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Objectives: Magnesium and magnesium alloy materials have excellent potential as biodegradable bone 
plate implants. However, the practical application of magnesium alloys is limited by their high chemical 
activity and poor corrosion resistance. Here, we chose a microarc fluorination (MAF) treatment to improve 
corrosion resistance while enhancing aspects of magnesium alloy properties. The aim of this study was 
to identify the effect of fixed-point corrosion on the corrosion resistance as well as the mechanical 
properties of magnesium alloys and to design a new corrosion-oriented model that can provide absolute 
protection over a period of time.
Material and Methods: MAF treatment is used for surface modification of magnesium alloys to improve 
the corrosion resistance of magnesium alloys. To investigate the effect of the coating and indentation on 
the corrosion resistance of Mg alloy, electrochemical corrosion experiments were carried out. It is worth 
mentioning that in this experiment we measured and analyzed the mechanical properties of the samples, 
especially the tensile strength.
Results: In the innovative indentation sample test, the coated specimens showed lower tensile strength 
due to the occurrence of fixed-point corrosion. To avoid the loss of mechanical properties due to 
fixed-point corrosion, we proposed a new idea (Corrosion-oriented Design). Ultimately, the immersion 
experiments as well as the mechanical properties analysis concluded that the Corrosion-oriented Design 
samples could maintain the mechanical properties without detectable loss for a long time.
Conclusion: The Corrosion-oriented Design model can avoid the nuisance of fixed-point corrosion and 
control the centralized orientation of corrosion. This provides a new direction for the clinical application 
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of magnesium alloys, which may offer a completely stable bone-healing condition in trauma treatment 
and avoid the drawbacks caused by the previous uncontrolled corrosion.

© 2023 AGBM. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Magnesium (Mg) and magnesium alloy materials have a known 
potential for biodegradable implant applications, and studies based 
on the control of biodegradation are thus expanding in order 
to overcome the problems of undesirable dissolution processes 
and rates of Mg and Mg alloy materials [1]. In the last decade, 
researchers have reconnoitered that magnesium and its alloys 
have good mechanical properties, biocompatibility and osteogen-
esis [2–6]. Currently, there are several strategies to the defect of 
excessive corrosion rate of magnesium alloys, including alloy com-
position optimization, casting process improvement and surface 
modification, etc. [3,7]. It has been demonstrated that improving 
the protective properties of surface coatings in high chloride ion 
solutions such as biological fluids is a proven effective method. 
Among the existing surface modification techniques, microarc flu-
orination (MAF) is considered to be a method of operational sim-
plicity and high efficiency during the preparation of protective flu-
oride coatings for Mg materials. Fluorine, in parallel with Mg, is 
one of the trace elements needed by the human body, while flu-
orine is a component of human bones and teeth [8–10]. Notably, 
the coating facilitates the proliferation of osteoblasts [11], which is 
the main reason we therefore chose the MAF coating in this study.

The fixed pitting corrosion was firstly explored as a major cause 
of mechanical property loss under coating conditions. This local 
coating disintegration at uncontrollable fixed points implies the 
formation and extension of cracks, which, in the presence of stress 
concentrations, can consequently lead to the destruction of the 
mechanical integrity of the implant [1,12–14]. Nowadays, more 
and more research about magnesium alloys is focusing on corro-
sion resistance while paying attention to the testing of mechani-
cal properties [7,15]. Therefore, it is particularly critical concern-
ing the testing and optimization of mechanical properties, espe-
cially the tensile properties, of Mg alloy materials when applied to 
biodegradable implants such as bone plates [16–19].

Therefore, to avoid fixed-point corrosion became the main pur-
pose of the new design of our research. By combining the prop-
erties of Mg and Mg alloys with multidisciplinary expansion we 
found that as a consequence of their good electronegativity, Mg 
and Mg alloys are suitable in real applications as sacrificial anodes 
in corrosion resistant means and rarely become protected parts 
[20–23]. Magnesium is highly reactive and has a more negative 
potential than most coatings and metals. In addition, metals with 
a more negative potential than magnesium, such as potassium, cal-
cium, and sodium, dissolve too quickly to meet the requirements 
for long-term protection. Magnesium is therefore often used as an 
excellent sacrificial anode material for the protection of other met-
als.

The innovation of our study is that it goes beyond the mindset 
and uses reasonable material partitioning to enable simultaneous 
anodic sacrifice and cathodic protection of the magnesium alloy it-
self for the protection of functional magnesium alloys. The optimal 
sacrificial anode should provide sufficient current while meeting 
a suitable self-dissolution rate [19,21]. In the observation of the 
indentation treatment group after immersion, the corrosion local-
ization and centralization should not be neglected. Combined with 
the theoretical transformation of Mg alloy material when used as a 
sacrificial anode, we designed the Corrosion-oriented Design (COD) 
model (Fig. 1) with the aim of maintaining the mechanical proper-
ties of degradable Mg alloy implants, based on the control of the 
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overall dissolution rate of Mg alloy material, and determined its 
sacrificial centralized area and functional area. The design could 
provide absolute protection of the mechanical properties for the 
functional area of Mg alloys in a certain period of time. If used as 
bone implants, COD Mg alloys could avoid premature fracture due 
to the sudden change of mechanical properties in the early stage 
of bone healing, providing the necessary mechanical support for 
bone healing, and can be completely degraded at the end.

The aim of this study was to identify the effect of fixed-point 
corrosion on the corrosion resistance as well as the mechanical 
properties of magnesium alloys and to design a new corrosion-
oriented model that can provide absolute protection over a period 
of time. The corrosion resistance and tensile strength of bare and 
coated magnesium alloys were measured and evaluated before and 
after the addition of dents. Our model design successfully utilizes 
the sacrificial anode principle and provides a new idea for the pro-
tection of magnesium alloys.

2. Material and methods

2.1. Materials and treatment

Commercial AZ31 Mg alloys (2.85 wt% Al; 0.75 wt% Zn; 0.62 
wt% Mn; 0.025 wt% Si; 0.003 wt% Fe; 0.00045 wt% Cu; 0.00052 
wt% Ni; Mg rest) were employed as the substrates. Three sam-
ple types were utilized in this experiment, including disc samples 
(radius of 8 mm, thickness of 2 mm), tensile samples and COD 
samples. The samples were divided into corrosion and sealing ar-
eas, and the COD samples were divided into functional, sealing, 
and sacrificial centralized areas. The sealing areas of all samples 
were sealed with silicone prior to the in vitro immersion experi-
ments. The samples were gradually polished with silicon carbide 
paper in anhydrous ethanol, washed ultrasonically in anhydrous 
ethanol for one minute, and then blown dry for the next surface 
modification step. The surface modification method was applied 
in this experiment because the corrosion resistance of AZ31 with 
Mg fluoride coating obtained by microarc fluorination treatment 
at 200 V was proved by the previous in vivo and in vitro exper-
iments. In 100 mL of 46% hydrofluoric acid electrolyte, the disc, 
tensile sample and COD were used as the anode and graphite rod 
as the cathode. The MAF-treated discs, tensile samples and COD 
samples were obtained after applying 200 V at a constant direct 
current (DC) voltage and a maximum current of 2A for 30 seconds. 
For the COD samples, a specific area, i.e., the sacrificial centralized 
area will be used as a corrosion orientation and one of its surfaces 
is not covered with a coating, called the leakage surface (Fig. 1). 
Bare, MAF-treated discs and tensile test plates were pressed to a 
depth of 0.5 mm by a Vickers hardness tester to obtain intended 
bare (in-Bare) and intended MAF (in-MAF), respectively.

2.2. Fixed-point corrosion analysis

To investigate the effect of MAF coating and indentation on the 
corrosion resistance of Mg alloy, electrochemical corrosion exper-
iments were carried out. The electrochemical cell for the poten-
tiodynamic polarization (PDP) texts consisted of a classical three-
electrode cell with Ag/AgCl/sat-KCl (+197 mV vs. standard hy-
drogen electrode) as reference electrode and a working electrode 
with an exposed surface area of 0.9 cm2. Samples were placed in 
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Fig. 1. Corrosion-oriented Design concept (COD) diagram and principle. a, Specific partition and COD model 2D image and size. Of the three partitions, the sealing area to 
improve the accuracy of detection, mainly in order to make the sample with a certain grip in the tensile performance testing. The functional area is used to achieve specific 
functions as the protected body, and is the main object to be detected in this experiment for tensile property testing. The sacrificial centralized area realizes the guiding role 
of fixed-point corrosion of magnesium alloy base. b, Corrosion guiding process. c. 3D image of COD model.
a sealed Teflon fixture with 37 ◦C Hank’s balanced salt solution 
(HBSS) was used as the electrolyte. In this experiment, samples 
were immersed in HBSS for one hour to perform their open cir-
cuit potential (OCP) mode. After the potential of the test sample 
was stabilized, it was scanned from the cathode region to the an-
ode region at a rate of 5 mV/s over the range of −2.3 V to −0.3 V 
of the reference electrode value. The corrosion potentials (Ecorr) of 
the four groups of Bare, in-Bare, MAF, and in-MAF were recorded. 
To further investigate the reason why indentation reduces the cor-
rosion resistance of Mg alloy, short-term immersion experiments 
were conducted. We immersed the in-Bare and in-MAF samples 
vertically in HBSS and maintained the temperature at 37 ◦C. The 
ratio of HBSS volume to sample area was 20 ml/cm2. The surface 
of the indented samples was observed by optical microscopy after 
one week of immersion.

2.3. Tensile test after corrosion

To verify the significant effect of fixed-point corrosion on the 
mechanical properties, we examined the tensile strength of sample 
Bare, in-Bare, MAF, and in-MAF after soaking them in HBSS solu-
tion. The sealed areas of all four groups of samples were sealed 
with silicone prior to immersion, and the samples were immersed 
vertically in HBSS and maintained at 37 ◦C for 2 weeks. Where the 
ratio of HBSS volume to corrosion area was 20 ml/cm2 and the 
HBSS solution was changed once a week. After 2 weeks, 10 sam-
ples were removed from Bare, in-Bare, MAF, and in-MAF groups, 
respectively, and tensile tests were performed with an INSTRON 
tester at a constant cross-head speed of 1 mm/min after observ-
ing the sample surfaces, as well as recording the tensile curves 
and maximum tensile strength. In order to observe whether COD 
could maintain its original mechanical strength after soaking for 
a longer period of time, i.e., to provide stage absolute protection, 
we checked the tensile sample strength after soaking COD in HBSS 
for several weeks. Meanwhile, Bare and MAF were used as control 
groups. The three groups were immersed vertically in HBSS and 
maintained at 37 ◦C for 4, 8, and 12 weeks. The rest of the exper-
imental conditions were consistent with the post-corrosion tensile 
experiments described above. We took 10 samples from COD, Bare 
& MAF groups every 4 weeks, observed the sample surface and 
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then performed tensile tests with INSTRON testing machine at a 
constant cross-head speed of 1 mm/min, and recorded the tensile 
curves and maximum tensile strength.

2.4. Analysis

Ten samples were taken from each group and the tensile 
strength was expressed as mean ± standard deviation (SD). All 
statistical analyses were performed using IBM SPSS Statistics Ver-
sion 23.0 for Windows (IBM Corporation, Armonk, New York, USA). 
Statistical analysis of the results was performed using one-way 
analysis of variance (ANOVA) and post-processing analysis of the 
Tukey test. Values of P = 0.05 were considered significant.

3. Results

3.1. Available tests for corrosion resistance properties of indentation 
samples

The systematic groups of indented defect samples were ex-
ploited to obtain a fixed-point corrosion model.

3.1.1. Electrochemical experiments
Indentation sampling set was designed to demonstrate the ef-

fectiveness of the MAF coating and also to determine the condi-
tions of fixed-point corrosion generation. In this sampling set, in 
addition to the original Bare and MAF sets, indentation specimens 
were obtained by pressing down the Vickers hardness tester to a 
depth of 0.50 mm, respectively. This sampling set was first sub-
jected to electrochemical testing.

The influence of MAF coating and indentation on the corrosion 
resistance of magnesium alloys was carefully examined by PDP 
tests. A classical three-electrode cell with HBSS as electrolyte was 
included and the PDP experimental procedure was scanned from 
the cathodic to the anodic region at reference electrode values 
ranging from −2.3 V to −0.3 V. The corrosion potentials (Ecorr) and 
corrosion current densities (Id) were recorded for groups Bare, in-
Bare, MAF and in-MAF. Fig. 2 illustrates the Tafel curves of the disc 
samples, where higher Ecorr and lower Id represent better corrosion 
resistance [24]. The highest corrosion potential of about −1.341 
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Fig. 2. Potentiodynamic polarization curves of Bare, MAF-coated, indented Bare (in-
Bare), and indented MAF-coated (in-MAF) AZ31.

V was obtained from the MAF group, which is higher than the 
−1.376 V of in-MAF and −1.492 V of Bare and in-Bare. This clearly 
shows that the MAF coating can significantly improve the corro-
sion resistance of the magnesium substrate, which is consistent 
with previous reports [25]. We also found that indentation slightly 
reduced the corrosion resistance of the MAF coated groups, while 
the presence of indentation in Bare samples did not have a signifi-
cant effect. More noteworthy is the MAF group corrosion potential 
is higher than Bare group (about 0.151 V), there is a potential dif-
ference, while exposure will form a primary cell, accelerating the 
corrosion of the magnesium alloy substrate [26,27].

3.1.2. Immersion tests for indentation sampling system
Fig. 3 shows the optical observations of the in-Bare and in-

MAF groups of sampling discs before and after one week of ver-
tical immersion in HBSS solution. The in-Bare group lost the glory 
and smoothness of the disc surface after one week of immersion, 
showing superficial and uniform corrosion with no significant en-
largement of the indentations. In the in-MAF group, after one week 
of corrosion, the overall disc did not change significantly and still 
maintained a good surface gloss and texture. However, when the 
local dent was amplified, it was found that the indentation was 
Fig. 3. Optical images of in-Bare group, in-MAF group disc samples before and after one
image at indentation, 500 μm.
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significantly enlarged and deepened, while expanding in the di-
rection of width and depth, forming a deep pit, in other words, 
there was a serious fixed-point corrosion. This result is similar to 
the severe pitting behavior of MAO coating in NaCl solution re-
ported by Yuxiang Liu et al., which means that the indentation is a 
macroscopic amplification of fixed-point corrosion [17,28]. Fixed-
point corrosion accelerates the corrosion of MAF-coated magne-
sium alloys and reduces the corrosion resistance of the coating 
itself, while also remarkably affecting the mechanical integrity of 
the entire sample [16].

In order to first determine whether the coating had been ef-
fective in controlling the corrosion rate, the phenomenon of fixed-
point corrosion was simulated at the macroscopic level and elec-
trochemical experiments were performed on this system as a pri-
ority (Fig. 2). Consistent with previous studies, the data obtained 
by PDP tests revealed that the prepared coatings were corrosion 
resistant and notably there was no significant difference between 
the results of the indent defect group and the others. This means 
that no clear relationship between the surface defects and the 
corrosion rate could be extrapolated. On the other hand, after 
the Hank’s Balanced Salt Solution (HBSS) immersion experiments, 
the defects caused by spot corrosion centered on the dents were 
clearly observed on the coated samples (Fig. 3). It is neverthe-
less important that this phenomenon did not eventually appear 
on the bare Mg samples. The MAF coating has a similar coating 
structure to the anodized coating while the MAF substrate is more 
dense [15,25,29,30], thus the condition that a defective/reactive 
point (e.g., the β phase in Mg alloys) happens to be exposed to 
the coating through-hole is unlikely possible [31]. However, as the 
corrosion time increases, the probability of exposure of the defec-
tive/active substrate increases with the gradual corrosive process 
of the surface coating. The indentation of the coating sample is the 
pitting corrosion source, where the internal Mg substrate is more 
active and the potential is more negative, while the coating surface 
potential is more positive (Fig. 2), which may constitute a micro-
cell [27,32]. Furthermore, this area has a large cathode to small 
anode ratio, which will lead to faster dissolution of the Mg alloy 
in the pitting source and the formation and gradual enlargement 
of the etch holes. However, there is no potential difference on the 
bare Mg alloy sample, so there is no microcell formation, and thus 
only uniform superficial corrosion occurs.
-week test in HBSS. Scale bar of disc optical image, 5 mm; Scale bar of microscopic 
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Fig. 4. Mechanical properties of the four sets of samples integrated and optical images of tensile samples before and after two weeks of corrosion. a, Typical stress-strain 
curves. b, The mean maximum tensile strength of samples (n = 10, P = 0.05). c, The images show Bare, in-Bare, MAF, and in-MAF tensile samples immersed in simulated 
body fluids for 2 weeks. Note that the grips on both sides of the tensile samples are sealed with silicon to ensure that they are not involved in degradation and to prevent 
the clamps from failing during the tensile test due to stress concentration. Scale bar, 10 mm.
3.2. Tensile tests of indentation sampling sets after immersion corrosion

In order to verify that the occurrence of fixed-point corrosion 
after the surface treatment can significantly affect the mechanical 
properties of the material, we performed tensile tests after immer-
sion corrosion.

Fig. 4c revealed that the Bare group and in-Bare group sam-
ples showed an unsmooth appearance in their respective corrosion 
areas, showing a large area of corrosion, but no obvious spot cor-
rosion, which can be considered as uniform corrosion to some 
extent. Moreover, compared with the samples obtained from Fig. 3, 
the fixed-point corrosion of in-MAF after 2 weeks of immersion is 
more obvious, indicating that the fixed-point corrosion will con-
tinue to spread and deepen with time after appearing [31,32], 
which is also consistent with the study of J.D. Barajas et al. Scale 
bar, 10 mm.
5

Tensile tests were performed on samples after 2 weeks of cor-
rosion in order to verify that fixed-point corrosion in the coating 
can significantly affect the mechanical properties of the material 
(Fig. 4a, b). The stress-strain curves and maximum tensile strength 
were recorded for Bare, in-Bare, MAF, and in-MAF using an IN-
STRON tester at a constant cross-head speed of 1 mm/min. The 
curves of each group largely coincided during the elastic defor-
mation phase, indicating that the adhesion of the coating and the 
dents [33]. However, the tensile strength of the samples decreased 
in the order of in-Bare > Bare > MAF > in-MAF. Among them, in-
Bare has a higher maximum tensile strength, probably due to the 
protection of its surface corrosion product deposition [34]. And in-
MAF shows the lowest ultimate strength. Combined with the ap-
pearance of fixed-point corrosion of in-MAF in the optical images 
(Fig. 3, Fig. 4c), the idea that fixed-point corrosion can significantly 
affect the mechanical properties of the material can be confirmed 
[1].
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Fig. 5. Stress-strain curves with its optical images of Bare, MAF-coated AZ31, and a COD sample after 4, 8, and 12 weeks of immersion. For maximum tensile strength, a, 
COD > Bare > MAF; b, COD > MAF > Bare; c, COD > Bare > MAF. With time, the degree of uniform corrosion in the functional area of Bare gradually deepened. Unlike 
Bare, MAF showed fixed-point corrosion, which appeared only in the central part of the functional area in the first 8 weeks, and gradually extended in the functional area 
by 12 weeks. (The changes in the Bare and MAF are consistent with Fig. 2, 3.) For the COD, the critical functional area was free of corrosion, while significant corrosion was 
observed on the surface of leakage in the sacrificial centralized area in the first 4 weeks, and as time went on, the fixed-point corrosion extended from the leaking side to 
the coating side, which also led to a gradual decrease in the length and thickness of the sacrificial centralized area. Scale bar, 6 mm.
Fig. 6. Mean maximum tensile strength of samples from Bare, MAF, and COD for 
each specified period of corrosion (n = 10, P = 0.05). During the 12 weeks of im-
mersion, the tensile strength of COD was always much higher than that of MAF 
and Bare, while the tensile strength of Bare was all higher or equal to that of MAF. 
For the COD, there is no significant difference between the non-immersed and the 
12-week-immersed. On the contrary, the tensile strength of Bare decreased fast in 
the first 8 weeks and slower in week 8-12, and decreased to 68.5% of the original 
strength in week 12. However, the MAF exhibited a different decreasing trend from 
the Bare, which decreased fast in the first 4 weeks and week 8-12, and slower in 
week 4-8, decreasing to 44.2% at week 12.

To determine if pitting corrosion on the coated samples was 
associated with loss of mechanical properties, we next performed 
sample tensile properties testing (Fig. 4a, b). Stress-strain curves 
as well as maximum strengths were recorded for the four groups 
of samples, implying that the presence or absence of indentations 
did not have a significant impact on the mechanical properties 
of the homogeneous uncoated samples. Intriguingly, the tensile 
strength was higher in the indent-treated uncoated group, consid-
ering that the specimens were more prone to the deposition of 
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the corrosion product Mg(OH)2 at the horizontal surface shallow 
indent, corresponding to a local protective film [17]. Conversely, 
for coated samples with indentation treatment, more pronounced 
pitting corrosion can be observed due to the destruction of the 
coating surface and the exposure of the protected interior, which 
has a greater weakening effect on the strength of the sample. We 
believe that the fixed-point corrosion of the coated specimen ex-
tends to depth, resulting in a decrease in the actual cross-sectional 
area of the tensile specimen. In this case, once the same magnitude 
of stress is applied, the local compressive strength of the material 
will increase and thus fracture is more likely to occur, in other 
words, this situation reduces the tensile strength of the material. 
This enlightens us that the avoidance of fixed-point corrosion be-
comes an essential role, in order to target the further development 
of biodegradable Mg alloy materials.

3.3. Assessment of COD models for the control of pitting corrosion 
phenomena

Mg and Mg alloys exhibit active corrosion performance in HBSS 
immersion experiments, where the integral corrosion principle can 
be translated into two partial electrochemical reactions as follows.

Mg → Mg2+ + e− (1)

H2O + e− → OH− + H2↑ (2)

By observing each sample after the immersion experiment, it 
was found that the fixed-point corrosion on the COD samples was 
confined to the specified area. At the same time, the stress-strain 
curves showed that the COD sample functional area did not show 
visible reduction at multiple time points during the immersion pe-
riod (Fig. 5). A joint analysis of the maximum stress tolerated by 
all experimental samples and the immersion time shows that the 
COD samples can maintain excellent mechanical properties for a 
prolonged period of time (Fig. 6).
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4. Discussion

What can also be observed from Fig. 5 is that the length of 
the corrosion concentration zone in the COD design is decreasing 
as the corrosion time increases. This is in line with the initially 
predicted phenomenon of directional corrosion extension, where 
magnesium-based dissolution starts from the uncoated side and 
gradually progresses towards the outer coating and the interior. 
The corrosion condition in the extended section may be worse 
than in the Bare group, due to the potential difference between the 
MAF coated AZ31 and the bare AZ31, which may also incur a faster 
rate of magnesium ion release, hydrogen release and a higher local 
pH than the bare AZ31 [8,15,30]. However, too high a magnesium 
ion can incur a high local osmotic pressure [11], which is detri-
mental to cell proliferation. Secondly, too rapid a rate of hydrogen 
precipitation (>0.01 ml cm−2/day) will also cause problems of tis-
sue separation, necrosis of perioperative tissue, and obstruction of 
blood flow, although subcutaneous air pockets created by the im-
plantation of the bare AZ31 fracture fixation device into the animal 
have not disrupted fracture healing or the health of the surround-
ing tissue after timely removal at some point [8]. The pH range 
of >7.9 was found to inhibit the osteogenic differentiation of hu-
man bone marrow mesenchymal stem cells (hBMSCs), and, more 
severely, the mineralization of the extracellular matrix was com-
pletely inhibited at this pH condition [35]. However, there is no 
direct data on the overall corrosion rate, hydrogen precipitation 
rate or pH change of COD in this experiment. This will be the next 
step in our experimental research.

In previous studies, pitting corrosion has been shown to have 
a critical effect on the mechanical properties of magnesium alloys 
through the same corrosion mechanism we mentioned above [36]. 
It is noteworthy that this phenomenon is more evident at longer 
corrosion duration [37]. For coated magnesium alloys, pitting cor-
rosion often leads to coating cracking, resulting in its failure, es-
pecially for magnesium alloys with a large difference in thermal 
expansion coefficient between the coating and the substrate [38]. 
In addition, corrosion-assisted cracking phenomena, such as stress 
corrosion cracking (SCC) formed by a combination of corrosive en-
vironments and mechanical loading, will reduce the mechanical 
properties of magnesium alloy bone implants more, compared to 
air corrosion, through pitting corrosion, anodic dissolution, and hy-
drogen embrittlement (HE) [39,40].

It is widely recognized that in an ideal fracture repair treat-
ment, the implant should be perfectly matched to the injured 
tissue reconstruction process, meaning that the implant should 
provide almost nondestructive mechanical support in the early pe-
riod, while gradually degrading at an acceptable rate in the later 
stages [41]. The primary purpose of the entire repair process is to 
circumvent the risk of osteoporosis and other risks that may be 
associated with the stress shielding effect. More importantly, it is 
well-established that different bones heal at different rates, which 
also requires a highly controllable rate of degradation and mechan-
ical properties of the implants. Based on the understanding of the 
restorative treatment process, we obtain the new design of COD 
for implants. In the same logic as the dent-treated coated sam-
ples, the COD model leaves the uncoated face as the occurrence 
center of the fixed-point corrosion, where small potential discrep-
ancies may exist at the sample microstructure level. This process 
may achieve a cathodic protection effect similar to that of sacrifi-
cial anodes [42,43], while retaining the coating’s role in controlling 
the corrosion rate of the Mg alloys [32,44]. To a large extent, this 
avoids stress corrosion cracking and corrosion fatigue caused by 
fixed-point corrosion [39,45], while simultaneously reducing the 
risk of secondary trauma caused by Mg alloy materials as implants. 
Therefore, we hope to use this design to apply to medical magne-
sium alloy bone plate, expecting this design could ameliorate the 
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status that existing magnesium alloy bone plate failed to furnish 
sufficient mechanical support in the pre-bone healing period due 
to fixed-point corrosion.

It is certain that the corrosion-oriented model we have de-
signed can provide absolute protection over a period of time, but 
due to the short duration of the experiment, no measurements 
were made on the exact time. Our next step is to carry out long-
term experiments and design our model to meet the time required 
for bone healing by the length of the corrosion concentration zone, 
the cross-sectional area, etc. In the conventional sacrificial anode 
method, anodes of the same weight but different shapes may have 
different outputs, as the ratio of surface area to weight is not al-
ways consistent. Therefore, shape change will play a role when 
considering current output. Therefore, the shape size of the mag-
nesium alloy in the sacrificial concentration zone for the new COD 
design in this paper remains to be explored and improved. In ad-
dition, we have only conducted in vitro experiments, whereas the 
in vivo environment is more complex and subject to a number of 
factors that may vary the results, so we believe that reasonable in 
vivo experiments are also necessary.

5. Conclusion

1. Electrochemical experiments combined with in vitro immer-
sion corrosion tests have demonstrated the corrosion resistance of 
the multi-prepared magnesium fluoride coating in this study

2. Tensile tests and optical observations on dent-deficient sam-
ple lines were used to determine that the phenomenon of fixed-
point corrosion is the main cause of the loss of mechanical prop-
erties of the material

3. Design of a new model for COD to overcome fixed point cor-
rosion and achieve directional control of the corrosion process in 
magnesium alloy materials.

This innovative design for Mg alloy materials maintains the ex-
cellent mechanical properties of the samples for a long time. De-
spite the challenging nature of the model, these positive results 
suggest that this particular tool holds good promise. This may be a 
step forward for Mg alloy biodegradable materials to achieve clini-
cal repair applications.
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