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Abstract: The effect of different Sn contents on microstructure evolution, tensile behavior, and wear properties of AZ91 alloys by
rheocasting was studied. The results show that the presence of Sn changes the solid solubility of Al in Mg matrix and effectively
refines the microstructure of alloy matrix. The average grain size is refined from 105.0 pm to 42.1 pum after addition of 0.8wt% Sn.
The heterogeneous precipitate nuclei are formed by the intermetallics with high melting point, which effectively refines the
magnesium matrix during the rheo-solidification. These dispersed second phases suppress the formation of dendrites, further
improving the mechanical properties. With increasing the Sn content, the wear rate of alloys is obviously decreased and the abrasive
wear disappears gradually. The rheocast AZ91 alloy with addition of 3.0wt% Sn has the highest tensile strength and the best wear
resistance.
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As one of the lightest metallic materials, magnesium and its aluminum-containing intermetallic compounds with high

alloys have been widely applied in industry. Due to their high
specific strength, low density, good recyclability, and good
rigidity, they are highly valued by scientific researchers'”.
AZ91 alloy is one of the most widely used die-casting
magnesium alloys, which is characterized by lightweight, high
specific strength, good combination of castability and
corrosion resistance, and good surface quality™". However,
the ductility of AZ91 alloy is lower than that of traditional
metallic materials, which restricts its applications®”. The
Mg,,Al,, phases can form continuous network and be
distributed along the grain boundaries, leading to the low
ductility. Therefore, many researchers aim to improve the
microstructural stability of AZ91 alloy by alloying which can
effectively inhibit the generation of Mg, ,Al, network.
Alloying elements including calcium and rare earths can
consume the aluminum atoms in the matrix and form
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melting points, thereby reducing the formation of Mg Al,
phases™.

Previous studies reported that the appropriate amount of Sn
can evidently refine the magnesium matrix, because the
Mg,Sn phase is precipitated preferentially when AZ91-Sn
alloy solidifies due to the good ductility of Sn at normal
temperature”'”. The melting point of f-Mg,,Al,, phases in the
magnesium matrix is lower than that of Mg,Sn phases™'.
Consequently, the morphology distribution of AI-Mg phase is
affected by the preferential precipitation of the Mg,Sn phase.
In previous studies"”, the microstructure and mechanical
properties of AZ91 alloy with low Sn content (0.8wt% ~
2.4wt%) were investigated. Therefore, the influence of differ-
ent Sn contents on the solidification process, microstructure
evolution, tensile behavior, and wear resistance of rheocast

AZ91 alloys were further investigated in this research.
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1 Experiment

The AZ91 alloys for investigation contained 0.0wt%,
0.4wt% , 0.8wt%, 1.2wt%, 2.4wt%, and 3.6wt% Sn, which
were named as AZ91-xSn with x=0, 0.4, 0.8, 1.2, 2.4, 3.6,
respectively in this research. An inductively coupled plasma
optical emission spectrometer (VARIAN, USA) was
employed to analyze the chemical composition of the alloy.
The materials were melted in an electrical furnace (Hengli,
China) under protective atmosphere!'”. Before casting, the
crucible, slag scoop, and the pressing cover were coated with
the TiO,/C,H,OH mold release of 0.5 mm in thickness. A
rheological ~ slurring  machine  equipped  with an
electromagnetic vibrator was used for the semi-solid
rheocasting, as shown in Fig. """ The casting temperature
was 680~690 °C, which is within the semi-solid temperature
range of AZ91 alloy. The casting speed was 0.052 m/s and the
vibration frequency was 100 Hz.

The metallographic structure was observed using an optical
microscope (OM, DSX 500, Olympus, Japan). The phases in

Liquid

Shear vibration field

Fig.1 Schematic diagrams of rheocasting device with sheer

vibration field (a) and melt flowing model (b)

d |AZ91-2.4Sn

the alloy matrix were qualitatively analyzed by an X-ray
diffractometer (XRD, PANalytical, Almelo, Netherlands). The
microstructures were analyzed by X’Pert Highscore software.
The microstructure and precipitate morphologies of the alloy
were observed using the scanning electron microscope (SEM,
JCM-5000, Nikon, Japan). The element distribution was
determined and analyzed by an energy dispersive spectro-
scopy (EDS, Ametek, USA) coupled with SEM. The beam-
milled specimens were further observed using high resolution
transmission electron microscopy (HRTEM, JEM-2010,
Japan) for phase identification. The fracture morphologies
were observed by SEM and EDS. A friction tester (Spai,
China) was used for the dry sliding wear tests. A spherical
counterpart made from bearing steel (HBN 700) was used for
the wear tests at the speed of 1.00 m-s™'. The total sliding
distance was 2000 m and the applied load was 50 N.
Mechanical polishing, ultrasonic cleaning, and vacuum drying
processes were performed on the specimens before wear tests
to assure the clean and smooth surfaces. The wear rate (WR)
was calculated through the formula WR=Am/m,, where Am is
the mass difference of the specimen before and after the wear
test, and m, is the initial mass before wear test.

2 Results and Discussion

The measured Sn contents of the AZ91-xSn alloys with x=
0.4, 0.8, 1.2, 2.4, 3.6 are 0.43wt% +0.01wt% , 0.82wt% +
0.01wt% , 1.21wt% £0.01wt% , 2.42wt% +0.02wt% , and
3.63wt% £0.01wt%, respectively. The microstructures of the
rheocast alloys, as shown in Fig. 2, mainly consist of gray
a -Mg matrix and f -MgAl, phase precipitated at grain
boundaries in a semi-continuous form!’. When the melt
temperature drops below the liquid line, Sn and Al elements
are concentrated at the solid-liquid interface in a-Mg matrix.

AZ91-3.6Sn

Fig.2 OM microstructures of AZ91-xSn alloys: (a) x=0, (b) x=0.4, (c) x=0.8, (d) x=1.2, (e) x=2.4, and (f) x=3.6
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With decreasing the temperature to the eutectic temperature
(561 °C) of Mg-Sn alloys, the eutectic reaction of liquid phase
—Mg+Mg,Sn occurs in the remaining liquid phase. As Mg,Sn
phase is continuously generated, the content of surrounding Al
is increased. The eutectic reaction of liquid phase—Mg+
Mg,,Al,, occurs when the temperature continues to drop to the
eutectic temperature of the Mg-Al matrix. During the
solidification process, the remaining liquid phase is
transformed into eutectic Mg-Al-Sn alloys with decreasing the
temperature, resulting in the ternary eutectic reaction of liquid
phase—~Mg+Mg,Sn+Mg Al,,.

Fig.3 shows that most of the second phases are distributed
along the grain boundaries in the matrix, and the rest second
phases are distributed inside the grains. The white continuous
phase is the Mg ,Al,, eutectic phase, while the black phase on
the surrounding contour is the precipitated f,-Mg,,Al,, phase
containing 61.2at% Mg and 38.1at% Al, which is determined
by EDS results. Mg,Sn particles (69.3at% Mg and 27.2at%
Sn) can be found inside the Mg, Al , eutectic phases. It can be
concluded from the SEM and EDS analyses that both the
small-sized Mg,Sn precipitates and the coarse Mg Al,
precipitates are formed during the rheocasting process. The
solidification process of the alloy is a non-equilibrium
solidification in the actual rheocasting process and the average
composition of the solid phase deviates from that of the
equilibrium solidification. With decreasing the temperature,
the composition of liquid phase becomes similar to that of
eutectic. Therefore, the eutectic reaction occurs and the
eutectic structure is formed. The a-Mg phase is formed faster
than the eutectic due to existing pre-eutectic structures (a-Mg
phase). Therefore, the second phases composed of Mg Al ,

- Mgi7Alz.
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Fig.3 SEM images of coarse Mg ,Al,, (a) and small-sized Mg,Sn (b)
precipitates in theocast AZ91-3.6Sn alloy

and Mg,Sn can only be found at grain boundaries. Compared
with those of AZ91 alloy, the grain size and morphological
distribution of second phases of alloys are changed by the
addition of Sn (Fig. 2). After addition of Sn element, the
microstructure of AZ91 alloy is refined and the second phases
become shorter and denser. When the Sn content is less than
1.2wt%, the Mg Al , phase changes from reticular continuity
to discontinuity (Fig. 2d). This phenomenon is particularly
evident when the Sn content decreases to 0.8wt% . The
Mg,,Al,, phase of a short rod shape is completely and
uniformly distributed in the matrix. When the Sn content
increases from 1.2wt% to 3.6wt% , the second phases are
distributed at the grain boundaries.

It can be concluded from the XRD patterns in Fig.4 that the
rheocast AZ91 alloy is mainly composed of o -Mg matrix,
Mg, ,Al,,, and Mg,Sn phases. With further addition of Sn, the
diffraction peak intensity of Mg,Sn phase becomes stronger,
indicating an increase in Mg,Sn content in the matrix.
Aluminum is primarily distributed along the grain boundaries.
A small number of the aluminum atoms are dissolved in the
magnesium matrix, while the majority form the binary
intermetallic compounds by reacting with magnesium atoms.
The existence of Mg,Sn inside the grain impedes the

dislocation movement during deformation’

. Fig. 5 shows
HRTEM image of the dispersed second phases and the
corresponding selected area electron diffraction (SAED)
pattern. Mg,Sn is predominantly dispersed inside the alloy
matrix with an average diameter of about 10 nm, and its
SAED pattern is indexed as the metastable phases with body-
centered cubic (bce) structure”. According to XRD and
HRTEM analyses, the heterogeneous precipitate nuclei are
formed by the intermetallics with high melting point, which
effectively refines the magnesium matrix during the rheo-
solidification. Compared with the case in AZ91 alloy without
Sn addition, the second phases are also refined, and the Mg
matrix is distributed homogeneously in the AZ91-xSn alloys.
Fig.6 summaries the grain size and the tensile properties of
the rheocast AZ91-Sn alloys. The average grain size of the
AZ91 alloy is 105.0£2.3 pm. With increasing the Sn content,
the average grain size is significantly decreased. The smallest
average grain size of 42.1+1.5 pm can be found in AZ91-0.8Sn
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Fig4 XRD patterns of theocast AZ91 and AZ91-3.6Sn alloys
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Fig.6 Average grain size, ultimate tensile strength, and elongation
of AZ91-xSn (x=0.0, 0.4, 0.8, 1.2, 2.4, 3.6) alloys

alloy. This significant grain refinement leads to the grain
refinement strengthening effect. Therefore, both the tensile
strength and the elongation of the alloys are improved.
Compared with that of pure AZ91 alloy (157.7 MPa), the
ultimate tensile strength of AZ91-2.4Sn alloy (247.2 MPa)
increases by 57%. Due to the refined matrix, the high density

grain boundaries can bear more stress'"'. Besides, the
dispersed second phases suppress the formation of dendrites.
Therefore, the refined non-dendritic microstructure can be
observed in AZ91-Sn alloys (Fig.2), resulting in the improved
mechanical properties. It is also notable that the addition of
3.6wt% Sn leads to a decrease in tensile strength whilst an
increase in the elongation, because of the grain boundary
sliding caused by the increasing amount of Mg,Sn phases.
Although these intermetallics can improve the tensile strength,
the weaker bonding energy between the grains and the
intermetallics causes stress sliding at the interfaces"".
Therefore, the AZ91-3.6Sn alloy has the highest elongation
and a relatively low tensile strength"”.

To study the fracture behavior of AZ91-xSn (x=0.0, 0.4, 0.8,
1.2, 2.4, 3.6) alloys, SEM fractographs of tensile specimens
were analyzed, as shown in Fig.7. Twin boundary fracture can
be observed in all specimens™. Due to the low deformation
absorbed energy, the fracture morphology of AZ91 alloy is
primarily composed of river patterns and cleavage planes.
Based on the cleavage steps and tearing edges of high density
in the river patterns, it can be concluded that the cleavage
fracture is the primary fracture type in AZ91 alloy. With
increasing the Sn content, denser and deeper dimples can be
observed in the AZ91-Sn alloys, indicating that the alloys
undergo ductile fracture. Therefore, the AZ91-Sn alloys
display ductile fracture morphologies, according to the
presence of less quasi-cleavage planes and more dimples and
tear ridges”. The worn surface of AZ91 alloy presents
spalling areas (Fig. 8a). With increasing the Sn content, the
worn surface is primarily composed of furrows and abrasive
wear disappears. The wear rate of the AZ91-3.6Sn alloy is
approximate 53% lower than that of the AZ91 alloy (Fig.8&c).
It can be concluded that Sn alloying significantly improves the
wear resistance of AZ91-Sn alloy.

At the beginning of the cooling process of alloy melt, the
o-Mg matrix firstly solidifies. Due to the unbalanced solidi-
fication crystallization, when the temperature drops to the
eutectic temperature, the eutectic reaction occurs in the
residual liquid phases. The precipitates of reticular shape
along grain boundaries form the divorced eutectic phases.
When the Sn content is 0.8wt% , the second phases in the
matrix are homogeneously distributed. The phases begin to
show discontinuous morphology with increasing the Sn
content. The solid solubility of Sn in magnesium matrix drops
rapidly from 14.85wt% to 0.45wt% with decreasing the

Fig.7 SEM fractographs of AZ91 (a), AZ91-1.2Sn (b), and AZ91-3.6Sn (c) alloys
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Fig.8 SEM images of worn surfaces of AZ91 (a) and AZ91-3.6Sn (b) alloys after dry sliding wear tests; wear rate of AZ91-xSn (x=0.0, 0.4, 0.8,

1.2,2.4,3.6) alloys (c)

temperature from 561 °C to 200 °C™. Therefore, an enrich-
ment of Sn atoms at the interfaces between solid phases and
liquid phases can be observed.

Mg,,Al,, has face-centered cubic (fcc) structure whilst Mg,Sn
has bec structure. SEM images in Fig. 3 show the Mg,Sn phase
precipitated along with Mg Al, phases, indicating that
Mg,,Al,, is nucleated around the heterogeneous points
composed of Mg,Sn particles. As a result, the nucleation rate of
Mg ,Al,, is increased and accelerated with increasing the Sn
content. Jo et al® reported the existence of the habit planes
between Mg, Al , and Mg,Sn phases. The presence of (220)//
(330) habit planes between Mg,Sn and Mg ,Al,, second phases
is the primary reason why Mg,Sn becomes the heterogeneous
nucleation points®. In this case, the solidified «-Mg matrix
firstly appears in the rheo-solidification process of AZ91-Sn
alloys. With decreasing the temperature, the significant loss of
Sn content in the alloy matrix leads to the enrichment of Sn
element at the front-end interfaces of the liquid-solid.
Therefore, the Mg,Sn is precipitated according to the eutectic
reaction of liquid phase—a-Mg+Mg,Sn. As the solidification
process proceeds, Mg,,Al,, is precipitated and grows on the
solid-liquid interface along the (220) surface of Mg,Sn until
the liquid phases entirely solidify™. The schematic diagram
of the alloy solidification behavior is shown in Fig.9. Due to
the refined non-dendritic microstructure caused by rheo-
solidification, the tensile strength and wear resistance are
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Liquid phase, L —— L ta-Mg
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Fig.9 Schematic diagram of solidification behavior of AZ91-Sn
alloys

significantly improved.
3 Conclusions

1) The addition of Sn can refine the grain size of AZ91
alloys and modify the morphology of the f-Mg Al,, phase
during rheocasting process. Sn alloying is an effective method
to refine both the alloy matrix and the precipitates.

2) Due to the grain refinement strengthening and the
absence of dendrites, both the tensile strength and the
elongation are improved. With increasing the Sn content, the
average grain size is significantly decreased, resulting in the
evident grain refinement strengthening effect. Compared with
that of pure AZ91 alloy, the ultimate tensile strength of AZ91-
2.4Sn alloy increases by about 57%.

3) The wear resistance of the AZ91 alloy is improved after
Sn alloying, and the wear mechanism changes from spalling
wear to furrow wear.
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