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Abstract: The proposed paper considers the opportunity of expanding the application area of wire
arc additive manufacturing (WAAM) method by means of increasing the strength properties of
deposited material, due to the implementation of aluminum wire with the addition of scandium
and zirconium. For the experimental research, the welding wire 1575 of the Al-Mg-Sc-Zr system
containing 0.23% Sc and 0.19% Zr was selected. The optimal welding parameters, ensuring the
defect-free formation of deposited material with low heat input, were used. Porosity level was
estimated. The thermal state was estimated by finite element simulation. Simulated thermal state
was verified by comparison with thermocouples data. Post-heat treatment parameters that lead to
maximum strength with good plasticity were determined. The maximum yield strength (YS) of 268
MPa and ultimate strength (UTS) of 403 MPa were obtained, while the plasticity was determined at
least 16.0% in all WAAM specimens.

Keywords: wire arc additive manufacturing (WAAM); additive manufacturing; cold metal transfer
(CMT); aluminum scandium alloys (Al-Sc); scandium; hardness; mechanical properties; cooling rate

1. Introduction

The wire arc additive manufacturing process (WAAM) is a technology to produce
large-sized metal products, including in the aerospace industry [1–3]. WAAM allows the
production of complex structures with a high material utilization rate. The WAAM product
has a cast structure, which is characterized by low mechanical properties. Increasing
the mechanical properties of WAAM products will expand their potential application for
high-load parts. The actual tasks for the study of WAAM are the choice of filler wire, arc
modes, and methods of strengthening in order to obtain products with high mechanical
properties. In [4], two strengthening methods of 2319 alloy deposits were investigated—
inter-layer cold working and post-deposition heat treatment. The UTS and YS of the
inter-layer rolled 2319 alloy achieve 314 MPa and 244 MPa, respectively, whereas, by heat
treatment, these values exceed 450 MPa and 305 MPa. In [5], the UTS of AA2050 alloy
deposits after post-deposited heat treatment exceeds 400 MPa. In [6], after heat treatment,
the YS of Al-Mg-0.3Sc achieves 279MPa. In [7], the maximum UTS of 333 MPa of Al-6Mg
alloy deposits was achieved due to the use of the VP-CMT arc mode. In [8], the YS of
5183 + 0.41 Sc alloy after heat treatment achieves 259 MPa.

The base structural materials in the aerospace industry are non-heat-treatable alloys of
the Al-Mg system, whose high levels of strength properties can be obtained by mechanical
hardening (cold rolling, stamping, etc.). The mechanical properties of WAAM deposits are
close to the properties of these alloys’ welded joints [7]. The addition of scandium and zir-
conium to the Al-Mg system is a well-known method of strengthening these alloys [9–14].
Scandium is one of the best modifiers of the cast grain structure; the addition of zirconium
enhances and stabilizes the effect of scandium. Strengthening occurs as a result of artificial
aging by the formation of nanosized Al3Sc precipitates at the decomposition of the super-
saturated solid solution at a sufficiently high (>100 ◦C/s) crystallization rates [15,16]. The
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solid solution of scandium in aluminum is unstable, and decomposes at the temperature of
250 ◦C [15,17]. The best level of mechanical properties is achieved due to the formation of
Al3Sc precipitates with sizes of 2–6 nm in diameter at temperatures between 250 ◦C and
400 ◦C [15]. Higher heating temperatures decrease the strength of the alloy due to a partial
coherence loss of the Al3Sc phase particles [18].

This paper presents the opportunity of expanding the application area of the WAAM
method due to the application of Al-Mg-Sc-Zr system welding wire (Sv1575), which can be
classified as 5XXX group of alloys (Table 1). It is very important to achieve the increase
in mechanical properties without additional cost. For this reason, the welding wire with
mutual alloying of Sc and Zr was selected. The application of Sc is limited due to its
high cost, while the addition of Zr allows using the Sc with its lower concentrations.
Additionally, this paper considers the influence of heat treatment on the strengthening
degree of the WAAM deposits to estimate optimal parameters. Although the strengthening
of Al-Mg alloys due to scandium and zirconium is well studied, the possibility of obtaining
high mechanical properties on WAAM deposits is very rarely found in the literature [8]. To
predict the possibility of obtaining a supersaturated solid solution after deposition, that is
prone to further aging, the cooling rate is to be estimated.

Table 1. Chemical compositions of the welding wire were purchased commercially from LTD Experimental plant «Avial»
and Al-6Mg substrate.

Alloy Mg Mn Zr Sc Cr Ti Ni Fe Si Cu Al

Sv1575 5.82 0.42 0.19 0.23 0.051 0.028 0.013 0.12 0.05 0.058 Balance

Al-6Mg (substrate) 5.8–6.8 0.5–0.8 - - - 0.02–0.1 - 0.4 0.4 0.1 Balance

2. Materials and Methods

In this study, the deposition of thin walls using CMT method (Cold Metal Transfer) was
carried out in order to determine heat treatment influence on the degree of strengthening
of the deposited metal. The additive manufacturing system included a Fronius TPS 500i
CMT arc welding power source (Fronius Gmbh, Wels, Austria) on process line #3727 and
an Yaskawa MA2010 welding robot (Figure 1, Yaskawa Nordic Ab, Jönköping, Sweden).

Figure 1. (a) Experimental setup for WAAM; (b) substrate with four deposited walls.

The walls were deposited on Al-6Mg substrate (Table 1) with dimensions
500 mm × 300 mm × 6 mm, and mounted on a 600 mm × 300 mm × 20 mm copper
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plate. A tight contact between the substrate and the copper plate was not ensured. Ad-
ditional cooling was continuously applied during experiment by the fan located on the
bottom side of the table. The welding parameters with the low heat input were used as a
basis [19,20]. The walls had a height of at least 40 mm and a thickness of more than 5 mm,
to obtain specimens for tensile testing.

The sequence of walls deposition is shown in Figure 2a. Each wall was completely
deposited; the next one was deposited after a pause to cool the substrate to 20 ◦C. Each
layer was carried out for the entire length of the wall (400 mm). The deposition was
carried out with pauses between the layers; the deposition direction was changed to the
opposite from layer to layer (Figure 2b). A pause was maintained between the beads to
cool the substrate to a temperature of less than 100 ◦C. There were 8 walls deposited on
two substrates overall. The welding parameters and the pause time between the layers are
presented in Table 2.

Figure 2. (a) Thermocouples location and the sequence for walls manufacturing (all dimensions are in millimeters); (b)
deposition direction.

Table 2. Process parameters for each layer.

Layer Travel Speed, cm/min Wire Feed Speed, m/min Current, A Arc Voltage, V Pause Time
between Layers, s

1 48 8.5 125 14 20
2 60 8.8 127 15 60
3 45 5.5 78 11 180
4 45 5.5 79 12 180

5–15 48 5.5–5.6 78–79 11–12 180

To estimate the cooling rate during deposition, a finite element simulation was carried
out using Ansys software (ANSYS Mechanical Enterprise, ANSYS Inc, Canonsburg, PA,
USA). The simulation was performed for the first weld bead, next to which thermocouples
were located. Other weld beads were eliminated from the simulation as their location from
thermocouples was too far from the heat source.

The geometrical model is shown in Figure 3 and consists of an M1 grade cooper plate,
a substrate from Al-6Mg alloy, and a deposited bead from 1575 alloy. The simulation model
was sectioned on separated volumes to build the uniform mesh and set up boundary
conditions. Mesh consisted of 20 nodes of quadratic elements (SOLID186); the size of the
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elements near weld bead was 1 mm, while the elements in the far area had an average size
of 5 mm.

Figure 3. Geometrical model.

The total heat power of the heat source during deposition was equal to arc welding
power, as shown in the following Equation (1):

Q = η·I·U (1)

where η = 0.95—arc efficiency coefficient; U—arc voltage, V; and I—arc current, A. The
values of these variables were obtained from Table 2 for the first bead.

Thermophysical properties of materials were set from the Ansys database. The thermal
condition of the deposition was estimated by the cooling rate of the weld pool boundary.
The estimation was carried out by comparing the calculated and experimental data. The
data obtained from the thermocouples were used to adjust the power density distribution
of the heat source. The power of the heat source was described by a normal distribution
model (2) with different distributions along and across the bead in -X and -Y directions [21]:

q(x, y) =
3·Q

π·Rx·Ry
·exp

(
− 3

R2
x
·x2 − 3

R2
y
·y2

)
(2)

where q(x, y)—heat power density distribution, W/mm2; Q = η·I·U—welding arc power,
W; Rx, Ry—heat source distribution boundaries along the axes, mm; and x, y—distance
from the heat source to point, mm.

The parameters of the heat source for Formula (2) are presented in Table 3. A power
density distribution visualization of the heat source is shown in Figure 4.

Table 3. The heat source parameters.

Parameter Value

Rx, mm 6
Ry, mm 7.5

Q, W 1750
qmax, W/mm2 37.1
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Figure 4. Power density distribution of the heat source: (a) 3D power density distributions of the heat source; (b) source
distribution zone parameters.

The deposited metal of the walls was subjected to tensile testing and hardness measure-
ments. Specimens for tensile testing were prepared according to ASTM E8/E8M-16ae1 [22],
and were sectioned from thin-walls, as shown in Figure 5. Three specimens in length and
two in height were made from each wall, with the corresponding marking: “t” and “b” to
indicate the top and the bottom relative to the substrate.

Figure 5. Specimens location in wall and one’s dimensions (all dimensions are in millimeters).

Specimens were aged in the temperature range of 275–350 ◦C with a step of 25 ◦C
for 1–12 h in a SNOL 1100/30 muffle furnace (Umega Group, AB SnolTherm, Narkūnai
(Utena), Lithuania). The specimens were placed in the furnace on an aluminum table with
an already steady-stated temperature. The temperature in the furnace was controlled by
three thermocouples (the top and the center of the chamber, and the aluminum table). The
temperature was in range from −5 to +10 ◦C from the set level during the aging process.

Tensile testing was performed on a universal tensile testing machine, MTS Criterion
43 (MTS Systems Corporation, Eden Prairie, MN, USA), with a maximum load capacity
of 50 kN. The Vickers hardness was measured using a KB 50SR microhardness tester (KB
Prüftechnik GmbH, Hochdorf-Assenheim, Germany). Ten measurements with a load of
1 kg were carried out on each specimen.

Metallographic examinations were carried out on specimens with and without heat
treatment after deposition. The thin sections were etched by Keller’s reagent (HF 20%, HCl
30%, H2O 50%) to reveal the structure. The examinations were carried out using a Leica
DMi8 optical microscope (Leica Microsystems GmbH, Wetzlar, Germany).
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The porosity was evaluated using the ImageJ image analysis program (1.52a, Rasband,
W.S., National Institutes of Health, Bethesda, MD, USA). The total number and area of
pores in the cross-sectional of the specimens were determined. The minimum threshold
value of the pore area was 0.0001 mm2 (diameter 11 µm).

3. Results and Discussions

There were 42 specimens, obtained from seven walls. One wall with six specimens was
rejected as it was damaged during the milling process due to operator error. The deposition
of the layers of each wall was carried out in the same conditions that are confirmed by
the results of temperature recording using thermocouples. It was determined that the
temperature was reduced to less than 70 ◦C before the start of the next layer by deposition
with pauses.

Calculation of temperature fields from the action of the heat source, with the parame-
ters from Table 3, demonstrated a good agreement with experimental data. The comparison
of experimental and simulations data for thermocouples № 6, № 7, № 1, № 2, and № 8 is
presented in Figure 6.

Figure 6. Thermal cycles for thermocouples: (a) № 7; (b) № 6; (c) № 1; (d) № 2; and (e) № 8.
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The first wave of the experimental result in Figure 6b can be explained by two inac-
curacies during FEM analysis: (1) not an accurate enough heat flow reflection coefficient
in case of top plate heat reflection. In this case, we observe heat accumulation from plate
top in a larger amount than we expected. (2) not an accurate enough description of con-
tact between aluminum substrate and copper plate. As the substrate was not in full area
tight contact with the copper plate (only in fixture places), this may lead to FEM analysis
deviation, especially in distant from heat source elements.

The obtained agreement between the calculated and experimental data makes it
possible to obtain a thermal cycle for the weld pool boundary with acceptable accuracy.
Isotherms during deposition simulation are shown in Figure 7a. The thermal cycle for the
welding pool boundary (point A in Figure 7a) is shown in Figure 7b.

Figure 7. (a) Isotherms during deposition (point A–the point on the welding pool boundary); (b) thermal cycle of the
welding pool boundary for point A.

To estimate the average cooling rate, the ranges of temperature values from the
moment of maximum heating (T1 = 585 ◦C) were selected. Key temperature points are also
marked on the thermo cycle for point A.

The crystallization interval at non-equilibrium conditions for alloy 1575 is ~195 ◦C,
and is in the temperature range of 637–445 ◦C [23]. The cooling rate in this range for
the first bead was 225.8 ◦C/s, which confirms the formation of a supersaturated solid
solution [15,16]. Cooling rates for other temperature intervals are presented in Table 4.

Table 4. Average cooling rates for temperature ranges.

№ Temperature, ◦C Time, s Average Cooling Rate,
(∆T/∆Tau) ◦C/s

1
T.1 = 585 Tau.1 = 4.5

283.3T.2 = 500 Tau.2 = 4.8

2
T.1 = 585 Tau.1 = 4.5

168.2T.3 = 400 Tau.3 = 5.6

3
T.1 = 585 Tau.1 = 4.5

118.7T.4 = 300 Tau.4 = 6.9

4
T.1 = 585 Tau.1 = 4.5

57.9T.5 = 200 Tau.5 = 11.1

5
T.1 = 585 Tau.1 = 4.5

15.3T.6 = 100 Tau.6 = 36.1
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The achievement of the required cooling rate is confirmed by the results of metal-
lography. The microstructure of the specimens is equiaxed fine-grained with moderate
porosity, as shown in Figure 8a. The most of pores are from 15 to 50 µm, and individual
pores could be up to 125 µm in diameter (Figure 8b). The relative porosity of the specimens
is 0.3%. Such porosity should be considered as not affecting the strength as the percentage
of weakening of the section from pores is low, and the sizes of individual pores do not lead
to a significant increase in stress concentration. Additionally, the lack of influence of such a
low porosity on mechanical properties is confirmed by the data obtained in [24]. Therefore,
the deposited specimens can be subjected to further mechanical testing.

Figure 8. (a) Microstructure of specimens aged at 300 ◦C/6 h (100×); (b) cross-sectional pore distribution.

It was determined that the location of the specimens relative to the substrate (“bottom”
or “top”) does not significantly affect the mechanical properties (Figure 9a,b). The spread
of the mechanical properties for the same heat treatment is in the range of less than 3%,
which can be considered a random error of the experiment. Therefore, specimens with
a different location relative to the substrate were considered to be obtained in the same
conditions in a further experiment.

Figure 9. Mechanical properties of specimens, aged at various temperatures for 1 h: (a) yield strength; (b) ultimate strength.

The average results for each series of tensile testing are presented in Table 5. Tensile
testing of specimens without heat treatment confirms the presence of a quenched structure
in the deposited metal. These specimens showed a high level of plasticity (El = 27%) with
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low level of strength (YS = 176 MPa, UTS = 337 MPa) (Table 5). After heat treatment, speci-
mens showed significantly higher strength properties, with a slight decrease in plasticity. A
noticeable effect of mechanical properties increasing was already observed after treatment
at 275 ◦C for 1 h (YS = 241 MPa, UTS = 380 MPa, El = 21%). The highest strength was
obtained at 300 ◦C for 6 h; the yield strength was increased by 52% (to 268 MPa) and the
ultimate strength by 20% (to 403 MPa); the level of plasticity remained at the high level
(El = 20%).

Table 5. Average values of the mechanical properties.

Heat Treatment Specimens Number Values UTS, MPa YS, MPa El, %

- 8
A 1 337 176 27

SD 2 2.8 3.7 1.2
CV 3 0.8% 2.1% 4.4%

275 ◦C-1 h 4
A 380 241 21

SD 2.8 3.3 1.3
CV 0.7% 1.4% 6.2%

275 ◦C-3 h 4
A 381 253 16

SD 8.1 1.9 3.7
CV 2.1% 0.8% 23.1%

275 ◦C-6 h 2
A 388 259 18

SD 3.3 3.7 2.4
CV 0.9% 1.4% 13.3%

300◦ C-1 h 4
A 397 263 20

SD 5.5 3.1 1.2
CV 1.4% 1.2% 6.0%

300 ◦C-3 h 4
A 398 265 20

SD 1.5 2.5 1.2
CV 0.4% 0.9% 6.0%

300 ◦C-6 h 3
A 401 268 20

SD 5.3 4.4 4.3
CV 1.3% 1.6% 21.5%

300 ◦C-12 h 3
A 403 268 20

SD 4.0 2.4 2.1
CV 1.0% 0.9% 10.5%

325 ◦C-1 h 4
A 395 262 19

SD 3.4 3.0 2.0
CV 0.9% 1.1% 10.5%

325 ◦C-6 h 2
A 402 261 22

SD 1.3 2.1 4.0
CV 0.3% 0.8% 18.2%

350 ◦C-1 h 4
A 395 255 24

SD 4.7 4.6 1.2
CV 1.2% 1.8% 5.0%

1 A—Average, 2 SD—Standard deviation, 3 CV—Coefficient of Variation.

A comparison of the specimens tensile testing results with aging for 1 h at various
temperatures is shown in Figure 10a. Improvement of the mechanical properties remains
noticeable up to 300 ◦C. Further heating to 325–350 ◦C does not provide an additional
increase in mechanical properties. A comparison of the tensile testing results of specimens
with a constant aging temperature for various treatment times is presented in Table 5. The
treatment time barely affects the degree of strengthening. The increase in the values of
mechanical properties at 3, 6, and 12 h, compared with 1 h, does not exceed 1.9%, which
can be described as an experimental error.
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Figure 10. (a) Mechanical properties at various temperatures for 1 h aging; (b) maximum strength properties due to
heat treatment.

Therefore, the optimal heat treatment for WAAM 1575 alloy deposits is aging at 300 ◦C
for 1 h, with the goal of obtaining high strength, good plasticity, and minimum energy costs.
Formally, the maximum strength was obtained with aging at 300 ◦C for 12 h (Figure 10b).

The hardness measurement results of specimens with various heat treatments are
presented in Table 6. The hardness values showed an agreement with the results of
mechanical tensile tests. After heat treatment, the hardness was increased by more than
19% (from 89 HV to >106). According to the plots in Figure 11a,b, the value of hardness
weakly depends on the heat treatment. The plots have practically zero slopes and can be
considered almost horizontal.

Table 6. Average values of hardness.

Aging Temperature, ◦C Aging Time, h Hardness, HV Standard Deviation Coefficient of Variation, %

- 0 89 2.1 2.4

275 1 106 5.4 5.1

300

1 111 3.8 3.4
3 113 5.1 4.5
6 118 3.7 3.1

12 117 3.7 3.2

325 1 115 3.6 3.1

350 1 118 4.8 4.1

The coefficient of variation for UTS and YS does not exceed 2.1%; for hardness does
not exceed 5.1%, which indicates the consistency of test results and the absence of gross
errors in the experiment. The coefficient of variation for elongation does not exceed 23.1%,
which indicates an acceptable consistency of the experimental results. The variation in
the experimental data of elongation is probably due to the nonuniformity of mechanical
properties and the presence of pores, which show themselves as fracture nuclei.

According to mechanical properties, the supersaturated solid solution of Sc in Al
was obtained. The structure of beads is quenched and prone to heat treatment, i.e., aging.
The data of mechanical properties indicate the beginning of supersaturated solid solution
decomposition at 275 ◦C for 1 h. This result is in good agreement with other studies [15,17],
which indicate that the solid solution is stable up to a temperature of 250 ◦C. Significant
growth of mechanical properties continues up to 300 ◦C for 1 h; a further increase in the
temperature and aging time gives a much smaller UTS and YS growth. It can be explained
by the almost complete precipitation of the Al3Sc phase from solid solution at a temperature
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of 300 ◦C. Formally, the maximum in mechanical properties was achieved at 300 ◦C for
12 h, at which the yield strength was 268 MPa.

Figure 11. Average values of hardness at various heat treatments: (a) at various aging times and a constant temperature of
300 ◦C; (b) at various aging temperatures for 1 hour.

Unfortunately, little research work has been devoted to the WAAM of the Al-Mg-Sc-Zr
alloy. However, the addition of scandium and zirconium to Al-Mg alloys is widely used for
welding joints. Various welding methods, mainly metal-inert gas welding (MIG) [25], gas-
tungsten arc welding (GTA) [12], laser beam welding [26], and even friction stir welding
(FSW) [27], were employed in these researches to determinate the mechanical properties
for welding joins with these alloys. All these methods confirmed the high mechanical
properties of welded joints and good weldability. Successful application of Sc and Zr to
Al-Mg fusion welding allows us to use this experience in WAAM.

A similar experimental study was conducted by AML Technologies in Adelaide,
Australia [8] to research the effect of various scandium and zirconium additions to WAAM
5XXX alloy deposits. The comparison of mechanical properties with this study is presented
in Table 7.

Table 7. Tensile testing results of WAAM deposits at various Sc and Zr additions to Al-Mg system welding wires.

Alloy
Without Heat Treatment

Heat Treatment
With Heat Treatment

Reference
UTS, MPa YS, MPa El, % UTS, MPa YS, MPa El, %

5183

+0.24 Sc 321 161 25 300 ◦C-1 h 335 214 19

[8]

+0.41 Sc 350 212 22 300 ◦C-5 h 377 259 17

+0.075 Sc
268 119 22

no data

271 125 18+0.11 Zr

+0.26 Sc
306 161 18 312 169 22+0.1 Zr

5356 +0.23 Sc 323 179 21 337 196 24

Sv1575 +0.23 Sc
+0.19 Zr 337 176 27

300 ◦C-1 h 397 263 20
300 ◦C-6 h 401 268 20 this study
300 ◦C-12 h 403 268 20

In [8], the yield strength was increased to 259 MPa, which can be considered compara-
ble with the yield stress obtained in this study. However, in [8] this value was achieved
using a higher scandium concentration of 0.41% Sc, while the concentration in this study
is 0.23% Sc. The alloy 5183, with the addition of 0.26% Sc + 0.1% Zr [8], is the closest to
Sv1575 of the content of transition metals Sc and Zr. However, the yield strength of WAAM
5183 alloy deposits was 169 MPa, which is more than 1.5 times lower than deposits from
Sv1575.
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Potentially, it is possible to increase the mechanical properties of the deposited
metal by greater alloying, however the alloying parameters of Sc and Zr should be
selected coordinately.

4. Conclusions

The research presented in this paper can be summarized, as follows:

1. The supersaturated solid solution, after deposition that is prone to further aging, can
be obtained without additional conditions of cooling;

2. The high yield strength of 268 MPa and ultimate strength of 403 MPa of WAAM
1575 alloy deposits were obtained. The welding wire, with a complex addition of
scandium and zirconium, expands the application area of WAAM and makes it possi-
ble to manufacture large-sized aluminum products with high mechanical properties
with all advantages inherent in this technology;

3. The optimal heat treatment is aging at 300 ◦C for 1 h from the point of view of
obtaining high strength properties, good plasticity, and minimum energy costs;

4. Potentially, the mechanical properties can be increased by means of greater alloying
and the achievement of a higher cooling rate at deposition.

Author Contributions: Conceptualization, M.I.; methodology, M.P.; software, M.P. and A.K.; valida-
tion, T.P., M.P., and A.K.; formal analysis, T.P. and M.P.; investigation, T.P. and A.K.; resources, T.P.;
data curation, T.P.; writing—original draft preparation, T.P. and M.P.; writing—review and editing,
T.P., M.P., A.K. and M.I.; visualization, T.P. and M.P.; supervision, M.I.; and project administration,
M.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to commercial intellectual property.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Manfredi, D.; Calignano, F.; Krishnan, M.; Canali, R.; Paola, E.; Biamino, S.; Ugues, D.; Pavese, M.; Fino, M.P.A.P. Additive

Manufacturing of Al Alloys and Aluminium Matrix Composites (AMCs). In Light Metal Alloys Applications; Monteiro, W.A., Ed.;
InTechOpen: London, UK, 2014; pp. 3–34. [CrossRef]

2. Huang, K.; Chang, T.X.; Jing, Y.D.; Fang, X.W.; Lu, B.H. Additive manufacturing of magnesium alloys. In Additive and Subtractive
Manufacturing, 1st ed.; Davim, J.P., Ed.; De Gruyter: Berlin, Germany, 2020; pp. 149–199. [CrossRef]

3. Cordis.europa.eu. Available online: https://cordis.europa.eu/project/id/30953/reporting (accessed on 9 April 2021).
4. Gu, J.; Ding, J.; Williams, S.W.; Gu, H.; Bai, J.; Zhai, Y.; Ma, P. The strengthening effect of inter-layer cold working and

post-deposition heat treatment on the additively manufactured Al–6.3Cu alloy. Mater. Sci. Eng. A 2016, 651, 18–26. [CrossRef]
5. Zhong, H.; Qi, B.; Cong, B.; Qi, Z.; Sun, H. Microstructure and Mechanical Properties of Wire + Arc Additively Manufactured

2050 Al–Li Alloy Wall Deposits. Chin. J. Mech. Eng. 2019, 32, 1–7. [CrossRef]
6. Ren, L.; Gu, H.; Wang, W.; Wang, S.; Li, C.; Wang, Z.; Zhai, Y.; Ma, P. The Microstructure and Properties of an Al-Mg-0.3Sc Alloy

Deposited by Wire Arc Additive Manufacturing. Metals 2020, 10, 320. [CrossRef]
7. Zhang, C.; Li, Y.; Gao, M.; Zeng, X. Wire arc additive manufacturing of Al-6Mg alloy using variable polarity cold metal transfer

arc as power source. Mater. Sci. Eng. A 2018, 711, 415–423. [CrossRef]
8. Sales, A.; Ricketts, N.J. Effect of Scandium on Wire Arc Additive Manufacturing of 5 Series Aluminium Alloys. J. Light Met. 2019,

1455–1461. [CrossRef]
9. Filatov, Y.; Yelagin, V.; Zakharov, V. New Al–Mg–Sc alloys. Mater. Sci. Eng. A 2000, 280, 97–101. [CrossRef]
10. Lathabai, S.; Lloyd, P. The effect of scandium on the microstructure, mechanical properties and weldability of a cast Al–Mg alloy.

Acta Mater. 2002, 50, 4275–4292. [CrossRef]
11. Jiang, F.; Zhou, J.; Huang, H.; Qu, J. Characterisation of microstructure and mechanical properties in Al–Mg alloy with addition

of Sc and Zr. Mater. Res. Innov. 2014, 18, S4-228–S4-234. [CrossRef]
12. Babu, N.K.; Bhikanrao, P.Y.; Sivaprasad, K. Enhanced Mechanical Properties of AA5083 GTA Weldments with Current Pulsing

and Addition of Scandium. Mater. Sci. Forum 2013, 765, 716–720. [CrossRef]

http://doi.org/10.5772/58534
http://doi.org/10.1515/9783110549775-004
https://cordis.europa.eu/project/id/30953/reporting
http://doi.org/10.1016/j.msea.2015.10.101
http://doi.org/10.1186/s10033-019-0405-z
http://doi.org/10.3390/met10030320
http://doi.org/10.1016/j.msea.2017.11.084
http://doi.org/10.1007/978-3-030-05864-7_182
http://doi.org/10.1016/S0921-5093(99)00673-5
http://doi.org/10.1016/S1359-6454(02)00259-8
http://doi.org/10.1179/1432891714Z.000000000686
http://doi.org/10.4028/www.scientific.net/MSF.765.716


Materials 2021, 14, 3665 13 of 13

13. Bronz, A.V.; Efremov, V.I.; Plotnikov, A.D.; Chernyavsky, A.G. Splav 1570S—Material dlya germetichnyh konstrukcij perspek-
tivnyh mnogorazovyh izdelij «RKK Energiya» (Alloy 1570C-Material for pressurized structures of advanced reusable vehicles of
RSC Energia). Kosm. Tekhnika Tekhnologii 2014, 14, 62–67.

14. Zakharov, V.V. Effect of Scandium on the Structure and Properties of Aluminum Alloys. Met. Sci. Heat Treat. 2003, 45, 246–253.
[CrossRef]

15. Dorin, T.; Ramajayam, M.; Vahid, A.; Langan, T. Aluminium Scandium Alloys. In Fundamentals of Aluminium Metallurgy, 1st ed.;
Lumley, R.N., Ed.; Woodhead Publishing: Cambridge, UK, 2018; pp. 439–494. [CrossRef]

16. Fedorchuk, V.E.; Kushnareva, O.S.; Alekseenko, T.A.; Falchenko, Y.V. Osobennosti legirovaniya skandiem metalla shvov svarnyh
soedinenij vysokoprochnyh alyuminievyh splavov (Features of scandium alloying of welded joints of high-strength aluminium
alloys). Avtomat. Sv. 2014, 5, 30–34.

17. Gorbunov, Y.A. Rol i perspektivy redkozemel’nyh metallov v razvitii fiziko-mekhanicheskih harakteristik i oblastej primeneniya
deformiruemyh alyuminievyh splavov (The role and prospects of rare earth metals in the development of physical and mechanical
characteristics and areas of application of wrought aluminium alloys). J. Sib. Fed. Univ. Tekhka Tekhii 2015, 8, 636–645. [CrossRef]

18. Cherkasov, V.V.; Pobezhimov, P.P.; Nefedova, L.P. Osobennosti formirovaniya struktury i svojstv litejnyh Al–Mg-splavov,
legirovannyh skandiem (Features of the formation of the structure and properties of cast Al-Mg alloys alloyed with scandium).
Metall. Heat Treat. Met. 1996, 6, 30–32.

19. Panchenko, O.; Kurushkin, D.; Mushnikov, I.; Khismatullin, A.; Popovich, A. A high-performance WAAM process for Al–Mg–Mn
using controlled short-circuiting metal transfer at increased wire feed rate and increased travel speed. Mater. Des. 2020, 195,
109040. [CrossRef]

20. Kisarev, A.V.; Kobernik, N.V. Study on formation of aluminum alloy thin wall produced with WAAM method under various
thermal conditions. J. Phys. Conf. Ser. 2020, 759, 012014. [CrossRef]

21. Goldak, J.; Chakravarti, A.; Bibby, M. A new finite element model for welding heat sources. Met. Mater. Trans. A 1984, 15, 299–305.
[CrossRef]

22. ASTM E8/E8M-16ae1, Standard Test Methods for Tension Testing of Metallic Materials; ASTM International: West Conshohocken, PA,
USA, 2016. [CrossRef]

23. Reznik, P.L. Vliyanie Parametrov Obrabotki na Strukturu i Mekhanicheskie Svojstva Slitkov i Polufabrikatov Alyuminievyh
Splavov Sistem Al-Mg-Mn-Sc-Zr i Al-Cu-Mg-Si (Influence of Processing Parameters on the Structure and Mechanical Properties
of Ingots and Semi-Finished Products of Aluminium Alloys of the Al-Mg-Mn-Sc-Zr and Al-Cu-Mg-Si Systems). Ph.D. Thesis,
Ural Federal University, Yekaterinburg, Russia, 14 December 2017.

24. Kou, S. Welding Metallurgy, 2nd ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2003; ISBN 0-471-43491-4.
25. Huang, X.; Pan, Q.; Li, B.; Liu, Z.; Huang, Z.; Yin, Z. Effect of minor Sc on microstructure and mechanical properties of

Al–Zn–Mg–Zr alloy metal–inert gas welds. J. Alloys Compd. 2015, 629, 197–207. [CrossRef]
26. Loginova, I.; Khalil, A.; Pozdniakov, A.; Solonin, A.; Zolotorevskiy, V. Effect of Pulse Laser Welding Parameters and Filler Metal

on Microstructure and Mechanical Properties of Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr Alloy. Metals 2017, 7, 564. [CrossRef]
27. Malopheyev, S.; Mironov, S.; Kulitskiy, V.; Kaibyshev, R. Friction Stir Welding of an Al-Mg-Sc-Zr Alloy with Ultra-Fined Grained

Structure. Mater. Sci. Forum 2014, 794–796, 365–370. [CrossRef]

http://doi.org/10.1023/A:1027368032062
http://doi.org/10.1016/B978-0-08-102063-0.00012-6
http://doi.org/10.17516/1999-494X-2015-8-5-636-645
http://doi.org/10.1016/j.matdes.2020.109040
http://doi.org/10.1088/1757-899X/759/1/012014
http://doi.org/10.1007/BF02667333
http://doi.org/10.1520/E0008_E0008M-16AE01
http://doi.org/10.1016/j.jallcom.2014.11.227
http://doi.org/10.3390/met7120564
http://doi.org/10.4028/www.scientific.net/MSF.794-796.365

	Introduction 
	Materials and Methods 
	Results and Discussions 
	Conclusions 
	References

