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a b s t r a c t

This paper presents the pitting corrosion resistance of AISI 316LN SS Weld joints in the (i) as-welded
and (ii) post-weld heat-treated condition. The weld metal contains 0.055% carbon and 0.13% nitrogen
in order to have improved creep strength. The welded components are subjected to (i) solution anneal-
ing at 1050 ◦C, (ii) stress relieving at 750 ◦C or (iii) dimensional stabilization at 550 ◦C depending upon
the fabrication route. These welds are exposed to marine/coastal environment at various stages of fab-
rication, inspection, storage and commissioning after these heat-treatments, which may lead to pitting
corrosion. Hence an attempt was made to understand the influence of microstructural change arising
due to the post-weld heat-treatments on the susceptibility of these materials to pitting corrosion. Poten-
tiodynamic polarisation as well as electrochemical noise (EN) studies were conducted in 0.5 M sodium
itting corrosion

lectrochemical noise chloride solution in open atmosphere. Shot-noise analysis, Weibull probability plots and the 3 dimen-
sional plots using shot-noise parameters were used to assess the susceptibility to pitting corrosion. It has
been established that solution annealing improves the pitting corrosion resistance whereas stress reliev-
ing as well as dimensional stabilization heat-treatments make the weld joints more prone to pitting. The
localized corrosion resistance was correlated to the microstructural changes resulted during the various

heat-treatments.

. Introduction

AISI 316LN SS (C = 0.024–0.03% and N = 0.06–0.08%) has been
hosen as the primary structural material for the 500 MWe Proto-
ype Fast Breeder Reactor (PFBR) being built at Kalpakkam. Welding
s extensively employed in the fabrication of PFBR components. For
FBR components welding of the AISI 316LN SS is to be carried out
sing modified 316N (as per AWS/ASME: SFA-5.4) electrodes devel-
ped indigenously. Weld metal cracking is controlled by optimizing
he chemical composition of the welding consumables. Carbon in
he range of 0.045–0.055% and nitrogen in the range of 0.06–0.1%
re specified to provide weld joints with improved creep strength
nd freedom from sensitization in the as-welded state. In addition
he ferrite content in the weld metal is specified to be between 3
nd 7 FN (measured magnetically) to promote ferrite solidification
ode.
Following three types of heat-treatments are required for
ustenitic stainless steel components [1]:

(i) Solution-annealing at 1050 ◦C (1323 K) or above for full stress-
relieving, restoration of mechanical properties and corrosion
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resistance particularly when the maximum allowable level of
cold work is exceeded. Following this treatment, slow cooling
is necessary to avoid reintroduction of residual stress. When
316LN SS components (C ∼ 0.03 wt.% and N ∼ 0.08 wt.%) are
welded with modified 316N electrodes (C ∼ 0.045 to 0.055 wt.%
and N ∼ 0.06 to 0.1 wt.%), the carbon content of the weld metal
will be higher than that of the base metal. When such high car-
bon weld metal is exposed to solution-annealing temperature,
the delta-ferrite is transformed to austenite and the weld metal
behaves like austenitic base metal containing higher carbon
(∼0.05 wt.% as against 0.03 wt.% in base metal).

(ii) PFBR is a ‘pool-type’ of 500 MWe sodium-cooled reactor,
wherein the minimum and maximum sodium temperatures
in the secondary circuits would be 355–525 ◦C (628–798 K).
Some components of PFBR encounter wear (adhesive or
abrasive) due to sliding movement and erosion of the pro-
tective oxide film from their surfaces due to high velocity
sodium. High operating temperatures coupled with high con-
tact stresses could result in self-welding of the mating parts.
Nickel base, cobalt-free hard facing is used for mating parts in

most of the nuclear steam system components. Stress-relieving
at 750–850 ◦C (1023–1123 K) is required after hard facing
because of the high stresses built-up at the coating–substrate
interface. Without this heat-treatment cracking of the coating
can take place during in-service thermal cycling because of the

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:pujar55@gmail.com
dx.doi.org/10.1016/j.matchemphys.2010.04.031
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Table 1
Welding parameters for modified 316N SS weld metal.

No. of passes Arc voltage (V) Arc current (A) Speed
(mm min−1)

Heat input
(J mm−1)

rically on the opposite sides of the working electrode. The scan rate was chosen
to be 0.1667 mV min−1. Initially, the specimen was immersed in the solution for
45 min in order to observe the stable open circuit potential. After this period,
anodic polarisation experiments were conducted from OCP till the specimen under-
went stable pitting attack which was noticed by the monotonic rise in the current.
Solartron SI 1287 Electrochemical Interface was used to conduct all the experi-

Table 2
Chemical composition of the weld metal, wt.%.

Element wt.%

Carbon 0.055
Nitrogen 0.13
Chromium 18.3
Nickel 11.3
Molybdenum 1.8
Manganese 1.4
Silicon 0.32
Sulphur 0.008
Phosphorus 0.025
Tantalum <0.01
Titanium 13 ppm
08 M.G. Pujar et al. / Materials Chem

mismatch between the expansion coefficients of the hard face
coating and stainless steel substrate.

iii) Dimensional stabilization treatment is required for relieving
peak residual stresses and is performed before final machining
to prevent distortion during final machining and assembly. It
is performed at a temperature 50 ◦C above the expected peak
transient temperature (the highest temperature the compo-
nent is likely to experience for short duration of time during
service). According to ASM hand book [2], heat-treatment peri-
ods of 3–4 h per 25 mm are used for dimensional stabilization
treatment and 1 h/25 mm is used for solution-annealing treat-
ment.

Among the various factors that affect the corrosion behaviour,
icrosegregation of alloying elements is found to be a prominent

ne [3]. Heat input and welding technique affect the solidifi-
ation behaviour of weld metals, thereby affecting its corrosion
erformance [4]. Microsegregation of Cr and Mo during weld solidi-
cation and cooling in type 316 and type 316L wed metals has been
xtensively studied by a number of workers [5–9]. They concluded
hat the microsegregation of Cr and particularly Mo [6,7] was found
o be much higher at the �/� interphase boundaries. The segregated

o was reported to be more detrimental to uniform corrosion of
igh-alloyed austenitic stainless steels [10]. Presence of 2–10% of
he delta-ferrite is considered as a prerequisite to avoid solidifica-
ion cracking during welding [11]. But this ferrite was found to be
ttacked in certain corrosive media leading to component failures
12,13]. It was also reported that the surface lying dendrites were

ore prone to corrosion attack where Cr distribution at the �/�
nterphase was nonuniform [12]. From the literature cited above
t can be inferred that the weld metal is a weaker section of the

eldment [14] and an assessment of its corrosion behaviour is
omplicated by several factors.

It is well known that the delta-ferrite present in the weld
eposits is transformed to several secondary phases after expo-
ure at elevated temperatures. Although they are present in minor
mounts, they can be detrimental to the corrosion properties
f such weld metals. Such service-exposed weld joints may be
ttacked during the shutdown period or during cleaning. It has been
eported that in the as-deposited specimens, the Cr- and Mo-rich
elta-ferrite is not attacked by passive film breakdown. However,
uch preferential attack and subsequent breakdown takes place
n the thermally aged weld metals as the depleted areas formed
ue to the decomposition of the delta-ferrite to M23C6 and inter-
etallics provide susceptible sites for pit nucleation and growth

15,16]. Since the welded and fabricated components are stored
efore being put in the service, there is every likelihood of initiation
f localized corrosion like pitting or crevice corrosion in the coastal
nvironment of Kalpakkam with high humidity and the presence of
hlorides in water due to unforeseen contamination. The concen-
ration of chlorides would increase significantly due to frequent
etting and drying conditions, which would pose a serious local-

zed corrosion problem to the fabricated and stored components.
herefore in order to study the relative susceptibilities of the 316N
eld metals with different microstructures resulting from different
eat-treatments to pitting corrosion, experiments were conducted

n 0.5 M NaCl solution in open atmosphere at open circuit potential
OCP) using EN technique.

. Experimental
.1. Weld joint preparation

Weld pads were prepared by Shielded Metal Arc Welding (SMAW) process using
odified 316N electrodes (3.15 mm diameter) supplied by M/s. Mailam India Ltd.,

nd the welding parameters used are presented in Table 1. The chemical composition
f the weld metals was analyzed using optical emission spectroscopy (Jobin Yvon
1 22–23 115–120 160 991
2 22–23 115–120 186 852
3–16 21–22 120–130 160 1008

17–26 21–22 130–140 290 600

make model JY-132 F) and the results are given in Table 2. Liquid penetrant and
radiographic examinations were performed to ensure that the weld pads were free
from porosity and defects. From these weld metals, cylindrical specimens (25 mm
length, 10 mm diameter) were machined to conduct the corrosion studies.

2.2. Heat-treatments and delta-ferrite measurement

The weld metals were heat-treated at (1) 550 ◦C/4 h (Stabilization treatment),
(2) 750 ◦C/1 h (stress relief) and (3) 1065 ◦C/1 h (solution annealing) and cooled at
the rate of 200 ◦C h−1. This cooling rate was chosen in order to avoid precipitation
of carbides or any other phases. Delta-ferrite measurements were carried out using
Ferritescope on the as-welded as well as heat-treated weld metal specimens. In
order to study the morphology of the delta-ferrite, the weld metals in the (i) as-
welded and (ii) as-welded and solution-annealed conditions were electrolytically
etched at 2 V in 10% oxalic acid for 15 s. Heat-treated weld metals were etched in
Modified Murakami reagent (30 g Potassium Ferricyanide + 30 g Potassium Hydrox-
ide + 150 ml water, immersion in the boiling solution for 15–45 s). Thereafter the
specimens were cleaned and observed under optical microscope.

2.3. Potentiodynamic anodic polarisation studies

In order to avoid crevice corrosion attack generally observed in the mounted
specimens, cylindrical specimens drilled and tapped at one end were used in the
present work. These specimens were polished up to fine diamond (1 �m) on the
curved surface and up to 1200 grit on the flat surfaces. Since pit nucleation depends
upon the passive film which in turn is dependent upon the surface finish, dia-
mond finish of the curved surface will reduce the possibility of pit nucleation on
the curved surface; thus pits would be preferentially nucleated on the flat surface,
which would be helpful in studying the pit nucleation sites as well as pit mor-
phology using optical microscope. Care was taken to round of the sharp edges
in order to avoid the edge attack. The specimens were washed in soap solution
and cleaned ultrasonically in methanol and dried before immersing in the solu-
tion. The specimen was immersed in the solution such that only the flat surface
remained inside the solution avoiding the immersion of the curved surface. The
anodic polarisation experiments were performed in five-necked polarisation cell
with a luggin-haber probe and a salt-bridge in order to establish the contact of
the working electrode with the reference electrode. All solutions were prepared
using double-distilled water. All the experiments were performed in the aerated
solution of 0.5 M NaCl. All the potentials were measured against saturated calomel
electrode (SCE). Two platinum foils (with an area of 1 cm2 each) spot-welded to
the platinum wires were used as the counter electrode and were placed symmet-
Niobium <0.07
Vanadium 0.07
Boron <10 ppm
Copper 0.08
Cobalt 0.07
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ents. Optical microscopic studies were conducted after the anodic polarisation
xperiments.

.4. Electrochemical noise studies

Electrochemical noise studies on these materials were performed using two
ominally identical cylindrical specimens with the same chemical composition as
ell as metallurgical history. The specimens were connected to the EN measurement

ystem (Solartron SI 1287) using threaded specimen rods, which were covered with
eflon tape. The specimens were polished up to 1200 grit finish, washed in soap
ater and degreased and ultrasonically cleaned in methanol. Potential and current
oise measurements were performed by shorting together two identical working
lectrodes. The current flowing between the two working electrodes, as well as the
otential between the working electrode and a reference electrode were monitored.
he area of the specimen exposed to the solution was about 1.534 cm2.

The potentiostat, which can perform this experiment actively, holds the working
lectrode connection at the ‘ground’ potential by a small amplifier circuit. If one

working’ electrode is directly connected to ground and the other is connected to
he working electrode cable, they are both held at the same potential and are, in
ffect, ‘shorted’ together. Any current, which flows between the two electrodes,
s measured by the instruments of current measurement circuits thus creating a
ero Resistance Ammeter (ZRA). The potential is measured between the ‘working’
lectrodes (since they are shorted together, both ‘working’ electrodes are at the
ame potential) and a reference electrode. SCE was used as a reference electrode for
he measurement of potential noise.

Electrochemical current and potential noise studies were conducted in aerated
.5 M sodium chloride solutions at OCP and noise signals were collected at the sam-
ling frequency of 1 Hz. Since in EN studies, the signal is mostly non-stationary,
he drift or the trend gets introduced. Therefore, the drift or the trend removal was
arried out using a suitable detrending technique, which is an accepted practice,
efore calculating the statistical parameters as well as power spectral density (PSD)
alues. Every day the EN data was collected for 21,600 s. All the potential and cur-
ent noise data collected in the time domain were transformed in the frequency
omain through the fast Fourier transform (FFT) method, by a dedicated software
fter suitably detrending.

.5. Data analysis using stochastic theory and shot noise

Usually a large scatter is observed in the measurable parameters like corrosion
ate, maximum pit depth, time to perforation etc. during localized corrosion. This
catter results from the influence of metal surface heterogeneities and from vari-
tions in the corrosive environment over time during pit growth. All these facts
uggest that randomness is an inherent and unavoidable characteristic of pitting
orrosion over time, so that stochastic models are better suited to describe pitting
orrosion processes. The output obtained using the stochastic models is random or
robabilistic. It may be possible to predict the generation probability of events in
he future from the past events, which is termed as, “conditional probability” [17].

Shot-noise theory is based on the assumption that the current signal is composed
f discrete charge carriers [18]. Shot noise is produced when the current takes the
orm of a series of statistically independent packets of charge, with each packet
aving a short duration [19]. The number of charge carriers passing a given point will
e a random variable. According to the stochastic process the individual events are

ndependent of other events, thus, shot-noise analysis is applicable to the individual
vents [18,19]. This theory can be applied to the analysis of electrochemical noise
ata from corrosion processes. If this theory is applied to EN, three parameters can
e obtained: Icorr the average corrosion current, q the average charge in each event,
nd fn frequency of the appearance of these events. Only two of these parameters
re independent, since

corr = q × fn (1)

It is not possible to measure Icorr, q and fn directly, but it is possible to esti-
ate them from the measured current and potential noise [20]. Assuming that shot

oise is produced during breakdown of the passive film as well as pit initiation and
ydrogen evolution, the q and fn are given as [21]:

=

√
PSDE × PSDI

B
and q = �I�V

Bb
(2)

n = B2

PSDE × A
and fn = B2b

�2
V

(3)

here PSDE and PSDI are the low frequency PSD values of the potential and cur-
ent noise respectively, B is the Stern–Geary coefficient, �I and �V are the standard
eviation values of current and potential respectively and b is the bandwidth of

easurement as, standard deviation is a function of measurement bandwidth and
is the surface area of the specimen. The charge q is independent of area and fn is

roportional to area, so it can be reported as events per second per unit area [20]. In
hese calculations the B value was not taken to be 0.026 V per decade as reported ear-
ier [19]; B values were determined from the potentiodynamic anodic polarisation
urves, as they differed considerably.
nd Physics 123 (2010) 407–416 409

The cumulative probability F(fn) at each fn is determined from the set of fn values
calculated using Eq. (3) given above according to the mean rank approximation [18].
According to this method (using fn as an example): (1) all the values of fn were sorted
in an ascending order and (2) then the cumulative probability for each value was
calculated as M/(N + 1), where M is the position in the sorted list, and N is the total
number of entries in the list [18]. Similarly, the characteristic charge, q values were
calculated as per the Eq. (2) and cumulative probability F(q) was calculated at each
q value.

Pit initiation time will follow a Weibull distribution [22] when it is regarded
as the survival time defined as the time to first failure (passive film breakdown) of
an individual part or process. Following this reasoning, the Weibull distribution is
assumed as the distribution of the pit initiation times. Weibull distribution function
is one of the frequently used cumulative probability functions for predicting life time
in reliability test [17]. Using this distribution it is possible to analyze data even when
two or more failure modes are present at the same time [23]. The Weibull distribu-
tion is often used in the field of life data analysis due to its flexibility—it can mimic
the behaviour of other statistical distributions such as the normal and the exponen-
tial by modifying m parameter value as shown below. The cumulative probability
F(t) of a failure system can be written just as Weibull distribution function, which
is expressed as [17],

F(t) = 1 − exp

(
−tm

n

)
(4)

m and n are the shape and scale parameters, respectively; m is a dimensionless
parameter and n is expressed as sm . Shape parameters allow a distribution to take
on a variety of shapes, depending on the value of the shape parameter. The Weibull
distribution has a relatively simple distributional form. However, the shape param-
eter allows the Weibull to assume a wide variety of shapes. The effect of the scale
parameter is to stretch out the graph. The Eq. (4) can be rewritten as follows:

ln

{
ln

[
1

(1 − F(t))

]}
= m ln t − ln n (5)

By using the cumulative probability values for the localized corrosion events, fn
calculated previously, in the above equation and fitting, two parameters m and n can
be determined from the slope of the linear plot of ln{ln[1/(1 − F(t))]} versus ln t (also
known as Weibull probability plot) and from the intercept on the ln{ln[1/(1 − F(t))]}
axis, respectively. In order to study the progress of pitting or passivation in these
steels using Weibull probability plots, 100 data sets each consisting of 1024 EN data
points were recorded continuously after 120 h immersion period. This was done
in order to ensure that the steels either showed perfect passivation or metastable
or stable pitting corrosion. These EN data points from these 100 data sets were
detrended using linear detrending technique to calculate the shot-noise parameters
given by Eqs. (2) and (3). Subsequently, Weibull probability plots were constructed
to determine the mean-free time values for pit initiation.

3. Results and discussion

Alloys can solidify as primary ferrite or primary austenite, and
still contain a rather small amount of ferrite at room temperature.
The complexities of solidification are represented in a simplified
way through the plots of chromium equivalent (Creq) versus nickel
equivalent (Nieq). Creq/Nieq values can be calculated as per the for-
mulae given by Suuatala [24], DeLong [25] and WRC-92 [26]. These
formulae are given below:

Suuatala’s formula → Creq/Nieq= Cr+1.37Mo+1.5Si + 2Nb+3Ti
Ni+0.31Mn + 22C+14.2N+Cu

(6)

DeLong’s formula → Creq/Nieq = Cr + Mo + 1.5Si + 0.5Nb
Ni + 0.5Mn + 30(C + N)

(7)

WRC-1992 formula → Creq/Nieq = Cr + Mo + 0.7Nb
Ni + 35C + 20N + 0.25Cu

(8)

The calculated values of the Creq/Nieq ratio using the above for-
mulae were found to be 1.39 (Suuatala’s formula), 1.17 (DeLong’s
formula) and 1.27 (WRC-1992 formula). Thus, as per the scheme of

solidification given below, the mode of solidification for the weld
metals with the Creq/Nieq ratios within the range of 1.25–1.48 is
austeno-ferritic (AF) [27].

L → (L + �) → (L + � + �) → (� + �)
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The visual records of the current and the potential EN are shown
in Fig. 3a–d. These records were obtained from the data logged
on the third day of the exposure of the specimen to the medium
and belong to the same time interval. It was observed that the cur-
ig. 1. The photomicrographs of 316N weld metal in as-welded (a), as-welded + S
50 ◦C to 1 h (d) (etched in Modified Murakami reagent) conditions.

.25 <

(
Creq

Nieq

)
< 1.48 (AF mode)

The weld metals solidified in the austeno-ferritic mode. The
icrostructures of the as-welded as well as heat-treated weld
etals are presented in Fig. 1a–d. Duplex austeno-ferritic struc-

ure with delta-ferrite with vermicular morphology can be clearly
een in the microstructure. Delta-ferrite content was estimated
o be about 5.21 FN when measured using Ferritescope on the
op bead. However, in some regions, nucleation of M23C6 carbides
re expected in the as-welded condition itself on account of the
xposure to the temperature range of 450–750 ◦C (723–1023 K)
y thermal cycling during multipass welding. The heat-treatments
iven subsequently to the test specimens served to further trans-
orm the ferrite to various extents depending upon the temperature
nd time of exposure. The microstructure of the as-welded and
olution-annealed specimens shows complete transformation of
he delta-ferrite into the austenite, therefore the weld metal
hows only the fine and round slag particles in the microstruc-
ure (Fig. 1b). When the weld metal is heat-treated at 550 ◦C to 4 h,
elta-ferrite gets transformed to M23C6 carbides along the delta-
errite/austenite (�/�) interphase boundaries. Thus, parts of the
elta-ferrite stringers are seen to be decorated with fine M23C6
arbide particles with partial dissolution of the ferrite stringers
Fig. 1c). At 750 ◦C to 1 h, a large part of the delta-ferrite is trans-
ormed into the � phase. The � phase is clearly observed as
eddish brown tinged particles at many places within the delta-
errite phase. Any carbide precipitation that is observed is likely

o have already formed during multipass welding, as it does not
edissolve at this temperature. The grayish lines observed in the
icrostructures reveal the secondary austenite formed from the

lloying-element depleted delta-ferrite after the precipitation of �
hase (Fig. 1d).
electrochemically etched in 10% oxalic acid), heat-treated at 550 ◦C to 4 h (c) and

The potentiodynamic anodic polarisation curves for the 316N
weld metals in as-welded and thermally aged condition are pre-
sented in Fig. 2. It was observed that the pitting potentials (Epp)
drastically became active on thermal ageing whereas the solution-
annealed specimen showed remarkably very noble Epp. The Epp

values as well as the B (Stern–Geary coefficient) values are pre-
sented in Table 3.

3.1. Electrochemical noise studies
Fig. 2. Potentiodynamic anodic polarisation curves for 316N weld metal in as-
welded and thermally aged condition in aerated 0.5 M NaCl solution.
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Table 3
Epp and the B values for the 316N weld metals in aerated 0.5 M NaCl.

Weld metal specimen Epp (V (SCE)) B (V)

As-welded 0.61 0.0156

r
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w
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F
c

As-welded + SA 1.10 0.0790
550 ◦C to 4 h 0.40 0.0264
750 ◦C to 1 h 0.29 0.0024

ent noise amplitude was much lower in as-welded and as-welded
nd the solution-annealed specimen (in the range of −3 × 10−8

o 7 × 10−8 A), whereas the current transients for the thermally
ged specimens (550 ◦C to 4 h) and (750 ◦C to 1 h) fall in the range
f −3 × 10−7 to 1 × 10−8 A (Fig. 3c) and −4 × 10−7 to 1 × 10−6 A
Fig. 3d) respectively. The current noise signal in the specimen
ged at 550 ◦C to 4 h showed a train of repetitive transients, which
ere almost equally spaced in time, indicating the growth and the

epassivation of the metastable pits (Fig. 3b). In this case, since the
itting events were initiated on the second electrode, we could
ee the current and the potential signals in the same direction.
lthough, similar cyclic current transients were not observed in

he specimen aged at 750 ◦C to 1 h, it showed potential transients
ropping at regular intervals indicating the metastable pitting. This

ndicated repetitive breakdown and recovery of the passive film.
onzalez-Rodriguez et al. [28] suggested that the generation of

uch noise signals was due to the action of the electrolyte on the
are surface. Henshall [29] reported that the observed fluctuations

n electric current versus time response prior to the emergence
f macroscopic pits could be attributed to the randomly occur-
ing local passivity breakdown and repassivation events which

ig. 3. Visual records of the current and the potential EN for specimens (immersed in 0.5
ondition.
nd Physics 123 (2010) 407–416 411

were precursors to the stable pit formation. A constant ennoble-
ment of the potential signals in as-welded and as-welded and
the solution-annealed specimens showed their tendency towards
repassivation.

It is generally accepted that the breakdown of passive film (initi-
ation of pitting corrosion) will cause a potential drop and a current
rise at the same time, and the repassivation of passive film (repas-
sivation of pitting corrosion) will cause the potential to increase
and the current to decrease. Therefore, a new parameter called the
corrosion admittance Ac is defined [30] as follows to reflect such
events:

Ac = �I

�V
(9)

According to the Eq. (9), Ac is always negative if the working
electrode is undergoing a process of initiation of localized corro-
sion or a process of repassivation. Therefore, Ac has three distinct
states: positive, negative and zero. A positive value indicates that
the working electrode is under uniform corrosion, a negative value
indicates the initiation of localized corrosion. In this way all the cor-
rosion activities (either localized or uniform corrosion) are clearly
revealed in the Ac spectrum. Ac spectra were plotted for all the
specimens using the data obtained after 48 h exposure period, the
data consisting of 21,600 points (Fig. 4a–d). The as-welded speci-
men shows a slight indication of the localized attack, but as-welded

and solution-annealed specimen shows excellent resistance to the
localized attack. Among the thermally aged specimens, 550 ◦C to
4 h specimen showed clear indication of the localized corrosion
attack whereas 750 ◦C to 1 h specimen showed extensive localized
corrosion attack. Thus, although qualitative in nature, the relative

M NaCl) in as-welded (a), as-welded + SA (b), 550 ◦C to 4 h (c) and 750 ◦C to 1 h (d)
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), 550 ◦C to 4 h (c) and 750 ◦C to 1 h (d) after 48 h of immersion in 0.5 M NaCl.
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Fig. 4. Corrosion admittance plots for as-welded (a), as-welded + SA (b

ssessment of the pitting corrosion attack could be done quickly
sing corrosion admittance spectra.

For the analysis of a stochastic process like pitting corrosion,
eibull distribution plots are employed. In most of the stochas-

ic models, small fluctuations in the local conditions (e.g. solution
hemistry, fluid flow rate, surface topography, surface metallurgy)
re envisioned to cause local breakdown of the passive film, result-
ng in the birth of the metastable pits also called as the “embryos.”

any of these embryos become unstable when the local conditions
hange and repassivation results. Once an embryo reaches a crit-
cal size or age, it becomes a “stable” pit and cannot die [29]. In
he context of the present studies, Weibull distribution function
as used to distinguish between uniform corrosion (in the pas-

ive state) and pitting corrosion and to investigate pitting corrosion
lone in a quantitative way as reported earlier [31]. This type of EN
ata analysis was also used by Zhang et al. [32,33] to analyze their
ata on pure magnesium as well as magnesium alloys in thin elec-
rolyte layers. Since the space of the distribution function should
e the positive time axis, the plots of the cumulative probability
ere transformed from the fn domain to the 1/fn mean-free time
omain before applying the Weibull distribution function to F(1/fn)

n order to investigate the slow events associated with dominant
itting corrosion in more detail according to the stochastic theory
31].

The Weibull probability plots for the weld metals were plotted
sing the PSD values as well as standard deviation values (Fig. 5a
nd b). The data in these plots could be fitted to two straight lines
atisfactorily. In an earlier work [17,34], it was reported that the
lopes in the relatively lower 1/fn region were associated with the
ominant uniform corrosion (in the passive state) or passivation,
hereas the slopes in the relatively longer 1/fn region were associ-

ted with the dominant pitting corrosion for the latter was a slow
rocess. This method was found to be useful in distinguishing the
itting corrosion events from the passivation events in a practi-

al way [17,34]. The intersection point of the two straight lines
ives the mean-free time of the initiation of pitting corrosion. The
ean-free time values obtained by PSD as well as standard devia-

ion values of the shot-noise parameters are presented in Table 4.
he values in both the columns show an excellent correlation

Fig. 5. Weibull probability plots for the weld metals prepared using PSD values (a)
and standard deviation values (b).
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Table 4
Mean-free time for pit initiation for the weld metals in aerated 0.5 M NaCl.

Weld metal specimen Mean-free time using PSD values (s) Mean-free time using standard deviation values (s)

As-welded 5.433 × 10−04 5.439 × 10−06
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As-welded + SA 3.121 × 10
550 ◦C to 4 h 4.906 × 10−04

750 ◦C to 1 h 3.026 × 10−01

orrelation coefficient of the values in the above two columns = 0.999.

s can be seen from the correlation coefficient value of 0.999.
hus, it is observed from Table 4 that as-welded and solution-
nnealed specimens were relatively superior in pitting corrosion
esistance.

The values of B which are used in calculating fn and q were deter-
ined from the potentiodynamic polarisation curves and were

ound to be different for different weld metals (Table 3). If lower
alues of B increased the q values it decreased the fn values simul-
aneously; thus, it is not advisable to use the 0.026 V value for B.

The cumulative probability of frequency of events, F(fn) was
lotted against the frequency of events, fn and F(q) was plotted
gainst q (Fig. 6a and b). Localized corrosion, such as pitting, can
e characterized by a small number of events, and is therefore

xpected to have a low frequency and high charge [20]. In the case
f passivity, the charge is expected to be low, while the frequency
ill depend on the processes occurring on the passive film [20]. It
as been reported that when the cumulative probability plots do

ig. 6. Cumulative probability for the frequency of events, fn (a) and characteristic
harge, q (b) calculated using PSD values.
1.898 × 10
7.431 × 10−06

1.096 × 10−03

not overlap then it shows that there is good discrimination ability
and effectiveness in the parameter studied [18]. It was reported that
the cumulative probability plot in the lower cumulative probability
range corresponded to dominant pitting corrosion [17]. Thermally
aged weld metal specimens showed the lowest values of the fn at
the lower cumulative probabilities and in general higher values
of q which indicated their increasing vulnerability towards pitting
corrosion with increase in ageing temperature.

3.2. Pyramidal plots of shot-noise parameters

It has been reported that the parameters q and fn derived from
shot-noise theory provide vital information about the nature of the
corrosion processes [19,23]. Thus, q gives an indication of the mass
of the metal lost in the event while fn provides information about
the rate at which these events are happening [18]. During pitting a
small number of events (the probability of the localized corrosion
events decreases with increasing vulnerability of the alloy) with
higher charge values are expected [20]. The notably used statisti-
cal parameter to extract the significant information from the EN
data is the noise resistance (RN) which is given by �V/�I where �I

is the standard deviation of current and �V is the standard devia-
tion of potential. In fact, RN values are considered be more helpful
in studying the deterioration of the passive film than possibly the
coefficient of variation of current (CVC) and the pitting index (PI).
Although RN is strictly inversely proportional to the corrosion rate
only in the particular case of uniform corrosion under activation
control, it is generally accepted that high RN values are associated
to low activity [18]. Thus, RN values could be used to indicate the
high or low corrosion activity. Thus, these 3D plots have fn, RN and q
plotted on X, Y and Z axes respectively with same limits for the sake
of comparison (Fig. 7a–d). The pyramidal plots of the as-welded
and as-welded and solution-annealed specimens are quite differ-
ent from those of the aged weld metals; it was observed that in the
former case, the bases of the pyramid were well defined; however,
the apexes were not well defined. This could be explained from the
fact that the number of events with higher q values was absent,
thus making the pyramids appear flat at the top. This is attributed
to the fact that the passive alloys in general, showed events with
higher frequency having higher RN values. On the contrary, in the
case of the latter, the pyramid appeared to be well-formed with
the sharp apexes (more so in case of the weld metal aged at 750 ◦C
to 1 h), owing to the fact that there were many events with lower
frequency having higher q values. Shrinking the limits of the fre-
quency axis as well as the shifting the frequency axis limit to very
a low value are good indicators suggesting the pitting corrosion
attack. Thus, it could be surmised that constructing a pyramid using
the shot-noise parameters in conjunction with the RN values could
provide quick information about the localized corrosion aspect of
the alloy under study.
3.3. Microstructural analysis

In order to reveal the location of the pitting corrosion attack
on the as-welded and heat-treated specimens, anodic polarisation
experiments were carried out on the freshly polished specimens,
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Fig. 9a and b shows the photomicrographs of 550 C to 4 h and
750 ◦C to 1 h specimens after the potentiodynamic anodic polari-
sation experiment; in order to know the sites of pit nucleation the
anodic current was restricted up to 200 �A. Thus very small pits
were observed on these specimens. A pit nucleated at the bound-
Fig. 7. 3D plots of shot-noise parameters (q and fn) along with RN for as-welded

uch that after the onset of stable pitting the anodic current was
llowed to reach only up to 200 �A. After the anodic polarisation
xperiments, as-welded specimen was etched in Murakami reagent
10 g Potassium Ferricyanide + 10 g Potassium Hydroxide + 100 ml
ater, immersion in the boiling solution for 3 min), which etches

he delta-ferrite and the heat-treated specimens were etched in
odified Murakami reagent. Fig. 8 shows the photomicrograph

f the as-welded specimen showing a pit which was nucleated at
he austenite centre and spread around the delta-ferrite; an undis-
olved delta-ferrite stringer is seen inside the pit. During the onset
f pitting corrosion, pits generally nucleated at the austenite cen-
res, where the Cr and Mo concentrations were the least. This is
n account of the fact that Mo and Cr segregate at the �/� bound-
ry during the solidification and cooling of the weld metals. Cieslak
nd Savage [9] reported that the extent of microsegregation was
uch higher for Mo than Cr in the welds where solidification mode
as primary austenite compared to the welds where ferrite was

he primary mode of solidification. Garner [5] too reported that the
icrosegregation of Mo in 316L welds was found to be almost dou-

le at the �/� boundary than that of the parent metal. Thus, in the
resent case it was obvious that, on account of the austeno-ferritic

ode of solidification the microsegregation of Cr and Mo at the �/�

oundary resulted in the impoverishment of these two elements
t the austenite centres, making them susceptible for the pitting
orrosion attack.
s-welded + SA (b), 550 ◦C to 4 h (c) and 750 ◦C to 1 h (d) immersed in 0.5 M NaCl.

◦

Fig. 8. Photomicrograph of the as-welded specimen after potentiodynamic anodic
polarisation in aerated 0.5 M NaCl solution showing pitting corrosion attack. Etched
in Murakami reagent.
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microstructure during solidification of austenitic stainless steels, in: Solidifi-
ig. 9. Photomicrographs of the 550 ◦C to 4 h (a) and 750 ◦C to 1 h (b) specimens
fter potentiodynamic anodic polarisation in aerated 0.5 M NaCl solution showing
itting corrosion attack. Etched in Modified Murakami reagent.

ry of the delta-ferrite and austenite was observed in 550 ◦C to
h (Fig. 9a). Since some M23C6 carbides were observed at the �/�
oundary in this specimen, the pit nucleation site would be in the
egion depleted of Cr. The photomicrograph (Fig. 9b) for the speci-
en heat-treated at 750 ◦C to 1 h shows a large part of the some

f the delta-ferrite stringers had transformed into sigma phase
nd pits had nucleated in the vicinity of these phases which was
epleted of Cr and Mo and had transformed into secondary austen-

te subsequently (Fig. 9b). This could be explained from the fact
hat at this temperature M23C6 carbide precipitation was not pos-
ible as this temperature falls beyond the upper boundary of the
ime temperature sensitization (TTS) diagram established for this
teel [35]. At this temperature, delta-ferrite predominantly trans-
orms to sigma phase. Any carbide precipitation that is observed is
ikely to have already formed during multipass welding, as it does
ot redissolve at this temperature. It was noticed that the pitting
ttack seemed to have grown inside the transformed delta-ferrite
tringers attacking the secondary austenite which was transformed
rom the alloying-element depleted delta-ferrite; thus, in the large
rown pits, sigma phase particles transformed from the delta-
errite stringers were seen intact. The precipitates are formed by
olid state diffusion, thus allowing a redistribution of chemical
lements among different phases. Consequently, the elemental par-
ition, pitting resistance equivalent (PRE) index (PRE = % Cr + 3.3%

o + 16% N gives the resistance of the alloy to pitting corrosion)

nd corrosion resistance of each phase is different [36]. Since sigma
hase is rich in Cr and Mo it had high PRE compared to the secondary
ustenite, therefore it did not undergo pitting attack and was seen
o be intact while the pits grew around it. Since this process was
nd Physics 123 (2010) 407–416 415

enhanced at 750 ◦C to 1 h, it showed most inferior pitting corro-
sion resistance. Pujar et al. [16] reported similar results from their
work on the 316 SS weld metal (C 0.059 wt.% and N 0.053 wt.%)
heat-treated at 750 ◦C to 5 h; the deterioration of pitting corro-
sion resistance of the weld metal in 0.5 M sulphuric acid + 0.5 M
sodium chloride as well as in 0.5 M sodium chloride solutions in
comparison with the base metal was attributed to the precipita-
tion of M23C6, sigma and chi phases from the delta-ferrite and the
resultant alloying-element depletion.

In the case of the solution-annealed specimen, the delta-
ferrite got completely dissolved, thus leading to the formation of
the single phase austenite with 0.13% N. inhomogeneity present
in the as-welded specimen was completely removed in the
solution-annealed specimen resulting in a completely homoge-
neous microstructure devoid of any second-phase particles as well
as microsegregation. The passive film on such a homogeneous
microstructure would be more resistant to the pitting corrosion
attack.

Thus, among all the heat-treatments that have been formulated
for the PFBR welds, the ones conducted at 750 ◦C to 1 h and to
some extent 550 ◦C to 4 h would be the most deleterious in terms
of the pitting corrosion attack, provided the welds with these heat-
treatments encountered the aqueous solution with chloride ingress
into it. The solution-annealing treatment was found to restore and
improve the pitting corrosion resistance of the material.

4. Conclusions

Pitting corrosion studies on the 316N weld metals in as-welded
and thermally aged conditions were carried out and following con-
clusions were arrived at.

1. The pitting corrosion resistance degraded with increase in the
temperature of ageing owing to the secondary precipitation from
the delta-ferrite into M23C6 carbides and sigma phases result-
ing in the alloying-element depleted regions; in this respect,
the heat-treatment at 750 ◦C to 1 h was found to be the most
deleterious.

2. Weibull probability plots were used to determine the mean-
free time values for the initiation of pitting corrosion using PSD
as well as standard deviation values; mean-free time values
obtained using PSD as well as standard deviation values showed
excellent correlation.

3. Instead of using the commonly used shot-noise parameters like
fn, and q independently, pyramidal plots of fn, q and RN were
constructed for quick qualitative analysis of the pitting corrosion
status of the alloy.
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