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Abstract: The high cracking sensitivity of Al-Cu-Mg alloy limits its application in wire + arc addi-
tive manufacturing (WAAM). In this paper, a double-wire cold metal transfer (CMT) arc additive
manufacturing system was applied. ER2319 and ER5183 wires were selected as feedstocks and a new
type of high-strength, crack-free Al-Cu-Mg alloy was manufactured. T6 (solution and artificial aging)
heat treatment was conducted to further improve the mechanical properties. The microstructure,
the second phase, distribution of main alloy elements and fracture morphology of Al-Cu-Mg alloys in
both as-deposited and T6 heat-treated conditions were analyzed by optical micrographs (OM), X-ray
diffraction (XRD), and scanning electron microscopy (SEM), respectively. The micro-hardness and
tensile properties of WAAM Al-Cu-Mg alloy in both as-deposited and T6 heat-treated conditions were
tested. The results demonstrated that the microstructure of the as-deposited Al-Cu-Mg alloy was
composed of short rod-shaped columnar grains, equiaxed grains in the inter-layer region, and coarsen
equiaxed grains in the inner-layer region; most of the second phases were continuously distributed
along the grain boundaries. After the T6 heat treatment, α(Al) grains became coarsened, most of
second phases were dissolved, and the Cu and Mg elements were distributed homogeneously in the
aluminum matrix. The micro-hardness and strength were significantly improved but the elongation
was reduced.

Keywords: double-wire CMT arc additive manufacturing; Al-Cu-Mg alloy; heat treatment;
microstructure; mechanical property

1. Introduction

Al-Cu alloys are widely applied in aerospace industries due to their high specific
strength and excellent processing properties [1,2]. However, traditional manufacturing
processes, such as casting or forging, not only have long processing cycles, but also have
low material utilization rates to manufacture Al-Cu alloy components. Wire + arc additive
manufacturing (WAAM), a rapid near net-shape method, adopts arc as the heat source,
melting and depositing the filler wires along the designed path to manufacture large
structural components, which has attracted attention of many researchers [3–5]. WAAM is
extremely suitable for rapidly manufacturing medium and large metallic structures with
advantages in high depositing efficiency, low cost of equipment, and flexibility of materials
and design [6–8].

Al-Cu-Mg alloys are the highest strength aluminum alloys among Al2000 series
aluminum alloys. However, when the Mg element was added in Al-Cu alloy, the brittle
temperature range would be increased because the eutectic S phases (Al2CuMg) with low
melting point were precipitated along the grain boundaries and the solubility of Cu in Al-
Cu alloy was reduced [9,10]. Thus, the hot crack sensitivity of the alloy is increased. Fixter
et al. reported that it is feasible to manufacture 2024-Al alloy by WAAM. However, its high
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sensitivity to hot cracking must be considered [11]. Zhang et al. fabricated 2024-Al alloy
thin wall structure by single-wire arc additive manufacturing, and apparent solidification
cracks were found in the alloy [12]. Gu et al. manufactured 2024-Al alloy thin wall structure
by single-wire cold metal transfer (CMT) arc additive manufacturing and studied the
microstructure, defects, and mechanical properties. The ultimate tensile strength (UTS)
and yield strength (YS) of alloy were 485 MPa and 399 MPa, respectively, in the horizontal
direction after the T6 heat treatment. However, solidification cracks were the main reason
for the brittle fracture, and the elongation was reduced in the vertical direction [13].

In summary, it is challenging to use existing Al-Cu-Mg alloy wire to produce high-
strength, crack-free Al-Cu-Mg alloy by WAAM. Thus, a new Al-Cu-Mg wire suitable for
WAAM should be developed. However, the developing of new aluminum alloy wire
needs to go through the processes of smelting, extrusion, rolling, annealing, and drawing.
Therefore, the production cycle is very long. In addition, in order to determine the best
alloy composition, it is necessary to manufacture a large number of wires for verification,
which is very expensive as well.

The research demonstrates that double-wire arc additive manufacturing provides
a new method to manufacture Al-Cu-Mg alloy. Qi et al. selected ER2319 and ER5087
wires as feedstocks by using double-wire gas tungsten arc welding (GTAW) to produce
Al-3.6Cu-2.2Mg, Al-4.0Cu-1.8Mg, and Al4.4Cu-1.5Mg alloys through adjusting the wire
feed speeds (WFS). The horizontal UTS of these Al-Cu-Mg alloys had little difference and
all exceeded 280 MPa. However, the YS of these Al-Cu-Mg alloys increased from 156 MPa
to 177 MPa with higher Cu and lower Mg content, and the elongation decreased from
8.2% to 6% [14]. Gu et al. used double-wire gas metal arc welding (GMAW) to fabricate a
series of Al-Cu-Mg alloys by adjusting the types of wires and the WFS. The effect of alloy
composition on the cracking tendency was studied, and the results demonstrated that the
Al-(4.2–6.3) Cu-(0.8–1.5) Mg alloys had a low cracking tendency [15].

The CMT process is considered as the most suitable method for WAAM applications
due to its advantages of low heat input, stable wire feeding, less spatter, and good surface
formation [16,17]. However, double-wire CMT additive manufacturing for manufacturing
Al-Cu-Mg alloys was not reported yet. In this paper, a double-wire CMT additive manu-
facturing system was applied to manufacture a new high-strength, crack-free Al-Cu-Mg
alloy by using ER2319 and ER5183 wires. The microstructure and mechanical properties of
WAAM Al-Cu-Mg alloys in both as-deposited and T6 heat-treated conditions were studied.

2. Materials and Methods

The double-wire CMT additive manufacturing system is shown in Figure 1a. The
system consists of two Fronius CMT advanced welding power sources, two wire feed-
ers, a robotic arm (KUKA), and a dual-wire integrated welding gun. Two wires were
fed simultaneously into the same molten pool in CMT mode during welding, as shown
in Figure 1b.

2219-Al alloy plate (dimension in 200 mm× 50 mm× 15 mm) was selected as substrate,
and ER2319 and ER5183 wires (diameter in 1.2 mm) were used as feedstocks. Their nominal
chemical compositions are listed in Table 1.

The Al-Cu-Mg alloy component with 130 mm in length and 80 mm in height was
manufactured, as shown in Figure 1c. The following parameters were set as constants for
each layer: travel speed was 0.6 m/min; inter-layer cooling was 30 s; the flow rate of pure
Ar (99.99%) was 25 L/min; and the distance between the contact tip and workpiece was
set as 15 mm. For ER2319 wire, the WFS was 9 m/min, current was 160 A, and voltage
was 15 V. For ER5183 wire, the WFS was 4.5 m/min, current was 80 A, and voltage was
8.7 V. The inductively coupled plasma optical emission spectrometer (ICP-OES) (Optima
8300 PerkinElmer, Waltham, MA, USA) was used to detect the Cu and Mg content of the
WAAM Al-Cu-Mg alloy. The results demonstrated that the alloy contained 4.7% Cu and
2% Mg. Therefore, it can be referred to as the WAAM Al-4.7Cu-2Mg alloy in this article.
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Figure 1. (a) Double-wire CMT additive manufacturing system, (b) schematic diagram of double 
wires depositing process, and (c) WAAM Al-Cu-Mg alloy wall. 
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(XRD). The field emission scanning electron microscopy (FE-SEM), equipped with an 
energy dispersive spectrometer (EDS), was applied for micro-area composition detection 
and fractured surface morphology analysis. 

Figure 1. (a) Double-wire CMT additive manufacturing system, (b) schematic diagram of double
wires depositing process, and (c) WAAM Al-Cu-Mg alloy wall.

Table 1. Nominal composition (wt.%) of ER2319, ER5183, and 2219 substrate.

Alloys Cu Mg Mn Fe Si Zr Ti Al

ER2319 wire 6.3 - 0.4 0.3 0.2 0.15 0.15 Bal.
ER5183 wire - 5.0 0.6 0.2 0.2 - 0.1 Bal.

2219 substrate 6.3 - 0.2 0.3 0.2 0.15 0.1 Bal.

T6 heat treatment includes solution treatment and artificial aging treatment. The
solution temperature was 500 ◦C and the holding time was 1.5 h followed by quenching in
cold water. Subsequently, the artificial aging treatment was applied at 190 ◦C for 6 h.

Experimental specimens were obtained from the middle part of the alloy, which is
shown in Figure 2a. The welding direction was defined as the horizontal direction, while the
depositing direction was defined as the vertical direction. The tensile tests were performed
by the universal tensile testing machine with a tensile rate of 2 mm/min. The rod-shaped
tensile specimen size is shown in Figure 2b. The Vickers micro-hardness starting at 40 mm
from the bottom in units of 0.5 mm was examined along the Z-axis direction with 200 g
load for 15 s.
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Figure 2. (a) The sampling positions and (b) the tensile specimen size. 
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The specimen sampling location for metallographic observation is shown in Figure 3.
Specimens were etched by Keller solution (95 mL distilled water, 2.5 mL HNO3, 1.5 mL
HCl, and 1 mL HF). The microstructure was observed by Olympus Optical microscopy
(OM) (GX71, Tokyo, Japan). The phase analysis was conducted by X-ray diffractometer
(XRD). The field emission scanning electron microscopy (FE-SEM), equipped with an
energy dispersive spectrometer (EDS), was applied for micro-area composition detection
and fractured surface morphology analysis.
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Figure 3. The sampling location of the specimens for metallographic observation.

3. Results and Discussion
3.1. Microstructure Characterization

Figure 4a shows the metallographic structure of the XOZ section of the as-deposited
alloy. It can be observed that the microstructure was mainly divided into the inter-layer
region and inner-layer region. In the inner-layer region, the microstructure consisted of
short rod-shaped columnar grains near the fusion line and coarsened equiaxed grains away
from the fusion line. The average grain sizes were about 45 µm, as shown in Figure 4b.
Compared with the inner-layer microstructure, the microstructure near the fusion line in
the inter-layer region was composed of coarsen equiaxed grains, which can be observed in
Figure 4b. The average grain size was about 55 µm.

Figure 5a shows the metallographic structure of the YOZ section of the as-deposited
alloy. The microstructure was divided into the inter-layer region and inner-layer region by
the fusion line, and the microstructure in the different regions was similar to those of the
XOZ section. The average grain sizes were about 49 µm in the inner-layer region (Figure 5b)
and about 64 µm in the inter-layer region (Figure 5c).

The microstructure of the as-deposited alloy is closely related to the temperature
gradient, the cooling rate, and the number of heterogeneous nucleation nuclei [18]. In the
inner-layer region, near the fusion line, α(Al) grains nucleated on the surface of solidified
grains surface and grew inward in the form of columnar grains due to the large temperature
gradient and fast cooling rate. Far from the fusion line, the heat conduction gradually
decreased, the temperature gradient reduced, and the cooling rate slowed down. The
α(Al) grains nucleated and grew up mainly through existing high melting point particles.
The equiaxed grains were formed due to small differences in the temperature gradient in
different directions.
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Figure 5. (a) Microstructure of as-deposited alloy of YOZ section, (b) inner-layer region,
and (c) inter-layer region.

ER2319 and ER5183 wires contain a certain amount of Ti and Zr elements. Ti and Zr
can react with Al to form high melting point particles, such as Al3Ti or Al3Zr, during the
welding process. The crystal structure and lattice parameters of Al3Ti or Al3Zr are very
similar to α(Al), and the lattice mismatch between them is small, which conforms to the
principle of coherent interface correspondence [19,20]. Therefore, the Al3Ti or Al3Zr particle
phase acted as heterogeneous nucleation nuclei to promote the formation of equiaxed grains.
In the inner-layer region, the formed equiaxed grains hindered the epitaxial growth of
columnar grains, thus forming short rod-shaped columnar grains near the fusion line,
which can be observed from Figures 4a and 5a. The part of the heat-affected zone near
the fusion line in the inter-layer area was affected by the arc heat, and the α(Al) grains
had grown to a certain extent. In addition, pores and hole defects were found in the
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as-deposited alloy, which was related to hydrogen absorption and incomplete inter-layer
cleaning during the welding process.

Figure 6 shows the microstructure of the T6 heat-treated alloy. Compared with the
as-deposited alloy, the α(Al) grains had significantly grown up. This is due to the high-
temperature solution treatment that caused the coarsening of grains, and the average grain
sizes were about 64 µm. In addition, more severe pores and hole defects were found in the
T6 heat-treated alloy.

Metals 2022, 12, 416 7 of 12 
 

 
Figure 6. Microstructure of T6 heat-treated alloy. 

3.2. The Distribution of Second Phases 
According to the Al-Cu-Mg ternary phase diagram, the ternary eutectic reaction 

occurs at 507 °C: L→ α(Al) + S-phase (Al2CuMg) + θ-phase (Al2Cu) during the solidifi-
cation of aluminum alloy. Figure 7 shows the XRD results of as-deposited and T6 
heat-treated alloys. It can be found that the as-deposited and T6 heat-treated alloys are 
mainly composed of α(Al), θ-phase (Al2Cu), and S-phase (Al2CuMg). The results are 
consistent with the phase diagram. 

 
Figure 7. The XRD results: (a) as-deposited alloy and (b) T6 heat-treated alloy. 

Figure 8a shows the backscattered electron image of the as-deposited alloy. It can be 
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and within the grains, and eutectics structures were continuously distributed along the 
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Figure 6. Microstructure of T6 heat-treated alloy.

3.2. The Distribution of Second Phases

According to the Al-Cu-Mg ternary phase diagram, the ternary eutectic reaction occurs
at 507 ◦C: L→ α(Al) + S-phase (Al2CuMg) + θ-phase (Al2Cu) during the solidification of
aluminum alloy. Figure 7 shows the XRD results of as-deposited and T6 heat-treated alloys.
It can be found that the as-deposited and T6 heat-treated alloys are mainly composed
of α(Al), θ-phase (Al2Cu), and S-phase (Al2CuMg). The results are consistent with the
phase diagram.
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Figure 8a shows the backscattered electron image of the as-deposited alloy. It can be
found that a large number of the second phases precipitated along the grain boundaries
and within the grains, and eutectics structures were continuously distributed along the
grain boundaries. Figure 8b,c show the results of the map scanning of elements, and the
results of EDS point scanning are listed in Table 2. It can be found that the second phases
precipitated inside the grains were mainly enriched with Cu element, which could be
determined as θ-phase (Al2Cu). The eutectic structures continuously distributed along
the grain boundaries were mainly enriched with Cu and Mg elements, which could be
determined as the binary eutectic of α(Al) + θ-phase (Al2Cu) or the ternary eutectic of
α(Al) + θ-phase (Al2Cu) + S-phase (Al2CuMg).

Metals 2022, 12, 416 8 of 12 
 

determined as θ-phase (Al2Cu). The eutectic structures continuously distributed along 
the grain boundaries were mainly enriched with Cu and Mg elements, which could be 
determined as the binary eutectic of α(Al) + θ-phase (Al2Cu) or the ternary eutectic of 
α(Al) + θ-phase (Al2Cu) + S-phase (Al2CuMg). 

Table 2. Chemical composition of the second phase (at%). 

Positions Al Cu Mg 
A1 57.56 21.74 20.70 
A2 78.53 11.80 9.67 
A3 65.21 32.15 2.64 
B1 76.81 16.18 7.01 
B2 77.27 12.50 10.23 
B3 80.10 15.83 4.07 

After T6 heat treatment, most of the eutectic structures distributed continuously 
along the grain boundaries were dissolved into the α(Al) matrix, as shown in Figure 8d. 
The results of EDS point scanning and map scanning of elements demonstrate that the 
undissolved second phases were θ-phase (Al2Cu) and S-phase (Al2CuMg), and the dis-
tributions of Cu and Mg elements became homogeneous, as shown in Figure 8e,f. 

 
Figure 8. The SEM results: (a) as-deposited alloy, (b) distribution of Cu, (c) distribution of Mg, (d) 
T6 heat-treated alloy, (e) distribution of Cu, and (f) distribution of Mg. 

3.3. Mechanical Properties 
3.3.1. Micro-Hardness Tests 

Figure 9 shows the micro-hardness of the middle region of as-deposited and T6 
heat-treated alloys. The average micro-hardness of the as-deposited alloy was 112 HV0.2, 
and the micro-hardness value fluctuates significantly due to the uneven distribution of 
Cu and Mg elements. After T6 heat treatment, the average micro-hardness was 165 HV0.2, 
which increased by 47.3% than that of as-deposited alloy. The micro-hardness value 
fluctuates in the range of 158 to 172 HV0.2, and the distribution was relatively uniform, 
which was related to the uniform distribution of Cu and Mg elements after the T6 heat 
treatment. 

Figure 8. The SEM results: (a) as-deposited alloy, (b) distribution of Cu, (c) distribution of Mg, (d) T6
heat-treated alloy, (e) distribution of Cu, and (f) distribution of Mg.

Table 2. Chemical composition of the second phase (at%).

Positions Al Cu Mg

A1 57.56 21.74 20.70
A2 78.53 11.80 9.67
A3 65.21 32.15 2.64
B1 76.81 16.18 7.01
B2 77.27 12.50 10.23
B3 80.10 15.83 4.07

After T6 heat treatment, most of the eutectic structures distributed continuously along
the grain boundaries were dissolved into the α(Al) matrix, as shown in Figure 8d. The
results of EDS point scanning and map scanning of elements demonstrate that the undis-
solved second phases were θ-phase (Al2Cu) and S-phase (Al2CuMg), and the distributions
of Cu and Mg elements became homogeneous, as shown in Figure 8e,f.

3.3. Mechanical Properties
3.3.1. Micro-Hardness Tests

Figure 9 shows the micro-hardness of the middle region of as-deposited and T6 heat-
treated alloys. The average micro-hardness of the as-deposited alloy was 112 HV0.2, and
the micro-hardness value fluctuates significantly due to the uneven distribution of Cu and
Mg elements. After T6 heat treatment, the average micro-hardness was 165 HV0.2, which
increased by 47.3% than that of as-deposited alloy. The micro-hardness value fluctuates
in the range of 158 to 172 HV0.2, and the distribution was relatively uniform, which was
related to the uniform distribution of Cu and Mg elements after the T6 heat treatment.
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Figure 10 shows the tensile properties of as-deposited and T6 heat-treated alloys in
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alloys in the horizontal direction. A large number of cleavage facets and a small number of
tear ridges in the fractured surface of the as-deposited alloy can be found, and the fracture
mode was mainly brittle fracture (Figure 11a). The existence of pores, hole defects, and
secondary crack defects on the fractured surface reduced the strengths and ductility of
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3.3.2. Tensile Properties

Figure 10 shows the tensile properties of as-deposited and T6 heat-treated alloys in
both horizontal and vertical directions. The UTS, YS, and elongation of the as-deposited
alloy were 297 MPa, 214 MPa, and 3.6% in the horizontal direction, and 245 MPa, 198 MPa,
and 2.2% in the vertical direction, respectively. After the T6 heat treatment, the UTS, YS,
and elongation were 445 MPa, 387 MPa, and 2.7% in the horizontal direction, and 418 MPa,
360 MPa, and 1.8% in the vertical direction, respectively. The strengths of WAAM Al-4.7Cu-
2Mg alloy after the T6 heat treatment are close to the traditional 2024-T4 plate, while the
elongation is lower. It can be found that the strength and ductility of both as-deposited
and T6 heat-treated alloys in the vertical direction were significantly lower than those
in the horizontal direction, which was related to the existence of obvious pores and the
oxide of aluminum distributed in the inter-layer region. After the T6 heat treatment, the
solid solution strengthening of alloy elements and the precipitation strengthening of the
secondary phases significantly improved the strengths of the alloy. However, the ductility
was further reduced due to more severe pores and hole defects.

3.4. Fracture Analysis

Figure 11 shows the fractographic morphology of as-deposited and T6 heat-treated
alloys in the horizontal direction. A large number of cleavage facets and a small number of
tear ridges in the fractured surface of the as-deposited alloy can be found, and the fracture
mode was mainly brittle fracture (Figure 11a). The existence of pores, hole defects, and
secondary crack defects on the fractured surface reduced the strengths and ductility of
WAAM alloys. After T6 heat treatment, the tear ridges on the fractured surface almost
disappeared, the fracture became flatter, and the sizes of pores became significantly larger
(Figure 11b). Some related research demonstrated that micro-pores will aggregate and grow
during the high-temperature heat treatment of aluminum alloy, resulting in an increase in
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the sizes of the pores [21,22]. More severe pores and hole defects lead to a further decline
in the ductility of the alloy.
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4. Conclusions

The Al-4.7Cu-2Mg alloy was manufactured by the double-wire CMT additive man-
ufacturing system, and the microstructure and properties of the as-deposited and T6
heat-treated alloys were studied. The conclusions can be drawn as follows:

(1) The microstructure of as-deposited alloy was mainly divided into the inner-layer
region and the inter-layer region, and the microstructure mainly consisted of short rod-
shaped columnar grains and equiaxed grains in the inner-layer region and coarsened
equiaxed grains near the fusion line in the inter-layer region.

(2) The microstructure of the as-deposited alloy was mainly composed of the second
phase precipitated on the grain boundaries and the eutectic continuously distributed
along the grain boundaries, and the distributions of Cu and Mg elements
were inhomogeneous.

(3) After the T6 heat treatment, most of the eutectic structure that continuously distributed
along the grain boundaries dissolved into α(Al) matrix and the distributions of Cu
and Mg elements became homogeneous.
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(4) The tensile properties of WAAM alloys in the vertical direction were lower than that
in the horizontal direction, which was related to the existence of pores and oxide
of aluminum distributed in the inter-layer region. After the T6 heat treatment, the
micro-hardness and strengths significantly increased. The decrease in ductility was
related to the increase in the size of pores and hole defects.
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