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Abstract: The effects of Sr and Y with different contents on the microstructure and corrosion resistance of AZ31 alloy were
investigated. The results indicate that the addition of Sr can obviously reduce the grain size of AZ31 alloy and transform f-Mg;,Al;,
phase from continuous network to scattered form. Simultaneously, Al,Sr phase distributed along the boundaries of grains is formed in
AZ31-Sr magnesium alloys. The addition of Sr is not as effective as the simultaneous addition of Sr+Y for the refinement of grains,
and ALY and Al;Y phases are distributed both in intracrystalline and along grain boundaries. The corrosion resistance is improved
slightly in AZ31 alloy with simultaneous addition of 0.5%Sr+Y. Due to its smallest corrosion current density and corrosion rate, the
corrosion resistance of AZ31-0.5%Sr-1.5%Y magnesium alloy is proved the best.
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1 Introduction

Magnesium alloy is the lightest structural metal and
has the highest specific strength in the commonly used
metallic materials, thus, it is very attractive for structural

applications, particularly in the automobile industry[1-4].

But its applications are rather limited due to the
relatively low absolute strength and ductility values
resulted from the symmetric hexagonal close-packed
crystal structure and poor corrosion resistance[5—7],
Therefore, it is necessary to improve the mechanical
properties and corrosion resistance of magnesium and its
alloys.

Grain refinement is an important method to improve
the mechanical properties and workability of both cast
and wrought magnesium alloys. It was reported that the
addition of Ca, Sr and rare carth(RE) elements is
effective to improve the performance of magnesium
alloy[8—10]. In recent years, some technologies have
been developed to improve the corrosion resistance of
magnesium alloy, such as coating technologies, surface
treatment technologies and alloying technologies. But

coating technologies and surface treatment technologies
would cause many environmental problems. Therefore,
alloying technology has been paid more attention to
improve the corrosion resistance of magnesium and its
alloys. RE elements have distinguished feature of
corrosion resistance enhancement for magnesium
alloys[11-15]. ZHANG et al[16] reported that the
addition of Y to AZ91 alloy could refine the
microstructure and improve the corrosion resistance.
Nevertheless, there were few reports about the effects of
Sr and Y on the corrosion resistance of AZ31 alloy.
Meanwhile, the combinative role of Sr and Y on the
microstructure and corrosion resistance of magnesium
alloy has not been systematically investigated.

AZ31 Mg alloy is one of the popular wrought alloys
which have received the most attention regarding to the
structure-property correlation and formability. In this
work, the influences of Sr and Y with different contents
on the microstructure and corrosion resistance of AZ31
alloy are investigated. The aim of the present research
is to develop an effective way to refine the
microstructure and improve the corrosion resistance of
AZ31 alloy.
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2 Experimental

2.1 Material preparation

The AZ31 alloy was prepared from pure magnesium
(99.99%), pure aluminum (99.95%) and pure zinc
(99.99%). Sr and Y were added in the form of master
alloys containing Mg-10%Sr and Mg-30%Y, respectively.
The chemical composition of the experimental alloys is
listed in Table 1.

Table 1 Chemical composition of alloys (mass fraction, %)

Alloy Al Zn Sr Y Mg

AZ31 3 0.8 - - Bal
AZ31-0.5%Sr 3 08 046 -  Bal
AZ31-0.5%Sr-0.5%Y 3 0.8 048 047 Bal
AZ31-0.5%Sr-1.0%Y 3 0.8 053 1.04 Bal
AZ31-0.5%Sr-1.5%Y 3 0.8 054 153 Bal
AZ31-0.5%Sr-2.0%Y 3 08 045 199 Bal

Pure magnesium and pure aluminum were melted in
a carbon steel crucible under a protective atmosphere of
CO, and SF¢ gas mixture. When magnesium and
aluminum were melted completely, pure zinc, Mg-10%Sr
and Mg-30%Y (mass fraction) master alloys were added
to the molten alloy at about 740 °C. Then, the smelting
was held at 740 °C for 30 min with mechanical stirring to
make sure that the added elements were dissolved
homogeneously. Casting was conducted at about 720 °C.

The specimens for salt spray test and
electrochemical measurement were cut from the mid
portion of the alloy ingots individually, and the
dimensions of specimen are 15 mm X 5 mm x 5 mm.

2.2 Salt spray test

The salt spray test was performed in the FQY025
salt spray cabinet at 35 °C for 48 h. The corrosive
medium was 3.5% NaCl solution, and the pH value
was 7.5.

The tested specimens were gently washed by water
after the test, and dipped into the solution of 200 g/L
CrO; and 10 g/ AgNO; for 7 min to remove the salt
deposits from the surface, then washed by acetone and
distilled water, and immediately dried and finally
weighed.

2.3 Electrochemical measurements

The electrochemical measurements were conducted
using CHI660 electrochemical workstation. The
corrosive medium was 3.5% NaCl solution, and the
three-electrode system was used with 232 model
saturated calomel electrode as reference electrode, AZ31
alloy as working electrode and 213 model Pt electrode as

auxiliary electrode.

When the open circuit potential (OCP) became
stable after the specimens were immersed into the 3.5 %
NaCl solution for about 100 s, the potentiodynamic
polarizations scanning started to perform from 300 mV
relative to OCP and stopped at a potential where the
corresponding current density held a stationary value.
The scanning rate was 0.5 mV/s.

2.4 SEM observation, EDS and XRD analyses

The microstructures and morphologies of the alloys
were characterized using optical microscope (OM,
XJP-6A), and scanning electron microscope (SEM,
TESCAN VEGA 2) the coupled energy dispersive
spectroscope (EDS, Genesis 7000 X) and X-ray
diffraction analysis (XRD, D/MAX-IIIC X) were used to
identify the composition of the alloys.

3 Results and discussion

3.1 As-cast microstructure of alloys

The as-cast AZ31 alloy consisted of a-Mg, eutectic
magnesium phase and f phase (Mg;;Al;;) as shown in
Figs.1(a) and 2(a).

£ phase has two functions in corrosion. On one hand,
it can accelerate the corrosion of magnesium alloy as a
cathode for its higher corrosion potential than that of the
surrounding bulk material a-Mg. On the other hand, it

>

Fig.1 Optical microstructures of
x=0.5%

Z31-xSr alloys: (a): x=0; (b)
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Fig.2 XRD patterns of AZ31 (a) and AZ31-0.5%Sr (b)
magnesium alloys

can inhibit the corrosion of magnesium alloy as an
impediment for a stable and allitic passivating film
formed on its surface[l1]. So the alloy with higher
volume fraction and more continuous S phase shows
better corrosion resistance.

Figure 2(b) shows the XRD pattern of AZ31
magnesium alloy with the addition of 0.5%Sr (mass
fraction). It is clear that AZ31-0.5%Sr alloy consists of
o-Mg, p-Mg;Al;; and AlSr phases. The optical
microstructure of AZ31-0.5%Sr is shown in Fig.1(b). It
is observed that the grains of a-Mg are refined obviously,
continuous distribution of S-phase turns into a network
of discontinuous granular distribution, small dendrite
structure is formed and small snow flake-like particles
are dispersed on the grain boundaries.

The microstructures of as-cast AZ31

containing 0.5%Sr and different content of Y are shown

alloy

in Fig.3. It is shown that the grain refinement of AZ31
alloy by simultaneously adding 0.5%Sr+xY (mass
fraction) is more obvious and the microstructure is more
uniform than that by adding Sr alone. Black needle-like
phase and granular particles appear along the grain
boundaries simultaneously. When 0.5%Sr and 0.5%Y are
added to AZ31 alloy, dendrites appear obviously in the
microstructure. The black particles distribute between the
secondary dendrites. When the Y content increases to
1.0%, equiaxed grains appear in the microstructure and
small rod phase disperses in grain boundaries. When Y
content is 1.5%, the grain size is the smallest and the
distribution of rod-shaped grain boundaries and
intracranial particles is more uniform. When Y content is
2.0%, the grains become coarse, the crystalline
secondary phases within the clusters hold into groups,
and the rod-shaped phase on the grain boundary links to

network. EDS analysis suggests that the rod-like phase
may be AlSr phase. In addition, some massive particles
are distributed on the grain boundaries as well as in the
grain interior as shown in Figs.4(g) and (h). These
massive particles may be MgAL, Y[11].

The reason is due to two aspects. On one hand, the
rare earth Y acts as heterogeneous nucleation. On the
other hand, the solidification is limited by diffusion
kinetics, which results in the enrichment of Y in the
solid/liquid interface. An increment of constitutional
supercooling leads to the change of crystal form,
meanwhile, the rare-earth phase most distributing along
the grain boundaries hinders the grains and Mg;Al,
phases growing up, which reduces the secondary
dendrite arm of AZ31 magnesium alloy and turns the
microstructure form of the alloys from typical dendrite to
fine equiaxed.

Figure 4 shows the EDS spectra of the herring
bone structure, particle phase and matrix phase of the
AZ31-0.5%Sr-1.5%Y magnesium alloy. XRD analysis in
Fig.5 suggests that the bone-like structure (as shown in
Fig.4(a) point A) and particulate phase (as shown in
Fig.4(a) point B) are ALY and AlY, respectively.
According to the EDS analysis and XRD analysis, the
phases composition of AZ31 magnesium alloy
simultaneously added with 0.5%Sr +1.5%Y are a-Mg,
p-Mg;Aly, , Al4Sr, ALY and ALyY.

3.2 Analysis of salt spray test

The mass loss rate curve of AZ31-0.5%Sr-xY
magnesium alloy immersed in 3.5% NaCl solution for 20
h is shown in Fig.6. The corrosion products were
removed from the samples every 2 h for the solution
continuously measurement.

It is seen that the corrosion rate decreases after
simultaneously adding the Sr and Y to AZ31 magnesium
alloy. It is indicated that Y can improve the corrosion
resistance of AZ31 magnesium alloy greatly. The
corrosion rate of AZ31-0.5%Sr-1.5%Y magnesium alloy
was the minimum of 0.262 mg/(cm*h) and the corrosion
resistance is the best.

The corrosion morphologies of the alloys after salt
spray test in 3.5 % NaCl solution for 20 h are shown in
Fig.7. It suggests that the corrosion of AZ31-0.5%Sr-
0.5%Y, AZ31-0.5%Sr-1%Y and AZ31-0.5%Sr-2%Y
alloys is much worse than that of AZ31-0.5%Sr-1.5%Y.
Most of the corrosion products drop from the surface of
AZ31-0.5%Sr-0.5%Y, AZ31-0.5%Sr-1%Y and AZ31-
0.5%Sr-2%Y alloy specimens (shown in Figs.7(a), (b)
and (d)). However, the specimen of AZ31-0.5%Sr-
1.5%Y alloy is etched, as shown in Fig.7(c). Therefore,
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Fig.3 Optical microstructures of AZ31-0.5%Sr-xY magnesium alloys with different x values: (a), (b) 0.5%; (c), (d) 1.0%; (e), (f)
1.5%; (g), (h) 2.0%

AZ31-0.5%Sr-1.5%Y specimen is corroded slightly, and 3.3 Polarization curves
its surface is just of selective corrosion, which is Figure 8 shows the potentiodynamic Tafel
consistent with the corrosion rate of the alloy. polarization curves of AZ31-0.5%Sr-xY alloy in 3.5%
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Fig.4 SEM morphology (a) and corresponding EDS analysis (b, ¢, d) of AZ31-0.5%Sr-1.5%Y magnesium alloy
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Fig.5 XRD pattern of AZ31-0.5%Sr-1.5%Y magnesium alloy

NaCl solution. The current density decreases owing to
the corrosion product formed before the -cathodic
corrosion reaction of hydrogen generates to protect the
alloy. When the corrosion of the alloy occurs, the
corrosion products are damaged and fall off, thus the
current density rises sharply. Once the new corrosion
products generate and protect the substrate well, the

1.0 |- = — AZ31-0.5%Sr-0.5%Y
* — AZ31-0.5%Sr-1.0%Y
08 * — AZ31-0.5%Sr-1.5%Y

— AZ31-0.5%Sr-2.0%Y

Mass loss rate/(mg-cm™2. h™")

00 2 4 6 8 10 12 14 16
t/h

18 20

Fig.6 Mass loss rate curves of AZ31-0.5%Sr-xY alloys after
immersion in 3.5% NaCl solution for 20 h

current of the alloy increases slowly and steadily, which
is not obvious in the test pitting. With the simultaneous
addition of Y and Sr, the corrosion potential of AZ31
alloy significantly negatively shifts and improves the
corrosion resistance of AZ31 magnesium alloy. The
results are listed in Table 2.
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Fig.7 SEM images of corrosion surfaces of AZ31-0.5%Sr-xY magnesium alloys in 3.5% NaCl solution after 20 h immersion:

(a) x=0.5%; (b) x=1%; (c¢) x=1.5%; (d) x=2%
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Fig.8 Tafel polarization curves of AZ31-0.5%Sr-xY magnesium
alloys

Table 2 Tafel fitting results of polarization curves of
AZ31-0.5%Sr-xY

Alloy iV PV LA

AZ31 -1.5676 —1.492 1.766x107*
AZ31-0.5%Sr-0.5%Y —1.6030 —1.502 4.732x107°
AZ31-0.5%Sr-1%Y —-1.6591 —1.548 2.113x107°
AZ31-0.5%Sr-1.5%Y -1.7461 —1.605 1.836x10°°
AZ31-0.5%Sr-2%Y -1.6623 —1.553 7.864x107°

From Table 2, it can be seen that the corrosion
current .o, of AZ31-0.5%Sr-1.5%Y magnesium alloy is
the minimum, which decreases by almost two orders of
magnitude and the corrosion resistance of AZ31-
0.5%Sr-1.5%Y magnesium alloy is better than that of
other AZ31-0.5%Sr-xY magnesium alloys.

4 Conclusions

1) The grains are further refined and the amount of
p-Mg;,Al, decreases sharply in AZ31 alloy with
simultaneous addition of 0.5%Sr+xY. Meanwhile, the
p-Mg,;Aly; phase transforms from continuous network to
scattered form and the ALY and ALY phases are
distributed both in intracrystalline and on grain
boundaries.

2) The corrosion resistance of AZ31 alloy is
improved apparently with simultaneous addition of
0.5%Sr+xY. With the smallest corrosion current density
and corrosion rate, the corrosion resistance of
AZ31-0.5%Sr-1.5%Y magnesium alloy is proved to be
the best.

3) The relationship between microstructure and
corrosion properties shows that the grains of AZ31 are
refined with simultaneous addition of Sr and Y, and the
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