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Semisolid slurry of 7A04 aluminum alloy
prepared by electromagnetic stirring and Sc, Zr
additions
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Abstract: Slurry preparation is one of the most critical steps for semisolid casting, and its primary goal is to
prepare slurry with uniformly distributed fine globules. In this work, electromagnetic stirring (EMS) and the addition
of Sc and Zr elements were used to prepare semisolid slurry of 7A04 aluminum alloy in a large diameter slurry
maker. The effects of different treatments on the microstructure, composition and their radial homogeneity were
investigated. The results show that, compared to the slurry without any treatment, large volume slurry with finer
and more uniform microstructure can be obtained when treated by EMS, Sc, or Zr additions individually. EMS
is more competent in the microstructural and chemical homogenization of the slurry while Sc and Zr additions
are more excellent in its microstructural refinement. The combined treatment of EMS, Sc and Zr produces
premium 7A04 aluminum alloy slurry with uniformly distributed fine a-Al globules and composition. The interaction
mechanism between EMS and Sc and Zr additions was also discussed.

Kcy words: aluminum alloy; Zr and Sc additions; semisolid slurry; electromagnetic stirring (EMS);
homogeneity

CLC numbers: TG146.21 Document code: A

Article ID: 1672-6421(2017)03-188-06

[11,12]

Semisolid casting is a promising manufacturing  periphery to the interior

technique for automobile, aviation and railway Scandium (Sc) and zirconium (Zr) are potent grain

vehicle parts "™, Semisolid slurry preparation is one
of the most critical steps for semisolid casting, and
its primary goal is to prepare slurry with uniformly
distributed fine globules. Among various methods *”
of semisolid slurry preparation, electromagnetic stirring
(EMS) is particularly attractive as the stirring intensity
can be easily controlled and the melt is free of pollution
B-191 However, the slurry primary phase in a large
diameter maker (hereafter referred to as large volume
slurry) is hard to be refined and homogenized due to

the sharp decrease of electromagnetic force from the
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refiners for Al alloys "', With the addition of Sc and
Zr elements (hereafter referred to as GR), numerous
heterogeneous nuclei can be formed in Al alloy slurry,
which also can contribute to the refinement and
homogeneity of the slurry microstructure. For these
reasons, the compound treatment including EMS, Sc
and Zr additions is supposed to obtain large volume
slurry with well dispersed fine primary o-Al globules. In
this research, the effect of combined treatment of EMS,
and Sc and Zr additions on the microstructure and the
homogenizing of aluminum alloy large volume slurry

was investigated.

1 Experimental procedure

Figure 1 shows the schematic diagram of the slurry
maker used in this study, including EMS induction coils,
heat resistance wire, temperature controller and EMS
controller. The EMS was generated by the induction

coils, for which the intensity and frequency could be
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adjusted by the EMS controller. The graphite crucible put in
the slurry maker had an inner diameter of 180 mm, and three
thermocouples were placed at the edge (R), middle (0.5R) and
center (OR) of the crucible to monitor the temperature of the
corresponding positions. The temperature and cooling rate of the
slurry were controlled by a temperature controller.
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Fig. 1: Schematic diagram of slurry maker used in this study

7A04 (Chinese code) aluminum alloy was used in this study,
and its main chemical compositions were Zn 6.32wt.%, Mg
1.9wt.%, Cu 1.8wt.% and Al balance. The solidus and liquidus
points of this alloy, determined by DSC, are 478 °C and 637 °C,
respectively. The alloy was melted in a graphite crucible using
an electric resistance furnace. For treatment of grain refiner,
0.20wt.%Sc and 0.15wt.%Zr was added into the melt in the
form of a master alloy. After being degassed at 750 °C for 15
min and cooled to 650 °C, about 5 kg of the melt was poured
into the crucible and EMS of 5 Hz and 3 kW was applied. As the
temperature of the melt reached 631 °C in 5 min, the slurry was
extracted out by a quartz tube with an inner diameter of 6 mm at
the positions of OR, 0.5R, R and quenched instantly in water.

The quenched rods were used as samples for metallographic
observation. Micrographs of the samples were analyzed using
a software program for metallographic quantitative analysis,
where the average particles diameter (APD) D and the average
shape coefficient (APC) F were used to characterize the size and
shape of the primary a-Al particles and are defined as:

D=2(A/m)"” @
F=4nd/P* @

where, 4 is the sectional area of a particle in a micrograph, and P
is the circumference. The APD and ASC were calculated by the
software based on all of the primary particles in a photograph.

The radial homogeneity of the slurry microstructure was
evaluated by the variation coefficient (C)) of the APD, namely

_ CrSYD; 3)
where, Syand D; are the standard deviation and the average

value of APDs at the positions of OR, 0.5R and R, respectively.
The composition of all the rods was analyzed using an electric
spark direct reading spectrometer to determine macro-segregation
of the alloying elements. To identify the effect of microscopic
homogeneity of alloying elements, the chemical elements at the
grains boundaries and inside the grains were analyzed by EDS.

2 Results

2.1 Effect of different treatments on
microstructure

Figure 2 presents the typical microstructures at different
positions of the 7A04 aluminum alloy semisolid slurry
prepared by different processes, and its statistical results
can be seen in Fig. 3. The treatment of GR or EMS has a
pronounced influence on the morphologies of the primary
a-Al particles and its homogeneity. For the slurry without
any treatment [Fig. 2(a-c)], the coarse primary o-Al dendrites
were observed at all of the positions in the microstructure. The
average particles diameters from the center to the edge were 65,
75, 79 pm. After individual treatment of EMS [Fig. 2(d-f)] or
GR [Fig. 2(g-1)], the microstructure was evidently refined and
homogenized. The average particles diameter at all positions
was approximately 60 pm with EMS treatment, while GR
treatment could achieve a finer slurry microstructure with an
average particles diameter of 45-50 pm. For the combined
treatment of GR and EMS [Fig. 2(j-1)], the microstructures
with an average particles diameter of 36 um were achieved.

Figure 3 (b) indicates that the average shape coefficient, i.e.,
the roundness of the primary a-Al particles was also affected
by the treatment methods of the slurry. The average shape
coefficient of the primary a-Al particles was 0.49 for EMS
and 0.63 for GR treatment, both much higher than that without
treatment. In the case of the combination of EMS and GR, the
average shape coefficient could be further enhanced to 0.68.
However, there was no striking difference between the ASCs at
different positions under all processes.

Table 1 shows the variation coefficient C, of the micro-
structures of the semisolid slurry obtained by four kinds of
slurry preparation methods. The high C, value demonstrates a
relatively poor radial uniformity for the slurry microstructure
without any treatment. The C, value was decreased by
47.7% with GR treatment and 76% for EMS treatment. With
the combined treatment of GR and EMS, the C, value was
decreased to 0.8%, suggesting the combined application could
substantially inhibit the inhomogeneity of semisolid slurry.

The above results indicate that for large volume slurry, EMS
is favoured to obtain uniform microstructure while Sc and Zr
can refine the microstructure remarkably. Since the combined
treatment incorporates the advantages of both EMS and GR,
the slurry microstructure is finer and more uniform than those
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t processes: Without
any treatment: (a), (b), (c) for positions of OR, 0.5R, R, respectively; EMS: (d), (e), (f) for positions of OR, 0.5R, R,
respectively; GR: (g), (h), (i) for positions of OR, 0.5R, R, respectively; EMS and GR: (j), k), () for positions of OR, 0.5R,
R, respectively.
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Fig. 3: Statistical results for average particles diameter (a) and average shape factor (b) of microstructures of
7A04 Al alloy semisolid slurry prepared by different processes
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Table 1: Variation coefficient of microstructures of 7A04 aluminum alloy semisolid slurry prepared by different processes

Process Without any treatment

Variation coefficient (%) 8.78

prepared by other processes.

2.2 Effect of different treatments on
composition variation

As illustrated in Fig. 4, for the main alloying elements Zn, Mg
and Cu, the concentration means are very similar under different
processes, whereas the ranges are distinct between processes
with and without EMS. For the conventional slurry, the ranges
of the three elements are all above 0.1%. In contrast, with
the application of EMS, the ranges of the alloying elements,
esp., Mg and Zn, diminish significantly, suggesting the solute
distribution becomes more uniform. However, the segregation
of these elements could not be considerably moderated with the
single treatment of GR. Furthermore, compared with the sole
treatment of EMS, the uniformity of Zn, Mg and Cu distribution
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could not be further improved with the combined treatment of
EMS and GR.

As shown in Table 2, all the detected elements were largely
enriched at the grain boundaries for the conventional slurry:
the concentration of Cu at the grain boundaries even reached
over 10%, dozens of times higher than that inside the grains. In
comparison, the segregation of alloying elements was greatly
reduced after processing with EMS, and Cu concentration at
the boundaries decreased to 4.52%, just less than half of that
without EMS. Moreover, the addition of GR can also alleviate the
segregation, but is less significant than the former. With EMS,
the GR elements, i.e., Sc, Zr, are also homogenized, while the
distribution of the main alloying elements didn’t change too
much, with the combined application of EMS and GR, just
similar to that with the single application of EMS.
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Fig. 4: Statistic results for concentration mean (a) and range (b) of main alloying elements by different processes

Table 2: Typical chemical composition (%) at grain boundaries and inside grains for samples prepared by different processes

Process Position Zn Mg Cu Zr Sc Al
A 4.34 1.16 0.22 - -
Conventional
B 9.82 3.8 10.25 - -
C 5.8 1.62 1.31 - - Balance
EMS
D 8.16 8 4.52 - -
= 4.84 0.66 0.54 0.11 0.05
GR
B 9.76 1.94 6.1 0.47 0.4
G 5.61 1.7 1.18 0.13 0.11
EMS+GR
H 9.85 2.54 4.2 0.17 0.27

Note: A, C, E and G refer to the detected positions inside the grains; B, D, F and H refer to detected positions at the grain boundaries.
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3 Discussion

The measured cooling curves of 7A04 aluminum alloy semisolid
slurry without and with EMS are shown in Fig. 5. For the
conventional slurry, the temperature difference is distinct at the
edge, middle and center though their cooling rates are similar.
The temperature at the region closer to the center is higher,
with a 2-3 °C difference between the two adjacent measured
positions. On the contrary, there is no notable temperature
difference at the three positions when EMS is applied.
Therefore, the chemical inhomogeneity of the slurry without any
treatment is mainly derived from the uneven temperature field
of slurry from the edge to the center in the crucible. When EMS
is applied, a forced convection is introduced into the slurry. As
shown in Fig. 5 and evidenced by other researchers !'>'%, the
convection helps to homogenize the temperature field and the
solute field, facilitating the uniform dispersion of nuclei into
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various parts of the crucible as well as equiaxed growth in the
whole melt, thus the slurry uniformity can be greatly improved.
Furthermore, the convection assists the dendrites fragmentation
and abscission of wall crystal during solidification, contributing
to the refinement of the microstructure.

On the other hand, with the addition of Zr and Sc into the Al
alloy melt, large quantities of Aly(Zr,Sc) particles are generated
throughout the melt "”. As Al,(Zr,Sc) particles are excellent
heterogeneous nucleants for Al, primary a-Al grains are formed
on these effective nucleation sites, leading to much finer
slurry microstructure over EMS """, Nonetheless, the addition
of Sc and Zr has little effects on the temperature variation
between different positions in the crucible with large diameter,
accounting for the higher value of variation coefficient.

With the action of EMS, agglomeration and segregation
of Al;(Zr,Sc) particles are eliminated throughout the melt,
resulting in more effective nucleation sites being available for
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Fig. 5: Measured cooling curves of 7A04 aluminum alloy semisolid slurry: (a) without EMS; (b) with EMS

Al. Moreover, EMS induced flow produces uniform solute and
thermal field, inhibiting the dendritic growth of a-Al grains.
Consequently, slurry with finer, more globular and more uniform
primary o-Al grains can be achieved under combined action of
GR and EMS.

For the distribution of the alloying elements throughout
the slurry, because GR has little effect on the macroscopic
convection of slurry, hence the macro-segregation could not
be eliminated. Microscopically, as more grain boundaries
are available due to grain refinement, that is, more places
for distribution of alloying elements, and consequently their
content at the single boundary is decreased. Furthermore, with
nuclei provided by GR, the melt will start to solidify at a higher
temperature, which promotes a higher solution of alloying
elements inside grains. As a result, the micro-segregation
between grains and boundaries is reduced with the addition of
GR.

4 Conclusion

Large volume slurry of 7A04 aluminum alloy with fine and

192

uniform microstructure can be obtained when treated by
EMS, Sc or Zr additions individually. However, EMS is more
favorable to obtain slurry with uniform microstructure and
composition, while Sc or Zr can remarkably refine the slurry
microstructure. The combined treatment of EMS, Sc and Zr can
obtain large volume semisolid slurry with uniformly distributed
finer primary a-Al globules. 7A04 aluminum alloy slurry with
average particles diameter of 36 um, shape coefficient of 0.68
and variation coefficient of 0.8% can be achieved.
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