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INTRODUCTION

Metal surfacing is a process in
which a metal is deposited on the
surface of a base metal (sub-
strate) either to build it up to the
dimensions required or to impart
special surface properties such as
resistance to wear, abrasion, im-
pact of corrosion. It can be used
in maintenance and repair appli-
cations to reclaim worm parts, or
it can be used as a part of the
production process in the manu-
facture of new articles (1). The
practice of surfacing has been
commonly used for the past sixty
years or so first with manual
metal arc welding electrodes,
then with semi-automatic and gu-
tomatic processes, using con-
tinuous wires, such as gas-
shielded arc or submerged arc
welding. As success of weld over-
lays especially stainless steel
overlays was demonstrated, the
use was expanded to larger and
larger areas with the development
of new techniques and processes
such as addition of cold or hot
filler wires, multiple wires, oscil-
lating welding heads, single or
multiple strips, addition of metal
powders, etc. The internal sur-
faces of paper digesters, urea re-
actors, atomic reactor contain-

ment vessels and pressurisers,
hydrocrackers, to name some of
the more spectacular examples,
are often overlaid by welding to
produce such a corrosion resis-
tant surface(2).

Submerged arc strip cladding is
one of the popular methods em-
ployed for surfacing the inside
surface of thick walled pressure
vessels (3). However, the process
cannot be used for cladding all
sizes and shapes and for posi-
tional surfacing because of the
width of the strip electrode and
the size of the molten pool. Offen
single wire submerged arc clad-
ding is considered as a cost ef-
fective technique to overlay
smaller areas.

In cladding by a welding process,
the most important-aspect is the
dilution of the filler metal with the
base metal due to the arc pen-
etration. Dilution reduces the al-
loying elements and increases the
carbon content in clad layer
which leads to decrease in the
corrosion resistant properties,
percentages of delta ferrite con-
tent and other metallurgical prob-
lems (4,5). Also, control of dilu-
tion plays an important role in the
economics of the weld cladding

processes because the econom-
ics of stainless steel cladding are
dependent on achieving the spe-
cific chemistry at the practical
deposition rate in minimum num-
ber of layers. Although each pro-
cess has an expected dilution fac-
tor, it is essential to establish a
cladding procedure which will
minimize its effects, consistent
with good bonding and a sound
deposit.

Also, with the increase in mecha-
nization and automation in aic
welding and cladding, the selec-
tion of welding procedures must
be more specific to ensure that
adequate weld bead quality is ob-
tained (6). Further, for the effec-
tive utilization of automated weld-
ing processes it is essential that
a high degree of confidence be
achieved in predicting the weld
bead geometry (7,8) to attain the
desired mechanical and corrosion
reisstant properties because the
bead profile determines the
amount of dillution involved.
These requirements necessitate
the development of mathematical
models or equations relating the
weld bead dimensions to the im-
portant controllable process pa-
rameters affecting the bead di-
mensions for establishing a clad-
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ding procedure. The equations
can as well be fed to the com-
puter which controls the auto-
mated caldding system and also
could be utilized for the develop-
ment of expert systems.

To develop mathematical nrodels,
a 31 point central composite ro-
tatable design matrix was em-
ployed to carry out a set of ex-
periments. The experimental data
so obtained was used to develop
methematical models for predict-
ing weld bead geometry and to
select welding parameters for de-
positing 316L stainless steel onto
structural steel IS : 2062

This paper deals with the re-
sponse surface analysis of the
developed mathematical models
capable of accurate prediction of
weld bead dimensions viz., depth
of penetration, weld width, height
of reinforcement and dilution for
the input process parameters of
arc voltage, wire feed rate, weld-
ing-speed and nozzle-to-plate dis-
tance. All these bead dimensions
are depicted in Figure 1. The in-
teraction effects of the control pa-
rameters on dilution and bead ge-
ometry have been presented in
graphical form, which is more
useful in selecting cladding pro-
cedural parameters to achieve
the optimum dilution in overlay.

Development of
Mathematical models

The procedure for the develop-
ment of methematical models to
predict the bead dimensions
based on response surface
mechodology is :

AREA A IS ADDED METAL
AREA B IS BASE METAL MELTED .

_B_
A+B
% DILUTION = =2= X 100
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Fig 1 - Weld bead geometry

* Identifying important process
control variables

* Finding upper and lower limits of
control variables viz., open cir-
cuit voltage (V), wire feed rate
(F), welding speed(s) and nozzle-
to-plate distance (N)

Developing design matrix.

Conducting experiments as per
design matrix.

% Recording responses, viz., pen-
etration (P), weld width (W),
reinforcement(R), and dilution
(D).

¥ Development of mathematical
models

% Calculating coefficients of

polynominals

%  Checking adequancy of devel-
oped models.

% Testing significance of regres-

sion coefficients and arriving at
final mathematical models.

For present study, welding pa-
rameters were selected to study
their effects on bead geometry.
The levels of process parameters
were decided from trial runs con-
ducted by inspecting for smooth
bead appearance and absence of
any visible defects viz., surface
porosity, undercut, etc. and the
same with their units and nota-
tions are given in Table 1. An au-
tomatic submerged arc welding
system was employed for surfac-
ing low carbon structural steel
with 316L stainless steel of 3.15
mm dia, using stainless steel flux
grade 1. Surfacing was done
by laying four beads each of

Table 1
CONTROL PARAMETERS AND THEIR LEVELS OF SA SURFACING
(3161 WIRE, 3.15 mm DIA)

Parameter Units Notation Factor Levels

-2 -1 0 1 2
Open Circuit Voltage Volt V 36 38 40 42 44
Wire Feed Rate m/min f 126 152 1.78 2.04 23
Weldding Speed m/min S 004 056 0.72 0.88 1.04
No/le-to-plate
Distance mm N 30 34 38 42 46
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150 mm length with an overlap of
2 to 3 mm using positive polarity.
All necessary details for conduct-
ing the experiments as per the
evolved design matrix of central
composite rotatable design and
developing the final mathematical
models including checking the
adequency of those models have
been well detailed (9).

The final models relating the vari-
ous process parameters to tne
weld bead geometry are pre-
sented below :

P = 2763 +0.0454 F - 0.296S - 0.131
N - 0.124FS 1

R = 2681-0.138V+0242F-0319S
+0.097 VS + 014782 ....(2)

W = 37863 +1933v+0775F-4542
S-0827F-..............(3

D = 42552 + 0667 V + 2358 F +

0197 S - 1.062 N - 1.83 VS
L (4)

Response Surface
Analysis

Based on the mathematical mod-
els developed for predicting the
weld bead dimensions, the effect
of individual welding parameters
and their significant interaction on
penetration depth, reinforcement
height, weld width and dillution
were calculated. The interaction
effects of welding parameters on
various response r.rameters
have been presented graphically
for spontanelty analyses. Contour
plots and perspective response
surfaces were drawn to visualize
their nature, Graphs constructed

with help of such models gave
satisfactory explanation about the
effect of various welding vari-
ables on weld bead geometry.

Direct effects of welding
variables

From equations (1) to (4), it is ap-
parent that penetration (P) de-
creases with increases in NPD,
and open circuit voltage(V) has
no influence on P. Reinforcement
(R) increases with incerases in
wire feed rate (F) but R is not
influenced by NPD. Weld width
(W) increases with increase in

(V) but decreases with welding
speed (S). W increases to a
maximum value with increase in
F, then it decreases with further
increase in F. Dilution increases
with increase in F but decreases
with increase in NPD. These di-
rect effects of process parameters
on bead geometry have been
published (9).

Interaction Effect of
Welding variables

Interaction of wire feed rate
and welding speed on penetra-
tion
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Fig 2 : Interaction effect of wire feed rate and welding speed on
penetration in submerged arc surfacing
(316 L wire, 3:15 mm dia)

Fig 3 : Interaction effect of wire feed rate and welding speed on
penetration in SA surfacing (316 L wire, 3:15 mm dia)
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It is obvious from the Figures 2
and 3 that high wire feed rate and
low welding speed increased P
but low wire feed rate and high
welding speed reduced it. This is
attributed to the fact that welding
current increased with the raise
in F resulting in enhanced heat
input per unit length of the weld
bead and higher current density
causing larger volume of the base
plate to melt and hence deeper
penetration. P decreases with the
increase in S due to the reduced
heat input per unit length of weld
bead as S increases. Due to the
reduction in heat input melting of
base metal was slowed down and
occured near the surface of the
base metal resulting in shallower
penetration. As F and S had en-
tirely opposite effects on P and
they got added when S was low
resulting deeper penetration and
their effects got subtracted when
S was increased causing shal-
lower penetration.

The contour plot in Figure 3
shows that at any value of F in-
crease in S reduces P and the
rate of decrease in P and S in-
creases in high when F is high.

Similarly, P increases with in-
creases in F at all levels of S and
the rate of increase in P as F in-
creases is high when S is low.
The penetration surfaces shown
in the figure are twisted planes
and represent that P decrease
slightly when NPD is changed
from lower level to upper level for
all values of F and S. This is due
to the direct effect of NPD on P.

Interaction of open circuit
voltage and welding speed
on reinforcement (R)

From Figures 4 and 5 with rise in
V,R drops for the range of speed
from 0.4 m/min to 0.88 m/min.
and within this speed range R de-
creases as S increases at all lev-
els of voitage which is more ap-
parent from the contour plot. But
at higher level of speed i.e. at
1.04 m./min., R increases slightly
with rise in voltage. When S is
high its effect on reducing width
may be higher than the effects of
increasing width by voltage and
hence very little increase in R

could be possible and this is also
evident from the contour plot. R
is maximum when V and S are at
their low levels. Also from the re-
sponse surfaces shown, R in-
creases with rise in F and NPD at
all levels of V and S.

Interation of open circuit
voltage and welding speed
on dilution (D)

It is apparent from Figures 6 and
7 that either high voltage and
high speed or low voltage and low
speed diminished D. Similarly, ei-
ther high voltage and low speed

DPEN CIRCUIT VOLTAGE ,YOLTS

Fig 4 . Interaction effect of wire feed rate and welding speed on
penetration in SA surfacing (316 L wire, 3:15 mm dia)
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Fig 5 : Interaction effect of wire feed rate and welding speed on
penetration in submerged surfacing (316 L wire, 3.15 mm dia)
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or low voltage and high speed
raised D. But D is not altered
when both are at their intermedi-
ate level. This is due to the op-
posing effects of voltage and
speed on D and the heat input to
the system increasing when S de-
creases, hence melting of more
base metal resulting in more
dillution. Also, when S increases
metal deposited per unit length
decreases even with the increase
in voltage resulting lower dikstion
as area of metal deposited de-
creases. The effect of S on re-
ducing P and R is more than that
of increasing P and reducing R
by V when S is high. This is more
clear from the contour graph
shown in Figure 7. It is seen from
the response surfaces that rise in
F and NPD raised D at all levels
of voltage and speed and this
was due to the net effect of F on
D and NPD on D in which effect
of F on D was more pronounced
than that of NPD. Lower D is ob-
tained when voltage, speed and
wire feed rate are kept at their
low levels(-2) and NPD at its high
level (+2).

CONCLUSIONS

The following .conclusions were
arrived at from the above investi-
gations :-

(1) Response surface methodol-
ogy can be easily employed
to visualize the effects of
process parameters on bead
dimensions. The two-way in-
teraction effects can bhe eas-
ily revealed with the help of
plotting perspective surfaces
33 conto.r ~jagrarms.,

(2) High wire feed rate and low
welding speed increased
penetration while low wire
feed rate and high welding
speed reduced it.

(3) Reinforcement was maxi-
mum when both voltage and
welding speed were at their
low levels. But increase in
voltage did not affect rein-
forcement significaltly when
welding speed was above
0.88 m/min.

(4) Either high voltage and high
welding speed or low volt-
age and low speed produced
lower dillution. High dillution
was produced when voltage
was high and speed was
low. But dilution was not sig-
nificantly affected when any
one factor was kept at its in-
termediate level and the
other was altered.
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Fig 6 : Interaction effect of wire feed rate and welding speed on
dilution in submerged arc surfacing
(316 L wire, 3:15 mm dia)

i e

————

Fig 7 : Interaction effect of wire feed rate and welding speed on
dilution in submerged arc surfacing (316 L wire, 3:15 mm dia)
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WE STOCK A LARGE VARIETY OF WIRES IN WIDE
RANGE OF SIZES TO SUIT FABRICATION NEEDS.

ER 70S-G, ER 70S-2, ER 70S-6

C. STEEL

LOW ALLOY

S. STEEL

NON FERROUS

NICKEL ALLOYS

ER 80S-G, 80S-B2, 90S-B3, 502, 505

ER 308L, 316L, 317, 309, 310, 312, 318, 410, 904L, 347, 321
Nickel, Monel, Cupronickel, Titanium

Inconel 65/ 82/ 625, Hastelloy B/ B2/ C/ C-276

ALSO AVAILABLE Consumable Inserts- T/Y/Flat Type

PLEASE ASK FOR FREE COPY OF USEFULL CONVERSION TABLES

INDIAN WELDING JOURNAL, JULY, 1994

27



