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Taguchi design method with L9 orthogonal array was implemented to optimize the pulsed current gas
tungsten arc welding parameters for the hardness and the toughness of super duplex stainless steel (SDSS,
UNS S32760) welds. In this regard, the hardness and the toughness were considered as performance
characteristics. Pulse current, background current, % on time, and pulse frequency were chosen as main
parameters. Each parameter was varied at three different levels. As a result of pooled analysis of variance,
the pulse current is found to be the most significant factor for both the hardness and the toughness of SDSS
welds by percentage contribution of 71.81 for hardness and 78.18 for toughness. The % on time (21.99%)
and the background current (17.81%) had also the next most significant effect on the hardness and the
toughness, respectively. The optimum conditions within the selected parameter values for hardness were
found as the first level of pulse current (100 A), third level of background current (70 A), first level of % on
time (40%), and first level of pulse frequency (1 Hz), while they were found as the second level of pulse
current (120 A), second level of background current (60 A), second level of % on time (60%), and third
level of pulse frequency (5 Hz) for toughness. The Taguchi method was found to be a promising tool to
obtain the optimum conditions for such studies. Finally, in order to verify experimental results, confir-
mation tests were carried out at optimum working conditions. Under these conditions, there were good
agreements between the predicted and the experimental results for the both hardness and toughness.
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1. Introduction

Super duplex stainless steels (SDSS) are iron-based alloys
consisting of two phases: ferrite (a) and austenitic (c). The a/c
ratio is typically 50:50 (Ref 1). The fine austenite-ferrite
microstructure of these materials promotes an excellent com-
bination of toughness and mechanical strength, desirable for
many applications in the chemical and petrochemical industries
(Ref 2).

During welding operations, the main concern is to obtain
austenite contents close to 50% and to avoid the formation of
deleterious phases such as sigma (r) and Cr2N during cooling
and re-heating passes (Ref 3). Typically, the r phase and the
hexagonal nitrides (Cr2N) are precipitated in a temperature
range of 600-1000 and 700-900 �C, respectively. The consid-
erable presence of precipitates such as Cr2N and r phase can
deteriorate corrosion and mechanical properties. Therefore,

enormous heat inputs should be avoided to minimize the risk of
precipitation of r and other intermetallic phases. On the other
hand, low heat inputs should also be avoided to minimize the
risk of precipitating too high ferrite content and the precipita-
tion of Cr2N (Ref 4). Therefore, welding specifications must be
designed to obtain phase proportions (ferrite/austenite ratio)
near 1:1 and to avoid r and Cr2N precipitation (Ref 5, 6). In
this case, the cooling time in the range of 1200-800 �C (the
range of austenite formation), viz., Dt12/8, is a key welding
parameter for SDSS.

Pulsed current gas tungsten arc welding (PCGTAW) is a
joining technology, which is a variant of the constant current
gas tungsten arc welding (CCGTAW) process which is used in
a wide range of industrial applications (Ref 7). The PCGTAW
involves cycling of the welding current from a high level to a
low level at a selected regular frequency. The high level of the
pulse current is generally selected to give adequate penetration
and bead contour, while the low level of the background current
is set at a level sufficient to improve stability of arc. The
PCGTAW process has a numerous advantages over the constant
current GTAW process. The beneficial effects most often
reported in the literature are (1) refined grain size, (2) low
distortion, (3) enhanced arc stability, (4) reduced porosity, (5)
increased weld depth to width ratio, (6) reduction in the heat-
affected zone (HAZ), and (7) better control of heat input (Ref 6,
8). In general, the pulsed current GTAW process is suitable for
joining thin and medium thickness materials, e.g., stainless
steel sheets, and for applications where metallurgical control of
the weld metal is critical (Ref 9). All these advantages will help
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in improving mechanical and corrosion properties. The defini-
tions of pulse current, background current, and time duration
modes are schematically illustrated in Fig. 1.

The authors have investigated earlier the effect of PCGTAW
parameters on the corrosion resistance of SDSS UNS S32760
welds (Ref 6). But, reported research works related to the effect
of pulsed current parameters on mechanical properties are very
scanty. Moreover, no systematic study has been reported so far
to analyze the influence of pulsed current parameters on
mechanical properties such as toughness and hardness.

Taguchi method was developed as a process optimization
technique by Genichi Taguchi during the 1950s (Ref 10).
Taguchi�s approach provides the design engineer with a
systematic and efficient method for determining near-optimum
design parameters for performance and cost. In addition to keep
the experimental cost at the minimum level, another advantage
of the Taguchi method is the minimization of the variability
around the target when the performance value is close to the
target value. In addition, the optimum working conditions
determined from the laboratory work can be reproduced in the
real production environment (Ref 10, 11). Various steps of
Taguchi method are shown in Fig. 2 (Ref 6, 12).

The specific objective of this investigation is to study the
methodological application of Taguchi orthogonal array (OA)
experimental design (DOE) to optimize the pulsed GTAW
process parameters to improve the mechanical properties such
as toughness and hardness of SDSS UNS S32760 welds.
Moreover, this current research will be useful to select suitable
welding process parameters to control the heat input and
cooling rates during welding such that the mechanical proper-
ties of the weld could be improved.

2. Experimental Procedures

A 5 mm thick, 500 mm diameter pipe of super duplex UNS
S32760 stainless steel was welded using PCGTAW process
with ER 2594 filler metal. The detail of the welding parameters
is given as follows:

Arc plasma and shielding gas: High-purity argon (99.99%
pure), flow rate (L/min): 10

Electrode: ER 2594 (AWS)
Voltage: 15 V
Travel speed: 10 cm/min.

The chemical composition of the base and filler materials used
in this study is given in Table 1.

In CCGTAW process, heat input is calculated from constant
current, whereas in the PCGTAW process, heat input is
calculated from the mean current (Im). The equation for mean
current (Ref 6, 9) may be given as:

Im ¼
Ip � tp þ Ib � tb

tp þ tb
ðAÞ ðEq 1Þ

Heat input (HI) is calculated using following equation (Ref
6, 9):

HI ¼ g� Im � V

S
kJ=mmð Þ ðEq 2Þ

Ip is the pulse current, A; Ib is the background current, A; tb
background is the current duration, ms; tp is the pulse current
duration, ms; S is the welding speed, cm/min; V is the volt-
age, V; g is the efficiency of the welding process.

For the PCGTAW process, arc efficiency is taken as 60%
(Ref 6, 9).

The microstructural investigations were carried out on
samples prepared from the weldments. In order to reveal the
r phase and eventually Cr2N that precipitated in association
with r (Ref 6, 13, 14), the samples were electrolytically etched
using a KOH solution (100 mL H2O + 15 g of potassium
hydroxide) at an etching potential of 3 V for 12 s. A number of
samples were electrolytically etched with a solution containing
10% oxalic acid at an etching potential of 8 V for 50 s to reveal
Cr2N in the ferrite (Ref 6).

Ferrite content of polished and etched specimens was
measured using a Fischer ferritescope calibrated according to
IIW secondary standards. Moreover, the austenite content was
measured using x-ray diffractometry (XRD) (Ref 15). In this

Fig. 1 Pulsed current GTAW process parameters. Ip is the pulse
current, A; Ib is the background current, A; tp is the pulse current
duration, ms; tb background is the current duration, ms; F = 1/
(tp + tb) is the pulse frequency, Hz; % on time is the pulse current
duration in one cycle

Fig. 2 Various steps of Taguchi method
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regard, samples were analyzed by XRD (Philips X�Pert-MPD)
using Cu-Ka radiation (k = 1.54056 Å) generated at 40 kVand
30 mA. X�Pert software was used for analysis of diffracto-
grams.

The microstructures and fracture surfaces of samples were
investigated using a scanning electron microscope (SEM)
equipped with an energy dispersive x-ray spectrometer (EDX)
for chemical analysis. The x-ray count rate was estimated as
29 103 counts per second (cps).

The Charpy-V reduced size samples (2.5 mm) were
machined according to the ASTM E23 standard (Ref 16). The
Charpy tests were carried out at room temperature. The Vickers
hardness measurements were performed at a load of 30 kgf.

3. Taguchi Design of Experiment (DOE)

Taguchi method is a systematic application of design and
analysis of experiments for the purpose of designing and
improving product quality. The Taguchi method uses a special
of OAs to study all the designed factors with a minimum of
experiments. Orthogonality means that each factor is indepen-
dently evaluated and the effect of one factor does not interfere
with the estimation of the influence of another factor (Ref 17, 18).

Table 2 shows the key four PCGTAW process parameters
investigated at the three experimental levels. In the next step,
matrix was designed with the appropriate OAs for the selected
parameters and their levels. Taguchi provides many standard
OAs and corresponding linear graphs for this purpose.

The OA experimental design method was chosen to
determine experimental plan, L9 (34) (Table 3), because it is
the most suitable for the conditions being investigated; four
parameters each with three values (Ref 19). The L9 (3

4) (which
indicated 9 experimental trials) is one of the standard orthog-
onal experimental plans of Taguchi. The order of the exper-
iments was obtained by inserting parameters into the columns
of the OA, L9 (34), chosen as the experimental plan given in
Table 3, but the order of experiments was made random to
avoid noise sources which had not been considered initially and
which could take place during an experiment and affect the
results in a negative way.

Taguchi method recommends the signal-to-noise (S/N) ratio,
which is a performance characteristic, instead of the average
value. Optimum conditions were determined using the S/N ratio

of experimental results (Ref 6). There are three S/N ratios of
common interest for the optimization of static problem, the
higher the better (HB), the lower the better (LB), and the
nominal the better (NB). The larger S/N ratio respects to better
performance characteristic.

Then the mean S/N ratios at each level for various factors
must be calculated. Moreover, the optimal level, that is the
largest S/N ratio among all the levels of the factors, can be
determined. A statistical analysis of variance (ANOVA) was
also performed to indicate which process parameters are
statistically significant; the optimal combination of the process
parameters can then be reproduced.

In order to validate the methodology, confirmation experi-
ments must be performed at optimal process parameters to verify
predicted results. If the predicted results are confirmed, the
suggested optimumworking conditions will be adopted (Ref 12).

4. Results and Discussion

4.1 Taguchi Results

In this study, an L9 (3
4) OAwith 4 columns and 9 rows was

used. This array can handle three-level process parameters.
Nine experiments were necessary to study the welding
parameters using the L9 (34) OA. In order to evaluate the
influence of each selected factor on the responses, the S/N
ratios for each control factor had to be calculated.

In the Taguchi method, the terms ‘‘signal’’ and ‘‘noise’’
represent the desirable and undesirable values for the output
characteristic, respectively. Taguchi method uses the S/N ratio
to measure the quality characteristic deviating from the desired
value. The S/N ratios are different according to the type of
characteristic.

Suitable S/N ratio must be chosen using previous knowl-
edge, expertise, and understanding of the process. When the
target is fixed and there is a trivial or absent signal factor (static
design), it is possible to choose the S/N ratio depending on the
goal of the design.

Table 1 Nominal chemical composition of materials used (wt.%)

Element C Mn P S Si Cr Ni Mo N Cu

Base metal (UNS S32760) 0.03 0.82 0.02 0.01 0.93 25.7 6.3 3.4 0.23 0.61
Filler metal (ER 2594) 0.03 0.73 0.001 0.002 0.94 25.9 9.2 4.2 0.22 0.54

Table 2 Process parameters and design levels used
in experiments

Character Parameters Units Level 1 Level 2 Level 3

A Pulse current Ampere (A) 100 120 140
B Background

current
Ampere (A) 50 60 70

C % On time … 40 60 80
D Pulse frequency Hertz (Hz) 1 3 5

Table 3 Experimental layout using L9 (3
4) OA

Trial no.

Factors

A B C D

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

1980—Volume 21(9) September 2012 Journal of Materials Engineering and Performance



As mentioned earlier, there are three categories of quality
characteristics, i.e., HB, LB, and NB. The performance
statistics were chosen as the optimization criterion. In this
study, hardness and toughness are treated as a characteristic
value. Since the hardness and the toughness welds intended to
be maximized, they were both used for ‘‘HB’’ situations,
evaluated using the following equation (Ref 6, 12):

S/N ¼ �10 log10
1

n

Xn

i¼1

1

Y 2
i

 !
ðEq 3Þ

where S/N are performance statistics, defined as the signal-
to-noise ratio (S/N unit: dB), n the number of repetitions for
an experimental combination, and Yi a performance value of
the ith experiment. Table 4 shows the experimental results for
hardness and toughness and the corresponding S/N ratios
using Eq 3. Moreover, the calculated heat inputs and austen-
ite contents for each series of experiments are presented in
Table 4.

As shown in Table 4, the total mean S/N ratio for hardness
is gm = (total S/N ratio)/(number of experimental runs) =
49.2047 dB. In the similar way, the total mean S/N ratio for
toughness was calculated as 33.2959 dB.

Since the experimental design is orthogonal, it is then
possible to separate out the effect of each parameter at the
different levels (Ref 20). In fact, average performance (mean S/
N ratio) of a factor at certain level is the influence of the factor
at this level on the mean response of the experiments. In the
case of hardness, to compute the average performance of the
factor C at level 2 (denoted as C2), results for trials including
factor C2 were added and then divided by the number of such
trials:

C2 ¼ S/N2 þ S/N4 þ S/N9ð Þ=3 ¼
�
ð49:4258Þ þ ð47:7833Þ

þ ð49:0050Þ
�
=3 ¼ 48:7380

The mean S/N ratio for each level of the other parameters
can be calculated in the same way. The mean S/N ratio for each
level of the parameters is summarized and the S/N response
table for hardness is shown in Table 5.

The rank 1 in Table 5 indicates that pulse current (1) has
more significant effect on the hardness followed by rank (2) %
on time, which has lesser effect, while ranks (3) and (4) have
minimum or no effect on the hardness.

Figure 3 shows the S/N response graph for hardness. As
seen in Fig. 3, pulse current and % on time exhibit large
variations. The variations are found to be small in the cases of
background current and pulse frequency. In other words,
background current and pulse frequency to be less effective
than those of other parameters, whereas pulse current and % on
time are found to be much more effective. Also it can be seen
from Fig. 3 that the slopes of the lines between the different
levels are not the same for pulse current and % on time factors.
So, the levels have different influences on hardness. However,
the slopes of the lines are almost the same for background
current and pulse frequency.

Figure 3(a) shows the response of the S/N ratio to pulse
current for hardness. It can be seen from Fig. 3(a) that the mean
S/N ratio drops to the bottom of the curve as the pulse current
increases to 120 A from 100 A. When the pulse current
increases to 140 A, the mean S/N ratio bounces back upward.
The response of the S/N ratio to the % on time, Fig. 3(c), is
similar to that for the pulse current. The mean S/N ratio
decreases at first as the % on time increases from 40 to 60. The

Table 4 Experimental results for hardness and toughness and corresponding S/N ratios, heat inputs,
and austenite contents

Trial
no.

Pulse
current, A

Background
current, A

% on
time

Pulse
frequency, Hz

Hardness,
HV

S/N
ratio, dB

Toughness,
J

S/N
ratio, dB

Heat input,
kJ/mm

Austenite
content, %

1 100 50 40 1 326 50.2644 39 31.8213 0.630 25
2 100 60 60 3 296 49.4258 47 33.4420 0.763 33
3 100 70 80 5 312 49.8831 44 32.8691 0.846 37
4 120 50 60 3 245 47.7833 52 34.3201 0.955 41
5 120 60 80 5 273 48.7233 56 34.9638 0.756 32
6 120 70 40 1 276 48.8182 53 34.4855 0.900 39
7 140 50 80 5 299 49.5134 40 32.0412 0.936 40
8 140 60 40 1 296 49.4258 46 33.2552 1.116 49
9 140 70 60 3 282 49.0050 42 32.4650 0.890 39
Average 49.2047 33.2959

Table 5 S/N response table for hardness

Parameters Character Level 1 Level 2 Level 3
Delta (D) = maximum

2minimum Rank

Pulse current, A A 49.8578 48.4416 49.3147 1.4162 1
Background current, A B 49.1870 49.1916 49.2354 0.0484 4
% On time C 49.5028 48.7380 49.3733 0.7647 2
Pulse frequency, Hz D 49.3309 49.2525 49.0307 0.3001 3

The optimum levels of the factors are given in bold (the highest value in the row)
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S/N ratio then increases as the % on time, increases to 80. The
highest hardness occurred at lowest pulse current (100 A) and
% on time (40), which is the first pulse current and % on time
values among the three levels tested in this study. This may be
due to the Cr2N precipitation and excess ferrite phase; this is in
agreement with the results of Tavares et al. (Ref 2) in a duplex
stainless steel UNS S31803, and Chen and Yang (Ref 21) in a
nitrogen-containing 2205 duplex stainless steel.

Figure 3(b), (d) shows the response of the S/N ratio to the
background current and pulse frequency for hardness. The
slopes of the lines between the three levels are almost the same.
It can be seen from Fig. 3(b), (d) that the background current
and pulse frequency are insignificant; however, their slopes are
opposite to each other. This indicates an interaction between
background current and pulse frequency on hardness. While
one of them increases the hardness at the same level, the other
decreases.

As shown in Eq 3, the greater is the S/N ratio, the smaller is
the variance of hardness around the desired (HB) value (Ref
20). In Table 5, A1, B3, C1, and D1 illustrate the largest values
of S/N ratios for factors A, B, C, and D, respectively. In other
words, based on the S/N ratio, the optimal parameters
(conditions) for hardness are A at level 1, B at level 3, C at
level 1 and D at level 1, as given in Table 6.

The S/N response table and graph for toughness are shown
in Table 7 and Fig. 4, respectively. It was found that the values
(Delta (D) = maximum�minimum) of pulse current
(D = 2.0027) and background current (D = 1.1594) are higher
than any other factors, implying that these parameters have the
most significant influence. The effects of pulse frequency
(D = 0.3981) and % on time (D = 0.2217) are less important
when compared to the other factors. Consequently, the hardness
and the toughness of SDSS welds were all mainly affected by
the pulse current.

As shown in Fig. 4, the slopes of the lines between the
different levels are not the same for pulse current, background
current and % on time factors while the slopes of the lines are
almost the same for pulse frequency. According to this figure,

while pulse current is the most effective parameter, the % on
time is the least effective. Consequently, when Fig. 4 is
inspected, it can be seen that the effect of the factors on
toughness is given in rank, starting with the most effective:
pulse current, background current, pulse frequency and % on
time.

The responses of the S/N ratio to pulse current and
background current are shown in Fig. 4(a), (b). The mean
S/N ratio goes up until it reaches a peak at the pulse current of
120 A. After that, the mean S/N ratio decreases with increase of
pulse current to 140 A. The response of the S/N ratio to the
background current, Fig. 4(b), is alike to that for the pulse
current. It can be seen from Fig. 4(a) and (b) that the pulse
current and the background current of maximum toughness
were observed at 120 and 60 A, respectively, which are the
medium values among the three levels tested in this study. The
observation on the response of the S/N ratio to pulse current
and background current may be mainly due to the precipitate of
the intermetallic phases such as r and Cr2N. In fact, the
formation of intermetallic phases leads to a disastrous loss of
toughness (Ref 2, 22). Moreover, the toughness may be affected
by the austenite and the r contents (Ref 22, 23).

Figure 4(c), (d) shows the responses of the S/N ratio to % on
time and pulse frequency, respectively. It can be seen from
these figures that % on time and pulse frequency are
insignificant.

Fig. 3 The S/N response graph for hardness to: (a) pulse current, (b) background current, (c) % on time, and (d) pulse frequency

Table 6 Optimum working conditions for hardness
and toughness

Parameters

Hardness Toughness

Level Values Level Values

Pulse current, A 1 100 2 120
Background current, A 3 70 2 60
% On time 1 40 2 60
Pulse frequency, Hz 1 1 3 5
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Since the effects of % on time and pulse frequency on the
toughness is not remarkable, these factors may be used with the
intention of evaluating the waste.

In the case of toughness, the optimal conditions are A2, B2,
C2, and D3 (see Table 7). Restated, the pulse current is 120 A,
background current is 60 A, % on time is 60, and pulse
frequency is 5 Hz, as given in Table 6.

Figure 5 shows the microstructure of weld metal at trial no. 1
conditions which showed the highest hardness (326 HV) and
lowest toughness (39 J). As shown in this figure, chromium
nitride (Cr2N) precipitation is prone to occur in the ferrite
domains, due to low solubility of nitrogen in this phase.
Moreover, at this condition, the austenite content was very
small; consequently, a high level of the ferrite phase was
present in this region (at average 68%), which favors the
nitrogen segregation in the ferrite phase and the precipitation of
Cr2N on cooling (Ref 2). Indeed, the high ferrite content in this
sample (trial no. 1) is due to the low heat input (0.630 kJ/mm)
and rapid solidification (Dt12/8 = 7 s) under these conditions
that impedes nitrogen migration to austenite. The Cr2N
precipitation and excess content of body centered cubic (bcc)
ferrite phase contribute to the poor toughness (39 J) and higher
hardness (326 HV) of this sample (Ref 2, 22, 24).

Moreover, the Charpy test fracture surface of this sample
(trial no. 1) was examined by SEM, as shown in Fig. 6. As
mentioned earlier, the microstructure of this sample is composed

of the high ferrite content (68%) and the Cr2N precipitation that
produce a very brittle structure. In this case, the fractograph
exhibits regions of cleavage fracture.

Figure 7 shows the microstructure of weld metal at trial no. 8
showing intermediate hardness (296 HV) and toughness (46 J).
As shown in Fig. 7, the microstructure is characterized by a high

Table 7 S/N response table for toughness

Parameters Character Level 1 Level 2 Level 3
Delta (D) = maximum

2minimum Rank

Pulse current, A A 32.7108 34.5898 32.5871 2.0027 1
Background current, A B 32.7275 33.8870 33.2732 1.1594 2
% On time C 33.1873 33.4090 33.2913 0.2217 4
Pulse frequency, Hz D 33.0833 33.3229 33.4814 0.3981 3

The optimum levels of the factors are given in bold (the highest value in the row)

Fig. 4 The S/N response graph for toughness to: (a) pulse current, (b) background current, (c) % on time, and (d) pulse frequency

Fig. 5 SEM micrograph from UNS S32760 sample welded at trial
no. 1 conditions

Journal of Materials Engineering and Performance Volume 21(9) September 2012—1983



amount of the r phase at the ferrite/austenite interfaces. Table 8
shows the concentrations of major alloying elements in the
ferrite, the austenite, and the r phases obtained from EDX
analysis of the sample welded at trial no. 8. In Fe-Cr-Ni systems,
ther phase has an Fe-Cr composition and a tetragonal crystalline
structure with 30 atoms per unit cell (Ref 25, 26). It is also
observed that the ferrite is richer in Cr andMowhile the austenite
phase is slightly richer inNi andMn. The austenite-to-ferrite ratio
increases as a function of increased heat input. A large amount of
ferrite has transformed to austenite on cooling at these conditions
(HItrial no. 8 = 1.116 kJ/mm). The austenite and the r contents of

this sample were measured and found to be about 49 and 31%,
respectively. As shown in Fig. 7, the high austenite and r
contents are due to the high heat input (1.116 kJ/mm) and slow
cooling rate (Dt12/8 = 17 s) under these conditions. This sample
(trial no. 8) exhibited intermediate hardening due to the increased
concentration of the r phase in the microstructure. On the other
hand, the toughness is negatively affected by the formation of
intermetallic phases such as r. This is due to the bad deforma-
bility of the r phase because of its low fraction or metallic
binding (Ref 23). Moreover, the fractographic examination of
this sample (trial no. 8) (Fig. 8) shows the brittle areas, due to the
presence of the r phase in the microstructure.

Figure 9 shows the microstructure of weld metal at trial no.
4 exhibiting the lowest hardness (245 HV) and high toughness
(52 J). The EDX analysis (Table 8) and SEM observation have
shown somewhat trace of the r phase in the ferrite/austenite
interfaces. The austenite and r contents of this sample were 41
and 6.3%, respectively. This is due to the mediocre heat input
(0.955 kJ/mm) and cooling rate (Dt12/8 = 12 s) under these
conditions. The initial stages of the r phase formation
apparently do not increase the hardness; this is in agreement
with the results of Moura et al. (Ref 27) in a duplex stainless
steel UNS S31803, and Nilssom et al. (Ref 28) in a super
duplex steel. In the case of toughness, the cooling rate of super
duplex welds must be high enough to obtain at least 35% of
austenite and fast enough to reduce the r phase precipitation.
Hence, the high toughness (52 J) of this sample is due to the
high austenite content and the low r precipitation. Moreover,
the fracture surface of this sample presented a mixture of brittle
and ductile fracture (Fig. 10). Consequently, the surface of this
sample is composed of regions of cleavage fracture and plastic
deformation.

Fig. 6 SEM micrograph from fracture surface of Charpy impact
sample welded at trial no. 1

Fig. 7 SEM micrograph from UNS S32760 sample welded at trial
no. 8

Table 8 Chemical composition of r and matrix phases determined by energy dispersive x-ray spectrometer
analysis (wt.%)

Phase

Element

Chromium Molybdenum Nickel Iron

c 25.36 3.29 8.64 62.71
a 27.86 4.72 5.81 61.61
r (in the microstructure of trial no. 8) 32.62 9.51 5.36 52.51
r (in the microstructure of trial no. 4) 30.24 8.48 5.17 56.11

Fig. 8 SEM micrograph from fracture surface of Charpy impact
sample welded at trial no. 8
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4.2 ANOVA Results

The knowledge of the contribution of individual factors is
critically important for the control of the final response. The
ANOVA is a common statistical technique to determine the
percent contribution of each factor for results of the experiment
(Ref 29). It calculates parameters known as sum of squares
(SS), corrected sum of squares (SS¢), degree of freedom (D),
variance (V), and percentage of the contribution of each factor
(P). Since the procedure of ANOVA is very complicated and
employs a considerable of statistical formulae, only a brief
description is given as follows (Ref 6, 30):

SST ¼
Xm

i

g2
i �

1

m

Xm

i¼1
gi

" #2
ðEq 4Þ

where SST is the total sum of squares, m is the total number
of the experiments, and gi is the S/N ratio at the ith test.

SSp ¼
Xt

j¼1

Sgj

� �2

t
� 1

m

Xm

i¼1
gi

 !2

ðEq 5Þ

where SSp represents the sum of squares from the tested fac-
tors, p the one of the tested factors, j the level number of this

specific factor p, t the repetition of each level of the factor p,
and Sgj

the sum of the S/N ratio involving this factor and
level j.

Vp %ð Þ ¼ SSp
Dp
� 100 ðEq 6Þ

where Vp is the variance from the tested factors, and Dp is
the degree of freedom for each factor.

Basically, the degrees of freedom (DOF) for the OA should
be greater than or at least equal to those for the parameters (Ref
6). For example, a five-level design parameter counts for four
DOF. In this study, experimental DOF is 8 (number of trails
minus one); while parameters-DOF is 2 (number of parameter
levels minus one).

SS0p ¼ SSp � DpVe ðEq 7Þ

where SS0p represents the corrected sum of squares from the
tested factors and Ve the variance for the error.

Pp %ð Þ ¼
SS0p
SST
� 100 ðEq 8Þ

where Pp is the percentage of the contribution to the total
variation of each individual factor.

Table 9 shows the results of ANOVA for hardness. As seen
in Table 9, pulse current is the most influencing factor on the
hardness of the PCGTAW process with the 73.36% contribu-
tion. The second most influencing factor is % on time with
23.54% contribution. Moreover, it was observed that pulse
frequency and background current were the insignificant factors
with the 2.98 and 0.12% contributions, respectively. In the
ANOVA analysis, if the contribution percent is high, the
contribution of the factors to that particular response is more.
Likewise, lower the contribution percent lower the contribution
of the factors on the measured response. Therefore, another
analysis is conducted by pooling insignificant factors to error
(see Table 10). The process of disregarding an individual
factor�s contribution and then subsequently adjusting the
contribution of the other factor is known as pooling (Ref 29).
The results of ANOVA after pooling for hardness are presented
in Table 10. Pooled ANOVA values revealed that the pulse
current (71.81%) was significant factor for the hardness in the
PCGTAW process.

In the case of toughness, ANOVA with the percentage
contribution of each factor are shown in Table 11. The pulse
current has the greatest influence on the toughness of the
PCGTAW process with the 79.18% contribution followed by
the background current with 18.81%, the pulse frequency with
1.47% and the % on time with 0.54%. As seen in Table 11,
pulse frequency and % on time are insignificant. Table 12
shows the results of ANOVA after pooling for toughness. It can
be deduced from above discussions and Table 10 and 12 that
the pulse current had the most significant effect on the hardness
and the toughness of the PCGTAW process.

4.3 Confirmation Experiment

Once the optimal level of the design parameters is selected,
the final step is to predict and verify the improvement of the
quality characteristic using the optimal level of the design
parameters (Ref 20, 31). The predicted S/N ratio g

_
� �

using the
optimal level of the design parameters can be calculated as
(Ref 20):

Fig. 10 SEM micrograph from fracture surface of Charpy impact
sample welded at trial no. 4

Fig. 9 SEM micrograph from UNS S32760 sample welded at trial
no. 4
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g
_ ¼ gm þ

Xn

i¼1
gi � gmð Þ ðEq 9Þ

where gm is the total mean S/N ratio, gi is the mean S/N
ratio at the optimal level, and n is the number of the main
design parameters that affect the quality characteristic.

The predicted S/N ratio using the optimal PCGTAW
parameters for hardness and toughness can then be obtained
and the corresponding hardness and toughness can also be
calculated using Eq 3.

Table 13 shows the comparison of the predicted hardness
and the toughness with the experimental results using the opti-
mal conditions. There is good agreement between the predicted
and the experimental hardness being observed. The increase of

the S/N ratio from trial no. 1 (50.2644) as shown in Table 4 to
the optimal actual data (50.5009) is 0.24 dB, which means
thatthe hardness is increased by about 1.03 times. The
comparison of the predicted toughness with the experimental
data is also shown in Table 13, where a predicted toughness
roughly consistent with the actual results is noted. The increase
of the S/N ratio from trial no. 5 (34.9638) as shown in Table 4
to the optimal actual data (36.1236) is 1.16 dB and therefore
the toughness value is improved by about 1.14 times. In other
words, the experiment results confirm the prior design and
analysis for optimizing the PCGTAW parameters. Conse-
quently, hardness and toughness of SDSS welds in the
PCGTAW process are significantly improved through the
Taguchi method approach. Since optimum conditions deter-

Table 9 Results of the ANOVA for hardness

Character Parameters
Degree of

freedom (D)
Sum of

squares (SS) Variance (V)
Corrected sums
of squares (SS¢)

Contribution
(P, %) Rank Significant

A Pulse current 2 3304.22 1652.11 3304.22 73.36 1 Yes
B Background current 2 5.56 2.78 5.56 0.12 4 No
C % On time 2 1060.22 530.11 1060.22 23.54 2 Yes
D Pulse frequency 2 134.22 67.11 134.22 2.98 3 No
Error 0 0 0 0 0
Total 8 4504.22

Table 10 Pooled ANOVA for hardness

Character Parameters
Degree of

freedom (D)
Sum of

squares (SS)
Variance

(V)
Corrected sums
of squares (SS¢)

Contribution
(P, %)

A Pulse current 2 3304.22 1652.11 3234.33 71.81
B Background current (2) (5.56) Pooled
C % On time 2 1060.22 530.11 990.33 21.99
D Pulse frequency (2) (134.22) Pooled
Error 4 139.78 34.945 6.2
Total 8 4504.22 100

Table 11 Results of the ANOVA for toughness

Character Parameters
Degree of

freedom (D)
Sum of

squares (SS)
Variance

(V)
Corrected sums
of squares (SS¢)

Contribution
(P, %) Rank Significant

A Pulse current 2 228.222 114.111 228.222 79.18 1 Yes
B Background current 2 54.222 27.111 54.222 18.81 2 Yes
C % On time 2 1.556 0.778 1.556 0.54 4 No
D Pulse frequency 2 4.222 2.111 4.222 1.47 3 No
Error 0 0 0 0 0
Total 8 288.222 100

Table 12 Pooled ANOVA for toughness

Character Parameters
Degree of

freedom (D)
Sum of

squares (SS) Variance (V)
Corrected sums of

squares (SS¢) Contribution (P, %)

A Pulse current 2 228.222 114.111 225.333 78.18
B Background current 2 54.222 27.111 51.333 17.81
C % On time (2) (1.556) Pooled
D Pulse frequency (2) (4.222) Pooled
Error 4 5.778 1.4445 4.01
Total 8 288.222 100
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mined by Taguchi method in laboratory environment is
reproducible in real production environments as well (Ref 17,
32), the findings of this study may be very useful for processing
at industrial scale.

5. Conclusions

In this article, the Taguchi design method was used to
optimize PCGTAW process parameters to obtain the desired
characteristics. Various factors affecting the hardness and the
toughness of super duplex stainless steel (SDSS, UNS S32760)
welds were analyzed and optimized. Additionally, the ANOVA
was used to examine how parameters most significant in the
PCGTAW process. According to the pooled ANOVA for
hardness, the most important parameters affecting the hardness
are pulse current (71.81%) and % on time (21.99%). While, the
most effective parameters on the toughness are found to be pulse
current (78.18%) and background current (17.81%). As a result,
the pulse current was the main parameter affecting the hardness
and the toughness of SDSS welds. Moreover, the optimum
conditions for hardness were observed at 100 A for pulse current,
70 A for background current, 40 for % on time, and 1 Hz for
pulse frequency. In the case of toughness, the experimental
results indicated that the optimum conditions are 120 A for pulse
current, 60 A for background current, 60 for % on time, and 5 Hz
for pulse frequency. Finally, the confirmation experiments were
conducted to verify the optimal PCGTAW parameters and the
results for both hardness and toughness were in good agreement
with the data analyzed using the Taguchi method.
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