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Abstract
Material properties are dependent upon the microstructural characteristics of the part. Developing an accurate and sufficient 
representation of the microstructure obtained in metal additive manufacturing (AM) is critical to precisely estimate mate-
rial properties. Since the material properties for AM parts are an important function of the welding processing parameters, 
a fundamental understanding of how AM components behave in load-bearing applications depends on understanding the 
evolution of thermal cycles and residual stresses during component fabrication. In this work, a finite-element thermo-plas-
ticity procedure in wire + arc AM process was developed in a three-dimensional domain using the finite-element (FE) code 
ABAQUS. The proposed research aims to establish a methodology for characterizing directed energy deposited metals by 
linking processing variables to the resulting plastic strains and residual stresses. The effect of multi-layer deposition on the 
prediction and validation of local plastic strains and thermally induced stresses was investigated. It was found that the ther-
mal (residual) stresses increase with either the increase of weld speed or the increase of the heat distribution parameter. On 
the other hand, local plastic strains increase with the increase of welding speed, but not necessarily with the increase of the 
heat distribution parameter. Similarly, the level of thermal stresses and local plastic strains is lower in each new successive 
AM layer. As a new layer is deposited over a previously heated one, the relief of thermal stresses and plastic strains occurs 
by preheating; the more preheated the previous layer, the less the level of thermal stresses and plastic strains in the succes-
sive deposited layer. Furthermore, the lowest level of stresses and strains observed in the last deposited AM layer, it can be 
solely caused by the hotter previous layer, even though the top unrestrained weldment surface is free to expand. Numerically 
predicted thermal stresses at different welding layers are presented for further experimental comparison. A firm foundation 
for thermo-mechanical modelling in wire + arc additive manufacturing process is established.
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1  Introduction

Wire + arc additive manufacturing (WAAM) is a layer-by-
layer build-up procedure that can be categorized as a form 
of multipass arc-welding for additive manufacturing (AM) 
purposes [1]. In multipass welding, multiple welds interact 
in a complex thermo-mechanical manner. In the AM weld-
ing procedure, the current metal layers are deposited on top 
of previously solidified weld beads. Residual stresses and 

distortion affect components made by the WAAM process. 
If not diminished and controlled, these issues threaten the 
adoption of AM in industry. It must be pointed out that 
residual stresses are typically measured and validated experi-
mentally using both the contour and the neutron diffraction 
method. However, the error associated with these techniques 
creates conflicting opinions in the scientific community. 
Research to eliminate distortion and residual stresses using 
high-pressure interpass rolling in wire + arc additive manu-
facturing components is being conducted in current investi-
gations [2]. Nonetheless, the interaction of residual stresses 
with localized stress concentrations and crack-like defects 
must also be taken into account to predict component reli-
ability in load-bearing and thermo-mechanical applications. 
Compared with other AM processes, the robotic arc-weld 
additive manufacturing process allows for the fabrication 
of complex geometries, uses cheaper filler materials, has a 
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higher deposition rate, and requires a lower investment [3]. 
A component manufactured by the AM “welding” procedure 
can achieve equivalent mechanical properties to a forged or 
cast complex component [4]. However, the surface finish 
and accuracy are questionable. To produce a high-quality 
part or product, it is important to establish a methodology 
for characterizing direct energy deposited metals by link-
ing processing variables to the resulting microstructure and 
subsequent material properties.

Current study on residual stress in AM is in the initial 
stage, so measurement and simulation methods for macro- 
and micro-residual stresses, in-process and post-process mit-
igation, and the impacts on part dimensional accuracy and 
functionality such as fatigue, creep, and corrosion, remain 
to be explored [5]. Models required to span the scope of 
AM processes towards predicting material properties and 
residual stresses of the final build are discussed in Ref. 
[6]. It is mentioned that models have to deal with multiple 
physical aspects such as heat transfer and phase changes 
as well as the evolution of residual stresses throughout the 
build time. The modeling task is, therefore, a multi-scale, 
multi-physics endeavor calling for a complex interaction of 
multiple algorithms [6]. Few modeling studies have been 
conducted due to the complexity of the physical process 
and the scarcity of relevant temperature-dependent material 
properties. Reliable simulations and experimental measure-
ments of thermal stresses remain to be addressed [7]. The 
stress–strain evolution in weldments can be predicted using 
thermal cycles obtained from previous thermal simulations 
[8–13]. However, the mechanical analysis takes more com-
puter time than the transient temperature analysis [9]. Non-
equilibrium phases encountered in the different weld zones 
appear to be due to the extreme cooling events that follow 
welding (i.e., different cooling rates). Therefore, the predic-
tion of final microstructures and corresponding mechanical 
properties in weldments remains a great challenge.

High tensile residual stress formation in the surface zone 
for metal AM is mainly caused by high-temperature gradi-
ent and rapid cooling, while the presence of substrate has 
a significant influence on residual stress and plastic strain 
magnitudes [5]. The performance of additively manufac-
tured compositionally graded joints depends on the residual 
stresses and distortion governed by the cooling process and 
local mechanical properties of the joint [14]. The differ-
ence in the thermo-physical properties between the two end 
alloys governs the cooling process and thus the evolution of 
the residual stresses and distortion. Mukherjee et.al. [14], 
developed a thermo-mechanical model to provide a way to 
additively manufacture sound-graded joints for minimizing 
abrupt changes in residual stresses and distortion of dis-
similar joints. In that research, it was found that the sharp 
changes in residual stresses in dissimilar joints can be mini-
mized by fabricating a graded joint between them.

In a previous work [13] designed to find accurate transient 
temperature distribution in wire + arc additive manufactur-
ing process, a 3D transient non-linear finite-element model 
to simulate multi-layer deposition of cast IN-738LC alloy 
onto SAE-AISI 1524 Carbon Steel Substrates was developed. 
Forced convection and temperature-dependent material prop-
erties were included in the model. A moving heat source was 
applied over the top surface of the plate and on top of previ-
ously solidified weld beads. The effect of multi-layer deposi-
tion on the prediction and validation of melting pool shape 
and thermal cycles was also investigated. The effect of con-
vection and radiation heat loss from the layered surfaces was 
included in the finite-element analysis. As the AM layers act 
as extended surfaces (fins), it was found that the heat extraction 
is quite significant. It should be highlighted that the thermal 
model is good enough to predict accurate time–temperature 
history and weld profiles. The transient non-linear nature of 
multiple welds that interact in a complex thermo-mechanical 
manner increases the computational requirements. Also, the 
seam volume depends on the number of layers which mainly 
depend on the wire feed, wire diameter, and welding speed.

As certainty in the WAAM thermal model (based on 
the element-birth technique) was attained, the purpose of 
this study was to perform the mechanical counterpart using 
simulated temperatures as initial conditions. The coupled 
thermo-mechanical modeling approach typically used in 
single-pass welding was also used to predict the stress and 
strain evolution in the WAAM process. The analysis frame-
work is described in a previous work [7]. It is important 
to point out that microstructure evolution models currently 
exist only for one melting and solidification step, such as 
would be encountered during an idealized (e.g., single pass) 
AM process. These models do not address the formation 
of non-equilibrium phases or the effect of multiple heating 
and cooling cycles, such as those encountered in production 
AM processes. However, in our previous research [13], the 
mentioned effect and the heat loss (convection and radiation) 
between the weldment (layers) surfaces and the surround-
ings were included into the FE analysis. Since the present 
thermo-mechanical model accurately predicts the evolution 
of residual stresses and plastic strains resulting from a weld-
ing process, a numerical tool to handle the right combination 
of feedstock material composition and printing parameters 
is being developed. The numerical tool uses only the com-
position of the base material, filler material, and welding 
parameters as input data.

2 � The model

The general procedure used to solve the thermo-plasticity 
problem [7, 15–17] was used in the present work. The von 
Mises yield criterion is considered here. To prevent rigid-body 
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motion of the entire specimen, essential boundary conditions 
at each boundary nodal point were specified [18]. The built in 
type boundary condition ENCASTRE [19] constrained on all 
displacements and rotations at a node; it was used to represent 
the fixation of the specimen to the base plate. Temperature-
dependent properties documented in Refs. [7, 13, 17, 20] are 
shown in Fig. 1.

The chemical compositions of the materials used in the pre-
sent work are presented in Table 1.

Other properties used in the present study are summarized 
in Table 2.

The welding conditions documented in Table 3 were chosen 
to solve the 3-D transient non-linear heat conduction (Eq. 1) 
and equilibrium (Eq. 2) governing differential equations:
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thermal conductivity, T is temperature, t is time, and Q̇ 
the internal heat source term. In the present research, Q̇ 
is zero and the latent heat was not considered:

Fig. 1   Physical and mechanical temperature-dependent properties for IN-738 LC alloy and SAE-AISI 1524 steel. a Thermal conductivity, b spe-
cific heat, c yield stress of IN-738 LC alloy, and d yield stress of SAE-AISI 1524 steel

Table 1   Chemical compositions (%) of alloy IN-738 LC and SAE-AISI 1524 low carbon steel

Ni Al Co Cr Mn Mo Nb Si Ta Ti W C S P

Alloy IN-738 LC 61.7 3.52 8.5 15.75 0.01 1.88 0.84 0.04 1.61 3.42 2.51 0.11
SAE-AISI 1524 steel 1.6 0.5 0.2 0.035 0.03

Table 2   Properties for Alloy IN-738 and SAE-AISI 1524 used in all 
simulations

Properties Alloy IN-738 SAE-AISI 1524

Mean coefficient of thermal 
expansion

13.3 × 10−6 K−1 11.9 × 10−6 K−1

Modulus of elasticity 204 GPa 200 GPa
Density 8.11 g∕cm3 7.82 g/cm3

Poisson’s ratio 0.3 0.3
Surface emissivity 0.7 0.7
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Here, �ji is the stress tensor. Details of the thermo-
mechanical analysis can be found in the previous works [6, 
11, 14, 17].

Figure 2 shows the experimental set-up for AM weld tests 
considered in the simulations. To observe the heat transfer-
ence among layers, all welding layers had gluing contacts. 
The base plate was also modelled and convection (natural 
and forced) heat-transfer coefficients were implemented 
into the ABAQUS subroutine FILM. Based on this, the 

(2)
��ji

�xj
= 0.

Table 3   Welding conditions 
used for WAAM steel–nickel-
based super alloy samples

Set 1 Set 2

Weld 1 Weld 2 Weld 3 Weld 4 Weld 5 Weld 6

Current (amp) 200 200 200 208 208 208
Voltage (V) 14.84 20.78 26.72 21.03 29.45 37.86
Travel velocity (m/min) 0.25 0.35 0.45 0.25 0.35 0.45
Heat input (kJ/m) 712.5 712.5 712.5 1050 1050 1050
Heat distribution parameter C (mm) 3.65 5.3

Fig. 2   Schematic of the experimental set-up for AM weld tests

Fig. 3   Multiple arc passes meshing scheme created with the 
ABAQUS * MODEL CHANGE option. a Base material and ana-
lyzed layers. b Selected paths located on Layer 3. Length of path 

1 = 50 mm, length of Path 2 = 10.3 mm for welds of set 1, and length 
of Path 2 = 13.4 mm for welds of set 2. Element type = C3D8
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temperature profile in the semi-finished products (layers) 
was accurately simulated.

3 � Results and discussion

Two sets of three welds each are grouped based on the com-
mon heat distribution parameter C (see Table 3). The heat 
distribution parameter C is used to represent the shape and 
power density distribution of the arc. As the diameter of 
the arc increases, the power density distribution decreases. 
Figure 4 shows calculated thermal (Mises) stresses values 
for the two analyzed sets (Set 1: Welds 1, 2, and 3; and 
Set 2: Welds 4, 5, and 6) at time step 120 s vs. distance 
along the path located on Layer 3 (see Fig. 3). Figure 4a 
shows the Mises stresses calculated through the longitudi-
nal Path 1 of length 50 mm, and Fig. 4b shows the Mises 
stresses calculated through the transversal Path 2, whose 
length depends on the heat distribution parameter C. This 
parameter has influence on Path 2, because as the diam-
eter of the arc increases, the length of Path 2 increases (and 
vice versa). It can be clearly seen that the thermal (Mises) 
stresses increase either with the increase of weld speed v, 
or with the increase of the heat distribution parameter C. 
Note that the heat input was kept constant in each of the two 

weld sets. It is also observed a concave variation in Mises 
stresses at the extremes of the transversal path in welds for 
set 2 (C = 5.3 mm). It can be caused by the higher power, 
bigger C, and the effect of convection and radiation heat loss 
from the weldment (layers) surfaces that act as extended 
surfaces (fins).

Figure 5 shows a high level of plastic strains calculated 
along the paths documented in Fig. 3b. For all the simula-
tions, the highest plastic strains are located near the end 
of the longitudinal path (see Fig. 5a). This reveals that the 
presence of substrate has a significant influence on plastic 
strain magnitudes. Cold base material acts as the restrain 
source allowing plastic strains to arise in locations around 
the end of the path. Therefore, PEEQ is highest near the 
end of the longitudinal Path 1, because plastic strains were 
partially alleviated. On the other hand, PEEQ decreases from 
fusion line to centerline (i.e., low in the middle along Path 
2), because residual stresses increase from fusion line to cen-
terline (see Fig. 5b). The highest residual stresses appear in 
regions of highest elastic strains that remain after all external 
thermal loads were removed in agreement with conventional 
phenomenological material models, where the macroscopic 
residual stress is always directly related to the macroscopic 
elastic strain. Plastic strains also increase with the increase 
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Fig. 4   Mises stresses calculated along path: (a) in the longitudinal 
Path 1; (b) in the transversal Path 2. Welding conditions documented 
in Table 3
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of welding speed, but not necessarily with the increase of the 
heat distribution parameter as seen in Fig. 5a, b.

Figure 6 shows Mises stresses and equivalent plastic 
strains (PEEQ) values calculated along Path 1 in three dif-
ferent layers of Weld 3 at time step 120 s. Figure 7 shows 
Mises stresses and equivalent plastic strains (PEEQ) values 
calculated along Path 1 in three different layers of Weld 6 
at time step 120 s.

It is observed in Figs. 6and 7 that the level of Mises 
stresses and equivalent plastic strains is lower in each 
new successive AM layer. The order of deposition (Layer 
1 → Layer 2 → Layer 3) is shown in Fig. 3a. As a new layer 
is deposited over a previous heated one, the relief of ther-
mal stresses and plastic strains occurs by preheating (the 
more preheated the previous layer, the less the level of ther-
mal stresses and plastic strains in the successive deposited 
layer). Furthermore, the lowest level of stresses and strains 
observed in the last deposited AM Layer 3 (Figs. 6, 7), it can 
be solely caused by the hotter previous layer, even though 
the top unrestrained weldment surface is free to expand.

4 � Concluding remarks

1.	 It was found that the thermal (residual) stresses increase 
with either the increase of weld speed or the increase 
of the heat distribution parameter. On the other hand, 
local plastic strains increase with the increase of welding 
speed, but not necessarily with the increase of the heat 
distribution parameter.

2.	 Similarly, the level of thermal stresses and local plastic 
strains is lower in each new successive AM layer. As a 
new layer is deposited over a previously heated one, the 
relief of thermal stresses and plastic strains occurs by 
preheating; the more preheated the previous layer, the 
less the level of thermal stresses and plastic strains in the 
successive deposited layer. Furthermore, the lowest level 
of stresses and strains observed in the last deposited AM 
layer, it can be solely caused by the hotter previous layer, 
even though the top unrestrained weldment surface is 
free to expand.

3.	 A firm foundation for thermo-mechanical modelling in 
wire + arc additive manufacturing process was estab-
lished.
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