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Abstract During welding of 316L stainless steel (SS),

heat-affected zone (HAZ) is susceptible to sensitisation

and fusion zone is susceptible to pitting corrosion in

stainless steel welds. High-nitrogen electrodes with

0.045–0.055 wt% C and with different Cr contents were

used for welding of prototype fast breeder reactor com-

ponents. As-welded and thermally aged (823 K for 2 h)

weldments of type 316LN SS with different N contents

made by arc welding were studied for localised corrosion.

ASTM A262 Practice A and E tests and double-loop

electrochemical potentiokinetic reactivation studies on as-

welded and thermally aged specimens revealed the absence

of sensitisation in the HAZ and in fusion zone. However,

pitting potential of the weldments was found to vary with

the concentration of N ? Cr ? Mo in fusion zone and

found to be lower in the thermally aged samples. The

correlation between weld microstructure, alloying elements

and pitting corrosion behaviour has been discussed.

Keywords Welding � Thermal ageing � DLEPR �
Pitting corrosion � Microstructures �
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1 Introduction

Intergranular corrosion (IGC) takes place as a result of

exposure of sensitised stainless steel to a corrosive envi-

ronment, and the majority of failures are reported due to

weld decay during welding operation [1]. AISI type 316LN

stainless steel (C = 0.02–0.03 wt% and

N = 0.06–0.08 wt%) is used as a structural material for

prototype fast breeder reactor (PFBR) main vessel. To

improve design life from 40 to 60 years, nitrogen-enhanced

type 316LN SS (N = 0.07–0.22 wt%) has been developed.

Microstructural and corrosion properties of 316LN SS are

evaluated, and the optimum nitrogen content for 316LN SS

is found to be 0.14 wt% N [2]. Welding is unavoidable

during the fabrication of PFBR components [3] and during

welding operations; the heat-affected zone (HAZ) adjacent

to the fusion zone is subjected to temperature exposure

around 550–800 �C. Sensitisation in HAZ of austenitic

stainless steel during welding is dependent on heat input,

type of steel, amount of time spent in HAZ and grain size.

Silva et al. [4] reported that during welding of 316L

stainless steel involving different heat inputs, HAZ showed

carbide precipitation [4]. Sensitisation of HAZ in the as-

welded and in the thermally aged condition of austenitic

stainless steels indicated the absence of sensitisation in as-

welded condition, and sensitisation in HAZ increased with

the increase in post-weld heat treatment time [5–9].

During the welding of stainless steels, microsegregation

of alloying elements occurs [10, 11] and around 2–10%

ferrite is formed for avoiding solidification cracking during

welding [12–14]. Microstructural changes due to welding

parameters [15] can affect the localised corrosion resis-

tance of weldments. In austenitic stainless steel welds,

microsegregation and partitioning of elements mainly

depend on weld metal composition, mode of solidification
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and cooling rate [16, 17]. Pujar et al. [8] studied the effect

of alloying elements on the pitting potential of 316N weld

metal with 0.08% N and obtained a good correlation

between Cr ? Mo concentration in the matrix and pitting

potential. In pitting corrosion studies on 316N weld metal

with 0.07–0.13% N, solution-annealed condition improved

pitting corrosion resistance compared to stress relieved and

dimensionally stabilised conditions and attributed this to

the formation of chromium carbides and sigma phase

[18, 19].

Generally, the addition of nitrogen in SS retards sensi-

tisation in the base and weld metal, and nitrogen, chro-

mium, molybdenum in the weld improve pitting corrosion

resistance [3, 20–22]. However, a systematic study on the

relative resistance of 316LN SS (N in base mate-

rial = 0.07–0.14 wt%) weldments to pitting with respect to

microstructure in fusion zone and sensitisation in HAZ is

still lacking, and elaborate studies are still required to

provide understanding on its weldment corrosion. The

present study involves systematic study on the effect of

alloying elements and microstructure on pitting corrosion

studies of fusion zone and sensitisation in HAZ zone of

316LN SS weldments (N in base material: 0.07, 0.12 and

0.14% N) prepared by shielded metal arc welding (SMAW)

in as-welded and thermally aged condition using indige-

nously developed high-nitrogen electrodes with different

Cr and Mo contents. Anodic polarisation and linear

polarisation resistance technique (LPR) has been adopted

for pitting corrosion studies and double-loop electro-

chemical potentiokinetic reactivation (DLEPR) technique

for sensitisation evaluation. These studies will be helpful to

understand the localised corrosion behaviour of weldments

(in as-welded and thermally aged condition) during transit

and storage of PFBR components.

2 Experimental Details

2.1 Fabrication of Weldments and Thermal Ageing

The chemical composition of the different nitrogen-alloyed

316L SS for the present study is presented in Table 1.

SMAW was preferred because of its versatility, portability

and availability of electrodes that melts and produce

shielding gases to prevent weld from oxidation and which

are important for field applications. SMAW was adopted

with modified 316N electrodes (as per AWS/ASME: SFA-

5.4) of diameter 3.16 mm for the preparation of weld pads.

The welding parameters employed are shown in Table 2,

and the weldments were designated as 316N1, 316N2 and

316N3, respectively. Weld metal chemical composition

was analysed by optical emission spectroscopy, and the

results obtained are presented in Table 3.

Based on the chemical composition, mode of solidifi-

cation is determined from the Crea

Nieq

ratio in the weld metal

and several authors have studied the effect of alloying

elements on the weld ferrite prediction through the concept

of Nieq and Creq. Nieq considers the austenite stabilisers,

whereas Creq considers ferrite stabilisers with some

potency of each element in weight percentage basis. WRC

1992 diagram shows the better prediction of ferrite that has

significant Cu contents, and this diagram gives useful

information between composition and mode of solidifica-

tion. Delong et al. considered the effects of nitrogen on the

Nieq for the better prediction of ferrite and on mode of

solidification [23–25].

Suuatalas formula ¼ Crea

Nieq

¼ Cr þ 1:37Mo þ 1:5Si þ 2Nb þ 3Ti

Ni þ 0:3Mn þ 22C þ 14:2N þ Cu

Delongs formula ¼ Crea

Nieq

¼ Cr þ Mo þ 1:5Si þ 0:5Nb

Ni þ 0:5Mn þ 30 C þ Nð Þ

WRC 1992 formula ¼ Crea

Nieq

¼ Cr þ Mo þ 0:7Nb

Ni þ 0:25Cu þ 35C þ 20N

Liquid penetrant and radiographic examinations were

performed on the weld pads to check defects and porosity

that occurred during welding. For IGC studies, weldment

with 100 9 10 9 3 mm dimensions and for DLEPR and

polarisation studies, weldments with 17 9 10 9 10 mm

dimensions were machined out. Fusion zone samples were

also studied for pitting corrosion. 823 K for 2 h represents

dimensional stabilisation heat treatment, and hence, the

present study is useful to understand the effect of

Table 1 Chemical composition of nitrogen-alloyed 316LN SS in wt%

Alloy heat N C Mn Cr Mo Ni Si S P Fe Microhardness of BM (VHN)

316LN1 0.07 0.027 1.76 17.53 2.49 12.2 0.22 0.0055 0.013 Bal 155.3

316LN2 0.11 0.030 1.78 17.62 2.51 12.27 0.21 0.0055 0.015 Bal 174.4

316LN3 0.14 0.025 1.74 17.57 2.53 12.15 0.20 0.0041 0.017 Bal 185.7
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dimensional stabilisation heat treatment on the corrosion

behaviour during storage of PFBR components. Figure 1

shows schematic of the weld pad showing locations from

where specimens were extracted and used for pitting

corrosion and sensitisation studies. Figure 2 shows fusion

zone, HAZ (zone where grain growth occurs) and the base

metal of the three weldments.

2.2 Characterisation of Welds

Ferritescope was used for the measurement of delta ferrite

over weldments were polished up to 1 lm diamond finish.

Nearly 25 measurements were done on the weld metal at

different locations in the thickness direction. The average

value of delta ferrite in terms of ferrite number was

reported. The ferrite number measurements within fusion

zone and on the top of the bead and in thermally aged

condition were also carried out. These results are presented

in Table 4.

Weldments were polished up to 1 lm finish and 10%

oxalic acid was used during electrolytic etching and etch-

ing was carried out at 2 V for 20 s in order to reveal

microstructures of weld zone by using optical microscopy

[26]. Modified Murakami reagent test [27] was conducted

at 353 K (20 g KOH ? 20 g K3FeCN6 in 100 ml of H2O)

for 90 s on the as-welded specimen and thermally aged

specimens were polished up to 1 lm diamond finish fol-

lowed by chemical etching for phase identification.

The grain size at different regions of HAZ from the weld

fusion line was determined after electrolytic etching at 6 V

using nitric acid (60 ml) and water (40 ml) by linear

intercept method [28]. Microhardness measurements were

conducted from base metal to fusion zone using micro-

hardness tester of 500 g load with a dwell time of 15 s, and

three measurements were done at each point and the

average value is shown in Tables 1 and 2. X-ray diffraction

(XRD) studies were carried out on the weld material with

INEL X-ray diffractometer with Co Ka (1.787 A�) source

for identification of phases.

2.3 Intergranular Corrosion Studies

Electrolytic etching of weldments polished up to 1 lm

mirror finish was carried out at 1 A/cm2 for 5 min using

10 wt% ammonium persulphate to reveal microstructures

at different regions of HAZ. Classification of microstruc-

tures, i.e. step, dual, ditch, was done as per ASTM A262

Practice A test [29]. ASTM A262 Practice E test was

conducted as per the procedure mentioned in ASTM A262-

14 standard [29] on the weldments with dimensions

Table 2 The welding parameters employed during welding

SMAW-welded 316LN

SS

No. of

passes

Arc current

(A)

Arc voltage

(V)

Welding Speed (mm/

min)

Heat input (KJ/

mm)

Microhardness in HAZ

(VHN)

316N1 5 80 25.3 107 0.87 170–180

316N2 5 82.5 25 110.5 0.86 192–208

316N3 6 120 25 100 1.32 205–230

Table 3 Chemical composition of the weld metals, in wt%

Weldment identity N C Mn Cr Mo Ni Si Fe

316N1 0.07 0.052 1.65 17.17 1.1 11.62 0.46 Bal

316N2 0.08 0.050 1.65 18.07 2.0 11.47 0.47 Bal

316N3 0.10 0.050 1. 65 19.0 2.3 11.73 0.32 Bal

Fig. 1 a Schematic of weld pad showing weldment sample used for

pitting corrosion studies and b cross-sectional view showing location

for sensitisation studies
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100 9 10 9 3 mm in the as-welded condition polished up

to 320 grit finish followed by bend test to observe cracks

for IGC susceptibility.

As-welded condition and thermally aged condition

specimens with 17 9 10 9 10 mm were mounted and

polished up to 1 lm mirror finish. DLEPR test was con-

ducted in acidified ammonium thiocyanate solution, i.e.

0.5 M H2SO4 ? 0.01 M NH4SCN solution. DLEPR test

was carried out in two steps: (1) polarising the specimen at

- 0.5 V (Ag/AgCl) for 120 s and (2) anodically polarising

the specimen from - 0.5 to 0.3 V (Ag/AgCl) and from 0.3

to - 0.5 V (Ag/AgCl) at the scan rate of 1.6 mV/s. Degree

of sensitisation (DOS) was calculated from the ratio of Ir/Ia
where Ir is reactivation current and Ia is activation current.

2.4 Potentiodynamic Polarisation Studies

The anodic polarisation experiments were performed on

weldment and fusion zone specimens both in as-welded

and thermally aged condition polished up to 1 lm diamond

finish at ambient temperature in the acidic chloride elec-

trolyte of 0.5 M H2SO4 ? 0.5 M NaCl solution with Ag/

AgCl as a reference electrode, platinum foil as the counter

electrode. For deaeration purpose, purging was carried out

with argon gas for 1 h. Similarly, experiments were also

carried out on as-welded and thermally aged samples in

0.5 M H2SO4 and 0.5 M NaCl separately under the same

experimental condition. After stabilising the open circuit

potential for 45 min, anodic polarisation studies were

carried out by sweeping the potential from - 0.5 to 1.2 V

(Ag/AgCl) at a scan rate of 0.1667 mV/s. In the present

study, the potential at which the anodic current was

2.5 9 10-5 A/cm2 was considered as critical pitting

potential Epit [8]. Anodic polarisation was stopped when

the current reached a maximum value of 10-3 A/cm2. In

Fig. 2 Optical micrographs

obtained on as-deposited

weldments showing fusion,

HAZ, base metal a 316N1,

b 316N2, c 316N3

Table 4 Ferrite number measurements obtained for 316N SS weld-

metal (in as welded and in thermally aged condition) using calibrated

ferritoscope

Sample Average value On the top of bead

316N1 5.53 5.0

316N2 6.17 5.3

316N3 2.9 2.8

Thermally aged 316N1 4.5 3.7

Thermally aged 316N2 5.0 4.6

Thermally aged 316N3 1.7 2.0
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order to examine the initiation sites for pits, the polarised

specimens with pits were electrolytically etched in 10%

ammonium persulphate at 1 A/cm2 cleaned, dried and

observed in the optical microscope and scanning electron

microscope (SEM).

In order to determine polarisation resistance, fusion

zone specimens with an area of 0.6 cm2 were polished up

to 1 lm diamond finish and then linear polarisation resis-

tance experiments (LPR) were carried out in 0.5 M H2-

SO4 ? 0.5 M NaCl solution. For deaeration purpose, argon

gas was purged for 1 h. LPR experiments involved two

steps: (1) recording specimen OCP potential for 45 min

and (2) potential sweep of ± 0.02 V (Ag/AgCl) around

corrosion potential at a scan rate of 0.1667 mV/s. Current

density vs voltage graph was recorded from which polari-

sation resistance was determined.

3 Results and Discussions

3.1 Mode of Solidification, Microstructure

and Ferrite Number

Using the chemical composition of weld metal, Crea

Nieq

ratio

has been calculated for 316N1, 316N2 and 316N3 and the

ratios are tabulated in Table 5. Since two formulae shows
Crea

Nieq

in all the weldments less than 1.5, the mode of solid-

ification for the weld metals is austeno-ferritic (AF mode)

[18]. Ferrite content in the weld is dependent on many

factors such as composition, solidification rate, cooling

rate, dissolution of ferrite, ferrite morphology, etc. [30].

The average ferrite number obtained is 5.53 in case of

316N1 weld, whereas it is 6.17 and 2.93 in case of 316N2

and 316N3 weld, respectively, which is in the range of 3–7

and in thermally aged condition it decreases. Ferrite

number in the range of 3–7 is required to avoid hot

cracking in the weldments [3]. In the present study, 316N1,

316N2 and 316N3 weld metals are solidified with austeno-

ferritic mode with intercellular ferrite. Figure 3 shows the

microstructures of 316N welds obtained in the oxalic acid

etch test at 2 V. The microstructures in the 316N1, 316N2

and 316N3 welds show vermicular morphology, isolated

globules and continuous stringers of ferrite at cellular

boundaries. The weld metals which solidifies as austeno-

ferritic mode structures are cellular in nature with inter-

cellular ferrite and vermicular morphology, elongated in

the heat flow direction with ferrite across cell boundaries

[31].

Figure 4 shows the microstructures of 316N welds

etched in modified Murakami solution. The microstructures

reveal carbides (black), sigma phase (blue) and ferrite

(yellow–brown) colouration. Globular morphology of fer-

rite is observed in 316N3 weld metal microstructure as

shown in Fig. 4d due to solidification mode [31] and also

thermal effects during welding [14]. As shown in Table 6,

sensitisation is not observed in the weld during multipass

welding. It is a well-known fact that the transformation of

delta ferrite to carbide is dependent on the carbon content

and temperature. In this study, microstructure of 316N1,

316N2 and 316N3 weldments after thermal ageing (823 K/

2 h) (Fig. 5) reveals carbides that were formed due to the

dissolution of ferrite. In the present study, XRD studies

have also been carried out to provide a better understanding

of the identification of phases. XRD studies as shown in

Fig. 6 shows austenite and ferrite peaks; however, carbide

precipitation is not detected in the XRD result indicating

inadequate volume fraction of carbide for estimation in

XRD. Further, Parvathavarthini et al. [26] and Pujar et al.

[18] have also reported the presence of carbide precipitates

after heat treatment at 823 K. In the present study,

microstructural phases have been characterised qualita-

tively to reveal the differences in the concentration of

elements between phases and identification of chromium

carbide precipitation. Figure 7a–c shows the EDS spectra

obtained on the austenite phase along with chromium-rich

carbide precipitates. In Fig. 7a–c, spectrum acquired from

the carbide precipitate and austenite shows Cr enrichment

and depleted Ni in carbide, whereas austenite matrix shows

Ni enrichment with depleted Cr. These results are in good

agreement as reported by Ghosh et al. [32]. SEM EDS

spectra on austenite and chromium carbide phases indicates

that carbide phase is enriched with Cr and depleted in Ni

compared to austenite [32].

3.2 Intergranular Corrosion Studies

The average grain sizes of HAZ of 316N1, 316N2 and

316N3 have been found to be 55.44 ± 6 lm, 57.7 ± 2 lm

and 68 ± 2 lm, respectively, in the HAZ compared to the

three base metals (316LN1: 43 ± 2 lm; 316LN2:

54 ± 5 lm; and 316LN3: 60 ± 6 lm). Figure 8 shows the

optical micrographs obtained after ASTM A262 Practice

A test at different HAZs of the weldments of 316N3,

316N2 and 316N1. Step structure is clearly evident in

different HAZs of 316N1, 316N2 and 316N3 weldment,

Table 5 Creq/Nieq ratio for weld metals

Name of

material

Creq/Nieq ratio

Suuatalas

formula

Delongs

formula

WRC 1992

formula

316N1 1.32 1.16 1. 23

316N2 1.47 1.22 1.36

316N3 1.5 1.46 1.40

123

Trans Indian Inst Met (2019) 72(12):3089–3105 3093



indicating that carbide precipitation is absent; thus, sensi-

tisation is minimum. Studies on type 316L SS indicate that

DLEPR is an effective technique that can distinguish step,

dual and ditch structure. Aydogdu et al. [33] carried out a

detailed study on the effect of different parameters on

DLEPR curves on 316L SS and reported that DLEPR value

between 0 and 0.1% corresponds to step structure, and

0.2–2% corresponds to the dual structure. The absence of

reactivation current in Table 6 compliments the step

structure as evident in optical micrographs (Fig. 8). Sen-

sitisation evaluation carried out using ASTM A262 Prac-

tice E responds only when Cr-depleted zones due to

carbides are less than 12% Cr followed by U bend in

uniaxial condition (for IGC) for the observation of cracks

in the U bend region [29, 34]. Weldments (316N1, 316N2

and 316N3) after conducting U bend test shows the

absence of cracks in HAZ, and hence, the possibility of

IGC is ruled out. Studies carried out by Parvathavarthini

et al. [35] on nitrogen-alloyed 316L SS indicated that

nitrogen increases the time required for sensitisation in

time–temperature sensitisation diagrams (TTS) and at

948 K (nose temperature), the time required for sensitisa-

tion is 16–24 h [35].

In the present study, there is a small variation in grain

size in HAZ. Microhardness increases from base metal to

HAZ, as shown in Tables 1 and 2 for all the three welds,

and the presence of some ferrite around 0.2–0.4 FN is

observed. It is important to note that although there is an

increase in grain size in 316N3 HAZ compared to 316N1

HAZ and 316N2 HAZ, microhardness increases in 316N3

HAZ due to the presence of high-nitrogen and residual

stresses created during welding [14]. Thus, in the present

study, 316LN SS HAZ shows step structure due to a small

variation in grain size and high nitrogen in 316L SS.

Nitrogen plays an important role in HAZ as it increases the

time required for sensitisation. Type 316LN SS and grain

sizes in HAZ increase the time required for sensitisation.

Sensitisation is dependent on the thermodynamics and

Fig. 3 Optical micrographs of

microstructures obtained by

etching in oxalic acid for a,

b 316N1, c, d 316N2 and e,

f 316N3 weld metal showing

vermicular morphology,

isolated globules and

continuous stringers of ferrite.

Arrows in a indicates

vermicular, and arrow in

b indicates continuous stringers
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kinetics of carbide precipitation. Thermodynamically,

carbide precipitation is feasible at 873–1073 K, and

kinetics of carbide precipitation is dependent on chromium

diffusion. Since chromium diffusion is very slow and

welding conditions normally will not take longer time,

chromium carbide precipitation is difficult to occur during

welding conditions [1].

Silva et al. [4] reported carbide precipitation 316L SS

HAZ during welding operations involving heat input and

presence of ferrite in HAZ, and he attributed this to

chromium and nickel partitioning that reaches the tem-

perature of austenite/delta ferrite. Effect of nitrogen on 304

and 316L SS indicate that nitrogen is beneficial from

sensitisation point of view up to 0.14 wt% N [36].

3.3 Pitting Corrosion Studies

Figure 9a shows anodic polarisation curves of 316N weld

metal and thermally aged 316N weld metal obtained in

0.5 M H2SO4 solutions. It is observed that there is not

Fig. 4 Optical micrographs of

microstructures obtained by

etching in modified Murakami

reagent for weld zone showing

vermicular ferrite in a 316N1,

b 316N2 and c 316N3 and

globular morphology in

(316N3) (d)

Table 6 DLEPR results for 316N weldments

Sample % Degree of sensitisation, DOS

Ia (A/cm2) Ir (A/cm2) DOS (Ir/Ia)

316N1 0.021 1.7 9 10-6 8.5 9 10-5

316N2 0.0032 – –

316N3 0.0063 – –

Thermally aged 316N1 0.02 2.6 9 10-5 8.5 9 10-3

Thermally aged 316N2 0.0067 – –

Thermally aged 316N3 0.0059 – –

316N1 HAZ 0.0057 – –

316N2 HAZ 0.0110 – –

316N3 HAZ 0.0220 – –
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Fig. 5 Optical micrographs of

microstructures obtained by

modified Murakami etching test

of thermally aged weld metal

a 316N1, b 316N2 and c 316N3

showing the presence of

carbides (arrow mark)

Fig. 6 XRD obtained on

thermally aged weld metal

a 316N1, b 316N2 and c 316N3

showing the presence of

austenite and ferrite
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Fig. 7 a SEM EDS spectra

obtained on thermally aged

316N1 showing the presence of

austenite (spectrum 40) and

chromium carbide (spectrum

48). b SEM EDS spectra

obtained on thermally aged

316N2 showing the presence of

austenite (spectrum 24) and

chromium carbide (spectrum

18). c SEM EDS spectra

obtained on thermally aged

316N3 showing austenite

(spectrum 14) and chromium

carbide (spectrum 15)

123

Trans Indian Inst Met (2019) 72(12):3089–3105 3097



Fig. 7 continued
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Fig. 7 continued
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much variation in transpassive potential and all are com-

parable in as-welded and thermally aged samples as shown

in Table 7. Acidic chloride medium is useful to provide the

passive film properties, active passive transitions and pit-

ting corrosion susceptibility [37, 38]. Higher the Epit val-

ues, better is the pitting corrosion resistance. Figure 9b

shows the anodic polarisation curves of as-welded and

thermally aged specimens in acidic chloride medium. The

values of various electrochemical parameters are given in

Table 8. The pitting potential is lowest for the 316N1

specimen among the as-welded and thermally aged speci-

mens as shown in Fig. 9b. In chloride medium as shown in

Fig. 9c, it is found that pitting potential of the as-welded

samples is higher compared to thermally aged samples. The

pitting potential values obtained in 0.5 M NaCl are pre-

sented in Table 7. The decrease in pitting potential in

chloride medium compared to acidic chloride medium can

be attributed to the presence of SO4
2- ions as these ions

shift the pitting potential in nobler direction [8]. In the

present study, 316N3 shows the highest pitting corrosion

resistance compared to 316N1 and 316N2 due to high

N ? Cr ? Mo content in the weld and in the absence of

sensitisation. It is found that from Table 3, N ? Cr ? Mo

content is higher for 316N3 (21.4) compared to N ?

Cr ? Mo in 316N1 (18.34) and 316N2 (20.15). The

increase in pitting potential with an increase in N ?

Cr ? Mo can be attributed to the increase in passivity or

passive potential range of the film as shown in Table 9. As

shown in Tables 8 and 9, there is not much variation in

pitting potential among the fusion zone and weldments.

Pitting corrosion of metal involves three stages: (1) passive

film breakdown (2) metastable pitting and (3) pit initiation

Fig. 8 Optical micrographs obtained as per ASTM A262 Practice A test for the three zones of HAZ. a–c 316N1, d–f 316N2 and g–i 316N3

weldment and a, d, g HAZ 1 b, e, h HAZ 2 and c, f, i HAZ 3
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and growth. Pitting potential is the potential at which pit

growth starts and current increases monotonically with

further increase in potential. The metastable pitting and

repassivation occur below pitting potential and depend on

alloy composition followed by pit growth. All these factors

influence the passivity of SS [20, 38]. Thus, as shown in

Fig. 9c, metastable pit’s growth is retarded with an

increase in N ? Cr ? Mo, and passivity or passive range

as shown in Tables 8 and 9 also increases with increase in

N ? Cr ? Mo. These results are in good agreement with

the results obtained by several authors [20]. As shown in

Figs. 10, 11 and 12, fully grown pit shows preferential

attack at austenite centres leaving the ferrite uncorroded.

Breakdown of the passive film depends on Cr and Mo, and

austenite phase having Cr- and Mo-depleted austenite

centres [39] is susceptible to break down of the passive

film compared to ferrite which is Cr- and Mo-enriched, and

this is a common feature in welds and reported by several

authors [39]. As shown in Figs. 10a, b, 11a, b, 12a, b,

undissolved ferrite and dissolution of austenite centres are

clearly evident indicating that breakdown of passive film

has occurred at Cr- and Mo-depleted regions [5, 39]. These

observations are in good agreement with previous obser-

vations [5]. Polarisation resistance is a useful parameter

that gives the information of corrosion characteristic and

tendency of a material to undergo corrosion uniformly [20].

Linear polarisation graphs obtained in acidic chloride

solution are shown in Fig. 13. From the current density vs

electrode potential of LPR graph, as shown in Fig. 13,

polarisation resistance is determined from the inverse of

slope [40] and is tabulated in Table 10. As shown in

Table 10, 316N3 shows higher RP compared to 316N1 and

316N2. Higher RP indicates that the material is more cor-

rosion resistant and dissolution of elements is very less. In

the present study, 316N3 shows high RP, indicating that the

material is passive in nature and has more passive film

stability. This also indicates that the austenite phase in the

weld region is more corrosion resistant. As shown in

Table 9, the passive film and critical current densities also

decreases with increase in N ? Cr ? Mo along with RP.

All these results indicate the superior corrosion resistance

of 316N3. The pitting potential obtained from polarisation

experiments correlate well with RP obtained from LPR

technique. The effect of Cr, Mo and N on the pitting cor-

rosion resistance has been studied by several authors, and

they have indicated that critical current densities and pas-

sive current densities decrease, and pitting potential

increases with the increase in these elements [20].

As shown in Table 4, the ferrite number present in the

weld after thermal ageing is found to decrease due to the

transformation of delta ferrite to carbides, which did not

result in sensitisation. As shown in Table 6, the absence of

reactivation current or lower values indicates the absence

Fig. 9 a Polarisation curves for 316N weldments in the as-welded

and thermally aged condition in 0.5 M H2SO4 solution. b Polarisation

curves for 316N weldments in the as-welded and thermally aged

condition in 0.5 M H2SO4 ? 0.5 M NaCl solution. c Polarisation

curves for 316N weldments in the as-welded and thermally aged

condition in 0.5 M NaCl solution
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of sensitisation. In the present study, carbide precipitates

formed during welding at 823 K/2 h condition did not

result in sensitisation (i.e. Cr content in the depleted zone

around carbides more than 13 wt%) and not continuous in

nature. Studies carried out on 316N weld metal at 823 K

for 4 h show very low DOS values and the presence of

carbides that decreases the amount of chromium present

near the carbide and hence pitting potential decreases [18].

The micrograph (Figs. 5, 7) show the presence of carbides

at austenite/delta ferrite interfaces after thermal ageing in

all the weld metals which act as susceptible sites for pit

initiation and growth. As shown in Figs. 10c, d, 11c, d,

SEM micrographs show undissolved ferrite stringers and

dissolution of austenite centres [39] and unattacked car-

bides. These results indicate that breakdown of passive film

occurs at Cr- and Mo-depleted regions and Cr-depleted

regions near the carbides which acts as pitting initiation

sites.

4 Conclusions

The results of the present study are summarised as follows:

1. ASTM A262 Practice A test at different heat-affected

zones of the weldments revealed step structures,

indicating the absence of carbide precipitation and

sensitisation.

2. Double-loop electrochemical potentiokinetic reactiva-

tion test results of the thermally aged weldments of

316N1 showed Ir and degree of sensitisation values as

2.6 9 10-5 and 8.5 9 10-3, respectively. DLEPR

tests on as-welded and thermally aged weldments of

316N2 and 316N3 showed the absence of reactivation

peak, confirming the complete absence of sensitisation.

3. The potentiodynamic polarisation studies showed the

highest pitting corrosion resistance for 316N3 weld-

ment as compared to 316N2 and 316N1. Pitting

corrosion resistance was found to decrease with the

thermally aged condition for all the weldments due to

Table 7 Electrochemical parameters from the anodic polarisation curve for weld metals in 0.5 M NaCl and 0.5 M H2S04

Weld metal identification Pitting potential, Epit V (Ag/AgCl) in 0.5 M NaCl. Transpassive potential V (Ag/AgCl) in 0.5 M H2SO4

316N1 0.41 0.97

316N2 0.48 0.97

316N3 0.61 0.98

Thermally aged 316N1 0.36 0.96

Thermally aged 316N2 0.42 0.97

Thermally aged 316N3 0.57 0.97

Table 8 Electrochemical parameters from the anodic polarisation curve for weldments in 0.5 M H2SO4 ? 0.5 M NaCl

Weldment designation Ipass 9 10-6 (A/cm2) at 0.3 V (Ag/AgCl) Pitting potential, Epit, V (Ag/AgCl) OCP

316N1 3.1 0.50 ± 0.05 - 0.34

316N2 1.9 0.73 ± 0.05 - 0.32

316N3 1.0 0.85 ± 0.03 - 0.33

Thermally aged 316N1 5.8 0.42 ± 0.02 - 0.33

Thermally aged 316N2 4.4 0.64 ± 0.02 - 0.33

Thermally aged 316N3 1.17 0.73 ± 0.02 - 0.32

Table 9 Electrochemical parameters from the anodic polarisation curve for weld metals in 0.5 M H2SO4 ? 0.5 M NaCl

Weld metal

identification

Ipass 9 10-6 (A/cm2) at 0.3 V

(Ag/AgCl)

Pitting potential, Epit, V (Ag/

AgCl)

OCP Icritical CD 9 10-5(A/

cm2)

Passive range, V (Ag/

AgCl)

316N1 8.0 0.45 - 0.34 2.3 0.60

316N2 1.5 0.68 - 0.33 1.3 0.81

316N3 0.8 0.83 - 0.32 0.8 1.04
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Fig. 10 SEM photograph of as-

welded and in thermally aged

condition of 316N2 after

potentiodynamic polarisation

experiment in acidic chloride

medium showing dissolution of

austenite inside the pit leaving

ferrite undissolved a, b as-

welded condition pit c, d in

thermally aged condition

showing austenite dissolution

leaving carbides unattacked in

pit at lower and higher

magnifications

Fig. 11 SEM photograph of as-

welded and in thermally aged

condition of 316N1 after

potentiodynamic polarisation

experiment in acidic chloride

medium showing dissolution of

austenite inside the pit leaving

ferrite undissolved a, b as-

welded condition pit c, d in

thermally aged condition

showing austenite dissolution,

leaving carbides unattacked in

pit at lower and higher

magnifications
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precipitation of chromium carbides at delta ferrite/

austenite interfaces.

4. It was found that pitting potential of the as-welded

samples was higher in acidic chloride medium com-

pared to sodium chloride medium due to the presence

of sulphate ions.

5. The polarisation resistance values obtained from the

LPR technique increased with the increase in N ?

Cr ? Mo in fusion zone

6. Higher pitting potential in 316N3 could be attributed to

the presence of higher N ? Cr ? Mo content in the

weld in the absence of sensitisation.
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