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Abstract: The effect of hot extrusion with different extrusion temperatures (340, 360, 380, and 400 °C) on the microstructure
evolution and properties of the as-cast Mg-1Zn-0.3Zr-1Y-2Sn magnesium alloy was investigated by optical microscopy (OM),
scanning electron microscopy (SEM), immersion experiments, electrochemical experiment, and tensile test. The results show that

after hot extrusion, the second phase of the alloy is broken into particles along the extrusion direction, while the grain size is

significantly reduced, and dynamic recrystallization and deformation grains exist in the microstructure. As the extrusion temperature

increases, the content of the second phase changes less, and the size of the dynamic recrystallization grain gradually increases. The

mechanical properties of the extruded alloys are improved, but their corrosion resistance is weakened. The hot extrusion treatment can

improve the corrosion resistance of the alloy in the early stage of corrosion, while as the corrosion proceeds, the corrosion resistance

of the alloy in the later stage is weakened. When the hot extrusion temperature is 360 °C, the extruded alloy has relatively good

mechanical properties and corrosion resistance.
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As a degradable biomaterial, magnesium alloys have good
biocompatibility and application prospects in the field of bone
repair’*. However, there are some problems in magnesium
alloys research: (1) the biocompatibility and safety of
magnesium alloys need to be clarified"’; (2) their mechanical
properties, especially the plasticity, need to be improved””;
(3) the standard electrode potential of magnesium is too low
and the oxide film on the magnesium alloy surface is porous
structure, making magnesium alloys prone to corrosion in

vitro and in vivo™

. Matching between the mechanical
properties and corrosion resistance of magnesium alloy
becomes a key issue for the development and application of
biodegradable magnesium alloys.

At present, the methods to improve the mechanical
properties and corrosion resistance of magnesium alloys
mainly include alloying, heat treatment, hot deformation, and
surface treatment. Among them, alloying and hot extrusion
treatments are more widely used. In terms of alloying, Zn is a

common alloying element, which can effectively improve the
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mechanical properties and corrosion resistance of the
magnesium alloy”. Zr element can refine the grains of the
magnesium alloys, reduce the brittleness and improve the
strength of the alloys"*"". In addition, Y element is helpful to
improve the mechanical properties and corrosion resistance of
the magnesium alloys* ", Furthermore, the addition of Sn
element in magnesium alloy can form the Mg,Sn phase with
high thermal stability, which facilitates the grain refinement
and helps to improve the mechanical properties of the
magnesium alloys"*",

The ideal biodegradable materials should have the
following characteristics: (1) good biocompatibility and
degradability; (2) degradation products are harmless; (3) high
strength; (4) degradation rate and the performance of the cell
function match well; (5) the material can guide or induce

tissue regeneration''” "

. Generally, the microstructure of as-
cast magnesium alloy is not uniform. The large grain size of
the alloy and composition bias in the microstructure are not

conducive to the development of the mechanical properties
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and corrosion resistance of the as-cast alloy™®'. Hot
important method to improve the
microstructure and properties of the magnesium alloys, which

can produce a refined and uniform microstructure to obtain
24-26

extrusion is an

higher strength and plasticity™ *". Besides, hot extrusion also
has an important effect on the corrosion resistance of
magnesium alloys. Zhang et al”” studied the effect of hot
extrusion speeds on the microstructure and properties of as-
cast Mg-3Zn-1Y-0.6Zr-0.5Ca alloy. They found that
dynamically recrystallized grains form in the alloy after hot
extrusion, and with the increase in the hot extrusion speed, the
size of the dynamic recrystallized grain and the plasticity of
the alloy gradually increase, while the ultimate tensile strength
(UTS) gradually decreases. Yang et al®® compared the
corrosion behavior of Mg-Sn-Y alloy before and after hot
extrusion and found that the hot extrusion can increase the
corrosion rate of Mg-Sn-Y alloy. In contrast, Abuleil et al””
found that hot extrusion can reduce the corrosion rate of Mg-
Sn-Ca alloy and improve its corrosion resistance.

According to the present research, hot extrusion can
improve the mechanical properties of magnesium alloys, but
its effects on the corrosion resistance of the alloys are still
uncertain® ", Therefore, in this research, a novel as-cast Mg-
1Zn-0.3Zr-1Y-2Sn (wt%) alloy was treated by hot extrusion at
different extrusion temperatures, and the effects of extrusion
temperature on the microstructure, mechanical properties, and
corrosion behavior of the alloy were studied.

1 Experiment

1.1 Alloy preparation

Commercially pure Mg (99.95%), pure Zn (99.99%), Mg-
30wt% Zr, Mg-20wt% Y, and Mg-20wt% Sn master alloys
were used to prepare the as-cast Mg-1Zn-0.3Zr-1Y-2Sn alloys.
The melting was performed in a vacuum induction melting
furnace (ZGJL0.01-40-4) under a protective gas of CO,
(99vol% ) and SF, (1vol% ). The melting temperature was
750 ° C and the casting temperature was 720 ° C. Before
casting, the mold was preheated to 200 ° C. After that, the
ingots were cut into a billet of ®49 mmx36 mm. Hot
extrusion was conducted at 340, 360, 380, and 400 °C, with an
extrusion ratio of 10:1 and an extrusion rate of 5 mm/min. The
size of the billet after the hot extrusion treatment was @16
mmx*260 mm.

1.2 Microstructural analysis

The microstructures of the as-cast alloy and the extruded
alloys in the parallel extrusion direction were observed by
optical microscope (OM), and the corrosive agent was the
picric acid solution, whose main components were 4.5 g picric
acid+100 mL anhydrous ethanol+9 mL deionized water+5 mL
glacial acetic acid. The grain sizes of the alloys were
measured by Nano-Measurer software. The morphologies and
composition of the second phase of the alloys were
characterized by scanning electron microscope (SEM, JSM-
5610LV) equipped with energy-dispersive spectrometer
(EDS).

1.3 Tensile test

The mechanical properties of the tensile specimen parallel
to the extrusion direction were measured at room temperature
by an electronic universal testing machine (DNS100). Based
on the GB/T228.1-2010 standard, the tensile specimens were
processed into the ones with 54.11 mm in length, 3.1 mm in
width, 2 mm in thickness, and 15 mm in scale distance. The
tensile rate was 1 mm/min. Three specimens were selected for
each group of experiments, and the average value was
calculated. The fracture morphology of the specimens after
stretching was observed by SEM.

1.4 Immersion tests

The mass-loss corrosion test sample was parallel to the
extrusion direction, the size of the sample was @14 mmx5
mm, the corrosion solution was simulated body fluid (SBF),
and the main components of the SBF were: 8 g/L NaCl, 1 g/L
glucose, 0.06 g/L MgSO,-7H,0, 0.06 g/L KH,PO,, 0.06 g/L
Na,HPO,, 0.35 g/L NaHCO,, 0.14 g/L CaCl,, 0.4 g/L KCl, 0.1
g/L MgCl,-6H,0. According to the ASTM-GO01-03 standard,
the ratio of SBF volume (mL) to specimen area (cm’) was
30:1. The temperature of SBF was controlled at 37+0.5 °C by
a water bath, and the corrosion time was 120 h. The SBF was
replaced every 24 h. The corrosion products were removed by
boiled chromic acid solution (3 g AgNO,+60 g chromic acid+
300 mL deionized water). An electronic analytical balance
with an accuracy of 0.1 mg was used to weigh the mass loss.
The mass-loss corrosion rate was calculated by Eq.(1):

V=KW/ATp )
where K is the time conversion factor (K=8.76x10%), W is the
mass loss after corrosion (g), 4 is the area of the specimen
exposed to the solution (cm?®), T is the immersion time (h), and
p is the density of the material (g/cm’). Three specimens were
selected for each group of experiments and their average
values were calculated. The corrosion morphologies were
observed by SEM.

Specimen with sizes of @11.3 mmx8 mm were selected for
the hydrogen evolution experiment. First, the sample was
ground and polished, ultrasonically cleaned with acetone
and alcohol for 2 min, and then placed in a 150 mL beaker of
SBF at 37 ° C. The data was recorded every 24 h, the
immersion time was from 0 h to 120 h and the SBF was
replaced every 24 h. Three specimens were selected for
each group of experiments and their average values were
calculated.

The electrochemical corrosion properties of the alloys were
tested using an electrochemical workstation. A standard three-
electrode system was used, in which the specimen was the
working electrode (test area of 1 cm?®), graphite flake was the
auxiliary electrode, and saturated glycerol electrode was the
reference electrode. The specimens were immersed in SBF at
37 °C for 3600 s to test their open circuit potential (OCP).
Then the electrochemical impedance (EIS) was tested on this
basis with the following main parameters: amplitude of 5 mV
and frequency range from 10° Hz to 10" Hz.
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2 Results and Discussion

2.1 Microstructure analysis

Fig. 1 and Fig. 2 show the microstructure and grain size
distribution of Mg-1Zn-0.3Zr-1Y-2Sn alloy with different
treatments. It can be seen that the microstructure of the as-cast
alloy is mainly dendrite (Fig.1a). After hot extrusion (Fig.1b—
le), the dendrite disappears, and the extruded alloy has a
bimodal microstructure, i.e. equiaxed dynamic recrystallized
grains and deformed grains elongated along the extrusion
direction. The appearance of dynamic recrystallization
indicates that the alloy undergoes dynamic recrystallization
during hot extrusion. As the extrusion temperature increases
from 340 ° C to 400 ° C, the proportion of dynamic
recrystallization grain increases, its average grain size
increases from 14 um to 30 pm, and the grain distribution
becomes more inhomogeneous. On the contrary, the
proportion of deformed grains gradually decreases and
twinning appears in the grains. The proportion of dynamically
recrystallized grains in the microstructure gradually increases
with the increase in extrusion temperature, indicating that the
increase in temperature can promote the dynamic recrystalli-
zation. The main reasons are as follows: (1) the increase in
temperature can accelerate the coordinated deformation
process between grains and avoid the formation of deformed
grains™ ', (2) the increase in temperature can reduce the
movement resistance of dislocations and grain boundaries,
and promote the growth of dynamically recrystallized
grains®. When the extrusion temperature is 360 °C, the grain
distribution of dynamic recrystallization in the alloy is
relatively uniform, and its average grain size is 15 pm.

Fig.3 shows the SEM images of the alloys with different
treatments. It can be seen that the second phase in the as-cast

alloy is elongated and granular, mainly distributed at the grain
boundaries (Fig. 3a). After hot extrusion (Fig.3b - 3e), the
second phase is broken into granular shapes and distributed
along the extrusion direction. As the extrusion temperature
increases, the content, size, and distribution of the second
phase in the extruded alloys do not change significantly,
which indicates that the influence of extrusion temperature on
the second phase is not obvious. The results of the EDS
analysis for the second phase are shown in Table 1. It can be
seen that the second phase is mainly composed of Mg, Sn, and
Y elements. After hot extrusion treatment, the atomic ratio of
Sn:Y elements in the second phase is about 1:1, so it can be
presumed that the second phase is mainly the MgSnY phase.
2.2 Mechanical properties

Fig.4 shows the mechanical properties of the as-cast alloy
and the extruded alloys with different extrusion temperatures.
It can be seen that the mechanical properties of the as-cast
alloy are significantly improved after the hot extrusion
treatment. With the increase in the extrusion temperature from
360 °C to 400 °C, the mechanical properties of the extruded
alloys show a trend of increasing first and then decreasing.
When the extrusion temperature is 360 °C, the alloy has higher
mechanical properties, with yield strength (YS), UTS, and
elongation (EL) of 222+12 MPa, 277+10 MPa, and 22.3%
+0.5%, respectively. According to Fig. 1 and Fig. 2, dyna-
mically recrystallized grains and deformed grains with smaller
sizes exist in the alloy after hot extrusion, and their influence
on the mechanical properties of the alloy is mainly reflected in
two aspects: (1) the formation of small dynamically recrystal-
lized grains can improve the strength of the alloy through fine-
grain strengthening, and the reduction of grain size can also
promote the coordination of deformation between grains and
the activation of non-basal plane slip system, which enhances

40 pm

Fig.1 OM microstructures of as-cast alloy (a) and the extruded alloys with different extrusion temperatures: (b) 340 °C, (c) 360 °C, (d) 380 °C, and

(e) 400 °C
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Fig.2 Grain size distribution of the extruded alloys with different extrusion temperatures: (a) 340 °C, (b) 360 °C, (c) 380 °C, and (d) 400 °C

Fig.3 SEM images of as-cast alloy (a) and the extruded alloys with different extrusion temperatures: (b) 340 °C, (c) 360 °C, (d) 380 °C, and

(e) 400 °C
Table 1 EDS analysis results of the second phases marked in Fig.3
Element content/wt% Element content/at%
Position Sn/Y
Mg Sn Y Mg Sn Y

A 52.23 29.26 18.5 82.53 9.47 8 1.18
B 81.43 11.47 7.10 94.99 2.74 227 1.20
C 71.42 15.98 12.60 91.40 4.19 4.41 0.95
D 64.30 19.18 16.51 88.39 5.40 6.21 0.87
E 63.50 22.33 14.17 88.26 6.36 5.38 1.18
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Fig.4 Mechanical properties of as-cast alloy and extruded alloys

with different extrusion temperatures

the alloy plasticity™*"; (2) deformed grains are not conducive
to the slip of dislocations, increasing the strength of the alloy
but reducing the ductility of the extruded alloys”™”. With the
increase in extrusion temperature, the size of dynamically
recrystallized grains gradually increases, and the proportion of
deformed grains decreases, which makes the strength and
plasticity of the extruded alloys increase first and then
decrease.

Fig.5 shows the fracture morphologies of the as-cast alloy
and the extruded alloys with different extrusion temperatures.
From Fig. 5a, it can be seen that the fracture morphology of
the as-cast alloy has cleavage planes with a large size, obvious
tear ridges, and a small number of dimples, which exhibit a
quasi-destructive fracture mechanism. After hot extrusion, as
shown in Fig. 5b—5e, the fracture profiles of the extruded
alloys show a significant reduction in the size of the cleavage
planes compared with that of the as-cast alloy, but the number
of tear ridges and dimples increases significantly, showing a
certain degree of plasticity. According to the fracture

morphologies, all the extruded alloys with different extrusion
temperatures are quasi-destructive fracture mechanisms.
2.3 Corrosion behavior

Fig.6 shows the corrosion rate of the as-cast alloy and the
extruded alloys with different extrusion temperatures after
immersion in SBF for 120 h. It can be seen that after the hot
extrusion treatment, the corrosion rate of the extruded alloy
increases compared with that of the as-cast alloy, and the
corrosion rates of the extruded alloys show a trend of
decreasing first and then increasing with increasing the
extrusion temperature. When the extrusion temperature is
360 °C, the corrosion rate of the extruded alloy is the lowest
with a value of 1.37+0.06 mm/a, which is similar to that of the
as-cast alloy.

Fig.7 shows the variation curves of hydrogen precipitation
of the as-cast alloy and the extruded alloys with different
extrusion temperatures after immersion in SBF from 0 h to
120 h. It can be seen that the hydrogen evolution volume
increases first sharply and then gradually slowly with the
corrosion proceeding. The main reason is as follows: the
strong chemical activity of magnesium leads to rapid reaction
on the surface in contact with the corrosion solution to
generate H,, resulting in a rapid increase in the hydrogen
evolution volume. As the corrosion proceeds, the corrosion
products formed on the surface of the alloy cover the surface
of the alloy, which hinders the corrosion process and slows
down the increasing rate of the hydrogen evolution volume®.
When the extrusion temperature is 360 °C, the variation of
hydrogen evolution volume of the extruded alloy is relatively
small, indicating that the alloy has relatively good corrosion
resistance.

Fig.8 shows the corrosion morphologies of the as-cast alloy
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Fig.5 Fracture morphologies of as-cast alloy (a) and extruded alloys with different extrusion temperatures: (b) 340 °C, (c) 360 °C, (d) 380 °C,

and (e) 400 °C
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Fig.7 Hydrogen evolution curves of as-cast alloy and extruded
alloys with different extrusion temperatures after immersion

in SBF from O hto 120 h

and the extruded alloys with different extrusion temperatures

in SBF for 120 h. It can be seen that before the hot extrusion
treatment, many cluster corrosion products appear on the
surface of the as-cast alloy. After the alloy is subjected to hot
extrusion treatment, the corrosion products on the surface of
the extruded alloy are increased compared with that of the as-
cast alloy. Among them, when the extrusion temperature is
360 °C, the corrosion products on the surface of the alloy are
relatively few, indicating that the corrosion degree of the alloy
is relatively slight.

Fig.9 shows the corrosion morphologies of the alloys after
immersion in SBF for 120 h without corrosion products. It can
be seen that there are many pitting holes and filiform
corrosion morphologies on the corrosion surface of the as-cast
alloy. After hot extrusion at different extrusion temperatures,
the number of pitting holes on the surface of the extruded
alloys is reduced compared to that of the as-cast alloy, and the
corrosion morphologies are mainly the filiform corrosion for
the extruded alloys. Among them, when the extrusion tempera-
ture is 360 °C, the corrosion degree of the alloy is the slightest.

The main reason for the weakened corrosion resistance of
the alloys after hot extrusion is that the hot extrusion causes
the second phase in the as-cast alloy to break into granular
shapes™ *. In the process of galvanic corrosion, the second
phase is rich in Sn and Y elements, and its electrode potential
is higher than that of the Mg matrix, so the second phase acts
as the cathodic phase, while the Mg matrix acts as the anodic
phase and gradually dissolves™* *. With the gradual dissolu-
tion of the Mg matrix near the second phase, the granular
second phase has a larger contact area with the corrosion
medium than the long second phase and is more easily
dislodged from the Mg matrix, making the alloy corrosion rate
and hydrogen precipitation increase, as shown in Fig. 6 and
Fig.7. In addition, H, precipitation and granular second phase

e
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Fig.8 Corrosion morphologies of as-cast alloy (a) and extruded alloys with different extrusion temperatures: (b) 340 °C, (c) 360 °C, (d) 380 °C,

and (e) 400 °C
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Fig.9 Corrosion morphologies of the as-cast alloy (a) and the extruded alloys with different extrusion temperatures (without corrosion products):

(b) 340 °C, (c) 360 °C, (d) 380 °C, and (e) 400 °C

peeling-off will also damage the corrosion layer, accelerating
the alloy corrosion process” ). When the extrusion
temperature is 360 ° C, the grain size distribution of the
extruded alloy is more uniform, and the stress difference in
the corrosion layer or protective film formed on surface is
smaller. As a result the corrosion layer damage is avoided and
the alloy has relatively good corrosion resistance.

Fig. 10 shows the electrochemical impedance spectra and
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equivalent circuit of the alloys. From Fig.10a and 10b, it can
be seen that the extruded alloys with different extrusion
temperatures have larger capacitive arcs and Z values
compared with the as-cast alloy, indicating that the extruded
alloys have better corrosion resistance than the as-cast alloy.
The results differ from the data of mass loss and hydrogen
evolution experiments, and the difference is mainly related to
the control factors of different corrosion process. Fig. 10d is
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Fig.10 EIS diagrams and equivalent circuits of as-cast alloy and extruded alloys with different extrusion temperatures: (a) Nyquist diagram,

(b, ¢) Bode diagrams, and (d) equivalent circuits
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Table 2  EIS fitting parameters of the as-cast alloy and the extruded alloys with different extrusion temperatures

CPE, , CPE, . ,
Temperature/°C R/Q R/Q-cm . R,/*10° Q-cm
' Y, /x10° Q' -em?s™ n, Y,,/x10° @' -cm™s™ n,
As-cast 25.12 7.06 0.8 43.27 1.72 0.8 1.97
340 33.71 5.47 0.78 52.97 1.04 0.89 3.78
360 38.78 8.23 0.70 140.4 1.28 0.87 5.44
380 40.08 5.95 0.76 90.74 1.10 0.88 5.06
400 31.62 8.60 0.72 98.32 0.141 0.85 3.99

the equivalent circuit of the alloy corrosion process, where R,
represents the solution resistance, R, represents the corrosion
layer resistance, R, represents the Faraday resistance, CPE,
and CPE, represent the corrosion layer and bilayer constant
phase angle elements, respectively. The corresponding fitting
data are shown in Table 2. According to Fig.10d and Table 2,
it can be seen that the corrosion layer resistance and Faraday
resistance of the alloy after hot extrusion are higher than those
of the as-cast alloy, indicating that the hot extrusion treatment
increases the charge transfer resistance during the corrosion
process. This process may be related to the enhanced
structural denseness of the corrosion layer or protective film.
The hot extrusion treatment can refine the alloy grains and
expand the grain boundary area. The chemical activity at the
grain boundary is strong, and the enrichment of Zn, Y, Sn, etc
at the grain boundary is conducive to the formation of oxide
film, which makes the alloy surface form a protective film and
hinders the contact between the corrosive medium and the
substrate, leading to the enhancement of charge transfer
resistance during corrosion.

The above results show that in the early stage of corrosion,
hot extrusion treatment can promote the formation of a denser
protective film on the surface of the alloy, which plays a major
role in corrosion resistance enhancement. With the corrosion
proceeding, the structure of the protective film is gradually
destroyed, and galvanic corrosion plays a major role in the
corrosion resistance of the alloy. Therefore, the hot extrusion
treatment can improve the corrosion resistance of the alloy in
the early stage of corrosion, and as the corrosion proceeds, the
corrosion resistance of the alloy is weakened. In contrast,
when the extrusion temperature is 360 ° C, the alloy has
relatively good corrosion resistance.

3 Conclusions

1) After hot extrusion of the as-cast Mg-1Zn-0.3Zr-1Y-2Sn
alloy, the second phase is broken into granular shapes and
mainly distributed along the extrusion direction. Dynamically
recrystallized and deformed grains exist in the microstructure.
With the increase in extrusion temperature, the content, size,
and distribution of the second phase change less, the size of
dynamically recrystallized grains increases gradually, the
distribution is more uneven, and the proportion of deformed
grains gradually decreases. When the extrusion temperature is
360 ° C, the alloy has a relatively uniform microstructure,
and its average grain size of dynamically recrystallized grain

is 15 pm.

2) Hot extrusion treatment can significantly improve the
mechanical properties of the as-cast alloy. As the extrusion
temperature increases from 360 °C to 400 °C, the mechanical
properties of the alloy increase first and then decrease. When
the extrusion temperature is 360 °C, the alloy has relatively
high mechanical property, with YS, UTS, and EL of 222+12
MPa, 277+10 MPa, and 22.3%+0.5%, respectively.

3) The effect of hot extrusion treatment on the corrosion
resistance of the alloy is related to the corrosion time. The hot
extrusion treatment can improve the corrosion resistance of
the alloy in the early stages of corrosion, but it reduces the
corrosion resistance of the alloy as the corrosion proceeds.
When the extrusion temperature is 360 ° C, the alloy has
relatively good corrosion resistance, and its corrosion rate
after corrosion in SBF for 120 h is 1.37+0.06 mm/a.
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