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The influence of a KCl-rich environment on the corrosion attack of 304 L: 
3D FIB/SEM and TEM investigations 
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A B S T R A C T   

This study investigates the intergranular corrosion of a stainless steel (304 L) in the presence of KCl(g)/KCl(s) at 
600 ◦C by using a FIB/SEM to perform 3D reconstruction/tomography of grain boundary attacks in combination 
with TEM. The investigation shows that the combination of the 3D FIB/TEM offers a great potential for the study 
of complex features, i.e. intergranular corrosion. The initiation and propagation of the grain boundary attack 
occurred very rapidly below an intact secondary protection. No large accumulations of metal chlorides were 
observed at the grain boundary regions. Instead, indications of very rapid alloy diffusion in grain boundary 
regions were observed.   

1. Introduction 

In order to reduce the net emission of carbon dioxide (CO2), power 
plants have been gradually increasing the fraction of renewable fuels as 
a substitute for fossil fuels [1]. However, the combustion of these 
renewable fuels such as biomass and waste, can cause the formation of 
corrosive deposits and gases that deteriorate essential parts of the plant 
such as superheaters. The combustion of biomass and waste results in a 
flue gas containing mainly water vapor, carbon dioxide, alkali chlorides 
and hydrogen chloride [2–8]. Alkali chlorides are well-known for their 
corrosiveness towards superheater tubes [2,7,9–19]. 

The corrosiveness of alkali chlorides has been explained by the 
“chromate formation” mechanism [2,7,9–21], which involves the alkali 
to break down the protective chromium-rich scale of stainless steels via 
the formation of alkali chromate resulting in iron-rich non-protective 
scale. This would explain the initiation and the frequent observation of a 
missing chromia scale on stainless steels in these environments. An 
alternative mechanism is the so-called “active oxidation” mechanism [7, 
11,22–27], which relies on the transport of Cl2(g) through the oxide 
scale to the oxide/metal interface. The Cl2(g) then reacts with the metal 
to form metal chlorides that diffuse as MeClx(g) back through the oxide 
scale, cracks and pores, towards the gas/oxide interface. The higher 
partial pressure of oxygen at the gas/oxide interface leads to the 
decomposition of the metal chlorides MeClx(g) into the metal oxide 
MexOy, releasing Cl2(g) to the atmosphere. The released Cl2(g) can be 
transported again towards the metal/oxide interface, repeating the 

process in a cyclic manner. “Active oxidation” or the chlorine cycle is a 
well-known suggested mechanism that describes chlorine-induced 
corrosion. However, the approach remains theoretical, and several as-
pects of the suggested mechanism exhibit debatable elements. Assuming 
that Cl2(g) can penetrate through the oxide scale and reach the met-
al/oxide interface, then the oxygen molecule O2(g) would be able to 
penetrate the oxide scale as well, as its size (~292 pm) is smaller than 
Cl2(g) (~396 pm). The possibility for the oxygen molecule to travel 
through the oxide scale and reach the metal/oxide interface would 
decrease the probability of metal chlorides forming as the gradient of 
oxygen partial pressure through the oxide scale would change. The 
“active oxidation” mechanism also suggests that the formation of metal 
chlorides occurs at the metal/oxide interface, while the presence of 
metal chlorides on the outer part of the oxide scale has been reported as 
well [23,27]. For these reasons, the so-called electrochemical approach 
has been elaborated. The mechanism suggests a flux of anions, cations, 
and electronic current as a diffusion mechanism, instead of a gas 
transport of chlorine through the oxide scale [23,28,29]. 

It was recently shown that adding KCl from the gas phase may lead to 
accelerated corrosion of a 304 L-type stainless steel [30]. The micro-
structure was reported to consist of outward- and inward-growing ox-
ides paired with a deep steel grain boundary (GB) attack. This type of 
microstructure is observed in studies in more complex environments, i.e. 
biomass-/waste-fired boilers [2,31]. However, the mechanism driving 
the intergranular corrosion is not known. One reason is that traditional 
microscopy-based investigations of the complex 3D microstructure of 
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intergranular corrosion are usually performed using techniques such as 
Scanning Transmission Electron Microscopy (STEM), Scanning Electron 
Microscope (SEM), and Energy Dispersive X-ray spectroscopy (EDX). 
These techniques are efficient for analyzing the chemistry and material 
information from the micro to nano scale. However, the 
two-dimensional aspect of these investigations makes it difficult to 
systematically investigate the corrosion front of a GB attack. 

This study aims at increasing the understanding of the GB attack by 
providing more accurate representations of and new insights into 
intergranular corrosion in stainless steels by using a FIB/SEM to perform 
3D reconstruction/tomography of GB attacks linked to a TEM 
characterization. 

The investigation is focused on the commercially available 304 L 
stainless steel, exposed to a 5% O2 + 20 % H2O + N2 bal. environment 
under continuous KCl deposition for 1-h and 24-h at 600 ◦C [30]. The 
experimental parameters were selected to simplify the flue gas compo-
sition released during biomass combustion in order to better understand 
the role of chlorine on the GB attack. The samples were exposed for 1-h 
and 24-h to characterize the initiation and growth (propagation) of the 
GB attack as well as the presence of chlorine in and around the grain 
boundaries to better understand the corrosion mechanisms and possibly, 
material degradation. 

2. Materials and methods 

2.1. Sample preparation 

Austenitic steel 304 L was obtained from Outokumpu and the 
composition given in Table 1. The samples were cut and polished into 
the following dimensions: 15 × 15 × 2 mm with a hole of 1.5 mm 
diameter drilled at 2 and 7.5 mm from the edges. All samples were 
ground with 500 grit SiC from Struers and then polished with 9, 3, and 1 
μm diamond solutions DP-Suspension using DP-Lubricant Yellow. As a 
final step, the samples were cleaned in acetone then ethanol using the 
Elmasonic P ultrasonic bathtub from Elma. 

2.2. Exposures 

The investigated samples were exposed to a 5% O2 + 20% H2O + N2 
(bal.) environment under continuous KCl deposition at 600 ℃. This was 
achieved by using a 3-zone furnace where an alumina boat filled with 
KCl(s) was placed upstream at 700 ℃ (calculated vapor pressure of KCl: 
65.9 ppm) and the samples were placed downstream at 600 ℃ (calcu-
lated vapor pressure of KCl: 3.4 ppm). Thus, substantial deposition of 
KCl onto the samples occurred during the exposures. The position of the 
samples and the KCl boat were consistent for all exposures. The vapor 
pressures of KCl at the two temperatures were calculated using the 
software FactSage 7.2 [32] and the FTslat database. The duration of the 
exposures were 1-h and 24-h. A detailed description of the experimental 
setup is given in [30]. 

2.3. Broad Ion Beam (BIB) 

Ion etching with Broad Ion Beam (BIB) milling was used to obtain 
cross-sections with smooth surfaces for SEM imaging. This technique 
uses a triple ion beam cutter Leica TIC 3X, which uses argon ions for 
milling. In order to prepare the sample for the BIB milling, a piece of 
silicon wafer was mounted on top of the sample surface using Loctite 
415. After drying, the sample was cut into two pieces using the low- 
speed saw Minitom from Struers. One of the two pieces could be 

subsequently inserted in the BIB. The BIB machine was operated at 8.0 
kV for 8 h. 

2.4. Scanning electron microscope and energy dispersive X-ray (SEM- 
EDX) 

The SEM imaging was performed using a Quanta 200 ESEM FEG 
from FEI equipped with an Oxford Instruments X-MaxN 80 T EDX de-
tector. The accelerating voltage used was 10 kV and 20 kV for imaging 
and EDX analysis, respectively. Both types of analyses were performed at 
a 10 mm working distance. 

2.5. 3D tomography 

3D tomography is a powerful SEM-based technique allowing more 
advanced characterization for a better understanding and interpretation 
of two-dimensional results. The technique has been mainly used in 
medical science [33–35] and is now emerging in the field of material 
science [36–45]. 3D tomography is currently being widely used in 
metallurgy and corrosion, allowing the characterization of very small 
features such as nanoscale precipitates, porosity in ceramics or cracks in 
oxide scales [36–45]. The geometry of such micro/nano scale features 
and their growth within the materials would not make this study 
possible by using the conventional two-dimensional techniques. 

3D tomography is achieved by performing serial sectioning (slicing) 
to reconstruct areas of interest in 3D. This was carried out using a Tescan 
GAIA3 FIB/SEM system. Prior to sectioning, platinum was deposited 
onto the area of interest at 30 kV and a current of 2.3 nA. The sectioning 
was achieved at 10 nA (rough milling) and 7 nA (fine milling). Images 
were acquired with the integrated SEM using an accelerating voltage of 
10 keV and SE detector. The images were then compiled as an image 
stack and processed in FIJI (Image J) software using the plugin StackReg 
with “Translation” as the transformation option [46–48]. The result of 
the image processing was a stack of well-aligned images in. tiff format. 

3D Tomography was performed using the software Dragonfly version 
4.1.0.647 [49]. The image stack was opened and processed directly 
within the software. The process, which aims at distinguishing different 
features of a dataset (image stack), is called segmentation. Several 
methods for segmentation exist [50,51] and in this study the method 
designated “thresholding” was used. 

Thresholding is one of the simplest segmentation approache and is 
based on the pixel intensity values. The corrosion products observed in 
this experiment are well-known (such as voids or internal oxidation), 
while the range of intensity levels for thresholding was adapted to 
isolate the different features of interest. To avoid any faulty selection of 
Regions Of Interest (ROI) by automatic segmentation due to similar 
intensity levels between pixels, a manual validation of the ROIs was 
conducted. This was achieved by using the ROI painter tool that allows 
accurate selection of ROIs for each slice (image). Once a feature of in-
terest has been highlighted as a ROI in the dataset, it is possible to 
visualize several aspects of the ROI, such as spatial distribution, con-
nectivity, or number of isolated elements. Three features of interest were 
converted to ROIs in this work: voids/cavities, nickel-rich nodules, and 
internal oxidation regions. The aims of using the 3D tomography tech-
nique were to obtain a better understanding of the void distribution in 
intergranular corrosion as well as to detect the of exact tips of GB attacks 
(corrosion front). The objective was to see if the tip of a GB attack 
(corrosion front) can be characterized by a specific morphology. This 
type of characterization cannot be achieved and interpreted by using 
only two-dimensional analyses. The 3D tomography technique will 
therefore provide detailed morphological (shape and depth) information 
of the GB attack. The observation of the void distribution and the exact 
tips of GB attacks was achieved by rendering the different ROIs into 
meshes. The meshes illustrated in Figs. 2, 7, and 8 were rendered in 
“solid” as filling mode and were smoothed using the Laplacian 
smoothing method with one iteration. 

Table 1 
Chemical composition (wt. %) of 304 L.  

Element (wt.%) Fe Cr Ni Mn Si P S 

304 L Bal. 19.9 10 1.4 0.5 0.05 0.1  

J. Phother-Simon et al.                                                                                                                                                                                                                        
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2.6. Transmission electron microscope (TEM) investigations 

The 3D tomography analysis was linked to a detailed Transmission 
Electron Microscope (TEM) analysis. The TEM lamellas were prepared 
from BIB cross-sections using FEI Versa 3D FIB/SEM after interpreting 
the 3D structure with a 3D FIB. A protective platinum layer was 
deposited at 30 kV and a current of 0.3 nA. FIB trenches were made 
using 30 kV and the high current of 30 nA for rough milling. Cross- 
sections were fine milled using a current of 7 nA. After lifting out the 
sample with an Omniprobe needle and welding to a Cu TEM grid, the 
lamellas were thinned down with 30 kV at 1 nA. During the thinning 
down, the operating voltage and current was subsequently reduced until 
8 kV and 30 pA, respectively. Lastly, thinned lamellas were plasma- 
cleaned using the Fischione 1020 Plasma Cleaner system at 2 kV for 5 
min. 

All TEM investigations were performed using an FEI Titan 80–300 
equipped with an Oxford X-sight Energy Dispersive X-ray Spectroscopy 
(EDX) detector. The microscope was operated at 300 kV in Scanning 
TEM (STEM) mode under different conditions for microstructural in-
vestigations. For investigations, the FIB lamella was mounted in an FEI 
double tilt holder and was tilted to 15◦ so that it faced towards the EDX 
detector for acquisition. STEM-EDX was carried out to determine the 
chemical compositions of the features of interest using quantification, 
line scan, and elemental mapping. High Angle Annular Dark Field 
(HAADF) imaging was also employed in STEM mode. The TEM micro-
graphs and EDX data was processed using an ImageJ and FEI’s Tecnai 
Imaging and Analysis (TIA) software, respectively. 

Fig. 1. BSE-SEM micrographs showing the plan 
view (a), low magnification (b) and high 
magnification (c) cross-sectional image of a 304 
L sample exposed to 5% O2 + 20 % H2O + N2 
(bal.) under continuous KCl deposition at 600 
◦C for 1-h. The green and red rectangles in (c) 
refers to the area and volume investigated via 
3D tomography (Fig. 2) (Fig. 3), respectively. 
The yellow arrow refers to the maximum depth 
of the GB attacks in this area. (For interpreta-
tion of the references to colour in the Figure, 
the reader is referred to the web version of this 
article).   
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3. Results 

The focus of this work was on the initiation and the first step of the 
propagation of fast intergranular corrosion of the stainless steel 304 L in 
the presence of KCl. Samples exposed to a 5% O2 + 20% H2O + N2 (bal.) 
environment under continuous KCl deposition for 1-h and 24-h at 600 ◦C 
were selected for the investigation. The objective was to investigate the 
initiation stage (1-h exposure) and the first step of propagation (24-h 
exposure) of the KCl-induced intergranular corrosion attack. For this 
reason, the results and discussion sections are divided into two sub- 
sections based on the duration of exposure. 

Due to the experimental setup, heterogeneous deposition of KCl 
occurred on the sample surface [30]. Most of the deposition was 
observed on top of the standing samples (parallel to the gas flow) that 
stood in the furnace, while little deposition was found at the bottom of 
the sample. The top regions in addition exhibited a more severe corro-
sion attack (as well as intergranular corrosion) than the bottom parts. All 
characterizations were consequently performed in areas with large 
amounts of KCl deposits where the corrosion attack was more severe and 
intergranular corrosion was present. 

3.1. 1-h exposure - Initiation 

3.1.1. SEM analysis: plan view and cross-section 
An optical inspection revealed some deposition of KCl(s) on the 

samples after one hour, which is in good agreement with an earlier 
morphology reported under similar conditions [30]. The SEM/BSE 
investigation showed that the salt was visible on top of an iron-rich 
oxide scale, and that potassium chromates and bright rods of iron 
oxide were present, see Fig. 1a. The iron oxide has been shown earlier to 
be outward-growing above an inward-growing FeCrNi oxide scale [12] 
and will therefore be referred as outward-growing in the interpretation 
of the results below. 

After the plan view investigation, large crystals of KCl(s) were gently 
removed using an air duster in order to prepare ion-milled cross-sections 
of the corrosion products. The low magnification cross-section in Fig. 1b 
is in good agreement with the features observed in the plan view: a thin 
outward-growing oxide scale (iron oxide) with potassium chlorides and 
chromates on top of it. Below the iron oxide, a thin inward-growing 
FeCrNi oxide scale was observed. The initiation of GB attack can be 
seen in the BSE image, reaching a maximum depth of 3–4 μm at alloy 
grain boundaries below regions with a large amount of KCl deposited 
during exposure. Fig. 1c illustrates a typical region of GB attack at a 
higher magnification. The same corrosion products described previously 
can be seen with the addition of an observable inward-growing oxide 
scale. The average overall oxide thickness was ~ 0.9 μm with the 
outward-growing oxide being roughly 0.7 μm and the inward-growing 
oxide 0.2 μm. The GB attack reached a maximum depth of ~ 3.5 μm 
but could propagate laterally up to 10 μm and appeared to be typically 
characterized by voids and a fragile/brittle inward-growing oxide scale. 
This oxide also exhibits some porosity. 

A large number of GB regions were characterized in several milli-
meters wide BIB cross-sections. Representative regions were selected 
from this investigation for the destructive 3D and TEM investigations. 
The marked region (green box) refers to the area and volume investi-
gated via 3D tomography (see in Fig. 2). The marked red box labeled 
“TEM lamella” refers to a typical GB attack investigated via TEM (see 
Fig. 3). The yellow measurement annotation refers to the maximum 
depth of the GB attacks in this area. 

3.1.2. 3D tomography analysis 
3D tomography was used in order to investigate the grain boundary 

attacks. 
The 3D results from a representative GB region (dominated by voids) 

are shown in Fig. 2. Very little corrosion products can be observed in the 
GB region. Instead, large voids dominate the microstructure after a 1-h 
exposure. This is in good agreement with the dark contrast observed 
using the BSE detector in the ion-milled cross-sections. The 3D technique 
can be utilized in order to determine if voids are interconnected in the 
investigated volume. The voids were therefore characterized into two 
categories, i.e. voids connected to the oxide/metal interface and isolated 
voids. The green mesh represents voids connected to the oxide/metal 
interface, while the red mesh represents voids not connected to the 
interface (isolated). A 2D SEM image using a BSE of the outward- 
growing oxide scale and the oxide/metal interface are displayed to 
make the illustration of the results easier to interpret. The results show 
that after one hour of exposure, approximatively 96% of the voids/ 
cavities were connected to the surface, while the remaining 4% were 
isolated within the material (percentages calculated with Dragonfly). 
The voids are spread at and around alloy grain boundaries, but the 
representation does not cover all grain boundaries. The deepest GB 
attack of the investigated volume is represented by the yellow arrows 
and exhibits a tortuous microstructure. In addition, the voxel size of the 
3D rendering was approximatively 50 nm, which implies that cavities 
smaller than this resolution could not be considered during the seg-
mentation process and were therefore not rendered. 

The 3D tomography also revealed indications of some corrosion 
products at the tips of GB attacks. However, the resolution of the SEM 
was too low to include these features in the 3D rendering, and TEM was 
used instead. 

3.1.3. TEM analysis 
A detailed TEM investigation was carried out to complement the 3D 

investigation and characterize the signs of corrosion products within 
and across the alloy grain boundaries. Thin TEM lamellas were made 
from selected positions on the BIB cross-sections after the 3D investi-
gation was performed. The aim was to select representative regions 
containing the tips of GB attacks. Fig. 3a shows a STEM-HAADF image of 
a FIB lamella covering a representative GB attack after a one-hour 
exposure. The GB attack in this selected position reached a depth of 
approximately 3 μm beneath a 1.2 μm thick oxide scale. Using the 3D 
information, the discrete voids in the lamella are interpreted to be 

Fig. 2. a) 3D reconstruction of the voids from the area highlighted with green rectangle in Fig. 1c after 1-h of exposure and b) the same illustration from a different 
angle. The green mesh represents the voids connected to the oxide/metal interface. The red mesh represents the voids not connected to the surface. (For inter-
pretation of the references to colour in the Figure, the reader is referred to the web version of this article). 
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connected. This depth and microstructure were in good agreement with 
a representative GB attack region after 1-h. 

The HAADF image (Fig. 3a) was complemented with STEM/EDX 
analysis showing that the GB region was covered by an outward-growing 
oxide scale characterized as iron oxide (interpreted as hematite) and a 
thin inward-growing FeCrNi (interpreted as spinel) oxide scale of 300 
nm thickness. The GB attack in the lamella could be segmented into 
three separate voids. The voids in Fig. 3a marked with red rectangles 1 
and 2, i.e. representing the outer part of the void (1) and the middle part 
of the void (2), were investigated in detail. The STEM/EDX analysis 
revealed a depletion zone next to the void as well as traces of Cl (up to 
approximately 1 at. %) with and without low levels of oxygen (up to 28 
at. %). Representative STEM/EDX line scan profiles across the GB void 

regions are shown in Fig. 4a and b. Although STEM/EDX offers high 
signal-to-background ratio and resolution, limitations were found in 
some thin regions. Thus, special effort was made to identify elements 
when present at low concentrations, e.g. Cl where the spectrum showed 
a clear peak. The results showed a Fe-Cr depletion zone of about 600 nm 
and 300 nm in area 1, i.e. closest to the surface. High nickel content was 
subsequently observed in these depletion zones. The compositional 
variation of different elements was compared with the alloy composition 
in order to be able to determine the depletion zones. The 2D represen-
tation of the complex 3D structure may overestimate the depletion 
zones. A large number of line scans were therefore performed and 
analyzed. 

A similar investigation was performed in area 2, i.e the middle part of 

Fig. 3. High-angle annular dark-field scanning 
TEM (HAADF-STEM) micrographs showing the 
a) thin lamella of a 304 L sample exposed to 5% 
O2 + 20% H2O + N2 (bal.) under continuous 
KCl deposition at 600 ◦C for 1-h (red box 
labelled “TEM lamella” in Fig. 1); b) high 
magnification image of the beginning of the GB 
attack, close to the metal/oxide interface and c) 
high magnification image of the apparent mid-
dle section of the GB attack. (For interpretation 
of the references to colour in the Figure, the 
reader is referred to the web version of this 
article).   

Fig. 4. High magnification HAADF-STEM micrographs (a, b) of Fig. 3b) and b) Fig. 3c) with corresponding STEM-EDX line scans (at. %), the red arrows shows the 
direction of the line scan. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article). 
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the GB attack (see, Fig. 4b). It revealed the same type of features 
including traces of Cl (up to approximatively 1 at.%) with oxygen. The 
Fe-Cr depletion zone surrounding the void in area 2 had a similar profile 
to the depletion zone in area 1 with high content of Ni, reaching 
approximately 110 nm and 300 nm. 

The void marked with a dotted rectangle in bottom right of Fig. 3a 
was presumed to be in/close to the tip of the GB attack. A high magni-
fication HAADF image of this void is shown in Fig. 5a. A STEM/EDX line 
scan was performed across the alloy, at the bottom of the void of the GB 
attack (see Fig. 5b). The line scan showed small amounts of chlorine 
together with oxygen and a Fe-Cr depletion zone along with high Ni 
content were found (see Fig. 5c). 

Grain boundaries located close to (within 1 μm) and further away 
from (> 3 μm) the corrosion front with a varying width were also 
characterized using STEM/EDX to investigate their composition and 
accumulations of impurity atoms, in particular. The width of a GB is 
considered to be in the nanometer range, however, during data acqui-
sition, because of certain geometrical limitations, e.g. the geometry of 
the GB/foil and non-perpendicular electron beam, etc. may overestimate 
these measurements. An overestimate would result in a wider apparent 
GB. The results revealed a nominal alloy composition across and within 
the grain boundaries except for some minor inclusion of sulphur impu-
rity (approximatively 2 at.%) at a one location. No crystallographic 
defects were observed underneath the GB attack or in the base material. 

3.2. 24-h exposure - propagation 

3.2.1. SEM analysis: plan view and cross-section 
The optical inspection revealed substantial deposition of KCl(s) on 

parts of the samples after 24-h. The SEM/BSE plan view in Fig. 6a dis-
plays a section of the surface mostly covered with crystals of KCl(s) with 
some iron oxide protruding in between the crystals. No potassium 

chromates were observed, while bright rods were seen. 
The largest crystals of KCl(s) were gently removed after the plan view 

investigation using an air duster to make sample cross-section prepa-
ration easier. A low magnification cross-section image in (Fig. 6b) shows 
features in good agreement with the corrosion products observed in the 
plan view: a thick outward-growing oxide scale (iron oxide), and an 
easier-to-see inward-growing oxide scale of varying thickness and with 
potassium chlorides on top. The average overall oxide thickness was ~ 9 
μm with the outward-growing oxide scale being on average 5 μm and the 
inward-growing oxide scale 4 μm. In addition to the described corrosion 
products, the region under KCl deposition also exhibited a deep GB 
attack. A GB attack is defined by deterioration along a GB usually 
resulting in a narrow oxidation zone or void formation. Fig. 6c indicates 
that the oxidation that occurred at the grain boundaries is brittle and 
appears slightly shattered with some porosity. Bright nodules can also be 
seen in the middle of the oxidation, rich in nickel according to SEM/ 
EDX. It is also possible to see a GB attack surrounded by a wider 
oxidation zone due to partial oxidation of steel grains. However, the 
oxide formed in the narrow GB attack (or in the grain boundaries) 
differed from the oxide formed surrounding the grain boundaries, i.e. 
oxide that grows further into the alloy grains. The oxidation within grain 
boundaries is defined by a porous and/or shattered oxide with bright 
nodules, while the oxidation around the grain boundaries is not ho-
mogenous in composition as the BSE/SEM image shows both dark and 
bright regions within the oxide (see Fig. 6c). 

A GB attack, such as the one in the 2D image can reach a wide range 
of depths, ranging from 8 to 50 μm. However, the 2D SEM/EDX inves-
tigation did not reveal any major differences between the deep and 
shallow GB corrosion attacks; both exhibited oxidation at the grain 
boundaries with bright nodules, sometimes with an oxidation zone 
going into the steel grain, sometimes being narrower. 

Fig. 6c illustrates a typical GB region. The marked region (green box) 

Fig. 5. a) High magnification HAADF-STEM image of the lower region of the GB attack in Fig. 3a (dotted red square); b) high magnification of the apparent tip of the 
GB attack and c) result of the STEM-EDX line scan (at.%)., red arrows in b and c shows the direction of the line scan. (For interpretation of the references to colour in 
the Figure, the reader is referred to the web version of this article). 
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refers to the area and volume investigated via 3D tomography, while the 
marked red box labeled “TEM lamella 1” refers to a typical metal/oxide 
interface area investigated via TEM (Fig. 9). The marked red box labeled 
“TEM lamella 2” refers to a typical GB attack area investigated via TEM 
(Fig. 10). The yellow arrow refers to the maximum depth of the GB at-
tacks in this area. 

3.2.2. 3D tomography analysis 
The result from a representative GB attack is shown in Fig. 7. The 

connectivity of the pores between the inward/outward-growing oxide 
interface and the tips of the GB attacks were investigated for the samples 
exposed for 24-h. The blue mesh represents all voids (connected and not 
connected to the surface), and the yellow mesh represents the bright 
nodules (nickel-rich nodules). The yellow measurement annotation 

Fig. 6. BSE-SEM micrographs showing the plan 
view (a), low magnification (b) and high 
magnification (c) cross-sectional image of a 304 
L sample exposed to 5% O2 + 20 % H2O + N2 
(bal.) under continuous KCl deposition at 600 
◦C for 24-h. The green box refers to the area and 
volume investigated via 3D tomography 
(Fig. 7). The red box labelled “TEM lamella 1” 
refers to a typical metal/oxide interface area 
investigated via TEM (Fig. 9). The red box 
labelled “TEM lamella 2” refers to a typical GB 
attack area investigated via TEM (Fig. 10). The 
yellow arrow refers to the maximum depth of 
the GB attacks in this area. (For interpretation 
of the references to colour in the Figure, the 
reader is referred to the web version of this 
article).   
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refers to the maximum depth of the GB attacks in this area. A 2D SEM 
image using a BSE of the outward-growing oxide scale as well as the 
oxide/metal interface are shown to make the illustration of the results 
easier to interpret. The 3D representation shows that the voids did not 
spread uniformly from the metal/oxide interface to the tips of the GB 
attack (corrosion front) as the region between these two features does 
not show any voids, see Fig. 7a A higher concentration of voids could be 
observed at the metal/oxide interface and at the tips of GB attacks. This 
also implies that the voids present at these two locations are not con-
nected, meaning that the voids at the corrosion front were isolated after 
24-h of exposure. Fig. 7b shows the same region as in Fig. 7a with the 
addition of bright nodules (nickel-rich nodules). It can be observed that 
these nodules form a network at the grain boundaries, consequently, 
surrounding the steel grains and exhibiting a depletion of iron/ 
chromium. 

The marked green box of the dataset (corrosion front) in Fig. 7b is 
shown in higher magnification in Fig. 8. This part of the analysis aimed 
at determining the morphology at the corrosion front after 24-h of 
exposure, i.e. during oxidation propagation. The blue and yellow mesh 
represent voids and bright nodules, respectively. The semi-transparent 
purple mesh represents the oxide. The three tips/fronts of the GB attack 
(Fig. 8b, c and d) were imaged at higher magnification. It can be seen in 
the figure that a part of the blue mesh was uncovered at the tip/corro-
sion front (green circles). This implies that the void/cavity is in direct 
contact with unoxidized metal. Oxidation was also present at the bottom 
of one tip, surrounding the void. 

3.2.3. TEM analysis 
Several TEM lamellas were produced to investigate a GB attack after 

a 24-h exposure in detail, as the attack was up to approximately 17 μm 
deep. Fig. 9 a shows a HAADF image of the outward- and inward- 
growing oxide scale on top of a typical GB. The aim was to charac-
terize the scale formed on top of the GB, including the cracked and 
complex inward-growing oxide. Qualitative and quantitative analyses 
were performed using STEM/EDX line scan, maps, and point analysis to 
identify the elemental distribution across the complex oxide scale. The 
outward-growing oxide scale was characterized as iron oxide (inter-
preted as hematite) with STEM-EDX above an inward-growing FeCrNi 
(interpreted as spinel) oxide scale with localized distribution of about 
50–65% Cr, 30–50% Fe, 1.5–9% Ni (cationic). The inward-growing 
oxide scale can be divided into two different regions: an outer uniform 
region, less cracked and attached to the outward-growing iron oxide; 
while the inner region was non-uniform, detached, and cracked. The 
grey and bright phases within the detached part of the inward growing 
oxide shown in Fig. 9 (b and c) correspond to a Cr/Fe-rich oxide and Ni- 

rich nodules, respectively. The size of these nodules can reach up to 600 
μm (Fig. 9c). It is important to consider that the Ni-rich phase appears as 
nodules in two dimensional images but forms a network as mentioned in 
the 3D tomography analysis. The size of the nodules stated previously 
therefore refers to the diffusion length of iron and chromium. 

Fig. 10 shows a HAADF image of the FIB lamella lifted out from the 
GB attack just beneath the uniform corrosion front, i.e. the first part of 
the GB attack. The aim was to characterize the middle and tip of the GB 
attack, and the selected region of interest for thin lamella was approx-
imately 8 μm deep beneath the thick oxide scale. Three different regions 
were observed across the propagation of the GB attack within the alloy. 
The quantitative distribution of chemical composition among the 
different regions in the GB attack is shown in Fig. 10. Small traces of Cl 
(marked with a red dotted circle) were observed in the middle part. The 
iron and chromium contents in the oxide composition varied between 
approximatively 30–80 at.% and 20–70 at.% respectively, depending if 
the oxide was more chromium- or iron-rich. The bright nodule consists 
of Ni-rich precipitate. 

Fig. 11a shows a HAADF image of a lamella made to further char-
acterize the corrosion front as well as the GB ahead of the front of the GB 
attack. The void marked with the red dotted rectangle 1 in Fig. 11a was 
presumed to be a cross-section of a GB attack close to the corrosion front. 
A high magnification image of this area is shown in Fig. 11b, and an EDX 
line scan of the cross-section was performed. Very small amounts of 
chlorine were identified together with a small Fe/Cr-depletion zone 
along with high Ni content was observed in the line scan (see Fig. 11c). 
An in-depth analytical investigation within the attacked GB (Fig. 11d) in 
front of the corrosion fronts revealed large local variations with deple-
tion of especially iron in combination with low concentrations of Cl 
(below 1 at. %) with oxygen, sulphur (below 1 at. %). 

Additional investigations were performed along the path of the grain 
boundaries just beneath and 3 μm away from the corrosion fronts, which 
is 6 μm deeper down in the alloy from the inward-growing oxide scale. 
The investigations were conducted using STEM/EDX line scans to track 
the diffusion footprints, and they revealed a gradual decrease in Fe and 
Cr content and a subsequent increase in sulphur as it approached the 
grain boundaries (see Fig. 11b and c). Small levels of chlorine were also 
detected at the tip of GB attacks (see Fig. 11d). A local large segregation 
of sulphur (up to a max. of 15 at.%) impurity was observed within the 
grain boundaries closer and further away from the corrosion front (see 
Fig. 11a). In addition, small precipitates rich in Si were observed at one 
GB. A high magnification image of such an area (marked with red dotted 
rectangle 2 in Fig. 11a) is shown in Fig. 11e. In this particular GB region, 
the composition of the Si-rich precipitates was approximatively 63 at.% 
Fe, 17 at.% Cr, 15 at.% Ni, 4 at.% Si, and <1 at.% S. The depletion of 

Fig. 7. a) 3D reconstruction of voids from the area highlighted with green box in Fig. 6c after 24-h of exposure and b) the same 3D reconstruction with the addition of 
the nickel-rich nodules/network. The blue and yellow mesh represents the voids and the nickel-rich nodules/network, respectively. The dashed green area shows the 
part of the dataset used in Fig. 8. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article). 
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chromium and enrichment of nickel took place in such a region and the 
Si content was higher than the original alloy composition (0.5 at.%). 
Thus, a segregation of both trace elements, sulphur and silicon, was 
observed at different locations of the investigated apparent grain 
boundaries after a 24-h exposure. No indications of carbide formation 
were observed in any of the analysis. 

4. Discussion 

4.1. General observations - primary and secondary corrosion regimes 

Breakaway oxidation is an important feature to be considered in the 
high-temperature corrosion of stainless steels in demanding environ-
ments. Prior to breakaway oxidation, stainless steels form a slow 

Fig. 8. a) 3D reconstruction of the part of the dataset highlighted with green dashed line in Fig. 7b; close-up images (b− d) of three tips of the GB attacks marked with 
green boxes in Fig. 8a. The blue and yellow mesh represents the voids and the nickel-rich nodules/network, respectively. The semi-transparent purple mesh 
represents the internal oxide, and green circles represent the corrosion front of the GB attacks. (For interpretation of the references to colour in the Figure, the 
reader is referred to the web version of this article). 
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growing Cr-rich oxide scale on top of the alloy, thus, protecting the 
substrate material from the environment [52–57]. This oxide scale ex-
hibits properties beneficial for the protection of the underlying material, 
such as slow growing, dense and adherent, resulting in slow oxidation 
and therefore little loss of the substrate material. This material behavior 
prior to breakaway oxidation may be referred to the primary regime 
[58]. 

In contrast, when a material reaches breakaway oxidation, the pro-
tectiveness of the initial protective thin oxide has been lost. This usually 
results in the growth of a less protective oxide scale, showing higher 
corrosion rates. The growth of the scale formed after breakaway 
oxidation may be referred to the secondary regime [58]. In this regime, 
further growth of the secondary oxide scale may also occur via ion 
diffusion. However, the properties of the secondary oxide scale are 
generally defined by the presence of a poorly protective iron oxide scale. 
These differences between the primary and secondary regimes show the 
divergence in corrosion rates (higher in the secondary regime). 

It has been shown that alkali, even in small amounts, triggers very 
rapid breakaway oxidation of the primary oxide scale formed on the 
stainless steel 304 L and that the protection is dominated by the sec-
ondary protection regime [12,18,59,60]. The behavior following 
breakaway is defined by the growth of a fast-outward-growing iron 
oxide scale and an inward-growing spinel oxide scale (secondary 
regime). However, by adding KCl in larger amounts (e.g. via continuous 
KCl deposition in-situ), deep alloy GB attack is observed, together with 
the formation of the secondary oxide (i.e. inward-growing spinel oxide 
and outward-growing oxide), see Fig. 6 [30]. It should be noted that the 
deep grain boundary attack was only associated with regions covered by 
large amounts of KCl deposited and that a diffusion-controlled second-
ary regime was observed on other parts of the surface [30]. 

4.2. Initiation of a grain boundary attack 

The SEM-BSE/TEM images show that the initial corrosion attack 
consisted of an outward-growing iron oxide scale on top of an inward- 
growing Fe,Cr,Ni oxide scale, i.e. indicating an ion diffusion- 
controlled secondary protection. Beneath this scale, the GB attack had 
reached a depth up to ~3 μm after only 1-h of exposure. The 3D-FIB/ 
TEM investigation showed that the GB attack during the initial attack 
was characterized by voids with very little oxidation/chlorination, 
especially at the apparent tip of the attack (see Fig. 5). The 3D 

tomography analysis revealed that 96% of these voids were directly 
connected to the metal/oxide interface, which can be interpreted as fast 
pathways for the gas transport and/or ion diffusion of species on the 
surfaces surrounding the voids. The open, connected pore network in the 
GB regions, the absence of large oxide formation in the same regions, 
and the expected increase in Cl load below the deposited KCl regions 
may indicate the presence of the volatile iron/chromium chlorides 
associated with the active oxidation mechanism [7,11,22–27]. Only at 
one position (outer void in the TEM investigation), higher levels of Cl 
(about 10 at.% associated with Fe/Ni) were observed, see Fig. 3b. 
However, no local accumulation of iron oxide was detected in the top 
part of the empty GB regions. Instead, the investigation revealed an 
intact secondary oxide scale that seemed to remain diffusion controlled 
as no severe degradation of the oxides was observed, i.e. indications of 
cracks and/or accumulation of oxide pores, see Fig. 3. Instead, the 
detailed TEM analysis showed the presence of surprisingly long deple-
tion zones in the vicinity of the GB attack. These zones were larger close 
to the metal/oxide interface (300− 600 nm, see Fig. 4a) and shorter close 
to the tip of the GB attack (110− 300 nm, see Fig. 4b). If the GB attack 
would be progressing by a gaseous attack (and not diffusion-controlled), 
it would be expected that the depletion zones in connection to the voids 
would be equally long, regardless of distance to the surface since a 
gaseous attack occurs instantaneously throughout the entire void. 

The 2D representation of the 3D voids may however somewhat 
overestimate the length of the depletion zones. A large number of 
analysis were therefore performed and interpreted to verify the 
approximate lengths. It should be noted that the depletion zones were 
associated with very small levels of Cl. The presence of Cl was identified 
by investigating the EDX data (peaks/noise ration) and not by quanti-
fication, even though the results are presented as at.% in the line scans in 
order to illustrate the presence of Cl. Both iron and chromium were 
depleted, and nickel accumulated in these regions. Several alloy GB 
regions ahead of the corrosion front were investigated, and their 
composition was found to be similar to the original composition of the 
alloy even if some Cl could be detected in the GB ahead of the corrosion 
front. Similar large depletion zones of iron and chromium have previ-
ously been reported for the stainless steel Sanicro28 after exposure to a 
similar environment [61]. 

The bulk and GB diffusivities of chromium in 304 L at 600 ◦C were 
predicted using data depletion zones from a stainless steel at different 
temperatures to interpret the depletion zones. After a one-hour exposure 

Fig. 9. HAADF-STEM micrographs showing the 
a) thin FIB lamella representing the metal/ 
oxide interface of a 304 L sample exposed to 5% 
O2 + 20% H2O + N2 (bal.) under continuous 
KCl deposition at 600 ◦C for 24-h (red box 
labelled “TEM lamella 1” in Fig. 6c; b) high 
magnification image of a typical inward- 
growing oxide region showing Cr-rich (in 
grey) and Ni-rich areas (in bright); c) high 
magnification image of a Ni-rich nodule. (For 
interpretation of the references to colour in the 
Figure, the reader is referred to the web version 
of this article).   
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at 600 ◦C, the calculated depletion zone using bulk diffusivity was in the 
range of a few nanometers, i.e. several orders of magnitude lower than 
the depletion zones measured in this study (from the GB region and into 
the neighboring alloy grain). The length of the depletion zones in 
connection to the grain boundaries of the 304 L in this study, i.e. exposed 
to a KCl-rich environment at 600 ◦C, may be compared to the behavior of 
materials exposed to higher temperatures where the diffusivity would be 
higher. In the article referred to [62], large empty voids are seen at alloy 
grain boundaries although the environment contains no Cl but the 
exposure temperature is higher, 800 ◦C. Thus, the results indicate that a 
local enrichment of Cl at the GB regions may increase the diffusivity of 
alloying elements, similar to what is achieved by increasing the tem-
perature. Initially increasing the diffusivity in GB regions promotes the 
formation of voids and thereby new surfaces where fast surface diffusion 
is expected. Accumulations of Cl (metal chlorides) on top of GB regions 
has earlier been observed with TEM during the initial oxidation of a 
stainless steel exposed at 500 ◦C in the presence of HCl [23]. A similar 
sample preparation/handling approach was used in this study, which 
found that no large amounts of metal chlorides were lost during sample 

preparation. The results of the microstructural investigation gave a good 
representation of the Cl distribution at the GB attack. 

4.3. Propagation of the grain boundary attack 

The SEM-BSE/TEM investigation showed the presence of a thicker 
scale after a 24-h exposure with the same type of microstructure 
covering the alloy as earlier (the diffusion-controlled oxide scale), i.e. 
secondary protection. The thickness of the secondary oxide scale was in 
the same range as an oxide scale formed on regions without any alloy GB 
attack [30]. However, the inward-growing oxide scale on top of the alloy 
GB regions exhibited two domains: a top part that was a homogeneous 
oxide layer attached to the outward-growing oxide scale, and another 
part that was heterogenous with a chromium/iron-rich matrix with large 
nickel-rich nodules, see Fig. 9. This type of morphology has been 
observed in the corrosion front of the 304 L steel after a 24-h exposure to 
several environments (i.e. Fe-Ni metal mixed with the internal oxidation 
of Fe-Cr oxide) on a much smaller scale [12,63]. The SEM/BSE images 
indicate the presence of this type of microstructure (light grey part of the 

Fig. 10. HAADF-STEM micrograph of a thin foil a) lower and b) high magnification image of a GB attack from a 304 L sample exposed to 5% O2 + 20% H2O + N2 
(bal.) under continuous KCl deposition at 600 ◦C for 24-h (red box labelled “TEM lamella 2” in Fig. 6c. Locations of quantitative analysis are marked with red lines 
and their corresponding results are represented in at. %. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of 
this article). 
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inward-growing oxide scale) in the middle of alloy grains, see Fig. 6. 
However, TEM is required to reveal the fine details of the 
microstructure. 

After 24-h, the GB attack showed a wide range of depths (8–50 μm, 
see Fig. 6 and [30]). The growth rate of the GB attack after initiation 
(1-h) remained high even if it was challenging to determine a typical 
growth rate due to the complex 3D structure of a GB. After the initial 
hour of exposure, a GB attack that was up to 3 μm down from the surface 
was observed, while the attack had reached 50 μm after 24-h. The 3D 
tomography analysis revealed the presence of voids close to the interface 
of the alloy/secondary oxide scale and at the tips of GB attack 
(approximatively at 17 μm from the interface of the secondary oxide 
scale). However, no clear connections between these two clusters of 
voids were observed after 24-h as the middle/upper parts had been 
oxidized. This contradicted the potential of connected voids to be 
considered as fast pathways for gas phase transport of species. The 
middle part of the grain boundaries was filled with brittle/shattered 
oxide and nickel-rich nodules. The network of Ni-rich nodules was 
observed in the 3D representation, see Fig. 7b, that covered a large 
fraction of the GB regions. The Ni-rich nodules are larger closer to the 
metal/oxide interface and appeared to be formed by diffusion of iron 
and chromium to form the oxide detected within the grain boundaries. 
The TEM analysis showed that the Ni-rich nodules contained some iron 
and that the oxide found in the grain boundaries was heterogeneous in 
composition, i.e. either iron- or chromium-rich, see Fig. 10. The pres-
ence of trace amounts of Cl was once more detected with oxygen within 
such a GB. The absence of nickel in the oxide of the GB regions indicates 
that the activity of oxygen is below 10− 21 (using thermodynamic cal-
culations) in these regions [12]. This implies that the secondary oxide 
scale on top of the GB regions as intact as the oxygen activity remained 
low below this scale. 

The investigation of the alloy GB regions after a 24-h exposure 
showed a microstructure indicating fast diffusion (larger expected fea-
tures in a diffusion-grown microstructure) at and in the vicinity of the 
alloy grain boundaries, see Fig. 6c. The 3D information in addition 

revealed large Ni-rich regions (Ni/Fe metal shown with TEM). The 3D 
analysis indicated that voids were present at the GB corrosion front. The 
microstructure of the oxide scales formed in the formerly empty GB 
regions indicates a diffusion grown scale with varying Cr/Fe ratios. This 
would be expected since some parts of the 1-h exposure must have been 
depleted of Fe/Cr prior to oxidation, see results from 1-h exposure in 
Fig. 4a and b. Cl was again detected close to the corrosion front as well as 
in the GB ahead of the corrosion front even if the presence of Cl was 
harder to determine after longer exposure times due to the complex 
structure and the small amounts. The results in addition showed that 
trace elements from the alloy had accumulated at the alloy grain 
boundaries after 24-h, see Fig. 11a and e. This would be expected after 
longer exposure times at higher temperatures, and this accumulation 
would be expected to increase the diffusivity at grain boundaries. 
However, no indications of any Cr-rich phases (e.g. carbides) were 
observed. 

4.4. Beyond secondary protection – Alloy grain boundary attack 

A deep GB attack can drastically increase material degradation due 
to the loss of sound material, even if a grain has not been fully oxidized, 
see e.g. [31]. A deep GB attack implies that other corrosion mechanisms 
are involved in the corrosion attack, i.e. another regime of corrosion has 
begun. The literature survey in combination with the present findings 
indicate that this type of material degradation can be caused by high 
temperature [62] or a combination of temperature and environment. 
The ageing of material and the formation of, e.g. a Cr-rich precipitate, 
have been suggested to cause a selective attack. However, no indication 
of this behavior (formation of carbides) was found in the present study 
[64]. 

The oxide microstructure formed after breakaway has been 
described to be generic for a wide set of FeCr, FeCrNi and FeCrAl alloys 
[58]. This implies that corrosion after breakaway can be modeled 
similarly for many Fe-based alloys using generalized modeling tools. 
However, the very localized material degradation below an intact 

Fig. 11. HAADF-STEM micrographs showing the a) thin foil; b) high magnification image of the void considered to be a cross-section of GB attack and red arrow 
showing the direction of the line scan; c) line scan profile showing the distribution of different elements (at. %); d) high magnification of the tip of the highly attacked 
region and e) segregation of Si precipitates at a non-attacked GB. (For interpretation of the references to colour in the Figure, the reader is referred to the web version 
of this article). 
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secondary scale described in the present study must be accounted for. It 
is necessary to improve the understanding of the corrosion mechanisms 
in corrosion beyond the secondary corrosion regime in order to better 
predict the corrosion behavior of materials. However, the very localized 
and complex geometry and/or small scale of the corrosion attack makes 
this a challenge to study. This study shows that a combined 3D-FIB/TEM 
investigation has a great potential in investigating and characterizing 
such a complex corrosion attack. 

5. Summary 

This study provides new insights into intergranular corrosion in 
stainless steels through a detailed representation using FIB/SEM to 
perform 3D reconstruction/tomography of GB attacks linked to a TEM 
investigation. 

The key findings are:  

- The combination of the 3D-FIB/TEM has great potential for the study 
of complex features, i.e. intergranular corrosion. 3D tomography 
provides information beyond the traditional two-dimensional ana-
lyses thus allowing for improved interpretation of the features 
observed, while the TEM complements with high magnification im-
aging and high-resolution chemical analysis. The implementation of 
the 3D EDX-FIB technique in future work would enhance the depth of 
such a study by providing three-dimensional chemical information.  

- The initiation (1-h exposure) and growth (24-h exposure) of the GB 
attack occurred very rapid below an intact secondary diffusion- 
controlled protection.  

- No large accumulations of metal chlorides were found at the GB 
regions. Instead, indications of rapid diffusion (large depletion 
zones) and a microstructure indicating fast diffusion were observed. 
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