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Abstract

Surfaces of polycrystalline ferritic Fe-Cr steel with grain sizes of about 13 ym in diameter were investigated with surface sensitive tech-
niques. Thin oxide layers, with a maximum thickness of about 100 nm, were grown by oxidation in air at temperatures up to 450°C
and were subsequently characterized using time-of-flight secondary ion mass spectrometry (TOF-SIMS) and atomic force microscopy.
Correlative microscopy was applied, which allows for element-specific depth profiles on selected grains with a particular crystal orientation.
A strong correlation between the grain orientation and the thickness of the oxide layer was found. The sequence in the oxidation growth rate
of ferritic Fe-Cr steel crystal planes is found to be {011} > {111} > {001}, which is unexpectedly opposed to known Fe-based systems.
Moreover, for the first time, the Cr/Fe ratio throughout the oxide layer has been determined per grain orientation. A clear order from

high to low of {001} > {111} > {011} was detected.
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Introduction

Stainless steel develops a passive layer which protects the bulk
from further corrosion. The resulting passive layer is between 2
and 10 nm thin (Cabrera & Mott, 1949). In general, for stainless
steel, the structure and chemical composition of this layer depend
on the conditions present at formation, e.g. dry and wet chloride-
containing environments or acidic solutions, for which the thick-
ness can vary in the range from 1 to 4 nm (Jin & Atrens, 1990).
For an overview of the growth of ultrathin passive films, reference
is made to Maurice & Marcus (2012).

Upon heating, the equilibrium of the passive film is disrupted.
The passive film thickens until a thermal oxide layer is formed,
which acts as a barrier for further corrosion. The formation of
oxides has been studied extensively in iron, as it is a base metal
in many (structural) alloys. The oxidation of iron is very well
described by Vernon et al. (1939, 1953). When bcc iron is heated
above 200°C in air, a duplex oxide layer will form. The inner oxide
consists of Fe;O,, also known as magnetite, the outer of Fe,O;
(hematite). For an extensive background on iron oxides as
Fe,O; and Fe;O,, the reader is referred to Weiss & Ranke
(2002) and Parkinson (2016).

The protective passive layer on ferritic Fe-Cr steel consists of a
mixed film of iron- and chromium oxides such as (Fe,Cr),03 and
(Fe,Cr);04 (Olsson & Landolt, 2003), with a thickness of the
order of several nanometers (Olefjord & Fischmeister, 1975; Jin
& Atrens, 1990; Ramachandran et al., 2016). At high tempera-
tures, the thickness of this layer can reach the sub-millimeter
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range, as seen on steel exposed to steam at 600°C (Pujilaksono
et al., 2011; Jonsson et al., 2013, 2016), 700°C (Yuan et al,
2016), and 1,000°C (Saeki et al., 1998).

Apart from the conventional techniques, recently, time-of-flight
secondary ion mass spectrometry (TOF-SIMS) has also been used
to examine the oxide layer on steel, for example to characterize
the oxide layer on 316 L (Tardio et al, 2015), the micrometer
thick oxide layer on 310 SS (Grinberg Dana et al., 2014), coated
steel (Diaz et al., 2014), and the oxide layer on 304 L after exposure
of steam (Mamede et al., 2016). These studies focused on the gene-
ral chemical composition of the oxide layer. TOF-SIMS has been
used for more localized phenomena, such as pitting on CrNi steel
(Rossi et al,, 2000) or steel under bacterial attack (Seyeux et al., 2015).

The particular oxide growth and composition along the three
main directions, i.e. (100), (110), and (111), are studied on, e.g.
bec iron (Qin et al., 2003; Ossowski & Kiejna, 2015), chromium
(Ekelund & Leygraf, 1973; Michel & Jardin, 1973; Gewinner
et al.,, 1978; Maurice et al., 2000), or Fe-Cr (Lince et al., 1992;
Fujiyoshi et al., 2012) single crystals. Only a single study focused
on the orientation of oxides found on polycrystalline Fe-Cr steel,
with respect to the substrate (Kim et al., 2011). Due to the high
temperatures (650-800°C) and a Cr content of 22%, mainly Cr
oxides were found. To this end, we recently added a study on
Fe-Cr steel with 13% Cr, oxidized up to a temperature of 450°C
(Zijlstra et al., 2018). Here, a mixture of iron- and chromium-
containing oxides was found. The observed sequence in the oxi-
dation rate of crystal planes parallel to the surface for Fe-Cr
steel was {001} < {111} and {011}.

Despite this work, the local chemical composition is unknown
and characterization of thin oxide layers on a polycrystalline
material remains a challenge. In this work, we try to push this
length-scale downwards to polycrystalline steel with grains of
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Fig. 1. Left: [001] Inverse Pole Figure map. Areas 1, 2, and 3 are located within grains with (111), (011), and (001) directions normal to the sample surface, respec-

tively. Right: SEM image of the same area after TOF-SIMS mapping.

only 10 yum or less in diameter. The chemical composition of
thermal grown oxide layers (100 nm and thinner) will be deter-
mined on grains along the three main crystallographic directions,
ie. (100), (110), and (111).

Method and Materials

The material under investigation is an Fe-Cr alloy with 13 wt% Cr
of class AISI 420 (minimum 0.15 wt% C; maximum 1 wt% Si,
1 wt% Mn, 0.04 wt% P, and 0.030 wt% S). The microstructure
consists of ferritic grains of about 13 ym in size and chromium
carbides of about 1 yum. Specimens were cut from a strip of this
stainless steel and mirror polished, where the final step included
polishing with 0.25 ym diamond particles. A colloidal water-
based silica particle suspension was not used to avoid chemical
etching. Exposure to water was also prevented by making use of
an alcohol-based lubricant during polishing with diamond parti-
cles. After polishing, the specimens were rinsed with ethanol and
dried in hot air. Recovery of the passive layer was executed in
ambient conditions, i.e. at room temperature and 50% relative
humidity (RH), for at least 24 h.

The corrosion films were established by oxidizing the mirror
polished and recovered surfaces in air. The specimens were put
in a quartz tube with openings at both ends and were introduced
into a heat induction furnace. The temperature was measured
with a thermocouple placed inside the quartz tube and kept cons-
tant within +5°C. The applied temperatures are typically used at
annealing for stress relief and well above the 200°C to stimulate
Fe diffusion to the surface (Vernon et al., 1953). Specimens
kept at 300°C for 20 min resulted in the yellow-gold surface.
Those brought to 450°C with a dwell time of 20 min established
a blueish surface.

Prior to oxidation, micro-indents had been made as reference
markers. The surface was indexed with electron backscatter dif-
fraction (EBSD) wusing a Philips XL30 ESEM (Phillips,
Eindhoven, the Netherlands) scanning electron microscope with
an EDAX EBSD Digiview 3 detector (EDAX Inc., Draper, UT,
USA) operated at 20 kV acceleration voltage and using a probe
current of the order of 1 nA. Suitable grains were selected with
the distinct crystal orientations close to {111}, {011}, and {001}
planes parallel to the sample surface, respectively. The average
grain diameter ranges between 10 and 15 ym. An area of 60 X
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60 um®> containing the selected grains was profiled with
TOF-SIMS, using a LYRA3 focused ion beam scanning electron
microscope (FIB-SEM) system (TESCAN, Brno, Czech Republic)
with a C-TOF module provided by TOFWERK (Thun,
Switzerland). The FIB gun of the FIB-SEM was operated in a ras-
ter over the selected area. The primary ion beam for sputtering
consists of gallium ions having energy of 10 keV and a total cur-
rent of 200 pA. In this configuration, a spot size and thus a lateral
resolution of about 80 nm in diameter were attained. The spots were
binned (4 x 4) in an image (frame) of 1,024 x 1,024 pixels. From the
stack of frames, a 3D sampling is obtained. From this data, one can
select an area on the surface and extract the counts of the selected
ion throughout the frames. The marker indents and the appearance
of the microstructure after grain-orientation mapping assisted the
location of the area of interest. An example of a region with defined
areas is shown in Figure 1.

Results and Discussion
Purple Oxidized Surface

A thin oxide film was established by heating a mirror polished
specimen in air at 450°C for 20 min, resulting in a characteristic
purple-blue-ish surface. The surface color provides an indication
of the thickness of the oxide. For temper colors, the order from
thinner to thicker oxide layers is straw yellow, brown yellow,
rosy mauve, and blue (Evans, 1925). For iron, an oxide thickness
of 35 nm (straw yellow) and 59 nm (blue) has been reported by
Vernon et al. (1939), and 46 and 72 nm for straw and blue by
Constable (1928). In this work, we assume the oxide layer of
the purple surface being less than 100 nm.

Two areas of 60 x 60 um* were mapped with TOF-SIMS oper-
ating in the positive mode and the negative mode for the two
respective areas. The cross-sections of this sampling are shown
for the ions O7, Cr", CrO;3, Fe*, and FeO3, as depicted in
Figure 2. The surface contains an oxygen-rich layer, which is
divided into two sublayers with an enrichment of FeO at the
top and CrO; at the bottom. The secondary ions FeO, and
CrO; are characteristic for the oxide species present in the film.
In an earlier work with X-ray photoelectron spectroscopy and
grazing incidence X-ray and neutron diffraction on this type of
steel, the presence of this dual layer has also be shown to be an
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Fig. 2. Cross section of stacked frames obtained by TOF-SIMS, for the ions 07, Cr*, CrO3, Fe*, and FeO3. The x-axis (frontal) and the y-axis (perpendicular to the
plane, integrated signal) are both 60 ym; the z-axis (top to bottom) is constructed by the frames, with frame 0 at the top as the initial outer surface. The color code
represents the count intensity, with red as the highest intensity and blue as the lowest with zero counts. The maximum (red) is different for each image.

Fig. 3. Left: optical image of the purple oxidized surface. Right: [001] IPF map of the same area as in the optical image.

iron oxide (Fe,Os)-rich surface layer, with an inner Fe;O, layer,
which also has a chromium enrichment (Zijlstra et al., 2018).
Thin vertical lines can be seen on the Cr" cross section. These
lines originate from the chromium carbides. Their contributions
to the overall Cr" count are relatively small. The curtaining in
the Fe" and FeO; images is also attributed to the presence of
chromium carbides, as they cause a local depletion (dark lines
in the images) of iron (oxides).

An optical image of a typical area is shown in Figure 3,
together with the [001] Inverse Pole Figure (IPF) map of the
bulk grains at the surface.

The shape of the grain in the center with {011} crystal planes
parallel to the surface (color code green in Fig. 3, right) is also
clearly seen in the optical image as a bright light blue area. The
red color-coded grains with the orientation toward the (001)
direction are recognized in the optical image as dark red-purple
areas; in particular, seen above the center ({101} oriented-)
grain, as well as on the bottom right-side. The colors observed
with the optical microscope can be placed in an oxidation thick-
ness color palette. The bright blue indicates a thicker oxide layer
than the dark red areas (Evans, 1925).

Two grains of each of the three principal orientations {111},
{011}, and {001} were selected, from which the O™ depth profile
was extracted. The oxygen depth profiles of these six grains are
plotted in Figure 4. Frame 0 is the frame obtained from the sur-
face. A higher frame number indicates a measurement from
deeper into the surface. From the plot, it is seen that the amount
of detected oxygen shows a spike at the surface. This can be due to
the presence of, e.g., organic (carbonaceous) contaminants at the
surface. The spike and the drop of the first few recorded frames
are considered as artifacts. After about 200 frames, the amount
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of oxygen counts starts to decrease significantly, which can be cor-
related to the approach of the end of the oxide layer. The oxide sig-
nal is almost zero at 300 frames, marking the end of the oxide layer.
However, there is a difference between the lines originating from the
oxides on the different bulk grain orientations. The oxygen count
for the grains with the (001) direction goes first toward zero, then
the {111} oriented grain, followed by the {011} grain as the last
one. This indicates that the oxide thickness is not equal on each
grain; in fact for this specimen, it depends on the grain orientation
in the order of {011} > {111} > {001}.

A similar area of 60 x 60 ym> was mapped in the so-called
positive mode. Here also, three main grain orientations were
selected, from which both the Fe* and Cr" depth profiles were
extracted. The counts of both ions from each frame have been
divided in order to obtain the measured Cr*/Fe" ratio throughout
the oxide layer for each crystal orientation. These Cr*/Fe" ratio
profiles are shown in Figure 5. The outer layer of the surface con-
sists of mainly iron oxide, resulting in a ratio of almost zero for
125 frames. Thereafter, the enrichment zone of chromium is
reached, giving a notable increase in the ratio. This increase, how-
ever, is different for the three distinct grain crystal orientations.
Clearly, the grains with the {001} plane parallel to the surface
have the highest ratio peaking at Cr'/Fe" =3.5, followed by the
{111} plane (Cr*/Fe* =2) and then the {110} plane (Cr*/Fe* =1.5).

The Cr/Fe ratio is an important parameter for the corrosion
resistance of the passive or oxide layer, where a higher Cr content
indicates a better corrosion resistance. There are multiple phases,
such as Fe,O, Fe;0,4, chromium oxides, chromium carbides, and
the Fe-Cr bulk matrix. The type of the ion (cluster) generated by
the primary ion beam depends on the local chemical composi-
tion. It has to be noted that the calculated ratio here does not


https://doi.org/10.1017/S1431927619015319

Microscopy and Microanalysis

0.14 -
{111}_2
0.12 4 {111}_1
{o01}_2
{001}_1
0.10 4 01131

{011}_2|

b
o
@®
L

(=1

(=]

B
|

O cts/TOF-Extraction
o
[=]
[+3]

0.02 4

0.00

T T T T T
0 50 100 150 200 250

Frames

Fig. 4. Depth profile for O~ of two grains (six in total) of each of the three main crys-
tal orientations after a thermal treatment at 450°C in air. The y-axis shows the ratio of
oxygen counts/TOF extraction, which is given by the number of oxygen counts per
frame divided by the number of pixels of the selected area (grain).

represent the atomic ratio (distribution), as the relative sensitivity
of each element is inversely proportional to the sputtering yield.
The yield for Cr" is lower than that for Fe". For more details,
the reader is referred to Giannuzzi & Stevie (2005).

The ratio for the FeO; and CrOj ions, characteristic for the
oxide species, has been determined in a similar way as for the
Cr'/Fe" ratio; however, the profiles have been extracted from an
area mapped in the negative mode and are shown in Figure 6.

Yellow Oxidized Surface

A different specimen was heated in air at 300°C for 20 min, result-
ing in a typical gold/yellow surface. The O™ profile is shown in
Figure 7a. After about 70 frames, the amount of counts starts to
reduce significantly. As with the purple oxidized surface, there
is also a difference between the profiles originating from the
oxides on the different bulk grain orientations. Both profiles on
{001} and {011} grains reach their oxide minimum earlier com-
pared to profile on the {111} grain. The oxygen profiles of the
(001) and (011) direction grains are almost equal. From these
oxide depth, profiles can therefore be deduced that the oxidation
for the yellow oxidized specimen progresses in the order {111} >
{011} and {001}, which is different from the thicker oxide on the
purple surface with the order {011} > {111} > {001}.

The Cr*/Fe" ratio in Figure 7c shows identical curves for {001}
and {011} grain orientations. Although the ratio of the {111} ori-
entation seems to peak a little higher, the width is comparable to
the other orientations. The differently oriented grains seem to
have a similar Cr*/Fe" ratio after this specific heat treatment.

Nonoxidized Reference Surface

The previous results are compared with a nonoxidized reference
specimen. This surface was two times mirror polished, including a
final step with %4 micron particles with an alcohol-based lubricant
to avoid etching and advanced corrosion due to excess water expo-
sure. After polishing, the sample was kept at room temperature in
an environment with air of 50% RH for 48 h to restore the passive
layer. After the first polishing sequence, indents were made to serve
as a reference point for an EBSD grain-orientation mapping. EBSD
mapping requires the exposure of the surface to the electron beam
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Fig. 5. Cr'/Fe" ratio throughout the oxide layer for the three main crystal orientations
after a thermal treatment at 450°C in air. The data points are obtained by applying a
moving average of six frames for the counts of Cr" and Fe’, respectively, before cal-
culation of the ratio. The solid lines are an average of this ratio constructed from
points in the graph, applying a moving average of 10 for the three series.
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Fig. 6. CrO;/Fe0; ratio throughout the oxide layer for the three main crystal orien-
tations after a thermal treatment at 450°C in air. The data points are obtained by
applying a moving average of six frames for the counts of CrO; and FeO3, respec-
tively, before calculation of the ratio. The solid lines are an average of this ratio con-
structed from points in the graph, applying a moving average of five for the three
series.

for several hours, during in which processes such as hydro-carbon
deposition are active. The very last polishing and recovery steps
were repeated to annul any effects which could influence the passive
layer. The various grains were not clearly distinguishable in the opti-
cal and electron microscopes, compared to the color oxidized spec-
imens. After TOF-SIMS mapping, the grain boundaries and also
contrast differences between the grains could be seen. This visual
information combined with the known distance from the reference
markers made it possible to select areas in grains with the orienta-
tions of interest. The oxygen depth profile of this reference for three
grain orientations is shown in Figure 7b. Both {001} and {011} ori-
entations reach the oxygen minimum earlier compared to the {111}
orientation. From this, we might conclude that the oxide layer is
slightly thicker on the {111} oriented grains.

On this sample, the Cr*/Fe" ratio of Figure 7d shows identical
curves for {001} and {111} orientations. Although the ratio of
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Fig. 7. Depth profile for O~ for grains of each of the three main crystal orientations. (a) After a thermal treatment at 300°C in air; (b) nonoxidized reference sample.

The Cr'/Fe” ratio throughout the oxide layer for the three main crystal orientations. (c

) After a thermal treatment at 300°C in air; (d) the nonoxidized reference

sample. The data points are obtained by applying a moving average of five frames for the counts of Cr" and Fe", respectively, before calculation of the ratio.
The solid lines are an average of this ratio constructed from points in the graph, applying a moving average of five for the three series.

{011} seems to peak a little higher, the width of this peak is com-
parable to the other orientations. The different oriented grains
seem to have a similar Cr'/Fe" ratio after this specific heat
treatment.

It is interesting to note that the peak of the chromium enrich-
ment is at about the same depth, as where the oxygen content is
decreasing for all three types of samples (see Figs. 4, 5, 7), so the
chromium enrichment is always at the bottom of the oxide layer.
It has been shown for air passivated stainless steel that the chro-
mium enrichment is found as a layer just on top of the metallic
bulk (Olefjord, 1975; Ramachandran et al, 2016). It appears
that the diffusion of Cr cations slows down rapidly, once a thin
layer of few nanometers of chromium (-type) oxide is formed.

The point where the oxygen signal is close to zero is reached
after about 300 (purple), 100 (yellow), and 20 (nonoxidized)
frames. When a rather conservative estimate of 5nm for the
thickness of the passive layer of the nonoxidized specimen is
taken (Ramachandran et al., 2016), a thickness estimation can
be made of 25 and 75 nm for the yellow (300°C) and purple
(450°C) surface, respectively. It is tacitly assumed that the sputter-
ing rate is not affected by the different orientations of ferritic
grains in the substrate material when interpreting experimental
results are shown in Figures 4 to 7. However, the whole situation
seems to be more complicated. On one side, the oxidized surfaces
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may have different crystallographic characteristics than their cor-
responding “substrate” grains or they may be even amorphous.
Therefore, the assumption that the crystallographic orientation
of the substrate does not play an important role seems to be rea-
sonable. On the other hand, the influence of all other factors on
the sputtering rate (e.g. roughness, chemical composition, and
bonding) is still a question. These effects, we believe, are partially
suppressed by an approach where not only the sputtering profile
of one element (oxygen) is plotted but also a combination (or
ratio) of few of them is shown and discussed.

The generated TOF-SIMS depth profiles show that the thick-
ness and the composition of the oxide layers differ, although
they may give the impression that each grain has a uniform
oxide layer from the lateral point of view. Therefore, the surface
of the yellow oxidized specimen has been investigated with atomic
force microscopy (AFM). The topography map is seen in Figure 8.
The carbides with their typical size of ~0.5-1.0 ym are recognized
by their slightly elongated shape. Their dark color code in the
topography maps indicate that they are located deeper in the sur-
face. It clearly shows that the carbide surface is flat, which is the
result of the surface polish prior to oxidation. The rest of the
matrix, however, is covered with round, spherical tips which are
emerging from the matrix, creating a cauliflower-like surface. At
the top, they possess a diameter of about 100 nm. It has to be
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Fig. 8. AFM topography maps of a polished steel surface after heating at 300°C in air for 20 min. The lower areas (dark color code) with a diameter of about 0.5-

1.0 ym are chromium carbides.

Fig. 9. SEM image of a polished steel surface after heating at 300°C in air for 20 min.
Large diagonal grooves are left over scratches from sample polishing.

noted that the height differences between the tips are about 15 nm
at maximum (as demonstrated at the side of the carbide in Fig. 8,
right), where their lateral diameter is an order of magnitude
higher. At this sub-micron scale, the surface is therefore best visu-
alized as an undulating landscape. On Figure 8—left, traces of the
spheres can be seen, forming a network sub-structure. This net-
work structure is also pronounced in the SEM image taken
from another part of the surface in the secondary electron
mode, as shown in Figure 9. The cauliflower surface itself might
be less pronounced in the SEM image due to the small height dif-
ferences (which can be observed in sensitive AFM images),
instead only the slightly bigger sub-structures are visible. These
form a network of domains with lateral size in the order of
500 nm, much smaller than the average bulk grain size of 10-
15 ym. Therefore, they cannot be related to microstructural fea-
tures as grain boundaries. A detailed study of the nodular struc-
tures by combining SEM and AFM observations of the same
area is a subject for the future work.

Also, the more advanced oxidized surface (450°C in air for
20 min) has been further investigated. An SEM close-up of this
purple surface is shown in Figure 10. Similar to the mild oxidized
specimen, spheres are found at the surface. Here, their size is
about 400 nm in diameter, making them four times larger than
the spheres of the specimen heated to 300°C in air. In order to
determine the chemical composition of the spheres, the area
was mapped with TOF-SIMS. The superimposed 3D map for
Fe" (Fig. 10, top) shows a low intensity of Fe at the chromium car-
bides. The oxide spheres, however, match with high Fe intensities.
The map of Figure 10, bottom also shows high oxygen concentra-
tions at the spheres and low values for the carbides. On the other
hand, the stacked frames for Cr show high Cr concentrations at
the carbides, but low values for the oxide spheres. Chromium is
also detected between the spheres. This chemical analysis makes
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clear that the carbides consist of mainly Cr with a small (thin)
chromium oxide layer. Chromium oxides are known to be very
stable where, for example, only a thin layer of a few nm of
Cr,0O; gives sufficient protection against further thermal corro-
sion. The mainly Fe-rich matrix is more vulnerable to further oxi-
dation. Although Cr enrichment is present at the oxide/bulk
interface, the top part of the matrix oxide layer consists of mainly
iron oxides, which tend to emerge in nodular structures. These
structures lack in Cr; for the bigger spheres, the absence of chro-
mium exists even further into the oxide.

The spheres or nodules have been observed previously
(Higginson et al., 2015), but no relation to the grain orientation
has been reported. However, in the work presented here, it has
been observed that for the advanced (purple) oxidized specimen,
the number of spheres is correlated to the grain orientation. For
this surface, the {011} grains contained the most spheres, and
the {001} grains the least. The distribution of spheres, therefore,
follows the order {011} > {111} >{001}, similar to the thickness
of the oxygen layer. The oxygen layer thickness and the Cr*/Fe”
ratio vary for grains of the three main crystal orientations, while
the order can change with a different surface oxidation state.
The spherical tips are actually a signature of the differences in
chemical composition, as detected and displayed in Figures 4 to
6. The different oriented grains possess differences in the amount
of chromium (oxide) enrichment. The lower chromium contents
in the oxide layer offer inferior corrosion protection. On these
grains, more iron oxides can be formed, which appear at the sur-
face as nodules. This observation by AFM is a confirmation of the
conclusions drawn based on the TOF-SIMS data: grains with a
thicker iron oxide show more and larger nodules at the surface.

The orders are summarized in Table 1. Initially, for the non-
oxidized reference and the yellow oxidized surface, the {111} ori-
entation contains the thickest oxide layer to be exceeded by the
{011} on the advanced purple oxidized surface. The {001} grains
were found to have the thinnest oxide layer at this stage, but also
the highest Cr*/Fe" ratio.

A study on polycrystalline iron with grains of several hundreds
of micrometers (heated for 1 h at 300°C in air) showed a clear dis-
tinction of the oxide thickness with respect to the crystal orienta-
tion (Takabatake et al., 2016). Although electrochemical tests on
pure iron are not conclusive, the general rule that arises is that
{001} planes are more susceptible for oxidation (Fushimi et al.,
1999, 2013; Schreiber et al., 2007; Takabatake et al., 2016, 2017).

Whether the low Cr'/Fe” ratio makes the {011} grains more
susceptible to iron oxide sphere formation or vice versa, this
grain orientation develops a thicker oxide than the {001} oriented
grains. This outcome supports the conclusion made by Zijlstra
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Fig. 10. Left column: SEM images of a polished steel surface after heating to 450°C in air for 20 min. Clearly visible are the flat carbides located deeper in the
surface, and spheres decorating the surface. Right column: corresponding TOF-SIMS mappings of the SEM areas displaying the top 12 stacked frames of the sur-

face for Fe (top), Cr (middle), and O (bottom).

Table 1. Order Between Grains of the Three Main Crystal Orientations for the
Oxygen Layer Thickness and the Cr'/Fe” Ratio for Surfaces with a Different
Oxidation State.

Oxygen layer

Surface thickness Cr*/Fe" ratio

Oxidized: 450°C for 20 min {011} >{111}> {001} {001} >{111}> {011}

Oxidized: 300°C for 20 min  {111}>{011} and {001} {001}, {111}, and {011}

Nonoxidized: reference {111}>{011} and {001} {001} and {111}>{011}

et al. (2018): the sequence in the oxidation rate of crystal planes
parallel to the surface for Fe-Cr steel is {001} < {111} and {011}.
The oxidation of iron is often used as a reference system, as it
is a base element in many steel alloys. By itself it is already a com-
plex system, but after comparison of its sequence of the oxidation
rate with the Fe-Cr alloy in this study, it is seen that the addition
of one element can drastically change the grain-dependent oxida-
tion behavior.

The early work on the initial oxidation of Fe-Cr single crystals
showed that an iron oxide outer layer that formed later on the (1 0
0) crystal is a normal or inverse spinel-type phase with fcc sym-
metry; however, no ordering was found on the (1 1 0) crystal
(Leygraf et al., 1975). At temperatures above 200°C, the diffusion
speed of cations is promoted. Fe is diffusing faster through layers
on the {011} and {111}, compared to the more structured layers
on the {001} oriented grains. The precise reason for the {011}
overtaking the {111} is not known here and forms the key ques-
tion in the future work.
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Conclusions

In this work, correlative microscopy is applied on the surface of
oxidized polycrystalline steel. This novel approach has been dem-
onstrated to be successful in generating element-specific depth
profiles made on selected micrometer-sized  grains.
Sub-micron-sized oxide spheres are formed at the surface which
tend to grow in size during the oxidation of the surface in air.
The nodular structure is investigated with TOF-SIMS and
shown to consist of iron oxides.

The nodules are more present on grains with the {011} crystal
orientation. Based on the oxide depth profile of the three grain
orientations, it is confirmed that the oxidation progresses in
two stages with different final oxide layer thicknesses:

- Stage 1, which includes the passive layer and an induced ther-
mal oxide layer formed up to 300°C: {111} > {011} and {001}
- Stage 2 with thermal oxidation to 450°C: {011} > {111} > {001}.

Depth profiles of the chemical composition show that at Stage
2, the Cr*/Fe™ and CrO3/FeO5 ratios are in the order {001} >
{111} > {011}. At this stage, the thinnest oxide, but the highest
presence of chromium and chromium oxide, is found on the
{001} oriented grains. The thickest oxide is seen on the {111} ori-
ented grain, while having the lowest presence of chromium and
chromium oxide.

During the early oxidation stages observed in this work, the
{001} oriented grains have shown to stimulate the highest chro-
mium enrichment in the oxide layer and offer therefore better
corrosion protection compared to the other grain orientations.
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