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and Yoshihito Kawamura 3

����������
�������

Citation: Drozdenko, D.; Yamasaki,

M.; Máthis, K.; Dobroň, P.; Inoue, S.-i.;
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Abstract: This work was focused on revealing the relation between the microstructure and corrosion
dynamics in dilute Mg97.94Zn0.56Y1.5 (at.%) alloys prepared by the consolidation of rapidly solidified
(RS) ribbons. The dynamics of the corrosion were followed by common electrochemical methods
and the acoustic emission (AE) technique. AE monitoring offers instantaneous feedback on changes
in the dynamics and mode of the corrosion. In contrast, the electrochemical measurements were
performed on the specimens, which had already been immersed in the solution for a pre-defined
time. Thus, some short-term corrosion processes could remain undiscovered. Obtained results were
completed by scanning electron microscopy, including analysis of a cross-section of the corrosion
layer. It was shown that the internal strain distribution, the grain morphology, and the distribution
of the secondary phases play a significant role in the corrosion. The alloys are characterized by a
complex microstructure with elongated worked and dynamically recrystallized α-Mg grains with an
average grain size of 900 nm. Moreover, the Zn- and Y-rich stacking faults (SFs) were dispersed in the
grain interior. In the alloy consolidated at a lower extrusion speed, the homogeneous internal strain
distribution led to uniform corrosion with a rate of 2 mm/year and a low hydrogen release. The
consolidation at a higher extrusion speed resulted in the formation of uneven distribution of internal
strains with remaining high strain levels in non-recrystallized grains, leading to inhomogeneous
growth and breakdown of the corrosion layers. Therefore, homogeneity of the internal strain
distribution is of key importance for the uniform formation of a protective layer.

Keywords: magnesium alloys; rapid solidification; microstructure; corrosion properties; acoustic emission

1. Introduction

Mg alloys have been used for many engineering applications, where weight saving
belongs to crucial issues. Moreover, their usage as bio-implants also has promising potential.
In particular, the natural degradation of Mg in biological media is advantageous for
the design of temporary implants, which can naturally dissolve in the body after the
healing process, and thus secondary surgeries are avoided, bringing benefits for patients by
shortened recovery periods and decreased costs. A further important issue is the similarity
of the elastic moduli of Mg alloys and cortical bone, respectively. Thus, the stress shielding
effect, characteristic of currently used Ti load-bearing implants, is not arising in the case of
Mg-based materials [1,2]. However, the low strength and moderate fatigue properties of
Mg-based alloys, as well as their hardly controllable degradation rate, still limit their use.
In fact, over the last 20 years, many studies have been searching for the Mg alloy with a
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corrosion rate substantially lower than the intrinsic Mg corrosion rate of 0.3 mm/year as
measured by mass-loss in a concentrated chloride solutions [3].

Recently developed Mg alloys with a long-period stacking ordered (LPSO) phase
showed improved mechanical properties compared with the common wrought Mg al-
loys [4–7]. The type of the LPSO phase is defined by a periodic arrangement of the
close-packed atomic layers enriched by rare earth (RE) elements and transition metals
(TM) in the Mg lattice [8,9]. The volume fraction, orientation, and distribution of the LPSO
phase significantly affect the performance of the material [10–17]. The presence of the
fine dynamically recrystallized (DRX) α-Mg grains and large non-DRX grains in extruded
Mg-LPSO alloys was found to be highly effective in improving mechanical properties [7].
In addition, the hard LPSO phase provides a fiber-reinforced composite-like strengthening
to the alloy. However, from the point of view of corrosion behavior, the LPSO phase is
rather problematic, since there is a difference in the electrochemical potential between the
α-Mg matrix and the LPSO phase. Experimentally, the difference in the electrochemical
potential between the α-Mg matrix and the LPSO phase has been revealed by scanning
Kelvin probe force microscopy [18]. As numerous authors have shown, e.g., [19,20], the
presence of impurities, alloying elements, and secondary phases are the main reasons for
the low corrosion resistance of Mg alloys due to galvanic attack.

It has been shown that ultrafine-grained microstructure can enhance both mechanical
and corrosion performance [21–25]. This idea has been applied to Mg-LPSO alloys as well.
Several processing techniques, such as powder metallurgy [5,26], extrusion of recycled
chips [27,28], equal channel angular pressing [27], rotary swaging technique [29,30] or
rapidly solidified (RS) ribbon-consolidation [31–33], have been developed to reach the goal
of developing the sub-micron grain-sized Mg alloys.

In the case of RS processing of dilute Mg alloys, solute segregated stacking faults
(SFs) form dispersedly in the α-Mg grains [32]. Such a morphological change from a
massive block-shaped LPSO phase, characteristic for coarse grain material [7,32,34], can
lead to an improvement in corrosion resistance without degradation of the mechanical
properties [32]. The uniform corrosion mode has been observed in different systems, such
as Mg-Ho-Zn [35,36], Mg-Er-Zn [37], or Mg-3Gd-1Zn-0.4Zr [38]. The literature data are
ambiguous if the corrosion proceeds along SFs (Mg-Ho-Zn [35,36] and Mg-Er-Zn [37]
alloys) or in the α-Mg interior between SFs (Mg-3Gd-1Zn-0.4Zr [38]). The discrepancy is
most likely due to the different chemical compositions of the studied materials.

One of the main achievements in the case of the RS ribbon-consolidated Mg-Zn-Y
alloys is the random orientation of the grains, which leads to a stochastic distribution of
the SFs. Consequently, it rather behaves as a single-phase super-saturated solid solution
material, and therefore enhanced corrosion resistance can be achieved. Some preliminary
results on the investigation of corrosion of RS ribbon-consolidated Mg-Zn-Y alloys have
been reported in [31,39,40]. More information about recent developments on the corrosion
behaviors of Mg alloys with SFs or LPSO phase and their beneficial effect is provided
in [41,42].

At the same time, from the point of view of biomedical applications, minimizing
the alloying elements is a key factor. In our previous work, we optimized the RS ribbon-
consolidated Mg-Zn-Y alloy in order to find a good compromise between keeping the
alloying content low and maintaining the mechanical properties [43]. We found that two RS
ribbon-consolidated Mg97.94Zn0.56Y1.5 alloys can meet this requirement. The yield strength
and an elongation of 362 MPa and 18.2%, respectively, were reached for the alloy extruded
at a metal flow rate (mfr) of 1.9 s−1, while the alloy extruded at a mfr of 1.4 s−1 showed the
yield strength of 329 MPa and an elongation of 13.5% [43].

Thus, the present work was focused on the investigation of the corrosion performance
of these materials. The RS Mg97.94Zn0.56Y1.5 (at.%) ribbons were consolidated by two
different extrusion rates (corresponding to two values of mfr) in order to reveal the impact of
the microstructure on the corrosion process. As a benchmark material, conventionally cast
and extruded specimens having the same composition were used. The corrosion behavior
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was studied by common electrochemical methods (incl. hydrogen release, electrochemical
impedance spectroscopy, cathodic polarization), and an in-situ acoustic emission (AE)
technique. The main advantage of AE consists of an instantaneous reaction to the changes
in the dynamics and mode of the corrosion. In contrast, electrochemical measurements took
place at pre-defined immersion times, i.e., corrosion processes have already been realized
for some time, and thus short-term processes could remain undiscovered. Therefore, AE
can provide missing information about the development of corrosion processes with high
time resolution [44–48]. In addition, propagation of the corrosion layer is studied by
backscattered electron (BSE) imaging and grain orientation mapping on the cross-section
of the specimens.

2. Materials and Methods

The master Mg97.25Zn0.75Y2 (at.%) alloy was prepared by gravity casting in an Ar
atmosphere. Afterwards, the master alloy was melted at 750 ◦C and mixed with pure Mg
(99.99%) in order to obtain the Mg97.94Zn0.56Y1.5 alloy, which was used for preparation
of RS ribbons using a single roller liquid quenching melt-spinning method [31] at a roll
peripheral speed of 42 m/s and a cooling rate of 1.4·105 K/s. Subsequently, the RS ribbons
were consolidated by following the procedure: cold compacting into a copper billet (with an
applied pressing stress of about 25 MPa), degassing at 523 K for 15 min, and extrusion with
extrusion ratio R10 at 623 ◦K and mfr of 1.4 or 1.9 s−1, hereafter RS 1.4 or RS 1.9, respectively.
Further details about the preparation of the RS ribbon-consolidated Mg-Zn-Y alloy can be
found in [31]. The average mfr was calculated from extrusion parameters (extrusion ram
speed, die angle, billet diameter, and extrusion rate) and represents the average equivalent
strain rate, see Appendix B in [49]. To reveal the effect of the microstructure given by the
processing on corrosion properties, the alloy with the same composition (Mg97.94Zn0.56Y1.5)
was produced by extrusion directly from gravity cast ingot with the same extrusion ratio
and mfr of 1.9 s−1 (hereafter CE 1.9) and subjected to further investigation. The chemical
composition of the alloys was determined by inductively coupled plasma (ICP) emission
spectrometry and the results are presented in Table 1.

Table 1. Chemical compositions of the master alloy.

Alloy Mg Zn Y Fe Co Ni Cu

(at.%) (at.%) (at.%) (ppm) (ppm) (ppm) (ppm)

Mg97.94Zn0.56Y1.5 Bal. 0.56 1.5 11 – 2 18

The initial microstructure of the specimens was investigated by scanning electron
microscopes (SEM: CrossBeam Auriga, Zeiss, Jena, Germany and JSM-7001F, JEOL, Tokyo,
Japan) and transmission electron microscope (TEM: JEM-2000FX, JEOL, Tokyo, Japan).
The specimens for the SEM observations were polished down to 1

4 µm particle size using
diamond paste with intermediate cleaning in an ultrasound bath. As the last step, their
surface was treated by ion-milling using the Leica EM RES102 system (Leica, Wetzlar, Ger-
many). Backscattered electron (BSE) imaging, as well as grain orientation mapping using
electron back-scattered diffraction (EBSD) technique, were performed on the longitudinal
section of the extruded round bar. The EBSD maps were measured with a step size of 75
and 300 nm for RS and CE specimens, respectively, and subsequently processed using
TSL OIM Analysis software (version 8, AMETEK, Berwyn, IL, USA). In addition to the
evaluation of the grain size, the internal strain distribution was estimated using Kernel
Average Misorientation (KAM) mapping [50]. The KAM values were estimated as the
average misorientation between the data pixel and the first nearest neighbors with a 5◦

tolerance angle. The TEM foils were prepared by mechanical polishing and final thinning
was performed by Ar ion milling using Gatan PIPS M-691 (AMETEK, Berwyn, IL, USA).

The corrosion rate was evaluated by measuring the volume of evolved hydrogen (H2)
gas during the immersion tests in 3.5 (w/v) % NaCl solution saturated with Mg(OH)2 for
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72 h. The rectangular specimens with a size of 2 × 4 × 8mm3 were horizontally immersed
in the solution and the evolved H2 gas was collected in a burette above the specimens. The
instantaneous corrosion rate from the hourly rate of hydrogen gas evolution, PIH (mm/y),
was calculated using the following Equation:

PIH = 353· M
ρ·A ·∆VH , (1)

where M (g mol−1) is the apparent atomic weight of the alloy, ρ is density (g/cm3), A is
specimen’s area exposed to the solution, and ∆VH (ml/h) is the hourly rate of H2 gas
evolution. The molar volume at the standard ambient temperature and pressure (SATP,
25 ◦C and 100 kPa) was estimated to be 24.79 L/mol [18,31]. The average corrosion rate,
PHydrogen (mm/y), was evaluated from the total volume of H2 gas, VH (mL), evolved for
the total immersion time, t (h):

PHydrogen = 353· M
ρ·A ·VH

t
. (2)

In addition, the corrosion rates were also estimated using electrochemical impedance
spectroscopy (EIS). A standard three-electrode setup was used for the electrochemical
experiments with an Ag/AgCl saturated KCl reference electrode, a specimen operating as
a working electrode, and a platinum plate serving as a counter electrode. The diameter
of the specimen’s surface exposed to the solution was 7 mm. For a proper evaluation and
fitting of the data, cathodic polarization was performed after 72 h of immersion. The EIS
and cathodic polarization measurements were performed with a scan rate of 10 mV/min
using the PARSTAT 3000 potentiostat. The obtained Nyquist plots were fitted using models
of equivalent electrical circuits described in [51–53]. The instantaneous corrosion rate
from EIS, PEIS (mm/y), was determined using the corrosion current density, icorr (A/cm2),
as follows:

PEIS = 1634· icorr·M
ρ

. (3)

The corrosion current density, icorr/EIS (A/cm2), can be determined from the polariza-
tion resistance, Rp (Ohm·cm2), using the Stern-Geary Equation [54]:

icorr/EIS =
βcβa

2.303·Rp·(βc + βa)
=

B
Rp

, (4)

where βc (V/decade) and βa are the cathodic and anodic Tafel slopes, respectively. B is
the Stern-Geary coefficient. The Levenberg-Marquardt method [55,56] was used to fit the
measured cathodic polarization curves from Eocp +20 mV to +250 mV using the following
Equation (5):

i = icorr

(
10(E − Ecorr)/βa + 10−(E − Ecorr)/βc

)
, (5)

which produced reasonable fit values of βc and βa.
In order to obtain statistically relevant data, all corrosion tests were performed for

several specimens (from 3 to 9) under each condition. To observe the microstructure of
the corrosion layers of the immersed surface at different stages of immersion tests, the
cross-sections of the specimens were ion-milled using JEOL Cross Section Polisher SM-
09010 (JEOL, Tokyo, Japan). Furthermore, the microstructure was studied in detail by SEM,
including BSE imaging and EBSD mapping.

In order to record the AE response during immersion, an acrylic glass cell with a hole
for plugging in the specimens was used. An AE sensor was attached to the outside side
of the specimen with the help of a screw. More information about the setup can be found
in [44]. The specimens were exposed at room temperature to a 3.5 (w/v) % NaCl solution
saturated with Mg(OH)2. To monitor AE activity, a computer-controlled Vallen device
(Wolfratshausen, Germany) with continuous storage of AE signals and a 2 MHz sampling
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frequency was used. A piezoelectric PAC (Physical Acoustics Corporation, West Windsor
Township, NJ, USA) nano-30 AE sensor was used and the AE signal was pre-amplified by
34 dB using a Vallen AEP5H preamplifier. The possible noise coming from the electrical
circuit and occurring during the polarization test was eliminated by a ceramic surface of
the AE sensor. The AE signal was evaluated using a standard threshold-based evaluation
method (ASTM E1316). Particularly, the AE count rate (∆NC/∆t)—the count number per
time unit [57] at a given threshold voltage level—and a cumulative number of counts
(Cumulative Counts) were calculated using a threshold level of 27.2 dB, which is level
above the background noise.

3. Results and Discussion

The initial microstructures of the RS ribbon-consolidated alloys (RS 1.4 and RS 1.9)
together with a microstructure of the cast-extruded alloy (CE 1.9) are presented in Figure 1.
The white contrast in BSE images (Figure 1a–c) corresponds to the Zn and Y enrichment,
while the grey contrast corresponds to the α-Mg phase. The microstructure of the RS
ribbon-consolidated alloys was characterized as bimodal with fine DRX grains and non-
DRX grains elongated along the extrusion direction (ED). Information about the orientation
and size of the grains was provided by EBSD maps (Figure 1d–f), where the color code
triangle corresponds to the orientation of the hcp α-Mg phase. For all EBSD maps, a
condition of confidence index (CI) higher than 0.1 was applied. Therefore, the black areas
in maps correspond to the regions with CI < 0.1 (i.e., regions where the obtained Kikuchi
diffraction patterns cannot be properly indexed). Those areas can be either highly deformed
regions or there is a large concentration of SFs, which may distort diffraction patterns of
the α-Mg phase. The original EBSD maps were reoriented to adjust colors designation with
respect to ED. Despite the overall random texture, it is obvious that elongated non-DRX
grains had their <10–10> direction oriented parallel to ED. This alignment can be explained
by the lattice rotation due to the activation of basal and prismatic slip with the <11–20>
slip direction during the hot extrusion process [58]. The elongated grains having <10–10>
axis parallel to ED have previously been observed in wrought Mg alloys [59], as well as in
Mg-LPSO alloys [13,34]. The average grain size of RS 1.4 and RS 1.9 was estimated to be
(837 ± 171) and (912 ± 202) nm, respectively. Moreover, rapid solidification of the dilute
Mg-Zn-Y alloy led to the formation of the solute segregated SFs dispersedly distributed in
the DRX grains (Figure 1a,b) rather than the block-shaped LPSO phase elongated along ED,
as it is in the case of extruded alloys. As can be seen in the representative TEM micrographs
(extra image in Figure 1a) taken with the <0001> direction perpendicular to the beam, the
SFs were oriented parallel to the basal plane in the α-Mg phase, i.e., enriched layers of Zn
and Y are formed in basal planes. Results of X-ray diffraction measurements and TEM
observations of RS ribbon consolidated Mg97.94Zn0.56Y1.5 alloys reported in our previous
works [39,43] did not indicate any other intermetallic compounds or inclusions. More
details about the microstructure and texture of RS ribbon-consolidated Mg-Zn-Y(-Al) alloys
can be found in [32,39,43]. On the contrary, the extrusion of the cast material results in
the formation of a microstructure with massive LPSO phase laths (as a second phase) and
α-Mg grains with an average grain size of 9 µm, Figure 1c. Similar microstructures have
been observed in other Mg-LPSO alloys [7,11,12,14,17,32,34,60–62].

The KAM maps (Figure 1g–i) indicated a homogeneous distribution of internal strain
in RS 1.4 with relatively high values of KAM in both DRX and non-DRX grains. Herein, the
term “internal strain” is used in the meaning of a total internal strain including plastic and
elastic components. At the same time, RS 1.9 was characterized by a bimodal microstruc-
ture with a variation in internal strain: DRX grains were characterized by significantly
lower KAM values compared with those in non-DRX worked grains. An uneven distri-
bution of KAM angles in the case of RS 1.9 is given by applying a higher extrusion speed
compared with the one for RS 1.4. During extrusion at mfr of 1.9 s−1, the recrystallization
temperature was easily reached by higher friction, which led to partial recovery processes
in the microstructure and a formation of a specific bimodal microstructure with variation
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in internal strain. Segregation of solute atoms of Y and Zn on grain boundaries limited
the recrystallization of larger elongated grains, and high internal strain remained inside
non-DRX grains. In the case of CE 1.9, the distribution of internal strain (Figure 1i) was also
inhomogeneous with localization of high KAM values in some grains. Those grains were
also characterized by a gradient of the orientation axis (blue grains with a color gradient on
the right side of the map in Figure 1f) given by deformation introduced during extrusion.
Therefore, despite the homogeneous size distribution in CE 1.9, those grains were supposed
to be non-DRX grains.

Figure 1. Initial microstructure of RS ribbon-consolidated alloys (RS 1.4 and RS 1.9) and cast-extruded alloy (CE 1.9)
obtained by SEM: (a–c) BSE images, (d–f) orientation mapping, and (g–i) KAM mapping. All micrographs are taken on a
longitudinal section with ED oriented horizontally. The color designation is in ED, i.e., original EBSD maps are rotated
toward ED.

The surface morphology of the specimens after 72 h of immersion indicated that both
RS alloys have better corrosion resistance compared with CE 1.9, Figure 2. The extent of
corrosion on the surface of CE 1.9 was significantly larger than that for RS specimens.
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Figure 2. Surface morphology of RS 1.4, RS 1.9, and CE 1.9 after immersion in 3.5 (w/v) % NaCl
solution for 72 h.

The evolutions of H2 release and the calculated corrosion rate (PHydrogen) of the RS
ribbon-consolidated and cast-extruded specimens during immersion in 3.5 (w/v) % NaCl
solution saturated with Mg(OH)2 are represented in Figure 3. It is obvious that volumes
of the H2 release and the related corrosion rates of both RS 1.4 and RS 1.9 alloys were
lower than that of the CE 1.9 alloy. Nevertheless, the overall values of the corrosion rates
were higher than the intrinsic Mg corrosion rate of 0.3 mm/year revealed by mass-loss in
a concentrated chloride solution [3]. However, obtained results of the corrosion rate for
RS material, being lower compared to those of other Mg alloys, provide a motivation for
further development of this type of alloy (using a low amount of alloying elements and the
application of a rapid solidification technique). All three specimens were characterized by
the rapid evolution of H2 gas at the beginning of the immersion test. During the first 24 h
of immersion, H2 release values reached a certain level at which they remained relatively
stable for the next 48 h. Thus, it can be assumed that during the first 24 h, a basic corrosion
layer is formed, which temporarily protects the material.

Figure 3. Evolution of H2 release (a) and corrosion rate (PHydrogen) (b) for RS 1.4, RS 1.9, and CE 1.9 specimens during
immersion in 3.5 (w/v) % NaCl solution.

In addition, the corrosion rate, PEIS, was estimated from electrochemical impedance
spectroscopy (EIS). Figure 4 shows Nyquist plots for investigated alloys immersed in a
3.5 w/v % NaCl solution saturated with Mg(OH)2 for 72 h and equivalent circuits used
in this study. The Nyquist plots for the RS 1.4 specimen (Figure 4a) display only the
capacitive loops up to 24 h of immersion; the plots can be simulated using an equivalent
circuit consisting of a series of two parallel resistance and constant phase element networks
as shown in Figure 4d. After 48 h of immersion, an inductive loop showed up; in this
case, the plots can be simulated using another equivalent circuit considering a physical
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model based on the adsorbed intermediates in the Mg corrosion reaction as shown in
Figure 4e. On the other hand, the Nyquist plots for RS 1.9 and CE 1.9 displayed capacitive
loops at high frequencies and an inductive loop at low frequencies already after 4 h of
immersion, as shown in Figure 4b,c. This study defined the charge-transfer resistance
(Rt) as the value corresponding to Zre when Zim is zero at intermediate frequencies. The
polarization resistance (Rp) was evaluated as the real component of the impedance by
extrapolating the low-frequency EIS data to the limit when the frequency reached zero. An
example of fitting the Nyquist plot for the RS 1.4 immersed in 3.5 w/v % NaCl solution
saturated with Mg(OH)2 for 72 h with respect to the equivalent circuit and definition of
polarization resistance is shown in Figure 4f. The changes in Rp as functions of immersion
time are shown in Figure 5a. The value of Rt were plotted instead of Rp when the inductive
loop did not appear. Figure 5b represents the instantaneous corrosion rates estimated
from EIS-derived Rp values. One can conclude that the corrosion rates (0.8–10 mm/year
range) estimated from H2 release and EIS measurements are in a good agreement with
the observations by other authors, performed on similar alloy systems [3,32,33,39,40,63].
Nevertheless, the EIS measurements showed a different evolution of the corrosion process
for the particular specimens. It is obvious from Figure 5a that the corrosion resistance,
Rp, estimated from EIS measurements for RS 1.4, was higher than that of RS 1.9 and CE
1.9, which exhibited comparable values. This means that the EIS measurement did not
provide comprehensive information about the corrosion and a deeper analysis is required,
particularly including the study of the corrosion layer evolution.

Figure 4. Fitted Nyquist plots for the (a) RS 1.4, (b) RS 1.9, and (c) CE 1.9 alloys immersed in 3.5 w/v % NaCl solution
saturated with Mg(OH)2, using the equivalent circuits (d,e). The typical Nyquist plot (f) for the RS 1.4 immersed in a
3.5 w/v % NaCl solution saturated with Mg(OH)2 for 72 h with respect to the equivalent circuit shown in (e).

Therefore, the cross-section of the corrosion layer after immersion for 8 and 24 h
was investigated using BSE imaging and EBSD mapping (see Figure 6). Such a blend of
composition- (BSE) and grain morphology related information can help to find the link
between the microstructure and corrosion behavior. It can be seen in BSE images (second
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column in Figure 6a,b) that after 8 h of immersion, a thin corrosion layer was formed on
the surface of the RS 1.4 and RS 1.9 specimens, while the surface layer was significantly
thicker for the CE 1.9 specimen (cf. Figure 6c). After 24 h of immersion (third column in
Figure 6), the thickness of the corrosion layer increased for all three specimens (note that
the real thickness of the corrosion layer for CE 1.9 is supposed to be larger than that shown,
since part of the layer is continuously exfoliating from the specimen surface). Nevertheless,
the average thickness of the layer formed on the surface of RS 1.4 was the same throughout
the entire specimen surface, indicating a homogeneous formation and growth of the layer.
In the case of the RS 1.9 specimen, the thickness of the layer varied and, in some places,
the corrosion propagated deeper into the specimen volume by the LPSO lathes (cf. non-
indexed black areas in the EBSD image in Figure 6b), which are supposed to be weak sites
for corrosion in this specimen.

Figure 5. Corrosion resistance (Rp) (a) and corrosion rate (PEIS) (b) for RS 1.4, RS 1.9 and CE 1.9 specimens estimated from
electrochemical impedance spectroscopy (EIS) during immersion in 3.5 (w/v) % NaCl solution.

This behavior was even more pronounced for the CE 1.9 specimen. Homogeneous
proceeding of the corrosion layer (Figure 6a) resulting in high corrosion resistance (Rp,
Figure 5) in the case of RS 1.4 can be related to ultra-fine-grained microstructure with a
homogenous distribution of internal strain (Figure 1g). This allowed an even propagation
of the corrosion front from the surface to the material’s interior, leaving behind a relatively
flat surface faced to the solution. The inhomogeneity of the corrosion layer (Figure 6b,c)
resulting in low corrosion resistance (Rp, Figure 5) of RS 1.9 and CE 1.9 can also be linked
to the inhomogeneity of microstructure, particularly to the presence of localized concen-
trations of internal strains in non-DRX grains (see Figure 1h,i). During immersion test,
these highly strained non-DRX grains became weak sites for corrosion resistance, leading
to inhomogeneous corrosion propagation [64]. In the CE 1.9 specimen, the massive LPSO-
phase laths acted as cathodic sites, causing severe galvanic dissolution of α-Mg matrix
(see Figure 6c). Therefore, severe local corrosion attacks occurred in the α-Mg phase next
to LPSO-phase laths. However, in the RS ribbon-consolidated alloys without the LPSO
laths, no local anodic dissolutions were observed. In this case, due to suppressing the effect
of potential difference, the internal strain inhomogeneity in the microstructure became
important. However, globally, the influence of the potential difference between LPSO and
α-Mg phase on the corrosion behavior of Mg-Zn-Y alloys is supposed to be stronger than
that of grain size and internal strain. The results of a full-scale investigation of morphology
and characterizations of the corrosion products formed on RS Mg-Zn-Y alloys will be
reported elsewhere in the near future.
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Figure 6. Development of the corrosion layer (cross-section view) formed on the surface of (a) RS 1.4, (b) RS 1.9, and (c) CE
1.9 specimens during immersion in 3.5 (w/v) % NaCl solution. The BSE images demonstrate the different evolution of the
corrosion layers for the particular specimens. It is obvious from the comparison of the EBSD maps and BSE images that the
highly-strained non-DRX grains and α-Mg phase—LPSO-phase interface are the preferential sties for corrosion.
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The AE response was monitored continuously during the first 72 h (3 days) of immer-
sion (Figure 7). The main advantage of the AE technique in corrosion monitoring is the
possibility to reveal some transient effects such as the rapid breakdown of the corrosion
layer, which is not visible from the electrochemical corrosion measurements due to their
low time resolution. We used the AE counts for the characterization of the corrosion
process. The cumulative value of AE counts allows one to directly compare the corrosion
of the particular specimen by its AE activity (in the sense that more AE is given by more
intensive corrosion). The AE count rate (number of counts per second) allows following
the above-mentioned transient effects, i.e., dynamics of the processes.

Figure 7. Analysis of the AE response: AE count rate (a–c for RS 1.4, RS 1.9, CE 1.9, respectively) and (d) cumulative counts
correlated with the evolution of H2 release during immersion of in a 3.5 (w/v) % NaCl solution. Please note the different
scale for the AE count rate in (a–c).

The AE count rate for RS 1.4 was low in the first couple of hours and then gradually
increased during the first 24 h. Afterwards, the AE response was stable and it oscillated
around a constant level until the end of the test. In the case of the RS 1.9 specimen, the AE
count rate had an impulsive character: high AE activity periods were followed by almost
quiet intervals. The overall average values of the count rate for RS 1.9 were lower than
those for the RS 1.4 specimen, what can be given by corrosion in DRX grains with low
internal strain. The magnitude of the AE activity for the CE 1.9 specimen was significantly
higher compared with those for RS 1.4 and RS 1.9 (please note the different scale of the
AE count rate plots in Figure 7) and its impulsive character was similar to that for RS
1.9. The high peak intensity of the AE count rate in the case of CE 1.9 can be associated
with the high H2 release (Figure 2), which can be substantiated by promoted corrosion
due to the presence of the LPSO laths [32,39]. The impulsive character of the AE response
for RS 1.9 and CE 1.9 (Figure 7b,c) can be related to an inhomogeneous formation of the
corrosion layer due to variation in the strain distribution (Figure 1h,i). In contrast, in the
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case of RS 1.4, a homogeneous distribution of internal strain with relatively high average
values (Figure 1g) resulted in a homogeneous growth of the corrosion layer. The corrosion
process, in this case, is supposed to be intense and time-stable as indicated by the stable
AE response, Figure 7a.

The developments of cumulative counts showed its rapid increase during the first
6 h of immersion for all three investigated alloys. Afterward, values of cumulative counts
continued to gradually increase for the next 18 h and 30 h in the case of RS 1.4 and CE 1.9,
respectively, which corresponds to the evolution of the AE count rate. After reaching the
saturated level, cumulative counts for both specimens remained at the same level until
the end of the test. In contrast, the values of cumulative counts for RS 1.9 increased rather
slowly after 6 h of immersion and after 72 h of immersion reached one order lower values
than those for RS 1.4 and CE 1.9. This is given by overall low intensity of the signal for RS
1.9 compared with those for RS 1.4 and CE 1.9 (Figure 7b vs. Figure 7a,c).

It is also obvious that the general tendency of the time evolution of the cumulative
counts was in good agreement with the evolution of H2 release, Figure 7d. Particularly,
both time dependences showed a rapid increase in values during the first 6 h followed by a
slow increase up to 24 h, and after reaching the saturated level, both dependences persisted
with a linear response until the end of the test (72 h). However, the variation in character
(stable or impulsive) and intensity of the AE response indicated a significant difference in
the corrosion film formation for the particular RS materials, which is not seen in common
corrosion tests (a similar H2 release was revealed for both RS materials).

In particular, in the case of RS 1.9, the low-intensity AE, indicating a slow corrosion
layer propagation (in low-strained grains), was overlapped by strong burst-type signals,
which manifested intense corrosion layer cracking. Therefore, the overall formation of the
corrosion layer in this alloy is rather non-uniform. In contrast, in RS 1.4, the average AE
count rate was higher, owing to the promoted corrosion layer formation, but the AE bursts
were not present since the corrosion was uniform due to the homogeneous distribution of
internal strain.

Therefore, despite the Mg97.44Zn0.56Y1.5 alloy extruded at mfr of 1.9 s−1 showing high
yield strength and moderate elongation (362 MPa and 18.2%, respectively), given by a
bimodal microstructure with variation in grain size and internal strain distribution, an
uneven corrosion layer development is undesired. In contrast, the slightly lower mechanical
performance (329 MPa and 13.5%, respectively) of the Mg97.44Zn0.56Y1.5 alloy extruded
with mfr of 1.4 s−1 is compensated by a uniform formation of the corrosion layer, leading
to a higher application potential.

4. Conclusions

The relationship between the microstructure features and corrosion performance of
the rapidly solidified (RS) ribbon-consolidated Mg97.44Zn0.56Y1.5 alloy extruded with a
metal flow rate (mfr) of 1.4 and 1.9 s−1 was investigated. The results were compared with
the performance of the conventionally cast-extruded alloy having the same composition
but a larger grain size and fraction of LPSO phase. The experimental approach included
a combination of electrochemical techniques with acoustic emission (AE) measurement
and scanning electron microscopy. On the basis of the experimental findings, the following
conclusions can be drawn:

• Material processing significantly influences the microstructure. The application of the
rapid solidification technique leads to the formation of ultrafine-grained (700–1200 nm)
material with the solute segregated stacking faults dispersedly distributed in the grain
interior. The rate of consolidation extrusion influences the dynamic recrystallization
and leads to a difference in the internal strain distribution. In contrast, large LPSO
laths form in the cast-extruded alloys.

• The RS ribbon-consolidated alloy extruded with a metal flow rate of 1.4 s−1 is charac-
terized by a homogeneous distribution of the internal strain. At a higher metal flow
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rate (1.9 s−1), the distribution of the internal strain becomes uneven with higher values
in worked non-dynamically recrystallized (DRX) grains than those in DRX grains.

• The presence of LPSO laths in the extruded alloy leads to severe anodic dissolution in
the α-Mg grains next to the LPSO phase. In the RS alloys without the LPSO laths and,
thus, suppressing the effect of potential difference, the strain inhomogeneity in the
microstructure became more important for corrosion behavior.

• An uneven distribution of the internal strain results in inhomogeneous development
of the corrosion layer even in ultra-fine-grained material. Despite similar values of H2
release for RS materials, the instantaneous corrosion rate estimated from electrochemi-
cal measurements for the RS 1.9 specimen is slightly higher than that for the RS 1.4
specimen. This is given by the presence of strain inhomogeneity in the microstructure
of RS 1.9, while the RS 1.4 specimen with even internal strain distribution exhibits a
homogeneous formation and growth of the corrosion layer.

• The AE method was found to be capable of revealing the dynamics of the corrosion
process. The uniform corrosion of the RS 1.4 was evidenced by a steady-level AE signal.
In contrast, the AE response of the RS 1.9 and CE 1.9 specimens has an impulsive
character, indicating inhomogeneous formation and breakdown of the corrosion layer.
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25. Minárik, P.; Veselý, J.; Král, R.; Bohlen, J.; Kubásek, J.; Janeček, M.; Stráská, J. Exceptional mechanical properties of ultra-fine grain

Mg-4Y-3RE alloy processed by ECAP. Mater. Sci. Eng. A 2017, 708, 193–198. [CrossRef]
26. Okouchi, H.; Seki, Y.; Sekigawa, T.; Hira, H.; Kawamura, Y. Nanocrystalline LPSO Mg-Zn-Y-Al Alloys with High Mechanical

Strength and Corrosion Resistance. Mater. Sci. Forum 2010, 638, 1476–1481. [CrossRef]
27. Garces, G.; Cabeza, S.; Barea, R.; Pérez, P.; Adeva, P. Maintaining High Strength in Mg-LPSO Alloys with Low Yttrium Content

Using Severe Plastic Deformation. Materials 2018, 11, 733. [CrossRef]
28. Suzawa, K.; Inoue, S.-i.; Yamasaki, M.; Kawamura, Y.; Miyanaga, M.; Yoshida, K.; Kawabe, N. Superplasticity in a Chip-

Consolidated Mg97Zn1Y2 Alloy with LPSO Phase. Magnes. Technol. 2018, 1, 245–249.
29. Yang, Y.; Chen, X.; Nie, J.; Wei, K.; Mao, Q.; Lu, F.; Zhao, Y. Achieving ultra-strong Magnesium–lithium alloys by low-strain rotary

swaging. Mater. Res. Lett. 2021, 9, 255–262. [CrossRef]
30. Trojanová, Z.; Drozd, Z.; Halmešová, K.; Džugan, J.; Škraban, T.; Minárik, P.; Németh, G.; Lukáč, P. Strain Hardening in an AZ31

Alloy Submitted to Rotary Swaging. Materials 2021, 14, 157. [CrossRef] [PubMed]
31. Yamasaki, M.; Izumi, S.; Kawamura, Y. Development of High Strength and Highly Corrosion-Resistant Bulk Nanocrystalline

Mg-Zn-Y Alloys with Long Period Stacking Ordered Phase. ECS Trans. 2009, 16, 81–88. [CrossRef]
32. Yamasaki, M.; Izumi, S.; Kawamura, Y.; Habazaki, H. Corrosion and passivation behavior of Mg–Zn–Y–Al alloys prepared by

cooling rate-controlled solidification. Appl. Surf. Sci. 2011, 257, 8258–8267. [CrossRef]
33. Yamasaki, M.; Hayashi, N.; Izumi, S.; Kawamura, Y. Corrosion behavior of rapidly solidified Mg–Zn–rare earth element alloys in

NaCl solution. Corros. Sci. 2007, 49, 255–262. [CrossRef]
34. Jono, Y.; Yamasaki, M.; Kawamura, Y. Effect of LPSO Phase-Stimulated Texture Evolution on Creep Resistance of Extruded

Mg–Zn–Gd Alloys. Mater. Trans. 2013, 54, 703–712. [CrossRef]
35. Zhang, L.; Zhang, J.; Xu, C.; Jing, Y.; Zhuang, J.; Wu, R.; Zhang, M. Formation of stacking faults for improving the performance of

biodegradable Mg–Ho–Zn alloy. Mater. Lett. 2014, 133, 158–162. [CrossRef]
36. Jiao, Y.; Zhang, J.; Kong, P.; Zhang, Z.; Jing, Y.; Zhuang, J.; Wang, W.; Zhang, L.; Xu, C.; Wu, R.; et al. Enhancing the performance

of Mg-based implant materials by introducing basal plane stacking faults. J. Mater. Chem. B 2015, 3, 7386–7400. [CrossRef]
37. Zhang, J.; Xu, C.; Jing, Y.; Lv, S.; Liu, S.; Fang, D.; Zhuang, J.; Zhang, M.; Wu, R. New horizon for high performance Mg-based

biomaterial with uniform degradation behavior: Formation of stacking faults. Sci. Rep. 2015, 5, 13933. [CrossRef]

http://doi.org/10.1016/j.actamat.2011.09.030
http://doi.org/10.1016/j.msea.2015.09.003
http://doi.org/10.1016/j.intermet.2014.07.015
http://doi.org/10.1016/j.ijplas.2018.03.004
http://doi.org/10.1016/j.actamat.2010.07.050
http://doi.org/10.1002/adem.201700396
http://doi.org/10.4028/www.scientific.net/MSF.879.762
http://doi.org/10.1016/j.intermet.2009.07.014
http://doi.org/10.1007/s10853-011-5899-4
http://doi.org/10.1179/imr.1993.38.3.138
http://doi.org/10.1007/s10853-018-3033-6
http://doi.org/10.1016/j.msea.2017.10.076
http://doi.org/10.1016/j.msec.2016.12.120
http://www.ncbi.nlm.nih.gov/pubmed/28183668
http://doi.org/10.1016/j.actamat.2015.12.050
http://doi.org/10.1016/j.msea.2017.09.106
http://doi.org/10.4028/www.scientific.net/MSF.638-642.1476
http://doi.org/10.3390/ma11050733
http://doi.org/10.1080/21663831.2021.1891150
http://doi.org/10.3390/ma14010157
http://www.ncbi.nlm.nih.gov/pubmed/33396375
http://doi.org/10.1149/1.3091907
http://doi.org/10.1016/j.apsusc.2011.01.046
http://doi.org/10.1016/j.corsci.2006.05.017
http://doi.org/10.2320/matertrans.MI201218
http://doi.org/10.1016/j.matlet.2014.06.171
http://doi.org/10.1039/C5TB01060H
http://doi.org/10.1038/srep13933


Materials 2021, 14, 7828 15 of 15

38. Zhang, X.; Kairy, S.K.; Dai, J.; Birbilis, N. A Closer Look at the Role of Nanometer Scale Solute-Rich Stacking Faults in the
Localized Corrosion of a Magnesium Alloy GZ31K. J. Electrochem. Soc. 2018, 165, C310–C316. [CrossRef]

39. Izumi, S.; Yamasaki, M.; Kawamura, Y. Relation between corrosion behavior and microstructure of Mg–Zn–Y alloys prepared by
rapid solidification at various cooling rates. Corros. Sci. 2009, 51, 395–402. [CrossRef]

40. Izumi, S.; Yamasaki, M.; Kawamura, Y. Influence of cooling rate on corrosion resistance of rapidly solidified Mg-Zn-Y alloys with
a long period stacking ordered phase. ECS Trans. 2009, 16, 65–72. [CrossRef]

41. Nie, Y.; Dai, J.; Li, X.; Zhang, X. Recent developments on corrosion behaviors of Mg alloys with stacking fault or long period
stacking ordered structures. J. Magnes. Alloys 2021, 9, 1123–1146. [CrossRef]

42. Zhang, X.; Dai, J.; Dong, Q.; Ba, Z.; Wu, Y. Corrosion behavior and mechanical degradation of as-extruded Mg–Gd–Zn–Zr alloys
for orthopedic application. J. Biomed. Mater. Res. Part. B Appl. Biomater. 2020, 108, 698–708. [CrossRef]

43. Drozdenko, D.; Yamasaki, M.; Máthis, K.; Dobroň, P.; Lukáč, P.; Kizu, N.; Inoue, S.-I.; Kawamura, Y. Optimization of mechanical
properties of dilute Mg-Zn-Y alloys prepared by rapid solidification. Mater. Des. 2019, 181, 107984. [CrossRef]
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