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Abstract: In this paper, the as-cast AISi7Mg aluminum alloy billet was upsetted above
recrystallization temperature to obtain wrought aluminum alloy with 50% deformation degree, and
semi-solid isothermal treatment method was employed to achieve semi-solid billet of the wrought
AlS17Mg aluminum alloy. The microstructure observation and evolution law were investigated via
optical microscope and scanning electron microscope. The results show that the primary a-Al
phase can be changed from dendrite to spherical structure by semi-solid isothermal treatment of
the wrought alloy (SSITWA). The complete transformation of the primary o-Al phase from
dendrite to spherical structure can be achieved by increasing the isothermal temperature and
prolongation of holding time. However, when the holding time is too long, the spheroidized grains
will grow abnormally and eventually become irregularly shaped grains. High isothermal
temperature can increase the primary a-Al size and reduce the time of dendrite to spheroidal grains.
The average grain size of AISi7Mg aluminum alloy semi-solid billet fabricated by SSITWA varies
in a range of from 15 pm to 65 um when the temperature and holding time change. The content of
Al and Si elements in primary a-Al phase is obviously higher than that in liquid eutectic phase
consisting of Al and Si elements, and the distribution of Mg element is uniform in the
microstructure of semi-solid billet fabricated by SSITWA.

Introduction

AlSi17Mg aluminum alloy is a hypoeutectic alloy with silicon and magnesium as the main alloying
elements. Because of the large amount of Al-Si eutectic, large temperature interval of solidus and
liquidus and good fluidity, it is a desirable alloy for semi-solid metal forming [1]. It is attractive in
the automotive and aerospace industries for its light weight and good corrosion resistance [2-5].
AlISi7Mg aluminum alloy also has good mechanical strength, ductility, fatigue properties, and
machinability [6-8].

Semi-solid processing technology is a kind of advanced forming technology combining liquid
metal casting and solid metal plastic processing [9-12]. It is widely used in aluminum alloy
processing [13, 14]. The primary process of semi-solid processing is to prepare semi-solid slurry
(billet) with spherical grains and thixotropic property [15]. At present, there are many preparation
methods of slurry, including mechanical stirring (MS) method, electromagnetic stirring (ES)
method, ultrasonic treatment (UT) method, strain induced melt activation method (SIMA) and
recrystallization and partial remelting method (RAP) [16-18]. Many scholars have carried out
relevant research based on fabrication of semi-solid slurry of aluminum alloys. Jiang et al.[19]
proposed a novel method for fabricating semi-solid billet of aluminum alloy, named semi-solid
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isothermal treatment of wrought alloy (SSITWA). It involves a partial melting of industrial
wrought aluminum alloy (hot-rolled plate or hot-extrusion bar). Four kinds of deformed aluminum
alloys were prepared and then the thixoforming experiments were carried out on four typical parts.
The results further confirmed the feasibility of thixoforming route of short process. Guan et al.[20]
studied the microstructure and mechanical properties of rheological castings of 7075 alloy treated
by annular electromagnetic stirring melt. The results showed that the degree of refinement and
uniformity of solidification structure could be significantly improved under such conditions. The
slurry was used for subsequent rheological casting, and the hot crack defects in the casting process
were significantly alleviated. Liu et al. [21] prepared a high strength Al-6Si-6Cu semi-solid billet
by liquid phase reaction sintering. The results showed that Cu nanoparticles precipitated in Al
grains of the Al-6Si-6Cu (wt%) semi-solid billet and showed strong pinning effect. Under this
condition, the Al-6Si-6Cu semi-solid billet yield strength (YS) and ultimate strength (US)
increased by 120% and 67.4%. Zhang et al. [22] studied the microstructure evolution of an Al-
Si alloy during shear-vibration coupling sub-rapid solidification and the effects of three key
parameters, 1.e., pouring temperature, vibration frequency, and tilting angle of the slope plate on
the microstructure. The results showed that compared with the traditional solidification on the
cooling slope plate, more dissociated grains can be produced rapidly by the debonding with the
plate surface. The additional vibration would make the dissociated grains more susceptible to
subsequent diffusion and would also generate smaller, more uniform primary grains. Yu et al. [23]
prepared rare-earth praseodymium cerium (Pr/Ce) reinforced semi-solid ADC12 slurry by high-
energy ultrasonic method. The effects of solid fraction, ultrasonic power and Pr/Ce addition on the
steady-state apparent viscosity of slurry at a certain shear rate were investigated.. The results
showed that the apparent viscosity and solid phase fraction of semi-solid ADC12 slurry increased
with the addition of Pr/Ce, but the ultrasonic power was opposite. At the same time, high energy
ultrasound also played a role in grain refinement. Semi-solid isothermal heat treatment of wrought
aluminum (SSITWA) is that the alloy billet is first subjected to a certain thermal deformation
process, and then the semi-solid isothermal treatment is carried out to transform the dendrite
structure into spheroidized structure. Then the semi-solid forming process is carried out. The
process of non-dendrite ingot billet preparation is omitted as compared to MS, ES and UT methods,
and it reduces the cold working process at room temperature as compared to SIMA method. It also
reduces the resistance to formation of material as compared to RAP. Therefore, this method has
the advantages of short process flow, simple equipment and high operability, and it provides a
new idea for the preparation of aluminum alloy semi-solid billet.

In this study, AlISi7Mg semi-solid aluminum alloy billets were prepared by semi-solid
isothermal heat treatment of wrought alloy (SSITWA) in order to shorten the working hours of
semi-solid billets. The wrought AlSi7Mg alloy was prepared by upsetting with a severe plastic
deformation above recrystallization temperature, and isothermal treatment experiments were
carried out at different isothermal temperatures and holding time. By microstructure observation
and energy spectrum analysis of the semi-solid billet, the influence of process parameters on
microstructure of the semi-solid billet was quantitatively analyzed with the average grain size and
average shape factor. The microstructure evolution of AIS17Mg aluminum alloy under the semi-
solid temperature range isothermal treatment was determined.

Experimental procedure

In this Study, AlSi7Mg aluminum alloy semi-solid billets were prepared by SSITWA. First, the
hot upsetting experiment was carried out on AlSi7Mg alloy, then the intermediate billets were
prepared under the selected parameters, and the isothermal treatment experiments were carried out
at different isothermal temperatures and holding time.
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Experimental material. The commercial AISi7Mg aluminum alloy bar was used as the feedstock,
with a chemical composition shown in Table 1. The solidus and liquidus temperatures were
determined by STA449F3 differential scanning calorimeter (DSC). 3 mm diameter and 1.5 mm
height disc sample was heated in an argon atmosphere at a rate of 10°C min! from room
temperature to 700°C. According to the DSC result [24], the solidus temperature was 574.5°C, and
liquidus temperature was 636.2°C, indicating a wide range of semi-solid state. The solid fractions
at semi-solid isothermal temperatures 590°C, 595°C, 600°C, 605°C and 610°C were 0.64, 0.55,
0.491, 0.433 and 0.367, respectively [24].

Table 1. Chemical composition of AISi7Mg alloy (wt.%).
Si Mg Ti Fe Mn Cu Zn Al
6.930 0.490 0.054 0.020 0.033 0.011 0.043 Bal.

Semi-solid isothermal treatment of wrought AISi7Mg alloy. The equipment used in the experiment
was 50000 kN hydraulic press and box-type resistance heating furnace. 120 mmx160 mm original
ingot was heated to 150°C in a heating furnace and sprayed with a lubricant of water-based
graphite. After the billet was heated to 350°C, it was upsetted on a press at a deformation rate of
about 80 mm/min, and the upsetting process was stopped until the deformation reached 50%.
Finally, the drum-shaped billet was obtained. The cuboid specimens with 10*10*12 mm? for semi-
solid isothermal treatment experiment were cut from the upsetted billet. The semi-solid isothermal
temperatures were 590°C, 595°C, 600°C, 605°C and 610°C, and the holding time was 1 min, 5
min, 10 min, 15 min and 20 min, respectively. 0.5% HF solution was used for corrosion treatment,
and the corrosion time was 5~10 s. There were 25 groups of experimental parameters. The samples
were isothermal treated with a box-type resistance heating furnace (temperature accuracy + 1 °C).
The samples were heated to a specified temperature and held for a set time. Then the samples were
taken out from the box-type resistance furnace and quenched in water to retain the microstructure
under this parameter. The specific parameters of semi-solid isothermal treatment are shown in
Table 2. The experimental flow chart is shown in Fig. 1.

Table 2. Experimental parameters of AISi7Mg alloy isothermal treatment.

NO. temperature / °C holding time /min NO. temperature / °C holding time /min
1 590 1 16 605 1
2 590 5 17 605 5
3 590 10 18 605 10
4 590 15 19 605 15
5 590 20 20 605 20
6 595 1 21 610 1
7 595 5 22 610 5
8 595 10 23 610 10
9 595 15 24 610 15
10 595 20 25 610 20
11 600 1
12 600 5
13 600 10
14 600 15
15 600 20
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Fig. 1. Experimental flow chart.

After the isothermal treatment, the samples were ground with 200, 400, 800, 1200, 1500, and
2000 grit SiC sandpapers, and they were polished and corroded by polishing machine and 0.5%
HF etchant. The metallographic images were taken by an optical microscopy (Olympus GX71).
Image Pro Plus software was used to analyze and process the metallographic images (no less than
300 grains were measured in order to reduce statistical error). The area and perimeter of the grains
were counted, and the average grain size was calculated. The average shape factor was used to
describe the roundness of the grains. The calculation method was shown in formulas (1) and (2),
respectively [25]:

1 N 44,

RS (M
1 471'Al'
=5 Pl r @)
Where, D——Average grain size/um;
f- Average shape factor;
Ai——The area of the ith grain or grain measured;

i The circumference of the ith grain or grain measured,
N——-The total number of grains or grains measured.

Results and Discussion

Microstructure evolution of AlSi7Mg Al alloy during semi-solid isothermal treatment. Fig. 2 to
Fig. 6 show the metallographic images of AlSi7Mg alloy in different temperature groups with an
increase of soaking time. The grey colour part represents primary a-Al grain and the black colour
part represents liquid phase, i.e. low-melting-point eutectic structure. Fig. 2 shows the
microstructure of AISi7Mg alloy held at 590°C for 1 min, 5 min, 10 min, 15 min and 20 min. Fig.
2(a) shows the microstructures of AlISi7Mg alloy held at 590°C for 1 min. Due to the short holding
time, the dendrites in the original as-cast structure still existed. After holding at 590°C for 1 min,
the dendrite grains were relatively coarse and the intergranular liquid phases were less. Only a
small number of eutectic phases melted, and no liquid phases appeared in the grains. The
morphology of eutectic phases did not change much. This is because that solid-liquid transition
depends on solute diffusion and the solute diffusion requires enough time at a constant
temperature. In the early stage of semi-solid isothermal treatment, the soaking time is too short to
ensure enough time of solute diffusion. As a result, the microstructure still exhibits a dendrite
morphology. Fig. 2(b) shows the microstructures with a holding time of 5 min. With the increase
of holding time, the grain size became uniform, and the particles became fine and spheroidization
occurred. A small number of liquid phases began to appear in the grain, most of the eutectic phases
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on the a phase grain boundary had melted into liquid phases. But it is found that a small amount
of granulated eutectic phases had not melted. The a-Al phase was basically spheroidized, and the
adjacent grains merged and grew up. The increase of holding time was beneficial to the formation
of spherical grains and the melting of eutectic phases.

Fig. 2(c) shows the microstructures of AISi7Mg alloy after holding for 10 min. It could be seen
that the grains had obvious signs of growth. With the increase of holding time, the grains became
larger and larger after merging, and the liquid phases in the grains also became more and more,
which tended to melt from the inside. Grains began to break down at grain boundaries to form
small grains, which became new grains and grew up. Under the joint action of interface curvature
and interface energy, small grains were gradually engulfed by large grains and the large grains
kept growing. Fig. 2(d) shows the microstructures of AlSi7Mg alloy with a holding time of 15
min. The ratio of liquid phases was relatively high, the distance between adjacent large grains was
far. A large number of fine grains generated by the grain breakage in the previous stage were
distributed between the liquid phases. The rose-shape appeared between grains in the region with
less liquid phases due to their close grain orientation and merger growth. Because of the liquid
phase wrapping, the large grains were concave inward to form rosette and had the tendency of
breaking into new grains. Fig. 2(e) shows the microstructures of AISi7Mg alloy after holding for
20 min. Most of the rose-like dendrites were melted. Traces of original rose-like grains could be
seen from the microstructure. The burrs previously formed by grain and grain boundary
fragmentation had grown and spheroidized and new burrs were also being formed. Grown burr
grains had smooth rounded edges.

As can be seen from the changes of the microstructures at different temperatures with changing
time, when the isothermal temperature was 590°C and the holding time was less than 5 min, the
microstructures first grew from dendrites and gradually broke into clumps or particles at the root
with the increase of the holding time. With the further increase of holding time, Al grains grew
from granular or massive, and part of them became rose-shaped and then fragmented into spherical
and massive again. In this process, the distribution of eutectic structure became more uniform. It
can be concluded that the microstructures evolution of semi-solid isothermal treatment process
was as follows: (1) dendrite growth, (2) massive or granular, (3) rosette, (4) fragmentary massive
or granular, (5) spheroidization, (6) grain growth.
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Fig. 2. Microstructure images of ALSi7Mg alloy held at 590°C for different time: (a) I min; (b) 5
min; (c) 10 min; (d) 15 min; (e) 20 min.

Fig. 3 shows the microstructures of AlSi7Mg alloy after holding at 595°C for different time.
Fig. 3(a) shows the microstructures of AISi7Mg alloy after holding at 595°C for 1 min. The grains
were coarse, with more coarse dendrites and less intergranular liquid phases, and there was bond
between grains. Fig. 3(b) shows the microstructures of AlISi7Mg alloy after holding at 595°C for
5 min. Combined growth of adjacent grains appeared, and some of the dendrite melted into an
independent dendrite arm due to their proximity to each other. Some of the dendrites were broken
to form new grains with small size and good roundness. Fig. 3(c) shows the microstructures of
AlSi17Mg alloy after holding at 595°C for 10 min. Intergranular liquid phases increased, and ingrain
liquid phases also began to appear. The new grains generated by dendrite fragmentation in the
previous stage gradually grew into massive or spherical grains, and the grain boundaries of grains
began to break and form a large number of burr grains. Fig. 3(d) shows the microstructures of
AlSi7Mg alloy after holding at 595°C for 15 min. The liquid phases ratio tended to be stable and
mainly distributed in the intergranular area. The internal melted grains became small massive or
spherical grains and grew continuously. The process of burr formation and burr growth was carried
out dynamically at grain boundaries. Two or more grain boundaries of adjacent grains were
connected, and there was a tendency to form rose grains. Fig. 3(e) shows the microstructures of
AlSi7Mg alloy after holding at 595°C for 20 min. At this time, the number of large grains had been
greatly reduced and separated from each other, and the liquid phases were filled with small size
burr grains and newly grew burr grains. The edges of large grains were rounded and smooth, and
the two adjacent grains grew in “8” shape. It could be found that when the holding time was short,
the microstructures and grain size were not uniform, while when the holding time was enough, the
distribution of grains and eutectic phases became uniform, but the grains were coarse and round.
With the increase of time, a large number of recrystallized grains (burrs) appeared at the grain edge
and were in the process of dynamic generation and gradual growth. The microstructures evolution
was as follows: (1) dendrite growth, (2) massive or granular, (3) rosette, (4) fragmentary massive
or granular, (5) spheroidization, (6) grain growth. This was the same as the semi-solid
microstructure evolution at 590 °C for different holding time.
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Fig. 3. Microstructure images of AISi7Mg alloy held at 595°C for different time: (a) 1 min, (b) 5
min, (c) 10 min; (d) 15 min; (e) 20 min.

Fig. 4 shows the microstructures of AlSi7Mg alloy after holding at 600°C for different time.
Fig. 4(a) shows the microstructures of AlSi7Mg alloy after holding at 600°C for 1 min. Compared
with the those held at 590°C and 595°C for 1 min, the microstructures of AlSi7Mg alloy held at
600°C for 1 min exhibited a larger grain size. The main dendrite became wider, and the new grains
formed by the melting and breaking of the dendrite arms became larger and larger. At this time,
liquid phases began to form in the grain. Fig. 4(b) shows the microstructures of AISi7Mg alloy
after holding at 600°C for 5 min. Dendrites were further broken and smaller grains were formed.
The grain edges became round and spheroidized obviously. The short holding time results in a
slow diffusion rate of atoms, so only a few grain boundaries appear burrs. Fig. 4(c) shows the
microstructures of AISi7Mg alloy after holding at 600°C for 10 min. The coalescence and growth
of adjacent grains increased the grain size, and the rosette grains appeared. The recrystallization
of grains was obvious, and the burr grains entered the liquid phases and gradually grew up. Fig.
4(d) shows the microstructures of AlSi7Mg alloy after holding at 600°C for 15 min. The size of
the burrs generated in the previous stage increased and tended to coalesce into dendritic grains.
The distance between large grains was far, and the rose grains began to break. Fig. 4(e) shows the
microstructures of AISi7Mg alloy after holding at 600°C for 20 min. With the extension of holding
time, the old rosette broke and the new rosette was formed in a dynamic equilibrium. At this time,
the grain size was generally large and irregular.
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Fig. 4. Microstructure images of AISi7Mg alloy held at 600°C for different time: (a) 1 min, (b) 5
min, (c) 10 min; (d) 15 min; (e) 20 min.

Fig. 5 shows the microstructures of AISi7Mg alloy after holding at 605°C for different time.
Fig. 5(a) shows the microstructures of AISi7Mg alloy after holding at 605°C for 1 min. Due to the
reasons of atomic diffusion and energy fluctuation, the composition of the alloy would be
homogenized. This would lead to the gradual coarsening of dendrites, and the disappearance of
the branching characteristics of dendrites, forming clumps or grains [26]. Dendrites were
encapsulated in liquid phases and began to break up into smaller grains. Traces of primitive
dendrites could be seen from grain orientation. Fig. 5(b) shows the microstructures of AISi7Mg
alloy after holding at 605°C for 5 min. The liquid phases began to appear in the grains, and the
broken dendrite grains began to spheroidize. The burr grains began to break at the grain boundary.
Fig. 5(c) shows the microstructures of AlSi7Mg alloy after holding at 605°C for 10 min. There
were more rosette grains in the microstructures. The burrs in the intercrystalline liquid phases grew
up gradually. Fig. 5(d) shows the microstructures of AISi7Mg alloy after holding at 605°C for 15
min. The burrs disappeared, and the rosette grains were broken into several radial grains with
larger grain size. The grains free in the liquid region were smaller and had higher roundness. Fig.
5(e) shows the microstructures of AlSi7Mg alloy after holding at 605°C for 20 min. The grain
arrangement in the region had a certain directivity. The phenomenon of adjacent grains merging
and growing was not obvious. The original grains were constantly flattening and elongating.
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Fig. 5. Microstructure images of AISi7Mg alloy held at 605°C for different time: (a) 1 min, (b) 5
min, (c) 10 min; (d) 15 min; (e) 20 min.

Fig. 6 shows the microstructures of AISi7Mg alloy after holding at 610°C for different time.
Fig. 6(a) shows the microstructures of AlSi7Mg alloy after holding at 610°C for 1 min. Grain
boundaries interpenetrated to form a network of structures. Fig. 6(b) shows the microstructures of
AlSi7Mg alloy after holding at 610°C for 5 min. A small number of spherical particles had been
suspended in the liquid phases. At this time, there were both fine grains in the microstructure and
large rosette grains that were about to break. Fig. 6(c) shows the microstructures of AISi7Mg alloy
after holding at 610°C for 10 min. It could be seen that the rose-like grains without complete
ripening. There were no obvious burr grains, and the structure was a large number of rose-like
grains and petal grains formed after the fragmentation of rose-like grains. Fig. 6(d) shows the
microstructures of AlSi7Mg alloy after holding at 610°C for 15 min. The long grains were
gradually melting off. A large number of recrystallized grains were formed at the grain boundary,
and the large grains were far apart. Fig. 6(e) shows the microstructures of AlSi7Mg alloy after
holding at 610°C for 20 min. The microstructure morphology at this time was similar to that at 10
min. There were more spherical grains, but there were also many strip-like grains and fewer rose-
like grains. It could be seen that the traces of the rose-like grains were broken off. But there were
burr grains at the grain boundary edge.
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Fig. 6. Microstructure images of AISi7Mg alloy held at 610°C for different time: (a) 1 min, (b) 5
min, (c) 10 min; (d) 15 min; (e) 20 min.

By comparing the microstructure under the same holding time and different temperature
parameters, it can be noted that the increase of isothermal temperature is helpful to accelerate the
evolution of semi-solid microstructures [27]. Under the same holding time, with the increase of
isothermal temperature, the solid volume fraction of semi-solid billet gradually decreases, and the
grains grow and spheroidize [28]. Compared with the original structure, the sample is heated at
590°C for 5 min, and the microstructures are clumped or massive grains formed by dendrite
fragmentation because of the lower isothermal temperature and shorter holding time. When the
isothermal temperature is increased to 600°C, the homogenization of composition begins to occur
in the microstructures, and the eutectic microstructures existing in the intergranular begin to
diffuse to the a-Al grains. The a-Al grains partially merge with each other, and the grain size
increases. When the temperature rises to 610°C, the microstructure evolution process accelerates.
The small grains in the liquid phases begin to spheroidize and grow further. The grain boundaries
become smoother and more rounded. At the same time, large clumped grains also begin to break
into small particles. It can be noticed that under the same holding time, the higher isothermal time
is, the faster the transformation process is. The increase of isothermal temperature can significantly
improve the speed of semi-solid microstructure evolution process. This is embodied in the advance
of eutectic phase melting time and the increase of the emergence speed of spheroidized particles.
However, due to the increase of coarsening power of grain growth, the grains also become larger
[29].

It indicates that the evolution rate of semi-solid microstructure is affected by temperature. When
the isothermal temperature is low, the driving force of eutectic phases to liquid phases is small.
The evolution process of semi-solid microstructures is slow, which also delays the spheroidization
rate of a-Al phase with low alloying elements. With the increase of isothermal temperature, the
evolution rate of semi-solid microstructures accelerates obviously. When the liquid phases are
generated, under the action of interfacial energy and interfacial curvature, small grains will begin
to be absorbed by the liquid phases, and large grains will continue to grow and spheroidize, with
smooth edges. Thus, the overall solid-liquid boundary area decreases, the system is stable, and the
energy decreases [30, 31]. The coarsening and spheroidization of primary grains are based on the
remote migration and diffusion of Al and Si atoms. In the absence of convection exerted by an
external field in the melt, the migration and diffusion rate of atoms is quite low, resulting in a very
low growth rate of a-Al phase. In the process of semi-solid isothermal treatment, as the particles
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grow up, the probability of solid particles bumping against each other’s edges increases, thus the
combining growth of grains is promoted and the grains are more uneven. When two grains with
different grain sizes grow into new grains by merging, the newly formed grains become round
under the drive of interface energy. However, when two or more grains of similar size merge and
grow into new particles, the new particles will not occur spheroidization, but eventually grow into
“8” shape or pellet shape. When the melt treatment temperature is too high, the proportion of solid
phases is too small, the proportion of liquid phases is too high. This made the forming process will
bring too high fluidity and close to casting, which has little significance for the prevention of
casting defects.

In the semi-solid isothermal process, the primary dendrites also melt off at the root and the
number of grains increases greatly. The eutectic phases with lower melting point tend to be
enriched in the dendrite interspaces of the clumps. However, when the temperature of the melt is
higher than the solidus temperature, the eutectic phases with lower melting point will become
liquid [32], and the clump dendrites will dissociate in the liquid phases. The degree of convexity
and concavity of dendrite grain boundaries in contact with the melt liquid phases is different, that
is, the radius of curvature is different from each other. According to the influence of curvature
radius on melting point, it can be seen that the convex part of grain boundary has small curvature
radius, and its melting point is lower [33], so the concave part of grain boundary is further melted
and fills in the convex part, and finally generates the spherical grains [34]. Driven by interfacial
energy, the small particles suspended in the liquid will tend to have the same degree of concave
and convex, and eventually spheroidize. In the process, with the increase of holding time, the grain
distribution will be more uniform. This growth mechanism is called Ostwald Ripening mechanism.

The mechanism of grain growth also involves the other mechanism, coalescence of grains,
which is that the adjacent primary a-Al phase grains with similar lattice orientation begin to grow
together during the holding process. The a-Al grains continuously merge and grow. Due to the
inclusion of a small amount of liquid phases during grain consolidation, there are liquid phases in
the larger grains after the merger. There is a high liquid rate in the structure, with good fluidity,
and the small solid phases in the liquid phases will gradually melt into the liquid phases, so that
the liquid fraction will gradually increase. The grains have good roundness, and the primary a-Al
grains grow uniformly in all directions and gradually become rounder due to the liquid-solid
interfacial tension. There are two reasons for this phenomenon. First, due to the presence of liquid
phases, under the action of interface curvature and interface energy, in order to make the solid-
liquid interface of the whole system lower and reduce the energy of the system, the small primary
o phase grains gradually melt, and the large primary a phase grains grow up and become more
rounded. Second, When the liquid fraction is high, it is assumed that the solid-liquid phases are in
equilibrium, but the small grains correspond to lower equilibrium melting point, and the large
grains correspond to higher equilibrium melting point. Therefore, at the same temperature, the
small grains correspond to the liquid phases with lower Si content, while the large grains
correspond to the liquid phases with higher Si content, resulting in the diffusion of Si in the liquid
phases to the liquid phases on the side of the small grains. At the same time, Al in the liquid phases
diffuse to the side of the large grains, causing the continuous melting of the small grains and the
continuous growth of the large grains.

Quantative analysis of semi-solid billet fabricated by SSITWA. Fig. 7 shows the point plot of
average grain size and average shape factor of semi-solid billet fabricated by SSITWA at different
isothermal temperatures and holding times. As shown in Fig. 7(a), when the specimen was heated
at different isothermal temperatures, the average grain size generally changes in the same way with
the extension of holding time. When the holding time is 590°C, with the increase of holding time,
the size of primary a-Al phase increases and then decreases obviously. The average grain diameter
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increases gradually from 15 um at 1 min to 30 um at 5 min, and further increases to 55 um at 10
min. Then it decreases to 30 pm at 15 min, followed by a slight decrease to 28 um at 20 min. This
is because in the early stage of semi-solid isothermal treatment, the solid fraction is high, adhesion
and merger phenomenon between adjacent grains, like "8" word grains or petal-like grains appear.
With the further extension of holding time, the eutectic phases with low melting point between
grains melt, and the grain boundary becomes obvious. It is difficult to merge between grains, and
the grains begin to spheroidize, which further reduces the free energy and accords with the Ostwald
growth mechanism [35]. The average grain size of AlSi7Mg aluminum alloy semi-solid billet
fabricated by SSITWA varies in a range of from 15 pm to 65 pm when the isothermal temperature
and holding time change.
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Fig. 7. Point plot of average grain size and average shape factor: (a) Average grain size; (b)
Average shape factor.

In the other four temperature parameters, the grain size increases to different degrees when
holding time is 20 min compared with holding time of 15 min. This is because when the isothermal
temperature is lower, the evolution process of semi-solid microstructure is slower than that when
the isothermal temperature is higher. When the holding time is 20 min, it is mainly rosette grains
broken into massive or spherical small grains. With the increase of isothermal temperature, the
process of microstructures evolution is accelerated. When the holding time is 20 min, the
microstructures begin to have different degrees of grain growth or combined growth.

It can be seen from Fig. 7(b) that with the extension of holding time, the average shape factor
generally tends to increase first and then decrease. When the holding time is 1 min, the grain sizes
of the original dendrites and the grains produced by fragmentation are large and small. The grain
edges are irregular, their growth rates are different, and the average shape factor is small. When
the holding time reaches 5 min, the grains are gradually rounded and the average shape factor
becomes larger. With the further extension of holding time, some grains begin to merge and grow,
Some "8" shaped grains or petal-like grains appear with irregular shape, resulting in the decrease
of the average shape factor. However, with the extension of holding time to 10 min and 15 min,
the liquid phases increase, the grains are isolated, which are not easy to merge and grow, and begin
to transform into spherical grains. The shape factor increases at 590°C and 610°C. The average
shape factor decreases at all temperature parameters during the transition from 15 min to 20 min.
The average shape factor varies in a range of from 0.65 to 0.85 when the holding time changes
from 5 min to 20 min. It illustrates that good spheroidization effect is obtained. As reported by
Kiuchi and Kopp [36], a shape factor greater than 0.5 indicates a good spheroidization of semi-
solid billets. Compared with other methods in Table 3, including electromagnetic stirring (ES)
method [37], cooling slope (CS) method [38], ultrasonic treatment (UT) method [39], strain
induced melt activation (SIMA) method [40], rheoforged and semi-solid holding process(RFSSH)
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method [40]and equal-channel angular pressing (ECAP) method [41], the results show that the
SSITWA method has a good effect on the preparation of AISi7Mg semi-solid billet.

Table 3. The average grain size and average shape factor from different works.

Aluminum alloy Method Average grain size/pm Average shape factor/pm
AlSi7TMg SSITWA 15~65 0.65~0.85
A356 ES 113.62~127.25 3.9~5.9
A356 CS 74~105 0.41~0.54
A356 uT 50 0.7
A356 SIMA 70 0.85
A356 RFSSH 100 0.82
A356 ECAP 21~35 -

Energy spectrum analysis of AlSi7Mg aluminum alloy semi-solid billet prepared by SSITWA.
Fig. 8 shows SEM point scanning analysis diagram of AISi7Mg alloy after holding at 600°C for 5
min. Analysis equipment was Zeiss field emission scanning electron microscope (SUPRASS).
Three test points were selected from the area in Fig. 8(a) for element analysis. Spotl and Spot3
are intragranular, and Spot?2 is intergranular. As shown in Fig. 8, the content of Al element in Spot3
is obviously higher than that in Spotl and Spot2. It is because that the phase in Spot3 is a-Al phase
and the phase in Spotl and Spot2 is eutectic phase consisting of Al and Si elements.

b) ® lal Element At Wit%
Al 7877 7827
Si 19.59 20.27
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Fig. 8. SEM point scanning analysis diagram of AISi7Mg alloy held at 600°C for 5 min: (a) The
area being scanned, (b) Spotl element analysis; (c) Spot2 element analysis, (d) Spot3 element
analysis.

Fig. 9 shows the SEM line scanning analysis diagram of the AlSi7Mg alloy after holding at
600°C for 5 min. Fig. 9(b) lists the variation curves of the contents of main elements Al and Si in
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and between grains. It can be seen that Si is mainly enriched in the liquid phase region between
grains and ingrains, while Al is relatively evenly distributed, and its content in the non-liquid phase
region in grains is slightly higher than that in the liquid phase region between grains and ingrains.

w
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Fig. 9. SEM line scanning analysis diagram of AISi7Mg alloy held at 600°C for 5 min.

Fig. 10 shows the SEM map scanning analysis diagram of AISi7Mg alloy after holding at 600°C
for 5 min. Fig. 10(a)-(f) shows the distribution of Al, Si, Mg, Ti and Fe elements on the selected
region. It can be seen from the map scanning results that the eutectic phases first melt and form
ingrain droplet and intergranular liquid phases due to its low melting point. In the whole isothermal
process, the composition of Al and Si elements is different at different positions. It can be seen
from Fig. 10(b) that Al element is distributed inhomogeneously in the whole, especially in the
interior of the grains, and the content of Al element in the liquid phase region between grains and
inside grains is slightly lower. Si element is obviously enriched in the liquid phase region between
grains and inside grains, due to eutectic silicon mainly exists in these two regions. The distribution
of Mg element is uniform as a whole, and there is little difference in the distribution within and
between grains. The contents of Ti and Fe are small, but they are evenly distributed on the regional
surface. The contents of other trace elements and impurity elements are relatively small, which
can be ignored under the results of map scanning.

Fig. 10. SEM surface scanning analysis of AISi7Mg alloy held at 600°C for 5 min: (a) The area
being scanned; (b) Al element, (c) Si element; (d) Mg element; (e) Ti elements; (f) Fe element.

Conclusions
In this paper, semi-solid billet of AIS17Mg aluminum alloy is fabricated by isothermal treatment
in semi-solid temperature range after hot upsetting at 350°C for 50% deformation degree. The
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microstructure evolution during semi-solid isothermal treatment of wrought alloy was
investigated. The research conclusions are as follows:

(1) With the increase of holding time in semi-solid isothermal process, the evolution process of
primary phase morphology is as follows: dendrite growth — massive or granular — rosette —
fragmentary massive or granular — spheroidization — grain growth. Under the same holding time,
the higher isothermal temperature can increase the primary grain size and shorten the time of
dendrite morphology transformation to granular form.

(2) During the semi-solid isothermal process, the average grain size increases first, then
decreases and then increases. The trend of average shape factor increases first, then decreases, then
increases and then decreases. The average grain size of AISi7Mg aluminum alloy semi-solid billet
fabricated by SSITWA varies in a range of from 15 pm to 65 pm when the isothermal temperature
and holding time change. The average shape factor varies in a range of from 0.65 to 0.85 when the
holding time changes from 5 min to 20 min. It illustrates that good spheroidization effect is
obtained.

(3) The results of point, line and map scanning show that the content of Al element in a-Al is
obviously higher than that in liquid eutectic phase due to different phase. Si element is mainly
distributed in the eutectic organization of intergranular, while Mg element has no significant
difference in the distribution in and out of grains.
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