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Abstract
In this work, fourMg-Y-Zn alloyswith specific Y/Zn (wt%) ratio have been prepared. The effects of
Y/Zn (wt%) on themicrostructure of extrudedMg-Y-Zn alloywere investigated by SEMandTEM.
Themechanical properties and corrosion behavior of extrudedMg-Y-Zn alloywere also studied by
tensile test, electrochemical and immersionmeasurements. The corrosionmechanismwas studied by
SEMobservation of the surfacemorphology of the samples after immersion corrosion. The result
indicates that the as-extrudedMg-6Y-3Zn alloy consists ofα-Mg,Wphase and long-period stacking
ordered structure (LPSO) phases. Two types of LPSO structure (18 R and 14H) appear in the as-
extruded alloys. The volume fraction of LSPO increases with the increase of Y andZn atomswitht the
sameY/Znmass ratio.Mg-9Y-3Zn alloy has the best comprehensivemechanical properties. Its yield
strength, ultimate tensile strength and elongation are 230MPa, 327mpa and 23% respectively, because
the volume fraction of LSPOphase in the alloy is the highest. In addition, the higher volume fraction
of LPSO is beneficial to enhance the corrosion resistance ofMg-9Y-3Zn alloy.

Magnesium alloys have a series of performance advantages, such as low density, good specific strength and
stiffness, good casting performance and processing performance, and also has low elasticmodulus, vibration
and noise reduction, etc, which have beenwidely applied in 3 C, aerospace and automobile fields [1–3].
However, the unavoidable problem is the low strength and poor corrosion resistance ofmagnesium alloys [4–6].
Therefore, researchers have done a lot of research on the strengthening and corrosion behavior ofmagnesium
alloys [7–10].

In improving the strength ofmagnesium alloys,magnesium rare earth alloys are themost successful systems.
Recent studies have found that adding a small amount of Zn to certainMg-RE alloys can generate a novel long-
period stacking ordered structure (referred to as long-period structure, LPSO structure) under appropriate
addition amounts and process conditions. In-depth research shows that there are three types of ternary
equilibriumphases inMg-Zn-Y alloys, which areMg3YZn6 (I-phase icosahedral quasi-crystal structure and
quasi-periodic order),Mg3Y2Zn3 (W-phase face-centered cubic structure) andMg12ZnY (X-phase long period
stacked ordered structure, including 6 H, 14 H and 18 R) [8]. At the same time, it is generally believed that the
phase composition of the alloy depends on the Y/Znmolar ratio [9]. It is reported that LSPO is an important
strengthening phase inMg-Y-Zn alloy, and the common structures are 18 R and 14 H [10]. After heat treatment
at 350 °C–500 °C, 18 R structure will be transformed into 14 HLPSO structure [11].Wang J F et al reported that
the LPSO structural phase can improve themechanical properties ofmagnesium alloys whilemaintaining the
good damping capacity of the alloys, and the LPSOphase arranged along the extrusion direction can act as the
hardening phase [12]. It is known that hot extrusion is an effective processing technique for improving the
mechanical properties ofmagnesium alloys containing LPSOphase. During extrusion, recrystallizedMg grains
improve the ductility and dispersion of the fibrous LPSOphase and contribute to the strengthening of the
extrudedMg-Zn-Y alloy phase [13].
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At the same time, the effect of LPSOon corrosion behavior inmagnesium alloys has also been studied. For
example, Zhang et al [14] found that the LPSOphase in extruded alloys can greatly improve the corrosion
resistance of the alloys, and the corrosion resistance is enhanced as the volume fraction of the LPSOphase
increases. However, it has also been reported [15] that LPSO in extruded alloys accelerated the corrosion of the
alloy, andwith the increase of LPSOphase volume fraction, the degradation rate of the alloy accelerated. In
addition, Li et al [16] found that the corrosion resistance ofmagnesium alloysweakened first and then increased
with the increase of LPSOphase volume fraction. It can be seen that the influence of corrosion behavior of LPSO
onmagnesium alloy has not been universally recognized.

In conclusion,Mg-Y-Zn alloys have attractedmuch attention due to their excellent performance and
relatively low cost [6, 7]. However,most studies have focused on themicrostructure and properties of a
particular alloy. A series ofMg-Y-Zn alloys with different Y/Znmass ratios were designed to study the effects of
Y/Znmass ratio onmicrostructure,mechanical properties and corrosion behavior ofMg-Y-Zn alloys.

1. Experiment

Mg-xY-yZn (x=6,9, Y=1,3) alloys were prepared bymelting the rawmaterials pureMg(99.9%), pure
Zn(99.9%) andMg-Y intermediate alloys in an electric furnace, usingmixed gas (CO2+SF6) as protective gas at
750℃ and pouring them into a cylinder steelmoldwith diameter of 90 mm.Thematerials were recorded as
WZ63,WZ93,WZ61 andWZ91. After the homogenization treatment at 400℃ for 10 h, the 650t oil press was
used for extrusion. The extrusion temperature was 380℃, and the test bar with a diameter of 20 mmwas
extruded. The extrusion ratio is 20:1 and the extrusion speed is 1 mmin−1.

Themicrostructure of the samples was observed by using FEIQuanta FEG 250field emission scanning
electronmicroscope (SEM), JEOL JEM2100HT transmission electronmicroscope (TEM) and JEOL JEM-ARM
200 F condenser with spherical aberration correction. The samples were prepared by traditional polishing
technique. The backscattering of the extruded alloy is obtained from the longitudinal section parallel to the
extrusion direction. Image-Pro-Plus-6.0 software was used to calculate the volume fraction of LPSOphase in the
alloy.

TheWDW-E100Dmicro-controlled electronic universalmaterial testingmachinewas used for the tensile
test. Tensile specimens with a gauge size of 2×3.5×15 mmwere cut from themiddle part of the extruded bar
ofMg-Y-Zn systemic alloyswith their length parallel to the extrusion direction. The tensile rate is
0.9 mmmin−1, and each sample shall be subject to at least three times of tensile test.

The corrosion behavior of the alloywas studied by electrochemicalmethod. The experiment was conducted
at room temperature with 3.5%NaCl solution as the corrosivemedium. The sample area was 10 mm×10 mm,
and the remaining areawas coveredwith epoxy resin. TheVersaSTAT 4 electrochemical workstation into action
potential polarization curvemethod and electrochemical impedance spectroscopy test, using the standard three
electrodemethod, including saturated calomel reference electrodewas, platinumelectrodes are auxiliary
electrodes, work samples, was the initial sample in solution of time 3 min, after being open circuit potential
stabilitymeasurement again, scan rate of 1.0 mV s−1.

Finally, the EIQuanta FEG 250field emission scanning electronmicroscope equippedwith an energy
spectrometer was used to observe the surface corrosionmorphology of the alloy after immersion in 3.5%NaCl
solution.

2. Results and discussions

2.1.Microstructure
As shown infigure 1, SEMmorphology of four as-cast alloys. It can be seen that the tissues of the four as-cast
alloys are all composed of a black -Mgmatrix and a second phase of a bright white lamellar, and the bright white
lamellar phase is LPSO [17]. The LPSOphase in the alloy is distributed in a network along the grain boundary.
With the increase of Y/Znmass ratio, the LPSOphase first changes fromdiscontinuous network distribution to
continuous network distribution and then to discontinuous network distribution.Moreover, thewidth of LPSO
phase also increases first and then decreases with the increase of Y/Znmass ratio.Obviously, the LPSOphase
content inWZ93 alloy is the highest, and the lamellar LPSO is almost continuous.

As shown infigure 2, the SEMmicrographs of the four extruded alloys. After extrusion, theWZ63 alloy
structure is composed of a blackmatrix, a pale LPSOphase and a small amount of brightwhite granularW
phase, which is distributed around the strip phase.With the increase of Y/Znmass ratio, the brightwhite
particleWphase disappeared inWZ93 alloy. The LPSOphase, whichwas originally reticulated, was elongated
and distributed in long strips along the extrusion direction. After extrusion, the LPSOofWZ93 alloywith the
highest content of the second phase waswider and the phase spacingwas narrower. No cracks appeared in the
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extruded LPSOphase, indicating that the LPSOphase in the alloy had good plasticity. According to the statistics,
the volume fraction of LPSO in extrudedWZ63,WZ93,WZ61 andWZ91 alloys is 28.12%, 43.02%, 35.26%and
22.15%, respectively. In general, the Y/Znmass ratio determines the type of the second phase in the alloy.When
the Y/Znmass ratio is fixed, the total number of Y andZn atoms determines the volume fraction of LSPO in the
alloy.

As shown infigure 3, it is the TEMopen field image of extrudedWZ63 alloy. It can be seen that there are a
large number of LPSOphases inα-Mgmatrix (infigure 3(a)),There are two different periods in the extruded
samples. Their atomic stacking subcycles along theC axis were 1.6 nmand 1.8 nm, respectively (infigure 3(b)),
whichwas consistent with the reported 18R-LPSO structure and 14H-LPSO structure [10]. The structure of the
second phasewas further characterized by high resolution spherical aberration electronmicroscopy, which
proved to be typical of the LPSOphase, with a stacking order of 18 R times (figure 3(c)), consistent with previous
reports [18]. In addition, as shown infigure 3(d), the 18 R structure is partially transformed into a 14H-LPSO
structure during hot extrusion [19]. Figure 3(e) and f show the TEM image and SAEDpattern alongMgmatrix
[110] in the extrudedWZ63 alloy. It can be seen that the particle phase isWphase.

2.2.Mechanical properties
As shown infigure 4, it is the engineering stress-strain curve diagramof the four extruded samples. The ultimate
tensile strength of extrudedWZ63,WZ93,WZ61 andWZ91 alloys is 275MPa,327 MPa, 294MPa and 255MPa,
respectively. Elongationwas 26%, 23%, 21%and 27%, respectively. It can be seen in the figure 2 thatwith the

Figure 1. SEMmicrographs of as-cast alloys: (a)WZ63, (b)WZ93, (c)WZ61, (d)WZ91.

Figure 2. SEMmicrographs of as-extruded alloys:(a)WZ63, (b)WZ93, (c)WZ61, (d)WZ91.
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change of the total number of Y-Zn atoms, the content of LPSOphase in slender rod shape also changes
accordingly. The tensile results show that the strength and plasticity of the alloy increase with the increase of
LPSOphase.

WZ93 alloywith the largest volume fraction of LPSOphase has good comprehensivemechanical properties,
mainly because the LPSOphase itself is the strengthening phase, and its strength, hardness and elasticmodulus
are significantly higher than theα-mgmatrix. After hot extrusion, the LPSOphase of the alloy showed a strip
distribution along the extrusion direction, which can be regarded as the ‘shortfiber’ reinforcing phase in the
compositematerial, that is, themagnesium alloywas strengthened by ‘short fiber strengtheningmechanism’

Figure 3.TEMobservations of the as-extruded alloys:(a)TEMmicrograph of the LPSO-phase andα-Mg, (b)Bright-field TEM
micrograph showing the coexistence of 18 R and 14 H in the as-extruded alloys, (c) and (d)HAADF-STEMmicrograph of the 18 R
phase and the 14 Hphase, respectively, (e)TEMmicrograph of theW-phase and (f) SAEDpattern ofW-phase.

Figure 4.Engineering stress-strain curve of as-extruded alloys.
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approximately. Also due to low slip systemof LPSOphase, kinked LPSOphase is themain deformation
mechanism, from the four kinds of alloy extrusion state of SEM image can be observed in torsion and bending
LPSOphase (infigure 2), usually at the kink belt brought together a large number of dislocation, the dislocation
with can further hinder dislocationmotion, othermore conducive to subsequent interaction of dislocation
tangles, thus it can be reinforcedmagnesium alloys [20].

In the process of plastic deformation,microcracks are easy to grow at the interface ofMg/LSPO [21].When
the volume fraction of LSPOphase increases,more cracks are produced and the plasticity of the alloy decreases.
ComparedwithWZ61 alloy,WZ93 alloy has the largest volume fraction of LPSOphase, but its elongation has
increased.On the one hand, the bulk LPSOphase formed inWZ93 alloy reduces the interface between the two
phases and reduces the probability of crack initiation. On the other hand, the kinking and bending of LSPO
phase ismore conducive to release the stress concentration and delay the crack growth.

2.3. Corrosion performance
As shown infigure 5, the Potentiodynamic polarization curves of the four extruded alloys are shown in table 1
which shows thefitting results of the polarization curves. It can be seen thatWZ93 alloy has themaximum
corrosion potential (−1.451 V) and theminimumcorrosion current density (1.575×10−5 A·cm−2), indicating
thatWZ93 alloy has the best corrosion resistance [22, 23]. The comprehensive polarization curves and fitting
results show that the corrosion resistance order of the four alloys isWZ93>WZ61>WZ63>WZ91.

As shown infigure 6, it is the electrochemical impedance spectroscopy of the alloy. As can be seen from the
figure, theNyquist diagram is composed of a capacitive reactance arc located at a high frequency and an
inductive reactance arc located at a low frequency. As the volume fraction of the LPSOphase increases, the
capacitive reactance arc gradually increases, and theWZ93 alloy has the largest capacitive reactance radius.
Capacitive arc is related to the charge transfer resistance and electric double layer capacitance during the
corrosion process, that is, the larger the capacitive arc radius, the larger the charge transfer resistance, and the
better the corrosion resistance. Therefore, it can be known from the electrochemical impedance spectroscopy
that the corrosion resistance of the alloy is completely consistent with the result of the polarization curve.

As shown infigure 7, it is the equivalent circuitmodel of electrochemical impedance spectroscopy, and the
fitting results are listed in table 2. In the equivalent circuit, R1 represents the solution resistance, R2 andCPE1
represent the charge transfer resistance and the double layer at the interface betweenMg substrate and
electrolyte solution, respectively, which is used to describe the capacitor ring at high frequencies. CPE1 is a
constant phase Angle element and replaces the ideal capacitor to resolve the non-uniformity in the system,
which is defined by the two values Y1 and n1. n1 is the dispersion index of CPE1, which reflects the roughness of

Figure 5.Polarization curves of as-extruded alloys.

Table 1. Fitting results of polarization
curves.

No. Ecorr/V Icorr/(A·cm
−2)

WZ63 −1.493 3.110×10−5

WZ93 −1.451 1.575×10−5

WZ61 −1.469 2.489×10−5

WZ91 −1.457 6.041×10−5
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the double layer. If n1=1, thenCPE1 is the same as the capacitor; If n1=0, CPE1 represents the resistance. L1
represents the inductance and is used to describe the low frequency inductance loop, which indicates the
beginning of local corrosion. Generally, a higher R2 value implies a lower dissolution rate of theMgmatrix. As
can be seen from table 2, the R2 values of the four alloys are listed in the order fromhigh to low:WZ93,WZ61,
WZ63, andWZ91. Therefore, it indicates that the corrosion rate of the alloys increases in the order ofWZ93,
WZ61,WZ63, andWZ91.

As shown infigure 8, the surfacemorphology of four extruded alloys soaked in 3.5%NaCl solution for 1 h is
SEM. It can be seen that the corrosion productsfirst appear at the junction of LPSOphase andMgmatrix. This is
because of the potential difference between the second phase ofmagnesium alloy and themagnesiummatrix, so
the corrosionmicroelectricity formedwith themagnesiummatrix is occasionally corroded first. In addition, in
thefigure, the corrosion products inWZ63 andWZ91 alloys aremore and the particles are larger, while the
corrosion products inWZ93 andWZ61 alloys are less and the particles are smaller. In particular, there are
almost no corrosion products on the surface ofWZ93 alloy. It can be further shown that the corrosion resistance
ofWZ93 alloy is the best, which is consistent with the results of polarization curve and impedance spectrum.

Generally speaking, in addition to promoting the galvanic corrosion ofmagnesium alloys, the second phase
inmagnesium alloys can also act as a corrosion barrier to hinder the corrosion of alloys [24].Whether
accelerated corrosion or hindered corrosion depends on the quantity and distribution of the second phase. The

Figure 6.Electrochemical impedance spectroscopy of as-extruded alloys.

Figure 7.Equivalent circuit to fit electrochemical impedance spectroscopy of as-extruded alloys.

Table 2. Fitting results of electrochemical impedance spectroscopy.

No. R1 (Ωcm2) Y1 (S-secncm−2) n1 R2 (Ωcm2) L1 (Hcm−2)

WZ63 7.1 1.307×10−5 0.9488 298.9 832.3

WZ93 5.7 1.419×10−5 0.9428 416.8 1822.0

WZ61 7.6 1.329×10−5 0.9576 357.5 1964.0

WZ91 6.6 1.615×10−5 0.9420 181.7 589.0
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Y/Znmass ratio determines the type of the second phase in the alloy.When the Y/Znmass ratio isfixed, the
total number of Y andZn atoms determines the volume fraction of LSPO in the alloy, and thewidth of LSPO
phase also changes with the total number of Y andZn atoms. The volume fraction of LPSOphase inWZ93 alloy
is the largest, and the long strip LPSOphase is relatively wide, and the distance between phases is narrow.When
the alloy is immersed inNaCl solution, the continuous strip LPSOphase is distributed intensively. The alloy
surface reduces the reaction area of the alloy surface. Because of its very low corrosion rate, it becomes an
effective obstacle to alloy corrosion. Literature [25] think LPSOphase in themagnesium alloy surface is a layer of
passivationfilm, the passive film in a relatively wide range of pH value is stable, can be as a semiconductor, which
severely restrict ions in and out of the channel, but relatively easy tomake an electron or a hole through, so that
the existence of the passivationmembrane can effectively block the solute transport process in the solution, such
asmetal ions (Mg2+) into the solution of the rate, whenMg2+ into the solution of the rate of less than the rate of
migration of electrons from the anode to cathode, anode process is restrained,metal dissolution rate is reduced,
in addition, The contact of the active anion (such as C1−) in the corrosivemediumwithα-Mg through
hydroxides or oxide films is also hindered, all of which inhibit the electrode reaction and chemical reaction, thus
improving the corrosion resistance of the alloy.When the volume fraction of LPSOphase in the alloy decreases,
this blocking ability weakens, so the corrosion resistance of the four extruded alloys increases with the volume
fraction of LPSOphase.

3. Conclusion

In this paper, by studying themicrostructure,mechanical properties and corrosivity of four extrudedMg-Y-Zn
alloys with specific Y/Zn (wt%)Ratios, the followingmain conclusions are drawn:

1) The Y/Zn mass ratio determines the type of the second phase in the alloy. When the Y/Zn mass ratio is
fixed, the total number of Y andZn atoms determines the volume fraction of LSPO in the alloy.

2) WZ63 alloy is composed of Mg matrix, W phase and lpso phase. With the increase of Y/Zn mass ratio, the
Wphase disappears. The volume fraction of LPSOphase increased first and then decreased in the four
alloys, and the volume fraction of LPSOphasewas the largest inWZ93 alloy. 18R-LPSO structure and 14H-
LPSO structure exist in extrusion alloy at the same time.

3) The ultimate tensile strength and elongation of WZ93 alloy are 327MPa and 23%, respectively. Compared
with other extruded alloys, it has good comprehensivemechanical properties. This ismainly due to the
content of LSPOphasewith the largest volume fraction in the alloy. Comparedwithmagnesium alloy,
LSPOplays a role of strengthening and refining grains, which can improve the strength of the alloy. At the
same time, the large lpso phase inWZ93 alloy reduces the interface between the two phases and the
probability of crack initiation.

Figure 8. SEMmicrographs of as-extruded alloys immersed in 3.5%NaCl solution for 1 h: (a)WZ63, (b)WZ93, (c)WZ61 and (d)
WZ91.
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4) The corrosion resistance of the four extrusion alloys increased with the increase of the volume fraction of
the LPSOphase in the alloy. On the one hand, the strip-like LSPOphase with continuous structure
distributed on the alloy surface not only plays a cathode role in themicro current corrosion, but also acts as a
barrier to corrosion. On the other hand, a passivationfilm is formed on the surface of LSPOphase in
magnesium alloy, which can effectively block the transport process of solute in solution.
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