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EXECUTIVE SUMMARY 

 
Overview: Stainless steel, an austenitic alloy forms critical core-internal components in 
nuclear power plants. Expectedly, stainless steel presents complex polycrystalline 
microstructures, such that an exposed steel surface features a multiplicity of grains 
which too feature diverse grain orientations. Significantly, grain orientation-dependent 
oxidation (dissolution-corrosion) rates have been observed for austenitic alloys in 
nuclear reactor environments, suggesting crystallographic control of such reaction 
processes. To better understand these observations, the active and transpassive 
oxidation behaviors of an austenitic 316L stainless steel were investigated using vertical 
scanning interferometry (VSI). The oxidation rates of more than 100 grains were 
measured and related to their crystallographic orientations as identified using electron 
backscatter diffraction (EBSD). The oxidation rates follow a scaling that is given by: 
{001} < {101} < {111} for 316L undergoing both active and transpassive oxidation, such 
that a higher dangling-bond density led to slower oxidation. Further, an increasing 
surface energy that scales as {111} < {101} < {001} promoted the adsorption of inert 
species that increased the activation energy of oxidation and, in turn, decreased alloy 
corrosion rates. These insights provide improved understanding into the crystallographic 
controls of oxidation processes, and thereby suggest processing pathways for 
enhancing the oxidation resistance of stainless steels. 
 
Implications: The outcomes of this work provide new understanding of how alloy 
microstructure (i.e., the crystallographic orientation of grains on the exposed surfaces of 
an alloy), and therefore, the nature of its processing may render stainless steel, and 
core-internal components fabricated therefrom, susceptible to corrosion. This is 
especially important from the perspective of understanding how changes in the cooling 
water chemistry that may results from switching of the alkalization agent (i.e., switching 
LiOH by KOH) may alter, or affect electrochemical processes such as corrosion. New 
knowledge of this nature is prerequisite to understand and predict, and to develop new 
methods to assess degradation that may result in stress corrosion cracking, under 
conditions of both radiation exposure, and in radiation-free environments that are 
relevant to nuclear power plants.  
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1. Introduction 
 

Austenitic alloys such as 304L and 316L stainless steels, and nickel-based alloys are 
often used in core-reactor internal components in nuclear power plants1. These alloys 
all exhibit a face-centered-cubic (FCC) lattice structure and feature excellent high-
temperature oxidation resistance2. However, degradation of these alloys, e.g., due to 
degradation mechanisms such as stress corrosion cracking (SCC) renders these 
components susceptible to hyperbolic failure, and to violate the “leak-before-break” 
criterion3. So far, considerable efforts have been made to uncover the impact of grain 
boundary structures on SCC susceptibility4–7. However, less is known about how 
crystallographic orientations influnces electrochemical (i.e., oxidation) degradation of 
such alloys.  
 
Crystallographic orientation is well-known to affect surface reactions including: 
dissolution, adsorption, oxidation, and pitting for both single crystals and polycrystalline 
materials8–12. In each of these cases, the anisotropy of atomic arrangements on the 
surface results in spatially and temporally non-uniform reaction kinetics – even for 
chemically equivalent reactions – amongst grains with different orientations. For 
example, for austenitic alloys oxidized in simulated reactor environments, the 
morphology and thickness of the oxide layers formed show a strong dependence on the 
orientation of underlying grains13. Furthermore, in the case of 316L stainless steel, the 
substantial difference in oxidation rates between diversely oriented grains results in the 
formation of a “step structure” at grain boundaries that could lead to crack initiation and 
a reductions in service-life14. 
 
Many studies have attributed the dependence of corrosion rates on grain orientation to 
differences in the surface energy15–17. However, in the majority of studies, grain-specific 
corrosion behavior is examined only for a few grains which feature a limited diversity of 
Miller surface indices16–19. Furthermore, corrosion susceptibility is often ranked through 
the analysis of line profiles which show a height difference for adjacent grains20,21, i.e., 
instead of presenting a spatially averaged corrosion rate that applies to the entire 
exposed surface of a grain. Therefore, this study undertakes analyses of a large 
number of grains (>100 unique grains) to reveal statistically relevant insights into how 
grain orientation affects oxidation rates. As such, the effects of crystallographic 
orientation on both active (i.e., potential-free) and transpassive (i.e., potential-promoted) 
oxidation of AISI 316L stainless steel were systematically examined by coupling 
topographical measurements using vertical scanning interferometry (VSI) with 
microstructural analyses using electron backscatter diffraction (EBSD). The VSI 
analysis allows access to representative scanning areas (0.5 mm x 0.5 mm) at lateral 
and height resolutions of ±80 nm and ±2 nm, respectively, allowing superposition of 
orientation-specific oxidation rates onto an EBSD-derived grain orientation map. The 
outcomes reveal the effects of grain orientation on corrosion sensitivity and its 
mechanistic origins. 
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2. Experimental 
 

2.1 Sample preparation 
 
A commercially available 316L stainless steel (McMaster-Carr) was used. The 
elemental composition of the steel used is noted in Table 1. Herein, the steel sections 
were solution annealed using a vacuum tube furnace at 1000 °C for 1 h and then 
furnace-cooled to room temperature. Annealing produced a monophasic austenitic 
microstructure with easily distinguishable grains. The annealed steel was then 
sectioned in to smaller coupons with dimensions of 6mm in diameter and 6 mm in 
height. Thereafter, the coupons were embedded in epoxy, and then wet-polished using 
SiC abrasives and diamond paste, and finally polished using a 50 nm colloidal silica 
suspension.  
 

Table 1. The chemical composition of the 316L stainless steel used (mass %) 

Fe Cr Ni Mo Mn N C Si Cu 

bal. 16.630 10.070 2.080 1.530 0.054 0.025 0.550 0.490 

 
2.2 Crystallographic analysis 
 
The crystallographic orientations of the grains were determined using a SEM (TESCAN 
MIRA3) equipped with an EBSD detector (Oxford ULTIM MAX). The acceleration 
voltage and step size used were 20 kV and 0.5 μm, respectively. The EBSD patterns 

were analyzed using OIM Analysis and the MTEX toolbox in MATLAB R2017b22,23. 
The averaged Euler angles over all pixels within individual grains provided by the EBSD 
analyses were used to represent the rotations for each grain. The Miller indices, h, k, l 
of individual grains were computed using: 
 

ℎ = 𝑛 ∙ 𝑠𝑖𝑛𝜑2 ∙ 𝑠𝑖𝑛Φ                                                           (1) 
𝑘 = 𝑛 ∙ 𝑐𝑜𝑠𝜑2 ∙ 𝑠𝑖𝑛Φ                                                           (2) 

𝑙 = 𝑛 ∙ 𝑐𝑜𝑠Φ                                                                   (3) 
 
where 𝜑2 and Φ are the Bunge Euler angles and n is a scaling factor to attain integer 
indices.24  
 
2.3 Oxidation (corrosion) rate analysis 
 
Active corrosion was induced by immersing the steel coupon’s surface in a 0.5 M H2SO4 
+ 0.1 M LiCl solution for up to 80 h in a temperature-controlled chamber (45 ± 0.2 °C). 
Transpassive corrosion was induced by immersing the surface of the steel coupon in a 
10 mass % oxalic acid solution for 45 s while imposing a constant current density of 1 
A/cm2. The surface topographies of corroding sections were examined using a Zygo 
NewView 8200 vertical scanning interferometry (VSI). A 20× Mirau (numerical aperture, 
NA = 0.4) and a 100× (NA = 0.55) interferometric objectives were used. The former, and 
latter objectives provide spatial resolutions (i.e., pixel size in x and y directions) of 410 
nm μm and 80 nm, respectively. The vertical (height) resolution of both objectives is 
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equivalent and on the order of 2 nm. The surface topographies were analyzed using 
Gwyddion25. The surfaces of the steel coupons were partially covered by a peelable 
silicone mask (Silicone Solutions SS-380) to preserve unreacted surfaces. The height 
change, i.e. surface retreat, of the corroded (oxidized) steel surface vis-à-vis the pristine 
steel surface was determined by reference with the unreacted steel surface that is 
preserved beneath the silicone mask26. The corrosion rate (Rc, nm/s) is simply 
represented, as a spatial average of all the pixels that constitute a single grain as: 
Δh/Δt, where, ∆ℎ is the surface retreat and 𝑡 is time period over which oxidation 
occurred. 
 
3. Results and discussion 

 
3.1 Grain orientation impacts on the potential-free active corrosion of 316L 
 
The microstructure of as-polished 316L stainless steel was examined using EBSD and 
shown in Figure 1. The solution-annealed sample only consists of austenite grains and 
is free from deformation-induced features. Over 100 grains were identified within the 
selected area, with their orientations mapped by EBSD as shown in Figure 1a. The 
orientations of these grains are plotted in the inverse pole figure (IPF) triangle (Figure 
1b) which shows a diversified orientation distribution within the examined area.  
 
 

.  
 

(a) (b) 
Figure 1: EBSD analysis showing the microstructure of the solution-annealed 316L 

stainless steel surface: (a) The grain orientation map of the analyzed surface, with the 
color code shown in the inverse pole figure (IPF) as the inset, and (b) The collective 

orientation distribution of  grains examined herein.   

 
First, unstimulated (potential-free) corrosion studies were carried out by immersing the 
316L steel in a 0.5 M H2SO4 + 0.1 M NaCl solution at 45 °C for up to 80 hours. The 
equilibrium potential of 316L in the solution is around -400 mVAg/AgCl

27, equivalent to 
about -150 mVSHE which is within with the range of stainless steels under simulated 
reactor environments28.  In this environment, 316L is expected to undergo active 
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corrosion and be oxidized to lower valence oxidation products (e.g., Fe2+, Cr3+, etc.)29,30. 
Subsequently, the actively corroded surface was characterized and the corrosion rates 
were determined using VSI (Figure 2). The topography map (Figure 2a) of the same 
area as mapped by EBSD shows that the polished surface has an overall height 
variance of around ±80 nm. The height difference between adjacent grains is on the 
order of a few nanometers. Following immersion in a 0.5 M H2SO4 + 0.1 M NaCl 
solution at 45 °C for 20 hours the surface recessed by up to 2.0 µm (Figure 2b), 
suggesting the onset of active corrosion. The morphology of the corroded surface 
indicates that active corrosion occurred in two forms: localized corrosion and the 
general surface retreat. Localized corrosion sites resemble shallow pits and are 
represented by darker basins in the topography map. The presence of basins typically 
denote transition from pitting to general corrosion following the breakdown of an air-
formed passive film26,31. The rest of the steel surface experienced general corrosion. 
Surface recession rates in these general corrosion areas are lower, but show a more 
evident dependence on grain orientation. For example, the “step” structure resulting 
from distinct corrosion rates of differently oriented grains is seen in Figure 2(c). The 
height difference between the adjacent grains which is on the order of ±5 nm prior to 
solution exposure increased to around 1.0 µm after 20 h of active corrosion in the 
immersion solution.   
  

   
(a) (b) (c) 

Figure 2: Representative VSI topography images of (a) an as-polished 316L stainless 
steel and (b) a corroded steel surface following corrosion reaction for 20 h. (c) The 

“step structure” between adjacent grains resulted from the difference in 
crystallographic orientation. An EBSD map of the same area is shown as inset. 

 
The average height of the steel surface progressively recessed with prolonged 
immersion as shown in Figure 3a. Note that the rate from t = 0 h to t = 20 h is 
somewhat faster than those at longer immersion times. The faster corrosion rate at the 
initial stage can be explained by the coupling of pitting and general corrosion. The 
longer term (dissolution, corrosion) rate, i.e., after 20 hours is similar to that reported by 
others32. Therefore, for the sake of examining the steady-state rate, the early rate, is not 
considered. The surface recession after 20 hours reveals an active corrosion rate of 
0.0194 μm/h or 170 μm/year. This value is in agreement with previous studies of the 
active corrosion rate of 316L under similar conditions33.  
 
Quantitative analysis of the average surface height of individual grains was enabled by 
overlapping the VSI topographies and EBSD microstructure maps. The frequency 
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distributions of the grain-average surface height (Figures 3b) were fitted using a 
Gaussian function of the form:  
 

𝑓(𝑥) = 𝑎 ∙ exp [−(
𝑥−𝑏

𝑐
)2]                                                                     (4) 

 
where x is the height change, a, b, and c are fitting parameters denoting the scaling 
factor for frequency, mean height change, and the spread in height change, 
respectively. Up to 20 hours of corrosion, the average surface retreat (i.e., as averaged 
over the exposed surface area of the grain) is around 0.82 µm (Figure 3b) and the 
variance in height of most grains is ±0.35 µm. At a later time, the dissolution rates of the 
differently oriented grains increasingly diverged. The broadening of the distribution 
profiles over time implies that the grains, which feature a variety of surface orientations, 
corroded at different rates.  
 

   
(a) (b) 

Figure 3: (a) The average surface height change of 316L stainless steel surface over 
time. The dashed line indicates the best-fit line for the data excluding the point at t = 

20 h. (b) The grain averaged surface height change frequency distributions of 
surfaces corroded for different extents of time including 20 h, 65 h, and 80 h. The 
black curves represent the surface height change frequency distribution of the as-

polished steel surface, which centered at 0.0 µm (mean), and spread over a range of 
20 nm (standard deviation). 

 
3.2 Grain orientation impacts on the potential-induced transpassive corrosion of 
316L stainless steel 
 
The “potential-free” corrosion of 316L revealed that corrosion rates are correlated with 
crystallographic orientation. But herein, the “step-structure” is less pronounced due to 
the formation of recessed basin areas. To better understand 316L corrosion under 
electrochemical stimulation, a potential was applied to the steel surface to induce 
transpassive corrosion. When a high anodic potential is applied to steel, the surface-
proximate passivation layer breaks down instantly, and the steel dissolves 
transpassively into high valence species including as Fe3+, HCrO4

-, etc.29 Although 
these oxidation products differ from those produced during the initial oxidation of 
stainless steel in reactor environments, they form, in time, due to interactions with 
oxidants that represent radiolytic products (e.g., H2O2)34,35,36. Therefore, an area within 
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the 316L sample enclosing about 200 randomly oriented grains was analyzed under 
conditions of applied potential (Figure 4a-b). Following transpassive corrosion in oxalic 
acid, the surface topography showed prominent (grain) contours (Figure 4c) arising 
from the formation of steps at grain boundaries with the average surface height having 
recessed by about 1.1 μm in just 45 seconds. Since the height variations within 
individual grains are much smaller compared to the actively corroded surface, the 
variance of ±0.25 µm as shown in Figure 4d is dominantly produced on account of the 
differences in corrosion rate among grains which feature diverse orientations. 
 

  
(a) (b) 

 

  

(c) (d) 
Figure 4: EBSD analysis of the microstructure of the solution-annealed 316L 

stainless steel surface showing: (a) grain orientation map with the color code shown 
in the inverse pole figure (IPF) as inset, and (b) collective orientation distribution of 

around 200 grains investigated herein. (c) The same area after transpassive 
corrosion in oxalic acid, and (d) The surface height distribution showing corrosion rate 

variations as affected by crystallographic orientation of the surficial grains. 
 
3.3 Correlating corrosion rates with grain orientations 
 
By combining EBSD and VSI analyses, the corrosion rates of individual grains were 
extracted and then correlated with their respective. Both the active and transpassive 
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corrosion rates of grains were presented in IPF plots. The scatter in active corrosion 
rates (Figure 5a) is unexpectedly, substantial. This can be attributed to the formation of 
the orientation-independent basins, which contribute to the grain’s average corrosion 
rate. Nevertheless, orientation dependence is evident in the dashed circles which show 
a few grains that are oriented close to the basis directions (i.e., [001], [101], and [111]). 
Indeed, the corrosion rates of these grains scaled as: {001} < {101} < {111}. In addition, 
the orientation-specific corrosion rate was examined as a function of the angle (θ) 
between the surface normal and the [111] basis (Figures 5b) computed as follows: 
  

𝜃(111) = 𝑐𝑜𝑠−1(
ℎ+𝑘+𝑙

√3∙√ℎ2+𝑘2+𝑙2
)                                                                     (5) 

 
where h, k, l are the Miller indices of the surface normal. Interestingly, despite the large 
scatter, the corrosion rates show a decreasing trend as 𝜃(111) increases.  

 
Consistent with the active corrosion rate map, the transpassive corrosion rate map 
(Figure 5c) shows that the grains strongly associated with the {111} planes rapidly 
dissolve, whereas the grains oriented close to the {001} planes show the highest 
resistance to corrosion. The scattering in the grain-averaged corrosion rates is 
significantly reduced, so that a more pronounced linear trend in corrosion rates is seen 
in grains with orientations intermediate between {111} and {001} (Figure 5d). In 
general, the transpassive corrosion rates confirm that the general corrosion 
susceptibility ranks from {001} grains having the lowest to {111} grains having the 
highest. Taken together, these findings indicate that crystallographic control of corrosion 
rates is, in fact, independent of the applied potential and the nature of corrosion 
products that form. 
 

  
(a) (b) 
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(c) (d) 

Figure 5: (a) Active and (c) transpassive corrosion rates plotted in inverse pole 
figures showing grain orientation dependence. (b) Active and (d) transpassive 

corrosion rates as a function of θ(111). 
 
 
3.4 Effects of surface and activation energies on corrosion rates 
 
The initial step in corrosion is postulated to require the mass transfer (dissolution) of the 
alloy. Therefore, in analogy to a dissolution process the corrosion rate is governed by 
the energy needed to overcome the energy barrier between the reactants and products, 
i.e. the activation energy (ΔGa), as in the Arrhenius-type kinetics37–39. The corrosion 
process, in which the steel surface oxidizes to aqueous ions, involves removal of 
surface layers and exposing the underlying planes. Thus, some of the energy cost for 
corrosion is associated with overcoming interatomic forces between: (a) the surface and 
the underlying layers, and (b) bonds between atoms within a given layer. Such energy 
demands vary in relation to the backbond density, which reflect the number-of-bonds to 
be broken to dissolve one surface layer. The anisotropic arrangements of surface atoms 
among grains which produces different energy magnitudes of surface-to-surface, and 
atom-to-atom bonding16,17,20. Assuming general corrosion proceeds normal to the grain 
surface (i.e., in an exfoliation manner), the number of backbonds is equal to the number 
of dangling bonds on the existing surface. The surface energy is defined as the excess 
free energy resulting from dangling bonds40 and has been previously estimated as 
follows41–44:  
 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 =  2
2|ℎ|+|𝑘|

√ℎ2+𝑘2+𝑙2
∙

𝐸𝑏

𝑑0
                                       (6) 

 
where h,k,l are the surface plane indices of a given grain and arranged as h≥k≥l, 𝐸𝑏 is 
the bond energy for a representative atomic bond and 𝑑0 is the length of metallic 
bonds20. In some cases, the bond energy is also referred to as the cohesion energy per 
bond45. Thus, 𝐸𝑏 and 𝑑0 are constants for a given material and independent of grain 
orientation assuming that alloying elements randomly occupy lattice sites on the grain 
surfaces and in the bulk. Therefore, for the same material, the surface energy is solely 

determined by the pre-factor proportional to the dangling bond density: 
2|ℎ|+|𝑘|

√ℎ2+𝑘2+𝑙2
 , which 

is an orientation-specific quantity. Figures 6(a-b) show the distribution of the calculated 
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pre-factor for grains featuring diverse orientations for both active and transpassive 
corrosion. It is noted that the {111} surface, which exhibited fastest corrosion also 
featured the lowest surface energy. These observations imply that the observed 
corrosion behavior results from the increase in activation energy with increasing 
backbond (and dangling bond) density. Thus, the {111} grains, although possessing the 
lowest surface energy, featured the highest tendency to corrode because of the 
relatively low activation energy required for their layer-by-layer exfoliation (ΔGa

(111)). The 
backbond density increases with increasing deviation from the {111} orientation, i.e., 
with increasing θ(111), indicating that more bonds need to break to remove a surface 
layer. This results in a reduction in corrosion rates and is consistent with the 
observations shown in Figure 5. Based on the corrosion rates mapped in Figure 5, the 
orientation-dependent activation energy scaling that is given by: {001} > {101} > {111}, 
i.e., ΔGa

(001) > ΔGa
(101) > ΔGa

(111). 
 
Further, a system tends to minimize its surface energy via adsorption, and higher rates 
of adsorption are usually attained on surfaces having high surface energies46,47. The 
adsorption layer of inactive species (e.g., anions, hydrogen, and oxygen) structurally 
blocks the surface-solution interaction, and thus further also elevates the threshold 
energy and active energy of corrosion48. Significantly, previously measured adsorption 
rates of hydrogen on 304 stainless steel (FCC) follows the scaling: {001} > {101} > 
{111}49. The other study showed that the oxygen adsorption layer on nickel (FCC) {001} 
planes is more protective preventing further oxidation compared to that formed on {111} 
planes48. Therefore, the elevation in activation energy resulting from such adsorption 
layers follows the equivalent scaling: ΔGa

(001) > ΔGa
(101) > ΔGa

(111), thus further 
increasing the activation energy for oxidation in high-surface energy orientations.  
 

  
(a) (b) 

Figure 6: The Calculated surface energy pre-factor, 
2|ℎ|+|𝑘|

√ℎ2+𝑘2+𝑙2
, for alloy grains having 

various crystallographic orientations in experiments measuring: (a) active and (b) 
transpassive corrosion rates. 
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4. Conclusions 
 

This work examined the active and transpassive corrosion rates of 316L stainless steel 
for hundreds of grains which featured diverse crystallographic orientations. The 
absolute active and transpassive corrosion rates were quantified by measuring the 
surface height retreat. The grain-specific corrosion rates, respectively, increase and 
then decrease as the surface plane progressively deviated from the [001] and [111] 
directions. Although the {111} planes has the lowest surface energy, they also 
contained fewer backbonds (and dangling bonds). Thus, the amount of energy that is 
needed to expose the underlying {111} planes (i.e., activation energy for oxidation) is 
lower compared to those for {001} and {101} grains. Favored adsorption at high surface 
energy planes further increases the activation energy. However, this model is less 
successful at explaining why {001} grains exhibit the lowest corrosion rates. This is 
likely on account of more complex orientation-dependent reactions such as surface 
reconstructions that are not considered herein.  
 
Nevertheless, the approach presented herein is significant in that it established a 
credible correlation between grain orientation and general corrosion. This highlights a 
microstructural linkage to corrosion sensitivity and indicates that metallurgical 
processing that produces surface textures that exposes {001} planes is likely preferred 
to improve oxidation resistance. Moreover, it highlights that the orientation dependence 
(mismatch) of adjacent grains may cause the formation of “step structures” (see Figure 
2c), which could result in stress concentration and localization in components subjected 
to mechanical loading. Not only could this result in the formation of weak planes, but it 
may also lead to an amplified tendency for stress-corrosion cracking (SCC) in such 
weakened regions. 
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