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Abstract: The biggest challenge in semisolid processing of high-performance aluminum alloys is the
narrow temperature processing windows of these alloys, and as a result, the preparation of qualified
semisolid slurries is very important. High solid fraction slurries of high-strength A201 alloy were
prepared by the Swirled Enthalpy Equilibration Device (SEED) process. The cooling behavior and
microstructures of the A201 slurries produced by the standard, as well as a modified, SEED process
were investigated. The results show that qualified A201 slurry can be produced by decreasing the
pouring temperature and controlling the processing time in the SEED process. The modified SEED
process significantly reduced the radial temperature gradient of the melt, due to the slow cooling
rates involved, with the resulting slurries being more uniform, with more spherical microstructures,
as compared to those produced by the standard SEED process. The formation of the nondendritic
grain structure in the SEED process is attributed to the uniformly distributed large number of nuclei
within the melt and the slow cooling of the melt in the containing crucible.

Keywords: A201 aluminum alloy; semisolid slurry; high solid fraction; microstructure; cooling
behavior; SEED process

1. Introduction

Semisolid processing (SSP) is commercially a relatively new metal-forming technology, although
it was first introduced in the early 1970s, which competes directly with conventional casting and/or
die-casting processes to produce near-net-shape components. SSP can be divided into two major routes:
rheocasting, which involves forming the semisolid slurry of nondendritic microstructure directly from
a controlled partially solidified melt in one single step, and thixoforming, which involves processing
the melt in a separate stage, solidifying the melt completely, and then reheating the slugs back into the
semisolid state, followed by the forming operation [1–4].

Recently, SSP has also been categorized into two further processes according to the solid fraction
content of the slurries: the high solid fraction process with about 40–60% of solid, and the low solid
fraction process with around 5–20% of solid [5]. The thixoforming route belongs to the high solid
fraction processes, while most of the rheocasting routes used, such as the gas-induced semisolid (GISS)
rheocasting [6], new rheocasting (NRC) [7], air-cooled stirring rod (ACSR) process [8], forced convection
stirring (FCS) [9], and so forth, are low solid fraction processes. Several low solid fraction rheological
high pressure die casting (Rheo-HPDC) processes have been industrialized, producing high volume
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products with substantial reduction of internal porosity and improved mechanical properties of parts
compared to conventional HPDC [10]. Nevertheless, due to the turbulent flow of the low solid fraction
slurries in high-pressure die casting, porosity is still a problem in these castings [11] and could lead to
blistering after full heat treatment [12]. Clearly there are still challenges in producing high-quality
structural parts using low solid fraction Rheo-HPDC processes. However, in high solid fraction
die casting, the slurry flows in a laminar manner, resulting in near porosity-free castings of sound
mechanical properties and high quality, like structural parts for the automobile industry, an industry
with high demands on mechanical properties as well as elongation [13–15]. Yet, thixoforming is not
very competitive because it involves a high premium in feedstock preparation due to extra processing
steps like magnetohydrodynamic stirring (MHD), and in addition, the material cannot be directly
recycled [16–18].

The Swirled Enthalpy Equilibration Device (SEED) technology is a rheocasting process that is able
to produce high solid fraction slurries, as shown schematically in Figure 1. In the past decade, SEED
has already been well demonstrated as a commercially viable technology for producing semisolid
parts of high integrity, sophisticated geometry, and complex contours, as well as improved mechanical
properties [19–21]. The quality of the parts is comparable to thixoformed parts. At present, the aluminum
alloys used in industrial applications employing the SEED technique for producing the feedstock
are almost exclusively 3XX casting alloys and these alloys cannot respond to the challenge of the
growing market demand for higher performance requirements. Considerable investigations on how to
commercialize thixoforming of high-performance alloys including 2XXX, 6XXX, and 7XXX wrought
alloys and high-strength 2XX cast alloys with impressive mechanical properties have been carried
out and the results published [2,18,22–25], indicating that these alloys are possible candidates for
alternative high solid fraction processes like the SEED process.
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Figure 1. Schematic of the SEED process (a–c) and HDPC press (d).

A major challenge of semisolid processing high-performance alloys is that these alloys tend to
have a high solid fraction sensitivity between 0.4 fraction solid and 0.6, which makes slurry preparation
very difficult in practice. Several studies conducted on semisolid slurry preparation of attractive
alloys, such as high-strength alloy 206 and wrought alloy 6061, used the SEED technique on an R&D
basis with promising results reported [21,26]. However, further technical improvements and more
work on high-performance alloys are deemed necessary for possible commercial exploitation of the
SEED process. For example, the temperature distribution and evolution within the melt during the
SEED process, which are important factors for semisolid processability of high-performance alloys,
and improvement of microstructure uniformity of slurries must be fully studied for a range of candidate
alloys to provide consistent and reliable property databases, as well as further understanding of the
microstructure formation mechanism of the SEED process.

The primary aim of this study is to develop a modified SEED process to improve the quality of
prepared semisolid slurries and the processability of high-performance alloys, improving the SEED
technique on an R&D basis. A201 aluminum alloy was chosen as the model material and its semisolid
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process window was analyzed. The cooling behavior and microstructure of A201 slurries during the
standard, as well as the modified, SEED process were investigated and the microstructure formation
mechanism of the SEED process was also discussed.

2. Materials and Methods

2.1. Material and Thermodynamic Analyses

The chemical composition of the A201 alloy adopted in this study was measured by using optical
emission spectroscopy (OES, SPECTRO, Kleve, Germany). The nominal composition of the alloy is also
given in Table 1 for comparison. The relationship between the liquid mass fraction and temperature of
the A201 alloy was determined by DSC (differential scanning calorimetry) analyses. The calorimetric
tests during the solidification of the A201 alloys were performed in an argon atmosphere with cooling
rates of 1, 5, 10, and 15 K/min. The tangent method (TM) was used to determine the solidus and
liquidus temperatures at different cooling rates. The heat flow vs temperature curves were adopted to
calculate the liquid fraction vs temperature curves by integrating the heat flow curves. The effects of
cooling rate on the semisolid processing window of the A201 alloy were discussed. Thermodynamic
predictions for the A201 alloy were carried out using the Thermo-Calc software package (version 2019a,
Thermo-Calc Software, Solna, Sweden), combined with database TCAL5. Both Scheil and Equilibrium
models were adopted in this work. According to the Equilibrium model, the solute completely diffuses
following the lever rule during solidification, while using the Scheil model, it is assumed that there is
no back diffusion of solute in the solid phase.

Table 1. Chemical composition of the A201 alloy (wt.%).

Alloy Cu Mg Ag Si Fe Ti Mn Al

A201 4.0–5.2 0.15–0.55 0.4–1.0 <0.1 <0.15 0.15–0.35 0.20–0.50 Bal.

This study 4.8 0.25 0.56 0.09 0.15 0.25 0.29 Bal.

2.2. Slurry Preparation and Temperature Data Collection

A201 ingots were melted in a 50 kg capacity graphite crucible using an electric resistance furnace
at the temperature of 720 ◦C. After spinning rotor degassing and drossing, the molten alloy was
cooled to 690 ◦C. The molten alloy was poured carefully at different temperatures into tilted crucibles
(Figure 1a). The crucibles used in this study were 90 mm in diameter and 250 mm in depth, as shown
in Figure 2a. The mass of the melt poured was about 2.7 kg in each test. After pouring, the molten
alloy was swirled immediately using the SEED process (Figure 1b). After swirling for a certain time,
the semisolid slurry was demolded from the crucible (Figure 1c).Metals 2019, 9, x FOR PEER REVIEW 4 of 17 
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For temperature–time history data collection, eight K-type thermocouples were placed in the
crucible prior to pouring and the data were collected by a temperature recorder. The positions of the
eight measured points for the melt temperature are illustrated in Figure 2a. A specially designed fixing
device was used to ensure that the eight thermocouples were fixed in the crucible during swirling,
as seen in Figure 2b.

2.3. Microstrucutral Observations

For microstructural observations, the prepared slurries were water quenched promptly.
Metallographic samples were then cut from the middle slice of the quenched slugs. As shown in
Figure 3, the microstructures at the positions across the radius were examined. A color metallographic
technique was used to identify the primary α-Al grains. The samples were ground and polished using
standard metallographic procedures and then electrolytically etched in a 2.5 vol.% HBF4 solution for
130 s at a constant voltage of 20 V. The microstructures were observed and photographed using a Carl
Zeiss optical microscope equipped with a polariscope. The Intercept Procedure was used to measure
the average grain size of the primary α-Al, according to ASTM E112. The shape factor of the grains was
calculated using the formula: Shape factor = 4πArea/Perimeter2, where a shape factor of 1 indicates a
completely spherical particle.
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2.4. Modification of the SEED Process

In order to improve the processability of A201 semisolid slurries, the SEED process was modified
by having the crucible wall wrapped around by aluminosilicate ceramic fiber cotton to reduce the
rate of heat loss in the slurry preparing system, as shown in Figure 4. The detailed reasons for this
modification are discussed in Section 3.1. The cooling behavior and microstructures of the slurry in
the modified SEED process were investigated using the same procedures as with the standard SEED
process, as described above.
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3. Results and Discussion

3.1. Process Window of A201 Alloy

Taking into account that the rheo-manufacturing routes involve controllable cooling from the
liquid state into the semisolid temperature range, the solidification behavior of the A201 alloy was
analyzed by DSC tests. The heat flow curves of A201 at different cooling rates are shown in Figure 5a.
There are three distinct peaks observed at all the heat flow curves. According to the thermodynamic
prediction based on the Scheil model, the phase transformations were identified and are illustrated.
With increasing cooling rates, the temperature of the heat flow peaks slightly decreases, indicating an
increase in the solidification interval. The solid mass fraction curves were further derived based on
experimental measurements; thermodynamic predictions are also presented for reference. In general,
the “process window” refers to a temperature range for a given solid fraction of the slurry that is
suitable for semisolid forming; for high solid fraction rheoforming, slurries containing between 0.4 and
0.6 solid are usually preferable [27]. The process windows of A201 alloy at different kinetic conditions
as well as the assumptions are listed in Table 2. As discussed above, the solidification interval increases
with increasing cooling rate, while the temperature window for solid fraction from 0.4 to 0.6 keeps
relatively constant as compared with the variation of the solidification interval. The targeted solid
fraction window is obtained within the transformation of peak I where the primary α-Al precipitates
from the melt. The kinetic behavior of the alloying elements at this stage has practically no effects.
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Figure 5. (a) Heat flow of A201 alloy during solidification at different cooling rates, (b) solid fraction
curves of A201 alloy calculated by calorimetric experiments and thermodynamic predictions.

Table 2. Process windows and assumptions for the A201 alloy at different kinetic conditions.

Cooling Rate
(K/min)

Solidification
Interval (◦C)

Temperature
Window (◦C)

Temperature
Sensitivity Time Window (s)

1 115.6 14.2 0.014 852
5 117.3 14.0 0.014 168

10 121.8 13.7 0.017 70.2
15 122.4 14.1 0.014 56.4

Equilibrium 104.8 10.7 0.019 /
Scheil model 146.0 11.9 0.017 /

Kazakov [28] firstly identified the slope of liquid fraction curve dfL/dT as a key parameter for
assessing the processability of semisolid slurries (i.e., the ability to practically control the liquid fraction
within semisolid state). Lower values of dfL/dT indicate less liquid fraction sensitivity to temperature
variation and thus it is easier to practically hold the liquid fraction at a desired level by temperature
control. Atkinson et al. [29] have further suggested that the temperature sensitivity of liquid should
be less than 0.03 K−1 in order to ensure acceptable processability. For the A201 alloy, assuming
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that the liquid fraction vs temperature curve between 0.4 and 0.6 fraction liquid is a straight line,
all the temperature sensitivities at different kinetic conditions investigated in the current study are
below this criterion (see Table 2), indicating that the A201 alloy is a potential candidate material for
semisolid processing.

In practice, during the SEED process, the exterior of the slug is chilled by the vessel, whilst the
interior heat must be conducted out. This takes a finite period of time as the exterior is still solidifying.
If the solid fraction in the outer “skin” exceeds 0.6, then the slug is likely to be too hard to be formed.
Meanwhile, the interior temperature may not have decreased to a level such that the liquid at the
center will not drip off when demolding. High temperature sensitivity renders the slurry preparation
process difficult to control. The above thermodynamic analysis indicates that the cooling rate causes
no obvious influence on the temperature sensitivity but extends the process time (i.e., swirling time
in the SEED process), allowing longer time for heat transfer from the center to the edge of the slurry.
The time windows for semisolid processing the A201 alloy at different cooling rates are listed in Table 2.
In conclusion, reducing the rate of heat losses (i.e., cooling rate) in the slurry preparation system may
improve the temperature uniformity of the slurry and improve the controllability of the SEED process
in practice.

3.2. Cooling Behavior of the Slurry duing the SEED Process

Figure 6 displays the temperature vs time curves (cooling curves) for different positions of the A201
slurry during the SEED process at different pouring temperatures. It can be seen that the temperature
field distribution in the slurry can be roughly divided into three zones according to the temperature
of the melt at different positions: the low temperature zone (LTZ) (including positions 1, 4, and 7),
the high temperature zone (HTZ) (including position 6), and the medium temperature zone (MTZ)
(including positions 2, 3, 5, and 8), as depicted in Figure 5b. According to the evolution of the cooling
curves of the melt, the process can be divided into two stages: the chilling stage and the slow cooling
stage, as depicted in Figure 6c.Metals 2019, 9, x FOR PEER REVIEW 7 of 17 
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Figure 6. Measured temperature curves of A201 semisolid slurry during SEED process with different
pouring temperatures: (a) 680 ◦C, (b) 670 ◦C, and (c) 660 ◦C.
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Once the superheated melt is poured along the crucible wall into the room-temperature steel
crucible, the chilling stage begins. At this stage, the temperature drop of the melt is rapid due to
the nonsteady heat transfer from the melt to the crucible. After about 30 s, the temperature decrease
becomes slow and the process starts entering the slow cooling stage. The temperature of the LTZ
decreases more slowly than that of the HTZ and the MTZ, gradually reducing the temperature
difference between the LTZ and the HTZ (Figure 6b). However, the temperature of position 1 drops
much faster than those of the other six positions; this is attributed to the fact that the crucible is fixed
by a pair of metal clamps during swirling with the contact point of the clamps and the crucible being
very close to position 1. The metal clamps that are connected to the rotating platform are virtually a
heat transfer channel for the melt near position 1, accelerating the heat loss rate at this area. Using
insulating material clamps instead of metal clamps should further improve the performance of the
SEED equipment.

In order to analyze the temperature distribution of the melt in the radial direction and its evolution
with time, the cooling curves of points 4, 5, and 6 were selected from Figure 6 and are drawn in Figure 7.
The edge, the middle, and the center in Figure 7 represent positions 4, 5, and 6 in Figure 6, respectively.Metals 2019, 9, x FOR PEER REVIEW 8 of 17 
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Figure 7. Temperature curves at the edge, middle, and center of A201 semisolid slurry during the SEED
process with different pouring temperatures: (a) 680 ◦C, (b) 670 ◦C, and (c) 660 ◦C.

Figure 7 reveals that as the pouring temperature decreases from 680 ◦C to 670 ◦C and 660 ◦C,
the maximum melt temperatures at the center are substantially the same at about 652 ◦C, while the
minimum melt temperature of the edge at the chill stage decreases gradually to 637.7, 630.5, and 629.5 ◦C,
respectively, and the maximum temperature difference between the edge and the center gradually
increases to 13.2, 20.5, and 22.2 ◦C, respectively. Within the initial stage of chilling, the temperature
gradient from the edge to the center is large due to the temperature difference between the crucible
and the alloy melt. With increasing cooling time, the radial temperature gradient of the melt initially
decreases quickly and then gradually as the process enters the slow cooling stage. After 160 s,
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the temperature difference between the edge and the center decreases to 7.7, 9.2, and 8.1 ◦C, respectively.
It can be seen that the cooling curve of the edge shows an inflection at the chilling stage, and that as
the pouring temperature lowers, the inflection is more obvious. This is due to the heat transfer from
the center to the edge of the slurry and the release of latent heat, the latent heat being released as the
melt solidifies. The faster the solidification process, the faster the release of latent heat, and the more
obvious the inflection is on the cooling curve. Compared with the pouring temperature of 680 ◦C,
the inflection on the cooling curve is more obvious with the pouring temperatures of 660 ◦C and 670 ◦C,
proving that a higher nucleation rate is obtained under lower superheat pouring.

It can also be seen from Figure 7 that the temperature at the slow cooling stage is basically linear
with respect to time. Moreover, the slope of the linear equation is very low, about 0.08–0.1 ◦C/s, that is,
the cooling rate of the slurry is low. It is therefore possible to control the temperature of the semisolid
slurry by controlling the cooling time to obtain slurries with different solid fractions. However,
for alloys whose solid fraction is sensitive to temperature changes, such as the A201 aluminum alloy,
the controllable range of time is very narrow, because of the temperature difference between the edge
and the center. This may occur even if the center temperature is high, but a thick solidified shell has
already developed at the edge due to the prolonged cooling time. Therefore, for the A201 alloy, a good
semisolid slurry can be obtained by lowering the pouring temperature and reducing the cooling time
during the SEED process.

3.3. Effects of Pouring Temperature on Semisolid Microstructure

Figure 8 shows the microstructure at the edge, middle, and center of A201 semisolid slugs
produced at different pouring temperatures of 680, 670, and 660 ◦C; the corresponding processing times
are 80, 70, 65 s, respectively. The colored particles are the primary α-Al phase. It can be seen that when
the pouring temperature is 680 ◦C, the microstructure at the edge consists mainly of developed α-Al
dendrites, the dendritic layer being about 2.5 mm thick. At the middle and center regions, the grain
morphology becomes rosette-like or nearly spherical. When the pouring temperature decreases to
670 ◦C, the microstructure at the edge mainly consists of rosette-like grains and a few small dendrites.
At the middle/center, the morphology of α-Al is similar to that at 680 ◦C, but the size has decreased.
When the pouring temperature drops to 660 ◦C, the number of primary particles has clearly increased
and the grains are greatly refined and more spherical; the morphological differences from the edge to
the center are much smaller. There is still a dendritic layer at the very edge, but these dendrites are
smaller and the dendritic layer is only about 1 mm thick.

The average grain size of the microstructures at different pouring temperatures has been illustrated
in previous work [30] and is presented here in Figure 9. The graph clearly shows that the α-Al particles,
at all three positions of the slug, become more refined with decreasing pouring temperature; for example,
when the pouring temperature decreases from 680 ◦C to 670 and 660 ◦C, the average grain size at the
center decreases from 112 to 85 and 68 µm, respectively. Furthermore, the differences of grain size
from the edge to the center appear smaller under lower pouring temperatures.

The formation of α-Al particles during the SEED process is attributed to heterogeneous nucleation.
When the superheated melt is poured into the crucible, superheat is dissipated by the crucible and
melts of lower temperatures are favorable to form more nuclei (higher nucleation rates) on the crucible
walls. In addition, under low pouring temperatures, the melt at the edge quickly cools to or below the
liquidus, as shown in Figure 6, so more nuclei can be retained. Meanwhile, fluid convection introduced
by swirling renders the surviving nuclei uniformly dispersed in the melt. The forced convection also
facilitates more homogeneous temperature and composition fields, which promote spherical growth of
copious nuclei instead of growth of dendrites. Nevertheless, due to the weak convection and marked
temperature gradient at the edge of the slurry, the growth of grains at the edge quickly becomes
directional. These grains develop arms which grow in a direction parallel and opposite to the heat-flux
direction [31], that is, from the edge to the center. In this case, the outer dendritic zone is formed.
Under higher pouring temperatures, the time for the development of dendritic arms becomes longer,
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leading to a thicker dendritic layer (Figure 8a). This dendritic layer is undesirable for SSP, however,
a well-designed die runner and gating system can prevent the outer “skin” of the semisolid slug from
entering the die cavity and being incorporated into the final cast part [27,32].
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Figure 9. Effect of pouring temperature on the average grain size of A201 semisolid slugs [30].

3.4. Effects of Processing Time on Semisolid Microstrutures

The effects of processing time on the microstructures of A201 SEED slugs at the pouring temperature
of 670 ◦C are shown in Figure 10. The relationship between the average size of the primary α-Al and
the processing time is shown in Figure 11. It can be seen that with an increase in processing time,
the microstructural morphology does not show significant changes and grain size increases slightly at
the middle and center while the microstructure at the edge changes more drastically. The prolonged
processing time promotes the α-Al at the edge to develop into coarse dendrites. These coarse dendrites
develop arms toward the center (i.e., opposite to the heat-flux direction), as seen in Figure 10c.
As discussed above, the heat of the melt is mainly dissipated by the crucible, resulting in a steeper
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temperature gradient across the melt near the crucible walls. In this case, the primary α-Al eventually
evolves into a well-developed dendritic morphology.Metals 2019, 9, x FOR PEER REVIEW 11 of 17 
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Figure 10. Microstructures of A201 semisolid slugs at different processing times: (a) 70 s, (b) 90 s, and
(c) 110 s.
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It should be noted here that although the quenching microstructure of A201 SEED slugs at a
processing time of 90 s is not much different from that at 70 s, in fact, by this time, the outer part of
the slug has already become too stiff for SSP. Therefore, for alloys with narrow processing windows,
like the A201 alloy, in order to prepare acceptable semisolid slurries by the SEED method, one has to
lower the pouring temperature and restrict the processing time.

3.5. Cooling Behavior and Microstructures in the Modified SEED Process

Figure 12 shows the cooling curves at different positions of A201 slurry during the modified SEED
process at a pouring temperature of 670 ◦C. In the modified process, the temperature field distribution
in the slurry can still be roughly divided into three zones: the LTZ, the MTZ, and the HTZ. Unlike the
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standard SEED process, however, the LTZ includes positions 1, 2, and 3, the MTZ includes positions 7
and 8, and the HTZ includes positions 4, 5, and 6 (see Figure 12a), suggesting that the main temperature
gradient direction inside the slugs in the modified SEED process is axial rather than radial as in the
standard process. The temperature difference from the edge to the center at the slow cooling stage is
only about 1.4 ◦C, as shown in Figure 12b. A linear fit to the cooling curve at the center shows that the
slope of the equation is very slow and the cooling rate at the center is about 1.43 ◦C/min.Metals 2019, 9, x FOR PEER REVIEW 12 of 17 
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Figure 12. Measured temperature curves of A201 semisolid slurry during the modified SEED process:
(a) temperatures at positions 1–8; (b) temperatures at the edge, middle, and center.

Figure 13 shows the microstructure of an A201 slug at the pouring temperature of 670 ◦C prepared
by the modified SEED process; the processing time was 275 s. It can be seen that the microstructure at
the edge consists mainly of cellular and nearly spherical α-Al grains and that there is no dendritic
layer present at the very edge. The morphology of the grains is almost identical from the edge to
the center and the α-Al grains in Figure 13 are more uniform and rounded in comparison with those
in Figure 10. It is also apparent from Figure 12 that in the modified process, the radial temperature
gradient is significantly reduced and the cooling curves of the edge and the middle almost coincide,
suppressing the development of dendrites. The low cooling rate in the modified process also promotes
more uniform temperature and composition fields close to the solid/liquid interface as well as limiting
the constitutional undercooling. Thus, lower cooling rates increase the interface stability and inhibit
the preferred growth, thereby promoting spherical growth [33].
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Figure 13. Microstructure of A201 semisolid slugs prepared by the modified SEED process.

The average grain size of the slugs was measured and compared with those of the standard SEED
process, shown in Figure 14. It can be seen that although the processing time was increased to 275 s,
the grain size of the slug obtained by the modified SEED process did not increase significantly. This is
because a high number of solid nuclei were generated at the chilling stage and uniformly distributed in
the melt due to the strong flow convection. Therefore, the spacing among the nuclei is small, limiting
the growth of the grains. Figure 15 compares the grain shape factors of the quenched slurries produced
by standard and modified SEED processes. Here, the pouring temperature was 670 ◦C and the slurries
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were cooled to the same temperature at the center before being water quenched. It is observed that the
shape factors at the middle and center of the slurries produced by both processes have no obvious
differences, while at the edge, the grains prepared by the modified process have equal shape factors to
those at the middle and center locations but higher ones than those at the edge of the slurry produced
by the standard process. This should be attributed to the improved temperature uniformity by the
decreasing heat loss rate and the extended heat transfer time in the modified process.Metals 2019, 9, x FOR PEER REVIEW 13 of 17 
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3.6. Microstructure Formation Mechanism of the SEED Process

The formation of nuclei in the SEED process is attributed to heterogeneous nucleation at a relatively
small undercooling. When the superheated melt is poured into the crucible, the melt close to the
crucible wall rapidly cools below the liquidus due to the chilling of the crucible, as seen in Figure 6.
A copious number of effective crystal seeds, which are potential nuclei, are generated in the melt
simultaneously in the undercooled melt, according to the “big bang” nucleation theory [34]. On the
other hand, the crucible wall provides heterogeneous catalytic sites for nucleation. Ohno [35] proposed
that the grains formed on the mold wall can be dissociated from the wall by necking and enter the
melt under the strong liquid convection that exists at the early stages of solidification, as illustrated
in Figure 16. For the SEED process, the forced fluid convection introduced by swirling facilitates
heterogeneous nucleation on the crucible wall and disperses the newly formed nuclei into the melt,
greatly increasing the nucleation rate. Some of the nuclei will be melted by the superheated melt and
others will survive. At lower pouring temperatures, a larger number of nuclei are generated and fewer
are remelted, resulting in more abundant solid nuclei in the melt.
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Once generated, the stable nuclei commence to grow promptly. Based on the M–S stability theory
proposed by Mullins and Sekerka [36,37], a small stable nucleus initially grows in a nondendritic
globular shape, as the Gibbs–Thomson effect plays a dominant role in the solid/liquid interface stability.
However, when the solid globule reaches a certain size, its morphology may turn into a dendritic
structure, as the Gibbs–Thomson undercooling becomes negligible. In the SEED process, due to the
forced convection and relatively slow cooling, the composition and temperature fields are relatively
uniform, limiting the constitutional undercooling and thereby promoting further globular growth.
In the modified SEED process, the composition and temperature fields are even more uniform due to
the lower cooling rates and this leads to a lower constitutional undercooling around the solid/liquid
interface, which favors the spherical growth of the grains [33]. Molenarr [38] reported that floating
particles rotate as they grow under convection, suppressing dendritic growth. With the increase in
SEED processing time, convection is weakened as the grains grow. The temperature gradient around
the grains will still decrease, due to the interaction of the thermal diffusion fields of the numerous
individual grains, helping to stabilize the solid/liquid interface [39]. All of the above comprise the
mechanism for the formation of nondendritic globular grains during the SEED process.

Due to the high cooling intensity and high temperature gradient of the melt close to the crucible
wall in the standard SEED process, dendrites are formed at the very edge of the slug. At long processing
times, dendrite arms grow in the opposite direction of the heat flux, contacting and colliding with
each other under forced convection, resulting in the bending of dendrite arms, as shown in Figure 17.
The bending arms may be pinched-off, based on the dendrite fragmentation mechanism suggested by
Vogel et al. [40,41], as a result of solute-rich liquid soaking the root of the arms.
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4. Conclusions

From the analysis and discussion of the results presented in this work, the following conclusions
can be drawn:

(1) Cooling rate has no obvious effect on the temperature process window of A201 alloy, at solid
mass fraction 0.4 to 0.6, but has significant influence on the processing time. Lower cooling rates cause
longer time process windows, leading to improved temperature uniformity and controllability of the
SEED process.

(2) During the SEED process, the temperature evolution of the melt can be divided into two
stages: the chilling stage and the slow cooling stage. At the slow cooling stage, the melt temperature
is approximately linear with respect to time. Three temperature zones are formed inside the slurry:
the high temperature zone (HTZ), the medium temperature zone (MTZ), and the low temperature
zone (LTZ). The temperature difference among the three zones gradually decreases with increasing
processing time. The temperature difference between the edge and the center of slugs decreases to
7.7–9.2 ◦C after 160 s under different pouring temperatures, narrowly matching the semisolid process
window for the A201 alloy. The cooling curves at the edge show that the melt has a larger degree of
undercooling at lower pouring temperatures, resulting in higher nucleation rates.

(3) With decreasing pouring temperatures, the primary α-Al grains are finer and more spherical,
and the structure morphology more uniform from the edge to the center of the A201 slugs. Increasing
processing time does not significantly change the microstructural morphology at the edge and center
but leads to coarser dendritic structures at the very edge of the slugs. In order to prepare acceptable
A201 semisolid slurries through the SEED process, one has to lower the pouring temperature and
restrict the processing time.

(4) In the modified SEED process, the cooling rate of the melt is much slower and the radial
temperature gradient is decreased due to the reduced heat losses at the crucible wall, in which case,
no dendritic layer exists at the very edge of the slugs. The resulting grains are more spherical and more
uniform as compared to those obtained by the standard SEED process. The results indicate that the
SEED process can be improved by redesigning the crucible (changing the thickness in different parts
of the crucible wall, reducing the surface coefficient of heat transfer of the crucible, etc.) to achieve a
more uniform temperature field inside the melt. This is especially important for the preparation of
premium-quality slurries for high-performance alloys that have relatively narrow process windows.

(5) In the SEED processes, the formation of nondendritic microstructures is the result of a large
number of uniformly distributed nuclei within the melt and the slow cooling rate of the melt.
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