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Abstract: A new shape casting process, melt-conditioned high-pressure die-casting (MC-HPDC) was developed. In this process,
liquid metal was conditioned under intensively forced convection provided by melt conditioning with advanced shear technology
(MCAST) unit before being transferred to a conventional cold chamber high-pressure die-casting (HPDC) machine for shape casting.
The effect of melt conditioning was investigated, which was carried out both above and below the liquidus of the alloy, on the
microstructure and properties of a Mg-Al-Ca alloy (AZ91D+2%Ca (mass fraction), named as AZX912). The results show that many
coarse externally-solidified crystals (ESCs) can be observed in the centre of conventional HPDC samples, and hot tearing occurs at
the inter-dendritic region because of the lack of feeding. With the melting conditioning, the MC-HPDC samples not only have
considerably refined size of ESCs but also have significantly reduced cast defects, thus provide superior mechanical properties to
conventional HPDC castings. The solidification behaviour of the alloy under different processing routes was also discussed.
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1 Introduction

Magnesium alloys are increasingly being used for
light-weight transportation applications due to their low
density for weight reduction and consequent fuel
reductions, which can reduce both greenhouse gas
emissions and the fuel cost of transport. Currently, the
most widely used cast magnesium alloys are AZ and AM
series alloys, which offer good combination of excellent
die castability, high corrosion resistance and room
temperature strength and ductility[1]. However, these
alloys exhibit poor creep resistance at elevated
temperatures as their main strengthening phase is
Mg,;Al,, phase, which becomes soft at the temperature
higher than 100 °C. In order to improve the creep
resistance and high-temperature properties of AZ91 alloy,
some elements, such as Ca[2], Sb[3—4], Si[3], Sr[5-6]
and RE[7], were separately or added into AZ91 alloy for
modification. Among these additions, Ca has many

advantages over other elements, with its low cost and
low density, even lower than magnesium, and ignition-
proofing capability for magnesium alloys[8]. However,
the introduction of Ca into conventional casting AZ91
can form coarse interdendritic Al,Ca phase and increase
the hot-tearing susceptibility. As a result, the strength
and elongation of the alloys at room temperature
decrease obviously[1-2]. To overcome these problems,
melt-conditioned high-pressure die-casting (MC-HPDC)
process, which is combined with melt conditioning by
advanced shear technology (MCAST) and conventional
HPDC process, has been applied. MCAST process is a
novel technology for conditioning liquid metal prior to
solidification processing for creation of fine and uniform
solidification microstructures, hence can reduce the cast
defects  significantly and improve mechanical
properties[9]. The aim of the present research is to
investigate the effect of MCAST process on the
microstructure and properties of the AZ91+2%Ca (mass
fraction) (AZX912) alloy.
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2 Melt-conditioned high-pressure die-casting
(MC-HPDC) process

In the MCAST process, liquid metal is fed into a
twin screw device, in which a pair of co-rotating and
fully intermeshing screws rotate inside a heated barrel
with accurate temperature control. The liquid metal in
the MCAST unit is subjected to intensive shearing under
high shear rate and high intensity of turbulence.
Therefore, the conditioned liquid metal has extremely
uniform temperature, uniform composition and well
dispersed inclusion particles. The MCAST unit can be
directly attached to a standard cold chamber HPDC
machine, as seen in Fig.1, which is named as MC-HPDC.
During the MC-HPDC process, the alloy melt is
conditioned inside the MCAST unit at a pre-set
temperature for the barrel and screws, and mechanically
sheared by the pair of the screws before being transferred
to the HPDC machine. The MCAST treatment can be
carried out either above or below the liquidus
temperature of the alloy. When the MCAST treatment
temperature is higher than the liquidus temperature of
alloy, the shearing of the melt is in a totally liquid state;
whilst semisolid slurry is created from the alloy melt if
the temperature is preset to be lower than the liquidus.
The distinguished advantages of MCAST are observed in
other Mg and Al alloys[9—10].
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Fig.1 Schematic illustration of MC-HPDC process

3 Experimental

Commercial AZ91D ingots were melted in a steel
crucible under the protection of N,+0.02%SF4 (volume
fraction) mixed gas. When the temperature of the alloy
melt reached 680 °C, 2% (mass fraction) of preheated
pure calcium was plunged into the melt. For MC-HPDC
process, the melt was poured into an MCAST unit and
subjected to 45 s intensive shearing at a fixed rotation
speed of 800 r/min, and then it was transferred into the
shot sleeve of a cold-chamber HPDC machine. The
liquidus temperature of the alloy was determined by
cooling curve analysis, and two melt conditioning
temperatures were preset with one above and the other
below the liquidus. For conventional HPDC process, the

melt was directly poured into the shot sleeve at 680 °C.
The tensile test samples with a diameter of 6.4 mm and a
gauge length of 25 mm were cast by the HPDC machine.

The specimens for optical microscopy (OM) were
prepared using standard grinding and polishing
procedures. A Zeiss Axio Vision optical imaging system
was used for the OM observation and the quantitative
measurements of microstructural features. Polarized light
optical microscopy was used to distinguish different
primary a-Mg grains. The mechanical properties of the
alloys were tested at a constant tensile speed of 2
mm/min on an Instron tensile test machine (Model
5569).

4 Results

4.1 Liquidus temperature of AZX912 alloy

Fig.2 shows the cooling curve and its first derivative
curve of AZX912 alloy under the air cooling condition.
The liquidus temperature of the alloy was determined to
be 588 °C. The MCAST treatment temperature was set at
596 °C, which is higher than liquidus temperature, and at
582 °C, which is lower than the liquidus temperature.
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Fig.2 Determination of liquidus temperature and MCAST
temperature of AZX912 alloy by cooling curve analysis

4.2 Microstructure of conventional HPDC AZX912

alloy

Fig.3 shows the two typical microstructures of
conventional HPDC AZX912 alloy. Although the casting
parameters are set the same, their microstructures are of
significant differences. In the sample shown in Fig.3(a),
a large amount of coarse dendrites named as externally-
solidified crystals (ESCs)[11] are accumulated in the
centre part of the sample, and the average size of these
ESCs is 250 pm. In contrast, in the sample shown in
Fig.3(b), only some small ESCs are seen to scatter across
the section. Segregation band is observed in both
samples, but the band in the sample with less ESCs is
more obvious than the one with more ESCs. Higher
magnification observation of the edge, band and centre
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part of the samples are shown in Fig.4. In the sample but very few in the edge area (Fig.4(e)). On the other
with more ESCs, one can see that some large cracks and hand, in the sample with less ESCs, the amount of
holes appear between the ESCs in the centre (Fig.4(a)) porosity is less and no large cracks are detected throughout

Fig.3 Microstructures of conventional HPDC AZX912 alloy (cross section) with different amounts of externally-solidified crystals
(ESCs): (a) With more ESCs; (b) With less ESCs
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Fig.4 Detailed microstructures of HPDC AZX912 alloy: (a, ¢, ¢) From sample with more ESCs; (b, d, f) From sample with less ESCs;
(a, b): Centre; (c, d) Band; (e, f) Edge



1208 LIANG Song-mao, et al/Trans. Nonferrous Met. Soc. China 20(2010) 1205—-1211

the section (Figs.4(b), (d) and (f)). It should be
mentioned that the casting conditions of these two
samples, i.e. pouring temperature and HPDC casting
parameters, are almost same, but their microstructures
exhibit significant difference. This means that some
minor variation of the operation parameters, which
cannot be detected by the operator, can affect the
microstructure of HPDC sample greatly.

4.3 Microstructure of MC-HPDC AZX912 alloy
Fig.5 shows the microstructures of MC-HPDC
processed AZX912 alloy with different MCAST
treatment temperatures. For the sample processed at 582
, which is lower than the liquidus temperature of the
alloy, the relatively large and spherical particles are
primary a-Mg phase (a;) produced inside the MCAST
unit[12]. The quantitative analysis shows that the volume
fraction of a; is about 8% with the average diameter of
58 um. When the alloy melt is transferred from the
MCAST unit into the shot sleeve, some a-Mg with a
smaller diameter (o) will form inside the shot sleeve, as
seen in Figs.6(a) and (c). The quantitative analysis shows
that the volume fraction of «, is about 12% with the
average diameter of 18 um. For the sample processed at
596 , which is above the liquidus temperature of the
alloy, no a; is formed inside the MCAST unit, and
solidification begins when the melt is transferred into the
shot sleeve. The a, formed inside the shot sleeve is very
small with near globular shape. The quantitative analysis
shows that the volume fraction of a, is about 25% with
the average diameter of 20 pum. The band is also
observed in both the MC-HPDC samples. Higher
magnification observation shows that the amount of
porosity in the MC-HPDC samples (as shown in Fig.6) is
much less than that in the conventional HPDC samples.

4.4 Mechanical properties
The mechanical properties of AZX912 alloy

processed by MC-HPDC and conventional HPDC are
shown in Fig.7. It can be seen that the properties data of
conventional HPDC sample are very scattering. The
highest value of UTS is 238 MPa with the elongation of
5.36%, while the lowest UTS value is 179 MPa with the
elongation of 1.74%. In contrast, the mechanical
properties of MC-HPDC samples are much more stable
and higher than those of the HPDC samples. The lowest
elongation value of MC-HPDC samples is 4.19% and the
highest value can reach 7.5%.

5 Discussion

5.1 Die filling and solidification of HPDC process

In conventional cold chamber HPDC process, the
pouring temperature is often 80—100 °C higher than the
liquidus temperature of the alloy. When the superheated
melt is poured into the shot sleeve, heterogeneous
nucleation takes place immediately in the undercooled
liquid close to the shot sleeve wall. The majority of the
nuclei are transferred by the convection caused by the
process of pouring to the overheated liquid region and
dissolved, but a small proportion of the nuclei can
survive and grow rapidly into coarse dendrites (i.e. ESCs)
due to the great temperature gradient inside the melt. For
magnesium alloys, the fraction of ESCs was reported up
to 20%[13], and it could be even high as 80% in the area
close to the shot sleeve wall[14]. When the plunger
moves forward, a mixture of ESCs and melt is injected
into the die cavity. Therefore, from this point of view, the
cold chamber HPDC process can be treated as a kind of
semi-solid processing, as the die is filled with the
semi-solid slurry of the alloys. But the ESCs formed
inside the shot sleeve of conventional cold chamber
HPDC are commonly with coarse dendritic
morphology[11], which is different from semi-solid
forming process requiring the semisolid slurry with
spherical solid particles homogenously distributing

Fig.5 Microstructures of MC-HPDC AZX912 alloy with different MCAST process temperatures: (a) 582 °C; (b) 596 °C
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596 °C; (a, b) Centre; (c, d) Band; (e, f) Edge
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Fig.7 Mechanical properties of alloy prepared by different
processes

throughout the liquid matrix.

Some researchers have investigated the migration of
ESCs during the die filling and their effects on the
microstructure formation of HPDC castings[11, 13].
They suggested that the ESCs tended to migrate toward
the centre line, and the ESCs were also associated with
the formation of the defect band, thus strongly affected
the properties of the castings. However, the fraction and
morphology of ESCs are connected with the nature of
solidification in the shot sleeve, and it is difficult to
control as many factors could influence the formation of
the ESCs, such as pouring temperature, shot sleeve
temperature, the lubrication of the shot sleeve, and the
holding time of the melt staying inside the shot sleeve
[11, 13]. In this study, samples obtained from the same
processing conditions, which means the same pouring
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and shot sleeve temperature and other HPDC process
parameters, have greatly different microstructures as
shown in Fig.3(a) and (b). The only variation might be
the pouring speed, which is controlled by the same
person, and the time of the melt remaining inside the
shoot sleeve, which might be less than 1 s of variation
for different shots. But the small variation in these
parameters dramatically affects the amount of ESCs and
the properties of HPDC castings. That is why it generates
scattering mechanical properties data. In the industrial
scale, this means low yield rate of the casting products.

5.2 Die filling and solidification of MC-HPDC process

In MC-HPDC process, after the intensive shearing
inside the MCAST unit, the melt is with uniform
temperature and chemical composition and well
dispersed inclusion particles throughout the entire
volume of the liquid. These individual particles are very
fine with a narrow size distribution, and more
importantly, they are believed to be completely wetted by
the liquid metal under the intensively forced convection.
When this kind of melt flows into shot sleeve, nucleation
will occur throughout the entire volume of the liquid and
each nucleus will survive and the survived nuclei will
grow into spherical particles rather than dendrites or
rosettes[12].

The MCAST temperature can be set either above or
below liquidus temperature of the alloy. It looks like that
they are two types of processing, as some a-Mg phases
can be formed inside the MCAST unit when its
temperature is lower than the liquidus temperature of the
alloy, and no a-Mg is formed in the MCAST unit for the
other case. But when we take a closer look, we find that
these two processes are in essential the same principle.
When the MCAST temperature is below the liquidus
temperature of the alloy, some solid a-Mg can be formed
inside the MCAST unit. Under the intensive shearing
condition, these a-Mg solid particles are with spherical
morphology. After this semisolid slurry flows into the
shot sleeve, nucleation occurs throughout the remaining
liquid and grows granularly. When the MCAST
treatment temperature is above the liquidus temperature
of the alloy, no a-Mg particles are formed inside the
MCAST unit, but the a-Mg particles are also nucleated
throughout the melt in the shot sleeve and grow into
spherical morphology. In both cases, therefore, the
slurries with spherical a-Mg distributing throughout the
melt are obtained in the shot sleeve before the die-filling.
Then, during die filling process, the slurry in which the
spherical solid particles are homogenously distributed,
fills the die in laminar flow. As a result, the formation of
pores and cracks has been reduced dramatically[15]. In
addition, the variation of solid fraction in the slurry with

spherical solid has much less influence on the viscosity
than in the slurry with dendrite solid phase. Therefore,
the mechanical properties of the MC-HPDC samples are
much more stable and higher than those of the
conventional HPDC processed samples.

6 Conclusions

1) The amount and morphology of ESCs have great
effects on the defects formation of HPDC castings.

2) MCAST can generate finer and more spherical
ESCs for MC-HPDC castings.

3) MC-HPDC process can provide cast products
with fine and uniform microstructure, uniform chemical
composition and much reduced or eliminated cast
defects.

4) The mechanical properties of MC-HPDC
castings are superior to those of the conventional HPDC
castings.
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