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a b s t r a c t

Magnesium alloys have been recently developed as biodegradable implant materials, yet there has been
no study concerning their corrosion fatigue properties under cyclic loading. In this study the die-cast
AZ91D (A for aluminum 9%, Z for zinc 1% and D for a fourth phase) and extruded WE43 (W for yttrium
4%, E for rare earth mischmetal 3%) alloys were chosen to evaluate their fatigue and corrosion fatigue
behaviors in simulated body fluid (SBF). The die-cast AZ91D alloy indicated a fatigue limit of 50 MPa
at 107 cycles in air compared to 20 MPa at 106 cycles tested in SBF at 37 �C. A fatigue limit of 110 MPa
at 107 cycles in air was observed for extruded WE43 alloy compared to 40 MPa at 107 cycles tested in
SBF at 37 �C. The fatigue cracks initiated from the micropores when tested in air and from corrosion pits
when tested in SBF, respectively. The overload zone of the extruded WE43 alloy exhibited a ductile frac-
ture mode with deep dimples, in comparison to a brittle fracture mode for the die-cast AZ91D. The cor-
rosion rate of the two experimental alloys increased under cyclic loading compared to that in the static
immersion test.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Magnesium alloys have been widely studied recently for their
potential applications as implant materials within bone or blood
vessels [1–10]. Extensive investigations indicated that two types
of magnesium alloy systems might satisfy the general require-
ments for biodegradable biomaterials, including good mechanical
properties, biocompatibilities and biodegradation properties:

(1) The AZ series alloy system: Witte et al. [2] first showed the
gradual degradation process of gravity-cast AZ91 alloy
within guinea pig femora and observed increased bone mass
around the magnesium rods. Since then, many investigations
for bulk AZ91 alloy [3,5], porous AZ91D alloy [6,7] and sur-
face modified AZ91D alloy [8,9] have been carried out for
the orthopedic application. For example, the degrading
AZ91D alloy scaffold was found to promote both bone forma-
tion and resorption in a rabbit model [7], and even the fast
degrading of an AZ91D scaffold exhibited good biocompati-
bility with an appropriate inflammatory host response [6].

(2) WE series alloy system: Mario et al. [10] studied the in vivo
corrosion of magnesium stents made of WE43 alloy, and
their animal and clinical experimental results showed
that the WE43 alloy stents possessed sufficient antipro-
liferative properties and drastically reduced the restenosis
rate in comparison to conventional stainless steel stents
[10]. The PROGRESS-AMS (Clinical Performance and
Angiographic Results of Coronary Stenting with Absorb-
able Metal Stents) clinical trial results [11] showed that
magnesium alloy stents could achieve an immediate
angiographic result similar to the result of other metal
stents and could be safely degraded after 4 months.
Although the recipe for AMS was a commercial secret of
BIOTRONIK, the work of Waksman et al. [12] and Loos
et al. [13] revealed that the AMS stent was constructed
from magnesium alloy containing zirconium, yttrium and
rare earth metals, which was similar to the composition
of WE43 alloy.

Implants that function as bone and blood vessels, including
bone plates, screws and vascular stents, are usually used under se-
vere cyclic loading conditions, such as tension, compression and
bending. It has been found that a material very often fails at a cyc-
lic load well below the threshold to produce failure by single appli-
cation, which means a fatigue failure [14].

1742-7061/$ - see front matter � 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.actbio.2010.07.026

* Corresponding author at: Department of Advanced Materials and Nanotech-
nology, College of Engineering, Peking University, Beijing 100871, China. Tel./fax:
+86 10 6276 7411.

E-mail address: yfzheng@pku.edu.cn (Y.F. Zheng).

Acta Biomaterialia 6 (2010) 4605–4613

Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /actabiomat



Author's personal copy

For orthopedic implants, the ultimate implant failure is usually
associated with the corrosion fatigue, which is the synergetic effect
of electrochemical corrosion and cyclic mechanical loading [15,16].
For example, Azevedo [15] found the premature fracture of a tita-
nium reconstruction plate for osteosynthesis was associated with a
corrosion fatigue mechanism.

For vascular devices, the failure of a stent due to fatigue may re-
sult in loss of radial support of the stented vessel or in perforation
of the vessel by the stent struts. It was estimated that approxi-
mately two-thirds of the failures of vascular devices would result
in patient death [14,17]. As documented in FDA Guidance Docu-
ment 1545 [18] and ASTM-F2477-07 [19], the in vitro fatigue of
vascular stents should be measured using the fully processed and
implant quality product through pulsatile methods which simulate
the loading that stent will experience in vivo. Clearly, the fatigue of
vascular stent is strongly dependent on the fatigue performance of
the actual materials it is made of, as well as its pattern design.

The corrosion fatigue of magnesium alloys have been studied
concerning their engineering application in 3.5 wt.% NaCl
(pH � 5) [20,21], 5 wt.% NaCl (pH � 6.59) [22] and 0.1N Na2B4O7

(pH � 9.3) [20]. Yet as a new type of potential biomedical metallic
material, the corrosion fatigue behavior of magnesium alloys
examined by the standard metallic biomaterial testing method in
a physiological environment has not been done. In the present
study, the fatigue and corrosion fatigue behaviors in SBF of the
die-cast AZ91D (A for aluminum 9%, Z for zinc 1% and D for fourth
phase) and extruded WE43 (W for yttrium 4%, E for rare earth mis-
chmetal 3%) alloys were systematically investigated.

2. Experimental procedure

2.1. Preparation of materials

The die-cast AZ91D alloy (89.59 wt.% Mg, 9.21 wt.% Al, 0.80 wt.%
Zn, 0.34 wt.% Mn, 0.06 wt.% Si) was provided by Shengyang Univer-
sity of Technology, China. The extruded WE43 alloy (91.35 wt.%
Mg, 4.16 wt.% Y, 3.80 wt.% RE, 0.36 wt.% Zr, 0.20 wt.% Zn,
0.13 wt.% Mn) was provided by Changchun Zhong-Ke-Xi-Mei Mag-
nesium Alloy Co. Ltd., China, with an extrusion ratio of 10. The as-
received material was further machined into standard surface-
smooth fatigue samples according to ASTM-E466-96 [23] with a
circular cross-section 5 mm in diameter and a gage length of
10 mm.

2.2. Microstructural characterization

The experimental samples were polished and etched with a mix-
ture of 1 g of oxalic acid, 1 ml of acetic acid, 1 ml of nitric acid and
98 ml of water, and observed with an environmental scanning electron
microscope (ESEM; Quanta 200FEG). X-ray diffractometry (XRD;
Rigaku DMAX 2400) using Cu Ka radiation was employed for the iden-
tification of the constituent phases in the experimental samples.

2.3. Tensile test

The standard surface-smooth tensile samples of the experimen-
tal alloys were machined according to ASTM-E8-04 [24]. The ten-
sile tests were carried out at a displacement rate of 1 mm min�1

by an Instron 3365 universal test machine. An average of at least
three measurements was taken for each group.

2.4. Fatigue test

Axial fatigue tests were conducted using a computer-controlled
servo-hydraulic PLD-50KN testing machine with sinusoidal loading

control, with a stress ratio of �1 and a frequency of 10 Hz. The fa-
tigue test was continued until complete failure of the sample, un-
less the test was stopped when the sample did not fail up to 107

cycles. The maximum stress at which the sample has not failed
at 107 cycles is defined as a fatigue limit in this study. At every load
condition at least three samples were tested. The fatigue fracture
surfaces were ultrasonically cleaned in ethanol and dried in air
prior to the morphology observation. The ESEM was used to ob-
serve the fracture surfaces to locate the fatigue crack initiation site
and help determining the fatigue fracture mechanism.

2.5. Corrosion fatigue test

The medium used in the corrosion fatigue test was SBF (con-
taining 8.035 g l�1 NaCl, 0.335 g l�1 NaHCO3, 0.225 g l�1 KCl,
0.231 g l�1 K2HPO4?3H2O, 0.311 g l�1 MgCl2?6H2O, 0.292 g l�1

CaCl2, 0.072 g l�1 Na2SO4 and 6.228 g l�1 Tris (HOCH2)3CNH2, fol-
lowing the preparation procedure of Ref. [25]). An acrylic chamber
attachment was self-designed and assembled on the PLD-50KN
testing machine, which guaranteed the gage length of the sample
was immersed in the SBF throughout the testing procedure. The
SBF solution (2 l in total volume) was kept at 37 ± 1 �C by a water
bath, and circulated through the chamber by a pump. During the
corrosion fatigue tests, the electrolyte was changed every 24 h.
The electrolyte would be replaced for each new test. The release
of magnesium and the alloying element into the electrolyte during
the corrosion fatigue tests was examined by inductively coupled
plasma atomic emission spectrometry (Leeman, Profile ICP-AES).
The fatigue-fractured samples were immersed in 10 g l�1 CrO3

solution to clean the corrosion product and then ultrasonically
cleaned in distilled water. The corrosion fatigue fracture surfaces
after the cleaning were observed with the ESEM. The static immer-
sion test in SBF (2 l) under no load was also carried out and the ion-
releasing concentration with the same immersion period as those
of the corrosion fatigue samples were measured. The corrosion rate
was calculated using the equation:

vcorr ¼
CMg � V

At

where CMg is the Mg ion concentration, V is the electrolyte volume,
A is the original surface area exposed to the electrolyte and t is the
exposure time.

2.6. Statistical analysis

Analysis of variance was used to evaluate the difference in the
corrosion rate. Statistical significance was defined as 60.05.

3. Results

3.1. Mechanical properties, fatigue and corrosion fatigue of the die-
cast AZ91D alloy

Fig. 1 shows the typical microstructure and tensile strength of
the die-cast AZ91D alloy. As can be seen from Fig. 1a, the micro-
structure of the die-cast AZ91D alloy is composed of a(Mg) matrix
and Mg17Al12 phase precipitating along the grain boundaries, with
the average grain size of 250 lm. The yield strength, ultimate
strength and elongation of the die-cast AZ91D alloy during tension
are 70.67 ± 14.21 MPa, 170.74 ± 4.85 MPa and 4.3 ± 0.48%, respec-
tively, as deduced from Fig. 1c.

Fig. 2 shows the stress–life (S–N) behaviors for the die-cast
AZ91D alloy tested in air and in SBF at 37 �C. It can be seen that
the fatigue limit of the die-cast AZ91D alloy at 107 cycles is
50 MPa in air compared to 20 MPa at 106 cycles tested in SBF.
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Fig. 3 shows the typical high-cycle fatigue fracture surfaces of the
die-cast AZ91D alloy tested in air, which are typically comprised of
three morphologically distinct zones: the crack initiation zone

(Fig. 3b), the crack propagation zone (Fig. 3c) and the final stage
overload zone (Fig. 3d). It shows similar crack initiation morphol-
ogy (Fig. 3b) to that observed for AZ91D [26] and as-rolled AZ31 al-
loy [27], described as transgranular or intergranular cracks. In
addition, the extremely low number of cycles to failure of the
die-cast AZ91D alloy samples is linked to the entrapped inclusions
or casting pores, some of which can even be seen by eye on the
fracture surface.

Fig. 4 shows a typical high-cycle fatigue fracture surface after
cleaning the corrosion products on the surface of the die-cast
AZ91D alloy samples tested in SBF. Different from the fatigue frac-
ture surface in air, the failure of the samples tested in SBF is attrib-
uted to the formation of the corrosion pit, which is visible in the
crack nucleation region on the sample surface (arrowed in
Fig. 4b). Various sizes of deep corrosion pits, ranging from 10 to
200 lm (arrowed in Fig. 4b), are observed on both the fracture sur-
face and the sample cylinder surface. The crack growth images for
die-cast AZ91D tested in SBF are similar to those tested in air. The
overload zone of the die-cast AZ91D alloy shows a brittle fracture
surface feature, as shown in Fig. 4d.

Fig. 5 shows the corrosion rate of the die-cast AZ91D alloy im-
mersed in static electrolyte and under a cyclic load in circulating
SBF. The corrosion rate of the die-cast AZ91D alloy sample is calcu-
lated from the measured Mg concentration in electrolyte incubat-
ing samples under cyclic loads or no load for the same immersion
period. It can be seen that the die-cast AZ91D alloy exhibits a

Fig. 1. XRD patterns of (a) die-cast AZ91D and (b) extruded WE43 alloys (with SEM image of the microstructure as inset), and tensile stress–strain curves of (c) die-cast
AZ91D and (d) extruded WE43 alloys.

Fig. 2. S–N curves for die-cast AZ91D at room temperature in air and in SBF at
37 �C. The experiment was run for 1 � 107 cycles.
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significantly increasing corrosion rate (p < 0.05) under a cyclic load,
while the corrosion rate increases with the increasing cyclic load.

3.2. Mechanical properties, fatigue and corrosion fatigue of the
extruded WE43 alloy

Fig. 1b shows the microstructure of the extruded WE43 alloy,
indicating that the grain size ranges from 10 to 30 lm. Besides the
matrix a(Mg) phase identified from the XRD pattern of the extruded
WE43 alloy, many Nd-rich and Y-rich precipitation was visible in the
SEM microstructure (insets in Fig. 1b), which was identified as
Mg24Y5, Mg41Nd5 and Mg12Nd phases in a previous investigation
[28]. The tensile test results (Fig. 1d) indicate that the yield strength,
ultimate tensile strength and elongation are 216.67 ± 2.89 MPa,
297.67 ± 4.39 MPa and 21.67 ± 5.3%, respectively.

Fig. 6 shows the S–N behavior for the extruded WE43 alloy
tested in air and in SBF at 37 �C. The corrosion fatigue limit of
the extruded WE43 alloy is obviously lower than the fatigue limit
of the extruded WE43 alloy (40 vs. 110 MPa).

Fig. 7 shows SEM images of typical high-cycle fatigue fracture
surfaces of the extruded WE43 alloy samples. It can be seen that
the crack nucleation region of the extruded WE43 alloy is relatively
flat with a pore (marked by an arrow in Fig. 7b). The crack growth
picture (as shown in Fig. 7c) indicates a transgranular fracture
mode with a plastically deformed zone. In the overload zone, rela-
tive flat regions as well as dimples with sizes of a few microns are
observed (Fig. 7d), indicating the ductile fracture mode of the ex-
truded WE43 alloy sample.

Fig. 8 shows typical high-cycle fatigue fracture surfaces after
cleaning the corrosion products on the surface of the extruded

WE43 alloy sample tested in SBF at 37 �C. Clearly, the failure of
the extruded WE43 alloy samples can be attributed to the forma-
tion of the corrosion pit, resulting in the crack nucleation region vis-
ible in Fig. 8b. The corrosion pits on the extruded WE43 alloy
sample are relatively shallow and the overload zone of the extruded
WE43 alloy sample exhibits a dimpled fracture surface (Fig. 8d), the
dimples of which are more shallow than on that tested in air.

Fig. 9 shows the corrosion rate of the extruded WE43 alloy im-
mersed in static electrolyte and tested under a cyclic load in circu-
lating SBF. It can be seen that the corrosion rate of fatigue samples
increases significantly (p < 0.05) under a cyclic load and that this
variation becomes more obvious under higher cyclic loads, e.g. un-
der 120 MPa.

4. Discussion

4.1. Factors influencing the fatigue and corrosion fatigue of biomedical
magnesium alloys

4.1.1. Alloying
Alloying influences the mechanical and corrosion properties of

magnesium and thus influences the fatigue and corrosion fatigue
behaviors. Al and Zn increase the tensile strength and alloying with
Al in general improves the corrosion resistance due to the effect of
continuous b-phase barriers [29]. In this study, severe localized
corrosion was observed for die-cast AZ91D alloy during the corro-
sion fatigue test (Fig. 4b) and serious pitting corrosion was also re-
ported for its in vivo corrosion measurement [30]. Y and Nd
elements form eutectic systems of limited solubility with magne-
sium, which imparts a significant increase in strength through pre-
cipitation hardening [31]. In addition, the presence of Y and Nd

Fig. 3. SEM images showing that the fatigue fracture surface morphology of the die-cast AZ91D alloy failed over 106 cycles in air. (a) Overall fracture surface; (b) crack
initiation site; (c) crack propagation site; (d) overload site.
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Author's personal copy

improves the tendency of magnesium to passivation in Na2SO4 and
NaCl solutions [32]. However, the amount of these alloying ele-
ments added should be conservative since elemental Al is a neuro-
toxicant [33] and releasing Al ions leads to defective bone
mineralization [34], which as a consequence retards the formation
of chemical bonds to implants [35]. In addition, it was reported
that elements Nd and Y distributed mainly at the implantation site
[2], which might be not tolerated by the human body.

4.1.2. Microstructure
The fatigue life usually correlates inversely with the fatigue

crack nucleation pore in both as-cast [36,37] and wrought Mg alloy
materials [38], and this acts as stress concentration. The release of
stress may result in slip bands and microcracks, and may thus
accelerate the initiation and growth of cracks [26,37–39]. In addi-
tion, the fatigue life is also influenced by the grain size of the mag-
nesium alloy. The extruded WE43 alloy has a substantially smaller

Fig. 4. SEM images showing that the fatigue fracture surface morphology of the die-cast AZ91D alloy after removing the surface corrosion product failed over 105 cycles in
SBF at 37 �C. (a) Overall fracture surface; (b) crack initiation site; (c) crack propagation site; (d) overload site. The inset in (b) shows a profile SEM image of the corrosion
fatigue sample examined at a tilt angle of 45�.

Fig. 5. The corrosion rate of the die-cast AZ91D alloy immersion in static electrolyte
and under a cyclic load in circulating SBF. *p < 0.05. Fig. 6. S–N curves for extruded WE43 alloy at room temperature in air and in SBF at

37 �C. The experiment was run for 1 � 107 cycles.

X.N. Gu et al. / Acta Biomaterialia 6 (2010) 4605–4613 4609
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grain size than does the die-cast AZ91D alloy, and thus greater fa-
tigue strength. This may be attributed to the reduced grain size
after extrusion, leading to inhibited crack initiation, inhibited dis-
location motion and an increase in the number of barriers to early
crack propagation [40]. This finding is in agreement with the re-
sults that the fatigue life of AZ91E and AZ31 alloys decreases with
increasing grain size [37,40].

4.1.3. The surrounding environment
In this work, the fatigue strength of the experimental samples

tested in SBF was much lower than those tested in air. This phe-
nomenon was also observed for AZ31, AZ61 and AM50 alloys,
which showed decreased fatigue strength tested in NaCl than those
tested in air at the same stress level [18,20]. Previous work [41,42]
suggested that the corrosion behavior of magnesium alloy in SBF
was much more complicated considering the rapid passivation ef-
fect of HCO�3 and the influence of the Tris buffer. Rettig and Virta-
nen [43] indicated that the corrosion rate of extruded WE43 alloy
in m-SBF was significantly higher than that in NaCl. Also, the dy-
namic circulating electrolyte contributes to the corrosion of mag-
nesium alloy. It was reported that the degradation behavior of
as-cast AM60B alloy was different when tested under static and
dynamic conditions [44].

4.1.4. Cyclic loading
The magnesium alloy sample under constraining conditions has

a higher dissolution rate than that in the free state because of the
well-known stress corrosion phenomenon. Here we observed that
the corrosion rate of the die-cast AZ91D alloy in the corrosion fati-
gue test was about 7–8 times that tested in static SBF, and the cor-

rosion rate of the extruded WE43 alloy in the corrosion fatigue test
was about 4–12 times that tested in static SBF. On the one hand,
this can be attributed to the deformation state of alloys under fati-
gue test. Eliezer et al. [45] found a 7-fold and a 1.5-fold increase in
the dissolution rate of strained AZ91D and AM50 alloy, respec-
tively, with the plastic strain growth from 0% to 4%. On the other
hand, under cyclic loading, cumulative plastic strains, the forma-
tion of extrusions and intrusions due to persistent slip bands
would break the corrosion product film, and thus the condensed
electrolyte droplets would penetrate into the underlying sample
through the crevice caused by the breakdown of the layer and
the crevice corrosion that occurred [46,47]. The stress concentra-
tion occurs at the root of the pit and enhances the growth of the
corrosion pit to the critical pit size at which the stress intensity fac-
tor reaches the threshold for fatigue cracking [48]. Furthermore,
the fatigue testing mode (e.g. axial and rotating fatigue) also influ-
ences the fatigue behavior of magnesium alloy. Miyashita et al.
[49] found that at 107 cycles extruded AZ61 alloy exhibits about
30 MPa higher fatigue strength when tested by rotating bending
fatigue mode than when tested by axial loading fatigue; the ratio
between fatigue life under axial loading and that under rotating
bending was about 0.77, which was attributed to the small crack
growth behavior and the difference in strain.

4.2. Comparison of fatigue property among magnesium alloys and
other biomaterials

Fig. 10a illustrates the fatigue strength of the die-cast AZ91D,
extruded WE43 and other Mg alloys for biomedical application,
including AZ31 [2], AZ61 [5] and AM50 [50] at 106 cycles tested

Fig. 7. SEM images showing that the fatigue fracture surface morphology of the extruded WE43 alloy failed over 106 cycles in air. (a) Overall fracture surface; (b) crack
initiation site; (c) crack propagation site; (d) overload site. The inset in (d) shows an enlarged SEM image of the overload site.

4610 X.N. Gu et al. / Acta Biomaterialia 6 (2010) 4605–4613



Author's personal copy

in air and corrosion medium. Bhuiyan et al. [22] evaluated the
reduction rate of fatigue strength for extruded AZ61 magnesium
alloy by the ratio of (rLH � rCE)/rLH, where rLH is the fatigue limit
under low humidity condition and rCE is that under corrosion med-
ium. Similarly, the effect of corrosion medium on fatigue strength
of the present Mg alloys can be evaluated by using the reduction
rate of fatigue strength (RRFS), as (rair � rSBF)/rair, where rair is

the fatigue strength tested in air and rSBF is the fatigue strength
tested in SBF at the same number of cycles to failure. Correspond-
ingly, the RRFS values are 67% for die-cast AZ91D in SBF, 33% for
extruded WE43 in SBF, 48% for extruded AZ61 in 5 wt.% NaCl solu-
tion, and 30% for both extruded AM50 and AZ31 in 3.5 wt.% NaCl
solution. From these comparisons, the fatigue data for Mg alloys
under corrosion medium falls in a widely scatter band
(RRFS = 30–67%) and the die-cast AZ91D seems to be more sensi-
tive to the corrosion medium.

Fig. 10b compares the fatigue strength of magnesium alloys
with some clinically used biomaterials tested in a physiological
environment. It can be seen that magnesium alloy shows a rela-
tively wide fatigue strength range, which is much lower than that
of alumina [51], Ti alloy [52,53] and ISO5832-9 stainless steel [54]
but indicates a higher fatigue strength than that of calcium phos-
phate bone cement [55]. Moreover, the high range of fatigue
strength for magnesium alloy is comparable with that of 316L
stainless steel [52] and also much greater than that of polymer
[56–58].

For permanent implants, many fatigue fracture failure cases
have been reported over the years of clinical application [15,16].
Biodegradable biomaterials should exist in vivo only for a certain
period, thus it can be assumed that the biomaterial should possess
the desired strength until it has served its purpose. For bone, typ-
ical strains are 1200–1500 microstrain for normal walking, which
equates to 20.4–25.5 MPa, assuming the Young’s modulus to be
17GPa [59]. It was reported that the mechanical properties of im-
plants should last for 1–3 months. Since the normal walking cycle

Fig. 8. SEM images showing that the fatigue fracture surface morphology of the extruded WE43 alloy after removing the surface corrosion product failed over 105 cycles in
SBF at 37 �C. (a) Overall fracture surface; (b) crack initiation site; (c) crack propagation site; (d) overload site. The inset in (b) shows an SEM profile image of the corrosion
fatigue sample examined at a tilt angle of 45�.

Fig. 9. The corrosion rate of the extruded WE43 alloy immersion in static
electrolyte and under a cyclic load in circulating electrolyte. *p < 0.05.

X.N. Gu et al. / Acta Biomaterialia 6 (2010) 4605–4613 4611
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is repeated about 2 million times per year [59], the important ser-
vice period ranges from 1.67 � 105 to 5 � 105 cycles. The predicted
fatigue strength of the extruded WE43 alloy ranges from 103 MPa
for 1.67 � 105 cycles to 99 MPa for 5 � 105 cycles, with a corrosion
fatigue limit of 40 MPa, which are higher than the physiological
strength (20.4–25.5 MPa) and bone fatigue strength (23–30 MPa)
[59]. In the case of the die-cast AZ91D alloy, the strength threshold
of 25.5 MPa appears at 3.5 � 105 cycles, or nearly 1.5 months,
which means that the fatigue strength or corrosion resistance still
needs to be improved further.

5. Conclusions

(1) The fatigue strength of the die-cast AZ91D in air was 50 MPa.
The fracture mode of the die-cast AZ91D alloy was brittle
fracture. The corrosion fatigue strength of the die-cast
AZ91D alloy in SBF was much lower than that in air, being
20 MPa at 106 cycles.

(2) The fatigue strength of the extruded WE43 alloy in air was
110 MPa. The initiation of the crack was attributed to
micropores in the samples. The fracture mode of the
extruded WE43 alloy was toughness fracture. The corrosion
fatigue strength of the extruded WE43 alloy in SBF was
40 MPa at 107 cycles.

(3) Under cyclic loading in SBF, both the die-cast AZ91D and
extruded WE43 alloys showed increased corrosion rate.
Their corrosion rates increased with increasing cyclic
loading.

(4) The fatigue life of the die-cast AZ91D and extruded WE43
alloys was mainly related to their alloying elements, micro-
structures, surrounding environment and cyclic loading.
Under the combined conditions of cyclic loading and a corro-
sive environment, the crack initiated from the corrosion pit
with the release of stress concentration.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1, 2, 5, 6, 9, 10,
are difficult to interpret in black and white. The full colour images
can be found in the on-line version, at doi:10.1016/j.actbio.
2010.07.026.
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