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ABSTRACT In fiber laser beam welding (LBW), the selection of optimal processing parameters is challenging and
plays a key role in improving the bead geometry and welding quality. This study proposes a multi-objective optimization
framework by combining an ensemble of metamodels (EMs) with the multi-objective artificial bee colony algorithm
(MOABC) to identify the optimal welding parameters. An inverse proportional weighting method that considers the
leave-one-out prediction error is presented to construct EM, which incorporates the competitive strengths of three
metamodels. EM constructs the correlation between processing parameters (laser power, welding speed, and distance
defocus) and bead geometries (bead width, depth of penetration, neck width, and neck depth) with average errors of
10.95%, 7.04%, 7.63%, and 8.62%, respectively. On the basis of EM, MOABC is employed to approximate the Pareto
front, and verification experiments show that the relative errors are less than 14.67%. Furthermore, the main effect and
the interaction effect of processing parameters on bead geometries are studied. Results demonstrate that the proposed

EM-MOABC is effective in guiding actual fiber LBW applications.
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1 Introduction

Fiber laser beam welding (LBW) is an advanced joining
technology that is widely used to manufacture large
equipment (including those in aerospace, automotive, and
shipbuilding industries) [1-3], electronic instruments, and
medical devices [4-6] where stainless steel is a
commonly used weldment [7-9]. Given the high laser
electro-optical efficiency [10] and high energy density
[11] of the fiber LBW process, high welding speed and
deep penetration can be obtained [12]. However, the
performance of fiber LBW in certain areas could still be
improved further, and parameter optimization is one of
such areas. Studies have shown that many processing
parameters (e.g., laser power, welding speed, defocus
distance, and type and flow rate of shielding gas) can
considerably influence the LBW bead profile, thus
affecting the final welding quality [3,13,14]. Therefore,
bead geometry should be adopted as an indicator to guide
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the selection of processing parameters for good welding
quality.

Processing parameter optimization for LBW involves
establishing the nonlinear relation between the studied
parameters and the welding results, which is a
challenging task that is typically carried out through trial
and error [15]. Given the intrinsic complexity of LBW
processes, extensive human effort and high financial costs
are needed to conduct the required experiments, and
oftentimes, the insights gained are not proportionate to
the effort spent [3,7]. To address this issue, some studies
have used various modeling methods to optimize
processing parameters [16—19]. Among these methods,
metamodeling is considered a promising technique to
reveal the relationships between processing parameters
and welding results [20-24]. In this vein, Srivastava and
Garg [22] used the response surface method (RSM) in arc
welding to investigate the effects of process parameters
on bead geometries. Rong et al. [23] employed the back-
propagation neural network and genetic algorithm to
optimize the seam shape in laser brazing processes with
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welding crimping butt and conducted experiments to
demonstrate the feasibility of this method. Wang et al.
[24] combined the Gaussian process regression model
with the simulation results of laser direct energy
deposition to predict the geometrical characteristics of
cladding tracks by using various process parameters.
However, every metamodel has its own characteristic
[25], and no individual metamodel has been proven to be
the most effective for all applications [26]. Specifically,
RSM is suitable for the overall trend of data and excels in
fitting convex problems [27,28], whereas kriging (KRG),
radial basis function (RBF), and support vector regression
(SVR) are appropriate for multimodal and nonlinear
problems [28,29]. RBF is recommended for high-order
nonlinear problems, and KRG is recommended for low-
order nonlinear problems in high-dimension spaces
[26,30]. Thus, randomly selecting a metamodel may
increase the possibility of obtaining suboptimal results
[31,32]. The accuracy of an individual metamodel relies
mostly on the specific training sample set used and the
characteristics of the problems faced; therefore, the
selected metamodels may be inaccurate when new sample
points are employed [25,31].

Recognizing the drawbacks associated with relying on
an individual metamodel, this study presents an inverse
proportional weighting method that considers the leave-
one-out (LOO) prediction error to construct an ensemble
of metamodels (EMs) that incorporates the competitive
strengths of three individual metamodels and reduces the
risk of adopting an inappropriate individual metamodel to
guarantee accuracy for different output responses. The
constructed EM is combined with the multi-objective
artificial bee colony algorithm (MOABC) to develop the
proposed data-driven framework for optimizing the
processing parameters.

In the following sections, the experimental design of
Taguchi Lys (5%) for LBW on 316L is described. KRG,
RBF, and SVR are then integrated into the constructed
EM to build the relationships between processing
parameters and bead geometries. Next, MOABC is
employed based on EM to optimize the solutions in the
design space. The main effect and the interaction effect of
processing parameters on the experimental results are
investigated. Afterward, the reliability of the identified
processing parameters is validated through experiments.
The proposed data-driven approach, EM-MOABC, can
identify ideal processing parameters and serve as a guide
for fiber LBW in engineering applications.

The remainder of this article is organized as follows.
Section 2 presents the experiment details and the
employed equipment. Section 3 explains the proposed
methodology, including the data-driven models and the
algorithm wused. Section 4 presents the results and
discussion. The conclusions and future studies are
provided in Section 5.

2 Experiments

2.1 Materials

AISI 316L austenite stainless steel with workpiece
dimensions of 150 mm x 100 mm x 3 mm was used in
the fiber LBW process, and Table 1 shows its chemical
components. Before the LBW process, the specimen
surface was pretreated and degreased with acetone to
prevent the effects of oil or oxide films.

2.2 Equipment

The fiber LBW equipment shown in Fig. 1 was applied in
this study. The equipment included an IPG YLR-4000
fiber laser device, a shielding gas system, an ABB
IRB4400 robot, and a workbench. The maximum power
of this continuous fiber laser was 4000 W. The beam
parameter product of optical quality was 6.5 mm-mrad.
The inclination angle of the fiber laser beam with respect
to the vertical direction was set to 8° [33]. The diameter
of the laser light spot on the workpiece surface was about
0.6 mm, and the flow rate of the shielding gas (argon)
was set to 0.8 m3/h.

2.3 Design of experiments

Related studies have shown that the bead profile
geometries of LBW are mainly influenced by three
parameters, namely, laser power (P), welding speed (S),
and defocus distance (D) [3,16,34]. Bead width (W),
depth of penetration (D,), neck width (#;), and neck
depth (D,) are four prominent features of the bead profile
that significantly influence welding quality. Figure 2
shows a schematic of fiber LBW processing and the bead
profile.

Five candidate levels were determined for each
parameter to investigate the effects of P, S, and D on the
profile geometries of the welding bead. The design of
experiments (DOEs) was constructed using MINITAB19

Table 1 Chemical composition of AISI 316L stainless steel

Elements Mass proportion/wt.%
C <0.030

Si <1.000
Mn <2.000

P <0.045

S <0.030

Cr 16.000-18.000
Mo 2.000-3.000
Ni 10.000-14.000
N <0.100

Fe Balance
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software. Taguchi is an effective method that can
investigate the parameter space via a few experiments
[35]. Taguchi Lys (5%), the design of 25 groups of
experiments with three factors and five levels, was used
to perform the current experiments. Table 2 lists the
factor levels and values of DOE. The values of P, S, and
D were inputted into the LBW platform before the
experiments. Additional experiments were performed to
verify the effectiveness of EM-MOABC.

2.4 Experimental results

The experiments were conducted using parameters from
the DOE table. Table Al in the Appendix shows the

Table2 LBW experimental factors and levels

Factor level P/kW S/(m-min~") D/mm
1 2.000 2.50 0.0
2 2.375 2.75 —-0.5
3 2.750 3.00 -1.0
4 3.125 3.25 -1.5
5 3.500 3.50 -2.0

experimental results. The bead profile samples were
sectioned, molded, sanded, and wet polished finely to
obtain the results. Then, HCI:HNO3:H,0 (3:1:20 vol.%)
mixtures were used to reveal the fusion zone. The
geometrical characteristic of the bead profile was
measured with a microscope.

3 Proposed approach

3.1 Construct an EM

Metamodels are efficient multivariate statistical analysis
methods that can build the underlying relationships
between input variables and output responses [25,36],
which can be defined as

Y = f(x,a) +e, (1)
where x is the input value of the metamodel, Y is the
output response of the metamodel, a is the coefficient
vector of the metamodel, £ is the stochastic factor of the
metamodel, and f(-) is the approximation approach using
the metamodel. In this study, three metamodels (KRG,
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RBF, and SVR) were selected and integrated to construct
the data-driven EM. The supplementary file describes the
details of the three individual metamodels.

For one output response, the most accurate metamodel
among the three was selected, and the other metamodels
with less accuracy were discarded. In this way, the
advantages of the individual metamodels could be
inherited by EM when facing data of different output
responses. Specifically, the LOO cross-validation method
was used here. The generalized root mean square error
under the LOO method (Eg) and the generalized relative
maximum absolute error under the LOO method (Ey)
were calculated to measure the prediction accuracy of the
three individual metamodels for each output response. Eg
and E, are defined respectively as

m

> (fe) - fa)
Ey= \—— : 2)

J(x) = fx)
S(x)
where m is the number of sample points, f(x_;) is the
predictive response from the metamodel trained using full
data sets with the ith sample point excluded out, and f(x;)
is the actual experimental value of the ith sample point.
The lower the value of Eg and/or Ej, is, the more accurate
the metamodel is. Afterward, the most accurate one
among the three metamodels is selected for the
corresponding output response. Therefore, for various
output responses, different metamodels can be employed

to make accurate predictions.

In this study, an inverse proportional weighting method
that considers the LOO error size of the metamodel was
presented. The essential idea of this integrating method is
that the smaller the prediction error of a metamodel is, the
larger the weight that should be assigned to it. For an
output response, if two or more metamodels in the
candidates perform well and have a similar LOO error
size (Eq and/or Ej), to avoid the risk of randomly
choosing one, these metamodels can be integrated with
suitable weights. With the case of two metamodels as an
example, the weights can be defined as follows:

E, = max

‘, i=1,2,..,m, 3)

o = EY(E+ EE) “

-1

b = E(E\+ES) (5)

where k is the output response variable, »! and w} are
weights of the first and the second metamodel for the
variable %, and E' and E% denote the LOO errors (Eg or

Eq) of the two selected metamodels for output variable £.
The relation can be formulated as follows:

Fi(x) = & Fr(x) + ok fA(), (6)

where f¥(x) is the prediction value of the integrated EM
for output variable k, and f¥(x) and f*(x) denote the first
and the second metamodel selected for the variable .

3.2 Background of MOABC

The artificial bee colony (ABC) algorithm is derived from
the foraging behavior of honey bee colonies [37] and is
popular for solving single- and multi-objective optimiza-
tion problems [38,39] because of its simplicity, ease of
implementation, and few control parameters [40,41].
MOABC extends the capability of the traditional ABC to
solve optimization problems involving multiple objec-
tives. Table 3 lists the correspondence between the
observed foraging behaviors of honey bees and various
components of the optimization process. Figure 3 shows
the workflow of MOABC.

MOABC involves three kinds of artificial bees, namely,
employed, onlooker, and scout bees. The four phases in
the workflow of MOABC are initialization, employed
bee, onlooker bee, and scout bee phases. The following
part describes each phase in detail.

a) Colony initialization phase

The initial solution population is composed of u
randomly generated v-dimensional vectors, and v is the
dimension (number) of optimization parameters. u is the
number of the initial solution population in colony
initialization phase, which can be expressed as Q = {X],
Xo, ooy Xy} Xi = {Xi1, Xi2, ..., Xiy} 18 the ith solution. The
initial positions of food sources are generated based on
the following equation:

Xij = Xopin,j +1and(0, 1) X (Xpax j = Xminj) » @)
where x;; is the jth dimension of the ith food source in
MOABC, i €{1,2,...,u} and j€{1,2,...,v} are the selected
parameters, rand(0,1) is a random number between 0 and
1, and Xmax,; and xmin,; are the upper and lower bounds of
the jth dimension, respectively. The solutions go through
a repeated cycle C, €{l1,2,...,C,}. Cp, can be predeter-
mined as the maximum cycle number of the searching
processes for the bees.

b) Employed bee phase

The number of employed bees is similar to that of food
sources because only one employed bee is assigned per
food source. On the basis of the initial location x;; of a
feasible solution (food source), its neighborhood is
searched to identify an improved food source 6;;, which is

Table 3 Corresponding relationship between foraging and function
optimization

Foraging of bees Function optimization

Positions of food sources Feasible solutions

Nectar amount Fitness of solutions
Foraging Search for solutions

Gathering of nectar Calculation of fitness
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Fig. 3 Workflow of multi-objective artificial bee colony algorithm.

achieved using the equation

6= Xij+ ¢, (X, = X,,) 5 3
where p €{1,2,...,u} (p #i) and x,; is one of the u food
sources other than x;;. ¢,; = rand(-1,1), and the value of
¢, ; 1s the change rate of food sources during the employed
bees phase, which affects the convergence rate of the
algorithm. Two multi-objective optimization operators,
rank and crowding, are applied to find the Pareto
solutions, similar to the non-dominated sorting genetic
algorithm II [19]. Pareto dominance states that two
solutions are non-dominated with respect to each other if
neither solution is worse than the other and both are
strictly better than other solutions in at least one
objective. Then, the neighboring food source with a better
fitness value is used to replace the current one.

¢) Onlooker bee phase

After the employed bees finish the search process, they
come back to the hive and share information about food
sources to the onlooker bees by dancing. The onlooker
bees select the food sources according to the probability
value calculated using the fitness value. The food source
with more nectar indicates better solution quality and
therefore has a higher probability to be selected. Equation
(9) defines the probability value for onlooker bees to
select the ith food source P;, X; is the ith feasible solution

(food source) in MOABC, and fitness(X;) is quality
(fitness value) of the food source of X;:

it X,
P = fitness(X;) ,

- i=1,2,...,u. 9
Z fitness(X;)
i=1
Then, the neighborhoods of the food sources are
searched for new solutions with better fitness by using
Eq. (8), and a greedy selection mechanism is employed to
retain the better solutions.
d) Scout bee phase
In MOABC, the parameter called “limit” is preseted. If
a food source cannot be improved after the preset number
of iterations, the corresponding employed or onlooker
bees will abandon the food source and become scouts.
Then, the scouts will begin to search for new food
sources stochastically in accordance with Eq. (7). This
process can help prevent the algorithm from falling into
local optima and continue to search for the global optimal
solution.

3.3  Workflow of the proposed optimization method

The data-driven EM-MOABC proposed in this study
aims to solve the processing parameter optimization in
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fiber LBW. The nonlinear correlation between the
processing parameters and bead geometry is constructed
using EM. Next, MOABC is applied to solve the optimal
processing parameters by taking the predicted responses
from EM as the fitness values. Figure4 shows a
flowchart of the entire procedure, and six corresponding
steps are described as follows:

Step 1. Identify optimization objectives. The output
responses (W, Dy, Wy, and D,) of the bead geometries
that influence the welding quality are selected, and the
corresponding optimization objectives are determined.

Step 2. DOE. The experiments aim to produce a set of
data for EM to uncover the relationship between
processing parameters and bead geometries. The ranges
and parameter levels are determined, and Taguchi Ljs
(5%) is employed as a design matrix to conduct the actual
experiments for the result data.

Step 3. Construct an EM. Three individual metamodels
(KRG, RBF, and SVR) are implemented and evaluated
using Eg and FE,. The optimal metamodels of each
response are selected, and the inverse proportional
weighting method that considers the LOO error is used to
create an EM.

Step 4. Check the accuracy. If the accuracy of the
constructed EM meets requirements, then proceed to Step
5; otherwise, return to Step 2 and adjust DOE.

Step 5. Determine the optimal parameters. On the basis

Design of experiment

Identify indicators and objectives

!

Determine design parameters
and ranges

!

Design Taguchi L, (5°) matrix

Conduct experiments and obtain results

|

Establish ensemble of metamodel

Construct three individual
metamodels (KRG, RBF, and SVR)

!

Calculate the LOO errors of three
metamodels for each responses and
determine the optimal ensemble

of the predicted response by EM, MOABC is
implemented to find the Pareto optimal solution sets of
the processing parameters.

Step 6. Experimental verifications. Optimal solutions
from the Pareto fronts are selected, and corresponding
experiments are performed to confirm the actual
reliability of EM-MOABC.

4 Results and discussion

4.1 Ensemble of metamodels

4.1.1 Construction of EM

MATLAB R2018b was used to run the programs in this
study. The function “dacefit” of the DACE toolbox was
employed to predict the responses. In consideration of
prediction accuracy, the zero-order regression polynomial
function and the Gaussian correlation function were used.
The optimizing range of the theta parameter was set from
0.001 to 20.

Equations (2) and (3) were used to calculate the values
of Ey and E, for the four output responses (Ws,, Dy, W,
and D,). As illustrated in Fig. 5, the KRG metamodel
performed well in D, and W;, but SVR is more accurate
than KRG in terms of W;,. For D,, the three metamodels

Accuracy of
requirements satisfied?

Optimization using MOABC

’ Parameter setting and initialization ‘

l

’ Determine the fitness functions ‘

.

Optimize using three phases of
scout bees, employed bees, and
onlooker bees

[s criteria
satisfied?

Output the optimal results

End

Fig. 4 Proposed data-driven framework combining the ensemble of metamodels with multi-objective artificial bee colony algorithm.
MOABC: multi-objective artificial bee colony algorithm, KRG: kriging, RBF: radial basis function, SVR: support vector regression.
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Fig. 5 Error evaluations of the three metamodels for different responses: (a) Wy, (b) Dy, (¢) Wy, and (d) Dy.

showed different performance. In this study, the optimal
metamodel was selected from the ensemble by using Eq.
(10):

{Find: fix), (10

Minimize: Eg {f;(x)} )

where f(x) is the predictive response of the ith individual
metamodel at sample point x. The Ey values of KRG and
SVR for output response D, were close, so Egs. (4) and
(5) were employed to determine the weights in
consideration of the LOO error sizes of KRG and SVR
for variable D,. Equation (6) was applied to form fED "(x),
which is the EM for D,,.

Colored diagrams of the four bead geometries based on
EM are presented in Fig. 6 to intuitively represent the
relationships between the input and output variables.
Figure 6 shows that the different output results varied
with the processing parameters.

4.1.2 EM validation

Five additional experiments with processing parameters
randomly chosen in the design space were conducted to
verify the accuracy of the constructed EM. Figure 7
presents the experimental values (Ve), the predicted
values (V},), and the relative error (£;) of the four outputs.

E; was calculated using Eq. (11) to indicate the accuracy
of EM:

IV, - V,|x 100%
= (11)

The maximal E; is 17.953%, which is shown in the
No. 5 experiment for D, in Fig. 7(d). The average E; of
the four output responses (Wy, Dp, Wy, and Dy) for the
five validations were calculated to be 10.945%, 7.038%,
7.630%, and 8.621%, respectively. The errors could have
originated from the measurements, process parameter
fluctuations, environmental effects, and other factors. For
the same welding bead, the bead geometries changed
slightly in different positions. The geometries at the half-
length of the bead were more stable than the geometries
at the two ends of the bead. Although the geometries in
the middle of the welding length were extracted as
experimental results, some measurement errors still
existed.

Compared with the maximum errors of 29.13% and
60.35% in the prediction results for bead geometries of
different welding types in other studies [23,42], the
prediction error of EM of this work is more satisfactory
for actual fiber LBW. Overall, most of the experimental
results were consistent with the output predictions of EM.
Therefore, the constructed EM can be used reliably in
engineering applications.

E,
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Fig. 6 EMs for the four output responses: (a) Wy, (b) Dp, (¢) Wy, and (d) D,.

4.1.3 Effects of processing parameters on bead geometries

According to the experimental results, the laser proces-
sing parameters exerted significant effects on the four
welding bead geometries. In this subsection, the
influences of processing parameters on Wy, D,, W,, and
D, are analyzed through the main effects and the first-
order interactions of P, S, and D.

The main effect graph is employed to show the
differences in the average responses of the input
parameters at different levels. Figure 8 plots the main
effect graphs of the input parameters on the output
responses. For each output response, ¢ is listed in Fig. 8
to evaluate the difference between the maximum and
minimum values. As illustrated in Fig. 8, P had the most
influence on output responses W, Dy, and W, and S took
the second place. For the response D,, processing
parameters S and P were the first and second most signi-
ficant factors, respectively. Increasing P and decreasing S
could increase the energy input, causing abundant metal
of the welding zone to melt, which affected the bead
geometries.

The first-order interaction indicates the difference in
the amount of responses between the various levels of
one factor as it changes with the different levels of other
factors. Figure 9 shows the first-order interactions of the

input variables P, S, and D. The crossing lines imply that
the three welding parameters exert complex interactive
effects on bead geometries in the design space.

For W,, P*S: Strong fluctuations occurred at 2.0 and
3.5 kW levels of P, and W, increased with the increase in
P. P*D: P had a greater influence on W, at the 0 mm
levels of D than at the other levels. S*D: Significant
changes occurred at the level of 0 mm of D, whereas D of
—0.5 mm had a limited impact. For D,, P*S: D, showed
an upward trend with the increase in P. Additionally,
when P varied from 2.00 to 2.75 kW, the two lines of S at
3.00 and 3.25 m/min were almost parallel, indicating that
the interaction was not considerable. P*D: P at 3.125 and
3.500 kW had notable effects on D, compared with the
other levels. S*D: The strong fluctuations showed that the
interactions were obvious. For W, P*S: The two lines of
P at 2.375 and 2.750 kW exhibited locally insignificant
interactions when § varied from 2.75 to 3.50 m/min. P*D:
P at 2.0 and 3.5 kW had great impacts on W), whereas P
at the other levels had weak effects. S*D: S at the level of
2.75 m/min had a more substantial effect on ¥, than that
at other levels. For D,, P*S: As S increased, D, exhibited
a general downward trend, although some fluctuations
were observed. P*D: D at 0 mm had a greater impact on
D, compared with that at other levels. S*D: Noticeable
variations occurred at 0 and —0.5 mm of D.
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Fig. 9 First-order interaction diagrams of the processing parameters on (a) W, (b) Dy, (c) Wy, and (d) D,

4.2 Multi-objective optimization using MOABC

4.2.1 MOABC parameter settings
The residual stress and distortion induced by welding are
influenced significantly by the weld metal volume. With
the same level of penetration depth, a wide bead usually
leads to abundant weld metal, which increases the
residual stress and distortion [43]. In this study, Wy, Dp,
Wy, and D, were selected as the bead profile geometries,
and H was the thickness of the workpiece. Equation (12)
lists the optimization objectives that significantly affected
the welding integrity and reduced the stress concentra-
tions in the weldments:
Minimize: |D, — H],
Minimize: W,,
Minimize: W,,
Minimize: D,.
Moreover, the LBW processing parameters were set
within the ranges given in Table 2. Multi-objective
optimization was conducted in MATLAB R2018b by
using MOABC. Table 4 shows the parameter settings of
MOABC. The values of the profile geometries used in
MOABC were derived from the responses predicted
using the established EM. The optimal solution sets
(Pareto fronts) of the processing parameters were then
obtained.

Objectives (12)

Table 4 Parameter settings of MOABC in the optimization

Parameter Value
Food number 60
Maximum number of preserved food 40
Limit for scout 20
Limit for external archive 20
Deep mining times 15
Iteration numbers 300

4.2.2  Optimization results and verifications

Figure 10 illustrates the Pareto front produced by
MOABC for the LBW processing parameters. Each point
in the Pareto front represents an independent solution,
which is a set of processing parameters. For each sample
point, when the represented parameters were employed,
the corresponding results (|D, — H|, Wy, Wy, and D,) were
available as expected. The four response results were
conflicting, so trade-offs were required. Generally,
optimal solutions of processing parameters are provided
by the Pareto front, so the desired bead geometries can be
selected efficiently in fiber LBW.

To confirm the effectiveness of the proposed data-
driven optimization methodology, two solutions were
selected in the Pareto front, and LBW experiments using
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the corresponding welding parameters were conducted.
For the multi-objective Pareto fronts, the selection of the
compromise solution generally needs to comprehensively
consider the optimization results of multiple objectives.
Commonly used methods for evaluating and ranking
Pareto optimal solutions have been presented in extant
Refs. [20,21,33,44,45]. This study employed the sum of
normalized bead geometries (S,) as the evaluation
indicator, which is expressed as follows:

g W, —W,~ + W,-W,~ N D,—-D,
n = W . — W . — W . —_
] Wb+_Wb ? Wn+_Wn : Dn+_Dn
|D, - H| - |D, - H|
4" + -
|D,—H| - |D, - H| (13)
1.2
2.0
'o' 1.0
[ ] [ ) o0
1.8 . °. &
E s ..‘ oY Random 0.8
=16 ] ® solution 1 g
'E ¢ LY Random 0.6 5
g 14 s solution 2 .
3 Je% g
1.2 0.4
#e © "l
1.0 - 0.2
1.0 — 0
Negg 08 o P T
e, - . m
pt[]/’hm 0.5 0-6Nec\< w\d““lm

Fig. 10 Pareto front for the bead geometries.

H

827 pm

where wy, wy, ws, and w4 indicate the weighting values of
the four optimization objectives. Wy, W, D;, and |D, —
H|" are the maximum values of the four objectives in the
Pareto optimal solutions shown in Fig. 10, and W, W,
Dy, and |D, — H” are the corresponding minimum values.
Additionally, D, is a key factor that influences welding
integrity. Incomplete penetration and root humping can
be regarded as obvious defects. Therefore, the
minimization of |Dp -H | is given priority among the four
optimization objectives. In this study, ws was set to 0.55,
and w;, wo, and wz were set to 0.15. The Pareto solutions
can be ranked by the S, value, and a low S, value means a
good solution. Afterward, for an accurate and easy
adjustment of defocus distance, two solutions with D of
the integer or half-integer were chosen as validations
from the Pareto solutions with low S, values. The profile
geometries of welding beads obtained from the two
optimal solutions are displayed in Fig. 11.

Tables 5 and 6 show the validation results of the profile
geometries of the two optimal solutions selected (labeled
No. 1 and No. 2). The processing parameters (P, S, and
D) of the No. 1 optimal solution were 3.41 kW,
2.82 m/min, and —1.5 mm; those of the No. 2 optimal
solution were 3.5 kW, 2.74 m/min, and —2 mm. The
average relative errors for Wy, Dy, Wy, and D, of the two
validations were calculated to be 9.27%, 5.97%, 2.95%,
and 7.39%, respectively. The errors may have resulted
from the parameter deviation and measurement error. In
one bead cross-section, sometimes the D, values of the
left and right neck points are inconsistent, which leads to
certain measurement errors for the variable D,. Generally,

Fig. 11 Bead geometry of the two optimal solutions selected.

Table 5 Validation results of the No. 1 optimal solution Table 6 Validation results of the No. 2 optimal solution

Bead Experimental Optimized Relative Bead Experimental Optimized Relative
geometry value/mm value/mm error/% geometry value/mm value/mm error/%
Wy 1.846 1.720 6.83 Wy 1.998 1.764 11.71
D, 3.119 2.927 6.16 D, 3.097 2918 5.78
Wa 0.766 0.805 5.09 Wa 0.877 0.884 0.80
D, 0.827 0.826 0.12 D, 0.859 0.733 14.67
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relative errors are acceptable, so the proposed EM-
MOABC is suitable for the multi-objective optimization
of process parameters in fiber LBW. Notably, the
proposed data-driven framework is limited to optimizing
only four cross-sectional features and does not consider
other performance indicators (e.g., tensile strength). In
addition, the pore defect is considered. According to the
statistics on the welding beads in the Taguchi Ljs
experiments conducted in this study, the maximum area
proportion of the pores in the welding bead was less than
3.1%. Thus, the pore defect had a limited impact on the
geometries of the welding bead.

As shown in Fig. 11, the welding bead profiles that
used the optimized parameters were satisfactory.
Experiments with two sets of stochastically selected
parameters were performed for comparison, and Fig. 12
demonstrates the cross-sections. Some defects, such as
incomplete penetration, obvious collapse, and root
humping, were observed, and they considerably damaged
the welding quality. The primary reason for these defects
was that the laser energy corresponding to the employed
processing parameters did not match the required welding
conditions. The two random solutions are also presented
in Fig. 10 to show their undesirable values of |Dp—H|.
Notably, |D,—H | is considered the priority optimization
objective. Therefore, the proposed EM-MOABC can help
avoid the above-mentioned defects through suitable
processing parameter decision-making.

4.3 Microstructures

The ultra-depth 3D microscope VHX-1000C (KEYENCE)
was used to observe the microstructure of the fiber LBW
bead profile. With the No. 1 optimal solution of Fig. 11 as
an example, the welding, fusion, and substrate zones were
observed, as shown in Fig. 13. The fusion zone was
narrow, which contributed to the welding quality. Figure
14 presents the bead geometries of the No. 3 experiment
of Taguchi Ljs in Table Al. To further study the

microstructures of the different laser process parameters,
the welding bead profile beside the centerline in Fig. 14
and that of the No. 2 optimal solution in Fig. 11 were
compared, as shown in Fig. 15. The results showed that
the columnar grains in the welding zone had different
directions.

For the fiber LBW process, changes in laser process
parameters result in different heat inputs, and the heat
input can be expressed by the formula [46]:

P
Heat input = 5 (14)

A small heat input results in a high cooling rate and
vice versa [47,48]. Specifically, the cooling rate can be
calculated as [46,49]

oT  2nKpCy(SH)’
i pP—g (15)

where K is the thermal conductivity (15 W-m - K1), p is
the material density (8000 kg/m3), Cj is the specific heat
at constant pressure (500 J-kg !'K™1), H is the thickness
of the workpiece (0.003 m), T is the reference
temperature (1523.2 K), ¢ is the duration of temperature
variation, and 7y is room temperature (300.15 K). The
values of P and S are based on Table Al. Thus,
decreasing the laser power or increasing the welding
speed can increase the cooling rate. In accordance with
Eq. (15), the cooling rates of the two sets of processing
parameters corresponding to Figs. 15(a) and 15(b) were
calculated as 1056.73 and 3879.48 K/s, respectively. As
the cooling rate increases, the obtained microstructures of
the welding zone become finer than before [46,47,50].
The microstructure in Fig. 15(b) is finer than that in Fig.
15(a), which is consistent with the calculated cooling
rates. Additionally, a low heat input generally leads to a
high volume fraction of ferrite in weldments because the
high cooling rate represses the transformation from ferrite
to austenite [51-53].

Several analytical models have been developed to
predict the primary dendrite arm spacing (PDAS), and

(T - TO)S’

Collapse - L

| ¢ o] 7 o
Roothumping

Ve

Fig. 12 Cross-sections using random process parameters.
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these models assume that PDAS decreases as the cooling
rate increases [50,54,55]. To further quantify and
compare the microstructures of the welding bead beside
the centerline, this study adopted the PDAS measurement
method based on actual microstructure figures [51,56].
The PDAS for Fig. 15(a) was (4.7 = 0.4) um, and the
PDAS for Fig. 15(b) was (2.9 = 0.3) um. Furthermore,
microhardness tests were performed within the welding
zone at a distance of 300 um from the upper surface of

Fig. 13 Microstructures of the welding bead for the No. 1
optimal solution.

Fig. 14 Bead geometries in the No. 3 Taguchi L,s experiment.

the workpiece. The average microhardness of the No. 2
optimal solution was 163.2 HV and that of the No. 3
Taguchi L,s experiment was 176.1 HV. The microhard-
ness tests were in agreement with the cooling rate
calculations and PDAS measurements.

5 Conclusions

In this study, the relationship between fiber LBW
processing parameters and multiple output results was
constructed via EM using three metamodels. A data-
driven methodology, EM-MOABC, was developed to
optimize the processing parameters of fiber LBW with
316L in consideration of the bead geometry. The
reliability of the proposed optimization methodology was
validated. Additionally, the effects of processing
parameters on four welding bead geometries were
studied. The developed EM-MOABC combined with
Taguchi is expected to provide a robust empirical
foundation for fiber LBW applications to facilitate the
identification of ideal processing parameters. The
following conclusions were obtained:

1) An inverse proportional weighting method that
considers the LOO error was presented to construct an
EM that inherited the prediction strengths of KRG, RBF,
and SVR. Thus, the EM could reduce the risk of selecting
an inappropriate individual metamodel.

2) The main effect analysis suggested that parameter P
had the most influence on bead geometries Wy, Dy, and
Wy. For Dy, parameter S was the most significant factor.
Moreover, the first-order interaction of the processing
parameters exerted significant impacts on the bead
geometries.

3) Experimental verifications of the optimal solutions
from the Pareto fronts showed that the relative errors (less
than 14.67%) were acceptable.

4) Changes in the processing parameters led to different
cooling rates, which could affect the microstructure and
microhardness of the welding zone.

The proposed optimization framework can also be
applied to other criteria of welding quality and other laser
processes (laser additive manufacturing, laser quenching,
etc.). In the future, additional studies could be conducted

Fig. 15 Microstructures of the welding bead profiles beside the centerline: (a) No. 2 optimal solution and (b) No. 3 Taguchi L,s

experiment.
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to improve the constructed data-driven EM and achieve
enhanced optimization. First, mechanisms could be
constructed to fine-tune the metamodels by changing
some constants to conveniently adapt to similar
processing conditions. Second, prior knowledge on fiber
LBW could be combined into the metamodels for a

Actual experimental value of the ith sample point

Sx)
f(x_;) Predictive response from the metamodel trained
using the full data sets with the ith sample point
excluded out

First and second metamodel selected for the variable

FE@), féx)

highly accurate prediction.

k, respectively

Fw Prediction value of the integrated EM for the
variable &
Nomenclature fE "(x) Integrated EM for the variable D,
fitness(X;) Quality (fitness value) of the food source of X;
Abbreviations H Thickness of the workpiece
k Output response variable
ABC Artificial bee colony K Thermal conductivity of the workpiece
DOE Design of experiment m Number of sample points
EM Ensemble of metamodel P Laser power
KRG Kriging P; Probability value for onlooker bees to select the ith
LBW Laser beam welding food source
LOO Leave-one-out (0] u feasible solutions (food sources)
MOABC Multi-objective artificial bee colony algorithm rand(0, 1) A random number between 0 and 1
PDAS Primary dendrite arm spacing B Welding speed
RBF Radial basis function Sn Sum of normalized bead geometries
RSM Response surface method t Duration of temperature variation
SVR Support vector regression 7 Reference temperature
Variables To Room temperature
u Number of the initial solution population in colony
Co Specific heat at constant pressure of the workpiece initialization phase
Cn Predetermined maximum cycle number of the v Dimension of each initial solution in colony
searching processes for the bees initialization phase
C; Repeated cycle number of the searching processes 7/, Experimental values of the four outputs
for the bees Vo Predicted values of the four outputs
D Defocus distance W1, W, W3, Wy Weighting values of the four optimization objectives
Dn Neck depth W Bead width
Dy, D, Maximum and minimum values of D, in the Pareto A Maximum and minimum values of W, in the Pareto
optimal solutions, respectively optimal solutions, respectively
D, Depth of penetration W, Neck width
‘D,, —Hl, |Dp - H |7 Maximum and minimum values of ‘D,, -H | inthe Wi, W Maximum and minimum values of W, in the Pareto
Pareto optimal solutions, respectively optimal solutions, respectively
EY, E} LOO errors of the first and second metamodels * Input value of the metamodel
selected for the variable , respectively Xij jth dimension of the ith feasible solution
Eq Generalized relative maximum absolute error under  Ypyj One of the u food sources other than x;;
the leave-one-out method Xmaxj» Xmin, Upper and lower bounds of the jth dimension,
E, Relative error of the four outputs respectively
Eq Generalized root mean square error under the leave- X ith feasible solution (food source) in MOABC
one-out method Y Output response of the metamodel
fO Approximation approach using the metamodel a Coefficient vector of the metamodel
f,(x) Predictive response of the ith individual metamodel Difference between the maximum and minimum

at sample point x

mean bead geometries
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& Stochastic factor of the metamodel
0;) Neighborhood of x;; for searching a better food
source

Material density of the workpiece

¢ Change rate of food sources during the employed
bees phase
o, ot Weights of first and second metamodel for the

variable £, respectively
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Table A1 Fiber LBW processing parameters and experimental results
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