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Abstract: TX31 (Mg-3Sn-1Ca) is an alloy with promising future applications. This study enhances the
corrosion resistance of the TX31 alloy through the addition of Zr and Zn and compares the effects
of individual Cu addition and Zn/Cu composite addition on the corrosion resistance of the TX31
alloy. This study investigates the corrosion properties of TX31 alloys, focusing on the effects of the
grain size, second phase, corrosion product film, and texture intensity. The addition of Zr and Zn
changed the second-phase area fraction, while Cu introduced a new Mg,Cu phase. The TXZ311
alloy (Mg-35n-1Ca-1Zn) exhibited the best corrosion resistance, with a corrosion rate as low as
1.68 mm-year~!, a significant reduction compared to other alloys. This improvement is attributed
to its higher fraction of high-angle grain boundaries (HAGBs) and the enhanced stability of the
corrosion product film. The TXK311 alloy (Mg-35n-1Ca-1Zr) showed superior corrosion resistance,
with a rate of 2.97 mm-year~!, due to its uniform and fine grain structure. In contrast, the TX31 alloy
had the poorest corrosion resistance, with a corrosion rate of 3.66 mm-year‘l, due to its bimodal
microstructure. The addition of Cu in the TXC311 (Mg-35n-1Ca-1Cu) and TXCZ3111 (Mg-35n-1Ca-
1Cu-1Zn) alloys resulted in micro-galvanic corrosion between «-Mg and Mg,Cu, which decreased the

corrosion resistance.

Keywords: TX31 alloy; microstructure; corrosion properties; corrosion product film

1. Introduction

Due to their unique properties, Mg alloys are widely utilized in the aerospace and
transportation sectors. However, their application is limited by poor corrosion resistance [1,2].
Improving the corrosion resistance of Mg alloys is an urgent task. The surfaces of Mg
alloys can be covered with coatings, such as plasma electrolytic oxidation [3] and chemical
conversion coatings [4], to reduce or eliminate their exposure to the external environment
and improve corrosion resistance [5]. However, the preparation of these coatings is complex
and requires significant processing time and cost. Consequently, microalloying emerges as
a preferable alternative [6].

Research has shown that Mg-Sn-Ca alloys exhibit favorable corrosion resistance and
excellent creep resistance, largely due to the presence of intermetallic phases such as
Cay_xMgySn. To enhance microstructural homogeneity, alloys containing 3% Sn and 1-2%
Ca were subjected to extrusion processing. Analysis using optical microscopy (OM) and X-
ray diffraction (XRD) revealed the consistent presence of phases like Mg,5n, Ca;_, MgxSn,
and Cap_,MgySn/Mg,Ca in both the as-cast and extruded conditions. Notably, the ex-
trusion process promoted significant recrystallization, leading to grain refinement. This
microstructural improvement contributed to enhanced corrosion resistance in the extruded
alloys, making their performance comparable to the widely used AZ91D alloy [7]. At
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the same time, Mg-Sn-Ca alloys have attracted significant attention due to their excel-
lent thermal characteristics. This is attributed to the formation of CaMgSn and Mg,;5n
heat-resistant phases, while calcium (Ca) refines the grains, thereby enhancing the alloy’s
performance at elevated temperatures [8]. The results of this study demonstrate that the
corrosion resistance of the TX31 alloy is lower than that of the T3 (Mg-35n) alloy. There-
fore, it is crucial to add alloying elements to reduce the corrosion rate of the TX31 alloy.
Zirconium (Zr), zinc (Zn), and copper (Cu) are commonly used alloying elements in Mg.
An appropriate amount of Zr and Zn can enhance the corrosion resistance of alloys by
refining the grain size. For example, Wan et al. [9] demonstrated that Mgg;Zn;Y;_y wt.%
Zr (x=0,0.1,0.3, 0.6) alloys containing Zr exhibited reduced corrosion rates compared to
those without Zr. Wang [10] and Yin [11] demonstrated that the corrosion resistance of Mg
alloys improves with the addition of Zr, which refines the grains. Ha et al. [12] reported
that adding 1 wt.% Zn to Mg-Zn binary alloys provided optimal corrosion protection. Ad-
ditionally, Lotfpour [13] found that adding 0.5 wt.% Cu decreased the corrosion rate of the
Mg-Zn alloy.

To reduce the corrosion rate of the TX31 (Mg-35n-1Ca) alloy, the TXK311 (Mg-35Sn-
1Ca-1Zr), TXZ311 (Mg-3Sn-1Ca-1Zn), TXC311 (Mg-35n-1Ca-1Cu), and TXCZ3111 (Mg-
35n-1Ca-1Cu-1Zn) as-extruded alloys were developed in this study. This study focuses
on the systematic enhancement of the corrosion resistance of the TX31 alloy by adding
Zr, Zn, and Cu and compares the effects of individual Cu addition and Zn/Cu com-
posite addition. While previous studies have primarily concentrated on the impact
of single alloying elements, this research explores the synergistic effects of these ele-
ments, offering a comprehensive understanding of their influence on the microstructure,
second-phase distribution, and texture intensity. Moreover, the relationship between
these microstructural features and the corrosion behavior is thoroughly examined. The
findings aim to provide a theoretical foundation for reducing the corrosion rate of the
TX31 alloy.

2. Experimental Section
2.1. Material Preparation

The T3, TX31, TXK311, TXZ311, TXC311, and TXCZ3111 alloys were prepared using
pure Mg (99.9 wt.%), pure Sn (99.9 wt.%), pure Zn (99.9 wt.%), pure Cu (99.9 wt.%), and
intermediate alloys Mg-25% Ca and Mg-30% Zr. The Mg ingot was placed in a superheated
crucible and heated to 750 °C. After the pure Mg in the melting furnace had completely
melted, pure Cu was added following the removal of slag. The temperature was then
lowered to 740 °C, and the intermediate alloy Mg-30% Zr was added after slag removal. The
temperature was further lowered to 710 °C, followed by drossing and the addition of pure
Sn, pure Zn, and the intermediate alloy Mg-25% Ca. After maintaining a temperature of
710 °C for 25 min, the Mg alloy was cast into molds of & 65 x 240 mm under a protective gas
mixture of CO, and SF¢ (100:1). The naturally cooled Mg alloy ingots were homogenized
at 400 °C for 24 h, and the ingots were subjected to water quenching for cooling. After the
as-cast alloys underwent uniform heat treatment, the surface of the homogenized alloy was
polished using a lathe to ensure a smooth, defect-free surface, thereby preventing defects
after extrusion. The extrusion speed was set to 60 mm/min, with an extrusion ratio of
15:1 and a temperature of 300 °C. Prior to extrusion, both the homogenized alloy and the
extrusion die were preheated to the corresponding temperature. Finally, the cast ingot was
subjected to backward extrusion using a 600-ton four-column hydraulic press, resulting
in @ 12 mm bars. The chemical composition of the as-cast alloys was analyzed using an
Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES). Table 1 presents
the chemical compositions of the six alloys.
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Table 1. Chemical composition.
Measured Composition (wt.%)
Alloy
Mg Sn Ca Zr Zn Cu
T3 Bal. 2.97 0 0 0 0
TX31 Bal. 3.14 1.02 0 0 0
TXK311 Bal. 3.08 1.03 0.6 0 0
TXZ311 Bal. 3.14 1.02 0 1.09 0
TXC311 Bal. 3.22 1.04 0 0 1.07
TXCZ3111 Bal. 3.18 1.04 0 1.07 1.04

2.2. Microstructure and Composition Characterization

Samples (10 mm x 10 mm x 6 mm) were cut from the as-extruded bars, as shown in
Figure 1. The surface of the specimens was sequentially polished using SiC abrasive papers
ranging from 400# to 5000# and subsequently subjected to mechanical polishing, achieving
a smooth and uniform finish to ensure reliable testing conditions. The microstructure and
phases were observed using optical microscopy (OM) and scanning electron microscopy
with energy dispersive spectroscopy (SEM/EDS) at an accelerating voltage of 10 kV. Phase
identification was conducted using X-ray diffraction (XRD). The crystal orientation and
grain size of the microzone were analyzed using electron backscatter diffraction (EBSD)
with a step size of 0.5 um, and Channel 5 v5.12 software was utilized for data interpretation.

Extruded specimen

Longitudinal section

Cross section
Figure 1. Metallographic sampling location.

2.3. Immersion Tests

The samples were immersed in a 3.5 wt.% NaCl solution (pH = 7) and corroded at
25 °C for 24 h. The volume of hydrogen evolved was measured every 2 h. To eliminate the
influence of solution concentration changes on the experimental results, the 3.5 wt.% NaCl
solution was replaced every 12 h. The corroded samples were subjected to ultrasonic clean-
ing in a chromate solution for 10 min. Each experiment was conducted five times to ensure
reproducibility. The corrosion rate Py (mm-year’l) was calculated using Equation (1).

876 x10* x AV x M

P Axtxp

)

where Py represents the corrosion rate, mm-year‘1 ; A denotes the exposed surface area
of the alloy, cm?; t indicates the immersion time, h; p represents the density of the alloy,
g-cm_3 ; AV denotes the H, volume, mL; and M represents the correlation between the
hydrogen release rate and the mass loss rate of the alloy, 0.001083 g-mL~!.

The electrochemical workstation model CHI660E was used to evaluate the corrosion
performance of Mg alloys; the Mg alloy sample served as the working electrode (WE), the
saturated calomel electrode was used as the reference electrode (RE), and the platinum
electrode functioned as the counter electrode (CE). The back surface of the exposed area
(10 mm x 10 mm) was connected via a wire, and all other surfaces, except the working
surface, were sealed with epoxy resin. The prepared working electrode was immersed in a
3.5 wt.% NaCl solution for 3600 s to obtain a stable open circuit potential (OCP). Polarization
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tests were then conducted within the potential range of —500 to 500 mV (relative to OCP)
at a scan rate of 1 mV/s. In addition, electrochemical impedance spectroscopy (EIS)
was performed within the frequency range of 1000 kHz to 0.01 Hz, with a disturbance
voltage of 10 mV. The data fitting analysis was performed using ZView v3.1 software. The
corrosion current density (icr+) and the self-corrosion potential (Ecorr) were obtained by
extrapolating the Tafel plot from the polarization curves. Equation (2) describes the effect
of icory (MA-cm~2) on P; (mm-year—!) [14].

P; = 22.85ic0s 2)

3. Results
3.1. Materials and Microstructure Characterization

Figures 2 and 3 depict the XRD patterns and SEM images of the alloys, respectively.
According to the XRD analysis, only the Mg,5n phase was detected in the T3 alloy, while
only the CaMgSn phase was identified in the TX31, TXK311, and TXZ311 alloys. In contrast,
both the CaMgSn and Mg,Cu phases were observed in the TXC311 and TXCZ3111 alloys.
As observed in Figure 3, the white particles were aligned along the extrusion direction
(ED). This is attributed to the fragmentation of the second phase during the extrusion
process, resulting in fine, micron-sized second-phase particles, which were aligned into
linear second-phase bands due to the plastic flow of the Mg matrix. The second-phase
particles were quantified as shown in Table 2, and the EDS data from the SEM images are
presented in Table 3. The area fraction of white particles in the TX31 alloy was 7.5%. The
addition of Zr in the TX31 alloy did not change the type of second-phase particles, but
the area fraction of white particles decreased to 2.1%. However, the area fraction of white
particles in the TXZ311 alloy increased to 11.0% compared to the TX31 alloy. The same
CaMgSn and Mg,Cu phases were present in the TXCZ3111 alloy as in the TXC311 alloy,
but the area fraction of white particles was slightly increased. In addition, the enrichment
of Mg, Zn, and Cu was detected in the TXCZ3111 alloy. Based on previous research, this
was inferred to be the MgZnCu phase [15].

Table 2. The phase area fraction and phase size distribution of six as-extruded alloys.

K Area Fraction of Second-Phase Size Distribution (um)
o
Y Second Phase (%) CaMgSn Mg,Sn Mg,;Cu MgZnCu
T3 2.5+ 0.5% - 5~70 um - -
TX31 75+ 1.0% 5~90 um - - -
TXK311 2.1 £0.6% 5~50 um - - -
TXZ311 11.0 £ 3.1% 10~200 pm - - -
TXC311 8.0 +£1.4% 58~110 um - 30~70 pm -
TXCZ3111 9.1+ 1.8% 5~100 um - 20~40 um 20~30 um

Table 3. EDS results of the as-extruded alloys.

Chemical Composition (at.%)

Point Phase Types
Mg Sn Ca Zn Cu
A 75.74 24.26 - - - Mg,5n
B 57.19 19.82 22.98 - - CaMgSn
C 91.24 4.70 4.07 - - CaMgSn
D 66.50 17.89 14.58 - - CaMgSn
E 72.87 - - - 27.13 Mg,Cu
F 72.90 15.35 11.33 - - CaMgSn
G 94.81 2.83 2.36 - - CaMgSn
H 75.53 - - - 24.47 Mg,Cu
I 65.36 - - 16.92 17.72 MgZnCu
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Figure 2. XRD patterns of six as-extruded alloys: (a) T3, (b) TX31, (c) TXK311, (d) TXZ311, (e) TXC311,
and (f) TXCZ3111.
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Figure 3. SEM images of six as-extruded alloys: (a) T3, (b) TX31, (c) TXK311, (d) TXZ311, (e) TXC311,
and (f) TXCZ3111.
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Figures 4 and 5 show the inverse pole figure maps, pole figures, and orientation angle
distributions of the alloys. The grain sizes of the six alloys were 9.2 = 1.3 um, 3.5 £ 0.2 um,
1.8 £0.2 pm, 5.1 £ 0.3 pm, 4.5 = 0.5 um, and 3.5 &= 0.5 um. In this study, grain boundaries
with misorientation angles greater than 10° were defined as high-angle grain boundaries
(HAGBs). The HAGB:s of the T3 alloy were 88.3%, and the texture intensity was 10.45. After
adding Ca, the grain size exhibited a bimodal structure, the texture intensity was reduced
to 6.64, and the HAGBs decreased to 69.3%. The average grain size of the TXK311 alloy
was only 1.8 um, the texture weakened, and the HAGBs increased to 90.3%. The HAGBs
of the TXZ311 alloy, TXC311 alloy, and TXCZ3111 alloy were similar at 80.2%, 82.3%, and
79.5%, respectively. The texture intensity of the TXZ311 alloy increased to 16.85. The texture
intensity of the matrix was not significantly affected by the addition of Cu or Cu/Zn.

(11-20) (10-10)

(11-20)  (10-10)

(11-20)  (10-10)

(11-20)  (10-10)

(11-20)  (10-10)

(11-20)  (10-10)

Figure 4. Inverse pole figure maps and pole figures: (a) T3, (b) TX31, (c) TXK311, (d) TXZ311,
(e) TXC311, and (f) TXCZ3111.
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Figure 5. Misorientation angle area fraction distribution: (a) T3, (b) TX31, (¢) TXK311, (d) TXZ311,
(e) TXC311, and (f) TXCZ3111.

3.2. Electrochemical Behavior

Figure 6 illustrates the polarization curve. The Ecor obtained from the polarization
curve represented a thermodynamic parameter, while ¢, served as a dynamic parameter
that quantified the corrosion rate of materials. In practical applications, iz, was mainly
intended to characterize the corrosion properties of materials. The fitting values of Ecorr and
icorr in Figure 6 are indicated in Table 4. The alloys were ranked in terms of corrosion current
density as follows: TXZ311 < TXK311 < T3 < TX31 < TXCZ3111 < TXC311. According
to Equation (2), the TXZ311 alloy had the lowest corrosion rate. Obvious breakdown
points of the passive film were detected on the anode curves of the TXC311 and TXCZ3111
alloys. When the voltage surpassed the breakdown potential, the self-corrosion current
density of both alloys increased significantly. Generally, the more positive the voltage
at which the alloy reached the breakdown potential, the slower the increase in the self-
corrosion current density. Accordingly, the increase in the self-corrosion current density
for the TXCZ3111 alloy was slower than that of the TXC311 alloy, indicating that the
passive film on the TXCZ3111 alloy exhibited better corrosion resistance. However, once
the breakdown potential was exceeded, cracks formed in the corrosion product films on
both alloys, leading to a substantial increase in their self-corrosion current densities. This
implied that the passive film had broken down, which would have hastened the corrosion
of the alloy [16].

Table 4. Fitting parameters from polarization curves of six as-extruded alloys.

Alloy Ecorr (V) icorr (WA-cm—2) P; (mm-year—1)
T3 —1.54 58.40 1.33
TX31 —1.50 63.30 1.45
TXK311 —1.46 50.60 1.16
TXZ311 —1.45 31.50 0.72
TXC311 —1.48 91.90 2.10
TXCZ3111 —1.45 71.90 1.64
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Figure 6. The potentiodynamic polarization curves of six as-extruded alloys in 3.5 wt.% NaCl solution.

Figure 7 shows the electrochemical impedance spectrum (EIS) of the as-extruded alloys.
The low-frequency impedance modulus was commonly used to estimate the anti-corrosion
capacity of Mg alloys [17,18]. The Bode diagram in Figure 7a,b indicates the following rank
of corrosion resistance for alloys: TXZ311 > TXK311 > T3 > TX31 > TXCZ3111 > TXC311.
Figure 7c illustrates the Nyquist images of the as-extruded alloys. According to the lit-
erature [19,20], the T3, TX31, TXK311, and TXZ311 alloys were fitted by the circuit in
Figure 7d, while the TXC311 and TXCZ3111 alloys were fitted by the circuit in Figure 7e.
The solution resistance is denoted by Rs, CPEq; represents the bilayer capacity, and R¢ and
CPE; refer to the corrosion film layer resistance and capacitance, respectively, and they
were used to describe low-frequency capacitor circuits. The charge transfer resistance in
solution is expressed as R, and the partial oxide film breakage is indicated by Ry, and L.
The fitting values are listed in Table 5. The EIS results provided further insights into the
electrochemical corrosion behavior of the alloys. The charge transfer resistance (Rct) of
the TXZ311 alloy was significantly higher than that of the other alloys, indicating a lower
dissolution rate when the solution contacted the alloy through the pores of the surface
film. This suggested that the oxide layer on the surface of the TXZ311 alloy provided
effective protection, thereby mitigating corrosion. Additionally, this result indicated that
the micro-galvanic corrosion caused by the second phase acting as a cathode was relatively
weak. The CPEdI represented the double-layer capacitance at the interface between the
alloy surface and the electrolyte. The lower CPEdI value of the TXZ311 alloy reflected a
smaller localized corrosion area, which further contributed to delaying the corrosion of the
alloy. The corrosion resistance of the six alloys was evaluated by Rct, and the order was as
follows: TXZ311 > TXK311 > T3 > TX31 > TXCZ3111 > TXC311.

Table 5. Fitting electrochemical parameters from the EIS measurement of six as-extruded alloys.

Al R CPEy, Ru CPE; R R, L
oy
O-cm? Y1/uOQ-1.cm—2 ng O-cm? Yo/uQ~l.em~2 np 0-cm? 0-cm? H-cm?
T3 0.36 = 0.03 3242 +£1.23 0.96 3751 £2.36 - - - 186.1 +10.3 339.7 £19.2
TX31 0.37 + 0.02 51.26 £ 2.26 0.91 26.53 +1.49 - - - 136.7 £ 9.5 288.6 +16.3
TXK311 3.29 +0.13 106.10 £+ 3.26 0.84 57.17 £ 2.26 - - - 198.5 + 16.6 583.4 +18.2
TXZ311 4979 +0.16 47.20 +1.05 0.88 65.94 + 3.36 228.8 £12.5 631.2 +£26.3

TXC311 2.629 +£0.14
TXCZ3111 2.58 £+ 0.08

0.70 £ 0.02 0.91 3958 £0.24  4.653 £0.34 0.92 32.77 £ 1.34 384 +23 110.0 £10.3
2052 +£1.25 0.91 1917 £2.27  3.387 £ 0.46 0.81 4.185 £ 0.86 2121+ 14 1435+ 6.5
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Figure 7. The EIS plots of six as-extruded alloys: (a) Bode diagram, (b) phase angle diagram,
(c) Nyquist curves, and (d,e) equivalent circuit diagram.

3.3. Immersion Test

Figure 8 depicts the H; evolution volume and the average corrosion rate. In Figure 8a,
the Hy evolution volume of the T3, TX31, TXK311, and TXZ311 alloys slowed down after
immersing for 12 h, while the H, precipitation volumes of the TXC311 and TXCZ3111
alloys remained relatively stable. As depicted in Figure 8b, the order of corrosion rates
was TXZ311 < TXK311 < T3 < TX31 < TXCZ3111 < TXC311, which was consistent with the
results of EIS.
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Figure 8. (a) H, evolution volume; (b) corrosion rate.

Figure 9 presents the surface macroscopic and SEM images of the alloy that had been
immersed for 24 h to remove corrosion products. The macroscopic image revealed that the
as-extruded alloy exhibited corrosion marks along the extrusion direction. Among these,
the TXZ311 alloy was the least corroded, whereas the TXC311 alloy was the most severely
corroded. The surfaces of the six alloys exhibited pits of varying depths of corrosion. Due
to the inhomogeneity in the grain structure, many localized deep pits were observed in
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the ED direction of the TX31 alloy. In contrast, the corrosion process had been relatively
uniform for the T3 and TXK311 alloys, whereas localized corrosion pits were only found in
the TXZ311 alloy. Deeper lamellar corrosion pits had been observed in the TXC311 and
TXCZ3111 alloys, which exhibited the most severe corrosion. These findings indicated that
the TXZ311 alloy exhibited superior corrosion resistance.

corrosion pif§

L4

corrosion pits

10pm 10um

Figure 9. Macroscopic and SEM images: (a,d) T3, (b,e) TX31, (c,f) TXK311, (g,j) TXZ311, (h k) TXC311,
and (i,1) TXCZ3111.

The SEM/EDS analysis of the uncleared corrosion products after 24 h of alloy cor-
rosion is presented in Figure 10. The surfaces of all alloys were covered with spherical
corrosion products of varying thicknesses. In comparison, it was found that the corrosion
products formed by the T3, TXK311, and TXZ311 alloys were thicker and more evenly
distributed, indicating good adhesion to the Mg matrix and the potential to prevent fur-
ther C1™ corrosion. Conversely, the products on the TX31, TXC311, and TXCZ3111 alloy
surfaces did not fully cover the surface. Large corrosion cracks and alloy exposure were
observed, attributed to the relatively loose corrosion products that gradually detached
during immersion, providing limited protection to the matrix. These results indicate that Zr
and Zn positively impacted the corrosion resistance of the TX31 alloy by forming a denser
corrosion product film.

The XPS analysis was conducted to compare the surface film composition of the TXZ311
alloy in air and solution, as illustrated in Figure 11. As shown in Figure 11a, diffraction peaks
of Mg, 5n, Ca, Zn, and O were present on the alloy surface in both conditions. Figure 11b—f
indicate that the oxide film formed in dry air was primarily composed of MgO, CaO, CaCOs3,
and ZnO. Figure 11g-k demonstrate that the product film after immersion in a 3.5 wt.%
NaCl solution consisted of Mg(OH),, SnO,, Ca(OH);, and ZnO.
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Figure 10. SEM/EDS plots of the corrosion product film: (a) T3, (b) TX31, (¢) TXK311, (d) TXZ311,

(e) TXC311, and (f) TXCZ3111.
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Figure 11. XPS analysis of the TXZ311 alloy: (a) survey spectrum, (b—f) binding energy of Mg 1s, Sn
3d, Ca 2p, Zn2p, and O 1s in dry air, respectively, and (g—k) binding energy of Mg 1s, Sn 3d, Ca 2p,
Zn2p, and O 1s in 3.5wt.%NaCl solution, respectively.
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Figure 12 illustrates the SEM and a partially enlarged view of the vertical section of
the alloys after 24 h of immersion. The corrosion depth of the T3 alloy was 18 + 2 pm,
and white particles were detected near the cracks, hindering their extension. Based on
the XRD and EDS results presented in the previous sections, it was speculated that these
white secondary phases were the Mg,Sn phase. The cross section of the corrosion pit was
extracted and observed using SEM. The depth of the corrosion pits was measured using
Image-Pro Plus v6.0 software. The corrosion depth of the TX31 alloy was 51 & 5 pm, and
the crack was deep. The corrosion depth of the TXK311 alloy was 15 £ 1 um, with many
fine white particles observed at the crack. Based on previous XRD and EDS studies, it was
speculated that the white secondary phases were the CaMgSn phase. The corrosion depth of
the TXZ311 alloy was only 12 £ 1 um, with fewer cracks observed. In contrast, the TXC311
and TXCZ3111 alloys were severely corroded, with corrosion depths of 210 4= 5 pm and
138 £ 7 um, respectively. The corrosion surfaces of the T3 and TX31 alloys were relatively
uniform, with fewer cracks observed; however, localized corrosion pits were present,
particularly in the TX31 alloy, where the cracks were deeper. In contrast, the TXK311 and
TXZ311 alloys displayed smoother and more compact corrosion surfaces, with significantly
fewer cracks and shallower pits, reflecting a more uniform corrosion process. The TXC311
and TXCZ3111 alloys exhibited the most severe corrosion damage, with extensive cracks
visible across the surface, indicating a rougher and more fragmented morphology compared
to the other alloys.

135 2pm

51 5pum

©

, 15+ 1pm

Figure 12. Longitudinal section corrosion morphology and local enlarged view of six as-extruded
alloys: (a) T3, (b) TX31, (c) TXK311, (d) TXZ311, (e) TXC311, and (f) TXCZ3111.

4. Discussion
4.1. Effect of Grain Size and Second Phase on Corrosion Behavior

The corrosion rate of Mg alloys was significantly influenced by the grain size, phase
structure, and distribution resulting from extrusion and deformation processes [21-24].
Numerous investigations [25-28] have demonstrated that a finer grain size can reduce the
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corrosion experienced by the alloy. Ralston [29] demonstrated that the relationship between
the corrosion rate (i¢o/) and grain size (d) is described by Equation (3):

Z'corr =A+ Bd?O'S (3)

where A and B denote constants. The grain size influences the conductivity of the oxide
film by altering the grain boundary density. When the Mg alloy corrodes to form a stable
corrosion product, constant B is negative, indicating that the Mg alloy will be protected.
Conversely, when constant B is positive, a smaller grain size increases the conductivity of
the oxide film, which reduces the corrosion resistance of the alloy.

On the corrosion surface of the TX31 alloy, the grain distribution was not uniform, with
smaller grain regions exhibiting higher grain boundary density. Grain boundaries acted as
local electrodes, accelerating the localized corrosion of the Mg matrix. This phenomenon
explains why the TX31 alloy produced large corrosion pits locally.

The corrosion rate is influenced by the types and amounts of precipitated phases in Mg
alloys [30]. In a corrosive medium, electrochemical corrosion typically occurs between the
precipitated phases, which act as micro-cathodes, and the Mg matrix. This interaction leads
to rapid corrosion in the vicinity of the precipitated phases [31]. When the precipitated
phases have a larger area and are more evenly distributed, a denser film of corrosion
products forms on the Mg matrix, serving as a barrier to mitigate corrosion [32].

The corrosion properties of the six alloys were ranked as follows: TXZ311 > TXK311 >
T3 > TX31 > TXCZ3111 > TXC311. The addition of Ca and Cu increased the corrosion rates
of the T3 and TX31 alloys, respectively. The corrosion rate of the TX31 alloy was significantly
reduced by the addition of Zn and Zr. In the T3 alloy, the white phase area fraction was only
2.5%; therefore, less galvanic corrosion occurred. From the longitudinal section corrosion
morphology in Figure 12a, it was observed that the Mg,5n phase hindered the deepening
of corrosion. The white phase area of the TX31 alloy increased by 7.5% compared to the
T3 alloy. In the TX31 alloy, the increase in the CaMgSn phase caused elevated galvanic
corrosion, and no obvious white phases were found in the longitudinal section corrosion
cracks shown in Figure 12b. After adding Zr, the grain size and area fraction of the second
phase of the TX31 alloy decreased to the lowest values, 1.8 um and 2.1%, respectively. The
corrosion performance of the TXK311 alloy was enhanced due to the refined grain size and
the decreased area fraction of the white phase. As demonstrated in Figure 12¢, the fine
CaMgSn phase hindered the deepening of the erosion crack. The TXC311 and TXCZ3111
alloys were the most severely corroded due to the higher potential of the Mg,Cu phase
(—1.69), which caused «-Mg and the Mg,Cu phase to create micro-galvanic corrosion,
reducing the alloy’s resistance to corrosion [33]. In the TXCZ3111 alloy, a small percentage
of the produced MgZnCu phase consumed the Mg,Cu phase, thereby improving the
corrosion resistance of the alloy [34].

4.2. Effect of Texture on Corrosion Performance

Upon the immersion of Mg alloys in a corrosive solution, an unstable Mg oxide is
formed, allowing CI~ and HyO molecules to penetrate the metal. Due to the structural
discontinuity between the Mg matrix and the oxide film, tensile stress occurs in the oxide
films [32]. Tensile stress accelerates the breakdown of MgO when the adherence of the
corrosion product layer in the corrosive medium is poor. Cui [24] and Argade et al. [35]
proposed that a higher fraction of HAGBs enhances the corrosion resistance of the alloy
in corrosive media. The introduction of HAGBs results in reduced tensile stress [36]. As
shown in Figure 5, the ratio of HAGBs in as-extruded alloys was TXK311 > T3 > TXC311 >
TXZ311 > TXCZ3111 > TX31. Nevertheless, the reduction in tensile stress depends on the
development of a stabilized oxide layer in a passivating atmosphere. The surface product
film of the TXC311 and TXCZ3111 alloys could not cover the alloy surface completely.
Therefore, even with high HAGBs, a high corrosion rate persisted. The fraction of HAGBs
in the TX31 alloy was the lowest, and the grain size was extremely uneven. According to
Wang et al. [37], non-uniform grain sizes in as-extruded alloys result in higher corrosion
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rates due to increased galvanic corrosion and non-uniform corrosion product films. In
contrast, the HAGBs fraction of the TXZ311 and TXK311 alloys was 88.3% and 90.3%,
respectively, resulting in better corrosion resistance.

The corrosion rate of Mg alloys has been reported to be influenced by crystal orien-
tation [38—41]. For Mg, the (0001) plane has the highest atomic density [42,43]. Because
this tightly packed plane has more atomic coordination, it exhibits lower surface energy.
Atoms dissolve more slowly on surfaces with lower surface energy. As a result, the (0001)
plane experiences the lowest corrosion rate of all Mg planes. Thus, efforts to reduce the
corrosion rate of Mg alloys may focus on enhancing the texture intensity of the (0001) plane.
Luo et al. [23] investigated as-extruded Mg-6Gd-2Y-0.2Zr alloys and revealed that the
(11-20) and (10-10) planes were more susceptible to corrosion than the (0001) planes. Sub-
sequently, Wang [37] and Song et al. [43] reported similar findings. Dobkowska et al. [21]
described in their analysis that the (0001) planes in the Mg-4Li-3Al-1Zn alloy exhibit higher
electrochemical stability. According to Figure 4, the texture intensity of the T3 and TXZ311
alloys is more intense, especially with the texture intensity of the TXZ311 reaching 16.85.
Therefore, the TXZ311 alloy demonstrates enhanced corrosion performance.

4.3. Effect of Product Film on Corrosion Behavior

As previously analyzed, the product film formed on the TX31 alloy was loose, which
did not effectively protect the Mg matrix. This was attributed to the presence of bimodal
grains. In contrast, the TXZ311 alloy exhibited a higher fraction of HAGBs and a higher
second-phase area fraction, resulting in more evenly distributed surface corrosion products.
Combined with EDS and XPS analysis (Table 3 and Figure 11), it was found that the surface
film of the TXZ311 alloy was primarily composed of Mg(OH);, SnO;, ZnO, and Ca(OH),.

The stress state in the oxide film is described by the Pilling-Bedworth Ratio
(PBR) [44,45]. The PBR indicates the volume ratio of ions/atoms on the surface of the
material. When 1 < PBR < 2, the oxide film is subjected to compressive stress, resulting in a
denser film that protects the metal matrix. However, when PBR < 1 or PBR > 2, the product
film fractures due to tensile stress, further exacerbating the corrosion of the metal. The
calculated PBR values of the TXZ311 alloy product film are listed in Table 6. Comparing the
PBR of the various products reveals that Mg(OH), provides a protective effect on the Mg
matrix in the initial phase. However, with prolonged immersion, C1~ in the solution gradu-
ally dissolves the Mg(OH), forming MgCl,, thereby decreasing the corrosion resistance
of Mg [46,47]. Unlike other alloys, the corrosion film layer in the TXZ311 alloy produces
ZnO (with a PBR value of 1.59), which fills the pores of Mg(OH),, enhancing the film’s
compactness and reducing the contact between the alloy surface and the solution. This
factor also contributes to the reduced corrosion rate of the TXCZ3111 alloy. The mechanism
is illustrated in Figure 13.

3.5wt.%NaCl solution
\,L— a-Mg matrix
S$no, Microa-galvanic cell Micro-galvanic cell

CaMgSn phase Ca((i{)Z j pitting pits ;g(ol—l)2
'\ Zn dissolved S %
* mgom), e

Sno, p ~NOK

N SR - >

O Ca(OH), . ~

ZnO - L 1
® 7In & : TX31

Figure 13. Corrosion schematic model of the TX31 and TXZ311 alloys.
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Table 6. PBR compounds.
Compound MgO Mg(OH), SnO, Ca(OH), ZnO
PBR 0.8 1.8 13 13 1.59

Figure 14 summarizes the available data on the average corrosion rate of the Mg-5n-Ca
system Mg alloy in a 3.5 wt.% NaCl solution. The Mg-Sn-Ca system alloy is a crucial
heat-resistant Mg alloy for applications; however, most current research has focused on
mechanical properties rather than corrosion resistance. Consequently, the TXZ311 alloy
proposed in this study exhibits a significantly lower corrosion rate compared to other Mg-
Sn-Ca series alloys, potentially serving as a theoretical foundation for further applications
of Mg-5n-Ca alloys.
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Figure 14. Corrosion rates of Mg-Sn-Ca alloys [7,48-51].

5. Conclusions

The effects of the grain size, second phase, corrosion product film, and texture intensity
on the corrosion properties were investigated. The main results are as follows:

(1) The addition of Zr and Zn did not alter the phase composition of the TX31 alloy but
changed the area fraction of the second phase. However, the introduction of Cu led to
the formation of a new Mg,Cu phase. Among these alloys, the TXZ311 alloy exhibited
the highest area fraction of the second phase, while the TXK311 alloy had the lowest.

(2) The TXZ311 alloy exhibited the best corrosion resistance, with a corrosion rate of only
1.68 mm-year~!. This alloy had a higher HAGBs fraction and greater matrix texture
intensity. The formation of ZnO within the corrosion product film of the TXZ311
alloy filled the voids created by Mg(OH);, thereby enhancing the film’s stability. The
synergistic effect of these factors contributed significantly to the improved corrosion
resistance of the TXZ311 Mg alloy.

(3) The TXK311 alloy showed superior corrosion resistance due to its uniform and fine
grain size as well as a high fraction of HAGBs. In contrast, the bimodal structure of
the TX31 alloy resulted in inferior corrosion resistance, and the uneven grain size led
to significant localized corrosion.

(4) The addition of Cu resulted in the formation of a new Mg,Cu phase, which has a
relatively high electrode potential (—1.69 V). This led to micro-galvanic corrosion
between the x-Mg and Mg,Cu phases, thereby reducing the corrosion resistance of
the TXC311 and TXCZ3111 alloys.
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