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A B S T R A C T   

The real physiological environment of human body is complicated with different degrees and forms of dynamic 
loads applied to implanted medical devices due to the daily activities of the patients, which would have impacts 
on the degradation behaviors of magnesium alloy implants. In this work, the bio-corrosion behaviors of AZ31B 
magnesium alloy under alternating cyclic dynamic loads with different low frequencies (0.1–2.5 Hz) were 
specially investigated. It was found that the bio-degradation performances under external dynamic stressed 
conditions were much severer than those under unstressed conditions and static loads. The corrosion rates were 
generally accelerated as the rise of cyclic frequency. Hereby a numerical model for the degradation process of Mg 
alloy was established. The corrosion current density icorr of Mg alloy and the applied loading frequency f matches 
a linear relationship of ln icorr ∝ f, which is the result of interactions between the cyclic alternating load and 
corrosive environment. This work could provide a theoretical reference and an experimental basis for further 
researches on the biodegradation behaviors of biomedical materials under dynamic conditions.   

1. Introduction 

In recent years, magnesium and its alloys have attracted widespread 
research interests and attentions because of the good biocompatibility 
and unique degradability, and have shown great prospects for biomed-
ical application, especially in the field of medical implanted devices 
[1–8]. For the application of magnesium alloy in the field of biomedical 
implant, people are most concerned about the degradation properties. In 
order to study the bio-degradation behaviors of magnesium alloys, many 
scholars at home and abroad have done many works and in vitro 
degradation experiments [9–15]. 

At present, most of the researches on the degradation behavior of 
biodegradable magnesium alloys use in vitro static immersion tests or 
degradation experiments under static stress conditions to study the ef-
fects of different environment conditions [16–18]. However, in the real 
physiological environment of the human body, different degrees and 

forms of dynamic loads would applied to implanted medical devices in 
vivo due to the daily activities of the patients [19–21]. Recently, many 
scholars have studied the degradation behavior of magnesium alloys 
under dynamic loading environments through corrosion fatigue exper-
iments [22,23]. Liu et al. [24] studied the corrosion fatigue of 
Mg-Zn-Y-Nd alloy in SBF solution and found that the fatigue corrosion 
behavior of magnesium alloy in SBF solution was different from that in 
air, which shows that the degradation behavior of magnesium alloy in 
the simulated physiological environment is closely related to the fatigue 
performance of the alloy and the external corrosive environment. 
Wegner et al. [25] studied the corrosion fatigue of WE43 magnesium 
alloy subjected to dynamic compression load at a frequency of 10 Hz in 
SBF solution, and found that its fatigue corrosion performance was 
significantly affected by the cyclic test duration. Rozali et al. [26] found 
that in NaCl solution, the fatigue crack growth rate of AZ61 magnesium 
alloy was affected by both dynamic load frequency and corrosive 
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environment, and the crack growth law within the low frequency range 
was different from that under high frequency conditions. Barsom et al. 
[27] found that the waveform of the applied alternating load has a 
certain influence on the growth rate of corrosion cracks. When the cycle 
frequency of the dynamic load is low, the corrosive ions could have a 
longer action time on the magnesium alloy, and its interaction with 
external stress can be better reflected. These researches indicate that the 
degradation behaviors of magnesium alloy under dynamic stress con-
ditions are different from that under unstressed environment or static 
loading conditions, and the bio-corrosion behavior of magnesium alloys 
under dynamic load physiological environment is worthy of further 
study [28,29]. 

In actual situation, the physiological stress environment of the 
human body and the frequencies of the dynamic loads under different 
human activities are mutative. Generally speaking, the physiological 
frequencies of the dynamic loadings applied on the biomedical implants 
in vivo are mostly low frequencies (0.5–3 Hz). For example, the loading 
frequencies of the dynamic stresses on the orthopedics and cardiovas-
cular implanted devices are about 0.5–3 Hz and 0.8–2 Hz [30], 
respectively. However, most of the existing studies on the dynamic 
loading environment used corrosion fatigue experiments to study the 
degradation behavior of magnesium alloys [31–33]. In order to quickly 
evaluate the length of service time of magnesium alloy materials and 
shorten the test time in vitro, the dynamic load frequencies range set in 
the corrosion fatigue tests are about 5–20 Hz [34–37]. Since the fre-
quency of the alternating load is fairly high, the corrosion process is 
mainly controlled by the applied stress, and the acceleration effect of the 
corrosion environment on the fatigue corrosion of the magnesium alloy 
cannot be sufficiently explored [26,38]. Therefore, the experimental 
study of the bio-degradation behaviors of the magnesium alloy under 
low-frequency dynamic loading could simulate the actual situation in 
the body more realistically and convincingly. 

In addition, most of the current researches on magnesium alloys 
under dynamic loading environments have focused on the effects of the 
corrosion fatigue limit and stress amplitude, while not enough attention 
was paid on the corrosion process of magnesium alloys during the dy-
namic loading cycle. Besides, there are few reports on the mechanism of 
the influence of dynamic load frequency on magnesium alloy corrosion, 
and the numerical relationship between the corrosion rate of magnesium 
alloy and the loading frequency still demands to be further explored. 

In this work, the corrosion behaviors of AZ31B magnesium alloy 
immersed in Hank’s balanced salt solution (HBSS) were investigated in a 
self-designed homemade apparatus, which was specifically designed to 
apply the alternating cyclic dynamic loads with different frequencies. 
The effects of dynamic loadings on the corrosion performances of Mg 
alloy were explored, and the influence of the external stress frequency 
on the corrosion behavior of AZ31B were further discussed. Specifically, 
the relationships between the corrosion rates and the dynamic fre-
quencies were characterized by a numerical model. We hope this work 
could be helpful to develop new biodegradable implant materials with 
controllable degradation time, which can further improve the clinical 
applicability of degradable implant materials in human body, and pro-
vide a certain reference for evaluating the corrosion fatigue of magne-
sium alloys under physiological stress environment. 

2. Materials and methods 

2.1. Materials preparation 

The AZ31B magnesium alloy used in this research was commercial 
standard extruded bar with a diameter of 5.5 mm (purchased from 
Huatai Metallic Materials Co., Ltd.). The purchased AZ31B magnesium 
alloy was subjected to elemental analysis with the MAXxLMF15 direct 
reading spectrometer, and the element compositions (wt.%) were 
confirmed as Al 2.74, Zn 1.27, Mn 0.21, Si 0.02 and Mg balance. The Mg 
alloy material was processed into test sample dimensions of Φ 5 mm ×

100 mm by wire cutting. All the specimens were mechanically ground 
with #600, #800 and #1200 silicon carbide (SiC) paper successively 
and cleaned in ethanol and distilled water. Due to the dynamic loading 
experimental requirements, the exposure length of the sample in the 
corrosive solution for test was 2 cm at the middle of the specimen and 
the corrosion area was 3.142 cm2. The rest part was sealed with insu-
lating tape and silicone rubber to avoid galvanic corrosion. 

2.2. Corrosion media preparation 

The Hank’s balanced salt solution (HBSS) was chosen as the im-
mersion fluid for this study and the chemical compositions of HBSS are 
listed in Table 1 [39]. The pH value of solution before experiment was 
adjusted to 7.40 ± 0.05 at (37 ± 0.5) ◦C. The volume of the immersion 
fluid for each sample was 500 ml. The immersion fluid was renewed 
every 24 h and prior to changing, the pH of the immersion solution was 
recorded. 

2.3. Dynamic immersion tests 

The self-designed homemade apparatus used for the dynamic im-
mersion tests is shown in Fig. 1. The dynamic tensile and compressive 
cyclic alternating loads were applied through the consistent movement 
of the double-acting air cylinder. 

The loading magnitude was regulated by the pressure of the gas and 
the frequency was modified by a switch-on clock. The magnitude of the 
loads applied to the specimen cross-section can be calculated by the 
following formula (1): 

σ = s0⋅σ0/s (1)  

where s0 is the cross-sectional area of cylinder, σ0 is the output stress of 
the air compressor, s is the cross-sectional area of test sample. The 
predetermined stress in this work was 20 MPa and the value was further 
confirmed by using a stress sensor, as seen in the partial enlarged view 
on the right side of Fig. 1. The cyclic loading frequency involves 0.1 Hz, 
0.25 Hz, 0.5 Hz, 0.75 Hz, 1 Hz, 1.5 Hz, 2 Hz, 2.5 Hz and 3 Hz. The 
volume of the immersion fluid is 2 L for each test. 

2.4. Electrochemical characterization 

Electrochemical impedance spectroscopy (EIS) tests were conducted 
using an electrochemical workstation (CHI604E, CH Instruments). The 
EIS data were measured every 2 h during the initial 12 h immersion and 
then after every 24 h. During the in-situ electrochemical tests, the dy-
namic loads were temporarily suspended and the open circuit tests 
(OCT) were carried out to achieve the steady state condition. The 
reference, counter and working electrodes were, respectively, the satu-
rated calomel electrode (SCE), Pt electrode and the test sample. The 
stabilization time before the EIS test was 3600 s. The frequencies scan-
ned from 100 kHz to 0.1 Hz and the potential amplitude was 0.01 V. 
Three sets of parallel experiments were conducted. 

2.5. Characterization and weight loss tests 

The H2CrO4 solution (200 g/L) was used to clean the corrosion 
products on the surface of the substrate, followed by ultrasonic cleaning 
with anhydrous ethanol for 5 min, and dried by air. Philips XL30 FEG 
field emission scanning electron microscope (SEM) was used to observe 
the corrosion surface morphology at an acceleration voltage of 20 kv. 
The elemental compositions of the corrosion products were determined 
by energy-dispersive spectrometry (EDS). Simultaneously, the corrosion 
products of the samples were analyzed by X-ray diffraction (XRD, D8- 
Discover, Bruker) measurements carried out with Cu Kα radiation 
(wavelength λ = 0.154 nm) in the range of 5–90◦. 

After the immersion for 24 h and 120 h, the corrosion products on the 
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surface of the sample were removed. An electronic balance was used to 
measure the initial mass m0 and the weight of the sample after corrosion 
mt. The mass loss ratio (ω) and the mass loss rate (v) were calculated by 
the following equations: 

ω=
m0 − mt

m0
× 100% (2)  

v=
m0 − mt

S⋅t
(3)  

where m0 is the initial mass and mt is the final mass of the test specimen, 
S is the immersion area and t is the immersion time. According to the 
requirements of the dynamic load loading device, the dimensions of 
specimens used for weight loss measurement were Φ 5 mm × 100 mm. 
The rest part of the weightless test sample except the clamping section 
was completely exposed to the corrosive medium, and the test area was 
about 6.283 cm2. 

2.6. Statistical analysis 

The statistical software Origin 9.0 was used for data analysis. The 
experimental results take the average of three parallel experiments. The 
data was fitted by least-squares fitting when possible. The associated 
error of the correlation results was estimated by the propagation of error 
for the parameters of the fitted lines. 

3. Results 

3.1. The corrosion behavior of AZ31B Mg alloy under dynamic loads 

Fig. 2 shows the changes of pH values of HBSS solutions versus im-
mersion time under the dynamic loads for the specimens. In the exper-
iment, the pH value of the corrosive medium was measured before 
change of the HBSS solution every 24 h. The increase in the pH value of 
the solution could be attributed to the corrosion of the magnesium alloy. 
A higher pH value indicates the larger degradation rate of the magne-
sium alloy in the certain period of time (every 24 h). 

After immersion for 120 h, the pH value was about 7.7 at 0.1 Hz, 
while it was 7.83 at 1 Hz and 7.91 at 2.5 Hz. Commonly, it could be 
noticed that the pH value increase as increasing the load frequency. 
Moreover, the pH values of the corrosive media under different dynamic 
load frequency conditions slightly decreased as the immersion proceeds, 
which could be related to the protective effect of the corrosion product 
layer deposited on the surface in the later stage of the corrosion. Addi-
tionally, it could be noticed that during the predetermined immersion 
period, the pH values at 2.5 Hz were overall larger than 8.0, indicating 
the weakened protection of the corrosion product layer. 

Fig. 3(a) shows the changes in the mass loss ratio (ω) and the mass 
loss rate (v) of magnesium alloy samples after immersion under dynamic 
load for 120 h. As the frequency of the applied load rises, the ω and v 
significantly increased. This indicates that the frequency of dynamic 
loading significantly influence the corrosion behavior of magnesium 
alloy, and a higher frequency commonly suggests a larger corrosion rate. 

Table 1 
Chemical compositions of Hank’s solution (g/L).  

NaCl KCl KH2PO4 MgSO4⋅7H2O NaHCO3 CaCl2 Na2HPO4⋅H2O Glucose 

8.00 0.40 0.06 0.20 0.35 0.14 0.06 1.00  

Fig. 1. Schematic illustration of apparatus in dynamic cyclic loading test.  

Fig. 2. The pH value of HBSS solution changes under the dynamic load of 20 MPa, (a) loading frequency between 0 and 0.75 Hz, (b) loading frequency between 1 
and 2.5 Hz. 
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Moreover, the average corrosion current density was calculated 
through the mass loss rate according to Faraday’s current law of elec-
trolysis. The corrosion current density (iv) decided by v can be obtained 
according to the following formula [40,41]: 

iv = vnF/M (4)  

where n is the metal ion valence, F is the Faraday constant, and M is the 
molar mass. The variation of iv is shown in Fig. 3(b). The iv was about 
0.0006 A/cm2 at 0.1 Hz, comparting to about 0.0009 A/cm2 at 1Hz and 
0.0014 A/cm2 at 2.5 Hz, respectively. Since the corrosion rate of the 
metal is proportional to its corrosion current density, it illustrates more 
intuitively that the corrosion of the magnesium alloy accelerates with 
the increase of loading frequency. 

3.2. Surface morphologies 

Fig. 4 shows the metallographic microstructure of the AZ31B 
extruded magnesium alloy sample. Fig. 4(a) and (b) respectively show 
the microstructure perpendicular and parallel to the extrusion direction. 
It can be seen that on the cross section perpendicular to the extrusion 
direction, the second phase was distributed in granular form, as shown 
in Fig. 4(a). However, in Fig. 4(b), black band-like distribution of the 
second phase particles along the extrusion direction was observed. 

Fig. 5 shows the surface micro-corrosion morphologies of magne-
sium alloy after 120 h immersion under different load frequency con-
ditions (0.1–2.5 Hz). It can be observed that the corrosion behavior of 
Mg alloy with rising frequency presents an increasingly serious trend. 
The exposed surface of the matrix gradually disappears, and the number 
of corrosion pits gradually increases, along with the depth deepens 
progressively. Under the dynamic load of different frequencies, the 
corrosion behaviors of the samples are mainly concentrated around the 
corrosion pits, while the surface of the substrate still maintains a certain 

integrity. This is due to the stress concentration phenomenon in the local 
area of the corrosion pit, and the corrosion ions will preferentially erode 
the area near the pit, resulting in the pitting area being more prone to 
further corrosion damage. At the same time, under the effects of cyclic 
alternating loads, the passivation film and the corrosion products layer 
are more likely to fall off the surface of the sample with the action of 
small vibrations, which resulted in this area will be preferentially 
damaged by erosion. 

It can also be observed that there are corrosion grooves distributed 
along the axial direction of the sample. Since the samples used for the 
observation of micro-corrosion morphology were of the same parallel to 
the extrusion direction just as in Fig. 4(b), the elongated corrosion 
channels in the microscopic corrosion morphology could be related to 
the axially distributed second phase particles generated during the 
drawing process of the rod-shaped sample. 

The EDS analysis result of the corrosion products and XRD diffraction 
results were shown in Fig. 6. As can be seen from Fig. 6(a), the elemental 
contents of Mg, O, Ca, and P in the corrosion products were the highest, 
and the contents of Al and Zn were fairly low, which inferred that the 
corrosion products of Al and Zn may also be present, but very few from 
the content. Further, XRD analysis was carried out, as shown in Fig. 6(b). 
It can be found that in the corrosion products, Mg(OH)2 and Mg3(PO4)2 
exhibit a significant feature, while the Ca-P was generally not particu-
larly characteristic because of the complicated structure. Combined with 
the EDS element analysis, it can be judged that the corrosion products 
were mainly formed as Mg(OH)2, Mg3(PO4)2 and the Ca-P phase com-
plex, and there was also a very small amount of corrosion products of Al 
and Zn. 

3.3. Electrochemical test of AZ31B Mg alloy under dynamic loads 

Fig. 7 demonstrates the changes of the EIS of magnesium alloy with 
time under the dynamic cyclic load at different frequencies. It can be 

Fig. 3. Corrosion behavior of Mg alloy under different loading frequency. (a) the variation of ω and v, (b) the variation of iv.  

Fig. 4. The metallographic microstructure of AZ31B extruded magnesium alloy bar, (a) perpendicular to the extrusion direction, (b) parallel to the extru-
sion direction. 
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seen that at the initial stage, the impedance spectrum consists of one 
capacitive loop and an inductive loop in the low-frequency region, while 
in the mid-immersion period, a second capacitive loop appears in the 
high-frequency region. With the extension of the degradation time, the 
diameter of the capacitive loop as a whole gradually increases and then 
decreases. In the early stage of corrosion (0–12 h), the diameter of the 
capacitive loop increases rapidly, and in the later period of corrosion 
(24–120 h), the diameter tends to be flat, and decreased fluctuatingly. 
However, the inductive resistance loop changes slowly during the entire 
degradation process of the magnesium alloy. 

This is because with the thickening of the surface products film, the 
charge transfer gradually becomes difficult, resulting in an increase in 
the diameter of capacitive resistance loop. While in the later stage of 
corrosion, the corrosion behaviors of the samples are severer, the regular 
small vibrations make the protective film layer does not adhere well to 

the substrate, resulting in shedding and accelerated corrosion of the 
substrate. Therefore, the capacitive resistance loop will shrink in the 
later stage of corrosion. The higher the frequency of the applied dynamic 
load, the more severe the effect of this small vibration, so the capacitive 
loop presents the smallest diameter under the dynamic load of 2.5 Hz. 
The inductive loops that appeared in the Nyquist plots were related to 
the change of surface state. At the beginning of the experiment, due to 
the passivation film on the surface of the sample, and the enrichment of 
corrosive ions, the electrochemical environment around the surface 
would be in a metastable state, and the inductive loop would appear 
[42]. During the experiment, some intermediate unstable ions were 
generated [43], and the corrosion product began to gradually generate 
and deposit on the surface of the sample simultaneously, which would 
also change the surface state and cause the appearance of the inductive 
loops [44]. 

Fig. 5. The microscopic corrosion morphology of Mg alloy immersed for 120 h under dynamic load of 20 MPa. (a) 0.1 Hz, (b) 0.5 Hz, (c) 1 Hz, (d) 1.5 Hz, (e) 2 Hz, (f) 
2.5 Hz. 
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The EIS of the magnesium alloy could be further fitted by ZSimpwin 
software according to the equivalent circuit shown in Fig. 8 to obtain the 
polarization resistance (Rp). Rp reflected the kinetics of the electrode 
process and can be calculated by Refs. [45,46]: 

Rp =Rdl × RL
/
(Rdl +RL) (4a)  

Rp =R1 + Rdl × RL
/
(Rdl +RL) (5) 

Fig. 9 reflects the change of Rp with time under different frequency 
dynamic loads. It can be seen that the Rp values of magnesium alloys 
under different dynamic loads illustrate a gradually increasing trend 
with the extension of the immersion time from 0 to 12 h, indicating that 
the generation and deposition rates of corrosion products on the surface 
of the magnesium alloy were higher than the dissolution and destruction 
rates of the surface protective film. Within 10–24 h, the Rp values of 
magnesium alloy have reached the maximum successively under 
different frequencies. During the immersion period of 24–120 h, the Rp 
of the samples showed a decreasing trend on the whole, and there were 
some fluctuations, indicating that the rates of corrosion products for-
mation and deposition on the surface of the magnesium alloy were lower 
than the dissolution and destruction rates of the film. When the fre-
quency of the dynamic load increases, the polarization resistance of the 
magnesium alloy sample as a whole also shows an increasing trend, and 
at the same time, the fluctuation of Rp value in the later stage of 
degradation is more obvious, indicating that higher frequency shows 
more significant impact to the corrosion of the magnesium alloy. 

The corrosion current density values of the Mg alloy samples at 
different times in the experiment could be obtained by the Rp values 
through conversion. The linear polarization relationship between the Rp 
and the corrosion current density icorr (which is decided by Rp) can be 
expressed by the Stern formula [16,45,47]: 

icorr = ba⋅bc
/

2.303(ba + bc)Rp (6)  

where ba and bc are the anode and cathode Tafel constants respectively. 
Under the experimental conditions, ba = 0.12 and bc = 0.38. Thus the 
relationship between icorr and Rp is: 

icorr = 0.0396
/

Rp (7) 

Fig. 10 shows the change of the icorr of magnesium alloy with time 
under the dynamic load of different frequencies. After the dynamic 
alternative cyclic loading and the corrosive medium act together for 
24–120 h, the icorr of magnesium alloy shows a gradual increase trend. 
The higher the frequency applies, the greater the corrosion current 
density. This result is consistent with the changing pattern of iv calcu-
lated by the mass loss rate. 

4. Discussion 

4.1. The corrosion mechanism of AZ31B Mg alloy under dynamic loads 

Apparently, the dynamic load would significantly influence the 
corrosion behaviors of magnesium alloys, and the possible mechanism 
was shown in Fig. 11. During immersion, a dense Mg(OH)2 passivation 
film will quickly form on the surface of the magnesium alloy. As the 
immersion proceeds, some deposition products will accumulate on the 
surface of the sample, as shown in Fig. 11 (a). 

Under the action of applied tensile and compressive alternating 
stress, the magnesium alloy rod will undergo slight elastic expansion and 
contraction [48], as shown in Fig. 11(b) and (c). With the function of this 
slight elastic expansion and contraction, the mismatch of the mechanical 
properties between the surface corrosion product film and the substrate 
would result in the accumulated damage in the production film, causing 
the broken and split of the protective film [49]. Thereafter, the fresh 
magnesium alloy substrate would be exposed to the corrosive medium, 
causing more serious corrosion damage, as shown in Fig. 11(d). After the 
corrosion product layer was destroyed, the corrosion ions in the solution 
can more easily react with the matrix, and the pitting pits began to 
nucleate and gradually grow [50], resulting in obvious local pitting, as 
shown in Fig. 5. 

As the corrosion reaction progressed, new corrosion products would 
form and gradually deposit on the surface of the sample, as shown in 
Fig. 11(e). Additionally, it should be mentioned that the applied load 
would further induce stress concentration at the location of the pitting 
pits [51,52], which will further accelerate the formation and growth of 
pitting pits and corrosion cracks [17,33,36], as shown in Fig. 11(f). The 
higher the frequency of the load, the greater the stress value, and the 
more obvious the damage to the film and the acceleration of corrosion. 

It is worth mentioned that during the corrosion process, the damage 
of the corrosion product layer did not have a fixed direction, as shown in 
Fig. 11(e) and (f). The damage may be manifested as flaked off or the 
thinning of the local corrosion product layer. After corrosive ions 
penetrate the protective film on the surface of the magnesium alloy, the 
position of the second phase particles on the surface of the substrate 
would be attacked more preferentially, and a micro galvanic couple 
would be formed between the second phase and the magnesium alloy 
substrate, thus the galvanic corrosion would occur. The direction of the 
corrosion grooves observed in the microscopic corrosion morphology 
were more affected by the shape and distribution of the second phase 
particles, which could be observed in Figs. 4 and 5. 

4.2. The numerical relationship of corrosion current density and dynamic 
frequencies 

It could be observed from Fig. 10 that an approximate primary linear 

Fig. 6. Corrosion product analysis after 120h immersion (a) EDS analysis result; (b) XRD component analysis result.  
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relationship was present between the frequency of the external dynamic 
load and the ln icorr obtained by the experimental results. During one 
single cycle of the destruction-generation of the corrosive product layer, 
the corrosion current density of the micro-region of the matrix can be 
calculated by the following formula [53,54]: 

i(t)=

⎧
⎪⎨

⎪⎩

i0, 0 ≤ t ≤ t0

i0

(
t
t0

)− m

, t0 ≤ t ≤ tf
(8)  

where i0 is the anode dissolution corrosion current density generated by 

exposing the surface of the new substrate, t0 is the time from the 
passivation film rupture to the re-generation of the passivation film, tf is 
the time from the passivation film generation to the passivation film 
rupture again, and m is the current attenuation constant. 

The average value of the current density during the formation- 
cracking process of the passivation film is selected to represent the 
corrosion current density in this process [53,54], which is expressed as: 

iavg =

∫ tf
0 i(t)dt
∫ tf

0 dt
=

1
tf

∫ tf

0
i(t)dt = i0

(
1

1 − m

(
t0

tf

)m

−
m

1 − m

(
t0

tf

))

(9) 

Fig. 7. The EIS nyquist plots of magnesium alloy changes with time under the dynamic load of 20 MPa (a) 0.1 Hz, (b) 0.5 Hz, (c) 1 Hz, (d) 1.5 Hz, (e) 2 Hz, (f) 2.5 Hz.  
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Under the effect of the alternating cyclic load, the time required for 
the passivation film to rupture is much lower than its generation time. 
Assuming that the passivation film rupture of the micro-area on the 
substrate surface occurs instantaneously, it can be considered that t0 ≈ tf, 
and the average corrosion current density iavg ≈ i0. 

The corrosion current density of the magnesium alloy can be 
expressed by the following formula [53,55,56]: 

icorr = i0 exp
(

−
Ea

RT

)

(10)  

where Ea is the thermal activation energy. 
At a constant temperature, the thermal activation energy of the 

sample under the cyclic alternating load is related to the stress magni-
tude and the loading frequency of the alternating load. The greater the 
stress value and the higher the frequency, the lower the thermal acti-
vation energy would be. The corrosion reaction rate of magnesium alloy 
samples would also be faster under the same external conditions [57, 
58]: 

k=A exp
(

−
Ea

RT

)

(11)  

Where k is the reaction rate constant, A is the pre-exponential factor, T is 
the thermodynamic temperature, and R is the molar gas constant. 

The process of the accelerated corrosion failure of magnesium alloy 
under dynamic load can be regarded as a process of energy dissipation. 
When undergoing a certain period of alternating stress, the corrosion 
damage of magnesium alloy is the macroscopic manifestation of the 
destruction of intercrystalline bonds. The linear cumulative damage 
theory assumes that the applied stress is lower than the yield strength of 
the material, and the influence of the large plastic deformation caused 
by the loading sequence can be ignored. Thereby, the equivalent stress 
transmitted to the sample could be considered to produce the damage 
and failure of the sample, which is consistent with the situation in our 
research. According to the linear cumulative damage theory [59,60], 
when the frequency of the applied dynamic loading is accelerated, the 
linear accumulation of energy dissipation in the magnesium alloy would 
also increase proportionally. The relationship between the corrosion 
current density and frequency of the magnesium alloy under dynamic 
alternating load could be expressed as follows: 

icorr = βi0ef (12) 

Among them, β is the correction coefficient. Then the relationship 
between the corrosion current density and the load frequency of mag-
nesium alloy under dynamic alternating load is followed ln icorr ∝ f. 

Fig. 12 is the change of the theoretical and experimental values of 
icorr of magnesium alloy under dynamic alternating load. Due to the 

Fig. 8. Equivalent electrical circuit. (a) Prophase of corrosion; (b) Latter stage of corrosion.  

Fig. 9. The change of the polarization resistance of magnesium alloy with time under dynamic load (a) 0.1–0.75 Hz, (b) 1–2.5 Hz.  

Fig. 10. The changes in icorr of Mg alloys with time under dynamic loads with 
different frequencies. 
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fairly low frequency of the alternating load applied to the test specimen, 
it takes a long time to show the effect of frequency on the corrosion 
behavior of magnesium alloy, so the values of icorr of magnesium alloy 
after 48–120 h immersion were selected to observe. As can be seen from 
Fig. 12(a) and (b), the experimental value of the corrosion current 
density obtained by the data of the electrochemical impedance experi-
ment is consistent with the theoretical value of the fitted line. In order to 
further verify the effectiveness and reliability of this numerical rela-
tionship, the results of the weight loss experiment were analyzed to 
obtain the relationship between the corrosion current density iv of the 
weight loss method and the dynamic load frequency f, as shown in 
Fig. 12(c). It can be seen that the linear relationship was also compliant 
between the ln iv obtained by the weight loss experiment and the dy-
namic frequency f, which further verifies the ln i ∝ f linear relationship 
between the corrosion current density of magnesium alloy and the loads 
frequency. 

4.3. Influence of dynamic loading and frequency on the corrosion rate of 
AZ31B Mg alloy 

For the corrosion behavior of the magnesium alloy in HBSS, the 
formation of the main component Mg(OH)2 in the corrosion products 
has a significant effect on its corrosion process. When the magnesium 
alloy is anodic polarized to a higher potential in HBSS solution, the 
anion such as OH− adsorbed on the surface of the magnesium alloy, as 
well as the combination between H2O molecules and magnesium atoms 
are changed from an adsorption bond to a chemical bond, and Mg(OH)2 
is formed on the surface as a film layer, to isolate the magnesium alloy 
substrate from the HBSS solution, thus to prevent the magnesium alloy 
from directly contacting the solution to corrosion and dissolution. On 
the surface of the substrate covered by the Mg(OH)2 film layer, the 
anodic dissolution process of the magnesium alloy is closely related to 
the generation and dissolution process of the Mg(OH)2 film layer. The 
dissolution process of the interface between the Mg(OH)2 film and the 
HBSS solution causes the Mg(OH)2 film to become thinner. There is a 
potential difference between the interface of the Mg(OH)2 film layer to 
the magnesium alloy substrate and the interface of the Mg(OH)2 film 

Fig. 11. Schematic diagram of the corrosion mechanism of magnesium alloy under alternating cyclic axial load, (a) passivation film formation, (b) elastic tensile 
elongation, (c) elastic compressive contraction, (d) relative split of the film, (e) destruction and deposition of the corrosion products, (f) nucleation and growth of 
pitting pits, (g) magnesium alloy rod sample used for research. 
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layer to the HBSS solution, causing the positively charged Mg2+ from the 
inside of the Mg(OH)2 film layer migrate to the outside of the membrane 
layer, or make negatively charged anions such as OH− migrate to the 
outside of the membrane layer to generate a new Mg(OH)2 membrane 
layer. The larger the electric field strength in the film layer, the faster the 
migration speed of cations or anions therein, and therefore the faster the 
new film layer is generated. Since the potential difference between the 
two sides of the film layer is constant under constant conditions, the 
thinner the film layer, the higher the electric field strength inside it. 
Therefore, under constant external conditions, there is a positive cor-
relation between the corrosion current density of magnesium alloys 
covered with Mg(OH)2 films and the dissolution rate of Mg(OH)2 films 
[61]. 

Simultaneously, other ingredients in corrosion products, such as 
Mg3(PO4)2, Ca-P-phase, and small amount of corrosion products of Al 
and Zn would also affect the corrosion of magnesium alloy to a certain 
extent. Different stability and solubility of the corrosive product com-
ponents would have different degrees of effects on the corrosion process. 
Therefore, the experimental results of the corrosion current density 
presented smaller fluctuations and deviate slightly from the linear 
relationship, as shown in Fig. 12. 

Under the action of dynamic alternating cyclic load, with the in-
crease of dynamic frequency, the destruction and dissolution rate of the 
film layer gradually increases, thus the deposited product cannot adhere 
well to the surface of magnesium alloy under the action of cyclic vi-
bration, and the polarization resistance gradually increased to the 
maximum value in the early stage of corrosion and then gradually 
decayed, as shown in Fig. 9. 

5. Conclusion 

This paper mainly studied the effect of cyclic dynamic alternating 

stress on the bio-corrosion behavior of AZ31B magnesium alloy, and 
established a theoretical quantitative relationship between the degra-
dation rates of magnesium alloy and the frequencies of the applied dy-
namic loads. 

The results demonstrate that the cyclic dynamic tensile-compressive 
alternating loads would significantly accelerate the corrosion process of 
magnesium alloys, and the higher the applied frequency of dynamic 
loads, the more obvious the acceleration effect on the corrosion. Cyclic 
alternating loading conditions and corrosive environments have 
complicated interactions on the degradation behavior of magnesium 
alloy. Under the experimental conditions with dynamic loads, a linear 
numerical relationship as ln icorr ∝ f between the corrosion current 
density of magnesium alloy and the frequency of dynamic loads was 
observed. With the action of the dynamic stress, the higher the fre-
quency of the cyclic alternating load, the more severe the corrosion fa-
tigue process would occur in a certain period of time. Besides, it is easier 
for the passive film and corrosion product layer to dissolve and destroy 
under the dynamic loading environment. Thus the magnesium alloy is 
more prone to corrosion damage. This work can provide a certain 
theoretical and experimental basis for the design and evaluation of 
degradable magnesium alloy implant devices in vitro. 
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