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Abstract: The semisolid slurry of the A356 aluminum alloy was prepared by self-inoculation method (SIM), the effects of melt
treatment temperatures and isothermal holding parameters on water-quenched microstructures of A356 aluminum alloy semisolid
slurry were investigated, and the solidification behavior of the remaining liquid phase (secondary solidification) was analyzed. The
results indicate that the melt treatment temperature has significant effects on the final semisolid microstructures. The semisolid slurry
which is suitable for the rheological forming can be produced when the melt treatment temperature is between 680 and 690 °C.
During the isothermal holding process, the growth rate of the primary particles conforms to the dynamic equation of Df—D?J:Kt, and
the coarsening rate of the primary particles is the fastest when the isothermal holding temperature is 600 °C. Additionally, the
isothermal holding time also has obvious effect on the secondary solidification microstructures. The secondary particles are the
smallest and roundest when the isothermal holding time is 3 min. The amount of the secondary particles gradually increases with the
increase of isothermal holding temperature, and the eutectic reaction therefore is confined into small intergranular areas, contributing

to the compactness of the final solidified eutectic structures.
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1 Introduction

As the demands for high performance, high
reliability and lightweight components are more and
more urgent due to the increasing pressure of energy
saving and emission reduction during the environmental
protecting, the development of advanced forming theory,
method and technology with proprietary intellectual
property rights has been paid much attention to the
automotive industry and the new technology fields [1].
Compared with high pressure casting, vacuum die
casting and squeeze casting, semisolid rheological
forming technology is a more promising technology
capable of producing high-integrity components, and the
utilization rate of material property is higher than that of
the same kind of casting parts. The quality utilization
rates of rheological forming materials are close to those
of high pressure casting materials. Meanwhile, semisolid

rheological forming technology can not only form
complex-shaped components, but also reduce the forming
equipment tonnage and energy consumption [2—6].
Therefore, rheological forming is regarded as one of the
most promising forming technologies of metal materials
in the 21st century.

Slurry preparation process is a key step in the
development of the rheological forming technology. In
recent years, a variety of semisolid slurry preparation
technologies have been proposed, such as the twin-screw
slurry maker [7], GISS (gas induced semisolid) [8], SCP
(serpentine pouring channel) [9], WSP (wavelike sloping
plate) [10], SSR (semi-solid rheocasting) [11], CRP
(continuous rheoconversion process) [12], NRC (new
rheocasting process) [13], and SEED (swirled enthalpy
equilibration device) [14].

The solidification process of semisolid metal
forming can be divided into two stages: the stage of
slurry preparation (solid particles crystallize from the
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liquid alloy) is called primary solidification, and the
solidification stage of slurry in the forming process
(solidification of the remaining liquid) is called
secondary solidification [15]. Although the primary
solidification has been extensively investigated and
comprehensively understood, not much attention has
been paid to the solidification of the remaining liquid.
Theoretically, the secondary solidification including the
crystallization of the secondary primary phase and
eutectic reaction, accompanied with the volume
shrinkage and segregation problems, results in some
defects such as shrinkage, hot cracking and nonuniform
microstructure. FAN et al [16—18], REISI and
NIROUMAND et al [19], ZANLER et al [20], GUAN
et al [21,22] and CHEN et al [23] studied the
solidification microstructures of the remaining liquid
phase of different alloys using different methods, and
indicated that the slurry preparation process, solid phase
fraction and cooling rate have significant effects on the
solidification behavior of the remaining liquid and its
microstructures.

Hence, in order to promote the application of
semisolid rheological forming technology, it is necessary
to study the influence of processing parameters and solid
fraction during the process of slurry preparation on the
solidification behavior of the remaining liquid phase. In
the present work, semisolid slurry of the A356 aluminum
alloy was prepared by self-inoculation method
(SIM) [24]. The effects of melt treatment temperature
and isothermal holding parameters on microstructures of
the A356 aluminum alloy (microstructures of primary
solidification and secondary solidification) were studied
to provide a theoretic basis for the optimization of
processing parameters and its application.

2 Experimental

Figure 1 shows the schematic diagram of slurry
preparation by SIM [15]. The fluid director was inclined
at 45° with a length of 500 mm. The commercial A356
alloy (composition as shown in Table 1) was melted in a
pit-type electric resistance furnace and degassed by
C,Cls (1% of the alloy mass) when the melt temperature
reached 720 °C, the melt temperature was adjusted to
700, 690, 680 and 670 °C, respectively, and then
self-inoculants (5% of alloy mass, with the size of
5 mmx5 mmx5 mm) were added into the melt and
stirred with iron bars quickly. After that, the mixed melt
was collected through fluid director to the slurry
collector to gain semisolid slurry, and directly poured
into cold water to obtain water-quenched specimens
without isothermal holding. Finally, the prepared slurry
was isothermally held for a certain time (3, 5 and
10 min) at different holding temperatures (610, 600 and

590 °C), and then directly poured into cold water to
obtain water-quenched specimens with different
isothermal holding parameters.

Molten melt

Fluid director—

Fluid director

Accumulator

Isothermal holding

Fig. 1 Schematic diagram of slurry preparation by SIM [15]

Table 1 Chemical composition of commercial A356 alloy
(mass fraction, %) [15]
Si Mg Fe Ti Cu Zn Al

7.06 027  0.115 0.097 0.001 0.01 Bal.

Specimens were prepared by the standard technique
of grinding with SiC abrasive paper and polishing with
an AL;O, suspension solution, followed by etching in
saturated NaOH aqueous solution. The microstructures
of the specimens were observed by an MEF—3 optical
microscopy (OM). The average particle size (D=(44/m)"?,
where A4 is the area of the particle) and shape factor
(F=P*/(4n4), where P is the perimeter of particle) of the
primary particles, were measured using image analysis
software Image-Pro Plus 5.0. The FEG450 scanning
electron microscopy (SEM) observation was carried out
in an energy dispersive spectroscopy (EDS) facility and
was operated at an accelerating voltage of 3—20 kV to
observe the morphologies of the secondary particles and
eutectic structures [15].

Figure 2 shows the schematic diagram of the
temperature change in the SIM process. When the melt
temperature reaches 77, the self-inoculants are added and
the temperature is reduced to 7,. And then the
temperature is reduced to 73 after the melt flows through
the fluid director, and there is an isothermal holding
process for a specific time at temperature of 73. Finally,
the forming process is carried out. In this experiment, the
average temperature reduction (7>—7)) after adding
self-inoculants is about 50 °C, and the temperature drops
about 30 °C (75—T,) after the melt flows through the
fluid director. Thus, the mean temperature change in the
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Fig. 2 Schematic diagram of temperature change in semisolid
process by SIM

whole process of SIM is reduced by about 80 °C, which
can be used as a reference value for presetting holding
temperatures of different melt treatment conditions.
Therefore, the setting value of the heat preservation
temperature in this experiment is 80 °C below the melt
treatment temperature.

3 Results and discussion

3.1 Effects of melt treatment temperature on water-
quenched microstructures

Figure 3 shows the water-quenched microstructures

of the A356 aluminum alloy prepared by SIM at different

melt treatment temperatures. It can be seen that the

&

395

amount of the primary particles gradually decreases
when the melt treatment temperature increases from
670 °C (Fig. 3(a)) to 690 °C (Fig. 3(c)). When the melt
treatment temperature is 700 °C, after being treated by
SIM, there is no primary solid particle in the
water-quenched microstructure (Fig. 3(d)). Therefore, it
can be seen that the melt treatment temperature has great
effects on water-quenched microstructures of the A356
aluminum alloy semisolid slurry when the angle of the
fluid director and the addition amount of self-inoculants
are certain.

According to the melting model of the
self-inoculants [25], the melting state of self-inoculants
can be expressed by the solid fraction fg:

(1

where Ty is the solidus temperature of the alloy, and 71 is
the liquidus temperature of the alloy.

The temperature of the self-inoculants at the outlet
of the fluid director (7) is linear with temperature change
of the melt (AT):

T=kAT+b 2)
In this equation,
(o (100/x)(Ts - T} e, '

&L —T)-LT,
cp(T’S_TL)_L '

cp(T'S _TL)_L

where ¢, is the specific heat capacity of the alloy, x is
the addition amount of the self-inoculants, 7} is the room

200 pm
Fig. 3 Water-quenched microstructures of A356 aluminum alloy prepared by SIM at different melt treatment temperatures: (a) 670 °C;
(b) 680 °C; (c) 690 °C; (d) 700 °C



396 Ming LI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 393—403

temperature, L is the latent heat. Due to the minimum
value of solid fraction is 0, Eq. (1) is defined as follows:
if the temperature of the self-inoculants at the outlet of
the fluid director (7) is higher than the liquidus
temperature of alloy (71), fs equals 0.

Thermal physical values of the A356 aluminum
alloy are shown in Table 2. And Table 3 shows the
measured temperatures of the A356 aluminum alloy
during the process of SIM, where T is the melt treatment
temperature, T}, is the temperature at the inlet of the fluid
director, and T, is the temperature at the outlet of the
fluid director. Substitute the values of the thermal
parameters and the measured temperatures into Eq. (2) to
obtain the self-inoculants temperatures at the outlet of
the fluid director 7 (as shown in Table 4) and then
substitute the obtained temperature values into Eq. (1) to
calculate the corresponding solid fraction f5. After above
process, the calculated temperature of self-inoculants at
the outlet of the fluid director is 630 °C when the melt
treatment temperature is 700 °C, which is higher than the
liquidus temperature of the A356 aluminum alloy
(615 °C). According to the definition, the solid fraction
of the slurry is 0. While the solid fraction fs is calculated
to be 15%, 20% and 35%, corresponding to the melt
treatment temperatures of 690, 680 and 670 °C,
respectively. Combining with Fig. 3, it can be concluded

Table 2 Thermodynamic data of A356 aluminum alloy
x TJK TYK T/K  c/@mol K" L/(Jmol™)
5 828 888 293 35.7 12781

Table 3 Temperature variation of A356 aluminum alloy during

SIM process
T/°C Ti/°C Tou/°C AT/°C ATy /°C
700 647 615 53 32
690 645 612 45 33
680 640 606 40 34
670 633 605 37 28

AT=TTin; ATL=TinTou

Table 4 Fusional state of self-inoculants of A356 aluminum
alloy at different melt treatment temperatures

T/°C 7/°C f5/%
700 630 0
690 607 15
680 593 20
670 584 35

that the solid fraction of the slurry decreases with the
increase of the melt treatment temperature.

According to the structure hypothesis of the liquid
metal [26], the metal melt is made up of atomic clusters
and atoms with certain sizes. The cluster can maintain
the stability with a certain size and structure under a
certain temperature condition. When the temperature
decreases, the size and structure of the cluster are
changed as shown in Fig. 4 [27]. The change of the
melt structure is shown in Fig. 5 [25]. The solid self-
inoculants have long range ordered atomic structures,
while the liquid melt has short range ordered atomic
structure with many high melting point particles (as the
black points shown in Fig. 5). After adding the
self-inoculants, there will be some small undercooling
zones in the melt, and the high melting point particles
will bond the nearby atoms, which will lead to the
increase of magic amount of atomic cluster. While the
atomic clusters and their amount can be affected by the
melt treatment temperature. When the melt treatment
temperature is too low (670 °C), on one hand, the atoms
can combine with high melting point to form large
cluster. On the other hand, the self-inoculants are not
completely melted and a large amount of clusters are
formed, which leads to the large value of f5 in Eq. (1).
On the contrary, when the melt treatment temperature is
too high (700 °C), clusters are difficult to be formed due
to the completely melted self-inoculants. Moreover, less
high melting point particles in the melt reduce the
formation probability of the nucleus by accumulating
atoms with high melting particles, which causes fs close
to 0. When the melt treatment temperature is in a proper
temperature range (680—690 °C), two factors play an
effective role in the formation of clusters. As a result, the
magic amount of clusters is not too large and clusters can
be evenly distributed in the melt.

3.2 Effects of isothermal holding parameter on

primary particles

The microstructures of the water-quenched A356
aluminum alloy semisolid slurry during isothermal
holding process are shown in Fig. 6. It shows that
the semisolid slurry containing rose-shape and fine
dendritic primary particles can be prepared by SIM
(Figs. 6(a)—(c)). After holding for a short time (such as
3 and 5 min), the dendrite arms of the primary particles
are fusing, and primary particles become spherical

N

2 atoms 3 atoms 4 atoms

Fig. 4 Structure evolution of atomic cluster during size change [27]

5 atoms

6 atoms 13 atoms
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Fig. 5 Schematic diagrams of structures of self-inoculants, melt and mixed melt [25]

Fig. 6 Microstructures of water-quenched A356 aluminum alloy semisolid slurry after isothermal holding process: (a, d, g, j) Holding
at 590 °C for 0, 3, 5 and 10 min, respectively; (b, e, h, k) Holding at 600 °C for 0, 3, 5 and 10 min, respectively; (c, f, i, 1) Holding at

610 °C for 0, 3, 5 and 10 min, respectively

(Figs. 6(d)—(f)). But when the holding time of slurry is
too long (such as 10 min), the sizes of primary particles
increase while the merging phenomenon among primary
particles occurs, which leads to the emergency of “8”
shape or “spindle-like” structures (Figs. 6(j)—(1)).

The effects of isothermal holding time and

temperature on average particle sizes (Fig. 7(a)) and
shape factors (Fig. 7(b)) of the primary particles are
measured, as shown in Fig. 7. This illustrates that the
primary particle sizes are from 35 to 42 pum when the
holding time is 0 min and the melt treatment temperature
increases from 590 to 610 °C, but the shape factors are
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from 1.8 to 2.0. It should be noted that the average sizes
and shape factors of the primary particles are gradually
decreasing with the decrease of the melt treatment
temperatures. When the isothermal holding time is
3 min, the particle sizes are increased to more than
60 pm and the shape factors are reduced to about 1.4. In
addition, the growth rate of the primary particles from 0
to 3 min at 610 °C is lower than that of the other two
temperatures. When the holding time is increased to
5 min, the sizes of the primary particles are increased to
70—80 pm. When the holding time is increased to 10 min,
the sizes of the primary particles are more than 100 pm,
and the shape factors are larger than that at 5 min.

110} (a)

= 590 °C
- = 600 °C
o0l o610 °C
80+
70+
60+
50

—_
(=3
(=}

Average particle size/pm

30r

5 10
Isothermal holding time/min

19+
== 590 °C
= 600 °C
= 610 °C

1.7F

1.6

Shape factor

1.4F

1.3

5 10
Isothermal holding time/min

Fig. 7 Effects of isothermal holding time and temperature on
average particle size (a) and shape factor (b) of primary
particles

Figure 8 shows the linear fitting of the growth of the
primary particles with different isothermal holding
parameters. It can be seen that the primary particles are
gradually growing and spheroidizing in the early stage of
isothermal holding process, and the growth rate of the
primary particles in the isothermal holding process
conforms to the dynamic equation of Df —Dg =Kt [28]
(where Dy is the initial particle size, D, is the average
particle size after isothermal holding for time ¢, and K is
the coarsening rate constant). After the fitting analysis,

the coarsening rate constant K and the fitting coefficients
R? are obtained as shown in Table 5. It illustrates that the
regression coefficients are close to 1 when the isothermal
holding temperatures are 590 and 600 °C, respectively.
Meanwhile, it is also visible that the coarsening rate
constant K reaches the maximum at 600 °C, while the
minimum at 610 °C.

8 = 590 °C ,
7t e 600 °C .

4 610°C 2 2
6 —— Linear fit of 590 °C

- - - Linear fit of 600 °C

(D3-D3)/105 pm?
FNTS

)
0 100 200 300 400 500 600
Isothermal holding time/s

Fig. 8 Linear regression of growth of primary particles

Table S Linear fitting data of primary particles growth law of
A356 aluminum alloy in isothermal holding stages

Temperature/ Theorc.etlcal Slope, K/ D,/ F1tt11.1g
oC solid ( m3-s’1) m coefficient,
fraction, /5/% " a R
590 37.5 1019.02 35 0.96508
600 27.0 1145.29 36 0.96916
610 11.0 992.53 42 0.84125

When the slurry is prepared without isothermal
holding, the measured temperatures of the semisolid
slurry are 605 and 606 °C, respectively, corresponding to
the melt treatment temperatures of 670 and 680 °C,
respectively (as shown in Table 3). Thus, the differences
of average sizes and shape factors of the primary
particles between the above two temperatures are not
obvious. While the slurry temperature is measured to be
612 °C when the melt treatment temperature is 690 °C,
which is higher than other two temperatures, causing that
the elements diffusion is the fastest in the slurry at
612 °C. Hence, the growth rate of the dendrite fragments
is the fastest. However, due to the high temperature of
the melt, the sharp of dendrite fragments will be
passivated. As a result, the average size of primary
particles is the largest while the shape factor is the
smallest when the melt treatment temperature is 690 °C.
During the isothermal holding process, the dendrite roots
are fused due to the solute enrichment, which leads to the
formation of single irregular particles. Meanwhile, the
increasing amount of particles makes the interfacial
energy increased. Primary particles, as the substrates to
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absorb solute atoms from liquid phase, are rounded and
spherical under the influence of the driving force—the
interfacial energy can be reduced as far as possible [15].
Consequently, primary particles are increased and
spheroidized with the extension of isothermal holding
time. However, different sizes of original dendrite
fragments result in different diameters of spherical
primary particles after isothermal holding for a short
time. The solute concentration of liquid phase around
small particles is lower than that around the large
particles. With the further extension of the holding time,
Si elements will continue to diffuse from large particles
to small particles, while the Al elements have the
opposite diffusion path. As a result, the large particles
become larger and the small particles become smaller
even melt and disappear, which is called Oswald
ripening [29]. The solid phase diffusion causes the
coarsening and spheroidizing of the primary particles in
the slurry. However, different solid fractions will also
cause different coarsening rates. When the holding time
of the slurry is 610 °C, the volume of liquid phase and
the primary particles spacing are large, causing the long
solute diffusion distance, which leads to the small
coarsening rate of the primary particles. On the contrary,
when the isothermal holding temperature is 590 °C, the
solid fraction of the slurry is high, leading to less liquid
phase. Therefore, the ability of the solute diffusion is
limited and the coarsening rate is small. When the
isothermal holding temperature is 600 °C, both the solid
fraction and the primary particles spacing are not large
enough, leading to the largest coarsening rate of the
primary particles. The “8” shape or “spindle-like”
structures are formed as the intensification of merging
phenomenon in the late stage of isothermal holding
process. When two particles with large difference in size
are incorporated and grow into a new shape, the new
particle will eventually be spherical under the driving
force of the reduced interfacial energy. However, when
two particles with the same size are merged into a new
particle, it will be very difficult for the resulting particle
to be spherical, and it will eventually grow into “8”
shaped clusters.

3.3 Effects of isothermal holding parameters on

secondary solidification microstructures

Figure 9 shows the secondary solidification
microstructures of the A356 aluminum alloy semisolid
slurry after water-quenched process with different
isothermal holding parameters. It is evident from Fig. 9
that the secondary particles are rose-like and near
spherical crystals when the isothermal holding time is
3 min. While the secondary solidification microstructures
are mainly equiaxed crystals and even dendrites
attaching to primary particles when the holding time is

0 and 5 min, respectively (Fig. 9(g)). When the holding
time is increased to 10 min, the attaching growth
phenomenon is more prominent, and the dendrites appear
in microstructures of all the three temperatures. The
average sizes and shape factors of water-quenched
secondary particles are tallied, and the changes of sizes
and shape factors with isothermal holding time are
shown in Fig. 10. In addition to the microstructures
without isothermal holding, the secondary particle sizes
are gradually increased with the increase of the
isothermal holding time (Fig. 10(a)). The secondary
particle sizes are the smallest when the isothermal
holding time is 3 min. Moreover, the shape factors of
secondary particles are the smallest (close to 1) when the
isothermal holding time is 3 min. This indicates that the
secondary particles are the roundest and smallest after an
isothermal holding time of 3 min.

Figure 11 shows the changes of the attached
secondary particle sizes with isothermal holding time
during water-quenched process. It can be seen that the
sizes of secondary particles attached to the primary
particles are the smallest when the holding time is 3 min
in the condition of three holding temperatures. When the
isothermal holding temperature is 600 °C, the sizes of the
attached secondary particles are significantly smaller
than those of other two temperatures, indicating that the
attaching growth phenomenon at 600°C is the slightest.
In addition, it can be further proved by combining
Fig. 10 with Fig. 11 that the secondary particles are the
roundest and smallest when the slurry is isothermally
held at 600 °C for 3 min.

As for the slurry without isothermal holding, there
are high temperature regions and forced convections in
the slurry due to the inhomogeneous distribution of
thermal field and concentration field. When the
isothermal holding time is 3 min, the thermal field and
concentration field of the slurry are homogeneous, the
convection is weakened and high temperature regions
gradually disappear. Hence, the average size and shape
factor of the secondary particles are smaller than those
without isothermal holding. When the isothermal holding
time is 5 min, the convection is further reduced, but the
thermal field and concentration field in the slurry are
inhomogeneous again due to the merging of the primary
particles, leading to the temperature fluctuation and the
solute diffusion layer formed at local positions. It is not
only detrimental to the nucleation of the remaining liquid
phase during the water-quenched process, but also
promoting the attaching growth of the secondary
particles. Thereby, the dendrites which are attached to
primary particles are generated, leading to the increase of
the shape factors. After a very long holding time
(10 min), the convection in the remaining liquid phase
completely disappears, and the inhomogeneous degree of
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Fig. 9 Water-quenched microstructures of secondary solidification after isothermal holding for different time at different
temperatures: (a, d, g, j) Holding at 590 °C for 0, 3, 5 and 10 min, respectively; (b, e, h, k) Holding at 600 °C for 0, 3, 5 and 10 min,
respectively; (c, f, 1, 1) Holding at 610 °C for 0, 3, 5 and 10 min, respectively

50 2.0
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Fig. 10 Effects of isothermal holding time and temperature on average particle size (a) and shape factor (b) of secondary particles
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the thermal field and concentration field of the remaining
liquid is aggravated due to the increase of the merging
phenomenon of the primary particles. Hence, the
solidification condition is similar to the conventional
casting. As a result, the coarse dendrites are formed in
the water-quenched microstructures of the remaining
liquid phase (Figs. 9(k) and (1)).

When the isothermal holding temperature of the
slurry is 600 °C, the growth rate of the primary particles
is the fastest, leading to the fastest solute diffusion, in
other words, the time to reach equilibrium is the shortest.
Therefore, the morphology of primary particles is the
roundest when the slurry is isothermally held at 600 °C
for 3 min. Meanwhile, when the isothermal holding time
is 5 min, it can be seen that the shape factor of secondary

particles at 600 °C is the largest, indicating that the effect
of the remaining liquid instability caused by the merging
phenomenon among primary particles on water-
quenched microstructures of the secondary particles is
the most prominent at 600 °C. During the isothermal
holding process from 5 to 10 min, the change of the
attached particle size at 600 °C is the fastest (the largest
slope as shown in Fig. 11), indicating that the diffusion
rate at 600 °C is the fastest, which can further prove the
correctness of the data obtained in Table 5.

3.4 Effects of isothermal holding temperature on
secondary particles and eutectic structures
Figure 12 shows the water-quenched micro-

structures of the A356 aluminum alloy semisolid slurry
after holding for 3 min. It can be seen that the amount of
the secondary particles is the least while the area of
eutectic region is the most when the isothermal holding
temperature is 590 °C (Figs. 12(a)—(c)). The eutectic
silicon morphologies at different holding temperatures
are shown in Figs. 12(d)—(f). It can be seen that the
morphologies of the eutectic silicon are all needle-like
and blocky, but the eutectic structures are gradually
compact with the increase of isothermal holding
temperatures.

It is well known that the solid fraction of the
semisolid slurry is closely related to the temperature. On
the basis of Pandat (a thermodynamic calculation
software), theoretically, the solid fraction of the A356
aluminum alloy at 610, 600 and 590 °C are 11%, 27%
and 38.5%, respectively. According to the conservation
of mass [30], the content of the remaining liquid phase,

Fig. 12 Water-quenched microstructures of A356 aluminum alloy semisolid slurry after holding for 3 min: (a—c) Secondary particles
at 590, 600 and 610 °C, respectively; (d—f) Eutectic structures at 590, 600 and 610 °C, respectively
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C), can be expressed as

CO_Csf
1-f

where Cj is the original content of the alloy, f'is the solid
fraction and Cj is the composition of the solid phase. The
solute concentrations of the remaining liquid are
calculated to be 7.80, 9.28 and 10.70, respectively,
indicating that the compositions of the remaining liquid
phase are deviated to the eutectic composition (12.6%)
with the decrease of processing temperatures (isothermal
holding temperatures). The changes of the solid fraction
with temperature during the solidification of the original
alloy and the remaining liquid of the three processing
temperatures are shown in Fig. 13. The process of
primary particles precipitating from liquid phase and
their ripening can be regarded as the equilibrium
solidification, while the solidification of remaining liquid
phase is non-equilibrium solidification [31]. When the
processing temperatures decrease from 615 to 590 °C,
the solid fraction decreases gradually during the liquid
phase solidification to eutectic temperature. Therefore,
the amount of the secondary particles crystalized in the
remaining liquid phase decreases with the decrease of the
processing temperature. Hence, the limit effects of the
secondary particles on the eutectic reaction gradually
decrease. Moreover, the lower the processing
temperature is, the larger the range of eutectic reaction to
final solidification is, as a result, the more complete the
eutectic reaction is. Together with the limit effects of
secondary particles on the eutectic reaction regions, the
eutectic structures are gradually compact with the
decrease of the processing temperatures.

1=

3)
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Fig. 13 Changes of solid fraction with temperature during
solidification of original alloy and remaining liquid of three
processing temperatures

4 Conclusions

1) The melt treatment temperature has large effect

on the final semisolid microstructure of the A356
aluminum alloy when the semisolid slurry is prepared by
self-inoculation method. The semisolid slurry which is
suitable for the rheological forming can be prepared
when the melt treatment temperature is in the proper
temperature range (680—690 °C).

2) The growth rate of the primary particles in the
isothermal holding process conforms to the dynamic
equation of D] —Dj = Kz, and the coarsening rate of the
primary particles at 600°C is the fastest. The merging
phenomena are gradually serious with the increase of
isothermal holding time.

3) The secondary solidification microstructures are
obviously different when the slurry undergoes different
holding time. The secondary particles are the smallest
and roundest when the isothermal holding time is 3 min.
The size of the attached secondary particles is the
smallest when the slurry is isothermally held at 600 °C
for 3 min.

4) The amount of secondary particles gradually
increases with the increase of isothermal holding
temperature, which makes the eutectic reaction zones
restricted. As a result, the final solidified eutectic
structures are gradually compact.
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