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In this study, an attempt has been made to minimize the corrosion
rate and maximize the pitting potential of dissimilar metal welded
joints of A387-Gr91/AISI316 steels. The process parameters of the
pulsed current gas tungsten arc welding (PCGTAW) including the
peak current (P), background current (B), pulse frequency (F), and
on time percentage (O) were chosen as the factors influencing the
corrosion behavior. Design of Experiments (DOE) was done using
Taguchi’s L9 (34) orthogonal array. The signal to noise (S/N) ratio
analysis indicated that corrosion rate was affected by the peak
current, frequency, on time percentage, and background current,
whereas the pitting potential was mostly influenced by on time
percentage, peak current, frequency, and background current,
respectively. Optimum conditions of P, B, F, and O factors were
found as 135A, 75A, 10Hz, 80% for corrosion rate and 120A, 60A,
6Hz, 60% for the pitting potential, respectively. Furthermore,
analysis of variance (ANOVA) demonstrated that the contribution of
P, B, F, and O was 28.79%, 13.06%, 28.63%, and 29.51% for
corrosion rate and 13.97%, 2.79%, 12.20%, and 71.04% for the
pitting potential, respectively. Results of the welded samples at
optimum conditions showed good agreement with the predicted
values for corrosion rate and the pitting potential.

1-Introduction

Boiler components, such as main steam piping
and the header parts of boilers, are usually
exposed to high thermal stresses. A387-
Gr.91steel is one of the suitable candidates for
the mentioned application that explores good
creep and fatigue resistance [1]. In other words,
due to high corrosion, oxidation and creep
resistance of austenitic stainless steels, super-
heater and re-heater parts are made of these
alloys [1, 2].

The welding of these two dissimilar steels by
different welding routes has been the subject of
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wide research. Usually, the shielded metal arc
welding (SMAW) and gas tungsten arc welding
(GTAW) processes are applied to weld these
alloys. The major problem encountered with the
using of austenitic stainless steels as filler
metals is possible carbon migration from ferritic
steel to the welding metal and brittleness of the
weld especially in the service temperatures
more than 315°C. Welding of parts like tubes in
the boiler that are in contact with the sulfurous
environment by nickel-base fillers such as
ERNiCrMo-3 is one solution to overcome the
problem [3, 4, 5].
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GTAW process is one of the fusion welding
routes used in dissimilar welding of ferritic
steels to austenitic stainless steels. Because of
solidification structure, mechanical properties
and corrosion resistance of the welding metal
decline and it is possible to be modified by
using pulsed current in the arc welding process
[6]. This method involves cycling of the
welding current from a high level to a low one
at a selected regular frequency. The high level
of the peak 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 maintain a stable arc [7, 8].
The peak current, background current,
frequency and on time percentage showed the
greatest impact on properties in PCGTAW [9].
Using a full factorial design will bring all
possible combinations for a given set of factors
on table. However, since most industrial
experiments usually involve a significant
number of factors, this method results in a large
number of experiments. Taguchi constructed a
special set of general design guidelines for
factorial experiments that cover many

applications. In this case, the orthogonal array
method presented by Taguchi is one of the most
effective ways to reduce the number of
experiments [10].

In the current research, the PCGTAW process
parameters including the peak current,
background current, frequency and on time
percentage on three levels were changed and
optimization of parameters to achieve the
highest uniform and pitting corrosion resistance
was done by using Taguchi’s Lo (3*) orthogonal
array.

2-Experimental Procedure

Chemical composition of AISI316 and A387-
Gr.91 steels as base metals and ERNiCrMo-3 as
filler metal are given in Table 1.

Specimens of 100x60x6 mm in size were cut
from the as-received plates and standard V-
groove butt joints with an included angle of 70
and a root face of 2 mm were prepared.
Schematic of the joint design is presented in
Figure 1.

Tablel. Chemical composition of the base and filler metals.

Element (Wt.%) Fe Ni Cr Mn Mo V Nb Ti Si €
A387-Grol 883 028 918 041 08 022 0.08 - 0.30 0.10
AlSI316 704 102 165 152 261 0.08 - 0.03 0.72 0.05
ERNiCrMo-3 | 0.4 64 217 01 85 - 36 017 014 0.02
Rolling direction /’70"\ Rolling direction
6.0
A387-Gr.91 AISI 316
155 |
i

—2.6TI

Fig. 1. Schematic of the joint design.

The PCGTAW route with tungsten electrode of
2% thorium and shielding gas (argon) flow rate
of 15 L/min and 2.4 mm rod of ERNiCrMo-3 as
filler metal was employed and three passes of
welding were applied. Argon gas as the purge
gas was injected with a flow rate of 10 L/min in
the first and second passes. To avoid the cold
cracking of A387-Gr.91 steel, the samples were

preheated up to 275°C. Moreover, the
maximum inter-pass temperature of 300°C was
considered [11].

The main parameters of PCGTAW including
the peak current, background current, frequency
and on time percentage were altered at three
different levels are listed in Table 2.
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Table 2. PCGTAW process parameters and their levels.

Peak current, A Background current, A Frequency, Hz On time %
Code A C D
Levell 120 2 40
Level2 135 6 60
Level3 150 10 80
"P
I(A)
I | I
“ 0 g
— 1 Cycle —>

Time (ms)

Fig. 2. Current-time chart. 1, is the peak current (A), Iy is the background current (A), t, is the peak current

duration (ms), and t, is the background current duration (ms) [12].

According to Figure 2, the relations related to
the frequency and on time percentage are
presented in equations 1 and 2 [13].

f =1/teyle = UtpHty 1)
on time%= (tp/ty+ts) X100 (2)
Design of experiments (DOE) was done using
Taguchi’s Lo (3% orthogonal array to
investigate the effect of different levels of
welding parameters and to obtain the optimal
value for each parameter. This approach uses all
the design factors with a minimum number of
experiments [14,15]. As it is shown in Table 3,
9 experiments were conducted and each
experiment was based on the combination of
level values as shown in the table. The uniform
corrosion resistance of the specimens was
determined by polarization test method in
accordance with the ASTM G3-89 and ASTM
G59-97 standards [17, 18]. Polarization test was
done in one liter of H,SO4 1.0N, at a scan rate
of 600 mV/h, in the range of -100 to +100 mV
relative to the open circuit potential and at a

temperature of 20°C. The specimens were
immersed in the solution for 55 min before
beginning the polarization test to stabilize the
open circuit potential and determine its value.
The uniform corrosion rate was calculated by
Tafel slope and Nova 1.11 software. Also, the
Image Tools software was used to determine the
tested surface area.

The pitting resistance of the specimens was
investigated by polarization test based on the
ASTM G3-89 and ASTM G5-94 standards [17,
19]. In this case, the polarization test is done in
one liter of solution 3.5 wt.% NaCl, at a scan
rate of 600 mV/h, the potential range of -300 to
+1300 mV and temperature of 50°C. Also,
before starting the test, the specimens were left
in the solution for 55 minutes to stabilize the
open circuit potential. An electrochemical cell
consisted of platinum as

auxiliary electrode, saturated calomel as
reference electrode (SCE), and the samples
taken from Fusion zone as working electrode
were used for both types of polarization tests.
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Table3. Design of experiments (DOE) for welding parameters in accordance with Lg orthogonal array.

Trial No. Peak current, A Background Frequency, Hz On time %
current, A
1 120 60 2 40
2 120 75 6 60
3 120 90 10 80
4 135 60 6 80
5 135 75 10 40
6 135 90 2 60
7 150 60 10 60
8 150 75 2 80
9 150 90 6 40

3-Results and Discussion

The polarization test results of different
specimens are reported in Table 4. The effect
of different levels on the corrosion rate and
pitting potential is analyzed by using the signal
to noise (S/N) ratio. Comparison between the
corrosion rate and pitting potential results was
done by using the amount of S/N for each level
of each parameter. The optimum level was
identified and confirmation test was conducted.
The comparison between both results from
confirmation test and predicted one was done
and was analyzed by ANOVA.

3-1-Taguchi results

According to the Taguchi method, by using S/N
ratio instead of the mean values, there are three
terms related to the S/N ratios for optimization
of conditions including higher-the-better,
lower-the-better and nominal-the-best [20].
Then, the lowest corrosion rate and the highest
pitting potential are defined as optimal level of
the parameters. The following equations were
used in calculating the related S/N and the
results are listed in Table 4.

S = -10log y? 3)
1
=—1010g10y—2 4

Zlwnz|

Table4. Corrosion rate and the pitting potential.

Trial | Corrosion Rate, ) Pitting Potential, .
L (mmiyear) S/N Ratio, (dB) (Vsco) S/N Ratio, (dB)
1 0.00226 52.92 0.95 -0.45
2 0.00045 66.94 1.05 0.42
3 0.00038 68.40 0.93 -0.68
4 0.00024 72.40 0.91 -0.82
5 0.00022 73.15 0.92 -0.72
6 0.00057 64.88 0.97 -0.26
7 0.00033 69.63 1.01 0.09
8 0.00085 61.41 0.84 -1.51
9 0.00508 45.88 0.94 -0.54
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The mean S/N ratio for each level of individual
parameters was calculated from the data in
Table 4. The obtained results and A function
(equation 5) of all parameters are presented in
Table 5 [21].

A=Q)wax = Qi (5)
To study the main effect of each parameter on
the test output, the response graphs of different
process parameters for uniform corrosion rate
and pitting potential were plotted and shown in
Figures 3 and 4, respectively.

According to Figure 3 and Table 4 (bold
values), the lowest uniform corrosion rate was
achieved at the optimum condition of
A;B,C3Ds. Figure 3 shows that by increasing
the frequency and on time percentage, the
uniform corrosion resistance was improved.

According to A values in Table 4, the highest
impact on the uniform corrosion rate belonged
to the peak current, frequency, on time
percentage and the background current,
respectively.

On the other hand, the highest pitting potential
occurred at optimum condition of Ai1B:C;Ds.
Figure 4 shows that the pitting corrosion
resistance is steadily reduced by increasing the
maximum current and that a high level of on
time percentage (80%) has a detrimental effect
on the pitting resistance. According to the A
values in Table 4, the on time parentage had the
greatest impact on pitting potential. The effect
of maximum current, frequency and
background current on the pitting potential
decreased respectively.

Table 5. S/N ratio response for the corrosion rate and pitting potential.

Level 1 Level 2 Level 3 A Rank
Parameters Code
Cor. Rate | Epjt | Cor. Rate | Epit | Cor. Rate | Epit | Cor. Rate | Epjt | Cor. Rate | Epit
Peak current A 62.75 -0.22| 70.14 -0.60| 58.97 -0.66| 11.17 0.43 1 2
Background
B 64.98 -0.39 67.17 -0.60] 59.72 -0.48 7.44 0.21 4 4
current
Frequency C 59.74 -0.74| 61.74 -0.31] 70.40 -0.43| 10.66 0.42 2 3
On time% D 57.32 -0.57| 67.15 0.08| 67.40 -0.99] 10.09 1.08 3 1

Note: The corrosion rate and pitting potential unit is (mm/year) and (Vsce), respectively.

Main Effects Plot for S/N ratios

: Bad;.ground current, (A) |

Peak current, (4)

Mean of §/N ratios

120 135 150

Signal-to-noise: Smaller is better

Frequency, ()

Fig. 3. S/N Response graph for corrosion rate.
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Main Effects Plot for S/N ratios

Peak current, () | Background Current, (4) |

1=
%

-1.0
120 135 150 60 75

Signal-to-noise: Larger is better

Mean of §/N ratios
& 1= &
-3 = 15

Frequency, (H) 5 On time %

Fig. 4. S/N response graph for pitting potential.

3-2-Analysis of Variance (ANOVA)
results

ANOVA was used to determine the influence of
different factors. The sum of square (SS), the
degrees of freedom (D), the variance (V) and
the percentage of contribution to the total
variation (P) are used in ANOVA, which can be
calculated from the following equations [14,
20].

SSt = ¥n? —i[Z?ll Tli]2 (6)
Where SSr is the total sum of squares, m is the
total number of experiments, and ni is the S/N
ratio at the ith test.
2

SSp = X @' %[2?211 ﬂi]z ()
where SS, represents the sum of squares from
the test factors, P represents one of the test
factors, j the level number of this specific factor
P, t the repetition of each level of factor P, and
Sy the sum of the S/N ratio involving this factor
and level j.

Vp% = 2L x100 ®)
P

where Vp is the variance from the test factors,
and De is the degree of freedom for each factor.
The degrees of freedom (DOF) for the
orthogonal array should be greater than or at
least equal to those for the parameters. For
example, a five-level design parameter accounts
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).

SS’p = SSp- Dp\/ve (9)
where SS’p represents the corrected sum of
squares from the tested factors and V. denotes

the variance for the error.
SSp

Pp = 5 x100 (10)
where Py is the percentage of the contribution to
the total variation of each individual factor. The
percentage contributions of each factor based
on the corrosion rate and pitting potential
obtained by the ANOVA results are illustrated
in Tables 6 and 7, respectively. In addition, the
influence of the PCGTAW process parameters
on corrosion behaviors of weld metal is shown
in Fig 5. According to the data in Tables 6 and
7 and the charts in Fig 5, it is clear that the
highest on time percentage has the greatest
impact on the uniform corrosion rate and pitting
potential and after that the maximum effects are
associated with maximum current, frequency
and background current respectively. It is
noteworthy that based on the results of the
ANOVA the order of the effectiveness of
parameters on the corrosion rate and pitting
potential is similar. Another point to be noted is
the mismatch between ranking the effect of
various parameters on the uniform corrosion
rate based on the A function in Taguchi results
and contribution in the ANOVA results.
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Table 6. Results of the S/N ratio ANOVA for the corrosion rate.

Degree of Sum of . Corrected Sum  Contribution o
Character Parameters Variance(V) Rank | Significant
Freedom(D) | Squares(SS) of Squares(SS” (P,%)
Peak
A 2 193.63 96.82 193.63 28.79 2 Yes
Current
Background
B 2 87.82 43.91 87.82 13.06 4 Yes
Current
C Frequency 2 192.54 96.27 192.54 28.63 3 Yes
D On time% 2 198.47 99.24 198.47 29.51 1 Yes
Error 0
Total 8 672.46 672.46 100
Table7. Results of the S/N ratio ANOVA for pitting potential.
Degree of Sum of . Corrected Sum | Contribution o
Character | Parameters Variance(V) Rank | Significant
Freedom(D) | Squares(SS) of Squares(SS")| (P,%)
Peak
A 2 0.34286 0.17143 0.34286 13.97 2 Yes
Current
Background
B 2 0.06846 0.03423 0.06846 2.79 4 No
Current
C Frequency 2 0.29950 0.14975 0.29950 12.20 3 Yes
D On time% 2 1.74382 0.87191 1.74382 71.04 1 Yes
Error 0
Total 8 2.45464 2.45464 100
Corrosion rate Pitting Potential

29.51%

m Peak Current  mBackground Current = Frequency = Ontime%

Fig. 5. Influence of PCGTAW process parameters on corrosion behaviors of weld metal obtained from S/N ratio
ANOVA.
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3-2-1-Pooled ANOVA

When the contribution of a factor is small, the
sum of squares for that factor is combined with
the error. This process of disregarding the
contribution of a selected factor and
subsequently adjusting the contributions of the

10

other factor is known as pooling [22]. The
results of ANOVA after pooling for the pitting
potential are presented in Table 8. Also, the
comparison chart of PCGTAW process
parameters for the pitting potential is illustrated
in Fig6.

Table8. Pooled ANOVA for the pitting potential.

Degree of Sum of ) Corrected Sum  Contribution o
Character Parameters Variance(V) Rank | Significant
Freedom(D) | Squares(SS) of Squares(SS’ (P,%)
Peak
A 2 0.34286 0.17143 0.27440 11.18 2 Yes
Current
Background

B current (2) (0.06846) pooled

C Frequency 2 0.29950 0.14975 0.23104 9.41 3 Yes

D on time% 2 1.74382 0.87191 1.67536 68.25 1 Yes
Error 2 0.06846 0.03423 0.27384 11.16
Total 8 2.45464 2.45464 100

Pitting potential

11.16 ‘

m Peak Current ®Frequency = Ontime%

Error

Fig. 6. Influence of PCGTAW process parameters on pitting potential of weld metal and error obtained from
pooled ANOVA.

As can be seen in Figure 6, the background
current is excluded from the analysis as the
insignificant parameter and its effect is added to
the error. Accordingly, the on time percentage,
peak current and frequency with contributions
68.25%, 11.18% and 9.41% have the highest
impact on the pitting potential. Also, the error
percentage is 11.16.

The error variance shows the S/N differences
per trial number within the same level for each
factor [15].

10

3-3-Confirmation

As it was mentioned in Section 3.1, the
optimum conditions for uniform corrosion rate
and pitting potential are A;B.C3;Dz; and
A:1B1C;D;. So, two specimens are welded based
on these conditions and the proper polarization
tests were performed on them. The S/N ratio of
the optimum specimen was determined based
on Equation 11 [23].

[T%]estimated - [T%]M * ?:1 ([%]1 ) [E]M) (11)
Where [S/N]w is the total mean S/N ratio, [S/N];

is the mean S/N ratio at the optimal level, and n
is the number of parameters.
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Table 9. Confirmation testing to validate the approach.

Parameters S/N ratio Performance values
A: Peak | B:Backgroun( C:Frequency,  D:on o . L .
. Estimation| Experiment | Estimation|  Experiment
Current, A  Current, A Hz time%
Cor. Cor. Cor. Cor. Cor. Cor. Cor.
Erit Erit Erit Epi Erit Epit Epit| Cor.Ratg Epit
Rate Rate Rate Rate Rate Rate Rate
Optimun
2 1 2 1 3 2 3 2
level 0.000q
_ 83.24 0.64 80.92 0.75 1.08 0.00009 1.09
Optimum 07
135| 120 75 60 10 6 80| 60
value

Note: The corrosion rate and pitting potential unit is (mm/year) and (Vsce), respectively.

Table 9 shows the comparison of the predicted
corrosion rate and the pitting potential with the

experimental

results using the optimal

conditions. There is a good agreement between
the predicted and the experimental results.
4-Conclusions:

The influence of pulsed current gas Tungsten arc
welding process parameters such as the peak
current, background current, frequency, and on
time percentage on the corrosion behavior such
as corrosion rate and pitting potential of A387-
Gr91 to AISI316 alloys weld metals was studied
and the main conclusions are summarized as
follows:

According to the results of S/N ratio and
based on the values of A function, peak
current, frequency, on time percentage and
background current had the highest impact
on the vrate of uniform corrosion,
respectively. Also, the on time percentage
had the greatest impact on the pitting
potential and then the greatest impacts are
associated  with  maximum  current,
frequency and  background current,
respectively.

According to the results of ANOVA, the
effectiveness of parameters on the uniform
corrosion rate and the pitting potential was
similar; however, their contribution was
different. The greatest impact on the
uniform corrosion rate and pitting potential
was associated with on time percentage,
maximum  current,  frequency  and
background current, respectively.

ANOVA results showed that the minimum
effectiveness  was  associated  with

11

background current and this parameter was
insignificant in the case of pitting potential.
Pooled ANOVA table indicated that the
contributions of on time percentage, peak
current and frequency were 68.25%, 11.18%
and 9.41%, respectively, and the error
percentage was 11.16.

e Based on the results of S/N ratio, A2B>CsDs
and AiB.C;D, were chosen as optimum
conditions for uniform corrosion rate and
pitting potential, respectively. Results from
confirmation tests on the welded specimen
were consistent with the predicted results
based on the S/N ratio. The results of
optimal specimens showed a significant
improvement in  corrosion  resistance
compared to other specimens.
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