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Abstract: In this study composite with alternate layers of 5056 and 1580 alloys was manufactured
by wire arc additive manufacturing technology. It is shown that increased strength characteristics
of composite material can be obtained due to deformation treatment by high-pressure torsion (HPT)
technique. The microstructure and mechanical properties of the HPT-processed material in different
structural states were investigated. The HPT-processed material exhibits high value of ultimate
tensile strength (~ 770 MPa) but low ductility. Short-term annealing at 250 °C and additional
deformation by HPT to 0.25 of revolution at room temperature resulted in a slight decrease in
material’s strength to ~ 700 MPa but provided ductility ~ 9%. Physical mechanisms to improve
plasticity in correlation with microstructure evolution is 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 given internal architecture that improves their mechanical and physical properties. It
is well-known that severe plastic deformation (SPD) methods allow the formation of unique
microstructure and properties in bulk metallic materials [2]. Various SPD methods have been
developed and examined in recent years, the results of this investigations have been analyzed and
summarized in recent reviews [2-6]. In recent years, many studies have been performed on SPD-
processed pure aluminum and aluminum-based alloys [8-14]. It was shown that SPD processing
results in formation ultrafine-grained structure providing high mechanical strength. Furthermore, in
some cases, materials with enhanced mechanical strength demonstrate high ductility [13-14],
although this is mutually exclusive properties for traditional metallic materials [15]. In [14] a new
approach to improve plasticity while maintaining high strength of HPT processed commercially pure
Al was proposed. This approach is based on the modification of the annealed structure of the high-
angle grain boundaries by a slight additional deformation by HPT after short-term low-temperature
annealing.

The Al-Mg alloys are the main material for the manufacture of space technology products,
lightweight aluminum ships and various critical structures [16,17]. The hardening of the Al-Mg alloys

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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is due to the formation of a solid solution, as well as through deformation treatment. As it was shown
for equal-channel angular pressing (ECAP) processed Al-Mg alloys, increase in Mg content from 0.5
to 2 wt.% leads to grain grinding and increase in dislocation density [18]. The UFG Al-Mg alloys
produced by high-pressure torsion (HPT) retained ductility at the acceptable level while Mg content
is less than 2.5 wt.% [19]. Further increase in Mg content up to 4.1 wt.% results in decrease of ductility
of HPT-processed alloy [20]. The increase of Mg content up to 4.5 wt.% completely suppresses plastic
deformation in the HPT-processed material [19-20]. Thermal stability of nanostructured Al-Mg
alloys remains unclear. One study found that Al-5Mg(wt.%) alloy treated by surface mechanical
grinding has enhanced thermal stability of mechanical properties up to 200 °C [21]. Another study
found degradation of mechanical properties of Al-5.5Mg(wt.%) alloy produced by ECAP with an
increase in the annealing duration at 350 °C [22].

The problems mentioned above can be solved by introduction of alloying additives into the UFG
Al-Mg alloy that increases 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 [23-25].

In this work, an attempt to combine the WAAM and the SPD processes for creating of multi-
layer aluminum materials has been made. In this framework, the 5056 Al-Mg and 1580 Al-Mg(Sc)
alloys were chosen as a material for the investigation. The possibility of simultaneous increase in
strength and ductility of the HPT-processed composite by additional deformation and heat treatment
previously proposed in [14] was investigated.

2. Materials and Methods

The material for investigation were grown using a WAAM setup. The WAAM machine is based
on the Fronius equipment package with cold material transfer technology. TPS 500i was used as a
welding arc source. 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. Deposition was carried out at 120 A, 14.8 V with travel speed 10-15 mm/s, the
offset between adjacent beads was 3.2 mm. The composite sample were obtained by depositing
alternating layers of 5056 and 1580 aluminum alloys stacked on top of each other, with thickness of
each layer 2.5 mm until the following final dimensions of the sample: 30 mm in height, 30 mm in
width and 100 mm in length. Schematic setup of the sample is shown on Figure 1b. The composite
sample manufactured in this way is shown on 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).

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 thickness of ~1.0 mm were formed. The logarithmic strain of material at the
middle of the disk radius was e = 5.5 [26]. 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 logarithmic strain of e = 1.5 [26].

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, United
Kingdom).
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Figure 2. Schematic representation of the deposition process (a); schematic setup of the sample
obtained by depositing alternating layers of 1580 and 5056 aluminum alloys (b)

XRD analysis was performed on a Bruker D8 DISCOVER diffractometer in a symmetric 0-20
scan modes using a parallel beam of CuKa 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 ({(€2)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
[27]:

24y1/2
Lyis = %, 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 undertaken at 25 frames per
second, while collecting 512x512 pixel images. Samples for TEM studies were prepared using Mill
TEM Model 1051 ion polishing machine.

Dog-bone samples with the gauge length of 6 mm and width of 2 mm were cut out from the
disks according to the scheme (Figure 2b). The average values of the yield stress (g ;) corresponding
to 0.2% of deformation, the ultimate tensile strength (oyrs), the relative elongation to failure (0), and
the relative uniform elongation (6:) were determined by the tensile tests at a constant strain rate of 5
x 10 s7. Fracture surfaces of the destroyed samples were studied using the SEM Zeiss AURIGA at
the accelerating voltage of 10 kV.
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Figure 2. Photo of the WAAM sample (a) and schematic representation of the dog-bone samples for
mechanical tests (b)
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3. Results and Discussion

Chemical composition (in wt. %) of the 5056 Al-Mg and 1580 Al-Mg(Sc) layers in the obtained
by WAAM sample and the composite obtained by HPT is shown in Table 1. As can be seen, the
concentration of Mg in the HPT-processed composite practically remains at the concentration level
in 1580 alloy, but the concentration of Sc is significantly lower. The concentration of other elements
is in the middle of concentration in two initial alloys.

Table 1. Chemical composition of 5056 Al-Mg, 1580 Al-Mg(Sc) alloys manufactured by 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 494 0.14 - 0.09 0.14 <0.05 bal.
1580 alloy 461 055 008 017 0.1 <0.05 bal.

HPT-processed composite ~ 4.66 027 0.03 0.11 0.12 <0.05 bal.

The stress-strain curves for the samples in different states of composite are shown on Figure 3.
The initial state characterized by low tensile strength (oyrs =265 MPa) and high elongation to failure
0 = 21%. After HPT processing the ultimate strength of the material has tripled from ~ 265 to ~ 770
MPa, at the same time, samples demonstrated brittle behavior. Subsequent annealing of the HPT-
processed material at 200275 °C leads to even more embrittlement and the sample was destroyed at
the external stress ~ 504 MPa (Table 2). After additional deformation by 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, the uniform elongation ~3% and
elongation to failure ~9% were obtained (Figure 4). The corresponding stress-strain curve is shown
on (Figure 3). The results of the mechanical tests of the material in different structural states are
summarized in Table 2.
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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.
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Figure 4. The dependences of ultimate tensile strength (oyrs), yield stress (oy ), and elongation to
failure (0) on the annealing temperature for the composite samples, subjected to HPT, subsequent
annealing and additional deformation by HPT to 0.25 of revolution.

Table 2. Mechanical properties of the composite in different structural states. ooz is the yield stress,
corresponding to 0.2% of deformation, ours is the ultimate tensile strength, 6 is the relative elongation
to failure, 61 is the relative uniform elongation.

00.2, OUTS, o, o1,
Composite material state

MPa MPa % %
Initial composite 132+2 265+5 21+2 21+2
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 0.25 of

621+2 667+2 ~1 ~1
revolution
HPT + annealing at 225°C + HPT to 0.25 of

654+2 733+3 ~2 ~2
revolution
HPT + annealing at 250 °C + HPT to 0.25 of

590+1 700+3 9+1 ~3
revolution
HPT + annealing at 275°C + HPT to 0.25 of

603+2 666+3 10+1 ~2

revolution

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
5,b) which indicates that the material has some plastic capacity, nonetheless uniform deformation 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
surface. These results are fully correlate with X-ray analysis data showing the dislocation density
reduction after annealing by an order of magnitude (Table 3). Additional HPT processing of the
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annealed structure leads to the increase in dislocation density and the decrease in coherent scattering
regions (Table 3). On the fracture surface (Figure 5e,f) it expressed by plastic deformation. The
fracture surface is smoother and more homogeneous compared to the other structural states of the
material.

(a) e (b)

e) ®

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).


https://doi.org/10.20944/preprints202305.0367.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2023 d0i:10.20944/preprints202305.0367.v1

Table 3. Microstructure parameters of the composite in different structural states. C is the size of
coherent-scattering domains, (£2)!2is the elastic microdistortions level, Las is the dislocation density,
dw is the average grain size.

Composite material state C, (g2)12 L4108, dao,
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 +
200 0.0010 6.0 160
HPT to 0.25 of revolution

The TEM microstructure images of the composite in different structural states are shown in
Figure 6. As it can be seen ultrafine-grained structure with uniaxial grains is formed upon HPT
processing (Figure 6a). The average grain size determined on the basis of more than 100
measurements is dav~ 285 nm which correlates with the size of coherent-scattering domains obtained
by XRD analysis (Table 3). 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 on
Figure 6b. After annealing at 250 °C, the average grain size and the distribution of grain size
practically do not change (Figure 6c,d). 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 usually accompanied by
increased plasticity. The persistence of brittle behavior in our case may be associated with a decrease
in the number of mobile dislocations during annealing as it was revealed by XRD analysis (Table 3).
Additional deformation by 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). According to the Hall-
Petch ratio [28,29] such a grain refinement gives contribution to grain boundary strengthening
Aocs=75 MPa. Dislocation density increasing gives additional contribution to yield stress Acdis~40
MPa caused by the action of dislocations strengthening mechanism [30]. These two mechanisms
provide practically the same strengthening as the experimentally observed increase in yield stress
Aco2~ 93 MPa. One of the main explanations of manifestation of plastic properties after additional
HPT processing can be given on the bases of the model proposed earlier in [31]. After additional
deformation by HPT the deformation-induced dislocations are formed in a 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, their accumulation at and climb along the opposite grain boundaries.
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Figure 6. TEM micrographs of the composite after HPT processing (a), subsequent annealing at 250
°C (c) and addition deformation by HPT to 0.25 of revolution (e) and corresponding grain size
distribution (b), (d) and (f).

5. Conclusions

The results show the potential of combination wire arc additive manufacturing and high-
pressure torsion technique for producing composite materials with high mechanical characteristics.
The ultimate strength of the HPT-processed composite material can reach ~770 MPa. It's by ~ 3 times
more than initial strength properties. However, the material exhibits low ductility, which is a
limitation for many practical applications. It was found that deformation-heat treatment comprising
short-term annealing at 250 °C and additional deformation by HPT to 0.25 of revolution at room
temperature is an effective way to improve the ductility of the material while maintaining a high
level of strength. The resulting material had a tensile strength of ~700 MPa, which was still 90% of
the strength value after HPT processing, with a significant increase in ductility to approximately 9%.

The combination of sufficient ductility and high tensile strength was obtained by introducing of
an additional dislocation density into the grain boundary or near grain boundary structure. The
proposed approach suggests high potential for practical applications of the alloy studied and can be
a universally effective way to achieve a combination of high strength and ductility for various UFG
materials.
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