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Flux-assisted tungsten inert gas welding process, also known as activated tungsten inert gas (A-

TIG) welding, is extensively used in order to improve the performance of the conventional TIG

welding process. In this study, the orthogonal array Taguchi (OA-Taguchi) method, regression
modeling, analysis of variance (ANOVA) and simulated annealing (SA) algorithm have been

used to model and optimize the process responses in A-TIG welding process. Welding current

(I), welding speed (S) and welding gap (G) have been considered as process input variables for

fabricating AISI316L austenitic stainless steel specimens. Depth of penetration (DOP) and weld
bead width (WBW) have been taken into account as the process responses. In this study, SiO2,

nano-particle has been considered as an activating °ux. To gather required data for modeling,

statistical analysis and optimization purposes, OA-Taguchi based on the design of experiments
(DOE) has been employed. Then the process responses have been measured and their corre-

sponding signal-to-noise (S/N) ratio values have been calculated. Di®erent regression equations

have been applied to model the responses. Based on the ANOVA results, the most ¯tted models

have been selected as an authentic representative of the process responses. Furthermore, the
welding current has been determined as the most important variable a®ecting DOP and WBW

with 68% and 88% contributions, respectively. Next, the SA algorithm has been used to opti-

mize the developed models in such a way that WBW is minimized and DOP is maximized.

Finally, experimental performance evaluation tests have been carried out, based on which it can
be concluded that the proposed procedure is quite e±cient (with less than 4% error) in modeling

and optimization of the A-TIG welding process.

Keywords: Activated TIG welding process; OA-Taguchi method; regression modeling; analysis

of variance; optimization; simulated annealing algorithm.

1. Introduction

Nowadays, gas tungsten arc welding (GTAW), also known as tungsten inert gas

(TIG) welding, is one of the most extensively used welding processes for fabricating a
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wide variety of materials including stainless steels parts due to its good quality and

surface ¯nish. As the TIG welding process produces a shallow penetration, its ap-

plication for fabricating the thick parts in a single pass has been restricted.1–3 To

tackle the problem of poor penetration in conventional TIG welding process, dif-

ferent procedures have been introduced among which pulsed current TIG (PCTIG)

and activated TIG (A-TIG) welding processes are the most important ones.6–14

In order to obtain the maximum impact toughness properties of Titanium (Ti-

6Al-4V) alloy welded parts in PCTIG welding, process variables have been optimized

using a technique proposed by Balasubramanian et al.6 Four important process

variables, including peak and base current, pulse frequency, and pulse on time have

been taken into account. DOE approach, regression modeling and statistical analysis

have been used to design the experimental matrix and develop a mathematical model

for predicting the process response (impact toughness). Then, the developed model

has been optimized using the traditional Hooke and Jeeve's algorithm.

In the PCTIG welding process, fusion zone grain re¯nement is controlled by

pulsed current variables (peak current, background current, pulse on time and fre-

quency). A mathematical model has been developed by Balasubramanian et al.7 to

predict the corrosion rate of titanium alloy welded parts. Response surface meth-

odology (RSM) has been employed to design the experimental matrix required for

gathering information. Moreover, to attain the minimum corrosion rate in the weld

fusion zone, the developed model has been optimized using a genetic algorithm (GA)

and contour plots. The optimum variables to obtain minimum corrosion rate are as

follows: 5.67Hz of pulsing frequency, 35% for pulse on time, and 84.59 and 60A of

peak current and base current, respectively. Under these conditions, the lowest

corrosion rate was found to be 0.007 mils/year.

A-TIG or °ux-assisted TIG welding process is another extensively used technique

to tackle the problem of poor penetration in the conventional TIG welding process.

In the A-TIG welding process, a thin layer of activating °ux is coated on the weld

surface before the welding process begins. This process has been proposed by the

Paton institute of electric in 1960.4 A-TIG welding process has been e®ectively

employed for welding of di®erent materials, namely, aluminum, magnesium, titani-

um, stainless steel alloys (including austenite and austenite duplex), and also dis-

similar metals.9–11 Application of A-TIG welding process allowed steel parts (of

around 10mm) to be welded with single-pass welding without even using ¯ller metal

and edge preparation.9

To tackle the drawback of poor penetration in the TIG welding process of thick

plates and pipes, the A-TIG welding process has been used by Kumar et al.12 Based

on the results, full penetration has been achieved using A-TIG welding process in

comparison with conventional TIG welding process. Venkatesan et al.13 reported

that the A-TIG welding process eliminates edge preparation and reduces the number

of welding passes required for accomplishing the fabricating process. Mechanical

properties improvement and reduction of distortion were introduced as the main
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assets of the A-TIG welding process by Chern et al.14 Di®erent °uxes (including

oxide, chloride, and °uoride °uxes) have been employed by Tathgir et al.15 in A-TIG

welding process of stainless steel and low alloy parts to improve DOP. Based on the

research results, using oxide °uxes results in the largest DOP in comparison with

other ones. The e®ect of activating °uxes on mechanical and microstructural prop-

erties of magnesium alloy joints has been investigated by Qin et al.16 Tensile strength

and WBW of the A-TIG-welded AZ61/ZK60 joints illustrated strong dependence on

the amount of TiO2; which is used as the activating °ux in A-TIG welding process.

However, the inhomogeneity of the heat-a®ected zone (HAZ) near di®erent base

metals presented no signi¯cant e®ect on the mechanical properties of the welded

joint. AISI 316 L austenitic stainless steel and P91 steel weldments have been fabri-

cated by the A-TIG welding process in which thorough penetration of thick plates

(8mm) has been achieved in a single pass without edge preparation.17 Results of

conventional TIG and A-TIG welding processes revealed that hot cracking has been

eliminated using the A-TIG welding process. Moreover, impact toughness has im-

proved the ductility of the weld joints without signi¯cant loss of tensile strength.

E®ects of using activating °uxes (CeO2 and MoO3) on weld bead geometry, heat

input, and angular distortion in the A-TIG welding process of P91 steel parts have

been evaluated and compared with the conventional TIG welding process by

Vidyarthy and Dwivedi.18 Furthermore, microstructure, microhardness, tensile,

and charpy impact tests have been taken into account. It was revealed that in the

presence of activating °uxes, the heat input increases at the same welding input

variables (welding current, welding speed and arc length). An increase of 200% and

300% in joint penetration was obtained using CeO2 and MoO3 °uxes, respectively.

Based on the tensile strength tests, the A-TIG weldments revealed better results.

However, the impact toughness of the A-TIG weldments was very low in comparison

with the base metal.

There are di®erent studies where the A-TIG welding process has been considered.

Nonetheless, to the best of our knowledge, there is no published study in which

modeling and optimization of DOP and WBW are considered using design of

experiments (OA-Taguchi method) for designing experimental matrix, mathemati-

cal modeling (regression) for establishing the relationships between process input

variables and process responses, statistical analysis (ANOVA) for determining the

most ¯tted models and signi¯cant variables, and SA algorithm for optimization of

process responses (DOP and WBW). Therefore, in this study, three process input

variables (welding current (I), welding speed (S) and welding gap (G)) have been

taken into account. Moreover, DOP and WBW have been considered as process

responses. In the proposed approach, an experimental matrix has been designed

based on the OA-Taguchi method. Regression modeling has been performed to es-

tablish the relations between process input variables and output responses. Then, in

order to choose the most ¯tted derived equation from regression equations as the

authentic representatives of the process, the ANOVA technique has been performed.
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Furthermore, the signi¯cance of the process input variables and their corresponding

percent contribution (e.g. 68% and 88% percent contribution reported for welding

current a®ecting DOP and WBW respectively) on the process response measures has

been determined based on the ANOVA results. Next, in order to maximize DOP and

minimize WBW, the SA algorithm has been used. Based on the optimization results,

the proposed procedure is quite e±cient in modeling and optimization of the A-TIG

welding process. The proposed approach has been performed on AISI316L austenitic

stainless steel sheets, a widely used alloy in various industries including petro-

chemical, power plant, food industries and oil pipelines due to its superb mixture of

strength and ductility and oxidation and corrosion resistance.

2. Experimental Setup and Equipment Used

In this study, a welding machine (DIGITIG 250 AC/DC, GAAM-Co, Iran) has been

employed to conduct the experiments based on the OA-Taguchi experimental matrix

(Fig. 1). Moreover, tungsten electrodes (with 2% Thorium) and argon shielding gas

(with 99.7% purity) have been used.

Experiments have been conducted on AISI 316L austenitic stainless steel speci-

mens with a dimension of 100� 50� 10 (mm). The chemical composition of the

material used (Table 1) has been determined using the XRF test (Fig. 2).

Prior to the welding process, 20 g of Nanosilicon dioxide (SiO2) (þ99%, 20–30 nm,

amorphous) was mixed with 20ml of carrier solvent (methanol) and mixed using a

mechanical and an ultrasonic mixer until a paste-like °ux attained (approximately

20min). Then, the °ux was coated on the specimen with a brush and dried before the

welding begins. When the carrier solvent evaporated, the °ux layer remained at-

tached to the surface of the specimen (Fig. 3).

Fig. 1. TIG welding machine used for conducting the experiments.
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2.1. A-TIG welding process input variables

and their corresponding levels

There are di®erent A-TIG welding input variables among which welding current (I),

welding speed (S) and welding gap (G) are the most signi¯cant ones.1–3 Similarly, the

Fig. 2. Chemical composition determination using XRF test.

Table 1. Chemical composition of material

used (AISI316L).

Composition Percentage (%)

Si 1.0

C 0.030
Cr 16.0–18.0
Mn 2.0

P 0.035

S 0.030
Ni 10.0–14.0
Mo 2.0-3.0

Fig. 3. Activated °ux preparation and schematic diagram of A-TIG welding process.16
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most important process responses include DOP and WBW. Feasible process input

variables and their corresponding intervals of each have been determined based on

the welding references, literature reviews and some preliminary tests (screening

procedure). In the screening procedure, in order to determine the most important

process input variables, they are considered at two levels. When the most important

variables have been determined (ignoring the trivial ones) based on the experimental

tests, the corresponding levels of the main variables chosen have been expanded.8–15

In addition, the limitations of laboratory equipment may also indicate a certain

number of levels for some of the process input variables. Table 2 lists the process

input variables and their feasible intervals and levels.

2.2. Design of experiments (DOE) approach

When the main process input variables and their corresponding intervals and levels

have been selected, an appropriate design matrix for conducting the experiments and

data gathering purposes must be determined. To facilitate the identi¯cation of the

in°uence of individual variables, establish the relationships between process input

variables and output responses, and ¯nally determine the optimal levels of process

input variables in order to get the desired responses (e.g. maximum DOP and mini-

mum WBW), DOE approach is used. one of the e®ective methods that can intensely

reduce the number of experiments required for gathering necessary data is the OA-

Taguchi method.19,20 The OA-Taguchi method is widely used when the process input

variables levels are unequal (unbalanced). Based on the number of input variables and

their corresponding levels, a Taguchi's L32 design matrix has been chosen using

MINITAB Software (Table 3).

2.3. Experimental results

To increase the accuracy, experiments have been conducted in random orders. After

welding, two process responses (DOP andWBW) have been taken from each sample.

Figure 4 displays a specimen welded under the same parameter levels for both

conventional TIG and A-TIG welding process. As shown, A-TIG process results in

smaller WBW and higher DOP.

Table 2. A-TIG welding process input variables and their corresponding levels.

Process parameter Welding gap (G) Welding current (I) Welding speed (S)

Unit Mm Amps mm/sec

symbol G I S

Interval 0.75–1.50 100-280 1.00-3.33
Level 1 0.75 100 1.00

Level 2 1.50 160 1.67

Level 3 ��� 220 2.67

Level 4 ��� 280 3.33
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Table 3. OA-Taguchi experimental matrix and measured responses and calculated S/N values.

No. Welding

gap

Welding

current

Welding

speed

Depth of

Penetration (mm)

Weld bead

width (mm)

S/N value

for DOP

S/N value

for WBW

1 0.75 100 1.00 3.25 4.42 23.5731 �29:7228

2 0.75 100 1.67 2.99 3.84 21.9055 �26:9094

3 0.75 100 2.67 2.28 3.95 16.4835 �27:4743

4 0.75 100 3.33 1.95 3.86 13.3566 �27:0133

5 0.75 160 1.00 5.48 6.26 34.0221 �36:6836

6 0.75 160 1.67 4.94 5.40 31.9473 �33:7280

7 0.75 160 2.67 2.79 6.31 20.5208 �36:8427

8 0.75 160 3.33 3.10 5.11 22.6280 �32:6240

9 0.75 220 1.00 7.83 10.69 41.1593 �47:3862

10 0.75 220 1.67 5.91 7.57 35.5329 �40:4839

11 0.75 220 2.67 4.56 6.28 30.3465 �36:7474

12 0.75 220 3.33 3.97 7.44 27.5753 �40:1374

13 0.75 280 1.00 9.06 11.84 44.0774 �49:4297

14 0.75 280 1.67 6.66 10.85 37.9224 �47:6833

15 0.75 280 2.67 5.63 7.87 34.5622 �41:2612

16 0.75 280 3.33 4.55 8.81 30.3025 �43:5177

17 1.50 100 1.00 3.08 5.23 22.4986 �33:0882

18 1.50 100 1.67 2.58 4.65 18.9558 �30:7373

19 1.50 100 2.67 2.37 4.05 17.2578 �27:9743

20 1.50 100 3.33 2.02 4.16 14.0620 �28:5103

21 1.50 160 1.00 5.42 7.12 33.8019 �39:2582

22 1.50 160 1.67 4.27 6.52 29.0323 �37:4975

23 1.50 160 2.67 3.38 6.19 24.3575 �36:4587

24 1.50 160 3.33 3.26 6.15 23.6345 �36:3290

25 1.50 220 1.00 8.04 9.36 41.6886 �44:7289

26 1.50 220 1.67 5.83 8.29 35.2603 �42:3010

27 1.50 220 2.67 4.60 8.14 30.5211 �41:9358

28 1.50 220 3.33 4.23 7.68 28.8440 �40:7724

29 1.50 280 1.00 10.00 11.97 46.0517 �49:6481

30 1.50 280 1.67 6.67 11.12 37.9524 �48:1749

31 1.50 280 2.67 5.27 10.25 33.2406 �46:5456

32 1.50 280 3.33 5.04 9.69 32.3481 �45:4219

Fig. 4. Output characteristics comparison of a welded sample using the C-TIG and A-TIG process.
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For measuring DOP and WBW, on each sample, two transverse cross-sections were

made. Next, to clearly show DOP and WBW, the cut faces were smoothly polished

and etched (Fig. 5).

Then, for taking images, an optical microscope has been used. To determine

samples DOP and WBW, images were consequently processed by MIP (micro-

structural image processing) software. The average of two measurements for each

sample was reported in Table 3.

3. Signal-to-Noise (S/N) Ratio

To study the whole process input variables space with small numbers of experiments,

the Taguchi method has been extensively used. The Taguchi method also uses the

signal-to-noise (S/N) ratio as performance measure to optimize the process input

variables for desired output responses. To compute the deviation between the ex-

perimental and desired values, a loss function is introduced. Then, the loss function is

transformed into S/N ratio. The S/N ratio calculation may be decided as \smallest is

the best, (SB)" (used for measures in which the smallest amount is desired, e.g.

WBW) or \largest is the best, (LB)" (used for measures where the largest amount is

desired, e.g. DOP) based on the determined responses, as given in the following

equations21:

LB : S=Nð’Þ ¼ �10 log
1

n

Xn
K¼1

1

x 2
K

 !
; ð3:1Þ

SB : S=Nð�Þ ¼ �10 log
1

n

Xn
K¼1

x2
K

 !
; ð3:2Þ

where the number of iteration in a trial is shown as n (in this study, n ¼ 1), and xK is

the jth measured value in a run. Therefore, as the largest DOP and the smallest

WBW values are desired, Eqs. (3.1) and (3.2) are considered to calculate S/N ratio

values, respectively. The experimental results of 32 experiments (¯fth and sixth

columns) and their corresponding S/N ratio values (seventh and eighth columns)

based on the OA-Taguchi method are reported in Table 3.

Fig. 5. Comparison of TIG and A-TIG weldments cross-sections.
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4. Regression Modeling

Regression modeling is a statistical procedure using which the relationships between

process input variables and output responses are estimated. To carry out the re-

gression modeling and corresponding analysis (ANOVA), the following steps must be

taken into account.22

First, input variables and output responses of the process under consideration are

identi¯ed. Then, intervals of process input variables are determined using literature

survey, preliminary experiments, and screening methods. Selection of a DOE matrix

based on the process input variables and their corresponding levels (such as full

factorial and fractional factorial designs) is the next step. Next, the experiments are

conducted and the required data are also collected. Then the process response

equations are driven by developing mathematical models and conducting a signi¯-

cance test using ANOVA (F-test and P-test). Finally, the most ¯tted models are

selected as the representatives of the process responses [22].

The ¯rst three columns of Table 3 are the process input variables levels. The next

two columns are the measured DOP and WBW values based on the conducted

experiments in each row. The last two columns are the calculated S/N ratio values

for the measured responses. Any of the above output is a function of process variables

that are expressed by linear, second-order/curvilinear or modi¯ed second-order (with

elimination of trivial parameters) and logarithmic functions, as stated in the fol-

lowing equations22:

Y1 ¼ a0 þ a1Bþ a2C þ a3D; ð4:1Þ
Y2 ¼ a0 þ a1Bþ a2C þ a3Dþ a11BBþ a22CC þ a33DD

þ a12BC þ a13BDþ a23CD; ð4:2Þ
Y3 ¼ a0 �Ba1 � Ca2 �Da3; ð4:3Þ

where regression constants are shown with a0, a1, a2 and a3 and are to be predicted.

Furthermore, B, C and D are input variables (I, S, and G) and Y1, Y2 and Y3 are

the output responses (S/N ratio values for DOP andWBW). Based on the calculated

S/N ratios for DOP and WBW values given in Table 3, the regression equations are

developed using MINITAB software. Models representing the relationship between

process input variables and output responses could be stated in the following

equations.

4.1. Linear models

S=NðWBWÞ ¼ �19:9� 2:64�G� 0:166� I þ 7:08� S þ 0:000181

� ðI � IÞ � 1:21� ðS � SÞ; ð4:4Þ

S=NðDOPÞ ¼ 9:28þ 0:276� I � 9:07� S � 0:000402� ðI � IÞ þ 1:32

� ðS � SÞ � 0:00906� ðI � SÞ: ð4:5Þ
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4.2. Logarithmic models

S=NðWBWÞ ¼ e�1:69 �G0:0807 � I0:461 � S�0:0965; ð4:6Þ
S=NðDOPÞ ¼ e�3:05 � I0:697 � S�0:347: ð4:7Þ

4.3. Curvilinear models

S=NðWBWÞ ¼ �20:9� 2:64�G� 0:0970� I þ 1:85� S; ð4:8Þ
S=NðDOPÞ ¼ 20:6þ 0:103� I � 5:07� S: ð4:9Þ

5. Performing Analysis of Variance (ANOVA)

To determine how well a model ¯ts the experimental values and represent the au-

thentic process under study, ANOVA is performed.21 ANOVA procedure within 95%

of con¯dence level has been employed to check the adequacy of the proposed models

(Table 4).21 Obviously, the second-order model (with the elimination of trivial

variables) for DOP and logarithmic model for WBW are the superior models based

on the required con¯dence level (Pr), the correlation factor (R2) and the adjusted

correlation factor (R2-adj). Moreover, to examine the prediction ability of the pro-

posed models, some extra experiments besides the predetermined experimental ma-

trix (OA-Taguchi) have been conducted based on which the ANOVA results have

been con¯rmed. Thus, these superior models were considered as the best authentic

representatives of the A-TIG welding process responses in this study and the ob-

jective functions of the SA algorithm for optimization purposes.

The residual plots for DOP and WBW are shown in Figs. 6 and 7, respectively.

These ¯gures demonstrate a good conformability of the developed model to the real

process (normal probability plot). Moreover, histogram plots show the normal dis-

tribution of the residuals. Based on the residual-¯tted value plots, there is no pattern

to be followed by the residuals. Furthermore, the order of observation versus resi-

duals shows that the residual changes are accidental.

Table 4. ANOVA results of di®erent models for the A-TIG welding pro-

cess responses.

Model Variable R2 R2 (adj) F�value Pr> F

Linear DOP 94.0% 93.5% 225.31 < 0:0001

logarithmic DOP 95.7% 95.4% 319.60 < 0:0001

Second-order DOP 98.0% 97.6% 249.28 <0:0001

Linear WBW 94.4% 93.8% 156.73 < 0:0001

logarithmic WBW 96.4% 96.0% 246.62 < 0:0001

Second-order WBW 96.2% 95.4% 130.16 < 0:0001
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Detailed results of ANOVA are shown in Tables 5 and 6. Large F -value illustrates

that the variation of the process variables makes a big change in the performance of

the process responses. In this study, to evaluate process variables signi¯cance, a 95%

con¯dence level has been considered. Therefore, F -values of A-TIG process variables

were compared with the appropriate values from the con¯dence table, F�;v1;v2; where

the risk, degrees of freedom associated with numerator and denominator illustrated

in Tables 5 and 6 are shown by �, v1 and v2, respectively.
21 Within a con¯dence level

of 95%, ANOVA results show that welding current, welding speed and welding gap

are, respectively, the most important process variables a®ecting DOP and WBW.

Fig. 6. Residual plot for depth of penetration (DOP)

Fig. 7. Residual plot for weld bead width (WBW).
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The percent contribution of each process variable provided by ANOVA results

using Eq. (5.1).20 The percent contributions of the A-TIG welding process variables

are shown in Figs. 8 and 9.

Pið%Þ ¼ SSi � ðDOFi �MSerrorÞ
Total Sum of Squre

; ð5:1Þ

where Pi is the contribution percentage of each variable under consideration, SSi is

the sum of square, DOFi is the degree of freedom of ith factor, and MSerror is the

mean sum of square of error.19

According to Table 5, welding current at 88%, welding speed at 7%, and the

welding gap at 2% are the most important variables a®ecting WBW.

Table 5. Result of ANOVA for S/N ratio of weld bead width (WBW).

Welding parameters Degree of

freedom (Dof)

Sum of

square (SSj)

Mean

Square

F -Value Percent

contribution (%)

G 1 31.48 31.48 12.70 2

I 3 1369.90 456.63 184.26* 88

S 3 103.18 34.39 13.88* 7

Error 24 59.48 2.48 ��� 3
Total 31 1564.04 ��� ��� 100

Signi¯cant Parameter *

Table 6. Result of ANOVA for S/N ratio of the depth of penetration (DOP).

Welding parameters Degree of

freedom (Dof)

Sum of

square (SSj)

Mean

Square

F-Value Percent

contribution (%)

G 1 0.40 0.40 0.17 1

I 3 1605.2 535.09 226.40* 68
S 3 677.60 225.87 95.57* 29

Error 24 56.72 2.36 ��� 2

Total 31 2340.00 ��� ��� 100
Signi¯cant Parameter *

Fig. 8. Percent contributions of welding variables to the DOP.
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By the same token, welding current is the major variable a®ecting DOP at 68%

followed by welding speed and welding gap at 29% and 1% contribution, respec-

tively. The rest (2%) is due to error and uncontrollable variables based on the nature

of the process and the equipment used is acceptable (Table 6).

Figure 10 illustrates the interaction e®ect of process variables (welding current

and speed) for DOP. Moreover, based on the ANOVA results, the welding gap has a

trivial e®ect on the process responses (DOP and WBW), therefore, it has been

considered at a ¯xed value. As illustrated, by increasing welding speed, the DOP

decreases. Similarly, by increasing the welding current, the DOP increases. By the

same token, Fig. 11 shows the interaction e®ect of process variables (welding current

and speed) for WBW. As illustrated, by increasing welding current, WBW increases.

Likewise, by increasing welding speed, the WBW decreases.

Interaction plot in Fig. 12 represents that WBW increases with higher welding

current. As the same token, the lowest WBW reached at the highest speed. It is also

observed that the interaction of the welding speed and welding gap has the least

in°uence on WBW.

Fig. 9. Percent contributions of welding variables to the WBW.

Fig. 10. Interaction of A-TIG welding process parameters for DOP.
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6. Optimization Procedure

6.1. Taguchi-based optimization method

To de¯ne the e®ect of each process input variables on the output responses, the mean

of S/N ratio values for each test containing this variable in the desired level are

calculated. Moreover, the calculated means for each level of input variable are

compared and the level at which the highest value belongs is considered as the

desired level to optimize the process responses.20 For example, the mean e®ect of

Fig. 11. Interaction of A-TIG welding process parameters for WBW.

Fig. 12. Interaction plot of WBW for L32 OA-Taguchi method.
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welding speed at level 1 is calculated from averaging test runs number 1, 2 up to 16.

Along these lines, the mean e®ects of variables are computed and listed in Tables 7

and 8. Since the highest S/N mean value is favorable, with respect to the data in

Table 7, the optimal set of variables for optimization of DOP is: G at level 2, I at level

4 and S at level 1, i.e. (G2 I4 S1). Similarly, the optimal set of variables for opti-

mization of WBW is: G at level 1, I at level 1 and S at level 4, i.e. (G1I1 S4) based on

results of Table 8. Moreover, Figs. 13 and 14 also illustrate the optimum variables

setting in order to achieve the maximum DOP and minimum WBW.

As the S/N method in optimization procedure could only determine the best set of

process variable levels from the predetermined ones in the design matrix used

(Table 2), using heuristic algorithms would help to interpolate the answer space

in order to ¯nd the best solution which may not be one of the determined levels

Table 7. Response (mean) of S/N values for depth

of penetration.

Symbol Level 1 Level 2 Level 3 Level 4

G 29.119 29.344 ��� ���
I 18.512 27.493 33.866 37.057
S 35.859 31.064 25.911 24.094

Table 8. Response (mean) of S/N values for weld bead

width.

Symbol Level 1 Level 2 Level 3 Level 4

G −37.353 �39:3364 ��� ���
I −28.929 �36:1777 �41:812 �46:460

S �41:243 �38:439 �36:905 −36.791

Fig. 13. The e®ect of A-TIG input process variables on the signal to noise (S/N) values of DOP.
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considered in Table 2. In this study, the most ¯tted models are selected as a repre-

sentative of the process responses and considered as the objective functions for the

heuristic algorithm (SA).

7. Simulated Annealing Algorithm

Most of the heuristic algorithms have been proposed based on the physical phenom-

ena, among which one of the most extensively used is the simulated annealing (SA)

algorithm. SA is reminiscent of the physical annealing process in metalwork and ef-

fectively used in optimization problems.29 In the annealing process, metals are heated

up to a speci¯c temperature. Therefore, at this temperature, all molecules of the metal

are in intense random motion. Then, the metal is slowly cooled down. All molecules

rearrange themselves and tend toward a low energy state. As the cooling process is

carried out appropriately slow, lower and lower energy states until the lowest energy

state is reached are obtained. Similarly, in the A-TIG welding process, an energy

function (objective function) is created which is minimized. The lowest energy level

gives the optimized value of A-TIG welding process variables. Recently, the SA al-

gorithm has developed as a leading tool for complex optimization problems.23,24

The SA algorithm mechanism is de¯ned as follows:

First, an initial random solution (C0) within the acceptable answer space is

generated. Then, a movement from the current solution is made and objective

function of new solution (C1) is calculated and compared with the current one

(�C ¼ C1�C0). Either, it has a better value or the probability function implemented

in the SA algorithm has a higher value than a randomly generated number between 0

and 1, a movement is made to the new solution. Equation (7.1) gives the following

probability of accepting a new solution24:

P ¼ Exp ��C

Tk

� �
; ð7:1Þ

Fig. 14. The e®ect of A-TIG input process variables on the signal to noise (S/N) values of WBW.
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where the temperature parameter plays a similar role as the temperature in the

physical annealing process and is shown by Tk.
23 In our problem, temperature re-

duction has been done using the following equation:

Tkþ1 ¼ �� Tk k ¼ 0; 1; . . . and 0:9 � � < 1; ð7:2Þ
where the current and former temperatures are shown by Tkþ1 and Tk, respectively.

Parameter � presents the cooling rate. Consequently, at the initial iterations of SA,

Fig. 15. Schematic illustration of simulated annealing algorithm procedure.24
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most of the worsening moves may be accepted due to higher temperatures, but at the

end of the procedure only improving ones are likely to be allowed. This can help the

process to avoid getting trapped in a local minimum and jump out of it. After a

certain number of iterations, a predetermined run time, or a number of iterations in

which no development is detected, the algorithm may be terminated. Flowchart of

SA algorithm for A-TIG welding process optimization is shown in Fig. 15. Table 9

indicates that for maximum DOP, the welding current and welding gap should be

considered at their highest levels. Likewise, for achieving lower WBW, welding

current and welding gap should be approximately set at their lower ranges. The

convergence of SA algorithm for DOP response is shown in Fig. 16.

8. Technical Discussion

In the welding process, the size and shape of the weld bead have been determined

based on the molten metal °uid °ow mode in the welding pool. Generally, the

welding arc heat and plasma channel shape have a signi¯cant in°uence on the °uid

°ow and the weld pool surface tension.25 There are two phenomena (reversal of

Marangoni convention and arc constriction) based on which the shape and size of the

weld pool are determined.

At the weld pool center, surface tension (�) is lesser than the outer edges, con-

sequently, the surface tension gradient is negative ((@�/@T )< 0). Thus, the Mar-

angoni convection occurs from the center towards weld edges direction, which results

in a wide and shallow weld pool. During the A-TIG welding process, the top surface

of the weldments is covered with paste-like °ux. The presence of oxygen, as a surface-

active element in molten metal reverses the Marangoni convection, changes the

direction of surface tension gradient from the boundary of the weld pool towards the

center; therefore, the surface tension gradient becomes positive ((@�/@T )> 0). This

phenomenon results in an increase in penetration and reduction in welding width.

Fig. 16. Simulated annealing algorithm convergence for DOP optimization.
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Types of °uxes and their compositions signi¯cantly determine the arc constriction

phenomenon. The paste-like °ux covered on the surface of the weldments gets va-

porized partially. The remaining °ux gets mixed with the molten metal pool when

the welding arc passes over the layer deposited. The electrons in the cooler outer

areas, where they have small energy in a fragile electric ¯eld, have been captured by

vaporized °ux. Nevertheless, in the central region of arc, due to the high tempera-

ture, presence of the robust electric ¯eld, and high energy, electrons ionization would

dominate. The current °ow in the central region of the arc column is restricted.

Therefore, an increased current density at the anode center is obtained. In Fig. 17,

the schematic illustration of the phenomena has been shown.26,27

The delta-ferrite content of AISI316L stainless steel is 1.2 ferrite number (FN),

whereas this value is increased to 6.1FN after the TIG welding process conducted due

to solidi¯cation as delta-ferrite phase.24 During the welding process, the cooling rate of

the weld metal is rapid enough that the phase transformation of delta-ferrite to aus-

tenite is not completed. Consequently, solidi¯cation accomplished more delta-ferrite

retained in theweldmetal. On the other hand, when using oxide °uxes, the delta-ferrite

content in the weld metal increased to 7.0–7.6FN due to heat input during the A-TIG

welding process. It is also found that the arc voltage increases when activating °uxes

are used. Since the calculated heat input is proportional to the measured arc voltage,

applied activating °uxes have the positive e®ect of increasing heat input. Therefore,

this higher heat input can increase the peak temperature, and consequently, more

delta-ferrite forms in the weld metal. All cases exhibited an austenite microstructure

matrix and vermicular delta-ferrite morphology typical of this class of material.28,29

The crystal structure of austenite is cubic face-centered (FCC), whereas the crystal

structure of delta ferrite is body-centered cubic (BCC). The BCC structure has a

higher mechanical strength in comparison with the FCC structure. When the A-TIG

welding process is used, the delta-ferrite content in the weldmetals is increased and has

a bene¯cial e®ect in increasing the hardness of AISI316L weldments.30

Fig. 17. Reversal of Marangoni convection and arc constriction schematic illustrations.
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In the A-TIG welding process based on the reversal of Marangoni convection and

arc constriction phenomena, the WBW will be reduced, therefore, the heat a®ected

zone (HAZ) will be smaller in comparison to the conventional TIG welding process.

Moreover, rapid solidi¯cation results in smaller grain size. Smaller HAZ and grain

size will be ended in higher corrosion resistance in this process.

9. Conclusion

Proper selection of process variables levels positively a®ects the quality of weldments

in welding processes. In this study, the problem of poor penetration and wide weld

bead width in the conventional TIG welding process has been addressed using ac-

tivating °uxes. Moreover, modeling and optimization of these responses in the

welding of AISI316L austenite stainless steel parts have been performed. First, A-

TIG welding experimental tests have been conducted based on experimental data

gathered as per the L32 OA-Taguchi method. Then, DOP and WBW values have

been measured using MIP software. Then, S/N values have been calculated based on

the desired responses. Regression modeling has been used to formulate the process

responses (DOP and WBW) as a function of input variables (welding current,

welding speed and welding gap). Next, ANOVA has been used in order to determine

the most ¯tted models as an authentic representative of the process responses.

Furthermore, signi¯cant variables and their corresponding percent contribution on

each process response have been determined using ANOVA. Results showed that

welding current is the most important variable a®ecting DOP and WBW at 68% and

88% contribution, respectively. Furthermore, the minor e®ect belongs to the welding

gap. Next, in order to optimize the process responses, the SA algorithm and Taguchi

method (signal to noise analysis) have been used. Furthermore, the results of opti-

mization procedures have been con¯rmed using experimental tests. Based on the

results, the proposed method can accurately (with less than 4% error) simulate and

optimize the A-TIG welding process.
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