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Abstract: The effects of the designed equal channel angular pressing (ECAP) procedures
on microstructures, mechanical properties and corrosion resistances of newly developed
nano-MgO/Mg-Zn—Ca composite materials have been investigated in this study. The die
channel angles selected by the ECAP processes are 90°and 120°, and the corresponding
composite materials are kept for 15 min in the ECAP mold at 300 °C before 1, 4, and
8 passes through route Bc. It can be understood that the sizes of grains and second
phases were significantly reduced because of continuous dynamic recrystallization (C-DRX)
and mechanical shearing, and the ECAP process with the die angle of 90° shows more
evidence of grain refinement owing to the higher shear stress. The obtained mechanical
properties stipulated that both the yield and ultimate strength were improved after ECAP,
which is related to the interaction of grain and texture evolution, while the elongation
increases drastically from 14% (as-extruded state) to 34% (ECAP-ed state). Meanwhile,
the improvement of corrosion resistance by microstructural evolution is more significant
than adverse effects originating from the internal defects of the material itself as well as
the defects originating from the number of passes. Ultimately, the conclusions were made
based on the results regarding performance improvement by the optimized parameters
designed and utilized in ECAP for this novel Mg composite material.

Keywords: MgO nanoparticles; ECAP; microstructure; mechanical properties; corro-
sion resistance

1. Introduction

In recent years, magnesium and its alloys have shown great potential in bone implan-
tation as biodegradable metal biomaterials [1,2]. The main advantages of magnesium-based
implants are the biodegradable and absorbable properties of magnesium, by which the
degradation products of a magnesium alloy can be excreted or used in metabolic processes;
magnesium is one of the most abundant cations in human cells and extracellular fluids,
which is crucial for the formation of bones and teeth. Magnesium-based alloys have good
biocompatibility, such as Mg—Zn—Ca matrix composites, with low development costs. The
formation of stable intermetallic compounds between Zn, Ca, and Mg gives them high
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hardness and good creep resistance. However, the Mg—-Zn—Ca alloy is difficult to manufac-
ture as an implant that is easy to produce and hard at room temperature; it has processing
problems and a fast corrosion rate. Therefore, it is proposed to add nano-MgO particles to
the Mg—Zn—Ca alloy to improve its mechanical properties and corrosion resistance effec-
tively [3,4]. The addition of MgO nanoparticles can effectively block the crack extension of
the corrosion product layer and make the corrosion product layer denser [5]. Goh et al. [6]
reported that adding MgO nanoparticles was an important factor in inhibiting the growth
of grains, and the mechanical shearing process in the ECAP process made the MgO par-
ticles evenly distributed, then achieved the refinement of the grains. In the subsequent
deformation process, the stable intermetallic compound CayMggZn3 in Mg—Zn—Ca alloys
limits grain size.

The hexagonal close-packed (hcp) structure of magnesium alloys results in very
few slip systems at ordinary temperatures, resulting in processing performance being
poor [7-10]. The severe plastic deformation (SPD) process imposes a large plastic strain
on lightweight materials, improving the micro-plasticity of the materials and refining the
microstructure. ECAP, one of the SPD methods, is a common method for refining grain
and microstructure homogenization of hexagonal close-packed crystal structures like mag-
nesium alloys [10,11]. During the ECAP deformation process of a magnesium alloy, the
deformation energy storage begins to accumulate, but the high-energy state is unstable.
High-temperature conditions can induce recrystallization behavior, and the deformation
energy accumulated during the deformation process can be the driving force for recrys-
tallization, thereby releasing the deformation energy through the recrystallization process
to achieve a stable energy state [12,13]. Jin et al. [14] and Figueiredo et al. [15] proposed
a grain refinement mechanism based on dynamic recrystallization and indicated that the
new grains were formed by the initial grain boundaries during the deformation process.
In addition to grain refinement, the size of MgO and other second phases decreases and
are more evenly distributed in the matrix with the increase in the number of ECAP passes.
During the deformation process, the recrystallized grains have a preferred orientation, and
the non-basal slip system of the crystal is activated, which is beneficial to the improvement
of its plasticity, deforming at a higher temperature. ECAP improves mechanical properties
and the corrosion resistance of the specimens. The process of ECAP also leads to texture
changes, and the texture softening can well support the experimental result of the formation
of a geometric softer zone during compression deformation of the alloy [16,17].

Under the ECAP parameters of processing temperature (250 °C) and die channel angle
(90°), L. B. Tong et al. [18] used routes of A, Bc and C to perform four passes of extrusion on
a Mg-Zn—Ca alloy, and found that route of Bc is the most effective in grain refinement and
formation of high-angle grain boundaries, which has great reference significance for opti-
mizing the microstructure and mechanical properties of a Mg-Zn-Ca alloy. Zhang et al. [19]
heated a specimen at 300 °C for 15 min in the mold, extruded the specimen into one, four
and eight passes through the route B¢, and found that the ECAP process has a significant
effect on the microstructure homogenization of the composites, which is more obvious in
the initial deformation stage. The work of Zhang et al. complemented the study of the
microstructure and mechanical properties of Mg-Zn—Ca alloys under different numbers
of passes in the route of Bc. Zhang et al. [20] conducted electrochemical tests and simu-
lated body fluid immersion experiments on MgO/Mg-Zn—Ca composites; however, the
authors discussed the effects of only two processing strategies on the corrosion resistance
of this new composite material, which is not comprehensive for the study of the corrosion
resistance of new composite materials. Although the previous work was rather valuable,
it failed to systematically summarize the influence of different die channel angles and
number of passes on the properties of MgO/Mg-Zn—Ca composites. In this work, the
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effects of two different mold angles (90° and 120°) and three passes (1,4, and 8) on the
microstructure, mechanical properties and corrosion resistance of innovative magnesium
alloys were systematically studied to perfect exploration on improving the properties of
MgO/Mg-Zn-Ca composites.

2. Experimental Procedure
2.1. Melting and Fabrication of Composite Materials

The 0.6 wt.% MgO/Mg-3Zn-0.2Ca composite was prepared using high-purity mag-
nesium (99.99%) ingots, Zn (99.99 wt.%) granules, a Mg-Ca master alloy (containing
25 wt.% Ca), and spherical MgO nanoparticles with an average diameter of 50-100 nm.
Under the protection of an SFs /N, gas mixture, pure magnesium ingots were melted at
720 °C, followed by the addition of calculated amounts of pure Zn and a Mg—Ca alloy into
the molten magnesium, which was maintained at this temperature for 30 min. The MgO
nanoparticles were then introduced at the bottom of a steel crucible preheated to 690 °C
and subsequently incorporated into the molten magnesium. To ensure uniform dispersion
of the MgO nanoparticles, a high-shear dynamic and static mixer was employed to disperse
the nanoparticles within the Mg-3Zn-0.2Ca alloy melt. After successfully incorporating
the MgO nanoparticles into the matrix melt, the composite melt underwent intensive shear
mixing using a high-shear rotor-stator mixer at 4000 r/min for 5 min. The melt was then
allowed to cool to 690 °C before being cast into a low-temperature steel mold at 680 °C.
After solidification and cooling, the composite ingot was demolded. Following casting, all
ingots underwent mechanical machining to remove surface oxidation scales.

2.2. Hot Extrusion

After the composite material was prepared, the ingots were first hot-extruded into
square bars with a cross-section of 15 mm x 15 mm using a YJQ-300 extruder (Wuxi
Linlian Machinery Manufacturing Co., Ltd., Jiangsu, China) (Figure 1c). Once the furnace
temperature of the YJQ-300 extruder reached and stabilized at 300 °C, the extrusion was
carried out at a steady speed of 2-3 mm/s. After extrusion, the square bars were cooled to
room temperature and then cut into 15 mm x 15 mm X 100 mm sections to fit the ECAP
die channel and facilitate the subsequent ECAP process.

(a)

Reinforcing
parti = i
iy+SFg

ECAP route Be
r—b
s

Figure 1. Experimental equipment: (a) High-shear stirring, (b) Ultrasonic treatment, (c) YJQ-300 hot
extruding machine, (d) ECAP machine, (e) ECAP machining principle and (f) ECAP route Be.
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2.3. ECAP Deformation of the Composite Material

A graphite-based alcohol lubricant was evenly applied to the surface of the pre-
prepared sample and the die channel. The ECAP machine was heated to the specified
temperature (300 °C), which was maintained for 30 min. The sample was placed into
the die channel, and after both the sample and the die channel were maintained at that
temperature for another 30 min, the ECAP processing was carried out according to the
specified parameters. The extrusion path followed the Bc path, meaning that the sample
was rotated 90° in the same direction before each subsequent pass.

2.4. ECAP Procedure

The die channel angles of the ECAP extruder were 90° and 120°. The selected route
was B¢ (Figure 1f) as the passing channel for extruding the 1st, 4th and 8th passes after being
kept in the ECAP mold at 300 °C for 15 min. The B¢ route was rotated 90° counterclockwise
after each pass. Ignoring the friction between the sample and the channel, the accumulated
equivalent strain values (¢;) of each of these processes were calculated by Equation (1),
proposed by Iwahashi et al. [21].

& = \Ijg[kot (3) + g}) +(pcosec<(§ + 15)] (1)

where N represents the number of passes, ¢ the die channel angle, and ¢ the corner angle.
Through this formula, it can be found that when the angle is 90°, the total deformation
strain is more significant than when it is 120°.

2.5. Microstructure Characterization

After ECAP, the cross-section microstructure of specimens in the extrusion direction
(ED) was investigated. The specimens were mechanically polished to 5000# using SiC
abrasive papers, and the etchant was composed of 2.75 g picric acid, 45 mL ethanol, 2.5 mL
acetic acid, and 5 mL distilled water. A scanning electron microscope (SEM, Quanta FEG
250, FEI Co., Ltd., Oregon, OR, USA), and its energy-dispersive spectrometer (EDS) were
relied on for microstructural observations. An X-ray diffractometer (Rigaku Ultima IV,
Rigaku Corporation Co., Ltd., Tokyo, Japan) was used to scan in the range of 20°-80° at
a speed of 8°-min~!, adopting a Cu target, a 9KW rotating anode target, and a working
current of 40 kv, 150 mA. Electron back-scattered diffraction (EBSD) was used to detect
textures in materials for further analyzing the extruded and ECAP-ed samples. Mechanical
grinding and polishing methods were processed on the obtained specimens for the EBSD
testing, and further ion polishing was performed using an ion etching machine (Leica
RES101, Leica Microsystems Co., Ltd., Wetzlar, Germany). Owing to the difference in
grain size, the original extruded and ECAP-ed specimens were measured with different
magnifications for EBSD, and the Channel 5 software was relied on for data analysis.

2.6. Mechanical Test

Compression samples with dimensions of &4 mm x 8 mm were cut from the central re-
gion of the composite material using wire electrical discharge machining (Taizhou Hengtian
Mechanical Manufacture Co., Ltd., Taizhou, Jiangsu, China) along the extrusion direction
(ED). The mechanical test was conducted according to the GB/T 7314-2005 standard [22].
The two ends and the outer surface of the samples were polished to remove the oxide layer
before testing. The samples were then positioned precisely on the compression platform of
an OOL10 universal testing machine. No lubricant was applied between the sample and
the compression tools. The test was terminated when the sample exhibited evident damage.
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Compression tests were conducted at a strain rate of 0.5 x 1073 s~! at room temperature,

and the corresponding data were recorded to generate compression stress—strain curves.

2.7. Electrochemical Measurements

The size of the specimens for electrochemical testing was 5 mm x 5 mm x 3 mm.
To make the specimens reach the equilibrium potential, the specimens were placed in a
constant-temperature simulated body fluid (SBF) at 37 °C for 30 min, then subjected to a
traditional three-electrode system consisting of a platinum electrode, a saturated calomel
electrode (SCE) and the specimen. The exposed surface of the specimen was 0.25 mm?,
ground using silicon papers up to 3000#. Tests of potentiodynamic polarization were
conducted at 37 °C on an electrochemical workstation (Zennium, Kronach, Germany) by
exerting a potential from the self-corrosion of —500 mV to +500 mV at a scan rate of 1 mV/s.

3. Results and Discussion
3.1. Microstructure Analysis

The SEM of the as-extruded and ECAP-ed 0.6 wt.% MgO/Mg-3Zn-0.2Ca composite
is shown in Figure 2, and the specific grain size is shown in Table 1. The average grain size
and standard deviation were obtained through EBSD analysis. Figure 2a shows that the
grain-size distribution of the as-extruded specimen is not homogenized, presenting the
distribution of large grains around small grains. In the ECAP-ed specimens, the distribution
of the microstructure was more uniform, and the grains evolved into equiaxial crystals.
The significant changes in microstructure can be explained by the following aspects. The
processing temperature is kept at 300 °C to reach the recrystallization temperature of Mg
alloy during the ECAP process and the deformed grains recover and recrystallize, resulting
in grain refinement. Nevertheless, the specimens are also subjected to strain along with
the recrystallization process, such that the mechanical shearing effect breaks coarse grains
into refined ones. Mechanical actions, such as shear stress concentration during extrusion,
induce lattice twisting at grain boundaries, leading to the formation of high-angle grain
boundaries and grain refinement. Dislocation accumulation and cross-slip contribute to
a banded structure. As stress increases, sub-grain boundaries form and migrate, further
promoting the development of high-angle grain boundaries and finer grains. Magnesium
alloys have a low stacking fault energy (SFE), making it difficult for dislocations on slip
planes to rearrange through climb and cross-slip. As a result, during hot deformation, the
dynamic recovery process in magnesium alloys is relatively slow, causing local dislocation
density to increase with strain, which consequently promotes the initiation of dynamic
recrystallization [23,24].

Table 1. The average grain size of as-extruded and ECAP-ed specimens (um).

Sample

90°-1-Pass 90°-4-Pass 90°-8-Pass 120°-1-Pass 120°-4-Pass 120°-8-Pass

Average grain size
Standard deviation

13.66 5.86 5.31 19.7 6.86 6.54
2.73 1.01 1.15 291 1.37 1.25

There are a large number of coarse grains in the extruded specimen, while the coarse
grains are basically eliminated in the ECAP specimens. The specimens in the same pass of
ECAP using different die channel angles exhibited different grain sizes. The specimens after
ECAP when @1 = 90° exhibited finer grains than the specimens after ECAP when ¢, = 120°,
indicating that a larger amount of deformation occurred in the ECAP specimens at 90°; the
higher strain led to more deformation energy being stored during ECAP, which promotes
the process of recrystallization. Agwa et al. [25], using finite element (FE) simulation
analysis, reported that enormous equivalent plastic strains occurred in the right-angle
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channel rather than in the obtuse-angle channel, which was consistent with the current
experimental results. The grain size cannot invariably be decreased with an increased
number of passes; when the number of passes reaches four, the grain size is in a stable
state, and the dynamic recrystallization process achieves a balance. A larger strain in
the ECAP-ed specimens results in a higher nucleation rate and finer grains. During the
processing, a highly localized lattice misorientation around the particles can be caused in the
deformation zone of the nano-Mgo particles, which can be used as an effective nucleation
site for the newly recrystallized grains, achieving particle-stimulated nucleation (PSN)
and MgO particles; a heterogeneous nucleating agent has a fixed effect on dislocations
and grain boundaries during dynamic recrystallization, so adding MgO nanoparticles is

beneficial to the grain refinement.

Figure 2. SEM of 0.6wt.% MgO/Mg-3Zn-0.2Ca composite material. (a) As-extruded, (b) 1-pass
ECAP at 120°, (c) 4-pass ECAP at 120°, (d) 8-pass ECAP at 120°, (e) 1-pass ECAP at 90°, (f) 4-pass
ECAP at 90° and (g) 8-pass ECAP at 90°.

The flocculent second phase (as indicated by the red arrow) appears in the grain
boundary, and the spherical second phase (as indicated by the yellow arrow) appears
inside the grains, as shown in Figure 2. Table 2 shows the EDS result of the four-pass
ECAP-ed specimen marked in Figure 3c. Through energy spectrum analysis and the
XRD phase analysis results, it can be seen that the atomic ratio Mg:Ca:Zn is close to 6:2:3;
therefore, it can be considered that the second phase at the grain boundary (A and B) are
CapyMggZn3 molecules. Similarly, the flocculent second phases (C and D) are marked as
MgZn compounds. The white particles at position E are identified as MgO, and it can
be seen that the atomic percentage of Mg and O elements in Table 2 is not 1, because the
size of the MgO particles is so small that the Mg matrix will be scanned in point scanning,
resulting in a higher content of the Mg element.
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Table 2. EDS result of the 4-pass ECAP-ed specimen marked in Figure 3.
Element (wt.%) C ¢
Location omponen
Mg Zn Ca 0) P
A 46.6 40.3 13.1 MgZnCa
B 64.1 27.0 8.9 MgZnCa
C 94.0 6.0 MgZn
D 98.7 1.3 MgZn
E 93.0 7.0 nano-MgO
-~ 90°-1pass * a-Mg
I(a) = 90°-4pass + MgZn,
v —90°-8pass *Ca,Mg¢Zn,
3 s s
5 sEls 82 3.8 4% 4
g skds % 8% =% B
g 3 o IR LA
J | T VN T N
A A l A AN
20 30 40 50 60 70 80
2Theta (degree)
(b) = as-extruded ~ ® a-MgO
— ]-pass v MgZn,

= 4-pass

# CapMgeZny

— (-pass

= g £ § 8&=8

— 5 T Ty ST
5 8-pass 1*2 A A i b
s
2
= "
g cpass Ak = B VR W ¥

tpass g, | - X

as-extruded 1 . '
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"~ 10pm JSM7800F 4/12/2023
10.0kV BED-C  SEM WD 1lmm  15:52:31

Figure 3. XRD (a,b) of as-extruded composite 1-, 4-, 8-pass ECAP at 120° and 1-, 4-, 8-pass ECAP at
90°, and (c) SEM of 4-pass ECAP at 120°.
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The banded and spherical second phases are larger and haphazardly distributed in
the as-extruded specimen, which is related to the precipitation behavior during the casting
process. After one-pass ECAP-ing, the distribution had a significant improvement; the
refining effect of ECAP on the second phase was noticeable, and the refining effect was
continuously improving, accompanying the increase in number of passes. The dimensions
of the second phase, like the grain size, came into balance after four passes; therefore, it
could be inferred that the sample after four-pass ECAP treatments could obtain better per-
formance, and the increase in number of ECAP passes had little effect on its improvement.
MgO particles exhibited pinning effects on dislocations and grain boundary movement
during dynamic recrystallization, which also confirmed that MgO nanoparticles were an
effective heterogeneous nucleating agent.

The as-extruded and ECAP-ed specimen XRD patterns are presented in Figure 3a,b.
The as-extruded and ECAP-ed specimens show the same phase peaks: a-Mg matrix, MgZny,,
and CapyMggZns, indicating that the ECAP process can change the distribution of second
phases but does not initiate a phase transition during ECAP [26]. MgO is not detected in the
XRD results due to the low content, i.e., only 0.6 wt.%, which is below the measurable range
of the instrument. The orientation of the second phase is also changed, such that the (004)
orientation peak intensity of CayMgsZn3 increases, but the (643) orientation peak intensity
decreases as the number of ECAP passes increases, as shown in Figure 3a. The intensity of
(100) and (201) cylindrical orientation peaks of x-Mg decreases, while the intensity of (101),
(102), and (103) peaks of basal and conical orientation increases, which will have a certain
impact on the mechanical properties of the material, since greater basal slip and pyramidal
slip can effectively improve the plasticity of the material. At ¢ =90°, the (001) and (101)
peak intensities of x-Mg in the composites are significantly improved, and new orientations
of MgZn; and CayMgeZn; phases appear. This is because changing the channel angle
generates higher strain, which facilitates the dynamic precipitation of the second phase.

Figure 4 shows the fraction content of grain type of the specimens. The as-extruded
specimen exhibits a typical deformed structure; the fraction of recrystallized grain is just
7.4%, and most of the grains are substructure and deformed grains; the scale of substructure
and deformed grains is close to 1:1, while in the ECAP-ed specimen, after eight passes
at 120°, the recrystallized grains increase to 60.3%, and the fraction of deformed grains
is 5.0%, which indicates an improvement in recrystallization. However, the grains have
completed recrystallization in the ECAP-ed specimen after eight passes at 90°, almost no
deformed grains are left, and the recrystallized grain is up to 71.5%. The main difference in
eight-pass ECAP-ed specimens at different angles lies in the proportion of recrystallized
grains and subgrains. In addition, the proportion of recrystallized grains in samples
subjected to ECAP at 90° is higher because the ECAP-ed specimen at 90° obtains greater
heterogeneity of the distribution of the stored energy in neighboring crystallites, which acts
as a driving force for recrystallization during the recrystallization process, promoting its
recrystallization behavior.

Figure 5 presents the pole figures of the as-extruded and eight-pass ECAP-ed 0.6 wt.%
MgO composite. The fabric texture {0001} <1010> in the as-extruded specimen indicates
that the {0001} basal plane and <10-10> direction of most grains are parallel to the extrusion
direction (ED), as shown in Figure 5a. The strong basal plane orientation of the coarse grains
explains that the pole density of the extruded state (12.49) multiple of random distribution
(MRD) is higher than that of the ECAP-ed specimens, indicating that the basal texture
decreases after ECAP. The prismatic surface slip is the major deformation mechanism due
to the equivalent axisymmetric compressive stress of extrusion and the axial tensile stress,
while the {0001} basis plane is parallel to the c-axis direction, and {10-12} tensile twinning
occurs when the plane is compressed or stretched along the c-axis direction. The research
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shows the {0001} basal texture is decomposed into {10-10} and {2-1-10} textures with the
increase in the extent of compressive deformation, resulting in texture softening, which
can decrease the yield strength [27]. Figure 5c¢ presents the pole diagram of the composite
after eight-pass ECAP. After the specimen is processed by eight-pass ECAP at 90°, it is
subjected to strong shear force from passing through the included angle, and the basal
plane slip system is activated to form a {11-20} <0001> texture; that is, the (0001) basal plane
has a vertical oblique texture in the theoretical shear plane. The strong point in the pole
figure is rotated about 70° counterclockwise around the ED direction, deviating from the
orientation position of the basal plane and significantly weakening the basal plane texture.
It is known that the rigid rotation of the lattice is 45° during the ECAP deformation at ¢ =
90°; however, the rotation of the lattice after eight passes is significantly larger than this
angle, indicating the rotation of the lattice is not limited to the rotation of the crystal. In the
early stage of deformation, strong shear deformation occurred during the ECAP process,
and the coarse grains were broken to form cell blocks which rotated to match the strain
between adjacent cell blocks to form a new texture. The grains had been refined, and the
texture evolution in the grains was mainly formed by the rotation of the whole grains in
the later stage of deformation, thereby gradually forming the ECAP shear texture.

80 - B as-cxtruded
e - 120°-8pass

70 4 90°-8pass

60.3

60

Fraction
S w
S S
1 1

W
=]
1

20

Recrtstallized Substructural Deformed

Grain type

Figure 4. Grain type of different ECAP-ed specimens.

12.49

{11-20} {10-10}

()

0.01

(b)

0.01

Figure 5. Pole figures of composite. (a) As-extruded, (b) 8-pass ECAP at 120°, and (c) 8-pass ECAP at 90°.
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Figure 6 presents the Kernel average misorientation (KAM) and local misorientation
of the as-extruded and ECAP-ed specimens. The KAM method is used for Geometrically
Necessary Dislocation (GND) of composite materials under different processes, using
Equation (2) to calculate the GND density in different regions; the relation between KAM
and GND is shown in Equation (2) [28].

PGND = %: KAM e (2)
where oGNP presents the GND density, KAM,y, presents the weighted average 4 of the
local misorientation, i presents the unit length of 75 nm, b presents the Burgers vector and
B =2.6 x 1015 m~2. The KAM_y, in as-extruded ECAP-ed specimens of eight passes at
120°and 90° are 0.071, 0.097, and 0.034, respectively, and the GND in as-extruded eight-
pass ECAP-ed specimens at 120° and 90° is 2.522 x 10 m~2, 1.846 x 10* m~2, and
8.840 x 101 m~—2[20].

4.0

(a)

Frequency
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Figure 6. Kernel average misorientation and local misorientation of specimens. (a) As-extruded,
(b) 8-pass ECAP at 120°, and (c) 8-pass ECAP at 90°.

In Figure 6, green represents the local misorientation, which is caused by lattice distor-
tion resulting from large deformations. In Figure 6a, the grain structure shows a higher
content of green lines, which is due to the large strain experienced by the alloy during the
hot extrusion process, leading to dislocation accumulation. The GND density of the eight-
pass ECAP specimen at 120° in Figure 6b is high, indicating that after ECAP processing, the
matrix generates a large number of dislocations. Under unidirectional compressive stress,
dislocations form dislocation pile-ups during their movement, leading to higher stress con-
centrations around the matrix and precipitate particles. The activation of new dislocations
increases the stress on the second-phase particles, ultimately causing microcracks due to
the fracture of the second-phase particles and matrix. In Figure 6c, the grain structure is pre-
dominantly covered in blue, with less green, indicating that reducing the die angle results
in a decrease in the GND density of the composite material. This is because, during ECAP
deformation, recrystallization occurs within the 0.6 wt.% MgO/Mg-3Zn-0.2Ca composite
material. The recrystallization process leads to a reduction in dislocation density, which
can absorb a large number of dislocations and hinder strain hardening during deformation.
This is the main reason for the observed strain softening and improved formability. As the
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die angle decreases, the recrystallized grain size reduces, and most of the dislocations gen-
erated during alloy deformation accumulate at the grain boundaries. Due to the presence
of non-equilibrium grain boundaries, dislocations accumulated at the grain boundaries are
more easily absorbed, triggering dynamic recovery. As a result, the GND density decreases,
providing the magnesium alloy with higher stress and strain-hardening rates.

3.2. Mechanical Property

Since the Mg-Zn—Ca alloy under study is primarily intended for biomedical compos-
ites, it is likely to experience mainly compressive effects in the human body. Therefore,
compression testing can reflect its mechanical behavior in the application environment.
The compressive stress—strain curve of the as-extruded and ECAP-ed composite is shown
in Figure 7, and the specific values are shown in Table 3. The ability to resist plastic defor-
mation of ECAP-ed specimens was weaker than the as-extruded specimen; the one-pass
ECAP-ed specimens at 90° and 120° had the lower ultimate compressive strength (UCS),
while gradually rising with the increases in number of passes; the eight-pass ECAP-ed
specimens achieved the approximate UCS with the as-extruded specimen. Recrystallization
was an important factor in the decrease in UCS in the initial ECAP process. The specimen
was subjected to significant deformation during the extrusion process, which caused the
work-hardening effect; the formation of textures was the best proof, and the max pole
density was 11.29 MRD in the as-extruded specimen. Higher temperatures promoted their
recrystallization process, which reduced the orientation trend of the grains, leading to
the evolution of their texture and reducing the work hardening when the ECAP process
was conducted. It is worth noting that, although the ECAP-ed specimens obtain a similar
UCS with the as-extruded specimen, this does not mean that both have the same perfor-
mance, which mainly depends on their internal structural differences. In the as-extruded
specimen, coarse grains are generally considered the source of stress concentration during
working, which can cause cracks to initiate at these locations, finally leading to failure.
In the ECAP-ed specimens, the stress concentration effect may not be obvious, so when
the work hardening is lower than for the as-extruded specimen, the UCS still reaches a
similar level because of the refinement and uniform distribution of grains; the performance
is considered to be superior to the as-extruded specimen, so the ECAP process is expected
to improve its performance without affecting its overall strength. The UCS of the one-pass
and four-pass ECAP-ed specimens are at the same level, while the UCS increases after
the eight-pass ECAP. Therefore, it can be inferred that dynamic recrystallization is in a
balanced state when the number of passes is below four. However, as the number of
passes increase, the recrystallization effect is suppressed because the grains are already very
small, while the effect of work hardening is enhanced when the deformation rate remains
unchanged. In polycrystals with small grain sizes, the non-uniform deformation of adja-
cent crystallites is not constrained, resulting in variations in stored energy. This variation
maintains the driving force for recrystallization, which plays a key role in influencing the
work-hardening effect.

There is an interesting phenomenon in Figure 7, which is that the yield strength of
the alloy processed by high number of ECAP passes has no obvious change, although
the grain size is refined. This phenomenon can be explained by the following aspects.
After ECAP processing, there are still large grains in the material structure, which is not
the complete grain refinement in the strict sense, and the phenomenon of uneven grain
size appears. The preferred orientation of texture affects the mechanical properties of
magnesium alloys [29]. Studies have shown that the elongation of the extruded magnesium
alloy is greatly improved after equal channel angular extrusion, but the strength has not
changed significantly, which is consistent with the findings of [17]. The compressive
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yield strength (CYS) has different performances at 90° and 120° after eight-pass ECAP; in
the ECAP-ed specimens at 90°, the CYS increases with the increase in number of passes
because of the effect of grain refinement, verified by the Hall-Petch effect. But it has the
opposite trend in the ECAP-ed specimen at 120°; overall, it is in a relatively balanced
state with a small downward trend, which is related to the texture softening effect; in the
ECAP-ed specimen at 120°, the specimen is prone to form a basal fiber texture during the
deformation processes, the {0001} basal plane is parallel to the c-axis direction, and {10-12}
tensile twinning can occur when compressing or stretching along the c-axis direction. The
{0001} basal texture is decomposed into {1010} and {2-1-10} textures with the increase in
the degree of compressive deformation, resulting in texture softening, then a reduction in
the CYS.

500
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= 00°-8pass
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0 S 10 15 20 25 30 35 40 45
Strain (%)

Figure 7. Compressive stress—strain curve of as-extruded composite and 1-, 4-, 8-pass ECAP at 90°
and 120°.

Table 3. Compressive properties of the specimens.

Specimen CYS (MPa) UCS (MPa) CSF (%)
As-extruded 107.39 409.08 14.08
90°-1-pass 81.56 370.96 21.61
90°-4-pass 98.94 360.54 22.78
90°-8-pass 113.97 401.76 20.45
120°-1-pass 106.85 362.35 26.31
120°-4-pass 104.74 379.06 34.05
120°-8-pass 97.38 405.77 34.18

In the ECAP-ed specimens at 90° and 120°, the compressive strain of fracture (CSF)
shows a great improvement, reaching 1.5 times and 2.4 times that of the as-extruded
specimen, respectively. The improvement of CSF can be attributed to the homogenization
of microstructure, grains, and second phases; in the as-extruded specimen, there exist
many coarse grains which will act as areas of stress concentration. Meanwhile, the larger-
sized phases can also be harmful to its performance; cracks can initiate in areas of stress
concentration and spread along coarse grains, leading to a decrease in plasticity. The ECAP
processing can refine the grains and phases and decrease the areas which can cause stress
concentration. Meanwhile, the inhibiting effect of grain boundaries on crack propagation
should not be underestimated. Cracks normally spread along the coarse grains and large
phases; the ECAP-ed specimen has more grain boundaries and finer second phases, so the
plasticity can be greatly improved by suppressing the propagation of cracks. The texture
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softening during ECAP can improve the anisotropy of the specimens and CSFE. The value of
CSF of the eight-pass ECAP-ed specimens at 120° is the highest; the specimens have the
proximate grain size with it at 90° but exhibit better plasticity.

As compressive deformation increases, the {0001} basal texture decomposes into
{10-10} and {2-1-10} textures, leading to texture softening and reduced yield strength. The
weakening effect of the extrusion-induced texture surpasses the strengthening effect of
grain refinement, while grain refinement activates more slip systems, enhancing plastic
deformation. During early ECAP processing, UCS decreases due to dislocations and
defects introduced in the composite. As ECAP continues, dislocation accumulation reaches
a critical level, hindering movement and making deformation more difficult. With more
ECAP passes, the second-phase size decreases, reducing crack initiation and improving
strength. A smaller channel angle decreases plasticity due to increased strain and work
hardening. The high yield strength results from grain refinement, second-phase and texture
strengthening. According to the Hall-Petch relationship, smaller grain size increases yield
strength, while the Orowan mechanism suggests second-phase dispersion contributes to
strength. In magnesium alloys, basal slip dominates at room temperature [30]. A strong
basal texture inhibits basal slip activation, raising yield strength. Additionally, MgO and
other second-phase particles at grain boundaries exert a pinning effect, effectively hindering
dislocation motion and grain boundary sliding, thereby enhancing the composite’s strength.

Figure 8 presents the Schmid factors of as-extruded and eight-pass ECAP-ed specimens.
Different colors in the figure represent different deformation capabilities of the grains,
and the difficulty of opening the slip in different colors in the figure represent different
deformation capability of the grains. In the as-extruded specimen, the distribution of the
Schmid factor has a large deviation, indicating a large difference in grain orientation, which
explains the reason for the low plasticity of the as-extruded specimen. The texture softening
effect and the recrystallization process make the distribution of the Schmid factor of the
ECAP specimens finer, and that of the eight-pass ECAP-ed specimen at 120° has a smooth
trend; the higher area is greater than 0.3, which is preferred to a soft orientation which
undergoes greater deformation and stores more energy [18].

Frequency
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Figure 8. Schmid factor of different specimens. (a,b) As-extruded, (c,d) 8-pass ECAP at 120° and
(e,f) 8-pass ECAP at 90°.
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3.3. Corrosion Resistance

The dynamic potential polarization curves of composites, corrosion potential (Ecorr),
and corrosion current density (I.o;r) are shown in Figures 9 and 10, respectively; b, is the
cathode Tafel slope, and b, is the anode Tafel slope in Figure 10. The corrosion resistance of
the prepared innovative magnesium alloy was reflected by dynamic potential polarization
curves and impedance spectroscopy to explore the effect of microstructure on corrosion
resistance. Table 4 shows the result of corrosion potential (Ecorr), corrosion current (Ieorr),
cathode Tafel slope (b.), and anode Tafel slope (ba,); the Tafel slope represents the blocking
of the electrode process. Impedance spectroscopy, as shown in Figure 11, reflects the
effectiveness of the passivation film formed on the surface. The radius of the capacitive
loop is affiliated with the surface film resistance (R1); the small capacitive reactance loop
represents the charge transfer resistance (R2), while CPE1 and CPE2 are the constant phase
elements of the charge transfer on the surface film, as shown in Figure 11c.

@ (b)

Log|i/A| (Ar’cm’)

Logli/A| (A/em?)

Potential (V) Potential (V)

Figure 9. Dynamic potential polarization curves of composites. (a) As-extruded and 1-, 4-, 8-pass
ECAP at 120°, and (b) 1-, 4-, 8-pass ECAP at 90°.
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Figure 10. Electrochemical parameters for different specimens in SBF solution. (a) Corrosion potential
and corrosion current density of extruded and ECAP-ed specimens, and (b) cathode Tafel slope and
anode Tafel slope of extruded and ECAP-ed specimens.

Table 4. Electrochemical parameters for different specimens in SBF solution.

ECOI‘I‘

. Lcorr b, ba

Specimen Hg(/\;-l‘;SC.l) (uA/cm?) (mV/decade) (mV/decade)
As-extruded —1.416 15.739 0.173 0.180
120°-1-pass —1.412 12.784 0.107 0.950
120°-4-pass —1.355 2.723 0.205 0.106
120°-8-pass —1.406 11.495 0.106 0.120

90°-1-pass —1.298 5.248 0.353 0.223

90°-4-pass —1.310 5.322 0.349 0.195

90°-8-pass —-1.322 5.361 0.339 0.205
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Figure 11. Impedance spectroscopy of composites. (a) As-extruded and 1,4,8-pass ECAP at 120°; and
(b) 1,4,8-pass ECAP at 90°; (c) Equivalent circuit model of specimens under corrosion in SBF Solution.

The corrosion potential of the as-extruded specimens is the lowest, but the corrosion
current density is the highest, indicating that the as-extruded specimens have the largest
corrosion rate. The factors that affect corrosion performance are related to the size of
the second phase, which is usually considered the main reason for causing potential
differences and accelerating the corrosion process. Larger second phases will exacerbate the
pitting process, and the distribution state of the second phase will also affect the corrosion
performance; the specimens which have an interrupted distribution of the second phase
have better corrosion resistance. The electrochemical corrosion between the second phase
and the substrate will be separated independently; because the presence of grain boundaries
prevents the diffusion of corrosion and allows it to exist in a small area without affecting
its overall corrosion performance, the continuous distribution of the second phase leads
to intensified intergranular corrosion, and the corrosion effect will intensify. Moreover,
the strengthening effect of grain boundaries will suppress corrosion performance, as the
size of corrosive ions decreases. The more grain boundaries there are, the stronger the
ability to inhibit the propagation of these corrosive ions; therefore, as the number of grain
boundaries increases, the corrosion resistance improves. The ECAP-ed specimens of 90°
display the lower I+ and higher E.y,, and the ECAP-ed sample of 90°-1-pass has the
best corrosion resistance. With a greater strain created by adjusting the mold angle, the
Ieorr reduced significantly, attributing to a decline in the dimension of the second phase
and a multiplication grain boundary density during ECAP. From the dynamic potential
polarization curves, the corrosion resistance of ECAP-ed specimens was improved by
increasing strain to refine grain size; when specimens are of the same grain size, it is
necessary to analyze the inner structures.

Figure 11 presents the impedance spectroscopy of these specimens. The capacitive
behavior is large, owing to the charge transfer process of Mg — Mg?* at the double layer
formed by the surface film, while the capacitance loop is small because of the relaxation
of the corrosion product film formed on the alloy surface; the resistance of this oxide
film is low due to its porous and partially protective properties [31]. The composite
materials have capacitive arcs in the high-frequency region and the low-frequency region,
indicating that local corrosion occurs in the electrochemical corrosion process. The AC
impedance spectrum shows that the capacitor arc processed by ECAP tends to continue to
spread, indicating that the constant temperature capacitor arc tends to continue to spread,
indicating that the constant temperature ECAP processing has not broken and does not



Metals 2025, 15, 349

16 of 18

destroy the uniform and slow corrosion of the substrate. Interface bonding between MgO
and the matrix has a significant impact on corrosion initiation, while grain homogenization
slows down the potential difference between large and small grains, which can explain the
phenomenon of improving corrosion resistance and reducing the corrosion rate. Larger-size
agglomerates in the extruded state and good interfacial bonding will not cause damage to
the matrix at the initiation of corrosion. Dynamic recovery and recrystallization processes
homogenize the structure and reduce the susceptibility of corrosion before ECAP, and
the cathode current density of the composites after ECAP is the lowest, indicating that
the ECAP process improves the cathode reaction resistance. Generally speaking, the bulk
deposits act as a cathode during the corrosion process, causing more severe corrosion.

The MgO particles in the ECAP samples are finer and more uniform due to the
mechanical shearing, which creates the uniform structure of the second phase without
lumps, which improves the corrosion resistance, making the corrosion surface protective
film denser and complete, accelerates the passivation speed of the magnesium alloy, reduces
the secondary corrosion, and thus reduces the corrosion rate. During the corrosion process
of the 0.6 wt.% MgO/Mg-3Zn-0.2Ca composite, the grain boundaries can serve as the
cathodic protection matrix and generate Mg(OH),, which can form a protective film that
improves the corrosion resistance. But the Cl” existing in humans can damage the Mg(OH),
protective film, causing localized pitting corrosion, and grain refinement will bring more
flaws. The as-extruded specimen has many refined grains, whose microstructure is the
most inhomogeneous, and the volume fraction of the second phase is the largest; therefore,
the corrosion resistance of the as-extruded specimen is the worst [32].

4. Conclusions

The microstructure, mechanical properties, and corrosion resistance of a 0.6wt.%
MgO/Mg3Zn0.2Ca composite treated with ECAP (1-, 4-, 8-pass) with die channel angles of
90° and 120° were studied and compared with that of the extruded state. The main results
are as follows:

1. The microstructure homogenization of the composite material is affected by the
ECAP process significantly; the function of mechanical shear and recovery recrystallization
during ECAP can not only refine the grains but also homogenize the second phases. Due to
the higher total deformation strain of the ECAP-ed specimen at the die channel angle of 90°,
the grain size and second phases are more uniform than those at 120°, and the proportion
of recrystallized grains is higher, which causes the dislocation density to be lower than that
at 120°. After the ECAP, the {10-10} cylindrical texture strength of the ECAP-ed specimen
decreases, yet the {0001} basal texture and {11-20} pyramidal texture are enhanced.

2. The results show that the {0001} basal texture is decomposed into {10-10} and
{2-1-10} textures with the increase in compression deformation degree, resulting in texture
softening, thus reducing the yield strength. Grain refinement can activate more slip systems,
thereby improving the plastic deformation ability of the material. In addition, the size of
the second phase decreases, which reduces the possibility of cracking at the second phase
and increases the strength with the increase in number of passes.

3. The electrochemical measurement results show that the corrosion resistance of the
ECAP-ed sample is stronger due to grain refinement and homogenization; however, the
corrosion resistance decreases due to the defects caused by ECAP with the increase in
number of passes. The experimental results indicate that the ECAP-ed sample of 90°-1-pass
has the best corrosion resistance.
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