] (before degradation)
Cheng, et al. [15] (after degradation)
Geng, et al. [58]
Wen, et al. [61]
Present work (before degradation)
Present work (after degradation)

–
34–54
28
54.31 ± 3.10
54.78 ± 2.67
43–51
35–55
30–55
35–77

0.2–80
11.1–30.3
24
46.3 ± 3.65
41.2 ± 2.14
8–13
12–17
63–103
7.5–67.2

0.01–2
0.09–0.39
–
2.23 ± 0.09
2.18 ± 0.06
0.41–0.63
0.8–1.8
1.45–2.21
0.4–1.17

is suggested to be a mixture of MgCO3 and CaCO3 , as a result of
the Mg(OH)2 reaction with HCO3 − ions and calcium precipitation
[50–53]. Meanwhile, the cluster of spherical deposits containing
oxygen, calcium, and phosphorus is suspected to be a kind of
hydroxyapatite formation as the Ca:P ratio is close to 1.67. A similar precipitation of hydroxyapatite on the Mg(OH)2 layer has also
been reported in many works [47,54–57]. Unfortunately, the XRD

used in this study could not detect any of these chemical compounds, which could be due to their minor fraction compared to
the detected magnesium and Mg(OH)2 phases (Fig. 4).
As shown in Figs. 8 and 9, the porous magnesium specimens
experienced a notable drop in mechanical properties after being
subjected to the dynamic immersion tests. This drop increased as
the percentage of porosity and degradation time increased. How-
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ever, as detailed in Table 5, the changes in mechanical properties
are still within the range of human cancellous bone properties. The
mechanical properties of porous magnesium presented in this work
are comparable to those reported in another work by Cheng, et al.
[15]. The effect of dynamic immersion is obvious when comparing
the present result to that of previously done studies under static
immersion conditions. The strength of porous magnesium after
static immersion tests was degraded less than 10% from its original strength [14,58], while 89% degradation was observed after
dynamic immersion. Using this dynamic immersion method, the
degradation of its properties deteriorated remarkably compared to
static immersion tests reported by others. We are aware, based on
literature, that remodeling and healing of cancellous bone requires
about 3–6 months [4,59]. However, this present work has been conducted with short period of time due to the porous magnesium
degrade very signiﬁcantly within three days. In fact, this manuscript
is the ﬁrst that reported the rapid degradation in dynamic test condition. Previous literature reported a degradation rate of porous
magnesium lower than the one reported here (0.4–1.53 mm/y) due
to static condition of the test. This dynamic test condition shows
a degradation rate of 4.9 −7.0 mm/y. This study was approved of
concept dynamic immersion test for bone scaffold applications. As
it stance now, potential application is limited and further research
is required to improve its degradation resistance.
Some magnesium alloys such as MgCa, MgCa0.8, LAE442,WE43,
MgAl, MgNd2, Mg-Sr are used as a degradable medical implant
material due to their proven biocompatibility with the human
organism, biodegradability in the environment of the organism
[62–67]. Degradation tests of such alloys in the human body
indicate that they are degrades that will eliminate the need for
second surgery [68,69]. In this study, commercially pure porous
magnesium was analysed as it aiming for cancellous bone graft
applications. The porous magnesium has an elastic modulus of
1.45–2.21 GPa of present work which is within the range of the
cancellous bone 0.01–2 GPa [60]. Magnesium alloys have far greater
young’s modulus 41−45 GPa which has been used in different surgical settings [5]. However, there are reported concerns regarding
stress shielding due to the usage of materials with larger stiffness
[70–72]. The major drawback of pure magnesium is its low corrosion resistance, and this issues has received signiﬁcant attention in
numerous literature. Though pure magnesium has not been used in
medical implants applications, we believe that it has great potential
in the future.

5. Conclusion
The present work is among the ﬁrst to assess the in vitro dynamic
degradation of porous magnesium in bone scaffold applications. A
test rig was successfully developed, providing a condition that simulates bone marrow ﬂow as found in human cancellous bone, and
proving the importance of the effect of dynamic ﬂow on the degradation behaviour and mechanical integrity of porous magnesium.
The variation in porosity directly inﬂuenced degradation rate i.e. a
more porous magnesium was observed to degrade faster:

1. This inﬂuence was more obvious when the degradation rate was
measured using hydrogen gas evolution compared to weight loss
measurement where a big increase of 41% to 55% porosity was
observed.
2. The dynamic ﬂow of the degradation solution inﬂuenced the
degradation process, degradation product formation, and the
clogging of pores.
3. Under the dynamic ﬂow, Mg(OH)2 was the main degradation
product, as detected by the XRD, with the formation of MgCl2 ,

MgCO3 , and CaCO3 and hydroxyapatite on top of the Mg(OH)2
layer, as indicated by SEM and EDS.
4. As a consequence of the higher porosity and faster degradation
rate, the mechanical integrity of the porous magnesium deteriorated as a function of both porosity and degradation time with
a big drop of 89% from its original values within 3 days.
Acknowledgements
The authors would like to acknowledge the ﬁnancial support
given by Universiti Teknologi Malaysia (UTM) via a Tier-1 grant
scheme Q.J130000.2509.14H26 and the Canadian Natural Sciences
and Engineering Research Council (NSERC) via the Discovery grant
scheme. This work is part of an international research collaboration between Universiti Teknologi Malaysia, Malaysia, and Laval
University, Canada.
References
[1] L. Polo-Corrales, M. Latorre-Esteves, J.E. Ramirez-Vick, Scaffold design for
bone regeneration, J. Nanosci. Nanotechnol. 14 (2014) 15–56, http://dx.doi.
org/10.1166/jnn.2014.9127.
[2] J. Nagels, M. Stokdijk, P.M. Rozing, Stress shielding and bone resorption in
shoulder arthroplasty, J. Shoulder Elb. Surg. 12 (2003) 35–39, http://dx.doi.
org/10.1067/mse.2003.22.
[3] J.J. Jacobs, N.J. Hallab, A.K. Skipor, R.M. Urban, Metal degradation products: a
cause for concern in metal-metal bearings? Clin. Orthop. Relat. Res. (2003)
139–147, http://dx.doi.org/10.1097/01.blo.0000096810.78689.62.
[4] Y.F. Zheng, X.N. Gu, F. Witte, Biodegradable metals, Mater. Sci. Eng. R Reports.
77 (2014) 1–34, http://dx.doi.org/10.1016/j.mser.2014.01.001.
[5] M.P. Staiger, A.M. Pietak, J. Huadmai, G. Dias, Magnesium and its alloys as
orthopedic biomaterials: a review, Biomaterials 27 (2006) 1728–1734, http://
dx.doi.org/10.1016/j.biomaterials.2005.10.003.
[6] F. Witte, N. Hort, C. Vogt, S. Cohen, K.U. Kainer, R. Willumeit, et al., Degradable
biomaterials based on magnesium corrosion, Curr. Opin. Solid State Mater.
Sci. 12 (2008) 63–72, http://dx.doi.org/10.1016/j.cossms.2009.04.001.
[7] X. Gu, Y. Zheng, Y. Cheng, S. Zhong, T. Xi, In vitro corrosion and
biocompatibility of binary magnesium alloys, Biomaterials 30 (2009)
484–498, http://dx.doi.org/10.1016/j.biomaterials.2008.10.021.
[8] G.L. Song, A. Atrens, Corrosion Mechanisms of Magnesium Alloys, Adv. Eng.
Mater. 1 (1999) 11–33, http://dx.doi.org/10.1002/(SICI)15272648(199909)1:1<11:AID-ADEM11>3.0.CO;2-N.
[9] G. Song, A. Atrens, Understanding magnesium corrosion—a framework for
improved alloy performance, Adv. Eng. Mater. 5 (2003) 837–858, http://dx.
doi.org/10.1002/adem.200310405.
[10] A. Bigi, G. Falini, E. Foresti, M. Gazzano, A. Ripamonti, N. Roveri, Magnesium
inﬂuence on hydroxyapatite crystallization, J. Inorg. Biochem. 49 (1993)
69–78, http://dx.doi.org/10.1016/0162-0134(93)80049-F.
[11] H. Zreiqat, C.R. Howlett, A. Zannettino, P. Evans, G. Schulze-Tanzil, C. Knabe,
et al., Mechanisms of magnesium-stimulated adhesion of osteoblastic cells to
commonly used orthopaedic implants, J. Biomed. Mater. Res. 62 (2002)
175–184, http://dx.doi.org/10.1002/jbm.10270.
[12] X. Zhang, X.-W. Li, J.-G. Li, X.-D. Sun, Preparation and mechanical property of a
novel 3D porous magnesium scaffold for bone tissue engineering, Mater. Sci.
Eng. C. Mater. Biol. Appl. 42 (2014) 362–367, http://dx.doi.org/10.1016/j.
msec.2014.05.044.
[13] M. Geetha, a. K. Singh, R. Asokamani, a. K. Gogia, Ti based biomaterials, the
ultimate choice for orthopaedic implants—a review, Prog. Mater. Sci. 54
(2009) 397–425, http://dx.doi.org/10.1016/j.pmatsci.2008.06.004.
[14] X.N. Gu, W.R. Zhou, Y.F. Zheng, Y. Liu, Y.X. Li, Degradation and cytotoxicity of
lotus-type porous pure magnesium as potential tissue engineering scaffold
material, Mater. Lett. 64 (2010) 1871–1874, http://dx.doi.org/10.1016/j.
matlet.2010.06.015.
[15] M. Cheng, T. Wahafu, G. Jiang, W. Liu, Y. Qiao, X. Peng, et al., A novel
open-porous magnesium scaffold with controllable microstructures and
properties for bone regeneration, Sci. Rep. 6 (2016) 24134, http://dx.doi.org/
10.1038/srep24134.
[16] J. Rouwkema, N.C. Rivron, C.A. van Blitterswijk, Vascularization in tissue
engineering, Trends Biotechnol. 26 (2008) 434–441, http://dx.doi.org/10.
1016/j.tibtech.2008.04.009.
[17] M.B. Schafﬂer, W.Y. Cheung, R. Majeska, O. Kennedy, Osteocytes: Master
orchestrators of bone, Calcif. Tissue Int. 94 (2014) 5–24, http://dx.doi.org/10.
1007/s00223-013-9790-y.
[18] T.A. Metzger, T.C. Kreipke, T.J. Vaughan, L.M. McNamara, G.L. Niebur, The
in situ mechanics of trabecular bone marrow: the potential for
mechanobiological response, J. Biomech. Eng. 137 (2015) 1–7, http://dx.doi.
org/10.1115/1.4028985.
[19] M.J. Grimm, J.L. Williams, Measurements of permeability in human calcaneal
trabecular bone, J. Biomech. 30 (1997) 743–745, http://dx.doi.org/10.1016/
S0021-9290(97)00016-X.

A.P. Md. Saad et al. / Corrosion Science 112 (2016) 495–506
[20] M.E. Gomes, V.I. Sikavitsas, E. Behravesh, R.L. Reis, A.G. Mikos, Effect of ﬂow
perfusion on the osteogenic differentiation of bone marrow stromal cells
cultured on starch-based three-dimensional scaffolds, J. Biomed. Mater. Res. A
67 (2003) 87–95, http://dx.doi.org/10.1002/jbm.a.10075.
[21] F. Zhao, T.J. Vaughan, L.M. Mcnamara, Multiscale ﬂuid-structure interaction
modelling to determine the mechanical stimulation of bone cells in a tissue
engineered scaffold, Biomech. Model. Mechanobiol. (2014), http://dx.doi.org/
10.1007/s10237-014-0599-z.
[22] S.P. Samuel, C.S.U.D. of C. and B. Engineering, Fluid/solid Interactions in
Cancellous Bone, Cleveland State University, 2005, https://books.google.com.
my/books/about/Fluid solid Interactions in Cancellous B.
html?id=UF70NwAACAAJ&pgis=1 (accessed August 11, 2015).
[23] E. Aghion, Y. Perez, Effects of porosity on corrosion resistance of Mg alloy
foam produced by powder metallurgy technology, Mater. Charact. 96 (2014)
78–83, http://dx.doi.org/10.1016/j.matchar.2014.07.012.
[24] A.H.M. Yusop, N.M. Daud, H. Nur, M.R.A. Kadir, H. Hermawan, Controlling the
degradation kinetics of porous iron by poly(lactic-co-glycolic acid) inﬁltration
for use as temporary medical implants, Sci. Rep. 5 (2015) 11194, http://dx.doi.
org/10.1038/srep11194.
[25] M.H. Kang, T.S. Jang, S.W. Kim, H.S. Park, J. Song, H.E. Kim, et al., MgF2-coated
porous magnesium/alumina scaffolds with improved strength, corrosion
resistance, and biological performance for biomedical applications, Mater, Sci.
Eng. C 62 (2016) 634–642, http://dx.doi.org/10.1016/j.msec.2016.01.085.
[26] J. Lévesque, H. Hermawan, D. Dubé, D. Mantovani, Design of a
pseudo-physiological test bench speciﬁc to the development of biodegradable
metallic biomaterials, Acta Biomater. 4 (2008) 284–295, http://dx.doi.org/10.
1016/j.actbio.2007.09.012.
[27] A. Syahrom, M.R. Abdul Kadir, M.N. Harun, A. Öchsner, Permeability study of
cancellous bone and its idealised structures, Med. Eng. Phys. 37 (2014) 77–86,
http://dx.doi.org/10.1016/j.medengphy.2014.11.001.
[28] K.-W. Lee, S. Wang, L. Lu, E. Jabbari, B.L. Currier, M.J. Yaszemski, Fabrication
and characterization of poly(propylene fumarate) scaffolds with controlled
pore structures using 3-dimensional printing and injection molding, Tissue
Eng. 12 (2006) 2801–2811, http://dx.doi.org/10.1089/ten.2006.12.2801.
[29] T. Kokubo, H. Takadama, How useful is SBF in predicting in vivo bone
bioactivity? Biomaterials 27 (2006) 2907–2915, http://dx.doi.org/10.1016/j.
biomaterials.2006.01.017.
[30] M.C. Zhao, P. Schmutz, S. Brunner, M. Liu, G. ling Song, A. Atrens, An
exploratory study of the corrosion of Mg alloys during interrupted salt spray
testing, Corros. Sci. 51 (2009) 1277–1292, http://dx.doi.org/10.1016/j.corsci.
2009.03.014.
[31] A. Atrens, M. Liu, N.I. Zainal Abidin, Corrosion mechanism applicable to
biodegradable magnesium implants, Mater. Sci. Eng. B 176 (2011) 1609–1636,
http://dx.doi.org/10.1016/j.mseb.2010.12.017.
[32] A. Atrens, G.-L. Song, M. Liu, Z. Shi, F. Cao, M.S. Dargusch, Review of Recent
Developments in the Field of Magnesium Corrosion, Adv. Eng. Mater. 17
(2015) 400–453, http://dx.doi.org/10.1002/adem.201400434.
[33] N.I. Zainal Abidin, B. Rolfe, H. Owen, J. Malisano, D. Martin, J. Hofstetter, et al.,
The in vivo and in vitro corrosion of high-purity magnesium and magnesium
alloys WZ21 and AZ91, Corros. Sci. 75 (2013) 354–366, http://dx.doi.org/10.
1016/j.corsci.2013.06.019.
[34] N.I. Zainal Abidin, A.D. Atrens, D. Martin, A. Atrens, Corrosion of high purity
Mg, Mg2Zn0.2Mn, ZE41 and AZ91 in Hank’s solution at 37 ◦ C, Corros. Sci. 53
(2011) 3542–3556, http://dx.doi.org/10.1016/j.corsci.2011.06.030.
[35] H. Wang, Z. Shi, In vitro biodegradation behavior of magnesium and
magnesium alloy, J. Biomed. Mater. Res. B 98 B (2011) 203–209, http://dx.doi.
org/10.1002/jbm.b.31769.
[36] N.T. Kirkland, N. Birbilis, M.P. Staiger, Assessing the corrosion of
biodegradable magnesium implants: A critical review of current
methodologies and their limitations, Acta Biomater. 8 (2012) 925–936, http://
dx.doi.org/10.1016/j.actbio.2011.11.014.
[37] S. Johnston, Z. Shi, A. Atrens, The inﬂuence of pH on the corrosion rate of
high-purity Mg, AZ91 and ZE41 in bicarbonate buffered Hanks’ solution,
Corros. Sci. 101 (2015) 182–192, http://dx.doi.org/10.1016/j.corsci.2015.09.
018.
[38] F. Cao, Z. Shi, J. Hofstetter, P.J. Uggowitzer, G. Song, M. Liu, et al., Corrosion of
ultra-high-purity Mg in 3.5% NaCl solution saturated with Mg(OH)2, Corros.
Sci. 75 (2013) 78–99, http://dx.doi.org/10.1016/j.corsci.2013.05.018.
[39] Z. Shi, A. Atrens, An innovative specimen conﬁguration for the study of Mg
corrosion, Corros. Sci. 53 (2011) 226–246, http://dx.doi.org/10.1016/j.corsci.
2010.09.016.
[40] Z. Qiao, Z. Shi, N. Hort, N.I. Zainal Abidin, A. Atrens, Corrosion behaviour of a
nominally high purity Mg ingot produced by permanent mould direct chill
casting, Corros. Sci. 61 (2012) 185–207, http://dx.doi.org/10.1016/j.corsci.
2012.04.030.
[41] K. Bobe, E. Willbold, I. Morgenthal, O. Andersen, T. Studnitzky, J. Nellesen,
et al., In vitro and in vivo evaluation of biodegradable, open-porous scaffolds
made of sintered magnesium W4 short ﬁbres, Acta Biomater. 9 (2013)
8611–8623, http://dx.doi.org/10.1016/j.actbio.2013.03.035.
[42] D. Tie, F. Feyerabend, N. Hort, R. Willumeit, D. Hoeche, XPS studies of
magnesium surfaces after exposure to Dulbecco’s modiﬁed eagle medium,
Hank’s buffered salt solution, and simulated body ﬂuid, Adv. Eng. Mater. 12
(2010) 699–704, http://dx.doi.org/10.1002/adem.201080070.
[43] C. Liu, Y. Xin, G. Tang, P.K. Chu, Inﬂuence of heat treatment on degradation
behavior of bio-degradable die-cast AZ63 magnesium alloy in simulated body

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

505

ﬂuid, Mater. Sci. Eng. A 456 (2007) 350–357, http://dx.doi.org/10.1016/j.msea.
2006.12.020.
Y. Wang, M. Wei, J. Gao, J. Hu, Y. Zhang, Corrosion process of pure magnesium
in simulated body ﬂuid, Mater. Lett. 62 (2008) 2181–2184, http://dx.doi.org/
10.1016/j.matlet.2007.11.045.
F. Cao, Z. Shi, G.L. Song, M. Liu, A. Atrens, Corrosion behaviour in salt spray and
in 3.5% NaCl solution saturated with Mg(OH)2 of as-cast and solution
heat-treated binary Mg-X alloys: X=Mn, Sn, Ca, Zn, Al, Zr, Si, Sr, Corros. Sci. 76
(2013) 60–97, http://dx.doi.org/10.1016/j.corsci.2013.06.030.
R. Willumeit, J. Fischer, F. Feyerabend, N. Hort, U. Bismayer, S. Heidrich, et al.,
Chemical surface alteration of biodegradable magnesium exposed to
corrosion media, Acta Biomater. 7 (2011) 2704–2715, http://dx.doi.org/10.
1016/j.actbio.2011.03.004.
D. Ahmadkhaniha, M. Fedel, M. Heydarzadeh Sohi, A. Zarei Hanzaki, F.
Deﬂorian, Corrosion behavior of magnesium and magnesium-hydroxyapatite
composite fabricated by friction stir processing in Dulbecco’s phosphate
buffered saline, Corros. Sci. 104 (2016) 319–329, http://dx.doi.org/10.1016/j.
corsci.2016.01.002.
T. Kobayashi, S. Ono, S. Hirakura, Y. Oaki, H. Imai, Morphological variation of
hydroxyapatite grown in aqueous solution based on simulated body ﬂuid,
CrystEngComm 14 (2012) 1143, http://dx.doi.org/10.1039/c1ce06114c.
W. Ma, Y. Liu, W. Wang, Y. Zhang, Effects of electrolyte component in
simulated body ﬂuid on the corrosion behavior and mechanical integrity of
magnesium, Corros. Sci. 98 (2015) 201–210, http://dx.doi.org/10.1016/j.
corsci.2015.05.012.
F. Ren, Y. Ding, X. Ge, X. Lu, K. Wang, Y. Leng, Growth of one-dimensional
single-crystalline hydroxyapatite nanorods, J. Cryst. Growth 349 (2012)
75–82, http://dx.doi.org/10.1016/j.jcrysgro.2012.04.003.
Z. Li, G.-L. Song, S. Song, Effect of bicarbonate on biodegradation behaviour of
pure magnesium in a simulated body ﬂuid, Electrochim. Acta 115 (2014)
56–65, http://dx.doi.org/10.1016/j.electacta.2013.10.131.
Y. Xin, T. Hu, P.K. Chu, Degradation behaviour of pure magnesium in
simulated body ﬂuids with different concentrations of HCO3-, Corros. Sci. 53
(2011) 1522–1528, http://dx.doi.org/10.1016/j.corsci.2011.01.015.
X.B. Chen, N. Birbilis, T.B. Abbott, Effect of [Ca2+ ] and [PO43− ] levels on the
formation of calcium phosphate conversion coatings on die-cast magnesium
alloy AZ91D, Corros. Sci. 55 (2012) 226–232, http://dx.doi.org/10.1016/j.
corsci.2011.10.022.
M. Tomozawa, S. Hiromoto, Growth mechanism of hydroxyapatite-coatings
formed on pure magnesium and corrosion behavior of the coated magnesium,
Appl. Surf. Sci. 257 (2011) 8253–8257, http://dx.doi.org/10.1016/j.apsusc.
2011.04.087.
Y. Lu, P. Wan, B. Zhang, L. Tan, K. Yang, J. Lin, Research on the corrosion
resistance and formation of double-layer calcium phosphate coating on AZ31
obtained at varied temperatures, Mater. Sci. Eng. C. Mater. Biol. Appl. 43
(2014) 264–271, http://dx.doi.org/10.1016/j.msec.2014.06.039.
X.B. Chen, N. Birbilis, T.B. Abbott, A simple route towards a
hydroxyapatite-Mg(OH)2 conversion coating for magnesium, Corros. Sci. 53
(2011) 2263–2268, http://dx.doi.org/10.1016/j.corsci.2011.03.008.
S. Hiromoto, Self-healing property of hydroxyapatite and octacalcium
phosphate coatings on pure magnesium and magnesium alloy, Corros. Sci.
100 (2015) 284–294, http://dx.doi.org/10.1016/j.corsci.2015.08.001.
F. Geng, L. Tan, B. Zhang, C. Wu, Y. He, J. Yang, et al., Study on beta-TCP Coated
Porous Mg as a Bone Tissue Engineering Scaffold Material, J. Mater. Sci.
Technol. 25 (2009) 123–129, <Go to ISI>://WOS:000263620900019.
F. Witte, V. Kaese, H. Haferkamp, E. Switzer, a. Meyer-Lindenberg, C.J. Wirth,
et al., In vivo corrosion of four magnesium alloys and the associated bone
response, Biomaterials 26 (2005) 3557–3563, http://dx.doi.org/10.1016/j.
biomaterials.2004.09.049.
L.J. Gibson, The mechanical behaviour of cancellous bone, J. Biomech. 18
(1985) 317–328, http://dx.doi.org/10.1016/0021-9290(85)90287-8.
C.E. Wen, Y. Yamada, K. Shimojima, Y. Chino, H. Hosokawa, M. Mabuchi,
Compressibility of porous magnesium foam: dependency on porosity and
pore size, Mater. Lett. 58 (2004) 357–360, http://dx.doi.org/10.1016/S0167577X(03)00500-7.
X.L. Ma, L.H. Dong, X. Wang, Microstructure, mechanical property and
corrosion behavior of co-continuous ␤-TCP/MgCa composite manufactured
by suction casting, Mater. Des. 56 (2014) 305–312, http://dx.doi.org/10.1016/
j.matdes.2013.11.041.
X.N. Gu, W.R. Zhou, Y.F. Zheng, Y. Cheng, S.C. Wei, S.P. Zhong, et al., Corrosion
fatigue behaviors of two biomedical Mg alloys—AZ91D and WE43—In
simulated body ﬂuid, Acta Biomater. 6 (2010) 4605–4613, http://dx.doi.org/
10.1016/j.actbio.2010.07.026.
J.M. Seitz, R. Eiﬂer, J. Stahl, M. Kietzmann, F.W. Bach, Characterization of
MgNd2 alloy for potential applications in bioresorbable implantable devices,
Acta Biomater. 8 (2012) 3852–3864, http://dx.doi.org/10.1016/j.actbio.2012.
05.024.
X. Liu, J. Sun, Y. Yang, F. Zhou, Z. Pu, L. Li, et al., Microstructure, mechanical
properties, in vitro degradation behavior and hemocompatibility of novel
Zn-Mg-Sr alloys as biodegradable metals, Mater. Lett. 162 (2016) 242–245,
http://dx.doi.org/10.1016/j.matlet.2015.07.151.
M. Thomann, C. Krause, D. Bormann, N. Von Der Höh, H. Windhagen, A.
Meyer-Lindenberg, Comparison of the resorbable magnesium alloys LAE442
und MgCa0.8 concerning their mechanical properties, their progress of
degradation and the bone-implant-contact after 12 months implantation

506

A.P. Md. Saad et al. / Corrosion Science 112 (2016) 495–506

duration in a rabbit model, Materwiss. Werksttech. 40 (2009) 82–87, http://
dx.doi.org/10.1002/mawe.200800412.
[67] W.D. Mueller, M. Lucia Nascimento, M.F. Lorenzo De Mele, Critical discussion
of the results from different corrosion studies of Mg and Mg alloys for
biomaterial applications, Acta Biomater. 6 (2010) 1749–1755, http://dx.doi.
org/10.1016/j.actbio.2009.12.048.
[68] S.V. Dorozhkin, Calcium orthophosphate coatings on magnesium and its
biodegradable alloys, Acta Biomater. 10 (2014) 2919–2934, http://dx.doi.org/
10.1016/j.actbio.2014.02.026.
[69] S. Shadanbaz, G.J. Dias, Calcium phosphate coatings on magnesium alloys for
biomedical applications: a review, Acta Biomater. 8 (2012) 20–30, http://dx.
doi.org/10.1016/j.actbio.2011.10.016.

[70] G. Lewis, Properties of open-cell porous metals and alloys for orthopaedic
applications, J. Mater. Sci. Mater. Med. 24 (2013) 2293–2325, http://dx.doi.
org/10.1007/s10856-013-4998-y.
[71] S. Wu, X. Liu, K.W.K. Yeung, C. Liu, X. Yang, Biomimetic porous scaffolds for
bone tissue engineering, Mater. Sci. Eng. Rep. 80 (2014) 1–36, http://dx.doi.
org/10.1016/j.mser.2014.04.001.
[72] P. Tian, X. Liu, Surface modiﬁcation of biodegradable magnesium and its
alloys for biomedical applications, Regen. Biomater. 2 (2015) 135–151, http://
dx.doi.org/10.1093/rb/rbu013.

