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This research focusses on wire arc additive manufacturing (WAAM) of carbon steel components made of 3Dprint
AM35 (grade S355) by cold metal transfer-based welding process. A finite element (FE) model is developed to
simulate the deposition process, and the numerical results are rigorously validated against experimental mea-
surements, demonstrating that the temperature, deformation, and stress fields developing during the additive
process can be reproduced accurately. The sensitivity of the FE model to ambient temperature, element acti-

vation strategies, alignment errors of thermocouples and strain gauges, and the use of a sequentially coupled
approach is analysed. The effect of boundary conditions on the longitudinal and transverse residual stress pat-
terns is studied, revealing that they are highly sensitive to the bolt pretension forces and substrate joining
methods. However, they redistribute in a similar manner after the removal of the substrate. Guidance is provided
to monitor the residual stress distribution in the fabricated component.

1. Introduction
1.1. Wire arc additive manufacturing

With structural optimisation, the need for less resource-intensive
structures, and more complex geometries are designed, which chal-
lenges traditional manufacturing methods, and regrettably, forging or
casting [1-4], both costly and with limited design flexibility, must be
favoured. Through additive deposition of metal inert gas welding, one
can create intricate shapes, even with re-entrant angles [5], and achieve
unprecedented levels of efficiency [6,7]. Each welding pass adds a single
bead of material, and multiple passes erect the three-dimensional
component. The additive process of combining an electric arc as heat
source and wire as feedstock is usually named wire arc additive
manufacturing (WAAM) [8].

Scientific research on WAAM grew exponentially since 2013 [9].
Compared to other additive manufacturing technologies, WAAM has the
advantages of lower capital investment (off-the-shelf equipment),
higher energy efficiency (around 90 %), and higher deposition rates (0.5
~ 10 kg/h), leading to even greater efficiency [10-12]. However, during
the WAAM deposition process, excessive heat input is introduced into
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the component, which is prone to severe distortion, residual stress, and
dimensional inaccuracy of final products [13]. As a modified WAAM,
cold metal transfer (CMT) has better performance as it provides an ac-
curate control of heat input and material deposition by integrating a
high-speed digital control and an innovative wire feeding system [14].
The CMT process offers high arc stability, low thermal input, spatter free
droplet transfer and high deposition rate [15]. These characteristics
make CMT widely used in industries such as automobiles, ships, aero-
space, nuclear industry, etc [16].

1.2. State of numerical research on WAAM

Numerical studies on WAAM emerged in 2016, and have received
growing attention driven by its potential as a robust, cost-effective, and
reliable method for predicting the quality of interests of fabricated
components [17]. Research in this area spans various computational
scales, from part-scale models that simulate the thermal and deforma-
tion cycles [18], to mesoscale models that examine the dynamics of
melting pool during deposition [19], and multi-scale models that
explore the microstructural evolutions [20]. For instance, Hejripour
et al. [21] developed a three-dimensional transient thermal model to
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simulate the thermal cycles and cooling rates of WAAM-based duplex
stainless steel, which established the relationship between elevated
temperatures and microstructure. Cadiou et al. [14] employed a three-
dimensional fully coupled approach to model the dynamic behaviour
of the filler wire, including its interaction with the molten pool, drop
detachment, and deposit growth. Wang et al. [22] created a macro
model to simulate the temperature distribution in the weld pool of
aluminium alloy, and fed these results into a phase field model to predict
the columnar grains growth under different process parameters. These
numerical approaches provide valuable insight into thermal develop-
ment, stress evolution, microstructure formation, defect generation, and
other critical phenomena during WAAM processes [17,23,24].

One significant challenge with WAAM is the introduction of severe
and non-uniform heat to specimen during deposition, which can result
in residual stresses [25]. Residual stresses cause geometric distortions
that complexify tolerance management, reduce load-bearing capacity,
and promote fatigue failure and stress corrosion cracking [26]. Accurate
numerical simulations enable to predict the development of temperature
and stress during WAAM, thus monitoring their magnitudes and aiding
in quality control of fabricated components. For example, Xiong et al.
[27] used a three-dimensional transient heat transfer model, incorpo-
rating the element birth and death technique, to investigate the effect of
substrate preheating on thermal behaviour. Montevecchi et al. [11]
proposed a novel heat source model that considers power distribution
between the filler material and base materials, enabling more precise
deformation predictions. Additionally, Li et al. [28] studied the impact
of different path strategies on residual stress and distortion in laser-CMT
hybrid additive manufacturing, and the temperature gradient, residual
stress, and distortion of the deposited samples were analysed using the
validated model. Despite the advances in modelling accuracy, simula-
tions solving arc physics, mass and heat transfer, solidification, and
stress evolution are computationally intensive with current software and
hardware capabilities [29]. To alleviate this burden, some researchers
have explored alternative numerical strategies, such as the modified
inherent strain method [30,31], iterative substructure method [29],
dynamic mesh refining method [29,32,33], etc. However, these ap-
proaches often involve complex implementations and may not be suit-
able for intricate engineering structures or complex deposition
trajectories. As a result, coupled and uncoupled models remain the
standard benchmarks due to their high fidelity and reliability [30,34].
The development of high-fidelity numerical models achieving both ac-
curate and efficiency in WAAM simulation remains challenging, which
involves multiple scales and coupled various physical phenomena.

1.3. Research aims and outline of the paper

Low-alloyed carbon steel is well-suited for WAAM applications due
to its good weldability, good machineability and excellent strength,
which leads to economic and optimized structural designs [35-37]. In
this study, we conducted both numerical simulations and experimental
investigations to study the effect of boundary conditions on residual
stress in multi-layer flat components produced using a CMT-based
WAAM process. The wire feed material was 3Dprint AM35 unalloyed
carbon steel grade, equivalent to S355. A comprehensive finite element
(FE) model was developed and validated against experimentally
measured thermal and stress fields evolution. Through a combination of
simulation and experimental approaches, we achieved the following
objectives: (i) Characterised the temperature fields evolution during the
CMT process; (ii) Analysed the stress distributions and residual stress
patterns following cooling, unclamping and substrate removal; (iii)
Assessed the influence of different boundary conditions on residual
stress patterns; (iv) Identified effective strategies to mitigate the residual
stresses; and (v) Offered guidelines for predicting residual stress pat-
terns, thereby reducing the need for costly trial and error operations.

The outline of the paper is as follows: Section 2 describes the CMT
experimental programme, including detailing specimen preparation,
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measurements of temperature and strain fields during the process, and
profile distortion. Section 3 elaborates on the FE modelling of the CMT
process covering model parameters, boundary conditions, governing
equations, acquisition of thermal mechanical properties, material
deposition modelling, convergence analysis, and characterisation of the
heat source model. Section 4 validates the FE results against all exper-
imental measurements for temperature and thermal stress evolution.
Section 5 reveals the residual stress redistribution pattern and assesses
the sensitivity of the residual stress to boundary conditions such as bolt
pretension force and substrate joint methods. Finally, Section 6 draws
conclusions and summarizes all important insights into tailoring resid-
ual stress.

2. Experiments
2.1. Preparation of the specimens

The industrial welding setup, illustrated in Fig. 1, employed CMT
process to fabricate the specimens by means of a Fronius TPS600i power
source installed on a 6-axis KR16 R2010 KUKA robot. The voltage and
current waveforms are depicted in Fig. 2, at a data acquisition rate of 5
kHz. The average welding power was calculated by integrating and
averaging the instantaneous power over time. A 3Dprint AM35 solid
wire (Voestalpine Bohler Welding) with diameter of 1.2 mm was
selected as welding feed, and the specimens were deposited on a sub-
strate. The substrate was made from S355 steel and was produced
through a hot rolling process. To eliminate any residual stress, the
substrate underwent a heat treatment at 910 °C with a soaking time of
30 min per inch of thickness. Following heat treatment, the substrate’s
dimensions and its surface condition were inspected, and no misalign-
ment or surface defects were observed. Additionally, ultrasonic inspec-
tion was performed, confirming that the substrate was free of internal
defects. The chemical compositions of the feed wire and substrate are
listed in Table 1, and their mechanical properties are given in Table 2.
The dimensions of the designed components are outlined in Fig. 3. The
flat specimens consist of 35 layers, 2 mm each. The substrate was bolted
to the platform during the process, and the thickness of the platform was
175 mm. Bolts were tied using a torque wrench and achieving a pre-
tension torque of 29.5 kNm, corresponding to a pretension force of 10.2
kN. Table 3 lists the CMT deposition parameters. To improve deposition
quality and avoid lack of fusion, the welding head traced a wave pattern,
altering welding start and end points every layer to mitigate overheating
and enhance dimensional accuracy. The schematic of the deposition
trajectory and welding pass directions is shown in Fig. 4, with a welding
sequence repeating itself every 4 layers, with a 3.5 mm stepover and an
idle time between adjacent layers of 5 s.

2.2. Temperature measurements

Two complementary techniques were used to measure the temper-
ature development on the welded specimens during metal deposition
and cooling stages. Firstly, as shown in Fig. 1, a FLIR thermography
camera type A700 captured the thermal field evolution throughout
welding and cooling. The view angle of the camera was set to 45° to the
front plane of the welded build-up. In addition, 10 K-type thermocouples
(TCs) measured the temperature cycles at selected locations. Fig. 5
shows the thermocouples arrangement (blue square) with their corre-
sponding installations in Fig. 6. Thermocouples TC1 to TC4 were
embedded beneath the centreline of the weld bead in the substrate at 2
different depths (4 mm and 8 mm). TC5 to TC10 were mounted on the
surface of the substrate.

2.3. Measurement of strains and geometrical distortions

Two different techniques were used to measure strain variation and
overall distortion of the specimens. Two linear strain gauges (SGs) were
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Fig. 1. WAAM equipment and experimental setup.
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Fig. 2. Measured voltage and current waveforms of CMT process.

glued on the upper surface of the substrate to capture the strain evolu-
tion. SG1 was used to measure the longitudinal strain close to the
transverse centreline, while SG2 recorded the transverse strain of the
longitudinal centreline. The positions of SGs are displayed in Fig. 5. The
measured SGs strains were converted to stresses using Hooke’s law. In
addition, the overall distortion after unclamping was scanned using a
three-dimensional laser scanner (3D Design FARO Scan Arm) as depic-
ted in Fig. 7. The 3D scanning accuracy was 0.075 mm for an object size
of 2.5 m. To further quantify the scanning accuracy of the laser scanner,
four groups of calibration points (CPs) were selected on the top of the
substrate. The coordinates of these calibration points (CP1 to CP4) are
indicated by red circles in Fig. 5, with each group of calibration points
spaced 150 mm apart. The scanning errors for the distances between CPs

3. Finite element modelling

A three-dimensional thermal-mechanical FE model was developed
to simulate the thermal cycles, stress development, and deformation
across the specimen’s 35 layers. For material deposition, the element
birth and death technique was applied. Initially deactivated, the finite
elements of the specimen are reactivated following the motion pattern of
the welding head. In addition, full Newton solution technique was
adopted to solve the nonlinear equations. The FE model was built using
ABAQUS 2020 solver on a server with two Intel® X®(R) CPU E5-2630
v3 2.40 GHz processors, two NVIDIA Quadro P2000 graphic cards and
a 160 GB memory. The graphics processing unit (GPU) acceleration
enhanced the convergence by means of allocated GPU cores.

3.1. Governing equations

The first law of thermodynamics is the primary theory underlying the
proposed FE model [38]. Heat and mass transfer phenomena in the
melting pool were neglected. Therefore, the energy equation valid in the
computational domain can be expressed as Equation (1):

d(pCpT) 0 (, 0T\ 0 (,dT\ 0 (, 0T
= (k) oy () (k%) o @

where (x,y,z) are the coordinates of each node in the reference system,
T is the corresponding temperature, t is the system time, p is the
temperature-dependent density, Cp is the specific heat capacity, k is the
thermal conductivity, and Q is a source term.

The mechanical problem is governed by the balance of momentum
equation, see Equation (2):

Table 2
Mechanical properties of 3Dprint AM35 solid wire and S355 substrate.

were —0.448 %, —0.154 %, 0.310 % and —0.077 %, confirming a high Materials Yield strength Rpo.2 Tensile strength Ry, Elongation
. [MPa] [MPa] A5 [%]
level of the scanning accuracy.
Wire (AM35) > 355 470 ~ 630 > 22
Substrate 399 534 33
(8355)
Table 1
Chemical compositions (wt.%) of 3Dprint AM35 solid wire and S355 substrate.
Materials C Si Mn P S Cr Mo Ni Cu Fe
Wire (AM35) 0.09 0.30 1.08 0.006 0.005 0.04 0.01 0.03 0.06 Bal.
Substrate (S355) 0.17 0.35 1.20 0.014 0.001 0.04 0.004 0.25 0.22 Bal.




Materials & Design 249 (2025) 113548

Top view
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Fig. 3. Schematics of: (a) Designed component; and (b) Manufactured component.
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Table 3
CMT deposition parameters.
Parameter Value
Average power [W] 2500
Deposition speed [m/min] 0.6
Wire feed speed [m/min] 3.6
Contact tip to work distance [mm] 12
Composition of shield gas 92 %Ar + 8 %CO2
Shield gas flow rate [L/min] 16
Idle time [s] 5

Ves+f=0 2
where ¢ denotes the stress tensor and f represents the body force vector
of the model.

For the unalloyed low carbon steel, phase transformation doesn’t
have significant influence on the deformation and residual stress [39].
Therefore, the total strain tensor can be expressed as Equation (3):

3

where &, €,, and ¢, are elastic, plastic, and thermal strain tensors
respectively. The temperature dependent elastic-plastic material model

e==¢€+¢€ +&

is utilized, and thermal strain ¢, is calculated based on Equation (4):

T
g = / o.dt
To

where «; is the temperature dependent thermal expansion coeffi-
cient, T is the material temperature, and Ty, is the initial temperature.

Then the stress tensor can be calculated according to Equation (5)
[30]:

4

6=C:e %)
where C is the fourth-order tensor of elastic moduli. In this research, von
Mises yield criterion is used for the material.

3.2. Material deposition modelling

In the WAAM process, the wire feed material is melted and deposited
onto the workpiece with the movement of welding head. To simulate
this material deposition, the element birth and death technique was
employed. In the FE model, all elements constituting the deposited
specimen were included from the beginning of the simulation.

A coupled thermal-displacement step with a very short time period of
1 x 1071 was used to deactivate the elements constituting the deposited
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Fig. 4. Deposition trajectory of CMT process.
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Fig. 6. Installations of TCs, SGs and CPs on the substrate.
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Fig. 7. Distortion measurement using the three-dimensional laser scanner.

material. Before deactivating these elements, the forces exerted by the
soon-to-be-removed region on the rest of the model were stored at the
boundary nodes. During the deactivation step, these forces were grad-
ually reduced to zero, ensuring a smooth transition in the model’s
response. The influence of the removed region was fully eliminated by
the end of the step. No further element calculations are performed for
elements being removed, starting from the beginning of the step in
which they are removed. These elements remained inactive until they
were reactivated in later steps.

Reactivation of the inactive elements occurred step by step,
following the programmed trajectory of the heat source. The schematic
of element birth and death procedure is shown in Fig. 8. The elements
regained their full mechanical stiffness immediately upon strain-free
reactivation, with no stress, strain, and plastic strain, at the start of
the step in which they are reactivated, avoiding disruption to the solu-
tion’s smoothness. Thermal conductivity, however, was gradually
increased from zero during the activation step to ensure solution sta-
bility. The mechanical stiffness and thermal conductivity changes of the
activated elements during element activation step are illustrated in
Fig. 9.
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thermal properties were therefore obtained through simulations based
on the chemical compositions (Table 1), interested reader can refer to
[40] for more information on the procedure followed herein.

3.4. Initial boundary conditions

The initial thermal condition (Ty) corresponds to a deposition pro-
cess carried out at ambient temperature, see Equation (6):

T(x,y,2 to) = To = 289.65K (6)
Heat loss due to radiation and convection at the component’s surface is
considered using Equation (7):

q—k:—;:ec(TfTo)“—é-h(T—To) )

where q is the surface heat flux, n" is a unit vector normal to the
boundary surface, ¢ is the grey body radiation coefficient taken as 0.73,
o is Stefan-Boltzmann constant with its value being 5.6704 x
1078 W/(m2K*), h is heat convection coefficient which is set as 20 W/
(mzK) and T is the temperature at the surface nodes [41]. Note that the
heat exchange coefficient of the bottom surface of the substrate is set to
300 W/(m?K) to simulate cooling through the platform [18].

The geometry of the model and its coordinates are schematically
illustrated in Fig. 12. The FE model comprises four parts: welded spec-
imen, bolts, substrate, and platform. The edges of the platform’s bottom
surface were pinned. The bottom surfaces of the bolts were merged with
the top surface of the platform to simulate a bolted connection. The
surfaces interactions between substrate and bolt, and substrate and
platform, were defined as surface-to-surface contact with hard contact
along the normal direction and tangential friction coefficient of 0.3. The
bolt pretension force was set to 10.2 kN.

3.5. Heat source model

To simulate the heat input of CMT process, the Goldak’s double
ellipsoidal heat source model was adopted [42]. The heat input was
divided into front and rear ellipsoids, whose shapes are determined by
individual parameters. The schematic of the Goldak’s double ellipsoidal
heat source is shown in Fig. 13. The heat flux in the coordinates systems
(x,¥,2, t) can be described with Equations (8) to (10):

Quont(%,7,2,) — 6+v/3fronP . 3(x — vt)2 3y? 372 ®
front (X, Y, Z, 1) = afrontb on ﬁ a?mm b2 c2
5
Density (10g/mm?®)
— - — Thermal conductivity (10°W/(m-K)) 4
4T -eee Specific heat (J/(g-K)) 8
3t
Q : '
= "
s : H
0 t t t
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Temperature (°C)

(a) Temperature-dependent physical properties

Value
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Fig. 12. Geometry and coordinates of the model.
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Fig. 13. Schematic of Goldak’s double ellipsoidal heat source.
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where P is the average power, 1) is the heat source efficiency which is
taken equal to 0.9 in the experimental system [41], ffon and frear are the
welding power fraction introduced to front and rear ellipsoids respec-
tively, agone (front ellipsoidal length), arear (rear ellipsoidal length), b
(ellipsoidal width), and c (ellipsoidal depth) are the parameters that
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Fig. 11. Thermal and mechanical properties of the substrate (S355).
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determine the shape of the melting pool, v is the travel speed, and t is the
time.

To ensure modelling accuracy, the double ellipsoidal heat source
parameters were calibrated using experimental data from a single-pass
welding test conducted with the same CMT process parameters as lis-
ted in Table 3. Fig. 14 compares the simulated cross-sectional geometry
of the weld with the experimental bead-on-plate profile. While the heat
source model does not precisely capture the fusion line shape due to the
limitations of the double ellipsoidal heat source model’s smooth ge-
ometry and the omission of melting pool flow in the FE model, the
resulting heat affected closely matches the experimental observations.
This similarity suggests that the chosen heat source parameters are
adequate for simulating thermal behaviour. The specific parameter
values used for the double ellipsoidal heat source are provided in
Table 4. This approach to qualitatively verify heat source parameters is
also reported in the literature [26,43]. Quantifying the uncertainty in
the FE simulation introduced by these heat source parameters will be
studied in future research.

3.6. Convergence analysis

Mesh convergence study assessed FE model accuracy, based on
thermal cycles and stress development. FE meshes with element sizes of
1 mm, 2 mm and 3 mm were generated (see Fig. 15). TC1 thermal cycles
and SG1 stress development (S11) were selected as baseline, and the
simulation results for the 3 different mesh sizes were compared, as
depicted in Fig. 16(a) and Fig. 16(b) respectively. Simulation results of
all models accurately capture the experimental measurements. TC1's
first measured peak temperature was 173.2 °C, giving a relative simu-
lation error of 6.3 %, 7.7 %, and 10.7 % respectively for mesh of sizes of
1 mm, 2 mm and 3 mm. The first peak of SG1 measurement was 117.6
MPa, giving a simulation deviation of 7.0 %, 16.2 %, and 21.3 %
respectively. While 1 mm mesh excels in accuracy, it incurs a twelve-fold
increase in computational time compared to 3 mm mesh, with insig-
nificant simulation difference. Thus, to balance simulation accuracy and
computational burden, a 3 mm mesh was selected.

During the FE simulations, another key parameter to avoid conver-
gence issues is the solver technique used to calculate the thermal-
displacement equations. Two types of solvers are available in ABAQUS
2020, “fully coupled analysis” and “separated analysis”. Both exhibit
similar thermal and stress fields for WAAM simulations. However, fully
coupled analysis converges more easily while being generally more time
consuming, compared to the separated analysis. Alternatively, as the
simulation proceeds, the stress evolution from the separated analysis
may occasionally oscillate, implying instability of the solution.

NT11
+1.500e+03
+1.376e+03
+1.253e+03
+1.129¢+03
+1.006e+03
+8.822¢+02
+7.587¢+02
+6.351e+02

+1.409e+02
+1.731e+01
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Table 4

Parameter values of double ellipsoidal heat source.
Parameter afrone [mm] arear [mm] b[mm] c[mm] front frear
Value 3.0 6.0 2.5 3.0 0.6 1.4

Meanwhile, the difference in computational efficiency between the two
solvers gradually decreases as the simulation proceeds. In this research,
convergence was favoured, and a fully coupled analysis was adopted.
Fixed time increment can accelerate computations slightly. However, it
can be detrimental to convergence which is why automatic time incre-
ment was presently used and was in the range of “1 x 10° ~ 0.1”
seconds.

4. Comparison between FE model and experiment

As detailed in Section 3, the validated approach utilized a fully
coupled (FC) three-dimensional thermal-mechanical model, where
thermal and stress equations are solved synchronously. The number of
finite elements is 40,500. Solid C3D8T elements were used to model the
welded specimen, the bolts, and the substrate, while the platform was
meshed with shell S4RT elements to optimize computational efficiency.
A sensitivity assessment was performed to assess the impact of various
factors, including ambient temperature, element activation strategies,
alignment errors of thermocouples and strain gauges, and the use of a
sequentially coupled approach, on the simulation accuracy of the FE
model.

4.1. Fully coupled thermal-stress analysis

4.1.1. Temperature field

The evolution of the temperature field during the CMT process is
shown in Fig. 17, divided into four rows for different deposition layers, i.
e., 10th layer, 20th layer, 30th layer and 35th layer, corresponding to
deposition times of t; = 1859.4 s, tp = 3814.9 s, t3 = 5770.4 s and t4 =
6744.0 s. The left column gives the FE modelled temperature field, and
the right column gives the measured temperature field from thermog-
raphy camera. The white lines in Fig. 17 are isotherms, with indication
of their corresponding temperatures. FE model isotherms are consistent
with those obtained in the thermography pictures, indicating accurate
thermal field evolution prediction of the FE model. The grey area in the
FE model represents the melting pool region, with a temperature higher
than 1500 °C. The distances between successive isotherms reveal higher
temperature gradient in the front deposition direction of the deposition
than in the rear one. Moreover, the temperature of the specimen

Welded bead

Fusion line

T

Fig. 14. Comparison of simulated thermal profile and experimental bead-on-plate cross-section.
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Fig. 16. Comparison of thermal cycles and stress evolutions with different mesh sizes, up to 500 s.

increases with the deposition height due to heat accumulation, which is
also consistent with what is reported in the literature for various metals
[38,41]. The temperature of previously deposited layer rises from 150
~ 250 °C to 375 ~ 500 °C as the deposition height increases, and the
area covered by the same isotherm increases. In the early stages of
deposition, the cooling of the specimen is dominated by heat transfer
between the welded specimen, substrate, and platform. With higher
deposits however, surface radiation and air convection become the
primary heat loss modes. Therefore, to avoid extreme heat accumula-
tion, it is important to employ effective welding trajectory and interlayer
temperature control strategies to prevent overheating.

To further illustrate the proposed FE model precision, the thermal
cycles measured with thermocouples TC1 to TC10 are compared against
the simulation results, see Fig. 18 (locations of TCs provided in Fig. 5).
The thermocouples are categorised based on their locations: embedded
in the substrate (TC1 ~ TC4), along the fusion line of the welded
specimen (TC5 and TC6), along the transverse direction (TC7 and TC8)
and along the longitude centreline (TC9 and TC10). Bilinear interpola-
tion method is used to calculate the temperature, considering the four
adjacent nodes in the same plane using Equation (11):

Tixy 320 } {}’2 *}’}
Teoyon | Y =21
1)

S S
(2 = x1)(y2 —=x1)

T(Xl y1.t)

[X2—x x—x ]
(x2y1.8)

Tixye =

where Ty ) is the temperature to be predicted at coordinate (x,y) at
time t. T(x, y,.05 Txiyp0> Txawy 0> @and Ty, v, o are the simulated temper-
atures at the neighbouring nodes in the FE model.

The simulated thermal cycles closely match the measured data, the
trend repeating periodically during the deposition process due to the
cyclical motion of the welding heat source. For the embedded thermo-
couples (TC1 ~ TC4), the peak temperatures of TC3 and TC4 are 867.9
°C and 910.6 °C respectively, higher than TC1 (500.6 °C) and TC2

(542.5 °C), due to proximity to the deposition surface (4 mm versus 8
mm). Accuracy of the peak temperature predictions of TC1 ~ TC4
diminished slightly when the welding head was positioned right on top
of the thermocouples. In the experiment, it was observed that the drilled
holes for thermocouples installation were partially melted due to
extreme high temperature of liquid metal, which contributed to the
higher measured peak temperatures. In terms of TC5 and TC6, TC6 ex-
hibits more stable temperature, as it is centrally located within the
substrate, and TC5, located at a corner of the cuboid specimen, exhibits
large fluctuations. The trends of thermal cycles provided by TC7 and
TC8 are in good agreement, with TC7’s higher peak temperature
attributed to its proximity to the fusion line (10 mm versus 31 mm).
TC8's higher prediction error could be linked to installation inaccuracies
of thermocouple pins, which were installed with a relatively large dis-
tance between the pins, see Fig. 6. TC9 is closer to the welded specimen,
so it shows higher temperature values compared to TC10. The crest of
TC10 grows with time during deposition, indicating temperature rise at
the far end of the substrate due to heat accumulation which the model
does not capture well.

Meanwhile, the comparison of experimentally measured (Expt.) and
FE simulated thermal cycles of TC1 to TC10 at four specific time frames
of t; = 1859.4 s, to = 3814.9 s, t3 = 5770.4 s and t4 = 6744.0 s are
summarised in Table 5, along with the relative simulation errors (REs).
The time frames of t; ~ t4 are marked in Fig. 18. It can be observed that
the REs at the t; time frame is relatively low, with the highest RE at TC5
of 26.9 %, and the lowest RE at TC10 of 9.4 %. As the deposition process
progresses, the simulation discrepancies accumulate, resulting in an
increase in RE values. At t4 time frame, RE values have risen to a range of
23.0 % to 40.8 %.

Overall, the FE model can simulate the trends and values of the
temperature cycles quite precisely. Particularly, it can accurately cap-
ture every fluctuation in the thermal cycles. The main difference appears
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Fig. 17. Evolution of temperature fields in FE model (left column) and experimental measurements (right column): (a, b) 10th layer (¢t; = 1859.4 s); (c, d) 20th layer
(ty = 3814.9 s); (e, f) 30th layer (t3 = 5770.4 s); and (g, h) 35th layer (t; = 6744.0 s).

to be related to how well heat builds up and it could be attributed to the
following reasons. Firstly, the alignment errors of K-type thermocouples
installation which were welded to the substrate by spot welding and the
distance between the two pins of K-type thermocouples can introduce
measurement errors. Secondly, depositing one specimen takes approxi-
mately two hours during which, through heat convection and radiation,
we noted an increase in ambient temperature from 15.7 °C to 17.9 °C
after the experiment. Ambient temperature offset changed the thermal
boundary conditions and introduced simulation error. However, quan-
tifying the coupled thermal interactions between the atmosphere and
the specimen is rather complex, and beyond the scope of this study.
Therefore, in this FE model, a constant ambient temperature of 16.5 °C
was adopted.

4.1.2. Stress and deformation fields

Fig. 19 displays the deformation and stress fields of the specimen at
different deposition stages. The rows correspond to the different depo-
sition layers, i.e., 10th layer, 20th layer, 30th layer and 35th layer, from

10

top to bottom, corresponding to deposition times of t; = 1859.4 s, to =
3814.9 s, t3 = 5770.4 s and t4 = 6744.0 s, respectively. The left column
shows the vertical deformation (U3) field, while the right column por-
trays the von Mises stress field.

The maximum vertical deformation appears in the edge area of the
transverse centreline of the substrate, indicated by the dashed black line
area in the left column of Fig. 19. As the deposition layers increase, the
maximum deformation values rise from 0.509 mm to 0.522 mm, indi-
cating that higher deposition leads to greater deflection.

In terms of stress distribution, the right column of Fig. 19 shows that
the maximum stress is concentrated in the connection area between the
substrate and the welded specimen (also marked by the dashed black
line area). The maximum stress shifts between the left and right sides of
the connection area with changing of deposition direction. This shift is
due to the unbalanced heat input in the deposited wall during the
deposition process, as previously reported in [34]. The schematic of
stress evolution within the high stress region (dashed black line area) for

the first three layers are shown in Fig. 20. The blue area represents the
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Fig. 18. Thermal cycles comparison between experimental measurements (solid line) and simulation results (dash line).
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Table 5

Comparison of the measured and FE simulated temperatures at different time frames.
TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8 TC9 TC10
t Expt. [°C] 176.5 378.6 252.1 423.5 134.3 238.2 238.8 182.4 236.1 100.4
FE [°C] 145.6 3129 226.4 348.2 98.2 212.5 199.7 143.7 208.6 91.0
RE [%] 17.5 17.4 10.2 17.8 26.9 10.8 16.4 21.2 11.7 9.4
ta Expt. [°C] 302.6 217.5 285.8 253.2 205.6 233.3 194.7 167.7 166.6 104.4
FE [°C] 255.5 160.3 244.0 194.7 165.3 196.4 141.7 112.7 116.8 67.8
RE [%] 15.6 26.3 14.6 23.1 19.6 15.8 27.2 32.8 29.9 35.1
t3 Expt. [°C] 238.2 263.2 266.6 280.8 175.1 229.2 200.8 166.9 195.3 107.6
FE [°C] 177.8 207.2 202.7 219.2 117.2 177.6 147.5 110.9 147.5 67.2
RE [%] 25.3 21.3 24.0 21.9 33.0 22.5 26.5 33.6 24.5 37.6
ty Expt. [°C] 242.4 245.8 265.3 269.3 172.3 2239 196.8 166.4 187.8 111.1
FE [°C] 183.5 185.7 200.7 203.2 118.6 172.3 139.2 106.4 133.5 65.8
RE [%] 24.3 24.5 24.3 24.5 31.2 23.0 29.2 36.1 28.9 40.8

Deposition direction Mises Deposition direction

[

Fig. 19. Simulated vertical deformation (left column) and von Mises stresses (right column) for different deposition layers: (a, b) 10th layer (t; = 1859.4 s); (c, d)
20th layer (t, = 3814.9 s); (e, f) 30th layer (t3 = 5770.4 s); and (g, h) 35th layer (t; = 6744.0 s).

relationship between temperature and substrate’s yield strength, where compressive stress decreases as the heat source moves away; and (iii)
the dashed lines trace the stress evolution during deposition. The stress Plastic tension: upon cooling, the material first experiences a brief stage
development can be divided into three stages: (i) Elastic compression: as of elastic tensile stress, followed by plastic tensile stress. These obser-
the temperature rises, compressive stress builds up elastically until it vations align with previous studies [30,31,34]. After the substrate’s

surpasses the compressive yield stress; (ii) Stress relaxation: the temperature stabilizes, the local maximum tensile von Mises stress

12
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Fig. 20. Schematic of stress evolution within the high stress region within the
connection area between the substrate and welded specimen.

reaches the yield strength of the substrate, approximately 400 MPa. The
observed stress stability is typical for WAAM processes where heat input
is well-managed, and the mechanical constraints remain constant.

The measured stress cycles at SGs (longitudinal stress S11 for SG1
and transverse stress S22 for SG2) were compared against the FE results,
see Fig. 21. Three distinct stages are identified from the transient stress
evolution: deposition (pink region), cooling (shadow region), and
unclamping (cyan region). During deposition, the localized heating in-
duces thermal expansion in the newly deposited material, leading to
transient tensile stresses in the region near the weld and compressive
stresses in surrounding areas due to constraints imposed by the substrate
and previous layers. The thermal stresses oscillated cyclically with the
temperature cycles, the rate being governed by the welding path and
procedure. With elevated deposition height, the systematic stiffness in-
creases, leading to the stress magnitude slightly decreasing. As the ma-
terial cools during cooling stage, contraction occurs, which increases
tensile stress in the deposited material while causing compressive stress
in the substrate due to the mismatch in thermal contraction rates. This is
expected behaviour as thermal gradients generate internal stresses,
especially at the interface between the substrate and the welded mate-
rial. The sharp stress changes during unclamping are due to the release
of external mechanical constraints (bolts), which had previously
restricted the deformation of both the substrate and the deposited ma-
terial. The component undergoes springback, causing the redistribution
of residual stresses. Additionally, the bolted connections create localized
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Fig. 21.
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stress concentrations that are alleviated upon unclamping, which ex-
plains the sharp stress drops near the bolt locations.

Table 6 compares the experimentally measured and FE simulated
stresses at five specific time frames of t; = 1859.4 s, t, = 3814.9 s, t3 =
5770.4 s, t4 = 6744.0 s and ts = 11300 s. At t;, the RE at SG1 is 19.4 %,
and at SG2 is 34.1 %. As the deposition process progresses, RE values
increase significantly, reaching 106.8 % at SG1 and 67.0 % at SG2 by the
t4 time frame. The maximum measured transient stresses at SG1 and SG2
are 117.6 MPa and 67.2 MPa respectively, with corresponding simula-
tion values of 117.6 MPa and 59.5 MPa, resulting in REs of 8.8 % and
11.5 %. After unclamping at ts, the simulated transient stresses at SG1
and SG2 are minimized, with simulated values of —139.1 MPa and
—133.2 MPa, and the RE at SG1 is 432.4 % and the RE at SG2 is 8.4 %.

Based on the comparison, it can be concluded that the proposed FE
model effectively captures the stress evolution across all three phases of
the WAAM process. The discrepancies between experimental measure-
ments and simulation results can be attributed to the following factors in
addition to common testing inaccuracies. Firstly, the exact locations of
the SGs do not precisely correspond to the integration points in the FE
model. Although bilinear interpolation was used to approximate these
values, some interpolation errors are inevitable. Secondly, due to the
high thermal impact during deposition, measurement errors caused by
thermal expansion were unavoidable, although thermal compensation
was considered. Additionally, simplifications, such as uniform bolt
pretension forces and idealized contact conditions between the substrate
and bolts, could affect the exact magnitude of the stress redistribution
but not the overall trend. Finally, while the simulated stress evolution at
SG1 aligns closely with experimental measurements during the initial
1500 s (red solid line), it begins to diverge as the deposition proceeds

Table 6
Comparison of the measured and FE simulated stresses at different time frames.
SG1 SG2

ty EXP. [ MPa] 85.7 -110.3
FE [MPa] 69.1 —-72.7
RE [%] 19.4 34.1

ta EXP. [MPa] 52.8 —48.5
FE [MPa] -9.1 -23.9
RE [%] 117.3 50.8

t3 EXP. [MPa] 66.2 —55.4
FE [ MPa] 8.2 —25.1
RE [%] 87.6 54.7

ty EXP. [ MPa] 66.9 —44.5
FE [ MPa] —4.5 -14.7
RE [%] 106.8 67.0

ts EXP. [ MPa] 41.8 —144.0
FE [ MPa] -139.1 -133.2
RE [%] 432.4 7.5

100

Experiment
sok], 0 EEEE FE model

Vol
RN W L IYOLY VN
) rl.““'u",,
N

W

Stress (MPa)

Deposition Cooling Unclamping
it it i £

6000 8000 10000 12000

Time (s)

00 + —+
0 2000 4000

(b) Stress evolutions of SG2

Transient stress comparison between experimental measurements (solid line) and simulation results (dash line).
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(1500 ~ 12000 s, grey solid line). This divergence is partly attributed to
the high temperatures at SG1, which caused it to loosen from the sub-
strate due to failure of the glue. The SG1 was found detached after the
experiment, and the problem was also observed in other trials. This
detachment is also corroborated by the increased noise in measured
stress data after 1500 s.

To address the differences between measured and simulated stress
cycles, several strategies could be adopted in future experiments to
improve measurement accuracy: (i) Precise installation of SGs: SGs
should be installed at exact, predefined locations to minimize alignment
errors. Ensuring accurate placement will reduce interpolation errors and
improve correlation with FE model. (ii) Consider temperature exposure:
The installation locations for SGs should be carefully selected based on
anticipated temperature exposure. By avoiding areas with extreme heat
during deposition, adhesive failure of the SGs can be prevented. (iii) Use
array sensors: Instead of relying on a few individual SGs, an array of
sensors could be used to capture a more comprehensive picture of stress
evolution across the component. This approach would provide a better
understanding of stress distribution and improve the robustness of
experimental data.

4.2. Sensitivity assessment

4.2.1. Ambient temperature offset

As described in Section 4.1.1, the ambient temperature was switched
from 15.7 °C to 17.9 °C during the experiment. To assess the impact of
the temperature offset on potential simulation uncertainties, FE simu-
lations were performed for the first 500 s applying ambient temperature
(AT) boundary conditions of 15.7 °C and 17.9 °C respectively. The
simulated temperature cycles of TC5 with different ATs are shown in
Fig. 22.

The highest measured temperature is 232.9 °C at 387.5 s, and the
corresponding simulated temperatures with ATs of 15.7 °C, 16.5 °C and
17.9 °C are 234.4 °C, 234.9 °C and 235.9 °C respectively, yielding
simulation errors of 0.626 %, 0.859 % and 1.291 %. The difference in
simulated temperatures between the ATs of 15.7 °Cand 17.9°Cis 1.5 °C,
resulting in a simulation error difference of 0.665 %. Within the first
500 s, the impact of ATs on thermal stress is almost negligible, as vari-
ations in temperature fields and mechanical boundaries are not yet
significant during the early deposition stage. As the deposition con-
tinues, heat divergences in the workpiece lead to variations in stress
evolution and distribution, which are sensitive to the progression of
thermal cycles.

4.2.2. Element activation strategies
The element death and birth technique is used to model the material
deposition process. As illustrate in Fig. 8, the long pass of the zigzag
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trajectory is divided into two simulation steps in the FE model, i.e., half-
pass activation strategy. To assess the sensitivity of the FE model to
different element activation strategies, two additional element activa-
tion strategies of pass-by-pass activation and layer-by-layer activation
were evaluated. The schematics of pass-by-pass and layer-by-layer
element activation strategies are shown in Fig. 23. In the pass-by-pass
activation strategy, the entire long pass of the zigzag trajectory is acti-
vated within a single step. In contrast, the layer-by-layer activation
strategy activates all elements within the same deposition layer at once.

The simulated thermal cycles of TC5 and the stress evolutions of SG1
for different activation strategies are presented in Fig. 24. The simulated
highest temperatures for the half-pass, pass-by-pass, and layer-by-layer
strategies are 234.9 °C, 238.1 °C and 248.5 °C respectively, resulting
in simulation errors of 0.859 %, 2.233 % and 6.278 %. Similarly, the
experimentally measured local maximum stress of SG1 at 467.0 s is
110.5 MPa, while the simulation results for the half-pass, pass-by-pass,
and layer-by-layer strategies are 95.0 MPa, 104.1 MPa and 98.4 MPa,
yielding simulation errors of 14.027 %, 5.792 % and 10.950 % respec-
tively. It’s also noticed that the half-pass activation strategy has the
highest simulation accuracy for the local minimum stresses.

The choice of element activation strategies affects the thermal and
mechanical boundary conditions of the FE model. While the pass-by-
pass and layer-by-layer strategies simplify the simulation by reducing
the number of simulation steps, care must be taken to select an appro-
priate strategy that accurately represents the real material deposition
process. Inappropriate activation strategies can create unrealistic
boundary conditions, and these simulation inaccuracies may accumu-
late as the simulation progresses.

4.2.3. Alignment errors of thermocouples and strain gauges

Misalignments in the installation of thermocouples and strain gauges
can introduce measurement inaccuracies in temperature and strain
measurements, impacting the reliability of experimental data. To
investigate the influence of alignment errors, the positioning of TC5 and
SG1 was analysed, whose positions within FE model are schematically
shown in Fig. 25. Simulation results from nodes adjacent to TC5 and SG1
were extracted to quantify potential measurement errors. Nodes P1 ~ P4
are adjacent to TC5, and nodes Q1 ~ Q4 are adjacent to SG1, repre-
senting the deviations along directions of V1 ~ V4. Specifically, P1 and
Q1 deviate transversely towards the deposited wall, while P2 and Q2
deviate away from the deposited wall. P3, P4, Q3, and Q4 indicate
longitudinal deviations. The distances between TC5 and P1 ~ P4 are 3.5
mm, and the distances between SG1 and Q1 ~ Q4 are 7.0 mm.

The thermal cycles at TC5 and adjacent nodes are summarised in
Fig. 26(a), and the thermal gradients in the V1 ~ V4 directions are
shown in Fig. 26(b). It was observed that small misalignment in TC5
positioning could lead to considerable discrepancies in recorded
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Fig. 22. Simulated thermal cycles with different ambient temperature boundary conditions, up to 500 s.
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Fig. 23. Schematics of pass-by-pass and layer-by-layer element activation strategies.
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Fig. 24. Simulated thermal cycles and stress evolutions with different element activation strategies, up to 500 s.
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Fig. 25. Schematics of the thermocouples and strain gauges alignment errors: (a) Top view of FE mesh; (b) An enlarged view of Area 1; and (c) An enlarged view of
Area 2.
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Fig. 26. Simulated thermal cycles and thermal gradients considering thermocouples alignment errors, up to 500 s.

thermal. For example, the peak temperature at Q1 reached 646.3 °C at
4.5 s, much higher than both simulated temperature (154.8 °C) and
experimental value (173.2 °C) at TC5. Additionally, the temperature
gradient along the V1 direction reached 161.6 °C/mm, far exceeding
gradients in other directions. The gradient in the V1 direction dropped
to 48.0 °C/mm at 386.8 s after the second deposition layer was
complete.

Similarly, stress evolutions and stress gradients at SG1 are plotted in
Fig. 27. For stress evolutions, as shown in Fig. 27(a), stress magnitudes
were lower when nodes were closer to the welded wall (V1 direction).
Stress gradients in opposite directions (V1 versus V2 and V3 versus V4)
were nearly opposite. Unlike temperature gradients, stress gradients
didn’t decrease over time. The local maximum stress gradient in the V2
direction increased from 2.108 MPa/mm at 94.0 s to 5.443 MPa/mm at
210.4 s and 6.456 MPa/mm at 335.2 s, indicating that alignment-related
errors in thermal stress measurements increased over time. This may
explain why SG1 measurement continuously deviates from FE simula-
tion result. This analysis highlights the importance of precise sensor
placement to ensure accurate experimental data and its correlation with
simulation outputs.

4.2.4. Sequentially coupled thermal-stress analysis

To quantify the sensitivity of the simulation results to computational
techniques, another widely used model, the sequentially coupled (SC)
model is performed, where transient temperatures evaluation precedes
mechanical analysis to obtain the deformation and stress fields [44].
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Usually, the FC model is much more time-consuming, and provides
higher accuracy. The SC model was developed while keeping material
and boundary parameters unchanged. For the SC model, for the heat
transfer simulation, DC3D8 and DS4 elements were used for the solid
and shell elements respectively. For the sequential static general simu-
lation, C3D8R and S4R elements were adopted.

Fig. 28 and Fig. 29 present comparisons between the measurements
from thermocouples TC1 and TC5, and strain gauges SG1 and SG2, and
the numerical results for both FC and SC models. It can be observed that
the thermal cycles of both models follow similar trend, but the tem-
peratures obtained with the SC model are underestimated, because the
effect of FE elements deformation on temperature is not considered. The
SC model underestimates the first peak temperature of TC1 and TC5 by
36.8 % (230.1 °C versus 363.9 °C) and 38.7 % (94.9 °C versus 154.7 °C)
respectively compared with the FC model. As a result of thermal un-
derestimation, the simulated stress cycle amplitude is lower in the SC
model. It’s worth mentioning that the SC model displayed an 85.2 %
reduction in computational time compared to the FC model. Therefore,
although the thermal and stress fields in the SC model are under-
estimated, their accurate simulated trends provide a valuable indicator
to reveal the thermal and stress evolutions considering the relatively low
computational cost, especially for time-consuming simulations.
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Fig. 29. Comparison of simulated stress evolutions based on FC and SC models.

5. Effect of boundary conditions on residual stress patterns
5.1. Stress development

To better illustrate the stress development within the component,
Fig. 30 shows the longitudinal stress (S11) and transverse stress (S22)
evolutions along lines AB, CD, and EF after depositing different layers.
The locations of these lines are also depicted in Fig. 30, where line AB is
the longitudinal centreline of the substrate’s top surface (x — direction),
line CD is parallel to the transverse centreline of the substrate’s top
surface (y — direction), and line EF is the vertical centreline through the
substrate and welded specimen (z — direction). The letters in brackets on
the horizontal axis indicate the endpoints of the lines, and the blue re-
gions represent the areas of welded specimen. Along line AB, the lon-
gitudinal stresses exhibit a tension-compression-tension pattern, while
the transverse stresses follow a compression-tension-compression
pattern. The longitudinal and transverse stresses change drastically and
reach their peak at the boundaries between the welded specimen and
substrate, and the magnitude of stress increases with the number of
layers. Along the free region of line CD, the longitudinal stresses tran-
sition from tensile to compressive with increasing deposition height,
whereas the transverse stresses are always in a tensile state. The tran-
sition of stresses along CD crossing the model boundaries is also obvious.
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The stress values increase within the deposited specimen or decrease in
the substrate region during deposition. The stress patterns are consistent
with results in the literature [28,45]. Along line EF, the stress distribu-
tions of different deposition layers follow similar trends. Obvious stress
transition can be identified between substrate and welded specimen
boundary, where z = 0. For each curve, the magnitude of stress within
the welded specimen (z > 0) increases with elevated height first,
reaching their maximum, then drops, and the maximum stress occurs
around the third or fourth layers before the final layer. Moreover, the
stresses in the last layer decrease during deposition, and even shifts from
tension to compression. Taking the transverse stress at SG2 as an
example (see Fig. 30(f)), the stresses after the deposition of the 10th,
20th, 30th and 35th layers decrease from 126.8 MPa, 8.6 MPa, —46.0
MPa to —130.3 MPa. Similar phenomenon is also observed at SG1, see
Fig. 30(e).

Due to springback, the stress field undergoes rapid redistribution
after unclamping, which induces deformation of the specimen and re-
sidual stresses. A global overview and cross section of the simulated
vertical deformation (U3) and residual stress distribution of the spec-
imen under clamping (after full cooling) and after unclamping are
shown in Fig. 31. The maximum vertical displacement is 0.597 mm in
the central part of the substrate under clamping, and transfers to the end
of the substrate after unclamping (1.590 mm). Meanwhile, a significant
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Fig. 30. Longitudinal and transverse stresses along the lines AB, CD and EF during deposition process.

drop of stresses around the connection region between the welded
specimen and the substrate is observed. The stress distribution in the
cross section, during the deposition stage, shows that the connection
region on the substrate’s top surface experienced tension stress, and that
the opposite side, however, on the substrate’s bottom surface underwent
compression. After unclamping, the bottom is in tension, and the overall
stress within the specimens is redistributed. The residual stress distri-
butions along lines AB, CD and EF (“RS” curves) are displayed in Fig. 30.
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In most cases, the stress magnitude drops after unclamping (see “layer
35” curve versus “RS” curve in Fig. 30). The endpoints of line AB or CD
do not bear transverse residual stress. Conversely, the longitudinal stress
at points C and D transform from tension to compression with increasing
deposition height. Additionally, the central point on the substrate’s
bottom surface (point E) was subjected to tension stress after
unclamping, with S11 at 242.6 MPa and S22 at 183.2 MPa. Within the
welded specimen, the transverse residual stress along line EF after
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Cross section

Fig. 31. Simulated deformation and residual stress under: (a) Clamping state; and (b) Unclamping state.

unclamping almost coincides with the stress distribution observed under
clamping condition.

Boundary deformation between successive deposition layers was
observed in both three-dimensional scanned profiles (measured using
3D laser scanning) and FE simulation results, as shown in Fig. 32. This
deformation is an inherent characteristic of the WAAM process, driven
primarily by cyclic thermal and mechanical effects. Each layer in WAAM
undergoes significant thermal expansion during heating, followed by
subsequent contraction during cooling. As new layers are deposited,
they become constrained by the previously solidified layers, leading to
localized thermal mismatch and strains at the layer boundaries. This
cyclic process induces residual stresses at the interlayer interfaces,
leading to plastic deformation and visible boundary distortions. Addi-
tionally, the rapid cooling rates at layer boundaries result in varied
microstructures across layers, further contributing to uneven shrinkage
and localized stress concentrations. These boundary deformations can
affect the structural integrity, dimensional accuracy, and surface quality
of the final component. To mitigate these effects, a combination of
precise thermal management, interlayer cooling strategies, and post-
process heat treatments is essential for relieving internal stresses. By
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employing advanced process controls and optimizing deposition stra-
tegies, it is possible to reduce boundary effects, thereby improving the
overall quality and performance of WAAM-produced components.

The deformation of the specimen after unclamping is shown in
Fig. 33 which compares the deformed profiles with the simulated de-
flections. Lines GH and 1J represent the longitudinal and transverse cross
sections of the substrate’s bottom surface, while polylines KLMN and
OPQR correspond to the longitudinal and transverse cross sections of the
deposited wall and the substrate’s top surface. The creases in the
experimental profile in Fig. 33(a) are the drilled reservations for the
installation of the thermocouples TC1 ~ TC4, which were neglected in
the FE model. It can be observed that excellent agreement between the
computed deflections and the laser scanned profiles was achieved,
validating the accuracy of the proposed FE model in simulating residual
stress distribution. Additionally, after cutting the substrate from the
workpiece using water jet cutting, the deposited wall was rescanned
with the 3D laser scanner. This post-cutting scan captured the defor-
mation caused by the release of residual stress in the component. The
deformation redistribution in the deposited wall was compared with the
simulated deformation along polylines LM and PQ, see Fig. 34. The close
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Fig. 34. Comparison of the three-dimensional scanned deformed profiles with the simulated deflections of the deposited wall after substrate removal.

match between the simulated and experimental profiles further vali-
dates the accuracy of the FE model in predicting residual stress
distribution.

5.2. Bolt pretension force

Bolt joint is one of the most widely used joining methods between the
platform and components during manufacturing process. The preload
force presently applied on the bolts in the experiment was evaluated to
be 10.2 kN (corresponding to a torque of 29.5 kNm) [46]. To investigate
the effects of bolt preloads on stress development, deposition scenario
without preload forces (namely “No-Preload”) was simulated using both
FC and SC models. The simulation results show that the pretension force
has negligible impact on the thermal fields of CMT process, while
ignoring bolt preloads would lead to large deviations in the stress fields.
The stress evolutions obtained at SG1 and SG2 with and without bolt
pretension forces are depicted in Fig. 35. The difference in simulated
stresses at SG1 increases with time, while the difference at SG2 remains
stable, revealing that longitudinal stress is more sensitive to bolt pre-
tension force than transverse stress.

5.3. Substrate joint method

To investigate the effect of substrate joint method on the final
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residual stress distribution, two other commonly used substrate joint
types were simulated [47,48]: (a) flexible boundary type with bolts to
restrict the substrate movement; and (b) rigid boundary type using a
thick substrate. The schematic of the two boundary conditions is shown
in Fig. 36.

The thermal cycles and stress evolutions of models with different
boundary conditions are shown in Fig. 37 and Fig. 38 respectively. The
flexible boundary model provides temperature results highly similar to
the FC model by setting same surface convection and radiation co-
efficients, while the rigid boundary model exhibits slightly lower tem-
perature at deposition stage and higher temperature at cooling stage
because the thick steel substrate can store large amounts of heat. For the
stress cycles at SG1, the flexible boundary model has the lowest simu-
lated transient stress as it is the least constrained model, and it shows
similar trend to the FC model without preload. For the stress cycles at
SG2, the flexible boundary model shows highly consistent results
compared to the case of bolt joint without bolt pretension force. Among
these models, the stress evolutions of the rigid boundary model show the
least amplitude variation due to the highest stiffness. The differences of
stress evolutions between different boundary conditions increase with
time for the longitudinal stress, but remain stable for the transverse
stress, indicating that the latter is less sensitive to boundary conditions.

The simulated deformation and residual stress distribution of both
flexible and rigid boundary cases are displayed in Fig. 39. The rigid
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Fig. 35. Comparison of stress evolutions with different bolt pretension forces.



X. Ruan et al. Materials & Design 249 (2025) 113548

Welded wall

Welded wall Substrate

L 35 L 35
ayer Bolt ayer

Substrate

t Boundary conditions

T Boundary conditions

(a) Flexible boundary condition (b) Rigid boundary condition

Fig. 36. Illustration of different substrate joint methods.

500 300
----- FC model -----FC model
Flexible boundary Flexible boundary
4001 Rigid boundary Rigid boundary
%) 52004 o
E 300 1 E
b5} o] W .
g 200+ " g WO
& G & 100
00
0 : : : — 0 : : : :
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time (s) Time (s)
(a) Thermal cycles of TC1 (b) Thermal cycles of TCS
Fig. 37. Comparison of thermal cycles at TC1 and TC5 for FE models with different substrate joint methods.
200 150
----- FC model -----FC model
100 4, —-- = FC model (No-Preload) 100+ - -+ = FC model (No-Preload)
% ; Flexible boundary Flexible boundary
o . . Rigid boundary - Rigid boundary
/N\ I v “;’.’ \'.',,'\-“‘ ,‘;
s A R ' 5
" | "o A .I‘ . . Tmeccccccccaaa T ‘e 1) . » ) /\ -~
= -1004 vy WG, : s B bl BN e
§ v .\ ‘. g) u: Yy WY !
@ . 92} * '
200+ \ ) ‘
——emeim . -100 31 !
3004+ -1501 N s -
-400 f f f f f -200 f } f f f
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 120001
Time (s) Time (s)
(a) Stress evolutions of SG1 (b) Stress evolutions of SG2

Fig. 38. Comparison of stress evolutions at SG1 and SG2 for FE models with different substrate joint methods.

22



X. Ruan et al

Remove bolt

Materials & Design 249 (2025) 113548

EZTEIZIIA NS AR
orf L PP RRER R L

Fig. 39. Simulated deformation and residual stresses with: (a) Flexible boundary condition; and (b) Rigid boundary condition.

boundary condition leads to smaller deformation and higher residual
stress than bolt joint (FC) model, which is expected when adopting a
stiffer experimental system. Conversely, the flexible boundary deposi-
tion process displays larger deformation along the vertical direction due
to fewer constraints. Meanwhile, the residual stress distribution of rigid
boundary case is more concentrated in the connected region between
the welded specimen and the substrate, with a higher residual stress
gradient.

6. Discussion

Based on the analysis, it can be concluded that the thermal behaviour

500 j
—#— FC model
—v— FC model (No-Preload)
—o— SC model
—¢— SC model (No-Preload)
Flexible boundary
Rigid boundary

400

300

=

(=¥

=

2

8 200

&

£ 100

Ei

B

£ 0

—

-100
Substrate . . . Wall

-20 0 20 40 60 80
(E) O) Height (mm) (F)

(a) Longitudinal stress along line EF

in the CMT process is not highly sensitive to boundary conditions, such
as bolt pretension forces or substrate joint methods. However, thermal
stress development is more sensitive to these boundary conditions, with
longitudinal stresses showing greater sensitivity than transverse stresses.
To further explore the effect of boundary conditions on residual stress
distribution, Fig. 40 illustrates the residual stress along the centreline EF
of specimens subjected to different boundary conditions. It can be
observed that all the fully coupled models exhibit a similar residual
stress pattern along the centreline, following a tension—compression-
tension—compression trend from the bottom of the substrate (Point E) to
the top surface of the deposited wall (Point F). A similar stress distri-
bution pattern has also been reported by Yuan et al. [49], who found
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Fig. 40. Residual stress along line EF with different boundary conditions after unclamping.
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that WAAM specimens, regardless of material, welding method or di-
mensions, can have the same stress distribution pattern along their
height [49], aligning with the results shown in Fig. 40. The tensile stress
in the substrate and the compressive stress at the top surface arise due to
bending deflection after the clamps are released. Although the SC model
achieves similar simulated trends to the FC model for the first 25
deposition layers, it deviates in layers 26 to 35 (corresponding to a
height of 52 mm to 70 mm), indicating that the SC model can’t accu-
rately capture the residual stress distribution in the final few layers.

System stiffness has been reported as a key factor influencing the
stress in WAAM specimens [49,50], which is consistent with our find-
ings. Bolt pretension increases joint stiffness, helping to distribute
stresses more evenly across the interface between the components. This
clamping force prevents deformation and maintain component align-
ment during deposition, and also reduces the magnitude of residual
stress at the substrate’s bottom surface. By applying pretension, longi-
tudinal tensile stress decreases from 359.7 MPa to 242.6 MPa in the FC
model, and transverse tensile stress drops from 251.7 MPa to 183.2 MPa.
Similarly, the residual stress at the bottom surface of the substrate is
lowest under rigid boundary conditions, indicating higher system ri-
gidity. The longitudinal residual stress at the substrate’s bottom surface
increases from 84.7 MPa (rigid boundary) to 242,6 MPa (FC model with
preload) and up to 444.8 MPa (flexible boundary). The transverse re-
sidual stress follows a similar trend, rising from 96.7 MPa, 183.2 MPa to
319.5 MPa as boundary conditions become less constrained. Stress
evolution patterns along different paths (lines AB, CD, and EF) during
the deposition process are shown in Fig. 30. As the deposition height
increases, the stiffness of the deposited wall also increases, causing stress
patterns to change from almost full tension (10 layers) to compression-
tension (20 layers and 30 layers) to compression-tension-slightly
compression (35 layers) patterns at the clamping state. The influence
of relative stiffness between the substrate and the deposited wall is
consistent with findings in the literature [45,49-54]. Moreover, the
further away from the substrate (z = 0), the impact of varying system
stiffness on residual stress gradually diminishes, indicating that the
substrate’s stiffness becomes less influential. The transverse stress
curves within the weldment are nearly overlapping under different
boundary conditions, except for the SC model, where deviations are
attributed to modelling inaccuracies.

The residual stress within the deposited wall after substrate removal
was also analysed, see Fig. 41. After the substrate is removed, the re-
sidual stress along the centreline of the deposited wall follows a ten-
sion—-compression-tension—-compression pattern from the bottom to the
top surface. At the bottom of the welded specimen (z = 0), small stress
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value is observed while the wall is still connected to the substrate, but
both longitudinal and transverse stresses increase significantly after
substrate removal. The evolution and distribution of residual stress
within deposited wall after substrate removal are highly consistent with
literature [54]. The stress distributions within the weldment are similar
across all boundary conditions, suggesting that the impact of the sub-
strate joint methods is partly relieved by substrate removal. Still, the FC
model with preload shows slightly lower residual stress, with longitu-
dinal and transverse tensile stresses of 162.1 MPa and 273.7 MPa at z =
0, compared to 229.8 MPa and 329.5 MPa in the FC model without
preload. The rigid boundary model exhibits the lowest residual stresses,
with longitudinal and transverse tensions of 48.1 MPa and 220.7 MPa,
respectively. In the last layer, the longitudinal stresses for all fully
coupled models range between —138.8 MPa and —107.5 MPa, while
transverse stresses are within the range of —175.5 MPa and —115.1 MPa.
Similar to the behaviour before substrate removal, the SC models fail to
accurately capture the stress distribution in the final few layers. Addi-
tionally, the residual stresses in the layers of 26 to 35 (deposition height
of 52 mm to 70 mm) show little variation after substrate removal,
further confirming that the influence of substrate stiffness stabilizes once
the deposition height reaches a certain level.

The maximum residual stresses within the deposited specimen after
substrate removal under different boundary conditions are summarised
in Table 7. The maximum von Mises stresses within the weldment across
all boundary conditions are approximately 300 MPa, with a maximum
relative difference of 11.6 %. Specifically, the FC model with preload
shows a maximum stress of 285.6 MPa, while the flexible boundary
condition results in a maximum stress of 318.8 MPa. Despite the vari-
ations, the residual stress distributions after substrate removal exhibit
similar patterns across all boundary conditions. Typically, the residual
stress distributions of the FC model are illustrated in Fig. 42. In all cases,
the maximum S11 (longitudinal) and S22 (transverse) stresses are
located at the bottom surface of the welded specimen, i.e., the region
originally connected to the substrate at z = 0. Meanwhile, the maximum
$33 and von Mises stresses appear on the longitudinal side surface of the
weldment. This finding highlights the importance of carefully consid-
ering boundary conditions during the deposition process. If the substrate
intended to remain as part of the final structure with the deposited wall,
boundary conditions such as thickness of substrate, bolt pretension force
and joint methods should be carefully selected to ensure an optimal
residual stress distribution. In contrast, if the focus is solely on the re-
sidual stress distribution within the deposited component and the sub-
strate will be removed after the deposition is complete, more flexible
boundary conditions can be used. This is because the influence of
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Fig. 41. Residual stress along line EF under different boundary conditions after substrate removal.
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Table 7
Maximum residual stresses within the weldment calculated by different models after substrate removal.
Model FC SC FC (No-Preload) SC (No-Preload) Flexible boundary Rigid boundary
S11 [MPa] 212.8 183.8 253.5 182.1 263.1 259.4
S22 [MPa] 302.3 279.9 340.8 280.0 346.3 291.7
S33 [MPa] 289.0 327.7 291.0 322.0 289.5 318.8
Von Mises [MPa] 285.6 308.8 308.7 299.1 303.8 318.8
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©
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(d)

Substrate removal plane (z = 0)

Fig. 42. Residual stress redistribution of FC model after substrate removal: (a) S11; (b) S22; (c) S33; and (d) Von Mises stress.

boundary conditions on the residual stress distribution in the weldment
can be partially mitigated by removing the substrate.

7. Conclusions

This paper investigates thermal and stress developments during cold
metal transfer (CMT)-based wire arc additive manufacturing (WAAM) of
steel components, through a comprehensive finite element (FE) model-
ling approach. CMT deposition of multi-layer flat specimens served as a
foundation for this research. A detailed experimental exploration of
temperature development, strain variation and deformation across the
component was conducted employing a combination of FLIR thermog-
raphy, strain gauges, and a three-dimensional laser scanner, the results
of which were used to validate the numerical model. The developed FE
model is described in detail, and enables to characterise the thermal and
stress fields development in CMT-based WAAM unalloyed S355 speci-
mens. The sensitivity of residual stress patterns to boundary conditions,
including bolt pretension forces and substrate joint methods, is then
investigated. Based on the results of this study, the following conclusions
can be drawn:

1) The proposed three-dimensional FE model can simulate the tem-
perature and stress development of CMT-based WAAM with great ac-
curacy. Springback after bolt removal can be precisely simulated.

2) The sensitivity of the FE model to ambient temperature, element
activation strategies, alignment errors of thermocouples and strain
gauges, and sequentially coupled approach is analysed.

3) Mechanical boundary conditions, such as bolt pretension force
and substrate joint methods, have negligible impact on the thermal field
development. However, both longitudinal and transverse residual
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stresses vary depending on the nature of the constraints on substrate.

4) The residual stress distributions within the weldment after
unclamping and after substrate removal under different boundary con-
ditions are discussed in detail, providing an insight into controlling the
residual stress within the weldment.

5) The residual stress patterns redistribute in a similar manner after
substrate removal, and the maximum relative difference between them
is 11.6 %, which means that removing the substrate partly alleviate the
prior influence of a rigid or more flexible substrate.

This research lays a solid foundation for understanding the me-
chanical performance of more complex structures and provides an
effective tool to optimize the heat accumulation and residual stress in
WAAM components without performing expensive trial and error op-
erations. In future studies, the process parameters optimization will be
performed based on the proposed FE model, which serves as a valuable
source of data.
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