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ABSTRACT
TIG welding process parameters were analysed for joining duplex stainless-steel plates.
Signal to noise (SN) ratio and Analysis of Variance (ANOVA) analyses were applied for
investigating the selected welding parameters. The selected parameters were current (A),
gas flow rate (L/min) and speed (mm/min). The purpose of this work is to produce weld
joints with maximum impact of strength and hardness. L9 orthogonal array was selected
according to the aforementioned factors with three levels. The impact strength of the
joints was found using the Izord impact testing machine and hardness of all joints was
measured using the Brinell Hardness machine. From the SN ratio analysis, it was
observed that for the high impact strength, the required welding current was 150 A, gas
flow rate was 14 L/min and the welding speed was 210 mm/min while for high hardness,
the welding current was 190 A, gas flow rate was 12 L/min and the welding speed was
175 mm/min. ANOVA analysis indicated that the gas flow rate was the most significant
one for both impact strength and hardness of the joints.
Keywords: TIG welding; duplex stainless steel; SN ratio analysis; ANOVA.
INTRODUCTION
There are different types of stainless steels; when nickel is added, the crystal structure
makes such steels virtually non-magnetic and less brittle at low temperatures. For
greater hardness and strength, more carbon is added. Duplex stainless steels have a mixed
microstructure of austenite and ferrite, the aim usually being to produce a 50/50 mix,
although in commercial alloys, the ratio may be 40/60 [1, 2]. Duplex stainless steels have
roughly twice the strength compared to austenitic stainless steels and also improved
resistance to localised corrosion, particularly pitting, crevice corrosion and stress
corrosion cracking. They are characterised by high chromium (19–32%) and
molybdenum (up to 5%) and lower nickel contents than austenitic stainless steels. The
properties of duplex stainless steels are achieved with the overall lower alloy content than
similar-performing super-austenitic grades, making their use cost-effective for many
applications [3-5]. Arc welding is a type of welding that uses a welding power supply to
create an electric arc between an electrode and the base material to melt the metals at the
welding point. Gas tungsten arc welding is also called as TIG welding [6-9]. Tungsten
inert gas (TIG) welding is an arc welding process that produces coalescence of metals by
heating them with an arc between a non-consumable electrode and the base metal. The
TIG welding process is generally used for welding these alloys [10, 11]. Tungsten inert
gas welding which uses a non-consumable tungsten electrode and an inert gas for arc
shielding is an extremely important arc welding process. It is commonly used for welding
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hard-to-weld metals such as stainless steel. In TIG welding, the electric arc is produced
between a non-consumable tungsten electrode and the workpiece. There is an electrode
holder in which the non-consumable tungsten electrode is fixed and arc is produced.
Supplying the electric power between the electrode and the workpiece, the inlet gas from
the cylinder passes through the nozzle of the welding head around the electrode. The filler
metal used in this process is tungsten which has a high melting point (3300 C); thus, the
tungsten electrode will not be melted during welding. This process is used for the welding
of steel, aluminium, cast iron, magnesium, stainless steel, nickel based alloy, and copper
based alloy [12]. Shaoning Geng, et al. investigated the microstructure, microhardness
and corrosion behaviour in five zones from the weld metal to base metal of a 2205 duplex
stainless steel joint, which was welded by double-pass tungsten inert gas arc welding with
filler wire [13]. The investigation on the effects of energy density on the geometry of the
weld seam and development of microstructures at various weld zones were carried out by
Khan et al. [14]. Many optimisation methods are available to optimise the parameters.
Among them, the Taguchi method can be applied to optimise input welding parameters.
Process parameters optimisation is the key step in the Taguchi method in achieving
elevated quality without escalating the cost [15, 16]. In welding processes, the input
parameters influence the mechanical properties of the welded joints. Various optimisation
methods can be applied to define the desired output variables through the development of
mathematical models to specify the relationship between the input parameters and output
variables. One of the most powerful and widely used methods to solve this problem is the
Taguchi method and it offers efficient and quality results [17]. The optimisation of
welding parameters namely welding current and time in resistance spot welding of
austenitic stainless steel sheets of grade AISI 316L was done by Danial Kianersi et al.[18].
Shafee et al. used the Taguchi method to improve the weld quality characteristics and
reported that the ANOVA has the merit of being able to validate on a statistical basis only
[19]. Many researchers have analysed the TIG welding parameters for various materials
[20-24]. Lakshminarayanan et al. have done an assessment of microstructure, hardness,
tensile and impact strength of friction stir welded ferritic stainless steel joints [25].
Gharibshahiyan et al. studied the effect of microstructure on hardness and toughness of
low carbon welded steel using inert gas welding [26]. Arun Kumar et al. carried out multiresponse optimisation process parameters for TIG welding of Incoloy 800HT by Taguchi
grey relational analysis [27]. Nandagopal et al. analysed the mechanical properties and
optimisation of gas tungsten arc welding (GTAW) parameters on dissimilar metal
titanium (6Alsingle bond4V) and aluminium 7075 by the Taguchi and ANOVA
techniques [28]. Shanmugarajan et al. have optimised the laser welding parameters for
welding of P92 material using Taguchi based grey relational analysis [29].
In the present work, SN ratio and ANOVA analysis were employed to examine
the inﬂuence of the TIG welding parameters such as current (A), gas flow rate (L/min)
and speed (mm/min) on the strength and hardness impact of the duplex stainless steel
weld joints.
EXPERIMENTAL DETAILS
Materials and testing
The duplex stainless steel composed of Fe, <0.03% C, 21-23% Cr, 4.5-6.5% Ni, 2.5-3.5%
Mo, 0.8-2.0% N, <2% Mn, <1% Si, <0.03% P, <0.02% S was used as base metal. The
mechanical properties of the base metal are provided in Table 1 [24]. The dimension of
the base material was selected as 100X50X6 mm. Figure 1(a) shows the dimensions of
the sample. The TIG welding was carried out by changing the parameters: current: 150,
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170, 190 A, gas flow rate:12, 14, 16 L/min, and speed: 175, 190, 210 mm/min as shown
in Table 2. The welded samples are shown in Figure 1(b). Specimens for the mechanical
testing were prepared as per ASTM standards [25].
Figure 2(a) shows the impact test machine, Figure 2(b) shows the hardness test
machine and Figure 2(c) shows the impact test specimens prepared as per the ASTM
standard. The impact strength of the weld joints was determined using the Izord specimen.
The standard Izord test specimens were prepared for the test [26]. Brinell hardness
number (BHN) was obtained using a perfectly spherical hardened steel ball of 10 mm
pressed against the test surface using a static force of 3000 kg for at least 10 seconds for
the steel and measuring the diameters of the indentation left on the surface by means of a
microscope. Brinell hardness number was calculated using the mentioned equation (1)
below. This procedure was repeated for five times and an average of five readings was
taken as the final Brinell hardness number. The periodical calibration of the instruments
was done to determine the accuracy of the tester and to make the necessary adjustments
to bring the tester within the manufacturers’ tolerances.
BHN 

2P

D( D  D 2  d 2

(1)

where P, applied load ; D, steel ball diameter in mm ; d, depression diameter in mm
Plan of Experiments
L27 orthogonal array was used and it consisted of three columns and 27 rows, which
meant that 27 experiments were carried out. Three welding parameters with three levels
were selected. The selected welding parameters for this study were: current (A), gas flow
rate (L/min) and speed (mm/min). Table 2 shows the input parameters and experiment
design levels. The SN ratio for each level of process parameters was computed based on
the SN analysis. Regardless of the category of the quality characteristic, a higher SN ratio
corresponded to a better quality characteristic. Therefore, the optimal level of the process
parameter was the level with the highest SN ratio. Statistical software MINITAB 15 was
used to analyse the experimental data. In addition, a statistical ANOVA was used for each
response individually to see which process parameters had statistically major impacts on
the responses. The optimal combination of the process parameters can then be predicted
[10, 28-31].

(a)
(b)
Figure 1. (a) Dimensions of the sample (all dimensions are in mm) (b) TIG welded
specimens.
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Table 1. Mechanical properties of 2205 grade stainless steels.
Grade Tensile Strength(MPa) Yield Strength(MPa) Elongation (%) HRC
2205
621
448
25
31

(a)

(b)

(c)
Figure 2. (a-c). Impact test machine, impact test specimens and hardness test machine.
RESULTS AND DISCUSSION
SN Ratio Analysis
The experimental layout for the process parameters using the L9 orthogonal array is
shown in Table 2. To evaluate the effect of selected input factors on the output parameters,
the signal-to-noise ratios and means for each factor were calculated [32-34]. The signalto-noise ratio and mean for the responses such as impact strength and hardness are
presented in Table 3. The table shows the rank of the welding parameters according to
the delta value. From this, the significance of the parameters was identified. For both of
the responses, gas flow rate was marked as rank 1 and it was the significant factor. In this
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work, the SN ratio was selected according to the condition of ‘larger is better’ in order to
maximise the responses. The SN ratio for the ‘larger is better’ target for all the responses
was calculated [35] as given in Eq. (2).

1 n 1
Larger the better: S/N ratio = -10 log10  2
n i 1 y

(2)

i

where, n = number of variables; yi = the value of the response.
Table 2. Details of welding parameters.
Experiment
No.
1
2
3
4
5
6
7
8
9

A B C Current
(Amps)
1
1
1
2
2
2
3
3
3

1
2
3
1
2
3
1
2
3

1
2
3
2
3
1
3
1
2

150
150
150
170
170
170
190
190
190

Gas flow
Rate
(lit/min)
12
14
16
12
14
16
12
14
16

Speed
(mm/min)
175
190
210
190
210
175
210
175
190

Impact
Strength
(J)
1.051
1.228
1.028
1.028
1.114
1.000
1.114
1.051
1.000

Hardness
(HRB)
75.66
53.66
54.32
70.33
57.00
64.00
70.00
73.00
60.66

Table 3. Response table of SN ratios and means for impact strength and hardness.
Level Current(A) Gas flow rate (lit/min) Speed(rpm)
1
0.81863
0.53654
0.28804
2
0.39252
1.05124
0.67461
3
0.45659
0.07995
0.70509
Delta
0.42611
0.97129
0.41705
Rank
2
1
3
1
1.102
1.064
1.034
2
1.047
1.131
1.085
3
1.055
1.009
1.085
Delta
0.055
0.122
0.051
Rank
2
1
3
1
35.62
37.14
36.99
2
36.06
35.66
35.73
3
36.61
35.49
35.57
Delta
0.99
1.65
1.42
Rank
3
1
2
1
61.21
72.00
70.89
2
63.78
61.22
61.55
3
67.89
59.66
60.44
Delta
6.67
12.34
10.45
Rank
3
1
2
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Figure 3 (a-b) shows the SN ratio and mean plots for the impact strength of the
joints. It can be noticed from Figure 3(a) that the gas flow rate was the most important
factor affecting the impact strength of the joints. Welding speed had a lower effect on the
impact strength of the joints. The reason for that was welding heat input increased by
increasing the welding current and by proper gas flow rate with the decreasing welding
speed. Increase in welding speed will produce joints with poor microstructure properties
[36]. The maximum impact strength was observed when the gas flow rate was 14 L/min,
welding current was 150 A and the welding speed was 210 mm/min. Figure 4 shows the
mean plots for the impact strength of the joints and the results were very similar to SN
ratio plot. Figure 3(c) shows the SN ratio plot and Figure 3(d) shows the mean plots for
the hardness of the joints. It can be understood that, from Figure 3(c), the gas flow rate
was the most imperative factor affecting the hardness of the joints followed by welding
speed. For any welding process using a shielding gas, the blends are important. The
shielding gas is used not only to protect the molten drop and bead but also to modify metal
transfer, penetration and bead width of the weld, for spatter control and post-weld
cleaning, to control welding fume generation and to influence the metallurgical and
mechanical properties of the weld. Shielding gas selection is therefore a determinant for
welding process efficiency [37]. The maximum hardness was observed when the gas flow
rate was 12 L/min, welding current was 190 A and the welding speed was 170 mm/min.
Figure 3(d) shows the mean of mean plots for the hardness of the joints and the results
were very similar to the results observed for SN ratio plot of hardness.

(a)

(b)

(c)

(d)

Figure 3. Main effect of plot of (a) mean of SN ratios for impact strength (b) mean of
means for impact strength (c) mean of SN ratios for hardness, (d) mean of means for
hardness.
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(a)

(b)

(c)

(d)

(e)
(f)
Figure 4. Contour plot for (a-c) impact strength and (d-f) hardness
Contour Analysis
Contour plot shows the details of impact strength with welding current versus gas flow
rate, welding speed versus gas flow rate and current versus welding speed. From
Figure 4(a), it was observed that the maximum value of impact strength was obtained for
the low welding current and when the gas flow rate was between the 13.5 and 1.5 L/min.
In Figure 4(a), the dotted region shows the poor impact strength of the joints which meant
that high current during welding was not advisable. Generally, high current produces high
temperature and by which more melting of materials is occurred [38]. After cooling the
molten base materials, the brittleness was improved and it enhanced the hardness of the
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joints. Figure 4(b) shows the contour plot of impact strength drawn between gas flow rate
and welding speed. The highest impact strength was observed when the gas flow rate was
14.5 L/min and the welding speed was 195 mm/min. The low impact strength was
observed when the welding speed and gas flow rate were low. Figure 4(c) shows the
contour plot of impact strength for the welding peed versus welding current. The impact
strength was high for the welding speed of 197 mm/min and the welding current of 150
A. The low impact strength was observed when the welding current was high and welding
speed was low. The reason for that was the high welding current will lead to the high
melting of base material and poor microstructure in welding region during solidification
Figure 4(e-f) shows the contour plot for hardness with respect to the parameters
such as welding current, gas flow rate and welding speed. From Figure 4(d), the high
hardness was obtained for the joints welded at high current and moderate gas flow rate
conditions. The high current always produces the joints with high hardness because of
overheating and cooling to room temperature [39]. Low gas flow rate and low welding
speed were the ideal conditions for producing TIG welding duplex stainless steel joints
with high hardness as shown in Figure 4(e). When considering the welding current and
welding speed for producing the TIG welding joint with high hardness, it was very
essential to maintain low welding current and low welding speed as shown in Figure 4(f).
ANOVA Analysis of Welding Parameters
Welding process parameters can be investigated by ANOVA to verify the parameters that
signiﬁcantly affected the quality characteristic. Additionally, the F test was used to
analyse the welding parameters on the signiﬁcant effect of the output parameters.
Generally, the change of the any process parameter has a signiﬁcant effect on the quality
characteristic when the F value is large [32]. Table 4 shows the results of ANOVA for the
impact strength of the joints. The high F value indicated that the factor was highly
signiﬁcant in affecting the response of the any process. Hurlbert reported in his study that
researchers provide the degrees of freedom, the F-value and the p-value. But
unfortunately, many people only look at the p-value whilst overlooking the degrees of
freedom and the F-value. This is dangerous, because if the degrees of freedom are not
correct, the F-value and the p-value are practically meaningless [40]. In this study, gas
flow rate was a highly signiﬁcant factor in affecting the impact strength of the TIG welded
duplex stainless steel joints followed by welding current and welding speed.
Table 4. ANOVA for impact strength and hardness of the joints.
Source
DF Adj SS
Adj MS F-Value P-Value
Current (A)
2 0.005324 0.002662
0.53
0.652
Gas flow rate (lit/min)
2 0.022272 0.011136
2.23
0.310
Speed (rpm)
2 0.005270 0.002635
0.53
0.655
Error
2 0.009991 0.004995
Total
8 0.042858
S=0.0706785; R-sq=76.69%; R-sq(adj)= 6.75%; R-sq(pred):0%
Current (A)
2
68.00
33.998
4.06
0.197
Gas flow rate (lit/min)
2
270.76
135.382
16.18
0.058
Speed (rpm)
2
197.54
98.769
11.81
0.078
Error
2
16.73
8.366
Total
8
553.03
S=2.89237; R-sq=96.97%; R-sq(adj)= 87.90%; R-sq(pred):38.73%
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Table 4 shows the results of ANOVA for the hardness of the TIG welded joints.
The gas flow rate was a highly signiﬁcant factor in affecting the hardness of the TIG
welded duplex stainless steel joints followed by welding speed [30]. In this case, welding
current was the insignificant factor to affect the hardness of the joints. The Regression
Equation was developed to predict the impact strength and hardness of the joints with the
welding parameters and the developed equations were given in equations (3) & (4).
Regression analysis was used to find equations that fit the data. Once the regression
equation was obtained, the model can be used to make predictions. One type of regression
analysis is linear analysis [41].
Impact strength
J = 1.0682 + 0.0341 A1 - 0.0209 A 2 - 0.0132 A 3 - 0.0039 B1
+ 0.0628 B 2 - 0.0589 B3 - 0.0342 C1 + 0.0171 C 2 + 0.0171

(3)

Hardness
HRB = 64.292 - 3.08 A1 - 0.52 A 2 + 3.59 A 3 + 7.70 B1
- 3.07 B 2 - 4.63 B3 + 6.59 C1 - 2.74 C 2 - 3.85 C 3

(4)

Figure 5.SEM images (a) top surface of base metal at higher magnification (b) top
surface at lower magnification (c) welded at A1B2C3 conditions (d) welded at A2B1C2
conditions.
SEM Analysis
Figure 5 (a-b) shows the SEM image of the top surface on the base metal of duplex
stainless steel 2205. Figure 5(c) and (d) shows the SEM image of the top surface on the
weldment of duplex stainless steel 2205 joints welded at A1B2C3 and A2B1C2 conditions.
From Figure 5(a) and (b), it was clear that the reason why the duplex stainless steel was
called duplex was because it had a two phase microstructure consisting of grains of ferritic
and austenitic stainless steel [42]. The austenitic phase was presented as islands
surrounded by the ferritic phase [43], but the dendrite structure was observed for the
weldment region as shown in Figure 5(c-d). These structures are usually observed when
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the molten metal freezes and the shape is produced by faster growth along energetically
favourable crystallographic directions. A dendrite in metallurgy is a tree-like structure of
crystals or others growing as molten metal freezes, and the energetically favourable
crystallographic directions are the shapes produced by the faster growth. This dendritic
growth has huge consequences in regard to material properties [44]. These structures are
observed because of the melting and solidification of duplex stainless steel from the liquid
phase to a completely ferritic structure [45, 46]. These structures are good in order to have
high mechanical properties of the joints.
CONCLUSIONS
Tungsten Inert Gas welding parameters were studied for duplex stainless steel (2205)
using SN ratio and ANOVA analysis. Welding current, gas flow rate and welding speed
were considered as the welding parameters and impact strength and hardness were taken
as responses. From the SN ratio analysis, it was concluded that high impact strength can
be obtained when the welding current was 150 A, gas flow rate was 14 L/min and the
welding speed was 210 mm/min. Also, the high hardness of the joints could be obtained
when the welding current was 190 A, gas flow rate was 12L/min and the welding speed
was 175 mm/min. SEM images for base metal and the welded zone of welded joints were
reported. The dendrite structure was observed in the weldment region. ANOVA analysis
indicated that the gas flow rate was the most significant parameter for both impact
strength and hardness of the joints.
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