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Magnesium (Mg) alloys are promising lightweight structural materials due to their excellent mechanical prop-
erties and high specific strength. However, their relatively high corrosion rates, susceptibility to localized
corrosion, and potential for stress corrosion cracking pose significant challenges for engineering applications.
This study investigates the corrosion resistance of Mg-Zn-Ca (ZX) alloys processed by a constrained friction
processing (CFP) technique. CFP significantly refines the microstructure, reduces the size and volume of sec-
ondary phases, and enhances the mechanical properties of ZX alloys. The results show that CFP ZX alloys exhibit
improved corrosion resistance in NaCl solution, with ZX10 alloy demonstrating the best performance due to the
formation of a dense corrosion product and a protective Zn-rich layer on the surface. The study reveals that the
severe shear deformation and extensive recrystallization during CFP accelerate the dissolution of secondary
phases into the matrix, leading to a more homogeneous microstructure and reduced localized micro-galvanic
corrosion. These findings highlight the potential of CFP for producing high-performance Mg alloys with
enhanced corrosion resistance for structural applications.

1. Introduction Despite these advantages, Mg alloys exhibit relatively high corrosion

rates in aqueous or humid environments due to their low electrode po-

Magnesium (Mg) alloys have attracted extensive attention as light-
weight structural materials due to their exceptionally low density, high
specific strength, and favorable damping and machinability character-
istics [1]. Their very low density (1.74 ~ 2.00 g/cm?®) and high specific
strength enables significant mass reduction in applications where weight
efficiency is crucial, such as transportation, aerospace, electronics, and
other emerging lightweight engineering systems [2]. In addition, the
intrinsic biodegradability and good biocompatibility of Mg alloys have
also enabled their exploration in biodegradable implant devices as an
extended application scenario [3,4].
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tential (—1.7 ~ —1.3 V vs. SHE), which limits their long-term perfor-
mance and structural reliability [5]. Localized corrosion and
stress-corrosion cracking may further compromise mechanical integ-
rity, posing challenges for their use in demanding service environments
[6]. Therefore, improving corrosion resistance while maintaining
desirable mechanical properties, particularly high specific strength, re-
mains a central objective in the development and broader application of
advanced Mg alloys.

Microstructural characteristics, including grain size and the
morphology and distribution of secondary phases, significantly affect
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both mechanical behavior and corrosion performance. Alloying is one of
the most effective strategies to tailor these microstructures [7]. Calcium
(Ca) and zinc (Zn) are popular alloying elements in Mg alloys, since Ca
and Zn can help to improve both corrosion resistance and mechanical
properties. Zn has been reported to enhance mechanical properties and
corrosion resistance through solid solution strengthening and stabilizing
the corrosion film [8]. However, excessive Zn (>4 wt%) reduces tensile
strength and elongation, as well as corrosion resistance [9]. Ca is known
to refine microstructure and improve strength but can form brittle
intermetallic phases that accelerate corrosion [10]. Combining Zn and
Ca in low concentrations (<1 wt%) has shown promise in balancing
mechanical and corrosion properties [11,12].

In addition to alloying, microstructure refinement through severe
plastic deformation (SPD) techniques, such as equal-channel angular
pressing (ECAP) and high-pressure torsion (HPT), has improved me-
chanical properties and corrosion resistance. For example, Ma et al. [13]
achieved ultra-fine grains in ZE41A alloys via ECAP, enhancing strength
and ductility. Yang et al. [14] observed improved corrosion resistance in
AZ91 after ECAP due to reduced p-phase particles and weakened
galvanic effects. HPT has also been used to produce ultra-fine-grained
Mg alloys with enhanced mechanical properties and corrosion resis-
tance [15,16]. However, SPD methods often result in inhomogeneous
microstructures, requiring multiple passes or homogenization heat
treatment, which reduce production efficiency and increase energy
consumption [17-19].

Friction-based techniques, such as friction stir processing (FSP), offer
efficient microstructural refinement and homogenization. Zhang et al.
[20] reported refined grains and improved corrosion resistance in
Mg-Nd-Zn after FSP. Shunmugasamy et al. [21] found that FSPed EZ33
alloy exhibited enhanced hardness, ductility, and stable corrosion rates,
with favorable osseointegration and no toxic byproducts. To further
advance high-performance Mg alloys, constrained friction processing
(CFP) has been developed [22]. CFP eliminates the need for
pre-processing steps, generates heat internally, achieves refined micro-
structures and improves mechanical properties significantly in a short
production cycle (< 3s) [23,24]. This method offers high efficiency, cost
savings, and energy conservation, making it a promising approach for
producing high-performance Mg alloys for structural and lightweight
engineering applications.

In the present study, corrosion resistance of ZX alloys after CFP was
investigated. The type and size of the secondary phase in ZX alloys
before and after CFP were characterized, and the evolution of the sec-
ondary phase during CFP was analyzed since the secondary phase is
closely related to corrosion resistance and mechanism. Then, the
corrosion rate was measured, and the corrosion product after the
corrosion test was characterized to understand the corrosion
mechanism.

2. Materials and Method
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subsequent CFP processing.

CFP was conducted using the RPS 200 system from Harms & Wende
(Hamburg, Germany). The tool and procedure for CFP have been
described in our previous work [25], for more details see Fig. S1. The
tool system comprises a clamping ring (CR), a shoulder, and a probe,
with diameters of 17 mm, 9 mm, and 6 mm, respectively, as shown in
Fig. S1(a). The detailed processing procedures are shown in Fig. S1(b)
and (c), with the corresponding parameters listed in Table 2. The pro-
cedure of single pass CFP (SP-CFP) can be divided into three stages,
Fig. S1(b): 1) Preparation stage: The clamping ring descends and applies
a pre-set force to secure the BM against the backing anvil; 2) Plunging
stage: The shoulder and probe begin rotating at a predetermined speed.
Simultaneously, the shoulder plunges into the BM while the probe as-
cends, ensuring material volume remains balanced; 3) Final stage, when
the shoulder arrives at the pre-set plunge depth, the tool system stops
rotating and retracts. This results in a processed rod with a diameter
equal to that of the probe. Compared to SP-CFP, double pass CFP
(DP-CFP) introduces one additional processing cycle that includes
plunging and retraction stages. During the retraction stage, the shoulder
and probe rotate as they return to their initial positions. Based on our
prior study, DP-CFP demonstrated a more pronounced improvement in
mechanical properties, and thus ZX alloys with different Zn contents
were processed using the DP-CFP, which involves an initial pass with
high heat input followed by a second pass with low heat input. In
addition, SP-CFP with two levels of heat input, as well as DP-CFP, were
applied to the ZX10 alloy to further investigate the effects of processing
parameters. The corresponding parameters, including rotation speed
(RS), plunge depth (PD) and plunge time (PT), are listed in Table 2.

During the CFP process, the thermal profile was monitored using K-
type thermocouples enclosed in a 0.5 mm diameter metal sheath. The
thermocouples were positioned along the probe centerline, 3.5 mm
beneath the top surface of the base metal sheet and roughly 0.5 mm
away from the depth to which the tool was plunged.

After the CFP procedure, the longitudinal section of the processed
rod was cut and subsequently ground and polished in accordance with
conventional metallographic preparation routines. The microstructure
was examined using an FEI Quanta 650 field-emission SEM equipped
with an EDAX Apollo X EDS system and Velocity detectors for EBSD
acquisition. Prior to EBSD measurements, the specimens were electro-
polished in AC2 solution (Struers A/S, Ballerup, Denmark) at —20 °C
under an applied voltage of 25 V for approximately 35 s. The resulting
EBSD datasets were then processed and evaluated using TSL OIM 8 and
MTEX 5.10 software packages. The phases within the as-cast and CFP ZX
alloys were identified by high-energy synchrotron X-ray diffraction (HE-
XRD) technique, conducted at PO7 beamline of PETRA III, Deutsches

Table 2
Processing parameter of CFP for SP- and DP CFP at different heat inputs.

Processing 1st Pass 2nd Pass
Parameters RS PD PT RS PD PT
The base material (BM) in this study consisted of chill-cast Mg-Zn-Ca
. . . /rpm /mm /s /rpm /mm /s
(ZX) alloy ingots with varying Zn contents, produced at Helmholtz
Zentrum Hereon (Germany). The chemical compositions of the as-cast SP(']CFPh o 1800 3 1
. . . OwW heal
(AC) ZX alloys, including ZX00, ZX10, and ZX20, measured using SP-CFP 2400 3 1
SPECTROALB M12 spark atomic emission spectroscopy, are detailed in (high heat)
Table 1. The average grain size in the as-cast ZX alloys exceeds 1 mm. DP-CFP 2400 3 1 1800 3 1
The ingots were cut into plates with dimensions 100 x 25 x 6 mm? for
Table 1
Chemical compositions of as-cast ZX alloys, as provided by spark atomic emission spectrometry.
Materials Chemical Composition /wt%
Mg Zn Ca Fe Cu Ni Al Si
ZX00 Bal. 0.49 0.32 0.0010 0.0002 0.0005 0.0024 0.0034
ZX10 Bal. 0.97 0.30 0.0012 0.0002 0.0005 0.0055 0.0061
ZX20 Bal. 1.93 0.31 0.0011 0.0003 0.0005 0.0020 0.0051
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Elektronen-Synchrotron (DESY, Hamburg, Germany). The experimental
system is shown in Fig. S2. Different ZX alloy samples were examined in
transmission mode by a monochromatic X-ray beam with an energy of
103.8 keV and a size of 0.5 x 0.5 mm?Z The collected 2D diffraction
patterns were further integrated by Fit2D [26] to obtain the 1D dif-
fractograms. Finally, the diffraction patterns were analyzed and
assigned by referencing the Powder Diffraction File (PDF) entries for the
relevant phases obtained from the International Centre for Diffraction
Data (ICDD) database.

To preliminarily investigate the effects of different Zn contents and
the CFP process on corrosion resistance, the corrosion rates of the
samples in stirred NaCl solution were measured using hydrogen evolu-
tion experiments as well as mass loss experiments. Hydrogen evolution
experiments were performed using eudiometers (art. nr. 2591-10-500,
Neubert-Glas, Germany). The experimental setup has been described in
detail in [27]. The surfaces of all samples were ground to 1200 grit
before the hydrogen evolution experiments. Three samples, with a total
surface area of 500 mm?, were placed in each eudiometer bottle con-
taining 500 mL of 0.9% (w/v) NaCl solution (normal saline) for 72 h.
Throughout the tests, the corrosive medium was continuously agitated
using a magnetic stirrer. Each condition was tested in triplicate to ensure
reliability. The collected hydrogen volume was converted to the corre-
sponding amount of dissolved alloy, 1 mL of hydrogen
released = 0.001004 g of alloy loss done, the contribution of oxygen
reduction to the cathodic reaction is negligible. The average corrosion
rate derived from H, evolution, CRy /mm-yr’l, of each condition was
calculated using:

0.001004 g/mLe AV

CRy = peAet

@

where AV /mL is the volume of Hy produced during immersion, p
/g-cm ™ is the density of the Mg alloys, A /cm? is the exposed surface
area, and t /yr is the immersion duration. After immersion, corrosion
products were removed in a chromic acid solution (180 g/L chromium
(VD) oxide in distilled water, VWR International, Darmstadt, Germany)
for 20 min at room temperature to determine the weight loss, AW /g,
and the average corrosion rate measured by weight loss, CRy, was
calculated using:

AW
T peAet

CRw (2)

After the immersion test, the corroded surface and the cross-sectional
morphologies were characterized by FEI Quanta 650 field emission gun
(FEG) SEM equipped with EDAX Apollo X energy dispersive spectros-
copy (EDS). The microstructural analysis was further carried out using
FEI Talos F200X G2 transmission electron microscope (TEM) to inves-
tigate the corrosion product. Additionally, after the removal of corrosion
products by immersion in chromic acid, the variation of corroded sur-
face height was measured using Keyence 3D laser scanning microscope
VR-5200, and the pitting factor was calculated according to ASTM
G46-94. Moreover, the surface morphology was further characterized
by the FEI Quanta 650 field emission gun (FEG) SEM equipped with
EDAX Apollo X energy dispersive spectroscopy (EDS).

The corrosion behaviors of the studied alloys were analyzed using
electrochemical measurements with a Gamry potentiostat/frequency
response analyzer system. A typical three-electrode cell was employed,
consisting of a coiled platinum wire electrode, an Ag/AgCl reference
electrode in saturated KCI, and the specimen as the working electrode.
The cross-sectional surface of the sample was chosen as the exposed
area, with a size of 0.25 cm? All measurements were conducted under
atmospheric conditions using 400 mL 0.9 wt% NaCl solution as the
corrosive electrolyte. The samples for the electrochemical studies were
ground to 1200 grit. Each condition was tested at least three times to
ensure the reproducibility of the results. Open circuit potential (OCP) is
the potential of a working electrode relative to the reference electrode
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when no external potential or current is applied to the cell. In this study,
the open-circuit potential (OCP) of the samples was monitored for
30 min before performing potentiodynamic polarization (PDP) mea-
surements to ensure the potential reached a stable condition. Potentio-
dynamic polarization tests were then carried out to investigate
differences in the instantaneous polarization behavior of the alloys. The
cathodic scans started at + 50 mV relative to the OCP and proceeded to
—1000 mV, with a scan rate of 1 mV/s. Electrochemical impedance
spectroscopy (EIS) was employed to examine the corrosion mechanisms
and the properties of the interfacial layer formed on the metal surface in
the electrolyte. EIS measurements were conducted at OCP using a 10 mV
rms sinusoidal perturbation over a frequency range from 100 kHz down
to 0.01 Hz. Prior to impedance testing, the samples were maintained at
OCP for 30 min to stabilize the potential. The acquired impedance data
were fitted and analyzed using ZView software, with Chi-squared values
below 0.001 to ensure data reliability.

3. Results
3.1. Microstructure

Fig. S3 illustrates the macrostructural overview of a ZX10 alloy
specimen processed via CFP. The rod, characterized by fine grains, is
subjected to intense stirring during CFP, leading to the development of a
distinct stir zone (SZ). Immediately adjacent to the SZ, a partially
deformed region, known as the thermo-mechanically affected zone
(TMAZ), exists between the SZ and the BM. This zone reflects a gradual
attenuation of the combined mechanical and thermal influences from
the rod toward the BM.

The corrosion resistance of ZX alloys is closely related to their
microstructure, especially the grain size, as well as the type and size of
the secondary phases. The microstructure of the as-cast ZX alloys and the
SZ in CFPed ZX alloys was characterized by SEM and EBSD, as shown in
Fig. 1. The chemical composition of the estimated secondary phases in
Fig. 1 is listed in Table 3. HE-XRD by synchrotron radiation was also
carried out to investigate the type of secondary phase in ZX alloys, as
shown in Fig. 2. Additionally, the equilibrium thermodynamic of ZX00,
ZX10 and ZX20 alloys was calculated by JMatPro 4.1.7, as shown in
Fig. S4, to verify the possible phase in as-cast and CFPed ZX alloys. In as-
cast ZX00 alloy, a small number of coarse Mg;Ca and MgeZnsCay par-
ticles were observed, see Fig. 1(a) and (b), presenting small corre-
sponding peaks in the integrated diffraction profiles, see Fig. 2(b). After
DP-CFP, the average grain size (GS) decreased significantly to about
5 um. No secondary phase was observed by SEM in DP-CFPed ZX00
alloy, and the integrated diffraction profiles in Fig. 2(a) did not exhibit
extra peaks except for Mg peaks, indicating the complete dissolution of
secondary phase during processing. Similarly, as-cast ZX10 alloy
exhibited Mg,Ca and MggZnsCa, particles, which are larger in size and
show a higher volume than in as-cast ZX00 alloy. When SP-CFP with
lower heat input, i.e. rotation speed of 1800 rpm, was adopted, the
secondary phase in ZX10 alloy transformed to fine MgoCa particles.
There was no observable secondary phase in ZX10 after SP-CFP with
higher heat input, i.e. rotation speed of 2400 rpm, and DP-CFP. The GS
of ZX10 after SP-CFP with low heat input and DP-CFP were similar
(about 5 um), but GS of ZX10 after SP-CFP with high heat input was
significantly higher (about 10 um). As-cast ZX20 alloy exhibited larger
eutectic secondary phases, including MggZnsCap; and MgsZn;3Cas.
Different from the other ZX alloys processed by DP-CFP, the DP-CFPed
ZX20 alloy exhibited higher Ca and Zn concentrations along the
refined grain boundaries. Fig. 3 shows the TEM results of ZX00 and ZX10
alloys after DP-CFP. It has been reported that most secondary phases in
Mg-Zn-Ca alloys exhibit a plate- or disk-like morphology, aligning par-
allel to the (0002) plane of a-Mg [28]. Therefore, in TEM observations,
the z-axis is kept parallel to (0002) of a-Mg to ensure the visibility of
these precipitates. No secondary phase was observed in DP-CFPed ZX00
and ZX10 alloys, verifying the complete dissolution of secondary phase
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Fig. 1. Microstructure of as-cast (a) ZX00, (b) ZX10, (c) ZX20, and (d;) ZX00 after DP-CFP, (e;) ZX10 after SP-CFP with low heat input, (f;) ZX10 after SP-CFP with
high heat input, (g1) ZX10 after DP-CFP, (h;) ZX20 after DP-CFP. (d5)-(hy) Corresponding EBSD maps with (d3)-(h3) grain size distribution.

Table 3
Chemical composition of the estimated secondary phases in Fig. 1.

Sample Secondary phase Chemical composition by
EDS analysis /at%
Mg Zn Ca
ZX00 AC MgeZnzCay 75.6 132 11.2
Mg,Ca 75.9 3.5 206
ZX10 AC MgeZnsCay 61.4 246 139
Mg,Ca 82.9 1.3 158
7X10 SP-CFP (1800 rpm)  Mg,Ca 71.6 26 258
7X20 AC MgeZnsCay + MgsZny3Ca; 63.2 243 125
ZX20 DP-CFP Mg-Zn-Ca 94.0 3.0 3.0

Note: No secondary phase was observed in DP-CFPed ZX00, SP-CFPed ZX10 with
high heat input and DP-CFPed ZX10.

in ZX00 and ZX10 alloys during the DP-CFP. The adoption of CFP could
not only decrease the grain size of ZX alloys but also decrease the size
and the volume of the secondary phase within a very short processing
time.

3.2. Corrosion rate

Hydrogen evolution as well as weight loss tests were conducted in
continuously stirred 0.9% NaCl solution to measure the corrosion rate of
different ZX alloys before and after CFP, serving as a preliminary eval-
uation of the effects of CFP and Zn content on their corrosion behavior,
as shown in Fig. 4. Comparing the as-cast ZX alloys with different Zn
contents, as-cast ZX00 alloy exhibited the best corrosion resistance from
the investigated alloys. As the Zn content of ZX alloys increased, the
corrosion rate of ZX alloys increased significantly, from about 1.7 mm/
yr in ZX00 alloy to about 3.2 mm/yr in ZX10 alloy and 3.5 mm/yr in

ZX20 alloy. After CFP was carried out on these ZX alloys, the corrosion
rate of ZX alloys, especially ZX00 alloy and ZX10 alloy, decreased
significantly. The corrosion rate of ZX00 alloy after DP-CFP decreased to
about 0.8 mm/yr, by 53%. ZX10 alloy after DP-CFP exhibited the best
corrosion resistance in this study, the corrosion rate decreased to about
0.5 mm/yr, a reduction by 84% compared with the as-cast state.
Although the measured corrosion rates after processing are relatively
high due to the accelerated corrosion caused by corrosive media stirring,
the overall significant decrease clearly demonstrates the important role
of CFP in improving corrosion resistance. A systematic discrepancy be-
tween CRy and CRy might be ascribed to solubility of Hy in the 0.9%
NaCl aqueous solution and contribution of oxygen reduction reaction to
the total cathodic process [29]. In order to demonstrate the corrosion
behavior of the CFPed ZX alloys, the DP-CFPed ZX10 alloy, with lowest
corrosion rate among the investigated alloys, was tested in static 3.5 wt
% NaCl media, a standard environment frequently used for corrosion
rate measurements in Section 4.3.

The corrosion resistance of ZX10 alloy after SP-CFP with different
heat inputs and DP-CFP was similar, indicating that the grain size and
existence of fine Mg,Ca particles did not affect the corrosion resistance
significantly. The improvement of corrosion resistance might be attrib-
uted to the significant decrease of secondary phase particles by CFP, see
Fig. 1, and galvanic corrosion [30]. In the case of ZX20 alloy, the
corrosion rate slightly decreased after DP-CFP. Compared with
DP-CFPed ZX00 and ZX10, the corrosion rate of DP-CFPed ZX20 was
much higher, which might be attributed to the micro-galvanic corrosion
[31] associated with higher Ca and Zn elements concentration along the
refined grain boundaries, as shown in Fig. 1(h;). The localized enrich-
ment of these elements at the grain boundaries leads to a significant
potential difference between the grain boundary and the grain interior,
thereby promoting micro-galvanic coupling and accelerating corrosion
[32].
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Fig. 2. Integrated diffraction profiles obtained from synchrotron radiation for: (a) as-cast ZX10 and ZX10 samples processed by CFP under different processing
parameters, and (b) different as- cast ZX alloys and ZX alloys after DP-CFP. The corresponding positions of Bragg peaks, which are calculated according to the referred

PDF numbers of ICDD, are also indicated.

Fig. 3. TEM results of (a)(b) DP-CFPed ZX00 and (c)(d) DP-CFPed ZX10.
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Fig. 4. Corrosion rate of different ZX alloys by hydrogen evolution (CRy) and weight loss (CRy) tests in 0.9% NaCl solution. (a) Corrosion rate for 3 days and (b) Hy
evolution during the test. The shaded regions represent the standard deviation of measurements.

3.3. Electrochemical measurements

To further investigate the effect of the CFP process on the corrosion
resistance mechanism, electrochemical tests were carried out on
different ZX alloys processed by the DP-CFP route, which had shown the
best improvement in mechanical properties.

To understand the corrosion kinetics, Fig. 5(a) show the OCP results
of as-cast ZX alloys and DP-CFPed ZX alloys during immersion in 0.9%
NaCl for 30 min. All curves present similar characteristics. The OCP
values dropped slightly at the initial stage, then gradually increased with
extended immersion time throughout the entire testing period. The
potential of as-cast ZX alloys increased as the Zn content increased. After
DP-CFP, the potential of ZX00 and ZX10 alloys decreased significantly,
which might be attributed to solid solution of the secondary phase
particles, including Ca, during processing. However, the potential of DP-
CFPed ZX20 alloy remained similar to that of as-cast ZX20 alloy. In order
to understand the corrosion kinetics for ZX alloys before and after DP-
CFP, PDP measurements were carried out on as-cast and DP-CFPed ZX
alloys, and the cathodic polarization curves are shown in Fig. 5(b). As
shown in Fig. 5(b), all ZX alloys with different Zn contents and before or
after DP-CFP exhibit similar cathodic behavior in the initial stage of
corrosion, indicating that the hydrogen evolution kinetics show no sig-
nificant differences among these materials at this early stage.

In order to investigate the barrier property of the corrosion product
films on the surface of corroded ZX alloys, EIS measurements were
carried out on ZX alloys immersed in 0.9% NaCl solution for 6 h and
24 h. After 6 h immersion, the Bode plots clearly present two time-
constants, which correspond to the two capacitive loops in Fig. 6(by).
The first one at high-frequency (HF) can be related to the MgO-based
surface film resistance in parallel with the MgO film capacitance, and
the second one appeared at middle-frequency (MF) is attributed to the
charge transfer resistance [33]. At the low frequencies, a
pseudo-inductive response was observed, which is typically related to
the non-stationarities often observed during the corrosion of Mg-based
systems [34]. As shown in Fig. 6(a;), the impedance modulus values
of all tested Mg alloys at middle to low frequencies, especially that of
ZX00 and ZX10 alloys, were increased following CFP processing. This
suggests that the CFP technique offers a generally applicable strategy for
improving the corrosion resistance of Mg alloys [35,36]. To investigate
the contribution of the corrosion product film formed at the interface to
the improvement in corrosion resistance, the EIS results were fitted
using the equivalent circuit model shown in Fig. 6(b1). Ry, is the solu-
tion resistance, R,y is the resistance of the oxide film, and R is the
charge transfer resistance. The CPE, with n,, and CPEyz with ng
describe constant phase elements matched with R, and R, respec-
tively. The detailed fitting parameters and their estimated errors are
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Fig. 6. EIS spectra of as-cast ZX alloys and DP-CFPed ZX alloys immersed in 0.9% NaCl for (a;-b;) 6 h and (az-bs) 24 h. (a) Bode plot, (b) resistances charge transfer

and surface film obtained by adopting the equivalent circuit illustrated in (b;).

provided in Table 4 and Table S1. An example of the experimental Bode
spectrum and the corresponding fitting curve is presented in Fig. S1.
After CFP treatment, the enhanced corrosion resistance of the Mg alloys
is primarily attributed to the formation of oxide layers with higher
resistance [37,38], as shown in Fig. 6(b;y). After immersion for 24 h, the
impedance modulus values of all tested Mg alloys, especially ZX00 and
7X10 alloys, was still enhanced following CFP processing, as shown in
Fig. 6(ag). The EIS spectra of the CFPed ZX00 and ZX10 alloys still
exhibited two time-constants after 24 h, whereas those of all as-cast ZX
alloys and the CFPed ZX20 alloy exhibited unstable low-frequency
response with scattering and inductive characteristics due to apparent
non-stationarities [34]. In such cases, only the high-frequency capaci-
tive loop was fitted to evaluate R,,. Compared with 6 h immersion re-
sults, the R, values of all tested as-cast ZX alloys and CFPed ZX20 alloy
decreased significantly after 24 h, indicating that the protective per-
formance of the oxide film deteriorated quickly with continued corro-
sion in the chloride electrolyte. In contrast, the R,, of the CFPed ZX00
and ZX10 alloys remained much higher than that of their as-cast

counterparts, as shown in Fig. 6(bs), suggesting that their protective
oxide films were more stable over time, thereby conferring superior
long-term corrosion resistance.

3.4. Corrosion morphology and product analysis

Corrosion morphology and corrosion products are closely related to
corrosion resistance. After corrosion under stirring 0.9% NaCl solution
for 3 days, the morphology of the corrosion product layer on the surface
of different ZX alloys was characterized by SEM, as shown in Fig. 7. In
order to investigate the morphology of the underlying substrate after
corrosion, ZX alloys were cleaned with chromic acid to remove the
corrosion layers and characterized by an optical profilometer, SEM with
EDS, as shown in Fig. 8 and Fig. 9. The surface of as-cast ZX alloys with
different Zn contents after corrosion for 3 days exhibited deep localized
corrosion and shaped shallow grooves around them with high pitting
factor (more than 20), as shown in Fig. 8 and Fig. 9(a-c), which may be
related to the micro-galvanic interactions that could serve as

Table 4
Fitted parameters based on electrochemical impedance spectra of as-cast ZX alloys and DP-CFPed ZX alloys after 6 h immersion.
Materials ZX00 ZX10 7X20
AC DP-CFP AC DP-CFP AC DP-CFP
Ry /Q-cm? 18.49 18.06 17.44 17.53 17.21 17.2
Rox /Q-cm? 1273 1708 1285 2334 944.4 1142
CPE,y /S's™cm ™2 4.01 x 107° 1.88 x 107° 1.52 x 107° 1.75 x 107° 2.76 x 107 1.85 x 107°
Nox 0.86 0.89 0.92 0.92 0.91 0.91
Rer. /Q-cm? 922.3 924.8 822.4 928.7 578.5 599.1
CPEy /S-s™cm ™2 1.87 x 1073 1.24 x 1073 1.36 x 1073 1.80 x 1073 2.85x 102 1.12x 1073
ng 0.64 0.70 0.73 0.88 0.83 0.80
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Fig. 7. Corrosion morphology with corrosion layer of as-cast (a) ZX00 alloy, (b) ZX10 alloy, (c) ZX20 alloy, and DP-CFPed (d) ZX00 alloy, (e) ZX10 alloy, (f) ZX20

alloy, after corrosion in stirring 0.9% NacCl solution for 3 days, obtained via SEM.
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Fig. 8. (a) Corrosion morphology after removal of corrosion layer of as-cast and DP-CFPed ZX alloys and (b) corresponding pitting factor after corrosion in stirred

0.9% NaCl solution for 3 days by optical profilometer.

preferential sites for pitting initiation [39]. This usually leads to low
corrosion resistance and inhomogeneous dissolution. The surface of the
ZX alloys after corrosion is covered with corrosion products of varying
rough morphology, see Fig. 7(a)-(c). In particular, the extent of corro-
sion product accumulation on the ZX10 and ZX20 samples is so pro-
nounced that the grinding marks of the substrate are no longer visible,
which indicates the thick porous Mg(OH), layer, also reflecting low
corrosion resistance. The surface of the underlying substrate exhibited a
large number of grooves, see Fig. 9(a)-(c). The groove was located at
a-Mg, while the secondary phase particles bulged at these grooves,
indicating the cathodic nature of these Zn-rich phases. The chemical
composition of the secondary particles was detected, indicating the
disappearance of Mg,Ca particles from the initial as-cast ZX00 and ZX10
alloys. In the as-cast ZX20 alloy, a network-like distribution of secondary
phases with high zinc content was observed.

When DP-CFP was adopted, the corrosion surface of ZX20 after DP-

CFP still exhibited pits and grooves, revealing similar corrosion rate of
as-cast state. On the contrary, the corrosion surface of ZX00 alloy and
7X10 alloy after DP-CFP became flat, and no grooves were observed. As
shown in Fig. 7(d) and (e), DP-CFPed ZX00 and ZX10 alloys exhibit a
relatively flat corrosion surface with net-shaped cracks, which are
attributed to volume shrinkage during the dehydration of the corrosion
film. This morphology suggests the formation of a denser corrosion
product layer, indicating better corrosion resistance [40]. The pitting
factor of DP-CFPed ZX00 and ZX10 alloys decreased significantly to less
than 3, as shown in Fig. 8(b), attributing to much more homogeneous
dissolution. The surface of the substrate of DP-CFPed ZX00 and ZX10
alloys after corrosion appeared noticeably smoother and more uniform,
see Fig. 9(d) and (e), and distribution of Zn and Ca was more homoge-
neous. This reduction in localized corrosion is crucial, as even minor
localized attack can accelerate the deterioration of mechanical proper-
ties and lead to premature material failure. Therefore, the improved
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Fig. 9. Corrosion morphology without corrosion layer as well as its corresponding chemical composition distribution of as-cast (a) ZX00 alloy, (b) ZX10 alloy, (c)
ZX20 alloy, and DP-CFPed (d) ZX00 alloy, (e) ZX10 alloy, (f) ZX20 alloy, after corrosion in stirring 0.9% NaCl solution for 3 days by SEM and EDS. Zn and Ca enriched

particles were marked by yellow arrows.

resistance to localized corrosion provided by CFP represents a clear
advantage in enhancing material durability.

Fig. 10 displays the cross-sectional morphology and the corre-
sponding elemental distribution maps of different ZX alloys after im-
mersion in a stirred 0.9% NacCl solution for 3 days. The as-cast ZX alloys
exhibited an uneven interface between substrate and corrosion product,
suggesting a significant degree of corrosion localization. Moreover, the
corrosion product layers were comparatively thicker than those formed

on the alloys processed with CFP. In contrast, the DP-CFPed ZX00 and
ZX10 alloys revealed dense, uniform, and relatively flat corrosion
products and respective interfaces, indicating a more uniform corrosion
as compared to their as-cast counterparts. The average thickness of the
corrosion product layer on DP-CFPed ZX10 alloy, about 5 pm, was lower
than that of DP-CFPed ZX00 alloy, also reflecting the enhanced corro-
sion resistance of DP-CFPed ZX10 alloy in this study. In the case of ZX20
alloy, the corrosion products on DP-CFPed ZX20 alloy closely resembled
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Fig. 10. Cross-section morphology as well as its corresponding chemical composition distribution of as-cast (a) ZX00 alloy, (b) ZX10 alloy, (c) ZX20 alloy, and DP-
CFPed (d) ZX00 alloy, (e) ZX10 alloy, (f) ZX20 alloy, after corrosion in stirring 0.9% NaCl solution for 3 days by SEM and EDS.

those of the as-cast alloy, indicating a low corrosion resistance similar to
the as-cast alloy.

4. Discussion
4.1. Secondary phase evolution during CFP

To understand the evolution of secondary phase particles during CFP
with different heat inputs, the temperature history of the transition zone
between TMAZ and SZ was measured via thermocouples, as shown in
Fig. 11, since the evolution of the secondary phase is closely related to
the thermal cycles. The processing parameters of SP-CFP with low heat
input, i.e. with rotation speed of 1800 rpm, and high heat input, i.e. with
rotation speed of 2400 rpm, were selected for analysis of secondary
phase evolution. The type of secondary phases and the corresponding
temperature are marked in Fig. 11 according to the equilibrium ther-
modynamic calculation, see Fig. S4. When ZX10 was processed under
low heat input, the peak temperature during SP-CFP reached approxi-
mately 410 °C. This temperature falls within the phase region where
only a-Mg and Mg»Ca coexist. As a result, MgzCa particles were retained
in the final microstructure after cooling, as shown in Fig. 1(e;). When
ZX10 was processed with high heat input, the peak temperature during
SP-CFP was about 470 °C, within the temperature range in which
complete solid solution could be achieved, resulting in the final micro-
structure without observable secondary phase particle after cooling, see
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Fig. 11. Thermal cycles during SP-CFP with different heat inputs on ZX10
alloy. The type of phase and corresponding temperature from equilibrium
thermodynamic calculations from Fig. S4 are also indicated.
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Fig. 1(f). Since the first plunge stage in DP-CFP used the same pro-
cessing parameters as SP-CFP under high heat input, it is inferred that a
complete solid solution was achieved during this stage, and no second-
ary phases formed in the subsequent stages, see Fig. 1(g1).

Typically, the brief thermal exposure during conventional rapid
heating is inadequate for establishing equilibrium microstructures at
peak temperatures, as diffusion-controlled transformations require
longer times. For example, normal heat treatment for solid solution
usually takes more time (several hours) [41,42]. In contrast, CFP can
significantly refine the secondary phases and even achieve complete
solid solution within a few seconds. This remarkable acceleration of
phase transformation suggests that near-equilibrium states can be
attained rapidly, likely due to enhanced dissolution kinetics of second-
ary phase particles under severe plastic deformation. The ‘stop-action’
technique was carried out on CFP with different processing parameters
to investigate the evolution of secondary phase. The “frozen” transition
zone from BM to the processed rod, marked as region I in Fig. S3, was
characterized by SEM with EDS, as shown in Fig. 12.

According to our previous work on material flow behavior during
CFP [22], the material in the TMAZ is subjected to a very low level of
strain. As the shoulder begins to plunge, the material located at the front
of the SZ, adjacent to the TMAZ, undergoes intense shear deformation
with a relatively high shear strain rate. As the plunging continues, this
region is transported deeper into the SZ, where its rotational speed
gradually approaches that of the tool and eventually synchronizes with
it, resulting in a reduction in shear strain rate. Based on these three
distinct stages characterized by different strain rates, the investigation of
microstructure evolution can be correspondingly divided into three re-
gions: the TMAZ, the front of the SZ, and the inner SZ within the rod. The
characteristics of the secondary phase in these three regions were
investigated to understand the evolution of the secondary phase of ZX10
alloy during CFP, as shown in Fig. 12(b-d).

The TMAZ was divided into 2 parts, i.e. TMAZ-I and TMAZ-II, ac-
cording to the characteristics of the secondary phase. In TMAZ-I near
BM, the distribution, shape, and size of the secondary phase were similar
to those in the BM. TMAZ-II, located close to the SZ, exhibited for low
heat input elongated network-shape second phase distributed at grain
boundaries, see Fig. 12(d;), as well as elliptical second phase particles.
EDS was carried out to distinguish the components of these two types of
secondary phases. Fig. 13 displays the distribution of Zn and Ca contents
near the interface between SZ and TMAZ-II, marked as A in Fig. 12(aj).
According to EDS results, the second phase particles with higher Ca
content were Mg,Ca particles, while the irregular network-like second
phase distributed at grain boundaries was MggZnsCagz. The distribution
of MgeZnsCay along the recrystallized grain boundaries suggests that it
melted and penetrated into these regions, as the processing temperature
exceeded its relatively low melting point. Similar observations of
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Fig. 12. Microstructure of transition zone between SZ and TMAZ of ZX10 alloy obtained via “stop-action” experiment on CFP with (a;) low and (ay) high heat input.
(b1) SZ in rod obtained with low heat input, (c;) SZ front marked as C region in (a;), (d;) TMAZ marked as D region in (a;). (b2) SZ in rod obtained with high heat
input, (cy) SZ front marked as c region in (a,), (dz) TMAZ front marked as d region in (ay).

Fig. 13. Distribution of Zn and Ca contents near the interface between SZ and TMAZ of ZX10 alloy processed with low heat input, marked as A in Fig. 11(a;).

partially melted, network-like phases along grain boundaries during
severe plastic deformation have also been reported in [42]. In contrast,
the morphology and size of MgoCa remained unchanged, which can be
attributed to its higher thermal stability [43]. In the SZ, the elongated
network-shape second phase with enrichment of Zn and Ca disappeared,
and Zn distributed uniformly, see Fig. 12(a;) and Fig. 13, indicating the
complete solid solution of Zn content. At the same time, the initial large
Mg,Ca phase was broken into smaller particles due to the severe shear
deformation, see Fig. 12(c;), and the final microstructure in the pro-
cessed rod exhibited refined elliptical MgyCa particles. When higher

11

heat input was adopted, TMAZ-II exhibited an elongated network-shape
Mg-Zn-Ca phase, but no Mg»Ca particles were observed, see Fig. 12(az)
and Fig. 12(dy). In the front of SZ near the interface, the volume of
Mg-Zn-Ca decreased significantly, and there was no observable sec-
ondary phase in the final processed rod.

The evolution of the secondary phase of ZX10 alloy during CFP with
different heat inputs is displayed in Fig. 14. During CFP with low heat
input, hot deformation in the region around the MggZn3Cay phase pro-
motes particle-stimulated nucleation (PSN) near the secondary particles,
resulting in the formation of fine recrystallized grains [22]. As the
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Fig. 14. Secondary phase evolution during CFP with different heat inputs.

processing temperature in TMAZ-II reaches 390 °C, exceeding the
melting point of MggZngCasy, this phase begins to melt (see Fig. 14(c1)).
The molten MgeZnsCay penetrates into the recrystallized grain bound-
aries, significantly increasing the interface area between the liquid
phase and a-Mg. According to the calculated equilibrium phase at this
temperature, MgsZnsCay is not stable and tends to dissolve into a-Mg,
and the enlarged interface area accelerates the diffusion of Zn and Ca
from the molten MggZnsCay into a-Mg. As processing advances, the local
temperature at the front of the SZ increases to about 410 °C, accompa-
nied by intense plastic shear deformation in this region, see Fig. 14(d;).
The melting of MgeZnsCay at grain boundaries is dispersed due to the
high shear strain rate and the extensive recrystallization, further accel-
erating the diffusion of Zn and Ca, resulting in complete solid solution of
MggZnzCay phase. At the same time, the solid MgoCa particles break into
fine particles due to severe shear deformation. The fracture of the sec-
ondary phase during severe plastic deformation has also been reported
in [24,44,45]. At the interior of the SZ, see Fig. 14(e1), the decreasing
shear strain rate leads to static recrystallization and grain growth. At the
same time, the refined Mg,Ca particles still exist and spheroidizes, since
the Mg,Ca phase is stable at 410 °C. During CFP with high heat input,
the MgeZnsCay phase melts already in the TMAZ-I at a temperature
higher than 390 °C, see Fig. 14(by). As processing time increases and
temperature rises, the Zn diffuses from the melting MgeZn3Cag phase to
the MgsCa phase and a-Mg, and the Ca diffuses from the Mg,Ca phase to
the melting MgeZnsCa, phase, resulting in the melting Mg-Zn-Ca phase.
This melting Mg-Zn-Ca phase is not the equilibrium phase in the whole
system at this temperature and tends to dissolve into a-Mg. In TMAZ-II at
a higher temperature, i.e. about 470 °C, the melting Mg-Zn-Ca phase
penetrates into recrystallized grain boundaries, see Fig. 14(c2), and the
diffusion of Zn and Ca from Mg-Zn-Ca phase to a-Mg accelerates. The
liquid Mg-Zn-Ca phase is further dispersed due to the high shear strain
rate at the front of SZ, accelerating the formation of a complete solid
solution, see Fig. 14(dy). During the subsequent static recrystallization
and grain growth within the interior of the SZ, see Fig. 14(ey). The
absence of secondary phases in the final microstructure indicates that a
complete solid solution was achieved and maintained, corresponding to
the equilibrium state at 470 °C. In summary, the severe shear defor-
mation as well as the extensive recrystallization during CFP significantly
accelerate the solid solution of melting phases during processing and
refinement of the hard secondary phase.

4.2. Corrosion mechanism

To further understand the significant improvement of corrosion
resistance of ZX10 alloy after CFP in NaCl solution, the corrosion
mechanisms of as-cast ZX10 alloy and DP-CFPed ZX10 alloy were
further investigated. When Mg alloys are exposed to NaCl solution, Mg
undergoes an anodic reaction (1) first, as:
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Mg (s)->Mg** (aq) + 2¢~ €]

In the meantime, the dominant cathodic water reduction reaction (2)
occurs, as:

2H,0 (I) + 2¢">20H (aq) + Hy(1) @
Cathodic oxygen reduction reaction (3) also occurs, as:
0 (g) +2H,0 (1) + 4e”—40H (aq) 3)

Subsequently, the main corrosion product, magnesium hydroxide Mg
(OH),, is formed by reaction (4) and accumulates on the surface of the
Mg alloys.

Mg** (aq) +20H " (aq)—Mg(OH),(s) Q)

To clarify how secondary phases in as-cast ZX10 alloy evolve during
corrosion in NaCl solution, the characteristics of the secondary phases
were compared in three conditions: within the corrosion product
(Fig. 15(a)), at the corrosion product/substrate interface (Fig. 15(b)),
and in the pre-corrosion specimens (Fig. S5). This comparative analysis
highlights the chemical evolution and redistribution of secondary phase
constituents, offering insight into their role in the corrosion mechanism
of ZX10 alloy. The spherical secondary phase in as-cast ZX10 alloy
consists of two components, the lighter part in SEM with higher Zn
content is the MgeZnsCay phase, and the darker part with higher Ca
content is the MgoCa phase, see Fig. S5. After immersion in NaCl solu-
tion, the Ca content in the secondary phase embedded into the corrosion
products decreased and disappeared, while the Zn content remained
high, see Fig. 15(a), indicating that the Ca selectively dissolves from the
secondary phase dissolved into the corrosion medium during immersion
after the particle loses the electrical contact with Mg-matrix. The
interface between the substrate and corrosion product displays localized
galvanic corrosion at the secondary phase particle, see Fig. 15(b). At
position A, which was identified as the original location of the MgyCa
phase based on the as-cast secondary phase distribution (Fig. S5), this
phase had disappeared and was replaced by an oxygen-rich corrosion
product. In contrast, the neighboring MgsZnsCa; phase showed no signs
of corrosion-induced alteration. The other secondary phase at B, closer
to the surface, exhibited higher Zn content, while Ca disappeared,
indicating the selective dissolution of Ca and Mg from the MggZn3Cay
phase and the formation of the Zn-enriched phase, which has also been
reported by Cihova et al. [46].

After CFP processing, Zn in the secondary phase of ZX00 and ZX10
alloys dissolved and uniformly distributed in a-Mg, eliminating micro-
galvanic corrosion and leading to uniform corrosion with high corro-
sion resistance, as shown in Fig. 10. Comparing the corrosion behavior
of DP-CFPed ZX00 and ZX10 alloys, both free of secondary phase, DP-
CFPed ZX10 alloy exhibited higher corrosion resistance since the
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Fig. 15. Secondary phases after corrosion, characterized by SEM and EDS. (a) Secondary phase and corresponding Zn and Ca distribution of as-cast ZX10 alloy after
immersion in 0.9% NaCl for 3 days. (b) Secondary phase at the interface between Mg substrate and corrosion product.

surface oxide/hydroxide films on DP-CFPed ZX10 alloy exhibited better
barrier properties, according to the EIS results. To understand the effect
of Zn content in a-Mg on the corrosion product and the resultant
corrosion resistance, the interface between a-Mg and the corrosion
product was characterized by SEM with EDS, see Fig. 16. The interface
between a-Mg and corrosion products exhibited a continuous layer with
brighter contrast in backscattered electron (BSE) mode of SEM, enriched
with Zn element. The continuous layer enriched by the Zn element on
the surface of the Mg substrate has also been reported in Mg-Zn-based
alloys after immersion [40,47,48].

The accumulation of Zn at the interface was further characterized by
TEM, as shown in Fig. 17. Based on image contrast and distribution of
porosity, the corrosion product layer formed on the surface of the CFPed
ZX10 alloy can be roughly divided into four distinct regions (Region I-
IV), see Fig. 17(a) and (b). Region I appears as a series of parallel,
elongated strip-like structures with a highly porous and loose
morphology. Region II surrounds Region I and exhibits slightly reduced
porosity compared to Region I. Regions III and IV form layered struc-
tures covering the surface of the Mg alloy substrate. Among them, Re-
gion III is also porous, while Region IV is relatively dense and compact.
Importantly, Region IV forms a continuous and uniform layer that fully
covers the underlying Mg substrate. Based on its compactness and
integrity, Region IV is considered to play a dominant role in isolating the
corrosive environment and providing corrosion protection for the un-
derlying Mg substrate. According to EDS analysis, see Fig. 17(c) and (d),
Regions I through III are mainly composed of Mg and O. TEM selected
area electron diffraction (SAED) patterns and high-resolution TEM
(HRTEM) images, as shown in Fig. 17(e)-(h), further reveal that these
regions consist predominantly of amorphous material and crystalline
MgO, with Region III showing a higher degree of crystallinity than Re-
gions I and II. In the dense and continuous Region IV, a significant
enrichment of Zn element, other than Mg and O, was observed. HRTEM
imaging confirms that this region is primarily amorphous, see Fig. 17(i).
In typical Zn-free magnesium corrosion environments, the surface
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Fig. 16. Distribution of Zn content measured by EDS from the a-Mg in the
substrate to the corrosion products in as-cast and DP-CFPed ZX00, ZX10, and
ZX20 alloys. The SEM image shown corresponds to the DP-CFPed ZX10 alloy.

corrosion layer generally consists of crystalline MgO [49]. However,
when Zn-ions are enriched beyond a certain threshold, it can induce
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Fig. 17. (a) Bright-field (BF) TEM image showing the cross-sectional morphology of the corrosion product film. (b) Enlarged BF image of the interface between the
corrosion product and the underlying Mg substrate, corresponding to region b in (a). (c) Elemental line scan along the line marked c in (b), illustrating the chemical
composition distribution across the interface. (d;—d3) Elemental mapping of the same region shown in (b), highlighting the distribution of O, Mg and Zn elements.
(e1) Selected area electron diffraction (SAED) pattern from region e in (a), and (ey) corresponding high-resolution TEM (HRTEM) image. (f;) SAED pattern from
region f in (a), and (fy) corresponding HRTEM image. (g-j) Enlarged views of the regions marked g-j in (e2) and (f2), showing detailed lattice structures.

lattice distortions and increase the density of defects in MgO. These
structural distortions and internal strain reduce the long-range order of
the crystal lattice, promoting the formation of amorphous domains [50].
Previous studies have shown that amorphous structures generally offer
superior corrosion resistance due to the absence of defects compared to
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crystalline phases [51,52]. Therefore, the dense, continuous, and
Zn-rich amorphous corrosion layer in Region IV is believed to serve as an
effective barrier that protects the underlying Mg substrate. This is also
supported by the EIS results, which demonstrate significantly higher
impedance values, indicating improved corrosion resistance. In



T. Chen et al.

comparison with DP-CFPed ZX00 alloy, the accumulation of Zn-rich
corrosion products at the surface of the DP-CFPed ZX10 alloy sub-
strate was more significant, see Fig. 16, resulting in better barrier
properties and corrosion resistance.

The onset of corrosion process of as-cast and DP-CFPed ZX10 alloy in
NacCl solution is summarized in Fig. 18. The as-cast ZX10 alloy exhibits
both Mg;Ca and MggZn3Cay phases. It has been reported that the Mg,Ca
phase exhibits more negative potential compared to Mg [15,53], while
the MgeZn3Cag phase exhibits a more positive potential [54]. Therefore,
during immersion of as-cast ZX10 alloy, the Mg,Ca phase acts as an
anode and dissolves preferentially to a-Mg, see Fig. 18(a;), also evident
in SEM micrographs, Figs. 9 and 15. Subsequently, the MgsZnsCaz phase
acts as cathodic site and leads to the anodic dissolution of a-Mg, see
Fig. 18(ag). As corrosion progresses, the MgeZnsCay phase on the surface
of the substrate continuously acts as the cathode, causing continuous
and rapid corrosion of a-Mg with loose spongy MgO/Mg(OH)2 product
films due to micro-galvanic corrosion, see Fig. 18(as). At the same time,
Zn in the MggZngCa, phase is cathodically protected through polariza-
tion by the actively corroding a-Mg matrix. Ca and Mg, in contrast,
preferentially dissolve, leading to Zn enrichment in the secondary phase.
Similar dealloying of Ca and Mg in a MgZnCa intermetallic phase has
been reported in [46]. The resulting enrichment of Zn, concomitant with
the ennoblement of the secondary phase, renders the secondary phase
even more effective cathodic spots, provoking severe localized
micro-galvanic corrosion and deterioration of the global corrosion
resistance. Such micro-galvanic interactions between the o-Mg matrix
and the secondary phases may serve as preferential sites for the initia-
tion of localized pitting, which could subsequently contribute to the
broader localized corrosion of the alloy [55]. When the secondary phase
is separated from the a-Mg substrate, see Fig. 18(a4), the loss of direct
electrical contact between the a-Mg substrate and the secondary phase
eliminates the micro-galvanic corrosion. After detachment, any residual
Mg and Ca retained within the intermetallic phase continue to undergo
preferential oxidation relative to Zn, leading to a progressive Zn
enrichment in the isolated particles. This behavior is reflected by the
gradual disappearance of Ca from detached intermetallics embedded
within the corrosion products, as shown in Fig. 15(a). The farther these
particles are located from the substrate and the longer they have been
exposed to the electrolyte, the more pronounced the Ca depletion be-
comes. Such selective dissolution of Mg and Ca from Zn-rich in-
termetallics, once decoupled from the substrate, is referred to as kinetic
dealloying [46].
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In comparison, the secondary phase in DP-CFPed ZX10 completely
solidly dissolves into the a-Mg, and a-Mg exhibits a uniform distribution
of Zn with higher content, see Fig. 18(b;). Due to the different dissolu-
tion tendencies of the alloying elements, Mg and Ca dissolve preferen-
tially as Mg?" and Ca®*, followed by dissolution of Zn, forming Zn**
ions. No micro-galvanic corrosion occurs due to the homogeneous
microstructure, leading to a uniform and flat surface of the substrate and
denser MgO/Mg(OH), product, see Fig. 18(by). As the corrosion pro-
gresses, the concentration of Zn?* in the media increases as Zn gradually
dissolves from the alloy. Zn(OH), possesses an extremely low solubility
product (Kgp ~ 3 x 107'7), much lower than that of Mg(OH)2 (Kgp ~
5.61 x 107 2) and Ca(OH), (Ksp =~ 5.02 x 107%) [56]. Even when the
Zn?" concentration in the media is relatively low, Zn ions readily pre-
cipitate as Zn(OH), at the alkaline interface. Due to the relatively high
concentration of Mg?* ions, they also contribute to the formation of Mg
(OH),, and together with the Zn-containing species, co-deposit to form a
continuous amorphous Mg-Zn-O/OH layer at the alloy surface, where
Mg and Zn are present in the divalent state, see Fig. 18(bs) and (bs). The
enrichment of Zn element at the interface between the Mg substrate and
the MgO layer has also been widely reported in Zn-containing Mg alloys
after corrosion [57-59]. Unocic et al. [58] suggested that Zn segregation
may hinder the outward diffusion of Mg ions during film growth,
thereby leading to a denser and more protective surface film compared
with ultra-high-purity Mg. Consistent with these findings, the
Zn-enriched amorphous Mg-Zn-O/OH layer observed in this study serves
as an effective barrier, enhancing its corrosion resistance.

ZX10 alloys after CFP with different processing parameters exhibited
similar corrosion resistance. The main difference between SP-CFPed
ZX10 alloy with low heat input and DP-CFPed ZX10 alloy was the sec-
ondary phase. SP-CFPed ZX10 alloy with low heat input exhibited fine
Mg,Ca particles, while DP-CFPed ZX10 alloy achieved complete solid
solution, indicating that the fine MgoCa particles did not strongly affect
the corrosion resistance. The main reason is that the fine anodic MgyCa
particles with low volume corroded preferentially and would not further
aggravate the micro galvanic corrosion of a-Mg. The main difference
between SP-CFPed ZX10 alloy with high heat input and DP-CFPed ZX10
alloy was the grain size. The grain size of SP-CFPed ZX10 alloy with high
heat input (about 10 um) was much larger than that of DP-CFPed ZX10
alloy (about 5 pm), illustrating the grain size is not an important factor
affecting the corrosion rate.

The Zn content strongly affects the type and volume of the secondary
phase in ZX alloys. As the Zn content increased from 0.5% to 2.0 wt% in

(as) (ay)
Ca2t Mag2*
OH-+H2H\2(j *T g Zn-enriched
Vi

(by)
Dense Zn-Mg-O/OH layer

Fig. 18. Corrosion procedure and mechanism of (a) as-cast and (b) DP-CFPed ZX10 alloy in NaCl solution.
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as-cast ZX alloys, the volume of the cathodic secondary phase increased,
leading to the enhancement of localized galvanic corrosion and lower
corrosion resistance. In the case of CFPed ZX alloys, appropriately
increasing the zinc content, from 0.5 wt% to 1.0 wt%, is beneficial to
form a protective Zn-rich amorphous layer, on the surface of underlying
Mg substrate, which possibly accounts for its higher corrosion resis-
tance. When the Zn content reaches 2.0 wt%, secondary phase with Zn
enrichment was detected in the grooves on the corroded surface, see
Fig. 9(f), indicating that the enrichment of Ca and Zn at grain boundaries
led to micro-galvanic corrosion and higher corrosion rate compared to
DP-CFPed ZX00 and ZX10 alloys.

4.3. Advantages and prospects of CFP

To further assess the corrosion performance and potential applica-
bility of the CFP-treated ZX alloy, the corrosion rate of the DP-CFPed
ZX10 alloy, which exhibits the highest corrosion resistance among the
alloys investigated in this work (Fig. 4), was evaluated in static 3.5 wt%
NaCl solution, a standard medium commonly employed for corrosion
rate measurements, for 30 days. The corrosion behavior was quantified
using both hydrogen evolution and mass loss method, yielding corrosion
rates of 0.20 mm/yr and 0.16 mm/yr, respectively. In comparison with
other rare-earth-element free (REE-free) Mg alloys reported in the
literature [38,48,60-74], as shown in Fig. 19, the CFP ZX10 alloy
demonstrates superior corrosion resistance, even surpassing that of
high-purity magnesium (about 0.3 mm/yr). Although micro-alloyed
Mg-Ca systems can achieve slightly lower corrosion rates (approxi-
mately 0.1 mm/yr), such performance is generally limited to the as-cast
condition, where mechanical properties remain inadequate, with yield
strength of 64 MPa and elongation of 4.4% [60]. Upon heat treatment or
thermomechanical processing to enhance mechanical strength, their
corrosion resistance typically deteriorates, primarily due to the precip-
itation of Fe-containing intermetallic phases that act as micro-galvanic
sites [38]. In contrast, the CFP ZX10 alloy maintains a favorable com-
bination of corrosion resistance and mechanical performance, under-
scoring the effectiveness of the CFP process in simultaneously
optimizing both properties. These results suggest that the CFP ZX10
alloy possesses considerable potential for advanced structural applica-
tions, where a combination of high mechanical integrity and corrosion
resistance is required. In addition, Mg-Zn-Ca alloys are well suited for
biomedical implant applications due to the relatively high toxicity limits
of Zn and high biocompatibility of Ca and Mg.

5. Conclusion

In this study, the microstructure, especially the secondary phase, as
well as the corrosion behavior of Mg-Zn-Ca alloys produced by con-
strained friction processing technique were characterized. The second-
ary phase evolution was revealed based on the analysis of “stop-action”
samples. Additionally, to understand the effects of the secondary phase
and corrosion mechanism, the corrosion product on different ZX alloys
after immersion was characterized. The following conclusions are
obtained:

(a) During CFP, when the temperature exceeds the melting point of
MgsZnsCay, the phase melts and penetrates into recrystallized
grain boundaries, increasing the interface area with a-Mg and
accelerating Zn and Ca diffusion into the matrix.

(b) Severe shear deformation and extensive recrystallization during
CFP disperse the molten phase and fragment the solid MgyCa
particles, greatly increasing the dissolution rate of secondary
phases. This process rapidly reduces the secondary phase fraction
and can even achieve a complete solid solution within a short
processing time.

(c) The corrosion resistance of ZX00 and ZX10 alloys after CFP in
NaCl solution increases due to the decrease of micro-galvanic
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Fig. 19. Comparison of the corrosion rate of the DP-CFPed ZX10 alloy with
reported rare-earth-element-free (REE-free) Mg alloys [38,48,60-74], including
pure Mg, Mg-Zn-based, and Mg-Ca alloys, in both as-cast and
heat-treated/thermo-mechanical processed (HT/TMP) conditions, as a function
of total alloying content. The corrosion rates were determined from weight loss
measurements obtained in standard static 3.5 wt% NaCl immersion tests.

corrosion at the secondary phase and generated uniform dense
corrosion product. The pitting factor significantly decreased by
approximately one order of magnitude after CFP, confirming a
substantial reduction in localized corrosion. CFPed ZX00 and
CFPed ZX10 alloys without observable secondary phases exhibit
better corrosion resistance.

(d) CFPed ZX10 alloy exhibits the best corrosion resistance in NaCl
solution in this study. Compared with CFPed ZX00, accumulation
of Zn-containing continuous corrosion layer possibly contributes
to the improvement of the barrier property of surface corrosion
product films.
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