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Prediction of Ferrite Number of Duplex
Stainless Steel Clad Metals Using RSM

Response surface methodology (RSM) was used to establish a
relationship between process parameters and Ferrite Number for
duplex stainless steel clad metals

ABSTRACT. Duplex stainless steel clad
metals contain delta ferrite, which is ex-
pressed in terms of Ferrite Number (FN).
The amount of ferrite present in the de-
positis a function of chemical composition
of the filler and base metals, welding
process, type of shielding gas, welding pro-
cedure, and heat input during cladding.
Excessive ferrite in duplex stainless steel
claddings can result in poor ductility,
toughness, and corrosion resistance. Like-
wise, insufficient ferrite can also produce
inferior mechanical and corrosion resis-
tance properties. Hence, control of ferrite
in duplex stainless steel cladding is essen-
tial to obtain the required mechanical and
corrosion-resistant properties.

This paper highlights the application of
response surface methodology to develop
mathematical models and to analyze vari-
ous effects of flux cored arc welding
(FCAW) process parameters on the FN of
duplex stainless steel clad metals. The ex-
periments were conducted based on four-
factor, five-level, central composite rotat-
able design with full replications
technique and mathematical models de-
veloped using multiple regression tech-
nique. The developed mathematical mod-
els are very useful for predicting and
controlling the FN in duplex stainless steel
cladding. The main and interaction effects
of input process parameters on calculated
FN (by WRC-1992 diagram) and mea-
sured FN have been presented in graphic
form, which helps in selecting FCAW
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process parameters to achieve the re-
quired FN.

Introduction

Weld cladding is a process in which a
thick layer of a weld metal is deposited
onto a carbon- or low-alloy-steel base
metal to provide a corrosion-resistant sur-
face. It finds extensive use in numerous in-
dustries such as paper, chemical, fertilizer,
nuclear, food processing, petrochemical,
and other allied industries. The desirable
characteristics of cladding material are
reasonable strength, weldability to the
steel, resistance to general and localized
corrosion attack, and good corrosion fa-
tigue properties (Ref. 1). In recent years,
duplex stainless steel is extensively used
for weld cladding because it has excellent
chloride stress corrosion cracking resis-
tance, pitting and crevice corrosion resis-
tance, yield strength, ductility, impact
toughness, and weldability (Ref. 2).

The composition and properties of
clad metals are strongly influenced by di-
lution, as illustrated in Fig.1. It is the
amount of base metal melted (B) divided
by the sum of the filler metal added and
base metal melted (A+B). Dilution re-
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duces the alloying elements and increases
the carbon content in the clad layer, which
reduces corrosion resistance properties
and causes other metallurgical problems.
It also affects the ferrite content in
claddings. The amount of ferrite present
in duplex stainless steel clad metals influ-
ences mechanical and corrosion proper-
ties. Both strength and stress corrosion
cracking resistance may be reduced when
the FN is less than 30, and there is a loss
of both ductility and toughness of the clad
metal when the FN is above 70 in duplex
stainless steel weld claddings (Ref. 3).
Hence, control of the FN is essential to
achieve optimum corrosion resistance and
mechanical properties (Ref. 4). This can
be effectively done by properly selecting
the process parameters after thoroughly
understanding the direct and interaction
effects of process parameters on dilution.

The economics of stainless steel weld
cladding are dependent on achieving the
specific chemistry at the highest practical
deposition rate in a minimum number of
layers (Ref. 5). Heat input also affects the
FN. Ferrite Number increases with a de-
crease in heat input. With increasing cool-
ing rate (low heat input), the solid-state
transformation is suppressed, and the
residual ferrite content increases.

In stainless steel weld cladding, it is es-
sential to understand how the dilution af-
fects the composition and FN so as to con-
trol the corrosion resistance and
mechanical properties.

During the last two decades, four con-
stitution diagrams have found the widest
application in predicting ferrite content
from weld deposit composition. These in-
clude the Schaeffler Diagram, DeLong
Diagram, WRC-1988 Diagram, and
WRC-1992 Diagram. The Schaeffler Dia-
gram, published in 1947, has been exten-
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Fig. 1 — Weld bead geometry.

Fig. 2— Typical cladded plate (Trial Nos. 13 and 2).

timate the weld

metal ferrite (Ref.
7). Also, the Scha-
effler Diagram was
used to predict the
ferrite in terms of
“percent ferrite,”
which is imprecise.
The second widely
used prediction di-
agram, the De-
Long Diagram,
was published in
1974 and incorpo-
rated some im-
provements (Ref.
8). It has a FN
scale and includes
a coefficient for ni-
trogen in the

Fig. 3 — Locations of the FN and chemical analysis measurements.

nickel equivalent.
This diagram is
specifically  de-
signed for 300-

sively used for estimating the ferrite con-
tent of stainless steel weld metals and weld
microstructure from its composition (Ref.
6). This diagram does not consider the
powerful effect of nitrogen in promoting
austenite, which tends to seriously overes-

series stainless
steel welds con-
taining small

amounts of ferrite.
Prediction of the FN in duplex stainless
steel welds is not possible using the De-
Long Diagram because nickel and
chromium equivalents fall outside the
range of this diagram (Ref. 4).

The WRC-1988 Diagram overcomes
many of the problems associated with the
Schaeffler and DeLong Diagrams (Ref.
4). Tt was developed with data measured
by the most recent definition of the FN
scale. In recent years, duplex stainless
steels have been used more frequently.
Some of these steels and their weld metals
contain significant amounts of copper,
which is not included in nickel equivalent
of WRC-1988 Diagram, and hence, its FN
prediction accuracy is less.

The WRC-1992 Diagram (Ref. 9) is the
most recent of the diagrams mentioned
above, and it is officially adopted by the
ASME Boiler and Pressure Vessel Code for
predicting the FN when the FN cannot be
measured.

Among the four constitution diagrams
used for estimating the FN of duplex stain-
less steel weld/clad metals from its com-
position, the WRC-1992 Diagram is more
suitable due to the reasons below.

o It has a Ferrite Number (FN) scale.

e It includes a coefficient for nitrogen
in the nickel equivalent.

e Nickel and chromium equivalents fall
inside the range of this diagram.

e Copper term is included in nickel
equivalent, hence, FN prediction accuracy
is improved.

¢ Axes of the diagram can be extended
to predict dilution effects in dissimilar

Table 1 — Chemical Composition of Filler and Base Metals

Material

C Si
1S: 2062 0.150 0.160
E2209T1-4/1 0.023 0.760

Elements, %

Mn P S Al Cr
0.870 0.015 0.016 0.031 —
1.030 0.024 0.002 — 23.14

FN
Mo Ni N, Cu

3.05 9.22 0.13 0.09 47
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Fig. 4 — A — Scatter diagram of calculated FN model; B — scatter diagram of measured FN model.

Table 2 — Welding Parameters and Their Levels

Parameter Unit Notation
Welding current A I
Welding speed cm/min S
Contact tip-to- mm N
workpiece distance

Welding gun (push) angle degree T

Factor levels

-2 -1 0 +1 +2
200 225 250 275 300
20 30 40 50 60
22 24 26 28 30
70 75 80 85 90

welding/cladding applications.

The above diagrams do not accurately
reflect the effects of welding process, tech-
nique, and cooling rate on the FN. There-
fore, a study on the effects of welding pa-
rameters on the calculated FN (by
WRC-1992 Diagram) and the measured
FN of duplex stainless steel clad metals
may be useful. However, there is little
published information available with re-
gard to the effect of welding parameters
on the FN of duplex stainless steel clad
metals.

This paper highlights an experimental
study carried out to analyze the effects of
various FCAW process parameters on the
calculated FN (by WRC-1992 Diagram)
and the measured FN of duplex stainless
steel cladding.

Experimental Procedure

The experiments were conducted using

a constant voltage programmable welding
machine (UNIMACRO 501C). In this
machine, welding current can be set di-
rectly instead of changing wire feed rate
for changing current level. Test plates of
size 200 x 150 x 20 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 stainless steel welding wire
of 1.2 mm diameter was used for deposit-
ing the weld beads. The chemical compo-
sition of filler and base metals is given in
Table 1. Carbon dioxide (CO,) gas at a
constant flow rate of 18 L/min was used for
shielding. The experimental setup used
consisted of a traveling carriage with a
table for supporting the specimens. The
welding gun was held stationary in a frame
mounted above the worktable, and it was
provided with an attachment for both up
and down movement and angular move-
ment for setting the required contact tip-

to-workpiece distance and welding gun
angle, respectively. The experiments were
conducted by laying three beads using a
stringer bead technique with a constant
overlap of 40%. An interpass temperature
of 150°C was maintained during the
cladding experiments.

Among the many independently con-
trollable primary and secondary process
parameters affecting the FN, the primary
process parameters viz welding current (I)
and welding speed (S), and the secondary
process parameters viz contact tip-to-
workpiece distance (N) and welding gun
angle (T), were selected as process para-
meters for this study. The welding current,
welding speed, and voltage are the pri-
mary parameters contributing to the heat
input, influencing FN variations in the
claddings. The machine used for this study
was constant voltage type, hence it was de-
cided to select the welding current and
welding speed as primary process parame-
ters. So far, few studies have been carried
out on the effects of contact tip-to-work-
piece distance and welding gun angle on
the FN, therefore it was decided to select
the contact tip-to-workpiece distance and
welding gun angle (push angle) as sec-
ondary process parameters. The working
ranges of all selected parameters were
fixed by conducting trial runs. This was
carried out by varying one of the factors
while keeping the rest of them at constant
values (Ref. 10). The working range of
each process parameter was decided upon
by inspecting the bead for a smooth ap-
pearance without any visible defects such
as surface porosity, undercut, etc. The
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Fig. 5 — Effect of heat input on FN.

Table 3 — Design Matrix with FN and Dilution

Trial Design matrix Calculated FN  Measured  Dilution
No. (by WRC-1992)  FN (%)

1 S N T
01 -1 -1 -1 -1 33 37 07.86
02 +1 -1 -1 -1 27 31 12.10
03 -1 +1 -1 -1 31 36 11.35
04 +1 +1 -1 -1 22 24 11.98
05 -1 -1 +1 -1 33 38 06.54
06 +1 -1 +1 -1 28 34 08.82
07 -1 +1 +1 -1 29 37 09.69
08 +1 +1 +1 -1 24 25 11.16
09 -1 -1 -1 +1 30 38 08.97
10 +1 -1 -1 +1 29 31 13.75
11 -1 +1 -1 +1 21 21 18.52
12 +1 +1 -1 +1 19 20 20.58
13 -1 -1 +1 +1 32 37 07.46
14 +1 -1 +1 +1 29 34 09.14
15 -1 +1 +1 +1 28 25 18.00
16 +1 +1 +1 +1 20 24 14.80
17 -2 0 0 0 34 47 05.86
18 +2 0 0 0 24 25 16.48
19 0 -2 0 0 33 36 05.31
20 0 +2 0 0 19 18 17.35
21 0 0 -2 0 24 33 11.71
22 0 0 +2 0 33 37 09.01
23 0 0 0 -2 25 34 10.54
24 0 0 0 +2 24 29 13.98
25 0 0 0 0 29 32 10.33
26 0 0 0 0 25 30 13.60
27 0 0 0 0 30 33 10.73
28 0 0 0 0 28 33 11.71
29 0 0 0 0 25 30 13.76
30 0 0 0 0 24 33 10.99
31 0 0 0 0 24 33 10.67
upper limit of a factor was coded as +2,
and the lower limit was coded as 2. The X; = 2[2X - Xjpax T Ximin)] / Kinax = Ximin)

coded values for intermediate values were
calculated using the equation
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Fig. 6 — Effect of dilution on FN.

Where X; is the required coded value of a
variable X; X is any value of the variable
from X, ;, t0 X0 X 1S the lower limit of
the variable and X, is the upper limit of
the variable. The chosen levels of the se-
lected process parameters with their units
and notations are given in Table 2.

The design matrix chosen to conduct
the experiments was a central composite
rotatable design (Ref. 11), which is shown
in Table 3. In this work, 31 deposits were
made using a cladding condition corre-
sponding to each treatment combination
of parameters as shown in Table 3 at ran-
dom. At the end of each run, settings for
all four parameters were disturbed and
reset for the next deposit. This was essen-
tial to introduce variability caused by er-
rors in experimental settings (Ref. 12).

A typical cladded plate is shown in Fig.
2. To measure the FN of the clad metals, the
cladded plates were cross sectioned at their
midpoints to obtain test specimens of 20
mm wide. The top surface of each specimen
was ground flat. The FN measurement was
carried out using a Ferritescope. Six read-
ings were taken on the top surface along the
longitudinal axis of the three beads with the
Ferritescope calibrated in accordance with
procedures specified in ANSI/AWS A4.2.
The average values found are given in Table
3. Using the same specimens, three test
burns were taken on the top surface of the
claddings to find out chemical composition
using an optical emission spectrometer
(ARL 3460). The average of three readings
was calculated and tabulated in Table 4. Fig-
ure 3 shows the locations of the FN and
chemical analysis measurements. The
chromium and nickel equivalents (Cr,, and
Ni,,) of WRC-1992 Diagram were calcu-
lated using Equations 2 and 3. These values
are also given in Table 4.



Fig. 7— Effect of welding current on calculated and measured FN.

Fig. 8 — Effect of welding speed on calculated and measured FN.

Fig. 9 — Effect of contact tip-to-workpiece distance on calculated and

measured FN.

Fig. 10 — Effect of welding gun angle on calculated and measured FN.

Cr,, = Cr+Mo+0.7Nb 2)
Ni,, = Ni+35C+20N+0.25Cu  (3)

From the calculated chromium and
nickel equivalents, FN values were pre-
dicted using WRC-1992 Constitution Dia-
gram in Table 3. To study the effect of
process parameters on dilution, dilution
values for all specimens were measured
using the following procedure. Each weld
was cross sectioned at mid length, pol-
ished and etched with 2% Nital. The bead
profiles were traced using a reflective type
optical profile projector at a magnification
of 10X, and then the deposit area and
plate fusion area were measured using a
digital planimeter. The measured dilution
values are given in Table 3.

Development of Mathematical
Models

The response function representing
FN can be expressed using the equation

Y =1 (X, X,, X5, X,) 4)

where Y = response [FN], X, = welding
current (I) in A, X, = welding speed (S) in
cm/min, X3 = contact tip-to-workpiece
distance (N) in mm, and X, = welding gun
angle (T) in degrees.

The second order response surface
model (Ref. 13) for the four selected pa-
rameters is given by Equation 5.

Y = ﬁo + iﬂiXi
i=1

4
+i ﬁiiXiz + 2 ﬁinin
i=1 i=1 (5)

The above second order response surface
model could be expressed as follows:

Y =ﬁo +ﬁ11+ﬂ25+ﬁ3N+,34T+,3“12
"'Bzzs2 + ﬁ33N2 + ﬁ44T2 + B IS + ﬁnlN
+ﬁ14IT + BySN + B, ST + ﬁ34NT

(5A)
Where B, is free term of the regression
equation, the coefficients 3,, B,, B;, and B,
are linear terms, the coefficients B, B,,,
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Fig. 11 — Interaction effects of welding current and welding gun angle on cal- Fig. 12 — Interaction effects of welding current and welding gun angle on
culated FN. measured FN.

Table 4 — Cladding Compositions

Trial Elements, % Equivalents
No. Cr Mo Nb Ni C N Cu Mn Si Cr, Ni,,
1 21.64 3.05 0.018 8.86 0.037 0.132 0.058 0.902 0.598 24.71 12.81
2 21.10 3.08 0.018 8.56 0.041 0.140 0.056 0.903 0.575 24.20 12.80
3 21.24 3.06 0.018 8.76 0.035 0.137 0.055 0.925 0.633 24.31 12.74
4 19.96 2.87 0.017 8.08 0.053 0.119 0.052 0.930 0.598 22.85 12.32
5 21.88 3.20 0.018 9.32 0.036 0.134 0.056 0.892 0.581 25.09 13.08
6 21.22 3.00 0.017 8.38 0.037 0.134 0.053 0.9916 0.570 24.23 12.85
7 21.28 3.13 0.018 8.73 0.038 0.155 0.056 0.959 0.651 24.43 13.17
8 20.50 2.80 0.017 8.00 0.041 0.138 0.054 0.937 0.602 23.32 12.21
9 21.59 3.02 0.018 8.99 0.029 0.142 0.057 0.928 0.590 24.63 12.86
10 20.78 3.03 0.017 8.41 0.041 0.113 0.052 0.839 0.537 23.82 12.12
11 19.16 2.86 0.017 7.74 0.053 0.107 0.049 0.899 0.557 22.03 11.73
12 19.02 2.73 0.017 7.70 0.052 0.110 0.049 0.900 0.555 21.76 11.74
13 21.85 3.10 0.019 9.08 0.029 0.141 0.059 0.919 0.626 24.96 12.73
14 21.03 3.16 0.018 8.67 0.039 0.134 0.056 0.936 0.583 24.20 12.73
15 20.21 2.94 0.017 7.85 0.047 0.104 0.051 0.934 0.571 23.17 11.59
16 19.21 2.71 0.017 8.24 0.047 0.117 0.050 0.858 0.527 21.92 12.23
17 21.94 3.28 0.019 8.34 0.031 0.131 0.060 0.978 0.676 25.23 12.75
18 19.98 2.98 0.017 7.61 0.053 0.132 0.052 0.912 0.568 22.97 12.66
19 21.48 3.27 0.018 8.85 0.030 0.144 0.057 0.866 0.545 24.76 12.78
20 19.27 2.80 0.016 7.46 0.043 0.156 0.048 0.934 0.579 22.07 12.48
21 20.54 291 0.017 8.40 0.041 0.116 0.052 0.939 0.636 21.02 12.17
22 21.37 3.15 0.018 8.71 0.036 0.117 0.053 0.901 0.542 24.53 12.32
23 20.31 2.99 0.017 8.31 0.045 0.119 0.053 0.917 0.559 23.31 12.29
24 19.81 2.90 0.017 8.09 0.050 0.112 0.053 0.909 0.560 22.72 12.09
25 20.76 2.98 0.018 8.63 0.033 0.124 0.055 0.914 0.603 23.75 12.28
26 21.04 2.95 0.018 8.08 0.055 0.139 0.050 0.890 0.534 23.70 12.80
27 21.05 3.11 0.018 8.63 0.033 0.124 0.055 0.982 0.642 24.17 12.28
28 20.61 3.12 0.018 8.44 0.041 0.114 0.053 0.916 0.608 23.74 12.17
29 20.43 2.95 0.018 8.63 0.033 0.124 0.055 0.928 0.619 23.40 12.25
30 20.13 2.95 0.018 8.27 0.034 0.123 0.052 0.935 0.610 23.10 11.94
31 20.18 2.95 0.018 8.63 0.033 0.124 0.055 0.942 0.598 23.14 12.28
Bss, and B,, are quadratic terms, and the and the same was verified by using SYS- follows:
coefficients B,,, B3, Bia» Bass Prsr and By, are TAT 10.2 software. After determining the Calculated FN (By WRC-1992 Diagram)
interaction terms. The coefficients were coefficients, the mathematical models = 26.429 — 2.4581 - 3.125S + 1.208N
calculated using QA six sigma software (Equations 6 and 7) were developed as ~ — 0.875T+ 0.67412 — 0.076S2 + 0.549N2
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Fig. 13 — Contour plot and response surface plot for interaction effects of weld-
ing current and welding gun angle on calculated FN.

Fig. 14 — Contour plot and response surface plot for interaction effects of

welding current and welding gun angle on measured FN.

Fig. 15 — Interaction effects of welding speed and welding gun angle on calcu-

lated FN.

measured FN.

Fig. 16 — Interaction effects of welding speed and welding gun angle on

- 0.451T2 - 0.562IS - 0.188IN + 0.688IT
+ 0.312 SN -1.062ST +0.562 NT (6)

Measured FN = 32.000 - 3.7501 - 4.333S
+ 1.000N - 1.750T + 0.729I2 — 1.52182
+ 0.479N2 - 0.396T2 - 0.375IS - 0.375IN
+ 1.375IT + 0.250SN-2.000ST + 0.250NT
(7)
To develop final mathematical models,
the insignificant coefficients were elimi-
nated without affecting the accuracy of the
developed models by using t-test. This is
done by back elimination technique, using
QA six sigma software and the same was
verified by using SYSTAT 10.2 software.
The final mathematical models were
constructed by using these coefficients.
The developed final mathematical models
(Equations 8 and 9) with process parame-

ters in coded form are given below.

Calculated FN (By WRC-1992 Diagram)
= 25942 — 2.4581 - 3.125S + 1.208N
- 0.875T + 0.72512 + 0.600N2 + 0.6881IT
- 1.062ST 8)

Measured FN = 31.596 — 3.7501 — 4.333S
+ 1.000N — 1.750T + 0.77112 — 1.479S2
+ 0.521N2 + 1.375IT - 2.000ST )

It was found that the reduced models
are better than the full models because the
reduced models have higher values of R2
(adjusted) and lesser values of standard
error of estimates than that of full models.
The values of R? (adjusted) and standard
error of estimates for full and reduced
models are given in Table 6.

The adequacies of the developed mod-
els were tested using the analysis of vari-
ance (ANOVA) technique (Ref. 14). As
per this technique, if the calculated F-ratio
values for the developed models do not ex-
ceed the standard tabulated values of F-
ratio for a desired level of confidence
(95%), and the calculated R-ratio values
of the developed models exceed the stan-
dard tabulated values of R-ratio for a de-
sired level of confidence (95%), then the
models are said to be adequate within the
confidence limit. The calculated values of
F-ratio and R-ratio are given in Table 7.
This shows that the developed models are
adequate. The validity of these models
were again tested by drawing scatter dia-
grams as shown in Fig. 4A and B, which
show the observed and predicted values of
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Fig. 17 — Contour plot and response surface plot for interaction effects
of welding speed and welding gun angle on calculated FN.

Fig. 18 — Contour plot and response surface plot for interaction effects of
welding speed and welding gun angle on measured FN.

Table 5 — Heat Input and Corresponding Values of Dilution and FN

S Trial 1 S N T V  Heat Input Dilution  Calculated Measured
No. No. (Volts) (kJ/mm) (%) FN FN
1 17 200 40 26 80 32 0.96 05.86 34 47
2 07 225 50 28 75 38 1.00 09.69 29 37
3 28 250 40 26 80 40 1.50 11.71 28 33
4 02 275 30 30 75 43 2.37 12.10 27 31

calculated and measured FN.

Conformity tests were conducted using
the same experimental setup to conform
the results of the experiments. The results
of the conformity tests shown in Table 8
depict the accuracy of the developed mod-
els, which is above 94%.

Results and Discussions

The above developed models (Equa-
tions 8 and 9) can be used to predict the
calculated FN (by WRC-1992 Diagram)
and the measured FN by substituting the
coded values (-2, -1, 0, +1, +2) of the re-
spective process parameters. The effects
of heat input and dilution on FN are rep-
resented in graphical form in Figs. 5 and 6.
The responses calculated using the devel-
oped mathematical models for each set of
coded welding parameters are also repre-
sented in graphical form in Figs. 7-18.

Effects of Heat Input on FN

Heat input is a relative measure of the
energy transferred per unit length of weld.
It is an important characteristic because it
influences the cooling rate, which may af-
fect the mechanical properties and metal-
lurgical structure of the weld and heat-
affected zones. Heat input is typically cal-
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culated as the ratio of the power (i.e., volt-
age x current) to the velocity of the heat
source (i.e., the arc). In this study, the heat
input values were calculated for specimens
welded at cladding conditions correspond-
ing to trial numbers 2, 7, 17, and 28, which
are given in Table 5. These are represented
in graphical form in Fig. 5. It is evident from
Fig. 5 that the FN increases with a decrease
in heat input. At higher cooling rates (low
heat input), the transformation of ferrite to
austenite will be suppressed, resulting in
higher residual ferrite content in the
claddings (Refs. 15 and 16).

Effects of Dilution on FN

The composition and properties of clad
metals are strongly influenced by the dilu-
tion obtained. Control of dilution is very im-
portant in cladding, where low dilution is
typically desirable. When the dilution is low,
the final deposit composition is close to that
of the filler metal, and the corrosion resis-
tance of the cladding is maintained.

The calculated values of dilution for
trial numbers 2, 7, 17, and 28 (Table 5) are
represented in graphical form in Fig. 6. It
is evident from Fig. 6 that FN decreases
with increases in dilution. An increase in
dilution enhances the C content and re-
duces the Cr and Ni content of the

cladding. The reduction of Cr and Ni and
the enhancement of Cin the cladding with
the increase of dilution occurred primar-
ily because the base metal had no Cr and
Ni and higher C with respect to the chem-
ical composition of the duplex stainless
steel electrode.

The change in dilution governing
chemical composition of the cladding af-
fects chromium and nickel equivalents
(Ref. 17) estimated by the WRC-1992 Di-
agram. The increase in dilution reduces
chromium equivalent and moderately de-
creases the nickel equivalent of the
cladding, which results in reduced FN.
The lower dilution in claddings resulted in
higher FN in the clad metals (Ref. 18).

Direct Effects of Process
Parameters on Calculated and
Measured FN

Direct Effects of Welding Current on
Calculated and Measured FN

From Fig. 7 it is evident that calculated
and measured FN decrease with an in-
crease in welding current. This may be due
to an increase in heat input and dilution
with an increase in welding current. An in-
crease in welding current resulting in en-
hanced heat input and higher current den-
sity causing a larger volume of the base
plate to melt and hence increased dilution.
This decreases the FN of the claddings.

Direct Effects of Welding Speed on
Calculated and Measured FN

From Fig. 8 it is evident that the calcu-
lated and measured FN decrease with an
increase in welding speed. This may be
due to increased dilution of the base metal
in the pool with an increase in welding
speed, since the weight of deposited metal
per unit of length decreases while the



cross section of the bead decreases very
little (Refs. 19 and 20). The speed, there-
fore, exerts an influence on the composi-
tion of the weld bead analogous to that of
current. The effect of dilution is more
dominant than the effects of heat input on
the FN with increased welding speed,
hence the FN decreases with the increase
in welding speed.

Direct Effects of Contact Tip-to-
Workpiece Distance on
Calculated and Measured FN

It is evident from Fig. 9 that calculated
and measured FN increase slightly with an
increase in contact tip-to-workpiece dis-
tance. An increase in contact tip-to-work-
piece distance increases the circuit resis-
tance, which reduces the welding current.
This decrease of welding current reduces
the penetration of the arc, and hence, re-
duces the dilution (Ref. 21). The decrease
in dilution increases the FN of the clad met-
als. The changes in contact tip-to-workpiece
distance do not affect the heat input much.

Direct Effects of Welding Gun
Angle on Calculated and
Measured FN

From Fig. 10 it is evident that calculated
and measured FN increase with the in-
crease in welding gun angle. The reason is
when the angle is increased in forehand

WCH . a

Interaction Effects of Process
Parameters on Calculated and
Measured FN

Interaction Effects of Welding Current and
Welding Gun Angle on Calculated and
Measured FN

From Figs. 11 and 12 itis evident that the
FN decreases with an increase in welding
gun angle when welding current is from 200
to 275 A, and the rate of increase in FN also
decreases with an increase in welding cur-
rent up to 275 A. But when welding current
is 300 A, the FN decreases with a decrease
in welding gun angle. Figures 13 and 14
show the response surface and the contour
plot of FN for the interaction of welding
gun angle and welding current. From the
contour surface, it is found that the FN has
its lowest value when welding current is at
its maximum value and the welding gun
angle is at its maximum value. The highest
value of FN is obtained when welding cur-
rent is at its minimum value and the weld-
ing gun angle is at its minimum value.

Interaction Effects of Welding
Speed and Welding Gun Angle
on Calculated and Measured FN

From Figs. 15 and 16 it is evident that

FN increases with a decrease in welding
gun angle when welding speed is from 40
to 60 cm/min. The rate of increase in FN
also decreases with the increase in welding
speed up to 40 cm/min, but when welding
speed is from 20 to 40cm/min, FN de-
creases with a decrease in welding gun
angle. Figures 17 and 18 show the re-
sponse surface and the contour plot of FN
for interaction of welding gun angle and
welding speed. From the contour surface,
it is found that the FN has the lowest
value, when welding speed is at its maxi-
mum value and the welding gun angle is at
its maximum value. The FN has highest
value when welding speed is at its mini-
mum and the welding gun angle is at its
maximum value.

Conclusions

The effects of welding current, welding
speed, contact tip-to-workpiece distance,
and welding gun angle on the FN in duplex
stainless steel deposits were investigated.
The following are the conclusions derived
from this investigation:

1) A five-level, four-factor full-factor-
ial design matrix based on the central com-
posite rotatable design technique can be
used for the development of mathematical
models to predict calculated (by WRC-1992

Table 6 — Comparison of R2 Values and Standard Error of Estimates for Full and Reduced

X Models

welding, the arc force pushes the weld metal
forward, i.e., toward the cold metal, which Parameters R:values Standard error of estimates
reduces penetration and dilution (Ref. 22). Full models Reduced models Full models Reduced models
This results in increased FN of the clad met- Calculated FN 0.757 0.780 2.160 2.053
als. The changes in welding gun angle do not Measured FN 0.833 0.863 2.529 2.290
affect the heat input much.

Table 7 — Analysis of Variance for Testing Adequacy of the Models

Parameter 1st order 2nd order Lack of fit Error terms F-ratio R-ratio Whether model

Terms Terms is adequate
SS DF SS DF SS DF SS DF

FN(C) 433 4 67 10 36.92 10 37.8 6 0.547 9.590 adequate

FN (M) 852 4 194 10 91.00 10 12.0 6 3.406 59.82 adequate

FN(C) - Calculated FN, FN (M) — Measured FN, SS — Sum of squares, DF — Degrees of freedom

F-ratio (10, 6, 0.05) = 4.09, R-ratio (14, 6, 0.05) = 3.96

Table 8 — Results of Conformity Tests
Process parameter in Predicted Values of Actual Values of FN Error, %
Coded form FN (using models)

1 S N T FN(C) FN (M) FN(C) FN (M) FN (C) FN (M)
-0.11 -0.22 0.09 -0.3 27 33 28 32 3.70 -3.03
-0.79 -0.35 0.94 1.02 30 36 30 34 0.00 -5.56
-0.66 0.03 0.90 1.03 28 39 28 40 0.00 2.56

% Error = Actual value — Predicted value x 100. FN(C) — Calculated FN, FN (M) — Measured FN

Predicted value
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Diagram) and measured FN of duplex
stainless steel cladding deposited by FCAW.

2) The Ferrite Number calculated from
the cladding compositions using WRC-1992
Diagram agrees reasonably well with the
measured FN.

3) The Ferrite Number decreases with
the rise in heat input and dilution.

4) The Ferrite Number decreases with a
rise in welding current and welding speed
and increases with a decrease in welding
gun angle and rise in contact tip-to-work-
piece distance.

5) A decrease in welding gun angle in-
creases the FN when welding current was
low, but the FN decreases slightly with a de-
crease in welding gun angle when welding
current was high.

6) A decrease in welding gun angle in-
creased the FN when welding speed was
high, but the FN decreased slightly with a
decrease in welding gun angle when weld-
ing speed was low.
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