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Preparation of semi-solid A356 Al-alloy slurry by introducing grain process
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Abstract: A preparation technology of semi-solid metal slurry introducing grain process (IGP) was developed. The effects of
processing parameters on the microstructures of the semi-solid A356 Al-alloy slurries were investigated, and the formation
mechanism and morphology controlling of the spherical primary a(Al) grains were discussed. The results show that when the
preparing slurry is 4 kg, IG size is 10 mm, dosage is 3.5% and dumping temperature (DT) is 611-617 °C, the mean diameter of the
primary a(Al) grains in the semi-solid slurries can reach 40—75 pm and the shape factor can reach 0.82—0.89. When the IG size is
10 mm, DT is 613 °C and dosage is 2%—4%, the mean diameter can reach 45—82 um and the shape factors can reach 0.78—0.88.
With decreasing DT or increasing dosage properly, the primary a(Al) grain morphology is better. When Qr=04 and R,=R., as long
as the DT is suitable, excellent semi-solid slurry can be produced. As a result of the IG melting, a large amount of dendritic fragments
can become the direct source of the primary a(Al) grains. Meanwhile, many undercooled areas are formed, where abundant primary

a(Al) grains are multiplied by heterogeneous nucleation.
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1 Introduction

Preparation of the semi-solid metal slurry with
spherical primary phase is crucial in semi-solid
rheoforming technology. At present, according to the
formation or source of spherical primary phase, the
existed preparation methods can be divided into two
types generally. One is spherical primary phase which
can self-produce in liquid alloy by various means, such
as several stirring processes [1—3] and controlling
nucleation methods [4—8]; the other is chemical grain
refinement method [9—11], but this process changes the
chemical composition of the semi-solid metal slurry. In
addition, metal melt mixing process was put forward
once [12—14], but the formation mechanism and
morphology controlling of the spherical primary phase
were not researched deeply.

The work presented introducing grain process (IGP)
for preparing semi-solid meal slurry. The method is
that the IGs are distributed evenly into the liquid alloy
with a certain superheat, the chemical composition of
which is the same with the preparing semi-solid slurry,
and the microstructure of which belongs to traditional

solidification microstructure. After the IG is melted, the
temperature of the liquid alloy is just near the liquidus
temperature. The melted dendritic fragments become the
direct source of primary a(Al) phase. From the test
method, there are some similarities in mixed solid liquid
casting process [15] and suspended casting method
[16—18]. In the present work, using A356 Al alloy, the
formation mechanism and morphology controlling of the
spherical primary phase were investigated from the
vision of the IG size, dosage and dumping temperature
(DT).

2 Experimental

Commercial A356 Al alloy was used, its liquidus
temperature and solidus temperature are 615 and 577 °C,
respectively. The chemical composition of IG was the
same with that of the commercial A356 Al alloy, in
which primary a(Al) grains were dendrites, as shown in
Fig. 1. The alloy was heated to 630 °C and then removed
from a crucible resistance furnace, and the IGs were
added evenly into the liquid alloy. When the liquid alloy
was cooled to a set temperature, it was dumped
to a collection crucible with dimensions of d127 mmx
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Fig. 1 OM image of IG

250 mm made of stainless steel. The temperature of the
collection crucible was 300 °C. The schematic diagram
of the preparation process is shown in Fig. 2. Each dose
of slurry was approximately 4 kg. Two Ni—Cr/Ni—Si
thermocouples were used to measure the temperatures of
the liquid alloy and slurry, respectively, and the
temperature displaying accuracy was *1 °C. To
investigate the slurry microstructure, the collection
crucible was cooled in cold water after dumping. The
metallographic specimens were cut from the centre of the
quenched slurries and then roughly ground, finely
ground, polished and etched with 0.5% HF aqueous
solution finally. A Neuphoto 21 optical microscope with
quantitative metallography was utilized for the
observation and quantitative measurement. The shape
factor was calculated using F=47nd/P’, where 4 and P
represent the area and perimeter of the primary a(Al)
grain, respectively. Therefore, F is 1 for perfectly
spherical grain.
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Fig. 2 Schematic of semi-solid A356 Al alloy slurry prepared
by IGP

3 Results

3.1 Effect of dosage on liquid alloy temperature

When the IG size is 10 mm, and the dosages are
2%, 3%, 3.5% and 4% (mass fraction), respectively, the
cooling rates of the liquid alloy are shown in Fig.3.

Without IG, the cooling rate is 0.5 °C/s. However, with
IG, the cooling process can be divided into two stages
clearly. The first stage is rapid cooling stage, and the
cooling rates are 2, 2.3, 2.6 and 3 °C/s, respectively. The
second stage is slow cooling stage, and the cooling rates
are 0.43, 0.44, 0.44 and 0.43 °C/s, respectively. There
exists a transition temperature between the two cooling
stages, which is 613—-617 °C. Table 1 lists the
characteristic data of the cooling curves in Fig. 3.
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Fig. 3 Effect of IG dosage on liquid alloy temperature

Table 1 Characteristic data of cooling curves in Fig. 3

First stage Second stage Transition
Dosage/%  cooling rate/ cooling rate/ temperature/

(OC.S*I) (oC,S*I) oC
0 0.5 0.5 -

2 0.43 617616

3 2.3 0.44 616—615

3.5 2.6 0.44 615-614

4 3 0.43 614—613

After the IGs are added evenly into the liquid alloy,
firstly there is an endothermic process. During the
process, the cooling rate is faster. When the temperature
of the IGs rises to solidus temperature, the liquid alloy is
just near the liquidus temperature. As a result, when the
IG size is set, the dosage is a critical process parameter.
It is not only to ensure that the temperature of the liquid
alloy is just near the liquidus temperature when the
eutectic microstructure of the IG melts, but also to ensure
that the eutectic microstructure is fully melted before the
dumping.

3.2 Effect of DT on slurry microstructure

Figure 4 shows of the
semi-solid slurries when the 1G size is 10 mm, dosage is
3.5% and the DTs are 617, 615, 613 and 611 °C,
respectively. According to the results, when the dumping
temperature drops gradually from 617 to 611 °C, the

the microstructures
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Fig. 4 OM images showing slurry microstructures at different dumping temperatures: (a) 617 °C; (b) 615 °C; (c) 613 °C; (d) 611 °C

spherical or near-spherical primary a(Al) grains increase
in number gradually, and the mean diameter decreases
gradually from 75 to 40 pm, and the shape factor
increases gradually from 0.82 to 0.89. The slurry
temperature and microstructure characteristics are listed
in Table 2.

Table 2 Effect of DT on slurry temperature and morphology

DT/C Slurry ' Mean Shape
temperature/°C  diameter/um factor
617 611 75 0.82
615 608 62 0.84
613 606 57 0.86
611 604 40 0.89

3.3 Effect of dosage on slurry microstructure

Figure 5(a) shows the slurry microstructure without
IG, the primary a(Al) grains include rosettes and
dendrites, and its morphology and diameter are difficult
to measure. Figures 5(b), (c) and (d) show the slurry
microstructures when the IG size is 10 mm, DT is 613 °C
and the dosages are 2%, 3% and 4%, respectively. When
the dosage is increased gradually from 2% to 4%, the
spherical or near-spherical primary a(Al) grains increase
in number gradually, the mean diameter decreases
gradually from 82 to 45 um and the shape factor
increases gradually from 0.78 to 0.88. The slurry

temperature and microstructure characteristics are listed
in Table 3. When the dumping temperatures are the
same, there is little effect of the dosage on the slurry
temperature.

3.4 Effect of 1G size on slurry microstructure

Figure 6 shows the slurry microstructures when the
dosage is 3.5%, DT is 613 °C and IG sizes are 5 and
18 mm, respectively. When the IG size is 5 mm, the
primary o(Al) grains are mainly near-spherical and
rosettes, the mean diameter is 80 pum, and the shape
factor is 0.76. When the IG size is 18 mm, the primary
o(Al) grains are mainly dendrites and rosettes, therefore,
the morphology is poor, and the mean diameter and
shape factor are difficult to measure. Comparing Fig. 6
with Fig. 4(c), it is seen that the IG with smaller or larger
size is detrimental to improve the slurry microstructures.

4 Discussion

4.1 Formation mechanism of spherical primary a(Al)
grain
The primary a(Al) grains in the semi-solid slurry come
mainly from two aspects. One is melted dendritic
fragments of the IGs, it is why this preparation method is
named introducing grain process (IGP); the other comes
from the heterogeneous nucleation.
Because the melting point of eutectic microstructure
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Fig. 5 OM images showing Slurry microstructures with different dosages: (a) 0%; (b) 2%; (c) 3%; (d) 4%

Table 3 Effects of IG dosage on slurry temperature and
morphology at DT of 613 °C

Dosage/% tempselrlz;rtt?;ePC di:IZZ::rg/flm ifciﬂi
0 606 - -
) 606 82 0.78
3 606 70 0.82
35 606 57 0.86
4 606 45 0.88

of the IG is lower, the eutectic microstructures of the
edge area of the IG begin to melt. However, the melting
point of the primary a(Al) dendrites is higher, and the
original segregation at the roots of the dendritic arms
leads to the constitutional undercooling, so the dendritic
arms begin to fuse from the roots. During melting, a
temperature undercooling area can be formed, as shown
in Fig. 7. Because the IG is surrounded by the
undercooling area, dendritic fragments of the primary
o(Al) grains may not all melt into liquid phase, as a
result, the remaining dendritic fragments become the
direct source of the primary a(Al) grains. Many studies
show that sufficient primary a(Al) nuclei in the
semi-solid metal slurry is the necessary condition for the
primary o(Al) nuclei to further spheroidize and prevent
from growing too large [19,20]. From the experimental

Fig. 6 OM images showing slurry microstructures with
different IG sizes: (a) 5 mm; (b) 18 mm
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Fig. 7 Schematic diagrams of IG melting and formation of
undercooling area: (A—Liquid alloy; B—Undercooling area;
C—IG; D—Melting dendritic fragments)

results at DT of 617 °C, the alloy temperature is slightly
higher than the liquidus temperature, but most of the
dendritic fragments can be saved, this is because there
exist a large number of undercooling areas.

The IG not only offers a number of primary a(Al)
grains but also many undercooling areas, where
heterogeneous nucleation is favorable, and the
mechanism of the heterogeneous nucleation agrees well
with that of liquidus casting process [21]. The lower the
DT is, the more the number of the primary a(Al) grains
is by heterogeneous nucleation, and the better the slurry
microstructure is. The dumping aims to not only the
entire alloy temperature uniformity and the primary
o(Al) grains spread evenly throughout the alloy melt, but
also the ripening of the primary a(Al) grains because of
the temperature fluctuation by mixing the undercooling
areas and the surrounding liquid alloy.

4.2 Morphology controlling of primary «(Al) grain
When the IG is added to the liquid alloy, whether

the alloy melt can become sound semi-solid slurry is

theoretically decided by the following two formulas:

Or=M(CrT-615Cy) (1)
Oa=Ms(577Cs—CoTy) )

where QO is the releasing heat of liquid alloy dropping to
liquidus temperature; My is the mass of liquid alloy; Cr
is the specific heat capacity of liquid alloy at temperature
T; T is the temperature of liquid alloy; Cy. is the specific
heat capacity of liquid alloy at liquidus temperature; QOx
is the absorption heat of the IG rising to solidus
temperature; Mg is the mass of the IG; Cs is the specific
heat capacity of the IG in solidus temperature; C, is the
specific heat capacity of the IG at room temperature; 7}

is the temperature of the IG.

During the actual preparation, the heating rate of IG
(Ry) and cooling rate of liquid alloy (R.) must be also
considered. During the temperature of the liquid alloy
dropping to liquidus temperature, as long as the heat of
liquid alloy releasing to the surrounding environment is
much less than that of the IG absorbing, the heat loss can
be ignored. Then, the morphology of the primary a(Al)
grains in semi-solid slurry can be determined
qualitatively based on the following conditions.

1) When QOr=0Qa., if R=R., that is, when the
temperature of the IG rises to the solidus temperature,
the liquid alloy just drops to the liquidus temperature. At
this time, the liquid alloy solidification latent heat is
enough to melt the eutectic microstructure of the IG, as
long as the DT is suitable, sound semi-solid slurry can be
produced; if R>R., this indicates that the IG size is too
small, as a result, the IG all melts into liquid phase; if
Ry<R., this indicates that the IG size is too large, as a
result, the dendritic microstructure of the IG appears in
the semi-solid slurry, as shown in Fig. 6(b).

2) When Qr>Qa, this indicates that the dosage is
too little, as a result, the IG all melts into liquid phase,
the primary o(Al) grains come mainly from
heterogeneous nucleation, and the microstructure of the
semi-solid slurry is poor, as shown in Fig. 5(b); when
ORr<Qa, this indicates that the dosage is too much, as a
result, genetic effect of dendrites in the IG on the
semi-solid slurry is more obvious.

5 Conclusions

1) During the preparation of the semi-solid A356
Al-alloy slurry by IGP, when the IG size is 10 mm, the
dosage is 3.5% and the DT is 611-617 °C, the mean
diameter of the primary a(Al) grains in the slurry can
reach 40—75 pm, and the shape factor can reach
0.82-0.89. With decreasing DT, the microstructure of
the primary a(Al) grains is better.

2) When the IG size is 10 mm, the DT is 613 °C,
the dosage is 29%—4%, the mean diameter of the primary
a(Al) grains can reach 45—82 um, and the shape factor
can reach 0.78-0.88. With the dosage increasing
properly, the microstructure of the primary a(Al) grains
is better.

3) When QOr=04 and R,=R., as long as the DT is
suitable, sound semi-solid slurry can be produced; when
Or>0x or QOr<Q,, it is difficult to produce sound
semi-solid slurry.

4) The dendritic fragments from IG become the
direct source of the primary a(Al) grains in the
semi-solid slurry. The temperature undercooling area
from the IG melting provides favorable conditions for
heterogeneous nucleation.
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