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 Abstract  

 

The influence has been studied of thermo-mechanical treatment, sensitization conditions, and neutron irradiation on 

the pitting corrosion resistance of austenitic 316LN stainless steel variants in 10% FeCl3·6H2O at 22°C. Variants of 

this steel were modified with additions of nitrogen, manganese, copper, and tungsten, as well as testing cast, cold-

rolled, grain boundary engineered (GBE), and as-received variants. It was found that the 316LN steel variant with 

additions of 0.2 % N and 2 % Mn had the best pitting corrosion resistance of all studied conditions. When irradiated 

in a light water reactor (LWR) to a maximum fluence of 3·1017 n/cm2 (E > 1.1 MeV, Tirr < 50°C), neutron 

irradiation surprisingly increased the resistance of GBE steels to pitting corrosion. An anisotropy of corrosion 

resistance of GBE and cold rolled steels was observed. 

 

1. Introduction  

 

Austenitic stainless steels are widely used in industry because of their excellent combination of mechanical 

properties and corrosion resistance. The latter is attributed to the thin passive oxide film that forms spontaneously on 

their surface in oxidizing environments, if the steel has a minimum chromium content of approximately 10.5 %. As 

a result, these steels are also chosen as suitable materials to construct internal components of nuclear reactors. 

However, the corrosion resistance of austenitic steels may decrease after aging at a temperature range of 550 -

 800°С [1, 2].  In this temperature range, carbon diffuses toward the grain boundaries  and forms chromium-rich 

carbides, producing Cr-depleted areas on the boundary between the carbides. The normal passivation reaction is 

thereby limited in these Cr-depleted regions, and the steel becomes susceptible to intergranular corrosion. 

 

Pitting corrosion is an important and especially damaging type of localized corrosion. There is strong correlation 

between water quality and corrosion of fuel assemblies by pitting [3]. The resistance to pitting depends on both the 

material susceptibility and the environmental conditions. These include the chemical composition, heat treatment, 

grain size, sensitization, and other metallurgical parameters [4, 5] of the steel, as well as the presence of halogen 

anions [REF], radiolytic species such as peroxides [REF], and the pH of the surrounding water [REF] . Initiation and 

growth of corrosion pits are usually observed as a consequence of compositional heterogeneity and/or structural 

imperfections, especially associated with non-metallic inclusions or surface roughness [6]. Thus, many 

inhomogeneities, whether naturally present in the material or induced due to fretting, foreign material abrasion, or 

oxide rupture [REF], can nucleate corrosion pits to form. 

 

One of the ways to enhance pitting resistance is by alloying with specific elements. It has been shown that nitrogen 

doping (sometimes with the addition of manganese) leads to improved corrosion resistance and mechanical 

performance [7-9]. Nitrogen doping also increases the strength level [10], improves deformation hardening 

behavior, and increases austenite stability during cooling and plastic deformation [11, 12]. The addition of copper 

also stabilizes austenite [13], improves alloy deformability, and increases the general corrosion resistance of 

stainless steels in sulphuric media [14]. There are a lot of available data about the localized corrosion in steels 

alloyed with copper [15-19], but there is no generally accepted overall view on the single-effect influence of the 

copper on corrosion behavior, particularly on pitting and crevice corrosion. The effects of other elements, such as 

manganese, molybdenum, silicon, aluminum, and some others, on mechanical properties have been widely 

investigated [20-22]. 
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It is of particular interest to study the corrosion resistance of large components or complex shapes as a function of 

processing. Particularly noteworthy examples include shield modules or divertors for ITER [23], or LWR internals 

such as ___ [FRANK – what is the funny shaped bottom plate called that holds the fuel assembles?]. While casting 

such large, complex parts can simplify their production and reduce their price [24], this often comes with a decrease 

in strength compared to forged parts. Mechanical properties of cast materials can also exhibit much local variation, 

due to the larger grain size of ingots, lower dislocation densities, and extensive segregation of alloying elements and 

impurities during the solidification process [REF]. Alloying with nitrogen and copper makes it possible to produce 

cast steels with generally more favorable mechanical properties and corrosion resistance [25]. 

 

For many austenitic steels, grain boundary engineering (GBE) may provide a way to increase resistance to stress 

corrosion cracking and pitting corrosion and improve the resistance to sensitization [28-30]. GBE consists of a set of 

thermo-mechanical treatments to encourage the formation of certain types of grain boundaries, often low-angle ones, 

which exhibit more resistance to sensitization and intergranular corrosion. It has been shown that specific low-

energy grain boundaries, such as coincidence site lattice boundaries (often called Σ3, Σ9, or Σ27 grain boundaries) 

possess good resistance to carbide precipitation [26, 27]. 

 

The main goals of this work are to investigate the influence of neutron irradiation and sensitization on the corrosion 

resistance of compositional variants of austenitic AISI 316LN stainless steel in the cast and cold-rolled conditions. A 

particular focus is given to the effect of copper alloying content, as well as the effect of GBE on the resistance of 

these 316LN variants to pitting corrosion. This is therefore an exploratory study, seeking to determine optimum 

alloying additions and thermo-mechanical treatments to minimize the susceptibility of 316LN stainless steel to 

pitting corrosion. 

 

2. Materials and methods of investigation 

 

2.1 Alloying 

 

A reference material (30% cold-rolled 316LN) [31], supplied as an annealed bar with an average grain size of 50 

μm, was used to provide baseline information about microstructure and corrosion resistance. Steel variants with 

modified compositions, designated as alloys 211 L though 213 L, were cast by Stainless Foundry and Engineering, 

Inc. using air induction melting with an argon cover gas. Materials with modified compositions were cast as small 

heats (100-150 pounds each). The elemental composition and calculated chromium and nickel equivalents [32] of 

the studied materials are shown in Table 1. Calculation of chromium and nickel equivalents showed that the 

investigated alloys are austenitic, completely stable against martensitic transformation. 

 

Table 1: Chemical compositions of reference and modified steels (wt. %)*  

Alloy Cr Ni Mn Si Mo C N Cu W Creq Nieq 

316LN 17.5 12.5 1.8 0.50 2.5 0.03 0.07 0.30 – 22.25 16.14 

211 L 17.7 12.5 4.1 0.44 2.5 0.02 0.34 0.31 – 22.33 23.74 

212 L 17.7 12.6 5.1 0.44 2.5 0.01 0.36 2.8 – 22.33 25.29 

213 L 17.7 12.6 5.1 0.45 2.0 0.01 0.32 2.8 1 22.35 24.29 

*In all steels, S<0.01, P<0.03.  

 

Alloy 211 L was designed with an increased amount of N and Mn. As noted above, N is a powerful solid solution 

strengthener. According to the literature, an increase of 0.1 wt. % N may increase the yield strength by up to 

50 MPa [33]. The Mn content was increased to enhance the solubility of N, to reduce radiation-induced segregation 

of chromium, and to provide increased fluidity during casting. Increasing N and Mn would also be expected to also 

increase the stability of austenite. Alloy 212 L was designed with a further increase of Mn and an addition of Cu. 

The Mn content was increased to further enhance the stability of austenite. The addition of Cu was expected to 

improve the ductility and corrosion resistance, in addition to stabilizing austenite during casting and solidification. 

Alloy 213 L had an addition of W and an adjustment of Mo above that of 212 L. Tungsten was added to 213 L to 

improve resistance to localized corrosion even in sensitized steel [34], and to help to form a protective oxide film 

[35]. The combination of Mo and W will synergistically increase strength, and may also help improve pitting 

corrosion resistance.  
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2.2 Fabrication  

 

After alloying, investigated materials were in the form of as-cast, 40 mm thick blocks. The fabrication process of 

each of the cold-rolled and GBE-steels is shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Fabrication methodologies of materials investigated in this study. All blocks represent thermo-mechanical 

states of materials investigated in this paper. Numbers correspond to processes of fabrication, with full descriptions 

in the text. 

 

Each stage number in Figure 1 corresponds to one of the following treatments. 

 

Treatment 1 produced cold-rolled steel with a regular grain size distribution, as a starting condition. As-cast blocks 

were subjected to a grain refinement procedure by hot-rolling followed by cold-rolling. After annealing at 1200°C in 

argon for one hour, 15 passes of hot-rolling were made with a 10-minute reheat between passes. Each pass reduced 

the thickness by about 2 mm, producing a final thickness of 10 mm. Then cold-rolling was conducted, further 

reducing the thickness from 10 mm to 7 mm. In cold-rolled materials, the fraction of special grain boundaries was 

measured to be 40 - 45 %. 

 

Treatment 2 was the preparatory stage for obtaining a more fully GBE structure. This included the annealing of the 

cold-rolled plates and subsequent cooling in air by ~5°C/s. After annealing at 1050°C for 30 minutes, small plates of 

the modified steels were further rolled to a 5 % thickness reduction, and then annealed at 1050°C for two hours to 

reach a higher density of special grain boundaries (Figure 2b). The fraction of special grain boundaries was 

measured to be 75 - 80 % in these GBE-treated steels. 

 

Treatment 3 consisted of an intentional sensitization treatment, to investigate the effect of sensitization of these 

steels on pitting corrosion. Specimens of cast, cold-rolled, and GBE steels were subjected to aging in the range of 

500 - 800°C in a vacuum-filled tube for one hour, in order to encourage the precipitation of carbides at the grain 

boundaries. Afterwards, the specimens were quenched in room temperature water while still under vacuum. The 

temperature and time of aging was chosen to simulate the process of welding without proper post-weld heat 

treatment, as short-term heating to 500 - 800 °C can occur in the heat-affected zone during welding. In addition, 

similar temperatures can occur in the core of a nuclear reactor in accident conditions. 

 

Treatment 4 represented a normalization treatment, performed to alleviate the effects of sensitization and dissolve 

the carbides formed in Treatment 3. This represents a desensitization process. Cold-rolled specimens were annealed 

at 1050°C for 30 minutes in a vacuum-filled tube, and then quenched in room temperature water while still under 

vacuum. 

 

Treatment 5 was an irradiation treatment in low temperature LWR water, designed to investigate the effects of 

irradiation on as-cast, as-rolled, GBE, sensitized, and desensitized steels. After heat treatment, specimens from each 

initial condition (cast, cold-rolled, GBE) were irradiated with neutrons at the WWR-K LWR in Almaty, Kazakhstan 

(a pool-type 6 MW thermal nuclear reactor, Tirr < 50°C) to a maximum fluence of 3·1017 n/cm2 with E > 1.1 MeV 
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and 4.5·1018 n/cm2 with E < 0.4 eV. The fluence was mainly limited by reactor availability. A relatively small 

number of studies are devoted to low-dose irradiation, despite the fact that similar doses can be observed in real 

reactors. For example, the maximum fluence at the vessel wall after 40 years of operation for the French 900 and 

1300 MWJ power plants is about 7 and 4 to 1019 n/cm2 respectively [36].  
 

2.3 Gravimetric tests  

 

Pitting corrosion behavior was investigated using the standard test for pitting corrosion resistance defined in ASTM 

G 48-03, method A [37]. The corrosion medium was 10% ferric chloride solution (FeCl3·6H2O). The test 

temperature was 22±2°C with times chosen as 5, 24, 48 and 72 hrs. Samples of AISI 316 LN, 211 L, 212 L, and 

213 L stainless steel (5 х 7 х 3 mm) were first polished using 120-grit sandpaper. Before the experiment samples 

were weighed on a Kern-770 balance with a precision of 0.1 mg. At the end of the corrosion test the specimens were 

taken out, cleaned by running water, rinsed in distilled water, dried in air , and then weighed again at room 

temperature to determine their mass loss. 

 

The corrosion rate, Vcorr (mm/year), was calculated for each test from the following equation: 

 

 𝑉𝑐𝑜𝑟𝑟 =
8.76∗∆𝑚

𝑆𝜏𝜌
         (1) 

 

where Δm = m0-mi is the weight change in grams; S is the area in m2, τ is the time of exposure in hours, and ρ is the 

density in g/cm3. The density measurement was performed using hydrostatic weighing. 

 

 

3. Experimental results and discussion  

 

3.1 Microstructural analysis 

Typical microstructures and electron backscatter diffraction (EBSD) maps of cold-rolled 211 L steel and 212 L 

GBE-treated steel are shown in Figure 2. EBSD analysis of structural parameters (average misorientation, grain 

reference orientation deviation) showed a fully recrystallized, annealed structure in both cases. Subsequent 

metallurgical analysis showed clean grain boundaries without any precipitates. All steels contained an insignificant 

amount of non-metallic inclusions with specific string-like structures (Figure 2a), probably related to inter-dendritic 

precipitation in the original as-cast structure. One of stringer inclusions was analyzed using TEM and exhibited a 

typical oxide composition (Mn/SiO2). We believe that most of these inclusions are oxides, and it is unlikely that a 

significant number of MnS inclusions are present in the materials. For all steels investigated, the grain structures 

were uniform and no small grain clusters were observed. No retained ferrite was observed in either the parent or 

modified steels. 

 

a                    b  

Figure 2: (a) Typical SEM image of cold-rolled 211 L steel. (b) Grain boundary (GB) network in cold-rolled 212 L 

steel after GBE. Black—random high-angle GBs, green—low-angle (<15°) GBs, red—Σ3 (twin) GBs, and yellow—

Σ9, Σ27 GBs (high-order twins).  

The microstructure of the as-cast 316 LN steel is shown in Figure 3a, while Figures 3b-c show the microstructures 

after cold-rolling and annealing, respectively. The cold-rolling has clearly broken up the dendritic, as-cast structure, 

while the normalization treatment (annealing) recrystallizes the material into a more typical austenitic, isotropic 

structure with little resemblance to either the cast or the rolled microstructures. 
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a           b           c    

Figure 3: Microstructure of 316LN steel: dendritic structure in as-cast steel (a); deformation patterns in cold-rolled 

steel (b) and grain structure after annealing at 1050°C for 30min (c). 

 

3.2 Mechanical properties 

 
Table 2 shows averaged values of tensile strength σuts, yield strength σ02, uniform elongation δu, and total elongation 

δtot for the specimens of cast, cold-rolled, and GBE-treated 211 L – 213 L steels tested at room temperature. Gauge 

section dimensions were of the SS-3 geometry (7.62⨯1.4⨯0.75 mm), and the strain rate was set at 0.5mm/min. It 

can be seen that the addition of nitrogen and manganese in all modified significantly increases the ultimate strength 

of cast material. Mechanical characteristics of GBE-treated 211L, 212L and 213L are not worse than those of the 

annealed AISI 316 LN [38]. In addition, the addition of copper appears to significantly increase the ductility of the 

as-cast steels, without sacrificing yield strength or ultimate tensile strength. This effect is absent in the cold -rolled 

and GBE variants. It is particularly noteworthy how much lower the yield stress of the GBE steels is compared to 

the cold-rolled condition, almost returning to the as-cast strength, along with much of the ductility. However, the 

increase in ultimate tensile strength is approximately 50% retained from the cold-rolling in the GBE condition. 

 

Table 2: Mechanical characteristics of cast, cold rolled and GBE-treated 316 LN and 211-213 L steels 

Condition Material σ02, MPa σuts, MPa δu, % δtot, % 

Cast 

AISI 316 LN 255 394 53 58,5 

211 L 255 488 52 59 

212 L 291 493 72,5 82 

213 L 241 467 59 67 

Cold-Rolled 

AISI 316 LN 800 835 4 22 

211 L 1030 1050 <1 11 

212 L 880 975 2.5 17 

213 L 930 1030 2 14 

GBE 

211 L 340 700 54,5 65 

212 L 345 745 47,5 58 

213 L 325 720 45 56,5 

 

3.3 Effects of alloying and neutron irradiation on pitting corrosion resistance of 316 LN steel 

 

The corrosion rates of irradiated 316 LN stainless steel and its variants alloyed by nitrogen, manganese, copper, and 

tungsten are shown in Figure 4. 316 LN steel in the as-cast condition exhibits good corrosion resistance in all 

irradiation conditions, which is probably due to its very large grain size. It was shown [39] that increasing the grain 

size of 316 LN stainless steel leads to less susceptibility to intergranular corrosion.  The high-copper variants of 

316LN (212 L and 213 L) show a markedly higher susceptibility to corrosion after neutron irradiation. 
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Figure 4: Corrosion rates of cast, cold-rolled (CR), and annealed cold-rolled (CR + 1050°C 30min) 316 LN 

stainless steel, unirradiated (blue), and irradiated by neutrons to 1x1017 n/cm2 (orange) and 3x1017 n/cm2 (red). 

 

The cold-rolled initial 316LN material exhibits the highest susceptibility to corrosion in all irradiation conditions, as 

well as in the unirradiated form. The high internal stress level after cold-rolling is probably the cause of the 

observed decrease of corrosion resistance. Clear deformation patterns (Figure 3b) indicate a highly stressed state. 

According the literature [40] they appear in the grains loaded above the yield strength during the rolling of steels 

containing nitrogen. These deformation patterns occur not only because of deformation but also because of intensive 

etching caused by enrichment in nitride precipitates compared to that in non-deformed zones. All variants of the 

cold-rolled steel exhibit strikingly lower corrosion rates, both in the unirradiated and in the two irradiated 

conditions. In the case of 212 L, the corrosion resistance actually increases after irradiation, as it did in the as -cast 

condition. 

 

After annealing at 1050°C for 30 min, the solubility of nitrogen increases, and stresses in the deformed grains are 

removed, such that the deformation patterns disappear (see Figure 3c) and the corrosion rate subsequently decreases 

in the unirradiated condition. Once again, the corrosion rates of all three compositional variants are 4-10x lower, 

with the 211 L exhibiting the lowest corrosion rate in nearly all cases. 

 

Changes in material composition clearly lead to changes in corrosion behavior. The best pitting resistance is 

observed in the 211 L steel, alloyed with nitrogen and manganese. The additional increase of Mn and the addition of 

Cu result in a 5-times increase of the corrosion rate in all processing conditions. The pitting corrosion resistance of 

213 L is higher than that of 212 L, perhaps because of the tungsten addition. It is notable that neutron irradiation up 

to 3x1017 n/cm2 decreases the rate of corrosion in some conditions, which could be caused by radiation-induced 

stress relaxation [41]. Pitting corrosion was almost not observed in the 211 L and 213 L steels after annealing for 

30 min at 1050°C and neutron irradiation to 3x1017 n/cm2. 

 

3.4 Effect of sensitization and neutron irradiation on pitting corrosion resistance of 316 LN steel alloyed by 

nitrogen, manganese, copper and tungsten. 

 

The effect of the aging temperature on the corrosion rates of as-cast and cold-rolled 316 LN steel, both irradiated 

and unirradiated, is shown in Figure 5.  
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a   b

 
 

Figure 5: Corrosion rate values of as-cast (a) and cold-rolled (b) 316 LN steel after thermal aging, unirradiated 

(blue) and irradiated to 3x1017 n/cm2 (red). For comparison, the corrosion rates of unaged samples was added from 

Figure 4 as dotted blue and red lines for the unirradiated and irradiated conditions, respectively.  

After thermal treatment in the 500 – 600°C range for 1 hour, the resistance to pitting corrosion of 316 LN steel 

increases due to stress relaxation processes [42]. At these temperatures, sensitization, while thermodynamically 

possible, is kinetically limited to rates too slow to noticeably sensitize the materials. Heating at 700-800°C leads to 

an increase of the corrosion rate in the cast and cold-rolled 316 LN steel, because of the intensive formation of 

carbides and nitrides (type Cr23C6 or Cr2N respectively) that begins at this temperature [7, 43]. 

 

The effect of thermal aging temperature on the corrosion rates of as-cast and cold-rolled 211-213L steels is shown in 

Figure 6. Surface microstructures of the 212 L variant subject to different aging and irradiation conditions are shown 

in Figure 7. 

 

     
a b c 
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d e f 

Figure 6: Corrosion rates of cast (a, b, c) and cold-rolled (d, e, f) 211 L (a, d), 212 L (b, e), 213 L (c, f) stainless 

steels after thermal aging. Conditions: unirradiated (blue) and irradiated to 1x1017 n/cm2 (orange) and 3x1017 n/cm2 

(red). For comparison, corrosion rate data of unaged samples was added from Figure 4 as dotted lines. 

 

a    b    c    d  

 

Figure 7: Pits on the surface of cast 212 L after immersion for 72 h in 10% FeCl3·6H2O: homogeneous distribution 

(a); accumulation of pits in an area with chemical structural irregularity (b); pits which have nucleated on and near 

grain boundaries in unirradiated steel (c) and after 1 h aging at 600°C and irradiation to 3x1017 n/cm2 (d).  

Superficial attack with no deep pits was observed in the as-cast steels. The distribution of pits was observed to be 

homogeneous over the sample surface (Figure 7a). More pitting was observed in areas with elemental 

inhomogeneity (Figure 7b). It was earlier shown that MnS particles might exist in the modified cast steels, both on 

grain boundaries and in the matrix [23]. These particles could be places of preferential origin of pits. On and near 

the grain boundaries the depth of pits was 0.3 - 0.4 mm (Figure 7c), associated with a relatively low corrosion rate. 

It should be noted that intergranular corrosion does not appear in the modified cast unaged steels. However, aging 

for one hour at temperatures above 600°C leads to grain boundary corrosion. 

 

The level of internal stresses is known to be much lower in as-cast steel than in cold-rolled steel. Therefore, an 

improvement of corrosion resistance after heat treatment was not observed for the as-cast steels (Figure 6a-c). 

During heating, the formation of carbides and chromium nitrides occurs predominantly along the grain boundaries, 

which subsequently serve as centers for pitting initiation. As a result, many large pits (deepest depth ~0.5 - 0.6 mm) 

located along the grain boundaries (Figure 7d) were observed in the investigated steels.  

 

Irradiation with neutrons decreases the corrosion resistance of as-cast steel, probably due to the formation of point 

defects and defect clusters. These can act as nucleation sites for pits to form, should they exist on or near the 

material surface. Some improvement in corrosion properties was observed after irradiation of the aged samples. The 

corrosion rate increased predictably in cold-rolled 211-213L steels after heating at 700 – 800°C. The corrosion rate 

then decreases slightly in cold-rolled steels after irradiation with neutrons, possibly due to a stress relaxation effect 

from the neutron irradiation. It is known that irradiation can relax stresses induced by significant cold -rolling above 

20% in austenitic stainless steels [REF – Was book]. 

 

One significant observation was that the intensity of pitting corrosion in cold-rolled steel is different for surfaces 

that were either perpendicular to, or parallel to, the rolling plane (Figures 8a-b). This anisotropy arises as a result of 
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rolling in the production of steel. The corrosion damage observed on the planes along the rolling direction is much 

less than those across the rolling direction. Relatively weak corrosion of grain boundaries was detected on the planes 

across the rolling direction. 

 

     
a b 

      
c d e 

Figure 8: Optical micrographs of the surface after immersion for 72 h in 10% FeCl3·6H2O: cold-rolled 

316 LN (a, b) and 213 L steels with GBE (c, d) along (a,c) and across (b, d) the rolling direction as showed on a 

diagram of the sample (e). 

 
In the modified cold-rolled and GBE-processed specimens, a strong anisotropy of the corrosion resistance was 

observed. According to [44], plastic deformation changes grain size and crystalline orientation during manufacturing 

of stainless steels. Localized zones appear and generate residual stresses in the material and as a result, anisotropy of 

stress and structure appear. Microstructural differences cause the differences in mechanical properties [45] and 

corrosion resistance [46]. The direction of rolling mainly develops the most pitting corrosion (Figures 8a, 8c).  

 

The corrosion damage on the planes parallel to the rolling direction was very similar for both cold-rolled and GBE 

steels – small, shallow pits. Nevertheless, on the planes which were perpendicular to the rolling direction, another 

behavior was observed. In the cold-rolled steels, relatively large pits were detected (Figure 8a), while in the GBE 

steel, intergranular attack is quite prevalent (Figure 8d). Grain boundary attack via intergranular corrosion leads to 

grains dropping out of the metal surface in some areas. In GBE alloys, pits formed with a depth of ~0.2 mm, while 

in the cold-rolled alloys depths ranged from 0.2 to 0.6 mm. 
 

3.5 Pitting and corrosion resistance of the steels after GBE 

 

The effect of neutron irradiation on the corrosion rate of GBE-treated stainless steels is shown in Table 3. In the 

GBE materials, as in the case of the as-cast and cold-rolled materials, alloying with copper led to a significant 

deterioration in corrosion resistance. The corrosion rates of 211 L samples are several times lower than those of 

212 L and 213 L, which contain significantly more copper. Neutron irradiation up to a maximum fluence of 

3·1017 n/cm2 leads to an improvement in corrosion resistance of these steels after GBE treatment. A significant 

decrease in corrosion rate was observed in the 211 L steel, both in an absolute sense and following irradiation.  

 

Table 3: Corrosion rates (mm/year) of 211- 213 L stainless steels after GBE 

 

 Fluence (n/cm2) 

Material Unirradiated 1.3x1017 3.2x1017 Commented [MPS10]: I thought your fluences only went 

up to 3x1017 
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211 L 0.9 0.3 0.3 

212 L 6.5 3.7 5.7 

213 L 2.6 1.9 2.8 

 

The effects of thermal aging and subsequent neutron irradiation on the corrosion rate of modified 316LN variants is 

shown in Table 4. Aging at 700°С of steels with GBE treatment leads to a sudden increase in corrosion rate by 4 -

 5 times for unirradiated 211 L and 212 L steels. As a result of neutron irradiation up to 2.7·1017 n/cm2, the 

resistance to pitting corrosion increased significantly. The corrosion rate of cold-rolled steels after annealing at 

1050°С for 30 min was comparable to steels after GBE.  

 

Table 4: Corrosion rates (mm/year) of the thermally aged (sensitized) 211- 213 L variants after GBE 

 

Material 500°С, 1h 600°С, 1h 700°С, 1h 

 unirradiated 

211 L 0.2 1.0 6.1 

212 L 8.0 7.1 24.3 

213 L 1.8 5.7 5.1 

 2.7·1017 n/cm2 

211 L 0.1 1.0 1.9 

212 L 3.1 3.0 6.8 

213 L 2.2 1.0 3.7 

 

 

Conclusions  

 

1. The effects of neutron irradiation, thermo-mechanical treatment, sensitization temperature, and 

compositional variation on the susceptibility of 316LN stainless steel to pitting corrosion were investigated. Neutron 

irradiation to 3·1017 n/cm2 (E > 1.1 MeV) either does not affect or sometimes slightly improves the resistance to 

pitting corrosion in modified 316 LN variants. Aging at low temperature (500-600°C for 1 hour) slightly improves 

the corrosion properties due to relaxation of internal stresses, although at an aging temperature of 700°C 

sensitization occurs with a sudden increase of the corrosion rate in cold-rolled and GBE-treated steels. The GBE 

treatment significantly improves plasticity and resistance to pitting corrosion compared to the cold-rolled condition. 

 

Pitting tests of 316 LN-based steels alloyed with nitrogen, manganese, copper, and tungsten confirmed that the 

modified steels usually significantly exceed the corrosion resistance of the unmodified 316LN steel. The best 

localized corrosion resistance is shown by the steel variant alloyed with nitrogen and manganese. The corrosion rate 

of unirradiated 211 L steel in all investigated conditions is more than 15 times lower than that of unirradiated 316 

LN steel in the same conditions.  Copper and tungsten reduce the resistance to pitting corrosion. 

 

In cold-rolled and GBE steels, an anisotropy of the corrosion resistance was observed on faces parallel to or 

perpendicular to the rolling direction. The corrosion damage on the planes parallel to the rolling direction was very 

similar for both cold rolled and GBE steel. On the planes which were perpendicular to the rolling direction 

relatively big pits were mainly detected in cold-rolled steels, while in the steels after GBE intergranular attack is 

quite prevalent. Grain boundary attack via intergranular corrosion leads to grains dropped out of the metal surface in 

some areas. It probably occurs because of anisotropy of stress and structure developed during cold-rolling.  
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