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Abstract: Appropriate selection of wire–arc additive manufacturing (WAAM) variables imparts bead
geometries with characteristics of multi-layer structures. Thus, the present study aimed to optimize
the gas metal arc welding (GMAW)-based WAAM variables of travel speed (TS), wire feed speed
(WFS), and voltage (V) for the bead geometries of bead width (BW) and bead height (BH) on an SS
316L substrate. Single-layer depositions were made through a metallic wire of SS 316L by following an
experimental matrix of the Box–Behnken design (BBD) technique. Multivariable regression equations
were generated for design variables and responses, and ANOVA was used to investigate the feasibility
of the obtained regression equations. WFS was the highest contributor affecting the BW, followed
by V and TS, while WFS was again the highest contributor affecting the BH, followed by TS and V.
Heat transfer search (HTS) optimization was used to attain optimal combinations. The single-objective
optimization result showed a maximum bead height and minimum bead width of 6.72 mm and
3.72 mm, respectively. A multi-layer structure was then fabricated by considering an optimization case
study, and it showed optimized parameters at a WFS of 5.50 m/min, TS of 141 mm/min, and voltage
of 19 V with the bead height and bead width of 5.01 mm and 7.81 mm, respectively. The multi-layered
structure obtained at the optimized parameter was found to be free from disbonding, and seamless
fusion was detected between the obtained layers of the structure. The authors believe that the present
study will be beneficial for industrial applications for the fabrication of multi-layer structures.

Keywords: wire–arc additive manufacturing (WAAM); gas metal arc welding (GMAW); optimization;
316L stainless steels; multi-layer structures; bead geometries

1. Introduction

Currently, the additive manufacturing (AM) process is an extensively preferred tech-
nique for the development of objectively difficult structures without the use of a mold as
it widely expands the manufacturing capability and resilience [1,2]. The fabrication and
formation of complex three-dimensional (3D) parts are converted into the step-by-step
inclusion of lean component layers governed by an automated model using AM tech-
niques [3]. Heat sources used in the AM of solid structures consist of electric arcs, laser
beams, and electron beams. The energy charge is compact and the structural behavior is
comparably accurate during the heat source of laser and electron beams [4]. These two
heat source processes of laser and electron beams utilize direct energy deposition and
powder bed fusion techniques [5,6]. Therefore, metal power as feedstock is essential for
these techniques, which in turn limits their production efficiency [7]. Due to this reason,
the production cost of the process increases by limiting the use of laser and electron beams
in the fabrication of extensive metallic structures on a larger scale [8]. Electric arc as a heat
source is a promising technique for the fabrication of large-scale intricate metallic structures
owing to their high rate of deposition, reduced cost, and minimal wastage rate [9,10]. A
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metal wire is employed as feedstock material in the electric arc method, and its cost relative
to metal power for equal weight is very low [11]. Therefore, the WAAM technique using an
electric arc is more suitable than laser and electron beam techniques. Gas metal arc welding
(GMAW)-based WAAM is widely preferred due to its capability of fabricating thin multi-
layer structures with a lower capital cost, ease of material deposition, and high deposition
rate [12,13]. However, several challenges arise during the WAAM of metallic structures
such as post-processing techniques, reduced surface quality, surface morphology, changes
in microstructure, and mechanical properties. This requires additional machining to be
performed. Due to the lower wastage of material during WAAM, the entire process still
remains economical in comparison with subtractive machining processes [14]. Appropriate
selection of WAAM variables imparts bead geometries with characteristics of multi-layer
structures [15,16].

The features of the weld geometry and dimensional precision were both affected by
the process parameters of WAAM. Construction of a single-layered geometry determines
the dimensional precision which is evaluated by its homogeneity and stability [17]. As a
result, suitable design variables to achieve a specified component accuracy are essential
and critical for WAAM. Incorrect selection of design variables will result in eminence issues
such as partial fusing, hump, and porosity [18]. Parts with serious flaws will have their
mechanical characteristics drastically reduced. Furthermore, past studies often employed
design variables that were selected from a specified range [19]. As a result, adjustment of
processing parameters that impact weld bead geometry and quality in the construction
of multi-walled components needs to be considered. Thus, it is essential to optimize
the design variables of the WAAM process. Optimized parameters give a good quality
of properties to the final components. The heat transfer search (HTS) technique was
successfully implemented for various manufacturing systems [20–22].

Kumar et al. [23] carried out a parametric study of the GMAW-based WAAM process
to manufacture steel structures by employing a copper-coated steel wire. Single-layer
deposition was performed by considering the design variables of travel speed (TS), voltage
(V), gas flow rate, and current. Bead height (BH) and bead width (BW) were selected
as response variables. TS was observed as the highest contributor followed by voltage
affecting the BW response with the involvement of 52.29% and 17.08%, respectively. TS
followed by voltage was again observed to be the highest contributor affecting the BH
response with the involvement of 43% and 15.81%, respectively. For selected responses, the
desirability function was utilized as an optimization process. A multi-layer structure was
successfully fabricated at optimal combinations of WAAM variables. Dinovitzer et al. [4]
explored the impact of the design variables of WAAM on manufacturing components on
an SS 304 substrate by using a metallic wire of Hastelloy X. Taguchi’s technique along
with ANOVA was implemented to evaluate the impact of the design variables. Current
and TS were observed as the highest contributors affecting the responses. Another study
reported by Xiong et al. [12] explored the impact of GMAW-based WAAM design variables
on surface quality. It was observed that lower wire feed speed (WFS) improved the surface
quality of the multi-layer structure. A study pertaining to the parametric optimization
of the WAAM technique was carried out by Zhao et al. [19] for the enhancement and
better quality of weld bead geometries. Geometrical features of the weld bead structure of
the WAAM process are largely dependent on the selection of design variables and their
appropriate values. Yuan et al. [24] established a parabola model to acquire the favorable
path geometry and suitable process parameters of the WAAM technique. They concluded
that the minimum values of WFS and TS will lead to a higher rate of production. As
per the study reported by Kannan and Murugan [25] and Teixeira et al. [26], a higher
deposition rate with simultaneous dimensional accuracy is largely dependent on the
geometric structure of fabricated parts. Cadiou et al. [27] presented a 3D numerical model
of WAAM to acquire the shape of the component as well as its temperature field. In
the event of pulsed currents, this model tries to replicate the formation of a 304 SS rod
beginning with operational variables. The geometry of the component was predicted by
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modeling the detachment of deposited metal droplets. Mai et al. [16] optimized the design
variables (current, voltage, and TS) of GMAW-based WAAM for the weld bead geometry
of 308L steel. Experimental results show that the required geometry of weld bead was
successfully fabricated at optimized parameters. Voltage was observed as the highest
contributor followed by TS affecting the BW response with the involvement of 70.18% and
18.54%, respectively. TS followed by the current was observed to be the highest contributor
affecting the BH response with the involvement of 48.11% and 38.27%, respectively. The
fabricated structure at optimized conditions at a current of 122 A, TS of 368 mm/min, and
voltage of 20 V was found to be without the presence of cracks. This shows the suitability of
the proper selection of parameters for bead geometries and surface quality. Vora et al. [28]
employed a metaheuristic TLBO algorithm for optimizing the design variables of the
GMAW-based WAAM technique to acquire better geometrical weld beads for multi-layer
structures. They used 2.25Cr-1.0Mo as a substrate with a metal-cored wire as feedstock.
Optimization results yielded successful fabrication of a thin multi-layered structure with
the optimal BW of 7 mm and BH of 6.07 mm with the optimal parameter settings as follows:
TS of 476 mm/min, voltage of 18 V, and WFS of 5.9 m/min. The multi-layered structure
obtained at optimized parameters was found to be free from disbonding, and seamless
fusion was detected between the obtained layers of the structure. Thus, the literature
demonstrated the necessity of a parametric study for obtaining the desired quality of the
multi-layered structure.

The austenitic stainless steel 316L (SS316L) was created over three decades ago for use
in fast breeder reactors [29]. SS 316L is an austenitic stainless-steel grade having a lower
carbon content of 0.03% by wt. It is utilized in various industrial applications including ma-
rine and offshore applications, biomedical equipment, automobiles, petrochemical facilities,
and nuclear reactors owing to its excellent characteristics of superior corrosion resistance,
good weldability, high strength and ductility, strong biocompatibility, and comparatively
cheap cost [30–32]. Studies pertaining to the parametric study of the weld bead geometries
of the GMAW-based WAAM process have not been conducted appropriately on SS 316L
substrates. The current study focused on the WAAM of 316L stainless steel. As per the stud-
ied literature, parametric studies on bead geometries for multi-layer structures employing
the GMAW-based WAAM multi-layer structure of SS 316L have not been comprehensively
reported. In the current study, we built an experimental platform and then performed
WAAM with 316L stainless steel on it with optimized parameters.

In the present study, GMAW-based WAAM was employed to perform bead-on-plate
trials on an SS 316L substrate by considering the TS, WFS, and V as design variables,
while BH and BW were considered as responses. Multivariable regression equations were
generated through results generated from the experimental matrix followed by the BBD
approach of RSM. Analysis of variance (ANOVA) was used to investigate the feasibility
of the regression equations. The HTS algorithm was employed to obtain the optimal
combinations of design variables by considering single- and multi-objective optimization of
BH and BW. A multi-layer structure was then fabricated by WAAM at the optimized process
parameters. The authors believe that the present study will be beneficial for industrial
applications for the fabrication of multi-layer structures.

2. Materials and Methods
2.1. Experimental Setup and Plan

KEMPPI PRO MIG-530 GMAW (Kemppi, Chennai, India) setup was employed in the
present study for single-layer deposition on a 316L stainless steel substrate. Figure 1 shows
the experimental setup used in the current study. Single-layer depositions were prepared
through a metallic wire of SS 316L having a diameter of 1.2 mm on a 316L substrate. Table 1
depicts the chemical composition of the substrate and filler wire. Shielding gas with 98%
Ar and 2% O2 was employed for the deposition. In the existing experimental setup, the
computer interface was used for CNC code programming to give input to the controller.
The special purpose machine (SPM) enables the movement of the deposition torch on the
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3 axes x, y, and z-axis. Shielding gas was delivered through the setup before the start of
the program to prevent the mixing of ambient gases with the deposited material. The
substrate was clamped on a work table, and the material was deposited by using a torch
that can travel in any direction. The torch was raised to a predetermined height for the
metal deposition. A thermocouple was inserted between the base plate and the HAZ zone
to detect temperature.

Metals 2022, 12, x FOR PEER REVIEW 4 of 19 
 

 

prepared through a metallic wire of SS 316L having a diameter of 1.2 mm on a 316L sub-
strate. Table 1 depicts the chemical composition of the substrate and filler wire. Shielding 
gas with 98% Ar and 2% O2 was employed for the deposition. In the existing experimental 
setup, the computer interface was used for CNC code programming to give input to the 
controller. The special purpose machine (SPM) enables the movement of the deposition 
torch on the 3 axes x, y, and z-axis. Shielding gas was delivered through the setup before 
the start of the program to prevent the mixing of ambient gases with the deposited mate-
rial. The substrate was clamped on a work table, and the material was deposited by using 
a torch that can travel in any direction. The torch was raised to a predetermined height 
for the metal deposition. A thermocouple was inserted between the base plate and the 
HAZ zone to detect temperature.  

 
Figure 1. Experimental setup of WAAM process. 

Table 1. Chemical composition substrate and metallic wire (SS 316L) [8]. 

Element Cr Ni Mo Mn Si C P S N Fe 
Substrate Plate 17.09 10.61 2.38 1.17 0.59 0.013 0.011 0.011 0.09 Balance 
Metallic wire 17.09 10.61 2.38 1.17 0.59 0.013 0.011 0.011 0.09 Balance 

Single-layer depositions were made through a metallic wire of SS 316L by following 
an experimental matrix of the BBD technique. On the basis of device capability and the 
past studied literature, WFS, TS, and voltage were selected as design variables. The range 
of these selected WAAM variables was decided by performing some pilot experiments. A 
constant deposition length of 190 mm, length of the arc of 3 mm, and gas flow rate of 15 
L/min were considered throughout the single-layer deposition. The effect of the selected 
WAAM variables was studied on weld bead geometries (BW and BH). Table 2 displays 
the experimental conditions of the GMAW-based WAAM process.  

Figure 1. Experimental setup of WAAM process.

Table 1. Chemical composition substrate and metallic wire (SS 316L) [8].

Element Cr Ni Mo Mn Si C P S N Fe

Substrate Plate 17.09 10.61 2.38 1.17 0.59 0.013 0.011 0.011 0.09 Balance

Metallic wire 17.09 10.61 2.38 1.17 0.59 0.013 0.011 0.011 0.09 Balance

Single-layer depositions were made through a metallic wire of SS 316L by following
an experimental matrix of the BBD technique. On the basis of device capability and the
past studied literature, WFS, TS, and voltage were selected as design variables. The range
of these selected WAAM variables was decided by performing some pilot experiments.
A constant deposition length of 190 mm, length of the arc of 3 mm, and gas flow rate of
15 L/min were considered throughout the single-layer deposition. The effect of the selected
WAAM variables was studied on weld bead geometries (BW and BH). Table 2 displays the
experimental conditions of the GMAW-based WAAM process.
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Table 2. Design variables used in present study with their value/range.

Design Variable Unit Value/Range

WFS m/min 4; 5; 6
TS mm/min 125; 150; 175

Voltage V 19; 20; 21
Arc length mm 3

Gas flow rate L/min 15
Weld bead length mm 190

By properly arranging the experimental matrix, Box and Behnken utilizes the RSM
approach to obtain an optimum response. BBD decreases the total number of experimental
trials by saving both money and time [33]. Furthermore, the BBD approach creates a
correlation between machining factors and responses [34]. The selected WAAM process
parameters were varied at 3 levels, and a total of 15 runs were completed as shown in
Figure 2 followed by an experimental matrix of the BBD. The effect of the selected factors
was investigated on BW and BH. Each single-layer deposition was cut into cross-sections
for the measurement of response variables. Optical microscopy was employed to determine
the response measures of BH and BW. The average value of three repetitions was considered
for investigations. Figure 3 displays the measurement method for the determination of BW
and BH employed in the current study.
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2.2. Optimization by HTS Algorithm

Vivek and Savsani [35] developed an HTS algorithm that operates on the principle
of heat transfer (HT) among the system particles and surroundings which tries to obtain
thermal equilibrium. It utilizes the three mediums of HT (conduction, convection, and
radiation) to acquire an equilibrium condition. Each HT medium receives equal opportuni-
ties, and the algorithm randomly selects any one of the mediums. Thus, HTS starts with
a primary arbitrarily produced population. It consists of population size (particles) and
design variables. Every generation subsequently modifies the population size by arbitrarily
picking the mode of HT. This process is repeated, and the system accepts a solution with
good functional value and subsequently replaces poor solutions from the system with elite
solutions [36]. The step-by-step methodology of the HTS technique is depicted in Figure 4.
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2.2.1. HT by Conduction

The solutions from the systems are improved from the conduction HT medium by
using Equations (1) and (2).

X′j,i =
{

Xk,i +
(
−R2Xk,i

)
, i f f

(
Xj

)
> f (Xk)

Xj,i +
(
−R2Xj,i

)
, i f f

(
Xj

)
< f (Xk)

; i f g ≤ gmax/CDF (1)

X′j,i =
{

Xk,i + (−riXk,i), i f f
(
Xj

)
> f (Xk)

Xj,i +
(
−riXj,i

)
, i f f

(
Xj

)
< f (Xk)

; i f g > gmax/CDF (2)

2.2.2. HT by Convection

The solutions from the systems are improved from the convection HT medium by
using Equations (3) and (4).

X′j,i = Xj,i + R× (Xs − Xms × TCF) (3)

TCF =

{
abs(R− ri), i f g ≤ gmax/COF

round(1 + ri), i f g > gmax/COF
(4)

2.2.3. Heat Transfer by Radiation Mode

The solutions from the systems are improved from the radiation HT medium by using
Equations (5) and (6).

X′j,i =
{

Xj,i + R×
(
Xk,i − Xj,i

)
, i f f

(
Xj

)
> f (Xk)

Xj,i + R×
(
Xj,i − Xk,i

)
, i f f

(
Xj

)
< f (Xk)

; i f g ≤ gmax/RDF (5)

X′j,i =
{

Xj,i + ri ×
(
Xk,i − Xj,i

)
, i f f

(
Xj

)
> f (Xk)

Xj,i + ri ×
(
Xj,i − Xk,i

)
, i f f

(
Xj

)
< f (Xk)

; i f g > gmax/RDF (6)

3. Results and Discussions

Results of cross-sectional geometries were investigated by using the measured re-
sponses of BW and BH from optical microscopy. Table 3 displays the design variables by
following an experimental matrix of the BBD technique along with the measured responses
of BW and BH.

Table 3. Design variables of WAAM process with measured responses.

Std. Order Run Order WFS TS Voltage BW BH

6 1 6 150 19 9.24 5.82
1 2 4 125 20 6.89 4.23

10 3 5 175 19 6.23 4.27
12 4 5 175 21 8.68 5.12
7 5 4 150 21 7.38 4.11

14 6 5 150 20 7.53 4.61
2 7 6 125 20 9.88 6.05
9 8 5 125 19 8.28 5.3

15 9 5 150 20 7.46 4.55
8 10 6 150 21 9.97 5.89
4 11 6 175 20 9.17 5.62
3 12 4 175 20 5.9 3.63

13 13 5 150 20 7.41 4.51
5 14 4 150 19 6.25 3.99

11 15 5 125 21 8.47 5.21
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3.1. Regression Equations for BW and BH

Non-linear regression equations were generated to establish relationships among the
WAAM design variables and responses (BH and BW) by integrating the RSM method
through Minitab v17 software. The obtained regression equations were validated through
ANOVA test results and residual plots. Regression models for BW and BH were depicted
in Equations (7) and (8) by following a stepwise method.

BW = 201.1− 2.278·x1 − 0.4697·x2 − 16.06·x3 + 0.3758·x1
2 + 0.3308 ·x3

2 + 0.02260·x2·x3 (7)

BH = 135.1− 0.589·x1 − 0.2824·x2 − 11.06·x3 + 0.1517·x1
2 + 0.000279 ·x2

2 + 0.2442 ·x3
2 + 0.0094·x2·x3 (8)

where x1 represents the WFS, x2 represents TS, and x3 represents voltage.

3.2. ANOVA for BW and BH

The adequacy and acceptability of the obtained regression equations were validated
through ANOVA test results. Minitab v17 was utilized for the evaluation of significant
and non-significant model terms from ANOVA. A confidence level of 5% was selected to
assess the significance. Thus, a probability value lower than 0.05 suggests an influential
effect of the respective term on the response variables of bead width and bead height [38].
Table 4 displays the statistical analysis of bead width from ANOVA by following a step-
wise approach to eliminate terms that do not contribute to the response. The statistical
significance of the quadratic model for bead width displayed the significance of regression,
linear, square, and interaction model terms. As per the confidence level of 5%, statisti-
cally significant factors include all the linear terms (WFS, TS, and V), the square terms of
WFS ×WFS and TS × TS, and the interaction term of TS × V. The large probability value
of the lack of fit along with its non-significance specified the acceptability and fitness of the
model for bead width [39]. Higher F-values specified that WFS was the highest contributor
affecting the BW response followed by V and TS. An R2 value adjacent to one suggests that
the regressions predict the response value [40]. The model summary displayed in Table 4
depicts the least difference between R2 values, and all of them are adjacent to one. Thus,
the developed regression model for BW showed adequacy and acceptability through the
validation results of the ANOVA test.

Table 4. ANOVA for bead width (BW).

Source DF SS MS F P Significance

Regression 6 23.7671 3.9612 130.10 0.000 *
Linear 3 21.6209 7.2070 236.71 0.000 *
WFS 1 17.5232 17.5232 575.555 0.000 *
TS 1 1.5665 1.5665 51.45 0.000 *
V 1 2.5312 2.5312 83.14 0.000 *

Square 2 0.8693 0.4247 14.28 0.002 *
WFS ×WFS 1 0.5245 0.5245 17.23 0.003 *

TS × TS 1 0.4064 0.4064 13.35 0.006 *
Interaction 1 1.2769 1.2769 41.94 0.000 *

TS × V 1 1.2769 1.2769 41.94 0.000 *
Error 8 0.2436 0.0304 - -

Lack of fit 6 0.2242 0.0374 3.85 0.22 #
Pure error 2 0.0194 0.0097 - - -

Total 14 24.0107 - - - -

Model Summary: R2 = 98.99%; Adj. R2 = 98.22%; Pred. R2 = 95.52%. “*” represents significance, and “#” represents
non-significance.

Statistical analysis of bead height response is represented in Table 5 by following a
stepwise approach. The statistical significance of the quadratic model for bead height
displayed the significance of regression, linear, square, and interaction model terms. Sta-
tistically significant factors include all the linear terms (WFS, TS, and V), all the square
terms of WFS ×WFS, TS × TS, and V × V, and the interaction term of TS × V. The large
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probability value of the lack of fit along with its non-significance specified the acceptability
and fitness of the model for bead width. Higher F-values specified that WFS was the
highest contributor affecting the BH response followed by TS and V. The model summary
displayed in Table 5 depicts the least difference between R2 values, and all of them are
adjacent to one. Thus, the developed regression model for BH showed adequacy and
acceptability through the validation results of the ANOVA test.

Table 5. ANOVA for bead height (BH).

Source DF SS MS F P Significance

Regression 7 8.1587 1.1655 137.03 0.000 *
Linear 3 7.5726 2.5242 296.76 0.000 *
WFS 1 6.8821 6.8821 809.09 0.000 *
TS 1 0.5778 0.5778 67.93 0.000 *
V 1 0.1128 0.1128 13.26 0.008 *

Square 3 0.3651 0.1217 14.31 0.002 *
WFS ×WFS 1 0.0849 0.0849 9.99 0.016 *

TS × TS 1 0.1120 0.1120 13.17 0.008 *
V × V 1 0.2201 0.2201 25.88 0.001 *

Interaction 1 0.2209 0.2209 25.97 0.001 *
TS × V 1 0.2209 0.2209 25.97 0.001 *
Error 7 0.5448 0.0085

Lack of fit 5 0.0051 0.0109 4.30 0.199 #
Pure error 2 8.2182 0.0025

Total 14

Model Summary: R2 = 99.28%; Adj. R2 = 98.55%; Pred. R2 = 94.17%. “*” represents significance, and “#” represents
non-significance.

3.3. Normal Probability Plot for Bead Width and Bead Height

Validation of the ANOVA test and its robustness can be effectively depicted by a
normal probability plot of residuals. ANOVA test results are treated as effective and fit
for the developed regression models if the normal probability plot of residuals fulfills the
assumptions [41]. Thus, it is necessary to validate the results from the normal probability
plot. Figure 5 represents the normal probability graph for bead width. All the residuals are
placed in a straight line. This depicts the fitness of the developed regression models for bead
width as it shows an absence of residual clustering with a normal scattering of all errors. A
similar observation can be found in Figure 6 of the normal probability graph of bead height.
Therefore, it can be concluded that all design variables of the present work signify a key role.
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3.4. Main Effect Plot for Bead Width and Bead Height

Figure 7 represents an effect of WAAM design variables (WFS, TS, and V) on bead
width response. An increased value of WFS was observed to have a substantial effect on
the bead width of the deposition. An enlarged speed of the metallic wire increases the
deposition of material on the substrate [18]. Due to this reason, a negative effect on the
increase in bead width was observed with an intensification in WFS. A plot of bead width
vs. TS showed a positive effect of the increase in TS on bead width response. An increase
in TS from 125 mm/min to 175 mm/min showed a drop in bead width. This was due to
the higher speed of the torch at increased TS. With the increase in torch speed, there were
fewer drops of molten metal being deposited, which resulted in a decrease in the bead
width [23,42]. An increase in the value of voltage showed a negative impact on bead width
owing to the widening of the arc. After increasing voltage, large droplets of molten metals
were deposited which in turn increased the bead width of the deposition [43].
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The influence of the WAAM design variables of WFS, TS, and V was studied on bead
height response as shown in Figure 8. The bead height of the weld bead increases with the
increase in material deposition due to the increased speed of the metallic wire coming from
the nozzle [23,44]. The main reason behind this increased speed is the intensification in WFS.
This can be observed from the plot of bead height vs. WFS wherein bead height was largely
increased with an increase in WFS. The bead height of the single-layer deposition was
observed to have a declined trend with an increase in TS from 125 mm/min to 175 mm/min.
This was due to the higher speed of the torch at increased TS. A higher speed of the torch
restricts the deposition of the material, and due to this reason, the bead height of the bead
geometry decreases with an increase in TS [28,45]. The effect of voltage on bead height
did not show any substantial effect as it was observed that bead height initially decreased
with an increase in voltage from 19 to 20 V and then increased slightly with an increase
in voltage from 20 to 21 V. However, the mean value of bead height was observed to be
the same with very little variation. An appropriate value of these design variables can be
obtained from parametric optimization.
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3.5. Optimization

The selected responses of bead height and bead width showed conflicting nature in
correspondence with the levels of the design variables of WAAM. Thus, the HTS approach
was used as an optimization technique for a set of optimal levels of both responses. For
obtaining design variables suitable for multi-layer thin-walled structures, a higher bead
height and lower bead width were considered during the implementation of HTS. The
upper and lower bound levels of the design variables of WAAM were selected during
the execution of the algorithm with the continuous values of WAAM variables. This
includes the range of WFS from 4 m/min to 6 m/min, V from 19 V to 21 V, and TS from
125 mm/min to 175 mm/min. By considering the individual response of bead width and
then bead height, their individual values were determined and are represented in Table 6
with percentage error. Least error between results achieved from HTS and validation
resulted in good agreement between the bead geometry and WAAM variables.
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Table 6. HTS results for individual response geometries.

Criteria
WAAM Variables Predicted Results Experimental Results

WFS TS V BW BH BW BH

Maximization of BH 6 125 19 10.21 6.43 9.96 6.72

Minimization of BW 4 175 19 3.57 5.22 3.43 5.47

However, the individual response suggested the opposing condition for the responses
of bead width and bead height. Therefore, it becomes necessary to determine the optimal
combination of design variables for both bead width and bead height. By considering
the requirement of the fabrication of multi-layer thin-walled structures, 10 case studies
were conducted as per Table 7. The objective function developed for these case studies is
represented in Equation (9) which also considers the continuous values of WAAM variables.

Obj = w1·(BW) + w2·(BH) (9)

where w1 and w2 represent the weights given during the HTS execution.

Table 7. Case study results for optimal solutions of bead geometries.

Weights WAAM Variables Bead Geometries

BH BW WFS TS V BH BW

1 0 6 125 19 6.42 10.21

0.9 0.1 5.9 134 19 6.14 9.78

0.8 0.2 5.9 146 19 5.86 9.38

0.7 0.3 5.3 172 19 5.51 8.66

0.6 0.4 6 131 19 5.42 8.18

0.5 0.5 5.5 141 19 5.01 7.81

0.4 0.6 5.6 152 19 4.95 7.35

0.3 0.7 4 175 19 4.41 7.04

0.2 0.8 5 148 19 4.39 6.57

0.1 0.9 4.6 159 19 3.99 5.79

0 1 4 175 19 3.57 5.22

Depending upon the requirement of bead width and bead height dimensions, the user
can select the appropriate combination of design variables shown in Table 7. All these case
studies were validated by performing single-layer deposition trials. An error of less than
6% between the predicted results and actual results showed good agreement between the
bead geometry and WAAM variables.

In addition to the ten case studies, Pareto fronts were also developed which provide
non-dominated unique solutions. A total of 50 unique optimal solutions were generated
with continuous values of WAAM variables by considering the different requirements of
industrial applications. Table 8 shows unique solutions along with continuous values of
WAAM variables, and Figure 9 depicts the Pareto graph of bead height vs. bead width.
The user can select any optimal value as per their requirement of bead geometries for the
fabrication of multi-layer thin-walled structures.
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Table 8. Pareto optimal points.

Sr. No. WFS TS V Bead Height Bead Width

1 4 175 19 3.57 5.23

2 6 125 19 6.43 10.20

3 5.3 173 19 4.65 6.89

4 5.2 174 19 4.54 6.68

5 4.1 175 19 3.63 5.30

6 4.9 173 19 4.27 6.27

7 4.8 175 19 4.16 6.05

8 5.5 127 19 5.78 9.10

9 6 169 19 5.47 8.43

10 5.4 128 19 5.64 8.88

11 6 128 19 6.33 10.08

12 5.8 172 19 5.20 7.88

13 5.9 175 19 5.30 7.97

14 5.9 128 19 6.21 9.86

15 4.4 173 19 3.85 5.66

16 5.7 125 19 6.07 9.57

17 5.7 127 19 6.01 9.49

18 5.5 171 19 4.87 7.33

19 5.5 175 19 4.85 7.17

20 5.4 125 19 5.74 9.00

21 5.9 159 19 5.47 8.61

22 5.7 175 19 5.07 7.55

23 4.3 174 19 3.77 5.52

24 6 174 19 5.43 8.23

25 5.8 175 19 5.18 7.76

26 5 173 19 4.36 6.41

27 5.4 171 19 4.77 7.14

28 5.2 125 19 5.54 8.66

29 5.8 127 19 6.12 9.69

30 5.6 127 19 5.89 9.29

31 5 175 19 4.34 6.33

32 5.4 175 19 4.74 6.98

33 4.3 175 19 3.77 5.48

34 5.1 172 19 4.46 6.60

35 5.9 125 19 6.31 9.98

36 4 175 19 3.57 5.23

37 6 125 19 6.43 10.20

38 5.6 127 19 5.89 9.29

39 6 175 19 5.42 8.19

40 5.3 126 19 5.61 8.78
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Table 8. Cont.

Sr. No. WFS TS V Bead Height Bead Width

41 5.3 127 19 5.57 8.74

42 5.8 175 19 5.18 7.76

43 5.7 175 19 5.07 7.55

44 5.6 125 19 5.96 9.37

45 5.6 171 19 4.98 7.52

46 4.5 175 19 3.92 5.69

47 5.1 175 19 4.44 6.48

48 5.6 175 19 4.95 7.35

49 4.6 172 19 4.02 5.92

50 5.4 174 19 4.74 7.02
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Figure 9. Pareto graph for bead height vs. bead width.

Both of the responses of bead geometries, i.e., bead width and bead height, play a
key role in the fabrication of multi-layer thin-walled structures. By considering the equal
importance of both responses, a case study consisting of equal weights of BW and BH
during the optimization was selected for the fabrication of a multi-layer structure. As per
Table 7, the selected case study yielded the optimized values of bead height and bead width
of 5.01 mm and 7.81 mm, respectively, at a WFS of 5.50 m/min, TS of 141 mm/min, and
voltage of 19 V. Initially, a single-layered trial was conducted for the predicted WAAM
variables. Actual experimental values yielded an error of 3.47% and 3.72% for bead height
and bead width, respectively, with their BH value of 5.17 mm and BW value of 7.53 mm. An
acceptable error between the predicted results and the actual results showed the suitability
of the parameters for the fabrication of a multi-layer structure. A multi-layer structure
fabricated at the optimal parameter setting of WAAM variables can be seen in Figure 10.
Figure 11a,b depict the length and height of the fabricated multi-layered structure which
were found to be 130 mm and 60 mm, respectively. A uniform bead-on-bead deposition
was observed for the multi-layered structure. Between the two successive layers of the
multi-layer structure, a cooling time of 15 s was preferred for the solidification of the next
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layer of deposition [46]. Some residual stresses were also released due to the provided
cooling time [23]. The multi-layered structure obtained at the optimized parameter was
found to be free from disbonding, and seamless fusion was detected between the obtained
layers of the structure. Very few lumps of metal were observed on the extreme sides of
the deposition. However, the start and stop are always scrapped in the post processing.
Thus, the current study successfully demonstrated the necessity of a parametric study for
obtaining the desired quality of thin multi-layered structures by employing the GMAW-
based WAAM process on an SS 316L substrate. The authors believe that the present study
will be beneficial for industrial applications for the fabrication of multi-layer structures.
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4. Conclusions

In the present study, GMAW-based WAAM was employed to perform bead-on-plate
trials on an SS 316L substrate by considering the TS, WFS, and V as design variables, while
BH and BW were considered as responses. The HTS algorithm was employed to obtain
the optimal combinations of design variables by considering single- and multi-objective
optimization of BH and BW. The obtained results and key findings are summarized below:
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• Non-linear regression equations were generated to establish relationships among the
WAAM design variables and responses (BH and BW) by integrating the BBD approach
of RSM.

• For both responses of bead width and bead height, ANOVA showed the statistical
significance of the quadratic model for regression, linear, square, and interaction model
terms. Non-significance of the lack of fit specified the acceptability and fitness of the
model for bead width and bead height. An R2 value adjacent to one showed adequacy
and acceptability through the validation results of the ANOVA test.

• WFS was the highest contributor affecting the BW response followed by V and TS.
WFS was the highest contributor affecting the BH response followed by TS and V. A
normal probability plot of residuals successfully validated the ANOVA test results for
both bead width and bead height.

• Both of the responses of bead width and bead height of single-layer deposition in-
creased with an increase in WFS and V and a drop in TS. However, opposing objectives
are required for the response.

• The HTS approach was used as an optimization technique for a set of optimal levels
of both responses. The single-objective optimization result showed a maximum bead
height and minimum bead width of 6.72 mm and 3.72 mm, respectively.

• Multiple case studies and Pareto optimal points were conducted by considering the
requirement of industrial users for the fabrication of different types of multi-layered
structures. All case studies were validated by performing single-layer deposition trials.
An error of less than 6% between the predicted results and the actual results showed
good agreement between the bead geometry and WAAM variables.

• In the present work, a multi-layer structure was fabricated with the consideration of
equal weights of BW and BH during the optimization. The selected case study yielded
optimized values of bead height and bead width of 5.01 mm and 7.81 mm, respectively,
at a WFS of 5.50 m/min, TS of 141 mm/min, and voltage of 19 V. The multi-layer
structure fabricated at the optimal parameter setting of WAAM variables showed a
uniform bead-on-bead deposition for the multi-layered structure. The multi-layered
structure obtained at the optimized parameter was found to be free from disbonding,
and seamless fusion was detected between the obtained layers of the structure.

• Thus, the current study successfully demonstrated the necessity of a parametric study
for obtaining the desired quality of thin multi-layered structures by employing the
GMAW-based WAAM process on an SS 316L substrate. The authors believe that
the present study will be beneficial for industrial applications for the fabrication of
multi-layer structures.
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