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Abstract-The anodic behaviour of high purity stainless steels, based on a 316L composition, 

has been studeied at room temperature in HCl solutions from 1 to 6 M. For all acid 

concentrations, the presence of 0.22% nitrogen has little or no effect on the active dissolution 

kinetics at low overpotentials. The effect on the critical current density for passivation is also 

small for low HCl concentrations (<3 M). At high HCl concentrations (>4.5 M), no 

passivation occurs and again nitrogen has little effect. However, for HCl concentrations 

around 4M nitrogen reversibly impedes active dissolution at a few hundred mA cm-2. The 

effect does not appear to be an oxide passivation, but is more likely to be due to surface 

enrichment of nitrogen atoms. Implications for localized corrosion are discussed. An effect 

similar to that of nitrogen alloying is reproduced on a nitrogen free alloy by adding 2 M 

NaNO3 to a 4M HCl solution. This effect is distinct from the passivation of salt-covered 

surfaces and may be preferable to the latter as an explanation of the increase in pitting 

potential by nitrate additions to NaCl solutions. Passivation under a salt film is retained to 

explain the passivation of growing pits above the “inhibition potential”. 
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INTRODUCTION 
Large increases in pitting resistance can be obtained by adding around 1 at. % (0.25 wt%) 
nitrogen to an austenitic stainless steel [1]. The effect does not correlate with the active 
dissolution kinetics, nor the critical current density for passivation in moderately acidic 
chloride solutions, which is a good guide to the effects of other beneficial elements such as 
Mo and Cu. [2,3]. The present work was carried out to test the idea that a similar correlation 
might exist in the case of nitrogen, but in more aggressive solutions and at much higher 
anodic current densities than those studied previously[2]. Since the environment in an 
incipient pit is a highly acidic, concentrated chloride solution, the work has been done using 
HCl solutions from 1 to 6 M.  
 The inhibition of pitting by nitrate ions was studied by Newman and Ajjawi [4], who 
showed that nitrate additions caused passivation under an FeCl2 salt film above a critical 
potential. No inhibition of active (salt-free) dissolution was reported. One aim of the present 
work was to explore the possible relationship between the effects of nitrate ions and nitrogen 
alloying, using small working electrodes on which very high anodic current densities can be 
achieved.  
 It will be shown that the anoic behaviour of stainless steels in HCl solutions contains 
strong evidence for a blocking effect, albeit over a narrow range of HCl concentrations. 
Precise correlation with pitting has not yet been achieved, but for the first time there is hope 
of a kinetically reasonable model of the nitrogen effect. The effects of nitrate additions are 
compared critically with those of nitrogen alloying.  
 
EXPERIMENTAL METHOD 
High purity austenitic stainless steels were obtained from Sheffield University Metals 
Advisory Centre, as shown in Table 1. They were swaged and drawn into wire of 1.5 mm 
diameter with several intermediate anneals; the nitrogen concentration quoted is that 
measured in the final 1.5 mm wire. After a final anneal, the wires were abraded to remove 
oxide, then electropolished to a diameter of 1 mm in 80% phosphoric acid at 80°C. They were 
mounted separately in epoxy resin to expose one end as a working electrode disc of 1 mm 
diameter, which faced vertically upwards in all the experiments. The electrodes were wet-
polished to a 4000-grit finish before use.  
 

Table 1. Compositons of alloys (wt %) 

 Cr Ni  Mo N  C 

Alloy M 17.4 12.0 2.50 0.02 0.008 

Alloy N 17.0 12.0 2.45 0.22 0.002 
 
The electrochemical cell consisted af a 200 ml beaker containing a counter electrode and a 
saturated calomel electrode (SCE), both distant from the working electrode. No attempt was 
made to study regions of low current density, and so it was possible (and convenient) to 
dispense with de-oxygenation. The unstirred working solutions were prepared from analytical 
grade HCl (1-6M) in de-ionized water, and were used at room temperature (21±1°C). Each 
solution was discarded after being used once. Nitrate was added as NaNO3 when desired.  
 Most of the experiments used simple potential ramps with a starting potential of –700 mV 
(SCE) and a scan rate of 1,8 or 40 mV s-1. The scans were delivered by a Chemical 
Electronics mechanical scan generator through a Wenking potentiostat. In some tests the 
potential scan was interrupted or reversed at selected potentials, and in others potential steps 
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were applied. The effect of mass transport perturbation was studied by syringing solution on 
to the specimen surface during anodic polarization.  
 
EXPERIMENTAL RESULTS AND DISCUSSION  
For convenience, the alloys are referred to as M (low nitrogen) and N (0.22% nitrogen). 
The effect of HCl concentration  
For all scan rates, the results of potential cycling experiments fell into three well-defined 
groups. 
 
1-2.5 M HCl (Fig.1). Both alloys passivate readily with virtually identical active dissolution 
kinetics and only a small difference in critical current density for passivation. Alloy N is 
much more resistant to pitting, as expected.  
 
3-4 M HCl (Fig. 2). Alloy M loses passivity entirely, Precipitates a salt film and reaches a 
uniform diffusion-controlled (polishing) dissolution. Alloy N shows a highly reversible 
curvature and quasi-passivation. 
 
4.5-6 M HCl (Fig.3). Both alloys have very similar active dissolution kinetics, fail to 
passivate, and precipitate salt films. 
 The critical current densities are summarized in Fig. 4, and their dependence on scan rate 
in Fig. 5. The behaviour around 4 M HCl is clearly significant, as nitrogen had a large effect 
on the dissolution at high anodic current densities such as would be expected in pit nucleation, 
yet the effect of scan rate was unusually small. Further detailed work was carried out in the 4 
M solution, as follows.  
Detailed behaviour in 4 M HCl 
Active dissolution kinetics and the beginning of “Passivation” by nitrogen. Figure 6 shows 
the results of multiple cyclic voltammetry on alloys M and N in 4M HCl with a progressively 
increasing anodic potential limit. After the first scan, the two alloys behaved identically at low 
anodic current densities. Presumably the cathodic dissolution of nitrogen is fast enough at 
these potentials that nitrogen does not interfere with metal dissolution:  

N+4H+ + 3e-→NH+
4 

 

 
Fig. 1. Anodic polarization behaviour of alloys M (low nitrogen) and N (0.22% nitrogen) 

In 2.5 M HCl at a scan rate of 8 mVs-1 
 



 4

 
Fig.2. Anodic polarization behavior of alloys M and N in 4MHCl at a scan rate of 8mVs-1 

 
 At about – 100 mV (SCE) the anodic curve for alloy N curves over gently, while that for 
alloy M continues upwards. This is the key observation in this work, especially as the 
deviation is extraordinarily reversible (Fig.6) and almost independent of scan rate over the 
range 1-40 mVs-1. This contrasts with the behaviour in solutions where oxide passivation 
occurred, such as 2.5 M HCl, where the maximum curent and apparent passivation potential 
increased steadily with scan rate. Our interpretation is that the behaviour shown Fig. 6 must 
be due to surface enrichment of nitrogen in atomic form, and this can be shown to be 
thermodynamically reasonable as follows.  
The thermodynamics of nitrogen dissolution. The activity of nitrogen in the alloy is quite 
high, and so the nitrogen dissolution can be related with only a small error to the following 
equilibrium with its weak dependence on 2NP  [5]: 

       ++ =++ 42 34
2
1 NHeHN  

 

 
Fig. 3. Anodic polarization behaviour of alloys M and N in 6M HCl at a scan rate of 8mVS-1 
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Fig. 4. Effect of HCl concentration on the critical current density for passivaton (or maximum 

current density where no passivation occurs) for alloys M and N at 8 mVs-1. 
 

 
Fig.5. Effect of scan rate on the critical current density or maximum current density for alloys 

M and N in two HCl solutions. 
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Fig. 6. Multi-cyclic anodic polarization curves for (a) alloy M and (b) alloy N in 4 M HCl at 

40mVs-1 
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With )NHE(V)(NH 0.020log-0.079pH-P 0.010log0.275E 42N0
++= . The critical events in these 

experiments (or in pit nucleation) occur in metal ion solutions of around 1 M concentration, 
so that we should insert 2

4 10~)( −+NH . Neglecting the term in 2NP , we obtain:  
),(079.0033.00 SCEVpHE −≈  

So that for pH values around – 0.5, E0 is around 75 mV (SCE). The deviation at about –100 
mV shown in Fig. 6 is occurring at an overpotential of about 200 m V for the nitrogen 
dissolution reaction, which is probably reasonable.  
 The sharp change in behaviour between 4 and 5 M HCl, for alloy N, is not difficult to 
rationalize if we note that the activity coefficient of H+ is varying steeply with concentration 
in this range. Between 3 and 7 M HCl, the mean ionic activity coefficient increases from 1.3 
to 4.37[6]. Moreover, the solution next to the metal surface is being made still more 
aggressive by increase in chloride concentration, So that there is an “autocatalytic” loss of the 
protective blocking effect of nitrogen over a small range of HCl concentration. 
 Obviously it would be necessary to determine the kinetic parameters of nitrogen 
dissolution, including the reaction order with respect to H+, to reach a proper model of the 
effects seen in these experiments.  
“Passivation” by nitrogen. The anodic behaviour of alloy N was highly reversible even if the 
potential scan was reversed at around 400 mV(SCE) in its passive range. This tends to 
confirm that no oxide passivity or localized corrosion are involved, but rather a uniform, 
reversible blocking of anodic dissolution. If the potential was held constant after scanning or 
stepping to 400 mV, the current density rose gradually to the same limiting (diffusion-
controlled) value as alloy M (Fig. 7). 
 One contribution to these effects could be the consumption of H+ by nitrogen dissolution, 
but at best this is a very small effect in these experiments. By comparing with the limiting 
anodic current for alloy M in Fig. 2, the surface concentration of metal salt at the deviation 
point in Fig. 6 is only about 1 M, so that the surface concentration of +

4NH  is around 0.01 M 
and the decrease in H+ concentration is less than 0.04 M. Further evidence comes from the 
lack of a mass transport effect shown in the next section.   
 

 
 

Fig.7. Response of alloys M and N to a potential step from – 700 to 400 mV (SCE) in 4 M 
HCl 
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Fig.8.Anodic polarization at 8 mVs-1 with periodic syringing for alloys M and N in 4 M HCl 
 
 
The effect of mass transport perturbation. Fresh acid was rapidly squirted over the electrode 
surface at 5 s intervals during anodic polarization at mVs-1, as shown in Fig. 8. This showed 
that alloy N was only slightly sensitive to solution flow. Whereas alloy M showed large 
current excursions indicative of dissolution. Supersaturation and reprecipitation of the salt 
film. A surprising result was that alloy M passivated above 350 mV (SCE) – this shows that 
the bulk solution of 4 M HCl is less aggressive than the pit-like saturated salt solution that is 
present during diffusion-controlled dissolution.  
 
Relevance to localized corrosion 
 The results show that nitrogen alloying reversibly impedes active dissolution over a small 
range of HCl concentrations around 3.5-4 M. we suggest that this is due to a crossover of the 
rates of metal dissolution (anodic) and nitrogen dissoltuion (cathodic), as shown in Fig. 9, 
leading to an enrichemnt of nitrogen atoms on monoatomic surface steps. An increase of the 
HCl concentration to 6 M eliminates this protective effect (or shifts it to extremely high 
anodic current densities) by greatly increasing the activity of hydrogen ions.  
 The details of pit initiation in neutral or mildly acidic solutions have not been worked out, 
but we know that the change in local chemistry, specifically the decrease in pH, is necessary 
and cannot occur instantaneously. The effect of nitrogen alloying will be to interfere with the 
autocatalytic pit initiation process by impeding active dissolution during the short period 
(perhaps milliseconds) for which the local chemistry approximates to 4 M HCl. In order to 
initiate a pit, the potential must then be increased so that the metal dissolution reactions 
outrun the ability of nitrogen atoms to diffuse to surface steps. This will entail a considerable 
increase in critical potential for pitting, or may eliminate pitting altogether at a given 
temperature and alloy composition.  
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Fig.9. Schematic Partial polariztion curves for Fe. Cr and Ni (anodic) and N (cathodic) in acid 

solution. Showing the crossover in rate of dissolution. 
 
 Synergistic effects between Mo and N have been reported several times [1,7]. This is to be 
expected from Fig. 9, as the main effect of Mo is to displace the metal dissolution reaction to 
the right. If we imagine a critical current density that is required for pit initiation in a given 
geometry, then a small shift in the anodic dissolution reaction could move the crossover point 
below the critical value on the current axis. It is also possible that Mo has a specific 
interaction with N on surface steps, analogous to its role in biological nitrogen fixation[8]. 
 
Anodic behaviour in HCl + NaNO3 solutions  
The characteristic effect of nitrate in artificial pits, as studied by Newman and Ajjawi, [4] is to 
induce passivation under a salt film and at a potential which depends on the nitrate-to-chloride 
ratio. An identical behaviour of alloy M was observed in 4M HCl when 2 M NaNO3 was 
added, as shown in Fig. 10.  
 

 
Fig.10. Anodic potariztion behaviour of alloys M and N in 4 M HCl+2 M NaNO3 at a scan 

rate of 8mVs-1 
CONCLUSIONS  

(1) Nitrogen alloying in a stainless steel of 316L composition strongly affects the anodic 
dissolution kinetics over a range of HCl concentrations around 3-4 M.  

(2) The effect consists of a reversible blocking of anodic dissolution, preventing the 
dissolution rate from exceeding a few hundred mA cm-2. 

(3) This behaviour is not typical of oxide passivation, but is probably due to surface 
enrichment of nitrogen atoms. 
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(4) A simlilar, and perhaps identical effect is seen when a nitrogen-free alloy is polarized 
in 4M HCl+2M NaNO3 solution; in this case the source of nitrogen atoms is the 
electroreduction of the nitrate ion. 

(5) The beneficial effect of nitrogen alloying on pitting corrosion resistance is associated 
with the blocking effect of nitrogen on anodic dissoluiton in the incipient local chemistry 
of a pit. One of the several effects of nitrate is very similar.  
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