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Abstract: The development of magnesium alloys was limited due to the low absolute strength and poor 
corrosion resistance. It was found that the optimal performance could not be achieved in some alloys by a 
single quenching and aging treatment, but could be achieved after a graded aging or multiple-stage aging heat 
treatment. The Mg97Zn1Y2 alloy was prepared and subjected to single and double aging treatments. Single 
aging was carried out at 250 ºC for 6 to 15 h. For double aging, the first step was performed the same as the 
single aging. The second step was performed at 350 ºC for 12 h. The microstructure and properties of the alloy 
with single and double aging were analyzed by means of hardness measurement, optical microscopy, scanning 
electron microscopy, X-ray diffraction, and polarization curve measurements. Results show that the precipitated 
nanoscale phases are formed during aging, and evenly distributed in the matrix. Compared with the single aging 
treatment, the hardness and corrosion resistance of the alloy are further improved due to the double aging 
treatment.
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Magnesium alloy has a hexagonal close-packed 
crystal structure, which fascinates scholars 

because of its low density, high specific strength and 
elastic modulus, and high recycling efficiency [1-5]. The 
requirements for saving energy and environmental 
protection have promoted the rapid growth of magnesium 
alloy applications. However, the development of 
magnesium alloys was limited due to the low absolute 
strength and poor corrosion resistance [6-7]. To improve 
the strength and corrosion resistance of an alloy, the 
alloying and heat treatment methods are important [8-9]. 

It was found that the optimal performance could not 
be achieved in some age-hardening alloys by a single 
quenching and aging treatment. However, a good 
performance could be achieved after a graded aging 
or multiple-stage aging heat treatment [10-11]. Recently, 
the multiple-stage aging heat treatment (interrupted 
aging temperature or T6I6) has been developed. Oh-
ishi et al. [12] studied the transformation mechanism 
of precipitated phases of Mg-Zn and Mg-Zn-Al alloys 
during multiple-stage aging. Compared with single 
aging, the morphology and distribution of the precipitates 

changed significantly after double aging. Graded aging 
can cause an alloy to undergo nucleation at the pre-
aging temperature of the first-stage, and slowly grow 
at the subsequent aging temperature. The alloy obtains 
higher mechanical properties in a relatively short time, 
thereby improving the heat treatment efficiency of 
the alloy. Compared with the traditional single-aging 
treatment, the tensile strength, elongation, and hardness 
of the alloy are improved after double aging [13-15]. 

Mg-Y-Zn alloys were selected for many studies due to 
the long-period stacking ordered (LPSO) structure [16-17]. 
This alloy is a currently promising casting magnesium 
alloy, but the size of the LPSO phase in the magnesium 
alloy is coarse under conventional casting conditions. 
The strengthening effect of the LPSO phase is strongly 
related to the size and morphology of the LPSO phase, 
and the coarse LPSO phase decreases the mechanical 
properties of the alloy [18-19]. Thus, the aging treatment 
has a great effect on the microstructure of the alloy, and 
therefore, affects the properties of the alloy. In this study, 
the effects of the single and double aging treatments on 
the microstructure and properties of the Mg97Zn1Y2 
alloy reinforced by the LPSO phase were studied.  

1 Experimental procedure
The Mg97Zn1Y2 alloy was prepared by commercially 
pure Mg (99.95wt.%) and Zn (99.9%), with Mg-25wt.% 
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Fig. 1:  Microstructures of Mg97Zn1Y2 alloy: (a) OM image of as-cast Mg97Zn1Y2 alloy, (b) OM image of 
Mg97Zn1Y2 alloy after solid solution (520 ºC/8 h), (c) SEM image of as-cast Mg97Zn1Y2 alloy, 

            (d) SEM image of Mg97Zn1Y2 alloy after solid solution (520 ºC/8 h) 

Y master alloys in a resistance furnace under a protective 
SF6+CO2 mixed gas. The metals were placed in a clean 
crucible preheated at 720 ºC for 5 min. The melt was stirred for 
approximately 10 min, and then poured into a steel mold with 
a length of 140 mm, width of 30 mm, and height of 30 mm. 
Samples were cut from the same horizontal plane, parallel to 
the bottom surface of the casting alloy. All the samples were 
solution-treated at 520 ºC for 8 h, and then aged at 250 ºC for 
different aging times (6 h, 9 h, 12 h, and 15 h). Finally, the 
samples were water-quenched at room temperature for the 
single treatment samples. The double-aged samples were further 
treated at 350 ºC for 12 h after single treatment before they were 
water-quenched at room temperature.

The microstructure of the alloys was observed using an optical 
microscope (OM, COOLPIX-4500) and a scanning electron 
microscope (SEM, JSM6701F). Phase analysis was conducted 
by means of X-ray diffraction (XRD, Siemens D5000), using 
monochromatic Cu-Kα radiation with 0.05º step length. The 
scanning range was 20º to 80º.

Hardness was measured using a microhardness tester (HXD-
1000TMB/LCD) with a load of 0.5 kgf and a loading time of 
12 s. In the testing process, five indentations were made to 
provide an average hardness value. Electrochemical polarization 
was conducted in a three-electrode cell on an electrochemical 

workstation (CHI660A) using a scanning rate of 5 mV·s-1. The 
dynamic polarization curves were measured after open-circuit 
immersion for 1 h in 3.5% NaCl aqueous solution. 

2 Results and discussion
2.1 Microstructure of Mg97Zn1Y2 alloy in as-

cast and solid solution states
It can be seen from Figs. 1(a) and 1(c) that the microstructure 
of Mg97Zn1Y2 alloy consists of the dendritic α-Mg matrix and 
intergranular compound. The secondary phases with a white 
irregular blocky shape are distributed at the grain boundary. 
In the solidification process, Zn and Y atoms are excreted to 
the solid-liquid interface, so that the solute enriches in the 
front of the solid-liquid interface, resulting in the formation 
of a constitutional supercooling zone. Moreover, Y and Zn 
as surface active elements can effectively reduce the critical 
nucleation radius. So, the α-Mg phase is firstly crystallized 
and then the secondary phase is formed during solidification. 
Many studies [20-23] have shown that the secondary phase in the 
Mg97Zn1Y2 alloy is Mg12ZnY (LPSO phase). 

According to the related studies [24-25], to maximize the 
dissolution of the secondary phase and uniformly diffuse the 

(a) (b)

(c) (d)
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secondary phase into the matrix in the form of solid solution 
atoms, the solid solution temperature was set at 520 ºC and the 
solution time was 8 h. During the solution process, the coarse 
dendrites are gradually fused and the secondary phases (LPSO 
phases) at the grain boundary are partially dissolved, as shown 
in Figs. 1(b) and (d).

2.2 Microstructure and properties of single 
aged Mg97Zn1Y2 alloy

2.2.1 Microstructure of Mg97Zn1Y2 alloy after single 
aging treatment

Figure 2 shows the XRD analysis results of the Mg97Zn1Y2 
alloy with the single-aging treatment at 250 ºC for 6, 9, 
12, and 15 h. The microstructure after the aging treatment 
is composed of α-Mg matrix and Mg12ZnY phase. With 
an increase in aging time, the diffraction intensity of the 
precipitated Mg12ZnY phase increases slightly. Compared 
with the as-cast Mg97Zn1Y2 alloy, a small amount of lamellar 
LPSO (nanoscale) phases precipitated in the alloy after aging 
treatment. The volume fraction of the LPSO phase precipitate 
in the matrix increases with an increase of aging time, as 
shown in Fig. 3.

2.2.2 Hardness of Mg97Zn1Y2 alloy after single aging 
treatment

As shown in Fig. 4, the hardness of the alloy firstly increases 

and then decreases as the aging time increases. The Vickers 
hardness of the as-cast Mg97Zn1Y2 alloy is 63.5 HV, and the 
hardness of the alloy after single aging at 250 ºC for 12 h is up 
to 88.4 HV. At the beginning of the aging, the Zn and Y atoms 
in the supersaturated solid solution are constantly aggregated 
at the crystal planes of the solid solution, so that the lattice of 
the solid solution region is distorted and the hardness of the 
alloy increases. With an increase of the aging time, Zn and Y 
atoms continue to segregate, and the LPSO phase gradually 

Fig. 2: XRD analysis of Mg97Zn1Y2 alloy with single 
aging treatment

(a)

(c)

(b)

(d)

Fig. 3: Microstructures of Mg97Zn1Y2 alloy after single aging treatment at 250 ºC for different times: (a) 6 h, 
(b) 9 h, (c) 12 h, (d) 15 h
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Fig. 4: Hardness of Mg97Zn1Y2 alloy with single aging 
treatment

precipitates in the form of a lamellar or strip structure. A 
large number of precipitations greatly hinder the movement 
of dislocations. The dislocations cannot easily pass through 
a precipitated phase, so the bending turns around to form a 
dislocation ring. Therefore, the hardness of the alloy is further 
improved. However, when the aging time is further increased 
to 15 h, the hardness of the alloy decreases compared with the 
alloy after single aging at 250 ºC for 12 h, which may be due 
to the over aging resulting in the coarsening of LPSO phase.

2.2.3 Corrosion resistance of Mg97Zn1Y2 alloy after 
single aging treatment

When immersed in 3.5% NaCl solution, the self-corrosion 
potentials of the single-aging alloys are -1.551V, -1.502V, 
-1.498V, and -1.488V, corresponding to an aging time from 
0 to 12 h, as shown in Fig. 5. The corrosion resistance of the 
alloy is closely related to the corrosion potential. According 
to thermodynamics theory, the self-corrosion potential (Ecorr) 
is used to characterize the corrosion tendency of an alloy. The 
lower the self-corrosion potential, the more susceptible the alloy 
is to corrosion. Figure 5 shows that the corrosion resistance of 
the alloy increases with an increase of aging time. The corrosion 
resistance of the alloy that was aged for 12 h is the best.

As shown in Fig. 3, the grain size of the alloy after aging 
treatment is small and distributed uniformly, and the precipitated 
secondary phase is evenly distributed in the matrix. The 
microstructure of the alloy changes from a discontinuous to a 
continuous network structure during the aging treatment, and the 
volume fraction of the precipitated LPSO phases increases with 
the increased aging time. The LPSO phase plays an important 
role in the corrosion process: the LPSO phase has good 
corrosion resistance, the network-like structure can suppress the 
penetration of the corrosion solution, and thus the corrosion is 
retarded on the LPSO phase [7,10]. Therefore, the structure and 
size of the precipitated LPSO phase can affect the corrosion 
resistance of the alloy.

2.3 Microstructure and properties of double 
aged Mg97Zn1Y2 alloy

2.3.1 Microstructure of Mg97Zn1Y2 alloy after double 
aging treatment

In the double-aging treatment, the specimens were firstly aged 
at 250 ºC for different aging times (6 h, 9 h, 12 h and 15 h), 
followed by a second-aging at 350 ºC for 12 h. Figure 6 shows 
the microstructure of the Mg97Zn1Y2 alloy after the double-
aging treatment. The dispersed and fine secondary phase further 
precipitated in the matrix and grain boundaries during the 
double-aging process. The volume fraction of the secondary 
phase increases compared with that of the single-aging alloy, 
which improves the hardness and strength of the alloy. In 
addition, the size of the precipitated phase at the grain boundary 
increases after the double aging, and blocky-shaped secondary 
phases form at the grain boundary. Taking the alloy (250 ºC 
/12 h+350 ºC /12 h) as an example, the phase composition of 
the alloy does not change. It is still composed of α-Mg and 
Mg12ZnY phases (Fig. 7). Compared to the alloy with the single 
aging treatment, the intensity of the diffraction peak of the 
α-Mg phase is weakened. The Mg12ZnY phase diffraction peak 
intensity increases slightly due to the increase in the volume 
fraction of Mg12ZnY phase, precipitated in the double aging 
alloy.

2.3.2 Hardness of Mg97Zn1Y2 alloy after double aging 
treatment

Figure 8 shows the hardness of the double aged alloy. The 
hardness of the alloy after double aging (250 ºC/12 h+350 ºC 
/12 h) is up to 91.6 HV. During the double aging, the alloy 
undergoes concentration fluctuations for nucleation in the 
single-aging step, so that when the second-step aging is carried 
out, the LPSO phase is further precipitated on the basis of stable 
nuclei. The dispersed fine LPSO phase distributed in the matrix 
and grain boundary and the volume fraction of the LPSO phase 
increases compared with the single aged alloy, which cause 
an increase in the hardness of the alloy. The hardness of the 
Mg97Zn1Y2 alloy after double aging (250 ºC /15 h+350 ºC /12 h) 
is decreased compared with the alloy after single aging (250 ºC 
/15 h) because the alloy is over aged after a single stage aging 
treatment, and softened after the double aging treatment.
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Fig. 5: Potentiodynamic polarization curves of Mg97Zn1Y2 
alloy after single aging treatment
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(a) (b)

(c) (d)

Fig. 6: Microstructures of Mg97Zn1Y2 alloy after double aging treatment: (a) 250 ºC/6 h+350 ºC/12 h, 
(b) 250 ºC /9 h+350 ºC/12 h, (c) 250 ºC/12 h+350 ºC/12 h,  (d) 250 ºC /15 h+350 ºC/12 h

2.3.3 Corrosion resistance of Mg97Zn1Y2 alloy after 
double aging treatment

When immersed in 3.5% NaCl solution, the self-corrosion 
potentials of the double aging alloys are -1.476V, -1.483V, 
-1.511 V, and -1.404 V, corresponding to the first-step aging 
time from short to long, as shown in Fig. 9. Compared with 
the single aged alloy, the corrosion resistance of the alloy with 
double aging was improved. The corrosion resistance of the 
alloy (250 ºC/15 h + 350 ºC/12 h) is the best. When the alloy 

is aged at 350 ºC, the precipitates are gradually coarsened and 
a network-like structure can be formed. In addition, the further 
precipitation of the dispersed fine LPSO phase leads to an 
increase in the volume fraction of the LPSO phase in the alloy. 
Many fine LPSO phases are distributed in the matrix, so that 
the matrix is isolated and the corrosion at the matrix can be 
effectively suppressed during the corrosion process, thereby 
further improving the corrosion resistance of the alloy.

Fig. 7: XRD analysis of Mg97Zn1Y2 alloy with double 
aging treatment
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Fig. 9: Potentiodynamic polarization curves of Mg97Zn1Y2 
alloy after double aging treatment

2.4 Discussion 
The aging treatment is a very effective way to improve the 
performance of an alloy. After the solution treatment, the 
grains are coarsened, and the secondary phases are partially 
dissolved into the alloy. Because the Y-rich phase is difficult 
to dissolve even at a high temperature, there are still many 
secondary phases at the grain boundary even after the solid 
solution treatment for 8 h. However, those secondary phases 
are spheroidized under the action of the solid solution, and 
the network structure is destroyed. In addition, with the Y and 
Zn atoms dissolved into the matrix, lattice distortion can be 
generated.

In general, in the double aging process, the first-step aging 
is set at a lower temperature to obtain a great dispersion of 
precipitates; the second-step aging is set at a higher temperature 
to promote the secondary phase precipitation from the solid 
solution, to grow into a certain size. In the first-step aging 
process, solute atoms may segregate with an increase of aging 
time. A small number of lamellar precipitates appear in the 
region of the incomplete-solid solution, and a large number of 
precipitates appear in the complete-solid solution region. In 
the second-step aging process, the precipitated phase is further 
precipitated and coarsened.

For the Mg97Zn1Y2 alloy, a supersaturated solid solution is 
formed because a large amount of solute has dissolved into the 
matrix after the solution treatment. As the alloy aged at 250 ºC, 
the hexagonal close-packed crystal structure of Mg produces 
a stacking layer, and the solid solution of Zn and Y atoms can 
be used to fill the stack of layers. The dislocations generated 
by lattice distortion provide an additional stress field, which 
promotes the diffusion of atoms and the nucleation and growth 
of the LPSO phase. When the aging time is short, most of the 
solute atoms remain in the solid solution state in the matrix, and 
a small amount of atoms are migrated by diffusion. Therefore, 
the amount of precipitation of the second phase in the alloy is 
small and the distribution of the second phase is uneven during 
the aging process. 

When the alloys were aged at 350 ºC, the Y and Zn atoms 

that are dissolved in the matrix are precipitated again to fill the 
staggered layer, to form the nucleation of a fine LPSO phase. 
This LPSO phase is precipitated further. Then the precipitated 
Y and Zn solid solution atoms diffuse toward the nucleus 
along with the thermal motion of the atoms, which promotes 
the growth of the LPSO phase, thereby forming a LPSO phase 
aggregation region in the matrix. 

Compared with the single aging alloy, the hardness of the 
double aging alloy increases except one (250 ºC/15 h+350 
ºC/12 h), which decreases slightly, as shown in Fig. 10. After 
the single aging treatment, the alloy (250 ºC/15 h) is over aged 
due to the excessive aging time. For the alloy (250 ºC/15 h + 
350 ºC/12 h), the LPSO phase is further precipitated after the 
second-step aging treatment, but the softening is improved, so 
that the hardness of alloy decreases.
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Fig. 10: Vickers hardness of Mg97Zn1Y2 alloy after single 
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3 Conclusions
The effects of single and double aging treatments on the 
microstructure and properties of the Mg97Zn1Y2 alloy were 
studied, and the following results are obtained.

(1) Compared with the single aging treatment, the secondary 
phase is further precipitated and coarsened after the double 
aging treatment.

(2) The hardness of the single aged alloy increases to 88.4 HV 
due to the age hardening. After the double aging treatment, the 
second phase is further precipitated and distributed evenly, so 
that the hardness of the alloy further increases up to 91.6 HV.

(3) After the double aging treatment, the corrosion resistance 
of the alloy is further improved because of the further 
precipitation of the LPSO phase.  
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