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ARTICLE INFO ABSTRACT

Keywords: This work investigates the influence of the alloying elements in rods of the alloys Al-Cu-Li produced by novel
Alumi‘.‘iumfhthium alloys powder metallurgy routes. In the first route, the powders were mixed and uniaxial cold-pressed, followed by hot
Extrusion extrusion to produce 5 mm diameter rods. The second route introduced an intermediate step of heat treatment
;E‘gizriiﬂéurgy that was carried out at 525 °C for 1 h in a pure N2 atmosphere before the extrusion. This was done to evaluate the

importance of homogenization of the alloying elements during the heat treatment, as well as the tendency to
form new phases in the extruded rods. The obtained rods were characterized by SEM, EBSD, Vickers micro-
hardness, chemical composition (ICP-OES), and tensile tests. The results obtained showed that the alloy 1
(AA2060) presents a more homogeneous microstructure than alloy 2 (AA2196), and it is observed the benefit of
Mg addition, which improves the microstructure after HT. The EBSD analysis showed a typical preferential
orientation of a duplex fiber texture. The ICP-OES analysis reports losses of Li and Mg for both alloys. Regarding
to the measurement of hardness, the results were very different depending on the alloy and the HT prior to the

Chemical properties
Mechanical properties

extrusion process.

1. Introduction

The most widely used aluminium alloys in the aerospace industry are
the Al-Cu alloys (2xxx series) and the Al-Zn alloys (7xxx series) due to
their high strength-to-weight ratio. Specifically, aluminium-lithium al-
loys are interesting for this industry because the addition of lithium
significantly reduces the density of the alloy while increasing the
strength much more than with any other alloying element; Each incre-
ment of 1 wt% lithium alloyed with aluminium decreases the density by
3% and increases the elastic modulus (E) by about 6% [1,2]. Alumi-
nium-lithium alloys (Al-Li) are characterized by their high corrosion
resistance and specific modulus, which makes it possible to save weight
in the aircraft, thus reducing CO, emissions. In addition, they have
excellent fatigue and cryogenic strength and superior resistance against
fatigue crack growth.

Third-generation aluminium-lithium (Al-Li) alloys [3] are of great
interest to the aerospace industry due to their advantages, which include
excellent corrosion resistance, greater fatigue resistance, high strength,
good hardness, and significantly lower weight [4]. In addition, Al-Cu-Li
alloys offer a cost advantage over CFRPs (Carbon Fiber Reinforced
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Polymers). For this reason, there has been increased interest in these
alloys for new aircraft designs [5].

Regarding the third-generation alloys, AlgLi (§°) is the strengthening
phase in binary Al-Li alloys. However, the third generation also contains
copper, and adding Cu to Al-Li alloys is more effective for strengthening.
For Al-Cu-Li systems, the most important phases are T1 (AlyCulLi), T2
(AlgCuLis), and TB (Al;5CugLi3). C. Giummarra et al. [6] concluded that
the ternary T1 (AlyCulLi) phase is the primary strengthening phase, and
the binary phases, such as §’(AlsLi) and 6’(AlyCu), contribute less to
strengthening.

Some studies report limits in the ranges of lithium content that
promote these phases [7]. The low Li contents (<0.6%) promote semi-
coherent 0’ and incoherent 6 (Al,Cu) phases [8], while the medium Li
content (<1.4-1.5%) promotes semi-coherent T1 (AlyCuli) phase.
Finally, the higher Li content (>1.4-1.5%) promotes coherent §°(AlsLi)
precipitates. However, the conclusions of many studies relating to the Li:
Cu ratio for these alloys seem to be more accurate. They establish that
the precipitation sequence found for Al-Cu-Li alloys depends on the Li:
Cu ratio, as shown by Hirano and Decreus et al. [9] and Prasad et al. [5].
In high lithium and low copper alloys (> 2 wt% lithium, <2 wt% copper)
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precipitation of the T1 (AlyCuLi) phases occurs and promotes &'(AlsLi)
formation, which can be observed by TEM techniques. The sequence of
precipitates Guinier Preston (GP) zones — 6" — 6’ — stable 0 is favored
for higher copper and lower lithium.

The rest of alloying elements also greatly influence the strengthening
of the Al matrix. The Zn promotes the formation of the Al3Zn phase. The
formation of T1 is promoted by small additions of Mg and Ag. Mg re-
duces the solubility of Li in Al [7], and promotes the formation of phases
such as GPB zones, the S’ (orthorhombic phase coherent, Al;oCuzMgs)
and S (equilibrium phase, Al,CuMg) phases [8], substituting Li for Mg in
the T1 phase [10].

There are several third-generation alloys that are of great interest in
the industry. Firstly, AA2060 is one of the most recent, launched in 2011
by Alcao Inc. [11], and which exhibits excellent corrosion resistance,
high thermal stability and strength, along with good toughness
[5,12,13]. Nowadays, the use of 2060-T8 alloy for fuselage skin and
lower wing structures, replacing 2524-T3 and 2024-T351, can save 7%
and 14% weight, respectively [12]. The good weldability properties of
2060 alloy have been explored in other research studies [5,14].

Secondly, some alloys, such as 2099, 2195 and 2198, have a long
history in aerospace applications. AA2199 and AA2198 are used for
sheet products in commercial aircraft. AA2099 and AA2199 were
developed for space and aircraft applications due to their attractive
properties [15]. AA2195 has been proposed for the Space Shuttle Super
Lightweight External Tank [13]. Airbus chose AA2198 alloy for the
fuselage skin sheet material of the A350 [16]. At the same time, AA2196
is in particular very promising since NASA uses it in extrusions for
commercial aircraft [14], and it is also part of the Airbus A380 plane [5].

Aluminium is mainly processed by extrusion in which aluminium
billets are heated and pushed through a shaped die opening. The
extrusion process from billets of powders is known as a powder metal-
lurgy (PM) route. PM routes are widely used in lightweight metals (AL,
Ti, Mg). The automotive and aerospace sectors have driven these routes.
Particularly the PM of Al is expected to experience significant growth in
the next decade, the most crucial advantage is the elimination of melting
material due to the use of diffusion processes that allow working with
elements in the solid state and at low temperatures, thus avoiding ma-
terial losses by evaporation from fusion techniques. This point is crucial
not only in terms of the final cost and durability of the equipment but, in
the case of Al, the fact that they eliminate all the harmful phenomena
involved in aluminium fusion, such as cracking.

In previous research [17], the extrusion process was optimized to
obtain fully dense rods. As the process is carried out at a low tempera-
ture without melting the material, the most suitable extrusion temper-
ature was optimized for 2060 and 2196 alloys. The rods of 2060 and
2196 alloys were extruded with and without heat treatment before the
extrusion process. The processing of both alloys was successfully pro-
cessed by PM routes.

In this work, the effects of homogenization and the influence of
composition and the processing for both alloys on the microstructure
and properties of the materials such as mechanical properties, were
studied. The new route proposed for processing opens up a wide range of
possibilities for the design of chemical composition. The use of the
powder makes it possible to tailor the chemical compositions according
to the desired properties and to adapt to future requirements without
melting the base material.

2. Experimental

The nominal compositions of the produced alloys are shown in
Table 1. The alloys were fabricated starting from elemental powders of
Al, Cu, Mn, and Zn, while Mg and Li were added as master alloys with
compositions 92.1wt%Al/ 7.9wt%Mg and 80 wt% Al/ 20 wt%Li. There
are two alloys selected. The main difference between them is the Li and
Cu content and that they have a chemical composition based on the
2060 and 2196 aluminium alloys (Table 1). The main characteristics of
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Table 1
Chemical composition of alloys (wt%) of alloys and characteristics of the
powders.

Cu Li Mn Mg Zn Al
Alloy 1: 2060 400 075 030 0.85 0.40  Bal
Alloy 2: 2196 3.00 175 035 0.50 0.35  Bal

Characteristics of the powders

Powder Provider P‘artlcle Purity (%)
size (pm)
- AEE, upper Saddle
Aluminium River, NJ USA 45 99.9
Alumini i Al
umlmur/nl\jlmagnes;um ( Goodfellow Itd., <30 99.0
921 wio/ V187.9 with Huntingdon, UK ’
atomized
. Goodfellow Itd., Range
Zine Huntingdon, UK 1-10 990
Sigma Aldrich, Range
Copper Madrid, Spain 14-25 98.0
Sigma Aldrich,
Manganese Madrid, Spain <45 99.9
Aluminium/Lithium (Algg Sigma Aldrich, <100 B

wtos/Li20 wio) Madrid, Spain

the powders used are also summarised in Table 1.

Powders were blended in a Turbula Mixer and compacted by uniaxial
cold pressing at 600 MPa to obtain cylinders of 25 mm diameter with a
relative green density of 99%. Zinc stearate was used as a wall-die
lubricant. Extrusion of the powder compacts was performed in a
conical die with an angle of 45°, at 525 °C using an extrusion ratio of
25:1, selected to ensure the complete densification of produced material,
and were air cooled after the extrusion process. A mixture of graphite
and gear oil was used as a lubricant. The rods obtained were 5 mm in
diameter and 200 mm in length.

The first route consists of cold pressing the powders and the extru-
sion process of the green compacts (hereafter designated as 2060 and
2196). The second route consists of cold pressing the powders followed
by a heat treatment of the compacts at 525 °C in N, pure atmosphere and
extrusion processing for both compositions (hereafter designated as
2060HT and 2196HT). The two processing routes followed to produce
the rods have been fully described in previous research [17].

Scanning electron microscopy (SEM) was used to characterize the
microstructures and study the differences in the extruded products from
compacts with and without heat treatment previous to the extrusion
process. The samples were prepared using conventional metallographic
techniques. The longitudinal and transversal sections were obtained
from the middle of each extruded rod. Energy Dispersive X-Ray Analyzer
spectroscopy (EDS) was applied to identify the alloying elements. The
green compacts and rods were submitted to thermal gravimetric analysis
(TGA), which was carried out using a Simultaneous Thermal Analyzer
(STA) 6000 from PerkinElmer. STA analysis was performed under a
high-purity nitrogen atmosphere (flow rate 20 mL/min) with tempera-
tures ranging from 100 to 800 °C and 5 °C/min of heating rate.

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-
OES), Perkin Elmer Optima 3300DV, and the SPECTRO Arcos model
were used for the chemical analysis. Specimens were submitted to the
digestion procedure where they were dissolved in an aqueous solution of
nitric acid for two days inside an oven at 100°. An intermediate stage of
sonication with the addition of hydrogen peroxide was carried out to
activate the digestion process of the samples. The measurements were
performed in an aqueous solution of 10% nitric acid in duplicate to
check the effectiveness of the attack process.

Samples analyzed by EBSD were first prepared using conventional
metallographic techniques finishing the mirror-like surface on a vibra-
tory polisher (VibroMet™ 2 Vibratory Polisher, Buehler, USA) with 0.04
pm Struers OPS colloidal silica. EBSD data were analyzed using OIM
AnalysisTM software to obtain the orientation maps, inverse pole figures
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(IPF), grain size, misorientation and texture. The grain boundary con-
stituents and secondary phases formed were also identified.

Vickers micro-hardness tests (0.5 HV) were also performed by a
Zwick Roell micro-hardness instrument (Zwick Roell, DE), and the data
were analyzed by the hardness testing software ZHpHD. The tensile test
samples were prepared in the extrusion direction according to ASTM-
E8/E8M-16a standard. Samples with dimensions of 1.1 mm in thick-
ness and 10 mm in length were produced by machining the rod as shown
in Fig. 1. The tensile tests were performed at room temperature in a
stress-strain micro-testing machine designed by Microtest. They were
performed at a speed of 0.5 mm/min with a preload speed of 0.02 mm/
min and a breakage sensitivity of 25% with a maximum load of 5 kN.
Fracture surfaces of the samples after the tensile test were examined by
SEM.

3. Results and discussion
3.1. Scanning electron microscopy and EDX analysis

To observe the effect of possible microstructural heterogeneities, the
microstructures of the rods corresponding to 2060 and 2060HT were
studied and can be observed in Fig. 2. Comparing the micrographs of
Fig. 2a and b corresponding to the 2060 sample with those of the
2060HT, a lower porosity and higher homogeneity in the 2060HT
sample can be noted (Fig. 2 ¢ and d). This can be explained by the fact
that during the heat treatment, diffusion mechanisms are activated that
promote the bonding of particles as well as a solid solution.

Sparse particles are also observed in Fig. 2a; the EDS analysis reveals
that they might correspond to the original Cu particles (> 75 at. % Cu) as
their size is 15-20 pm, similar to the biggest particles of the original Cu
powder. The EDS analysis of four zones of the particle is shown in Fig. 2a
in (1) external zone: 33 at. % Cu (2) intermediate zone 1: 51 at. % Cu (3)
intermediate zone 2: 60 at. % Cu and (4) internal zone: 98%. at. Cu.
Thus, the processing temperature during the extrusion process was not
enough to allow diffusion of the alloying elements in the elemental
former particles.

Fig. 2 (c, d), corresponding to the 2060 HT sample, also shows these
bright sparse particles. Nevertheless, they are smaller and more
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Fig. 1. Schematic drawing of tensile test samples.
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homogeneously distributed than those found in the 2060 sample
(Fig. 2b). The EDS analysis of these bright particles, identified as Al-Cu,
and pointed out in Fig. 2¢, presents the composition: 26 at. % Cu and 73
at. % Al and is similar to the incoherent and stable 6-(AlpCu) phase
commonly found in aluminium alloys of a similar composition [18,19].
However, other bright compounds, identified as Al-Cu-Mg, show a
composition by EDS of 2 at.% Mg, 16 at.% Cu and 82 at.% Al, which
could suggest the formation of S-phase (Al,CuMg) despite the low at.%
of the Mg. Mg was added as a master alloy (Algs; Mgy9), and the
diffusion coefficient of Mg in Al (3.16-107 3 m?/s at 525 °C) is higher
than that of Cu in Al (8.06-10’14 m?/s at 525 °C). Thus, Mg could be
homogeneously distributed into the Al matrix and also explains the
presence of Mg-rich precipitates through the whole sample. The pre-
cipitates of 6-(Al,Cu) and S-(Al,CuMg) phases could be formed during
the cooling stage, thanks to the diffusion promoted by previous HT and
hot extrusion processes [20,21].

In this alloy, AA2060, B. Cai et al. [22] confirmed the predominant
presence of two phases: T1 (AlyCuLi) and 6’ (Al,Cu), and they found that
the T1-(AlCuLi) phase could also be formed. However, due to the limi-
tations of FE-SEM with EDS in detecting light elements, such as lithium,
there is no direct evidence of these precipitates as reported in the
literature. In comparison to 2060 samples, it is clear that the heat
treatment of the compacts at 525 °C for 1 h previous to the extrusion
process promoted the diffusion of the alloying elements and the pre-
cipitations of new phases during subsequent cooling.

Fig. 3 shows the SEM images for 2196 alloy. All the micrographs
reveal a higher porosity than that of the 2060 alloy. The dark areas
correspond to pores and oxides. This is appreciably different from the
previous composition, despite both alloys being processed under the
same conditions. Furthermore, the 2196 sample (Fig. 3 (a, b)) shows a
higher pore content than 2196HT (Fig. 3 (c, d)). The white particle in
Fig. 3a corresponds again to elemental copper particles, which confirms
the poor interdiffusion between the Al matrix and alloying elements at
this stage for 2196 alloy.

Al-Cu-Mn-rich particles were identified in all the samples (can be
seen in Fig. 3 (d)). The EDX analysis was carried out, resulting in 11 at. %
Cu, 17 at. % Mn, and 72 at. % Al. Mn is the most critical alloying element
and hardly diffuses to form a solid solution with the Al matrix at the
temperatures under study according to the consulted phase diagram
[17]. Nevertheless, Cu and Al seem to have diffused into former
elemental Mn particles, as was reported in previous works [17].

According to these results, heat treatment is a key step in this pro-
cess. The heat treatment was carried out to promote diffusion in a ni-
trogen atmosphere. Nitrogen has an active role in the aluminium alloys
processing [23], since aluminium forms a stable oxide layer which limits
diffusion and densification [24]. G. B. Schaffer and B. J. Hall have
demonstrated that during heating, the oxide layer grows, decreasing the
oxygen partial pressure in the gas as it travels into the pore network
[25]. In the deep pore network, where the gas flow rate is much lower
than on the surface, the oxygen may be consumed by the aluminium
faster than it can be replenished by the incoming gas. The local partial
pressure of oxygen will then reduce and the aluminium acts as a self-
getter. At this moment, thermal expansion may cause the oxide layer
to fracture. These fractures will readily heal when oxygen is present.
However, the oxide will not heal when the oxygen concentration is
reduced by self-gettering, leading to the formation of AIN, aiding the
sintering [25]. Thus, when Al is heat treated under a nitrogen atmo-
sphere, the formation of AIN promotes the densification by the reaction
of aluminium with nitrogen according to Al + N — AIN. Although there
is no evidence for formation of AlN, all samples heat treated in nitrogen
before the extrusion process showed a reduction in pore size as can be
seen in the figures shown above.

According to other studies [26-28], the presence of Mg in aluminium
alloys is also key in the bonding process of the Al powder particles. The
addition of small amounts of Mg shows that it reacts with the Al;O3 film
to form the MgAl;O4 spinel [26], breaking the oxide, exposing the
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Fig. 2. SEM images of the 2060 alloy rods extruded without (a, b) and with (c, d) heat treatment (HT) prior to extrusion, showing longitudinal section (a, ¢) and

cross-section (b, d).

underlying metal and facilitating the sintering process [24]. The sig-
nificant difference in the Mg content of both alloys, 0.85 wt% for the
2060 alloy compared to 0.35 wt% for the 2196, could explain the dif-
ferences found in the porosity.

Several TGA measurements under different conditions were per-
formed to understand the behavior and affinity of compacts with pure
Ng and air atmospheres along the different steps of the production
routes. The first test was performed with the green compacts in the Ny
atmosphere to reproduce the heat treatment conditions. The second test
was performed with all the compacts, without and with HT, in the air
(21% O3 79% Ny by volume), to understand the affinity of the compacts
when they are extruded in the lab.

In Fig. 4a for TGA-Nitrogen a significant difference can be seen in the
behavior of both alloys, showing a substantial mass gain with temper-
ature for the 2060 alloy related to good interaction between that alloy
and Ny. A similar behavior should be expected for 2196 alloy since they
are both Al alloys, however, the differences may be due to the alloying
elements, particularly in Mg content.

During the extrusion process at 525 °C in the air atmosphere
(Fig. 4b), the different slopes show that 2060 alloy presents a higher
tendency to react with some elements of the atmosphere than 2060HT.

Therefore, the extrusion process of 2060HT seems to be the most
favorable, resulting in a better diffusion of alloying elements and
densification of the material.

Conversely, a decrease is observed in the slope of the mass-gain curve
for the 2196 alloy (Fig. 4a). The mass loss for 2196 relates to the sub-
limation of some elements and the lack of reaction between N, and the
sample. This factor and the low Mg content can explain the results of the
microstructure of 2196 alloys, although 2196HT had a higher tendency
to react with the atmosphere during air extrusion of the compacts than
2196 (Fig. 4b).

3.2. Optical emission spectrometers with excitation source ICP (ICP-OES)

The chemical analysis was performed to quantify the loss of alloying
elements during the process since the high temperature in both solid-
state processes can lead to the sublimation of some of the alloying ele-
ments. Three areas of the rod were analyzed: top, middle, and bottom.
No composition differences were observed, and it was concluded that
the composition is homogeneous through the extruded rods for samples
without and with previous HT. Therefore, the average values obtained
were calculated and the quantitative analysis is shown in Fig. 5, where
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Fig. 3. SEM images of the 2196 alloy rods extruded without (a, b) and with (c, d) heat treatment (HT) prior to extrusion, showing longitudinal section (a, ¢) and
cross-section (b, d).
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Fig. 4. (a) TGA of the green compacts before the extrusion process in the nitrogen atmosphere (b) in the air atmosphere. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Weight loss and gain percentage of the alloying elements after the extrusion process for both alloys.
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the percentage of loss and gain with respect to the initial weight is
expressed.

The loss of lithium, magnesium, and copper are related, in that order,
to the volatility of the alloying elements. The vapor pressure varies ac-
cording to Li > Mg > Cu [29]; the higher the vapor pressure, the higher
the volatility. The values show less loss for HT materials because during
heat treatment all the diffusion phenomena are promoted, helping the
dissolution of the alloying element in the Al matrix. In addition, the
surface area of the compact is reduced, which finally hinders the loss of
volatile elements.

On the other hand, gains in the alloying elements of Mn and Zn are
observed, although they are not fully understood. One possible expla-
nation for Zn gain can be that zinc stearate has been used as a lubricant
in the green compact from the pressing step before the extrusion process.
Zinc stearate is believed to not contaminate metals because of its
burning temperature (300-400 °C) [30] but some particles may be
trapped. Zinc carbide may be formed by the pyrolytic decomposition of
zinc stearate. Consequently, the chemical composition results are
altered if zinc penetrates inside the compact. No explanation can be
found in the gain of Mn except that resulting from the heterogenous Mn
distribution through the material due to poor diffusion of this element in
the Al matrix.

3.3. Evolution of microstructure: EBSD

EBSD measurements were performed to obtain the grain orientation
and grain size distribution, as well as the texture present in the studied
materials. OIM maps (Orientation Imaging Microscopy), following the
Inverse pole figures (IPF) color scheme, were generated from the anal-
ysis of the EBSD data to study the evolution of the microstructures after
the hot extrusion process.

OIM maps of the transversal section are shown in Fig. 6, where the
black line represents grain boundaries with a misorientation angle above
15°, which correspond to high-angle grain boundaries (HAGB), and the
white lines represent subgrain boundaries with a misorientation angle
between 5 and 15° (low-angle grain boundary, LAGB). The presence of
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texture in the materials, especially for the 2060HT (see Fig. 6), is clearly
observed from the high-density number of blue grains, which corre-
sponds to the texture of grains associated with (111) fiber. For the four
studied alloys, the shape of the cross-section of the grains is equiaxial in
this plane, as is observed in Fig. 6 (a)-(d).

The corresponding images of the longitudinal section are shown in
Fig. 7. They reveal the elongated shape of the grains with their major axe
along the extrusion direction, without a clear dominant crystallographic
orientation.

From Figs. 6 and 7, it can be deduced that heating during the
extrusion process has produced texture materials with partially recrys-
tallized microstructure, although the presence of some non-fully
recrystallized grains are observed (see for example, the sub-grain
boundaries marked with black arrows in Fig. 7).

In the Fig. 7, all images show regions of small grains and larger grains
oriented in the direction of extrusion, and there is no difference between
the four conditions. Published studies demonstrate that small additions
of alloying elements, such as Zr, Zn, Sc, Ti, and Li, minimize the degree
of recrystallization and improve mechanical properties by forming a fine
and coherent phase (A13X) [31-33].

The average difference in orientation between each pixel inside a
grain and the grain orientation average is used to calculate the grain
orientation spread (GOS). GOS levels are lower in recrystallized grains
than in deformed grains [34-36]. The GOS distributions of all the
samples are compared in Fig. 8.

In this work, a threshold value of 3° was chosen to distinguish
recrystallized and non-recrystallized grains [34,37]. This threshold
value is determined to distinguish a fully-recrystallized grain from a
recovered one, which implies that grains with GOS < 3° are recrystal-
lized. In a GOS mabp, all pixels within a grain are shaded with the same
color depending on the threshold value. The blue grains are the
completely recrystallized grains, while some of the orange or red grains
can be considered partially crystallized or non-recrystallized.

Fig. 8 compares the grain orientation spread distributions obtained
for the analysis of the GOS-Mas presented in Fig. 9 for all the produced
alloys. A systematic trend of the reduction in the GOS value for 2060,

LAGB

Fig. 6. OIM maps of cross-sections of the extruded rods: (a) 2060 (b) 2060HT (c) 2196 and (d) 2196HT.
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nY

2060HT

Fig. 7. IPF-Maps of the extruded rods, longitudinal sections (a) 2060 (b) 2060HT (c) 2196 (d) 2196HT. Black arrows point to non-fully recrystallized grains.
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Fig. 8. Grain orientation spread (GOS) distributions. The red line at 3° marks

the threshold between recovered and recrystallized grains. (For interpretation

of the references to color in this figure legend, the reader is referred to the web
version of this article.)

2060HT and 2196HT can be observed, indicating progress in micro-
structure restoration.

The GOS-Maps presented in Fig. 9 clearly show that the number of
recrystallized grains is higher for the 2060 HT and 2196HT materials.
However, the maximum value of 5° is observed for all the cases, which
corresponds to a low value of the mean intragranular misorientation,
indicating that a high degree of recrystallization has been achieved
through recrystallization processes at extrusion.

Fig. 10 shows the grain size distribution histograms obtained from
the analysis of the EBSD measurements on the cross-sections, using 5° as
a minimum grain boundary reconstruction angle. The samples without
HT before the extrusion process (2060 and 2196) show smaller sizes of
their cross-section perpendicular to the extrusion direction compared
with HT samples (2060HT and 2196HT). Furthermore, the grain size of
2196 and 2196HT shows a larger distribution compared to 2060 and
2060HT.

In addition, the grain size was measured in the longitudinal section*

(*This grain size should be understood as the diameter of the circle with
an area equivalent to the grain area). The average grain sizes for the
2060 and 2060HT samples were 10.6 pm and 8.8 pm, while the 2196
and 2196HT exhibited average grain sizes of 14 pm and 8.4 pm,
respectively. The samples with HT (2060HT and 2196HT) show smaller
grain sizes as compared with the sample without HT (2060 and 2196).

The grain boundary misorientation distribution (GBMD), or inter-
granular misorientation, was calculated for all the materials. The fre-
quency distribution histograms obtained for the misorientation angle
along the grain boundaries, showing the intergranular misorientation of
the four conditions, are depicted in Fig. 11. As a reference, the ideal
standard MacKenzie distribution of untextured equivalent alloy is pre-
sented, which corresponds to a material with randomly orientated
grains (see subfigure 11-(a)).

The results reveal that the alloys have partially recrystallized
following a distribution similar to the random misorientation charac-
terized by the MacKenzie distribution for a cubic structure [38-40].
However, the MacKenzie distribution has its maximum value at 45°,
while the maximum of the GBMD is shifted towards higher angle values
for all the studied materials. This shift, together with the overall shape of
the GBMD, agrees with the presence of a recrystallized texture in the
materials associated to the presence of a (111) fiber texture [41,42]. The
other possibility, that the shift was caused by the presence of significant
density of inter-variant boundaries or CSL (Coincidence Site Lattice)
boundaries, has been discarded for these alloys. Thus, the presence of
high values of a peak at angle values higher than 45° is consistent with a
stronger fiber texture and, therefore, it is expected that the 2196HT
presents the strongest texture components in the pole figures, while the
non-heat-treated should present a weaker texture.

Fig. 12 shows the grain boundary misorientation angle along the
grain boundaries. It can be clearly observed that the microstructure
corresponds to a material where more of the grain boundaries present
HAGB. In addition, these maps indicate that hot extrusion results in
increased local deformation throughout the samples and the accumu-
lation of deformation occurs at the grain boundaries, showing grain
boundaries that are predominantly red.

To obtain the texture components of the extruded alloys and their
intensities, the pole figs. (PF) were derived from the EBSD measure-
ments on samples in the cross-section (see Fig. 14), corresponding to the
surface of the sample in a direction perpendicular to ED and TD, as
indicated in the scheme of Fig. 13. According to Fig. 13a, which repre-
sented the extruded products, the pole figure of the cross- sections would
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be presented as Fig. 13b with respect to the laboratory reference system.

The shape and texture of the grains change via grain rotation and
subdivision during the extrusion processing due to plastic deformation.
This produces changes in the relative orientations of the grains favoring
some specific orientations with respect to the extrusion direction, which
can produce the formation of texture. When the texture is present, the
pole densities will be stronger around some preferred specific orienta-
tions compared with the expected one for an untextured material with
randomly orientated grains.

The analysis of the (001), (110) and (111) pole figures of the alloys
presented in Fig. 14 reveals the presence of similar texture components
for all them, whereas differences in the strength of the texture

components are observed.

The maximum values of intensity are obtained for 2060 and 2196,
8.5 mrd and 14.0 mrd respectively, compared with values obtained for
the heat-treated samples, 2060HT and 2196HT, of 13.341 mrd and
15.150 mrd, respectively. This shows the same tendency observed in
Fig. 11, where the highest values of misorientation angles were obtained
for HT materials. The texture of the 2060, with a maximum intensity of
8.532 mrd, is significantly weaker than the rest. This result agrees with
the shape and the position of the maximum value observed in the GBMD
histograms of Fig. 10.

The analyses of the pole figures show that the preferential orienta-
tion of the grains presents two main components, which correspond to
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textureless cubic polycrystals.

the (001) and < 111> fibers, i.e. the planes are directly parallel to the
extrusion direction. The rings around the center are secondary rings that
often coincide with planes equivalent to the one depicted. For example,
for a < 111> fiber texture, a secondary ring should appear at 70.5° on
the pole figure. And for a (001) fiber texture, there should be a ring at
90° on the pole figure. Another factor is the phenomenon of ring blur-
ring, which is present in all conditions and is characteristic of <001>
and < 111> pole figures and related to a certain change in grain
orientation. Thus, the consequence is a slightly inclined 110 pole. A
slight weakening of the texture after recrystallization is observed as well
in PF <001> for 2196 (Fig. 14c).

To determine which of the preferential directions is more significant,
and therefore more preferential, the volume fraction has been calculated
from the crystal direction map (Fig. 15), with a tolerance value of 10° for
the three directions. The crystal direction map represents the fraction of
material that has a particular crystal direction aligned with a reference
sample.

For the 2060HT and 2196 samples, both the pole plot and the stan-
dard texture analysis show the texture of the material dominated by
<111> fiber. The volume fraction values indicate that the material is
largely oriented towards direction <111>, but a significant volume
fraction of the material is made up of grains that are oriented towards
direction <001>. Thus, the deformation texture is a strong <111> and
weak <001> duplex texture.

Although the pole figure (Fig. 14) also indicates two preferential
directions <001> and < 111> for the 2060 and 2196HT materials, these
materials are less oriented, and their texture is weaker compared to the
2060HT and 2196 materials. These results also agree with the IPF im-
ages (Fig. 6), in which 2060 and 2196HT showed less intense and lighter

colors in their cross-sections, evidencing a less pronounced orientation.

In conclusion, the samples show typical double <001>Al//ED and <
111>Al//ED axisymmetric deformation texture components under all
conditions. Furthermore, in fcc metals the typical texture due to drawing
and extrusion processes produces <111> + (100) duplex, both parallel
to the extrusion direction [43]. The texture in direction <111> is shown
as the most intense direction for the 2060HT and 2196 samples.

3.4. Vickers micro-hardness tests

Hardness measurements were carried out on the compacts before
being extruded, as well as on the extruded rods, for a complete char-
acterization since the extrusion process requires a force that depends on
the resistance of the material to flow.

The hardness is shown in Fig. 16. For 2060 alloy, it can be seen that
the heat treatment slightly increases the hardness of the compact. The
contrary is observed for 2196 alloy: heat-treated compacts show lower
hardness than those without green compacts. 2060 alloy presents higher
copper content, which promotes the formation of phases T1 (AlyCuLi)
and 0’(Al,Cu) [44]. The presence of these phases after heat treatment
could explain the strengthening of this alloy more than the 2196 alloy,
which contains lower Cu content and higher lithium. The hardness of the
2196 and 2196HT compacts are very close and lower than the 2060
alloy. Comparing the hardness values of both alloys, 2060HT and
2196HT, the latter one is lower, probably due to the porosity and non-
suitable heat treatment. The difference for both alloys in Mg content,
0.85% wt. for 2060 alloy and 0.5% wt. for 2196 alloy, can also
contribute to the difference in hardness. As mentioned, Mg increases
resistance by strengthening the alloy.
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Fig. 12. Local Average Misorientation (LAM) maps of (a) 2060 (b) 2060HT (c) 2196 (d) 2196HT.
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Fig. 13. Scheme of the selected directions (a) drawing of the rod and its directions (b) representation of the direction on the pole fig. ED: extrusion direction, ND:
normal direction perpendicular to the surface of the sample and ED, and TD: perpendicular to de ND and TD.

The extrusion process provides extruded rods with better mechanical
properties due to the solid-state deformation process and high temper-
ature. It can be seen from Fig. 16 that hardness is increased in all the
extruded rods regardless of the composition or conditions.

The results in the hardness for the 2060 alloy can be explained by the
fact that the heating previous to the extrusion promotes the dissolution
of alloying elements. A more homogeneous and hardened alloy makes
the extrusion more difficult while the formation of precipitates is being
produced during cooling after extrusion. Thus, significant changes are
observed between the 2060 green compact (59 HV) and the 2060
extruded rod (98 HV). The 2060 rod is hardened by the strain and
precipitation hardening effects.

Nevertheless, 2060HT has been previously dissolved and precipi-
tated during the cooling of HT. Heat treatment previous to extrusion
probably leads to the dissolution of some precipitates and the growth of

others, which reduces elements in solid solution and could make
extrusion easier, leading to a softer extruded rod. This can be coherent
with the microstructures shown above in Fig. 2, where the presence of
precipitates in HT samples is higher. In this way, strain hardening is the
dominant hardening mechanism. The 2060HT compact is 65 HV, while
2060HT extruded rod is 89 HV.

The 2196 alloy shows the lowest hardness values due to the presence
of a high number of pores in the microstructure. In this case, comparing
compacts and extruded rods, the benefits of the deformation caused by
the solid-state hot extrusion lead to a strong reduction in porosity and
produce significant benefits in hardness regardless of the conditions.

3.5. Tensile test

Fig. 17 shows the engineering strain-stress curves for the material
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after extrusion. From their analysis the tensile characteristics were ob-
tained, showing that that the yield strength values for all the materials
were found between 220 and 260 MPa, the ultimate tensile strength
values were between 310 and 360 MPa (Fig. 17b), and the elongation
between 9 and 15%. Results from other studies showed that the me-
chanical properties, in particular for 2024 and 7075 extruded alloys
[45-47] were found between 158 and 236 MPa for yield strength and
304-345 MPa for ultimate tensile strength. These results are similar or
even better than those in the literature, which confirm the suitability of
the proposed production routes. This is very important since it must be
taken into account that the processing has been carried out using pow-
der metallurgical routes, considering it to be a suitable processing
alternative for the consolidation of these alloys.

However, the elongation from other studies showed between 13 and
18.5%, being no >15% in the alloys studied. The 2060 alloy, despite the
high hardness results, shows a greater elongation than that of the 2196
alloy. This can be due to the more homogeneous microstructure and the
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absence of porosity. In addition, the presence of more high-angle grain
boundaries (in IPF images Fig. 6) gives the alloy a clear ability to
regulate plastic deformation on the grain boundaries and, as a result, the
ductility of the alloy improves [48].

The fracture surfaces for the alloys are shown in Figs. 18 and 19.
According to these images, all the fractures appear to be ductile, since
dimples are observed in all the fracture surfaces, which is common in
aluminium alloys. All the dimples are oriented towards the applied
stress, with the dimples for the 2060 alloy being slightly more developed
than those in the 2196 alloy. A transgranular fracture can also be
observed for both conditions in some areas (2060 and 2060HT).
Transgranular fracture is caused by the presence of large brittle particles
that promote crack propagation, the fracture travels through the grain of
the material (Fig. 18 (a,c) -2060) [49]. These particles are large and
randomly distributed throughout the material.

The compositional analysis by EDS of the larger particles seen in
Fig. 18e for the 2060HT alloy (area 1) show that they are rich in Al, Cu
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and Mn, corresponding to the Mn-rich particles observed in the micro-
structure; the EDS analysis of the bright area 2 (Fig. 18g - 2060HT) re-
veals the presence of Cu, Mg, Al and O, results consistent with the
presence of precipitates with compositions such as Al,Cu and Al-Cu-Mg,
which were observed in SEM-EDS in Fig. 3.

The first inspection of the fractography of 2196 alloy reveals, like the
2060 alloy, dimples on the fracture surface, with large-sized particles
also being identified. The alloying elements identified for them by EDS
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were 4 at. % Cu, 20 at. % Mn and 76 at. % Al (Fig. 19a - 2196).
Furthermore, small areas rich in Cu, Mg, Al and O are also observed
(Fig. 19¢-2196). EDS analysis reveals that these precipitates present a
chemical composition similar to those of 2060 alloy. In summary, large-
sized particles appear on the fracture surfaces in both alloys. This could
indicate that these Al-Cu-Mn particles promote the transgranular frac-
ture. The fracture could begin in these brittle particles and advance
through the void nucleation produced by the ductile fracture typical of
aluminium alloys.

4. Conclusions

In the present study, the influence of chemical composition (high Cu,
low Li for 2060 and low Cu, high Li for 2196), the effects of the ho-
mogenization, and its properties have been studied, for the aluminium
alloys produced following two novel powder metallurgy routes,
obtaining promising results for the fabrication of high-strength extruded
aluminium alloys for the subsequent production of the wires. After
pressing and hot extrusion of the 2060 alloy, it has been possible to
obtain rods without porosity and with a homogeneous microstructure. It
has been also possible to observe the benefit of Mg addition, which is
improved after the HT of the alloys. However, after processing by hot
extrusion, 2196 alloy presents a microstructure with a higher level of
porosity, probably due to the volatilization of Li. The EBSD analysis
showed that all the materials exhibit texture, and a preferential orien-
tation along <100> and < 111> directions, typical of a duplex fiber
texture. In addition, HT alloys present slightly more equiaxial grains; the
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2060HT

Fig. 18. Image of the fracture surface (a, b, e, f) and magnified images (c, d, g,h) for 2060 and 2060HT alloy.

2196HT

Fig. 19. Image of the fracture surface (a, b, e, f) and magnified images (c, d, g, h) for 2196 and 2196HT.

deformed grains with HT present higher grain sizes in the cross-section
and lower ones in the longitudinal section than those without HT. The
ICP-OES analysis reports losses of Li and Mg for both alloys, being higher
for 2196 alloy than for 2060 alloy, according to the lack of diffusion of
the alloying elements found in the microstructure of this first one. The
losses of Cu were lower compared to Li and Mg. The hardness values
showed by 2060HT alloy are higher than those obtained for 2196HT due
to the major homogenization of the alloying elements in the micro-
structure. The 2060 rod is hardened by strain and precipitation hard-
ening phenomena, while 2060HT appears to be mainly hardened by
deformation. The 2196 alloy showed low hardness values due to the
presence of a high number of pores in the microstructure. The slightly
increased hardness values of 2196HT are probably due to the benefit of
reduced porosity derived from the hot extrusion process. Finally, tensile
tests showed better ductility for 2060 alloy due to the more homoge-
neous microstructure compared to that of the 2196 alloy. The lower
ductility values obtained for 2196 alloy are also related to the high
porosity found in the microstructure.
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