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Abstract: Powder metallurgy is a preferred manufacturing method in various industries because it
offers design flexibility, material efficiency and a cost-effective production. In this work, we study
the effects of different compaction directions on the strength of parts produced by powder
metallurgy. Al-4wt.%Cu alloys are used due to their recyclability, and three distinctive compaction
pressures are applied, resulting in two sample groups. One group is air-cooled after sintering, while
the other is water-quenched and naturally aged (T4 temper). Both the compressive and tensile
strengths are measured and analyzed. The study reveals that both heat treatments and compaction
directions significantly influence anisotropic strengths. The novelty of this research lies in the use
of powders that can be reused from machining, turning, or foundry rejection. By omitting or
reducing the melting stage and employing simple powder metallurgy, the cost-effective and
environmentally friendly processes are achieved. The planning of compaction load, compaction
direction, and heat treatments is found to play a crucial role in determining the final mechanical
performance. Notably, this approach aligns with the environmental, social and governance (ESG)
practices that have been increasingly adopted by industry.

Keywords: aluminum composite; Al-Cu alloys; natural aging; annealing; mechanical properties;
environmental aspects

1. Introduction

In powder metallurgy, compaction is an essential step performed before sintering a green body.
It is crucial to accurately determine the compaction loads and density distributions in the final
product, and the parameters required for this process depend on the desired or planned application.
Factors such as particle size and shape, mechanical features, and particle-surface properties
significantly influence the resulting preform [1]. Furthermore, the geometry and surface
characteristics of the tools used in compaction, along with the control of applied loads, play a vital
role in determining the final soundness and properties of the product [2]. Numerous models [3-6]
have been proposed to explain the compaction behavior of powders, but accurately predicting the
mechanical properties remains challenging. Previous studies have shown that the strength of a
compact depends on the compaction mode employed [5-7]. Generally, the tensile strength
perpendicular to the compaction direction is higher than that along the compaction direction.

Extensive literature, including studies on strength anisotropy in distinct materials during cold
compaction, pressing, and after sintering, has been reviewed [7]. The results show that both ductile
and brittle powders exhibit strength anisotropy, which is influenced by density. In the case of ductile
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powders, the highest strength was observed in the transverse direction due to crack deflection
resulting from increased particle overlap and flattening. For brittle powders, it was proposed that
particle fragmentation along the compaction direction weakens the strength in the transverse
direction [7]. Previous work also presented models that successfully explain the mechanisms related
to strength anisotropy [2; 8-9] Loidlt et al. have used model using multi-particle finite element method
[2] to predict the anisotropic elastic and plastic properties. Cao et al [8] have reported the anisotropy
in tensile mechanical properties of bulk Al samples fabricated by spark plasma sintering. Xu et al [9]
investigated the anisotropic mechanical behavior of phyllite material. However, the impact of heat
treatments on the microstructure of compacted powders has not been thoroughly investigated in the
past decades. Although different heat treatments are widely employed in industry and significant
improvements in the properties of 2xxx (Al-Cu) casting alloys and composites have been reported
[10-15], there is a clear lack of systematic studies supporting these findings.

In this work, we used an alloy powder to investigate the impact of compaction pressure, strength
anisotropy, and heat treatment on the microstructure and mechanical properties of sintered parts.
First, we compacted powders in the transverse and longitudinal directions at different pressures.
Next, the samples were densified using sintering parameters previously optimized [16-19]. In the
final stage of the sintering cycle, the samples were either air-cooled or subjected to water-quenching,
followed by natural aging. Finally, both the compressive and tensile strengths were characterized. A
particular contribution of this work lies in the use of Al-4wt.%Cu (Al-4Cu) alloys, which can be
recycled from conventional machining, drilling, and turning processes, or taken from rejection
volumes in foundries [16-20]. The recyclability of these alloys helps reduce the overall costs associated
to conventional processing routes based on atomization and electrolytic methods. While the use of
ball milling to adjust particle size distribution still impacts the use of recycled powders, this work
represents a step forward in developing processing routes that address the need for both
environmental friendliness and cost-effectiveness in alloy production. As environmental, social and
governance (ESG) considerations have gained increased significance within investors, consumers,
and stakeholders, scientific research is expected to play a key role in enabling new practices within
industries [21].

2. Materials and Methods

2.1. Initial Materials, Powder Production and Compaction

The samples of an as-cast Al-4wt.%Cu alloy were generated using a permanent steel mold (low-
carbon, SAE 10145). This alloy composition was chosen due to its extensive usage in aerospace and
automotive applications [10, 15-18]. Conventional gravity solidification was employed, and the alloy
was poured into the steel mold in flowing argon (~2 L/min). The Al-4Cu alloy was elaborated by
using commercial pure Al (99.8 wt.% Al, Alux and Albras, Brazil). The Al had impurities such as 0.11
wt.% Fe, 0.06 wt.% Zn, 0.02 wt.% Mn, and less than 0.009 wt.% Cu, with other impurities below 0.001
wt.%. Electrolytic Cu (99.89 wt.% Cu) was added to achieve the desired alloy composition.

The initial powders are obtained by using a drilling of the as-cast ingots. The cylindrical as-cast
Al-4Cu alloy ingots with an outer diameter of 50 mm were drilled to obtain flake-shaped powder
particles. To prevent the presence of oxides (from casting procedure) in the drilled powder, the
surface of the ingots were initially ground to remove the oxide film. After, drilling is carried out and
obtained powder portion is immediately compacted (no storage is applied). It is important to notice
that we did not use sieves, which eliminates the need for time-consuming sieving stages. Previous
studies have shown that this approach offers a favorable balance between sieving time, particle
morphology, and achieved densification level [18-20].

The produced powders were compacted using a hydraulic press and two different tempered
dies out of VC-131 steel with a hardness of 60 HRC (Figure 1a,c). Transverse specimens (32x5x2 mm)
are produced by applying the compaction load in a direction perpendicular to that of the mechanical
characterization (red arrows, Figure 1b). When employing a double-action compaction die (Figure
1c), the cylindrical (¢p6x35 mm) specimens are produced by compacting along the specimen’s
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symmetry axis (Figure 1d). To characterize the compressive strength of transverse samples, sections
of the sample depicted in Figure 1(b) are used, and compressive pressures (blue arrows) are applied
perpendicular to the compaction direction (red arrows). When cylindrical specimens are subjected to
a transverse load (Figure 1(d)), the Brazilian indirect tensile test is used. The transverse and
longitudinal specimens are produced using 1 and 3 g of the Al-4Cu alloy powder, respectively. The
compaction pressures of 300, 400, and 600 MPa were used to produce for all specimens and the
experimental procedure was repeated in triplicate to ensure the reproducibility of the results.
Although different shapes are utilized (flatted or transversal and cylindrical or longitudinal), it is
important to remark that no deleterious effects were observed in the experimental results. With the
present experimentation, it is verified that the “flatted” specimens have same results when performed
in compressive and tensile tests, as shown in Figure 1(e). This is forwardly discussed in section 3.2. It
is expected since a same compaction direction is provided and same mechanical direction is carried
out. A more detailed discussion concern to matter is provided at section 3.3.2, particularly in Figure
9(a) and 9 (b).

Figure 1. Schematic representation of: (a) The compacting die used to produce (b) transverse samples;
The (c) double-action compaction die used to produce (d) cylindrical longitudinal samples; (e) The
two perpendicular directions used to characterize the mechanical properties of transverse samples.
The red arrows indicate compacting directions, and the blue arrows indicate tensile and compression
directions. It is remarked that gauge lengths are 15 (0.1) mm and 30 (x0.1) mm for the transversal
and longitudinal samples, respectively.

2.2. Densification Measurements and Heat Treatments

The densification of both the green and sintered samples was calculated using Archimedes’
principle, according to Equations #1 and #2 (ASTM B692/17).

Td = (dAl x wt.%Al) + (dCu x wt.%Cu)/100 (1)

D = ((Ts - Ed)/Td) x 100 @)


https://doi.org/10.20944/preprints202309.0202.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2023 do0i:10.20944/preprints202309.0202.v1

Where Td is theoretical density based on law of mixtures, dAl and dCu are aluminum and copper
densities (g/cm®), wt.%Al and wt.% Cu are Al and Cu weight percentages, and Ed means the
experimental density used to calculate the densification level (D).

When pure Al and Cu densities were used to determine the theoretical density, this constitutes
a simplification from the metallurgical point of view. By using Scheil’s equation, an Al-4wt%Cu alloy
has eutectic fraction (fe) of about 7.84%, when solidification in non-equilibrium condition is
considered [22]. From this “fe” percentage, an amount of 50% is constituted by Al lamellae and other
50% are Cu. Based on this, from the metallurgical point of view, the Al-4Cu density is determined
with 92.16% (Al-rich phases) summed with eutectic density (ofe). This is calculated by considering
cooperative Al-rich phases and Cu phases, i.e. 3.92% of Al and 3.92% of Cu, which constitutes 7.84%
of the eutectic fraction in typical lamellae morphology. This results in a density of 2.945 g/cm?, while
a density of 2.950 g/cm? is calculated when pure Al and Cu (96 and 4%) are used. No substantial
differences are verified. Al-rich phase at lamellar structure contains of about 0.68%Cu (determined
by Scheil’s equation), which was neglected when 2.945 g/cm?® was determined. When the volume
fractions of each phase (Al and Al:Cu) are determined based on the integrated areas and total areas
of all phases [23] obtained from XRD patterns, the percentages of phases corresponding with Al2Cu
and Al are approximately 10.97 and 89.03%, respectively. By using two distinct Al2Cu densities
reported in literature, i.e. 4.53 g/cm? [24] and 4.35 g/cm? [25], the resulting densities are of about 2.901
and 2.884 g/cm?, respectively. These representing more slight differences from that theoretical value.
These metallurgical assertions are only mentioned as an information purposes. Depending on the
alloy used, the calculation of densities using the law of mixing can lead to more significant
differences, if the microstructural formation is not properly interpreted.

The initial powders are obtained from Al4Cu casting alloy ingots, an as-cast microstructural
array is expected. Therefore, a simple sintering process is adopted, applying a heating rate of
approximately 10 °C/min and maintaining a plateau at 540 °C for 1 hour. The time and temperature
parameters for sintering are selected based on economic considerations and previous results [16-19].
Additionally, the chosen sintering temperature is lower than eutectic temperature (548 °C), ensuring
no liquid portions are formed. The green samples are placed in alumina containers, as shown in
Figure 2a, and placed inside a muffle-type furnace under argon (~5 L/min of argon flow).
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Figure 2. (a) Compacted (green) samples disposed inside (b) alumina recipients to sintering; and
representation of (c) the heating and sintering of samples from group I, and (d) group II.
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Two groups of compacted Al-4Cu samples are prepared. One group undergoes the
aforementioned sintering process followed by air-cooling, similar to annealing. After sintering, the
other group of sintered samples is immediately water quenched (at 27 +2 °C) and naturally aged for
30 days, corresponding to a typical T4 treatment [10-12; 16; 19]. Triplicate samples are used for each
group to ensure reproducibility. A schematic representation of the sintering process and subsequent
heat treatments is shown in Figure 2b. A summary of the temperatures and times for the different
heat treatments was recently reported [15].

Following sintering and heat treatment, the densification level is determined by comparing the
theoretical and experimental densities. The green densification is also taken into account for
comparison, as previously reported [18]. Triplicate results are used for reproducibility, and average
values are considered.

2.3. Mechanical Properties and Microstructural Characterization

To determine the resulting mechanical properties of the sintered and treated samples with
different compactions (i.e., transverse and longitudinal), both tensile and compressive tests are
conducted following the both MPIF Standards (Metal Powder Industries Federation) #10 and #41,
which are similar to ASTM E8M/E9M. Considering the tensile test specimens, it is remarked that
gauge lengths are 15 (+0.1) mm and 30 (+0.1) mm for the transversal and longitudinal samples,
respectively are considered. The tests are performed at a crosshead speed of 0.25 mm/min,
corresponding to a strain rate of approximately 2 x 10 s, at a temperature of 24 (+2) °C. An electro-
hydraulic servo machine (Equilam® model WDW-100E, Time Group Inc., China) is used for the
testing. For the samples produced using die compaction (Figure 1(a)), one group is positioned in the
machine in the transverse direction. This same group is also tested in a second direction, which is
perpendicular or transverse to the compaction direction. When the samples undergo compressive
testing in the same direction as the tensile and compressive directions, they are referred to as
longitudinal samples.

On the other hand, when both the compressive and tensile tests are carried out in the transverse
direction to the compaction direction, the samples are referred to as transverse samples. Although
cylindrical and prismatic specimens were used to conduct the mechanical tests, some previous tests
have revealed that no deleterious effect in mechanical tendency (behavior) is observed. Based on this,
the distinctive specimens’ shape was used to guarantee the different compaction direction
performed.To characterize the initial powder particles and the resulting microstructure, a scanning
electron microscope (SEM), TESCAN® model VEGA3 (Brno, Czech Republic), equipped with an
energy-dispersive X-ray (EDX) detector, was used. Additionally, a PANalytical® XPert
diffractometer (X'Pert model), Malvern, Worcestershire, U.K,, is utilized to determine the structure
phases of the examined particles and sintered/treated samples. The diffractometer operates at a
voltage of 40 kV and a current of 30 mA, using Cu Ka radiation with a wavelength of 0.15406 nm.

3. Results and Discussion

3.1. Initial Powders and Anisotropic Effect on Densification

Typical SEM images of the as-cast Al-Cu alloy powder particles are shown in Figure 3(a), (b),
and (c). The particles are arranged on a conductive carbon adhesive tape inside the microscope
chamber. Particle sizes are measured considering both length and width. Due to the reasonable
ductile characteristics of the obtained powder, some particles appear more spheroidal, while a
majority trend towards flaked or flattened powders is observed. This is a result of the drilling process,
as previously reported [16; 18-19].
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Figure 3. (a) Typical powder particles of the as-cast Al-4Cu alloy inside the chamber of microscope
displaced on conductive carbon adhesive, (b) and (c) distinct regions representing power particles,
and (d) and (e) showing volume fractions of both length and width of the particles examined.

The distributions of particle sizes in terms of length and width are reasonably distinctive. The
flattened morphology is characterized by a length that is approximately twice the width, with
average values of 290 um and ~160 pum, respectively. It is also noted that a bimodal distribution for
the length of particles is observed, which has also been observed by Satizabal et al [16] and Bonatti et
al [18] when compacting ductile particles. It is worth mentioning that no significant modification in
morphology and powder size distribution is observed when analyzing groups I and II.

Figure 4(a) shows the resulting compressibility curves, or relative density, for both the green
and sintered Al-4Cu alloy samples using three different compaction pressures. Figure 4(b) depicts
the same data fitted using Equation #1 against the square root of the compaction pressure, as
previously reported [20; 27-28]. This analysis is conducted for the transverse samples. The data are
also fitted using the Panelli and Ambrosio Filho equation, which has been reported by Fogagnolo et
al [20].
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Figure 4. The experimental results of compressibility of the green and sintered Al-4Cu alloy depicting
the relative densities with compaction pressures and the same data fitted by Equation #1 considering;:
(a,b) The transverse and (c,d) longitudinal samples. Typical micrograph depicting the porosity level
of a transversal sample compacted at 600 MPa and sintered.
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Although other equations, such as the Heckel equation [20, 27-28] and double logarithmic
equations [28], have been proposed to describe densification with compaction load or pressure, as
described by Equation #3 [20]:

In (1/(1-D) = AP % + B ©)

where D is the density of sample and P is the used pressure, and A and B are constants
corresponding to the densification coefficient related to the plastic deformation of particles and the
proportionality constant, respectively [20; 27-28].

Figure 4(c) and 4(d) present similar data to Figure 4(a) and 4(b), representing the compressibility
curves fitted using Equation #3 for the longitudinal samples. All straight lines show a good linear
correlation coefficient when comparing the experimental data, with coefficients higher than 0.94.

Using Equation #3, it has been reported [20; 28] that parameters A (slope of the line) and B
(intercept of the curve at zero pressure) represent powder plastic deformation and density without
pressure (apparent density), respectively. Comparing both the transverse and longitudinal samples,
the green samples have higher slopes, namely 0.047 and 0.043, compared to the sintered samples,
which have slopes of 0.0157 and 0.0156, respectively, as shown in Figure 4(b) and 4(d). This suggests
the distinct deformation capacities, favoring the green samples as expected. Additionally, it is
observed that the densities increase and the slopes of the curves decrease with the increase of the
compaction pressure, as previously reported [17-18; 20; 28].

When comparing sintered transverse and longitudinal samples, very similar slopes (parameter
A) are obtained, namely 0.0157 and 0.0156, respectively. This indicates similar deformation capacity
behavior in these examined samples. This similarity can be attributed to the comparable particle sizes,
chemical composition, morphology, and the application of equal compaction pressures. The only
difference between the examined samples is the compaction volume, with longitudinal samples
compacted using a higher volume (3g compared to 1g). This seems to have a greater effect on
parameter B (apparent density at zero pressure), which is slightly higher for the transverse samples
(~2.06) compared to the longitudinal samples (~1.86) [20; 28]. This represents a difference of about
10%, which can be interpreted as a technical tie considering the error ranges of the experimental
values.

Figure 4(e) depicts a typical SEM micrograph evidencing the porosity level attained when a
transversal sample compacted at 600 MPa and sintered is characterized. Although is not commonly
used a micrograph to determine the densification level, it can clearly be understood the relation
between mechanical behavior and densification, as will forwardly discussed. In a previous
investigation [29], by using SEM images associated with threshold images technique (Image]®
software), the porosity level was determined. Te results shown a good similarity with those
densification levels determined by using Archimedes” method.

Considering the densification levels, the highest average relative densities are observed in the
sintered samples, approximately 90% compared to around 87% for the longitudinal compacted
samples. This suggests that the compaction direction plays an important role in the resulting
densification and mechanical behavior.

Fogagnolo et al [20] have reported distinct sliding and cold-welding behavior during the
compaction of spheroidal and flattened particles. When an asymmetrical-opposed force is applied,
mainly involving flattened particles, sliding and cold-welding occur at the contact points between
the particles. On the other hand, when more spheroidal particles are compacted, mainly
symmetrically opposed forces prevail, and no sliding and cold-welding occur. Fogagnolo et al [20]
have also demonstrated that spheroidal particles have a lower parameter A (slope of the line),
indicating lower deformation capacity compared to flattened particles.

It has been previously reported that spheroidal particles exhibit greater variation in accumulated
energy compared to flattened particles, as compaction leads to a decrease in volume energy and an
increase in surface energy [7; 18-19]. Therefore, flattened particles have a lower energy recovery since
the initial energy accumulation during compaction is lower [17-19]. As a result, better energy
dissipation occurs due to the randomness in filling the matrix. Consequently, the surface areas of
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interaction between particles affect energy recovery. Spheroidal particles mainly interact at the
tangent point, while flattened particles interact with a larger contact area, leading to higher
densification [6-7]. It was reported [17] that the compaction of fine particles in aciculate or needles-
shape powders, provides better compaction than spheroidal particles. The compaction of fine
particles in acicular or needle-shaped powders has been reported to provide better compaction than
spheroidal particles [16; 28-31]. In this present investigation, a similar (with length of about 290 um
and width ~160 um, as forwardly detailed) of morphology and particle size distribution is adopted,
as demonstrated in Figure 3. It is important to note that the main objective is to use two distinct die
compactions with equal levels of compaction pressures, while differentiating only the compaction
directions. In the next section, the anisotropic effects on the resulting tensile and compressive
strengths will be evaluated.

3.2. Anisotropic Effect on Morphology of Compacted Particles

It is important to note that the images shown in Figures 5 and 6 correspond to the morphologies
of the compacted and sintered samples. The sintering process involves solution treating, water
quenching, and natural aging (T4), as described in the experimental section. The observed surface
fractures are preserved after the tensile testing measurements. It is also worth mentioning that no
substantial modifications in morphologies and powder size distributions are observed when
analyzing groups, I and IL

Figure 5(a) shows a typical image (SEM using backscattered electrons, BSE) of a surface fracture
of the Al-4Cu alloy compacted and sintered perpendicularly to section AA. The compacted particles
in this section appear relatively more spheroidal compared to section BB (Figure 6). These samples
are designated as the "LONGITUDINAL" due to the applied compaction direction being
perpendicular to section AA. The ghost lines indicate the trend towards a spheroidal-like
morphology of these resulting particles. Figure 5(b) shows a typical observation at section BB (also
using BSE technique). It shows a resulting morphology of the compacted samples that is more
flattened or elongated compared to section AA.

Figure 6(a) and (b) depict the resulting morphologies of the Al-4Cu alloy composites. These SEM
images (BSE) show two distinct sections, CC and DD. These samples are designated as
"TRANSVERSE" as the applied tensile testing load is perpendicular (transversal) to the compaction
loads, as shown in Figure 1(b). Unlike the longitudinal samples, the transverse samples exhibit a
predominance of more elongated or flattened powder particles.

When correlating the resulting morphologies shown in Figures 5 and 6 with the compressibility
results of the Al-4Cu samples (Figure 4), it is observed that the different compaction directions lead
to different resulting morphologies. Although both longitudinal and transverse samples show very
similar plastic deformation capacities represented by the slope shown in Figure 4, it is suggested that
the more flattened morphology observed in the transverse samples implies an anisotropic effect on
the examined compacted samples. These observations are consistent with the statements provided
by Fogagnolo et al [20] in their investigation of Al powder alloys.

It is worth noting that Galen and Zavaliangos [7] have also investigated both the ductile and
brittle powders. They have found distinctive anisotropic strengths. They concluded that for ductile
powders, higher strength results are observed in the transverse direction due to increased crack
deflection resulting from higher particle overlap compared to the longitudinal direction. On the other
hand, for brittle powders, the particle fragmentation occurring along the compaction direction
weakens the strength in the transverse direction. In both cases, the strength anisotropy is a function
of the density, although the trends are opposite, with the ductile materials becoming anisotropic and
the brittle materials becoming isotropic as the density is increased. Based on these findings, the
subsequent sections will examine the resulting mechanical strengths in relation to morphology,
compaction directions, and the distinct heat treatments applied.


https://doi.org/10.20944/preprints202309.0202.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2023 do0i:10.20944/preprints202309.0202.v1

10

Section A A

Cc.. ... tion
d irectior
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Setion BB

Figure 5. (a) Typical surface fracture (SEM using backscattered electrons) of the Al-4Cu composite
alloy compacted perpendicularly to section AA. Typical image of the resulting flattened particles
obtained in section BB, i.e. longitudinal to axis of the sample and compaction direction. These samples
are designated as the LONGITUNAL samples. Arrows indicate the direction of the compaction
applied. The ghost lines show the trend to morphology of the resulting particles.
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Figure 6. (a) Typical surface fracture of the Al-4Cu composite alloy compacted parallel to section DD
(SEM images by using backscattered electrons). Both sections CC and DD evidence typical images of
the flattened particles of the samples designated as the TRANSVERSAL samples. Arrows indicate the
direction of the compaction applied. The ghost lines show the trend to morphology of the resulting
particles.

3.3. Anisotropic and Mechanical Properties

3.3.1. Tensile Strengths and Heat Treatments

Figure 7 shows the experimental results of the tensile strength obtained from examining both
transverse and longitudinal samples. Figure 7(a), (b), and (c) demonstrate the tensile strength results
of the transverse samples as a function of the three different compaction pressures. Initially, five
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experiments were conducted to ensure reproducibility. In Figure 7(c), quadruplicate results are
shown due to one result being missed. Since reproducibility was observed, only duplicate results for
the longitudinal samples were considered. It is important to note that no statistical treatments are
commonly used, and at least duplicate results are sufficient to guarantee reproducibility. Figure 7(d),
7(e), and 7(f) display the tensile strength results for the longitudinal samples at compaction pressures
of 300, 400, and 600 MPa. All the results in Figure 7 consider that the samples were only sintered at
540°C for 1 hour and subsequently air-cooled (~27°C). Therefore, the tensile strengths considering
compaction pressure, direction, and sintering at 540°C can be analyzed.
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Figure 7. The experimental results of tensile strengths (stress vs. strain) of the sintered the Al-4Cu
composite samples which were compacted at transverse direction using: (a) 300 MPa, (b) 400 MPa
and (c) 600 MPa and all sintered at 540 °C for 1h. The stress vs. strain curves of the Al-4Cu composite
samples compacted at longitudinal direction using: (d) 300 MPa, (e) 400 MPa and (f) 600 MPa and
also all sintered at 540 °C for 1h.

Figure 8 summarizes the obtained results from examining both transverse and longitudinal
samples, corresponding to the tensile strengths of the Al-4Cu samples after sintering followed by
water quenching and subsequent natural aging (T4) for approximately 30 days. Figure 8(a), (b), and
(c) show the triplicate results of the transverse Al-4Cu samples for compaction pressures of 300, 400,
and 600 MPa, respectively. Figure 8(b) represents the concatenated results of the longitudinal
samples, which are representative of the triplicate/duplicate results.

Table 1 provides a comparison and discussion of the tensile strengths of both the transverse and
longitudinal samples of the Al-4Cu composites. For the sintered samples, an increase of
approximately 30% in compaction pressure (from 300 to 400 MPa) leads to a quasi-linear increase in
ultimate tensile strength (UTS) from 11 to 15 MPa. Similarly, when the compaction pressure is
increased from 400 to 600 MPa (1.5x), the same linear trend is observed. This indicates that doubling
the compaction pressure results in an approximately 2x increase in UTS. However, there are
limitations to consider, such as the dimensions of the components and dies inside the press, as well
as the feasibility of acquiring a press with high pressing capacity. It is worth noting that the
compaction pressures ranging between 100 and 600 MPa are commonly practiced in industrial
applications.
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Table 1. Summarized values of YS (yield strength), UTS (ultimate tensile strength) and elongation (¢)
obtained from the stress vs. strain curves of the sintered (at 540 °C for 1h) and sintered and T4 heat-
treated samples in both the transverse and longitudinal compaction directions.
Samples Sintered Quenched + T4
Transversal YS, MPa UTS, MPa €, % YS,MPa UTS, MPa g, %
300 MPa 71 11(x1) 3.5(x0.2) 4(x0.5) 14 (x1) 18 (£ 0.2)
400 MPa 10 (£ 0.5) 15(x1) 1.5(x0.2) | 3.5(x0.5) 18 (x1) 19 (£ 0.2)
600 MPa 14 (£ 0.5) 23 (1) 3.6(x0.2) | 3.0(x0.5) 34 (x£2) 23 (£0.2)
Longitudinal YS,MPa  UTS, MPa €, % YS,MPa UTS, MPa g, %
300 MPa 4.0(x0.5) 6 (£ 1.0) 09(x0.2) | 45(x0.5) 6.5(x0.5) 0.8(x0.1)
400 MPa 4.5 (£ 0.5) 8 (£ 0.5) 0.8(x0.2) | 3.5(x0.5) 75(x05) 1.2(x0.1)
600 MPa 4.5 (£ 0.5) 10 (= 0.5) 1.3(x0.3) | 45(x0.5) 10(x0.5) 1.5(x0.2)
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Figure 8. The experimental results of tensile strengths (stress vs. strain) of the sintered (at 540 °C for
1h) and T4 heat-treated Al-4Cu composite samples using 300 MPa, 400 MPa and 600 MPa: (a), (b) and
(c) corresponding with transverse samples and (d) concatenate the three distinct compaction

pressures.

The UTS values of the longitudinal samples also increase by approximately 1.5x with an increase
in compaction pressure. However, the UTS and elongation (e) values of the transverse samples are
approximately 2x higher than those of the longitudinal samples. The yield strength (YS) results of the
longitudinal samples are not affected by the compaction pressure, which seems to be associated with
the compaction direction and the resulting anisotropy.

Previous studies [7; 18-19] have reported that during tension in the transverse direction, a
bridging effect is prevalent. This effect causes cracks to not only change their direction (deflection)
but also strive to propagate through the elongated particles in the transverse direction. A frictional
resistance is induced, and the contacts perpendicular to the direction of compaction become larger
compared to those along other directions [7].
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It should be noted that the obtained UTS values are relatively lower compared to those
commonly achieved in as-cast alloys. Gokg¢e and Findik [32] have also obtained similar UTS values
when investigating Al powder composites. In this mentioned study, when compaction pressure of
490 MPa and sintering for 2 h are applied, a densification of about ~91% is attained. It is also remarked
that when a sintering during 6 h is carried out, in this mentioned study developed by Gokce and
Findik [32], the tensile strengths have attained of about 240 MPa. Low UTS (~15 MPa) are also attained
for atomized Al powders, when a conventional powder metallurgy route is adopted [33].

In this study, the focus is on the effect of anisotropy, considering the effects of distinct
compaction directions on the mechanical responses. It is important to mention that Galen and
Zavaliangos [7] have also examined the degree of anisotropy in low alloy steel powder and obtained
lower tensile strengths compared to those commonly achieved in as-cast low alloy steel. From this
perspective, no novelty is provided. However, when the heat treatment is associated with the
possibility of using powder particles from recycling processes, an environmentally-friendly aspect
can be considered. It is also important to emphasize the need for systematic planning of the
mechanical forces (compressive or tensile, or combined) in the final application.

When examining the experimental results of the transverse and T4-treated samples, it appears
that UTS and elongation are improved. However, this improvement is more pronounced when a
compaction pressure of 600 MPa is applied. This is due to the UTS results being technically similar at
compaction pressures of 300 and 400 MPa. On the other hand, an increase of approximately 25-30%
and 6x is observed in UTS and elongation, respectively, when a compaction pressure of 600 MPa is
applied.

Although it is widely recognized that a naturally aged sample increases substantially the
mechanical behavior, when using powder particles compacted, sintered and heat treated (T4), the
applied compaction pressure has also an important hole on the final properties. This seems to be
associated with the elongated particles generating the “bridging effects” affecting mainly the
resulting elongation. However, it is remarked that other microstructural parameters synergistically
contribute to improve the mechanical response, as occurs commonly in an as-cast material (e.g. solute
content, dendritic spacings, second phase, etc.). The same mechanism helps to understand the
substantial increasing into the elongation. Galen and Zavaliangos [7] have also observed that at
transversal direction, the bridging effect is amplified. This offers a higher frictional resistance of the
sides of the elongated particles than the longitudinal samples.

When the longitudinal samples are evaluated, the T4 heat-treating has no provided any
beneficial effect on the resulting properties. This seems also to be associated with the morphology of
the compacted particle. Comparing the resulting morphologies depicted in Figures 5 and 6, it is
slightly observed that the longitudinal samples tend to more spheroidal than those transverse
samples. This corroborates with the understanding of the bridging effect previously mentioned.

It is worth noting that the effect of the heat-treatment improving the mechanical behavior
depends on the compaction direction, and the anisotropic strength is evidenced. However, two points
should be elucidated. A first concerns to verify the anisotropic in the compressive behavior and
another is to confirm the constituted phases when T4 treatment is carried out. This due to a resulting
microstructural array commonly contains different phases of the Al2Cu phases (e.g. 0,0 , 0”). These
are related to coherent, semi coherent and incoherent with respect to Al-rich matrix. These
substantially affect the final properties. In the next section the anisotropic compressive strengths
associated with the heat treatments are evaluated and discussed.

Although it is widely recognized that natural aging leads to substantial improvements in
mechanical behavior, when using the compacted, sintered, and T4-treated powder particles, the
applied compaction pressure also plays an important role in the final properties. This can be
attributed to the bridging effects generated by the elongated particles. The same mechanism helps to
explain the significant increase in elongation. Galen and Zavaliangos [7] have also observed that in
the transverse direction, the bridging effect is amplified, resulting in higher frictional resistance along
the sides of the elongated particles compared to the longitudinal samples.
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When evaluating the longitudinal samples, it is observed that the T4 heat treatment does not
provide any beneficial effect on the resulting properties. This can also be associated with the
morphology of the compacted particles. Comparing the resulting morphologies depicted in Figures
5 and 6, it is slightly observed that the longitudinal samples tend to be more spheroidal compared to
the transverse samples. This supports the understanding of the bridging effect mentioned earlier.

It is important to note that the effect of heat treatment in improving mechanical behavior
depends on the compaction direction, and the anisotropic strength is evident. However, there are two
remaining points to elucidate. Firstly, it is necessary to verify the anisotropy in compressive behavior.
Secondly, the constituted phases during T4 treatment need to be confirmed and compared with
samples that were only sintered. This is because the resulting microstructural array commonly
contains different phases of Al:Cu, which can be coherent, semi-coherent, and incoherent with
respect to the Al-rich matrix. These phases can substantially affect the final properties. The next
section will evaluate and discuss the anisotropic compressive strengths associated with heat
treatments.

3.3.2. Compressive Strengths and Heat Treatments

Figures 9(a) and 9(b) display the typical results of the compressive tests on transverse samples
that were sintered and T4 treated. Two different positions (P1 and P2) are shown in Figure 1(e) when
considering the transverse position with respect to the compaction direction. These P1 and P2
samples demonstrate very similar reproducibility.

Figures 9(c) and (d) illustrate the compressive strengths of both transverse and longitudinal
samples after T4 treatment, considering three distinct compaction pressures. Table 2 provides a
comparison of the resulting ultimate compressive strength (UCS) values between sintered and T4
treated samples.

Table 2. The average values of UCS (ultimate compressive strength), YS (yield strength) and load
applied in diametrical compression (DC) inducing to indirect tensile strength for the sintered and T4
heat-treated samples in transverse and longitudinal directions. All samples are sintered at 540 °C and
water quenched followed by a T4 treatment.

Samples Sintered Quenched + T4

TRANSVERSAL YS,MPa UCS,MPa | YS,MPa UCS, MPa F, N DcC*
300 MPa 65 (+5) 118 (+ 6) 92 (5)  165(x 10)
400 MPa 80 (£10)  135(x10) | 118(x5) 195 (+10)
600 MPa 105(x8)  175(8) | 150(x10) 270 (10)

LONGITUDINAL YS,MPa UCS,MPa | YS,MPa UCS, MPa F, N DC*

300 MPa 15 (+2) 28 (£ 5) 63 (£5) 75 (£ 6) 0.9 (£0.2) 8.6 (+3)
400 MPa 35 (+2) 55 (+5) 85 (+ 5) 110 (+ 8) 12 (£0.2) 11.6 (+ 3)
600 MPa 48 (+4) 80 (+8) 95(+10)  145(+10)  23(x0.1)  232(x0.8)

As expected, similar to the tensile strengths, increasing the compaction pressure by
approximately 1.5 times also increases the compressive response by approximately 1.5 times. The
transverse samples exhibit UCS values that are higher, at least 2 times, compared to the longitudinal
samples, as shown in Table 2. Additionally, the UCS values are at least 1.2 times higher than the yield
strength (YS). It is worth noting that the YS values are obtained when the region called the "quasi-
linear elastic" domain is initiated. Similar UCS values were also observed for an Al-5 wt.% Cu
composite using 430 MPa [17; 19].
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Figure 9. The experimental results of compressive strengths (stress vs. strain) of the sintered (at 540
°C for 1h) and T4 heat-treated corresponding with: (a) transverse at 400 MPa, (b) 600 MPa, and after
T4 treatment for the transverse (c) and longitudinal samples (d). Typical pictures showing cracks
initiating (e) at vertical position, which is collinear with compaction load direction, end of test (f), and
a typical example of a cylindrical specimen (longitudinal samples) after the tensile testing (g) and
after compressive testing (h), and after “barriling” in compressive test of the transverse sample.

It is important to note that diametrical compression was carried out on the longitudinal samples
based on the Hertz equation, as previously reported [7; 32-33]. Table 2 indicates that DC=2.F / rt.
L . D, which corresponds to diametrical compression, where F, L, and D are the load at failure, initial
length, and diameter of the sample [7].
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According to Galen and Zavaliangos [7], the Hertz equation is valid for isotropic elastic materials
that undergo brittle failure. The proposed composite, consisting of compacted and sintered particles,
exhibits this mechanical behavior. This is evident when comparing the calculated results of DC (Table
2) with the tensile strength results obtained from transverse samples. Therefore, even though the
longitudinal samples are compacted in the longitudinal direction, the indirect tensile strength (DC)
yields similar values to the transverse samples tested under perpendicular tension. This is confirmed
when comparing the error ranges and "pure" tensile strength values in Table 1 (11 +1, 15+ 1, and 23
+ 1) with the DC results for compaction pressures of 300, 400, and 600 MPa, as shown in Table 2.

Figures 9(e) and 9(f) display typical images of longitudinal samples (cylindrical shape) after
compression. The boundaries among deformed particles are reasonably observed in Figure 9(e), and
the initiated cracks in the same line or direction of the applied load are also revealed. Figure 9(g) and
(h) show typical images after the tensile and compressive tests on the longitudinal samples,
respectively. A typical image after a compressive test on a transverse sample is depicted in Figure
9(i). It is important to note that the compression test is stopped when a stable stress vs. strain curve
is observed.

Jonsen et al [34], when investigating diametrical measurements, have demonstrated a sequence
of pictures (images) related to the load curve of the material under examination. They identified the
moment and position on the load curve corresponding to crack appearance. Although Jonsen et al
[34] used a diagram showing force versus displacement, while in Figure 9, stress vs. strain is shown,
the three distinct regions are characterized. Region 1 represents nonlinearity, followed by a quasi-
linear elastic region (region 2), and finally region 3 where cracks initiate and propagate. It is noted
that cracks initiate at the interface between regions 2 and 3. It is reported that the cracks grow in a
stable manner through the sample, and the load reaches values corresponding to YS, while unstable
crack propagation continues until a maximum value is reached. This maximum value does not
represent the UCS. It is worth noting that the UCS and YS are obtained from the experimental curves
by limiting regions 2 and 3 and 1 and 2, respectively. Triplicate or duplicate curves are considered,
and at least three points at the interface of the mentioned regions are also considered to obtain the
average value, as demonstrated in Table 2.

Both the longitudinal and transverse samples exhibit similar nonlinear regions, independent of
the compaction pressure applied. This observation seems to be associated with the bridging effect
mentioned earlier. Due to a high interface among elongated/deformed particles, the region
corresponding to elastic (or quasi-elastic) behavior is favored in the sample with more pronounced
elongated particles, as observed in Figure 9(c) and 9(d).

3.3.3. Mechanical Behavior Correlations

Figures 10(a) and 10(b) display the ultimate tensile strength (UTS) and ultimate compressive
strength (UCS) as a function of the compaction pressures for both the transverse and longitudinal
samples. The yield strengths in tensile and compressive tests are also shown. It is evident that the
anisotropic strength is favored in the transverse samples. As expected, when comparing the UCS and
UTS values, a nonlinear trend is observed, as shown in Figure 10(c). A single logarithmic equation
(UCS = 64 In(UTS) - 80) describes the trend for both longitudinal and transverse samples. This
indicates that the morphology and chemical composition of the powder particles used are similar. It
should be noted that an isotropic material, such as a multidirectional solidified as-cast alloy,
commonly exhibits a linear equation for the UCS to UTS ratio.

The degree of anisotropy or strength anisotropy is quantified using the ratio between the
maximum and minimum values of mechanical behavior, as previously reported by Galen and
Zavaliangos [7; 9]. For plastically deformable materials, the anisotropy ratio is lower than 1 and
decreases with increasing densification.

Figures 10(c) and 10(d) depict the strength anisotropy ratios as a function of the applied
compaction pressures. The degree of anisotropy, obtained by comparing the UCS and UTS ratios
between transverse and longitudinal samples, is shown. Galen and Zavaliangos [7] have also
demonstrated that most materials with ductile behavior exhibit an anisotropy ratio lower than 1. The
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degree of anisotropy decreases with increasing densification, i.e., increasing compaction pressure [7].
It is noteworthy that the examined samples in our study did not exhibit ratios higher than 1.
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Figure 10. The experimental results of: (a) UTS and UCS vs. compaction pressure (CP), (b) yield (YSt)
tensile and yield compressive (YSc) strengths vs. CP, (c) ratio between UCS and UTS and (d) the
anisotropic ratio between UCS and UTS for the longitudonal and transverse samples considering both
sintered and T4 treated samples.

Figure 10(d) shows the degrees of anisotropy or anisotropy ratios for both the longitudinal and
transverse samples in both the sintered and quenched + T4 treated conditions. Table 3 provides a
summary of the observed tendencies. Interestingly, the longitudinal samples in sintered and T4
treated conditions exhibited decreasing trends with increasing compaction pressures. Conversely,
the transverse samples in sintered and T4 treated conditions showed increasing trends. Within certain
limitations, it can be observed that the transverse samples become more isotropic (or less anisotropic)
than the longitudinal samples. This is evident in both Table 3 and Figure 10(d). The transverse
samples exhibit slightly increasing anisotropy ratios, which are very similar. In contrast, the
longitudinal samples exhibit non-linear decreasing trends that are more dispersed or distant between
each analyzed sample. Additionally, it can be noted that the sintered longitudinal samples are more
isotropic or less anisotropic than the T4 treated longitudinal samples. Among the examined samples,
the highest anisotropy ratio is observed for the T4 treated sample at 600 MPa of compaction pressure,
while the other examined samples exhibit similar anisotropy ratios, which vary for other compaction
pressures.
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Table 3. The anisotropic ratio (AR)® considering both the sintered and T4 heat-treated samples with
respect to longitudinal and transversal conditions versus compaction pressures.

Sintered Longitudinal = Transversal
300 MPa 0.214 0.093
400 MPa 0.145 0.111
600 MPa 0.125 0.131
Quenched + T4 Longitudinal = Transversal
300 MPa 0.087 0.085
400 MPa 0.071 0.092
600 MPa 0.069 0.126

(*) AR =UTS/UCS considering each compaction direction, i.e. longitudinal and transversal. These values are into
Tables 1 and 2.

Galen and Zavaliangos [7] observed that strength anisotropy becomes more pronounced with
increasing density, which is achieved through increasing compaction. In our investigation, this is
only observed for the longitudinal samples. Galen and Zavaliangos [7] also noted that the same
material with a non-equiaxed (acicular) morphology exhibits higher anisotropy than the same
material with equiaxed morphology.

In our study, the resulting morphology of the compacted powders in the longitudinal samples
is more spheroidal than in the transverse samples. This observation is consistent with the findings of
Galen and Zavaliangos. Xu et al [9] determined the degree of anisotropy using the Young's modulus
and compressive strength and found that the degree of anisotropy decreases with increasing
compaction pressure. In our experiment, this trend is only observed in the longitudinal samples.
Based on these observations, it can be concluded that the morphology, compaction pressure, and heat
treatment affect the strength anisotropy.

When comparing the X-ray diffraction (XRD) patterns, the green, sintered, and T4 treated
samples exhibit very similar phases. Figure 11(a) shows the XRD analysis of the green powder
samples, sintered powders, and T4 treated powders, which were obtained from drilled compacted
and treated specimens. The diffraction intensity reveals that the peaks corresponding to Al
crystallographic planes (111), (200), (220), (311), and (222) (JCPDS # 01-1180) are present. Figure 11(b)
shows that between angles 15° and 50°, the Bragg's planes (110), (200), (210), (211), (403), (220), (112),
(310), and (202) (JCPDS # 01-1180), which correspond to Al2Cu intermetallic crystallographic planes,
are present, as previously reported [17; 19, 35-38]. It is also observed that the coherent Al12Cu phases
designated as 0' and 0" are not substantially identified at angles ~23° and ~31° [17; 38].

The XRD pattern of the T4 treated sample differs mainly in the presence of the main 0 Al-=Cu
phases, specifically at (111), (220), (112), (310), and (202). These phases are clearly observed in both
the sintered and as-green samples, but not substantially in the T4 treated sample. Figure 11(c)
presents the XRD patterns of the green sample in both powder and consolidated conditions (samples
#1 and #2). It is important to note that the powder sample is obtained from the as-cast alloy after
drilling. The consolidated samples are obtained after compaction (e.g., using 600 MPa), and samples
#1 and #2 represent the top and bottom analysis of the same sample, respectively.

These comparisons aim to clarify that no substantial differences are observed when comparing
samples in powder and consolidated (or compacted) conditions. The compacted samples exhibit
more pronounced peaks corresponding to the 6' and 0" phases, as well as other phases at angles
higher than 50 ©, as shown in Figure 11(c). Additionally, Figure 11(d) confirms that the XRD patterns
remain unchanged after heat treatment and testing under compressive loading.

The most significant modifications are observed in the intensity decrease of peaks related to the
incoherent Al:Cu in the planes (110) and (200) at ~21 ° and ~29 °, as depicted in Figure 11. This can be
attributed to the fact that during the solution treatment, a homogeneous solid solution (a-Al phase)
with Cu dissolved in the Al matrix is formed. Subsequently, the quenching leads to the formation of
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a supersaturated solid solution of the © phase. This mechanism is commonly described in the
literature [35-38]. It is reported that a typical transition in Al-Cu alloys is from a supersaturated
solution to coherent GP (Guinier Preston) zones, followed by intermediate coherent (0") and semi-
coherent (0') phases, and finally to a more stable (0) phase [36; 38]. Based on these observations and
the analysis of the XRD patterns, it can be inferred that the T4 treated samples have a partial
dissolution of their Al2Cu phases, mainly those corresponding to the planes (110) and (200) at ~21 °
and ~29 °. Additionally, the intensity peaks of Al (e.g., at planes (111), (200), and (220)) have
proportionally and comparatively increased, suggesting the dissolution of Cu and the formation of a
supersaturated solution along with some remaining AlCu phases. It is worth noting that the
complete dissolution or subsequent precipitation did not occur after a water quenching or a natural
aging. These findings help to explain the improved mechanical behavior.
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Figure 11. Typical XRD patterns of: (a) the green, sintered and T4 treated sample, (b) evidencing
phases between 15 and 50 °, (c) the green samples after compaction stage characterizing top and
bottom surfaces (samples# 1 and #2), and (d) showing that no substantial differences in constituted
phases are attained after sintering, T4 treatment and after sintering followed by compressive test
under 600 MPa.
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Zhang et al [38] recently demonstrated the presence of the three distinct Al2Cu phases, i.e., 0'
and 0", in as-cast 2219 Al-Cu alloys. The TEM images revealed that the O phase has a more spheroidal
shape (5 to 10 pm) compared to the 0' and 0" phases, which exhibit a needle-like morphology and
are finer than the 0 phase. Zhang et al [38] also found that after a solution treatment at 538 °C for 2
hours, which is similar to the treatment applied in this study (540 °C for 1 hour), both the 0" and 0"
AlCu intermetallics are completely dissolved into the Al matrix. The UTS results obtained by Zhang
et al [34] are similar to those obtained in this study. It is important to note that the 2219 Al-Cu alloy
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used by Zhang et al [38] has a higher Cu content, which can contribute to the enhanced mechanical
behavior. Additionally, the alloy samples were cast using ultrasonic casting [38], resulting in a finer
microstructural arrangement and, consequently, improved mechanical behavior. This comparison is
made only to demonstrate the presence of 0' and 0" Al:Cu phases and their dissolution during the
solution and heat treatments.

4. Conclusions

The experimental results obtained from compacted and treated Al-Cu alloy powders lead to the
following conclusions:

e Different compaction directions (longitudinal and transverse) result in distinctive morphologies
of the compacted powders, with spheroidal-like and elongated-like shapes. These
morphological differences contribute to a "bridging effect” among the powder particles, leading
to different mechanical behaviors. The sintered transverse and longitudinal samples exhibit
similar deformation capacity behavior based on Heckel's equation, but the sintered samples
achieve higher densification (~90% compared to ~87% for longitudinal samples). Thus,
compaction direction plays a significant role in densification and resulting mechanical behavior.

e T4 treated samples consistently exhibit the highest values of ultimate tensile strength (UTS) and
ultimate compressive strength (UCS) compared to other experimental conditions. The UCS
values are higher than the UTS values, as expected. Transverse samples generally demonstrate
better mechanical performance than longitudinally compacted samples.

e  Anisotropic ratios, which represent the degree of anisotropy, are determined by comparing the
maximum values of UCS and UTS for each compaction direction and heat treatment condition.
Transverse samples show similar anisotropic ratios with a slight increasing trend as the
compaction pressure increases. In contrast, longitudinal samples exhibit non-linear decreasing
trends in anisotropic ratios with increasing compaction pressure. The ratios for longitudinal
samples are more dispersed compared to transverse samples. Therefore, sintered longitudinal
samples are more isotropic or less anisotropic than T4 treated longitudinal samples.

e  The resulting morphology of the longitudinal samples, which is more spheroidal compared to
transverse samples, is associated with the compaction direction. This finding indicates that the
initial morphology, compaction load, and heat treatment affect the strength anisotropy. Recycled
powder particles from conventional machining processes can potentially be used, allowing for
the production of components with specific mechanical requirements through careful
compaction planning and treatments. These approaches offer environmental benefits by
eliminating metallic fumes and reducing electrical energy consumption associated with melting
processes.

Overall, the study demonstrates the influence of compaction direction and heat treatment on the
mechanical behavior and anisotropy of Al-Cu alloy powders. It highlights the potential for using
recycled powder particles and environmentally friendly production methods in the manufacturing
of components with desired mechanical properties.
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