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Abstract: Wall structures were made by cold metal transfer-based wire and arc additive manufacturing using two kinds
of ER2319 welding wires with and without Cd elements. T6 heat treatment was used to improve mechanical properties
of these wall structures. Due to the higher vacancy binding energy of Cd, Cd-vacancy clusters are formed in the aging
process and provide a large number of nucleation locations for 6" phases. The higher diffusion coefficient of the
Cd-vacancy cluster and the lower interfacial energy of 6’ phase lead to the formation of dense §' phases in the
heat-treated a(Al). According to the strengthening model, after adding Cd in ER2319 welding wires, the yield strength

increases by 43 MPa in the building direction of the heat-treated wall structures.
Key words: Cd; welding wire; wire and arc additive manufacturing; Al—Cu alloy

1 Introduction

Modern
structures

large-scale
are confronted with

complex  aerospace
challenges of
improving manufacturing efficiency and overall
mechanical properties [1,2]. Compared with laser
additive manufacturing (LAM) and electron beam
additive manufacturing (EBAM), wire and arc
additive manufacturing (WAAM) has great
potential for the manufacturing of large-scale
complex aerospace structures because of high
deposition rate, low cost and flexibility [3—5]. Cold
metal transfer (CMT)-based WAAM is a promising
technology in high-performance, flexible energy
input and spatter-free Al-Cu alloy manufacturing. It
also has great potential to enable cost reduction and

high-performance manufacturing compared with
subtractive manufacturing methods [6—8].

Al—Cu alloy has gained more attention in the
aerospace industries because of good weldability
and mechanical properties. There were several
studies about the microstructure and mechanical
properties of wire and arc additively manufactured
Al—Cu alloy in recent years [9,10]. ZHOU et al [11]
made an as-deposited wire and arc additively
manufactured 2219 Al alloy wall structure, but the
yield strength and ultimate tensile strength only
reached 182.9 MPa and 273.5 MPa in deposition
direction, respectively. Therefore, heat treatment
was frequently used to improve the mechanical
properties. The microstructure and mechanical
property of wire and arc additively manufactured
Al—Cu large-scale complex structures were usually
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increased by T6 heat treatment instead of T8 heat
treatment, which limited the increase of yield
strength. Our previous research about wire and arc
additively manufactured 2219 Al alloy found that
the yield strength, ultimate tensile strength and
elongation of T6-state wall structures in the
building direction only reached 296 MPa, 371 MPa
and 4.5%, which still needed to improve [12—14].
Therefore, the strengthening mechanism is
worth to discuss. It is considered that the nanoscale
metastable strengthening phase features such as the
content, density, size and coherent relation mainly
determined the strengthening effects [9,10,15].
Therefore, the scholars were dedicated to
optimizing nanoscale metastable strengthening
phase behaviors [16]. Cd has high vacancy binding
energy and extremely low solubility in a(Al) [17].
It was proven that Cd could modify traditional
precipitation sequences [18] and induced 8’ phase
precipitation in ZL205A alloy [19]. It was found
that Cd decreased the interfacial energy between
o(Al) and @' phases, which promoted the
precipitation of 6" phases [18,20]. In and Sn had
similar strengthening effects. It was found that
the formation of metastable nanoparticles in the
early stage of the aging process provided more
heterogeneous  nucleation locations for 6’
phases [21,22], but Cd has a higher melting point
(321 °C), so it has great potential in increasing
high-temperature  mechanical properties and
widening the range of application [23]. However,
the effects of Cd addition in welding wire on the
microstructure and mechanical properties of wire
and arc additively manufactured 2219 Al alloy are
still unclear. Therefore, the purpose of our research
is to explore the effects of Cd addition in welding
wires on the microstructure and mechanical
properties of wire and arc additively manufactured
2219 Al alloy walls and to summarize the

strengthening mechanism to optimize wire
components.

In this work, wall structures were made by
CMT-based WAAM using two kinds of ER2319
welding wires with and without Cd elements. T6
heat treatment was used on these wall structures
after the WAAM deposition process. The
microstructure and mechanical properties were
discussed in detail. The microstructure was studied
including grains, phase distribution, chemical
composition and strengthening phase features. The
mechanical properties were studied by tensile tests.
A precipitation thermodynamics model and a
dynamics model were used to analyze 6’ phase
precipitation behavior. A strengthening model was
used to quantify the improvement of yield strength
in the aging process. The results can be used as the
basis for the chemical composition design of

ER2319 welding wires.
2 Experimental

2.1 Materials

Two kinds of ER2319 welding wires with
different chemical compositions were used. For
convenience, ER2319 welding wire with Cd
addition was marked as Sample 1, and ER2319
welding wires without Cd addition was marked as
Sample 2. The diameter of these welding wires was
1.2 mm. The dimension of the 6061-T6 Al alloy
substrate was 300 mm x 300 mm x 10 mm. Table 1
gives the nominal composition and measured
chemical composition of Samples 1 and 2.

2.2 WAAM experiments and heat treatment
process
The WAAM automated deposition system
consists of a Fronius CMT R4000 heat source, a
wire feeding system, a six-axle welding robot and

Table 1 Chemical composition of ER2319 welding wires (wt.%)

Sample Composition

Cu Si Fe Mn Zn Ti Mg Zr A% Cd Al
No. type
. 5.80— 0.20— 0.10— 0.10— 0.05—- 0.05—-
< < < <
. Nominal 6.80 <0.20 <0.30 0.40 <0.10 0.20 <0.02 0.20 0.15 0.25 Bal.
Measured 6.10 0.08 0.02 0.30 0.01 0.10 0.02 0.13 0.13 - Bal.
. 5.80— 0.20— 0.10— 0.10— 0.05—
< < < < —
5 Nominal 6.80 <0.20 <0.30 0.40 <0.10 0.20 <0.02 0.20 0.15 Bal.
Measured 6.40 0.05 0.11 0.28 0.01 0.11 0.003 0.14 0.12 - Bal.

*The measured Cd content was not given because of the patent protection
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its control system. Before the WAAM experiments,
the substrates were scrubbed by a steel brush and
cleaned by acetone to remove oxide and grease, and
the welding wires were fully dried. The dimension
of the wall structures was about 180 mm (height) x
90 mm (length) x 22 mm (thickness). The thickness
of each layer was about 2.5 mm. There were two
passes in each layer in order to gain the required
width, and the weave frequency and amplitude were
set for each pass. Adjacent passes in the same layer
were deposited in the same direction, and layers at
adjacent height were deposited in the adverse
direction. The WAAM experimental parameters are
listed in Table 2. Arc voltage and current are not
listed because these parameters were gained
automatically by the CMT expert database. The
value of CMT/pulse represents the ratio of CMT
number to pulse number in one cycle. The change
of CMT/pulse value can adjust heat input flexibly.
High-purity pure argon (99.99%) was used as the
shielding gas, and the constant flow was 25 L/min.
The interlayer cooling time was 60 s.

The sampling positions of the tensile samples
and metallographic specimens for observation and
microhardness tests are shown in Fig. 1. After being
cut from the substrates, the as-deposited wall
structures were put into a muffle furnace for T6
treatment. The heat treatment curve is shown in
Fig. 2. All as-deposited wall structures were firstly
heated to 535—540 °C for 90 min followed by water
quenching. Next, the wall structures were heated to
175 °C for 180 min and cooled inside the furnace to
room temperature [13]. Then, the tensile samples
both in the deposition direction and building
direction were cut from T6-state wall structures for

Table 2 WAAM experimental parameters
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the tensile tests. The WAAM experimental
parameters in Table 2 and heat treatment parameters
in Fig. 2 were kept consistently no matter which
kind of ER2319 welding wire was used in the
WAAM experiments.

2.3 Testing procedure

The dimension of the samples for micro-
structure observation and microhardness tests was
20 mm X 20 mm X 10 mm. After being cut by EDM,
samples were ground with 80, 400, 1000 and 3000
waterproof abrasive papers in turn and then
polished with 0.5 pm diamond paste to a mirror
surface. An ultrasonic cleaning machine was used
to clean up contaminants after grounding and
polishing. Keller’s reagent (2.5 mL HNO;+ 1.5 mL
HCL + 1 mL HF + 95 mL H,0) was used for
corrosion tests. Samples were submerged and held
for 8—10 s in Keller’s reagent. X-ray fluorescence
(XRF) was used to measure the element content of
the welding wires. Optical microscopy (OM) was
used to observe microstructure features and
measure the average thickness of the interlayer
regions and intra-layer regions along the building
direction. Microstructure and fracture surfaces were
observed by scanning electron microscopy (SEM).
The phase chemical composition analysis was
performed with energy disperse spectroscopy
(EDS). The phase type analysis was performed by
X-ray diffraction (XRD). Samples with a dimension
of 10 mm x 10 mm X 0.5 mm were cut by EDM
followed by ion polishing to a nanoscale thickness.
Observation of nanoscale strengthening phases
in a(Al) was performed by transmission electron
microscope (TEM), and the acceleration voltage

Wire (t;fleiirﬁlé:’,_ls)p ced/ Tr?;lil.sspf;: d/ CMT/pulse  Weave frequency/Hz Weave amplitude/mm Pass space/mm
9 7 7/25 3 5 7
Deposition direction
Buiding T
direction i Building Deposition
direction direction

Z
oz
Y

Substrate

+

Substrate’ .

Fig. 1 Position of tensile samples, metallographic specimens and deposition pattern
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Fig. 2 Heat treatment process curve

was 200 kV. Image-Pro Plus software was used to
quantify the number and size of the precipitated
phases in a(Al).

Microhardness was examined by a Vickers
hardness tester. The test load and holding time were
0.98 N and 10 s, respectively. The values of Vickers
hardness were automatically acquired by the
software calculation. Round bar tensile samples
with a diameter of 5mm were prepared for
tensile tests both in the deposition direction and
building direction. Tensile tests were performed
with a constant quasi-static velocity of 2 mm/min.
Mechanical properties were averaged results of four
tensile samples.

3 Results and discussion

3.1 Microstructure

Figure 3 shows the typical OM images after
T6 heat treatment. As reported in our previous
work [12], the wall structure could be divided into
the bottom, middle and top regions. The area of the
top region and the bottom region was very small,
and these regions were usually machined. Thus, in
this work, the samples for microstructure
observation and tensile tests were all taken from the
middle region of the wall structures. By comparing
Figs. 3(a, c, e, g) with Figs. 3(b, d, f, h), there are
some similar features. The layer characteristics due
to the layer-by-layer WAAM process were clear,
and there were boundaries between the interlayer
regions (about 0.5 mm thick along building
direction according to the average measurement
results in the optical microscope) and intra-layer
regions (about 2.0 mm thick along building

direction). The grain size in the interlayer regions
was less than that in the intra-layer regions, and
there were more second phases in the interlayer
regions. Also, the second phase distribution was
discontinuous because the eutectic structures
dissolved in the solution process. There were also
some differences between Sample 1 and Sample 2.
As for grain size, typical OM images (with a size of
0.5 mm % 0.5 mm) of each sample were used for the
quantitative analysis to calculate the average grain
size. Ten images were randomly selected both in the
interlayer regions and intra-layer regions. In each
image, three lines along the building direction and
three lines perpendicular to the building direction
with the same length were used. The grain number
was recorded and the grain size was averaged.
Results showed that the average grain size in the
interlayer region and intra-layer region of Sample 1
was 17 and 48 pm, respectively. The average grain
size in interlayer region and intra-layer region of
Sample 2 was 18 and 62 pm, respectively.

Figure 4 shows the typical SEM images of
Samples 1 and 2. Boundaries were clear between
the interlayer regions and the intra-layer regions.
Phase distribution features were distinctly different
in the interlayer regions and intra-layer regions. The
second phases were more likely to concentrate in
the interlayer regions. After T6 heat treatment, large
amounts of eutectic structures dissolved. Cu
adequately diffused and nanoscale phases were
formed in a(Al). Thus, discontinuous second phases
distributed along the grain boundaries or were
embedded in grains. Moreover, more second phases
with irregular shapes existed in Sample 2, while
fewer second phases with approximate round shape
existed in Sample 1. EDS results in Fig. 4 are given
in Table 3. The compositions of Points A and B in
Sample 1 were nearly in general agreement with
ALCu. AlL,Cu (Point D) was also found in Sample 2.
Meanwhile, the Fe-rich phase (Point E) was also
detected. Cd was detected in a(Al) of Sample 1.
XRD patterns are shown in Fig. 5. The phase type
in Fig. 5 basically matched with EDS results in
Table 3. a(Al) and Al,Cu were the main phases in
Samples 1 and 2. There was no diffraction peak
of the Fe-rich phase in Sample 1, but it can be
detected in Sample 2. The difference in Fe-rich
phase amount can be attributed to the chemical
composition of welding wires (Table 1). The
content of impurity elements especially Fe was
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Fig. 3 Typical OM images of Sample 1 (a, c, e, g) and Sample 2 (b, d, f, h)

close to zero in Sample 1. Therefore, under the Moreover, because of more second phases in
condition of the same deposition parameters and Sample 2 (Fig. 4(b)), the boundary between the
heat treatment parameters, the amount of Fe-rich interlayer region and the intra-layer region was not
phases in Sample 1 was lower than that in Sample 2.  clearer than that in Sample 1 (Fig. 4(a)).
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Fig. 4 Typical SEM images of Sample 1 (a, c, ¢) and Sample 2 (b, d, f)

Table 3 EDS results of measuring points in Fig. 4 (at.%)

Measuring point Al Cu Fe Mn Cd Possible phase
A 64.59 35.41 0.00 0.00 0.10 AlLCu
B 66.95 33.05 0.00 0.00 0.00 AlLCu
C 95.98 3.86 0.00 0.00 0.16 a(Al)
D 65.43 34.57 0.00 0.00 0.00 AlLCu
E 65.27 18.94 9.62 6.17 0.00 Fe-rich phase
F 95.62 4.38 0.00 0.00 0.00 a(Al)

3.2 Mechanical properties

The microhardness distribution along the
building direction in the centerline of the middle
part in the wall structure is shown in Fig. 6. In
Vickers hardness tests, there were 20 measuring
points with 1 mm interval between two measuring
points. The average microhardness values of
Samples 1 and 2 were HV 151 and HV 143,
respectively. Table 4 shows average yield strength

(YS), ultimate strength (UTS) and elongation of
Samples 1 and 2 both in the deposition direction
and building direction. Compared with Sample 2,
the yield strength in the deposition direction and
building direction of Sample 1 increased by 5.5%
and 9.3%, respectively. It is worth noting that the
ultimate strength of Sample 1 decreased by 5.0% in
the deposition direction and increased by 2.3% in
the building direction. The Cd addition sacrificed
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160 Table 4 Average mechanical properties
Sample Test UTS/ YS/ Elongation/
140 No. direction MPa  MPa %
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= —e— Sample 1 o
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Fig. 6 Microhardness test results

plasticity to some extent. The elongations in the
deposition direction and in the building direction
of Sample 1 were decreased by 52.0% and 20.7%,
respectively.

Figure 7 shows the typical fracture surfaces of
Samples 1 and 2 both in the deposition direction
and building direction. As for the cracked second
phases, Table 5 lists the corresponding EDS results

direction in Sample 1, and the cracked phases were
mainly Al,Cu. There were fewer pores in Sample 2,
and some Fe-rich cracked phases were detected
besides cracked Al,Cu. The composition of these
Fe-rich phases was similar to Al;Cuy(FeMn). These
Fe-rich phases were formed during the WAAM
solidification  process. Solution and aging
temperatures could not reach their phase
transformation points [24]. It was also found that
these brittle phases damaged mechanical property
more greatly than Al,Cu and eutectic structures [25].
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Fig. 7 SEM images of fracture surface: (a, ¢) Sample 1 in building direction; (b, d) Sample 2 in building direction;
(e, g) Sample 1 in deposition direction; (f, h) Sample 2 in deposition direction

Fe-rich phases were likely to become the initiation
points in the tensile tests, which decreased the
ductility.

There were typical intergranular fracture
characteristics in Sample 1, and the dimples on
the grain surface were small and shallow. This
illustrated lower grain boundary strength. There
were partial intergranular fracture characteristics in
Sample 2, but bigger and deeper dimples were also

observed, which indicated better ductility. As for
fractures in the deposition direction, there were
similar intergranular fracture characteristics and
dimple features in Sample 1 compared with that in
the building direction. Therefore, there was small
mechanical property anisotropy in Sample 1.
However, a large amount of deeper dimples, bright
torn edges and less cracked second phases were
observed in Sample 2 compared with that in the



758 Ming-ye DONG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 750—764

Table 5 EDS results of measuring points in Fig. 7 (at.%)

68.48 18.10 8.64 4.78 0.00 Fe-rich phase
66.02 33.98 0.00 0.00 0.00

Me;i‘;ﬂ:g Al Cu Fe Mn Cd P;’}Sf::;e
A 67.1332.18 000 0.00 0.66  ALCu
B 65.0934.54 0.00 0.00 027  ALCu
C 61283872 0.00 0.00 0.00 ALCu
D 7024 1432 928 6.16 0.00 Fe-rich phase
E 65893398 0.00 0.00 0.13  AlLCu
F 64773454 000 0.00 069  AlCu
G
H

AIZCu

building direction. Moreover, area of intergranular
features decreased. Thus, fractures in the deposition
direction of Sample 2 showed better ductility.
Therefore, there was obvious mechanical property
anisotropy in Sample 2. In our previous work [12],
we concluded that the concentrated brittle phases in
the interlayer regions were weaker parts. The tensile
force had a different orientation relationship with
the interlayer regions in the building direction and
deposition direction. Thus, there was mechanical
property anisotropy in the heat-treated wall
structures. As for Sample 1 welding wire, the
measured impurity element content (Table 1) was
lower than that in Sample 2 welding wire, and the
amount of Fe-rich phases in the interlayer regions
was also lower (Fig. 4). Therefore, there was small
mechanical property anisotropy including strength
and elongation in Sample 1. Combined with the
welding wire composition and fracture observation,
it can be inferred that heat-treated mechanical
property anisotropy was irrelative to the Cd
addition. The reason of mechanical property
anisotropy needs to be explored further.

3.3 Strengthening mechanism of Cd addition in

Al-Cu WAAM alloy

The yield strength of Al—Cu alloy is mainly
determined by Cu content and precipitation phase
behavior in a(Al) [9]. According to the EDS results
in Table 3 and average mechanical properties in
Table 4, the Cd addition played an important role in
the mechanical property improvement. Therefore,
the strengthening mechanism was worth to discuss.

Figure 8 shows the typical images of
precipitated phases and corresponding SAED
images of Samples 1 and 2. There were dense

needle-like phases with a length of about 200 nm in
Sample 1, and some tiny round phases distributed
uniformly in a(Al) or near needle-like phases
(Figs. 8(a, b)). However, there were three kinds of
precipitated phases in Sample 2. Most precipitated
phases in Sample 2 were needle-like phases with a
length of about 25 nm (Figs. 8(c, d)). Moreover, a
small number of needle-like phases were similar to
those in Sample 1 (Fig. 8(¢)), and thick clubbed
phases (Fig. 8(d)) were also observed in a(Al). To
analyze the precipitated phase type in Fig. 8, the
SAED images of a(Al) under the zone axis of [001]
were added in Figs. 8(b, ¢). Compared with the
SAED results in other works [11,26], there were
diffraction patterns of the 8’ phase in Sample 1, but
they cannot be found in Sample 2. Table 6 lists EDS
results of measuring points in Fig. 8. The needle-
like phase (Point A) and round phase (Point B) in
Sample 1 were approximately in general agreement
with @' phase and Cd, respectively. The EDS results
of Point B included Al and Cu elements because of
insufficient instrument resolution. According to the
precipitated phase composition comparison [15],
the needle-like phases (Points C and D) and the
thick clubbed phase (Point E) were approximately
in general agreement with 6" phase, 8’ phase and 6
phase, respectively. Under the condition of same
heat treatment parameters, the precipitated phase
distribution  illustrated insufficient aging in
Sample 2 but relatively sufficient aging in
Sample 1. To further confirm the precipitated
phase type in a(Al) in Sample 1, Fig. 9 shows the
typical HRTEM images under the zone axis of [001]
and corresponding FFT images. The precipitated
phase had a semi-coherent relation with a(Al)
(Figs. 9(a, b)), which could be determined as 6’
phase [22].

Five images of Sample 1 (Fig. 8(a)) and five
images of Sample 2 (Fig. 8(c)) were selected to
quantify the number and length of needle-like
phases, as shown in Fig. 10. The length of most
precipitated phase distributed in the range of
100—300 nm in Sample 1 and 10—-30 nm in Sample
2. To conclude, the Cd addition was beneficial to
the precipitation of 8’ phases.

It was found that Cd existed in the form of
elementary substance and primarily worked in the
early aging process [19]. In order to analyze the
effect of Cd addition, the difference of & phase
precipitation behavior between Al—Cu alloy and
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Fig. 8 Typical images of precipitated phases and corresponding SAED images in Samples 1 (a, b) and 2 (¢, d, e, f)

Table 6 EDS results of measuring points in Fig. 8 (at.%)

Ve M e
A 70.28  29.72 0 0' phase
B 14.84 4.92 80.24 Cd
C 80.24  19.76 0 0" phase
D 70.99  29.01 0 0' phase
E 66.92  33.08 0 6 phase

Al-Cu—Cd alloy was compared using precipitation
thermodynamics and dynamics model, and the
strengthening model was used to quantify the
increase of aging strengthening.

During the diffusion process in aging, larger
system free energy change promotes nanoscale
metastable phase precipitation. The thermodynamic
condition of precipitation in Al-Cu alloy and
Al—Cu—Cd alloy are expressed as [27]
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Fig. 9 Typical HRTEM images and corresponding FFT images in Sample 1
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Fig. 10 Quantitative statistics results of precipitates in Sample 1 (a) and Sample 2 (b)

AGy_c, = V3 (AGy —AGg)+ 8,74 <0 (1)
AGy cy-ca=V4 (AGV —AG; )+ded +F(Veq»Scq)<0
2

where AGa-cy-ca and AGai—c, are the Gibbs system
free energy changes (the Gibbs free energy of the
reactants minus that of the products) of Al-Cu—Cd
alloy and Al-Cu alloy, respectively. V4 and S, are
the volume and area of the precipitated phase,
respectively. AG, is the volume free energy
difference between the precipitated phase and a(Al).
AGs is the strain energy difference between the
precipitated phase and a(Al). y4 is the interfacial
energy of the precipitated phase. F(Vcq,Scq) is an
energy function of Cd which influences the Gibbs
system free energy change. According to Fig. 8, Cd
can be regarded as a spherical phase with a
diameter of about 10 nm. The volume and area of &'
phase are respectively 500 times and 125 times
those of Cd. The F(Vc4, Scq) term can be omitted.
Therefore, the system free energy change equation
is regarded as the same in Al-Cu alloy and
Al-Cu—Cd alloy. However, y; in Al—Cu alloy

(0.493 J/m?) is higher than that in Al-Cu—Cd alloy
(0.334 J/m®) [20]. Therefore, the resistance item of
interfacial energy (Sqyq4) in AlI-Cu—Cd alloy is lower.
By considering the &' phase as the primary
strengthening phase [15,16], as shown in Fig. 9,
there were dense &' phases in Sample 1. The item
of the difference between the volume free energy
change and the strain energy change (AGy—AGs) in
Al-Cu—Cd alloy is higher. Thus, AGai-cu-cd4 18
lower than AGa-cy. The @' phases are more likely
to form in AlI-Cu—Cd alloy.

By considering the precipitation dynamics
model of needle-like @' phase, the nucleation rate
and Gibbs system free energy change are expressed
as [23]

3
_ [ 4 1 Oy
J=Joexpl (RTMJ 1n(cm/ce)]eXp( RTM] )
(4)

where J is the nucleation rate and J, is its
coefficient. Ty is the aging temperature. Cy, and C.
are the mean molar concentrations of solute atoms

AG==-2nr’hAG,+4nrhy+2nr’y
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at one certain moment and the equilibrium state,
respectively. Qq is the activation energy of the
Cu-vacancy cluster. 4 and R are the constants for a
certain composition and state of 2xxx series Al-Cu
alloy. AG is the Gibbs system free energy change.
AG is the driving force change per volume. y is the
average interfacial energy of &' phase. 4 and r are
half the thickness and the radius of @' phase,
respectively.
The critical nucleation radius is expressed as

2 /he2) )
3AG,

When the radius of &' phase exceeds r., &'
phases spontaneously grow up. Before the peak
aging, the radius of @' phase is expressed as [27]

2r/h

3ann “

where D is the diffusion coefficient which mainly
influences the diffusion process, and D is expressed
as

QM )exp(— QF

D=D,exp(—
hexp( RT,, RT,

) (N

Dy is a constant in the diffusion coefficient
equation. 7% is solution temperature. Oy, which
represents the diffusion activation energy, mainly
determines the value of D. Qy of the Al-Cu—Cd
alloy (13508 J/mol) was found to be lower than that
of the Al-Cu alloy (55961 J/mol) [20]. Then, a large
number of Cd-vacancy clusters were formed and
provided plenty of nucleation locations for &'
phases, which decreased the nucleation energy of &'
phases.

According to the above analysis, the higher
diffusion coefficient, higher driving force and lower
interfacial energy in Al-Cu—Cd alloy promoted
nucleation and growth of &' phases. Thus, dense &'
phases were observed in Sample 1. However, there
were fewer & phases in Sample 2, which illustrated
that Sample 2 was not adequately strengthened
under the condition of the same heat treatment
parameters.

Bu considering the strengthening model of
2xxx series alloy, the yield strength of Al-Cu alloy
can be expressed as [28]

+0.

O-Al alloy zo-() +0, solution

grain +Gdislocation +O—aging (8)

oy is the inherent strength of Al alloy. ogrin,

Odislocation> Osolution AN Taging are the contributions of
grain size, dislocations, solution elements and the
interaction between dislocation and precipitated
phases to the strength, respectively. Each item can
be expressed as [17,20,29,30]:

oo=Constant 9
Ograin=Aod "’ (10)
Ootution=MGbe™">CL0? (1
Odislocation=0 (12)

. 0.5/ 1.5(m-1)
24 4.7° ea
T )
7, <r

T
peak

3 o 0.5 1.5m-1
2ﬂGbM[2Afvsm54.7j (rm J

\/gTE rcl.Sm
O-aging = rpcak <]/‘m <rt
. 0.5 m=1
A 54.7°
2ﬁGbM( /,5in I J
n T,
1< <l
. 0.5
A 4.7°
2/3GbM[M Lm}
n T,

(13)
where A, is the coefficient of Hall-Patch equation.
M, G and b are the mean orientation factor, shear
modulus and magnitude of Burgers vector,
respectively. ¢ is the lattice distortion in a(Al), and
Ccu 1s the Cu content in a(Al). f is the tension
coefficient of dislocation. £, is the volume fraction
of plate-shaped precipitates. 7, is the mean
precipitate radius. 7, 1S the mean precipitate
radius at peak aging and r. is the mean radius at the
start of the Cd release stage. r; is the critical radius
for the shear characteristic transformation between
the precipitated phase and dislocations. Generally,
Tpeak 18 0.8 times of 7.

0o equals 10 MPa and 4, equals 68 MPa-um®’.
According to the grain size measurement results in
Fig. 3, Ogin values in the interlayer region and
intra-layer region of Sample 1 are 16.49 and
9.82 MPa, respectively. ggin values in the interlayer
region and intra-layer region of Sample 2 are 16.02
and 8.64 MPa, respectively. But ¢ cannot be
quantified. LUO et al [31] used AoOgumtion aS @
quantitative relation between the mass percentage
of Cu and oopuon, Which can be expressed as
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AGgontion=13.8 MPa:(wt.%) ' (14)

According to the EDS results in Table 3,
Osolution Values of Samples 1 and 2 in the interlayer
region are 119.35 and 135.16 MPa, respectively.
After T6 heat treatment, residual stress created in
the WAAM experiments was released, SO Gisiocation
is considered as zero. Because of the complicated
relationship between dislocations and precipitated
phases during the tensile process, some critical
parameters could not be accurately confirmed in
Al-Cu—Cd alloy. So, the yield strength data of
building direction in Table 4 were used to infer the
value of g,gine, Which can be expressed as

Oaging=—OAl alloy” 00~ Ograin~ Odislocation” Osolution ( 1 5)

As for mechanical properties in the building
direction, gaging values of Samples 1 and 2 are about
178 and 135 MPa, respectively. After adding Cd in
ER2319 welding wires, the yield strength increases
by 43 MPa in the building direction of the heat-
treated wall structures.

According to the above analysis, Fig. 11 shows
the schematic diagram of the aging sequence in
Al—Cu alloy and Al-Cu—Cd alloy. To minimize the
nucleation resistance during the aging process,
different types of nanoscale metastable phases were
formed in order. The traditional aging sequence of
Al-Cu alloy was summed as follows: super-
saturated solid solution (SSSS) — GP zone — 6"
phase — & phase — @ phase [15]. After adding Cd
in the welding wires, the aging sequence was
changed partially. Cd was easily combined with the
supersaturated vacancy in the initial aging process
because of higher vacancy binding energy (0.43 eV)

@Al eCu ®Cd

compared with that of Cu (0.05eV) [19,32]. The
Cd-vacancy clusters were formed with a higher
diffusion coefficient and restrained the formation of
GP zone and 8" phase because most vacancies were
occupied and could not transport Cu atoms to the
location for forming GP zone and 6" phase [31].
Thus, the aging sequence of Al-Cu—Cd alloy could
be summed as SSSS — Cd-vacancy cluster — &'
phase — @ phase.

4 Conclusions

(1) The yield strengths of heat-treated
Al-Cu—Cd alloy prepared by WAAM in the
building direction and deposition direction are
323.5 MPa and 316.5 MPa, respectively. Without
Cd in ER2319 welding wires, cracked Fe-rich
phases are detected in the fracture surface, and a
large amount of deeper dimples are also observed.
After adding Cd in ER2319 welding wires, there are
clear intergranular fracture characteristics with
small and shallow dimples on the grain surface, and
cracked Al,Cu can also be detected in the fracture
surface.

(2) With Cd content in the welding wires, there
are more ' phases precipitated in heat-treated a(Al).
According to the analysis of precipitation thermo-
dynamics and dynamics model, because of the
higher vacancy binding energy of Cd, Cd-vacancy
clusters are formed and provide a large number of
nucleation locations for & phases, which decreases
the nucleation energy of & phases. The higher
diffusion coefficient of the Cd-vacancy cluster
and the lower interfacial energy of &' phase lead to
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— (X )
°e o ®e Coarsening

6 phase

00000 000000 00000 00— Uphase
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Fig. 11 Schematic diagrams of aging sequence in Al—Cu alloy (a) and Al-Cu—Cd alloy (b)
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dense &' phases. According to the strengthening
model, after adding Cd in ER2319 welding wires,
the yield strength increases by 43 MPa in the

building direction of the heat-treated wall
structures.
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