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Abstract: Additive manufacturing (AM) has become one of the most promising manufacturing
techniques in recent years due to the geometric design freedom that this technology offers. The
main objective of this study is to explore Composite Extrusion Modelling (CEM) with aluminium as
an alternative processing route for aluminium alloys. This process allows for working with pellets
that are deposited directly, layer by layer. The aim of the technique is to obtain aluminium alloy
samples for industrial applications with high precision, without defects, and which are processed
in an environmentally friendly manner. For this purpose, an initial and preliminary study using
powder injection moulding (PIM), necessary for the production of samples, has been carried out. The
first challenge was the design of a sustainable aluminium-based feedstock. The powder injection
moulding technique was used as a first approach to optimise the properties of the feedstock through
a combination of water-soluble polymer, polyethyleneglycol (PEG), and cellulose acetate butyrate
(CAB) wich produces low CO; emissions. To do this, a microstructural characterisation was carried
out and the critical solid loading and rheological properties of the feedstocks were studied. Further-
more, the debinding conditions and sintering parameters were adjusted in order to obtain samples
with the required density for the following processes and with high geometrical accuracy. In the
same way, the printing parameters were optimised for proper material deposition.

Keywords: aluminium alloy; composite extrusion modelling; powder injection moulding (PIM);
sustainable feedstock

1. Introduction

Aluminium alloys are one of the most important materials in the industry, having
multiple applications. Their great relevance is due to various properties, such as excellent
strength-to-density ratios and recyclability, thermal and electrical conductivity, and low
density (~2.7 g/ cm®) [1]. The main sectors where aluminium and, most importantly,
aluminium alloys are used are the automotive sector, the construction sector, and the
aerospace sector. The most common alloys in aeronautical and automotive components are
those of the series 2XXX, i.e., Al-Cu-(Mg) 2024, 2224, 2324, and 2524 (damage tolerance), and
7XXX, i.e., Al-Zn-Mg-(Cu) 7075, 7010, 7055, and 7150 (resistance) hardened by ageing [2].
In aeronautics, the 2XXX series aluminium alloys are used with protective coatings on the
underwing or in the fuselage due to properties such as slow crack propagation and fatigue
strength. In addition, these kinds of alloys usually have poor resistance to electrolytic
corrosion due to the presence of precipitates. For this reason, they are coated with alloys
with fewer alloying elements that protect them from corrosion, while these aluminium
alloys provide resistance [3]. In the automotive industry, parts made from this type of
aluminium alloy are usually manufactured by processes such as extrusion. This method
is used to manufacture parts with simple profiles. In comparison, the PIM method used
in this study as a support tool has some advantages such as the large-scale production
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of parts with three-dimensional shapes and greater precision. Furthermore, thanks to
CEM 3D-printing technology, which is the technique in which the feedstock designed
and optimised in this work will be used for the production of 2024 aluminium alloy
parts (such as connecting rods or pistons in the automotive industry [4]), it is possible to
produce parts with greater freedom in shape and ability to optimise the design. This allows
even greater cost savings in producing these parts, in addition to being able to reuse this
feedstock. In this context, CEM technology is a cost-effective process without the need for
mass production.

There are different processing methods for aluminium alloys depending on the char-
acteristics or properties required for a specific application or component. Most engineering
aluminium alloy parts are obtained by conventional manufacturing processes such as
casting, forging, and extrusion. While there are many different methods that attempt
to produce final aluminium parts with improved properties, they nevertheless present
common drawbacks such as limitations in the design of the parts, difficulty in achieving
homogeneity, and high energy consumption. Min Wu et al. [5] performed an isothermal
uniaxial compression of sintered porous aluminium alloy 2024 at a semi-solid state. The
sintered porous materials were prepared from gas-atomised powders by spark plasma
sintering (SPS). This study investigated the deformation behaviour of semi-solid powders
and simulated the forming process, achieving high levels of relative density in the final
parts. In recent studies, Ning Zhao et al. [6] examined the microstructural evolution and
mechanical properties of 6082 aluminium alloy parts produced using a novel forging pro-
cess that integrates forging and solution heat treatment in one operation. Thanks to this
advance, these authors were able to obtain aluminium alloys with mechanical properties
that are comparable to those produced by conventional processes, with a homogeneous
microstructure. Accordingly, this process was adequate for production, application, and
industrial promotion thanks to the cost savings entailed. As a novelty, John Victor Christy
et al. [7] investigated recycled aluminium alloy composites produced by Stir and Squeeze
Casting. The properties, microstructure, and optimisation of the moulded samples were
analysed and showed low porosity and high compressive strength for automotive rims.

More recently, although AM of metallic or ceramic materials is currently focused on
the prototyping of samples for subsequent production through other techniques, there is
a growing number of areas where 3D-printed samples are being used, including energy
storage, aeronautics, medical, and environmental applications. Some of these techniques
have been used to produce aluminium alloy parts. Processes such as selective laser melt-
ing /sintering (SLS/SLM) can produce samples without specific tooling and shorten the
design and production cycle, resulting in significant time and cost savings [8]. Agarwala
et al. [9] carried out studies combining the liquid-phase sintering/partial melting (LPS)
process with SLS, which incorporates the melting of the lower-melting-point material, thus
joining the particles of the structural components of the system. Through these techniques,
combined with the use of a deoxidiser or atmosphere control, parts with higher density and
less geometric distortion (curling or delamination) were produced. Moreover, Das et al. [10]
demonstrated the feasibility of manufacturing components for defence applications using
the selective laser sintering/hot isostatic pressing (SLS/HIP) technique. The materials
processed by those techniques showed good mechanical properties (hardness and tensile
strength) equivalent to conventionally processed materials.

However, the processes described above have some drawbacks, such as difficulty in re-
moving the oxide film from the surface of the metal powder, high energy consumption, and
elevated cost. Therefore, this study proposes the use of powder injection moulding (PIM),
in particular metal injection moulding (MIM), as a first approach to producing samples,
in order to obtain final aluminium components with the highest possible densification by
Composite Extrusion Modelling (CEM) [11,12]. PIM is a technology that combines polymer
injection moulding and metal powders to obtain metal samples with the geometry of the
mould used. Through PIM, it is possible to produce highly complex-shaped components
with high reproducibility at a low cost, while obtaining good mechanical properties after
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the sintering step [13]. In this study, the initial characteristics of the powders (particle size,
morphology) have been analysed, taking into account previous studies on obtaining bronze
90/10 components by MIM with different powder characteristics in terms of morphology
and particle size. Furthermore, thanks to the appropriate selection of the metallic powder
content mixed with the binder system, which provides the necessary fluidity for the correct
filling of the mould, it is possible to produce metallic samples by injection moulding [14].
Several feedstocks with different optimal solid loadings were produced by combining
metal powders and a sustainable binder composed of polyethyleneglycol (PEG) and cel-
lulose acetate butyrate (CAB), taking into account previous studies on the production of
zircon feedstocks with this multicomponent sustainable binder system by powder injection
moulding [15,16]. The use of alternative sustainable binders, such as the multicomponent
system used in this study, is of great importance in reducing the carbon footprint, making
it possible to comply with 2030 Agenda Sustainable Development Goal 12 on responsible
and environmentally friendly production (ODS 12: Ensure sustainable consumption and
production patterns) [17]. The binder components for aluminium feedstocks are usually
combinations of PEG, polymethylmethacrylate (PMMA), and high-density polyethylene
(HDPE) [18]. Therefore, the use of the PEG and CAB multicomponent binder system for
the design and manufacture of an aluminium feedstock, which has already been tested for
other materials such as zircon, as mentioned above, is a great challenge. Also, an in-depth
study of the complete process (from feedstock optimisation to moulding, debinding, and
final sintering stages) was carried out. The rheological properties of the samples were
studied, and the different stages of the process were optimised to achieve materials with
high densification. To achieve this purpose, one of the most important points is strict
control of the thermal debinding to prevent defects from forming in the internal areas of the
material. There are studies on the importance of powder and thermal debinding conditions
to obtain the highest possible quality in the final part. Dongguo Lin et al. [19] characterised
the rheological and thermal debinding properties of BE Ti64 feedstocks. These authors
evaluated the critical solid loading, rheological behaviour, and binder decomposition be-
haviour, concluding that these rheological and thermal debinding properties of feedstock
play an important role in the moulding and debinding stage of powder injection moulding
(PIM) and can directly determine the quality of the final PIM product.

On the other hand, in the specific case of aluminium alloys of the 2XXX series, such as
the 2024 aluminium alloy used in this study, sintering occurs via a transient liquid phase.
These liquid phases migrate along the edges of the particles, penetrate the aluminium oxide
layer, and diffuse into the powder particles. As a result of the diffusion of the liquid phase
and the re-stacking of the aluminium particles, the porosity of the part is reduced. The
success of liquid-phase sintering depends on the ability to control the liquid phase [20].
Thanks to the PIM process as a first approach, it was possible to design a sustainable
aluminium-based feedstock in a pellet shape and to optimise the parameters required for its
use in the CEM additive manufacturing technology. There are previous studies on the use
of the PIM process for the manufacture of MAX-phase feedstocks, which were subsequently
used in additive manufacturing technology CEM [21].

Within the broad additive manufacturing technologies, one of the most widely used
3D-printing techniques is Fused Filament Fabrication (FFF). In this technology, a filament
is extruded through a nozzle while it is being heated to be deposited layer by layer to
obtain the desired geometry. As an alternative to filament processes, Composite Extrusion
Modelling (CEM) starts from pellets or granulates. Furthermore, CEM offers some advan-
tages compared to FFE, such as the possibility of using a wider binder percentage/quantity
range for 3D printing without the need to use a flexible polymeric binder. In addition, the
material can be reused if the printing temperatures are selected correctly and the polymer is
not degraded during printing. Therefore, by means of CEM, it is possible to print near-net-
shape parts using less aggressive conditions, compared to those required in direct powder
bed AM technologies, i.e., laser effects on materials, while also allowing a reduction in cost
due to savings on material and recyclability [21,22].
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2. Materials and Methods
2.1. Characterisation of Powders and Optimisation of Sintering Cycle

The particle size distribution of the 2024 aluminium alloy pre-alloyed powders (IMR
Metal Powder Technologies GmbH, Lind ob Velden, Austria) was determined by laser
diffraction using a MasterSizer 2000 (Malvern Instruments, Worcestershire, UK). The
powder density was measured with a helium pycnometer (AccuPyc 1330, Micromerit-
ics, Norcross, GA, USA). Additionally, scanning electron microscopy (SEM, TENEO-FEI,
Hillsboro, OR, USA) was used to analyse the morphology and microstructure of the cross-
section of the powders. To study the thermal behaviour, in order to optimise the sintering
behaviour by determining the maximum sintering temperature, the powders were submit-
ted to a thermogravimetric analysis (SETSYS Evolution DTA /DSC, Setaram Instrumenta-
tion, Caluire-et-Cuire, France) in a nitrogen atmosphere with a heating rate of 5 °C/min and
a final temperature of 800 °C. They were then uniaxially pressed at a low pressure, 340 MPa,
in order to reproduce the properties of the brown parts after thermal debinding and before
sintering. The green compacts were sintered in a nitrogen atmosphere (1.5 bar) at different
temperatures in the interval of 595 to 625 °C for 2 h to design a sintering cycle and to obtain
the highest possible densification of the final samples. Scanning electron microscopy and
energy-dispersive spectroscopy (EDS) were performed to analyse the microstructure and
quality of the sintered samples to determine those similar to the samples obtained after the
final sintering stage of the PIM process.

2.2. Production of Feedstocks

For the fabrication of feedstocks with different solid loadings from 57 to 70 vol.%,
taking into account similar studies on the manufacture of feedstocks of different alu-
minium alloys [11,18], the Al2024 powders were mixed with a multicomponent binder
composed of polyethyleneglycol (PEG), with two different molecular weights of 4000 and
20,000 g/mol, and cellulose acetate butyrate (CAB), with a molecular weight of
30,000 g/mol, in a Haake Polylab QC (Thermofisher, USA). The composition of the pre-
alloyed powder is shown in Table 1, which corresponds to the nominal composition of
the 2024 alloy, with high surface purity, according to the supplier IMR Metal Powder
Technologies GmbH, Austria), to maintain a uniform interaction with the binder and pro-
mote sintering [11,14,23]. The composition of the multicomponent binder selected for the
production of feedstocks is detailed in Table 2. In addition, different additives were used as
surfactants (stearic acid, SA) and antioxidants (phenothiazine, PTZ). The importance of
this binder system lies in the use of PEG, which is water soluble and eliminates the use of
organic solvents, which are generally petroleum derivatives and can be toxic, flammable
and even carcinogenic, and CAB, which produces low CO, emissions. CAB acts as the
backbone in this polymeric binder, and PEG provides fluidity to the mixtures and reduces
their viscosity to obtain feedstocks with high solid loadings. Previous studies using zircon
feedstocks have shown the good rheological properties of this binder composition for
the powder injection moulding process [24]. To study the torque values of different solid
loadings in order to propose a critical and optimal solid loading of the feedstock, the same
mixer of the mentioned studies was used. For this purpose, the rollers were set to 40 rpm
and the torque stabilisation was analysed with a torque rheometer at 180 °C after 0.75 h
(45 min) of mixing. In addition, the fluidity of the feedstocks was studied, according to
the standard UNE-EN ISO 1133-1:2012 [25]. The test was carried out with a flow meter
(CEAST model 6841.000, Pianezza, Italy), in which the different feedstocks were introduced
at 180 °C and passed through a hardened steel nozzle with a 2 mm diameter. The weight of
the feedstock that went through the nozzle was measured every 0.007 h (25 s). Moreover,
the apparent viscosity of the feedstocks was measured in a twin-screw extruder (PolySoft
OS-MiniLab 3, Thermofisher, Waltham, MA, USA) using counter-rotating screws varying
the speed from 25 to 250 rpm at 180 °C.
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Table 1. Composition of the aluminium alloy.

Element Si Fe Cu Mn Mg Cr Zn Ti Al
wt.% 0.10 0.13 4.67 0.55 1.73 <0.01 0.11 <0.01  balance

Table 2. Composition of the multicomponent binder system used.

Binder PEG CAB
Vol.% 70 30
. 4000
Molecular weight (g/mol) 20,000 30,000
Supplier Sigma-Aldrich Eastman

2.3. Stages of PIM Process

Green samples were obtained by injection of the feedstocks, produced as explained
above, in a Bimba Flat 1 injector (AB-400, A.B. Machinery, Peotonoe, IL, USA) at 170 °C
with an injection time of 6 s and a pressure of 7 bar. To ensure the structural integrity of
the samples, and taking into account previous studies with a similar binder system [26],
a two-stage debinding process was performed. The first was a debinding cycle in water
at 60 °C with continuous agitation and different immersion times (5 h, 7.5 h, and 10 h)
for the removal of PEG from the green parts. Next, the samples were dried in an oven
for 1 h at 70 °C. After the binder removal with solvents, an interconnected network of
pores was generated. This network facilitates the elimination of CAB during the thermal
process preventing defects from forming in the samples, and thus CAB can be removed
easily without distorting the geometry of the samples. However, the thermal process must
be strictly controlled to prevent defects from forming in the internal zones of the material
due to an excessive removal ratio of the backbone.

In this context, the dried samples were then placed in a debinding furnace (GD-DC-50,
Goceram, Sweden) at 500 °C for 1 h. Although there are studies on the influence of powder
characteristics or the debinding cycle, in this work, a specific study was made on the influ-
ence of the atmosphere on the removal of the binder. Accordingly, the thermal debinding
was carried out under three different atmospheres, including argon (inert, to prevent the
oxidation of the parts during heating as much as possible). Non-oxidising N» and N»-H,
atmospheres were also used for the thermal debinding stage. However, when using an
N,-H; atmosphere, hydrides such as AlH3; and Al,Hg are formed. These reactions could
cause the partial pressure of H, in the pores to decrease and create a hydrogen gradient
between the pores and the external atmosphere. This would slow down the filling of the
pores since the internal pressure would be higher, as the solubility of hydrogen is high
in liquid aluminium. Refilling the pores with hydrogen does not occur when nitrogen is
used since it is not sufficiently soluble in liquid aluminium [27]. The heating and cooling
rates were 1 °C/min to ensure proper removal of the backbone polymer (CAB). In order
to analyse the percentage of binder removal under the different debinding conditions
and to be able to choose the parameters that result in the highest percentage of removal,
an analysis was carried out of the dimensional and weight changes after immersion of the
parts in water and after the drying cycle. The percentage of PEG and CAB removed as
a function of time and atmosphere, respectively, was calculated for each condition, follow-
ing Equation (1):

moy — ms

%Binder removed = -100, (1)

MBinder
where my is the initial mass of the sample; m; is the mass of the piece after immersion in
water, drying, thermal debinding, and sintering; and mp,,4,, is the total mass of binder in
the feedstock according to Equation (2):
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To verify the complete removal of the binder after the two-stage debinding process
following the optimal processing variables, a thermogravimetric analysis was performed
on an STA 6000 (STA 6000 PerkinElmer, Waltham, MA, USA) in an argon atmosphere with
a heating rate of 5 °C/min and a final temperature of 700 °C.

According to the results obtained for the optimisation of the sintering cycle in low-
pressure green samples and those of the thermogravimetric study, the brown samples
were sintered in a nitrogen atmosphere at 620 °C for 2 h with heating and cooling rates of
5 °C/min.

The relative densities of the pressed and sintered parts were measured. Moreover, the
density of the green samples obtained after injection and after sintering was measured by
the Archimedes method to obtain the relative density and the closed porosity, also analysed
with Image] (Fiji, version 2.35) software.

3. Results and Discussion
3.1. Characterisation of Powders and Determination of the Sinterability

As explained in the previous sections, both the morphological features and the chemi-
cal composition of powders must be suitable for the injection process and the subsequent
sintering. In this sense, an SEM analysis of the Al2024 aluminium alloy powder particles
was carried out. The results can be seen in Figure 1, where the spherical morphology of
the particles can be observed. This spherical morphology provides better flowability (the
feedstock solid loading can be increased and presents less shrinkage in sintering after injec-
tion) [11]. In addition, they are pre-alloyed alloy powders, which favours the homogeneity
of the alloy. During the sintering stage, the diffusion process of the alloying elements, the
formation of sintering necks, and the liquid phase are more favoured as these elements are
more homogeneously distributed within the particles. Therefore, and as will be explained
later, this diffusion of alloying elements occurs from the centre of the particles towards the
particle boundaries, where the liquid phase is generated.

Figure 1. SEM micrograph of the A12024 alloy powders.

On the other hand, the particle size distribution of the powders was determined
with the MasterSizer 2000 analyser. This analysis showed a wide particle size distribution
(Figure 2 and Table 3), ranging from 28.89 um (D1p) to 82.88 um (Dgg). A wide particle size
distribution of the powders indicates that they are optimal for injection moulding, as they
will have a low viscosity and are easy to mould.
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Figure 2. Particle size distribution of the A12024 powders.

Table 3. Mean particle sizes of Al2024 alloy powders, obtained from particle size distribution analysis
by laser.

Dy (um) Dsp (um) Dgp (um)
28.89 + 0.01 49.85 £ 0.02 82.88 + 0.03

In order to perform the final sintering of the parts after thermal debinding, it is
important to analyse the thermal behaviour, with the melting temperature of the feedstock
metal-based material, among others. A DTA-TG analysis was carried out with the 2024
aluminium alloy powders to obtain the heat flow curve of this material (Figure 3) and thus
be able to establish an optimal sintering temperature. In this test, it is evident that there
are two endothermic peaks, a small one at 509 °C and a big one at 647 °C, corresponding
to the melting point of this pre-alloyed powder with the onset temperature at 635 °C. The
occurrence of a phase transition during heating was suggested by the endothermic peak at
509 °C, which corresponded to the production of a liquid phase in aluminium by a eutectic
reaction. Therefore, the solidus temperature of the powders of this 2024 aluminium alloy
was 509 °C, consistent with analyses from previous studies of this alloy [28]. In addition,
a mass gain can be seen at 500 °C due to oxidation of the aluminium powders.

40

100 A

Weight (%)
A
o
Heat Flow (mW)

—— Weight (%)
—— Heat Flow Endo Up (mW)
98 T T T T T T T T -120

0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 3. DTA-TG analysis of the Al2024 alloy powders.
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Considering the results shown above regarding the thermal behaviour of the powders,
and to further examine the sinterability of samples after debinding (brown samples), the
powders were uniaxially pressed at low pressure (340 MPa) and sintered in a nitrogen
atmosphere (1.5 bar) at a temperature range of 595-625 °C for 2 h. The theoretical density
of the 2024 aluminium alloy, with a value of 2.8 g/cm?, was obtained by the measurement
of the powders’ densities in a helium pycnometer. Green and sintered densities were
measured by the Archimedes method. The relative green density of these low-pressed
powders was 84.2% (Figure 4, blue dotted line) and that of sintered samples at different
temperatures are shown in Figure 4.

100
= el Sintering

S’> Pr green Temperature (°C)
Z g 595
8 600
g 70 0610
ﬁ 0615
60 - =620
@625

50

Figure 4. Relative density of Al2024 parts sintered at different temperatures from 595 to 625 °C.

Density values obtained for the pressed and sintered parts were markedly low com-
pared to the theoretical density of the 2024 aluminium alloy, due to the presence of a high
level of porosity (see Figure 5) and swelling of the parts. However, it can be observed that
the only parts that densified by obtaining a relative density higher than the green density
were those sintered at 620 °C, with a relative density value of 87.2%. These parts suffered
the least distortion and shrank (2.39 &+ 0.19% on the X axis and 1.31 4 0.31% on the Y axis).
Because of the need to improve this, some studies have focused on the benefit derived
from the addition of small amounts of tin to the composition [29,30]. As can be seen, the
highest relative density after sintering was obtained with the sintering temperature of
620 °C. Density decreased again in samples when the sintering temperature was increased
to 625 °C, showing higher porosity. This indicates that the optimal sintering temperature
was overcome.

SEM analysis of the cross-sections of the Al2024 samples after sintering at 595, 600,
610, 615, 620, and 625 °C was carried out to analyse the sintering process and the porosity
of the samples (Figure 5).

As a pre-alloyed aluminium alloy powder, a supersolidus sintering process was
produced. The relative density increased with increasing sintering temperature, as can
be seen in the micrographs obtained, which show a decrease in porosity with increasing
temperature. It should be noted that this pre-alloyed aluminium powder is always covered
by a thin oxide layer (Al;O3). This implies that the liquid phase generated during sintering
is prevented from penetrating through this oxide layer. Therefore, in samples sintered
at low temperatures, the formation of the liquid phase was not sufficient to achieve high
densification, and porosity was generated. However, at the sintering temperature of 620 °C,
a network of the former liquid phase was observed. This liquid phase was generated from
the Cu- and Mg-rich precipitates in the particle boundaries, as verified by subsequent EDS
analyses. These eutectic phases promoted the densification and re-stacking of the particles
and a remarkable decrease in porosity, as in other studies on the sintering of aluminium
powders [28,31,32].
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Figure 5. SEM micrographs of the cross-section of Al2024 parts sintered at different temperatures of
(@) 595 °C, (b) 600 °C, (c) 610 °C, (d) 615 °C, (e) 620 °C, and (f) 625 °C.

In contrast, increasing the sintering temperature up to 625 °C again resulted in
an increase in porosity. During supersolidus liquid-phase sintering, it is important to obtain
an optimal volume of the liquid phase, which is conditioned by the sintering temperature
and the characteristics of the powder. An excess of liquid phase results in the loss of part
shape and can even lead to pore growth [31,33,34]. Therefore, compared with the sample
sintered at 620 °C, the sample sintered at 625 °C suffered shape distortion and pore growth.
Thus, the relative density of the sintered part at the highest temperature was reduced,
which corroborates the results obtained in Figure 4.

In addition, EDS analysis of the samples sintered at different temperatures was also
carried out. This semi-quantitative analysis showed that the distribution of the alloying
elements (Al-94.4 wt.%, Mg-1.8 wt.%, Cu-3.8 wt.%) was homogeneous for all of them
in accordance with the theoretical composition of Al2024 and the pre-alloyed powders.
In particular, several analyses were performed in samples sintered at 620 °C, as seen in
Figure 6. Figure 6b shows an example of one of the analyses in a selected area in the grain
boundaries, which could correspond to the former liquid phase rich in copper and other
alloying elements such as Mg, Mn, or Fe. Table 4 shows the results obtained in the EDS
analysis seen in Figure 6b.
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[Selected Area 2

Figure 6. (a) Micrograph of AA2024 sintered at 620 °C; (b) detailed micrograph of the grain boundaries.

Table 4. EDS analysis in different zones of the detailed micrograph for the Al2024 parts sintered at
620 °C.

Element Weight % Error %
EDS Spot 1
Mg 1.6 11.4
Al 60.3 7.2
Mn 12 15.5
Fe 12 16.5
Cu 35.6 3.0
Selected Area 1
Al 71.8 6.0
Mn 7.5 4.3
Fe 9.4 41
Cu 11.3 5.0
Selected Area 2
Mg 2.0 6.8
Al 93.9 4.0
Mn 0.6 25.6
Cu 3.5 9.0

3.2. Solid Loading Determination and Rheological Properties of the Feedstocks

There are numerous studies on the employment of different percentages of solid
loading according to the powder properties as well as different binder systems for the
manufacture of feedstocks and parts by powder injection moulding [11,18,35]. In these
studies, the solid loading varies from 50 vol.% to 65 vol.%. It is important to establish
the critical solid loading because during the mixing step, an excess of binder can lead
to defects such as burrs or crumbling during the debinding process. On the other hand,
an excess of powders could lead to defects such as porosity or high viscosity [36]. In this
study, for the manufacture of the feedstocks and to be able to establish the value of the
critical solid load, different solid loads from 57 to 70 vol.% were selected to study their
rheological behaviour by means of the torque rheology of the feedstocks. Initially, the
binder system was poured into the mixing chamber to melt for 0.166 h (10 min). After that,
the amount of powder, depending on the solid content of each feedstock, was inserted
into the chamber. As can be seen in Figure 7, during the mixing of all the feedstocks,
there was an increase in torque when closing the mixing chamber, which progressively
decreased and stabilised over time at a relatively low torque value while the mixture was
homogenising. In the case of the feedstock with 65 vol.% of solid loading, the torque value
was not constant after the mixing time due to the excessive amount of solid loading in the
mixture. This feedstock was established as the critical solid loading. When the torque is
unstable, it means that the powder loading has surpassed the critical value. For mixtures
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above this volume of solid loading, an inhomogeneous feedstock was created in which the
binder could not accommodate more powder and did not mix well with it. It is possible to
observe a final decrease in the torque value at the end of the mixing time as in the case of
the feedstock with 70 vol.% of solid loading.
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Figure 7. Variation in torque and temperature with time for PEG/CAB feedstocks with different solid
loadings of Al2024 from 57 to 70 vol.%.

According to these results, feedstocks with 61% and 63 vol.% of metallic powders
were established as the optimal solid loadings of those studied. These feedstocks had better
rheological behaviour as they presented an optimal mixture and a better homogeneity
between powder and binder for the injection process. However, the processability of the
feedstocks obtained and the optimal solid loading, which is 2-5% less than the critical
loading, must be taken into account [24,37,38]. Although the temperature was set at 180
°C, the average temperature reached values of around 192 °C for the production of all
the feedstocks, due to the internal friction between metallic powder particles and binder
during the mixing process.

In addition, the apparent viscosity of the feedstocks produced was analysed. As
seen in Figure 8, all mixtures showed pseudo-plastic behaviour, whereby with increasing
shear rates, the viscosity decreases. It can also be observed that by increasing the solid
loading of the feedstocks, the viscosity increases slightly. PEG/CAB feedstocks were
compared with a commercial feedstock of Al6061 F 19-016 (70 vol.%), showing slightly
lower viscosity values due to their lower solid loadings. Although viscosities increase
slightly with higher solid loadings, they always remain below the recommended viscosities
for powder injection moulding (1000 Pa-s) [39]. The fluidity of the feedstocks was also
studied, as can be seen in Figure 9. With this test, the pseudo-plastic behaviour of the
feedstocks was again observed, where the flow capacity of the feedstocks decreased as the
solid load in the mixture increased. It was observed that the feedstock with 57 vol.% of
solid loading flowed too fast in the first seconds of the test, confirming that the mixture
still allowed more solid load admixed, while the feedstock with 65 vol.% of solid loading
scarcely presented any variation in fluidity throughout the test. It is important to obtain
a balanced mixture between binder and powder, in which more homogeneous regions are
created and the viscosity is lowered, providing the material with the necessary fluidity for
the injection step for the PIM process [40]. Therefore, considering the results obtained for
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the rheological properties studied with the different solid loadings, the feedstocks with
61 vol.% and 63 vol.% of solid loading were selected as the optimal solid loading.
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Figure 8. Apparent viscosity at different shear rates of the PEG/CAB feedstocks with a solid loading

of Al2024 from 57 to 65 vol.% and commercial Al6061 F19-016.
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Figure 9. Variation in the fluidity of the PEG/CAB feedstocks with a solid loading of Al2024 from

57 to 65 vol.%.

3.3. Processing of the Injected Samples: Debinding and Sintering

As explained in the previous section, the optimal solid loading is 2-5% less than the
critical loading, and the processability of the feedstocks obtained must be taken into account.
Since it was very difficult to obtain injected parts using the feedstock with 63 vol.% of solid
loading, as it had a very high solid loading, the 61 vol.% feedstock was selected as the
optimal solid loading for the production of green parts and their subsequent debinding and
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sintering. The aluminium alloy feedstocks manufactured in the above-mentioned studies
usually have a much smaller particle size (in this work, the D5 of our aluminium alloy
powders was 45 um) for the production of parts by the PIM process as this greatly facilitates
the process. However, our work used a commercial 2024 aluminium alloy powder that was
much coarser, which provided optimal solid loadings similar to those obtained in other
studies with non-commercial powders designed to be finer.

Furthermore, compared to previous studies using this combination of PEG and CAB
in a multicomponent binder system for obtaining feedstocks as MAX phases [38], the
optimal solid loading was around 52 vol.%, whereas, in our study, the optimal solid
loading was 61 vol.%. In order to know the amount of binder removed during the different
debinding processes, the mass of nine samples was measured for each condition before
and after debinding in water and also before and after thermal debinding. By comparing
the results obtained from the masses of the samples before and after the different hours of
water immersion and before and after thermal debinding in the different atmospheres, the
optimum conditions of water debinding and subsequent thermal debinding were selected.
Thus, taking into account previous studies [38], the two steps with the most favourable
debinding conditions for this binder removal were a solvent debinding cycle in water at
60 °C with continuous agitation and an immersion time of 5 h for the removal of PEG from
the green parts, followed by a thermal debinding for 1 h at 500 °C to eliminate the rest of
the binder components in an argon atmosphere. An analysis of the mass variation was
performed throughout the debinding cycle and, thanks to Equations (1) and (2), the amount
of polymer removed was calculated. A 90 wt.% polymer removal was achieved after this
two-stage debinding. For any other condition, the achieved binder removal was less than
90 wt.%. It is important to attain complete binder removal or as much as possible in the
debinding stage in order to achieve high densification of the final parts in the sintering
step [41]. Furthermore, an inert argon atmosphere, which reduces or prevents the formation
of an Al,Oj3 layer, has been found to be more effective in eliminating this kind of polymer
than any other atmosphere [35]. Nevertheless, previous studies, like those of Z. Y. Liu et al.,
have shown that for the sintering of aluminium alloy 6061 obtained by injection moulding,
a nitrogen atmosphere is more effective [30]. That is why an argon atmosphere was not
used for the sintering stage.

To verify these results from mass losses of the feedstock and confirm the removal
of the polymeric binder, a thermogravimetric study of the green parts after debinding
in water and after thermal debinding was carried out. Figure 10 shows the different
thermogravimetric analyses for the green and brown parts for feedstock with 61 vol.%
Al2024. The first analysis (black line), corresponding to the green part, shows a mass loss
starting at 260 °C and ending at 405 °C; this mass loss reaches 79.9 wt.% related to the
degradation of 39 vol.% of the binder in the feedstock. The second analysis (dashed blue
line) belongs to the sample after PEG removal through solvent debinding. It can be seen
that the part loses 12.4% less mass compared to the green sample, which corresponds to the
84.4 vol.% of the PEG removed. Finally, the third analysis (dotted brown line) shows that
after the thermal cycle, all the polymeric binder has been removed from the brown parts,
including the residual PEG and all the CAB from the brown part. Therefore, in accordance
with the results obtained, no mass loss is expected to occur during the third analysis.

As previously seen by the study of the mass loss during the removal of the binder with
Equations (1) and (2), a 90 wt.% polymer removal was obtained. However, the oxidation of
the samples and the consequent weight gain during debinding may justify that a complete
removal of the binder was not obtained by these equations. Thus, the thermogravimetric
study of the samples was carried out in the STA. As can be seen in Figure 10, the STA
test shows a complete removal of the binder, giving a more precise value of the polymer
removed. These results justify the selected thermal debinding cycle of 1 h at 500 °C for the
removal of CAB and the rest of the polymers from the binder, PTZ and AE, considering that
the PEG polymer was previously removed by dissolution in water. In addition, after the
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debinding process, all the samples maintained their structural integrity and no significant
defects were observed in the brown parts.
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Figure 10. TGA analysis of PEG/CAB feedstock with a solid loading of 61 vol.% of Al2024 for the
green simple (black line), after solvent debinding (blue dashed line), and after thermal debinding
(brown dashed line).

As described above, thanks to the pressing and sintering of Al2024 powder samples
and their subsequent analysis, and taking into account previous studies on the sintering
of different aluminium alloys [30,32], a temperature of 620 °C was selected as the optimal
sintering temperature. Therefore, the same sintering cycle was employed for the parts
produced from 61 vol.% Al2024 feedstock obtained by PIM.

Figure 11 shows an example of parts after different stages of the PIM process, i.e.,
after injection (Green), debinding (Solvent and Thermal) and sintering (Sintered). These
images show that all parts maintained their structural integrity even after the debinding
and sintering steps. This indicates that both processes were carried out under optimal
conditions to obtain good-quality parts without crumbling.

1 1 | |

Green Solvent Thermal Sintered

Figure 11. Injected samples of feedstock with a solid loading of 61 vol.% of Al2024 obtained at
different stages: (a) green part, (b) part after solvent debinding, (c) part after thermal debinding, and
(d) sintered part.
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Table 5 shows the results of relative density and closed porosity obtained in green
parts after the injection process, calculated with the Archimedes method. To obtain the
relative density of green parts, the theoretical green density of the feedstock was calculated
using the rule of mixtures. Table 5 also shows the relative density of parts after sintering.
This value was obtained using the density of the Al2024 powders, measured with the
helium pycnometer, as theoretical density. As can be seen, these relative density values are
similar to those achieved in the pressed and sintered parts (see Figure 4), validating the
PIM process for the optimisation of the debinding and sintering stages in order to obtain
densified samples. The parts obtained by PIM, as well as the pressed and sintered parts,
underwent shrinkage (3.11 £ 0.21% on the X axis and 1.71 4= 0.24% on the Y axis).

Table 5. Relative density and porosity of green parts and sintered parts from feedstock with a solid
loading of 61 vol.% of Al2024.

Feedstock Green Parts After Sintering
AL2024 61 vol.% prel (%) Closed Porosity (%) prel (%) Closed Porosity (%)
791+15 209+ 1.5 83.7+17 16.3 +£ 1.7

This study of the optimisation of the debinding and sintering parameters of A12024
aluminium alloy feedstocks confirms their viability for production by the PIM process.
Parts of this alloy by means of 3D CEM printing technology are in production, taking into
account previous studies with similar binder systems for the extrusion-based additive
manufacturing of TizSiC; and Crp AIC MAX phases [21].

4. Conclusions

2024 aluminium alloy parts were produced by powder injection moulding. In par-
ticular, the parameters for the production and processing of sustainable feedstocks of
an Al2024 alloy with a multicomponent binder system of PEG and CAB (in a ratio of
70-30 vol.%) were determined using the PIM process. This makes it possible to comply
with 2030 Agenda Sustainable Development Goal 12 on responsible and environmentally
friendly production (ODS 12: Ensure sustainable consumption and production patterns).
For that purpose, the optimal solid loading of the feedstocks was determined. Moreover,
feedstocks produced with optimal processing conditions showed good rheological be-
haviour, with low torque values, low viscosity, homogeneous mixing, and pseudoplastic
behaviour. The final optimal solid loading selected contained 61 vol.% of Al2024 powders.
The two-step debinding process was optimised and controlled with thermogravimetric
analysis for total binder removal and consisted firstly of a solvent debinding at 60 °C for 5 h
and a subsequent thermal debinding at 500 °C for 1 h in an argon atmosphere. The sintering
step was also optimised and determined at 620 °C for 2 h in a nitrogen atmosphere. For
this purpose, SEM analysis of the cross-sections of A12024 samples pressed and sintered
at different temperatures was carried out. The sintering conditions were employed for
injected samples, achieving a relative density of 87.2% with a shrinkage of 2.39 = 0.19% on
the X axis and 1.31 £ 0.31% on the Y axis. Similarly, the 61 vol.% Al2024 feedstock parts
reached a relative density of 83.7% with a shrinkage of 3.11 £ 0.21% on the X axis and
1.71 &+ 0.24% on the Y axis. This relative density value obtained in sintered parts can be
improved by taking into account previous studies focusing on the benefit derived from
the addition of small amounts of tin to the composition. Thanks to the optimisation of the
feedstock carried out in this study, current work is now being developed using CEM for
the production of parts of A12024 alloy. This technology will enable cost savings compared
to other laser additive manufacturing technologies or technologies using filaments.

Author Contributions: J.L.A.-G.: Conceptualisation, Methodology, Investigation, Resources, Formal
analysis, Data curation, Writing—original draft. E.T.L.: Writing—review and editing. A.J.-M.: Con-
ceptualisation, Writing—review and editing, Validation, Supervision, Funding acquisition. EM.R.-N.:



Materials 2024, 17,1093 16 of 17

Conceptualisation, Resources, Writing—original draft, Validation, Supervision, Funding acquisi-
tion, Writing—review and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors would like to thank the funding provided for this research by the Regional Gov-
ernment of Madrid (Dir. Gral. Universidades e Investigacién) through the projects PID2019-106631GB-
C43 and RTC2019-007049-4 financed by the Government of Spain and the project S2018/NMT4411
(ADITIMAT-CM) financed by the Government of the Community of Madrid.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Mondolfo, L. Aluminum Alloys: Structre & Properties; Butterworth Heinemann: Oxford, UK, 1976; ISBN 978-0-408-70932-3.

2. Krol, M.; Tanski, T.; Snopiniski, P.; Tomiczek, B. Structure and Properties of Aluminium-Magnesium Casting Alloys after Heat
Treatment. J. Therm. Anal. Calorim. 2017, 127, 299-308. [CrossRef]

3. Guo, X;; Tao, L.; Zhu, S.; Zong, S. Experimental Investigation of Mechanical Properties of Aluminum Alloy at High and Low
Temperatures. J. Mater. Civ. Eng. 2020, 32, 06019016. [CrossRef]

4. Graf, A. Aluminum Alloys for Lightweight Automotive Structures. In Materials, Design and Manufacturing for Lightweight Vehicles;
Woodhead Publishing: Sawston, UK, 2020; ISBN 9780128187128.

5. Wu, M, Liu, Y;; Wang, T.; Yu, K. Deformation Behavior and Characteristics of Sintered Porous 2024 Aluminum Alloy Compressed
in a Semisolid State. Mater. Sci. Eng. A 2016, 674, 144-150. [CrossRef]

6. Zhao, N.; Ma, H.; Sun, Q.; Hu, Z; Yan, Y.; Chen, T.; Hua, L. Microstructural Evolutions and Mechanical Properties of 6082
Aluminum Alloy Part Produced by a Solution-Forging Integrated Process. J. Mater. Process. Technol. 2022, 308, 117715. [CrossRef]

7. Christy, J.V.; Arunachalam, R.; Mourad, A.H.L; Krishnan, PK.; Piya, S.; Al-Maharbi, M. Processing, Properties, and Microstructure
of Recycled Aluminum Alloy Composites Produced Through an Optimized Stir and Squeeze Casting Processes. J. Manuf. Process.
2020, 59, 287-301. [CrossRef]

8. Olakanmi, E.O.; Cochrane, R.E; Dalgarno, K.W. A Review on Selective Laser Sintering/Melting (SLS/SLM) of Aluminium Alloy
Powders: Processing, Microstructure, and Properties. Prog. Mater. Sci. 2015, 74, 401-477. [CrossRef]

9.  Agarwala, M.; Bourell, D.; Beaman, J.; Marcus, H.; Barlow, J. Direct Selective Laser Sintering of Metals. Rapid Prototyp. ]. 1995, 1,
26-36. [CrossRef]

10. Das, S.; Wohlert, M.; Beaman, J.J.; Bourell, D.L. Producing Metal Parts with Selective Laser Sintering/Hot Isostatic Pressing. JOM
1998, 50, 17-20. [CrossRef]

11. Heaney, D.E. Powders for Metal Injection Molding (MIM). In Handbook of Metal Injection Molding; Woodhead Publishing: Sawston,
UK, 2019; ISBN 9780081021521.

12.  Ghanmi, O.; Demers, V. Molding Properties of Titanium-Based Feedstock Used in Low-Pressure Powder Injection Molding.
Powder Technol. 2021, 379, 515-525. [CrossRef]

13.  Dhore, V.G.; Rathod, W.S.; Patil, K.N. Investigation of Mechanical Properties of Carbon Nanotubes Reinforced Aluminium
Composite by Metal Injection Molding. Mater. Today Proc. 2018, 5, 20690-20698. [CrossRef]

14. Contreras, ].M.; Jiménez-Morales, A.; Torralba, ].M. Influence of the Morphology and Particle Size on the Processing of Bronze
90/10 Powders by Metal Injection Moulding (MIM). Mater. Sci. Forum 2007, 534-536, 365-368. [CrossRef]

15.  Abajo, C.; Jiménez-Morales, A.; Manuel Torralba, J. New Processing Route for ZrSiO4 by Powder Injection Moulding Using
an Eco-Friendly Binder System. Bol. Soc. Esp. Ceram. Vidr. 2015, 54, 93-100. [CrossRef]

16. Hidalgo, J.; Abajo, C.; Jiménez-Morales, A.; Torralba, J.M. Effect of a Binder System on the Low-Pressure Powder Injection
Moulding of Water-Soluble Zircon Feedstocks. J. Eur. Ceram. Soc. 2013, 33, 3185-3194. [CrossRef]

17.  United Nations Sustainable Development Goals. Department of Economic and Social Affairs Sustainable Development. Available
online: https:/ /sdgs.un.org/goals (accessed on 28 November 2023).

18. Cao, P; Hayat, M.D. Potential Feedstock Compositions for Metal Injection Molding of Reactive Metals. In Feedstock Technology for
Reactive Metal Injection Molding; Elsevier: Amsterdam, The Netherlands, 2020.

19. Lin, D,; Sanetrnik, D.; Cho, H.; Chung, S.T.; Kwon, Y.S.; Kate, K.H.; Hausnerova, B.; Atre, S.V.; Park, S.J. Rheological and Thermal
Debinding Properties of Blended Elemental Ti-6Al-4V Powder Injection Molding Feedstock. Powder Technol. 2017, 311, 357-363.
[CrossRef]

20. Romanov, G.N. Liquid-Phase Sintering of Aluminum-Based Powder Alloys. Russ. |. Non-Ferrous Met. 2010, 51, 347-351. [CrossRef]

21. Tabares, E.; Kitzmantel, M.; Neubauer, E.; Jimenez-Morales, A.; Tsipas, S.A. Extrusion-Based Additive Manufacturing of TizSiC,

and Cry AIC MAX Phases as Candidates for High Temperature Heat Exchangers. J. Eur. Ceram. Soc. 2022, 42, 841-849. [CrossRef]


https://doi.org/10.1007/s10973-016-5845-4
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003002
https://doi.org/10.1016/j.msea.2016.07.120
https://doi.org/10.1016/j.jmatprotec.2022.117715
https://doi.org/10.1016/j.jmapro.2020.09.067
https://doi.org/10.1016/j.pmatsci.2015.03.002
https://doi.org/10.1108/13552549510078113
https://doi.org/10.1007/s11837-998-0299-1
https://doi.org/10.1016/j.powtec.2020.10.068
https://doi.org/10.1016/j.matpr.2018.06.452
https://doi.org/10.4028/www.scientific.net/MSF.534-536.365
https://doi.org/10.1016/j.bsecv.2015.05.003
https://doi.org/10.1016/j.jeurceramsoc.2013.06.027
https://sdgs.un.org/goals
https://doi.org/10.1016/j.powtec.2016.12.071
https://doi.org/10.3103/S1067821210040164
https://doi.org/10.1016/j.jeurceramsoc.2021.10.042

Materials 2024, 17,1093 17 of 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

Singh, G.; Missiaen, ].M.; Bouvard, D.; Chaix, ].M. Copper Extrusion 3D Printing Using Metal Injection Moulding Feedstock:
Analysis of Process Parameters for Green Density and Surface Roughness Optimization. Addit. Manuf. 2021, 38, 101778. [CrossRef]
Mukund, B.N.; Hausnerova, B. Variation in Particle Size Fraction to Optimize Metal Injection Molding of Water Atomized 17-4PH
Stainless Steel Feedstocks. Powder Technol. 2020, 368, 130-136. [CrossRef]

Hidalgo, J.; Jiménez-Morales, A.; Torralba, ].M. Torque Rheology of Zircon Feedstocks for Powder Injection Moulding. J. Eur.
Ceram. Soc. 2012, 32, 4063-4072. [CrossRef]

Obse, L.A.S. Determination of the Melt Mass-Flow Rate (MFR) and Melt Volume-Flow Rate (MVR) of Thermoplastics 2012.
Available online: https://www.une.org/encuentra-tu-norma/busca-tu-norma/norma?c=N0049710 (accessed on 18 December
2023).

Olivier, D.; Aboubabky, A.; Antonia, ].M.; Manuel, T.].; Thierry, B. Experimental and Numerical Analysis of Effects of Supercritical
Carbon Dioxide Debinding on Inconel 718 MIM Components. Powder Technol. 2019, 355, 57-66. [CrossRef]

Schaffer, G.B.; Hall, B.J.; Bonner, S.J.; Huo, S.H.; Sercombe, T.B. The Effect of the Atmosphere and the Role of Pore Filling on the
Sintering of Aluminium. Acta Mater. 2006, 54, 131-138. [CrossRef]

Wu, L; Yu, Z; Liu, C,; Ma, Y,; Huang, Y.; Wang, T.; Yang, L.; Yan, H.; Liu, W. Microstructure and Tensile Properties of Aluminum
Powder Metallurgy Alloy Prepared by a Novel Low-Pressure Sintering. |. Mater. Res. Technol. 2021, 14, 1419-1429. [CrossRef]
Sercombe, T.B.; Schaffer, G.B. The Effect of Trace Elements on the Sintering of Al-Cu Alloys. Acta Mater. 1999, 47, 689-697.
[CrossRef]

Liu, Z.Y.; Sercombe, T.B.; Schaffer, G.B. Metal Injection Moulding of Aluminium Alloy 6061 with Tin. Powder Metall. 2008, 51,
78-83. [CrossRef]

Min, K.H.; Kang, S.P; Lee, B.H,; Lee, ].K; Kim, Y. Do Liquid Phase Sintering of the Commercial 2xxx Series Al Blended Powder. J.
Alloys Compd. 2006, 419, 290-293. [CrossRef]

Du, X,; Liu, R.; Xiong, X.; Liu, H. Effects of Sintering Time on the Microstructure and Properties of an Al-Cu-Mg Alloy. J. Mater.
Res. Technol. 2020, 9, 9657-9666. [CrossRef]

Liu, J.; Lal, A.; German, R.M. Densification and Shape Retention in Supersolidus Liquid Phase Sintering. Acta Mater. 1999, 47,
4615-4626. [CrossRef]

German, R.M. Supersolidus Liquid-Phase Sintering of Prealloyed Powders. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 1997,
28,1553-1567. [CrossRef]

Li, T. Powder Injection Molding of Metallic Parts and Structures. In Encyclopedia of Materials: Metals and Alloys; Elsevier:
Amsterdam, The Netherlands, 2021; ISBN 9780128197264.

Md Ani, S.; Muchtar, A.; Muhamad, N.; Ghani, J.A. Fabrication of Zirconia-Toughened Alumina Parts by Powder Injection
Molding Process: Optimized Processing Parameters. Ceram. Int. 2014, 40, 273-280. [CrossRef]

Barreiros, EM.; Vieira, M.T. PIM of Non-Conventional Particles. Ceram. Int. 2006, 32, 297-302. [CrossRef]

Tabares, E.; Cifuentes, S.C.; Jiménez-Morales, A.; Tsipas, S.A. Injection Moulding of Porous MAX Phase Ti3SiCy without Using
Space-Holder. Powder Technol. 2021, 380, 96-105. [CrossRef]

Atre, S.V,; Weaver, T.J.; German, R.M. Injection Molding of Metals and Ceramics; In Proceedings of the SAE Technical Papers;
SAE International, Princeton, NJ, USA, 1998. [CrossRef]

Hidalgo, J.; Jiménez-Morales, A.; Barriere, T.; Gelin, J.C.; Torralba, ]. M. Capillary Rheology Studies of INVAR 36 Feedstocks for
Powder Injection Moulding. Powder Technol. 2015, 273, 1-7. [CrossRef]

Hidalgo, J.; Jiménez-Morales, A.; Torralba, ].M. Thermal Stability and Degradation Kinetics of Feedstocks for Powder Injection
Moulding-A New Way to Determine Optimal Solid Loading? Polym. Degrad. Stab. 2013, 98, 1188-1195. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.addma.2020.101778
https://doi.org/10.1016/j.powtec.2020.04.058
https://doi.org/10.1016/j.jeurceramsoc.2012.06.023
https://www.une.org/encuentra-tu-norma/busca-tu-norma/norma?c=N0049710
https://doi.org/10.1016/j.powtec.2019.07.011
https://doi.org/10.1016/j.actamat.2005.08.032
https://doi.org/10.1016/j.jmrt.2021.07.074
https://doi.org/10.1016/S1359-6454(98)00353-X
https://doi.org/10.1179/174329008X284859
https://doi.org/10.1016/j.jallcom.2005.09.070
https://doi.org/10.1016/j.jmrt.2020.06.083
https://doi.org/10.1016/S1359-6454(99)00320-1
https://doi.org/10.1007/s11661-997-0217-0
https://doi.org/10.1016/j.ceramint.2013.05.134
https://doi.org/10.1016/j.ceramint.2005.03.006
https://doi.org/10.1016/j.powtec.2020.11.022
https://doi.org/10.4271/982417
https://doi.org/10.1016/j.powtec.2014.12.027
https://doi.org/10.1016/j.polymdegradstab.2013.03.018

	Introduction 
	Materials and Methods 
	Characterisation of Powders and Optimisation of Sintering Cycle 
	Production of Feedstocks 
	Stages of PIM Process 

	Results and Discussion 
	Characterisation of Powders and Determination of the Sinterability 
	Solid Loading Determination and Rheological Properties of the Feedstocks 
	Processing of the Injected Samples: Debinding and Sintering 

	Conclusions 
	References

