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Abstract: Owing to the lack of matching commercial welding wires, the development of wire arc additive
manufacturing (WAAM) for most aluminum alloys is hindered. A wire—powder synchronous arc additive manufacturing
(WPAAM) was proposed to prepare the target Al-Si—Mg aluminum alloy. Based on the synchronous deposition of
AlSip» wire and pure Mg powder, the deposition width of the WPAAMed thin-wall was increased by 61% compared
with that of WAAMed thin-wall using AlSi;; wire, and the machining allowance was reduced by 81%. The added Mg
powder benefited to form refined equiaxed grains, and reduced the average grain size of the WPAAMed thin-wall to
47.1 pm, showing a decrease of 23.8% relatively to that of the WAAMed thin-wall. Besides, Mg reacted with Si to form
Mg,Si strengthening phases. The mechanical properties tests showed that the ultimate tensile strength and elongation of
the WPAAMed thin-wall increased up to 174.5 MPa and 4.1%, reaching 92% and 60% those of the WAAMed thin-wall,
respectively.
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1 Introduction

Al-Si aluminum alloys account for more than
80% of the total amount of cast aluminum alloys
due to their good fluidity, small hot tearing
tendency, and high air tightness. The added eutectic
Si helps to improve the fluidity of aluminum
alloy [1-3]. However, too high Si content also
forms laminar or even block eutectic Si, which
seriously splits the Al matrix and decreases its
strength and toughness. Therefore, Mg, Mn, Cu and
other elements are usually introduced into the Al—Si
aluminum alloy. For example, by adding Mg

element, a new phase of Mg,Si can be formed while
maintaining the advantages of Al-Si alloys, and
the solid solution—precipitation strengthening effect
could be obtained [4—6]. The Al-Si—Mg aluminum
alloys are widely used in many medium-load parts,
such as the heat exchanger, gearbox shell, and
engine cylinder.

Al-Si—Mg aluminum alloy parts are usually
manufactured in batches by the casting or forging,
while some complex structures require the
machining and welding cooperation. However, with
the rapid development of lightweight structure and
functional integration in the aerospace, rail transit
and new energy vehicles, these traditional methods
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could not meet the design requirements for the
small- and medium-sized complex components.
There are some problems such as the slow
response, long cycle, large material waste, and
high cost. Additive manufacturing (AM) is based
on the principle of discrete-stacking, and benefits
to realize the direct processing and rapid
manufacturing from three-dimensional models to
solid parts [7-9]. The AM has the advantages of
high efficiency and flexibility, and can fully meet
the new needs and developments of metal parts
manufacturing [10—13].

With the increase of Si content, the sharp-
angled flake or even coarse blocky eutectic Si easily
forms in the Al-Si—Mg aluminum alloys, which
seriously splits the Al matrix. During the wire
drawing, the formed block eutectic Si results in the
wire fracture owing to induced stress concentration.
As a result, the wire fabrication for Al-Si—Mg
aluminum alloy is hindered. The existing AM for
Al-Si—Mg aluminum alloy is mainly carried out by
the powder-based selective laser melting or direct
energy deposition [14—16]. However, there are still
some problems existing in the laser additive
manufacturing, such as the low laser absorption
rate, poor powder fluidity, serious oxidation, and
excessive temperature gradient. Especially when
forming the large-sized batch components, the laser
additive manufacturing faces the low powder
utilization rate, long manufacturing cycle, and high
production cost [17—-19].

Wire arc additive manufacturing (WAAM)
originates from arc welding with high deposition
efficiency and low manufacturing cost [20—23]. The
WAAM uses arc as the heat source and is based on
wire forming, which avoids the problems of easy
oxidation, high cost, and low efficiency based on
powder forming [24,25]. Previous studies [26—29]
have proved that, the forming size of WAAM could
reach 3000 mm x 3000 mm x 2000 mm, and the
material utilization rate is larger than 90%. In
addition, the post-processing could be adopted to
obtain functional surfaces when fabricating the
parts with complex structures. However, the
WAAM researches for most aluminum alloys are
hindered by the lack of matching welding wires.
Some researchers
combination WAAM to solve the above problems
[30,31]. However, due to the limitation of both the
commercial wire types and the wire feeding rate,

tried to use a multi-wire

the adjustable range of target alloy composition is
limited. For example, QI et al [30] obtained only
Al-3.1Mg—2.0Si alloy through the WAAM by
simultaneously filling AIMgs and AlSis welding
wires.

Therefore, how to solve the problem of alloy
composition matching is the key problem faced by
the WAAM for most aluminum alloys. To this
end, the current study uses a synchronous wire—
powder arc additive manufacturing (WPAAM) by
optimizing the composition ratio and feeding rate of
powder. Based on the synchronous deposition of
wire and powder, the high-efficiency and high-
performance fabrication of the target Al-Si—Mg
aluminum alloys could be realized. In addition,
because the arc has the characteristics of low
heat flux density and large heating radius, the
arc combustion and droplet transfer are easily
affected by environmental factors during the
WAAM [32-34]. Therefore, another purpose of this
study is to explore whether the appropriate powder
addition changes the combustion characteristics of
arc, improves its energy concentration, and then
increases the forming accuracy of WAAM. The
related results are expected to enrich the basic
theory of WAAMed aluminum alloy, and provide
a technical approach for the high-efficiency
fabrication of large-sized metal components.

2 Experimental

The ER4047 aluminum alloy with a diameter
of 1.2 mm was used as the filling wire during the
WPAAM, and the pure Mg and pure Ti with the
particle sizes between 150 and 50 um were adopted
as the feeding powders. The substrate used in the
deposition was the 6061 aluminum alloy with
dimensions of 150 mm x 50 mm % 15 mm. The
chemical compositions of the substrate and filler
wire are presented in Table 1 [35,36]. The surface
of the substrate was firstly ground and cleaned to
remove both the oxide films and impurities, and
then cleaned with alcohol before the deposition.
The substrate, wire, and powders were baked prior
to the deposition to remove the potential moisture
contamination and hence minimize the porosity
near the deposited metal. The argon with high
purity was used both for the shielding gas during
the arc burning and the carrier gas for the powder
feeding.
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Table 1 Chemical compositions of substrate and filler wire [35,36]

Content/wt.%
Material
Mg Zn Mn Si Fe Cu Cr Ni Al
6061-T6 0.93 0.25 0.15 0.62 0.7 0.1 0.25 - Bal.
ER4047 0.04 0.11 0.09 12.15 0.38 0.07 - - Bal.
Table 2 Main deposition parameters
Sample No.  Arc current/A  Arc voltage/V Wire feed.lnf Power composition/ Powder fee.dirllg rate/
rate/(m-min") wt.% (g'min™")
1# 125 18.2 6 100 Mg 0
2# 125 18.2 6 100 Mg 0.5
3* 125 18.2 6 100 Mg 1.7
4* 125 18.2 6 30Mg+70Ti 1.4

As shown in Fig. 1, the main experimental
set-up includes a Fronius advanced welding power
source, a VR 1550 CMT 4R/F++ wire feeder, a
Fanuc M-710iC/50L 6-axis robot with a motion
accuracy of +£0.07 mm, and a self-developed rotary
double cylinder powder feeder. The powder feeding
tube is a self-made copper tube with a diameter of
5mm. During the WPAAM, the powder-leading
was adopted as the deposition direction. To reduce
the wire—powder feeding distance and improve the
effective coupling of wire and powder, the sidewall
of the protective sleeve of arc torch was ground,
which decreased the wire—powder distance from
6 to 4 mm. According to the previous study [13],
the fixed deposition parameters were optimized as
follows: deposition speed of 10 mm/s, arc torch
angle of 70°, powder feeding tube angle of 90°,
wire-powder distance of 4 mm, and gas flow rate
for powder feeding of 6 L/min. The main deposition
parameters are listed in Table 2. The size of the
deposited thin-wall was fixed as the length of
120 mm and the height of 30 mm. The width of
deposited part varied with different deposition
parameters. The multi-layer single-pass
deposition was accomplished by means of
unidirectional repetition and layer-by-layer forming.
To decrease the local heat accumulation on the
forming quality of the deposited thin-wall, the
next layer was fabricated after the temperature
of previous deposited layer decreased to room
temperature.

After the deposition, a digital camera was used
to collect the macroscopic morphology of the
deposited thin-wall, and the metallographic sample

and

’ Deposited

thin-wall

Fig. 1 Schematic diagram of experimental set-up

was prepared by a wire cut machine. The
metallographic sample was then water-milled with
80%, 400%, 800%, 1000%, and 1200% sandpapers, and
mechanically polished by diamond polishing pastes
with particle sizes of W2.5 and WO0.5, respectively.
Before the microstructure observation, the metallo-
graphic samples were etched by Keller reagent
containing 1 mL HF (40 wt.%), 1.5mL HCI
(37 wt.%), 2.5mL HNO; (65 wt.%), and 95 mL
H,0. An Epson V39 scanner was used to collect the
cross-sectional morphologies of the metallographic
samples. An optical microscope (OM) and a
scanning electron microscope (SEM) were
employed to observe the microstructures. An X-ray
diffraction (XRD) was used to analyze phase
composition. The chemical composition of
deposited parts was studied by an energy dispersive
spectrometer (EDS) and an X-ray fluorescence
spectrometer (XRF). Vickers microhardness of the
deposited thin-wall was measured by a digitalized
microhardness tester using a loading force of
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1.96 N for 15 s. The tensile test samples were
prepared by a wire cut machine with the dimensions
shown in Fig. 2, and tested at room temperature. All
the tensile test results were the average of at least
three samples.
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Fig. 2 Schematic drawing of tensile test samples and
microhardness test points (unit: mm)

3 Results and discussion

3.1 Forming accuracy

As shown in Fig. 3(a), the deposited thin-wall
(Sample 1%) obtained by the WAAM exhibits poor
side flatness. Both the sags and bulges are found
on the deposited surface. According to the cross-
sectional morphology, the grooves between the
deposited layers are quite deep, and there are some
residual pores in the top area. As shown in Figs. 3(b)
and (c), the surface forming accuracy of the
thin-wall obtained based on the WPAAM is
significantly improved. As the feeding rate of
Mg powder (vmg) increases, the sidewall flatness
becomes better, but some pores are still found
inside the samples. To quantitatively describe the
influence of added Mg powder on the forming
accuracy of WAAMed thin-wall, this study defines
the following parameters: Ah; and Ak, indicate
re-melting depth, Wg and Wr are effective width
and total width, respectively, # is effective width
coefficient, and e is subsequent processing width.
The calculations of # and e are based on Egs. (1)
and (2):

n:%XwO% 1)

T

e=Wr—Wg (2)
As shown in Fig. 3(d), the re-melting depth of

WPAAM increases with increasing the vmg. When
e 18 0.5 g/min, the re-melting depth is increased
by 43% compared with that of the WAAM without
adding Mg powder. When wy, increases to
1.7 g/min, the re-melting depth can be increased
by 95%, which indicates that the addition of
Mg powder improves the concentration of arc
combustion, thus increasing the penetration depth.
As shown in Fig. 3(e), with increasing the addition
of Mg powder, Wk increases, tends to be stable, and
is improved by 38% relatively to the WAAM.
Moreover, Wr gradually decreases. When vy
increases to 1.7 g/min, Wr is decreased by 16%
relatively to the absence of Mg powder. To
quantitatively describe the improvement of WAAM
forming accuracy, 7 and e are calculated according
to the Egs. (1) and (2), respectively, as shown in
Fig. 3(f). It can be found that increasing the
addition of Mg powder causes the increase of # and
the decrease of e, respectively. At the optimized v,
of 1.7 g/min, the effective deposition width of the
WPAAM is increased by a maximum of 61%
compared with that of the WAAM, and the
machining allowance is reduced by a maximum of
81%. These quantitative results fully prove that the
addition of Mg powder effectively improves the
forming accuracy of WAAM.

3.2 Metallographic analysis results

The ER4047 aluminum alloy welding wire
used in the deposition is a typical Al-Si casting
aluminum alloy. Because the solubility of Si in Al is
only 0.05% at room temperature, the eutectic Si
precipitates during the cooling and solidification of
Al-Si aluminum alloy. Therefore, as shown in
Fig. 4(a), the basic constituent phases in the
microstructure obtained by the WAAM include the
a-Al matrix and Al-Si eutectic. After the repeated
deposition of multi-layer and single-pass filling
wire, the fusion line between the deposited layers of
thin-wall is clearly visible. The typical structural
characteristics include the remelted zone, heat-
affected zone (HAZ), and arc fusion zone
(hereinafter referred to as arc zone). The grains in
the remelted zone are fine and the precipitated
phase is small, while the eutectic Si in the HAZ is
aggregated and grown up. As shown in Figs. 4(b)
and (c), the microstructure of the thin-wall
obtained by the WPAAM undergoes a series of
changes relative to that by the WAAM. The number
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Fig. 3 Surface appearance and forming accuracy of deposited thin-wall: (a) Sample 1% (b) Sample 2% (¢) Sample 3%

(d—f) Quantitative statistics of cross-sectional contours of different samples

of eutectic Si is significantly reduced, and more fine
precipitates appear. When vy increases from 0.5 to
1.7 g/min, the number of precipitates further
increases.

To further identify the morphology and
composition of the precipitated phase, the remelted
zone was analyzed based on SEM, EDS and XRD
tests shown in Figs. 5 and 6. The XRD results show
that the Mg,Si precipitated phase appears in the
WPAAMed samples, which indicates that the filled
Mg powder effectively enters the molten pool and
metallurgically reacts with the Si element. As
shown in Fig. 5(a), the eutectic Si in the WAAMed
sample is mainly blocky distributed in the a-Al
matrix, and obvious composition enrichment
appears in some areas. The content of Si element is
greatly increased compared with the original
ER4047 aluminum alloy welding wire, which may
be due to the repeated remelting of the wire. The
redistribution and aggregation of Si element lead to
the increase content in local areas. As shown in
Figs. 5(b) and (c), when wyg is 0.5 g/min, in

addition to eutectic Si, the new Mg»Si precipitates
are found in the deposited microstructures. When
VMg increases to 1.7 g/min, the number of eutectic Si
is further reduced, and the number of Mg,Si is
increased.

As shown in Fig. 7, the microstructure of
WAAMed aluminum alloy is totally composed of
the blocky columnar grains growing along the
deposition direction, with an average grain size up
to 61.83 um. While many refined equiaxed grains
appear in the WPAAMed aluminum alloy, and the
average grain size is 47.1 pm, showing a decrease
of 23.8% relatively to that of the WAAMed
aluminum alloy. This indicates that the added Mg
powder benefits to inhibit the growth of grains.
According to the TEM analysis results of
precipitates in the WPAAMed aluminum alloy, Mg
element is detected in some precipitates and the
area with Mg distribution also appears in the
presence of Si, as shown in Fig. 8. The EDS and
SAED further verify the existence of Mg»Si new
phase in the deposited microstructure.
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Fig. 6 XRD patterns of deposited thin-wall: (a) WAAM (Sample 1%); (b) WPAAM (Sample 3%)

3.3 Mechanical properties

As shown in Fig. 9(a), the microhardness
distribution of the WAAMed thin-wall is relatively
low with an average value of HV 56.8, while the

microhardness of the WPAAMed thin-wall is
relatively high with an average value of HV 73.4,
showing a 29% improvement. In addition, the
maximum microhardness of the WPAAMed
sample reaches up to HV 104.9, which is 50%
higher than that of the WAAMed sample. Among
them, the microhardness measurement value of
some areas in the WPAAMed aluminum alloy is
relatively low, which may be caused by the close
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measurement position to the pores existing in the
deposited thin-wall. The reasons for the change of
microhardness could be attributed to the following
two points. On the one hand, the synchronous
feeding of the wire and powder reduces the grain
size of deposited microstructure. On the other hand,
the added Mg powder reacts with eutectic Si to
form a new Mg,Si strengthening phases, which
further improves the microhardness. Figure 9(b)
shows the test results of tensile properties of
deposited thin-walls. It can be seen that the tensile
properties of the WAAMed thin-wall is higher than
that of the WPAAMed, and the UTS and elongation
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Fig. 9 Mechanical properties of deposited thin-wall: (a) Microhardness; (b) Tensile properties

are 189.7 MPa and 6.8% respectively. For the
WPAAMed thin-wall, when wvg is 0.5 g/min, the
UTS is 12% lower than that of WAAMed thin-wall,
while the elongation is decreased by 74%. When
VMg increases to 1.7 g/min, the UTS and elongation

increase to 174.5 MPa and 4.1% respectively,
reaching 92% and 60% those of the WAAMed
deposited thin-wall, respectively.

Figure 10 shows macroscopic and microscopic
morphologies of the tensile fracture of deposited
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Fig. 10 Tensile fracture morphologies: (a) Sample 1% (b) Sample 2% (¢) Sample 3#

thin-walls, as well as the corresponding EDS
analysis results. The porosity on the fracture of the
WAAM-deposited thin-wall is low and the size of
pores is small. The tensile fracture mode conforms
to the characteristics of ductile fracture, and typical
dimples and tearing ridges appear on the fracture
surface. The tensile cracks are mainly formed by
the growth and aggregation of a large number of
micropores in the microstructure under the action of
tensile stress. The number of pores in the tensile
fracture of WPAAM samples increases significantly.
The inner wall of the pores mainly exhibits
the spherical morphology with dendrites closely
arranged, and the tensile fracture surface shows a
mixed fracture mode of toughness and brittleness.
This indicates that the high porosity induced by the
addition of active Mg powder is the main reason
for the decrease of the tensile properties of the
WPAAMed thin-wall compared with the WAAMed
thin-wall.

3.4 Influencing mechanism of Mg powder on
WAAMed aluminum alloy

As shown in Fig. 11(a), the welding wire used

in the deposition is a typical Al-Si aluminum alloy,

which has the characteristics of low melting point

and good fluidity. In addition, the Si content in the
ER4047 aluminum alloy welding wire is relatively
high (up to 12 wt.%), which further increases the
fluidity of liquid metals. Moreover, the arc has the
characteristics of low heat flux and large heating
radius. The repeated movement of the arc heating
during the additive manufacturing easily leads to
the nonlinear time-varying characteristics of its
thermal boundary conditions, uneven heat transfer,
and arc root drift. Due to the high heat input,
it is easy to cause the instability of molten
pool, resulting in poor stability of the additive
manufacturing and thus the poor forming accuracy
of the deposited thin-wall. Previous studies [37,38]
had shown that the driving force of molten pool
affecting the WAAM mainly includes the following
four types: electromagnetic force (£), Marangoni
force (M), aerodynamic drag (4) and buoyancy (B).
The behavior of molten pool is mainly affected by
electromagnetic force and Marangoni force, while
the influence of aerodynamic drag and buoyancy is
very small and could be ignored. As shown in
Fig. 11(b), when a sufficient amount of Mg powder
is added during the WPAAM, the reason for the
improved forming accuracy of WAAM can be
attributed to the following aspects. First, under the
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action of high temperature of the arc, Mg is prone
to ionization (Mg=Mg>+2¢). As a result, the
number of charged particles in the arc plasma
increases and the arc column could be further
compressed. Consequently, the arc itself is greatly
concentrated and becomes more stable, which
increases both the width and depth of the melted
materials. Secondly, the added powder absorbs the
heat and melts outside the arc, so the arc is further
compressed and its energy is more concentrated.
This improvement forms a great electromagnetic
force on the molten pool, which enhances the
fluidity of the liquid metals. Under the combined
action of the above factors, the size of the molten
pool formed by the WPAAM is larger than that of
the WAAM, and the penetration depth of the
deposited layer might be increased. Moreover, the
enhanced melt flow promotes the molten metal to
spread smoothly along the surface of the former
deposited layer, and also promotes the escape of the
formed bubbles and reduces the porosity after the
solidification of molten pool. Furthermore, the
added Mg powder easily vaporizes and forms metal
vapor because of its low melting and boiling point,
which also induces the formation of additional
protection atmosphere around the arc. At the same

time, the Mg element has a strong affinity for N and
O elements, which reduces the adverse effect of
external air intrusion on the molten pool. However,
due to the addition of a large number of highly
active Mg powders, a dense oxide film with strong
water absorption still easily forms on the surface of
the deposited layer. These impurities increase the
hydrogen-containing impurities in the molten pool
after the multiple re-melting of deposited metals,
resulting in the formation of many hydrogen
bubbles at the solid—liquid interface. It thus causes
a significant increase in the porosity inside the
deposited thin-wall. These residual pores seriously
split the density between the grains of deposited
microstructure and become an easy fracture area.
This leads to the fact that the mechanical properties
of the deposited thin-walls by the WPAAM are still
not as good as those of the WAAMed thin-walls
even if the new Mg,Si strengthening phases are
formed.

3.5 Reliability verification of large-sized deposition
by WPAAM

To verify the feasibility and deposition stability

of WPAAM for the fabrication of large-sized

part, the deposition for a thin-wall with dimensions of
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Fig. 12 Formation of deposited large-sized thin-wall by WPAAM, corresponding to Sample 4%: (a) Side-wall appearance;

(b) Cross-section; (c) Distribution of Ti element

200 mm x 80 mm x 10 mm was carried out. In
order to intuitively observe the distribution
uniformity of powder composition in the deposited
thin-wall, the pure Ti powders with higher melting
point than that of Mg powders were used in the
experiment. The large-sized thin-wall was formed
using the mixed powders of 30Mg—70Ti (in wt.%).
In addition, previous test results show that the
inclined arc torch during the deposition easily
causes the edge collapse of the deposited thin-wall.
Therefore, the arc torch is turned to vertical and the
powder feeding tube 1is inclined during the
deposition. The other deposition parameters remain
unchanged.

As shown in Fig. 12, the acceptable large-sized
thin-wall is well formed, and its side surface is
relatively flat. Wg and Wy are 8.8 and 11.4 mm,
respectively. The calculated # and e are 77% and
2.6 mm, respectively. From the cross-sectional
morphology of the thin-wall, there are still some
residual pores in the sample, which are distributed
in a chain shape. According to the XRF analysis
results of the Ti element in the upper, middle and
lower parts of the thin-wall, there is also a certain
inhomogeneity in the distribution of element
composition. The Ti content in the lower part of the
sample is the highest, about 2.84 wt.%, and the
distribution is the most uniform. While the Ti
contents in the middle and upper parts of the sample
are not much different, and are reduced nearly by
37%. The reason is that the cooling rate at the top of

the deposited part is larger than that at the bottom,
so the amount of powder effectively filled into the
molten pool is reduced. This results in a decrease in
the corresponding component content after the
solidification of liquid metals. Furthermore, the
distribution of Ti element in the upper part of the
sample is obviously uneven compared with that in
the lower part, and obvious Ti enrichment is found
in the local area. The above results also show that
the addition of powder has a significant effect on
the forming accuracy of the WAAM, but it also
brings both pore defects and uneven composition
distribution. These problems are largely caused by
the characteristics of the arc heat source and the
material composition. It is still necessary to explore
how to ensure the forming accuracy of the
WPAMM and further improve the mechanical
properties of the deposited thin-wall.

4 Conclusions

(1) Using the wire—powder arc additive
manufacturing (WPAAM) based on the synchronous
feeding of AlSi;; wire and pure Mg powder,
the high-efficiency and high-accuracy additive
manufacturing of the target composition of
Al-Si—Mg aluminum alloy was realized. At the
optimized powder feeding rate of 1.7 g/min, the
effective deposition width of the WPAAMed
thin-wall was increased by 61% compared with that
of the WAAMed thin-wall, and the machining
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allowance was reduced by 81%.

(2) The adding of Mg powder at the optimized
feeding rate benefited to inhibit the growth of
columnar grains in the deposited microstructure,
and form the refined equiaxed grains. The average
grain size of thin-wall obtained by the WPAAM
was 47.1 um, showing a decrease of 23.8%
relatively to that obtained by the WAAM. Moreover,
the added Mg powders could react with the eutectic
Si in the AlSi;; wire to form a new Mg,Si
strengthening phase after the deposition.

(3) When the feeding rate of Mg powders
increased from 0.5 to 1.7 g/min, the ultimate tensile
strength and elongation of WPAAMed thin-wall
increase to 174.5MPa and 4.1%, respectively,
reaching 92% and 60% those of the WAAMed
thin-wall. However, the addition of highly active
Mg powders also caused an increase of pores inside
the deposited microstructure. These residual large
pores seriously split the density between the
grains and became the easiest area to fracture,
which in turn decreased the mechanical properties
of WPAAMed thin-wall.
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