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Abstract: The inhomogeneity of density and mechanical properties of A357 aluminum alloy in the semi-solid state were investigated.
Numerical simulation and backward extrusion were adopted to study the preparation of cup shells. The results show that the relative
density of the wall is the lowest in samples, and that of the base is the highest. With increasing the billet height, more time is needed
for relative density of the corner to reach the maximum value, and the relative densities in every region improve evidently with
increasing the pressure. The tensile stress was simulated to be the largest at the corner, and the hot tearings were forecasted to mainly
appear at the corner too. By employing proper billet height and pressure, the extruded samples consisted of fine and uniform
microstructures, and can obtain excellent mechanical properties and Brinell hardness.
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1 Introduction

In recent years, aluminum alloys are widely used in
automotive and aerospace industries because of their
high specific strength and rigidity. Traditional processing
technologies cannot completely satisfy the requirements
because forging complex parts is difficult and the casting
workpieces cannot obtain  excellent properties.
Thixoforging is one type of semi-solid metal processing
[1-7]. It is no longer a novel, but rather a powerful
technology for forming alloys in the semi-solid state to
near net shaped products [8—11]. Thixoforging describes
the process where suitable material is heated into the
semi-solid state and placed into a die to shape the
material in the semi-solid state [12—13]. For the alloy to
be shaped in the semi-solid state, it must have an
appreciable melting range, before thixoforging, the
microstructures must consist of solid metal spheroids in a
liquid matrix. In this state, the alloy is thixotropic. If it is
sheared, the viscosity falls and it flows like liquid; but if
allowed to stand it thickens again. The main advantages
of thixoforging are low forming temperature (compared

with casting) and low forming force (compared with
forging) [14—18]. Workpieces with complex shape and
excellent mechanical properties could be prepared by
thixoforging in one procedure.

Solidification of liquid phase still exists in
thixoforging. The deformation and solidification are
inhomogeneous because of the applied load and original
solid particles, so the microstructures and mechanical
properties exhibit obvious inhomogeneity, and even
result in hot tearings [19-21].

In this work, the effect of pressure and billet height
on true density during backward extrusion process was
investigated by  numerical  simulation  (using
DEFORM-3D), temperature field and stress field during
solidification were investigated by numerical simulation
(using ProCAST), and inhomogeneity of mechanical
properties and its influencing factor were investigated by
extruding cup shells of A357 aluminum alloy in the
semi-solid state.

2 Experimental

The composition of A357 aluminum alloy
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investigated in this study is provided in Table 1. The
solidus and liquidus temperatures of this alloy were
obtained as 560 °C and 610 °C using differential thermal
analysis (DTA).

Table 1 Composition of A357 aluminum alloy

w(Si)/% w(Mg)/% w(AD/% w(Ti)/%

6.50-7.50  0.45-0.60 Bal. <0.20

w(Fe)/% w(Cu)/% w(Mn)/% w(Zn)/%
<0.20 <0.20 <0.10 <0.10

2.1 Foundation of simulation model

The density of semi-solid billets alters during
thixoforging process because solidification of liquid
phase still exists. The semi-solid billets were defined to
be rigid-viscoplastic. In this simulation, A357 aluminum
alloy was defined as a pseudo-plastic body of porosint.
The original relative density was set as 0.96.

The constitutive equation in this simulation is as
follows:

G =0(e,8T) (1)

where & 1is the yield stress, ¢ is the equivalent strain,
& is the strain rate and T is the temperature. The true
stress—true strain responses of A357 semi-solid alloy
compressed under different temperatures and strain rates
were inputted into material storage, and the flow stress
model was established using log-log space linear
differential analysis. Figure 1 shows the true stress—true
strain response of A357 aluminum alloy compressed at
568, 574 and 580 °C, under the strain rates of 1x10*
1x1073, and 5103 s, respectively.

Figure 2 shows the geometric model in this
simulation, and a half is adopted for its symmetrical
character, and the diameter of cup shell is 60 mm. The
friction between the billet and the die was described by
shear friction model based on the equation of 7=
(0.6—0.8)k, where 7 is shearing stress and & is shearing
yield strength.

2.2 Experimental procedure

Figure 3 shows the schematic diagram of the die of
backward extrusion. The extrusion process was
performed using a hydraulic press of 2 000 kN. The
preheating temperature of the die was 300-350 °C.
As-deformed A357 aluminum alloy billets were
machined to cylinder-shaped samples with a diameter of
60 mm and different heights. The samples were reheated
to 580—590 °C and isothermally held for 40 min using a
box type furnace. A hole with a diameter of 1.5 mm was
drilled into the centre of each sample, and the
temperature of samples was controlled by a K-type
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Fig. 3 Schematic diagram of die of backward extrusion:
1—Upper pattern plate; 2—Backing plate; 3—Mounting plate;
4—Upper punch; 5—Pressure back; 6—Bottom die; 7—Die
sleeve; 8—Down pattern plate; 9—Screw bolt; 10—Workpiece;
11—Resistance wire; 12—Mould core; 13—Ejector pin

thermocouple inserted in the hole. Graphite was used as
lubricant. The loading speed was 15 mm/s and the dwell
time was 1020 s.

The extruded samples were treated under T6
thermal treatment (solution treatment at 490 °C for 3 h
plus aging treatment at 160 °C for 10 h). Three different
regions of the samples were chosen to be investigated, as
shown in Fig. 4. The samples for optical metallography
were ground and polished by standard techniques, and
then etched for about 20 s with 2.5% HNOs-1.5%
HCI-1% HF aqueous solution [22]. The tensile samples
for mechanical property tests were machined from region
1 and region 3 shown in Fig. 4, and were tested using
INSTRON 5582 universal testing machine. The true
densities of the extruded samples were obtained using
Archimedes principle, and the equation for calculating
the density is as follows:

p=pim/(m=m;+ m;) (2)

where m is the tested mass of sample in air; m; is the
tested mass of sample and hang spring in distilled water;

AN

Fig. 4 Different regions for investigation

m, is the tested mass of hang spring in distilled water; p;
is the density of distilled water at tested temperature.
Each tensile or density value is the average of three
measurements.

3 Results and discussion

3.1 Simulation and discussion

Figure 5 shows the relative densities of workpieces
extruded under a same pressure of 100 MPa when the
billets were 35, 40, 45, 50 and 60 mm in height,
respectively.

As shown in Fig. 5(a), P, is at the sample wall, P, at
the corner and P; at the base. As shown in Figs. 5 (b)—(f),
lines 1, 2 and 3 are the relative densities of P;, P, and Ps,
respectively; the relative density of the wall is the lowest
in all the samples, and the highest at the base. During the
backward extrusion process, the base was compacted
heavily since it endured most of pressure, so the relative
density was improved obviously at here. With increasing
the billet height, more time is needed for relative density
of the corner to reach the maximum value. The reason is
that friction is playing a more important role with
increasing billet height, and more time is needed for
overcoming the friction. The separation phenomena of
the solid and liquid phase in the thixoforming process
were studied (mainly focus on indirect thixoforging), and
the marginal region of thixoformed-parts mainly
consisted of coarse grains and eutectic network at grain
boundaries, resulting in lower mechanical properties and
densities compared with those in loading center region
[23—-25]. However, in this work, the whole semi-solid
billets could be applied at a desired pressure in the
thixo-extruding process (direct thixoforging). Therefore,
the relative density of the firstly-extruded partial wall
was improved slightly because the punch applied some
load at here.

Figure 6 shows the relative densities of samples
extruded under five different pressures (60, 80, 100, 120
and 140 MPa), and with a same billet height of 40 mm.

As shown in Fig. 6(a), P, and P, are at sample wall,
P; at the corner and P, at the base. As shown in
Figs. 6(b)—(f), lines 1, 2, 3 and 4 are the relative densities
of Py, P,, P; and Py, respectively; the relative densities of
every parts were improved with increasing pressure. The
relative densities at P,, P; and P, reached the maximum
value quickly and then presented a stable value, while
more time was needed for P; to achieve its maximum,
and the relative density was always the lowest at P,
when the pressure was increased from 60 MPa to 120
MPa. The relative densities at P,, Pz and P, could
achieve 0.999 under a small pressure of 80 MPa, but it
could only reach 0.998 at P; even if a much large
pressure of 140 MPa was applied. Figure 6 indicates
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Fig. 5 Positions of characteristic points (a) and relative densities of billets with 35 (b), 40 (c), 45 (d), 50 (¢) and 60 mm (f) in height

that the densities were inhomogeneous in backward
extruded cup shells due to uneven stress distribution, and
a large pressure (>140 MPa) was required for producing

a cup shell with uniform densities.

Figure 7 shows the equivalent strain fields during
backward extrusion. At the first stage of extrusion

process, the deformation was mainly centralized at the
corner through where the billets flowed from the base to
the wall, and the first-extruded partial wall deformed
little because it was similar to inflexible moving, as
shown in Figs.7(a) and (b). With the continuing of
backward extrusion, as shown in Fig. 7(c), more and
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Fig. 6 Positions of characteristic points (a) and relative densities of samples under five different pressures of 60 MPa (b), 80 MPa (c),

100 MPa (d), 120 MPa (e) and 140 MPa (f)

more billets were extruded from the base to the wall, so

the deformation was

more distributed upon the

workpiece, but the equivalent strain was still largest at
the corner. At the last stage, as shown in Fig. 7(d), the
equivalent strain of the firstly-extruded partial wall

increased slightly because the punch applied some load
at here. But it was still the lowest, so the density was the
lowest at here, as shown in Fig. 5 and Fig. 6.

Figure 8 shows the distribution of fraction of solid
at the terminal stage of solidification (billet height of
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Fig. 8 Distribution of fraction of solid at terminal stage of
solidification

60 mm and a pressure of 100 MPa), and the solidification
process was simulated using ProCAST. As shown in
Fig. 8, the fraction of solid is the lowest in the wall,
indicating that some liquid alloy still existed at here
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Fig. 7 Equivalent strain fields during backward extrusion: (a) The first stage; (b), (c) Continuing stage; (d) The last stage

while the solidification had almost finished at the base.
The solidified alloy cannot obtain enough liquid feeding
from solidified material, and considerable tensile stress
may be aroused due to solidification shrinkage.

Figure 9 shows the distribution of the first principal
stress in the terminal stage of solidification. As shown in
Fig. 9, the tensile stress is the largest at the corner. The
reason is attributed to the thermal stress caused by
solidification shrinkage of the wall, in combination with
the limited liquid feeding from the base. The hot tearings
would appear probably in the region where the thermal
stress surpasses the tensile strength, in combination with
limited liquid feeding and low ductility. As shown in
Fig. 10, the hot tearings were forecasted to mainly appear
in the yellow region at the corner.

3.2 Results and discussion

Figure 11 shows the extruded cup shells prepared
with different billets heights and under different
pressures.
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Fig. 9 Distribution of the first principal stress in terminal stage
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Fig. 10 Forecast of distribution of hot tearings

Fig. 11 Extruded cup shells prepared with different billets
heights (a) and under different pressures (b)

Figure 12 shows the true densities of the extruded
cup shells prepared with different billets heights (under a
same pressure of 100 MPa), and under different
pressures (with a same billet height of 40 mm). As
indicated in Fig. 12(a), the true densities in regions 1, 2
and 3 all decreased with increasing billet height, and the

density was always the highest in region 3 and lowest in
region 1. For billet with 35 mm in height, the true
densities in the three different regions were almost
uniform, and appeared more inhomogeneous with
increasing billet height. When the billet height was too
high, the pressure would overcome more friction, and the
semi-solid billets could not be compacted sufficiently.
The testing results were anastomotic to the simulation,
and higher pressure was needed for extruding workpieces
of high-height. As shown in Fig. 12(b), the true densities
of regions 1, 2 and 3 all increased with increasing the
pressure, and the density was always the highest in
region 3 and lowest in region 1. The true density in
region 1 was still lower than that in region 3 slightly,
even when the pressure of 140 MPa was applied. The
testing results were anastomotic to the simulation too,
indicating that higher pressure (more than 140 MPa) was
needed for preparing backward extruded workpieces
with uniform density.
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Fig. 12 True densities of extruded cup shells prepared by billets
with different heights (a) and under different pressures (b)

Figure 13 shows the microstructures in different
regions of the extruded cups (a billet height of 40 mm
and a pressure of 140 MPa). As shown in Fig. 13, the
microstructures are very fine with grain sizes of 20—50
pm. The extruded samples consisted of fine and uniform
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microstructures.

The mechanical properties and Brinell hardness
were tested in regions 1 and 3 (a billet height of 40 mm
and a pressure of 140 MPa), as shown in Table 2. The
extruded samples could obtain excellent mechanical
properties and Brinell hardness, and they were slightly
higher in the region 3 than those in region 1.

ol 4 Tl
7 Wl W e TN

Fig. 13 Microstructures of extruded cup shell in regions 1 (a),
2 (b) and 3 (¢)

Table 2 Mechanical properties and Brinell hardness tested in
regions 1 and 3

Tensile Yield Eloneation/ Brinell

Region  strength/  stress/ §/ hardness,
MPa MPa ’ HBS
1 383 310 9.0 155
3 391 315 8.8 172

4 Conclusions

1) For cup shells backward extruded in the
semi-solid state, the relative density of the wall was the

lowest, and the highest at the base. With increasing the
billet height, more time was needed for relative density
of the corner to reach the maximum value. The relative
densities of every parts were improved with increasing
pressure, and a large pressure (>140 MPa) was required
for producing a cup shell with uniform densities.

2) In the terminal stage of solidification, tensile
stress distributed upon the extruded cup shells unevenly,
and was the largest at the corner. The hot tearings were
forecasted to mainly appear at the corner.

3) The experimental results were anastomotic to the
simulation, and backward extruded workpieces could
obtain high and uniform densities with lower billet
height and higher pressure. The extruded samples
consisted of fine and uniform microstructure, and could
obtain excellent mechanical properties (tensile strength
of 380 MPa and elongation of 9.0%) and Brinell
hardness (HBS of 150), if employing proper billets
height and pressure.
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