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Abstract: The hypoeutectic Al-Si alloy billet with non-dendrite was reheated to meet the needs of the semi-solid thixoforming
microstructure by four kinds of reheating power, achieving the same final temperature of 851 K. Subsequently, under the same
condition of thixoforming, the microstructure, surface hardness and tensile properties were observed. Afterwards, quantitative
analysis was made for the microstructures of the reheated semi-solid of billet and the thixoforming parts. The results show that when
the induction reheating power is 90 kW, the average grain size of the semi-solid billet is the minimum, the microstructures of the

thixoforming samples also are the finest, and the mechanical properties of the relevant thixoforming samples are the best.

Furthermore, after studying on the relationship between the microstructures of the semi-solid billet of aluminum alloy and the

mechanical properties of the thixoforming samples, the reverse design of microstructure is primarily achieved. Finally, the
effectiveness of the reverse design for semi-solid microstructure is confirmed by an actual automobile part with complex shape.
Keywords: Al-Si alloy; semi-solid; microstructure; reheating; reverse design

1 Introduction

It is an important method to improve the material
properties by the effectual control of structure
morphology and grain size during the material forming
process[1]. The semi-solid process effectively combines
the good formability of liquid metal and the high forming
quality of solid metal so as to manufacture some
mechanical parts with fine microstructure and
properties[2-4]. The semi-solid thixoforming technology
of aluminum alloy mainly includes the preparation of
non-dentrite material, the remelting of non-dentrite
material and the semi-solid die-casting technology,
among which the material remelting plays the key role of
linking the preceeding with the following in the
semi-solid forming, for the purpose of quickly and
precisely obtaining the solid fraction and the
microstructure of grain with certain appearance[5-6].
Different semi-solid microstructures appear under
different reheating processes, which affect the afterwards
semi-solid die-casting remarkably[7-8]. Some research

progresses, which have been gotten about the semi-solid
process of different Al alloys[10-11], show that reheating
makes round grains in semi-solid micro structure and
appropriate reheating time favor the formation of near
global grains, but reasonable determination of grain
micro structure do not realize yet in semi-solid process.
Therefore, the effect of semi-solid microstructure on the
microstructures and properties of die-castings after
induction reheating is analyzed quantitatively, which
finally provides effective thought for the reverse design
of remelting semi-solid microstructure from the needs of
microstructures and properties.

2 Experimental

The chemical composition of experimental material
that was non-dentrite hypoeutectic aluminum alloy was
shown in Table 1. The experimental billets were prepared
by electromagnetic continuous casting technology,
during which the primary material was made to be

round-bar shaped non-dentrite billet with 72 mm diameter,
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Table 1 Composition of experimental aluminum alloy (mass
fraction, %)

Si Fe Cu Mn
7.03 0.21 0.15 0.09
Mg Ti Zn Al
0.59 0.092 0.041 Bal.

and then to be cut short with length of 140 mm. During
the continuative reheating process, the materials were
heated to semi-solid state in the rotary induction heating
apparatus with median frequency power. The heating
power should be controlled firstly high and then low to
ensure the uniform temperature. In the final thixoforming,
the heated billets were pressed into cavity by the
horizontal cold-chamber die-cast machine with working
pressure of 500-5000 kN.

The prepared billets by continuous casting was put
in he induction heating apparatus and heated under four
kinds of powers, respectively, with the final temperature
of the core of 851K. When the heating powers were 60,
75, 90 and 105 kW, the heating time in each working
location should be 51.5, 36.1, 26.1 and 20.2 s,
respectively. In order to compare the microstructures and
mechanical properties of the thixoforming samples under
different heating powers in a lateral direction, the
processing parameters were kept unchanged during the
thixoforming.

The quenched billet in water was intercepted from
the top, middle and bottom position to form
metallographic specimens, as shown in Fig.1(a). The
metallographic observation positions of the thixoforming
sample is shown in Fig.1(b), in which the tensile
specimens are cut by linear cutting machine and the
scraps are used for metallographic observation and
hardness test.

The metallographic observation in position A of
Fig.1(b) is carried out in its cross-section. The
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Fig.1 Schematic diagram sampling location: (a) Billet;

(b) Stepped sample; (c) Tensile sample (Unit: mm)

microstructures of different vision fields were taken
photos at random by metallographic microscope.
Quantitative analysis for the a(Al) grain size, the
roundness and solid fraction was made by the image
analysis software. The computational method for the
average grain size was extracting a diameter through the
centroidal of the primary a(Al) phase grain every 2° in
the two-dimensional image, and then calculating the
average value of all data as the mean diameter of a(Al)
grain. The roundness could be calculated by the formula
Fc=P*/4nA (In the formula, P and A4 meant perimeter and
area of the primary a(Al) phase grain respectively)[12],
which mean the circular when the value was one. And
the bigger the value is, the further away the grain from
the circular is, while the solid fraction is estimated by
measuring the proportion the primary a(Al) phase grain
taking up. The surface hardness (Brinell) of position 4 in
Fig.1(b) was measured for comparison in different
conditions.

3 Results and discussion

The microstructures in the core of the semi-solid
billets heated under different powers are shown is Fig.2.
Among that, the grey part is the primary a(Al) phase and
the dark part is the eutectic structure. The quantitative
analysis for the average grain size, the roundness and
solid fraction are shown in Fig.3.

This shows that the reheating time gets shorter with
the higher induction heating power, and the average grain
size of the semi-solid billet becomes smaller finally. The
average grain size is 54.2 um under heating power of 90
kW, which is decreased by 35.3% compared with the one
under power of 60 kW while they both meet the
microstructure  requirements of the semi-solid
thixoforming with the roundness and solid fraction of
fewer differences. But the average grain size under
heating power of 105 kW gets slightly bigger and
reaches 55.9 um, roundness of 1.46 and solid fraction of
65.2% make against thixoforming. The roundnesses of
1.35 and 1.36 are separately obtained under powers of 60
kW and 90 kW. Generally speaking, in a certain range of
semi-solid structure solid fraction, it is better for the later
thixoforming with smaller grain and roundness.

There are thixoforming tests for the semi-solid billets
reheated at 60, 75, 90 and 105 kW under the same
die-casting condition. The microstructures in the
crossing-section of the position A as shown in Fig.1 (b)
before and after heat treatment were observed, and their
results are partially shown in Fig.4. The heat treatments
orderly carried in solid solution at 813 K for 2 h and in
solid solution at 443 K for 2 h. Because the structures
before and after heat treatment are quite similar, the
quantitative analysis for their average grain size and
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Fig.2 Microstructures of semi-solid material after induction
reheating under different powers: (a) 60 kW; (b) 75 kW; (c) 90
kW; (d) 105 kW

roundness in as-cast state are carried out and their results
are shown in Fig.5.

The average grain size and roundness in the
microstructures of semi-solid die-castings also decrease
with the increase of induction heating power. The
average grain size and roundness of thixoforming samples
heated under 105 kW are larger than that in 90 kW. This is
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Fig.3 Quantitative analysis of billet microstructures after
reheating: (a) Average grain size; (b) Roundness; (c¢) Solid
fraction

because the average grain size and roundness before
die-casting for 105 kW induction heating power is larger
than that of 90 kW.

It is concluded from the comparison between the
semi-solid microstructures before and after the
thixoforming, these changes of structures show the same
tendency at different heating powers and some structure
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Fig.4 Microstructures of thixoforming sample in part A under different reheating powers: (a) As-cast, 60 kW; (b) Heat treatment, 65
kW; (c) As-cast, 75 kW; (d) Heat treatment, 75 kW; (e) As-cast, 90 kW; (f) Heat treatment, 90 kW; (g) As-cast, 105 kW; (h) Heat

treatment, 105 kW

transmissibility from billet to die-casting, which means
that the smaller the grain of the semi-solid reheated billet
is, the smaller the grain of the sample after thixoforming
is, thus it is desirable to obtain fine mechanical properties.

In order to analyze the relationships between grain
sizes and reheating powers before and after die-casting,
the exponential fitting results of quantitative analysis to

the microstructure as shown in Fig.3 (a) and Fig.5 (b) are
shown in Fig.6.

Under the different induction powers and the same
die-casting condition, the mechanical properties of
die-castings before and after heat treatment are measured
and shown in Fig.7. This shows that the tensile strength
of as-cast die-casting in 105 kW induction reheating power
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reaches the maximal value of 282 MPa, but its
elongation and hardness are relatively low. Its reasons
are that the grain size and roundness existing in
semi-solid billets before die-casting and die-castings
after die-casting are lager. The tensile strength,
elongation and hardness of as-cast die-casting in 90kW
induction reheating power are 266.2 MPa, 12.2% and
81HBS, respectively, which are increased by 3.5%, 50%
and 3.3%, respectively, compared with the ones under
power of 60 kW.

Fig.8 Locations for hardness and metallographic observation in
rear supporting part

Fig.9 Microstructures of thixoforming sample under different reheating powers: (a) Position 4, 60 kW; (b) Position B, 60 kW;
(c) Position 4, 75 kW; (d) Position B, 75 kW; (e) Position 4, 90 kW; (f) Position B, 90 kW; (g) Position 4, 105 kW; (h) Position B,

105 kW
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Fig.10 Changes of average grain size and Brinell hardness with induction reheating power: (a)Average grain size; (b)Hardness

Therefore, the process time
mechanical properties improvement of die-castings
appear with the increase of induction heating power.
Simultaneously, reasonable heat treatment can obviously

shortening and

improve the mechanical properties of die-castings. Total
properties of die-castings in 90kW induction reheating
power of billet are optimal.

The above researches told us that the same
non-dentrite billets of aluminum alloy can obtain some
semi-solid die-castings with different structures and

mechanical  properties under varied reheating
technologies. Therefore, some basis for the adequate
manufacture method of semi-solid process was

introduced to meet the needs of process optimization and
cost saving, and reverse design thought of structure from
the requirement of applied properties was established. In
order to verify the rationality of this reverse design
thought in microstructure, the study chose rear
supporting part of automobile for verification test as
shown in Fig.8, the locations of metallographic
observation and hardness measure are positions 4 and B
of this die-casting in Fig.8.

The observed results as shown in Fig.9 are taken
quantitative statistics, and their results are shown in
Fig.10. Under 90 kW induction heating power, the grain
of die-castings is finest in all conditions, its size in
positions 4 and B are 56.6 um and 50.6 pum, respectively.
Accordingly, the hardnesses in position 4 and B reach
maximal values 71.8HBS and 66.1HBS. Compared with
the results in stepped samples, the change tendency of
grain size in die-castings also inherits that in billets
before die-casting. Appropriate choice of reheating
process
microstructure

conduced to gain semi-solid
die-casting and furthermore
forming microstructure after die-casting. Therefore,

some parts with optimum mechanical properties can be

optimum
before

manufactured and the reverse design of die-casting
microstructure became reality.

4 Conclusions

1) During billet reheating process, the higher the
electromagnetic induction heating power is, the shorter
the time is, the smaller the grain and the roundness are,
which provides high-quality semi-solid billet for the
afterwards thixoforming at power of 90 kW, minimal
grain diameter of 54.2 pm and roundness of 1.36.

2) The microstructures of thixoforming samples
heated under different powers inherit the microstructures
of semi-solid billets before thixoforming. The smaller the
microstructure before thixoforming is, the smaller the
microstructure after thixoforming is.

3) Appropriate choice of reheating process is
conduced to gain optimum semi-solid microstructure
before  die-casting and  furthermore  forming
microstructure after die-casting. Therefore, the reverse
design of die-casting microstructure becomes reality.

4) Among the three essential processes of semi-solid
forming, it is allowable to make a reverse design of the
reheating semi-solid microstructure according to the final
microstructure, which realizes the goal of improving
production efficiency and saves the cost.
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