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Abstract: In this study, a composite with alternate layers of 5056 and 1580 alloys was manufactured
with wire arc additive manufacturing technology. It is shown that increased strength characteristics
of composite material can be obtained with deformation treatment using a high-pressure torsion

check for (HPT) technique. The microstructure and mechanical properties of the HPT-processed material in
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different structural states were investigated. The HPT-processed material exhibits a high value of
ultimate tensile strength (~770 MPa) but low ductility. Short-term annealing at 250 °C and additional
deformation with HPT to 0.25 of revolution at room temperature resulted in a slight decrease in the
material’s strength to ~700 MPa but provided ductility of ~9%. Physical mechanisms to improve
plasticity in correlation with microstructure evolution are discussed.
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1. Introduction

Material processing using wire arc additive manufacturing (WAAM) technologies
makes it possible to obtain various products from a wide range of metallic materials. The
technology makes it possible to manufacture component parts with high precision, unique
geometry, and material variety layer by layer. The undeniable advantage of this technology
is the reduction of cost and production time in piece production [1]. The WAAM technology
could be a unique tool for creating new materials with a given internal architecture that
improves their mechanical and physical properties.

Aluminum-magnesium (Al-Mg) alloys are of particular interest within the scope of
this study due to their numerous applications and desirable properties. These alloys are
widely used in various industries, including aerospace, marine, and automotive, for their
combination of low weight, high strength, and excellent corrosion resistance [2,3]. The
excellent properties of Al-Mg alloys produced with additive manufacturing have been
demonstrated by many scientific groups on a large number of different alloys, including
5056 [4,5], 5087 [6,7], 5183 [8], and 5356 [9,10].

WAAM technology offers numerous advantages in material processing; it also comes
with certain shortcomings that must be considered during the assessment of its suitability
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for specific applications. An extensive study of the effect of structural defects on mechan-
ical properties was carried out by the authors in [11]. The main defect in the additive
manufacturing of aluminum alloys is porosity, which inevitably degrades the mechanical
properties of the material. As was shown, pores, reducing the loading area and the bearing
capacity of the material, are places of crack nucleation during fracture [12]. In this regard,
more attention should be paid to the study of porosity and its effect on the mechanical
properties of additively fabricated aluminum alloys. In [11], the effect of WAAM + in situ
interlayer rolling hybrid technology on the defect formation and mechanical properties
of Al-4.5Mg-Mn alloy is studied. Interlayer rolling is found to be effective in reducing
porosity—the number of defects after this treatment is four times lower than after con-
ventional WAAM production. Moreover, interlayer rolling contributes to grain reduction
from 59 um to 23 um. As a result, the material treated with interlayer rolling shows a 30%
increase in relative elongation with practically unchanged strength properties.

Severe plastic deformation (SPD) methods could be one of the more extreme ways to
improve the mechanical properties of WAAM materials. It is well known that SPD methods
allow us to form a unique microstructure, providing extraordinary mechanical properties
in bulk metallic materials [13]. Various SPD methods have been developed and examined
in recent years; the results of these investigations have been analyzed and summarized in
recent reviews [13-17]. It was shown that a nonporous structure with continuous layers,
having high strength properties and acceptable plasticity, could be obtained from Ni/Ti [18]
and Al/Cu [19] laminated composites with a cross-accumulative roll-bonding treatment.
In recent years, many studies have been performed on SPD-processed pure aluminum and
aluminum-based alloys [20-25]. It was shown that high-pressure torsion (HPT) process-
ing results in the formation of an ultrafine-grained structure, providing high mechanical
strength. Furthermore, in some cases, materials with enhanced mechanical strength demon-
strate high ductility [24,25], although these are mutually exclusive properties for traditional
metallic materials [26]. In [25], a new approach to improve plasticity while maintaining the
high strength of HPT-processed commercially pure Al was proposed. This approach was
based on the modification of the annealed structure of the high-angle grain boundaries by
a slight additional deformation with HPT after short-term low-temperature annealing.

SPD methods have shown promising results in improving the mechanical properties
of Al-Mg alloys. However, there are limitations to these methods that must be considered.
The hardening of the Al-Mg alloys is due to the formation of a solid solution, as well
as through deformation treatment. As was shown for equal-channel angular pressing
(ECAP) processed Al-Mg alloys, an increase in Mg content from 0.5 to 2 wt.% leads to grain
grinding and an increase in dislocation density [27]. The UFG Al-Mg alloys produced with
HPT retained ductility at the acceptable level while Mg content is less than 2.5 wt.% [28]. A
further increase in Mg content up to 4.1 wt.% results in the decrease of ductility of HPT-
processed alloy [29]. Increased Mg content up to 4.5 wt.% completely suppresses plastic
deformation in the HPT-processed material [28,29]. The thermal stability of nanostructured
Al-Mg alloys remains unclear. One study found that Al-5Mg(wt.%) alloy treated with
surface mechanical grinding has an enhanced thermal stability of mechanical properties
up to 200 °C [30]. Another study found the degradation of mechanical properties of
Al-5.5Mg(wt.%) alloy produced with ECAP with an increase in the annealing duration
at 350 °C [31].

The problems mentioned above can be solved by the introduction of alloying additives
into the UFG Al-Mg alloy that increases the strength and the recrystallization temperature.
Among the alloying elements used in aluminum alloys, special attention is paid to Sc.
It is one of the most effective modifiers, and even small Sc additives provide significant
hardening and thermal stability [32-34].

In this work, an attempt to combine the WAAM and HPT processes for the creation of
multilayer aluminum materials has been made. In this framework, the 5056 Al-Mg and
1580 Al-Mg(Sc) alloys were chosen as the materials for the investigation. The possibility of a
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simultaneous increase in the strength and ductility of the HPT-processed composite with the
additional deformation and heat treatment previously proposed in [25] was investigated.

2. Materials and Methods

The materials for investigation were grown using a WAAM setup. The WAAM ma-
chine was based on the Fronius equipment package with cold material transfer technology.
TPS 500i was used as a welding arc source. A Fanuc M-710ic industrial robot was used as
a moving system. Samples were deposited using high-purity Ar shielding gas. Figure 1a
shows a schematic representation of the deposition process. A series of preliminary tests
were carried out to assess the sizes of individual weld beads as a function of the process
parameters employed, including the deposition rate, current, and arc voltage. The bead
geometry was considered when developing the robot’s motion trajectory for each layer.
The deposition was carried out at 120 A, 14.8 V, with a travel speed of 10-15 mm/s; the
offset between adjacent beads was 3.2 mm. The wire feed was 8.1 m/min, and the diameter
of the feedstock wire was 1.2 mm. The composite samples were obtained by depositing
alternating layers of 5056 and 1580 aluminum alloys stacked on top of each other, with a
thickness of each layer of 2.5 mm until the following final dimensions of the sample: 30 mm
in height, 30 mm in width, and 100 mm in length. The schematic setup of the sample is
shown in Figure 1b. The composite sample manufactured in this way is shown in Figure 2a.
For HPT processing, disks with a diameter of 20 mm and a thickness of 1.5 mm were cut
out from the sample according to the scheme (Figure 1b).
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Figure 1. Schematic representation of the deposition process (a); schematic setup of the sample
obtained by depositing alternating layers of 1580 and 5056 aluminum alloys (b).

2 mm

6 mm

(b)

Figure 2. Photo of the WAAM sample (a) and schematic representation of the dog-bone samples for
mechanical tests (b).
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The HPT processing of the disks was performed on the Walter-Klement HPT press to
10 revolutions at room temperature (RT) under a pressure of 6 GPa. After HPT processing,
disks with a diameter of 20 mm and a thickness of ~1.0 mm were formed. The logarithmic
strain of material at the middle of the disk radius was e ~ 5.5 [35]. Additional deformation
heat treatment included annealing at 200275 °C for 1 h and further HPT processing to
0.25 revolutions at RT under the same pressure, which corresponded to the extra logarith-
mic strain of e ~ 1.5 [35]. The annealing temperature was confirmed with a K-thermocouple
placed next to the sample.

A chemical analysis of the 5056 Al-Mg and 1580 Al-Mg(Sc) alloys and the HPT-
processed sample was performed using the scanning electron microscope (SEM) equipped
with an Energy Dispersive X-ray (EDX) detector and the Oxford AZtec console (Oxford
Instruments NanoAnalysis, Abingdon, Oxfordshire, United Kingdom).

XRD analysis was performed on a Bruker D8 DISCOVER diffractometer in symmetric
0—20 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 size of the coherent scattering

regions (C) and the level of microdistortions of the crystal lattice (<52>1/2) were determined
via the full-profile Pauli simulation using the TOPAS 5.0 software. The dislocation density
was calculated according to the following ratio [36]:

L)
dis = 1)
where b = 0.286 nm is the Burgers vector for edge dislocation in Al.

Transmission electron microscopy (TEM) was performed on an FEI Talos system
equipped with a 200 kV field emission gun. Rapid TEM micrograph collection was under-
taken at 25 frames per second while collecting 512 x 512-pixel images. Samples for TEM
studies were prepared using a Mill TEM Model 1051 ion polishing machine.

Dog-bone samples with a gauge length of 6 mm and width of 2 mm were cut out
from the disks according to the scheme (Figure 2b) using the electrical discharge machine.
The average values of the yield stress (0p2) corresponding to 0.2% of deformation, the
ultimate tensile strength (cyts), the relative elongation to failure (4), and the relative
uniform elongation (1) were determined with the tensile tests at a constant strain rate of
5 x 10~* s~1. Fracture surfaces of the destroyed samples were studied using the SEM Zeiss
AURIGA at the accelerating voltage of 10 kV.

3. Results and Discussion

The chemical composition, expressed in weight percentage (wt.%), of the 5056 Al-
Mg and 1580 Al-Mg(Sc) layers in the sample obtained with WAAM and the composite
produced with HPT is presented in Table 1. Upon examination, it becomes evident that the
magnesium concentration in the HPT-processed composite is largely maintained at a level
similar to that found in the initial 1580 alloy. However, a notable difference emerges in the
concentration of scandium, which is considerably lower in the HPT-processed composite
compared to the initial 1580 alloy. Additionally, the concentrations of other elements in the
HPT-processed composite are observed to fall within the range between the concentrations
found in the two initial alloys (5056 Al-Mg and 1580 Al-Mg(Sc)). This indicates that
the HPT processing has led to a redistribution of the elements, resulting in a composite
material that exhibits intermediate concentrations of these elements in comparison to the
original alloys.

The stress—strain curves for the samples in different states of the composite can
be seen in Figure 3. The initial state is characterized by a tensile strength on the level
ouTs ~ 265 MPa and a high elongation to failure 4 ~ 21%. This finding points to the high
quality of the composite layered material, as the tensile tests were performed with the
working part of the sample arranged perpendicular to the layers. This orientation ensures
that the stress—strain curves reflect not only the strength of the individual layers but also the
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adhesion between the materials, which differ in their chemical compositions. Furthermore,
the high elongation to failure implies that the composite material has the potential for
increased strength when subjected to SPD processing. After HPT processing, the ultimate
strength of the material has tripled from ~265 to ~770 MPa, but at the same time, samples
demonstrated brittle behavior. Such increased strength is attributed not only to grain
refining (will be shown below) but also to the forming of magnesium segregations at grain
boundaries, which affect the emission and mobility of intragranular dislocations and is
typical for the Al-Mg alloys subjected to SPD [37,38].

Table 1. Chemical composition of 5056 Al-Mg, 1580 Al-Mg(Sc) alloys manufactured with WAAM
method, and the HPT-processed composite, according to EDX analysis. The concentration is
given in wt.%.

Material Mg Mn Sc Fe Ti Cr+V+Zn Al

5056 alloy 4.94 0.14 - 0.09 0.14 <0.05 bal.

1580 alloy 4.61 0.55 0.08 0.17 0.1 <0.05 bal.

HPT-processed composite 4.66 0.27 0.03 0.11 0.12 <0.05 bal.
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Figure 3. Stress—strain diagrams of composite in initial state, after HPT processing, after HPT
processing and annealing at 250 °C for 1 h, after HPT processing, annealing at 250 °C for 1 h and
additional HPT deformation to 0.25 revolutions.

Subsequent annealing of the HPT-processed material at 200-275 °C leads to even more
embrittlement, and the sample was destroyed at the external stress ~504 MPa (Table 2).
After additional deformation with HPT to 0.25 revolutions, the material demonstrates
plasticity up to 10% (Figure 4). The best combination of tensile strength and plasticity was
obtained after annealing at 250 °C and additional HPT to 0.25 revolutions. As a result,
the yield stress ~590 MPa, ultimate tensile strength ~700 MPa, uniform elongation ~3%,
and elongation to failure ~9% were obtained (Figure 4). The corresponding stress—strain
curve is shown in (Figure 3). The results of the mechanical tests of the material in different
structural states are summarized in Table 2.
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Table 2. Mechanical properties of the composite in different structural states. 0 is the yield stress,
corresponding to 0.2% of deformation, oyts is the ultimate tensile strength, J is the relative elongation
to failure, d1 is the relative uniform elongation.

. . 0.2, OUTS, 4, o1,
Composite Material State MPa MPa o %
Initial composite 132 +2 265 +5 21.0 4+ 2.0 21.0 4+ 2.0
HPT 676 +1 770 £ 2 ~0.5 ~0.5
HPT + annealing at 200 °C - 611 +5 - -
HPT + annealing at 250 °C 497 +2 504 + 5 ~0.2 ~0.2
HPT + annealing at 200. C + HPT to 621 + 2 667 4 2 1.0 ~1.0
0.25 of revolution
HPT + annealing at 225. C + HPT to 654 + 2 733 + 3 20 20
0.25 of revolution
HPT + annealing at 250. C + HPT to 500 & 1 700 + 3 90+ 1.0 3.0
0.25 of revolution
HPT + annealing at 275. C + HPT to 603 & 2 666 -+ 3 100 + 1.0 0
0.25 of revolution
800 11
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Figure 4. The dependences of ultimate tensile strength (cyts), yield stress (092), and elongation to
failure () on the annealing temperature for the composite samples, subjected to HPT, subsequent
annealing and additional deformation with HPT to 0.25 of revolution.

The obtained mechanical properties are better than the properties of the 5083 alloy
nanostructured with cryomilling, hot-isostatic pressing, and extrusion [39] and are higher
than Al-5.55Mg alloy subjected to two passes of ECAP processing [31] and comparable
with that for HPT-processed Al- 4.1Mg alloy [29].

The fracture surface of samples after HPT, annealing at 250 °C, and additional HPT
processing is shown in Figure 5. The fracture surface of the HPT-processed material
(Figure 5a,b) contains numerous micro- and macrocracks. Despite the severe destruction
of the sample by a developed network of cracks, areas of plastic deformation still can
be detected on the fracture surface (Figure 5b), which indicates that the material has
some plastic capacity; nonetheless, uniform deformations do not exceed 1%. The fracture
surface of sample after HPT processing and annealing at 250 °C is characterized by a
brittle fracture with an extensive net of cracks along the surface of the working part of the
sample (Figure 5c,d). There are no obvious traces of plastic deformation on the cracked
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surface. These results fully correlate with X-ray analysis data showing the dislocation
density reduction after annealing by an order of magnitude (Table 3). For Al-2.77% Mg
alloy produced with ECAP, it was shown that the ductility of the alloy decreases with the
increasing the number of ECAP processing passes [40]. The obtained final UFG structure
demonstrates brittle destruction without the formation of necks. Subsequent annealing at
250 °C for 90 min does not lead to a change in the fracture behavior [40].

(@ | _ (b)

Figure 5. Fracture surface of the composite after HPT processing (a,b), after HPT processing and
annealing at 250 °C for 1 h (c,d), after HPT processing, annealing at 250 °C for 1 h, and additional
HPT deformation to 0.25 revolutions (e, f).
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Table 3. Microstructure parameters of the composite in different structural states. C is the size of
coherent-scattering domains, <€2>1/ 2 is the elastic microdistortions level, Ly is the dislocation density,
day is the average grain size.

. .1013
Composite Material State ¢ ( 2>1/ 2 Lais _1;) dav,
nm m nm
HPT 300 0.0013 5.2 285
HPT + annealing at 250 °C 470 0.0002 0.4 330
HPT + annealing at 250 °C +
HPT to 0.25 of revolution 200 0.0010 6.0 160

Additional HPT processing of the annealed structure leads to an increase in dislocation
density and a decrease in coherent scattering regions (Table 3). On the fracture surface
(Figure 5e,f), it is expressed by plastic deformation. The fracture surface is smoother and
more homogeneous compared to the other structural states of the material.

The TEM microstructure images of the composite in different structural states are
shown in Figure 6. As can be seen, an ultrafine-grained structure with uniaxial grains
is formed upon HPT processing; there is no porosity in the structure (Figure 6a). The
average grain size determined based on more than 100 measurements is day ~ 285 nm,
which correlates with the size of coherent-scattering domains obtained with XRD analysis
(Table 3). The selected area electron diffraction pattern (the insert in Figure 6a) reveals the
high-angle misorientation of grains. The grain size has a normal distribution, which is
shown in Figure 6b. As was shown earlier, the grain boundaries in the HPT-processed Al-
Mg alloys are in a high-energy nonequilibrium configuration, containing a very high density
of extrinsic dislocations, which gives rise to high internal stresses and high energies [41].
This may indicate that the dislocation density Lj;s ~ 5.2 x 10" m~2 estimated based on
XRD analysis data refers to grain boundaries area.

25

20 4 —
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< 154
> — =
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c
[} pred
>
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Figure 6. Cont.
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Figure 6. TEM micrographs of the composite after HPT processing (a), subsequent annealing at
250 °C (c) addition deformation with HPT to 0.25 of revolution (e), and corresponding grain size
distribution (b,d, f).

After annealing at 250 °C, the average grain size and the distribution of grain size
practically do not change (Figure 6¢,d). This is in contrast with the results obtained with
ECAP-processed Al-3.6Mg alloy, where annealing for 1 h at 250 °C led to the appearance
of a duplex microstructure [42]. This means that the presence of Sc increases the thermal
stability of the obtained structure. However, the results of the mechanical tests indicate
reduced yield stress and ultimate tensile strength (Table 2) after annealing. Such a drop in
strength after annealing is typical for conventional coarse-grained metallic materials but
is usually accompanied by increased plasticity. The persistence of brittle behavior in our
case may be associated with a restoration of grain boundaries expressed in a decrease in
the number of mobile dislocations during annealing, as was revealed with XRD analysis
(Table 3). Additional deformation with HPT to 0.25 of revolution results in grain refinement
up to ~160 nm (Figure 6e, Table 3). The grain size distribution remains normal (Figure 6d).
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According to the Hall-Petch ratio [43,44], grain boundary strengthening can be esti-
mated as

0GB = k/ V davr (2)

where k = 0.1 MPa-m!/2 is the material constant [16]. According to the ratio (2), grain
refinement after additional deformation with HPT to 0.25 of revolution gives a contribution
to grain boundary strengthening Acgp ~ 75 MPa. Dislocation density increasing gives
additional contribution to yield stress caused by the action of the dislocations strengthening
mechanism [45]. The flow stress is related to the dislocation density with the Taylor
equation [45]:

Tais = MaGby/Lys, ©)

where M = 3.06 is the Taylor factor [45], « = 0.33 is the dislocation interaction parameter [46],
G =26 GPa is the shear modulus.

Estimated on the basis of ratio (3), dislocations strengthening increase equal to
Ao gis =~ 40 MPa. These two mechanismes, in total, provide practically the same strengthen-
ing as the experimentally observed increase in yield stress Ao, =~ 93 MPa. One of the main
explanations of the manifestation of plastic properties after additional HPT processing can
be given on the basis of the model proposed earlier in [47]: after additional deformation
with HPT, the deformation-induced dislocations are formed in dislocation pile-ups in triple
junctions of high-angle grain boundaries, increased plasticity occurs through the emission
of lattice dislocations from triple junctions of grain boundaries, the glide of the lattice
dislocations across neighboring grains, and their accumulation at and climb along the
opposite grain boundaries. Apparently, the deformation-heat treatment that includes HPT,
annealing at 250 °C, and additional torsion for 0.25 of revolution results in the formation of
a unique structure with a small-average grain size and high density of dislocation pile-ups
in the triple junctions of high-angle grain boundaries. Due to the performed annealing at
250 °C, the grain interior is free from forest dislocations, which allows unhindered emission
of lattice dislocations and their glide across neighboring grains, thus realizing the men-
tioned mechanism of high plasticity. In previous work, the optimal annealing temperature
was identified for HPT-processed commercial Al 5083 alloy [48]. As was shown, small
additional deformation with torsion after annealing at 200 °C results in the formation of
a structure with a unique combination of high strength and plasticity. In this paper, it is
shown that the addition of Sc prevents the processes of grain boundaries’ relaxation and
dislocation redistribution. Therefore, the annealing temperature should be raised to obtain
the required structural features.

4. Conclusions

The effect of SPD on the microstructure and mechanical properties of composite
from 5056 and 1580 aluminum alloys produced with WAAM was studied. The following
conclusions can be drawn:

(i) The ultimate strength of the HPT-processed material can reach ~770 MPa, which is
~3 times higher than the ultimate strength of the initial composite. Such a high level of
strength is provided by the UFG structure with high dislocation density. However, the
material exhibits low ductility, which is a limitation for many practical applications.

(ii) The combination of sufficient ductility and high tensile strength in the HPT-processed
material was obtained by introducing an additional dislocation density with deformation—
heat treatment consisting of short-term annealing at 250 °C and deformation with
HPT to 0.25 of revolution at room temperature. The resulting material demonstrates
a high tensile strength of ~700 MPa and an improved ductility of ~9%. Hereby, an
effective way to improve the ductility of the material while maintaining a high level
of strength was revealed.

(iii) The proposed combination of additive manufacturing and SPD suggests a high potential
for practical applications of composite materials with high mechanical characteristics.
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