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Abstract: Semi-solid 7075 Al slurry was prepared by inverted cone-shaped pouring channel process (ICSPC) and temperature
homogenization (TH) treatment was combined to make the slurry uniform and have a controllable solid fraction suitable for the
follow-up rheocasting. The influence of cooling rate on the microstructure evolution of primary a(Al) during TH treatment was
investigated. The results show that as the cooling rate of the slurry after being prepared reduces, the growth of primary a(Al) in the
slurry tends to be nearly spherical and the uniformity of the organization is also enhanced. This may be due to the fact that lower
cooling rate plays an important role in achieving the uniformity of temperature and composition in the remaining liquid, which is
crucial to the formation of the spherical and homogeneous microstructure. However, a too low cooling rate will lead to a significant
increase in grain growth time, which makes too coarse grains and more particles coalesce, so a certain abnormal growth of grain

appears and the shape factor decreases slightly.
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1 Introduction

Semi-solid metal (SSM) processing has been
recognized as a unique manufacturing method to produce
near-net-shape  products  for industrial
applications [1]. Compared with conventional die-casting,
SSM processing has a number of advantages, such as

various

low porosity, heat treatability, consistency and soundness
of mechanical properties, the ability to make complex
component shapes and longer die life [2—5]. A356/357
alloys are the most popular alloys used for SSM forming
due to their high fluidity and good castability. However,
one of the main advantages of SSM processing is that it
is possible to produce near-net-shape components from
alloys that are conventionally wrought (such as the 2000,
6000 and 7000 series) [6,7].

Because of a higher sensitivity of the liquid fraction
to temperature fluctuation [8] and relatively wide
crystallization temperature interval which can lead to hot
tearing, thixoforming of 7xxx series wrought aluminum
alloys has not been available in industrial application. In
recent years, rheocasting process has increasingly gained

attentions from many researchers because of less
investment and lower raw material cost compared with
thixocasting process. And various techniques for
semi-solid slurry preparations of wrought aluminum
alloy was proposed such as continuous rheoconversion
process (CRP) [9], semi-solid rheocasting process (SSR)
[10], low superheat pouring with a shear field process
(LSPSF) [11], inverted cone-shaped pouring channel
process (ICSPC) [12].

The present work focuses on high-strength 7075
alloy as the most common wrought aluminum alloy has a
great potential to be utilized in aircraft structural parts
and other highly stressed applications where very high
strength and good resistance to corrosion are required.
However, the difficulties in rheoforming of this alloy
centre on the high sensitivity of the liquid fraction to
temperature fluctuation which can lead to hot tearing and
make the quality of the slurry unstable [8]. In this work,
a controllable temperature homogenization treatment on
the slurry after being prepared is used to obtain a certain
liquid fraction and keep the uniform quality of the
slurry. The purpose is to investigate the influence of
subsequent temperature homogenization treatment on the
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solidification behavior of semi-solid 7075 aluminum
alloy slurry in relation to the final microstructures.

2 Experimental

Commercial wrought 7075 aluminum alloy (5.9%
Zn, 2.2% Mg, 1.7% Cu, 0.35% Fe, 0.1% Si, Al balance;
mass fraction) was used for the present investigation.
The solid fraction—temperature relationship was
determined by differential scanning calorimetry (DSC).
Samples of about 5 mm in diameter and 20 mg in mass
were cut, weighed and put into carbon pans with carbon
lids in an argon atmosphere. The DSC tests were carried
out using a Dupont 910 differential scanning calorimeter.
The samples were heated to 680 °C at 10 °C/min and
cooled to room temperature at the same rate. The heat
flow and temperature were monitored by thermocouples
to obtain heating and cooling curves. And the curve of
solid volume fraction versus temperature was obtained
by integrating under the curves mentioned above, as
shown in Fig. 1.
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Fig. 1 Solid fraction against temperature of 7075 Al alloy
estimated from DSC heating curve

In the present study, the semi-solid slurry was
prepared by ICSPC process. The ICSPC equipment
mainly consists of a pouring cup, diversion unit and a
conical tube. Detailed description of the ICSPC slurry
preparation process can be found in Ref. [12]. The 7075
alloy was melted using an electric resistance furnace at
750 °C, cooled to desired pouring temperature (660 °C)
and poured into the ICSPC equipment. The length and
taper of the conical tube were 400 mm and 4°,
respectively. Then the melt flowing through out of the
channel was collected in a slurry holder (¢80 mmx60
mm) which contained heating and cooling elements to
control the temperature accurately and obtain different

cooling rates. The initial temperature of the slurry holder
was 20 °C. When the semi-solid slurry held in the slurry
holder reached a specific temperature at different cooling
rates, the metallographic samples were taken by sucking
a small amount of semi-solid slurry into a quartz tube
with diameter of 6 mm and then quenched in water.
Three samples were taken from the edge to the core part
at the same process parameter to make sure that the
representative microstructure of the slurry can be
obtained. All the metallographic samples were then
prepared by the standard technique, etched with 0.5% HF
aqueous solution, and were characterized using an
optical microscope with quantitative analysis system.
The shape factor was calculated using F=4nA/P*, where
A and P represent the area and perimeter of the primary
a(Al) grain, respectively.

3 Results and discussion

3.1 Preparation of 7075 alloy semi-solid slurry

The inverted cone-shaped pouring channel (ICSPC)
slurry preparation process is an innovative non-stirring
SSM processing technique which can prepare excellent
semi-solid slurry within just a few seconds. Compared
with other processes, ICSPC process possesses such
superiorities as short time, high efficiency and
homogeneous microstructure.  Furthermore, it is
convenient to combine ICSPC equipment with
conventional die-casting machine to develop rheo-
diecasting process. There are three important parameters
in ICSPC, including the pouring temperature, the length
of channel and the taper of conical tube. The
combination effects of the three parameters on semi-solid
microstructure of 7075 Al alloy were deeply investigated
in Ref. [12]. Figure 2 shows the typical microstructures
of 7075 Al alloy produced by the ICSPC process, in
comparison with the commercial starting material. It can
be seen that under the optimized conditions, ICSPC can
produce superior semi-solid slurry of 7075 Al alloy. The
primary o(Al) presents in a mean equivalent diameter of
62 um and shape factor of 0.78, and features
zero-entrapped eutectic.

3.2 Effect of cooling rate on semi-solid microstructure

When the 7075 Al alloy melt flew throughout the
ICSPC equipment, the sound semi-solid slurry was
obtained and collected in the slurry holder, then different
average cooling rates were selected by controlling the
temperature of the slurry holder. Metallographic samples
were prepared at different specific slurry temperatures
and the quantitative metallographic results are illustrated
in Fig. 3. It can be seen from Fig. 3(a) that as the slurry
temperature decreases, the grain size of the primary
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Fig. 2 Metallographs of as-cast 7075 Al alloy (a) and water quenched semi-solid slurry of 7075 Al alloy prepared by ICSPC process

at pouring temperature of 660 °C, channel length of 400 mm and interior surface taper of 4° (b)
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Fig. 3 Effects of cooling rate on size (a) and morphology (b) of semi-solid 7075 Al alloy slurry

o(Al) shows a significantly increase, and a relatively
high cooling rate means a shorter cooling time for the
primary o(Al) to grow up, so the grain size of the
primary a(Al) seems much smaller. However, under the
higher cooling rate (e.g. 8.25 °C/s, 2.20 °C/s), the
morphology of the primary a(Al) deteriorates significantly,
and the shape factor is generally below 0.6, as shown in
Fig. 3(b). When the cooling rate is less than 0.55 °C/s,
the primary a(Al) is mainly spherical or near-spherical
and the shape factor is generally above 0.8. Figure 4
shows the morphologies of the semi-solid slurries at 600
°C with different cooling rates. The results indicate that
the average cooling rate of the slurry has an important
influence on the microstructures and a lower cooling rate
can promote the transformation of primary a(Al) grain
from a dendrite or a rosette to a spherical one.

3.3 Microstructure evolution of primary a(Al)
In the present work, the behavior of primary
solidification mainly occurs in two places, ICSPC

equipment and slurry holder. When the melt was poured
into the channel, heterogeneous nucleation occurs
continuously and uniformly throughout the entire volume
of the melt with a slight undercooling due to the rapid
and continuous heat extraction. As a result of intensive
forced convection, the growth of the nuclei takes place in
a spherical manner. The fast and spherical growth leads
to the formation of spherical globules, with the
conventional dendritic primary phase morphology being
eliminated, as shown in Fig. 3(b).

As the slurry was collected in the slurry holder, the
second stage of solidification has been started due to the
very low solid fraction (less than 5%) in the slurry.
Investigations [13,14] showed that the uniformity of
temperature and composition in the remaining liquid are
crucial to the formation of the fine and homogeneous
microstructure. And lower cooling rate of the slurry after
being prepared plays an important role in achieving such
uniformity. Figure 5 and Table 1 show the microstructure
evolution of the primary a(Al) under the cooling rate of
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Particle coalescence

0.14 °C/s. The solid fraction at different temperatures
was estimated by Scheil equation. Note that the liquid
content apparent in the micrographs is not indicative of
the quantity present at temperature because the
quenching is not sufficiently rapid for the liquid content
to be entirely ‘frozen in’, and some liquid phase deposits
onto the existing solid surfaces, appearing to be ‘solid’ in
the quenched microstructures [15]. It can be seen that as
soon as the slurry flew into the slurry holder, the
spherical primary a(Al) was obtained, the shape factor
almost remained at a high level (above 0.80) during the
coarsening, and there is no entrapped liquid in the
primary a(Al)s. So, the grain growth mechanisms
proposed for the coarsening are most likely to be

Fig. 4 Metallographs of semi-solid 7075 Al
alloy slurry at 600 °C wtih different cooling
rates: (a) 8.25 °C/s; (b) 2.20 °C/s; (¢) 0.55
°C/s; (d) 0.28 °C/s; (€) 0.14 °C/s

Ostwald ripening, which is considered to be dominant in
a long time and at a high liquid fraction [16]. During the
coarsening, the smaller primary a(Al) particles with size
below the crucial diameter dissolved gradually but the
larger primary a(Al) particles with size above the crucial
diameter grew up, which is in favor of the spheroidizing
of solid particles because of the reduction of surface
energy and overlapped solution fields of neighboring
particles. However, if the cooling rate is too slow, the
duration of TH treatment will be too long and the particle
coalescence will show a significant increase, so certain
abnormal growth of grain appears and the shape
factor decreases slightly, as shown in Fig. 3(b) and
Fig. 4(e).
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Fig. 5 Microstructural evolution of primary a(Al) under cooling rate of 0.14 °C/s at different temperatures: (a) 633 °C; (b) 629 °C;

(¢) 620 °C; (d) 611 °C

Table 1 Characteristics of primary «a(Al) during different
solidification stages corresponding to Fig. 5

Ultimate slurry Solid Grain Shape

temperature/°C fraction/% size/pm factor
633 3 23 0.46
629 16 49 0.73
620 46 78 0.85
611 70 85 0.88

4 Conclusions

1) After the semi-solid 7075 Al slurry is prepared
by the ICSPC process, the controllable temperature
homogenization treatment is necessary to make the slurry
uniform and have a controllable solid fraction suitable
for the follow-up rheocasting.

2) The average cooling rate of the slurry has an
significant effect on the morphology of the primary a(Al)
and a lower cooling rate can promote the transformation
of primary a(Al) grain from a dendrite or a rosette to a
spherical one.

3) The grain growth mechanism proposed for the
coarsening is most likely to be Ostwald ripening, which
is in favor of the spheroidizing of solid particles because
of the reduction of surface energy and overlapped

solution fields of neighboring particles.
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