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MICROSTRUCTURE AND TENSILE PROPERTIES OF SAND CAST AND DIE CAST AE44 MAGNESIUM ALLOY

MIKROSTRUKTURA I WEASCIWOSCI MECHANICZNE ODLEWANEGO DO FORMY PIASKOWEJ I CISNIENIOWO STOPU
MAGNEZU AE4

The AE44 magnesium alloy was prepared by gravity and die casting methods. The microstructure and mechanical

properties were investigated. The results demonstrated that microstructure of sand casting consist of large grains of @ solid
solution and needle-shaped Al;RE; phase, globular particles of AljRE;Mn; and small volume fraction of ALRE. Die casting
process caused significant refinement of structure and change of phase composition. Die cast AE44 alloy consists of Al;;RE;
phase and precipitates of AL,RE and Al 12REqg compounds. The mechanical properties at room and elevated temperature of
the sand cast alloy are relatively low due to coarse-grain structure. Die-casting process increases the ultimate tensile strength,
yield strength and elongation of AE44 magnesium alloy.
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W pracy przedstawiono wyniki badari mikrostruktury i wiasciwo§ci mechanicznych stopu magnezu AE44 po odlewaniu
do formy piaskowej i cisnieniowym. Mikrostruktur¢ odlewu piaskowego charakteryzuje znaczna gruboziarnisto$é i obecnosé
faz migdzymetalicznych Al RE;3, Al,cRE;Mn; i ALRE, ktérej udzial objetosciowy jest nieznaczny. Zastosowanie odlewania
ci$nieniowego powoduje silne rozdrobnienie mikrostruktury i zmiany skiadu fazowego. W odlewie cisnieniowym obserwuije sie
iglastg fazg Al RE; oraz wydzielenia faz ALRE i Al, ;2REq 3. Wlasciwosci mechaniczne odlewu piaskowego w temperaturze
otoczenia i podwyzszonej sg stosunkowo niskie. Po odlewaniu ci$nieniowym obserwuje si¢ podwyzszenie wytrzymalosci na

rozcigganie, granicy plastyczno$ci oraz wydtuzenia.

1. Introduction

Magnesium alloys represent the lightest class of
metal alloys for structural applications. They offer a
good combination of castability, mechanical strength and
ductility [1]. Magnesium alloys are usually produced
by high-pressure die casting providing high productiv-
ity at a relatively low cost [2]. The fluidity of magne-
sium in the molten state allows for easy manufacturing
of thin-walled components. The use of these compo-
nents in the automotive industry is an increasing trend
and includes steering wheels, engine components, seat
frames and instrument panels [3]. More effective weight
reductions could be achieved by applying magnesium al-
loys to powertrain parts operate at elevated temperature,
e.g. above 180°C. The most common magnesium alloy
for die casting is AZ91 (Mg-9A1-0.8Zn), which offers
a good combination of mechanical properties at room
temperature. However the AZ91 alloy is unsuitable for

*

applications at temperatures above 120°C due to reduced
creep resistance. The poor elevated temperature proper-
ties of Mg-Al based alloys are related to presence of
low-melting Mg;7Al,; phase. The improvement of creep
resistance of Mg-Al alloys can obtain by addition of al-
loying elements such as silicon, strontium, calcium or
rare earth elements. The promising alloys for lightweight
applications in the automotive industry are AE series
alloys (Mg-Al-RE) [4-7]. Typical representative of this
system is AE42 (Mg-4Al-2RE) die casting alloy, which
exhibits good creep resistance, due to the presence of
high-melting Al;;RE3 phase and absence of Mg;;Al;>
compound [8,9]. However, the problem of instability may
appear above 150 °C. According to Powell et al. [9],
the Al RE; phase is unstable during long-term creep
and annealing at elevated temperature and decomposes
to the ALRE compound, releasing some Al atoms that
subsequently react with Mg atoms to form the unwanted
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Mg7Al}; phase. Finally, the above process leads to the
deterioration of creep resistance of AE42 alloy. Recent-
ly, Hydro Magnesium has developed a new die-casting
alloy, AE44 (Mg-4Al-4RE). It was shown that this al-
loy has better creep resistance at 175 °C than AE42
alloy. However the relationship between microstructure
and higher creep resistance is still unclear [10,11]. In this
paper we investigated the microstructure of a sand cast
and die-cast AE44 alloy and their mechanical properties
at room and elevated temperatures.

2. Experimental

The investigations were performed on the AE44
(Mg-4.15wt.%Al-4.01wt.%RE-0.36wt.%Mn) sand-cast
and die-cast alloy. The rare earth additions (RE) were
made as mischmetal with the approximate compositions:
50 wt% cerium, 26 wt% lanthanum, 15 wt% neodymium
and 3 wt% praseodymium.

Melting of the AE44 alloy was conducted in a mild
steel crucible under the protection of a self-made flux.
The melt was held at 750 °C for several minutes then
poured into sand mould at 735 °C. Die cast samples of
AE44 magnesium alloy were obtained using hot cham-
ber die casting machine. The melt was protected by a
mixed gas atmosphere of SFs and CO,. The melt and
die temperatures for investigated alloy were 680 °C and
150 °C, respectively. The plunger velocity in the second
phase was 350 cm/s.

The microstructure was characterized by optical mi-
croscopy (Olympus GX-70), a scanning electron mi-

croscopy (Hitachi S4200) equipped with a energy disper-
sive spectrometer (THERMO NORAN). A quantitative
metallography was made by a surface method, using the
Met-Ilo computer program [12].

X-ray diffraction patterns were collected using
X-Pert Philips diffractometer equipped with curved
graphite monochromator on diffracted beam and with the
following slits (in the sequence form Cu tube counter);
Soller (2°), divergence (1/2°), antiscatter (1/2°) and re-
ceiving (0.15 mm). The X-ray data collection was per-
formed for 10-140° 26 range with 0.02° step.

Tensile testing of the as-cast bars at ambient and ele-
vated (150 °C) temperature was performed in a MTS-810
material test machine.

3. Results and discussion

3.1. Microstructure

The cast structures observed for sand cast alloy and
die cast alloy are presented in Fig. 1.The typical cast
structure consisting of three zones (chill, columnar and
equiaxed zone) is observed for sand cast AE44 alloy (Fig.
la). The mean grain size in the equiaxed zone is equal
~1 mm. Die cast AE44 alloy only shows a fine equiaxed
grain structure (Fig. 1a). High pressure die casting results
in a decrease in the grain size (the mean grain size is 8,2
um). The average grain size increases with the increasing
distance from the sample edge as is illustrated by Fig.
1b and lc.

Fig. 1. Grain structures of AE44 magnesium alloy; sand cast (a); at the centre of die cast (b); at the surface of die cast (c)

The grain size of sand cast AE44 alloy was much
larger than that of diecast AE44. This can be attribut-
ed to the difference in solidification rates. In die casting,
molten metal is forced into a steel mold by high pressure
and velocity, and is held under pressure during solidifi-
cation so that the molten metal fills the mold complete-
ly and rapidly. Therefore the solidification occurs very
rapidly in pressure die casting and is much faster than
in the slowly cooled sand castings.

Fig. 2 shows unetched microstructure of the diecast
specimen, Shrinkage and gas porosity is observed in
microstructure. The gas porosity is mainly due to the
trapped air in the die cavity during die-cast process and
dissolved gases in the liquid alloy, whereas the shrinkage
porosity is due to thermal contraction of metal during
solidification. Distribution of shape factor of pores (de-
fined as dyax/dmin, d — diameter of pore) indicates that
gas pores are dominant in microstructure.
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Fig. 2. The porosity in AE44 magnesium alloy (a); distribution of shape factor of pores (b)
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Fig. 3. The SEM image and EDS results of (a) sand cast and (b) die cast alloys

Typical microstructure of gravity-cast is shown in
Fig. 3a. The main constituents of sand cast, besides
a-Mg, are the needle-shaped RE-rich precipitates and
globular or irregular particles containing manganese and
rare earth elements.

Fig. 3b shows the microstructure of die-cast speci-
men. AE44 magnesium alloy consists of primary a-Mg
grains with the acicular and globular phases at the grain
boundaries. The microanalysis performed on these phas-
es with EDS system indicated that acicular precipitates

contain aluminum and rare earth elements. The ratio of
ALRE is about 4. In the globular compounds the ratio
AV/RE is close to 2.

In order to identify the existing phases in the alloy,
XRD analysis was performed (Fig. 4). Results of XRD
analysis show the main intermetallic phase in sand-cast
AE44 alloy is Al;jLaz. Basing on the XRD pattern and
results of microanalysis of acicular particles in this al-
loy, they can be ascribed as Al;;La;, with some ceri-
um substituting lanthanum. The molecular formula of
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these phases is represented by Al;;RE3. Moreover the
ALRE and Al;(RE;Mn; phases were identified in the
alloy. In die-cast alloy (Fig. 5), except a-Mg, three in-

termetallic phases were identified e.g. Al;;RE3, ALRE
and Aj; 12REq gg. The peak positions for Ajp 12RE g3 are
strongly shifted to higher angles.
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Fig. 4. XRD pattern of sand cast AE44 alloy
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Fig. 6. X-ray diffraction pattern fitting by Rietveld refinement of die cast AE44 alloy



The results of XRD analysis indicate that AE44 is
multiphase alloy. Therefore, in order to verify obtained
results the Rietveld method was used [14]. Because of
the low intensity of the diffraction lines for secondary
phases, the positional coordinates and isotropic thermal
parameters were fixed to the proper values. Only scale
factor, lattice parameters, FWHM (full width at half
maximum) parameters, background parameters, profile
asymmetry and specimen displacement were refined for
this alloy. The phase abundance by weight was calculated
by using the relation proposed by Hill and Howard [15].
The Rietveld refinement plot of the die-cast specimen is
presented in Fig. 6 and the information on the phase con-
centration is presented in Table 2. The fitting of calculat-
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ed pattern to the experimental one seems to be sufficient
(S = 2.10). The Al;;RE; phase is dominant compound in
the structure of die-cast, whereas the content of ALRE
compound is neglible. These compounds are typical in
Mg-Al-RE alloys [9,10]. The Ap 12REgs was prepared
by annealing at 1200 °C and water quenching [18]. We
assume that the presence of A 2REggg phase in AE44
alloy is due to rapid crystallization of AE44 die-cast
alloy and macrosegregation of alloying elements, espe-
cially of rare earth elements. The Al 2REqgg phase has
smaller lattice parameters than those the values tabulat-
ed in ICDD card. It is consistent with some cerium and
neodymium substituting lanthanum in the crystal lattice.

TABLE 1
Phase contents and their lattice parameters for die-cast alloy
Ph. Space gro Contents Lattice parameters [nm]
ase pace group (W.%)] p e
Rietveld ICDD
ap= 0.32056(6) a =0.3209
Me P6;/mme 93.003) cy= 0.5206(1) c=05211
ap= 0.43772(9) a = 0.4431
Al |RE; Immm 3,52(4) bp=1.0124(2) b=1.013
¢o=1.3050(3) c=1.3142
ALRE Fd-3m 0,12(8) ao= 0.8025(2) a = 0.8052
ap= 0.44341(9) a= 0.4478
Al12REose i 1.37(4) co= 0.41732(8) o= 04347

In investigated alloy only Al-RE or AI-RE-Mn were
detected. According to Wei and Dunlop [17], because of
the high chemical stability of Al;RE;, rare earth el-
ements are combined with aluminum and form these
phases until all the available RE were used without
any formation of pseudobinary Mg-RE or pseudoternary
Mg-Al-RE phases.

3.2. Mechanical properties

The tensile test data obtained for both sand-cast and
die-cast alloys at room and 175 °C temperature are given
in Table 2. The sand-cast alloy has low tensile strength
and elongation both at room and elevated temperature,
which should be attributed to its coarse-grain microstruc-
ture.

TABLE 2

Mechanical properties of sand and die cast alloy at room and elevated temperature

State Room Temperature 175 °C
UTS, MPa YS, MPa EL, % UTS, MPa YS, MPa ElL, %
Sand-cast 146.0+1.4 47+2.2 7.1+0.4 98.5+5.1 42.8+1.1 10.6+0.4
Die-cast” 240+8 178+10 11.8+3.2 12943 114+1 28.2+4.1
* The results were obtained for samples with porosity below 1.5 %.

The SEM micrographs of the gravity-cast alloys test-
ed at room temperature are shown in Fig. 7. In Fig. 7a,
ductile dimples, cleavage facets and cracks can be clearly
observed. The presence of cleavage facets is related to
the hexagonal close-packed crystal structure of magne-
sium and restriction of slip systems. In Fig. 7b, it can be

seen that the Alj;RE3; needle-shaped are particles irregu-
larly distributed in the matrix. The cracks mainly initiate
at the Mg/Al;|RE; interface or inside of the Al;RE3
phase. The growth and coalescence of the microcracks
eventually caused the failure of the specimen.
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Fig. 7. SEM fractograph of the (a) surface, (b) vertical section of the specimen failed in the tensile test of sand cast AE44 magnesium alloy

The die-casting process caused a considerable in-
crease in tensile strength and elongation compared to
sand-cast alloy. However its mechanical properties are
very sensitive on the volume fraction of gas pores in the

microstructure (Fig. 8). Only the samples with porosity
below 1.5 % present satisfactory mechanical properties,
i.e. UTS = 240 MPa and YS ~ 180 MPa.
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Fig. 8. The influence of porosity on tensile and field strength of die cast AE44 alloy

The increase of mechanical properties of die-cast al-
loy is due to fine-grain microstructure with intermetallic
network at the grain boundaries, as well as to the solid
solution strengthening of the matrix by aluminum. Fig. 9

shows typical SEM view of ductile fracture the die-cast
alloy with elongated shrinkage porosity and spherical
gas (air) porosity.

Fig. 9. Tensile fracture of die-cast AE44 magnesium alloy tested at room temperature



4. Conclusion

The microstructure and mechanical properties of
sand and die cast AE44 magnesium alloy have been in-
vestigated. The following conclusions can be drawn:

1. The microstructure of sand-cast AE44 magnesium al-
loy consists of @-Mg, needle-shaped Al,;RE;, glob-
ular and irregular Al;(RE;Mn; and regular ALRE
phases. The mean grain size is ~ 1 mm.

2. The fine grain microstructure of die cast AE44
magnesium alloy consists of a-Mg, nedlee shaped
Al RE;, globular Al, 12REggs and ALRE phases.
The mean grain size in alloy is 8,2 um.

3. Die casting process applied to AE44 magnesium al-
loy improved mechanical properties at room and el-
evated temperatures. The tensile strength of die cast
alloy may reach 240 MPa as long as porosity is kept
below 1,5 %.
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