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The effects of aging treatment on corrosion properties of an extruded Mg-8.9Gd-2.8Y-1.8Zn-0.4Zr-0.2Ca
(wt.%) alloy were investigated. The as-extruded alloy was consisted of un-dynamically recrystallized region
containing lamellar long period stacking ordered (LPSO) phase and block-shaped LPSO phase, finely
recrystallized grains and small amounts of Mg-RE phase. After aging treatment, part of lamellar LPSO
phases was dissolved into the matrix and replaced by recrystallized grains. The size of recrystallized grain
was increased from 1.8 ym for the as-extruded sample and to 3.5 um for the peak-aged sample. Corrosion
tests indicated that aging treatment effectively improved the corrosion resistance of the as-extruded Mg-
8.9Gd-2.8Y-1.8Zn-0.4Zr-0.2Ca (wt.%) alloy. The lamellar LPSO phases with a low potential were prefer-
entially corroded, and the homogeneous microstructure of the peak-aged sample effectively reduced the
possibility of micro-galvanic corrosion. Hence, the peak-aged sample with a more homogeneous
microstructure and small amount of lamellar LPSO phase showed a better corrosion resistance.
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1. Introduction

Nowadays, Magnesium alloys are widely used in aerospace,
transportation and 3C fields because of their high specific
strength, specific stiffness, and excellent damping performance
(Ref 1-3). However, the low strength (Ref 4), poor ductility
(Ref 5) and poor corrosion resistance (Ref 6) of Mg alloys
compared with Al alloys restricted their application. Therefore,
developing Mg alloys with good mechanical properties and
superior corrosion resistance is the aim of researchers (Ref 7,
8).

It has been reported that Mg alloys containing long period
stacking ordered (LPSO) phase exhibited high strength and
ductility due to their unique strengthening and toughening
effects of LPSO (Ref 5, 9). For example, small amount of Zn
addition in Mg-3Gd-1.7Y-0.5Zr (wt.%) alloy resulted in the
formation of LPSO phase, which gave rise the yield strength
(YS) increasing by about 300% and elongation increasing by
about 40% compared with the Mg-3Gd-1.7Y-0.5Zr alloy
without LPSO phase (Ref 10). The corrosion properties of
Mg alloys containing LPSO have also been widely researched
(Ref 11, 12). However, there are contradictory conclusions
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about the effects of LPSO phase on corrosion properties of Mg
alloys. It was reported that lamellar LPSO phase acting as a
barrier protected Mg-substrates from being corroded (Ref 13).
A Mg-Zn-Y-Al alloy containing LPSO phase with a good
corrosion resistance was obtained (Ref 14). However, several
investigations indicated that LPSO phase deteriorated the
corrosion resistance of Mg alloys (Ref 15, 16). For instance,
a Mg alloy containing lamellar 14H-LPSO exhibited an inferior
corrosion resistance because of the LPSO phase acting as
cathodic and accelerating corrosion rate (Ref 16).

Recently, Ca addition in Mg alloys attracted attentions
because of its ability to improve aging hardening response of
Mg alloys (Ref 17) by refining precipitates. For instance, a
yield strength of 345 MPa and ultimate tensile strength of 405
MPa were obtained by extruding a Mg-7.5Gd-2.5Y-3.5Zn-
0.9Ca-0.4Zr (wt.%) alloy (Ref 18); a Mg-5.1Zn-3.2Y-0.4Zr-
0.4Ca (wt.%) alloy extruded at 350 °C exhibits a yield strength
of 373 MPa and an ultimate tensile strength of 403 MPa (Ref
19). However, the corrosion properties of such series of Mg
alloys have seldom been investigated. Therefore, a Mg-Gd-Y-
Zn-Zr-Ca alloy was selected and the corrosion behavior before
and after aging treatment were investigated in the objective to
further elucidate the relationship between the microstructure
and properties.

1.1 Experimental Procedures

High quality Mg-8.9Gd-2.8Y-1.8Zn-0.4Zr-0.2Ca (wt.%)
ingot with a diameter of 92 mm were mainly fabricated by
pure Mg ingot (99.95%), Gd (99.95%), Zn (99.95%), Mg-Y
(Wt.%) Mg-25Gd (wt.%) master alloys and Mg-30Zr (wt.%),
under a mixed atmosphere of CO, and SF¢ with the ratio of
99:1. The detailed fabrication method could be referred to (Ref
20). Before hot extrusion deformation, the ingot was firstly
homogenized at 430°C for 8h with water quenching above
80°C, the homogenized alloy and extrusion die were preheated
at 420°C for 2h, then the extruded rod for experiment with a
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diameter of 49 mm was conducted at the temperature of 460°C
with an extrusion ratio of 5:1 and an extrusion rate of 0.lmm/s.
Part of the extruded samples were aged at 200°C for different
times to obtained aging hardening curve.

The specimens for microstructural observation were cut
along extrusion direction. The samples were firstly ground to
4000 grift using SiC papers and polished. Then, the samples
were etched with 4% nitric acid alcohol. Microstructure were
examined by a GX-71 optical microscope (OM) and a JSM-
6700F scanning electron microscope (SEM) with an energy-
dispersive spectrometer (EDS) at an operating voltage of 30 kV.
The average grain size and phase volume fraction were
calculated by Image-Pro Plus. X-ray diffraction (XRD) was
carried out on an XRD-7000 using a Cu target with a scanning
angle from 20° to 90° with a scanning speed of 4°/min.

Samples with dimension of 10 mmx10 mmx5 mm were
mounted into epoxy resin with exposed surface area of 1 cm? to
evaluate the hydrogen evolution testing in 3.5% NaCl solution
at ambient temperature. The hydrogen volume was recorded
during immersion for different times. The corrosion products
were ultrasonically cleaned in 200 g/L CrOs;, 20 g/L Ba (NOs),
and 10 g/L AgNOj solution. The weight loss was measured by
a FA1004B analytic balance. The corrosion morphology was
characterized by SEM.

The specimens for electrochemical tests were 15 x 15 mm.
Electrochemical measurement was carried out in 3.5% NaCl
solution with an exposed area of 1 cm?®. PARSTAT40000
Electrochemistry workstation was used for electrochemical
measurements at ambient temperature. Electrochemical mea-
surement was conducted by using a classical three electrode
cell matched with the counter electrode of Pt, reference
electrode of saturated calomel electrode (SCE) and the working
electrode of sample surface itself. The potentiodynamic polar-
ization was measured. Measurement regions were set from
— 0.25 t0 0.25 V vs. open circuit potential (OCP) at a constant
scanning rate of 1 mV/s after an initial delay of 3600s. The
electrochemical impedance spectroscopy (EIS) was performed
with the scan frequency ranging from 10° Hz to 0.01 Hz and
amplitude of 10 mV with respect to the OCP. The electro-
chemical tests were repeated at least three times to ensure the
reproductivity, and then the obtained Nyquist and Bode curves
fitted by using the ZSimDemo 3.30 software.

2. Results

2.1 Aging Response of the As-Extruded Alloy

Figure 1 shows the age-hardening curve of the as-extruded
sample. The hardness of the as-extruded Mg-Gd-Y-Zn-Zr-Ca
alloy was firstly increased and then decreased with increasing
aging time. The as-extruded alloy with the hardness of 92 HV
was increased to 98 HV after aging treatment for 24 h,
indicating that the alloy exhibited a certain aging hardening
response.

3. Microstructure

Figure 2 shows the optical micrographs of the as-extruded
and peak-aged samples. Block-shaped phase, unDRXed region
containing lamellar phase, finely recrystallized grain and
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Fig. 1 Age-hardening curves of the as-extruded alloy

fragmented particles could be observed in the as-extruded and
peak-aged samples. However, the fraction of phases in the as-
extruded and peak-aged samples differed significantly. Studies
has demonstrated that the block-shaped and lamellar phases
were LPSO phases (Ref 9, 21). In addition, the volume faction
of lamellar LPSO phase was decreased from 7.4 to 2.3% after
aging treatment, while the volume fraction of block-shaped
LPSO phase changed little. Therefore, it could be inferred that
part of the LPSO phase dissolved into the matrix during aging
treatment. Furthermore, the as-extruded alloy contained about
5.7 vol.% unDRXed regions, while the peak-aged sample
exhibited a completed recrystallized microstructure. The aver-
age recrystallized grains size of the peak-aged sample was
about 3.5 um.

Figure 3 shows the SEM images and XRD patterns of the
as-extruded and peak-aged samples. Small granular phase
distributed in the vicinity of block-shaped LPSO phase in the
two samples. From the enlarged image (Fig. 3b), numerous
amounts of lamellar phases with various orientations existed in
the DRXed grains of the as-extruded sample (Fig. 3b).
Additionally, the dynamically recrystallized grains mainly
distributed around the block-shaped LPSO phase for the as-
extruded sample. However, the recrystallization region existed
not only at the block-shaped LPSO phase but also at the region
far from the second phases after aging treatment. It indicated
that recrystallization occurred during aging treatment, which
was observed in the as-forged Mg-6Gd-2Y-1Zn-0.3Zr and
extruded Mg-8.2Gd-3.8Y-1Zn-0.4Zr alloys (Ref 15, 22). It has
been reported that the block-shaped LPSO phase was hardly to
be plastically deformed during extrusion process, which
resulted in the pile-ups of dislocation between Mg matrix and
block-shaped LPSO phase (Ref 23). Consequently, dynamic
recrystallization was detected in these regions for the as-
extruded sample. Additionally, particle stimulated nucleation
(PSN) of LPSO phase was another factor of recrystallization
(Ref 23, 24). Since the recrystallization was a process to release
stress in local region (Ref 25), and the gradient dislocation
existed at the interface, the recrystallized grain growth was
considered to be stimulated preferentially at the location with
high dislocation density and then gradually expand to the
position with low dislocation density (Ref 26).
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Fig. 2 Optical images of the (a, b) as-extruded and (c, d) peak-aged samples

It was noteworthy that the recrystallization accompanied by
dissolution of lamellar LPSO dissolved during aging treatment,
which could be found from both OM and SEM results. It has
confirmed that lamellar LPSO phase are less thermostable than
block-shaped LPSO in interdendritic region (Ref 27). Aging
treatment accelerated the diffusion rate and increased the solid
solubility of Gd and Y in Mg. Additionally, the lamellar LPSO
phase distributed within the recrystallized grains, thus the
solute atoms of the LPSO phase can directly diffused into the
recrystallized grains. This was beneficial for the dissolution of
lamellar LPSO phase. The dissolution of LPSO into Mg alloy
during recrystallization has been reported in Mg-4.3Gd-3.2Y-
1.2Zn-0.5Zr (wt.%), Mg-6Gd-2Y-1Zn-0.3Zr (wt.%) and Mg-
8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloy (Ref 15, 27, 28).

The EDS results of the as-extruded and peak-aged sample in
Fig. 3 are presented in Table 1. The block-shaped LPSO phase
marked A and C in the as-extruded and peak-aged alloys
contained Mg, Y and Zn. The bright granular phase marked B
in the as-extruded sample were found to contain a large amount
of Gd and Y. In order to further confirm the phases in the two
samples, XRD was conducted, which is shown in Fig. 3(e). It
could be seen that no obvious difference was detected for the
two samples. The main phases of the as-extruded and peak-
aged samples were oa-Mg, LPSO phase and Mgs(Gd, Y). It has
been confirmed the existence of Mgs(Gd, Y) in Mg-13Gd-4Y-
27Zn-0.5Zr (wt.%) and Mg-9Gd-4Y-2Zn-0.5Zr (wt.%) alloy
(Ref 29, 30). Therefore, it is inferred that the as-extruded and
peak-aged Mg-Gd-Y-Zn-Zr-Ca alloy contained lamellar LPSO
phase, block-shaped LPSO phase, Mgs(Gd, Y) and Mg matrix.
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4. Corrosion Properties

4.1 Immersion Tests

Figure 4(a) demonstrates the hydrogen evolution of the two
samples immersed in 3.5% NaCl solution. The as-extruded
sample exhibited a much higher hydrogen evolution compared
with the peak-aged sample, indicating that aging treatment
effectively improved the corrosion resistance of Mg-Gd-Y-Zn-
Zr-Ca alloy. Figure 4(b) presents the weight loss of the samples
after immersion for 24, 48 and 100 h. The peak-aged sample
exhibited an obvious lower weight loss compared with the as-
extruded sample. With the immersion process was carried out
for 24 h, the corrosion morphology of the as-extruded and
peak-aged samples were given in Fig. 4(c). It could be clearly
seen that the corrosion area and depth of the as-extruded sample
were much more severe than the peak-aged sample, which was
consistent with the hydrogen evolution and weight loss results.

4.2 Electrochemical Measurements

To further investigate the corrosion properties of the as-
extruded and peak-aged samples, potentiodynamic polarization
test and electrochemical impedance spectroscopy (EIS) of the
two alloys were measured through immersing in 3.5% NaCl
solution at ambient temperature, which were shown in Fig. 5.
Generally speaking, corrosion potential (¢..) in potentiody-
namic polarization curves represented the corrosion tendency,
which reflected corrosion possibility from the viewpoint of
thermodynamic. However, corrosion current density (/o)
represented corrosion rate, which reflected the kinetics during
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Fig. 3 SEM images of the (a, b) as-extruded and (c, d) peak-aged samples; (e) XRD patterns of the two samples

Table 1 EDS results of the as-extruded and peak-aged
samples

Atomic%
Sample Position Mg Gd Y Zn
As-extruded sample A 91.21 32 1.68 391
B 70.63  12.11 1726 -
Peak-aged sample C 89.63 3.75 191 471

corrosion process. In the anode branch of the polarization curve
in Fig. 5(a), when I, was constant, ¢, of the peak-aged
alloy was higher than that of the as-extruded sample, indicating
that corrosion was more likely to occur in the as-extruded alloy.

2912—Volume 31(4) April 2022

When the ¢, Was constant, the peak-aged alloy exhibited a
smaller /.., value compared with the as-extruded sample,
indicating that the corrosion rate was significantly lower than
the sample in the extruded state. Therefore, the as-extruded
alloy was more easily corroded than peak-aged alloy. From the
value of (o and I, sSummarized in Table 2, ¢, increased
from — 1.63 to — 1.52 V after aging treatment. The shift to
positive direction of corrosion potential was resulted from the
reduction of LPSO phase with a lower potential after aging
treatment according to mixed-potential theory (Ref 31). In
addition, the I ., of the as-extruded alloy was about 3 times
higher than that of the peak-aged alloy. The peak-aged sample
exhibited a much less LPSO phase, which would reduce the
formation of micro-galvanic corrosion. Consequently, the /.o
was significantly decreased. High .., and low ¢, value
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Fig. 4 (a) Hydrogen evolution curves, (b) weight loss of samples immersed in 3.5 NaCl%, (c) corrosion morphology of samples immersed in

3.5% NaCl for 24 h

indicated that the corrosion resistance of the as-extruded alloy
was inferior to the peak-aged alloy.

The EIS spectra of the as-extruded and peak-aged samples
are presented in Fig. 5(b), (c) and (d). The capacitive in high
frequency region was associated with electric double layer at
the surface between matrix and NaCl solution, while the
medium frequency capacitive loop was related to the density of
the corrosion layer on sample surface (Ref 32). The as-extruded
and peak-aged alloys displayed two capacitive loop but
different radius of loop (Fig. 5b), which indicated that corrosion
resistance differed for the two samples, but corrosion mecha-
nism was similar (Ref 33). In addition, the radius value of
capacitive loop of the peak-aged alloy was larger compared
with that of the as-extruded alloy, indicating that the peak-aged
sample had a higher charge transfer resistance.

The fitting equivalent circuits of EIS spectra are given
Fig. 5(e), (f), and the corresponding parameters are listed in
Table 2, where Rs was the solution resistance with a relative
constant value, indicating that the immersion conditions were
practically invariant (Ref 15); Ry was the resistance of the
corrosion products and R, was the charge transfer resistance.
The fitting results in Table 2 showed a lager R, value for peak-
aged alloy, indicating a higher charge transfer resistance and a
lower dissolution rate of matrix (Ref 34), which was a result of
reduction of micro-galvanic corrosion after aging treatment. A
higher Ry value of peak-aged alloy indicating that the corrosion
product of the peak-aged alloy was more stable. This was
because the increase of recrystallized grains and more homo-
geneous microstructure after aging treatment which beneficial
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for the formation of Mg (OH), passivation film (Ref 33). The
constant phase element (CPE) resembles a capacitor, which was
used to explain the system inhomogeneous of the system (Ref
35). CPEg represented the capacitance of the oxide film and the
corrosion products; CPEy was the reaction capacitance of the
double layer. The CPE was co-defined by two values, Y and n.
Cq was the reaction capacitance of Mg alloy matrix under the
oxide film (Ref 33).

4.3 Discussion

In this study, aging treatment promoted the recrystallization
and the dissolution of LPSO phase of Mg-Gd-Y-Zn-Zr alloy,
which resulted in an improvement of corrosion resistance. The
corrosion mechanisms of the as-extruded and peak-aged
samples were discussed in the following.

In order to identify the potentials of the phases in the alloy,
SKPFM was carried out for the as-extruded sample. The
localized potential distribution and line-profile analysis of
specimen combined with the morphology are shown in Fig. 6.
The results indicated that the block-shaped LPSO exhibited a
higher potential of about 1.65 V. However, when the line-
profile contacted with the lamellar LPSO, the potential
decreased sharply to about 1.5 V (Fig. 6b). As shown in
Fig. 6(c), the granular RE-rich phase exhibited the highest
potential of about 1.8 V, while the potential of matrix was about
1.6 V. It revealed that the potential values reduced as the
following order: RE-rich phase > block-shaped LPSO > Mg
matrix > lamellar LPSO phase. Therefore, it can be inferred
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Fig. 5 Electrochemical measurement of the samples immersed in 3.5% NaCl solution: (a) polarization curves; (b) Nyquist plots; (c) and (d)
corresponding Bode plots; equivalent circuit models for (e) the as-extruded and (f) peak-aged samples

Table 2  Fitting results of EIS and polarization curves measurement of Mg-Gd-Y-Zn-Zr-Ca in 3.5% NaCl solution

Rss Yﬂ, Rct, Ydl’ Rl’a
Samples Q cm? Q lem™2s" ng Q cm? Q lem™2s" nqy Ca Qem®  Jop Alem*  @eorn V
As-ex- 22.56 1537 x 107> 0.9369 5232 7.562 x 1073 0.773 ... 1202 2.029x107° — 1.6395
truded
peak-aged 22.90 1.60 x 107 0.9265  694.1 24621072 1312  6912x107° — 1.5279

that the block-shaped LPSO phase and RE-rich phase with a be seen that the lamellar LPSO phase was more easily to be

higher potential than Mg matrix which would accelerate the corroded compared with the recrystallized grains. When the
dissolution of the matrix and lamellar LPSO phase. In addition, immersion time was prolonged to 24 h, hollow structures could
the potential difference implied that the lamellar LPSO phase be detected in the as-extruded and peak-aged alloys. The
was preferentially corroded because of micro-galvanic corro- remaining block-shaped LPSO phase and recrystallized grains
sion. streamlined along the extrusion direction. Deeper corrosion pits

Figure 7 shows the corrosion morphologies of the as- appeared in the as-extruded alloy (Fig. 7c¢) compared with the
extruded and peak-aged alloy after immersion for 2 and 24 h. peak-aged sample (Fig. 7d). Additionally, a square shaped
More corrosion pits near the block-shaped area could be clearly Mgs(Gd, Y) phase was well preserved on the block-shaped

observed in the as-extruded alloy (Fig. 7a) than the peak-aged LPSO phase (Fig. 7d), indicating that the block-shaped LPSO
alloy (Fig. 7b). From the magnified image in Fig. 7(a), it could

2914—Volume 31(4) April 2022 Journal of Materials Engineering and Performance



Fig. 7 Corrosion morphologies of the (a, ¢) as-extruded and (b, d) peak-aged samples immersion in 3.5% NaCl solution for (a, b) 2h and (c, d)

24 h

phase and the Mgs(Gd, Y) phase had a better corrosion
resistance compared with Mg matrix and the lamellar LPSO.

The cross section corrosion morphologies of the as-extruded
and peak-aged alloy after immersion for 24 h are shown in
Fig. 8. The corrosion depths for the as-extruded alloy and peak-
aged alloy samples were about 302 um (Fig. 8a) and 131 um
(Fig. 8c), respectively. Hence, it could be inferred that aging
treatment was beneficial for the improvement of corrosion
resistance. Additionally, the as-extruded alloy showed deep
corrosion pits but the peak-aged alloy showed relatively
shallow and uniform corrosion pits. Obvious micro-galvanic
corrosion was observed in the vicinity of the block-shaped
LPSO phase (Fig. 8b). This further confirmed that block-shaped
LPSO phase was more stable compared with a-Mg and lamellar
LPSO phase.

The schematic diagram of the corrosion process is shown in
Fig. 9. At the initial stage of corrosion, the micro-galvanic
among block-shaped LPSO, RE-rich phase, o-Mg matrix and

Journal of Materials Engineering and Performance

the lamellar LPSO structure were formed. In this process, the
lamellar LPSO phase at the surface of alloy with the lowest
potential was corroded preferentially. Therefore, the as-ex-
truded alloy corroded severely, and the corrosion pits even
extended to the inside of the alloy along the lamellar LPSO,
which showed a lager corrosion area and corrosion pits.
However, since the reduction of the lamellar LPSO phase
decreased the formation of micro-galvanic couples of the peak-
aged sample (Ref 36), the peak-aged alloy exhibited shallow
corrosion pits (Fig. 9e).

With corrosion proceeding, the corrosion extended into
interior of the samples (Fig. 9c, f). The block-shaped LPSO
phase with a higher potential acted as a micro-cathode (Ref 37),
which accelerated the dissolution of the surrounding Mg matrix
and lamellar LPSO phase until the dissolution or fall out of
block-shaped LPSO (Figs. 8b, 9¢). However, the volume of
recrystallized grains was increased after aging treatment,
accompanying the decrease of crystallographic defect (Ref

Volume 31(4) April 2022—2915
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Fig. 9 Schematic diagram of corrosion development for (a-c) as-extruded, (d-f) peak-aged samples

38), which was easily corroded (Ref 39). The reduction of
lamellar LPSO and the increase of recrystallized grains of the
peak-aged alloy resulted in a better corrosion resistance

(Fig. 99).

4.4 Conclusions

The corrosion properties of the as-extruded and peak-aged
Mg-8.9Gd-2.8Y-1.8Zn-0.4Zr-0.2Ca (wt.%) alloy were investi-
gated in the present study. The main conclusions are summa-
rized as follows:

1. The as-extruded and peak-aged Mg-8.99Gd-2.85Y-
1.89Zn-0.42Zr-0.2Ca alloys are both composed of a-Mg,
LPSO phase and Mgs(Gd, Y) phase. However, part of
LPSO phase was dissolved into the Mg matrix and
recrystallization occurred during aging treatment.

2. Corrosion tests indicated that the potential values of the
phase in the alloy reduced in the following order: RE-

2916—Volume 31(4) April 2022

rich phase > block-shaped LPSO > Mg matrix >
lamellar LPSO phase.

3. Aging treatment effectively improved the corrosion prop-
erties of the as-extruded Mg-Gd-Y-Zn-Zr alloy, which
was mainly related to the homogeneous microstructure
and the reduction of lamellar LPSO phase.
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