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EFFECT OF HNO3 AND CL ON CORROSION BEHAVIOUR OF
CR-MN AUSTENITIC STAINLESS STEELS

Nilay N. Khobragade®, Awanikumar P. Patil®

Abstract- Due to rising cost of Ni, there is interest in low cost Ni-free (Cr-Mn) austenitic stainless steels for a few industrial
applications. The present work deals with studying effect of HNO3/CI™ ratio on corrosion behaviour of Cr-Mn austenitic
stainless steel (Cr-Mn ASS). Test methods used were potentiodynamic polarisation (PDP), electrochemical impedance
spectroscopy (EIS) and Mott-Schottky analysis. Test solutions were 1000 ppm CI, 0.01M HNO;+1000 ppm CI, 0.1M
HNO3+1000 ppm CI" and 1M HNO3+ 1000 ppm CI". From PDP plots it was found Cr-Mn ASS exhibited active corrosion in
1000 ppm CI and passivity in HNOj; containing test solutions. From EIS results it was found that polarisation resistance (Rp)
decreased on addition of HNO; for the both the test steel. This is attributed to effect of pH on stability of Cr,O5 film. The film
of Cr,0; is a p-type semiconductor and has vacancies in cation sub-lattice. When CI™ is incorporated in anion sub-lattice in sets
in Schottky pair reaction by which anion vacancies are created. These vacancies allow migration of cations from metal-film
interface to film-solution interface and anions in reverse direction by vacancy aided diffusion process. Therefore, the film
forming on test alloys were characterised by Mott-Schottky analysis to find out cation and anion defect densities of passivating
film in 1000 ppm CI" and 0.1M HNO3;+1000 ppm CI™ solutions. It was found that density of the cation vacancies in the film
forming on Cr-Mn ASS in 1000 ppm CI~ solution was 12.6 x10%° per cm®, and increased to 87.5 x10% per cm® on addition of
HNOs. This explains the role of HNO; addition. It was also found that the density of oxygen (anion) vacancies for the test steel
was 13x10?° per cm? in 1000 ppm CI™ solution and increased to 29.6x10%° per cm® for Cr-Mn ASS. The rise in defect densities is
attributed to drop in pH on addition of HNOs.
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1. INTRODUCTION

Austenitic stainless steel (e.g. 304 SS in 300 series of austenitic stainless steel) is standard construction material for many
industrial applications owing to its excellent corrosion resistance, mechanical strength and good weldability [1]. However,
due to rising costs of Ni, interest in low-Ni or Ni-free austenitic stainless steels (Cr-Mn-Ni ASS or Cr-Mn ASS) is increasing
[2]. These steels in general are termed as 200 series ASS and account for more than 10% of total stainless steel production
[3]. It is expected that their demand would grow with rising cost of Ni. However, due to various reasons, properties of these
grades are inferior to well established grades of 300 series. For example, in absence of Ni, austenitic structure is ensured by
6-10% Mn together with N and/or Cu in 200 series grades or Ni-free Cr-Mn grades [4]. But reducing Ni, limits the maximum
Cr-content possible in the alloy and therefore, Cr-content of the 200-series alloys is lower than 300 series alloys. The
stainless steels accrue their excellent corrosion resistance primarily from a thin and compact film of Cr,03, which passivates
these alloys [1]. Extent of passivation depends upon Cr content and therefore, SS alloys with relatively lower Cr-content will
naturally, have lower corrosion resistance. Secondly, Ni not only increases formability, weldability and toughness, but also
improves corrosion resistance [5]. It is well known that N addition helps improving corrosion resistance of stainless steel
alloys [6]. However, there have been cases of false claim about chemical composition of Cr-Mn ASS. Therefore, chemical
composition of 200 grades or Ni-free Cr-Mn steels is suspected and it is recommended that such steels are sourced from
highly reputable and informed suppliers [3]. However, when there is increasing pressure to cut cost, it is natural to develop
proprietary Cr-Mn SS alloys, not covered by standard chemical specifications. All such new grades obviously have not yet
been studied for their corrosion behaviour. Since Ni reserves are rather limited, it is important to investigate performance of
Ni-free Cr-Mn ASS thoroughly. So that the end users have sufficient information about properties of newer stainless steels in
general and Ni-free/ low Ni Cr-Mn alloys in particular.

1.1 Pitting Corrosion
Pitting corrosion following breakdown of passive film is one of the most dangerous forms of local attack for steels especially
in chloride media. Regarding the relationship between pitting potential, E;, and chloride concentration, [CI ], it has been
shown [7] that for type 304 SS a linear dependence exists of the type (Eg. 1.1)

Eit=A+Blog [CI ] (1.2)
where, A and B are constants.
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The major efforts to prevent this type of attack were undertaken by metallurgists in developing new alloys highly resistant to
chloride environments. It is often stated that the pitting corrosion resistance of stainless steels depends mainly upon the
chromium, molybdenum, and nitrogen content. One method of estimating the pitting resistance equivalent number (PREN) is
as follows (Eqg. 1.2):

PREN = (%Cr) + 3 x (%Mo) + 15 x (%N) 1.2)

The major disadvantage of these new alloys is their high cost compared with conventional stainless steels, due to the higher
percentage of the alloying elements such as Cr, Ni and Mo, as well as the complexity of the fabrication process. The
favorable effect of these alloying elements on the pitting resistance is attributed either to the formation of a protective passive
surface film containing these elements, or to the adsorption of soluble products of these elements (e.g., MoO,* in case of
alloyed Mo) [8]. These assumptions have been confirmed by experiments [9]. An attempt has been made to minimize the
amounts of expensive alloying elements like Mo or W, by ionic implantation in the superficial layers of alloys. However,
implantation causes structural changes, like the austenite-ferrite transformations, resulting in an increase of pit density on the
transformed areas. Electrochemical incorporation, from a solution containing molybdate, in the outer part of the passive film,
therefore appears a sufficient and non-disturbing method to ensure a protective character to the passive layer. This process
was successfully applied on titanium, aluminum, and steel. Molybdenum was shown to improve the corrosion resistance
when incorporated in the passive layer [10].

1.2 Inhibitors

Kim et al have used X-ray photoelectron spectroscopy (XPS) to study effect of nitrate on passive film of 304SS and found
presence of surface nitride [11]. It is explained that nitride is produced by reduction of NOs , and enhances pitting resistance
of 304 SS because the nitride acts as (i) precursor to the passive oxide film and (ii) a buffer to local acidity, which stabilizes
the layers of passive film. Identical surface nitride is present on N alloyed 304 SS, when these steels are anodically polarized
in 0.1 M HCI. It indicates that nitrate reduction produces surface nitride; it can also be produced by adding nitrogen in SS.
As such, increasing the nitrogen in 316LN SS, increases nitrate in the passive film [12]. Presence of nitrate in the passive film
improves the pitting corrosion resistance [17]. However, it has been found that beyond critical concentration of N, the
corrosion rate increases [13].

Corrosion behaviour of any material is determined by nature of passive film and its interaction with the environment;
therefore it is essential to investigate how the passivity develops and deteriorates under different environmental conditions.
The important environmental factors are solution concentration (presence of aggressive anion such as chloride or presence of
inhibitors such as nitrates, molybdates) and pH.

Therefore, in this investigation, the effect of inhibitors on stainless steel is studied so as to predict the possible corrosion
properties as if it is alloyed with various alloying elements. The elements are chosen according to number, pitting resistance
equivalent number (PREN) such as Mo and N. The effect of inhibitors on stainless steel is studied in CI~ free and CI™
containing solutions. Also, the effect of pH was investigated to study its influence on electrochemical, electronic and semi
conducting properties of passive films of ASS.

2 EXPERIMENTAL WORK

The present investigation involves the study of Chrome-Manganese austenitic stainless steel (Cr-Mn ASS). Cr-Mn ASS was
procured from the market in the form of sheets (3 mm thick). Specimens of 10 mm x 10 mm size were cut by using
electrolytic discharge cutting machine (EDM) from these sheets. Initially to homogenize the microstructure, specimens were
solution annealed in silicon carbide muffle furnace (Lenton make) at 1050°C + 2°C for one hour and then quenched in water.
Chemical composition of these steels is given in Table 1.

Table 1: Chemical composition of studied Cr-Mn ASS austenitic stainless steel in weight %.

Elements C Cr Ni Mn Si P S Fe

Cr-Mn ASS 0.11 15.86 0.31 9.60 0.434 0.0678 0.0041 Bal.

2.1 Specimen preparation

For electrochemical tests, a piece of copper strip (0.8 mm X 0.8 mm X 3 mm) was soldered with single strand insulated
copper wire (18 gauge), then the copper strip was pasted by conducting silver paste on SS specimens and then mounted in
araldite to embed the soldered joint leaving other face of specimen open. The open face of specimen was then abraded on
series of emery paper (120-800 grit) and then polished on a cloth smeared with 0.75 pm alumina. The specimen was
ultrasonically cleaned after every stage and then used in tests.

2.2 Electrochemical tests

Electrochemical tests were carried out in standard 3-electrode system contained in 600 ml four-neck round bottom corning
flask; saturated calomel electrode (SCE) was reference electrode and cylindrical platinum gauze electrode was counter
electrode. A computer controlled Potentiostat (VersaSTAT 3 of EG&G PAR) was used in conjunction with its V3-Studio
software (Princeton Applied Research). The software runs and controls the test, acquires data during the test and saves it.
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2.2.1 OCP measurement (Time-potential studies)
After setting up the cell, the specimens were subjected to cathodic cleaning at -1V (SCE) for 1 minute, then left to achieve
stable open circuit potential (OCP) for 30 minutes, during which the OCP was recorded and then plotted.

2.2.2 Electrochemical impedance spectroscopy

After time-potential measurement, EIS experiment was conducted by using a sinusoidal AC signal of 10 mV in a frequency
range of 10° to 10 Hz at open circuit potential. These experiments were controlled by standard V3 Studio software. The
results were then plotted in the form of Z’-Z” plots (Nyquist plots) for various test environments.

2.2.3 Anadic polarization

Soon after EIS test was over, polarization test was started from a cathodic potential (OCP minus 300 mV (SCE) and
continued up to an anodic potential of 1.5V (SCE). The polarization experiment was carried out at the scan rate of
10mV/min. Electrochemical tests were conducted for triplicate specimens in each experimental condition and all the results
obtained were reproducible. Polarization plots were then used to get various electrochemical data. Tafel slopes fa (mV) and
Be (mV) and the icor (LA/cm?) and were obtained by employing Tafel extrapolation on anodic and cathodic parts of these
plots simultaneously using CorrView (Version 2.9) software (Scribner Associates Inc.). The results were then plotted in the
form of E- log (i) plots.

2.2.4 Equivalent circuits

The EIS results were interpreted using an ‘equivalent circuit’ (Figure 1) based on electrochemical-physical model to
represent electrochemical interface. This circuit consists of electrical elements [Rs (CPE ||pR)], where Rs is solution
resistance, CPE is constant phase element in parallel connection with Rp, which is polarization resistance at the interface.
This circuit was chosen to minimize circuit element and to fit experimental data reasonably by keeping error value less than
10%. The electrical parameter values of these circuit elements were obtained directly by fitting the experimental impedance
plots with the help of Zview Version-2 (Scribner Inc.) software. In these EIS experiments, CPE is used to obtain better fit for
experimental data, represents the capacitance of the passive oxide layer. The impedance expression of CPE is given as (Eqg.
2.1)

Zepe = 1/ [T (I*w) 7], (2.1)
where, w is the angular frequency, T and P are frequency dependent fit parameters,

| = (-1)"2 and w = 2xf, where f is frequency (Hz).

CPE

Figure 1: The equivalent circuit used for fitting of impedance data

2.2.5 Mott-Schottky analysis

Mott-Schottky (M-S) analysis was performed by measuring capacitance immediately after EIS measurements. The
capacitance measurements were made on specimens to understand the semiconducting property of the passive film. The
polarization cell was used with platinum mesh as a counter electrode and saturated calomel as a reference electrode.
VersaSTAT 3 (PAR) FRA was used for these measurements. The films formed on test steels at OCP in various environments
were chosen for M-S analysis. The specimens were exposed for four hours to the solution prior to capacitance measurements
at OCP. M-S analysis was done for the solution conditions presented in Table 2.

Table 2: Test matrix of solution chemistry and its conditions for Mott-Schottky analysis.
Sl. No. Concentration of solution CI” concentration , ppm

2 DD water 1000
3 0.1 M HNO;4 1000
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The capacitive measurements were carried out at a constant frequency of 1000 Hz at 10 mV amplitude voltage as a function
of applied potential by potentiodynamic sweeping from -1.5 (SCE) to +1.5V (SCE) at the sweep rate of 10 mV/s. The
capacitance (C) was calculated using the Eq.2.2,

1
2rfZ (2.2)

Where Z” is the imaginary part of the impedance frequency and f is the frequency. From the ‘C’ values, 1/C* was calculated
and was plotted against applied potential. From the slope Nd (donor defect density) and Na (acceptor defect density) can be
calculated using the following equation 3.3 and 3.4, respectively:

1 = 2 E—Eg — kl n-type semiconductor (2.3)
C? e&,(Nd) e

1 = _Z[E —Eg - kT} p-type semiconductor (2.4)
(o ee,(Na) e

where, Nd is donor defect density, Na is acceptor defect density, ¢ is dielectric constant of passive film, g, is the
permittivity of free space (8.854*10™* F/cm), e is the electron charge (1.602*10™*° C), k is Boltzmann constant (1.39*10°%
JIK), Egg is flat band potential and E is applied potential.

3 RESULTS AND DISCUSSION:
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Figure 2: Effect of various concentration of HNO3; on OCP of Cr-Mn SS in presence of 1000 ppm CI .

3.1 OCP-time studies

Figure 2 shows the combined effect of HNO3 and chloride ions on OCP of Cr-Mn SS. The OCP of Cr-Mn SS in 1000 ppm
CI drifts from -0.33 V(SCE) to -0.385 V (SCE) at the end of 30 minutes as against -0.125 V (SCE) in DD water. This means
that addition of CI" increases corrosion tendency of Cr-Mn SS. It is evident that on addition of 0.01M and 0.1 M HNO;, the
OCP at the end of 30 minutes shifts to noble potential and on addition 1M HNO; the OCP shift to a active potential of almost
-0.405 V (SCE). This means that addition of 0.01M and 0.1M HNO; decreases tendency of Cr-Mn SS to corrode and that
addition of 1M HNOj; increases its tendency to corrode.

3.2 Potentiodynamic polarization

Figure 3 shows the effect of HNO; concentration in the presence of 1000 ppm CI™ on anodic polarization of Cr-Mn SS. The
plots show that cathodic parts are linear, indicating cathodic reaction to be under activation control. Further, it is evident that
in bare chloride solution, active corrosion region extends up to 1 mA c.d. and then a limiting current region sets in. In all
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HNOz+CI solutions the polarization plots show distinct active to passive transition with ip. being more than 1pA. In all
these solutions film breakdown occurs after 0.75V (SCE) and then a secondary passivity is also seen.

Table 2 presents the electrochemical parameters obtained from Figure 3.The, icoy 0f Cr-Mn SS in 1000 ppm CI™ solution is
3.28 PA as against 0.76 pA in distilled water. It means that the addition of 2000 ppm CI has adverse effect on the steel.
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Figure 4(b): Nyquist plot of Cr-Mn SS in various concentrations of HNO; containing 1000 ppm CI .

3.3EIS

Figure 4 shows the effect of various concentrations of HNO; containing 1000 ppm CI™ on Nyquist plot of Cr-Mn SS. It is
evident that the diameter of capacitive arcs of Nyquist plots in these solutions is very low. It is evident that on increasing the
concentration of HNO; in chloride solution, the diameter of capacitive arc of Nyquist plot decreases further. It means, film
resistance decreases on addition of CI™ and on increase in HNOj in chloride solution. Table 3 presents EIS fitted values of
test steels measured under OCP (vs. SCE). It is evident that Rp value for Cr-Mn SS is 3.19 kohm-cm? in 1000 ppm CI~
solution as against 608.5 kohm-cm? in DD water. The Rp values decrease further with increasing HNO5 concentration.

For Cr-Mn SS, CI" and HNO; addition has an adverse effect. This may be attributed to the effect of pH. As pH is decreasing
from 7 to 0.1 with addition of HNOj in chloride solution (Table 3), the film resistance is decreasing. This is attributed to
thinning of passive film with drop in pH.
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Figure. 3: Effect of various concentrations of HNO3 on anodic polarization of
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Cr-Mn SS in the presence of 1000 ppm CI .

Table 2: Electrochemical parameters of test steels obtained from anodic polarization in various HNO;
concentrations containing 1000 ppm CI .
HNO; 1000 ppm CI~  [0.01M HNO; 0.1M HNO; 1M HNO;
concentration +1000 ppm CI™ +1000 ppm CI™ +1000 ppm CI™
(Ppm)
Type of steelCr-Mn Cr-Mn Cr-Mn Cr-Mn
(ASS)
Ecor, V(SCE)  [0.15 -0.31 -0.34 -0.40
Ba,(mV) 112.56 1.8E7 1.3E7 3.0E7
Rc,(mV) 222.38 90.75 103.6 221.64
icorr, (MA) 3.28 132.8 223.4 15.96
Ep, V(SCE) -0.19 -0.15 -0.32
i erit, (MA) - 122.1 325.2 14100
lipass, (LA) - 4.22 9.76 43.1
Eyit, V(SCE) - 0.8 0.86 0.91
Epit-Epass: - 0.99 1.01 1.23
\V(SCE)
Table 3: EIS fitted values of test steels measured under OCP (vs. SCE) in solutions containing various
HNOjconcentration containing 1000 ppm CI ™.
HNO; CI free 0.01M HNO; 0.1M HNO4 1M HNO;
concentration, M +1000 ppm CI™ +1000 ppm CI™ +1000 ppm
Cl
Type of steel Cr-Mn Cr-Mn Cr-Mn Cr-Mn
(ASS)
Rp, 3.19 1.80 0.09 0.001
(k ohm-cm?)
CPE-T 83.47 269.7 429.33 571.2
(uF-cm?)
CPE-P 0.79 0.78 0.69 0.84
Rs, 8.33 24.47 6.99 1.42
(ohm-cm?)

—

is reported that a process of crevice repassivation mainly depends on the ratio of NO3 /CI™ rather than on individual

concentration of NO3; or CI™ ions [14]. Increasing ratio of NOs; /CI™ decreases passivation potential and it causes early
passivation [15]. To inhibit pitting corrosion in SS, a ratio of 0.1 of NO5; /CI is required in 10% FeCl; solution. On the other
hand, a ratio of 0.067 of NO; /CI™ is adequate in 1IN NaCl + 0.5HCI acidic chloride solution [14]. The ratio of 0.2 of
NO; /CI " in nitrate and chloride solution develops crevice resistance in alloy-22 [16]. Yang et al (2007) [17] have observed
that the critical breakdown potential varies linearly with log [CI"] for solution containing only CI and varies with log
([CI'J/[NO; 1) for solutions containing Cl and NO5 ions. It means that a particular ratio of NO3 /CI~ only leads to
corrosion resistance of an alloy.

3.4 Mott-Schottky analysis in HNOj3 containing 1000 ppm CI™

Figure 4.3 shows the M-S plots Cr-Mn SS in DD water containing 1000 ppm CI™. The plot for Cr-Mn SS shows two linear
regions on either side of minima. These plots are similar to those reported previously for passive films on stainless steels
[18]. It reflects duplex nature of the passive film; the inner chromium oxide (Cr,03) region and outer iron oxide (Fe,0s)
regions of passive films of stainless steels.

In Cr-Mn SS a negative slope is observed up till 0.347 V (SCE) and indicates a positive slope from 0.347V (SCE) to 0.86V
(SCE). Potential of 0.347 V (SCE) indicates



Nilay N. Khobragade, Awanikumar P. Patil 119

1.20E+010 4 o Cr-Mn ASS 1000 ppm cr
8.00E+009 - <
(@)

¥
NE
i
O 4.00E+009

0.00E+000 -

T T T T T
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75

Potential,V
Figure 5(a): M-S plot of Cr-Mn SS in 1000 ppm CI™ solution.

Erg of Cr-Mn SS. It is evident that Eg is low in Cr-Mn SS. It is likely that lower Erg would yield higher pitting potential [6].

It is evident that in the region of negative slope, the plot of Cr-Mn SS. It means that values of 1/C? for Cr-Mn SS are higher.
According to finding of Hakiki et al [18], slope of negative plot in M-S plots of Fe-Cr alloys, decreases with increasing Cr
content. In the region of positive slope, the plot of Cr-Mn SS lies above. It is evident that the slope Cr-Mn SS is low.It is
evident that the positive slope of Cr-Mn SS is low. This is in agreement with the findings of Hakiki et al [18] that defect
density increases with decreasing Cr content of Fe-Cr alloys and that the effect is more clearly seen in negative slope part of
M-S plot. This indicates that Cr-Mn SS has more oxygen vacancy in the film.

Less resistant film should have more cation vacancies; this is what has been found in M-S studies. For Cr-Mn SS, Na
increases from 12.6 x10%cm™ (in 1000 ppm CI7) to 87.5 x10?°cm™ on addition of 0.1M HNO3. No doubt that it increases
corrosion rate as has been found for the test steels.
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Figure 5(b): M-S plot of 304 SS and Cr-Mn SS in 0.1M HNO3+1000 ppm CI™ solution.
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Table 4: Defect density of test steels in various solutions (10°°/cm°)

Solution Cr-Mn SS
Na Nd
Distilled water 126 13.7
+1000 ppm Cl
0.1M HNO;, B 875 296
+ 1000 ppm CI
4 CONCLUSIONS:
(1) It was found that density of the cation vacancies in the film forming on Cr-Mn ASS in 1000 ppm CI  solution was 12.6
x10% per cm?, and increased to 87.5 x10%° per cm® on addition of HNO,.
(2) From EIS results it was found that polarisation resistance (Rp) decreased on addition of HNO3; Cr-Mn ASS. This is
attributed to effect of pH on stability of Cr,O3 film.
(3) Addition of 0.01M and 0.1M HNO; decreases tendency of Cr-Mn SS to corrode and that addition of 1M HNOj; increases
its tendency to corrode.
(4) The ey of Cr-Mn SS in 1000 ppm CI™ solution is 3.28 YA as against 0.76 YA in distilled water. It means that the
addition of 1000 ppm CI™ has adverse effect on both the steels.
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