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  Abstract 

  Nitronic steel exhibits an austenitic matrix with carbide precipitates along the grain boundaries. The 
nitronic steel also shows excellent ductility (nearly 2 times of the other stainless steel) which 
enhances their structural applications. In the view of the performance of nitrogen alloyed steel, the 
corrosion behaviour of the as-received nitronic steels wasstudied and compared its corrosion 
behaviour with the conventional stainless steels being used in chemical and hydropower industries. 
The corrosion study of the nitronic steel and conventional stainless steels was performed in different 
aqueous solutions (H2SO4 and NaCl). The results obtained from corrosion studies suggest the lower 
corrosion rate of nitronic steel as compared to the conventional stainless steels. The corroded surfaces 
were analyzed using an optical microscope and scanning electron microscope for the elemental 
analysis of corrosion products. 
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1. Introduction 

 

Steel is used in various applications such as hydraulic 

turbines [1,2], penstocks [3], surge tanks [4], trash 

racks [5], etc. where it works constantly or 

periodically in various kinds of corrosive 

environments. The importance of steel can be 

estimated from the analysis that steel alone 

contributes approximately 1.5 million tons’ weight 

including 0.3 million tons of turbines to the structures 

at hydroelectric stations [6]. So, the corrosion of steel 

has come out as a huge economic problem; thus, the 

protection of steel against corrosion has become the 

topic of attention for the researchers. At present 

13Cr-4Ni martensitic stainless steel is mostly used in 

underwater parts in hydroelectric projects and 

austenitic stainless steels such as 304 and 316 are 

being used in hydraulic machinery [7]. These steels 

still require to have more corrosion resistance 

properties to sustain in corrosive environment for 

long duration; because corrosion results in reducing 

the tensile strength as well as fracture toughness [8]. 

The addition of nickel (Ni) to austenitic steel can 

improve the corrosion resistance properties of steel 

due to its inherent properties of corrosion resistance 

but it is not cost effective. So now, carbon, copper, 

manganese and nitrogen are the economically viable 

austenite stabilizers. Among these, carbon has a 

tendency to sensitize the steel, copper leads to hot 

shortness and manganese alone cannot totally replace 

Ni to form austenite phase [9]. Nitrogen-alloyed 

austenitic stainless steel exhibit attractive properties 

such as good corrosion resistance, high strength and 

reduced tendency to grain boundary sensitization 

[10,11]. Nitrogen addition results in more effective 

solid-solution strengthening than that with carbon 

and nitrogen also increases grain size (Hall-Petch) 

strengthening [12]. Nitrogen has capability to reduce 

the tendency to form ferrite and deformation-induced 

α’ and ε martensite [13]. 

 Nitrogen has greater solid-solubility than carbon, 

thus decreasing the tendency for precipitation at a 

given level of strengthening [14]. The addition of 

nitrogen content is beneficial up to 20% cold work in 

improving the pitting corrosion resistance, beyond 

which it shows a detrimental effect at 30% and 40% 

cold working [15].The molybdenum-containing 

grade Type 316 has shown greater resistance over the 

molybdenum-free grade, Type 304 [16]. The 

austenitic stainless steels exhibit better erosion 

resistance in comparison with 13/4 martensitic 

stainless steel. Cr–Mn–N stainless steels have likely 

to substitute these Cr–Ni–Mo stainless steels because 

of their lower cost and higher cavitation erosion 

resistance [4]. Ashish et al. has investigated the 

cavitation erosion and solid particle erosion 

behaviour [9]. So, the present research focuses on the 

corrosion behaviour of nitronic steel in 3.5 wt. % 

NaCl and 0.1 M H2SO4 aqueous solution, 

individually. Then the obtained results have been 

compared with that of 304 stainless steel. It was 

expected that this nitronic steel would outperform the 

presently used material in every aspect. 

2. Materials and methods 

 

 2.1Materials and Sample preparation 

 

The present study deals with nitrogen-alloyed 

austenitic stainless steel, supplied by M/S Star Wire 

(India) Ltd., Ballabhgarh, Haryana, India. More 

details about material specifications have been 

reported earlier [9]. 

 

Table 1. Chemical composition of AR steels (wt.%). 

 
 

Elements 

 

C N Cr Ni Mn Si Mo Fe 

Wt. % 0.195 0.2 20.92 0.65 1.15 1.06 0.172 Bal 

 

 2.2 Potentiodynamic polarization testing 

 

The electrochemical corrosion behaviour of nitronic 

steel was studied with the conventional three-

electrode set up in which platinum mess with area of 

1cm2 was used as a counter electrode,saturated 

calomel electrode (SCE) as a reference electrode, and 

sample to be tested as a working electrode. First of 

all, the sample was prepared to use as a working 

electrode. The nitronic steel sample was soldered 

with Cu wire and then was mounted by epoxy resin 

leaving only one surface of area 1 cm2 for exposure 

to the solution. After that the exposed surface of 

nitronic steel was polished to mirror finish by 

standard metallography procedure. The investigations 

were carried out in 3.5% NaCl and 0.1M 

H2SO4aqueous solution, individually, and each test 

was performed in a fresh solution. The experiment 

was started with open circuit potential (OCP) plot to 
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get the material stable in the corrosive medium, 

which was performed for 30 minutes for NaCl, and 

for 1 hour for H2SO4 solution. The potentiodynamic 

mV/s in the voltage range of 0.5 V below the OCP 

and 1.5 V above the OCP. Then these curves were 

fitted using Tafel fit in EC lab software and various 

potentiodynamic parameters such as corrosion 

current density (icorr), corrosion potential (Ecorr) and 

corrosion rate (CR) were obtained.  Corrosion current 

density is a kinetic factor in corrosion analysis that 

directly influence the value of corrosion rate. The 

following formula [18] is used to find out the 

corrosion rate in terms of mm/y. 

                

Where K is a constant of which the value is taken 

equal to 3.27 x 10-3 for calculating the corrosion rate 

in terms of mm/y; EW is equivalent weight of used 

material; Icorr is corrosion current in amperes; d is 

density of material in g/cm3, and A represents the area 

exposed to the corrosive medium.The corroded 

surface of each sample of the nitronic steel after 

electrochemical test was examined using an optical 

microscope and SEM for better understanding the 

corrosion mechanism on the surface. After SEM 

analysis, it was analyzed that whether the corrosion 

was uniform or non-uniform on the surface, and 

which particular phase is more sensitive against 

corrosion in particular corrosive medium. 

3. Results and discussion 

 3.1 Microstructural characterization 

 

Figure 1 shows the SEM micrograph of nitronic steel 

in which grains of different sizes can be clearly seen. 

The average grain size of nitronic steel sample was 

calculated using the line intercept method using 

ImageJ software and was found to be ~15 microns. 

The SEM-EDS analysis of etched microstructure 

(Figure 2) reveals comparatively high carbon and 

chromium content at the grain boundary (spectrum 9) 

than that of inside the grain boundaries (Spectrum 

10), which indicates the presence of Cr-carbide 

precipitates at the grain boundaries. Similar 

observation has been reported in the study of Selokar 

et al.[9]. Since, the role of chromium in steel is to 

form a protective layer by reacting with oxygen and 

protect it from corrosion, this happens only when 

chromium is present in the solid solution in steel.  

However, chromium is also getting depleted as 

carbide at grain boundary as a precipitate which is 

expected to not be beneficial through corrosion 

resistance point of view. The details of corrosion 

resistance are explained in later sections. 

 

Figure 2. SEM-EDS analysis of the etched microstructure of 

nitronic steel. 

 3.2 Electrochemical corrosion tests 

  3.2.1 Electrochemical corrosion behaviour of 

nitronic steel in 0.1 M H2SO4 solution 

 

After completion of OCP plot for 1 hour, the 

potentiodynamic polarization curve (Figure 3) was 

generated at scan rate of 1 mV/s in the voltage range 

of 0.5 V below the OCP and 1.5 V above the OCPin 

H2SO4 solution. Furthermore, this curve was used to 

calculate potentiodynamic parameters like icorr, Ecorr 

and corrosion rate using the Tafel fit on EC Lab 

Software, which are listed in Table 2. Also, this 

potentiodynamic curve was used to estimate some 

other important parameters such as primary 

passivation potential (Epp), passive region ranges and 

transpassive region. 

Figure 1. SEM micrograph of the as-received nitronic steel. 
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Table 2. Potentiodynamic parameters in 0.1 M H2SO4 solution. 

Corrosive 

medium 
Ecorr(V) icorr(µA/cm2) 

Corrosion 

rate 

(mm/y) 

Epp 

(V) 

0.1M H2SO4 -0.380 36.524 0.211 -0.139 

Figure 3. Potentiodynamic polarization curve of nitronic steel in 

0.1 M H2SO4 solution. 

The value of primary passivation potential (Epp) was 

found to be -0.139 VSCE (Table 2) which is the 

potential beyond which the passivation on the surface 

starts. The passive region was found in the potential 

range of 0.0915 VSCE and 0.8993 VSCE, beyond which 

the transpassive region starts.The EDS mapping 

shows that the corrosion has taken place at the grain 

boundaries (Figure 4). At the same time, the 

chromium and carbon content at the grains has 

increased which depicts the formation of chromium 

carbide. As chromium is only beneficial in its oxide 

form and not as a precipitate for corrosion resistance, 

therefore the corrosion took place at the grain 

boundaries. 

Figure 4.SEM and EDS mapping of nitronic steel after  
polarization test in 0.1 M H2SO4 solution.  

 

  3.2.2. Electrochemical corrosion behaviour of 

nitronic steel in 3.5 wt. % NaCl solution  

 

After OCP plot for 30 minutes, the potentiodynamic 

polarization curve (Figure 5) was generated at scan 

rate of 1 mV/s in the voltage range of 0.5 V below 

the OCP and 1.5 V above the OCPin 3.5 wt. % Nacl 

solution. This plot was fitted using Tafel fit in EC 

Lab software and potentiodynamic parameters such 

as corrosion current density (icorr), corrosion 

potential (Ecorr) and corrosion current were 

estimated and listed in Table 3. 

Table 3. Potentiodynamic parameters of nitronic steel in 3.5 wt. % 

NaCl solution. 

Corrosive 

medium 
Ecorr(V) icorr(µA/cm2) 

Corrosion rate 

(mm/y) 

Epp 

(V) 

0.1M H2SO4 -0.380 36.524 0.211 -0.139 

 

 

Figure 5. Potentiodynamic polarization curve of nitronic steel in   

3.5  wt. % NaCl solution. 

  

In 3.5 wt. % NaCl solution, the value of corrosion 

current density for presently used nitronic steel is 

18.813 μA/cm2
 which is more in comparison with 304 

stainless steel [19] and 316 L stainless steel [20]. 

Although, the value of icorr is more in presently used 

nitronic steel but the corrosion potential (Ecorr) has 

shifted towards positive side when compared with 

304 stainless steel and 316 L stainless steel as given 

in Table 4 which indicates that the tendency of 

corrosion is lesser in case of nitronic steel. 
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Table 4. Potentiodynamic parameters of nitronic steel, 304 

stainless   steel and 316 L stainless steel. 

 

Corrosive 

medium 

Material Icorr 

(µA/cm2) 

Ecorr(mV) Corrosion rate 

(mm/y) 

3.5 % NaCl 

solution 

Nitronic steel 18.813 -103.278 0.10858 

304 stainless 

steel 
0.00186 -123.39 1.96 x 10-5 

316 L stainless 

steel 
4.071 -172 0.046261 

 

The EDS mapping of the corroded area of the sample 

after being exposed to NaCl Solution is shown in 

Figure 6. The dark areas show that the Fe content has 

decreased at the grain boundaries due to corrosion. 

EDS mapping also suggests that the chlorine content 

at the grain boundaries has increased significantly; 

thus deducing that chlorine has attacked more at the 

grain boundaries due to the high energy region and 

the presence of Cr-carbide. This can be verified from 

the EDS mapping of Cr that the blue area is the 

region with high chromium content which shows that 

the Cr made a passive layer over there and thus 

protected the region from the attack of chloride ions. 

In contrast, when talking about the grain boundaries, 

the Cr content over there is less which shows the 

poor resistance to corrosion at the grain boundaries. 

Figure 6. SEM and EDS mapping of nitronic steel after 

polarization test in 3.5 wt. % NaCl solution.  

 

4. Conclusions 

 

I. The average grain size after the microstructural 

analysis was found out to be 15 microns. 

II. Corrosion current density of nitronic steel in 

comparison to 304 and 316 L was observed to be 

more, but corrosion potential of nitronic steel 

was found to be shifted towards positive side 

which shows better tendency to resist corrosion 

initiation. 

III. In H2SO4, in the voltage range of 0.5V below the 

OCP and 1.5 V above the OCP, the primary 

passivation potential was found to be -0.139 

VSCE. 

IV. A wide passivation region of nitronic steel was 

observed in the case of H2SO4. 

V. SEM analysis shows that the corrosion was not 

uniform, grain boundary areas were more 

affected in H2SO4. In NaCl, icorr value was found 

higher in comparison to 304 and 316 L stainless 

steels, but Ecorr values shifted towards a positive 

side. 

VI. Corrosion was seen to more uniform in the case 

of NaCl, the grain boundaries were more 

affected due to the formation of chromium 

carbide precipitates at the grain boundaries. 
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