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Abstract
The development of magnesium (Mg) alloys capable of operating at the demanding working
temperature of above 200 °C and the ability of using high pressure die casting for high-volume
manufacturing are the most advanced development in manufacturing critical parts for internal
combustion (IC) engines used in power tools. Here we introduce the development of a Mg-RE
based die-cast Mg alloy for elevated applications in small IC engines. The developed Mg-RE
based die-cast Mg alloy shows good ambient and high temperature strength, and it also has
excellent high temperature creep resistance. In addition, the developed Mg—RE based die-cast Mg
alloy shows good stiffness at elevated temperatures. Furthermore, the developed Mg-RE based
die-cast Mg alloy exhibits good thermal conductivity at ambient and high temperatures, which is

a key point that is normally neglected during the development of high temperature Mg alloys.
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1. Introduction

Magnesium alloys have a great potential for structural applications in industries due to their
significant weight savings, thus improving fuel economy and lessening environmental impact [1].
The development of magnesium (Mg) alloys capable of operating at the demanding working
temperature of above 200 °C and the ability of using high pressure die casting (HPDC) for high-
volume manufacturing are the most advanced development in manufacturing critical parts for
internal combustion (IC) engines used in power tools, for light-weighting, noise reduction,
damping and use comfort [2-4].

In the early stage of development of die-cast Mg alloys for high temperature applications,

significant amount of Al was used for the improvement of die castability, and a group of Mg-Al



based die-cast alloys were developed [5,6]. Representative alloys are the widely used AZ91 AM50
and AMG60 alloys, the Mg—Al-Si alloys (AS21X, AS31, AS41) [7,8], the Mg—Al-Ca alloy (AX51,
AX52) [9], the Mg—AIl-Sr alloy (AJ52) and the Noranda alloy Mg—6AI-2Sr—Ca (AJ62X) [10-12],
the Mg-Sr—Ca alloy (AJX500) [5], the General Motors alloy Mg-Al-Ca-Sr (AX52J, AXJ530,
AXJ531) [13,14], the Mg-9AI-1Ca-Sr alloy (MRI153A) and the Mg-8AIl-1Ca-Sr alloy
(MRI153M) [15,16], the Mg—6.5A1-2Ca-1Sn-Sr alloy (MRI1230D) [17-19], the Nissan alloy Mg—
Al-Ca—RE [20], the Honda alloy Mg-5AI-2Ca—2RE (ACM522) [21], the Mg—0.5Zn-6Al-1Ca—
3RE alloy (ZACE05613) and the Mg—0.5Zn-4Al-1Ca-1RE alloy (ZACE05411) [22], the Mg
4AI-RE (La, Ce) alloys (AE42, AE44) [23-25], the Mg-Al-Ba—Ca alloy [26], etc. The Mg—4Al-
4RE (AE44) alloy is a major achievement among the Mg—-Al based die-cast alloys with good
combination of die castability, mechanical properties at elevated temperatures, and good corrosion
resistance [25,27]. However, the general working temperature of these Mg—Al based die-cast
alloys is at a level of approximately 150 °C, due to the forming of the Al-rich phases that are
unstable when temperatures are close to or higher than 175 °C [5,28,29], and the high temperature
creep resistance of the Mg—Al based die-cast alloys are also not perfect [30].

In addition to the Mg—Al based die-cast alloys, Al-free die-cast Mg alloys were developed
for applications at elevated temperatures [30-34]. The Al-free die-cast Mg—2.5RE-0.35Zn alloy
(MEZ) was developed with good creep resistance, but the ductility and strength of the alloy were
low [31]. The Al-free die-cast Mg—RE-Zr—Zn alloys were well investigated with medium as-cast
strength [32,33]. The Al-free die-cast Mg—4wt.%RE (La,Ce,Nd) alloy named HP2+ delivers
higher mechanical performance especially creep resistance at elevated temperatures, which is a
significant achievement for potential applications at 150-200 °C [30,34]. However, 4wt.% RE is
near the maximum of Al-free die-cast Mg—RE alloys, and further addition of RE for higher
working temperatures and elevated mechanical performance will make the Al-free die-cast Mg—
RE alloys too brittle, with hot-tearing or die-soldering occurring during die-casting [34].
Therefore, it is still hard for the existing Al-free die-cast Mg alloys to work at elevated
temperatures of above 200 °C.

In this work, different from the existing die-cast Mg alloys using Al-rich or Al-free in
development, a new design for elevated die-cast Mg alloys was adopted, in which an appropriate
addition of Al as a minor element was applied, and a new Mg-RE-AI die-cast Mg alloy was

developed for applications at higher elevated temperatures of 200-300 °C.



2. Experimental
2.1. Melt preparation & HPDC

The designed die-cast Mg alloys, with the compositions of 2.0-3.5wt.% (La+Ce), 2.0-3.5wt.%
(Nd+Gd), 0.5-1.5wt.%Al, 0.3-0.5wt.%Mn, 0.3-0.5wt.%Zn, and balanced Mg [35], were melted in
a steel crucible using an electric resistance furnace, under the covering of protection gas. After
melting, the melt was stirred and held at 720 °C for 30 minutes before HPDC. HPDC was
conducted on a 4500 kN cold chamber machine. During HPDC, the HPDC die was heated by the
mineral oil to a temperature of 225 °C, and the shot sleeve was heated by compressed hot water to
a temperature of 180 °C. The pour temperature was controlled at 715 °C, and the intensification

pressure was set at 320 bar.

2.2. Material tests

Tensile tests of the die-cast round bars with a gauge dimension of $6.35 mm x 50 mm were
performed on an Instron 5500 Universal Electromechanical Testing Systems equipped with
Bluehill software and a 50 kN load cell, at room temperature and elevated temperatures of 150 °C,
250 °C and 300°C. The ramp rate for room temperature tensile tests was controlled at 1 mm/min,
while the straining rate for high temperature tensile tests was maintained at 0.0002/s. Young’s
modulus of die-cast alloy was tested on a RFDA HT1600 machine from room temperature up to
300 °C. Rectangular shaped samples with dimensions of 40mm (L) x 12mm (W) x 2mm (D) were
used for modulus testing. Modulus was tested during both heating and cooling cycles, in which
both the heating rate and the cooling rate were set at 3 °C/min, while the modulus data was
collected every minute. Thermal conductivity was measured on a laser flash machine from room

temperature up to 300 °C.
3. Results and discussion
3.1. Microstructure

Fig. 1 shows the scanning electron microscope (SEM) microstructure of the die-cast Mg—RE—
Al alloy in as-cast state. The Mg matrix phase was observed having two different grain sizes, i.e.,
the primary aa—Mg phase with a size of ~20-50 um and the secondary a2—Mg phase with a size of
~2-10 pum. The aa—Mg phase nucleated in the shot sleeve with lower cooling rate, so it was larger

in size than the a>—Mg phase that nucleated in the die cavity with higher cooling rate [36-39].



Network of the other phases was found at the grain boundaries of Mg matrix phase, and the main

body of the network at the grain boundaries was determined as the Mg12RE phase.

Fig. 1. Microstructure of the die-cast Mg—RE-AI alloy in as-cast state.

3.2. Ambient & elevated tensile properties

Fig. 2 displays the statistical mean tensile properties of the die-cast Mg—RE-AI alloy at room
temperature and elevated temperatures of 150 °C, 250 °C and 300 °C. The statistical mean yield
strength (YS) of the alloy at room temperature are 170£2.8 MPa, and it is 32 % higher than that of
the benchmark AE44 die-cast Mg alloy [4,34].
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Fig. 2. Statistical mean tensile properties of the die-cast Mg—RE-AIl alloy at room temperature and elevated
temperatures of 150 °C, 250 °C and 300 °C.



The YS and ultimate tensile strength (UTS) of the alloy decrease gradually with the increase
of temperature. The YS of the alloy at 150 °C, 250 °C and 300 °C are 141+2.5 MPa, 113+2.1 MPa
and 94+1.8 MPa, respectively, which are 30.5 %, 37.8 % and 42.4 % higher than that of the AE44
alloy, separately [4]. With the increase of the temperature from room temperature to 300 °C, the
UTS of the alloy decrease from 197+2.8 MPa to 98+1.7 MPa. The die-cast Mg—RE-AI alloy also
shows much better elevated creep resistance than the existing die-cast Mg alloys, and the creep

properties will be disclosed elsewhere.

3.3. Ambient & elevated modulus

High temperature stiffness is important but seldom was reported for die-cast Mg alloys
especially at elevated temperatures of above 200 °C. Fig. 3 shows the evolution of the Young's
modulus of the die-cast Mg—RE—-AI alloy versus temperature. The measured Young's modulus
during heating and cooling test cycles fit well with each other. The room temperature Young's
modulus of the alloy is 43.7 GPa, and it is in the normal range of 40-50 GPa ambient Young's
modulus that is generally expected for cast Mg alloys [40,41]. The Young's modulus of the alloy
decreases nearly linearly with the increase of temperature, and the Young's modulus of the alloy
at elevated temperatures of 150 °C, 200 °C, 250 °C and 300 °C are 41.2 GPa, 40.2 GPa, 39.2 GPa
and 38.2 GPa, respectively. With the increase of temperature from room temperature to 300 °C,
the Young's modulus decreases only by 12.6 %, which demonstrates the good Young's modulus

holding capability of the alloy at elevated temperatures.
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Fig. 3. Evolution of the Young's modulus of the die-cast Mg—RE-AI alloy versus temperature during heating

and cooling test cycles.
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3.4. Ambient & elevated thermal conductivity

Thermal conductivity is a key point that was usually neglected during the development of Mg
alloys for elevated applications, and mechanical properties normally conflict with thermal
conductivity at elevated temperatures. The engineering widely AZ91 die-cast Mg alloy for
elevated applications up to 120 °C has a low room temperature thermal conductivity of 51 W/m-K
[42], and the benchmark AE44 die-cast Mg alloy for elevated applications up to 175 °C only has
an ambient thermal conductivity of 85 W/m-K [42]. Fig. 4 presents the thermal conductivity of the
die-cast Mg—RE-AI alloy at room temperature and elevated temperatures. The Mg—RE-AI alloy
has a good room temperature thermal conductivity of 105 W/m-K, which is 105.9 % higher than
that of the AZ91 alloy, and it is still 23.5 % higher than that of the AE44 alloy. The room
temperature thermal conductivity of the alloy is also comparable to the commercially widely used
A380 die-cast Al alloy that has an ambient thermal conductivity of 110 W/m-K [42]. The thermal
conductivity of the die-cast Mg—RE-AI alloy increases with increasing temperature, and the

thermal conductivity of the alloy increases to 124 W/m-K at 300 °C.
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Fig. 4. Thermal conductivity of the die-cast Mg—RE—AI alloy at room temperature and elevated temperatures
of up to 300 °C.

4. Conclusions

(1) The developed Mg—RE based die-cast Mg alloy has good strength at ambient and elevated
temperatures. The ambient yield strength of the alloy is 170 MPa, and the alloy can achieve a yield

strength of over 90 MPa at the elevated temperature of 300 °C.



(2) The developed Mg—RE based die-cast Mg alloy can maintain the stiffness well at elevated
temperatures. The ambient Young's modulus of the alloy is 43.7 GPa. With the increase of
temperature from room temperature to the elevated temperature of 300 °C, the Young's modulus
of the alloy decreases only by 12.6 %.

(3) The developed Mg-RE based die-cast Mg alloy has good thermal conductivity at ambient
and elevated temperatures. The room temperature thermal conductivity of the alloy is 105 W/m-K.
With the increase of temperature from room temperature to the elevated temperature of 300 °C,

the thermal conductivity of the alloy increases to 124 W/m-K.
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