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Abstract

Production of three-dimensional metallic parts
through integration of an articulated robot and
gas metal arc welding, also known as wire arc
additive manufacturing (WAAM), can produce
large-scale components with moderate geometrical
complexity. This technology is particularly appealing
due to its high deposition rates, scalability, and
cost-effective feedstock compared to other AM
processes. Despite its advantages, WAAM adoption
is hindered by challenges in ensuring geometric
conformity without extensive distortion, defect-free
structures, and consistent mechanical properties.
Finite element analysis (FEA) is often used to
address the challenge of geometrical conformity.
As the size of parts increases, the best practices
for mesh size and temporal resolution known in
the literature become computationally unviable.
This research examined the effects of mesh and
time-step resolutions during transient FEA of a
large-scale (248 layers) metallic part. The impact of
computational parameters on the thermal history,
displacement, and residual stress distributions
were evaluated. The results showed that predicted
distortion was consistent across resolutions, while
time-step length significantly affected predicted
thermal history, and mesh size influenced residual
stress distributions. To investigate this relationship
further, directionally biased meshes were
considered and analyzed. The results indicated that
increasing mesh resolution perpendicular to the
welding path yielded stress predictions that aligned
closely with higher-resolution models while offering
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substantial computational savings. The significances
of this research are related to verification and
validation of WAAM models for widespread
industrial adoption and pragmatic guidelines for
optimizing computation parameters for balancing
computational efficiency and predictive accuracy of
residual stress and distortion.
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Introduction

Metal additive manufacturing (AM), which integrates
robotics and gas metal arc welding technology, also known
as wire arc additive manufacturing (WAAM) or wire arc direct
energy deposition (wire-arc DED), is considered an ideal
process for making large-scale components with simple to
moderate geometric complexity. The shift to WAAM from
traditional manufacturing is motivated by the decrease in
domestic casting facilities, which have declined from 6150 in
19551t01770in 2022 (Ref.1). The U.S. Department of Defense
hasidentified the casting and forging industry supply chain
andrecentlaborand component shortages as a critical threat
(Ref. 2). The WAAM process (Refs. 3, 4) presents its own
advantages, including high deposition rate, high scalability
(Ref. 5), less expensive wire (Ref. 6), and the ability to com-
bine one or more robotic systems (Refs. 7, 8) in parallel to
other powder bed fusion (PBF) processes. Specifically, it can
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Fig. 1 — Network analysis based on subject index in 4000-plus publications related to wire arc additive
manufacturing. The current paper corresponds to the prediction of geometrical conformity (i.e., distortion)

and the residual stresses.

deposit material at rates of up to 10 kg/h in steel, while laser
wire processes can reach up to 3 kg/h, and powder-based
processes can approach a maximum of 6 kg/h (Refs. 9,10).
Regarding the materials feedstock, the price of stainless-steel
wire can vary between $3/kg and $18/kg, while the cost of
stainless-steel powder ranges from $78/kg to $120/kg (Ref.
11). Consequently, the WAAM process, when combined with
post-process machining, can be relatively accessible for even
small- and medium-scale industries. However, widespread
adoption of WAAM faces three major challenges: (1.) ensuring
defect-free (or minimal defects) and a reproducible micro-
structure throughout the entire component; (2.) achieving
consistent mechanical propertiesin the deposited part while
also developing a method to confirm the performance of the
final part; (3.) ensuring that the part’s geometry conforms
to the desired design (Ref. 12). A network analysis of 4000-
plusarticlesin Fig.1shows that researchers have focused on
various aspects of the above three challenges from different
perspectivesin the last ten years. Although extensive scien-
tificand technical efforts (Refs. 13-16) exist with respect to
WAAM on microstructure, properties, automation, and filler
wire development, this research is specifically dedicated
to addressing the third challenge: geometrical conformity.
Specifically, we address the following question: Is it possible
to calculate the consistent residual stress and distortion
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distributions within a large WAAM part without a large com-
putational penalty with available finite element models?

Similar to other additive manufacturing or welding pro-
cesses, localized deposition of molten material during WAAM
resultsin transientand nonuniform thermal gradients. These
thermal gradients lead to complex triaxial thermal stresses
within the part, which are combined with their external
mechanical constraints (e.g., clamping) and inherent con-
straints due to the evolving part geometry. Consequently,
these thermal stresses lead to nonuniform plastic defor-
mation in the part, which changes the trajectory of the
geometry being built. Finally, on cooling, due to the presence
of accumulated plastic strain gradients, a complex distribu-
tion of locked-in elastic residual stresses is induced within the
parts. Interestingly, these residual stress distributions and
part distortions are highly sensitive to post-process opera-
tions such as machining, hammering, and heat treatment. The
legacy knowledge on residual stress and distortion exists in
the literature, and readers are referred to the same for more
information (Refs. 17,18).

The primary goal of AM is to produce a near-net shape
of the final component without post-processing. However,
extensive part distortions may necessitate overbuilding and
excessive post-process machining to achieve the net shape.
If the final part cannot be placed within the envelope of the
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Fig. 2 — Schematic illustration of verification and
validation process flow for computation weld
mechanics (Ref. 28).

final print geometry, the whole printed part may have to be
rejected for noncompliance with the intended CAD geom-
etry. Consequently, these challenges mandate expensive
trial-and-error experimental optimization to arrive at a final
shape. Since manufacturing time for a large-scale WAAM
part may range from days to months, the above challenges
may make the WAAM not viable for industrial adaptation.
Therefore, there is a need to produce parts that are as close
to the desired geometry as possible, or near net shape, to
justify the technical and business case for adoption of AM.
One of the pathways to overcoming the extensive trial and
error challenge in the WAAM process is to leverage compu-
tational models developed for welding (Refs. 19, 20). This
computational approach should be able to predict consistent
residual stresses and distortions during the process design
stage, thereby allowing operators to adjust manufacturing
inputs such as welding sequence, input power, and even the
geometry itself, to arrive at desirable outcomes (Refs. 21-23).

Any approach based on computational model-based iter-
ations to optimize process development should be faster
than the time needed for experimental iterations. One of the
rapid modeling schemas for distortion prediction is based
on the inherent strain method outlined in the article by Tsai
and Kim (Ref. 24). This approach uses a purely mechanical
finite element analysis (FEA) by applying plastic strainsto a

geometry as elements are activated along the planned weld-
ing path or layer-wise. Depending on the physics considered,
inherent strain FEA has the potential to generate extremely
fast linear solutions, which enables the iteration of pre-de-
formed geometry. However, it can be difficult to relate the
applied strains as a function of welding process parameters,
particularly under varying local mechanical constraints and
dynamic changes to the overall geometry of the WAAM build.
One of the most prevalent approaches to predict residual
stress and distortion in welding and the WAAM processis a
sequentially coupled thermomechanical (TM) FEA, which was
originally developed by welding researchers (Ref.18) and has
been adopted by AM researchers (Ref. 25) and commercial
software vendors (Refs. 26, 27) worldwide. In this method,
thermal histories are calculated a priori over a part’s domain
and applied as transient loading conditionsfor elastic-plas-
tic mechanics calculations are performed to estimate the
evolving elastic and plastic strain distributions. Depending
on model fidelity and the physics considered, computational
costs can rapidly increase, a problem further exacerbated as
analysis expands to larger parts. To facilitate the adoption of
computational weld mechanicsin the industry, the American
Welding Society (AWS) developed a guide for verification and
validation (V&V) methodologies (see Fig. 2) (Ref. 28). This
paper pertains to our first attempt at the V&V of computa-
tional tools for predicting the residual stress and distortion
in large-scale WAAM parts.

It is common practice during finite element analysis of
WAAM components to use an element size less than or equal
to the width and height of the deposition cross-section to
accurately represent the physical response to metal depo-
sition (Refs. 21-23, 25). The selection of element size in an
FEA model should be based on mesh-convergence analysis,
where a representative domain is used to find an accept-
able balance of error and computational time. In the case
of WAAM, the representative geometry consists of several
beads or layers. For example, when modeling WAAM depo-
sition of aluminum ally 5183, Zhao et al. (Ref. 21) conducted
amesh convergence study using mesh sizes of one, two, and
three elements across the height and width of the deposition
cross-section by analyzing ~2.25 beads from the full part.
Based on the study, the 2 x 2 element approach was justified
by its 0.49% relative error while arriving at a solution 61.4 h
faster. Nevertheless, due to the challenges associated with
computational costs, itisuncommon to report the impact of
mesh size on the results of full WAAM geometries at larger,
more practical dimensions in open publications. One example
is seen in Yang et al. (Ref. 29), wherein a computationally
efficient semi-analytical thermal model analysis was cou-
pled with a mechanical analysis to model the deposition of
afour-layer thin-wall structure. When investigating the ther-
mal results, it was found that a finer mesh (5 mm x 0.3125
mm X 2 mm) yielded nearly identical temperature history
as a coarser mesh (56 mm x 1.25 mm x 2 mm), which was
then used in the mechanical analysis. However, the impact
of different resolutions on the self-consistency of distortion
and residual stress distribution was not attempted. Further
investigations of resolution can be seen in the modeling of
other AM processes. Cattenone et al. (Ref. 30) investigated
the effects of temporal and spatial resolution on the results of
acomplete part geometry in TM analysis of fused deposition
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Table 1 — Finite Element Method Parameters Explored in the Current Research as a Part of the Verification

and Validation

Simulation Element Size, Time Increment,
Number £ (mm) At (s)
1 8 400
2 8 100
3 8 25
4 4 400
5 2 400

modeling of thermoplastics, implementing elements ranging
from 50% of the bead width and height to 4x the bead width
while maintaining a z height of the elements consistent with
deposited layer height. The authors reported that the time
step greatly influenced local temperature development while
having a minimal impact on mechanical results. A coarser
meshing strategy can fail to capture local stress concentra-
tions, demonstrating a need to further explore the impact of
resolution on complete parts. Lu et al. (Ref. 31) implemented
a four-layer activation scheme in modeling powder-based
directed energy deposition (DED) of Ti-6Al-4V to speed up TM
FEA calculations. By adjusting the time step, the calculations
were forced to activate four layers in a single step. From the

WELDING JOURNAL

Total Elements Fourier Number Total Solution

in Part (F) Time (h)
8184 22.6223 0.33
8184 5.65556 0.81
8184 1.41389 1.89

64,976 90.4890 2.35

587,016 361.956 49,97

simulations, it was observed thata larger time step generated
excessive oscillations in the temperature history, while the
average temperature values were in line with measured data.
Due to the inability to fully capture thermal gradients across
the substrate in the first four-layer group in the early transient
stages, a mismatch of displacements (i.e., difference between
experimental and modeled distortion) greater than1 mm was
observed. However, as the process approached a steady state,
the results from numerical analysis were in good agreement
with measured displacements. Overall, this approach was
able to reduce computation time by 77%. Nycz et al. (Ref.
32) explored the relationship between time increment size
and residual stress predictions in mild steel wall geometry
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Fig. 4 — Schematic illustration of the part geometry: A — Front view on the YZ plane; B — top view on the XY

plane; C — isometric view.

Table 2 — Predicted Maximum Temperatures at Various Increment Sizes and Element Sizes

Increment Size 400s 100s 25s
Maximum Temperature (°C) 698.4 784.5 971.6
% Difference — 12.3% 391%
Element Size 8 mm 4 mm 2mm
Maximum Temperature (°C) 698.4 683.3 682.8
% Difference - ~2.2% ~2.3%

manufacturing using WAAM, where each layer consisted of
two tracks of continuously deposited material. A 20-s time
increment captured substrate distortion and showed consis-
tent residual stresses with a10-s time increment. However,
neutron diffraction measurements revealed tensile longitu-
dinal residual stresses near the surface of the substrate that
weren’t captured by the larger increment sizes. To remedy
this, anincrement size of 1s was used for the first three layers,
followed by 20 s for the remaining layers to better capture the
stress accumulation caused by interaction between the initial
layers and the substrate while maintaining computational
efficiency. Deering et al. (Ref. 33) investigated the impact of
various user inputs on the results of TM FEA of powder bed
fusion of stainless steel 316, including increment and mesh
resolution. The findings indicated that average temperature
increases with higher resolution in both increment size and
mesh; however, the study reported a range of only 2.33°C.
Additionally, it was observed that larger elements predicted
higher residual stresses, and both larger elements and incre-
ment size resulted in less displacement. The work concluded
that the impact of mesh density and increment size are inde-
pendent, and an increment size encapsulating two to four
physical layers was recommended to balance accuracy and
runtime when modeling the PBF process. Although the critical
need to understand the sensitivity of modeling parameters
on residual stress and distortion prediction were stressed

by the AWS and ANSI guides for verification and validation in
computational weld mechanics had been published (Ref. 28),
to our disappointment, the computational modeling literature
with reference to large-scale WAAM appears to be ignoring
this critical aspect (Ref. 34). We believe that this prevailing
attitude in the community is partly due to the pressures to
make predictions of distortion with minimal computing costs,
as well as to arrive at computational optimizations that are
fasterand completed at arelatively small fraction of the time
required for experiential optimization.

Based on a review of the literature, this paper aims to
investigate how computational mesh size and time resolu-
tion factors affect the prediction of distortion and residual
stressesinthe WAAM process at a practical scale. This work
isacontinuation of the findings and modeling from Lee et al.
(Ref. 35), which investigated the mode of deformation for
alarge-scale (500 mm tall and wide), curved wall geom-
etry. The work focused on variable printing stops due to
manufacturing conditions using sequentially coupled TM
FEA. The modeling results were compared with laser scan-
ning measurements and DIC analysis. Ultimately, this paper
aims to provide practical guidelines for simplifications that
reduce computational cost while still accurately predicting
geometric deformation, making the approach suitable for
industrial adoption.
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Computational and Experimental
Details

A series of finite element analyses for producing a curved
wall (Ref. 35) geometry using the WAAM process were per-
formed in this research. The analyses considered various
element sizes and time increment steps. Abaqus Standard
2022 software was used with the AM Modeler plug-in to
conduct the study. From the analyses, nodal displacement,
residual stresses, and thermal history were extracted and
compared between each run. Additionally, the deformed anal-
ysis output geometries were compared to a point cloud of
the physical geometry manufactured by WAAM using optical
measurements.

Computational Modeling Details

An overview of the TM analysis procedures used in this
simulation is schematically outlined in Fig. 3 (Refs. 18, 32,
36). The temperature-dependent thermomechanical prop-
erties of SS316L from the literature (Refs. 35, 37, 38) were
assigned for the parts. All simulations were generated on 12
cores of an Intel Xeon CPU E5-26300 processor. The tool path
was converted from machine G-code into the Abaqus event
series file usinganin-house Perl script. The data included x,
y, and z coordinates, arc-power, and time stamps over the
history of the manufacturing process. The event series was
used to prescribe the motion of the heat source and material
deposition via progressive element activation. To fully capture
the manufacturing process, this series included pauses for
machine maintenance and adjustments such as tip change,
wire changes, and print stop (Ref. 35), which were not known
prior to deposition. The widely accepted Goldak’s double
ellipsoid heat source (Ref. 36) was used in this work; however,
it often does not need to be considered at this scale because
cuboid or concentrated heat sources have been shown to pro-
duce sufficiently good prediction of thermal signatures (Refs.
21, 32). Progressive element activation was implemented
for the analyses, which updated the domain for each incre-
ment by activating elements along the tool path to simulate
material deposition. Prior to activation, elements do not par-
ticipate in the analysis solution. As elements were activated,
the thermal boundary conditions for heat loss by convection
and radiation were automatically updated to account for the
change in free surface of the deposited volume. For further
details on the progressive element activation method, the
reader is referred to the previous work (Ref. 35).

WAAM Experimental Information

The simulated part geometry, shown in Fig. 4, consisted
of 248 layers, each with an approximate height of 2 mm. The
total part height was 495.3 mm and took 11 h to manufacture
(including cool down) using a standard WAAM robotic cell.
Each layer consisted of two contour passes creating four beads
(two inner beads and two outer beads), alternating between
the scan pattern shown in Fig. 5A for odd layers and Fig. 5B
for even layers, at a speed of 16.93 mm/s. The substrate con-
sisted of AISI 1080 steel, and the WAAM part material was

WELDING JOURNAL
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Fig. 5 — Tool path for: A — Odd layers; B — even
layers. It consists of two passes, each with two inner
beads and two outer beads.

Displacement
Profile

Node C
Top-Front

Node B e 4 Stress

Bottom-Back \ Profile

’ﬁ.‘"ln
‘ £ Node A
L Center-Front
v
e

Fig. 6 — Identification of monitoring locations within
the meshed volume of WAAM part for the extraction
of temperature, displacement, and stresses as a
function of time.

316L stainless steel. Arc power was 5.83 kW, and a mixture
of 98% Ar and 2% CO2 was used as a shielding gas.

The deposition time per layer was around 2 min. The weld-
ing wires were changed three times during manufacturing
(at layers 74,160, and 213), resulting in a10-min pause each
time. Additionally, there were seven tip changes, each taking
approximately 2 min, and a 3-min print stop, adding to 47 min
of pauses (Ref. 35). As mentioned, these pauses that were
not known prior to fabrication were included in the model.
After manufacturing, the baseplate constraints were removed
to evaluate the elastic spring-back, and a 3D laser scan was
conducted to track part distortion.
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Fig. 8 — Enlarged view of temperature history from
Node A. Oscillations in temperature were observed
at a smaller time step of 100 s and 25 s due to the

feature of multi-layer deposition AM. Also, a higher
peak temperature was found at smaller time steps.

Role of Two Resolution Factors: Time and
Element Size

The effects of two resolution factors — time increment
and element size — were investigated. A decrease in time
increment and element size correlated with increased tem-
poral and spatial resolution, respectively. The time increment,
denoted by At, specified the discrete interval of time over
which time-dependent governing equations were being
solved. It is known that a finer At in AM simulation results
in a higher peak temperature than a coarse time step. First,
moving the heat source in AM causes transientand localized
temperature changes. With a finer At, the simulation could
track the rapid movement of the heat source and transient
heat transfer near the heat source more precisely, which
allowed it to better capture the rapid thermal fluctuations
and thermal gradient near the heat source as it passed by.
In other words, a coarse At may not have captured the rapid
temperature changes and thermal gradient precisely, leading
to averaging of temperatures over coarse At, a more diffused
temperature distribution, and, consequently, lower peak
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temperatures. Second, FEM with a finer At more accurately
captured the maximum temperature at each position of the
moving heat source, resulting in a more precise calculation of
temperature rise. Conversely, the energy input from the heat
source with alarger At was spread over a largerarea/volume,
leading to a lower peak temperature. Third, a smaller time
step reduced numerical artifacts of discretization caused the
heat to spread more widely. In other words, heat diffusion
was more pronounced with a coarse At, resulting in a lower
peak temperature. The other factor, element size (or length) |,

WELDING JOURNAL

influenced the number of points in the domain of an analysis.
With a smaller element size, the simulation could capture the
temperature more precisely, leading to accurate peak tem-
perature prediction. Also, a finer element size reduced the
heat diffusion effect. Lastly, it better represented geometric
features and boundaries in regions with complex features. For
each mesh, element length was approximately the samein all
directions;therefore, elementlength, |, and element size were
used interchangeably. Typically, when modeling welding and
AM processes, element size in the build direction is equal to
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or less than the deposition layer height to capture interlayer
physics accurately. When modeling large parts, the number of
layers is often in the hundreds. To keep computational costs
down, coarser meshes with elements several times larger
than the layer thickness are used(Refs. 39, 40,41). In our
work, element sizes of 8 mm, 4 mm, and 2 mm, equivalent to
4,2,and1layer (s) in the z direction, were first investigated
with a 400 s time increment. The tool paths were modeled
using the progressive element activation method. The size
of the time step determined the extent of bead deposition.
For instance, if the time step was longer than a layer time,
all beads in a layer were activated. The time step of 25 s
in the current work could resolve about six tracks. Element
size and time increment were varied across five analyses, as
listed in Table 1, with the 8 mm and 400 s analysis serving
as the lowest resolution case for both time increment and

element size output comparisons. Note that the element
sizes listed for each simulation are the approximate global
element size input into the mesh seeding parameters and
vary depending on the dimensions of the part geometry. The
approximate deposition cross-section was 8.6 mm wide X
2 mm high. To provide context, the Fourier (Fo) number for
these conditions was also calculated with average thermal
diffusivity at room temperature (a = 3.61956 x 10°° m?/s)
using the standard textbook equations (F = a A t/(I?). Ideally,
the Fo should be less than 1 for non-steady transient heat
transfer conditions. It is clear that none of our simulations,
including most published research, can accurately predict
thermal signatures. Our other attempts to reduce the spatial
and temporal resolution beyond the values shown in Table 1
are beyond the scope of this paper.
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Fig. 12 — Predicted Residual von Mises stresses (MPa) across the curved wall face with the following element
sizes: A— 8 mm; B— 4 mm; C— 2 mmvs. time resolution: D — At =400 s; E — At =100 s; and F — At =25 s.

Table 3 — Mean Difference in Distortion Between Midlines Calculated From Prediction and Measurements

Increment Size 400s 100s 25s

Mean Diff. (mm) 1.359 1.435 1.290

% Difference — 5.5% 5.3%

Element Size 8 mm 4 mm 2mm

Mean Diff. (mm) 1.359 1.425 1.253

% Difference — 4.8% 8.4%
Results and Discussions getan overview of temperature signatures at different times

during the WAAM process and to investigate temperature

. changes during deposition at the front face, back face, and

Standard MeShmg Strategy at the center of the part. When selecting nodes to extract
computational results, a node was selected on the 8 mm

Figure 6 shows the monitoring locations of temperature,  esh, then the nearest node was used to get the closest
displacement, and stresses. The temperature profileswere  5de on the other meshes.

taken fromthree A, B,and C node locations. The displacement
and stress profiles were extracted from vertical and horizon-
tal lines across the part face, denoted by red solid lines. The
plotted locations were outlined to help other researchers
to use the same approach for verification and validation of
theirown modeling schemes. These nodes were selected to
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Fig. 13 — The stress component along the x-direction in the profile line for each increment in: A — Time

resolution; B — element size.

Comparison of Temperature Profiles Across
Two Resolution Factors

Figure 7 shows the temperature profile for nodes A, B,
and C over time. In general, the temperature profiles from
each monitoring location showed the same trend across
different element sizes (8 mm, 4 mm, and 2 mm at 400 s)
in Fig. 7A and different time step sizes (400 5,100 s, and 25
s with 9 mm element size) in Fig. 7B. It was observed that
the peak temperature increased with smaller time steps. At
the same time, it remained similar even with an increase in
elementsize. The peak temperature in Table 2 decreases as
the time step increases, with values of 971.6°C, 784.5°C, and
698.4°C corresponding to time steps of 255,100 s,and 400
s, respectively. The differences in peak temperature due to
time step size are 273.2°C and 187.1°C compared to 400 s,
representing 39.1% and 12.3% of the peak temperatures at
25 s and 100 s, respectively. In contrast, the differences in
peak temperature due to changesin element sizeare 15.1°C
between 8 mm and 4 mm and 15.6°C between 8 mm and 2
mm. These changes represent deviations of approximately
2.2%and 2.3% compared to the 8 mm case and can be con-
sidered negligible. The results show that time resolution had
a greater effect than element size on the predicted peak
temperatures. Note that the temperature at Node C did not
fully cool down to RT (remaining around 200°C). Further
cooling to RT can lead to additional distortion relaxation in
the upper region above 300 mm after the first kink in Fig.10.

Temperature fluctuations between layers were not cap-
tured by the larger 400 s time step. However, as the time
step decreased to 100 s and 25s, these fluctuations were
more precisely resolved, as shown in Fig. 8. This indicates
that time resolution had a stronger impact on the results in
thermal analysis. In the absence of temperature data during
the part’s deposition, it can be assumed that the 25 s anal-
ysis generated maximum temperatures closest to typical
deposited temperatures while still under-predicting the real
peak temperature.

Comparison of Displacement Across Two
Resolution Factors

The variations in magnitude of total displacement, U, at
different time step sizes of 400 5,100 s, and 25 s and ele-
ment sizes of 8 mm, 4 mm, and 2 mm are shown in Fig. 9.
Regardless of time step and element sizes, the highest dis-
tortion was found at the center section of the curved wall and
radiated outward toward the edges. The difference in the
maximum displacement across all analyses was 0.124 mm.
The curved wall geometry was symmetric only with respect to
theyand x-z planes, not the y-z plane. Since the inner radius
was shorter than the outer radius, an inward bending moment
was generated during cooling. Additionally, the curved wall
underwent shrinkage displacement along the z-direction,
inducing adownward bending tendency. Notably, the bottom
region of the part was fixed to the substrate, which resulted
in higher stiffness and required a greater mechanical driving
force to bend near the bottom region. Combined, the inward
and downward bending moments possibly caused the part
to bend forward during cooling and backward during heating
with different magnitudes in the bottom and upper regions
(Ref. 35).

Breaking Uinto its vector components U, U, U,along the
height of the part, as shown in Fig. 10A, revealed that the
largest component was in the x direction, where the face
was shifting in the x+ direction. In the x direction, there
was a difference of 0.096 mm in the maximum displace-
ment values across all analyses. This can be seen in Figs.
10B and C, which plot U for each simulation. There was a
noticeable local minimum in displacement at the z height
of each wire change in Figs. 10B and C, which was accom-
panied by a printing pause. The three low-displacement
regions due to alongerinterlayer time from the 10-minute
wire changing can be seen in Figs. 10B and C, marked as
“kink”. These regions are not at the same z height as the
mesh size changes, with the largest difference in z height
between the local minimums being approximately 12 mm.

JANUARY 2026

11-s



12-s

Table 4 — Total Solver Time Across Mesh Sizes

Element Size 8 mm 4 mm 2mm 2mmX 2mmZ
Total Sa"‘)’e Time 0.33 2.35 49.97 9.32 4.36
x-Component of Stress y-Component of Stress
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Fig. 14 — Distribution of the magnitude of the stress components at integration points across element sizes.
Stresses in the z-dlirection had the largest range of stress distribution with a noticeable compressive peak.

This is attributed to the “lumping” of layers that occur with
alarger element size.

Comparison of Prediction with
Measurements

Due to the large surface irregularities of the WAAM pro-
cess, the midlines of the front and back surfaces of the wall
were calculated by averaging the two-surface data in Fig.
11. At an XZ plane aligned with the center of the part, the
frontand back surfaces were analyzed using point cloud data
from the manufactured part. The deformed profiles were
created by adding displacement data to the initial positional
data of each node. Using the midpoint formula, a line at the
center of the part was generated for comparison. Following
the calculation, the analyses’ midlines were linearly interpo-
lated to the same number of points as the measured data for
comparison. Comparing the predicted to the measured data
reveals that while both FEA and the actual part form kink
deformations (locally negative) at the layers where the wire
was changed, as shown in Fig. 11, the FEA possibly overpre-
dicted the magnitude of distortion at layers 74,160, and 213.
This is attributed to the machine seeking a restart location

WELDING JOURNAL

after the pauses on the deformed part and dynamically cor-
recting some of the pause-induced deformation. Additionally,
the locations of these deformations did not precisely match
the measured kinks in the z-direction in the FEA due to the
low spatial resolution (i.e., larger element size) with the 2
mm element size providing the closest agreement and the
smallest difference. The plotted midlines (see Fig. 11) show
agreater divergence of the analyses from the dataset in the
lower half (z < 250 mm) than in the upper half (z>250mm).
The maximum errors between analyses and measurements
were in this lower region.

The highest resolution modelsinincrement and mesh size
(25 s and 2 mm) had the lowest calculated absolute mean
differences relative to the measured surfaces in Table 3. The
relative percentage difference was 4.8% between 8 mmand
4 mmand 8.4% between 8 mm and 2 mm. Similarly, the rel-
ative percentage difference was 5.5% between 400 s and
100 s and 5.3% between 400 s and 25 s. The overall range
of mean differences across analyses was 0.172 mm. Given
the part dimensions of approximately 500 mm, this range
is considered relatively minor.
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Fig. 15 — Predicted residual von Mises stresses (MPa) across the curved wall face for different mesh strategies:
A — Schematic illustration of the directional meshing strategy, which in turn modifies the constraints with
respect to the motion of the heat source, biased meshes of B — 2 mmX; C — 2 mmZ.
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Fig. 16 — Comparison of predicted results from directionally biased meshing to standard meshing strategy:
A — Displacement; B — von Mises stress in x direction for the 2 mm, 8mm, and mesh sizes.

Predicted Residual Stress Distributions

Comparisons of von Mises stress distributions at different
time step sizes of (a) 400 s, (b) 100 s, and (c) 25 s and ele-
ment sizes of (d) 8 mm, (e) 4 mm, and (f) 2 mm are shown in
Fig.12. The comparison shows a noticeable effect of spatial
resolution (i.e., element size) on residual stress distribu-
tions in Figs.12A-C, while the time increment had a minor
impact on the stress distribution in Figs.12D-F. High-stress
regions were observed on both sides of the wall front in Fig.
12A and 12D-F, forming two vertical, columnar-like bands.
High stresses were observed near the side edges, creating
columnar stress patterns along the z-direction, while weaker
stresses occurred near the central region in Figs. 12A and

12D-F. The deposited heat flowed toward the part center
and down to the cooler substrate along the build direction.
Consequently, itled to the largest shrinkage toward the cen-
ter-build direction, resulting in a depression at the top-center
and on each vertical side. This pattern was observed in neu-
tron diffraction measurement (Ref. 32). In curved walls, the
forward bending moment increases the stress levels in the
x-direction. With smaller element sizes of 4 mm and 2 mm
in Figs.12B and C, the high-stress regions disappeared from
the sides. The time increment had an impact on the width of
these regionsin Figs.12D-F; however, they still had maximum
von Mises stresses on the sides of the wall front.

Figure 13 shows x-component stress variations, o _, along
the horizontal line shown in Fig. 6. The stress distributions at
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Fig. 17 — Predicted magnitude of stress components at integration points across hybrid and 2 mm meshes.

the three time increments with an 8 mm element size in Fig.
13Aare analogous, showing high-tensile stresses at the sides
and compressive stresses in the center region of the wall. The
stresses across the time increments converge most closely at
the center, with the greatest differences observed at the edges
of the wall. In Fig.13B, the larger element size of 8 mm shows
higher tensile stresses around 85 MPa compared to 25 MPa
forthe 4 mmand 2 mm element sizes. Without measured data
for the residual stresses, it is assumed that the highest-reso-
lution mesh, 2 mm, generated the most reliable stress state.
The peaks observed with the 8 mm element size might have
been inaccuracies resulting from the low mesh resolution.

For further statistical analysis, the stress values of each
directional component (x, y, and z) were extracted from all
elements across the wall at each integration point. The values
are plotted in histograms in Fig. 14 using a bin size of 50 MPa.
Although the overall trends in stress distributions are fairly
similar, observable differences are found in each directional
component. The x-component stresses in Fig. 14A range from
-100 MPa to +100 MPa, showing the lowest magnitude of
stress distribution compared to the y-component (-200
MPato +300 MPa) in Fig. 14B and the z-component (-400
MPato +350 MPa) in Fig.14C. The y-component of stresses
in Fig. 14B trends toward more tensile in the finer meshes,
while the 8 mm size shows stronger compressive stressesin
comparison. Stresses in the z-direction had the largest range
of stress distribution with a noticeable compressive peakin
the range of -100 MPa to O MPa, which may be numerical
inaccuracies caused by the large element size.
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Fig. 18 — Comparison of wall-clock solution times
relative to simulation #1 (400 s and 8 mm).

Directional Meshing Scheme

Since the predicted residual stress distribution showed sen-
sitivity to mesh size (i.e., different constraints on the meshes
leading to different gradients of plastic strain gradients), we
investigated the impact of element geometry. Two additional
meshes with directionally higher resolutions were created in
Fig.15A. Each approach used biased meshes with an element
length of 8 mm in two directions and 2 mm in the third. Mesh
“2 mmX” was 2 mm in the wall thickness direction, while “2
mmZ” had a higher resolution in the build height direction.
The 2 mmZ meshing strategy generated a mesh closer to
some approaches seen in the literature, which respects the



layer-wise deposition of the AM process by using an element
height equal to the layer height. Since the 8 mm mesh con-
sisted of only two elements in through-thickness, the 2 mmXx
strategy was deployed to improve the transversal resolution of
the model, because the o, showed the greatest discrepancy
in distribution and magnitude with respect to element size in
the previous experiment. Models for each of the new meshes
used a 400 stimeincrement. Figure 15B and C shows the von
Mises stress distribution across the curved wall comparing
biased mesh sizes of 2 mm in the x-direction, 2 mmX, and 2
mm in the z-direction, 2mmZ. Interestingly, the 2 mmX mesh
resembles the initial case with a2 mm element size, while the
2 mmZ mesh shows a stress distribution similar to the 8 mm
element size.

Figure 16 shows the distribution of displacement and stress
inthe x direction along the build direction. Looking at the dis-
placements, as expected, the distortion behavior was similar
regardless of element sizes and types. However, the 2 mmZ
mesh, shown in green, showed a larger deviation in displace-
ment toward the top of the part compared to the others, as
shown in Fig. 16A. The stress distributions shown in Fig. 16B
support that the 2 mmX mesh, shown in blue, produced a
stress distribution closer to that of the initial 2 mm element
size mesh. Similar to the previous analysis shown in Fig. 14, the
distribution of stress components is shown in Fig. 17.

Computational Costs

Total solver times for the 2 mmX and 2 mmZ meshes are
compared in Table 4; the 2 mmX case was able to generate
similar stress results to the highest spatial resolution case
with a 91.3% reduction in solver time in Fig. 18. Decreasing
the element size from 8 mm to 2 mm resulted ina ~49.6 h
increase in solver time, while decreasing the time increment
from 400 s to 25 s resulted in a ~0.8-h increase. The solver
time behaved as expected; adding more increments to solve
is less computationally expensive than increasing the time to
solve perincrement.

Figure 18 shows the solution times witha common reference
frame by normalizing each model’s thermal and mechanical
computation time by the baseline 400-s, 8 mm case. Decreas-
ing increment size had a larger influence on thermal solution
time than mechanical solution time; for the 25 s case, the ther-
mal analysis took 12.7x longer to solve, while the mechanical
analysis took 4x longer to reach a solution. This is because the
smaller increment sizes had sharper thermal gradients with
higher maximum temperatures, thus needing to accommo-
date alarger range of temperature-dependent properties for
a given increment. Regarding the hybrid meshing scheme,
the 2 mmX model was 21.2% slower than the initial model,
while the 2 mm model was 212.8% slower. The difference in
mechanical solution times between the two biased meshing
approaches (2 mmz and 2 mmX) can be attributed to the 2
mmZ analysis, which involves more complex element activation
for each layer along with a more number of reheating events.

Implications of the Current Research

In general, the size of the time increment and element sig-
nificantly influences both the quality of the simulation and
the overall computation time. A large element size may fail to
capture changes of thermal and mechanical behaviorin local
areas. A large time step size may miss important details in
peak temperature and thermal gradients near the heat source.
Both time increment and element size were varied with rela-
tively low impacton the predicted distortion. When deploying
FEA to understand the relationship between geometry and
bulk distortion behavior in a part, lower resolution models
can offer a pathway to rapid prediction and design iterations
due to the extreme computational speed. Anincrease in ele-
ment size came with a large reduction in computational cost.
This approach could also be used to get an approximation of
whetherthe maximum distortion of a geometry will be withina
provided tolerance. The caveat that must be considered is that
adecrease in mesh and increment fidelity will not necessarily
provide a physically accurate look into the thermal history
and residual stress development from the WAAM process.
An additional avenue to explore is the implementation of the
same investigation on larger geometries with higher degrees of
complexity. For further verification and validation, it isimport-
anttoinvestigate whether biased meshesyield similar results
on non-wall geometries. By evaluating the impact of model
resolution across various geometries in large-scale WAAM
parts, best practices in meshing and time incrementation
can be established for efficiently predicting displacement
and residual stresses. A final note is that these findings are
not specific to the software used in this research and will be
similar in all finite element methodologies. To arrive at best
practices, the AM community must perform V&V across dif-
ferent classes of geometries to arrive at consistent residual
stress and distortion measurements with pragmatic mesh
size and time resolution. Further experimentation, such as
neutron diffraction, must be conducted to measure residual
stress distribution and phase transformation across the whole
sample with voxel-by-voxel resolution (Ref. 42) across simple
to complex WAAM geometries, similar to the work performed
on L-PBF and E-PBF samples (Ref. 43). Furthermore, we rec-
ommend round-robin modeling and measurement of both
residual stress and distribution in WAAM samples with con-
trolled geometries, scan paths, and process parameters to
improve consistency. Such evaluations have been performed
before for the modeling of welds (Ref. 44).

Conclusions

The effect of time increment and element size on the
calculation of distortion and residual stresses has been
investigated on a part-scale curved-wall with dimensions
of approximately 500 mm tall x 500 mm wide. The results
provide a pathway to perform verification and validation of
computational models for optimization of large-scale WAAM
parts. The calculations showed that the time increment had
a greater impact on the thermal history than the element
size. In contrast, the element size significantly affected the
residual stress distribution with a smaller effect on distor-
tion. Across all cases, nodal displacement yielded consistent
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results; similar patterns of displacement were present across
the models, and the largest difference between predicted
maximum displacement in any direction was less than 0.2
mm. In contrast, element size had a greater impact on
residual stress distributions, resulting in regions of higher
residual stress across the sides of the wall front. The high-
stress regions forming two vertical, columnar-like bands
were found only at a large element size of 8 mm, notat 4 mm
and 2 mm; as the element size was decreased, the maximum
value decreased and shifted toward the edge of the part. The
differencesinthe distribution of stress results between 8 mm,
4 mm, and 2 mm could be attributed to the very low spatial
resolution perpendicular to the tool path. The directionally
biased meshes confirmed the influence of the spatial reso-
lution in different directions (i.e., perpendicular to the tool
path and build direction). The results showed that a finer mesh
size perpendicular to the tool path improves the prediction
of residual stress, closely matching the high-resolution cases
with 2 mm elementsin all directions. In conclusion, increas-
ing both the time increment and element size has relatively
little impact on distortion prediction. When using FEA to
understand the relationship between geometry and overall
distortion behavior, lower-resolution models offer a practical
pathway for rapid prediction or for analyzing meter-scale,
large-part deformation due to substantial computational
time savings.
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