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Abstract: The microstructure and mechanical properties of the WAAM-ZL205A alloy were investigated at various
thermal exposure temperatures and compared with those of the deposited and T6-treated alloys. Due to the precipitation
strengthening of fine and scattered 8" and 6’ phases, the yield strength (YS) of the T6-treated ((535 °C, 10 h) + (175 °C,
10 h)) alloy increases to 366.9 MPa compared with that of the deposited alloy. However, the elongation (El) is reduced
to 12.9%. When the thermal exposure temperature increases from 200 to 300 °C, there is a notable decrease in YS and
the time required to stabilize is shortened. After thermal exposure at 300 °C for 24 h, part of the 6’ precipitate located at
the grain boundary transforms into the 6 phase, while the 8’ precipitate within the grains experiences coarsening,
resulting in a decrease in YS to 188.9 MPa. Upon surpassing an exposure duration of 120 h, the mechanical
characteristics exhibit stability.
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1 Introduction

Additive manufacturing (AM), commonly
referred to as 3D printing or rapid forming, offers
benefits such as material conservation, substantial
reduction in lead time, and enhanced feasibility in
the production of complex components [1]. In recent
years, metal AM has garnered significant interest
in the field of advanced manufacturing [2—4]. To
lower manufacturing expenses and fabricate
intricate components, scholars have utilized AM
technology to develop high-performance aluminum
alloys that meet with commercial demands [5,6].
Wire arc additive manufacturing (WAAM) is a vital
metal AM technology that addresses challenges

associated with expensive equipment, limited
product dimensions, and slow deposition rates [7].
The WAAM utilizes metal wire as the raw materials
and arc as the heat source to deposit metal
components layer by layer [8,9]. LI et al [10]
developed the cold metal transfer (CMT)
technology by adapting the gas metal arc welding
(GMAW) process. CMT has the advantages of low
heat input and spatter-free and is considered a
crucial technique for fabricating aluminum alloy
components.

Al-Cu alloys are widely utilized in the
aerospace and automobile industries for their light-
weight, high specific strength, favorable ductility,
and exceptional corrosion resistance [11—14]. The
optimization of microstructure and enhancement of
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mechanical properties of Al-Cu alloys can be
achieved through heat treatment methods. Among
these, quenching and aging processes are popularly
employed for precipitation strengthening in Al-Cu
alloys, with a precipitation sequence involving GP
zone — 0" — 0' — 0 (Al,Cu) [15]. The shape and
volume fraction of #” and O’ precipitates play a
crucial role in determining the mechanical
properties. Studies have been conducted to calculate
the strength contribution of 8" precipitates in
WAAM 2219 Al alloy at varies solid solution
temperatures [16]. Extensive research has been
carried out on the microstructure and properties of
traditional Al—Cu alloys, providing a valuable
foundation for the development of WAAM Al-Cu
alloys.

Generally, the nanoscale 6’ precipitate in the
aged Al—Cu alloys exhibits excellent coarsening
resistance up to 250 °C [17]. Nevertheless, the
metastable @' precipitate rapidly transforms to
equilibrium @ precipitate at higher temperatures.
Research by ZHAO et al [18] indicated that the
majority of the ' precipitate in AlSiCuMg alloy
dissolved into the Al matrix after heat exposure at
350 °C for 100 h. Since the @' precipitate easily
coarsens at elevated temperatures, micro-alloying
is widely employed to improve thermal stability.
BAHL et al [19] found that the volume fraction of §’
precipitate stabilized in the Al-Cu—Mn—Zr alloy
after thermal exposure at 300 °C for 5000 h, due to
the synergistic effect of Mn and Zr. They explained
the precipitation strengthening using the Orowan
mechanism and transformation strain. JIANG
et al [20] discovered that adding Sc, Zr, and Mn to
Al—Cu alloy could refine and stabilize the 6’
precipitates, and the hardness remained stable
even after thermal exposure at 280 °C for 24 h. LI
et al [21] studied the effects of Mn and Zr micro-
alloying on the high-temperature strength of
Al-11.5Si—Cu alloy during thermal exposure. They
observed that adding Mn effectively inhibited the
precipitate transformation of 8’ — 6, while Zr had
the opposite effect.

ZL205A alloy is a typical cast Al—Cu alloy for
its strength at room temperature, primarily due to

precipitation hardening from nano-6' precipitate.
However, when used in the high-temperature
environments (200—-300 °C) like aerospace and
automotive, the nano-precipitates formed during the
aging process tend to coarsen, leading to a
significant decrease in mechanical properties.
Therefore, enhancing the high-temperature thermal
resistance of Al—Cu alloys has become a major
challenge. Previous research mainly concentrated
on the as-cast ZL205A alloy, neglecting the
exploration of WAAM-ZL205A alloy and its
performance under thermal exposure [22,23]. In
this study, the ZL205A alloy was fabricated using
CMT-WAAM, and the effects of aging and thermal
exposure on the microstructure and mechanical
properties were investigated.

2 Experimental

2.1 Alloy preparation

Z1205A alloy wires with a diameter of 1.2 mm
were prepared by casting, extrusion, and drawing.
Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) was utilized to analyze the
chemical composition of the wire and deposited
alloy, and the results are given in Table 1. A
necessary 2024-Al plate (250 mm X 100 mm X
10 mm) was selected as the substrate. Prior to
deposition, the substrate was cleaned using alcohol
to remove the oil and impurities.

Table 1 Chemical compositions of wire and deposited
ZL205A alloy (wt.%)

Alloy Ca Mn Zr Ti Cd V Al
Wire 497 040 020 023 0.16 0.11 Bal
Deposited 4.73 0.41 0.20 0.24 0.12 0.11 Bal

A ZL205A alloy (200 mm X% 30 mm X 80 mm)
was manufactured using a cold metal transfer
advance (CMT-ADV) system. The system included
a Lungo PNT 3.0 control system, a Fronius
Transpulse Synergic 4000 CMT heat source system,
an IRB4600-40/2.55 industrial robot, and a wire
feeder. Table 2 shows the welding parameters of

Table 2 CMT-WAAM parameters for ZL205A alloy in present work

Parameter U/V  I/A  vrs/(m's")  vwrs/(m'min")

Hiayeymm  #p/s  Tp/°C  Rsc/(L'min!)  Wso/mm

Value 13 210 0.02 5.6-6.5

2.2 60 160 25 8-12
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welding voltage (U), arc current (/), travel speed
(vrs), wire feed speed (vwrs), layer height (Hrayer),
interlayer delay (#p), preheated temperature (7p),
shielding gas flow rate (Rsg), and the wire stick-out
(Wso). The welding process involved a continuous
and serpentine scanning strategy, with pure argon
(99.99%) used as the protective gas.

2.2 Heat treatment

Specimens were chosen from the middle layer
of the WAAM-ZL205A alloy. A sketch illustrating
the heat treatment process is shown in Fig. 1. The
procedure involved quenching the alloy in water
immediately after being held at 535 °C for 10 h,
followed by aging at 175 °C for 0—48 h and then air
cooling (T6). Another set of specimens was held at
175°C for 10h and then subjected to thermal
exposure at 200, 250, and 300 °C for 0-720h
before being air cooled.

2.3 Characterization of microstructure and

mechanical properties

The microstructure of the WAAM-ZL205A
alloy was performed using scanning electron
microscopy (SEM, TESCAN MIRA3), X-ray
diffraction (XRD, Rigaku D/max), and transmission
electron microscopy (TEM, FEI Talos F200X).
Samples for SEM and XRD measurements were
prepared by wire cut electrical discharge machining
(WEDM), followed by grinding with SiC papers
and mechanical polishing. Notably, the samples
were observed without the need for etching.
The SEM observations were conducted using
backscatter electron (BSE) diffraction. The XRD
tests were carried out using Cu K, radiation with a
scanning speed of 5 (°)/min and a diffraction angle

range of 10°-90°, and the precipitates were
calibrated using an MDI-Jade 6.5 software. The
TEM specimens with dimensions of 10 mm X
I5Smm x 0.8 mm were thinned to 60 pm using
metallographic abrasive paper, followed by
punching discs with 3 mm in diameter and twin-jet
electropolishing in an electrolyte of HNO; and
CH;O0H (3:7 in volume ratio) at —25 °C and 14 V.
TEM observations were carried out on an FEI Talos
F200X instrument with mounted high-angle annular
dark field (HAADF) detectors operated at 200 kV,
focusing on the (100)4; crystal belt axis. The fast
Fourier transformation (FFT) of high-resolution
images was employed with Gatan Digital
Micrograph software.

The hardness of the WAAM-ZL205A alloy
was measured using a digital Brinell hardness
tester with a load of 250kg and a dwell time
of 30 s. Before testing, the specimen surfaces were
metallographically polished. The average hardness
was determined based on a minimum of five
indents. Tensile specimens of 60 mm in length and
2 mm in thickness were cut by WEDM, as shown
in Fig. 1. Room-temperature tensile tests were
conducted on an MTS—810 testing machine with a
fixed rate of 2 mm/min. Three identical tensile
specimens were prepared for testing, and the
fracture morphologies were observed using SEM.

3 Results

3.1 Microstructural characteristics
3.1.1 SEM and XRD analysis results

Figure 2 shows the SEM microstructures of the
WAAM-ZL205A alloy under various conditions.
The white areas indicate precipitates, while the gray
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Fig. 1 Sketch of heat treatment procedure and tensile specimen of WAAM-ZL205A alloy
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area represents the matrix. In Fig. 2(a), a large
number of irregular net-shape eutectic colonies
(a-Al+6-Al,Cu) are visible, with most of them
clustering along the grain boundary and some
dispersed as independent particles within the grain.
Figure 2(b) shows a lot of fine white needle-shaped
secondary precipitates surrounding the eutectic,
highlighted by a black ellipse. After T6 treatment,
the volume fraction of these white secondary
precipitates notably decreases, as shown in Fig. 2(c).
This reduction is attributed to the dissolution
of larger white secondary phases at the grain
boundaries and within the grains during the solid
solution treatment stage. The disappeared eutectics
dissolve into the Al matrix to form a supersaturated
solid solution, thus enhancing solid solution
strengthening and providing solute atoms for
subsequent aging precipitation. After thermal
exposure at 300 °C for 24 h, there is a significant
increase in the volume fraction of white secondary
precipitates compared to the T6 treatment, and they
are distributed discontinuously along the grain
boundary (Fig. 2(d)).

o |

Fig. 2 SEM images of WAAM-ZL205A alloy: (a) Deposited; (b) Magnified image of Area 4 in (a); (c) T6-treated;
(d) Thermally exposed at 300 °C for 24 h

EDS analysis was performed on the secondary
precipitates located at the grain boundary and
within the grain, identified as Points 1-5 in Fig. 2,
and the results are detailed in Table 3. When
comparing the chemical compositions of Points 1
and 2, it is observed that the grain boundary
eutectic contains slightly higher levels of Mn
than the inner grain eutectic, but the content of
other elements is very similar. The EDS results of
the T6-treated alloy reveal that Zr content in the
residual white secondary precipitate increases from
0.05 at.% to 2.23 at.%, while Cu content decreases

Table 3 Chemical compositions of secondary precipitates
in Fig. 2 (at.%) by EDS

Point Al Cu Mn Zr Cd Ti A\

1 86.06 12.77 0.89 0.05 0.15 0.01 0.06
2 8540 1238 1.97 0.04 0.03 0.01 0.17
3 88.93 6.68 1.79 2.23 0.04 0.07 0.08
4 82.05 477 2.55 040 0.00 0.04 0.19
5 86.92 732 5.03 0.15 0.10 0.03 0.46
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by around 50%. After thermal exposure at 300 °C
for 24 h, Cu content in the coarse white secondary
precipitate increases, and Mn content is abnormally
high.

Figure 3 shows the distribution of Cu, Mn, and
Zr in the deposited, T6-treated, and thermally
exposed alloys, respectively. In the deposited state,
a large amount of Cu is found in @ precipitates
at the grain boundary, with only a small amount
is uniformly distributed within the grain. A small
amount of Mn is also present in the 8 precipitate,
while the rest is evenly spread in the Al matrix.
Following T6 treatment, Cu and Mn are distributed
evenly due to the dissolution of the eutectic during
the solid solution, and nanoscale 8" and 6’ phases
precipitate during aging process. After thermal
exposure at 300 °C for 24 h, it can be seen from
Figs. 3(j, k) that Cu and Mn are observed to
re-enrich as clusters at the grain boundary. As
depicted in Figs. 3(d, h,1), Zr does not show
significant segregation in the Al matrix after either
T6 treatment or thermal exposure.

XRD patterns of the deposited, T6-treated, and

thermally exposed WAAM-ZL205A alloys are
shown in Fig. 4. Initially, the deposited alloy is
primarily composed of a-Al and 6 precipitate. After
T6 treatment and subsequent thermal exposure, the
diffraction peaks associated with the @ precipitate
disappear, indicating that most of them dissolve into
the Al matrix during the solid solution treatment.
The thermally exposed alloy shows the presence of
the Al;CuyFe (f-Fe) phase, and this phase is formed
during the rapid solidification of the alloy at the
eutectic stage of 530—540 °C [24].
3.1.2 TEM observation

The TEM microstructures of the deposited
WAAM-ZL205A alloy are shown in Fig. 5. The
bright-field image reveals that the net-shaped and
short rod-shaped @ precipitate is distributed along
the grain boundary and within the grain, respectively.
Additionally, the low-density @' precipitates are
observed within the grain. The selected areca
electron diffraction (SAED) pattern along the
[100] axis is displayed in Fig. 5(b), where the primary
spots correspond to the a-Al phase, and the smaller
spots highlighted by yellow circles are identified as

Fig. 3 SEM images and elemental distribution for deposited (a—d), T6-treated (e—h), and thermally exposed (i—1) WAAM-
Z1.205A alloys: (a, e, i) SEM images; (b, f, j) Distribution of Cu; (¢, g, k) Distribution of Mn; (d, h, 1) Distribution of Zr
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Fig. 4 XRD patterns of WAAM-ZL205A alloy under
different conditions

@' precipitate [25]. A high-resolution image of the 6"
precipitate, approximately 18 nm in thickness, is
shown in Fig. 5(c), displaying a semi-coherent
relationship with the a-Al matrix. The nano-
precipitate is determined to be #’-Al,Cu according
to the associated FFT pattern.

HAADF-STEM images of nano-precipitates
in the deposited alloy are shown in Figs. 5(e—h).
The STEM-EDS results indicate that Cu is
predominantly concentrated in the disc and needle-
shaped secondary precipitates. The disc-shaped
secondary precipitate corresponds to the 6 phase
and is distributed within the grain, as displayed in

Fig. 2(a). Cd is primarily segregated in the dot-
shaped secondary precipitate, which surrounds the
rim of @ and &' precipitates. Additionally, the
Cd-containing precipitate is also embedded in the
head of the @' precipitate in the form of a hexagonal
cube, as shown in Fig. 5(g).

The TEM microstructures of the T6-treated
alloy are displayed in Fig. 6. In the SAED pattern, a
discontinuous white streak marked by a red arrow is
identified as 8" precipitates, as shown in Fig. 6(a).
Following the T6 treatment, it can be observed
in Figs. 6(b, c) that the coarse net-shaped white 6
precipitates distributed along the grain boundary
almost vanish, and a large amount of 6" and 6’
phases precipitate within the grain. However, some
residual 6 precipitate and polygonal 7-phase
(Al20CusMns3) are also observed within the grains.
The T-phase appears rod-shaped and has a
polygonal “apple” shape on the cross-section,
exhibiting higher thermal stability compared to the
0 precipitate [26,27]. The volume fraction of the
needle-shaped 6’ precipitate in the alloy has notably
increased compared to the initial deposited alloy.
Additionally, the " and &' phases in the alloy
precipitate during the aging process rather than
directly transforming from the 8’ precipitates in the
deposited alloy. According to the AlI-Cu alloy phase
diagram [28], the 0’ phase precipitates at 100—400 °C.
Consequently, the 8" phase in the deposited alloy
dissolves during the solution treatment at 535 °C.

Fig. 5 TEM images of deposited alloy: (a, b) Bright-field image and corresponding SAED pattern, respectively;
(c) High-resolution image of 8’ precipitate; (d) FFT patterns of area indicated by black rectangle in (c); HAADF-STEM
images (e, g) and nanoscale EDS mappings (f, h) of Cu and Cd
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HAADF-STEM was wused to determine
chemical composition of the nanoscale secondary
precipitates, and the results are shown in Fig. 7. In
Fig. 7(a), it is evident that the To6-treated alloy
contains a large amount of " and 6’ precipitates.
The residual 6 precipitate, approximately 500 nm,
is dispersed within the grain. The net-shaped 6
precipitate at the grain boundary dissolves into the
Al matrix during the solid solution process, leading
to the precipitation of the 6’ phase in the aging
process, forming the precipitate-free zones marked
by the blue dashed lines. Additionally, Fig. 7(d)
demonstrates that the Cd-containing precipitate
plays a role in the formation of the ' precipitate.
The EDS mappings reveal that Cu and Cd are

?
o (220)

-
(200)

primarily present in the respective secondary
precipitates, while Mn is evenly distributed
throughout the Al matrix.

The TEM microstructures of the precipitates in
the alloy after thermal exposure at 300 °C for 24 h
are shown in Fig. 8. In Fig. 8(a), it is evident that
the secondary precipitate at the grain boundary has
grown further and some of the 6’ precipitate has
transformed into the @ precipitate compared to the
T6-treated alloy. Since the time required for Cu
atoms to diffuse from the grain boundary into the
grain, the @' precipitate within the grain does not
transform into the 6 precipitate. The undissolved
6 precipitate is also observed, as shown in
Figs. 8(b, ¢). Meanwhile, the §' and Cd-containing

Fig. 7 HAADF-STEM images of T6-treated alloy: (a, d) HAADF images; (b, ) Distribution of Cu and Cd; (c, f) Distribution

of Mn
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Fig. 8 TEM images of alloy thermally exposed at 300 °C

(e, f) High-resolution images

precipitates in the alloy have significantly coarsen.
The corresponding SAED pattern in Fig. 8(d)
indicates that the discontinuous white streak
disappears, confirming that the §” phase transforms
into the 6’ phases following thermal exposure
treatment.

Figure 8(e) shows a high-resolution image of
the @ precipitate with a diameter of approximately
70 nm. Adjacent to it on the left and right sides
there exist the Cd-containing precipitate and 6’
precipitate, respectively. This observation suggests
that the Cd-containing precipitate facilitates the
transition from the @' precipitate to the @ precipitate.
Additionally, Fig. 8(f) displays a high-resolution
image of the T-phase (Al,0Cu,Mn3).

Figure 9(a) shows the HAADF-STEM micro-
structure of Zone B in Fig. 8(b). Figures 9(b—f)
exhibit the elemental distributions of Al, Cu, Mn,
Cd and Zr, respectively. The transformation from
0" precipitate to 0 precipitate is evident. Cu and
Mn are segregated in the secondary precipitates,
aligning with the SEM microstructure in Fig. 3. The
EDS mappings of Cu and Mn in Figs. 9(c, d) reveal
that the left section of the 7T-phase contains Al and
Cu, while the right part with elongated stripes
consists of Mn and a small quantity of Cu.

for 24 h: (a—c) Bright-field images; (d) SAED pattern;

In addition, the Cd-containing precipitate is
coarsened significantly compared to the T6-treated
alloy. Figure 9(f) illustrates the even distribution of
Zr within the Al matrix. The presence of the L1,-
AlsZr precipitates is verified by the diffraction spots
indicated by the white arrow in Fig. 8(d) [17].

Bright-field images of the precipitates under
various conditions are displayed in Fig. 10, and
length size distributions of the 6" and ' precipitates
are given in Fig. 11. In Figs. 10(a) and 11(a), it is
evident that the average length size of the coarsen 6’
precipitate in the deposited alloy reaches 270.1 nm,
with a relatively low number fraction. Following
the T6 treatment, finer §"” and O’ precipitates are
observed within the Al matrix. Figures 10(b) and
11(b) show that the average length size of the
precipitate decreases to 49.4 nm, with a significant
increase in number fraction. Notably, the average
length size of the precipitates gradually increases
with  higher thermal exposure temperature.
Figures 11(c—e) demonstrate that after thermal
exposure at 200, 250, and 300 °C for 24 h, the
average length sizes of the precipitates are 88.4,
145.7, and 197.3 nm, respectively. At 200 °C, the
transformation of @' precipitates into @ precipitates
has not occurred, the number fraction of precipitates
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Fig. 9 HAADF-STEM microstructure and EDS mappings of Zone B in Fig. 8(b): (a) HAADF image; (b—f) Distribution

of Al, Cu, Mn, Cd and Zr, respectively

200 nm 1

Fig. 10 Bright-field images of precipitates under different conditions: (a) As-deposiféd; (‘t;) T6-treated; (c) Thermally
exposed at 200 °C for 24 h; (d) Thermally exposed at 250 °C for 24 h; (e) Thermally exposed at 300 °C for 24 h

initially rises. The supersaturated Cu in theory
contributes to further increasing the 6" phase
number fraction, eventually reaching a metastable
equilibrium value. After thermal exposure at 250 °C
for 24 h, part of @' precipitates begin to transform
to 6 precipitates. Therefore, the number fraction
of the precipitates decreases, as displayed in
Figs. 10(c—e).

3.2 Mechanical properties
3.2.1 Hardness

The hardness curve of the deposited alloy aged
at 175 °C is shown in Fig. 12(a). The hardness of
the deposited alloy is HB 79.7. It is observed that
the hardness increases rapidly as the GP zone forms
at the initial stage. After 10 h of aging time, the
alloy reaches its peak hardness of HB 142.5 due to
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the precipitation of " and 0’ phases. Even after
48 h of aging, the hardness only decreases by 7.7%,
indicating that the WAAM-ZL205A alloy possesses
strong resistance to over-aging.

Figure 12(b) demonstrates the hardness curves
of the Té6-treated alloy after thermal exposure at
three different temperatures. It is seen that there is a
notable decrease in the hardness under the three
thermal exposure temperatures of 200, 250, and
300 °C at the initial stage. After 24 h, the hardness
decreases to HB 121.9, HB94.4, and HB 85.6,

respectively. As the thermal exposure time extends
to 120h, the hardness further decreases to
HB 103.6, HB91.1, and HB 80.6, a decrease of
27.3%, 36.1%, and 43.4%, respectively, and then
stabilizes. These findings indicate that the WAAM-
ZL205A alloy remains quite stable at 250 °C.
However, thermal exposure at 300 °C results in
hardness levels returning to that of pre-T6 treatment.
This suggests that the higher the thermal exposure
temperature, the greater the reduction in hardness
and the shorter time to reach stability.
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3.2.2 Tensile properties

Figure 13 shows tensile stress—strain curves of
the alloys subjected to different treatments, with
corresponding tensile properties detailed in
Table 4. The T6-treated alloy exhibits significant
enhancement in yield strength (YS) and ultimate
tensile strength (UTS) compared to the deposited
alloy, reaching 366.9 and 452.1 MPa, respectively.
This improvement is primarily attributed to the
strengthening effect of numerous fine 8" and 6’
precipitates, as observed in the TEM microstructure
in Fig. 6. The data in Table 4 indicate that the
variation of the YS and UTS with the extension of
thermal exposure time is similar to that of hardness.

After thermal exposure at 200, 250, and
300 °C for 24 h, the YS decreases to 347.5, 225.8,
and 188.9 MPa, a reduction of 5.3%, 38.5%,
and 48.5%, respectively. With a longer thermal
exposure time of 120 h, the YS further decreases by
27.8%, 43.3%, and 54.6%, respectively. When the
time reaches 720 h, there is no significant decrease
in the YS and UTS. Additionally, at higher exposure

Table 4 Tensile properties of WAAM-ZL205A alloy
under different conditions

YS/MPa
133.0+£2.9
366.9+0.5
347.5+1.7
264.8+2.1
242.843.1
225.843.3
207.9+1.7
200.7£2.2
188.9+1.9
166.4+2.3
165.1£1.6

ElV%
15.9+0.22
12.94+0.19
13.120.11
13.44+0.12
10.3+0.14
13.94+0.17
15.8+0.12
10.7+£0.17

UTS/MPa
256.1£2.7
452.1¢4.9
423.6+5.1
368.6+3.8
364.5+4.1
353.74£3.2
322.7+4.8
321.245.2
305.9+£3.4 12.8+0.16
285.3+4.2 12.6+0.21
278.5+4.7 8.9+0.11

Condition

Deposited

To6-treated
TE (200 °C, 24 h)
TE (200 °C, 120 h)
TE (200 °C, 720 h)
TE (250 °C, 24 h)
TE (250 °C, 120 h)
TE (250 °C, 720 h)
TE (300 °C, 24 h)
TE (300 °C, 120 h)
TE (300 °C, 720 h)

TE: Thermally exposed

temperatures, the decrease in strength is less
pronounced when extending the time from 120 to
720 h. The elongation (El) initially increases and
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then decreases rapidly with longer thermal exposure
at 200 and 250 °C, while it continuously decreases
at 300 °C. The alloy matrix is softer than the
precipitated phase, leading to inconsistent
deformation under tensile stress. Therefore, the
plasticity of the alloy is reduced due to the
coarsening or the transformation of 8’ precipitates
after thermal exposure at 300 °C.

Tensile properties of Al-Cu alloys in the
literatures are listed in Table 5. In contrast, AI-Cu
alloys manufactured by other WAAM processes
cannot obtain high strength and elongation after T6
treatment. The WAAM-ZL205A alloy demonstrates
a marked improvement in YS and UTS compared

Table 5 Yield strengths of AI-Cu alloy in literatures

Alloy YS/MPa Ref.
T6-2219-WAAM 303£5 [16]
T6-2024-WAAM 374 [29]

T6-Al-5Cu—0.2Mn—0.2Zr (As-cast) 292.5+15.8[25]
T6-Al1-4Cu—0.05Sn (200 °C, 168 h)  174+1.6 [30]
T6-Al-6.7Cu—0.45Mn (300 °C, 5000 h) 194  [19]
T7-Al1-4.74Cu—0.13Mg (300 °C, 100 h) 142 [31]

T7-A1-4.7Cu—0.35Mn—0.15Zr
(300 °C, 100 h)
T6-Al-5Cu—Ni—Mn—Zr
(300 °C, 100 h)

165  [17]

105 [32]

e

Fig. 14 Tensile fracture morphologies of WAAM-ZL205A

to traditional casting alloy and comparable to those
of the deformed alloys.
3.2.3 Fracture morphologies

The tensile fracture morphologies of the
specimens following various treatments are shown
in Fig. 14. All specimens have visible micro-pores,
marked by black ellipses. The majority of these
micro-pores are hydrogen pores generated during
the WAAM process, which diminish the stressed
area and destroy the grain boundary consistency [33].
These micro-pores act as crack-initiating points and
accelerate the fracture during the tensile test, thus
reducing the mechanical properties of the alloy.
Typical intergranular fractures and tiny dimples are
observed in the specimens before and after T6
treatment, as shown in Figs. 14(a) and (D).
Furthermore, the Té6-treated alloy displays no
secondary precipitates at the bottom of the dimples,
and the number of dimples on the fracture surface is
significantly reduced, consistent with the decrease
in plasticity.

The thermal exposure of the alloy can be
considered an over-aging process. Thermal
exposure at 200 °C for 24 h shows no significant
difference in fracture morphology compared to the
T6-treatment. However, dimples increase notably
after thermal exposure at 250 °C for the same
duration. The weak point of the T6-treated alloy
is the grain boundaries, but locations at the grain

treated; (c—e) Thermally exposed at 200, 250, and 300 °C for 24 h, respectively; (f) Thermally exposed at 300 °C for

720 h



696 Hai-jiang LIU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 684—700

boundary and within the grains become the weak
points due to the decrease in the density of
precipitates after thermal exposure. This weakening
within the grains can relieve stress concentration at
the grain boundary, thereby enhancing the ductility
of the alloy. After thermal exposure at 300 °C,
obvious deformation is observed on the fracture
surface, with a mix of cleavage planes and a small
number of dimples, indicating a combination of
ductile and brittle fractures. Consequently, the
plasticity of the alloy decreases after thermal
exposure at 300 °C.

4 Discussion

4.1 Microstructural evolution

The deposited ZL205A alloy mainly consists
of a-Al phase, 6-Al,Cu eutectic, and 6’ precipitate,
as shown in Figs. 2(a) and (b). The majority of the 8
eutectics are distributed along the grain boundaries
in a network pattern, with a few present within the
grains in a disc-shaped form. The XRD patterns
(Fig. 4) and TEM microstructure (Fig. 5(a)) confirm
the presence of 6 precipitate in the deposited alloy.
Similar to other WAAM Al—Cu alloys, the a-Al
phase first forms at the initial stage of the cooling
process, followed by precipitation of the 6 phase
when the Cu concentration in the melt and
temperature reach the eutectic point.

The 6’ phase mainly forms around the net-
shaped eutectics during the WAAM process, as
shown in Figs. 2(b) and 5(e). The unique thermal
cycle of the WAAM encourages the precipitation of
0' phase because the alloy deposited subsequently
continuously heats the previously deposited alloy.
In WAAM, the spherical §"-Al;Cu phase initially
precipitates in the Cu-rich regions (around the
eutectics) and then clusters to minimize the surface
energy due to the thermal effect [34]. As the
sampling in this study was in the middle of the
deposited alloy, the prolonged thermal cycling
causes the 8" precipitate to coarsen and transform
into the 6’ precipitate. It is noted that only the 6’
precipitate is observed in the deposited alloy, with
no coarsened 6" precipitate present. Additionally,
Cd is mainly distributed as a dot-shaped secondary
precipitate at the edge of 6 and 8’ precipitates, as
shown in Figs. 5(e—h). DONG et al [35] reported
that Cd had a high vacancy binding energy, and
Cd-vacancy clusters provided numerous nucleation

sites, thus reducing the nucleation energy of
0" precipitates. Besides, Cd contributes to the
precipitation of @' phase during the subsequent T6
treatment and the transformation of 8’ to 6 phase
during thermal exposure. Therefore, Cd also plays a
crucial role in improving the mechanical properties
of Al-Cu alloys [36].

After T6 treatment, the majority of the 8-Al,Cu
eutectics located at the grain boundaries and within
the grains dissolve into the Al matrix, as shown
in Fig.2(c). However, a few remaining white
secondary precipitates are observed within the
grain. The EDS results (Table 3) reveal that these
secondary precipitates are primarily Zr-containing
precipitates. This observation indicates that the
Zr-containing precipitate possesses a high melting
point and is resistant to dissolve even at a solid
solution temperature of 535°C. In addition, a
significant amount of " and 8" precipitates at the
grain boundaries and within the grains are observed
in Figs. 5 and 6. The size of the 6’ precipitates at the
grain boundaries is notably larger than that within
the grains, indicating that the precipitates tend to
nucleate preferentially in the Cu-rich area of the
grain boundaries. It is notable that the 6’ precipitate
in the Té6-treated alloy differs from that in the
deposited alloy. Referring to the AI-Cu binary
diagram [37], as the aging temperature increases
(below 250 °C), the precipitation sequence of
Al=5Cu alloy is GP zone — 8" — 8. Consequently,
when the solid solution temperature is 535 °C, the
primary @' precipitate in the deposited alloy will
dissolve into the Al matrix together with the
6-Al>Cu eutectic.

After thermal exposure at 300 °C for 24 h, the
T6-treated alloy exhibits further growth of the 6’
precipitate both at the grain boundary and within
the grain. Some of the &' precipitates at the grain
boundary transform into @ precipitates, as shown in
Figs. 2(d) and 8(a). The segregation of Cu and Mn
at the grain boundary contributes to transforming
from 6’ to 6 precipitate. Previous research indicated
that Mn tended to segregate at the interface of 6’
precipitate during thermal exposure, leading to a
reduction in interfacial energy and an enhancement
in precipitate stability [38]. In addition, Zr is still
distributed uniformly in the Al matrix even after
thermal exposure. Studies have reported that Zr micro-
alloying in Al—Cu alloys resulted in the formation
of a small quantity of nano-AlsZr particles, which
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played a critical role in improving the room
temperature strength and stabilizing the metastable
0' precipitate at elevated temperatures [39,40]. The
SAED pattern also demonstrates the presence of
L1,-AlsZr precipitate, as shown in Fig. 8(d).

Most of evolution in microstructure and
properties occurs within the first 120 h, as indicated
by the precipitate transformation (Fig. 8), hardness
variation (Fig. 12), and mechanical properties
variation (Fig. 13). The temperature-dependent
phase stability leads to the initial evolution of
microstructure. Since the thermal exposure
temperature is 125°C higher than the aging
temperature, the thermodynamic stability of the 6’
precipitate decreases during the thermal exposure,
resulting in a slight reduction in the number density
of the ' precipitates. Consequently, the mechanical
properties of the alloy regress to their pre-T6
treatment levels. After the initial evolution exceeds
120 h, the @' precipitate stabilizes, leading to
stabilization in mechanical properties as well.

4.2 Strengthening behavior

In Al-Cu alloys, the 6" precipitate coarsens
with increasing heat treatment time and transforms
into @ precipitate at high temperatures. After
thermal exposure at 200, 250, and 300 °C, the
average length size of the 6’ precipitate increases by
78.9%, 213.2%, and 299.4%, respectively, as shown
in Figs. 10 and 11. The thermo-dynamically driven
coarsening of precipitates can be explained by the
LSW relationship in Eq. (1) [19]:

(t) (1)

where 7 is the equivalent radius at given time ¢, 7o
is the equivalent radius of 8’ and 8" phase in the
To6-treated alloy, y is the interfacial energy, D is the
diffusion coefficient of Cu at temperature 7, co is
the equilibrium concentration of Cu, Vi is the molar
volume of the precipitate, and R is the molar gas
constant. It is seen that the lower interfacial energy
upon segregation and the lower diffusivity of Cu at
elevated temperatures are beneficial to decreasing
the coarsening rate of the precipitates.

As mentioned, Zr does not undergo any
significant transformation during aging and thermal
exposure. This suggests that the strengthening effect
of Zr is identical after different heat treatments.
Therefore, only Orowan strengthening mechanism

-3 3 8 yDcOVnzl
r—r =————%
9 RT

of the @' precipitate is considered. After thermal
exposure at 300 °C for 720 h, the 6" precipitate
loses its strengthening effect, leaving only the solid
solution strengthening (Aos) of Cu and Mn
effective in the alloy. The calculated results show
that the contribution of solid solution strengthening
to YS is 32.1 MPa (A6s=Y S720 =Y Sdeposited). The
contribution of Orowan strengthening of 6’
precipitates (Aogos) to YS is calculated by Eq. (2) [31]:

oy MG 1
0s _ d
2=l 93 180 T ) o1,
Nd, 8
0.981,/d ¢
IHLTMJ )

where M is the Taylor factor (3.06 for poly-
crystalline fcc alloy), G is the shear modulus
(28.0 GPa for a-Al matrix), v is the Poisson ratio
(0.33 for Al), b is the amplitude of the Burgers
vector (0.286 nm for Al), Ny is the number density
of precipitates, d, is the true precipitate diameter,
and ¢, is the true precipitate thickness. Equation (2)
states that the alloy strength is influenced by the
number density and size of the 6" precipitate. A
greater number density and smaller size of the
precipitate result in a stronger alloy. Compared
to the T6-treated alloy, the alloy after thermal
exposure shows a gradual decrease in number
density and an increase in the diameter of the &'
precipitate as the temperature rises, resulting in the
weakening of its strengthening effect.

5 Conclusions

(1) The WAAM-ZL205A deposited alloy
consists of a-Al, net-shaped 6-Al,Cu eutectic and
low-density 8’ precipitate, with YS, UTS, and El of
133.0 MPa, 256.1 MPa and 15.9%, respectively.

(2) The average length size of the 8" and 6’
precipitates in the To6-treated alloy is 49.4 nm,
leading to the increase of YS and UTS to 366.9 and
452.1 MPa, respectively, but a slight decrease of El
to 12.9%.

(3) After thermal exposure at 300 °C for 24 h,
the YS is reduced by 48.5% while El remains
essentially unchanged. The microstructural evolution
of the alloy mainly occurs within the initial 120 h,
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after which the mechanical properties do not
degrade with further thermal exposure.

(4) In the thermal exposure range of
200—-300 °C, as the thermal exposure temperature
rises, the average length size of the 8’ precipitate
increases while the number fraction decreases
gradually. The Té6-treated WAAM-ZL205A alloy
can be applied in environments not exceeding
250 °C.
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