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Abstract  
Due to their high strength and corrosion resistance, duplex stainless steels are increasingly used in applications where heavy-
wall material is welded under highly restrained conditions. Despite the ferritic solidification and experience shared in most 
available literature, these alloys are not immune to hot cracking. In this work, different commercial and experimental flux-
cored wires of E2209T0 and E2209T1 type were subject to flux-cored arc welding (FCAW) to evaluate the susceptibility to 
solidification cracking. Impact toughness testing of all-weld metal on restrained plates proved an efficient method to detect 
and inspect cracks by examining the fracture surfaces. Particles found in cracks and dimples were characterized by means 
of scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). While the start of the observed 
cracks showed a classic dendritic or dendritic-flat solidification pattern, the end with the last solidified melt was rather 
smooth. Examination in backscatter mode clearly visualized bismuth to be present in the flat region adhering to manganese 
sulfide (MnS) particles. Cracks were, however, also detected with bismuth-free wires and wires with low sulfur content. 
The weld metal chemical composition, source of raw materials, and selected agents for deoxidation could play an important 
role, while certain formulations with special concepts for slag formation may be less susceptible. The E2209T1 types with 
more rapidly solidifying slag generally showed higher resistance to solidification cracking than the E2209T0 wires, which 
also contained substantially higher total amounts of sulfur, phosphorous, boron, oxygen, and bismuth.
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1  Introduction 

The modern duplex stainless steels have overall good weld-
ability, and the range of possible applications has increased. 
The combination of high strength and corrosion resistance 
was traditionally utilized in the offshore and pulp and 
paper industries, but have gained use in general construc-
tion, bridge building, and production of chemical tankers. 
The new generations of duplex grades contain more nitro-
gen, which has increased the strength and improved the 

weldability by promoting austenite formation [1]. Increased 
wall thickness, strength, and high restraint when welding can 
lead to higher strain and strain rates [2, 3]. With fully fer-
ritic solidification, the duplex alloys are usually considered 
to have high resistance to solidification cracking [4]. The 
ferrite has higher solubility and diffusivity for impurities 
than austenite so the grain boundary concentration is lower 
[5, 6]. Impurity elements can originate from both from the 
parent material and filler metal additions.

Most published papers on hot cracking included older 
materials with lower amounts of nitrogen and showed an 
intermediate cracking susceptibility between austenitic 
stainless steels with ferritic and fully austenitic solidifica-
tion, respectively [7, 8]. Cracking in duplex plates above 
10 mm thickness have been observed with the shielded metal 
arc welding (SMAW), gas metal arc welding (GMAW), and 
submerged arc welding (SAW) processes [9, 10]. Particu-
larly sulfur and phosphorus promote hot cracking by low-
ering the solidus temperature and lengthening the brittle 
temperature range [11–13].
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Saida and Ogura [14] studied modern alloys with gas 
tungsten arc welding (GTAW) and laser welding, and con-
cluded that lean, standard, and super duplex were as resistant 
as austenitic stainless steels solidifying in ferritic-austenitic 
(FA) mode. Suppression of segregated phosphorous, sulfur, 
and carbon was suggested to have improved the cracking 
resistance as compared to austenitic alloys with austenitic-
ferritic (AF) or fully austenitic (A) solidification. Hot crack-
ing has also been observed for UNS S32205 material welded 
with the SAW, laser, and laser hybrid processes where the 
ferrite content was high or the weld bead shape was very thin 
[15, 16]. The problem could be avoided after adjustment of 
the parameters to allow for more austenite formation and an 
optimum weld bead shape.

In a ranking of the relative laser weldability of 11 differ-
ent austenitic, superaustenitic, and duplex stainless grades 
with the controlled tensile weldability (CTW) test, the aus-
tenitic AISI 301LN alloy and the lean duplex grades UNS 
S32101 and UNS S32304 showed the highest resistance to 
cracking [17]. The standard duplex UNS S32205 was, on the 
other hand, suggested to be somewhat more susceptible than 
AISI 304L and AISI 316L, which solidified in the FA mode.

Steel suppliers and wire manufacturers are aware of a 
few other cases where solidification cracks have been found 
in duplex stainless steels, but it is unclear how much of this 
experience has been published. A more detailed review can 
be found in an earlier work [18]. Some duplex flux-cored 
wire formulations have been claimed to cause solidification 
cracking when welding thick-walled material. In Part 1 of 
this paper series [19], three wires from different manufac-
turers produced in 2005, 2011, and 2016 were confirmed 
to cause formation of solidification cracks when welding 
30-mm-thick UNS S32101 and UNS S32205. Cracks were 
observed to propagate in the long and straight ferrite grain 
boundaries, where low-melting phases containing sulfur and 
bismuth were liquid when subject to critical strain. A wire 
intended for welding in all welding positions was concluded 
to be more resistant and it was suggested to further inves-
tigate the effect of impurities and different slag types on 
cracking susceptibility. In this work, Part 2, all-weld met-
als of E2209T0 and E2209T1 type were welded under full 
restraint to study the effect of the chemical composition and 
slag concept only. The goal was to evaluate if these types of 
wires available on the market are susceptible to solidification 
cracking or not.

2  Experimental

The investigated Ø 1.2 mm E2209 duplex stainless steel 
flux-cored wires had dual classification for welding with 
both mixed gas Ar + 18–25%  CO2 (M21) and 100%  CO2 
(C1). Nineteen wires were intended for welding in best 

position (T0) and 19 for welding in all positions (T1). EN 
ISO 17633-A [20] separates these types of wires as R and P, 
respectively. The wires originated from five different manu-
facturers. The chemical composition is shown in Table 1. 
The wires E2209T1-M to E2209T1-S were bismuth-free 
with less than 0.0002 wt.-% bismuth.

All-weld metal was produced using EN 15792–1 [21] 
selecting the 1.3 test piece type (Fig. 1). The base material 
was 20-mm-thick unalloyed steel with 10° beveling and the 
gap was 16 mm. Both the backing and plate grove edges 
were buttered with two layers using the same wire being 
tested. The plates were clamped with transversely welded 
plates to maintain a condition of high restraint and preheated 
to 100 °C. Manual welding was carried out in the flat posi-
tion (PA/1G) using the FCAW process with the parameters 
listed in Table 2. If residuals were present on the surface 
after the slag had been detached, these were removed with 
a grinding wheel. The ferrite content was measured on five 
locations on the final weld bead using a Fischer  Feritescope® 
MP30. The surface of the weld metal was manually prepared 
using a single cut flat file in accordance with EN ISO 17655 
[22].

Impact toughness testing was carried out on five full-
size Charpy-V 10 × 10 × 55 mm specimens in all-weld met-
als according to ISO 148–1 [23]. The samples were taken 
from the center of the welded plate and the notch placed in 
the midpoint of the weld (Fig. 2). Testing was performed at 
room temperature and at −40 °C. The fracture surfaces were 
examined with scanning electron microscopy (SEM) and the 
size of any observed solidification cracks was measured. The 
instrument used was a TESCAN Mira3 (TESCAN, Brno, 
Czech Republic) microscope equipped with an energy-dis-
persive X-ray spectroscopy (EDS) Super Octane detector 
with a 60  mm2 active area (EDAX AMETEK, Mahwah, NJ, 
USA).

3  Results

3.1  Impact toughness, ferrite measurements, 
and visual examination of fracture surfaces

The results from the impact toughness testing and the fer-
rite measurement as FN in the last weld bead are shown 
in Table 3. The impact toughness was highest for the 
wires intended for welding in all positions and only a few 
wires showed indications of weld cracking on the frac-
ture surface. Contrarily, more than half of the E2209T0 
wires showed evidence of cracking. The range of ferrite 
numbers measured with the  FeriteScope® was rather wide, 
31–64 FN, but there was not a large difference between the 
E2209T0 and E2209T1 wires.
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3.2  Fracture surfaces examined with SEM/EDS

Eight fracture surfaces were selected for further examina-
tion with SEM/EDS. These represented wires from differ-
ent manufacturers and the cracks were sufficiently small to 
contain both the start and end. Four out of the eight sam-
ples displayed dendritic patterns typical for solidification 
cracks, as observed in Fig. 3. The approximate crack size 
measured for samples E2209T0-G (Fig. 3a), E2209T0-E 
(Fig. 3b), E2209T1-A (Fig. 3c), and E2209T1-Q (Fig. 3d) 

was 0.75 × 1.5, 0.86 × 2.0 mm, 0.98 × 0.7, and 0.45 × 1.3 mm, 
respectively. Samples E2209T0-E and E2209T1-Q showed 
cracks in two layers indicating more than one crack in the 
same weld bead.

The cracks were examined at higher magnification using 
both secondary electron (SE) and backscatter electron 
(BSE) mode (Fig. 4). One side of the crack always showed 
dendritic solidification, while the other side was flat. With 
backscatter, a bright phase became visible in the flat region 
of the cracks found with the wires E2209T0-G (Fig. 4a), 

Table 1  All-weld metal composition of flux-cored wires welded with Ar + 18%  CO2, wt.-% 

Wire C Si Mn P S Cr Ni Mo Cu N Bi B WRC '92, FN

E2209T0-A 0.029 0.68 0.93 0.023 0.006 22.8 8.84 3.09 0.17 0.16 0.004 0.0015 41
E2209T0-B 0.027 0.70 0.92 0.023 0.004 22.9 8.74 3.08 0.17 0.17 0.003 0.0016 41
E2209T0-C 0.024 0.71 0.94 0.022 0.004 22.9 8.60 3.19 0.12 0.16 0.003 0.0022 48
E2209T0-D 0.021 0.73 0.96 0.024 0.005 22.6 8.93 3.13 0.12 0.14 0.006 0.0028 45
E2209T0-E 0.024 0.67 0.92 0.023 0.004 22.7 9.17 3.20 0.17 0.15 0.004 0.0023 42
E2209T0-F 0.020 0.71 0.94 0.022 0.007 23.0 8.97 3.32 0.12 0.14 0.003 0.0032 52
E2209T0-G 0.023 0.69 0.93 0.022 0.006 22.5 8.72 3.19 0.13 0.13 0.002 0.0028 51
E2209T0-H 0.026 0.70 0.77 0.021 0.005 22.2 8.65 3.02 0.14 0.15 0.005 0.0023 40
E2209T0-I 0.027 0.70 0.74 0.022 0.004 22.0 8.81 3.11 0.13 0.14 0.006 0.0025 38
E2209T0-J 0.031 0.69 0.72 0.021 0.003 22.3 8.68 3.13 0.13 0.16 0.003 0.0022 36
E2209T0-K 0.024 0.58 0.90 0.024 0.005 22.4 9.11 3.01 0.13 0.13 0.007 0.0022 40
E2209T0-L 0.028 0.64 0.86 0.023 0.004 22.6 8.63 3.27 0.13 0.15 0.005 0.0028 45
E2209T0-M 0.026 0.61 0.92 0.021 0.005 22.7 9.15 3.28 0.13 0.14 0.005 0.0050 43
E2209T0-N 0.026 0.63 0.91 0.021 0.004 22.6 9.37 3.42 0.13 0.14 0.006 0.0026 42
E2209T0-O 0.024 0.59 0.90 0.020 0.004 22.4 9.30 3.13 0.13 0.13 0.004 0.0021 39
E2209T0-P 0.020 0.79 0.98 0.022 0.005 23.1 9.32 2.91 0.14 0.14 0.011 0.0004 45
E2209T0-Q 0.023 0.73 1.08 0.021 0.003 23.3 9.34 3.21 0.10 0.13 0.003 0.0010 53
E2209T0-R 0.028 0.51 0.90 0.018 0.003 22.6 8.83 3.02 0.07 0.13 0.002 0.0008 45
E2209T0-S 0.029 0.53 0.95 0.019 0.003 23.0 8.91 3.16 0.10 0.13 0.002 0.0007 50
E2209T1-A 0.026 0.59 1.09 0.022 0.003 22.7 9.00 3.07 0.13 0.13 0.002 0.0008 45
E2209T1-B 0.030 0.59 1.06 0.023 0.003 22.8 9.02 3.08 0.12 0.14 0.002 0.0006 44
E2209T1-C 0.027 0.59 1.09 0.022 0.003 22.9 8.86 3.19 0.12 0.14 0.002 0.0006 49
E2209T1-D 0.030 0.60 0.90 0.020 0.002 22.5 8.93 3.13 0.12 0.14 0.002 0.0006 42
E2209T1-E 0.024 0.59 1.09 0.022 0.003 22.9 9.05 3.34 0.09 0.13 0.002 0.0006 52
E2209T1-F 0.025 0.61 1.07 0.022 0.003 23.0 8.87 3.02 0.10 0.13 0.002 0.0006 52
E2209T1-G 0.031 0.60 0.87 0.021 0.003 22.1 8.80 2.92 0.12 0.13 0.002 0.0009 35
E2209T1-H 0.029 0.63 0.90 0.020 0.002 22.2 8.82 2.83 0.12 0.13 0.002 0.0007 38
E2209T1-I 0.024 0.55 1.04 0.022 0.002 23.0 8.90 3.13 0.17 0.13 0.002 0.0007 52
E2209T1-J 0.027 0.66 1.08 0.021 0.002 22.6 8.69 3.19 0.12 0.14 0.002 0.0007 35
E2209T1-K 0.027 0.69 0.93 0.020 0.002 22.6 9.00 3.12 0.09 0.13 0.002 0.0008 46
E2209T1-L 0.029 0.67 0.95 0.019 0.002 23.0 8.97 3.14 0.08 0.13 0.002 0.0005 50
E2209T1-M 0.021 0.56 0.99 0.017 0.008 23.5 8.95 3.52 0.05 0.13  < 0.001 0.0006 64
E2209T1-N 0.033 0.64 0.91 0.022 0.003 22.9 8.98 3.16 0.10 0.15  < 0.001 0.0006 42
E2209T1-O 0.028 0.65 0.91 0.022 0.004 22.6 9.21 3.16 0.13 0.12  < 0.001 0.0007 43
E2209T1-P 0.026 0.62 0.92 0.021 0.005 22.8 9.14 3.10 0.10 0.14  < 0.001 0.0006 43
E2209T1-Q 0.023 0.62 0.90 0.020 0.005 23.2 9.13 3.16 0.10 0.14  < 0.001 0.0007 49
E2209T1-R 0.027 0.64 0.90 0.021 0.004 22.7 9.10 3.20 0.11 0.15  < 0.001 0.0007 40
E2209T1-S 0.026 0.58 0.93 0.017 0.003 23.0 9.04 3.09 0.08 0.13  < 0.001 0.0006 50
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E2209T0-E (Fig. 4b), and E2209T1-A (Fig. 4c). EDS analy-
sis suggested that it consisted of predominantly bismuth with 
smaller amounts of iron, chromium, manganese, and sulfur. 
Particles found in the dimples on the fracture surface further 
away from the solidification cracks were rich in chromium, 
manganese, iron, titanium, and silicon.

An examination of the bismuth particles located in the 
dimples adjacent to the flat region at higher magnification 
revealed that bismuth was present in close proximity or as a 
coating of other particles (Fig. 5a–d). These had a substan-
tial amount of manganese and sulfur, and were identified 
as manganese sulfides (MnS). The size was typically in the 
range 0.5–2 µm.

The fracture surfaces for the wires E2209T0-H and 
E2209T1-B were free from solidification cracks, but when 
examining the dimples, small areas of bismuth could also be 
located with backscatter on MnS particles (Fig. 6a–b). The 
majority of the particles in the dimples consisted of chro-
mium, manganese, iron, silicon, and titanium oxides. Only 
small amounts of sulfur could be detected. Also here the size 
of the MnS particles was typically in the range of 0.5–2 µm.

No bismuth was found in the flat region of the solidifi-
cation crack found with wire E2209T1-Q, which could be 
expected from the bismuth-free composition. Instead, spher-
ical particles were observed (Fig. 7a). These were distributed 
along the striation lines (Fig. 7b–c), with the largest size 
in the dendrite and ferrite grain boundaries (Fig. 7d). EDS 
indicated these to be rich in manganese and silicon. Outside 
the crack, ductile failure could be confirmed with dimples of 
various sizes. Inclusions and particles of 0.1–3.0-µm size in 
the dimples consisted of MnS and iron, chromium, silicon, 
manganese, and titanium oxides.

Because of the unusual appearance, another all-weld 
metal sample was produced with wire E2209T1-Q, sub-
jected to impact toughness testing, and examined for 
cracks. Small indications were found on four out of six 
fracture surfaces. Figure 8a shows a sample where the 
crack appeared on more layers. The surface showed den-
dritic-flat structure (Fig. 8b) and the end of the crack was 
flat (Fig. 8c). In the flat region, the surface was observed 
to have striations, and particles rich in manganese and 

Fig. 1  Joint preparation for cre-
ating all-weld metal for impact 
toughness testing 

Table 2  Welding parameters
Welding machine Fronius TR4000 Arc length  ~ 3 mm
Current 220–230 A Shielding gas Ar + 18%  CO2

Voltage 27–30 V Gas flow 16–18 l/min
Wire feeding rate 12 m/min Number of layers 7
Welding speed 0.30–0.38 m/min Number of runs 14–15
Heat input 0.9–1.1 kJ/mm Interpass temperature Max. 150 °C
Wire stick-out 15–20 mm Polarity DC + 

Fig. 2  Sampling location for impact toughness test pieces
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silicon of approximately 0.09–1.2-µm size decorated the 
complete surface. The largest particles were located in 
the ferrite and dendrite boundaries (Fig. 8d). Close to the 
grain boundaries with the largest particles, there was a 
region slightly depleted from particles (Fig. 8e). One sin-
gle bright particle consisting of essentially pure molybde-
num was found (Fig. 8f).

Wires E2209T1-P and E2209T1-R did not show any 
solidification cracks on the fracture surfaces. The dimples 
primarily contained iron, chromium, manganese, silicon, and 
titanium oxides (Fig. 9). A difference in inclusion shape was 
observed, where the particles in E2209T1-P were visually 
somewhat larger and circular (Fig. 9a) and in E2209T1-R 
smaller and more irregular (Fig. 9b). Both wires showed 
high and similar average impact toughness.

4  Discussion

4.1  Impact toughness testing

The acceptance criteria in ISO 17781 [24] divide the mini-
mum absorbed energy at −46 °C for duplex stainless steel in 
as-welded condition in two quality levels. The most common 
requirement, quality level QL II, is sufficient for most appli-
cations and requires a mean minimum energy of 35 J, with 
no sample below 27 J. Most of the wires in this work would 
probably pass this requirement also in a welded joint, but 
the joint preparation and welding conditions may affect the 
properties further. To fulfil the strictest quality level QL I, 
the minimum mean energy needed is 50 J and a minimum of 
40 J for a single sample. Presumably, none of the E2209T0, 
while some of the E2209T1 wires, would fulfill this require-
ment, but it will need further investigation.

The wires developed for all welding positions generally 
had higher impact toughness, which is in line with the expe-
rience that these products have lower weld metal oxygen 
content [25–27]. The bismuth-free wires mostly showed the 
highest impact toughness, which could be anticipated as 
additions of  Bi2O3 have a slightly negative effect on the low 
temperature toughness of FCAW weldments by increasing 
the oxygen content and resultant oxide inclusions [27–30].

Cracks were observed on the fracture surface of some of 
the impact toughness samples. Samples from a few wires 
showed up to three cracks within one surface indicating 
cracking in three separate weld passes. Some cracks had 
different steps in the surface level, which could indicate for-
mation of more than one crack in the same weld bead.

It should be noted that this is a random sampling and that 
the full cross-section of the all-weld metal is not covered by the 
10 × 10 mm area of the impact toughness samples. This means 
that some solidification cracks may have remained undetected.

The crack depth was typically in the range of 
0.5–1.0 mm, but the length (along the weld) ranged from 
0.5 mm up to the full sample width. This made it dif-
ficult to document and compare the total crack length so 
instead the total number of cracked samples out of ten was 
recorded. The number of samples displaying solidifica-
tion cracks did not, however, reveal any relation to the 
impact toughness, but the individual samples often showed 

Table 3  Ferrite measurement and impact toughness, all-weld metal 
welded with Ar + 18%  CO2

* Selected for SEM and EDS examination

Wire FN last bead Impact toughness, J Samples 
with 
cracks20 °C –40 °C

E2209T0-A 41 ± 2 56 ± 7 45 ± 1 5/10
E2209T0-B 40 ± 1 62 ± 5 43 ± 4 5/10
E2209T0-C 45 ± 1 63 ± 2 46 ± 3 2/10
E2209T0-D 43 ± 3 63 ± 2 46 ± 2 0/10
E2209T0-E 40 ± 3 64 ± 2 47 ± 1 1/10*
E2209T0-F 44 ± 1 59 ± 3 43 ± 3 2/10
E2209T0-G 50 ± 2 56 ± 2 44 ± 2 7/10*
E2209T0-H 35 ± 2 68 ± 2 47 ± 1 0/10*
E2209T0-I 40 ± 2 67 ± 2 50 ± 1 0/10
E2209T0-J 37 ± 1 69 ± 1 48 ± 1 0/10
E2209T0-K 37 ± 1 53 ± 4 40 ± 2 5/10
E2209T0-L 47 ± 1 56 ± 1 40 ± 2 3/10
E2209T0-M 46 ± 2 52 ± 3 41 ± 1 1/10
E2209T0-N 39 ± 1 56 ± 1 43 ± 2 1/10
E2209T0-O 40 ± 1 55 ± 2 41 ± 1 0/10
E2209T0-P 39 ± 2 52 ± 2 35 ± 1 0/10
E2209T0-Q 53 ± 1 67 ± 2 47 ± 2 4/10
E2209T0-R 49 ± 4 58 ± 3 47 ± 2 0/10
E2209T0-S 51 ± 2 60 ± 2 49 ± 2 0/10
E2209T1-A 47 ± 2 73 ± 3 53 ± 2 2/10*
E2209T1-B 46 ± 2 63 ± 2 52 ± 2 0/10*
E2209T1-C 48 ± 2 70 ± 2 51 ± 2 0/10
E2209T1-D 44 ± 2 77 ± 3 58 ± 1 0/10
E2209T1-E 54 ± 3 58 ± 2 49 ± 2 0/10
E2209T1-F 40 ± 1 66 ± 1 47 ± 1 0/10
E2209T1-G 44 ± 3 66 ± 2 51 ± 2 0/10
E2209T1-H 31 ± 1 72 ± 3 54 ± 2 0/10
E2209T1-I 46 ± 3 59 ± 2 48 ± 2 0/10
E2209T1-J 53 ± 4 58 ± 2 50 ± 2 0/10
E2209T1-K 52 ± 4 58 ± 2 46 ± 2 0/10
E2209T1-L 55 ± 3 62 ± 3 48 ± 3 0/10
E2209T1-M 64 ± 2 76 ± 3 51 ± 1 0/10
E2209T1-N 46 ± 4 85 ± 3 63 ± 2 0/10
E2209T1-O 42 ± 1 83 ± 2 64 ± 2 0/10
E2209T1-P 46 ± 1 84 ± 3 60 ± 1 0/10*
E2209T1-Q 46 ± 2 78 ± 3 60 ± 1 1/10*
E2209T1-R 45 ± 2 86 ± 3 64 ± 3 0/10*
E2209T1-S 45 ± 3 86 ± 1 60 ± 2 0/10

2429Welding in the World (2022) 66:2425–2442



1 3

the lowest values with a reduction within the standard 
deviation.

The shortest cracks were generally found for the E2209T1 
wires. This is in agreement with the work of Cardoso Junior 
et al. [31] where discontinuities smaller than 1.0 mm were found 
in weldments produced with flux-cored wires of E2307T1 type.

No clear correlation could be found between the observa-
tion of cracking and the impact toughness, but more samples 
contained cracks for the E2209T0 wires and these wires also 
generated the lowest toughness. The ferrite content measured 
in the last weld bead or calculated using the WRC’92 diagram 
did not have a quantifiable influence on the impact toughness.

No single element had a significant effect on the impact 
toughness for all wires from different manufacturers, but 
when combining the phosphorous, sulfur, bismuth, and 
boron contents, it becomes clear that the E2209T0 wires 
contain more of the elements known to promote hot crack-
ing (Fig. 10). A weak trend could be seen that the toughness 
decreases with more impurities, but the slag concept may 
overshadow this effect by determining the solidification tem-
perature and range.

A correlation between the weld metal oxygen content 
and the solidification cracking susceptibility was not evi-
dent as cracks were detected in the T0 wires with both the 
highest and lowest levels, 0.088 and 0.062 wt.-%, respec-
tively. It is, however, possible that oxygen as surface 
active element affects the solidification range and that a 
difference could be observed if all wires would originate 
from the same source.

It is well known that the weld metal oxygen content also 
affects the impact toughness [25–27]. In this work, the meas-
ured range was 0.050–0.088 wt.-% and the regular T1 wires 
mostly resulted in an oxygen content of 0.060–0.065 wt.-%. 
Deviations were, however, observed for wires from different 
manufacturers. The impact toughness of the T0 wire with the 
highest oxygen content of 0.088 wt.-% was in the same range 
as another wire with 0.062 wt.-%. The bismuth-free wires of 
T1 type generally showed the highest impact toughness, but 
the oxygen content varied from 0.050 to 0.083 wt.-%. This 
altogether indicates that the selection of raw materials by 
various formulators may be decisive. The T0 wires generally 
contain  SiO2 to optimize the performance for down hand 
welding. With additions of quartz, more  Bi2O3 is typically 
added to improve the weld bead shape and slag removal. 
This leads to increased levels of oxygen as compared to the 
T1 wires with more rutile in the flux. As the T1 wires con-
tain less  SiO2 and more  TiO2 to allow for welding in all 
positions, less  Bi2O3 is required for proper slag detachability. 
The goal with this paper was, however, not to reveal differ-
ences in flux compositions between different manufacturers.

4.2  Ferrite content and cracking

A requirement of the phase balance is common for welding 
procedures when welding duplex stainless steels. The ferrite 
content in the weld metal is normally specified at 30–70% 
[32] or stricter with 35–65% [33–36]. Neither the measured 
(31–64 FN) nor calculated ferrite content (35–64 FN) could 

Fig. 3  Fracture surfaces with 
solidification cracks observed 
on impact toughness sam-
ples welded with the wires. a 
E2209T0-G, b E2209T0-E, c 
E2209T1-A, and d E2209T1-Q 
(SE mode)
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be correlated to the cracking susceptibility. An analysis of 
the chemical composition of all-weld metal and certificates 
from the various manufacturers of the different flux-cored 
wires showed no consistent relationship among the ferrite-
forming alloying elements chromium, molybdenum, and 
silicon, nor the austenite stabilizing nickel, manganese, and 
nitrogen on the presence of cracks.

The advantage with primary ferritic solidification in 
austenitic weld metal has been suggested to be greater 
solubility of harmful elements and that the total amount 
of grain boundaries becomes larger [37]. As shown in 
Fig. 11a–b, the ferrite grain boundaries in the duplex welds 
are rather long and straight [19]. This resembles more the 
grain boundary conditions in fully austenitic welds than 
those of the standard austenitics with a few percent fer-
rite [38]. Yu et al. [39] have suggested that coarse and 
long dendrites having straight boundaries could help liquid 

films remain continuous and allow cracks to propagate. 
Suutala et al. [40] concluded that in welds exhibiting 30% 
ferrite, interdendritic liquid films would be more likely to 
wet the ferrite/ferrite boundaries. Depending on the result-
ing brittle temperature range of low-melting films and the 
solidification range of the slag, the duplex alloys may 
become more susceptible to solidification cracking. Mat-
suda et al. [6] studied duplex stainless steels and observed 
a higher degree of microsegregation in the higher tem-
perature range and that the number of inclusions gradually 
increased with the ferrite content. It was concluded that 
the risk for hot cracking was higher with a lower liquation 
temperature, but the large grain size of these alloys with 
only 0.09–0.12 wt.-% nitrogen may also have contributed.

All wires showed primary ferritic solidification as indi-
cated by the calculated FN using WRC’92. Upon cooling, 
the austenite first precipitates in the grain boundaries and 

Fig. 4  Bright phase identified 
as bismuth present in the flat 
region of hot cracks observed 
on fracture surfaces on impact 
toughness samples for the wires. 
a E2209T0-G, b E2209T0-E, c 
E2209T1-A (left SE, right BSE)
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then grows through diffusion of primarily nitrogen. In the 
previous generations of duplex stainless steels, the nitrogen 
content was considerably lower. This resulted in highly 
ferritic weld metal microstructures with precipitates such 
as chromium nitrides and carbides, and limited amounts 
of austenite mainly found in the grain boundaries [7, 8]. 

With the modern wires, the driving force for austenite for-
mation is higher, promoting growth of both grain bound-
ary and Widmanstätten austenite. The older generations 
of duplex stainless steels rarely showed any cracking [18]. 
There is a possibility that the improved austenite forma-
tion has increased the sensitivity to solidification cracking 

Fig. 5  Dark phase consisting of MnS and bright phase identified as bismuth present in the flat region with the wires a E2209T0-G (left SE, right 
BSE), b E2209T0-E (left SE, right BSE), c E2209T1-A (BSE), and d E2209T1-A (BSE)
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as the austenite does not as efficiently dissolve impurities 
as ferrite and parts of the low-melting phases located in 
the grain boundaries are probably still molten when all 
austenite has formed.

Modern alloys with nitrogen additions have, in addi-
tion, higher strength than the older generations of duplex 

stainless steels and fillers. This can increase the suscepti-
bility to solidification cracking due to exposure to higher 
strain and strain rates [2, 12, 15, 41, 42]. The difference 
in strength between the E2209T0 and E2209T1 wires is 
low, however, and would not explain the observed differ-
ences in weldability.

Fig. 6  Small bright areas of 
bismuth on MnS in dimples on 
the fracture surface with wires. 
a E2209T0-H and b E2209T1-B 
(left SE, right BSE)

Fig. 7  Spherical particles 
located on the solidification 
crack surface of wire E2209T1-
Q (in-Beam SE) a overview, b 
higher magnification, c particles 
along striations, and d larger 
particles located in dendrite and 
grain boundaries
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4.3  Restraint and welding parameters

Kou [43] stated that the risk for hot cracking is determined 

by the solidification temperature range, the amount and dis-
tribution of liquid at the terminal stage of solidification, the 
surface tension of the grain-boundary liquid, the ductility of 

Fig. 8  a Solidification crack found on the fracture surface of an 
impact toughness sample welded with wire E2209T1-Q (SE) with 
b dendritic solidification pattern in the crack (SE), c particles at the 
very surface of the solidification crack (inLens SE detector), d den-
dritic solidification fingers growing from different sides with smaller 
round particles in the dendrite core and larger round particles close to 

the boundaries (BSE), e striation lines, grain boundary precipitates, 
small surface particles decorating the complete surface (inLens SE 
detector), f smaller dark particles in the center, larger dark particles 
close to the boundaries, and a single bright particle of essentially pure 
molybdenum (BSE)
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solidifying weld metal, and the tendency for weld metal con-
traction and the degree of restraint. Duplex stainless steels 
have higher strength than the austenitics and it has been 
concluded that these grades also can experience problems 
in highly restrained constructions [7, 12, 15, 41]. In rare 
cases, preheating of the base material to maximum 150 °C 
can minimize the risk of cracking when welding thick and/or 
heavily restrained work pieces with low arc energy to reduce 
cooling rate and stress levels [15]. In the present work, steel 

plates were welded to the plates to prevent distortion and 
the mild steel plates and backing were preheated to 100 °C. 
Hence, high restraint could be obtained and the possible 
positive effect of preheating included.

The various wires show different weldability and may 
allow or force the welder to weld slightly in another way. 
With the manual welding performed in this work, there may 
have been small variations in welding speed, stick-out, arc 
length, and gun manipulation. This affects the shape of the 

Fig. 9  Dimples with particles 
found on the fracture surfaces 
with (a) wire E2209T1-P and 
(b) wire E2209T1-R (SE)

Fig. 10  Effect of the phospho-
rous, sulfur, bismuth, and boron 
content in the all-weld metal on 
the impact toughness at −40 °C

Fig. 11  a UNS S32205 plate 
welded in a V-joint with an 
E2209T0 wire showing a crack 
in the center of the weld bead 
(10% NaOH) and (b) crack in a 
UNS S32205 fillet weld welded 
with an E2209T0 wire (Beraha 
II) [19]
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weld puddle and possible nitrogen absorption. Mechanized 
welding would be needed to eliminate this potential variable.

4.4  Scanning electron microscopy (SEM)

The cracks seen on fracture surfaces showed typical den-
dritic solidification patterns (Fig. 1). This is the result of 
liquid films having a lower melting point than the rest of 
the weld, and the thermal strain associated with welding 
that opens up the melt into a crack [43]. As dendrites are 
formed in the solidifying melt, cellular-dendrite primary and 
secondary arms are typically visible on the crack surface.

Matsuda et al. [5, 44, 45] divided the fracture surface 
morphology of hot cracks formed in fully austenitic SUS 
310S and fully ferritic SUS 430 into the three different 
regions — dendritic, dendritic-flat, and flat — while the 
austenitic SUS 304 showed dendritic morphology only [5]. 
The solidification was suggested go from dendritic to flat as 
the temperature decreased and the size of the smooth area 
increased with strain and strain rate. Katayama et al. [38] 
studied stainless alloys with different solidification modes 
and observed that when the solidification was fully ferritic, 
the crack surface showed both dendritic and flat regions. In 
Part 1 of this work [19], the same phenomenon was observed 
for solidification cracks formed in flux-cored arc welds in 
UNS S32101 and UNS S32205.

The cracks observed with SEM in this work primarily 
consisted of a dendritic-flat region where primary arms 
dominated the surface, while the area identified as the tip 
of the crack was rather flat. On the flat crack surface and in 
surrounding dimples, particles could often be found due to 
potentially higher concentration in the last solidified melt 
(Figs. 2, 3 and 4). Matsuda et al. [45] suggested that the 
liquid film covers all the grain boundary for dendritic and 
dendritic-flat areas, resulting in lower ductility than in the 
flat region where solid bridging starts. The smooth surface 
was proposed to be the result of lower amounts of phos-
phide-type liquid phase and that the crack passes through 
the migrating grain boundary.

Bismuth was most easily visualized in an SEM using back-
scatter mode, in which it became brighter than the matrix 
(Figs. 2, 3 and 4). When found, the element was present not 
only in the flat region of the solidification cracks, but also in 
dimples surrounding the crack and in smaller quantities in 
the dimples in both unaffected areas and crack-free samples. 
Lower amounts of iron, chromium, manganese, and sulfur 
could also be detected in bismuth-rich areas. Due to a peak 
overlap for molybdenum (Mo  Lα,β) and sulfur (S  Kα), it is 
not possible to unambiguously assign and quantify these ele-
ments. The complexity was increased as the fillers are alloyed 
with 3 wt.-% molybdenum while sulfur mainly is a trace ele-
ment (0.002–0.007 wt.-%). Nonetheless, bismuth in its liquid 

phase appears to be present in close proximity to MnS and 
preferentially wet the surface of these particles (Fig. 3).

It is suggested that both sulfur and bismuth form low-
melting phases that can be found in the last solidifying melt 
in the grain boundaries, but that bismuth has a lower solidi-
fication temperature than MnS and thus stays molten. Bis-
muth has been reported to lead to efficient wetting of grain 
boundaries and dendrites [46]. This is also a possible reason 
why bismuth is found primarily in the crack tip with the last 
solidified melt. In the samples without hot cracks, less sulfur 
and bismuth were detected in the dimples with SEM/EDS. 
The size of the MnS particles remained in the same range, 
but fewer particles were observed.

The E2209T0 wires generally contained more bismuth 
and sulfur than the E2209T1 wires. It needs to be empha-
sized that a few bismuth-free wires of E2209T1 type were 
subject to solidification cracking, while some wires with 
higher sulfur contents were not. Here, the slag concepts 
among different manufacturers may, to various extents, play 
a role and make the weld metal more or less tolerant.

The bismuth-free wire E2209T1-Q has, according to the 
manufacturer, improved impact toughness, and this could be 
confirmed with an average of 78 J at room temperature and 
60 J at −40 °C. The fracture surfaces and SEM investigation, 
however, confirmed solidification cracking (Figs. 5 and 6). 
The sulfur content was the second highest for all T1 wires 
and some MnS formation was confirmed, but another 
observed phenomenon is suggested to be decisive.

Many aligned particles could be observed within den-
drites and at dendrite and grain boundaries (Figs. 5 and 6). 
These decorated the entire surface following the segregation 
pattern; being smaller interdendritically and larger closer to 
the boundaries indicating precipitation in the structure as 
the solidification front progressed. The size was in the range 
0.09–1.2 µm with the largest particles found in the ferrite 
grain boundaries. The MnSi-rich particles are suspected to 
originate from the flux and it is also possible that there was 
some contamination with sulfur and/or phosphorous. The 
fact that the manganese silicates remain intact suggests that 
these are distributed in the dendrites on solidification and 
can be a factor in the liquid film failure. Cardoso Junior 
et al. [31] also found MnSi-oxides with some traces of tita-
nium and aluminum in multipass flux-cored arc welds using 
an E2209T1 type wire. It may be possible to improve the 
cracking resistance of E2209T1-Q by substituting the raw 
material(s) forming manganese silicates.

The flat region of the crack surface was observed to have 
striations similar to those previously seen in austenitic stain-
less steels and nickel-base alloys [47, 48]. The striations 
form in the solid-state and the fact that they are oriented 
differently in various grains possibly reflects the differ-
ence in crystal orientation among adjacent grains [49]. This 
type of appearance is typically observed for ductility dip 
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cracking, but the crack start here showed dendritic solidifica-
tion. Some striations were present in the solidification cracks 
in other samples, but for all these, primary dendrites were 
clearly visible. As also stated for the wires in Part 1 [19], all 
solidification cracks were already present in the underlaying 
weld beads and there were no signs of liquation cracking.

The type of oxide inclusions and particles found on the 
fracture surface and in the dimples on ductile surfaces can 
affect the cracking susceptibility. Kou [42] stated that crack-
ing may be initiated at metastable pore nuclei, oxide films, 
or gas trapped in the vicinity of oxides. Due to the alloying 
of duplex grades with nitrogen, the risk may increase as 
compared to the standard austenitics. In Part 1 [19], pores 
were observed at the crack start of welds produced with a 
flux-cred wire of E2307T0 type. Srivastava et al. [50] sug-
gest that larger inclusions nucleate voids at relatively small 
strains and smaller particles nucleate voids at much larger 
strains. The size of the void nucleating particles is typically 
between 0.1 and 100 μm, with volume fractions of no more 
than a few percent. Large inclusions have, in addition, been 
reported to serve as initiation of pitting [51, 52]. The unaf-
fected fracture surfaces in this work showed a typical struc-
ture of ductile duplex welds [53, 54]. Fine dimples contained 
particles of 0.1–0.3 µm and larger 0.5–3.0 µm. Dimples 
mostly contain inclusions of some type. Arun et al. [55] 
showed oxides in dimples on fracture surfaces of E2209T1 
welds and concluded that these were enriched in iron, man-
ganese, silicon, chromium, and titanium. Gupta et al. [56] 
welded UNS S32750 superduplex stainless steel with E2595 
covered electrodes and the particles found in dimples on 
fracture surfaces were rich in iron, manganese, chromium, 
molybdenum, and silicon. Zhang et al. [57] found silicon, 
manganese, and titanium-rich oxide inclusions and smaller 
Si–C-O inclusions in dimples in E2209T0 type flux-core 
wire arc additive manufacturing.

Although the wires contained higher contents of phos-
phorous than sulfur, no phosphorous could be detected with 
EDS. This is in agreement with the work of Katayama et al. 
[38] who found both sulfides and phosphides with austenitic 
solidification and only sulfides when the solidification was 
fully ferritic. The absence of phosphorous can, however, also 
be related to the type of analysis and does not automatically 
mean that phosphorous did not affect the cracking suscepti-
bility. In Part 1 [19], a bismuth particle cross-sectioned by 
means of focus ion beam (FIB) and examined with transmis-
sion electron microscopy (TEM)/EDS showed higher con-
centrations of lead, sulfur, and phosphorous. Lippold and 
Savage [58] suggested that phosphorous in hot cracks found 
on polished surfaces was preferably measured using electron 
microprobe analysis (EPMA). Matsuda et al. [45] studied 
solidification cracks formed in transvarestraint testing of 
austenitic SUS 310S with 0.003–0.092 wt.-% phosphorous 
and 0.004–0.062 wt.-% sulfur using SEM/EDS and EPMA. 

Both phosphides and sulfides were found in the solidification 
cracks, and it was suggested that the sulfides had already 
solidified in the flat mode, while phosphorous would still be 
liquid. Phosphorous may thus significantly contribute to the 
crack susceptibility.

4.5  Bismuth

Most flux-cored wires contain around 0.02 wt.% (200 ppm) 
bismuth to improve the slag removal and promote clean 
weld surfaces [59]. Reports of intergranular cracking and 
premature creep failure in austenitic welds after a period of 
service at 650–825 °C have concluded that bismuth segre-
gates on the dendrite or grain boundaries at elevated tem-
peratures, which affects the creep ductility and resistance 
to reheat cracking [28–30, 60–62]. AWS A5.22 [63] states 
that stainless steel electrodes containing bismuth additions 
should not be used for high-temperature service or post-weld 
heat treatment (PWHT) above about 900°F (500 °C) and it 
became mandatory in 2012 to report the content if bismuth 
is intentionally added, or if it is known to be present at levels 
greater than 0.002%. API [64] has incorporated a limit of 
20-ppm bismuth in austenitic stainless steel FCAW deposits, 
when these weld metals are exposed to temperatures above 
1000°F (538 °C) during PWHT or during service. EN ISO 
17633 [20] from 2017 only mentions that bismuth should 
be restricted to 20 ppm maximum for alloys intended for 
high-temperature service.

Bismuth has in the present work mainly been identified as 
particles on the fracture surface or as coating of MnS than 
as grain boundary films, although it is likely that the inter-
granular compounds were impurity enriched liquid films 
at higher temperature. The EDS spectra all showed some 
carbon and oxygen contents indicating that there was some 
surface contamination or oxidation. The carbon peak was 
considerably more prominent than the oxygen peak. Hence, 
the oxygen content was not sufficiently high to indicate that 
bismuth was present as bismuth oxide  Bi2O3. In creep and 
embrittlement studies of austenitic FCAW weld metal con-
taining bismuth, segregation has been observed in the grain 
boundaries with a particle-like distribution without any clear 
relation to oxygen [27, 62]. This is of importance as the 
melting point for bismuth oxide  Bi2O3 is 830 °C, while pure 
bismuth melts already at 270 °C [62]. Instead, it is suggested 
that bismuth is present as bismuth phase coating or adhering 
to MnS. Similar observations have been made by Melford 
[65], who reported that lead is present in the crack surfaces 
of austenitic stainless steels as globules of elemental lead, 
often associated with MnS particles and not as grain bound-
ary films.

Impurities that segregate at the grain and solidification 
boundaries have historically also been reported to decrease 
the hot workability of austenitic stainless steel; lead and 
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bismuth are especially harmful, but tin, antimony, and arse-
nic have also been pinpointed [1, 12, 46, 66–69]. Globular 
particles of essentially pure lead have also been detected in 
the grain boundaries at high temperatures by other scientists 
[70–72]. Apart from possibly bismuth, none of these ele-
ments is included in the standard analysis and the accuracy 
and reproducibility may vary between different laboratories 
[73].

Bismuth has been reported to be more detrimental than 
lead due to more efficient wetting of grain boundaries and 
dendrites [46]. The face-centered cubic structure of austenite 
is more sensitive to wetting of the boundaries than the body-
centered cubic structure of ferrite. This may be of signifi-
cance as the low-melting films responsible for solidification 
cracking may still be liquid at the temperatures where grain 
boundary austenite has precipitated in long and straight fer-
rite grain boundaries [19].

Due to the risk of 475 °C embrittlement, duplex stain-
less steels are rarely used at service temperatures exceeding 
250 °C and for this low temperature, no negative influence 
of bismuth on cracking sensitivity has been reported. It is, 
however, known that addition of bismuth oxide,  Bi2O3, has 
a measurable somewhat negative effect on the impact tough-
ness in austenitics [27, 29, 30, 72].

Hara et al. [30] investigated the effect of small amounts 
of bismuth in the weld metal on the corrosion resistance and 
found no effect of retained bismuth in the 308 type FCAW 
weld metal as compared to bismuth-free GTAW and SMAW 
weld metal. On contrary, Ogawa et al. [74] have suggested 
that bismuth in duplex flux-cored wires has a negative effect 
on the corrosion resistance. The mechanism was not clari-
fied, but the authors recommend that the use of bismuth 
should be limited to 0.015 wt.-%. As the ASTM G48 pit-
ting corrosion test also exposes the end grains to the  FeCl3 
solution, small solidification cracks of the type found in this 
work may serve as initiation points for pitting and add to the 
measured weight loss. This may be one explanation why 
Ogawa et al. [74] reported that bismuth lowers the corrosion 
resistance of duplex stainless steel welded with flux-cored 
wire. Sugahara et al. [75] stated that preferably the use of 
 Bi2O3 should be limited to 0.005 wt.% in duplex stainless 
steel flux-cored wires, but gave no further information on 
why this limit was selected. This specific value could not be 
confirmed in this work, but if concentrating on one slag base 
only, it may be possible to determine a recommended maxi-
mum value. The wires examined ranged from bismuth-free 
up to 0.011 wt.-% bismuth and the average bismuth addi-
tion was 0.004 wt.-%. No clear correlation could be found 
between the amount and the cracking susceptibility — a few 
bismuth-free wires cracked, while some wires with higher 
bismuth content did not. To specify bismuth-free flux-cored 
wires for welding duplex stainless steels would thus not be 
necessary, but careful wire selection and qualification of 

the welding procedures are recommended. The T1 wires 
were either bismuth-free or contained 0.002 wt.-% bismuth. 
There was a fairly small variation in bismuth content, but the 
impact toughness showed up to 20-J difference. It should be 
mentioned that a completely bismuth-free composition also 
could have a negative influence on the slag removal and weld 
shape and require more post weld cleaning work. This is a 
possible reason why no manufacturer offers bismuth-free 
wires of T0 type.

4.6  Effect of chemical composition of flux‑cored 
wires

When comparing the flux-cored wires from the differ-
ent manufacturers, it is evident that there are fairly large 
variations in the composition, but all were well within the 
standards EN ISO 17633 and AWS A5.22. Also, the ferrite 
content in the final weld bead measured with  FeriteScope® 
would meet most specifications.

Flux-cored wires consist of a sheath metal and ele-
ments for alloying, slag forming, and deoxidation are added 
through the flux. Unlike solid wires, the difference between 
various manufacturers is considerable with different con-
cepts. Depending on the philosophy of the producer, there 
can be substantial deviations in intensity, arc stability, and 
slag formation [76]. Different slags can have better desulfur-
izing activity [77, 78] and prevent loss of alloying elements 
such as manganese and silicon [79]. The raw materials may 
come from the same sources, but the selection of type, con-
tent, and size of the flux components can be quite different. 
Heat-to-heat variations may occur based on strip material 
heats, but also different lots of each and every raw material 
added to the flux. Often, the formulists need to balance the 
recipe to achieve an attractive surface appearance with good 
slag removal without having a negative effect on the impact 
toughness. Zhang et al. [80] reported that the impact tough-
ness decreased in superduplex welds when the pitting corro-
sion resistance increased. A flux-cored wire is consequently 
always a compromise.

Segregation of impurities and alloying elements are sug-
gested to induce the solidification cracking found in the 
duplex all-weld metal. The low-melting phases concentrated 
in the grain boundaries are still liquid when being subjected 
to the strain formed in the weldment. The long and straight 
ferrite grain boundaries allow propagation of cracks once 
initiated [5, 19, 38]. The range of the typical alloying ele-
ments and impurities affecting the hot cracking susceptibility 
was rather wide for the different wires in this work. The total 
amount of bismuth, sulfur, phosphorous, boron, and oxygen 
was considerably higher in the wires of E2209T0 type, but it 
was not possible to unambiguously label any as clearly unfa-
vorable, and the E2209T1 wires in particular appeared rather 
unaffected by higher content of a single element. This does 
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not mean that these elements do not affect the solidifica-
tion cracking sensitivity, but that the difference between the 
E2209T0 and E2209T1 types and the diverse slag concepts 
by various manufacturers may be dominating [76].

Although it is well known that sulfur and phosphorous are 
generally negative for the hot cracking resistance of stain-
less steels, these elements cannot be completely avoided in 
flux-cored wires due to some amounts in the strip mate-
rial, but also as contamination of other raw materials. In 
addition, very low sulfur contents may affect the weld bead 
penetration, fluidity of the weld metal, and possibly the slag 
detachability.

Sulfur was detected as granular MnS particles in dimples 
and solidification cracks on the fracture surface. Small amounts 
of globular MnS have previously been found in both austenitic 
SUS 304 and fully austenitic SUS 310S weld metals containing 
0.003–0.005 wt.-% sulfur [81], SUS 310S with 0.014 wt.-% 
sulfur [45], and duplex SUS 329J2L with 0.006–0.008 wt.-% 
sulfur [6]. Yamada et al. [81] recommend limiting the sulfur 
content to maximum 0.0050 wt.-%. In the present work, it was 
not possible to state the critical limit to avoid solidification 
cracking, but it should be aimed to keep the total amount of 
impurities down. MnS has also been reported to serve as pitting 
initiation in austenitic stainless steels [82–84].

To optimize the weld bead shape and slag removal, the 
slag of the down hand E2209T0 wires for welding in the 
best position is designed to be more fluid and for a longer 
period of time. The slag coating formed with the all-position 
E2209T1 wires, on the other hand, should solidify consider-
ably faster to allow for welding in the vertical up and over-
head positions. This has been shown in detail in the work 
by Holly et al. [76], where the viscosities of the slag of aus-
tenitic stainless flux-cored wires of E308LT0 and E308LT1 
type were correlated with differential thermal analysis. The 
controlled solidification is obtained by changing the slag for-
mulation, often by a reduction of silica,  SiO2, and increased 
amounts of rutile,  TiO2, and zirconia,  ZrO2.

It has been suggested that a reduction of the solidification 
temperature range may improve the resistance to hot crack-
ing [5], but it is not clear how much the slag solidification 
rate contributes. For cracks located close to the surface, it is 
possible that the additional cooling from a faster solidified 
slag could have a slightly positive effect on the suscepti-
bility. In general, the E2209T1 types showed the highest 
impact toughness and resistance to solidification cracking. 
When found, the cracks were typically few and short. Visual 
inspection of the crack surfaces showed dendritic solidifi-
cation and regardless of wire type, the primary dendrite 
arm spacing (pDAS) became wider as the cracks grew. In 
the beginning of the crack where the surface was dendritic 
or dendritic flat, the pDAS was slightly narrower for the 
E2209T1 (Fig. 3c–d) than the E2209T0 wires (Fig. 3a–b). 
The flat region where the last solidified melt was present, 

however, became rather wide for all wire types (Fig. 4 and 
Fig. 7a). Close to the weld bead surface, the slag formation 
rate may influence the threshold of liquid phases needed 
for crack formation and the final crack size, but most likely 
the concentration of impurities and the resulting amounts of 
low-melting phases present in the ferrite grain boundaries 
become decisive. An E2209T1 wire would thus be inher-
ently less sensitive to formation of cracks than an E2209T0 
with more impurities and higher oxygen levels. Although 
specific products from certain manufacturers may perform 
better than others, the general recommendation for welding 
thick standard duplex plates under high restraint would be 
to apply a flux-cored wire of E2209T1 type.

5  Summary

Different E2209T0 and E2209T1 duplex stainless steel flux-
cored wires from various manufacturers have been exam-
ined for the suitability of welding thick material under high 
restraint. Welding of fully restrained plates is associated 
with an increased risk of cracking, but the conditions accu-
rately reflect many of the applications where these types of 
wires are already used. All-weld metal samples were sub-
jected to impact toughness testing and the fracture surfaces 
inspected. The chemical composition of all tested wires was 
well within the limits set for E2209TX-X in AWS A5.22 and 
T 22 9 3 N L in EN ISO 17633. No relationship between the 
measured ferrite content in the last weld bead and the crack-
ing susceptibility could be found.

Irregularities examined by means of SEM/EDS showed 
dendritic surfaces typical for solidification cracking, with 
a transition from dendritic-flat to flat morphology. Bismuth 
particles were visible at the flat end of the cracks, espe-
cially in back-scatter mode. These were found adhered to 
MnS or as a partial coating of MnS particles indicating 
that bismuth was the last element to solidify. As cracking 
was observed with wires without bismuth or with fairly 
low sulfur content, the phenomenon could not be explained 
by these elements only. The occurrence of solidification 
cracks was more frequent in E2209T0, while very few and 
mostly only small cracks were found when welding with 
the all-position E2209T1 wires. The E2209T1 wires gen-
erally showed the highest impact toughness and resistance 
to solidification cracking and would thus be preferred for 
welding of thick-walled duplex stainless steels. The main 
reason for the better performance is suggested to be the 
lower total content of impurities combined with a slag 
system containing more rutile,  TiO2, which substantially 
reduces the slag solidification temperature range.
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