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ABSTRACT. Mathematical models were 
developed using response surface 
methodology for studying the direct and 
interaction effects of submerged arc 
welding parameters on stainless steel 
cladding geometry. The process parame- 
ters obtained from those models were 
employed to clad IS:2062 structural steel 
plate of 20-mm thickness using 316L 
stainless steel wire of 3.15-mm diameter. 
A low dilution of 22.57% was achieved 
in the cladding. Dilution was low when 
both voltage and welding speed were ei- 
ther high or low. Requirements of carbon 
and ferrite contents in the cladding were 
met by achieving low dilution in a single 
layer as well as multilayer cladding. 

Color metallographic techniques re- 
vealed that in the as-welded condition of 
cladding, the microstructural con- 
stituents of the HAZ, fusion boundary 
zone, and cladding surfaced with a low 
dilution condition were bainite and fer- 
rite, martensite, and austenite plus ferrite, 
respectively. The hardness of the existing 
martensitic structures at the intermediate 
mixed zones in overlays was below 400 
VHN, which was attributed to the lower 
carbon content in the cladding. The so- 
lidification modes were found to be 
austenitic, ferritic, and austenitic and fer- 
ritic. The microstructure was found to be 
mainly cellular or cellular dendritic. The 
measured ferrite contents of cladding 
were well within their corresponding 
predicted values. The cladding pos- 
sessed good ductility and resistance to in- 
tergranular corrosion. 
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Introduction 

The automatic submerged arc weld- 
ing (SAW) process has been shown to 
offer significant advantages to the fabri- 
cation industry for surfacing applications 
since its introduction. As success of weld 
cladding, especially stainless steel 
cladding, was proved, the use was ex- 
panded to larger and larger areas with the 
development of new techniques and 
processes such as addition of cold or hot 
filler metal wires, multiple wires, oscil- 
lating welding heads, single or multiple 
strips and addition of metal powders. The 
internal surfaces of paper digesters, urea 
reactors, atomic reactor containment 
vessels and pressurizers, hydrocrackers, 
to name some of the more spectacular 
examples, are often clad by welding to 
produce such a corrosion-resistant sur- 
face (Ref. 1 ). 

Submerged arc strip cladding is a pop- 
ular method employed for surfacing the 
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inside of thick pressure vessels (Ref. 2). 
However, the process cannot be used for 
cladding all sizes and shapes because of 
the width of the electrode and the size of 
the molten pool. Since discontinuities, 
such as slag inclusions, sporadic under- 
cutting and incomplete fusion, occur 
more frequently as electrode width in- 
creases, the use of an electrode more 
than 75 mm wide is difficult in conven- 
tional strip SAW practice (Ref. 3). Also, 
welding must be done in the flat position 
(1G). Often single wire submerged arc 
cladding is considered as a cost-effective 
technique to cladding 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 penetration. Dilution reduces the 
alloying elements and increases the car- 
bon content in the clad layer, which 
leads to a decrease in the corrosion re- 
sistance properties, percentages of delta 
ferrite content and other metallurgical 
problems (Refs. 4, 5). Also, control of di- 
lution plays an important role in the eco- 
nomics of weld cladding processes be- 
cause the economics of stainless steel 
cladding is dependent on achieving the 
specific chemistry at the practical depo- 
sition rate in a minimum number of lay- 
ers. Although each process has an ex- 
pected dilution factor, it is essential to 
establish a cladding procedure that will 
reduce its effects, consistent with good 
fusion and a sound deposit. 

Also, with the increase in mechaniza- 
tion and automation in arc welding and 
cladding, the selection of welding proce- 
dures must be more specific to ensure 
that adequate weld bead quality is ob- 
tained (Ref. 6). Further, for the effective 
use of automated welding processes, it is 
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Fig. 1 - -  Weld bead geometry. 
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Fig. 2 - -  Interaction effect o f  voltage and welding speed on dilution. 

essential that a high degree of confidence 
be achieved in predicting the weld bead 
geometry (Refs. 7, 8) to attain the desired 
mechanical and corrosion-resistant 
properties because the bead profile de- 
termines the amount of d i lu t ion in- 
volved. These requirements necessitate 
the development of mathematical mod- 
els or equations relating to the weld bead 
dimensions (Fig.l) and the important 
controllable process parameters affecting 
the bead dimensions for establishing a 
cladding procedure. Hence, investiga- 
tions were carried out to model an auto- 
matic single wire submerged arc 
cladding process that would have effec- 
tive control of dilution to achieve neces- 
sary corrosion resistance and the me- 
chanical properties in the deposited 
cladding. This paper deals with the ef- 
fective use of such developed models for 
surfacing at a lower dilution condition. 
The analysis and selection of process pa- 
rameters affecting bead geometry, espe- 
cial ly di lut ion, using response surface 
methodology is presented. The quality of 
the stainless steel claddings surfaced at 
lower dilution conditions has been eval- 
uated with the help of metallurgical stud- 
ies, bend, and corrosion tests. 

Development of 
Mathematical  Models 

Mathematical  models were devel- 
oped by carrying out the fol lowing steps: 

1 ) The important independent process 
control variables were identified. 

2) The upper and lower limits of the 
control variables were found, viz., open 
circuit voltage (V), wire feed rate (F), 
welding speed (S) and nozzle-to-work- 
piece distance (N). 

3) The design matrix was developed. 
4) The experiments were conducted 

per the design matrix. 
5) The responses were recorded, viz., 

penetration (P), weld width (W), rein- 
forcement (R), and dilution (D). 

6) Second order polynomial equation 
was selected. 

7) The coefficients of the polynomials 
were calculated. 

8) The adequacy of the models devel- 
oped were checked. 

9) The significance of the regression 
coefficients were tested and the mathe- 
matical models were finalized. 

The above steps were well detailed in 
Ref. 9. The levels of process parameters 
selected for investigation, with their units 
and notations, are given in Table 1. As 
both arc voltage and welding current 
could not be controlled directly and they 
are interdependent, they were not con- 
sidered as factors. But welding current 
depends on wire feed rate; which is di- 
rectly controllable, wire feed rate was 
taken as a factor instead of welding cur- 
rent. Open circuit voltage was used as a 
parameter instead of arc voltage because 
it was noticed during the investigation 
that the arc voltage increased propor- 

Table 1 - -  Control Parameters and Their Levels of Submerged Arc Surfacing 

Parameter Units Notation -2 -1 

Open Circuit 
Voltage Volt V 36 38 
Wire Feed Rate m/min F 1.26 1.52 
Welding Speed m/min S 0.40 0.56 
Nozzle-to-workpiece mm N 30 34 
Distance 

Factor Levels 
0 1 2 

40 42 44 
1.78 2.04 2.3 
0.72 0.88 1.04 

38 42 46 

tionately (not linearly) when open circuit 
voltage was increased, whi le the values 
of wire feed rate, welding speed and noz- 
z le- to-workpiece distance were kept 
constant. For example, the arc voltage in- 
creased from 26 to 34 V when open cir- 
cuit voltage was changed from 36 to 44 
V and wire feed rate, welding speed and 
nozzle-to-workpiece distance were kept 
constant at 1.78 m/min, 0.72 m/min and 
38 mm, respectively. 

The final mathematical expressions 
relating the various process parameters 
to the weld bead geometry shown in Fig. 
1 are presented below (all welding vari- 
ables are to be used in coded form). 

P = 2.763 + 0.454 F - 0.296 S - 
0.]31 N -0.124 FS (1) 
R = 2.681 -0.138 V + 0.242 F-  
0.319 S + 0.097 V S + 0.147 S 2 (2) 
W = 37.863- 1.933 V + 0.775 F-  
4.542 S - 0.827 F 2 (3) 
D = 42.552 + 0.667 V + 2.358 F + 
0.197 S- 1.062 N -  1.83 V S (4) 

Where 
P = Depth of penetration, mm 
R = Height of reinforcement, mm 
W = Weld width, mm 
D = Dilution, % 
V = Arc voltage 
F = Wire feed rate 
S = Welding speed 
N = Nozzle-to-workpiece distance 
The above equations with the control 

variables and response parameters in their 
commonly used units are given below. 

P =-1.593 + 3.894 F + 3.461 S-  
0.033 N - 2.985 F S (5) 
R -- 16.907 - 0.287 V + 0.929 F - 
22.373 S + 0.303 V S + 5.744 S 2 (6) 
W = -24.452 + 0.967 V + 
46.555 F - 28.385 S -12.24 F 2 (7) 
D =-142.422 + 4.451 V + 9.071 F + 
229.984 S~0.266 N-5.719 V S (8) 
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The units of P, R ,W are mm, and that of 
D, V, F, S, and N are %, volts, m/min, 

~:i m/min, and mm, respectively. 
ii~! For the ease of computation and rep- 

resentation of data in graphical form the 
equations with parameters in their coded 

: n forms were used. 
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Analysis of Deve loped 
Mathemat ica l  Models  

The direct and the interaction effects 
of process parameters on bead geometry 
have been well presented in Refs. 9 and 
10. The interaction effects of open circuit 
voltage and welding speed on dilution 
are given below. 

I n t e r a c t i o n  of Open Circuit  V o l t a g e  a n d  
W e l d i n g  Speed on  D i l u t i o n  

It is evident from Figs. 2 and 3 that di- 
lution (D) increases with an increase in 
open circuit voltage (V) when welding 
speed (S) is low. This is due to the more 
heat input per unit length of weld as S is 
low, resulting in more melting of base 
metal and a high D. A larger and wider 
bead with less reinforcement results 
when V increases, while S is kept at its 
low level. The weld bead becomes nar- 
row and thin when S increases due to 
lesser amount of filler metal deposited. 
Also, when S is high, less amount of base 
metal is melted, resulting in lower D. 
Due to this, D decreases even when V is 
increased while S is high. This is clearly 
shown in the contour graph of Fig. 3. Di- 

~0 F Qnd N are at 
÷ 2 Itvel 

[ N ~ ~ Contours of Dilution,°/o 
10 I ~ | P a n d  N ore at 0 LmvllL ) 

Fig. 3 - -  Perspective surface and contouring o f  dilution model. 

lution was lower when voltage was at -2 
level and S was at -2 level and when V 
was +2 and S was +2 level. As the range 
of speed taken for investigation was large 
when compared to that used for V, at 
higher welding speed the increase in V 
did not influence D much. 

It is seen from the response surfaces 
that the minimum dilution of 30.32% 
was achieved, when V and S were at -2 
level, which is clearly depicted by the 
lowest point on the response surface by 

the left-hand lower corner of Fig. 3. From 
Equation 4, a lower D of 26.664% could 
be obtained when voltage, speed and 
wire feed rate are kept at their low levels 
(-2) and NPD at its high level (2). 

To achieve dilution below 25%, an 
electrode-to-work angle of 45 deg was 
employed after conducting trial runs to 
study its effect on dilution. It is apparent 
from Fig. 4 that dilution decreases with 
the decrease in electrode-to-work angle 
or travel angle when voltage, speed and 

Open Circuii Voltage = 36V 
Wire Feed Rate = 1.26 m/min 
Welding Speed = 0.4 m/min 
Nozzle-to-plate 
Distance = 46 rnm 

(a) (b/ (c I (d) 

Angle 45 ° 60 ° 75 ° 90° 

Dilution,% 28.5 32.6 33.0 37.7 

ELECTRODE AXIS 

DIRECTION P/ 
OF WELDING I 

/ I. / 
I' / 
p,,, O = ELECTRODE- 

TO-WORK 
I | ANGLE 

JOB 

Fig. 4 - -  Effect o f  electrode-to-work angle on dilution. A - -  45-deg angle, 28.5% di lut ion; B - -  60-deg angle, 32.6% dilut ion; C - -  75-deg angle, 
33% dilut ion; 90-deg angle, 37.7% dilution. 
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Fig. 6 - -  Cross section of typical cladded side bend test specimens 
showing penetration profile. 

Fig. 5 - -  Bead configuration of submerged arc c/added specimen sur- 
faced at lower dilution condition. 

wire feed rate are kept at their low levels 
and NPD at its high level. 

Experimental  Investigations 

Surfacing at Lower Dilution Conditions 

Submerged arc surfacing of structural 
steel IS:2062 plates of 20 mm thickness 
was carried out using the process para- 
meters given in Table 2. The chemical 
compositions of base and fi l ler metals 
are given in Table 3. Four beads, each 
150 mm long, were laid using 316L 
stainless steel wire of 3.15 mm diameter 
with a 40% overlap of beads. Positive 
electrode polarity was used. The inter- 
pass temperature was maintained at 
150°C. The surfaced plate was cross- 
sectioned at its midpoint to obtain test 
specimens of 10 mm width. These spec- 
imens were further prepared by usual 
metal lurgical pol ish ing methods and 
etched wi th 2% nital. The weld-bead 
profiles were traced using an optical pro- 
file projector and the bead dimensions, 
viz., penetration (P), reinforcement (R), 
and width (W) were measured. With the 
help of a planimeter, the areas of the 
base plate melted and the weld metal 
forming the reinforcement were mea- 
sured and the percentage di lut ion was 
found to be 22.57%. The corresponding 
bead configuration of a typical specimen 
is shown in Fig. 5. This specimen pre- 
pared from the single layer cladding was 
coded as T1 for identification. 

An area of about 100 x 150 mm was 
surfaced using the same process condi- 
tions as mentioned above. Specimens for 
bend testing were prepared by cutting 
them perpendicular to the welding di- 
rection at three locations, one at its mid- 
dle and two specimens each at 15 mm 
from their respective ends, to have a 12 
mm width. Two sides of all three speci- 

mens were ground 
to the f inal size of 
150x  23 x 10 mm. 
Figure 6 depicts the 
penetration profiles 
of a typical sample 
prepared for side 
bend testing. 

Multilayer Surfacing 

It is a common practice to deposit two 
or more layers of cladding to satisfy the 
required thickness and chemistry of the 
deposit (Reg. 1, 11). This is obviously 
carried out to nul l i fy the effect of di lut ion 
at the first layer and especially to fulfi l, 
the requirement of carbon level in the de- 
posit. Using the same process parameters 
with their corresponding predicted val- 
ues, multi layer surfacing was carried out 
with 316L stainless steel wire of 3.15-mm 
diameter, and they were identif ied by 
their corresponding coded numbers for 
further analysis: 1) single layer of 316L 
wire of 3.15-mm diameter (T1); 2) two 
layers of 316L wire of 3.15-mm diameter 
(T2); and 3) three layers of 316L wire of 
3.15-mm diameter (T3). 

In two-layer surfacing, the first layer 
was deposited with six passes employing 
the welding conditions mentioned above 
and the second layer was deposited onto 
the first layer with four passes using the 
same weld ing condit ions. In surfacing 
three layers, the first layer was deposited 
with eight passes employing the same 
welding condit ions that were used for 
single layer as well as for double layer 
cladding followed by depositing a sec- 
ond layer onto the first layer wi th six 
passes. The third layer was deposited 
onto the second layer with four passes. 

Specimens of a size 20 x 20 x 10 mm 
prepared from top surfaces of claddings 
(T1, T2 and T3) were used for the sensi- 
t ization test. Two test specimens from 
each cladding were prepared and used 
for this EPR test. The fol lowing experi- 
mental procedure was employed for the 
preparation of specimen surface for cor- 
rosion experiments: The surface was pre- 
pared within one hour of the experiment 
and was stored in a suitable desiccating 
cabinet. Wet grinding with 240 grit and 
400 grit SiC paper was carried out, fol- 
lowed by wet polishing with 600 grit SiC 
paper unt i l  previous coarse scratches 

Table 2 - -  SAW Process Parameters Employed for Cladding 

Sample 
No. Process Parameter 

1 Open circuit voltage 
2 Arc voltage 
3 Welding current 
4 Welding speed 
5 Nozzle-to-workpiece distance 
6 Shielding medium 
7 Wire diameter 
8 Electrode polarity 

Table 3 - -  Chemical Composition of Base and Filler Metals 

Sample Elements, % 
No. Material C Si Mn Cr Ni Mo 

1 Base metal 0.250 - -  1.60 - -  - -  - -  
2 316L wire 0.018 0.42 1.62 19.26 12.42 2.30 

3.15-mm dia 

Setting 

36V 
25 V 
225 A 
0.4 m/min 
46 mm 
Automelt SS Flux Grade I 
3.15 mm 
Positive 

Cu S P 

- -  0.055 0.055 
0.140 0.040 0.017 
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Fig. 7 - -  Microhardness distribution in single-layer 316L cladding (T1). 
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Fig. 8 --Microhardness distribution in single-layer 316L cladding (T1). 

Table 4 - -  Chemical Compositions of Stainless Steel Cladding 

Sample Elements, % 
No. Material C Si Mn Cr Ni Mo Cu Nb Ti 

T1 316L 0.055 0.663 1.181 14.900 9.560 1.923 O.106 0.007 0.002 
T2 316L 0.026 0.762 1.249 18.389 11.478 2.341 0.147 0.014 0.004 
T3 316L 0.021 0.751 1.375 18.946 11.965 2.379 0.129 0.100 0.002 

were removed, rinsed with water, and 
dried. The specimens were finally pol- 
ished in two additional stages with 6 and 
1 pm diamond paste or 0.05 lam alumina 
slurry on a nylon or silk cloth over mi- 
crocloth prepared polishing wheel as per 
ASTM E3. 

Metallurgical Studies 

The experimental details of the vari- 
ous aspects of the metallurgical studies 
undertaken are furnished under respec- 
tive headings below. A set of samples in 
as-welded conditions taken from the 
cladded plates surfaced at lower dilution 
conditions, including the multilayer 
claddings described previously, were uti- 
lized for these studies. Standard metal- 
lurgical procedures were used to prepare 
the samples for microhardness survey 
and microstructural studies. The cross 
sections of specimens parallel and per- 
pendicular to welding directions and 
their top surfaces were polished. Sample 
code numbers were used to identify the 
corresponding samples. 

Analysis of  cladding chemistry: The 
chemical composition of the samples 
mentioned above were analyzed using 
the Spectrovac System based on the 
atomic emission analytical technique. 
The top surfaces of the samples were 
ground flat for a 2-mm depth and three 
test burns were taken to find out the 
chemical composition of the important 
elements present in the cladding. The av- 
erage of the three readings were calcu- 
lated and tabulated for various elements 
as shown in Table 4. Using these values 
the potential factors or equivalents of 
Schaeffler, Delong, and WRC-1992 con- 
stitutional diagrams were calculated and 
tabulated as shown in Table 5. An analy- 
sis of nitrogen was not possible, and it 
was taken as 0.06% for the SAW process 
(Refs. 11, 12). 

Microhardness survey: Standard met- 
allurgical procedures were used to pre- 
pare the samples for microhardness stud- 
ies and the samples were etched suitably 
to facilitate a microhardness survey 
along the different metallurgical zones of 
the cladding such as unaffected base 
metal, HAZ, transition zone and clad 
metal. The etchant used to reveal base 
metal and HAZ was 2% nital. The color 
etchant used to reveal the clad mi- 
crostructure was 20 g ammonium bi- 
flouride and 0.5 g of potassium 
metabisulfite in 100 mL of distilled water, 
and the etching time was 2-4 min at 
40°C (Refs. 13, 14). 

The Wolpert microhardness tester 
was employed to carry out microhard- 
ness surveys on various parts of the as- 
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welded specimens, which were cut per- 
pendicular to the welding direction, 
starting from the heat-unaffected base 
metal up to the weld metal farthest from 
the weld interface along the centerline of 
a single bead as well as across two adja- 
cent beads. A Vickers indenter with 100- 
g load was used to make indentations on 
all specimens. The microhardness values 
obtained were plotted against the dis- 
tance covered along its different zones in 
graphical form for quick analysis and a 
few of them are given in Figs. 7-9. 

Ferr i te  m e a s u r e m e n t :  The top surfaces 
of all specimens obtained from the sur- 
faced plates were ground flat to facilitate 
the measurement of ferrite content of the 
clad in the as-welded condition. The 
delta ferrite contents were measured 
based on magnetic method using the fer- 
ritescope manufactured by Fischer In- 
strumentation (GB) Ltd. Six readings 
were taken on the top of specimens in 
transverse and longitudinal directions 
and the average values of ferrite content 
were tabulated as shown in Table 6. The 
values of WRC ferrite number corre- 
sponding to the measured ferrite content 
were found by linear interpolation from 
Delong diagram (Ref. 15) and are given 
in Table 6. The ferrite content was also 
estimated using Schaeffler, Delong, and 
WRC-92 constitutional diagrams, which 
relate the alloy chemistry to the volume 
fraction of ferrite present (% ferrite) or fer- 
rite number (FN) in austenitic steels and 
Seferian equation (Refs. 16, 1 7) based on 
Schaeffler equivalents depicted in Table 
5, and were tabulated as shown in Table 
6 to compare the estimated and the pre- 
dicted values of ferrite content. 

M i c r o s t r u c t u r a l  s tud ies :  Standard 
metallurgical procedures were employed 
to prepare all the samples taken for this 
study, and color metallography was used 
to reveal various phases present in all 
zones of the claddings. Since color etch- 
ing makes both primary and secondary 
structures visible (Ref. 18) due to the re- 
action between etching compound and 
crystal segregations of primary solidified 
crystals, it was especially employed for 
stainless steel weld metal to assess the 
modes of solidification because solidifi- 
cation cracking in a stainless steel is re- 
lated to the solidification mode rather 
than only its ferrite content at room tem- 
perature (Ref. 19). The same etchants 
used to reveal microstructures for carry- 
ing out microhardness survey were also 
employed for preparing samples for mi- 
crostructural studies. 

The etched samples were subjected to 
an extensive microstructure survey using 
a Vickers M-17 optical microscope to 
study the microstructure in the base 
metal, HAZ, weld interface and clad 
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Fig. 9 - -  Microhardness distr ibution in mult i layer 316L cladding (T2). 

Fig. 10 - -  Micr(~struc ture at the base metal-clad metal intert~ce show- 
ing a typical "beach" IMZ. The max imum hardness o f  the IMZ  was 
330. 1 VHN (100 g). T I :  A - -  1600X; B - -  4000X. 

Table 5 - -  C h r o m i u m  and Nickel  Equivalents of  Claddings 

Sample Sample 
No. Code No. SCE SNE DCE 

1 T1 17.8 11.8 17.8 
2 T2 21.9 12.9 21.9 
3 T3 22.5 13.3 22.5 

SCE = Schaeffler chromium equivalent 
%Cr + % M o  + 1.5% Si + 0.5% Nb. 

SNE = Schaeffler nickel equivalent 
%Ni  + 30% C + 0.5% Mn. 

DCE = Delong chromium equivalent 
%Cr + % M o  + 1.5% Si + 0.5% Nb. 

DNE = Delong nickel equivalent 
%Ni  + 30% C + 30% N + 0.5% Mn. 

HCE = Hammer and Svensson chromium equivalent 
%Cr + 1.37% Mo + ] .5% Si + 2% Nb +3% Ti. 

HNE = Hammer and Svensson nickel equivalent 
%Ni  + 22% C + ]4 .2% N + 1.31% Mn + %Cu. 

WCE = WRC-1992 diagram chromium equivalent 
%Cr + %Mo + 0.7% Nb. 

DNE = WRC-1992 diagram nickel equivalent 
%Ni  + 35% C +20% N + 0.25% Cu. 

Potential Factors (%) 
DNE HCE HNE WCE WNE 

13.6 18.5 13.3 16.8 12.7 
15.3 22.8 15.0 20.7 14.0 
15.1 23.5 15.2 21.4 13.9 

WELDING RESEARCH SUPPLEMENT 2 1 5 - s  



Fig. 11 - -  Microstructure showing pr imary ferritic mode (FA) o f  solidif ication with vermicular morphology. T1: A - -  1600X; B - -  4000X. 

metal under different magnif icat ions 
ranging from 100X to 1000X. A large 
number of zones of interest were pho- 
tographed to study the extent of coales- 
cence as well  as the type and nature of 
microstructure present. These photomi- 
crographs were enlarged whi le taking the 
reprints, and the actual magnification ob- 
tained is indicated wi th  each figure. 
Some typical photomicrographs have 
been presented in Figs. 10-15. 

Table 6 - -  Comparison of Predicted and Measured Ferrite Content 

Evaluation of Cladding Ductility and Corro- 
sion Resistance 

Three specimens were prepared from 
the plate surfaced at lower di lut ion con- 
ditions to evaluate the influence of weld- 
ing parameters and welding conditions 
on plastic properties of weld deposit. 
The quality of joining between the clad 
layer and base metal, and corrosion re- 
sistance were also evaluated. Guided 

of Stainless Steel Claddings 

Sample Predicted Ferrite Content Measured 
Sample Code SDF DDF WDF SFF Ferrite content 

No. No. % % FN FN % % FN 

1 T1 0.0 0.0 0.0 - -  0.4 3.7 3.7 
2 T2 7.5 7.3 7.7 5.3 9.6 9.3 10.2 
3 T3 9.5 9.5 10.5 7.9 10.3 11.0 12.4 

SDF = Predicted ferrite from SchaeMer Diagram. 
DDF = Predicted ferrite from Delong Diagram. 
WDF = Predicted ferrite from WRC-1992 Diagram. 
SEF = Predicted ferrite from Seferian Equation (Ref. 16). 
3 (Crequ. - 0.93 Niequ. - 6.7), where Crequ. and Nequ. are defined by Schaeffler. 

Table 7 - -  EPR Test Conditions 

Sample Single-Loop 
No. Description Test 

1 Scan rate 1.667 mV/s 
2 Scan increment 0.500 mV 
3 Initial potential 0.200 V 
4 Passivation potential 0.200 V 
5 Passivation time 2 min. 
6 Final potential -0.500 V 
7 Current range Auto 
8 Step time 0.3 s 
9 Line Synchronization No 

10 Rise time High stability 
11 Working electrode Solid 
12 Sample area 1.000 cm 2 
13 Reference electrode AgCI, 0.197 V 
14 Vertical potential (Potential at which scan - 

was reversed) 
15 Threshold current density 

Double-Loop 
Test 

1.667 mV/s 
1.000 mV 
-0.400 V 

-0.400 V 
Auto 
0.6 s 
No 
High stability 
Solid 
1.000 c m  2 

AgCI, 0.197 V 
0.300 V 

O. 1 pA/cm 2 

side bend tests were carried out using a 
standard bend testing jig. Specimens 
were bent through 180 deg. 

The resistance to intergranular corro- 
sion (IGC) or sensitization of the cladding 
was tested by the electrochemical poten- 
t iokinetic reactivation (EPR) technique 
(Ref. 20) using single- and double-loop 
methods. The test condit ions of single 
and double-loop EPR tests are given in 
Table 7. Potentiokinetic curves have 
been drawn for single- and double-loop 
EPR methods to assess the sensitization 
behavior of stainless steel cladding. A 
few EPR curves are shown in Figs. 16-19. 

Results and  D iscuss ion  

Results obtained by the aforemen- 
tioned experimental investigations are 
presented and discussed in the same se- 
quence as detailed in the previous section. 

Bead Characteristics 

The surfaced beads were smooth and 
shiny with fine ripples. The slag was eas- 
ily detachable causing no impression on 
the surface. Extensive macroscopic ex- 
amination of surfaces and many cross 
sections revealed that the deposited 
cladding was sound and free from dis- 
continuities such as porosity, slag inclu- 
sion, and cracks. The calculated di lut ion 
in single-layer surfacing was 22.57%. 

Analysis of Chemistry of Claddings 

It is evident from Table 4 that the 
chemical composit ion of cladding de- 
pends on the amount of di lut ion caused 
by the intermixing of base metal and the 
f i l ler metal, and al loy content of clad 
metal increased from the first layer to sec- 
ond layer (samples T1 and T2). The com- 
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Fig. 12 - -  Microstructure of  second layer of 316L cladding showing 
primary ferritic mode with lathy ferrite morphology (T3, 4000X). 

Fig. 13 - -  Microstructure of first layer of 316L cladding showing pri- 
mary ferritic mode with both vermicular and lathy ferrite morphology 
(T1, 4000X). 

Fig. 14 - -  Microstructure of third layer of 316L cladding showing pri- 
mary ferritic mode with continuous and discontinuous vermicular fer- 
rite morphology (T3, 1600X). 

position of second and third cladding 
meets the required specification of 
ER316L stainless steel to satisfy the re- 
quired corrosion resistance of the 
cladding. The carbon contents of the 
cladding were all well within the maxi- 
mum limit of 0.03% except the first layer 
of cladding (T1). This was attributed to 
the fact that the dilution achieved in SAW 
was about 22%. 

The various equivalents supplied in 
Table 5 were utilized to predict the ferrite 
content of the cladding, as well as the so- 
lidification mode that occurred in the 
cladding. These predicted values are 
listed respectively in Tables 6 and 8 for 
comparison with actual values and for 
further analysis. 

Analysis of Microhardness Survey 

The microhardness survey carried out 
in various zones of multipass stainless 
steel cladding along the centerline of sin- 
gle beads and across two adjacent beads 
and the same are presented in Figs. 7 to 
9. A hardness curve may be divided into 
four parts such as unaffected base metal 

(BM), heat-affected 
zone (HAZ), fusion 
boundary zone (FBZ) 
and cladding or weld 
metal (WM). 

It is evident from 
the figures that the 
microhardness val- 
ues of HAZ, particu- 
larly the coarse- 
grained region of HAZ, were higher than 
the unaffected base metal. This may be 
due to the formation of bainitic structure 
in the HAZ. The hardness of the HAZ 
close to the fusion boundary zone was 
found to be less than the peak hardness 
values of the HAZ. This could possibly be 
due to the formation of coarse bainite in 
that zone of the HAZ. 

In the third zone marked as FBZ, the 
hardness suddenly increases to a very 
high value and then drops abruptly to a 
low value. This increase in hardness was 
due to the presence of the martensite. Be- 
cause of a composition gradient, the tran- 
sition zone between austenitic cladding 
and base metal (carbon steel) is marten- 
sitic, whose hardness depends on the 

Fig. 15 - -  Microstructures of single-layer 316L cladding viewed from 
three mutually perpendicular directions (TI, 400X). 

carbon content of the zone. The forma- 
tion of martensite along the weld inter- 
face has been reported in the literature 
(Refs. 21, 22). In the as-welded condi- 
tion, the carbon content in this marten- 
sitic zone was relatively low and the 
hardness was, therefore, low. The maxi- 
mum hardness value of these zones was 
below 400 VHN. On entering the 
cladding region, the hardness decreased 
drastically from the peak value and then 
remained more or less the same in the re- 
maining portion of the cladding. 

From Fig. 8, it is apparent that the 
hardness value of the weld metal, as well 
as the reheated and remelted portions of 
weld metal due to multipass surfacing, 
was not appreciably altered. This could 
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Fig. 19 - -  Double- loop EPR curve for 316L multi layer cladding (T3). 

possibly be due to a lower welding speed 
employed for surfacing to obtain a lower 
dilution, which reduced the cooling rate. 
Also, Fig. 9 represents not only a multi- 
pass condition, but also a multi-layer 
condition, and in those claddings, the 
hardness of the first layer was more than 
that of the second layer of cladding. This 
may be due to the occurrence of higher 
dilution in the first layer than that of the 
second layer. 

Analysis of Ferrite Content 

It is an accepted practice to specify a 
minimum content of 8-ferrite in the 
austenitic cladding or weld metal to re- 
duce hot cracking tendency. Again, de- 
pending upon the service conditions and 
considering the possibility of sigma 
phase formation, a maximum content of 
8-ferrite is prescribed in different codes 
and specifications. The minimum rec- 
ommended ferrite content for 316L stain- 
less steel is 2% (Refs. 23, 24). 

In the present study, five 8-ferrite esti- 
mation methods were employed, viz., 

ferritescope based on magnetic method 
and Schaeffler, Delong, WRC-1992 con- 
stitutional diagrams and Seferian equa- 
tion (Refs. 16, 17) based on chemical 
composition. All the results of delta fer- 
rite estimations are provided in Table 6. 

From Table 6, though all the above 
five methods described for evaluating 8- 
ferrite content did not yield similar results 
for all test samples, all values are very 
close to each other. It is to be noted that 
the prediction accuracy of the Schaeffler 
and Delong diagrams was 14% and 12%, 
respectively (Refs. 1,18) and the accu- 
racy of WRC-1992 diagram was claimed 
to be higher than that of Delong diagram 
(Ref. 25). 

Microstructural Analysis 

Photomicrographs shown in Figs. 
10-15 depict characteristic primary so- 
lidification structures as they appear in 
different zones of a weld bead of 
austenitic stainless steel cladding with 
normal cooling in air. The primary struc- 
tures were made visible by the use of 

color etchants. The interior of the cell be- 
comes blue colored, while the borders of 
the cell appear brown or yellowish. From 
the position of the ferrite in the interior or 
borders of the cells, it will be recognized 
that the weldment solidified as ferrite or 
austenite (Ref. 26). The solidification 
substructure was found to be mainly cel- 
lular or cellular dendritic. Narrow zones 
of planar growth were, however, found 
along the weld interface. 

Figure 10 represents the solidification 
of single layer cladding (T1) near the weld 
interface at 1600X magnification along a 
section normal to the welding direction. 
The presence of "beach" structure (Ref. 
27) is well depicted as a dark bluish- 
brown colored section. This structure, 
which is feathery along the weld inter- 
face, is martensitic and about 70 pm wide 
having the hardness value of 330.1 VHN 
(100-g load). Due to the low carbon con- 
tent of the welding wire, the hardness was 
less. The hardness decreased from the 
weld interface to the cladding as seen 
from the indentation marks. 

From Figs. 11-13, it is apparent that 
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weld metal sol idi f ied wi th two mor- 
phologies characterized by vermicular 
ferrite (Figs. 11, 13) and lathy ferrite (Figs. 
1 2, 13) both located at cell axes. This was 
of ferrit ic-austenit ic (FA) sol idi f icat ion 
mode often termed as primary ferrite so- 
l idification: the leading phase was the 6- 
ferrite and austenite solidified from the 
rest of the melt and also through a solid- 
state 6-ytransformation occurring at high 
temperature. The blue areas of the struc- 
ture represent the already solidified cel- 
lular crystals consisting of primary delta 
ferrite. In between is the residual melt, 
which appears as a brownish tinted struc- 
tural constituent. A bright structural con- 
stituent is also visible in the primary pre- 
cipitated delta ferrite crystals. This 
represents the residual delta ferrite, 
which remains after 6-'I transformation 
and which is identified in conventional 
etching as delta ferrite (Refs. 18, 26). Both 
continuous and discontinuous vermicu- 
lar ferrite morphologies are shown in Fig. 
14 and the mode of solidification was FA. 
Figure 15 represents the microstructures 
observed at sections mutual ly perpen- 
dicular to each other in the single layer 
cladding (T1). According to the direction 
of growth of the cells and direction of 
sectioning, the cell colonies appear as 
stripes or dots (Ref. 26). 

The microstructure of a stainless steel 
weld is dependent on both the solidifica- 
t ion mode and 8-y transformation on 
cooling. Kujanp~, etal. (Ref. 28) have re- 
ported that when the ratio of Crequ/Nieq u 
based on Schaeffler equivalent is < 1.48, 
austenitic and austenitic-ferritic solidifi- 
cation occurs and if the ratio is between 
1.48 and 1.95, then ferritic solidification 
takes place. But Suutala (Ref. 29) has 
shown that the transition from primary 
austenitic to ferritic solidification in stain- 
less steel welds occurs at a (Cr/Ni) equiv- 
alent ratio based on Hammer and Svens- 
son equivalents of 1.55. From the 
calculated potential factors of cladding 
given in Table 5, the values of Crequ/Nieq u 
based on Schaeffler, and Hammer and 
Svensson equivalents were calculated, 
and the modes of sol idif ication of the 
cladding were predicted based on these 
ratios of equivalents and also from the 
WRC 1992 constitutional diagram. These 
predicted modes of solidification and the 
observed modes of sol idif ication were 
tabulated as shown in Table 8 for easy 
comparison. It is evident from the table 
that the predicted modes of solidification 
are well  in agreement with the observed 
modes of solidification. 

Evaluation of Ductility and 
Corrosion Resistance 

Three-side bend test specimens pre- 
pared from a single layer cladded plate 

Table 8 - -  Comparison of Predicted and Actual Modes of Solidification in Stainless Steel 
Claddings 

Sample 
Sample Code SR SMS HR 

No. No. 

1 T1 1.51 FA 1.40 
2 T2 1.70 FA 1.55 
3 T3 1.69 FA 1.55 

SR = Ratio of Crequ./Niequ. based on Schaeffler equivalents. 
HR = Ratio o f  Crequ./Niequ. based on Hammer and Svensson equivalents. 
SMS = Predicted solidif ication mode based on SR. 
S M H  = Predicted solidif ication mode based on HR. 
SMW = Predicted solidif ication mode from WRC-1992 constitutional diagram. 
AF = Austenitic-ferrit ic mode of solidification. 
FA = Ferritic-austenitic mode of solidification. 

Predicted Mode 
SMH SMW Observed 

Mode 

AF - -  AF/FA 
FA FA FA 
FA FA FA 

were bent easily through 180 deg, indi- 
cating good duct i l i ty  in the cladding. 
From single-loop EPR curves shown in 
Figs. 16 and 17, it is evident that no def- 
inite reactivation peak occurred. This sig- 
nals that the claddings were entirely free 
of sensitization and had good resistance 
to ICC. This may be attributed to the 
lower carbon content of the cladding and 
compositions of the claddings met the re- 
quired standard composition. It is appar- 
ent from Figs. 18 and 19 that both dou- 
b le- loop EPR curves show no peak 
current in the reverse scan. This indicates 
that all claddings were having good re- 
sistance to ICC. 

Conclusions 

The fol lowing conclusions are drawn 
from the investigations reported in this 
paper: 

1) Either high voltage and high weld- 
ing speed or low voltage and low weld- 
ing speed produced low dilution. 

2) Composit ional requirements of 
ER316L can be met in the 316L multi- 
layer cladding and the carbon content of 
second and third layers was less than 
0.03%. 

3) Transition or intermediate mixed 
zones existing in stainless steel cladding 
have an intermediate composit ion be- 
tween base metal and weld metal com- 
positions, which result in a hard marten- 
sitic structure. 

4) Ferrite content in the mult i layer 
cladding is more than that in single layer 
cladding. 

5) Color metallographic technique is 
an effective tool to reveal primary as well  
as secondary microstructure in stainless 
steel cladding. 

6) Opt ical  metal lography revealed 
that in the as-welded condit ion the mi- 
crostructural constituents of the HAZ, fu- 
sion boundary zone, and claddings sur- 
faced at a low di lut ion condit ion were 
bainite and ferrite, martensite, and 
austenite plus ferrite, respectively. 

7) The solidification modes assessed 

on the basis of microstructures were well  
in agreement with the predicted modes 
of solidification from the ratios of equiv- 
alents based on Schaeffler, and Hammer 
and Svensson equivalents. 

8) Cladding surfaced at low di lut ion 
conditions possessed good ducti l i ty and 
resistance to intergranular corrosion. 
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microprocessing, rapid prototyping, surface modifications, cutting and drilling, process model- 
ing and control, laser safety, laser systems and applications, and new developments in laser 
equipment and technology. Authors are asked to secure company and/or governmental agency 
clearance to present and publish as early as possible. Commitments for travel and 
accommodation funding through sponsoring organizations should be obtained prior to submit- 
ting abstracts. 

Areas of special interest in the medicine and medical devices field are dermatology (skin 
resurfacing, hair removal, etc.), drug delivery, TMLR, laser-assisted cellular surgery, stents, 
catheters, sensors, implantable devices, new materials, micro-fabrications, micro-molding, cut- 
ting, drilling and welding, rapid prototyping and wire stripping. 
If you have any questions about the conference, please do not hesitate to call conference coor- 
dinator Daryl Flynn at the Laser Institute of America, 12424 Research Parkway, Suite 125, Or- 
lando, FL 32826. Telephone (407) 380-1553 or (800) 345-2737, Fax (407) 380-5588. 
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