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ARTICLE INFO ABSTRACT

Keywords: With standard T6 heat treatments, precipitate-hardened alloys such as Al7075 and Al6061 fabricated using

Additive friction stir deposition Additive Friction Stir Deposition (AFSD) method restore to noticeablely different peak mechanical properties.

:1707?, Previous research observed similar results but did not provide a viable solution. This study proposes a new
nnealing

processing strategy, namely enhanced plastic deformation by subjecting the Al7075 feedstock to annealed
softening treatments. Specifically, by annealing the standard T651-A17075 feedstock and deposition substrate
(179 HV), their Microhardness were first degraded to its lowest state (80 HV), which is called a Soft-to-Soft
system. For the Soft-to-Soft system subjected to AFSD, after undergoing appropriate T6 heat treatment, the
microhardness of the AFSD 7075 alloy was restored to its peak value (183.1 + 1.8 HV). The results indicate that
this softening strategy can effectively reduce the non-strengthening phase in the AFSD matrix, thereby increasing
the strengthening phase (n phase). This addresses the issue of traditional AFSD-prepared aluminum alloys being
unable to achieve peak performance through T6 heat treatment.

Heat treatment
Peak microhardness recovery

1. Introduction

Aluminum alloy 7075 is known as a high-strength alloy. Its
outstanding mechanical properties (high strength, low density, and high
corrosion resistance) are widely recognized, and it is commonly used in
the aerospace industry. The primary alloying elements in Al7075 are Al,
Zn, Mg, and Cu. Its principal strengthening mechanism is the precipi-
tation hardening mechanism, described by the theory of supersaturated
solid solutions. The typical sequence of strengthening is Guinier-Preston
(GP) zones (MgZn) — metastable 1’ - stable n (MgZny) [1]. Fe, Si, and Mn
are impurities in the A17075 alloy, prone to forming non-strengthening
phases. Once formed, these non-strengthening phases will not
re-dissolve into the matrix in the subsequent thermomechanical process
[2]. Hence, the microstructure and mechanical properties of A17075 can
be significantly influenced by the manufacturing process and subse-
quent heat treatments, thus requiring the application of suitable
aluminum alloy fabrication methods.

Distinguished from the traditional casting and forging of aluminum
alloys, the emerging metal additive manufacturing (AM) technologies in
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recent years have provided new approaches for aluminum alloy fabri-
cation. AM processes based on powder [3-5] and filament [6-9] feed-
stock materials can rapidly produce complex and precise alloy parts.
Such as Aluminum [10-12], Inconel [13-16], and Copper alloy [17,18].
So far, numerous studies have been conducted concerning the micro-
structure, process parameters, and mechanical properties of AM
aluminum alloys. However, due to the material property limitations of
aluminum alloys, such as their high sensitivity to hot cracking and
extremely poor weldability [19], utilizing the solidification-based ad-
ditive manufacturing methods to achieve deposition of components
without voids and hot cracks is challenging. Al7075 alloy has been re-
ported [20,21] to display a significant amount of hot cracking and
porosity defects when utilizing solidification-based AM methods,
resulting in mechanical properties that are comparatively lower than
standard values. Although researchers have improved the crack sus-
ceptibility of Al7075 by altering the alloy composition, the yield
strength of samples [10], even after homogenization and artificial aging,
remains significantly lower than that of the forged alloy Al 7075-T6.
Therefore, solidification-based additive manufacturing processes have
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not been widely adopted for making 7075 aluminum parts.

Additive Friction Stir Deposition (AFSD) is a solid-state process that
enables the fast and scalable additive manufacturing of a wide range of
metals and metal matrix composites. It combines the principles of ad-
ditive manufacturing with friction stir welding techniques. In simple
terms, AFSD facilitates the deposition of material layer by layer, while
seamlessly fusing these layers using the heat generated from friction.
Unlike processes that involve melting and solidification stages, AFSD is a
thermomechanical process where feedstock materials will not reach the
melting temperature and has fewer requirements on the weldability.
Internal defects, such as hot cracks and pores are effectively mitigated in
parts manufactured by the AFSD method.

Currently, the primary commercial alloy used in AFSD is aluminum
alloy. Such as the Al6061 [22-25], Al2050 [26], Al7075 [27-29].
Recent research has investigated the microstructure and mechanical
properties of AFSD on different aluminum alloys. And researchers
attempted to build a relationship between microstructure evolution and
processing parameters. Moreover, as a novel Severe Plastic Deformation
(SPD) technique, the predominant emphasis of microstructural studies
about the AFSD of aluminum alloy is centered on understanding the
mechanism underpinning grain refinement. Components fabricated
through AFSD characteristically display ’wrought microstructures’
characterized by ultra-fine equiaxed grains, as opposed to ’columnar
grain microstructures’ derived from solidification. This results in the
achievement of the sought-after isotropic mechanical properties. Ac-
cording to previous research, there are scarce studies dedicated to the
AFSD Al7075. Joey Griffiths et al. [30] assessed the hardness and
microstructure of a repaired Al7075 plate in its as-deposited state. The
plate, originally featuring a single hole, was filled using the AFSD pro-
cess. Furthermore, Avery et al. [31] explored the fatigue behavior and
resulting microstructure of an as-deposited monolithic AFSD Al7075
component. Lastly, Yoder et al. [27] performed a post heat-treatment
study on AFSD produced Al7075 and found that the AFSD Al7075
alloy can only recover to 94% of the properties exhibited by the cast
7075-T6 alloy after T6 heat treatment.

There are still numerous challenges in the current research on AFSD.
First, many researchers have found that it is difficult for AFSD samples to
be restored to the high-strength state of the feedstock even through
applying proper heat treatment [23,27,28,32,33]. Recently, there have
been some studies achieving progress in performance improvement.
Using T74, which has slightly lower strength than T6 strength, Hahn
et al. [34] successfully prepared AFSD 7050 samples with comparable
performance to forged 7050 alloy (tensile strength of 491 MPa) after the
same T74 heat treatment. Liu et al. [35] reported research on the re-
covery of 7075 alloy performance. Although the final AFSD 7075 alloy
achieved a high tensile strength of 560 MPa after T6 heat treatment, it
was still lower than the T6 7075 feedstock material (577 MPa).

Most aluminum alloys, especially Al7075, belong to precipitation-
hardened alloys. Grain refinement contributes minimally to strength
enhancement, with the augmentation in strength primarily dominated
by the formed precipitates. Researchers have already pointed out that
the decline in the strength of such deposited alloys is due to the for-
mation and growth of non-strengthening phases, inhibiting the forma-
tion of the primary strengthening phase. However, no existing studies
have proposed appropriate solutions for AFSD Al7075. Although sub-
sequent heat treatments can restore a portion of reduced mechanical
properties, peak values cannot be attained. In addition, most reported
AFSD Al7075 studies have a feeding rate of approximately 5-94 mm/
min [23,36-39], which is quite slow for industrial applications.
Considering the prospects of AFSD for large-scale production, elevating
the feed rate is an imperative need.

In this study, for the first time, the potential solutions for the
mentioned challenges above are reported. To start the discussion, we
define the state of the standard material feedstock and substrate as Hard,
and the annealed feedstock and substrate as Soft. Researchers normally
focus on the standard feedstock and substrate in the AFSD process, the
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so-called Hard-to-Hard system. Almost no researchers have attempted to
examine the printing performance and microstructure changes when the
material transitions to a Soft-to-Soft system. To address the shortcom-
ings of previous research, this study initially subjects commercial T651-
7075 aluminum alloy to the annealing treatment, reducing the hardness
to its minimum. Subsequently, the plastic deformation and precipitate
behavior within the matrix of the as-deposited sample from the annealed
7075 rod and standard 7075 rod with a high feeding rate (~127 mm/
min) are investigated in detail. The influence of the printed micro-
structure on the size and type of final precipitates is elucidated. Finally,
by employing appropriate T6 heat treatment, the mechanical properties
of the annealed deposited samples are restored to their peak. These
findings provide an experimental basis and reference for the industrial
application of the friction deposition process.

2. Materials and methods

A commercial L3 machine from MELD Manufacturing Corporation
(USA) was used in this study. A thermocouple was implemented inside
the substrate for temperature measurement. During the printing process,
the substrate temperature was held at a range between 300 and 330 °C.
In this study, the printing parameters range are as follows: rotation
speed of 100-300 RPM, layer thickness of 1.5-3 mm, feeding rate of
100-127 mm/min, and traversing speed of 72-137 mm/min. The
applied force is about 5000-6500 N.

The solid Standard Al7075 square Rods (SR) were cut by a water jet
from the T651-A17075 plates (purchased from OnlineMetals) with a size
of 9.5 x 9.5 x 500 mm. Table 1 displays the nominal chemical compo-
sition of T651-A17075 alloy. The Annealed Al7075 Rod (AR) is derived
from the standard Al7075 rod annealed at 320 °C for 2h and then
furnace cooled to room temperature. The SR was deposited on the
original T651-Al7075 plate, and the AR was deposited on the annealed
T651-Al7075 plate to form the Hard-to-Hard and Soft-to-Soft systems,
respectively. To enable a smooth AFSD deposition, the surface of the
feedstock rod is coated with a thin layer of graphite to act as a lubricant.
T6 (Peak aging) and T73 (Over aging) Heat Treatments were performed
following the standard ASTM-AMS2772H. Solution treatment was per-
formed at 470 °C for 50 min or 2 h (determined according to the
thickness of the sample), followed by water quenching. Finally, age
treatment was conducted at 121 °C for 24 h or 110 and 170 °C aging for
7 h, respectively, followed by natural cooling in the furnace.

The samples, once deposited, were subsequently sectioned using
wire Electrical Discharge Machining (EDM). Both the top surface, which
is perpendicular to the feeding direction, and the cross-section, which is
parallel to the feeding direction, were sectioned. These were the desig-
nated surfaces for analyzing the microstructure, phase structure,
composition distribution, and hardness.

All sample surfaces were mechanically roughly refined using SiC
sandpapers, progressing in grit from 400, 600, 800, and 1000. After-
ward, they were polished with DIAMAT polycrystalline diamond pol-
ishing pads (6 pm, 3 pm, and 1 pm) to attain a mirror surface. The final
polishing process was performed on a vibratory polisher (Pace Tech-
nologies GIGA Vibratory Polisher) for 5-h in a pulse mode with 35 nm
silica suspension.

X-ray diffraction (XRD) examination was performed on a PANalytical
Empyrean system with Cu Ko radiation. Symmetric 6/26 scans were
conducted in the angular range of 5-90° 26, with a scanning step size of
0.013°. Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) were performed on the ThermoFisher Helio G5 Xe
PFIB/SEM system. Electron Backscatter Diffraction (EBSD) mapping was
performed at 20 kV and 1.6 nA with an EBSD detector on the same PFIB/
SEM system. Grain size was also calculated from the EBSD data as the
equivalent circular diameter. ThermoFisher Titan 80-300 Transmission
Electron Microscopy (TEM) with full XEDS was used to observe the
nano-scale precipitates. Microhardness tests were performed on the
specimens using a CM-802 AT microhardness tester, with a test load of
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Table 1

Elements content of the commercial T651-A17075.
Al Zn Mg Cu Fe Cr Mn Si Ti Zr + Ti
Balance 5.1-6.1 2.1-29 1.2-2 0.5 0.2-0.3 0.3 0.4 0.2 0.25

200 gf and a dwell time of 15 s.
3. Results
3.1. Microstructure and microhardness evolution with annealed condition

Fig. 1 shows the microhardness of the SR and AR feedstock rods. The
average hardness value is 179.3 + 3.2 HV and 80.1 + 2.1 HV for SR and
AR, respectively. After the annealing process, the rod becomes
extremely soft.

Annealing scarcely leads to grain coarsening [40], the grain growth
process is constrained due to the presence of precipitate and dispersoid
particles in the grain boundary, the so-called Zener Pinning effect. It was
verified by the EBSD results as shown in Fig. 1. The hardness variation in
the annealed 7075 rod therefore should originate from the evolution of
the precipitates in the matrix. Many studies have already compared
various strengthening mechanisms in Al alloys, concluding that the
primary strength contribution in Al alloys arises from incoherent
strengthening phases, here in 7075 alloys is the incoherent 1’ phase. The
contribution of the presence of incoherent precipitates in Aluminum
alloy after T6 heat treatment (Orowan dislocation shearing mechanisms)
is nearly 60% [41].

To further explore the phase transformation evolution within the
matrix, we utilized the Focused Ion Beam (FIB) to thin a random area of
the rod material (20 x 15 x 2 pm) down to 100 nm. The changes in the
precipitates within the matrix were then observed using the STEM mode.
EDS mapping was also employed to investigate the second phase in the
matrix of both the standard 7075 rod and the annealed rod. Based on the
STEM HADDF images in Fig. 2(a) and (b), the most noticeable changes in
the precipitates within the matrix are alterations in shape and size. In the
SR, predominantly plate-like precipitates and extremely fine spherical
particles precipitate, whereas in the AR, coarsened plate-like pre-
cipitates emerge. Considerable research [42,43] has shown that the type

sk

of precipitates in T6-7075 can be approximately determined by their size
and shape. And a variety of precipitate types in 7075 have been exten-
sively reported. Therefore, in the current sample, the precipitates are
divided into the main strengthening phase of semi-coherent n' phase
(~0-10 nm) and the needle and plate-like incoherent n phase (~50-150
nm).

According to the precipitation mechanism of Al7075 alloy, after
annealing at 320 °C, the semi-coherent 1’ phase will transform into the
more stable 1 phase. This results in a significant decrease in hardness
and an improvement in ductility. EDS mapping of the feedstock with and
without annealed condition is also shown in Fig. 2. In the SR, the coarse
phase is primarily composed of magnesium and zinc elements, with only
trace amounts of copper. These coarse grains, defined as the 1) phase due
to their size exceeding 50 nm, contain finer phases that are beyond the
scanning precision of EDS for elemental analysis. However, based on the
characteristics of precipitate phases mentioned earlier, these finer pha-
ses are identified as n’. In the AR, the ultra-fine precipitates disappear,
nearly all transforming into coarse precipitates, and the transformed 1
phase contains a significant amount of Cu elements. The dimensions of n
phases, measured using ImageJ software, ranged from 50 nm to 150 nm
in width. This aligns with the size of the n phases shown in previous
studies [44].

3.2. After deposition

To assess the strength variation of the printed samples, microhard-
ness tests were initially conducted on the samples. Fig. 3(a) illustrates
the schematic diagram of AFSD printing for hard-on-hard and soft-on-
soft systems, simultaneously indicating the regions for cross-section
area sampling. Fig. 3(b) shows the hardness measurement area and its
direction on the cross-section, encompassing a total of 27 points from
the top to the substrate. Fig. 3(c) displays the measured hardness values.
The average microhardness of SR_AFSD and AR_AFSD is 81.3 + 3.2 HV
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Fig. 1. Microhardness of the SR and AR feedstock and EBSD image for (a) SR (b) AR.
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Fig. 2. STEM and EDS mapping for the (a) Standard 7075 rod (SR) (b) Annealed 7075 rod (AR).
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and 78.1 + 1.3 HV, respectively. It is noteworthy that the hardness
values of AR_AFSD exhibit minimal variation from the top to the bottom,
with the range between the maximum and minimum values being
approximately 6%. Conversely, the hardness values of SR_AFSD
demonstrate a declining trend from the top to the bottom, with a vari-
ation of about 12%. The changes in hardness indicate that annealed
7075 rods exhibit greater advantages in terms of overall uniformity in
microstructure and properties after the AFSD process.

To investigate the grain evolution of AFSD samples, EBSD was uti-
lized to examine the grain information of the samples. Fig. 4 presents the
Inverse Pore Figure (IPF) and Grain Reference Orientation Deviation
(GROD) of the SR_AFSD and AR_AFSD. The EBSD detection area is
located in the centerline top region of the AFSD sample cross-section.

Based on the IPF map, grain refinement in the AFSD samples can be
distinctly observed. The average grain size of the SR_AFSD and AR_AFSD
based on the area-weight mean was 4.90 + 1.6 pm and 5.6 &+ 1.8 pm
while grain size of the 7075 feedstock was ~100 pm [22]. Interestingly,
SR_AFSD presents relatively standard equiaxed grains, while AR_AFSD
exhibits elongated equiaxed grains. Moreover, it can be noted that grains
with high-angle grain boundaries predominate in SR_AFSD, accounting
for 88.3%, whereas AR_AFSD sees a rise in the proportion of grains with
low-angle grain boundaries, indicating the addition of more sub-grain
boundaries in the matrix. Both sub-boundaries and low-angle in-
terfaces can be considered accumulations of dislocations, roughly rep-
resenting the dislocation density. This point is also validated in the
GROD (Grain Reference Orientation Deviation) map. The level of plastic
deformation is closely related to GROD. The GROD angle provides a
measure to characterize the angular deviation between points within a
single grain and the average orientation of the given grain. Overall, the
dislocation density and degree of deformation are directly proportional
to the maximum GROD angle value. The average GROD angle of the
SR_AFSD and AR_AFSD was 1.20° and 1.75° respectively. In AR_AFSD,
the highest GROD angle can reach 11.1°, while in SR_AFSD, the highest
GROD angle is only 7.0°. This indicates that the rod, after annealing and
softening, undergoes more plastic deformation and dislocation accu-
mulation when processed through AFSD.

To further explore the relationship between performance and

Band Contrast

[0..255]) 215

IPF Coloring || Z0

Aluminium
001

N

101 111

Grain Boundaries
2..10° 11.7%
>10° 88.3%

GROD Angle
. 0.0-0.6
o612
1218
1823
. 2.3-2.9
. 2.9-3.5
I 3.5-4.1
B 4.1-4.7
N 4.7-5.3
N 5.3-5.9
5.9-6.4
6.4-7.0
7.0-7.6
7.6-8.2
8.2-8.8
8.8-9.4
N 9.4-9.9
N 9.9-10.5
N 10.5-11.1
111117

28.5%
36.8%
16.6%
6.6%
3.8%
2.8%
1.8%
1.3%
0.8%
0.7%
0.2%
0.1%
0%
0%
0%
0%
0%
0%
0%
0%

Journal of Materials Research and Technology 32 (2024) 2993-3003

microstructure, EDS and XRD were employed to analyze the precipitates
in the matrix. Fig. 5 (a) and (b) display the distribution of precipitates
and elemental information in SR_AFSD and AR_AFSD. Overall, the
average size of precipitates in SR_AFSD is smaller than that in AR_AFSD
(Red rectangular). This is also reflected in the distribution maps of el-
ements such as Zn, Mg, and Cu. However, a substantial amount of sec-
ondary phases related to impurity elements (Fe, Si) have emerged in
SR_AFSD. Based on the composition of the impurity phases, some phases
cannot re-dissolve into the matrix, especially Mg»Si. This also explains
why AFSD samples cannot be restored to optimal performance through
heat treatment. These non-strengthening phases will reduce the
strengthening solute elements in the matrix, such as Mg, Cu, Zn, etc.,
resulting in a decreased mass fraction of the ultimately formed
strengthening phases (' MgZn,). The strengthening mechanism of the
Al7075 alloy is primarily controlled by precipitation strengthening,
facilitated by either Orowan bypass mechanism or dislocation shear
mechanisms. In the 7075 alloy, these non-strengthening phases typically
exist incoherently with the matrix, and a large amount of non-
strengthening phases can lead to a reduction in the semi-coherent
strengthening n' phase during the following aging process. This can
trigger the Orowan bypass mechanism [45], resulting in a relatively
small increase in microhardness. An increase in the strengthening 1’
within the matrix promotes the dislocation shear mechanism, thereby
significantly enhancing the microhardness of the matrix. After the
feedstock rod is annealed, it can be observed in AR_AFSD that the
number of non-strengthening phases, caused by impurity elements, is
significantly reduced.

Fig. 6 displays the XRD diffraction spectra of the two AFSD samples.
The results also support the viewpoint that the precipitate phases/non-
strengthening phases in the matrix decrease with the annealing of the
rod. First, compared to the SR_AFSD sample, the peaks in AR_AFSD shift
to the left. According to Bragg’s Law, a decrease in the 20 angle implies
an increase in lattice spacing, indicating an increase in the solute frac-
tion. Specifically, the 20 angle of (111) diffraction peaks of SR_AFSD and
AR_AFSD are 38.50° and 38.42°, respectively. The calculated lattice
parameter for AR AFSD (0.4054 nm) is 0.22% larger than that for
SR_AFSD (0.4045 nm), using the mean free path A = 0.154 nm. This
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Fig. 5. EDS mapping of (a) SR_AFSD (b) AR_AFSD.
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Fig. 6. XRD for AFSD sample.

indicates that AR can inhibit the migration of solute atoms from the o-Al
phase lattice to form precipitates, thereby increasing the lattice pa-
rameters of the aluminum matrix. Moreover, the presence of the S phase
(Al-Cu-Mg) was slightly detected in SR_AFSD, which is absent in
AR_AFSD.

3.3. Hardness evolution after peak aging and over aging

To evaluate the recovery of the properties of the AFSD samples, both
types of samples were subjected to T6 and T73 heat treatment according
to ASTM standards (ASM2772H). TX-1 means the solution time is 50
min while TX-2 is 2 h. Their hardness is displayed in Fig. 7. After T6-1
heat treatment, the average hardness of SR_AFSD_T6 and AR_AFSD_T6

2998

is 172.8 +£ 10.3 HV and 183.1 + 1.8 HV, respectively. The AR_AFSD_T6
sample even surpassed the raw feedstock hardness of T651-7075
(179HV). It is noteworthy that several regions of low hardness
(155HV) were observed in the SR_AFSD_T6 sample, which may be
attributed to incomplete dissolution of precipitates. With a further in-
crease in solution treatment time to 2 h (T6-2), these unstable regions
disappear, and the hardness remains almost unchanged. The evolution
of hardness maintains a similar trend during over-aging as well. After
T73 heat treatment, the average hardness for SR and AR samples is
162.5 £ 1.7 HV and 170.1 + 1.2 HV, respectively. It is well known that
overaging, i.e., the T73 state, can greatly enhance stress corrosion
cracking (SCC) resistance. Unfortunately, compared to the T6 state, the
microhardness is usually reduced by 10%-15%. However, the micro-
hardness of the AR_AFSD_T73 sample only decreased by 5% compared to
the T6 peak sample, which is undoubtedly a performance improvement.

After undergoing standard T6 heat treatment, the precipitates in the
sample should transform into ultrafine nanoscale precipitates [46].
SEM-EDS was first utilized to capture the morphology of the pre-
cipitates, and Fig. 8 shows the EDS mapping results of the T6-7075
feedstock rod and the heat-treated samples. EDS maps illustrate the
different precipitates in the three samples, along with a quantitative
analysis of the elemental composition. It is evident that an increase in
non-strengthening phases is the main reason why AFSD 7075 cannot
regain peak microhardness through T6 heat treatment. Both the stan-
dard T6-7075 feedstock and the AR_AFSD _T6 sample exhibit fewer
non-strengthening phases. The difference lies in the fact that in the
T6-7075 feedstock, the non-strengthening phases are mainly related to
Mg, Cu, and Si, whereas in the AFSD sample, the non-reinforcing phases
are primarily related to Mg, Fe, and Si. By analyzing the overlapping
regions, the non-strengthening phases are identified as Mg»Si, Al,Cu,
and the complex phase related to Fe and Si.

Fig. 9 shows the XRD spectra of SR_AFSD_T6 and AR_AFSD_T6. Due
to the nano size of the secondary phase, the intensity of the secondary
phase peak on the XRD spectra is extremely weak. An attempt was made
to quantitatively analyze the Al matrix and n’ strengthening phase using
HighScore software. The results indicate that compared to the
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SR AFSD_T6 sample, the content of the n' strengthening phase in
AR_AFSD_T6 increased from 1.9% to 2.1%. Considering the variation in
hardness, we believe that this numerical range is reasonable.

To further investigate the shape and size of the precipitates in the
SR AFSD_T6 and AR _AFSD_T6 samples, TEM-EDS was adopted. As
shown in Figs. 10 and 11, the white dashed regions in the TEM images
depict the typical grain morphology of the samples. They suggest that
even after high-temperature treatment, the grain size and shape of the
AFSD sample did not undergo significant changes. The SR_AFSD_T6
sample mainly consists of equiaxed-like grains, whereas the
AR_AFSD_T6 sample is dominated by elongated equiaxed grains. Fig. 10
illustrates STEM images of the distribution of precipitates in
SR_AFSD_T6 at low and high magnification. It can be observed in Fig. 10
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(a) that these precipitates exhibit non-uniform distribution and vary
significantly in size and shape, ranging from 30 nm to 800 nm and rod-
like to plate-like. With further increase in magnification, extremely fine
second-phase particles (less than 10 nm) distributed within the grains
can be observed, primarily composed of Mg and Zn. Numerous reports
[27,36,42,44,47] have shown that these nanoscale MgZn particles are 1/
phase. It is noteworthy that coarsened MgZn particles were observed at
the grain boundaries, with sizes around 20-50 nm. It can be identified as
the n phase. Additionally, a large size type of S phase (Cu related) and E
phase (Cr related) were also detected in the matrix. In contrast to the SR
sample, the distribution of precipitates in the AR_AFSD_T6 sample is
more uniform, with shapes tending toward spherical, as shown in Fig. 11
(a). Extremely fine and uniformly distributed n’ particles (approximately
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Fig. 9. XRD pattern for the Post heat treated AFSD sample and the phase content.

4-5 nm) were also present within the grains. However, unlike SR sam-
ples, no coarsened MgZn particles were detected at the grain boundaries.
Overall, the types of precipitates present in both AFSD_T6 samples are
nearly identical. The hardness difference is influenced by the uniformity
of precipitates in SR and AR samples and the presence or absence of
coarsened MgZn particles at the grain boundaries. The presence of less
non-strengthening phase density of precipitates in AR _AFSD_T6
compared to SR AFSD_T6 indicates a higher degree of strengthening
within the material due to impeding dislocation by precipitations. The
non-uniform nucleation issues caused by impurity elements (Fe and Si)
or dislocations necessitate further investigation in the future.

4. Discussion

From the above experimental results, it can be observed that the
annealed 7075 rods altered the precipitation behavior during the AFSD
process. The primary reason lies in the significant difference between
the precipitates in the annealed 7075 rod and those in the standard 7075
rod. For the AR 7075, the strengthening 1’ phase in the matrix has almost
completely disappeared. According to related reports in the literature
[40,48]1, ' phase may transform into the finer non-coherent 1) phase after
annealing. This explains why extremely fine precipitates were only
found in the SR and not in the AR. At the same time, the transition from
semi-coherent to non-coherent phases also causes the precipitate parti-
cles to lose their hardening effect due to their incoherence with the
matrix. It is inferred that before AFSD, the primary phase is 1
strengthening phase in SR and n phase in AR Concurrently, the micro-
hardness decreases from 179 HV for SR to 80 HV for AR.

During the AFSD process, the rod undergoes high strain, introducing
high-density dislocations due to intense plastic deformation, and ulti-
mately obtaining refined grains under the CDRX mechanism [22]. For
SR 7075, precipitation behavior can be divided into three stages. In the
first stage, the semi-coherent 1|’ phase is uniformly distributed in the rod.
When the SR undergoes severe plastic deformation, 1’ phase can be
fragmented to an extremely small size or even re-dissolved into the
matrix. In the second stage, at this point, the i’ phase in the matrix be-
gins to transform into n phase, accompanied by the precipitation of other
impurity elements (Fe, Si) secondary phases. Since the high dislocation
density and high vacancy concentration introduced by AFSD, nucleation
sites for precipitate secondary phases are provided. This can be
explained by the accelerated diffusion of alloy elements within the
dislocation cores and the increased space for alloy atoms in the
expanded regions around the dislocations. In the final stage, based on
the thermal cycle history during the AFSD process, the n phase will
gradually coarsen. For AR 7075, since the 1’ phase does not exist in the
rod, there is no phase transition from n’ phase to 1 phase during the AFSD
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process. After undergoing a brief grain rearrangement, the n phase
directly begins to coarsen. Given the absence of the phase transition
stage of precipitation behavior in AR and combined with the reduction
in the quantity of Fe and Si-related non-strengthening phases in Fig. 5
(b), we can reasonably infer that this impurity phase might mainly form
during the phase transition (' phase to n phase) process. Consequently,
the growth of the n phase has the highest priority in the AFSD process. It
will inhibit the formation and growth of non-strengthening phases. This
precipitation behavior is consistent with the EDS mapping results. Due
to undergoing a relatively shorter precipitation growth stage, the pri-
mary precipitates in SR_AFSD are smaller in size than those in AR_AFSD.
However, there are more non-strengthening phases present in SR_AFSD.
The hardness of the AR_AFSD sample is slightly lower than that of the
SR_AFSD sample, a phenomenon also observed by other researchers
[27]. The authors also attempted direct aging of the SR_AFSD and
AR_AFSD 7075 samples, with the maximum hardness only recovering to
about 150 HV. This indicates that after the original rod undergoes AFSD
processing, some non-strengthening phases are generated. This leads to
a reduction of strengthening solute elements in the Al matrix and alters
the kinetics of precipitate precipitation during subsequent heat treat-
ment, thereby making it impossible to recover peak microhardness
through aging alone. This study further observed that the high solubility
of the AR_AFSD matrix resulted in a lower mass fraction of
non-strengthening phases (Fe and Si related) that are insoluble in the
matrix. Therefore, after undergoing the same T6 heat treatment,
AR AFSD_T6 almost recovered to peak hardness. Conversely,
SR_AFSD_T6 exhibited lower hardness due to the presence of some
harmful phases in SR_AFSD that do not dissolve back into the matrix,
weakening the precipitation of strengthening solute elements.

5. Conclusions

In this study, we report for the first time the potential advantages of
applying pre-annealed rod material in the AFSD method. Al7075 AFSD
samples were fabricated utilizing two distinct states of Al7075, referred
to as the Hard-to-Hard system (T6 Al7075 rod and substrate) and the
Soft-to-Soft system (Annealed Al7075 rod and substrate). The following
conclusion can be reached.

(1) The annealed rod demonstrated extremely low strength and,
under the same AFSD deposition parameters, underwent more
plastic deformation.

(2) The AFSD sample deposited from the annealed rod exhibited a
reduced fraction of non-strengthening phases that are insoluble in
the matrix, allowing it to recover peak microhardness through
subsequent appropriate T6 heat treatment processes.
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Fig. 11. (a) Bright-field STEM image and (b) HAADF image near the grain boundary with STEM-EDS for AR_AFSD_T6.
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