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Abstract: To investigate the aging mechanisms and elucidate the correlations between unstable microstructure and
performance in biodegradable Zn alloys, the accelerated aging experiment was conducted on a high-performance wrought
Zn—0.1Mg alloy by annealing at 200 °C for varying durations. The findings reveal that the tensile strength of the alloy
rapidly and significantly declines with prolonged annealing time, decreasing from 383 MPa for the as-received alloy to
102 MPa for the alloy subjected to 1440 min of annealing. The primary factors contributing to this considerable reduction
in strength are static recrystallization, grain coarsening, and dislocation annihilation. Initially, the ductility of the alloy
shows fluctuations, ultimately experiencing a marked decrease after extended annealing. This decline is linked to the
grain growth and heightened texture intensity, while the unusual increase in ductility observed between 30 and 120 min
of annealing is likely due to the formation of twins. In addition, due to rapid grain growth and an increase in precipitates
and twins, the corrosion resistance of the alloy in Hank’s solution has worsened, with the corrosion rate rising from 0.037
to 0.069 mm/a following 300 min of annealing.
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hinder their broader use in health and medical

1 Introduction

Zinc (Zn) alloys are regarded as ideal
biodegradable metallic materials due to their
favorable biodegradability, good biocompatibility,
and ease of manufacturing [1,2]. Over the past
decade, advancements in biodegradable Zn alloys
have led to the clinical application of several medical
devices made from high-performance Zn alloys [3—6].
Nonetheless, various limitations of Zn alloys still

sectors [7,8]. Firstly, pure Zn and/or standard Zn
alloys often demonstrate inadequate mechanical
properties that do not fulfill the requirements for
applications in cardiovascular stents or bone repair
devices [9,10]. Secondly, the mechanical properties
of Zn alloys tend to be unstable at ambient temperature
owing to their relatively low recrystallization
temperatures [11]. Therefore, a better understanding of
the strengthening—toughening and aging mechanisms
in Zn alloys is essential to address these issues.
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Alloying and plastic deformation are widely
employed techniques for enhancing the strength and
ductility of Zn alloys. The elements primarily
incorporated into Zn alloys include Li, Mg,
Ca, Mn, Cu, Sr, Ag, and certain rare-earth (RE)
elements [12—15]. These elements can enhance the
mechanical properties of Zn alloys by forming
substitutional solid solutions and various secondary
phases [14,15]. For example, the Mg>Zn;; and LiZn4
phases effectively improve the strength. As a result,
Zn—Mg and Zn—Li systems are two typical high-
strength Zn alloys [16,17]. In contrast, the MnZn3
and CuZns phases are deformable during loading,
which is beneficial to the ductility/plasticity of Zn
alloys, even achieving superplasticity [18,19]. With
respect to the plastic deformation, conventional
processing, including extrusion and rolling, is
commonly carried out. Most studies have
demonstrated that the refinement of microstructures
(including the grain size and secondary phase)
significantly contributes to the strength and ductility
of Zn alloys [17,20—22]. Additional factors, such as
twinning and texture, also affect the mechanical
properties; however, their influence 1is less
significant compared to the grain size refinement in
wrought Zn alloys [23—26]. Consequently, severe
plastic deformation (SPD) methods are commonly
utilized for producing high-performance Zn alloys,
with equal channel angular pressing (ECAP) being
particularly prominent [27-29]. Through this
technique, recent research has effectively developed
Zn—-Mg, Zn—Cu, Zn—Cu—Mg, and Zn—Mg—Ag
alloys exhibiting both high strength and high
ductility [27,28,30].

The aging process of Zn alloys signifies that
their mechanical properties, particularly ductility, are
unstable due to microstructural changes occurring
during natural storage at room temperature [8,31-33],
which poses significant risks for biodegradable
materials. Implants, such as stents or bone nails,
must retain their mechanical characteristics and
structural integrity for 90—180 d within the human
body. However, the decline in mechanical properties
due to aging at about 37 °C can lead to premature
device failure, negatively impacting patients’ health
and quality of life [7]. The aging of Zn alloys is
caused by their low melting point and limited
thermal stability of the microstructures. This results
in easy diffusion of solute atoms and grain
boundaries, which affects grain morphology and

phase precipitation, ultimately leading to a decrease
in ductility [19,34]. Prior studies on the aging
behavior of the ECAPed Zn—0.5Cu alloy through
accelerated aging (such as annealing at 200 °C)
demonstrated that grain coarsening and texture
enhancement during annealing were chiefly
responsible for the reductions in both strength and
ductility [35].

Because Zn—Mg alloys are completely different
from Zn—Cu alloys in terms of their mechanical
characteristics, high-strength and biocompatible
Zn—Mg alloys hold more potential in real
applications. Thus, determining the aging behavior
and mechanisms of Zn—Mg alloys and unpicking
their impacts on the corresponding mechanical and
biodegradable behaviors are important. YE et al [36]
developed a low-alloyed, high-strength, ductile,
and suitable biodegradable Zn—0.1Mg alloy with
mechanical properties superior to those of previously
developed low-alloying Zn—Mg alloys (<1.0 wt.%)
and comparable to those of the developed Mg- and
Fe-based alloys [37]. Moreover, the biodegradability
of Zn alloys is usually more suitable than that of Mg-
and Fe-based alloys. However, Mg and Fe alloy
systems usually do not experience aging issues due
to their relatively high melting points compared
to Zn alloys [38—40]. Therefore, understanding the
aging behaviors and mechanisms of Zn alloys is of
great significance.

Consequently, a high-performance, low-alloyed
Zn—0.1Mg ECAPed alloy was utilized in this study,
and an accelerated aging process was conducted to
examine its microstructural evolution, mechanical
properties, and biodegradation behaviors. By the
characterization of microstructures and properties,
the aging mechanisms of the developed Zn—Mg
alloys and their corresponding effects on the
properties were clarified.

2 Experimental

2.1 Materials and processing

A high-performance wrought Zn—0.1Mg (wt.%)
ECAPed alloy was selected for this study. The
detailed casting and processing methods have
been described in Ref. [36]. Annealing treatment
was conducted in a KSL—1200X chamber electric
resistance furnace. The temperature was set at
200 °C. When the furnace temperature reached the
target temperature, a small crucible with methyl
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silicone oil was placed in the furnace and held for
10 min to ensure that the temperature stabilized at
(200+1) °C. Afterward, the sample was immersed in
methyl silicone oil to maintain uniform heating and
avoid oxidation. Once the annealing period reached,
the sample was removed immediately using tweezers
and cooled in air. In this study, the annealing time
was set at 0.25, 1, 5, 30, 120, 300, and 1440 min,
respectively. According to the evolution of the
mechanical properties, four representative samples
with annealing time of 1, 5, 30, and 300 min were
then chosen for microstructure characterization and
evaluation of corrosion behavior.

2.2 Microstructure characterization and mechanical
properties tests

The microstructures of the annealed Zn—0.1Mg
alloys were characterized using an Olympus BX51M
optical microscope (OM), a ZEISS Sigma 300 field
emission scanning electron microscope (SEM)
equipped with a GENESIS 60S energy dispersive
X-ray spectrometer (EDS), an electron back-
scattered diffraction technique (EBSD), and a Tecnai
G2 transmission electron microscope (TEM). The
metallographic and SEM samples were ground with
SiC abrasive papers (180%-2000%), polished with
2.5 um diamond spray, and chemically etched with a
solution of 2 g CrOs + 0.15 g Na,SO4 + 10 mL H,O
chromic acid for 30s. The TEM samples were
polished into thin foils with a thickness of ~50 um
with 2000% SiC papers and then thinned via twin-
jet electropolishing. For EBSD observation, the
samples were mechanically polished, followed by
electropolishing at 32V for 300s in 95 vol.%
alcoholic + 5vol.% perchloric acid solution at
—40 °C. Channel 5 software was employed to
analyze the measured EBSD data.

The tensile tests of the annealed samples were
conducted using a CMT—5105 electronic universal
testing machine at a constant strain rate of 1x1073s!
and room temperature. The tensile samples exhibited
a dumbbell-like shape with gauge dimensions of
6 mm x 2.5 mm x 2 mm. To ensure that the results
were reproducible, three parallel samples were used
for each annealing condition.

2.3 Corrosion behavior tests
The corrosion behavior of the annealed
Zn—0.1Mg alloys was investigated using immersion

and electrochemical tests in Hank’s solution at
(37+0.5) °C, with a pH of 7.40+0.1. In accordance
with ASTM-G 31—72, the specific components of
Hank’s solution include: 8.00 g/l NaCl, 1.00 g/L
glucose, 0.40 g/L KCI, 0.35 g/LL NaHCOs3, 0.14 g/L
CaCls, 0.06 g/LL MgSO4-7H:0, 0.10 g/L MgCl,-6H,0,
0.06 g/L Na,HPO4-12H,0, and 0.06 g/L KH,POs.

The electrochemical test was conducted using
a standard three-electrode system with a CHI660C
electrochemical workstation. The working electrode
was represented by the test alloy with an exposed
area of 10mm x 10 mm, while the reference
electrode was the saturated calomel electrode, and
the auxiliary electrode was the platinum electrode.
Prior to testing, the sample surface was mechanically
polished using sandpapers, followed by diamond
spray polishing, and subsequently cleaned and dried
through ultrasonication in alcohol. An open circuit
potential (OCP) test was carried out for 1h to
achieve stability at the OCP for the sample. The
voltage for the potential dynamic polarization
(PDP) curve was adjusted from —1.5 to —0.6 V, with
a scanning speed of 0.1 mV/s. Electrochemical
impedance spectroscopy (EIS) test was executed at
an amplitude of £10 mV within a scanning frequency
range from 1075 to 1072 Hz. To ensure the reliability
of'the test results, all alloys underwent testing at least
three times. Ultimately, ZsimDemo software was
utilized to derive the fitted circuit corresponding to
the electrochemical results.

Prior to the immersion tests, the samples
(10 mm x 10 mm X 2 mm) were polished with SiC-
paper graded from 180% to 2000” and then cleaned
ultrasonically using anhydrous ethanol before
drying. The samples were subsequently immersed in
Hank’s solution in a polyethylene centrifuge tube for
a duration of 30 d. Each group included three parallel
samples. During the entire immersion period, the
centrifuge tube was maintained in a water bath at
(37£0.5) °C. After immersion, the samples were
rinsed with deionized water and dried for subsequent
characterization. The surface corrosion products
were removed using a solution of 200 g/L CrO; +
10 g/ AgNOs after examination. The morphology
and composition of the surface were analyzed using
SEM and EDS before and after immersion. Finally,
the corrosion rate of the alloys was determined from
the immersion tests in accordance with ASTM G31
using Eq. (1):
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R _8.76x10* (my —m,)
¢ S-p-t

(1)

where Rc is the corrosion rate (mm/a), my is the mass
of the sample before immersion (g), m; is the mass
of the sample after immersion and removal of the
corrosion products (g), S is the area of the immersed
surface (cm?), p is the alloy density (g/cm?), and ¢ is
the immersion time (h).

3 Results and discussion

3.1 Influence of annealing time on mechanical
properties of wrought Zn—0.1Mg alloy
Figure 1(a) illustrates the engineering stress—

strain curves of the ECAPed Zn—0.1Mg alloy

following annealing for varying durations, while the
corresponding strength and elongation values are
presented in Fig. 1(b). The as-received alloy exhibits
remarkable overall mechanical properties, with an
ultimate tensile strength (UTS) of 383 MPa and an
elongation (EL) of 45%, as detailed in a previous

study [36]. After annealing, the strength shows a

continuous decline with increasing annealing time.

The elongation values fluctuate, initially decreasing

during the short annealing period (within 5 min),
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Fig. 1 Tensile properties of annealed Zn—0.1Mg alloys:
(a) Engineering stress—strain curves; (b) Typical strength

and elongation values

followed by an abnormal increase from 30 to 120 min,
and then a rapid decline after 300 min. When the
annealing duration exceeds 300 min, the mechanical
properties significantly deteriorate, resulting in a
UTS of about 100 MPa and an elongation of merely
2%. Overall, annealing at 200 °C negatively impacts
the mechanical properties of the alloy.

3.2 Microstructure evolution of annealed alloys

On the basis of the tensile curves shown in
Fig. 1(a), four alloys with representative annealing
time, i.e., 1, 5, 30, and 300 min, were selected
for the microstructure characterization. The optical
microscopy (OM) images of the four annealed alloys
are shown in Fig. 2. The grain size of the alloy
increases gradually, and the grain boundaries
become clear with increasing annealing time.
Moreover, a small number of twins are found in the
samples with longer annealing time. In addition,
Fig. 3 shows SEM images of the Zn—0.1Mg alloys
after four annealing treatments. Apart from the
distinct grain growth, a broken eutectic structure is
identified at the grain boundaries, which are still
aligned along the pressing direction, suggesting that
the eutectic structure is thermally stable during long-
term annealing. In our previous research [36], the
eutectic structures were demonstrated to be a-Zn,
Mg>Zni1, and nanosized MgZn, phases.

Figure 4 shows the TEM images of the wrought
Zn—0.1Mg alloys after annealing for different
durations. The grains are equiaxed, and the broken
eutectic structures are distributed at the grain
boundaries. Moreover, as marked by the yellow and
red arrows, precipitates within grains and at grain
boundaries are observed in the four samples. The
selected area electron diffraction (SAED) patterns of
the precipitates are presented in the insets of
Figs. 4(b) and (d), indicating that the precipitates
within the grains and at the grain boundaries are both
MgZn; phases. This occurrence is attributed to the
significant deformation experienced by the alloy,
resulting in a substantial amount of the stored
deformation energy that enhances the tendency
for precipitation, leading to the formation of the
MgZn, phase during the annealing process [30].
Additionally, the grain size of the alloy increases
with prolonged annealing time (Figs. 4(a, c, e, g)),
and twins become observable after extended
annealing periods (Fig. 4(h)), corroborating the
findings from the metallographic and SEM analyses.
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Fig. 3 SEM images of four annealed Zn—0.1Mg alloys: (a) 1 min; (b) 5 min; (¢) 30 min; (d) 300 min

The inverse pole figures (IPFs) and the related
grain size distribution diagrams for the four annealed
alloys are illustrated in Fig. 5. A uniform micro-
structure is identified in the sample, which exhibits
a large number of equiaxed grains after 1 min of

annealing. After an annealing period of 5 min, the
microstructure shows slight irregularities, with grain
size increasing from 1.40 to 2.20 pm. With longer
annealing time, the grain distribution becomes
progressively nonuniform, resulting in an average
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Fig. 4 TEM images of four annealed Zn—0.1Mg alloys: (a, b) 1 min; (¢, d) 5 min; (e, f) 30 min; (g, h) 300 min

grain size of 17.80 um after 300 min. It is clear that
the grain growth rate decreases as annealing time
extends, aligning with findings related to Zn—Cu
alloys [35]. In the initial annealing stage (130 min),

the stored deformation energy from ECAP is
sufficient to facilitate the grain growth, leading to a
high rate of grain boundary migration that
accelerates this process. However, as the annealing
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Fig. 5 IPFs and grain size distributions of
(g, h) 300 min

duration increases to 300 min, a considerable
amount of stored deformation energy is depleted by
the grain growth, which reduces the grain boundary
mobility [41—44]. Additionally, the fractured and
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four annealed Zn—0.1Mg alloys: (a, b) 1 min; (¢, d) 5 min; (e, f) 30 min;

thermally stable eutectic structure (depicted in
Fig. 3), along with precipitates that form at grain
boundaries and within grains (marked in Fig. 4)
during annealing process, further restricts the
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movement of the grain boundaries.

Figure 6 shows the distributions of twins in the
four annealed alloys. The volume fraction of the twin
boundaries clearly increases during annealing. In
particular, the fraction of twin boundaries increases
dramatically from 7.7% after 30 min of annealing to
19.6% after 300 min of annealing.

To investigate the variation in dislocation
density following different annealing durations,
Fig. 7 presents the kernel average misorientation
(KAM) maps and its values for the four alloys.
The wrought alloy demonstrates a high degree of
DRX [36], and similarly, the four annealed alloys
exhibit a low dislocation density. As the annealing
time increases, the dislocation density shows a slight
decrease, which can be attributed to the processes of
static recrystallization and grain growth occurring
during annealing. Additionally, it is important to note
that the majority of regions appearing in green in
Fig. 7 correspond to eutectic structures, indicating
that a greater accumulation of dislocations is present
within the fractured eutectic regions.
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Figure 8 shows the pole figures of the four
annealed Zn—0.1Mg alloys. The texture type of the
alloy clearly remains unchanged during annealing,
whereas the strength experiences a dynamic change.
Compared with that of the ECAPed alloy, the texture
intensity of the alloy annealed for 1—5 min increases.
When the annealing time is increased to 30 min, the
texture intensity decreases to 13.79, which is lower
than that of the unannealed alloy and may be related
to the generation of many twins. After further
annealing for 300 min, the texture intensity of the
alloy increases to 28.48, which may be attributed to
the preferential growth of the grains with a strong
texture.

3.3 Biodegradation behaviors of annealed
Zn—0.1Mg alloy
Figure 9 shows the potential dynamic

polarization (PDP) curves of the ECAPed and
annealed Zn—0.1Mg alloys and the variation trend
diagram of the self-corrosion potential (@cor) and
corrosion current density (Jeorr) derived from the PDP

Eraction ofitwin
boundariess2.4%
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Fig. 7 KAM maps (a—d) and corresponding KAM values (e) of four annealed Zn—0.1Mg alloys: (a) 1 min; (b) 5 min;
(c¢) 30 min; (d) 300 min
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curves. The @gcr value decreases with increasing
annealing time, whereas the Jeor value clearly
increases, suggesting that the corrosion resistance of
the alloy decreases after annealing.

Figure 10 shows the electrochemical impedance
spectroscopy (EIS) results for the ECAPed and
annealed Zn—0.1Mg alloys. The Nyquist curves for
all alloys exhibit two arcs of capacitive reactance
across the entire frequency range. The arc in the
high-frequency region is associated with the charge
transfer reaction, while the arc in the low-frequency
region is related to the conductivity of the electrolyte
through the corrosion product film [45]. The Bode
curves depicted in Fig. 10(b) indicate that the
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impedance values of the alloys increase from
the high-frequency to the low-frequency region.
Furthermore, the phase angle versus frequency plots
reveal a wave crest in the high-frequency range for
all alloys (Fig. 10(c)).

Furthermore, Fig. 10(d) displays the fitted
equivalent circuit for the EIS data, where R
represents the solution resistance, R denotes the
charge transfer resistance, CPE; indicates the
double-electric layer capacitance at the electrolyte/
metal interface, G (Gerischer) corresponds to the
time constant of the diffusion impedance, and R,
and CPE; refer to the resistance and capacitance of
the corrosion product layer, respectively. The fitted
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Fig. 9 (a) PDP curves of ECAPed (8 P: 8 passes) and annealed Zn—0.1Mg alloys; (b) @corr and Jeorr versus annealing time
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values are summarized in Table 1. The R values
exhibit a clear decrease with longer annealing time,
with the R value for the sample annealed for
300 min recorded at only 2136 Q-cm?, about 1/3 that
for the ECAPed sample. The trend observed for the
CPE, value is inversely related to that of R..
Generally, higher R. values are associated with
lower corrosion rates of the Zn matrix, while lower
CPE; values suggest a denser alloy surface film.
Consequently, the corrosion rate of the annealed
alloy surpasses that of the wrought alloy, increasing
further with extended annealing time, which aligns
with the trend observed in the data measured by the
PDP curve.

Table 2 lists the mass loss results of the wrought
and annealed Zn—0.1Mg alloys after 30d of
immersion. The corrosion rate calculated from
the mass loss of the annealed samples is greater than
that of the wrought alloy (0.037 mm/a), which
continuously increases with increasing annealing
time. The immersion results demonstrate that
annealing decreases the corrosion resistance of the
wrought Zn—0.1Mg alloy, which is consistent with
the electrochemical test results.

Figure 11 illustrates corrosion morphologies of
the annealed Zn—0.1Mg alloys following a 30d
immersion in Hank’s solution. Spherical corrosion
products are evident on the surface of all alloys, with
an increasing density observed as the annealing
time extends. Furthermore, the spherical corrosion
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products exhibit agglomeration, resulting in a denser
distribution on the surface of the alloy annealed for
300 min, indicating more extensive corrosion. To
determine the specific compositions of the corrosion
products, EDS analyses were performed on the
alloys annealed for 5 and 300 min. The positions of
the EDS analyses are indicated in Fig. 12, and the
results are summarized in Table 3.

Points 4, B, D, and E in Fig. 12 are associated
with white granular corrosion products, while points
C and F correspond to corrosion films where the
accumulation of white corrosion products is absent.
The corrosion products predominantly consist of Zn,
Mg, Ca, C, P, and O. In the sample subjected to short-
term annealing (5 min), the contents of Ca and P at
point C are low, whereas higher levels are observed
at points 4 and B. Notably, at point 4, where granular
corrosion products accumulate, the contents of P
and Ca are measured at 7.84 wt.% and 10.44 wt.%,
respectively, which can be attributed to the formation
Of CaCO3, Ca3(PO4)2, and Zn3(PO4)2 [46] With
respect to the samples annealed for a long time
(300 min), the Ca contents measured at points D, E,
and F are similar, indicating the formation of large
amounts of CaCO; and Ca3(POs),. Compared with
points D and E, F point has obviously lower contents
of C and O but a much higher content of Zn,
suggesting that more ZnO and Zn(OH), are formed
at this site. Combined with a previous study [46], it
can be inferred that the corrosion products formed on

Table 1 Parameter values measured from Nyquist curves of wrought and annealed Zn—0.1Mg alloys

Annealing time/min  RJ/(Q-cm?)  CPE,/uF n o Rp/(Qem?) CPEyuF  ny  R/(Q-cm?) G/(S:s™-cm™)
0 24.6 1.65 0.92 1397 12.6 0.55 6964 2.16x107*
1 28 2.03 0.91 1169 15.9 0.6 5514 7.31x10*
5 28.1 2.16 0.92 537 22.1 0.65 5393 7.28x107
30 27.9 2.18 0.9 384 41.7 0.64 4946 9.10x10*
300 25.1 2.98 0.9 20 71.0 0.58 2136 9.38x107*

ni is the phase constant of CPE; n2 is the phase constant of CPE

Table 2 Corrosion rates of wrought and annealed Zn— 0.1Mg alloys

Apneahpg Mass loss/g Corr0s10n71rate/
time/min (mm-a')
0 (8 P-RT) 0.0012 0.037
1 0.0014 0.042
5 0.002 0.059
30 0.0023 0.066
300 0.0024 0.069
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Table 3 Compositions of corrosion products on surface of annealed Zn—0.1Mg alloys after immersion test

Annealing time/min Location Contentwt.%
Zn Mg C (0] P Ca

A 34.65 1.95 10.93 34.2 7.84 10.44

5 B 70.76 1.15 6.1 14.33 4.11 3.54

C 79.77 0.85 6.42 9.22 1.78 1.96

D 8.75 1.08 8.24 42.42 14.6 24.91

300 E 10.74 0.96 8.76 43.48 13.53 22.53

F 28.6 1.06 4.61 24.82 15.34 25.58

- . = . ——
T

Fig. 11 Surface morphologies of annealed Zn—0.1Mg alloys after immersion for 30 d: (al, a2) 1 min; (b1, b2) 5 min;
(c1, c2) 30 min; (d1, d2) 300 min
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w - 3
Fig. 12 Locations for EDS analysis of corrosion products on two annealed Zn—0.1Mg alloys after immersion test:

(a) 5 min; (b) 300 min

Zn alloys mainly consist of Ca3(POs),, CaCOs,
MgCOs3, Mg(OH),, Zn(OH),, ZnO, Zn3(POs),, and
ZnCOs, and the white granular precipitates are
mainly phosphate and calcium salts. In addition, the
annealed sample (Fig. 12(b)) shows that the dense
corrosion product film breaks due to internal stress
or dehydration during the drying process.

Figure 13 shows SEM images of the corrosion
surface of the annealed Zn—0.1Mg alloy after the
removal of corrosion products. The results show that
after 30 d of immersion, the alloys clearly exhibit
localized corrosion. For the wrought alloy, a small
amount of corrosion product along the grain boundaries
is observed [36]. With increasing annealing time,
the density and size of corrosion pits increase
correspondingly. The alloy annealed for 300 min has
the most severely corroded surface. Furthermore,
corrosion mainly occurs in the eutectic structure near
the grain boundaries, and further corrosion along
the grain boundaries could gradually expose the Zn
grains.

3.4 Influence of annealing on mechanical properties
of Zn—0.1Mg alloy

The microstructure evolution of the wrought
Zn—0.1Mg alloy during annealing can be
summarized as follows: grain growth occurs, static
precipitation of the MgZn, phase is observed,
dislocation density decreases, the number of twin
boundaries increases, and dynamic changes in
texture intensity are noted.

After annealing, a significant reduction in the
strength of the alloy is observed. Figure 1
demonstrates that the decrease in strength exceeds
200 MPa. This substantial decline may be attributed
to two factors. On the one hand, static recrystalliza-
tion and grain growth result in an increase in the

B N

AGS of the alloy from 1.40 to 17.84 um after
annealing, which critically compromises strength
due to the weakening of fine grain strengthening [47].
Grain refinement is consistently regarded as the most
effective strengthening mechanism for Zn alloys [48],
a concept that also applies to Mg alloys exhibiting
the same HCP structure [49]. As a consequence, the
grain growth during annealing has a crucial effect on
the deterioration of the strength of Zn—0.1Mg alloys.
On the other hand, the variation in dislocation
density is also responsible for the decreased strength.
Generally, the dislocation wall and dislocation cell
structure formed by dislocation accumulation and
entanglement during plastic processing can easily
obstruct the movement of dislocations during tensile
loading and thereby improve the strength of the alloy.
However, owing to static recrystallization during
annealing, which consumes most of the dislocations,
the density of the dislocations clearly decreases,
which increases the ability of the dislocations to slip,
thereby reducing the alloy strength. The influence of
annealing on the mechanical properties in this study
is consistent with our previous research on
Zn—0.5Cu alloys [35], which revealed the same
aging mechanisms for Zn alloys. In addition,
although the secondary phases precipitate during
annealing, they exhibit a limited strengthening effect
in this work. The dispersed precipitates inside the
grains are usually conducive to improving the
strength of metallic materials [50]. However, it is
evident from Fig. 4 that the precipitates within the
grains are not dispersed but are concentrated to a
large degree. This phenomenon increases the
probability of crack initiation and weakens the
dispersion strengthening effect, which is insufficient
to compensate for the strength reduction caused by
grain coarsening.
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Pt

Fig. 13 SEM images of annealed Zn—0.1Mg alloys after immersion tests and removal of corrosion products: (al, a2) 1 min;

(b1, b2) 5 min; (cl, ¢2) 30 min; (d1, d2) 300 min

The ductility of the alloy exhibits fluctuations
as the annealing time increases. Figure 1 indicates
that after 1-5 min of annealing, the elongation of
the alloy first declines and then returns to its initial
state after 30 min of annealing. However, a further
decrease in elongation is noted after 300 min of
annealing. Notably, an unusual increase occurs
within annealing time range of 30—120 min. The
variations in elongation during the annealing process
are primarily linked to changes in the grain size,
precipitates, texture, and presence of annealing twins.
Following annealing, the increase in the grain size
inhibits grain boundary sliding, which reduces the
elongation. Additionally, the quantity of secondary

phase particles at the grain boundaries rises during
annealing. These intergranular precipitates weaken
the grain boundaries and contribute to the stress
concentrations during tensile testing, which can lead
to the rapid microcrack initiation and a subsequent
reduction in ductility [51].

Compared with the annealed Zn—0.5Cu alloy [35],
the Zn—0.1Mg alloy exhibited an abnormal increase
in ductility from 30 to 120 min of annealing. The
abnormal increase in elongation of the alloy after
30 min of annealing is related mainly to the
annealing twinning and weakened texture. On the
one hand, texture weakening is a common and
effective strategy to increase the plasticity of HCP
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alloys [39]. WANG et al [52] reported that torsion
and annealing treatments improved the ductility of
alloys through the texture weakening and grain
refinement. Similarly, WU et al [53] reported a
significant improvement in plasticity for a hot-rolled
Mg—1Gd alloy owing to the weakened texture during
annealing. In this study, the intensity of the texture
first increases after annealing the alloy for 1—5 min,
whereas the texture weakening phenomenon occurs
after annealing for 30 min, which can be one reason
for the abnormal increase in elongation of the alloy.
On the other hand, the ductility of the wrought
Zn—0.1Mg alloy is dominated mainly by dislocation
slip due to a lack of enough activated slip systems
in the HCP structure. Therefore, as a unique
deformation mode, twinning can cooperate with slip
systems to improve the ductility of the alloy [54].
When the annealing time increases to 30 min, the
proportion of twins in the alloy clearly increases. The
reorientation of twins and the decreased CRSS could
activate the (c+a) slip systems, thereby improving
the ductility of the alloy. Figure 14 clearly shows that
the average Schmid factors of nonbasal slip systems
increase in the alloy annealed for 30 min.

7 {a)-basal
EJ (a) -prismatic
0.5r I (a)-pyramidal
EEH (c+a)-1st-pyramidal
[ (c+a?-2nd-pyramidal [z

N
~
.

o
to
y

Average Schmid factor
[
w

=3
—
T

1 5 30 300
Annealing time/min

Fig. 14 Average Schmid factors for diverse slip systems of

annealed alloys

Finally, when the annealing period was
increased to 300 min, the grains obviously grew, and
the increased texture intensity combined to cause a
rapid decrease in the ductility of the alloy. Although
the content of twins in the alloy annealed for 300 min
is the highest, their contribution to elongation is
reduced. SHEN et al [55] reported that twins in
the AZ31 Mg alloy increased, but the ductility
apparently decreased due to an increase in the
spacing between twins.

3.5 Influence of annealing on corrosion behavior
of Zn—0.1Mg alloy

Both electrochemical testing and immersion
mass loss analyses reveal that annealing reduces the
corrosion resistance of the Zn—0.1Mg alloy, with
this deterioration becoming severer with longer
annealing time. In conjunction with microstructure
characterization, it can be suggested that the
corrosion behavior of the annealed alloys is
predominantly influenced by factors such as the
grain size, secondary phases, and twins.

The influence of the grain size on the corrosion
resistance of metallic materials remains a subject of
debate. Typically, the corrosion rate of Zn alloys
decreases with grain refinement due to reduced
kinetics of the anode and cathode reactions [56].
However, as Zn grains are refined, the density of
grain boundaries increases, which can enhance the
likelihood of intergranular corrosion and accelerate
the overall corrosion of the alloy [57]. Generally,
although grain refinement tends to improve
corrosion resistance, it can also lead to increased
grain boundary density, which facilitates inter-
granular corrosion. Most studies [58,59] indicate that
plastic deformation processing enhances the
corrosion resistance of metallic materials through
grain refinement. Refined grains increase grain
boundary density, which can hinder corrosion
propagation by serving as a physical barrier [58].
Additionally, grain refinement aids in the formation
of continuous protective corrosion product films,
effectively isolating the matrix from corrosive
environments [59]. In this study, considering the
evolution of grain size and corrosion behavior with
extended annealing time, it is evident that ECAP
refines the alloy grains and enhances corrosion
resistance, while annealing decreases this beneficial
effect by coarsening the grains [60].

For the impact of secondary phases, the eutectic
structure containing Zn+ MgxZn;; phases has a
higher self-corrosion potential than the Zn matrix,
which induces galvanic corrosion and is usually the
cause of corrosion (Fig. 13) [61]. In comparison to
the ECAPed alloy, the annealed alloy exhibits a
significant quantity of MgZn, precipitates that are
formed within the grains and at the boundaries. The
amount and size of these MgZn, precipitates are
observed to increase with prolonged annealing
duration. Given that the MgZn, phase possesses
a higher self-corrosion potential than the Zn
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matrix [62], a potential difference is established
between the two phases, resulting in galvanic
corrosion. Typically, the MgZn, phase acts as
the anode during galvanic corrosion, and the
enlargement of its size due to annealing enhances the
area of the active anode, thereby accelerating the
corrosion process.

Additionally, a pertinent study indicated that the
presence of twins intensified intercrystalline corrosion,
resulting in decreased corrosion resistance [54]. As
the annealing time increases, the proportion of twins
in the annealed Zn—0.1Mg alloy rises, which may
establish microelectric couples with the Zn matrix,
thereby accelerating corrosion. Consequently, the
rise in the number of twins during the annealing
process may also contribute to the reduction in
corrosion resistance.

4 Conclusions

(I) The tensile strength of the wrought
Zn—0.1Mg alloy experiences a rapid and significant
decrease with longer annealing time, falling from
a UTS of 383 MPa for the ECAPed alloy to
102 MPa for the alloy annealed for 1440 min.
Ductility exhibits fluctuating changes and ultimately
declines sharply after extended annealing.

(2) The corrosion rate of the alloy increases
gradually with increasing annealing time, from
0.037 mm/a for the ECAPed alloy to 0.069 mm/a
for the 300 min-annealed sample. The decreased
corrosion resistance can be attributed to the grain
growth, increased precipitates and formation of
twins after annealing.

(3) The monotonically reduced strength of the
alloy with prolonged annealing time is caused
mainly by coarsening and decreased dislocation
density. The deterioration of ductility is associated
with the grain growth and increased texture intensity,
whereas the abnormal improvement in ductility
during 30—120 min of annealing originates from the
generation of twinning.

(4) This study provides new insights into aging
mechanisms and the design and application of high-
performance biodegradable Zn alloys
for specific biomedical needs. Future research
should concentrate on two key aspects: optimizing

tailored

annealing conditions to achieve a suitable balance
between the mechanical properties and corrosion
rates of Zn alloys for particular applications;

addressing the aging issues of Zn alloys to enable
broader applications.
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IR KLY S M REEH, Zn—-0.1Mg & E&4HZR,
NEF M REFE VBRI T AR RN

Xkt eP R, B, G RS, REW, OB MY R O, ALl o &3, B %

1 RS MRLENE S TREERE, N 213200;
2. HE AR R R PR AT, BN 311122;
3. RERE JSMEITEMA AR, JRM 215163;
4. PR LRRZERT TLIRAE Seib a5 i bRl 5 R R B R se e =, Bt 211167;
5. RRBVRHE M AERAT, B 2112005
6. TEILHIE KM 7k, TEil 223800

O N TRV RS S I LI A R e R SRR R, SRAAE 200 “CIR KA HEAN[H]
I E] () L2050 &t fe A8 T Zn—0.1Mg & 4 EAT MR RSk . 45 R RH, BEER KN RIIEK, &8 ndihim
Pk BB 3E TR 2B EEF] 1440 min I, &4 WHTHR5REE AR IG7S 1) 383 MPa FE(KH] 102 MPa. #HA B4,
A e RDRE A R T KR A 4 R P DR B = B R o B S IR BB R AE SR KW R A= U 3, i i B 5 1 K ]
1) S AT IR o S 1) BTG 5 R R R R ) 5 52 ) B8 A G, 1T FEAESR /K 30~120 min 114 37 3 S8 INVR T- 22 44 1)
TR WAL, BT3RO AR b Ros KK JTUE AR AT ZR & B (39 I, & 47 Hank’s YW IR0 o e A,
JB2k 300 min J&, JEiHEZFEM 0.037 mm/a HHNE] 0.069 mm/a.
XA Zn-0.1Mg &4 Bk BAMEHLUEA; J1sErERE BT A
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