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Rud̄era Boškovića 32, 21000 Split, Croatia

2 AluTech, Velimira Škorpika 6, 22000 Šibenik, Croatia
* Correspondence: jkrolo@fesb.hr

Abstract: The main aim of this research was to investigate the aluminum AlSi9Cu3(Fe) machin-
ing chips recycling possibility utilizing a direct hot extrusion process and thixoforming. The thixo
feedstock was prepared directly from the aluminum alloy AlSi9Cu3(Fe) machining chips waste
without any remelting step. The machining chips were compacted, and direct hot extruded to create
the solid samples and thixo feedstock. The aluminum alloy AlSi9Cu3(Fe) machining chips had a
high degree of plastic deformation and after extrusion and heating in the semisolid temperature
range, the suitable globular microstructure was achieved, which is a precondition for a successful
thixoforming process. This approach can be characterized as a semisolid recycling process with a
lower energy consumption, a higher material yield, and reduced greenhouse gas emissions into the
atmosphere compared with conventional casting and recycling. Optical metallography, scanning
electron microscopy accompanied with energy dispersive spectroscopy, electrical conductivity, and
mechanical properties investigation were performed on the reference casted sample with a dendritic
microstructure, the extruded sample with a severely deformed microstructure, and finally the thixo-
formed samples with a globular microstructure produced with different parameters, according to the
Taguchi L4 (23) experimental plan.
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1. Introduction

The processing of alloys and composites in a semisolid state plays a crucial role in
contemporary manufacturing, particularly in the production of automobile, aviation, and
marine components [1]. Semisolid metal processing (SSM) is a manufacturing technique
that involves the processing of metal alloys in a state between a solid and a liquid, typically
at temperatures within the mushy or semisolid range. This range lies between the solidus
and the liquidus temperatures. The SSM processing methods combine the advantages of
both solid-state forming (such as forging) and liquid-state forming (such as casting) [2]. To
take advantage, it is necessary to obtain nondendritic (globular) structures, solid particles,
and surrounding fluid acting as a lubricant in the mushy state of the metal. Thixotropic
flow and plastic flow exist simultaneously due to the coexistence of a liquid and a solid
in semisolid processing [3]. This specific microstructure results in a reduced resistance to
flow, leading to a lower viscosity, which allows for better die filling and minimizes the
risk of gas entrapment. This can result in the production of near-net-shaped components
with a lower flow shrinkage porosity and reduced thermal stress [4–6]. In addition, due
to the reduced forming load, SSM processing can be more energy efficient compared with
traditional forging methods [2,7]. In addition, the use of partially solidified material during
filling can contribute to an increased die life by minimizing the thermal shock, and the cycle
time in SSM processing can be significantly reduced compared with traditional casting
methods, contributing to overall production efficiency [8]. There are numerous techniques

Metals 2024, 14, 796. https://doi.org/10.3390/met14070796 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met14070796
https://doi.org/10.3390/met14070796
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-3204-0344
https://orcid.org/0000-0001-5197-0224
https://doi.org/10.3390/met14070796
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met14070796?type=check_update&version=2


Metals 2024, 14, 796 2 of 18

for achieving the thixotropic properties of slurries, i.e., for the production of the described
microstructure of the slurry. These methods can be classified into two primary categories:
rheo processes and thixo processes. Rheo processes include creating the semisolid slurry
directly from a liquid phase, while thixo processes involve the preparation of feedstock
material (usually by introducing a high degree of plastic deformation), reheating and
forming. It is crucial to emphasize that the morphology, such as the circularity, and
the size of these globules have an impact on the properties and the performance of the
components [9]; therefore, it is important to control both the size and the shape of the
globules. The rheological behavior during processing improves with smaller globule sizes
(GS) and a larger circularity of the globules, as indicated by various studies [10,11].

Some authors have investigated the A380 aluminum alloy [4,12–20]. Das et al. [12]
obtained spherical solid grains (primary α-Al crystals) using the Cooling Slope (CS) process.
Fabrizi et al. [4] and Gecu et al. [13] investigated the effect of heat treatment (T6) on the
microstructure and hardness using the Swirled Enthalpy Equilibration Device (SEED) and
Low Superheat Casting (LSC) processes, respectively. The average GS was 70 µm [4].
Parshizfard and Shabestari [14] achieved a GS from 70 µm to 90 µm and a shape factor (SF)
of 0.79 using the strain-induced melt-activating (SIMA) process. They varied the plastic
deformation and holding times in the semisolid temperature range. In the study conducted
by Gencalp and Saklakoglu [15], the most suitable microstructure of A380 was achieved
by reheating at 567 ◦C for 5 min, resulting in an SF of 0.892. This was achieved through
the application of CS casting under a vibration process. Guo et al. [16] employed the
Rheo-Diecasting (RDC) process and obtained a GS between 30 µm and 50 µm and an SF
between 0.89 and 0.91. Typically, a globule size below 100 µm is considered preferable [10].

By utilizing the Equal Channel Angular Pressing (ECAP) thixo feedstock preparation,
Proni et al. [11] obtained Al5Si2.8Cu, Al6Si2.8Cu, and Al7Si2.8Cu samples with a GS of
55 µm and an SF of more than 0.60. With the same technique, Fu et al. [21] observed a
55 µm globule size and 0.82 circularity for the 7075 aluminum alloy. Meshakabadi [22]
reported slightly larger globules (70–100 µm) with a circularity of 0.62 for the A356 alloy.
Yang et al. [23] produced a 6061 aluminum alloy thixo feedstock using the ECAP−RAP
process. They utilized the response surface methodology to find the optimal holding
temperature and holding time for the desirable microstructural characteristics, which were
623 ◦C and 13 min, respectively. This resulted in a GS of 35.97 µm and an average SF
of 0.8535. Ch et al. [24] concluded that an extrusion ratio (ratio of the extrusion cylinder
and the orifice diameter) was the most significant parameter for achieving a higher tensile
strength and percentage of elongation in the thixo-extrusion of the AA2017 alloy. Dan-
tas et al. [25] determined that the Al-Si-Zn-Mg alloy was suitable for thixoforming due to
the appropriate rheological behavior during the open-die forging (maximum engineering
stress and apparent viscosity). Wang et al. [26] concluded that a higher amount and more
uniform distribution of the inter-granular microstructure in the tensile samples resulted
in increased tensile strength and an elongation of the 7075 aluminum alloy samples. The
tensile samples were taken from the cup-shaped parts produced by compression molding
of the extruded parts in the semisolid range.

In this research, the selected material for recycling was the aluminum alloy AlSi9Cu3(Fe).
The aluminum–silicon casting alloys play a crucial role in the automotive industry, owing
to their good corrosion resistance, mechanical properties, ability to resist hot cracking,
and lightweight nature [4]. Often, aluminum alloys are manufactured through traditional
casting and finished with the manufacturing process, resulting in a substantial volume of
waste in the form of aluminum chips [27]. It is well known that aluminum alloy recycling
is crucial for environmental pollution reduction and the conservation of electrical energy.
Lately, new recycling techniques based on direct material recycling without remelting
are gaining more attention [28–32]. The benefits of semisolid aluminum machining chips
recycling are numerous. The primary aluminum production process is a high-energy
consumption process that uses approximately 160 GJ per ton. On the other hand, secondary
aluminum production processes use only about 10 GJ per ton, which depends on the waste



Metals 2024, 14, 796 3 of 18

type [33]. During the conventional recycling of machining chips using remelting, a great
deal of material can be lost due to the high surface-to-mass ratio, oxidation, slag formation,
etc. [34].

To eliminate the remelting and poor material yield during conventional recycling,
semisolid metal processing (thixoforming) has been used in this research as the recycling
process, i.e., the semisolid recycling process. Due to the specific microstructure characteris-
tics of the aluminum machining chips, this type of waste should be an excellent starting
material to produce the thixo feedstock material. In the machining chips, the casts’ dendritic
microstructure undergoes a significant deformation and distortion, accompanied by the
shredding and refinement of the intermetallic compounds during machining, resulting in
cold work affecting the entire volume [19,35]. Upon heating, the chips undergo substantial
microstructural changes, transitioning from a cold-deformed structure to one characterized
by strain-free grains [36]. Reheating the metal waste above the solidus temperature has
a high potential to transform the highly deformed structure into a globular form that is
suitable for the thixoforming process, making it a quite promising starting material for such
applications. Based on the authors’ available literature, it appears that there are a limited
number of studies on the semisolid metal waste recycling technique.

Wang et al. [37,38] conducted a series of studies exploring the potential for recycling
the aluminum alloy A383 chips in the semisolid state. The process involved placing the
chip in a cylinder mold and heating it to a temperature of 200 ◦C. Subsequently, the metal
was pressed in the mold, resulting in billets. These billets were then heated within a range
between the solidus and liquidus temperatures of the alloy and subsequently cooled in
water. This process led to the observation of a globular microstructure in the samples,
confirming the feasibility of recycling alloy A383 using this method [37]. In a subsequent
study, Wang et al. [38] optimized the treatment process, determining that the optimal
heating temperature for the A383 billets was 555 ◦C, with a 30-min holding time, achieving
the optimum globular phase size and circularity. Wang et al. [39] explored the influence of
temperature and heating time on a slurry made of chips from the aluminum alloy A356.
After compressing the chips at a compression temperature of 400 ◦C, the chips were heated
to a temperature within the semisolid range and then rapidly cooled in water. The study
identified that the best combination of grain size and circularity of the α-Al grains was
achieved at a heating temperature of 600 ◦C and a heating time of 15 min. Wang et al. [40]
concluded that the optimal isothermal treatment temperature was 620 ◦C and the holding
time was 3000 s for the roundness and grain size. The Al-Cu-Mn-Ti aluminum alloy chip
was used to prepare the semisolid billet using the SIMA method. In both studies, it was
concluded that it was indeed possible to create a high-quality thixo feedstock by utilizing
metal waste, demonstrating the potential for sustainable recycling and resource efficiency
in aluminum alloy processing. Son et al. [41] delved into the microstructure and mechan-
ical properties of the samples created from the uniaxially pressed aluminum alloy chips
(Al-8Zn-6Si-4Mg-2Cu). Utilizing a pressure-less process (the pressure released from 80 MPa
to 0 MPa at 450 ◦C) enabled the fabrication of the samples with a globular microstructure
after heating in the semisolid range. Process parameters, such as temperature, pressure, and
holding time, at semisolid temperature were investigated to achieve the suitable relative
densities and compressive strength. The densities of the final samples increased with
the holding time at a semisolid temperature, but the compressive strength was reduced.
Gudić et al. [19] showed that the semisolid recycling of the AlSi9Cu3(Fe) machining chips
could produce a globular microstructure thixoformed material with an increased corrosion
resistance compared with the conventionally recycled specimens.

The semisolid metal waste recycling technique could be a promising recycling ap-
proach, reducing the limitations of the conventional recycling and increasing both the
environmental and economic benefits. The method could be described as an innovative
process, with a lower energy consumption and less greenhouse gas emissions into the
atmosphere, but with an increased material yield compared with conventional recycling
due to avoiding the remelting of the metal. In addition, from the literature overview, it
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was evident that there is space for additional research focusing on the determination of
suitable process parameters for the globular microstructure formation and the possibility
of performing thixoforming of the chips-based thixo feedstock.

To perform the semisolid recycling and thixoforming in this research, the aluminum
alloy AlSi9Cu3(Fe) machining chips were compacted, and direct hot extruded to create
the solid samples and the thixo feedstock material with a highly deformed microstructure
and extremely refined intermetallic compounds and crystal grains. The thixo feedstock
aluminum bars were heated at an appropriate semisolid temperature range and the thixo-
forming process was performed to obtain the semi-finished recycled specimens. The quality
of the obtained semisolid recycled specimens was determined utilizing optical microscopy
and scanning electron microscopy accompanied by energy dispersive X-ray spectroscopy,
which served to determine the globule formation and intermetallic compound distribu-
tion and size. The mentioned analysis was also performed on the conventionally casted
specimen and extruded thixo feedstock specimen to compare the microstructural character-
istics. Furthermore, to investigate the mechanical and electrical properties of the semisolid
recycled (thixoformed) specimens and to compare them with the casted and chip-based
extruded (thixo feedstock) specimens, the tensile test, hardness, and electrical conductivity
analysis were performed. Finally, to further and in more detail investigate the influence of
the different thixoforming parameters, Taguchi’s L4 (23) experimental plan was performed.
The Taguchi method is frequently utilized to determine the optimal processing parameters and
to provide a more detailed description of the manufacturing processes research [42–44]. For
the thixoforming parameters chip sizes, the semisolid temperatures and holding times within
the semisolid range were variated at two levels. The grey relational analysis was utilized to
identify the optimal process parameters for thixoforming for a multi-objective function.

2. Materials and Methods

The main aim of this research was to determine the recycling possibility of the EN
AC aluminum alloy machining chips to produce cost-effective thixoformed samples. To
investigate the possibility of the thixoforming of the aluminum chips, the first step was to
select a suitable alloy and to prepare the machining chips. The selected alloy was EN AC
AlSi9Cu3(Fe) similar to EN AC 44000, DIN 226, or A 380 depending on the used standard,
and it was obtained from Aluminij Industries d.o.o., Mostar, Bosnia and Hercegovina.
The chemical composition of the alloy was determined using a GDS500A LECO optical
emission spectrometer (LECO Corporation, St. Joseph, MO, USA), Table 1.

Table 1. Chemical composition of the aluminum alloy EN AC AlSi9Cu3(Fe) batch.

Cu % Si % Fe % Mn % Mg % Zn % Cr % Ni % Pb % Others % Al %

3.486 10.45 1.24 0.258 0.303 0.966 0.0453 0.043 0.141 0.11 Bal.

This alloy has a wide range of applications and there is a lot of machining chips
waste generated from this alloy. According to various authors [10,45,46], this alloy can
be used in semisolid metal processing. The alloy was obtained in the form of the casting
ingots, and they were machined using the Spinner VC 560 vertical machining (SPINNER
GmbH, München, Germany) center using a depth of cut, cutting speed, and feed rate
of ap = 1.5 mm, vc = 120 m/min, and f = 0.1 mm/tooth, respectively. To avoid contami-
nation with the cooling and lubrication fluid, a dry face milling process was performed
using a tool composed of the WALTER (Walter AG, Tübingen, Germany) tool holder with
designation M4132-032-W32-02-09 and the SDHT09T304-G88 WK10 cutting insert. The
obtained aluminum milled chips were weighted to a mass of 150 g and compacted in a
cylindrical steel tool with an inner channel diameter of 38 mm. A compaction force of
300 kN was used, and the compacted billets with 38 mm in diameter and 68 mm in height
were obtained. The compaction was performed on a 1 MN universal hydraulic press,
with the force measured using the HBM load cell C6A 1 MN sensor (HBM, Darmstadt,
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Germany). After the compaction step, in order to produce a consistent and solid thixo
feedstock, the direct hot extrusion process was utilized. The chip-based billets were pre-
heated for 20 min at 450 ◦C, placed in an extrusion cylinder with a diameter of 40 mm,
and directly hot extruded at 400 ◦C with a 7.1 extrusion ratio. A flat die with an orifice
diameter of 15 mm was used in the extrusion process. The billet preheating time should
be long enough for the billet to heat up through the whole volume, otherwise, increased
extrusion forces could occur due to the increased flow stress of the aluminum alloy. The
flow stress will also increase if a too low extrusion temperature is selected and usually those
temperatures are above 400 ◦C [47]. Furthermore, according to previous research, higher
extrusion temperatures are desirable to obtain better chip bonding due to the reduced
flow stress of the material and better diffusion bonding [48]. On the other hand, for this
specific alloy AlSi9Cu3(Fe) there is a possibility of blisters development during the heat
treatment at a temperature higher than 500 ◦C [49]. Therefore, to prevent possible blisters
formation, but to ensure good chips bonding, a 400 ◦C temperature was selected, while the
preheating time was 450 ◦C due to some heat dissipation during transport to the extrusion
cylinder. A schematic representation of the utilized direct hot extrusion process is presented
in Figure 1a. The punch speed was 1 mm/s. The temperature was controlled using the
Omron E5CC (Omron Corporation, Kyoto, Japan) temperature regulator and G3PE-225B
DC12-24 relay (Omron Corporation, Kyoto, Japan). The extrusion pressure was measured
using an HBM P15RVA1/500B (HBM, Darmstadt, Germany) pressure gauge transducer.
The extruded profiles were about 300 mm long, and they were cut on smaller 100 mm
length thixo feedstock bars. Finally, the SSM tool and the extruded thixo feedstock bars
were heated at an appropriate thixoforming temperature and thixoformed in the SSM tool
presented in Figure 1b.
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Figure 1. Schematic representation of the semisolid recycling process: (a) direct hot extrusion;
(b) thixoforming.

The thixoforming temperatures were selected according to the Thermo-calc 2022a
computer software and classical Shiel diagram for the aluminum alloy EN AC AlSi9Cu3(Fe)
and the chemical composition from Table 1, Figure 2. According to the previous research
and differential scanning calorimetry (DSC) analysis of the EN AC AlSi9Cu3(Fe) aluminum
alloy, it was suitable to choose a temperature of approximately 567 ◦C to achieve a 40% to
50% solid phase in the semisolid slurry [45,50,51]. According to Birol et al., the penetration
of the thermocouple into the slug, taken as a sign of thixoformability, occurred at 568 ◦C.
Furthermore, once the temperature exceeded 572 ◦C, the slugs were no longer able to
sustain their own weight and were deformed too much [51]. According to the diagram
presented in Figure 2, 50% to 30% of the mass of solid phase in the semisolid slurry should
be achieved at temperatures between approximately 560 ◦C and 566 ◦C. However, the
experiments in this research showed that appropriate globule formation was achieved at a
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temperature from 568 ◦C to 575 ◦C of the SSM tool, which are higher temperatures than
suggested with the Shiel diagram. The surface temperature of the SSM tool was measured
using a contact thermometer DT02 and type K thermocouple probe because it was not
possible to measure the slurry directly. Furthermore, due to the fact that the thixo feedstock
material was made of the machining hips of the mentioned alloy, which had an increased
aluminum oxide concentration, this could also be a reason for the increased temperature
of the globule formation. According to the results of this research, a holding time of at
least 10 min in the mentioned range should be applied in order to achieve the globular
microstructure, while too-long holding time led to globule coagulation and overgrowth
and porosity development. The optimal parameters are yet to be determined.
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Figure 2. Thermo Calc classical Shiel diagram for the aluminum alloy EN AC AlSi9Cu3(Fe).

For the optical microscopy, the samples were etched electrolytically with Barker’s
reagent (2.5%HBF4 in water) at 23 V for 1 min. The microstructure was characterized using
polarized light using an Olympus BX61 optical microscope (Olympus, Tokyo, Japan). For
the additional optical metallography analysis, an optical microscope “OPTON Axioskop”
(Germany) and computer software “DinoCapture 2.0” were utilized. The samples were
etched with a reagent that consisted of 0.5 mL of 40% HF (Hydrofluoric Acid) dissolved
in 100 mL of water for a duration of 40 s at room temperature. The ImageJ free analysis
software (ImageJ/Fiji 1.46) was utilized to determine a globule diameter (Deq) and circu-
larity shape factor (SF) of the primary α-Al globules by applying Equations (1) and (2),
respectively [52]:

D =
N

∑
i=1

√
4Ai/π

N
(1)

SF =
N

∑
i=1

4πAi

P2
i

(2)

where Ai is the surface area of the globule i, N is the number of globules, and Pi is the
perimeter of the globule i. The globule size is given by the globule diameter Deq. If the solid
globules were perfectly circular, the SF value was one. At least 50 globules were taken into
account for each specimen. The scanning electron microscopy (SEM) and energy dispersion
spectroscopy (EDS) analyses were performed using the Thermo Scientific Quattro S Field



Metals 2024, 14, 796 7 of 18

Emission Scanning Electron Microscope (FEG SEM, Hillsboro, OR, USA) in conjunction
with the Ultim Max 65 SSD energy dispersive X-ray spectrometer from Oxford Instruments
and the Aztec software platform ver. 6.0 (Abingdon, UK). The electrical conductivity of the
alloy was measured at room temperature using the eddy current method on the Olympus
NORTEC 600C (Olympus, Tokyo, Japan) device. The electrical conductivity was expressed
as IACS (%), which stands for the International Annealed Copper Standard. At least five
electrical conductivity measurements were taken for each sample and the arithmetic value
was taken as the final. The microhardness testing was performed according to the HR
EN ISO 6507-1:2018 standard [53] for metal material microhardness testing. The used
device was a Shimadzu HMV-2T (Shimadzu, Kyoto, Japan) universal machine with an
integrated DynoLITE camera for the computer software analysis. The microhardness was
measured utilizing the Micro Vickers method with an applied force of 9.8 N for a duration
of 10 s at room temperature. At least five microhardness measurements were taken for
each sample and the arithmetic value was taken as the final. A tensile test was performed
on the Raagen universal tensile test machine ETM-250-S with a maximum force of 250 kN
(Ankara, Turkey). The specimens were prepared following the HRN EN 10002-1 [54] norm
with a reduced section diameter of 5 mm.

3. Results and Discussion
3.1. Optical Microscopy

An optical microscopy analysis was performed on the casted commercial specimen (ref-
erence specimen), the extruded machining chips waste (thixo feedstock), and the semisolid
recycled (thixoformed) specimen, Figure 3. The thixoformed sample in this case was ob-
tained using a temperature of 570 ◦C and 15 min of heating time. Figure 3a shows the classic
dendritic microstructure of the casted specimen; however, Figure 3b shows the unique mi-
crostructure of the extruded machining chips, with refined crystal grains and intermetallic
compounds. Finally, Figure 3c shows the microstructure of the thixoformed specimen. It
is visible that a globular microstructure was achieved. Therefore, it was confirmed that
compacted and direct hot extruded machining chips can be appropriate thixo feedstock
material when the goal is to achieve thixotropic behavior (globular microstructure) of the
material during thixoforming.
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Figure 3. Optical microscopy analysis of the (a) casted specimen, (b) hot extruded specimen, (c) thixo-
formed specimen (specimens were etched electrolytically with Barker´s reagent (2.5%HBF4 in water)
at 23 V for 1 min).

According to Figure 3c, the average globule size and circularity shape factor are 56 µm
and 0.73, respectively.
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3.2. Scanning Electron Microscopy and Energy Dispersive Spectroscopy

In continuation, the scanning electron microscopy analysis was accompanied by an
energy-dispersive spectroscopy to identify the intermetallic compounds in the specimens
and to determine their average size. According to the previous research, the dendritic α-Al,
morphology, and size of the eutectic silicon, and the morphology and composition of the
intermetallic compounds should have a great impact on both the mechanical and physical
properties of the specimens. Usually, formed phases are the primary aluminum, eutec-
tic, and polyhedral silicon phases and additionally the Fe-rich and Cu-rich intermetallic
phases [13,50]. According to the determined chemical composition of the used batch and
the calculated Shiel diagram and stoichiometric calculations, the corresponding phases
that should occur during the solidification were the dendritic network of primary α-Al,
β-AlFeSi, βSi, Al18Fe2Mg7Si10, θ-Al2Cu, and Q-AlCuMgSi.

Figure 4 shows the intermetallic compounds for the used aluminum alloy EN AC
AlSi9Cu3(Fe) in the referent casted state. There was a formation of needle-like Fe-rich and
silicon phase particles around the dendritic branches. Spectrum 19 confirmed the presence
of the Cu-rich particles. Spectrum 20 confirmed the formation of the needle-like silicon
phase particles. Also, the needle-like formation of the Fe-rich particles was noticed and
confirmed with spectrum 21.
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Figure 4. SEM + EDS analysis of the casted specimen.

The iron-containing compounds that form during the solidification processes appear
in a few shapes and sizes, usually divided into three different morphologies: β-Fe5AlSi
needles, α-Al15(Mn,Fe)3Si2, and polyhedral crystals. Usually, iron is the major impurity ele-
ment that influences the detrimental β-phase formation in secondary aluminum alloys [55].
The β-Fe5AlSi intermetallic compound is hard and brittle, having a low cohesion with the
aluminum matrix. It acts as a crack initiator and plays a role in forming solidification de-
fects, such as porosity and hot tearing. This can lead to the decreased mechanical properties
of the cast components [50,55,56].

Figure 5 shows that in the thixo feedstock material, the intermetallic compounds
were greatly refined compared with the casted specimen. The reason is that the thixo
feedstock material was produced directly from the machining chips without any remelting
step. During the machining process of the casted ingot, intensive plastic deformation was
introduced into the machining chips, and during the chips formation, the intermetallic
compounds were cut into smaller pieces. An additional deformation was introduced
during the chips compaction step. Finally, the complex thermo-mechanical process of
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the direct hot extrusion of the compacted chips resulted in the production of the chip-
based thixo feedstock material with the microstructure presented in Figure 5. Spectrums
13 to 17 confirmed the formation of the same intermetallic compounds as in the casted
specimen; however, all the intermetallic compounds had some polyhedral shape instead of
a needle-like appearance. Furthermore, a homogeneous distribution of the highly refined
intermetallic compounds could be observed.
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Figure 5. SEM + EDS analysis of the extruded chip-based thixo feedstock specimen.

Figure 6 shows that the polyhedral and refined appearance of the intermetallic com-
pounds after the thixoforming process was preserved. Spectrums 1 and 2 indicate that
silicon phase particles had a polyhedral shape, and that they were homogeneously dis-
tributed around the globular primary aluminum (spectrum 5). Similarly, spectrum 3 and
4 clearly indicated that the Fe-rich phases also had a polyhedral shape appearance and a
similar homogeneous distribution around the globular primary aluminum.
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Figure 7 shows a scanning electron microscope accompanied by a qualitative analysis
of the chemical elements mapping and distribution for the thixoformed specimen to exam-
ine in more detail the obtained intermetallic compounds. According to Figure 7, there is no
evidence of any needle-like intermetallic compounds. Using a higher magnification in this
case, some Cu-rich intermetallic compound presence was also confirmed. It seems that the
oxygen distribution was homogeneous, which indicated that the increased aluminum oxide
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content inside the recycled specimens was homogeneously dispersed during the complex
semisolid recycling procedure presented in this research. According to previous research, if
the machining chips aluminum oxide layer is not sufficiently broken into smaller pieces and
homogeneously distributed inside the recycled specimens, deterioration of the mechanical
properties can be observed [57].
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3.3. Mechanical and Physical Properties

To confirm the possible negative influence of the needle-like intermetallic compounds
inside the cast (reference) specimen or the negative influence of the aluminum oxide and
some possible microporosity inside the cast, extruded and thixoformed recycled speci-
men on the mechanical properties, microhardness and tensile testing were performed.
Furthermore, to investigate the influence of the abovementioned electrical conductivity,
measurement was also performed. In Table 2, the measurement results for the microhard-
ness and electrical conductivity are presented.

Table 2. Microhardness and electrical conductivity measurement results.

Electrical Conductivity (%IACS)

Casted Extruded Thixoformed
23.59 31.46 27.74

Hardness (HV)

Casted Extruded Thixoformed
94.68 67.08 87.78

According to the results, the electrical conductivity and microhardness were signifi-
cantly different depending on the used processing technology. The microhardness values
were highest for the casted specimen, followed by the thixoformed recycled specimen,
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and finally the extruded thixo feedstock material. In reverse order were the electrical
conductivity measurement results. The electrical resistivity (ρ) was inversely related to the
electrical conductivity. Usually, the well-known Matthiessen’s rule [58] is used to describe
the electrical resistivity (ρ) dependence of several microstructural features:

ρ = ρ0 + ∆ρS + ∆ρP + ∆ρV + ∆ρD + ∆ρB (3)

where ρ0 describes the resistivity of the pure solvent metal and ∆ρ stands for the increase in
the electrical resistivity due to the atoms in the solid solution (S), precipitates (P), vacancies
(V), dislocation (D), and grain boundaries (B). According to the results, it seemed that
in the thixo feedstock specimen (extruded), due to the processing at 400 ◦C, the solute
atoms that were dissolved in the matrix (which are usually responsible for the enhanced
precipitation hardening and reduced electrical conductivity) had enough time to diffuse
out of the Al matrix and form overgrown precipitates. This is a reason for the reduced
hardness and increased electrical conductivity compared with the casted and thixoformed
specimens. It seems that the refined crystal grains and intermetallic compounds in the
extruded samples, compared with the casted or thixoformed specimens, had a limited
effect on the hardness and electrical conductivity. Higher processing temperatures during
the casting process and thixoforming process (enough temperature for the solid solution),
followed by relatively fast cooling on air, caused an increased hardness but a reduced
electrical conductivity. The increased electrical conductivity but the reduced hardness
of the thixoformed specimens compared with the casted specimen suggested that heat
treatment could enhance the hardness of the recycled specimens, but that this will lead
to reduced electrical conductivity. It is important to mention that due to the significant
formation of the intermetallic compounds in the casted and thixoformed specimens, the
microhardness values were measured on α-Al dendritic crystal grains; therefore, a tensile
test was performed for further comparison of the specimens. Table 3 presents the tensile
testing results of the above-mentioned specimens.

Table 3. Tensile testing results.

Tensile Strength (MPa)

Casted Extruded Thixoformed
161 313 293

According to the tensile test results, deformation during extrusion and the thixoforming
process significantly increased the mechanical properties of the aluminum alloy EN AC
AlSi9Cu3(Fe). This was due to the reduced porosity of the semisolid feedstock and the
thixoformed specimen compared with the EN AC AlSi9Cu3(Fe) casted ingot. It is fair to say
that if the referent aluminum alloy AlSi9Cu3(Fe) was processed with high-pressure die casting
then the porosity would most likely be reduced and the mechanical properties increased;
however, the overall tensile testing result from this research clearly indicated that the semisolid
metal recycling method provided samples with promising mechanical properties.

3.4. Taguchi Method and Multi-Objective Optimization

To further and in more detail investigate the influence of the different thixoforming
parameters, Taguchi’s L4 (23) experimental plan was performed. The chip sizes, semisolid
temperature, and holding times within the semisolid range were selected as the controllable
parameters for thixoforming. Each of these factors had two levels, as outlined in Table 4. The
selection of the levels for the temperature and holding times is detailed in the experimental
procedure section, leading to the choice of Taguchi’s L4 (23) orthogonal array for organizing
the experimental design. The selected temperature range to obtain a suitable microstructure
was from 568 ◦C to 575 ◦C. In addition, the holding times were selected to be from 10 min
to 15 min. A third parameter in this research was the machining chip size, which could
influence the degree of plastic deformation and intermetallic compounds refinement and
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therefore potentially affect the mechanical and physical properties of the semisolid recycled
specimens. The smaller chip size matched that of the thixoformed specimens in the previous
section, with average dimensions of 2 mm width, 8.8 mm length, and 0.1 mm thickness,
while the bigger size chips had an average width, length, and thickness of 3.9 mm, 8 mm,
and 0.3 mm, respectively. The experimental plan is presented in Table 4. The microstructure
characteristics, specifically the globule size and circularity, were used as outcome measures.
Additionally, the mechanical and electrical properties of the thixoformed samples, such as
tensile strength, electrical conductivity, and hardness were examined. The grey relational
analysis (GRA) was employed to identify the optimal solution values of the multiple desired
goals. The desirable characteristics for the thixoformed samples included a small globule
size, and high circularity, tensile strength, electrical conductivity, and hardness values.

Table 4. Taguchi L4 (23) experimental plan and selected thixoforming input parameters.

Run Order Chip Size Temperature
(◦C)

Time
(min)

1 small 575 15
2 big 568 15
3 small 568 10
4 big 575 10

The experimental runs with the obtained testing results are presented in Table 5.
The tensile strength, hardness, and electrical conductivity for the thixoformed specimens
were in the range from 174 MPa to 267 MPa, 78.98 HV to 93.3 HV, and 26.37%IACS to
29.42%IACS, respectively. Globule size and circularity were in the range from 35.52 µm to
71.20 µm and 0.74 to 0.82, respectively. An average of five microhardness measurements
were taken for each sample and the arithmetic value was taken as the final. The lobule
size for all specimens fell into the results range of the previous research mentioned in
the introduction section [4,10,14–16,21]. The obtained results were in accordance with the
results obtained in Tables 2 and 3, and it is fair to claim that all the obtained specimens
were successfully recycled. Based on these results for the four different semisolid recycled
specimens, now it is possible to perform a multi-objective optimization and select the
optimal semisolid recycling parameters in terms of this research scope.

Table 5. Output Taguchi L4 (23) experimental plan parameters results.

Run Order Tensile Strength
MPa

Electrical Conductivity
%IACS

Average Hardness
HV

Globule Size
µm

Circularity
SF

1 267 28.29 78.98 37.60 0.75
2 174 26.37 93.3 93.59 0.82
3 250 29.42 88.68 35.52 0.74
4 245 29.42 91.52 71.20 0.77

Figure 8 presents the optical microscopy metallographs of the four specimens prepared
according to the Taguchi L4 (23) experimental plan.
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Figure 8. Metallography analysis of the specimens prepared according to the Taguchi L4 (23) experi-
mental plan.

3.5. Grey Relation Analysis

In this research, the grey relational analysis was utilized to optimize the multiple char-
acteristics of the thixoformed samples. This was achieved by determining and optimizing a
grey relational grade, GRG. In the initial stage, the output parameters were normalized
within the range of zero to one to transform the original sequence into a comparable form,
i.e., so that the different experimental data could be compared. The normalized values for
the globule size followed a lower-a-better criterion, while the circularity, tensile strength,
electrical conductivity, and hardness followed a higher-a-better criterion. Both criteria can
be respectively expressed as:

aij =
maxbij − bij

maxbij − minbij
(4)

aij =
bij − minbij

maxbij − minbij
(5)

where aij is the value after the grey relation generation and bij is the value of the original
data. The subscript j represents the response and the i experiment. The smallest value of
the original data for the jth response of experiment i is denoted by minbij. On the other
hand, the largest value of bij is denoted by maxbij.

The subsequent step involves determining the reference sequence. The reference
sequence a0j is selected when aij is equal to 1. Therefore, all other sequences are used for
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comparison. Furthermore, the grey relation coefficient, xij, is used for determining the
closeness to the reference sequence and any other sequence and can be expressed as:

xij =
ymin + Zymax

yij + Zymax
(6)

yij =
∣∣a0j − aij

∣∣ (7)

where ymin = 0, ymax = 1, and Z is the distinguishing coefficient and has a value between
zero and one. In this study, the value of the distinguishing coefficient was assumed as
0.5. A higher grey relation coefficient indicates a greater similarity between a0j and aij.
The absolute difference between the reference sequence and the comparison sequence is
denoted by yij. The next step was to determine the mean value of xij, i.e., to calculate the
grey relational grade. The average values of the grey relation coefficient were calculated:

yi =
1
n

n

∑
j=1

xij (8)

where yi is grey relation grade (GRG) for the ith experiment and n is the number of process
responses. GRG quantifies the correlation between a0j and aij. A higher GRG indicates that
the corresponding combination of the controllable parameters is closer to the optimum. The
experiment with the highest GRG is the most favorable choice (indicated as the first order),
Table 6. The grey relation coefficients, xij, for each experiment are also presented in Table 6.

Table 6. The calculated grey relational coefficients and GRG.

Run Tensile Strength
MPa

Electrical Conductivity
%IACS

Hardness
HV

GS
µm SF Grade

yi
Grey Order

1 1 0.57 0.33 0.93 0.36 0.64 3

2 0.33 0.33 1 0.33 1 0.60 4

3 0.73 1 0.61 1 0.33 0.73 1

4 0.68 1 0.80 0.45 0.44 0.67 2

According to the results and set selection criteria described above, specimen 3 is
the optimum choice in comparison with the other specimens from the Taguchi L4 (23)
experimental plan. Therefore, the suitable temperature to achieve the desirable mechanical
and physical properties of the semisolid recycled specimen should be 568 ◦C and a 10 min
heating time for the smaller aluminum waste chips. According to the preliminary results
and the literature review, any smaller temperature and holding time will not lead to globule
formation; however, in that case, the specimens could exhibit even higher mechanical and
physical properties because of a small fraction of the liquid phase during the thixoforming,
i.e., the process is similar to forging. Semisolid forging with a small fraction of the liquid
phase could be a whole new topic for the semisolid recycling of the small aluminum chips
waste for the bought wrought and cast alloys, but it is out of scope for this particular
research. Furthermore, a higher thixoforming temperature and, especially, a prolongated
holding time led to the mechanical and physical properties decrement. The electrical
conductivity decrement in specimen 2 indicated possible excessive porosity development
and somewhat reduced the microstructure homogeneity (Table 5 and Figure 8).

To quantify and mathematically express the influence of the input parameters, the
mean grey relation grades corresponding to the two levels of the controllable parameters
are presented in Table 7. The average grey relational grades for each level of the input
parameters are calculated in order to determine the optimum parameters. For instance, the
mean grey relation grades for level 1 of the chip size are determined by summing the grades
of the 1st and 3rd experiments and dividing the calculated sum by two. The GRG values for
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each level of the input parameters were determined using an identical method. A greater
GRG value corresponds to a better performance. Therefore, the optimal levels of the process
parameters, identified as those yielding the highest grey relation grades, include a small
chip size, a, lower semisolid temperature (568 ◦C), and a shorter holding time (10 min). In
other words, level 1 is the optimal level for all the process parameters. These optimal levels
are highlighted in Table 7. The optimum combination of the controllable parameters is the
same as in experiment 3. Implementing these optimal process parameters can enhance the
stability of the process and improve the mechanical properties of the thixoformed samples.

Table 7. Average grey relational grade by factor level and the optimal levels of the process parameters.

Chip Size Temperature Time

Level 1 0.68779 0.66734 0.70463

Level 2 0.63728 0.65773 0.62045

max-min 0.05051 0.00961 0.08417

rank 2 3 1

The differences between the maximum and the minimum values of the average grey
relational grades by the factor level are listed in Table 7. The most influential factor on
the performance characteristics was determined by comparing these values. The highest
value, 0.08417, indicated that the holding time on the thixoforming temperature had
the strongest impact on the multi-performance characteristics compared with the other
parameters. Additionally, according to the analysis, the second most influential factor was
the aluminum waste chips size and finally the temperature. While the temperature did not
impact the experiment concerning multiple performance characteristics, it could potentially
affect certain performance characteristics individually. These results are in accordance with
the obtained mechanical and physical properties of the specimen summarized in Table 5
and the calculated grey relation grade in Table 6. That is why specimen 4, produced at
575 ◦C and bigger aluminum waste chips, is ranked second according to Table 6. These
results align with the set criteria. If the other criteria were to be set, such as focusing on the
mechanical and physical properties without analyzing the grain size and shape, different
outcomes would be obtained, which is common for multi-objective optimization.

4. Conclusions

In this research, semisolid recycling of the aluminum machining chips waste is pre-
sented. It was proven that the machining chips of the alloy EN AC AlSi9Cu3(Fe) were
successfully recycled into thixoformed material using an innovative direct recycling process
without a remelting step; therefore, the presented process has the potential for further
development. The most important conclusions of the conducted research are as follows:

• Optical and scanning electron microscopy accompanied with energy dispersive spec-
troscopy showed that a significantly deformed microstructure with extremely refined
intermetallic compounds (compared with casted specimens) homogeneously dis-
persed into the aluminum matrix is obtained utilizing the direct hot extrusion process
of the aluminum waste chips.

• Extruded chip-based waste specimens served as thixo (semisolid) feedstock mate-
rial. During heating in the semisolid temperature range, the feedstock material was
able to form a globular microstructure with homogeneously dispersed intermetal-
lic compounds, which preserved the polyhedral and refined appearance after the
thixoforming process.

• The mechanical and physical properties of the obtained semisolid recycled specimens
are comparable with the as-casted ingot specimen.

• The Taguchi method and multi-objective optimization enabled optimal parameters
selection among different thixoforming temperatures, holding times in semisolid
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temperature range, and aluminum waste chips size. Finally, a 568 ◦C thixoforming
temperature, a 10 min holding time, and smaller-sized aluminum chips resulted in a
semisolid recycled specimen that had a tensile strength, electrical conductivity, and
hardness of 250 MPa, 29.42%IACS, and 88.68 HV, respectively. The same specimen
had a 35.52 µm average globule size and a 0.74 circularity shape factor, which falls
into the desirable range.
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