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Abstract
The eﬀects of 0.7 wt.% Si addition on the microstructural evolution, hardness, creep resistance, and shear strength of AZ61 alloy were investigated in the temperature range 298–523
K. Creep behavior was assessed by impression creep test, and ultimate shear strength (USS)
was measured by the shear punch test (SPT). The as-cast structure of AZ61 consists of α-Mg
matrix and the β-Mg17 Al12 intermetallic phase. Due to the low thermal stability of this phase,
the hardness and strength of AZ61 signiﬁcantly decreased as the temperature increased. The
results showed that hot hardness, creep resistance and high-temperature shear strength of
the base alloy were signiﬁcantly enhanced with the addition of Si. This was attributed to the
reduction in the volume fraction of β-Mg17 Al12 and formation of the more thermally stable
Mg2 Si intermetallic particles. These particles have a Chinese script morphology which reduce
ductility but act as the main strengthening agent in the investigated system, by strengthening
the matrix of the base alloy and hindering grain growth during deformation.
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1. Introduction
Magnesium alloys, as the lightest structural metallic materials, are of special interest in automobile,
aerospace, and electronic industries [1]. The most common types of these materials are those based on the
Mg-Al system [2, 3]. These alloys possess a combination of attractive properties such as low density,
high speciﬁc strength, speciﬁc stiﬀness, good castability, and reasonable cost [4]. Despite these advantages, Mg-Al alloys have relatively poor mechanical
properties at elevated temperatures, mainly due to
the thermal instability of microstructure containing
Mg17 Al12 phase [2, 5, 6]. Accordingly, attention has
been directed towards developing new alloys with enhanced high-temperature mechanical properties. This
has often been achieved by introducing alloying elements such as Ca, RE, Zn, Sb, and Si, which are capable of forming thermally stable intermetallics in the
magnesium matrix.
Si is one of the most promising alloying elements,
which can form the Mg2 Si intermetallic compound
with a high melting point of 1085 ◦C [7]. This stable

phase, which exists only at stoichiometric composition, possesses low density, high elastic modulus, and
low thermal expansion coeﬃcients [8]. However, Mg2 Si
compound is prone to form as coarse Chinese script
particles under low solidiﬁcation rates. This morphology, which results in easy nucleation of cracks along
the interface between Mg2 Si intermetallic particles
and α-Mg matrix, is believed to be detrimental to
mechanical properties [9, 10]. Therefore, attempts
have been made to change the Chinese script morphology of Mg2 Si particles into globular or cuboid in
the Mg alloys. This can be achieved by either special heat treatments or compositional changes made
into the Mg alloy melt, both of which could impose
extra costs on the manufacturing of the ﬁnal parts.
Although it is now evident that the modiﬁed Mg2 Si
phase can be beneﬁcial to both creep resistance [11]
and high-temperature mechanical properties [12, 13],
the investigation of mechanical properties of Mg-Al-Si
cast alloys containing coarse Mg2 Si particles is still of
some importance due to cost eﬃciency concerns. The
aim of this study is thus to investigate the eﬀects of
0.7 wt.% Si addition on the microstructure, and elev-
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ated temperature mechanical properties of the AZ61
alloy in the as-cast condition.

2. Experimental procedure
The materials used were AZ61 alloy with an actual
chemical composition of Mg-6.1wt.%Al-0.82wt.%Zn-0.30wt.%Mn, and the same material with 0.7 wt.%
Si addition. High purity Mg, Zn, Mn, and an Al-15wt.%Si master alloy were used to prepare the
alloys. Melting was carried out in a graphite crucible placed in an electrical resistance furnace under the Foseco Magrex 36 covering ﬂux, to protect molten magnesium from oxidation. The melt
was held at 750 ◦C for 20 min and mechanically
stirred for 2 min to ensure a homogeneous composition. Pouring was accomplished into a steel die
preheated up to 300 ◦C. The cast slabs had dimensions of 13 mm × 30 mm × 120 mm, from which 3mm thick slices were cut by an electrodischarge wire-cut machine for shear punch test (SPT), impression
creep, and structural characterization. Scanning electron microscopy (SEM) was used to reveal the microstructural features of the alloys. X-ray diﬀraction
analysis was carried out on selected samples to identify
the constitutive phases of each alloy.
A universal tensile testing machine equipped with
a three-zone split furnace was used to perform impression creep, shear punch, and hot hardness tests
in the air atmosphere. The details of testing arrangement of these tests are explained elsewhere [14–16] and
will only be brieﬂy described here. In impression creep
tests, a ﬂat-ended cylindrical punch 2 mm in diameter
was mounted in a holder positioned in the center of
the vertical loading bar. The specimen was located
on an anvil below the loading bar; the assembly of
the specimen and the indenter was accommodated by
the split furnace. Measurements were made on each
sample at 200 ◦C and under punch stress of 350 MPa
for dwell times up to 4000 s. After application of the
load, the impression depth was measured automatically as a function of time by the machine; the data
were acquired by a computer.
The same conﬁguration was used for the hot hardness tests, in which a Vickers indenter was mounted
in the holder instead of the ﬂat-ended punch. A load
of 10 N at an approaching rate of 0.5 mm min−1 was
applied for a dwell time of 30 s. At least three indentations were made on each sample and the average lengths of the diagonals were used to estimate the
hardness values in the temperature range 25–250 ◦C.
The thin slices of the as-cast materials were ground
to a thickness of 0.6 mm, from which disks of 10 mm
in diameter were punched for the shear punch test. A
shear punch ﬁxture with a 3.175 mm diameter ﬂat cylindrical punch and 3.225 mm diameter receiving hole

Fig. 1. SEM micrographs of: (a) AZ61, and (b) AZ61-0.7Si
alloys in the as-cast condition.

was used for this experiment. Shear punch tests were
performed in the temperature range 25–250 ◦C using
a constant cross-head speed of 0.25 mm min−1 . The
applied load P was measured automatically as a function of punch displacement; the data were acquired by
a computer so as to determine the shear stress of the
tested materials using the relationship [17]:
τ=

P
,
πdt

(1)

where P is the punch load, t is the specimen thickness and d is the average of the punch and die hole
diameters.

3. Results and discussion
The as-cast microstructures of the tested materials
revealed by SEM are shown in Fig. 1. As can be seen in
Fig. 1a, the base AZ61 alloy exhibits a dendritic microstructure with some bulky β-Mg17 Al12 second phase
particles formed in the interdendritic regions. Addition of 0.7 % Si to the base alloy results in a change
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Fig. 2. XRD patterns of the AZ61 and AZ61-0.7Si alloys.

Fig. 3. SPT curves of: (a) AZ61, and (b) AZ61-0.7Si alloys
obtained at diﬀerent test temperatures.

in the size and distribution of these particles and the
formation of Mg2 Si particles with the Chinese script
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morphology, as shown in Fig. 1b. Qualitative analysis
of these particles, determined by the EDS analysis,
indicated that these particles show the composition
of Mg67.5 Si32.5 , which corresponds to the Mg2 Si compound. The X-ray diﬀraction analysis of the tested
alloys, depicted in Fig. 2, reveals the phases present
in each material. It is observed that α-Mg and the
β-Mg17 Al12 intermetallic compounds are the only constitutes of the base alloy, while some low intensity new
peaks, corresponding to the Mg2 Si phase, can be observed in the XRD pattern of the Si-containing alloy.
The SPT technique, which has been recently used
for cast magnesium alloys [18, 19], is an eﬃcient
method that is capable of collecting strength data
which are well correlated with the conventional tensile
test data [20–22]. Figures 3a,b exhibit the variation of
shear stress with normalized displacement obtained
at diﬀerent temperatures for AZ61 and AZ61-0.7Si alloys, respectively. It can be observed that, similar to
conventional tensile stress-strain curves, after a linear elastic behavior the curves deviate from linearity
before they reach a maximum point. The stress corresponding to the maximum point is referred to as the
ultimate shear strength (USS). In both materials studied in this work, increasing the test temperature from
25 to 250 ◦C results in lower USS values, the eﬀect of
which is more pronounced in the AZ61 alloy.
To have an overall view on the variation of strength
with temperature, the USS data of both materials
obtained at diﬀerent test temperatures are shown in
Fig. 4a. Although the general trend of USS drop with
increasing test temperature is to some extent similar
for both alloys, the Si-containing alloy possesses higher
strength levels at all investigated temperatures. Similar trends in the variation of hardness with temperature are exhibited in Fig. 4b. It can be seen that there
is a gradual decrease in both strength and hardness
values up to about 150 ◦C, after which a steeper drop
in these properties is evident. The observed softening
behavior can be attributed to the operative strengthening mechanisms in the Mg-Al alloys. These mechanisms are namely the solid solution strengthening
eﬀects of Al in Mg, and the second-phase strengthening stemmed from the formation of Mg-Al phase.
A portion of the added aluminum dissolves into the
Mg matrix and improves the mechanical properties of
magnesium through solid solution hardening [3]. Solid
solution strengthening eﬀects, however, disappear at
high temperatures due to the high diﬀusion rate of
Al in Mg. For aluminum contents higher than 2 wt.%,
a new β-Mg17 Al12 phase could form as particles and
precipitates, improving room-temperature mechanical
properties of the alloys by hindering dislocation movements. However, Mg17 Al12 particles have low thermal
stability because of their low melting point (437 ◦C)
and tend to dissolve at above 130 ◦C. These arguments
are in agreement with our results on the strength and
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Fig. 4. Variation of: (a) ultimate shear strength, and (b)
hardness with test temperature for the AZ61 and AZ610.7Si alloys.

Fig. 5. Comparison of: (a) creep behavior, and (b) minimum creep rates of the investigated alloys at T = 200 ◦C
and σ = 350 MPa.

hardness of the tested alloys, which show a weaker dependence on the test temperature up to about 150 ◦C,
and a pronounced drop at higher temperatures. The
higher strength and hardness of the AZ61-0.7Si alloy is ascribed to the formation of the high melting
point Mg2 Si second-phase particles. These thermally
stable particles are mainly responsible for the enhanced strength and hardness of the Si-containing alloy at all temperatures.
Results of impression creep tests of the investigated alloys, obtained at 200 ◦C under the punch stress
of 350 MPa, are shown in Fig. 5. As shown in Fig. 5a,
there is a rather wide gap between the curves of
the two alloys. It can further be seen that after a
rather short primary creep stage, both alloys show a
secondary-state region where depth increases linearly
with time. Since the impression test is essentially compressive in nature, fracture of the specimen does not
occur, and hence, it is obviously not possible to record a third stage of the curve, as would be possible
in conventional tensile creep testing. However, it is
possible to ﬁnd the minimum creep rates by diﬀeren-

tiating the creep data with respect to time. The time
derivatives of the creep curves were thus calculated
by a ﬁve-point cubic spline numerical diﬀerentiation
computer program.
For comparison of the creep behavior of the materials, their impression creep rates are plotted under
the punch stress of 350 MPa at 200 ◦C in Fig. 5b. The
lower level and slope in the steady-state region of the
curve of the Si-containing alloy in Fig. 5a is translated to a lower impression rate in Fig. 5b. It can be
inferred that the addition of Si signiﬁcantly improves
the creep resistance of the base alloy by lowering its
impression creep rate. This is evident from the lower
impression rate of the AZ61-0.7Si alloy, as compared
to the AZ61 base alloy. Similar to the shear strength
and hot hardness behavior, shown in Fig. 4, the improved creep resistance of AZ61-0.7Si is attributed to
the presence of the high melting point Mg2 Si particles
with suﬃcient thermal stability, acting as high temperature strengthening particles. This is in contrast
to the lower creep resistance of the AZ61 alloy, in
which the low thermal stability of Mg17 Al12 particles
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can accelerate grain boundary diﬀusion and cause remarkable instability of the microstructure in regions
adjacent to grain boundaries [23].

4. Conclusions
The microstructural evolution, creep resistance,
hot hardness and high temperature shear strength of
the AZ61 and AZ61-0.7Si alloys were investigated in
the as-cast condition. Microstructural analysis showed
that the microstructure of AZ61 contained Mg17 Al12
intermetallic phase in the Mg matrix, while addition
of 0.7 wt.% Si elements resulted in the formation of
Chinese script Mg2 Si particles. The low thermal stability of the eutectic β-Mg17 Al12 phase resulted in the
softening of both alloys during exposure to high temperature. Addition of 0.7 % Si to the base alloy increased the hardness, shear strength, and creep resistance of the alloy, mainly due to the formation of
Mg2 Si particles with the Chinese script morphology.
These particles are thermally stable and strengthen
both grains and grain boundaries and oppose both recovery and recrystallization processes during deformation processes at elevated temperatures, decreasing
the minimum creep rate and increasing the hardness
and strength of the material.
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