
ORIGINAL ARTICLE

Effect of root pass filler metal on microstructure and mechanical
properties in the multi-pass welding of duplex stainless steels

Ahmed Kellai1,2 & Azzedine Lounis1 & Sami Kahla2 & Brahim Idir2

Received: 27 August 2017 /Accepted: 14 November 2017 /Published online: 8 December 2017
# Springer-Verlag London Ltd., part of Springer Nature 2017

Abstract
This paper is focused on the estimation of the effect of root pass chemical composition, in multi-pass GTA Weldments, on
microstructure and mechanical properties of duplex stainless steel welds.We used two different filler metals, the super duplex ER
2594 and duplex ER 2209. Microstructures of different passes of welded joints are investigated using optical microscope and
scanning electron microscope. The relationship between mechanical properties, corrosion resistance, and microstructure of
welded joints is evaluated. It is found that the tensile and toughness properties of the first weldment, employing the combination
of ER 2594 in the root pass and ER 2209 in the remaining, are better than that of the second weldment employing ER 2209 all
passes, due to the root pass grains refinement and its alloy elements content as chromium Cr and nitrogen N. The microstructure
indicates the presence of austenite in different forms on the weld zone of ER 2209, same in the case of ER 2594, but with higher
content and finer grains size, in particularWidmanstätten austeniteWA. Potentiodynamic polarization tests of the first weld metal
evaluated in 3.5% NaCl solution at room temperature have been demonstrated a corrosion resistance higher than that of the
second weld metal. This work addressed the improvement of the corrosion resistance using appropriate filler metal without
getting any structural heterogeneity and detrimental changes in the mechanical properties.

Keywords Gas tungsten arc welding (GTAW) . Duplex stainless steel . Root pass . Filler metal . Microstructure and mechanical
properties

1 Introduction

The use of combination between duplex and super duplex
filler materials to produce a standard duplex stainless steel
weld becomes an industrial necessity, especially when a

highest corrosion resistance is required. The good weldability
of duplex stainless steels, the right selection of welding pa-
rameters such as preheat, inter-pass temperature, shielding
gas, heat input…, and the most appropriate choice of proper
filler metal, will enable to obtain a desirable microstructure
and mechanical characteristics of weldment.

The different grades of the duplex stainless steel (DSS)
family (lean duplex 2304, standard grade 2205, super duplex
2507, and hyper duplex 2707) are determined according to
alloy elements content and the corrosion resistance level [1,
2]. The duplex stainless steel has a wide range of applications,
particularly in the construction of pipelines, which becoming
increasingly recognized by the oil and gas industry. Its chem-
ical composition which allows good proportion of austenite
(γ)/ferrite (δ) in the vicinity of 1:1 offers superior mechanical
and noticeable corrosion resistance in several aggressive en-
vironments [3–5].

The ferrite content and hence mechanical properties de-
pends on the chemical composition in the weld metal, residual
stress, and cooling rate, which are related to the heat input of
welding process [6–8]. Low values of heat inputs lead to high
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ferrite contents and may promote Cr2N precipitation.
Otherwise, high values of heat inputs and low cooling rate at
the temperature range of 1000–475 °C may help formation of
fragile intermetallic phases such as σ and χ [9, 10]. These lead
to the formation of different precipitates resulting in detrimen-
tal changes in the properties of the material, especially in its
toughness [11], the addition of nitrogen significantly in the
solid solutions delays their training [12–14].

The use of the duplex stainless is frequently limited to an
upper and lower service temperature generally between −40
and 250 °C, where it has good mechanical properties better
than ferritic and austenitic steel [15, 16]. At sub-zero temper-
atures the duplex stainless steels exhibit a ductile to brittle
transition, where the ferrite becomes increasingly brittle
[17]. The temperature for the ductile to brittle transition de-
pends on the chemical composition and the ferrite phase con-
tent [11, 18]. The ferrite content increased as the Creq/Nieq
ratio increased [19]. The addition of nickel and nitrogen in
the metal deposited leads to increase the impact toughness
particularly at low temperature [20, 21]. In [7], it has also been
lighted that the effect of the alloying elements on the ferrite/
austenite ratio is much more important than the cooling rate.

The gas constructions are usually based on the use of du-
plex stainless steel pipes welded, and in order to avoid the
corrosive effect of this gas inside these pipes, a super duplex
filler metal is recommended to realize the root pass. For this
reason, our contribution is a comparison between two welded
pipes 2205 DSS. The first one is realized by using two differ-
ent welding consumables; ER 2594 has the root pass and ER
2209 the remaining of the weld. The second one is realized by
ER 2209 for all passes. This is to assess in detail the effect of
chemical composition of deposit metal root pass on the

microstructure, mechanical behavior, and corrosion resistance
of different area of welding.

2 Materials and methods

AnUNS 31803 grade duplex stainless steel in the form of pipe
of 50.8 mm diameter and 5.54 mm thickness was considered.
A multi-pass welding was performed using GTAwelding pro-
cess with the previous filler metals. The chemical composition
of the base metal and filler metals is given in Table 1. The two
welds are realized by the same qualified welder, who executes
each pass carefully and following a welding procedure spec-
ification (WPS), established from qualification tests, contain-
ing well-defined welding parameters. The welding energy E
(kj/mm) depends on the welding current (I), welding voltage
(V), and welding speed S (mm/mn) by the following relation:

E ¼ 60*I*V
S*1000

ð1Þ

The welding parameters used in this work are listed in
Table 2. A radiographic test (RT) was performed on the welds,
and it shows that the two joints are totally within whole types
of welding defects.

Microscopic observations of the weld metal (WM), heat-
affected zone (HAZ), and base metal (BM) in the welded
joints are executed on cross sections to the welding direction,
using standard techniques for mechanical polishing to obtain a
mirror state. Then, the specimens were electrolytic etched in
10% KOH solution at 3 V for 20 s. The optical observations

Table 1 Chemical composition of base metal and filler metals (wt.%)

Element C Mn Si S P Cr Ni Mo Cu Nb N Creq/
Nieq

Base metal AISI 2205 0.015 1.13 0.49 0.0005 0.026 22.15 5.33 3.18 – – 0.17 72.1

Filler metal ER 2594 0.02 0.4 0.30 0.015 0.02 25.1 9.5 4.0 – – 0.24 .169

ER 2209 0.02 1.57 0.46 0.010 0.01 22.9 8.6 3.1 0.1 0.01 0.16 .180

Table 2 Welding parameters

Pass Welding
process

Wire
diameter
(mm)

Welding
current (A)

Welding
voltage (V)

Welding speed
(mm/mn)

Welding energy
(kj/mm)

Inter-pass
temperature (°C)

Shielding
gas (%)

Flow rate
(l/min)

Root GTAW 2.4 90–95 10–12 30–40 1.71–1.80 150 Ar99.999 12

Second GTAW 2.4 115–120 10–12 60–80 1.08–1.15 150 Ar99.999 12

Filler GTAW 2.4 100–110 10–12 40–50 1.50–1.58 150 Ar99.999 12

Cap GTAW 2.4 100–110 10–12 40–50 1.50–1.58 150 Ar99.999 12
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and also measurements of volume fractions of ferrite and aus-
tenite were performed using a light microscope (Nikon
Eclipse LV100ND).

For the mechanical behavior, specimens testing are ma-
chined from the two welds; Charpy V-notch reduced speci-
mens are prepared with dimensions of 5 × 10 × 55 mm in ac-
cordance with ASTM A370 standard. Impact tests were car-
ried out at (20, 0, −20, −40, −60, −80 °C) for three locations
that are (MB, WM1, and WM2) by means of a machine
Charpy pendulum with 150 J impact load. The tensile test is
carried out on the subsize specimens that are machined in
accordance with ASTM E8-04 standard. The fracture surfaces
after the test were captured by SEM observations. The elec-
tron microscope used was the ZEISS.EVO-MA 25 type
coupled with microanalysis system (EDS). To see the effect
of the root pass on the hardness profile (HV), the measures are
taken across the weld joint according to three profiles P1, P2,
and P3 as illustrated in Fig.1.

The corrosion behavior of welded joints is evaluated in
solution of 3.5% sodium chloride (NaCl) at room temperature.
Potentiodynamic polarization studies were conducted using
Voltalab equipment (PGP 201). All experiments were

performed by a conventional three-electrode cell, platinum
foil as the auxiliary electrode and an Ag/AgCl as the reference
one and samples as working electrode. Polarization curves
were obtained after ½ h of exposure until obtaining a thermo-
dynamic equilibrium, with a scan rate 1 mV/s.

3 Results and discussions

3.1 Microstructure

Figure 2 shows the micrographs of the base metal consisted of
two-phase banded microstructure, where the elongated aus-
tenite (γ) phase is surrounded by the ferrite matrix (δ) along
the rolling direction without any precipitates, the measured
volume fraction of austenite and ferrite is average 47:53.

Generally, the solidification in DSS weld metals leads to
ferrite and reformed austenite. The latter is the result of ferrite
transformation during cooling, in which the austenite appears
under different morphologies. In the first as grain boundary
allotriomorphs (GBA) at the prior δ/δ grain boundaries at very
high temperatures [4, 9, 20], as the cooling continues, the

(1) (2)

 AISI 2205               ER 2209                             AISI 2205   AISI 2205                               ER 2209                               AISI 2205 

P3 

P2 

P1 
       ER 2594

Fig. 1 Optical macrograph of the
two welds joint

γ-Austenite 
δ -Ferrite

δ 

γ 

a b

Fig. 2 Microstructure of BM in the as received condition. a Optical microscopy. b Scanning electron microscopy
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Widmanstätten side plates (WA) nucleated and grow into the
grains from these allotriomorphs at the prior δ/δ or from par-
tially transformed austenite (PTA) at δ/γ grain boundaries [4,
22], in the last the intragranular precipitates (IGA) within the δ
ferrite matrix at low temperatures [7, 20].

According to [22], the cooling rate depends on heat input,
preheating, thickness, welding speed, and chemical composi-
tion. As in our case, the welding conditions for the two welds
are the same; the difference in cooling rate depends on the
chemical composition of the filler metal. The amount of WA
and IGA increased and the GBA coarsened much more at a

much slower cooling rate [23] and as the nitrogen content is
increased, the amount of austenite formed increases markedly,
in particular Widmanstätten side plates and ferrite grain size
become finer [20, 24, 25].

The microstructures of two deposited metals in each pass
are shown in Fig. 3. The root pass of the first weld produced
by ER 2594 filler metal (Fig. 3a) is completely different from
the second weld (Fig. 3b). It is fine due to the high content of
nickel and nitrogen [20], and it contains a large amount of
reformed austenite of different morphologies, due to the high
content of nitrogen which accelerates the reformation of

IGA
APTA

A

GBA WA 

WA 

GBA 
PTA 

IGA
A

PTA 

IGA 

WA 
GBA 

IGA PTA 

GBA 

WA 

PTA 
IGA 

WA 

GBA 

GBA 

PTA 

WA 

IGA 

a b

c d

e f

Fig. 3 Optical micrograph of the two welds metal. a, b Root pass. c, d Second pass. e, f cap
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austenite during the cooling. There is also a small amount of
PTA and fine ferrite grains. On the other hand, the root and
second passes of the second weld are coarse with a high con-
tent of PTA (Fig. 3b and d).

The microstructure of the second pass of the first weld
(Fig. 3c) is characterized by coarse austenite grains in partic-
ular IGA, due to the nitrogen diffusion from the root pass and
low cooling rate [24], a small amount of WA and a relative
increase of the ferrite content. Finally the cap pass undergoes a
rapid cooling rate which leads to the increase of the ferrite
content and becomes coarse with a little amount of reformed
austenite (Fig. 3e and f). The austenite and ferrite volume
fraction was determined in the different zones of the welds
from image analysis (Table 3).

The HAZ contains mainly two sub-zones, the high temper-
ature heat-affected zone HTHAZ (overheating zone) adjacent
to the weld metal and the low temperature heat-affected zone
LTHAZ (partially annealed zone) adjacent to the base metal
[4, 26]. The HTHAZ can be defined as the zone next to the
fusion boundary which approaches the melting point and will
become almost completely ferritic on heating. In the HTHAZ
zone, the temperature achieves very high values, around
1450 °C [9]. This temperature can also be predicted from the
pseudo binary phase diagram of Fe–Cr–Ni system (Fig. 4). On
cooling, the transformation δ → γ is incomplete, hence high
ferrite content is expected, so the austenite is reformed by
solid-state transformation at the ferrite/ferrite boundaries and
into the ferrite grains. The LTHAZ zone, where the tempera-
ture is between 800 and 1100 °C, is characterized by a small
recrystallization of the microstructure which modified the
grain morphology of the two phases. This light recrystalliza-
tion is followed by a slight growth of the grains particularly
those of the ferritic phase, so the percentage of austenite has
been increased by 10% in comparison with the base metal [9,
12].

The differences between the HAZs are presented in the
microstructures of Fig. 5a–c. As the nitrogen content in the
deposited metals was decreased from 0.24 to 0.16 wt%, the
size of the HTHAZ sub-zone and its ferrite content are

increased, and the grain size of austenite is decreased [6, 25,
26]. The ferrite content is increased from 58 to 70% on aver-
age at the root pass and cap HTHAZ sub-zonesة respectively.
In the second pass HTHAZ sub-zone where a mixture of two
weld metals exists, a value of 65% on average is noted. There
is not a great difference shown between the LTHAZ sub-
zones, which are characterized by high amount of austenite,
46.5% on average. As a consequence, nitrogen limits the
welding thermal effect and fosters austenite formation in the
HAZ.

Table 3 Average compositions
(%wt.) of the ferrite and austenite
phases determined by EDS
microanalysis

γ-austenite δ-ferrite

Location Volume Cr Ni Mo Volume Cr Ni Mo

Weld metal 1 Root pass 43.5 pct 24.85 9.35 3.45 56.5 pct 27.42 7.28 4.03

Second pass 39.6 pct 24.79 9.14 3.67 60.4 pct 27.29 5.43 5.35

Cap 35.1 pct 23.44 8.67 2.70 64.9 pct 24.55 7.00 4.19

Weld metal 2 Root pass 47.5 pct 22.33 9.17 2.61 52.5 pct 22.87 8.79 3.17

Second pass 44.7 pct 21.95 9.04 2.55 55.3 pct 23.60 7.42 3.20

Cap 35.4 pct 22.76 8.88 2.67 64.6 pct 23.14 7.26 4.02

Base metal 47 pct 22.03 6.43 2.81 53 pct 23.87 3.86 3.85

 DSS 

Fig. 4 Pseudo binary phase diagram of Fe–Cr–Ni system at equilibrium
[7, 20]
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3.2 SEM /EDAX analysis

Figure 6 shows the typical SEM/EDAX analysis in various
areas for the two weld metals and the base metal, which indi-
cates the different proportions of principal chemical elements.
Table.3 summarizes the chromium, nickel, and molybdenum

contents as a function of phase ferrite and austenite. It can be
observed that nickel content is higher in the WM than in the
BM because of the filler metals influence. It is clear that the
amount of these chemical elements in the second pass of the
first weld is almost the same as the root pass, which reveals the
migration power of these elements in particular chromium

BM 

HTHAZ

WM 

 LTHAZ 

BM 

HTHAZ 

WM 

LTHAZ 

BM 

HTHAZ 

WM 

LTHAZ 

a b

c

Fig. 5 Optical micrograph of fusion line at a root pass, b second pass, c cap in the first weld

Fig. 6 Typical SEM/EDS spectrums for the root pass employing a ER 2594 and b ER 2209 filler
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[27]. It is also found that the austenite is characterized by a
high level of nickel, which is the same for chromium and
molybdenum in the ferrite. However, the volume fraction of
this last is slightly higher in the root and second passes of first
weldment, due to the increase of chromium content in the
filler metal [19]. Phase proportion of deposited metal from
root pass to cap was irregular due to different cooling rate
and inter-pass dilution [22].

3.3 Mechanical properties

3.3.1 Tensile testing

The two weldments tensile test reveals that there is a fracture
in the base metal (Fig.7). The tensile properties of the GTA
weldments of DSS at 1 mm/min strain rate are reported in
Table 4. From the stress strain curve (Fig. 8), the tensile
strength value of the first weld (743.3 MPa) is found to be
lower than that of the second weld (757.4 MPa). On the other
hand, the ductility values are higher, due to the decrease of
root pass grain sizes and the changes in the morphologies and
proportions of austenite [27, 28].

3.3.2 Impact and fracture toughness testing

Figure 9 presents the toughness values of the BM, WM1, and
WM2 under various temperatures. It is inferred that by de-
creasing the temperature, a reduction in impact toughness is
recorded. The impact strength values of the WM1 are greater
than that of the WM2, this might be due to the difference that
exist between the ferrite content and the fine austenitic grains

size in the root pass, but less than that of the base metal. This
difference appears clearly for low temperatures from − 20 °C,
due to the structural fragility induced by the various morphol-
ogies of austenite.

The fracture surfaces in the different areas of welds at 20 °C
and −80 °C are illustrated in Fig. 10 and Fig. 11. It is known
that the fracture mechanisms of duplex stainless steel weld
materials are identified by its proper microstructure, which
are the austenite dimple fracture was principal fracture mode
[23, 29]. Concerned the first weld at 20 °C, the root pass
exhibits a ductile fracture with narrow and deep dimples as
in Fig. 10a. In the second pass, the dimples are medium sizes
and deep (Fig. 10b). However, the cap dimples are more wide-
shaped and shallow (Fig. 10c). Furthermore, the presence of
voids in the fracture is observed for all passes in particular for
cap. Also, it could be seen that the fractographs at − 80 °C
(Fig. 10d–f) demonstrates a mixed mode of ductile and brittle
fracture; this last highlights a small and discontinuous cleav-
age area. On the other hand, the fracture mode in the second
weld shows a ductile appearance with large and shallow
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Fig. 8 The result of strength test for two weldments
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Fig. 7 Tensile photographs of the two weldments

Table 4 Tensile properties of the two weldments

Material Ultimate tensile strength
(MPa)

Yield strength
0.2% (MPa)

Elongation
(%)

Weld 1 743.3 578.89 23.57

Weld 2 757.4 607.43 21.78
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Fig. 9 The result of impact toughness for base metal and two weldments
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dimples plus banded ferrite (Fig. 11a and b). At − 80 °C, it can
be noted a mixed mode characterized by elongated cleavage
facets (Fig. 11d and e). The fracture of the base metal at room

temperature revealed ductile mode (Fig. 11c). But in low tem-
perature (− 80 °C) showed predominantly ductile fracture
mechanism where large cleavage facets could be observed

T= 20 °C

T= -80 °C

aa b c

d e f

Fig. 10 SEM micrograph of the impact fractured in the WM1. a, b Root pass. c, d Second pass. e, f Cap

T= 20°C

T= -80 °C

a bb c

d ee f

Fig. 11 SEM micrograph of the impact fractured in the WM2. a, b Root pass. c, d Second pass. e, f Base metal
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and some inclusions (Fig. 11f). Consequently, the ferrite phase
exhibited a mixed mode of dimple and cleavage or quasi-
cleavage [19, 29].

3.3.3 Hardness testing

The hardness evolution in the two welds is shown in Fig. 12.
A stable hardness of about 258 HV is observed for the base
metal. For the HAZ, the hardness is stable except at the first
pass of the first weld, where a peak of hardness (270 HV) is
observed. This can be explained by the substitution effect of
Cr and Mo [19, 30] and the higher austenite content. The
hardness of the deposited metals is lower than that of the base
metal and HAZ. The average hardness of the deposited metal
employing ER 2594 is higher than that of ER 2209 filler metal
and is almost the same as the base metal 253 HV (Fig. 12a).

Hence, an acceptance stability of the hardness along the pro-
file, also for the second weld, is obtained. It is evident that the
root and cap passes have higher hardness than that of the
second pass. It is worth to be mentioned that the most stable
profile is P2 of the first weld where there is a mixture of two
filler metals (Fig. 12b).

3.4 Corrosion behavior

The corrosion susceptibility of base metal and weld metals in
3.5% NaCl solution at room temperature is described by the
potentiodynamic polarization curves shown in Fig. 13. From
this last, the various electrochemical parameters, the corrosion
potential (Ecorr), the corrosion current density (Icorr), and cor-
rosion rate (Vcorr) are extracted and summarized in Table 5.

Polarization curves reveal clearly the influence of micro-
structure, for each pass of weld, on the corrosion resistance. It
can be observed that the first weld metal shows a corrosion
behavior (Icorr = 2.37 μA/cm2 and Vcorr = 27.75 μm/y) better
than that of the second weld metal (Icorr = 2.60 μA/cm2 and
Vcorr = 30.44 μm/y). This can be explained by the microstruc-
ture, the morphology and finer austenite grains size [5, 31,
32], and the high level of alloying elements such as Cr, Mo,
and N in the root pass deposited metal [22, 33, 34]. However,

Fig. 12 Hardness profiles across the two weldments in differents area: a base metal BM, b heat affected zone HAZ and c weld metal WM

Fig. 13 Potentiodynamic polarization curves of base metal and weld
metals in 3.5% NaCl solution at room temperature

Table 5 Electrochemical corrosion parameters obtained from
potentiodynamic polarization curves of various specimens in 3.5%
NaCl solution at room temperature

Sample BM WM1 WM2

Ecorr (mV) −293.8 −262.5 −263
Icorr (μA/cm

2) 1.36 2.37 2.60

Vcorr(μm/y) 15.92 27.75 30.44
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the base metal exhibits the ideal corrosion behavior (Icorr =
1.36μA/cm2 and Vcorr = 15.92 μm/y) due to its microstructure
and the good equilibrium between austenite/ferrite phases
[34].

4 Conclusion

1) The grain sizes of austenite were decreased with increas-
ing of nickel and nitrogen content in the filler metal.

2) The increase of nitrogen content accelerates during
cooling the austenite reformation of different morphol-
ogies in particular Widmanstätten austenite and limits
the welding thermal effect and promotes austenite forma-
tion in the heat-affected zone.

3) Mechanical tests demonstrated that the weldment pro-
duced by the filler metal combination between ER 2594
in the root pass and ER 2209 in the remaining gives the
best tensile and toughness properties better than that pro-
duced by ER 2209 for all passes.

4) The hardness test indicates that the most stable profile is
the second profile of the first weld where there was a
mixture of two deposited metals.

5) The corrosion resistance of the first weld metal is better
compared to that of second weld metal, due to finer grains
size and morphology of austenite in root pass also the
high content of alloying elements such as Cr, Mo, and N.
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