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Abstract
This study investigated the effects of solution heat treatment and multi-directional forging (MDF) on the microstructure, 
mechanical, and corrosion properties of an Mg–2Zn–0.2Ag alloy. Microstructural characterization by field emission scanning 
electron microscopy indicated that the as-cast material consists of some  MgZn2 and Ag-rich MgZn precipitates. These silver-
rich MgZn precipitates were entirely and partially dissolved after the solution treatment and MDF, respectively. In addition, 
the grain size of the as-cast alloy increased by 86% and decreased by 43% after solution heat treatment and MDF, respec-
tively. The ultimate shear strength of the as-cast material increased by 25% and reached 149.5 MPa after MDF processing, 
while it did not change significantly after solution treatment. The obtained results indicated that the corrosion layer formed 
on the samples consists of an inner layer (magnesium hydroxide) and an outer layer (phosphate compounds). Based on the 
corrosion tests, it was found that solution heat treatment and MDF could significantly improve the corrosion resistance of 
the as-cast Mg–2Zn–0.2Ag. The corrosion resistance (Rp) obtained from the electrochemical impedance spectroscopy (EIS) 
test exhibited enhancements of 119% and 152% after heat treatment and MDF processes, respectively. This improvement 
in corrosion resistance was attributed to the higher stability of the outer layer in both solution-treated and MDF-processed 
samples, compared to the as-cast material. The results of cell studies also indicated a significant improvement in the cell 
viability of the solution-treated Mg–2Zn–0.2Ag alloy sample compared with pure Mg.

Keywords ACL screws · Biodegradable materials · Cytotoxicity · Magnesium alloys · Mechanical properties · Severe 
plastic deformation

1 Introduction

Magnesium alloys have gained extensive attention in recent 
years for making different biodegradable medical implants. 
For example, recently they have been introduced to make 
biodegradable batteries [1]. Rupture of the anterior cruciate 
ligament (ACL) is one of the most common injuries that 
happen during heavy sports activities [2]. After the surgery, 
the tendon graft-bone junction may be impaired because of 
losing bone at the interface between bone and tendon. For 
example, after ACL reconstruction, the estimated failure rate 
is still higher than 10% [2]. ACL interference screws can be 
used to solve this problem [3]. Recently, magnesium alloys 
have been used to make resorbable screws, which would not 
need secondary surgeries to remove them from the body after 
tissue regeneration. In this regard, Mg is one of the most 
attractive biomaterials, mainly due to its biocompatibility, 
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biodegradability, high strength-to-weight ratio, and similar 
mechanical properties to bone. This silvery-white metal is 
the fourth abundant element in the human body that stabi-
lizes RNA and DNA. Mg also contributes to the function of 
more than 300 enzymes [4]. However, this light metal has 
some disadvantages in biomedical applications [5, 6].

Although the degradation of Mg is desirable and neces-
sary for making resorbable implants, the degradation rate 
should be controlled so that it is not faster than the rate of 
tissue regeneration. Fast degradation of Mg in the human 
body is the most crucial drawback of this metal, which limits 
its extensive use in biomedical applications. Degradation of 
Mg also leads to the release of hydrogen gas, which causes 
toxicity and might result in severe problems for the patient 
[4]. Another problem is that pure Mg is usually soft for most 
applications [7]. Accordingly, there are some strategies to 
reduce the degradation rate of Mg which can also improve 
its mechanical properties. These strategies include methods 
which change chemical composition, such as alloying [8], 
and those that do not, such as heat treatment [9] and severe 
plastic deformation (SPD).

Zinc, as one of the most abundant nutritional elements 
in the body [10], can be dissolved into Mg up to a certain 
level (1.6 wt% at room temperature), resulting in solid solu-
tion strengthening [11]. Also, zinc addition improves the 
mechanical properties of Mg by grain refinement [12]. In 
addition to mechanical properties, Zn improves the corro-
sion resistance of Mg [12, 13]. This element helps forming a 
passive layer on Mg, significantly reducing the degradation 
rate [14]. These features and properties make Zn a desirable 
and exciting alloying element for magnesium alloys used or 
planned to be used, as resorbable implants. However, when-
ever zinc atoms are not in the solid solution state and form 
intermetallic compounds with Mg or other existing alloying 
elements, degradation would be locally heterogeneous, and 
the degradation rate can be increased due to micro-galvanic 
corrosion [15, 16]. Accordingly, zinc addition to resorbable 
magnesium alloys should be up to an optimum amount not to 
deteriorate the corrosion resistance. For example, it has been 
reported that [14] adding 2 wt% Zn to Mg exhibits the best 
corrosion resistance. In this regard, solution heat treatment 
effectively reduces localized corrosion [17].

It is worth noting that besides alloying and heat treat-
ment, severe plastic deformation processes can also be suc-
cessfully used to simultaneously improve the mechanical 
and degradation behavior of resorbable Mg alloys [18–20]. 
Among different SPD methods, multi-directional forging 
(MDF) shows some advantages for processing magnesium 
alloys, including simplicity, and more importantly, the abil-
ity to be applied directly on the as-cast alloys, while some 
other SPD methods such as equal channel angular pressing 
(ECAP) need a primary hot extrusion step. MDF is an SPD 
method that has been previously shown to positively affect 

the strength and corrosion resistance of pure Mg [21], Mg–6 
wt% Zn [12], and Mg–4 wt% Zn–0.3 wt% Sr alloys [22]. 
Forming a stable corrosion layer on the MDF processed 
sample was introduced as the leading cause of the observed 
improvement in corrosion resistance of pure Mg [21]. Also, 
the barrier effect of grain boundaries against corrosion 
seems to play an essential role in controlling corrosion of 
the Mg–6 wt% Zn alloy after processing by MDF [12].

Bacterial infection is one of the most severe side effects 
of bone, tendon, or ligament fixation and regeneration 
surgeries. Therefore, the antibacterial characteristics of 
materials used as ACL screws are crucial. Magnesium has 
shown antibacterial features in in-vitro experiments, mainly 
due to its high degradation rate, which increases pH due 
to released  OH– ions [23]. However, the corrosion rate of 
magnesium in in-vivo environment is lower than that in the 
in-vitro condition due to the high level of chloride ions in 
in-vitro condition [24]. As a result, the antibacterial property 
of Mg observed in the in-vitro environment is insufficient 
for the in-vivo environment [25]. Some elements such as 
silver can improve the antimicrobial properties of Mg. It 
has been shown that silver in different states, such as pre-
cipitated nanoparticles and formed intermetallic compounds 
or being dissolved in the matrix, demonstrate antibacterial 
properties and affect a wide range of bacteria, including 
antibiotic-resistant bacteria (MRSE, MRSA bacterias) [26].

Accordingly, two strategies of heat treatment (solution 
heat treatment) and severe plastic deformation (MDF), 
which do not change the overall composition of the alloy, 
are used in this investigation to improve the mechanical 
and corrosion properties of an Mg–2Zn–0.2Ag alloy. These 
processes have the potential to simultaneously improve the 
mechanical and corrosion properties, however, with differ-
ent efficiencies, which would be evaluated and compared in 
this investigation. Finally, the ACL screws made from this 
alloy are evaluated from the degradation and cell behavior 
viewpoints.

2  Materials and Methods

2.1  Material Preparation

Pure magnesium (99.98 wt%), zinc (99.98 wt%), and silver 
(99.98 wt%) were used to cast the Mg–2 wt% Zn–0.2 wt% 
Ag alloy. It should be noted hereafter that all composi-
tions are in weight percent unless mentioned. An induc-
tion furnace with a graphite crucible was used for melting 
pure Mg at 750 °C. Zinc and silver were added to the 
molten Mg and mixed thoroughly. The melt was held for 
10 min at 750 °C to homogenize the melt composition and 
then poured into a steel mold preheated to 200 °C, which 
yielded casting billets with dimensions of 120 mm × 40 
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mm × 20 mm. For simplicity, the as-cast alloy is named 
AC. The inductively coupled plasma (ICP) analysis eval-
uated the alloys composition. The ICP results indicated 
that AC alloy contains 0.17% silver and 1.81% zinc, being 
almost close to the nominal composition. Some parts of 
the as-cast billet were solution-treated (ST) at 400 °C for 
10 h in an electrical resistance furnace and then quenched 
in water at 25 °C. The ACL screws were machined from 
both AC and ST samples.

The MDF process was carried out on AC samples with 
dimensions of 20 mm × 13 mm × 13 mm at 280 °C. After 
holding the specimen at the proposed deformation tem-
perature for 10 min, the process was carried out in an MTS 
machine with a crosshead speed of 0.5 mm/min. In the 
first pass, as shown in [27], the sample was forged multi-
directionally by exerting a compressive force on the sur-
face A. After the first pass, the sample was rotated 90°, and 
then surface B was compressed. Finally, the third pass was 
performed by applying the compressive force on surface 
C. All samples were deformed for six passes. The applied 
strain (εMDF) on a rectangular prism specimen after each 
pass of MDF is calculated by the following equation [28].

where H and W are the sample height and width, respec-
tively. Accordingly, the obtained total strain after 6 passes 
of MDF is about 3.

2.2  Microstructural Characterization

The microstructure of the samples was studied by the opti-
cal (OM, Olympus) and field-emission scanning electron 
microscopy (FESEM, TESCAN MIRA 3 LMU), using 
backscattered electrons and the acceleration voltage of 
15.0 kV. Metallographic samples were first cut and ground 
up to 3000 grit. Afterward, samples were polished with 0.3 
μm α–alumina slurry. The Nital solution (8-volume per-
cent nitric acid in ethanol) was used for the AC samples. 
In contrast, picral solution (0.4 g picric acid, 2 ml distilled 
water, 6 ml ethanol, and 2.5 ml acetic acid) was used for 
the solution-treated and MDF-processed samples. After 
etching, samples were washed with ethanol and dried with 
warm air. The dendrite cell, volume fraction of precipi-
tates, and grain size were measured from the optical and 
FESEM micrographs, using the ImageJ software. Energy-
dispersive X-ray spectroscopy (EDS) was used for analyz-
ing the composition of different phases. X-ray diffraction 
(XRD) analysis was conducted for phase identification in 
the AC and ST samples. The K-alpha copper beam was 
diffused in the 2θ range of 15–85° for all samples.

(1)�MDF =
2
√

3
ln

H

W

2.3  Mechanical Characterization

The shear punch test (SPT) was used to evaluate the 
mechanical behavior of the studied materials. The required 
samples for SPT were sliced with an electrical discharge 
wire cut machine to the dimensions of 10 mm × 10 mm ×1 
mm. By grinding both sides of the samples to remove any 
oxide films, their thickness was reduced to 0.7–0.9 mm. 
These samples were then fixed in the SPT fixture, and the 
test was performed under compressive force with a con-
stant cross-head speed of 0.25 mm/s at 25 °C in a Santam 
universal testing machine with a load cell capacity of 20 
kN. The machine simultaneously recorded the force and 
punch displacement during the test, and the shear stress, 
τ, was calculated from the following equation

where P is the applied force, D is the average of the punch 
and die hole diameters, and t is the specimen thickness. The 
normalized displacement was derived from the punch dis-
placement divided by the specimen thickness.

2.4  Degradation Characterization

2.4.1  Electrochemical Corrosion

The electrochemical corrosion assessment was performed 
on a 10 mm × 10 mm surface in a phosphate-buffered 
saline (PBS) solution. The composition of PBS is given in 
Table 1. Before testing, the sample’s surface was ground 
up to 3000 grit and washed and dried with ethanol and a 
warm air stream, respectively.

Three-electrode configuration was used to perform 
the potentiodynamic polarization and the electrochemi-
cal impedance spectroscopy (EIS) tests. The specimen, 
Ag/AgCl, and platinum plate were used as the working, 
reference, and counter electrode. In the polarization test, 
the voltage range and the scan rate were ± 250 mV and 
1 mV/s, respectively. Tafel extrapolation was used to 
obtain the corrosion potential (Ecorr) and corrosion current 

(2)� =
P

�Dt

Table 1  Chemical composition of the used PBS solution

Composition Concentration (g/
liter distilled water)

NaCl 8.00
KCl 0.20
Na2HPO4 1.15
K2HPO4 0.20



 Metals and Materials International

density (icorr). The EIS test was run with a 10 mV ampli-
tude and a frequency range of 100 mHz–10 kHz.

2.4.2  Immersion and Hydrogen Evolution Tests

Samples with an approximate area of 100  mm2 were ground 
up to 3000 grit, washed carefully by ethanol and dried with 
warm air, and then immersed in PBS at 37 °C. The pro-
duced hydrogen gas during immersion was collected using 
a system including a funnel and a burette. The immersion 
test continued for 264 h (11 days), and the produced hydro-
gen level was recorded at 24 h intervals. FESEM investi-
gated the morphology of the corroded samples. In addition 
to immersion tests on bulk samples, the appearance of the 
ACL screws after soaking in the PBS solution at 37 °C for 
264 h was also studied by FESEM.

2.5  Biological Evaluations

2.5.1  Cell Culture and Cytotoxicity Assay

Fibroblast cell line- L929 was cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with 10% fetal 
bovine serum, 100 U/mL penicillin, and 100 g/mL strep-
tomycin for 3 days at 37 °C with every other day's culture 
medium being changed. The samples (pure Mg as the refer-
ence material and solution-treated Mg–2Zn–0.2Ag alloy) 
were placed in a 24-well plate in triplicates and sterilized 
using a UV light for 20 min on each side followed by three 
times washing with PBS prior to being submerged in culture 
media overnight. Cells were seeded at a density of 3 ×  103 
cells per sample, and tissue culture polystyrene (TCP) and 
cell viability assay were conducted after 24, 48, and 72 h.

Alamar blue (Invitrogen, UK) cell viability assay was 
performed according to our previous study [29]. At the end 
of each time point, each well was washed with PBS, then 
covered with 500 µl of Alamar blue solution (1:10 culture 
media: Alamar blue reagent) and incubated for 2 h. The 
optical density was measured at 570 nm using a microplate 
reader (BioTek, FLX800).

2.5.2  Cell Attachment

Cell attachment on the surface of each sample was evaluated 
using scanning electron microscopy (SEM, Philips XL30). 
Cell-seeded constructs were retrieved after 48 h of incuba-
tion to study the cells’ morphological traits. Cell-cultured 
samples were briefly washed in PBS, fixed for 2 h in 2.5% 
glutaraldehyde, rinsed in distilled water, and dehydrated 
using a graduated series of ethanol solutions (60% up to 
100% [v/v]). Gold-sputtered specimens were then visual-
ized using SEM.

3  Result and Discussion

3.1  Microstructural Characterization

The general optical microstructure of the alloy in differ-
ent studied conditions of AC, ST, and multi-directionally 
forged are presented in Fig. 1. The typical dendritic struc-
ture of the AC alloy (Fig. 1a) has been vanished after the 
solution treatment (Fig. 1b). The average dendrite cell size 
of the AC alloy is around 31.1 μm, while the average grain 
size of the ST alloy is obtained to be 57.8 μm. The micro-
structures of the MDF-processed alloy at two magnifica-
tions are shown in Fig. 1c and d. The average grain size of 
the MDF-processed specimen was found to be about 17.8 
μm, which shows about a 43% reduction in comparison 
with the average dendrite cell size of the AC condition. 
For a more straightforward comparison, the grain size dis-
tribution histograms of the ST and MDF specimens are 
shown in Fig. 1e and f, respectively. The ST specimen has 
an unimodal grain size distribution within a narrow range 
of grain sizes (0-170 μm). The grain size distribution of 
the MDF processed sample, together with the small stand-
ard deviation value of 11.2 μm, indicate the formation of a 
homogenous fine-grain microstructure after MDF.

The FESEM micrographs of the AC alloy are shown 
in Fig. 2a–c. Figure 2a shows that zinc-rich particles can 
be found at dendrite cell boundaries and inside dendrite 
cells, where the volume fraction of the precipitates was 
estimated to be around 7.5 ± 0.5%. According to the EDS 
analysis (Fig. 2h) taken from one of these white parti-
cles (area 1 in Fig. 2b), the atomic ratio of Mg to Zn is 
close to that anticipated for the MgZn precipitates. There-
fore, these precipitates are most likely MgZn secondary 
phases, with some silver incorporated in their structure. 
This observation is in agreement with that reported in 
[30], where Ag was merged in the Mg-Zn precipitates 
in an Mg–0.5Zn–0.2Ag alloy. The EDS results (Fig. 2h) 
from area number 2 in Fig. 2b show that such regions are 
solid solutions of Zn and Ag in Mg (α-Mg). In addition 
to these microstructural features, some fine precipitates 
also exist in the AC alloy, where one of these precipi-
tates is shown in Fig. 2c. The dimension and morphology 
of these particles are similar to those anticipated for the 
blocky  MgZn2 precipitates. The presence of these precipi-
tates in the as-cast Mg–Zn based alloys has been reported 
before [31]. Besides the as-cast microstructures, the exist-
ence of  MgZn2 precipitates in the aged Mg–4Zn [27] and 
Mg–Zn–Mn [32] alloys, has been also reported.

The microstructure of the ST specimen is presented in 
Fig. 2d and e, indicating the formation of an almost sin-
gle-phase microstructure after solution treatment. Volume 
fraction of the remained precipitates was estimated to be 
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only 0.4 ± 0.1%. This phase should be a super-saturated 
solid solution of Ag and Zn in Mg. However, some small 
sparse secondary phases could still be detected in some 
parts of the microstructure, as shown in Fig. 2e. Consider-
ing the Mg–Zn phase diagram [11] and also the precipi-
tates in the AC alloy; it is inferred that these particles with 
excellent thermal stability at 400 °C should be  MgZn2. 
The melting point of the  MgZn2 phase is about 595 °C, 
the highest of all possible intermetallic compounds in the 
Mg–Zn alloy system. Previous works have reported simi-
lar results on the as-cast [33] and extruded [34] Mg–4Zn 
alloy. Finally, Fig. 2f illustrates the microstructure of the 
MDF-processed specimen, where a uniform fine-grained 
microstructure has been obtained. It can be observed that 
conducting the MDF process at 280 °C has dissolved most 
of the precipitates, and thus, a quasi-single phase struc-
ture has been obtained. In fact, the volume fraction of the 

precipitates is decreased from the initial value of 7.5 ± 
0.5% in the as-cast condition to 0.6 ± 0.2% after MDF. 
This effect can indicate MDF-stimulated solution treat-
ment. A similar effect was observed in an Mg–6Zn alloy 
processed by equal channel angular pressing (ECAP), 
another severe plastic deformation process. It was 
observed that an almost single-phase microstructure could 
be achieved by performing six passes of ECAP at 320 °C 
[35]. However, some Zn and Ag-rich precipitates can be 
detected in the microstructure of the MDF-processed alloy, 
where one of them is shown at higher magnification in 
Fig. 2g. The EDS results obtained from this small particle 
(Fig. 2h) can be associated with some degrees of inaccu-
racy, but indicates that it contains some Ag and Zn.

Figure 3 shows the XRD spectrum of the AC and ST 
specimens. Peaks of the α-Mg and MgZn phases are detected 
in the spectrum of the AC specimen. However, obviously 

Fig. 1  Optical microstructures 
of the Mg–2Zn–0.2Ag alloy 
in different states: AC (a), ST 
(b), and MDF (c, d). Grain size 
distribution histograms of the 
alloy in the ST and MDF states 
are also given in (e) and (f), 
respectively
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and per the FESEM results, peaks related to the MgZn pre-
cipitates have been diminished after solution treatment. It is 
worth noting that the  MgZn2 peaks could not be detected in 
the spectrums, which is related to the low volume fraction 
of this phase.

3.2  Mechanical Properties

Figure 4a exhibits shear stress vs. normalized displacement 
curves of the AC, ST, and MDF-processed specimens. Fig-
ure 4b represents ultimate shear strength (USS) and shear 
yield strength (SYS) values derived from the curves pre-
sented in Fig. 4a. As can be observed, the SYS values for 
the AC and the ST specimens are almost equal. However, the 

USS value of the ST specimen is slightly higher than the AC 
alloy. The mechanical strength of the solution-treated alloy 
would be a balance between losing strength due to grain 
growth and precipitate dissolution [36] and gaining strength 
from the solid solution strengthening mechanism. Hence, 
solution treatment can decrease or increase the mechani-
cal strength depending on the domination of the above-
mentioned influencing factors. No considerable change in 
strength level was observed after the solution treatment of 
the as-cast Mg–2Zn–0.2Ag alloy at 400 °C for 10 h.

Comparing the AC and MDF curves, it can be deduced 
that the MDF process generally results in strengthening, 
where the SYS of the MDF specimen has increased by 
16%, compared to the AC specimen. This strengthening 

Fig. 2  FESEM micrographs of the Mg–2Zn–0.2Ag alloy in different states: AC (a-c), ST (d, e), and MDF (f, g). The EDS results of selected 
points are also given in (h)
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mainly originates from the fine microstructure of the MDF-
processed specimen, as indicated before. In this regard, it 
should be noted that the yield strength of a metal is inversely 
related to grain size according to the well-known Hall-Petch 

equation [37]. Indeed, the Ky value (locking parameter, a 
measure of the relative hardening contribution of grain 
boundaries) of the Hall-Petch equation for metals with hex-
agonal closed packed (HCP) structure is more significant 
than that of the metals with face-centered cubic (FCC) struc-
ture. As a result, the impact of microstructure refinement on 
the mechanical strength of HCP metals such as magnesium 
is more significant than FCC metals [37].

The USS values of the AC and the MDF-processed speci-
mens were obtained to be 119.6 and 149.5 MPa, respec-
tively, corresponding to a 25% increase. This increase is in 
accordance with our previous work on the Mg–4Zn–0.3Sr 
alloy, where the USS of the as-cast alloy was increased 
by 11% after the MDF process [22]. This strengthening 
effect, together with the observed improvement in ductility 
and toughness, indicates the MDF process’s suitability for 
improving the mechanical properties of resorbable Mg–Zn 
alloys. The importance of this enhancement becomes clearer, 
considering that ACL screw head breakage during the sur-
gical insertion of the screw, is one of the most challenging 
issues affecting the clinical use of Mg-based interference 
screws. As a result, improving strength is vital for magne-
sium alloys making ACL screws [2].

3.3  Corrosion Properties

3.3.1  Corrosion Morphology

Figure 5 shows FESEM corrosion morphologies of the mate-
rial in the AC, ST and MDF states, all taken after 11 days of 
immersion in the PBS solution. The EDS results obtained 
from surface films are also displayed in Table 2. Some broad 
and large cracks can be seen on the corroded surface of the 
AC alloy (Fig. 5a). Figure 5b is related to the corroded sur-
face of the ST specimen. Some cracks are also visible on the 
surface of this sample, though they are much thinner and 
smaller in length than those on the surface of AC specimen. 
The corroded surface of the MDF specimen is also shown in 
Fig. 5c. Here, cracks are much more minor in size than the 
AC and ST specimens. In addition, EDS analysis (Table 2) 
obtained from regions B and C in Fig. 5b and c, respectively, 
show almost similar compositions to that obtained for the 
AC alloy (region A), except that higher zinc and phospho-
rous contents are found in regions B and C compared to 
region A. Therefore, phosphate compounds in the ST and 
MDF specimens are more likely similar to the AC specimen.

Figure 5d and g present the cross-section FESEM micro-
structure of the AC specimen at low and high magnifica-
tions, respectively. According to these figures, the progress 
of the corrosion process is heterogeneous, which results 
in the pitting of some areas. One of these pits can be seen 
in Fig. 5a, indicated by a white arrow. EDS analysis was 
performed on different areas of Fig. 5g, and the results are 

Fig. 3  XRD patterns of the AC and ST samples

Fig. 4  (a) SPT curves of the Mg–2Zn–0.2Ag alloy in different states. 
The SYS and USS values are summarized in (b)
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Fig. 5  FESEM micrographs showing the corrosion morphology of 
the Mg–2Zn–0.2Ag alloy in different states of AC (left column), ST 
(middle column), and MDF (right column). The first row shows top 

views, while the second and third rows show cross-sectional views. 
The EDS results obtained for regions A (a), B (b) and C (c) are pre-
sented in Table 2

Table 2  EDS results of selected 
areas shown in Fig. 5

Element Regions (At%)

A B C 1 2 3 4 5

Mg 27.4 ± 1.2 28.6 ± 4.6 26.8 ± 2.5 29.2 ± 0.2 99.7 ± 1.3 97.6 ± 1.8 31.7 ± 6.9 27.0 ± 4.2
O 69.6 ± 3.1 65.9 ± 4.6 67.4 ± 2.3 67.2 ± 0.9 – – 65.4 ± 1.1 59.2 ± 0.4
P 2.8 ± 0.6 4.2 ± 1.8 4.0 ± 0.6 3.4 ± 0.6 – – 2.9 ± 0.7 13.5 ± 1.4
K 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 – – 0.1 ± 0.1 0.1 ± 0.1
Zn 0.1 ± 0.1 1.2 ± 0.4 1.8 ± 0.2 0.1 ± 0.2 0.3 ± 0.2 1.9 ± 0.2 0.1 ± 0.1 0.2 ± 0.1
Ag – – – – – 0.5 ± 0.1 – –
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summarized in Table 2. The results show that region 1, the 
area between two dashed lines, should be the surface cor-
roded film. It is also evident that region 3 has a higher zinc 
and silver content than region 2. Therefore, micro-galvanic 
corrosion can occur between areas with different chemical 
compositions, including regions 2 and 3 in Fig. 5g, which 
causes severe corrosion in more active areas.

Figure 5e shows the cross-sectional FESEM microstruc-
ture of the corroded ST specimen. In contrast to the AC 
specimen, corrosion process in the ST specimen seems 
more homogenous. Small cracks in the surface film of this 
specimen, marked by small yellow arrows, are shown at a 
higher magnification in Fig. 5h. It is worth noting that these 
cracks are grown into a high depth in the corrosion film, 
as cross-sectional micrograph demonstrates. Therefore, the 
probability of the formation of these cracks as a result of the 
dehydration phenomenon by FESEM is low.

Cross-sectional FESEM micrographs of the corroded 
MDF-processed specimen are shown in Fig. 5f and i. Com-
pared to the AC specimen, the degradation process of this 
specimen has occurred more homogeneously, as inferred 
from the occurrence of less pitting on the surface of this 
specimen. Indeed, the micro-galvanic effect has not occurred 
significantly in this specimen, due to the more homogenous 
microstructure of this material with fewer precipitates than 
the AC specimen, as indicated previously in the microstruc-
tural characterization part. To further evaluate the chemi-
cal composition of the surface corrosion film, EDS analysis 
data collected from points 4 and 5 are given in Table 2. The 
obtained results indicate that region 4 is enriched in magne-
sium and oxygen, and thus, it should be placed in the inner 
layer. However, region 5 is placed in the outer layer, since it 
contains magnesium, oxygen, phosphorus, potassium, and 
zinc elements. In addition, cracks seen in Fig. 5c are not 
visible in the cross-sectional micrograph of Fig. 5i. Cracks 
in Fig. 5c can be related to the phenomenon of dehydra-
tion caused by the FESEM chamber's vacuum. Therefore, 
observation of cracks in the surface film of the MDF speci-
men should be rare, which indicates well compactness of 
this film.

Cross-sectional and normal views of the AC specimen 
together with the EDS line-scan results are presented in 
Fig. 6a and b, respectively. EDS Line-scan results of the 
corroded surfaces are shown in Fig. 6c and d. Also, Fig. 6e 
is an enlargement of Fig. 6c. It is obvious that the surface 
film formed on the AC alloy consists of two layers (Fig. 6b). 
According to the EDS analysis in Fig. 6d and e, the inner 
layer is enriched in magnesium and oxygen elements, while 
the outer layer is enriched in magnesium, oxygen, phospho-
rus, and zinc. Therefore, the inner and outer layers mostly 
contain magnesium hydroxide and phosphate compounds.

EDS line-scan results obtained from the top view 
(Fig. 6b) are presented in Fig. 6d. A considerable change in 

chemical composition can be observed by moving from the 
dark to the bright region. The dark region contains mainly 
magnesium and oxygen, while the bright region contains 
magnesium, oxygen, zinc, and phosphorus. Therefore, the 
inner and outer layers are the dark and bright regions. The 
microstructure in Fig. 6b shows that some surface areas 
have only one layer (bright regions corresponding to the 
inner layer). In contrast, in other areas, the outer layer is not 
broken; thus, only this layer can be observed. Region D in 
Fig. 6b shows the existence of porosity in the inner layer, 
indicating the low compactness of this layer.

To further analyze the surface chemistry of the corroded 
samples, the ATR-FTIR was performed, and the obtained 
spectrums are presented in Fig. 7. Two observed valleys 
at 1050  cm−1 and 560  cm−1 positions are related to the v3 
and v4 vibration modes in the phosphate ions [4]. The val-
ley at 1600  cm−1 is for the water molecules’ vibration [38], 
and finally, the hydroxide ions have made a valley at 710 
 cm−1 [38], which probably corresponds to the magnesium 
hydroxide. These results further approve the above discus-
sions on the nature of the corrosion films formed on the 
studied materials. In addition, spectrums of the alloy in dif-
ferent states of AC, ST, and MDF differ from some points of 
view. The phosphate valleys of the ST and MDF-processed 
specimens are sharper than the AC ones. Hence, the cor-
roded surfaces of the MDF-processed and ST samples pos-
sess higher amounts of phosphate compounds in comparison 
with the AC material. As shown previously by the FESEM 
micrographs, the outer corrosion layer of the AC alloy had 
entirely broken in some areas after 11 days of immersion. 
However, the degradation of the surface film in the ST and 
MDF-processed specimens was less severe. Consequently, 
the IR beam has conducted more detection from the inner 
corrosion layer of the AC specimen, which contains fewer 
phosphate compounds compared to the outer layer. Instead, 
the hydroxide valley of the AC specimen is sharper than the 
ST and MDF specimens.

The FESEM macro and micrographs of the made ACL 
screws are shown in Fig. 8, taken before (Fig. 8a and b) 
and after (Fig. 8c-l) immersion in the PBS solution for 
11 days. Fig. 8c-g are related to the corroded AC screw. 
According to Fig. 8c, corrosion severity is not macroscopi-
cally homogenous throughout the screw. While some parts 
of the screw are severely corroded and covered by massive 
corrosion products (region E), corrosion severity is much 
less or even negligible in other areas such as region F. As 
shown in Fig. 8d, corrosion severity can even be heteroge-
neous from one thread to another. In this regard, it can be 
observed that one of the threads has been totally degraded 
(the left thread in Fig. 8d), but the other threads (Fig. 8e) 
have almost completely maintained their shape details. The 
morphology of the corrosion film is shown in Fig. 8f at a 
higher magnification, where large and interconnected cracks 
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can be observed. Furthermore, it can be observed that the 
corrosion film is broken in some parts, as indicated by the 
yellow arrow. Therefore, it can be concluded that the sur-
face film of the AC screw has low stability and compact-
ness, which results in severe corrosion of the material in 
a heterogeneous manner. This phenomenon can be related 
to severe micro-galvanic corrosion in the AC material, as 
indicated before, resulting in the formation of enormous pits. 
The yellow arrow in Fig. 8c shows a large pit on the AC 
screw. Figure 8g is also related to the cross-sectional view 
of a thread, which clearly shows the formation of pits on the 
corroded surface of the screw.

It would be interesting to compare the appearance of 
the corroded screws made from the same alloy in the AC 
(Fig. 8c-g) and ST (Fig. 8h-l) states. According to Fig. 8h-j, 
unlike the AC screw, it seems that the corrosion film is more 
uniformly formed and bonded to the surface of the ST screw. 
Figure 8k shows the surface of a thread in a closer view, 
where some small cracks can be observed on the thread (yel-
low box). These cracks are smaller than the cracks observed 
on the AC screw (Fig. 8f). According to Fig. 8l, which shows 
cross-sectional view obtained from one of the threads in 
the corroded ST screw, the corrosion process seems to be 
very uniform in this sample. There are no pits on the screw 

Fig. 6  EDS line-scan results 
obtained from the cross-
sectional (left column) and top 
(right column) views of the AC 
alloy, after immersion in PBS 
for 264 h
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surface. Controlling the degradation rate of the ACL screws 
is vital. In this regard, it has been reported that the high 
degradation rate of the screws causes a decreased fixation 
strength of the tendon graft, and finally, the surgery will 
fail [2]. Accordingly, performing a simple solution treat-
ment step on as-cast alloys benefits the ACL screws and 
can significantly decrease the degradation rate and make the 
process more uniform.

3.3.2  Immersion and Hydrogen Evolution Test

Immersion tests were performed for up to 264 h on different 
samples (AC, ST, and MDF) to better understand the long-
term behavior and the differences. By collecting and meas-
uring the evolved hydrogen gas, hydrogen evolution curves 
were obtained for each sample, presented in Fig. 9a. Instan-
tanious hydrogen evolution rates could also be obtained from 
such curves, which are shown in Fig. 9b. In general, it can 
be observed that from the viewpoint of both the amount 
and rate of hydrogen evolution, the studied materials can be 
ordered as AC > ST > MDF.

In Fig. 9b, three different regions can be distinguished 
in all studied materials, corresponding to different degrada-
tion mechanisms. Because of the formation of the surface 
film, the rate of hydrogen evolution is downward in region I. 
The formed surface film becomes thicker and more complete 
(covering more areas) by increasing the immersion time. 
Region II is related to the corrosion rate stabilization phase 
in which the surface film is completely formed and can effec-
tively inhibit corrosion. Finally, in region III, the hydrogen 
evolution rate starts to be upward, and thus the degrada-
tion rate becomes unstable. The existence of region III can 
be originated from the cracking of the surface film, which 
is consistent with the FESEM micrographs obtained from 
corroded samples (Fig. 5a–c). According to Fig. 9b, it is 

observed that the stability stage (region II) is more extended 
for both ST and MDF samples compared to the AC alloy.

3.3.3  Electrochemical Corrosion

The potentiodynamic polarization curves of the alloys are 
shown in Fig. 9c. The Ecorr, and icorr values were obtained 
from the intersection of the anodic and cathodic Tafel lines 
and are summarized in Fig. 9e. According to Eq. 3 [39],

the corrosion rate of each sample, pi (mm/year), can be cal-
culated from the given icorr (mA/cm2) values. The corrosion 
rate values are also presented in Fig. 9e.

By comparing the corrosion rate values, a similar trend 
to that obtained from the hydrogen evolution curves is 
revealed; the MDF and AC specimens have the best and 
worse corrosion resistance, respectively. In addition, as can 
be observed in Fig. 9c, the anodic branch of the AC alloy has 
a breakdown point, indicated by a small arrow. This sudden 
change in the anodic branch slope demonstrates the tendency 
of localized corrosion and breakdown of the surface film 
[39, 40], which is consistent with the FESEM micrographs 
of the corroded samples (Fig. 5a and g). By comparing the 
obtained results from the hydrogen evolution and polari-
zation tests, it is found that the difference in degradation 
behavior of the AC and ST samples is more pronounced and 
best revealed in the hydrogen evolution test. The polariza-
tion test cannot evaluate the in-vitro corrosion behavior of 
Mg alloys, and behavior originated from the negative differ-
ence effect (NDE) of the polarization test [41]. By increasing 
the applied potential in the polarization test, the hydrogen 
evolution and magnesium degradation reactions occur at a 
higher rate than expected [42]. Therefore, the theoretical and 
experimental errors of the hydrogen evolution method are 
less than the electrochemical test [43].

Figure 9d illustrates the Nyquist plots of the materials 
along with the fitted equivalent circuit. The Nyquist dia-
grams consist of two loops in high and medium frequencies. 
The loops at high and medium frequencies are related to the 
electric double layer and corrosion film properties, respec-
tively [44]. It can be readily observed that while the general 
shape of the loops is the same for all three specimens, their 
size is different. Therefore, the corrosion mechanism of all 
three samples should be similar, as will be discussed in more 
detail in the following section, but their corrosion resistance 
is different [45].

Figure 9e demonstrates the equivalent circuit param-
eters, where RS is the solution resistance unrelated to 
the alloys’ corrosion properties, and  CPE1 and R1 are 
the electric double-layer capacitance and charge trans-
fer resistance, respectively [44]. It is worth noting that 

(3)pi = 22.85icorr

Fig. 7  ATR-FTIR spectra of the Mg–2Zn–0.2Ag alloy in different 
states of AC, ST, and MDF
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the constant phase element (CPE) explains the non-ideal 
capacitor behavior. Some factors, such as surface rough-
ness, electrode surface porosities, and potential and 

current distribution heterogeneity, cause this deviation 
[38].  CPE2 and R2 are also the capacity and resistance 
of the surface film and show the mass transfer behavior 

Fig. 8  FESEM micrographs showing the appearance of the ACL screws both before (a, b) and after (c–l) immersion. A comparison is also made 
between screws made from the AC (c–g) and ST Mg–2Zn–0.2Ag alloy
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[44]. When the charge transfer resistance is significant, 
the transfer of electrons is complex, and thus the corro-
sion resistance is improved [46]. Furthermore, surface film 
resistance (R2) is also directly related to corrosion resist-
ance. Hence, the sum of the two resistances (R1 and R2) is 
equivalent to the overall corrosion properties of the alloy, 
which is the polarization resistance (Rp) [34]. From the 
polarization resistance values of the specimens given in 
Fig. 9e, it is evident that the same order observed in the 
hydrogen evolution and polarization tests are applicable 
here. The double-layer capacitance is inversely related to 
the film thickness [44].

In another research [3], two different screws made of 
Mg–6Zn–0.5Sr alloy and Polylactic acid (PLA) were 
evaluated and compared. After 6 and 16 weeks of in-vivo 
experiments, histological investigation revealed that the 
Mg–6Zn–0.5Sr screw was suitable for this application 
and had higher bone growth in the peri-tunnel region 
than the PLA one. Also, the corrosion current density of 
the Mg–6Zn–0.5Sr alloy was obtained to be about 2.98 
μA.cm-2, which is higher than the ST and MDF samples 
studied in this investigation (2.07 and 0.82 μA.cm-2, 
respectively).

3.3.4  Corrosion Mechanisms

According to the obtained results in this investigation, and 
also, those reported in previous related works, the following 
corrosion mechanism can be considered:

Step 1 When the alloys are immersed in the PBS solution, 
according to reactions 4 and 5, hydrogen gas, together with 
magnesium and hydroxide ions is produced. As the immer-
sion time increases, the concentration of hydroxide ions in 
the solution rises, and thus, the pH of the solution would be 
increased. The magnesium hydroxide  (MgOH2) precipitates on 
the surface of alloys due to the solution’s increasing pH [47, 
48]. With increasing immersion time, thickness of the corro-
sion film increases, and the corrosion rate declines [49]. The 
formation of magnesium hydroxide on the surface of differ-
ent magnesium alloys immersed in the PBS solution has been 
extensively reported in the literature [34, 38, 44, 46, 50–53]. 
As shown in Fig. 6, this Mg(OH)2 film protects the underly-
ing alloy inadequately, because of too many porosities in the 
corrosion layer.

(4)Mg → Mg2+ + 2e−

Fig. 9  Corrosion tests results: 
Hydrogen evolution vs. immer-
sion time curves (a), hydrogen 
evolution rate vs. immersion 
time curves (b), potentiody-
namic polarization curves (c), 
Nyquist plots and the equivalent 
circuit (d). The corrosion data 
extracted from the polarization 
and Nyquist curves are sum-
marized in (e)
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On the other hand, the chloride ions, with a radius of 
0.181 nm, are one of the smallest ions in the PBS solution, 
which has a high diffusion rate. The presence of chloride 
ions in the PBS solution at a concentration higher than 150 
mmol/l causes considerable diffusion of this ion through 
pores of the magnesium hydroxide layer, converting mag-
nesium hydroxide to magnesium chloride [54]. The precipi-
tated magnesium chloride is highly soluble and dissolves in 
the PBS solution. Hence, a new magnesium surface would 
be exposed to the PBS solution. As a result, the protective-
ness of the formed magnesium hydroxide layer in step 1 is 
insufficient. The chloride ion concentration in the PBS solu-
tion used in this study is about 140 mmol/l, which is close to 
the mentioned critical value.

Step 2 After forming the magnesium hydroxide layer, 
the outer layer with higher concentrations of Zn, Mg, and 
phosphor is formed, in agreement with the results presented 
and discussed before (Figs. 6 and 7). Due to the presence of 
a considerable amount of phosphate ions in the used PBS 
solution (about 9.3 mmol/l), there is a high possibility of 
forming phosphate compounds in the outer layer. The pres-
ence of these different compounds in the corrosion film can 
significantly influence the corrosion performance, which has 
been extensively referred to and discussed in the literature 
[34, 38, 50, 53, 55–57]. For example, it has been reported 
that the corrosion layer formed on a WE43 alloy in a NaCl-
containing solution was only magnesium hydroxide. How-
ever, when the alloy was immersed in a NaCl+K2HPO4 solu-
tion, phosphorus, carbon, oxygen, and magnesium elements 
were detected in the corrosion layer, indicating the formation 
of phosphate compounds in the film [56]. In another inves-
tigation, increasing the concentration of the  HPO4

2− ions in 
the PBS solution resulted in less severe degradation of the 
AZ31B alloy. This effect was attributed to the passive lay-
er’s magnesium hydroxide and magnesium phosphate [53]. 
In addition, the corrosion resistance of an AZ91 alloy was 
improved in a solution containing  HPO4

2− because of the 
magnesium phosphate formation on the AZ91 surface [49]. 
It is worth noting that passivation behavior in magnesium 
alloys can be promoted in the presence of elements such as 
aluminum, yttrium, calcium, and copper [52, 57]. In addi-
tion to these elements, Zn plays a critical role in forming 
the passive layer. According to the EDS point- and line-scan 
results (Fig. 6 and Table 2), the outer layer is enriched in 
zinc, which demonstrates the presence of this element in the 
phosphate compounds. In a previous study on an Mg–4Zn 
alloy, magnesium hydroxide and zinc-containing phosphates 
in the corrosion film were reported to improve the corrosion 
resistance [34]. Zinc has been reported to form a stable and 
thick film on the Mg implants [34] and increases the adhe-
sion of the surface corrosion layer to the substrate [40].

(5)2H2O + 2e− → 2OH− + H2
The higher corrosion resistance of the ST alloy compared 

to the AC alloy could be originated from the influence of 
solution heat treatment on the as-cast microstructure. A 
typical AC microstructure contains different kinds of het-
erogeneities, while the most pronounced one can be the pres-
ence of secondary phases [58]. In this investigation, it was 
observed that by conducting solution treatment at 400 ○C, 
most of the precipitates were dissolved in the matrix, and 
the microstructure became homogenous. In addition, the 
segregation of alloying elements and the dendritic nature of 
the as-cast microstructures would also disappear after solu-
tion treatment. The existence of cathodic secondary phases 
causes the corrosion process to be started sooner and more 
severely in the adjacent magnesium matrix. Hence, the elec-
trons would transfer from the anodic to the cathodic areas. 
Thus, the corrosion film formed on the anodic areas will be 
thicker than those on the cathodic areas. Consequently, a 
heterogenous surface film will be formed. In a previous work 
on the WE43 and ZE41 alloys [38], magnesium hydroxide 
was detected in areas around the cathodic phases, indicat-
ing the occurrence of the micro-galvanic corrosion. In addi-
tion to this effect, the precipitates create some active sites 
on the corrosion film, which can act as possible sites for 
non-homogeneous nucleation [14, 53]. The positive effect 
of solution treatment on improving the corrosion resistance 
of the as-cast Mg–Cu, Mg–Sr, and Mg–Zn–Nd–Zr alloys has 
been reported previously [46, 52, 59].

Our results showed that the MDF-processed sample pos-
sessed the best corrosion resistance among the studied states 
(AC, ST, and MDF). Similar to the ST sample, the MDF 
processed sample shows a uniform microstructure, with few 
precipitates observed in the microstructure compared to the 
AC alloy. In addition, the grain size of the MDF sample is 
about 3.2 times smaller than the ST sample. This difference 
can significantly influence the corrosion resistance of Mg 
alloys in different ways, which are discussed and summa-
rized below, but briefly, grain size affects the stability of 
the surface film.

It is well known that the precipitation process of the cor-
rosion film begins on high-energy sites in the microstructure, 
such as grain boundaries. In addition, grain boundaries are 
known as high diffusivity paths for the diffusion of electrons 
and ions through the material. Accordingly, grain refinement 
increases the density of surface film nucleation and growth 
sites. Thus, the film formed on a fine-grained material is 
more homogeneous, with fewer cavities and defects. Such 
films would show high stability and provide better protec-
tion against corrosion compared to films formed on coarse-
grained materials [44].

Grain boundaries are generally considered as defective 
crystalline regions with broken bonds, too many porosi-
ties, and dislocations that can reduce the tensile and com-
pressive stresses in the surface film and thus, reduce the 
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probability of film cracking [41, 44]. Grain boundaries 
compensate for the mismatch between the matrix and the 
corroded layer [57]. Because the diffusion of reactants 
controls the corrosion kinetics, this uniform, crack-free, 
compact, and homogeneous film on fine-grained materi-
als with good coherence [57] will create a cohesive bar-
rier against diffusion [44], and thus, ceasing the corrosion 
process.

At last, it can be concluded that corrosion resistance of 
Mg alloys depends considerably on the quality of the sur-
face film, where some secondary processes, such as heat 
treatment and severe plastic deformation, can significantly 
improve the quality of this film.

Step 3 According to the FESEM images of the corroded 
samples, and also the corrosion tests, it is obvious that the 
surface film of the AC, ST, and MDF specimens breaks 
after a specific immersion time. However, the intensity of 
film cracking is different in these samples. The AC speci-
men showed large cracks on the surface film, while the 
MDF specimen had the slightest cracks. The reasons for 
this behavior were discussed in previous sections.

The stresses present in the surface film may cause 
cracking of the surface film. This phenomenon is reflected 
in the Pilling–Bedworth ratio (PBR) value which is the 
ratio of compound  (Vcom) to metal  (VM) molar volumes 
and shows the stress conditions of the surface film formed 
on the alloy [41].

where  Mcom is the molar weight of the compound, A is the 
atomic weight of the metal, ρcom and ρM are the compound 
and metal densities, respectively, and n is the number of 
metal atoms in the compound molecule. If this ratio is less 
than one or greater than 2, the formed film does not have 
sufficient protection [41]. The tremendous deviation in the 
PBR values from one corresponds to the more significant 
stress in the surface film, and thus, more probability of crack 
formation. The PBR value for magnesium hydroxide, mag-
nesium phosphate, and zinc phosphate are 1.8, 2.89, and 
2.33, respectively. Therefore, the surface film composed of 
phosphate compounds has more significant stresses than 
the hydroxide film. Thus, the observed cracks on the sur-
face films in region 3 of the hydrogen evolution curves can 
be related to these high stresses in the outer layer, which 
contained more phosphate compounds than the inner layer. 
Accordingly, it can be concluded that this increase in deg-
radation rate in region III of the hydrogen evolution curves 
is mainly attributed to the film cracking, which exposes the 
underlying matrix to PBS, an effect that other researchers 
have reported [38, 41]. The amount and severity of film 
cracking depend on the compounds which exist in the film.

(6)PBR =
Vcom

VM

=
Mcom × �M

N × A × �com

3.4  Cell Results

Figure 10a–d shows the SEM micrographs of L929 cells 
cultured on pure Mg, as the reference material, and the 
Mg–2Zn–0.2Ag alloy after 48 h of incubation. Also, 
Fig. 10e demonstrates the cell viability results for different 
samples tested for 24, 48 and 72 h. As it is evident in the 
SEM images, more cells, indicated by arrows, are attached 
to the alloy. Besides, the cell viability results demonstrate 
a two-fold increase in cell density in the alloy compared 
to pure Mg. This may be due to the positive effect of zinc 
element on the biocompatibility of Mg, which has previ-
ously been proven. In an investigation [60], adding 1% Zn to 
Mg–2Sr was shown to improve the viability of MG63 cell. 
In addition, surface morphology of pure Mg and the alloy 
in the culture environment may be another reason for the 
observed differences in cell response following exposure to 
each tested sample. According to Fig. 10, it is clear that the 
surface of pure Mg is smoother than the surface of the alloy.

It should be noted here that the DMEM culture medium 
contains chlorine ions [61], which dissolve the magnesium 
hydroxide layer, and thus, the new fresh Mg surface comes 
into contact with the culture medium again [62]. Due to the 
increase in surface passivity of the Mg–2Zn–0.2Ag alloy as 
the result of alloying with zinc [27], the dissolution process 
occurs much slower in these alloys compared with pure Mg. 
Therefore, the surface of the Mg–2Zn–0.2Ag alloy would be 
rougher than that of the pure magnesium, due to the more 
remained magnesium hydroxide on the surface of the alloy.

The fibrous morphology of the alloy surface (Fig. 10c and 
d) has caused more interaction of the cells with the alloy, and 
this factor has contributed to the cell growth and adhesion. 
In another research [63], the rougher surface of an Mg–6Zn 
alloy has caused enhanced cell attachment. Therefore, it is 
clear that the Mg–2Zn–0.2Ag alloy studied in this research 
shows an improved biological response compared to pure 
Mg and can, hence, be a suitable candidate for further 
research in implant fabrication studies.

4  Conclusions

The effect of solid solution treatment and MDF processing 
on the microstructure, mechanical, and corrosion properties 
of an Mg–2Zn–0.2Ag alloy was investigated. In addition, 
the biocompatibility behavior of the alloy was evaluated and 
compared with pure Mg. The main conclusions are sum-
marized as follows.

(1) The MDF-processed and AC conditions showed the 
highest and lowest corrosion resistance. In fact, the sur-
face film of the MDF-processed and ST specimens was 
more stable than the AC sample. Furthermore, unlike 
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the AC specimen, the MDF-processed and ST speci-
mens did not suffer from micro galvanic corrosion.

(2) Two distinct layers were formed on the corroded sur-
faces. The inner layer was mainly magnesium hydrox-
ide, while the phosphate compounds were found on the 
outer layer. The outer layer was susceptible to cracking, 
and the most cracking tendency was observed in the AC 
material.

(3) According to the cell studies, the cell adhesion and 
viability of the Mg–2Zn–0.2Ag alloy was found to be 
better than that of the pure magnesium.

(4) While solution treatment did not significantly change 
the mechanical properties of the Mg–2Zn–0.2Ag alloy, 
SYS, and USS of the MDF-processed alloy increased 
respectively by 16% and 25% compared to AC alloy.

Data availability The raw/processed data required to reproduce 
these findings cannot be shared at this time due to technical or time 
limitations.
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Fig. 10  SEM images showing 
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0.2Ag alloy (c, d). Cell viability 
results are also given in (e)
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