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Abstract: A two-step reheating process was proposed and applied to perform reheating experiments on the semi-solid 2024 alloy
billet. In this process, the semi-solid billet was firstly heated over liquidus temperature and then isothermally held at solid-liquid zone
temperature. Microstructure evolution of the semi-solid billet during two-step reheating was studied by optical microscope and
compared with that during isothermal reheating. The results show that the remelting rate of the semi-solid billet during two-step
reheating is faster than that during isothermal reheating. Under the same reheating time, the grains of the semi-solid billet reheated by
two-step reheating process are finer and rounder than those by isothermal reheating process. The present experimental results indicate
that accelerating the formation of liquid phase during the two-step reheating process can restrain the coalescence of grains to a certain

extent, and thus refine the grain size and promote the grain spheroidization.
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1 Introduction

The semi-solid metal forming technology has
numerous advantages, such as high density of castings,
prolonged die life, low forming effort and realization of
near-net-shape forming. It can be divided into
rheoforming and thixoforming. At present, the
thixoforming process has been studied and wused
extensively, which comprises of preparation, reheating
and thixoforming of semi-solid billets[1—-2].

The preparation of semi-solid billet is fundamental
to thixoforming process. There are several preparation
methods, such as mechanical stirring, electromagnetic
stirring,  strain-induced melt activation and spray
deposition[1-2]. In addition, the low superheat pouring
method has been drawn extensive attention in recent
years, due to its simplicity in operation, saving special
equipment and reduction in the production cost[3—5].

The reheating of semi-solid billet is a critical
procedure in the thixoforming process. Its purpose is not
only to obtain the desirable nominal liquid fraction, but
also to ensure transformation of the solid phase to a
spheroidal morphology with fine grain size[2]. Until now,

the reheating process used extensively is the isothermal
reheating process, in which the temperature is preset to
solid-liquid zone. Its features lie in obtaining the
desirable nominal liquid fraction through the control of
temperature, and realizing long-time holding to ensure
complete transition from dendritic or rosette to spherical.
However, a long-time holding often results in the
coarsening of grains[6—8], which is detrimental to the
thixotropic properties of semi-solid billet and the
mechanical properties of thixoformed parts[9—12].
Therefore, the reheating process needs to be explored to
achieve the most desirable microstructure characteristics
for thixoforming.

In this work, a two-step reheating process was
proposed, in which the semi-solid billet was firstly
heated over liquidus temperature and then isothermally
held at solid-liquid zone temperature. The two-step
reheating process was applied to perform reheating
experiments on the semi-solid 2024 alloy billet prepared
by low superheat pouring method. Microstructure
evolution of the semi-solid billet during two-step
reheating was studied and compared with that during
isothermal reheating.
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2 Experimental

The material used in this study was 2024 alloy made
by melting pure aluminum (99.9%, mass fraction), pure
magnesium (99.9%, mass fraction), Al-50Cu and
Al-10Mn alloys. The melting equipments were 15 kW
resistance furnace and graphite crucible. The melting
temperature was 760
method was adopted to prepare semi-solid billet. After
degassing, holding and deslagging, the melt was poured
at 650 into the water-cooling iron mould and cast
into the semi-solid billet of 40 mm><200 mm><200 mm.
The chemical compositions of semi-solid billet were Cu
4.26%, Mg 1.44%, Mn 0.34%, Si 0.085%, Fe 0.105%, Cr
0.002%, Ni 0.008%, Zn 0.011% and Al balanced, which
were determined on a ARL4460 photoelectric direct
reading spectrometer. The microstructure of the semi-
solid billet mainly consisted of fine rosette grains, as
shown in Fig.l. After that, The semi-solid billet was

. The low superheat pouring

machined into cylindrical samples of d 15 mm>20 mm
for reheating experiments.

Fig.1 Original microstructure of semi-solid 2024 alloy billet

The differential scanning calorimetric analysis(DSC)
for the semi-solid 2024 alloy billet was conducted on a
NETZSCH STA449C integrated thermal analyzer. The
DSC curve is shown in Fig.2. Through the extrapolation
of starting and ending points[13], the solidus and
liquidus temperatures were determined to be 500.4
and 638.8
the temperature of isothermal holding during two-step
reheating process was set to be 620 , at which the
theoretical liquid fraction was 51.5% calculated by
Scheil equation[14].

The reheating experiments were performed on a
7 kW heat treatment furnace. During the two-step
reheating experiments, the semi-solid billets were firstly
heated at 660 for 20 min, and then held at 620
For comparison, the isothermal reheating experiments
were also performed at 620 . The temperature

, respectively. Based on the DSC results,

variations of heat treatment furnace during the two-step
reheating and isothermal reheating are shown in Fig.3.
Prior to experiment, the samples were wrapped by
aluminum foil to prevent deformation during reheating.
When the heat treatment furnace was heated to the
predetermined temperature, the samples were put into the
furnace. After reaching the predetermined time, the
sample was taken out and quenched in water.
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Fig.2 DSC curve of semi-solid 2024 alloy billet
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Fig.3 Temperature variations of heat treatment furnace during
reheating

After reheating, the quenched samples were ground,
polished and then etched in a mixed acid solution of
1 mL HF 1.5 mL HCI 2.5 mL HNO; 95 mL H,O.
The microstructure of the samples was observed under
an OLYMPUS metallographic microscope.

3 Results and discussion
Fig.4 shows the microstructure evolution of the

semi-solid 2024 alloy billet isothermally reheated at
620 for different time. During reheating of the
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semi-solid 2024 alloy billet, the eutectic phase at the
grain boundary remelted firstly and formed small amount
of liquid phase and then the periphery of solid grains
remelted partially through the solute diffusion at the
solid/liquid interface. As a result, the liquid fraction
continued to increase. Fig.4 shows that during isothermal
reheating at 620 , the remelting rate of semi-solid
billet was very slow. After reheating for 30 min, almost
no liquid phase existed. Compared with the original
microstructure of semi-solid billet(Fig.1), the grains
grew obviously due to the coalescence of rosette grains
which resulted in the entrapping of liquid phase pools in
the inner of grains[15], as shown in Fig.4(a). After
reheating for 60 min, small amount of liquid phase
appeared. The grains amalgamated further and grew into
equiaxed grains, as shown in Fig.4(b). As the reheating
time increased continuously, the liquid fraction continued
to increase slowly. The grains kept growing to reduce the
surface energy. One growth mechanism is still the
coalescence of the adjacent grains. Another growth
mechanism is the Ostwald ripening[16—18], in which the
large grains grow continuously and the small grains
remelt gradually. Meanwhile, the grains started to
spheroidize due to the Ostwald ripening. After reheating
for 120 min, it can be seen from Fig.4(d) that the shape
of most grains is near to spherical. However, the grain
coarsening is very evident, the size of which even
reached 200 pum.

Fig.5 shows the microstructure evolution of the

semi-solid 2024 alloy billet firstly heated at 660 for
20 min and then isothermally held at 620 . It can be
seen from Fig.5 that the remelting rate of the semi-solid
billet was accelerated obviously. The eutectic phase
remelted rapidly and promoted the remelting of solid
grain periphery, resulting in the rapid increase of liquid
phase. After reheating for 30 min, a large amount of
liquid phase existed, as shown in Fig.5(a). After
reheating for 60 min, the liquid fraction increased further,
and the grains grew slightly and tended to spheroidize, as
shown in Fig.5(b). As the reheating time increased
continuously, the liquid fraction decreased slightly and
then remained basically constant. The grains continued
to grow slowly and spheroidize quickly. When the billet
was heated for 120 min, it can be seen form Fig.5(d) that
most of grains spheroidized obviously and the surface of
the grains was very smooth.

By comparing Fig.5 with Fig.4, it also can be found
that when the reheating time is identical, the grains of
semi-solid billet firstly reheated at 660 for 20 min
and then isothermally held at 620 are finer and
rounder than those of the semi-solid billet isothermally
reheated at 620 . This can be explained by the theory
that accelerating the formation of liquid phase can restrain
the coalescence of grains to a certain extent, because the
coalescence of grains is the dominant mechanism of grain
coarsening during reheating and depends strongly on the
extent of adjacent grain connectivity. For example, the
higher the liquid fraction is, the sparser the connectivity

(¢) 90 min; (d) 120 min

Fig.4 Microstructures of semi-solid 2024 alloy billets isothermally reheated at 620
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Fig.5 Microstructure evolution of semi-solid 2024 billets firstly heated at 660

for different time: (a) 30 min; (b) 60 min; (c) 90 min; (d) 120 min

among adjacent grains is and the harder the coalescence
occurs among grains. Based on the same theory, the more
rapid the liquid phase forms, the earlier the restraining of
grain coalescence occurs.

It can be seen from Fig.4 that when the semi-solid
billet is isothermally reheated at 620 , the grains
contact tightly due to slow increasing of the liquid phase.
The coalescence of adjacent grains leads to the rapid
growth of grains. Finally, the grain coarsening is very
evident. In addition, because the grains contacted tightly
and stacked each other, the grains spheroidized slowly.
However, it can be seen from Fig.5 that when the
semi-solid billet is firstly reheated at 660 for 20 min
and then isothermally held at 620 | the liquid fraction
increases rapidly. On one hand, the rapid increasing of
liquid phase leads to the separation of grains and the
formation of the liquid network, hence, the connectivity
among grains is greatly reduced, that is to say, the
coalescence of grains is restrained to a certain extent,
which results in the decrease of grain growth rate. Finally,
the grains become finer. On the other hand, the rapid
increasing of liquid phase leads to the separation of
grains and the formation of individual polygonal grains
which have high interfacial energy due to high specific
surface area. The protruding positions of polygonal
grains remelt firstly under surface tension due to low
balance melting point[16—18], in which the grains
spheroidize rapidly to reduce the interfacial energy.

for 20 min and then isothermally held at 620

Therefore, the grains become rounder.
4 Conclusions

1) The remelting rate of the semi-solid 2024 alloy
billet during two-step reheating is faster than that during
isothermal reheating.

2) Under the same reheating time, the grains of the
semi-solid 2024 alloy billet reheated by two-step
reheating process are finer and rounder than those by
isothermal reheating process.

3) Accelerating the formation of liquid phase can
restrain the coalescence of grains to a certain extent, thus
refine the grain size and promote the grain
spheroidization.
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