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Abstract:

The use of secondary aluminum for structural components in the automotive industry is limited by
the high Fe contents in recycled alloys which often result in the formation of brittle -AlsFeSi
phase which reduces the ductility of aluminum castings. In this study, a new secondary Al-Si-Mg
alloy with high Fe content (about 0.44 wt.%) was developed for die casting applications. Based on
thermodynamic modeling, manganese was added to obtain a designed Fe-to-Mn ratio of 2 which
successfully suppressed the formation of f-AlsFeSi phase, by forming a-Alis(Fe,Mn)3Si2 phase
with rounded or hexagonal morphology. Additionally, a fine needle-like n-AlsFeMg3Siz phase was
also formed within the eutectic regions. The new recycled alloy showed comparable mechanical
properties in as-cast and heat treated (TS5 and T6) conditions to three major primary die cast alloys
(£ 0.2 wt.% Fe) with similar composition. Ductility up to 7.4% from tensile elongation was
achieved in as-cast recycled alloy due to the modification and refinement of a-Alis(Fe,Mn)3Si2 by
Mn and Sr additions. Tensile elongation was further improved to 9.1% after T6 treatment as a
result of dissolution of m-AlsFeMg3Si> phase, defragmentation of a-Alis(Fe,Mn)3Si2 and the
spheroidization of Si phase. This new alloy provides a promising path for increasing usage of
recycled aluminum with high Fe content in structural die castings for automotive and other

applications.

Keywords: Recycled aluminum, alloy development, Al-Si-Mg alloys, structural castings, Al-Fe
intermetallics, solidification
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1. Introduction

Lightweighting vehicles by replacing steel and iron components with aluminum castings can
significantly increase fuel efficiency and reduce greenhouse gas emissions during their lifetime.
Al-Si-Mg based alloys offer good castability, high specific strength and excellent corrosion
resistance, which are suitable for thin-wall automotive structural castings produced by high
pressure die casting process (HPDC)!"*. HPDC is an efficient manufacturing technology used for
high volume production of automotive structural parts. In the last two decades, applications of
aluminum structural die castings in the automotive industry have significantly increased, replacing
stamped and welded steel sheet parts, such as shock towers, A or B pillars, subframes and door
panels. One recent development is the large single-piece body casting for Tesla Model Y, which
replaced 70 parts of stampings, extrusions, and castings. Aluminum castings used for structural
applications are currently produced using primary aluminum alloys with low impurity levels to
avoid the formation of detrimental intermetallic phases. Three major structural alloys used in the
die casting industry, i.e., Silafont-36*) from Rheinfelden Alloys, Aural-28! from Rio Tinto and
EZCast?® from Alcoa (see Table 1 for detailed compositions), are all produced from primary
aluminum. The Fe content in these alloys is kept less than 0.2 wt.%, and other impurities, such as
Zn and Cu, are kept less than 0.05 wt. % to ensure a ductility (tensile elongation) of at least 5%
for as-cast and heat-treated alloys.

However, the electrolysis process used in primary aluminum production is energy-intensive and
with considerable CO: emissions, which compromises the environmental benefits of
lightweighting vehicles via using aluminum components. On the other hand, recycling of
aluminum is significantly more economical, and requires only a small fraction (~5%) of the energy
required for primary production'*®!. The main limitation of recycled Al-Si-Mg alloys is that the
mechanical properties of these alloys, specifically ductility, can be inferior to their primary
counterparts, because of the accumulation of unwanted Fe through cascading recycling of unsorted
aluminum scrap™” '3, Iron can form several intermetallic phases, such as, 0-Ali3Fes, a-AlsFe2Si,
B-AlsFeSi, §-AlsFeSiz, m-AlsFeMgsSiz, etc., with Al, Mg and Sil'*'6l. These intermetallics
generally have adverse effect on the ductility and toughness of secondary Al-Si-Mg alloys, and
thus restrict the use of recycled alloys for structural components and other safety-critical

applications in the transportation industry. In addition, these structural components need to be
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assembled with other cast, extruded, or sheet members by riveting/welding processes, which also
has certain ductility and/or weldability requirements.

The effect of Fe-containing intermetallic phases on the mechanical properties of aluminum
castings depends on their size, morphology, and volume fraction. Among the reported intermetallic
phases, B-AlsFeSi is the most detrimental as it forms as interconnected thin-platelets during
solidification!!"!8]. The B-AlsFeSi platelets have sharp tips and corners creating stress
concentrations that can promote crack formation and propagation. The formation of B-AlsFeSi
platelets can be suppressed by adjusting Fe/Mn ratio, depending on the cooling rate during
solidification, by forming a-AlsFe2Si and/or a-Alis(Fe,Mn)3Si2 phases with a ‘Chinese-script’ or
globular morphology which is less detrimental to mechanical propertiest!®?’]. In a recent
publication?!!, the authors investigated the relationship between Fe/Mn ratio and cooling rate and
proposed a formation map for Fe-containing intermetallic phases that can be used to control the
microstructure of Al-Si-Mg-Fe-Mn alloys with high Fe contents (0.5-1 wt.%). At low and
intermediate cooling rates (such as gravity sand or permanent mold casting), a Fe-to-Mn ratio of
~1 can inhibit the formation of detrimental B-AlsFeSi phase. At high cooling rates (above 65°C/s,
close to HPDC), the formation of B-AlsFeSi phase can be suppressed with the Fe-to-Mn ratios
between ~1.6 and 3 for Al-Si alloys that contains up to 1% Fe!?!J. The precise control of Fe-to-Mn
ratio to obtain a refined microstructure, that contains relatively benign intermetallic phases at
minimal volume fractions while avoiding coarse sludge formation (SF = (1 X wt.%Fe) +
(2 x wt.%Mn) + (3 X wt. %Cr))??!, makes it possible to achieve high mechanical performance
in low-cost secondary alloys with high Fe contents for die casting applications.

Another important microstructure feature that has an impact on alloy ductility is the
morphology and size of the eutectic silicon particles?*?*. Si particles with acicular morphology
and coarse B-AlsFeSi platelets can significantly reduce the elongation of recycled Al-Si-Mg alloys
and prevent them being used for safety-critical structural parts. In addition to modification of -
AlsFeSi phase by alloying with Mn, Sr-modification of eutectic Si can further enhance the
mechanical properties of recycled Al-Si-Mg alloys. It also has been reported that Fe-containing
intermetallics can be refined with additions of Sri?>26],

In recent studies, the effect of Fe-to-Mn ratio on the formation of Fe-containing intermetallics
and mechanical properties in AI-Mg-Si and Al-Si-Mg alloys with high Fe contents produced by
HPDC were investigated. Ji et al.l*”) compared the mechanical properties of Al-Mg-Si-Fe alloys
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with and without Mn and observed a slight increase in yield strength and less severe reduction in
ductility of alloy when the alloys contained Mn. Bésch et al.[’! investigated the microstructural and
mechanical property evolution in Al-Si-Mg alloys with 0.55% Fe with increasing concentration of
Mn. It was concluded that Fe-to-Mn ratio of ~1 was required to achieve the best mechanical
properties since the premature failure was avoided by eliminating -phase and refining polyhedral
a-phase particles. The alloys investigated in both studies were produced from primary aluminum
and master alloys and not from actual aluminum scrap, and the purpose of both studies was to
provide a proof of concept to show that alloys with high-Fe contents can still achieve required
mechanical properties for structural casting applications. More recently, Lumley!'!! presented a
research on turning A356 scrap from recycled wheels through additions of ferro-manganese and
ferro-silicon to die-castable alloys. The investigated alloy compositions with ~0.4% Fe showed
good combination of mechanical properties that would allow these alloys to be used for automotive
structural applications. In addition, Lumley’s investigation showed that it is possible to lower the
solution heat treatment temperature without loss in mechanical properties which is advantageous
to further reduce carbon-foot print of recycled aluminum alloys. Song et al. [?! studied the effect
of Mn/Fe ratio on the Fe removal efficiency in Al-7Si-2.4Fe alloy and its mechanical properties.
The study showed that increasing Mn content was decreasing yield strength while fracture strength
and elongation were significantly improved.

The focus of this paper is to showcase the mechanical properties of a recycled Al-Si-Mg alloy
with high Fe content (0.44 wt.%) that was prepared from mixed aluminum scrap by a secondary
alloy producer and cast using vacuum-assisted high pressure die casting process. The composition
of the alloy was designed based on a previously developed Fe-rich intermetallic formation map [!?!
that correlates processing conditions and alloy composition. The mechanical properties of the new
recycled alloy were evaluated in as-cast and heat-treated (TS5 and T6) conditions and compared
with primary alloy EZCast provided by Alcoa. The new recycled alloy showed comparable
mechanical properties with primary structural alloy EZCast, which provides a pathway to increase

the usage of secondary aluminum alloys in structural castings in automotive and other industries.
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II. Materials and Methods
A. Alloy Composition and Melting Procedures

Ingots of a secondary aluminum alloy were prepared by Audubon Metals LLC (Henderson,
KY) using aluminum scrap. The alloy composition was designed based on the Fe-containing
intermetallic formation map as well as consideration of mechanical, corrosion and castability for
large and thin-wall automotive structural applications. As received ingots did not contain any Sr.
About 300 Ibs. of ingots of the secondary alloy were remelted in an Thermtronix electric resistance
furnace. Sr was added during the remelting process, prior to die casting trial, using Al-10 wt.%Sr
master alloy rods. The composition of the secondary aluminum alloy was measured using
SPECTROMAXXx optical emission spectrometer after addition of Al-Sr master alloy and at the end
of trial to monitor the possible fading of Sr content. The measured compositions of the new
recycled alloy are presented in Table 1, in comparison with the three major primary die cast

aluminum alloys.

Table 1. The measured compositions (in wt.%) of the new secondary alloy in comparison with

commercial primary aluminum die cast alloys

Alloy Si Mg Fe Mn Cu Zn Sr
Beginning of trial 8.7 0.32 0.44 0.21 0.32 0.15 0.009
End of trial 8.6 0.32 0.44 0.22 0.32 0.15 0.008

Silafont 36%)  9.5-11.5  0.1-0.5  <0.15 0.5-08  <0.03 <0.07 0.01-0.02
Aural 2°% 95115 0.27-0.33  0.15-0.2 0.45-0.55 <0.03 <0.03 0.01-0.016
EZCast (C448)™  9-11.5  0.15-0.8 0.2 0.1-08  <0.05 <0.05 0.01-0.025

The temperature of the molten aluminum bath was set at 750 °C. To improve melt cleanliness
and remove hydrogen, degassing/fluxing operation was performed using a rotary degassing unit
(Pyrotek Star 2500, Aurora, OH) coupled with MIU-3400 flux injection unit (HA International,
Toledo, OH) to inject N2 + Pyrotek 5051 coverflux. The flux was injected for 5 minutes at a rate
of 0.5 lbs/min while N2 was injected for 10 minutes. The rotation speed and injection rate of N2
gas was adjusted to achieve a uniform distribution of gas bubbles of optimal size to effectively

remove hydrogen from molten aluminum.
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B. Casting Operation

A 250-ton die casting machine (Biihler H-250 SC, Uzwil, Switzerland), equipped with a
Fondarex vacuum unit (Highvac Economy 1C-250, Fondarex, Switzerland) located at the Center
for Design and Manufacturing Excellence (CDME) at The Ohio State University (OSU), was used
for the die casting experiments. An experimental casting design was used (Figure 1), which
includes test plates of 2, 3, and Smm thicknesses and an ASTM standard round tensile bar with a
gauge diameter of 6 mm. Vacuum-assisted die casting process (with vacuum level in the die cavity
set at 85 mbar) was used to produce test specimens with minimal gas porosity caused by entrapped
air. The die was pre-heated to 205 °C, while the shot sleeve temperature was set at 350 °C. The
molten metal of 730 °C was transported to the shot sleeve using a robotic ladling arm (Rimrock,
Columbus, OH) equipped with a boron nitride coated steel ladle. The relatively high melt
temperature (730 °C) was used to avoid/minimize the formation of externally solidified products
(ESP) in the shot sleeve. The low die temperature (205 °C) was used to enhance cooling rate for
refined microstructure.

The shot profile was determined from the flow simulation performed using ProCast software
(by ESI, Farmington Hills, MI). A slow shot speed of 0.4 m/s and a fast shot speed of 1.75 m/s
were selected to achieve the least turbulent flow in the die cavity while achieving the required
vacuum level of 85 mbar. An intensification pressure of 400 bars was applied at the end of the shot
to minimize the level of porosity in the castings. A total of 100 shots were produced during the

casting trial.

C. Heat Treatment Procedures

Experimental die casting samples were quenched in water immediately after ejection. Tensile
bars and plates were randomly selected for further processing. Some of the samples were used for
mechanical testing in as-cast condition while the others were subjected to TS5 and T6 heat

treatments, as described in Table 2.
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Figure 1 - (a) Schematic showing the experimental casting with dimensions, and (b) a die casting
part produced during the casting trial.

Table 2. Summary of TS5 and T6 heat treatment conditions

Temper Solution Heat Treatment Artificial Aging
T5 No solution heat treatment 180 °C for 2 hrs
Té 490 °C for 30 mins + quench in water at 180 °C for 2 hrs

room temperature

The equilibrium isopleth calculations, where the phase constituents were mapped against
temperature and Mg content (the amount of other alloying elements are fixed), in the alloy suggest
that hardening phases (Al2Cu, Mg:Si etc.) can be decomposed at any temperature above 430 °C.
Therefore, at 490 °C, Mg, Cu and Si can still be taken into solution while Si particles are
spheroidized. In addition, performing the solution treatment at a lower temperature can be

advantageous for reducing energy consumption and any possible distortion during quenching.

D. Microstructure Characterization

Die cast samples were sectioned and polished using standard metallographic techniques and

procedures. Scanning electron microscopy (SEM) analysis was performed using an FEI Apreo
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LoVac High Resolution electron microscope equipped with an energy dispersive spectroscopy
(EDS) system. Back-scatter electron (BSE) images were captured at an accelerating voltage of 10
kV and beam current of 1.6nA. The back-scatter detector is suitable for distinguishing Fe-
containing intermetallics from Si particles due to the contrast difference associated with atomic
number of elements.

Lift-out specimens for transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) characterization were prepared using an FEI Helios focused ion
beam system. Conventional TEM/STEM imaging and selected area electron diffraction study were
conducted in a FEI Tecnai F20 S/TEM microscope operating at an accelerating voltage of 200
keV. Atomic resolution high-angle annular dark-field (HAADF) STEM imaging was carried out
using a probe corrected Thermo Scientific Themis Z S/TEM microscope operated at 300 keV.

E. Mechanical Property Testing

The tensile properties of as-cast, TS and T6 heat treated specimens were tested according to
ASTM B557 standard. Tensile testing of round bars of 6 mm diameter was conducted on an MTS
Criterion Electromechanical Universal Test System at room temperature, with a constant strain
rate of 0.005 mm/s. For each temper, at least 5 samples were tested, and the best and range of
properties are reported.

The bending properties of as-cast, TS and T6 heat treated plates were measured according to
ASTM E290-14 Standard using the guided-bend no-die test setup. A three-point bending test was
used to measure the bendability of the die casting plates with different thicknesses. The specimens
for bending test were cut to a length of 150 mm and a width of 25 mm. The bending test was
conducted on an MTS Criterion Electromechanical Universal Test System at room temperature
with a punch radius of 12.5mm. The specimen was placed at the die and the punch speed was set
to 20 mm/s. The span distance (c) was set at 19 mm, 22 mm and 28 mm for 2 mm, 3 mm, and 5
mm thick plates, respectfully. To ensure the replicability of bending, each sample condition was

tested at least three times.
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I11. Results and Discussion
A. CALPHAD Modeling

A CALculation of PHAse Diagrams (CALPHAD) analysis was performed for the secondary
alloy composition using Pandat software from CompuTherm LLC (Madison, WI) and PanAI2021
thermodynamic database to predict the microstructure and determine the heat treatment conditions
for the new alloy. Solidification microstructure (such as phase constituents and fractions) of
multicomponent alloys can be predicted using equilibrium and Scheil models. The equilibrium
model assumes complete mixing in both liquid and solid phases, thus, can be used to simulate the
as-cast microstructure of low solidification rate processes (such as sand casting) or fully annealed
microstructure. On the other hand, Scheil model, assuming no diffusion in solid and complete
mixing in liquid, provides a better approximation (than the equilibrium model) for solidification
microstructure for processes with high cooling rates high pressure die casting ?°!. One exception
is the prediction of peritectic reactions (such as L+ a-AlsFe2Si — B-AlsFeSi in this study) where
solid-state diffusion, assumed to be zero in the Scheil model, is needed to facilitate the reactions.
Therefore, in case of recycled Al alloys with high Fe content, Scheil model cannot accurately
predict o — P transformation [*!, but still used to simulation fractions of other phases. The
calculated molar fractions of phases for the as-cast condition are presented in Figure 2a, based on
Scheil (non-equilibrium) model. In this new recycled alloy, the formation of a-Alis(Fe,Mn)3Si2
phase starts after the solidification of a-Al grains and continues throughout the eutectic
solidification. Therefore, a-phase present in the microstructure with two distinct morphologies
confirms the solidification sequence predicted by the Scheil simulation. Other minor intermetallic
phases predicted by Scheil model include B-AlsFeSi, n-AlsFeMg3Si2, Mg2Si and Q-AlsCu2MgsSio.
Figure 2b is a calculated equilibrium isopleth as a function of temperature and Mn content in the

alloy showing the domains for solutionizing and aging treatment of this new alloy.
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B. Microstructural of Test Specimens

Microstructural characterization was conducted on the cross-section of 3 mm plates and round
tensile bars for as-cast, TS5, and T6 conditions. Figure 3 shows optical micrographs of the recycled
Al alloy for different tempers of the round and flat test specimens. The as-cast microstructure
mainly consists of primary a-Al dendrites and the eutectic phase in both round bars and 3 mm
plates. There is no obvious difference in microstructural features between the round tensile bar and
the 3 mm plate. The cell size of a-Al dendrites ranges from 10 to S0um, and the eutectic phase is
refined as a result of Sr-modification and rapid cooling. After the high temperature solution
treatment, the a-Al dendritic size does not change, indicating a good thermal stability. However,
the eutectic Si evolved from fine fibrous structure to spheroidized particles during the solution heat

treatment (Figure 3c,f)%),

(a) As-cast, round (b) TS, round (¢) TG, round

(d) As-cast, flat (e) T5, flat (f) T6, flat

Figure 3. Optical micrographs from the round tensile bar for (a) as-cast, (b) T5, and (c) after T6,
and from 3 mm plate for (d) as-cast, (e) TS5, and (f) T6.

To better reveal the microstructural features, the cross-sections of 3mm plate specimens in as-
cast, TS5 and T6 treated conditions were characterized by SEM. Figure 4 presents back-scattered

images of the new recycled alloy at low and high magnifications. The as-cast microstructure
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consists of a-Al grains, a-Alis(Fe,Mn)3Si2 phase with polygonal morphology, refined globular a-
Alis(Fe,Mn)3Siz2/a-AlsFe2Si phase particles, n-AlsFeMg3Si2 phase with needle-like morphology,
and modified eutectic Si phase in the interdendritic regions. The low-magnification image (Figure
4a) shows an even distribution of a-Alis(Fe,Mn)3Si2 phase with polygonal morphology between
the dendrites. The relatively small size and the faceted polyhedral morphology of a-
Alis(Fe,Mn)3Si2 phase suggests its free growth in the interdendritic region after the formation of
Al grains and prior to eutectic solidification. The result indicates that the as-cast microstructure is
free of detrimental B-AlsFeSi phase and confirms that combination of Fe-to-Mn ratio within the
range of 1.6 - 3 and rapid cooling conditions can eliminate B-phase formation. It should be pointed
out that the simulation results in Figure 2a predicted B-AlsFeSi phase formation during Scheil
solidification. This discrepancy is due to an inherent problem of Scheil model being incapable of
simulating the peritectic reaction associated with the B-phase formation. Under rapid cooling
conditions as in the case of die casting process, the consecutive transformation of 6-AlisFes and a-
AlsFeaSi phase to B-AlsFeSi can be suppressed since there is not enough time for the peritectic
reaction during solidification/ %2131,

The T5 (180°C for 2 hrs) microstructure, as shown in Figure 4c,d, is almost identical to the as-
cast microstructure, in terms of Fe-containing intermetallic phases that are present. The dissolution
of a-Alis(Fe,Mn)3Si2 and/or n-AlsFeMgsSiz intermetallic phases at the aging temperature of 180°C
is thermodynamically impossible based on the CALPHAD analysis shown in Figure 2b. The
microstructure of a T6 sample (Figure 4e,f), which was solutionized at 490°C for 30 mins and
aged at 180°C for 2 hrs, shows three stark differences in comparison with both as-cast and T5
samples. The first is the reduced fraction of a-Alis(Fe,Mn)3Si2 particles with polygonal
morphology in the T6 sample. The second is that n-phase was completely dissolved while a-
Alis(Fe,Mn)3Si2 fragmented into smaller particles during the solution heat treatment procedure.
Finally, Figure 4f clearly shows eutectic Si was successfully spheroidized after a 30-minute

solution heat treatment.
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Figure 4 - Back-scattered SEM images obtained from cross section of 3 mm plates: (a,b) as-cast;
(c,d) TS5 condition, and (e,f) T6 condition.

Since the recycled alloy contains ~0.3 wt.% Cu (Table 1), the presence of eutectic Cu-
containing phases, such as 0-Al2Cu and Q-AlsCu2MgsSi2, can be seen in the microstructure of as-
cast samples (Figure 5). The EDS maps presented in Figure 5 show the distribution of major
alloying elements in a selected region of as-cast microstructure. The results indicate that m-phase

acts as a substrate for nucleation and growth of the Cu-containing intermetallic phases. The Sr
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addition modified the eutectic Si effectively from platelet morphology to fibrous network, which
is beneficial to the mechanical properties of the samples.

According to the equilibrium isopleth calculated in Figure 2b, B-AlsFeSi phase should be
present in the microstructure. However, the formation of B-phase from the non-equilibrium
microstructure during the solutionizing was suppressed by keeping the solution heat treatment
duration short. a-Alis(Fe,Mn)3Siz2 phase is stable at the solution heat treatment temperature while
n-AlsFeMg3Siz2 phase cannot be present in the microstructure according to the equilibrium isopleth.
Since Mg and Si are relatively fast diffusing solutes in the Al matrix, the dissolution of m-phase
was achieved within 30 minutes and the solution heat treated microstructure was free of n-phase.
Although B-phase is stable at the solution heat treatment conditions, it must form through a
diffusion-controlled process that its rate-limited by the diffusion rate of Fe which is low in Al

matrix32.

-AI15(Fe Mn),Si, Eu;tectic
— / o
n-AIsFeMgssiz-;' o
i b€ }’-a '

Figure 5 - EDS maps showing the distribution of alloying elements in a selected region of as-cast
microstructure.

To further characterize the intermetallic phases in as-cast samples, TEM analysis was carried
out. Figure 6a is a low-magnification bright field TEM image of a fine needle-like particle. A
selected area diffraction pattern (SADP) confirmed that the needle-like particle is n-AloFeMg3Sis
and the SADP along [1010] zone axis of m-phase is presented as an inset in Figure 6b. The

composition analysis on the intermetallic phase was also performed and results are also inserted
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in Figure 6b. In addition to Al, Fe, Mg and Si, EDS showed that Mn and Cu are both present in
n-AloFeMgsSis phase, which can dissolve some Mn since Mn can replace Fe in the crystal
structure. Moreover, the presence of Cu can be explained by the bulky Al2Cu phase nucleated on
the n-phase. The particles with polyhedral morphology were also characterized by TEM (Figure
6¢). The EDS analysis shows it has a composition rich in Fe, Si and Mn, and the selected area
diffraction pattern along its [203] zone axis confirms that these bulky particles are o-

Alis(Fe,Mn)3Si2 phase.
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. EDS composition (at.%)
Al Si Mg Fe Mn Cu
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Figure 6. TEM/STEM characterization of intermetallic particles in as-cast recycled alloy, (a) a
bright field STEM image of needle-like particle, (b) a bright field TEM image with an inset selected
area diffraction pattern along [1010] zone axis of w-AloFeMgsSis; and (c) a bright field STEM
image of a-Al1s(Fe,Mn)3Si2 phase with an inset selected area diffraction pattern along its [203]
zone axis. (Pt stands for platinum that was deposited on the specimen surface to protect it from
ion damage during FIB)
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C. Mechanical Properties of Secondary Alloy

The mechanical properties of the new secondary alloy were evaluated through both tensile and
3-point bending tests for as-cast, T5 and T6 conditions. Tensile tests were performed on round
tensile bars of 6 mm in diameter. Representative stress-strain curves are presented in Figure 7 and
the tensile test results are summarized in Table 3. The yield strength is determined according to
the 0.2% offset strain.
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Figure 7 - Typical tensile testing curves obtained and their respective fracture surfaces as insets:
(a) as-cast,; (b) TS5, and (c) T6.

Table 3. Mechanical properties of the new recycled alloy and three major primary alloys

Alloy/Temper Yield strength, MPa UTS, MPa Elongation, %

New Recycled Alloy/As-cast 154 £8 274 £ 10 5.8£0.9
New Recycled Alloy/T5 194 + 11 290+ 16 3.7+04
New Recycled Alloy/T6 173+9 275+5 7.8+1.2
Silafont 36/As-cast?®! 135 (120-150) 270 (250-290) 8(5-11)
Silafont 36/T5") 200 (155-245) 308 (275-340) 6.5 (4-9)
Silafont 36/T6" 245 (210-280) 315 (290-340) 9.5(7-12)
Aural 2/As-cast?! 135 (120-150) 280 (250-310) 7.5 (5-10)
Aural 2/T5P 170 (150-190) 285 (270-300) 7.8 (6.5-9)
EZCast/As-cast?® 155 (148-162) 301 (287-314) 8.5(7-10)

EZCast/T5!% 210 (205-215) 319 (311-326) 7.25 (6-8.5)
EZCast/T6*®) 228 (221-233) 305 (299-310) 11 (8-14)

The as-cast yield strength (YS) of the new recycled alloy averaged at 154 MPa, which is similar

to that of primary EZCast alloy but slightly higher YS than Silafont 36 and Aural 2, likely owing
to higher Cu and Zn contents in the recycled alloy. However, ultimate tensile strength (UTS) and
elongation of the secondary alloy are slightly below those of three primary alloys, which is
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probably due to significantly higher Fe content (0.44 wt.%) in the recycled alloy. Although the
polygonal a-Alis(Fe,Mn)3Si2 and needle-like m-AlsFeMgsSi intermetallic phases in the as-cast
recycled alloy are less detrimental to alloy ductility compared to -AlsFeSi phase, the higher total
fractions of Fe-containing intermetallic phases in the recycled alloy still lead to less ductility than
the primary alloy (0.15 wt.%).

Table 3 shows that a TS5 treatment can increase the YS of the new recycled alloy by about 26%
to 194 MPa at the expense of a reduction in tensile elongation. On the other hand, T6 heat treatment
can improve both the YS (by about 12%) and elongation (by about 34%) over the as-cast samples.
To understand the strengthening mechanisms after T5 and T6 treatments, high-angle annular dark-
field (HAADF)-STEM images were taken to characterize the precipitation microstructure of the
new alloy. As shown in Figure 8, the precipitates with a diameter of ~5 nm are present in the
microstructure and the inset SADP indicates that they are f'' phase. This coherent 8" phase with
needle-shaped morphology is likely the source of strength improvements in TS and T6 treated
samples. Additional microstructure changes were also noted in the T6 samples, i.e., complete
dissolution of needle-like m-AlsFeMgsSi> phase, the fragmentation of coarse polygonal a-
Alis(Fe,Mn)3Si2 phase and spheroidization of Si particles. This explains the simultaneous increase

of strength and ductility from as-cast to T6 samples.

Figure 8. Atomic resolution HAADF-STEM images along [001] zone axis of Al matrix showing
the p" precipitates in T6 treated microstructure, at (a) low magnification;, and (b) higher
magnification.



375
376
377
378
379
380
381
382
383

384

385
386

387
388
389

Even though promising elongation values of 7.4% and 9.1% were achieved for as-cast and T6
conditions, respectively (Figure 7), the new recycled alloy shows slightly lower elongation values
compared to the three primary alloys (Table 3). However, the best results of the new recycled
alloy are comparable with the primary alloys. Further examination of the fracture surfaces of some
tensile samples with low ductility, Figure 9, reveals porosity formation (mostly shrinkage-related),
entrained oxides, externally solidified products (ESP) in the die casting microstructure, which have
been known to adversely affect the sample ductility via promoting premature failure®*). It is,
therefore, reasonable to suggest that further optimization of die casting process parameters can

reduce these defects and improve ductility of the secondary alloy castings.

det HV mag i HFW  PW tilt

cu WD
T1 15.00 kV 1.6 nA 20.1 mm 650 x 319 pm 104 nm 0.0

det HV curr WD mag# HFW PW tilt
ABS 15.00kV 3.2 nA 18.4 mm 200 x 1.04 mm 337 nm 0.0 °

Figure 9. SEM micrographs showing (a) oxide inclusion (white),; (b) shrinkage porosity; and (c)
externally solidified product (ESP) at fracture surfaces of as-cast recycled alloy specimens.

Another important property is bendability of an alloy which provides information on its energy

absorption capability, which is related to crashworthiness in automotive applications. Three-point
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bending tests were performed to evaluate the bendability of the cast plates of various thicknesses.

The sample geometry and thickness are both important factors that affect the results. As

summarized in Table 4 and Figure 10, the total energy absorbed by the plates increases with

thickness for as-cast, T5 and T6 samples. As for the effect of heat treatment conditions, TS5 treated

plates of different thicknesses show lower energy absorption compared to as-cast samples. On the

other hand, T6 treatment can almost double the energy absorption capability for all thicknesses.

The energy absorption results for 3 mm plates were compared to results for primary Al-10Si and

Al-7Si based die cast alloys with similar thickness (3.1 mm) and thermal history. The plates of

these primary alloys show similar maximum absorbed energies to the new recycled alloy. It should

be noted that the new recycled alloy in T6 condition shows the best energy absorption performance

compared to all primary alloy samples, a further indication that this new recycled alloy is a

promising alternative for structural applications that requires energy absorption (Figure 10)34,
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Figure 10. Three-point bending test results of the new recycled alloy in comparison with some
primary Al-Si based cast alloys (AC: as-cast). (a) force vs. displacement plot; (b) energy vs.
displacement plot; and (c) maximum energy absorbed vs. maximum displacement plot.
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Table 4. Summary of three-point bending test results

Sample Condition th):lt)f;tei;iy Max Force  Max Displacement
) (kN) (mm)
AC 77 +17 1.4+0.2 24+04
2 mm T5 66 £+ 14 1.4+0.2 22+0.2
T6 160 + 25 1.2+£0.2 36£0.2
AC 171 +35 2.6+0.3 2.6+0.2
3 mm T5 165 +24 2.7+0.2 2.5+0.1
T6 478 + 136 24+0.2 43+04
AC 353+ 73 54+0.5 27+04
5 mm T5 309 + 59 5503 2.5+0.2
T6 692 + 185 48+0.3 3.8+0.5

The outlook for using this recycled alloy for structural automotive applications is promising
based on the mechanical property results obtained in this study. The most important next step is to
further optimize the die casting process parameters to produce more robust mechanical properties.
Additionally, prototype die castings will be produced for comprehensive testing of structural and

corrosion performance of the new alloy in automotive components.

1Vv. Conclusions

A new secondary aluminum alloy with a composition of Al-8.6Si-0.32Mg-0.44Fe-0.32Cu-
0.22Mn-0.15Zn-0.08Sr was developed for structural die casting applications. The microstructure
and mechanical properties of the new recycled alloy were evaluated for as-cast, TS5 and T6 tempers.
Based on the results, the following conclusions can be drawn:

(1) An Fe-to-Mn ratio range of 1.65 — 3 can suppress the formation of B-AlsFeSi phase in die
casting microstructure of Al-Si-Mg based cast alloys. The Fe-containing intermetallics in the as-

cast microstructure of the new recycled alloy included a-Alis(Fe,Mn)3Si2 phase with polygonal
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morphology and needle-like n-AlsFeMg3Si phase within interdendritic regions. Al2Cu particles
were also observed formed on m-phase because of high Cu content in the new alloy.

(2) Both m-AlsFeMgsSiz and a-Alis(Fe,Mn)3Si2 phases are thermodynamically stable at low
temperatures. Therefore, both phases were still present in the microstructure after TS (180 °C for
2 hrs) treatment. In contrast, during the solution treatment (490 °C for 30 mins), n-AlsFeMg3Siz
phase was completely dissolved into the a-Al matrix, while a-Alis(Fe,Mn)3Si2 was partially
dissolved and fragmented into smaller pieces.

(3) The new recycled alloy has similar or slightly higher as-cast yield strength (154 MPa) but
slightly reduced average elongation (5.8%), compared to three major primary die cast alloys. After
TS5 heat treatment at 180 °C for 2 hours, the yield strength is increased by 26% to 194 MPa while
the elongation is reduced to 3.7%. The best mechanical properties were achieved after T6 heat
treatment with the highest yield strength (173 MPa) and elongation (7.8%), due to the dissolution
of needle-like n-AlsFeMg3Siz phase and spheroidization of Si particles in the T6 microstructure.

(4) The relatively low elongation of the new recycled alloy, compared to primary die cast alloys,
was attributed to higher fractions of Fe-containing intermetallic phases, as well as porosity,
entrained oxides and externally solidified products found in the microstructure. The process
parameters of the die casting operation must be further improved to achieve the true potential of
the secondary alloy developed in this work.

(5) Excellent bendability and energy absorption of this recycled alloy was achieved, especially
for T6 treatment, with similar performance to primary Al-Si based structural die cast alloys. The
overall mechanical properties of the new recycled alloy are close to primary alloys with similar

composition and thermal history, which is promising for structural applications.
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