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Abstract: The Activated Tungsten Inert Gas welding (A-TIG) technique is characterized by its
capability to impart enhanced penetration in single pass welding. Weld bead shape achieved by
A-TIG welding has a major part in deciding the final quality of the weld. Various machining variables
influence the weld bead shape and hence an optimum combination of machining variables is of
utmost importance. The current study has reported the optimization of machining variables of A-TIG
welding technique by integrating Response Surface Methodology (RSM) with an innovative Heat
Transfer Search (HTS) optimization algorithm, particularly for attaining full penetration in 6 mm
thick carbon steels. Welding current, length of the arc and torch travel speed were selected as input
process parameters, whereas penetration depth, depth-to-width ratio, heat input and width of the
heat-affected zone were considered as output variables for the investigations. Using the experimental
data, statistical models were generated for the response characteristics. Four different case studies,
simulating the real-time fabrication problem, were considered and the optimization was carried out
using HTS. Validation tests were also carried out for these case studies and 3D surface plots were
generated to confirm the effectiveness of the HTS algorithm. It was found that the HTS algorithm
effectively optimized the process parameters and negligible errors were observed when predicted
and experimental values compared. HTS algorithm is a parameter-less optimization technique and
hence it is easy to implement with higher effectiveness.

Keywords: A-TIG; optimization; HTS algorithm; RSM; welding; SA 516 Gr. 70 steel

1. Introduction

The TIG welding process is always a widely sought process wherever exceptional
quality requirements are intended such as pressure parts for oil refining vessels [1]. This is
because of its fluxless operation and shielding through inert gases. The TIG welding process
is also successfully applied for dissimilar welded joints without welding imperfections [2].
TIG welding was observed to be a very useful technique for stainless steels, high-carbon
steels, nickel-based superalloys, etc. [3–6]. However, limited productivity of the process,
particularly for single pass operations, are always a problem. Maximum penetration of
3–3.5 mm is achieved by singles pass operation of TIG welding in autogenous mode.
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On the other hand, enhanced penetration capability of activated TIG (A-TIG) welding
process in comparison to conventional TIG welding process is gaining a lot of popularity,
particularly for the single-pass autogenous mode of operation [7–11]. The technique
was developed at Paton Electric Institute in Ukraine in 1960 and since then a variety of
research has surfaced about the development of the technology [12,13]. The technique
involves application of a chemical compound (known as flux) on the upper surface of a
plate. The flux powder is converted to a paste by adding alcoholic reagents and a skinny
layer of this flux paste is smeared on the surface by using a paintbrush. On carrying out
autogenous TIG welding, the flux particles quickly reach the melting arc temperatures,
inducing various intensifying physical phenomena such as Reversed Marangoni, Arc
constriction, etc. [14]. As a consequence, a large amount of increment in the depth of
penetration has been reported with the use of this technology. However, the success of
the technology depends on the selection of the flux formulation, corresponding to the
chemical composition of the base metal and suitable welding parameters. Pursuant to this,
a variety of studies were reported for utilization of A-TIG welding process on low alloy
steels [15–17], stainless steel [10,18–20], advanced alloy steels [21–23] and even non-ferrous
metals [24] using different fluxes and welding process parameters. The final weld quality
for the required application is of great importance for the fabrication of the components.
The shape attributes of the weld bead, i.e., Depth of Penetration (DOP), Bead Width (BW),
Width of Heat-Affected Zone (HAZ), and Depth-to-Width ratio (D/w) are the primary
considerations for attaining the required quality of the welded joint, such as toughness and
tensile strength. These welded joint features are reliant on the input parameters. Thus, the
primary step for process development is the optimum setting of the process parameters
and a tool for predicting the required final weld shape [25]. Several approaches for the
prediction and optimization of welding procedure parameters such as the RSM technique,
Taguchi method and Artificial Neural Network (ANN), etc., have been described in open
literature with a fairly high success rate [26–28].

Furthermore, these techniques are often combined with advanced evolutionary op-
timization algorithms for the optimization of process parameters. The need for using an
advanced evolutionary algorithm is because the welding processes are very complex and
have multifaceted interactions between input and output parameters. Put differently, the
welding processes are a multi-input process requiring advanced optimization techniques
for designing optimal welding processes. In addition to this, engineering applications
require simultaneous optimum values of more than one quality response. If those quality
responses are optimized individually, there might be a different set of input parameters
for each of these output responses which requires a large set of experiments. Additionally,
sometimes the dependencies of the output and input parameters might also be conflicting
with each other, making the optimization problem even more complex to solve [29]. This
technique of optimizing more than one quality response simultaneously is also termed as a
multi-objective optimization technique. Various methodologies were established to solve
multi-objective optimization problems, out of which the weighted additive utility function
(WAUF) technique is used extensively for welding problems. In this technique, appropriate
weights are assigned to all the output responses and are combined in a single objective
function which is further analyzed to get optimized results. Several attempts have been
reported for the multi-objective optimization of welding parameters with different opti-
mization algorithms, among which Genetic Algorithm (GA) is the most preferred [30–32].
However, one caution in the approach is the fact that the GA technique functions under a
precise set of allocated values of algorithm-specific parameters. The selection of allocated
values will dictate the effectiveness of the results achieved which may differ from user to
user. Thus, parameter-less novel optimization algorithms have been developed recently
which are equally effective and easier to implement [33].

Heat Transfer Search (HTS) developed by the authors Patel and Savsani [34] is one
such technique which uses three distinct phases (conduction, convection and radiation) to
arrive at a global optimum value. Since its inception, HTS has been used extensively for
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solving optimization problems for different applications. Degertekin et al. [35] applied the
HTS technique for the sizing optimization, particularly for truss structures. Three design
examples were discussed in the study which demonstrated that HTS formulated better
designs than those found by other state-of-the-art metaheuristic optimization methods.
The convergence capability of HTS was also comparable with the other methods. The
authors also presented the robustness of the HTS algorithm in the studies. Raja et al. [36]
implemented the HTS technique to obtain the optimal design of the fin-and-tube heat
exchanger. Seven different case studies were used to study the ability of the HTS technique
for the fin-and-tube heat exchanger by comparing it with GA, Particle Swarm Optimization
(PSO) and Ant Bee Colony (ABC) algorithms. It was reported that there was a 16.25%
reduction in total weight and a 9.02% reduction in total annual cost for the heat exchanger
with the implementation of the HTS algorithm. Tejani et al. [37] successfully applied
the HTS algorithm for optimization in structural problems including the size, shape and
topology of the trusses. Similarly, Patel et al. [38] used the HTS algorithm for optimization
of the parameters of a turbojet engine by considering the variables such as fuel consumption,
efficiency, and thrust. Thus, it can be observed that HTS is suited for and has been effectively
applied to study a variety of optimization problems. However, to the best of the authors’
knowledge, no study has been reported on the application of HTS for the optimization of
A-TIG welding process parameters.

This study addresses the optimization of the A-TIG welding process parameters for
6 mm thick carbon steel metal using TiO2 flux, namely, DOP, HAZ, D/w ratio (also termed
as Aspect ratio) and Heat Input (HI). In optimizing these parameters, Length of the arc (L),
Welding current (I), and Travel speed (T) are selected as input parameters. Box–Behnken
design (BBD) approach of RSM is used for the generation of mathematical models and
the HTS algorithm is used for optimization. The unique feature of the study is that four
different case studies involving single- and multi-objective optimization problems have
been formulated and analyzed using HTS. These case studies will be very useful to the
relevant industries for direct application.

2. Materials and Methods

The present work is pivoted to optimize machining variables of the A-TIG process for
application on carbon steels. In the current study, 6 mm thick carbon steel was selected as
the base material. Table 1 shows the chemical composition of SA 516 Gr. 70 steel material.
Autogenous TIG welding (Panasonic, New Delhi, India) was used to perform bead-on-plate
trials after applying TiO2 as an activating flux.

Table 1. Chemical composition of SA 516 Gr. 70 steel (weight in %) [39].

C S P Mn Si Al Cu Cr Ni Mo V Ti

0.2 0.01 0.013 1.1 0.21 0.023 <0.02 <0.015 <0.015 <0.015 <0.01 <0.005

2.1. Selection of Process Parameter

In a welding process, the input parameters have a significant effect on the weld
bead geometry and ultimately the entire quality of the welded joint. The autogenous TIG
welding process parameters selected for obtaining the optimal values of DOP, HAZ, D/w
ratio and HI were length of the arc (L), welding current (I) and torch travel speed (T). All
other welding parameters were kept constant with values specified in Table 2. The working
ranges for all selected parameters were fixed by conducting pilot experimental runs. This
was carried out by varying one parameter at a time while keeping the other two constant.
The working range was decided by inspecting the welded surface for visual surface defects
and erratic underfill. The upper and lower limits of the selected parameters are specified
in Table 3.
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Table 2. Fixed parameters for bead-on-plate trials [39].

Crater current 200 A
Electrode type Tungsten (2% Thoriated)
Electrode diameter 2.9 mm
Electrode angle 18–20◦ (Blunt ground at the tip)
Shielding gas Argon (99.999% purity)
Gas flow rate 10–12 L/min
Welding position 1G PA
Electrode extension 5–6 mm
Nozzle diameter 8 mm

Table 3. Welding parameters and their levels [39].

Parameters Units Notations Factor Levels

- - - −1 0 1

Arc length mm L 1 2 3

Welding current A I 160 180 200

Travel speed mm/min T 80 100 120

2.2. Design Matrix as per the Response Surface Methodology

RSM is a widely used modelling technique which is used to develop a mathematical
relationship between the machining variables and output responses [40,41]. RSM consists
of both modelling and statistic approaches. These are helpful for the investigations and to
conduct a study of objectives which is influenced by multiple variables [15,42]. In this work,
RSM was used to create the relationship between the machining variables of the welding
process and the selected output response parameters. In general, the aim will be to find
the corresponding values of machining variables for which the selected output response
variables will achieve their optimum. The RSM technique also produces the required
inputs for design and process optimization and gives multiple responses [43]. The present
problem was a three-level three-factor problem. To reduce the number of experiments and
to improve the reliability of test results, experiments were scheduled based on the RSM
technique. Box–Behnken design (BBD) approach at three-level was selected for the given
problem. The set of experiments, as per BBD, to be performed were computed using design
expert software, as shown in Table 4.

2.3. Experimentation as per Design Matrix

The experiments were carried out according to the computed design matrix, as shown
in Table 4. A total of 17 bead-on-plate trials were conducted with appropriate care to
exclude the effect of the fit-up quality (gap, edge and displacement) on the welding
process. The plate thickness of 6 mm was cut into strip forms (100 mm × 15 mm), which
were ground on a surface grinder to remove surface impurities, and then cleaned with
acetone just before welding. Figure 1a shows the preparation and application of activating
flux. Before welding, titanium dioxide (TiO2) flux was applied at the center of the strip.
Subsequently, the flux in its actual powdered form could not be applied evenly on the
surface. Hence, acetone was mixed with the powder to convert it into a paste which can
be applied effectively, as shown in Figure 1a. As acetone tends to vaporize rapidly, a fine
and evenly distributed layer of oxide flux remains on the surface. Flux thickness was taken
to be uniform for all trials at approximately 0.15 mm and width was 10 mm at the center,
as seen in Figure 1a. This was ensured by computing the density and volume of flux to
be applied. For the existing setup, a GTAW power source of 200A with a 25% duty cycle
along with a customized special-purpose machine for automatic torch movement was used
to conduct the experiments. Figure 1b shows the A-TIG welding setup with Panasonic.



Metals 2021, 11, 981 5 of 16

During the welding trials, the welding arc was moved along the center of the plate while
controlling all the parameters, whereas arc voltage was measured and analyzed.

Table 4. Design Matrix as per BBD.

Exp. No.
Coded Values Actual Values

x1 x2 x3 E (mm) I (A) TS (mm/min)

1 0 0 0 2 180 100

2 −1 −1 0 1 160 100

3 −1 0 1 1 180 120

4 −1 0 −1 1 180 80

5 0 1 −1 2 200 80

6 0 −1 −1 2 160 80

7 −1 1 0 1 200 100

8 0 0 0 2 180 100

9 0 0 0 2 180 100

10 1 0 −1 3 180 80

11 0 0 0 2 180 100

12 0 0 0 2 180 100

13 1 −1 0 3 160 100

14 0 1 1 2 200 120

15 0 −1 1 2 160 120

16 1 1 0 3 200 100

17 1 0 1 3 180 120

2.4. Evaluation of Bead-on-Plate Samples

After welding, the samples for macrostructure observation were extracted from the
center of the welded plate and were subjected to mechanical grinding, polishing (240, 400,
600, 800, 1000 grits one after other), followed by etching with 2% nital solution. Macroscopy
studies were carried out using a traveling Vernier microscope (Make: RADICAL Instru-
ments, Ambala, India) and different weld bead dimensions (DOP, BW and HAZ width)
were measured as shown in Figure 2. Additionally, arc voltage was measured for each trial
and HI was calculated. HI value was calculated as per Equation (1). Apart from giving
the enhanced DOP, one of the important functions of activating flux is also to enhance the
depth-to-width ratio (D/w) wherein the narrower bead is obtained at the expense of deeper
penetration. Thus, the D/w ratio is also selected as one of the quality parameters to optimize
in addition to DOP, HAZ width and HI. The observed values of output parameters are
summarized in Table 5.

HI =
Voltage ×Current × 60

Travel Speed × 1000
(1)

2.5. Optimization Using HTS Algorithm

In the current study, the HTS algorithm was used for optimization. The HTS algorithm,
which was developed by Patel and Savsani [34], functions on the philosophy of heat
transfer happening due to the system molecules interacting with the surroundings for
reaching thermal equilibrium. The HTS algorithm incorporates three phases, namely,
conduction, convection and radiation, to reach an equilibrium state. In this approach,
an equal chance is considered for all these three modes of heat transfer and any one
of these three modes of heat transfer phases is selected randomly for each generation.
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The HTS algorithm is modified with a casually spawned population, where the system
has ‘n’ number of molecules (i.e., population size) and the temperature level (i.e., design
variables). In the following stage, the population is restructured in every generation by any
one of these casually selected heat transfer modules. Additionally, the updated solution
in the HTS algorithm is established if it is found to have an improved functional value.
In the subsequent iteration, the poorest results of the population are substituted by the
best solutions.
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Table 5. Experimentally measured values.

Exp. No. DOP (mm) BW (mm) Voltage HI (kJ/mm) D/w HAZ (mm)

1 4.49 7.15 13.50 1.46 0.63 5.90

2 4.52 6.41 13.20 1.27 0.71 4.01

3 5.22 3.85 12.50 1.13 1.36 2.00

4 8.19 4.98 13.20 1.78 1.65 5.20

5 6.50 7.50 13.50 2.03 0.87 5.40

6 5.96 8.64 12.50 1.50 0.69 5.96

7 4.79 5.71 12.00 1.44 0.84 2.10

8 4.49 7.15 13.50 1.46 0.63 5.90

9 4.48 7.14 13.50 1.46 0.63 5.94

10 7.10 7.51 14.50 1.96 0.95 5.68

11 4.50 6.92 13.50 1.46 0.65 5.89

12 4.00 6.56 13.50 1.46 0.61 5.90

13 3.72 8.56 12.50 1.20 0.44 3.00

14 3.26 6.80 14.40 1.44 0.48 3.20

15 2.99 7.53 13.00 1.04 0.40 2.90

16 4.00 7.91 14.50 1.74 0.51 3.88

17 4.42 5.98 13.00 1.17 0.74 2.80

2.5.1. Conduction Phase

The solutions are well-run in the conduction phase as per the below equations:

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
(2)

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
(3)

where X′j,i is the updated solution; j = 1, 2, . . . , n; k is a casually selected solution; j 6= k;
k ∈ (1, 2, . . . , n); i is a randomly selected variable of design; i ∈ (1, 2, . . . , m); gmax is the
specified maximum number of generation; CDF is the factor of conduction; R is the variable
of probability; R ∈ [0, 0.3333]; ri ∈ [0, 1] is a homogeneously disseminated random number
and f is the optimization function.

2.5.2. Convection Phase

The solutions are efficient in the convection phase as per the equations given below.

X′j,i = Xj,i + R× (Xτs − Xms × TCF) (4)

TCF =

{
abs(R− ri), i f g ≤ gmax

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

COF
(5)

where X′j,i is the updated solution; j = 1, 2, . . . , n; I = 1, 2, . . . , m. R is the variable of
probability, COF is the factor of convection; R ∈ [0.6666, 1]; ri ∈ [0, 1] is a homogeneously
dispersed random number; Xs is the surrounding temperature and Xms is the system mean
temperature; TCF is a factor of temperature change.
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2.5.3. Radiation Phase

The solutions are updated in the radiation phase as per the below equations.

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
(6)

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
(7)

where X′j,i is the updated solution; j = 1, 2, . . . , n; i = 1, 2, . . . , m; j 6= k; k ∈ (1, 2, . . . , n), k is a
casually designated molecule; RDF is the factor of radiation; R is the variable of probability;
R ∈ [0.3333, 0.6666]; ri ∈ [0, 1] is a homogeneously disseminated random number.

2.6. Proposed Optimization Route

The measured values of output responses were analyzed with the BBD methodology
and mathematical models were generated for individual response parameters (DOP, D/w,
HAZ and HI). Further, the methodology represented in Figure 3 was followed for the
optimization of the A-TIG welding process parameters. Furthermore, as shown in this
figure, four different case studies were considered and analyzed. These case studies are
formulated based on the different challenges which might be faced during the actual
industrial operations.
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3. Results and Discussions
3.1. Analyzing Weld Bead Morphology

The macrostructural analysis was carried out on the bead-on-a-plate welded trials and
the morphological parameters of the weld bead were observed. A range of values of the
response parameters was obtained, as included in Table 5. The maximum and minimum
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DOP values of 2.99 mm and 8.19 mm, respectively, were achieved. Apart from this, the
beauty of the A-TIG process lies in enhancing the DOP at the expense of a reduction in
bead width. Different values of this D/w ratio ranging from 0.40 to 1.65 were achieved
against typical values of 0.4–0.5. A D/w ≥ 1 is highly desirable. During the A-TIG welding
of carbon steels with TiO2, it can be noticed from the enhanced D/w ratios that the Reversed
Marangoni effect is the dominant mechanism responsible for depth enhancement. It can
also be concluded from the study that 6 mm thick carbon steel can be welded in a single
pass using the TiO2 flux and corresponding welding parameter.

3.2. Mathematical Model Generation

The output response parameters in Table 5 were analyzed in the Design-Expert soft-
ware to generate mathematical models. Quadratic models were developed for the response
parameters. The ultimate regression model resulting in terms of procedure variables for
the selected individual response factors is as follows:

DOP = −28.70578− 3.66961·x1 + 0.78741·x2 − 0.61433·x3 + 1.47500E− 004·x1·x2 + 3.61375E− 003·x1
·x3 − 1.73588E− 004·x2·x3 + 0.71178·x1

2 − 2.11632E− 003·x2
2 + 2.82174E− 003·x3

2 (8)

D/w = −14.10871− 1.35415·x1 + 0.26035·x2 − 0.13985·x3 + 0.27858·x1
2 − 7.15176E− 004·x2

2 + 6.62591E
−004·x3

2 (9)

HI = 4.37672− 0.76954·x1 + 1.05625E− 003·x2 − 0.049295·x3 + 4.59000E− 003·x1·x2 + 1.68677E
−004·x3

2 (10)

HAZ Width = −70.06150− 0.21700·x1 + 0.86680· x2 + 0.043175· x3 + 0.034775 · x1·x2 + 3.95000E− 003·
x1·x3 + 5.22500E− 004·x2·x3 − 1.54525· x1

2 − 2.76812E− 003·x2
2 − 1.07938E− 003· x3

2 (11)

In the above equations, x1, x2 and x3 are arc length, welding current and travel
speed, respectively. The mathematical representations achieved were investigated using
the ANOVA technique and the results are as shown in Table 6. ANOVA analysis was
conducted at a 95% confidence level. As seen in this table, the R2 value of close to 1
indicates that the models can predict the experimental data fairly accurately. The Adj.
R-Squared and Pred. R-Squared values for the proposed models were found in close
agreement. This shows that the models can effectively predict the output values close to the
values which actually might have obtained when experimentally measured. The same can
also be observed from Figure 4 which shows the closeness of predicted and the measured
values of the responses. A close agreement between the experimentally obtained values
and the model predicted values exists for the developed models. The Adeq. Precision
values as shown in Table 6 are found to be substantially greater than 4. The Adeq. Precision
measures the signal-to-noise ratio and greater than 4 values confirm the fact that these
models are robust enough for navigating the entire problem design space.

3.3. Optimizing Efforts for Different Case Studies and Their Validation
3.3.1. Case I: Optimization of DOP

The prime benefit of using the A-TIG welding technique is the enhancement in the
DOP similar welding parameters. For the present case, a single objective function that
needs to be maximized was formulated (see Equation (12)) and optimized using the
HTS algorithm.

Obj (v1) = (DOP) (12)

The optimization results predicted the maximum attainable DOP as 8.2 mm and the
corresponding input parameters are: arc length of 1 mm, welding current of 183, and
travel speed of 80 mm/min. For these ideal settings, the responses of supplementary
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output variables were also forecasted, and a validation experiment was carried out at
those parameters. However, as the objective was only the maximization of the DOP, other
response parameters were not at their optimum values. The experimentally measured
values of weld bead dimensions were recorded, as shown in Table 7. A negligible difference
can be observed between the predicted and measured values. Put differently, the HTS
algorithm embedded with the developed models (Equations (8)–(11)) is a good tool that
is capable of forecasting and optimizing the welding parameters. This specific case will
be extremely useful for industrial uses in which a substantial increase in DOP is required
to join mid-thickness plates (6–8 mm) having only structural applications with negligible
impact load. This is because the objective function is formulated without considering the
HI and HAZ which directly affect mechanical strength.

Table 6. ANOVA statistics for the generated models.

Response Feature Model R2 Adj. R-Squared Pred R-Squared Adeq. Precision

DOP Quadratic 0.9915 0.9806 0.9575 35.153

D/w Forward regression 0.9554 0.9286 0.8227 22.315

HAZ Quadratic 0.9945 0.9873 0.9113 30.717

HI Back elimination
regression 0.9685 0.9542 0.9037 29.315

Table 7. Validation results for case study 1.

Weld Bead Dimension Values

Condition DOP (mm) BW (mm) Voltage (V) HI (kJ/mm) D/w HAZ Width (mm)

Predicted by HTS Algorithm 8.24 5.28 12.75 1.77 1.56 4.99

Experimentally measured values 8.1 5.33 12.54 1.74 1.52 5.14

% ERROR 1.72 0.94 1.67 1.72 2.63 2.91
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3.3.2. Case II: Optimization of HI (for DOP ≥ 6.2 mm)

Apart from DOP, one of the major aspects of the welded joint quality is the Heat
Input (HI). This is because HI governs the cooling rate, which subsequently governs the
microstructure and thereby the impact strength. In general, a lower HI is always desirable
since it promotes better mechanical properties, especially impact strength [44]. This case
was formulated such that the objective function shall be to minimize HI when DOP is
greater than or equal to 6.2 mm. The additional 0.2 mm penetration (in a 6 mm plate) was
intended to ensure that full penetration is achieved. For this, the additional constraint was
imposed in the HTS algorithm, and the objective function was formulated as:

Obj (v2) f2 = (HI) (13)

The optimized results are as shown in Table 8 and are predicted as arc length of 1 mm,
welding current of 173A, and travel speed of 91.82 mm/min. After achieving the DOP of
6.2 mm, the smallest value of HI was predicted as 1.48 kJ/mm. The corresponding output
and input parameter values are also calculated as included in Table 8. Confirmatory trials
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were carried out at the closest possible input values on the machine, i.e., an arc length of
1 mm, welding current of 175A, and travel speed of 90 mm/min. The error between the
projected and experimentally achieved output values was calculated and was found to
be negligible, which establishes the capability of the HTS algorithm to optimize welding
processes. The case will be useful for welding components of 6 mm thickness in a single
pass with requirements of increased impact strength. The lowest HI after adequate DOP
can ensure the same.
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Table 8. Validation results for case study 2.

Weld Bead Dimension Values

Condition DOP (mm) BW (mm) Voltage (V) HI (kJ/mm) D/w HAZ Width (mm)

Predicted by HTS Algorithm 6.20 5.16 13.09 1.48 1.20 4.82

Experimentally measured values 6.32 5.01 12.54 1.46 1.15 4.40

% ERROR 1.89 2.99 4.38 1.36 4.34 9.5
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The weights were taken as 𝑤 = 0.6; 𝑤 = 0.3 ; 𝑤 = 0.1. The weights are always de-
cided according to the designers’ choice and in the current case, maximum weightage is 
given to HI followed by HAZ and D/w. The constraint of DOP ≥ 6.2 was imposed over the 
optimization problem. The welding parameters corresponding to the optimum values of 
the objective function are welding current 182 A, arc length of 1 mm and travel speed of 
93.9 mm/min. The corresponding values of the resultant output responses are presented 
in Table 9. Validation trials were also carried out at the closest possible set of input pa-
rameters permitted by the equipment (welding current 180 A, an arc length of 1 mm and 
travel speed of 95 mm/min). The resulting weld bead dimension values achieved are sum-
marized in Table 9. As seen in the table, the error between the measured and predicted 
values are acceptable, clearly indicating that the HTS algorithm can be employed for the 
multi-objective optimization of the A-TIG welding parameters. This case is relevant to the 
welding problems in which a balance of DOP and mechanical properties are needed. 
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3.3.3. Case III: Simultaneous optimization of D/w, HI, and HAZ width (for DOP ≥
6.2 mm)

The simultaneous optimization of the input parameters is of great importance since
the nature of welding problems is always complex. In this case, for the multi-objective
optimization approach, the entire set of output parameters were combined in a single
objective function by assigning the intended weights to each. Apart from increasing DOP,
A-TIG welding also has an inherent advantage of reducing the BW and thereby increasing
the D/w ratio. Additionally, HAZ is one of the major areas prone to service failures and so
the lower HAZ width can increase the reliability of the welded part. Thus, an objective
function, wherein after achieving a minimum 6.2 mm penetration the D/w ratio shall be
maximized while HI and HAZ width shall be minimized. The entire objective function
is subjected to minimization. HI and HAZ are subjected to minimization, while D/w is
subjected to maximization. Thus, during course of optimization, the HTS algorithm is
formulated as below.

Obj (v3) = w1 × (HI) + w2 × (D/w)− w3 × (HAZ) (14)

The weights were taken as w1 = 0.6; w2 = 0.3 ; w3 = 0.1. The weights are always
decided according to the designers’ choice and in the current case, maximum weightage
is given to HI followed by HAZ and D/w. The constraint of DOP ≥ 6.2 was imposed
over the optimization problem. The welding parameters corresponding to the optimum
values of the objective function are welding current 182 A, arc length of 1 mm and travel
speed of 93.9 mm/min. The corresponding values of the resultant output responses are
presented in Table 9. Validation trials were also carried out at the closest possible set
of input parameters permitted by the equipment (welding current 180 A, an arc length
of 1 mm and travel speed of 95 mm/min). The resulting weld bead dimension values
achieved are summarized in Table 9. As seen in the table, the error between the measured
and predicted values are acceptable, clearly indicating that the HTS algorithm can be
employed for the multi-objective optimization of the A-TIG welding parameters. This case
is relevant to the welding problems in which a balance of DOP and mechanical properties
are needed.

3.3.4. Case IV: Simultaneous optimization of DOP, D/w, HI and HAZ width

In this final case, the objective function was designed to simultaneously optimize all
the response parameters. The entire objective function is subjected to minimization. In
Equation (15), HI and HAZ is subjected to minimization while DOP and D/w is subjected
to maximization. Thus, during course of optimization, the HTS algorithm is formulated
as below.

Obj (v4) = −w1 × ( DOP) + w2 × (HI)− w3 × (D/w) + w4 × (HAZ) (15)

where the weights were assigned as w1 = 0.5; w2 = 0.3 ; w3 = 0.1; w4 = 0.1.

Table 9. Validation results for case study 3.

Weld Bead Dimension Values

Condition DOP (mm) BW (mm) Voltage (V) HI (kJ/mm) D/w HAZ Width (mm)

Predicted by HTS Algorithm 6.20 5.04 12.89 1.50 1.23 4.44

Experimentally measured values 6.41 6.05 14.25 1.62 1.06 4.32

% ERROR 3.27 16.7 9.5 7.4 16 2.7
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To optimize the objective functions, the HTS algorithm was executed with 10,000
function evaluations. The optimized input process parameters were identified as torch
travel speed—80 mm/min, length of arc—1 mm and welding current—192 A. The val-
idation trial was carried out at arc length—1 mm, welding current—190 A, and travel
speed—80 mm/min, and the measured values were recorded as shown in Table 10. Once
again, the predicted and measured values were in close agreement, clearly indicating that
the HTS algorithm equipped with the developed models is an excellent optimization tool
for the welding processes.

Table 10. Validation results for case study 4.

Weld Bead Dimension Values

Condition DOP (mm) BW (mm) Voltage (V) HI (kJ/mm) D/w HAZ Width (mm)

Predicted by HTS Algorithm 8.07 5.42 14.83 1.82 1.49 4.12

Experimentally measured values 8.15 6.03 13.33 1.90 1.35 4.32

% ERROR 0.98 10.1 11.2 4.2 10.4 4.6
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3.4. Validation of HTS Algorithm via 3D Surface Plots 
3.4. Validation of HTS Algorithm via 3D Surface Plots

HTS algorithm is a newly developed algorithm and per the best of the authors’ knowl-
edge, the study is the first attempt to optimize welding process parameters. To evaluate the
effectiveness of this algorithm, 3D surface plots were generated for DOP by maintaining
only one of the optimum input process parameters (arc length of 1 mm, welding current of
192 A and travel speed of 80 mm) generated by HTS at a time constant, while searching over
the rest of the parameter space corresponding to the remaining parameters. DOP is selected
as the quality parameter as one of the most important parameters for A-TIG welding. As
shown in Figure 5a, it can be observed that maximum DOP values for arc length 1 mm
would be 8.2 mm (indicated as a red area in the graph) at travel speed of 80–85 mm/min
and the welding current value of around 190. Similarly, as seen in Figure 5b, at welding
current of 192 A, the maximum DOP would be achieved at arc length close to 1 mm and
travel speed of 80 mm/min which is indicated by a small red area at the corner. As seen
in Figure 5c, for a constant travel speed of 80 mm/min, the maximum DOP would be
achieved at an arc length of 1 mm and welding current close to 190 A. The value of DOP as
obtained by the HTS algorithm for case 4 during the simultaneous optimization of all the
output responses was predicted as 8.07 which is close to 8.2 (predicted by surface plots).
The slight variation in the values is due to the weights assigned to DOP in the objective
function. In studying the parameter space concerning DOP, from the contour plots, it
is clear that the HTS algorithm is predicting the global optimum for DOP. Thus, it can
be concluded that the HTS algorithm can be successfully employed for solving complex
optimization problems in welding.
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4. Summary

In this study, optimization of the A-TIG welding process was successfully carried
out using a novel HTS algorithm. The A-TIG process parameters, namely, DOP, HI,
D/w and HAZ, were optimized using a combination of RSM and HTS algorithms. It
was concluded from the study that the mathematical models developed using the BBD
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approach of RSM were robust and capable of predicting the responses accurately. The
models were integrated into the HTS algorithm that was applied successfully for single-
and multi-objective optimization of the A-TIG welding parameters. The HTS algorithm
was used in four different case studies, each having a different objective function. The
optimized parameters achieved for these four case studies were validated by performing
the experimental trials. The experimentally achieved values are in close agreement with
the predicted optimized values (negligible error) depicted by HTS. 3D surface plots for
DOP also proved the effective performance of HTS to optimize the objective function.
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