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Abstract

Additive manufacturing (AM) is a high-productivity process which can make a near-net-shape structure. In this study, the
focus is the wire-arc AM (WAAM) process. In the WAAM process, wire is the depositing material. The wire melts by an
arc plasma and deposits layer by layer. To establish an advanced WAAM process, it is important to make a precise
structure of the intended shape. In this study, a gas metal arc welding (GMAW) weld pool model is applied to WAAM
process, and influence of the deposit condition on the shape of the deposition is numerically investigated. Firstly,
influence of the interpass temperature is investigated. When cooling time is set appropriately, the deposition shape
becomes higher and thinner. In addition, concerning influence of the welding direction, when the welding direction is
reversed for each layer, the variance of the deposition height becomes small. These numerical results show that it is
important to manage the temperature and torch motion for controlling the deposition shape. These numerical results have
similar tendency with experimental results and show the GMAW weld pool model is a helpful tool to predict and control

the WAAM process.
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1 Introduction

In recent years, the additive manufacturing (AM) process
has received much attention as a high-productivity process
for constructing structures. Especially, an advanced AM
process for metallic material is demanded. Because the
AM can produce a near-net-shape structure, the process
can achieve high yield and reduce manufacturing time.
Therefore, the AM process is being applied to not only
rapid prototyping but also rapid manufacturing.

In the AM process, a 3D structure can be obtained by
overlapping many thin layers. AM processes can be classified
according to the material or the energy source used [1, 2].
Figure 1 shows some examples of AM processes. In this study,
we focus on wire-arc additive manufacturing (WAAM) [3-5].
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In the WAAM process, wire is the depositing material. When
the wire is used as an electrode of arc discharge, the principle of
the process is the same as that in gas metal arc welding
(GMAW), in which the wire melts by heat input from an arc
plasma This process is suitable to construct large-scale struc-
tures, and the cost of the equipment is less than that for AM
processes using a laser or an electron beam. In addition, wire
material can generally be handled more easily than powder
material. Many studies about WAAM processes have been re-
ported. These studies include, for example, modeling of the
deposition shape [6], observation of the microstructure and
the mechanical properties of the deposition [7], monitoring
and controlling the deposition shape [8, 9], numerical simula-
tion of the residual stress and the distortion in the construction
[10—13], and numerical simulation of the temperature and flow
field of the molten metal during the process [14].

To construct a high-quality deposition, it is very important
to understand the metallurgical properties and the perfor-
mance of the construction, but we think the most important
issue is to obtain deposition of the intended shape without
defects. To address this issue, the WAAM process, in other
words, the arc welding process has to be controlled appropri-
ately, and the relation between the welding conditions and the
welding result must be understood quantitatively.
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Fig. 1 Schematic images of
additive manufacturing systems.
a Powder bed system. b Powder
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(a) Powder bed system

In this study, a GMAW weld pool model is applied to the
WAAM process, and the influence of the deposition procedure
on the deposition shape is numerically investigated. In this
report, the cooling between passes and the welding direction
of the layers are the primary conditions of interest. To verify
the simulation results, WAAM experiments are also carried
out by using a welding robot.

2 Simulation model

In this study, a GMAW weld pool model which considers flow
fields and surface deformation of the molten metal is con-
structed [14]. In this model, heat input from the arc plasma
is treated as the input from a simplified heat source model. The
velocity and pressure distribution of the molten metal are cal-
culated by the following equations:

V=0 (1)
oV 1 1 1
TV (VV) = VPV T Fa ()
ot p P p

where V' is the velocity [m/s], ¢ is the time [s], p is the density
[kg/m ], P is the pressure [Pa], T is the viscous stress tensor
[Pa], g is the acceleration of the gravity [m/s?], and F ex 1S the
external force of the flow [N/m?]. The equations are solved by
the simplified marker-and-cell (SMAC) method [15]. The sur-
face tension and the arc pressure, which is given by the sim-
plified heat source model, are included as external forces. To
avoid complexity, the temperature dependence of the surface
tension is ignored. The surface shape of the molten metal is
changed according to the velocity distribution calculated by
the above equations. In this model, the surface shape of the

Fig. 2 Schematic images of heat
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molten metal is tracked by the volume-of-fluid (VOF) method
[16]. In the VOF method, the surface shape is described by the
volume fraction of the metal (F value) in the calculation cell.
The time variation of the F value is calculated by the following
equation:

oF | (VV)F AF

(3)
where AF is the source term of the F value by droplet. The
temperature field in the metal is calculated by the energy con-
servation equation:

OH
—+ VVH =
ot

1 1

pV(nVT)erW 4)
where H is the enthalpy [J/kg], « is the thermal conductivity
[W/mK], T'is the temperature [K], and W is the source term of
the energy [W/m®]. The source term of the energy is calculated
from the heat input density given by the simplified heat source
model.

Next, the simplified heat source model is explained. The
characteristics of the arc plasma and the droplet are described
by the heat source model. Heat input density ¢, [W/m”] and
arc pressure p,.. [Pa] distributions are given by the simplified
model. These distributions are Gaussian distributions, shown
in Fig. 2a. Heat input from the arc plasma Q,,. [W], radius of
the heat input 7o [m], peak value of the arc pressure P, [Pa],
and radius of the arc pressure 7p [m] are given as simplified
heat source parameters, and their distributions are in terms of
distance from the center of the heat source » [m], as follows:

30, <3r2>
Darc = eXp\ —— (5 )
g o
I‘dr'op T, drop

wire” wire

L o\3
: KV
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drop

(a) Arc plasma
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Table 1 Physical properties of mild steel
Density [kg/m’] 7200
Viscosity [Pas] 6%107°
Thermal conductivity [W/mK] 26-52
Specific heat [J/kgK] 695-800
Surface tension [N/m] 1.2
Melting temperature [K] 1750
Latent heat of fusion [J/kg] 247x%10°
parc = PaYCeXp <32r2> (6)
r'p

These values are converted to volumetric values by multi-
plying the normal vector 72’ [1/m] and substituting them into
Egs. (2) and (4). Here, the normal vector is calculated by the
following equation:

W=VF (7)

The simplified droplet is a sphere shape, shown in Fig. 2b.
The radius of the droplet ryyp [m] is determined by the
wire radius ryie [m], wire feeding rate vy, [m/s], and the
frequency of the droplet transfer fy.., [Hz]. The droplet is
injected onto the base metal according to the frequency. In
this model, the droplet keeps the constant droplet velocity
Varop [M/s] and the constant droplet temperature 7y, [K] until
it touches the base metal. To express the experimental results
by this model quantitatively, the abovementioned heat source
parameters must be adjusted to obtain a similar bead shape in
advance. In this study, the droplet and the base metal are mild
steel for both the simulations and the experiments. The
material properties of the steel are shown in Table 1 [17,
18]. The boundary at the surface of the weld pool and the
base metal is set thermal insulation for energy transport
and open boundary for flow field.

Fig.3 Cross-sectional shape of penetration in experiments (wire feed rate
300 cm/min, welding speed 60 cm/min, CTWD 15 mm)

3 Experimental equipment and standard
condition

In this study, the cold metal transfer (CMT) process,
which can conduct welding with a low heat input, is used
in the experiments. The power source is TranPuls
Synergic 3200 (Fronius) and the wire feeding machine is
VR 7000 CMT (Fronius). The welding torch is fixed at
the welding robot, and the weld bead is formed on the
base metal layer by layer. The welding wire is mild steel,
and the shielding gas is Ar + 20%CO, (flow rate: 20 L/
min). Before carrying out the WAAM experiments, a
bead-on-plate welding test was conducted to select the
welding conditions. We selected a wire feeding rate of
300 cm/min, a welding speed of 60 cm/min, and a
contact-tip-to-work distance (CTWD) of 15 mm as the
standard condition in all experiments. In this condition,
the arc current is about 110 A, and the welding voltage
is about 15 V. By using this standard condition, a stable
thin bead is obtained. The cross-section of the weld bead
by using the standard condition is shown in Fig. 3.

4 Determination of the simplified heat source
parameters used in simulations

The simplified heat source parameters used in the simulation
model are adjusted so that the bead shape calculated by the
model agrees with those of the experimental result shown in
Fig. 3. The heat source parameters are shown in Table 2, and
the bead shape of the numerical result is shown in Fig. 4. Here,
we referred the arc current and the welding voltage of exper-
iment to set the value of the heat input. Bead width, bead
height, and penetration depth of the numerical result are sim-
ilar to those of the experiment. These heat source parameters
are used in all simulations.

Table 2 Heat source parameters used in this study

Heat input [W] 1440
Radius of heat input distribution [mm] 5.0
Peak of arc pressure [Pa] 1000
Radius of arc pressure distribution [mm] 5.0
Wire radius [mm] 0.6
Wire feeding rate [cm/min] 300
Transfer frequency of droplet [Hz] 100
Droplet temperature [K] 2500
Droplet velocity [cm/s] 20
Welding speed [cm/min] 60
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Fig. 4 Simulation result of cross-sectional shape

5 Simulations and experiments of the WAAM
process

5.1 Influence of the interpass temperature

The numerical model is applied to the WAAM process and the
results obtained are shown. First, the influence of cooling
between weld passes is numerically investigated. Figure 5
shows the heat source motion used in the simulation. In this
simulation, the deposition shape is a linear shape. At the first
pass, the target position is the surface of the base metal, and
the heat source moves from the start position (position A) to
the end position (position B). The distance from position A to
B is set to 50 mm. At the second pass, the heat source moves
1.5 mm upward from the previous start position (position C)
to the end position (position D). In this simulation, the number
of welding layers is 10. Here, two kinds of cooling conditions
are numerically investigated. First, no cooling time is given
between weld passes (cooling condition A). In this case,
welding starts just after the previous layer is welded.
Second, the weld bead is cooled after every pass (cooling
condition B). The temperature of the metal is reset at 300 K
after all of the metal in the calculation domain is solidified.

Start End
1%t pass Heat source :
50-mm——>
7 7"

A1E Base metal B1
I

Fig. 5 Schematic image of motion of heat source in first simulation
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Figure 6 shows the numerical results of the deposition
shape and its cross-section at the center of the weld bead. As
shown in this figure, when cooling between the weld passes is
given, the deposition shape becomes thinner and higher than
that without cooling. In the case of the passes without cooling
the temperature of the welding object is higher and the depo-
sition easily melts and breaks down by gravity force.
Therefore, in order to control the deposition shape, it is very
important to manage the temperature of the object throughout
the entire welding process.

To verify the numerical results, experiments are carried out.
The motion of the welding torch is shown in Fig. 7. The num-
ber of layers is 40, and the length of the passes is 100 mm. To
investigate the influence of cooling, two conditions are com-
pared. First, no cooling time is given between welding passes.
Second, the welding robot is suspended between passes until
the temperature of the deposition surface becomes 573 K. The
temperature of the deposition is measured by a surface ther-
mometer at the start position of the next welding.

The experimental results of the deposition shape are shown
in Fig. 8. The welding direction is from the left-hand side to
the right-hand side. As shown in the figure, the deposition
shape becomes higher when the cooling time is considered
between the passes. Additionally, the surface roughness of
the deposition is smaller in this case. Therefore, the deposition
shape depends on the interpass temperature, and it has to be
set appropriately in order to obtain a higher and thinner depo-
sition. The experimental results and the numerical results in-
dicate a similar tendency. Hereafter, in this report, the welding
robot is suspended when the temperature of the deposition
becomes 573 K between every pass as a cooling condition
to obtain the deposition stably in the experiments.

5.2 Influence of welding direction in linear shape
WAAM

As shown in Figs. 6 and 8, the deposition shape is higher at the
start position of welding and lower at the end position. Here,
the influence of welding direction is investigated for achieving
less variation of the deposition height in a structure of linear
(“L”) shape.

In this section, two kinds of welding directions are consid-
ered, as shown in Fig. 9. First, the start and the end positions of
every welding pass are overlapped and the welding direction
is the same in every pass, as shown in Fig. 9a (Pattern L-A).
Second, the welding starts at the end position of the previous
pass, and the welding direction is reversed for each layer, as
shown in Fig. 9b (Pattern L-B). The number of layers is 10
and the welding length is 50 mm. In this simulation, if it is
assumed that the deposition temperature becomes sufficiently
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Fig. 6 Numerical results for
influence of the cooling condition
on the deposition shape. a
Cooling condition A (without
cooling), (i) deposition
appearance, (ii) cross-section. b
Cooling condition B (with
cooling), (i) deposition
appearance, (ii) cross-section

low at every pass, the temperature of the metal is 300 K after
all of the metal in the calculation domain is solidified.

Figure 10 shows the simulation results of the deposition
shape. As shown in the figure, when the welding direction is

Start Epd

1%t pass £ Welding torch
i 100-mm

i A71,i " Base metal . - Eﬂr

Start End
:
:
¥

Fig. 7 Schematic images of welding torch motion in experiments

Fig. 8 Experimental results of the
deposition shape depending on
the cooling condition. a No
management, b Waiting until
573K

(a) No management

(1) Deposition appearance

(i) Deposition appearance

5mm

(i) Cross-section
(a) Cooling condition A (without cooling)

(ii) Cross-section

(b) Cooling condition B (with cooling)

reversed for each layer, the variation of the deposition height is
suppressed. In the welding process, the start edge of the bead
tends to higher than the end edge. At the start position, the tem-
perature of the base metal low and the molten metal solidifies
rapidly and not spreads. In addition, since the molten metal flows
to the backward of the welding torch, the bead height becomes
low at the end position. When the torch motion is reversed for
each layer, these effects are canceled layer by layer, and the
variation of the deposition height is suppressed. To control the
deposition shape, it is preferable to have small height variation,
and so it is important to set the welding direction appropriately.
Next, the experimental results are shown. The motion of
the welding torch is shown in Fig. 11. The welding length is
100 mm, and the number of layers is 40. Figure 12 shows the
experimental results of the deposition shape. Figure 12a has
already been shown in Fig. 8b, but for comparison, it is shown
again here. As shown in Fig. 12, the variation of the deposition

(b) Waiting until 573 K
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Fig. 9 Sche;matic ilpages of heat — Start_ | oat source E?d — Start_ .t source Er:1d
source motion for linear shape K—) : K—) :
deposition in simulations. (a) 50-mm 50-mm
Pattern L-A. (b) Pattern L-B Aa'i " Base metal . B?:l A72'E Base metal - - Eé’:'
' n
! 2" pass
' 1.5 mmk

(a) Pattern L-A

height is significantly suppressed in the case of the welding
direction reversed for each layer. The experimental results and
the numerical results show similar tendencies.

5.3 Influence of welding procedure in cylindrical
shape WAAM

In this section, the influence of the welding procedure on a
cylindrical shape (“C”) deposition is discussed by simulations
and experiments. The start position of the weld pass and its
end position are overlapped in every layer differently from the

Fig. 10 Numerical results of the
deposition shape with different
welding directions. a Pattern L-A.
b Pattern L-B

(a) Pattern L-A

(b) Pattern L-B

case of linear shape deposition. Here, three kinds of welding
procedures are compared. The heat source motion used in the
simulation is shown in Fig. 13. In the first case, the start
position is the same and the direction of the torch motion is
also the same, as shown in Fig. 13a (Pattern C-A). In the
second case, the start position is the same, but the direction
of the torch motion is reversed for each layer, as shown in
Fig. 13b (Pattern C-B). In the third case, the direction of
the torch motion is the same, but the start positon is
changed layer by layer, as shown in Fig. 13¢ (Pattern C-C).
In Pattern C-C, the shift amount is set to 180° per one layer. In

Odd: end
Even: start

L Odd: start
" Even: end

(b) Pattern L-B

Fig. 1.1 Schematic. images of 1t pass St'an Welding torch E?d 15t pass St'a i Welding torch E?d
welding torch motion for _— > _—
investigating the influence of the 100-mm 100-mm

welding direction. a Pattern L-A. \ A%'E e B%',’ i A%’E M et EZ’Z,:(

b Pattern L-B

Fig. 12 Experimental results of
the deposition shape with
different welding directions. a
Pattern L-A. b Pattern L-B

(a) Pattern L-A
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Fig. 13 Schematic images of Start, end Start, end Start, end
torch motion for cylindrical shape 1st pass Z Hea™ ] 1stpass i FEE]  1stpass F =
.. . . . source source
deposition in simulations. a < X s\ource R
Pattern C-A. b Pattern C-B. ¢ . A X “ X
Pattern C-C T om0 somm
\ 7 \ 7 \ 7
N 7 7 7
< A ;
Base metal Base metal Base metal
Start, end Start, end
& &
2" pass 2" pass f 1 2™ pass
B

(a) Pattern C-A

the simulation, the diameter of the cylinder is set to 30 mm, the
number of layers is 10 and the heat source moves 1.5-mm
upward layer by layer. Here, as in the simulation de-
scribed in Section 5.2, the temperature of the metal is
reset at 300 K after all of the metal in the calculation
domain has solidified.

Figure 14 shows the numerical results of the deposition
shape. Points A and B correspond with points A and B in
Fig. 13. As shown in Fig. 14, in the case of Pattern C-A, the
height of the deposition becomes higher at the start position of
welding. As shown in Fig. 14b, the direction of the torch

Fig. 14 Numerical results for
cylindrical shape deposition. a
Pattern C-A. b Pattern C-B. ¢
Pattern C-C

(a) Pattern C-A

(b) Pattern C-B (c) Pattern C-C

motion is reversed for each layer, and the variation of the
height of the deposition is suppressed. Even though the start
position is changed layer by layer, the height of the deposition
at the start position becomes higher, as shown in Fig. 14c.
These simulation results show that the direction of the
torch motion is important to obtain a height-wise uniform
deposition for cylindrical shapes. This result shows the
same tendency as in the linear shape deposition.

Next, an experiment is carried out. The torch motion is
shown in Fig. 15. The diameter of the cylinder is 50 mm,
and the number of layers is 40.

(b) Pattern C-B (c) Pattern C-C

Fig. 15 Schematic images of the Start, end Start, end Start, end
torch motion for cylindrical shape 15 pass 7 :’Vélgiw_ 15t pass 7 :’Vélﬁiﬁ" 15t pass 7 :NEIEW
deposition in experiments. a o7 Ry - i o
Pattern C-A. b Pattern C-B. ¢ 7 A “ A \\ \\
Pattern C-C t % 50mm__J t 50mm. ! f 50mm_ 7
\ 7 \ 7/ \ /
N A NP e o
Base metal Base metal Base metal
Start, end Start, end
& &
2" pass 2" pass 4 | 2™ pass
B

(a) Pattern C-A

(b) Pattern C-B (c) Pattern C-C
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Fig. 16 Experimental deposition
results for cylindrical shape
deposition. a Pattern C-A. b
Pattern C-B. ¢ Pattern C-C

(a) Pattern C-A

Figure 16 shows the experimental results. Points A and B
corresponds with points A and B shown in Fig. 15. As shown
in Fig. 16a, the top shape of the deposition is broken when the
welding procedure is Pattern C-A. On the other hand, in the
case of Pattern C-B, the height of the deposition becomes
uniform, as shown in Fig. 16b. In the case of Pattern C-C,
shown in Fig. 16c, the height of the deposition becomes
higher at the start position. The experimental results and the
numerical results show a similar tendency.

In this study, because the size of the deposition is different
between the simulations and the experiments, it is difficult to
compare their results quantitatively, but both sets of results
show a similar tendency depending on the cooling condition
or welding direction. Therefore, this study shows the possibil-
ity of realizing high-productivity and high-quality WAAM
processes by using simulations. In addition, to improve the
accuracy of the simulation result and understand the phenom-
ena in the WAAM process more deeply, it is required to make
clear the influence of the important factors such as the behav-
ior of the arc plasma and the driving force on the molten metal,
by enhancement of the simulation model.

6 Conclusion

In this study, a GMAW weld pool model is applied in a
WAAM process. The influences of cooling between passes
and the welding direction are numerically and experimentally
investigated. The results obtained are summarized as follows:

(1) The deposition shape becomes higher and thinner under
the appropriate cooling condition.

(2) In the case of linear shape deposition, the height of the
deposition becomes uniform when the direction of the
torch motion is reversed for each layer.

(3) In the case of cylindrical shape deposition, the welding
direction is also important for obtaining height-wise
uniform deposition.

(4) Although the scale of deposition differs between the sim-
ulations and the experiments, the results show a similar
tendency depending on the condition. Therefore, the
simulation model can be a helpful tool for realizing
high-productivity and high-quality WAAM processes.

@ Springer

(b) Pattern C-B (c) Pattern C-C
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