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ABSTRACT

This paper deals with an initial development of virtual manufacturing (VM) procedure to predict substrate
distortion induced by Wire Arc Additive Manufacturing (WAAM) process. In this procedure, a hollow shape is
designed in a thin-walled form made of stainless steel. The procedure starts with geometrical modelling of WAAM
component consisting of twenty-five deposited layers with austenitic stainless-steel wire SS316L as feedstock and
SS304 as substrate material. The hollow shape is modelled based on simplified rectangular mesh geometry with
identical specimen dimensions during the experiment. Material model to be defined can be retrieved directly from
a database or by conducting a basic experiment to obtain the evolution of material composition, characterized
using Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray (EDX) analysis, and generated using
advanced modelling software IMATPRO for creating new properties including the flow curves. Further, a coupled
thermomechanical solution is adopted, including phase-change phenomena defined in latent heat, whereby
temperature history due to successive layer deposition is simulated by coupling the heat transfer and mechanical
analysis. Transient thermal distribution is calibrated from an experiment obtained from thermocouple analysis at
two reference measurement locations. New heat transfer coefficients are to be adjusted to reflect actual
temperature change. As the following procedure prior to simulation execution, a sensitivity analysis was
conducted to find the optimal number of elements or mesh size towards temperature distribution. The last
procedure executes the thermomechanical numerical simulation and analysis the post-processing results. Based
on all aspects in VM procedures and boundary conditions, WAAM distortion is verified by means of experimental
WAAM process using a robotic welding system equipped with a pulsed power source. The experimental substrate
distortion is measured at various points before and after the process. It can be concluded based on the adjusted
model and experimental verification that using nonlinear numerical computation, the prediction of substrate
distortion with evolved material property of component yields closer average result within the relative error less
than 11% compared to database material giving doubled inaccuracy up to 22%.
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1.0 INTRODUCTION

Finite Element (FE) - based Virtual Manufacturing (VM) is increasingly implemented to tackle the prediction
challenges faced in modern engineering due to increasing demands in manufacturing time and product quality.
VM can be seen as one of the crucial components within Virtual Engineering in which a realization of a real
manufacturing process can utilize the numerical computation. The VM’s primary function is to model the entire
manufacturing process to enhance decision-making and quality control within the manufacturing process [1-2].
Numerical computation is divided into several sub-technologies, which are still evolving up until today. The
simulation that investigates a product's life cycle by means of VM is based on numerical computation, which
covers all activities and functions from drafting to prototyping [3].

Today’s businesses continually search for ways to increase productivity in product development [4]. This can
be done using virtual prototypes that can be easily duplicated and shared between everyone involved. In addition
to this product design process, the stability of the manufacturing process and the resulting product quality
ultimately determine the product’s profitability. The manufacturing concepts of a new product use the systems
that integrate computer models that represent precisely the whole structure of the manufacturing process and
simulate their physical and logical behavior in operation [5]. Virtual engineering (VE) technologies play a
significant role in integrating the computer-based technologies involved in the product’s life cycle, accompanied
by reliable data transfer to the circle of computer-based technologies [6].

In recent years, Additive Manufacturing (AM) has been used to produce a build-up product by means of layer-
by-layer deposition instead of employing the traditional machining of raw materials. Some of the most popular
techniques developed for manufacturing metal structures in AM are laser sintering, direct metal deposition,
electron beam melting, shape deposition manufacturing, and wire arc additive manufacturing (WAAM) [7]. In
WAAM, a filler material is usually melted using an electric arc which is established between the consumable wire
electrode and the top surface of deposited layers [8]. The component formed by depositions experiences the
heating and cooling with a moving heat source model.

The involvement of FE-based VM in investigating the WAAM processes for both thermal and mechanical
aspects has been an interest of research within engineering environment in recent years. Many engineering studies
have been conducted to evaluate the effect of interposed temperature within WAAM specimen. The engineering
research which concerns about the usage of FE analysis on WAAM investigation showed that the high deposition
rate of process allows the creation of complex metal components in a flexible manner with high velocity. However,
at some cases, such flexibility results in large thermal gradients in the work piece which can cause the emergence
of distortion [9-11].

A comprehensive procedure of FE-based VM could assist in the prediction of distortion induced by WAAM
process with small error percentage when both numerical simulation results are compared [12]. WAAM research
is conducted focusing on thermo-mechanical modelling by utilizing commercial-based VM software for semi-
finished product, and the research leads to a conclusion that the orientation position of bead deposition and
component geometry exhibits critical influence on temperature distribution [13]. Another research was performed
by Yehorov et al. on the process control towards the WAAM deformation which defined that the usage of
numerical computation is able to reduce the porosity within the final product of WAAM component due to the
optimized parameters [14-15]. Further research used advanced numerical computation via FE modelling to
investigate the distortion induced by a WAAM process as well as the effects of cooling conditions applied in the
deposition of the different layers [16-17].

The usage of stainless steel SS316L in additive manufacturing process has been performed in many
engineering researches. An advanced research focusing on both temperature and residual stresses induced by
multi-pass of welding stainless steel (state material) was conducted with the final results showing the correlation
between temperature distribution and residual stresses; thus, this research shared a similar basic concept with
WAAM process [18]. Several mechanical property investigations which involved stainless steel SS316L as the
feedstock in AM process were carried out and the researcher found that stainless steel SS316L possesses high
mechanical values such as yield strength while maintaining a good ductility and notch impact resistance, which
is suitable for AM-related processes [19-20]. Another advanced engineering research found that SS316L is
suitable as feedstock in AM process as well as for the WAAM technology because the material possesses high
strength, high ductility as well as excellent corrosion resistance [21-22].

Based on past research, there were less attempts carried out on substrate distortion of distinct component shape
such as hollow form. Since the behaviour of temperature distribution as well as the deformation is unknown, a
detailed investigation should be conducted to understand the deformation of the component. In this research, a
hollow rectangular shape of twenty-five layers along with its substrate is to be studied using pulsed WAAM
process. Two material models were selected for WAAM component based on the database provided by VM
software as well as evolved component properties examined after the layer depositions using the SEM/EDX for a
commercial SS316L filler material. The substrate of the base plate is made of stainless steel SS304, the material
model which is taken from software database is to be analysed with regard to the total deformation after the
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WAAM process. The basic procedures of VM for WAAM research is shown in Fig. 1 as proposed by author’s
previous research [23].

Geometrical Modelling and
Mechanical Boundary Condition

Material Modelling

Preliminary
Experiment Result

Chemical Composition Material Database from
Characterization FEM Software

Calculation of Properties using
material modelling software

(such as JMATPRO)

Heat Transfer
Coefficient

Heat Source Temperature
Modelling Analysis

Thermal Calibration

Mesh Sensitivity
Analysis

Execution of Virtual Post-processing and
Manufacturing Result Analysis

Figure 1. Methodical VM procedure of WAAM research on distortion

2.0 THERMOMECHANICAL VIRTUAL MANUFACTURING SET-UP AND PROCEDURE

In the modelling and simulation of hollow-shaped WAAM processes, sequentially coupled transient
thermomechanical FE analysis using MSC Marc/Mentat was executed. Thereby, the component material was
modelled based on evolved chemical composition and from software database. The process was simulated by
means of birth-and-death element method. The heat source model for GMAW process was selected under
consideration of heat losses which was further investigated using thermal calibration between experiment and
simulation. Other conditions such as clamping position were also modelled based on actual location in experiment.

2.1 VM procedure for geometrical modelling and boundary condition

The geometrical modelling for this WAAM model was based on a thin-walled plate along with a wall of the
WAAM component developed by the beads. The substrate plate had the dimension of 140 mm (L) x 60 mm (W)
x 4 mm (T) which was made of stainless steel SS304 plate similar to the experiment. This rectangular-shaped
model with 105 mm in length, 25 mm in width and 37.5 mm in height was modelled as component with a similar
height of every layer. This simplified bead model was proven to produce good results as discussed in previous
research [24]. While meshing 25 layers, each layer zone was discretized by means of 224 hexahedral elements in
a uniform mesh thickness of 1.5 mm. The basic FE model with simplified bead modelling for this multi-layer
WAAM and the clamping condition is shown in Fig. 2.
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Figure 2. Detailed configuration for numerical model of WAAM simulation
2.2 VM procedure for material modelling

2.2.1 Preliminary experiment for determining material property
The rectangular hollow shape was built using a series of WAAM deposition using robotic welding system
with a stainless steel SS316L filler wire (diameter = 1.2 mm). For the substrate, a commercially available stainless-
steel plate (SS304) with a dimension of 140 mm (L) x 60 mm (W) x 4 mm (t) was used. The deposition consisted
of 25 layers of beads in aforementioned shape on top of the rectangular substrate. For the experiments, the
apparatus comprised of a robotic welding system ABB IRB 2400/16 and an inverter power source KEMMPI Pro
Evolution ProMIG 540MXE. The trajectory of WAAM feedstock was executed by means of Pulse Welding with
a dimension of 100 mm (L) x 20 mm (W) for 25-layers. Fig. 3 displays both robotic welding equipment as well
as the final WAAM component with a dimension of avg. 105 mm (L) x avg. 25 mm (W) x avg. 37.5 mm (h) and
a wall thickness of avg. 3.75 mm.
WAAM
e Direction

Figure 3. Robotic welding equipment (A), weld power source (B) and final WAAM component (C)

Due to a similar base concept with multi-layered GMAW, parameters which are common to be found in
GMAMW processes such as potential, arc current, welding and wire feed speed were selected according to the
quality level of deposited weld beads. The current was set based on the principle of a pulsed GMAW process
which constantly switched between high (peak) amperage to low (background) amperage. This configuration was
regulated within a KEMPPI synergic welding power source which provided uniform current pulses to detach
identical molten droplets of predetermined volume from the electrode wire, combined with the other parametric
relationships necessary for a stable wire burn-off. The three essential characteristics of synergic pulse welding
operations are automatically selected pulse parameters, direct relation of pulse frequency to wire feed rate and
uniform weld bead profile as well as penetration through an electronic parameter control. Table 1 lists the
parameters selected for the WAAM experiment.
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Table 1: Experimental parameters and results using robotic system with GMAW-P

Experimental Parameters Value
Base Current [A] 88— 110
Peak Current [A] 275 - 300

Voltage [V] 21
Welding speed [mm/s] 7
Wire feed rate [m/min] 3
Gas composition [%] 100% Argon
Number of Layers [-] 25
Height of Component [mm] Avg. 37.5
Width of Component [mm] Avg. 25
Thickness of Component [mm] Avg. 3.75

The calibration method for the simulation of WAAM process was verified by means of temperature
distribution comparison analysis. For measuring the temperature distribution, a data logger (ALMEMO 2890-9)
and thermocouples (type K) were used, arranged onto the specimen as shown in Fig. 3. The thermocouple type-
K was chosen due to the ability to measure high temperatures up to 1370 °C. To analyse the temperature level,
the thermocouples were inserted into the substrate of the specimen immediately after the wire deposition at
location 2. In the filler deposition, although the drilled thermocouple might melt at the tip along with the molten
portion of filler, the rest of the thermocouple remained and was able to capture the actual temperature. The
recording time of the thermocouple generated by the system was executed once the filler material started to
solidify. Fig. 4 shows the temperature distribution of 25 layers of WAAM on two selected locations in the bead
and at the 11™ layer deposition. The distortion measured by the use of a Mitutoyo Beyond 707 Coordinate
Measuring Machine (CMM) was chosen as validation method executed on the base plate of the specimen before
and after the experimental process.

Temperature e
(0)

L{LL& | -

Location 2
(Substrate)

Figure 4. Experimental setup (left), temperature distribution measurement (middle)
and a close up of WAAM component (right)

The experimental SS316L was analysed by using SEM-EDX (Hi-Tech Instrument SU3500) machine in order
to extract the chemical composition data that would be later be implemented in FE analysis. Fig. 5 shows the
specimen sample and results using SEM/EDX. The chemical compositions obtained from component material,
which was the evolved SS316L component and software database, can be seen in Table 2.
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Figure 5. Results of chemical composition of evolved component using SEM-EDX

Table 2: Chemical compositions of evolved component, database of SS316 and substrate SS304

Material C Cu Cr Mn Mo N Ni S Si Ti Vv p
Evolved 03 76 1783 243 163 NA 1057 N/A 063 0267 03 NA
Component

Software
Database  0.018 N/A 16.63 157 2.05 0.00153 11.18 0.48 0.002 N/A N/A 0.04

(SS316L)

Software
Database

(SS304) 0.08 N/A 20 2 N/A 0.1 105 0.03 075 NA N/A 045

2.2.2 Material property modelling of SS316L

This simulation assigned a stainless-steel type of material for both filler and substrate material. SS316L was
chosen as filler material and SS304 as the substrate. The material modelling data for the substrate was obtained
from the software database, while the data for the component was developed from actual WAAM-deposited
SS316L material. The method of extracting the real material data using EDX for the development of VM
simulation was performed for AM [25]. The experimental SS316L was analysed by using SEM-EDX (Hi-Tech
Instrument SU3500) to extract the chemical composition data that would be later implemented in the FE analysis
with the material modelling feature given by MSC Marc/Mentat. The new temperature-dependant physical
properties of the component material were generated which covered thermal conductivity, expansion coefficient,
specific heat capacity and Young’s modulus. Fig. 6 displays the temperature-dependant properties of SS316L and
Fig. 7 shows the flow curve at the strain rate of 0.001 sec generated with the material modelling software

IMATPRO [26].
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Figure 6. Evolved material properties of component based on EDX result and IMATPRO
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Figure 7. Flow curve of database, evolved component material of SS316L and Substrate SS304 at strain rate

2.3 VM procedure for heat source modelling

0.001 sec!

In WAAM modelling and simulation, process parameters assigned within the model were Current (1), Voltage
(V) and travel speed (v), latent heat (256400 J/kg), solidus (1279 °C) and liquidus (1430 °C) temperature as
defined according to SS316L material database values. The parameters were similar for both VM simulations with
different materials. Table 3 displays the WAAM process parameters in MSC Marc/Mentat.
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Table 3: WAAM parameters used in MSC Marc simulation

WAAM Parameter Value
Current [A] 88
Voltage [V] 21

Travel speed [mm/s] 7

The heat source model of Goldak’s double ellipsoid defines the heat source dimension [27]. The heat source
models represent the state of art in WAAM simulations in which the concept evolved from multi-layered welding.
This model has also a function to generate the amount of heat while at the same time it is able to control the overall
power poured into both substrate and weld deposits. In this model, the heat input is delivered over a moving
double ellipsoid region according to Gaussian distribution [28]. Despite such strategy permits to correctly model
the shape of the weld pool, it does not take into account the correct heat distribution between filler and base
material. Fig. 8 displays Goldak’s double ellipsoid heat source model along with its explanation.

Figure 8. Illustration of Goldak’s Double Ellipsoid Heat Source Model [29]

The values for each direction used in WAAM simulation are shown in Table 4. The dimensions differ
depending on the size of the weld bead or thermal distribution.

Table 4: Heat Source Dimension in WAAM Simulation

Heat Source dimensions Value
Width b (mm) 5
Depth ¢ (mm) 5

Front Length as (mm) 3
Rear Length a; (mm) 6

The power density distribution of the moving heat source model is described in Eg. 1, where ay, a;, b and ¢ are
the semi axis of the ellipsoid. The fractions of deposited head f; and f; represent the heat apportionments of the
heat flux in the front and rear quadrants, provided that the condition f; + f. = 2 is fulfilled.

( ) 6V3Qf; < 3x2  3y2 322> (1)
X, V,Z) = ——=exXp|——5——5 ——5
r 0y asbemym a? b2 c?
( ) 6vV30Qf, < 3x2  3y2 322> 2
X, V,Z) = ——=exXp| ——5——5 ——5
iy afbcrt\/n a? b? c?

2.4 VM Procedure for Thermal Calibration
The calibration method of this study was examined by analysing the comparison of transient temperature
distribution between WAAM simulation and experiment. This calibration method has been utilized by numerous
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researchers in similar areas in order to ensure the optimization of thermal parameters in their simulation [30-32].
The usage of thermal distribution on WAAM processes was also executed by comparing experimental and
simulation of WAAM [33]. Fig. 9 displays the temperature distribution comparison result on two different
measurement points. The comparison of the temperature distribution was taken within the substrate as well as the
11" layer of the filler wire deposition.

e Distribution C ison -

Temperature
(18]

|| o

11" Layer

’ . 718

f
s
o 200 400 600 800 1000 1200 1400 Time ()

Temperature Distribution Comparison -
Substrate

o Experiment

= FIM-based

L=

° 200 400 00 200 1000 1200 1400  Time(s)
Tepeann Tee (3)

Figure 9. Comparison of experimental and VM-based temperature distribution at similar location

Based on the temperature distribution comparison, it was observed that the temperature behaviour between
WAAM simulation and experiment shared a similar pattern. The adjusted heat transfer coefficients for the WAAM
simulation model using MSC Marc/Mentat are displayed in Table 5.

Table 5: Adjusted heat transfer coefficients used in VM procedure

Numerical Parameters Value
Heat Transfer Coefficient, Metal to Metal [W/m?/K] 2500
Heat Transfer Coefficient, Metal to Environment [W/m?/K] 25
Initial Temperature [°C] 30

2.5 VM procedure for analysing optimal mesh size

Before the execution of numerical computation using FE analysis, a mesh sensitivity analysis was conducted
in order to determine the suitable mesh size to be implemented for the whole research. The other purpose of
executing the mesh sensitivity analysis for this research was to find a trade-off between solution reliability and
computational time. Mesh sensitivity study is a simple way to check potential singularity points in the mesh [34].

The numerical simulation of WAAM processes in this particular study was only developed in two layers to
simplify the mechanism of mesh sensitivity analysis and to reduce the overall computational time. The geometrical
design of WAAM component which serves as the basis of this sensitivity analysis is displayed in Fig. 10 below.
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54 mm

Figure 10. Numerical WAAM model designed for mesh sensitivity analysis

The main comparison criteria was the temperature distribution for the duration of WAAM process in which
the method was conducted by dividing a finer mesh on each body consisting of table, substrate and filler with the
total number of elements from 1268 to 4608. The sensitivity analysis was executed using a batch file analysis in
MSC Marc/Mentat by developing a user routine that was able to run multiple WAAM simulation with different
meshes at once.

The mesh sensitivity graph comparison is displayed in Fig. 11. Table 6 displays the numerical value of mesh
sizes for each number of elements involved as well as computational time.

Table 6: Mesh sensitivity analysis

. Total number of Wall Convergence Maximum
Elementset Table Substrate Filler Elements Time (s) ratio Temperature (°C)
Setl 8 800 122 930 135 0.006 1598.3
Set 2 32 1012 104 1268 140 0.002 1304.5
Set 3 64 2016 448 2528 144 0.001 1186.9
Set 4 128 4032 448 4608 597 0.013 1181.1
1600
o) 1400 ¥A¥
g 1200 ' -
1000 :
5 800 ‘
| Suitabl
é 600 - Nul;::erp;:f
% 400 Elements
=
200
0 :
900 1400 1900 2400 2900 3400 3900 4400

Number of Elements

Figure 11: Mesh sensitivity analysis for maximum temperature

Based on Fig. 11 and Table 6, it can be observed that the final result of temperature was influenced by the
number or the size of elements involved in the numerical computation. After the total number element of 2528
that corresponded to an element size of 1mm, the maximum temperature value showed similar range with
relatively higher convergence ratio. Therefore, this element number or size (1 mm) was chosen as it had a lower
computational time compared to finer mesh sizes.

83



JAEDS, Volume 1, Issue 1 (September 2021)

3.0 RESULT AND DISCUSSION

After all basic procedures were fulfilled, the experimental substrate distortion caused by the twenty-five layers
of wire deposition was analysed by comparing the result produced by VM. The experimental and simulation
results of WAAM can be seen in Fig. 12 based on five tracking points on the top of the substrate.

Distort
ion
(mm)

U 124

1.16

015

Figure 12. Location for distortion measurement at substrate of VM (left) and experiment (right)

As the benchmark of comparison, distortion of experimental process was the average value of five
measurement points which were examined by utilizing the coordinate measurement machine (CMM) prior to and
after the process. The exact identical locations were measured on post-processing stage in VM simulation and
compared to the experimental distortion result. Table 7 exhibits the values of distortions which appeared in the
substrate between experimental result and FE-based VM for both material modelling approaches along with their
respective error percentage compared by means of average distortion. The graph visualization between VM and
experiment is displayed in Fig. 13.

Table 7: Distortion results of experiment and virtual manufacturing

Distance (point of measurement) in mm_ Average total Relative error
distortion percentage of total
0 3461 59.17 9226 139 [mm] distortion [%]
Experimental [mm] 1.366 095 0.587 0.231 0.683 0.76 -
FE-based VM with 091 068 062 042 036 0.59 22.1

database material [mm]
FE-based VM Simulation
with evolved component 114 0.857 0411 0.198 0.784 0.68 111

material [mm]

Distortion (mm) Relative Error
1.6

______________________________

Average ermor

percentage
(X vs D)

14
1.2 -
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) . l
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Figure 13. Results comparison between virtual manufacturing and experiment
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From the distortion result displayed in Fig. 13 above, the distortion induced by WAAM process modelled by
real component material had closer values compared to the experimental WAAM distortion while the distortion
generated by WAAM simulation with database material had an overall much lower range compared to the
component SS316L WAAM. This can be caused by the properties assigned within the component material in the
VM simulation, which had more realistic resemblance with the actual SS316L material that was assigned during
WAAM experimental process. The error percentage of the VM simulation using component material was 1%
while VM simulation using database material had a larger error percentage of 22%.

4.0 CONCLUSION
The main objective of this research is to develop a basic procedure of VM which can be used as a guideline to

predict geometrical distortion of final components. To verify the VM procedure, a series of experiment in the
form of thin wall structure is carried out by using a pulsed GMAW process which considers the specific parameter
settings controlled in the inverter and synergic power source. All parameters, dimensions and boundary conditions
are set in a similar manner to ensure the realistic comparison in both studies. As a final conclusion, the following
contributions can be summarized:

1. A practical procedure of FE-based VM for twenty-five layers deposition of WAAM on top of thin plate had
been successfully executed based on actual experimental results which were conducted using two different
material modelling approaches namely database and actual component SS316L.

2. The simplified bead model with rectangular mesh form allows the reduction of pre-processing and
computational time. For this welding parameters, hexahedral mesh elements with average thickness are
designed.

3. The well-known Goldak’s double ellipsoid heat source model can be improved for rectangular mesh geometry
to simulate temperature distribution.

4. The thermal calibration analysis shows similar temperature distribution pattern between WAAM simulation
and experiment by adjusting the major heat transfer coefficients.

5. A mesh sensitivity analysis is of importance and should be conducted prior to final numerical simulation. It
was decided to use numerical model with 2528 total number of elements due to constant maximum temperature
value and an ideal computational time.

6. The substrate distortion results display the error percentage of VM with database material as 22.1% while the
VM simulation using real SS316L component has a smaller error percentage (11.1%) when compared to
WAAM experiment.

7. The difference in the temperature and substrate distortion result might be due to material inhomogeneity,
parameters fluctuations, robotic system inconsistency etc.

8. This procedure is not the final one but it can be enhanced with additional stages for more advanced research.
As for further recommendation, it is proposed that the direct usage of “Component with Substrate” is to be

planned such as investigation on rectangular heat source model, plastic strain etc.
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