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An extruded low-alloyed Mg-Bi-Al-Zn alloy combining excellent tensile properties (YS
= 201 MPa, EL = 29. 4%) with high corrosion resistance (P; = 0.14 mm/a) for
biomedical application is successfully developed in this study. The extruded alloy is
mainly composed of dynamic recrystallized (DRXed) grains (2.32 £ 0.12 wm) and strongly
textured coarse non-DRXed grains, as well as certain nano-scaled MgsBi»> precipitates
(135.68 4+ 27.86 nm). Note that most basal planes for non-DRXed grains are preferentially
distributed parallel to the extrusion direction. The study explored the dependences
of the properties and relevant mechanisms of the studied alloy on its microstructural
characteristics in terms of grain size, grain orientation, and precipitates.

Keywords: Mg-Bi-Al-Zn alloy, microstructure, tensile properties, texture, corrosion behavior

INTRODUCTION

Due to the biodegradation nature of human bio-environment without the need for second surgeries
to remove implants and favorable biological properties of magnesium ions released, Mg-based
alloys, as potentially biodegradable implant materials, receive increasing attention (Esmaily et al,,
2017). The rapid degradation of such alloys probably restricts application of the alloys as implant
materials. Moreover, during the degradation process, Mg-based alloy implants potentially present
gradually deteriorating mechanical properties (Bakhsheshi-Rad et al., 2016).

Alloying proves to be the most fundamental way of improving mechanical properties and
corrosion resistance of magnesium alloys, due to the efficiency and low cost of the process. It is
reported that adding the cost-effective element bismuth (Bi) to Mg-based alloys could improve the
mechanical properties and resistance to corrosion simultaneously when Bi presents in the a-Mg
matrix with solutionized state and/or nano-scaled Mg-Bi precipitates (Tok et al., 2015; Majhi and
Mondal, 2019). Bi has positive effects as it is able to form a thermally stable Mg3Bi, phase in the
Mg alloys and because of its non-toxicity (He et al., 2019; Meng et al., 2020). Further, it is essential
to introduce Al as a type of alloying element in applications that require grain refinement, thicker
film formation, and castability (Lv et al., 2020). Meanwhile, it has been reported repeatedly that the
protective feature displayed by pseudo-passive layers that are formed naturally on metal surfaces
could be improved by Al addition (Goli and Aghajani, 2018). Moreover, it is commonly accepted
that adding Zn in Mg alloys is demonstrated to contribute to the improvement of mechanical
properties and corrosion through the reduction of impurities (Jina et al., 2019). A previous report
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indicates that Zn is among the richest essential elements in
the human body and Zn ions released are absorbable (Wang
et al., 2017). Furthermore, it is well known that high alloying
generally leads to a great amount of second-phase particles,
which promotes the formation of microgalvanic couples and thus
accelerates corrosion processing. Taking both the mechanical
properties and the corrosion behavior into consideration, micro
alloying seems to be the best way to balance them and to possibly
decrease the harmful effects related to alloying elements. Based
on the abovementioned points, a low-alloyed Mg-1Bi-1Al-1Zn
alloy system is chosen for investigation of its potential as a
material to produce biodegradable implants.

In general terms, the corrosion performance of alloys based on
Mg is influenced by grain size, second-phase particle, dissolved
alloying element, and grain orientation. The deformation
process, such as extrusion, is a feasible option to tailor the
microstructure of grain size, orientation, and second phase for
improved mechanical properties and corrosion resistance of Mg
alloys. The grain size has obvious effect on the corrosion rate
relative to Mg alloys in terms of diffusion rate and coordination
reactivity. A previous work indicated that one order of magnitude
decrease in corrosion rate could be achieved between ultrafine
and coarsest grained microstructure of the wrought Mg alloys
(Argade et al, 2012). Moreover, the ultrafine grain showed
highest polarization resistance compared to the coarsest one (Luo
et al., 2020). Recently, many reports indicate that second phases
that function as cathodic phases could accelerate Mg substrate
to be corroded and dissolved (Feng et al, 2017), and Zeng
et al. pointed out that decreasing volume fraction of particles
of the second phase led to improving resistance of Mg alloys
to corrosion (Zeng et al., 2015). In addition, Liu et al. reported
that the impedance of AZ91 alloys with the presence of finer
nanometer particles of Mg;7Al;; phase in 0.6 M NaCl solution
increased from 300 to 500 £2 due to the decreased susceptibility of
microgalvanic corrosion (Liu et al., 2018). In addition, a previous
report (Hagihara et al, 2016) indicates the dependence of
corrosion properties of Mg and its alloys upon crystal orientation,
with resistance to corrosion increasing according to the order
(102) < (113) < (100) < (110) < (0001). This is related to
the surface energy. The closely packed crystallographic plane
has a higher atomic coordination, a higher binding energy, and
thus a lower surface energy and a higher activation energy for
dissolution compared with the loosely packed crystallographic
plane. As a result, tailoring the alloy microstructure underpins
the improvement of comprehensive properties for Mg alloys.

So far, extrusion is an effective strengthening method
to enhance properties of Mg alloys through microstructure
controlling. Recently, many studies focused on the effect of
various alloying elements on the corrosion performance of
extruded Mg alloys. However, the combined effects of grain
boundary with crystallographic texture upon corrosion resistance
of low-alloyed Mg alloy containing rarely few nano-scaled
particles remain to be clarified. Considering this, the current
study developed an as-extruded low-alloyed Mg-Bi-Al-Zn alloy
system with textured bimodal structure, which possesses a
great balance between mechanical properties and corrosion
resistance. Further, the dependence of corrosion resistance and

TABLE 1 | Chemical composition of the extruded Mg-Bi-Al-Zn alloy determined
by ICP-OES.

Specimen Chemical composition (wt.%)

Mg Bi Al Zn Fe Cu Si

Extruded Bal. 09726 0.9617 0.9803 0.0021 0.0002 0.0030

tensile properties upon microstructural features (grain boundary,
nano-scale precipitates, grain orientation) was also discussed in
extruded condition.

MATERIALS AND METHODS

Sample Preparation

The Mg-1.0 Bi-1.0 Al-1.0 (wt.%) Zn alloy was fabricated in
a vacuum melting furnace through melting Mg, Bi, Al, and
Zn with 99.9% purity in an atmosphere of CO, and SF¢ for
preventing oxidation. Researchers then conducted solid solution
treatment (SST) for 1 h at 320°C and 3 h at 500°C with cold water
quenching at room temperature to obtain a more homogeneous
microstructure. Direct extrusion experiments were implemented
at an initial billet temperature of 300°C, a ram speed of 0.1 mm
s~!, and an extrusion ratio of 16. Extruded rods with a section
diameter of 10 mm were obtained.

Microstructure Analysis

A TESCAN MIRA3 scanning electron microscope (SEM)
equipped with energy dispersive X-ray (EDS) and electron
back-scatter diffraction (EBSD) was used to observe the
microstructural characteristics and texture of the samples. The
chemical composition of the extruded alloy determined by
optical emission spectroscopy (ICP-OES) is listed in Table 1.
Furthermore, samples were subjected to Cu-Ka, Y-2000 X-ray
diffraction (XRD) to determine alloy phases and a Rigaku D/max-
2500PC XRD to obtain the pole figure. XRD patterns were
analyzed with the software MDI Jade 6.0. Chemical components
of corrosion products of extruded alloy were tested adopting a K-
Alphav X-ray photo-electron spectroscope (XPS). Measurements
were performed using an adventitious Cls signal, set to be
284.6 eV for values of all binding energy in XPS spectra.

Tensile Tests

Tensile specimens measuring 18 mm gauge x 4mm gauge X
2mm gauge (length x width x thickness) were sliced along
the extrusion direction (ED) from the extruded rod. Afterwards,
researchers conducted tensile tests applying a DNS100 electric
testing machine at the initial strain rate of 1 x 1073 s~! and
room temperature.

Corrosion Tests

Hydrogen evolution test was measured by ASTM G31-72 using 1
cm? ground specimens at 37°C in simulated body fluid (SBF).
Specimens were placed in a tube that is tightly sealed, with
solution volume showing a ratio of 25:1 ml/cm? to the area of
specimens. The equation for corrosion rate (Cr) of extruded
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alloys based on hydrogen evolution rate (V) is (Shi and Atrens,
2011):

Cr(mm/y) = 2.279Vg(ml/cm? /d) (1)

Electrochemical properties of the studied alloy in SBF solution
was studied by performing potentiodynamic polarization
(PDP) test and electrochemical impedance spectroscopy (EIS)
measurements on an electrochemical workstation equipped
with a CorrTest Land CS350 (Wuhan, China) electrochemical
system. A three-electrode cell, platinum mesh, and the specimen,
separately taken as reference electrode, counter electrode, and
working electrode (exposing an area of 1 cm? in SBF solution),
were connected to the potentiostat. After holding the specimens
in open circuit potential (OCP) for 50 min, PDP tests were
conducted while scanning in the range of 300 mV/SCE at 0.5
mV/SCE s~!. The formula of corrosion rate (P;) is (Shi et al.,
2010):

Pi == 22.85icorr (2)

The following formula was used to calculate polarization
resistance (RP) based on electrochemical parameters (icorr> Bas
and B,) (Shi et al., 2010):

BaBe

P 23(Ba + Boicorr G)

The EIS measurement was conducted with an amplitude signal
of 10mV at OCP at a frequency of 100 kHz—10 mHz. Zview-
Impedance Software was used to fit the related results, showing
fitting errors for parameters within 5%. All tests were repeated
three times to guarantee the reliability of the results.

RESULTS AND DISCUSSION

Microstructure Analysis

The EBSD observation results of the extruded Mg-Bi-Al-Zn alloy
are illustrated in Figure 1, which indicates that the extruded
alloy presents bimodal microstructure consisting of dynamically
recrystallized (DRXed) fine grains showing AGS being 2.32
£+ 0.12um and highly textured unDRXed coarse grains
(Figures 1a,d). The volume fraction of dynamic recrystallization
(fprx) is 87.72% in Figure 1d. The inverse pole figures displayed
in Figures 1a—c underscore crystal orientations for complete Mg
grains and only elongated grains, indicative of elongated grains
being highly textured. The o-Mg grains represent basal (B) crystal
orientation where regions in red are expressed as G(B) with non-
basal (NB) crystal planes with regions in other colors indicated by
G(NB) such as those in the present study. In the grain boundary
map (Figure 1b), low-angle grain boundaries (LAGBs) having
misorientation lower than 15° are characterized by red lines. It
can be seen that the fraction of the LAGBs is significantly larger in
Mg grains having basal plane parallel to surfaces compared to that
of the non-basal plane. An inverse pole figure in three regions
of the remaining original grains is shown in Figure 1c, with
the corresponding (0001) pole figure containing only elongated
grains inserted in it. Further, the Schmid factor exceeds 0.2 in

most grains of extruded alloys with average Schmid factor being
0.357 (Figure le), and the fraction of LAGBs is rather higher
compared to other ranges of equivalence (Figure 1f).

Figure 2 depicts the XRD patterns and SEM high-
magnification image with EDS results of the studied alloy.
XRD patterns therein reveal two groups of peaks, for Mg3Bi, and
a-Mg phases separately. Accordingly, a few nano-scaled Mg3Bi,
precipitate particles with an average size of 135.68 £ 27.86 nm
are distributed along the boundary and in the interior of grains
(Figure 2b). The formation of the nano-scaled precipitates,
commonly seen in extruded Mg alloys, is attributed to the
appearance of dynamic precipitation in the extrusion process
(Cheng et al., 2017).

Mechanical Behaviors
Figure 3A shows the tensile stress-strain curve and fracture
surface of the studied alloy. Results show that extruded alloys
have ultimate tensile strength (UTS), elongation (EL), and yield
strength (YS) of 247 MPa, 29.4%, and 201 MPa, respectively.
The perfect integration of ductility and strength can be usually
explained from perspectives of bimodal structure, texture, and
dislocations as well as the distribution of precipitates. Firstly,
strength and ductility can be effectively improved by the bimodal
structure due to the strong texture strengthening of the unDRXed
grains and grain boundary strengthening of the fine DRXed
grains (Yamasaki et al., 2011; Wang et al., 2015). In line with the
Hall-Petch equation, finer grains exhibit excellent yield strength.
Secondly, the basal texture shows a maximum intensity of 3.7
based on the (0002) pole figure of extruded alloys (Figure 3B).
Grains are found to have c-axis preferentially lying on ND-ED
plane and [0002] directions parallel to ED, representative features
of as-extruded Mg alloys (Laser et al., 2008). Further, when the
stress is applied parallel to the basal plane, it is difficult to activate
the basal slip, leading to high strength. Texture distribution in
extruded alloys with most of the grains parallel to the ED renders
activation of basal slip difficult, thus enhancing yield strength.
Thirdly, it can be seen from Figure 1b that LAGBs characterized
by red lines in the deformed zones are more than dynamically
recrystallized zones. Pan et al. (2019) demonstrated that LAGBs
are capable of hindering the motion of dislocations, leading to a
certain amount of strengthening. Besides, as we all know, nano-
sized particles that appear due to dynamic precipitation in the
extrusion process could be an obstacle of dislocation on the basis
of the Orowan mechanism (Ma et al., 2014), and that strength was
increased due to the presence of nano-scaled Mg3Bi, precipitates.
The fracture surface of specimen after tensile test exhibits
well-proportional dimples and tear ridges on the surface of the
tensile fracture, validating the much higher ductility compared
to those of recently reported extrusion Mg-based alloys such
as Mg-1Sn-0.2Ca alloy (Zhao et al., 2016) or Mg-RE systems
(Mg-3Nd-0.2Zn-0.4Zr alloy) (Zhang et al., 2012). Generally, the
basal slip system basically dominates the deformation of Mg
alloys at room temperature. On the one hand, the structure
of relatively fine-DRXed grains accompanied with elongated
grains is conducive to the dislocation slip and then leads to a
higher strain coordination capability among grains during plastic
deformation. On the other hand, the average Schmid factor of the
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FIGURE 1 | EBSD observation results of the extruded alloy: (a) inverse pole figure (IPF) map (the inserted stereographic triangle corresponds to the crystallographic
axes of the grains), (b) grain boundary map, (c) inverse pole figure in three regions containing only elongated grains with the corresponding (0001) pole figure inserted
in it, (d) grain size distribution, (e) (0001) <1120> basal slip Schmid factor distribution histograms, and (f) misorientation angle distribution.
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FIGURE 2 | X-ray diffraction patterns (a), SEM high-magnification image with EDS results of studied alloy (b).
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FIGURE 3 | The engineering stress—strain curves with fracture surface of the tensile sample (A) and the (0002) pole figure (B) of the extruded alloy.
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FIGURE 4 | The polarization curve with electrochemical parameters obtained from the potentiodynamic polarization test (A), Nyquist plot with image of local area
appended on the upper right corner (B), Bode plot of impedance vs. frequency (C), and Bode plot of phase angle vs. frequency (D) for the extruded alloy measured in
the SBF solution at room temperature.

present extruded alloy being 0.357 is beneficial to the activation of ~ localization, and the extruded alloy exhibits a work-hardening
basal slip and thus a higher ductility. Moreover, the larger value of ~ exponent of 0.23 (o = Ke") using the Hollomon equation, which
the work-hardening exponent makes alloy less sensitive to strain is partially related to a superior elongation.
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Corrosion Behavior

Electrochemical Results

Figure 4A shows the PDP curve of as-extruded alloy attained
via testing in SBF solution, accompanied by values of corrosion
current density (icorr), corrosion potential (Ecor), and
polarization resistance (Rp). It is noticeable that there is a
slight pseudo-passivation in the anodic branch of polarization
curve for the alloy, as the protective film containing magnesium
phosphate is formed, with appearance of breakdown potential
at —1.448 Vscg. The cathode branch is a result of hydrogen
evolution reaction and the small density of the cathodic current
implying hydrogen evolution at a low rate. Besides, based on
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FIGURE 5 | Equivalent circuit of the EIS spectra for the extruded alloy.

the equation, the studied alloy is found to have a corrosion rate
(P;) of 0.14 mm/a, which is much lower than the standard value
of 0.5 mm/a for the biodegradable implant Mg-based alloys
(Erinc et al., 2009). This is possibly related to the fine-grained
structure of the studied alloy (AGS of the DRXed grain is
about 2.32 pm). The grain boundaries act as corrosion barriers,
which is attributed to the more negative corrosion potential and
forms products of corrosion and thus resulted in decreasing
corrosion rate (Alvarez-Lopez et al., 2010). The fine-grained
structure, namely, relatively abundant grain boundaries of the
extruded alloy, may lead to a decrease in the corrosion rate.
In addition, some formation of LAGBs (sub-grain) is verified
using distribution of misorientation angles in Figure le, from
which we found a high peak of 2-15°. Hu et al. (2017) reported
that alloys with a higher proportion of LAGBs exhibit better
corrosion resistance. Compared with the LAGBs, high-angle
grain boundaries (HAGBs) are supposed to possess higher
reactivity and are more susceptible to anodic dissolution. As
a result, during the development of pitting corrosion, HAGBs
serve as effective anodes and are preferentially attacked (Cao
et al., 2019). Thus, corrosion resistance is enhanced in view of
the higher fraction of LAGBs in the a-Mg matrix. Further work
will shed light on the correlation between corrosion properties
and low-angle grain boundaries.

As exhibited, the Nyquist plot (Figure 4B) contains a little
capacitive loop in a region of high frequency (local-area
inset in the upper right corner), and then a secondary great
capacitive loop in regions of medium and low frequencies.

TABLE 2 | Electrochemical parameters of the extruded alloy, obtained from the simulation of EIS date by using equivalent circuits.

Specimen Rs (2 cm?) CPE; (F/cm?) R; (2 cm?) CPEq (F/cm?) Rct (2 cm?) L (H/cm?) RL(2 cm?)
CPE;-1 n CPEg-1 n
Extruded 24.8 2.07 x 1077 0.9953 29.12 7.27 x 107° 0.8121 1257 513 617
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FIGURE 6 | Hydrogen evolution rate (A) and corrosion rate (B) of the extruded alloy, immersed in the SBF solution at 37°C.
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immersion time of 24 h (b), 12h (c), and 120h (d).

20 pm

FIGURE 7 | Surface SEM images of corrosion products of the extruded alloy (a) and the high-magnification SEM images from a local area corresponding to the

Generally, the capacitive loop in regions of high frequencies
is a result of relaxation of electrochemical impedance reaction
that corresponds to specimen degradation. The capacitive
loop in the region of low frequencies is associated with the
existence of a surface film, which influences corrosion (Jayaraj
et al, 2016). The plots in the region of lower frequencies
apart from the region of capacitive loop with low frequencies
contribute to pitting corrosion during corrosion. The Bode
plot for impedance and frequency is shown in Figure 4C. In
general, a larger impedance modulus |Z| reveals better corrosion
resistance, which is associated with the diameter of a greater
capacitance arc. The Bode plot of phase angle vs. frequency
is shown in Figure4D, from which one can observe two
apparent wave peaks at high frequency as well as medium and
low frequencies of extruded alloy. The high-frequency spectra
are associated with defects on the surface, and the low-to-
medium frequency region is related to the process happening in
corrosion products on an interface between the metal and the
corrosion products.

To further analyze spectra of the studied alloy, Figure5
displays corresponding equivalent circuits and Table 2 provides
fitting data. The Rg and R¢ in equivalent circuits refer to solution
resistance and resistance of the layer of corrosion products,
respectively, CPEf is associated with surface heterogeneity.
Generally speaking, the electrical double-layer capacitance (Cyqj)
is related to the metal surface-corrosive media interface.
However, the constant phase element (CPEy)) is used to replace

the capacitance (Cqj) in consideration of the non-homogeneity
of the surface. The charge transfer resistance (R.) is employed to
describe the corrosion of surfaces. Furthermore, the inductance
(L) and inductive resistance (Ry) are related to pitting corrosion
and breakdown of corrosion layers (Feng et al., 2017).

Immersion Tests
Hydrogen evolution rates of the extruded alloy are demonstrated
in Figure 6A, which indicates that the rate increases with
increasing immersion time. The change of hydrogen evolution
rate involves three phases: In the initial 60 h of immersion, the
curves increase at a low rate of 0.025 of positive shift. In the
immersion from 60 to 150 h, the hydrogen evolution rate is at a
lower positive shift rate of 0.018. Prolonged immersion time leads
to a relative higher shift rate of 0.328 from 150 to 168 h. Corrosion
rate of extruded alloys is found to be relatively stable from 60 to
150 h compared to other immersion time periods (Figure 6B).
To figure out the relation of hydrogen evolution rate with
corrosive behavior, Figure 7 illustrates surface morphologies of
extruded alloy immersed in SBF solution for different durations.
The formation of products of corrosion after 24 h of immersion
can be observed preferentially along the direction of extrusion
in Figure 7a, while the large flocculent and tabular corrosion
products are mostly formed near the unDRXed region and
some cracks are obviously presented in the a-Mg and corrosion
products. Figure 7b shows that even though several microcracks
can be seen in the DRXed region, the corrosion product
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FIGURE 8 | XPS analysis of the formed corrosion product film on the extruded alloy surface: (A) wide spectrum, (B) high-resolution Mg+s spectrum, (C)
high-resolution O1s spectrum, and (D) high-resolution Py, spectrum.

formed in the DRXed region is relatively few compared to
that adjacent to the unDRXed region. The SEM observations
of extruded alloys after 12h of immersion in SBF solution
are illustrated in Figure 7c, which shows that the specimen
surface is characterized by some uneven cracks and the white
corrosion product particles are distributed at boundaries and
in the interior of grains. Moreover, the prolonged immersion
time resulted in the increased amount and dimension of the
clotty corrosion product particles, the surface of the specimen
is mainly composed of corrosion products gradually, and then
the local massive products are linked together and a layer of thin
union corrosion product film is formed, which gradually thickens
with the increase in immersion time. This film can prevent the
solution permeating into the a-Mg matrix. Finally, the corrosion
product film is broken with increasing immersion time, and lots
of network cracks can be observed in the corrosion products after
120 h of immersion of specimens in SBF solution (Figure 7d).
XPS spectra for surfaces formed on extruded alloy by
immersing the alloy in SBF solution for 1h at 37°C are shown
in Figure 8 to further confirm the composition of the products.
The XPS spectra (Figure 8A) reveal the existence of Mg, O,
C, and P in corrosion products formed on surfaces of as-
extruded alloy. As indicated, the Mg spectra are found to

have three peaks. Binding energies at 1303.04, 1303.88, and
1304.87 eV are attributable to MgO, Mg3(POy),, and Mg(OH),,
respectively. The result means Mg forming MgO, Mg3(POy)2,
and Mg(OH); on extruded alloy surfaces. From Figure 8C, it
is obvious that there are three peaks on Ojs spectrum, oxygen
in oxides (530.48 eV) is indicative of MgO, oxygen (531.78 V)
corresponds to Mgsz(POy),, and the oxygen in hydroxyl groups
(532.98eV) corresponds to Mg(OH),. Figure 8D shows the
binding energy of P, at about 133.65 eV, which is associated with
formation of Mg3(POy);.

Based on the analysis of the corrosion product on surfaces
of immersed specimen and curves of hydrogen evolution of
extruded alloy, the early stage witnesses a rapid hydrogen
evolution in Figure 6A; the dissolution of the a-Mg matrix
leads to the formation of corrosion products (Figure 7c), which
comprise Mg3(PO4), and Mg(OH), (Figure 8). According to
Zeng et al. (2014), the lower enthalpy values of oxide formation
indicate greater chemical, and it is generally accepted that
Mg3(POy4), and Mg(OH), are relatively more stable than
MgO. In addition, Pilling-Bedworth ratio (PBR), which is
representative of the stress state of the oxide film, indicates
that insufficient oxide is present to cover and protect the
metal when PBR is <1. Thus, Mg3(PO4), and Mg(OH), with
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(e,f) 120h.

FIGURE 9 | Surface SEM micrographs of the extruded alloy, after being immersed in the SBF solution at 37°C: the extruded alloy (a,b) 12 min, (c,d) 12h, and

PBR values of 2.29 and 1.80, respectively, indicate a dense
and protective layer of the corrosion product on the studied
alloy. After immersion for ~60h, the hydrogen evolution rate
is reduced a little due to the formation of a union film of
corrosion products on specimen surfaces. Growth and healing
of the film represent main effective processes, which can further
prevent the SBF solution penetrating into the a-Mg matrix when
the film layer becomes thickened and compacted. However,
the film will shrink when Mg(OH), connects with H,O inside
the film, leading to dehydration, and this shrinkage stress will
give rise to the crack formation in the corrosion product film
as shown in Figure 7d, and the SBF solution will penetrate
these cracks and then the new corrosion products will form
by means of reaction with the a-Mg matrix. With immersion
time exceeding 150 h, the dissolution rate of film surpasses its

healing rate, and the intensified corrosion attack on the surface
will result in the hydrogen evolution rate increasing rapidly
(Figure 6A).

Figure 9 shows SEM images for surfaces of extruded alloy
immersed in SBF solution for different durations (12 min, 12 h,
and 120h), which reveals the potential microstructure to be
analyzed after corrosion. The corrosion in Figure 9a occurs in
the vicinity of the unDRXed region and the slight corrosion
striation along the ED. Furthermore, there is several corrosion
pit in the DRXed region, which is mainly attributed to the
nano-scaled precipitates acting as the microgalvanic cathode with
respect to the a-Mg matrix; thus, pit corrosion is formed by
microgalvanic corrosion. It is worth reminding that the degree
of corrosion in the unDRXed region is different, which could
be observed from the high-magnification image of the local
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FIGURE 10 | The schematic illustration of the extruded alloy during the corrosion process: (a,d) the initial immersion; (b,e) the middle immersion and (c,f) the final
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FIGURE 11 | The performance matrix used to compare the mechanical properties and corrosion behavior of extruded alloy with previously reported Mg-based alloy
systems.

area (Figure 9b). The results indicate that Gyp) suffers from a  resistance while regions in cyan exhibit rapid corrosion rate.
severe attack compared to Gy, as shown in Figure 1c, where  Besides, formation of small corrosion pits in the DRXed region
regions in red indicated that the grains present better corrosion is attributed to the dissolution in individual G(yg). It is generally
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supposed that the basal crystal orientation (0001) possessed
the best corrosion resistance among all the crystal orientation,
which was attributed to a cooperative effect of the surface
energy, atomic packing density, and the stability of oxidation
film (Hagihara et al, 2016). Jia et al. (2018) also reported
that the longitudinal direction with more (0002) oriented
planes had a lower corrosion current density of 35.9 |LA/cm?
compared with the transverse direction. Thus, in comparison
with Geyp), the dissolution rate of Mg in Gp) is substantially
lower. Moreover, as shown in Figure 9¢c, the corrosion region
becomes obviously deeper with the prolonged corrosion time
and a number of finer pits that formed due to corrosion are
seen in areas of inconspicuous corrosion (Figure 9d), which
could verify Mg grains being dissolved preferentially following
prismatic crystal faces in Gyp). Finally, with an increase of
the reaction time, a more fringe shape appears on the surface
of the specimen in Figure9e. The highly magnified image
(Figure 9f) clearly shows evidence for cavity structures in the
local region.

Corrosion Mechanism

It can be seen from Figures10a,d that clotty products
of corrosion form near nano-scaled Mg3Bi, precipitates
and the Gyg), when the corrosion products are sufficient
enough to link together, and the layer of product film is
formed subsequently on the surface of the o-Mg matrix.
This union protective film can prevent caustic ion from
the SBF solution permeating into the «-Mg matrix. The
chemical reactions that usually occur during this process are
as follows:

Mg — Mg*" 4 2e~ (anodic reaction) (4)
2H,O + 2e~ — Hy1 + 20H ™ (cathodic reaction) (5)
Mg*™ 4 20H™ — Mg(OH),(corrosion product formation) (6)

3Mg*t + 2POi_ — Mg3(PO4);(corrosion product formation)(7)

With prolonged immersion time, the degradation rate exceeds
the healing and growth ability of the protective film, the crack
occurs in the corrosion product film, and the film is damaged
(Figures 10b,e, respectively). In general, microgalvanic corrosion
is easily activated due to the presence of the nano-scaled Mg3Bi,
precipitate, which acts as a microgalvanic cathode with regard
to the a-Mg matrix. As the corrosion process proceeded, the
Mg3Bi; phase particle would be exfoliated off from surfaces
of the a-Mg matrix, leading to formation of cracks nearby.
Furthermore, microgalvanic corrosion is also formed between
Ge) and Gg), with Gyp) being of micro-cathode, and the
G(np) grains peel off and lead to the formation of a corrosion
pit. Finally, relatively serious localized corrosion occurs in the
extruded alloy (Figures 10c,f), leaving some corrosion pit and
network cracks on the surface.

Properties Comparison

The performance comparison between the present extruded alloy
and other extruded alloys (Laser et al., 2008; Li et al., 2008; Zhang
et al., 2010; Ma et al,, 2014; Geng et al,, 2016; Hou et al., 2016;
Tong et al,, 2016; Miao et al., 2017; Zhao et al., 2017) is shown

in Figure 11. It should be noted that the present extruded low-
alloyed alloy has a better YS (YS = 201 MPa) than that of the
recently reported extruded Mg alloys such as Mg-6Zn (YS =
170 MPa) (Zhao et al., 2017), Mg-2Sn-0.5Ca (YS = 188 MPa)
(Laser et al., 2008), Mg-3Sn-1Zn-0.5Mn (YS = 162 MPa) (Hou
et al., 2016), and Mg-3Nd-0.2Zn-0.4Zr (YS = 145 MPa) (Ma
et al., 2014). In addition, the extruded alloy with an average
DRXed grain size of 2.32 jum has a favorable corrosion resistance
compared to the other fine-grained extruded alloy. The corrosion
rates of Mg-2.4Zn-0.8Gd alloy (Miao et al., 2017) (average size
of ~3.00 um of DRXed grains) and Mg-1Zn-1Ca-1Ce/La alloy
(Tong et al., 2016) (average size of ~4.00 um of DRXed grains)
are 0.2 and 0.68 mm/a, respectively, which are higher than that
of the studied alloy system (P; = 0.14 mm/a). Thus, it is of
great potential to develop the low-alloyed Mg-Bi-Al-Zn alloy as
materials for producing biomedical implants.

CONCLUSIONS

(1) The low-alloyed Mg-Bi-Al-Zn system has a distinguished
combination of ductility and strength mainly because of bimodal
grain structure and dispersed nano-scale Mgz Bi, particles.

(2) The corrosion behavior of the low-alloyed Mg-Bi-Al-
Zn system is greatly dependent on the grain orientation and
corrosion product film. The propagation of corrosion in non-
basal Mg grains is more apparent than basal ones. The corrosion
product film healing and growth can further prevent the SBF
solution penetrating into the o-Mg matrix, while the shrinkage
stress will give rise to the crack formation in the corrosion
product film.

(3) The present low-alloyed Mg-Bi-Al-Zn system is expected
to be a potential candidate as an implant material with preferable
combination of tensile properties and corrosion resistance.
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