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Abstract Number of Industries including marine, oil and

gas, pharmaceutical are facing challenges in welding of

thick section duplex stainless steel (DSS) to attain desired

microstructure and mechanical properties. The DSS is dual

phase structure comprising of austenite and ferrite in equal

proportion. The present work is aimed to investigate

microstructure and mechanical properties of DSS 2205

thick (20 mm) plate weld for pressure vessel by multi-pass

shielded metal arc welding using E2209 electrode to

maintain heat input 0.5–1.5 kJ/mm. Weldment was tested

for ferrite measurement, tensile, impact, hardness and bend

test by cutting across the weld. Scanning electron micro-

scope and optical microscope were used to examine

microstructures at weld zone and heat affected zone. In

microscopic examination, widmanstetten austenite, intra

granular austenite and grain boundary austenite were

observed in weld zone while partially transformed

austenite in heat affected zone.

Keywords DSS 2205—duplex stainless steel �
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Mechanical properties � Microstructure � Pressure vessel

1 Introduction

Duplex stainless steels (DSSs) are Cr–Ni–Fe-based alloys

and combination of dual structure of austenite (c) and

ferrite (d) in equal proportion [1–3]. DSS is one of the

better options for a good corrosion resistance and

mechanical properties in various aggressive environments

like chemical, marine, petrochemical, pharmaceutical and

heavy engineering applications [4–7]. However, it is a

severe issue to maintain austenite-ferrite ratio 50:50 in

various conditions like heat treatment, welding and high

temperature to attain excellent properties in DSS [8–10].

DSS exhibits good weldability compared to Austenitic

Stainless Steel (ASS) but due to cooling rate, electrode

chemistry and energy density, austenite-ferrite ratio can

get altered in weld/fusion zone (WZ/FZ) and heat affected

zone (HAZ) during welding process [11]. The ill effect of

very high peak temperature which is more than temperature

of ferrite solvus is that, ferrite distribution in heat affected

and fusion zone becomes high. This may lead to fusion/

weld zone possessing ferrite content more than 50% and to

overcome this issue filler material is added with higher

austenite stabilizers than base metal for balancing austen-

ite-ferrite ratio [12].

The heat input also play a crucial role in DSS welding to

balance austenite-ferrite ratio. Normally, slow cooling rate

is more preferable to maintain fraction of austenite-ferrite

which is possibly attained at higher heat input with wide

HAZ and large grain size in FZ. On the other side, adverse

effect of high heat input leads to intermetallic phase for-

mation such as r, v chromium nitride and other phases

during DSS welding [13–18]. Mechanism of precipitation

and transformation involves depletion of corrosion resistant

elements in the region contiguous to the precipitates near

the secondary austenite zone of the austenite-ferrite
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interface [19–23]. This adversely influences the suscepti-

bility of DSSs to intergranular corrosion (IGC).

Sensitization occurs in DSSs which leads to inter-

metallic phase formation and deterioration of mechanical

properties accordingly revealed by many researchers in the

case of isothermal heating [24–27]. To prevent inter-

metallic precipitations like as r, v chromium nitride, etc.

and maintain austenite-ferrite ratio during DSS welding,

sufficient cooling is required after welding is necessary

[28]. Shielded metal arc welding (SMAW) is majorly

preferred due to its flexibility, portability and simplicity

[1, 2]. Schaeffler and Delong diagram WRC-1992 is

important to predict weld metal microstructure based on

chromium-nickel equivalent. In actual practice, these dia-

grams are less preferred because it is not considering effect

of cooling rate during welding [29–31]. Imbalance in

microstructure also reveals that corrosion behavior is dif-

ferent for base metal, heat affected zone and weld zone [1].

Secondary phases easily precipitate as dual phase of

austenite/ferrite interface than that of single phase of

austenite or ferrite [4]. However, extensive investigation

has been carried out on DSSs in context of microstructures

and mechanical properties for thin sections, but very less

information is reported on the influence of intermetallic

phase on microstructural changes and mechanical proper-

ties in thick section of DSS weld. This research intends to

investigate the mechanical properties and microstructural

changes in 20-mm-thick section by multipass SMAW for

pressure vessel.

2 Experimental Work

2.1 Materials

In this research, commercial grade of duplex stainless steel

DSS 2205 has been used for experimental work. The test

coupons were taken from welded DSS 2205 plate having

size of 300 mm length, 270 mm wide and 20 mm thick-

ness. Chemical analysis of DSS 2205 was done as per

ASTM E 1086:14 [32] using Shimadzu PDA-7000, and

Table 1 shows average chemical composition percentage

weight.

2.2 Welding Procedure

DSS 2205 was manually welded by shielded metal arc

welding (SMAW) using WARPP INTIG-400 I machine. E

2209–15 was used as welding consumable and average

chemical analysis in percentage weight is given in Table 2.

Welding consumable was heated at 300 �C for 2 h in oven

for excellent weldability. For SMAW, joint was prepared

by single V butt joint having root gap of 2 mm and root

face of 1.5 mm. Complete welding was carried out by total

20 passes from which 3 passes were used for back

Table 1 DSS 2205 chemical composition in % wt

Element C P Mn Si S Ni Cr N Mo

% wt 0.019 0.024 1.138 0.565 0.006 8.456 23.363 0.2168 3.285

Table 2 E 2209 chemical composition in % wt

Element C P Mn Si S Cr Ni Mo N

% wt 0.004 0.030 1.0 0.5 0.025 23.0 9.0 3.0 0.15

Table 3 Welding parameters for SMAW

Pass Volt (V) Amperage (A) Travel speed (mm/min) Heat input (kJ/mm) Interpass temperature (�C)

Root 22–28 85–90 117 1.29 –

Filler 18–32 139–142 190–235 1.19–1.35 150

Cap 19–33 140–142 265–290 0.95–1.02 150
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chipping. During welding, interpass temperature was

maintained to 150 �C using infrared thermometer HTC

MT-4 between two consecutive passes. The welding

parameters for SMAW are given in Table 3. Welded

specimen was also tested for radiography test as per ASME

Sec. V [33].

2.3 Ferrite Measurement and Microstructure

Analysis

Welded specimen was analyzed for ferrite content at base

metal, weld zone and heat affected zone using calibrated

Helmut Fischer GMBH FMP30 to evaluate ferrite volume

fraction. Each value of ferrite measurement was taken by

calculating average of five observations. Then samples

were prepared as per ASTM E3—95 [34] for scanning

electron microscope (SEM), energy dispersive spec-

troscopy (EDS) to investigate microstructural changes

during welding. Optical microscopic examination was

analyzed using optical microscope NIM1000X and SEM as

well as EDS was carried out using JEOL (JSM5610LV).

Intermetallic phase analysis was also carried out for WZ

and HAZ as per ASTM A923 [35].

Table 4 Ferrite % of various zones

Location Avg. % Ferrite

WZ 43.526

HAZ 48.219

BM 50.788

Fig. 1 a Optical microstructure of HAZ at 200X. b Optical

microstructure of HAZ at 400X

Fig. 2 a Scanning Electron Microscope (SEM) of HAZ at 20 lm.

b Scanning Electron Microscope (SEM) of HAZ at 10 lm
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2.4 Mechanical Properties

Universal testing machine FIE UTE-60 (maximum capac-

ity 600kN) was used to carry out tensile tests. Two speci-

mens were prepared for result consistency as per ASTM

E8M-04 [36]. SEM and EDS were used to analyse mode of

failure and chemical composition of the precipitates in the

samples fractured by tensile test. Charpy impact tests using

impact testing machine IT-30 were carried out at - 40� as

per ASTM E-23:16b [37]. There were total six readings

taken for impact test, three from WZ and three from HAZ,

respectively. The vickers hardness tests were performed at

HV 10 using brinell cum Vickers hardness tester BV-250

as per ASTM E 92:2017 [38]. There were five readings

taken for each base metal and WZ as well as three readings

taken for HAZ. The side bend test was performed having

mandrel diameter of 40 mm at bend angle of 180� as per

ASME Sec. IX-2017 [39].

3 Results and discussions

3.1 Non-Destructive Examination

Weld joint quality was investigated by X-ray radiography

test (RT) at initial stage as per ASME Sec. V [40]. The RT

was performed using ROLI-2 board of radiography and

isotope technology (BRIT), BARC with the source of

Iridium 192 having inspection range of 10 mm to 70 mm.

Remote operated camera was used for RT and placed at a

distance of 8 m from welded specimen. The RT result

showcases the visible image quality indicators (IQI) iden-

tity of 7th wire from the required 9th wire. This shows no

significant defect and the welded joint is accepted.

3.2 Ferrite Measurement

Quantitative morphology of ferrite measurement is

observed as per ASTM E562-11 by image analyzer for

BM, HAZ and WZ [41]. The results of ferrite measurement

are given in Table 4. Average ferrite content in HAZ and

WZ is higher than the minimum required limits (&30%)

Fig. 3 a Optical microstructure of WZ at 200X. b Optical

microstructure of WZ at 400X

Fig. 4 Ultimate tensile strength comparison

Table 5 Tensile test results

Sample U.T.S. (MPa) 655 Min Broken from Fracture

1 804.6 Parent Ductile

2 832.0 Parent Ductile
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which results in better mechanical properties. Ferrite con-

tent decreases in HAZ and WZ due to low cooling rates to

regain austenite from d ferrite and difference between

thermal cycles of two regions. Cooling rate is calculated

based on temperature raised during welding (above

150 �C) and time taken to cool down up to150�C. So, it

shows average cooling rate from 6.33 �C/sec to 1.19 �C/

sec at low and high heat input, respectively.

3.3 Microstructure Investigation

Optical microscopy is performed to investigate inter-

metallic phases on WZ and HAZ as per ASTM A923.

Initially samples were polished by using 80 and 120 grit

papers. The electro etching solution was made by addition

of 40gm reagent grade sodium hydroxide (NaOH) into

100gm of distilled water at 1–3 V for 50 s. Microstructures

Fig. 5 a Scanning electron microscope of tensile sample at failure. b Scanning electron microscope of tensile sample at failure. c Energy

Dispersive Spectroscopy spectrum of the precipitates

Table 6 V notch Charpy impact test result

Location Obtained value

Size of specimen: 10 mm 9 10 mm and test temperature: - 40�C

Weld HAZ

Energy absorbed (Joules) 1 78 106

Energy absorbed (Joules) 2 72 96

Energy absorbed (Joules) 3 80 106

Avg. values (Joules) 76.67 102.67
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were examined by using optical metallurgical microscope

NIM1000x having range of 10X to 1000X. The optical

microstructures of HAZ are depicted in Fig. 1a at 200X

and in Fig. 1b at 400X.

Electro-etching has been used to reveal to differentiate

different colored shade of austenite (a) and ferrite (!).

Figure 1b showcases light color for austenite and dark

color for ferrite. The interphase boundaries are found to be

smooth as shown in Fig. 1a which clearly indicates no

significant effect of intermetallic or nitride phase in HAZ.

Thus HAZ can be considered as an unaffected structure and

is acceptable as per ASTM A923.

The scanning electron microscope (SEM) images of

HAZ in Fig. 2a at 20 lm and in Fig. 2b at 10 lm show no

significant effect of intermetallic phases. It also reveals that

microstructure with partially transformed austenite (PTA)

restricts the growth of grain. These results are in good

agreement with Aman Gupta et.al. (2018) [1].

The optical microstructures of WZ are depicted in

Fig. 3a at 200X and in Fig. 3b at 400X. Figure 3a illus-

trates fine waviness at interface boundaries which reveal

that dendritic structure and widmanstatten austenite (WA)

are present in the structure. Dendritic structure showcases

tree like structure of crystals and grow as molten metal

solidifies after welding. Figure 3b illustrates intragranular

austenite (IGA) and grain boundary austenite (GBA).

Austenite at grain boundary starts to develop at grain

boundary of d ferrite and then formation of widmanstattten

austenite occurs which propagates within the grains due to

cooling. While intra granular austenite nucleates and grow

within the d ferrite grain. Figure 3b illustrates separated

grain boundaries because of widmanstattten austenite

which result in coarse structure.

3.4 Mechanical Properties

In this present investigation, tensile test, charpy impact

test, microhardness vickers test and side bend test have

been carried out to quantify mechanical properties of

weldments. Two specimens have been tested for tensile

test, and it showcase ultimate tensile strength (UTS) for

both the welded specimens which are 804.6 MPa and

832 MPa. These are better than that of BM 789 MPa as

shown in Fig. 4.

During tensile test, both weldment specimens show

ductile fracture with specimens broken from the parent and

detail of the test is given in Table 5.

The fractograph of tensile sample is shown by SEM

images including EDS in Fig. 5. The fractured surface

showcases presence of finer circular structure as in Fig. 5a

as well as square precipitates in Fig. 5b develops during

welding. Finer precipitates result in good tensile strength

[1, 42]. Figure 5c shows complex metal oxide precipitates

containing Fe, Cr, Ni, Mn, Mo and Si in major proportion.

Figure 7 reveals that precipitation of metal oxides may be

the reason of failure.

Table 7 Vickers hardness test results

Location Obtained value in HV-10 Average value in HV-10

WZ 253,251,254,253,255 253.2

HAZ (left of WM) 221,222,219 220.66

HAZ (right of WM) 220,222,221 220.83

BM (left of WM) 193,194,192,191,195 193

BM (right of WM) 190,193,194,191,192 192

Fig. 6 Vickers hardness across the weld

Table 8 Side bend test results

Mandrel diameter (mm) Angle of bend Result

40 180� No defect
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The V-Notch Charpy impact test for the HAZ and WM

specimens is given in Table 6. During test, it has been

found that failure is ductile and HAZ have more capacity to

absorb energy than WM. From the impact test, it has been

observed that WM and HAZ specimens have average

impact value of 76.67 J and 102.67 J, respectively, which

are more than that of minimum requirement of 36 J for

WM and 54 J for HAZ. Higher ferrite percentage is

observed in HAZ compared to WM resulting in higher

impact strength in HAZ and also the optical micrographs

reveals that finer grain boundaries are found in HAZ.

The vickers hardness test results are shown in Table 7. It

shows that WZ having higher average hardness of 253.2

HV10 than HAZ and BM. Figure 6 represents the vickers

hardness across the weld which reveals that higher hard-

ness in WZ is due to the formation of secondary austenite

phase. This phase frequently has high molybdenum and

chromium content because of multipass welding which

leads to the growth of austenite phase [43–45].

The side bend test result of weldment is highlighted in

Table 8, and the bend has been carried out for 180� using

40-mm-mandrel which reveals satisfactory result as shown

in Fig. 7.

However, all the above results show good agreement

with literature studied in this investigation, and its com-

parison is shown in Table 9.

3.5 . Conclusions

In this present work, mechanical properties and

microstructures of DSS 2205 weldment are examined for

thick section using shielded metal arc welding (SMAW)

and E2209 electrode which conclude that:

1. In microstructure results, widmanstatten austenite

(WA), intragranular austenite (IGA) and grain bound-

ary austenite (GBA) were observed in WZ microstruc-

ture of the weldment. This type of microstructure was

found because of grain growth of d ferrite inside the

grain and cooling rate during solidification of welding.

Cooling rate depends on heat input during welding. In

this investigation, heat input was maintained from 0.95

to 1.35 kJ/mm with cooling rate of 6.33–1.19 �C/sec at

150 �C interpass temperature. However, microscopic

investigation also revealed that no intermetallic phase

was observed in weldment.

2. For quantitative morphology of ferrite measurement,

average ferrite content was observed to be 43.526%,

48.219% and 50.788% in WZ, HAZ and BM, respec-

tively. Low ferrite content was observed in WZ due to

Interpass temperature of 150 �C, which allowed

weldment to regain austenite during cooling cycle.

3. Ultimate tensile strengths (UTS) were observed to be

804.6 MPa and 832 MPa with ductile failure. Higher

value of UTS at weldment indicated presence of Cr,

Mo, Ni, Mn and Si in major proportion which

enhanced mechanical properties. Average impact

strength was found to be 76.67 J and 102.62 J in WZ

and HAZ, respectively. Higher impact strength was

observed in HAZ because of higher ferrite content

present in HAZ. Vickers hardness was observed to be

higher 253.2 in WZ, and side bend test showed

satisfactory results for the weldment.

4. However, this present investigation revealed that

SMAW process produced satisfactory results for mul-

ti-pass welding of DSS thick plate with no significant

defects. The results retrieved from experiments met the

requirements of ASME/ASTM standards.

Fig. 7 Side bend test sample

Table 9 Results Compared with literature

Output Findings Literature mapped

Microstructure WA, GBA and IGA at WZ PTA at HAZ (no inetrmetallic phase observed) [1, 4, 12, 16] and [42]

Ferrite content (Table 4) BM[HAZ[WZ (far better than literature) [1, 10, 11] and [42]

Mechanical Properties (Table 5,

6, 7 and 8)

Tensile, impact, vickers hardness and side bend test (meeting all the requirements

of ASME/ASTM standards)

[1, 11, 12, 16] and [42]
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