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Abstract 

Pure Mg boasting a relatively small corrosion rate is a potential biodegradable metal material for implants. However, its degradation 
behavior in the complex physiological environment is still a lack of understanding. In this work, we investigated the effect of corrosion 
product film layers on the degradation behavior of pure Mg in physiological environments. Pure Mg shows a faster corrosion rate in simulated 
body fluid (SBF) compared to NaCl solution. Hydrogen evolution experiments indicate that the degradation rate of pure Mg in SBF decreases 
rapidly within the first 12 h but stabilizes afterward. The rapid deposition of low-solubility calcium phosphate on the pure Mg in SBF provides 
protection to the substrate, resulting in a gradual decrease in the degradation rates. Consequently, the corrosion product film of pure Mg 
formed in SBF exhibits a layered structure, with the upper layer consisting of dense Ca3 (PO4 )2 /Mg3 (PO4 )2 and the lower layer consisting 
of Mg(OH)2 /MgO. Electrochemical impedance spectroscopy (EIS) shows that the resistance of the corrosion product film increases over 
time, indicating gradual strengthening of the corrosion resistance. The 4-week degradation results in the femoral marrow cavity of mice are 
consistent with the result in SBF in vitro . 
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

In recent years, implantable medical metals with excellent
echanical properties have been used in bone repair, anti-

umor and disease therapies [ 1–4 ]. In bone repair and engi-
eering, stainless steel and titanium alloys are predominantly
tilized clinically, but they have drawbacks such as high elas-
ic modulus and non-degradability, which can result in stress
∗ Corresponding authors. 
E-mail addresses: chaoyang0315@163.com (C. Yang), 

qzeng@sjtu.edu.cn (X. Zeng) . 

c  

d  

i  

r

ttps://doi.org/10.1016/j.jma.2024.05.012 
213-9567/© 2024 Chongqing University. Publishing services provided by Elsevie
rticle under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-n
hielding and necessitate second surgeries in case of infec-
ions [ 5–8 ]. In contrast, biodegradable metals that offer mul-
iple functions degrade gradually after implantation and do
ot require a second surgery [ 9–11 ]. In particular, Mg stands
ut due to its low density, lightweight, high specific strength
s well as complete degradation in vivo [ 4 , 6 , 12 , 13 ]. Addi-
ionally, Mg2 + produced during Mg degradation can facilitate
he proliferation and differentiation of bone cells and plays a
rucial role in the growth of bone cells and nervous and car-
iac systems. In addition, H2 released during degradation can
nhibit the growth of tumor cells, making it valuable in bone
epair, vascular stents, and anti-tumor treatment [ 14–17 ]. 
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Until now, most medical applications of Mg have focused
n Mg alloys because of the better mechanical properties for
oad-bearing applications [ 18–21 ]. However, most Mg alloys
sually have poor corrosion resistance in the physiological
nvironment, and the rapid degradation rate can lead to a
ighly alkaline environment and excessive hydrogen gas pro-
uction, thereby impeding tissue regeneration [ 22 , 23 ]. There
re two main reasons for the rapid degradation of Mg alloys:
1) They have low standard electrode potentials (pure Mg is
2.37 V) and are thus prone to galvanic corrosion with the

econd phase and (2) The surface oxide films on Mg alloys
re loose and cannot play the protective effect of passivation
ayers [ 24–26 ]. Currently, rare earth alloying has been shown
n research to reduce corrosion rates to very low levels [ 27–
0 ]. For instance, Zeng et al. [ 30 ] developed a novel Mg-Y-
l alloy with high strength and excellent corrosion resistance,

chieving a corrosion rate below 0.2 mm ·y−1 . However, most
igh corrosion-resistant Mg alloys currently incorporate alu-
inum and rare earth elements, which, unfortunately, pose

ertain hazards to human health [ 31 , 32 ]. Surface coatings can
educe the degradation rates of Mg alloys, but if the surface
oatings are broken through, rapid degradation can lead to
ealth problems [ 33–36 ]. 

In contrast, pure Mg with high purity (more than 99.99%)
an avoid galvanic corrosion caused by impurities because
f the low corrosion rate. Actually, there is a wealth of re-
earch on the degradation performance of pure magnesium
 37–41 ]. For example, Hong et al. [ 37 ] studied the effect of
rain size on the corrosion rate of pure Mg and found only
 weak effect. Ren et al. [ 40 ] found that reducing impurity
lements and refining grain size in pure Mg can slow down
ts corrosion rate in physiological solution. Bland et al. [ 41 ]
emonstrated that the thickness of the oxide film on pure Mg
xhibits a clear dependence on crystal orientation. However,
he grain size and orientation of pure Mg have little effect
n its degradation rate and remain within a relatively low
ange. It has recently been used for non-weight-bearing ap-
lications such as femoral condyle and other parts [ 42–45 ].
uang et al. [ 46 ] have implanted pure Mg rods into the fe-
ur of Japanese white rabbits, and found that the degradation

rocess is relatively slow and shows good biological safety.
t the same time, the new bone-like tissues around the Mg

ods form rapidly, giving rise to good bone induction. Miao
t al. [ 47 ] have implanted pure Mg into the femur of rabbits
nd removed the femoral shaft after 4 weeks, and scanning
lectron microscopy (SEM) and cone beam CT (CBCT) indi-
ate that the changes around pure Mg are consistent with the
ealing process of normal bone. Several studies have shown
hat pure Mg has acceptable degradation rates in vivo and can
romote bone repair in non-weight-bearing applications. 

However, the degradation behavior of pure Mg in physio-
ogical environments is still unclear. Some researchers found
hat the corrosion rate of pure Mg increases in physiologi-
al solutions, while others suggest that the corrosion rate is
lower than that of salt solution [ 48–50 ]. This differentiation
s due to the higher composition of anions in physiological
nvironments, including Cl−, HCO3 

−, HPO4 
2− and H2 PO4 

−,
aking the corrosion behavior of pure Mg more complex
 51 ]. Typically, the changes in corrosion rate of pure Mg in
hysiological environments are related to its corrosion kinet-
cs, and the corrosion product film formed will affect this
rocess [ 51 ]. This has been more widely studied in the corro-
ion behavior of multi-element Mg alloys, where constructing
 structurally dense corrosion product film can reduce the cor-
osion rate, while a loose structure will accelerate corrosion
 52–54 ]. However, due to the single composition of pure Mg,
he impact of its corrosion product film on corrosion is easily
verlooked. In fact, in addition to hydroxides, the corrosion
roduct film in physiological environments may also include
asily deposited phosphates, carbonates, etc. [ 51 ]. Therefore,
t is crucial to study the degradation behavior of pure Mg in
hysiological environments from the perspective of corrosion
roducts. 

In this study, the degradation behavior of pure Mg in SBF
nd NaCl solution is compared systematically by immersion
nd hydrogen evolution experiments. The corrosion products
n the surface and cross-section of pure Mg after immersion
or 168 h are characterized. The structure and composition
f the corrosion products and the evolution of the corrosion
roduct film are studied. The electrochemical properties of
ure Mg in SBF are determined to evaluate the passivation
ehavior and degradation mechanism. The results are com-
ared to those observed in mice in vivo . 

. Experimental details 

.1. Degradation tests 

The polished pure Mg (99.99%, cast state, The microstru-
ure were characterized in Fig. S1) with dimensions of
0 × 20 × 5 mm3 were immersed in the 3.5 wt.% NaCl
olution and SBF for 168 h at 37 °C to test the weight loss
nd hydrogen evolution. Each experiment was conducted three
imes to obtain averages. The hydrogen evolution data were
ecorded every 2 h in the first 12 h and followed by record-
ngs every 12 h thereafter. After immersion for 168 h, the
orrosion products were cleaned for 3 min with a solution
f 200 g ·L−1 CrO3 and 10 g ·L−1 AgNO3 in the weight loss
xperiment. The corrosion rate due to weight loss was calcu-
ated by the following formula: 

W 

= 2. 10W , (1)

here W is the weight loss rate (in mg ·cm−2 ·day−1 ) and PW 

s the corrosion rate from weight loss (in mm ·y−1 ). The hy-
rogen evolution rate at each time was calculated by the fol-
owing formula (2). 

H ERn = H EVn − H EVn−1 

Tn − Tn−1 
, (2) 

here HER is the hydrogen evolution rate at time (in
L ·cm−2 ·day−1 ), HEV is the hydrogen evolution volume (in
L ·cm−2 ) and T is the time (in day). 
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.2. Electrochemical assessment 

The Tafel curves and electrochemical impedance spec-
roscopy (EIS) data were obtained from the pure Mg samples
t 37 °C in 3.5 wt.% NaCl and SBF on the Gamry 1010E
lectrochemical workstation. A standard three-electrode sys-
em with a saturated calomel electrode (SCE) as the refer-
nce electrode, platinum electrode as the counter electrode,
nd the sample as the working electrode was employed. Be-
ore each test, the sample was immersed in the solution for 1
 to achieve a stable open circuit potential (OCP). The Tafel
ests were conducted in the range from EOCP − 0.4 V to
OCP + 0.8 V at a scanning rate of 1 mV ·s−1 . EIS was per-

ormed at OCP in the frequency range between 100 kHz to 10
Hz with a perturbation of 10 mV. The EIS results were ana-

yzed by the ZSimpWin software. To ensure the reproducibil-
ty of the electrochemical results, each test was repeated at
east three times. 

.3. Microstructure characterization 

The pure Mg was polished (MECATECH 334, PRESI)
efore conducting electron backscattering diffraction (EBSD,
xford AZtec EBSD system) to examine the grain structure.
he microstructure and corrosion morphology after corrosion

n 3.5 wt.% NaCl and SBF were observed by scanning elec-
ron microscopy (SEM, RISE-MAGNA, TESCAN), and the
lemental composition was determined by energy-dispersive
-ray spectroscopy (EDS, Oxford AZtec X-MaxN 80). A
u target ( λ = 0.15418 nm) was used as the X-ray source,
nd the structure was determined by X-ray diffraction (XRD,
ruker, D8 Advance). The composition of the corrosion prod-
cts was determined by grazing incidence X-ray diffraction
GIXRD, Aeris, Malvern Panaalytical) using a scanning rate
f 5 °·min−1 , step size of 0.05 s, and 2 θ range from 10 ° to
0 °. The elemental composition of the degradation products
as determined by X-ray photoelectron spectroscopy (XPS,
EXSA, Thermo Fisher Scientific), and the binding energy
as referenced to the C 1s peak (284.8 eV). The spectra were
tted by the Avantage 5.978 software. 

.4. Cell cytotoxicity test 

The human umbilical vein immortalized endothelial cells
HUVEC) were cultured in a cell culture incubator (37 °C, 5%
O2 concentration, saturated humidity, sterile) with the com-
lete culture medium (ratio: high glucose DMEM + 10% high-
rade fetal bovine serum SFBS + 1% penicillin/streptomycin
ntibiotic P/S). The sample extraction solution was prepared
ccording to the ISO 10,993–12:2002 standard. To prepare
he 100% extraction solution, SFBS and P/S were added in
roportion to the complete growth medium. Diluted solutions
f 10% (1 vol of 100% extraction solution + 9 vol of com-
lete growth medium) and 50% (5 vol of 100% extraction
olution + 5 vol of complete growth medium) were prepared
sing the complete growth medium and 100% extraction so-
ution. The cell viability was assessed using the CCK-8 assay.
.5. Degradation in mice in vivo 

Three 6-week-old male mice weighing between 120 and
50 g were used to create a femoral intramedullary implant
odel. After the mice were anesthetized, a pure magnesium

ylindrical rod 10 mm long and 1 mm in diameter was im-
lanted in the femur. After surgery, the mice were moni-
ored until they could move freely and were then individually
oused in cages. Subcutaneous injections of sodium penicillin
15 mg ·kg−1 body weight) were administered for three con-
ecutive days after the operation. One month later, samples
ere taken at the femoral condyle for SEM and EDS pho-

ography to obtain corrosion morphology and element distri-
ution information. All animal studies/procedures have been
pproved by Ethics Committee (20230410(7)) and performed
n accordance with the ethical standards. 

. Results and discussion 

Fig. 1 shows the degradation rates of pure Mg in 3.5 wt.%
aCl and SBF at 37 °C. Fig. 1 a displays the calculated weight

oss of pure Mg after immersion in the solution for 168 h.
he corrosion rate in 3.5 wt.% NaCl at 37 °C is 0.60 mm ·y−1 ,
hich is higher than the average corrosion rate of pure Mg

n the NaCl solution at room temperature (0.2–0.3 mm ·y−1 ).
his is because a higher temperature accelerates corrosion.

n comparison, the corrosion rate of pure Mg in SBF is 2.81
m ·y−1 , which is significantly higher than that in the NaCl

olution. In addition, this rate is slower than the corrosion
ate of typical Mg alloys [ 55–57 ], therefore, pure Mg exhibits
etter potential in physiological environments. The results of
ydrogen evolution after 168 h in Fig. 1 b are consistent with
he weight losses. The amount of hydrogen emitted from the
ure Mg in SBF after 168 h is 13.82 mL ·cm−2 , which is larger
han 1.86 mL ·cm−2 from the NaCl solution, suggesting that
egradation is faster in SBF due to the more complex anionic
nvironment. In the corrosive alkaline environment, HCO3 

−

nd H2 PO4 
−/HPO4 

2− lose H to generate more H2 , thus ac-
elerating the conversion of elemental Mg to Mg2 + . Conse-
uently, the degradation of pure Mg becomes more severe in
BF. 

Fig. 1 c shows the H2 evolution rates from the pure Mg
n SBF and NaCl solution at various time intervals. The de-
reasing trend in the H2 evolution rate in both liquids can
e attributed to the formation of a corrosion product film on
he pure Mg during corrosion, which provides a certain level
f protection against corrosion. After immersion in the NaCl
olution for 12 h, the hydrogen evolution rate of pure Mg
tabilizes to 0.36 mL ·cm−2 ·day−1 . The hydrogen evolution
ate of pure Mg in the early stage of immersion in SBF is
elatively high at 15.28 mL ·cm−2 ·day −1 after 2 h, indicating
ccelerated corrosion in SBF. However, it decreases rapidly to
.62 mL ·cm−2 ·day −1 within 12 h and further diminishes to
.82 mL ·cm−2 ·day −1 after 72 h before stabilizing ( Fig. 1 d).
s corrosion progresses, the corrosion product layer thick-

ns gradually to provide more protection. Consequently, the
ydrogen evolution rates in NaCl and SBF continue to de-
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Fig. 1. Corrosion degradation of pure Mg in SBF and NaCl solution: (a) Weight loss corrosion rate; (b) Hydrogen evolution volume and (c, d) Hydrogen 
evolution rate. 
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rease at a slower rate, reaching 0.19 mL ·cm−2 ·day −1 and
.91 mL ·cm−2 ·day −1 , respectively after 168 h. Despite the
ignificant disparity in the hydrogen evolution rates at the on-
et of corrosion (SBF being 26 times higher than the NaCl
olution), the rate in SBF after 168 h is only 4.67 times higher
han that in the NaCl solution. This change may be influenced
y the corrosion product film. In addition, it is worth noting
hat pH levels can indeed influence the corrosion rate of Mg
nd Mg alloys [ 58 , 59 ]. Especially in salt solution, an increase
n pH tends to stabilize magnesium hydroxide, resulting in a
lower corrosion rate [ 60 ]. However, in SBF, the presence of
uffering agents maintains a relatively stable pH during alloy
egradation [ 61 ], therefore, we did not discuss in detail the
ffect of pH on the degradation process. 

Fig. 2 shows the surface morphology and elemental com-
osition distribution of pure Mg after immersion in the NaCl
olution and SBF for 168 h. The pure Mg shows a loose
nd porous corrosion product film on the surface after im-
ersion in the NaCl solution for 168 h ( Fig. 2 a). EDS shows

hat the corrosion product film is mainly composed of Mg
nd O, indicative of Mg(OH)2 and MgO. In contrast, the
orrosion product film on the pure Mg in SBF is relatively
ense ( Fig. 2 b), but there are many large cracks on the sur-
ace caused by the internal stress release from dehydration of
he dense corrosion product during SEM examination. EDS
hows uniform distributions of Mg, O, P, and Ca and the
resence of Mg(OH)2 , MgO, and Ca-P deposits. The results
ndicate that Ca and P in the SBF affect the corrosion behav-
or of pure Mg in SBF and participate in the growth of the
orrosion product layer. 

The cross-sectional morphology of the corrosion prod-
ct film after immersion in the NaCl solution and SBF for
68 h is depicted. The former shows primarily localized cor-
osion, with a maximum corrosion depth of up to 40 μm
 Fig. 2 c). The localized micro-electrochemical corrosion orig-
nates mainly from grain boundary defects or impurities in
he pure Mg. EDS reveals mainly Mg and O. In contrast, af-
er immersion in SBF for 168 h, a distinct layered structure
merges, with the upper layer predominantly enriched with
a-P deposits and the lower layer comprising typical corro-

ion products of Mg(OH)2 or MgO ( Fig. 2 d). This layered
tructure stems from the high corrosion rate of pure Mg in
he initial stage of corrosion, leading to the rapid formation
f OH−. The buffering ion, HPO4 

2−, in the physiological so-
ution is easily converted to PO4 

3− in a high-pH environment
o facilitate the rapid formation of low-solubility Ca3 (PO4 )2 

hich is deposited on the surface. The Ca-P deposited film
s denser than Mg(OH)2 or MgO and has blocking effects on
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Fig. 2. Surface and Cross-sectional morphology and elemental distributions after immersion of pure Mg for 168 h: (a, c) In the NaCl solution; (b, d) In the 
SBF. 

Fig. 3. Chemical composition of the pure Mg: (a) XRD spectra, XPS spectra: (b) O 1 s in the NaCl solution; (c) Mg 1 s in the NaCl solution; (d) O 1 s in 
SBF and (e) Mg 1 s in SBF. 
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he corrosive medium to reduce the corrosion rate in SBF.
dditionally, the surface morphology of pure Mg after re-
oving the corrosion products suggests a localized corrosion

Fig. S2). 
Fig. 3 a shows that the pure Mg after immersion in the

aCl solution displays diffraction peaks of Mg(OH)2 , MgO,
gCl2 ·H2 O and MgCl2 ·2H2 O. They indicate that the porous
g(OH)2 /MgO corrosion product film formed during immer-

ion in the NaCl solution is attacked by Cl− ions, leading
o the formation of soluble MgCl2 , which affects the protec-
ion ability. In comparison, the pure Mg after immersion in
BF shows diffraction peaks of Mg(OH)2 , Mg3 (PO4 )2 and
a3 (PO4 )2 . This is because the dissolved Mg2 + and Ca2 + 

ons in the SBF react with H2 PO4 
−/HPO4 

2− to form insolu-
le phosphates that cover the substrate. Therefore, the corro-
ion products on the pure Mg in SBF are more compact. It
s worth noting that there is also a typical "bread loaf" peak
etween 10 ° and 35 °, indicating the amorphous phases in the
orrosion products. Amorphous phases are typically related to
he rapid deposition of corrosion products, resulting in atoms
ot being arranged in a regular manner [ 62 ]. 

Fig. 3 b displays the O 1 s peak on pure Mg after immer-
ion in the NaCl solution with only one peak at 530.85 eV
or MgO. XRD and EDS further disclose that the corrosion
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Fig. 4. (a) OCP and (b) Tafel plots of the pure Mg immersed in the NaCl solution and SBF after 1 h, EIS results of pure Mg in the NaCl solution: (c) 
Nyquist plots and (d) Bode impedance plots, EIS results of pure Mg in SBF: (e) Nyquist plots and (f) Bode impedance plots. 
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roduct comprises MgO and Mg(OH)2 . In comparison, the
ure Mg after immersion in SBF shows not only the MgO
eak at 531.21 eV ( Fig. 3 d), but also a phosphate peak at
30.55 eV. The Ca 2 p and P 2 p peaks in Fig. S3 also indi-
ate the formation of calcium phosphate. XRD and EDS re-
eal that the corrosion product layer contains MgO, Mg(OH)2 ,
a3 (PO4 )2 , Mg3 (PO4 )2 , and their amorphous counterparts.
he binding energy of MgO in the Mg 1s spectrum increases
lightly in SBF compared to the NaCl solution, possibly due
o the different proportions of Mg-containing corrosion prod-
cts ( Fig. 3 c and e). 
Fig. 4 shows the electrochemical performance of pure mag-
esium in the NaCl and SBF. The OCP and Tafel curves of
he pure Mg are determined after immersing for 1 h ( Fig. 4 a,
). As the immersion time increases, the OCP values of pure
g in the NaCl solution rise from −1.83 V to −1.74 V
ithin 10 min, followed by a slow increase and stabilization

t −1.66 V. In contrast, the OCP values of pure Mg in SBF
radually increase from −2.03 V to −1.95 V. This suggest-
ng a faster corrosion rate of pure Mg in the early stage in
BF due to HPO4 

2−/H2 PO4 
−, but the corrosion product film

ormed in SBF showing a continuing enhanced protection ca-
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Fig. 5. EIS data fitting and ECs: (a) R(Q(R(QR(LR)))) and (b) R(Q(R(QR))), Changes of the electrical components after EIS data fitting: (c) Rf and (d) Rct . 

Table 1 
Corrosion potentials and corrosion current densities of pure Mg in the NaCl 
solution and SBF. 

Solutions Corrosion potentials 
(V) 

Corrosion current 
densities (A ·cm−2) 

NaCl solution −1.63 4.00 × 10−5 

SBF −1.86 2.79 × 10−4 
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ability. Fig. 4 b and Table 1 present the corrosion potential
f −1.63 V and corrosion current density of 4.00 × 10−5 

 ·cm−2 for pure Mg in the NaCl solution, whereas the cor-
osion potential is −1.86 V and corrosion current density
s 2.79 × 10−4 A ·cm−2 for pure Mg in SBF. Addition-
lly, the varying degree of passivation observed from the
nodic region of the Tafel curves for both the NaCl solu-
ion and SBF further confirms the difference in the corrosion
esistance. 

Fig. 4 c to f show the EIS results of pure Mg immersed in
he NaCl solution and SBF for 168 h. The Nyquist plots of
ure Mg immersed in the NaCl solution show that the capac-
tance loop radius reaches the peak value after 1 h, decreases
apidly, and then increases gradually after 12 h ( Fig. 4 c).
he low-frequency impedance plots exhibit a similar varia-

ion, rapid increase to a maximum of 1376.52 �·cm2 after
 h, decrease to 200.16 �·cm2 after 12 h, and gradual in-
rease to 747.53 �·cm2 afterward ( Fig. 4 d). Moreover, a sig-
ificant inductive behavior is observed in the low-frequency
egion, indicating continuous localized corrosion. This indi-
ates that the initial corrosion product film Mg(OH)2 has a
rotective effect, but is unstable and susceptible to attack by
l−, leading to its transformation into water-soluble MgCl2 .
ig. 4 e depicts the Nyquist plots of pure Mg immersed in
BF for 168 h. The radius of the capacitance loop increases
radually and inductive behavior in the low-frequency region
isappears after 120 h, indicating that the corrosion product
rovides sustained protective effects due to the denser Ca-P
eposit in SBF. The changes in the low-frequency impedance
alues in Fig. 4 f confirm this observation, as manifested by
he increase from 126.53 �·cm2 after 1 h to 1318.76 �·cm2 

fter 168 h. 
Based on the Bode phase angles in Fig. S4, fitting of

he EIS results is conducted to determine the specific equiv-
lent circuits (EC) of R(Q(R(QR(LR)))) and R(Q(R(QR))),
s shown in Fig. 5 a and b. The capacitive loop in the mid-
o-high frequency range is associated with the degradation
roduct films, while the electrochemical behavior in the low-
requency range is attributed to the interfacial reaction of the
ubstrate in the solution. Owing to the non-uniformity caused
y the rough, porous, and uneven chemical composition of
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l  
he degradation product film, the ideal capacitors and resistors
annot be used to analyze the interfacial charge transfer pro-
esses. Therefore, a constant phase element (CPE) expressed
y Eq. (3) is chosen to describe the non-ideal resistance and
apacitance of the coating: 

ZCPE = 1 
T ( jω ) n −1 ≤ n ≤ 1 , (3) 

here ZCPE represents the resistance of the CPE, T is the CPE
oefficient, n is the CPE index, j = 

√ −1 is the imaginary
nit, and ω is the angular frequency (related to the frequency
, ω= 2 π f ). When n is equal to −1, 0, and 1, it is simulated
s an ideal inductor, ideal resistor, and ideal capacitor, re-
pectively. When local corrosion occurs, an inductor element
eeds to be added to the EC. In the EC, Rs represents the
esistance of the sample in the solution. CPEf and Rf repre-
ent the capacitance and resistance of the corrosive product
lm on the sample, which represents the protective effect of

he corrosive product film. CPEdl and Rct are the double-layer
apacitance at the substrate interface and charge transfer re-
istance during the Faraday process, respectively, representing
he degree of degradation of the sample. 

Table 2 shows the electrical components obtained by fit-
ing the EIS data of the pure Mg in the NaCl solution and
BF, and the changes in the Rf and Rct are shown in Fig. 5 c
nd d. Typically, the larger the value of Rf , the stronger the
rotective effect of the corrosive product film. A larger Rct 

ranslates into slower corrosion [ 63 ]. The Rf of pure Mg in
he NaCl solution decreases initially and then increases, while
f in the SBF increases gradually ( Fig. 5 c). In the initial 1 h,
f of the pure Mg in the NaCl solution is larger than that

n the SBF, showing values of 805.8 �·cm2 and 86 �·cm2 ,
espectively. This indicates that the corrosion product film
n the NaCl solution provides better protection to the sub-
trate in the early stage. However, after 168 h, the Rf values
f the pure Mg in the NaCl solution and SBF reverse com-
ared to those in the first 1 h, showing values of 16.5 �·cm2 

nd 789.8 �·cm2 , respectively. This reversal arises from the
tructure and composition of the corrosion product film. It
s evident that thicker Ca-P deposit resists long-term corro-
ion attacks by anions. The Rct value in Fig. 5 d shows the
ame variation as Rf . The formation of the corrosion product
lm effectively limits the mass transfer of the corrosion reac-

ion at the substrate interface, thereby reducing the corrosion
ate. 

To investigate the significant differences in the corrosion
ates and Rf of pure Mg during initial immersion (1 h) in
BF and the NaCl solution, the cross-sectional morphology
nd microstructure are analyzed, as shown in Fig. 6 . After 1 h
n the NaCl solution, a uniform corrosion product film with a
hickness of ∼1 μm is formed on the pure Mg. The film ex-
ibits minimal cracking and no localized corrosion ( Fig. 6 a).
DS indicates the presence of primarily Mg and O, suggest-

ng the dominance of Mg(OH)2 and MgO. In contrast, af-
er 1 h in SBF, the corrosion product film on pure Mg is
hicker and around 8 μm. It has a stratified structure similar
o that observed after 168 h ( Fig. 6 b). EDS reveals an upper
ayer ∼3 μm thick composed of Ca and P, while the lower
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Fig. 6. Cross-sectional morphology and elemental distributions of pure Mg after 1 h: (a) NaCl solution and (b) SBF. 
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ayer ∼5 μm thick consists of Mg and O with cracks. This
henomenon can be ascribed to faster hydrogen evolution in
BF affecting the compactness of the corrosion product film.
herefore, the thicker corrosion product film in SBF does not
ave a larger Rf . 

Furthermore, the deposition of surface corrosion products
f pure Mg in the NaCl solution and SBF at an earlier time
5 min) are investigated. A thin corrosion product film is
rown in situ on the pure Mg after immersion in the NaCl so-
ution for 1 min, and it does not cover the scratches formed by
olishing ( Fig. 7 a). The enlarged surface reveals that the main
orphology is a typical nano-sheet structure of Mg(OH)2 ,

nd EDS indicates the generation of Mg(OH)2 /MgO corrosion
roducts. After immersion for 2 and 5 min, the nano-sheet
tructure on the surface remains largely unchanged, with only
light increases in size ( Fig. 7 b and c). In contrast, a relatively
hick and dense corrosion product film covers the surface of
ure Mg after immersion for 1 min in SBF, but some cracks
re present ( Fig. 7 d). EDS shows that Mg, P, O, and Ca are
venly distributed on the pure Mg and the formation of Ca-P
eposits. This is because pure Mg undergoes rapid corrosion
n SBF, leading to the generation of local alkaline conditions
hat promote the formation of low-solubility Ca3 (PO4 )2 and
ausing the pure Mg to be quickly covered by Ca-P deposits.
he cracks are caused by the dehydration-induced stress re-
ease of Mg(OH)2 corrosion products. As the immersion for
 and 5 min, the coverage of corrosion products gradually
ncreases, with almost no change in the elements present,
ut the number and size of cracks increase ( Fig. 7 e, f). This
s because more Mg(OH)2 is formed during deposition, and
ehydration-induced stress is more pronounced during SEM,
ausing cracks to expand when the stress reaches the rela-
ively dense Ca-P deposit layer on the surface, resulting in
he appearance of larger cracks after 168 h. These results in-
icate that the deposition of corrosion products on pure Mg
n SBF is faster and thicker in the early stage, but the faster
ydrogen evolution rate leads to a looser Mg(OH)2 structure
n the corrosion product film. Fortunately, the corrosion rate
f the substrate continues to decrease due to the protection
f the outer Ca-P deposit layer. 

To study the corrosion and degradation of pure Mg in the
hysiological environment, we implant the materials into the
edullary cavity of mouse femurs for in vivo assessment.
eforehand a biocompatibility evaluation is conducted on the
ure Mg, and the results of the cell experiments show that
he pure Mg is biocompatible and does not exhibit cytotox-
city. The HUVEC cells exhibit normal proliferation, differ-
ntiation, and growth (Figs. S5, S6). Subsequently, 0.6 mm
iameter pure Mg rods are implanted into mice and retrieved
or degradation analysis after 4 weeks, as shown in Fig. 8 a.
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Fig. 7. Surface morphology and elemental distributions of pure Mg in the early stage of corrosion in the NaCl solution: (a) 1 min; (b) 2 min; (c) 5 min, and 
in SBF: (d) 1 min; (e) 2 min; (f) 5 min. 
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he cross-sectional morphology and elemental composition
f the pure Mg rods are presented in Fig. 8 b and c. After
 weeks in the mouse femur, the pure Mg is corroded, leav-
ng irregular remnants indicating severe localized corrosion
n vivo . EDS indicates the presence of a 20–40 μm corrosion
roduct film on the surface with a layered structure similar to
hat observed in the immersion corrosion in SBF in vitro . The
uter layer primarily comprises Mg, P, O, and Ca, while the
nner layer consists solely of Mg and O, indicating the forma-
ion of the Ca-P sediment. The other degradation patterns are
early identical to those observed from the SBF soaking test.
his suggests that the degradation of pure Mg in the physio-

ogical environment is localized corrosion, with the formation
f a Ca-P deposit corrosion product film on the surface pro-
iding protection to the substrate. However, it cannot resist
ong-term corrosion degradation, and the corrosion products
ill gradually be consumed and degrade in the physiological

nvironment, ultimately resulting in complete degradation in
ivo . 

Fig. 9 illustrates the degradation mechanisms of pure
g in the NaCl solution and SBF. As shown in Fig. 9 a,

orrosion of pure Mg in the NaCl solution typically
anifests as localized corrosion arising from micro gal-

anic corrosion caused by defects at grain boundaries
nd impurities at these boundaries. Initially, corrosion of
ure Mg is relatively uniform, releasing Mg2 + and OH−

ons and rapidly forming Mg(OH)2 deposits, as indicated
y Eq. (4) . 

g2+ + 2OH− → Mg( OH ) (4)
2 
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Fig. 8. Degradation pure Mg in mice in vivo : (a) Schematic diagram of pure Mg implantation in mice; (b) Cross-sectional morphology; (c) Elemental analysis. 

Fig. 9. Degradation mechanism of pure Mg: (a) NaCl solution and (b) SBF. 
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Although the Mg(OH)2 deposit can provide protection to
he substrate, with increasing immersion time and elevated
H of the solution, Mg(OH)2 is easily attacked by Cl− in
he solution and transformed into soluble MgCl2 , as shown
y Eq. (5) . This leads to the destruction of the corrosion
roduct film and localized corrosion at defect positions, thus
esulting in a more porous corrosion product film and reduced
rotective effect. 

g ( OH ) 2 + 2Cl− → Mg2+ + 2OH− (5) 

Fig. 9 b illustrates the degradation mechanism of pure Mg
n SBF. In the early stage of degradation in the physiological
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nvironment, hydrogen in the medium accelerates the corro-
ion reaction with the a-Mg phase in pure Mg, resulting in
he release of Mg2 + and OH−. The localized alkaline environ-
ent further causes the transformation of HPO4 

2− into PO4 
3−

n the medium. PO4 
3− readily reacts with Ca2 + and Mg2 + in

he medium to form low-solubility precipitates of Ca3 (PO4 )2 

nd Mg3 (PO4 )2 , which preferentially deposit on the surface,
s shown by Eqs. (6 )–(8) . 

 PO4 
2− + OH− → PO4 

3 − + H2 O (6)

 Ca2+ + 2P O3−
4 → Ca3 ( PO4 ) 2 (7)

 Mg2+ + 2PO4 
3− → Mg3 ( PO4 ) 2 (8)

The phosphate layer formed on the surface is more com-
act in structure compared to the traditional corrosion product
g(OH)2 . Therefore, early deposition of the phosphate layer

rovides certain protection for pure Mg. Furthermore, a large
mount of Mg2 + and OH− generated at the localized corro-
ion sites will rapidly form Mg(OH)2 deposits. As the corro-
ion continues, the film plays a protective role, leading to the
ransition to the next corrosion stage. In this stage, due to the
elatively fast corrosion rate of pure Mg, diffusion of HPO4 

2−

nd Ca2 + from the medium toward the substrate interface is
lower than the corrosion rate at the interface. As a result, a
niform and dense Ca-P, Mg-P layer cannot be formed inside
he corrosion product film, and mostly localized Mg(OH)2 

eposits are observed. Eventually, the corrosion product film
orms a layered structure, where the thicker phosphate layer
n the surface effectively inhibits the attack of Cl− leading
o a gradual decrease in the corrosion rate. 

. Conclusion 

The degradation behavior of pure Mg in the physiologi-
al environment is investigated by immersion and hydrogen
volution experiments. Compared to the NaCl solution (0.60
m ·y−1 ), the corrosion rate of pure Mg in SBF is faster,

eaching 2.81 mm ·y−1 , due to HPO4 
2−/H2 PO4 

−. The hydro-
en evolution rate rapidly decreases within the first 12 h and
hen stabilizes in SBF. The corrosion product film on the pure

g display a layered structure, with the upper layer being
ense Ca3 (PO4 )2 /Mg3 (PO4 )2 and the lower layer being porous
g(OH)2 /MgO. EIS shows that the capacitive arc radius and

mpedance of pure Mg in SBF gradually increases, indicating
hat the corrosion resistance increases gradually during degra-
ation. The low-solubility product of Ca3 (PO4 )2 is deposited
n SBF to protect the substrate, thus blocking the dissolution
f the porous corrosion product Mg(OH)2 by Cl− and sig-
ificantly improving the corrosion resistance of the substrate.
he pure Mg implanted in the medullary cavity of the mouse

emur for 4 weeks shows that the pure Mg also produces a
ayered structure containing enriched Ca3 (PO4 )2 in the outer
ayer, which is consistent with that observed in the physio-
ogical environment in vitro . 
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Fig. S1. Characterization of pure Mg: (a) EBSD; (b) Grain size statistics and (c) XRD. 
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Fig. S2. Surface morphology of pure Mg after corrosion and removal of corrosion 

products: (a) NaCl solution and (b) SBF 
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Fig. S3. XPS spectra: (a) Survey spectrum in NaCl solution; (c) Survey spectrum in 

SBF; (d) Ca 2p in SBF; (e) P 2p in SBF 
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Fig. S4. Bode phase plots of pure Mg in the (a) NaCl solution and (b) SBF 
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Fig. S5. Evaluation of cytotoxicity and bioactivity of pure magnesium: (a) Live/dead 

cell staining; (b) Proportions of viable cells; (c) Cell viability. 
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Fig. S6. Evaluation of cell growth in pure magnesium extract: (a) Cell morphology; (b) 

Number of cells, cell area, and ratio of the long and short axes. 
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