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Abstract: The semi-solid slurry of 7075 aluminum alloy was prepared by a serpentine pouring channel (SCP). Influences of pouring
temperature and the number of turns on the microstructure of semi-solid 7075 alloy slurry were investigated. The results
demonstrated that the semi-solid 7075 aluminum alloy slurry with satisfied quality could be generated by a serpentine pouring
channel when the pouring temperature was in the range of 680—700 °C. At a given pouring temperature, the equivalent size of the
primary a(Al) grains decreased and the shape factor increased with the increase of the number of turns. During the slurry preparation
of semi-solid 7075 aluminum alloy, the flow direction of alloy melt changed many times when it flowed in a curved and closed
serpentine channel. With the effect of “stirring” in it , the primary nuclei gradually evolved into spherical and near-spherical grains.
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1 Introduction

Semi-solid metal (SSM) processing was developed
by FLEMINGS et al [1] in the 1970s and has gained
increasing interest among researchers during the past two
decades. The most important characteristic of semi-solid
forming technology is a kind of semi-solid structure with
the solid phase presenting in a near spherical form. In
order to meet this demand, a wide spectrum of routes and
processes have been developed to prepare semisolid
slurry. The conventional processes are mechanical
stirring and electromagnetic stirring [2,3], however, the
conventional processes require specialized equipments so
the preparation processes are complex and the electrical
energy is required more. Recently, a controlled
nucleation method has been reported, which is simple,
practical and less expensive because of no application of
stirring. According to this idea, several techniques are
developed, such as the new rheocasting (NRC) [4—7], the
vertical pipe [8,9], rotating duct [10], damper cooling
tube method [11,12], wavelike sloping plate [13]. These
techniques have similarities, that is, pouring the alloy
melt through a plate or tube without stirring. Therefore,
they greatly reduce energy consumption and save the
cost of production.

Based on the controlled nucleation method, the
serpentine channel process was invented. The serpentine
channel was made of graphite and it consisted of two
symmetrical blocks locked together by screw bolts and
nuts. During the period of preparing semisolid slurry, the
flow direction of alloy melt changed many times when it
flowed in a curved and closed serpentine channel. With
the effect of “stirring” in the serpentine curve, the
primary nuclei gradually evolved into spherical and
near-spherical grains. In this work, the integral
microstructure of semi-solid 7075 aluminum alloy slurry
by serpentine channel process was studied, and the
influences of pouring temperature and the curve numbers
on the microstructure of semi-solid 7075 alloy slurry
were investigated.

2 Experimental

2.1 Materials and apparatus

The experimental material is 7075 aluminum alloy.
The chemical compositions of the alloy are listed in
Table 1. The liquidus and solidus temperatures of this
alloy are 640 and 477 °C, respectively, tested by
differential scanning calorimetric (DSC) method. The
temperature range of semi-solid is 163 °C.

The schematic of SCP apparatus and the slurry
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Table 1 Chemical compositions of 7075 aluminum alloy (mass
fraction, %)

Si Fe Cu Mn Mg Cr Zn Al

0.40 0.50 1.7 030 22 023 59  Bal

preparation process is shown in Fig. 1 [14]. It consists of
melting crucible, serpentine channel, collective crucible
and K-type thermocouple. The melting apparatus is a
crucible resistance furnace. The serpentine channel is
made of graphite and it consists of two symmetrical
blocks locked together by screw bolts and nuts. The
collective crucible, with an average diameter of 127 mm,
is made of stainless steel. A Ni—Cr/Ni—Si thermocouple
is used to measure the temperatures of the melt, the inner
wall of serpentine channel and the slurry. The
temperature displayed was accurate to =1 °C.

Fig. 1 Schematic diagram of preparing semi-solid 7075
aluminum alloy slurry by serpentine channel pouring: 1—
K-type thermocouple; 2—Serpentine channel; 3—Pouring cup
4—Serpentine bend; 5—Diversion pipe; 6—Melting crucible;
7—Collective crucible; 8—Slurry; 9—Cold water

2.2 Methods

The alloy was melted in a crucible resistance
furnace at 760—770 °C, and then incubated for 10 min.
The melt was cooled to the chosen pouring temperature
and cast into a stainless steel crucible via serpentine
channel, at the same time, the outlet temperatures of the
slurry were measured. Then the slurry was quenched in
cold water rapidly.

The microstructures of samples polished and etched
in Keller’s reagent (the solution of 1% HF, 1.5% HCL,
2.5% HNO; and 95% distilled water) for 25 s, were
analyzed by optical microscopy. The diameter of primary
a(Al) grains was calculated as: D=2(4/m)"? (where A is
the area of a grain), and the shape factor of primary a(Al)
grains was calculated as: F=4714/P* (where 4 and P are

the area and perimeter of a grain, respectively).
3 Results

3.1 Microstructure of semi-solid slurry of 7075

aluminum alloy by SCP

Figure 2 shows the microstructure of 7075
aluminum alloy billet prepared by conventional casting
with the collective crucible at 700 °C and quenched at
630 °C. The white phase is primary a(Al) and the black
matrix is the eutectic phase. Typical dendrites of
conventional solidification with length of more than 200
pm are observed.
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Fig. 2 Typical dendrites microstructure of 7075 alloy prepared
by conventional solidification

Figure 3 shows the microstructures of the semisolid
slurry prepared by SCP with different processing
parameters. It is clear that the solidification
microstructures consist of non-dendrites primary a(Al)
grains which disperse uniformly in the matrix and
eutectics at intergranular boundaries. The grain diameter
and the shape factor of primary a(Al) grains are listed in
Table 2. Figures 3(a)—(c) show the microstructures of
7075 aluminum alloy semi-solid slurry poured at 720,
700, 680 °C by 4 turns serpentine channel, respectively.
The grain diameters and the shape factors of primary
a(Al) grains are 73, 71, 70 um and 0.58, 0.60, 0.76,
respectively. Figure 3(d)—(f) show the microstructures of
7075 aluminum alloy semi-solid slurry poured at 720,
700, 680 °C by 5 turns serpentine channel, respectively.
The grain diameters and the shape factors of primary
a(Al) grains are 72, 70, 68 um and 0.61, 0.66, 0.77,
respectively. Figures 3(9)—3(i) show the microstructures
of 7075 aluminum alloy semi-solid slurry poured at 720,
700, 680 °C by 6 turns serpentine channel, respectively.
The grain diameters and the shape factors of primary
o(Al) grains are 70, 68, 64 um and 0.72, 0.74, 0.78,
respectively. It is concluded that the size and morphology
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Fig. 3 Microstructures of semi-solid 7075 aluminum alloy slurries prepared by serpentine channel pouring process at different
number of turns and pouring temperatures: (a) 4 turns, 720 °C; (b) 4 turns, 700 °C; (c¢) 4 turns, 680 °C; (d) 5 turns, 720 °C; (e ) 5
turns, 700 °C; (f) 5 turns, 680 °C; (g) 6 turns, 720 °C; (h) 6 turns, 700 °C; (i) 6 turns, 680 °C

Table 2 Processing parameters and characteristic size of semi-solid slurries

Number Pouring Temperature of Pouring Mass of Grain Shape
of turn temperature/°C slurry/°C time/s slurry/kg diameter/um factor

4 720 630 5 1.65 73 0.58

4 700 630 6 1.73 71 0.60

4 680 629 5 1.65 70 0.76

5 720 631 4 1.51 72 0.61

5 700 631 5 1.57 70 0.66

5 680 630 5 1.61 68 0.77

6 720 631 4 1.49 70 0.72

6 700 630 5 1.67 68 0.74

6 680 629 4 1.60 64 0.78

of primary a(Al) grains are influenced significantly by

pouring temperature and the number of turns.

3.2 Influence of pouring temperature on slurry

microstructure

As shown in Figs. 3(a)—(c), the primary a(Al) grains

being more spherical and with non-dendrites emerged
under the condition of decreasing pouring temperature
using the same serpentine channel. In Fig. 3(a), as the
slurry was prepared at 720 °C, the morphology of
primary a(Al) grains is irregular and some ones are still
stuck together. A similar microstructure can be seen and
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there are still some contacted grains, as shown in Fig.
3(b). When a lower pouring temperature is adopted, such
as 680 °C, most contacted grains separate compared with
the as-cast structure shown in Figs. 3(a) and (b) and the
primary «(Al) grains become more spherical. The
schematic diagram of hanging slurry in serpentine
channel is shown in Fig. 4. It is clear that the hanging
slurry increases with decreasing pouring temperature.
The variation of grain diameters and the shape factors
with different pouring temperatures are shown in Fig. 5.
The results indicate that the grain diameter increases
with increasing pouring temperature and the shape factor
decreases with increasing pouring temperature. It can be
concluded from this group of experiments that the better
spheroidization of dendrites a(Al) can be obtained with a
relatively lower pouring temperature by SCP, however,
the pouring temperature should not be too low because
the hanging slurry in serpentine channel may plug up the
channel. So the semi-solid slurry is prepared with
satisfied quality when the pouring temperature range of
this group of experiments is between 680 and 700 °C.

Fig. 4 Schematic diagram of hanging slurry in serpentine
channel at different number of turns and pourning temperatures:
(a) 4 turns, 720 °C; (b) 4 turns, 700 °C; (c) 4 turns, 680 °C
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Fig. 5 Pouring temperature versus grain diameter and shape
factor

3.3 Influence of number of turns on slurry
microstructure

As shown in Figs. 3(c), (f) and (i), the primary a(Al)
grains are smaller and more spherical by 6 turns
serpentine channel compared with the other primary a(Al)
grains at the same pouring temperature. In Fig. 3(c), as
the slurry is prepared by 4 turns serpentine channel, the
shape of primary a(Al) grains are polygon. The similar
microstructure can be seen but the grain is is smaller, as
shown in Fig. 3(b). Compared with the as-cast structure
shown in Figs. 3(c) and (f), the primary a(Al) grains in
Fig. 3(i) become more spherical and the grain size is
much smaller. The schematic diagrams of hanging slurry
in serpentine channel are shown in Fig. 6. It is clear that
the hanging slurry increases with the number of turns
increasing. The variation of grain diameters and the
shape factors with different number of turns is shown in
Fig. 7. The results indicate that the grain diameter
decreases with the increasing number of turns and the
shape factor increases with the increasing turn numbers.
It can be seen from this group of experiments that the
best spheroidization of dendritic a(Al) can be obtained

Fig. 6 Schematic diagram of hanging slurry in serpentine
channel: (a) 4 turns, 680 °C; (b) 5 turns, 680 °C; (c) 6 turns,
680 °C
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Fig. 7 Number of turns versus grain diameter and shape factor
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with 6 turns serpentine channel, but the hanging slurry is
the most. Considering continuous casting, the best
serpentine channel of this group of experiments is 5
turns.

4 Discussion

Two mechanisms proposed to explain the grain
structure formation are dendrite fragmentation [15—18]
and spherical microstructures formation directly from the
alloy melt [19,20]. According to the experimental
analysis, it can be concluded that the reliable mechanism
of serpentine channel process is the latter.

The main mechanism of crystal nucleation of the
alloy melt on the inner concave surfaces of serpentine
channel is heterogeneous nucleation, whose nucleation
ratio depends on the critical energy of nucleation and the
activation energy of diffusion of the atom in the liquid
phase. During the pouring process, the alloy melt flows
down along the inner concave surfaces by the action of
gravity, whose velocity varied with time and
displacements are different in different points, both of
which must lead to the occurring of shearing forces.
What’s more, the magnitudes and directions of shearing
forces vary with the positions of the alloy melt. In a word,
all of which can be seen as the action of self-stirring of
serpentine channel. And, turbulence caused by the action
of self-stirring of the alloy melt prompting more shaping
of micro heat fluctuation and phase fluctuation is
beneficial for crystal nucleation and indirectly increases
the number of the core interface of heterogeneous
nucleation. At the same time, energy fluctuation
decreases the critical energy of nucleation and therefore
increases the nucleation ratio.

For one thing, the alloy melt on the surfaces of
serpentine channel has super-cooling temperature, which
largely prompts the crystal nucleation of the alloy melt
that is tightly stuck to the inner surfaces of the serpentine
channel. For another, the nucleation substrate is concave
surface that is better for crystal nucleation than other
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surfaces such as horizontal surfaces or convex surfaces.
Besides, the density of alloy melt near the inner concave
surfaces and that near the centre zone in the serpentine
channel are different, which causes the fast convection
amid the alloy melt. And also, the fast convection makes
the temperature of the whole melt relatively even and
super-cooling, which also can make a large number of
crystal nuclei emerge.

What’s more, these crystal nuclei can float down or
move into the alloy melt and grow up when they flow
down along with the alloy melt, that is to say, not all
these crystal nuclei grow up locally, but also in the places
where they have been brought, which again prompts the
crystal nucleation in extremely large number. Therefore,
under the function of alloy melt’s washing down and the
self-stirring of serpentine channel, one part of crystal
nuclei near the inner surfaces that moves or floats into
the rest alloy melt or flows down becomes the free
crystal nuclei, and the other part that will stay on the
inner surfaces and then grow up becomes the solid shell
sticking to the inner surfaces.

The temperature gradient of solid—liquid frontier,
the concentration gradient of solutes and the intensity
and direction of heat diffusion of the alloy melt in the
serpentine channel decide the future microstructures of
primary crystal nuclei. During the SCP process, the fast
convection amid the alloy melt causes the instaneous
mixing of inner heat and different parts of the alloy melt,
which makes the component and the temperature field of
the melt on the whole relatively even and the temperature
and concentration gradient rather decrease. Along with
the motion in the convection of melt, the fast
self-rotating of these crystal nuclei puts themselves in a
relatively even growing circumstance and makes them
continuously change their positions when they move
down, which weakens the requirements of dendrites
emerging by a large scale. Under this condition, the
crystal nuclei will grow up evenly in all directions and
finally turn into spherical grains or near spherical grains.
Figure 8 shows the microstructures of solidified shell.
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Fig. 8 Microstructures of solidified shell: (a) Macrostructure; (b) Microstructure in marked place “a”; (¢) Microstructure in marked

place “b” (c)
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The rosette grains in Fig. 8(c) are less than those in Fig.
8(b), but the near spherical grains are relatively more,
which is a piece of further evidence that the alloy melt
self-stirring action in the channel can prevent the primary
chilling crystal nuclei from growing towards into
dendrites. On the contrary, the crystal nuclei will be
inclined to turn into spherical or near spherical grains by
the comprehensive function of being washing down and
convection.

5 Conclusions

1) The semi-solid 7075 aluminum alloy slurry with
satisfied quality can be generated by a serpentine pouring
channel and the solid shell inside the channel can be
avoided when the pouring temperature is in the range of
680 and 700 °C.

2) With a given pouring temperature, the equivalent
size of the primary a(Al) grains decreases and the shape
factor increases with the increasing of the number of
turns, at the same time, as the solid shell inside the
channel increases, the chance to obtain a great deal of
semi-solid slurry decreases.

3) During the preparation for the slurry of
semi-solid 7075 aluminum alloy, the flow direction of
alloy melt changes many times when it flows in a curved
and closed serpentine channel. With the effect of
“stirring” in the serpentine curve, the primary nuclei
gradually evolve into spherical and near-spherical grains.
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