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A B S T R A C T

Microstructure, fluidity and mechanical properties of Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca (wt%) alloy with minor Sr
contents have been investigated. All the alloys exhibited the homogeneous microstructure with equiaxed α-Mg
matrix and eutectic compounds distributing along grain boundaries. The as-cast alloys are mainly composed of
α-Mg phase, Mg51Zn20 phase and T-phase. The fluidity of the Sr-containing Mg alloys was examined by means of
the three concentric spirals mould. It was found that the fluidity of Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-0.2 Sr alloy was
effectively increased by 122.8% as compared to the quaternary alloy. This could be attributed to grain refine-
ment as well as the reductions of oxides and melt viscosity. The Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-0.2 Sr alloy ex-
hibits the optimum tensile properties with ultimate tensile strength, yield strength and elongation of 144.1 MPa,
114.4 MPa and 4.9%, respectively, which is ascribed to refinement strengthening and dislocation pinning effect
of T-phase. Furthermore, the fracture characteristic of Sr-containing alloys is mainly quasi-cleavage.

1. Introduction

A strong demand to reduce the emission of greenhouse gases has
motivated the development of eco-friendly and energy saving en-
gineering materials [1]. Magnesium (Mg) alloys, as the lightest struc-
tural metallic materials, are currently the subject of intensive research
for structural applications requiring high specific strength and stiffness,
excellent castability and good weldability, these requirements being
particularly relevant for aerospace industries [2]. However, poor cor-
rosion resistance, ductility and formability are roadblocks hampering
their widespread applications [3]. A broad tunability of microstructure
and mechanical properties has been demonstrated by adjusting the
alloy composition with the addition of alloying elements [4]. For ex-
ample, alloying Mg with Zinc (Zn) and rare earth (RE) improves
strength and creep resistance through solid solution strengthening and
precipitation hardening [5]. Alloying Mg with Zirconium (Zr) and/or
Calcium (Ca) induces grain refinement that enhances strength and
castability [6]. In the past few decades, Mg-Zn-RE-Zr based alloys have
been supposed to be the popular aerospace alloys for producing thin-
wall and complex-shape casting products such as compressor casings
and accessory gearboxes [7]. Hence, special attention has to be taken to
improve the mechanical properties and fluidity of the alloys.

The fluidity of Mg alloys is influenced by a number of factors. The

metallurgical aspects include alloy composition, latent heat, superheat,
surface tension, viscosity and mould of solidification. The mould/
casting factors are geometric structure of castings, interface heat
transfer coefficient, mould temperature, mould material and its surface
characteristics [8,9]. In addition, refining grain size and decreasing
oxide inclusions offer an effective strategy for improving the fluidity of
alloys [10,11]. Being a relatively inexpensive alloying element, Ca
addition alone does not only increase the ignition temperature of Mg
alloys, but also bring significant grain refinement [12]. In a recent ar-
ticle, we have studied the role of Ca addition on the casting fluidity of
the Mg-Zn-Ce-Zr alloy, indicating that 0.2 wt% Ca addition contributes
to improve the fluidity of the alloy, but the higher Ca content brings
about ultimate tensile strength loss and fluidity reduction [6]. At pre-
sent, many research efforts indicate that the synergistic effects of the
multiple alloying elements are favored to improve the properties of
alloys [2,13,14]. Strontium (Sr), an alkaline-earth alloying element, has
been used as a minor addition to Mg-Al alloys in combination with Ca
[15]. In the presence of Ca, the addition of Sr has been shown to in-
hibits the tendency of the divorce eutectic and lowers the temperature
of Al2Ca phase formation, contributing to improve the hot-crack re-
sistance of Ca-containing AZ91D alloys [16]. Moreover, creep re-
sistance of Mg-4Al-(1−3)Sr alloys that stems from the present of
thermally stable interphases can be improved by adding 1.0 wt% Ca
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[17]. However, little is known about the interactive effects of Sr and Ca
additions on the Mg-Zn-RE-Zr alloys. Our previous study shows that the
Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca (all the alloy compositions in wt% except
otherwise stated) alloy exhibits a fairly fluidity at the cost of ultimate
tensile strength. To overcome this problem, we will present a study on
the microstructure, fluidity and mechanical properties of the as-cast
Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca alloy with minor Sr additions, aiming to
provide the optimal Sr content for the Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca
alloy as well as the related fluidity mechanism.

2. Experiments

Alloys with nominal compositions of Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-
xSr (x= 0, 0.1, 0.2, 0.4) were cast from high-purity Mg, Zn, Ce-rich
mischmetal, Mg-30Zr, Mg-20Ca and Mg-20 Sr by melting in a mild steel
crucible under a protected argon atmosphere at 730 °C, and pouring
into a spiral sand mould and cylindrical ingots of 50mm diameter and
130mm height. The mould was preheated to 200 °C. For comparison,
the Mg-4.2Zn-1.7RE-0.8Zr alloy was prepared by the same preparation

procedure. The chemical compositions of the samples were determined
by the X-ray fluorescence (XRF) method and the results were sum-
marized in Table 1.

Intermetallic phases were identified by means of X-ray diffraction
(XRD) with Cu Kα radiation at the scan rate of 2°/min. Microstructural
examinations were conducted by optical microscope (OM), scanning
electron microscope (SEM), electron probe micro-analysis (EPMA) and
energy dispersive X-ray spectroscopy (EDS). The specimens in as-cast
condition for OM and SEM observations were etched in a solution of
2.1 g picric acid, 5 ml acetic acid, 5 ml H2O and 35ml ethanol. Grain
size measurements were performed using the linear intercept method
described in ASTM standard E 112-88. Differential scanning calori-
metry (DSC) was conducted for analyzing the phase transition under
argon atmosphere. The heating rate was 10 °C/min and the scanned
temperature interval went from 25° to 650°C. Tensile tests were carried
out for the as-cast samples using a fully computerized universal testing
machine with a strain rate of 2mm/min at room temperature. Samples
for tensile test were machined out of the bars with a gauge dimension of
30mm and 6mm in diameter. Each test condition was repeated at least
three times for repeatability and accuracy.

Fluidity, in the casting field, is defined as the ability of molten metal
to flow before it is stopped by solidification [18]. The length of fluidity
spiral is taken as indicative of the fluidity of the molten alloy. An im-
proved equipment for gravity casting of fluidity spirals in a precoated
sand mould is described in Fig. 1(a), which consists of a pouring basin,
a tapered sprue, a upper die (a flat sand mould) and a bottom die (three
concentric Archimedian spiral cavities). The Archimedian spiral, with a
cross section of (3+5)× 2.5 mm2, gives a maximum running length of
750mm and each spiral end is vented, as depicted in Fig. 1(b) and (c).
In the spiral fluidity test, the melt was poured to the pouring basin at
the constant pouring temperature, which gave a constant melt super-
heat. In addition, since the molten metal was poured into the spiral
sand mould from the same height, the equipment gave a constant

Table 1
Nomenclatures and chemical compositions of the as-cast experimental alloys (wt%).

Alloy Nominal alloys Actual composition

Mg Zn RE Zr Ca Sr

1# Mg-4.2Zn-1.7RE-0.8Zr Bal. 4.11 1.62 0.71 – –
2# Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca Bal. 4.17 1.61 0.74 0.16 –
3# Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-

0.1Sr
Bal. 4.03 1.67 0.67 0.19 0.11

4# Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-
0.2Sr

Bal. 4.13 1.62 0.69 0.22 0.21

5# Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-
0.4Sr

Bal. 4.11 1.64 0.75 0.17 0.38

Fig. 1. The illustration of the equipment showing (a) front view of the mould, (b) top view of the bottom die, (c) cross-section of the spiral, (d) the fluidity specimen of the Mg-4.2Zn-
1.7RE-0.8Zr alloy and (e) the fluidity specimen of the Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-0.2 Sr alloy. (all dimensions are in mm).
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metallostatic pressure head and pouring velocity. Fig. 1(d) and (e)
shows the fluidity specimens of the Mg-4.2Zn-1.7RE-0.8Zr alloy and
Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-0.2 Sr alloy, respectively. The fluidity was
evaluated by calculating the average length of three spirals. The three
concentric spirals for determining the fluidity of alloys showed in-
creased reproducibility as compared to the single spiral apparatus.

3. Results

3.1. Microstructure of as-cast alloys

Fig. 2 shows the optical micrographs of the as-cast experimental
alloys. It can be seen that the as-cast alloys consist of equiaxed α-Mg
matrix and eutectic compounds distributing along grain boundaries. It
is indicated that with the addition of 0.2 wt% Ca into the quaternary
Mg-4.2Zn-1.7RE-0.8Zr alloy, the average grain size reduces from
(48.4 ± 2.2) μm to (36.7 ± 2.9) μm. Furthermore, the addition of Sr
into Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca alloy produces further significant
grain refinement. The average grain size is (33.8 ± 2.1) μm,
(31.3 ± 2.0) μm and (34.9 ± 2.4) μm for the alloys with the Sr ad-
ditions of 0.1 wt%, 0.2 wt% and 0.4 wt%, respectively. The average
grain size of Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-0.2 Sr alloy is the smallest,
while a further addition of Sr to 0.4 wt% causes a slight increase in
grain size. The growth restriction theory is accepted as one of the main
mechanisms to control the grain size in castings. The growth restriction
factor reflects the solute rejection at the solid-liquid interface. In the
course of grain refinement, the solute rejected by the growing grain
slows down its growth and creates the constitutional undercooling
sufficient for heterogeneous nucleation ahead of the solidification front
[19]. The growth restriction factor values of Ca and Sr elements are
11.94 and 3.51, respectively, resulting in refined grain size [20].

The XRD analysis results in Fig. 3 show that α-Mg phase, T-phase
and Mg51Zn20 phase are the main phases existing in the as-cast alloys.
T-phase is rich in Zn and RE, with a c-centered orthorhombic crystal
structure [21]. Additionally, since the maximum mole fraction of Sr is
0.11% and the mole fraction of Zn is 1.59% in this study, α-Mg and Mg-
Zn phases are formed during the solidification according to the Mg-Zn-
Sr ternary system [22]. Therefore, minor Sr and Ca additions to the
quaternary Mg-4.2Zn-1.7RE-0.8Zr alloy do not generate new phases in

Fig. 2. Optical micrographs of the as-cast experimental alloys: (a) 1# alloy; (b) 2# alloy; (c) 3# alloy; (d) 4# alloy and (e) 5# alloy.

Fig. 3. XRD results of the as-cast alloys.

Fig. 4. DSC heating curves of the as-cast alloys.
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the alloys. The XRD results are further confirmed by the DSC curves of
the as-cast alloys.

Fig. 4 presents the DSC heating curves of the as-cast alloys. As
shown in Fig. 4, the DSC curves of the as-cast alloys are similar, with
three endothermic peaks in the curve. A small endothermic peak at
341.17–343.33 °C related to the transformation of Mg51Zn20 phase is
detected, which is almost invisible due to the low concentration. An
endothermic peak appears at 521.67–539.18 °C, which could be con-
sidered as the decomposition temperature of the T-phase. The peak
representing to the melting of primary α-Mg is occurred at
609.17–612.5 °C. It can be inferred that the solidification of primary α-
Mg in the molten alloy begins at the liquidus temperature, and then RE
reacts with Mg and Zn to form T-phase. The residual Zn reacts with Mg
to form Mg51Zn20 phase.

Fig. 5 shows the SEM images of the as-cast alloys. The eutectic
compounds are quasi-continuously distributed along grain boundaries
in the network form, and the volume fraction of the eutectic compounds
increases with increasing Sr concentration. The different positions are
selected and the corresponding results are listed in Table 2. The in-
tragranular spherical Zn-Zr phases are denoted by point A. The inter-
metallic compounds (points C, D and E) in Fig. 5(f) are rich in Zn and
RE, with corresponding compositions (at%) of Mg-26.63Zn-3.65RE-
0.39Ca-0.91 Sr, Mg-23.81Zn-4.13RE-0.11Ca-0.39 Sr and Mg-22.38Zn-
3.72RE-0.18Ca-0.54 Sr, respectively. These phases are pseudo-ternary
T-phase with dissolved Ca and Sr. Combining the XRD and EDS results,
the short rod-like phase (Point F) is referred to as Mg51Zn20 phase,
while some RE, Ca and Sr elements are dissolved in it.

Fig. 6 provides the backscatter scanning image and corresponding
EPMA elemental maps taken from the Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-
0.2 Sr alloy. The intermetallic compounds dispersing along grain
boundaries are rich in Zn and Ce. Since the solid solubility of Ce, Ca and
Sr in Mg matrix is low, they are prone to accumulate at the solid-liquid
interface. This accumulation causes the constitutional undercooling,
consequently preventing the growth of α-Mg. From Fig. 6(e) and (f), the
trace Ca and Sr are dissolved into α-Mg matrix and intermetallic
compounds, rather than forming new phases. Moreover, the distribu-
tions of Zn and Zr confirm the existence of Zn-Zr compounds.

3.2. Fluidity

Fig. 7 shows the effects of Ca and Sr additions on the filling length

Fig. 5. SEM images of the as-cast experimental alloys: (a) 1# alloy; (b) 2# alloy; (c) 3# alloy; (d) 4# alloy; (e) 5# alloy and (f) The EDS results of the compounds marked in (e) are shown in
the following table.

Table 2
EDS results of the compounds marked in Fig. 5(f).

Position at%

Mg Zn RE Zr Ca Sr

Point A 52.63 15.71 – 30.90 0.27 0.49
Point B 99.07 0.42 – 0.51 – –
Point C 68.42 26.63 3.65 – 0.39 0.91
Point D 71.56 23.81 4.13 – 0.11 0.39
Point E 73.18 22.38 3.72 – 0.18 0.54
Point F 84.09 14.33 1.20 0.08 0.13 0.17
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and average grain size of the Mg-4.2Zn-1.7RE-0.8Zr alloy. The addi-
tions of 0.2% Ca, 0.2% Ca +0.1% Sr, 0.2% Ca +0.2% Sr and 0.2% Ca
+0.4% Sr into the quaternary Mg-4.2Zn-1.7RE-0.8Zr alloy causes
55.4%, 68.3%, 122.8% and 113.9% increase in filling length, respec-
tively. It is suggested that alloying with minor Sr has a significant im-
proving effect on the fluidity of the Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca alloy.
Combined with analysis of average grain size, the fluidity of the alloy
increases with refining grain size. The sample with the smallest grain
size obtains the longest fluidity length among the alloys, indicating that
the grain size may be an important factor influencing the fluidity of the
experimental alloys.

3.3. Mechanical properties

The tensile properties of the as-cast experimental alloys at room
temperature are given in Fig. 8, indicating that the additions of minor
Ca and Sr to the Mg-4.2Zn-1.7RE-0.8Zr alloy are beneficial to improve
the ultimate tensile strength (UTS) and yield strength (YS). Never-
theless, the elongation (El.) to failure gradually decreases with Ca and
Sr additions. The Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-0.2 Sr alloy exhibits the
highest UTS and YS of 144.1MPa and 114.4MPa among the alloys.
According to Hall-Petch equation [23], the alloy with finer grains will
result in higher yield strength. Hence, the improvement of YS in the as-
cast alloys is mainly attributed to the grain refinement. Besides, a small
quantity of the quasi-continuously distributed T-phase have a favorable
influence on the tensile properties, which can prevent dislocations from
moving and propagating. However, further addition of Sr to 0.4% in-
creases the volume fraction of the net-like T-phase, leading to the high
stress concentration at the interface between T-phase and α-Mg matrix.
Therefore, the 0.4% Sr containing alloy performs the lower tensile
properties.

Fig. 9 presents the SEM fractographs of alloys tensile tested at room
temperature. As seen from Fig. 9, there are a number of tear ridges and
cleavage planes existing in the localized areas of the tensile fracture
surfaces, revealing that all the tensile fracture surfaces have the char-
acteristic of quasi-cleavage fracture. Thus, it is inferred that minor Ca
and Sr additions to the Mg-4.2Zn-1.7RE-0.8Zr alloy can not sig-
nificantly change the fracture mechanism of the alloys. It is further
observed that ruptured eutectics and micro-cracks exist at grain
boundaries (as marked by arrows), indicating micro-cracks tend to in-
itiate and propagate along grain boundaries. From Fig. 9(f), eutectic
compounds having diameter of several micrometers are considered as
T-phase, which is the potential crack source. Due to the increased vo-
lume fraction of the eutectics, severe stress concentration will generate
during the course of tensile deformation, thus leading to the premature

Fig. 6. (a) Backscatter scanning image of the Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca-0.2 Sr alloy and corresponding EPMA mapping of the elements: (b) Zn; (c) Ce; (d) Zr; (e) Ca and (f) Sr.

Fig. 7. Effects of Ca and Sr additions on the fluidity and average grain size of the Mg-
4.2Zn-1.7RE-0.8Zr alloy.

Y. Fu et al. Materials Science & Engineering A 723 (2018) 118–125

122



fracture. Besides, shrinkage porosity exists in the Mg-4.2Zn-1.7RE-
0.8Zr-0.2Ca alloy (Fig. 9b), and constitutes the origin of micro-cracks,
causing the lower tensile properties. However, addition of Sr can reduce
the surface tension of the molten metal, facilitating the feeding of
narrow interdendritic channels during solidification [15]. Therefore,
the generation of shrinkage porosity is suppressed by adding trace Sr,
resulting in the higher tensile properties.

4. Discussions

It is obvious that trace Sr addition have notable influence on the
fluidity of the Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca alloy. As a consequence,
understanding the fluidity mechanism is important to determine if an
alloy is suitable to cast into a thin-wall product with satisfactory
quality.

In this fluidity test, the fluidity spirals are made under the same
experimental conditions, thus the mould temperature, mould material,
pouring system (gating system, metallostatic head and pouring velo-
city) and pouring temperature will not affect the fluidity lengths. The
dendrite coherency point is recognized as an important characteristic,
because it marks the transition from mass feeding to interdendritic
feeding in the solidification process [24]. During the course of fluidity
test, the flow of molten alloy starts as soon as the melt is poured into the
cavity. The fluidity length mainly depends upon the liquid region of the
melt, and the melt solidification process after the dendrite coherency
point has little influence on fluidity [25]. Consequently, the dendrite
coherency point is an appropriate benchmark for evaluating the
fluidity. Fig. 10 illustrates the schematic diagram of flow stoppage in
the fluidity test. In the initial stage of filling process, as shown in
Fig. 10(a), the bulk flow with few primary grains are free to fill the
mould in a low-viscosity liquid. As filling and solidification proceed,
due to the temperature reduction and the increase in solid fraction
(Fig. 10b), the viscosity will increase [26]. After the temperature
reaches the dendrite coherency point, the molten alloy begins to form a

Fig. 8. Tensile properties of experimental alloys at room temperature and the data in the
bracket is the standard error.

Fig. 9. Fracture surfaces of the as-cast alloys tested at room temperature: (a) 1# alloy; (b) 2# alloy; (c) 3# alloy; (d) 4# alloy; (e) 5# alloy and (f) the magnified image taken from the 4#

alloy.
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fixed dendritic skeleton and the viscosity of the melt tip increases ra-
pidly, which can hinder the flow [27]. As can be seen from Fig. 10(c)
and (d), for large grain sizes the impingement of dendrite arms can
occur at low solid fraction, whereas for small grain sizes the solid
fraction is much higher [28]. Grain refinement can increase the critical
solid fraction at the flow tip and postpone dendrite coherency point,
contributing to improving the fluidity [10]. As a result, grain-refined
alloys possess the favorable fluidity. Besides, the viscosity of the molten
alloy is recognized to lower with minor Sr additions, which is beneficial
to improve the fluidity [15]. In addition, Fig. 1(d) and (e) presents the
fluidity specimens of the Mg-4.2Zn-1.7RE-0.8Zr and Mg-4.2Zn-1.7RE-
0.8Zr-0.2Ca-0.2 Sr alloys. It can clearly be seen that the Ca- and Sr-
containing alloy exhibits the bright surface compared with the qua-
ternary alloy, suggesting that the Ca- and Sr-containing alloy possesses
the enhanced oxidation resistance. This is because Ca and rare earths
have a high affinity for oxygen, forming tightly adherent oxide films
that restrain further oxidation of the melt [29]. This can reduce oxide
inclusions in the melt, resulting in a decrease in the viscosity, and im-
prove the fluidity of the alloys.

5. Conclusions

In the present work, effects of minor Sr additions on the as-cast
microstructure, fluidity and mechanical properties of Mg-4.2Zn-1.7RE-
0.8Zr-0.2Ca alloy have been investigated. The main results are sum-
marized as follows:

(1) The Sr-containing Mg-4.2Zn-1.7RE-0.8Zr-0.2Ca alloys are com-
posed of α-Mg phase, T-phase and Mg51Zn20 phase. With the in-
crease of Sr concentration from 0 to 0.2 wt%, the grains of the al-
loys are refined gradually, which is mainly attributed to the growth
restriction factor. Moreover, the volume fraction of the eutectic
compounds along grain boundaries increases with increasing Sr
content.

(2) Minor Sr additions can effectively improve the fluidity of 4.2Zn-
1.7RE-0.8Zr-0.2Ca alloy, because grain refinement can retard den-
drite coherency point, contributing to improving the fluidity.
Furthermore, the reductions of oxides and melt viscosity have a
beneficial effect on improving the fluidity of the alloys.

(3) With the increase of Sr content from 0 to 0.4 wt%, the strengths
increase firstly and then decrease slightly. The strengths decrease
owing to the severe stress concentration at the interface between T-
phase and α-Mg matrix The 0.2% Sr-containing alloy exhibits the
optimum tensile properties, with the UTS and YS of 144.1MPa and
114.4MPa, which is ascribed to grain refinement and dislocation
pinning effect of T-phase. Additionally, the fracture mode of Sr-
containing alloys is quasi-cleavage.
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