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The subject of investigation was the corrosion behaviour of AISI 316L austenitic
stainless steel weld metal as dependent on a protective passive film formed on the steel
surface following exposure to w = 3.5 % NaCl. The corrosion properties were examined
before PWHT and after it by means of cyclic polarization, electrochemical impedance
spectroscopy, and chronoamperometric measurements. Cyclic polarization curves clearly
indicated a decrease in the pitting potential following PWHT. Passivity was observed
over a broad potential region. Charge transfer resistance associated with the corrosion re-
sistance of the passive film as determined by electrochemical impedance spectroscopy
indicated that high temperature PWHT acted by increasing the thickness of the passive

film.
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Introduction

Austenitic stainless steels find a wide range of
applications in industry, mainly in aggressive envi-
ronments, because of corrosion resistance and
weldability. The corrosion resistance of these steels
depends on various metallurgical variables such as
grain size, alloy composition, previous deforma-
tion, solution annealing, post-weld heat treatment
(PWHT), etc. Owing to a high amount of alloying
elements, austenitic stainless steels tend to exhibit
rather complex precipitation behaviour.!> The pre-
cipitation of intermetallic phases and carbides in-
duced by welding and PWHT can cause chromium
depletion near the grain boundaries. This can lead
to the phenomenon known as sensitization, when
the depleted zones become the focus of intense cor-
rosion.? To lower the sensitization level, the carbon
content of the overlaid weld metal must be con-
trolled carefully. The sensitization behaviour can
also be influenced by the content of the ferrite
phase and its distribution in the weld metal.
Austenitic stainless steels may become sensitized to
corrosion if they are exposed to a temperature be-
tween ¥ = 600 and 900 °C, or subjected to slow
cooling. The pitting corrosion of the weld metal is
of great practical interest. In engineering structures,
it can prove to be a destructive form of corrosion as
it may cause perforation of equipment.*>Most
equipment failures are due to pitting corrosion in-
duced by chloride ions.

*Corresponding author; e-mail: kozuh@simet.hr

Passivation of metals and metallic alloys is of
considerable technical importance.® The micro-
structural changes provoked by elevated tempera-
tures in austenitic stainless steels may enhance sus-
ceptibility to corrosion. A breakdown of corrosion
resistance is generally due to chromium depletion
in the zones adjacent to the chromium-rich precipi-
tates (i.e. sigma, chi or Z-phases). Devoid of chro-
mium, these zones become susceptible to corrosion
attack. Exposure to thermal treatment causes pre-
cipitation of sigma phase (Fe-Cr-Mo) or carbides
(Cr,;C¢), which weakens the passivity of stainless
steel and facilitates corrosion. Sigma phase is
known mostly to exert a negative impact on the me-
chanical properties and corrosion resistance.!

With a passive film present, corrosion takes
place through outward diffusion of cations and in-
ward diffusion of anions. The film components
should thus possess the ability to act as diffusion
barriers. The stability of the passive film can vary.
It will depend on alloy composition, operating envi-
ronment, film thickness, its structure, stoichiometry,
electronic band structure, ionic conductivity, etc. As
a collective noun, stainless steels denote alloys that
mainly consist of iron, chromium and nickel. The
most important alloying element is chromium,
which is responsible for the formation of a protec-
tive oxide film. According to the literature,’ the al-
loy must contain at least 13 % chromium to form a
stable passive film. In a study on Cr-Ni steels by
Huang,? the increase in the passive film thickness is
explained by an increase in the molybdenum con-
tent. The passivation mechanism and the processes
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occurring in the passive region of the polarization
curve are not fully understood. Electrochemical
studies allow concluding that two types of passive
film are formed on a Fe-24Cr alloy: a monolayer
whose formation and reduction are reversible, and a
multilayer film that actually forms the oxide
film.? The chemical composition of the passive film
formed on stainless steel in aqueous chloride solu-
tion varies with both the alloy composition, and the
pH of the solution. Understanding and controlling
passivity is the key factor for protecting stainless
steel against pitting corrosion.

The ageing reactions and precipitation kinetics
following exposure to high temperatures were much
discussed research topics in the past. Mudali and
Dayal'suggested that decomposition of delta fer-
rite and formation of sigma phase at the austen-
ite/delta ferrite interfaces have a strong influence on
pitting corrosion. Also, in a study by Park et
al." dealing with the influence of ageing on the cor-
rosion resistance of ferritic stainless steel, £ val-
ues are reported to have diminished following in-
crease in the sigma phase content. Similar behav-
iour has been observed for duplex steel.!? In the lit-
erature, it has also been proposed that during the
anodic dissolution of stainless steel materials the al-
loying elements chromium, molybdenum and nickel
are enriched at the metal closest to the metal/pas-
sive film interface and nickel decrease the passive
current, hence enhancing the passivation of the al-
loy.!3 Passive films are generally very thin. Those
formed on stainless steels normally have a thick-
ness of around 0 = 5 nm.

A major disadvantage of austenitic stainless
steels after PWHT is pitting corrosion, which oc-
curs when they are exposed to chloride solutions.
Cyclic polarization and electrochemical impedance
spectroscopy are the methods most commonly used
for studying pitting corrosion and determining the
properties of passive oxide films.!*!> As a non-de-
structive method for the evaluation of a wide range
of materials, and one that makes use of a small am-
plitude AC signal, impedance spectroscopy has
many advantages over other electrochemical tech-
niques.'®!7

A popular way to present the electrochemical
impedance data is through the Nyquist plot. In this
plot, the real impedance is plotted versus the imagi-
nary impedance at each frequency used in the scan.
This plot is helpful as the effects of capacitors, re-
sistors and inductors are known at different fre-
quencies. As the frequencies increase, the imped-
ance of the capacitor decreases, the impedance of
the resistor stays constant, and the impedance of the
inductor increases. Knowing this, an equivalent cir-
cuit can be modelled from the data gathered.

According to the literature,'8 the formation and
dissolution of the metal passive film comprise three
steps: (a) penetration of metal atoms from the metal
lattice to the passive film, (b) the ion mass transfer
process in the passive film, and (c) the charge trans-
fer process occurring at the passive film/solution in-
terface. The total impedance (Z;) of the interface
between the passive metal electrode and the solu-
tion is:

Ly =Lyt Zp + Zy, (D

The aim of this paper was to investigate, by cy-
clic polarization, electrochemical impedance spec-
troscopy and chronoamperometry, the effect of
PWHT on the properties of passive films formed on
AISI 316L austenitic stainless steel. To examine rel-
ative susceptibility to localized pitting corrosion, a
w = 3.5 % NaCl solution was used. It is known that
the corrosion properties of the weld metal are af-
fected by the microstructural changes induced by
PWHT. We attempted to establish a correlation be-
tween the sigma phase content that is known to pro-
duce a strong effect on the passive film properties,
and resistance to pitting corrosion. Impedance mea-
surements were performed to gain detailed informa-
tion concerning contribution of the potential-de-
pendent processes governing the passive current
density. Various elements in the equivalent circuit
were related to the metal/film and film/solution in-
terfaces and to the characterization of the passive
film.

Experimental

Commercial plates of AISI 316L stainless steel
were welded using the manual electric arc welding
method. The plate thickness was 15 mm. Before
welding, the sheet surfaces were thoroughly
cleaned and brushed. Welding of V-joints was car-
ried out with the Bohler FOX SAS 4-A electrodes d
= 2.5 and 3.25 mm in diameter. Table 1 shows the
chemical compositions of the base and weld metals.
Immediately after welding, the welded joint was
subjected to PWHT at 9 = 600-900 °C for two
hours, and was then cooled in the air. The delta fer-
rite content of the weld metal was measured before
PWHT and after it using a ferritoscope. The method

Table 1 — Chemical composition of the base (BM) and
weld metals (WM), w/%

C Mn Si Cu | Mo | Cr Ni Nb

BM 0.026 149 045 035 2.04 16.75 10.80 0.016

WM 0.024 085 0.74 0.11 244 19.15 10.86 0.289
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takes advantage of the fact that delta ferrite is mag-
netic and austenite is not.

After heat treatment, specimens were cut from
the weld metal into smaller samples (d = 5 mm) for
electrochemical measurements. The electrochemical
behaviour was characterized by cyclic polarization
and impedance spectroscopy.

Electrochemical measurements were performed
with a conventional three-electrode cell using a
platinum counter electrode, and the potentials were
recorded at 7= 293 K using an Ag/AgCl reference
electrode. The working electrodes were prepared
from AISI 316L weld metal before PWHT and after
it. They were embedded in a Teflon holder having
an exposed area of 4 = 0.2 cm?. Measurements
were carried out with a rotating-disc working elec-
trode at the rotation rate of 1500 rpm. The samples
were wet-ground to a 800 and 1200 grit finish, and
then polished with Al,O;slurry to obtain a mirror
surface. Finally, the working electrode was ultra-
sonically cleaned (30 s) in ethanol and dried.

Experiments were carried out in a sodium chlo-
ride solution. The chloride medium (w = 3.5 %
NaCl), pH 5.0, was prepared from analytical grade
chemicals and distilled water. The solution was pre-
viously deaerated for 600 s with nitrogen to keep
the system free of dissolved oxygen. Before mea-
surement, the stabilization time of the working elec-
trode at open circuit was ¢ = 900 s.

Cyclic polarization, electrochemical impedance
spectroscopy and chronoamperometry were per-
formed by means of an “EG&G*“-PAR Potentio-
stat/Galvanostat Model 263A with a Lock-in Am-
plifier Model 5210 operated under computer con-
trol. Cyclic polarization took place in the range of
potentials from E,, . = —1.0V to +2.0V, and
from -1.0V to +0.6 V, at the scan rate of v =
10 mV s7!. Before each measurement the working
electrode was cathodically polarized at Eygp,ci =
—1.0 V for 300s.

Impedance measurements were carried out us-
ing M398 software in the potential range from
Ejgaec = —1.0 V to +0.2 V. The working electrode
was previously polarized at Eyg . = —1.0V for
300 s. The frequency range was from f'= 50 kHz to
f=40 mHz, and the amplitude of sinusoidal voltage
U = 5mV. The impedance data were numerically
processed with ZsimpWin3.10 software (Princeton
Applied Research, USA) employing Down-hill sim-
plex method for optimatization. This method is ba-
sically a trial-and-error method. A function is eval-
uated at each assigned trial point and compared to
each other. Based on the values at these points, the
next trial points are determined. Function evalua-
tions and comparison are repeated until a local min-
imum is reached. The goodness of overall fit is de-

scribed by Chi-squared (y?) and the equivalent elec-
trical circuits describing studied system were con-
sidered as acceptable when y2< 1073,

Chronoamperometric experiments were con-
ducted in the potential range from E, ) = —0.1 V
to +0.1 V. The electrode was polarized at a selected
potential and the current was monitored for 300 s.
The working electrode was previously polarized at
Esgagcr = —1.0'V for 300 s.

Results and discussion

From polarization curves (//E) it is possible to
make predictions of the general corrosion behaviour
of metallic surfaces in a chloride solution. Fig. 1
shows the cyclic, anodic and cathodic, polarization
curves for 316L weld metal after PWHT
(600-900 °C) in a w = 3.5 % NaCl solution (pH 5.0)
at the v =10 mV s7!scan rate in the range of poten-
tials £y poc) from —1.0 V to +2.0 V and from ~1.0 V
to +0.6 V. The electrochemical parameters obtained
from the curves are listed in Table 2.

Table 2 — Potentials and current calculated from cyclic
polarization curves for the AISI 316L weld metal
in w = 3.5 % NaCl solution before and after
PWHT

Tempera-

ture of
PWHT, Econ/v Icon/:uA Epit/\/v Erp/V Epass/V Epithcon/V

?/°C

- -0.264 639 0.586 0.032 —0.040  0.850

600 -0.566 8.75 0.497 -0.069 —0.205 1.063

700  -0.353 9.17 0.389 -0.020 -0.218  0.742

800 —0.421 098 0.324 —0.038 —0.223  0.745

900 -0.413 138 0.322 -0.028 -0.199  0.735

The scans exhibited comparable general fea-
tures and were characterised by the appearance of a
passive region and onset of pitting corrosion (Fig.
1). The active to passive transition was not ob-
served. A relatively wide plateau of the poten-
tial-independent current indicated that passivity was
present over a broad potential region, £y, from
—1.0 V to +0.3 V (after PWHT). The absence of the
active to passive transition on the //E curves in Fig.
1 can be explained by the fact that even a brief con-
tact of the working electrode with the moist air was
sufficient to create a thin oxide layer on the elec-
trode surface, which then prevented further active
dissolution.
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Fig. 1 — Cyclic polarization curves of AISI 316L weld
metal in w = 3.5 % NaCl solution in the potential range from
Eguec = —1.0 Viio +2.0 V (a, b) and from E 4, 0c; = —1.0 V t0
+0.6 V (c)

Corrosion occurred as a result of anodic oxida-
tion of iron:

Fe - Fe* + 2 e 2)

At the open-circuit potential, £, or V., the
current generated by the above reaction was bal-
anced by the current generated by the cathodic re-

duction reaction of hydrogen evolution:

2H +2e - H, 3)

The problem with austenitic stainless steel is
not one of general corrosion but of pitting corro-
sion, which occurs in chloride media. Determina-
tion of the pitting potential is difficult because of
unanticipated occurrence of pitting and unpredict-
able propagation rate. The current density increases
with the increasing potential in the anodic direction
owing to the transpassivation process preceding ox-
ygen evolution. The current rises suddenly without
any sign of oxygen evolution denoting a breakdown
of the passive layer and nucleation of pitting corro-
sion. Fig. 2 shows the relationship between E; and
PWHT temperature. It is interesting to note that the
pitting corrosion of AISI 316L weld metal remark-
ably depends on the PWHT temperature. Higher
E; values correspond to a stronger resistance to
pitting corrosion. In general, as PWHT temperature
increases there is a tendency for £ values to de-
crease.
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Fig. 2 — Critical pitting potential as a function of PWHT
temperature

The corrosion resistance of alloys depends on
not only the establishment of homogeneous passive
films, but also on the individual material capability
for repassivation. The results of cyclic polarization
show insignificant E,, changes as a result of in-
crease in the PWHT temperature. From Table 2 is
evident that £, < E; and that pitting is not pre-
vented. According to our results, PWHT had a neg-
ative effect on AISI 316L weld metal, because it de-
creased its resistance to pitting corrosion i.e. it re-
duced E; values (from 0.586 V to 0.322 V) and
E .-E... values (from 0.850 V to 0.735 V) (Table 2).

pit—~corr

This negative effect can be due to a change in
microstructure, which takes place during PWHT.
The microstructure, with its delta ferrite and austen-
ite contents, and the partitioning of chemical con-
stituents, plays an important role in explaining the
corrosion  behaviour.  Before =~ PWHT  the
microstructure of AISI 316L weld metal consisted
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of w=14.2 % delta ferrite. The delta ferrite fraction
decreased with the increasing PWHT temperature
(Table 3). According to our earlier investiga
tions'*?! delta ferrite is transformed into sigma
phase by the reaction 0 = o + y,, where o is sigma
phase and 7,is secondary austenite. The sigma
phase formation is concomitant with chromium and
molybdenum depletion in ferrite which can trigger
off pit nucleation and yield a ferrite phase more
susceptible to corrosion. The ratio of delta ferrite
decomposition into sigma phase increased from
17.6 % at 600 °C to 96.5 % at 900 °C. Indeed, the
dependence of the pitting potential on micro-
structure is evident from Fig. 2.

Table 3 — Delta ferrite content and decomposition ratio in
AISI 316L weld metal after PWHT

temperature of PWHT, #/°C 600 700 800 900
O-ferrite, w/% 1.7 8.0 0.9 0.5

decomposition ratio, % 17.6  43.6 93.7 96.5

The effect of PWHT on the corrosion resis-
tance of AISI 316L weld metal in w = 3.5 % NaCl
at 7= 293 K was also assessed by electrochemical
impedance spectroscopy. This is a well-established
and powerful technique for testing in situ the phe-
nomena that take place at a metal/solution inter-
phase.

When the surface of austenitic stainless steel is
immersed in chloride media, a passive film is natu-
rally generated. Figs. 3—5 show the Nyquist and the
Bode plots for the AISI 316L weld metal electrode
immersed in a w = 3.5 % NaCl solution at different
potentials. The chosen diagrams clearly portray a
change in impedance with a change in the potential
and PWHT temperature. The fitting parameters of
the impedance plots are given in Tables 4-6. The
simulated curves basically follow the experimental
data from most measurements. The charge-transfer
resistance values are strongly dependent on the pas-
sive film characteristics and are a measure of corro-
sion resistance.

Several equivalent circuits proposed in the lit-
erature to fit the experimental data for stainless
steel were tested in this investigation.'®?223 The best
results were obtained with the equivalent circuit
shown in Fig. 6. Thereby, R, is the ohmic resis-
tance of the solution between the working and ref-
erence electrodes, Q is the constant phase element
(CPE), W and L are the Warburg impedance and in-
ductance at higher anodic polarization (Egaeci =
+0.2 V). The CPE impedance (Z) has the form:
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Zepe = [0 (G 0)T! 4)

where the coefficient Q is a combination of proper-
ties related to the surface and electroactive species,
Jj= V=1, and o is the angular speed (frequency) of
the AC signal. The n value can be used as a gauge
of heterogeneity of the electrode surface. Depend-
ing on n, CPE can represent resistance (n = 0,
O = R), Warburg impedance (n = 0.5, O = W), or in-
ductance (n = -1, Q = L).**Impedance measure-
ments can be interpreted in terms of charge transfer
resistance R :

)

where R(Z;) denotes the real part of the complex
faradaic impedance Z;.

Oxide layer formed on the surface of stainless
steel mostly has a duplex structure. The mechanism
of passive film formation on stainless steel is gov-
erned by the thermodynamic stability of the oxida-
tion products (oxides and hydroxides) at the appro-
priate pH and the potential. The inner layer is com-
posed mainly of chromium oxides and has proper-
ties typical of p-type semiconductors, whereas the
outer layer, formed by iron oxides and hydroxides,
presents n-type semiconductor properties.'® The re-
sults for the passive region obtained by the fitting
procedure indicate that impedance measurements
can detect such duplex structure. In this fashion,
two RQ parallel circuits are used to represent the
electrochemical activities of the passive film and
the film/solution interface.!” In Fig. 6, R, and Q, are
the charge transfer resistance and capacitance at the
AISI 316L weld metal/passive film interface i.e. the
passive film layer having higher resistance values,
and R, and @, are the charge transfer resistance and
capacitance relating to passive film/solution bound-
aries. It was assumed that total resistance R, con-
sisted of two parts, one proportional to the film
thickness and another related to R,. Quantitative
analyses of the impedance data show that, as ex-
pected, the corrosion resistance was mainly af-
forded by the chromium-rich inner layer. In addi-
tion, the chi-squared values were y?< 1073 provid-
ing further evidence of good adjustment.

The impedance plot (Fig. 3) measured at
Egaec =—1.0 V showed a capacitive loop with rel-
atively low R; values. Those data were fitted to an
equivalent circuit consisting of (R,0,) and (R,0,)
series combinations. This behaviour was attributed
to the hydrogen evolution reaction taking place at
the passive surface. The hydrogen bubbles observed
during impedance measurements disappeared by ro-
tation of the working electrode at 1500 rpm. With a
rise in the potential £,y p,c from —1.0 V to +0.1 V
the R; values increased. Also, the R, values grew
higher with the increasing annealing temperature.

Ry =lim R(Z)
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In the potential Ey, x.c region between —0.6 V and
+0.1 V (i.e. passive region) the impedance plots
were described with two (RQ) series. The Nyquist
plot shown in Fig. 4 was characteristic of the full
passive range.

At Epgager = 0.2V the appearance of a capac-
itive loop and the second time constant (Warburg
impedance or inductance) could be noted (Fig. 5).
At higher anodic potentials (Eygp,cr = +0.2°V),
when the faradaic processes in the passive layer be-
came more evident, the Warburg impedance and in-
ductance L appeared. It is believed that the imped-
ance of the passive films came from the migration
of metal and oxygen vacancies within the film.
Consequently, the impedance could be generated by
diffusion phenomena. Inductance can be explained
by dissolution of the passive film from the weld
metal surface.?

Comparison of R, values for different elec-
trodes (Tables 4-6) shows that the values obtained
for the weld metal before and after PWHT at & =
600 °C were similar. After PWHT at ¢ = 900 °C
R, values were somewhat higher. The R,,, values
before and after PWHT at ¢t = 900 °C were similar,
but they were much lower in the case of PWHT at
600 °C. It follows that the higher resistance of the
weld metal after PWHT at 900 °C was the conse-
quence of a thicker oxide layer. This is in accor-
dance with the results in Table 2 where the lowest
corrosion current was determined after PWHT at

900 °C. The corrosion current value for the weld
metal after PWHT at 600 °C was slightly higher
compared to that before PWHT. It follows that the
corrosion resistance of the weld metal before
PWHT at 600 °C and after it was inferior to that af-
ter PWHT at 900 °C. From Tables 4-6 it is also no-
ticeable that O, and Q,values were higher for the
weld metal after PWHT at 600 °C than those before
and after PWHT at 900 °C. This could be a conse-
quence of a less compact passive film which in-
creased the active area and thus raised the Q, and
0O, values i.e. the capacitance values at the inter-
faces or within the layer. Lower # values could also
account for increase in Q values.

Fig. 7 shows the chronoamperometric curves
of AISI 316L weld metal after PWHT (¢ = 600 and
900 °C) at different potentials of passive film for-
mation. The current that flows through the passive
film is:

(6)

pzF A®
RT ¢

I = iyexp (

where i;is the exchange current, § is the transfer
coefficient, z is the charge on the migrating species
in the film, F is the Faraday constant, R is the
universal gas constant, 7" is the temperature, a is
the half-jump distance, A® is the potential differ-
ence across the passive film and 0 is the film thick-
ness.

Table 4 — Quantities of equivalent circuits for impedance measurement of AISI 316L weld metal in w = 3.5 % NaCl solution at

different polarization potentials

Engagel/V Ecg:‘zﬁlli:nt R/Q 0, - 10% " R/ 0, - 10%/ " R/ Ry/
Qls"em™ kQ cm? Qls"em™ kQ cm? | kQ cm?
1.0 R(QR)QR) 1833 14.81 1.0 0.407 14.69 0.83 0.221 0.628
0.6 R(QR)(QR) 16.95 13.17 0.84 0.647 12.89 0.88 0.205 0.852
0.5 R(QR)(QR) 18.12 9.09 0.97 0.971 32.01 0.75 0.250 1.221
-0.4 R(QR)(QR) 15.92 18.29 0.88 5.730 23.45 0.87 0.486 6.216
-0.3 R(QR)(QR) 16.78 17.73 0.90 9.796 15.50 0.88 1.921 11.717
02 R(QR)QR)  17.00 14.98 0.89 39.100 16.56 0.87 2522 41.622
0.1 R(QR)QR)  16.95 18.56 0.83 50.600 12.96 0.87 3400 54.000
0.0 R(QR)(QR) 16.51 8.29 0.93 93.760 12.21 0.91 3.580 97.340
0.1 R(QR)(QR) 17.26 7.67 0.91 33.900 6.86 0.90 2.338 36.238
0.2 R(Q(RW))(QR) 12.27 4.96 1.0 0.967 5.46 0.85 0.182 1.149
W=168 - 1073
Q1s0%em2

¥2=1073-10"



428 S. KOZUH et al., The Effect of PWHT on Electrochemical Behaviour of AISI 316L ..., Chem. Biochem. Eng. Q. 22 (4) 421-431 (2008)

Table 5 — Quantities of equivalent circuits for impedance measurement of AISI 316L weld metal in w = 3.5 % NaCl solution at
different potentials polarization, after PWHT at 600 °C

Engnge/V quival.ent R,/Q 0, - 10% n, Rt/ o - 10% ny R/ Ry/
creuit Qls"em kQ c¢cm? Qlg"em kQ cm? | kQ cm?

1.0 R(QR)QR)  16.64 72.30 0.75 0.659 54.70 0.75 0.005 0.664
06 R(QR)QR) 1527 71.05 0.81 1.634 118.25 0.65 0.006 1.640
-0.5 R(QR)(QR) 15.86 39.90 0.83 1.663 183.80 0.60 0.006 1.669
-0.4 R(QR)(QR) 16.86 56.20 0.85 6.560 77.1 0.70 0.014 6.574
-0.3 R(QR)(QR) 16.20 52.10 0.86 7.344 61.55 0.71 0.009 7.353
-0.2 R(QR)(QR) 22.62 37.95 0.88 46.16 55.55 0.80 0.010 46.170
0.1 R(QR)QR)  16.69 44.92 0.88 50.00 47.85 0.75 0.008  50.008
0.0 R(QR)(QR) 1593 38.05 0.88 52.060 32.05 0.74 0007  52.067

0.1 R(QR)(QR) 16.16 31.75 0.87 55.680 17.30 0.77 0.007 55.687

02  RQERW)QR) 16.64 2.39 0.86 2.122 12.79 0.80 1.808 3.930

W=237-107
Q- 105em 2
x*=107 - 10"

Table 6 — Quantities of equivalent circuits for impedance measurement of AISI 316L weld metal in w = 3.5 % NaCl solution at
different potentials polarization, after PWHT at 900 °C

Engagel/V Eci:qiva!ent RO 0, - 10%/ 7, R/ 0, - 10°/ 7 R/ Ryl
treuit Qlg"em™ kQ em? | Q7ls"cm kQ cm? kQ cm?

10 R(QRYQR)  16.72 14.84 1.00 0.385 18.58 0.81 0.288 0.673
-0.6 R(QR)(QR) 16.62 11.61 0.86 0.460 81.80 0.79 0.338 0.776
-0.5 R(QR)(QR) 16.70 14.41 0.96 0.874 32.18 0.76 0.294 1.168
04  R(QRYQR)  15.56 14.40 0.91 5.838 60.80 0.74 0.769 6.607
-0.3 R(QR)(QR) 15.33 12.62 0.87 10.034 122.95 0.79 0.479 10.513
-0.2 R(QR)(QR) 16.20 11.85 0.87 60.800 175.35 0.71 0.540 61.340
01  R(QRYQR) 1638 9.59 0.87 78200  267.70 0.64 0.282 78482
0.0 R(QR)(QR) 16.42 10.05 0.97 89.520 20.56 0.83 5.888 95.408
0.1 R(QR)(QR) 16.39 7.31 1.00 84.560 14.31 0.83 6.558 91.118
0.2 R(QR(LR)) 16.17 3.63 0.92 0.948 L8769 - 3.008 3.988

H cm?

¥*=107 - 107
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Fig. 7 — Chronoamperometric curves of AISI 316L weld
metal in w = 3.5 % NaCl solution at different potentials of pas-
sive film formation, a) after PWHT at 600 °C, b) after PWHT
at 900 °C

Also, eq. (6) can be written as:

5 — BzF
RT

aiR, = kiR, (7)

R, is the resistance caused by charge transport in
the passive film, R, = R-Ry1i.e. the difference between
the R passivated at any potential in the full passive
range and the R; extrapolated to £, (Fig. 8).

If a = 0.5and B = 0.5 the calculated value of
the coefficient £* is 19.8 nm V-'at 293 K.'7 All pa-
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Fig. 8 — Effect of the polarization potential in the full pas-
sive range on the total resistance of AISI 316L weld metal in w
= 3.5 % NaCl solution; a) after PWHT at 600 °C, b) after
PWHT at 900 °C

rameters for the calculated passive film thickness
are given in Table 7. Thereby, the i current values in
Table 7 were determined on the basis of the
chronoamperometric curves at 300 s (Fig. 7). The
thickness of the passive film calculated in this work
ranged from 6 = 1.1to 5.3 nm. The higher thick-
ness produced by PWHT at ¢ = 900 °C could be
due to a heat input higher than after PWHT at @ =
600 °C. High heat input was likely responsible for
easy oxidation of chromium into Cr,0O, during elec-
trochemical measurements in w = 3.5 % NaCl.

Table 7 — Quantities for calculating the thickness of the passive film of AISI 316L weld metal after PWHT

Tg?’gf;ﬁ‘{e Engngc! Ry R/ if iRy o/
3/°C \Y% kQ cm? kQ cm? HA mV nm
-0.1 50.008 8.008 1.390 55.66 1.1

600 0.0 52.067 10.067 1.493 75.15 1.5

0.1 55.687 13.687 1.746 119.49 2.4

-0.1 78.482 18.482 0.940 86.87 1.7

900 0.0 95.408 35.408 1.516 268.39 5.3

0.1 91.118 31.118 1.691 263.10 5.2
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Conclusions

The passivation behaviour of AISI 316L weld
metal before PWHT at # = 600-900 °C and after it,
in a w = 3.5 % NaCl solution of pH 5.0, was inves-
tigated by cyclic polarization, electrochemical im-
pedance spectroscopy and chronoamperometry. The
results suggest the following conclusions:

— The passivity of the weld metal was observed
over a broad E,, .. potential region, from —1.0 V
to +0.3 V. The pitting potential was higher before
PWHT than after it.

— The effect of PWHT was negative as it de-
creased the resistance to pitting corrosion of the
weld metal i.e. reduced £ values (from 0.586 V to
0.322V) and E;, — E,, values (from 0.850 V to
0.735 V).

— The pitting corrosion resistance of the weld
metal in a chloride solution greatly deteriorated be-
cause of the nucleation and growth of sigma phase.
This was likely due to chromium and molybdenum
depletion in the areas adjacent to the sigma phase
rich in those elements.

— The proposed equivalent electrical circuits al-
lowed a good fit to the impedance data obtained.

— Impedance measurements showed the ap-
pearance of a hydrogen evaluation reaction in the
cathodic region at E,gz,c = —1.0 V.

— In the E 4 pqc) potential range from —0.1 V to
+0.1 V R; values increased with the growing po-
tential and the rising annealing temperature sug-
gesting enhanced passive film thickness. Further in-
crease in the potential (Exy ) = 10.2 V) led to ac-
tivation of the working electrode and change of
film thickness.

— The presence of Warburg impedance and in-
ductance at Eygx,cp = t0.2 V suggested the diffu-
sion of ions in/through the porous oxide passive
film as well as its dissolution from the weld metal
surface.

— The thickness of the passive film, calculated
on the basis of electrochemical measurements was
in the range from 0 = 1.1 nm to 5.3 nm.

List of symbols and abbreviations

A - surface area, cm?

d - diameter, mm
Epg/agct — Polarization potential, V

E,.. — corrosion potential, V

E s — Passivation potential, V
Epit — pitting potential, V

E,, - repassivation potential, V
f - frequency, Hz

I, — corrosion current, A

i — current that flows through the passive film, A

k' - coefficient, nm V!

L — inductance, H cm?

n - gauge of heterogeneity of the electrode surface

n, — gauge of the surface heterogeneity at weld
metal/passive film interface

n, — gauge of the surface heterogeneity at passive

film/solution boundaries
0,, 0, capacitance, Q's"cm
R,, R, — ohmic resistance, Q2 cm?
R, - charge transfer resistance, Q cm?
— ohmic resistance of the solution, Q

— charge transfer resistance at weld metal/passive
film interface, Q cm?

— charge transfer resistance at passive film/solution
boundaries, Q cm?

Ry - total resistance, Q cm?

— time, s

— Warburg impedance, Q's’3cm™

— mass fraction, %

- impedance, k<2

- imaginary impedance, kQ

NNNE I

- real impedance, kQ

film thickness, nm

— sum of the squares of the residuals
— temperature, °C

— phase angle, °

— potential scan rate, mV s

BM - base metal

CPE - constant phase element

PWHT - post-weld heat treatment

WM - weld metal

xR >
8

=8 =
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