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Abstract

The Effect of Rare Earth Elements on High-

Pressure Die-casting Mg alloys

Feifei Luan

School of Materials Science and Engineering

The Graduate School

Seoul National University

Magnesium is the 12" element in the element pool, the 8" abundant element in
the earth. It attracted many researchers applied on structural materials because of
its low density. As the lightest structural materials, magnesium alloys are very
suitable for the applications of automotive industry where vehicle weight reduction
and consequently energy saving are becoming the word focus. It is well known that
the possible application of AZ91 and AM60 alloys is still restricted due to some
problems. For example, the two alloys are unsuitable for manufacturing parts
operating at temperatures higher than 120 °C. In addition, the strength and ductility
of the commercial AZ91 and AM60 alloys do not simultaneously satisfy the
requirement of some important parts. For example, AZ91 alloy’s strength is
relatively high; however, the ductility of the alloy is not so good due to the high Al
content. Although AMG60 alloy has a high ductility, its strength is relatively poor.
Various alloying and/or micro-alloying elements, such as Ce, Nd, Y, Si, Ca, Ti, B,

Sr, Sb, Bi, Pr and so on, have been chosen to further improve the mechanical



properties of AZ91 alloy. With the addition of yttrium, the AZ91D alloy is found to
have good mechanical properties with the tensile strength of 270 MPa and
elongation of 11%. For the modified-AMG60 alloys, various alloying and/or micro-
alloying elements, such as Ca, Sn, Y, Si, Ti, Ag, Nd, B, RE, Sr, Ce and so on, have

been chosen to further enhance the mechanical properties of AM60 alloys.

In this article, the effect of rare earth elements on commercial Mg alloys were
observed. For developing high strength die casting Mg alloys, various RE elements
were used for precipitating new phase to achieve the goal. Tensile test, corrosion
test and other mechanical test was carried out, and SEM and EDS was used for the
analysis of section part.

In the first part, the process of developing new alloys will be introduced and the
influence of different elements on Mg alloys will be compared as well. Sr, Y, Sn,
Ca and Zn were added into Mg-Al based alloys. The specimen was produce 350t
cold chamber die-casting machine.

In the second part, the practical die casting process and parameters will be
introduced. The strength and elongation was observed. Microstructure was
observed by SEM and OM. Then phase and precipitate were observed by EDS and
XRD. Compared with simulated results, the phase was observed as expcted.

At last, the specimen were heat treated at 120 °C for 0.5h to 12h. After heat
treatment, the mechanical properties was improved, and due to different phase in

different alloys, some properties was improved significantly.

Keywords: High Pressure Die Casting, Mg-Al Based Alloy, Mechanical
Property
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The Effect of Rare Earth Elements on High-
Pressure Die-casting Mg alloys

I. Introduction

1.1 Mg Alloys

Magnesium is the 12" element in the element pool, the 8" abundant element in
the earth. It attracted many researchers applied on structural materials because of
its low density. As the lightest structural materials, magnesium alloys are very
suitable for the applications of automotive industry where vehicle weight reduction
and consequently energy saving are becoming the word focus [1,2]. It is well
known that the applications of magnesium alloys are significantly potential in
automobile, aircraft, aerospace, and 3C industries because of their low density,

high specific strength, good castability and better damping capacity and so on [3].

It is well known that the possible application of AZ91 and AM60 alloys is still
restricted due to some problems. For example, the two alloys are unsuitable for
manufacturing parts operating at temperatures higher than 120 °C. In addition, the
strength and ductility of the commercial AZ91 and AMG60 alloys do not
simultaneously satisfy the requirement of some important parts [3]. For example,
AZ91 alloy’s strength is relatively high; however, the ductility of the alloy is not so
good due to the high Al content. Although AM60 alloy has a high ductility, its
strength is relatively poor. As shown in Table 1.1, various alloying and/or micro-

alloying elements, such as Ce, Nd, Y, Si, Ca, Ti, B, Sr, Sb, Bi, Pr and so on, have



been chosen to further improve the mechanical properties of AZ91 alloy. With the

addition of yttrium, the AZ91D alloy is found to have good mechanical properties

with the tensile strength of 270 MPa and elongation of 11%. For the modified-

AMBG60 alloys, various alloying and/or micro-alloying elements, such as Ca, Sn, Y,

Si, Ti, Ag, Nd, B, RE, Sr, Ce and so on, have been chosen to further enhance the

mechanical properties of AM60 alloys [4,5]. Although a lot of modified-AZ91 and

AMG60 casting magnesium alloys with various additions have been developed in

recent years, these works mainly focus on the tensile properties, strengthening

mechanism and/or corrosion resistance. The investigation on the fatigue

properties of the modified-AZ91 and AM60 alloys with various additions is

still limited.

Table 1.1 As-cast RT tensile properties of modified-AM60 alloys with various

additions

Ll".ll'l'!lpL'IhiJ[h".ll'lh' WX} {'Ji-[u'l.g processes UTS | MPa) Y5 (MPa) H 4|
AMEO+0.2T1 PM 284 - 12
AMEO +04TI ] 26 ug
AMEO + 0550 Squeeze casting 182 - 100
AMEO + 4050 Squeess casting n2 - 81

AMEO + 150+0.3T] Squeeze casting 190 15 93
AMBO + 150400.3T1+0.5Ag Squeeze casting 250 123 a0
AMBO + 15140.3T1+1.08g Squeeze casting 265 128 B8
AMEO + 185105202 M 182 - 85
AMEO+05Y ] 192 k2 126
AME0 + 09N M 230 127 140
AMEO + 0158 M 160 - 57
AMEO + LERE ] 170 - 62
AME0 + 0158+1 6RE M 185 &0
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Table 1.2 As-cast RT mechanical properties of modified-AZ91 alloys with various

additions

Compasitions [wik) Casting processes Tensile properties

LTS (M Pa) Y MPa) B(E)
AFY] + 10Ce HPDC 248 158 BE
AZG1 +2.0Ce HEDE 227 144 &1
AZ91 + 10Md HPFDC 258 164 S5k
A791 + 1.5Md HPFDC 241 154 5.0
ALY] + 0.5Y HPFDC 270 162 10
AZG1 +0.8Y HEDE 272 161 1.0
AZE] + 00528 PM 226 110 a8
AZGT + 0.04E PM 229 113 43
AZ91 + 1L0BI PM 250 165 a8
AZG1 +0.45h PM 264 177 45
AZ91 + 1L0Bi+0.45E PM 269 178 3.3
AFY] + 0LEPr HPDC 2218 137 BE
ALY] + 12Pr HPFDC 222 128 [0
ALY + 1CaH0 55T HPFDC 250 - 3.5
A291 +0.5Ti PM 170 140 40
ALY + 10Y=1.0{Ca HPFDC 232 163 3.7
A291 + 10¥+15Ca HPDE 241 183 3.2
AZ91 +0.251+0.250 HEDE 231 135 58
AZ91 +0.55i+0.25h HEFDE 224 126 3.7

In recent years, although a lot of positive results about the modified-AZ91, AM60
and WE43 casting magnesium alloys with various additions, Mg—Al/Zn/Sn based
low cost casting magnesium alloys, Mg—Gd/Nd based high strength casting
magnesium alloys and purification technologies for reducing impurity elements in
casting magnesium alloys, have been obtained, the following studies still need to
be further carried out [6]. Further investigations need to be considered in order to
better understand the effect of various alloying and micro-alloying elements on the
microstructure, mechanical properties, corrosion resistance and/or castability of
casting magnesium alloys, and then determine the optimal chemical compositions.
The effects of heat treatment on the microstructure, mechanical properties and

corrosion resistance of the new alloys are also needed to be further investigated [7].

For a broader application in automobile parts for casting magnesium alloys, a

good knowledge of fatigue properties, such as fatigue curves for constant and

3
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variable amplitude loading, their scatters, influence of mean stresses and notches
on fatigue strength as well as the influence of thickness and surface (casting skin),
is very necessary. The casting process of casting magnesium alloys for the actual
automobile parts, such as selection of casting methods (including PM, HPDC,
LPDC, LPSC, LPSMC, squeeze casting, sand casting and so on), mold design,
optimization of technological parameters (pouring temperature, pouring rate and so
on), sectional sensitivity and casting defects, needs to be systematically
investigated. For wider application of casting magnesium alloys, more systematical
investigation on mechanical properties at elevated temperatures and development

of heat-resistant magnesium alloys is very crucial.

1.2 Die Casting

Die casting is a metal casting process that is characterized by forcing molten
metal under high pressure into a mold cavity. The mold cavity is created using two
hardened tool steel dies which have been machined into shape and work similarly
to an injection mold during the process. Most die castings are made from non-
ferrous metals, specifically zinc, copper, aluminum, magnesium, lead, pewter, and
tin-based alloys. Depending on the type of metal being cast, a hot- or cold-chamber

machine is used [9,10].

The casting equipment and the metal dies represent large capital costs and this
tends to limit the process to high-volume production. Manufacture of parts using
die casting is relatively simple, involving only four main steps, which keeps the

incremental cost per item low. It is especially suited for a large quantity of small- to
4 T



medium-sized castings, which is why die casting produces more castings than any
other casting process. Die castings are characterized by a very good surface finish

(by casting standards) and dimensional consistency [10].

Two variants are pore-free die casting, which is used to eliminate gas porosity
defects; and direct injection die casting, which is used with zinc castings to reduce

scrap and increase yield.

Magnesium alloys are very attractive for industrial applications because of their
light weighting, energy saving, and environment friendliness. As one of the most
popular casting methods for processing magnesium alloys, the high pressure die
casting (HPDC) process has various advantages including faster prototyping, better
casting dimensional accuracy, and fewer requirements for post-processing.
Compared with wrought magnesium alloys, casting magnesium alloys have clear
economic advantages for mass production of components due to their shorter
processing cycle and assembly costs. Therefore, casting magnesium alloys obtain
more incremental use. To date, almost 90% of total application products for
magnesium alloys involve casting processes. However, the applications of casting
magnesium alloys are still limited. One of the main reasons is that the mechanical
properties at room and elevated temperatures for the commercial casting
magnesium alloys are still unsatisfactory as compared with Al alloys.
Consequently, the development of casting magnesium alloys with high
performance have received much global attention in recent years and many positive

results, especially on the modification of the commercial casting magnesium alloys



and the development of low cost, high strength and/or creep-resistant casting

magnesium alloys, have been obtained.

There are two basic types of die casting machines: hot-chamber machines and

cold-chamber machines. These are rated by how much clamping force they can

apply [12].

Hot-chamber die casting, also known as gooseneck machines, relies upon a pool
of molten metal to feed the die. At the beginning of the cycle the piston of the
machine is retracted, which allows the molten metal to fill the "gooseneck". The
pneumatic- or hydraulic-powered piston then forces this metal out of the gooseneck
into the die. The advantages of this system include fast cycle times (approximately
15 cycles a minute) and the convenience of melting the metal in the casting
machine. The disadvantages of this system are that it is limited to use with low-
melting point metals and that aluminum cannot be used because it picks up some of
the iron while in the molten pool. Therefore, hot-chamber machines are primarily

used with zinc-, tin-, and lead-based alloys [13, 14].

Cold-chamber die casting are used when the casting alloy cannot be used in hot-
chamber machines; these include aluminum, zinc alloys with a large composition
of aluminum, magnesium and copper. The processes for these machines start with
melting the metal in a separate furnace. Then a precise amount of molten metal is
transported to the cold-chamber machine where it is fed into an unheated shot
chamber (or injection cylinder). This shot is then driven into the die by a hydraulic

or mechanical piston. The biggest disadvantage of this system is the slower cycle

6 I



time due to the need to transfer the molten metal from the furnace to the cold-

chamber machine [13, 14].

COVER
PLATEN POWER
CYLINDER
/GOOSENECK
/ NOZZLE
/ SEAT PLUNGER
CYLINDER
- POT
METAL
INTAKE
PORT
NOZZLE COMBUSTION AREA
BURNER
(a)

SHOT

CHAMBER
TRANSFER

MOLTEN

POWER
CYLINDER

L

HOLDING FURNACE

(b)

Figure 1.1 Schematics of high pressure die-casting machine: (a) hot chamber type

and (b) cold chamber type

The following are the four steps in traditional die casting, also known as high-

pressure die casting; these are also the basis for any of the die casting variations:

die preparation, filling, ejection, and shakeout. The dies are prepared by spraying

the mold cavity with lubricant. The lubricant both helps control the temperature of

the die and it also assists in the removal of the casting. The dies are then closed and

molten metal is injected into the dies under high pressure; between 10 and 175

MPa [16]. Once the mold cavity is filled, the pressure is maintained until the

casting solidifies. The dies are then opened and the shot (shots are different from

castings because there can be multiple cavities in a die, yielding multiple castings

per shot) is ejected by the ejector pins. Finally, the shakeout involves separating the

scrap, which includes the gate, runners, sprues and flash, from the shot. This is

Rk R
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often done using a special trim die in a power press or hydraulic press. Other
methods of shaking out include sawing and grinding. A less labor-intensive method
is to tumble shots if gates are thin and easily broken; separation of gates from
finished parts must follow. This scrap is recycled by remelting it. The yield is

approximately 67%.

The high-pressure injection leads to a quick fill of the die, which is required so
the entire cavity fills before any part of the casting solidifies. In this way,
discontinuities are avoided, even if the shape requires difficult-to-fill thin sections.
This creates the problem of air entrapment, because when the mold is filled quickly
there is little time for the air to escape. This problem is minimized by including
vents along the parting lines, however, even in a highly refined process there will
still be some porosity in the center of the casting. Most die casters perform other
secondary operations to produce features not readily castable, such as tapping a

hole, polishing, plating, buffing, or painting.

1.3 Fracture in Die Casting

As one of the most popular casting methods for processing magnesium alloys, the
high pressure die casting (HPDC) process has various advantages including faster
prototyping, better casting dimensional accuracy, and fewer requirements for post-
processing [17]. Because porosity is one of the main defects in die castings, studies
have been conducted to reveal the correlation between porosity and mechanical
properties. Some group had investigated the relationship between internal porosity

and fracture strength of die-cast AM60B magnesium alloy by using the X-ray
8



tomography, and concluded that the local area fraction of porosity was the primary

factor in determining the tensile properties of specimens [18].

The variability in tensile ductility of HPDC AMS50 and AE44 magnesium alloy
was studied, and the results showed that the ductility was correlated to the area
fraction of porosity measured in the fracture surface, not the average volume
fraction of porosity in the 3D microstructure. By employing the size and location of
the porosity in fracture surfaces of die-cast AZ91 and AE44 specimens, the tensile
elongation was determined with an average error of 5.3%. The effect of porosity in
HPDC magnesium alloy on the ductility was studied [19]. Via a two-dimensional
microstructure-based finite element modeling method, and results showed that for
the regions with lower pore size and lower volume fraction, the ductility generally
decreased as the pore size and pore volume fraction increase, whereas, for the
regions with larger pore size and larger pore volume fraction, other factors such as

the mean distance between the pores had substantial influence on the ductility [20].

Though porosity was proved to be the key factor in determining the mechanical
properties in many studies, there were still studies showed that the mechanical
properties were influenced by the whole microstructure not only the porosity. Some
group also studied the effect of position and section thickness on the tensile
properties in HPDC magnesium alloy, and suggested that the tensile properties
were influenced by the average size, area fraction and clustering tendency of pores
and P phase particles as well as average grain size [19, 21]. Mechanism for fatigue

crack growth in HPDC magnesium alloys was studied, and results showed that



these fatigue micromechanics were manifested by the concomitant effects of
casting pores, interdendritic Al-rich solid solution layer, B-phase particles, Mn-rich

inclusions.

1.4 Research Objectives

1) The proper amount addition of Al to the die-cast Mg alloy with considering

room temperature strength and castability.

2) Removal of thermally unstable Mg;7Ali» phase by the addition of alloying

elements.
3) Matrix strengthening by the addition of soluble alloying elements.

4) The addition of third and fourth alloying elements to the Mg-Al alloys in order

to form thermally stable precipitates.
II. Experiment Procedure

2.1 Alloy Design
a. Mg-Al-Zn (Mg-Al-Mn) Alloys

A high pressure die-casting process shows excellent productivity due to the short
cycle time. Moreover, the high pressure die-cast products exhibit enhanced
mechanical properties with the refined microstructure due to the fast cooling rate.
In case of die-cast Mg alloys, it is necessary to add Al to the Mg alloys due to

castability. Majority of the die-cast Mg alloys are made from Mg-Al base (AMS50,

10 .



AM60) and Mg-Al-Zn base (AZ91) alloys. AM50 and AM60 alloys exhibit a good
combination of strength and ductility, and AZ91 alloy shows excellent castability
and strength. Al is added to Mg as the prime alloying element in a high pressure
die-casting process to increase the strength and castability. However, high Al
contents can decrease ductility due to brittle Mg;7Al» precipitates. This precipitate
can induce the formation of crack through the debonding process between the a-Mg
and the Mg;7Ali» phase [22]. Moreover, this phase can be easily dissolved at
elevated temperature, high temperature mechanical properties are significantly
decreased. Therefore, the amount of Al addition should be controlled around
6wt%~8wt% in high pressure die-cast Mg-Al alloys for high temperature

applications [23].

b. Mg-Al-Ca Alloys

Ca addition, as a cheaper and lighter alternative to rare-earth elements, also
contributes to high temperature properties. Calcium has the atomic weight, which
is half of atomic weight of Sr and third of that of RE elements. Consequently,
alloying with Ca provides maximum increase of both room temperature tensile and
compressive yield strength, and especially creep strength for the equal weight
percentage additions compared to Sr and RE metals [25]. Since Ca is a relatively
inexpensive element, it also provides the maximum increase of the above
properties in terms of value to cost. The Al,Ca phase has stability at high
temperatures and the formation of the Mgi7Ali» phase is suppressed. Despite its

beneficial contribution to creep properties, Ca makes the alloy prone to hot tearing

11



and die sticking especially when the level is above 1wt. % [24].

c. Mg-Al-RE Alloys

Rare-earth elements, in this alloy system, form at least one (in general a mixture)
precipitate, which improves the creep strength due to complete suppression of the
formation of Mg;7Al;; precipitate. Rare-earth elements are relatively expensive and
therefore a cheaper substitute known as misch metal, a mixture of several rare-
earth elements that is enriched in one of the constituents is generally used. The
microstructure of Mg-Al-RE alloys dictates the creep resistance of AE42 and AE44
alloys [28]. ALRE (also reported as AE;;RE3) lamellar phase dominates the
interdendritic microstructure, which also contains minor amounts of particulate
ALRE phase. The RE used in AE alloys consists primarily of cerium and
lanthanum, which makes the ALLRE in the alloys a mixture of Al4sCe and AlsLa.
Since these phases are present at the grain boundaries they provide a very effective
hindrance to grain boundary sliding, the dominant mechanism for creep in Mg-Al

based die-cast alloys [28, 29].

Unfortunately, the thermal stability of AI4RE phase does not extend beyond
150°C. Microstructural analysis shows that the volume fraction of the AILRE phase
decreases while that of the less stable phases ALLRE and Mgi;Ali> increases

through phase transformations at higher temperatures such as 175°C.

d. Mg-Al-Ca-Sr-RE Alloys

Many Al containing Mg alloy systems have been developed with combined
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additions of rare-earth and alkaline earth elements. Nissan patent on an Mg-Al-Ca-
RE alloy and later a Honda alloy ACMS522 (Mg5%Al-2%Ca-2%RE) both claim
improved creep resistance over AE42 alloy. ACMS522 alloy is based on specific
Al/RE/Ca ratios to insure Al-RE precipitates in additions to Al-Ca intermetallics.
The microstructure of these alloys exhibit a combination of Al-RE and Al-Ca
intermetallics mixtures [30]. Another example is MRI153M. MRII53M is a
beryllium free, low cost creep resistant alloy with the capability of long-term
operation at temperatures up to 150°C under high stresses. MRI153M alloy exhibits
the die castability similar to that of AZ91D alloy [26]. The creep properties of
MRI153M, at 100~150°C under stresses of 50~110 MPa are also significantly
superior to those of commercial alloys. This makes MRI153M as a superior
candidate for automotive applications such as transmission housings, oil pans,

valve covers etc.
e. Mg-Al-Sn Alloys

In most recent years, Sn added Mg-Al based alloy system has been developed. The
addition of Sn to die-cast Mg alloys has several advantages such as low diffusivity
in Mg (10 x 10" m/s? at 400 °C), low solid solubility in Mg at room temperature
and high solubility in Mg at 800 °C. Moreover, the thermally stable Mg,Sn phase
can be precipitated within matrix and along grain boundaries which has melting
point of 770°C, this phase leads to the improvement of high temperature

mechanical properties in die-cast Mg-Al alloys [10, 29].

2.2 Experiment Condition
13



2.2.1 Die Casting Condition

The alloy was produced on a 350 ton cold chamber die-casting machine, figure
2.1(a). High pressure die-cast mold is shown in Figure 2.1(b). The alloy was
molten at 680°C under the SFs gas. The mold was maintained at a temperature of

280°C, which was equipped with an oil heating/cooling system.

Figure 2.1 (a) 350 Ton Die Casting Machine (b) Die-cast mold

The alloying elements to the Mg-Al base alloy were Sn, Ca, Sr and Mm (Ce-rich),
Mn, Zn, Y. Mg, Al and Sn, Ca, Mn, Zn and Y were melted in the form of ingot with
99.9% purity. Sr were added in the form of AI-90 wt. % Sr. The compositions of
different alloy systems were shown in Table 2.1. And other parameters of HPDC

were shown in Table 2.2.
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Table 2.1 Alloy Compositions

Compeosition (wt_%a)

Alloys
Al Mn Ca Sr Y Sn Zn Mm(Ce-rich)
Mg-6.0A1-5.05n-0.6Ca-0.3Mn 6.0 0.6 0.6 - - 5.0 - -
Mg-6.0A1-6.05n-0.75Ca-
0.3Mn 6.0 0.6 0.75 - - 6.0 - -
Mg-7.0A10.5Zn-0.3Y 7.0 0.3 1.0 - 0.3 - 0.5 -
Mgz-7.0A1-1.0Zn-0.3Y 7.0 0.3 1.0 - 0.3 - 1.0 -
Mg-7.0AF.0Zn-0.3Y-0.5Mm 7.0 0.3 - - 0.3 - 1.0 0.5
Mg-8.0A1-1.0Zn-0.3Y 8.0 0.3 = = 0.3 = 1.0 =
Mgz-8.0A1-1.0Zn-0.5Y 8.0 0.3 - - 0.5 - 1.0 -
Mg-8.5A1-1.0Zn-0.5Y 8.5 0.3 - - 0.5 - 1.0 -
Mg-7.0A1-1.0Ca-0.3Y 7.0 0.3 1.0 - 0.3 - - -
Mg-8.0A1-1.0Ca-0.5Y 5.0 0.3 1.0 - 0.3 - - -
Mg-5.0A1-1.0Ca-0.15r-0.5Y 8.0 0.3 1.0 0.1 0.5 - - -
Mg-8.0A1-1.0Ca-0.351-0.5Y 5.0 0.3 1.0 0.3 0.5 - - -
Mg-8.0A1-2.0Zn-1.5Mm 5.0 0.3 - - - - 2.0 1.5
Mg-8.0A1-3.0Zn-1.5Mm 8.0 0.3 - - - - 3.0 1.5
Table 2.2 Die Casting Condition
Contents Remark
Melt Temp. 680°C
Mold Temp. 200°C
Plunger Diameter (D)) S0mm

Slow Phase Velocity

0.2~0.35m/s

Fast Phase Velocity 2.5m/s
Sleeve Length (Ly) 352 mm
Vacuum Lapse Time Variabhle
Slow Phase Length (L;) 260 mm

Fast Phase Length (Ly) 78 mm

Biscuit Thickness 14 mm
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Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.



2.2.2 Tensile Test Condition

The tensile tests were performed at room temperature (25°C) at an initial strain

rate of 2 x 10%/s. The specimens were cylindrical shape, with gauge lengths and

diameter of 16 mm and @ 4mm. The drawing of specimen was shown in Figure 2.2

[8].

Figure 2.2 Tensile Test Specimen Dimension

2.2.3 Heat Treatment Condition

Those compositions with high elongation were selected for heat treatment. The

heat treatment was carried out in 120°C, for 0.5, 1, 2, 4, 8, 12 hours.

2.3. Characterization of microstructure and mechanical properties

2.3.1. Observation of microstructure

The specimen for observing microstructure was mechanically grinded with SiC
paper from #600 to #4,000, and then polished with 0.3 and 0.05 mm alumina
powder. These specimens were then etched with nital (0.5% nitric acid + distilled
water). The microstructure was observed with an optical micrograph, SEM
(MERLIN Compact). Quantitative analysis of various precipitates was performed

with JMatPro software and EDS.
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I11. Results and Discussions

3.1. Thermodynamic prediction of precipitates

Thermodynamic calculation with JMatPro software was used to predict the
solidification sequence and the amount of precipitates at room temperature. The
solidification behaviors for investigated alloys are given in Figure 3.1. In the
AM60-5.0Sn-0.6Ca alloy (Figure 3.1 (a)), the AlsMns phase was initially
precipitated, and the Mg,Sn eutectic phase was precipitated in the last stage. The
Mg7Al> eutectic phase was not precipitated The solidification sequence of this
alloy is AlsMns, a-Mg, Al;iMn4 Ca,Sn, Mg>Sn phases presented in Figure 3.1 (a).
The Mg;7Al 1, eutectic phase was not precipitated in this alloys system (Fingure3.1

(a) and (b)). When more Ca was added, the fraction Mg,Sn phase increased.

In the case of Mg-7.0Al-1.0Zn-0.5Mm alloy system, the AlgMns phase was
initially precipitated, and the Mgi7Al;» eutectic phase was precipitated in the last
stage, after adding Mm (Ce-rich), the fraction of Mg;7Ali> was decreased. With the

increase of Zn, ALY phase increased as well. The results were shown in Figure

3.1(c) ~ (e).

In the Mg-8.0A1-1.0Zn-0.3Y alloy system, when Al was added until 8.5wt%,
Mgi7Al; phase increased a lot. And use Ca instead of Zn, Mg7Al;2 phase was
disappeared. AlsSr precipitated after added Sr. and until the contents of Al was

increased to 8wt%, AlsY was precipitated

For the last comparison, add the contents of Zn until 3wt%, the fraction of
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eutectic Mgi7Al;, was suppressed and Al;1Mns phase increase significantly. The

exact data was shown in Table 3.1.
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Figure 3.1 Solidification behaviors of high pressure die-cast alloys: (a) Mg-6.0Al-
5.0Sn-0.6Ca-0.3Mn, (b) Mg-6.0A1-6.0Sn-0.75Ca-0.3Mn
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Figure 3.1(Continued) Solidification behaviors of high pressure die-cast alloys: (c)

Mg-7.0A1-0.5Zn-0.3Y, (d) Mg-7.0Al-1.0Zn-0.3Y
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Figure 3.1(Continued) Solidification behaviors of high pressure die-cast alloys: (e)
Mg-7.0A1-1.0Zn-0.3Y-0.5Mm, (f) Mg-8.0Al-1.0Zn-0.3Y
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Figure 3.1(Continued) Solidification behaviors of high pressure die-cast alloys: (g)
Mg-8.0A1-1.0Zn-0.5Y, (h) Mg-8.5A1-1.0Zn-0.5Y
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Figure 3.1(Continued) Solidification behaviors of high pressure die-cast alloys: (i)
Mg-7.0Al-1.0Ca-0.3Y, (j) Mg-8.0Al-1.0Ca-0.5Y
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Figure 3.1(Continued) Solidification behaviors of high pressure die-cast alloys: (m)
Mg-7.0A1-2.0Zn-0.5Mm, (n) Mg-7.0Al-3.0Zn-0.5Mm
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Table 3.1 Mole fraction of each phase with different alloying elements in high

pressure die-cast Mg-Al-Sn alloys

Amount of Phases at Room Temperature (wt.%)

Alloy Systems
s MgrAly| ALRE | ALRE | ALMn | ALjRE; | AlMun: | AbMng | ALSr | CaSn | Mg:sSn a-Mg
Mg-6.0Al1-5.08n-0.6Ca-
- . - 0.86 0.03 229 | 042 Bal
0.3Mn :
L LA AR et = . - . 087 0.03 300 | 09 Bal.
0.3Mn
Mg-7.0AL0.5Zn03Y | 209 | 047 005 | 7.63e4 034 0.04 _ Bal.
Mg-7.0AL-1.0Zn03Y | 419 | 0.6 006 | 92164 034 0.04 B Bal.
Mg-7.0AI10Z0-03Y- | 0.46 026 | 7764 | 0.63 0.35 0.04 8 Bal
0.5Mm
Mg-8.0ALL0Zn03Y | 339 | 047 007 | 07664 0.38 0.05 B Bal.
Mg-8.0A1-1.0Zn0.5Y | 312 | 0.8 007 | 9274 0.38 0.05 . Bal.
Mg-8.5A11.0Zn-0.5Y | 435 | 082 0.07 | 1153 0.38 0.05 . Bal.
Mg-7.0A1-1.0Ca-0.3Y 247 . - 0.36 0.03 . Bal
Mg-8.0A1-1.0Ca-0.5Y 3.00 0.02 - 038 0.04 B} Bal,
Mg-8.0A1-1.0Ca-0.15r- 3.00 0.02 - 0.38 0.04 0.24 - Bal.
0.5Y
B e 3.00 0.01 - 0.38 0.04 0.73 8 Bal
0.5¥
Mg 7.0A1-2.0Zn-1.5Mm | 376 147 B 75%4 | 107 0.40 0.04 B Bal.
Mg-7.0A1-3.0Zn-1.5Mm | 260 B 171 | 418¢4 | 086 0.41 0.04 B Bal.

3.2. Mechanical

Specimen

Properties at Room Temperature of As-casted

As referred before, the tensile test was carried out at room temperature. The

yield strengths of die-cast Mg-Al based alloys were shown in Figure 3.2 and Table

3.2. The ultimate tensile strength of Mg-7.0A1-0.5Zn-0.3Y is 247.4MPa. By the

addition of 1.0wt.% Zn to this composition, the ultimate tensile strength increase to

257.3MPa. After adding Mm to this alloy system, the elongation decreased to

5.5%. And change Zn element to Ca element, the elongation decreased as well.

In the case of AMO60-5.0Sn-0.6Ca, this composition shows the highest

elongation rate. In Mg-Sn-Ca system, the ratio of Sn/Ca decides the intermetallic
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phases that form in the microstructure. When the ratio is higher than 2.5, Ca is
almost totally bound to Mg and Sn to form MgCaSn phase, which is thermally

stable and helps in increasing the creep strength of the alloy.

In those alloy system which include Y, with the increasing of the contents of Y,
the elongation increased together. And Compared the properties of Mg-7.0Al-
1.0Ca-0.3Y and Mg-8.0Al-1.0Ca-0.5Y, add more elements, the properties was

improved.

The highest yield strength is 150.5MPa, which from Mg-8.5A1-1.0Zn-0.5Y,
because of the existence of Mgi;Ali» phase, the yield strength increased, but

because of its brittleness, the elongation is very poor.
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Figure 3.2 Ultimate Tensile Strength and Elongation of As-casted Specimen
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Table 3.2 Mechanical properties of different compositions

Mechanical Properties (R.T.)

Alloy Systems
Yield Strength (MPa) Ultimate Tensile Strength (MPa) Elongation (%)
Mg-6.0A1-5.0Sn-0.6Ca-0.3Mn 145.5 235.6 8.3
Mg-6.0A1-6.0Sn-0.75Ca-0.3Mn 146.5 224.7 7.0
Mg-7.0A1-0.5Zn-0.3Y 146.4 237.4 7.7
Mg-7.0A1-1.0Zn-0.3Y 148.6 237.3 7.7
Mg-7.0A1-1.0Zn-0.3Y-0.5Mm 147.4 229.4 55
Mg-8.0A1-1.0Zn-0.3Y 139.8 196.2 3.5
Mg-8.0A1-1.0Zn-0.5Y 143.2 218.6 5.4
Mg-8.5A1-1.0Zn-0.5Y 150.5 179.7 1.3
Mg-7.0A1-1.0Ca-0.3Y 145.3 220.0 54
Mg-8.0A1-1.0Ca-0.5Y 144.7 239.3 7.7
Mg-8.0A1-1.0Ca-0.18r-0.5Y 148.3 237.7 6.3
Mg-8.0A1-1.0Ca-0.381-0.5Y 145.3 230.3 7.8
Mg-8.0A1-2.0Zn-1.5Mm 147.1 203.1 31
Mg-8.0A1-3.0Zn-1.5Mm 143.8 169.9 0.8

3.3. Microstructure

The observation with an optical micrograph for high pressure die-cast MgAl-Sn
based alloys is shown in Figure 3.3. As seen in Figure3.3 (a) and (b), after add
more elements, the grain size was refined but the texture became not homogeneous,

maybe this can explain why the properties get a little decreased.

After adding Mm to Mg-7.0Al1-1.0Zn-0.3Y (Figure3.3 (c)(d)(e)) alloy system, the
grain size got refinement obviously. AI4RE (also reported as AE;;RE3) lamellar
phase dominates the interdendritic microstructure, which also contains minor
amounts of particulate ALRE phase. The RE used in AE alloys consists primarily
of cerium and lanthanum, which makes the AILRE in the alloys a mixture of Al4sCe
and AlsLa. Since these phases are present at the grain boundaries, they suppressed
the growing of dendrite. On the other hand, adding more Zn is contribute to reduce

dendrite arm spacing and the growing of grains.
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As shown in Figure 3.3 (f) and (g), dendrite arm spacing was decreased with
increasing Y contents. For comparison of Figure3.3 (j)(k)(1), for the refinement of

grain, the optimal contents of Sr is 0.1wt.%.

Scanning electron microscopic studies were carried out in order to identify the

second phase particles present in the alloy and are shown in Figure 3.4.

5Ca-0.3Mnl
; o~

(b)

Figure 3.3 OM pictures of different compositions: (a) Mg-6.0A1-5.0Sn-0.6Ca-
0.3Mn, (b) Mg-6.0A1-6.0Sn-0.75Ca-0.3Mn
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Mg-7.0A1-0.5Zn-0.3Y

T

(e)

Figure 3.3(Continued) OM pictures of different compositions: (c) Mg-7.0A1-0.5Zn-
0.3Y, (d) Mg-7.0A1-1.0Zn-0.3Y, (e) Mg-7.0A1-0.5Zn-0.3Y-0.5Mm
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(b)

Figure 3.3(Continued) OM pictures of different compositions: (f) Mg-8.0Al-1.0Zn-
0.3Y, (g) Mg-8.0A1-1.0Zn-0.3Y, (h) Mg-8.5A1-1.0Zn-0.5Y
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(k)

Figure 3.3(Continued) OM pictures of different compositions: (i) Mg-7.0Al-1.0Ca-
0.3Y, (j) Mg-8.0Al1-1.0Ca-0.5Y, (k) Mg-8.0Al-1.0Ca-0.1Sr-0.5Y
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Figure 3.3(continued) OM pictures of different compositions: (1) Mg-8.0Al-1.0Ca-
0.3Sr-0.5Y, (m) Mg-8.0A1-2.0Zn-1.5Mm, (n) Mg-8.0A1-3.0Zn-1.5Mm
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Mg-6.0A1-5.0Sn-0.6Ca-0.3Mn

!

(©)

Figure 3.4 SEM and EDS analysis of different compositions: (a) AM60-5.0Sn-
0.6Ca, (b) AM60-6.0Sn-0.75Ca, (c) Mg-7.0A1-0.5Zn-0.3Y
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Mg-7.0Al-1.0Zn-0.3Y

(d)

Mg-7.0Al-1.0Zn-0.3Y-0.5Mm

®

Figure 3.4(continued) SEM and EDS analysis of different compositions: (d) Mg-

7.0Al1-1.0Zn-0.3Y, (e) Mg-7.0A1-0.5Zn-0.3Y-0.5Mm, (f) Mg-8.0Al-1.0Zn-0.3Y
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Mg-8.0A1-1.0Zn-0.5Y

(2

(h)

Figure 3.4(continued) (g) Mg-8.0A1-1.0Zn-0.3Y, (h) Mg-8.5A1-1.0Zn-0.5Y, (i)
Mg-7.0Al-1.0Ca-0.3Y
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Mg-8.0A1-1.0Ca-0.5Y

@

(k)

Mg-8.0A1-1.0Ca-0.3Sr-0.5Y

@

Figure 3.4(continued) OM pictures of different compositions: (j) Mg-8.0Al-1.0Ca-
0.5Y, (k) Mg-8.0A1-1.0Ca-0.1Sr-0.5Y, (1) Mg-8.0Al-1.0Ca-0.3Sr-0.5Y
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Figure 3.4(continued) OM pictures of different compositions: (m) Mg-8.0Al-
2.0Zn-1.5Mm, (n) Mg-8.0A1-2.0Zn-1.5Mm

It was confirmed by the SEM analyses that the there was no second phases were
Mgi7Al; in the AM60 system alloy. From the EDS analysis, it is evident that the
matrix is a-Mg, and the white precipitate is the Mg>Sn phase. And the MgCaSn
phase was observed in the AM60-5.0Sn-0.6Ca alloy as well. Presence of the
CaMgSn phase at dendrite interior and boundaries could act as a crack initiation
site. Therefore, it can give a minor effect on the mechanical properties of die-cast

alloys.
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When the content of Al raised to 8wt. %, the Mgi7Ali» can be observed obviouly.
And those composition which include Ca, there was no Mg;7Ali» phase can be

observed. It evidenced that Ca has an effect on suppressed Mg;7Al;» phase.

In Figure 3.4 (j)(k)(1), ALY can be observed in (j) and (k), but (). The same as
simulated Al4Sr was increased a lot, and the phase of Al,Y decreased. Because of
the existence of Al,Y phase, the former composition has better properties than last

one.

1 —— Mg-6.0A1-5.0Sn-0.6Ca-0.3Mn ®o-Mg
—— Mg-6.0A1-6.05n-0.75Ca-0.3Mn || © Mgy7AL,
v CaMgSn
= > Mg,Sn
=
2 .
g L olBires LA Joelle o
= *
E MLH'“» ceh?e o

20 25 30 35 40 45 50 55 60 65 70 75 80

20 (Degree)

(a)

Figure 3.5 XRD analysis results of different alloy system: (a) Mg-6.0A1-XSn-
XCa-0.3Mn alloy system
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Figure 3.5(continued) XRD analysis results of different alloy system: (b) Mg-
7.0A1-1.0Zn-XY alloy system, (¢c) Mg-8.0Al-1.0Zn-XY alloy system
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Figure 3.5(continued) XRD analysis results of different alloy system: (d) Mg-
8.0Al-1.0Ca-XY alloy system, (¢) Mg-8.0A1-XZn-1.5Mm alloy system
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In this experiment, XRD was used for phase observation. Figure 3.5 shows the
phase analysis results of different alloy. As observed in thermodynamic
calculations and microstructures, the Mg,Sn, CaMgSn phase was observed in Mg-
6.0Al1-Sn series alloys. And typical phase of Mg-Al alloys which include Y, Sr
element AlY, Al4Sr were observed. These phase are benefit for improve strength

by precipitate strengthening.

Even though the yield strength of die-cast Mg alloys has importance as a criterion
compared to the tensile strength and elongation in near net shape die-cast
applications, the tensile strength and elongation have importance due to tensile
stability especially in high pressure die-cast Mg alloys. The tensile strength and
elongation in cast materials is strongly dependent on casting defects, therefore,
effects of casting defects including gas pores and shrinkage pores on tensile

stability of die-cast Mg-Al-Sn based alloys should be discussed.

From the Figure 3.5, the composition with the best property, Mg-7.0Al-1.0Zn-
0.3Y, has the most fraction of ductile fracture, and the same in Mg-8.0Al-1.0Ca-

0.5Y. The fraction of dimple are corresponded to the elongation results.
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Mg-7.0A1-0.5Zn-0.3Y

(b)

(©)

Figure 3.6 SEM pictures of section part after tensile test: (a) Mg-7.0A1-0.5Zn-0.3Y
(b) Mg-7.0A1-1.0Zn-0.3Y (c) Mg-7.0Al-1.0Zn-0.3Y-0.5Mm
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Mg-7.0A1-1.0Ca-0.3Y

G

Figure 3.6(continued) (d) Mg-7.0Al-1.0Ca-0.3Y, (e) Mg-8.0Al-1.0Ca-0.3Y, (f)
Mg-8.0Al-1.0Ca-0.3Sr-0.5Y
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3.4. Mechanical Properties at Room Temperature after heat treatment

After heat treatment at120 °C in 0.5h, 1h, 2h, 4h, 8h, 12h, the tensile test was

carried out at room temperature.

Notwithstanding no marked difference in the microstructure were detected, it was
found that all the analyzed properties are significantly affected by the heat
treatment. In particular, both UTS and YS do not change a lot in Mg-7.0Al-0.5Zn-
X system alloys. Because of those phase which include Zn exhibits a brittle
fracture, while the phase with more Al reveals a more ductile behavior after heat

treatment.

In the case of Mg-6.0A1-5.0Sn-0.6Ca-0.3Mn, this composition shows the highest
elongation rate. In Mg-Sn-Ca system, because of the Mg,Sn, Mg,Ca are thermal
stable phase, and after heat treatment, those strength were much improved have
very fine and homogenous microstructure (3.11(c) and (f)). After heat treatment,

the YS and UTS were improved 15MPa.

In those alloy system which include Y and Ca, after heat treatment, the YS was
improved 22.5MPa, the UTS was increased around 30MPa. In these cases, because
of thermal stable strengthening phases ALY and AI4RE, the mechanical properties

were increased significantly.

44



Table 3.3 Mechanical properties of different time after heat treatment

Alloy Systems& Heat Treatment

Mg-6.0A1-5.08n-0.6Ca-0.3Mn, Oh at 120°C
Mg-6.0A1-5.08n-0.6Ca-0.3Mn, 0.5h at 120°C
Mg-6.0A1-5.08n-0.6Ca-0.3Mn, 1.0h at 120°C
Mg-6.0A1-5.05n-0.6Ca-0.3Mn, 2.0h at 120°C
Mg-6.0A1-5.08n-0.6Ca-0.3Mn, 4.0h at 120°C
Mg-6.0A1-5.08n-0.6Ca-0.3Mn, 8.0h at 120°C

Mg-6.0A1-5.08n-0.6Ca-0.3Mn, 12.0h at 120°C

Yield Strength (MPa)
145.5
161.3
156.2
160.2
156.1
161.3

160.1

Mechanical Properties (R.T.)
Ultimate Tensile Strength (MPa)
237.7

250.4
187.1
238.2
245.9
245.6

230.9

Elongation (%)
8.9
6.9
1.8
6.0
7.0
6.7
52

Table 3.4 Mechanical properties of different time after heat treatment

Alloy Systems& Heat Treatment

Yield Strength (MPa)

Mg-8.0A1-1.0Ca-0.5Y, Ohat 120°C 146.6
Mg-8.0A11.0Ca-0.5Y, 0.5h at 120°C 158.7
Mg-8.0A1-1.0Ca-0.5Y, 1.0h at 120°C 162.3
Mg-8.0A11.0Ca-0.5Y, 2.0h at 120°C 165.1
Mg-8.0A11.0Ca-0.5Y, 4.0hat 120°C 165.9
Mg-8.0A11.0Ca-0.5Y, 8.0hat 120°C 164.1
Mg-8.0A1-1.0Ca-0.5Y, 12.0h at 120°C 167.2

Mechanical Properties (R.T.)
Ultimate Tensile Strength (MPa)
226.8

249.7
249.3
249.9
232.9
262.2
262.1

Elongation (%)
6.9
7.0
6.5
6.7
4.8
7.8
8.1

Table 3.5 Mechanical properties of different time after heat treatment

Alloy Systems& Heat Treatment

Yield Strength (MPa)

Mg-8.0A1-1.0Ca-0.151r-0.5Y, Ohat 120°C
Mg-8.0Al1-1.0Ca-0.1Sr-0.5Y, 0.5hat 120°C
Mg-8.0Al1-1.0Ca-0.18r-0.5Y, 1.0h at 120°C
Mg-8.0Al1-1.0Ca-0.1Sr-0.5Y, 2.0h at 120°C
Mg-8.0A11.0Ca-0.15r-0.5Y, 4.0hat 120°C
Mg-8.0Al-1.0Ca-0.1Sr-0.5Y, 8.0h at 120°C

Mg-8.0A1-1.0Ca-0.151-0.5Y, 12.0h at 120°C

148.3
161.4
158.7
162.3
169.1
202.2

164.7

Mechanical Properties (R.T.)
Ultimate Tensile Strength (MPa)
227.7

251.6
254.4
254.0
242.0
239.7

256.7

Elongation (%)
6.3

7.2
7.4
7.1
53
3.1
7.1

After heat treatment, from the microstructure observation, the grain size was

microstructure get homogenous and stable.
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refined and the whole microstructure got more homogenous. Those are the reasons
of improvement of mechanical properties. At the beginning of heat treatment, the

dendrite started to grow with the DAS decreased. After heat treatment 8h, the



Mg-6.0A1-5.05n-0.6Ca-0.3Mn-0.5h

Mg-6.0A1-5.0Sn-0.6Ca-0.3Mn-2.0h ;

Mg-6.0A1-5.0Sn-0.6Ca-0.3Mn-8.0h

(e)

Mg-6.0A1-5.05n-0.6Ca-0.3Mn-1.0h
T BT :

(b)

Mg-6.0A1-5.05n-0.6Ca-0.3Mn-4.0h

(d)

Mg-6.0Al1-5.05n-0.6Ca-0.3Mn-12.0h

S

Figure 3.7 The microstructure of Mg-6.0A1-5.0Sn-0.6Ca-0.3Mn after heat
treatment for (a) 0.5h, (b) 1h, (c) 2h, (d) 4h, (e) 8h, (f) 12h
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(a) (b)

Mg-8.0A1-1.0Ca-0.15r-0.5Y-4.0h

Mg-8.0A1-1.0Ca-0.15r-0.5Y-8.0h & 1

R

(e) ®

Figure 3.9 The microstructure of Mg-8.0Al-1.0Ca-0.5Y-0.1Sr after heat treatment
for (a) 0.5h, (b) 1h, (c) 2h, (d) 4h, (e) 8h, (f) 12h
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Figure 3.10 Comparison of XRD analysis results before and after heat treatment:
(a) Mg-6.0A1-5.0Sn-0.6Ca-0.3Mn, (b) Mg-8.0Al-1.0Ca-0.5Y
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Figure 3.10(continued) Comparison of XRD analysis results before and after heat
treatment: (c) Mg-8.0Al-1.0Ca-0.5Y-0.1Sr

XRD patterns of heat treated Mg-Al based alloys compared to as—cast alloys are
shown in Figure 3.10. First of all, because the specimen were heat treated in low
temperature 120 °C, the phase precipitated more. In the case of the Mg-6.0Al-
5.0Sn-0.6Ca-0.3Mn alloy, the Mg>Sn, CaMgSn and Al>Ca phase is still remaining
after heat treatment. In comparison of thermal stability of Mg,Sn and CaMgSn
phases, the CaMgSn phase is known to more stable rather than that of the Mg,Sn

phase []. The AlCa phase is known as effective strengthener in the diecast Mg

alloys which require heat resistance.
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IV. Conclusions

In this study, mechanical properties of high pressure die-cast Mg-Al based
alloys were investigated in the viewpoint of effects of microstructural
changes by the addition of alloying elements. Conclusions are presented as

follows:

1. From the thermodynamic calculations, the AlsMns phase was initially
precipitated first, and then the a-Mg was formed in the AM60 based alloy.
By the addition of Ca to the AM60 alloy, CaMgSn and Mg>Sn phases were

precipitated.

2. In case of the Mg-7.0Al based alloy, the Al,Y phase was initially
precipitated first, and then the AlsMns was formed. Additional precipitates
including Al-Y and Al-Mm related phases were also precipitated by the

addition of Y and Mm.

3. In case of the Mg-8.0Al based alloy, the ALY phase was initially
precipitated first, and the amount of Mgi7Ali2 decreased with the contents
increasing of Y. The same with Mg-7.0Al based alloy, additional precipitates
including Al-Y, Al-Sr and Al-Mm related phases were also precipitated by

the addition of Y, Sr and Mm.

4. As expected in the thermodynamic calculations, the addition of Sn to the
die-cast AM60 alloy induces the formation of the Mg>Sn phase at dendrite

boundaries. In case of those alloys added Y, the ALY, Al-Sr and AI-Mm
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phase was observed.

5. For the observation of microstructure, adding Mm is benefit for fine the
grain size, and formed homogeneous microstructure. But because of low
fluidity, the sample behaved very low elongation. So that lower tensile
strength was observed. With adding more Zn, in the microstructure coarse

grains were easily observed.

6. As to the mechanical properties, the Mg-8.5A1-1.0Zn-0.5Y has highest
yield strength is 150.5 MPa, but it showed bad elongation, the reason of this
result is large amount of brittle phase Mgi7Ali> precipitated. The highest
UTS is 239.3 MPa from Mg-8.0A1-1.0Ca-0.5Y alloy. The best elongation is

8.3% form AM60-5.0Sn-0.6Ca alloy.

7. After heat treatment in 120 °C for different time, the strength of all
alloys are increased, and the elongation didn’t decrease significantly. The
best result is Mg-8.0A1-1.0Ca-0.5Y alloy after heat treatment 8h and 12h.

After heat treatment, all the mechanical properties improved.

8. Thermally stable precipitates at dendrite boundaries after heat treatment
at 120°C for 12h, Mgi7Ali2 were precipitated, and the microstructure
improved more homogenous. Microstructural characteristics enhance

mechanical properties at room and elevated temperature.
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