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With recent progress in clinical trials and scale-up applications of biodegradable
magnesium-based implants, the scenarios of transplanting biodegradable Mg with
other non-degradable metals may occur inevitably. Galvanic corrosion appears
between two metallic implants with different electrochemical potentials and leads to
accelerated degradation. However, a quantitative measurement on the galvanic
corrosion of Mg in contact with other metallic implants has not been conducted. Here
we study the corrosion behaviors and mechanical attenuation of high purity magnesium
(Mg)in contact with stainless steel (316L), pure titanium (TA2), and magnesium alloy (AZ91)
respectively to form different galvanic couples in simulated body fluids. The results show
that all of these three heterogeneous metal pairs accelerate the degradation of high purity
Mg to different degrees, yielding declined tensile strength and mechanical failure after
4 days of immersion. Our observations alert the potential risk of co-implanting different
metallic devices in clinical trials.
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INTRODUCTION

In clinical practice, different metallic biomaterials were often used for implantation to achieve
specific therapeutic effects (Rostoker et al., 1978; Gilbert et al., 1993; Reclaru and Meyer, 1994).
However, these different metal materials with different free corrosion potential are likely to undergo
galvanic corrosion after co-implantation. Mathiesen et al. (1991) first observed that the surfaces of
the cobalt-chromium alloy and the titanium alloy taken out from the patient’s body had obvious
galvanic corrosion signs. In dentistry, the galvanic current between the amalgam and other metal
restorations is affected by the restoration age and the total surface area (Sutow et al., 2004). Besides,
some studies have clearly pointed out that the co-implantation of stainless steel implants with other
metallic implants (e.g., pure titanium, titanium alloy, and cobalt alloy) should be avoided in clinical
practice (Koh et al., 2015).

Magnesium and its alloys have become attractive degradable materials due to their excellent
biocompatibility, mechanical properties, and biodegradability (Staiger et al., 2006; Zhang et al., 2010;
Zheng et al., 2014). Some representative degradable and absorbent magnesium alloy implant device
products have gradually entered clinical trials and practical applications (Haude et al., 2013;
Windhagen et al., 2013; Sun et al., 2019). In recent years, more and more cases of magnesium
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co-implantation with other metals have been reported. Hou et al.
(Hou et al., 2017) implanted magnesium nails and titanium nails
into the femur of SD rats at intervals of 5 and 10 mm and found
the sign of increased corrosion. Tian et al. (Tian et al., 2018)
developed an innovative magnesium/titanium hybrid system for
fixation of bone fracture. Experimental results show that the
fixation system can provide sufficient mechanical support for the
fracture site while promoting fracture healing. However,
magnesium and its alloys have low corrosion potential with
high corrosion rate. Galvanic corrosion will occur after
magnesium metal devices contact with other metal devices,
which accelerates the degradation rate of magnesium, and
causes magnesium metal devices to fail during the entire
implantation cycle due to accelerated mechanical attenuation.
In addition, many studies have proved that magnesium
degradation products have certain biological effects on
surrounding cells and tissues (Peng et al., 2021; Zan et al.,
2021). However, due to the accelerated corrosion of
magnesium metal devices, the high concentration of local
corrosion products and high local alkalinity are more likely to
cause tissue necrosis (Song, 2007). Besides, the degradation
process may also release degraded particles that have a
negative impact on the tissues (Attarilar et al., 2020; Jin et al.,
2020). This is a key scientific issue related to the successful
implantation of medical magnesium devices in clinical
applications.

At present, the influence of galvanic corrosion on magnesium
corrosion behavior has been reported in the industry (Song et al.,
2004; Coy et al., 2010), but the employed corrosion environment
is usually NaCl solution or salt spray environment, which is
different from the biomedical environment. Alloying elements,
surface treatment, processing, and other factors can be
successfully reflected in the corrosion test in NaCl solution,
but other components in the internal environment, such as
carbonate, phosphate, and calcium ions, will seriously affect
the corrosion rate and corrosion mechanism of magnesium
(Xin et al., 2008; Zeng et al., 2014; Mei et al., 2020). In the
research of biomedical magnesium corrosion, the choice of
corrosive media is one of the important contents of the test.
More and more complex media have been used in the corrosion
detection of biomedical magnesium. The influence of galvanic
action on the corrosion behavior and corrosion mechanical
attenuation of medical magnesium remains to be explored in
the biomedical environment. Therefore, in this paper, the co-
implantation of Mg with other typical biomedical metals during
the in vitro degradation process were studied to reveal the effect of
galvanic corrosion on the degradation properties ofMg, including
corrosion behavior and mechanical attenuation. Three different
heterogeneous metals (316L stainless steel, TA2 pure titanium,
and AZ91 magnesium alloy) relate to high-purity magnesium
samples in PBS solution, which is a widely used corrosion
medium for testing the biomedical applicability of magnesium,
to form a galvanic pair. The corrosion behavior of high-purity
magnesium under the effect of galvanic couples was studied
through the in vitro immersion test, and the attenuation of its
mechanical properties was quantified. Our research provided risk

hints for the clinical application of magnesium-based medical
devices when co-implanted with other metals.

EXPERIMENTAL METHODS

Material Preparation
The experimental samples used in this study were prepared from
four metal plates including high purity magnesium (99.98%),
magnesium alloy AZ91, pure titanium TA2, and stainless steel
316L (provided by Suzhou Origin Medical Technology Co., Ltd).
The composition of the pure magnesium ingot was shown in
Table 1. The high-purity magnesium plate was processed into
tensile specimens. The other three metal plates were cut into thin
slices, the size of which (18 × 3.5 × 1.5 mm) was the same as that
of the parallel part of the high-purity magnesium tensile
specimen.

Electrochemical Test
The various metal pieces were used as working electrodes, which
were placed in the solution with an exposed surface of 1 cm2. The
saturated calomel electrode and the platinum electrode were
respectively used as the reference electrode and the counter
electrode to form a three-electrode system. An electrochemical
workstation (CHI660E) was used to measure the open circuit
voltage (OCP) of the four metal sheets in 200 ml of PBS solution,
and the duration time was 600s.

In Vitro Immersion Test
The high-purity magnesium specimen was separately tied
with AZ91, TA2, 316L and immersed in 100 ml PBS solution
at 37 ± 0.5°C. The chuck part of the tensile specimen was
isolated from the solution, and only the parallel part was
in contact with the solution. Immersion tests were
suspended in PBS for different time points, t � 12, 24, 48,
and 96 h.

After the samples were taken out of the solution, chromic acid
solution (prepared as reference (Chen et al., 2020)) was used to
remove corrosion products. SEM (FEI Sirion200) was used to
characterize the corrosion morphology. After the samples were
weighed after corrosion, the corrosion rate was calculated
according to the following formula:

CR � K ×W

A × T ×D
(1)

Where K was a constant (8.76 × 104), Wwas the weight loss (g), A
was the exposed area of the sample in the solution (cm2), T was
the immersion time (h), and D was the material density (for
magnesium, the value is 1.74g/cm3) (Wu et al., 2019).

Mechanical Performance Test and Fracture
Topography Analysis
The tensile test was carried out at room temperature using an
ETM1048 tensile testing machine with a displacement rate of
2 mm/min, and the morphology of the tensile fracture was
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observed with the scanning electron microscope (SEM) (FEI
Sirion200).

EXPERIMENTAL RESULTS AND ANALYSIS

Corrosion Products and Corrosion Rate
The order of the corrosion potential (Ec) of the four metals in the
PBS solution wasMg <AZ91 <TA2 <316L and the specific values
are shown in Table 2. The macroscopic corrosion morphology of
each group of high-purity magnesium plates was shown in
Figure 1. It could be found that under the influence of three
different heterogeneous metal sheets, the corrosion of magnesium
wasmore severe. The weight loss and corrosion rate of each group
were shown in Figure 2. The acceleration of corrosion was more
obvious. During the 96 h immersion process, the weight loss and
corrosion rate of high-purity magnesium plates connected with
the metal plates were significantly higher than those of the
unpaired Mg group. At the same time, during the entire
immersion test, the corrosion rate of the Mg group was
relatively stable. In the other three groups with galvanic
pairing, the average corrosion rate in 96 h was significantly
lower than the corrosion rate in the first 12 h, and the overall
average corrosion rate showed a significant downward trend.

After 96 h of immersion in each group of high-purity
magnesium samples, the surface morphology and the chemical
composition of the corrosion products were shown in Figure 3
characterized by SEM with EDS. It could be seen that there was
less deposition of corrosion products on the surface of the Mg
group, and a flaky corrosion product layer with cracks covered the

surface. The EDS results showed that the composition was mainly
composed of three elements: Mg, O, and P, and the atomic ratio of
P to Mg was 0.39.

In the other three groups, the inhomogeneous and porous
corrosion product layer still existed, but the difference in the
thickness of the corrosion product layer was significantly higher
than that of the Mg group. Besides, it could be found that a
columnar corrosion product accumulated on the product layer.
Among them, the uneven degree of corrosion product layer and
the accumulation of columnar corrosion product layer in the
Mg&316L group were the most serious, and the surface was
almost completely covered by such kind of product, while such
phenomenon was the least obvious in the Mg&AZ91 group. EDS
mapping showed that the element composition on the surface of
the sample was still O, Mg, P three elements, but the proportions
were not the same. The P/Mg in the Mg&AZ91 group was 0.48,
the Mg&TA2 group was 0.67, and the Mg&316L group was 0.96,
showing an increasing trend. At the same time, the chemical
elements were performed on the columnar sediments. The results
showed that the element composition of the three groups were
relatively similar, and the P element accounted for a relatively
high proportion.

The galvanic corrosion rate was mainly determined by the
open circuit potential of the galvanic pair, the resistance of the
cathode, the resistance of the anode, and the resistance between
the anode and the cathode (Song, 2005). In this study, the
corrosion rate of high-purity magnesium samples in the three
groups with galvanic couples was positively correlated with the
order of the open circuit potential. This was in line with the
theory of galvanic corrosion. The peak of the average corrosion
rate appears in the first 12 h, and the corrosion rate showed a
significant downward trend, but the corrosion rate of the Mg
group remained almost constant, which might be determined by
the corrosion behavior of magnesium in the PBS solution.

The degradation behavior of magnesium in PBS solution was
divided into two aspects: the corrosion of magnesium and the

TABLE 1 | Chemical compositions of high-purity magnesium plates.

Element Al Si Mn Fe Zn Ti Ni Mg

wt./% 0.001 0.002 0.002 0.002 0.002 <0.001 <0.0005 Balance

TABLE 2 | Electrochemical property data of 4 kinds of metals in PBS.

Metal Mg AZ91 TA2 316L

Ec/V −1.90 −1.67 −0.40 −0.20

FIGURE 1 | Macroscopic corrosion morphology of magnesium surface under different corrosion conditions.
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deposition of corrosion products on the surface of magnesium.
Hydrogen evolution corrosion of magnesium produces OH−,
which formed a corrosion product layer of Mg(OH)2 on the
surface of magnesium. In the solution, Mg(OH)2 could combine
with water molecules to form hydrates. After the solution was
taken out and air-dried, many cracks were formed on the surface

of Mg(OH)2, which was shown in Figures 3b1, b5. When
galvanic corrosion was triggered, the corrosion would
increase and the OH− concentration on the magnesium
surface would greatly increase. The hydrogen phosphate and
dihydrogen phosphate ions in the solution were likely to react as
follows:

FIGURE 2 | (A) Weight loss of magnesium under different corrosion conditions in PBS solution; (B) Corrosion rate of magnesium under different corrosion
conditions in PBS solution.

FIGURE 3 | Surface morphologies with corrosion products and EDS results of HP-Mg in Mg group (b1, b5), Mg&AZ91 group (b2, b6), Mg&TA2 group (b3, b7), and
Mg&316L group (b4, b8) after 96 h
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H2PO
−
4 + 2OH− → PO 3−

4 + 2H2O (2)

HPO 2−
4 + OH− → PO 3−

4 +H2O (3)

Previous studies (Morks, 2004) have shown that magnesium
dihydrogen phosphate could directly generate stable magnesium
phosphate corrosion products through the following reaction:

3Mg(H2PO4)2 + 4H2O → Mg3(PO4)2 · 4H2O + 4H3PO4 (4)

Since the solubility product constant Ksp of Mg3 (PO4)2 at
room temperature was 1.04 × 10–24, which was much smaller than
1.8 × 10–11 of Mg (OH)2, magnesium ions tended to form more
stable magnesium phosphate. It was reflected in the white

columnar products with high phosphorus content in Figures
3b2–b4, b6–b8. The more significant the galvanic corrosion and
themore OH− released, causing a denser product layer, which was
reflected in the higher the phosphorus content of the product
layer. The accumulation of this magnesium-containing
phosphate corrosion product layer could reduce the corrosion
rate of the magnesium matrix (Xu et al., 2008) so that the
corrosion rate of magnesium under the action of the galvanic
pair was significantly reduced. Besides, the accumulation of non-
conductive corrosion product layers could reduce the effect of
galvanic corrosion by increasing the resistance between the anode
and the cathode. Figure 4 summarized the degradation

FIGURE 4 |Corrosion mechanism of magnesium in PBS solution: (A) Self-corrosion mechanism of magnesium in PBS solution; (B)Galvanic corrosion mechanism
of magnesium in PBS solution; (C) Chemical reaction of magnesium during corrosion process in PBS solution.

FIGURE 5 |Morphologies of typical corrosion (A) and severe pitting corrosion (B) of Mg in Mg group (a1, a5), Mg&AZ91 group (a2, a6, b1), Mg&TA2 group (a3, a7,
b2) and Mg&316L group (a4, a8, b3) after 96 h
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mechanism of galvanically corroded magnesium and self-
corrosive magnesium in PBS solution.

Corrosion Morphology
Figure 5 showed the SEM image of the corrosion products
morphology of the four groups of samples after cleaning. In the
three groups of samples with galvanic couples, most of the areas were
similar to the Mg group, showing the morphology of corroded
micropores, but the corroded pores were deeper and more obvious
in comparison. Besides, there were areas of severe pitting corrosion in
the three groups, which mostly appeared on the edges of the samples,
and large and deep cavities were formed. Such a phenomenonwas not
found in the Mg group. the area where the galvanic current of the
magnesium alloy acts was limited and the galvanic current was
unevenly distributed. In the area where the galvanic current
density was relatively large, the rate of anode dissolution was
accelerated, and the overpotential value of anode dissolution
increased, which caused the electrode reaction to deviate from
equilibrium and the generation of magnesium ions increased. In
order to maintain the neutrality of the solution, anions wouldmigrate
to the anode area, which included Cl− ions. Cl− could corrode the
corrosion product film layer and cause pitting corrosion through the
reaction below (Song and Atrens, 1999; Esmaily et al., 2017):

Mg(OH)2 + 2Cl− → Mg2+ + 2OH− (5)

Attenuation of Mechanical Properties and
Fracture Analysis
In this study, the nominal tensile strength and nominal fracture
strength were used to characterize the mechanical properties of

the high-purity magnesium specimens after corrosion. The
maximum tensile strength and the breaking force were
divided by the initial cross-sectional area of the sample
before being corroded. As shown in Figures 6a1–a4, after
96 h of soaking, the nominal tensile strength of the Mg
group, Mg&AZ91 group, Mg&TA2 group, and Mg&316L
group decreased from 216.89 MPa to 193.50, 116.43, 83.44,
and 97.67 MPa respectively, while the fracture strength
attenuated from 210.24 MPa to 184.20, 110.86, 81.23, and
93.81MPa, respectively. The shapes of the load-
displacement curves of all groups were similar and there
was no obvious yield step found. The mechanical properties
were gradually reduced with the passage of corrosion time,
and the degree of attenuation was positively correlated with
the severity of corrosion, except for the abnormal results
between Mg&TA2 group and Mg&316L group immersed
for 96 h.

Figure 7 showd the fracture morphology of each group of Mg
samples after corrosion for 96 h. The morphology of the fracture
center (Figure 7A) that was not affected by corrosion was
relatively similar and was relatively flat macroscopically. At
high magnification, its morphology was a mixed fracture
composed of small cleavage facets, dimples, and tearing edges,
showing typical quasi-cleavage fracture characteristics. However,
the morphology of the edge of the fracture (Figure 7B) showed
that the fracture surface of the Mg group was still relatively neat,
but the fracture morphology of the center and the edge of the
three groups of Mg tensile specimens with galvanic pairing was
significantly different. In these three groups, the fracture cross-
section reflected in the fracture macro morphology was already
very irregular, and there were long and deep internal cracks at the
same time.

FIGURE 6 | Load-displacement curve of HP-Mg inMg group (a1), Mg&AZ91 group (a2), Mg&TA2 group (a3) andMg&316L group (a4), nominal tensile strength (b1)
and nominal fracture strength (b2) of Mg after corrosion.
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The calculation method of the nominal mechanical
properties determines that weight loss became a cause of
mechanical attenuation in this study. Assuming that all Mg
samples were completely uniformly corroded in each phase
during corrosion, corrosion only caused the Mg samples to
keep the original shape and shrank proportionally, without
causing stress concentration. Under this hypothetical ideal
test condition, for the sample with the highest weight loss
(soaked with 316L for 96 h), its weight loss rate was 24.7%,
but the attenuation of its nominal tensile strength far exceeds
this, reaching 55.0%. Therefore, in the actual immersion
corrosion situation, a large part of the attenuation of
mechanical properties was not caused by weight loss.

Due to the limited plastic deformation ability of high-purity
magnesium at room temperature, the stress-concentrated tip
part could not well relieve stress concentration by expanding
the load-bearing area through plastic deformation and was
extremely sensitive to stress concentration and crack size. The
testing results of each group showed that as the corrosion
intensified, the total length of the tensile curve gradually
became shorter, and the tensile strength gradually
decreased, reflecting a certain extent the reduction in the
deformability and nominal fracture strength of Mg as the
corrosion intensified. However, at the same time, the
fracture morphology at the center that was not affected by
corrosion also shows that the matrix of the Mg sample had no
significant change. This was mainly due to the formation of
corrosion pits on the surface. The size of corrosion pits was
usually much larger than internal defects, and the impact of
surface perforation caused by corrosion on the tensile strength
of magnesium alloys was more serious than internal defects
(Wang et al., 2010). Because the corrosion pits made the

geometrical surface of the sample more irregular and the
curvature became larger, the stress concentration was more
likely to occur when such defects were under tensile stress.
Therefore, the microcracks were more likely to nucleate and
gather in the corrosion pits, and were more likely to be
localized it spreads around, forming cracks and causing
fracture. Studies had pointed out that the depth of pits was
closely related to the residual strength of magnesium alloys
after corrosion (Li et al., 2010). When the corrosion pit
gradually deepened, the stress concentration intensifies, and
internal cracks began to occur, which further intensifies the
crack propagation. For samples with severe corrosion, pits
gather on the surface and increase in size, resulting in serious
stress concentration in these parts, and the fractures directly
showed the shape of the edges of the pits.

CONCLUSION

1) High-purity magnesium is connected to three
heterogeneous metals (316L, TA2, AZ91). After being
immersed in PBS solution, different degrees of galvanic
corrosion are produced, and the degree of acceleration is
positively correlated with the potential difference of each
galvanic pair.

2) The generation of galvanic corrosion, on the one hand, leads
to more deposition of phosphate corrosion products by
causing the accelerated release of OH−, which could
protect the magnesium matrix. This makes the average
corrosion rate of high-purity magnesium decrease more
obviously after 24 h immersion. In the long run, the
presence of phosphate will significantly inhibit the

FIGURE 7 | The fracture images of Mg from center (A) to edge (B) in Mg group (a1, a5, b1), Mg&AZ91 group (a2, a6, b2), Mg&TA2 group (a3, a7, b3) andMg&316L
group (a4, a8, b4) after 4d
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galvanic corrosion of high-purity magnesium. On the other
hand, large and deep pits were observed since galvanic
corrosion caused significant local corrosion, which may be
caused by the accumulation of anions on the sample surface
under the uneven current of the galvanic.

3) The tensile strength of magnesium decreased significantly in
the presence of the galvanic couple, and the tensile strength
reached 60% after 96 h of co-immersion. This is probably
caused by the deep pitting corrosion mentioned in conclusion
(2). The risk that this huge mechanical attenuation requires
close attention in the clinic.
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