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Abstract: In this investigation, the effects of different annealing temperatures (180, 200, 220, 240, 260,
and 280 °C) on the microstructure evolution and properties of an extruded Mg—2.0Zn-1.0Y-0.5Zr
(wt%) magnesium alloys were determined. Optical microscopy (OM), scanning electron microscopy
(SEM), immersion corrosion, electrochemical corrosion experiments, and tensile testing were per-
formed. Research has found that combining hot extrusion with subsequent low-temperature an-
nealing significantly improves the strength, plasticity, and corrosion resistance of alloys due to
grain refinement and a reduced dislocation density. The alloy was completely recrystallized at an
annealing temperature of 240 °C for 4 h after solid solution extrusion, and the grains were fine
and uniform, demonstrating the best comprehensive properties. Its corrosion rate, ultimate tensile
strength, yield strength, and elongation were 0.454 £ 0.023 mm/y, 346.7 &= 8.9 MPa, 292.4 & 6.9 MPa,
and 19.0 £ 0.4%, respectively. The corrosion mechanism of the specimens under extruded and an-
nealed conditions was analyzed. After annealing at 240 °C for 4 h, the dislocation and bimodal grain
structure of the samples were almost eliminated, resulting in uniform and fine grains, which were
conducive to the formation of a more uniform and denser oxide film, thus improving the corrosion
resistance of the alloy.

Keywords: bio-magnesium alloy; hot extrusion; low temperature annealing; mechanical properties;
corrosion resistance

1. Introduction

Magnesium serves as a promising biomedical implant material due to its excellent
biocompatibility, biodegradability, low density (~1.74 kg/m?), and moderate Young’s mod-
ulus (4145 GPa) similar to human bone (15-30 GPa), allowing it to avoid stress shielding
and effectively eliminate secondary surgeries [1-4]. Biodegradable implants for orthopedic
applications must meet following requirements: (1) a yield strength of >200 MPa; (2) a
fracture elongation of >10%; (3) a degradation (corrosion) rate < 0.5 mm/y; and (4) uniform
corrosion during tissue recovery (12-24 weeks) [5,6]. In addition, hydrogen evolution
below 0.01 mL/cm?/day is considered acceptable [7]. Nevertheless, pure magnesium
cannot provide sufficient corrosion resistance and mechanical strength in physiological en-
vironments due to its low potential and low slip surfaces. Various methods have been used
to improve the above-mentioned properties, including alloying, heat treatment, thermal
deformation, and coating treatment [8-11].

The anti-corrosion performance and mechanical strength of magnesium can be im-
proved by adding alloying elements, such as Zn, Zr, Ca, Sr, Mn, and Re. Zn, as an essential
trace element in the human body necessary for organs, can promote the growth of human
bone cells and contribute to bone healing [12]. Furthermore, Zn can refine grain and
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transform impurities such as Fe and Ni into harmless intermetallic compounds [13]. Zr is
completely biocompatible, exhibits a great grain-refining effect, and improves corrosion
resistance to a certain extent [14-16]. Further, the rare-earth element Y can significantly
improve mechanical properties and corrosion resistance, as well as promote the formation
of phosphate and a relatively stable hydroxide film on the alloy surface [17-19]. However,
it is difficult to achieve the above-mentioned performance requirements in physiological
environments by alloying alone.

Hot extrusion can markedly improve mechanical properties of magnesium, causing
grain refinement, an increased dislocation density, and nanoscale precipitated phases [20,21].
According to the current literature, hot extrusion can improve mechanical properties of
magnesium alloys; however, some researchers believe that the corrosion rate of “hot” ex-
truded alloys is mainly affected by the two competing parameters of grain size and fringe
lines, with grain size having a greater impact on the corrosion behavior of the alloy. There-
fore, as-extruded alloys with a smaller grain size will exhibit greater corrosion resistance
compared to as-cast alloys [22,23]. Other studies suggested that the high-density disloca-
tion and fiber texture caused by extrusion can trigger corrosion deterioration and adversely
affect corrosion resistance [24-26]. Moreover, magnesium products will be particularly
prone to forming a significant texture, because the von Mises criterion of requiring at least
five independent slip systems for extensive plasticity cannot be satisfied [27].

Choi et al. [28] found that annealing treatment after rolling could reduce the dislocation
density, eliminate internal stress, and further improve the corrosion resistance of ZK60
alloy. Chen et al. [29] found that both the mechanical properties and degradation behavior
of the as-extruded ZK60 alloy were improved after T5 treatment. Zhu et al. [30] reported
that an NQZ310K alloy only recovers under low-temperature annealing, and its mechanical
properties do not change much, but its corrosion rate decreases. Lian et al. [31] observed
that residual stress of an as-extruded ME21 magnesium alloy was reduced, and residual
stress distribution was homogenized. Volkov et al. [32,33] showed that low-temperature
annealing led to some increases in strength and plasticity for pre-deformed magnesium.

It is reported that biodegradable materials should meet the following requirements in
terms of mechanical properties and degradation properties: 1. yield strength (YS) > 200 MPa;
2. elongation (EL) > 10%; 3. corrosion rate (CR) < 0.5 mm/y; and 4. a uniform degradation
form [34]. Based on a previous study of the novel Mg-2.0Zn-1.0Y-0.5Zr (wt%) alloy, it was
found that the corrosion resistance and mechanical properties of the alloy can be improved
after extrusion at 490 °C for 8 h in a solid solution +460 °C, where YS is 293 4 4.9 MPa,
EL is 16.7 & 1.5%, CRw is 0.669 £ 0.017 mm/y [35]. Although the strength has reached
the standard of biological use, the corrosion resistance has not reached the requirements
of biological magnesium alloy materials. In this paper, an as-cast Mg—-2.0Zn-1.0Y-0.5Zr
alloy was subjected to hot extrusion at 460 °C after solid solution treatment at 490 °C
for 8 h, followed by low-temperature annealing at different temperatures so as to further
improve its mechanics and corrosion resistance. Finally, the corrosion mechanism of the
solid solution extrusion alloy with low-temperature annealing was discussed.

2. Materials and Methods
2.1. Material Preparatione

Ingots were cut into cylinders with dimensions of ® 49 x 35 mm for extrusion. A differen-
tial thermal analysis (DTA) of the ingot before solution and extrusion treatment was performed,
and the results are shown in Figure 1. There are two obvious inflection points on the DTA curve,
in which 503.5 °C and 606.0 °C are melting point of eutectic phase and alloy, respectively. The
solution temperature was approximately 10 °C to 20 °C below the eutectic temperature [36],
and based on previous research findings [37], the ingot was solution-treated at 490 °C for 8 h
and subsequently extruded at 460 °C, with an extrusion ratio of 7.7 and an extrusion speed of
5 mm/s. After extrusion, the diameter of the bar material was 18 mm, and it was air-cooled to
room temperature. A schematic diagram of the extrusion process and the bar after extrusion are
presented in Figure 2. After this, extruded rods needed to be annealed at 180, 200, 220, 240, 260,
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and 280 °C for 4 h. We used the codes SE46, SEA18, SEA20, SEA22, SEA24, SEA26, and SEA28
to replace 1, 2 and 3 in the process solution at 490 °C for 8 h + extrusion at 460 °C, solution
at 490 °C for 8 h + extrusion at 460 °C + annealing at 180 °C for 4 h, solution at 490 °C for
8 h + extrusion at 460 °C + annealing at 200 °C for 4 h, solution at 490 °C for 8 h + extrusion at
460 °C + annealing at 220 °C for 4 h, solution at 490 °C for 8 h + extrusion at 460 °C + annealing
at 240 °C for 4 h, solution at 490 °C for 8 h + extrusion at 460 °C + annealing at 260 °C for 4 h,
and solution at 490 °C for 8 h + extrusion at 460 °C + annealing at 280 °C for 4 h.

DTA/uV/mg
AN S G A O N A O RPN W A~

o
o

606.0°C

420 440 460 480 500 520 540 560 580 600 620
Temperature/°C

Figure 1. DTA curve of the Mg—2.0Zn-1.0Y-0.5Zr alloy.

Figure 2. Schematic illustration of the extrusion (b), the block (a), and the extruded bar (c).

2.2. Microstructure Characterization

The metallographic specimens were ground successively to 2000 grit with SiC paper
and polished with 1.5 um diamond paste, followed by etching in a solution of 5 g picric acid
+ 100 mL ethanol + 5 mL glacial acetic acid + 10 mL deionized water. The microstructure
was observed using an optical microscope (OM, OLYMPUS PMGS3, Tokyo, Japan).

The phase analysis was carried out by D8 ADVANCE X-ray diffraction (XRD) with
Cu Ka radiation. The tube voltage and current were 35 kV and 40 mA, respectively, the
scanning speed was 2°/min, and the scanning range was 15-85°.

The specimens for transmission electron microscopy (TEM, JSM-2010, Lincoln, NE,
USA) observations were thinned to approximately 100 pm using mechanical methods and
cut into circular thin foils of 3 mm in diameter. Then, in a 3 wt% HCIO, solution cooled to
—40 °C using liquid nitrogen, it was prepared by double jet electrolytic polishing under a
voltage and current of 80 V and 20 mA, respectively.

2.3. Tensile Testing

The mechanical properties of tensile specimens perpendicular to the extrusion direc-
tion were measured at room temperature using an electronic universal testing machine
(DNS100) with a size of 2 mm thickness, 3.5 mm width and 15 mm gauge length based
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on the GB/T228.1-2021 standard [38]. Tensile tests were carried out on a universal testing
machine at room temperature; the tensile rate was 1 mm/min, and each experiment tested
five parallel specimens.

2.4. Immersion Experiment

Immersion experiments with a size of ® 18 mm x 5 mm were performed in simulated
body fluid (SBF) at about 37 £ 0.5 °C. The ratio of the solution volume to specimen area was
30:1 mL/cm?, the immersion time was 120 h with the replacement of SBF every 24 h, and
the amount of hydrogen evolution was recorded every day using a gas-collecting device. A
boiling chromic acid solution was used to remove corrosion products (3 g AgNOs + 60 g
chromic acid + 300 mL deionized water). An electronic analytical balance with an accuracy
of 0.1 mg was used to determine the mass loss. The chemical composition of SBF is given
in Table 1.

Table 1. Chemical composition of the SBF (g/L).

NaCl

NaHCO3 MgC126H20 C5H1206 NazHPO4~12H20 KH2PO4 MgSO4~7H20

8.00

0.35 0.10 1.00 0.06 0.06 0.06

The corrosion rate obtained by weight loss was calculated as follows [39]:
Py =(KxW)/(AxTxD) (1)

where Pyy is the corrosion rate (mm/y), K = 8.76 x 10%, W is the weight loss value (g),
A is the specimen surface area, T is the immersion time (h), and D is the density of the
material (kg/ m?).

2.5. Electrochemical Testing

An electrochemical workstation was used for electrochemical experiments (Autolab,
AUTB84580, Herisau, Switzerland) with a three-electrode electrochemical cell. A specimen
with an exposed area of 1 cm? was used as the working electrode, a graphite sheet was
used as the counter electrode, and a saturated calomel electrode (SCE) was used as the
reference electrode. All potentials herein are relative to SCE. Electrochemical impedance
spectroscopy (EIS) was performed after the specimen (immersed in SBF for 1 h) obtained a
stable open-circuit potential (OCP) with an AC amplitude of 5 mV over a frequency range
from 10 kHz to 0.1 Hz. Then, the polarization curve was obtained at a constant voltage
scan rate of 5 mV/s from —19Vto —-1.1V.

Observation and test specimens were machined in parallel to the extrusion direc-
tion (ED).

3. Results
3.1. Subsection

Figures 3 and 4 present optical images and grain size distributions of the Mg-2.0Zn—
1.0Y-0.5Zr alloy under different conditions, respectively. Nano Measurer measuring soft-
ware (version 1.2.5) was used to measure the grain size. The average grain size of the as-cast
specimen was approximately 95 & 2 pm. Compared with the cast alloy, the microstructure
of extruded specimen SE46 was significantly refined; it was mainly composed of a bimodal
grain structure with tiny dynamic recrystallized (DRXed) grains and several elongated
deformed grains, namely, coarse unrecrystallized (unDRXed) grains distributed along the
ED [28,40], with an average grain size of about 2.3 £ 0.4 um.
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Figure 3. Optical images of solid solution extruded Mg-2.0Zn-1.0Y-0.5Zr alloys annealed at different

temperatures: (a) as-cast, (b) unheated, (c) 180 °C, (d) 200 °C, (e) 220 °C, (f) 240 °C, (g) 260 °C, and
(h) 280 °C.
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Figure 4. Grain size distribution of Mg—2.0Zn-1.0Y-0.5Zr alloys annealed at different temperatures.

Figure 5 shows the XRD spectra of extruded and annealed Mg-2.0Zn-1.0Y-0.5Zr
alloys. A small amount of I (Mg3YZng) and W (MgsY2Zn3) phases was detected in the
spectra of all specimens by the XRD pattern, which meant that the second phases in alloys
did not change, but the diffraction peak in the alloys varied somewhat. Previous studies
showed that the second phase consists of W, I, and Zn,Zr phases [37,41]. In addition, it
was observed that higher peaks of (0002) and (10-11) orientation were detected in extruded
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and annealed specimens, which indicates that the annealing process does not change the
preferential crystallographic orientation of x-Mg grains [24,42].
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Figure 5. XRD patterns of Mg-2.0Zn-1.0Y-0.5Zr alloys annealed at different temperatures.

Figure 6 shows TEM bright-field micrographs of Mg—2.0Zn-1.0Y-0.5Zr alloys in
different states. A large number of dislocations and nanoscale particle-like and rod-like
second phases were observed in specimen SE46, with most of the nanoscale rod-like second
phase aligned in ED with the dynamically recrystallized grains after extrusion. These
nanoscale second phases dynamically precipitated from the supersaturated solid solution
during the extrusion process. Li et al. [43] observed massive residual and dislocation
tangles in Mg-Yb alloy after extrusion. In contrast, grains in specimen SEA24 were fine and
more homogeneous, and the number of high-density dislocations in the alloy decreased
sharply. Furthermore, the amount of nanoscale second phases increased and significantly
grew, and other studies [28,44] have found similar results. In addition, twins were less
prominent in both extruded and annealed specimens; therefore, the influence of twins in
the alloy on the mechanical properties and corrosion resistance was not considered.

isecondiphiases

——

Figure 6. TEM bright-field micrographs of extruded SE46 (a,b) and annealed SEA24 (c,d) specimens.

3.2. Mechanical Properties

Figure 7 shows the mechanical properties of Mg—2.0Zn-1.0Y-0.5Zr alloys annealed
at different temperatures. The ultimate tensile strength (UTS), yield strength (YS), and
elongation (EL) of extruded specimen SE46 were 298.4 + 4.8 MPa, 237.1 £+ 7.5 MPa, and
16.2 £ 0.4%, respectively. The strength and ductility of annealed specimens gradually
increased as the annealing temperature rose to 240 °C, and gradually decreasing at higher
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annealing temperatures. After annealing at 240 °C, specimen SEA24 showed the highest
strength and ductility; the UTS, YS, and EL were 346.7 + 8.9 MPa, 292.4 &+ 6.9 MPa,
and 19.0 £ 0.4%, respectively, and were 16.2%, 23.3%, and 17.2% higher than those of
extruded specimen SE46. This indicated that low-temperature annealing after extrusion
was beneficial to improve strength and ductility.
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Figure 7. Mechanical properties of Mg-2.0Zn-1.0Y-0.5Zr alloys annealed at different temperatures.

As previously described, extruded specimen SE46 demonstrated high strength and
relatively low elongation. Specimen SE46 contained fine grains, caused by dynamic recrys-
tallization due to the extrusion process. At this time, W, I, and Zn,Zr phases dispersed
in the grain interior and grain boundaries led to precipitation strengthening, as shown in
Figure 6a, b. Moreover, a large number of dislocations within coarse and un-recrystallized
grains, as well as insufficient deformation energy for recrystallization, positively affected
the strength [22]. In contrast, elongated deformed grains were unfavorable for stress re-
lease, resulting in stress concentrations, which cause cracking and even fracture [30,45].
Consequently, these factors resulted in higher strength and lower elongation of extruded
specimen SE46.

The influence of the annealing temperature on strength and elongation was shown
to be closely related to the grain size and dislocation density [28]. When the annealing
temperature was lower than 240 °C, the increase in grain size and decrease in dislocation
density in annealed specimens decreased the strength of the specimens. Moreover, the
bimodal grain structure accompanied by coarse unrecrystallized and fine recrystallized
grains made it difficult for the matrix to slide along the ED, thus further enhancing the
strength [46]. A slight increase in secondary phases after annealing was also responsible
for the increased strength.

When the annealing temperature was 240 °C, specimen SEA240 was completely
recrystallized, and the grains were fine and uniform. According to the Hall-Petch rela-
tionship, grain refinement can promote an increase in crystal boundaries per unit volume,
strongly inhibiting internal dislocation movement in the initial stage of the tensile process,
and dislocation plugging can minimize the slip of adjacent grains, ultimately promoting
strength [26,47,48]. In addition, the fine grain size could increase the basic slip system
and angular slip system, promoting grain boundary sliding and torsion, shortening the
dislocation movement distance, and improving plasticity [21]. Furthermore, the small and
uniform grain size was also conducive to the improved coordination and transmissibility
of deformation between different grains in the alloy, resulting in better plasticity [49].

Figure 8 depicts the fracture morphologies after tensile tests of Mg—2.0Zn-1.0Y-0.5Zr
alloys annealed at different temperatures.
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Figure 8. Mechanical properties of solid solution extruded Mg-2.0Zn-1.0Y-0.5Zr alloys annealed at
different temperatures: (a) unheated; (b) 220 °C; (c) 240 °C; and (d) 280 °C.

The fracture morphology of extruded specimen SE46 consisted of a small cleavage
platform, numerous tearing edges, and dimples, implying mixed brittle and ductile fracture,
as shown in Figure 8a. This was likely related to the bimodal grain structure, because coarse
unDRXed grains can act as crack initiation sites during subsequent tension along the ED [50].
After annealing at 220 °C, the number of tearing edges in specimen SEA22 decreased with
an increase in dimples, indicating that plasticity improved. Specimen SEA24 annealed
at 240 °C demonstrated good ductile fracture, with abundant and uniformly distributed
dimples, as shown in Figure 8c. This showed that the fracture mechanism shifted from
the ductile-brittle fracture mode to ductile fracture mode [43]. The microstructure of the
SEA24 specimen, as shown in Figure 3f, was more uniform after recrystallization, which
was beneficial to improving plasticity. When the annealing temperature was increased to
280 °C, as shown in Figure 8d, the number of dimples decreased, the dimple size increased,
cleavage platform increased, and the number of tearing edges increased; therefore, plasticity
decreased. This was attributed to the coarsening of grains. The rupture characteristics were
consistent with results for the mechanical properties.
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3.3. Corrosion Resistance

The corrosion rate and hydrogen evolution volume of Mg—2.0Zn-1.0Y-0.5Zr alloys
annealed at different temperatures after being immersed in SBF for 120 h are shown in
Figure 9. The corrosion rate obtained by weight loss for extruded specimen SE46 was
0.756 £ 0.016 mm/y. After undergoing further annealing treatment, the corrosion rate
decreased significantly. On the other hand, it first decreased with an increase in the anneal-
ing temperature until 240 °C and thereafter increased gradually at higher temperatures.
The corrosion rate for specimen SEA24 was the lowest among all specimens at approxi-
mately 0.454 + 0.023 mm/y. In practice, however, inadequate corrosion product removal
or overcleaning will affect precision [51]. The overall corrosion reaction for magnesium
is as follows: Mg + 2H,O — Mg(OH), + Hy. In other words, magnesium corrosion is
accompanied by the formation of a molecule of hydrogen. To ensure accuracy, reliability,
and reproducibility, hydrogen evolution was used to evaluate the corrosion rate of spec-
imens [52]. The formula for the corrosion rate Py (mm/y) via hydrogen evolution is as
follows [53]:

Py = 2.088Vy )

where 2.088 is a constant, and Vy is the H, evolution rate (mL/cm?/d)—one mole of hy-
drogen has 24.45 L at 25 °C and a pressure of 1 atm, and is produced for 1 mole of corroded
Mg metal, 24.31 g. Three samples from each group were taken for testing. The corrosion
rates obtained by hydrogen evolution were consistent with those determined by weight
loss, but the former were smaller than the latter. This may be attributed to the shedding of
partially undissolved grains and second-phase particles caused by overcleaning, resulting
in a higher corrosion rate calculated by weight loss. In addition, some hydrogen bubbles
could have been attached to the walls of the funnel and burette or were possibly dissolved
on the specimen surface, leading an underestimation of the corrosion rate calculated by
hydrogen evolution [54].
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Figure 9. Corrosion rate (a) and hydrogen volume (b) of Mg—2.0Zn-1.0Y-0.5Zr alloys annealed at
different temperatures after immersion in SBF for 120 h.

The hydrogen evolution volume of extruded specimen SE46 increased continuously
with the immersion time, reaching 1.56 mL/cm? at an immersion time of 120 h. The
increasing trend for annealed specimens was similar to specimen SE46, but the hydrogen
evolution volume was lower. Upon increasing the annealing temperature, the hydrogen
evolution volume decreased first and then increased, and it decreased to approximately
0.79 mL/cm? for specimen SEA24 annealed at 240 °C.

Figures 10 and 11, respectively, show macroscopic and microscopic SEM images of
the corrosion morphology of annealed samples after soaking for 120 h to remove corro-
sion products. From a macro point of view, the corrosion area and depth of alloy surface
decreased significantly as the annealing temperature increased to 240 °C, as shown in
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Figure 10b—e. After that, when the temperature continued to rise to 280 °C (Figure 10f),
the local corrosion of the surface increased. Combined with the microscopic morphology
analysis, Figure 11a shows the corrosion morphology of extruded alloys. There was an ob-
vious zonal corrosion morphology distribution along the extrusion direction, accompanied
by many small corrosion pits. When the annealing temperature was 220 °C (Figure 11b),
some fine corrosion pits still existed in the alloys, and strip corrosion occurred along the
non-recrystallization matrix. When the annealing temperature was 240 °C, the recrys-
tallization degree of alloy was complete, and the corrosion morphology was somewhat
reduced and relatively uniform compared with that at 220 °C, as shown in Figure 11c. As
the annealing temperature rose to 280 °C (Figure 11d), alloy grains grew significantly, the
corrosion morphology appeared as large and wide corrosion grooves mixed with small
and many corrosion pits, and the local corrosion morphology could be observed.

The counter maps and three-dimensional morphology of tested specimens after re-
moval of the corrosion products are shown in Figures 12 and 13, respectively. The different
colors represent the degree of corrosion, where the more uniform the color pattern, the
more flat the corrosion surface and the more uniform the corrosion. Through the color
contrast, it can be seen that the alloy annealed at 240 °C exhibited relatively uniform corro-
sion. The linear roughness (Ra) crossing the localized corrosion region can reflect corrosion
resistance [55]. The lower the liner roughness, the better the corrosion resistance [56]. The
Ra of extruded specimen SE46 was 8.112 pum, the corrosion morphology was not uniform,
there were local corrosion pits with a large size in the vertical direction, and corrosion
was relatively heavy. Previous studies have reported that deep pits could reduce overall
corrosion resistance [57]. The Ra value of annealed specimen SEA24 was approximately
4.240 pm (lower than that of the other specimens), indicating a relatively light corrosion
and a uniform corrosion morphology, as shown in Figure 13c. The Ra value for specimen
SEA28 was 6.933 pm, where many small corrosion pits were distributed on surface, and
serious local corrosion appeared again.

Hot extrusion can greatly reduce the grain size and improve the strength and ductil-
ity [41]. However, due to the limited number of active deformation systems in hexagonal
close-packed magnesium, a strong crystallographic texture is prone to develop upon hot
extrusion [58,59]. Moreover, massive dislocation in extruded alloys was induced by defor-
mation [31,60]. Because the XRD results indicated that the annealing process did not alter
the direction of the crystalline texture of the extruded specimen, the effect of the crystalline
texture on corrosion resistance was not considered.

Figure 10. Surface macrographs of annealed alloys immersed in SBF for 120 h: (a) unheated; (b) 180 °C;
(c) 200 °C; (d) 220 °C; (e) 240 °C; () 260 °C; and (g) 280 °C.
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Figure 11. Fracture morphologies of solid solution extruded Mg—2.0Zn-1.0Y-0.5Zr alloys annealed at
different temperatures: (a) unheated; (b) 220 °C; (c) 240 °C; and (d) 280 °C.

Figure 12. Contour map of removing corrosion products after annealing alloys at different temperatures
and soaking in SBF for 120 h: (a) unheated; (b) 220 °C x 4 h; (c) 240 °C x 4 h; and (d) 280 °C x 4 h.



Alloys 2024, 3 151

so| Ra=3.240 pm '50 Ra=6.933 pm

-so -so

o 400 BOO 1Z00 1600 o a00 BOO 1Z00 1600

Figure 13. Three-dimensional morphology of alloys annealed at different temperatures and soaked
in SBF for 120 h: (a) unheated; (b) 220 °C x 4 h; (c) 240 °C x 4 h; and (d) 280 °C x 4 h.

Figure 14 and Table 2 show a locally enlarged view of corrosion products not removed
by EH48 and EHA24 and the EDS of corrosion products. It can be seen from the figure
that the corrosion degree of alloy was reduced after the solid solution extrusion annealing
treatment. According to Table 2, corrosion product elements were mainly O, Ca, P, C, and
Mg. The high contents of C, O and P showed that corrosion products may be composed
of phosphate.

Several studies reported that the difference in the crystal structure between MgO and
the internal Mg matrix will be reduced after grain refinement, and the MgO film will tend
to be stable and dense, thus improving corrosion resistance [28,60,61].

Figure 14. The corrosion morphology of the alloy without the removal of corrosion products after
120 h of immersion in simulated body fluids: (a) EH48, (b) EH48 local magnification, (c¢) EHA24, and
(d) EHA24 ]local magnification.
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Table 2. EDS analyses marked in Figure 11.

Element (wt%)

Position
(0] Ca P C Mg
A 49.1 18.8 13.6 8.6 9.9
B 579 11.5 9.6 11.2 9.8

An increase in dislocation density can reduce the equilibrium potential near the dis-
location, enhancing the thermodynamic driving force of electrochemical corrosion [43,62].
Moreover, dislocations distort the lattice, and atoms in the distorted lattice are more active
than those in normal lattice and are susceptible to corrosion [63]. Therefore, a high disloca-
tion density can decrease the corrosion resistance of alloys through corrosion preferably at
the outcrop of dislocations [64,65].

Previous studies have shown that the unDRXed region in extruded alloys had a higher
dislocation density than that of the DRXed region by kernel average misorientation maps,
and texture appeared in extruded alloy [41,66]. The unDRXed region had greater activity
during immersion, and so it will give priority to corrosion in the SBF solution [67]. In
addition, the massive dislocation and bimodal grain structure in extruded alloys inevitably
led to the deterioration of their corrosion resistance.

With a lower annealing temperature (<240 °C), the dislocation density and non-DRXed
grains in the alloy were reduced to some extent, thus improving the corrosion resistance.
However, the grain size was smaller than that of extruded specimens. When the annealing
temperature reached 240 °C, the non-DRXed grains in the alloy disappeared, and micro-
galvanic corrosion caused by different corrosion potentials between coarse grains and
fine grains was eliminated. In addition, grain refinement was beneficial for reducing
the corrosion rate due to the more stable and dense MgO film. Finally, the dislocation
density was further reduced. Therefore, this specimen had the lowest corrosion rate. With
an increase in the annealing temperature, grains grew from 2.4 to 4.2 um, which made
the MgO film prone to cracking, thus weakening its protective effect and increasing the
corrosion rate.

As previously mentioned, grain refinement induced by extrusion can improve the
corrosion resistance of Mg—2.0Zn-1.0Y-0.5Zr alloys because larger grain boundaries offer
better surface coverage and inhibit the subsequent rupture of the exterior oxide film layer.
However, a high dislocation density will be unfavorable to its corrosion resistance. In
addition, a high dislocation density can easily lead to deformation, ultimately leading to
premature failure of an implant. Therefore, lower-temperature annealing was investigated
and incorporated during hot extrusion to refine grains and remove dislocation. Accordingly,
plasticity and corrosion resistance can be improved at the same time, without a loss
of strength.

3.4. Electrochemical Properties

Figure 15 exhibits potentiodynamic polarization curves of Mg-2.0Zn-1.0Y-0.5Zr alloys
annealed at different temperatures and immersed in SBF for 1 h at OCP. The corrosion
potential (Ecorr), breakdown potential (E},), and corrosion current (Icorr) obtained from
polarization curves are listed in Table 3. I.o;r was obtained by the Tafel extrapolation method
and reflects corrosion rate. According to Faraday’s law, the greater the I, the greater the
corrosion rate and the worse the corrosion resistance [39]. The anodic polarization curves of
all specimens presented weak passivation characteristics, which indicated that a protective
corrosion product film was formed on their surfaces [68,69]. Ecorr and Icorr of extruded
specimen SE46 were —1.592 V/SCE and 5.427 pA /cm?, respectively. After low-temperature
annealing, Ecorr became positive and Icorr decreased. As shown in Figure 15 and Table 3,
with the increase in the annealing temperature, Ecor first shifted positively and then
subsequently negatively, and Icorr first decreased and then increased. The specimen SEA24
annealed at 240 °C presented higher Ecorr and Ep, values and a minimal I¢orr, approximately
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—1.440 V/SCE, —1.244 V/SCE, and 2.454 pA/cm?, respectively, implying a more stable
and dense protective film and a higher corrosion resistance. This was consistent with the
weight loss test results.
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Figure 15. Polarization curves of Mg—2.0Zn-1.0Y-0.5Zr alloys annealed at different temperatures
after immersion in SBF for 1 h at OCP.

Table 3. Fitting results for the polarization curves.

Material Ecorr Ey Tcorr ba b,

(V/SCE) (VISCE)  (uA/em®)  (mV/dec) (mVideoy i (mm/y)
SE46 1592 1328 5.427 60 —155 0.132
SEA18 ~1533 ~1.369 4301 55 —143 0.104
SEA20 ~1.498 ~1.310 3.837 52 —143 0.093
SEA22 ~1.483 1332 2.853 49 ~163 0.069
SEA24 —1.440 —1.244 2.454 47 —155 0.060
SEA26 —1.465 ~1.308 3.456 55 —143 0.084
SEA28 ~1.489 —1.354 3.798 54 —155 0.092

The electrochemical corrosion rate of specimens could also be calculated by the Icorr
value using the following formula [70]:

I
P = 3270—;;1”1\/1 3)

where P; is the degradation rate (mm/y), Icorr is the corrosion current density (A/ cm?), M
is the molecular weight of the Mg alloy (g), V is the number of electrons lost during the
oxidation reaction, and p is the measured density of Mg alloy (1000 kg/m?3). It is shown
that corrosion rates obtained by I.r are consistent with those obtained by weight loss
and hydrogen evolution, but for all specimens, those obtained by I.:r are markedly lower
than those determined by weight loss and by hydrogen evolution. Shi et al. found similar
results for the instantaneous corrosion rate [71,72]. This may have been caused by the
fact that P; is the instantaneous corrosion rate for 1 h whereas Py and Py, are the average
corrosion rates for 5 days. On the other hand, P; for specimen SEA24 is the lowest among
all other specimens.

The EIS curves and equivalent circuit of Mg—2.0Zn-1.0Y-0.5Zr alloys annealed at
different temperatures in SBF at OCP are shown in Figure 16, where the solid lines in
Figure 16a—c represent the fitting results. The Nyquist plots of all specimens presented a
compressed capacitive loop over the entire frequency range. However, as shown under
local magnification, a capacitive arc was present in the high-frequency range. Furthermore,
two peak values for all specimens could be observed from Bode phase angle in Figure 8c,
corresponding to the presence of two capacitive loops in the corrosion process. The high-
frequency loop was associated with charging in the interface, whereas the low-frequency
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loop was associated with charge transfer [73]. The high-frequency capacitive loop radius for
extruded specimen SE46 was relatively small, as shown in the Nyquist plots in Figure 16a.
After annealing, it aggrandized compared to extruded specimen SE46, first increasing and
then decreasing with an increase in the annealing temperature. The variation trend of
the low-frequency modulus |Z1 in the specimens shown in Bode plots in Figure 16b was
consistent with that of the high-frequency capacitive loops. The corrosion resistance of
alloys typically relies on the magnitude of the capacitive arc modulus, where the larger the
modulus, the greater the reaction resistance and the slower the anode alloy corrosion [74,75].
The large modulus value indicated a film with better integrity compared to the other
specimens. Therefore, specimen SEA240 demonstrated the best corrosion resistance.

(@)

12000
10000
8000

6000

-Z" (Qxcm?)

4000

2000

Erm—— (b)
—e— SEAI8 ) 40 rontngagy <
5 100 ey, g
—A— SEA20 % e
— ¥ SEA22 i, 50 354 %40
4 SEA24 . — -
50 100 150 £ 3.0+ 10 08 06 -04 02 00
< SEA26 2 (Qmez) S Log Frequency (Hz)
> SEA28 )
1.47 Hz N 254
1.47 Hz b 1.21Hz b=
178{1z \ 7 121Hz —
PRSI
AAA Ay | > <
L AR A
[ 7N Pyt e
Y &‘ < * 154
L78Hz 1 47 1z < *
1.0 T T T T T
. . . . ; ; -1 0 1 2 3 4 5
2000 4000 6000 8000 10000 12000 Log Frequency (Hz)
Z' (Qxcm?)
(d) CPE,
CPE,,
S
£ 1
lg:

Log Frequency (Hz)

Figure 16. EIS of Mg—2.0Zn-1.0Y-0.5Zr alloys that were extruded and subsequently annealed at
different temperatures after immersion in SBF for hour at OCP: (a) Nyquist diagram, (b) Bode
impedance diagram, (c) Bode phase angle, and (d) equivalent circuit (the characteristic frequency is
marked in Nyquist plots).

The EIS plots for all specimens could be interpreted using the equivalent circuit shown
in Figure 16d, where Rs is the solution resistance between the reference electrode and
working electrode, Ry and CPE; represent oxide film resistance and the constant phase
element of product film, respectively [52,76], Rt describes the charge transfer resistance of
interfacial reaction, and CPEgy; denotes the electrochemical double layer/MgQO barrier film
capacitance at the substrate/electrolyte interface [53,77]. The equivalent circuit element
values, obtained by ZSimpWin software (version 3.60), are listed in Table 4. The Rs values
were all very low, and the corrosion rate was determined by the charge transfer resistance
(Ret)- The film resistance (R¢) and charge transfer resistance (R.t) of annealed specimens
increased compared to extruded specimen SE46. Specifically, values first increased until
240 °C and then gradually decreased with increasing annealing temperature. The R¢ and Rt
values for specimen SEA24 reached their maxima at approximately 240 and 12,700 QO/cm?,
respectively, implying that specimen SEA24 had the best corrosion resistance. This could
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be attributed to the decrease in dislocation caused by annealing, leading to a decrease in
the activation position in the active area.

Table 4. EIS fitting parameters of Mg—2.0Zn-1.0Y-0.5Zr alloys that were extruded and subsequently
annealed at different temper-atures after immersion in SBF for hour at OCP.

R CPE; R¢ CPEy, Rt R Igis Pygr

Samples (Q-em?) (Q~1.cm—2.s—n) m (Q-cm?) (Q*l-cm*dz-s*“) "2 (Q-cm?) (O.Ci,nz) (LA -cm—2) (mm/-yS*1)
SE46 17 1.14 x 107° 0.68 109.1 9.22 x 10°° 091 869 x10°  8.80 x 10° 4.878 0.118
SEA18 36.28 1.10 x 10~ 0.67 125.9 7.77 x 107° 092 934 x10° 947 x 103 4.105 0.100
SEA20 36.03 9.79 x 10~7 0.68 141.2 7.98 x 10 091 976 x10°  9.90 x 103 3.588 0.087
SEA22 24.48 7.53 x 10~ 0.70 140.7 1.00 x 107° 090 1.10 x 10*  1.11 x 10* 2.734 0.066
SEA24 24.01 8.62 x 10~ 0.70 244 7.97 x 10 087 127 x10* 1.29 x 10* 2.266 0.055
SEA26 22.04 7.96 x 1076 0.71 166.7 1.04 x 107° 088 117 x10*  1.19 x 10* 3.275 0.079
SEA28 22.97 7.7 x 1075 0.70 124.8 2.78 x 1075 0.71 1.04 x 10*  1.05 x 10* 3.423 0.083

The polarization resistance (Rp), defined as the zero-frequency impedance at —Z" =0
often assessed at f—0, is calculated using the following equation: R, = R¢ + Ry [78].
The corrosion rate density derived from EIS (Igs) is calculated with the Stern-Geary
equation [54,79]:

e — ba - be
F18 7 2.308(ba + be)Rp

(4)

where b, and b, are the anodic and cathodic slopes of the polarization curve (mV/dec),
respectively, which is measured soon after EIS measurement. The instantaneous corro-
sion rate P;/gjg determined from Igjg is calculated using Equation (3), and the results are
presented in Table 4. It can be seen that the Ry, value of annealed specimens increased
compared with that of extruded sample SE46, and the R}, value for specimen SEA24 is the
lowest, implying the formation of a uniform and compact oxide film. For another, there
was good consistency between P; /gis, determined from Igs, and P; obtained by Icorr, but
P; was slightly larger than P; /gis. Furthermore, P; /g1 for specimen SEA24 was the lowest
compared to other specimens.

3.5. Corrosion Behavior

The corrosion behaviors of extruded Mg—-2.0Zn-1.0Y-0.5Zr alloys before and after
annealing in SBF showed distinct differences. Based on immersion experiments and
electrochemical tests, corrosion models of extruded and annealed specimens in SBF are
proposed in Figure 17.

Extruded specimen SE46 exhibited a bimodal grain structure and high dislocation
density. The coarse-grain regions contained a weaker passive layer and higher dislocation
density, causing them to become active sites and more susceptible to corrosion. Aggressive
ions, such as needle-shaped chloride (C17), locally and preferably attacked the weak sites
of the oxide film at a dislocation ridge in coarse-grain regions. In addition, the potential
difference between coarse and fine grains acted as a driving force for galvanic corrosion,
with fine-grain regions acting as a micro-cathode and coarse-grain regions acting as a
micro-anode. Establishing many micro-galvanic couples when the extruded specimen was
in contact with the SBF solution resulted in the extruded specimen experiencing accelerated
corrosion at coarse-grain regions. Corrosion propagated in succession along coarse-grain
regions with a lower potential and weaker passive layer, forming filiform corrosion caused
by competition between corrosive and passivating species with increasing immersion time.
The coarse-grain regions with fewer grain boundaries also experienced localized corrosion,
leading to the formation of large isolated pits. Finally, a pitting and filiform-type corrosion
morphology formed, as shown in Figure 13a. Schematic diagrams of the corrosion behavior
of extruded specimen SE46 following the corrosion process are shown in Figure 17(al-a3).
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Figure 17. Schematic diagrams of the corrosion behaviors of the extruded SE46 (al-a3) and annealed
SEA24 (b1-b3) specimens.

After annealing at 240 °C for 4 h, the dislocation and bimodal grain structure in
specimen SEA24 were nearly eliminated, and uniform and fine grains formed, which was
favorable for the formation of a more uniform and compact oxide film. These conditions
allowed the SEA24 specimen to exhibit a more positive potential and more uniform and
compact oxide film. Weak portions of oxide film such as defects (e.g., dislocations) and the
interface with a second phase and matrix formed active spots when specimen SEA24 was
immersed in SBF, which was preferentially destroyed by CI~ and dissolution. In contrast,
the oxide film was uniformly destroyed, thus effectively slowing down the corrosion
rate. When the matrix substrate came into contact with the SBF solution, the «-Mg matrix
and dispersed W and I phases acted as the anode and cathode, respectively, leading to
micro-galvanic corrosion. Moreover, an outer Ca/P film and an inner oxide film formed as
corrosion products gradually deposited onto the SEA24 surface with increasing immersion
time. In addition, the large volume fraction of grain boundaries combined with the fine
grain size in specimen SEA24 provided protection from filiform-type attack and a lower
corrosion rate, ensuring that the pits that formed were shallow and subsequently connected
to each other, leading to the formation of uniform corrosion conditions. The specimen with
uniform and fine grains was shown to corrode more uniformly compared to that with a
bimodal grain structure (Figure 13c). Schematic diagrams showing the corrosion behavior
of annealed specimen SEA24 are presented in Figure 17(b1-b3).

Different techniques were used to measure the corrosion rate. Among them, elec-
trochemical tests are suitable for qualitative comparison, and weight loss and hydrogen
evolution tests are suitable for quantitative comparison.

4. Conclusions

Based on the investigation of the microstructure, properties and corrosion resistance
of Mg—-2.0Zn-1.0Y-0.5Zr alloys, the main conclusions are as follows:

(1) After annealing at different temperatures for 4 h, the recrystallization degree and grain
size of extruded Mg-2.0Zn-1.0Y-0.5Zr alloys change with increasing temperature.
When the annealing temperature is 220 °C, the grain size increases by 1.7 um compared
with the extruded alloy. When the annealing temperature is 240 °C, recrystallization
is complete and the equiaxed grain size is 2.4 £ 0.2 um. When the temperature rises
to 280 °C, the grain size gradually grows to 4.2 &= 0.9 um.

(2) The mechanical properties and corrosion resistance of annealed alloys are enhanced
due to grain refinement and the reduced dislocation density. When the annealing tem-
perature is 240 °C, the alloy has the highest corrosion resistance and best mechanical
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properties, with an Ry, UTS, YS, and EL of 0.454 £ 0.023 mm/y, 346.7 £ 8.9 MPa,
292.4 + 6.9 MPa, and 19.0 £ 0.4%, respectively.

(3) With the increase in the annealing temperature, I first decreases and then increases,
Ecorr first shifts to positive values and then to negative values, and the capacitive arc
modulus first increases and then decreases. The alloy annealed at 240 °C has the
maximal arc radius, the lowest I+ value, and the maximal E..;r value.
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