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AbstrAct:

High alloys stainless steels and duplex stainless used for corrosive applications such as flue gas scrubber 
desulphurization (FGD) components are often welded with overmatching nickel base filler metals. The 
corrosion resistance of the nickel base weld deposits is superior to that of matching stainless steel deposits 
due to the fact that interdendritic segregation of elements such as chromium and molybdenum is significantly 
lower in the nickel based deposit. Traditional welding processes for out-of-position (OOP) welding of nickel 
based filler metals such as shielded metal arc welding (SMAW) or gas metal arc welding (GMAW) are very 
slow or are prone to welding defects. In this paper, the use of the flux cored arc welding process is described 
for range of stainless steels and nickel based alloys that are typically used for FGD component fabrication. The 
results show that with proper choice of flux cored filler metal composition and attention to heat inputs, the flux 
cored arc process can be readily used to gain significant advantages in productivity as well as weld quality.
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1 INtrODUctION: FLUX cOrED WELDING WItH NIcKEL WIrEs

There has been significant progress in the development of consumables for flux cored arc welding with nickel 
alloys in the past five years. Flux cored arc welding with nickel wires offers distinct advantages  over shielded 
metal arc welding with manual electrodes or gas metal welding with solid wire electrodes: a) deposition rates, 
especially for out-of-position (OOP) welding can be 2-3 times faster as these wires can be run in the full spray 
mode  b) weld radiographic quality is excellent with minimal issues such as lack of fusion  and cold shuts 
when compared to short arc or pulsed welding with solid wires c) arc-on time is 80% vs. 50% for manual 
electrodes d) process can be fully automated and e) lower cost CO2 bearing gases can be used for shielding 
when compared to gas metal arc welding. The majority of the usage thus has been for the welding of LNG 
tanks and process vessels for the chemical industry and scrubber equipment for power plants.

As mentioned before, significant use of nickel based flux cored wires (primarily Alloy 625) has been made 
in the fabrication of LNG tanks. These tanks are typically fabricated from 9% Nickel steel, and are welded 
with nickel based filler metals such Alloys 625 or C276 to achieve cryogenic toughness in the weld metal. In 
the past, the vertical seams of these tanks were welded using the SMAW or GMAW welding processes. The 
welding of these seams has now migrated to the flux cored process with vast improvements in deposition 
rates as well as the quality of the welds. Deposition rates as 7 kgs/hour (14.5 lbs/hr) can be achieved in the 
vertical-up configuration with impact properties approaching 70 Joules (50 ft-lbs) at -196oC (-320oF). Figure 
1 shows the location of the vertical-up flux cored weld in a LNG tank under construction

1 Introduction: Flux Cored Welding with Nickel Wires

There has been significant progress in the development of consumables for flux 
cored arc welding with nickel alloys in the past five years. Flux cored arc welding with 
nickel wires offers distinct advantages  over shielded metal arc welding with manual 
electrodes or gas metal welding with solid wire electrodes: a) deposition rates, 
especially for out-of-position (OOP) welding can be 2-3 times faster as these wires 
can be run in the full spray mode  b) weld radiographic quality is excellent with 
minimal issues such as lack of fusion  and cold shuts when compared to short arc or 
pulsed welding with solid wires c) arc-on time is 80% vs. 50% for manual electrodes 
d) process can be fully automated and e) lower cost CO2 bearing gases can be used 
for shielding when compared to gas metal arc welding. The majority of the usage 
thus has been for the welding of LNG tanks and process vessels for the chemical 
industry and scrubber equipment for power plants.

As mentioned before, significant use of nickel based flux cored wires (primarily Alloy 
625) has been made in the fabrication of LNG tanks. These tanks are typically 
fabricated from 9% Nickel steel, and are welded with nickel based filler metals such 
Alloys 625 or C276 to achieve cryogenic toughness in the weld metal. In the past, the 
vertical seams of these tanks were welded using the SMAW or GMAW welding 
processes. The welding of these seams has now migrated to the flux cored process 
with vast improvements in deposition rates as well as the quality of the welds. 
Deposition rates as 7 kgs/hour (14.5 lbs/hr) can be achieved in the vertical-up
configuration with impact properties approaching 70 Joules (50 ft-lbs) at -196oC (-
320oF). Figure 1 shows the location of the vertical-up flux cored weld in a LNG tank 
under construction

Fig 1: Location of vertical seam weld and flux cored Alloy 625 deposit in a LNG tank 
under construction
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The need to comply with the clean air act has led to significant activity relating to the retrofitting of existing 
coal-fired power plants with flue gas scrubbers. Fabrication of scrubbers is usually done with corrosion 
resistance materials arranging from stainless steels (316L, 317L, 317LMN), duplex and super duplex stainless 
steel (2205, 2507), high molybdenum containing austenitics (AL-6XN®, 254SMO®) and nickel based alloys 
(C276, C22). The high molybdenum containing austenitics (ref 3) also are enhanced in nitrogen content 
(typically 0.2%). All welds exposed to severe corrosive conditions are overmatched using nickel based filler 
metals (ref 1, 2, 5). Typically the choice is between the Alloys 625, C276 or C22 (622) filler metals.  Where the 
base material is a nickel based alloy such as Alloy C276, C22 or 686 (ref 4), they may be overmatched with 
filler metal such as Alloy 59 or 686CPT®. Conventional fabrication has used the shielded metal arc (SMAW) or 
gas metal arc welding (GMAW) processes. Although these processes are well established, they are relatively 
slow especially when welding out-of-position. Specifically, many of the final fabrication welds are made in the 
vertical-up configuration in the field. These comprise of main panel welds as well as attachment welds. With 
GMAW vertical-up welds which are run in the short-arc mode, there is also the risk of cold laps and lack-of-
fusion. The use of nickel based flux cored wires can potentially alleviate both these concerns. However, there 
is very little information available on the compatibility of the flux cored process with the many different base 
materials that are being used. Moreover, there is also very little information of the corrosion behavior of the 
composite weldments with flux cored wires. As these wires are designed to operate in the spray transfer 
mode in all positions at relatively high heat inputs, there is also concern on the influence of the process on 
mechanical properties. 

In this paper, qualification tests that are typically required for scrubber component fabrication with stainless 
and nickel alloys were run with nickel flux cored wires. Although the corrosion tests primarily pertain to 
those required for FGD fabrication, the results can also be extrapolated for other fabrication requirements for 
process and chemical plant equipment.

2 tEst MAtErIALs

2.1 bAsE MAtErIALs

In this test program, the base materials comprised of a duplex stainless steel (2205), a super duplex (2507), a 
high molybdenum stainless (254SMO) and a nickel alloy, C276. The composition of these materials is shown 
in Table 1a and the mechanical properties are shown in Table 1b. The plate thicknesses are shown in the last 
column of Table 1a. Note that Alloys 254SMO and C276 are of relatively low strength when compared to the 
duplex and super duplex stainless steels. 

2.2 FLUX cOrED WIrEs

The composition of the flux cored wires used in this study is shown in Table 2a. The Alloy 625 wire used 
(625LI-T1) is a special grade that has an iron content of less than 1% (typically 0.3%). This grade is 
specifically required for applications involving corrosive conditions. These wires operation in 75%Ar-25%CO2 
(C25) as well as 100%CO2 . However, as all the welds in this study were made in the vertical-up (3G) 
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configuration, only C25 shielding was used and the arc transfer is steadier with this shielding gas. Also, the 
puddle remains stiffer thus enabling a better control for 3G welding. The all weld mechanical properties of the 
nickel filler metals is shown in Table 2b. Note that the strength of the C276 flux cored deposit far exceeds that 
of the base material. Also, the super duplex alloy 2507 is significantly stronger than any of the nickel flux cored 
wires employed in this study.

100%CO2 . However, as all the welds in this study were made in the vertical-up (3G) 
configuration, only C25 shielding was used and the arc transfer is steadier with this 
shielding gas. Also, the puddle remains stiffer thus enabling a better control for 3G 
welding. The all weld mechanical properties of the nickel filler metals is shown in 
Table 2b. Note that the strength of the C276 flux cored deposit far exceeds that of 
the base material. Also, the super duplex alloy 2507 is significantly stronger than any 
of the nickel flux cored wires employed in this study.

Table 1a :Composition of Base Metals (wt%)

Alloy
Type

C Mn Si Cr Ni Mo N Nb W Cu Fe T 
mm 
(in)

2205 0.022 1.44 0.44 22.3 5.7 3.2 0.18 -- -- -- Bal 19
(0.75)

2507 0.018 0.79 0.29 24.8 6.9 3.9 0.26 -- -- -- Bal 12.5 
(0.5)

254SMO 0.010 0.34 0.41 19.8 17.7 5.9 0.20 -- -- 0.7 Bal 19
(0.75)

C276 0.008 0.47 0.04 15.6 Bal 15.6 0.009 -- 3.3 -- 5.7 12.5
(0.5)

Table 1b : Mechanical Properties of Base Materials (All in the solution annealed 
condition)

Alloy Type Yield Strength
MPa (ksi)

Tensile Strength 
MPa (ksi)

Elongation % RA %

2205 538 (78.0) 778 (112.8) 40.7 70.2
2507 778 (93.3) 877 (127.1) 33.2 54.3
254SMO 407 (59.0) 6752(109.0) 45.0 65.0
C276 333 (48.2) 731 (106.0) 73.0 75.0

Table 2a : Composition of Flux Cored Wires (wt%-all weld deposits run with 75% Ar 
– 25% CO2 shielding gas)

Wire 
Type

AWS A5.34 
Classification

C Mn Si Cr Ni Mo Nb W Fe

625LI-T1 ENiCrMo3T1-4 0.03 0.4 0.3 22.0 Bal 9.2 3.8 -- 0.3
C276-T1 ENiCrMo4T1-4 0.02 0.4 0.2 15.4 Bal 15.6 -- 3.8 5.2
59-T1 None in A5.34, 

equivalent to 
ENiCrMo-13 in 
A5.11

0.02 0.3 0.2 23.5 Bal 15.8 -- -- 0.4
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3 EXPErIMENtAL PrOcEDUrEs

3.1 WELD tEst sEt-UP AND WELDING PArAMEtErs

Welding was done in a vertical-up configuration using fully automatic set-up. Two levels of heat input were 
used; i) a low heat input (L) of approximately 1 KJ/mm (approximately 25 KJ/in) and the other was a relatively 
high input of 2 KJ/mm (approximately 50 KJ/in). The low heat condition required the flux cored wire to be run 
at the lowest end of their parameters that can be run with a conventional constant voltage power source. The 
high heat input welds were made to take advantage of the high deposition rates offered by the flux cored wires. 
The welding parameters are shown in Table 3.

The joint preparation and pass sequence for the two plate thicknesses involved are shown in Figures 2 and 3.

The automatic set up for vertical-up welding in the 3G configuration is shown in Figure 4. Joint fit-up was 
made using a ceramic backing strip for the root pass. This is shown in Figure 5.

Table 2b : Mechanical Properties of All-Weld Flux Cored Deposits (wires run with 
75% Ar – 25% CO2 shielding gas)

Wire Type Yield Strength
MPa (ksi)

Tensile Strength
MPa (ksi)

Elongation %

625LI-T1 524 (76) 807 (117) 35
C276-T1 452 (68) 705 (106) 42
59-T1 507 (73.5) 760 (110) 33

3 Experimental Procedures 

3.1 Weld test set-up and Welding Parameters

Welding was done in a vertical-up configuration using fully automatic set-up. Two 
levels of heat input were used; i) a low heat input (L) of approximately 1 KJ/mm 
(approximately 25 KJ/in) and the other was a relatively high input of 2 KJ/mm 
(approximately 50 KJ/in). The low heat condition required the flux cored wire to be 
run at the lowest end of their parameters that can be run with a conventional constant 
voltage power source. The high heat input welds were made to take advantage of the 
high deposition rates offered by the flux cored wires. The welding parameters are
shown in Table 3.

Table 3 : Welding Parameters Used for Vertical -Up Welding with Flux Cored Wires

Parameters Low Heat Input (L) High Heat Input (H)
Voltage
(volts)

24 25

Wire Feed Speed
cm/min (ipm)

546 (215) (300)

Current 
(amps)

130 165

Electrical Stick Out
mm (in)

12 (0.5) 12 (0.5)

Travel Speed
cm/min (ipm)

Root Pass – 13 (5)
Other Passes – 19 (7.5)

Root Pass – 13 (5)
Other Passes – 10-13 (4-
5)

Average Heat Range 
KJ/mm (KJ/in)

1.0 (24.9) 2.0 (50.9)

The joint preparation and pass sequence for the two plate thicknesses involved are 
shown in Figures 2 and 3.

The automatic set up for vertical-up welding in the 3G configuration is shown in 
Figure 4. Joint fit-up was made using a ceramic backing strip for the root pass. This is 
shown in Figure 5.

Table 2b : Mechanical Properties of All-Weld Flux Cored Deposits (wires run with 
75% Ar – 25% CO2 shielding gas)

Wire Type Yield Strength
MPa (ksi)

Tensile Strength
MPa (ksi)

Elongation %

625LI-T1 524 (76) 807 (117) 35
C276-T1 452 (68) 705 (106) 42
59-T1 507 (73.5) 760 (110) 33

3 Experimental Procedures 

3.1 Weld test set-up and Welding Parameters

Welding was done in a vertical-up configuration using fully automatic set-up. Two 
levels of heat input were used; i) a low heat input (L) of approximately 1 KJ/mm 
(approximately 25 KJ/in) and the other was a relatively high input of 2 KJ/mm 
(approximately 50 KJ/in). The low heat condition required the flux cored wire to be 
run at the lowest end of their parameters that can be run with a conventional constant 
voltage power source. The high heat input welds were made to take advantage of the 
high deposition rates offered by the flux cored wires. The welding parameters are
shown in Table 3.

Table 3 : Welding Parameters Used for Vertical -Up Welding with Flux Cored Wires

Parameters Low Heat Input (L) High Heat Input (H)
Voltage
(volts)

24 25

Wire Feed Speed
cm/min (ipm)

546 (215) (300)

Current 
(amps)

130 165

Electrical Stick Out
mm (in)

12 (0.5) 12 (0.5)

Travel Speed
cm/min (ipm)

Root Pass – 13 (5)
Other Passes – 19 (7.5)

Root Pass – 13 (5)
Other Passes – 10-13 (4-
5)

Average Heat Range 
KJ/mm (KJ/in)

1.0 (24.9) 2.0 (50.9)

The joint preparation and pass sequence for the two plate thicknesses involved are 
shown in Figures 2 and 3.

The automatic set up for vertical-up welding in the 3G configuration is shown in 
Figure 4. Joint fit-up was made using a ceramic backing strip for the root pass. This is 
shown in Figure 5.
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Fig 2 : Joint preparation and pas sequence for low heat input (L) and high heat 
input (H) welds in 12.5 mm (0.5”) thick plate
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Fig 3: Joint preparation and pas sequence for low heat input (L) and high heat 
input (H) welds in 19 mm (0.75”) thick plate
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a)       b) 

Fig 4 : Automatic set up for vertical-up (3G) welding of test plates

Fig 5: Joint fit-up with ceramic backing strip showing a) front of weld and b) back of 
weld

Weld test plates were typically 300 mm (12 in) long so that side bend, transverse 
tensile and corrosion test specimens could be extracted from a single plate for the 
given set of welding conditions. Welding was always started at room temperature and 
an interpass temperature of 1200C (250 0F) maximum was maintained for all the 
passes.

Figure 6 shows a typical root pass sequence. As shown in Figures 6b and 6c, the 
ceramic backing strip provides an effective dam for the slag resulting in easy clean 
up of the slag and a clean root pass weld on the back side that can be welded into 
without need for back gouging or significant grinding. Figures 7a through d show a 
typical fill pass and a cap pass indicating the excellent slag removal and clean 
surface appearance of the weld deposit.

X-ray radiography was performed on a select number of plates to verify that there 
were no major welding defects present. In general, the X-ray quality was acceptable 
with some minor indications of porosity in some of the plates. 

Weld test plates were typically 300 mm (12 in) long so that side bend, transverse tensile and corrosion test 
specimens could be extracted from a single plate for the given set of welding conditions. Welding was always 
started at room temperature and an interpass temperature of 1200C (250 0F) maximum was maintained for all 
the passes.

Figure 6 shows a typical root pass sequence. As shown in Figures 6b and 6c, the ceramic backing strip 
provides an effective dam for the slag resulting in easy clean up of the slag and a clean root pass weld on the 
back side that can be welded into without need for back gouging or significant grinding.  Figures 7a through d 
show a typical fill pass and a cap pass indicating the excellent slag removal and clean surface appearance of 
the weld deposit.

X-ray radiography was performed on a select number of plates to verify that there were no major welding 
defects present. In general, the X-ray quality was acceptable with some minor indications of porosity in some 
of the plates.
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a)

  b)

   c) 
Fig 6. Root pass sequence a) front after slag was removed, b) back before slag 
removal and c) back after slag removal
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a)       b)

c) d)

Fig 7. Fill passes on front a) showing self peeling slag b) after slag removal and c) 
cap pass at back before and d) after slag removal

3.2 Mechanical Property and Corrosion Tests 

The mechanical property and corrosion tests were based on those typically 
required for procedure qualification for FGD components.
These included:

a) side bend tests for all weldments
b) transverse tensile tests for all weldments
c) HAZ Charpy tests for the duplex and super duplex Alloy 2205 and 

2507weldments per ASTM A923 Method B
d) Pitting corrosion tests per ASTM A923 Method C for the duplex and super 

duplex weldments
e) Pitting corrosion tests per ASTM G48 Method A for the high alloy austenitic 

(254SMO) and C276 weldments

3.2 MEcHANIcAL PrOPErtY AND cOrrOsION tEsts

The mechanical property and corrosion tests were based on those typically required for procedure qualification 
for FGD components.
These included:

a) side bend tests for all weldments
b) transverse tensile tests for all weldments
c) HAZ Charpy tests for the duplex and super duplex Alloy 2205 and 2507weldments per ASTM A923   
 Method B
d) Pitting corrosion tests per ASTM A923 Method C for the duplex and super duplex weldments
e) Pitting corrosion tests per ASTM G48 Method A for the high alloy austenitic (254SMO) and C276   
 weldments
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The tests were conducted as follows:

3.2.1 sIDE bEND tEsts

Side bends were extracted from each test plate and bent per AWS B4.0. 

3.2.2 trANsvErsE tENsILE tEsts

A transverse tensile specimen 6 mm (0.250”) in gauge diameter was machined from each of the test plates. It 
was tested per AWS B4.0.

3.2.3 HEAt AFFEctED ZONE (HAZ) IMPAct tEstING

For  the duplex stainless steel weldments made from Alloys 2205 and 2507, full size Charpy  specimens 
were machined in a cross weld orientation and the notched located in the grain coarsened HAZ. Testing was 
done per the  requirements in ASTM A923 Method B. The purpose of this test is to detect the presence of 
detrimental intermetallic phases that may have resulted from the welding. The test temperature for all the 
specimens was -400 C (-400 F). The acceptance criterion was based on ASTM A923 Method B.

3.2.4 cOrrOsION tEstING

For the duplex stainless steel weldments, corrosion tests were performed per ASTM A923 Method C on a 
composite specimen that included the weld metal, base metal and HAZ. This test uses an acidified (pH=1.3) 
6% ferric chloride solution and evaluates the presence of detrimental intermetallic phases that may resulted in 
the HAZ from the welding thermal cycle. Test temperatures used for Alloy 2205 was 220 C(720 F) and for Alloy 
2507, it was 400C (1070F) for the Alloy 2507 specimens. The acceptance criteria specified in the standard is 
maximum corrosion rate of 10 mdd (see Table 7 for the definition).

For the weldments made with alloys 254SMO and C276 base materials, composite specimens containing weld 
metal, base metal and the HAZ were subjected to the 6% ferric chloride solution pitting corrosion test per 
ASTM G48 Method A. The test temperature used was 500C (1220F) and the test period used was 72 hours.

4 rEsULts AND DIscUssION

Typical macrographs of a low heat input weld and a high heat input weld are shown in Figure 8. The wide 
differences in composition between the base material and the weld metal accounts for the significant 
difference in etching characteristics. These macros indicate that, in general, the flux cored process at both 
heat input levels resulted in a weld deposit that was free from major welding defects such as slag inclusions or 
lack-of-fusion.
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4.1 sIDE bEND tEsts

The results of the side bend tests are shown in Table 4. All the bend samples passed a 1800 guided bend 
test excepting the ones made with Alloy 2507 with the 625LI-T1 flux cored wire. Figure 9 shows examples of 
some side bend specimens that passed the test. Figure 10a shows a failed specimen from the 2507/625LI-T1 
weldment welded at the “H” heat input level. Figure 10b shows a specimen from the 2507/C276-T1/H weld 
that passed the bend test. The failed specimen indicates that the break initiated along the fusion line before 
it propagated into the weld metal. The failures in the welds that were made with Alloy 2507 and the 625LI-
T1 flux cored are probably attributable to the formation of niobium nitrides along the fusion line. This is 
exacerbated by the high nitrogen content (0.26%) in the Alloy 2507 and the high niobium content (3.8%) in 
the 625LI-T1 flux cored wire. When the nitrogen content is lower as in the Alloy 2205 base material (0.18%) 
or Alloy 254SMO (0.20%), the bend ductility is not adversely affected when a niobium bearing consumable is 
used. With the use of a non-niobium bearing consumable such as C276-T1, the level of nitrogen content did 
not make and difference and all bend specimens passed. The conclusion to be arrived is that when welding 
high nitrogen bearing base material with nickel based consumables, it will be a good practice to use welding 
consumables that do not have any niobium.

4.2 trANsvErsE tENsILE tEsts

The results of the transverse tensile tests are shown in Table 5.

resulted in a weld deposit that was free from major welding defects such as slag 
inclusions or lack-of-fusion.

4.1 Side Bend Tests

The results of the side bend tests are shown in Table 4. All the bend samples passed 
a 1800 guided bend test excepting the ones made with Alloy 2507 with the 625LI-T1 
flux cored wire. Figure 9 shows examples of some side bend specimens that passed 
the test. Figure 10a shows a failed specimen from the 2507/625LI-T1 weldment 
welded at the “H” heat input level. Figure 10b shows a specimen from the 
2507/C276-T1/H weld that passed the bend test. The failed specimen indicates that 
the break initiated along the fusion line before it propagated into the weld metal. The
failures in the welds that were made with Alloy 2507 and the 625LI-T1 flux cored are 
probably attributable to the formation of niobium nitrides along the fusion line. This is
exacerbated by the high nitrogen content (0.26%) in the Alloy 2507 and the high 
niobium content (3.8%) in the 625LI-T1 flux cored wire. When the nitrogen content is 
lower as in the Alloy 2205 base material (0.18%) or Alloy 254SMO (0.20%), the bend 
ductility is not adversely affected when a niobium bearing consumable is used. With 
the use of a non-niobium bearing consumable such as C276-T1, the level of nitrogen 
content did not make and difference and all bend specimens passed. The conclusion 
to be arrived is that when welding high nitrogen bearing base material with nickel 
based consumables, it will be a good practice to use welding consumables that do 
not have any niobium.

4.2 Transverse Tensile Tests

The results of the transverse tensile tests are shown in Table 5.

Table 5 : Transverse Tensile Test Results

Base 
Metal

Flux 
Cored 
Wire

Welding 
Heat Input

YS
MPa (ksi)

TS
MPa (ksi)

El
% 

Fracture 
Location

2205 625LI-T1 L 524 (76) 745 (108) 32 Base Metal
H 469 (68) 745 (108) 37 Base Metal

C276-T1 L 559 (81) 800 (116) 27 Base Metal
H 562 (81.5) 752 (109) 36 Base Metal

2507 625LI-T1 L 552 (80) 814 (117.9) 10 Weld Metal

H 477 (69.1) 664 (96.2) 4 Weld Metal
C276-T1 L 558 (80.8) 819 (118.7) 15 Weld Metal

H 491 (71.1) 808 (117.1) 16 Weld Metal
2545MO 625LI-T1 L 401 (58.1) 756 (109.5) 44 Base Metal

C276-T1 L 420 (60.9) 754 (109.2) 43 Base Metal
C276 59-T1 L 417 (60.5) 773 (112.0) 37 Base Metal

H 407 (59.0) 738 (107.0) 32 Base Metal



www.cigweld.com.au1300 654 674  |  F: 03 9474 7391  |  enquiries@cigweld.com.au

All transverse specimens fractured in the base material except for those made with Alloy 2507 as the base 
material and 625LI-T1 and C276-T1 as the flux cored consumables. This can be explained from the fact 
that the Alloy 2507 is significantly stronger than either of these flux cored consumable deposits (please 
refer to Tables 1b and 2b for strength values). However, the fracture ductility was significantly lower for 
these specimens ranging from 4 to 16% when compared to all weld metal ductilities of either of flux  cored 
consumables (35 and 42%). Fracture faces of these tensile specimens were examined in order to find an 
explanation for this anomaly. Figure 11 shows the fracture faces of the tensile specimens made with the Alloy 
2507 base material. The faces revealed the existence of porosity some of which was relatively large and could 
have influenced the ductility of the weld metal. This is again attributable to the high nitrogen content of the 
Alloy 2507 base material. 

Regardless of the low weld metal fracture ductility obtained in the transverse tensile specimens extracted from 
the Alloy 2507 base material, it is clear that due to the significantly higher strength of the base material, the 
component design will have to be based on the strength of the weld metal. This is if the corrosion resistance of 
the weld metal is critically factor governing design of the component necessitating the use of and over alloyed 
nickel based consumable.

4.3 HAZ cHArPY tEsts ON DUPLEX WELDMENts

The results of HAZ Charpy tests are shown in Table 6. It is clear that regardless of the heat input used, the 
HAZ toughness has not been impaired by the welding and the  impact values easily exceed the minimum 
requirement of 54J (40 ft-lbs) at -40°C (-40°F) specified by ASTM 923 Test Method B. 

In general, the Alloy 2507 HAZ exhibited higher toughness than that of Alloy 2205 although no clear distinction 
could be made between the low and high heat input welds. 

The results indicated that flux cored welding with nickel wires can be performed on duplex alloys 2205 as 
well as 2507 without significant risk of degrading the HAZ mechanical as well as corrosion properties due to 
intermetallic precipitation.

All transverse specimens fractured in the base material except for those made with 
Alloy 2507 as the base material and 625LI-T1 and C276-T1 as the flux cored 
consumables. This can be explained from the fact that the Alloy 2507 is significantly 
stronger than either of these flux cored consumable deposits (please refer to Tables 
1b and 2b for strength values). However, the fracture ductility was significantly lower 
for these specimens ranging from 4 to 16% when compared to all weld metal 
ductilities of either of flux cored consumables (35 and 42%). Fracture faces of these 
tensile specimens were examined in order to find an explanation for this anomaly. 
Figure 11 shows the fracture faces of the tensile specimens made with the Alloy 2507 
base material. The faces revealed the existence of porosity some of which was 
relatively large and could have influenced the ductility of the weld metal. This is again 
attributable to the high nitrogen content of the Alloy 2507 base material. 

Regardless of the low weld metal fracture ductility obtained in the transverse tensile 
specimens extracted from the Alloy 2507 base material, it is clear that due to the 
significantly higher strength of the base material, the component design will have to 
be based on the strength of the weld metal. This is if the corrosion resistance of the 
weld metal is critically factor governing design of the component necessitating the 
use of and over alloyed nickel based consumable.

4.3 HAZ Charpy Tests on Duplex Weldments

The results of HAZ Charpy tests are shown in Table 6. It is clear that regardless of 
the heat input used, the HAZ toughness has not been impaired by the welding and 
the  impact values easily exceed the minimum requirement of 54J (40 ft-lbs) at -40°C 
(-40°F) specified by ASTM 923 Test Method B. 

Table 6: Results of HAZ Impact Testing for Duplex Base Materials
Test Temperature -40°C (-40°F) (tested per ASTM A923, Test Method B)

Base Metal Flux Cored 
Wire

Heat Input Charpy 
Impacts
J (ft-lbs)

Minimum 
Requirement
J (ft-lbs)

2205 625LI-T1 L 119 (85) 54 (40)
H 106 (76) 54 (40)

C276-T1 L 112 (80) 54 (40)
H 125 (89) 54 (40)

2507 625LI-T1 L 224 (160) 54 (40)
H 106 (76) 54 (40)

C276-T1 L 176 (126) 54 (40)
H 244 (174) 54 (40)

In general, the Alloy 2507 HAZ exhibited higher toughness than that of Alloy 2205 
although no clear distinction could be made between the low and high heat input 
welds. 
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4.4 cOrrOsION tEsts ON DUPLEX WELDMENts

The results of corrosion tests run as per ASTM A923 Method C on the duplex weldments are shown in Table 7. 
It is clear all composite corrosion specimens met the requirement of a maximum corrosion rate of 10 mdd as 
stipulated in the standard. In general, the higher heat input condition increased the corrosion rate driving it to 
near the maximum for the Alloy 2205 weldments. This is most probably due to the slower cooling rate at the 
higher heat input causing the precipitation of some intermetallic compounds such as chromium  nitride. The 
Alloy 2507 weldments exhibited a lower corrosion rate when compared to the Alloy 2205 even at the higher 
test temperature.

The results indicate that the corrosion resistance of duplex alloy weldments of Alloys 2205 and 2507 type 
welded with nickel flux cored wires is acceptable within a wide range of heat input available with the flux cored 
process. Lower heat inputs result in better corrosion resistance, so the process should be optimized for the 
plate thickness, joint configuration as well as the welding position. 

4.5 cOrrOsION tEstING OF ALLOY 254sMO AND c276 WELDMENts

Pitting corrosion tests per ASTM G48 Method A were conducted on the 254SMO and C276 weldments at 
50o C (122o F). The results are shown in Table 8. The 254SMO/625LI weldment showed a higher corrosion 
rate when compared to the 254SMO/C276 weldment. Examination of the surface of the 254SMO/625LI-T1/L 
sample indicated some localized pitting along the fusion line. Additional tests are underway to determine the 
cause of this localized pitting.  In the case of the C276/59-T1/L and H weldments, the corrosion rates were 
extremely low. No localized corrosion was found.

The results indicated that flux cored welding with nickel wires can be performed on
duplex alloys 2205 as well as 2507 without significant risk of degrading the HAZ 
mechanical as well as corrosion properties due to intermetallic precipitation. 

4.4 Corrosion Tests on Duplex Weldments

The results of corrosion tests run as per ASTM A923 Method C on the duplex 
weldments are shown in Table 7. It is clear all composite corrosion specimens met 
the requirement of a maximum corrosion rate of 10 mdd as stipulated in the standard.
In general, the higher heat input condition increased the corrosion rate driving it to 
near the maximum for the Alloy 2205 weldments. This is most probably due to the 
slower cooling rate at the higher heat input causing the precipitation of some 
intermetallic compounds such as chromium  nitride. The Alloy 2507 weldments 
exhibited a lower corrosion rate when compared to the Alloy 2205 even at the higher 
test temperature.

The results indicate that the corrosion resistance of duplex alloy weldments of Alloys
2205 and 2507 type welded with nickel flux cored wires is acceptable within a wide 
range of heat input available with the flux cored process. Lower heat inputs result in 
better corrosion resistance, so the process should be optimized for the plate 
thickness, joint configuration as well as the welding position. 

Table 7: Results of ASTM A923 Test Method C
             Testing on Duplex Weldments (Test Time = 24 hours)

Base Metal Flux Cored 
Wire

Heat Input Test 
Temperature 
°C ( 0 F)

Corrosion 
Rate
mm/yr

Corrosion 
Rate (mdd)

2205 625LI-T1 L 22 (72) 0.0219 6.5
H 22 (72) 0.0382 9.3

C276-T1 L 22 (72) 0.0215 6.4
H 22 (72) 0.0368 8.9

2507 C276-T1 L 40 (107) 0.0178 4.4
H 40 (107) 0.0267 6.5

Notes: 
a) As the 2507/625LI-T1/L and H side bend specimens failed, corrosion tests were not run for these 
weldments 
b) Per ASTM 923 Method C,
mdd = weight loss (mg)/(specimen area (dm2)x time (days))  

4.5 Corrosion Testing of Alloy 254SMO and C276 Weldments

Pitting corrosion tests per ASTM G48 Method A were conducted on the 254SMO and 
C276 weldments at 50o C (122o F). The results are shown in Table 8. The 
254SMO/625LI weldment showed a higher corrosion rate when compared to the 
254SMO/C276 weldment. Examination of the surface of the 254SMO/625LI-T1/L 
sample indicated some localized pitting along the fusion line. Additional tests are 
underway to determine the cause of this localized pitting. In the case of the C276/59-
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T1/L and H weldments, the corrosion rates were extremely low. No localized 
corrosion was found.

Table 8 : Results of ASTM G48 Method A Tests for Alloy 254SMO and C276 
Weldments, Test Time = 72 hours

Base Metal Flux Cored 
Wire

Heat Input Test 
Temperature 
°C (o F)

Corrosion
Rate
mm/yr

Corrosion
Rate
g/cm2 

254SMO 625LI-T1 L 50 (122) 3.63 0.0265
C276-T1 L 50 (122) 0.850 0.0062

C276 59-T1 L 50 (122) 0.0142 1.032x10-4

H 50 (122) 0.0089 0.656x10-5

        
a)                                                              b)

Fig 8: Typical macrographs showing pass sequence in a a) low what input (L) weld 
and a b) high heat input (H) weld

Table 4 : Results of Side Bend Tests

Base Metal Flux Cored Wire Welding  Heat 
Input

Bend Results

2205 625LI-T1 L Pass
H Pass

C276-T1 L Pass
H Pass

2507 625LI-T1 L Fail
H Fail

C276-T1 L Pass
H Pass

254SMO 625LI-T1 L Pass
C276-T1 L Pass

C276 59-T1 L Pass
H Pass
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Fig 9: Examples of bend samples that passed a 1800 guided side bend test  

  

a) b)

Fig 10: Side bend specimens a) Alloy 2507/625LI-T1/H and b) Alloy 2507/C276-T1/H

a) b)

c)       d)

Fig 11: Fracture faces of transverse tensile specimens a) 2507/625LI-T1/L b) 
2507/625LI-T1/H c) 2507/C276-T1/L d) 2507/C276-T1/H

5 Conclusions 

The results from this study indicate that:

a) Nickel based flux cored wires can be used to weld high alloy stainless steels 
as well as duplex stainless in situation where the weld metal has to be 
overmatched in corrosion resistance. 

b) Overmatching nickel based flux cored wires can also be used to weld nickel
based base metals.

c) Care should  be taken when welding alloys containing high levels of nitrogen 
(such as Alloy 2507) with niobium bearing welding consumables (such as 
625LI-T1). Flux cored consumables such as C276-T1 which do not contain 
niobium should be used in such cases so that the bend ductility  of the 
weldment is not adversely affected.

d) It should be recognized that when welding high strength super duplex
stainless steels (such as Alloy 2507) with nickel based filler metals, the weld 
metal may be weaker that the base material. This factor needs to be 
addressed at the design stage.
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5 cONcLUsIONs

The results from this study indicate that:

a) Nickel based flux cored wires can be used to weld high alloy stainless steels as well as duplex stainless  
 in situation where the weld metal has to be overmatched in corrosion resistance.
b) Overmatching nickel based flux cored wires can also be used to weld nickel based base metals.
c) Care should  be taken when welding alloys containing high levels of nitrogen (such as Alloy 2507)  
 with niobium bearing welding consumables (such as 625LI-T1). Flux cored consumables such  
 as C276-T1 which do not contain niobium should be used in such cases so that the bend ductility  of  
 the weldment is not adversely affected.
d) It should be recognized that when welding high strength super duplex stainless steels (such as Alloy  
 2507) with nickel based filler metals, the weld metal may be weaker that the base material. This factor  
 needs to be addressed at the design stage. 
e) The high nitrogen levels in the super duplex alloys such as 2507 can potentially cause porosity in the  
 nickel based weld deposits and affect mechanical properties
f) In the range of heat inputs employed in his study, the HAZ toughness of Alloys 2205 and 2507 was not  
 adversely affected.
g) The corrosion resistance of the duplex weldments welded with nickel based flux cored wires was  
 acceptable within the range of heat inputs used this study. However, it is recommended that heat  
 inputs be kept towards the lower end of this study to enhance corrosion resistance.
h) The pitting corrosion resistance of high alloy austenitic weldments such as Alloy 254SMO is  
 significantly higher when welded with a C276-T1 flux cored wire when compared to that with 625LI-T1  
 flux cored wire
i) The pitting corrosion resistance of nickel based alloy C276 welded with overmatching 59-T1 flux cored  
 wire was found to be excellent.
j) Finally, the flux cored process with nickel wires can be used to enhance production rates and improved  
 weld quality when compared to the SMAW and GMAW processes. Although the average heat input as  
 high as 2 KJ/mm (50 KJ/in) was employed in this study, it is recommended that the heat  input be  
 optimized to obtain the best weldability and the weldment corrosion resistance and mechanical  
 properties,

6 FUtUrE WOrK

Additional work continues to optimize the welding parameters for other base metal/weld metal compositions. 
These will be reported in future presentations and publications.

7 APPLIcAtION EXAMPLEs

A few examples of the application of nickel flux cored consumables in the welding of FGD components are 
shown in Figure 12. 

Notes: 
AL-6XN is registered trade mark of Allegheny Ludlum Inc
254SMO is a registered trade mark of Outokumpu
686CPT is registered trade mark of Special Metals Inc
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a)

b)

c) 

Fig 12: Examples of the use of nickel flux core wires for FGD fabrications, a) vertical-
up fillet welding using a semi-automatic process, Alloy 2205 with 625LI-T1 b) nozzle 
welds, semi-automatic process, Alloy 2205 with C276-T1 c) Vertical-up seam, 
automatic, Alloy 2205 with 625LI-T1


