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ABSTRACT

A bio-ceramic coating was prepared on the surface of ZK60 magnesium alloys by micro-arc
oxidation (MAO) method. The substrate (BM) and coated (MAO) specimens were pre-corroded in a
simulated body fluid (SBF) for 12 h. Strain-controlled and stress-controlled loading modes were used
to conduct fatigue tests for the two specimens, respectively. The cyclic deformation behavior of the
two specimens with non-corroded and pre-corroded was studied. The mechanism of cyclic
deformation under different loading conditions is related to twinning and slip. At the same test
conditions, the fatigue life of the non-corroded BM specimen is higher than that of the non-corroded
MAO specimen, while the fatigue life of the pre-corroded MAO specimen is higher than that of the
pre-corroded BM specimen. A modified total strain energy model is proposed and the precision of
life prediction is higher than that of traditional fatigue model.

Keywords: Magnesium alloys; cyclic deformation; MAO coating; Simulated body fluid; Fatigue life
prediction

1. Introduction

At present, magnesium alloys as degradable implant materials have attracted wide attention in
the medical field. Different from traditional implant materials (titanium alloy, stainless steel and
cobalt-chromium alloy, etc.), the temporary implants made of magnesium alloy can be gradually
degraded in physiological environment, and thus avoiding the damage caused by secondary surgery
5] In addition, the density and elastic modulus of magnesium alloy implants are close to human
bone, which can effectively avoid stress shielding effect . However, the poor corrosion resistance
of magnesium alloys makes it easy to degrade rapidly in physiological environment, which limits its
clinical application as a biological implant **,

MAO technology has been used to prepare bio-ceramic coatings on the surface of magnesium
alloys to improve the corrosion resistance and bioactivity of materials P, Magnesium alloy
implants must have sufficient resistance to stress corrosion cracking (SCC) under both corrosive
body fluids and mechanical loads in human environment. The stress corrosion behavior of MAO
coated magnesium alloys in SBF is reported. Xiong et al '“'” conducted a slow strain rate tensile test
(SSRT) for untreated and MAO treated AZ80 magnesium alloys in SBF, and the results indicated that
the stress corrosion resistance of MAO treated magnesium alloys is higher than that of untreated



magnesium alloy. A composite MAO coating is prepared on the surface of Mg-4Zn-0.6Zr-0.4Sr
magnesium alloy by Chen et al ["¥l. The results of SSRT tests combined with in-situ electrochemical
measurements showed that the SCC resistance of MAO coated magnesium alloy in the SBF is
significantly improved. However, medical implants often bear cyclic loads in human environment,
which can lead to sudden rupture of implants before completing their functions. Sudden failure of
implants can have serious consequences, such as causing pain or inflammation in surrounding tissues
¥ Therefore, medical magnesium alloy implants must have mechanical integrity. Jafari et al. 1**
investigated the fatigue behavior of AZ91D magnesium alloys in modified simulated body fluid (m-
SBF). The results showed that the crack initiation occurs at inclusions and corrosion pits, and the
hydrogen embrittlement plays an important role in crack propagation in m-SBF. Liu et al. [
investigated the fatigue behavior of extruded Mg—Zn—Y-Nd alloy used for vascular stents was
studied both in air and in SBF. The results showed that the fatigue limit of the alloy is about 65 MPa
at 107 cycles in air, while there is no limit in SBF. The stress corrosion and hydrogen embrittlement
were the main reasons for inducing fatigue crack initiation in magnesium alloys in SBF. Chen et al.
(221 studied ratcheting and fatigue behaviors of extruded AZ31B magnesium alloys in phosphate
buffered solution (PBS). The results showed that the interaction between corrosion and ratcheting
strain leads to fatigue damage of magnesium alloy. Severe corrosion environments and larger
ratcheting strains induce more micro-cracks on the surface of material, which accelerated the fatigue
damage process. Although some researchers have investigated the fatigue behavior of magnesium
alloys in SBF, the study on fatigue behavior of MAO treated magnesium alloys in SBF has not been
reported.

In this paper, a bio-ceramic coating was prepared on the surface of ZK60 magnesium alloys by
using MAO method. The fatigue tests were carried out by strain-controlled and stress-controlled
loading, respectively. The cyclic deformation behavior of substrate (BM) and coated (MAO)
specimens with non-corroded and pre-corroded was studied. The total strain energy model was used
to predict the fatigue life of various specimens under different loading conditions.

2. Materials and methods

The test material is an extruded ZK60 magnesium alloy. The long axis of the plate specimen for
fatigue test is parallel to the extrusion direction, and the dimension of the gauge segment is 4 mm
(thickness) x 4.5mm (width) x 8 mm (length). Before preparing the MAO coating, all the specimens
were polished by using SiC papers with grit No. from 400 up to 1200, and ultrasonically washed in
anhydrous ethanol, then cleaned with distilled water and dried in ambient air. The composition of
electrolyte and the electrical parameters used to prepare MAO coating was published in previous
paper . The SBF solution " is composed of 6.8 g/L. NaCl, 0.1 g/L Mg,SO,, 0.2 g/L CaCl,, 2.2 g/L
NaHCOs, 0.216 g/LL NaH,PO,, 0.026 g/L Na2HPO,, 0.4 g/LL KCI1. The pH value of SBF solution is
7.4, which was regulated by NaOH solution and dilute HCI solution. For all the specimens, the part
except the gauge section were wrapped with anticorrosive tape to avoid corrosion, and then
immersed in the SBF for 12 h. The pre-corroded specimens were dried in ambient air and the
adhesive tape was removed.

Fatigue experiments were conducted in ambient air using Instron8872 servo-hydraulic material
testing systems. The non-corroded and pre-corroded (BM and MAO) specimens were subjected to
cyclic loading tests under the strain-controlled and stress-controlled loading, respectively. The fully
reversed strain-controlled tests were conducted with the strain amplitudes between 0.5% and 1.0%.



Three stress amplitudes (150 MPa,180 MPa and 200 MPa) and three stress ratios (—0.5, —0.8 and —1)
were used in the stress-controlled experiments. The fatigue test conditions are listed in Table 1 and 2,

respectively.
Table 1
Strain-controlled fatigue tests
Nf
Spec ID Environment A( ;0/ )2 ( }{ 2) R,
(Cycle)
60-BM-A1 non-corroded 1 0.33 -1 376
60-BM-A2 non-corroded 0.8 033 -1 491
60-BM-A3 non-corroded 0.7 033 -1 510
60-BM-A4 non-corroded 0.5 1 -1 2942
60-BM-A5  pre-corroded 1 0.33 -1 193
60-BM-A6  pre-corroded 0.8 0.33 -1 292
60-BM-A7 pre-corroded 0.7 033 -1 351
60-BM-A8  pre-corroded 0.5 | 240
60-MAO-A1 non-corroded 1 0.33 -1 308
60-MAO-A2 non-corroded 0.8 0.33 -1 460
60-MAO-A3 non-corroded 0.7 0.33 -1 385
60-MAO-A4 non-corroded 0.5 1 -1 199
60-MAO-AS5 pre-corroded 1 0.33 -1 256
60-MAO-A6 pre-corroded 0.8 0.33 -1 402
60-MAO-A7 pre-corroded 0.7 0.33 -1 360
60-MAO-A8 pre-corroded 0.5 | 135

A g/2= strain amplitude; f= frequency; R = strain ratio; N,= number of cycles to failure.

Table 2
Stress-controlled fatigue tests
f
Aol2 o N
Spec ID Environment R, " f
P (MPa) ( Hz) (MPa) (Cycle)
60-BM-R1  non-corroded 200 0.5 0_ 5 67 2146
60-MAO-R1 non-corroded 200 0.5 0_ 5 67 1379
60-BM-R3  pre-corroded 200 0.5 0_ 5 67 1202
60-MAO-R3 pre-corroded 200 0.5 - 67 1356



60-BM-R5  non-corroded 180 1 -1 0 644
60-MAO-R5 non-corroded 180 1 -1 0 414
60-BM-R6  pre-corroded 180 1 -1 0 344
60-MAO-R6  pre-corroded 180 1 -1 0 385
60-BM-R7  non-corroded 180 1 0'8 20 778
60-MAO-R7 non-corroded 180 1 0_ g 20 724
60-BM-R8  pre-corroded 180 1 0'8 20 338
60-MAO-R8 pre-corroded 180 1 0_ 2 20 396
60-BM-R9  non-corroded 200 0.5 0'8 23 382
60-MAO-R9 non-corroded 200 0.5 0_ 2 23 317
60-BM-R11  pre-corroded 200 0.5 0'8 23 188
60-MAO-R11 pre-corroded 200 0.5 0'8 23 244
60-MAO-R14 non-corroded 180 1 0_ 5 60 2265
60-MAO-R15 pre-corroded 180 1 0_ 5 60 2208
60-MAO-R16 non-corroded 150 3 0' s 50 6687
60-MAO-R17 pre-corroded 150 3 0' s S0 5777
60-MAO-R18 non-corroded 150 3 -1 0 10222
60-MAO-R19 pre-corroded 150 3 -1 0 6397

A o/2=stress amplitude ; f=frequency; R ={stress ratio; o ,=mean stress;

N

3. Results

= number of cycles to failure.

3.1. Tensile properties

Tensile stress-strain curves of the non-corroded and pre-corroded (BM and MAQO) specimens
are shown in Fig. 1. Taking 0.2% offset as a measure of the yield stress, the tension yield stresses/
elongation of non-corroded BM and non-corroded MAO specimens are 286 MPa/27.6% and 283
MPa/26.7%, whereas pre-corroded BM and pre-corroded MAO specimens are 275 MPa/20.5% and



279 MPa/21.5% respectively. It can be seen that the tensile yield strength of the pre-corroded BM
and pre-corroded MAO specimens decreased by 4% and 1.4% compared with the non-corroded BM
and non-corroded MAO specimens, respectively. The previous research reveals that the compressive
yield stress of ZK60 magnesium alloy is 159 MPa **. The Chen et al *! pointed out that the degree
of reduction of compressive yield strength is similar to that of the tensile yield strength in the
corrosion environment for the magnesium alloys.
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Fig. 1. Tensile stress-strain curves of ZK60 magnesium alloy for different specimens.

3.2. Cyclic deformation behavior at strain-controlled loading

The stress-strain hysteresis loops of all the specimens (BM and MAO) with non-corroded and
pre-corroded under full reversed strain-controlled loading are shown in Fig. 2. For each experiment,
the stress-strain hysteresis loops are shown for the 20™ loading cycles, the loading cycles
approximately corresponding to a quarter, a half and three quarter of fatigue life. For the non-
corroded (BM and MAO) specimens (Fig. 2a and c), the hysteresis loops indicate an asymmetric
shape during the whole cyclic loading at the strain amplitude between 0.7% and 1.0%. Compression



reversal is a concave-up shape caused by the formation of tension twinning, while tension reversal is
a sigmoidal shape composed of a concave-down shape dominated by detwinning and a concave-up
shape dominated by non-base slip .. This type of twinning-detwinning deformation was named as
“partial twinning-detwinning” 4, When the strain amplitude is reduced to 0.5%, the maximum
tensile stress (224 MPa) and the maximum compressive stress (153 MPa) in the BM specimen during
each cyclic loading are lower than the monotonic tensile yield stress (286 MPa) and the monotonic
compressive yield stress (159 MPa), respectively. The hysteresis loops of the two specimens (BM
and MAQO) show a tension-compression symmetric during the cyclic loading. This means that
twinning and detwinning are not involved in the compression and tension reversal, and dislocation
slip dominated cyclic deformation . However, the hysteresis loops of the pre-corroded (BM and
MAO) specimens (Fig. 2b and d) show an asymmetric shape at the strain amplitude between 0.5%
and 1.0%. The compression reversal only exhibits a concave-up shape and the tension reversal
indicates a sigmoidal shape. It shows that partial twinning-detwinning dominate cyclic deformation
at the strain amplitudes ranging from 0.5% to 1.0%.
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Fig.2. Cyclic stress-strain hysteresis loops under fully reversed strain-controlled loadings: (a) non-
corroded BM specimens; (b) pre-corroded BM specimens; (c) non-corroded MAO specimens and (d)
pre-corroded MAO specimens.

Fig. 3 shows the evolutions of the stress amplitude with the cycle numbers under different strain
amplitudes. When the strain amplitude ranges from 0.7% to 1%, the stress amplitudes of non-
corroded and pre-corroded (BM and MAO) specimens increase with the increase of loading cycles,
showing a cyclic hardening behavior. When the strain amplitude decreases to 0.5%, the stress
amplitude of the non-corroded BM specimen almost keeps a value during the loading cycles,
meaning that there is no obvious cyclic hardening and cyclic softening, however, the stress amplitude
of the non-corroded MAO specimen increases with the cycle number increasing, exhibit a cyclic
hardening (Fig. 3a). At the each strain amplitudes, the stress amplitudes of pre-corroded (BM and
MAO) specimens increase with the increase of cycle numbers, showing cyclic hardening (Fig. 3b).

For the non-corroded specimen (Fig. 3a), the stress amplitude of MAO specimens is larger than
that of BM specimens at the same strain amplitude. This means that MAO specimens are more prone
to fatigue failure compare with BM specimens, that is, MAO treatment can not improve the fatigue



life of materials in the air environment. Due to defects such as micro-pores and micro-cracks on the

surface of the MAO coating, fatigue cracks are easy to initiate at the defects during cyclic loading
28]

For pre-corroded specimens (Fig. 3b), when the strain amplitude is higher than 0.7%, the stress
amplitude of the MAO specimen is lower than that of the BM specimen, and the fatigue life of the
former is higher than that of the latter at the same strain amplitude. This indicates that the MAO
coating plays a protective role on the substrate in the corrosion environment at the higher strain
amplitudes, and thus improving the corrosion fatigue resistance of the substrate. When the strain
amplitude decreases to 0.5%, however, the stress amplitude of the MAO specimen is greater than
that of the BM specimen, and the fatigue life of the latter is higher than that of the former (Fig. 3b).
This shows that the anti-corrosion fatigue effect of MAO coating is only reflected in the higher strain
amplitude.
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loadings: (a) non-corroded specimens and (b) pre-corroded specimens.



3.2. Cyclic deformation behavior at stress-controlled loading

3.3.1 Stress ratio of R,=—0.5

At the stress ratio of —0.5, the shape and evolution of the hysteresis loops of BM specimens are
similar to that of MAO specimens at the same stress amplitude. Fig. 4 shows the evolution of the
hysteresis loops in the MAO specimens at the different stress amplitudes. When the stress amplitude
is 200 MPa (Fig. 4a and b), the cyclic stress range is between 267 MPa (maximum stress) and -133
MPa (minimum stress). The maximum tensile stress and maximum compressive stress are lower than
the tensile yield and compressive tensile yield stress, respectively. It means that tension twinning is
difficult to be activated during cyclic loading. However, the stress-controlled mode causes large
deformation of the material at the initial stage of loading, which leads to the activation of tension
twinning in some favorable oriented grains ¥, Therefore, the hysteresis loops of the non-corroded
(Fig. 4a) and pre-corroded (Fig. 4b) specimens at the first 40 cycles show obvious asymmetric shape.
The asymmetric hysteresis loops indicate that twinning-detwinning dominate cyclic deformation of
material. As the loading cycles increase, the shape of the hysteretic loops gradually changes from
asymmetry to symmetry, which means that the cyclic deformation mechanism changes from twinnig-
detwinnig to dislocation slip. This is because the twinned grains are difficult to re-twinning after they
are detwined. As the number of cycle increases, the re-twinning requires a higher compressive stress
to be activated ). Therefore, the cyclic deformation mechanism after the initial stage until the
fatigue failure is dislocation slip. In addition, with the increase of loading cycle, the minimum strain,

€., and the maximum strain, e __ of the specimens in both environments moves in a positive

min

direction. During the whole cyclic loading process, the minimum strain of the non-corroded MAO
specimen decreased by about 0.5%, while the pre-corroded MAO specimen decreased by about
0.35%.

At the stress amplitudes of 180 MPa (Fig. 4c and d) and 150 MPa (Fig. 4e and f), the shape of
hysteresis loops of the MAO specimens in the different environments remain symmetrical during the
cyclic loading. With the decrease of stress amplitude, the size of the hysteretic loops decreases and
the symmetry is more obvious. In this case, dislocation slip dominates the cyclic deformation, the

€. ande . simultaneously moves in a positive direction as the loading cycles increases.

ma.
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Fig. 4. Cyclic stress-strain hysteresis loops of MAO specimens at stress ratio of —0.5: a) A /2 =200
Mpa, non-corroded; b) A a/2 =200 Mpa, pre-corroded; ¢) A /2 = 180 Mpa, non-corroded; d) Aa/2
= 180 Mpa, pre-corroded; €) A a/2 = 150 Mpa, not-corroded; f) A o/2 = 150 Mpa, pre-corroded.



Ratcheting strain is conventionally defined as the mean strain, €,,, which is the average value of
the maximum strain, €., and the minimum strain, €, in a loading cycle under uniaxial loading **.
Fig. 5 shows the evolutions of ratcheting strain with the cycle numbers for all the specimens under
the different stress amplitude with stress ratio of —0.5. When the stress amplitude is 200 MPa (Fig.
5a), the not-corroded (BM and MAO) specimens show a compressive ratcheting strain during the
whole cyclic loading. The ratcheting strain decreases with the cycle number increasing at the initial
loading stage. The stress-strain hysteresis loops in this period are asymmetric (Fig. 4a), and
twinning-detwinning dominate the cyclic deformation in the initial loading stage. After that, the
values of ratcheting strain of the two (BM and MAO) specimens gradually increase with the loading
cycles. Correspondingly, the hysteresis loop evolves in a symmetric shape after the initial stage (Fig.
4a), indicating that dislocation slip dominates cyclic deformation. For the pre-corroded (BM and
MAO) specimens, the values of ratcheting strain are basically constant and positive during the whole
cyclic loading, which means that the cyclic deformation mechanism is dislocation slip. In addition,
the absolute value of ratcheting strain in the non-corroded MAO specimen is higher than that in the
non-corroded BM specimen, while the absolute value of ratcheting strain in the pre-corroded MAO
specimen is lower than that in the pre-corroded BM specimen (Fig. 5a). In this case, the fatigue life
of the non-corroded MAO specimen is lower than that of the non-corroded BM specimen, while the
fatigue life of the pre-corroded MAO specimen is greater than that of the pre-corroded BM
specimen. This shows that defects such as micro-pores and micro-cracks on the surface of the MAO
coating reduce the fatigue life of material in the air environment, however, the MAO coating after
pre-corroded can play a protective role on the substrate, and thus the corrosion fatigue resistance of
the substrate is improved.
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Fig. 5. Evolutions of ratcheting strain with cycle numbers at different stress amplitude with stress
ratio of —0.5: (a) 200 MP and (b) 180 MPa and 150 MPa.

When the stress amplitude decreases to 180 MPa or 150 MPa (Fig. 5b), the value of ratcheting
strain of the non-corroded specimen is positive and close to zero during the cyclic loading. At the
same stress amplitude, the values of ratcheting strain in the pre-corroded MAO specimens are
positive and higher than those in the non-corroded MAO specimens, and the fatigue lives of the pre-
corroded specimens are lower than those of the non-corroded specimens. This may be due to the fact
that the pre-corroded specimens are more vulnerable to fatigue failure under the interaction of
corrosion and ratcheting strain.

3.3.2 Stress ratio of R,=—0.8

Fig. 6 shows the evolution of hysteresis loops of the two (BM and MAO) specimens under the
different stress amplitudes with stress ratio of —0.8. When the stress amplitude is 200 MPa (Fig. 6a-
d), the maximum stress and minimum stress in each cyclic loading are 223 MPa and -177 MPa,
respectively. For the non-corroded BM specimens (Fig. 6a), the maximum compressive stress (177
MPa) is higher than monotonic compressive yield stress (159 MPa), while the maximum tensile
stress (223 MPa) is much lower than the tensile yield stress (286 MPa). In this case, tension twinning
activated in the compression reversal cannot be completely detwined in the subsequent tension
reversal. This type of twinning-detwinning behavior is called as “partial twining- partial detwinning”
B9 Correspondingly, the compression reversal shows a concave-up shape, while the tension reversal
exhibits a concave-down shape. In this case, the maximum strain and minimum strain of non-
corroded specimens move along the negative direction with the cycle numbers increasing, showing
the ratcheting strain accumulation in the negative direction. The evolution of hysteresis loops of the
non-corroded MAO specimen (Fig. 6b) is similar to that of the non-corroded BM specimen,
however, the maximum strain of the non-corroded MAO specimen moves in a negative direction
while the values of minimum strain is almost constant. For the pre-corroded (BM and MAO)
specimens (Fig. 6¢ and d), the cyclic stress-strain hysteresis loops show a sigmoidal shape in both
compression and tension branches, indicating that the cyclic deformation mechanism is "complete
twinning-complete detwinning". The results of previous studies ¥ show that twinning under



compression has reached an exhaustion when the strain reaches —9.4%. Therefore, the pre-corroded

specimen is completely twinned when the material is compressed to about —10%, and the subsequent

plasticity deformation is dominated by dislocation slip. It is noted that thee,,, ande;, of the pre-
corroded specimens develop in the opposite direction, and the size of the hysteretic loops decreases
gradually with the increase of loading cycles. In addition, the size of hysteresis loops of the pre-
corroded specimens (Fig. 6¢ and d) is larger than that of the non-corroded specimens (Fig. 6a and b)
at the same loading cycles.

For the stress amplitude of 180 MPa (Fig. 6e-h), the stress range is between 200 MPa and 160
MPa. The maximum compressive stress (160 MPa) of the non-corroded BM specimen (Fig. 6e) is
close to the compressive yield stress (159 MPa), while the maximum tensile stress (200 MPa) is
much lower than the tensile yield stress (286 MPa). In this case, the partial twins activated in the
compression reversal are completely detwined in the subsequent tension reversal, and the stress-
strain hysteresis loops show a concave-up shape in the compression reversal and a sigmoidal shape
in the tension reversal, indicating that partial twinning-complete detwinning dominate cyclic
deformation. Under this stress amplitude, thee,,, ande,;, in the non-corroded BM specimen move
negatively with the increase of cycle number. The evolution of hysteresis loops and the accumulation
of maximum/minimum strains in the MAO specimens are similar to that in the BM specimens. The
size of the hysteretic loops in the non-corroded MAO specimens is larger than that in the non-
corroded BM specimen, however, the size of the hysteretic loops in the pre-corroded MAO specimen
is lower than that in the pre-corroded BM specimen.
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Fig. 6. Cyclic stress-strain hysteresis loops of specimens at stress ratio of —0.8: a) A g/2 =200 Mpa,
non-corroded BM; b) A ¢/2 = 200 Mpa, non-corroded MAO; ¢) A /2 =200 Mpa, pre-corroded BM;
d) Aa/2 =200 Mpa, pre-corroded MAO; e) Aad/2 = 180 Mpa, non-corroded BM; f) Aag/2 = 180
Mpa, non-corroded MAO; g) Ao/2 = 180 Mpa, pre-corroded BM and h) Ao/2 = 180 Mpa, pre-
corroded MAO.

The evolutions of ratcheting strain with cycle numbers under the different stress amplitudes
with the stress ratio of —0.8 for all the specimens are shown in Fig. 7. At the stress amplitude of 200
MPa (Fig. 7a), the non-corroded and pre-corroded specimens show a compressed ratcheting strain.
The ratcheting strain gradually decreases with the increase of loading cycle, and the drop degree of
ratcheting strain of pre-corroded specimen is higher than that of non-corroded specimen. This is
attributed to the cyclic deformation of the non-corroded specimen dominated by "partial twinning-
partial detwinning", while the cyclic deformation of the pre-corroded specimen dominated by
“complete twinning-complete detwinning”. The absolute value of ratcheting strain of the non-
corroded specimen is lower than that of the pre-corroded specimen, and the fatigue life of the pre-
corroded specimen is correspondingly lower than that of the non-corroded specimen. At the same
environment, the fatigue life of the not-corroded MAO specimen with large absolute value of
ratcheting strain is lower than that of the not-corroded BM specimen, and the fatigue life of the pre-
corroded MAO specimen with smaller absolute value of ratcheting strain is higher than that of the
pre-corroded BM specimen.

When the stress amplitude is 180 MPa (Fig. 7b), the values of ratcheting strain of the two
specimens with non-corroded and pre-corroded are negative, and the ratcheting strain decreases with
the increase of loading cycles. However, the drop degree of ratcheting strain of the pre-corroded
specimen is similar to that of the non-corroded specimen. For the same specimen, the drop degree of
ratcheting strain at the stress amplitude of 180 MPa is lower than that at the stress amplitude of 200
MPa. It may be related to the volume fraction of twins. The fraction volume of twins activated at
lower stress amplitude is lower than that at higher stress amplitude . In addition, it can be seen
from Fig. 7 that the absolute value of ratcheting strain increases with the increase of stress amplitude.
The correlation between the absolute value of ratcheting strain and the fatigue life is consistent with
the result observed at the stress amplitude of 200 MPa.
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Fig. 7. Evolutions of ratcheting strain with cycle numbers at different stress amplitude with stress
ratio of —0.8: (a) 200 MP and (b) 180 MPa.

3.3.3 Stress ratio of R,=—1
In general, the ratcheting effect occurs in the isotropic materials under asymmetric stress

loading. However, ratcheting strain present in the anisotropic magnesium alloys even under
symmetrical stress loading mode BY. Fig. 8 represents the evolution of hysteresis loops of the
different specimens at the symmetric stress-controlled loading. In the stress amplitude of 180 MPa
(Fig. 8a-d), the shape of hysteresis loops always remains symmetrical and its size decreases
gradually with the increase of loading cycles. The size of the hysteresis loop of the pre-corroded
specimens is larger than that of the non-corroded specimens at the same loading cycles. Under the
same stress amplitude of 180 MPa, the cyclic deformation behavior at the stress ratio of —1 is similar
to that at the stress ratio of —0.8, and twinning-detwinning is involved in cyclic deformation. The €,
ande ;. of the BM specimen moves negatively simultaneously (Fig. 8a and c). However, the €, of
the MAO specimen moves negatively while the €, is almost constant (Fig. 8b and d).



When the stress amplitude is 150 MPa (Fig. 8¢ and f), the range of cyclic stress of MAO
specimen is between 150 MPa and -150 MPa. The stress level is not sufficient to activate the tension
twinning, and the shape of hysteresis loops remains symmetrical during the cyclic loading, indicating
that the cyclic plastic deformation is dominated by dislocation slip. However, the €_,, and€_;, move
in a negative direction with the increase of loading cycle, and the accumulation of ratcheting strain of
the pre-corroded specimen is obvious compared to the non-corroded specimen. It is noted that
although the cyclic deformation mechanism at the stress ratio of —1 is the same as that at the stress
ratio of —0.5, their ratcheting strain behavior is different at the stress amplitude of 150 MPa.
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Fig. 8. Cyclic stress-strain hysteresis loops of specimens at stress ratio of —1: a) Ag/2 = 180 Mpa,
non-corroded BM; b) A ¢/2 = 180 Mpa, non-corroded MAO; ¢) A /2 = 180 Mpa, pre-corroded BM;
d) Ao/2 = 180 Mpa, pre-corroded MAO; e) A a/2 = 150 Mpa, non-corroded MAO; f) Ag/2 =150
Mpa, pre-corroded MAO.

Fig. 9 shows the evolutions of ratcheting strain with cycle numbers under the different stress
amplitudes with stress ratio of —1. At the stress amplitude of 180 MPa (Fig. 9a), the evolution of
ratcheting strain of the pre-corroded (BM and MAO) specimens is similar to that of the non-corroded
(BM and MAO) specimens. At the initial 10 cycles, the values of ratcheting strain decrease slowly
with the loading cycles. After 10 cycles, the values of ratcheting strain decreases rapidly with the
increase of cycle number. The ratcheting deformation behavior at the initial 10 cycles is related to the
peak stress not reaching the set value. The difference of drop degree of ratcheting strain is related to
the number of twinning-detwinning involved in deformation. When the stress amplitude is 150 MPa
(Fig. 9b), the values of ratcheting strain of the non-corroded and pre-corroded MAO specimens
remains stable during the cyclic loading, however, the strain value of the former is close to zero and
the latter is negative. The absolute value of ratcheting strain of pre-corroded specimen is larger than
that of non-corroded specimen, and the fatigue life of the latter is larger than that of the former for
the same specimens. This indicates that the corrosion medium damages the integrity of the specimen
surface, thus reducing the fatigue life of the specimen.
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ratio of —1: (a) 180 MP and (b) 150 MPa.

3.4 Fatigue fracture morphologies

Fig. 10 shows SEM images observed on the fractured surface of specimens at the strain
amplitude of 1% for the non-corroded and pre-corroded (BM and MAO) specimens. Region A
represents the area of crack initiation and propagation. It can be seen that the number of crack
initiation sites (white arrows) of the non-corroded specimens (Fig. 10a and b) is lower than that of
the pre-corroded specimens (Fig. 10c and d), and the area of region A in the former is larger than that
in the latter. The larger the region A, the slower the crack initiation and propagation rate, which
indicates that the specimen has better fatigue resistance. The experimental results show that pre-
corroded accelerates the initiation of crack, and the specimen is more vulnerable to fatigue failure. In
addition, the number of crack initiation sites in the non-corroded BM specimens is less than that of
the non-corroded MAO specimens, and the size of region A in the former is larger than that in the
latter, whereas the situation of the pre-corroded specimens is the opposite. This indicates that MAO



coating can improve the fatigue life of AZ80 magnesium alloys in SBF. This is consistent with the

results of fatigue life (Table 1).
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Fig. 10. SEM images of different specimens observed on fractured surface at strain amplitude of 1%:
(a) non-corroded BM specimen; (b) non-corroded MAO specimen; (c¢) pre-corroded BM specimen;
(d) pre-corroded MAO specimen; (e) High-magnified images taken in region B in figure (d).

The morphology of the crack propagation region of the BM and MAO specimens is similar at
the same loading conditions. High-magnified images taken in the propagation region in Fig. 10d is
shown in Fig. 10e. It is found that the region shows a mixed morphology composed of dimples and
stripes. The fatigue stripes in magnesium alloys might be resulted from the twinning-detwinning



process in cyclic loading ** . In addition, some parallel secondary cracks associated with twinning
can be observed in this region. This is consistent with the results observed in references ** %), The
above results confirm that the cyclic deformation mechanism is related to twinning-detwinning at the
strain amplitude of 1%.

I
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Fig. 11. SEM images of different specimens observed on fractured surface at stress amplitude of 200
MPa with stress ratio of -0.5: (a) non-corroded BM specimen; (b) non-corroded MAO specimen; (c)
pre-corroded BM specimen; (d) pre-corroded MAO specimen; (¢) High-magnified images taken in
region B in figure (d).



Fig. 11 shows SEM images of the fractured surfaces at the stress amplitude of 200 MPa with a
stress ratio of —0.5 for the BM and MAO specimens. The size of region A in the non-corroded BM
specimen (Fig. 11a) is higher than that of non-corroded MAO specimen (Fig. 11b), and the number
of crack initiation sites in the former is lower than that in the latter. Therefore, the fatigue life of the
non-corroded MAO specimen is lower than that of the non-corroded BM specimen (Table 2). For the
pre-corroded specimens, the size of region A in the MAO specimen (Fig. 11d) is larger than that of
the BM specimen (Fig. 11c¢), and the number of crack initiation sites in the former is less than that in
the latter. It indicates that MAO coating can block the corrosion solution into the substrate, thus
improving the corrosion fatigue resistance of the material.

Fig. 11e shows high-magnified micrograph taken in the propagation region in Fig. 11d. It can be
seen that cleavage facets with some micro-cracks are found in the propagation region. This indicates
that dislocation slip dominates the cyclic deformation at the stress amplitude of 200 Mpa with stress
ratio of —0.5.

15.0kV 12.6mm x1.00k SE(U) 50.0um

Fig. 12. Surface SEM images of pre-corroded specimens: (a) BM and (b) MAO.



Fig. 12 represents the surface SEM morphology of different pre-corroded specimens. As can be
seen, there are more cracks (white arrows) on the surface of the pre-corroded BM specimen (Fig.
13a), which should correspond to the initiation sites of fatigue cracks. However, the number of
cracks observed on the surface of the pre-corroded MAO specimen is significantly less than that of
the pre-corroded BM specimen. It is noted that some corrosion products filled the micro-pores on the
surface of the MAO coating, which improved the stress concentration caused by the micro-pores.
Therefore, the number of crack initiation sites in the pre-corroded MAO specimens is lower than that
in the pre-corroded BM specimens (see Figs. 10(c), 10(d), 11(c) and 11(d)).

3.5 Fatigue life

Generally, stress, strain, and energy-related terms are used as fatigue damage parameters to
predict the fatigue life % *"). One advantage of energy-based fatigue parameters is that the shape of
hysteresis shape is considered and therefore suitable for predicting fatigue life of magnesium alloys
[3%], Strain energy density is a parameter that contains the stress and strain of the material. The fatigue
model using strain energy density as damage parameter can effectively explain the fatigue damage of
materials under the different loading conditions ™). Previous studies shown that strain energy density
is a promising damage parameter to describe the fatigue life of magnesium alloys “**"1. A total strain
energy density is proposed as a damage parameter to predict fatigue life of materials, which is
expressed as follows !:

AW =AW ,+AW*
e)
AW +_ @
2F )
whereAW , AW  Aw°*, 0, and E are the total strain energy, plastic strain energy and positive
elastic strain energy at half life cycle, and maximum stress and elastic modulus, respectively.

3.5.1 Fatigue model based on total strain energy density

The three-parameter equation method has been used by the author and co-authors to predict the
fatigue life of many materials, and good prediction results have been obtained ", Therefore, the
fatigue model established by using the total strain energy density as the damage parameter is as
follows:

AW —FP,["=C 3)

where FPy, m and C are fitting constants.

Fig. 13 is the result of fatigue life prediction based on total strain energy density. The fatigue test
data of ZK60 magnesium alloys under strain-controlled loading and stress-controlled loading
published by the author ! are used to fit the constants in Equation 3, as shown in Fig. 13a.
According to the fitted equation, the fatigue life is predicted by using the experimental data obtained
in the reference ! and the present paper, the results are shown in Fig. 13b. The black solid line
indicates that the prediction results are consistent with the test results. The red dot lines are the
factor-of-two (2x) boundaries, and the blue dotted lines are the factor-of-five (5x) boundaries. It can
be seen that 98.8% of experimental data are included within a 2x scatter band, while 74.1% of the
data within a 5x scatter band.
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Fig. 13. Prediction results of fatigue life based on total strain energy: (a) relationship between total
strain energy parameters and fatigue life; (b) relationship of predicted life and observed life.

3.5.2 Modified fatigue model based on total strain energy density

The results predicted by the total strain energy model are not very successful, which is attributed
to the fact that the total strain energy model does not consider the asymmetric shape of the hysteresis
loop of magnesium alloys during the cyclic loading. For this purpose, the negative elastic strain
energy density is included in Equation 1, and the modified fatigue damage parameters are obtained

by considering the weights of positive and negative elastic strain energy, as follows :
o em
AW, —AWP+ AW @)

AW =nAW " +1—n| AW~ 5)



where AW;", AW, AW and n are the modified total strain energy, modified elastic strain

energy, negative elastic energy and Weighted factor. Equation 3 is used to fit the data in reference ),
and the results are shown in Fig. 14. It can be seen that all the predicted data are included within 5x
scatter band, while 95.1% of the data within 2x scatter band. Compared with the total strain energy
model, the prediction accuracy of the modified total strain energy model is improved by 21% in the
2x scatter band. Above results show that the modified total strain energy model can better predict the
fatigue life and corrosion fatigue life of ZK60 magnesium alloys under different loading conditions.

a
(@ O Strain Control [25]

O Stress Control [25]

—— (AW, - 0.18)"¥*N,=1301.9

10 10 10* 10° 10 10

—~
O

N—
~

Predicted Life, Cycle
S
I

10" 7 O Strain Control [25]
9 O Stress Control [25]
10 A Strain Control (Table 1)
& Stress Control (Table 2)
10"
I 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII
10" 10° 10° 10" 10° 10° 10

Observed Life, Cycle

Fig. 14. Prediction results of fatigue life based on total strain energy: (a) relationship between
modified total strain energy parameters and fatigue life; (b) relationship of predicted life and

observed life.

4. Conclusions
MAO coating was prepared on the surface of ZK60 magnesium alloy. The substrate BM

specimen and MAO treated specimen were pre-corroded in pH7.4 SBF for 12 h. The fatigue tests
under different loading conditions were carried out for the specimens with non-corroded and re-



corroded, respectively. The following results are obtained.

(1) At the strain-controlled loading, the cyclic deformation of the non-corroded BM and non-
corroded MAO specimens is dominated by twinning-detwinning at the strain amplitude of
0.7~1%, while dislocation slip dominates cyclic deformation at the strain amplitude of 0.5%.
The cyclic deformation mechanism of the pre-corroded BM and pre-corroded MAO specimens
is twinning-detwinning at the strain amplitude of 0.5~1%.

(2) At the stress-controlled loading, different cyclic deformation mechanisms based on stress
amplitude and average stress, include partial twinning-complete detwinning, complete twinning-
complete detwinning and partial twinning-partial detwinning. These deformation mechanisms
have a great effect on ratcheting strain.

(3) At the same loading conditions, the absolute value of ratcheting strain in the pre-corroded MAO
specimen is lower than that in the pre-corroded BM specimen, and the fatigue life of the former
is greater than that of the latter, but the situation of the non-corroded specimen is the opposite.

(4) The modified total strain energy fatigue model can well predict the fatigue life of magnesium
alloys under the different loading conditions.
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