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Wire and arc additive manufacturing (WAAM) is an additive manufacturing
technique that can directly fabricate large three-dimensional parts. A vari-
able-polarity cold metal transfer pulse arc was employed to melt metal wire
onto a substrate. Tensile tests and microscopy were conducted to investigate
the effects of the heat input on the mechanical properties and microstructure
of the AlCu6Mn after WAAM deposition. The highest tensile strength of
295 MPa and tensile elongation of 18% were obtained with appropriate heat
input. Also, the bottom region of the sample exhibited the best mechanical
properties, followed by the middle and top region under the same parameters.
This is mainly due to the increase of overburn defects and grain size in the top
region with heat accumulation in the repeated thermal cycle.

INTRODUCTION

Wire and arc additive manufacturing (WAAM) is
an additive manufacturing technique that can
directly fabricate large three-dimensional (3D)
parts from melted metal wire. It uses an electric
arc as the heat source and metal wire as the feed
material.1–3 Recently, many researchers have indi-
cated that arc sources offer many advantages over
laser or electron beam power sources in terms of
efficiency and economy.4–8 Due to its higher depo-
sition rate and material usage efficiency and low
equipment costs, WAAM has attracted much inter-
est for implementation in aerospace applications,
e.g., for manufacture of large, meter-scale metallic
parts.9,10

Large-size parts made from Al alloys, such as
rocket propellant tanks, have been increasingly
used in aerospace applications because of their high
specific strength and good corrosion resistance.
However, metallurgical defects can be formed easily
in Al alloys. Use of a suitable electric arc is thus a
critical success factor for WAAM of Al alloy parts.

Due to the anti-direction pulling function of the
filler wire to assist with droplet detachment, the
variable-polarity cold metal transfer (VP-CMT) pro-
cess can significantly reduce the heat input. Com-
pared with the common CMT process, the VP-CMT
process using a variable-polarity arc provides

effective oxide cleaning of the filler wire and previ-
ous deposition layer alternately. The VP-CMT mode
should therefore represent an excellent process to
weld or deposit Al alloys. Cong et al. found that the
VP-CMT arc process eliminates porosity efficiently
and confirmed that the key factors are the low heat
input and negative-pole atomization.11

However, the effects of process parameters on the
mechanical properties and microstructure of AlC-
u6Mn parts formed by WAAM in VP-CMT arc mode
have rarely been researched to date. In the work
presented herein, the effects of different process
parameters on the tensile strength and elongation
were carefully analyzed, and the relationships
between the metallurgical defects and mechanical
properties were researched.

EXPERIMENTAL PROCEDURES

Experiments were carried out using the experi-
mental setup shown in Fig. 1, consisting of a Fanuc
industrial robot to provide precise movement, a
Fronius CMT-Advanced power source, and a
VR7000 wire feeder. AlCu6Mn alloy wire with
diameter of 1.2 mm was used as the feeding mate-
rial. The chemical constituents of the AlCu6Mn
alloy wire are presented in Table I. Al alloy (2A12)
substrate with thickness of 20 mm and 99.99%
argon were applied. Thin-wall components were
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produced in VP-CMT arc mode, which consists of an
electrode positive (EP) pulse phase and an electrode
negative (EN) CMT phase as shown in Fig. 1. To
avoid overheating, the next layer was deposited
after waiting for 60 s. As shown in Table II, L16 (45)
orthogonal experiments were designed to study the
effects of the arc current, the ratio of the EP to EN
phase, the scanning speed, and the argon flow rate
on the tensile strength and elongation. The ratio of
the EP to EN phase represents the time ratio of the
EP pulse phase to the electrode negative CMT phase
overall the whole cycle of the VP-CMT arc mode.

Tensile samples V1 to V3 and H1 to H3 were cut
along the vertical and horizontal direction of thin
walls, respectively, using wire electrical discharge
machining. Tensile testing was conducted following
ASTM E8/E8M-15a standard. The dimensions of the
samples are shown in Fig. 2. An anisotropy per-
centage was calculated for the tensile strength
based on the tensile test results, calculated as

A ¼ Sh � Svð Þ=Sh � 100%; ð1Þ

where A represents the anisotropy percentage, and
Sh and Sv are the average horizontal and vertical
tensile strength, respectively.

Metallographic specimens were cut from cross-
sections at different heights. After grinding and
polishing, the specimens were etched using Keller’s
reagent for 50 s. A Nikon optical microscope (OM)
was applied to observe the microstructure.

RESULTS AND DISCUSSION

Macromorphology

Figure 3 shows a typical thin-wall part and its
cross section. Note that the surface of the thin wall
is uniform and well formed. The use of a staggered
deposition strategy improves the appearance of the
deposit and fills the arc craters that are frequently
caused at the arc starting and end points. Both side
surfaces of the thin wall appear slightly serrated
because of the layer-by-layer deposition mode. The
effective width percentage of the cross section is as

Fig. 1. Schematic diagram of the WAAM process.

Table I. Chemical constituents of AlCu6Mn alloy wire (wt.%)

Elements Cu Mn Si Mg Fe Zn Ti Al

Content 5.8–6.8 0.2–0.4 0.2 0.02 0.3 0.1 0.1–0.2 Bal.
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Table II. Processing parameters of orthogonal experiments

Sample
number

Arc current
(A)

Ratio of EP to EN
phase

Scanning speed
(mm s21)

Argon flow rate
(L min21)

#1 85 1.1 5 30
#2 85 1.0 6 25
#3 85 0.9 7 20
#4 85 0.8 8 15
#5 95 1.1 6 20
#6 95 1.0 5 15
#7 95 0.9 8 30
#8 95 0.8 7 25
#9 105 1.1 7 15
#10 105 1.0 8 20
#11 105 0.9 5 25
#12 105 0.8 6 30
#13 115 1.1 8 25
#14 115 1.0 7 30
#15 115 0.9 6 15
#16 115 0.8 5 20

Fig. 2. Tensile test specimens used in the study.

Fig. 3. Typical appearance and cross section of thin wall.
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high as 72%, which can effectively reduce mechan-
ical process and production costs.

Mechanical Properties

Figure 4 shows the average tensile strength in
the vertical and horizontal direction of thin walls #1
to #16 obtained using the process parameters given
in Table II. Compared with all the vertical samples,
all the horizontal samples exhibited higher tensile
strength when using the same parameters. The

anisotropy percentage ranged from 2.3% to 14.9%,
but without showing any regularity.

As shown in Fig. 5, the effects of the four key
process factors on the tensile strength were ana-
lyzed based on the results shown in Fig. 4. Note that
the tensile strength first increased then decreased
as the arc current was increased from 85 A to 115 A.
The highest strength was achieved when using arc
current of 95 A. These results also indicate that
high quality in terms of properties and microstruc-
ture cannot be obtained when using a higher or

Fig. 4. Tensile strength of thin walls #1 to #16.

Fig. 5. Tensile strength as function of (a) arc current, (b) ratio of EP to EN phase, (c) scanning speed, and (d) argon flow rate.
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lower arc current, which is a crucial factor for the
heat input in the deposition process. In general, the
smaller the ratio of the EP to EN phase, the better
the cathode cleaning effect on the filler wire, but the
lower the heat input and the worse the stability of
the arc during the WAAM process. Even though
pores can be decreased by negative-pole atomiza-
tion, the tensile properties of thin walls are not the
best when the ratio of the EP to EN phase was 0.8.
The highest tensile strength in the vertical and
horizontal direction was obtained when using a
ratio of EP to EN phase of 0.9 and 1.0, respectively.
With increase of the scanning speed, the tensile
strength values first increased then decreased.
There was a noticeable decline in the stability of
the deposition and process when the scanning speed
was increased from 7 mm/s to 8 mm/s. The argon
flow rate primarily influences the shielding effect on
the arc and molten pool. When it was changed from
15 L/min to 25 L/min, the tensile strength values in
both directions gradually increased. However, the
mechanical properties started to deteriorate observ-
ably at argon flow rates above 25 L/min, probably
because an excessively high argon flow rate causes
argon turbulence and results in air around the arc
being included into the weld pool, which can
significantly increase the amount of hydrogen pores
in the deposited layers.

Comparing the ranges of the four factors shown in
Fig. 5, the factors affected the tensile strength in
the vertical direction in the order arc current, ratio
of EP to EN phase, argon flow rate, and scanning
speed. For the horizontal tensile strength, however,
this order was arc current, ratio of EP to EN phase,
scanning speed, and argon flow rate.

Figure 6 shows the average tensile elongation in
the vertical and horizontal direction of thin walls #1
to #16. As found for the tensile strength, the
elongation in the vertical direction was lower than
that in the horizontal direction for the same param-
eter values. The effects of the factors on the tensile
elongation was analyzed and is shown in Fig. 7,
revealing a similar trend of influence to the effects
on the tensile strength above. With increasing arc
current, ratio of EP to EN phase, and scanning

speed, the elongation also first increased then
decreased, reaching a maximum at arc current,
ratio of EP to EN phase, and scanning speed of 95 A,
0.9, and 6 mm/s, respectively. Besides, no regularity
was observed in the effect of the argon flow rate on
the elongation of the samples in the vertical direc-
tion. Based on the ranges of the factors, their effect
on the elongation in the vertical direction was in the
order arc current, ratio of EP to EN phase, scanning
speed, and argon flow rate. For the elongation in
horizontal direction, however, this order was arc
current, ratio of EP to EN phase, argon flow rate,
and scanning speed.

The analysis above shows that the WAAMed
AlCu6Mn alloys exhibited greatly enhanced
mechanical properties in the horizontal compared
with the vertical direction. The arc current and the
ratio of the EP to EN phase showed obvious effects
on the tensile performance. The optimal parameters
were obtained as arc current of 95 A, ratio of EP to
EN phase of 0.9, scanning speed of 6 mm/s, and
argon flow rate of 25 L/min, which can result in
moderate thermal input and good arc stability
during the WAAM process in the VP-CMT arc mode.

To verify the effectiveness of these optimal
parameter values, a thin-wall component was fab-
ricated using the optimal parameters; its mechan-
ical properties were tested and are shown in Fig. 8.
The average tensile strength and elongation in the
vertical direction reached 253 MPa and 14.7%,
respectively. Similarly, the horizontal samples
exhibited excellent mechanical properties, with
average tensile strength of 285 MPa and elongation
of 17.2%. Even though the anisotropy percentage
was 11.2%, the tensile properties of the thin wall
obtained using the optimal parameter values exhib-
ited far better performance compared with samples
#1 to #16, especially in the horizontal direction.
These results also strongly demonstrate the feasi-
bility and effectiveness of the optimal parameter
values, resulting in WAAMed AlCu6Mn alloys with
acceptable mechanical properties.12

Notably, the mechanical properties of the vertical
samples V1 to V3 are near to each other, while the
tensile strength and elongation of sample H1 were

Fig. 6. Tensile elongation of thin walls #1 to #16.
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about 7.5% and 9.4% lower than those of sample H3,
respectively, which also applied to most of the thin
walls #1 to #16 as well. To study this difference in
tensile performance, etched cross sections cut from
the top and bottom regions of a thin wall are shown
in Fig. 9. Both regions exhibited some hydrogen
pores and black overburn defects at the grain
boundary. However, the overburn defects were more
widespread and continuous in the top region. This is
because the deposited material has to be heated
many times by thermal cycles during the additive
manufacturing process. As more layers are

deposited, heat gradually accumulates in the thin
wall, and thus more grain boundaries are remelted
and overburnt. Besides, due to the overheating of
the microstructure, grains in the top region are
coarser than those in the bottom region. Both the
overburn defects at the grain boundary and coarse
grains can significantly deteriorate the mechanical
properties. Therefore, the bottom region of the thin
wall exhibited the best mechanical properties, fol-
lowed by the middle and top region under the same
parameters. More detailed and deep understanding
of the relationship between metallurgical defects
and the mechanical properties of WAAMed AlC-
u6Mn alloys will require further research.

CONCLUSION

AlCu6Mn alloy thin-wall components with uni-
form profile were fabricated by arc wire additive
manufacturing using a VP-CMT arc power source.
The effects of process parameters on mechanical
properties were investigated. The following conclu-
sions can be drawn:

1. WAAMed AlCu6Mn alloys show greatly en-
hanced mechanical properties in the horizontal
compared with the vertical direction, while the
anisotropy percentage varies without regularity.

2. Compared with the scanning speed and argon

Fig. 7. Tensile elongation as function of (a) arc current, (b) ratio of EP to EN phase, (c) scanning speed, and (d) argon flow rate.

Fig. 8. Tensile properties of thin wall obtained with optimal
parameter values.
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flow rate, the arc current and ratio of EP to EN
phase showed more obvious effects on the tensile
performance. The optimal parameters were
obtained as arc current of 95 A, ratio of EP to
EN phase of 0.9, scanning speed of 6 mm/s, and
argon flow rate of 25 L/min.

3. A thin wall deposited using these optimal
parameter values exhibited average tensile
strength and elongation in the vertical direction
of 253 MPa and 14.7%, respectively, while the
average strength and elongation in the horizon-
tal direction reached 285 MPa and 17.2%,
respectively.

4. The mechanical properties in the top region of
the thin wall were lower than those in the
bottom region. This is mainly due to the increase
of overburn defects and grain size in the top
region with heat accumulation in the repeated
thermal cycle during the WAAM process.
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