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Dilution Control in Single-Wire Stainless 
Submerged Arc Cladding 

Steel 

Reduced stepover, high-chromium flux, and DCEN are effective 
in promoting ferrite in a single-layer cladding 

BY D A M I A N  J. KOTECKI 

ABSTRACT. An experimental study of the 
effects of bead-to-bead stepover, wire 
size, wire feed speed, voltage, flux 
chromium content, and polarity on dilu- 
tion and ferrite in single-wire submerged 
arc cladding of ER309L on mild steel 
plate is described. Low dilution was 
found to be promoted by reduced 
stepover, reduced wire feed speed, and 
DC electrode negative polarity. Use of a 
high-chromium flux can broaden the tol- 
erance for dilution, providing an 
austenitic deposit free of martensite, and 
containing at least 4 FN for assurance of 
freedom from hot cracking over a 
broader range of dilutions. 

Introduction 

Work by Jackson (Ref. 1 and others 
has shown that dilution of single weld 
beads can be controlled to a limited ex- 
tent by choice of welding parameters in 
single-wire submerged arc cladding of 
stainless steel on mild steel or low-alloy 
steel. Campbell and Johnson (Ref. 2) re- 
ported that bead overlap could be used 
to reduce dilution in cladding. But further 
studies on single-wire submerged arc re- 
lating to dilution seem to have been 
abandoned in view of easily obtained 
low dilution with strip cladding. 

DAMIAN J. KOTECKI is with The Lincoln Elec- 
tric Co., Cleveland, Ohio. Paper presented at 
the AWS 75th Annual Meeting, April 10-14, 
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However, inquiries from fabricators 
about limiting dilution in single-wire sub- 
merged arc cladding continue to be re- 
ceived. Fabricators request help with one 
or both of two problems, typically using 
AWS ER309L or similar filler metal for the 
cladding. The more common problem is 
that the weld cladding cracks during bend 
tests for procedure qualification, and the 
first layer of weld cladding is found to con- 
sist largely of martensite. Less common is 
that the weld cladding exhibits centerline 
cracks in the as-welded condition, with- 
out bending, and the weld cladding is 
found to be virtually fully austenitic 
(nearly devoid of ferrite). 

Both of these problems relate to exces- 
sive dilution of the weld cladding by the 
substrate. Accordingly, a procedure de- 
velopment program was undertaken to 
provide technical support to fabricators, in 
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particular to offer welding procedures that 
will limit dilution and provide austenitic 
stainless steel cladding, containing a small 
amount of ferrite for crack resistance, in a 
single layer over mild steel. 

It should be recognized that a small 
amount of ferrite in the weld metal at room 
temperature is only an indication of the 
solidification mode, which actually seems 
to determine whether or not hot cracking 
is likely. If the weld metal solidifies as pri- 
mary ferrite, hot cracking resistance is 
maximized. But if the weld metal solidi- 
fies as primary austenite, then the likeli- 
hood of hot cracking is rather high unless 
the weld metal is exceptionally free of im- 
purities. Lefebvre (Ref. 3) describes this 
situation very well, and proposes that an 
appropriate specification requirement is 4 
FN (Ferrite Number) minimum (deter- 
mined with a magnetic instrument cali- 
brated according to ISO 8249 or 
ANSI/AWS A4.2) to guarantee primary fer- 
rite solidification in ordinary austenitic 
stainless steel welding. Lefebvre further 
notes that an upper limit on weld FN might 
be imposed if the weldment is to see ex- 
tended high-temperature service (8 FN 
maximum), or if the highest ductility and 
toughness are demanded in the as-welded 
condition (12 or 15 FN maximum). How- 
ever, Lefebvre also notes that stainless 
steel weld metal with excellent ductility 
and toughness can have up to 70 FN max- 
imum if used in the as-welded condition. 
In the present study, the emphasis is on ob- 
taining 4 FN minimum for assurance of 
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set using a digital con- 
trol w i th  feedback to 
maintain constant wire 
feed speed. Claddings, 
at least eight beads 
wide,  were deposited 
on 1-in. (25-mm) thick 
A36 mi ld steel using 
ER309L wire, in sizes 
5/64 in. (2.0 mm), 3/32 
in. (2.4 mm), and 1/8 in. 
(3.2 mm). For a given 
wire size and set of wire 
feed speed (A), volts, 
travel speed, etc., sin- 

0.0 gle-layer claddings 
were made wi th  
stepovers from as much 
as 0.36 in. (9.1 mm) to 
as little as 0.14 in. (3.6 
mm). Chemical com- 
posit ion and Ferrite 

Number were determined on the later 
beads of each single- layer c ladding,  
where a steady-state condit ion was ob- 
tained. At 0.14 in. (3.6 mm) stepover, no 
base metal penetrat ion was often ob- 
served, and the compos i t ion  of this 
c ladding could be taken as undi luted 
weld metal. Alternately, a very low di lu- 
tion deposit was prepared, if necessary, 
under otherwise identical condit ions by 
bu i ld ing a six- layer pyramid of we ld  
metal consisting of six beads in the first 
layer, five beads in the second layer, and 
so forth, until the sixth layer contained 

Fig. I - -  Effect o f  s tepover  on  d i lu t ion  in s ing le-wi re  submerged  arc 
c ladding.  

freedom from hot cracking along wi th 
avoiding martensite. 

E x p e r i m e n t a l  P r o c e d u r e  

A table was constructed with a lead 
screw for accurately and reproducibly in- 
dexing the stepover from bead to bead. 
All welding was carried out wi th a 600- 
A DC rectifier having constant potential 
electrical characteristics and feedback 
control to maintain digital ly preset volt- 
age. A side-bead carr iage carried the 
welding head. Wire feed speed was pre- 

only a single bead. The chemical com- 
position and Ferrite Number of the sixth 
layer were then determined for compari- 
son to the results from the single layer. 
Di lut ion was then calculated from the 
cladding chromium and nickel contents 
compared to those of a l l -we ld  metal 
under the same conditions, using the fol- 
lowing formulas: 

% Dilut ion = 100 [1 - (% Cr in one 
layer)/(% Cr in six layers)] (1) 

% Dilut ion = 100 [1 - (% Ni in one 
layer)/(% Ni in six layers)] (2) 

Average Dilut ion = [Equation (1) + 

Equation (2)]/2 (3) 

More than 70 different cladding con- 
di t ions have been examined.  Typical 
condi t ions prov ided by fabricators 
served as starting conditions. These typi- 
cal ly involved producing a weld bead 
approximately 3/4 in. (19 mm) wide, and 
indexing the base metal relative to the 
welding wire a distance of approximately 
one-half bead width for each addit ional 
weld bead. This approach was found to 
often produce over 50% dilution. Then 
condit ions were adjusted to try to obtain 
lower di lut ion. In setting welding condi- 
tions, wire feed speed was always prede- 
termined. Wire feed speed in turn deter- 
mines we ld ing  current, but this 
relationship is affected by electrode ex- 

Table 1 - -  Cladding Test Results 

Angle 
Towards 

Step- Previous Arc Composition of Last Beads in First Layer, % Percent Dilution Based on: 
Sample over, Bead,  Volts, 
Number in. Degrees DCEP C Mn P S Si Cr Ni Mo Cu FN Comments Cr Ni Avg. 

WireLot - -  - -  - -  0.022 2.12 0.024 0.011 0.55 23.84 13.43 0.04 0.41 12.7 N=0.051 - -  - -  - -  
309N 

309 100 5 0.36 0 34 0.114 1.78 0.017 0.007 0.41 10.38 6.40 0.02 0.18 61.0 Martensite 56.8 49.1 53.0 
309 1004 0.29 0 34 0.101 1.78 0.018 0.008 0.42 12.48 7.30 0.03 0.18 6.3 Martensite 48.1 42.0 45.0 
3091003 0.21 0 34 0.078 1.94 0.023 0.011 0.53 16.58 9.12 0.04 0.24 0 .70kT ie - in  31.0 27.5 29.3 
W164 0.18 0 34 0.075 2.52 0.031 0.015 0.63 19.90 10.78 0.05 0.31 7.0 SlightRoll 17.2 14.3 15.8 
3091002 0.14 0 34 0.022 2.56 0.032 0.011 0.75 24.04 12.58 0.05 0.37 17.9 NoTie-in 0.0 0.0 0.0 
30910033 0.21 30 34 0.070 1.93 0.023 0.011 0.54 17.10 9.49 0.04 0.25 0 .60kT ie - in  28.9 24.6 26.7 
W165 0.18 30 34 0.119 2.47 0.031 0.014 0.64 19.12 10.29 0.05 0.29 4.6 SlightRoll 20.5 18.2 19.3 
30910032 0.14 30 34 0.035 2.16 0.025 0.009 0.61 21.22 11.24 0.03 0.28 7.5 SlightRoll 11.7 10.7 11.2 
45P3 0.21 45 34 0.074 1.74 0.019 0.006 0.37 15.97 7.67 0.01 0.20 0 .80kT ie - in  3.6 39.0 36.3 
45P2 0.14 45 34 0.048 2.30 0.027 0.010 0.66 22.66 11.72 0.04 0.32 11.1 SlightRoll 5.7 6.8 6.3 
90309 0.36 0 38 0.137 1.74 0.017 0.008 0.38 10.56 6.14 0.02 0.18 54.5 Martensite 56.1 50.4 53.2 

100 38 5 
90309 0.29 0 38 0.107 1.85 0.018 0.008 0.42 12.57 6.80 0.03 0.20 13.1 Martensite 47.7 45.1 46.4 

100 38 4 
90309 0.21 0 38 0.086 1.97 0.024 0.012 0.56 16.74 8.74 0.04 0.26 0.8 Slight Roll 30.4 29.4 29.9 

100 38 3 
90309 0.14 0 38 0.029 2.50 0.034 0.011 0.74 24.04 12.38 0.05 0.33 15.3 NoTiein 0.0 0.0 0.0 

100 38 2 
30309 0.21 30 38 0.091 1.95 0.023 0.012 0.54 17.08 9.05 0.05 0.25 0 .50kT ie - in  29.0 26.9 27.9 

100 38 3 
30309 0.14 30 38 0.050 2.25 0.029 0.009 0.63 22.08 11.08 0.04 0.27 11.5 SlightRoll 8.2 10.5 9.3 

100 38 2 

Made with 1/8 in. ER309L, 80 in./min wire feed speed (approximately 480 A, 16.7 Ib/h del~sition rate), 1-3/4 in. Electrical extension, 20 in./min travel speed, ST-IO0 chromium-compensating flux. 
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Fig. 2 - -  Cross-sections o f  1/8-in. (3.2-mm) ER309L single-layer cladding with ST- 100 flux at var- 
ious stepovers, successive beads f rom left to right. 

tension, polarity, and factors not always 
under control. Current values reported 
herein are only approximate. It was al- 
ways the wire feed speed that was actu- 
ally set. All welding was done on ASTM 
A36 mild steel plates. A nominal com- 
position of 0.17% C, 1% Mn, 0.1% Si is 
quite representative of A36 steel, and any 
departure from this composition in a 
given test plate within the A36 steel spec- 
ification is very unlikely to affect the re- 
sults. Unless otherwise specified, the 
plate thickness was 1 in. (25 mm). The in- 
terpass temperature employed was 
300°F (150°C) maximum. 

Exper imenta l  Results 

Chromium-Compensating Flux - -  DCEP 

A number of claddings were made 
with 1/8-in. (3.2-mm) welding wire at 80 
in./min (2.03 m/min) wire feed speed, 

which deposited about 16.6 Ib/h (7.6 kg/h) 
on DC electrode positive (DCEP) polarity, 
with a chromium-compensating flux, ST- 
100. Table 1 lists the test conditions, 
cladding compositions and Ferrite Num- 
bers, and calculated dilutions. Voltage, tilt 
of the electrode back toward the previous 
bead, and stepover were principal vari- 
ables. Of these, only stepover had a major 
effect on dilution. With stepover of 0.36 
in. (9.1 mm), over 50% dilution was ob- 
served, and the cladding was highly mag- 
netic due to martensite formation. Since 
martensite is ferromagnetic, as is ferrite, 
some interpretation of measured Ferrite 
Number is always necessary in cladding. 
Martensite presence can be determined 
metallographically by its hardness, by its 
brittleness in a bend test, or by the chem- 
ical composition of the metal with refer- 
ence to the Schaeffler diagram (Ref. 4). In 
the present work, most martensite deter- 
minations were made from chemical 

composition and the Schaeffler diagram. 
With stepover of 0.21 in. (5.4 mm), the 

deposit was virtually nonmagnetic (0.7 
FN), indicating that it is almost fully 
austenitic. With stepover of 0.14 in. (3.6 
mm), 0% dilution was observed (no tie-in 
to the base metal). With stepover of 0.18 
in. (4.5 mm), dilution of about 16% was 
obtained with 7 FN, and the steady-state 
deposit composition matches exactly with 
a 308 composition. This last result would 
be optimum for crack resistance, me- 
chanical properties, and corrosion resis- 
tance in a single layer of cladding. 

Figure I presents these results graphi- 
cally and shows that voltage has virtually 
no effect on dilution under these condi- 
tions, but stepover has a very large effect. 
Figure 2 shows cross-sections of the 34-V 
claddings of Fig. I and Table I. With 0.36- 
in. (9.1-mm) stepover, the depth of fusion 
for each successive bead is scarcely 
changed from that of the first bead. But as 
the stepover is reduced, it can be seen that 
the beads after the first one have succes- 
sively less penetration into the mild steel. 
The cladding at 0.18 in. (4.5 mm) 
stepover, which produced the most desir- 
able result of 7 FN and a deposit compo- 
sition that looks exactly like that of a 308 
weld metal, exhibits a slight tendency to- 
ward rollover at the edge of the deposit, 
which could be considered undesirable, 
though no incomplete fusion was found. 
Tilting the electrode back toward the pre- 
vious bead at 30 and 45 deg from vertical 
was used to see if this electrode tilt could 
lessen the tendency toward rollover, but it 
was not very helpful (Table I ) and did not 
in general reduce dilution. 

A series of claddings was made also 
with 3/32-in. (2.4-ram) and 5/64-in. (2.0- 
mm) electrodes with similar results. These 
are given in Table 2. Figure 3 compares the 
3/32-in. wire results with those from the 
I/8-in. wire. Itcan be seen that the smaller 
welding wire produces somewhat less di- 
lution at larger stepovers, but at 0.18-in. 
stepover, where there is ferrite in the 
cladding, the two wire sizes produce 
equivalent results, with lower deposition 
rate for the smaller wire. As with the 1/8- 
in. electrode described above, when the 
stepover was reduced to the point where 
about 5 to 8 FN was observed in the de- 
posit, there was a tendency for roll-over at 
the bead edge. Table 2, as Table I, shows 
that titling the electrode 30 deg back to- 
ward the previous bead did not reduce di- 
lution. With 5/64-in. welding wire, both a 
low and a high wire feed speed were used 
to make claddings at various stepovers. 
The same general trends were seen with 
the larger wires. The higher wire feed 
speed in general produced higher dilu- 
tion at a given stepover. These results are 
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Table 2 - -  Comparison of Claddings 

Angle 
Towards Arc Percent Dilution 

Step- Previous Volts, Composition of Last Beads in First Layer, % Based on: 
Sample over, Bead DCEP 
Number in. Degrees (in.) C Mn P S Si Cr Ni Mo Cu FN Comments Cr Ni Avg. 

3/32 Wire Lot 309W 0.025 2.10 0.02 0.012 0.54 23.96 13.38 0.04 0.38 13.0 N=0.049 
Claddings made at 120 in./min Wire Feed Speed (325 A 14.1 Ib/h Deposition Rate), 1 ½ Electrical extension 20 in./min Travel Speed 

SW221 0.36 0 34 0.098 1.81 0.026 0.012 0.41 12.84 7.25 0.03 0.19 16.5 Martensite 42.4 41.3 41.9 
W166 0.29 0 
W167 0.21 0 
SW222 0.18 0 
W168 0.14 0 
SW223 0.36 30 
W169 0.29 30 
W170 0.21 30 
SW224 0.18 30 
W171 0.14 30 

2.0 mm Wire Lot PN2817 

34 0.099 1.72 0.025 0.014 0.44 14.37 8.01 0.25 0.28 0.3 Ok Tie-in 35.6 35.2 35.4 
34 0.082 1.97 0.025 0.014 0.59 17.35 9.30 0.10 0.33 1.1 Ok Tie-in 22.2 24.8 23.5 
34 0.064 2.24 0.030 0.015 0 .61  19.36 10.33 0.05 0.28 5.5 Ok Tie-in 13.2 16.4 14.8 
34 0.057 2.78 0.037 0.018 0.78 22.31 12.36 0.07 0.36 16.1 No Tie-in 0.0 0.0 0.0 
34 0.121 1.51 0.023 0.010 0.31 12.14 6.99 0.02 0.18 13.9 Martensite 45.6 43.4 44.5 
34 0.111 1.80 0.027 0.010 0.41 13.39 7.59 0.03 0.21 6.6 Martensite 40.0 38.6 39.3 
34 0.088 2.00 0.030 0.009 0.56 17.49 9.40 0.04 0.26 0.2 Ok Tie-in 21.6 23.9 22.8 
34 0.070 2.56 0.029 0.016 0.65 20.10 10.54 0.06 0.29 5.9 Roll 9.9 14.7 12.3 
34 0.055 2.62 0.035 0.009 0.69 20.71 11.39 0.06 0.31 9.9 Roll 7.2 7.8 7.5 

0.020 2.08 0.021 0.007 0.44 23.90 13.73 0.05 0.53 12.5 N = 0.045 

Claddings made at 150 in./min Wire Feed Speed (300 A, 12.3 Ib/h Deposition Rate), 1 ¼ Elelctrical extension 20 in./min Travel Speed 
W174 0.29 0 34 0.146 1.77 0.021 0.009 0.32 13.42 7.81 0.03 0.29 0.3 Ok Tie-in 41.0 38.4 39.7 
W175 0.21 0 34 0.128 1.87 0.024 0.012 0.43 15.23 8.82 0.04 0.31 0 . 0 0 k T i e - i n  33.1 30.4 31.7 
W176 0.14 0 34 0.073 2.62 0.029 0.016 0.63 19.98 11.25 0.09 0.45 6.7 Slight Roll 12.2 11.2 11.7 

Claddings made at 100 in./min Wire Feed Speed (210 A, 8.2 Ib/h Deposition Rate), 1 g Electrical extension, 14 in./min Travel Speed 
W177 0.29 0 34 0.102 1.99 0.026 0.013 0.47 16.68 9.35 0.04 0.35 0 . 7 0 k T i e - i n  26.7 26.2 26.5 
W178 0.21 0 34 0.060 2.82 0.031 0.015 0.61 20.14 11.27 0.06 0.42 8.0 Slight Roll 11.5 11.0 11.3 
W179 0.14 0 34 0.059 2.89 0.037 0.016 0.74 22.76 12.67 0.08 0.46 17.4 NoTie-in 0.0 0.0 0.0 

Made with Y~2 in. and ~.4 in., ST-100 chromium-compensating flux. 

Table 3 - -  Comparison of Claddings 

Angle 
Towards Arc Percent Dilution 

Step- Previous Volts, Composition of Last Beads in First Layer, % Based on: 
Sample over, Bead DCEP 
Number in. Degrees (in.) C Mn P S Si Cr Ni Mo Cu FN Comments Cr Ni Avg. 

Claddings made at 120 in./min Wire Feed Speed (325 A, 14.1 Ib/h Deposition Rate, 20 in./min Travel Speed 
SW225 0.36 30 34 0.075 1.68 0.022 0.012 0.55 17.00 9.95 0.04 0.26 0.2 Too Much 23.5 24.2 23.8 

Step 
SW226 0.29 30 34 0.072 1.74 0.022 0.013 0.59 17.95 10.39 0.04 0.27 0.0 Ok Tie-in 19.2 20.8 20.0 
W173 0.21 30 34 0.062 2.38 0.022 0.015 0.75 19.83 11.80 0.05 0.34 5.4 Ok Tie-in 10.7 10.1 10.4 
SW227 0.18 30 34 0.023 2.30 0.024 0.016 0.74 21.54 12.87 0.06 0.35 9.3 Slag Spots 3.0 1.9 2.5 
SW228 0.14 30 34 0.014 2.47 0.026 0.015 0.83 22.21 13.12 0.06 0.37 12.1 No Tie-in 0.0 0.0 0.0 

Claddings made at 150 in./min Wire Feed Speed (380 A, 17.6 Ib/h Deposition Rate), 25 in./min Travel Speed 
SW229 0.36 30 34 0.099 1.50 0.020 0.011 0.42 14.59 8.77 0.03 0.22 0.2 Too Much 35.0 33.2 34.1 

Step 
SW230 0.29 30 34 0.096 1.59 0.021 0.012 0.48 16.25 9.48 0.03 0.25 0.1 FairTie-in 27.6 27.8 27.7 
W198 0.21 30 34 0.027 1.68 0.017 0.009 0.59 19.30 10.71 0.17 0.31 4.0 FairTie-in 14.0 18.4 16.2 
SW231 0.18 30 34 0.041 2.26 0.023 0.015 0.67 20.92 12.26 0.06 0.34 8.1 Slag Spots 6.8 6.6 6.7 
SW232 0.14 30 34 0.025 2.42 0.025 0.016 0.75 22.44 13.13 0.07 0.35 12.3 No Tie-in 0.0 0.0 0.0 

Claddings made at 180 in./min Wire Feed Speed (450 A, 21.2 Ib/h Deposition Rate), 30 in./min Travel Speed 
SW233 0.36 30 34 0.119 1.42 0.018 0.010 0.35 14.05 8.31 0.02 0.21 0.7 Too Much 37.4 36.7 37.0 

Step 
SW234 0.29 30 34 0.149 1.54 0.019 0.013 0.45 15.08 8.92 0.03 0.24 0.1 Slag Spots 32.8 3 2 . 1  32.4 
W199 0.21 30 34 0.036 1.59 0.015 0.008 0.58 16.70 9.81 0.20 0.30 1.5 Fair Tie-in 25.6 25.3 25.4 
SW235 0.18 30 34 0.042 1.82 0.022 0.014 0.62 20.21 11.66 0.05 0.32 5.6 Ok Tie-in 9.9 11.2 10.6 
SW236 0.14 30 34 0.030 2.30 0.023 0.016 0.70 21.85 12.71 0.06 0.35 10.0 No Tie-in 0.0 0.0 0.0 

Made with g2 in. ER309L Lot 309W, 1½ in. Electrical extension, 882 basic chromium-free flux. 

also inc luded in Fig. 3. 

Basic Chromium-Free Flux - -  DCEN 

DC electrode negative (DCEN) polar- 
ity was used for a series of c laddings wi th 
3/32- in .  (2 .4-mm) w e l d i n g  wi re .  The 
c h r o m i u m - c o m p e n s a t i n g  f lux  d id  not 
per form wel l  using DCEN (poor  bead 

shape) so a high basicity chromium-free 
f lux (882), wh ich  welds better on DCEN, 
was chosen for this series. Even with this 
f lux, beads tended to be narrower and 
h igher  when  using DCEN than when  
using DCEP at o therwise ident ical  set- 
t ings. The 0.36- in .  (9 .1-mm) s tepover  
turned out  to be too much to obtain con- 
sistent t ie-in between beads. The results 

are given in Table 3. For a given stepover, 
less d i lu t ion was obta ined on DCEN than 
was obtained on DCEP, as can be seen by 
compar ing  the results for otherwise sim- 
ilar we ld ing  condi t ions in Table 2. This 
compar ison is made graphica l ly  in Fig. 4. 
Ferrite was not  as high as w i th  the 
chromium-compensat ing  f lux at a given 
d i lu t ion due to lower  chromium,  but 5 
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FN was obtained at about 10% dilution 
with 0.21-in. (5.4-mm) stepover, at a de- 
position rate of about 14.1 Ib/h (6.4 kg/h). 
The bead shape obtained under the 120 
in./min (3.05 m/min) wire feed speed 
condition at 0.21-in. (5.4-mrn) stepover 
(Sample W173 in Table 3) was very at- 
tractive with no tendency toward 
rollover. 

With this same flux and welding wire, 
additional claddings were made on 
DCEN at higher wire feed speeds to de- 
termine if a higher deposition rate could 
be made with similar results. Claddings 
made at 150 in./min (3.81 m/min) wire 
feed speed (I 7.6 Ib/h; 8.02 kg/h) deposi- 
tion rate) and at 180 in./min (4.57 m/min) 
wire feed speed (21.2 Ib/h; 9.62 kg/h de- 
position rate) were made at various 
stepovers, with the travel speed adjusted 
to keep a constant bead cross-section or 
constant ratio of wire feed speed to travel 
speed. These results are also detailed in 
Table 3. Higher wire feed speed com- 
bined with higher travel speed produced 
higher di lut ion at any given stepover. 
This is best seen in Fig. 5. The tendency 
for inconsistent tie-in between beads at 
large stepover became greater, and slag 
spots between beads were sometimes 
found in cross-sections of the claddings, 
as noted in Table 3. While good tie-in 
and Ferrite Number were obtained at 180 
in./min (4.57 m/rain) wire feed speed and 
0.18-in. (4.5-mm) stepover, it appeared 
that this condition is rather sensitive to 
small fluctuations in wire positioning, 
and it is not recommended. 

Chromium-Adding Flux - -  DCEP 

As noted earlier, Lefebvre (Ref. 3) rec- 
ommends a minimum of 4 FN for maxi- 
mum hot cracking resistance. It is appar- 

ent from the data of Tables 1 and 2 that 
dilution must be limited to something on 
the order of 15% with the chromium- 
compensating flux if this Ferrite Number 
is to be achieved. To permit more free- 
dora ill selection of welding conditions 
for single-wire submerged arc cladding, 
a chromium-adding flux can be consid- 
ered. The A-100 chromium-adding flux 
was originally designed to produce a 
Type 410 stainless steel deposit (12"/,, 
chromium) using a mild steel electrode 
and DCEN polarity. This flux can be used 
with DCEP as well, but DCEN at high 
voltage is recommended to obtain the 
12% Cr deposit with a mild steel wire. 

With the chromium-adding flux using 
DCEP, a series of six-layer deposits was 
made with the 3/32-in. (2.4-mm) ER309L 
wire to examine all-weld-metal deposit 
composition and Ferrite Number. The re- 
sults from a series of 
deposits at increas- 
ing voltage are given 
in the upper portion 80 
of Table 4. With all 7o 
other conditions ~, 
held constant, the d 60 
deposit chromium o 

"~ 50 
content rises with in- 
creasing voltage, as ~ 4o 
expected. This effect ~ 30 
is caused by increas- r~ 
ing arc length with ~ 20 
increasing voltage, r~ l0 
thereby melting 
more flux for the 0 
same amount of wire o.4 

melted, other things 
being equal. Since 
the flux contains 
metallic chromium 
(in the form of low- 

carbon ferro-chromium), melting more 
flux results in more chromium gain in the 
weld deposit. At the same time, it can be 
seen from the upper part of Table 4 that 
the nickel content of the deposit is de- 
creasing with increasing voltage. This is 
not caused by loss of nickel due to oxi- 
dation, but to mixing and diluting the 
nickel from the wire with the nickel-free 
metal (ferro-chromium) from the flux. 
Then, as a result of both increasing 
chromium and decreasing nickel in the 
deposit, the deposit's Ferrite Number in- 
creases markedly with increasing volt- 
age. It can also be seen that the Ferrite 
Number calculated from the deposit's 
composition using the WRC-1992 dia- 
gram (Ref. 5) agrees reasonably well with 
the measured Ferrite Numbers. It is note- 
worthy that the deposits' Ferrite Numbers 
are considerably higher with this flux 

- O -  180 ipm WFS, DCEN, 882 Flux 
--E3- 150 ipm WFS, DCEN, 882 Flux 
• -A-- 120 ipm WFS, DCEN, 882 Flux 

' F [  

" - ~ " " - .  El  

0.3 0.2 0.1 0,0 
Stepove r ,  i n c h  

Fig. 5 - -  Effect o r  3/32-in. (2.4-mm) wire feed speed on di lut ion in 
DCEN cladding with 882 flux. 
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Table 4 - -  DCEP Welds 

Wire  

Feed Approx. Deposit Travel Six-Layer Deposit Composition, % 
Sample Speed, Current, Rate Speed, Volts, 
Number ipm Amps Ib/hr ipm DCEP C Mn Si Cr Ni 

Wire - -  - -  - -  0.025 2.10 0.54 23.96 13.38 
6P8 110 315 12.9 18.0 30 0.028 2.02 0.73 25.88 12.93 
6P9 110 315 12.9 18.0 32 0.030 1.96 0.74 26.24 12.89 
6P10 110 315 12.9 18.0 34 0.038 2.03 0.76 26.99 12.40 
6P l l  110 315 12.9 18.0 36 0.036 2.05 0.78 27.73 12.26 
6P12 110 315 12.9 18.0 38 0.032 2.07 0.79 27.78 11.75 
6P13 110 315 12.9 18.0 40 0.034 2.00 0.80 29.47 11.68 
6P14 120 340 14.1 20.0 34 0.030 1.92 0.76 27.17 12.41 
6 P 1 0  110 315  12 .9  18 .0  3 4  0 . 0 3 8  2 .03  0 .76  2 6 . 9 9  1 2 . 4 0  
6P15  100  2 9 0  11 .8  16.5 3 4  0 . 0 3 6  1 .97  0 .79  2 8 . 3 4  12.31 
6P16  9 0  265  10 .6  15 .0  34  0 . 0 3 5  1 .95 0 .84  2 8 . 6 5  1 2 . 2 0  
6P l  7 80  2 4 0  9 .4  13 .0  34  0 . 0 3 4  1 .97 0 .84  29 .51  12 .07  
6 P 1 8  70  2 1 5  8.2 11.5 3 4  0 . 0 3 5  1 .99  0 .85  29 .41  1 2 . 3 6  
6 P 1 9  60  190  7.1 10 .0  3 4  0 .041 2 . 0 9  0 .84  2 9 . 9 9  1 1 . 8 0  

Single-Layer Deposit Composition, % 

WRC Percent Dilution 
Magne 1992 Based on: 
Gage Diagram 

N FN FN Cr Ni Avg. 

0.05 - -  13.0 - -  - -  - -  
0.05 28 24.1 - -  - -  - -  
0.05 25 25.8 - -  - -  - -  
0.05 29 32.6 - -  - -  - -  
0.05 37 42.8 - -  - -  - -  
0.05  42 49 .8  - -  - -  - -  
0.05 66 66.8 - -  - -  - -  

0.05 32 37.7 - -  - -  - -  

0 . 0 5  2 9  3 2 . 6  - -  - -  

0,05  3 8  47 .5  - -  - -  - -  

0.05 51 51.9 - -  - -  - -  

0.05 67 62.6 - -  - -  - -  

0 . 0 5  7 0  5 7 . 7  - -  - -  - -  

0.05 70 66.9 - -  - -  - -  

SW265 120 340 14.1 20.0 34 0.102 1.62 0.52 15.10 6.56 - -  0.2 - -  44.42 47.13 45.78 
SW264 110 315 12.9 18.0 34 0.110 1.62 0.49 16.06 6.62 - -  0.6 - -  40.49 46.61 43.55 
SW263 100 290 11.8 16.5 34 0.086 1.65 0.51 18.75 7.66 - -  6.3 - -  33.83 37.77 35.80 
SW262 90 265 10.6 15.0 34 0.079 1.68 0.53 20.32 8.17 - -  15.1 - -  29.07 33.03 31.05 
SW261 80 240 9.4 13.0 34 0.074 1.80 0.57 23.00 9.12 - -  25.0 - -  22.06 24.44 23.25 

Made with ~Z~ in, ER309L wire Lot 309W and A-IO0 chromium adding flux l ¼ in. Electrical extension, 0.29 in. Stepover 

than w i th  the c h r o m i u m - c o m p e n s a t i n g  
f lux considered earl ier. 

A second series of  s ix- layer  we ld  de- 
posits was prepared w i th  this same f lux 
and w i re ,  but  v a r y i n g  o n l y  w i r e  feed 
speed at 34 V DCER The travel  speed of  
this series was var ied  in p ropor t i on  to the 
w i r e  feed speed to  m a i n t a i n  a nea r l y  
constant  we ld  bead cross-sect ion. The 
test results f rom this series are g iven in 
the m idd le  of  Table 4. It can be seen that, 
as the w i re  feed speed increases, o ther  
th ings  be ing  equa l ,  the depos i t  o f  
c h r o m i u m  decreases. Since the vo l tage 
(arc length) is constant ,  increas ing the 
w i r e  feed speed sends m o r e  w i r e  
t h rough  the arc c o l u m n  for the same 

a m o u n t  o f  meta l  f rom the f lux,  w h i c h  
causes the c h r o m i u m  to decrease in the 
depos i t  w i t h  increasing w i re  feed speed. 
At  the same t ime,  the n ickel  content  o f  
the deposi t  increases s l ight ly  w i th  w i re  
feed speed. As a result of  both  decreas- 
ing c h r o m i u m  and i nc reas ing  n icke l  
w i t h  i nc reas ing  w i r e  feed speed,  the 
measured and ca lcu la ted deposi t  Ferrite 
Numbers  decrease w i th  increasing w i re  
feed speed. Again,  the deposi ts '  Ferrite 
Numbers  are cons ide rab ly  h igher  than 
w i t h  the c h r o m i u m - c o m p e n s a t i n g  f lux 
cons ide red  ear l ier .  And  the measured  
Ferrite Numbers  agree reasonab ly  we l l  
w i t h  those ca l cu la ted  f rom the WRC-  
1992 d iagram.  

In c ladding,  depos i t ion  rate (wire feed 
speed) determines h o w  qu ick l y  a g iven 
job  can be comple ted .  So it was of  most 
interest to exam ine  s ing le- layer  c ladd ing  
compos i t i on  w i th  the c h r o m i u m - a d d i n g  
f lux as a funct ion of  w i re  feed speed. For 
this series, a re la t i ve l y  large stepover,  
0 .29 in. (7.3 mm), was selected, as this 
results in no tendency  for ro l lover  at the 
edge of  the bead. The results are g iven in 
the lower  part of  Table 4. D i lu t ions  were  
ca l cu l a ted  using the s i x - l aye r  depos i t  
compos i t ions  f rom the m idd le  of  Table 4. 
It can be seen that, at 100 in . /min (2.54 
m/min)  w i re  feed speed (11.7 Ib/h; 5.3 
kg/h depos i t ion rate), 35% d i lu t ion  and a 
near-308 deposi t  compos i t ion ,  w i th  6.3 
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Fig. 6 - -  Effect o f  3/32-in. (2.4-ram) wire feed speed on di lut ion (%), 
cladding composi t ion (%), and ferrite number in DCEP cladding with 
A- 100 flux. 

Fig. 7 - -  Effect o f  voltage on al l -weld-metal  composi t ion with A- IO0 
flux. 
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Table 5 - -  Cladding Compositions 

Sample 
Number 

wire Lot 
309N 

Angle 
Towards 

Pre- 
Step- vious Arc 
over, Bead, Volts, 

in. Degrees DCEN 

SW266P 0.29 0 
SW267P 0.29 0 
SW268P 0.29 0 
SW269P O.29 0 
SW270P O.29 0 
SW271P 0.29 0 

C Mn P S Si Cr 

0.022 2.12 0.024 0.011 0.55 23.84 

Six-Layer Deposit Composition, % 
28 0.027 1.69 0.024 0.009 0.68 26.77 
30 0.027 1.69 0.025 0.009 0.68 26.76 
32 0.037 1.68 0.025 0.009 0.71 27.61 
34 0.027 1.61 0.025 0.009 0.76 29.27 
36 0.031 1.58 0.026 0.008 0.79 29.40 
38 0.035 1.61 0.029 0.009 0.83 29.55 

WRC 
1992 

Ni Mo Cu FN 

13.43 0.04 0.41 12.7 

Mea- 
sured 

FN 
12.64 0.03 0.32 25.1 
12.73 0.03 0.32 30.4 
12.17 0.03 0.32 25.6 
11.90 0.03 0.31 36.0 
12.06 0.03 0.31 45.1 
11.82 0.03 0.30 58.3 

N = 0.051 

Percent dilution based 
Composition of Last Beads in First Layer, % Comments Cr Ni Avg. 

SW266 0.29 0 28 . . . . . . . . . .  No Tie-in - -  - -  - -  
SW267 0.29 0 30 0.067 1.41 0.022 0.009 0.51 20.01 9.15 0.02 0.22 5.4 Poor Tie- 25.22 28.12 26.67 

in Spots 
SW268 0.29 0 32 0.066 1.42 0.023 0.008 0.53 20.40 9.18 0.02 0.22 7.3 Poor Tie- 26.11 24.57 25.34 

in Spots 
SW269 0.29 0 34 0.073 1.29 0.025 0.009 0.46 21.15 9 .21  0.02 0.22 10.1 PoorTie- 27.74 22.61 25.17 

in Spots 
SW270 0.29 0 36 0.071 1.31 0.026 0.009 0.52 21.15 8.45 0.02 0.22 11.9 Good 28.06 29.93 29.00 

Tie-in 
SW271 0.29 0 38 0.063 1.29 0.027 0.009 0.54 21.66 8.25 0.02 0.21 15.0 Good 26.70 30.20 28.45 

Tie-in 

Made with ~ in. ER309L, 80 in./min wire feed speed (approximately 41() A, 16.7 Ib/h deposition rate), 1 in. Electrical extension, 20 in./min travel speed, A-IO0 chromium-adding flux. 

Table 6 - -  Cladding Compositions 

Angle 
Towards 

Step- Previous Arc WRC 
Sample over, Bead, Volts, 1992 
Number in. Degrees DCEN C Mn P S Si Cr Ni Mo Cu FN 

0.022 2.12 0.024 0.011 0.55 23.84 13.43 0.04 0.41 12.7 
Measured 

Six-Layer Deposit Composition, % FN 
0.025 1.78 0.022 0.009 0.69 26.36 12.92 0.03 0.32 27.2 
0.026 1.75 0.023 0.009 0.70 26.55 12.91 0.03 0.32 28.6 
0.024 1.73 0.026 0.009 0.75 27.06 12.15 0.03 0.32 24.7 
0.038 1.69 0.026 0.009 0.76 27.29 12.08 0.03 0.32 26.3 
0.035 1.64 0.026 0.009 0.76 27.70 11.72 0.03 0.31 29.8 
0.030 1.61 0.028 0.008 0.81 27.50 11.65 0.03 0.30 33.6 

Wire Lot 309N 

SW272P 0.29 0 30 
SW273P 0.29 0 32 
SW274P 0.29 0 34 
SW275P 0.29 0 36 
SW276P 0.29 0 38 
SW277P 0.29 0 40 

N = 0.051 

SW272 0.29 0 30 

SW273 0.29 0 
SW274 0.29 0 
SW275 0.29 0 
SW276 0.29 0 
SW277 0.29 0 

Composition of Last Beads in First Layer, % 
0.080 1.41 0.023 0.008 0.47 19.52 9.30 0.02 0.23 

32 0.083 1.41 0.024 0.008 0.50 19.08 8.80 0.02 0.22 
34 0.077 1.31 0.025 0.008 0.46 19.18 8.72 0.02 0.21 
36 0.075 1.33 0.025 0.008 0.52 19.05 8.79 0.02 0.21 
38 0.086 1.29 0.027 0.008 0.52 19.48 7.67 0.02 0.21 
40 0.088 1.29 0.028 0.007 0.55 20.20 8.42 0.02 0.21 

Percent Dilution 
Based on: 

Comments Cr Ni Avg. 
4.4 Poor Tie-in 25.95 28.02 26.98 

Spots 
4.6 Good Tie-in 28.14 31.84 29.99 
3.2 Good Tie-in 29.12 28.23 28.68 
4.0 Good Tie-in 30.19 27.24 28.71 
4.3 Good Tie-in 29.68 34.56 32.12 
4.7 Poor Tie- 26.55 27.73 27.14 

in Spots 

Made with ~g in. ER409L, 100 in/min wire feed speed (approximately 500 A, 20.9 Ib/h deposition rate), 1¼ in. Electrical extension, 25 in./min travel speed, A-100 chromium adding flux. 

FN, are obtained. Except for the relat ively 
modest deposi t ion rate, this is a very de- 
s i rable result, and bead shape is very  
good.  The lower  d i l u t i on  c ladd ings  
( lower deposi t ion rates) resulted in still 
higher deposit  ferrite. But the highest de- 
posit ion rates produced higher di lut ions 
(over 40%) and resulted in v i r tual ly  fer- 
rite-free weld claddings. In the lower  part 

of Table 4, c l a d d i n g  Ferrite Numbers  
were calculated using the WRC-1992 di- 
agram, not from the c ladd ing composi -  
t ion, but from the a l l -weld-metal  compo-  
si t ion, base metal  compos i t i on ,  and 
measured di lut ion,  using the method of 
t ie-l ines and the FERRITEPREDICTOR® 
computer  software (Ref. 6). Again,  the 
measured FNs agree reasonab ly  we l l  

w i th  the FNs ca lcu la ted by the WRC- 
1992 d iagram.  Figure 6 summar izes 
g raph i ca l l y  the s ing le - layer  d i l u t i on ,  
chromium content, nickel content, and 
measured FN results. 

Chromium-Adding Flux - -  DCEN 

In order to increase deposi t ion rate, 
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Table 7 - -  Longitudinal Face Bend Tests 

C Mn P S Si Cr Ni N 

ER309L Lot 309N 0.022 2.12 0.024 0.011 0.55 23.84 13.4~ 0.051 

Sample Bead Six-Layer Deposit Composition, % 
Number Number Polarity C MN P S Si Cr Ni N 
SW239 Six-Layer DCEP 0.028 2.03 0.030 0.008 0.77 26.40 12.43 - -  

SW280 1 DCEP 0.101 0.96 0.017 0.016 0.35 12.98 4.27 - -  
SW280 2 DCEP 0.134 1.01 0.018 0.014 0.39 14.77 5.22 - -  
SW280 3 DCEP 0.088 1 .02  0.018 0.014 0.39 15.48 5.41 - -  
SW280 4 DCEP 0.085 1 .04  0.018 0.014 0.42 15.67 5.54 
SW280 6 DCEP 0.104 0.99 0.018 0.017 0.37 I3.51 4.90 - -  

WRC 
1992 
FN 

12.7 
Magne 
Gage 

FN 
24.9 

65.7 
41.6 

8.9 
6.8 

63.2 

Comments 
All-Weld- 

meta I 
Martensite 
Martensite 
Martensite 
Martensite 
Martensite 

Percent dilution 
based on: 

Cr Ni Avg. 

50.8 65.6 58.2 
44.1 58.0 51.0 
41.4 56.5 48.9 
40.6 55.4 48.0 
48.8 60.6 54.7 

SW270P Six-Layer DCEN 0.031 1.58 0.026 0.008 0.79 29.40 12.06 - -  45.1 All-Weld . . . .  
Metal 

SW281 1 DCEN 0.075 1 .12 0.022 0.014 0.47 18.51 6.20 - -  3.3 Ferrite ~7.0 48.6 42.8 
SW281 2 DCEN 0.059 1 .23  0.024 0.012 0.54 20.74 9.07 - -  10.9 Ferrite 29.5 24.8 27.1 
SW281 3 DCEN 0.065 1 .25  0.024 0.012 0.54 21.41 9.41 - -  12.7 Ferrite 27.2 22.0 24.6 
SW281 4 DCEN 0.057 1.24 0.023 0.012 0.54 20.94 9.40 - -  10.0 Ferrite 28.8 22.1 25.4 
SW281 6 DCEN 0.080 1 .14  0.024 0.015 0.49 19 .85  8.14 8.2 Ferrite 32.5 32.5 32.5 

Using ~A in. ER~09L at 80 in./min wire feed speed (16.7 Ib/h depositi~)n rate), A-100 chr(~mium-adding flux, ! tg in. eh!( tri( al extension, 0.29 in. stepow!r, 20 in./min traw!l speed, {6 V, ~ in. thick mild 
steel base metal. 

whi le l imit ing di lut ion, further welding 
with the chromium-adding flux was done 
with 1/8-in. (3.2-mm) wire and DCEN. At 
80 in./min (2.03 m/min) wire feed speed 
(16.7 Ib/h; 7.6 kg/h deposition rate), a se- 
ries of varying voltage welds was made. 
The upper part of Table 5 describes the 
al l -weld-metal  composit ion and Ferrite 
Numbers obtained. As with the DCEP re- 
sults noted in Table 4, the deposit  
chromium content, and therefore the Fer- 
rite Number, rises with increasing volt- 
age, and the nickel content drops slightly. 
Figure 7 shows these trends also. These 
data provide the basis for di lut ion calcu- 
lations for the single- layer c laddings 
given in the lower half of Table 5 For the 
lowest voltage cladding in Table 5. (Sam- 

pie SW266), there was very little tie-in 
between beads. The 30-, 32-, and 34-V 
claddings all showed occasional spots of 
poor tie-in between beads also, which 
looked much like undercut. But the two 
highest voltage claddings showed good 
tie-in with no roll-over tendency (due to 
the rather comfortable 0.29-in. (7.3-mm) 
stepover, and rather high Ferrite Num- 
bers. The trends are shown in Fig. 8. 

It is noteworthy that the percent dilu- 
t ion increases sl ightly wi th  increasing 
voltage, at the same time that the deposit 
FN rises. This occurs because the higher 
voltage promotes more chromium pickup 
from the flux. All of the claddings of Table 
5 have a satisfactory composition. 

A still higher deposit ion rate condi- 

tion was then examined with this wire 
and flux, as detai led in Table 6. The 
upper part of Table 6 lists al l-weld-metal 
deposit composit ion and Ferrite Number 
as a function of voltage at 100 in./min 
(2.54 m/min) wire feed speed (20.9 Ib/h; 
9.5 kg/h deposi t ion rate). The travel 
speed in these tests was increased pro- 
por t ional ly  to the increased wire feed 
speed as compared to the tests of Table 5. 
The increase in deposit chromium con- 
tent and resulting ferrite with increasing 
voltage is not as great as at the lower wire 
feed speed of Table 5. The trends in 
chromium, nickel, and FN are shown 
graphically in Fig. 9. The scale of Fig. 9 
is exactly the same as of Fig. 7, permit- 
ting direct comparison. 
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The data in the upper portion of Table 
6 are used in computing the percent di- 
lution in the lower portion of this table, 
where the corresponding single-layer 
claddings are detailed. In these 
claddings, only the lowest and highest 
voltages produced poor tie-in spots (un- 
dercut) between beads. The claddings at 
32 through 38 V had good tie-in, with ab- 
sence of any hint of rollover at the edge 
of the last bead, again due to the rather 
comfortable 0.29-in. stepover used. The 
dilutions observed are very similar to 
those observed at the lower wire feed 
speed of Table 5, but the resulting Ferrite 
Numbers are lower in general, because 
the all-weld-metal chromium content is 
lower under the higher wire feed speed 
conditions. The trends are shown in Fig. 
10. In contrast to the trend for increasing 
FN with increasing voltage in Fig. 8 for 
the 80 in./min wire feed speed tests, the 
Ferrite Numbers are nearly unchanged 
with increasing voltage. These Ferrite 
Numbers, all about 4 FN, are just ade- 
quate for assurance of freedom from hot 
cracking, according to Lefebvre (Ref. 4). 
These, therefore, would be satisfactory 
conditions for stainless steel cladding. 

Longitudinal Face Bend Tests 

It must be recognized that, in a 
cladding of stainless steel on mild steel, 
the first bead will not benefit from the arc 
impinging partly on previously deposited 
weld metal. This means that the first 
bead, and possibly the second, will have 
a composition reflecting higher base 
metal dilution than the steady-state dilu- 
tion of a series of beads as were consid- 
ered above. 

To examine this effect, claddings were 
made on 1/2-in.- (12.7-mm) thick A36 
mild steel plate using 1/8-in. (3.2-mm) 
ER309L wire and A-100 chromium- 
adding flux. One set of claddings was 
made DCEP and the other DCEN, under 
otherwise identical welding conditions. 
Details are given in Table 7. In each set, 
two plates were welded. On one plate, 
four beads were deposited using 0.29-in. 
stepover, with the first bead about 16 in. 
(400 mm) long, the second 14 in. (350 
ram) long, the third 12 in. (300 mm) long, 
and the fourth 10 in. (250 mm)long, all 
starting at the same distance from one 
end of the plate. This provided conve- 
nient samples for chemically analyzing 
each bead just outside the crater. The 
second plate in each set consisted of six 
beads deposited using 0.29-in. stepover, 
each about 12 in. (300 mm) long. This 
plate, without any preparation of the 

weld face, was bent 
around a 2-in. (50-mm) 
diameter. Then chemi- ~,C 
cal analysis was per- 
formed on the sixth 
bead. These chemical ~C 
analysis results are given 
in Table 7, along with 
six-layer compositions ~,0 
produced under the 
same welding condi- 
tions for dilution calcu- 0 
lations. 

The six-layer deposit 
on DCEN contains 0 
higher chromium, lower 
nickel, and higher ferrite 
than does the six-layer 
deposit on DCEP. For 
both the DCEP and 
DCEN claddings of Table 
7, only the first bead of each is signifi- 
cantly leaner in alloy content than the 
other beads. The composition of the first 
bead in each case reflects higher dilution 
than in the other beads. The DCEP con- 
dition produces about 50% dilution in 
steady-state, while the DCEN condition 
produces just over half of the dilution of 
the DCEP condition. All of the DCEP 
beads contain martensite, some more 
than others. But not even the first DCEN 
bead contains martensite. All of the 
DCEN beads, even the first, contain some 
ferrite. 

The six-bead-wide DCEN cladding 
bent without cracking. But the DCEP 
cladding fractured completely across the 
cladding in several places. This illus- 
trates the difficulty with having marten- 
site in the cladding. Figure 11 shows 
cross-sections of the two bend samples. 
It can be seen that the penetration into 
the mild steel plate is much greater with 
DCEP than with DCEN, again illustrating 
the high dilution, which leads to marten- 
site formation and causes the cladding to 
fracture during bending. 
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Fig. 10 - -  Effect of  DCEN voltage on single-layer cladding with A- 
100 flux, 100 in./min (2.54 m/min) wire feed speed. 

to form martensite. It does not present 
predictions in terms of Ferrite Numbers, 
so it is not especially suitable for ferrite 
predictions. The WRC-1992 diagram 
(Ref. 5) is more suitable for ferrite predic- 
tions in terms of Ferrite Numbers, but 
does not consider martensite. 

Figure 12 presents the Schaeffler dia- 
gram generated from the FERRITEPRE- 
DICTOR computer software (Ref. 6). On 
it are located the nominal A36 mild steel 
base metal composition and the all- 
weld-metal composition obtained with 
ER309L and ST-100 chromium-compen- 
sating flux (Sample Number 309 100 2 in 
Table 1). A tie-line is constructed be- 
tween these two compositions, and all 
possible mixtures of this all-weld-metal 
composition with the A36 base metal 

Discussion of Results 

A number of claddings have been pro- 
duced in this study, under a variety of 
conditions. While the conditions which 
produce the most desirable results can be 
useful to any fabricator directly, the data 
developed can also provide some direc- 
tion for modifications of the conditions 
used herein, for particular applications. 
The two concerns addressed are avoid- 
ing martensite and obtaining 4 FN mini- 
mum in the deposit. 

The Schaeffler diagram (Ref. 4) is 
quite useful for considering the tendency 

118" ER309L Wire, A-100 Flux 
1-114" Stickout, 80 ipm Wire Feed 
20 ipm Travel, 36 Volts 
0.29" Stepover 

Fig. 11 - -  Cross-sections of  1/2-in. (12.7- mm)- 
thick A36 steel with 1/8-in. (3.2-mm) ER309L 
cladding using A-100 flux DCEN (top) and 
DCEP (bottom) at 0.29-in. (7.3-mm) stepover. 
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Fig. 12 - -  Di lut ion tie-line on Schaeffler diagram for single-layer cladding of  A36 steel with 
ER309L and ST-100 flux (all-weld-metal composition 309 100 2 in Table 1). The 30% dilut ion 
point is expected to contain no martensite and no ferrite. This figure is a direct printout of  the FER- 
RITEPREDICTOR® software (Ref. 6). In the legend below the figure, "•Metal2" is included, but 
it does not exist in the figure. 

must lie along the tie-line. The weld 
metal microstructure for a given dilution 
is then estimated by moving along the tie- 
line, from the all-weld-metal composi- 
tion toward the base metal composition, 
a distance equal to the percent dilution. 
Then a dilution of 30% would be located 
by proceeding 30% of the distance from 

the all-weld-metal composition to the 
base metal composition on the diagram, 
which is indicated by the weld metal 
point included in the diagram shown in 
Fig. 12. It is of interest to note that, as di- 
lution increases, the weld metal compo- 
sition reaches zero ferrite just before 
reaching the two-phase martensite- 

! 
!i 

Creq = Cr ° Mo + 0.7 Nb 

Fig. 13 - -  WRC-1992 diagram showing ER309L deposit composition with 882, ST-100, and A- 
100 fluxes, with di lut ion tie-lines connected to the nominal A36 steel base metal composition. 

austenite region of the diagram. This in- 
dicates that, if ferrite is obtained in a de- 
posit made using this filler metal, there 
will be no martensite. Then satisfying the 
requirement for 4 FN minimum also 
takes care of avoiding martensite. 

The FERRITEPREDICTOR® software 
is also very convenient for calculating di- 
lution effects on estimated weld cladding 
FN using the WRC-1992 diagram, al- 
though it does not graphically extend the 
axes to zero chromium equivalent and 
zero nickel equivalent as was done by 
Kotecki and Siewert (Ref. 5). Dilution ef- 
fects were calculated with this software 
using the rather low-chromium all-weld- 
metal composition obtained with the 
DCEN deposit of ER309L and 882 basic 
chromium-free flux (Sample Number 
SW228 in Table 3), with the higher- 
chromium all-weld-metal composition 
obtained with the DCEP deposit of 
ER309L and ST-100 chromium-compen- 
sating flux (Sample Number 309 100 2 in 
Table 1), and with the very high- 
chromium all-weld-metal composition 
obtained with the DCEN deposit of 
ER309L and A-100 chromium-adding 
flux (Sample Number SW270P in Table 
7). These three compositions are shown 
in Fig. 13, with tie-lines connected to the 
nominal A36 composition. From Fig. 13, 
it is easy to see that the ER309L wire with 
A-100 flux permits greater dilution than 
does the same wire with ST-100 flux or 
882 flux. For each of these three all-weld- 
metal compositions and the nominal A36 
mild steel base metal composition, the 
FN of the weld cladding at various dilu- 
tions was estimated. One might vary the 
stepover with each of these all-weld- 
metal compositions, for example, to ad- 
just the dilution. These results are then 
plotted in Fig. 14. This figure allows con- 
sideration of the range of dilutions over 
which 4 FN can be exceeded (and over 
which martensite will also be avoided). 

From Fig. 14, it can be seen that the 
cladding from the basic chromium-free 
flux 882 with ER309L can only be ex- 
pected to exceed 4 FN when the dilution 
is less than about 8%. This is very diffi- 
cult to maintain without incomplete fu- 
sion defects. It can also be seen that the 
cladding from the chromium-compen- 
sating flux ST-100 with ER309L can only 
be expected to exceed 4 FN when the di- 
lution is less than about 20%. This is pos- 
sible with limited stepover, although the 
conditions are necessarily close to bead 
rollover. And it can be seen from Fig. 13 
that the cladding from the chromium- 
adding flux A-100 with ER309L can be 
expected to exceed 4 FN when the dilu- 
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Fig. 14 Ferrite numbers calculated by the WRC- 1992 diagram for single-layer submerged arc 
cladding of A36 mild steel using chromium-free 882 flux DCEN, chron#um-compensating ST-100 
flux DCEP, and chromium-adding A- 100 Flux DCEN assuming all-weld-metal compositions. 

t ion is less than about  40%.  The 
chromium recoveries using the other two 
fluxes do not vary greatly with voltage, 
but with the A-100 flux, as can be seen 
from the upper portion of Tables 4 and 5, 
chromium recovery varies strongly with 
voltage (and with wire feed speed). 

It should be clear from the above that, 
before an acceptable level of di lut ion can 
be determined, it is necessary to know 
what the all-weld-metal composition is 
for a given set of weld ing condit ions. 
Then the WRC-1992 diagram can be 

............ Dr[ 

used to est imate ferri te content  of the 
cladding. 

Conclusions 

In single-wire submerged arc cladding 
with ER309L, stepover is a very important 
variable in determining dilution and fer- 
rite. Decreasing stepover decreases dilu- 
tion. However, if too l itt le stepover is 
used, incomplete fusion of the cladding 
with the base metal results. Use of DCEN 
can be helpful in limiting di lut ion and ob- 

taining ferrite, but many fluxes do not per- 
form well on DCEN. A chromium-adding 
flux designed for DCEN can be of some 
assistance in l imit ing dilution, and can 
permit ferrite to be obtained over a 
broader range of dilutions. 

Quant i tat ive d i lu t ion and Ferrite 
Number data are presented for a variety 
of single-layer cladding conditions. These 
data show that increasing wire feed speed 
tends to increase dilution. Increasing volt- 
age has a small tendency to increase di- 
lution. But increasing voltage can also be 
used to increase the chromium content of 
the all-weld-metal deposit when using a 
chromium-adding flux, which in turn can 
provide some ferrite at higher dilution. 
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