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Improvement of formability of silicon-containing recycled
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Abstract. To clarify the detrimental effect of Si content on the fabrication of wrought products
with recycled aluminum ingots, the formability of cold-rolled Al-Si alloy sheets with different Si
contents was evaluated and improved by a V-bending test after rapid heating. It was shown that
rapid heating to a certain temperature can improve the formability of Al-Si alloy sheets, and the
higher heating temperatures, the more severe forming can be accomplished even for difficult-to-
process Al-12%Si alloy sheet. High temperature tensile tests after rapid heating and observation
of fracture surfaces indicated that rapid heating improves the ductility of aluminum matrix, and
relieves stress accumulation around Si particles, resulting in the suppressed initiation of cracks.

Introduction

To improve fuel efficiency of automobiles, light-weight Al-Si alloy (die)castings are utilized for
engine parts, while 5000 series (Al-Mg) and 6000 series (Al-Mg-Si) alloy sheets have been adapted
for panel components. However, when the vehicles are disposed, the (die)castings and alloy sheets
are mechanically crushed and melted together without sorting, resulting in the production of
secondary ingots with various alloy compositions of Si, Mg, Cu, Fe, Mn and so on [1, 2]. In the
present recycling system, such recycled ingots are exclusively utilized for fabricating low-purity
casting materials (i.e. cascade recycling), but electrification of automobiles forecasts the decreased
demand of engine parts. Therefore, application of secondary ingots to wrought products (i.e.
upgrade recycle) is highly anticipated by improving their formability.

Recently, the authors successfully improved the formability of difficult-to-process A7075-T6
alloy sheets by hot stamping after rapid heating to medium temperatures [3]. The proposed forming
method appears to be applicable to recycled wrought aluminum because short heating time of 10-
20 s decreases the deformation resistance but increases the elongation to fracture at the
temperatures. In this study, rapid heating to 200, 250 or 300°C was applied to cold-rolled Al-Si
alloy sheets with different Si contents, and then their formability was evaluated by 90° V-bending
test with punch radii R =2 and 9 mm. The purpose of this study is to optimize heating temperatures
for applying recycled aluminum sheets with various Si contents (3, 7 and 12%Si) to wrought
materials.

Experiment

Al-3, 7 and 12%Si1 binary alloys prepared from 99.7%-purity aluminum and Al-19.5%Si mother
ingot were melted in a graphite molten crucible by a resistance furnace below 720°C, degasified
by Ar gas flow, and then casted into an iron mold preheated to 150°C. The compositions of the
fabricated alloys were evaluated by a handheld XRF analyzer (HITACHI X-MET range) and listed
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in Table 1. The ingots with a dimension of 200x80x20 mm?> were subjected to surface milling,
homogenization treatment at 540°C for 4 h, hot rolling to 10 mm thickness and cold rolling to 2
mm thickness (i.e. reduction ratio of cold rolling is 80%).

Table 1. Compositions of the fabricated Al-Si binary alloys [%].

Si Fe Al
Al-3%S1 3.43 0.22 Bal.
Al-7%Si1 6.78 0.22 Bal.
Al-12%S1 12.73 0.28 Bal.

Mechanical properties of the as-cast, as-homogenized and cold-rolled samples were evaluated
by room-temperature tensile tests. Tensile test specimens with a dimension shown in Fig. 1 were
fabricated by punching with a die. Microstructural observation using optical microscopy (OM) and
scanning electron microscopy (SEM) was conducted to clarify the relationship between
microstructures and mechanical properties. Specimens for the microscopy observation were
mechanically polished by waterproof papers, and then etched with a Keller solution. Size
distribution and area fraction of Si particles were quantitively evaluated by analyzing OM images
using ImagelJ software.

To evaluate the formability of the fabricated Al-Si cold-rolled sheets, 90° V-bending test with
punch radii R =2 and 9 mm was conducted at room temperature or, if failed, after rapid heating to
200, 250 or 300°C as schematically illustrated in Fig. 2. A square blank with a dimension of
150x20%2 mm?® was sandwiched between hot plates at 300°C maximum, and then heated to the
target temperature within 10-20 s.
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Fig. 1. The dimension of tensile test specimens.
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Fig. 2. Schematic illustration of procedure of rapid heating and V-bending.

Results

Relationship between mechanical properties and microstructures. Fig. 3 shows stress-strain curves
of cold-rolled Al-Si alloy sheets subjected to reduction ratio of 80%. Irrespective of Si content,
ultimate tensile stress (UTS) of the three alloys reached 200-210 MPa although the elongation to
fracture decreased from 8% to 4% with increasing Si content. The corresponding OM and SEM
microstructures are shown in Fig. 4. It was found from SEM images that Si particles are fractured
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through rolling process, and sharp edges cause stress concentration during tensile deformation,
resulting in lower ductility. The decrease in ductility is greater in the highest Si-containing Al-
12%S1 alloy because Si particles are coarser and more angular as illustrated by the size distribution
in Fig. 5.
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Fig. 3. Stress-strain curves of cold-rolled Al-Si alloy sheets.
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Fig. 4. OM and SEM microstructures of cold-rolled Al-Si alloy sheets.
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Fig. 5. Size distribution of Si particles in cold-rolled Al-Si alloy sheets.
V-bending tests. Results of 90° V-bending tests with punch radii of R =9 mm and 2 mm are shown
in Fig. 6. At R =9 mm, V-bending of Al-3%Si and Al-7%Si alloy sheets was successful even

without rapid heating, indicating that the amount of Si particles has less influence on the
degradation of their formability (Fig. 6(a)). In V-bending of more Si containing Al-12%Si alloy,
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on the other hand, V-bending could not be accomplished at room temperature, and therefore rapid
heating to 250°C became quite effective for improving the formability of Al-12%Si alloy.

The effectiveness of such a hot stamping method was clarified even in the case of R =2 mm
(Fig. 6(b)); Al-3%Si alloy could be V-bent at room temperature, whereas rapid heating to 250 and
300 °C was required for Al-7%Si and Al-12%Si alloys, respectively. Therefore, it was revealed
that higher Si content degrades the formability of the Al-Si alloy sheets, but rapid heating to a
certain temperature can improve the formability of recycled wrought aluminum.
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Fig. 6. Results of 90° V-bending tests of cold-rolled Al-Si alloy sheets with punch radii of (a) 9
mm and (b) 2 mm.

Discussion

To discuss the reason why rapid heating before forming improves the formability of cold-rolled
Al-Si alloy sheets, the influence of rapid heating on mechanical properties of Al-12%Si alloy was
evaluated by high-temperature tensile tests after rapid heating (Fig. 7(a)). The obtained stress-
strain curves confirmed that heating to 300°C decreases deformation resistance to ~50 MPa, but
improves the elongation to fracture above 20% (Fig. 7(b)).

The corresponding tensile fracture surfaces of cold-rolled Al-12%Si alloy sheets are shown in
Fig. 8. It was revealed from the SEM images that coarse Si particles are exposed from the matrix
with fine dimples at room temperature, but larger dimples at higher temperatures. This suggests
that cracks were propagated along Si particles, but the fracture was retarded by the deformation of
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the surrounding matrix with increasing heating temperatures. Therefore, rapid heating before
forming can improve the formability of even difficult-to-process Al-12%Si alloy because relieved
stress concentration between Si particles and Al matrix delays the propagation of cracks.
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Fig. 7. Schematic illustration of procedure of high-temperature tensile test after rapid heating
(a). The obtained stress-strain curves at 200, 250 or 300°C was also shown in (b) for cold-
rolled Al-12%Si alloy.

Fig. 8. Tensile fracture surfaces of cold-rolled Al-12%Si alloy at different temperatures.

Summary

Al-3, 7 and Al-12%Si binary alloys were subjected to cold rolling by 80%, and then V-bent at

room temperature or, if failed, after rapid heating to 200, 250 or 300°C for evaluating their

formability. The obtained results are summarized below.

1. Irrespective of Si content, higher ultimate tensile stress (UTS) of 200-210 MPa were obtained,
but the elongation to fracture decreased from 8% to 4% with increasing Si content, resulting
from stress concentration caused by sharp edges of fractured Si particles.

2. From the results of 90° V-bending tests, it was found that the formability of cold-rolled Al-Si
alloys is degraded with increasing Si content, but improved by rapid heating to a certain
temperature. In the case of punch radius R = 9 mm, for example, Al-3%Si and Al-7%Si alloy
sheets were successfully V-bent at room temperature, but V-bending of more Si containing
Al-12%S:1 alloy could not be accomplished at room temperature. Therefore, rapid heating to
250 °C become quite effective for improving the formability of Al-12%Si alloy.

3. The effectiveness of rapid heating was clarified even in more severe case of R =2 mm. Al-
3%Si alloy could be V-bent at room temperature, but rapid heating to 250 and 300 °C was
required for Al-7%Si and Al-12%Si alloys, respectively. Therefore, rapid heating before
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forming can improve the formability of even difficult-to-process Al-12%Si alloy because

relieved stress concentration between Si particles and Al matrix delays the propagation of
cracks.
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