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Abstract: To investigate the effect of microstructure evolution on corrosion behavior and strengthening mechanism of
Mg—1Zn—1Ca (wt.%) alloys, as-cast Mg—1Zn—1Ca alloys were performed by equal channel angular pressing (ECAP)
with 1 and 4 passes. The corrosion behavior and mechanical properties of alloys were investigated by optical
microscopy (OM), scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), electrochemical tests,
immersion tests and tensile tests. The results showed that mechanical properties improved after ECAP 1 pass; however,
the corrosion resistance deteriorated due to high-density dislocations and fragmented secondary phases by ECAP. In
contrast, synchronous improvement in the mechanical properties and corrosion resistance was achieved though grain
refinement after ECAP 4 passes; fine grains led to a significant improvement in the yield strength, ultimate tensile
strength, elongation, and corrosion rate of 103 MPa, 223 MPa, 30.5%, and 1.5843 mm/a, respectively. The enhanced
corrosion resistance was attributed to the formation of dense corrosion product films by finer grains and the barrier
effect by high-density grain boundaries. These results indicated that Mg—1Zn—1Ca alloy has a promising potential for
application in biomedical materials.
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manner. Conventional IUDs are typically inert and

1 Introduction non-degradable, and made of materials such as
stainless steel, plastic, copper-bearing materials,

Since the implementation of a stringent and cobalt-based alloys [1]. These IUDs require
national family planning policy, individuals subsequent removal surgeries when they are no
requiring contraception have successfully been able longer suitable for the human body or when the
to use intrauterine devices (IUDs) in a consistent users want to conceive. Consequently, frequent [UD
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removal not only inflicts discomfort on patients but
also increases healthcare costs. Moreover, the
degradation or wear of these conventional materials
may lead to the release of toxic ions, which can
trigger inflammation and disease in the human
body, such as the burst release of cupric ions [2]. As
the Chinese government recently introduced a
three-child policy that allows couples to have up to
three children, various supportive measures have
been taken to incentivize childbirth. Therefore,
there is a high demand for short-term degradable
IUDs that have a lifespan of one or two years. Mg
alloys are favored by their biocompatibility and
degradability [3—6]. Due to the current shortage of
short-term IUDs on the market, their performance
standards are not yet clear. The study focused on
improving the corrosion resistance and mechanical
properties of Mg alloys remains an emphasis of this
research.

Mg is one of the most essential elements
required for human metabolism, and Mg alloys are
considered potential materials for body implants
owing to their biocompatibility and degradability.
However, many studies on biomedical Mg alloys
have focused on Mg-rare earth (Mg—RE) alloys.
RE elements improve the microstructure and
overall properties of Mg alloys [7,8]. Nevertheless,
the safety of using RE elements in body implants
has not yet been fully evaluated. Particularly, the
addition of Zn to Mg alloys has been shown to
impart antibacterial properties, wherecas Ca is a
crucial component of the human bone and plays a
vital role in chemical signaling within cells [9,10].
However, their poor mechanical properties and high
degradation rates are two major problems that
limit their applications. One of the most employed
strategies to enhance the strength of Mg alloys
is grain refinement. Mechanical properties are
significantly improved by grain refinement
strengthening. Furthermore, the grain size can also
influence the alloy’s corrosion resistance.

RALSTON et al [11] developed an equation,
which follows a Hall-Petch type relationship, to
explain the impact of grain size on corrosion
resistance. Among the various methods of severe
plastic deformation (SPD), equal channel angular
pressing (ECAP) is particularly effective in
achieving high accumulative strain and grain
refinement. TORKIAN et al [12] demonstrated that
ECAP significantly enhanced the corrosion

resistance of the WE43 Mg alloy in vivo
degradation test. GUI et al [13] observed that the
corrosion rate of a Mg—Gd—Zn—Zr—Mn alloy
decreased after ECAP treatment, and the alloy had
good corrosion resistance. As a result of these
findings, numerous researchers have recognized the
benefits of grain size reduction through SPD for
enhancing the corrosion resistance of Mg alloys.
However, a definitive understanding of the
corrosion behavior and degradation mechanism of
Mg alloys with fine-grained structures produced via
SPD remains elusive.

Hence, in this study, ECAP as the SPD method
for manufacturing Mg—1Zn—1Ca (ZX11, wt.%)
alloy was employed with different passes. By
refining grains, this method not only improves the
mechanical properties but also enhances the
corrosion resistance of the alloy. Moreover, the
microstructure evolution, mechanical properties
variation trend, and corrosion behavior of the alloy
were investigated.

2 Experimental

2.1 Material preparation

The cast ZX11 alloy was fabricated using pure
Mg (99.99%), pure Zn (99.99%), and Mg—30Ca
(wt.%). First, the raw materials were melted in an
electric resistance furnace and then held at 720 °C
for 30 min. Subsequently, a gas mixture of CO, and
SFe was injected into the furnace during melting to
prevent the alloy from being overburned. Finally,
after preheating the mold at 200 °C, the melt was
poured into the mold and cooled to room
temperature (25 °C).

The alloy was cut into specimens of 10 mm X
10 mm X 64 mm and subjected to ECAP treatment
with 1 and 4 passes, respectively, using the B, route
(a method of applying SPD to metal alloys by
passing them through a die with a sharp angle and
rotating them 90° clockwise after each pass) at
350 °C, as shown in Fig. 1. Graphite was used for
lubrication to reduce the friction between the
specimen and the inner wall of the mold.

2.2 Electrochemical test

The electrochemical behavior of the ZX11
alloys was investigated using potentiodynamic
polarization (PDP) and electrochemical impedance
spectroscopy (EIS) with a three-electrode CH350H
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Fig. 1 Schematic diagram of ECAP process

electrochemical workstation. The three-electrode
system consisted of a saturated calomel electrode
(SCE) as the reference electrode (RE), a Pt sheet as
the auxiliary electrode (AE), and the alloy as the
working electrode (WE). The exposed area of the
WE was 10mm % 10 mm. All specimens were
tested in simulated body fluid (SBF) at room
temperature (25 °C). The specimens were immersed
in SBF for 1h to form a stable electrochemical
system. EIS measurements were performed at a
frequency range of 1x(10°-1072)Hz, using a
sinusoidal perturbation amplitude of 10 mV. The
polarization tests were conducted at scanning
potentials from —2 to —1 V (vs SCE) and a scanning
rate of 0.5 mV/s. The electrochemical tests were
repeated at least three times. Zsimpwin software
was used to analyze experimental data.

2.3 Immersion test

To determine the mass loss, the specimens
were immersed in a constant-temperature water
bath containing the SBF (pH 7.4) at 37 °C. Its
composition is listed in Table 1.

Table 1 Composition of SBF

Composition Content/(g-L™")
NaCl 8.00
KC1 0.40
NaHCO; 0.35
CaCl, 0.14
MgCl6H,0 0.10
MgS04-7H,0 0.06
KH,PO4 0.06
Na,HPO4-12H,0 0.06

The SBF was replaced every 24 h to maintain
its composition and pH. After immersion, the
specimens were rinsed with distilled water and
immersed in a solution of chromic acid (200 g/L
H,CrO4) for 10min to remove the corrosion
products. The corrosion morphology of the alloys
was observed using a scanning electron microscope.
The mass of each specimen was measured before
and after immersion and the average corrosion rate
was calculated using the mass loss method using

Eq. (1) [14]:

8.64x10*Am
Cr=——— 1
R DT (1
where Ckr is the average corrosion rate (mm/a), Am
is the mass loss (mg), A4 is the surface area of the
specimen (cm?), D is the density of the Mg alloy

(g/cm?), and T is the immersion time (d).

2.4 Mechanical test

Tensile specimens were cut using a wire-
cutting machine (DK7725). The tensile direction
was parallel to the extrusion direction (ED) of the
ECAP. Universal testing machine (DNS100) was
used to test the mechanical properties of the tensile
specimens at a speed of 0.2 mm/min. The ultimate
tensile strength, yield strength, and elongation were
recorded. The exhibited typical tensile curves were
repeatedly tested at least three times.

2.5 Microstructural characterization

Optical microscopy (OM, Leica 2700M),
scanning electron microscopy (SEM, MIRE3
TESCAN), X-ray diffraction (XRD, TD—3500), and
electron back-scattered diffraction (EBSD, c-swift)
were used to characterize the microstructures of
the as-cast and ECAP-treated alloys. The surface
of the specimen observed for microstructural
characterization was perpendicular to the ED of
ECAP. The specimens for EBSD observations were
electron-polished in an AC; solution at —20 °C.

3 Results and discussion

3.1 Microstructural evolution

Figure 2 shows the OM and SEM images as
well as XRD patterns of the as-cast and
ECAP-treated ZX11 alloys. The microstructure
of the alloy was significantly refined by ECAP.
In particular, the as-cast ZX11 alloy (Fig. 2(a)) had
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Fig. 2 Microstructures (a—f) and XRD patterns (g) of as-cast and ECAP-treated ZX11 alloys: (a, d) As-cast; (b, e) 1 pass;

(c, f) 4 passes

coarse grains with a large grain size and dotted
secondary phases that were randomly distributed
inside the grains or along grain boundaries. The
XRD patterns (Fig. 2(g)) reveals that the secondary
phases mainly consist of Mg,Ca phase and
CaxMgsZn; phase, and these phases did not change
after ECAP. After ECAP 1 pass (Fig. 2(b)), the
microstructure consisted of fine equiaxed grains
and coarse grains, forming a mixed microstructure.
The semi-continuous secondary phases at grain
boundaries were fractured into discrete particles
(Fig. 2(e)). After ECAP 4 passes (Fig. 2(c)), the
grains became finer and more uniform, and
secondary phases became more dispersed. The
secondary phases that distributed at the grain
boundaries were also more fragmented (Fig. 2(f)).

Figure 3 exhibits the EBSD inverse pole figure
(IPF) and grain size distribution of the ECAP-
treated alloys. EBSD IPF maps were used to
represent different grain orientations. Different
colors represent different grain orientations. The
angle between the ED and (0001) and the angle
between ED and (1010) are denoted by & and ¢,
respectively. Grains with 6 < 60° are referred to as
(0001) grains. In the range of 60° < <90°, grains
with 0 < ¢ < 15° are referred to as (1010) grains and
grains with 15° < ¢ < 30° are referred to as (1120)
grains [15]. After ECAP 1 pass, the grain
orientation became more random, and there was no
clear preferential direction. The microstructure
could be characterized by both fine dynamic
recrystallization (DRX) grains and coarse deformed
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grains, resulting in a mixed microstructure with an
average grain size of 18.46 pm. After ECAP 4
passes, the alloy exhibited a homogeneously fine
equiaxed grain structure (Fig. 3(b)). The coarse
deformed grains were replaced by fine DRX grains,
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leading to a significant reduction in grain size to
9.24 pm.

Figure 4 shows the pole figures (PFs) of
ECAP-treated alloys, which reflect the texture
evolution of the material. With each additional pass,
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Fig. 3 EBSD IPF maps (a, b) and grain size distributions (¢, d) of ECAP-treated ZX11 alloys: (a, c) 1 pass;

(b, d) 4 passes
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Fig. 4 Pole figures of ECAP-treated ZX11 alloys: (a) 1 pass; (b) 4 passes
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the microstructure of the ZXI11 alloy becomes
increasingly refined. The microstructure of the
ZX11 alloy after ECAP 1 pass had a typical basal
rolling texture, with most grains having their (0001)
direction parallel to ED. The corresponding
maximum texture density was 12.29 (Fig. 4(a)). The
region with the maximum texture density was
centered on the (0001) PF, indicating that the (0001)
basal plane was perpendicular to the ED. After
ECAP 4 passes, the grains experienced rotation
and shear deformation, which changed their
microstructure and texture [16]. Most grains had
slight deflection angles of their (0001) basal plane
towards the transverse direction (TD). Consequently,
the texture distribution became more diffuse, and
the maximum texture density decreased to 8.31
(Fig. 4(b)). This indicates that the ZXI11 alloy
underwent texture weakening after ECAP 4 passes
compared to ECAP 1 pass. This can be attributed to
the replacement of nearly all coarse deformed
grains by DRX grains with a relatively random
orientation, which weakens the texture and
improves the formability [17].

Figure 5 demonstrates the Schmid factor
distribution for (0001)(1120) basal slip of the
ECAP alloy. The results showed that the average
Schmid factor increased after ECAP 4 passes. The
dominant deformation mechanism in Mg alloys [18]
is basal slip because the critical resolved shear
stress (CRSS) of a non-basal slip system is 100
times higher than that of a basal slip system at room
temperature, which makes it difficult to activate
non-basal slip. A higher Schmid factor indicates
that a lower CRSS is required for basal slip, which
implies that the alloy enters the yield stage earlier

(@)
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and has a lower yield strength [17]. After ECAP 4
passes, the Schmid factor increases to 0.38
(Fig. 5(b)), the texture displays a tendency towards
a softly-orientation, which is advantageous for
promoting basal slip.

Figure 6 shows kernel average misorientation
(KAM) results of the ECAP-treated ZX11 alloys,
which reflect the dislocation density and
distribution in the material. The as-cast alloy
undergoes work hardening after ECAP 1 pass,
leading to the introduction of defects such as
dislocations. Hence, the dislocation density rapidly
increases, compared with as-cast ZX11 alloy [19].
After ECAP 4 passes, dislocations disappeared
while dynamic recrystallization occurred during
thermal deformation [20], resulting in a slight
decrease in the KAM value to 0.74° (Figs. 6(b, d)).
At the early stage of deformation, the dislocations
multiply quickly and the accumulated distortion
energy provides the driving force for dynamic
recrystallization [21]. The undistorted grains
assimilated the distorted grains that were formed
during the deformation process. This led to a higher
rate of dislocation disappearance than that of
dislocation generation during the dynamic
recrystallization process, resulting in a slight
reduction in dislocation density.

3.2 Corrosion behavior of ZX11 alloys

Figure 7 shows the corrosion morphology and
EDS results of the as-cast and ECAP-treated ZX11
alloys after immersion in SBF for 3 d. The alloy
surfaces exhibited different degrees of corrosion
after immersion. The surface of the as-cast alloy
was degraded and covered with corrosion products
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Fig. 5 Distribution of (0001)(1120) Schmid factor of ECAP-treated ZX11 alloys: (a) 1 pass; (b) 4 passes



1778 Yi-zhuo WANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1772—-1786

1.6 1.6
(©) (d)

1.4r¢ 1.4+

1.2 ¢ 1.2+
. Average KAM value~0.77° > Average KAM value ~0.74°
5 1.0 5 1.0r
8 8
2 08¢ 08
= =4
= 0.6 = 0.6}

0.4} 041

0.2 0.2

0 1 2 3 4 5 0 1 2 3 4 5
Kernel average misorientation angle/(°) Kernel average misorientation angle/(°)

Fig. 6 Morphologies (a, b) and KAM results (c, d) of ECAP-treated ZX11 alloys: (a, ¢) 1 pass; (b, d) 4 passes
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Fig. 7 Corrosion morphologies of ZX11 alloys after immersion in SBF for 3 d (a—c), EDS results (d—f) of Points 4—C
in (a, b), respectively, and morphologies after removal of corrosion products (g—i): (a, g) As-cast; (b, h) 1 pass;

(c, 1) 4 passes



Yi-zhuo WANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1772—-1786 1779

(Fig. 7(a)). For the ECAP-1 pass-treated alloy,
corrosion morphology is not uniform and corrosion
product film is not dense, the corrosion cracks
distributed along grain boundaries are more
pronounced (Fig. 7(b)), which make the alloy more
susceptible to internal erosion. The surface of the
ECAP-4 passes-treated alloy (Fig. 7(c)), displayed
thick and dense corrosion product films and no
cracks were observed on its surface. The EDS
results showed that the corrosion products consisted
mainly of O, Mg, C, P and Ca, with small amounts
of Na and CI (Figs. 7(d—f)). The spherical corrosion
product (Point B in Fig. 7(b)) had an atomic ratio of
Mg to O close to 1:1, which suggested that it was
composed of MgO. The blocky corrosion products
(Points 4 and C in Figs. 7(a) and (c)) had a
relatively high O content and contained Mg, P, Ca,
and other elements. When the ZX11 alloy was
immersed in SBF, corrosion products were generated
according to reactions of Egs. (2)—(8) [22]:

Anodic reaction: Mg—Mg?"+2e ()
Cathodic reaction: 2H,O+2e—H,+20H"™ 3)
Mg*+20H —Mg(OH), (4)
HCO; +OH™ — CO; +H,0 Q)
H,PO, +OH™ — HPO3~ (6)
Ca” +HPO2 — CaHPO, (7
Mg*"+HPO;” — MgHPO, (8)

As the anodic and cathodic reactions occur,
Mg matrix dissolves to form Mg** (Eq. (2)) and
hydrogen gas and hydroxide ions (Eq. (3)). The
Mg?" combines with OH to form Mg(OH),
(Eq. (4)). Mg(OH), is initially deposited on the
substrate; however, it can be converted into soluble
MgCl, by the CI" in SBF. The H,PO, and
HCO; in SBF react with H,PO;~ and CO3 in
an alkaline environment to form HPO?™ and
HCO; (Egs. (5) and (6)). Based on Egs. (7) and
(8), the blocky corrosion products include Mg(OH)s,
MgO, CaCOs, CaHPO4, and MgHPOs,.

The corresponding corrosion morphologies
after removing the corrosion products are shown in
Figs. 7(g—1). For the as-cast alloy, severe corrosion
craters are produced at the grain boundaries as
shown in Fig. 7(g). The potential of the Mg,Ca
phase was lower than that of the a-Mg matrix

phase. Therefore, the Mg,Ca phases corroded
preferentially as the anode [23]. Thus, once the
Mg,Ca phase was corroded, the corrosion craters
were left at the grain boundaries. The Ca;MgsZns,
acting as the cathode, forms the galvanic couple
with the a-Mg matrix. The secondary phases of
both Ca;MgeZn3 and Mg,Ca distributed within grain
boundaries will accelerate galvanic corrosion. The
surface of the ECAP-1 pass-treated alloy suffered
from dense pitting, and the large pits on the surface
indicated severe localized corrosion (Fig. 7(h)).
Mg,Ca distributed at grain boundary has a negative
impact on corrosion resistance [24]. The dispersed
Mg,Ca phase fragmented by ECAP (Fig. 2(e)) acts
as the anode to be preferentially corroded, and the
corrosion spreads rapidly grain
boundaries, forming continuous corrosion channels.
The a-Mg matrix eventually loses support and
detaches. The surface of the ECAP-4 passes-treated
alloy is relatively uniformly smooth and presents no
obvious cracks (Fig.7(i)). This is due to the
protective effect of the corrosion product film
(Fig. 7(c)). The ECAP-4 passes-treated
exhibited the best corrosion resistance.

along the

alloy

Figure 8 shows the cross-sectional morphology
of the as-cast and ECAP-treated ZX11 alloys. It can
be observed that the average thickness of the
corrosion product film in as-cast alloy is 53 pm,
revealing a characteristic of thin and uneven
thickness. For the ECAP-1 pass-treated alloy, the
corrosion product film became sparse, and large pits
were clearly seen on the substrate because of the
insufficient protection from the corrosion product
film. However, for the ECAP-4 passes-treated alloy,
the corrosion product film became dense and
uniform, with an average thickness of 107 um,
which provided better protection to the substrate.

Figure 9 shows the average corrosion rate of
as-cast and ECAP-treated ZX11 alloys after
immersion in SBF for 7 d, and the corrosion rate
was calculated by mass loss [14]. After ECAP 1
pass, the corrosion rate was the highest, reaching
4.2761 mm/a. The corrosion resistance decreased
compared with that of the as-cast alloy. However,
after ECAP 4 passes, the corrosion resistance
increased, which illustrated that different ECAP
passes had different effects on the corrosion
resistance of the alloy. The reasons for these effects
are further explained later.
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Fig. 8 Cross-sectional morphologies of ZXI11 alloys:
(a) As-cast; (b) 1 pass; (c) 4 passes
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Fig. 9 Average corrosion rates of as-cast and ECAP-
treated ZX11 alloys after immersion in SBF for 7 d

3.3 Mechanical properties of ZX11 alloys

Figure 10 shows the tensile curves of the
as-cast and ECAP-treated ZXI11 alloys. The
corresponding yield strength (YS), ultimate tensile
strength (UTS), and elongation (EL) values are
listed in Table 2. The mechanical properties of the
as-cast alloy improved significantly after SPD.
After ECAP 1 pass, the YS increased from 50
to 87 MPa, UTS increased from 167 to 202 MPa,
and EL increased from 12.5% to 15.0%. The
mechanical properties were further optimized after
ECAP 4 passes. The YS and UTS increased to 103
and 223 MPa, respectively, and EL increased
significantly to 30.5%. According to Fig. 5, the
Schmid factor increases after ECAP 4 passes, which
should reduce the YS. However, the grains were
further refined, and the YS increased to 103 MPa
after ECAP 4 passes. According to the Hall-Petch
equation [25], decreasing the grain size results in
an increase in the YS. This indicates that grain
refinement strengthening is the dominant factor in
improving the mechanical properties.

250

200

1 pass

W
(=)
T

4 passes

As-cast

—_

(=2

(=)
T

Stress/MPa

W
(==}

0 5 10 15 20 25 30 35 40
Strain/%
Fig. 10 Tensile curves of as-cast and ECAP-treated ZX11

alloys

Table 2 YS, UTS and EL of alloys

Alloy YS/MPa UTS/MPa EL/%
As-cast 50+1.10 167+1.20 12.5+0.30

1 pass 87+1.40 202+1.30 15.0+0.20
4 passes 103+1.30 223+1.10 30.5+0.30

3.4 Electrochemical properties of ZX11 alloys
Figure 11 illustrates the potentiodynamic
polarization (PDP) curves of the as-cast and
ECAP-treated ZX11 alloys in SBF. The corrosion
current density (Jeorr), corrosion potential (@corr), and
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polarization resistance (R,) were obtained from the
polarization curves and are listed in Table 3. The
corrosion potential ranged from —1.55 to —1.40 V.
A higher corrosion potential indicates a lower
corrosion tendency [26]. However, the corrosion
current density directly determines the corrosion
rate and is proportional. In a corrosive system, the
anodic current density (J,) and cathodic current
density (J.) can be expressed by Egs. (9) and (10):

-1.0

|
—_
[\S]
T

1 pass

|
—_
~
T

4 passes

¢ (vs SCE)/V

=20t

9 -8 -7 6 -5 -4 -3 2 -1 0
1g[J/(A-cm™)]

Fig. 11 Potentiodynamic polarization curves of as-cast
and ECAP-treated ZX11 alloys in SBF

Table 3 FElectrochemical parameters of alloys obtained
from polarization curves

§0c0rr(VS Jeorr/ ba/ b/ Rp/
SCE)/V (uA-cm™?) (mV-dec™!) (mV-dec™!) (Q-cm?)

Alloy

As-cast —1.5243 103.28 46.31 —272.34 234.88
1 pass —1.4152

4 passes —1.5063  70.18 44.59

119.43 23.30 —490.17 90.42

—215.86 348.17

Ja ZJ;) .exp 2‘3(¢)corr — wae) (9)
L ba _
Jc :Jé) -exp 23(¢c0brr — (Dce) (10)

where @, is the initial anodic potential, gc. is the
initial cathodic potential, b, is the Tafel anodic
slope, and b. is the Tafel cathodic slope. As
corrosion proceeds, the following equation holds
when the anode and cathode potentials reach @cor,
as given by

Ja:Jc:Jcorr (1 1)
From Egs. (9)—(11), we can derive Eq. (12) as

Pee ~Pac
b,b,

J? x10 bathe (12)

J ="
corr a c (ba+bc)2

Therefore, the corrosion current density is not
necessarily related to the corrosion potential but is
related to the difference between the initial
potentials of the cathode and anode. As such, the
corrosion potential is not a reliable indicator of the
corrosion rate of the alloy. The corrosion current
density of the ECAP-4 passes-treated alloy was the
lowest at 70.18 uA/cm?, and the corrosion current
density of the ECAP-1 pass-treated alloy was the
highest at 119.43 pA/cm?. This illustrates that
ECAP had a significant effect on the corrosion
current density of the alloy. To investigate the
corrosion resistance of the ZX11 alloys further, R,
was calculated using Eq. (13) [27]:

b, b,

- (13)
P 2.3(b,*b,) J o

Here, b, and b. were obtained from the
polarization Although the corrosion
potential of the ECAP-4 passes-treated alloy was
not the highest, it had the highest R, and the lowest
corrosion current density. This implies that the
ECAP-4 passes-treated alloy had the lowest
corrosion rate. In addition, the alloys showed
different anodic polarization behaviors, and the
anodic kinetics of the ECAP-4 passes-treated alloy
were lower than those of the other two alloys,

curves.

indicating that the anodic dissolution rate of the
alloy decreased after ECAP 4 passes. The cathodic
branches of the as-cast alloy and ECAP-4
passes-treated alloy had almost the same slope, but
the cathodic curve of ECAP-1 pass-treated alloy
was shifted. The behavior of cathodic polarization
is linked to the occurrence of the hydrogen
evolution reaction [28-30]. In conclusion,
according to the fitting results of the polarization
curves, the ECAP-4 passes-treated alloy has the
greatest corrosion resistance, which is consistent
with the immersion test results.

Figure 12 shows the EIS plots of the ZX11
alloys after immersion in SBF. As-cast ZX11 alloy
showed a high-frequency capacitive loop, and this
high-frequency capacitive loop indicates the charge
transfer reaction that occurs at the metal-corrosive
medium interface [31]. However, the ECAP-treated
alloys showed two capacitive loops, a small loop at
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high frequency represents the charge transfer
reaction of surface corrosion product/hydroxide
film and a large loop at middle frequency charge
transfer reaction of electric double layer [32]. R; is
the solution resistance, which should be similar for
the same solution (Table 4). R is the charge
transfer resistance at the interface between the
sample and the solution, and Ry is the resistance of
the corrosion product film. CPEg is the charge
transfer and double-layer capacitance, and CPE; is
the capacitance of the corrosion product film. A
larger capacitive loop in high-frequency and
medium-frequency indicates that the charge transfer
reaction is more difficult to proceed [33]. As shown
in Fig. 12(a), the radii of the ECAP-1 pass-treated
alloy capacitive loops at high-frequency and
medium-frequency are the smallest, and those of
the ECAP-4 passes-treated alloy capacitive loops
are the largest. In addition, a higher impedance
modulus illustrates a better film stability [34,35].
Figure 12(b) shows that ECAP-4 passes-treated
alloy has the largest impedance modulus. The
ECAP-4 passes-treated alloy also had the highest
R and Ry values (Table 4). This indicates that the
ECAP-4 passes-treated alloy had better corrosion
resistance than the as-cast or ECAP-1 pass-treated
alloys, which is consistent with the immersion test
results.
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3.5 Effect of grain refinement on mechanical
properties of ZX11 alloys

The as-cast grains were fractured and twisted
by the shear force as the alloy passed through the
corner of the die during ECAP. The grain size of
ZX11 decreased from 18.46 um after ECAP 1 pass
to 9.24 um after ECAP 4 passes (Fig. 3). Due to
large shear force received by the as-cast grains
during ECAP process and dislocation tangle made
alloy accumulate a lot of deformation energy;
therefore, the refinement effect is significant. DRX
occurs easily in Mg alloys because of their low
stacking fault energies, which makes it difficult for
dislocations to climb [36]. Sub-grains grow into
fine DRX grains by sub-grain boundary migration
and coalescence. The high dislocation strain energy
during shear deformation provides a good driving
force and nucleation sites for DRX.

Grain refinement strengthening can improve
both the strength and ductility of alloy because
grain boundary acts as an obstacle to dislocation
motion. The mechanical properties of ZX11 alloys
improved with the increasing ECAP passes and
reached their optimum values after ECAP 4 passes.
However, the Schmid factor also increased from
0.28 to 0.38 with increasing ECAP pass (Fig. 5).
This indicates a tendency for the basal slip system
to become soft-oriented, which should reduce the

2.0 ®
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—— 1 pass
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5 1.0
]
<
Né 0.5
0
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Fig. 12 EIS results of ZX11 alloys after immersion in SBF: (a) Nyquist plot; (b) Bode plot

Table 4 EIS fitting results of alloys

Alloy Ry CPEg R/ CPE¢ Ry/
(Q-em?) Y/(uF-cm™2-s"") ndl (Q-em?) Y/(uF-cm™2-s"") nf (Q-em?)
As-cast 12.92 16.72 0.94 489.21
1 pass 14.66 76.05 0.82 299.41 1.71 0.91 90.03
4 passes 15.15 18.99 0.83 1723.58 2.86 0.82 109.59
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YS. In contrast, the YS of ZX11 increased from 87
to 103 MPa after ECAP 4 passes. This can be
explained by the Hall-Petch effect, which suggests
that a decrease in the grain size leads to an increase
in the YS. This confirms that grain refinement
strengthening is sufficient to overcome the negative
effects of texture softening and is effective in
counteracting the soft orientation caused by the
texture. With refinement of grains, grain boundaries
increased. The number of dislocations accumulating
at the boundaries is reduced by the increased
pinning points for dislocations at grain boundaries.
This will decrease stress concentration and prevent
premature crack initiation [37], thereby improving
ductility. Moreover, the Schmid factor increased
to 0.38, the basal slip can be activated easily, and
the alloy will be more prone to coordinated
deformation, thus the ductility improved. Its
moderate mechanical strength (YS: 103 MPa, UTS:
223 MPa) and higher ductility (EL: 30.5%) are
more conducive to the development and practical
production of short-term IUDs.

3.6 Effect of grain refinement on corrosion

resistance of ZX11 alloys

The corrosion resistance of the as-cast alloy
decreased after ECAP 1 pass, as the semi-
continuous Mg,Ca and Ca;MgsZn; phases along the
grain boundary were fragmented into discrete dots.
SONG et al [38] reported that the corrosion rate of
the AZ91D Mg alloy increased because of the
fragmentation of net-distributed f-phases by plastic
deformation. Further, the presence of dispersed
galvanic cells formed by discontinuous secondary
phases enhanced the galvanic corrosion effect,

leading to a decrease in corrosion resistance [39].
After ECAP 1 pass, the alloy underwent significant
plastic deformation, resulting in a high dislocation
density (Fig. 6(c)). High-density dislocation regions
lead to stress concentration, which makes the a-Mg
matrix more susceptible to corrosion. All these
factors contributed to the decrease in the corrosion
resistance of the ECAP-1 pass-treated alloy. The
corrosion resistance of the ECAP-4 passes-treated
alloy improved significantly compared to that of the
as-cast alloy. This can be attributed to the formation
of a fine-grain zone, which created a dense
corrosion product film on the surface of the alloy.
This film acted as a physical barrier, thus improving
the corrosion resistance. Schematic diagrams of the
corrosion behavior of alloys with different grain
sizes are presented in Fig. 13. SPD can increase the
number of grain boundaries, which can release the
mismatch energy between the substrate and films.
This can reduce film cracking by relieving stress
and facilitating the formation of denser and more
stable corrosion product films on Mg substrates
[40]. Consequently, the corrosion resistance can be
improved by the physical barrier provided by the
corrosion product film. However, a coarse-grained
structure can lead to unstable corrosion films that
are prone to cracking, allowing the corrosion
medium to attack the substrate through cracks in
the films (Fig. 13(a)). This explains why the
fine-grained structure achieves better corrosion
resistance. Corrosion may be suspended until it
reaches another grain boundary, where it finds a new
preferential direction [41]. The delaying effect of
corrosion was more evident when more grain
boundaries were present. Thus, the grain boundaries

Mg+2H,0—2Mg>+20H+H,1

»A

Substrate  Film
11

Coarse grain

H, H,
SOga @as

OO —4 A

Fine grain

Fig. 13 Schematic diagrams of factors influencing corrosion behavior: (a) Corrosion product films; (b) Grain boundary
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acted as barriers to delay corrosion diffusion
(Fig. 13(b)). After ECAP 4 passes (Fig. 6(d)), there
was a slight decrease in the KAM, but the
dislocation density remained high, and the alloy
was still sensitive to corrosion. However, the dense
corrosion product films and grain boundaries
counteracted the negative effect of the dislocations
on the corrosion resistance. Therefore, the corrosion
resistance of the ECAP-4 passes-treated alloy was
improved owing to significant grain refinement,
which had a positive impact on the corrosion
resistance. In summary, ECAP-4 passes-treating
resulted in a simultaneous improvement in the
mechanical properties and corrosion resistance of
the ZX11 alloy compared to those of the as-cast
alloy. The corrosion rate significantly decreased
from 4.2761 to 1.5843 mm/a. Due to its lower
corrosion rate, this alloy has a tremendous potential
as short-term [UDs.

4 Conclusions

(1) The grain size of the ZX11 alloy decreased
and the secondary phases at the grain boundary
transformed from a semi-continuous network to
isolated dots as ECAP pass increased. After ECAP
4 passes, the grain refinement was significant,
reaching 9.24 um.

(2) The ZX11 alloy exhibited remarkable
enhancement and optimization of its mechanical
properties after ECAP 4 passes. The refined grains
resulted in superior strength and ductility, with UTS
0f 222 MPa, YS of 103 MPa, and EL of 30.5%.

(3) The corrosion resistance of the ZX11 alloy
after ECAP 1 pass decreased because of the
discontinuous and fragmented MgCa and
Ca;MgeZn; phases and the high density of
dislocations induced by SPD. However, after ECAP
4 passes, the corrosion resistance increased
significantly owing to the formation of dense
corrosion product films by the fine-grained zone
and the grain boundary acting as a barrier for
corrosion.
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