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Wire arc additive manufacturing (WAAM) techniques have been gaining increasing attention in the con-
temporary manufacturing sector due to their advantages in economically producing large-sized metallic
components with relatively high deposition rates. High-strength Al-Cu alloys are widely used in aerospace,
military, and automotive industries applications due to their high specific strength and excellent process-
ability. WAAM offers an efficient way to produce large-sized high-strength Al-Cu alloy components, and the
related field is rapidly evolving. This article reviews the current research for WAAM high-strength Al-Cu
alloys on the manufacturing process, solidification microstructure, common defects, mechanical properties,
and post-processing processes. Research findings have been positive regarding the microstructure and
mechanical properties of WAAM high-strength Al-Cu alloys. Finally, this article outlines the development
prospects of WAAM high-strength Al-Cu alloys based on the previous research.
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1. Introduction

Metal material manufacturing field is a crucial component of
modern industrial society and a reflection of national creativity,
competitiveness, and comprehensive national power (Ref 1, 2).
Recently, additive manufacturing (AM) provides new pathways
and opportunities for the metal material manufacturing field
(Ref 3-5). In the AM process, parts are constructed layer-by-
layer using a 3D digital model based on the principle of discrete
stacking (Ref 6). Among the various AM technologies, wire arc
additive manufacturing (WAAM) stands out due to its advan-
tages of low materials cost and high deposition efficiency (Ref
7-9). Today, WAAM is being used as a promising fabrication
process for large-sized and low-complexity metallic compo-
nents, and a range of engineering materials such as titanium,
aluminum, copper, and steel have been utilized (Ref 10-13).

The 2xxx-series high-strength Al-Cu alloys (hereafter
referred to as Al-Cu alloy) are the key lightweight structural
materials in the aerospace, military, and automotive industries
due to their high specific strength, excellent processability, and
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age-hardening ability (Ref 14-16). Using WAAM to produce
Al-Cu alloys has obvious advantages: (1) Multiple manufac-
turing processes are simplified into one, enabling integral
forming of materials, and thus reducing production costs and
cycle and (2) multiple parts can be designed as one, giving
more space for innovation and thereby improving design
flexibility. According to reports, the WAAM system resulted in
a massive 64% reduction in the cycle time, compared with
traditional subtractive manufacturing processes (Ref 17).
Therefore, the application of WAAM process to manufacture
high-strength Al-Cu alloys has become a popular research
topic.

Over the past decade, lots of studies have been developed
focusing on Al-Cu alloy fabricated by WAAM, and these
research enthusiasms continue to rise. Al-Cu alloys have been
considered by researchers as one of the most suitable materials
for the application of WAAM. Significant research has been
carried out to (1) optimize the WAAM processes to improve
efficiency and quality, (2) develop new wires to improve
microstructure, and (3) design post-processing processes to
enhance mechanical properties and minimize defects. Although
there have been numerous studies that demonstrated the
potential of Al-Cu alloy fabricated by WAAM, only a small
number of papers summarized the development in WAAM for
aluminum alloys and there is not enough for the summary of
the current development in WAAM for Al-Cu alloys, which
was the main motivation for writing this paper. This is very
necessary because it can provide new ideas for the subsequent
development.

This paper reviews the current development of Al-Cu alloy
fabricated by WAAM, including the manufacturing processes,
solidification microstructure, common defects, mechanical
properties, and post-processing processes. Additionally, the
effective methods for quality improvement and defects mini-
mization are also discussed. Finally, the future research
prospects for Al-Cu alloy fabricated by WAAM are outlined.
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2. Wire Arc Additive Manufacturing (WAAM) Pro-
cesses

WAAM is a rapid near-net-shaped process that employs arc
to melt metal wire and produce components layer-by-layer
along the designed path (Ref 18, 19). Depending on the nature
of electrodes used, WAAM processes are generally divided into
two types: non-consumable tungsten electrodes-based WAAM,
such as gas tungsten arc welding wire arc additive manufac-
turing (Ref 20-22) (GTAW-WAAM) and plasma arc welding
wire arc additive manufacturing (Ref 23, 24) (PAW-WAAM),
and consumable electrode-based WAAM, such as gas metal arc
welding wire arc additive manufacturing (Ref 25, 26) (GMAW-
WAAM).

2.1 WAAM Processes Using Non-Gonsumable Tungsten
Electrodes

Schematic diagrams of GTAW-WAAM and PAW-WAAM
processes are illustrated in Fig. 1(a) and (b), respectively. These
processes boast high arc stability and welding quality, albeit
with comparatively low deposition efficiency as a result of the
limited current-carrying capacity of the tungsten electrode (Ref
27, 28). Up to now, various series of aluminum alloy
components can be produced using the GTAW-WAAM process
(Ref 20, 29, 30). However, the restricted wire feeding angle
limits the flexibility of the torch. To address this problem, Air
Liquide (France) developed an advanced TOP-TIG process that
allows for adjustable angles between the tungsten electrode and
wire, ranging from 20 to 30 degrees. This special wire feeding
mode alters the melting characteristics of the wire, increasing
flexibility and efficiency (Ref 31, 32).

Multi-wire GTAW-WAAM process has been proven effec-
tive in increasing deposition efficiency by simultaneously
feeding and melting multiple metal wires to fabricate compo-
nents. Recent studies have confirmed its capability of additive
manufacture of Al-Cu-Mg and Al-Zn-Mg-Cu alloy with poor
weldability. Qi et al. (Ref 33), using the double-wire GTAW-
WAAM process, successfully fabricated a series of Al-Cu-Mg
alloy multilayer components (Al-3.6Cu-2.2 Mg, Al-4Cu-
1.8 Mg, and Al-4.4Cu-1.5 Mg) that are less prone to cracking
by matching ER2319 and ER5087 wires. They reported that the
tensile strengths of these deposits both exceeded 280 MPa,
however, the elongation had a decreasing trend from 8.2 to 6%
with the increasing of Cu/Mg ratio. Yu et al. (Ref 34) used

]

multi-wire WAAM process to fabricate Al-Zn-Mg-Cu alloy
multilayer deposits by matching ER2319, ER5356, and pure
zinc wires. The average hardness of the deposits was 106 HV,
and the tensile strength was 241 MPa in the horizontal
direction. Cong et al. (Ref 35) employed ultrasonic frequency
pulsed variable polarity (UFPVP) TIG arc heat source to
produce Al-4.57Cu-1.32 Mg alloy multilayer deposits by
double-wire GTAW-WAAM. The application of ultrasonic
frequency pulsed arc improved the arc stability and decreased
defects during deposition. The WAAM Al-4.57Cu-1.32 Mg
alloy exhibited the exceptional properties due to the refined
grains and reduced porosity.

The PAW-WAAM process utilizes a plasma arc high energy
density beam as a heat source to produce components, offering
many advantages over GTAW-WAAM process such as higher
energy density and arc stability, a small heat-affected zone, low
weld distortion, and increased deposition efficiency (Ref 36,
37). The PAW-WAAM has been applied to produce multiple
engineering alloys, such as Inconel 718, Ti6Al4V, and alu-
minum alloy (Ref 38-40). However, the research of Al-Cu alloy
fabricated by PAW-WAAM is little.

2.2 WAAM Processes Using Consumable Electrodes

GMAW-WAAM, which uses the wire as electrode, has a
deposition rate two—three times higher than that of GTAW-
WAAM or PAW-WAAM process (Ref 41). The schematic
diagram is shown in Fig. 2. However, it generates more weld
fume and spatter due to low arc stability and causes the
formation of coarse grains because of high heat input. The
resulted in the invention of cold metal transfer (CMT), which
enables a faster cooling rate and almost no spatter welding.
CMT is a modified MIG welding process, including coordi-
nated control of current magnitude and wire movement during
short-circuiting transfer process (Ref 42-44). Zhou et al. (Ref
45) investigated the melt drop transfer behavior in both CMT
and CMT + P modes. The melt drop transition transformed
from short-circuit transition in CMT mode into the hybrid
transition mode of short-circuit transition and globular transi-
tion in CMT + P mode. In the CMT mode, the formation of
spatter was mainly attributed to the detachment of wire to bring
out a small amount of metal liquid from the melt pool, while the
spatter in CMT + P mode was mainly caused by the arc force
and droplet free-fall motion. Additionally, compared with CMT
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Fig. 1 Schematic representation of non-consumable tungsten electrodes-based WAAM: GTAW-WAAM and (b) PAW-WAAM
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and CMT + P modes, CMT + A mode minimized the heat
input and reduced porosity (Ref 46).

Similar to multi-wire GTAW-WAAM process, the multi-
wire GMAW-WAAM process has also been developed. Gu
et al. (Ref 47) produced a series of Al-Cu-Mg alloy components
using a pulsed double-wire GMAW-WAAM process by
combining various Al-Cu and Al-Mg wires. They reported
that the Al-(4.2-6.3%) Cu-(0.8-1.5%) Mg alloys are less
susceptible to cracks during deposition. In the Al-Cu-Mg
system, the content of alloying elements is the key parameter
depending on the cracking resistance. This is because different
eutectic phase will generate during solidification when different
content of Cu and Mg elements is added, causing the graded
cracking susceptibility for Al-Cu-Mg alloy (Ref 47). In this
range, solidification terminates in an isothermal eutectic
reaction and the solidification pathway is dominated by the
ternary eutectic reaction of L — a-Al + 0-Al,Cu + S-Al,_
CuMg, and the minimum freezing range is located in this
region. Fan et al. (Ref 48) reported that using ER2319 and
ERS5183 wires to manufacture crack-free Al-Cu-Mg alloy
components by double-wire arc additive manufacturing process
with CMT arc source is a viable option.

2.3 Hybrid Wire Arc Additive Manufacturing Processes

Investigations have been conducted on several hybrid
WAAM processes for aluminum alloys, which combine
different welding processes, such as laser-MIG hybrid additive
manufacturing, double-electrode gas metal arc additive manu-
facturing and friction stir process (FSP) hybrid additive
manufacturing (Ref 49). The diagrams of their respective
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Fig. 2 Schematic representation of GMAW-WAAM

schematics are illustrated in Fig. 3. These hybrid WAAM
processes can improve forming quality without compromising
deposition efficiency, thus being more suitable for industrial
applications.

Zhang et al. (Ref 50) reported that the laser-MIG hybrid
additive manufacturing process combined the advantages of
laser welding and arc welding, allowing for high-precision and
high-efficiency additive manufacturing due to the laser-arc
synergy effects. Zhang et al. (Ref 51) investigated the effect of
different laser power on the 2319 aluminum alloy specimens
fabricated by the laser-MIG hybrid additive manufacturing.
With the increase in laser power, the laser stirring effect on the
molten pool was enhanced, thus refining the grain structures.
When the laser power was 300 W, the grain structures consisted
of equiaxed grains and the average size of grain was 30.8 um.
Liu et al. (Ref 52) used the double-electrode gas metal arc
additive manufacturing process to produce 2219 aluminum
alloy components. The bypass current ratio (a ratio of the
currents, respectively, passing through the GMA torch and
flowing into the GTA torch), which is a key factor for
WAAMed alloys, determined the heat input during WAAM
process. By changing the bypass current ratio, the tensile
strength and elongation of WAAMed alloys in both the vertical
direction and horizontal direction increased by 9.71 MPa,
18.89 MPa, 4.17%, and 5.74%, respectively. Wei et al. (Ref 53)
demonstrated that the FSP hybrid additive manufacturing
process had a considerable influence on minimizing porosity
and refining microstructure. In a hybrid additive manufacturing
process employing FSP, three layers were deposited using the
same parameters, followed by milling of the top and side
surfaces of the deposited materials with a milling machine with
a thickness of 1.5 and 1 mm, respectively. Finally, the
interlayer FSP was applied on the WAAMed deposits. The
2219 aluminum alloy thin wall of 300 mm in length, 12 mm in
width, and 42 mm in height was successfully manufactured by
repeating the above process (Ref 54). The FSP hybrid additive
manufacturing process exhibits superior excellence on the
microstructure refinement and porosity elimination of Al-Cu
alloy. They reported that the average size of grains within the
middle region stir zone was refined to 5.5 um when the
interlayer FSP process was applied, compared with 48 um
without the interlayer FSP process. Under the influence of
interlayer FSP process, the eutectic structure in the as-deposited
alloy was disrupted and dissolved into the a-Al matrix, leading
to an increase in the supersaturation of the o-Al matrix.
Subsequently, the effect of thermal cycle during WAAM led to
the precipitation and coarsening of the 0’ phase. Additionally,
the interlayer FSP process also eliminated the porosity in the
stir zone of the as-deposited alloy due to the severe plastic
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Fig. 3 (a) Laser-MIG hybrid additive manufacturing; (b) double-electrode gas metal arc additive manufacturing; and (c) friction stir process
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deformation introduced by the interlayer FSP process. They 3.1 Solidification Grain Structures
reported that no porosity defects were observed in OM and
SEM images of the stir zone.

In addition to being combined with welding processes, there
are several hybrid WAAM processes that combine WAAM
process with cold working processes, such as interlayer rolling
and interlayer hammering. Their effects can be described as
follows: (1) eliminating metallurgical defects of WAAMed
aluminum alloy; (2) minimizing the size of grain; and (3)
improving the forming quality (surface roughness). These
related contents are elaborated in Sect. 6.

The typical solidification grain structures of WAAMed Al-
Cu alloys during various processes are shown in Fig. 4 (Ref 47,
55-57). A similar feature can be described as follows: (1) At
lower deposition heights, there are fine equiaxed grains (FQZ)
in the interlayer zone and columnar grains in the innerlayer
zone and (2) at higher deposition heights, the interlayer zone
contains FQZ, while the innerlayer zone consists of columnar
grains and coarse equiaxed grains. These heterogeneous band
characteristics between interlayer zone and innerlayer zone are
related to the change in the heat dissipation and heat
accumulation dominated by the thermal cycles during WAAM

o . . process.
3. Solidification Microstructure and its Influenc- Bai et al. (Ref 58) reported that the thermal cycles during
ing Factors of the WAAMed Al-Cu alloys deposition can be classified into three categories: the melting

heat, partial-melting heat, and post-heat. In a single deposition
layer, the melting heat influenced the microstructure of the top
region, the microstructure of the line between the top and
bottom regions (the partial-melting-affected zone) resulted from
the melting heat and partial-melting heat, and all three thermal
cycles cooperated to form the microstructure of the bottom
region. Wang et al. (Ref 55) conducted a systematic study on
the solidification grain structures of WAAMed 2219 Al-Cu
alloy. For the WAAMed materials, the shape and size of the

The mechanical properties and cracking resistance of
WAAMed Al-Cu alloys are highly dependent on the solidifi-
cation microstructure. This section reviews the solidification
microstructure and second phase of WAAMed Al-Cu alloys.
Additionally, the key process parameters in determining the
solidification microstructure are discussed.

100pm

1TZ
500pm

Fig. 4 Grain structures of WAAMed Al-Cu alloys: (a) 2219 alloy fabricated by CMT-WAAM [55]; (b) Al-4.3Cu-1.5 Mg alloy fabricated by
CMT-WAAM [56]; (c) 2219 alloy fabricated by GTAW-WAAM [57]; and (d) Al-5.5Cu-2.2 Mg alloy fabricated by double GWAM-WAAM [47].
Panel (a) reprinted from Additive Manufacturing, Vol 47, Zhennan Wang, Xin Lin, Lilin Wang, Yang Cao, Yinghui Zhou, Weidong Huang,
Microstructure evolution and mechanical properties of the wire + arc additive manufacturing Al-Cu alloy, Article 102,298, Copyright 2021, with
permission from Elsevier. Panel (b) reprinted from Materials and Design, Vol 186, J. Gu, M. Gao, S. Yang, J. Bai, Y. Zhai, J. Ding,
Microstructure, defects, and mechanical properties of wire + arc additively manufactured Al Cu4.3-Mgl.5 alloy, Article 108,357, Copyright
2020, with permission from Elsevier. Panel (c) reprinted from Journal of Alloys and Compounds, Vol 865, Y. Zhou, X. Lin, N. Kang, Z. Wang,
H. Tan, W. Huang, Hot deformation induced microstructural evolution in local-heterogeneous wire + arc additive manufactured 2219 Al alloy,
Article 158,949, Copyright 2021, with permission from Elsevier. Panel (d) reprinted from Journal of Materials Processing Technology, Vol 262,
J. Gu, J. Bai, J. Ding, S. Williams, L. Wang, K. Liu, Design and cracking susceptibility of additively manufactured Al-Cu-Mg alloys with
tandem wires and pulsed arc, Pages 210-220, Copyright 2018, with permission from Elsevier
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molten pool had a major influence on the morphology and
dimensions of the solidification microstructure (Ref 59, 60).
According to the discussion of Wang et al. (Ref 55), the angle y
was defined as the angle between the normal directions of the
adjacent molten pool boundaries, as shown in Fig. 5 (Ref 55).
When the deposition height was low, the cold substrate caused
a fast cooling rate, which led to a shallow molten poor (with a
small y), as shown in Fig. 5(a). At this time, the direction of
temperature gradient was nearly perpendicular to the substrate
and parallel to the building direction. Thus, the o-Al grains in
the new molten pool grew epitaxially into longer columnar
grains along the building direction. With the increase in
deposition height, the increased heat accumulation of the
deposits resulted in a slower heat dissipation and lower cooling
rate (Ref 61, 62). Therefore, the angle y increased as the molten
pool deepened, as shown in Fig. 5(b). Considering the change
in the direction of the temperature gradient, the dendrites with
the same direction as the temperature gradient were the easiest
to dominate during solidification, resulting in directionally
growth in the new molten pool (Ref 63).Furthermore, with the
increasing heat accumulation, the continuously slowing heat
dissipation led to a small difference in the temperature gradient,
approaching a thermal balance (Ref 56). The a-Al grains in the
new molten pool were nucleated based on existing nucleation
nuclei and grew spatially with the similar speed in each

moltenpool
boundary

direction, thereby developing coarse equiaxed grains (Ref 48,
56). These studies adequately explained the formation of
columnar grains zone and coarse equiaxed grains zone.

According to the classical solidification theory, the relation-
ship between the temperature gradient G, the dendrite tip
undercooling AT and the volume fraction of equiaxed grains ¢
can be expressed as (Ref 64):

1 s —4n 13 AT™H
= AT -2
¢ m+1 31n[1—(p]><N0 X X< AT+
(Eq 1)
Wang et al. (Ref 55) simplified Eq. 1 to:
@ ] —anN, 1"
= = Eq 2
7 “{ 31n(1—(p)><l+m} (Fq 2)

where a and m are constants related to the nature of materials,
V is the solidification velocity of the columnar front, and NV, is
the nuclei density.

According to Eq. 2, Wang et al. (Ref 55) discussed that the
optimal solidification condition for forming equiaxed grains is
high ¥V and low G, whereas high G and low V favor the
formation of columnar grains. It is well known that high G and
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Fig. 5 The EBSD maps (a) the bottom region and (b) the middle region, and the corresponding schematic diagrams of their dendrites growth
orientation. y: The angle between the normal directions of the adjacent molten pool boundaries [55]. Reprinted from Additive Manufacturing,
Vol 47, Zhennan Wang, Xin Lin, Lilin Wang, Yang Cao, Yinghui Zhou, Weidong Huang, Microstructure evolution and mechanical properties of
the wire + arc additive manufacturing Al-Cu alloy, Article 102,298, Copyright 2021, with permission from Elsevier
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low V typically occur at the bottom of the molten pool.
However, FQZs are usually observed in the solidification
microstructure of WAAMed Al-Cu alloys at the bottom of
molten pool. Wang et al. (Ref 55) speculated that the formation
of FQZs was due to the heterogeneous nuclei of Al;Zr
precipitates which formed in the molten pool. The primary
Al;Zr phase precipitated at temperatures between 1016.02 K to
915.69 K which provided the high nuclei density N, that
overcame the effect of G/V] thus enabling the formation of
FQZs even when G/V was large. Hu et al. (Ref 65) reported that
the formation of FQZs was observed in melting welding-based
Al-Li and Zr-containing aluminum alloys due to the heteroge-
neous nucleation of Aly(Liy, Zr;_y) and AlsZr, respectively. Due
to the plastic incompatibility between the hard phases and soft
(low precipitate density) grain interiors in the FQZ, cracking
occurred in a FQZ of aluminum alloys.

In summary, the distinctive thermal cycles of WAAM
process dominate the transformation from columnar grains to
equiaxed grains, while the heterogeneous nucleation of Al;Zr
precipitates promotes the formation of FQZs at the bottom of
molten pool. The FQZs should be eliminated since it increases
the chance of cracks occurring.

3.2 Second Phase

Cu and Mg, as the main strengthening alloying elements,
were added into pure aluminum to form Al-Cu-(Mn) alloy (the
content of Cu typically range from 5.8 to 6.8 wt.%, and that of
Mn is from 0.2 to 0.5 wt.%) and Al-Cu-Mg alloy (the content
of Cu typically ranges from 3.8 to 4.9 wt.%, corresponding to
the content of Mg of 1.2-1.8 wt.%), respectively. There are
three existence forms of Cu and Mg elements in WAAMed Al-
Cu alloys, as follows:

(1) Solute atoms: Cu and Mg elements are generally dis-
solved into the o-Al matrix through substitutional solid
solution, due to their large solid solubility, thus con-
tributing to the solid solution strengthening.

(2) Second phases: Since the reaction of Cu and Mg with Al
belongs to the eutectic reaction and the equilibrium seg-
regation coefficient K, < 1, the excess Cu and Mg so-
lute atoms tend to be repelled to the dendrite boundaries
by solidified solid phases and react with Al to form
eutectic structures during solidification. The formation of
eutectic structures reduces the content of Cu and Mg so-
lute atoms available for aging precipitation, thus weaken-
ing the precipitation strengthening. On the other hand,
the existence of the low melting point eutectic structures
increases the possibility of the formation of cracks.
Therefore, the formation of eutectic structures should be
minimized as much as possible during WAAM.

(3) Secondary phases: The aging treatment homogeneously
precipitates Cu and Mg elements from the o-Al matrix
to form secondary phases, with a good coherent inter-
face between the o-Al matrix and the secondary phases
being the key to precipitation strengthening (Ref 66).
However, the coherent interface will be lost with the in-
crease in aging time. Thus, the aging treatment must be
carefully managed to prevent secondary phases from
transforming into the equilibrium phases.

Figure 6 shows the SEM images of the second phase for the
WAAMed Al-Cu alloys. Gu et al. (Ref 67) reported that the

8522—Volume 32(19) October 2023

white network-like 6-Al,Cu phases were scattered along the
grain boundaries or distributed in the intra-grain regions, as
shown in Fig. 6(a). Similarly, Zhou et al. (Ref 68) reported that
the white 0-Al,Cu second phases present in the WAAMed Al-
Cu alloy were eutectic structures of o-Al + 0-Al,Cu, dis-
tributed continuously along the grain boundaries or dendrite
boundaries. Qi et al. (Ref 33) reported that the second phases in
the WAAMed Al-4.4Cu-1.5 Mg alloys were o-Al, 0-Al,Cu,
and S-Al,CuMg, which were net-likely distributed along the
grain boundaries or scattered inside the grains, as shown in
Fig. 6(b). The eutectic structures typically exhibited the
distributions of long strip-like or skeletal-like along the grain
boundaries (Ref 48). Zhou et al. (Ref 69) reported that the
secondary phases 0’ precipitated from the o-Al matrix due to
the effect of thermal cycles during WAAM, as shown in Fig. 7.
With the increase in the number of thermal cycles, the
precipitation density of secondary phases 0’ was increased.
Xu et al. (Ref 70) indicated that the thermal cycles resulted in
an increasing of heat accumulation for the already deposited
components, thereby partially remelting the previously depo-
sition layer with a peak temperature above 700 °C, promoting
the precipitation of secondary phases in the already deposited
alloys. Wang et al.(Ref 71) pointed out that the secondary
phases 0’ were not found in the 2219 aluminum alloys
fabricated by traditional cast and wrought processes. The
thermal cycles induced the precipitation of secondary phases ¢’
during depositions, decreasing the supersaturation of Cu solute
atoms in the o-Al matrix, which decreased the precipitation
strengthening (Ref 69).

In summary, the main second phases of Al-Cu-(Mn) alloys
were oAl and 0-Al,Cu, while those of Al-Cu-Mg alloys were
a-Al, 0-Al,Cu, and S-Al,CuMg. The distinctive thermal cycles
of the WAAM process were equivalent to a short aging
treatment for the already deposited alloys, leading to the
precipitation of the secondary phases from the o-Al matrix. In
addition to 0-Al,Cu and S-Al,CuMg phases, T-Al(Cu, Mn),
Al3Ti, Als3Zr, and impurity phases associated with Fe and Si
were commonly observed in the WAAMed Al-Cu alloys. These
relevant contents are discussed in Sect. 3.4.

3.3 Effect of Heat Input

Heat input is a decisive process variant that decides the
deposition geometry, microstructure evolution, defect forma-
tion, and mechanical properties during WAAM (Ref 72, 73).
The relation between heat input (HI) and welding process
parameters can be expressed as:

1
V

HI = (Eq 3)
where I and U are the welding current and voltage, respectively,
Vis the welding velocity, and # is the thermal efficiency of heat
source.

Zhou et al. (Ref 68) used the AC-TIG WAAM process to
fabricate 2219 alloys with the wire feed speed of 2 m/min and
the current intensity of 150 A. When the welding velocity
increased from 150 to 350 mm/min in units of 100 mm, the
tensile properties of the 2219 alloys increased trend from 216.7
to 273.5 MPa. However, the tensile strength decreased to
259.6 MPa when the welding velocity was increased to
450 mm/min. The reduction in tensile strength at 450 mm/
min was attributed to the fact that the segregation of copper
atoms in the large number of dendrites and grain boundaries,
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Element Cl c2 (821
atomic% atomic% atomic%

Al 787 6343 9653
Cu 1183 3458 214
Mg 947 199 133

Fig. 6 The SEM images of second phase for the WAAMed Al-Cu alloys: (a) 2319 Al-Cu alloy [67] and (b) Al-4.4Cu-1.5 Mg alloy [33]. Panel
(a) reprinted from Materials Science and Engineering: A, Vol 651, J. Gu, J. Ding, S.W. Williams, H. Gu, J. Bai, Y. Zhai, P. Ma, The
strengthening effect of inter-layer cold working and post-deposition heat treatment on the additively manufactured Al-6.3Cu alloy, Pages 18-26,
Copyright 2016, with permission from Elsevier. Panel (b) reprinted from Journal of Materials Processing Technology, Vol 255, Z. Qi, B. Cong,
B. Qi, H. Sun, G. Zhao, J. Ding, Microstructure and mechanical properties of double-wire + arc additively manufactured Al-Cu-Mg alloys,
Pages 347-353, Copyright 2018, with permission from Elsevier

Fig. 7 The microstructure for the WAAMed 2219 Al alloy [69]: (a) the upper parts; (b) the center parts; (c) the bottom parts. Reprinted from
Materials Characterization, Vol 171, Y. Zhou, X. Lin, N. Kang, W. Huang, Z. Wang, Mechanical properties and precipitation behavior of the
heat-treated wire + arc additively manufactured 2219 aluminum alloy, Article 110,735, Copyright 2021, with permission from Elsevier

forming numerous 6 phase precipitates which reduced the min, a small amount of 8’ phase and a large amount of 0~
remaining Cu atoms and the volume fraction of 0” phase phase near the grain boundary without 0 phase can be observed.
during depositions. When the welding velocity was 350 mm/ This is the reason why the highest tensile strength was obtained
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when the welding velocity was 350 mm/min. Wang et al. (Ref
74) reported that the lower heat input was beneficial for
manufacturing components of high forming quality, avoiding
the overflow and collapse of the molten pool and reducing the
residual stresses. Cong et al. (Ref 46) investigated the effect of
different CMT mode (CMT + P and CMT + A) on the
microstructure and mechanical properties of 2319 alloys
fabricated by CMT-WAAM process. The CMT + A process
yielded the minimum heat input, while the heat input of
CMT + P process was larger. Although both the columnar
grains and equiaxed grains were found in 2319 alloys fabricated
by the two processes, the micro-hardness of specimens
fabricated by CMT + A process was higher due to the lower
heat input which reduced the porosity. Xiong et al. (Ref 75)
reported that decreasing the interlayer temperature was asso-
ciated with the improvement in surface quality of thin-wall
components with other parameters being kept constant. A lower
wire feeding velocity matching a lower welding velocity could
reduce the surface roughness.

The various welding process variants such as current,
voltage, wire feeding velocity, welding velocity, and arc mode
collectively affect the heat input during WAAM (Ref 76, 77).
However, WAAM is associated with the multilayer deposition
and inhomogeneous thermal cycles. The effect of heat input can
be understood as follows: (1) Processing at high heat input
conditions accelerates the heat accumulation, formation of
coarse grains, increased residual stresses, and decreased
mechanical properties. Nevertheless, the molten pool collapse
possibly occurs at very high heat input conditions. (2)
Processing at low heat input conditions is beneficial for the
formation of fine grain, porosity reduction, and residual stress
minimization, countering the issues mentioned above associ-
ated with high heat input conditions. Therefore, the suitable heat
input conditions should be employed during WAAM.

3.4 Effect of Alloying Elements

The micro-alloying elements such as Mg, Mn, Ti, Zr, Cd,
Sn, and Ag are added into the Al-Cu alloy wires in order to
improve the microstructure and mechanical properties of the
deposits. On the other hand, Fe and Si are generally considered
as impurity elements in the Al-Cu alloy wires, which come
from the impure master alloys during melting process. Table 1
lists the Al-Cu alloy wires that have been used for WAAM. In
this section, the effects of these micro-alloying elements added
into the Al-Cu alloy wires on the microstructure and mechan-
ical properties of Al-Cu alloy deposits are discussed.

(1) Cu and Mg: Cu and Mg elements are added into the Al-
Cu alloys to provide the solid solution strengthening

Table 1 Chemical composition of Al-Cu wires used in WAAM

and precipitation strengthening. However, if too much
Cu and Mg are added, they can react with Al to form
lots of eutectic structures, which would negatively im-
pact the mechanical properties of the deposits and in-
crease the cracking sensitivity. Therefore, the content of
Cu and Mg added into the currently applied Al-Cu alloy
wires is usually kept lower than their ultimate solid
solution degree in the aluminum. Al-Cu-Mg alloys have
higher tensile strength than Al-Cu-Mn alloys at the
room temperature. But the addition of Mg reduces the
solubility of Cu in the AI-Cu alloys and increases the
brittle temperature range since the low melting point
eutectic S-Al,CuMg phases are precipitated along the
grain boundaries (Ref 78-80). This makes Al-Cu-Mg al-
loys more prone to cracking and there are currently lim-
ited Al-Cu-Mg alloy wires that can be applied to
WAAM process.

(2) Mn: The addition of Mn improves the heat resistance
and reduces the crack sensitivity of WAAMed Al-Cu al-
loys. However, an excessive amount of Mn can promote
the formation of T-Al;3CusMn; phase, which is benefi-
cial to enhance the heat resistance of the alloys but also
consumes a part of Cu atoms, and T-Al;3CusMn; phase
is nearly insoluble at high temperatures, thus reducing
the precipitation strengthening of Al-Cu alloys (Ref 81).
Therefore, the content of Mn added into the Al-Cu alloy
wires should not be too high in general.

(3) Ti and Zr: Ti and Zr elements are added into the Al-Cu
alloy wires as the grain refiners. The Al3Ti and Al;Zr
phases formed by the reaction of Ti and Zr with Al,
respectively, are similar to the a-Al phases in both crys-
tal structure and lattice constant. As a result of the low
mismatch with Al, these particle phases can act as the
heterogeneous nucleation nuclei of o-Al, refining the
grain structures, according to the principle of coherent
interface (Ref 82, 83). Zhou et al. (Ref 84) used a spe-
cial 205A alloy wire containing 0.28 wt.% Ti and
0.16 wt.% Zr to deposit Al-Cu alloy thin-wall compo-
nents by CMT-WAAM process. The grain structures
consisted of a large number of fine equiaxed grains be-
cause of the heterogeneous nucleation nuclei of Al;Ti
and Al;Zr phases.

(4) Cd, Sn, and Ag: Zhou et al. (Ref 84) reported that due
to the lower activation energy than Cu atoms, the Cd
atoms, vacancies, and Cu atoms formed Cu-Cd-vacancy
clusters during aging treatment process. The formation
of these clusters promoted the precipitation of §” phases,
which significantly improved the mechanical properties
of the deposits. Dong et al. (Ref 85) proposed a se-

Compositions, wt.%

Wires Cu Mg Mn Ti Zr Cd Sn Ag Al
2219-Al (Ref 20) 5.8-6.8 0.2-0.4 0.1-0.2 0.1-0.25 Bal
2319-Al (Ref 111) 5.8-6.8 0.2-0.4 0.1-0.2 0.1-0.25 Bal
2139-Al (Ref 87) 4.7 0.52 0.36 0.051 0.38 Bal
205A-Al (Ref 84) 5.15 0.42 0.28 0.16 0.22 Bal
Al-Cu-Sn (Ref 86) 5.1 0.025 0.042 0.27 0.177 0.1 Bal
Al-4.3Cu-1.5 Mg (Ref 56) 436 1.57 0.67 0.15 0.16 Bal

8524—Volume 32(19) October 2023

Journal of Materials Engineering and Performance



quence of aging process for Al-Cu-Cd alloys, which in-
cludes SSS (supersaturated solid solution) — Cd-va-
cancy cluster — 0’ phase — 0 phase. According to
the strengthening model, adding Cd to ER2319 wires in-
creased the yield strength by 43 MPa in the building
direction of the heat-treated Al-Cu alloy wall compo-
nents. Although Cd significantly improves the strengths
of heat-treated Al-Cu alloys fabricated by WAAM, it is
toxic and pollutes the environment during production.
As an alternative, Wang et al. (Ref 86) developed the
Al-Cu-Sn alloy wires by replacing Cd with non-toxic
Sn. The Al-Cu-Sn thin-wall components were deposited
by CMT-WAAM process. They reported that the Sn pro-
moted the precipitation of 0’ phases and the strength of
WAAMed Al-Cu-Sn alloys was significantly increased
after heat treatment. Brice et al. (Ref 87), using ER2139
alloy wires, deposited Al-Cu-Mg-Ag alloys and investi-
gated the effect of Ag. They reported that the combined
addition of Cu, Mg, and Ag promoted the formation of
Q-AlL,Cu phases and refined the sizes and distributions
of Q-Al,Cu phases, thus enhancing the precipitation
strengthening.

In conclusion, the type and content of alloying elements
have a significant impact on the microstructure and mechanical
properties of WAAMed AIl-Cu alloys. However, further
research is required, as there is still limited information
available regarding the types of wires used in WAAM
processes. Moreover, element loss during WAAM must be
considered. Thus, it is essential to optimize the composition of
the wires and develop specific Al-Cu alloy wires for WAAM
processes.

4. Common Defects in the WAAMed Al-Cu Alloys

Al-Cu alloy components fabricated by WAAM exhibit good
mechanical properties typically; however, there are some
defects that hinder their applications. These defects can be
divided into two categories: process-related defects, such as
inhomogeneous microstructure, porosity, residual stress, and
distortion, and material-related defects, such as inhomogeneous
microstructure, porosity, and solidification cracks.

4.1 Inhomogeneous Microstructure

As discussed in Sects. 3.1 and 3.2, the deposits undergo
inhomogeneous thermal cycles during WAAM, resulting in an
inhomogeneous microstructure. The level of inhomogeneity is
determined by the nature of the thermal cycles (Ref 88).
Reasons for the formation of inhomogeneous grain structures
are discussed in Sect. 3.1. On the other hand, the inhomoge-
neous microstructure is also reflected in the segregation of
alloying elements.

Geng et al. (Ref 89) indicated that the molten pool during
WAAM is smaller than that of the casting process, so the
macroscopic segregation is unlikely to occur. However, the
high cooling rate of the WAAM process leads to the insufficient
time for solute atoms to diffuse, resulting in the micro-
segregation appearing between dendrites and even cracking in
the solidification microstructure. Gu et al. (Ref 56) deposited
Al-Cu-Mg alloys by CMT-WAAM process, which showed
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obvious micro-segregation between dendrite boundaries, espe-
cially for Cu elements, as shown in Fig. 8.

Recent studies have shown that using the interlayer rolling
process can refine the microstructure and reduce segregation.
Gu et al. (Ref 67) applied the interlayer rolling process to treat
WAAMed Al-Cu alloys. They reported that many eutectic
structures were broken into small pieces during interlayer
rolling process, indicating that the interlayer rolling process
reduced the degree of microstructural segregation. Jin et al.
(Ref 90) fabricated the TiC-reinforced 2219 alloy thin-wall
components by GTAW-WAAM process. TiC particles, with a
lower value of the nucleation supercooling, providing multi-site
heterogeneous nucleation and significantly inhibited the con-
stitutional supercooling caused by the segregation of Cu, thus
weakening the degree of grain boundary segregation. Gu et al.
(Ref 67) reported that the eutectic structures of a-Al + 0-Al,Cu
in the WAAMed 2219 alloys were dissolved during the solution
treatment process, and then, the secondary phases were
uniformly precipitated from the o-Al matrix during subsequent
aging treatment process. The segregation of Cu solute atoms
was significantly improved. However, due to the insufficient
dissolution under the T6 heat treatment condition, a small
amount of the eutectic structures of o-Al + 0-Al,Cu still
remained.

As a result of non-equilibrium solidification, the inhomo-
geneous microstructure seems to be inevitable during WAAM.
Fortunately, it can be improved through the use of low heat
input deposition processes, coating of TiC particle, optimiza-
tion of wires, and post-processing processes such as interlayer
rolling and heat treatment processes.

4.2 Porosity

Porosity is the most common defect in the melt welding-
based Al-Cu alloys. The shape, size, and number of pores
significantly affect the mechanical properties of Al-Cu alloys
fabricated by WAAM. It is necessary to minimize or inhibit the
pore formation to improve the density of deposits. Generally,
the formations of pores in Al-Cu alloys can be divided into the
endogenous pores and exogenous pores. Endogenous pores are
formed when gases dissolved in liquid metals at high temper-
atures are trapped by the solidified metal due to the sudden
decrease in solubility during solidification and phase transition
processes, such as hydrogen and nitrogen. Exogenous pores are
formed when contaminants from the air, wires, or substrates
intrude into the molten pool to form pores.

Hauser et al. (Ref 91) reported that there are three main
causes of porosity in the WAAMed aluminum alloys: (1)
porosity induced by ambient gas; (2) shielding gas influence on
the molten pool; and (3) porosity of gas bubble escape.
Increasing the shielding gas flow rate tended to promote the
formation of porosity in the WAAMed aluminum alloys, as the
faster solidification of the molten pool caused by increased
convective cooling prevented the escape of gases, as shown in
Fig. 9. Ryan et al. (Ref 92) investigated the effects of different
CMT modes, welding parameters, and wire quality on the
porosity of WAAMed 2319 alloys. The surface finish of the
wires was found to be a major factor in the porosity of
WAAMed alloys, whereas porosity was not strongly dependent
on CMT modes and welding parameters. The surface finish
affected the amount of hydrogen on the wire surface and arc
stability and subsequently affected the porosity during WAAM.
Derekar et al. (Ref 93) investigated the effects of pulsed
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Fig. 8 SEM images of WAAM Al-4.3Cu-1.5 Mg alloy: (a) as-deposited and (b) map scanning of elements [56]. Reprinted from Materials and
Design, Vol 186, J. Gu, M. Gao, S. Yang, J. Bai, Y. Zhai, J. Ding, Microstructure, defects, and mechanical properties of wire + arc additively
manufactured Al Cu4.3-Mgl.5 alloy, Article 108,357, Copyright 2020, with permission from Elsevier

’IIIIIIIIIIIIIIIIIIII-

: Escaping pores -

-Gas flow

Fig. 9 Sketch of the cross section showing the influence of the gas flow rate on solidification and pore behavior of the layer for [91] (a) higher
gas flow rates and (b) lower gas flow rates. Reproduced from Additive Manufacturing, Porosity in wire arc additive manufacturing of aluminium
alloys, by T. Hauser et al. under the CC BY license

GMAW-WAAM and CMT-WAAM processes on the hydrogen hydrogen compared to samples deposited with CMT-WAAM

dissolution in the WAAMed aluminum alloys. The samples process. Accordingly, the pulsed GMAW-WAAMed samples
produced by pulsed GMAW-WAAM process absorbed more had higher number and volume fractions of porosity. In
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comparison, the CMT-WAAM process dissolved more hydro-
gen due to its lower arc energy and heat input. Gu et al. (Ref
94) investigated the pore formation and evolution of WAAMed
2319 alloy thin-wall components. They reported that different
amounts and morphologies of hydrogen micropores and
solidification microvoids were observed in the as-deposited
alloys due to the inhomogeneous microstructure and second
phases distribution in each section of deposits, as shown in
Fig. 10(a-c). Moreover, the deterioration of pore defects was
significantly observed during heat treatment process (Fig. 10d-
f), which was attributed to the combined effect of the hydrogen
micropore precipitation, phases particle dissolution, and micro-
pore growth. Similarly, Wang et al. (Ref 95) also reported that
the porosity density was increased in the WAAMed 2319 alloys
after heat treatment process. The hydrogen micropore precip-
itation was the key reason for the formation of new pores
during heat treatment process. Gu et al. (Ref 96) employed the
interlayer rolling process with a rolling road of 45 kN to
deposit 2319 alloy components by CMT-WAAM process. Key
findings demonstrated that the pores larger than 5 um in
diameter in the as-deposited alloys were eliminated. Therefore,
no pores larger than 5 ym in diameter were observed in the
samples after post-rolling heat treatment even though the areas
of the pores increased during heat treatment process.

In summary, in order to reduce porosity, the following
measures can be taken: (1) using low heat input WAAM
processes; (2) selecting wires with the best surface finish; (3)
increasing the purity of the shielding gas and adjusting the flow
rate; (4) cleaning the wires and substrates before deposition;
and (5) employing the interlayer cold working, such as
interlayer rolling process.

4.3 Solidification Grack

Solidification cracks are the typical metallurgical defects in
the Al-Cu alloys fabricated by WAAM. It is well established
that the metal that crystallizes first is generally purer, while the
metal crystallizing later contains more impurities which are
enriched at the grain boundaries during crystallization. These
impurities often form the eutectic phases with a low melting
point. During the later stages of the metal solidification, the low
melting point eutectic phases are exclusion to the dendrite
boundaries by solidified solid phases, forming the “liquid
film,” which is subject to the tensile stress due to the shrinkage
of the weld. This “liquid film” becomes the weak zone, which
is prone to cracking under the action of the tensile stress,
forming the cracks. Al-Cu alloys belong to the eutectic alloys,
and the formation of low melting point eutectic structures
widens the brittle temperature range of the Al-Cu alloys, thus
increasing the susceptibility to solidification cracking (Ref 48).

Ouyang et al. (Ref 29) reported that the susceptibility to
solidification cracking of WAAMed aluminum alloys was
exacerbated by the coarse grain structures and second phase
segregation along the grain boundaries, while fine grain
structures improved the resistance to solidification cracking.
Al-Cu-Mg alloys were often considered ‘“‘unweldable due to
their low crack susceptibility (Ref 97). Gu et al. (Ref 47)
reported that the cracking susceptibility of WAAMed Al-Cu-
Mg alloys could be minimized by adjusting the Cu/Mg content
ratio and they reported that the Al-(4.2-6.3)Cu-(0.8-1.5)Mg
alloys had low sensitivity to cracking. Chi et al. (Ref 98) used
the special Al-Cu-Mg wire nano-treated with TiC nanoparticles
to produce Al-Cu-Mg alloys by GTAW-WAAM process. The
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crack-free Al-4.5Cu-1.4 Mg alloy wall components were
successfully manufactured. The nanoparticle-modified sec-
ondary phase improved the liquid backfilling during the
semisolid stage of solidification, thus mitigating the formation
of solidification cracks (Ref 99). Qi et al. (Ref 100) reported
that the double-wire GTAW-WAAM process was a feasible
method to produce Al-Cu-Mg alloys with the low cracking
susceptibility. The WAAMed Al-4.4Cu-1.5 Mg alloys showed
excellent mechanical properties after heat treatment. Further-
more, the substitution of Mn for Mg to form Al-Cu-Mn series
alloys not only can improve the cracking resistance, but also
reduces the brittle temperature interval because the S-Al,CuMg
eutectic phases with more low melting point will be not formed.
This is the main reason why the Al-Cu-Mn series alloys have
good weldability.

In summary, to control crack defects, the following mea-
sures can be adopted: (1) optimize the compositions of the
wires; (2) promote the formation of fine grain structures; (3)
implement multi-wire WAAM processes; and (4) apply mod-
ifications of TiC or other nanoparticles.

4.4 Residual Stress and Deformation

Residual stress and deformation are inherent to the WAAM
processes, relating to the physical nature of materials. Residual
stress refers to the internal stress that still exists in the formed
parts after machining, and it is impossible to avoid its
occurrence completely. High residual stress can lead to the
deformation and warpage of the formed parts, loss of geometric
tolerance, reduction in fatigue performance, and even cracking
(Ref 101, 102). Therefore, it is particularly important to control
and minimize the residual stress and deformation.

Tawfik et al. reported that the formation of residual stress
and deformation was related to the multiple thermal expansion
and shrinkage processes under the influence of the thermal
cycles, leading to the plastic deformation of materials if the
remained stresses was higher than the yield strength (YS) but
lower than the ultimate tensile strength (UTS), and fracture if it
was greater than the UTS (Ref 103, 104). Similarly, Wang et al.
(Ref 105) reported that the multi-times of melting and rapid
solidification during WAAM are key reasons for the deforma-
tion of deposited parts. Debroy et al. (Ref 106) identified three
key factors: (1) spatial temperature gradient generated by the
local heating and cooling of the mobile heat source; (2) thermal
expansion and shrinkage caused by multi heating and cooling;
and (3) plasticity and flow stresses. Recent studies have shown
that the surface treatment processes can effectively improve the
distribution of residual stress and reduce the stress. Sun et al.
(Ref 107) reported that the residual stresses of laser shock
peening (LSP)-treated 2319 alloys fabricated by WAAM were
modified from the tensile to compressive state with a maximum
value around 100 MPa. Wang et al. (Ref 108) reported that
applying ultrasonic impact treatment (UIT) process to treat the
WAAMed 2219 alloys can both refine microstructure and
reduce residual stress. After UIT with 1 and 2.5 A working
current, the average compressive residual stress on the depo-
sition surface decreased by 78.4 and 79.2%, respectively.
Honnige et al. (Ref 109) reported the residual stresses of
WAAMed 2319 alloy wall components could be improved
significantly by introducing the interlayer rolling load, with
plastic deformation reducing tensile residual stress and increas-
ing compressive residual stress. In addition, the residual stress
of WAAMed deposition might be related to the thickness of the

Volume 32(19) October 2023—8527



Fig. 10 3D views of micropores in the WAAM 2319 alloy with the state of as-deposited at locations of [94] (a) top, (b) middle, and (c)
bottom; heat-treated at (d) top, (e) middle, and (f) bottom. Reprinted from Additive Manufacturing, Vol 30, J. Gu, M. Gao, S. Yang, J. Bai, J.
Ding, X. Fang, Pore formation and evolution in wire + arc additively manufactured 2319 Al alloy, Article 100,900, Copyright 2019, with
permission from Elsevier

substrate. As reported as Derekar et al. (Ref 110), greater Therefore, the non-uniform thermal cycles are the main
residual stresses were found in specimens produced by using a factors, leading to the development of residual stress and
20-mm substrate than those of a 6-mm substrate. deformation. However, it is still challenging to control residual
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stress and deformation solely optimizing thermal recycles.
Fortunately, several surface treatment processes have been
proven to effectively reduce the strength losses caused by
residual stress and deformation.

5. Mechanical Properties and its Strategies
for Improvement of the WAAMed Al-Cu Alloys

The mechanical properties of the WAAMed Al-Cu alloys
are highly dependent on the microstructure and defects. Table 2
summarizes the mechanical properties of the typical WAAMed
Al-Cu alloys in the horizontal direction. It can be observed that
the UTS, YS, and elongation of the traditional WAAMed 2319
alloys are 260 MPa, 125 MPa, and 16%, respectively. After the
T6 heat treatment, the UTS, YS, and elongation of the
WAAMed 2319 alloys are 460 MPa, 330 MPa, and 14%,
respectively. The 205A alloy, which is the modified Al-Cu alloy
by adding Cd, shows the excellent mechanical properties (UTS:
510 MPa, YS: 460 MPa, and elongation: 11.8%) after the T6
heat treatment due to the grain refinement and the precipitation
strengthening increased by Cd (Ref 84). Jin et al. (Ref 90)
reported that the diffusely distributed TiC particles weakened
the segregation at the grain boundaries and possessed a
coherent interface with 0-Al,Cu phases, which improved
synergistically the strength and elongation of the as-deposited
2219 alloys. The UTS, YS, and elongation of the as-deposited
alloys were 384 MPa, 270 MPa, and 18.3%, respectively. Fang
et al. (Ref 111) reported that the interlayer hammering process
greatly enhanced the strength of the WAAMed 2319 alloy due
to the grain refinement and the increase in dislocation density.
Under the influence of 50.8% deformation of the interlayer
hammering, the UTS and YS of the as-deposited alloy
increased by 17.2 and 60.7%, respectively, to reach 334 and
241 MPa. However, the eclongation decreased from 18 to
12.5%. Gu et al. (Ref 67) found that although the interlayer

rolling process reduced the elongation of the as-deposited 2319
alloys from 18.5 to 8.5%, the elongation of the T6 heat-treated
specimens was significantly increased to 17.5% because of the
inhibition of pore defects, as shown in Fig. 11. It is noteworthy
that the strength of the rolled alloys is close to that of the treated
specimens in the T6 heat treatment conditions due to the loss of
dislocation density during heat treatment process. Wei et al.
(Ref 53) employed the friction stir process hybrid additive
manufacturing process to deposit 2319 alloy components,
leading to the significantly improvements in the strength and
elongation of the as-deposited specimens due to the remarkable
grain refinement, broken-up of the second phases, and elimi-
nation of pores induced by friction stir process deformation,
especially in terms of elongation. The elongation of the treated
2319 alloys is 23.7% in the horizontal direction, far exceeding
that of 2319 alloys fabricated by other WAAM processes. Qi
et al. (Ref 100) reported that the UTS, YS, and elongation of
the Al-4.4Cu-1.5 Mg alloys fabricated by double-wire GTAW-
WAAM process were 284 MPa, 177 MPa, and 6%, respec-
tively. After the T6 heat treatment, the UTS, Y'S, and elongation
of the heat-treated Al-4.4Cu-1.5 Mg alloys were 470 MPa,
374 MPa, and 8.2%, respectively. Cong et al. (Ref 35)
produced the Al-4.57Cu-1.32 Mg alloys by double-wire
GTAW-WAAM process with the UFPVP as heat source. The
UTS, YS, and elongation of the T6 heat-treated specimens were
471 MPa, 302 MPa, and 14%, respectively, which were
superior to Al-4.4Cu-1.5 Mg alloys fabricated by traditional
double-wire GTAW-WAAM process. Gu et al. (Ref 56)
developed a new Al-4.3Cu-1.5 Mg alloy wire and deposited
the Al-4.3Cu-1.5 Mg alloy thin-wall components by single-
wire CMT-WAAM process. The UTS, YS, and elongation of
the T6 heat-treated Al-4.3Cu-1.5 Mg alloys were 485 MPa,
399 MPa, and 9%, respectively. It can be found that the
advantages of WAAMed Al-Cu-Mg series alloys are their
strengths, while the elongations are lower, compared with Al-
Cu-Mn series alloys. Chi et al. (Ref 98) developed a new Al-
4.7Cu-1.53 Mg-1.26Ti alloy wire nano-treated by TiC parti-

Table 2 Mechanical properties of WAAMed Al-Cu alloys by various processes in the horizontal direction

As-deposited Post-processing

UTS, YS, Elongation, UTS, YS, Elongation,
Materials Processes MPa MPa % MPa MPa %
2219-Al (Ref 67) 45kN interlayer rolling 253 127 18.5 320 250 8.5
T6 heat treatment 465 330 14
45kN interlayer rolling + T6 heat treatment 460 320 17.5
2319-Al (Ref 111) 50.8% deformation of interlayer hammering 285 150 18 334 241 12.5
2219-Al (Ref 107) Laser shock peening 250 105 12.5 245 175 6
2319-Al (Ref 53) Interlayer + FSP 250 98 17.7 279 108 23.7
2319-Al (Ref 95) In situ rolled 279.6 152.7 153
In situ rolled + T6 heat treatment 454.4 356.6 14.4
2319-Al(1.5Ti) (Ref 90)  TiC particles treated deposits 384 270 18.3
205A-Al (Ref 84) T6 heat treatment 249.7 103.2 11.2 510.2 459.5 11.8
Al-4.4Cu-1.5 Mg (Ref D-WAAM + T6 heat treatment 284 177 6 470 374 8.2
100)
Al-4.3Cu-1.5 Mg (Ref T6 heat treatment 293 185 12 485 399 9
56)
Al-4.7Cu-1.5 Mg-1.26Ti  TiC particle-treated wire + T6 heat treatment 328 166 8 428 324 7.4
(Ref 98)
Al-4.57Cu-1.32 Mg (Ref D-UFPVP WAAM + T6 heat treatment 284 177 6 471 302 14
35)

Journal of Materials Engineering and Performance

Volume 32(19) October 2023—8529



500 - 2 vs - 26
- uTS ’ . Fos
] S Elongation # 7 [ 2
= 350 - % L 18 -~
- : i =
S 300 4 s i 7
=5 : P % L 14 S
o 250 £ ol 1 Z ., &
g ] % ol
£ 200 4 N 1 L 10 S
»n 1 2 / / ; e 8 Lﬂ
150 - 74 Nz 72 2 % i
R 7 / / / B 6
100 7 % % 7 I
50 1 Y 7 7 7 % % % .—4
0 'Al = 4 = e B S I R T A R 'él B 0
V. H V. H V. H V. H V. H V. H
As- 15 kN 30 kN 45 kN T6 45 kN
deposited Rolled Rolled Rolled +T6
Condition

Fig. 11 Tensile properties of the as-deposited, interlayer-rolled, and heat-treated WAAM 2219 alloys (where V represents the vertical direction
and H represents the horizontal direction) [67]. Reprinted from Materials Science and Engineering: A, Vol 651, J. Gu, J. Ding, S.W. Williams,
H. Gu, J. Bai, Y. Zhai, P. Ma, The strengthening effect of inter-layer cold working and post-deposition heat treatment on the additively
manufactured Al-6.3Cu alloy, Pages 18-26, Copyright 2016, with permission from Elsevier

cles. Although the WAAMed Al-Cu-Mg alloy components
were crack-free, the strength (UTS: 428 Mpa and YS: 324
Mpa) was significantly lower than other WAAMed Al-Cu-Mg
alloys.

The mechanical properties of the WAAMed Al-Cu alloys in
the horizontal and vertical directions are shown in Fig. 12. It
can be found that the WAAMed Al-Cu alloys generally show
the anisotropic characteristics (the distance between two points
reflects the degree of anisotropic). Furthermore, the lower
properties of the WAAMed Al-Cu alloys in the vertical
direction are observed. Gu et al. (Ref 56) reported that the
weak areas of the interlayer regions were caused by the
complex microstructure and more serious pore defects, as
shown in Fig. 13. Therefore, the strength of the as-deposited
alloy in the vertical direction is significantly lower than that of
the horizontal direction. Furthermore, they reported that the
lower elongation of Al-4.3Cu-1.5 Mg alloy fabricated by
single-wire WAAM process in the vertical direction was also
attributed to the presence of the interlayer microcracks (Ref 56).
Comparatively, the Al-4.7Cu-1.5 Mg-1.26Ti alloys fabricated
by single-wire WAAM process showed lower strengths than the
Al-4.3Cu-1.5 Mg alloys, but the elongations of the Al-4.7Cu-
1.5 Mg-1.26Ti alloys were 7.4% in both directions due to the
eliminate of cracks (Ref 98).

In summary, the mechanical properties of the WAAMed Al-
Cu alloys can be enhanced by (1) improving the arc source; (2)
developing new Al-Cu alloy wires; (3) employing the interlayer
cold working processes; and (4) applying post-processing
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processes. Furthermore, it is essential to inhibit the anisotropic
properties. Additionally, the studies on reducing the cracking
sensitivity of the WAAMed Al-Cu-Mg alloys are highly
significant and should be further explored.

6. Post-Processing Process

Post-processing processes are adopted to improve the
quality and properties of the WAAMed Al-Cu alloy compo-
nents and reduce defects such as inhomogeneous microstruc-
ture, pores, and residual stress and deformation. To achieve
this, several post-processing processes have been developed
and their latest developments are discussed in this section.

6.1 Heat Treatment

Heat treatment process is widely used in the multiple
engineering alloys to improve the microstructure and mechan-
ical properties (Ref 23, 67, 112). Two-series Al-Cu alloys
belong to the heat-treatable strengthening aluminum alloy.
Depending on the alloy systems, service temperature, and heat
treatment conditions, the appropriate heat treatment process
should be selected. Otherwise, problems such as over-burning,
grain coarsening, and improper sizes and morphology of
precipitated phases may arise, affecting the mechanical prop-
erties of WAAMed Al-Cu alloys adversely.
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Fig. 12 Mechanical properties of WAAMed Al-Cu alloys in the horizontal and vertical directions (the solid pattern and the upper half solid
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Fig. 13 Side view and fractographic morphology of fractured tensile samples for as-deposited alloy with loading direction in [56] (a) horizontal
and (b) vertical. Reprinted from Materials and Design, Vol 186, J. Gu, M. Gao, S. Yang, J. Bai, Y. Zhai, J. Ding, Microstructure, defects, and
mechanical properties of wire + arc additively manufactured Al Cu4.3-Mgl.5 alloy, Article 108,357, Copyright 2020, with permission from

Elsevier

Table 3 summarizes the heat treatment processes of the
WAAMed Al-Cu alloys and their elongation changes before
and after heat treatment. It can be observed that the T4 heat
treatment (solution treatment + natural aging treatment) and T6
heat treatment (solution treatment + artificial aging treatment)
are commonly used to enhance the mechanical properties of the
WAAMed Al-Cu alloys. Moreover, the elongations of the
WAAMed Al-Cu alloys generally reduced after T6 heat
treatment.
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Qi et al. (Ref 113) investigated the effects of different
solution temperature on the performances of the T4 heat-treated
Al-4.4Cu-1.5 Mg alloys fabricated by double-wire GTAW-
WAAM process. The micro-hardness of the T4 heat-treated
alloys was 135 HV, 138 HV, and 143 HV at 485, 498, and
503 °C, respectively, and the highest UTS and elongation of the
T4 heat-treated alloys were 497 MPa and 16%, respectively, at
503 °C. After the T4 heat treatment, the main second phases
were transformed from a-Al, 0-Al,Cu, and S-Al,CuMg to o-Al
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Table 3 Heat treatment processes of the WAAMed Al-Cu alloys (where V represents the vertical direction and H

represents the horizontal direction)

As-deposited, H/  Heat-treated, H/

Materials Manufacturing processes
2219-Al (Ref 121) GTAW-WAAM
2319-Al (Ref 67) CMT-WAAM

CMT-WAAM + interlayer rolling
2319-Al (Ref 95)
205A (Ref 84) CMT-WAAM
Al-43Cu-1.5 Mg (Ref 56) CMT-WAAM
Al-4.4Cu-1.5 Mg (Ref 100) D-WAAM
Al-4.4Cu-1.5 Mg (Ref 113) D-WAAM

Al-4.7Cu-1.53 Mg-1.26Ti GTAW-WAAM

(Ref 98)

GMAW-WAAM + interlayer in situ rolling

Heat treatment system V, % V, %
530 °C/20 h + 175 °C/17 h 10.7/10.6 10.2/7.4
535°C/1.5h+175°C/3 h 18.5/15.8 14/13.5
535°C/1.5h+175°C/3 h 17.5/16
535°C/1.5h +175°C/3 h 153 16
538 °C/12 h + 175 °C/4 h 11.2/7.8 11.8/8.6
498 °C/1.5 h + 190 °C/6 h 12/4 9/2
498 °C/1.5 h + 190 °C/6 h 6/5.5 8.2/2
485 °C/1.5 h + natural aging 6 8.6
498 °C/1.5 h + natural aging 12.7
503 °C/1.5 h + natural aging 16
493 °C/1 h + 190 °C/12 h 11.2 11.8

and 0-Al,Cu. Gu et al. (Ref 67) reported that the different sized
incoherent stable 6 phases were observed in the as-deposited
2219 alloys, as shown in Fig. 14(a). After the 535 °C/
1.5 h + 175 °C/3 h heat treatment, the fine needle-like precip-
itates 6> were found to be densely and homogeneously
distributed in the matrix, as shown in Fig. 14(b). The UTS of
the WAAMed Al-Cu alloys was increased from 253 to
465 MPa in the horizontal direction, while the elongation was
reduced from 18.5 to 14%. Zhou et al. (Ref 84) deposited 205A
alloys using a CMT heat source, and the specimens were
solutionized at 538 °C for 12 h and then artificially aged at
175 °C for 4 h. The good coherent relationships between
precipitates (0 and 0”) and a-Al can be found, as shown in
Fig. 15. Due to the addition of Cd elements promoting the
precipitations of dense and homogeneous 6’ phase in the
WAAMed Al-Cu alloys, the UTS of the WAAMed 205A alloys
was 510.2 MPa in the horizontal direction. Gu et al. (Ref 56)
produced the Al-4.3Cu-1.5 Mg alloys using CMT-WAAM
process, and the deposits were T6 heat treated (498 °C/
1.5 h + 190 °C/6 h). They reported that the presence of the fine
rod-shaped orthorhombic T-Al,(Cu,Mnz phases with the
typical length of 80-400 nm and aspect ratio ranging from 2
to 6 caused dislocation tangling under plastic deformation,
which resulted in the higher strength of the as-deposited
WAAMed Al-4.3Cu-1.5 Mg alloy than the WAAMed Al-6.3Cu
alloy. After the T6 heat treatment, the precipitations of high-
density needle-shaped S’ phases and few T phases significantly
improved the strengths of the WAAMed Al-4.3Cu-1.5 Mg
alloy by resisting dislocation slip and trapping dislocations.

In summary, the mechanical properties of the WAAMed Al-
Cu alloys can be significantly improved by means of heat
treatment processes, due to the elimination of inhomogeneous
microstructures, and the precipitation of homogeneous disper-
sion strengthening phases. However, the heat treatment process
causes a general decrease in the elongation of the heat-treated
alloy, as the porosity defects present in the as-deposited alloy
are worsened. Fortunately, recent studies have indicated that the
several cold working processes can compensate for the loss of
elongation caused by the deterioration of pore defects during
heat treatment processes (Ref 95, 114). Additionally, according
to the results of Qi et al. (Ref 113), the T4 heat treatment
process may be considered for improving the elongation of the
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WAAMed Al-Cu alloys. Therefore, the selection of suitable heat
treatment processes and the inhibition of pore defect deterio-
ration are key to achieving superior mechanical properties of
the heat-treated WAAM Al-Cu alloys.

6.2 Interlayer Gold Working

The work hardening is one of the major strengthening
mechanisms pertinent to the materials. Recent studies have
identified that the work-hardened AI-Cu alloys fabricated by
WAAM show excellent microstructure and mechanical proper-
ties by interlayer cold working processes.

Gu et al. (Ref 67) investigated the influence of different
interlayer rolling loads (15, 30, and 45 kN) on the microstruc-
ture and mechanical properties of the WAAMed 2319 alloys.
The interlayer rolling loads reduced the mean height per layer
of the deposits from 2.35 to 1.31 mm and increased the mean
wall width from 6.8 to 11.5 mm, resulting in a deformation of
13.2%, 30%, and 44.2% at 15 kN, 30 kN, and 45 kN loads,
respectively. They reported that the grain structures were
gradually refined as the increase in interlayer rolling loads,
elongating along the short-transverse direction. Additionally,
the size and density of the dimples were increased gradually
with the increasing interlayer rolling load, which indicated an
increase in strength (Ref 115). Honnige et al. (Ref 109)
introduced two different rolling techniques (interlayer rolling
process and post-deposition rolling process) to treat the
WAAMed 2319 alloy thin-wall components, and the schemat-
ics of these rolling techniques are shown in Fig. 16. They
reported that the height of the deposits was significantly
reduced by interlayer rolling process, while there was little
effect in height for the post-deposition rolled specimens. The
surface waviness was increased by introducing the interlayer
rolling process, while it was smoothened by applying post-
deposition rolling processes. These rolling processes increased
the hardness of the deposits due to the work hardening.
Additionally, they found that the post-deposition side rolling
was more effective for controlling residual stress and defor-
mation. Fang et al. (Ref 111) employed the interlayer ham-
mering process to strengthen the WAAMed 2319 alloy
components and investigated the influence of different defor-
mation degree (0, 21.8, and 50.8%) on the microstructure and
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Fig. 14 Transmission electron microscopy images of the WAAMed 2219 alloys [67]: (a) as-deposited (taken from the third layer beneath the
top surface of the wall) and (b) after-deposition T6 treated. Reprinted from Materials Science and Engineering: A, Vol 651, J. Gu, J. Ding, S.W.
Williams, H. Gu, J. Bai, Y. Zhai, P. Ma, The strengthening effect of inter-layer cold working and post-deposition heat treatment on the additively
manufactured Al-6.3Cu alloy, Pages 18-26, Copyright 2016, with permission from Elsevier
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Fig. 15 The TEM images [84]: (a) 0 phase; (c) 0’ phase; (e) 0” phase; the SAED image: (b) 6 phases and a-Al matrix; (d) 6 phases and o-Al
matrix; (f) 8” phases and a-Al matrix; the high-resolution transmission electron microscopy (HRTEM) images between o-Al matrix and Al-Cu
phases: (g) coherent and (h) semi-coherent situations. Reprinted from Materials Characterization, Vol 189, S. Zhou, K. Wu, G. Yang, B. Wu, L.
Qin, H. Wu, C. Yang, Microstructure and mechanical properties of wire arc additively manufactured 205A high strength aluminum alloy: The
comparison of as-deposited and T6 heat-treated samples, Article 111,990, Copyright 2022, with permission from Elsevier

mechanical properties. The mean single-layer height was
reduced from 2.69 to 1.22 mm, resulting in a deformation of
0, 21.8, and 50.8%, respectively. GE x-ray computed tomog-
raphy was applied to observe the change in porosity before and
after interlayer hammering process. Figure 17 shows the results
of microstructure and porosity. It can be clearly seen that the
microstructure was significantly refined and most of pores were
closed by applying interlayer hammering process. However,
according to their reports, although the interlayer hammering
process effectively closed the porosity, the elongation decreased
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from 18% (0% deformation) to 12.5% (50.8% deformation).
Wang et al. (Ref 95) employed the in situ rolled WAAM
process to produce 2319 alloy components. They reported that
the majority of the solidification shrinkage cavities were
eliminated during WAAM by introducing in situ rolling
process. However, after the T6 heat treatment, the fine
hydrogen pores with high density were formed due to the
hydrogen micropore precipitation.

The primary goal of the interlayer cold working processes is
to enhance the overall performance of the WAAMed Al-Cu
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alloys by refining the microstructure, minimizing pore defects,
reducing residual stress, and introducing dislocation to increase
strengths. It also helps to prevent the rapid decrease in the
elongations of the WAAMed Al-Cu alloys after the T6 heat
treatment by reducing pore density. In recent years, these
interlayer cold working processes have been recognized as the
effective way to improve the forming quality and performance
of the WAAMed Al-Cu alloys. However, it is important to note
that these currently available processes may only be suitable for
the simple additive manufacturing parts, such as wall compo-
nents. Consequently, further development needs to take into
account the applicability to complex structures as well as the
development of additional processes.

6.3 Surface Treatment

In recent years, several surface treatment processes have
been employed to improve the performance of the WAAMed
Al-Cu alloys after deposition.

Laser shock peening (LSP) is an effective surface treatment
process which utilizes a high-power-density pulse laser and
ultra-short duration onto the surface of components to induce
large depth and high value compressive residual stress to
relieve the tensile stress (Ref 116, 117). Sun et al. (Ref 107)
used a Q-switched Nd:YAG high-power pulse laser (wave-
length: 1064 nm and pulse duration: 15 ns) to treat the 2319
alloy thin-wall components fabricated by GTAW-WAAM
process. It can be found that the LSP could effectively improve
the micro-hardness, as shown in Fig. 18(a). However, the
hardness improvement decreased to the level of untreated
samples gradually with increasing the penetration depth.
Moreover, residual stress in both the topmost and middle
sections was modified from tensile stress to compressive
residual stress after LSP. The maximum value of compressive
residual stress was around 100 MPa and an affected depth was
more than 0.75 mm, but the effect of LSP on residual stress
also decreased with increasing the penetration depth, as shown
in Fig. 18(b). Ultrasonic impact treatment (UIT) is a surface
strengthening process that adopts the impact energy to produce
large plastic deformation onto the deposit surface, refining
grain structures and generating the compressive stress to relieve
tensile stress (Ref 118). Wang et al. (Ref 108) deposited 2319
alloy thin-wall components fabricated by CMT-WAAM process
and treated them with the UIT (working currents were 1 A and
2.5 A, respectively). It can be observed that the grain structures
were refined significantly after UIT process, as shown in
Fig. 19. When the working current was low (1 A), some
columnar grains were found in the microstructure due to the
limited plastic deformation zone. When the working current
increased to 2.5 A, fine equiaxed grains evenly distributed were
observed, indicating a significant improvement in the grain
refinement. In addition, pore defects and surface residual stress
were significantly improved after UIT process.

Both LSP and UIT processes use high-energy medium to
impact samples and release the internal stress by exerting
compressive stress onto the surface of components. Their
advantages are reflected in: (1) refining microstructure; (2)
eliminating pore defects; (3) improving hardness; and (4)
reducing residual stress. However, their strengthening effects
decrease with the increasing penetration depth, making them
have negligible effects on medium or large components
fabricated by WAAM.
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7. Outlook

Currently, there are numerous studies concerning Al-Cu
alloys fabricated by WAAM, which strive to improve the
forming quality, microstructure, and mechanical properties
through optimizing WAAM processes, designing novel Al-Cu
wires and employing post-process processes. However, it is
necessary to summary some concepts to direct the future
research into the aspects. This section provides some examples,
some of which are generic in nature that they can be applied to
WAAM processes regardless of the materials being produced.

Wire quality and composition have a significant effect on the
performance of WAAMed alloys (Ref 92). Therefore, it is
important to design and develop dedicated WAAM wires by
adding other micro-alloying elements or TiC particle. Micro-
alloying elements such as Ti, Zr, Sc, La, Ce, Cd, and Sn can be
added to Al-Cu alloy wires according to previous studies. Some
of them contribute to the microstructure refinement, and some
are conducive to improve the performance of heat-treated Al-
Cu alloys. Additionally, TiC nanoparticles have been proven to
reduce the crack sensitivity of Al-Cu-Mg alloys in the field of
selective laser melting (SLM) processes (Ref 119, 120). Recent
studies show that it is also suitable for the WAAMed Al-Cu
alloys, and crack-free Al-Cu-Mg alloy components have been
manufactured by adding TiC nanoparticles into Al-Cu-Mg alloy
wire (Ref 98). This technology liberates the embarrassing
situation of Al-Cu-Mg alloys in the field of WAAM due to their
high sensitivity to hot cracks. However, although limited by the
difficulty of wire production, related progress may be slow, it is
an important way that will contribute to the development of
WAAM alloys in future, not just for aluminum alloys.

Studies on addressing the defects present in the WAAMed
Al-Cu alloy deposits have largely focused on the interlayer cold
working and surface treatment processes. Surface treatment
processes offer advantages in terms of improving microstruc-
ture and relieving residual stress, yet their efficacy is limited by
penetration depth and additional time and cost involved. In
contrast, the interlayer cold working processes such as
interlayer rolling and interlayer hammering play an essential
role in enabling near-net-shaped WAAM processes, as they can
enhance the quality of WAAMed components while preserving
their forming efficiency. Thus, further exploration into the
synergistic effects between WAAM and cold working processes
will be critical for the WAAM of all materials.

The heat treatment process is a key part of improving the
performance of WAAMed Al-Cu alloys. The current studies
focus on the T4 and T6 heat treatment processes. To further
improve the microstructure and mechanical properties, other
heat treatment processes, such as T8 heat treatment process
(solution treatment + cold working + artificial aging), can be
considered. This heat treatment process theoretically avoids the
deterioration of alloy performance caused by porosity defects
during high temperature heat treatment process. Moreover, if
component needs to go through interlayer cold working process
during WAAM, the selection of heat treatment process should
be adapted in order to prevent a decrease in performance due to
abnormal recrystallization during heat treatment.

As a future development, the main application area for
WAAMed Al-Cu alloys is the aerospace industry. To meet the
demands of this industry, the WAAM process should be
developed to achieve the forming of complex shapes. In
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addition, the hybrid WAAM processes should be adapted to the
production of complex shape parts and further integrated into
industrial production through digital automation and robot-
assisted equipment, in order to gain control over shape and
performance. Of course, further studies need to be further
developed in areas such as forming path planning and residual
stress relief to expand its application areas.

8. Conclusion

This paper reviews the latest technological developments of
WAAMed high-strength Al-Cu alloys, focusing on the solid-
ification microstructure, common defects, mechanical proper-
ties, and post-processing processes. From this review, the
following conclusions can be drawn:

(1) The typical solidification microstructure of WAAMed

Al-Cu alloys typically exhibits an alternating distribution
of coarse columnar grains and fine equiaxed grains,
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which is attributed to the inhomogeneous thermal cycles
and alloy composition. The microstructure can be effec-
tively improved by optimizing the manufacturing pro-
cess, adjusting the welding parameters, and optimizing
the alloy composition. In particular, alloying elements
have a marked effect for improving the microstructure
and mechanical properties of WAAMed Al-Cu alloys.
Common defects in the WAAMed Al-Cu alloys include
the inhomogeneous microstructure, pores, cracks and
residual stress, and these issues combined lead to aniso-
tropic properties. Despites significant efforts to improve
them, heat-treated Al-Cu alloys still present a challenge
in resolving the anisotropy properties.

In order to overcome the loss of strength and elongation
produced by pore defects, etc., the hybrid WAAM pro-
cess has been increasingly investigated in recent years,
such as interlayer rolling process. It has been proven
that the hybrid WAAM process is effective in: (1) reduc-
ing pore defects; (2) refining microstructure; (3) improv-
ing forming quality and performance; and (4) releasing
residual stress. However, the drawbacks of the hybrid
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Fig. 19 Inverse pole figure and frequency histogram of specimens [108]: (a, b) AD state; (c, d) UIT-1 state and (e, f) UIT-2.5 state.
Reproduced from Journal of Materials Research and Technology, Influence of ultrasonic impact treatment and working current on microstructure
and mechanical properties of 2219 aluminium alloy wire arc additive manufacturing parts, by C.R. Wang et al. under the CC BY license
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WAAM processes include their high equipment cost,
more parameters involved in the process, and the poten-
tial to produce high complexity parts. Consequently, the
cost-effective application of the hybrid WAAM process
needs to be discussed and planned.

(4) With the advancement of new generation of wires and
hybrid WAAM processes, the manufacture of Al-Cu al-
loy components by WAAM process is anticipated to be
an effective technology in the aerospace industry due to
its high material utilization, short production cycles, and
reliable performance. Thus, further research should not
only concentrate on improving the microstructure and
properties, but also consider issues such as forming path
planning and residual stress relief.
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