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Effect of rapid solidification aluminum alloys
with different Si contents
on mechanical properties and microstructure

Wptyw szybkiej krystalizacji stopow aluminium
z r6zng zawartoscia Si
na wtasnosci mechaniczne oraz mikrostrukture

Abstract

Rapid solidification is a relatively new and effective way of producing ultrafine-grained UFG alu-
minum alloys with enhanced mechanical properties. Due to a significant cooling rate close to
nearly 10 K/s, it is possible to obtain a material with grain size far below 100 nm. In the pres-
ent study, RS aluminum alloys with an Si content in a range of 5-10 wt% were produced during
melt spinning. As a result, materials in the form of ribbons were produced. The as-received flakes
were subjected to cold pressing into cylindrical billets with a diameter of 40 mm. Hot extrusion
of pre-compacted material was subsequently performed at a temperature of 450°C with a press
ram speed of 3 mm/s and extrusion ratio of A = 25. In this work, the influence of brittle phases on
the mechanical properties of as-extruded rods will be examined. Both tensile and microhardness
tests were performed in order to determine the mechanical properties of the obtained profiles. It
has been shown that brittle-phase refinement during melt spinning significantly influences the
mechanical properties of the tested materials.
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Streszczenie

W wyniku szybkiej krystalizacji mozliwe jest otrzymanie struktury drobnoziarnistej stopdw alumi-
nium o podwyzszonych wiasnosciach mechanicznych. Znaczna szybko$¢ chtodzenia na poziomie
10° K/s umozliwia otrzymanie wielkosci ziarna na poziomie 100 nm. W prezentowanych w pracy
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badaniach szybkiej krystalizacji poddano stopy aluminium o zawartosci 5 oraz 10% wagowych Si.
Otrzymane tasmy poddano wstepnemu prasowaniu na zimno do form brykietéw o $rednicy 40
mm. Proces wyciskania przeprowadzono w temperaturze 450°C z predkoscia ttoka réwna 3 mm/s.
Stopien przerobu wynosit A = 25. W niniejszym opracowaniu badano wptyw kruchych faz na wia-
snosci mechaniczne wyciskanych pretéw. W tym celu wykonano prébe jednoosiowego rozcigga-
nia oraz pomiary mikrotwardosci otrzymanych profili. Wykazano znaczny wptyw rozdrobnienia
kruchych faz podczas szybkiej krystalizacji na wiasnosci mechaniczne badanych materiatéw.

Stowa kluczowe: konsolidacja plastyczna, szybka krystalizacja, wyciskanie na gorgco

1. Introduction

Al-Si alloys are widely used in the modern automotive industry to produce engine blocks
and their parts [1, 2], and this is mainly due to their good castability, high wear resis-
tance, low thermal expansion coefficient, and preferable specific strength [3]. Conven-
tional casting of Al-Si materials leads to the formation of polygonal, star-like, or oblong
eutectic silicon phases whose size has a significant impact on mechanical properties [4].
Therefore, to improve these properties, additional refinement of silicon particles has to
be applied, using chemical modifiers such as Sb and Sr or, alternatively, using mechani-
cal methods such as ECAP [5], spray forming, or rapid solidification. The aim of this study
is to present the effect of silicon particle refinement obtained by the rapid solidifica-
tion (RS) technique on the mechanical properties of materials with different Si contents.
Compared to alloys cast by conventional means, alloys produced by RS exhibit a higher
Si refinement ratio, increased chemical homogeneity, enhanced supersaturation with al-
loying elements, and improved mechanical properties [6-9]. To make use of products
from the melt spinning process (i.e., ribbons, possible in any industrial application), their
plastic consolidation has to be performed. In this process, the ribbons pre-compacted
into the form of small billets are extruded at an elevated temperature [5, 10]. The experi-
mental results presented in this study have proven that a high cooling rate during RS has
a significant effect on both the structure and mechanical properties of the examined
materials.

2. Experimental procedure

Binary Al-Si (5, 10 wt%) alloys were prepared by adding pure Si to the AA1050 aluminum
melt obtained at 850°C by induction heating. The chemical composition of the AA1050
alloy is given in Table 1. Afterwards, the obtained materials were subjected to the process
of melt spinning performed with the use of a copper wheel (14.8 cm in diameter), which
rotated at a speed of 2800 rev/min. The melting of the aluminum alloy was carried out
at a temperature of 850°C in a graphite chamber in an argon atmosphere. The obtained
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ribbons (Fig. 1) were pre-compacted at room temperature under a pressure of 240 MPa
into a form of round (40 mm diameter, 10 mm thick) briquettes with a total weight of
25 g. As a reference material, an AA1050 (CM 1050) solid alloy with the same addition of
Si (CM 5%Si, CM 10%Si) and alloy were cast in a steel die. After the pre-compacting pro-
cess, the billets were preheated at 450°C for 20 minutes in a press container. This opera-
tion provided uniform temperature distribution inside the material. The billet weighing
200 g was extruded at a temperature of 450°C with a ram speed of 3 mm/s and extrusion
ratio of 25. As a result of this operation, a profile with a round cross-section of 8 mm di-
ameter was obtained. Tensile test samples with a gauge length of 25 mm and a diameter
of 5 mm were machined from the extruded profiles. Testing of the mechanical properties
was performed on a Zwick/RoellZ050 machine at room temperature and with a constant
strain rate of 8-107 s~'. In order to evaluate the size of the Si particles after extrusion,
microstructure examinations were performed under a Hitachi SU-70 SEM. Moreover, mi-
crohardness tests were made using a Shimadzu HMV-G hardness tester and a load of
0.9807 N (HV 0.1). Samples for microstructural examinations were prepared by grinding
and polishing the cross-sections of the extruded materials.

Table 1. Chemical composition of AA1050

Element Al Cu Fe Mg Mn Si Ti Y Zn Balance
weight% | 99.5 | 0-0.05 | 0-0.4 | 0-0.05 | 0-0.05 | 0-0.25 | 0-0.03 | 0-0.05 | 0-0.05 0.03

40 mm

Fig. 1. Images of ribbons with Si content: a) RS 5%Si; b) RS 10% Si - before and after pre-compac-
tion
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3. Surface of as-extruded rods

Figure 2 shows the surface quality of as-extruded rods with different silicon content ob-
tained from rapid solidification ribbons (RS) and cast material (CM). As can be observed,
all rods show good overall surface quality with no visible defects such as cracks or pores.
Smooth and glossy surfaces were observed along the entire length of the profiles regard-
less of Si content. Still, it has to be pointed out that good surface quality in each profile does
not necessarily mean the sound bonding of chips inside the material. To determine the lat-
ter parameter, additional microstructure observations and tensile tests were performed.

Fig. 2. Surface quality of as-extruded rods: a) RS 5%Si; b) CM 5%Si; c) RS 10%Si; d) CM 10 % Si;
e) CM 1050

4, Microstructure observations

Figure 3 shows the microstructure of an extruded profile cross section. Rapid cooling of
the molten metal lead to the significant refinement of Si particles, much higher than in
the traditional process [6, 11]. Additionally, the cast materials featured a notable amount
of porosity detected on the profile cross-sections (Fig. 3a, ¢). Compared to the reference
materials, the microstructure of as-extruded aluminum rods after rapid solidification
(designated as RS 5%Si and RS 10%Si) was characterized by a high ratio of silicon par-
ticle refinement and the presence of intermetallic phases (Fig. 3¢, d). They had spherical
and regular morphologies without cracks and pores. Some researchers suggest that the
arrested growth of silicon particles is the effect of limited diffusion caused by rapid so-
lidification [4]. The high cooling rate also increases the refinement ratio of the interme-
tallic phases [12]. Cast materials show the presence of plate particles of the intermetallic
phases (Fig. 3a, ). In RS materials, these phases are much finer and have a spherical or
rounded shape with a diameter of ~300 nm (Fig. 3b, d). Using an EDS (Energy Dispersive
Spectroscopy) detector and literature data [12, 13], these phases were identified as an
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Al-Si-Fe compound (Fig. 4). The average diameter of the intermetallic phases in the CM
5%Si and CM 10%Si materials where the cooling rate was approx. 10'-102? K/s was equal
to 1.88 um and 1.98 um, respectively. In contrast, in the rapidly solidified alloys cooled at
a rate of approx. 10°-10° K/s, the average diameter was 250 nm for the RS 5%Si alloy and
280 nm for the RS 10%S5i alloy.
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Fig. 4. The results of EDS analysis a) CM 10%Si; b) RS 10%Si
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5. Mechanical properties

Two separate plots are shown in Figure 5 (Engineering stress-strain curves) and Figure 6
(Microhardness of all tested materials). From these plots, it follows that mechanical prop-
erties such as YS, UTS, and microhardness increase with a higher Si content, but at the
cost of decreasing plasticity (Tab. 2). Elongation of the CM 10%S5i alloy reached only 11%.
When compared to the reference material designated as CM 1050, the significant de-
crease of plasticity can be attributed to the high content of Si and presence of interme-
tallic particles (Fig. 3c). After conventional casting, the particles of primary and eutectic
silicon and of the intermetallic Al-Si-Fe phases were characterized by an irregular and ob-
long needle-like morphology (Fig. 3a, c) [4]. This shape had a negative influence on the
mechanical properties of the extruded rods. Based on the results of a uniaxial tensile test
and microhardness measurements, it can be concluded that changes in the distribution
of phases and their morphology resulting from RS are directly reflected in the increase
of mechanical properties [9, 15, 16]. The results presented in Figure 5 suggest that alloys
made by rapid solidification preserve their high strength and plasticity. Changes in Vick-
ers microhardness depending on the solidification mode are shown in Figure 6. It was
observed that microhardness values of the CM 5%Si alloy cast by the traditional process
and of the rapidly solidified RS 5%5i alloy were at similar levels. A microhardness increase
of ~30% was observed in the RS 10% Si alloy. The comparison was made with an alloy
of the same chemical composition but having undergone the conventional solidification
process (CM 10% Si).
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Fig. 5. Engineering stress-strain curves
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Fig. 6. Microhardness for all tested materials

Table 2. Mechanical properties of obtained rods

YS [MPa] UTS [MPa] ELONG. [%] HV 0.1
CM 1050 60 95 44 28
CM 5% Si 80 130 30 37
RS 5% Si 120 155 28 40
CM 10% Si 130 230 1" 61
RS 10% Si 170 270 19 80

Conclusions

. High Si content in the extruded material raises the YS, UTS, and microhardness with

a simultaneous drop of plasticity when compared to materials with the same Si con-
tent obtained by conventional technology.

. Silicon particles after RS are characterized by a regular, spherical shape without eu-

tectic crystals or large intermetallic particles.

. The rapidly solidified RS 10%Si alloy has levels of microhardness, YS, and UTS nearly

3 times higher as compared to the reference material (which is the CM AA1050 alloy
obtained by conventional technology).

. Rapidly solidified alloys after plastic consolidation are free of any visible porosity.
. The rapid solidification of materials containing more than 5% Si preserves their high

mechanical and plastic properties when compared to materials extruded from solid
billets.

. In materials obtained by the process of rapid solidification and hot-extrusion, the

intermetallic phases of Al-Si-Fe had an average diameter of ~300 nm.
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