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Abstract: Welding-induced geometric deviations remain a critical challenge in industrial manufactur-
ing, particularly in achieving high-precision assembly. This study investigates the effects of welding
path directions, sequences, and locating schemes on the displacement of welded assemblies, focusing
on minimizing geometric deviations. Using finite element method (FEM) simulations and a design of
experiments (DOE) approach, the interactions between these parameters were systematically ana-
lyzed. Results show that the locating scheme plays a dominant role in controlling displacement, with
optimal configurations significantly reducing geometric errors. Welding sequences were also found to
have a considerable impact, further minimizing distortions when appropriately optimized. The effect
of weld path direction, while less significant for simpler geometries, became more pronounced in
assemblies with curvature. These findings pinpoint the necessity of integrating a combined factor
approach, including fixturing, welding sequence, and path direction, to optimize and improve the
geometric quality of welded assemblies.

Keywords: weld path; locating schemes; sequence; geometric quality

1. Introduction

Welding is a fundamental industrial joining process involving the joining of materi-
als, typically metals or thermoplastics, through the application of heat, pressure, or both.
The geometric deviation of welding operations or other assembly operations directly influ-
ences the structural displacements of the final product due to the exerted heat and forces
during the operation. Displacement during welding, which refers to the unintended move-
ment or deformation of the workpiece, poses significant challenges, leading to dimensional
inaccuracies and potential failures in welded structures [1-3].

Despite advancements in welding technologies, controlling and minimizing displace-
ment remains a persistent issue. With the enhanced computational power, the state of the
art focuses on combining data-driven models and physics-based simulation to control the
geometric displacements during assembly [4-6]. Factors such as welding path directions [7],
fixturing [8] of the workpiece, and welding sequences [9] interact, making the prediction
and optimization of their combined effects complex on displacement. Traditional trial-and-
error approaches to parameter optimization are time-consuming and resource-intensive,
underscoring the need for more systematic and efficient methodologies.

1.1. Influence of Fixturing

The fixturing of the workpiece has a considerable impact in any assembly process [10].
The typical assembly process includes positioning the components in the fixture on a set
of predefined coordinates, also known as the locating scheme, and clamping the parts.
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Later, the parts are joined together, here by welding, and then released from the fixture.
After releasing the parts from the fixture, springback will occur, and the final shape and
displacement of the assembly will be determined [11,12]. Locating schemes play a crucial
role in a product’s robustness and are the main focus of the geometry assurance process [13].
The main purpose of the locating scheme is to lock degrees of freedom between the local
part, sheet metal, and the target part, fixture, in a three-dimensional space. The scheme
represents an orthogonal or non-orthogonal N-2-1 positioning system. In sheet metal
assemblies, locating schemes are often over-constrained due to their non-rigid behavior to
compensate for additional forces, i.e., gravity [14,15]. Several studies have been performed
optimizing the fixturing points to reduce geometric deviation [16-19]. Phoomboplap
and Ceglarek introduce a new approach to optimize fixture layout and thereby improve
process yield in a given multistation assembly system. They emphasize the part and
subassembly, locating stability and robustness to minimize product geometric variations.
Franciosa et al. present a fixture capability measure to optimize the layout of locators and
reference clamps, compensating for stochastic product variations and part deformation
to improve assembly process yield and reduce the risk of product failures [17]. Xing
introduces a fully automated method for optimizing fixture layouts by combining computer-
aided tolerancing (CAT) simulation for dimensional analyses with global optimization
algorithms, specifically the social radiation algorithm (SRA) and a genetic algorithm to
enhance computational efficiency of the associated optimization problem [18]. Although
several studies have studied the influence of fixturing, the interaction of the locating scheme
and the welding parameters, namely, sequence and path direction, remains unexplored.
In this study, the interaction between welding-related parameters and locating schemes
is analyzed.

1.2. Influence of Welding Sequence

Welding sequence refers to the the order of applying the welds on a geometry. The se-
quence of the joining process is known to have a prominent impact on the distortion of
the geometry [20]. The optimization of this sequence aims to determine the best joining
sequence to achieve specific objectives, such as minimizing distortions or residual stresses.
Due to the complexity of the problem, simulation-based methods are widely used, often
combined with heuristic approaches derived from industrial practices. Early studies by
Fukuda and Yoshikawa introduced a discrete method that divided the continuous welding
path into smaller segments, optimizing the sequence to minimize local shrinkage and travel
distance [20]. Subsequent research applied finite element simulations (FEM) to evaluate
the effects of different sequences on distortion and stress in welded structures [21]. Various
optimization algorithms, including genetic algorithms (GAs), have been employed to solve
the combinatorial nature of the sequence problem for both continuous and point-based
joining methods. Studies by Huang et al. [22] and Xie and Hsieh [23] applied a GA to reduce
deformation and cycle time in spot welding, while others have focused on minimizing
geometric deviation and variation in an assembly [24,25]. Similar to locating schemes,
studies on welding sequences are often performed in isolation, disregarding the impact of
the sequence parameters, which is addressed in this paper.

1.3. Influence of Weld Path

A weld path, or weld segment, is commonly encountered in continuous seam welding
processes like TIG or laser welding. Each segment, also known as a weld pass, can be
executed in either a forward or backward direction. To minimize distortion during welding,
the weld paths that join components must be carefully selected [26,27]. This can involve
breaking welds into shorter subwelds and adjusting the sequence and direction of these
subwelds [9]. During welding, the localized heat causes expansion in the weld zone, while
surrounding cooler areas restrain this expansion. As the weld cools, contraction occurs.
The path of the weld determines how these expansions and contractions distribute within
the structure, influencing the overall distortion patterns. The direction of the weld path
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can either amplify or reduce the residual stresses created by thermal expansion and con-
traction [28]. If the weld path is planned to balance heat distribution, distortions can be
minimized. The influence of the weld path and the sequence are often studied intercon-
nected in an optimization framework, where FEM simulation models are often utilized to
predict the behavior of the assembly [29,30]. Genetic algorithms have been studied exten-
sively for the optimization of weld paths due to the similarity to the travelling salesman
problem [29,31,32]. Asadi and Goldak proposed a surrogate model to solve the coupled
weld sequence and weld path problem [7]. Wang et al. performed a literature review on the
optimization of the weld path considering the cycle time for robot planning, where several
studies are mentioned addressing the problem with a meta-heuristic algorithm [33]. This
paper focuses on studying the influence of the direction of the weld path and sequence
while considering the fixturing of the components to reduce distortion, which is the core
structural optimization problem under investigation.

1.4. Scope of This Paper

This study focuses on evaluating the key assembly and welding parameters, specif-
ically welding path directions, locating schemes, and welding sequences, to minimize
displacement during welding processes. Although extensive research has been performed
studying welding process parameters and their optimization individually, the coupled
effect of the specified assembly parameters has not been studied. In this paper, using
the design of experiments and finite element method (FEM) simulations, the interactions
between the three parameters, weld sequence, path direction and locating schemes, is
evaluated to understand their combined effects. The goal is to enhance the geometric
quality and precision of welded structures by reducing displacement. The rest of this paper
is organized to provide methods, results, discussion, conclusions, and future work.

2. Method

To study the impact of weld sequences, weld path direction, and locating schemes,
a design of experiment (DOE) approach was taken. Due to the infeasibility of physical
experiments for combinatorial problems, this study considered simulation experiments.
The FEA simulation experiments were performed for the parameters, and the individual
and coupled effects were studied. In the following, the details of the simulation model and
the DOE approach are presented.

2.1. Welding Simulation

The simulation method utilized in this paper consists of two approaches. Initially, the
fast response method was utilized for screening purposes. This approach integrates the
new heat source model for keyhole mode laser welding presented in [34] with the Convex
Volumetric Shrinkage (CVS) method for welding distortion simulation presented in [35].
The combined approach focuses on accurately simulating weld-induced distortions while
ensuring computational efficiency. First, the heat input during welding is modeled using a
combination of a Gaussian surface heat source and an upside-down cone to represent the
“nail head” and the keyhole regions, respectively. The Gaussian heat source simulates the
diffusive surface heat distribution, while the cone simulates the deeper penetration caused
by the laser’s keyhole effect. The heat input is governed by the following equations:

Qs =nfsQ, Qe =n(1—f5)Q 1)

where Q is the total power, f; is the surface heat fraction, and 7 represents the efficiency.

Next, the Convex Volumetric Shrinkage (CVS) method is employed to simulate the residual
distortion induced by welding. The CVS method consists of three main steps: First, a
steady-state thermal analysis is performed to calculate the temperature distribution along
the weld path using a moving reference frame. The temperature above the melting point
is used to identify the melt zone. Second, the melted zone is determined by identifying
all nodes with temperatures above the melting point. A convex hull is generated around
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these points to define the region of melted material. Thirdly, the melted zone is subjected
to volumetric shrinkage as the material cools. This step assumes linear elastic shrinkage
to predict the residual stresses and distortions. The temperature drop from the melting
point to room temperature is applied uniformly to the nodes within the melted zone.
This combination of a new heat source model with the CVS method provides an efficient,
hence accurate, approach to simulate welding processes. This method is validated against
experimental data, showing agreement in both weld bead geometry and residual distor-
tions [34]. The CVS method significantly reduces computational time compared to full
transient thermo-elasto-plastic simulations, making it suitable for applications requiring
numerous simulations, such as variation analysis. To implement the above approach, a
FEM simulation model was established, simulating the welding outcome with the above
approach and screening the locating points.

The second approach involves full thermoplastic and transient simulation solving
the heat transfer and the mechanical deformation at time steps for simulation of weld
sequences and path directions. This method is also extensively validated by performing
simulation and physical experiments [36]. The welding path is introduced to the model as
a set of points of the geometry mesh, where the weld is applied and the direction of the
weld path is set as the starting and end points in this set. Furthermore, the weld sequence is
introduced by creating different sets of points representing the weld segments and applying
the welding heat path to the segments in an orderly fashion. To represent the fixturing
during the welding, the boundary conditions are applied to the nodes, locking the rotations
and the translations in a given direction. The positioning system is introduced as six
boundary conditions for each part included in the assembly. After welding is performed,
the springback is calculated by negating the calculated after-weld displacement in the
position of boundary conditions while the assembly is held in a measurement fixture.
Figure 1 visualizes a model setup for welding experimentation, visualizing the weld paths,
their sequences, and the locating schemes represented by the fixturing points.

Fixture points representing
A1-A3, B1-B2, C1 Datum points
for Part 1 and Part 2.

S8 Weld H

Weld G

Weld F

i
Weld paths (Weld F-H) and their
directions.

z

Figure 1. Assembly I—assembly of two INCONEL 718 metal plates with three weld segments F, G,
and H.

2.2. Reference Assemblies

Assembly I consists of two metal parts. Three weld segments connect the parts together
on the cross section of the two parts as butt welds. Figure 1 visualizes the prepared FEM
model of the assembly. The basic geometry of the plates allows for understanding the
locating scheme and welding sequence behavior. The positioning points for a near-optimal
locating scheme are shown in Figure 1, with the thick arrows marked with A-B-C flags
representing A, B, and C datum points. The welding paths and forward direction are
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shown with the black arrows specified by Welds F-H, and the initial starting points and
end points are shown by P1 and P2 for each segment. The sheet thickness for both parts
is 3 mm. An ellipsoidal heat source, with a front length of 2, rear length of 4, width of 4,
and depth of 1 mm, is utilized in this model. The weld geometry is considered as having
a length of 1, width of 1, and height of 3 mm. The liquid and solid temperatures are set
to 1523 and 1512 °C, respectively, and for the transient hull, the max temperature is set to
2000 °C with a keyhole feature of size 0.1 with a width of 4 and depth of 1 mm.

Assembly II consists of two metal parts. Three butt-weld segments connect the parts
together at the position of the interface of the two parts. Figure 2 visualizes the prepared
FEM model of the assembly. This assembly has more curvature and complex geometries
and has an industrial use case in the aerospace industry. The positioning points for the
near-optimal locating scheme, the welding paths in the forward direction of Welds F-H,
and the initial starting points and end points are shown. The thickness for both parts is
3 mm. An ellipsoidal heat source, with a front length of 2, rear length of 4, width of 4, and
depth of 1 mm, is utilized in this model. The weld geometry is considered as having a
length of 0.2, width of 6, and height of 0.4 mm. The liquid and solid temperatures are set to
1300 °C, and for the transient hull, the max temperature is set to 2000 °C with a keyhole
feature of size 0.1 with a width of 4 and depth of 1 mm. The material of the parts for both
assemblies is nickel-chrome-based super alloy INCONEL 718.

‘Weld paths (Weld F-H) and their

directions.

Fixture points representing
A1-A3, B1-B2, C1 Datum points
for Part 1 and Part 2.

Figure 2. Assembly Il—assembly of two INCONEL 718 metal parts with three weld segments F, G,
and H.

In order to identify three levels of the locating scheme, an isolated screening of the
parameter is performed. For this, the 6 locating points and their directions are considered
as a decision variable in a Bayesian optimization routine to minimize the root mean
square (RMS) of displacements in all the FEM nodes in the assembly. This displacement
corresponds to the displacement of the assembly after welding and releasing the parts
from the given locating scheme. Therefore the reported displacements are after cooling and
springback. This screening was performed with a CVS approach where the simulation is
not time-dependent, and thereby, the influence of the sequences and weld path direction
is not taken into consideration. For Assembly I, 100 runs were performed to screen the
behavior of the assembly using the different locating scheme inputs. For Assembly I, this
screening was performed for 500 runs due to the geometric complexity of the assembly.
The outcome of this screening is presented in Figure 3. For Assemblies I and II, three and
two locating schemes from the lower and upper bounds and the mean of the screening
outcome were chosen, respectively, representing near-optimal (N-O), mean, and non-ideal
(N-I) solutions for the DOE presented in the next section. These levels for both assemblies
are shown in Figure 3a,b.
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Figure 3. Screening of the locating scheme parameter with respect to the RMS of the displacements
after welding and springback for the reference assemblies. (a) Reference Assembly I, (b) Reference
Assembly II

2.3. Design of Experiments

This study employed the Taguchi orthogonal array approach to study the afore-
mentioned welding parameters affecting displacement. The approach, renowned for its
efficiency in designing robust experiments, was selected to systematically evaluate the
influence of multiple factors with a minimal number of experiments [37]. An L36 orthogo-
nal array was utilized, accommodating five factors, where three represented the welding
direction at two levels, forward and reverse. The locating scheme factor was represented
by three levels, where we introduced three locating scheme layouts: non-ideal (N-I); mean,
representing a solution close to the mean displacements during screening; and near-optimal
(N-O). These layouts were derived from an optimization routine identifying the optimal
locating scheme layouts. Finally, the welding sequence included three levels of combina-
tions of the weld path segments, F, G, and H, to assess their individual and interactive
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effects on welding displacement. The three sequences were derived after evaluating all the
sequence combinations and choosing the solutions that resulted in optimal (N-O), non-ideal
(N-I), and median displacement. Five key factors were identified as critical to welding
displacement and studied in this paper, and they are listed in Table 1.

Table 1. Sequence optimization results.

Factor Description Levels
G Path G direction —1: reverse, 1: forward
H Path H direction —1: reverse, 1: forward
F Path F direction —1: reverse, 1: forward
E Locating scheme 3 levels: 0: mean, 1: N-I, 2: N-O
S Welding sequence 3 levels: 0: median, 1: N-I, 2: N-O

For Assembly II, due to the complexity of the geometry and enhanced simulation
times, the locating scheme and welding sequences were reduced to two levels, N-I and
N-O. The analysis in the second assembly is focused on the evaluation of the main effects.
The welding simulation experiments were conducted using INCONEL 718 alloy, chosen
for its high-temperature strength and corrosion resistance. The welding experiment used
an ellipsoidal heat source with a power of 2.5 KW and an effect of 75%. The details of the
heat source model are specified for each assembly in Section 2.2. A total of 36 simulation
experimental runs were performed following the L36 orthogonal array design for Assembly
Iand L8 for Assembly II. Each run corresponded to a unique combination of factor levels
as specified in the experimental design. The welding simulation was carried out under
controlled conditions, changing the parameters according to the experimental plan. The
complete plan is provided in Appendix A. Post-welding after springback, displacement as
the root mean square of displacement in all the nodes was measured using the full transient
FEM simulation.

2.4. Data Analysis

The collected data underwent several preprocessing steps to ensure their suitability
for statistical analysis. The binary weld path factors F, G, H, were encoded as —1 and 1 to
represent the two levels, the reverse and forward directions. The locating scheme, factor D,
was encoded using one-hot encoding, creating separate dummy variables for each level,
reference, N-I, and N-O, while excluding the reference category to avoid multicollinearity.
The welding sequence factor E was encoded into three dummy variables corresponding
to each welding sequence combination for Assembly I and two variables for Assembly II.
After gathering all the required experiment data, the statistical analysis was conducted to
assess multicollinearity among predictors. As capturing high-order interactions between
the factors results in model instability due to the limited data in this experimental design,
model reduction was utilized to capture the effect of the most significant factors and
their interactions. For this purpose, the variance inflation factor (VIF) was calculated for
each predictor to determine multicollinearity levels among the factors. Later, the analysis
of variance (ANOVA) approach was taken to identify the significant main effects and
interactions influencing welding displacement. The ANOVA model included main effects
and significant interactions based on initial screening. To verify the assumptions of ANOVA,
including normality and homoscedasticity, the residual plots were captured and evaluated.
Furthermore, the normal quantile-quantile plot was established to evaluate the normality
of residuals. Later, the plots of the main effects and interaction plots were utilized to further
evaluate the influential factors. All data analysis was conducted using Python, utilizing the
statmodels package for statistical modeling and ANOVA.

3. Results

The orthogonal array for the L-36 and L-8 experiments was established according to
Section 2.3, and the simulation model was established following the methods in Section 2.1
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for the two reference assemblies, Section 2.2. For Assemblies I and II, the summary statistics
of the gathered data are presented in Table 2. The descriptive statistics for the root mean
square (RMS) of the displacement in all the nodes by changing the parameters of weld
path direction, weld sequences, and locating schemes, according to the DOE plan, are
summarized in Table 2. The range of the displacement is 0.4714 mm, compromising
80% for the maximum displacement achieved. For the second assembly, the range of the
displacement achieved is 4.293 mm, which compromises 84% of the maximum displacement
achieved. This overview provides insight into how much a potential optimization of the
parameters can improve the geometric accuracy after welding.

Table 2. Summary statistics of DOE data.

Statistic Disp. Assembly I Disp. Assembly II
Mean 0.275 mm 2.218 mm
Standard deviation 0.183 mm 1.761 mm
Minimum 0.117 mm 0.804 mm
Maximum 0.588 mm 5.097 mm
Median 0.172 mm 1.540 mm

Preliminary screening with the regression model revealed that the higher-order inter-
actions could not be taken into consideration due to perfect multicollinearity between the
parameters as the outcome of the VIF analysis. For this reason, the models were reduced to
take into account only the interactions among the significant parameters. For Assembly
I, the ANOVA model considered the main factors, including the welding sequences, the
locating schemes, and the weld path direction of weld segments F and G. Weld segment
H’s direction was insignificant and was left out from the model. The two-way interaction
between the welding sequences and the locating scheme were also included in the linear
regression model as predictors. To evaluate multicollinearity among the predictors, the VIF
was calculated for each predictor. All VIF values were below the threshold of 5, indicating
low to moderate multicollinearity within the model. The VIF results are presented in
Table 3. For Assembly II, due to the geometric complexity and simulation time, the number
of experiments was reduced, and therefore only the main effects were studied.

Table 3. Variance inflation factor (VIF) for each predictor.

Predictors VIF Assembly I VIF Assembly II

F weld path 1 1

G weld path 1 1

Locator scheme N-O 1.33 1

Locator scheme mean 1.33 1

Sequence N-O 1.33 1

Sequence N-I 1.33 1
Locating scheme N-O and weld sequence N-O 1.78 N/A
Locating scheme mean and weld sequence N-O 1.78 N/A
Locating scheme N-O and weld sequence N-I 1.78 N/A
Locating scheme mean and weld sequence N-I 1.78 N/A

3.1. ANOVA Analysis

To determine the significance of the main effects and interaction effects on welding
displacement, an ANOVA was conducted. The null hypothesis assumes that the factors
under study do not affect the response variable. The results of the ANOVA are detailed in
Table 4.

Table 4 clearly provides insight into the dominating factors contributing to the vari-
ation in the results, where the locating scheme has a significant dominance among other
predictors given the large F-statistics and small p-Values < 0.05. With the same analysis,



Appl. Sci. 2024, 14, 11144

9of 18

the direction of the weld path appears to be negligible given the small F-values and the
relatively larger p-Values.

Table 4. ANOVA results for welding displacement.

Predictor Sum of Squares df B p-Value
Assembly I

Locating scheme 13.08 2 3088.95 0
Sequence 0.30 2 70.37 0
Main weld path (F) 0.01 1 1.60 217 x 1071
Secondary weld path (G) 0.01 1 0.21 5.52 x 107!
Locating scheme and sequence 0.25 4 29.65 3.66 x 1077
Assembly II

Locating scheme 15.46 1 182.74 0.0054
Sequence 3.02 1 35.75 0.0268
Main weld path (F) 3.03 1 35.89 0.0267
Secondary weld path (G) 0.003 1 0.04 0.8637
Tertiary weld path (H) 0.008 1 0.01 0.7804

3.2. Residual Analysis

Figure 4 displays the residuals plot for Assembly I, where a larger dataset is available.
The residuals plotted against the fitted values exhibit a random scatter around the zero line
without any discernible patterns or systematic structures. This randomness indicates that
the assumptions of constant variance of residuals and linearity are satisfied. The consistent
spread of residuals across all levels of fitted values suggests that the model adequately
captures the underlying relationship between the predictors and the response variable.

Residuals vs Fitted Values

0.100

0.075 A

0.050

0.025

Residuals

0.000 +—z == - —————— P
—0.025 -

—0.050 4

—0.075 4 [ ]

T T T T T
-14 -1.2 -1.0 -08 —-0.6

Fitted Values

T T T T
—-2.2 -2.0 -18 -16

Figure 4. Residual-fitted plot for reference Assembly I.

Figure 5 presents the normal Q-Q plot for the residuals. This plot reveals that most of
the residuals align closely along the reference line, indicating that they are approximately
normally distributed. This alignment suggests that the normality assumption of the residu-
als is reasonably satisfied, which is crucial for the validity of parametric tests within the
regression framework. Minor deviations observed at the tails of the distribution indicate
slight departures from normality, which are common in practical data analysis. These
minor deviations are unlikely to significantly impact the results due to the robustness of
statistical tests against mild violations of normality. Overall, the approximate normality of
the residuals confirms the appropriateness of the linear regression model and supports the
validity of the hypothesis tests and confidence intervals computed in the analysis.
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Quantile-Quantile Plot of Residuals
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Figure 5. Quantile—quantile plot for reference Assembly I.

Furthermore, the plots of the main effects and the significant interactions were gener-
ated to visualize the influence of each factor on welding displacement. Figure 6 illustrates
the main effects of the locating scheme, Figure 6a, welding sequences, Figure 6b, weld
path directions of the two dominant paths, Figure 6¢,d, and the interaction of the most
significant factors. For Assembly I, the significant factors were the locating scheme and the
welding sequences, Figure 6e f, respectively.
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Figure 6. Cont.
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Figure 6. Significant factors plot for Assembly I. (a) Locating scheme, (b) Welding sequence, (c) Weld
path F direction, (d) Weld path G direction, (e) Interaction between locating scheme and sequence,
(f) Interaction between sequence and weld F direction.

For Assembly II, the main effects were the locating scheme, visualized in Figure 7a,
followed up by the weld sequence, in Figure 7b, and the weld paths F and G, in Figure 7c,d,
respectively. The main interactions were between the locating scheme and the welding
sequence visualized in Figure 7e and the interaction between the sequences and the weld
path F’s direction, Figure 7f.

In both assemblies, the locating scheme, representing the fixturing points and the
orientation of those points, had a dominant influence on the displacements after welding
and springback. The second main factor for both assemblies was the welding sequence,
where changing the order of applying the weld segments was shown to have a significant
effect on the displacement after springback. Finally, the weld path direction, where the
forward or backward pass of the weld is determined, in both assemblies was shown to
be relatively less significant for the displacements after welding and springback.

Figure 8a visualizes the displacements of the assembly welded in the N-O locating
scheme and the optimal welding sequence and weld path direction. For Assembly I, this
was welding the segments in the order of F (—), G (=), and H (—), where (—) indicates
the backward direction. This is the opposite weld path direction shown in Figure 1.
With these settings, the root mean square (RMS) of displacements in all the nodes was
0.1169 mm. Similarly, for the second assembly, the displacements with the N-O locating
scheme and the optimal welding sequence and direction F (+), H (+), G (+) is shown in
Figure 8b. The (+) sign indicates the forward weld path direction, as shown in Figure 2.
The RMS of displacement for Assembly II with the specified settings was 0.804 mm.
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4. Discussion

The primary objective of this study was to evaluate the design parameters affecting
welding displacement using orthogonal arrays and simulation experiments. The analysis
encompassed evaluating the effects of welding path directions, locating schemes, and
welding sequences, along with their interactions. The results yielded several significant
insights into the factors influencing welding displacement.

4.1. Interpretation of Main Effects

The locating scheme, factor E, exhibited an extremely significant effect on displacement
after welding with close to zero p-Values, Table 4. Among the three levels, the near-optimal
(N-O) solution derived from the initial screening’s lowest displacements, followed by a
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solution close to the mean value derived from the screening, resulted in lower displacement
considering the welding sequence and direction of the welds. The real significance of the
locating scheme on the outcome of the welding is prominent in a sensitive positioning
system, which results in higher displacements, as visualized in Figures 6a and 7a. From
the screening of the locating systems, it can also be seen that near-optimal solutions have
a value closer to the mean of the displacements achieved with different locating scheme
solutions, while a sensitive, as opposed to a robust, solution results in higher displacements,
Figure 3. This analysis, in line with prior research on fixturing, indicates that a robust
locating scheme can effectively minimize displacement by ensuring better alignment and
stability during the welding process. The influence of locating schemes is consistent with
prior studies highlighting the importance of fixture design and workpiece stability in
reducing welding-induced distortions.

The welding sequence parameter also significantly influences displacement with close
to zero p-Values, Table 4. The identification of the optimal welding sequence with a fixed
locating scheme results in lower displacements. However, changing the locating scheme
also changes the welding conditions, which means that an optimal welding sequence with
one locating scheme does not necessarily result in lower displacements for all locating
schemes. This behavior can be clearly seen in Figures 6b and 7b for both assemblies.
This suggests that the order in which welding paths are executed needs to be optimized for
a fixed locating scheme, which often occurs in practice. The welding sequence significantly
influences heat distribution and residual stress minimization, thereby reducing overall
displacement.

For the weld path direction, changing the forward and backward weld passes did not
result in high variability in the experiments performed for Assembly I. The maximum range
of displacement achieved by changing the path directions and keeping the locating scheme
and the welding sequences constant was 0.094 mm. However, in Assembly II, where the
weld was performed along a curvature, the path direction is shown to have significance. In
Assembly II, the initial weld path F is shown to result in lower displacement when welded
in the backward direction, opposite to what is shown in Figure 2. Furthermore, with the
N-I locating scheme and the N-I welding sequence, changing the path direction resulted
in a range of 0.516 mm. This result specifies that with sensitive locating schemes and N-I
welding sequences, the significance of the weld path direction increases. Therefore, the
optimization of displacements with respect to weld path direction, given the specified
condition, will result in higher-quality improvements.

4.2. Interpretation of Interaction Effects

Due to the significance of the locating schemes on the overall displacements after
welding, the interaction of the locating scheme with the other factors is of significance.
The two main factors in Assembly I were the locating scheme and welding sequences.
Figure 6e visualizes how these two interact for the N-O, N-I, and mean and median
solutions for the locating scheme and the welding sequences. As can be seen, a near-
optimal solution for the welding sequence resulted in lower displacements for the mean
and N-O locating scheme solutions. However, in a non-ideal locating scheme, a non-ideal
welding sequence resulted in minimum displacement, specifying the close interconnection
between the locating scheme and the welding sequences. For Assembly II, the N-O locating
scheme and N-O and N-I welding sequences resulted in similar displacement behavior;
however, in the case of the N-I locating scheme, the N-O welding sequence helped to
dampen the displacement by 56%, Figure 7e.

The interaction between Path F’s direction, which had the highest significance among
the three segments for both of the assemblies, and the welding sequences are studied in
Figures 6f and 7f. This study shows that a backward pass resulted in lower displacement
when the N-O (FGH) and median (HGF) welding sequences were utilized in Assembly
I. For the N-I welding sequence in Assembly I (HFG), the forward weld path resulted in
lower displacements. For Assembly II, the weld path F forward pass resulted in lower
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displacement for the N-O welding sequence (FHG), and for the N-I welding sequence
(GHF), the backward weld sequence resulted in lower displacement. This indicates that
the effect of path direction on displacement varies depending on the welding sequence
employed. This interplay underscores the necessity of considering combined factor effects
rather than isolated influences when optimizing welding parameters.

4.3. Contribution Analysis

Based on the sum of squares (ssq) analysis achieved from the ANOVA results, pre-
sented in Table 4, a contribution analysis of the significant factors is established in Table 5.
The sum of squares represents the total variability of each factor in the gathered experimen-
tal data. The contribution is calculated as

Contribution = % x 100, (2)

where i represents each factor and e is the residual ssq from the ANOVA analysis.

Table 5. Contribution analysis.

Predictor Contribution
Assembly I

Locating scheme 98.45 %
Sequence 2.19 %
Locating scheme and sequence 1.82 %
Main weld path (F) 0.07 %
Secondary weld path (G) 0.07 %
Residuals 0.39 %
Assembly II

Locating scheme 71.80 %
Main weld path (F) 14.11 %
Sequence 14.04 %
Tertiary weld path (H) 0.03 %
Secondary weld path (G) 0.01 %
Residuals 8.51 %

Based on the contribution analysis presented in Table 5 and the ANOVA analysis and
the supporting Figures 6 and 7, the following statements are derived:

*  Locating schemes: Adopting optimal locating schemes can substantially reduce dis-
placement, highlighting the importance of fixture design and workpiece stability in
welding operations.

*  Welding sequences: Strategic sequencing of welding paths can enhance displacement
control.

¢ Directional control: Precise control over welding path directions is essential in mini-
mizing displacement.

*  Combined factors: The significant interactions underscore the necessity of a holistic
approach in parameter optimization. The adjustment of one factor should consider
the levels of interacting factors to enhance displacement minimization.

Despite the robust findings, it needs to be considered that the inclusion of all
the interactions for combinatorial problems enhances the need for full factorial DOE
plans. This complexity can both be computationally infeasible in simulation experi-
ments and obscure the interpretability of individual predictor effects in the ANOVA
context. Furthermore, while FEM simulations provide valuable insights, physical weld-
ing conditions may introduce additional variables and uncertainties not captured in
the simulations. The inherent simulation inaccuracies also need to be included in the
analysis of the results.
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5. Conclusions

This study provided an in-depth analysis of how welding path directions, sequences,
and locating schemes influence the geometric precision of welded assemblies. Utilizing
finite element simulations and a design of experiments (DOE) approach, the individual and
combined effects of these parameters on post-welding displacement were systematically
evaluated. Among the factors studied, locating schemes emerged as the most critical
determinant of geometric displacement, significantly influencing the final displacements
and overall stability of welded components. Optimized locating schemes resulted in a
substantial reduction in geometric deformation after welding and springback, ensuring that
parts remained better aligned during and after the welding process. Welding sequences also
played a key role in reducing displacements, highlighting the importance of determining an
optimal order in which welds are applied to further minimize deformations. The influence
of weld path directions was found to be less impactful compared to locating schemes and
sequences, particularly in assemblies with simpler geometries. However, for assemblies
with more complex shapes, such as those with curvature, the weld path direction demon-
strated a more pronounced effect on geometric distortions. This suggests that while weld
path direction might be of secondary importance in simpler cases, it becomes crucial in
more intricate assemblies. Overall, this study emphasizes the importance of a combined,
systematic approach in optimizing welding parameters to enhance geometric accuracy and
reduce distortions in welded structures, resulting in precise and efficient welding processes
in industrial applications.

Future research includes extending the current work to more complex geometries and
materials and incorporating real-world physical experiments to validate the simulation
results further. This study highlights the need to explore the interaction between more
welding parameters, such as heat input and clamping forces, to refine the control of
distortions. Additionally, integrating advanced real-time optimization algorithms, such as
deep reinforcement learning, could further enhance the prediction and minimization of
welding-induced distortions across a broader range of industrial applications.
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Appendix A

The detailed simulation experimental plan is provided in the following table. For deriv-
ing the locating scheme and the welding sequence parameter settings over 100 simulation
runs for Assembly I and 500 runs for Assembly II were performed, see Sections 2.2 and 2.3.
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Table Al. Experimental plan.

Run Welding Sequence Locating Scheme Path Direction F(+1/—1)G(+1/—1)H(+1/-1)
Assembly I
1 FGH N-O +1, +1, +1
2 FGH N-O +1, -1, -1
3 FGH N-O -1, +1, +1
4 FGH N-O -1,-1, -1
5 HGF N-O +1,+1, —1
6 HGF N-O +1, —1, +1
7 HGF N-O -1,+1, -1
8 HGF N-O -1, -1, +1
9 HFG N-O +1, +1, +1
10 HFG N-O +1, -1, -1
11 HFG N-O -1, +1, +1
12 HFG N-O -1,-1,—-1
13 FGH Mean +1,+1, -1
14 FGH Mean +1, -1, +1
15 FGH Mean —1,+1,v1
16 FGH Mean -1,-1,+1
17 HGF Mean +1, +1, +1
18 HGF Mean +1, -1, -1
19 HGF Mean —1,+1, +1
20 HGF Mean -1,-1, -1
21 HFG Mean +1,+1, -1
22 HFG Mean +1, -1, +1
23 HFG Mean —1,+1, -1
24 HFG Mean -1,-1,+1
25 FGH N-I +1,+1, +1
26 FGH N-I +1, -1, -1
27 FGH N-I -1, +1, +1
28 FGH N-I -1,-1, -1
29 HGF N-I +1,+1, -1
30 HGF N-I +1, -1, +1
31 HGF N-I —-1,+1, -1
32 HGF N-I -1, —-1,+1
33 HFG N-I +1, +1, +1
34 HFG N-I +1, -1, -1
35 HFG N-I —1,+1, +1
36 HFG N-I -1,-1, -1
Assembly II

1 FHG N-O +1,+1, +1
2 FHG N-O +1, -1, -1
3 GHF N-O —1,+1, +1
4 GHF N-O -1,-1, -1
5 FHG N-I —-1,+1, -1
6 FHG N-I -1,-1,+1
7 GHF N-I +1,+1, -1
8 GHF N-I +1, -1, +1
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