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Abstract This research presents an investigation of material property model effects
of thick-walled Wire Arc Additive Manufacturing (WAAM) process on deforma-
tion behaviour which involves thermo-mechanical non-linear numerical compu-
tation. A 3D thermo-elastic–plastic WAAM model is developed using general
purposed FEA software MSC Marc/Mentat. The material models of component
stainless steel SS316L were simulated based on two different sources namely
material X5Crnimo18_10_1from default library database and evolved wire. The
thermo-mechanical and thermo-physical material properties of evolved wire SS316L
were obtained using chemical composition analysis SEDM-EDX and generated by
advanced material modelling software. Component geometry was modelled using
simplified rectangular shape and mesh which consists of ten layers and three strings.
The numerical simulation was implemented under consideration of temperature
dependent hardening rule with von-mises yield criteria andGoldak’s double ellipsoid
heat sourcemodel was utilized. Based on the adjusted thermal coefficient parameters,
the transient temperature distribution between two differentmaterial propertymodels
were analysed. The outcome of this research is to characterise the substrate defor-
mation induced by WAAM process using material models of evolved component
SS316L and existing material from default library database.
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1 Introduction

Additive manufacturing processes (AM) are one of the most essential innovations
in the manufacturing sector for the production of metal components. Nowadays,
AM is extensively used in the manufacture of build-up products by layer deposition
instead of traditional rawmaterial machining. In fact, these technologies offer several
advantages, such as the possibility of manufacturing parts with complex geometries
and a substantial reduction of material waste in machining processes. A fundamental
AM system comprises a combination of a heat source, motion system, and feedstock.
In addition, AM is a promising alternative for manufacturing parts or components
made of high-end materials such as titanium or aluminum alloys due to the high
degree of the buy-to-fly ratio. Hence, metallic additive manufacturing processes are
subdivided into three different categories which are powder-feed, powder-bed, and
wire-feed systems [1].

Many techniques for the manufacture of metal structures in AM have been devel-
oped, one of promising breakthrough forAM technology isWireArcAdditiveManu-
facturing (WAAM) have been gaining enormously in popularity for decades in the
metallic parts with complex structure and geometry [1]. Amongmetal AMprocesses,
WAAM process also accomplished by employing a layer- by- layer strategy that can
create a large part with a higher deposition rate [2]. WAAM is made up of a combi-
nation of electric arc heating sources with a metallic wire feeding system in which
the building strategy allows the production of metal components layer by layer by
means of Gas Metal ArcWelding (GMAW) technology. A component manufactured
by a wire-based additive manufacturing method can achieve the tensile strength of
casting or forging complex component [3]. The filler material is usually melted by
means of an electric arc between the consumable wire feedstock and the top surface
of the deposited layers, while the deposit-formed component experiences heating
and cooling with the moving heat source model [4].

However, due to the poor surface finish and low accuracy in comparison with
powder-bed or beam-melting additive technologies, it is important to determine the
interaction of each assigned process parameter with the material properties such as
chemical composition for producing high quality product. An initial prediction can
be made using numerical computation taking thermal–mechanical properties and
different boundary conditions into consideration [5, 6]. From a numerical simula-
tion perspective, WAAM process is very similar to multi-pass welding process. The
numerical computation of WAAM process carries out the similar techniques applied
in the multi-passes welding simulation due to phenomenon of heat transfer from the
arc to the molten pool of work piece. Thus, the heat propagation in GMAW-based
additive manufacturing is highly non-linear due to the existence of solidification,
multiple fusion and phase transformation [7].

The multi-layeredWAAMprocess is usually simulated based on coupled thermo-
mechanical FEM analysis. Ding et al. has performed a research of optimization of
thermo-elastic–plastic FEM model of WAAM process on large multi-layered parts
and reported that FEM approach introduced can provide an accurate prediction of
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the distortion within short computational time [8]. Besides, the heat transfer from
the arc to the molten pool is simulated using a heat source model, which prescribes
a heat generation per unit volume in the molten pool region. In most of literature
works dealing with AM simulation, the heat source model proposed by Goldak
et al. is applied [9]. In this model, the heat input is delivered over a moving double
ellipsoid region according to a Gaussian distribution. Despite such strategy permits
to correctly model the shape of the weld pool, it does not consider the correct heat
distribution between filler and base material. This is responsible for inaccuracies in
part distortions estimation.

In this research, an efficient FEM procedure is to be developed with a series
of experiment of thick-walled WAAM structure with ten layers and three strings
in order to analyse the thermo-mechanical behaviour. A numerical computation is
carried out using two different material models which are namely existing mate-
rial of numerical simulation database and evolved material model of stainless steel
SS36L obtained from experiment. Further, a comparison between these two mate-
rial modelling strategies will be observed on substrate deformation and transient
temperature distribution.

2 Non-linear Numerical Simulation for WAAM Process

In order to analyse the therm-mechanical behaviour of the WAAM structure, the
general purposed FEM software MSCMarc/Mentat was utilized to perform coupled
thermo-mechanical numerical simulation which requires the modelling of geometry,
material and heat source.

2.1 Geometrical Modelling of Thick-Walled WAAM
Simulation

A 3D-solid FE model of thick-walled WAAM component was developed consisting
three sets of geometries as shown in Fig. 1 namely a table, a base plate and multi-
layersWAAM beads. The base plate was modelled with dimension of 200 mm (L)×
97.5 mm (W) × 8 mm (T). Multi-layered deposited walls with a rectangular-shaped
weld bead of 150 mm length was modelled with three strings and ten layers. The
work piece is meshed by Herrmann Formulation eight node brick elements types.
The WAAMmodel consists of 14,892 nodes with the table, plate and weld beads are
divided into 180 element, 6000 elements, and 5400 elements respectively.

In this research, the bead modelling strategy utilizes simpler rectangular shape
which can reduce unnecessary pre-processing effort and allow shorter computational
time. Hence, ‘element birth technique’ was applied to model the filler material. All
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Fig. 1 Direction and geometrical model of WAAM

elements ofweld bead are deactivated at the initial status of analysis and then activated
sequentially following the heat source movements [10–12].

As mechanical boundary conditions, four clamps were exerted on the top surfaces
of the plates and the holding force of clampswere set equal to 400N. Figure 2 presents
the clamping force on the base plate in negatively Y-directions. The change in the
temperature distribution contributes to the deformation of the body through thermal
strains and influences thematerial properties. In addition, phase transformation effect
is not considered in the numerical analysis. The modelling of the fluid flow is also
not included because the effect of the fluid flow on the deformation and stress field
can be considered as negligible [13].

Fig. 2 The boundary
conditions with industrial
clamping locations
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2.2 Material Modelling and Properties Evolution
of Component SS316L

For characterising the temperature-dependent material properties, the experimental
determination of the evolved microstructure is measured under consideration of the
adjusted microstructure from the real process. The analysis of thermo-mechanical
and thermo-physical properties of the filler material was performed. The actual filler
material used in the WAAM process possess chemical composition was determined
by the SEM-EDX machine Hi-Tech Instrument SU350 as presented in Fig. 3. The
measured analysis lays in the range of the relevant standard of the filler material
SS316L.

Table 1 shows the results of characterization. Based on this chemical composi-
tion, new material properties will be generated using advanced material modelling
software.

The major temperature-dependent properties (Fig. 4) such as the specific heat
capacity, heat conductivity coefficient, thermal expansion coefficient and Young’s
modulus are calculated based on the chemical composition analysis as obtained
from Table 1 using material modelling software. These data were then implemented
into FEM software MSC Marc/Mentat for further calculation.

Fig. 3 Chemical
composition analysis using
SEM-EDX machine hi tech
instrument SU3500

Table 1 The actual chemical composition of filler material SS316L

Material C Cu Cr Mn Mo Ni Si Ti V

Evolved SS316L 0.03 0.76 17.83 2.43 1.63 10.57 0.63 0.267 0.3
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Fig. 4 Thermo-mechanical properties of evolved component SS316L

In this study, the numerical computation of thick-walled WAAM process is
also executed using the existing databases from the MSC Marc/Mentat of mate-
rial properties library. The thermo-physical material properties of material databases
of X5Crnimo18_10_1 are predicted equivalent with the austenitic stainless steel
SS316L. Figure 5 shows the material X5Crnimo18_10_1 assigned for the WAAM
model with temperature-dependent variables. The effect on the substrate deforma-
tion of thick-walled WAAM using two different material properties will be analysed
and compared.

In the following simulation, a low carbon steel S235 is designated as substrate
material of thick-walled WAAM. Both thermo-physical material properties are
imported into FEM simulation. Figure 6 shows the material S235 assigned for the
FE model with temperature-dependent variables.

2.3 Numerical Computation Parameters and Heat Source
Modelling

In this simulation, WAAM parameters which are implemented on the MSC
Marc/Mentat as displayed in Table 2. Therefore, the Current (I) and the Voltage (V)
are considered under power equation. The assigned travel speed (v) was based on
the experimental welding speed for this material in order to develop a more realistic
model.
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Fig. 5 Temperature-dependent thermo-mechanical and thermo physical properties
X5Crnimo18_10_1

Fig. 6 Temperature-dependent of material properties S235
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Table 2 WAAM parameters
used in MSC marc mentat

WAAM parameters Value

Current, I (A) 172

Voltage, V (V) 19.8

Travel Speed, v (mm/s) 5

Efficiency, η 0.8

Fig. 7 Model of the double
ellipsoid heat source by
Goldak

One of the challenges in the numerical simulation of WAAM process is the
modelling of the heat source. Suitable heat source model must be chosen in accor-
dance with the WAAM process. Hence, for GMAW process, Goldak’s double ellip-
soidmodel was executed to replicate the real heat source.Thismodel is a widely used
heat source model for GMAW process, which has been shown to accurately repre-
sent the heat power density from an electric arc traversing across the surface of a flat
plate [14–16]. Figure 7 presents Goldak’s double ellipsoid heat source model with
the geometrical conditions. The geometrical parameters a, b and c can be modified
in values for the front or rear quadrants.

The subsequent equations were used to characterize the power density distribution
inside the front and rear quadrants of the heat source along the welding path (z-axis).
The power density of the heat flux in front section (qv f ) of heat source can bemodelled
with Eq. (1) and the rear section (qvr ) with Eq. (2).

qv f (x, y, z) = 6
√
3 f f Q

abc f π
√

π
e−3 x2

a2 .e−3 y2

b2 .e
−3 z2

a2f (1)

qvr (x, y, z) = 6
√
3 f f Q

abcrπ
√

π
e−3 x2

a2 .e−3 y2

b2 .e
−3 z2

a2r (2)

The distribution of heat fluxes in the double ellipsoid model is determined by four
directions: width (a), depth (b), rear length (cr ) and front length (c f ), whereas cr and
c f are the heat deposited fractional factors in the rear and front quadrant respectively
and the sum is equal to two [17, 18]. Detailed values for each direction are shown in
Table 3. Figure 8 illustrates the heat distribution of heat source model of Goldak’s
double ellipsoid.
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Table 3 Goldak’s double
ellipsoidal heat source
dimension in FEM simulation

Heat source dimensions (mm) Value

Width 7.5

Depth 3

Rear length, cr 5

Front length, c f 12

Fig. 8 The heat distribution
induced by Goldak’s double
ellipsoid model with the
respect heat source size
dimensions

Table 4 Calibrated
numerical boundary
conditions on thick-walled
WAAM model

Numerical parameters Value

Heat transfer coefficient, metal to metal (W/m2/K) 2500

Heat transfer coefficient, metal to environment
(W/m2/K)

25

Initial temperature (°C) 25

In this WAAM simulation, the thermal material properties of evolved component
SS316L which are latent heat (2.56e+11 mm/s2), solidus temperature (1279 °C) and
liquidus temperature (1450 °C). Table 4 summarizes the adjusted thermal boundary
conditions implemented in the numerical computation.

3 Result and Discussions

Figure 9 shows a comparison of transient temperature distribution between filler
material of evolved feedstock SS316L and X5Crnimo18_10_1 depicting the thermal
cycles of the testing point in the weld zone of first string of first layer. The peak
temperature of evolved component SS316L and X5Crnimo18_10_1 has reached
about 1170 °C and 1060 °C respectively.
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Fig. 9 Comparison of thermal histories between evolved SS316L components and Material
X5Crnimo18_10_1

Figure 10 demonstrates the moving heat source of WAAM model with different
material properties of component. It can be observed that isothermals became
narrower when material X5Crnimo18_10_1 from existing database of library are
used. It leads to larger temperature gradient directly affecting the cooling rates as
well as substrate deformations.

The substrate deformation analysis is conducted between these two feedstocks.
Figure 11 exhibits a contour band model from numerical simulation software MSC
Marc/Mentat which displays the displacement result of numerical computation of
thick-walled WAAM model in y-direction.

The substrate deformation analysis can be observed clearly that is presented in
Fig. 12. It shows that the substrate deformation induced by evolved feedstock SS316L

(a) (b)

Fig. 10 The heat distribution ofWAAMmodel by usingmaterial properties of weld bead a Evolved
SS316L and b X5Crnimo18_10_1
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(a) 

(b) (c) 

Fig. 11 The substrate deformation induced byWAAMprocess a distortionmeasurement,b evolved
component SS316L and c material X5Crnimo18_10_1

Fig. 12 Substrate distortion along z-direction on the length of the substrate
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is higher than feedstock material X5Crnimo18_10_1. According to this result, it
shows that the nonlinear temperature-dependent of material properties of the feed-
stock has a significant effect on the transient temperature and substrate deformation
of WAAM process. Table 5 shows the substrate deformation results of thick-walled
WAAM model.

4 Conclusion

In this research, an investigation focusing on deformation of substrate material and
thermal history were conducted based on the effect of property material modelling
of WAAM process using numerical simulation. All the parameters, geometrical
modelling and boundary conditions are developed in the similar manner. By using
different material modelling approaches, the transient thermal distribution as well as
substrate deformation on a thick-walledWAAMcomponent were compared between
two different material modelling approaches. According to the results in this study, it
can be summarized that the numerical computational analysis for ten layerswith three
strings of thick-walled WAAM component has been successfully executed with the
structured procedure. The nonlinear temperature-dependentmechanical and physical
properties of evolved feedstock SS316L were determined experimentally as well as
calculated using material modelling software, which predict the material behaviour
under consideration of the chemical composition analysis.

Based on the results, the thermal cycles and higher heating and cooling rates
are developed during WAAM process which gives significant effect on substrate
deformation. By comparing theWAAMsimulation, themodel which utilises existing
database library X5Crnimo18_10 (1) material has higher relative percentage errors
with 29% compared to the numerical simulation of WAAM model using evolved
feedstock SS316L. The deviation of temperature distribution and substrate distortion
result between these two feedstock materials are caused by the material properties
implemented within each WAAMmodel as well as different plasticity models based
on an isotropic hardening rule of flow curves.

As further recommendation, an advanced investigation can be executed on
substrate deformation analysis and thermal calibration of austenitic stainless steel of
SS316L using numerical simulation and experimental verification. Next, rectangular
heat source model will be developed using subroutine algorithmMSCMarc/Mentat.
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