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Abstract 
This paper presents the effect of tungsten inert gas welding parameters (i.e. welding current, welding speed and filler wire 

speed) on weld bead geometry, notch tensile strength (NTS) and weld bead hardness of 2.0 mm thick annealed Ti6Al4V 

titanium alloy sheet welded in a square butt joint configuration using Taguchi L9 (33)   three level - three factor matrix. 

Taguchi’s signal to noise ratios was calculated to obtain optimum welding parameters for Vickers hardness at weld area, Notch 

tensile strength (NTS), Front bead width (FBW) and Front reinforcement height (FRH). Analysis of Variance (ANOVA) was 

conducted to find statistically significant and insignificant factors with respect to each response. It was noted that welding 

speed has significant effect on weld hardness, notch tensile strength, front bead width and height. Optimum parameters for 

hardness were found to be 120A current, 400 mm / min welding speed and 250mm/min filler wire speed. Confirmation test 

using the optimal levels of welding parameters was also conducted in order to compare predicted results with values obtained 

through experimentation. 

Keywords: Ti6Al4V; Tungsten inert gas welding; Taguchi, L9 (33); ANOVA; S/N ratio.

Introduction 
Titanium alloys are being generally used in aerospace, 

medicinal, chemical, automotive, petrochemical, nuclear and 

power generation industries due to very good high temperature 

properties, high specific strength, excellent weldability, good 

corrosion resistance, low coefficient of thermal expansion and 

excellent biocompatibility. Titanium is an allotropic element 

which exhibit more than one crystallographic form. At room 

temperature, pure elemental titanium possesses a hexagonally 

close packed (hcp) crystal structure which is termed as alpha 

(α) phase. When temperature rises above 882°C, this transforms 

to a ductile body centred cubic (bcc) crystal structure, known as 

beta (β) phase. Titanium alloys are classified into three major 

categories such as α alloy, β alloy and α + β alloys. [1]     

Two phases alloys like α+β, are presently the most common in 

all types of titanium alloys as physical as well as mechanical 

properties of these alloys can be easily optimized by either 

changing the chemical composition or controlling the micro 

structural phases during processing [2-3]. Ti64 (Grade-5) is a 

typical alpha + beta titanium alloy consisting of mixture of two 

phases α and β, with volume fraction of about 65% and 35% 

respectively. The β transition temperature of this alloy generally 

lies between 975 °C and 1015 °C. It varies with its percentage 

alloying elements, presence of interstitial element, and change 

in cooling rate [4]. Ti6Al4V alloy has significant applications 

in aerospace industry due to combination of excellent properties 

like heat resistance, good weldability, high specific strength and 

high toughness [5]. Ti6Al4V is the most frequently used alloy, 

over 70% of all titanium alloys being used in different sectors.  

In the recent past, electron beam welding [6,7], laser beam 

welding [8-10], and arc welding processes like tungsten inert 

gas and plasma welding [11,12] have been used to weld 

titanium alloy parts. While it is well known that the beam 

welding processes like laser and electron beam welding can 

yield high quality, these processes pose high capital and 

running costs. Tungsten inert gas (TIG) arc welding, on the 

other hand, is widely employed technique used in aerospace and 

other engineering industries owing to its cost effective use. In 

this process an arc is being generated between tungsten 

electrode and the weld specimen in an inert atmosphere. The 

shielding gas, such as argon, helium or mixture of both, serves 

as medium of electron transport and protects the hot tungsten 

electrode and weld metal from oxidation. This process produces 

high quality, clean welds, allows operator to easily control the 

process, however high heat input involved in this process 

generates defects in weld area and hence mechanical strength 

may be compromised.  Mechanical properties of welds 

especially in thin sheets of titanium alloys depend on geometry 

of weld bead, grain size, type of phases and their distribution in 

weld and heat affected zones. In order to control the strength 

performance of the weld, attention is now being given to control 

weld bead geometry through optimization techniques. 

In this regard Nazmul Huda et al. investigated the effect of TIG 

welding parameters on weld profile of 1.0 mm thick Ti6Al4V 

and Ti3Al2.5V titanium alloys by applying L9 Taguchi 

technique, they showed that at optimal welding conditions, 

welding current and welding speed are major influencing 

factors that control bead width and penetration [13].  Akbari et 

al. analysed temperature distribution and weld pool profile like 

bead depth and bead width on 3.0 mm thick Ti6Al4V plate by 

using Nd; YAG laser welding [14].  Omoniyi et al. studied the 

effect of laser power and welding speed parameters through 

Taguchi L9 (32) design of experiment, on the tensile, micro 

hardness, and microstructure of Ti6Al4V alloy. They found that 

the micro hardness is maximum at the weld zone and decreases 

towards the base metal [15]. M. Balasubramanian et al [16] 

investigated the effect of pulsed current tungsten inert gas 

welding parameters on 1.6 mm thick Ti6Al4V alloy by using 

L16 modified Taguchi technique, with a purpose to improve 

notch tensile strength, yield strength and tensile strength. 

Experimental results coupled with ANOVA proved that pulse 

frequency is the most influencing parameters for all the 

responses. Khattar Ajit et. al  [17]developed mathematical 
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model using three factor, three levels, Taguchi L9 design to 

improve weld bead strength of 304 austenitic stainless steel.  

Juang and Tarng [18] applied modified L16 Taguchi orthogonal 

array for selection of appropriate TIG welding factors for 

controlling weld pool geometry (i.e. front height, back height, 

front width and back width) of stainless steel plate having 

thickness of 1.50 mm. Pasupathy.J and Ravisankar.V [19] 

performed tungsten inert gas welding between low carbon steel 

and aluminium plate, by using L9 Taguchi technique with an 

aim to improve weld strength. The welding characteristics of 

dissimilar joints were analysed using signal to noise ratio and 

analysis of variance. Dongxia et al. [20]applied the Taguchi L9 

technique for laser welding of Al-Mg alloy. They selected 

parameters like laser power, welding speed and wire feed rate. 

Experimental results, indicates that the welding speed and filler 

wire rate has significant effect on weld bead geometry. Results 

showed that with the increase of welding speed, reduction in 

front bead width observed   and increase of wire feed rate 

resulted in larger front bead width  

In this research tungsten inert gas welding was performed on 

2.0 mm mill annealed Ti6Al4V titanium alloy sheet by 

employing Taguchi’s L9 orthogonal array. Effect of welding 

factors like current, welding speed and filler wire rate on weld 

hardness, notch tensile strength and weld bead geometry was 

investigated. After welding, signal-to-noise ratio and analysis 

of variance was conducted to determine optimal levels and 

contribution of each factor towards response values. 

Confirmation test was also performed to compare predicted 

results with experimental results.  

Taguchi Philosophy 
Taguchi proposed a special design of experiment which utilizes 

orthogonal arrays to study entire set of parameters with a 

minimum number of experiments only. The values of quality 

characteristics obtained through this experimentation are 

transformed to signal to noise S/N ratio [21].  

Signal to noise ratio in Taguchi method is usually used to 

identify control factors by reducing variability in the process. 

The term, “signal” implies the mean value while “noise” 

indicates the standard deviation term. It means that lower 

variability in the process is ensured through maximizing the 

𝑆/𝑁 ratio. However, depending on the type of response desired, 

Taguchi classified 𝑆/𝑁 ratios into three categories: nominal the 

better, larger the better and smaller the better [22]. For 

optimization, Taguchi’s methodology can be divided into four 

stages, which are planning, performing the experiment, 

checking and validation. Step wise procedure for optimization 

of any process is given in Fig.1. [23-25]. For a particular 

response, a higher signal to noise ratio indicates a better quality 

characteristic, regardless of the quality parameters opted for a 

particular response. The S/N ratio can be determined from Eq. 

1-3.  [26].

Smaller is the better: This is used where the

smaller value is desirable

S

N
= −10 log10 (

1

𝑛
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Eq. 1 

Larger is the better: This is used where larger 

value is  desirable. 
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Eq. 2 

Nominal is the better: This is used where targeted 

or nominal value is desirable 

S

N
= −10 log10 (

1

𝑛
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Eq. 3 

Where µ = mean or targeted value , (1/n) ∑ 𝑦𝑖
𝑛
𝑘=1  ; 𝜎2 =

variance, summation of  square of difference between observed 

and targeted value divided by degree of freedom which is equal 

to = (1/n-1) ∑ (𝑦𝑖 − µ)2𝑛
𝑘=1  and"𝑦𝑖” represents quality

characteristic or response value of ith trial.  and “n” denotes 

number of replications for the same experiment. 

Analysis of variance (ANOVA) is a satisfactory technique that 

establish the degree of difference or similarity between two or 

more groups. The purpose of this test is to identify parameters 

that significantly affects the performance characteristics. This 

is accomplished by splitting the total variability or total sum of 

squares (SST) into sum of squares between (SSB) and sum of 

squares within each group (SSW) These values can be 

measured from Eq. 4-6.  

Fig. 1 Flow chart representing the Taguchi method of optimization 

SST (Sum of squares total)  

=∑∑(𝑦𝑖𝑗  − �̅�) 2
𝑚

𝑗=1

𝑘

𝑖=1

Eq. 4 

SSB (Sum of squares between)  

= 𝑛∑(𝑦 
𝑖  
− �̅�) 2

𝑘

𝑖=1

Eq. 5 

66 NUST Journal of Engineering Sciences, Vol. 15, No. 2, 2022 Abdul Sattar et. al.

NUST Journal of Engineering Sciences (NJES) is licensed under a Creative Commons Attribution 4.0 International License.



SSW (Sum of squares within)  

= ∑∑(𝑦𝑖𝑗  − 𝑦 
𝑖
) 2

𝑚

𝑗=1

𝑘

𝑖=1

Eq. 6 

Where, SST is total sum of squared deviation, SSB is a sum of 

squared deviation between group, also called sum of squares for 

treatment or parameter. SSW is a sum of squared deviation 

within each group also called sum of squares for residuals error 

(SSE). yij represents ith observation in a group (e.g. y13 is the 

third observation in first group while y21 is the first observation 

in second group), y̅i indicates group mean, k indicates number 

of groups in a matrix, in our case number of groups are 3, y̅ 

indicates grand mean or over all mean of all observations. m 

represents number of observations in each group. 

Experimental Work 
Tungsten inert gas (TIG) welding was conducted on 2.0 mm 

thick mill annealed Ti6Al4V titanium sheet in a square butt 

joint configuration in a single pass by using semi-automatic 

Lincoln-375 machine equipped with trailing and purging gas 

facility. Sketches of plates before and after welding are shown 

in Fig-2. The chemical composition of parent metal and filler 

wire was analysed through spark emission spectrometer is 

shown in Table-1; physical & mechanical properties of parent 

metal are given in Table 2-3. Three in put factors, welding 

current, welding speed and filler wire rate and four response 

factors like hardness, notch tensile strength, front bead width 

and front bead height have been identified after literature 

review. Typical weld pool geometry indicating front bead width 

and front bead height is shown in Fig-3. Particular process 

parameters and their respective levels are presented in Table-4. 

Nine experimental runs with one repetition were conducted as 

per Taguchi’s L9 (33) orthogonal array [27-29]. For this 

titanium plates of 2.0 mm thickness were cut into the required 

sizes of 120 mm by 350 mm by shearing machine, and edges 

were machined by carbide end mill cutter on milling machine. 

The burr from cutting edges of plates were removed by manual 

filing. Before welding all the plates were cleaned by stainless 

steel brush and picked by chemical solution containing 

hydrofluoric (5% by volume) and nitric acid (35% by volume) 

followed by water rinse and air drying. The plates to be welded 

were placed on a copper bar containing holes of diameter 1.0 

mm for passage of back shielding gas, the ends of sheets were 

clamped to maintain the alignment and uniform distance of 0.2 

mm between weld edges. The argon gas with purity 99.990% 

was used as a shielding for primary, back and trailing to avoid 

excessive oxidation reaction with titanium during welding. 

Constant welding parameters used during welding are given in 

Table -5.  

Fig. 2 Schematic representation of Ti6Al4V plates (a) before welding 

(b) after welding

After welding the samples for hardness and notch tensile 

strength, were cut through electric discharge machine. For 

hardness the specimens were mechanically grinded, polished 

with aluminium oxide and diamond paste. After polishing the 

specimens were macro- etched by using Kroll’s solution (3% 

HF+5% HNO3+92 %H2O) for 2 minutes to reveal important 

features of weld bead geometry. Coarse grain structure 

observed in the specimens having high current and low welding 

speed parameters and vice versa. The hardness was measured at 

5kgf load using low Vickers hardness testing machine (Model 

HV5), and same specimens were utilized for measurement of 

weld bead geometry on optical microscope. For notch tensile 

strength double edge notched specimens, were machined 

through electric discharge machine. U type notches (depth 5.0 

mm, root radius 1.0 mm) were incorporated at the centre of 

weld line to ensure crack propagation along the weld centreline 

during tensile testing. Notch tensile test was carried out at a 

constant displacement speed of 3.0 mm/min. Specimens used 

for hardness and NTS are shown in Fig-4-5. 

Table 1: Chemical composition of base plate and filler metal (wt%) 

Material Al V Fe C O Ti 

Parent 

Plate 
5.56 3.72 0.04 0.03 0.002 90.40 

Filler 

wire 
5.76 3.60 0.25 0.05 0.003 90.20 

Standard 

ASTM B 

265 

5.5-

6.75 

3.50 

- 

4.50 

0.40 

max 

0.08 

max 

0.20 

max 
balance 

Table 2: Physical properties of Ti6Al4V 

Density, 

g/cm3 

Specific 

heat  JKg-

1K-1 

Melting 

point, 
oC 

Thermal 

conductivity, 

W/mK 

Electrical 

resistivity, Ω-

mm2/m 

Young’s 

Modulus 

GPa 

Thermal 

expansion 

μm/m-k 

4.43 610 1660 6.7 168 114 8.6 
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Table 3: Mechanical properties of base metal 

Properties Yield strength (MPa) Tensile Strength 

(MPa) 

% elongation Hardness (HV5) 

Actual 950 990 12 310 

Standard 

ASTM B265 
≥ 828 ≥ 895 ≥ 10 -- 

Fig. 3  Nomenclature of weld bead 

Fig. 4 Macrostructure of welded plates (specimens a to i represents welded plates of experiment 1 to 9) 

Fig. 5 Notch tensile specimen (a) before breakage, (b) after breakage 
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Table 4: Welding parameters and their levels 

Welding parameters Symbol/Code Units 
Levels 

1 2 3 

Welding current A amp 100 125 150 

Welding speed B mm/min 200 300 400 

Filler wire speed C mm/min 150 250 350 

Table 5: Constant welding parameters 

Process parameters Constant Value Process parameters Constant Value 

Filler wire diameter 1.60 mm Primary gas flow rate 14-16  liter/min

Tungsten electrode 

diameter 
2.0 mm Trailing gas flow rate 10-12 liter/min

Protecting gas Ar 99.99% Back gas flow rate 10-12 liter /min

Tungsten tapper length 4.0 mm Pre and post flow time 20-25 seconds

Voltage 11 ± 0.5 V Shielding Cup size 12 No (19 mm) 

Results and discussion 
A Taguchi robust design was employed to determine 

the optimal conditions and to identify welding parameters 

which influence greatly on responses like hardness, notch 

tensile strength, front bead width and front bead height. In this 

study a higher weld bead hardness and notch tensile strength is 

desirable to enhance welding strength, hence statistical analysis 

is carried out with larger the better, and for FBW and FBH 

smaller the better criteria were applied. The mean values of 

hardness, front bead width (FBW) and front bead height (FBH) 

of each experimental run are presented at Table-6 and signal to 

noise ratios calculated from Eq.1-2 are shown in Table-7. The 

mean S/N ratio for each level of welding parameters were 

calculated by adding S/N ratio of corresponding level and then 

dividing this value by number of observations. For example, the 

mean S/N ratio of factor C (filler wire speed) for front bead 

height at level 2 is calculated as (5.193+4.731+6.936)/3, which 

is equal to 5.620.  The average S/N ratios for each level of other 

welding parameters commuted in similar manner are 

summarized at Table-8. Main effect plots of S/N ratios for 

hardness, notch tensile strength, front bead width and front bead 

height are shown in Fig-6. A higher signal to noise ratio 

indicates better performance and the corresponding level is 

called optimal level. The delta value was determined by 

subtracting the lowest value from highest value in each group. 

Higher delta reflects greater impact on responses. Based on the 

result of mean S/N ratios, the optimal conditions for 

maximizing the hardness are A2B3C3, welding current at level 

2 (125A), welding speed at level-3 (400mm/min) and wire feed 

speed at level 3 (350mm/min). As per Fig.6 a), weld hardness 

increases as the current increases, however further increase in 

current reduces hardness and this might be due to coarsening of 

grain size associated with higher heat input. The increase of 

welding speed causes increase in hardness, this might be due to 

faster cooling rate and low heat input values. Similar trend for 

increase in weld hardness with welding speed is also reported 

at [29].  

Optimal condition for notch tensile strength are A3B1C2, 

welding current at level 3 (150 A), welding speed at level 1 (200 

mm/min) and filler wire rate at level 2 (250 mm/min). As the 

value of current increases notch tensile strength increases and 

as the value of welding speed increases from level-1 to level -3 

the notch tensile strength decreases. This might be due to 

insufficient heat input that required to properly fuse or melt the 

edges. Main effects plot for notch tensile strength are shown in 

Fig. 6b). Scanning electron microscopy (JEOL JSM 6490LV) 

was conducted to analyse surface morphology of broken notch 

tensile specimens. Low notch tensile strength observed in the 

plates having lack of penetration and porosity in the weld area. 

The cross sectional SEM micrographs of fracture surfaces of 

notch tensile specimens are presented in Fig 7~9.  

Optimal conditions for front bead width (FBW) are, welding 

current at level-1 (100A), welding speed at (400mm/min) and 

filler wire rate at (250mm/min). As the welding current 

decreases the front bead width also decreases and vice versa. 

Similar trend for increase in bead width with high welding 

currents are also reported at [30,31]. Optimal conditions for 

front bead height (FBH) are welding current at level-3, welding 

speed at level-2 and wire feed rate at level-1. 
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Table 6: Experimental design using Taguchi’s L9 (33) orthogonal array and results 

Exp. no 

Factors 
Hardness 

HV 

NTS 

MPa FBW 

mm 

FBH, 

mm A B C 

1 100 200 150 311 1166 6.20 0.60 

2 100 300 250 319 1020 5.40 0.55 

3 100 400 350 330 650 4.50 0.70 

4 125 200 250 318 1259 8.80 0.58 

5 125 300 350 331 1056 7.60 0.51 

6 125 400 150 338 700 6.30 0.40 

7 150 200 350 320 1310 11.30 0.70 

8 150 300 150 327 1220 9.30 0.37 

9 150 400 250 330 1090 7.43 0.45 

Table 7: S/N ratios of experimental results 

Exp. no 
S/N ratios (dB) 

Hardness NTS FBW FBH 

1 49.86 61.35 -15.85 4.437 

2 50.08 60.17 -14.66 5.193 

3 50.37 56.38 -13.07 3.098 

4 50.05 62.00 -18.89 4.731 

5 50.40 60.48 -17.63 5.849 

6 50.58 56.90 -16.00 7.959 

7 50.10 62.34 -21.07 3.098 

8 50.29 61.73 -19.37 8.636 

9 50.37 60.75 -17.43 6.936 

The analysis of variance (ANOVA) was used to analyse the 

effect of welding parameters on hardness, notch tensile 

strength, FBW and FBH. Results of total sum of squares and 

sum of squares between groups were calculated through Eq. 4-

5, and results are summarized at Table 9-12. Percent 

contribution is the ratio of sum of squares between to total sum 

of squares. In the table-8, welding speed is found to be the most 

significant factor affecting weld bead hardness with 

contribution about 71.32 % followed by welding current by 

21.98% and filler wire rate by 5.0%. A factor is considered to 

be significant if P-value is less than 0.05. Statistically, there is 

a tool called F test, named after Fisher, and used to identify 

parameters that have significant effect on the quality 

characteristic or response values. In the analysis, F-ratio is a 

ratio of the mean square of parameters to mean square due to 

error. For hardness, F value for factor A, B and C are 28.88, 

93.70 and 7.81 respectively.  P values for factor A and B are 

0.033 and 0.010 respectively, which means that both factors are 

significant, while P value for factor C is 0.133 which is 

insignificant. The interaction of factors was neglected in this 

study.
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Fig. 6: Main effects plot of S/N ratios (a) hardness, (b) notch tensile strength, (c) front bead width, (d) front bead height 

Table 8: S/N response table for hardness, notch tensile strength, front bead width and front bead height 

Levels 

Mean S/N ratios 

Hardness NTS FBW FBH 

A B C A B C 
A B C A B C 

1 50.10 50.00 50.24 59.26 61.90 59.99 
-

14.52 
-18.60

-

17.07 
4.243 4.089 7.011 

2 50.34 50.25 50.16 59.79 60.79 60.79 
-

17.50 
-17.21

-

16.99 
6.180 6.559 5.620 

3 50.25 50.44 50.29 61.61 57.97 59.69 
-

19.28 
-15.49

-

17.25 
6.223 5.998 4.015 

Delta ∆ 0.24 0.44 0.13 2.35 3.93 1.28 4.71 3.11 0.26 1.981 2.470 2.996 

Rank 2 1 3 2 1 3 1 2 3 3 2 1 
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Fig. 7: SEM microstructure of fracture surfaces of notch tensile specimens, a) Specimen-1 at 20X lack of penetration(LOP) observed at root side; 

b) at 50 X porosity observed in root area initiation predominantly transgragular fracture observed in specimen 1; c) specimen-2 at 20X; lack of

penetration observed at weld area; d) at 50 X brittle and ductile fracture observed; e) specimen-3 at 20X; lack of penetration observed root to face 

section, and predominantly brittle fracture with no shear region observed f) at 50 X porosity observed at edge of reinforcement and LOP  
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Figure 8: SEM microstructure of fracture surfaces of notch tensile specimens, a) specimen-4 at 20X no lack of penetration observed, 

predominantly ductile fracture with shear region; b) at 50 X; c) specimen-5 at 20X; lack of penetration and porosity observed at root area d) at 50 

X; e) specimen-6 at 20X; lack of penetration observed in the weld area, brittle fracture observed, f) specimen no. 6 at 50 X 
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Fig. 9: SEM microstructure of fracture surfaces of notch tensile specimens, a) specimen-7 at 20X, no lack of penetration observed, 

predominantly ductile fracture with shear fracture region observed; b) at 50 X; c) specimen-8 at 20X, similar fracture like specimen no 7 

observed; d) at 50X; e) specimen-9 at 20X; lack of penetration observed in the root area, mixed fracture observed; b) at 50 X.  

Table 9: ANOVA - Weld hardness- HV 

Factors Degree of 

freedom (dof) 

Sum of squares 

(SS) 

Mean square 

MS 

F-value P-value Contribution% 

A 2 124.20 62.10 28.88 0.033 21.98 

B 2 402.9 201.4 93.70 0.010 71.32 

C 2 33.60 16.80 7.81 0.133 5.95 

Error 2 4.30 2.15 -- 0.76 

Total 8 564.90 
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Table 10: ANOVA - Notch tensile strength 

Factors Degree of 

freedom (dof) 

Sum of squares 

(SS) 

Mean square 

MS 

F-value P-value Contribution% 

A 2 112098 56049 8.091 0.110 25.53 

B 2 289936 144968 20.929 0.045 66.03 

C 2 23195 11597 1.6743 0.374 5.29 

Error 2 13853 -- -- 3.15 

Total 8 439082 

Table 11: ANOVA- Front bead width 

Factors Degree of 

freedom (dof) 

Sum of squares 

(SS) 

Mean square 

MS 

F-value P-value Contribution% 

A 2 23.81 11.91 41.05 0.023 66.37 

B 2 10.85 5.43 18.70 0.050 30.24 

C 2 0.64 0.32 1.10 0.470 1.77 

Error 2 0.58 0.29 -- -- 1.62 

Total 8 35.88 

Table -12: ANOAV- front bead height 
Factors Degree of 

freedom (dof) 

Sum of squares 

(SS) 

Mean square 

MS 

F-value P-value Contribution% 

A 2 0.0266 0.0133 14.77 0.063 23.33 

B 2 0.0362 0.0181 20.11 0.047 31.75 

C 2 0.0494 0.0247 27.44 0.035 43.35 

Error 2 0.0018 0.0009 -- -- 1.57 

Total 8 0.1140 

The results of ANOVA for front bead width presented in Table 

11 indicates that welding current (A) is the most prominent 

factor followed by welding speed, while filler wire rate has 

almost no effect. 

Prediction for optimized value and 
confirmation test 
Experimental verification is the final stage of Taguchi’s design. 

The output response of predicted values and experimental 

values was compared for the confirmation of experiment. The 

predicted value of S/N ratio for hardness can be calculated by 

using Eq. 7. [32-34].  

S/N predicted = S/Nm + {(S/NA2-S/Nm) + (S/NB3-S/Nm) + 

(S/NC3-S/Nm)}  Eq. 7 

Where, S/Nm is the overall mean S/N ratio and S/NA2, S/NB3 

S/NC3 are the mean S/N ratio at optimal level of factors, in case 

of hardness the overall mean S/N ratio is about 50.23. S/N ratios 

for optimal levels A2, B3 and C3 obtained from Table-8 are 

50.34, 50.44 and 50.29 respectively. By using these values, the 

predicted S/N can be calculated by using Eq.7.   

S/N predicted = 50.23 + {(50.34-50.23) + (50.44-50.23) + 

(50.29-50.23)} = 50.61 

The corresponding value of hardness can be calculated from 

Eq.1 (50.61 = -10 log (y2), the predicted value of hardness is 

around 341 HV, 

For confirmation, 2 x plates were welded according to optimum 

optimal levels (A2B3C3, i.e. welding current 125A, welding 

speed 400 mm/min and filler wire speed 350 mm/min). The 

hardness was measured at weld bead area, and average hardness 

of these experiments was found to be 335HV. This result is very 

close to predicted result. Table-13 shows comparison of 

predicted hardness with experimental results. 
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Table-13: Results of confirmation experiments and predicted values 

of hardness 

Factors Output parameters or response 

A B C 

Predicted Experimental 

Error% 
HV S/N HV S/N 

125 400 350 341 50.61 335 50.5 1.75 

Conclusion: 
In this paper, Taguchi’s design of experiments (L9) was used to 

optimize the effect of tungsten inert gas welding parameters on 

weld hardness, notch tensile strength and weld bead geometry 

of 2.0 mm Ti6Al4V titanium alloy. The factors considered were 

welding current, welding speed and filler wire speed. It is found 

that weld hardness depends on both welding current and 

welding speed parameters, and as the welding current increases 

from 100 to 150 amps, the value of hardness increases then 

decreases. Based on S/N ratio, the optimal welding parameters 

for weld hardness (larger is the better) are welding current at 

level-2 (125 amps), welding speed at level-3 (400 mm/min) and 

filler wire speed at level-3 (350 mm/min).  ANOVA results 

presented in table-9, reveals that welding speed has a major 

influence on weld bead hardness with contribution of about 

71.32 %, followed by welding current and filler wire speed.  

Based on the S/N ratio, optimal welding parameters for notch 

tensile strength are A3B1C2, the welding current at level-3 (150 

amps), welding speed at level -1 (200 mm/min) and the filler 

wire speed at level-2 (350 mm/min). From analysis of variance 

results tabulated in table-10, welding speed proved to be the 

most influential factor having contribution of about 66.03%, 

followed by welding current with contribution about 25.53%.  

Based on the S/N ratio, optimal parameters for front bead width 

are the welding current at level-1 (100 amps), welding speed at 

level -3 (400 mm/min) and the filler wire speed at level-2 (350 

mm/min). From analysis of variance results, welding current 

proved to be the most influential factor having contribution of 

about 66.37%, followed by welding speed with contribution 

about 30.26%. Filler wire speed had little or no contribution 

towards front bead width as the P value   is more than 0.05.S/N 

ratios and ANOVA results for front bead height showed that 

filler wire speed is the most influential factor with percent 

contribution of about 43.33%, followed by welding speed and 

welding current. The confirmation test was carried out at 

optimal working conditions, predicted and observed values of 

hardness was close to each other with an error of about 1.75%. 
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