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Abstract. The application of additive manufacturing (AM) techniques is crucial
to developing the industrial sector. This method is demonstrated by the use of
wire-based methods to achieve effective and efficient production results. Wire
arc additive manufacturing (WAAM) is a type of additive manufacturing process
that relies on melting metal through an electric arc, allowing metal wires to be
arranged to form the desired component gradually. The WAAM process
generates residual heat, which must be considered in subsequent post-processing
stages, particularly when using milling process. In this study, the WAAM process
employed the gas metal arc welding (GMAW) method, using an AA6061
aluminum series substrate and ER5356 filler material. The research applied the
Johnson-Cook method and conducted experiments at interpass temperatures of
100°C, 150°C, and 200°C to investigate the effects of the WAAM-GMAW
process on tool wear and surface roughness at specific interpass temperatures
during milling process. The methodology involved milling process modeling
with a cutting depth of 0.3 mm, as well as experiments to measure cutting stress,
tool wear, and surface roughness quality. The results showed a change in tool
diameter after the milling process, from 10.654 mm to 9.824 mm. At a weld bead
temperature of 200°C, the shortest cooling time was observed, which contributed
to minimizing tool wear. However, the surface roughness of the weld bead was
high, measured at 1.732 pum. This result was caused by the elevated temperature
of the weld bead, which reduced hardness, induced oxidation and diffusion,
resulting in unstable cutting and increased surface roughness.
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1 Introduction

In various industries, wire arc additive manufacturing (WAAM) is crucial due to its
impact on progress, cost, and environment [1]. WAAM is a type of 3D printing in which
metal components are created layer by layer by melting metal wire using an electric
arc. WAAM, using metal inert gas (MIG) welding or gas metal arc welding (GMAW),
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can deposit material at rate of 3-4 kg per hour [2][3] . The benefits of WAAM-GMAW
include rapid material deposition, the ability to produce large-sized components, lower
costs, increased efficiency, and the opportunity to repair defective components [1].
While high deposition rates accelerate production and improve quality, efficiency, and
performance, they also pose challenges in the manufacturing process [4]. Heat accumu-
lation during the GMAW process causes grain growth and a decrease in the mechanical
properties of the deposit [5]. Cooling during the WAAM process is crucial to address
heat buildup at the joint temperature, aiming to reduce heat input, residual stresses, and
distortion in fabricated components [6]. Hybrid WAAM is revolutionizing modern
metal manufacturing, improving productivity and component quality [7]. The benefits
of heat buildup reduction come from the use of GMAW equipment, such as milling,
after the WAAM process [8]. Factors affecting the efficiency of the hybrid process in-
clude thermal effects within the material and residual stresses [9]. Imperfect parameters
such as current and voltage fluctuations, as well as unstable speed control, lead to ir-
regular surface geometries in WAAM. The solution is to improve surface precision by
incorporating milling processes after the welding stage, which can lead to optimization
of the resulting product.

Several studies on the WAAM-GMAW process have been conducted using aluminum-
based materials. Jose L. used aluminum materials, specifically ER5356 and AA6063-
TS, applying the Taguchi method in the GMAW process [10]. The GMAW process
used AA5356 filler metal and AAS5038 base material. They observed the structure and
strength of the AAS5356 welds [11]. The study investigated bead formation when using
ER4043 aluminum wire on an Al6061-T6 base, by varying the welding current during
GMAW [12]. In another study, filler materials ER5356 and ER1100 were used in con-
junction with the GTAW process, based on WAAM, to investigate the effects of polar-
ity and current strength on multilayer deposition [13]. Other studies have shown that
air cooling can improve mechanical properties and stabilize the deposition process [14].
Some approaches involve natural cooling of the component or substrate during deposi-
tion [15]. Air cooling techniques have been proven effective and efficient [16]. Cooling
strategies include dwell time cooling and interlayer air cooling during the WAAM pro-
cess [17].

Benquan Li performed robotic-based WAAM-Milling on AAS5356 material and found
that the surface quality of the milled parts improved significantly. However, surface
roughness, cutting temperature, cutting force, and porosity caused by WAAM still af-
fected the mechanical properties [18]. According to Nguyen, the Milling process pro-
duced the best surface finish, where surface roughness was influenced by spindle speed
[19]. Jia modeled the Johnson-Cook behavior of AA6061-T6 material by modifying the
strain rate, achieving 45.68% accuracy with strain rates ranging from 0.1 to 100/s [20].
Meanwhile, Li conducted experiments on AA6061-T6 using a CNC machine and a
Kistler dynamometer, comparing simulated and experimental cutting forces, resulting
in a maximum error of +9.97% [21]. T. Mac found that tool wear and surface roughness
significantly decreased when Milling SKD11 at a speed of 600 m/min and a tempera-
ture of 500°C, by 82.47% (95.74%) and 91.08%, respectively [22]. Furthermore, S.
Akram reported, that higher orthogonal cutting speeds reduced cutting forces due to
adiabatic heating and shorter contact times between the tool and the workpiece [23].
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According to H. Tian using the Response Surface Methodology (RSM), an increase in
temperature softened the AA2219 material, reducing both external cutting force and
internal stress through finite element simulations, as supported by an R value of 0.8247
[24]. Additionally, the low spindle speed and feed rate during the Milling process ini-
tially increased, then significantly reduced surface roughness, consistent with lower
temperatures, as shown in experiments [25]. Through FEM simulation using ABAQUS,
demonstrated that in 2D orthogonal cutting after the WAAM process, temperature be-
came a significant factor in thermal cutting [9].

Based on the literature review, the Hybrid WAAM-GMAW Milling process requires
an effective timeframe post-WAAM fabrication, where milling is directly carried out
following the WAAM process using ER5356. This study can improve previous studies
by using ER5356 filler, a 5xxx series aluminum alloy with excellent strength, corrosion
resistance, and weldability. This study aims to optimize the machining parameters of a
10 mm HSS endmill after GMAW welding, focusing on the influence and management
of temperature variations on the weld bead to improve tool life and surface quality [26].
Further research is also needed on the use of ER5356 aluminum filler on AA6061 sub-
strates. This study applies the Johnson-Cook method and interpass temperature exper-
iments on a single layer. This research innovation is focused on analyzing the geometry
oftool wear, surface roughness, ER5356 layer temperature, and von Mises stress results
through the Johnson-Cook method, following the post-process milling stage.

2 Materials and Methods

2.1 Materials

The aluminum alloy plate material, with the AA6061 series, used in the Hybrid
WAAM-GMAW Milling process experiment, served as the substrate, having dimen-
sions of 150 mm X 50 mm x 6 mm. The filler material used was ER5356 wire with a
diameter of 1.2 mm, and its compositional specifications are shown in Table 1.

Table 1. Composition of AA6061 and Filler ER5356

Material Al Si Fe | Cu Mn Mg Zn Ti
Substrate 0.05-
AA6061 Bal 0.25 |0.40 (0.10 | - 5.0 0.1 -
[18] 0.20
Filler ER5356 Bal 0.40- 0.33 0.15- | Max | 0.81- | Max | Max
[27] 0.80 ) 0.40 | 0.15 1.20 | 0.25 | 0.15

The surface of the AA6061 substrate was ground and then polished using an acetone
cleaner before testing. This process was followed by the GMAW welding process using
ER5356 filler metal. Table 2 and 3 present the parameters used in the Hybrid WAAM
GMAW-Milling process.
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Table 2. WAAM-GMAW parameter settings

Parameter Range
Welding Current 170 A
Voltage 133V

Gas flow rate 25 I/min
CTWD 20 mm
Travel Speed 110 mm/min
Feed rate 140 mm/s

Table 3. Milling parameter settings

Parameter Range
Feed rate Milling 80 mm/s
Spindle Speed Milling 4500 rpm

2.2 Methods

In this research, several process stages will be carried out. The stages of the research
process that will be analyzed are shown in Fig. 1. Starting with a literature review,
preparing tools and materials, identifying parameters to obtain optimal welding results.
This process will be continued with Hybrid WAAM GMAW experiments with in-
terpass temperatures determined at 100°C, 150°C, and 200°C. After that, if the condi-
tion of the weld bead size is in accordance with AWS standards, the Milling process
can be continued. If not, it is repeated at the welding parameter identification stage.
After the Milling parameter identification is found, experiments are continued with a
cutting depth of 0.3 mm at each interpass temperature parameter. This research will
then continue with surface roughness testing, tool wear conditions, and simulation com-
parisons.

. Tool Wi d Surfl
ool Wear and Surfix
Determination ¢ and Suface

Roughness Measurement

Literature Study

WAAM-GMAW Exper

Finite Element Analisys
Interpass Tempe:

(FEA)

Preparation of

Tools and Materials

Tead Goometry

Analysis of Hybrid WAAM-
GMAW Milling Results

Measurement

according to
AWS Standards

Milling Experiment

Fig.1. Flow diagram
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emogur

Fig. 2. Set-u hybrid WAAM-GMAW milling machine

The Hybrid WAAM process uses the Gas Metal Arc Welding (GMAW) method
followed by a milling process, as shown in Fig. 2. The main elements of this
experimental setup consist of a GMAW welding machine, a welding and milling
chamber, argon shielding gas, a thermogun, and a wire feeder. The GMAW welding
machine and welding chamber serve as the GMAW welding process sites. The milling
chamber is used to perform the milling process. The argon shielding gas protects the
molten weld metal from atmospheric contamination, which can cause weld defects. The
thermogun measures the accumulated temperature during the WAAM GMAW process,
and the wire feeder supplies the welding wire.

The Hybrid WAAM GMAW machine used is a Lincoln Electric CV/CC500 Optimarc
MIG machine with a router milling machine. Post-processing is performed after the
WAAM GMAW process is complete. To achieve precise results after the WAAM
process, milling is necessary to smooth out uneven weld surfaces caused by WAAM
GMAW (surface waviness).

In this case the machine can be used in industry, because the machines used allow for
the process. Can be applied to multi-layer WAAM by implementing interpass
temperature control using a cooling system to improve production efficiency. The
material behavior during this process can be analyzed using the Johnson-Cook method.
To model the Johnson-Cook parameter calculations for ER5356 material, the following
Equation 1 can be used [20]:

a=(A+B-6")(1+C-ln(§o))(1—T*)m (1)
In this study, the flow stress (o) is determined as a function of several variabel,
including the equivalent plastic strain (€), strain rate (€), and temperature (T). The
material behavior is described using empirical constants A, B, C, n, and m which are
specific to the material being studied. The reference strain rate (€,) is typically taken
as 10571, To take thermal effects into account, the reduced temperature (T*) Equation
2 is used, and it is defined as:
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T-Tp
P )
where T is the current temperature, Ty, is the material’s melting temperature, and Ty is
the reference temperature, usually corresponding to room temperature. This
dimensionless temperature parameter allows the model to incorporate the influence of
thermal softening during plastic deformation. The values for ER5356 are assumed
based on an approximate reference to the mechanical properties of similar materials, as
shown in Table 4.

T =

Table 4. Johnson-Cook parameter of ER5356

Parameter ER5356
A 150 MPa
B 300 MPa
n 0.45

C 0.015

m 1

T 873K

Ty 293K

€ 0.72's

€ 10s7t

Optimization is performed on the parameters related to tool wear. The heat condition
of the weld bead causes rapid degradation of the 10 mm diameter High-Speed Steel
(HSS) endmill, which is manifested in the loss of tool hardness and triggers wear mech-
anisms such as oxidation and diffusion. This condition leads to unstable cutting perfor-
mance and results in increased surface roughness [28][29].

3 Results and Discussion

3.1 WAAM Experiments

As shown in Fig. 3. Fig. 3a, 3b, and 3c, the results of Hybrid WAAM GMAW Milling
welding experiments are presented, with different cooling times according to the re-
spective layer temperatures of 100°C, 150°C, and 200°C. Fig. 4a and 4b shows that the
temperature condition of 100°C has the longest cooling time reaching 291 seconds, the
temperature of 150°C has a cooling time of 60 seconds and the temperature of 200°C
has the fastest time up to 51 seconds. The single-layer condition was chosen to investi-
gate heat dissipation and cooling behavior at the interface between the deposited bead
and the substrate.
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Fig. 3. Results of hybrid WAAM-GMAW Milling welding experiments: (a) temperature 100°C,
(b) temperature 150°C, and (c) temperature 200°C

8004 = Temperatur 100 'C 800
* - Temperatur 150 °C
2004 4 Temperatur 200 °C 700

= Temperatur 100
o Temperatur 150°C
4 Temperatur 200°C

T T T T T T T T T T L 0 e e O S S U S
0 5 10 1 20 25 30 35 40 45 50 55 0 25 S50 75 100 125 150 175 200 225 250 275 300 325 350
Weld Time (s) Dwell Time Cooling (s)
(@) (b)
Fig. 4. Diagram (a) heat accumulation during the WAAM process (b) interpass temperature after
natural cooling

Based on the research conducted using the Hybrid WAAM GMAW Milling method
with AA6061 aluminum alloy and ER5356 filler, weld bead temperatures of 100°C,
150°C, and 200°C were applied. This study used a heat model or interpass temperature
for the direct-Milling filler ER5356, which we used as a reference [25]. The experi-
mental results at different temperatures produced varying dwell times, with shorter
dwell times observed at higher temperatures. This result differs from the findings of T.
Mac, who reported that tool wear and surface roughness decreased when milling
SKD11 at 600 m/min and a temperature of 500°C, by 82.47% (95.74%) and 91.08%
[22], respectively. The application of dwell time cooling to achieve precise final results
for each component is crucial for industries that require high-quality surfaces, such as
aerospace and medical device manufacturing.

3.2  Finite Element Analysis

The data used for the Finite Element Analysis (FEA) simulation also uses the same
parameters as those used during the WAAM-GMAW Hybrid Milling experiment pro-
cess. The temperature, spindle speed, and depth of cut parameters are presented in Table
5. The FEA simulation carried out using Abaqus applies the Johnson-Cook method to
determine the strain and stress produced at each different temperature interpass as in
Fig. 5 and Fig. 6 shows the results of the strain and stress von mises values based on
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the simulation results carried out at temperature interpasses, namely a temperature of
100°C with a strain of 3.089% and a stress of 22.29 MPa, a temperature of 150°C with
a strain of 3.103% and a stress of 18 MPa and at a temperature of 200°C with a strain
of 3.148% and a stress of 15.82 MPa. FEA allows analysis during the deposition pro-
cess when the weld bead is in a single-layer state, thus providing a basis for optimizing

the interpass temperature deposition strategy.

S, Mises
(Avg: 75%)

+3.983e+08
+3.652e+08
+3.322e+08
+2.991e+08
+2.660e+08
+2.329e+08
+1.999¢+08
+1.668e+08
+1.337e+08
+1.007e+08
+6.759e+07
+3.452e+07
+1.451e+06

Fig. 5. WAAM GMAW Milling Single Layer
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Fig. 6. Strain and Von Mises Stress curve

The comparison of Von Mises Stress results from the experiment and the simulation
using the Johnson-Cook model is presented in Table 5 and Fig. 7. The Johnson-Cook
method is used to calculate the Von Mises stress value in the WAAM GMAW experi-

T
312 313 314 315

a)

ment using the following calculation by Equations 1 and 2.

Table 5. Comparison of simulation and experimental Stress Von Mises

Stress .
No Temperature : : : Strain
oC Simulation Experiment o
MPa MPa ’
1 100 22.29 34.04 3.089
2 150 18 55.27 3.103
3 200 15.82 76.51 3.148
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At the temperature interpass value of 100°C the simulation stress results show a value
of 22.29 MPa, the temperature interpass 150°C shows a simulation stress result of 18
MPa and for the temperature interpass 200°C the simulation stress result is 15.82 MPa.
Meanwhile, for the experimental stress results at the temperature interpass 100°C the
stress result is 34.04 MPa, at the temperature interpass 150°C the stress result is 55.27
MPa and at the temperature interpass 200°C the stress result is 76.51 MPa. A normal-
ized scale can help interpret the relative differences between simulated and experi-
mental trends compared to a linear interval numeric scale. Using a normalized scale for
stress values helps clarify the comparison between simulated and experimental trends.
So it can be seen in Fig. 7 that the simulation stress results graph decreases, and the
experimental stress results graph increases.

80 4 . :
—a&— Simulation .
&— Experiment
70 4 .
= .
A
S 60
Py .
w
250
@A
w
2 40
=
g ®
= 30 4
| R
20 4 —
-
4 I —a
10 T T T T T T
100 120 140 160 180 200

Temperature (°C)
Fig. 7. Comparison of simulation and experimental stress yield curves

Simulation results are usually higher or lower than experimental results. This occurs
because simulations use perfect conditions and simple, uniform settings. In real exper-
iments, small errors occur, and not everything is perfectly modelled. These differences
depend on the complexity of the material, the type of material, and the accuracy of the
measurements during the experiment. Since Johnson—Cook parameters specifically for
ER5356 are scarcely reported in the literature, this study employed parameters from
aluminum alloys with comparable compositions. This approach is considered reasona-
ble to represent the general thermo-mechanical behaviour and to capture comparative
trends. Nevertheless, differences in strain hardening and thermal softening among al-
loys may lead to deviations from the actual material response, which is acknowledged
as a limitation of this study. This study did not include a sensitivity analysis to evaluate
the influence of parameter uncertainties on the simulation outcomes. Conducting such
an analysis was not feasible and is acknowledged as a limitation of this work. Further
research is therefore recommended.
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3.3 Milling Experiment
331 Tool Wear

The 10 mm HSS endmill, with 4 flutes, used during the experiment, exhibited geomet-
ric changes due to flank wear. As shown in Fig. 8, the initial diameter of the HSS
endmill, measured using a Dino-lite, was 10.65 mm, which decreased to 9.82 mm.
Higher weld bead layer temperatures resulted in lower tool wear values, as illustrated
in Fig. 9. At high spindle speeds, cutting forces and temperatures can be reduced due
to the thermal softening effect [21]. The measurement data is displayed with error bar
charts to help validate data consistency and demonstrate significant differences in re-
sults.

(a) (b)
Fig. 8. Condition tool wear (a) before and (b) after
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Fig. 8. Diameter of tool wear endmill HSS 10 mm

Based on the experiment, have a limit of the topic discussion to knowing tool wear.
This research differs from other studies that address microstructure and hardness.
Lower tool wear was observed when milling was performed on the weld bead in a hot
condition. This situation is uncommon in Milling processes, as several other studies
have stated that performing Milling on a still-hot weld bead significantly increases both
tool wear and surface roughness [30]. In contrast, this study observed low tool wear at
high weld bead temperatures. This includes the softened state of the weld material,
which significantly reduces cutting forces due to its high thermal conductivity, the re-
laxation of residual stresses due to repeated thermal cycling, and the formation of a
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protective oxide layer that reduces friction. In this case, just an analysis of the flank
wear section was observed.

332 Surface Roughness

Surface roughness was measured using the SURFCOM 2900SD3-12 device, as shown
in Fig. 10, to determine the surface roughness values resulting from the Hybrid WAAM
GMAW Milling process. The measurements followed ISO 21920 standards, which pro-
vide values for Ra, Rq, and Rz. Measurements were taken over a 5 mm length. The
surface roughness measurement results are presented in Fig. 11, and the corresponding
Milling tool mark pattern is shown in Fig. 12. Visually and based on measurements, the
surface appeared rougher at a temperature of 200°C before Milling compared to the
100°C condition.

Fig. 9. Surface roughness measurement tool
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Fig. 10. ER5356 filler surface roughness results
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Fig. 12. Surface Roughness After Milling
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High weld bead temperatures can affect surface roughness and tool wear conditions,
resulting in lower strain and von Mises stress values. Surface roughness values tend to
be higher at elevated temperatures. This result is due to increased heat input, which may
lead to uncontrolled melting or spatter formation, thereby increasing surface roughness
consistent [31]. A hot weld bead causes the tool to lose its hardness, leading to oxidation
and diffusion, which results in unstable cutting and higher surface roughness [28].
Table 6 shows that this experiment used a spindle speed of 4500 rpm and a cutting
depth of 0.3 mm. This resulted in different changes in the geometry of the endmill at
each temperature interpass, with surface roughness values increasing with increasing
temperature. Furthermore, longer cooling times were required at lower temperature in-
terpass values.

Table 6. Experimental parameters and outcomes of hybrid WAAM GMAW milling

Tool
M t
Spindle | Depth | geometry | coouremen Roughness Dwell
Temperature difference .
No °C) speed | of cut D b (nm) time
(rpm) | (mm) | (mm) (mm) ®
Before |After A B C

100 4500 0.3 |10.65(10.19 0.23 0.5454|1.8904| 0.842 | 291 s

150 4500 0.3 [10.199.90 0.15 0.6209|0.3709|1.2053| 60 s

200 4500 0.3 9.86 |9.82 0.02 1.9505|1.9409|1.3046| 51s

This study employed a welding process that combined the Hybrid WAAM GMAW
Milling method with AA6061 aluminum alloy and ER5356 filler. The analysis results
can be concluded as follows: The temperature parameters for the Milling process used
after the GMAW process were divided into three levels: 100°C, 150°C, and 200°C,
with the fastest dwell time cooling occurring at the highest temperature condition. The
strain values from the GMAW Milling simulation at weld bead temperatures of 100°C,
150°C, and 200°C were 3.089%, 3.103%, and 3.148%, respectively. The corresponding
von Mises stress values were 22.29 MPa, 18 MPa, and 15.82 MPa. The Finite Element
Analysis (FEA) results performed on GMAW Milling weld bead measurements signif-
icantly contributed to the distribution of the maximum Von Mises stress, which is used
to indicate the transition between the weld metal and the HAZ. FEA allows analysis
during the deposition process when the weld bead is in a single-layer state, thus provid-
ing a basis for optimizing the interpass temperature deposition strategy. Tool wear and
surface roughness values depend on the temperature of the ER5356 weld bead before
the milling process. At a temperature of 100°C with a cooling time after welding of 291
s, a smoother surface is produced. Milling at a spindle speed of 4500 rpm on weld beads
with different temperatures resulted in high tool wear at 100°C, but low tool wear at
200°C. This result is due to the hot and softened condition of the weld bead material,
which significantly reduces cutting forces and allows rapid heat dissipation due to its
high thermal conductivity. In this study, only one test was carried out at each interpass
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temperature conditions. Surface roughness at a weld bead temperature of 200°C was
higher than at 100°C. This result is influenced by the hot condition of the weld bead,
which causes the tool to lose hardness, leading to oxidation and diffusion, resulting in
unstable cutting and increased surface roughness. The Johnson-Cook parameters of
ER5356 used in this study affected the resulting strain and von Mises stress values.
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