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a b s t r a c t

The dynamic loading in human body, along with the corrosive body fluid, presents a great challenge for
the practical use of biodegradable magnesium implants. In this study, a high purity magnesium
(99.99 wt.%) and two typical promising biodegradable magnesium alloys (binary Mg–1Ca and ternary
Mg–2Zn–0.2Ca) were chosen as the experimental materials. Their dynamic mechanical performances
were comparatively evaluated by carrying out fatigue tests in air and in simulated body fluid (SBF).
The fatigue strengths of HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca were all around 90 MPa in air, however, they
decreased to 52 MPa, 70 MPa and 68 MPa in SBF at 4 � 106 cycles, respectively. The fatigue cracks initi-
ated from the microstructural defects when tested in air, but nucleated from surface corrosion pits when
tested in SBF. Cyclic loading significantly increased the corrosion rates of all the experimental materials
compared to that in static SBF. Moreover, based on our findings, the fatigue failure processes and inter-
actions between material, corrosion and cyclic loading were systematically discussed.

Statement of Significance

Fatigue strength and life are vital parameters to the design of metallic implant devices. For the corrosion
fatigue of biomedical magnesium alloys, we reported the corrosion fatigue behavior of AZ91D and WE43
in SBF (Acta Biomaterialia, 6 (2010) 4605–4613), and till now there is no other reports to our knowledge.
We spent 3 years to finish the fatigue testing and get S-N curves for three more magnesium biomaterials,
and our significant finding is that the fatigue strengths of HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca are all
around 90 MPa in air but 52 MPa, 70 MPa and 68 MPa in SBF at 4 � 106 cycles, which will provide the
first-hand data for the future magnesium implants design.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

After decades of struggling to minimize the corrosion of tradi-
tional metallic biomaterials, there is now an increasing interest
to use biodegradable metals in a number of medical device appli-
cations. Unlike traditional bio-inert metallic materials, biodegrad-
able metals are revolutionary metallic biomaterials which can
degrade gradually in vivo with an appropriate host response, and
then dissolve completely upon fulfilling the mission to assist with
tissue healing without implant residues [1]. Eliminating of second
surgery, assisting with tissue healing and good matching with tar-
get tissues in mechanics & biology are the major excellences of
biodegradable metals.

Magnesium and its alloys have been regarded as the most
promising biodegradable metallic materials. In 2013, a
magnesium-based screw (MAGNEZIX�, Syntellix AG) devoted to
bone fixation (e.g. scaphoid fracture of the hand and hallux valgus)
was authorized the CE mark as a class III medical device [2].
Recently, a magnesium-based drug-eluting biodegradable metal
scaffold (DREAMS-2G, Biotronik AG) was shown to be qualified
for treatment of obstructive coronary disease in the latest
multicenter-clinical trial [3].

Compared to traditional metallic biomaterials, magnesium
based biomaterials have significant advantages in the case of tem-
porary implants. Mg is highly biocompatible as it is an essential
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element in human body which takes part in many metabolic reac-
tions and biological mechanisms. Excessive Mg can be efficiently
excreted from the urinary system [4,5]. Magnesium implants are
easy to degrade in physiological environment, reducing a second
surgery. In orthopaedics, the specific density and Young’s modulus
of magnesium and its alloys are close to human bone, which can
eliminate/decrease the stress shielding effect [6,7]. Moreover, mag-
nesium implants can be beneficial from a physiological standpoint,
since stimulation of bone growth [8], antibacterial properties [7],
and antitumor properties [9] have already been reported. Some
side-effects of the traditional metallic materials, such as hypersen-
sitivity [10], growth restriction (especially in pediatric) [11],
implant migration [12], and interference in non-invasive imaging
[13], etc., can also be avoided.

However, one of the largest obstacles for clinical application in
magnesium implants is their fast degradation. High local pH and
excessive hydrogen evolution accompanied by fast degradation
will be harmful to tissue recovery. Premature loss of mechanical
support due to fast degradation may lead to secondary fracture
in orthopaedics and restenosis in cardiovascular diseases. As is
known, corrosion of magnesium can be interpreted as an electro-
chemical reaction Mg(s) + 2 H2O(l) = Mg(OH)2(s) + H2(g) in aqueous
environment which produces magnesium hydroxide and hydrogen
gas [14]. Unluckily, the human body is not only an aqueous envi-
ronment but also a severe environment with complex cyclic load-
ing, which can further accelerate magnesium corrosion. For
example, a cardiovascular stent undergoes cyclic loading due to
heartbeat, and an orthopaedic implant experiences complicated
load due to walking, running and normal body movements
[15,16]. A material very often fails at a cyclic loading well below
the threshold under simple static/quasi-static loading such as uni-
axial tension or compression, which means a fatigue failure
[17,18]. Things can be quite serious when considering the syner-
getic effects of corrosion and fatigue (so-called corrosion fatigue),
which is much more severe than each one occurring on its own.
The definition of corrosion fatigue can be expressed as the com-
bined action of an aggressive environment and a cyclic stress lead-
ing to premature failure of metals by cracking [19].

Final breakage due to overload in fatigue fractures often present
clinically as a sudden failure that may have serious consequences
such as painful irritation or inflammation of surrounding tissues
and the removal of failed parts is really troublesome [20]. In speci-
fic situations, such as vascular devices, implant fatigue failure can
cause death [21]. Although traditional implants possess good fati-
gue strength, there are still reports on fatigue related failures in
medical applications [22–25]. Considering the lower fatigue resis-
tance of magnesium and its alloys compared to traditional bioma-
terials [26], studies of mechanical properties, especially corrosion
fatigue in a simulated physiological environment are very impor-
tant for magnesium based biomaterials before their use in clinical
applications.

Till now, only quite limited fatigue studies were performed on
biomedical magnesium and its alloys and nearly all of them were
on aluminum containing alloys or rare earth containing alloys
[18,27]. Aluminum in biomedical applications is discouraged
because Al may be involved with Alzheimer’s disease and may also
cause muscle fiber damage [28,29]. Biosafety of rare earth ele-
ments (RE) is still ambiguous [30]. Those magnesium alloys may
not be suitable for biomedical purposes.

From the biological point of view, the use of pure magnesium is
more advisable than magnesium alloys because it prevents the
release of possible toxic ions [31]. High purity magnesium owns
excellent corrosion resistance and biocompatibility and it is a good
choice for some basic mechanism studies [32]. Recently, Mg–Ca
based alloys were widely studied because of the good biocompat-
ibility and biofunctionality of calcium [33–35]. Since Ca is a major
component in human bone and Mg is necessary for Ca incorpora-
tion into the bone, Ca containing magnesium alloys seem suitable
to be regarded as bone implant materials [36]. A magnesium screw
(K-MET, Mg–Ca based, U&I Corporation, Korea) for osteosynthesis
or fixing a broken bone was approved by the Korean Ministry of
Food and Drug Safety on April 21, 2015 [37]. Besides the high pur-
ity magnesium, two promising Ca containing magnesium alloys in
orthopaedics, namely Mg–1Ca and Mg–2Zn–0.2Ca, were also
selected to comparatively study their fatigue behaviors in air and
in simulated body fluid (SBF).
2. Experimental details

2.1. Materials and specimen preparation

The experimental materials were high purity magnesium
(99.99 wt.%, denoted as HP-Mg), Mg–1Ca and Mg–2Zn–0.2Ca all
in extruded rods with an extrusion ratio of 11. Details about the
preparation of Mg–1Ca and Mg–2Zn–0.2Ca alloys can be found in
our previous publication [33]. The raw ingot of HP-Mg was pro-
vided by Hebi Wuhua Magnesium Processing Co. Ltd., China. Plate
tensile specimens with a gage length of 25 mm and smooth-faced
fatigue specimens (surface roughness: �0.3 lm) with a circular
cross-section 5 mm in diameter and a gage length of 10 mm were
machined parallel to the extrusion direction according to ASTM-
E8-04 [38] and ASTM-E466-96 [39], respectively. Specimens for
microstructural characterization were cut perpendicular to the
extrusion direction into 2 mm in thickness, 10 mm in diameter
disks.

2.2. Microstructural characterization

Disk specimens were mechanically polished with SiC abrasive
papers from 400 grit to 2000 grit gradually, then chemically pol-
ished into mirror-like surface with the mixture of 2 ml chlorhydric
acid, 3 ml nitric acid, 5 ml acetic acid and 20 ml glycerol. Phase
constituents were characterized by X-ray diffraction analysis
(XRD, Rigaku DMAX 2400) using Cu Ka radiation at a scan rate of
4�/min operated at 40 kV and 100 mA. After etched in 4% nitric acid
alcohol solution, the samples were observed under a scanning elec-
tron microscope (SEM, HITACHI S-4800).

2.3. Tensile test

Tensile specimens machined by wire-electrode cutting were
polished with SiC abrasive papers from 400 grit to 2000 grit. The
tensile tests were carried out at a displacement rate of 1 mm/
min under ambient temperature on a universal material testing
machine (Instron 5969). Three measurements were taken for each
material.

2.4. Fatigue test in air and in SBF

Fatigue tests were conducted using a computer-controlled
servo-hydraulic testing machine (PLD-50 KN, China) with axial
sinusoidal loading. The stress ratio was set at R = �1 (R = �1 stands
for tension-compression fully reversed) and the test frequency was
10 Hz. The fatigue test was continued until complete failure of the
sample, or unless the test was stopped when the sample did not
fail up to 4 � 106 cycles. The maximum stress (stress amplitude)
at which the sample did not fail after running up to 4 � 106 cycles
was defined as the fatigue limit.

As for the corrosion fatigue, a self-designed dynamic circulation
system was utilized to monitor the corrosion fatigue environment.
This system consisted of three main parts: an acrylic chamber that



Table 1
Composition of SBF solution in this study.

Chemical NaCl NaHCO3 KCl K2HPO4�3H2O MgCl2�6H2O CaCl2 Na2SO4 Tris (HOCH2)3CNH2

Content (g/L) 8.035 0.335 0.225 0.231 0.311 0.292 0.072 6.118
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used to keep the specimen (only gage length part) immersing in
SBF solution, a temperature controlling apparatus that used to
keep the temperature of SBF at 37 ± 1 �C, and a pump to generate
the flow (65 ml/s). During the corrosion fatigue test, the SBF solu-
tion was replaced every 24 h and the dissolution of magnesium
and alloying elements into the retrieved SBF was measured until
sample failure by inductively coupled plasma atomic emission
spectrometry (Leeman, Profile ICP-AES). Composition of SBF solu-
tion is listed in Table 1, following the preparation procedure of
Ref. [40], by using analytically pure chemicals. The corrosion rate
was calculated using the following equation, CR ¼ cV

At, where CR
means corrosion rate, c refers to total magnesium ion dissolved
until sample failure, V is the SBF solution volume, A is the original
surface area exposed to the SBF solution and t is the exposure time.
2.5. Fracture surface analysis

The fatigue fracture surfaces were observed under an environ-
mental scanning electron microscope (ESEM, Quanta 200FEG). In
the case of corrosion fatigue, before ESEM observation, the fracture
surfaces were first immersed into 10 g/L CrO3 solution to remove
the corrosion products, and then ultrasonically cleaned in deion-
ized water and ethanol, respectively.
2.6. Static immersion test in SBF

In order to compare the difference between corrosion rates in
corrosion fatigue environment (in SBF circulation under cyclic
loading) and in conventional corrosion environment (static immer-
sion), static immersion tests were carried out in SBF at 37 ± 1 �C
according to ASTM-G31-72 [41]. The immersion period corre-
sponded to their counterparts in corrosion fatigue test. The disso-
lution of magnesium and other alloying elements into the
electrolyte was measured by ICP-AES. The corrosion rate was cal-
culated according to Section 2.4. Four duplicate samples for each
material were used for statistic analysis.
Fig. 2. XRD patterns of HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca.
2.7. Statistical analysis

Data in this work were expressed as means ± standard devia-
tion. Statistical analysis was performed with SPSS 18.0 software
(SPSS Inc., Chicago, USA). Differences between groups were ana-
lyzed using one-way analysis of variance (ANOVA) followed by
Fig. 1. Microstructures of (a) HP-Mg, (b) Mg–
Turkey test. A p-value <0.05 was considered statistical significant
difference.

3. Results

3.1. Microstructure

Fig. 1 shows the microstructures observed under SEM and Fig. 2
shows the XRD patterns of HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca.
Based on XRD results, HP-Mg consisted of single a-Mg phase,
whereas besides the a-Mg matrix, Mg2Ca was also found in Mg–
1Ca and Ca3Mg6Zn5 was found in Mg–2Zn–0.2Ca. Mg2Ca and Ca3-
Mg6Zn5 phases could be observed on the metallographic images
under SEM.

3.2. Mechanical property

Fig. 3 displays tensile stress-strain curves of HP-Mg, Mg–1Ca
and Mg–2Zn–0.2Ca at ambient temperature. Table 2 lists the ten-
sile mechanical properties of the experimental materials. Mg–1Ca
exhibited the highest tensile yield strength (TYS) and ultimate ten-
sile strength (UTS) with the values of 147.6 ± 2.9 MPa and
275.7 ± 5.5 MPa, respectively. The TYS and UTS of Mg–2Zn–0.2Ca
1Ca and (c) Mg–2Zn–0.2Ca under SEM.



Fig. 3. Tensile stress-strain curves of HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca.

Table 2
Tensile mechanical properties of HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca at ambient
temperature.

Materials Mechanical properties

TYS (MPa) UTS (MPa) Elongation (%)

HP-Mg 121.4 ± 3.7 207.5 ± 6.1 10.9 ± 1.4
Mg–1Ca 147.6 ± 2.9 275.7 ± 5.5 13.8 ± 2.1
Mg–2Zn–0.2Ca 117.7 ± 6.4 211.0 ± 10.8 24.4 ± 1.4
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were close to those of HP-Mg, but the former one owned the high-
est elongation among all the experimental materials with the value
of 24.4 ± 1.4%.
3.3. Fatigue behaviors in air and in SBF

Fig. 4 shows the stress-life behaviors (S-N curves) for HP-Mg,
Mg–1Ca and Mg–2Zn–0.2Ca tested in air and in SBF at 37 �C.
Clearly, the fatigue life in SBF was significantly lower than that in
air among all the experimental materials. In addition, the fatigue
life decreased with the increase of stress amplitude. As for HP-
Mg and Mg–2Zn–0.2Ca, the S-N curves exhibited a near-linear
trend, as shown in Fig. 4(a) and (c). However, in the case of Mg–
1Ca, the relationship between stress amplitude and fatigue life
deviated from the near-linear relationship, as shown in Fig. 4(b).
Within specific stress amplitude ranges, which were 90–100 MPa
in air and 70–80 MPa in SBF, the fatigue life of Mg–1Ca dramati-
cally decreased with increasing stress amplitude.

No significant difference could be found in the fatigue limits
among the three experimental materials tested in air and their val-
ues were close to 90 MPa. The fatigue limits in SBF (corrosion fati-
gue limits) of Mg–1Ca and Mg–2Zn–0.2Ca were also at the same
level of around 70 MPa, higher than 52 MPa for HP-Mg, owing to
Fig. 4. Stress-life curve (S-N curve) of (a) HP-Mg, (b) Mg–
a more uniform corrosion mode with shallow pits compared to
HP-Mg.
3.4. Fractographic analysis

The typical high-cycle fatigue fracture surfaces of HP-Mg, Mg–
1Ca and Mg–2Zn–0.2Ca in air are displayed in Fig. 5. The first col-
umn is the general overall view of the fracture surfaces corre-
sponding to (a) HP-Mg, (b) Mg–1Ca and (c) Mg–2Zn–0.2Ca,
respectively. White arrows in Fig. 5(a), (d) and (g) indicate the
direction of fracture. It revealed that the fracture surfaces were
typically comprised of three distinct zones: the crack initiation
zone, the crack propagation zone and finally the overload zone
along the white arrows. The fracture surfaces of HP-Mg and Mg–
2Zn–0.2Ca were much rougher compared to that of Mg–1Ca.

The second column and third column are enlarged details taken
from the crack initiation zones and the crack propagation zones
corresponding to the first column, respectively. Based on the
observation of crack initiation zones, it seemed that the fatigue
cracks initiated from the microstructural defects, such as micro-
pores or micro-cracks (as depicted in Fig. 5(b) and (h)) and inclu-
sions or the interface between the second phase and the matrix
(as depicted in Fig. 5(e)). In the crack initiation zones of HP-Mg,
cleavage steps could be clearly seen, showing a cleavage fracture
mode. However, in the crack propagation zones, besides the cleav-
age steps, dimples and tear ridges could also be found, showing a
composite fracture mode or namely a quasi-cleavage fracture
mode. As for Mg–2Zn–0.2Ca, micro-cracks could be found in the
crack initiation area. The crack propagation area revealed a
quasi-cleavage fracture mode similar to that of HP-Mg. The frac-
ture surface of Mg–1Ca was quite different from those of HP-Mg
and Mg–2Zn–0.2Ca. In the crack initiation area, the morphology
was relatively flat. The crack propagation area exhibited a trans-
granular fracture mode accompanied with some small flat areas.
1Ca and (c) Mg–2Zn–0.2Ca tested in air and in SBF.



Fig. 5. Typical high-cycle fatigue fracture surfaces of HP-Mg (failure at 4 � 106 cycles, under stress amplitude of 90 MPa), Mg–1Ca (failure at 55,941 cycles, under stress
amplitude of 100 MPa), and Mg–2Zn–0.2Ca (failure at 40,898 cycles, under stress amplitude of 120 MPa) in air at ambient temperature. (a), (d), and (g) are the overall-view
fractographic images of HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca, respectively. Column (b, e, h) and column (c, f, i) are the magnified images taken from the crack initiation zones
and the crack propagation zones corresponding to the first column (a, d, g), respectively. Level of magnification: (b) and (c) �200, (e) and (f) �600, (h) �1000, (i) 150.
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Fig. 6 shows the typical high-cycle fatigue fracture surfaces
after removing the corrosion products on the experimental sam-
ples tested in SBF and their corresponding magnified images of
the crack initiation sites. It was difficult to distinguish the three
typical zones which could be clearly observed on the sample sur-
faces when tested in air because of the effect caused by corrosion.
The fracture surfaces of Mg–1Ca and Mg–2Zn–0.2Ca were quite flat
compared to the rough fracture surface of HP-Mg. It was clear that
the failure of samples tested in SBF was attributed to the corrosion
pits formed on the sample surface (as depicted in Fig. 6(b), (d), and
(f)). The size and depth of corrosion pits on the HP-Mg sample sur-
face were the largest among the three materials. Pits on the Mg–
1Ca and Mg–2Zn–0.2Ca fracture surfaces were small and shallow,
but limited pits in larger size could be observed on the crack initi-
ation sites.

3.5. Corrosion in static immersion and in dynamic environment

Fig. 7 shows the corrosion rates of HP-Mg, Mg–1Ca and Mg–
2Zn–0.2Ca immersed in static SBF and under a cyclic loading in cir-
culating SBF. It could be seen that the experimental materials all
exhibited a significant increase in the corrosion rates under the
corrosion fatigue environment. Moreover, there was a trend that
the corrosion rate increased with the increase of cyclic loading.

In static immersion, since the SBF solution was not refreshed,
corrosion rate would decrease with increasing immersion time,
as shown in Fig. 8, while the pH of SBF would change inversely
according to the reaction: Mg + H+ + H2O?Mg2+ + OH� + H2 [14].
The corrosion rate in static immersion was in the following
sequence (10–110 h): HP-Mg > Mg–2Zn–0.2Ca > Mg–1Ca. In corro-
sion fatigue environment, under the stress amplitude of 70 MPa,
HP-Mg possessed the highest corrosion rate, following by Mg–
1Ca and then Mg–2Zn–0.2Ca. As stress amplitude increased from
70 MPa to 100 MPa, corrosion rate of Mg–1Ca was always higher
than that of Mg–2Zn–0.2Ca, contrary to the static immersion
results, seeing differences between Figs. 7(b) & (c) and 8.

4. Discussion

4.1. Effects of alloying on the microstructure and tensile mechanical
property

It has been reported that alloying with Ca can increase the
mechanical property and corrosion resistance of Mg significantly
[42]. Precipitates can be formed in Mg–Ca alloy even at low Ca
addition because there is almost no solubility of Ca in Mg at room
temperature. Here, in our Mg–1Ca alloy, Mg2Ca phase was found to
be uniformly distributed in the matrix. The improved tensile
strength of Mg–1Ca is mainly attributed to the precipitation
strengthening of Mg2Ca phase. The maximum solubility of Zn in
Mg is 6.2 wt.% (i.e. 2.5 at.%) at 325 �C and it decreases to a quite
small value at ambient temperature according to their binary
phase diagram [43]. The dissolution of Zn has not decreased the
solubility of Ca in Mg, meanwhile the solubility of Zn in a-Mg
matrix increases with the dissolution of Ca [44]. With limited addi-
tion of Zn and Ca in our Mg–2Zn–0.2Ca alloy, quite limited Ca3Mg6-
Zn5 phases could be found. The strength of Mg–2Zn–0.2Ca is
similar to that of HP-Mg, showing no evident strengthening. The



Fig. 6. SEM images showing the corrosion fatigue fracture morphologies of (a) HP-Mg (failure at 57,806 cycles, under the stress amplitude of 110 MPa), (c) Mg–1Ca (failure at
20,658 cycles, under the stress amplitude of 90 MPa) and (e) Mg–2Zn–0.2Ca (failure at 85,225 cycles, under the stress amplitude of 100 MPa) in SBF at 37 �C after removing
the corrosion products. (b), (d), and (f) are the magnified images of the crack initiation sites corresponding to HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca, respectively.

Fig. 7. Corrosion rates comparison between immersion in static SBF (static immersion) and under a cyclic loading in circulating SBF (corrosion fatigue environment in this
study) of (a) HP-Mg, (b) Mg–1Ca and (c) Mg–2Zn–0.2Ca. ⁄ means p < 0.05.
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origins of low ductility in magnesium are due to the inherent fea-
ture of hexagonal close-packed (HCP) structure which lacks active
slip systems at ambient temperature [45]. It seems this situation
can be ameliorated with the addition of Zn and Ca which may be
related to their texture weakening effect [46].

4.2. Processes of fatigue failure in air and in SBF

The process of fatigue and corrosion fatigue failure is illustrated
in Fig. 9. To better express the process of corrosion fatigue failure
and also to emphasize the important impact of cyclic loading on
corrosion, corrosion process in static immersion is also sketched
to compare. In air, fatigue specimens are under axial alternating
tension or compression stress. Stress concentration will happen
at structural defects (such as surface defects, casting pores,
micro-cracks and inclusions) [18,47,48], and mechanical weak sites
(interfaces between different phases in magnesium alloys, twin
boundaries, slip bands, etc.) [49–51]. Fatigue cracks can easily ini-
tiate from those sites, then propagate and finally lead to sample
fracture, as shown in Fig. 9(b1)–(b4).



Fig. 8. Corrosion rates of the experimental materials at different time points
immersed in static SBF.
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In SBF, fatigue sample surfaces will suffer from corrosion and
the failure process becomes much more complicated. Besides the
inherent properties of materials themselves, corrosive medium
and cyclic loading co-work on the fatigue behavior, as depicted
Fig. 9. Schematic damage processes during static immersion (a1–a3), fatigue in air (b1–
a1: the galvanic corrosion between magnesium matrix and second phase/grain boundary
corrosion product Mg(OH)2; b1: fatigue samples with microstructural defects (pores, mic
microstructural defects, phase boundary or surface defects and growing into critical size;
samples with microstructural defects and surface defects; c2–c3: corrosion pits formin
growing into critical size; c4: fatigue fracture morphology in SBF covering with corrosio
in Fig. 9(c1)–(c4). Microstructural defects should be considered
with the top priority because they themselves can act as fatigue
crack sources. Under high stress levels, ahead of the corrosion pits
formation and growth into critical size, fatigue cracks can grow and
propagate from the pre-existing microstructural defects and finally
lead to the fracture. However, if well controlled materials show
only limited microstructural defects, the corrosion medium gets
plenty time to corrode the sample surface under low stress condi-
tion. Then, corrosion pits form on the sample surface and grow to
the critical size, propagate and finally initiate sample fatigue. Dur-
ing this process, cracks may also initiate from the pre-existing
defects and they continuously grow, but the growth rate is too
slow compared to the pitting process and corrosion becomes the
dominating process.

4.3. Accelerated corrosion and mechanical deterioration under cyclic
loading

Accelerated corrosion under cyclic loading has been demon-
strated previously and it can be attributed to stress corrosion
[52]. Mg–1Ca owns a large number of well dispersed Mg2Ca parti-
cles, while only limited Ca3Mg6Zn5 particles can be found in Mg–
2Zn–0.2Ca. Stress concentration can be found at the interfaces
between the second phases and a-Mg matrix because of their
mechanical mismatching. Those sites are easy to be corroded
b4) and fatigue in SBF (c1–c4), viewed from the cross-section of the fatigue sample.
; a2: the partially protective film forming and covering; a3: Ca/P deposition on the
ro-cracks and inclusions) and surface defects; b2–b3: fatigue cracks nucleating from
b4: fatigue fracture morphology in air with typical three distinct zones; c1: fatigue
g, fatigue cracks forming at surface corrosion pits or microstructural defects and
n products.



Table 3
Comparison of the fatigue strength of as-extruded HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca in this work to other biomedical magnesium alloys published in literature in air and in
different simulated body fluids.

Materials Mechanical property Corrosion fatigue Fatigue strength in
air/MPa

Fatigue
ratioc

Reference

TYS/MPa UTS/MPa Elongation/% Medium Corrosion fatigue
strength/MPa

ZEK100a 180–190 260 / PBS 133 (N = 11,156) 133 (N = 19,278) / [59]
Die-cast AZ91D 71 171 4.3 SBF 20 (N = 106) 50 (N = 107) 0.29 [18]
As-extruded WE4 217 298 21.7 SBF 40 (N = 107) 110 (N = 107) 0.37 [18]
Sand-cast AZ91Db 105 180 / m-SBF 17 (N = 5 � 105) 57 (N = 107) 0.32 [48]
As-extruded HP-Mg 121 208 10.9 SBF 52 (N = 4 � 106) 89 (N = 4 � 106) 0.43 Present

work
As-extruded Mg–1Ca 148 276 13.8 SBF 70 (N = 4 � 106) 90 (N = 4 � 106) 0.33 Present

work
As-extruded Mg–2Zn-0.2Ca 118 211 24.4 SBF 68 (N = 4 � 106) 87 (N = 4 � 106) 0.41 Present

work

Notes:
m-SBF: modified simulated body fluid.

a Fatigue tests of ZEK100 were conducted in air under sinusoidal loading control with a stress ratio of R = 0 and a frequency of 0.33 Hz after the samples were pre-corroded
in PBS for different intervals (data in Table 3 was pre-corroded for 7 d).

b For sand-cast AZ91D, axial fatigue tests were performed using a servo-hydraulic Instron testing machine with sinusoidal wave form and a stress ratio of R = �1 (fully
reversed) with a frequency of 5 Hz.

c Fatigue ratio = fatigue limit in air/UTS.

Fig. 10. Fatigue limits (N = 107, unless specifically noted) of HP-Mg, Mg–1Ca and
Mg–2Zn–0.2Ca compared to previously reported biomedical magnesium alloys and
also to some industrial magnesium alloys. Data were collected from references
[18,19,47,48,60]. m-SBF: modified simulated body fluid.
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under stress corrosion. That explains whyMg–1Ca corroded slower
than Mg–2Zn–0.2Ca in static SBF, while faster under cyclic loading.
Even though Mg–1Ca corrodes faster than Mg–2Zn–0.2Gd under
cyclic loading, there is no much difference between their corrosion
fatigue strength owing to a relatively uniform corrosion mode, as
shown in Fig. 6(d).

Generally, along with degradation, the mechanical support of
degradable implants will deteriorate due to decreasing of force
bearing area. Cyclic loading significantly accelerates the corrosion
and in this way accelerates the mechanical deterioration. Localized
corrosion or severe pitting will lead to serious stress concentration
and they are detrimental to implant stability. Unfortunately, cyclic
loading can increase their susceptibility. It is worth mentioning
that a slower material degradation in static immersion does not
always mean a slower corrosion rate under cyclic loading com-
pared to other materials. For instance, Mg–1Ca is more sensitive
to cyclic loading in present work. Considering the complex interac-
tions between material, corrosion and cyclic loading, dynamic
mechanical tests of biodegradable metals in simulated physiologi-
cal fluids should be recommended.
4.4. Fatigue results in the present work compared to published
literature

Table 3 lists the fatigue data of biomedical magnesium and its
alloys in our work and in the published literature as well. Clearly,
except for our work, there are only two research works on the cor-
rosion fatigue of biomedical magnesium alloys. Previously
reported fatigue behaviors are all about Al containing or RE con-
taining magnesium alloys, as depicted in Table 3. However, Witte
et al. [53] have recommended that Mg–Al and Mg-RE systems
should not be used for biomedical applications due to possible
harmful effects of Al and RE [54–56]. HP-Mg, Mg–1Ca and Mg–
2Zn–0.2Ca are potential candidates for degradable orthopaedic
implants and this is the pioneering work on the corrosion fatigue
of those alloys.

Fig. 10 clearly shows the fatigue strengths of HP-Mg, Mg–1Ca,
Mg–2Zn–0.2Ca compared to previously reported biomedical mag-
nesium alloys and also to some commonly used industrial magne-
sium alloys. It seems extruded magnesium and its alloys own
higher fatigue resistance compared to as-cast ones. Materials in
this work exhibit similar in-air fatigue strength compared to other
as-extruded magnesium alloys. However, they exhibit much higher
corrosion fatigue strength. In addition, the important impacts of
corrosion medium on the fatigue strength can also be found. Aqu-
eous solutions which contain chloride, phosphate and nitrate ions
are the most detrimental to the fatigue limit as those ions acceler-
ate the corrosion of magnesium and increase the susceptibility to
pitting corrosion [57].

Cyclic loading is inevitable in actual physiological environment.
Surgical short-time devices for orthopaedics need to maintain their
mechanical integrity (20–25 MPa) for about 5 � 105 cycles [18],
and materials in this study all fulfill that, as shown in Table 3.
The fatigue ratio (fatigue limit-UTS ratio) of biomedical magne-
sium and its alloys is in the range of 0.29–0.43, lower than the
value of 0.4–0.5 for some other metallic biomaterials [58].
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4.5. Limitations and recommendations

The actual body fluid contains organic components such as pro-
teins, amino acids and glucose, however, SBF only consists of inor-
ganic ions and this is a constraint in this work. Design of devices,
plastic deformation of semi-finished products, surface treatments
all have influences on the fatigue behaviors. Finished products
for clinical use should demonstrate their safety in a proper simu-
lated physiological fluid under a more realistic loading form.
5. Conclusions

Generally, microstructures, tensile mechanical properties, fati-
gue behaviors in air and in SBF of three typical magnesium based
biodegradable metals were comparatively evaluated in this work.
The fatigue strengths of HP-Mg, Mg–1Ca and Mg–2Zn–0.2Ca were
all around 90 MPa in air, however, they decreased to 52 MPa,
70 MPa and 68 MPa in SBF at 4 � 106 cycles, respectively. Fatigue
cracks initiated from the microstructural defects (such as surface
defects, casting pores, micro-cracks and inclusions) or mechanical
weak sites (such as interface between different phases) when
tested in air but nucleated from surface corrosion pits when tested
in SBF. Significantly accelerated corrosion and mechanical deterio-
ration were found under cyclic loading in SBF. To ensure safety, a
good balance is necessary between persistence of mechanical
properties and degree of degradation for biodegradable metallic
biomaterials.
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