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Abstract In spent fuel nuclear reprocessing plant, nitric acid
is the main medium used in PUREX method. The passive
film compositions and corrosion resistance of 11 % Cr
ferritic/martensitic and 9-15 % Cr oxide dispersion strength-
ened steels in different nitric acid concentrations were stud-
ied. The open circuit potential is shifted toward more noble
potential as the concentrations increased from 1 M HNOj; to
9 M HNOj3 in all the investigated alloy steels. The results of
the potentiodynamic polarization plots also exhibited a shift
in corrosion potential as the concentrations increased from
1 M to 9 M HNO;_This shift is undesirable because of risk of
overshooting the potential beyond passive region and may
result into transpassive corrosion. The X-ray photoelectron
spectroscopy results of the passive film analysis are com-
posed mostly of Fe,O3, Cr,03, and Y,0;, and the depth
profile of Fe and Cr concentrations vary depending upon
the nitric acid concentration. The surface morphology after
the corrosion test does not show intergranular corrosion
attack at the nitric acid concentrations studied. It is desirable
that materials for use in nitric acid service are resistant to
such corrosion induced degradation.
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Introduction

Reduced activation martensitic ferritic (RAFM) steels with
Cr content of 9—12 wt%, oxide dispersion strengthened
(ODS), and ferritic/martensitic (F/M) steels are an important
class of engineering materials that have received much in-
terest in the recent years [1, 2]. These alloy steels are prom-
ising candidate materials for future nuclear power plants of
fission, fusion, and hybrid reactors [3—5], and being present-
ly explored as material for spent nuclear fuel reprocessing
plants [4, 5]. The major issues of reactor materials are their
service temperature performance, as the efficiency of nuclear
power plants is strongly dependent upon the operating tem-
perature. The upper operating temperature limits for conven-
tional RAFM steels are about 550 °C [6, 7]. To counterbal-
ance the poor mechanical properties at high temperatures of
the F/M steels, ODS steels have been developed using ho-
mogeneously dispersed nanoscale oxide particles of Y-Ti—O
and Ti—O [3, 6]. These oxide particles improved the thermo-
physical and mechanical properties at a higher temperature
and thereby increase the operating temperature and higher
burn-up [3, 7]. As examples, the ODS martensitic steels (7—
10 % Cr) exhibited excellent creep properties up to 800 °C;
beyond this temperature, the strength properties deteriorate
due to the phase transformation [1, 6, 7]. Similarly, the
higher chromium (14-18 % Cr) ferritic ODS steels can be
used up to 1,100 °C [3, 6, 7]. The other advantages of ODS
steels include void and swelling resistance [6, 7], low ther-
mal expansion coefficient [3, 6], high thermal conductivity
[3, 7], and resistance to helium embrittlement and compati-
bility with major cooling and breeding materials [2, 6, 7].
In spent fuel nuclear reprocessing plants, nitric acid is
used in various conditions and concentrations from dilute
(1-4 M) to concentrated (10—-14 M), room temperature
(liquid/solvent extraction) to intermediate (warm, waste
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storage tanks) and to boiling temperature (dissolver, evapo-
rator, etc.) [8, 9]. However, in the presence of oxidizing ions
and boiling nitric acid stainless steels suffered severe
intergranular corrosion (IGC), even if the steel is not sensi-
tized. IGC of stainless steels in nitric acid is not due to
impoverishment of chromium in the grain boundaries, and
this was attributed to the transpassive corrosion [5, 8, 9].
Pure metals and the alloys of Ti, Ti-5 % Ta, Ti-5 % Ta—
1.8 % Nb, Zr, etc. [8, 9] are considered as alternate to
austenitic stainless steels, and recently, ODS steels have been
also investigated for such an application [4, 5]. The ODS
steels are known to show better corrosion resistance than the
conventional ferritic—martensitic alloy steels [5, 10]. In stud-
ies carried out in hot nitric acid, higher Cr alloy of 18Cr—
IW-Ti ODS steel was found to be more corrosion resistance
than 14Cr—1W-Ti ferritic and 9Cr—1W-Ti martensitic ODS
alloys, attributed to the higher chromium content in the
passive oxide layer [5]. Similarly, in comparison between
16 % Cr ODS steels with or without Al, addition of Al was
found to be beneficial in 1 M HNO; [4]. During different
stages of the spent fuel dissolution by PUREX process, nitric
acid of various concentrations is used, and thereby, the
cladding material can undergo different forms of corrosion
attack. The development of cladding materials is a key issue
to achieve efficient and high burn-up operation of Genera-
tion IV nuclear energy systems. The benefit of ODS alloy
steels as cladding material for fast breeder reactors (FBRs)
was recognized in the late 1960s [7, 11]. More recently, F/M
steels with 9—12 % Cr and ODS steels have been explored as
an alternative to the standard austenitic stainless steels for
future advanced FBR cladding and structural materials [2, 5,
7]. An advantage of the F/M steels is that it can be made in
reduced activation compositions to achieve higher thermal
efficiency [3, 6, 7] and exhibit a low swelling resistance
under irradiation due to the body-center cubic crystal struc-
ture [3, 5]. Furthermore, to counterbalance the relatively
poor mechanical properties at the high temperatures, the
F/M steels are oxide dispersed strengthened to improve the
mechanical properties at elevated temperatures and resis-
tance enough to neutron irradiation embrittlement [6, 7].
Thus, an understanding of the surface morphology and cor-
rosion resistance of F/M and ODS steels in different nitric
acid media is of considerable importance, and this have been
attempted in the present work.

Table 1 Chemical composition of the alloy steels in weight percent

Material and experimental methods
Materials and specimen preparation

The chemical composition of F/M and ODS steels used
in the present work is listed in Table 1. The alloy steels
used in this work are experimental steel grades pro-
duced for this work and not commercial grades. The
ODS alloy steels are produced by powder metallurgy
route and F/M steel by melting and casting. The pro-
duction of ODS steels involves many processes steps,
such as mechanical alloying, degassing, canning, hot
extrusion, and heat treatments [1, 2, 7, 12]. For
manufacturing of 9 % Cr ODS and 15 % Cr ODS
steels, metallic alloyed powders and yttria (Y,03) pow-
ders were mechanically alloyed, and these powders were
consolidated by hot extrusion at 1150 °C. At the final
heat treatment, normalizing at 1050 °C for 1 h and
tempering at 800 °C for 1 h for 9 % Cr ODS steel.
The 9 % Cr ODS steel structure is composed of a
tempered martensite and a small amount of ferrite. Since
the 15 % Cr ODS steel was heat treated and annealed at
1150 °C for 1 h, its structure is a full ferrite with the
grain size of a few micrometers. The detailed on the
fabrication/manufacturing process of ODS steels, its mi-
crostructure, and grain structure has been described
elsewhere [1, 2, 13]. The F/M steel was manufactured
by the conventional process: vacuum melting, hot forg-
ing, and hot rolling. The final heat-treatment was done
by normalizing at 1,100 °C for 10 min and tempering at
1,053 °C for 1 h; the microstructure contains the tem-
pered martensite and a small amount of ferrite.

The steel specimens were cut and abraded up to
1,000 grit SiC paper on all sides prior to mounting in
an epoxy resin, using a brass rod as an electrical con-
nection. The epoxy-mounted specimens were then
abraded up to 1,000 grit SiC paper finish again, ultra-
sonically cleaned in acetone, and used for the corrosion
experiment.

Electrochemical measurements for corrosion studies

The variation in open circuit potential (OCP) was measured
at different nitric acid concentrations of 1, 3, 6, and 9 M

Steel Cr Ni C Si Ti w Al Mo Zr Y,05 Fe

9 % Cr ODS 8.95 0.03 0.14 0.06 0.23 1.96 - - - 0.36 Balance
11 % Cr F/M 10.52 0.50 0.15 0.039 0.50 1.81 - 0.40 - - Balance
15 % Cr ODS 15.15 0.04 0.03 0.02 0.12 1.90 4.00 - 0.57 0.33 Balance
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HNO;. All the electrolytic solutions were prepared using
analytical reagent grade. The samples were allowed to stabi-
lize under an open circuit condition for 30 min, and subse-
quently, the OCP was measured as a function of time up to
60 min. The potentiodynamic anodic polarization experi-
ments were carried out in different nitric acid concentrations
of 1, 3, 6, and 9 M HNO; at room temperature using
HABF5001 potentiostat (Hokuto Denko, Japan). A sample
(working electrode) surface of 1 cm?® area and flat cell vol-
ume of 300 ml was employed to contain the electrolyte and
used in the corrosion experiment. The electrochemical cor-
rosion cell consisted of three electrodes: reference Ag/AgCl
(in saturated KCl) electrode, platinum counter electrode, and
the working electrode (sample). The electrode potential
was anodically scanned at a scan rate of 0.167 mV s
until the potential at which breakdown occurred. The starting
potential for polarization curves was at 100 or 200 mV below
the stable OCP. This is to ensure that the active—passive
behaviors are measured during the potentiodynamic an-
odic polarization potential measurement. The electrolytic

solution was continuously purged before the start of the
experiment with pure argon gas (99.999 %) to deacrate
the solution, and purging was continued throughout the
entire measurement period. Two or three sets tests were
conducted in each experimental condition, and all the
open circuit potential and anodic polarization plots were
highly reproducible. The error estimates are provided
with a standard deviation value in Table 2.

Surface morphology and characterization of passive film
compositions

The surface morphology of the specimens after the
corrosion test was observed with a scanning electron
microscopy (SEM), JEOL JSM-6510LA model. The
SEM images were acquired using an acceleration volt-
age of 10-20 kV, and a working distance was
maintained between 10 and 15 mm. Load current was
maintained in 60—70 pA, and the spot size was adjusted
to 40-70.

Table 2 Potentiodynamic anod-
ic polarization test parameters
obtained for 9 % Cr ODS, 11 %
Cr F/M, and 15 % Cr ODS steels
in different nitric acid
concentrations

Electrolytic media

Ecore (V vs Ag/AgCl)

ipass (A Cmiz)

Egp (V vs Ag/AgCl)

9 % Cr ODS steel
1 M HNO;

3 M HNO;

6 M HNO;

9 M HNO;

11 % Cr F/M steel
1 M HNO;

3 M HNO;

6 M HNO;

9 M HNO;

15 % Cr ODS steel
1 M HNO;

3 M HNO;

6 M HNO;

9 M HNO;

—0.154+0.004
0.395+0.005

~0.096+0.005 (Ecorr-1)
0.161%0.003 (Ecorr-2)

0.462+0.010 (Ecorr3)
0.585+0.002

0.676+0.008

—0.195+0.005

0.465+0.005

0.737+0.011

0.724+0.014

0.125+0.005

0.400+0.001

0.504+0.005

0.648+0.005

3.16+0.04x107° (0.85 V)
2.574+0.03x107° (1.40 V)
4.1140.06x107° (0.85 V)

7.50+0.02% 107 (1.40 V)
4.83£0.15%x10° (0.85 V)
2.75£0.05x107* (1.40 V)
5.60+0.10x107° (0.85 V)
2.62+0.06x107* (1.40 V)

5.16+0.04x107° (0.85 V)
7.20+£0.26x107° (1.50 V)
4.73+0.03x107° (0.85 V)
2.0940.02x107* (1.50 V)
3.45+0.06x107° (0.85 V)
4.98+0.02x107° (1.50 V)
3.33+0.04x10°0.85 V)
6.65+£0.04x107* (1.50 V

1.3740.02x107° (0.85 V)
9.41+0.22x107° (1.50 V)
1.42+0.02x107° (0.85 V)
6.38+0.61x107* (1.50 V)
1.66+0.02x107° (0.85 V)
2.5140.19%107° (1.50 V)
2.38+0.02x107° (0.85 V)
4.23+0.03x107 (1.50 V)

1.09£0.011 (Egp.1)
1.61+0.005 (Egp.)
1.08=0.01 (Egp.))

1.61£0.01 (Egp.o)
1.12£0.01 (Egp.))
1.63+0.01 (Egp.o)
1.14=0.03 (Egp.))
1.63+0.01 (Egp.o)

1.08+0.01 (Egp.1)
1.64+0.04 (Egp.,)
1.06=0.02 (Egp.;)
1.62+0.02 (Egp.»)
1.09+0.015 (Egp.;)
1.61£0.015(Egp.»)
1.11£0.015 (Egp.1)
1.59+0.01 (Egp.»)

1.15£0.018 (Egp.;)
1.73%0. 04 (Egp.)
1.1420.04 (Egp.,)
1.6240.02 (Egp.2)
1.150.04 (Egp.,)
1.7340.03 (Egp.0)
1.130.02 (Egp.,)
1.6840.015 (Egp.,)

@ Springer



414

J Solid State Electrochem (2014) 18:411-425

X-ray photo-electron spectroscopy (XPS) measurements
were carried out on each sample by potential sweep to the
passive region. This was followed by holding the samples
potentiostatically at the respective passive region for 60 min:
0.85 V vs Ag/AgCl for 9 % Cr and 15 % Cr ODS steels and
1.0 V vs Ag/AgCl for 11 % Cr F/M steel. This potential was
chosen because it is in the passive region, thereby also
insuring that much greater amount of material is dissolved
prior to passivation for the accumulation at the surface [14,
15], and further, the polarizing in its passive state leads to the
iron dissolution, which is contained in its passive layer [15].
The passive range current density during potentiostatic test
was constant and <5 pA/cm” throughout the experiments for
all the alloy steels. This indicated the stable film formation,
and no metal dissolution has occurred during the passivation
treatment. Subsequently, some samples were immersed in
different nitric acid concentrations under OCP condition up
to 60 min, and the samples were transferred immediately into
the XPS analyzer chamber. The XPS measurements were
performed using a JEOL JPS-9200 model equipped with
dual X-ray source. Mg Ko (1,253.6 eV) X-ray was used to
generate the photo electrons. During the experiments,
the base pressure was maintained at 107’ Pa. The X-
ray gun was operated at 100 W (10 kV, 10 mA) with a
takeoff angle 6=0°. A survey spectrum was, firstly,
recorded to identify the elements present and high-
resolution spectra of the following regions were recorded:
oxygen (O 1 s), carbon (C 1 s), chromium (Cr 2p), iron (Fe
2p), and yttrium (Y 3d). SpecSurf XPS operating software
was employed to collect and process all surveys and
high-resolution spectra.

Results and discussion
Open circuit potential measurements

The measured OCP of 9 % Cr ODS, 11 % Cr F/M, and 15 %
Cr ODS steels obtained at different concentrations of 1, 3, 6,
and 9 M HNOj; are shown in Figs. la—c. Similarly, an inset of
the OCP versus nitric acid concentration plots for the differ-
ent alloy steels is shown in Fig. 1. In Fig. la, the effects of
nitric acid concentrations on 9 % Cr ODS steel show active
potential in 1 M HNOj3 (-0.154 V) and 3 M HNO;
(=0.150 V), where in 6 M HNOj; (0.345 V) and 9 M HNO;
(0.630 V), more noble potential is indicative. Similarly, the
OCP of 11 % Cr F/M steel show active potential in 1 M
HNO; (=0.201 V), 3 M HNO; (—0.052 V), and more noble
potential in 6 M HNOj3 (0.485 V) and 9 M HNO; (0.651 V),
respectively. However, in 15 % Cr ODS steel active potential
is observed only in lower concentration of 1 M HNO;
(—0.140 V), and more noble potential could be seen in 3 M
HNO; (0.240 V), 6 M HNO; (0.430 V), and 9 M HNO;
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(0.600 V). The measured OCP stabilized immediately upon
immersion for all the alloy steels, and this is attributable to
the stable film formation. The XPS depth profile results of
the alloy steels discuss to later show higher Cr concentration
in 1 M HNOj; than in 9 M HNO, and this may affect the film
stability. In Fig. la—c, the gradual shift of OCP towards more
noble potential in all the alloy steels is observed. Subse-
quently, as shown in the inset of Fig. 1 with the increase in
concentration from 1 M HNO; to 9 M HNO;, the OCP
increases with increasing HNOj3 concentration. The shift in
OCP is affected by the change in both anodic and cathodic
reaction rates [16]. Generally, the noble OCP of the material
in the passive region is an indicative of high passivating
ability. However, high noble OCP in highly oxidizing solu-
tion can also indicate strong polarization and high corrosion
rate. Furthermore, due to highly oxidizing nature of
nitric acid at higher nitric acid mediums, this shift is
undesirable because of risk of overshooting the potential
beyond the passive region. Consequently, the rate of the
reaction increases with increasing concentration of
HNO; [9, 16]. This may lead to higher corrosion rates
and IGC with preferential attack along grain boundaries
in high-temperature and nitric acid concentrations as
seen in stainless steels [5, 8, 9].

Potentiodynamic polarization studies in different nitric acid
concentration

The potentiodynamic polarization plots of F/M and ODS
steels obtained for different nitric acid concentrations are
shown in Fig. 2a—c, respectively. The potentiodynamic polar-
ization plots parameters such as corrosion potential (E.qy),
passive current density (ipass), and breakdown potential (Egp)
are detailed in Table 2. In Fig. 2a, the typical potentiodynamic
polarization plot of 9 % Cr ODS steel is represented and are
compared with those previously obtained from a similar alloy
steel up to 6 M HNO; [13]. Furthermore, in Fig. 2a, the
potentiodynamic polarization plots illustrating the stages of
passivity, transpassive region [oxidation of Cr,O5 to Cr(VI)]
and oxidation of solvent (water) are depicted. The breakdown
potential (Egp) is represented into two parts (Fig 2a), one
representing the transpassive region denoted by Egp.; and
Egp., the beginning of the oxidation of the media (Table 2).
Evidently, 9 % Cr ODS steel show a gradual shift in £, from
—0.154 V (E¢or1) in 1 M HNOs to 0.462 V (Eor3) in 3 M
HNOs3, 0.585 Vin 6 M HNOs, and 0.676 V in 9 M HNO;.
This shift may be attributable to increase in the cathodic
process [5] and that the E,, increases when the concentration
is higher. The reason behind the formation of primary (E¢or.1)
and secondary corrosion potential (E..») has been already
described elsewhere [13]. Furthermore, in Fig 2a, two corro-
sion current density minima in 1 M HNO; and, correspond-
ingly, three corrosion potential values in 3 M HNO; may be
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attributed to incomplete passivation or the film formation
process is not in the steady state. Kolman et al. [17] attributed
the formation of such two to three corrosion potential in type

304L stainless steel to continuously passive, active/passive,
and active surface states. Subsequently, the increased ipass O
2.57x10° Acm 2in 1 MHNO; t02.62x10* Acem 2 in9 M
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Fig 2 Potentiodynamic polarization curves of alloy steels in different
nitric acid concentrations: a 9 % Cr ODS steel, b 11 % Cr F/M, and ¢
15 % Cr ODS steels

HNOj; (Table 2) is due to the higher anodic dissolution.
The potentiodynamic polarization plots of 11 % Cr F/M
steel shown in Fig. 2b show shifts in E.,, of —0.195 V
in 1 M HNOj to 0.465 V in 3 M HNO;, 0.737 V in
6 M HNO;, and 0.724 V in 9 M HNOs;. In addition, the
typical potentiodynamic polarization curves of 15 % Cr
ODS steel shown in Fig. 2c also shows a shift in E.y
from 0.125 Vin 1 M HNOj3 to 0.648 V in 9 M HNO;,

@ Springer

and increased 45 Of 9.41x 10° A cm 2 in 1 M HNO; to
423x10* A cm ? in 9 M HNO; (Table 2). As detailed in
Table 2, more active (negative) potential (—0.195 V) and
nobler E.q (0.724 V) was observed for 11 % Cr F/M steel
followed by 9 % Cr ODS steel (—0.154 and 0.676 V) and 15 %
Cr ODS steel (0.125 and 0.648 V). However, the OCP mea-
surements in Fig. 1 and corrosion potential values from Fig. 2
(Table 2) are different, and this is expected as the method and
condition of measurement are different. Thereby, the shift to
higher E.,, as the HNOj3 concentration increase when cathod-
ic reaction rate increases are expected based on mixed poten-
tial theory [18]. Thus, the shift of £, and OCP (Fig. 1) in the
noble potential region with increased nitric acid concentration
may result into transpassive corrosion. The same may hold for
the ODS alloys, as a similar shift is observed. Transpassive
corrosion is a phenomenon observed if the concentration and
temperature increases or highly oxidizing chemical species
co-exists in stainless steel and manifests itself as general
corrosion with preferential attack along grain boundaries [5,
8, 19, 20]. From a practical point of view, transpassive corro-
sion is an important degradation mechanism induced by cor-
rosion to the structural materials in nitric acid production
plants and nuclear fuel reprocessing plants [8, 19, 24]. Fur-
thermore, many models provide an experimental and theoret-
ical basis for describing the breakdown/transpassive dissolu-
tion of passive film [21-23]. According to energy band model
proposed by Sato [21]; the transpassive dissolution kinetic is
determined by the relative positions of the Fermi level and the
conduction band in the film. This model illustrates above a
certain potential the passive film is electrochemically unsta-
ble, and the film dissolution rate is greater [21]. In point defect
model (PDM) [22], transpassive dissolution is described in
terms of mass and charge fluxes via the transport of point
defects at the barrier layer interfaces. In this model, the gen-
eration and condensation of cation vacancies and annihilated
by reactions leads to film decohesion and breakdown. Models
presented by Bojinov et al. [23] considered two types of
interfacial reactions similar to PDM to describe the formation
and transpassive dissolution of the metal through the
film. The transpassive dissolution reaction is assumed
to be a two-stage process featuring a Cr(IV) intermedi-
ate. It also employed mathematical method and electro-
chemical parameters through a curve-fitting technique to
explain the transpassive dissolution. The standard poten-
tial at 25 °C for the oxidation reaction from Cr(Ill) to
Cr(VI) is about E°=1.1 V/Ag/AgCl [16, 24]. The Egp.,
value within the range of ~1.09 to ~1.15 V of the
investigated alloy steels (Table 2) falls near within the
range of transpassive dissolution of Cr,O3 [Cr(II)] to
chromate [Cr(VI)]. Hence, the Egp., values at around of
1.59—-1.7 V correspond to the beginning of the oxidation
of the media (water). The 15 % Cr ODS steel with
higher Cr showed marginally higher Egp (1.62-1.73 V)
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than 9 % Cr ODS (1.61-1.64 V) and follows by 11 %
Cr F/M steel (1.59-1.63 V). In addition, the iy, of
15 % Cr ODS steel is lower than 9 % Cr ODS and
followed by 11 % Cr F/M steel (Table 2), but iy
(1.5 V) of 15 % Cr ODS steel toward the Egp_, region
is marginally higher than expected, and the reason is
discussed later. Thus, based on the above observation it
is plausible that the nitric acid concentration may dif-
ferently impact the corrosion behavior of the investigat-
ed alloy steels.

The effects of nitric acid concentration on the corrosion
resistance

The knowledge of the reduction process is essential to
understand the corrosion of alloy steels in nitric acid,
and cathodic dissolution of alloy steels takes place at
potentials considerably lower than that at which hydro-
gen is discharged [24, 25]. Evans [16] described a
basic mechanism that explains the autocatalytic reduc-
tion mechanism involved in nitric acid. Taking into
account of the effects of nitric concentration, at high
nitric acid concentration (>8 M HNO3) or high temper-
ature (>80 °C), the basic chemical reaction is the re-
duction of nitric acid to nitrous acid and nitrogen
dioxide [16, 19, 20, 24, 25, 26].

4HNO3—2H,0 + 4NO, + O, (2)

For lower concentrations, the reduction of nitrous acid
is the main electrochemical reaction, and the final products
are NO [12, 19, 24, 26].

2HNOy—NO; + NO + H,0 (3)

The reduction of HNOj arises from the increase in the
generation of the oxidant like NO,, and its concentration
increases when alloy steel corrodes [9, 20, 25].

Cr*t 420, + 5¢ —CrO,>~ (4)

The oxidant NO, produced in the above reactions is then
adsorbed on the metal surface where it takes up an electron
from dissolving metal to give NO, anion [20, 24].

NOy +e —»NO, (5)

Furthermore, the presence of Y,05 in passive film
discussed later may not have a major influence in the corro-
sion process in nitric acid. The Y,03 is a thermodynamically
unstable oxide [5] and dissolves rapidly at low pH in nitric
acid (high concentration). Hence, the presence of Y,Oj3 in the
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Fig 3 Surveyed spectrum of XPS measurements obtained for alloy
steels in different nitric acid concentrations: a 9 % Cr ODS steel, b
11 % Cr F/M steel, and ¢ 15 % Cr ODS steel

passive films may not have a significant benefit [5, 12]. The
dominant corrosion reactions that are responsible for corro-
sion in nitric acid are the depolarizing cathodic reaction and
the decomposition of unstable HNO; (Egs. 1-4), that lead to
a shift in the corrosion potential and transpassive corrosion
[19, 20, 24]. The other factors attributed to the shift of
corrosion potential in nitric acid are [9, 20, 25] (a) pure nitric
acid—water solution, where the cathodic reaction is the
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Table 3 The XPS measure-
ments of different elements in
atomic percent obtained in dif-
ferent nitric acid concentrations

Elemental concentration

Electrolytic solutions

of alloy steels after polarization
tests 9 % Cr ODS steel

(i) Plain polished steel; (ii) 1 M
HNO;3 (9 % Cr ODS steel) and
3 M HNO; (11 % Cr F/M and

(@) (i) (ii) (i)
Atomic percent Fe=27.35 Fe=24.77 Fe=29.50 Fe=33.67
Cr=9.52 Cr=19.95 Cr=14.92 Cr=13.98
0=19.62 0=21.55 0=22.58 0=18.57
Y=6.01 Y=6.26 Y=4.22 Y=4.91
11 % Cr F/M steel
Atomic percent Fe=27.28 Fe=16.45 Fe=15.55 Fe=17.88
Cr=11.03 Cr=14.80 Cr=13.22 Cr=14.23
0=22.62 0=20.75 0=23.50 0=24.94
15 % Cr ODS steel
Atomic percent Fe=27.10 Fe=24.08 Fe=31.50 Fe=33.70
Cr=10.15 Cr=14.26 Cr=15.12 Cr=14.10
0=20.51 0=21.80 0=19.56 0=18.45
Y=5.77 Y=6.25 Y=6.21 Y=491

15 % Cr ODS steels); (iii) 6 M

reduction reaction of HNOs; (b) nitric acid media containing
oxidizing species; and (c) nitric media containing metallic
elements electrochemically nobler, which causes galvanic
coupling [19, 24]. In addition, with an increase in nitric acid
concentrations, higher OCP (Fig. 1) and E,, (Table 2) in 9 M
HNO; may lead to more oxidizing nature and thereby in-
creases the anodic dissolution (Figs. 2, Table 2). Subsequently,
the increase in ipy to the Epp., region (Fig. 2) is also attrib-
utable to the highly oxidizing nature of solution that leads to
less protective nature of the passive film. As a consequence,
dissolution increases towards a higher anodic region followed
by the oxidation of the media (water). Significantly, there is no
trace of IGC for both ODS steels and in F/M steel even after
the polarization test, thereby revealing good resistance to IGC.
The presence of high density and uniformly dispersed fine
particles in F/M steels and Y-Ti—O, Ti—O and Y,O; particles
in ODS steels [2, 3, 6, 7] may have a role in suppressing the
IGC [4, 26]. In ODS steels, the uniform dispersion of
nanosized particles (2—-5 nm) within the metal matrix serves
as a block for mobile dislocations to improve the high-
temperature strength and act as a sink of point defects to
maintain a resistance to radiation degradation [2, 7]. In addi-
tion, yttria in ODS steels also reduces the crystallite size and
controls growth of grains through dispersion interaction [2, 7].
Thereby, microstructurally, the presence of such a high density
and uniformly dispersed nanoclusters particles can suppress
IGC and induce a beneficial effect. The possible IGC mech-
anism and the role of dispersed oxide have also been described
elsewhere in our recent work [26]. Hence, it appears that the
ODS steels suppresses IGC in nitric acid environment and
pitting corrosion in some environment [4]. However, the exact
mechanisms on how ODS steel suppresses IGC in nitric acid
need more proper investigation.

@ Springer

The XPS analysis of the oxide films

The typical XPS surveyed spectra of passive film formed on
9 % Cr ODS, 11 % Cr F/M, and 15 % Cr ODS steels in
different nitric acid concentrations are shown in Figs. 3a—c.
The XPS spectra showed the presence of iron, chromium,
oxygen, and carbon signals and yttrium, and tungsten was
detected in ODS steels. To make clear the nature of the oxide
film and the role of nitric acid, high-energy resolution spectra
is collected for elements assigned in the survey spectra: iron
(Fe 2p), chromium (Cr 2p), oxygen (O 1s), and yttrium (Y 2p
and Y 3d). The corresponding atomic percent values are
summarized in Table 3, and the carbon impurities that make
up the balances of 100 % are not represented.

Typically, the Fe 2p spectra (Figs. 4a—c) showed two to
three peaks at binding energy of ~706/707 eV, ~710 eV, and
~712 eV, corresponding to metallic Fe,, Fe(Ill) oxide
(Fe,03), and Fe(Ill) hydroxide [Fe(OH);]. The 709.6 eV
peak of Fe;Oy is not easily identifiable in the investigated
alloy steels. The Fe 2p peak is broad, and the metallic
substrate peak of Fe,e (~706.9 eV) is dominant in “as-
received” air formed and in the film of polarized passive
region (Fig. 4). This indicates that the film is thin. In addi-
tion, the metallic Fe peak positions are marginally shifted
(Fig. 4), and these shifts in binding energy are attributed to
ion etching/sputtering effects [12, 27, 28]. In 9 % Cr ODS
steel (Fig. 4a), large peaks of Fe oxide (~27.35 at.%) ob-
served in air-formed film diminished marginally (Table 3)
and increased with nitric acid concentrations (24.77-
33.70 at.%). In Fig. 4b, the Fe 2p of 11 % Cr F/M steel
signal showed the presence of three components: metallic>
Femet (~706 eV), Fe(Ill) oxide (~710 eV), and Fe(III)
hydroxide (~712 eV). The Fe 2p spectra of 15 % Cr
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«Fig 6 XPS spectra of O 1 s detected for passive film formed on alloy
steels in different nitric acid concentrations: a 9 % Cr ODS steel, b 11 %
Cr F/M steel, and ¢ 15 % Cr ODS steel

ODS steel (Fig. 3c) is nearly same in shapes as ob-
served in 9 % Cr ODS and 11 % Cr F/M steels,
indicating the presence of oxidized and metallic state
of iron. The passive oxide features agreed well with
those presented in the literature [12, 28-30].

The high-resolution spectrums of Cr 2p in different nitric
acid concentrations of the alloy steels are shown in Figs. 5a—c.
The spectrum shows a broad distinct peak with a small shoul-
der related to Cr metal on the low-energy side. The Cr 2p
ionization consisted mainly of three peaks in all the steels: The
one at the lower binding energy (~574 eV) corresponds to
metallic Cr,,;, Where the one at about ~576 eV are attributed
to the presence of Cr(III) oxides and hydroxides (~577 eV). In
air-formed film [Fig. Sa—c(i)], Crpe (~574 €V) is not easily
identifiable as masked by the other oxide constituents, but in
passivated samples, the Cr metallic peaks are dominantly
distinguishable with a broad hump. The presence of Cr(III)
oxide (~576 eV) is prominently observed along with
Cr(III) hydroxide (~577 eV). The corresponding binding

(a) 9% Cr ODS steel YO Y 3d
2

1 MHNO,

Intensity a.u

" 1 " 1 "
162 160 158 156
Binding energy eV

(b) 15% Cr ODS steel Y 3d
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Fig 7 XPS spectra of Y 3d detected for passive film formed on alloy
steels in different nitric acid concentrations: a 9 % Cr ODS steel and b
15 % Cr ODS steel
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Fig 8 XPS depth profile (at.%) behavior of 9 % Cr ODS, 11 % Cr F/M and 15 % Cr ODS steels: a Fe 2p, b Cr 2p, ¢ O 1 s, and d Y 3d obtained for

different nitric acid concentrations

energies of Cr are in good agreement with the reported
literature for passive films on Fe—Cr alloys [12, 26, 28,
30]. The relative proportion of the components (at.%)
formed in the oxide film (Table 3) show that Cr is marginally
enriched after polarization than air form films.

In Fig. 6a—c, the O 1 s spectra exhibit the oxygen features
of three components: oxide, hydroxide and adsorbed H,O. In
all investigated alloy steel specimens, two peaks are detected
at ~530 and ~531 eV, which were attributed to 0% and OH™
attached to metal ions [26, 29], and third peak at ~532 eV
originate from adsorbed H,O. This could also show that
oxygen peak consists of M—OH and M—O constituent peaks
[12, 27]. The small shift of broad O 1 s signal (Fig. 6b and c)
after passivation could also indicate the enrichment of
adsorbed O* and OH™ [12, 27].

The XPS spectra of Y 3d of 9 % Cr ODS and 15 % Cr
ODS steels are shown in Fig. 7a and b. The measured
binding energy of ~158 and ~160 eV of Y 3d are consistent
in the data reported for Y,05 [12, 26, 29]. In Fig. 7a, Y 3d

peak can be differentiated into two subpeaks of Y 3ds),
and Y 3d;» for Y,0O; phase that appear at ~158 and
~160 eV, respectively. In 15 % Cr ODS steel in 3 M
HNO3;, Y 3d peaks can be differentiated into two dif-
ferent subpeaks that appear at 152.7 and ~158 eV,
whereas in 9 M HNO; [Fig. 7b(ii)], the Y 3d doublet
binding energies at ~158 and 160 eV are assigned for Y
3ds, and Y 3ds, of the Y,03 phase [12, 26].

Atomic concentration depth profile in different nitric acid
concentrations

Figure 8 shows the sputter depth profiles of Fe 2p, Cr
2p, O 1 s, and Y 3d obtained for the 9 % Cr ODS,
11 % Cr F/M, and 15 % Cr ODS steels in different
nitric acid concentrations. In Fig. 8a, the atomic per-
cent of Fe content decreases during the initial stage of
15-20 s sputtering period, and Fe concentrations be-
come constant with sputtering depth. In 9 % Cr ODS
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Fig 9 Typical SEM morphology of 9 % Cr ODS steel surface after
potentiodynamic anodic polarization test: a 3 M HNO;, b 6 M HNO3,
and ¢ 9 M HNO;

steel (Fig. 8a), the Fe concentration in both 1 and 9 M
HNO; is almost in the similar range. However, the
concentration effects of nitric acid were seen in 11 %
Cr F/M steel and 15 % Cr ODS steel. The higher Fe
concentration in 9 % Cr ODS steel and 11 % F/M

@ Springer

Fig 10 Typical SEM morphology of 11 % Cr F/M steel surface after
potentiodynamic anodic polarization test in different nitric acid concen-
trations: a 3 M HNO3, b 6 M HNO3, and ¢ 9 M HNO;

steels than 15 % Cr ODS steel is attributable to higher
dissolution. In Fig 8b, the Cr atomic percent concen-
trations in the passive film were more in 1 M HNO;
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Fig 11 Typical SEM morphology of 15 % Cr ODS steel surface after
potentiodynamic anodic polarization test in different nitric acid concen-
trations: a 3 M HNO3, b 6 M HNO3, and ¢ 9 M HNO;

than in 9 M HNOs;. The critical concentration of
~13 at.% Cr is necessary to confer passivity on binary
Fe—Cr alloys. This could have a role in affecting on its
corrosion resistance. In addition, the Fe and Cr atomic

percent differences are seen between passive films
formed under the OCP conditions (Fig. 8a) and those
of passive film formed in the passive range (Table 3).
Hence, it appears that the protecting properties of the
passive layer at OCP conditions may be different from
those of a film formed in the passive range. Similarly,
although the chromium content in 15 % Cr ODS steel
is higher than the one in 11 % Cr F/M and 9 % Cr
ODS steels (Fig. 8b), the chromium concentration is
marginally lower than the two alloy steels. Further-
more, the Fe and Cr concentrations are lower in both
the nitric acid concentrations in 15 % Cr ODS steel
attributed to lower dissolution. In higher 9 M HNO;,
the Cr seems to enrich (11 at.%) in the surface region,
while the Cr content marginally decreases (to about
10 at.%) deeper into the surface. In the 9 % Cr ODS
steel, an apparent concentration of ~12 at.% Cr is
higher than the nominal alloy concentration of 9 %
Cr. In both 9 % Cr ODS steel and 15 % Cr ODS
steel, the Cr atomic percent is lower in higher 9 M
HNOs;, indicating that chromium is not significantly
enriched in the passive film, and kinetically less
dissolved than iron. However, in those of passive film
formed in the passive range (Table 3), the alloy steels
showed marginally higher Cr content (14-20 at.% Cr)
then in OCP conditions (Fig. 8). These could have
arisen due to progressive increase in the area of the
overlying oxide [31] and may have erred in detecting
the metal signal and hence lower Cr is detected in
15 % Cr ODS steel. In addition, lower Cr content in
higher nitric acid concentration may be one possible
reason for the lower stability of the passive film of the
alloy steels that show higher i, near Egp., (Table 2).
In addition, severe oxidizing environment in higher
oxidizing potential could have led to more metal dis-
solution and offset the Cr role with a manifestation of
higher i#,,,, near towards Egp., (Table 2). The measured
concentrations of oxygen Fig. 8c are in a similar range
of the reported data [25, 32]. In 9 % Cr ODS and
15 % Cr ODS steels, Y is present within the range of
~6-7 at.% and notably, the dissolutions of elements are
lower in 15 % Cr ODS steel than the other two alloy
steels. The Y or Y,03 found in the passive film and its
influence on corrosion resistance in nitric acid needs
more elaborate investigation.

In summary, judging by the OCP, anodic polarization, and
XPS results, the optimum conditions for the oxide film
stability are the Fe and Cr concentration in the passive film.
As shown in Figs. 3, 4, 5, 6, and 7, the passive film has a
mixture of mostly Cr,O; and Fe,O3 in 11 % Cr steel and
additionally Y,O5 in ODS steels. It is known that the elec-
trochemical potential influences the chemical composition of

@ Springer



424

J Solid State Electrochem (2014) 18:411-425

the passive oxide layer formed in the metal surface [15, 27,
28]. Similarly, the elemental profiles of Fe, Cr, and Y
measured in OCP condition (Fig 8) and passive film
formed in the passive range (Table 3) vary depending on
the nitric acid concentration (Fig. 8). In addition, from the
previously mentioned observations, the shift in OCP
(Fig. 1), Ecorr (Fig. 2), and increase of i, (Fig. 2) with
increasing nitric concentration indicated that the stability
of passive film was affected. This observation also sug-
gests that the differences in nature, concentration, and
change in the compositions of passive film in OCP condi-
tion (Fig. 8) and film formed in the passive range affected
the corrosion resistance differently. This could be the plau-
sible reason why lower Cr containing alloy steels exhibits
higher Fe dissolution (Fig. 8a) leading to lower protective
and lower corrosion resistance. However, further investi-
gation with more elaborate investigation in nitric acid will
be necessary to clarify such a correlation.

Surface morphology of the specimen after the corrosion test

The surface morphological features of the specimen after
the corrosion test are shown in Figs. 9, 10, and 11, respec-
tively. In Fig. 9, the surface morphology after polarization
shows that the oxide layer formed in 9 % Cr ODS steel has
cracks, porous and pore-like network structure. In Fig. 10,
the F/M steel surface revealed similar features of high
pores network in all the nitric acid concentrations. The
surface morphologies of the specimen after polarization
of 15 % Cr ODS steel shown in Fig. 11 are different. The
surface does not show any pore layer formation, but
changes in surface morphology with small pits shape dis-
solution were noticed at higher nitric acid concentration.
However, as mentioned earlier all the investigated alloy
steels even after the polarization test does not show any
intergranular corrosion attack. This could be attributed to
the role of homogenously distributed nanosized dispersed
oxide [26] that improved IGC resistance in the studied
nitric acid concentration. IGC is a problem associated with
most austenitic grade stainless steels used in PUREX
reprocessing application [8, 9, 19, 20]. Hence, from a
practical point of view resistance to IGC induced, degra-
dation is important to the structural materials to be used in
nitric acid production and spent nuclear fuel reprocessing
plants [5, 8, 19, 24].

Conclusions
The corrosion resistance, passive film compositions, and the
surface morphology of F/M and ODS steels for applications

in different nitric acid media are evaluated. The influences of
nitric acid concentrations show that the shift of open circuit
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potential towards noble potential was more in 9 % Cr ODS
steel and 11 % Cr F/M steel than in the 15 % Cr ODS steel.
This shift is undesirable due to highly oxidizing nature at
higher nitric concentration. Similarly, the nitric acid concen-
tration differently impacts the corrosion behavior of the alloy
steels as evident from the potentiodynamic polarization mea-
surements. The 15 % Cr ODS steel exhibited lower corrosion
potential and passive current density, and a marginally higher
breakdown potential than 11 % Cr F/M and 9 % Cr ODS
steels. The XPS analysis of the oxide formed is composed
predominantly of Fe,O3; along with Cr,O; and Y,O0;
depending on alloy composition. Higher Cr concentrations
in the passive film were noticed than in the air-formed film.
The depth profiles of the passive film at OCP condition show
that the Cr concentration in the passive film was more in 1 M
HNOj than in 9 M HNOjs. The Fe and Cr concentration in the
passive film of 15 % Cr ODS steel is marginally lower than
the two other alloy steels. This may be one reason for the
lower stability of the passive film of 15 % Cr ODS steel that
showed higher passive current density near breakdown po-
tential. The SEM of the surface morphology shows porous
oxide layers in 9 % Cr ODS and 11 % Cr F/M steels than
almost none in 15 % Cr ODS steel. All the investigated alloy
steels do not show any intergranular corrosion attack thereby
revealing good resistance to nitric acid in the studied con-
centrations. Hence, from a practical point of view, this may
be desirable for the structural materials to be used in a
nuclear reprocessing plant.
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