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Abstract: To improve the microstructure and mechanical properties of fundamental materials includ-
ing aluminum, stainless steel, superalloys, and titanium alloys, traditional manufacturing techniques
have for years been utilized in critical sectors including the aerospace and nuclear industries. How-
ever, additive manufacturing has become an efficient and effective means for fabricating these
materials with superior mechanical attributes, making it easier to develop complex parts with relative
ease compared to conventional processes. The waste generated in additive manufacturing processes
are usually in the form of powders, while that of conventional processes come in the form of chips.
The current study focuses on the features and uses of various typical recycling methods for tradi-
tional and additive manufacturing that are presently utilized to recycle material waste from both
processes. Additionally, the main factors impacting the microstructural features and density of the
chip-unified components are discussed. Moreover, it recommends a novel approach for recycling
chips, while improving the process of development, bonding quality of the chips, microstructure,
overall mechanical properties, and fostering sustainable and environmentally friendly engineering.

Keywords: recycling; additive manufacturing; conventional manufacturing; direct conversion methods;
chips; sever plastic deformation; machine learning; briquettes; sustainable engineering

1. Introduction

Aluminum (2024,6061,7075), stainless steel (SS304,316,316L), super alloys, and tita-
nium alloys (Ti6Al4V) are used in aerospace [1], nuclear, and marine industries due to their
properties like tensile strength and corrosion resistance. Due to high fatigue resistance,
aluminum 2024 is commonly used in aerospace development [2]. Essentially, enriched
aluminum–uranium alloys are used in nuclear reactor fuel elements [3], whereas in the
marine industry they are used to increase the payload and fuel efficiency [4]. Titanium
and titanium alloys are widely used in the aerospace industry for building aircraft frames
and engine parts [5], and in marine applications for deep diving vehicles and submarines
for producing pressure shells [6,7] and propellers [8]. In the nuclear industry, it is used
for storing nuclear waste due to its chemical properties [9]. It can also be used to design
nuclear reactor shields [10,11]. Stainless steel is used in the aviation industry for developing
landing gear components, wings, and engines [1]. Nickel-based super alloys are used in the
development of aircraft exhaust valves and turbine rotors due to their high creep resistance
at higher temperatures [12]. Research has been carried out on improving the microstruc-
ture and mechanical properties of stainless-steel alloys [13–19], aluminum alloys [20–26],
titanium alloys [27–41], and nickel-based super alloys [42,43] using different techniques
like adding carbides [44–47], alloying elements [48–51], and heat treatments [20,21,42].
Conventional fabrication involves multiple processes and is time consuming. To streamline
the fabrication process, industries are looking towards the new upcoming technology of
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additive manufacturing, which involves adding layer by layer of material for 3D print-
ing of parts [52–54]. Different types of materials like plastics [55,56], concrete [57,58],
composites [59,60], elastomers [61,62], polymers [63–65], metals and alloys [66–72], and
non-metals [73,74] can be used for developing components. Commonly used 3D printing
processes for stainless steel alloys, aluminum alloys, titanium alloys, and super alloys are
laser powder bed fusion (LPBF) [75–83] wire arc direct energy deposition [84–86], laser
metal deposition [87,88], and additive friction stir deposition [89–91] processes. The current
research in additive manufacturing on aluminum alloys [92–103], stainless steel [104–107],
titanium alloys [108–116], and nickel-based super alloys [117–120] aims at improving the
microstructure and mechanical properties of materials by reducing the defects [121–123]
in additive manufacturing. To optimize the cost and material utilization with a focus on
sustainability, research has been carried out to recycle the material waste that is generated
during the machining operations in industries while developing components. Direct recy-
cling of metallic components or local production of powdered metal from readily available
stock, including rod, machine chips, and wires, offers several benefits. These include
reduced onsite powder storage, reduced lead times, increased availability of new alloys,
waste reduction, and improved industrial hygiene (Figure 1) [124]. Currently, research
is being carried out on recycling material waste in the form of chips/powders for use in
additive manufacturing processes [125,126]. Figure 2 shows a typical LPBF microstructure.
Figure 3 shows the generation process of the melt pools along the build direction during
direct metal laser sintering process. In this paper, we review the recycling methods of
materials through conventional and direct conversion methods and propose a way of
recycling by converting material chips into wires for additive manufacturing process which
can be energy efficient and environmentally friendly.
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2. Research and Development in Recycling Materials

Increasing raw material and energy costs have led researchers to find alternative ways
to recycle metal waste [127]. Chips are formed during machining operations like turning,
milling, drilling, grinding, cutting, and sawing. There is a possibility for these chips to
get chemically contaminated by coolants and emulsions during machining operations,
hence they require a cleaning process before recycling. In direct conversion methods, chips
are recycled without melting using solid-state recycling techniques [128,129], whereas
in conventional methods [130], chips are melted for recycling, and it is important to
understand this recycling process for different materials, as direct melting of some chips
like aluminum alloys, which are covered by small layer of Al2O3, can be detrimental. It
has been reported that aluminum alloy chips below the dimensions of 420 µm suspended
in air or deposited in the form of a layer pose a risk of exploding if put in contact with
an ignition source [131]. A comparison between the percentage of product extruded by
conventional (52%) and direct conversion methods (96%) can be observed in Figure 4.
Further discussions explore the chip cleaning process, conventional, direct conversion
methods, powder metallurgy, and billet compaction for material recycling.
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2.1. Cleaning Chips

Chips formed during the machining operations in the metal industry are contaminated
by lubricants, cooling, and anti-corrosion agents, hence it is important to clean chips before
further processing. Chips contaminated by lubricants and coolants during machining
operations can be treated with thermal or chemical methods to remove emulsions [132].
Chips can be cleaned by separating the cooling liquid and oil using a centrifuge [133].
They can also be removed by dissolving organic contaminants from chips into an organic
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solvent. It is possible that organic solvents might be carcinogenic and harmful to the
environment. Vacuum separation is another method which can be used for cleaning chips.
Chips are heated in a vacuum chamber up to 270 ◦C, where evaporation of the volatile
components is accelerated by the low pressure which is pumped out and cooled at the
required temperatures. Water and oil are separated, and oil recovered from this process is
reused for machining [134]. Wang et al. [135] studied the effects of time, temperature, and
cutting fluid type on the ultrasonic cleaning of titanium chips. It was determined that when
using 40 kHz ultrasonic cleaning for 20 min and 5% sodium carbonate solution at 50 ◦C,
an oil removal rate of 83.5% can be reached. The cleaning mechanism was analyzed, and
influence modes were explained according to the young equation. Teke et al. [136] cleaned
the Ti6Al4V alloy chips before melting by using detergent and ethyl alcohol (96% purity) to
remove coolant oil. Dhiman et al. [137] cleaned Ti6Al4V swarf by washing it with detergent
followed by cleaning it in a sonicator for 1 h which was later dried and sieved (Figure 5).
Magnetic separation and later, heat treatment in a vacuum for 2 h at 800 ◦C was carried
out. Before ball milling, chips were cleaned with acetone. Wang et al. [138] explored
the ultrasonic cleaning of super alloy scrap using different liquid–solid ratios, cleaning
temperatures, and cleaning times to find the optimal cleaning conditions for GH4169 super
alloy scrap. Dziewinska et al. [139] provided details on the cleaning of uranium chips
and turnings. Denkena et al. [140] studied the influence of cutting conditions on chip
contamination to increase the recycling rate of titanium chips by investigating and adapting
the influence of machining and process parameters on chip quality.
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2.2. Conventional Methods

Chips can be recycled using methods like electric arc furnace (EAF) [141–146], elec-
troslag remelting (ESR) [147–152], vacuum arc remelting [153–156], vacuum induction
melting [136,157–159], electron beam melting [160–164], and plasma arc melting [165–168].
The various conventional processes for remelting chips generated from diverse materials
can be further elaborated for understanding. Hence, outlining the major different processes
of chips melting would be more beneficial for clarity. We have discussed below meth-
ods like electric arc furnace, electro slag remelting, vacuum arc remelting, electron beam
melting, plasma arc melting, vacuum induction melting, induction melting furnace, and
gas atomization.
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2.2.1. Electric Arc Furnace (EAF)

Iron and scrap are reduced from iron ore charged in the furnace. The furnace is refec-
tory lined by a material which is infusible and heat resistant up to the highest temperature
of steel making process. The heat is supplied by an arc which is created when the electric
current is passed by carbon electrodes through the scrap to the furnace lining. Natural gas
and oxygen can be used for providing additional heat to aid the melting process. Figure 6
shows an EAF process. Yang et al. [141] used an electric arc furnace to recycle stainless steel
industrial waste and examined the effects of test conditions on carbon reduction of oxides
in briquettes. Based on the observations, suggestions were made for the smooth operation
of smelt reduction of briquettes using EAF or induction furnace. LAT et al. [169] recycled
the zirconium alloy chips using two different techniques. One of the techniques used was
melting the chips in EAF to obtain ingots which were heat-treated. A very high (up to
20%) burnout/oxidation loss can result due to remelting scrap in the electric arc furnace or
the induction furnace [149,151,170,171]. Pereira et al. [172] recycled zirconium alloy chips
using EAF. Hekimoğlu et al. [173] remelted the 390 A alloy and observed a uniform and
equiaxed distribution of grains.
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2.2.2. Electroslag Remelting (ESR)

Cylindrical parts are forged or cast into the consumable rods of the alloy which is
to be remelt. The remelting process starts when the lower tip of the consumable rod gets
immersed in a pool of molten slag. Figure 7 shows an ESR process. Recycling super
alloy scraps is difficult due to problems associated with remelting. Recycling the scrap
using vacuum melting techniques becomes difficult due to the high volume-to-weight
ratio. Satyaprasad et al. [149,150] recycled wrought nickel based super alloy scrap using
a non-consumable water-cooled electrode. Seo et al. [174] remelted and refined titanium
scrap using direct current electro slag remelting in which graphite rod was used as anode.
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2.2.3. Vacuum Arc Remelting (VAR)

Vacuum arc remelting is commonly used to purify various alloys like nickel-based
alloys, titanium-based alloys, and stainless-steel alloys. This method refines an impure
alloy (electrode) through vacuum heated by a DC arc. As the tip of electrode melts, it
generates droplets which drip through the vacuum and reach the molten pool. A high
grade ultra-clean alloy forms in a water-cooled mold as the molten pool solidifies. Low
density oxide inclusions are carried to the molten pool by the droplets and are transferred
to the solidification rim near the mold. Figure 8 shows a VAR process. Under the vacuum
conditions, unfavorable elements with high vapor pressure like Cu, Pb, As, Bi, Sn, and
Te are evaporated under vacuum conditions [155]. To produce alloys used in nuclear fuel
parts, the nuclear industry accepts only VAR furnaces as acceptable technology [156,176].
Ries et al. [156] studied the recycling of zirconium alloy chips scraps by melting in a VAR
furnace. Kramer et al. [177] have described the process of recycling titanium chips. One
of the steps mentioned is turning chips into stable compacts which can be remelted using
a consumable electrode vacuum arc furnace. Berggreen [178] discusses the properties
of titanium chips to be considered before remelting. The consumable electrode which
is used in ESR and VAR furnaces is built using vacuum induction melting, in which
a casting technique of pouring into top open mold is used. A substantial density of
serious cracks is developed despite vacuum due to oxidizing conditions and turbulence
accompanying the top pouring of the electrode. The biofilms (double oxide films), which
are the cracks in the cast electrode, are responsible for major faults like fallen crown, white
spots, and undetectable and horizontal macroscopic cracks in the VAR ingot. The solutions
recommended to resolve these issues are a counter gravity cast electrode or an electrode
cast in a vacuum or air such that it will be free from bifilm defects [154].



Recycling 2024, 9, 43 7 of 44Recycling 2024, 9, x FOR PEER REVIEW 7 of 46 
 

 
Figure 8. Schematic illustration of VAR [155]. 

2.2.4. Electron Beam Melting (EBM) 
EBM and refining process were developed as possible sole procedures for the pro-

cessing of refractory and chemically active metals like Mo, W, Ti, Nb, Ta, Zr, Hf, V, and 
Pt, and now they are used for production of high purity metals and alloys in a vacuum 
and for recycling material scrap [159,162,164,179,180]. Figure 9 shows an EBM process. 
The beams in electron beam melting furnace are generated due to the emission of free 
electrons, and are accelerated under electrostatic field. These beams are targeted on the 
material to be processed. The beam energy converts into thermal energy, as the kinetic 
energy of the electron is deposited into the target, which leads to the melting of the mate-
rial [157]. The material is not overheated with electron beams, which results in a high level 
of purification of metals from gases and metallic or nonmetallic admixtures, and results 
in the preservation of the structure, chemical composition, and properties of finished me-
tallic ingots. The use of a water-cooled copper crucible for refinement, melting, and solid-
ification helps in avoiding contamination due to its contact with the surface of the ceramic 
crucible used in ordinary metallurgy [181]. The EBM method avoids material wastage and 
is environmentally friendly. Vutova et al. [182] recycled technogenic hafnium and exam-
ined the possibility of removing metallic and non-metallic impurities from material dur-
ing electron beam melting. Vutova et al. [181] recycled titanium and tantalum scrap using 
EBM. Essentially, the study determined the parameters of EBM for recycling Cu, Zr, and 
Hf. MaKoon recycled uranium scrap using EBM [179,183]. 

Figure 8. Schematic illustration of VAR [155].

2.2.4. Electron Beam Melting (EBM)

EBM and refining process were developed as possible sole procedures for the pro-
cessing of refractory and chemically active metals like Mo, W, Ti, Nb, Ta, Zr, Hf, V, and Pt,
and now they are used for production of high purity metals and alloys in a vacuum and
for recycling material scrap [159,162,164,179,180]. Figure 9 shows an EBM process. The
beams in electron beam melting furnace are generated due to the emission of free electrons,
and are accelerated under electrostatic field. These beams are targeted on the material to
be processed. The beam energy converts into thermal energy, as the kinetic energy of the
electron is deposited into the target, which leads to the melting of the material [157]. The
material is not overheated with electron beams, which results in a high level of purification
of metals from gases and metallic or nonmetallic admixtures, and results in the preservation
of the structure, chemical composition, and properties of finished metallic ingots. The
use of a water-cooled copper crucible for refinement, melting, and solidification helps in
avoiding contamination due to its contact with the surface of the ceramic crucible used in or-
dinary metallurgy [181]. The EBM method avoids material wastage and is environmentally
friendly. Vutova et al. [182] recycled technogenic hafnium and examined the possibility of
removing metallic and non-metallic impurities from material during electron beam melting.
Vutova et al. [181] recycled titanium and tantalum scrap using EBM. Essentially, the study
determined the parameters of EBM for recycling Cu, Zr, and Hf. MaKoon recycled uranium
scrap using EBM [179,183].

2.2.5. Plasma Arc Melting (PAM)

An intense and controllable stabilized electric arc discharge is used as a source of
energy in PAM. The PAM process operates under a wide pressure range and inert atmo-
sphere so that the melting process is not disrupted by the outgassing of feed material.
Figure 10 shows a PAM process. VAR and EBM processes have limitations on the form and
purity of material that can be processed. Electrical conductivity and structural integrity
of the starting material is required in the VAR process. A constant vacuum for electron
guns to function is required in EBM, which limits the amount of outgassing that can occur
during melting. PAM offers the advantages of both EBM and VAR [166]. The advantage
of PAM over EBM is its higher operating pressure of plasma systems (atmospheric or
above) than EBM furnaces (Hard vacuum). The higher pressure in PAM helps avoid losses
of low vapor-pressure alloying elements like aluminum and chromium [167]. Titanium-
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based alloys and nickel-based super alloys are widely used in aerospace industries, for
example, in turbine compressor blades and compressor discs in jet aircraft engines. These
materials, when molten, are very reactive and are susceptible to oxidation. The presence
of small inclusions and other elements can lead to crack initiation sites. The PAF can
carry out refining by removing high- and low-density inclusions during melting [167].
Blackburn et al. [167] have discussed the plasma arc melting technology for titanium alloys.
Modrzynski et al. [168] recycled titanium alloys using PAF. Dunn et al. [166] recycled high
interstitial contaminated tantalum powder. One of the conclusions drawn was that, due to
excessive outgassing in high interstitial content material, PAM is the only alternative for its
melting. Dunn et al. [184] used PAM to produce high quality ingots of titanium–tantalum
alloys. Bhat. [185] mentions in his report that service life of plasma torches with electrodes
is limited due to various factors like the type of material used for electrode, design con-
figuration of electrodes, reactivity with plasma gases, and the nature of the current, AC
or DC.
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2.2.6. Vacuum Induction Melting (VIM)

In induction heating, an electrically conducting part is heated by passing an alternating
current at a specific frequency through a copper coil to generate a variable electromagnetic
field; this generates an induced eddy current in the vicinity of the coil. The part is placed
within the coil and the eddy currents flowing through the part’s resistance heats it due to
the Joule effect. The eddy currents are developed due to the part’s resistance and results
in power loss, which results in heat. Figure 11 shows a VIM system. The advantages of
the VIM process are a short melting time, precise control, homogenous mixing, and low
cost. Teke et al. [136] developed a new melting system with vacuum induction to recover
titanium alloy scraps. Figure 12 shows briquettes generated by pressing the Ti6A14V chips.
Pereira et al. [157] recycled zircaloy scraps using vacuum induction melting and electron
beam furnaces to obtain ingots. VIM has been used as a part of the process for recycling
titanium aluminide [158,159].
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Stainless steel chips can be a source of alloying elements like nickel and chromium.
Tokar et al. [186] conducted an experiment by separating structural steel and stainless-steel
chips using magnetic separation. Chips were cleaned using two degreasing methods:
(1) using laboratory furnace, chips were heated up to 400 ◦C to burn volatile gases; (2) by
washing chips in trichloroethylene, a waste organic solvent. Dry chips were obtained from
these methods. Dry and degreased chips were manually cold pressed into cylindrical
compacts, which were then melted in a 20 kg induction melting furnace (Figure 13). In
total, 13.01% Cr, 6.34% Ni, 0.86% Mo, and 0.45%Cu was the composition obtained from
the investigated chips. It was confirmed from the experiment that compaction of chips
in the form of briquettes was necessary for getting a better yield of material in melting
process [186].
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2.2.7. Gas Atomization (GA)

Material chips can also be recycled by using a method like gas atomization (GA) in
which the material is heated to a melting point in the atomization process, and a nozzle of
plasma or flowing gas breaks the liquid metal into fine particles, and they form spheres
because of surface tension as they cool and fall through the atomization chamber [124].
Figure 14 shows a GA system. Chips can be recycled and developed into powdered form
using GA. These powders can be used in additive manufacturing processes like powder
bed fusion and wire arc direct energy deposition. Cacace et al. [187] used recycled AISI
316L and standard AISI 316L to produce powders using the GA process. They studied the
feasibility of using recycled materials to produce powders for additive manufacturing. The
results indicated that AISI 316L can be used for additive manufacturing, and it resulted
in high mechanical properties and good processibility. Lagutkin et al. [188] developed a
new method which combines pressure and gas atomization. White et al. [189] used a close
coupled high pressure gas atomization method to produce a narrow distribution of coarse,
spherical powders for Ni-based super alloys. Heidloff et al. [190] used close-coupled gas
atomization for the production of fine spherical powder from the Ti alloy.
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Remelting technologies like vacuum arc remelting (VAR), electron beam melting
(EBM), and plasma arc melting (PAM) are used for melting titanium scrap as they minimize
oxygen contamination. Volatile impurities like sodium and magnesium can be removed
using EBM, as it is operated under a high vacuum. A combination of these methods, like
EBM and VAR or PAM and VAR, are used for remelting [180]. Reitz et al. [158] recycled
TiAl casting scrap by using vacuum induction melting, and detoxified it using pressure
electroslag remelting. Vacuum arc melting was used to remove the dissolved reducing
agents and impurities. Wang et al. [135] studied the effects of time, temperature, and
cutting fluid type on the ultrasonic cleaning of titanium chips. It was determined that,
when using 40 kHz ultrasonic cleaning for 20 min and 5% sodium carbonate solution at
50 ◦C, an oil removal rate of 83.5% can be reached. The cleaning mechanism was analyzed,
and influence modes were explained according to the young equation. The production
yield and processing process of the titanium alloy is low, about 50%. It is difficult to cut
material and produces many chips [192]. The degraded utilization method and remelting
recovery method are used for recycling titanium containing waste materials [180]. One of
the ways for recycling titanium chips can be by using it in the development of Ferrotitanium.
Ferrotitanium is used in steel making [193]. Titanium improves the steel microstructure
and its wear properties and tensile strength. Pure titanium cannot be directly added to steel
as it will be burnt, and titanium oxide will form inclusions inside the molten steel, affecting
its quality [194]. Hence, the aluminothermic method or electro aluminothermic method is
used to add titanium to liquid steel to obtain ferrotitanium alloy [195,196]. The traditional
production method uses rutile and low phosphorus sulfur titanium as raw materials,
which makes it difficult to control impurities [197–199], but by adjusting the proportion of
ingredients, high titanium ferrotitanium can be produced by using titanium waste [200].
During processing and collection, the titanium chips can get contaminated by impurities
like cutting fluid, dust, and mechanical oil. Oil stains such as lubricating oil, drawing oil,
cutting oil, and anti-rust oil are difficult to clean from the titanium chip surface as they
adhere to it, and this may lead to excessive carbon content in high titanium ferrotitanium
after remelting [201]. High titanium ferrotitanium can be obtained by thoroughly cleaning
chips. Jiao et al. [202] used the molten salt electrolysis method for recycling titanium scrap
by which high purity titanium was collected from the cathode. In the aluminum recycling
industry, aluminum is recycled using remelters and refiners (Figure 15). Casting alloys
and deoxidation aluminum is produced by refiners, while wrought alloys are produced
by remelters. Different aluminum alloys have to be separated while recycling in remelters,
whereas in refiners, different alloys can be mixed to alloy-specific scrap batches before the
scrap is loaded into the furnace. The feed in the remelter is clean scrap, which is not coated
or oxidized, while the feed in refiner furnace is oxidized and coated [130]. The advantage
of remelting chips over not remelting is that when the metal is in molten state, it is possible
to correct its chemical composition by removing impurities.

Earlier researchers have reported that, after remelting, the material recovery is around
54% during conventional recycling, as substantial losses occur during remelting of alu-
minum and aluminum alloys due to its low density, losses during casting (risers, shrink
holes), and processing of aluminum ingots [203]. But Palimaka studied the metal chips
formed during sawing process, with chip dimensions not exceeding 1 mm, and the chips
were melted using thermal cleaning under controlled conditions of a gas atmosphere, and a
high recovery yield of 94% and a degree of metal coalescence up to 100% was achieved [131].
Figure 16 shows a melting process of a compact. Figure 16a shows the heating of the com-
pact. Figure 16b shows the melting, loss of the compact, penetration of molten salt, and
absorption of impurities. Figure 16c shows sedimentation and coalescence of droplets.

Critical raw materials (CRM) like Ta, Nb, Co, and Hf can be obtained by recycling
super alloys. Pyrometallurgical, hydrometallurgical, and combined pyro- and hydro-
metallurgical are the methods used for recycling of super alloys. In total, 3 to 6% of rare
elements like ruthenium and rhenium are present in modern nickel super alloys. Once the
chemical composition of the super alloy is analyzed with an XRF spectrometer, then the
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scrap should be sorted for recycling. Pyrometallurgical methods can be used for recycling
scrap without rhenium content, whereas scrap with rhenium content (3 to 6 wt.%) can
be recycled with hydrometallurgical methods [204]. In the pyrometallurgical process,
scrap is remelted in an electric arc furnace followed by vacuum refining. The goal of the
hydrometallurgical process is to obtain compounds or pure metals. Kim et al. [205] recycled
PWA-1484 super alloy scrap using a two-step process for obtaining nickel and rhenium
using hydrochloric acid solutions. Cui et al. [206] extracted nickel from a nickel-based
super alloy using melting magnesium as the extraction medium. They investigated the
effect of heating time, heating temperature, and mass ratio of alloy to magnesium on the
extraction of metals in the alloy. Debarbadillo details the procedures for melting, handling,
and refining nickel-based super alloy scrap [207]. Yagi et al. [208] used molten zinc as an
extraction medium for extraction and separation of Ni from a Ni-based super alloy. Tian
et al. [209] used molten Mg-Zn for selective extraction of Ni from super alloy scrap.
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2.3. Direct Conversion Methods

In conventional recycling, there is a low recovery of material. For example, in con-
ventional recycling of aluminum and aluminum alloys, the material recovery is around
54%, as substantial losses occur during remelting due to its low density, losses during
casting (risers, shrink holes), and processing of aluminum ingots, whereas 95% of metal is
recovered during direct conversion [203]. This method of direct recycling can be applied to
iron, copper, and aluminum alloys [128,203,210–212]. The steps in the direct conversion
method are comminution, cleaning, drying, cold pre-compacting, hot extrusion, and cutting
to final size (Figure 17). The main requirement in recycling without remelting is that all
the chips must be clean, homogenous in chemical composition, and should be from a
single source. Low temperature processes are an alternative to the melting process. Here, a
technique called sever plastic deformation [128] is used by processes like friction stir extru-
sion [213], cyclic extrusion compression [214], high pressure torsion [215], equal channel
angular pressing [216], and KOBO extrusion process [217]. The plastic-deformed material
is converted into a semi-finished solid product, followed by an extrusion operation into
a final product. Noga et al. [218] recycled ALSi11 chips by compacting and co-extruding
to obtain product in form of flat bars. Mathilde et al. [219] recycled AA 6060 aluminum
chips and observed that the oxygen content increased during every step of the recycling
process. We have discussed below several plastic deformation techniques and the hot
extrusion method.
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2.3.1. Severe Plastic Deformation (SPD)

SPD is a plastic deformation process in which a large strain is imposed on a bulk
process to obtain an ultra-fine-grained material [25,26,220,221]. Producing high strength
and light weight parts is the main objective of the SPD process. The imposed plastic strain
in conventional metal forming processes, like forging, rolling, and extrusion, is generally
less than 2. The thickness and diameter of the material become very thin and are not
suitable to be used for structural parts when multiple pass rolling, drawing, and extrusion
are carried out up to a plastic strain of greater than 2. To impose large strain on bulk metal
without changing its shape, many SPD processes have been developed [25]. Friction stir
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extrusion, Cyclic extrusion compression (CEC), High pressure torsion (HPT), and Equal
Channel Angular Pressing (ECAP) are some of the processes which belong to this category,
and have been used to recycle materials.

Friction Stir Extrusion (FSE)

Friction stir extrusion converts chips, powders, and other recyclable metal scrap into a
usable product form in a single step by using extensive plastic deformation and frictional
heating to mix, stir, and consolidate the material. Using an axial force, a cartridge filled
with powder or swarf is pushed on to a plunger or die. Either the Plunger/die (backward
friction extrusion) or the cartridge is rotated (forward friction extrusion) [222]. Figure 18
shows an FSE process. Baffari et al. [223] analyzed FSE process for recycling AA2050 for
wire production with a primary energy demand perspective. They quantified the process of
electrical energy demand with varying process parameters. They quantified and compared
the primary energy demand of the whole recycling route with conventional and equal
channel angular pressing and observed that FSE allowed for a reduction in energy demand
up to 74% and 63% with respect to conventional and equal channel angular pressing.
Buffa et al. [224] demonstrated that FSE can be implemented for the continuous recycling
operation on light alloys like aluminum. They carried out numerical analysis which the
FEM model was able to give information which cannot be directly measured experimentally.
The model was able to guide the experimental investigation by providing useful input
and output parameters. Hasan et al. [225] carried-out experiments to investigate the effect
of process parameters on the extrude quality of AA2024, and a numerical model was
developed to simulate the evolution of material flow. Reza-e-rabby et al. [226] studied the
effects of die features and process parameters on response variables in friction extrusion.
Asadi et al. [227] examined the sustainability of FSE technique for recycling of brass chips
by comparing it with six different casting methods. Four sustainability indicators were
calculated and compared for FSE and casting methods. Buffa et al. [228] recycled AZ31
magnesium alloy using friction stir extrusion process. Buffa et al. [229] recycled aluminum
alloy chips into wires using FSE; these wires were found to have good microstructural and
mechanical properties and can be used as wire feedstock for additive manufacturing.
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Cyclic Extrusion Compression (CEC)

CEC is a type of sever plastic deformation (SPD) [25] technique where a workpiece
is pushed in a cylindrical die with two varying diameter sizes. Figure 19 shows a CEC
process. Sever plastic deformation is used in the direct recycling of light weight and high
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strength materials; it produces material with ultra-fine grain size [214] due to large plastic
strain imposed during process [25]. The most crucial stage of direct recycling technique is
the compaction stage as it affects the material properties and microstructure of the material.
We have discussed billet compaction in Section 2.5. Low billet density is one of the issues
with direct compaction. Shahrom et al. [231] used cycling extrusion compression back
pressure (CECBP) to improve the billet density which affects particle size, hardness, and
chip boundaries of aluminum alloy 6061 chips during direct recycling of the hot forging
process. Billet density, chip boundaries, and cyclic hardness were found to improve when
aluminum chips were refined using the CECBP technique. Peng et al. [232] applied CEC
for recycling of GW102K (Mg–10Gd–2Y–0.5Zr) magnesium alloy. They used GW102K alloy
in two forms (chips and ingot) for investigation. Richert et al. [214] studied the effect of
SPD during the CEC on strain hardening and grain refinement of AlMgSi (6082).
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(a) initial state, (b) extruding with a pushing pressure on the Ram A, (c) end of Ram A, (d) reverse
extruding, (e) end of Ram B, and (f) final extruding to obtain a rod [232].

High Pressure Torsion (HPT)

In the HPT process, a sample disc is placed between the upper and lower anvil and
is squeezed under high pressure and is concurrently strained by rotating the lower anvil
with respect to the upper anvil [233]. Figure 20 shows an HPT process. HPT was used
by Aal for recycling of pure Al chip, Al chip-20% Al2O3 and Al chip-20% SiC, and was
able to produce ultrafine grain microstructure samples with relative densities ranging
from 99.7–98.3% [215]. Yusuf et al. [234] applied HPT to additively manufactured SS316L
fabricated using laser powdered bed fusion to produce ultrafine-grained and nano grained
microstructures. Pandey et al. [235] recycled AA 6082 chips into cylindrical solid bars and
hollow components like ring bush using HPT. The density of solid bars was observed to be
95–98% of the actual material density. The microstructural study indicated good bonding
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of chips at interface. Nezhad et al. [236] used HPT to recycle AA 7075 chips. They observed
an improvement in mechanical properties with the addition of pure aluminum powder as
a binder during the consolidation process, as it created lower porosity and better bonding
between the chips. Castro et al. [237] used HPT to fabricate different Mg-Zn composites at
room temperature. Guo et al. [238] hot-pressed Ti-5553 alloy chips and observed the strain
to fracture of 0.98 ± 0.04%, ultimate tensile strength (UTS) of 675 ± 12 MPa, and bending
strength of 1181 ± 28 MPa. Later, they double-aged samples at 600 ◦C for 4 h followed by
700 ◦C for 0.5 h, and they observed the strength and ductility of the hot-pressed Ti-5553
alloy to have significantly improved, with a UTS of 1425 ± 12 MPa, strain to fracture of
2.47 ± 0.07%, yield strength (YS) of 1390 ± 20 MPa, and a bending strength 2565 ± 35 MPa.
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Equal Channel Angular Pressing (ECAP)

In the ECAP process, a large shear strain is introduced in the workpiece by pushing
it through a die consisting of two channels having the same cross-sectional shape which
meet each other at an angle to each other. Once the product is extruded, it can be pushed
again through the entrance of the channel. Figure 21 shows the ECAP process, where ‘P’
is the force applied on the plunger to plastically deform the material. Plane a,b,c,d is the
original plane whereas a′, b′, c′, d′ is the new deformed plane. Two channels of equal cross
section are intersecting at an angle of ϕ 105◦ and ψ = 75◦. Materials like Al, Cu, Mg, Ti, Ni,
and their alloys have been processed using the ECAP technique [239–246]. Luo et al. [247]
recycled titanium machining chips using ECAP; the results indicated fully dense bulk Ti
with fine grain sizes having strength higher or comparable to commercial wrought pure
Ti. Mohammad et al. [216] recycled AA 6061 chips using hot extrusion and subjected the
material to the ECAP process. The study investigated the effects of ECAP in samples after
1, 2, and 4 cycles using die with 90◦ and 20◦ angles. The micro hardness, ultimate tensile
strength, and yield strength improved with each pass and increased elongation to failure.
Abbas et al. [248] recycled AA6061 chips. The final bulk material was developed in the
following order of cold compaction, hot extrusion, and ECAP for one, two, and three passes.
The surface roughness of the recycled material was investigated. Shi et al. [249] recycled
Ti-Al-4V titanium alloy chips using ECAP. The results indicate that the ECAP process with
back pressures allows consolidation of machine chips to near full consolidation of approx.
99.9%. The relative density of recycled samples increased with the applied number of
passes and pressure. Maharbi et al. [250] recycled AZ31 magnesium chips using ECAP. The
optical and scanning electron microscope data indicate that the quality of consolidation
improves with the number of ECAP passes, as displayed in Figure 22.
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Luo et al. [252] used ECAP to recycle pure titanium machined chips. Using continu-
ous dynamic recrystallization, they achieved ultra-fine grain structure. Alimi et al. [253]
recycled AA6061chips reinforced with different volumetric fractions of boron carbide using
ECAP. The results indicated that boron carbide and the number of passes have a significant
effect on the recycled AA 6061 chips. Krolo et al. [254] investigated the fatigue and corro-
sion behavior of the aluminum alloy EN AW 6082. The aluminum alloy EN AW 6082 chips
underwent cold pre-compaction, hot extrusion, and ECAP. Mcdonald et al. [255] recy-
cled Ti–6Al–4V machining chips using ECAP to produce bulk material which was further
mill-annealed, which gave rise to an equiaxed microstructure. Due to the inclusion of
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chip boundary oxide layers, the recycled material had little tensile strength. After con-
ventional mill annealing process, the material’s tensile yield strength was reported to be
approximately 1150 Mpa. Hyodo et al. [256] recycled AA 7050 machine chips using both
conventional and direct conversion methods by following the process of spray forming,
hot extrusion, and ECAP.

KOBO Extrusion Process (KEP)

In KEP, the die is reverse twisted to create an additional reverse twist of the metal,
which are the conditions for the permanent change of the deformation path. As compared
with the conventional method, KEP has two new parameters: (a) the angle, and (b) the
frequency of twisting, which results in intense localized plastic deformation. This results in
a significant drop in the strength of bonds in the crystal lattice, which lowers the metal’s
viscosity coefficient value to the levels observed in liquids (108 Pa·s), creating conditions for
the dominance of a stratified flow. A drop in plastic flow resistance occurs [257]. Figure 23
shows a KEP process. Bochniak et al. [257] studied the low temperature extrusion of hardly
deformable materials in massive form (Mg4Li, AK11, Cu6.5P) and fragmented fractions
(2014, 7075, AZ91, titanium grade 2). Topolski et al. [217] proposed a new technique of
extruding titanium chips using the KOBO method (Figure 24). The recycled material’s mi-
crostructure had a homogenous grained structure. A small number of voids and randomly
spread discontinuities were observed in it. Based on microhardness measurements and
uniaxial compression tests, it was concluded that the mechanical properties of recycled
material were comparable with those of solid cp-titanium grade 2. Later, in another piece
of research, Topolski et al. [258] used an unconventional plastic working method of up-
setting, heating, and extrusion with rotating die to convert titanium chips into briquettes.
Two different grades of titanium, one with low quality and other with high quality, were
investigated. Chips from these different grades of titanium were collected by machining
operations like milling and turning without using coolants to avoid chemical contamination.
The chips were cleaned in a direct conversion method using acetone and an ultrasonic
washing machine. The materials obtained from this procedure exhibited a conventional
grain structure and were free from any significant defects such as porosity and impurities.
Topolski et al. [259] studied the structural aspects of the solid-state processing of titanium
chips. Pure single-phase titanium Grade4 (Ti Gr4) was processed. Four geometries of chips
were processed. Chips were compacted into briquettes, which were converted into rods
using the KOBO method. The microstructure study of rods indicated a small number of
internal defects. The rods exhibited proper structure for commercial titanium. Compression
tests were carried out on the rods.
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Figure 23. Scheme of direct (a) and lateral (b) extrusion by the KOBO method: 1—punch, 2—container
(recipient), 3—extruded material, 4—lock, 5—reversibly rotating die, 6—product, 7—reversibly
rotating mandrel, and 8—die located on container’s side surface [257].
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Figure 24. Images of titanium taken at the successive stages of the recycling process: (a) titanium
chips obtained after machining, (b) briquette obtained after pressing, and (c) the final product after
KOBO extrusion—solid rod with a diameter of 8 mm [217].

2.3.2. Hot Extrusion

The scrap material is first compacted to form a billet. The billet is preheated before the
extrusion [260]. The force applied on the ram pushes the billet on the die to extrude the part,
as can be seen in Figure 25. Recycling aluminum using conventional methods using melting
requires 25 times more energy than that needed for primary steel production. To overcome
this problem, Pantke et al. [260] recycled aluminum scrap of AA-7175 and AA-7475 using
hot extrusion process without remelting. Haase et al. [261] recycled machined AA6060
aluminum alloy chips using hot extrusion and subsequent cold extrusion. Taha et al. [262]
recycled AA6061 aluminum alloy chips using the hot extrusion process followed by equal
channel angular pressing (ECAP) and observed enhancement in corrosion resistance of
the material. Selmy et al. [263] recycled AA6061 aluminum alloy chips using hot extrusion
process followed by ECAP. Tekkaya et al. [264] hot extruded AA 6060 aluminum alloy chips
and investigated the effects of chip type and process parameters on the final mechanical
properties of the extruded profiles. Al et al. [265] recycled aluminum alloy AA6061 chips
using hot extrusion and studied the effect of extrusion ratio and temperature on the
microstructural evolution, physical, and mechanical properties of the material. Hosseini
et al. [266] recycled phosphor bronze chips using hot extrusion process using aluminum
powder as a metal binder for the fabrication of metal-fiber-reinforced aluminum matrix
composite. They studied the microstructure and analyzed the fracture mechanism as a
function of the volume fraction of phosphor bronze chips in fabricated composite. Alimi
et al. [267] studied the effects of reinforcing aluminum AA6061chips mixed with boron
carbide and zirconia particles. The results indicate that hardness and compressive strength
increased with up to 5% added particles and beyond 5% the yield values decreased. The
advantages and disadvantages of hot extrusion process have been provided in Table 1.
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Table 1. Comparative analysis of conventional and direct conversion methods.

Method Type Materials Microstructure Advantages Disadvantages

Electric arc
furnace (EAF) Conventional

Stainless steel [141],
zirconium alloy
[169,269], 390 A

alloy [173].

Uniform and equiaxed
distribution of
grains [173].

EAF in the
steel-making

process leads to
lower carbon

emissions [270].

A very high (up to 20%)
burnout/oxidation loss

can result due to
remelting scrap in electric

arc furnace [149].
EAF provides three major
sources of contamination:

(i) refractory crucibles,
(ii) slags, and (iii) air

atmosphere [271].

Electroslag
remelting (ESR) Conventional

Super alloys
[149,150], titanium

alloys [174].

Dendritic structure
was observed in the

cast ESR ingot
whereas recrystallized

grain structure was
observed in the forged

ingot. TiC and TiN
precipitates were

observed in both the
cast and forged

ingots [149].

ESR yields high
quality ingots of
steels and super

alloys [174].

In the traditional method
of ESR using consumable

electrode, there is
difficulty in compaction
of scrap into electrode of
satisfactory quality. To
overcome this problem
super alloy scrap has

been recycled using ESR
using non-consumable

water cooled
electrode [149].

Vacuum arc
remelting (VAR) Conventional

Super alloys [271],
titanium alloys

[272], alloys used in
nuclear fuel parts,

zirconium
alloy [156].

Three distinct regions
observed in Ti alloy

ingot developed using
VAR: 1. a thin zone of
nominally equiaxed

prior-beta grains
formed adjacent to the

mold wall; 2. long
columnar prior-beta

grains; 3. at the center
of the ingot, an

equiaxed
microstructure whose
grain size decreased
towards the center of

the ingot was
observed [272].

High purity, good
control, and

reproducibility
[167].

Biofilms defects [154],
VAR process requires

structural integrity and
electrical conductivity of

the starting
material [166].
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Table 1. Cont.

Method Type Materials Microstructure Advantages Disadvantages

Electron beam
melting (EBM) Conventional

High purity metals
and alloys

[159,162,164,179],
titanium

alloy [162,181],
tantalum alloy

[162,181], uranium
[179,183], hafnium

[182], zirconium
alloy [157,172].

Widmanstätten
structure characteristic

of the basketweave
morphology can be

observed in Zircaloy-4
(Raw state) [172]

Grain boundaries free
of inclusions [181].

No wastage and
environmentally

safe [181].

Constant vacuum for
electron guns to function
is required in EBM, which

limits the amount of
outgassing that can occur

during melting [166].

Plasma arc
melting (PAM) Conventional

Titanium alloys
[167,168,184],

tantalum alloys
[166,184].

Plasma-melted ingots
typically have a

columnar structure
due to solidification
pattern induced by

cold walls of the mold
and the prevailing

thermal
gradients [167].

The higher pressure
in PAM helps avoid

losses of low
vapor-pressure

alloying elements
like aluminum and

chromium [167].
PAF can carry out

refining by
removing high and

low-density
inclusions during

melting [167].

Service life of plasma
torches with electrodes is

limited due to various
factors like type of
material used for
electrode, design
configuration of

electrodes, reactivity with
plasma gases, and nature

of the current AC or
DC [185].

Vacuum induction
melting (VIM) Conventional

Titanium alloy [136],
zircaloy [157],

titanium–aluminide
[158,159], super

alloys [271].

Fine needle-shaped
structure with multi

directional
distribution. A phase

with and small
amount of β phase

with columnar
grains [136].

Short melting time,
precise control,
homogenous

mixing, and low
cost [136].

Inferior properties of
large castings produced

by vacuum induction
melts [271].

Gas Atomization
(GA) Conventional

Steel [187],
aluminum alloys
[124,191], super

alloys [189],
titanium

alloys [190].

Rapid solidification
microstructure

consisting of a fine
dendrite structure

which can be observed
in the atomized Al

2024 powders [191].

Generates spherical
metal powders

which can be used
for additive

manufacturing [191],
higher atomization

efficiency, and a
greater consistency

with the spray [273].

Rapid solidification or
heat extraction can lead

to metal freezing
prematurely within the
delivery tube. Pressure
can become positive or
negative from the gas

stream with the nozzle
tip, which can cause an
increase in metal flow

rate or a blockage during
actual

experimentation [273].

Friction stir
extrusion (FSE) Direct Conversion

Aluminum alloys
[223–225,229], brass
[227], magnesium

alloy [228].

The grain structure of
extruded tubes
showed grain

refinement near the
tube ID surface. A

gradual transition in
grain size occurs from

the ID to OD of the
extruded tubes [274].

Heavily stretched
grain in the periphery

and recrystallized
grain in the
center [228].

Equiaxed refined
grain structure in

the extrudate upon
frictional heat and

severe plastic
deformation can

result in developing
lightweight tubes

with enhanced
strength and

formability, which
could be used in the

aerospace and
automotive

industries [274].

The discontinuity of the
process limits the

extrudates volume to the
capacity of the
chamber [230].
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Table 1. Cont.

Method Type Materials Microstructure Advantages Disadvantages

Hot Extrusion Direct Conversion

Aluminum alloys
[260–265,267],
bronze [266],

reinforced
magnesium matrix

composite [275].

Refinement in grain
size after hot

extrusion. The coarse
grains of the as-cast

composite were
completely translated
into the fine equiaxed

grains through hot
extrusion [275].

Only 5% energy
required than the

conventional
process chain, which
includes a remelting
step of the scrap to

produce new
extrusion

billets [276].

Surface oxidation,
different

thermal-mechanical
properties, and orange

peel defect [277].

Cyclic Extrusion
Compression

(CEC)
Direct Conversion

Aluminum alloys
[231], magnesium

alloys [232],
aluminum–

magnesium–silicon
alloy [214].

Evolution from the
ultrafine grained
material at lower
deformation to a

nanomaterial, highly
misoriented

microbands [214].

Improvement in
billet density, chip
boundaries, and

cyclic
hardness [231].

Requirement of back
pressure during the

process [278].

High Pressure
Torsion (HPT) Direct Conversion

Aluminum alloys
[215,235,236],

Mg-Zn
composites [237].

The microstructure
becomes finer with

increasing the number
of HPT turns and the

distance from disk
center [236].

Allows for defined
continuous

variation of strain,
and extremely high
shear strain can be

achieved [279].

Uniform microstructure
can be achieved except in
the central region, only if
the sample is deformed in

the saturation regime.
Limitation in the size of

sample [279].

Equal Channel
Angular Pressing

(ECAP)
Direct Conversion

Titanium alloys
[247,249], aluminum

alloys [216,248],
magnesium [250].

Fully dense bulk Ti
with fine grain sizes

having strength higher
or comparable to

commercial wrought
pure Ti [247]

Nano equiaxed grains
α grains [249].

ECAP process with
back pressures

allows consolidation
of machine chips to

near full
consolidation of

approx. 99.9% [249].

Lack of hydrostatic
pressure [278].

KOBO Extrusion
Process (KEP) Direct Conversion

Aluminum alloys,
titanium alloys

[217,258,259], AZ91
alloy [280].

Homogeneous
microstructure with

equiaxed grains [258].

Processing of
titanium chips into a

bulk solid form
without

remelting [258].

Maintaining a constant
value of the extrusion
force by adjusting the

oscillation frequency of
the die and the speed of
the punch movement is

required to obtaining the
same material properties
along the entire length of

the sample [280].

2.4. Powder Metallurgy (PM)

Metal chips can be recycled by turning them into powders by using processes like
milling, gas atomization, and electrolytic decomposition. A high-end ball milling process
using vanadium carbides has been studied by Mendonça et al. [281–283] for recycling
stainless steel chips (Figure 26).

Dhiman et al. [137] recycled Ti6Al4V swarf into powder feedstock suitable for additive
manufacturing, and they observed that the characteristics of powder produced by ball
milling were comparable or superior to the powder produced by gas atomization. Prior to
using the chips for powder metallurgy, it is beneficial to conduct a cleaning process. Chips
are easily contaminated by lubricants and coolants during machining operations, typically
forming emulsions. These emulsions can easily be removed from the chips using either
thermal or chemical methods [132].

Powder generated from machine chips can be used as feedstock for powder metallurgy
processes. The powder is mixed with metal/alloy powders along with a calculated amount
of reinforcement materials. The obtained powder mixtures are consolidated by using rigid
tool sets comprising punches and die. The green compacts obtained from this process
are sintered for particle bonding to enhance the strength and integrity of the finished
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part [284]. Figure 27 shows a PM process. Lat et al. [169] recycled zircaloy using powder
metallurgy. Demirel et al. [285] used CuSn10 as a matrix material and GGG40 cast iron as the
reinforcement material for the production of composite material. Materials were turned into
chips. Later, the chips were milled in a ball mill to achieve a homogenous structure. Grinded
chips were sieved in 1–2 mm sieves to obtain chips in same form and size. The chips were
weighed at a ratio of 10% GGG40–90% CuSn10 by weight with a precision of 0.001 g which
were mixed in a conical mixer to obtain a homogeneous structure and were placed in the
compression test specimen mold and pre-formed by a single effective press. The material
was sintered in an ash furnace. During the sintering process, some graphite powder
was used to minimize oxidation at high temperatures. Researchers have used powder
metallurgy to recycle stainless steel chips [286]. Großwendt et al. [287] used a novel powder
metallurgical method for recycling tool steel grinding sludge. Kem [288] produced steel
deoxidation briquettes (recycled iron and aluminum) using powder metallurgy. Gonçalves
et al. [289] recycled Vanadis®8 tool steel scrap using powder metallurgy. Umeda et al. [290]
established a process for recycling coarse titanium chips Ti-6Al-4V to fine powders available
for powder metallurgy. The formation of brittle TiH2 compounds due to heat treatment in
hydrogen atmosphere improved the milling ability. Fine Ti-64 powders were reproduced
using a suitable hydration temperature of 873 K in H2-Ar mixed gas. The reproduced green
compact after vacuum sintering at 1273 K showed a relative density of about 93%, larger
than that of the sintered material when using the commercial Ti-64 powder.
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Chips can be recycled and developed into powdered form by the cold mechanically
derived (CMD) technique [124]. Figure 28 shows the tensile response of gas atomization
(GA) and CMD-derived material. The cold mechanically derived (CMD) technique is a
new, direct low energy, solid state production process for powdered feedstock (Figure 1).
Martin et al. [124] observed that CMD-derived materials showed higher tensile strength
than GA-derived materials (Figure 28). The specimens produced from each type of powder
were evaluated after heat treatment to separate the influence of residual porosity from that
of the powder processing method. Hot isostatic pressing (HIP) was carried out to close
porosity so that it could provide details on material properties without critical flaws. It
was observed that both HIP’d and non-HIP’d CMD material showed improved strength
and ductility over GA. However, material superiority over GA and wrought material is
unclear due to varying processing parameters. One of the reasons provided to explain
the improved tensile strength of CMD- over GA-derived materials was that increased
vaporization of the strengthening elements in GA material probably decreased the strength,
while additional changes in Zn/Mg/Cu ratios in the alloy could impact the final liquid
composition during solidification, leading to a higher tendency for brittle grain boundary
phase formation, such as S-phase.
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Researchers have worked on processing recycling chips into powders for aluminum
alloys [124], stainless steel [291], and titanium alloys [140] so that they can be used for
additive manufacturing. Wei et al. [292] have reviewed ball milling processes for con-
verting machining chips into powders. Deshpande et al. [293] carried out solid state
metal additive manufacturing using friction surfacing on metal chips of SS316L. The chips
were produced by milling operation and were pressed into hollow 304L stainless steel
rods. Cislo et al. [294] used the pulsed electric current sintering method for solid state
recycling aluminum alloy chips. Thomas et al. [295] used a conform machine to extrude
cold commercially available titanium powder into thin wires which were dense and had
a fine recrystallized microstructure. Smythe et al. [125] used a conform machine to re-
cycle titanium powder and swarf into thin wires to be used for additive manufacturing.
Besekar et al. [296] recycled titanium by using it as a reinforcement in aluminum alloy
A356, which led to an improvement in mechanical performance due to the refinement of
dendrite size, partial diffusion of Ti into the Al matrix, and the uniform deposition of Ti
particles. Jordon et al. [126] used waste machine chips as feedstock for an additive friction
stir deposition process with no preprocessing steps, and were able to produce a fully dense
additive manufacturing deposition.

In additive manufacturing techniques like powder bed fusion processes, powder is
distributed on the bed which will be melted by laser, but not all the initially distributed
powder is used in the process [297,298]. This unmelted powder can be reused. Even
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though the powder has not been melted, it has been exposed to the thermal effects of the
laser, and hence its morphology needs to be evaluated. Recycling powders have economic
benefits like reducing the operational cost. A powder is considered good for processability
if a 3D printed part developed from it has low porosity and defects. Research has been
carried out to study and improve the morphology of the unmolten powders (Figure 29)
for materials like aluminum alloys [299], stainless steel [187,297,300,301], and titanium
alloys [302–305] so that they can be recycled and reused. There has also been research to
identify the maximum number of times these powders can be recycled [297,306,307].
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Figure 29. SEM images at 1500× and 1100× magnification of P10 powder features: (a) particles
with irregular or elongated shapes; (b) bonded particles; (c) bonded particles accumulations; and
(d) particles with cerebellar textures [297].

2.5. Billet Compaction

The first step in billet compaction is chip cleaning in case they are contaminated with
oils, emulsions, cooling agents, etc. Chips are rinsed into a bath with an alkaline-based
cleaning agent and kept for 15–30 min at 60 ◦C and washed with water. This step can be
repeated multiple times in accordance with the level of surface pollution. The clean chips are
left to dry in the air or are dried in a furnace designed for this purpose [264]. The processes
of chip recycling can be carried out successfully by following the multistage procedure of
(i) compacting—pressing, (ii) heating, and (iii) plastic working [217]. Tekkaya et al. [264]
have mentioned a compaction force of 60 kN for compacting chips into billets. Misiolek
et al. [308] have discussed three methods for billet compaction, (i) traditional compaction of
entire chips volume in one stroke, (ii) multi-layer compaction for powder compaction [309],
and (iii) front-pad approach for powder extrusion [310]. Factors which are necessary for
recycling metallic chips using plastic working without re-melting are high pressure, high
temperature, and large plastic strain [210,217,311]. The density of the recycled samples
is measured by Archimedes’ method using de-ionized water [249]. Figure 30 shows the
factors involved in cold compaction techniques. Shahrom et al. [231] identified pressure as
the most significant factor affecting the properties of billet density and cyclic hardness. Peng
et al. [232] studied the microstructure and mechanical properties of recycled magnesium
alloy. Cyclic extrusion compression was used to recycle the material. Chips were first
converted into low-intensity blocks using the pre-compaction method before CEC. Chips
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were compressed at 573 K with a pressure of 200 MPa in air. The effect of processing
passes and processing temperature on the grain size was observed. They are important
parameters in controlling the microstructure. The more the number of processing passes,
the finer the grains were. Similarly, lower processing temperature resulted in finer grains.
The 2- and 6-passes at 723 K resulted in the average grain sizes of recycled specimens to be
14 µm and 9 µm, whereas the 2- and 6-passes at 673 K resulted in 10 µm and 4 µm. The
precipitation of the second-phase particles of the recycled specimens could be accelerated
by high temperature CEC. Ductility of the recycled alloy 4-passes of CEC processing at
723 K, a combination of high strength and excellent ductility was obtained, and this was
attributed to uniform distribution of oxide, the grain refinement, and the precipitation
of Mg24(Gd,Y)5 as the second-phase particles. Table 2 provides comparative analysis of
various direct conversion processes in relation to grain size and mechanical properties.
Figure 31 shows the various steps hot extrusion process like compacting, billet formation,
and hot extrusion with preheating. Figure 32 shows the effect of milling parameters on
mechanical properties of hot extruded aluminum alloy chips.
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Table 2. Comparative analysis of various direct conversion processes in relation to grain size and mechanical properties.

Direct Conversion
Methods Material Chip Production

Method Chip Details Chip Compaction
Equipment Process Details Temperature Density Grain Size Mechanical Tests

Results

Friction Stir
Extrusion

AZ31 magnesium
alloy [228],

aluminum alloy
[210,229,312].

Milling
[228,229]

Average dimension of
5 mm length, 2 mm
width, and 0.2 mm

thickness [228].
Depth of cut of

0.5 mm, a tool rotating
speed of

150 mm/min, and a
tool feed rate of

200 mm/min [229].

The average size of
the chips produced
during this process

are 7 mm length,
2 mm width, and
2 mm thickness

[229].

Dedicated fixture
was designed [228].

Extrusion rate, equal
to 0.5 mm/s [228]. 500 and 550 ◦C [210]. - 10–20 µm

[312].

Tensile strength up
to 80% of the parent

material [228].
With varying

tool force
UTS 60–200 MPa

[229].
Yield strength

112–113 MPa [312].
UTS 195–205 MPa

[312].

Cyclic Extrusion
Compression

Aluminum alloy
[231].

AlMgSi alloy [214].

Lathe—Turning
Input spindle speed of
1000 rev/min, a feed
rate of 250 mm/tooth,
and a depth of cut of

0.7 mm [231].

0.3569 mm2 to 0.0219
mm2 [231].

Hydraulic press
[231].

Pressure 55–165 MPa
[231].

Back pressure
681–2371 Mpa [231].

550 ◦C [231]
1.8628 to 2.1323 g

cm3
[231]

At the strain εvm = 16
about 74% of the

sample volume was
occupied by the
grains with the

dimension below
100 nm [214].

Macro hardness
Vickers machine

72.26 HV to
108.43 HV [231].

High Pressure
Torsion

Aluminum alloy
[215,235].

Pure magnesium
[313].

Lathe—Turning
speed, feed, and depth
of cut of 120 m min−1,

0.21 mm/rev, and 5
mm [215].

Continuous chip
with a length range
from 2–35 mm [215].

HPT attachment with
hydraulic press [235].

Pressure of 6.0 GPa
[313]. 200 ◦C–550 ◦C [215].

Relative density
99.5–99.99% [215].
95–98% of actual
materials density

[235].

~ 1.6–4.0 µm [313].

Yield stress seven
times in comparison

with the cast Mg
[313].

Equal Channel
Angular Pressing

Titanium alloy
[249,314].

Turning
Cutting speed of

10 m/min, a feed rate
of 0.1 mm/rev, and a
depth of cut of 50 µm

[249].

5 mm × 3 mm × 0.15
mm [314]. ECAP die [249].

Back pressures 50 to
250 MPa,

constant ram speed
of 4 mm/min [249].

400 to 500 ◦C [249].
Relative density

~99.9%
[249].

~70 nm [249].
Microhardness

415 HV after 8 passes
[249].

KOBO Extrusion
Process

Titanium Grade
2 (Ti-99.4 wt%) [217]. Turning.

Long tangled
bands about 0.3 mm
thick, 2.5 mm wide,

and
100–200 mm long

[217].

Vertical hydraulic
press [217].

Extrusion ratio
R = 14, piston speed
of 0.1 mm/s [217].

Briquette heated at
350 ◦C and annealed

for 10 min [217].

Ø8 mm
END 4.51

(
g

cm3 )

TOP 4.48
(

g
cm3 )

[217].

19–24 µm.

Microhardness
(average
HV0.2)

159–183 HV [217].
Yield stress (MPa)

362–381HV
[217].

Hot Extrusion
Method

Aluminum alloy
[260,264].

Milling
Cutting depth of 2 and

10 mm [260]
feed per tooth of

fz = 0.375 mm [260].

Chip length
20–120 mm [264]
Chip thickness

0.2–1.2 mm [264]
Chip width

1–8.5 mm [264].

Conventional 2.5 MN
extrusion press

[260,264].

Die geometry, a
simple flat extrusion
die of a round profile
of diameter 12 mm

[260].
Compaction force of

400 kN during
extrusion [264].

530 ◦C [260]
preheated for 6 h at a

temperature of 550
◦C [264].

2
(

g
cm3

)
Which is relative

density of 83% [264].
-

Yield strength
222–239 MPa [260].
UTS 441–460 MPa

[260].
Microhardness HV
110–115 HV [260].
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3. Summary and Future Prospects for Recycling of Chips Made of Different Metals
and Alloys

Direct conversion methods of recycling are more energy efficient and environmen-
tally friendly than conventional methods of recycling. Researchers have recycled pow-
der/scrap to wires for additive manufacturing, but there is scope in recycling metal chips
by converting them into briquettes and then converting them into thin wires for additive
manufacturing. Briquettes can be developed and then subjected to severe plastic defor-
mation techniques like ECAP to increase their density, and these high-density briquettes
can then be converted into wire form for additive manufacturing using cold extrusion
technique. Additionally, solid-state recycled chips may lead to the formation of a finer
grain microstructure with minimal or no keyholes and pores, thus promoting mechanical
properties comparable or higher than that of virgin materials.

Artificial intelligence can be used to improve the quality of the additive manufactured
parts being fabricated using recycled material. Machine learning can be applied at various
stages of additive manufacturing, as displayed in Figure 33 [315]. AI-based technology
can be used in additive manufacturing to improve material and geometric design and the
optimization of process parameters, and likewise in situ and real-time monitoring can be
implemented to detect abnormalities in material processing, prediction of part properties,
as an intelligent recommender, and printability analysis. By leveraging all these innovative
technologies in the fabrication, the remelting process can be precisely controlled, leading to
improved mechanical properties and higher-quality components.

Alloy composition design: Extensive and repetitive experimentation is required for
developing alloy compositions which are cost- and time-consuming, and machine learning
can expedite the alloy composition design process and can develop prediction models for
alloy development and properties [316–320]. Predicting alloy structure: ML can be used to
predict the microstructural changes that occur during additive manufacturing [321–323].

Material and geometric design: Design parameters can be fed as input parameters/features,
and can be used to predict mechanical [324,325] or chemical properties [326–329], structure-
property relations [330], process-structure-property analysis [331], predicting energy con-
sumption [332,333], and structural optimization [334–343].
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Optimization of process parameters: Traditional methods used for predicting product
quality, which include trial and experimental approaches, can be time-consuming and
expensive. Machine learning approaches, which are data driven, can enhance reliability,
cost, quality, and can be time effective. ML can be effectively used to draw correlations
between process–microstructure–properties [344], detect the presence of flaws for the
combination of process parameters [345], dampen dimensional inaccuracies caused by
residual stresses [346], print path-planning strategies [347,348], understand the effect of
varying combinations of process parameters [349,350], uncertainty quantification [351–354],
and quality control and repeatability [355].

Real-time monitoring: The fabrication process in 3D printing is prone to anomalies
due to its complex number of process parameters and their interdependence on each
other. The production of the quality part depends on the skill and expertise of the worker.
To pace up the growth, in situ motoring methods are developed which include robust
computer vison capabilities, advanced experimental equipment, and enhanced simulation
methods. ML can be used to detect surface defects [356,357], improve surface quality
and geometric accuracy [358,359], in multiple anomaly detection [360–364], in a real-time
detection system [365–368], an in acoustic emission techniques to detect and monitor
flaws [369–373].

Predicting part properties: ML can be used to prevent defects like cracking, porosity,
and lack of fusion, which can lead to improving part quality and predict properties of the
final product [374–387]. Feasibility analysis: Before allocating resources for 3D printing, a
feasibility analysis can be carried out to ensure printability [388–390].
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20. Öksüz, K.E.; Bağirov, H.; Şimşir, M.; Karpuzoğlu, C.; Özbölük, A.; Demirhan, Y.Z.; Bilgin, H.U. Investigation of Mechanical

Properties and Microstructure of AA2024 and AA7075. Appl. Mech. Mater. 2013, 390, 547–551. [CrossRef]
21. Maisonnette, D.; Suery, M.; Nelias, D.; Chaudet, P.; Epicier, T. Effects of heat treatments on the microstructure and mechanical

properties of a 6061 aluminium alloy. Mater. Sci. Eng. A 2011, 528, 2718–2724. [CrossRef]
22. Terada, D.; Kaneda, Y.; Horita, Z.; Matsuda, K.; Hirosawa, S.; Tsuji, N. Mechanical properties and microstructure of 6061

aluminum alloy severely deformed by ARB process and subsequently aged at low temperatures. IOP Conf. Ser. Mater. Sci. Eng.
2014, 63, 012088. [CrossRef]

23. Tsuji, N.; Saito, Y.; Lee, S.; Minamino, Y. ARB (Accumulative Roll-Bonding) and Other New Techniques to Produce Bulk Ultrafine
Grained Materials. Adv. Eng. Mater. 2003, 5, 338–344. [CrossRef]

24. Valiev, R.Z.; Zehetbauer, M.J.; Estrin, Y.; Höppel, H.W.; Ivanisenko, Y.; Hahn, H.; Wilde, G.; Roven, H.J.; Sauvage, X.; Langdon,
T.G. The Innovation Potential of Bulk Nanostructured Materials. Adv. Eng. Mater. 2007, 9, 527–533. [CrossRef]

25. Azushima, A.; Kopp, R.; Korhonen, A.; Yang, D.Y.; Micari, F.; Lahoti, G.D.; Groche, P.; Yanagimoto, J.; Tsuji, N.; Rosochowski, A.;
et al. Severe plastic deformation (SPD) processes for metals. CIRP Ann. 2008, 57, 716–735. [CrossRef]

26. Estrin, Y.; Vinogradov, A. Extreme grain refinement by severe plastic deformation: A wealth of challenging science. Acta Mater.
2013, 61, 782–817. [CrossRef]

27. Zhao, Y.; Xin, S.; Zeng, W. Effect of major alloying elements on microstructure and mechanical properties of a highly β stabilized
titanium alloy. J. Alloys Compd. 2009, 481, 190–194. [CrossRef]

https://doi.org/10.1007/BF03220942
https://doi.org/10.1007/978-981-10-2134-3_2
https://doi.org/10.1063/5.0015710
https://doi.org/10.1007/s40868-019-00069-w
https://doi.org/10.4236/wjet.2020.84046
https://www.cia.gov/readingroom/docs/CIA-RDP86T00591R000200170005-0.pdf
https://www.cia.gov/readingroom/docs/CIA-RDP86T00591R000200170005-0.pdf
https://doi.org/10.1016/j.jnucmat.2020.152092
https://doi.org/10.1016/j.pnucene.2020.103470
https://doi.org/10.1007/s11837-999-0005-y
https://doi.org/10.1007/s11665-020-05420-6
https://doi.org/10.1007/s10853-023-08659-1
https://doi.org/10.1016/0001-6160(87)90131-3
https://doi.org/10.1002/srin.200005696
https://doi.org/10.1016/j.msea.2011.12.044
https://doi.org/10.1007/BF02669416
https://doi.org/10.1007/s12613-010-0381-x
https://doi.org/10.4028/www.scientific.net/amm.390.547
https://doi.org/10.1016/j.msea.2010.12.011
https://doi.org/10.1088/1757-899X/63/1/012088
https://doi.org/10.1002/adem.200310077
https://doi.org/10.1002/adem.200700078
https://doi.org/10.1016/j.cirp.2008.09.005
https://doi.org/10.1016/j.actamat.2012.10.038
https://doi.org/10.1016/j.jallcom.2009.03.042


Recycling 2024, 9, 43 31 of 44

28. Lee, Y.-R.; Han, M.-K.; Kim, M.-K.; Moon, W.-J.; Song, H.-J.; Park, Y.-J. Effect of gold addition on the microstructure, mechanical
properties and corrosion behavior of Ti alloys. Gold Bull. 2014, 47, 153–160. [CrossRef]

29. Rosalbino, F.; Delsante, S.; Borzone, G.; Scavino, G. Influence of noble metals alloying additions on the corrosion behaviour of
titanium in a fluoride-containing environment. J. Mater. Sci. Mater. Med. 2012, 23, 1129–1137. [CrossRef] [PubMed]

30. Takahashi, M.; Kikuchi, M.; Okuno, O. Mechanical properties and grindability of experimental Ti-Au alloys. Dent. Mater. J. 2004,
23, 203–210. [CrossRef] [PubMed]

31. Sieniawski, J.; Ziaja, W.; Kubiak, K.; Motyk, M. Microstructure and Mechanical Properties of High Strength Two-Phase Titanium
Alloys. In Titanium Alloys—Advances in Properties Control; IntechOpen: London, UK, 2013. [CrossRef]

32. Wang, M.; Wang, Y.; He, Q.; Wei, W.; Guo, F.; Su, W.; Huang, C. A strong and ductile pure titanium. Mater. Sci. Eng. A 2022,
833, 142534. [CrossRef]

33. Shan, D.B.; Zong, Y.Y.; Lv, Y.; Guo, B. The effect of hydrogen on the strengthening and softening of Ti-6Al-4V alloy. Scr. Mater.
2008, 58, 449–452. [CrossRef]

34. Sun, Z.; Zhou, W.; Hou, H. Strengthening of Ti-6Al-4V alloys by thermohydrogen processing. Int. J. Hydrogen Energy 2009, 34,
1971–1976. [CrossRef]

35. Zong, Y.; Wu, K. Thermo hydrogen treatment for microstructure refinement and mechanical properties improvement of Ti-6Al-4V
alloy. Mater. Sci. Eng. A 2017, 703, 430–437. [CrossRef]

36. Xu, Y.; Zhang, B. Effects of hydrogen as a solid solution element on the deformation behavior of a near-alpha titanium alloy.
Mater. Sci. Eng. A 2021, 815, 141269. [CrossRef]

37. Gaddam, R.; Hörnqvist, M.; Antti, M.-L.; Pederson, R. Influence of high-pressure gaseous hydrogen on the low-cycle fatigue and
fatigue crack growth properties of a cast titanium alloy. Mater. Sci. Eng. A 2014, 612, 354–362. [CrossRef]

38. Liu, S.; Zhang, Z.; Xiao, S.; Chen, Y. Effect of hydrogenation on microstructure evolution, mechanical and electrochemical
properties of pure titanium. J. Alloys Compd. 2019, 781, 1139–1149. [CrossRef]

39. Ma, R.; Zhang, X. Improvement of mechanical properties and microstructural refining of cast titanium alloys by coupling of
electropulsing and temporary alloying element hydrogen. Mater. Sci. Eng. A 2022, 858, 144176. [CrossRef]

40. Yadav, P.; Saxena, K.K. Effect of heat-treatment on microstructure and mechanical properties of Ti alloys: An overview. Mater.
Today: Proc. 2020, 26 Pt 2, 2546–2557. [CrossRef]

41. Lütjering, G.; Williams, J.C.; Gysler, A. Microstructure and mechanical properties of titanium alloys. Microstruct. Prop. Mater.
2000, 2, 1–77. [CrossRef]

42. Lu, H.; Yang, M.; Zhou, L.; Ma, Z.; Cui, B.; Yin, F.; Li, D. Effects of Heat Treatment on the Microstructure and Properties of a Cast
Nickel-Based High-Cr Superalloy. Metals 2022, 12, 2176. [CrossRef]

43. Bi, L.; Yan, H.; Zhang, P.; Shi, H.; Li, Z.; Li, R. Influence of rare earth oxides on microstructure and mechanical properties of
nickel-based superalloys fabricated by high energy beam processing: A review. J. Rare Earths 2023, in press. [CrossRef]

44. Min, K.S.; Nam, S.W. Correlation Between Characteristics of Grain Boundary Carbides and Creep–Fatigue Properties in AISI, 321
Stainless Steel. J. Nucl. Mater. 2003, 322, 91–97. [CrossRef]

45. Pardo, A.; Merino, M.; Coy, A.; Viejo, F.; Carboneras, M.; Arrabal, R. Influence of Ti, C and N Concentration on the Intergranular
Corrosion Behaviour of AISI, 316Ti and 321 Stainless Steels. Acta Mater. 2007, 55, 2239–2251. [CrossRef]

46. Lo, K.H.; Shek, C.H.; Lai, J.K.L. Recent Developments in Stainless Steels. Mater. Sci. Eng. R. 2009, 65, 39–104. [CrossRef]
47. Min, K.S.; Kim, K.J.; Nam, S.W. Investigation of the Effect of the Types and Densities of Grain Boundary Carbides on Grain

Boundary Cavitation Resistance of AISI, 321 Stainless Steel Under Creep– Fatigue Interaction. J. Alloys Compd. 2004, 370, 223–229.
[CrossRef]

48. Ohkubo, N.; Miyakusu, K.; Uematsu, Y.; Kimura, H. Effect of Alloying Elements on the Mechanical Properties of the Stable
Austenitic Stainless Steel. ISIJ Int. 1994, 34, 764–772. [CrossRef]

49. Yiran, W.; Ruian, W.; Yimin, G. Effect of Co content on microstructure and mechanical properties of maraging steel. J. Mater. Res.
Technol. 2023, 27, 3887–3899. [CrossRef]

50. Wang, H.; Wang, A.; Li, C.; Yu, X.; Xie, J.; Liang, T.; Liu, C. Effects of rare earth metals on microstructure, mechanical properties,
and pitting corrosion of 27% Cr hyper duplex stainless steel. Rev. Adv. Mater. Sci. 2022, 61, 873–887. [CrossRef]

51. Meng, Q.; La, P.; Yao, L.; Zhang, P.; Wei, Y.; Guo, X. Effect of Al on Microstructure and Properties of Hot-Rolled 2205 Dual Stainless
Steel. Adv. Mater. Sci. Eng. 2016, 2016, 7518067. [CrossRef]

52. Srinivasan, D.; Meignanamoorthy, M.; Ravichandran, M.; Mohanavel, V.; Alagarsamy, S.V.; Chanakyan, C.; Sakthivelu, S.;
Karthick, A.; Prabhu, T.R.; Rajkumar, S. 3D Printing Manufacturing Techniques, Materials, and Applications: An Overview. Adv.
Mater. Sci. Eng. 2021, 2021, 5756563. [CrossRef]

53. Jandyal, A.; Chaturvedi, I.; Wazir, I.; Raina, A.; Haq, M.I.U. 3D printing—A review of processes, materials and applications in
industry 4.0. Sustain. Oper. Comput. 2022, 3, 33–42. [CrossRef]

54. Duda, T.; Raghavan, L.V. 3D Metal Printing Technology. IFAC-Pap. 2016, 49, 103–110. [CrossRef]
55. Skoratko, A.; Katzer, J. Harnessing 3D Printing of Plastics in Construction-Opportunities and Limitations. Materials 2021, 14, 4547.

[CrossRef]
56. Mikula, K.; Skrzypczak, D.; Izydorczyk, G.; Warchoł, J.; Moustakas, K.; Chojnacka, K.; Witek-Krowiak, A. 3D printing filament as

a second life of waste plastics—A review. Environ. Sci. Pollut. Res. 2021, 28, 12321–12333. [CrossRef]

https://doi.org/10.1007/s13404-014-0138-9
https://doi.org/10.1007/s10856-012-4591-9
https://www.ncbi.nlm.nih.gov/pubmed/22382735
https://doi.org/10.4012/dmj.23.203
https://www.ncbi.nlm.nih.gov/pubmed/15287569
https://doi.org/10.5772/56197
https://doi.org/10.1016/j.msea.2021.142534
https://doi.org/10.1016/j.scriptamat.2007.10.047
https://doi.org/10.1016/j.ijhydene.2008.11.108
https://doi.org/10.1016/j.msea.2017.07.076
https://doi.org/10.1016/j.msea.2021.141269
https://doi.org/10.1016/j.msea.2014.06.060
https://doi.org/10.1016/j.jallcom.2018.11.038
https://doi.org/10.1016/j.msea.2022.144176
https://doi.org/10.1016/j.matpr.2020.02.541
https://doi.org/10.1142/9789812793959_0001
https://doi.org/10.3390/met12122176
https://doi.org/10.1016/j.jre.2023.10.007
https://doi.org/10.1016/S0022-3115(03)00274-5
https://doi.org/10.1016/j.actamat.2006.11.021
https://doi.org/10.1016/j.mser.2009.03.001
https://doi.org/10.1016/j.jallcom.2003.09.129
https://doi.org/10.2355/isijinternational.34.764
https://doi.org/10.1016/j.jmrt.2023.10.279
https://doi.org/10.1515/rams-2022-0284
https://doi.org/10.1155/2016/7518067
https://doi.org/10.1155/2021/5756563
https://doi.org/10.1016/j.susoc.2021.09.004
https://doi.org/10.1016/j.ifacol.2016.11.111
https://doi.org/10.3390/ma14164547
https://doi.org/10.1007/s11356-020-10657-8


Recycling 2024, 9, 43 32 of 44

57. Ahmed, G.H. A review of “3D concrete printing”: Materials and process characterization, economic considerations and environ-
mental sustainability. J. Build. Eng. 2023, 66, 105863. [CrossRef]

58. Jo, J.H.; Jo, B.W.; Cho, W.; Kim, J.-H. Development of a 3D Printer for Concrete Structures: Laboratory Testing of Cementitious
Materials. Int. J. Concr. Struct. Mater. 2020, 14, 13. [CrossRef]

59. Blanco, I. The Use of Composite Materials in 3D Printing. J. Compos. Sci. 2020, 4, 42. [CrossRef]
60. Tian, X.; Todoroki, A.; Liu, T.; Wu, L.; Hou, Z.; Ueda, M.; Hirano, Y.; Matsuzaki, R.; Mizukami, K.; Iizuka, K.; et al. 3D Printing of

Continuous Fiber Reinforced Polymer Composites: Development, Application, and Prospective. Chin. J. Mech. Eng. Addit. Manuf.
Front. 2022, 1, 100016. [CrossRef]

61. Herzberger, J.; Sirrine, J.M.; Williams, C.B.; Long, T.E. Polymer Design for 3D Printing Elastomers: Recent Advances in Structure,
Properties, and Printing. Prog. Polym. Sci. 2019, 97, 101144. [CrossRef]

62. Zhou, L.Y.; Gao, Q.; Fu, J.Z.; Chen, Q.Y.; Zhu, J.P.; Sun, Y.; He, Y. Multimaterial 3D Printing of Highly Stretchable Silicone
Elastomers. ACS Appl. Mater. Interfaces 2019, 11, 23573–23583. [CrossRef] [PubMed]

63. Ligon, S.C.; Liska, R.; Stampfl, J.; Gurr, M.; Mülhaupt, R. Polymers for 3D Printing and Customized Additive Manufacturing.
Chem. Rev. 2017, 117, 10212–10290. [CrossRef]

64. Yuk, H.; Lu, B.; Lin, S.; Qu, K.; Xu, J.; Luo, J.; Zhao, X. 3D printing of conducting polymers. Nat. Commun. 2020, 11, 1604.
[CrossRef] [PubMed]

65. Zhang, X.; Fan, W.; Liu, T. Fused deposition modeling 3D printing of polyamide-based composites and its applications. Compos.
Commun. 2020, 21, 100413. [CrossRef]

66. Hojjatzadeh, S.M.H.; Parab, N.D.; Yan, W.; Guo, Q.; Xiong, L.; Zhao, C.; Qu, M.; Escano, L.I.; Xiao, X.; Fezzaa, K.; et al. Pore
elimination mechanisms during 3D printing of metals. Nat. Commun. 2019, 10, 3088. [CrossRef] [PubMed]

67. Martin, J.H.; Yahata, B.D.; Hundley, J.M.; Mayer, J.A.; Schaedler, T.A.; Pollock, T.M. 3D printing of high-strength aluminium
alloys. Nature 2017, 549, 365–369. [CrossRef] [PubMed]

68. Guo, Q.; Qu, M.; Chuang, C.A.; Xiong, L.; Nabaa, A.; Young, Z.A.; Ren, Y.; Kenesei, P.; Zhang, F.; Chen, L. Phase transformation
dynamics guided alloy development for additive manufacturing. Addit. Manuf. 2022, 59 Pt A, 103068. [CrossRef]

69. Gutmann, B.; Köckinger, M.; Glotz, G.; Ciaglia, T.; Slama, E.; Zadravec, M.; Pfanner, S.; Maier, M.C.; Gruber-Wölfler, H.; Kappe,
C.O. Design and 3D printing of a stainless steel reactor for continuous difluoromethylations using fluoroform. React. Chem. Eng.
2017, 2, 919–927. [CrossRef]

70. Masek, P.; Fornusek, T.; Zeman, P.; Bucko, M.; Smolik, J.; Heinrich, P. Machinability The Aisi 316 Stainless Steel after Processing
by Various Methods of 3D Printing. MM Sci. J. 2019, 2019, 3338–3346. [CrossRef]

71. Zhang, N.; Liu, J.; Zhang, H.; Kent, N.J.; Diamond, D.; Gilchrist, M.D. 3D Printing of Metallic Microstructured Mould Using
Selective Laser Melting for Injection Moulding of Plastic Microfluidic Devices. Micromachines 2019, 10, 595. [CrossRef] [PubMed]

72. Aboulkhair, N.T.; Simonelli, M.; Parry, L.; Ashcroft, I.; Tuck, C.; Hague, R. 3D printing of Aluminium alloys: Additive Manufac-
turing of Aluminium alloys using selective laser melting. Prog. Mater. Sci. 2019, 106, 100578. [CrossRef]

73. Bahar, A.; Belhabib, S.; Guessasma, S.; Benmahiddine, F.; Hamami, A.E.A.; Belarbi, R. Mechanical and Thermal Properties of 3D
Printed Polycarbonate. Energies 2022, 15, 3686. [CrossRef]

74. Wang, G.; Wang, S.; Dong, X.; Zhang, Y.; Shen, W. Recent progress in additive manufacturing of ceramic dental restorations. J.
Mater. Res. Technol. 2023, 26, 1028–1049. [CrossRef]

75. Martinho, P.G. Chapter 9—Rapid manufacturing and tooling, In Plastics Design Library, Design and Manufacturing of Plastics Products;
Pouzada, A.S., Ed.; William Andrew Publishing: Norwich, NY, USA, 2021; pp. 381–456.

76. Gong, X.; Anderson, T.; Chou, K. Review on powder-based electron beam additive manufacturing technology. Manuf. Rev. 2014,
1, 2. [CrossRef]

77. Gokuldoss, P.K.; Kolla, S.; Eckert, J. Additive Manufacturing Processes: Selective Laser Melting, Electron Beam Melting and
Binder Jetting-Selection Guidelines. Materials 2017, 10, 672. [CrossRef] [PubMed]

78. Dasgupta, S.; Singh, Y.P. Chapter 7—Additive manufacturing techniques used for preparation of scaffolds in bone repair and
regeneration. In Additive Manufacturing Materials and Technologies, Advances in Additive Manufacturing; Kumar, A., Mittal, R.K.,
Haleem, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2023; pp. 103–127.

79. Gao, B.; Zhao, H.; Peng, L.; Sun, Z. A Review of Research Progress in Selective Laser Melting (SLM). Micromachines 2023, 14, 57.
[CrossRef] [PubMed]

80. Spears, T.G.; Gold, S.A. In-process sensing in selective laser melting (SLM) additive manufacturing. Integr. Mater. Manuf. Innov.
2016, 5, 16–40. [CrossRef]

81. Maurya, H.S.; Kollo, L.; Tarraste, M.; Juhani, K.; Sergejev, F.; Prashanth, K.G. Effect of the Laser Processing Parameters on the
Selective Laser Melting of TiC–Fe-Based Cermets. J. Manuf. Mater. Process. 2022, 6, 35. [CrossRef]

82. Tonelli, L. Revealing the Hierarchical Microstructure of Innovative Additively Manufactured Metal Parts with Conventional
Light Microscopy. Metallogr. Microstruct. Anal. 2021, 10, 278–282. [CrossRef]

83. Yan, C.; Hao, L.; Hussein, A.; Young, P.; Huang, J.; Zhu, W. Microstructure and mechanical properties of aluminium alloy cellular
lattice structures manufactured by direct metal laser sintering. Mater. Sci. Eng. A. 2015, 628, 238–246. [CrossRef]

84. Costello, S.C.; Cunningham, C.R.; Xu, F.; Shokrani, A.; Dhokia, V.; Newman, S. The state-of-the-art of wire arc directed energy
deposition (WA-DED) as an additive manufacturing process for large metallic component manufacture. Int. J. Comput. Integr.
Manuf. 2023, 36, 1–44. [CrossRef]

https://doi.org/10.1016/j.jobe.2023.105863
https://doi.org/10.1186/s40069-019-0388-2
https://doi.org/10.3390/jcs4020042
https://doi.org/10.1016/j.cjmeam.2022.100016
https://doi.org/10.1016/j.progpolymsci.2019.101144
https://doi.org/10.1021/acsami.9b04873
https://www.ncbi.nlm.nih.gov/pubmed/31184459
https://doi.org/10.1021/acs.chemrev.7b00074
https://doi.org/10.1038/s41467-020-15316-7
https://www.ncbi.nlm.nih.gov/pubmed/32231216
https://doi.org/10.1016/j.coco.2020.100413
https://doi.org/10.1038/s41467-019-10973-9
https://www.ncbi.nlm.nih.gov/pubmed/31300676
https://doi.org/10.1038/nature23894
https://www.ncbi.nlm.nih.gov/pubmed/28933439
https://doi.org/10.1016/j.addma.2022.103068
https://doi.org/10.1039/C7RE00176B
https://doi.org/10.17973/MMSJ.2019_11_2019091
https://doi.org/10.3390/mi10090595
https://www.ncbi.nlm.nih.gov/pubmed/31510027
https://doi.org/10.1016/j.pmatsci.2019.100578
https://doi.org/10.3390/en15103686
https://doi.org/10.1016/j.jmrt.2023.07.257
https://doi.org/10.1051/mfreview/2014001
https://doi.org/10.3390/ma10060672
https://www.ncbi.nlm.nih.gov/pubmed/28773031
https://doi.org/10.3390/mi14010057
https://www.ncbi.nlm.nih.gov/pubmed/36677118
https://doi.org/10.1186/s40192-016-0045-4
https://doi.org/10.3390/jmmp6020035
https://doi.org/10.1007/s13632-021-00721-1
https://doi.org/10.1016/j.msea.2015.01.063
https://doi.org/10.1080/0951192X.2022.2162597


Recycling 2024, 9, 43 33 of 44

85. Bandyopadhyay, A.; Dash, A.; Squires, L.; Roberts, E.; Avila, J.D.; Doude, H.R.; Stokes, R.; Champagne, V.K., Jr.; Bose, S. Wire-arc
directed energy deposition of monolithic and bimetallic structures of maraging 250 steel. Virtual Phys. Prototyp. 2024, 19, e2296127.
[CrossRef]

86. Aversa, A.; Saboori, A.; Librera, E.; de Chirico, M.; Biamino, S.; Lombardi, M.; Fino, P. The role of Directed Energy Deposition
atmosphere mode on the microstructure and mechanical properties of 316L samples. Addit. Manuf. 2020, 34, 101274. [CrossRef]

87. Graf, B.; Marko, A.; Petrat, T.; Gumenyuk, A.; Rethmeier, M. 3D laser metal deposition: Process steps for additive manufacturing.
Weld World 2018, 62, 877–883. [CrossRef]

88. Zhong, C.; Liu, J.; Zhao, T.; Schopphoven, T.; Fu, J.; Gasser, A.; Schleifenbaum, J.H. Laser Metal Deposition of Ti6Al4V—A Brief
Review. Appl. Sci. 2020, 10, 764. [CrossRef]

89. Shao, J.; Samaei, A.; Xue, T.; Xie, X.; Guo, S.; Cao, J.; MacDonald, E.; Gan, Z. Additive friction stir deposition of metallic materials:
Process, structure and properties. Mater. Des. 2023, 234, 112356. [CrossRef]

90. Yu, H.Z.; Mishra, R.S. Additive friction stir deposition: A deformation processing route to metal additive manufacturing. Mater.
Res. Lett. 2021, 9, 71–83. [CrossRef]

91. Phillips, B.J.; Avery, D.Z.; Liu, T.; Rodriguez, O.L.; Mason, C.J.T.; Jordon, J.B.; Brewer, L.N.; Allison, P.G. Microstructure-
deformation relationship of additive friction stir-deposition Al–Mg–Si. Materialia 2019, 7, 100387. [CrossRef]

92. Sharifi, A.; Khodabakhshi, F.; Kashani-bozorg, S.F.; Gerlich, A.P. Microstructure and mechanical properties in additive manufac-
turing by friction surfacing of AA6061 alloy. Mater. Sci. Eng. A 2023, 884, 145520. [CrossRef]

93. Chaudhary, B.; Jain, N.K.; Murugesan, J.; Patel, V. Friction stir powder additive manufacturing of Al 6061 alloy: Enhancing
microstructure and mechanical properties by reducing thermal gradient. J. Mater. Res. Technol. 2023, 26, 1168–1184. [CrossRef]

94. Sisco, K.; Plotkowski, A.; Yang, Y.; Leonard, D.; Stump, B.; Nandwana, P.; Dehoff, R.R.; Babu, S.S. Microstructure and properties
of additively manufactured Al-Ce-Mg alloys. Sci Rep. 2021, 11, 6953. [CrossRef]

95. Gong, J.; Wei, K.; Liu, M.; Song, W.; Li, X.; Zeng, X. Microstructure and mechanical properties of AlSi10Mg alloy built by laser
powder bed fusion/direct energy deposition hybrid laser additive manufacturing. Addit. Manuf. 2022, 59 Pt A, 103160. [CrossRef]

96. Liu, M.; Ma, G.; Liu, D.; Yu, J.; Niu, F.; Wu, D. Microstructure and mechanical properties of aluminum alloy prepared by laser-arc
hybrid additive manufacturing. J. Laser Appl. 2020, 32, 022052. [CrossRef]

97. Yang, W.; Jung, Y.-G.; Kwak, T.; Kim, S.K.; Lim, H.; Kim, D.-H. Microstructure and Mechanical Properties of an Al–Mg–Si–Zr
Alloy Processed by L-PBF and Subsequent Heat Treatments. Materials 2022, 15, 5089. [CrossRef]

98. Zhong, H.; Qi, B.; Cong, B.; Qi, Z.; Sun, H. Microstructure and Mechanical Properties of Wire + Arc Additively Manufactured
2050 Al–Li Alloy Wall Deposits. Chin. J. Mech. Eng. 2019, 32, 92. [CrossRef]

99. Chen, H.; Fu, L.; Liang, P.; Liu, F. Defect features, texture and mechanical properties of friction stir welded lap joints of 2A97 Al-Li
alloy thin sheets. Mater. Charact. 2017, 125, 160–173. [CrossRef]

100. Hu, Z.; Xu, P.; Pang, C.; Liu, Q.; Li, S.; Li, J. Microstructure and Mechanical Properties of a High-Ductility Al-Zn-Mg-Cu Aluminum
Alloy Fabricated by Wire and Arc Additive Manufacturing. J. Mater. Eng. Perform. 2022, 31, 6459–6472. [CrossRef]

101. Shyam, A.; Plotkowski, A.; Bahl, S.; Sisco, K.; Allard, L.; Yang, Y.; Haynes, J.; Dehoff, R. An additively manufactured AlCuMnZr
alloy microstructure and tensile mechanical properties. Materialia 2020, 12, 100758. [CrossRef]

102. Dixit, S.; Liu, S. Laser Additive Manufacturing of High-Strength Aluminum Alloys: Challenges and Strategies. J. Manuf. Mater.
Process. 2022, 6, 156. [CrossRef]
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