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Abstract: In this study, the microstructure and related corrosion behavior of AM60 alloys with/without
Ca and Y addition upon gravity casting (GC) and high-pressure die-casting (HPDC) are investigated
by means of SEM/EDS characterization, immersion/salt spray test, hydrogen releasing, as well as elec-
trochemistry examination. When utilizing GC, AM60 alloy with Ca and Y addition (named AZXW6000
alloy) has better corrosion resistance compared with AM60 alloy. Thanks to grain refinement and
second phase networks introduced in HPDC, the anti-corrosion properties of the AM alloy seem
much better than those of the GC counterpart. The corrosion mechanism of both GCed and HPDCed
AM60-based alloys is also investigated in detail. The inspiration from present work can provide more
thinking for developing high corrosion-resistant Mg alloys using different casting methods.

Keywords: Mg alloy; corrosion; high-pressure die-casting; gravity casting

1. Introduction

Magnesium (Mg) and its alloys are regarded as the lightest structural metallic materials
with density of about 1.74 g·cm−3, representing about 1/4 of that of steel. As a result
of this weight saving advantage, Mg alloys are widely used in vehicles to reduce CO2
emissions in order to protect our environment [1–5]. In addition, Mg alloys also show
excellent die-castability, dimensional stability, specific stiffness, and damping capacity,
which makes them prospective candidates for the automobile industry [2,6–8]. However,
the standard electrode potential of magnesium is extremely low—2.37 V [9], which severely
limits its applications [10]. Thus, improving corrosion resistance and understanding the
mechanism behind are the key points nowadays [11,12]. Up to now, the possible methods of
enhancement of Mg alloys corrosion resistance are alloy composition optimization, modern
surface-finishing technique, and so on [13]. Recently, Ca has been proved to be one of the
significant alloying elements because of its low cost, grain refinement, as well as sound
corrosion resistance [14]. Particularly, Ca can form a dense oxide layer in Mg alloys to
improve the corrosion resistance [15], for instance, Mg–2Ca (in wt%) has the best corrosion
resistance [16]. On the other hand, as Ca addition increases, the grains of such alloys become
finer. Moreover, addition of trace Y into Mg alloys shows similar results [17]. When the
content of Y is less than 0.3 wt%, the AZ91 alloy represents superior corrosion resistance [18].
Recently, the combined addition of Ca and Y exhibits an effective approach to improving
the corrosion resistance of Mg alloys [19]. Besides, various casting routes, such as pressure
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casting, semi-solidified casting, and other special casting methods, can also influence the
corrosion rate. For example, castings obtained by the vacuum suction casting method
have better corrosion resistance in chlorinated substances [20]. Rheological high-pressure
die-casting has better corrosion resistance and mechanical properties than high-pressure
die-casting [21]. Engineers are eager to obtain a balance between mechanical properties
and corrosion resistance of Mg products by tuning the processing parameters of castings.
So far, many researchers report the corrosion performance of Mg alloys fabricated under
the same method, however, only rare literatures compare differences in corrosion behavior
of Mg alloys upon various casting approaches. Thus, the corrosion behaviors of gravity
casting (GC) and high-pressure die-casting (HPDC) of AM60 alloys with/without Ca and
Y addition are compared in terms of microstructure characterization, hydrogen evolution,
immersion tests (IT), and electrochemical measurements [4]. The aim of this study is to
investigate the effects of Ca- and Y-alloying elements, as well as the influence of casting
methods on the corrosion mechanism of AM60 alloys. It can give better understanding and
strategies for developing high performance Mg foundry products in near future.

2. Materials and Methods
2.1. Preparation of Samples

The gravity casting (GC) was smelted in a furnace at 740 ◦C with protection-mixed
gases 1% SF6 and 99% CO2. The molten metal was poured into a stainless steel mold with
dimensions of Φ 60 mm × 200 mm. All gravity casting samples used in this experiment
were obtained from the central area of the ingot. The high-pressure die-casting (HPDC)
was carried out by YIZUMI cold chamber HPDC machine. The production conditions were
summarized as follows: melting temperature at 680 ± 20 ◦C, mold preheating temperature
at 210 ± 20 ◦C, final injection speed at 4.8 ± 0.5 m·s−1. The casting time was about 90 ± 5 s
and the casting pressure was 155 ± 5 bar. The average thickness of the HPDC castings
was 2.5 mm. The chemical composition of AM60 and AM60 + 0.3Ca + 0.3Y (AMXW6000)
alloys upon various casting processes was measured using X-ray fluorescence (XRF), and is
shown in Table 1. The alloy phase was measured using X-ray diffraction (XRD) with an
XRD detection scan power of 4 KW, a measurement range between 20◦ and 80◦, and a scan
speed of 12◦/min.

Table 1. The chemical composition (in wt%) of AM60 and AMXW6000 alloys by GC and HPDC.

Samples Mg Al Mn Ca Y Si Fe

GCed AM60 Bal. 6.300 0.340 - - 0.010 0.0065
GCed AMXW6000 Bal. 6.070 0.140 0.190 0.200 0.077 0.0084

HPDCed AM60 Bal. 6.060 0.330 - - 0.078 0.0064
HPDCed AMXW6000 Bal. 6.050 0.120 0.230 0.170 0.048 0.0095

2.2. Microstructure

Before a scanning electron microscope (SEM) observation, the samples were ground
and polished. Then, the samples were washed with ethanol and dried. Finally, the samples
were etched using 4.2 g picric acid, 70 mL ethanol, 10 mL acetic acid, and 10 mL distilled
water [22]. JSM-6510A SEM with energy-dispersive spectrometer (EDS) was used to observe
the corroded surface and examine related compositions.

2.3. Hydrogen Evolution Collections (HEC)

The HEC samples were taken from AM60 and AMXW6000 alloys in different casting
states. Only one surface was retained and the rest was wrapped with epoxy resin. The
exposed 4 cm2 (2 × 2 cm) surfaces of each sample were finely ground and polished. The
hydrogen evolution experiment was performed by immersion in 3.5 wt% NaCl solution
with pH = 11. Usually, during the corrosion process of Mg alloys, the pH value of the
solution would gradually rise to 11 [23,24], thus, NaOH was used to adjust it before the
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experiment. The released hydrogen was collected using an inverted funnel and burets.
The volume of hydrogen was measured every 12 h for 11 days, and the experiment was
repeated 3 times.

2.4. Immersion Test (IT) and Salt Spray Test (SST)

The sample sizes for IT and SST were 20 × 20 × 2.5 mm3. The 3.5 wt% (pH = 11)
NaCl solution was used in IT and immersion times were 1 h, 3 h, 12 h, 2 days, and 8 days,
respectively. The samples were taken out for corrosion evaluation according to various
corrosion times. In addition, the samples for the neutral salt spray test were suspended
in 5 wt% NaCl salt spray (pH = 6.5–7.2) at 35 ◦C for 15 days. In particular, the samples of
both IT and SST were taken out in the case of 5 and 15 days, respectively, and cleaned with
20 wt% CrO3 and 1 wt% AgNO3 solution and deionized water. Then, the samples were
dried and the weight loss was recorded by electronic balance. In order to avoid errors, the
weight loss results were the average of the three tests.

2.5. Electrochemical Measurements

Electrochemical experiments were carried out at room temperature in 3.5 wt% NaCl
solution with pH = 11 using an electrochemical workstation CHI760. The samples were
machined into 10 × 10 × 2.5 mm3 thin sheets, and the excess parts were wrapped with
epoxy resin, leaving 1 cm2 working surface polished for measurement. The open circuit
potential (OCP) was maintained for 20 min to make the potential stable. Electrochemical
impedance spectroscopy (EIS) was performed in the frequency range from 100 kHz to
0.01 Hz, and the vibration amplitude was 5 mV. The Tafel curves of the samples were
measured under potential from −2 to −1 V and scan rate at 1 mV·s−1. All tests were
repeated 3 times to obtain representative datasets.

3. Results and Discussion
3.1. Microstructure of Magnezium-Based Alloys

The PandatTM software was used to calculate the fraction of phases in solidification, as
shown in Figure 1a,b. The Mg–6Al–Mn alloy is mainly composed of α-Mg and β-Mg17Al12
phases, and also contains small amounts of Al–Mn, Al–Ca, and Al–Mg–Y phases. However,
because of the limited content of Al–Mn, Al–Mg–Y, and Al–Ca, no peaks of intermetallic
compounds are found in Figure 1c, as shown in a similar study [25].
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Figure 1. Solidification calculation of (a) AM60 alloy and (b) AMXW6000 alloy by PandatTM; (c) XRD
patterns of AM60 and AMXW6000 alloys under GC and HPDC.

Figure 2a,b shows that second phases in GC samples are mainly distributed at grain
boundaries (GBs) in irregular spherical shapes. The grain size of GC AM60 and AMXW6000
alloys are 116.50 µm and 128.57 µm, respectively. The second phases in the HPDC specimen
are mostly decorated at GBs in rod and granule forms, as shown in Figure 2c,d. In the case
of HPDCed samples, the grain sizes of AM60 and AMXW6000 alloys are 10.14 µm and
10.36 µm, respectively. Clearly, the content of the second phases in HPDC is significantly
higher than that in GC, and the grain size is also refined. Some researchers reported that
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the corrosion resistance of the material increases with smaller grain size [26–28]. Besides,
the individual white particles in GCed alloys are the Al–Mn phase (see Figure 2a,b), and
the white particles wrapped by the gray ring structure represent the β phase, in which the
gray ring structure is eutectic α + β phase. After adding a small amount of Ca and Y into
the GCed AM60 alloy, the second phase was clearly connected, which is also represented in
another study [29]. It is well known that the corrosion in Mg alloys usually begins in the
form of pitting, preferring to occur near second phase particles (i.e., β-Mg17Al12, Al–Mn,
and Al–Mn–Fe phases [4]), with high cathode potential [30]. Only α-Mg, β-Mg17Al12,
and Al–Mn phases are found in AM60 and AMXW6000 alloys, so it is believed that the
α-Mg phase around the β-Mg17Al12 and Al–Mn phases is the initial corroded position
in NaCl solution. In addition, the Al–Mn phase still exists in spherical after HPDC (See
Figure 2c); the content of the β-Mg17Al12 phase increases greatly and their shape becomes
more irregular because the solidification speed by HPDC is faster than that of GC. It can
also be observed that the second phase forms a discontinuous network in HPDC alloys. The
lower Al content of the Mg17Al12 phase is due to non-equilibrium solidification compared
to GC.
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3.2. Corrosion Behavior

The surface morphologies of the two GCed alloys after removing corrosion products
for different immersion times, are shown in Figure 3. In the case of the GC AM60 alloy (see
Figure 3a–e), corrosion begins as pitting, then the pitting micro-craters expand, increasing
their expansion surface and depth as the holding time increases to 12 h. Finally, pitting
connected with each other and severe corrosion appears on the entire surface after 1 week.
The corrosion behavior of the GCed AMXW6000 alloy is similar to the AM60 alloy, as
illustrated in Figure 3f–j. For instance, the initial pitting turns into filiform corrosion
after 12 h, forming a deep corrosion valley. As the corrosion continues, the corrosion
valley begins to spread, and eventually, a large area of corroded surface can be seen in
the GC AMXW6000 alloy. This result is consistent with previous reports of corrosion of
Mg alloys [13]. In addition, by comparing the corroded surface of two alloys at the same
immersion time, it can be found that addition of Ca and Y under GC can effectively improve
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the corrosion resistance of AMXW6000. Previous results reported that the addition amount
of Ca and Y should be below a critical value which plays an important role in slowing
down corrosion rates [31].
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Figures 4 and 5 present the corrosion morphology and alloy mapping of HPDCed
AM60 and AMXW6000 alloys, respectively. Corrosion begins to appear after 3 h immersion
in both alloys. Then, large pitting occurs and expands in HPDCed AM60 at 12 h (see
Figure 4b). With the extension of the immersion time to 8 days, the corrosion spreads to
the whole surface, as shown in Figure 4d. As the corrosion progresses, the α-Mg phase is
corroded and disappears first, leaving only the reticulated second phase on the surface,
which is not easily corroded. It is well documented that there is a potential difference
between α-Mg and β-Mg17Al12 phases [13,32]. Compared with the Mg matrix, the second
phase has a higher potential and acts as the cathode, so the lower potential matrix is
preferred to be corroded as the anode. The greater the potential difference between the
cathode and anode, the larger the corrosion force and the greater the anode corrosion
rate. With the progress of galvanic corrosion, severe local corrosion (or corrosion pitting)
will eventually occur, causing grains to fall, and thus, accelerating the corrosion of Mg
alloys [30]. Figure 4e–g shows the distribution of Mg, Al, and Mn on the corroded surface
of HPDC AM60 after immersion for 12 h, 2 days and 8 days, respectively. The distribution
of these elements reveals a reticulated distribution of Al and uniform distribution of Mg
across the entire surface except for Mn-rich areas. As the corrosion proceeds, the second
phases gradually increase.

As confirmed in Figure 4e,f, the α-Mg phase with the lowest Al content begins to
corrode first, while the corrosion of the second phase is relatively slow, which is consistent
with Ref [24,33]. Nevertheless, other studies showed that the second phase causes micro-
galvanic corrosion at the beginning, but with the corrosion deepening, the second phase
also acted as a barrier, which means that the second phase not only played a role in
accelerating the micro-galvanic corrosion, but also played a role in preventing the corrosion
propagation [34–36]. In the present study, the second phase is mostly distributed at GBs,
after the α-Mg phase is corroded, the remaining second phase can form a network retarding
the corrosion, as shown in Figure 4g.
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Figure 5 shows the corrosion morphology of HPDCed AMXW6000 alloy after immer-
sion for different times. The surface corrosion of HPDCed AMXW6000 alloy after 12 h
immersion in 3.5 wt% NaCl is similar to that of HPDCed AM60 after 8 days of corrosion.
Almost the whole surface starts to corrode in 3 h. After 12 h, the corrosion of the matrix
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continuously increases, and the pits looks like dendrite (see Figure 5b). Then, the corrosion
process accelerates and the pits network combines, as shown in Figure 5c. Additionally,
some tiny black fallen particles can be observed. After 8 days of corrosion, the second phase
continues to fall in large quantities, and the corrosion becomes more serious. Although
a reticulated microstructure is formed in both HPDCed AM60 and AMXW6000 alloys,
the network morphology of HPDCed AM60 is obviously more integrated than that of
the HPDCed AMXW6000 alloy, so it can be inferred that the reticulated structure formed
in HPDCed AM60 alloy seems more compact. Based on the observations, the complete
network of second phases is good for corrosion resistance, since the HPDCed AM60 alloy
with unbroken network showed better anti-corrosion properties.

By comparing the EDS mapping in terms of corrosion time of the HPDCed AMXW6000
alloy in Figure 5e–g, the Ca distributes in a more uniform way, while Y forms a Mg–Al–Y
phase and tends to gather. With more deepening of the corrosion degree, the α-Mg phase
gradually corrodes away, and β-Mg17Al12, Al–Mn, Mg–Al–Y, and other phases with higher
corrosion potential are hard to corrode, but remain on the surface, as shown in Figure 5g.

Figure 6 shows the cross-section SEM images of HPDCed alloys immersed in 3.5 wt%
NaCl solution for 4 days. The HPDCed AM60 alloy has a large uncorroded area that is
clearly isolated from the corroded area (“unaffected surface”—dot-line in white). The
HPDCed AMXW6000 alloy is more susceptible to corrosion than AM60 and most of
the surface is covered by corrosion products (“corroded surface”—dot-line in yellow).
Corrosion spreads and stops in the direction of the thickness and this area is labeled with a
red dotted line (“affected surface”). The maximum corrosion depth and width of the pitting
corrosion of the HPDCed AM60 alloy are 257 µm and 730 µm, respectively, as shown in
Figure 6a. Figure 6b shows the lateral corrosion morphology of HPDCed AMXW6000 alloy
with a maximum corrosion depth of 115 µm; the corrosion occurs in almost the whole
surface. Under HPDCed conditions, the AM60 alloy tends to corrode more locally, while
the AMXW6000 alloy tends to corrode more extensively, but to a shallow depth.
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Usually, there are two mechanisms for β-Mg17Al12 phase related to corrosion in
Mg alloys. One is the mechanism of forming a micro-galvanic corrosion to accelerate the
corrosion of the α-Mg phase. The α-Mg phase potential is lower than that of the β-Mg17Al12
phase, and the β-Mg17Al12 phase tends to form a micro-galvanic corrosion with the α-Mg
phase, leading to the accelerated corrosion of the magnesium substrate. The other is the
mechanism of corrosion protection. The β-Mg17Al12 phase is easy to gather at GBs during
casting. If the β phase forms a network-like structure, it is not easy for the remaining
β phase to undergo further corrosion after the α-Mg phase has been corroded. Thus, it
can protect the magnesium alloy [35]. However, if the β-Mg17Al12 phase does not form a
perfect grid (see GC samples in Figure 2) when the α-Mg matrix corroded, the corrosion
will further extend to the interior part resulting in the β-Mg17Al12 phase being dropped off.
According to the above results and analysis, the corrosion mechanisms of both HPDC and
GC are shown in Figure 7a,b, respectively. Generally, the first phase to be corroded is the
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α-phase, micro-currents will be generated between different phases due to the potential
difference [4]. Additionally, the β phases as corrosion obstructers depend on the network
forming, as well as grain size.
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3.3. Hydrogen Evolution (HE), Immersion Test (IT), and Salt Spray Test (SST)

The corrosion rate of Mg alloys can be characterized by comparing the hydrogen
evolution rate. Figure 8a,c shows the hydrogen release of AM60 and AMXW6000 samples,
prepared by GC and HPDC. After over 250 h, the order of the hydrogen evolution vol-
ume is as follows: GCed AM60 > GCed AMXW6000 > HPDCed AMXW6000 > HPDCed
AM60. The volume of H2 evolution of GCed AM60 alloy is about five times than that of
GCed AMXW6000 alloy. However, the hydrogen release volume of AMXW6000 alloy is
approximately ten times than that of AM60 alloy in the case of the HPDC process. As
shown in Figure 8b,d, the corrosion rate of HPDCed AM60 alloy is the lowest, while the
corrosion rate of GCed AM60 alloy is the highest. For GC samples, the second phase does
not play a role in preventing corrosion, but it accelerates corrosion. This can be expected
from Figure 3—the specific surface area increases after corrosion; therefore, the rate of
hydrogen evolution increases continuously by galvanic corrosion. For HPDC specimen, the
second phase presents a network structure, as shown in Figures 4 and 5; the second phase
of the network structure will play a positive role in restricting corrosion and finally achieve
a relatively stable corrosion rate. The reason why the corrosion rate of HPDCed AM60
alloy is slower, resulted from the hindering effect of the second phase. When the α matrix
is corroded, the retained second phase-containing layer on the surface is formed, which is
close to a network structure and acts as barrier to somehow slow down the corrosion. In
addition, the corrosion product, Mg(OH)2, adheres to the surface of the samples, which
also delayed the corrosion.

However, the hydrogen collection results will be greatly affected by collection devices
with hydrogen bubbles often stuck to funnels, dropper walls, and samples surfaces. In
addition, significant differences are observed in the results of mass loss based on different
corrosive ways, so long-term weight loss experiements of 5 days and 15 days, such as IT
and SST, are applied here. Figure 9 shows the changes of the average corrosion rates of
GC/HPDCed samples based on IT and SST. Table 2 lists the weight loss rate of IT and SST
in detail. It can be seen that the corrosion resistance of HPDCed AM60 sample is the best,
while the corrosion resistance of GCed AM60 sample is the worst.
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results, respectively.

Table 2. Corresponding weight loss results in Figure 9.

Time Samples Immersion Corrosion Rate (mm·y−1) Salt Spray Corrosion Rate (mm·y−1)

5 days

GCed AM60 9.90 ± 1.1 25.32 ± 2.3
GCed AMXW6000 5.13 ± 0.041 3.41 ± 0.85

HPDCed AM60 0.58 ± 0.034 0.90 ± 0.15
HPDCed AMXW6000 9.02 ± 0.51 2.20 ± 0.35

15 days

GCed AM60 17.63 ± 1.7 30.07 ± 4.5
GCed AMXW6000 8.92 ± 0.51 5.37 ± 0.53

HPDCed AM60 1.43 ± 0.53 1.71 ± 0.20
HPDCed AMXW6000 9.13 ± 0.25 2.55 ± 0.22
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Figure 10 shows the appearance of four samples after the removal of corrosion products
for 5 and 15 days of corrosion in IT and SST. All samples were corroded severely. However,
the HPDCed AM60 alloy is still subjected to the lowest level of corrosion, in which the
surface still has a glossy finish after 5 days of immersion corrosion. A comparison of the
previous HE, IT, and SST experimental results shows that the corrosion resistance of the
AM60 alloy after HPDC has improved by at least ten times. The results indicated that the
magnesium alloy produced by HPDC can obtain better corrosion resistance. Unfortunately,
based on the above results from HE, IT, and SST, the corrosion resistance of the HPDCed
AMXW6000 alloy has degraded compared with the AM60 counterpart. Although the
corrosion resistance of AM60 alloys can be improved by adding Ca and Y in GC, Ca and Y
addition to AM60 alloys seems not as good in HPDC and needs further study.
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3.4. AC Impedance and Polarization Behavior

Tafel curves of the four samples are shown in Figure 11. It can be seen that the
corrosion current of the GC alloys in the initial state is the lowest due to the low second
phase area fraction, and the electronic transfer between second phases and matrix is relative
low in the very beginning [24]. The Tafel curves of HPDCed AM60 and AMXW6000 alloys
vary with time. As it can be seen from Figure 11b,c, the corrosion current of HPDC alloys
gradually increases. It shows that as the corrosion proceeds, the corrosion rate of the HPDC
alloy increases.

The second phase area fraction of the HPDC alloy at the initial stage of corrosion is
significantly more than that of the GC, and the second phase is anodic with respect to the α

phase, which will cause the potential to move to a more anodic direction and will generate
more current density [24]. So, at the initial stage of corrosion HPDC potential is higher
than GC. As the corrosion proceeds, the current and potential of the HPDCed AM60 alloy
gradually increase, and the second phase on the surface causes the potential to move in a
more anodic direction.
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and (c) AMXW6000 alloys, for different values of corrosion time.

Figure 12 shows the electrochemical impedance spectroscopy (EIS) results of all sam-
ples. The Nyquist plots of all samples are composed of a capacitance arc at high and
medium frequencies and an inductive arc at low frequencies. For the capacitance arc, the
larger diameter indicates better corrosion resistance [37,38]. In the case of HPDCed AM60
and AMXW6000 alloys (see Figure 12b,c), with the increase in immersion time, the Nyquist
curves decrease in diameter and the Bode phase plots decrease slightly in maximum peak
value. It is indicating that the corrosion resistance decreases with the increase in corrosion
time, which is consistent with the conclusion of the Tafel curves, exhibited in Figure 11.
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The circuit of the EIS spectrum, fitted by equivalent electric circuit diagrams, is shown
in Figure 13. The Rs, Rt, and Ct represent resistance of solution, charge transfer resistance,
and micro-capacitance formed at the interface of the solution. Ct is caused by the ions in
the solution not having enough time to diffuse, respectively. The oxide layer is weak and
easy to crack, which will lead to further corrosion. The Rf and Cf indicate the diffusion of
ions through the oxide film, where Rf represents the resistance of the film and Cf represents
the capacitance of the film [18]. The L represents the second phase or the impurity particles
formed on the surface. Commonly, the Rt value is used to evaluate the corrosion resistance
of the alloy. As the corrosion progresses, the charge transfer resistance of the HPDCed alloy
decreases, therefore, the corrosion resistance decreases; similar trends are also reported in
Refs [34,39,40].
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4. Conclusions

In summary, the influence of small amounts of Ca and Y on the corrosion properties of
AM60 alloys was studied, as well as the corrosion mechanism of these two kinds of alloys
under GC and HPDC was analyzed in depth. From the above results and discussion, we
can draw the following main conclusions:

(1) The corrosion rate of HPDCed alloys is lower than that of GCed counterparts, which
is mainly due to the formation of a second phase network and grain refinement.

(2) Comparing the results of HE, IT, and SST—the corrosion resistance of the AM60
alloy increased by a factor between 2 and 5 with the addition of Ca and Y under GC
conditions. However, for HPDCed samples, the AM60 alloy exhibits better corrosion
resistance due to second phase hindering electrochemical corrosion action. Thus, the
corrosion effect of Ca and Y on the AM60 alloy under different casting processing is
different.

(3) Although the second phase network structure serves to slow down corrosion, the
corrosion resistance of HPDCed alloys gradually decreases with the corrosion process.

We hope this study can not only provide new corrosion insights of AM60 based alloys
from inspection of various casting processes, but also better understanding of novel designs
of high performance Mg alloys in the near future.
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