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Abstract� 

In the present study, the effects of degradation environment on the in vitro stress corrosion 

cracking (SCC) behaviour of biomedical Mg-1Zn alloy were investigated. The resistance to SCC’s 

initiation and propagation for Mg-1Zn alloy in synthetic cell culture medium and natural bovine calf 

serum (BCS) were improved compared to phosphate-buffered saline (PBS) and modified simulated 

body fluid (m-SBF), due to the homogenous corrosion and spontaneous adsorption of organic 

components. The elongation to failure obtained in BCS was reduced by around 30 % compared with 

that of the sample tested in air, indicating still a good ductility for Mg alloy.  

Keywords: A. Magnesium; B. XPS; C. Hydrogen embrittlement; C. Stress corrosion  
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1 Introduction 

Mg and its alloys have attracted increasing attention as biodegradable metallic materials in the 

past decades [1,2]. Comparing to bio-polymers and bio-ceramics, Mg alloys have a good combination 

of toughness and mechanical strength [3]. Mg alloys possess similar physical and mechanical 

properties than bone, thus can effectively weakening the “stress shielding effect”. Meanwhile, the 

degradability of implant materials can avoid second surgery after the tissue healing [4]. 

Mg alloys can suffer from plastic deformation during the implant deployment, and biomechanical 

after fixation in the body. For instance, the bone plate sustains a certain tensile stress and bend loading 

during service and normal walking [5]. The cardiovascular stent experiences huge deformation during 

the interventional operation and cyclic loading of the cardiac impulse [6]. Synergistic effects of 

mechanical loading and corrosive physiological solution can cause an unstable shape and surface 

morphology for the bulk materials, even resulting into a corrosion-assisted cracking failure, for 

instance stress corrosion cracking (SCC) [7,8]. Prabhu et al. [9] found that the ultimate tensile strength 

(UTS) and elongation to failure (ε) of Mg-4Zn alloys decreased by 58 % and 80 % respectively, when 

slow strain rate tensile (SSRT) tests were performed in simulated physiological fluid. If the SCC 

fracture occurs, it would result in premature implant failure, troublesome removal operation, even 

inflammation of the surrounding tissues, and so on [10]. Therefore, investigating the influence of 

biomechanical or strain on the degradation behaviour of biomedical Mg alloys is essential for the 

evaluation of the service period of biodegradable implants. 

In general, the stress corrosion cracking (SCC) of Mg alloy is critically influenced by the alloy 

microstructure and the service environment to which it is exposed [11]. SCC is generally related to two 

main mechanisms: anodic dissolution (AD) or hydrogen-assisted cracking processes (hydrogen 
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embrittlement, HE) [7,12]. AD can be solely related to intergranular stress corrosion cracking (IGSCC), 

which was induced by the accelerated corrosion of Mg matrix along grain boundaries due to 

precipitated second phases [13,14]. The second phases can be removed by heat treatment thus avoiding 

the possibility of IGSCC [15]. Besides, AD failed to explain some fluted transgranular facets which 

often observed on the fracture surfaces of Mg alloys caused by transgranular SCC (TGSCC) [9,16,17]. 

Hence, some literatures suggest that such observations with regard to TGSCC in Mg triggered by HE. 

Cao et al. [18] and Shi et al. [15] found that distilled water (DW) was sufficient to cause the TGSCC of 

Mg alloys. It is believed that hydrogen evolving during dissolution of the base metal could be absorbed 

by Mg matrix, thus promoting the hydrogen assisted cracking [16,19]. 

Human body fluid contains metal ions (calcium, magnesium etc.), phosphates and carbonates, as 

well as aggressive chloride ions (Cl-) [20,21]. The formation and deposition of magnesium hydroxide 

and hydroxyapatite-based compounds on the surface could provide a certain protection for Mg alloys 

[21,22]. However, Cl- can induce localized breakdown or dissolution of the passive film, thereby 

leading to pitting corrosion [7]. Pits are also essential for aqueous-assisted cracking of Mg alloys 

because they provide stress concentration sites, through which atomic hydrogen can penetrate and 

cause embrittlement or early cracking of the materials [23,24]. Except for ions such as chlorides, 

human blood plasma contains essential organic components such as amino acids, glucose and proteins, 

which play an important role in the degradability of Mg alloys. These organic components can be 

spontaneously adsorbed on the surface of implants [25,26], which is achieved by Van Der Waals, 

electrostatic interactions and hydrophobic, as well as hydrogen bonding [27]. Wagener et al. [28] 

observed an increased corrosion resistance for Mg alloy owing to bovine serum albumin-containing 

physical shield layer formed on the surface during the initial stages of immersion tests. Wang et al. [25] 
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found that a deformed metallic surface could improve the electrostatic force, facilitating the adsorption 

of the negatively charged albumin onto the alloy surface. On the other hand, proteins chelating with 

metal ions also form colloidal organometallic complexes, whose migration from the surface results in 

the increasing dissolution of Mg alloys [27,29]. Therefore, it is critical to consider the effect of 

adsorption or chelation induced by the organic components on the SCC behaviour of Mg alloys, i.e., to 

provide protection or deterioration.  

Simulated body solutions with different buffering system were used to investigate the in vitro 

degradation behaviour of Mg alloys: phosphate-buffered saline (PBS) [30], modified simulated body 

fluid (m-SBF) and cell culture medium (Dulbecco's modified eagle medium (DMEM)) [21]. Different 

simulated solutions lead to different corrosion rates and degradation products, indicating various 

corrosion pathways of Mg [31]. Synthetic solutions containing inorganic salts similar to plasma (e.g. 

m-SBF and simulated body fluid (SBF)) have been used to investigate the SCC behaviour of Mg alloys 

[14,32,33]. However, the organic-containing media, such as DMEM and natural derived media (i.e. 

bovine calf serum (BCS)) were rarely used for the SCC studies of biomedical Mg alloys. At the same 

time, in vitro stress corrosion cracking tests are imperative to screen suitable candidates for bio-Mg 

alloys. Therefore, it is of importance to measure the SCC susceptibility of Mg alloys in suitable 

simulated body fluid solutions. 

The object of this work is to study the in vitro degradation and stress corrosion cracking behaviour 

of Mg alloy in synthetic and natural biological media. To avoid the negative influence of the 

microstructure and second phases of Mg alloys on SCC, a low alloyed and extruded Mg-1Zn alloy was 

selected. The following simulated physiological media were used in this work: PBS, m-SBF, DMEM 

and BCS, and compared with distilled water (DW) and air were applicable. Electrochemical analysis, 
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immersion testing and slow strain rate tensile (SSRT) testing in combination with electrochemical 

monitoring were conducted to understand the mechanism involved in SCC susceptibility of Mg-1Zn 

alloy. 

 

2 Experimental  

2.1 Materials and media 

The magnesium (Mg) alloy selected in the present study was a wrought Mg-1Zn alloy. The 

chemical composition of this alloy is following: 1.24 wt% Zn, 0.0031 wt% Cu, 0.051 wt% Al, 0.0012 

wt% Ni, 0.0063 wt% Fe, 0.034 wt% Mn and magnesium balanced. Bulk samples of 2 × 10 × 10 mm3 

were prepared. These samples were wet ground with 600# to 2500# SiC paper, and ultrasonically 

washed in anhydrous alcohol and sterilized with acetone for 10 min, then characterized using scanning 

electron microscope (SEM; Phenom XL) with energy-dispersive spectroscopy (EDS) at 15 kV of 

acceleration voltage. For optical microscopy (OM; Leica, DM3000) observation, ground samples were 

etched with 3 % nitric acid and a picric acid-based etchant, which consisted out of 70 mL ethanol, 10 

mL acetic acid, 5 g picric acid and 20 mL distilled water (DW).  

The four types of physiological solutions used in this work and their compositions are shown in 

Table 1. Buffered modified simulated body fluid (m-SBF) was prepared according to previous report 

[34]. Distilled water (DW) was employed to study the intrinsic stress corrosion cracking susceptibility 

of Mg alloy in aqueous solution. Bovine calf serum (BCS, MP20005, Shanghai Yuanye 

Bio-Technology Co., Ltd), containing various hormones, plasma proteins, fats, polypeptides, growth 

factors, carbohydrates, inorganic salts, etc. was selected as natural biological solution. PBS and DMEM 

were purchased from Thermo Fisher Scientific USA. All media were prepared in an aseptic condition 

and sterilized by autoclaving or filtration.  
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Table 1 Chemical composition of the simulated physiological media. 

Ingredient Plasma PBS m-SBF DMEM BCS 
Na+ (mmol·L-1) 142 157 142 155.3 

Bovine Calf 
Serum (BCS) 

is an 
animal-derived 

product 
without 

chemical 
additives 

K+ (mmol·L-1) 5.0 4.1 5.0 5.3 
Ca2+ (mmol·L-1) 2.5 - 3.75 1.8 
Mg2+ (mmol·L-1) 1.5 - 1.5 0.8 
Cl- (mmol·L-1) 103 140 148.8 115.7 

HCO3
- (mmol·L-1) 27.0 - 4.2 44.1 

HPO4
2- (mmol·L-1) 1.0 11.5 1.5 0.9 

H2PO4
- (mmol·L-1) - 2.06 - - 

SO4
2- (mmol·L-1) 0.5 - 0.5 0.8 

Amino acids (mmol·L-1) Variable - - 10.6 
Dex/glucose (mmol·L-1) 3.6-5.2 - - 4.5 

Vitamins (mmol·L-1) - - - 0.15 
Phenol red (g·L-1) - - - 0.04 

HEPES (mmol·L-1) - - 75 - 
Proteins 63-80 - - - 

Reference [20,21] [35] [36] [35]  
 

2.2 Hydrogen evolution and electrochemical tests 

The evolved hydrogen volume during immersion tests were determined in DW, PBS, m-SBF, 

DMEM and BCS at 37 ± 1 °C under sterilized conditions, as described in our previous work in detail 

[37]. Three duplicates were prepared for each solution for immersion tests. The ratio of the exposed 

surface area (cm2) to the solution volume (mL) was kept at 1:40. In order to simulate the body fluid 

exchange in physiological environments, 50 % of the testing solution was refreshed every 48 h. The 

hydrogen evolution rate (HER, mL·cm-2·h-1) was denoted as: 

HER = 𝑣𝑣
𝑠𝑠𝑠𝑠

                                (1) 

Where v refers to H2 gas volume (mL), s refers to the specimen area (cm2), and t refers to the 

immersion testing time (h). The surface morphologies and composition after the immersion tests were 

observed using SEM and EDS, subsquently the corrosion products were removed in chromic acid (200 
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g·l-1 chromium (VI) oxide and 10 g·l-1 AgNO3 in distilled water) for 20 min immersion at room 

temperature. In order to provide three-dimensional information of the surface of the corrosion 

products-removed samples, a topographical mode of Phenom XL, in which the signals are subtracted 

as the quadrant backscattered electron detector divided into two opposite groups, was used.  

Potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) of Mg 

alloy in different media at 37 ± 1 °C were measured using an electrochemical workstation 

(PARSTAT4000, USA). A conventional three-electrode system was used, where the samples served as 

the working electrode (1 cm2), a platinum sheet as the counter electrode and a saturated calomel 

electrode (SCE) as the reference electrode. Due to the low conductivity, distilled water (DW) was not 

used in all the electrochemical tests. Before the PDP or EIS measurement, samples were placed in the 

testing media for 30-60 min to reach the stable open circuit potential (OCP). The PDP was performed 

from -250 mV to +250 mV with respect to the OCP, at a scanning rate of 0.5 mV·s-1. The impedance 

measurement was taken from 1 × 105 to 1 × 10-1 Hz with 10 mV peak to zero amplitude vs. OCP with X 

points per frequency decade. Three duplicate specimens were measured to guarantee the 

reproducibility of the data. The corrosion potential (Ecorr) and corrosion current density (icorr) were 

derived by Origin8.0 software from the PDP slopes. Due to the anodic branch of polarization curve of 

Mg is unfortunately not following the activation control kinetics, the corrosion current calculation was 

measured by the cathodic braches that commenced about 50 mV from corrosion potential. Its use for 

estimation of the corrosion current density is justifiable and often reported in the literatures on Mg 

corrosion [38-40]. 

2.3 Corrosion products characterization  
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The chemical composition and structure of the surface layer of the Mg alloy were characterized by 

Fourier transform infrared spectra (FTIR, Nicolet iS50, Thermo Fisher Scientific) and X-ray 

photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific) after 48 h immersion 

in different solutions. XPS was employed with Al Kα source (1486.6 eV), and its binding energies were 

calculated with regard to carbon (C 1s) at 284.8eV. Phase of Mg-1Zn alloy was characterized by X-ray 

diffraction (XRD, D/Max-2400, Japan) with monochromatic Cu-Kα radiation, at a scan rate of 

4 °·min-1 and a step size of 0.02 ° within 2θ = 20-90 °.  

2.4 Slow strain rate tensile tests combined with electrochemical tests 

The stress-assisted degradation of the Mg-1Zn alloy in different media was studied using a slow 

strain rate tensile (SSRT) device combined with electrochemical workstation, according to our previous 

work [41]. Dumbbell-shaped round tensile samples with 3 mm (diameter) and gauge dimension of 16 

mm (length) were tested at a strain rate of 1 × 10-6 s-1. The strain rate used in the tests was enough to 

perform the stress corrosion cracking of Mg alloy according to the standard (ISO 7539-7:2005) [42]. 

Then, the testing time might be in a suitable range to avoid certain negative factors, such as high risk of 

contamination in an open environment during long-term testing [43]. During the slow tensile tests, the 

open circuit potential (OCP) of the SSRT samples was recorded. Three duplicate specimens were 

measured to guarantee the reproducibility of the data. The ultimate tensile strength (UTS), yield 

strength (YS) and elongation to failure (ε) was derived from the engineering stress-strain plots. The 

reduction in area (RA) was calculated using [18]: 

𝑅𝑅𝐴𝐴 = 𝐴𝐴0−𝐴𝐴1
𝐴𝐴0

× 100%                                        (2) 

Where A0 (mm2) represents the original sample sectional area, and A1 (mm2) is the measured 
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minimum sectional area after the SSRT tests.  

The stress corrosion cracking (SCC) susceptibility index (ISCC) of the Mg-1Zn alloy were 

calculated using the ultimate tensile strength (UTS) or elongation to failure (ε) based on that of samples 

tested in air and in different media. The ISCC was denoted as [12]: 

𝐼𝐼scc =
（UTS or 𝜀𝜀）𝑖𝑖𝑖𝑖 𝑎𝑎𝑖𝑖𝑎𝑎−（UTS or 𝜀𝜀）𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑎𝑎

（UTS or 𝜀𝜀）𝑖𝑖𝑖𝑖 𝑎𝑎𝑖𝑖𝑎𝑎
              (3) 

A value of ISCC close to zero indicates that Mg alloy is immune to SCC; on the contrary, a high 

value suggests a greater SCC susceptibility. After the SSRT tests, samples were cleaned with distilled 

water. After drying, their fracture morphologies and corrosion products were measured using SEM and 

EDS. 

3 Results 
3.1 Microstructure of the samples 

In order to study the microstructure of the extruded Mg-1Zn alloy, ground and etched samples 

were observed using SEM, and optical microscopy (OM), as shown in Fig. 1. Optical metallographic 

image (left in Fig. 1a) shows that the grain size was 5~30 μm. Except the matrix phase of α-Mg, 

secondary phase (MgZn) could hardly be found and detected in the SEM images and XRD analysis 

(Fig. 1b).  

 
Fig. 1 The (a) optical metallographic micro-graph (left, etched sample) and SEM (right, ground sample) 

in backscattered electron mode; (b) XRD analysis of the Mg-1Zn alloy 
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3.2 Immersion and electrochemical tests 

Fig. 2 shows the hydrogen evolution tests of the Mg-1Zn alloy immersed in different aqueous 

solutions at 37 ± 1 ℃ for 48 h. The data shows that the total volume of hydrogen gas of the samples 

(inset in Fig. 2) immersed in different solutions follows this order: m-SBF > BCS > DMEM > PBS > 

DW. The corrosion rate based on the hydrogen evolution rate indicats that the highest and the lowest 

corrosion rate were found in m-SBF and DW, respectively. During the intial stage of immersion tests, 

the hydrogen evolution rate of samples tested in m-SBF was significantly higher than in the other 

solutions. However, all of the samples tested in PBS, DMEM and BCS showed a slow increase of 

hydrogen gas volume as a function of immersion time. The difference in hydrogen evolution of the Mg 

alloy is signficantly related to the composition of the physiological media.  

 
Fig. 2 Hydrogen evolution of Mg-1Zn alloy in DW, PBS, m-SBF, DMEM and BCS as a function 

of immersion time at 37 ± 1 ℃; hydrogen evolution rate (HER). 

The potentiodynamic polarization (PDP) and the electrochemical impedance spectroscopy (EIS) 

tests of the Mg-1Zn alloy measured in PBS, m-SBF, DMEM and BCS after 0.5 h of immersion at 37 ± 

1 ℃ are shown in Fig. 3. Fig. 3a shows the PDP plots. Fig. 3b, c and d shows the Nyquist, Bode plots 

and the fitting curves. The highest frequencies in Bode plots are probably affected by the experimental 
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artifact (pseudo-inductive behaviour). The corrosion potential (Ecorr) and corrosion current density (icorr) 

obtained from these pontentiodynamic polarization plots as well as the fitted impedance results 

according to the spectra data and the equivalent circuit (Fig. 3c) are listed in Table 2. The surface film 

on the Mg alloy was related to the gradually deposition or adsorption of inorganic or organic 

components as a function of testing time [44]. The equivalent circuit model in Fig. 3c is physically 

interpreted as follows: Rs is the solution resistance, R1 and CPE1 are introduced to account for the 

surface passive film. Rct represents the charge transfer resistance parallel to the capacity depicted by a 

constant phase element (CPEdl) [45]. CPEdl refers to the electric double layer capacity at the interface 

of the Mg alloy and electrolyte. The CPE is usually applied to describe a non-ideal capacitive 

behaviour, and is defined by two factors, n and Y0. If n is equal to 1, CPE is identical to a capacitor. 

When n = 0, CPE is a resistor yield and n= -1 is an inductor yield [46]. 

It can be seen from Fig. 3a and Table 2 that Ecorr obtained from samples tested in PBS, m-SBF, 

DMEM and BCS is -1.53, -1.67, -1.65 and -1.63 V, respectively. The corrosion current density icorr is 4, 

267, 11 and 12 μA·cm-2, correspondingly. The value of R1 for the samples tested in PBS, m-SBF, 

DMEM and BCS is 3319, 118, 926.4 and 999.8 Ω⋅cm2, respectively. Rct is 845, 85, 539 and 544 Ω⋅cm2, 

correspondingly. The corrosion current icorr obtained from in m-SBF is about two order of magnitude 

higher than that in PBS, and the value of R1 and Rct obtained in m-SBF is about two order of magnitude 

lower than that in PBS. The value of Ecorr, icorr, R1 and Rct measured in DMEM and BCS is almost 

similar. These results suggest that the corrosion rate of Mg alloy in different media varied significantly. 

In general, lower corrosion rates were observed for the samples tested in orgnanic-containing solutions 

such as DMEM and BCS. Moreover, the organic-containing synthetic and natural biological media 

showed a similar value. The results are consistant with the hydrogen evolution results obained from the 
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immersion tests. 

 

 
Fig. 3 (a) Potentiodynamic polarization (PDP) curves of the Mg-1Zn alloy after 0.5 h immersion in PBS, 

m-SBF, DMEM and BCS at 37 ± 1 ℃; (b) Nyquist plots of the electrochemical impedance spectra 
(EIS) of the samples; (c)(d) Bode plots of EIS; Inset: equivalent circuit. 

 
Table 2 EIS and PDP fitting results for samples tested in PBS, m-SBF, DMEM and BCS solution after 

0.5 h immersion tests at 37 ± 1 ℃. 

Simples 
Rs 

Ω⋅cm2 

Q1-Y0 
(10-5 

Ω-1⋅cm-2⋅sn) 
Q1-n 

C1 
µF⋅cm-2 

R1 

Ω⋅cm2
 

Qdl-Y0 
(10-4 

Ω-1⋅cm-2⋅sn) 
Qdl-n 

Rct 

Ω⋅cm2
 

Cdl 
µF⋅cm-2 

Ecorr 

V 
icorr 

uA·cm-2 

In PBS 12±3 1.58±0.32 0.91±0.02 11.8 3319±133 11.83±1.44 1 845±43 1183 -1.53±0.07 4±1 
In 

m-SBF 
14±4 1.47±0.34 0.93±0.03 9.1 118±12 29.53±2.98 0.81±0.01 85±8 2135 -1.67±0.09 267±14 

In 
DMEM 

46±7 1.49±0.61 0.89±0.01 8.8 926±89 6.07±0.73 0.81±0.01 539±27 467 -1.65±0.11 11±3 

In BCS 65±9 1.34±0.11 0.9±0.02 8.3 1000±187 8.64±0.72 0.79±0.02 544±54 707 -1.63±0.03 12±2 

 

3.3 Fourier transformed infrared (FTIR) spectra and X-ray photoelectron spectroscopy (XPS) analysis 

Fig. 4 shows the Fourier transformed infrared (FTIR) spectra of the Mg-1Zn alloy after 48 h of 

immersion in DW, PBS, m-SBF, DMEM and BCS. The adsorption bands at 3470 cm-1, 1650 cm-1 and 
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550 cm-1, corresponding to H2O and/or OH- vibrations, suggested the existence of hydrated species in 

the surface film [46,47]. The presence of stronger peaks at around 1030 cm-1 suggests the presence of 

phosphate products PO4
3- on the surface of samples immersed in PBS and m-SBF, while not observed 

in DW [46,48]. The band from 1500 cm-1 to 1350 cm-1 refers to the bending and stretching vibrations 

of CO3
2- ions [46,49]. Therefore, it can be concluded that the corrosion products on the Mg alloy 

surface contain carbonate compounds in all the solutions. The CO3
2- ions found in DW might be 

attributed to the reaction of CO2 from the air with superficial Mg(OH)2 during sample preparation after 

corrosion testing. The band near 1650 cm-1 can be ascribed to amide I of organic molecules [50]. The 

band at 1545 cm-1 could be ascribed to amide II, which was only observed for the samples immersed in 

DMEM and BCS. The above results indicate adsorption of organic components on the surface of the 

Mg-1Zn alloy when immersed in organic-containing biological media.  

 
Fig. 4 FTIR spectra of the Mg-1Zn alloy after 48 h immersion in DW, PBS, m-SBF, DMEM and 

BCS.  
 

To further investigate the adsorption of organic components on the surface of the Mg alloy, X-ray 

photoelectron spectroscopy (XPS) analysis was performed, and the results are shown in Fig. 5. The 

whole range of the binding energy survey of the XPS spectra are shown in Fig. 5a, indicating the 
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existence of carbon (C), oxygen (O), magnesium (Mg), nitrogen (N) and phosphorus (P) elements. N 

was not detectable for sample in DW, but it showed high intensity in DMEM and BCS (Fig. 5b). As 

shown in Fig 5c, d, e and f, N-1 (C-N) and N-2 (NH2) bonds were observed at about 399.6 and 400.6 

eV on the samples after immersion in DMEM and BCS. The intensity of C-1 (C=O/C=N), C-2 (C-O) 

and C-3 (C-C, C = C and C-H) at about 284.6, 285.9 and 287.8 eV were measured in DMEM, BCS and 

DW (Fig. 4g), which probably related to the C-O and CO3
2- ions [46,51]. The high intensity of -COOH 

at about 290.4 eV (Fig. 5e and f) for the samples immersed in DMEM and BCS manifested that amino 

acids or glucose also might be adsorbed on the surface of the Mg alloy [52]. Fig. 5h shows the 

existence of Mg(OH)2 after immersion in all solutions. The result suggests that the chemical 

composition of the surface corrosion layer was related to the composition of the solutions, and the 

deposition/adsorption of a mixture of organic and inorganic compounds on the surface, which is 

consistent with the results of FTIR and other studies [53,54].  



16 
 

 

Fig. 5 XPS analysis of the Mg-1Zn alloy after 48 h immersion in control, DW, DMEM and BCS: 
(a) entire range of the binding energy survey; (b) N 1s spectra for the samples in control, DW, DMEM 
and BCS; representative N 1s spectra for the samples after 48 h immersion in (c) DMEM and (d) BCS; 
representative C 1s spectra for the samples immersion in (e) DMEM and (f) BCS; C 1s (g) spectra for 

the samples in DW and Mg 1s (h) for all samples. 
 

3.4 Surface morphologies and EDS analysis after immersion tests 
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In order to investigate the degradation behaviour of the Mg-1Zn alloy in different solutions, the 

surface morphologies and EDS analysis of samples after 48 h of immersion with or without corrosion 

products are shown in Fig. 6. The main elements of the corrosion product were composed of O, Mg, P, 

N and Ca. EDS analysis shows that N was detected in DMEM and BCS in a small amount, while 

barely in PBS and m-SBF. The content of Ca was highest in m-SBF comparing with other solutions, 

but not in PBS. The Ca-P deposited layer generally could improve the corrosion resistance of Mg alloy 

in physiological solution [46]. The SEM morphologies of the surface show more homogenous 

corrosion layer and uniform dissolution of Mg alloy in DMEM and BCS, compared to that in PBS and 

m-SBF. The surface of the samples tested in PBS contains cluster-like precipitating products, which 

were insoluble salts owing to the high concentration of phosphate, an increasing Mg2+ concentration 

and thus a higher pH with the immersion time, as reported in previous work [21].  

After removing the corrosion products, localized corrosion could be distinctly identified for the 

samples exposed to PBS and m-SBF under the topographical mode of SEM. While for samples 

exposed to DMEM and BCS, the surface are still relatively uniformly attached. The depth or area of 

corrosion sites for samples in m-SBF is larger than that of samples in BCS. The result manifested that 

the inorganic media (PBS and m-SBF) affect the chemical composition of surface corrosion layer and 

lead to a serious localized corrosion, while the cell culture medium (DMEM) and the natural biological 

media resulted in a more homogeneous degradation and lower corrosion rate for the biomedical Mg 

alloy. 
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Fig. 6 The surface morphologies and EDS analysis of the Mg-1Zn alloy after 48 h of immersion in 

m-SBF, PBS, DMEM and BCS with or without corrosion products (Backscattered electron (BSE) full 
and topographical mode).  

 

3.5 Slow strain rate tensile testing combined with electrochemical analysis  

Fig. 7 shows the engineering stress-strain/time curves of the Mg-1Zn alloy at a strain rate of 1 × 

10-6 s-1 tested in air, DW, PBS, m-SBF, DMEM and BCS. The mechanical properties of all the slow 

strain rate tensile (SSRT) tests results and the corresponding stress corrosion cracking (SCC) 

susceptibility indices (Iscc) calculated from ultimate tensile strength (UTS) and elongation to failure (ε) 

are listed in Table 3. The reduction of area (RA) of all samples is 24.81±5.44, 6.84±2.32, 5.70±1.07, 

7.02±2.32, 11.97±2.89 and 14.03±3.17 % corresponding to air, DW, PBS, m-SBF, DMEM and BCS, 

respectively. It is in the following order: air > BCS >DMEM > m-SBF > DW > PBS. 

For the sample tested in DW, a significant loss in strength and ductility was observed in the SSRT 

tests, which indicate the SCC susceptibility for Mg alloys in water. The samples tested in PBS 
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exhibited a significantly higher Iscc(ε) of 0.62 and Iscc(UTS) of 0.21, as compared to the other solutions. 

The mechanical properties of the samples tested in PBS suffered from a significant loss in ductility and 

strength. Comparing to the tests in air, the elongation to failure dropped from 17.91±2.21 % to 

6.72±1.77 %, and the UTS and YS dropped from 285.00±6.11, 233.47±11.21 MPa to 225.76±9.88, 

161.61±18.31 MPa, respectively. When inorganic or organic components were added into DW, such as 

DMEM, a further increase in elongation to failure than in DW was detected. A low SCC susceptibility 

index (Iscc(UTS): 0.17, Iscc(ε): 0.34) for the sample tested in BCS was observed. The sample tested in 

BCS possessed adequate mechanical strength (YS: 190.59±7.05 MPa, UTS: 237.20±2.94 MPa) and 

elongation to failure (12.27±1.89 %). Its ductility is almost twice larger than those tested in DW, which 

could ensure mechanical integrity and effectively avoid a sudden fracture failure. This result suggested 

that the synthetic cell culture and natural biological media showed the lowest stress corrosion cracking 

susceptibility for Mg-1Zn alloy, as compared to the solutions only containing inorganic ions.  

 
Fig. 7  Engineering stress-strain/time plots of Mg alloy at 1 × 10-6 s-1 strain rate in air, DW, PBS, 

m-SBF, DMEM and BCS. 
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Table 3 Summary of the slow strain rate tensile (SSRT) testing results and the stress corrosion 
cracking susceptibility indices (Iscc ) of the samples tested in air, DW, PBS, m-SBF, DMEM and BCS. 

Samples UTS (MPa) YS (MPa) ε (%) RA (%) Iscc(UTS) Iscc(ε) 

In air 285.00±6.11 233.47±11.21 17.91±2.21 24.81±5.44  
In DW 260.08±9.32 211.36±19.88 7.56±2.78 6.84±2.32 0.087 0.58 
In PBS 225.76±9.88 161.61±18.31 6.72±1.77 5.70±1.07 0.21 0.62 

In m-SBF 230.51±5.42 183.90±8.24 7.37±1.05 7.02±2.32 0.19 0.59 
In DMEM 228.56±8.08 211.07±13.97 10.39±2.96 10.97±2.89 0.20 0.42 

In BCS 237.20±2.94 190.59±7.05 12.27±1.89 12.03±3.17 0.17 0.31 

The evolution of the open circuit potential (OCP) for the SSRT samples strained or unstrained in 

PBS, m-SBF, DMEM and BCS are shown in Fig. 8. The OCP evolution could refer to the activation or 

passivation of a sample, where a more positive OCP value represents a less reactive surface [41,55]. 

The plots of OCP could be divided into three stages according to the OCP fluctuation as a function of 

time, as observed for the samples tested in m-SBF, DMEM and BCS, however only two stages could 

be observed for the samples in PBS. 

The breakage or dissolution of natural oxide film of Mg alloy could correspond to the change of 

OCP value during the initial stage (Ⅰ) of the SSRT tests for the all samples, as shown in Fig. 8. The low 

fluctuation of OCP value for the samples strained or unstrained in PBS was observed during SSRT tests 

(Fig. 8a). The surface corrosion products formed in PBS might hardly be affected by the deformation 

strain of the Mg alloy. The OCP of the strained or unstrained samples in m-SBF, DMEM and BCS 

increased in stage two (Ⅱ) (Fig. 8b, c and d), suggesting that the formation and deposition of corrosion 

products increased the corrosion resistance. For the unstrained samples in stage three (Ⅲ, almost over 

the elastic-deformation period), the OCP shifted to positive level for the samples tested in m-SBF, or 

kept stable or fluctuation in DMEM and BCS. It inferred that the degradation rate reach a dynamic 

steady state, owing to the limited protective ability of passive film composed of inorganic and organic 

components. However, the OCP value of the strained samples tested in m-SBF increase slowly 
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comparing to that of the unstrained samples in stage three (Ⅲ), even decreased in stage three for 

samples strained in DMEM and BCS. It might be related to plastic deformation would affect the 

corrosion behaviour of Mg alloy in m-SBF, DMEM and BCS. Finally, the fracture of the strained 

samples resulted in a sharply change of the OCP. It can be concluded that OCP changes in the 

unstrained condition was only related with the formation or breakdown of the surface corrosion 

product layer; OCP changes in strained condition was not only affected by the surface change due to 

static corrosion process, also affected by the mechanical breakdown and the rehabilitation process of 

corrosion product film in the plastic deformation region.  

 
Fig. 8 The open circuit potential (OCP) evolution of the SSRT samples under strain or unstrained 
in (a) PBS, (b) m-SBF, (c) DMEM and (d) BCS as a function of time and engineering strain. 

 

3.6 Fractographs and micro-cracks features 

In order to analyse the fracture features of the samples after slow strain rate tensile (SSRT) tests, 
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SEM fractographs and EDS were studied and results are shown in Fig. 9. The overall fracture and 

higher magnification fractographs (Fig. 9 a1, a2 and a3) of the samples tested in air revealed a 

homogenous and fibrous fracture, with the presence of dimples and crack propagation direction at 45 °, 

demonstrating ductile failure occurred by mechanical overloading. The overall fracture surface of the 

SSRT samples measured in all solutions had two distinct regions: a stress corrosion cracking (SCC) 

region and a mechanical failure region (the yellow dotted line area). High magnification image of the 

SCC region showed a cleavage and a macroscopically brittle fracture, compared with that of the 

mechanical failure region, running from the circumference towards the centre of the samples. The  

SCC region of low alloyed and extruded Mg-1Zn alloy was related to the transgranular stress corrosion 

cracking (TGSCC), usually involving hydrogen embrittlement (HE) [7,12]. The fracture area for all 

samples in different solutions shown in Fig. 9 can infer that: PBS ≈ DW ≈ m-SBF > DMEM > 

BCS > air, which is consistent with the reduction in area (RA) listed in Table 3, indicating a better 

ductility for the samples in DMEM and BCS solutions.  

Moreover, the surface appearance of the fractured surface showed pitting acting as an initiation site 

for the stress corrosion cracking, and the micro-crack propagation direction was perpendicular to the 

tensile direction for the samples tested in DW, m-SBF, DMEM and BCS. When the micro-cracks 

initiating from the corrosion pits were developed into critical SCC cracks, the mechanical overloading 

happened at the final stage of the SSRT samples. A noticeable pitting and larger cleavage area was 

observed on the samples in PBS (Fig. 9c3). The red circle in Fig. 9e3 and the EDS mapping analysis in 

Fig. 9f3 showed the presence of C and N in the corrosion products, which is in consistence with the 

XPS results, representing the adsorption of organic component in the surface corrosion layer of Mg 

alloy. Although the Mg-1Zn alloy tested in different media exhibited a similar SCC failure features, i. 
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e., hydrogen embrittlement and mechanical overload failure zone, the former two exhibited different 

proportions in the fracture area of the SSRT samples.  

 

Fig. 9 The overall, higher magnification and surface appearance of the fracture features of the Mg-1Zn 
alloy tested in air (a1, a2, a3), in DW (b1, b2, b3) and in PBS (c1, c2, c3). 
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Continued Fig. 9 The overall, higher magnification and surface appearance of the fracture features of the 
Mg-1Zn alloy tested in m-SBF (d1, d2, d3), in DMEM (e1, e2, e3) and in BCS (f1, f2, f3) combined 

with the (g) area EDS mapping analysis. 

In order to investigate the propagation of micro-cracks during SSRT tests in typical inorganic or 

natural media, the SEM and EDS of cross sections in m-SBF and BCS were measured and shown in 

Fig. 10a-c. Both the SSRT samples tested in solutions exhibited narrow micro-cracks perpendicular to 

the strain direction. The branches and main micro-cracks indicated the trans-granular cracking or 

preferential anodic dissolution [55]. However, the main micro-cracks were filled with corrosion 
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product for the sample tested in BCS, as shown in Fig. 10b. EDS of the corrosion products within the 

cracks (Fig. 10c) suggested that O, Mg and N signal was detected. However, the samples tested in 

m-SBF were not observed. The results confirmed that organic components or corrosion products were 

adsorbed into the crack tunnels for the samples tested in BCS.  

 

Fig. 10 The cross section SEM features of the slow strain rate tensile (SSRT) samples tested in (a) 

m-SBF and (b) BCS with the (c) EDS analysis of micro-cracking. 

4 Discussion 

4.1 Degradation behaviour of Mg in synthetic or natural media  

The corrosion resistance of the Mg-1Zn alloy, as indicated by immersion tests (Fig. 2) and 

electrochemical measurements (Fig. 3), is in the following orders: DW > PBS > BCS > DMEM > 

m-SBF. For the samples tested in distilled water (DW), water could induce the corrosion reaction of 

Mg alloy owing to its low potential (-2.73 V vs. SHE) [1]. The main degradation reaction of Mg in 

physiological solutions can be described as [56-58]; 

Mg → Mg2+ + 2e−  (anodic reaction)                                       (4) 

2H2O + 2e− → 2OH− + 2 H2↑  (cathodic reaction)                          (5) 

2H2O + O2 +4e− → 4OH−     (cathodic reaction)                          (6) 

Mg (s) + 2H2O (aq) → Mg(OH)2 (s) + H2↑(g) (overall corrosion reaction)   (7) 
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In general, water can also induce a conversion of the surface oxide into Mg(OH)2 (as detected in 

FTIR and XPS, as shown in Fig. 4 and Fig. 5h), which could deposit on the surface of Mg alloy and 

acted as a passive film [44]. However, plasma and other media used in this work as listed Table 1 are 

chloride ions (Cl-) containing aqueous solution, which can cause the dissolution of Mg(OH)2, leading 

to an accelerated corrosion of Mg alloy [59,60]. It leads to a higher corrosion rate of samples tested in 

PBS, m-SBF, DMEM and BCS than that in DW.  

As an inorganic salt simulated media, m-SBF showed the highest corrosion rate, while PBS 

possessed the highest electrochemical impendence and corrosion resistance in this work. The chemical 

composition of m-SBF is similar to plasma, but with HEPES buffering reagent and a low concentration 

of HCO3
- as shown in Table 1. The presence of Mg2+, Ca2+, HCO3

- and HPO4
2- ions in m-SBF could 

facilitate the formation of insoluble salts (Ca-P, (Mg, Ca)-CO3, Ca/Mg-PO4), as shown in Fig. 4, Fig. 5 

and Fig. 6) on the surface of Mg alloy. These corrosion products would improve the corrosion 

resistance as evidenced by the decrease of hydrogen gas evolution with immersion time (Fig. 2) [31,61]. 

However, as reported by previous works, HEPES would increase the dissolution rate of Mg alloy, 

compared to other solutions buffered with HCO3
- (44.1 mmol·L-1) [20]. This phenomenon could be 

demonstrated by the high corrosion rate (in Fig. 2 and Fig. 3), as well as the surface morphologies and 

pitting/localized corrosion (in Fig. 6) for the Mg-1Zn alloy immersed in m-SBF.  

PBS buffering with high concentration of HPO4
2- ions (11.5 mmol·L-1) could form a flocculent 

water-containing layer on the surface of Mg alloy, which was observed during the immersion tests and 

after drying under SEM (Fig. 6). It is a single cluster-like precipitating and insoluble salt product 

(Mg-PO4, Fig. 6), which acted as a physical shield layer to improve the corrosion resistance of Mg 

alloy, as confirmed by the EIS results (Fig. 3). This result is consistent with previous works [35,62,63]. 
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However, the insoluble corrosion products could form a micro-galvanic corrosion with surrounding Mg, 

resulting into accelerated corrosion of the anodic Mg. Thus the serious localised corrosion of samples 

observed in PBS could be explained, as shown the large corrosion pit in Fig.6.  

DMEM and BCS media, both are natural organic-containing solutions buffered with HCO3
-, 

exhibited lower corrosion rate and higher impedance value, compared to the samples immersed in 

m-SBF, as shown in Fig. 2 and Fig.3. In the present study, N element or C=N signals were detected on 

the samples immersed in DMEM and BCS (Fig. 4, Fig. 5 and Fig. 6) by FTIR, XPS and EDS analysis. 

It indicates that the protein or organic components from the DMEM and BCS are adsorbed on the 

surface of Mg alloys. The spontaneously adsorbed proteins acting as a physical shielding layer on 

biomaterial’s surface has been reported already [25,64]. Previous works also reported that proteins 

such as fetal bovine serum could chelate with Mg2+, and the serum molecules significantly retarded the 

corrosion of Mg alloy [1,20]. Meanwhile, the homogeneous corrosion surface observed in DMEM (Fig. 

6) suggests that the adsorption and affinity of natural organic components on the samples could 

significantly suppress localized corrosion showing a reduced depth of pit formation [65]. Our results 

agreed with others’ works [26,61,66], suggesting that organic components might be one of critical 

reasons causing different corrosion rates and degradation mechanisms between in vitro and in vivo. 

4.2 Stress corrosion cracking susceptibility 

As a loaded implant device, Mg alloys inevitably suffer from stress-assisted corrosion or stress 

corrosion cracking (SCC) failure under physiological stress or deformation residual stress, as reported 

by many studies [29,41,67]. Although some works have been dedicated to investigate the SCC 

susceptibility (ISCC) of biomedical Mg alloys, the mostly used test environments were the inorganic 

synthetic solutions, such as PBS, SBF and Hank’s solution [21]. Media containing organic components 
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such as natural bovine calf serum (BCS) and DMEM, which are much similar to in vivo physiological 

environment, were rarely used to determine the stress corrosion characteristics of Mg alloys. Fig. 11 

shows that ISCC data is obtained from the present work and others’ previous work tested in a simulated 

physiological environment. The lowest ISCC indices are observed from the Mg-1Zn alloys in BCS 

compared to the extruded Mg alloys in others’ environment, indicating low stress corrosion cracking 

susceptibility in natural biological media. 

 

Fig. 11  ISCC data of the Mg-1Zn alloy in PBS, m-SBF, DMEM and BCS compared to available 
data: Mg-4Zn-0.2Sr and Mg-4Zn in Hank’s solution [68]; Mg-4Zn in SBF [9]; WE43, WZ21 and 

ZX50 in m-SBF [33]; AZ61 in m-SBF [55]. 

In this work, the SCC susceptibility of Mg-1Zn alloy was confirmed by hydrogen embrittlement 

and the propagation of micro-subcracks shown in SEM fractographs (Fig. 9 and Fig. 10). However, the 

loss of mechanical integrity of Mg alloy in different media was observed from the engineering 

stress-strain curves (Table 3), which was attributed to the various initiation pathways and propagation 

rate of SCC. The results showed that lower SCC susceptibility index was observed for slow strain rate 

tensile (SSRT) tests in DMEM and BCS, compared to PBS, m-SBF and distilled water (DW). The 

highest remaining ultimate tensile strength (UTS) and yield strength (YS) was measured in DW, which 
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might be attributed to the lower corrosion rate and absence of aggressive chloride ions in DW. 

However, the intrinsic susceptibility to SCC of Mg alloy resulted in a high loss of elongation to failure 

and premature fracture in DW [69]. It's worth noting that the elongation to failure (ε) for the samples 

tested in DMEM and BCS was still above 10 %, indicating that the ductility of the Mg-Zn alloy in 

those solutions was less influenced. The value of elongation to failure ε in BCS was nearly 2 times 

higher than in PBS and m-SBF, almost 68 % of the value obtained in air. The results revealed that the 

SCC susceptibility or sudden fracture features of Mg alloy in aqueous media were distinctly weakened 

in DMEM and BCS solutions. 

Stress corrosion micro-cracks usually originated from pitting or localized corrosion, owing to the 

concentration of stress in the pits along with the difference in electrochemical potentials between those 

places and their adjacent region [12,70]. The severe pitting and localized corrosion, which are observed 

on the surface in PBS and m-SBF (Fig. 6 and Fig. 9c3), were likely to cause formation of micro-crack 

initiation sites in the early period of the SSRT tests. In contrast, the homogenous corrosion in DMEM 

and BCS could effectively avoid stress concentration at the beginning stage. Although the samples in 

PBS revealed a higher open circuit potential (OCP) and impendence (Fig. 8a and Fig. 3) compared 

with other solutions, the slight fluctuation of OCP during the SSRT manifested that the deformation of 

Mg alloy had little influence on the surface precipitating product. Considering the flocculent structure 

and outward growth of the film observed in immersion tests, it could be assumed that the surface 

products in PBS could not effectively prevent the initiation, even forming a micro-galvanic corrosion 

to accelerate the extension of micro-cracks in the matrix of the Mg alloy. These factors eventually 

resulted into the largest SCC indices for Mg alloys tested in PBS. However, for the samples in m-SBF, 

the evolution of OCP for the unstrained and the strained samples in Fig. 8b indicated that the 
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deformation might affect the protective ability of the surface deposition product. The high corrosion 

rate and unstable surface film finally lead to a high SCC susceptibility for the Mg-1Zn alloy in m-SBF. 

The mechanical rapture of corrosion product layers triggered by deformation also resulted into the 

formation of stress concentration sites in Mg alloy, while organic components adsorbed then even form 

the complexes on the surface of Mg alloy would prevent the formation of micro-cracking initiation, 

due to their barrier effect [21,71,72]. Increasing the plastic deformation leads to a decrease of 

electrostatic repulsion between the metallic surface and the organic molecules, which promote the 

adsorption of negatively charged proteins [25]. Similar evolution of OCP at the beginning of the SSRT 

tests for the samples in DMEM and BCS manifested that the adsorption and chelation of organic 

components could sustain the protective ability of the surface corrosion layer. Although there is still 

controversy that protein chelating with the Mg-hydroxide film may facilitate localized corrosion when 

the chelation migrate away from the surface [29], the corrosion pits could also be sealed with the 

protein which acted as physical shield biofilm to modify the degradation behaviour [46]. The OCP 

fluctuation could be attributed to the competition between the mechanical rupture and the self-healing 

of the passive film [73]. Gao et al. [67] demonstrated that fibrotic capsule formed on the corrosion 

surfaces of HP Mg could significantly suppress the effects of stress-assisted degradation in vivo. The 

proteins adsorbed into the opened micro-cracks were hard to migrate and could even prevent the 

electrolyte exchange in the tunnel, then affecting the propagation of the micro-cracks (as shown in Fig. 

9e3 and f3, Fig. 10b). In general, micro-cracks tend to propagate continually due to hydrogen 

embrittlement in aqueous solution, which normally leads to the continued film rupture in the cracking 

tip [12]. The fracture features (Fig.9) shows that all the SCC mechanism of Mg-1Zn alloy in media are 

related to the hydrogen embrittlement (HE), which involving hydrogen generated from the cathodic 
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reaction (equation (5)) [74,75]. In the present work, it was supposed that the hinder or consumption by 

the adsorption matter in the tunnel would go against the hydrogen evolution reaction in the 

micro-cracks by decreasing the matter exchange such as water, then affecting the source of hydrogen 

for causing HE and decreasing the propagation rate of SCC. For the samples tested in DMEM and BCS, 

the engineering stress-strain plots was shown that the tensile strength continuously decreased along 

with the increasing of elongation (Fig. 7), demonstrating that the SCC propagation was significantly 

suppressed. Specially, the presence of protein in solution may decrease the solution viscosity, then 

retarding the exchanging of the physiological compounds [61]. As a result, non-sudden fracture 

phenomenon in aqueous solution (elongation to failure ε > 10 %) during SSRT tests was observed in 

DMEM and BCS. It could be concluded that the SSRT samples tested in the DMEM or BCS showed a 

lower SCC susceptibility, compared to that in PBS and m-SBF. The stress corrosion cracking 

mechanism of the Mg-1Zn alloy in PBS, m-SBF, DMEM and BCS media could be elucidated by using 

the schematic diagrams, as shown in Fig. 12. 
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Fig. 12 Schematic diagrams of the stress corrosion cracking (SCC) behaviour of the Mg-1Zn alloy 
in PBS, m-SBF, DMEM and BCS media: in PBS, the micro-galvanic corrosion formed by the outward 

growth flocculent product accelerate the formation of stress concentration sites and hydrogen; in 
m-SBF, the pitting corrosion and break of surface film under deformation lead to a high SCC 

susceptibility; in DMEM and BCS, the homogeneous corrosion behaviour and adsorption of organic 
component into micro-tunnel retard the formation of stress initiation sites and electrolyte exchange 

then decreasing the propagation of SCC. 
 

Our work suggests that organic components play an important role in the stress-assisted corrosion 

(degradation) process of biomedical Mg alloys. This work also indicates that simulated solutions that 

containing organic components such as serum, or natural biological media should be used for assessing 

the in vitro stress corrosion cracking of Mg alloys under sterile conditions in the future.  

5 Conclusions 

In this work, the stress corrosion cracking susceptibility of Mg-1Zn alloy using slow strain rate 

tensile (SSRT) tests in phosphate-buffered saline (PBS), modified simulated body fluid (m-SBF), 

Dulbecco's modified eagle medium (DMEM) and bovine calf serum (BCS) was investigated. The 
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surface corrosion products were characterized by the results of FTIR and XPS. The main conclusions 

are shown as following: 

1) The corrosion rate of Mg alloy in all solutions was in the following order: m-SBF > DMEM > 

BCS >PBS > DW. The highest corrosion resistance of the surface corrosion products layer and serious 

pitting corrosion were both observed for the samples immersed in PBS.  

2) The Mg-1Zn alloy exhibited improved resistance to corrosion and stress corrosion cracking in 

cell culture medium (DMEM) and BCS. It was attributed to the homogeneous corrosion, and the 

protection of the inorganic-organic hybrid corrosion product film, which retarded the initiation and 

propagation of micro-cracks during the SSRT testing. 

3) The highest elongations to failure were obtained for samples in DMEM and BCS, which was 

still more than 50 % of that in air. The results indicated that Mg-1Zn alloy showed good toughness and 

ductile fracture failure in cell culture medium and natural animal-derived serum.  
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