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Magnesium alloy with its excellent biocompatibility and degradability has been widely used in clinical
medical research as a highly promising medical metal material, but when the composition of magnesium
alloy is different, the performance of magnesium alloys also has the huge difference. At the same time, the
poor mechanical properties and corrosion resistance of cast magnesium alloys do not allow them to be used
directly as implants. In this paper, Mg-1Mn-2Zn alloys were prepared by self-research, and the prepared
magnesium alloy was subjected to heat treatment and extrusion composite strengthening to improve its
performance. The improvement of mechanical properties of magnesium alloy was investigated by hardness,
residual stress and tensile bending tests. Then, fretting wear test and electrochemical corrosion test were
carried out, and the corrosion products were analyzed. The results show that the mechanical properties and
corrosion resistance of the alloy are greatly improved, and the alloy has good degradability and biocom-
patibility. This provides theoretical guidance and practical guidance for the preparation, strengthening and
application of high-performance medical magnesium alloys.
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1. Introduction

In recent years, due to the gradual development of society
and the increasing aging of the population, the number of
accidents such as fractures has become increasing. Therefore,
the demand for medical materials with excellent properties is
also increasing year by year. Magnesium alloy has become a
research hotspot of medical metal materials in recent years
because of its low density, light weight, high specific strength,
good biocompatibility, elastic modulus, compressive strength
and density similar to human bone properties (Ref 1-4).

Studies have found that magnesium ions in the human body
can induce the division and reproduction of bone cells, and it
has excellent bone induction (Ref 5-7). At the same time, alloy
elements such as zinc, calcium and manganese are highly
nutritious, non-toxic and harmless alloy elements (Ref 8-11).
Using these elements to prepare medical magnesium alloy
materials is the first choice for implants. However, magnesium
alloys cannot be used as implants if they do not have sufficient
yield strength, wear resistance and corrosion resistance. Appro-

priate addition of Zn or Mn to Mg alloys helps to improve the
mechanical properties and corrosion resistance of Mg alloys.
Yin (Ref 12) investigated the effect of Zn on the organization
and mechanical properties of Mg-Mn alloys and found that
when the Zn content was increased from 0 to 3 wt.%, the grain
size was reduced and the mechanical properties were signifi-
cantly improved. Němec (Ref 13) investigated the microstruc-
ture and compressive properties of Mg alloys with different Zn
contents structure and compressive properties. The results
showed that the increase in Zn content increases the number of
precipitates and compressive strength. Polina (Ref 14) found
that the addition of manganese to magnesium alloys helps to
refine the microstructure of the alloys, reduces the harmful
effects of impurities and enhances the mechanical properties of
the alloys. Rosalbino (Ref 15) studied the corrosion resistance
of Mg-2Zn-0.2Mn in Ringer�s physiological solution and found
that the alloys were four times more corrosion resistant than the
AZ91 magnesium alloy.

Although magnesium-manganese-zinc alloys have low
density and good machinability, the castings have relatively
low strength and hardness and are susceptible to thermal and
chemical corrosion. Erinc (Ref 16) proposed that the corrosion
rate of the material to be implanted in the body fluid should be
less than 0.5 mm/a at 37 �C, the strength should be above
200 MPa and the elongation should be higher than 10%.
During the healing period of 12 months, the magnesium plate
should remain in the body without losing its mechanical
integrity (Ref 17). After human bone healing, it should be
completely degraded within 12-24 months (Ref 18). According
to these requirements, the cast magnesium alloy should be
appropriately strengthened. Studies have shown that alloying
treatment, heat treatment and plastic deformation of magnesium
are extremely effective treatment methods to improve the
performance of the alloy (Ref 19-23). Therefore, the mechan-
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ical properties and corrosion resistance of Mg-Mn-Zn alloys
can be improved by suitable heat treatment and extrusion
strengthening treatment. Sadiq (Ref 24) studied the effect of
heat treatment on AZ91 magnesium alloy and found that proper
heat treatment can effectively improve the hardness and
corrosion resistance of the alloy. Sheng (Ref 25) carried out
aging treatment of magnesium alloys at different temperatures
and showed that heat treatment increases yield and tensile
strength, but elongation decreases. Kiani (Ref 26) studied the
effect of extrusion on the microstructure, mechanical properties
and corrosion resistance of medical magnesium alloys. The
results show that the mechanical properties and corrosion
resistance of magnesium alloy are significantly improved by
extrusion strengthening. Du (Ref 27) found that the extrusion
process can effectively enhance the mechanical properties and
corrosion resistance of medical magnesium alloys, and improve
the dynamic recrystallization ratio and size within the alloy.
Zhang (Ref 28) found that hot extrusion helps Mg-6Zn alloy to
obtain better mechanical properties, and the tensile elongation
and strength of the alloy can reach 18.8% and 279.5 MPa after
extrusion.

In this paper, the self-prepared Mg-1Mn-2Zn alloy was
subjected to Heat treatment and extrusion strengthening
treatment. The effects of composite strengthening on the
mechanical properties, wear resistance and corrosion resistance
of magnesium alloy were studied by hardness, residual stress
test, tensile bending strength analysis, wear resistance test and
corrosion resistance test. It provides a new research idea for the
preparation and processing strengthening of medical implanted
magnesium alloy.

2. Materials and Test Methods

2.1 Test Materials

In this experiment, the self-made medical Mg-1Mn-2Zn
alloy was studied. The preparation materials used were 99.95%
pure magnesium block, 99.95% pure zinc and 99.95% pure
manganese. The mixture was melted according to the ratio of
Mn and Zn to 1 and 2%, respectively. The protective gas SF6
was filled during the melting process. After the material was
fully melted and mixed, the material was taken out of the
melting furnace and cooled to form a cast Mg-1Mn-2Zn alloy.
The cast magnesium-manganese-zinc alloy has a cylindrical
shape with dimensions of 500 9 U100 mm.

2.2 Composite Strengthening Treatment

In this paper, the strengthening method is a combination of
heat treatment and extrusion strengthening to improve the
performance of cast magnesium alloy as a whole. Firstly, the
prepared casting material was strengthened by heat treatment.
The heat treatment was carried out by artificial aging (T6)
treatment. The material was put into the material at the initial
temperature of 360 �C, and then the temperature was increased
from 360 to 420 �C. The material was placed in the furnace for
10 h, and then the material was kept for 2 h and cooled
naturally.

For the magnesium alloy after heat treatment, the oxide skin
on its surface was removed by lathe, and it was processed into a
cylinder of A48 mm 9 30 mm by wire cutting machine and
lathe. According to the difficulty of the extrusion process, the

extrusion temperature of the material is set to 300 �C, and the
extrusion ratio is 9:1. The schematic diagram of the extrusion
process is shown in Fig. 1. The extrusion die is self-designed.
After the extrusion die and the material are heated to 300 �C,
the press is used for extrusion. The material is extruded into a
bar with a diameter of 16 mm after passing through the
extrusion die.

2.3 Mechanical Properties Test and Microstructure Analysis
of the Alloy

2.3.1 Microhardness Test. The hardness of magnesium
manganese zinc alloy castings, heat treatment parts and extrusion
parts were tested, respectively. Before the test, the three
workpieces were polished step by step with 400#, 800#, 1000#,
1200# and 1500# metallographic sandpaper. After the treatment,
the surface was ultrasonically cleaned with alcohol to remove the
debris and other impurities on the surface. Then the 402MVD
Vickers hardness tester was used to test the hardness. The loading
forcewas set to 50 gf and the loading timewas 15 s. The hardness
of each workpiece was measured at seven positions, and the
maximumandminimumvalueswere removed. Then, the average
value of the remaining fivemicrohardness was obtained to ensure
the reliability of the results.

2.3.2 Residual Stress Test. The residual stress of the
alloy was measured by a residual stress meter. The Cr target
was used in the experiment. The parameters were set as
follows: Braggle angle 138�, gain voltage 10 kv and exposure
time 2. The residual stress of each workpiece was measured at
five different positions, and the average value was taken.

2.3.3 Tensile Test and Three-Point Bending Test. The
tensile and three-point bending tests were carried out on a
microcomputer-controlled electronic universal testing machine
(CMT5305). The tensile speed and the loading speed of the
indenter were set to 2 mm/min, and the temperature was room
temperature. The size of the tensile specimen and the three-
point bending specimen of the casting and the heat-treated part
was 88 9 24.5 9 3.5 and 70 9 5 9 5, respectively. Due to the
limitation of the size of the extruded part after extrusion, the
size and shape of the tensile and bending specimens were
slightly reduced, which were 84 9 8 9 2.5 and 70 9 4 9 4,
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Fig. 1 Extrusion process diagram
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respectively. In the experiment, the scale distance of the tensile
specimen was set to 50 mm, and the span of the three-point
bending specimen was 30 mm. The specific shape and size of
the sample are shown in Fig. 2. To ensure the reliability of the
experiments, four samples of each of the tensile and flexural
tests were made for testing.

The tensile test reflects the change of the mechanical
properties of the material through the change of the real stress
and strain of the material. The real stress and strain of the
material is obtained by the engineering stress and strain of the
material, and the engineering stress and strain of the material is
obtained by the force-displacement curve of the material. The
force-displacement curve of the material can be obtained in the
experiment. The specific calculation formulas are as (1), (2).

rN ¼ F

A0
; eN ¼ DL

L0
ðEq 1Þ

rT ¼ rN 1þ eNð Þ; eT ¼ Ln 1þ eNð Þ ðEq 2Þ

where rN is the engineering stress, F is the force, A0 is the
cross-sectional area of the specimen; eN is the engineering
strain, DL is the elongation, L0 is the initial length; rT is the
true stress; eT is the true strain.

For the three-point bending test, in order to obtain more
accurate results and facilitate the comparative analysis between
the results, the strength formula of the three-point bending test
is used for calculation to improve the reliability of the results.
The formula is shown in (3).

R ¼ 3FL

2bh2
ðEq 3Þ

where R is the bending strength, F is the loading force, L is the
span, b is the width of the sample, h is the height of the sample.

2.3.4 Fracture Morphology Observation. QUANTA
250 FEG was used to observe the fracture morphology of
magnesium alloy after tensile and bending fracture, and the
fracture form and performance change of the material were
analyzed. Experimental parameters: accelerating voltage
20.0 kV.

2.3.5 XRD Diffraction Analysis. The physical phases
present in the Mg-Mn-Zn alloy were analyzed using Cu Ka
source x-ray diffraction (XRD, D8ADVANCE, Bruegger,
Germany), the XRD equipment was operated under Cu Ka

(k = 0.1541 nm) radiation with a range of 2h from 10� to 90�
with a step size of 5�/min, all the reflections in the figure were
identified using the jade software was done.

2.4 Service Performance Test of Alloy

2.4.1 Fretting Wear Test. The fretting wear test of
magnesium alloy was carried out by using Rtec MFT-3000
friction and wear tester to simulate the environment of human
activities. Before the experiment, according to the actual needs,
the surface of magnesium alloy was polished by 800#, 1000#,
1200#, 1500#, 2000# sandpaper to meet the surface roughness
requirements. The experimental temperature of fretting wear
was set to 37 �C. The grinding ball was GCr15 bearing steel,
with a diameter of 9.525 mm, an amplitude of 20 lm, a
frequency of 2 Hz, a loading force of 100 N, and a cycle time
of 1 h. The friction pair adopts the classical tangential
ball/plane contact mode. After the test, the wear debris particles
on the surface were removed by ultrasonic cleaning with
alcohol for 5 min, and the surface morphology of the wear scar
was observed by a white light interferometer.

2.4.2 Corrosion Resistance Test. After the alloy is
implanted into the human body, galvanic corrosion will occur
in the complex environment of the human body. Therefore, the
electrochemical corrosion test is used to evaluate the corrosion
degradation behavior of the magnesium alloy after implantation
into the human body. Electrochemical tests were performed in
simulated body fluid (SBF) using an electrochemical test
system (CHI604E). To stabilize the open circuit potential
(OCP), each sample was immersed in the electrolyte for 10 min
with the scan rate set to 1 mV/s and the potential controlled in
the range of (� 2, 0) for the kinetic potential polarization test.
A wire cutter was used to make 10 9 10 9 10 mm block of
alloy for inlay, only one side of the inlaid magnesium alloy is in
contact with the air, and the exposed side of the square was
sanded and polished for electrochemical corrosion degradation
tests. The electrochemical corrosion degradation test is carried
out in a constant temperature water bath at 37 �C.

2.4.3 Analysis of Corrosion Products. The corrosion
surface of magnesium alloy was analyzed by XPS using
Thermo SCIENTIFIC ESCALAB Xi+ , and the corrosion
degradation products of Mg-1Mn-2Zn were analyzed and

Fig. 2 Specimen shape and size of tensile and three-point bending tests
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determined by Advantage software.

3. Results and Analysis

3.1 Hardness Test of Medical Mg-1Mn-2Zn Alloy

Figure 3 shows the comparison of hardness changes of
medical Mg-1Mn-2Zn alloy after different treatments. It can be
seen from the figure that the hardness of as-cast magnesium
alloy is low, and the change of hardness after T6 heat treatment
is not obvious. However, after extrusion, the hardness of the
alloy has been greatly improved. Compared with the casting, its
hardness has increased by 24.3%. This is mainly because the
extrusion causes the alloy to produce large plastic deformation,
its internal structure is enhanced and the defects are effectively
reduced.

3.2 Comparison of Residual Stress Test of Alloy

The residual stress of magnesium alloy in different treatment
states was tested. It can be seen from Fig. 4 that the residual
stress value of magnesium alloy changed after heat treatment,
but it was not obvious. The residual stress of castings and heat
treatment parts fluctuated around 0. The alloy produced a large
residual compressive stress after extrusion, which helped to
refine the grains of the alloy and improve the hardness and
strength of the alloy surface.

Fig. 3 Comparison of hardness of different treated workpieces

Fig. 4 Comparison of residual stress test of workpieces with
different treatments

Fig. 5 The stress-strain curve of Mg-1Mn-2Zn alloy

Table 1 Summary of tensile strength and elongation of
different strengthening alloys

Name Tensile strength, MPa Elongation, %

Mg-1Mn-2Zn-castings 174.20 10.88
Mg-1Mn-2Zn-T6 212.02 15.78
Mg-1Mn-2Zn-extruded 288.92 16.67

Fig. 6 Maximum bending strength of Mg-Mn-Zn alloy
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3.3 Tensile and Bending Test Analysis

3.3.1 Tensile Test Analysis. The stress-strain curves of
Mg-1Mn-2Zn alloy with different treatment methods are shown
in Fig. 5. It can be seen from the figure that T6 heat treatment
has limited improvement on the properties of the alloy. It is
only improved on the basis of the properties of the cast alloy
itself, and the tensile strength and elongation of the magnesium
alloy are improved. This is because the heat treatment is mainly
to improve the internal defects of the cast alloy. On the basis of
heat treatment, the alloy is further extruded and strengthened,
which further strengthens the tensile strength of the alloy on the
basis of heat treatment. The maximum tensile strength can
reach 288.92 MPa, which is about 65.9% higher than that of
the cast alloy, which greatly improves the mechanical proper-
ties of the magnesium alloy. The tensile strength and elongation
of different strengthening alloys are shown in Table 1.

3.3.2 Bending Test Analysis. As shown in Fig. 6, the
maximum bending strength of magnesium alloy has been
improved after heat treatment and extrusion strengthening,
which indicates that the composite strengthening can better
improve the mechanical properties of the alloy. After extrusion,
the bending strength of magnesium alloy increases more. This
may be because extrusion can refine the grains of magnesium
alloy and enhance the internal structure. The bending test
further proves that the overall mechanical properties of
magnesium alloy are improved, which is basically consistent
with the experimental results of tension.

3.3.3 Fracture Morphology Analysis. The fracture mor-
phology of tensile and bending fracture is shown in Fig. 7 and
8. From the figure, we can see that in the casting stage, there are
a large number of cleavage planes and tearing ridges in the
material, which are some characteristics of brittleness of the
material, but there are also a few dimples. Even in the fracture
of bending fracture, some fish-scale dimple groups can be seen,
but these dimples are relatively shallow and not obvious. This
is mainly because there is a small amount of Mn element in the
alloy. The existence of Mn element can improve the tensile
properties of magnesium alloy to a certain extent, so that the
alloy has certain plastic characteristics. After heat treatment, the
pore defects of the material itself have been effectively reduced,
and the number of dimples has also been increased corre-
spondingly, but there are still some brittle fracture character-
istics such as intergranular fracture and tearing ridge. After
extrusion strengthening, the number of dimples at the fracture

has been greatly increased. The fracture characteristics of the
alloy at this time are mainly plastic fracture. The SEM images
of tensile fracture morphology and bending fracture morphol-
ogy show such changes, which is also consistent with the
results of tensile and bending tests.

3.3.4 Physical Phase Analysis. The XRD scanning pat-
tern of magnesium alloy is shown in Fig. 9, from the XRD
diffraction pattern, it can be seen that the physical phase is
dominated by a-Mg, and the peaks appeared in the intermetallic
phases such as MgZn, MgZn2 and Mg2Zn3, which indicates
that the eutectic transformation of magnesium alloy has
occurred in the process of casting, heat treatment and extrusion,
and the formation of the intermetallic phases of MgZn, MgZn2
and Mg2Zn3 intermetallic phases is conducive to the enhance-
ment of the mechanical properties and corrosion resistance of
the magnesium alloy. However, the phase containing Mn
element was not formed, which is mainly because the content
of added Mn element is small, and the influence on the
generation of phase organization is small so that there is no
phase generation of Mn.

3.4 Wear Resistance Analysis

Fretting is a kind of movement with very small relative
displacement. After the bone plate is implanted into the human
body, there will be more or less fretting between the bone plate
and the human bone due to the activities of the human body.
Therefore, it is necessary to study the fretting wear performance
of magnesium alloy. The change of fretting wear friction
coefficient of Mg-Mn-Zn alloy in different treatment states is
shown in Fig. 10. It can be seen from the change of the friction
coefficient curve that the fretting wear is mainly divided into
three stages, namely the rapid rise stage-slow rise stage-
stable wear stage. This is mainly because in the early stage of
wear, with the increase of the loading force, the surface of the
alloy will produce wear debris and the wear state is complex
and changeable. With the progress of friction, the surface will
gradually stabilize and gradually enter the stage of stable wear.
It can be seen from Fig. 10 and Table 2 that after T6 aging
treatment, the friction coefficient of the alloy is improved. This
is because after heat treatment, although the hardness of the
alloy is improved, its performance improvement is limited. At
the same time, the casting and heat treatment parts still have
defects, resulting in the occurrence of adhesive wear in both
states of the alloy, resulting in a higher friction coefficient of the
workpiece of the heat-treated magnesium alloy. After extrusion

Fig. 7 Analysis of tensile fracture morphology (a) casting (b) T6 treatment part (c) extrusion part
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strengthening, the overall performance of the alloy is greatly
improved, which makes up for the deficiency of heat treatment,
The coefficient of friction of the alloy is not significantly

reduced, but this does not mean that the wear resistance of the
alloy is not significantly reduced. To further understand the
change in the wear resistance of the alloy, it is necessary to
further look at the change in the size of the alloy wear pits.

Figure 11 shows the fretting wear Ft-D-N curve. It can be
seen from the figure that although the alloy has been treated in
different ways, the shape of their curves is elliptical, but the
elliptical shape is more obvious after extrusion. This indicates
that the fretting of Mg-Mn-Zn alloy is carried out in the mixed
zone, that is, the fretting is in the state of coexistence of
complete slip and partial slip. It can be seen from the change of
the curve that after a certain period of reciprocating fretting, the
curve gradually reaches a steady state, and no obvious change
occurs. At this time, the fretting wear is in the elastic
adjustment mixed zone.

Figure 12 shows the fretting wear pit morphology and
surface scanning contour map of magnesium alloy in three
states. It can be seen from the figure that the overall depth and
area of the wear pit of the extruded magnesium manganese zinc
alloy are significantly reduced, mainly because the mechanical
properties such as strength and hardness of the alloy are
significantly improved after extrusion. It can be seen from the
depth profile of the wear pit of the magnesium alloy that a
deeper tear pit appears in the wear pit of the magnesium alloy
after T6 aging treatment, which indicates that the adhesion
phenomenon occurs between the magnesium alloy substrate
and the friction pair during the wear process. The friction pair
brings up the material on the magnesium alloy substrate during
movement, and tear occurs, which also confirms that the alloy
has adhesive wear after heat treatment. It can also be seen that
there is also a small degree of adhesive wear during the fretting
process of the casting. This is mainly because the hardness and
strength of the casting itself are not high, and there are many
defects. Therefore, there are fewer matrix materials torn during
the wear process, and the degree of adhesive wear is lighter.

Fig. 8 Bending fracture morphology analysis (a) casting (b) T6 treatment (c) extrusion

Fig. 9 Physical phase analysis of magnesium-manganese-zinc
alloys

Fig. 10 Comparison of fretting wear friction coefficient of
magnesium alloy

Table 2 Friction factor and maximum pit depth of
different strengthened alloys

Name Friction factor Maximum pit depth

Mg-1Mn-2Zn-castings 0.0905 � 20.0
Mg-1Mn-2Zn-T6 0.1393 � 33.8
Mg-1Mn-2Zn-extruded 0.1472 � 9.8
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3.5 Analysis of Corrosion Resistance

The corrosion resistance of magnesium alloy has always
been a very important aspect of its application in medical
research. After strengthening the magnesium alloy in different
ways, the corresponding corrosion resistance will also change.
The Tafel polarization curve of the electrochemical corrosion
test of Mg-1Mn-2Zn alloy is shown in Fig. 13, and the
parameters of the polarization curve are shown in Table 3. The
results show that the heat treatment of the casting can�t
effectively improve the corrosion resistance of the alloy, but the
extrusion strengthening of the alloy after heat treatment can
effectively improve the corrosion potential of the magnesium
manganese zinc alloy and reduce the corrosion current density,
which shows that the extrusion strengthening can effectively
improve the corrosion resistance of the alloy. Detailed infor-
mation on electrochemical corrosion rate calculations can be
obtained from the ASTM G102-89 standard. The calculation
formula is as in (4) (Ref 29):

CR ¼ k1jcorrEw

q
ðEq 4Þ

where: k1 is the fixation factor with a value of 3.27 9 10�3

(mm g/lAÆcm yr.); jcorr is the corrosion current density; q is the
density, which is 1.8 g/cm3 for magnesium alloys; and the Ew

value is 21.629. The change in corrosion rate in Table 3 shows
that heat treatment did not enhance the corrosion resistance of
Mg-Mn-Zn alloy, while extrusion strengthening can effectively
enhance the corrosion resistance of the alloy.

3.6 Analysis of Corrosion Products

Because this paper only carried out different strengthening
treatments on Mg-Mn-Zn alloy, there was no addition and
change of any other elements and composition content in the
strengthening process, and the corrosion products of the alloy
were the same. Therefore, only the corrosion products of the
alloy after T6 and extrusion composite strengthening treatment
were analyzed by XPS. Figure 14 shows the fitting results of
the corrosion products of Mg-Mn-Zn alloy. Through the full
energy spectrum, it can be seen that the corrosion products
mainly contain C, O, Mg, Mn, Zn, Cl and P elements.
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Fig. 11 Comparison of fretting friction rings of three different states of magnesium alloy
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Through Fig. 14(b), it can be seen that C1s shows two
peaks. According to the binding energy of the peaks, it can be
seen that C exists in the form of CO3

2� according to the
electron energy spectrum manual. Figure 14(c) shows the fine
spectrum of O 1s. It can be seen that the O element is mainly in
the form of carbonate and hydroxide, so its ion is in the form of
O2�. The fine spectrum of Mg 2p is shown in Fig. 14(d). Since

the chemical properties of Mg are very active, there is no
elemental magnesium on the surface of the alloy after
corrosion, and the corrosion products are mainly MgCO3, Mg
(OH)2 and MgO. The electron energy spectra of Mn 2p and Zn
2p are shown in (e) and (f). It can be seen that Mn 2p and Zn 2p
have obvious spin orbit components (DMn = 11.2 eV, DZn =
23 eV), that is, there are two peaks. Combined with other
electron energy spectra and electron energy spectrum manuals,
it can be seen that the corrosion products may include MnO,
ZnO, MnCl2, Zn (OH)2 and other compounds, so Mn and Zn
elements exist in the form of divalent ion state. The electronic
energy spectrum of Cl 2p is shown in Fig. 14(g). Combined
with the binding energy of Cl�, it can be seen that Cl element
exists in the form of chloride, which is consistent with other
electronic energy spectrum analysis. Figure 14(h) shows the

Fig. 12 Wear scar morphology and surface scanning contour map of magnesium alloy (a) casting (b) T6 treated part (c) extrusion part (d)
scanning contour map

Fig. 13 Electrochemical corrosion polarization curve of Mg-Mn-Zn
alloy

Table 3 Polarization curve parameters of Mg-1Mn-2Zn
alloy (ucorr corrosion potential, Jcorr corrosion current
density)

Name
ucorr,
V Jcorr, A cm2

Corrosion rate CR,
mm/yr.

Mg-1Mn-2Zn-
castings

� 1.554 1.259 9 10�4 4.947

Mg-1Mn-2Zn-T6 � 1.564 1.664 9 10�4 6.538
Mg-1Mn-2Zn-ex-
truded

� 1.436 5.394 9 10�5 2.119
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Fig. 14 XPS peak fitting of Mg-1Mn-2Zn alloy

Journal of Materials Engineering and Performance



electron energy spectrum of P 2p. The binding energies of
Na2HPO4 and NaH2PO4 are 133.1 and 134.2 eV, which
indicates that PO43-exists in the corrosion products of mag-
nesium alloy. The types and binding energies of different
elements on the surface of magnesium alloy after corrosion are
shown in Table 4. It can be seen from the above that the
corrosion products of Mg-1Mn-2Zn alloy after corrosion are
harmless to the human body and can be absorbed or discharged
by the human body.

4. Conclusion

In this paper, the self-made Mg-1Mn-2Zn alloy was
subjected to heat treatment and extrusion strengthening treat-
ment. The effects of composite strengthening on the mechanical
properties of the material were studied by hardness, residual
stress test, tensile and bending tests. The effects of composite
strengthening on the wear resistance and corrosion resistance of
the material were studied by fretting wear test analysis and
electrochemical corrosion test and corrosion product test
analysis. The conclusions are as follows.

(1) Compared with the casting Mg-1Mn-2Zn, the hardness
and residual compressive stress of the alloy were greatly
improved after T6 treatment and extrusion strengthening.
The maximum tensile strength reached 288.92 MPa,
which was about 65.9% higher than that of the casting
alloy, and the elongation was also greatly improved. It
meets the needs of medical implantation of magnesium
alloys with strength above 200 MPa and elongation
above 10%.

(2) The fretting wear experiment of Mg-1Mn-2Zn alloy
found that the abrasion resistance of the alloy gets better
after the extrusion strengthening treatment, and the fric-
tion ring of the alloy showed more obvious elliptical
characteristics. The area and depth of the wear pit were
also effectively reduced, and the wear resistance was
greatly improved.

(3) Electrochemical corrosion test confirmed that the com-
posite strengthening is helpful to improve the corrosion
resistance of magnesium alloy. The increase of corrosion
potential and the decrease of current density prove that
the corrosion resistance of magnesium alloy has been
improved. And the annual corrosion rate of magnesium

alloys was reduced after heat treatment and extrusion
strengthening. XPS analysis confirms that the corrosion
products of magnesium alloy after corrosion in simu-
lated body fluid can be absorbed or excluded by human
body, and will not have adverse effects on human body,
with excellent degradability and biocompatibility.

Compared with other medical implantable magnesium
alloys, the strength and ductility of Mg-1Mn-2Zn alloy are
enhanced after strengthening, which meets the mechanical
property requirements of medical implantable alloys, and the
degradation products can be absorbed or degraded by the
human body, so it has a greater application value.
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