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Abstract: The development of high-strength aluminum alloys with improved ductility is a crucial
challenge for modern materials science, as high strength and ductility tend to be mutually exclusive
properties. In this work, the composite material was fabricated using wire arc additives manufactured
from AA1050 (commercially pure aluminum) and AA5056 (an Al-Mg system alloy) aluminum
alloys. It was demonstrated that the addition of a lower-strength material into a high-strength
matrix enhances the potential for deformation localization and results in an increased plasticity of
the composite material. A further strengthening of the composite material was achieved through
its deformation by a high-pressure torsion (HPT) technique. The mechanical properties of the
material were thoroughly investigated before and after the HPT treatment. Static strength and
plasticity were analyzed as a function of the deformation degree. Microstructural analysis was
performed using scanning electron microscopy and X-ray diffraction. The optimal deformation
route, providing the best combination of mechanical properties, was experimentally identified, along
with key microstructural parameters of the formed composite with a bimodal grain structure. A
deformation level corresponding to 36% of shear stress provides a yield stress of up to 570 MPa, an
ultimate tensile strength of up to 664 MPa, and a relative elongation to failure of up to 7%. As a result
of the deformation treatment, characteristic substructures with dimensions of ~250 nm and >1000 nm
are formed, with a volume ratio of approximately 80/20.

Keywords: wire arc additive manufacturing; high-pressure torsion; composite materials; aluminum-
magnesium alloys; bimodal structure

1. Introduction

Aluminum-magnesium (Al-Mg) alloys have garnered considerable interest owing
to their versatile applications and highly desirable properties. These alloys are widely
utilized across a range of industries, including the aerospace, maritime, and automotive
sectors, primarily because of their unique combination of low density, impressive mechani-
cal strength, and exceptional resistance to corrosion [1,2]. Their lightweight nature not only
enhances fuel efficiency in transportation applications but also makes them ideal for struc-
tures where weight reduction is critical without compromising durability or performance.
The primary concern lies in the fact that as the strength of aluminum alloys increases, their
ductility tends to decrease significantly, which can pose challenges in applications requiring
a balance of both high strength and adequate formability. The development of aluminum
alloys that successfully combine improved mechanical strength with enhanced functional
plasticity represents a considerable challenge in the field of modern materials science.

One promising approach for developing aluminum alloys with improved strength and
functional plasticity is the creation of composite materials that combine the beneficial prop-
erties of different individual components. Wire arc additive manufacturing (WAAM) is an
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advanced process that utilizes directed energy to deposit materials layer by layer, enabling
the creation of complex structures with high precision [3-6]. This innovative technology
holds significant potential for producing composite materials by integrating different com-
ponents, each contributing unique properties to the final product [7-12]. Wire arc additive
manufacturing (WAAM) has been successfully employed to produce laminated metal
composite materials, which consist of alternating layers of ductile and high-strength mate-
rials. These composites are often made using metals such as aluminum, nickel, steel, and
titanium alloys, each selected for its specific mechanical and functional properties [13-15].
The exceptional properties of Al-Mg alloys manufactured using WAAM have been veri-
fied by numerous scientific teams on a variety of alloys, including 5056 [16-18], 5087 [19],
and 5356 [20]. By strategically layering these materials, WAAM enables the creation of
structures that combine the toughness and formability of ductile layers with the strength
and durability of high-strength layers. This layered approach enhances the overall per-
formance of the composite. Composite materials with a layered structure exhibit high
ductility in areas where maximum stresses occur, allowing for a more uniform distribu-
tion of loads and deformations within the structure. This prevents failure and leads to
the widespread use of these materials in industries such as aerospace, shipbuilding, and
automotive manufacturing to produce lightweight, high-performance parts.

Severe plastic deformation (SPD) techniques have shown promising results in improv-
ing the mechanical properties of conventional Al-Mg alloys and those produced by the
WAAM process [18,21-24]. For example, Al-Mg alloys with a magnesium content ranging
from 0.5 to 2 wt.%, processed through equal-channel angular pressing (ECAP), demon-
strate a significant grain refinement and an increase in dislocation density [25]. When
subjected to high-pressure torsion (HPT), ultrafine-grained (UFG) Al-Mg alloys maintain
acceptable levels of ductility as long as the Mg content does not exceed 2.5 wt.% [26].
However, increasing the Mg concentration to 4.1 wt.% leads to a noticeable reduction
in the ductility of HPT-treated alloys [27]. At even higher Mg levels, reaching 4.5 wt.%,
plastic deformation in materials processed by HPT becomes entirely inhibited [26-30]. This
issue can be addressed by incorporating a lower-strength, ductile material into a high-
strength matrix during WAAM fabrication. A composite consisting of commercially pure
aluminum, which exhibits excellent ductility in a coarse-grain state, and a strain-hardening
Al-Mg alloy has the potential to create materials that overcome the trade-off between
strength and ductility. Further HPT treatments can be used to achieve optimal strength and
deformation properties.

In this study, we investigated the microstructural features and deformation behaviors
of aluminum composite laminates manufactured using the WAAM process with AA1050
and AA5056 alloys. The AA5056 alloy served as the base material, while layers of the more
ductile AA1050 alloy were added to enhance the localized plastic deformation.

2. Materials and Methods

The composite materials for investigation were created using a WAAM setup from two
commercial aluminum alloys—AA5056 (4.98 Mg, 0.14 Mn, and 0.09 Fe (wt.%) in Al balance)
and AA1050 (0.2 Si and 0.12 Fe (wt.%) in Al balance). The initial materials were provided
by the Avial Experimental Plant (Moscow, Russia) in the form of wires with a diameter
of 1.2 mm. The composite material was fabricated using a direct arc deposition system,
employing Fronius equipment (Figure 1a) with cold metal transfer (CMT) technology. A
TPS 500i arc source (Fronius international GmbH, Guttenbach, Austria) was used, and
the motion system was controlled by a Fanuc M-710iC industrial robot (Fanuc Co., Ltd.,
Osino-Mura, Yamanashi Prefecture, Japan). The technology employed in this study is
based on metal inert gas (MIG) welding utilizing a continuous solid wire electrode. CMT
was applied to minimize the heat input during the deposition process. High-purity argon
was used as a shielding gas to protect the weld pool from atmospheric contamination.
The manufacturing process began with two initial welding passes at 120 A, 10 mm/s,
and 14.8 V, which served to preheat the substrate and ensure the proper adhesion of the
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subsequent layers. The deposition was carried out at the same current and voltage with
a travel speed of 10-15 mm/s; the offset between adjacent beads was 3.2 mm, and the
wire feed was 8.1 m/min. The composite samples were obtained by depositing alternating
layers of the AA5056 and AA1050 aluminum alloys stacked on top of each other to reach the
following final dimensions of the ingot: 60 mm in height, 30 mm in width, and 100 mm in
length. During the production of the ingot, spools of different alloys were used alternately.
Figure 1b provides a visual overview of the printing process, illustrating the key system
components. The composite ingot obtained by WAAM is shown in Figure 1c. The ingots
were homogenized at 480 °C for 2 h to eliminate the influence of secondary phases formed
during welding.

MIG
Meltbath & Wire
C 4 Welding arc
« )
DepositionL )’
layer

(a) (©)

Figure 1. WAAM installation based on Fronius and Fanuc equipment (a); schematic representation of
the WAAM technology process (b); and WAAM sample as a combination of AA5056 and AA1050
aluminum alloys (c).

Uniaxial tensile tests were performed using a Shimadzu AG-50kNX testing machine
(Kyoto, Japan) at a constant strain rate of 102 s~! on flat specimens with a width and
thickness of the working parts of 4 and 1.5 mm, respectively. At least three samples were
tested for each state. The length of the working part varied depending on the number of
AA1050 layers and their orientation relative to the working part of the specimen. Figure 2a
shows the schematic arrangement of the specimens in the composite volume with a single
2.5 mm thick AA1050 layer oriented perpendicular to the working part (further denoted
as the 1L_90 sample) and at a 45° angle to the working part (further denoted as the 1L_45
sample). The length of the working part of the 1L_90 and 1L_45 samples was 15 mm.
Figure 2b illustrates the schematic arrangement of the specimens in the composite volume
with alternating layers of 2.5 mm thick AA1050 and 5 mm thick AA5056. The length of the
working part of the specimens with two AA1050 layers oriented at 90° to the working part
was 15 mm (the 2L._90 sample in Figure 2b). The length of the working part in samples
with two AA1050 layers oriented at 45° to the working part was 20 mm (the 2L_45 sample
in Figure 2b). For samples with three AA1050 layers oriented at 90° to the working part,
the length of the working part was 25 mm (the 3L_90 sample in Figure 2b).
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Figure 2. The arrangement of specimens within the composite volume: (a) single 2.5 mm thick layer
of AA1050; (b) alternating 2.5 mm thick layers of AA1050 and 5 mm thick layers of AA5056; and
(c) the clamping of the specimen within the grips.

For the high-pressure torsion treatment, samples in the form of disks with a diameter
of 20 mm and a thickness of 1.5 mm with one, two, or three layers of AA1050 in the matrix
of the AA5056 alloy (Figure 3, samples 1L, 2L, and 3L, respectively) were cut from the
composite volume. HPT processing was conducted with varying numbers of revolutions n
(ranging from 0.25 to 10) under a pressure of 6 GPa at room temperature. The photo of the
sample after HPT treatment is shown in Figure Sla in the Supplementary Materials. The
true accumulated strain, using the von Mises criterion at a distance of ¥ = 5 mm from the
center of the disk, was determined according to the following relation [24]:

1 2nrn
EoM = —= (1)

N

where i = 1 mm is the thickness of the sample.

Flat dog-bone-shaped specimens with a gauge part of 2 x 6 mm? were cut from
the disks according to the schematic (Figure S1b of the Supplementary Materials). The
sample surfaces were polished using SiC polishing papers starting with P400 and gradually
decreasing down to P1500 while also changing the direction of polishing. Uniaxial tensile
tests were performed on a Shimadzu AG-50kNX testing machine at a constant strain rate
of 1073 s~1. At least three samples were tested for each state. The average values of the
yield stress (07 2), the ultimate tensile strength (0y;75), and the relative elongation to failure
(8) were determined from the obtained stress—strain diagrams.

The microstructure of the material was investigated by scanning electron microscopy
(SEM) Mira Tescan 3 (Tescan, Brno, Czech Republic) at an accelerating voltage of 20 kV.
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Chemical analysis of the samples was performed using an energy-dispersive X-ray (EDX)
detector and the Oxford AZtec console (Oxford Instruments NanoAnalysis, Abingdon, Ox-
fordshire, UK). X-ray diffraction (XRD) analysis was performed on a Bruker D8 DISCOVER
diffractometer (Billerica, MA, USA) in symmetric 620 scan modes using a parallel beam
of CuK« radiation (40 kV, 40 mA). The scanning step was 0.02°, and the time of exposure
was 0.5 s. The average sizes of the coherent scattering domains (C) were determined via
the full-profile Pauli simulation using the TOPAS 5.0 software.

1L 3L
/\ AA1050
- ARS083 E AA1050 AA5083 \
E,(” AA1050 | E( ) AA5083 ) AA1050 ]
i To]
° x‘ AA5083 AA1050 AA5083 /

v AA1050

Figure 3. Configuration of samples for HPT processing obtained by WAAM.

3. Results and Discussion
3.1. Results of Tensile Tests
3.1.1. Composite Materials in Coarse-Grain State

The deformation behavior of the samples with an AA1050 layer aligned at 45° and 90°
relative to the working part of the sample revealed several critical mechanical distinctions
(Figure 4a). When the AA1050 layer was aligned at 90° or 45° to the loading axis, the
composite demonstrated ultimate tensile strengths of 211 MPa and 216 MPa, respectively,
which were approximately 20-25% lower than those of the original AA5056 alloy. This
suggests that the incorporation of the AA1050 layer reduces the overall strength of the
composite. However, it should be noted that the composite’s strength remains significantly
higher than that of the individual AA1050 component (data for AA1050_Wire in Table 1),
indicating effective load sharing and support from the surrounding AA5056 matrix.

300 300
AA5056
250
_ 2004 AA5056 8
s o
=3 2
§ 1501 é
& n
1004
390 2L 90%7 45
50
0 . . ; ; -
0 5 10 15 20 25 30
Strain (%) Strain (%)
(a) (b)

Figure 4. Stress—strain diagrams of composite materials: (a) measured based on the initial length
of the working part, and (b) measured based on the localization of plastic deformation in the pure

aluminum strip. Adapted from Ref. [31].
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Table 1. Mechanical properties of different composite samples in comparison with initial raw
materials. opy—yield stress; cyrs—ultimate tensile strength; 6;—relative elongation to failure,
based on the initial length of the working part; and é,—relative elongation to failure, based on the
localization of plastic deformation in pure aluminum layers and in the transition zone of mixing.

00.2, MPa OUTS, MPa 51, % 52, %
AA5056_Wire 159 £2 313+1 31+2 31+2
AA1050_Wire 45+1 78 £1 45+ 4 45+ 4
AA5056 111+ 4 273 £ 4 26 £1 26 £1
1L_90 100 £1 211 +3 10+1 35+2
1L_45 98 +£1 216 £3 13+1 43 £2
2L_90 94+1 155 +1 9+05 34£2
21, 45 77 £3 160 + 5 10+1 42 £2
3L_90 85+ 4 140 £3 605 33+3

Figure 5 shows the tensile fracture surfaces of the tested specimens, illustrating that
the crack followed the layer’s inclination (45 and 90°) and the deformations were localized
in the AA1050 layer (Figure 5c,f). The 1L_45 specimen exhibited a slightly higher tensile
strength than the one with the band that was oriented at 90°. This difference in strength can
be attributed to the increased volume of the AA1050 alloy in the working part of the sample,
which helps to distribute the load more evenly, improving the mechanical performance and
delaying fracture onset.

Increasing the number of AA1050 layers in the AA5056 matrix (2L_90 and 2L_45
samples) reduced the strength by about 20-25% compared to single-layer samples. Adding
more AA1050 layers did not result in a proportionate decrease in strength. This can be
explained by the competition for strain localization among the layers. In most specimens
tested, one of the three AA1050 layers remained virtually undeformed, indicating that
stress distribution becomes uneven within the composite as the number of layers increases.
Certain layers take on a disproportionate share of the plastic deformation.

layer boundary

(b) (©)

Figure 5. Cont.
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(f)

Figure 5. The view of the tensile testing process and the fracture surface of the central part of the
1L_45 sample (a—c) and the 1L_90 sample (d—f).

Table 1 provides the mechanical properties of the initial raw material used in the
fabrication process (AA5056_Wire). The AA5056_Wire has the highest ultimate tensile
strength (cyTs ~ 313 MPa) due to originally induced work hardening during its manufac-
ture. The WAAM-processed AA5056 material shows a strength reduction of approximately
40 MPa compared to the initial wire. This decrease in strength is due to the melting and
solidification processes that occur during the WAAM, which eliminate the work hardening
introduced during wire drawing.

When analyzing the data presented in Figure 4a and Table 1, we observed a significant
reduction in the plastic properties of the composite materials as the number of AA1050
layers within the AA5056 matrix increased. However, it is important to carefully interpret
the deformation behavior. In Figure 4a, the percentage elongation was calculated using the

standard formula for deformation: AL

Ly

where AL represents the change in the specimen length during tensile testing, and L is the
initial specimen length.

It is important to note that the AA5056 specimens exhibited a uniform deformation
across their entire length without any signs of localized deformation. In contrast, the
composite materials showed a distinct localization in the AA1050 layer and in the transition
zone of mixing, as shown in Figure 5. Due to this difference in deformation behavior,
it is difficult to directly compare the elongation to failure values between the AA5056
and composite samples. Specifically, because of the localized nature of deformation in
composites, the initial gauge lengths used for these materials are significantly different
from those used for the uniform deformation of AA5056. According to the EDX analysis
data (Figure 5b,e), for the 1L_45 and 1L_90 samples, the length of the deformable area is
~5 mm. For the 2L and 3L samples, we can assume that it is ~10 and ~15 mm, respectively.
Based on this assumption, recalculated deformation diagrams were plotted in Figure 4b.
The results, based on this assumption, show that the elongation to failure values in the
composite samples approach those of the AA1050 wire (Table 1).

£

@
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3.1.2. Composite Materials in Ultrafine-Grained State

Figure 6a shows the results of tensile testing for the composite material at different
levels of strain (eyn1). HPT processing resulted in a significant increase in strength after
only 0.25 turns (corresponding to e, ~ 4.5), but the material’s ductility decreased (curve
2L_HPT_0.25). As the strain increased, both the 1L and 2L samples exhibited a general
trend of increased strength and decreased ductility. For the 2L samples, the experiment was
carried out over a wide range of &, (Figure 6b). It is shown that increasing the strain to
eym ~ 18 (2L_HPT_1 sample) provided an optimal combination of ultimate tensile strength,
yield stress, and ductility (Table 2). Further increases in strain led to a decrease in the
plastic properties of the composite, likely due to the intense mixing of its components.
At the highest strain level of e\ ~ 181, the material still retained some ductility and
exhibited a o5 of approximately 620 MPa. The best strength—ductility combination of the
composite material (oyrs = 664 MPa, 6~7%) was achieved for the 1L_HPT_2. The results of
the mechanical testing for all samples are summarized in Table 2.

800
700 -
1L HPT 5 o
700 | 10
1L_HPT_ 2 600 | 2
< 600 2L_HPT 10 = . g =
i 2L_HPT_2 s BN i 2lg S
500+ = S / >
‘U-J’ 2L HPT 1 < 500 } ) L h=
< . - L le &
g o 5 ,*/ LE ° s
= G 400 - N a
(0 300 o s $
= . - 14
(/) o ®~ Surs s
200 .
300} " o %
) Co.2 442
1004 2L_HPT 0.25
- _._ -
0 200 4
0 2 4 6 8 10 12 14 16 18 4 8 16 32 64 128

Strain (%)

(a)

Deformation Degree

(b)

Figure 6. Stress—strain diagrams for composite material samples with varying degrees of deformation
(a), and dependences of the yield stress (0 »), ultimate tensile strength (oyts), and relative elongation
to failure (8) on the degree of deformation for the composite material with the initial configuration of
2L (b). The area of the optimal combination of properties is circled in red.

Table 2. Mechanical properties of composite material after HPT treatment. o ,—yield stress; oyrs—
ultimate tensile strength; —relative elongation to failure; and e,)—the true accumulated strain.

State &M oyts (MPa) 9.2 (MPa) 5 (%)
1L_HPT 2 36 664 £+ 10 570 + 10 7+1
1L_HPT_5 91 705 £ 11 587 + 10 2+05
1L_HPT_10 181 611 =15 590 + 5 ~0.5
2L_HPT_0.25 4.5 274 +10 267 + 10 1141
2L_HPT_0.5 9 454 + 15 399 + 15 7+£2
2L_HPT_1 18 543 +5 473 +10 7+1
2L_HPT_2 36 561 +5 447 + 5 45+05
2L_HPT_5 91 525 + 15 430 + 15 25+05
2L_HPT_10 181 619 + 15 570 £ 5 2+05
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layer boundary

AA1050

It is well known that a similar HPT treatment (with e, =~ 181) of commercially pure
Al and Al-4.5Mg alloy leads to a grain structure refinement up to ~800 nm and ~200 nm,
correspondingly [32,33]. As shown earlier, the conventional Al-4.5Mg alloy treated in
a similar way demonstrates brittle behavior with a oyrs of 725 MPa [33]. On the other
hand, the tensile strength of commercially pure aluminum treated in the same way was
185 MPa after HPT, with a uniform deformation of 2% [34]. In this study, we created a
material that combined the strength of nanostructured industrial alloyswith the plasticity
of nanocrystalline commercially pure aluminum. This effect was achieved due to the
presence of the AA1050 layer within the AA5056 matrix, which locally enhanced the plastic
deformation characteristics of the composite. Despite the overall decrease in strength due to
the softer AA1050 phase, this layer plays an important role in improving localized ductility.

3.2. Characterisation of the Microstructure of Composite Materials

The AA1050 alloy is a pure aluminum alloy, and in this study, we focused on the
magnesium content in both the AA5056 and AA1050 layers to evaluate their mixing. The
presence of magnesium in the AA1050 layer indicates effective mixing between the layers,
while its absence suggests minimal or no mixing. Figure 7a presents a map of magnesium
distribution for a sample with one layer of AA1050. Figure 7b shows the magnesium content
along line 1, marked in Figure 7a. These data clearly show that during the production of
layered materials through direct energy deposition, the layers undergo significant mixing.
Specifically, the magnesium content in the AA5056 layer was approximately 5 wt.%, while
the Mg content in the AA1050 layer reached about 2.5 wt.% with a transition zone spanning
approximately 250 um. These findings explain why the strength of the layered composite
exceeds that of its weaker constituent.

ey

1
Sample for EDX

el
o
P

Mg content, wt.%
2

T T T T * T T ¥ 1
0 500 1000 1500 2000 2500 3000 3500
Distance, um

(@) (b)

Figure 7. EDX results: Mg distribution (a) and the location of the EDX specimen (the inset) and
results of Mg content determination on line 1 (b).

Figure 8 shows the Mg distribution in the 2L_HPT_1 sample (Figure 8a) and the
chemical profile of the Mg content along lines 1 and 2 (Figure 8b). As can be seen, the
sample contains areas with an increased concentration of magnesium corresponding to
the concentration of Mg in the initial alloy AA5056, as well as areas with a content of Mg
~2 wt.%. This indicates that materials are being mixed during the HPT process, and the
distribution of magnesium in the sample volume is changing.
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Figure 8. Mg distribution in the 2L_HPT_1 composite sample (a), the chemical profile of the Mg
content along lines 1 (b) and 2 (c).

The obtained X-ray diffraction pattern of the 1L_HPT_2 sample is shown in Figure 9.
There are no secondary phases revealed, but the results of the modeling confirm that the
material consists of two substructures. The determined values of the coherent scattering
domains are ~250 nm and >1000 nm for the first and the second substructures, correspond-
ingly. The phase volume ratio is approximately 80/20, which corresponds to the volume
ratio of materials in the initial 1L sample.

100 4
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60 — 220
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50 200
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Figure 9. XRD pattern of the 1IL_HPT_2 composite sample.
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4. Conclusions

The results of this study demonstrate the potential of wire arc additive manufacturing
for producing layered aluminum composites. Specifically, we focused on composites
composed of AA1050 and AA5056 alloys, with AA1050 incorporated as a 2.5 mm thick layer
into the robust AA5056 matrix. We investigated the deformation characteristics of these
composites and found that, despite the significant difference in tensile strength between the
two alloys, the overall strength of the composite remained relatively stable. The addition of
the lower-strength AA1050 alloy enhanced localized plasticity in the composite, which can
be beneficial for parts with complex geometries. This localized plasticity contributes to the
safety of structural components manufactured using additive technologies. Our study also
focused on the influence of accumulated strain induced by high-pressure torsion treatment
on the mechanical properties and microstructure of a composite material. We analyzed
the relationships between static strength, plasticity, and microstructural evolution, leading
to the identification of an optimal deformation path for achieving a favorable balance of
mechanical properties.

The main conclusions from this work can be summarized as follows:

1. The combination of WAAM technology and HPT allows precise control over the
volume ratio of constituent materials in composite samples.

2. Optimal strength and ductility are achieved in composite samples containing one
or two layers of commercially pure aluminum subjected to deformation levels of
approximately 36% and 18%, respectively.

3. The observed combination of high strength and plasticity can be attributed to the
bimodal microstructure, as confirmed by microstructural analysis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /met14121445/s1, Figure S1: Photo of sample after HPT treatment (a);
schematic of cutting-out of tensile test samples (b).
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