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ABSTRACT

Resistance to pitting corrosion is 
commonly expressed by Pitting 
Resistance Equ iva lent Num ber 
(PREN). During duplex stain less 
s te e l w e ld  c la d d in g , p it t in g  
resistance balance is disturbed by 
the form ation of in term eta llic  
p rec ip ita te s , o r by excess ive  
p r e c ip i t a t io n  o f s e c o n d a r y  
au sten ite  in su rface  reg ions. 
Redistribution of alloying elements 
as a result of such transformations 
may lead to local reductions in 
pitting resistance. Hence, control 
of PREN is very important to 
m a in ta in  the requ ired p itting 
resistance. This paper highlights 
an experimental study and analysis 
of various welding parameters 
in f lu e n c in g  PREN  in d u p le x  
stain less steel cladding deposited 
by Flux Cored Arc Welding (FCAW). 
The experim ents were conducted 
based on four-factor five level 
central composite rotatable design 
and a mathematical model was 
developed to predict PREN. The 
effects of welding parameters on 
PREN have been presented in 
graphical form, which helps in 
se le c tin g  app rop ria te  w eld ing 
parameters to obtain the desired 
PREN quickly.

1. INTRODUCTION

Corrosion is one of the main 
p r o b le m s  in  th e  c h e m ic a l 
industries. A huge quantity of 
metal is lost by corrosion, which 
affects the cost of products and the 
environment. The development of 
new chem ical processes requiring 
storing facility for more corrosive 
substances, call for new materials 
for the fabrication of storage and 
pressure vessels. The fabrication of 
a vessel entire ly from corrosion 
resistant material becomes an 
extrem ely uneconom ical solution 
in many situations. The composite 
m aterials solved the problem, 
using a base material of carbon 
steel for the strength of the 
structure and a clad layer of 
corrosion resistant material in 
contact with the chem ical corrosive 
atmosphere. The characteristics 
desirable in such a cladding alloy 
a r e  r e a s o n a b le  s t r e n g t h ,  
weldability to the steel, resistance 
to general and localized corrosion 
attack, and good corrosion fatigue 
p ro p e r t ie s  [1 ]. A ca n d id a te  
material for cladding that has 
excellent corrosion resistance and 
weldability is duplex stain less steel 
[2].

The clad layer is generally obtained 
by rolling, explosive welding and

fusion welding. In recent years, 
fusion weld cladding processes 
have been developed rapidly and 
are now applied in numerous 
industries such as chemical plants, 
n u c le a r  pow e r p la n ts , food 
process ing  and petrochem ica l 
in d u s tr ie s , e tc. The b ig g es t 
difference between welding a jo in t 
and cladding is dilution. The 
composition and properties of clad 
metals are strongly influenced by 
the dilution obtained. Control of 
d ilu tion is very im portant in 
cladding, where low dilution is 
typ ically desirable.

It is well known that chromium, 
m o ly b d e n u m , and  n it ro g e n  
improve the resistance to pitting 
corrosion in Fe-Ni-Cr alloys. The 
effects of these elements can be 
q u a n t if ie d  by an e m p ir ic a l 
parameter termed PREN, which is 
expressed [3] using the following 
equation ( 1 ).

PREN = (wt. % Cr) + 3.3 (wt. % 
M o)+ 16(w t. % N) ------------ (1)

PREN of clad layer is mainly 
g o v e rn e d  by it s  c h e m ic a l 
com position . During cladd ing , 
p itt in g  re s is tance  ba lance  is 
disturbed by the formation of 
interm etallic precipitates, or by 
e x c e s s iv e  p r e c ip i t a t io n  o f
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secondary austenite in surface 
regions [3]. Red istribution of 
alloying elements as a result of 
such transformations may lead to 
lo c a l r e d u c t io n s  in p it t in g  
r e s is t a n c e  an d  a s s o c ia t e d  
corrosion attack, either in regions 
that are depleted with respect to 
crucial alloy elements, or in the 
precipitates themselves. This is 
due to dilution of filler metal and 
base metal. For this reason, a 
critical attention during cladding of 
these steels is required.

T h is  p a p e r  h ig h l ig h t s  an 
experimental study carried out to 
analyze the effects of various 
FCAW process parameters on PREN 
in duplex stain less steel cladding of 
low carbon structural steel plates. 
The experiments were conducted 
based on four-factor five level 
central composite rotatable design 
with full replications technique and 
a m a th e m a t ic a l m ode l w as 
d e v e lo p e d  u s in g  m u lt ip le  
regression method. The developed 
mathematical model has been 
checked for their adequacy and 
significance.

2. EXPERIMENTAL PROCEDURE

The experiments were conducted 
u s in g  U N IM A C R O  w e ld in g  
machine. Test pieces of size 200 
mm X 150 mm x 2 0  mm were cut 
from low carbon structural steel 
(IS: 2062) plate and its surfaces 
were ground to remove oxide scale 
and dirt before cladding. Flux cored 
duplex stain less steel welding wire 
(E2209T1 - 4 /1 ) o f 1.2 mm 
diameter was used for depositing 
th e  w e ld  b e a d s . C h e m ic a l 
composition of the substrate and 
welding wire is given in Table 1. CO 2

gas at a constant flow rate of 18 
liters/min was used for shielding. 
The experim enta l setup used 
consisted of a traveling carriage 
with a table for supporting the 
specimens. The experiments were 
conducted by laying three beads 
using stringer bead technique with 
a constant overlap of 40%. An 
interpass temperature of 150° C 
was maintained during all the 
cladding experiments.

The chosen welding parameters 
affecting PREN were weld ing 
current, welding speed, contact 
tip -to-w orkp iece d istance, and 
welding gun angle. In this study, 
forehand welding (push angle) 
technique was used. The chosen 
response was PREN.

The working ranges of all selected 
welding parameters were fixed by 
conducting tria l runs. The working 
range of each process parameters 
was decided upon by inspecting the 
c ladded p la te  fo r a sm ooth 
appearance without any visible 
defects such as surface porosity, 
undercut, etc [4]. The upper lim it 
of the parameters was coded as + 2  

and the lower lim it was coded as -
2. The decided lim its and levels of 
the selected process parameters 
with their units and notations are 
given in Table 2.

The design matrix chosen to 
conduct the experiment was a 
central composite rotatable design 
[5]. In th is work, th irty-one 
deposits were made using cladding 
condition corresponding to each 
t r e a t m e n t  c o m b in a t io n  o f 
parameters as shown in Table 3 at 
random. At the end of each run, 
settings for all four parameters

were disturbed and reset for the 
next deposit. This is essential to 
introduce variability caused by 
errors in experimental settings [6 ].

The cladded plates were cross
sectioned at their midpoints to 
obtain test specimens of 2 0  mm 
wide. The top surface of the 
specimens was ground flat and 
three test burns were taken to find 
out chemical composition using an 
optical emission spectrometer. The 
average va lues of the three 
readings were presented in Table 3. 
PREN w as c a lc u la te d  u s ing  
equation (1). The calculated values 
are given in Table 3.

3 DEVELOPMENT OF A 
MATHEMATICAL MODEL

T h e  r e s p o n s e  f u n c t i o n  
re p re s e n t in g  PREN  can  be 
expressed using the equation (2 )

Y = f ( X , .X „ X 3 , X J  — - ............. (2)

Where Y = PREN 
Xj = Welding current, A 
Xj = Welding speed, cm/min 
X 3 = Contact tip-to-workpiece 

distance, mm and 
X 4 = Welding gun angle, degree

The second order response surface 
model [7] for the four selected 
pa ram ete rs is g iven by the 
equation (4)

Y = p „+ ^ P^ X ,+ ^ P„X f+ ^ P ,,X ,X i
1=1 1=1 

i< i

(3)

The second order response surface 
model [equation (3)] could be 
expressed as follows
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Y = , + J  + ^  + ,N + J + , , f  + ,,S  ̂+ 
,N^+^r+ J S  + J N  + J N  + J T  + 

,^ N  + ,,S T + ,,N T -------------------(4)
33

Where io  is the free term of the 
r e g r e s s io n  e q u a t io n ,  th e  
coefficients § 1 , â , and â  are 
linear terms, the coefficients a „,
, 8 3 3  , and a^ are the quadratic 
terms, and the coefficients â î 
a i4 , 3 2 3  , a24 , and a,, are the 
interaction terms. The coefficients 
were calculated using QA six-sigma 
software. A fter determ ining the 
coe ffic ien ts, the m athem atica l 
model was developed as follows

PREN = 32.496 -0.6621-1.OO lS + 
0 .3 3 4 N -0 .4 9 3 T  + 0 .2211" +
0 .0 7 1 S ' + 0 .0 7 7 N ' - 0 .2 2 2 T ' -
0.174IS-0.093IN  + 0.121IT +
0.041SN-0.526ST + 0.083NT

The insignificant coefficients were 
elim inated w ithout affecting the 
accuracy of the developed model 
by using t-test. This is done by back 
e lim ination technique, which is 
available in QA six-sigm a software. 
The final m athematical model was 
constructed by using only these 
coefficients. The developed final 
model with welding parameters in 
coded form was given below.

PREN = 32.632 - 0.6621 - I.OOIS 
+ 0.334N - 0.493T + 0.2071" -
0.236T"- 0.174IS - 0.526ST

The adequacy of the developed 
m odel was tested using the 
ana lys is of variance (ANOVA) 
te ch n iq u e  [ 8 ]. A s p e r th is  
technique, if the calculated F-ratio 
value for the developed model does 
not exceed the standard tabulated 
value of F-ratio for a desired level 
o f confidence (95%) and the 
calculated R- ratio value of the 
developed model exceeds the

standard tabulated value of R-ratio 
for a desired level of confidence 
(95%), then the model is said to be 
adequate within the confidence 
lim it. These  cond ition s were 
satisfied for the developed model, 
which is given in Table 4. The 
valid ity of th is model was again 
tested by drawing scatter diagram 
as shown in Fig. 1.

C o n f o r m a t io n  t e s t s  w e re  
c o n d u c t e d  in  t h e  s a m e  
experimental setup to confirm the 
results of the experiments. The 
results of the conform ity tests 
show the accuracy of the model 
developed, which is above 97%. 
This is shown in Table 5.

4.RESULTS AND DISCUSSIONS

The above developed model can be 
u s e d  to  p r e d ic t  PR EN  by 
substituting the coded values of 
t h e  r e s p e c t i v e  w e ld in g  
parameters. The PREN calculated 
from this model for each set of 
coded welding parameters are 
represented in graphical form in 
Figs. 2 to 5. Effects of welding 
parameters on PREN are given 
below.

4.1 Effect of welding current on 
PREN

Fig 2 shows PREN decreases with 
increase in welding current. This 
may be due to increase in dilution 
with increase in welding current. 
Increase in dilution enhances the 
carbon content and reduces the 
chrom ium  and nickel content of the 
claddings. The base metal had no 
chrom ium and nickel and higher 
carbon with respect to the chem ical 
composition of the duplex stain less 
steel welding wire. Hence, the 
c h a n g e  in d i lu t io n  a f fe c t s

chromium and nickel content [9]. 
The decrease of chromium and 
nickel with increase in dilution 
results in decreased PREN in the 
clad metals.

4.2 Effect of welding speed on 
PREN

From Fig. 3, it is evident that PREN 
decreases with increase in welding 
speed. At higher speeds, the arc 
digs the base metal in front of the 
weld pool increasing  d ilu tion  
resulting in decreased PREN in clad 
metals [9].

4.3 Effect of contact tip-to- 
workpiece distance on PREN

It is evident from Fig.4 that PREN 
increases slightly with increase in 
contact tip-to-workpiece distance. 
In c re a se  in c o n ta c t  t ip - to -  
workpiece distance increases the 
circuit resistance, which reduces 
the welding current. This decrease 
of welding current reduces the 
penetration of arc and hence 
reduces the dilution [10]. The 
decrease in dilution significantly 
i n c r e a s e s  c h r o m iu m  a n d  
m o d e ra te ly  in c re a se s  n icke l 
content of the claddings which 
results in increased PREN in the 
clad metals [9].

4.1.4 Effect of welding gun 
angle on PREN

From Fig. 5, it is evident that PREN 
increases with increase in welding 
gun angle. The reason is when the 
angle is increased in forehand 
welding the arc force pushes the 
weld metal forward i.e. towards the 
co ld  m e ta l,  w h ich  re d u c e s  
penetration and dilution resulting 
in increased PREN in the clad 
metals [ 1 1 ].
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Table 1 Chemical composition of substrate and welding wire

M aterial
E lem ents, % (W t.)

C Si Mn P S Al Cr Mo Ni Nz Cu
IS: 2062 0 .150 0.160 0.870 0.015 0.016 0.031 . . . . . . . . . —

E2209 T l- 1 / 4 0.023 0.760 1.030 0 .024 0 . 0 0 2 . . . 23 .14 3.05 9 .22 0.130 0.09

Table 2 Welding parameters and their levels

Param eter Unit Notation
Levels

-2 -1 0 + 1 +2
W eld ing Cu rren t A I 2 0 0 225 250 275 300
W eld ing Speed cm /m in S 2 0 30 40 50 60
C on tact tip -to -w o rkp le ce  d istance mm N 2 2 24 26 28 30
W eld ing gun (push) angle degree T 2 0 15 1 0 05 0 0

Table 3 Design matrix with chemical composition of the claddings and PREN

Trial
Design Matrix Elements, °/o i[Wt.)

PREN
I s N T Cr Mo Nb Ni c N Cu

1 -1 -1 -1 -1 21 .6 4 0 3 .0 5 4 0 .0 1 8 8 .8 6 2 0 .0 3 7 0 .1 3 2 0 .058 3 3 .8 2
2 + 1 -1 -1 -1 21 .1 0 4 3 .0 7 8 0 .0 1 8 8 .5 5 5 0 .041 0 .140 0 .0 5 6 3 3 .5 0
3 -1 + 1 -1 -1 21 .2 4 2 3 .0 5 9 0 .0 1 8 8 .7 5 8 0 .0 3 5 0 .1 3 7 0 .0 5 5 3 3 .53
4 + 1 + 1 -1 -1 19.964 2 .8 7 4 0 .0 1 7 8 .0 7 6 0 .053 0 .1 1 9 0 .0 5 2 3 1 .3 4
5 -1 -1 + 1 -1 21 .881 3 .1 9 8 0 .0 1 8 9 .1 2 0 0 .0 3 6 0 .1 3 4 0 .0 5 6 3 4 .58
6 + 1 -1 + 1 -1 21 .2 1 9 2 .9 9 6 0 .0 1 7 8 .3 7 9 0 .0 3 7 0 .1 3 4 0 .0 5 3 3 3 .2 6
7 -1 + 1 + 1 -1 2 1 .2 8 4 3 .129 0 .0 1 8 8 .7 3 0 0 .0 3 8 0 .155 0 .0 5 6 3 4 .10
8 + 1 + 1 + 1 -1 2 0 .5 0 4 2 .8 0 0 0 .0 1 7 8 .0 0 0 0 .041 0 .1 3 8 0 .0 5 4 3 1 .95
9 -1 -1 -1 + 1 21 .5 8 9 3 .023 0 .0 1 8 8 .9 8 9 0 .0 2 9 0 .1 4 2 0 .0 5 7 3 3 .83

10 + 1 -1 -1 + 1 20 .7 7 9 3 .0 3 3 0 .0 1 7 8 .4 1 2 0 .041 0 .1 1 3 0 .0 5 2 3 2 .5 9

11 -1 + 1 -1 + 1 19 .164 2 .8 5 7 0 .0 1 7 7 .7 1 8 0 .0 5 3 0 .1 0 7 0 .049 30.31
12 + 1 + 1 -1 + 1 19.021 2 .725 0 .0 1 7 7 .7 0 4 0 .0 5 2 0 .1 1 0 0 .049 2 9 .7 9
13 -1 .1 + 1 + 1 21.851 3 .0 9 8 0 .0 1 9 8 .8 8 0 0 .0 2 9 0 .141 0 .0 5 9 3 4 .3 4
14 + 1 -1 + 1 + 1 21 .0 3 0 3 .161 0 .0 1 8 8 .6 7 4 0 .039 0 .1 3 4 0 .0 5 6 3 3 .6 0
15 -1 + 1 + 1 + 1 20 .2 1 2 2 .943 0 .0 1 7 7 .853 0 .0 4 7 0 .1 0 4 0.051 3 1 .5 8
16 + 1 + 1 + 1 + 1 19.212 2 .7 0 5 0 .0 1 7 8 .2 3 6 0 .0 4 7 0 .1 1 7 0 .0 5 0 3 0 .03
17 -2 0 0 0 2 1 .9 4 2 3 .2 7 5 0 .0 1 9 9 .0 2 6 0 .0 5 5 0.131 0 .060 3 4 .86
18 + 2 0 0 0 19 .975 2 .9 7 8 0 .017 8 .1 5 3 0 .0 4 9 0 .1 3 2 0 .0 5 2 31.91
19 0 -2 0 0 2 1 .4 7 8 3 .265 0 .0 1 8 8 .8 3 3 0 .0 3 0 0 .1 4 4 0 .0 5 7 3 4 .5 8
20 0 + 2 0 0 19 .2 6 7 2 .7 9 5 0 .0 1 6 7 .8 4 0 0 .0 4 3 0 .1 5 6 0 .0 4 8 31 .01
21 0 0 -2 0 2 0 .321 2.911 0 .0 1 7 8 .3 9 9 0.041 0 .1 1 6 0 .0 5 2 32 .00

22 0 0 + 2 0 2 1 .3 6 9 3 .1 5 0 0 .0 1 8 8 .7 0 7 0 .0 3 6 0 .1 1 7 0 .0 5 3 3 3 .6 4

23 0 0 0 -2 2 0 .3 1 0 2 .9 9 2 0 .0 1 7 8 .3 1 4 0 .0 5 0 0 .1 1 9 0 .0 5 3 3 2 .0 8
24 0 0 0 + 2 1 9 .805 2 .8 9 9 0 .0 1 7 8 .0 8 9 0 .0 4 5 0 .1 1 2 0 .053 31 .1 7
25 0 0 0 0 20 .7 6 1 2 .9 8 0 0 .0 1 8 8 .6 3 0 0 .0 3 3 0 .1 2 4 0 .0 5 5 32 .58
26 0 0 0 0 19.608 2 .8 8 0 0 .0 1 8 8 .0 7 8 0 .0 5 5 0 .1 3 9 0 .0 5 0 3 3 .0 0

27 0 0 0 0 21 .051 3 .1 0 7 0 .0 1 8 8 .6 3 0 0 .0 3 3 0 .1 2 4 0 .0 5 5 3 3 .30

28 0 0 0 0 2 0 .6 0 6 3 .1 1 7 0 .018 8 .4 4 3 0 .0 4 1 0 .1 1 4 0 .0 5 3 32.73

29 0 0 0 0 20 .1 1 4 2 .9 4 9 0 .0 1 8 8 .6 3 0 0 .0 3 3 0 .1 2 4 0 .0 5 5 32 .13

30 0 0 0 0 2 0 .1 3 4 2 .9 4 9 0 .0 1 8 8 .2 7 4 0 .0 3 4 0 .123 0 .0 5 2 3 1 .83

31 0 0 0 0 2 0 .1 8 0 2 .9 5 0 0 .0 1 8 8 .6 3 0 0 .033 0 .1 2 4 0 .0 5 5 3 1 .9 0
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Table 4 Analysis of variance for testing adequacy of the model

R e sp o n se
p a ra m e te r

1®* o rd e r  
te rm s

2"“ o rd e r  
te rm s

1 La ck  o f  
fit

E rro r
te rm s F

ratio
R

ratio R em arks
SS DF SS DF SS DF SS DF

PREN 4 3 .0 9 4 8 .8 4 1 0 2 . 0 1 1 0 1.9 6 0 .64 11 .74 A deq ua te

F-ratio (10, 6 , 0.05) = 4.09, R-ratio (14, 6 , 0.05) = 3.96, SS - Sum of squares, DF - Degrees of freedom

Table 5 Com parison of predicted and actual values of PREN

P ro ce ss  p a ra m e te rs  in C o d ed  fo rm P red icted
PREN

A ctu a l
PREN %  E rro r

I S N T

- 0 . 1 1 - 0 . 2 2 0 .09 - 0 .3 33 .05 33 .80 2 .27

- 0 .79 - 0 .3 5 0 .9 4 1 . 0 2 33 .34 32 .66 - 2 .04

- 0 . 6 6 0 .03 0 .90 1 .03 32 .66 33 .62 2 .94

Actual value -  Predicted value „  .
% Error = --------- „  — — — ;-------------X 100

Predicted value

F ig . l Scatter diagram  of PREN 
model

Fig.2 Effect of welding current on Fig.3 Effect of welding speed on
PREN PREN
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Contact tip- to-workpiece cJistance(N), mm

Fig.4 Effect of contact tip-to-
workpiece distance on PREN

Welding gun angle (T), degree

Fig.5 Effect of welding gun angle 
on PREN

5. CONCLUSIONS

The effects of welding current, 
welding speed, contact tip-to- 
workpiece distance and welding 
gun angle on PREN in duplex 
stainless steel clad deposits was 
investigated. The following are the 
conclusions derived from the above 
investigation.

A  five level four factor full 
factorial design matrix based 
on the centra l com posite  
rotatable design technique can 
be used for the development of 
mathematical model to predict 
PREN of duplex stain less steel 
cladding deposited by FCAW.

PREN decreases with rise in 
welding current and welding 
speed.

• PREN increases with rise in 
welding gun angle and contact 
tip-to-workpiece distance.

PREN can be maxim ized by 
a p p ro p r ia te  s e le c t io n  o f 
welding process parameters.
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