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Abstract: The Mg—Zn—Y—Zr alloys with long-period stacking-ordered (LPSO) and W eutectic phases were investigated
to develop new magnesium casting alloys. The temperatures for T6 heat treatment were selected based on the hardness
and electrical conductivity measurements. The hot tearing susceptibility of the alloys with LPSO phase is lower than
that of the alloys with W phase, which is associated with the freezing range of the alloys. However, the investigated
alloys displayed the same fluidity. Under T6 conditions, increasing the Y content in the alloys resulted in increased yield
strength, whereas other tensile properties were similar for the alloys. The corrosion resistance was higher for the alloys
with LPSO phase compared to that of the alloys with W phase. Mg—2.5Zn—3.7Y—0.3Zr (mass fraction, %) alloy with

LPSO phase possessed high castability and mechanical properties, with a corrosion rate of 2 mm/year.
Key words: magnesium alloy; casting; LPSO phase; W phase; fluidity; hot tearing susceptibility; corrosion rate

1 Introduction

Magnesium alloys are commonly used as
structure materials in the aircraft and aerospace
industries because of their low density and high
specific strength. Recently, the applications of
magnesium alloys have been extended to include
the automobile, electronic, and other industries;
hence, there is increased demand for new low-cost
and high-performance casting alloys. In the past
decades, considerable attention has been focused on

the deformation behavior of Mg—Zn—Y alloys [1—4].

However, the Mg—Zn—Y system is an excellent
candidate for the development of new magnesium
casting alloys.

In the Mg—Zn—Y system, there exist the long-
period stacking-ordered (LPSO) phase (Mg;,ZnY or
Mg»Zn,Y,) with a variety of structural polytypes,
the W phase (Mg;Zn;Y, or MgYZn,) with a
partially ordered fcc structure, and the I phase

(Mg3ZngY) with an  ordered icosahedral
structure [5—7]. The phases in this system can be
arranged in order of decreasing strength as follows:
LPSO, 7, and W [5,8—11].

No information has been reported on the
fluidity of the Mg—Zn-Y alloys, but the hot tearing
behavior of the alloys was investigated. The hot
tearing susceptibility is reduced as the quantity of
the LPSO phase in alloy structure increases,
because of the grain refinement and pinning effect
of the LPSO phase on the grain boundaries [12—14].
JIA et al [15] investigated the hot tearing
susceptibility of alloys with W, W+I, and [ phases
in their structures. The Ilowest hot tearing
susceptibility was observed for the alloy with the W
phase because of the less freezing range (130 and
200 °C for the alloys with W and [ phases,
respectively). The long freezing range in the alloys
with / phase promotes the formation of shrinkage
porosity; hence, these alloys are not suitable for use
as casting alloys [8,16].
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Ignition problems are associated with the
melting and heat treatment of magnesium alloys;
however, the oxide film with Y contributes to the
enhanced protective properties and a higher alloy
ignition temperature [17]. The influence of various
additions such as Zr, Cu, Mn, Ca, Gd, and B on the
microstructure properties  of
Mg—Zn-Y alloys was investigated [18—21]. Zr is of
great interest because of its significant effect on
grain refinement, which contributes to high alloy
casting properties [22].

The T4 and T6 heat treatments can be applied
to the Mg—Zn—Y alloys. The heat treatment for
alloys with high Y and low Zn contents and LPSO
phase as the secondary phase promotes high
ultimate tensile strengths (UTSs) [23]. Higher yield
strength (YS) and elongation (EL) are observed for
the alloys with high Zn and low Y contents and with
the / phase in alloy structure [24]. The alloys with
almost equal Zn and Y contents and secondary W
phase possess intermediate properties [25].

The corrosion behavior of Mg—Zn—Y alloys
was investigated previously; however, it has
primarily been studied for alloys in as-cast
condition or after deformation processing [4,26,27].
During corrosion, the LPSO, W, and [ phases act as
the cathodes with respect to a-Mg [28,29]. An
increase in the amount of the LPSO phase in
the alloy leads to an increase in the corrosion
rate [4,26,29]. The corrosion resistance of alloys
with 7 phase is greater than that of alloys with I+
and W phases in the structure [27].

The aim of this research was to investigate the
microstructure of the Mg—Zn—Y—Zr alloys, the
phase composition, heat treatment response, fluidity,
hot tearing susceptibility, mechanical properties,
and corrosion properties to develop a superior
prospective casting magnesium alloy.

and mechanical

2 Experimental

As shown in Table 1, five Mg—Zn—Y—Zr
alloys were prepared. The difference between the
investigated alloys is in the type of eutectic phase
that is formed during solidification (LPSO or W)
and the amount of the eutectic phase. Mg
(99.9 wt.% purity), Zn (99.98 wt.%) metals,
Mg—-20wt.%Y, and Mg—15wt.%Zr and master
alloys were used as raw materials. Melting was

performed in a steel crucible using a resistance
furnace. In order to protect the melt from ignition,
an Ar+2vol.%SF¢ gas mixture was used. After the
melt was prepared, it was purged with Ar at 760 °C
for 3 min and held for 10 min before pouring. The
pouring temperature was 760 °C.

The solidus projection, phase
composition, and alloy solidification pathways were
calculated using Thermo-Calc software [30] with
version 4 of the TCMG4 magnesium-based alloy
database [31].

surface

Table 1 Chemical compositions of alloys

Content/wt.%
Mg Zn Y Zr
MgZn2.5Y3.5 Bal. 2.51 3.67 0.32
MgZn3.5Y5.5 Bal. 3.71 5.44 0.50
MgZn5.5Y2 Bal. 5.63 2.07 0.54
MgZn5.5Y3.5 Bal. 5.60 3.33 0.65
MgZn5.5Y4.5 Bal. 5.46 4.67 0.70

Alloy

The fluidity test with the 8 mm U-type channel
in the steel mold was used (Fig. 1(a)) for the
fluidity measurements and reported as the probe
length (mm). The hot tearing susceptibility was
determined using the “dog-bone” test shown in
Fig. 1(b). Hot tearing susceptibility was measured
as the maximum length of the dog-bone section
without hot cracks; the fluidity and hot tearing tests
were repeated twice for each alloy composition.

50 mm

Fig. 1 Diagram of apparatus for U-type fluidity test (a)
and “dog-bone” hot tearing test (b) (unit: mm)
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The samples for the tensile and corrosion tests
were prepared by casting the ingots (340 mm X
50 mm X% 32 mm) into a graphite mold and using the
T6 heat treatment regime. Cylindrical samples
(diameter of 5 mm, and length of 60 mm) were
lathe machined and tensile tests were performed
using the Instron 5569 universal testing machine.

In order to investigate the heat treatment
regimes, rectangular ingots (20 mm X 150 mm X
270 mm) were cast into graphite molds. These
ingots were cut into bars (20 mm X% 150 mm X
20 mm). One of the bar surfaces was ground for the
hardness and electrical conductivity measurements.
The Brinell hardness was determined using an
Innovatest Nemesis 9001 universal hardness tester.
The ball (diameter of 2.5 mm) was held under a
load of 613 N for 10 s. The electrical conductivity
of the alloys was measured using a contact-free
eddy current conductivity meter VE-27NC “Sigma”
with a measurement range of 5.0-37.0 MS/m. The
heat treatment was performed based on the T6
heat-treatment mode, consisting of a solid solution
heat treatment at 540 or 500 °C for 6—18 h followed
by quenching in hot water. The quenched samples
were aged at 150—300 °C for 424 h.

The microstructure of the alloys and content of
the elements in the phases were investigated using a
Tescan Vega SBH3 scanning electron microscope
(SEM) equipped with an Oxford Instruments
AZtecEnergy energy-dispersive X-ray spectroscopy
(EDS) system. The chemical compositions of the
prepared alloys were determined using EDS. Three
areas with dimensions of 1 mm X 1 mm were
analyzed for each alloy. The volume fractions of
phases were estimated using an SEM software by
determining the amount of area occupied by each
phase in the SEM image. An optical microscope
(Carl Zeiss Axio Observer D1m) was used for the
microstructural analysis and for calculating grain
size. An etchant composed of picric acid (11 g),
acetic acid (11 mL), and ethanol (100 mL) was used
to reveal the grain boundaries. The grain size was
calculated using the linear intercept method.

Alloy phase compositions in the as-cast and
heat-treated states were examined using the bulk
cylindrical specimens via X-ray diffractometry
(XRD) with a Bruker D8 ADVANCE diffractometer
under monochromatic Cu K, radiation.

In order to investigate the corrosion behavior
of the alloys, the electrochemical investigations

were performed in 3 wt.% NaCl aqueous solution
at 25°C using the IPC Pro MF potentiostat/
galvanostat/FRA with the three-electrode corrosion
system. The alloy samples served as working
electrodes with an exposed area of 1 cm®. Platinum
and saturated silver/silver chloride (Ag/AgCl)
electrodes were used as the counter and reference
electrodes, respectively. Prior to the electrochemical
analysis, the alloy samples were immersed in a
0.3 wt.% HNO; aqueous solution for 2 s, which
was followed by rinsing in distilled water.
Potentiodynamic polarization experiments were
performed from the cathodic region (at —2.3 V) to
the anodic region (at —1 V) with a scan rate of
1 mV/s. The corrosion current density and corrosion
potential were determined from Tafel fitting, and
the corrosion rate was calculated [32].

Immersion corrosion tests were performed
using rectangular specimens (25 mm X 15 mm X
15mm) with a surface area of 20cm’. The
specimens were weighed prior to the tests.
Subsequently, the corrosion tests were performed
by immersing the samples in the corrosion media
for 7 d. Once each test was finished, the sample was
extracted and dried. The corrosion products were
removed by dipping samples in 200 g/L CrO; water
solution heated to 80 °C, then neutralized by
dipping in 1 mol/L FeSO, solution for 1s, and
washed with distilled water. The specimens were
then re-weighed to determine the mass gain per unit
surface area. Finally, the mass loss and corrosion
rate (in mm/year) were calculated [33].

3 Results and discussion

3.1 Phase composition calculations

Zr was excluded from further calculations
because it did not strongly influence the phase
compositions of the analyzed alloys and only
impacted the initial temperature of the primary o-Zr
phase solidification and the quantity of this phase.
Figure 2 shows the Mg-rich corner of Mg—Zn—Y
system solidus surface projection calculated via
Thermo-Calc software. Depending on the alloy
composition, the solidification can end with the
formation of either LPSO, W, or [ phases by
eutectic/peritectic transitions. Under actual casting
conditions, the peritectic transformations would not
easily occur; therefore, further discussion would
focus on the eutectic transition. The amount of
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Y content/wt.%

AO

Zn content/wt.%

Fig. 2 Calculated solidus surface projection of Mg—Zn-Y
system at Mg-rich corner, phase composition plot, and
position of prepared alloys (Numbers on red isoline show
the amount of LPSO phase; on blue isoline of # phase,
and on green isoline of / phase in wt.%)

eutectic is important for casting alloys because
large proportions of eutectics are responsible for the
high fluidity and low hot tearing susceptibility of
alloys [34]. The amounts (wt.%) of LPSO (red), W
(blue), and [ (green) phases are shown in Fig. 2.
From the calculations, the amount of Mg in the
secondary phase is related to the amount of this
phase in the alloy. For example, the LPSO phase
(Mg»ZnY) is rich in magnesium; hence, its content
in the investigated composition area in the phase
diagram can be as much as 24 wt.%. Conversely,
the quantity of the / phase (Mg;ZnsY) with low Mg
and high Zn contents is less than 3 wt.%. The W
(MgYZn,) phase falls in an intermediate position
between the aforementioned phases and its content
in the eutectic can be up to 11 wt.%. Based on
the Thermo-Calc analysis, MgZn2.5Y3.5 and
MgZn3.5Y5.5 alloys were chosen, for which
solidification results in the formation of 13 and
21 wt.% of the LPSO phase, respectively. Further,
MgZn5.5Y2 and MgZn5.5Y3.5 alloys with 6 and
8.5 wt.% of W phase, respectively, were selected
along with the MgZn5.5Y4.5 alloy consisting of
4.5 and 8 wt.% of the LPSO and W phases,
respectively.

In actual casting processes, the solidification
conditions are far from equilibrium. The
solidification pathways of the Mg—Zn—Y alloys that
were calculated using the Lever rule (equilibrium
solidification) and the Scheil-Gulliver model

(non-equilibrium  solidification) are shown in

Fig.3 [35]. Figure3(a) shows that for
MgZn2.5Y3.5, MgZn3.5Y5.5, and MgZn5.5Y4.5,
the calculated solidification pathways are
similar. All the alloys possess nearly the same
liquidus temperature (~630 °C). After primary
o-Mg solidification in the MgZn2.5Y3.5 and
MgZn3.5Y5.5 alloys the a-Mg+LPSO binary
eutectic solidified in the range of 586—575 °C. In
the MgZn5.5Y4.5 alloy, the a-Mg+W binary
eutectic solidified but its quantity was very low and
the solidification in that alloy ended with
0-Mg+LPSO+W eutectic formation at constant
temperature (575 °C). Hence, solidification of the
mentioned alloys initiated and ended at the same
temperature and had the same very short freezing
range of 55°C under both equilibrium and
non-equilibrium conditions. The thermal analyses
of alloys with compositions close to those of the
investigated alloys show that the LPSO phase is
formed at 530—545 °C and the W phase is formed at
510530 °C [12,14]. This means that the actual
freezing range can be higher than that calculated by
the Thermo-Calc software and must be ~100 °C.

ot L+a-Mg+LPSO
(@
6001 L+o-Mg X
@)
OB 550 F L+a-Mg+W
E
g +o-Mg+W+
g 500 | L+o-Mg+W+LPSO
=Y
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Fig. 3 Equilibrium and non-equilibrium solidification
pathways of Mg—Zn—Y alloys calculated via Lever rule
and Scheil-Gulliver models, respectively
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The solidification pathways of the MgZn5.5Y2
and MgZn5.5Y3.5 alloys are rather different
under equilibrium (Lever rule) and
equilibrium (Scheil-Gulliver) solidification
conditions (Fig. 3(b)). Under equilibrium conditions,
after the solidification of primary o-Mg, the
o-Mg+W binary eutectic is solidified in the
temperature ranges of 562—522 °C and 575-570 °C
for the MgZn5.5Y2 and MgZn5.5Y3.5 alloys,
respectively. This means that the equilibrium
freezing range is <110 °C for those alloys. Based on
the Scheil-Gulliver solidification model in the
MgZn5.5Y2 alloy, the a-Mg+W binary eutectic is
solidified in the temperature range of 562—485 °C,
but solidification is not complete. Also, the
o-Mg+W+I ternary eutectic is solidified in the
temperature range of 485-341°C. The same
solidification pathway is observed during the
non-equilibrium solidification of the MgZn5.5Y3.5
alloy, but with a higher solidus temperature
(476 °C). In accordance with the Scheil-Gulliver
model, the freezing ranges of the MgZn5.5Y2 and
MgZn5.5Y3.5 alloys should be 289 and 154 °C,
respectively. The obtained phase transition
temperatures also deviate from the experimental
results, particularly for the MgZn5.5Y2 alloy. The
experimentally obtained freezing range for the
MgZn5.2Y0.7 alloy with / phase in the structure
was 200 °C [9]. Also, the temperature of / phase
formation was 447 °C in previous research [14].
The solidus temperature (343 °C) can only be
obtained in alloys with high Zn content and the
Mg;Zn; eutectic phase in the structure [36]. Overall,
the freezing ranges for MgZn5.5Y2 and
MgZn5.5Y3.5 alloys must be up to 200 °C, which
is two times higher than that of alloys with LPSO
phases.

non-

3.2 Microstructures

The microstructures of the Mg—Zn—-Y—Zr
alloys in the as-cast condition and after 6 h of solid
solution heat treatment (SSHT) at different
temperatures are presented in Fig.4. In the
as-cast microstructure of the MgZn2.5Y3.5 and
MgZn3.5Y5.5 alloys, a-Mg is enveloped in light
gray and white eutectic phases. Based on the EDS
analysis results presented in Table 2, the Zn/Y
molar ratios are 0.75:1 and 1.5:1 for the light gray
and white phases, respectively. Thus, the light gray
phase is LPSO and the white phase is W. Contrary

to the calculated results presented in Section 3.1, in
the MgZn2.5Y3.5 and MgZn3.5Y5.5 alloys, a low
quantity of W phase is observed. The eutectic with
LPSO phase is divorced, but the eutectic with W
phase is near lamellar with 350 nm spaces between
the lamellas. The phase composition of the alloys
with 5.5 wt.% Zn and (2—4.5) wt.% Y consists of
the primary dendrites of a-Mg and a-Mg+W
eutectic. No LPSO phase is observed in the
MgZn5.5Y4.5 alloy, which does not correlate with
the Thermo-Calc calculations. The Zn/Y molar
ratios for MgZn5.5Y2, MgZn5.5Y3.5, and
MgZn5.5Y4.5 alloys were 1.8:1, 1.7:1, and 1.5:1,
respectively. Hence, it is observed that the Y
content in the ¥ phase is increased with an increase
in the Y content of the alloy. As expected, the W
phase content is also increased with an increase in
the Y content of the alloy. Contrary to our results,
XU et al [11] reported that XRD results revealed the
presence of the / phase in the MgZn5.5Y2 alloy.
The EDS analysis of MgZn5.5Y2 showed that the
Zn/Y molar ratio in some points was ~3:1, which
corresponds to the / phase; moreover, there is the
possibility that both W and [ phases are present in
the alloy, which is in accordance with the
Scheil—Gulliver solidification calculations. Due to
the discrepancy between the Thermo-Calc
calculation results and the obtained phase
compositions of the alloys, the phase composition
of the Mg—Zn—Y and Mg—Zn—Y—Zr alloys in the
literature was analyzed and the solidus projection is
reconstructed. The reconstructed solidus surface
projection is shown in Fig.5 [1,12,15,25-29,
37-41].

It can be seen that after SSHT at 500 °C for 6 h,
the morphologies of the W phase in MgZn5.5Y2,
MgZn5.5Y3.5, and MgZn5.5Y4.5 alloys changed
from lamellar to near globular. Nevertheless, no
changes in the W or LPSO phase eutectic
morphology are observed for the MgZn2.5Y3.5 and
MgZn3.5Y5.5 alloys after SSHT at 540 °C for 6 h.
The [ phase transformed into the W phase during
deformation processing or heat treatment at
temperatures >420 °C [36,42]. As a result, after heat
treatment at 500 °C, the [ phase (if present) in
MgZn5.5Y2 is either transformed into the W phase
or dissolved. Additionally, in accordance with
existing literature, during high-temperature heat
treatment (>500 °C), the polytype of the LPSO
phase must change from 18R to 14H [43].
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Fig. 4 Microstructures of Mg—Zn—Y—Zr alloys in as-cast condition (a, b, ¢, g, h) and after SSHT for 6 h at
540 °C (d, e) and 500 °C (1, i, j): (a, d) MgZn2.5Y3.5; (b, ) MgZn3.5Y5.5; (c, f) MgZn5.5Y2; (g, i) MgZn5.5Y3.5;
(h, j) MgZn5.5Y4.5

Hereafter, for simplicity, only the main MgZn3.5Y5.5 are alloys with LPSO phase and
secondary phase has been indicated when the alloys MgZn5.5Y2, MgZn5.5Y3.5 and MgZn5.5Y4.5 are
are described. Accordingly, the MgZn2.5Y3.5 and alloys with W phase.



1282

V. E. BAZHENOV, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1276—1290

Table 2 Compositions of alloy phases in as-cast condition obtained by EDS (at.%)

All LPSO (light gray) W (white)
oy
Mg Zn Y Zn/Y molar ratio Mg Zn Y Zn/Y molar ratio
MgZn2.5Y3.5 Bal. 4.2 5.6 0.75:1 Bal. 9.9 6.8 1.5:1
MgZn3.5Y5.5 Bal. 4.0 5.5 0.75:1 Bal. 11.1 7.3 1.5:1
MgZn5.5Y2 - - - - Bal. 12.7 6.9 1.8:1
MgZn5.5Y3.5 - - - - Bal. 12.4 7.5 1.7:1
MgZn5.5Y4.5 - - - - Bal. 13.4 8.7 1.5:1
not impact the hardness and electrical conductivity.
® This work Interesting changes in the phase composition are
::::z E]Z] observed for this alloy. After heat treatment for 18 h,
S > Ref. [15] the LPSO phase content decreases from 17.3 to
= ® Ref. [25 .
z A Ref {zﬁi 5.7 vol.%, but the W phase content increases from
5 ’:‘;e? SQ 1.2 to 3.7 vol.%. A possible explanation of this
= ef.
3 X Ref. [29] phenomena is non-equilibrium alloy solidification.
> e Sg At high cooling rates, the composition of the
P @ Ref. [39] liquid phase during solidification can change
:Ezf Eﬂ significantly as compared to the equilibrium

01 2 3 4 5 6
Zn content/wt.%
Fig. 5 Reconstructed solidus surface projection of
Mg—Zn-Y system at Mg corner

3.3 Heat treatment regime

The Brinell hardness, electrical conductivity,
content of eutectic phase, and grain sizes of the
Mg—Zn—Y—Zr alloys during SSHT are shown in
Fig. 6. The SSHT temperature was 540 °C for
MgZn2.5Y3.5 and MgZn3.5Y5.5 alloys and 500 °C
for MgZn5.5Y2, MgZn5.5Y3.5, and MgZn5.5Y4.5
alloys. These temperatures were chosen based on
the Scheil-Gulliver solidification calculations and
thermal analysis results [9,12,14]. The hardness
of the MgZn2.5Y3.5 alloy after SSHT for 6 h
is slightly increased, whereas the
conductivity is decreased. The volume fraction of
the W phase remains constant, but the LPSO phase
content is reduced from 10 vol.% in the as-cast
condition to 1.4 vol.% after heat treatment for 6 h.
Further increase in the time of heat treatment has no
effect on the aforementioned parameters. The grain
size of the MgZn2.5Y3.5 alloy increases during
SSHT and the grain sizes are 34, 67, and 109 pm in
the as-cast condition, after 6 h of heat treatment,
and after 18 h of heat treatment, respectively.
Different results are observed for the MgZn3.5Y5.5
alloy with the LPSO structure because SSHT does

electrical

composition, leading to the solidification of
different eutectics [44]. When heat treatment is
carried out, the alloy phase composition becomes
the equilibrium phase composition, which promotes
the dissolution of the LPSO phase and the
formation of the W phase. The grain size of the
alloy increases with the duration of SSHT, but the
increase is not as significant as that for the
MgZn2.5Y3.5 alloy.

The hardness of MgZn5.5Y2, MgZn5.5Y3.5,
and MgZn5.5Y4.5 alloys in which only the
o-Mg+W eutectic is observed, decreases with
increasing SSHT time. After SSHT for 6 h, an
increase in the electrical conductivity is observed
for the MgZn5.5Y2 and MgZn5.5Y3.5 alloys, but
there was no change for the MgZn5.5Y4.5 alloy.
The W phase content decreases in the MgZn5.5Y3.5
and MgZn5.5Y4.5 alloys but remains almost
constant in MgZn5.5Y?2 alloy. This result is unusual
because the contents of Zn and Y in a-Mg should
increase with the dissolution of the W phase. An
increase in the content of the elements in a-Mg
should lead to a decline in the electrical
conductivity. The observed discrepancy can be
accounted for the influence of the ¥ phase content
on the electrical conductivity of the alloy and the
initial dendritic segregation in the as-cast condition.
The results of the grain size measurements reveal
that there is a maximum increase in the grain size
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Fig. 6 Brinell hardness (a), electrical conductivity (b), content of phases (c), and grain size (d) of Mg—Zn—Y—Zr alloys
during SSHT at 540 °C for MgZn2.5Y3.5 and MgZn3.5Y5.5 alloys and at 500 °C for MgZn5.5Y2, MgZn5.5Y3.5, and

MgZn5.5Y4.5 alloys

after SSHT for 6 h and any further increase in the
duration of SSHT beyond 6 h has a negligible
effect on the grain sizes of the MgZn5.5Y2,
MgZn5.5Y3.5, and MgZn5.5Y4.5 alloys. Therefore,
SSHT for 6h was adequate for all of the
investigated alloys.

In order to determine the appropriate aging
regime after SSHT at 540°C (MgZn2.5Y3.5,
and MgZn3.5Y5.5) and 500°C (MgZn5.5Y2,
MgZn5.5Y3.5, and MgZn5.5Y4.5), the alloys were
aged at temperatures from 150 to 300 °C. During
aging, the hardness and electrical conductivity of
the alloy samples were measured every 4h, as
shown in Fig. 7. The maximum hardness for the
MgZn2.5Y3.5 and MgZn3.5Y5.5 alloys was
obtained when the alloy was aged at 150 °C. The
hardness increased during the first 8 h due to
precipitation hardening; subsequently, the hardness
almost remained constant.

For the alloys with a-Mg+W eutectic structures,
the maximum hardness is achieved at 200250 °C
after 4—8 h. The maximum increase in the electrical

conductivity for both alloys with LPSO and W
phases was observed during aging at 300 °C. The
increase in the electrical conductivity was
associated with the depletion of a-Mg during the
aging process. When the aging temperature was
300 °C, overaging occurred. After aging at 300 °C,
the lamellas of the LPSO phase were precipitated in
the a-Mg. The LPSO lamellas were also observed
in the MgZn4.9Y 8.9 alloy heat treated at 400 °C for
10 h, where the mechanical properties decreased
following heat treatment [23]. In accordance with
the results obtained, aging at 150 °C for 8 h is
recommended for alloys with the LPSO phase and
aging at 200 °C for 8 h is recommended for alloys
with W phase.

For all alloys, the increase in hardness during
aging is very low, <10 HB, when compared to that
of the SSHT condition. In this case, the expected
increase in the strength of the alloys after T6
heat treatment cannot be very high. The low
strengthening effect of the fcc W phase is related to
the weak bonding with the hcp Mg matrix [5]. It has
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Fig. 7 Hardness (a—e) and electrical conductivity (f—j) of Mg—Zn—Y—Zr alloys during aging at different temperatures
after SSHT: (a, f) MgZn2.5Y3.5; (b, g) MgZn3.5Y5.5; (c, h) MgZn5.5Y2; (d, i) MgZn5.5Y3.5 and (e, j) MgZn5.5Y4.5

been previously shown that the LPSO phase is more
effective for strengthening Mg alloys; however, no
significant effect observed during heat
treatment, based on the hardness measurement
results. Further investigation to discover elements
that can promote an increased strengthening
response during aging is required.

was

3.4 Phase compositions

Figure 8 shows the XRD spectra of the
MgZn3.5Y5.5 and MgZn5.5Y4.5 alloys in as-cast
conditions after being subjected to SSHT and aging.
The as-cast MgZn3.5Y5.5 alloy structure was
observed to consist of a-Mg, LPSO, and W phases,
thereby confirming the EDS results. The SSHT
carried out at 540 °C for 6 h and the aging process
performed at 150 °C for 8 h led to an increase in
the relative intensity of diffraction peaks that
corresponded to the W phase. However, no new
phases were formed during heat treatment. In
accordance with Ref. [25], the formation of W, 1,
and p2' precipitates was possible in Mg—Zn—-Y
alloys. Furthermore, the a-Mg and W phases
were found in the MgZn5.5Y4.5 alloy in the as-cast

il

NS}
(e}
(98]
(e}

Fig. 8 XRD patterns of MgZn3.5Y5.5 (a—c) and
MgZn5.5Y4.5 (d—f) alloys: (a, d) As-cast; (b, e) After 6 h
of SSHT; (c, f) After 6 h of SSHT + 8 h of aging

condition, which confirmed the EDS analysis
results; no significant changes could be observed
after the alloy was subjected to 6 h of SSHT at
500 °C and 8 h of aging at 200 °C.

3.5 Fluidity and hot tearing susceptibility
Figure 9 shows the fluidity of the Mg—Zn—Y—
Zr alloys. The fluidity probe lengths for the
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Mg—Zn—Y—Zr alloys were in the 364-415 mm
range for all of the alloys. The maximum probe
length of 415mm was achieved for the
MgZn5.5Y4.5 alloy and the lowest fluidity was
observed for the MgZn2.5Y3.5 alloy. This suggests
that alloys with the W phase have a higher fluidity,
even though the difference between the fluidity of
alloys with the W and LPSO phases is minor.
The fluidity of the commonly available AZ91
magnesium commercial alloy was 410 mm [37],
which is close to the results obtained for the
Mg—Zn—Y—Zr alloys.

450 F 3 Fluidity 180
T E Hot tearing criterion
£
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> | 8
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Fig. 9 Fluidity and hot tearing criterion of Mg—Zn—Y—Zr
alloys

The hot tearing criterion (the maximum length
of dog-bone section without cracks) for the
Mg—Zn—Y—Zr alloys is presented in Fig. 9. The hot
tearing criterion for the MgZn2.5Y3.5 and
MgZn3.5Y5.5 alloys with LPSO phases was
67 and 80 mm, respectively. Figure 1 shows the
dog-bone probe used; and, as can be seen, the
maximum length of the dog-bone section is 80 mm.
The hot tearing criterion for alloys with the W phase,
i.e., MgZn5.5Y2, MgZn5.5Y3.5, and MgZn5.5Y4.5
was 35, 25 and 27 mm, respectively. The AZ91
alloy hot tearing criterion obtained on the same hot
tearing test was 50—56 mm [37,45], which means
that alloys with the LPSO phase exhibit higher
resistance to hot tearing formation during casting
than alloys with # phases and then AZ91 alloys.
The hot tearing susceptibility is dependent on the
grain size of the alloy [46]; and, in accordance with
our results (Fig. 6(d)), the grain size in the as-cast
condition is almost the same for investigated alloys.

The probable reason for the lower hot tearing
susceptibility of alloys with LPSO phases is the
higher volume of eutectics that increase the refilling
ability during the later stage of solidification. Also,
alloys with LPSO phases exhibit less freezing
ranges than those with W phases. WEI et al [12]
demonstrate that the solid fraction at the coherency
point is higher and the number of hot tearing
nucleation decreases in alloys with LPSO phase
when compared to alloys with W phase.

3.6 Mechanical properties

The mechanical properties of the Mg—Zn—
Y—Zr alloys after T6 heat treatment are shown in
Fig. 10. Based on the results obtained in Section 3.5
for the MgZn2.5Y3.5 and MgZn3.5Y5.5 alloys
with LPSO phases, SSHT (540 °C, 6 h) followed by
water quenching and aging (150 °C, 8h) was
performed. The heat treatment regime involving
SSHT (500 °C, 6 h) followed by water quenching
and aging (200 °C, 8h) was used for alloys
with W phases (MgZn5.5Y2, MgZn5.5Y3.5, and
MgZn5.5Y4.5). The YS of alloys with LPSO
phases was ~150 MPa. However, for the alloys with
W phases, the YS was 120, 127, and 136 MPa for
MgZn5.5Y2, MgZn5.5Y3.5, and MgZn5.5Y4.5,
respectively. Figure 11 depicts the YS of Mg—
Zn—Y—Zr alloys vs the composition of a-Mg

300 = YS 15
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= EL
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a{:} & | 10 o\o
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= =
5 200 gn
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Fig. 10 Mechanical properties of Mg—Zn—Y—Zr alloys
after T6 heat treatment: SSHT (540 °C, 6 h) followed by
water quenching and aging (150°C, 8h) for
MgZn2.5Y3.5 and MgZn3.5Y5.5 alloys; SSHT (500 °C,
6 h) followed by water quenching and aging (200 °C,
8 h) for MgZn5.5Y2, MgZn5.5Y3.5, and MgZn5.5Y4.5
alloys
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Fig. 11 YS of Mg—Zn—Y-Zr alloys after T6 heat

treatment vs composition of a-Mg

obtained from EDS analysis after SSHT for 6 h. In
o-Mg, the YS increases as the Y content increases
and the Zn content decreases. The UTS and EL are
similar for all alloys (~250 MPa and ~9%,
respectively). The mechanical properties of the
specimens are higher, particularly EL, when
compared with the properties of the Mg—Zn—Y
alloys in the as-cast condition [11,26,38,40].

3.7 Corrosion resistance

Figure 12 illustrates the polarization curves of
Mg—Zn—Y—Zr alloys after T6 heat treatment in
3 wt.% NaCl aqueous solution. The corrosion
current density, corrosion potential, and corrosion
rate of alloys have been determined using Tafel
fitting and are shown in Table 3. The corrosion
potentials of the MgZn2.5Y3.5 and MgZn3.5Y5.5
alloys were (—1.58+0.01) and (—1.55+0.01) V (vs
Ag/AgCl), respectively. These values are in
agreement with those previously reported [4,26,29],
and more noble corrosion potentials are observed
with the increasing amount of the LPSO phase,
which acts as a cathode to a-Mg. The increased
amount of the LPSO phase leads to minor increase
in both anodic and cathodic current densities
(Fig. 12(a)), which is in agreement with
Refs. [4,26].

Similar corrosion potentials (approximately
(—1.52+0.01) V (vs Ag/AgCl)) were obtained for
the MgZn5.5Y2, MgZn5.5Y3.5, and MgZn5.5Y4.5
alloys with W phase in structure. Thus, we can
conclude that alloys with W phases exhibit more
noble corrosion potentials than alloys with LPSO
phases, but the difference is not large. The anodic

current density is almost identical for alloys with W
phase, but the cathodic current density increases as
the Y content and amount of the W phase in the
alloy increase. The cathodic reaction became easier
kinetically as the amount of the W phase in the
alloy increased, which in turn promoted a higher
corrosion rate.
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of T6 heat-treated
Mg—Zn—Y—Zr alloys in 3 wt.% NaCl aqueous solution:
(a) Alloys with LPSO phases; (b) Alloys with W phases

Fig. 12 Polarization curves

A similar result was obtained by CHEN
et al [47] when comparing the corrosion rates of
MgZn6Y1 (ZW61) and MgZnl0Y1 (ZW101)
alloys; the formation of the Mg;Zn; phase in the
ZW101 alloy, which like the W phase is a cathodic
structural component, leads to a significant increase
in the corrosion rate as compared to that of the
ZW61 alloy without Mg;Zn;. In Ref. [47], a small
deviation in the corrosion potentials of ZW61 and
ZW101 alloys was also obtained, namely, 1.519 and
—1.509 V, respectively. The shift of the corrosion
potential toward the positive side is explained by
an increase in the concentration of Zn in the alloy,
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Table 3 Electrochemical and immersion corrosion test data obtained for Mg—Zn—Y—Zr alloys subjected to T6 heat

treatment in 3 wt.% NaCl aqueous solution

Electrochemical corrosion test

Immersion corrosion test

Alloy Peorn(Vs AGAZCY/V  Jeon/(WA-cm™®)  Corrosion rate/(mm-year ')  Corrosion rate/(mm-year ')
MgZn2.5Y3.5 —1.58+0.01 102.8+15.2 2.344+0.34 2.50+0.43
MgZn3.5Y5.5 —1.55+0.01 116.3+45.2 2.64+1.02 5.29+1.52
MgZn5.5Y2 —1.52+0.02 93.3+6.5 2.11+0.15 6.59+0.92
MgZn5.5Y3.5 —1.534+0.01 258.84+36.6 5.86+0.83 11.61+£0.47
MgZn5.5Y4.5 —1.52+0.01 541.1+115.1 12.24+2.60 136.3748.16

which is more positive with respect to magnesium. 201 1
Furthermore, the increase in the corrosion rate ~ = Electrochemical test
. e e e .. [ I Immersion test
is supported by the disinhibition of a similar 515t
electrochemical process. ;

The effect of the LPSO phase on the corrosion % i
properties is ambiguous. On one hand, the LPSO B
phase, like the W phase, is a cathodic structural §
component and should contribute to the increase in § 3
the corrosion rate; however, the corrosion rate of =
alloys with the LPSO phase is lower than that of the 0 &
alloys with the W phase. WANG et al [48] have qﬁﬁn" 5 & ‘;ﬁn" C;;kb"
recently reported that LPSO phases enhance @@5‘ @Qy‘ V\%’ &W @éf
corrosion by acting as cathodic phases, thereby Alloy

accelerating microgalvanic corrosion. However,
alloys with low quantity of LPSO phase show better
corrosion resistance than those with more noble
precipitates. Unfortunately, the mechanism of the
combined effect of the W and LPSO phases on the
corrosion resistance of magnesium alloys remains
unclear and requires further research. It is highly
probable that alloys with the LPSO phase can
quickly regenerate the oxide film present on the
corrosion products, which effectively inhibits the
contact between the solution and the metal.

The corrosion rates of the Mg—Zn—Y—Zr alloys
obtained using electrochemical and immersion
corrosion tests are shown in Fig. 13. The low
corrosion rate of ~2.2 mm/year was observed for
the MgZn2.5Y3.5, MgZn3.5Y5.5, and MgZn5.5Y2
alloys with accordance to the results of the
polarization test. The corrosion rate for alloys with
a larger quantity of the W phase was obtained using
Tafel plots and observed to be higher. The corrosion
rates for the MgZn5.5Y3.5 and MgZn5.5Y4.5
alloys were ~5.9 and ~12.2 mm/year, respectively.
The electrochemical corrosion test is an express test
that only represents a snapshot of corrosion at the
time it is performed [49]. Hence, immersion tests
are more appropriate for obtaining the long-term

Fig. 13 Corrosion rates of T6 heat treated Mg—Zn-Y—Zr
alloys obtained by electrochemical and immersion
corrosion testing in 3 wt.% NaCl aqueous solution

corrosion rates of Mg alloys. The corrosion rate of
the MgZn2.5Y3.5 alloy obtained via the immersion
test (~2.5 mm/year) is the same as that obtained by
the polarization test (~2.2 mm/year). The long-term
corrosion test revealed that the higher LPSO phase
content in the MgZn3.5Y5.5 alloy increased the
corrosion rate to ~5.3 mm/year. The corrosion rates
of MgZn5.5Y2, MgZn5.5Y3.5, and MgZn5.5Y4.5
alloys with W phases were ~6.6, ~11.6, and
~136.4 mm/year, respectively. Consequently, the
increased W phase content significantly increased
the corrosion rates of the alloys. A similar effect
was obtained by the CHEN et al [47], wherein an
increase in the content and area of cathodic
structural components in the ZWI101 alloy
significantly increased its corrosion rate.

4 Conclusions
(1) Alloys with LPSO, W, and [ eutectic

phases can be obtained, in accordance with the
Thermo-Calc calculation results in the Mg—
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(0—-6)wt.%Zn—(0—6)wt.%Y composition range. The
calculation of alloy solidification pathways shows
that alloys with LPSO phase have a less freezing
range than alloys with ¥ phase.

(2) The T6 heat treatment regime consisting
of SSHT at 540 °C for 6h followed by water
quenching and aging at 150°C for 8h is
recommended for alloys with LPSO phases.
However, the SSHT at 500 °C for 6 h followed by
water quenching and aging at 200 °C for 8 h can be
recommended for alloys with # phases.

(3) The alloys with LPSO phase have lower
hot tearing susceptibilities than alloys with # phase
and the widespread commercial AZ91 alloy, which
confirm the short freezing range of alloys with
LPSO phase. The fluidity of alloys with LPSO and
W phases is the same as that for the AZ91 alloy.

(4) The UTS and EL (~250 MPa and ~9%,
respectively) of the investigated Mg—Zn—Y—Zr
alloys are almost identical. The YS is 150 and
120—-136 MPa for the alloys with LPSO and W
phases, respectively. The YS of alloys is related to
the composition of a-Mg.

(5) The corrosion rate of the alloys with LPSO
phases in 3 wt.% NaCl aqueous solution obtained
using immersion and polarization tests was lower
than that of the alloys with W phases. The lowest
corrosion rate (2 mm/year) was observed for
Mg—2.5Zn—3.7Y— 0.3Zr alloy.

(6) In summary, it can be concluded that
Mg—Zn—Y—Zr alloys with LPSO phases are the
most favorable candidates for using as casting
alloys due to their superior casting, corrosion, and
mechanical properties. Hence, these alloys should
be considered for further investigation to discover
that promote  an
strengthening response during heat treatment.

elements can increased
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