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Abstract Pitting corrosion behaviour of modified 9Cr—
1Mo ferritic steel containing 100 ppm of boron was studied
in deaerated 0.1, 0.2 and 0.5 M sodium hydroxide solutions
containing 0.1, 0.2 and 0.5 M sodium chloride. The
chemical compositions of the passive film developed at
applied potentials were studied using XPS. Eg; values
decreased with increase in chloride concentrations for the
given concentration of alkali. The effect (of C17) was less
pronounced in higher alkali concentrations. Pit diameters
were observed to be significantly higher in 0.1 M sodium
hydroxide containing 0.1 M sodium chloride; with increase
in alkali concentration pit diameters were found to be
restricted to lower values even at higher chloride concen-
trations. Energy dispersive spectroscopic (EDS) studies
showed that pits had nucleated at Al,O5 inclusions/matrix
interface. XPS analysis revealed the presence of Fe;Oy,
Fe(OH); at lower potentials (150 and 209 mV(SCE))
whereas Fe,O3;, Fe(OH); and FeOf* at higher potentials
(400 and 650 mV(SCE)).
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1 Introduction

Ferritic steels are widely used in the power generating
industries, chemical processing and petroleum processing
industries because of their toughness and high strength at
elevated temperatures. Among the chromium-molybde-
num series of ferritic steels, 9Cr—1Mo steel in normalized
and tempered (N&T) condition has been extensively used
in the power generation industries due to its favourable
mechanical properties, high temperature strength and cor-
rosion resistance [1]. However, long time exposure of these
steels at high temperature or excessive localized heating
can result in microstructural changes leading to degrada-
tion of mechanical and corrosion properties. In order to
increase the high temperature corrosion and oxidation
resistance as well as creep properties, these steels are
modified by adding carbide forming elements like V, Nb,
Ti etc. [2]. The new steels with these additions are known
as modified 9Cr—1Mo steels. Modified 9Cr—1Mo ferritic
steel is used as a structural material for the steam generator
of prototype fast breeder reactor (PFBR) under construc-
tion in Kalpakkam [3, 4]. About 100 ppm boron is added to
these steels to increase their hardenability as well as creep
strength. Since boron has a low solubility in ferrite, it gets
incorporated in M,3C¢ carbides and decreases the rate at
which the carbides coarsen, thus stabilizing the micro-
structure [5—7]. Since all the components (tube, tube sheet
and shell) of steam generator are made of modified 9Cr—
1Mo steel, it is also required to be resistant against general
and localized corrosion.

So far studies have been carried out on the influence of
chloride ion concentration as a function of pH on the
corrosion behaviour of austenitic stainless steel in aqueous
media [8]. However, no studies have been reported on the
effect of chloride ions at high pH on the corrosion
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behaviour of modified 9Cr—1Mo steel vis-a-vis the for-
mation, composition and stability of passive film. An
attempt was made to investigate the pitting corrosion
behaviour of modified 9Cr—1Mo-B steel in alkaline med-
ium containing chloride ions. Alkaline environment was
chosen to simulate the caustic condition generated in the
steam generator due to the accidental leak of feed water
containing chloride ions (as impurity) into hot sodium [9].
The aim of this paper is to investigate the thickness,
composition and stability of the passive film in alkaline
media containing different concentrations of chloride ions
for better understanding of the pitting corrosion behaviour
of modified 9Cr-1Mo steel.

The pitting corrosion studies were carried out using
anodic polarization technique. Chemical composition of
the passive films was studied using XPS and the surface
morphology of the pits was studied using Scanning electron
microscopic (SEM) technique attached with EDS.

2 Experimental Procedure
2.1 Material and Specimen Preparation

Boron-added modified 9Cr—1Mo steel in normalized and
tempered (N&T) condition was used in the present work.
Chemical composition of the steel is given in Table 1.
The specimens with dimensions 10 x 10 x 5 mm® were
mounted in Araldite resin along with threaded small brass
rods to facilitate electrical contact with the specimen
holder. While mounting the specimen, proper care was
taken to avoid gap between specimen and the resin in
order to prevent crevice corrosion attack during pitting
corrosion studies using potentiodynamic anodic polariza-
tion technique. These specimens were polished up to fine
diamond (1 pm), washed with soap solution and dried
before immersing in the solution. The specimen holder
rod connected with the specimen was covered with Teflon
tape and was kept out of the solution. The time period
between the surface preparation of the specimen and
initiation of the anodic polarization experiment was
maintained constant.

Table 1 Chemical composition of modified 9Cr—1Mo steel (wt%)

2.2 Potentiodynamic Anodic Polarization Studies

The potentiodynamic anodic polarization experiments were
performed in a five-necked polarization cell provided with
a Luggin—Haber probe (to separate the bulk solution from
the reference electrode) whose tip was in close proximity
with the surface of the working electrode. Two auxiliary
electrodes (two platinum foils of same area spot-welded to
platinum wires) were placed symmetrically on the opposite
sides of the working electrode. A salt-bridge was used in
order to establish the contact of the working electrode with
the reference electrode. All solutions were prepared using
double-distilled water and all the potentials were measured
against a saturated calomel electrode (SCE). The solution
was deaerated for 1 h before starting the experiment by
purging high purity argon gas through it for removing the
dissolved oxygen and purging was continued during the
experiment to avoid oxygen contamination. The specimen
was immersed in the solution 45 min before the start of the
experiment in order to observe the stable open circuit
potential (OCP). The anodic polarization experiments were
started from the potential which was 200 mV active to
OCP and continued till the current reached 1 mA to ensure
that the specimen underwent a stable pitting corrosion
attack. The anodic polarization experiments were per-
formed in 0.1, 0.2 and 0.5 NaOH with and without the
addition of 0.1, 0.2 and 0.5 NaCl to them. Solartron SI
1287, Solartron, UK computer controlled electrochemical
system was used to conduct all the experiments.

2.3 Surface Analysis
2.3.1 Microstructural Studies

After the potentiodynamic anodic polarization experi-
ments, the specimens were cleaned with distilled water to
remove any loose corrosion deposits and chemically etched
with Villela’s reagent to observe the microstructure. The
specimens were immersed in the etchant for 20 s, cleaned
with distilled water, dried and observed under an optical
microscope at a magnification of 50x to determine the
approximate size and distribution of pits. Thirty pits were

Elements C Cr Mo Si Mn v Nb S
Alloy B 0.1 8.5 1.04 0.40 0.30 0.23 0.09 0.002
Elements P Ni Al Ti N B Cu Fe
Alloy B 0.005 0.002 0.03 0.003 0.0021 0.0100 0.006 Bal.
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Fig. 1 Potentiodynamic anodic polarization curves for modified 9Cr—1M-B in a 0.1 M NaOH, b 0.2 M NaOH and ¢ 0.5 M NaOH with and

without the addition of 0.1, 0.2 and 0.5 M NaCl

randomly selected at different locations and their diameters
were obtained by manual measurements (at least two
diameters perpendicular to each other), averaging them and
converting them to um scale from the magnification used.
SEM (CamScan 3200, UK) was used to observe the pit
morphology.

2.3.2 X-ray Photoelectron Spectroscopic Analysis (XPS)

The specimens were passivated for 1 h in 0.2 M NaOH
containing 02 M NaCl, at 150, 209, 400 and
650 mV(SCE) potentials which were chosen from the
polarization curve. The passivated specimens were rinsed
using DD water. The passivated surfaces were analyzed for
the chemical composition of the passive film using XPS.
The XPS analysis was conducted using SPECS make XPS

system with Al Ko source and a PHOIBOS 150 analyzer
with a chosen energy resolution for recording survey
spectra. The pressure in the analysis chamber was main-
tained at 2 x 10~ mbar throughout the measurements.
The spectra were collected and analyzed using SPECS Lab
2 data analysis software.

3 Results and Discussion

Potentiodynamic anodic polarization curves for the boron
added 9Cr-1Mo steel obtained in deaerated 0.1, 0.2 and
0.5 M sodium hydroxide solutions with and without the
addition of 0.1, 0.2 and 0.5 M sodium chloride are shown
in Fig. la—c. Since the alkaline solution was deaerated by
purging with ultra-high purity argon gas, water molecules
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Fig. 2 Potentiodynamic polarization curves obtained with oxide-free,
Ar-sputter-cleaned surfaces of: a Fe10Cr, b Fe20Cr, ¢ pure Fe in 1 M
NaOH [10]

present at the metal/solution interface underwent reduction
as,

2H,0 + 2¢” —20H + Hy 1

Higher pH of the solution results in the passivation of the
specimen, thus, the OCP values were found to be nobler
than the primary passivation potentials (E,,) commonly
observed in the sulphuric acid medium. It was observed that
the OCP value became more active in 0.2 and 0.5 M sodium
hydroxide solutions (~ —0.5 V(SCE)) compared to that
observed in 0.1 M sodium hydroxide (~—0.2 V(SCE)),
thus it is apparent that increase in the alkali concentration
made the OCP value more active. A distinct peak was noted
in the passive region at ~0.2 V(SCE) in all the alkali
solutions at all concentrations of sodium chloride except in
0.1 M sodium hydroxide containing 0.5 M sodium chlo-
ride, where specimen underwent stable pitting at much
active potential. In an earlier work [10] on the potentiody-
namic anodic polarization studies on the argon-sputter
cleaned surface of Fe—10Cr ferritic steel as well as pure iron
in deaerated 1 M sodium hydroxide solution, four distinct
peaks were observed for Fe—10Cr steel (Fig. 2). These

@ Springer

peaks were identified as Peak (I), Peak (II), Peak (IV) and
Peak (VII) at —1.041, —0.914, —0.441 and +0.214 V(SCE)
respectively (converted to SCE scale from the original peak
positions on SHE scale for comparison with the present
work). The OCP value observed for this steel [10] was more
active compared to the one observed for our steel because,
(a) complete removal of the originally existing passive film
on the argon-sputter cleaned surface, (b) higher alkali
concentration (1 M sodium hydroxide) compared to the
concentrations of alkali used in the present work,
(c) chemical composition difference (the steel specimens
used in the present work has molybdenum, niobium and
vanadium as well as about 100 ppm of boron, some of these
elements enhanced the passive behavior of the steel).
Among the above peaks, Peak (I), Peak (II) and Peak (IV)
were observed in pure iron too, which indicated that some
of the basic corrosion reactions were common to both pure
iron as well as Fe—10Cr and alloys with similar composi-
tions. Thus, Peak (I) corresponded to the oxidation of
adsorbed hydrogen and Peak (IT) corresponded to the anodic
dissolution of Fe to form Fe(II) oxide and Peak (IV) to the
oxidation of Fe(Il) hydroxide to Fe(IIl) oxide. The Peak
(VI) shown in Fig.2 at 0.214 V(SCE) indicated the
transpassive dissolution of Cr and the oxidation of Cr(IIl) to
chromate, which was conspicuously absent in the polari-
zation curve of pure iron [10]. In the present work, the peaks
corresponding to the dissolution of Cr (Peak (VI) in
Fig. la—c) were observed at slightly different potentials
(0.28, 0.197 and 0.172 V(SCE) in 0.1, 0.2 and 0.5 M
sodium hydroxide solutions respectively) which could be
attributed to the influence of increasing alkali concentra-
tions which lowered OCP values, marginal difference in
chemical composition, scan rate and surface preparation, on
the dissolution kinetics of Cr. At and above —0.441 V(SCE)
Fe(Ill) overlayer formed in Fe—10Cr steel and a very neg-
ligible amount of Fe(Il) was left under Fe(Ill) layer [10].
Chromium content in the passive films of such alloys varied
with applied potential and an enrichment of Cr(IIl) was
observed in the inner part whereas the outer part of the
passive film was enriched with Fe(II). It was reported that
[10] such steels showed a complex passive film with an
inner Fe(Il)/Cr(IIl) and an outer Fe(IIl)/Cr(IIl) part at
potentials more active than —0.241 V(SCE) whereas at
potentials more noble than —0.241 V(SCE) a single layered
structure with an Fe(IIl)/Cr(IIl) formed. At higher poten-
tials, the potential increase affected the Fe(IIl) containing
outer layer which grew linearly with applied potential and
time and in the transpassive region kinetics of metal dis-
solution as well as oxidation of Cr(III) to soluble chromates
increased. In the present case too, a film with similar
chemical composition is expected to be formed when the
electrode is polarized anodically beyond OCP, where pas-
sive film richer in Fe(IIT)/Cr(III) would form preferentially.
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Fig. 3 Ejvalues for modified 9Cr—1Mo-B in different concentra-
tions of alkali solutions in presence of 0.1, 0.2 and 0.5 M NaCl
solutions

Pitting potential (Ep;) was defined as the potential
where a monotonic increase in the current was noticed.
The plots of E; values as a function of chloride ion
concentration are shown in Fig. 3. It was observed that
except in 0.1 M sodium hydroxide solution where the
addition of 0.5 M sodium chloride resulted in the drastic
reduction of the Eg; value, the E,; values in 0.2 and
0.5 M sodium hydroxide solution decreased gradually,
decrease being much less compared to that observed in
the former.

It has been reported that the stable solid forms of iron at
pH ~10.5 at 25 °C are metallic iron, ferrous hydroxide
[Fe(OH),)], magnetite (Fe;O,4), and ferric hydroxide
[Fe(OH)s](or hematite [Fe,O3]), depending upon the
applied potential [11]. Hydroxides are reported to be more
stable solids at ambient temperature [12]. In case of the
corrosion of pure iron at pH 10.5 at ambient temperature,
the following reactions take place [13],

Fe/Fe’': Fe + 2H,0 « Fe(OH),+ 2H" + 2¢~ (1)

Fe/Fe’%*: 3Fe + 4H,0 « Fe30, + 8H™ + 8¢~ (2)
Fe’* /Fe**: Fe(OH),+ H,0 « Fe(OH);+ H" + e~

(3)

Fe>®"" /Fe*": 2Fe30,4 + H,0 « 3Fe;03 + 2HT + 2e~

(4)

These compounds are least soluble in weakly alkaline

solutions at room temperature and offer protection to the

iron surface. Since local acidification is essential feature

for pitting corrosion, the burst of protons in a chemical

reaction (Eqgs. 1-4) could trigger acidic environment
destroying this film and consequently the protection

offered by it. Thus, hydrolysis of metal ions (formation
of an oxide or hydroxide film) releases protons at the
metallic surface and act as a source of acidity for pitting,
apart from chloride ions and electrode potential. Some
workers have reported increase in Ep; values for pure iron
at a constant concentration of 0.1 M sodium chloride in the
buffered solutions of 10.5 pH prepared from N,B,O;/
NaOH, with increase in the concentrations of borate.
However, this increase was attributed to the presence of
buffering species which did not allow the pH change in the
occluded regions, thereby Eg; values were found to
increase [13]. However, in the present work, unbuffered
solutions of sodium hydroxide and sodium chloride were
used, thus in the absence of the effect of buffering agent,
dominating effect of chloride ions and pH change could be
observed clearly. At a constant chloride concentration,
decrease in E,;; values (which becomes less significant with
increase in alkali concentration) was attributed to the
formation of soluble species like HFeO,~ and FeO,™
which will be discussed later. For 0.5 M NaCl solution
when the alkali concentration was increased from 0.2 to
0.5M no change in Ey was observed, this could be
attributed to decrease in local acidification due to increase
in pH.

The cumulative probability (CP) F(D) at each D is
determined from the set of D values according to the
mean rank approximation [14], where D is the pit diam-
eter measured using an optical microscope. According to
this method (using D as an example): (1) all the values of
D were sorted in an ascending order and (2) then the CP
for each value was calculated as n/(N + 1), where n is the
position in the sorted list, and N is the total number of
entries in the list [15]. The CP plots of pit diameters were
prepared at constant concentrations of sodium chloride in
different concentrations of sodium hydroxide, Fig. 4a—c.
On observing these plots, it was clear that, except in
0.1 M sodium chloride concentration, where the CP plots
at different alkali concentrations overlapped to some
extent, in the 0.2 and 0.5 M sodium chloride solutions,
clearly resolved plots were observed. Pits with larger
diameters were observed at a given chloride concentration
in the alkaline solution with lower concentration. Pit
diameters were found to decrease significantly even in 0.2
and 0.5 M sodium chloride in presence of 0.2 and 0.5 M
sodium hydroxide solutions, showing a powerful effect of
arresting pit growth due to increased alkali. This could be
considered to be a significant observation as the pit
diameters were found to be restricted up to a maximum
value of 10-12 pm in 0.5 M sodium hydroxide solution
containing 0.2 and 0.5 M sodium chloride solutions. Thus,
increased alkali concentration did not favour the pit
growth by way of increasing pH of the solution existing in
the pit bottoms.
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Fig. 4 CP plots as a function of pit diameter for a 0.1 M NaCl, b 0.2 M NaCl and ¢ 0.5 M NaCl in presence of different concentrations of alkali

The SEM photomicrographs of the pitted specimens are
shown in Figs. 5, 6 and 7) which show the morphology of
pits as well as pit nucleation sites clearly. Figure 5a, b
shows the photomicrographs of specimens pitted in 0.1 M
sodium hydroxide solution after the addition of 0.1 and
0.5 M sodium chloride respectively. It was observed that
pit size increased significantly with increase in chloride
concentration (Fig. 5b). It was observed that pits were
nucleated at the boundary of M,3Cg¢ carbide particle/matrix
boundaries and grew in the matrix; several such particles
are clearly visible inside the grown pit in Fig. 5b. Fivefold
increase in the chloride ion concentration resulted in
increased pitting corrosion attack as can be seen from the
multitude of pits which were observed to be at different
stages of their growth. Simultaneous pit initiation at a
number of susceptible sites could be the reason for the most
active Epj; value in this medium. The smaller pits in
Fig. 6a, b were observed in 0.2 M sodium hydroxide

@ Springer

containing 0.2 M sodium chloride solution; the pit diam-
eters were observed to be about 1-2 pm. These were
essentially metastable pits at different stages of their
growth, where two pits were found to be nucleated around
M,3C¢ carbide particles (Fig. 6b); the drastic reduction in
the pit diameters show the effect of alkali concentration in
arresting the pit growth kinetics. Figure 7a, b show the
SEM photomicrographs of specimens pitted in 0.5 M
sodium hydroxide containing 0.1 M sodium chloride
solution. The circular as well as irregularly shaped pits
were found to be very shallow, as substructure could be
clearly observed inside the pit bottoms. It has been reported
that pit nucleation rate was faster during immersion studies
because the continuous presence of aggressive electrolytes
and a poor protective layer allowed water, chloride ions,
and sodium ions to easily reach the surface and nucleate
more corrosion pits on the specimen surface. In such
environments pits grew faster and then coalesced with each
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Fig. 5 SEM photomicrographs of modified 9Cr—1Mo-B pitted
specimen in a 0.1 M NaOH + 0.1 M NaCl, b 0.1 M NaOH + 0.5 M
NaCl

other after reaching a certain size. [16] Many such pits
were found to coalesce which appeared like uniform cor-
rosion attack on the surface; therefore, it can be said that
several such coalesced pits which were shallow in nature,
appeared to give a picture as if the specimen surface was
suffering from uniform corrosion. Thus, ineffectiveness of
chloride ions in causing deep pits could be attributed to the
weak passive film developed in the high pH of the solution.
Figure 8a shows a pit which was nucleated at the Al,O3
inclusion/matrix interface; Fig. 8b shows the EDS con-
firming the presence of Al,O5 inclusion, the elemental
analysis of the same is given in Table 2. Thus, inclusions
provided additional sites for pit initiation apart from M;3Cq
carbides.

3.1 XPS Analysis

The XPS analysis was carried out on the potentiostatically
passivated specimens at a few selected potentials. The

Fig. 6 SEM photomicrographs of modified 9Cr—1Mo-B pitted
specimen in 0.2 M NaOH + 0.2 M NaCl (a, b)

specimens were passivated in 0.2 M sodium hydroxide
containing 0.2 M sodium chloride to avoid extreme con-
centrations of both alkali as well as chloride ions. The
selected passivation potentials were 0.15, 0.209, 0.4 and
0.65 V(SCE) in order to know the state and composition of
the passive film before the onset of dissolution at Peak
(VI), at the Peak (VI), after the Peak (VI) (.e.
209 mV(SCE)) and into the pitting region respectively.
Instantaneous passivation at these potentials (by directly
applying the necessary passive potentials potentiostatical-
ly) was avoided, so as to observe the cumulative effect of
anodic polarization on passive film through OCP till the
selected potential was reached. Analysis of the four spec-
imens showed the presence of Fe, Cr and O as the major
elements of the passive film; however, presence of Mo
could not be detected on any of these specimens. Intensity
of Mo started to increase only after sputtering. The passive
films on all the specimens could be almost completely
removed after sputtering for 2.5 min. The high resolution
scans of Fe and Cr for the 2p core level regions and of O 1s

@ Springer



136

Trans Indian Inst Met (2015) 68(1):129-141

Fig. 7 SEM photomicrographs of modified 9Cr—-1Mo-B pitted
specimen in 0.5 M NaOH + 0.1 M NaCl solutions (a, b)

were acquired at every stage of sputtering. This showed
that Fe and Cr existed mainly as oxides on the surface and
their concentrations decreased after sputtering with respect
to their metallic counterparts. A rigorous de-convolution
method was followed to find out the actual oxidation states
of Fe and Cr as well as their concentrations. A complete
multiplet splitting phenomenon was used for this purpose
for accuracy.

The Fe 2p ionization was de-convoluted into two different
contributions, Fe oxide and Fe metal as shown in Fig. 9a—d.
These contributions were assigned to the presence of Fe(0)
(binding Energy, E,, = 707.0 eV) and a group of Fe oxides
such as Fe’" oxide (E, = 709.0-709.5 eV), Fe** oxide
form (E, = 710.5-711.5 eV) and also the hydroxide form
(Ep = 712.0-712.5 eV) [17]. In all Fe 2p spectra, the
dominant peak was associated with the presence of Fe’™
species, mainly in oxides and hydroxides. It has been
reported that the determination of Fe>™ contribution among
Fe,05 and Fe;04 oxides is a difficult task. In Fe;0,4 33.3 %
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Fig. 8 SEM photomicrograph of modified 9Cr—1Mo-B pitted spec-
imen in a 0.1 M NaOH + 0.1M NaCl showing pit nucleation at
Al,O5/matrix interface, b EDS spectrum showing the presence of the
Al peak

of iron is in the Fe>" state whereas 66.7 % is in the Fe®"
state. It was reported that the Fe’" 2P;,, peak for Fe;04 was
observed at 711.4 eV whereas Fe>* 2P5, peak was observed
at 709.0 eV in the ratio of 2:1 while O 1s was observed at
530.2 eV [18]. The presence of Fe;0,4 could be confirmed by
analyzing the ratio of the areas of peaks of Fe*" and Fe*"
respectively, which was 2:1. Since the ratio of peaks was
found to be 2:1 in the spectra of steel passivated at a potential
of 150 and 209 mV(SCE) but not for the spectra of speci-
mens passivated at 400 and 650 mV(SCE), it was concluded
that the passive film on the specimens passivated at 209 and
150 mV(SCE) consisted of Fe;O4 whereas it existed as
Fe,O; for the specimens passivated at 400 and
650 mV(SCE) repectively. The presence of Fe*™ ions at 150
and 209 mV suggested the initial formation of Fe(OH), (B.E
0f 709.6 + 0.2 eV) which was further oxidized to magnetite
as per the following chemical reaction [19].

3Fe(OH),+20H "~ = Fe;0, + 4H,0 + 2¢~ (5)
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Table 2 EDS data for the alumina inclusion observed in the pitted Table 3 XPS analysis of ratio of peak areas of Fe®t/Fe?"
specimen EvS
Electrode Total peak area of Total peak area of Fe "/
Element Wt% Atom%  Potential, V(SCE) Fe*" (%) Fe?* (%) Fe?*
Al 37.99 55.69 0.150 56.087 20.298 2.8:1
Cr 7.24 5.51 0.209 57.532 16.9768 3.4:1
Fe 54.77 38.80 0.400 53.243 33.453 1.6:1
0.650 45.766 34.571 1.3:1

Fe’t peak observed at 712.3 + 0.2 eV was assigned to
Fe(OH); [20]. Similar peaks were observed in all the
spectra (Fig. 9a—d) indicating the presence of Fe(OH); in
the passive film at all the above potentials. Fe(OH); can
either form directly as Fe + 30H™ = Fe(OH); + 3e  or
from Fe(OH), and water molecules as shown in Eq. (3).
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The Fe>" peaks were clearly observed in the XPS plots
obtained at 0.4 and 0.65 V(SCE). The Fe’" jons form
Fe(OH), which on electrooxidation transforms to more
stable species like HFeO, and FeO,”. These species
being water soluble weaken the passive film, where uni-
form dissolution becomes predominant rather than pitting

7000
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Fig. 9 The XPS spectra showing iron peaks for potentiostatically polarized specimens at a 150 mV, b 209 mV, ¢ 400 mV and d 650 mV(SCE)

potentials
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Table 4 XPS analysis of peaks of Fe(2p) compounds

Compound Species Main peak (eV)

Fe(0)/metal Fe(0) 706.8

Fe;0, (magnetite) Fe*2ps 709.0
Fe’2ps, 711.4

0-Fe,05 (haematite) Fe**2ps) 710.8

Iron(IIT) hydroxide. Fe3+2p3/2 712.1

corrosion particularly at higher pH as per the following
reactions,

Fe(OH),+OH~ = HFeO; + H,0 (6)

HFeO, + OH™ = FeO3 + H,0 (7)

(a) 2200 ]

Cr 0.150 V(SCE)
2000

cr(l)
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1600 -
1400

1200
Cr (metal)
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1000
800 -

600 -
1 crav)

578

576
B.E (eV)

574 572

(c)

Cr 0.400 V(SCE)

CPI

576
B.E(eV)

The total peak area ratio of Fe’™ and Fe’" was
calculated for the specimens passivated at different
potentials. It was found that this ratio of Fe’t/Fe®"
initially increased when the potential was increased from
150 to 209 mV(SCE); however, the ratio started to
decrease with increase in the potential from 400 to
650 mV(SCE). The ratio of Fe>T/Fe’* at different
potential is given in Table 3. Thus, at low potential Fe>"
exists in low proportion and its proportion increases at
higher passive potentials. This could be attributed to the
formation of more stable species of Fe*™ at higher potential
such as Fe** and HFeO, ™ and FeOzzf. The decrease in the
ratio of Fe’'/Fe’™ could be attributed to either
(i) transpassive dissolution in alkaline solutions without

(b) 2200
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1600 -
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= 1200 {

O 1000 -
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200 -
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Fig. 10 The XPS spectra showing chromium peaks for potentiostatically polarized specimens at a 150 mV, b 209 mV, ¢ 400 mV and

d 650 mV(SCE) potentials
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Table 5 X-ray photoelectron spectroscopic studies of chromium
compounds

State/type of Binding energy Average binding

compound determined from energy obtained
this work (eV) from literature (eV)
Cr(O)/metal 574.36 574.2
Cr(II)/Cr,03 576.12 576.5
Cr(II1)/Cr(OH); 577.12 577.2
Cr(III)/CrCl5 577.84 577.6
Cr(VI)/CrO; 578.75 579.2
Cr(VI)/(Cr,07)*~ 579.60 579.6

chloride ions, or (ii) pitting corrosion. Thus, Fe exists in the
passive film in the form of Fe,Os, Fe(OH); and FeO,> on
the specimens passivated at 400 and 650 mV(SCE), while
it exists as Fe;O, (magnetite) and Fe(OH); at 150 and
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140001  ore
12000 -
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0 T T
528 532 534
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I
530
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209 mV(SCE) respectively. Pourbaix diagram of iron at
high pH shows initial formation of Fe;O, followed by the
formation of Fe,O3; with increase in potential. Usually
three different types of iron oxides are identified viz. FeO,
Fe;0,4 and Fe(IIl) where Fe(III) represents both Fe,O3 and
FeOOH [21]. The passive film is generally considered to
consist of an inner chromium oxide rich film and an outer
hydroxide film [22], which is explained by iron dissolving
and chromium getting enriched and oxidised [23]. A
possible explanation to iron on top of chromium hydroxide
[24] is that when the local surface concentration of iron
ions increases, iron hydroxides precipitate and form a
hydroxide layer on top of chromium hydroxide. Thus,
during transpassive dissolution or pitting corrosion, the
possibility of FeOOH loss would decrease the Fe(IIT)/Fe(II)
ratio automatically. The B.E of Fe 2p3, compounds
obtained from literature are given in Table 4.
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(d)
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Fig. 11 The XPS spectra showing oxygen peaksfor potentiostaticallypolarized specimens at a 150 mV, b 209 mV, ¢ 400 mV and

d 650 mV(SCE) potentials
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Table 6 Elemental composition of passive film of modified 9Cr-1Mo at different potentials

Potential [mV(SCE)] Cr (metallic) (%)

Cr (oxidic) (%)

Fe (metallic) (%) Fe (oxidic) (%)

150 32 15.8
209 3.7 12.9
400 2.0 13.1
650 29 16.7

19.2 61.8
20.8 62.6
11.3 73.6
15.8 64.6

XPS analysis plots for Cr (2p) are shown in Fig. 10a—d.
A well-defined metallic peak at ~574 eV, a hydroxide
(CrOOH) peak at ~577 eV and a contribution from Cr,O5
are seen in the Cr 2p spectra. The Cr 2p;,, spectrum shows
a peak of Cr’™" state at 576 eV [20] and a peak at 579 eV
can be assigned to Cré* [19]. Thus Cr was found to exist as
Cr,03, Cr(OH); and CrOj at all the above potentials at
which the specimens were passivated. The BE data for Cr
2ps» compounds were obtained from literature and com-
pared with the values obtained in our results and the peaks
were assigned accordingly [25]. It was observed that Cr
existed largely as Cr(Ill) in the form of different com-
pounds like Cr,O5, CrCls, Cr(OH);; however, it was also
found to exist as CrO5 and Cr2072_ species. Although third
Cr oxide peak was unexpected from a thermodynamic
viewpoint it could be explained to be due to interacting
processes from different elements in the steels and due to
higher pH. It has been discussed by Clayton and Lu [26]
and also Olsson [27] that CrO5 can co-exist with Cr,0O5 in
the inner oxide due to the similar standard free enthalpies
they have. Although, Cr was detected in the form of Cr(VI)
at all potentials, its intensity appeared to be the same in all
the XPS plots, thus the ratio of Cr(III)/Cr(VI) could not be
obtained. The B.E of Cr 2p;, compounds obtained from
this work and average data from literature are given in
Table 5.

XPS analysis plots for O (1s) are shown in Fig. 11a—d.
The O (1s) spectrum is composed of five peaks which
correspond to the signals from oxygen in the iron oxide
(O*7) at ~530.3 eV, signals from oxygen in the chromium
oxide (0*7) at ~531.3 eV, oxygen in hydroxyl group
(OH7) at ~532 eV and chemisorbed water (H,O) at
532.9 eV. The B.E data for these peaks are correlated with
the previous findings [28].

Estimation of the relative thicknesses of the passive
films is done by comparing the relative intensities of the
metallic contribution and the oxidic contribution of Fe and
Cr on the surface to avoid any artifacts that might be
caused by sputtering. The analysis showed that the order of
increasing thickness of the passive film for the specimens
was 209 mV < 150 mV < 650 mV < 400 mV(SCE)
(Table 6). This could be explained from the potentiody-
namic polarization curves for the respective specimens.
The passive film formed at the potential of 150 mV started

@ Springer

to dissolve at 209 mV(SCE) resulting in thinning of the
passive film and increase in the anodic current. The dis-
solution of Cr as Cr(VI), as discussed earlier, could be
confirmed from the oxidic contribution of Cr (Table 6) at
209 mV(SCE), which is much lower compared to other
potentials; the oxidic contribution of Cr was found to
increase again at higher potentials. The contribution of Cr
metal at higher potential was observed to decrease
(Table 6), on account of pitting or transpassive potential.
Beyond this potential, the passive film undergoes change in
the chemical composition which has higher thickness, as is
evident from XPS at 400 mV. From the polarization curve,
650 mV(SCE) falls in the transpassive/pitting region and
hence the dissolution of the passive film results in thinning
of the film; this is supported by the reduction of metallic
contribution of Fe at these potentials. Also the relative
concentration ratio of Cr to Fe is observed to be decreasing
with increase in passive potential from 150 to
400 mV(SCE). But the maximum value was found to be
for the specimen passivated at 650 mV(SCE). This can be
explained based on the fact that the Fe oxides dissolve
selectively in preference to Cr,O; oxide during transpas-
sive dissolution/pitting corrosion, exposing the underlying
Cr,03 to the medium. Thus it can be inferred that after the
OCP is crossed, passive film becomes richer in Fe(IIl)/
Cr(IIl) as discussed earlier.

4 Conclusions

Based on the potentiodynamic anodic polarization experi-
ments, optical microscopic, SEM observations and XPS
analysis of the pitted specimens of modified 9Cr—-1Mo-B,
the following conclusions were drawn.

(1) Chloride ions exerted a strong influence on the
initiation as well as growth of pits in the lower
concentrations of alkali; pit diameters as well as pit
depths increased with increase in chloride ion
concentration when added to 0.1 M sodium hydroxide
solution.

(2) At higher alkali concentration (0.2 and 0.5 M sodium
hydroxide), pit depths and diameters decreased dras-
tically. The increased pH did not favour the pitting
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corrosion process by way of increasing the pH of the
solution in the pit bottoms. Also, formation of soluble
species like HFeO,™ and FeOf* on the surface
destabilized the passive film, creating unfavourable
conditions for pitting leading to shallow pits.

Apart from Mj,3C¢ carbides/matrix interface, pits
were also found to have initiated at the Al,Ojz
inclusion/matrix interface.

XPS analysis of passive film showed the presence of
Fe;O4, Fe(OH); at lower potentials (150 and
209 mV(SCE)) whereas Fe,O;, Fe(OH); and
FeOf* at higher potentials (400 and 650 mV(SCE)).
At transpassive/pitting potentials Fe oxides dissolved
selectively in preference to Cr,O5; oxide, protecting
the surface.

Based on the metallic and oxidic contributions, it was
logically accepted that Fe existed as a hydroxide on
top of Cr,05 and underent dissolution at transpassive/
piting potentials. Presence of Cr(VI) peak in the Cr
spectra was justified because of the conducive pH
conditions, which stabilized this species.
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