Science
Press

Available online at www.sciencedirect.com

SCIENCE @DIHEGT*’

Trans. Nonferrous Met. Soc. China 18(2008) 303-308

Transactions of
Nonferrous Metals
Society of China

www.csu.edu.cn/ysxb/

Microstructure and mechanical properties of AZ81 magnesium alloy with
Y and Nd elements

XIE Jian-chang(if# &), LI Quan-an(Z=4>%¢), WANG Xiao-qiang( L /N5%), LI Jian-hong(Z= 4 54)

School of Materials Science and Engineering, Henan University of Science and Technology,
Luoyang 471003, China

Received 11 May 2007; accepted 20 September 2007

Abstract: The effects of rare earth(RE) elements Y and Nd (w(Y)/w(Nd)=3:2) with total content of 1%—4% on microstructures and
elevated temperature mechanical properties of AZ81 magnesium alloy were investigated. The results show that, proper content of
rare earth elements makes the microstructures of AZ81 magnesium alloy refine obviously and the quantity of f-Mg;;Al,, phases
reduce, and Al,Y and Al,Nd form. After solid solution treatment, with increasing content of rare earth elements, the tensile strength
and elongation of the alloys (at room temperature, 150 ‘C and 250 C) increase first, then decrease. When the content of rare earth
elements is up to 2%, the values of tensile strength at room temperature and 150 C are up to their maxima simultaneously, 282 MPa
and 212 MPa, respectively. Meanwhile, the values of elongation at room temperature and at elevated temperature are also up to their

maxima, 13% and 15%, respectively.
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1 Introduction

The magnesium alloy is the lightest constructional
material, which has lower density, higher specific
strength, higher specific stiffness, better cast
characteristics, better electric conductivity, better thermal
conductivity than steel and aluminum alloys. So it is
widely used in automobile industry, electron industry
and 3C product. However, its lower strength and creep
strength at elevated temperature cause the poor heat
resistance of magnesium alloy, which is the main factor
of limiting its application at elevated temperature[ 1-3].

The properties of AZ81 alloy are very similar to
AZ91D alloy[4—5]. Rare earth elements can effectively
improve the heat resistance of magnesium alloy, because
they can form the high-melting point compounds with
other elements and refine the grain. The effect of RE
elements Y and Nd on microstructures and mechanical
properties of AZ81 alloy was studied in this work.

2 Experimental

AZ81(A) alloy, metallic aluminum (99.98%),
metallic zinc (99.97%), Mg-Y master alloy and Mg-Nd

master alloy were used as raw materials. The studied
alloy was designed as Mg-8.0A1-0.75Zn-0.15Mn-xRE,
where x is the total content of rare-earth elements, x=0, 1,
2, 3, 4 respectively. The mass ratio of Y to Nd is 3:2. The
designed compositions of the alloys are listed in Table 1.
All the raw materials should be dried at 200 ‘C
before the melting started. The alloys were melted in a
vacuum induction furnace by graphite (99.9%) crucible
under protection of argon atmosphere. And the alloys
were held for 15 min at 720 ‘C, then were poured into a
metallic mold (d 18 mm X200 mm) at 690700 ‘C. At
last, the as-cast bars of alloys covered with MgO
powders were heated for solid solution treatment at
420 °C for 10 h and aging treatment at 250 “C for 8 h.
The tensile tests were carried out at a strain rate of
1 mm/min in a SHIMADZU AG-I 250 kN precision
universal material test machine at room temperature
(written as 20 ‘C), 150 ‘C and 250 C, respectively.
Three bars were tested for each point. To the elevated
temperature tensile tests, the alloys were held for 15 min
at their corresponding temperatures. Microstructures,
fracture surface morphologies and compositions of the
alloys were analyzed by optical microscopy and scanning
electron microscopy (JSM-5610LV) with energy
dispersive spectroscopy. Phase analyses were performed
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with a X’pert X-ray diffractometer.
3 Results and analysis
3.1 Effect of RE elements Y and Nd on micro-
structure of AZ81 magnesium alloy
Based on the phase diagrams of Mg-Al binary
system and Mg-Al-Zn ternary  system, the

Table 1 Designed compositions of alloys (mass fraction, %)
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microstructures of as-cast alloys consist of a-Mg solid
solution, network eutectic structure (a+$-Mg;;Al;,) and
precipitated phase inside the grains[6—7].

The microstructures of the alloys after solid solution
and aging treatment are shown in Fig.1. As can be seen
in Fig.1(a), f-Mg;Al}; phases of AZ81 magnesium alloy
precipitate again both inside grains and on grain
boundaries after solid solution and aging treatment, which

RE Al Zn Mn Y Nd Mg
0 8 1 0.15 - - Bal.
1 8 1 0.15 0.6 0.4 Bal.
2 8 1 0.15 1.2 0.8 Bal.
3 8 1 0.15 1.8 1.2 Bal.
4 8 1 0.15 2.4 1.6 Bal.

Fig.1 Microstructures of AZ81+RE alloys after
solid solution and aging treatment: (a) AZ81;
(b) AZ81+1%RE; (c) AZ81+2%RE; (d) AZ81+
3%RE; (e) AZ81+4%RE
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are scattered on the grain boundaries in coarse bulk and
inconsecutive network, while inside the grains are in fine
particle structure. From the phase diagram of Mg-Al
binary system, it can be known that when AZS81
magnesium alloys are heated for solid solution treatment
at 420 ‘C, the supersaturated a-Mg solid solutions of the
alloys first form, then the solid solutions directly form
incoherent equilibrium phase with the course of aging
treatment, while no other pre-precipitates and transition
phases form[8—10]. The microstructures of the alloys
with RE elements (Y+Nd) are shown in Figs.1(b)—(e).
The size of bulk eutectic structure of the alloys becomes
small and the quantity decreases gradually, and
particulate phase increases inside the grains. RE
elements and aluminum form a kind of high-melting
point compound (Al-RE), which causes the reduction of
the content of aluminum in solid solution, meanwhile,
the electronegative differences between Y, Nd and Mg,
Al decide that Y and Nd are more easier to form
compound with Al than Mg, so compound (Al-Y, Al-Nd)
is easier to form after solid solution treatment, while the
quantities of fS-Mg;;Al;, phase reduce obviously in
Figs.1(c) and (d). Especially when the content of RE
elements is up to 4%, bulk f-Mg,,Al,, phases along grain
boundary almost disappear in Fig.1(e). When the content
of RE elements is lower, the grains of AZ81 are refined
and the microstructures are homogeneous in Fig.1(b).
With increasing the content of RE elements, the quantity
of precipitated phase also increases, its grain is coarsened
and its distribution shows a tendency of non-equilibrious
segregation in Figs.1(c) and (d).

XRD patterns shown in Fig.2 assume that when the
content of RE elements is up to 1%, the microstructures
of the alloys mainly consist of a-Mg base, f-Mg;;Al;,
and ALY phase inside the grains in Fig.2(a). When the
content of RE elements is up to 4%, the microstructures
of the alloys mainly consist of a-Mg base, secondary
phase (ALY) in grain, while there is not f-Mg;Al;
phase inside the grains in Fig.2(b), which is consistent
with Fig.l. SEM image and EDS result of the
microstructures of the alloys after solid solution and
aging treatment shown in Fig.3 indicate that when the
content of RE elements is up to 1%, the particulate
phases are distributed
homogeneously with globular shape in the matrix. The
compositions of the alloy are 23.17% Mg, 52.63% Al,
18.55% Y, 5.65% Nd (molar fraction) by EDS analysis,
and the molar ratio of Al to RE is 2:1 when the a-Mg
solid solution is excluded, so the particulate phases of the
microstructure are judged as ALY and Al, Nd, and Y, Nd
contents are little in a-Mg as shown in Fig.3(a). When
the content of RE elements is up to 4%, the quantity of
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Fig.2 XRD patterns of AZ8I+RE alloy: (a) AZ81+1%RE;
(b) AZ81+4%RE
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Fig.3 SEM images of AZ81+RE alloys after solid solution and
aging treatment: (a) AZ81+1%RE; (b) AZ81+3%RE
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particulate phase of microstructure increases, its grain
becomes coarse and its distribution shows a tendency of
non-equilibrious segregation. The compositions of the
alloy are 9.36% Mg, 60.72% Al, 21.80% Y, 8.12% Nd
(molar fraction) by EDS analysis, and the particulate
phases of microstructure are also judged as Al,Y and Al,
Nd, but the content of ALY is much more than Al, Nd in
Fig.3(b). With increasing the content of RE elements, the
quantity of bulk AI-RE phase is increased, the size is
coarsened, and non-equilibrious segregation appears,
which causes heterogeneousness of the microstructure
and composition of alloys, induces stress concentration,
and deteriorates the mechanical properties of the alloys.
Meanwhile, this may also cause the increase of viscosity,
the decline of fluidness and the increase of casting
defects[11—14].

LUO et al[15] studied the way of enhancing aging
hardening treatment on the AZ91. The result assumed
that the f-Mg;Al}, phase appeared in three different
kinds of shapes, crystallography characteristics and
interface structures in the microstructure of AZ91 alloys
after aging treatment. The first kind of precipitated phase
was coarse, and its quantity was more, which occupied
90% of the whole precipitated phases. However, it could
not hinder dislocation motion because of its shape and
crystallography characteristics, so it was bad for aging
strengthening. The second and third kinds of precipitated
phases were good for aging strengthening. They could
hinder dislocation because of their shapes and
crystallography characteristics, and the precipitated
phases were vertical to or intersected with base plane. So
one of available ways to enhance the effect of aging
hardening of the alloy is to limit the first precipitated
phases and increase the density of the second and third
precipitated phases through alloying and heat treatment.
The mechanical properties and compositions of AZ81 are
very similar to AZ9ID, and their strengthening
mechanism should be the same.

3.2 Effect of RE elements Y and Nd on mechanical
properties of AZ81 alloy
After solid solution and aging treatment, the tensile
properties of the alloys are shown in Figs.4 and 5. As
shown in Fig.4, with increasing the content of RE
elements, the tensile strengths of the alloys at room

temperature and 150 °C both first increase, then decrease.

When the content of RE elements is 2%, the values of
tensile strength at room temperature and 150 °C are up to
their maxima simultaneously, 282 MPa and 212 MPa,
respectively. Compared with AZ81 without RE elements,
the strengths of the alloys are enhanced by 39% and
35%, respectively. When the content of RE elements is
over 2%, the strengths of alloys drop sharply, which is
consistent with the result that phase transformation

appears. From above analysis, it can be known that
proper content of RE elements (1.2%Y, 0.8%Nd) can
enhance the strength of alloy at room temperature and at
elevated temperatures availably. The strength of the
alloys is first up then down with increasing the content of
RE elements at 250 °‘C, but the effect is less.
Relationship between elongation and RE content in
AZ81 alloys shown in Fig.5 assumes that the elongation
of the alloys at room temperature and at elevated
temperatures also increases first, then decreases with
further increasing the content of RE elements. When the
content of RE elements is 2% (1.2%Y, 0.8%Nd), the
elongation at room temperature and 150 ‘C is up to the
maxima simultaneously, 13% and 15%, respectively.
When the content of RE elements is over 2%, the
elongation of the alloys descends quickly. From above
analysis, it can be known that the RE elements (1.2%Y,
0.8%Nd) can not only enhance the strength of the alloy
at room temperature and at elevated temperatures, but
also improve the plasticity.

For AZS81 alloys, f-Mg;Al;, phase is the main
strengthening phase at room temperature in AZ81 alloys,
but the thermal stability of f-Mg,;Al;, phase whose
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melting point only is 437 ‘C is poor, which is easily
intenerated and has poor strength at elevated
temperatures, so it worsens the mechanical properties of
AZ81 alloy at elevated temperatures. RE elements Y and
Nd have biggish solid solubility in magnesium alloy. Not
only the solution strengthening but also aging
precipitated strengthening can be used, then the elevated
properties of the alloys are enhanced. In this work, the
main reasons of enhancing the elevated temperature
properties of AZ81 alloy with Y, Nd are the function of
solution strengthening, the dispersion hardening of (ALY,
ALNd) and the reduction of f-Mg;,Al;, phase because of
the combination of Y, Nd and Al. The AI-RE phase of
primary dispersion distribution has higher thermal
stability than f-Mg;Al, phase at grain boundaries in
AZR81 alloy, which can pin the near grain motion at
elevated temperatures and hinder effectively the motion
of grain boundaries and dislocation. The effect of RE
elements on heat resistant properties of the alloys also
shows that RE elements make the permeability between
phase boundary and grain boundary minimize, make the
agglomeration of phase boundary slow, limit the
movement of dislocation in whole course, make the
defect of metal-oxide reduce in surface and change the
crystalline lattice parameters[16], then they make the
alloys have good anti-oxidation activity.

When the content of RE elements is over excessive,
a lot of unsymmetrical distribution conglomerations

(AI-RE) appear in the microstructure of the alloys, which
makes the distribution of particle phase (Al-RE)
non-uniform and the effect of dispersion strengthening
weak, causes unsymmetry of composition and
microstructure of the alloys, arouses stress concentration,
and leads to the decline of the elevated temperature

mechanical properties of the alloys.

3.3 Fracture behavior observation

SEM fractographs are in Fig.6. The
photographs of AZ81 without RE elements shown in
Fig.6(a) indicate brittle fracture, in which quasi-cleavage

shown

is the main characteristic, with obvious quasi-cleavage
steps and tearing ridges. When the content of RE
elements is 1%, fractures of the alloys show tearing
ridges clearly, a few circular dimples appear locally, and
the characteristics of quasi-cleavage and ductile fracture
form as shown in Fig.6(b). When the content of RE
elements is up to 2%, the photographs of the alloy are
typical ductile fracture (Fig.6(c)) with a large number of
dimples and tearing ridges of connected dimples, and
obvious necking phenomenon in tensile test. The
corresponding elongation is 13%. When the content of
RE elements is 3%, the fracture of the alloys is brittle
one, and corresponding elongation is low as shown in
Fig.6(d). From the results of above analysis, the
plasticity of the alloys can be enhanced obviously when

Fig.6 SEM fractographs for AZ81+RE alloys at room temperature: (a) AZ81; (b) AZ81+1%RE; (c) AZ81+2%RE; (d) AZ81+3%RE
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the content of RE elements is 2% (1.29%Y, 0.8%Nd).
4 Conclusions

1) With increasing the content of RE elements
(Y+Nd) from 1% to 2%, the microstructure of AZ81 is
obviously refined and the quantity of f-Mg;;Al;, phase is
reduced. Meanwhile, elevated temperature phases of
ALY and ALNd and the solution strengthening of Y and
Nd can improve the mechanical properties of the alloy at
room temperature and elevated temperatures.

2) After solid solution and aging treatment, with
increasing the content of RE elements, the tensile
strength and elongation of the alloys are both (at room
temperature, 150 C and 250 °C) increase first, then
decrease basically.

3) When the content of RE elements is 2%, the
values of tensile strength at room temperature and 150 ‘C
are up to their maxima simultaneously, 282 MPa and 212
MPa, respectively. The elongation of AZ81 alloy can also
be enhanced. When the content of RE elements is
2%(1.2%Y, 0.8%Nd), the values of elongation at room
temperature and 150 °C are up to their maxima
simultaneously, 13% and 15%, respectively.
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