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Abstract
This fundamental research aims to analyse the effect of heat transfer coefficients, plasticity model of evolved material 
properties and simplified meshing strategy on substrate deformation induced by wire arc additive manufacturing (WAAM) 
process with dissimilar materials based on experiment and numerical simulation. Throughout the experiment, stainless 
steel wire SS316L was used as feedstock to build a five-layer and three-string component on an 8-mm-thick low carbon 
steel S235 as substrate plate by means of a robotic GMAW system with pure argon as shielding gas and diagonal clamping. 
In order to define heat transfer coefficients by adjusting simulation to experimental results, the transient thermal distribu-
tion was to be measured at specific points located in the component layer using Type K thermocouple inserted during the 
process and on the substrate implanted beforehand. For modelling and simulation, a non-linear thermo-mechanical method 
was applied in which the component was modelled using rectangular element shape with optimized hexagonal mesh size 
obtained through sensitivity analysis in accordance to actual specimen geometry and clamping condition. Non-linear iso-
tropic hardening rule with von Mises yield criterion and temperature-dependent material properties was implemented into 
the simulation which were generated by means of advanced material modelling software based on elemental composition of 
evolved component characterized using SEM/EDX. For numerical and experimental validation purpose, substrate deforma-
tion was measured using coordinate measurement machine before and after the process. It can be concluded that the result 
of the computed substrate deformation showed an acceptable agreement compared to experiment within the range of error 
between 0.5 and 27.5% at each specific measurement points and 10.1% as average single error. This basic investigation can 
be enhanced in the case where cost-effective WAAM application with dissimilar materials towards single-piece substrate 
component is concerned.
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1  Introduction

Additive manufacturing (AM) has become an important manu-
facturing process in recent years especially for custom-made 
workpieces [1–3]. Various studies have predicted that metallic 
AM (MAM) will play a profound role in the manufacturing 
industry of the future [4–6]. There are various advantages com-
pared to conventional processes; for instance, AM can replace 
conventional manufacturing processes such as machining that 
often requires a large amount of material usage and cannot 
meet the continuous demands for low cost and sustainability 
in a modern industry. MAM, which consists of a substrate, 
feedstock, motion system and heat source, is regarded as an 
excellent choice for producing parts or components made 
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of high-end materials such as titanium or aluminium alloys 
because of the high ratio of buy-to-fly.

Basically, powder-feed, powder-bed and wire-feed systems are 
the three different classification of MAM processes [7–9]. Due 
to high deposition rate, wire-feed system using wire arc addi-
tive manufacturing (WAAM) is considered as one of auspicious 
breakthrough which allows effective manufacturing operation on 
large-scale component with medium complexity and low-volume 
metal workpiece [10–13]. Principally, WAAM comprises a com-
bination of heating source from electric arc with a feeding system 
of metallic wire which enables the component production layer-
by-layer through building strategy by means of welding technol-
ogy such as gas metal arc welding (GMAW). In many research 
outcomes, metal component produced by WAAM can reach the 
tensile strength of casting or forging part [14–16].

Unfortunately, when compared to additive technologies 
with powder-bed or beam melting, WAAM produces a poor 
surface finish and dimensional accuracy. Hence, it is critical 
to pay attention to how each process parameter interacts with 
material properties in order to produce a high-quality product. 
Numerical computation can be used to make an estimate that 
takes thermal-mechanical parameters and diverse boundary 
conditions into account [17, 18]. Basically, numerical simula-
tion of WAAM carries out similar approaches applied in the 
multi-layered welding simulation due to phenomenon of heat 
transfer from the arc to the molten pool of workpiece by heat 
source. Therefore, the heat propagation in GMAW-based MAM 
is highly non-linear in nature because of the existence of multi-
ple fusions, solidification and transformation of phases [19, 20].

By adapting similar concept of multi-passes of arc welding 
process, WAAM allows high deposition rate for flexible and rapid 
creations of complex metal components. Unfortunately, welding 
distortion tends to emerge from this flexibility in many cases due 
to thermal gradients that are massive within the workpiece during 
process. The welding process causes deformation or changes in 
shape in the entire structure, including the substrate, which is due 
to local expansion and contraction throughout the heating and 
cooling cycle of the process. Welding distortion is a problem in 
the manufacturing process that can have a big impact on assem-
bly accuracy, appearance and component strength.

The residual stress and distortion can be predicted via numeri-
cal computation, allowing mitigating strategies to be developed. 
An initial estimation for various temperature-dependent effects 
should be made with consideration of thermal-mechanical 
boundary conditions [21, 22]. Based on the previous experi-
mental work, deformation analysis on WAAM process using 
thermo-mechanical numerical calculation was performed, and 
the results compared to experiments stated that the simulation 
using simplified bead modelling exhibited good consistency 
with error percentage of 17.3% and the computational time was 
greatly reduced [23].

A numerical model for semi-finished WAAM products 
using commercial FEM software analysed the effect of wire 

feeding speed and temperature distribution on the result out-
comes. The conclusion can be drawn that the orientation 
position of bead deposition had a considerable impact on 
distribution of transient temperature and component geom-
etry [24]. Other analysis of WAAM deformation of a sub-
strate made of aluminium was carried out and compared by 
using FEM with a moving heat source resulting in a relative 
error of approximately 20% [25]. Filippo et al. reported that 
the higher inaccuracy of WAAM simulation with percentage 
errors of 26% was due to the inconsideration of the actual 
material data from literature and experimental work [26]. 
However, deformation induced by WAAM models using 
actual material modelling were seldom simulated and pre-
sented in past literature works.

Electromagnetism, heat and mass transmission, metallurgy 
and mechanics are among the physical phenomena involved 
in the WAAM process. Heat transfer, including conduction 
and convection, and mechanical responses are all taken into 
account in this study. Because the holding duration over a spe-
cific high temperature is relatively short, creep behaviour is 
expected to have a limited impact on residual stress and defor-
mation. Because stainless steel SS316L has a stable austen-
itic structure in the temperature range of 20 to 1450 °C, strain 
increment caused by transformation of phase is ignored [27]. 
In this thermo-mechanical analysis of WAAM process, the 
temperature-dependent mechanical properties such as Young’s 
modulus, Poisson’s ratio, yield strength and thermal expansion 
coefficient are employed. To calculate the stress, the thermal 
elastic-plastic material model based on von Mises yield crite-
rion and linear isotropic strain hardening rule are implemented.

Based on the reviewed literatures, it can be revealed that not 
many researchers investigated WAAM process which empha-
sizes on dissimilar materials such as SS316L and S235 as com-
ponent and substrate, adjustment of heat transfer coefficients 
based on thermal distribution in and outside weld pool, imple-
mentation of plasticity model of evolved component material 
property and simplified meshing elements with sensitivity anal-
ysis. Due to these facts, this research was carried out to investi-
gate a thick-walled WAAM structure with five layers and three 
strings by using numerical computation validated by a series of 
experiments. The main objectives are to observe the influence 
of the actual material data used in the experiment and other 
process parameters on the deformation behaviour of WAAM 
model with dissimilar material. The research started with the 
numerical computation using evolved material model prop-
erty of SS316L measured after experiment using automated 
welding system. Further, heat transfer coefficient was adjusted 
and calibrated by comparing the curve in cooling phase of the 
experimental and simulation result. For this purpose, the tem-
perature distributions were measured on substrate and inside 
the weldment right after the weld pool was formed. Next, to 
achieve optimized mesh numbers and accuracy, mesh sensitiv-
ity analysis of WAAM model based on maximum temperature 
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was conducted. As points of conclusion and further recommen-
dation, results between experiment and FEM simulation on sub-
strate deformations will be validated, analysed and discussed.

2 � Experimental set‑up and procedures

The set-up and procedure for this study obtained by WAAM 
process consist of characterization of material stainless steel 
SS316L using SEM-EDX analysis and distortion measure-
ment using coordinate measurement machine (CMM). A 
series of comprehensive WAAM experiments were built 
with optimum welding parameters, and workpieces were 
manufactured by depositing successive layer-by-layer of 
material on a low carbon steel substrate S235. The used filler 
material with 1.2 mm diameter is a standard filler for struc-
tural steel welding, the designation of which is austenitic 
stainless steel ER316LSi in accordance with AWS standard.

The test samples were manufactured additively by superim-
posing five layers with three strings in which a 120 s pause was 
set between each layer deposition to allow the material to be par-
tially cooled. In the execution of the workpieces, an arc length of 
3 mm between the wire tip and work surface was set. The ABB 
IRB 2400/16 is the assigned robotic welding machine applied for 
the entire experimental process and the KEMMPI Pro Evolution 
ProMIG 540MXE as the power source as shown in Fig. 1.

The process parameters were executed based on previ-
ously successful research work performed by setting GMAW 
parameters such as arc current (A), voltage (V), travel speed 
(v) and wire feed rate (wfr) as tabulated in Table 1.

Figure 2 illustrates Type-K thermocouple at the determined 
positions in the feedstock and on the substrate. For the calibra-
tion of the simulated WAAM models, real measured temperature 
history was recorded by using data logger ALMEMO 2890-9d. 
Immediately after the welding arc, the thermocouple TC2 was 

inserted gradually into the weld pool. The gradual insertion 
of thermocouple was aimed to maintain the solid wire tip for 
measuring the temperature within the component. The record-
ing cycle of the thermocouples began after the solidification of 
the filler material. This enabled the transient temperature field to 
be analysed for designated layers and positions in the WAAM 
components during welding, cooling and reheating by the follow-
ing layers. The recorded temperature cycles were adjusted in the 
FEM model to define major heat transfer coefficients.

As verification technique for distortion measurement, 
CMM as depicted in Fig. 3 was used to determine the pre-
condition substrate displacement prior to the experimental 
work and post-condition deformation after the accomplish-
ment of WAAM procedure.

The chemical composition of evolved WAAM compo-
nents with wire feedstock of Oerlikon Inertfil 316LSi was 
analysed using SEM/EDX Hi-Tech Instrument SU3500 to 
develop temperature-dependent material properties. Figure 4 
demonstrates the specimen sample and SEM/EDX analysis 
results. Table 2 summarizes the results of chemical compo-
sition of evolved component material which lays within the 
acceptable range of the SS316L filler material’s applicable 
standard. Material modelling of actual component material 
was developed using advanced material tool JMATPRO 
based on results of elemental compositions.

3 � Non‑linear thermo‑mechanical simulation 
for WAAM process

The general-purposed FEM programme MSC Marc/Mentat 
was applied to execute the coupled thermo-mechanical numer-
ical simulation in order to conduct the thermal calibration and 
forecast the substrate distortion of the WAAM structure. The 
procedure and simulation set-up require geometrical, material 
and heat source model as well as thermal calibration.

3.1 � Model for geometry and material

Figure 5 shows a 3D-solid FE model of a thick-walled 
WAAM component made up of three sets of geometries: 
a table, a base plate and multi-layers WAAM beads. The 

Fig. 1   ABB IRB 2400/16 robotic welding machine and KEMMPI 
ProMig 540 MXE

Table 1   Experimental parameters for thick-walled WAAM

WAAM process parameters Value

Current (I) 172 A
Voltage (V) 19.8 V
Travel speed (v) 5 mm/s
Wire feed rate (wfr) 6.4 m/min
Shielding gas flow rate 15 l/min
Shielding gas composition 100% argon
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base plate model has a dimension of 200 mm in length, 
97.5 mm in width and 8 mm in height. The model of 
multi-pass deposited wall was designed with a rectan-
gular-shaped weld bead of 190 mm in length with three 
strings and five layers.

Bead model of WAAM geometry is critical for accu-
rate reconstruction of the actual structure and good 
numerical calculation convergence. The strategy of mod-
elling made use of a simple rectangular shape, which can 
reduce pre-processing effort and CPU time. To model 
the filler material, the element birth approach or activa-
tion element was used, in which all elements of the weld 
bead were deactivated at the start of the analysis and 
then activated progressively as the heat source moved 
[29–32].

Two clamps on the top substrate and table in a cross-diagonal 
configuration were acted as mechanical boundary conditions. 
The holding force of the structural clamp was set to 100 N. The 
clamping force on the base plate is seen in negative y-directions 
in Fig. 6. Equilibrium equations in constitutive stress-strain and 

geometric compatibility were essentially followed in mechani-
cal analysis. The change in temperature distribution influences 
the material characteristics and contributes to body deformation 
through thermal strains. Fluid flow modelling was not included 
since the effect of fluid flow on the deformation and stress field 
can be regarded minimal [33].

Thermo-physical material properties are imported into 
numerical simulation. The temperature-dependent properties 
for S235 as substrate material allocated in the FE model are 
shown in Fig. 7.

To achieve good result of coupled thermo-mechanical 
simulation, temperature-dependent properties of the filler 
material were required. Advanced material software JMAT-
PRO was implemented to generate the thermo-mechanical 
and thermo-physical properties of stainless steel SS316L. 
As shown in Fig. 8, other principal temperature-dependent 
parameters such as heat conductivity coefficient, thermal 
expansion coefficient, specific heat capacity and modulus of 
elasticity are computed based on the chemical composition 
analysis from Table 2. These data were then entered into FEM 
software MSC Marc/Mentat for calculation.

The flow curve was described using plasticity model 
based on the isotropic hardening rule with von Mises yield 
criteria. The relationship between flow stress and true plastic 
strain in S235 and SS316L at strain rates of 0.01 s−1 and 
0.001 s−1 is shown in Fig. 9.

3.2 � Thermo‑mechanical method for WAAM process: 
parameters, heat source and plasticity model

During WAAM process, the thermo-mechanical behaviours 
are complex since the simulation involves computing the defor-
mations and stresses in the assigned material once thermal load 
is applied into the workpiece. Since welding processes can be 
seen as weakly coupled issues, TMM performance is usually 
solved in two steps [34]. At the initial stage, transient thermal 
analysis is carried out, and the nodal temperature histories 
from this analysis are then fed into the mechanical analysis. 

Fig. 2   Schematic representation 
of the thermo-coupled position 
in component and on substrate

Fig. 3.   Investigation of substrate deformation using CMM Mitutoyo 
Beyond 707
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Hence, it is possible to model transient distortions and residual 
stresses.

To model the moving welding heat source in this 
case, a time increment technique is employed to pro-
vide predictions that are similar to the real welding pro-
cess. TMM assumes that thermal behaviour influences 
mechanical behaviour, while the mechanical response has 
no effect on the thermal history. Figure 10 describes a 
flow diagram of thermo-mechanical simulation of weld-
ing process. At time ti, the thermal problem is solved 
first, followed by the application of thermal loading 
to the mechanical problem. The deposit geometry is 
modified by adding material properties at time ti+1. The 
material properties are updated after each stable thermal 
iteration scheme. The prior computed data at ti is used 
to initiate the thermal and mechanical problems. This 
updated material is used as input to the mechanical itera-
tion scheme, where among others the stresses, strains and 
deformations are calculated. These two calculations are 
restarted over time ti+1. The thermal issue is solved using 
an enthalpy formulation to allow numerical convergence 
due to the generated high temperature gradient with con-
sideration of latent heat of fusion.

The thermal analysis is carried out utilizing a moving heat 
source and a heat conduction formulation with temperature-
dependent thermal properties. The following is the governing 
equation for thermal analysis heat transfer during the WAAM 
process:

where x, y and z are the coordinates in the reference system 
(mm), �  is the density of the materials (g/mm3), c is the 

(1)�c
�T

�t
(x, y, z, t) = −∇.q(x, y, z, t) + Q(x, y, z, t)

specific heat capacity (J g−1 °C-1), T is the current tempera-
ture (°C), ∇ is the spatial gradient operator, q is the heat flux 
(W/mm2), Q is the heat input per unit volume (W/mm3) 
and t is the time (s). The heat distribution through the body 
part using the temperature gradients is defined by Fourier’s 
equation of heat flux conduction:

where k is the isotropic temperature-dependent thermal 
conductivity [J/(mms °C)]. During the welding process, 
total heat losses owing to convection, thermal radiation 
or conduction through fixturing body sections may occur. 
Newton’s law of cooling defines heat loss due to convection 
(qconv) as follows:

where hconv, Ts and T
0
 are coefficient of heat transfer, sur-

face temperature of the weldment and ambient temperature, 
respectively. The heat loss due to radiation is described by 
the Stefan-Boltzmann law as follows:

where � and σ are surface emissivity and the Stefan-Boltzmann  
constant (5.67 × 10−8 W/m2K4), respectively. The ambient 
temperature in this study is set at 30 °C. Table 3 summarizes  
all process parameters implemented in the numerical computa- 
tion of WAAM model.

In WAAM, the heat source model is regarded as a criti-
cal parameter for thermal analysis. Hence, a suitable heat 
source model must be selected for any welding procedure. 
For GMAW process, the volumetric heat flux distributions 
(Q) as heat input around the welding pool are calculated 

(2)qcond = −k∇T

(3)qconv = hconv(Ts − T0)

(4)qrad = ��(T4

s
− T4

0
)

Fig. 4   SEM/EDX results of chemical composition on evolved SS316L component

Table 2   Chemical composition 
of evolved component

Material C Cu Cr Mn Mo N Ni S Si Ti V P

Evolved component SS316L 0.03 0.76 17.83 2.43 1.63 - 10.57 - 0.63 0.267 0.3 -
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using Goldak’s double ellipsoid model. This model has been 
shown to accurately depict the heat power density from an 
electric arc traversing across the surface of a flat plate using 
GMAW process [35–37]. The geometrical features (a, b and 
c) on Goldak’s double ellipsoid heat source model as exhib-
ited in Fig. 11 can be changed for the front or rear quadrants.

The subsequent equations were used to characterize the 
power density distribution inside the front and rear quad-
rants of the heat source along the welding path (z-axis). 
The power density of the heat flux in front and rear sec-
tion ( Qf∕r ) of heat source can be modelled with Eq. (5).

The power density distribution inside the front and rear 
quadrants of the heat source (Q (f/r)) along the welding path 
was simulated using the Eq. (5).

Principally, the of heat flux distributions in this model 
is determined by four directions which width (a), depth 

(5)Qf∕r(x, y, z) =
6
√

3ff∕rQ

abcf∕r�
√

�
e
−3

x2

a2 .e
−3

y2

b2 .e
−3

z2

c2
f∕r

(b), rear length ( cr ) and front length ( cf  ) [38]. The frac-
tions of the deposition heads ff  and fr denote the heat 
distribution of the heat flux in the front and rear quad-
rants by taking assumption that the condition ff + fr = 2 
is fulfilled. These fractions can be assumed to be ff =

2cf

cf+cr
 

and fr =
2cr

cf+cr
 if the volumetric heat source is treated as 

the equation of power density for the moving heat source. 
The numerical computation approach was based on the 
authors' earlier research with further improvement to 
achieve a better outcome [28], and the value of each 
direction is implemented in the simulation of GMAW. 
Table  4 shows the dimension and value for each 
direction.

The mechanical analysis is carried out using the thermal 
analysis or temperature field as an input. The non-linear 
stress-strain curve is modelled using the isotropic strain 
hardening rule with the von Misses yield criterion to calcu-
late the stress and deformation [40]. Equation (6) represents 
mathematical expression of the total strain increment Δ� for 
mechanical analysis.

Fig. 5   Geometrical model and 
welding direction of WAAM 
component

Fig. 6   The boundary condi-
tions with industrial clamping 
locations
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where Δ�elastic , Δ�plastic,Δ�thermal,Δ�creep and Δ�phase are 
increments for elastic, plastic, thermal, creep and phase 
transformation strain, respectively. In this study, the phase 
transformation-related and creep strain were ignored since 
it makes a minor contribution to total strain in austenitic 
stainless steel SS316L and the heating time in WAAM is 
considerably short.

The model of plasticity is defied by three parameters 
which are yield criterion, flow rule and hardening law [41, 

(6)
Δ� = Δ�elastic + Δ�plastic + Δ�thermal + Δ�creep + Δ�phase

42]. The von Mises yield criterion, provided by Eq. (7), is 
the most extensively used plasticity model by many research-
ers where �1, �2 and �3 are the principal stresses [43–47]. 
According to the flow rule, the plastic flow and the yield 
surface are orthogonal to each other.

To calculate the amount of plastic flow and the evolution 
of the material’s yield strength, a hardening law is necessary.

(7)�y =

√

(�1 − �2)
2 + (�2 − �3)

2 + (�3 − �1)
2

2

Fig. 7   Thermo-mechanical 
properties of S235

Fig. 8   Thermo-mechanical 
properties of components of 
SS316L
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A hardening law is required to determine the amount of 
plastic flow and the evolution of the yield strength of the 
material [21]. In this study, the isotropic hardening law is 
implemented to simulate a WAAM model without taking 

phase transformation into account. Equation (8) depicts the 
relationship between the assigned material’s stress and strain.

(8)� = �y + H(�p)N

Fig. 9   The flow curves of mate-
rial S235 (top) and SS316L 
(bottom)

Fig. 10   Flow diagram of coupled thermo-mechanical analysis

1958 The International Journal of Advanced Manufacturing Technology (2022) 119:1951–1964
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where � , �y , H, �p and N are total stress, initial yield stress, 
hardening law coefficient, plastic strain and hardening law 
exponent, respectively.

3.3 � Thick‑walled WAAM simulation with thermal 
calibration

The applied welding strategy has primary influence on the 
temperature distribution in the weld layers as well as in the 
substrate. The usage of thermocouples in the real experi-
ment was aimed to calibrate the numerical computational 
analysis, especially for the heat transfer coefficients to the 
environment and to the other components.

The measured and simulated temperature for thick-
walled WAAM of stainless steel SS316L is shown in 
Fig. 12. The temperature history was taken by the ther-
mocouple at base plate and the second layer of weld bead 
on approximately 85 mm before the end of the weld bead. 
During the measurement in the filler material, the compar-
ison between simulation and actual experiment revealed 
that the maximum temperature cannot be determined. This 
is due to the fact that the thermocouples were not intended 
for the steel’s melting point and the measuring sensors’ 
inertia was not designed to capture the short-term maxi-
mum temperature. Temperature measurement with ther-
mocouples, on the other hand, was critical for describing 

the cooling and reheating behaviour of layers. Therefore, 
attempts to analyse the thermal behaviour shall be carried 
out accordingly and compared with the simulated results.

3.4 � Mesh sensitivity analysis

The quantity and size of FEM meshes have a significant 
impact on the model’s accuracy and computational time. 
In the similar condition, smaller meshes in the model are 
expected to produce more accurate results. However, perform-
ing the operation will necessitate a longer computational time 
and a large amount of data storage space. As a result, a bal-
anced meshing strategy should be employed to achieve appro-
priate accuracy in the temperature and stress fields while using 
the optimized number of elements in the model.

A mesh sensitivity was analysed to determine the proper 
meshing for the model. The investigation was carried out 
on eight different constructed models with varying mesh-
ing density. The length, width and thickness of the base 
plate designed in this study were similar to those used in 
the experiment, which were 200 mm, 97.5 mm and 8 mm, 
respectively. Because the weld metal and the heat-affected 
zone suffer substantial temperature gradients, finer meshes 
were used in this area. In the x-direction, the weld bead and 
heat-affected zone element models were subdivided with 
widths of 7.5 mm, 3.75 mm, 2.5 mm and 1.25 mm. A simpli-
fied WAAM component was additively modelled with only 
two layers and three strings to save computational time for 
the mesh sensitivity study. After the last deposition, the final 
load case was configured with holding time of 240 s to com-
pute the cooling process of WAAM components. Model 1 
and model 2 are the coarser and finer element mesh models, 
respectively, as shown in Fig. 13. All of material properties, 
heat source model and thermal boundary conditions were set 
up in the similar way as described in the previous section.

4 � Result and discussions

While the inconsistent time steps of the recording device 
triggered a small discrepancy between the experimental 
and numerical results for thermal calibration, the bound-
ary conditions and time increments in FEM were known 
as idealized and constant. The heat transfer coefficients for 

Table 3   Process parameters implemented in TMM-based simulation 
on WAAM

Process parameters and physical properties Value

Current (I) 172 A
Voltage (V) 19.8 V
Efficiency (η) 0.8
Travel speed (v) 5 mm/s
Latent heat 256400 J/kg
Solidus temperature 1279 ℃
Liquidus temperature 1450 ℃

Fig. 11   Illustration of Goldak’s double ellipsoid heat  source model

Table 4   Heat  source dimension of Goldak’s double ellipsoid applied 
in FEM

Dimension of heat source Value

Width (a) 7.5 mm
Depth (b) 5 mm
Front length (cf) 4 mm
Rear length (cr) 10 mm
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metal-to-metal and metal-to-environment were adjusted to 
examine the temperature distribution. The adjusted ther-
mal boundary conditions, which were implemented in the 

numerical calculation, are summarized in Table 5. The 
modified values differ from those frequently taken from 
software database.

Fig. 12   Thermal calibration of 
WAAM components: Thermo-
couple location (top), tem-
perature distribution (TC1) on 
base plate (middle) and TC2 at 
second layer (bottom)

1960 The International Journal of Advanced Manufacturing Technology (2022) 119:1951–1964
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The result of sensitivity analysis shows that if the number 
of elements reaches over 5000, the maximum temperature 
continuous almost constantly equal at ca. 1350 °C. Opposite 
to that, the maximum temperature obtained for models with 
fewer elements exhibits approximately 10–15% error compared 
to experimental study. For this, the element size of 2.5 mm was 
selected to model the nearby and weld bead area in simulating 
the full WAAM component of five layers and three strings. 
Figure 14 illustrates the maximum temperature for different 
numbers of element.

In order to verify the results between experiment 
and simulation, a comparative study was conducted. 
Figure  15 exhibits a contour band model displaying 
the substrate displacement result of FEM simulation in 
y-direction. In order to predict a significant substrate 
deformation of numerical simulation, a special load case 
was assigned at the very end of the FEM step procedure 
for removing the exerted clamps and worktable. This was 
accomplished to simulate actual WAAM conditions as 
closely as possible. Based on the result, the substrate 
deformation increases once the clamping loads have 
been removed. For analysing the mechanical results, the 
predicted angular substrate deformation along the edge 
on eleven different points was measured by using CMM 
Mitutoyo Beyond 707.

Figure  16 exhibits the comparative results between 
experiment and simulation with the percentage error. It 
can be seen that both experimental and simulated data 
have fairly similar profile in displacements. This finding 
can be explained that using material modelling based on 
the actual evolved welded component permits a high degree 

correlation between the simulated and measured deforma-
tion pattern.

The highest distortions occur at the unclamped area, 
and the discrepancy in distortion values appears to be 
in the range of 0.003 to 0.161 mm. This discrepancy 
in the correlation between the displacements of the FE 
models and the experimental results can be due to the 
f luctuating WAAM process parameters and complex 
non-linearity of thermo-mechanical material properties. 
Despite some deviations in weld deformation, the simu-
lated data shows a good agreement with the experiment. 
It can be observed that the total substrate deformation 
results between thermo-mechanical FEM simulation of 
WAAM process and experimental study depict relative 
percentage errors up to 10.1% at each particular measure-
ment points in average.

Based on the Fig. 16, it can also be seen than the maxi-
mum distortion is symmetrically at the edges without clamp-
ing. Although the distortion on the other side of the plate was 
not measured numerically, without any doubt the simulation 
result is acceptable since the numerical error is within the 
acceptable range as a result of several experimental attempts.

Fig. 13   Coarse model 1 with 
1728 elements (left) and finer 
model 2 with 11556 elements 
(right)

Table 5   Adjusted coefficient values for WAAM model with thick wall

Thermal boundary conditions Value

Heat transfer coefficient (metal to metal) 2500 W/m2/K
Heat transfer coefficient (metal to environment) 15 W/m2/K Fig. 14   Mesh sensitivity analysis of two layers three strings WAAM 

process
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5 � Conclusion and further recommendation

This research was an advancement of previous works con-
ducted by authors using simulation [28, 39] and experi-
ment [48]. The primary objective of this research was to 
investigate the correlations between process parameters 
setting, materials modelling and clamping conditions on 
the thermo-mechanical behaviour of WAAM substrate of 
SS316L using numerical computation and experimental 
study. For realistic FEM simulation and better accuracy 
results, it is significant to determine first the temperature-
dependent material properties of actual heated wire feed-
stock of SS316L that employed in the experiment. Hence, 
considering adjusted heat transfer coefficient applied in the 
numerical simulation plays important role to calibrate the 
thermal cycles of WAAM process of SS316L.

The numerical analysis for five layers and three strings 
of thick-walled WAAM component and the experimental 

WAAM process using the structured approach were both 
completed successfully. The thermo-mechanical and 
thermo-physical properties were obtained experimentally 
and computed using material modelling software based on 
chemical composition analysis. In this FEM simulation, 
rectangular shape geometrical bead modelling was applied 
for WAAM model which can reduce the computational 
time caused by simpler meshing with determined elements 
number according to sensitivity analysis.

For the thermal calibration, thick-walled WAAM model by 
numerical simulation gives accurate forecast of the tempera-
tures profile considering the thermal boundary conditions as 
the numerical parameters. By comparing the simulation and 
experiment of WAAM, the total substrate distortion results dis-
play error percentages up to 10.08% on specific points. The dif-
ference between the measured and computed temperature and 
substrate distortion results could be due to non-homogeneous 
material, non-linear geometry, pre-conditioning and parameter 

Fig. 15   Substrate deformation in y-direction of WAAM model (left) and location of measurement points on WAAM experiment (right)

Fig. 16   Comparison of substrate 
deformation of FEM simulation 
and experiment
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changes during actual WAAM application. Actual bead irregu-
larity can lead to distortion which is created by localized heat-
ing of the substrate causing local expansion and contractions 
during WAAM process. Residual stresses might build up due to 
repetitive different weld thermal cycle during heating and cool-
ing stages of welding operations experienced by the substrate.

As further research, following recommendation can be 
proposed:

1.	 Implementation of more advanced measurement device 
for analysing elemental composition, for example, by 
using GD-OES (glow discharge optical emission spec-
troscopy).

2.	 Investigation on heat source model using a rectangular 
model could be taken into consideration within in FEM 
simulation so that an optimum result could be expected 
in term of deformations.

3.	 Observation using numerical computation and experi-
ment of more complex component and substrate geom-
etry.

4.	 Analyzation of other materials.
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