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Zinc-based alloys have attracted increasing attention as biodegradable metals by virtue of their
excellent mechanical, degradable and biocompatible properties. By introducing different levels of
manganese (0.1, 0.3, 0.5 and 0.8 wt%), the properties of pure zinc were improved. The obtained zinc-
manganese alloys consisted mainly of a zinc matrix and a MnZn,, phase, which led to a significant
improvement of the mechanical properties with ultimate tensile strength (UTS), yield strength (YS)
and elongation up to 117.3 MPa, 110.4 MPa, and 14%, respectively, and a Vickers hardness of 78 HV.
After immersion in simulated body fluid (SBF), the addition of manganese slightly slowed down the
corrosion rate of pure zinc, with an average corrosion rate of approximately 0.12 mm/y. Subsequent
electrochemical tests and scanning Kelvin probe tests further confirmed this observation. In addition,
the zinc-manganese alloys showed better resistance to E. coli and Staphylococcus aureus than pure
zinc according to antimicrobial and in vitro cytotoxicity tests. Cell viability in the alloy extraction
solution was higher than that of pure zinc and remained within acceptable limits (>75%). In summary,
Zn-Mn alloy has excellent performance, the promoting effect of Mn element on osteogenesis, and the
excellent mechanical properties of the alloy itself, making it a potential biodegradable material for
orthopedics.
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In recent years, biodegradable alloy materials have received more and more attention owing to their advantages,
such as good degradability and biocompatibility, which present a broad development prospect!?. Previously,
the main research focus was on magnesium and iron alloys, both of which have made significant progress®~’.
However, iron alloys degrade too slowly®®, and they possess some magnetic properties that may interfere with
postoperative examinations. On the other hand, magnesium alloys are subject to excessive degradation!'®12,
and the released H, from the implantation site can lead to hydrogen accumulation'*'*, limiting their clinical
application’.

Zinc is one of the essential trace elements and is widely distributed in cells, with an adult needing to consume
approximately 15 mg of zinc per day, and it plays a crucial role in cell signaling and in the synthesis of enzymes
and proteins'>1°. Therefore, it is indispensable in DNA replication and protein modification'’. In addition,
pure zinc has an electrode potential between magnesium and iron and a moderate corrosion rate, a property
that makes it well suited to meet the mechanical and degradation performance requirements of implantable
devices'®. As a medical implant material, whether used for orthopaedic implants or cardiovascular stents, its
degradation rate is a key performance indicator, and it is crucial to match the degradation rate to the therapeutic
needs of the patient’s condition, which will be the focus of future research.

However, the poor mechanical properties of pure zinc make it difficult to be used as a medical implant
material'®. Therefore, researchers have used alloying and rolling processes to improve the basic mechanical
properties of zinc?®*!. Currently, various elements such as Mn, Mg, Cu, Fe, Ca and Li are extensively added
to zinc to form alloys, including Zn-Cu-Fe??, Zn-Cu®, Zn-Mn-Mg?, Zn-Mn?*, Zn-Mg-Ca?® and Zn-Li?, etc.
Such alloy compositions usually have good strength, but over time their mechanical properties degrade to
unacceptable levels, a difficult problem that needs to be solved. Recent research results have shown that adding
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Mn?® and Mg?*3? elements to alloys has a certain impact on their mechanical properties and biocompatibility.
The addition of these alloying elements also provides more possibilities for the study of biodegradable alloys.

A recent study has shown that the addition of manganese improves the elongation of zinc alloys®!. In addition,
manganese is one of the essential trace elements and plays an important role in activating various enzymes
and is closely related to the synthesis of sugars and proteins in the body*>33. According to the phase diagram
of Zn-Mn alloy, the second phase in Zn-Mn alloy is MnZn,,%*. During hot extrusion, the combined effect of
grain refinement and second phase precipitation leads to dynamic recrystallisation of the grains, which removes
stresses within the alloy and confers good ductility®*. In terms of biocompatibility, it has been shown that Zn-Mn
alloys have good cytocompatibility and osteogenic activity*®, and thus are expected to be excellent biodegradable
implantable materials in the future.

This study prepared Zn-(0.1, 0.3, 0.5, and 0.8 wt%) Mn alloys with different Mn contents using the melting
method. The effect of added Mn on the mechanical properties and corrosion resistance of the alloys, especially
the corrosion behavior before and after immersion in simulated body fluids, was systematically evaluated. In
addition, the biocompatibility of the alloys was further investigated to ensure their potential as biodegradable
materials. Finally, based on the experimental results, the effect of manganese addition on various properties of
Zn-Mn alloys was analyzed and discussed in detail.

Materials and methods

Materials preparation

The metallic materials used in this study were pure Zn (99.995 wt%) and pure Mn (99.99 wt%) for the preparation
of cast Zn-xMn (x=0.1, 0.3, 0.5 and 0.8 wt%) alloys. Put the alloy material into the furnace and start heating
when the internal pressure reaches 0.05 MPa under the protection of Ar gas atmosphere. After increasing the
temperature to 745 °C and holding for 5 min, the molten alloy was cast into graphite moulds and then air-cooled.
The actual chemical composition of the casting alloy was determined by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES, Agilent 725-ES, USA), and the results are shown in Table 1. Homogenize the
as cast alloy after determining its composition, and place the raw material at 260 C for 2-3 h before cooling it
in the furnace to eliminate residual stresses generated during processing. Subsequently, the alloy was cut into
cylindrical specimens with a diameter of 10 mm and a height of 5 mm using an electric discharge numerical
control wire cutting machine. The cut specimens were polished with SiC papers of 240#, 600#, 10004, 1500#
and 2000#, followed by ultrasonically cleaned with deionized water and anhydrous ethanol, and then air-dried.

Microstructure characterization and phase analysis

The polished specimens were further polished with diamond polishing paste and etched with acid solution
(4% nitric acid in ethanol). Subsequently, the microstructure and elemental composition of the materials
were analyzed using an optical microscope (OM, Zeiss Axio Observer Al, Germany) and a scanning electron
microscope (SEM, Hitachi Regulus SU8230, Japan) equipped with energy-dispersive X-ray spectroscopy
(EDS, IXRF Model 550i, USA). Finally, the samples were physically analyzed using X-ray diffraction (XRD, D8
Advance, Germany) with CuKa targets in a scanning angle range of 10°-90° and a scanning speed of 10°/min.

Mechanical test

The hardness of the materials was measured using a Vickers hardness tester (Wilson VH3300, USA) by applying
aload of 100 N for 10 s at five randomly selected points on each specimen. The tensile specimens were prepared
according to GB/T228.1-2021 as shown in Fig. 1. Room temperature tensile tests were carried out on a universal
testing machine (Instron 5969, USA) with a crosshead speed of 1 mm/min.

Antibacterial testing

To evaluate the antibacterial properties of the material, Escherichia coli and Staphylococcus aureus were prepared.
The materials were first ground, then ultrasonically cleaned with ethanol, and subjected to high-temperature and
high-pressure steam sterilization at 121 “C for 20 min. The E. coli and S. aureus suspensions were diluted with
aseptic PBS solution to 10° CFU/mL. Subsequently, 100 uL of each bacterial suspension was evenly spread on
LB solid culture medium. The sterilized samples were then placed on the surface of the culture medium, and the
Petri dishes were incubated in a constant-temperature incubator at 37 “C for 24 h. At the end of the incubation,
photographs were taken and the size of the zone of inhibition was measured.

In vitro cytotoxicity test

The cytotoxicity experiments were conducted according to ISO 10993-5:2009 standard. DMEM medium
containing 10% fetal bovine serum and 1% penicillin-streptomycin was used, and the ratio of the surface area
of the sample material to the volume of the extraction solution was 1.25 cm*1 mL. Cell viability was assessed

Alloy Mn |Zn
Zn-0.1Mn | 0.094 | Bal.
Zn-0.3Mn | 0.319 | Bal.
Zn-0.5Mn | 0.482 | Bal.
Zn-0.8Mn | 0.789 | Bal.

Table 1. Chemical composition of the obtained casting alloy samples. (wt%).
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Fig. 1. The dimensions of the tensile test specimens.

using the Cell Counting Kit-8 (CCK-8, Beyotime Biotechnology, China). L929 cells in logarithmic growth phase
were counted and seeded into 96-well culture plates after adjusting the cell concentration. The extraction fluid
concentrations were 25%, 50% and 100%, and cells were cultured for 24 h, 48 h and 72 h. respectively. After each
well was washed twice with phosphate buffered saline (PBS), 100 pL of DMEM medium containing 10% CCK-8
solution was added, and the cells were cultured for 1 hin a 5% CO, at 37 C in a constant temperature incubator.
The absorbance values of each experimental group were measured at 450 nm using a microplate reader, and the
relative cell viability (R) was calculated using the following formula:

ODg —ODp

R = oDe—0Dp) x 100 * 1007 M

where ODE represents the absorbance of the experimental group extraction fluid, ODB is the absorbance of the
untreated multi-well plate, and ODC refers to the absorbance of the control group extraction fluid.

Electrochemical test

After polishing, the specimens were sealed with epoxy resin, exposing an area of 0.785 cm?. Electrochemical
tests were carried out using an electrochemical workstation (CH310H) in simulated body fluid (SBF) solution at
37+0.5 °C. A standard three-electrode system was employed, with the tested specimen as the working electrode,
a saturated calomel electrode as the reference electrode and a platinum sheet electrode as the counter electrode.
Prior to the start of testing, the specimens were immersed in SBF solution for 1 h to obtain a relatively stable
open-circuit potential. Subsequently, electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization scans were performed. Potentiodynamic polarization curves were measured from —0.5 V to 0.5 V
relative to the open-circuit potential at a scan rate 0of 0.333 mV/s. The potential polarization curves were measured
at a scan rate of 0.333 mV/s. The corrosion rate (CR) of the specimens was calculated using the formula:

iCOTT W
np

CR=K @)

where CR represents the corrosion rate (mm/y), K=3.27x10-3 m-mgpA™'.cm™-year', I refers to the
corrosion current density (mA/cm?), W denotes the atomic mass of the specimen, n indicates the number of

transferred electrons, and p represents the density of the metal (g/cm?).

Immersion test

The pre-polished specimens were immersed in ethanol for ultrasonic cleaning, followed by drying and recording
the initial weight of the specimens using an electronic balance. Subsequently, the specimens were immersed in
a simulated body fluid (SBF) solution consisting of: NaHCO, (0.345 gL, Na,SO, (0.075 gL, MgC112~6H20
(0.325 gL), NaCl (8.015 g-L), KCI (0.255 gL™), CaCl, (0.285 g-L"), KH,PO,:3H,0 (0.225 gL"), HCI
(0.025 mol-L1), and Tris (6.228 g-L'1), where Tris was used as buffer. The pH of the solution was adjusted to
7.4~7.5 and immersed for 28 days at 37 +0.5 °C, maintaining a solution to sample surface area ratio of 1 cm*20
mL. To simulate a complete physiological environment, the SBF solution was replaced every 48 h during the
28-day test period to maintain the stability of physiological conditions, and the pH of the solution was recorded
every 4 days. Samples were retrieved on days 1, 7, 14, 21 and 28. Ultimately, the specimens were immersed in
a 4% nitric acid alcohol solution to remove corrosion products, then rinsed with deionized water, dried and
weighed. Finally, the surface morphology of the specimens with and without corrosion products removed
was observed using a scanning electron microscope and elemental analyses were carried out using an energy
dispersive spectrometer. The corrosion rate (v) of the samples was calculated using the formula:
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Fig. 2. The microstructures of pure Zn and Zn-Mn alloy.
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Fig. 3. The XRD patterns of pure Zn and Zn-Mn alloy.
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where Am refers to the weight loss of the specimen due to corrosion during immersion (g), A is the exposed
surface area of the specimen in the solution (mm?), T denotes the immersion time (h), and p indicates the
density of the specimen (g/mm?). To ensure the accuracy of the experimental data, three parallel specimens were
prepared for each experimental group.

Results and discussion

Microstructure

Figure 2 shows the metallographic structure of pure Zn and Zn-Mn alloys. It can be observed from the figure
that Zn-Mn alloy is mainly composed of Zn matrix phase and second phase, while the microstructure of pure
Zn is mainly composed of elongated plate-like crystals. From the XRD diffraction pattern shown in Fig. 3, it
can be concluded that there are almost diffraction peaks of Zn in the spectra of pure Zn and Zn-0.1Mn alloys,
indicating that the number of second phases is very small in alloys with low Mn content; When the Mn content
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gradually increases to 0.3 wt%, diffraction peaks of MnZn,, phase can be observed in the spectrum, and as
the Mn content gradually increases, the diffraction peaks also continue to strengthen. The second phase in
the alloy is mainly MnZn , phase. By observing the phase diagram of the alloy, it can be found that during the
equilibrium solidification process, Zn precipitates from the liquid phase. When the temperature drops to the
eutectic temperature, Zn and MnZn, , phases precipitate from the liquid phase. During the cooling process, due
to the rapid temperature drop, the temperature inside the alloy cannot diffuse quickly and effectively, resulting
in the segregation of second phases. When the Mn content is 0.1 wt%, almost no MnZn, phase is produced in
the alloy. But with the continuous increase of Mn content, a small amount of second phase structure appeared in
the intermetallic compounds. Due to the preferential precipitation of MnZn, , phase over pure Zn phase during
equilibrium solidification, it is distributed at the grain boundaries between grains, hindering grain growth and
increasing nucleation sites, resulting in more distinct interfaces between grains and gradual grain refinement.

Mechanical properties

Figure 4 shows the Vickers hardness of pure Zn and Zn-Mn alloys. With the increase in Mn content, the
hardness of the alloy progressively improves. While the hardness of pure zinc is 43 HV, after addition of Mn,
the hardness of Zn-Mn alloys are 54 HV, 69 HV, 78 HV and 70 HV, respectively. According to the Zn Mn phase
diagram, the maximum solid solubility of Mn in Zn is 0.2% at a temperature of 160 ‘C*” and a eutectic reaction
occurs, leading to the precipitation of the MnZn , phase at 400 °C. Metallographic results indicate that Zn-
0.1Mn has almost no second-phase structure, but its hardness is slightly higher than that of pure Zn, which is
due to the solid solution strengthening that occurs around 0.1 wt% Mn, resulting in a slight improvement in
the mechanical properties of the alloy. When the Mn content exceeds 0.3 wt%, the MnZn, , phase precipitates
gradually, leading to the strengthening of the second phase, which further improves the mechanical properties
of the alloys due to its homogeneous distribution in the alloys. However, when the Mn content in the alloy
exceeds 0.8 wt%, the hardness of the alloy slightly decreases. The reason for this phenomenon be the excessive
precipitation of MnZn, , phase, which leads to the aggregation and segregation of second phase particles, thereby
affecting the integrity of grain boundaries, increasing local brittleness, and reducing the strengthening effect of
grain boundaries. In addition, excessive second phases can also cause embrittlement of the alloy, resulting in a
slight decrease in hardness.

Figures 5 and 6 depict the yield strength (YS), ultimate tensile strength (UTS), elongation at break, and stress-
strain curves of pure Zn and Zn-Mn alloys after tensile testing. The UTS values for pure Zn and Zn-Mn alloys are
45.1 MPa, 84.7 MPa, 97.4 MPa, 117.3 MPa and 103.1 MPa, respectively. It is noteworthy that the tensile strength
of pure Zn is significantly increased by the addition of Mn. Among the alloys with different compositions, the
UTS of Zn-0.1Mn is lower as compared to the other three alloys, which may be attributed to the relatively low
content of the intermediate phase MnZn, ,. The addition of Mn also increases the yield strength of pure Zn, with
the YS increasing from 31.5 MPa for pure Zn to a maximum value of 110.4 MPa for Zn-0.5Mn alloy. In addition,
the YS of the other three alloys also increased in different degrees. The trend of elongation at break is similar to
that of UTS and YS, with alloying leading to higher elongations of 6%, 11.6%, 12.8% and 14.3%, respectively,
compared to pure Zn. Notably, the elongation at fracture continues to increase even when the Mn content
reaches 0.8 wt%. Overall, the mechanical properties of the alloys improve with increasing Mn content due to the
precipitation of the intermediate phase MnZn , at grain boundaries, leading to grain boundary strengthening.
However, similar to the microhardness, the overall mechanical properties of the alloys decrease slightly when
the Mn content reaches 0.8 wt%.
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Fig. 4. The microhardness of Zn and Zn-Mn alloy.
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Fig. 5. The mechanical properties of pure Zn and Zn-Mn alloy.
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Fig. 6. Stress strain curve of Zn-Mn alloy.

Antibacterial testing

Figure 7 shows the results of antimicrobial testing of pure Zn and Zn-Mn alloys. The zones of inhibition
of pure Zn and Zn-Mn alloys against E. coli were found to be 7.14 mm, 9.48 mm, 9.63 mm, 9.86 mm and
10.69 mm in size, respectively. The Zn-Mn alloys prepared by addition of Mn elements showed improved
resistance to E. coli as compared to pure Zn and this improvement was attributed to the synergistic effect of the
antimicrobial properties of Zn?* and Mn**. When the alloy comes into contact with a liquid, the ions contained
therein gradually dissolve, and Zn?* and Mn?* bind to enzymes in the bacteria, which play a vital role in their
metabolism. Inhibition of enzyme activity interferes with the normal metabolism of bacteria, thus inhibiting
bacterial activity and improving the antibacterial properties of the alloys. The dimensions of the inhibition zones
of pure Zn and Zn-Mn alloys against. aureus were 10.37 mm, 12.77 mm, 13.95 mm, 13.31 mm and 12.48 mm,
respectively. Similar to the case of Escherichia coli, Zn-Mn alloys prepared by addition of Mn were also more
resistant to Staphylococcus aureus than pure Zn alloys. However, the antimicrobial properties slightly decreased
when the Mn content reached 0.8 wt%, which may be attributed to the increase in precipitation of the MnZn ,
phase at the grain boundaries, resulting in a decrease in the number of Zn?* ions.

In vitro cytotoxicity testing
Figure 8 shows the cell viability of L-929 cells cultured in pure and Zn-Mn alloy at concentrations of 25%,
50% and 100% extracts after 24, 48 and 72 h. At 24 h, the cell viability of all samples at 50% and 25% extract
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Fig. 7. Antibacterial zone tests for pure Zn and Zn-Mn alloys. (a) Inhibition zones against Escherichia coli. (b)
Inhibition zones against Staphylococcus aureus.
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Fig. 8. Survival of L-929 cells in pure zinc and Zn-Mn alloy extracts at concentrations of 25%, 50% and 100%.
(a) Co-cultured for 24 h. (b) Co-cultured for 48 h. (¢) Co-cultured for 72 h.

concentrations was above the 75% required by the ISO 19003-5 standard>®, while at 100% concentration, all
alloys except pure Zn met the standard. Comparative analysis showed that cell viability was higher in Zn-Mn
alloy extracts than in pure Zn, with a general trend of decreasing cell viability as the concentration of the extracts
increased. Subsequently, after 48 and 72 h of incubation, the situation was similar to that at 24 h, with higher
cell viability in Zn-Mn alloy than in pure Zn. Among them, the Zn-0.5Mn alloy showed better cell viability than
the other alloys. In summary, the addition of Mn elements reduced the cytotoxicity of pure Zn and showed
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Fig. 9. Polarization curves of Zn-Mn alloys in simulated body fluid (SBF) solution at 37 °C.

E . | S Corrosion rate RP ba -be
Alloys (V'vs.SCE) | (uA/cm?) | (mm/y) (kQ-cm?) | (mV/dec) | (mV/dec)
Zn -1.17 41.37 0.34 38.61 79.69 165.37
Zn-0.1Mn | -1.14 36.70 0.26 43.15 81.06 117.92
Zn-0.3Mn | -1.11 15.07 0.17 49.07 97.40 97.44
Zn-0.5Mn | -1.10 11.26 0.13 52.16 100.93 68.93
Zn-0.8Mn | -1.13 23.29 0.21 47.31 97.74 81.33

Table 2. Fitted electrochemical parameters.

greater cytocompatibility. Although the cell viability decreased slightly with increasing extract concentration
and incubation time, it was still within the acceptable standard range (>75%).

Electrochemical test

Figure 9 shows the polarization curves of pure Zn and Zn-Mn alloys in SBF simulated body fluid at 37 °C. It can
be seen from the curves that there is a plateau in the anodic region indicating that the corrosion type of the alloys
is mainly pitting corrosion. The reaction of the Zn alloys in the SBF simulated body fluid is*:

Zn+2H,0=7n*"+20H +H,1 (4).

By observing the Pourbaix diagram of Zn alloys, it can be found that pure Zn or Zn alloys are more prone to
passivation reactions in neutral or weakly alkaline solutions*’. In the anode region of the curve, the corrosion
current density (I ) slowly increases with the increase of corrosion potential (E_ ). This may be due to the
poor quality of the passivation film in the early stages of its formation, which did not provide very effective
protection before being destroyed. As the potential (E) further increases, the passivation film is broken down,
resulting in a significant increase in corrosion current density. When the content of Mn element in the alloy
increases to 0.3 wt% and 0.5 wt%, the curve shows a clear “step’, indicating that the alloy has formed a relatively
dense passivation film during the reaction process. However, the passivation reaction of Zn-0.5Mn alloy
occurs at higher corrosion potentials, and the passivation film is damaged as the potential further increases.
The fitting was conducted using the Levenberg-Marquardt nonlinear least squares fitting method, employing
C-view software for fitting the polarization curves. The results are presented in Table 2. The addition of Mn
element increases the corrosion current density (I_ ) and corrosion potential (E_ ) to varying degrees. From
the perspective of corrosion potential, pure Zn has the most negative corrosion potential, indicating that under
the same medium environment, pure Zn is most prone to corrosion; However, with the addition of Mn element,
the corrosion potential of the alloy gradually becomes more negative, indicating that Mn element has a relatively
positive impact on the chemical stability of the alloy. The corrosion current density of the alloy increased from
11.26 pA/cm? for Zn-0.5Mn to 41.37 pA/cm? for pure Zn, indicating that the addition of Mn element resulted
in the formation of a dense passivation film on the alloy in the solution medium. In addition, we analyzed the
polarization resistance (R ) using Stern and Geary relationships, and the results showed that the order of change
in alloy R values was Zn'0.5Mn > Zn-0.3Mn > Zn-0.8Mn > Zn-0.1Mn > Zn. R, indicates the degree of difficulty
of the reaction, and a larger Rp indicates that the electrochemical reaction occurring on the alloy surface is more
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Fig. 10. Electrochemical impedance spectroscopy (EIS) plots of Zn-Mn alloy in SBF solution at 37 °C. (a)
Nyquist plot; (b) Bode modulus plot; (c) Bode phase angle plot; (d) Equivalent circuit diagram.

R, CPE,-T CPE,-P R, CPE,-T CPE,-P R,
Alloys (Q-cm?) | (S"Ql.cm™2) | (8%QL.cm™?) | (Q-cm?) | (8O L.cm™2?) | (§"Ql.cm™2) | (Q-cm?)
Zn 19.44 2.79x107° 0.71 38.72 3.32x1074 0.44 6029
Zn-0.1Mn | 1891 2.41x107° 0.81 39.16 1.48x10°* 0.67 6671
Zn-0.3Mn | 15.87 3.80x107° 0.76 40.35 2.85x107* 0.59 7182
Zn-0.5Mn | 14.04 1.91x10°° 0.85 42.69 3.07x1074 0.60 7496
Zn-0.8Mn | 18.60 1.57x107° 0.74 40.29 4.93x107* 0.65 7246

Table 3. Fitting data of each component in the equivalent circuit.

difficult to carry out, which is consistent with the results of corrosion rate. By observing the anodic polarization
coefficient (ba) and cathodic polarization coeflicient (bc) of the alloy, it was found that the ba value of Zn-
0.5Mn alloy was the highest and the bc value was the lowest. This indicates that the anodic reaction of the alloy
was suppressed during the reaction process, while the cathodic reaction was relatively fast. This may be due to
the dense passivation film generated by the alloy in the solution effectively suppressing the anodic dissolution
reaction, and the entire corrosion process was dominated by cathodic reaction, thereby slowing down the overall
corrosion rate.

Using EIS, the corrosion behavior of the Zn-Mn alloy was evaluated and the equivalent circuit, Nyquist
plot and Bode plot are shown in Fig. 10. The Bode diagram shows a relatively long plateau, so the equivalent
circuit of the system should be a double layer structure. Figure 10 (d) is an equivalent circuit diagram consisting
of solution resistance R, membrane resistance R, charge transfer resistance R,, double-layer capacitor CPE,,
and capacitor CPE, representing corrosion products. It can be seen that after adding a certain amount of Mn
element to the alloy, the capacitance arc radius in the Nyquist plot and the impedance modulus value | Z | in the
Bode plot of the alloy both increased, indicating that the corrosion resistance of the alloy has been improved to
a certain extent. The EIS results were fitted using Z-View software, and the results are shown in Table 3. From
the fitted data, it can be seen that the CPE, value (1.91 x 107°) of the double-layer capacitance of Zn-0.5Mn alloy
is significantly lower than that of alloys with lower pure Zn and Mn content, indicating the formation of a more
stable passivation film on the alloy surface. Mn, as an alloying element, promotes the formation of the oxide film
and improves the stability of the passivation film to a certain extent. Among the five metals tested, pure Zn has
the lowest charge transfer resistance R,, indicating that charge transfer occurs faster and corrosion is more severe
on the surface of pure Zn in solution. Overall, after adding Mn element to Zn to form an alloy, the degradation
rate was slowed down to a certain extent, and the order of degradation rate is as follows: Zn > Zn-0.1Mn > Zn-
0.8Mn > Zn-0.3Mn > Zn-0.5Mn. The degradation rate of Zn-0.5Mn alloy is the slowest among the four alloys.
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Fig. 11. Potential distribution on the surface of Zn-Mn alloys in the initial state.
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Fig. 12. Potential distribution on the surface of Zn-Mn alloys after 14 days of immersion.

Scanning Kelvin probe testing

The scanning Kelvin probe was used to measure the work function of the sample surface, which describes the
ease with which electrons can escape from the metal surface. Higher volt potential indicates that the material is
less susceptible to corrosion. Figures 11, 12 and 13 show the surface potential distribution of Zn-Mn alloys for
different immersion times. Before corrosion by immersion, the Zn-0.3Mn alloy has the highest average Volta
potential of about —237 mV. After 14 days of immersion, the average Volta potential of Zn-0.5Mn increased
to -193 mV, which was attributed to the fact that the film of corrosion products produced during immersion
covered the metal surface, thus hindering the diffusion process and slowing down the corrosion rate. After 28
days of immersion, the volt potentials of all four alloy compositions decreased to varying degrees, but were
still higher than those of the unimmersed alloys, and it was hypothesised that this could be due to the damage
caused to the corrosion product film by ionic attack. In conclusion, the corrosion product film generated during
immersion has a certain protective effect on the substrate.

Immersion test
Figure 14 illustrates the degradation rates of Zn-Mn alloys and pure Zn after immersion in simulated body fluid
(SBF) at 37 °C for 1, 7, 14, 21 and 28 days. It can be observed that by the 7th day of immersion, all four alloys
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Fig. 14. The corrosion rates of Zn-Mn alloy and pure Zn in SBF solution at 37 °C.

and It can be seen that the corrosion rates of all four alloys and pure Zn increase significantly on the 7th day
of immersion, with Zn-0.8Mn having a relatively slow corrosion rate of 0.028 mm/y. The overall corrosion rate
continues to increase as the immersion time increases. However, the slower incremental rate of corrosion for
the Zn-0.3Mn and Zn-0.5Mn alloys suggests that rapid corrosion in the early stages of immersion leads to the
formation of a more compact layer of corrosion products compared to the other manganese-containing alloys.
By reducing the contact area with the solution, this layer reduces the corrosion rate. In general, the overall
corrosion rate of Zn-Mn alloys is slightly reduced by the addition of Mn elements. This is also related to the
quantity and distribution of MnZn,, phase in Zn-Mn alloy. During the soaking process, MnZn , phase, as a
strengthening phase, mainly precipitates at the grain boundaries or in the matrix of the alloy. The second phase
precipitated at the grain boundaries strengthens the alloy and acts as a barrier to the invasion of the solution.
In addition, although the second phase particles distributed at the matrix cannot completely cover the surface
of the alloy, they can promote the generation of corrosion products on the alloy surface and slow down the
corrosion of the alloy to a certain extent.

Figure 15 shows the corrosion morphology of Zn-Mn alloys after immersion in SBF solution at 37+0.5 °C
for 28 days. It can be seen that the surface of the immersed Zn-Mn alloy is covered with a large number of
white flocculent corrosion products. The corrosion products of the Zn-0.3Mn alloy are relatively dispersed, As
shown by the red box in Fig. 15 (b), which indicates that the protection of the substrate during the corrosion
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Fig. 15. SEM images and EDS results of Zn-Mn alloys after 28 days of immersion in SBF (simulated body
fluid) solution at 37 °C. (a) Zn-0.1Mn, (b) Zn-0.3Mn, (¢) Zn-0.5Mn and (d) Zn-0.8Mn.

process is weak, while the corrosion products of the Zn-0.5Mn are more compact, of which is in agreement with
the corrosion rate analyzed previously. However, it was clearly observed that the corrosion product layer had
cracked, as indicated by the red arrow in the figure. EDS analysis of the surface corrosion products reveals the
presence of elements such as Zn, Mn, Ca, P and O. This suggests that in addition to the alloying elements and
alkaline oxides, the corrosion products may contain compounds such as Zn,(PO,),-4H,0* or ZnHPO,*. Such
compounds in pure zinc may play a role in slowing down corrosion*® and promoting osteoblast proliferation**.
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Figure 16 depicts the surface morphology of the zinc-manganese alloys after removal of the corrosion
products after 28 days of immersion, and it is evident that many corrosion pits have formed as a result of the
corrosion. The corrosion of alloys with Mn content below 0.5 wt% is relatively uniform and there are no severe
corrosion pits. Nevertheless, when the Mn content reaches 0.8 wt%, the detachment of MnZn1 5 phases leads to
the formation of uneven and more pronounced corrosion pits on the surface of the alloy.

In vitro degradation behavior of Zn-Mn alloy

According to the experimental results presented earlier, the corrosion of Zn-Mn alloys in simulated body fluids
(SBF) can be attributed to the following processes. Initially, the following reactions occur when Zn-Mn alloys
are immersed in simulated body fluids:

Anodereaction : Zn — Zn®t 4 2™ (5)

Cathodereaction : Oz + H2O + 4e~ — 40H™ (6)

Formation of 2Zn(OH), : 2Zn*" + 40H~ — 2Zn(OH), (7)

Formation of 2Zn0O : Zn(OH), — ZnO + H>0 (8)

Formation of Zn3(PO4), : 3Zn*t + 20H™ 4 2H,0 4 2HPO,*> — Znz(PO4), - 4H20 9)

The corrosion mechanism is shown in Fig. 17. In the simulated body fluid, ions such as Ca** and PO,>" undergo
replacement reactions with metal ions and form tiny flocculent corrosion products on the metal surface.
Subsequently, these corrosion products are gradually adsorbed and deposited at the interface between the metal
and the solution. As the immersion time increases, the deposition of these products increases, thereby reducing
the contact area between the solid and the liquid, and thus reducing the corrosion rate. However, as the corrosion
products continue to accumulate, the effect of surface tension causes cracks to appear in the layer of corrosion
products, which results in the solution coming back into contact with the surface of the alloy, again accelerating
the corrosion process. Over time, the cracks in the corrosion product layer widen until they detach from the
metal surface, and so on.

Conclusion

In the present study, Zn-xMn (x=0.1, 0.3, 0.5 and 0.8 wt%) alloys were prepared and characterised for their
mechanical properties, microstructure, in vitro corrosion behaviour, cytotoxicity and antibacterial properties.
In addition, the effect of different manganese element contents on various properties of the alloys has been
investigated. The main conclusions are as follows:

(1) Through metallographic observation and XRD analysis of the alloy, it was found that the addition of
Mn element resulted in the appearance of MnZn , phase in the alloy, and with the continuous increase of Mn
content, the number of second phases in the alloy also gradually increased. These MnZn, , phases distributed
in the alloy have significantly improved the mechanical properties of the alloy. And subsequent immersion

Fig. 16. The surface morphology of Zn-Mn alloys after removal of corrosion products after 28 days of
immersion in SBF (simulated body fluid) solution at 37 °C. (a) Zn-0.1Mn, (b) Zn-0.3Mn, (c) Zn-0.5Mn and
(d) Zn-0.8Mn.
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PO

Fig. 17. Schematic diagram of the corrosion process of Zn-Mn alloy in SBF solution. (a) Initial state. (b)
Preliminary formation of corrosion products. (¢) Large amount of corrosion products adhering to the surface
of the alloy. (d) Cracking and detachment of the corrosion product layer.

experiments have shown that the corrosion resistance of MnZn , relative to the alloy has also been improved to
a certain extent.

(2) The results of immersion tests indicate that the addition of Mn elements reduces the corrosion rate of pure
Zn in simulated body fluid (SBF). The corrosion rate is characterized by a rapid increase in the initial period of
immersion, followed by a deceleration with the formation of the corrosion product layer on the surface of the
alloy, a trend that was confirmed by subsequent electrochemical and scanning Kelvin probe tests. EDS analyses
of the corrosion products reveals the presence of elements such as Zn, Mn, O, Ca and P.

(3) The antimicrobial properties of Zn-Mn alloys (against Escherichia coli and Staphylococcus aureus) are
superior compared to pure Zn. In addition, in vitro cytotoxicity tests show that cell survival in Zn-Mn alloy
extracted solutions is higher than that in pure Zn and remains within acceptable standards (>75%). Therefore,
the addition of small amounts of manganese is not detrimental to cells.

Overall, Zn-Mn alloys prepared by melting under Ar gas atmosphere protection have significantly improved
mechanical properties, corrosion resistance, and biocompatibility compared to pure Zn after homogenization
treatment. Zn-Mn alloys prepared by this method are expected to become potential biodegradable alloy
materials.

Data availability
Data will be made available on request. The data that support the findings of this study are available from the
corresponding author, [Dalei Zhang], upon reasonable request.
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