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Abstract
Magnesium (Mg) alloys have attracted attention as biodegradable metals, but the details of their
corrosion behavior under biological environment have not been elucidated. Previous studies have
suggested that diffusion through blood flow may influence Mg corrosion. Therefore, to understand
the degradation behaviors of Mg, we analyzed insoluble salt precipitation associated with Mg
corrosion in model tissue with different diffusion rates. A pure Mg specimen was immersed into a
model tissue prepared with cell culture medium supplemented by a thickener at a different
concentration (0.2%–0.5%) to form the gel. Micro-focus x-ray computed tomography of the gel
was performed to observe gas cavity formation around the specimen. The insoluble salt layer
formed on the specimen surface were analyzed by scanning electron microscopy with
energy-dispersive x-ray spectroscopy, and Raman spectroscopy. As results, gas cavity formation
was observed for all specimens. At day 7, the gas cavity volume was the highest at 0.5% thickener
gel followed by 0.3% thickener gel. The insoluble salts were classified into three types based on
their morphology; plate-like, granular-like, and crater-like salts. The crater-like salts were observed
to cover 16.8± 3.9% of the specimen surface immersed in the 0.5% thickener gel, at the specimen
area contacted to the gas cavity. The crater-like salts were composed by Mg hydroxide and
carbonate from the deepest to the top layer. In plate-like or granular-like salts, Mg carbonate was
formed in the deepest layer, but phosphates and carbonates, mainly containing calcium not Mg,
were formed on the surface layer. In conclusion, the increase in the thickener concentration
increased the gas cavity volume contacting to the specimen surface, resulting in the increase in
precipitation of Mg hydroxide and carbonate, composing crater-like salts. Mg hydroxide and
carbonate precipitation suggests the local increase in OH− concentration, which may be attributed
to the decrease in diffusion rate.

1. Introduction

Titanium (Ti) and biodegradable polymers are com-
monly employed in the osteosynthesis implants for
treating bone fractures. Although Ti has excel-
lent mechanical strength, corrosion resistance, and

biocompatibility [1, 2], it can remain as a foreign
body even after healing of the bone fracture, lead-
ing to adverse effects and subsequent surgical removal
as an ultimate solution [3, 4]. On the other hand,
biodegradable polymers such as poly-L-lactic acid
can avoid this issue, but they have low mechanical
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strength, which limits their application to the areas
with strong load-bearing [5]. In the past decade,
magnesium (Mg) alloys have attracted attention of
medical doctors and researchers as new materials for
osteosynthesis implants. Since Mg alloys are easily
corroded by reacting with water in body fluids, they
can degrade and disappear within the body after heal-
ing, which makes them ideal bone-fixation materi-
als. Mg is an essential element for human metabol-
ism, therefore released ions are expected to have low
toxicity for humans. Furthermore, Mg and its alloys
have a Young’s modulus similar to that of the human
cortical bone, that is advantageous for bone-jointed
materials [6]. Recently Mg alloy screws have widely
used in clinical cases, but its corrosion reaction causes
gas cavity formation in the tissue, thereby retarding
the healing process of the damaged tissue [7]. In order
to identify the causes of adverse events associatedwith
the degradation of Mg, it is necessary to understand
the degradation behavior of Mg. For the success of
clinical application, it is important to clarify follow-
ing aspects including corrosion rate, reduction in the
device strength, formation of gas cavities, precipita-
tion of insoluble salts, and their effects on the sur-
rounding tissues. However, the in vivo degradation
behavior of Mg alloy is yet to be elucidated as its cor-
rosion rate differs depending on the implanted tissue
[8–10]. The blood flow in tissues can be one of the
important factors that promotes Mg alloy corrosion
[8–11]. Fluid circulation by capillary system is mainly
responsible for ion and gas diffusion in the tissue, res-
ulting in differences in local Mg2+, OH−, and H2 dis-
tributions. This can change the behavior of the insol-
uble salt formation on the Mg alloy surface, thereby
influencing the corrosion rate of the Mg alloy and the
healing process of the surrounding tissue.

Based on the background described above, in this
study, we simulated different fluid circulation envir-
onments by preparing model tissues with different
ion and gas diffusion rates. We conducted immersion
tests of pure Mg specimens into these model tissues
under a simulated in vivo environment (37 ◦C, 5%
CO2, >95% relative humidity) to investigate the gas
cavity formation in the model issues and analyze the
insoluble salt formation on the specimen surface.

The aim of this study it to understand the effect of
diffusion rate in the tissue on the insoluble salt form-
ation behavior of pure Mg.

2. Methods

2.1. Test materials
A commercially available 99.9% Mg wire (φ1 mm;
MACRW Co., Ltd) was cut into 6 mm in length and
polished to JIS #2500 using SiC paper and routing.
The nominal composition of the Mg wire is provided
in table 1. The natural oxide film on the specimen

surface was removed by immersion in a nital solution
(5% nitric acid in ethanol) at 20 ◦C, and the speci-
men was washed with ultrapure water before drying
under vacuum [12, 13]. The Mg specimen was ster-
ilized with ethylene oxide gas prior to the immersion
test.

2.2. Immersion in model tissue
Figure 1 displays the concept of the model tissue
employed in the present study. A polysaccharide, gel-
lan gum (FUJIFILM Wako Chemicals) was added to
the simulated body fluid as a thickener to form a
gel as an immersion medium [14]. In this experi-
ment, three types of the gel were prepared with differ-
ent thickener concentrations; 0.2%, 0.3%, and 0.5%.
These concentrations were selected based on our pre-
vious paper reporting 0.4% thickener concentration
[14]. A pre-test revealed the thickener concentration
of 0.2% as the lowest limit to hold the Mg sample
in the gel. Consequently, concentrations of 0.2%,
0.3%, and 0.5% were designated to represent high,
medium, and low diffusion environments, respect-
ively. Eagle’s minimum essential medium (E-MEM,
‘Nissui’ 1, Nissui Pharmaceutical Co., Ltd) supple-
mented with newborn bovine serum was used as a
simulated body fluid. The major chemical compon-
ents of E-MEM are shown in table 2.

After the preparation of the model tissue solution
following the procedure in [14], a 6 ml portion of it
was dispensed into a sterilized container and solid-
ified at room temperature (20 ◦C–25 ◦C) for about
3 min. Then, the Mg specimen was inserted into the
model tissue. Thereafter, 2 ml of the model tissue
solution was dispensed over and solidified at 20 ◦C–
25 ◦C for extra 3 min. Subsequently, the model tissue
with the Mg specimen was placed in a CO2 incub-
ator with the container lid loosened. All experiments
were performed aseptically in a clean cabinet to avoid
contamination, and the experiment was performed in
triplicate at each concentration of the thickener.

2.3. Micro-focus x-ray computed tomography
observation
The micro-focus x-ray computed tomography (µCT,
SMX-90CT, ShimadzuCorporation) of themodel tis-
sue with the Mg specimen was performed on 0, 1, 3,
5, and 7 d of the immersion at the optimum con-
dition (110 µA and 90 kV) with the resolution of
21 µm voxel−1. A three-dimensional (3D) image of
the gas cavity distribution was created using an image
analysis software (VG Studio Max ver. 2.0, Volume
GraphicsGmbH). The initial surface areawas decided
based on the µCT image at day 0.

After 7 d of immersion, Mg specimen was collec-
ted from the model tissue and vacuum dried. Then,
the specimen was observed by µCT with the higher
resolution of 7 µm voxel−1.
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Table 1. Composition of the pure Mg wire (mass%).

Al Mn Zn Si Cu Ni Fe Mg

Mg sample 0.009 0.011 0.016 0.003 0.008 0.001 0.002 Bal.

Bal.: balance.

Figure 1. Schematic illustration of the implantation procedure in the model tissue.

Table 2.Major chemical components of E-MEM.

Component E-MEM

Na+ (mM) 143.5
K+ (mM) 5.37
Mg2+ (mM) 0.81
Ca2+ (mM) 1.8
Cl− (mM) 124.7
HCO3

− (mM) 26.2
HPO4

2− (mM) 0.9
SO4

2− (mM) 0.81
Glucose (g l−1) 1
Amino acids and vitamins (g l−1) 0.81
Phenol red (g l−1) 0.006

2.4. Analysis of insoluble salts by scanning electron
microscopy with energy-disperse x-ray
spectroscopy
The surfaces and longitudinal sections of the before
and after immersed specimens were analyzed using a
scanning electron microscope equipped with energy
dispersive x-ray spectroscopy (SEM-EDX, S-4800,
Hitachi High-Technologies Co., Ltd). The specimen
was embedded in a methyl methacrylate resin, and
then, cut along its longitudinal direction. In prior
to the SEM observation, the specimen surface was
coated by Pt. Elemental analysis was performed at an
acceleration voltage of 15 keV.

2.5. Analysis of insoluble salts by micro-Raman
spectroscopy
The surfaces and longitudinal sections of the
immersed specimens were analyzed by Raman
spectroscopy (NRS-5100, JASCO Co., Ltd). The
measurement conditions were as follows; grating
L = 600 nm, B = 500 nm, objective lens magnifica-
tion = 100, excitation laser = 532.13 nm, exposure
time = 10 s, number of integrations = 5 times, laser
power = 3.2 mW (50% in measurement), and wave
number range= 100–3700 cm−1.

3. Result

3.1. Surface and cross-sectional analysis of the
immersed specimens by SEM-EDX
3.1.1. Morphological and elemental analysis of the
specimen surface by SEM-EDX
Figure 2 indicates the examples of the macroscopic
images of the specimen in the model tissue during
the 7 d of immersion. The gas cavity formation was
observed for all specimens immersed into the model
tissue. The macroscopic images clearly show the dif-
ference in the gas cavity volume and distribution in
the model tissue with different thickener concentra-
tions; the larger total gas cavity volume was observed
in themodel tissue with the highest thickener concen-
tration (=the lowest diffusion rate). The growth of
the gas cavity ismore obvious in themodel tissuewith
the higher thickener concentration than that with the
lower thickener concentration (supplemental figure
S1). The gas cavity volume at day 7 was 3.49 ± 0.45,
4.04 ± 0.20, 4.78 ± 0.08 mm3 mm−2 for the model
tissue with 0.2%, 0.3%, and 0.5% thickener concen-
trations, respectively.

Figure 3 shows examples of optical microscope
and SEM images of the specimen surface before and
after immersion in the model tissue. Localized pre-
cipitation of insoluble salts was observed on the all
specimens with differences in their morphology and
distribution between the different thickener concen-
trations. Precipitates were classified into three types:
a crater-shaped deposits, smooth plate-like structure
distributed over a wide area, and a cluster of granular
precipitates formed on smooth structure. These salts
are called as crater-, granular-, and plate-like salts,
respectively. Typical magnified images of these salts
are shown in figure 4.

Table 3 summarizes the distribution of each type
of the salts. First, the crater-like salt was widely dis-
tributed on the specimen of the 0.5% group, the
highest thickener concentration. As the thickener
concentration decreased, the distribution of the

3
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Figure 2.Macroscopic images of the Mg specimen in the model tissue at day 1, 3, and 7 with the thickener concentrations of 0.2%
(A), 0.3% (B), and 0.5% (C).

Figure 3.Macroscopic (top) and SEM (bottom) images of Mg specimen surfaces before immersion (A) and after immersion in
model tissue with thickener concentrations of 0.2% (B), 0.3% (C), and 0.5% (D).

Figure 4. Typical SEM images of the insoluble salts classified by their morphology as crater-like (A), plate-like (B), and
granular-like (D) salts.
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Table 3. Trend of insoluble salt distribution on the Mg specimen
surface immersed in the model tissue.

Thickener concentration

Salt morphology 0.2% 0.3% 0.5%

Crater-like − ± ++
Plate-like + + +
Granular-like + + ±

crater-like salt decreased; it was not observed at all in
the 0.2% group. In the granular-like salt, an aggreg-
ation of small clusters was observed on the specimen
in the 0.2% group. The distribution of the granular-
like salt decreased as the thickener concentration
increased; it was hardly observed in the 0.5% group.
The plate-like salt was widely distributed on the spe-
cimen in all groups.

The results of the elemental analysis of the
specimen surface before immersion is shown in
figure 5. No insoluble salt was observed on the
specimen surface before immersion, and SEM-
EDX chart displayed a dominant peak derived
fromMg.

Figures 6–8 displays the results of SEM-EDX ana-
lysis of the insoluble salts formed on the immersed
specimen surface, and the detected elements are sum-
marized in table 4. The crater-like salts observed in the
0.3% and 0.5% groups had similar morphologies and
contained Mg/O/C. In plate-like salts, Mg/Ca/P/O/C
was detected in all groups. In the granular-like salt,
Ca/Mg/P/O/Cwas detected. These results suggest that
the crater-like salt is anMg salt, and the granular- and
plate-like slats are mixture of Mg and calcium (Ca)
salts.

3.1.2. Cross-sectional elemental analysis by SEM-EDX
The results of elemental analysis on the longitud-
inal sections of the specimen are shown in figure 9
and table 5. An insoluble salt layer with a thick-
ness of approximately 20–40 µm was observed at
the deposited area of plate- and granular-like salts.
Common changes were observed in the elemental
distribution along the cross-section: Mg/C/O in the
deepest layer, Mg/P/C/O in the middle layer, and
Ca/Mg/P/C/O in the surface layer of the insoluble
salts.

A similar analysis was performed on the depos-
ited area of the crater-like salt of the specimen in
the 0.5% group. The insoluble salt layer was thick as
50−120 µm, unlike other types of salts. The crater-
like salt had an elemental distribution of Mg/C/O
from the deepest to the surface layers. Based on these
data, followings are estimated: Ca phosphates were
precipitated near the surface layer in the plate-like
and granular-like salts. Mg phosphates and carbon-
ates were precipitated in the middle layer of these
types of salts. Mg carbonates and hydroxides were

precipitated in the deep layers of these types of salts
as well as in the crater-like salt.

3.2. Analysis of the insoluble salts by micro-Raman
spectroscopy
3.2.1. Surface analysis by micro-Raman spectroscopy
The Raman spectra of insoluble salts formed on the
specimens immersed in the model tissue are presen-
ted in figure 10 and table 6. The crater-like salt
showed peaks at 1120 and 3561 cm−1. The plate-like
salt showed peaks at 1092 and 2930 cm−1, and the
spectrum was similar in each group. The peaks of
granular-like salt of the 0.2% group were observed at
946, 1090, and 2948 cm−1.

3.2.2. Cross-sectional analysis by micro-Raman
spectroscopy
Figure 11 and table 7 show the results of the micro-
Raman spectroscopy along the cross-section of the
specimens immersed in the model tissue with 0.5%
or 0.2% thickener concentration. For the reference,
figure 12 shows the Raman spectrum of the cross-
section of the Mg specimen before immersion. In all
groups, the spectrum of the deepest layer shows the
waveform of the Mg specimen before the immersion.
In the deposited area of granular- and plate-like salts,
a peak at the Raman shift of 1090 cm−1 was detec-
ted from the deepest to the surface layers. Other peaks
were observed at 946 and 2948 cm−1 in the shallow
and surface layers. In addition to these, peaks at 825
and 1340 cm−1 were clearly observed in the shallow
and surface layers in the 0.2% group. In all thickener
concentrations, the tendency in the change of the
Raman spectrum from the deepest to the surface layer
was consistent, but peaks were more distinct in the
0.2% group, suggesting the progress in precipitation
of insoluble salts. At the cross section of the deposited
area of crater-like salt in the 0.5% group, steep peaks
were observed at 1120 and 3561 cm−1 with no change
in the Raman spectrum from the deepest to the sur-
face layer.

3.3. µCT 3D images of the gas cavity and the
specimen
The examples of the 3D-images of the gas cavity dis-
tribution around the specimen in the model tissue
and the specimen surface after 7 d of immersion are
shown in figure 13. The optical microscopic images of
the insoluble salt on the specimen surface were com-
pared to those of the µCT images as well. The dis-
tributed area of the crater-like salts corresponds with
the specimen area contacted to the gas cavity. Table 8
presents the ratio of surface area in contact with the
gas cavity and that of the region of crater-like salt
precipitation based on µCT and optical microscopic
images. The ratio of gas cavity contact area increased
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Figure 5. EDX analysis of the Mg specimen surface before immersion. Elemental mapping (left) and EDX spectra (right) of the
point analysis shown in the SEM micrograph as□.

Figure 6. EDX analysis of the crater-like salt formed on the Mg specimen immersed in the model tissue with 0.5% thickener.
Elemental mapping (left) and EDX spectra (right) of the point analysis shown in the SEM micrograph as□.

with increase in thickener concentration, as well as
those of the crater-like salt region.

4. Discussion

The in vivo corrosion of Mg involves many factors,
including inorganic salts and proteins contained in a
body fluid, pH, and body fluid circulation. According
to previous reports, immediately after implantation,
Mg reacts with water to be corroded, releasing Mg2+,
OH− and H2 gas [15]. In case of the immersion
in water, local concentrations of Mg2+ and OH−

increase and eventually exceed their solubility limit,

resulting in the precipitation of Mg(OH)2 on the Mg
surface. This insoluble salt layer formation interferes
the direct contact between Mg and water, retard-
ing the corrosion rate. In an in vivo environment,
a body fluid such as blood plasma has a buffering
capacity and is maintained at pH 7.4 [16]. Therefore,
if the diffusion by the blood flow is sufficient, the
increase in the local concentrations of Mg2+ and
OH− is suppressed, resulting in the no precipita-
tion of Mg(OH)2. However, the blood plasma and
interstitial fluid contain carbonic and phosphoric
acids, which easily form insoluble salts. Carbonic
and phosphoric acids are polyprotic acids, possible
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Figure 7. EDX analysis of the plate-like salt formed on the Mg specimen immersed in the model tissue with 0.5% thickener.
Elemental mapping (left) and EDX spectra (right) of the point analysis shown in the SEM micrograph as□.

Figure 8. EDX analysis of the granular-like salt formed on the Mg specimen immersed in the model tissue with 0.2% thickener.
Elemental mapping (left) and EDX spectra (right) of the point analysis shown in the SEM micrograph as□.

Table 4. Elemental distribution in the insoluble salts formed on the Mg specimen surface immersed in the model tissue.

Thickener concentration

Salt morphology 0.2% 0.3% 0.5%

Crater-like — Mg/O/C Mg/O/C
Plate-like Mg/Ca/P/O/C Mg/Ca/P/O/C Mg/Ca/P/O/C
Granular-like Ca/Mg/P/O/C Ca/Mg/P/O/C —

7
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Figure 9. Cross-sectional EDX analysis of crater-like (A) and plate-like (B) salts formed on the Mg specimen immersed in the
model tissue with 0.5% (A) and 0.2% (B) thickener concentrations.

Table 5. Cross-sectional analysis of elemental distribution in
insoluble salts on the Mg specimen immersed in the model tissue.

Salt morphology

Position in the
cross section Crater-like Plate-, granular-like

Superficial Mg/O/C Ca/P/O/C
Middle Mg/O/C Mg/P/O/C
Deepest Mg/O/C Mg/O/C

to have different dissociation states (e.g., carbonic
acid as H2CO3, HCO3

−3 and CO3
2−, and phosphoric

acid as H3PO4, H2PO4
−, HPO4

2−, and PO4
3−) in an

equilibrium. The concentrations of the polyvalent
anions such as CO3

2−, HPO4
2−, and PO4

3− increase
when OH− is increased by the Mg corrosion reac-
tion. Therefore, the salts ofMg2+ (released) and Ca2+

(in the body fluid) may precipitate by exceeding their
solubility limits. Table 9 lists the allowable concen-
trations ofMg2+ and Ca2+ (maximum concentration
without precipitation) calculated for the phosphates,
carbonates, and hydroxide [17]. Phosphate is most
likely to precipitate in E-MEM, whereas the precip-
itation of hydroxide requires an increase in OH− and
Mg2+ concentrations more than ten times of those
of phosphate and carbonate. In addition, Mg2+ and
Ca2+ are competitive in the phosphate and carbon-
ate formation [18], but Ca salts are more likely to
precipitate in the body fluid. The Ca2+ concentra-
tion in E-MEM (1.8 × 10−3 M) is oversaturated for
the solubility of Ca3(PO4)2. These calculations about
solubility limits clearly indicate the possibility of the

diffusion in the corrosion environment to influence
the composition of insoluble salts precipitated on the
Mg surface through the changes in local ion concen-
trations near the Mg surface. In addition, the precip-
itation behavior of insoluble salts affects Mg corro-
sion rate because insoluble salts prevent contact of the
underlying metal Mg to water, resulting in the sup-
pression of the corrosion reaction.

Optical microscopy and SEM observations indic-
ate that the diffusion ability of the model tissue influ-
ences the morphology and composition of insoluble
salts precipitated on the specimen surface. The pre-
cipitation of granular-like salt was widespread in the
0.2% group, which had a higher diffusion ability. A
crater-like salt was observed in both the 0.5% and
0.3% groups but was more common in the 0.5%,
which had the lowest diffusion ability. From the res-
ults of the SEM-EDX analysis, it was assumed that
the crater-like salt was an Mg salt, granular-like salt
was a Ca salt, and plate-like salt was a double salt
or a mixture of Mg and Ca salts. Table 6 indicates
the results of micro-Raman spectroscopy: peaks at
1120 and 3656 cm−1 for the crater-like salt, 1092
and 2930 cm−1 for plate-like salt, and 946, 1090
and 2948 cm−1 for granular-like salt. The peak at
946 cm−1 is assigned to the v1 stretching vibration
of P−O [19–21] whereas those at 1092, 1120 cm−1

is to stretching vibration of CO3
2− [22–24]. The peak

at 2930 cm−1 is assigned to the stretching vibration
of −CH3 in an organic component such as protein
[25, 26], and the peak at 3600 cm−1 is assigned to the
stretching vibration of −OH [24, 27]. Therefore, the
crater-like salt contains Mg hydroxide and carbonate,

8
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Figure 10. Typical Raman spectra of insoluble salts formed on the Mg specimen immersed in the model tissue as (A) crater-, (B)
plate-, and (C) granular-like salts.

Table 6. Raman shifts of the major peaks observed for the insoluble salts formed on the Mg specimen surface immersed in the model
tissue (cm−1).

Thickener concentration

Salt morphology 0.2% 0.3% 0.5%

Crater-like — 3630, 1120 3651, 1120
Plate-like 2915, 1092 2935, 1092 2930, 1092
Granular-like 2948, 1090, 946 2952, 1095, 947 —

Figure 11. Cross-sectional Raman spectra of the (A) crater- and (B) granular-/plate-like insoluble salts formed on the Mg
specimen immersed in the model tissue with (A) 0.5% and (B) 0.2% thickener concentrations.

9



Biomed. Mater. 19 (2024) 025010 M Hayashi et al

Table 7. Raman shifts of the major peaks observed for the cross section of insoluble salt layer (cm−1).

Thickener concentration

Position in the cross section 0.2% 0.3% 0.5% 0.5% (Crater-like)

Surface 2950, 1340, 1090, 964, 825 2948, 1090, 964 2948, 1090, 946 3561, 1120
Shallow 2950, 1340, 1090, 964 2948, 1090, 946 2948, 1090 3561, 1120
Deep 2950, 1090, 964, 2948, 1090 2948, 1090 3561, 1120
Deepest 1090 1090 1090 3561, 1120

Figure 12. Raman spectrum of the cross-section of an un-used Mg specimen.

Figure 13. Three dimensional images of the gas cavity and the specimen in the model tissue (top), specimen after immersion
(middle), and optical microscopic images of the specimen after immersion (bottom) in the model tissue with (A) 0.2 %, (B) 0.3
%, and (C) 0.5% thickener concentration. Scale bar: 1 mm. Yellow and black arrowheads indicate the specimen area in contact
with the gas cavity and the model tissue, respectively.

the plate-like salt does Mg and Ca carbonates and
phosphates, and the granular-like salt does Ca car-
bonates and phosphates. Mg and Ca carbonates and
phosphates have high affinity to organic compon-
ents. Therefore, the peak assigned to−CH3 in Raman
spectroscopy can be derived from the presence of
organic components on the surface of these salts,
either adsorbed or co-precipitated [28, 29].

The cross-sectional SEM-EDX analysis of the
plate-like insoluble salt layer reveals that Mg distri-
bution tends to be high in deep layers and low in
shallow layers, while Ca distribution is not observed
in deep layers and tends to be high in shallow
layers (table 5). Combined with the Raman spec-
troscopy results (table 7), the deepest layer contains
magnesium carbonate, and the deeper to shallower

10
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Table 8. Ratio of the specimen surface area contact with the gas cavity and the region of crater-like salt precipitation to total surface
area (%).

Thickener concentration

Area percentage 0.2% 0.3% 0.5%

Contact area with gas cavity 0± 0 13.7± 3.2 38.8± 6.6
Crater-like salt coverage 0± 0 2.2± 3.1 16.8± 3.9

Figure 14. Schematic illustration of insoluble salt formation mechanism depending on the diffusion environment.

Table 9. Solubility product (Ksp) of insoluble salts and maximum allowable concentration of cations at different pH conditions.

Anion concentration in
E-MEM (pH 7.4)b (mol l−1)

Maximum allowable concentration of cation (mol l−1)

Salt Ksp
a pH 7.4 pH 8.5

Mg(OH)2 5.61× 10−12 2.51× 10−7 8.89× 103 5.61× 101

MgCO3 6.82× 10−6 3.77× 10−4 2.43× 10−1 1.81× 10−2

CaCO3 3.36× 10−9 3.77× 10−4 1.20× 10−4 8.92× 10−6

Mg3(PO4)2 1.04× 10−24 1.29× 10−7 2.89× 10−3 3.96× 10−4

Ca3(PO4)2 2.07× 10−33 1.29× 10−7 3.64× 10−6 4.99× 10−7

a at 25 ◦C in pure water.
b Concentrations of target ion species calculated based on the dissociation constants of carbonic and phosphoric acids. Details are given

in [17].

layers containMg carbonate, Ca carbonate, and phos-
phate. The shallow to surface layers predominantly
contain Ca carbonate and Ca phosphate. As men-
tioned earlier, Mg and Ca carbonates and phosphates
can contain organic components through adsorp-
tion and/or co-precipitation. These results suggest
that the plate-like salt has a layered structure of Mg
and Ca carbonates and phosphates, while the gran-
ular salt corresponds to Ca carbonates and phos-
phates. Conversely, the cross-sectional analysis of
the crater-like insoluble salt layer shows that from

the deepest layer to the surface layer, Mg hydrox-
ide and Mg carbonate are present with no stratifica-
tion change. The peak corresponding to the stretch-
ing vibration of −OH in hydroxide was observed
only in the crater-like salt. The different structure
of the crater-like salt from those of the plate- and
granular-like salts suggests a difference in the corro-
sion environment.

Figure 13 and table 8 reveal a correlation in the
ratio between the specimen surface area in contact
with the gas cavity and the occurrence of crater-like
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salt precipitation. Variations in the ion and gas diffu-
sion capacities of the model tissue also influence the
formation of gas cavities. The presence of thickener
molecules reduces the ion and gas diffusion rate in
the model tissue [30]. If the diffusion of H2 in tis-
sue is lower than the H2 generation by Mg corrosion,
H2 accumulates in the tissue, leading to the forma-
tion of a gas cavity [14]. Consequently, the gas cavity
volume in the model tissue increases with an eleva-
tion in thickener concentration, signifying a reduced
gas diffusion rate in the tissue. On the specimen sur-
face in contact with the gas cavity, there is no dif-
fusion into the tissue, nor is there a supply of Ca2+

and phosphate from the body fluid. As a result, Mg
hydroxide and carbonate become the primary com-
ponents of the insoluble salts, with no precipitation of
phosphates. The lower diffusion rate in the model tis-
sue promotes gas cavity formation, hindering contact
between the specimen surface and the tissue, thus fur-
ther diminishing diffusion. This will cause differences
in the corrosion behavior of the Mg specimen and
insoluble salt formation on its surface. This will cause
differences in the corrosion behavior of the Mg spe-
cimen and insoluble salt formation on its surface. In
the present study, crater-shaped salts were observed
more frequently in model tissues with low diffusion
capacity, supporting this hypothesis.

The formation mechanism of the insoluble salt
layer is depicted in figure 14. Body fluids maintain
a pH of approximately 7.4 due to their buffering
capacity [16]. Thus, if the diffusion rate in the tissue
is sufficiently large compared to the corrosion rate of
Mg, the concentrations of Mg2+ and OH− will not
increase. However, inadequate diffusion within the
structure may lead to the precipitation of Mg(OH)2.
Conversely, if sufficient diffusion is maintained, Mg
carbonate can be a primary insoluble salt formed on
the specimen surface as Mg corrodes. This suppresses
Mg corrosion, facilitating the recovery of pH closer
to 7.4, resulting in the precipitation of phosphates.
As indicated in table 9, Ca2+ exhibits lower solubil-
ity limits for carbonates and phosphates than Mg2+.
Interestingly, Ca2+ concentration in the body fluid
surpasses the solubility limit for phosphate (super-
saturated). The quantity of precipitated Ca phosphate
is anticipated to rise in the shallow layers due to the
decline in released Mg2+ caused by decreasing corro-
sion rates and local concentrations, a consequence of
diffusion in the tissue.

5. Conclusion

In the present study, we performed immersion stud-
ies of pure Mg samples into model tissue with differ-
ent thickener concentrations, and analyzed gas cavity
formation and insoluble salt precipitation behavior.
Obtained data confirmed that differences in diffusion
environment influenced the precipitation of insoluble
salt include Ca carbonate and phosphate through the

differences in local OH− and Mg2+ concentrations.
Furthermore, the difference in diffusion ability also
influenced the gas cavity formation in the tissue and
Mg corrosion behavior. This implies that the implant-
ation ofMg device into the tissue with low blood flow
(low diffusion rate) causes gas cavity formation in
the tissue, thereby inhibition of the precipitation of
Ca salts. This finding on the influence of the tissue
diffusion rate is only observed with in vitro experi-
ment, that requires comparative evaluation by in vivo
implantation, which we pan it in near future.
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