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Abstract: Recycled high-strength aluminum alloys have limited use as structural materials due to poor mechanical
properties. Spray forming remelting followed by hot extrusion is a promising route for reprocessing 7xxx alloys. The
7050 alloy machining chips were spray formed, hot extruded, rotary swaged and heat-treated in order to improve
mechanical properties. Microstructures, tensile properties and fatigue strength results for a 2.7 mm-diameter recycled
wire are presented. Secondary phases and precipitates were investigated by XRD, SEM, EBSD, TEM and DSC.
As-swaged and heat-treated (solution and aging) conditions were evaluated. Mechanical properties of both conditions
outperformed AA7050 aerospace specification. Substantial grain refinement resulted from the extensive plastic
deformation imposed by rotary swaging. Refined micrometric and sub-micrometric Al grains, as well as coarse and fine
intermetallic precipitates were observed. Subsequent solution treatment resulted in a homogeneous, recrystallized and
equiaxed microstructure with grain size of 9 um. Nanoscale GP(I) zones and #' phase precipitates formed after aging at
120 °C, imparting higher tensile (586 MPa) and fatigue (198 MPa) strengths.
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The usual destination of this noble alloy is the

1 Introduction

Aluminum alloys of the Al-Zn—Mg—(Cu)
system (7000 series) respond strongly to age
hardening and have high specific strength, ductility,
toughness, fatigue resistance and stress corrosion
cracking resistance. These properties enable these
alloys to be widely used in aircraft structural
parts [1]. The process of machining thick plates of
7050 alloy is commonly used for producing
fuselage frames, bulkheads and other structural
parts, yielding huge amounts of machining chip
waste due to the low efficiency of the process [2].

secondary aluminum industry, where it is remelted
to complete the chemical composition of low
performance cast alloys. However, such a high
valuable waste has a greater application potential if
properly recycled. Therefore, there is a
technological opportunity to be evaluated, with
associated lower energy consumption and reduced
carbon footprint [3]. Chemical composition,
processing parameters, and the microstructure
affecting mechanical behavior are some of the most
important factors considered, not only in designing
high strength aluminum alloy [4], but also in the
recycling context. The latter, may represent a more
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challenging situation
limitations and a

owing to
possible
contaminants. Advanced processes may be required
in order to obtain the mechanical properties of the
original alloy. High-strength 7000 aluminum alloys
are usually high-alloyed materials with considerable
tendency to segregation and hot tearing [1,5].
Hence, conventional ingot metallurgy, usually
associated with coarse grains and macrosegregation,
seems unsuitable for this purpose, resulting in a low
performance material.

Spray forming has been shown to be an
effective process to reduce segregation and control
intermetallic morphology, thus improving the
strength and ductility of gas atomized aluminum
alloys [5]. Subsequent hot extrusion yields even
higher ductility due to the porosity closure effect [6].
SHARMA [7] has pointed out the advantage of
spray forming to provide better mechanical
properties without adversely affecting the ductility
of 7000 alloys.
recycling of 7050 alloy machining chips [2,8—11]
have shown that spray forming remelting followed
by hot extrusion may be an effective technological
route for converting aluminum scrap into
semi-finished products, properties are
compatible with those provided by the original alloy.
The refined intermetallics, increased solid solubility,
low segregation and fine-grained microstructure
typical for spray deposited metals [12] allow for
higher mechanical properties and homogenization
heat treatment of the alloy to be shortened or
avoided [13]. The refinement of deleterious Fe
bearing constituent particles is of special interest to
the recycling of Al alloys, which are subjected to an
increase in Fe content arising primarily from scrap
handling equipment [3], and also from machining
processes. Regarding hot extrusion, the imposed
compressive forces admit high levels of plastic
strain with low cracking risk, which makes it an
efficient process to change the as-deposited
structure and reduce residual porosity of spray-
formed alloys [2,6,11]. Further rotary swaging
processing of extruded Al alloys can lead to
substantial grain refinement through the imposition
of severe plastic deformations [14], with improved
fatigue performance [15,16].

GUERRA et al [11] have studied the
reprocessing of 7050 alloy by spray forming, hot

reprocessing
introduction  of

series Previous studies on

whose

extrusion and rotary swaging. However, the
secondary phases presented after rotary swaging
were not identified nor characterized. Moreover, the
optimization of mechanical properties by aging heat
treatment was not investigated. In order to qualify
the material for practical structural application, it is
essential to provide fatigue performance data of
recycled high strength aluminum alloys. In this
study, AA7050 machining chips were re-melted and
spray formed, followed by hot extrusion, rotary
swaging and heat treatments to optimize monotonic
and cyclic mechanical properties. Considering the
possibility of reintroducing this recycled material in
manufacturing overhead transmission cables, this
processing route aimed to produce 2.7 mm-diameter
wires as a semi-finished product. An effort was
undertaken to characterize the secondary phases and
precipitates and to provide fatigue strength data for
the recycled 7050 alloy. The mechanical behavior
was evaluated from room temperature tensile and
fatigue testing, and the results were correlated to
the microstructural features resulting from the
thermomechanical processing history.

2 Experimental

2.1 Material

AA7050 machining chips provided by the
aircraft industry were melted under nitrogen
atmosphere in an induction furnace coupled to a
semi-industrial spray forming equipment. A more
detailed description and parameters of the spray
forming and thermomechanical processing are
given in Ref. [11]. The as-deposited billet was
machined to 107 mm in diameter and 200 mm in
length and subsequently subjected to a double-step
homogenization heat treatment, which consisted of
4 h at 420 °C and 8 h at 470 °C. It was followed by
water quenching in order to avoid uncontrolled
precipitation. Then, the billet was hot extruded at
420 °C and at an extrusion ratio of 179:1 into
cylindrical rods of 8 mm in diameter. The extruded
rods were then subjected to three reduction steps
in a rotary swaging machine, producing a final
2.7 mm-diameter wire. The total accumulated true
strain (¢) calculated from the cross sectional area
reduction for the cold rotary swaging process was
2.17 (¢p=In(A4¢/4), where A, is the initial cross
section area and A is the final cross section area).



Jodo G. J. de SALVO, Conrado R. M. AFONSO/Trans. Nonferrous Met. Soc. China 30(2020) 3195-3209 3197

The material condition after the thermomechanical
processing was called “as-swaged condition”. Part
of this material was further solution-treated at
470 °C for 0.5 h, water quenched, and artificially
aged at 120 °C for 6 h; namely “aged condition”.
After the aging treatment, the material was allowed
to cool in calm air. The chemical composition of the
produced AA7050 wire was 6.07% Zn, 1.93% Mg,
2.15% Cu, 0.08% Zr, 0.08% Fe, 0.05% Si and
balanced Al (wt.%), as determined by inductively
coupled plasma optical emission spectrometry
(ICP-OES).

2.2 Microstructure characterization

Both distinct microstructures obtained, under
as-swaged and aged conditions, were investigated
by X-ray diffraction (XRD) (Philips PANalytical
X’Pert Pro 3060 diffractometer), and scanning
electron microscopy (SEM) (LEO 435 VPi coupled
to Oxford energy dispersive X-ray spectroscopy—
EDS); SEM—-EBSD-EDS simultaneous analysis
was realized in a ZEISS dual beam model AURIGA
Compact (field emission gun—FEG electron beam
and Ga source focused ion beam—FIB), which was
also used for FIB “in-situ” polishing of a wire
sample surface previous to EBSD map acquisition
at 15 kV. Transmission electron microscopy (TEM)
was carried out using a Tecnai G2F20 TEM/STEM
with a field emission gun operating at 200 kV,
coupled to an EDAX EDS detector. Metallographic
specimens for SEM analysis were ground, polished
and etched using Keller’s etchant for approximately
15 s to reveal the microstructure. The average grain
size was estimated by the intercept procedure
according to the ASTM EI12 standard [17].
Porosity and second phase area fraction were
determined by image analysis software. Specimens
for TEM were 2.7 mm in diameter and had their
thickness reduced to 0.1 mm. They were finally
thinned by double-jet electropolishing with a 30%
nitric acid solution in methanol at —20 °C and 15 V.
Differential scanning calorimetry (DSC) thermal
analyses were carried out using a NETZSCH 404
Maia, under argon flow atmosphere, and with a
constant heating rate of 20 K/min and pure Al used
for the baseline.

2.3 Mechanical testing
Tensile and fatigue tests were performed at

room temperature using specimens that consisted of
160 mm-length sections of the 2.7 mm-diameter
recycled wire, which were longitudinally loaded.
The as-swaged surface finishing of the specimens
was preserved, i.e., specimens were tested without
any previous surface preparation or modification.
Tensile tests were performed in a MTS machine at a
constant crosshead speed of 1.2 mm/min; at least
three samples for each condition were tensile tested.
Axial fatigue tests were performed in a MTS
Landmark tabletop servohydraulic testing machine
at constant amplitude load condition by means of a
sinusoidal stress wave at frequency of 40 Hz. This
investigation considers the possibility of applying
the recycled wires as reinforcement in overhead
transmission cables. Therefore, a minimum stress
level of 100 MPa was fixed, which represents the
constant service load of conventional cable wires
under normal conditions of use, according to the
Brazilian standards for reinforced transmission
cables ABNT NBR 5422 and 7270. The maximum
stress level (omax) varied from 150 to 210 MPa;
therefore, the stress ratio R ranged from 0.48 to
0.67. The staircase method established by the ISO
12107: 2012 standard [18] was applied to
conducting the fatigue tests. It is considered a
remarkably accurate and efficient method to
quantify the mean fatigue strength, even for
samples as small as 5—10 specimens [19]. Its
statistical analysis is based on the Dixon—Mood
equations [20] to estimate the mean and standard
deviation values of fatigue strength, which is
assumed as a statistical variable that follows a
normal distribution. A detailed description of the
method is given in Ref. [21]. In this study, ten
specimens were tested for each condition to
estimate the average fatigue strength corresponding
to a high cycle fatigue life of 10° cycles. Initially, in
order to roughly estimate the fatigue strength, three
specimens were spent for preliminary experiments
for each condition. The goal was to concentrate the
tests around the average strength value,
consequentially enhancing the accuracy of the
method. Ultimately, seven specimens from each
condition were effectively considered for the
statistical analysis. A 10 MPa increment was set.
According to the performance of each new test
specimen, i.e., if it survived or failed, the maximum
stress level in the test with the subsequent test
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specimen was increased or decreased by 10 MPa,
respectively. Testing was stopped after 10° cycles
were applied to the specimen, or when the specimen
failed by complete separation. Composite material
tabs were used to avoid stress concentration and
eliminate fracture occurrence at the gripped region
of the specimens.

3 Results and discussion

3.1 Microstructure

Figure 1 shows the microstructure of the
reprocessed 7050 aluminum alloy as-swaged wire.
It reveals a highly deformed and non-recrystallized
microstructure with elongated and refined grains
less than 1 pm wide and a few microns long. The
severe plastic deformation (true strain of 2.17)
combined with the lack of recrystallization in the
cold rotary swaging process yielded homogeneous
microstructural refinement. This may be noticeable
when compared to previous investigations on
recycled 7050 hot-extruded bars [2,8,10,11], in
which partial recrystallization and coarse-grained
regions are reported. Bright second phase particles
of 0.5-3 pm could also be seen to evenly distribute
throughout the matrix. BSE signal image
acquisition enabled secondary phase differentiation
from the matrix, whereby an average value of 2.5%
in the area was determined by quantitative
metallographic image analysis. In general, only a
few dispersed coarse constituent particles (>5 pm)
were observed, for which the EDS chemical
analysis  (Table 1) indicated the Al;Cu,Fe
constituent particle. Image analysis also revealed
0.4% porosity area. Chemical etching removed
part of the secondary phase particles, which led
to overestimated values of porosity. Nevertheless,

Fig. 1 SEM image in BSE mode showing microstructure

of longitudinal cross-section of 2.7 mm-diameter

as-swaged wire

Table 1 EDS analysis results of coarse precipitates of
as-swaged wire (at.%)
Phase Al Zn Mg Cu Fe Si
Matrix 941 25 22 1.1 - -

20.7 134 05

Coarse precipitates 64.7 0.6  —

when compared to 3.6% porosity level in the
as-deposited material [11], a substantial porosity
closure (~90%) was obtained after thermo-
mechanical processing of the deposit by hot
extrusion and rotary swaging.

The XRD diffraction pattern of the as-swaged
wire is presented in Fig. 2 showing the intermetallic
phases of Al,CuFe, Al,CuMg, and MgZn, (y
phase), besides the Al-fcc matrix. The Al,Cu,Fe
detection corroborates the EDS results for the
coarse particles. This
intermetallic is associated to lower ductility and
toughness, and is usually pointed out as an initiation
site and/or preferential path for fatigue crack in
high-strength  aluminum alloys [22]. High-
temperature homogenization heat-treatment
commonly yields fast and complete dissolution of
the #(MgZn,) phase and partial sluggish dissolution
of the S(Al,CuMg) phase [23]. Hence, the presence
of the n phase in the as-swaged condition suggests
it precipitated dynamically or during the slow
cooling from hot extrusion as the billet was double-
step homogenized at 420 and 470 °C before the
extrusion process.

Figures 3 and 4 illustrate the SEM—EBSD-
EDS simultaneous analysis results of a longitudinal

constituent undesirable

& — Al-fce
o — A17CU.2FC
* — ALL,CuMg
o —MgZn,
>
o
*o%

10 20 30 40 50 60 70 80
20/(°)
Fig. 2 XRD pattern of as-swaged wire showing peaks of
intermetallic phases of Al,CuFe, ALCuMg and MgZn,
(n phase), besides Al-fcc matrix
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Fig. 3 SEM images of longitudinal section of as-swaged
wire, showing backscattered electron diffraction (EBSD)
results: (a) SEM image of FIB polished surface; (b) Band
contrast image (BC)

section of as-swaged 2.7 mm-diameter wire of 7050
alloy, starting with the SEM image of the FIB
polished surface (Fig. 3(a)) revealing very refined
micrometric and sub-micrometric Al-fcc grains, as
well as coarse and fine intermetallic precipitates.
Figure 3(b) presents an EBSD analysis with a band
contrast image (BC) showing identified brighter
Al-fcc grains and darker particles not indexed by
the detector probably due to fragmentation of
precipitates after rotary swaging deformation.
Figure 4(a) presents an IPF orientation map on the
X-axis showing preferential orientation around the
[111] direction. Figure 4(b) presents an EBSD
phase map analysis showing Al-fcc phase (red) and
precipitates of MgZn, intermetallic (green),
respectively. The same region of EBSD (white
dotted line in Fig. 3(a)) is shown in Fig. 4(c) in the
SEM image and respective X-ray elemental maps
acquired by the SEM—EDS simultaneously with the
EBSD analysis for Al-fcc matrix and precipitates of
Al,CuyFe and MgZn, intermetallic phases.

Through the conventional metallographic
preparation of samples for EBSD, by 1 pm and then
0.3 pm diamond paste polishing, in addition to the
automatic vibration polishing (Vibromet Buéhler)
with colloidal silica of 0.05 pm (50 nm), the surface
of wire sample seemed polished and suitable for
EBSD analysis. However, at the moment of
acquiring the Kikuchi patterns, the quality was far
from the ideal (less than 50% indexing), making it

difficult to identify the phases, mainly the Al-fcc
matrix resulting in poor EBSD maps. The reasons
for that would be highly deformed grains and
surface Al oxide layer after sample preparation. Just
after polishing the sample surface by focused ion
beam (FIB) in-situ inside the dual beam microscope,
the quality of Kikuchi lines was improved and the
phases during EBSD patterns were identified. Thus,
using a step of 0.03 um (30 nm), it was possible to
acquire the EBSD map, even after rotary swaging
deformation reached the limit of the EBSD
technique. Using an advanced tool through FIB
inside the microscope (dual beam model) in a
vacuum, for the surface polishing of the region to
be analyzed, was very effective in order to optimize
the acquisition of Kikuchi patterns and a map with
much better quality (~90% of Al-fcc phase
indexing). Only the micrometric Al;CuFe
fragmented precipitates were not well indexed
during analysis.

SPD techniques can produce a significant
modification to the precipitation microstructure of
metallic materials [24,25]. It has been shown for
SPDed Al-Zn—Mg—Cu alloys that Mg and Cu
strongly segregate at the grain and subgrain
boundary [26]. The solute redistribution and the
segregation at grain boundaries affect precipitation
behavior during subsequent aging. In the present
investigation, there was no evidence of significant
solute segregation from rotary swaging. However,
the presence of coarse equilibrium # precipitates, as
identified by XRD (Fig. 2), EBSD (Fig. 4(b)) and
X-ray elemental maps (Figs.4(d—h)), indicated
heterogeneous nucleation. The high density of
dislocations and grain and subgrain boundaries
generated after swaging acted as favorable
nucleation sites and fast diffusion paths for solute
atoms, favoring heterogeneous nucleation of
equilibrium precipitates.

A solution treatment was required in order to
attain the high strength potential of the 7050 alloy
by promoting the dissolution of soluble secondary
phases, thus generating a supersaturated solid
solution for further fine precipitation upon
artificial aging. Figure 5(a) presents BSE image of a
wire sample solution-treated for 0.5 h at 470 °C
followed by water quenching. Fully recrystallized
and equiaxed grains could be seen, indicating
that the stored strain energy from cold working was
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Fig. 4 IPF orientation map on X-axis showing preferential orientation around [111] direction (a), EBSD phase map

analysis result showing Al-fcc phase (red) and precipitates of MgZn, intermetallic (green), respectively (b), SEM

forward scattered electrons (FSE) image (c), and respective X-ray elemental maps acquired by SEM—-EDS

simultaneously with EBSD analysis for Al-fcc matrix and precipitates of Al;Cu,Fe and MgZn, intermetallic phases ((d)

Al (e) Zn, (f) Fe, (g) Mg and (h) Cu)

sufficient to promote the formation of new grains,
which grew to an average size of 9 pm. There was
not a noticeable grain size variation from the
surface to the core of the wire, indicating that rotary
swaging process was able to promote homogeneous
deformation along the cross section.
The heat treatment -conditions
sufficient to dissolve Al;Cu,Fe constituent particles,
as revealed in Fig. 5(b). Nevertheless, the area
fraction of secondary phases was substantially
reduced from 2.5% in the as-swaged condition to
1.0% after solution treatment. Thereby, most of the
second phase particles were dissolved without
leading to grain coarsening or incipient melting.
SPD increases both defect density and grain

were  not

boundary volume, consequently increasing the
diffusion rate of solute atoms. This may have
favored rapid dissolution of secondary phases
during the solution treatment, which was
effective despite being relatively short (0.5 h).
Solution heat treating at 470 °C was pointed out by
HAN et al [27] as the most efficient single-stage
treatment regarding tensile strength and fracture

toughness of 7050 Al alloy, since these
properties are given by a balance between
precipitation  strengthening and fine grain
strengthening.

XRD patterns of the solution-treated and aged
samples are shown in Fig. 6. The subsequent
artificial aging at 120 °C for 6 h resulted in an
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Fig. 5 SEM—BSE images showing microstructures of
cross-section of solution-treated wire (a, b) and aged

wire (c)
& — Al-fce
o— Al7Cu2Fe
* — AlL,CuMg
o—MgZn, ¢ ¢ ¢ ¢

* Oy

T
&
Su]
*
£ 4

F i

Solution-treated i
10 20 30 40 50 60 70 80
260/(°)

Fig. 6 XRD patterns of solution-treated and aged wire
showing increased volume fraction of MgZn,, Al,Cu,Fe
and Al,CuMg intermetallic precipitates

increased volume fraction of secondary phases, as
indicated by the higher intensity peaks on the
diffraction pattern of the aged condition. The
increased volume fraction of MgZn,, Al;Cu,Fe and
AlLL,CuMg is attributed to the precipitation process.
SEM observations showed no significant difference
between the microstructure of the aged condition
(Fig. 5(c)), as compared to the solution-treated
condition (Fig. 5(a)). The study of the fine
precipitates in the aged condition was carried out by
DSC and TEM investigations.

Figure 7 shows the SEM analysis results of a
longitudinal section of 2.7 mm-diameter wire of
7050 alloy after aging, showing backscattered
electron diffraction (EBSD) results. Figure 7(a)
presents a forward scattered electron (FSE) image,
and Fig. 7(b) illustrates an IPF orientation map on
the X-axis showing preferential orientation around
the [111] direction. It is worth mentioning that the
inner part of the sample was polished by FIB in-situ
inside a dual beam microscope, resulting in much
better quality of Kikuchi lines and identification of
phases during EBSD pattern acquisition. The
improvement of EBSD pattern quality can be
clearly observed in the Fig. 7(b) (IPF orientation
image). The X-ray elemental maps were acquired
by SEM-EDS simultaneously with the EBSD
analysis showing fine scale precipitates of the
Al,CuyFe intermetallic phase.

3.2 DSC thermal analysis

Differential scanning calorimetry (DSC)
thermal analysis was used to investigate the
precipitation process of 7xxx alloys [28-31].
Exothermic and endothermic events on a DSC
thermogram are related to precipitate formation and
dissolution, respectively. The heat of reaction is
measured by the area under the curve and is
proportional to the volume fraction of precipitate
formation/dissolution. The precipitation sequence
after solution treatment of the Al-Zn—Mg—(Cu)
system is often reported as follows [28,32]:

Supersaturated solid solution — GP (Guinier
Preston) zones — 7' metastable phase — 7
equilibrium (MgZn;)

Figure 8 shows the DSC traces for the 7050
recycled alloy in the as-swaged condition and after
solution and aging heat treatments for comparison.
The DSC analysis was focused on investigating fine
precipitates at the reprocessed 7050 wires, thus the
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Fig. 7 SEM analysis results of longitudinal section of 2.7 mm-diameter wire of 7050 alloy after aging, showing forward
scattered electron (FSE) image (a), IPF orientation map on X-axis (preferential orientation around [111] direction) (b)
and X-ray elemental maps acquired by SEM—EDS simultaneously with EBSD analysis showing fine scale precipitates
of Al;CuyFe intermetallic phase ((c) Al, (d) Zn, (e) Cu and (f) Fe)

temperature range of interest was 50-300 °C.
Initially, a broad endothermic peak ranging from
~60 to ~180 °C can be seen for the as-swaged
condition. This peak is a superposition of Peaks 1
and 2, caused by the dissolution of zones GP(I) and
GP(II), respectively [28,29]. This suggests there
was a high solute concentration at the matrix of the
wire immediately after the rotary swaging steps.
Further natural aging resulted in the formation of a
high volume fraction of GP zones in the as-swaged
wire. During DSC heating, these zones were
dissolved as indicated by the endothermic reaction.
Both types of GP zones appeared in the as-swaged

condition. However, a higher volume fraction of
GP(II) zones was revealed, which seems consistent
with other DSC investigations on naturally aged
7xxx [28—31]. The wide temperature range of Peaks
1 and 2 indicates zones with different stabilities, i.e.,
there was a large zone size distribution. Carrying on
heating, the small exothermic reaction Peak 3 is
caused by the formation of #' phase from the GP
zones. Moreover, the exothermic Peak 4 at 225 °C
indicates the formation of #' and # phases by
heterogeneous nucleation [30].

When compared to the as-swaged condition,
the major differences observed for aged condition
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As-swaged
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P
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Fig. 8 DSC curves of 7050 recycled alloy wire under
as-swaged and aged conditions, showing peaks related to
transformations

phase and precipitation of main

intermetallic phases

are the disappearance of Peak 2 and the appearance
of a prominent endothermic Peak 3 (' phase
dissolution). These results indicate that the aging
treatment at 120 °C yields the precipitation of
GP(I) zones and a high volume fraction of #' phase;
the latter precipitate is reported as the main
strengthening precipitate in 7xxx alloys [4]. The
absence of a GP(II) dissolution peak suggests that
GP(I) has a more significant role in artificial
aging at 120 °C. Finally, the exothermic Peak 4 is
caused by the formation of #' and # phases.
Furthermore, exothermic Peak 5 may be due to the
transformation of #' to # equilibrium precipitate
at higher temperatures [29]. The endothermic
tendency above 250 °C for the curves of both
conditions is caused by the dissolution of the
remaining phases of the Al-Zn—Mg—Cu system.

3.3 TEM analysis on aged 7050 wire

The identification of the nanometric
precipitates indicated in the DSC curve for the aged
condition was carried out using the selected area
diffraction (SAD) technique. Figure 9 presents the
SAD patterns of three specific zone axes. Strong
and defined spots are caused by the Al-fcc matrix.
The diffuse scattering patterns receive special
attention as they are able to identify fine
precipitates. GP(I) zones are revealed in (001)4
direction as weak spots at {1, (2n+1)/4,0}
positions [33,34]. Spots from regions 1/3 and
2/3{220} of zone axes (001)4, and (112),; indicate
the n' phase precipitation [11]. The metastable 7’
and equilibrium # phases are observable as streaks
in the (112)4; and small spots in the direction close

Fig. 9 SAD patterns of aged condition zone axes:
(a) 001)as; (b) (112415 (€) (11T)ay

to the 2/3{220} in (111)4; zone axis [8]. Diffraction
spots from the # phase can be seen to be poorly
defined. Thus, the SAD analysis indicated the GP(I)
zones and the metastable hardening 7' phase as the
predominant precipitates under the aging condition
at 120 °C, which corroborates the DSC results.
Other authors [8,10] have also reported similar



3204 Jodo G. J. de SALVO, Conrado R. M. AFONSO/Trans. Nonferrous Met. Soc. China 30(2020) 31953209

conclusions for TEM investigation on 7050 alloy
aged at 120 °C.

Furthermore, GP(II) diffraction spots usually
pointed near position 1/2{311} at (112)4, axis were
not observed [32], indicating that GP(II) zones are
not present in the 120 °C-aged condition. The small
sharp spots in (111),, are probably caused by the
cubic Al;Zr dispersoids [7]. It is well known from
reciprocal space properties of electron diffraction
(back focal plane) that the more diffuse (broader)
the SAD spot, the smaller the precipitate in
nanoscale in real space (TEM image), and as the
diffraction spot becomes sharper, the precipitate
becomes better defined in the TEM image (greater
in size).

Figure 10 shows TEM images of precipitates
in the matrix (Fig. 10(a)) and at grain boundary
(Fig. 10(b)). Nanometric precipitates (~5 nm) may
be observed finely dispersed throughout the matrix,
which are probably the strengthening precipitates of
GP(I) and #', as indicated in the DSC and SAD
analyses. Due to their nanoscale sizes, these fine
precipitates are difficult to differentiate in TEM

Al,CuMg
(S phase)

analysis. A rod-shape elongated precipitate of a size
around 80 nm x 400 nm and several spherical
precipitates ranging from 10 to 40 nm are also
shown; the former was analyzed by X-ray elemental
mapping through EDS and will be discussed next;
the further ones are the randomly distributed
spherical and coherent Al;Zr dispersoids identified
in the SAD analysis, and also revealed in the X-ray
mapping (Figs. 10(d—g)).

Despite the fact that some slightly larger
precipitates (compared to matrix precipitates) may
be seen at the grain boundaries, the precipitate free
zone (PFZ) was not clearly observed. The presence
of a high density of fine precipitates uniformly
dispersed throughout the matrix suggests that these
structures nucleated homogeneously. Homogeneous
nucleation of GP zones and the absence of PFZ
were favored by the whole processing history of the
alloy, followed by the low aging temperature
(120 °C).  Additionally, the previous high-
temperature (470 °C) solution heat treatment
immediately followed by water quenching is known
to promote the supersaturation of alloying elements

GP(I) and #’

Fig. 10 TEM bright field micrographs of 7050 alloy wire in aged condition (120 °C, 6 h) showing precipitates dispersed

in matrix (a) and at grain boundary (b); STEM bright field (BF) image (c) of S phase constituent particle and Al;Zr very

fine nanoscale precipitates together with respective X-ray elemental maps using EDS ((d) Cu, (e) Mg, (f) Zn and (g) Zr)
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and vacancies [32], which also favors homogeneous
nucleation of precipitates. The grain boundary
precipitates are believed to be the # equilibrium
phase, which were favored by heterogeneous
nucleation in these high-energy sites. MAZZER
et al [8] have also reported # formation at grain
boundaries without noticeable PFZ after aging of
the extruded AA7050 recycled bar at 121 °C for
16 h.

The elemental X-ray mappings (Figs. 10(d—g))
show the distribution of the elements Cu, Mg, Zn
and Zr corresponding to the STEM micrograph
(Fig. 10(c)). The distribution of a larger amount of
Zn in matrix precipitates can be observed, as well
as reasonable amounts of Mg and Cu. Therefore,
finely dispersed nanometric precipitates containing
Zn, Mg and Cu exist, showing the formation of
strengthening precipitates throughout the Al matrix.
The high concentration of Cu and Mg can also be
seen highlighting the rod-like phase, and indicating
it to be related to the S phase (Al,CuMg) previously
indexed in the XRD analysis. Moreover, the X-ray
mapping presented in Fig. 10(g) shows several
spherical concentrations of Zr, which are associated
to the Al;Zr dispersoid phase. These cubic, coherent
and spherical dispersoids are believed to stabilize
the fine-grained microstructure due to the grain
boundary pinning effect [7]. As shown previously in
the SEM images, the aged wire presented an
average grain size around 9 pm. This fine-grained
structure is attributed to the presence of these fine
and evenly placed dispersoids, which pinned grain
boundaries during the high-temperature solution
treatment, preventing the grains from growing
excessively.

3.4 Mechanical behavior

Figure 11 shows the aging curve at 120 °C for
the 7050 reprocessed alloy previously solution-
treated at 470 °C for 0.5 h. A fast increase in
hardness values can be seen in the first 2 h of aging,
reflecting the rapid growth of zones during artificial
aging as these nanometric precipitates are effective
barriers to dislocation movement. This strong
response to aging is also an indication that solution
treatment was effective to provide a supersaturation
of alloying elements, which readily clustered into
GP zones. The peak-aged condition was attained
after aging for 24 h. Thus, aging treating the
reprocessed 7050 alloy at 120 °C for 6 h represents

a slightly underaged condition. Although tensile
strength may be smaller if compared to a peak-aged
condition, there 1is evidence that underaged
conditions yield higher fatigue properties in high-
strength aluminum alloys [35]. Vickers hardness of
the as-swaged, solution-treated and aged conditions
were HV 164, 126 and 174, respectively.

190

180 F —3
'[/i

130 |

120 I I I I I I I
0 8 16 24 32 40 48

Aging time/h

Fig. 11 Aging curve at 120 °C for 7050 reprocessed
alloy previously solution-treated at 470 °C for 0.5 h

Room temperature tensile testing results for
the as-swaged and aged (120 °C, 6 h) conditions are
presented in Table 2. The aged condition presented
higher values of ultimate tensile strength (UTS),
elongation and reduction in area, which were,
respectively, 9%, 14% and 32% greater compared
to those for the as-swaged condition. The higher
tensile strength of the aged condition is attributed to
the finely precipitated GP(I) zones and primarily #’
metastable phase. Both conditions presented high
values of elongation and reduction in the area,
showing evidence of the excellent ductility of the
recycled wires. Despite the severely deformed
structure, the as-swaged condition was able to
withstand an extensive plastic strain before fracture,
which may be attributed to the extremely fine
structure resulting from swaging, and also to the
refinement of intermetallic phases provided by the
thermomechanical processing. Regarding the aged
condition, ductility was favored by the fine
recrystallized grain structure and the lower
work-hardening effect associated to the shearing of
nano-sized coherent precipitates [1]. The greater
reduction in area attained by the aged specimens
may be attributed to the dissolution of the coarser
intermetallics ~ (precipitated  during  thermo-
mechanical processing) promoted by the solution
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treatment. It is worth pointing out that both wire
conditions comply with the original AA 7050
specification for the aircraft manufacturer supplier,
AMS 405017 [36].

Table 2 Tensile testing results for 7050 reprocessed alloy

Material YS/  UTS/ Elongation/ Reduction
MPa  MPa % in area/%
as-Z\(;)vSa(;e d 47617 536+24 14+£1 2545
7050 aged 465+6 586+7 16+1 3343
AMS 4050] 441 510 10 -

Table 3 presents the fatigue testing results
obtained from the staircase method for each
condition, where ot is the estimated average fatigue

strength corresponding to a fatigue life of 10° cycles.

In addition, Fig. 12 shows the staircase testing
graphically. Both conditions showed good fatigue
strength under high cycle fatigue regime. According
to the Dixon—Mood statistical approach, the fatigue
strength in terms of maximum stress of the
as-swaged condition at 10° cycles was calculated to
be (165+11) MPa. For the aged condition, the
calculated fatigue strength was (198+7) MPa
(Svensson—Lorén  factor  corrected
deviation) [19]. Therefore, the solution and aging
heat treatment of the as-swaged material yielded
20% increase in fatigue strength, and apparently it
also helped to minimize fatigue data scatter. The
improved fatigue strength is associated to the
microstructure optimization for the aged condition,
which presents uniform equiaxed grains with a
reduced dislocation density due to the full
recrystallization taking place. Clean grains can
sustain newly-nucleated dislocations, favoring

standard

Table 3 Staircase testing results

Specimen As-swaged Aged
No. Omax/MPa  Cycle oy /MPa  Cycle

1 170 52x10° 200  6.1x10°
2 160 1.0x10° 190 1.0x10°
3 170 1.0x10° 200  1.0x10°
4 180  5.8x10° 210 7.3x10°
5 170 4.8x10° 200 9.0x10°
6 160 9.5x10° 190 1.0x10°
7 150 1.0x10° 200 1.0x10°
oy 165 198

220 (a) As-swaged

210+ 106 cycles

200 |
< 190 u+2s=187.5
[aW)
= 1801 .
oy e w1653
1601 0 . P
<
= 150F o

i T ©=2s5=142.5

130~ o— Run-out

120 . . s s s . ' s

o 1 2 3 4 5 6 7 8 9
Sample number

20T by Aged

230 106 cycles
N 220 - ut+2s=212.5
& 2101 .
& =198
A 200f—_e o e o______ n
g 5
? 190t 8 8
3
S 180 u-2s=184.1

170+

| +—Failure
160 o — Run-out
150

0 1 2 3 4 5 6 7 8 9
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Fig. 12 Plot of staircase testing results for samples under

as-swaged (a) and aged (b) conditions

strain-hardening ability during cyclic loading [37].
These factors minimize cyclic softening and fatigue
damage localization, consequently improving
fatigue  strength [37,38]. Additionally, the
inhomogeneous slip associated with the presence of
the nanoscale coherent and semi coherent GP(I)
zones and #' phase in the aged condition favors slip
reversibility of deformation [39,40], yielding lower
crack growth rates.

Furthermore, the reduced data dispersion may
be ascribed to the dissolution of coarser
intermetallics by solution treatment, and the
subsequent controlled precipitation of nanoscale
strengthening precipitates, which resulted in a more
homogeneous microstructure. The lower fatigue
strength for the as-swaged condition is related to
limited strain-hardening capability due to high
dislocation density typical of SPDed materials [37],
resulting in cyclic softening, fatigue damage
localization, reduced tolerance to preexistent
surface flaws and increasing fatigue crack growth
rates [15].
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In the fatigue experiments reported here, all
crack initiation sites were at the surface defects
introduced by the swaging process. Therefore, the
fatigue strength of the 7050 recycled wire may be
improved by an optimization of swaging parameters
aiming to provide a better surface finish.
Additionally, there was no indication that the
constituent particles facilitated the crack nucleation
or propagation for the tested conditions, which may
be ascribed to the secondary phase refinement
promoted by the spray forming technique and the
further thermomechanical processing.

4 Conclusions

(1) An effective technological route for
converting 7050 aluminum alloy scrap into a
semi-finished high-strength wire was presented.
The mechanical properties attained for the recycled
product outperformed the requirements for
aerospace application of the original alloy.

(2) The aim was to obtain high tensile strength
without adversely affecting ductility and fatigue
strength, allowing the 7050 recycled alloy to be
considered for structural applications. The
microstructural and mechanical requirements for
achieving this objective were supported by the
results of this work.

(3) Cold rotary swaging the hot-extruded alloy
resulted in a severely plastically-deformed and
fine-grained microstructure. The grains were
elongated and had their diameter reduced to less
than 1 um. Full recrystallization was observed after
30 min of solution heat treating. Equiaxed grains
with an average size of 9 um were obtained.

(4) The results indicated that the aging
treatment at 120 °C yields the precipitation of GP(I)
zones and a high volume fraction of 7' phase. By
dissolving coarser intermetallics and promoting the
formation of nanoscale strengthening precipitates,
the solution and aging treatments favored the
formation of a homogeneous structure, imparting
higher tensile and fatigue properties.

(5) GP(II) zones and PFZ were not observed
after aging the alloy at 120 °C, despite the presence
of n(MgZn,) equilibrium phase precipitates at grain
boundary.

(6) AlZr dispersoids were observed as
randomly distributed spherical precipitates ranging
from 10 to 40 nm.
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