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Abstract: The role of heterogeneous phases in the localized corrosion of materials is an emerging area
of research. This work addresses the detrimental role MnS inclusions play in the localized corrosion
of carbon steels. We report the results of surface and bulk characterization of MnS inclusions in
1018 carbon steel, using a high-resolution integrated Auger nanoprobe. It is shown that the surface
morphology and composition of the inclusions are highly heterogeneous. MnS inclusions are found
to be nonstoichiometric and to contain a highly O-enriched surface layer. Some inclusions are
covered with a thin (approximately 5 nm) layer of Cu2S. The bulk composition of “MnS” inclusions
is found to include 5–7% Fe and O, and these inclusions are believed to occupy Mn and S positions
within the “MnS” lattice. Interfaces between “MnS” and host ferric grains are highly disordered.
We hypothesize that pitting initiates and develops at these interfaces through a galvanic coupling
between the strained and the unstrained ferrite grains.
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1. Introduction

Numerous studies have demonstrated that pitting corrosion in steels is initiated at
nonmetallic (sulfide) inclusions [1–9]; however, the exact mechanism behind the initiation
and growth of these pits remains controversial [10–13]. It is believed that the pitting
corrosion of metal surfaces is initiated via the local breakdown of the passive oxide film
on the metal surface [11]. Similarly, it has been reported that locations in the vicinity of
inclusions and secondary phases form the sites for pit initiation in carbon steel [14–16]. In
earlier work, it was claimed that certain inclusions appear to be more corrosively active
than others [17]. This distinction is associated with the presence of a finely dispersed
S-containing precipitate in the immediate surrounding of the inclusion, which acts as a
source of sulfide ions and in turn catalyzes anodic and cathodic reactions [17,18]. It has
been claimed that Mn-rich sulfide inclusions are more prone to pitting than inclusions rich
in Fe [2]. One proposed model of pit initiation in stainless steels involves the presence of
a Cr-depleted region in the near vicinity of an inclusion [10,11,19]. This region causes a
disruption in the passive layer, and thus pitting is initiated around the inclusion. It has been
suggested that MnS inclusions play different roles in the pitting behavior of carbon and
stainless steels [17]: in the case of stainless steels, sulfide inclusions are the sites of anodic
activity, whereas in the case of carbon steel, inclusions are the sites of cathodic activity.
In another claim, the size and shape of inclusions affect the dissolution kinetics [5,20].
Our past work points to the matrix surrounding an inclusion in carbon steel being highly
strained because of its metallurgical preparation, and to this strain initiating the dissolution
of Fe2+ ions around the inclusion in a corrosive environment [14,15,21].

MnS inclusions have been categorized into types based on shape, morphology, and
chemical composition using optical and scanning electron microscopy (SEM) techniques [22].
Energy-dispersive X-ray spectroscopy (EDX) associated with SEM has been a common
tool for obtaining the bulk elemental composition of inclusions. Li and Hihara recently
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used a complementary micro-Raman spectroscopy technique to characterize the inclusions
in carbon steel [23]. They were able to identify alumina, calcium aluminates, manganese
sulfide, and iron sulfide as the major components of various inclusions.

Two important and necessary analytical capabilities are needed if one wishes to
elucidate the relationship between these inclusions and the pitting corrosion of steels. The
first is surface sensitivity, as corrosion is a surface phenomenon. The second is nanometer
spatial resolution, as the inclusions in question and their immediate vicinities pertain to
length scales on the order of nanometers to microns. The traditional method of EDX fails
both of these criteria. This is due to the large analytical volume (approximately 1 µm)
resulting in poor spatial resolution and surface sensitivity [24]. The X rays generated by the
interactions of the high-energy electrons (10–30 keV) probe micron-sized volumes rather
than nanometer-sized regions, which is required to assess the localization of elements. In
contrast to EDX, Auger electron spectroscopy (AES) can provide quantitative compositional
information with a lateral resolution of 10–20 nm, and at depths of only a few atomic
layers. The reason for this is that AES focuses on Auger electrons (with kinetic energies
between 30 and 3000 eV), while the primary electrons generate characteristic X rays with
energies of about 0.5 to 15 keV. The attenuation lengths of X rays in metals are measured
in microns, whereas those of Auger electrons are smaller by three orders of magnitude,
or approximately 3–5 nm [24,25]. Complementary crystallographic data on submicron
inclusions can be obtained using electron backscatter diffraction (EBSD), which provides
phase identification and information pertaining to crystalline structure and order from
the same inclusion with submicron spatial resolution. An integrated Auger nanoprobe
equipped with SEM, EDX, AES, and EBSD provides a comprehensive characterization of
bulk and surface compositional properties, and of crystallographic structure and orientation
of inclusions in steel. The Imaging and Chemical Analysis Laboratory (ICAL) at Montana
State University is fortunate to have one of these integrated Auger nanoprobe instruments.
In the following, we present data obtained with this instrument and provide new insights
into sulfide inclusions and their relationship to localized corrosion in 1018 carbon steels.
Shown in Figure 1 are just a few examples of the various inclusions observed on 1018
carbon steel, which contains a myriad of defects and secondary phases, and this article
focuses on the so-called “MnS” inclusions as the sites for pit initiation and growth as
articulated below. The fact that pits are empirically known to be initiated proximal to
secondary phases is to be expected, as the interface between the bulk steel and secondary
phases is likely to be disordered, highly heterogeneous, and strained. To date, however, a
careful consideration of the chemical composition and the respective spatial distributions
of sulfide grains within and adjacent to the host metal is lacking. Similarly, very little
attention has been given to the surface composition, the degree of atomic ordering in the
crystalline structure, and the crystallographic orientation within inclusions. Moreover,
significantly more attention has been given in the literature to an understanding of the
role of inclusions in the localized corrosion of stainless steels, despite the widespread use
of carbon steel as a structural material in modern society. In short, a complete physical
and chemical picture of nonmetallic inclusions in low-carbon steels is lacking [26]. This
has contributed to the continued controversy concerning pitting corrosion and to a lack
of understanding of the relevant properties of inclusions in these alloys in relation to the
processes of localized corrosion. A comprehensive analysis and understanding of these
inclusions, and their respective interfaces with the host metal, is necessary to demonstrate
the relationship between the initiation/growth of pits, and the properties of the local host
material at the nanometer scale.
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Figure 1. SEM images of a variety of inclusions found in 1018 carbon steel. Data were acquired using an integrated Auger 
nanoprobe. (a) MnS inclusion cut parallel to the rolling direction during the steel production process. A Ti-containing 
phase (believed to be TiS) was found at the tip of the inclusion. (b) MnS and TiN duplex inclusions. (c) MnS inclusion with 
a thin Cu2S film. Mn-rich nodules are observed, which do not contain a Cu2S film. (d) A (Mn,Ca,Fe)S inclusion. (e) A pure 
single-crystal TiN inclusion. (f) A BN inclusion. 

2. Experimental Procedure 
Samples of 1018 carbon steel, composed primarily of the phase ferrite (α-Fe with BCC 

structure), were purchased as bars from NESSteel, Inc.(Tolland, CT, USA) The elemental 
composition of 1018 carbon steel, in wt.%, is 0.14–0.16 C, 0.6–0.9 Mn, less than 0.004 P, less 
than 0.05 S, and the balance Fe. These bars were then cut either parallel or perpendicular 
to the rolling direction of the steel to produce approximately 1 × 1 cm2 coupons. The cou-
pons were mounted on glass microscope slides using silicone glue and subsequently pol-
ished with silicon carbide polishing paper up to 1200 grit (2.5 μm), followed by a diamond 
slurry down to a smallest particle size of 0.1 μm. The samples were then rinsed with ul-
trapure deionized water and dried with dry nitrogen, unmounted, and cleaned via soni-
cation in acetone. The coupons were then introduced into an integrated PHI 710 Inte-
grated Auger Nanoprobe (Physical Electronics; PHI, Chanhassen, MN, USA). This instru-
ment allows one to obtain compositional information from the bulk EDS, as well as na-
nometer-scale imaging of textures and morphologies by means of field emission scanning 
secondary electron microscopy (FE-SEM), surface compositional data from a few atomic 
layers (3–5 nm; AES), crystal structure and crystallographic orientation (EBSD), and chem-
ical stratigraphy using depth-profiling capabilities (Ar+-ion sputter gun). In order to in-
crease the surface sensitivity and lateral resolution, a 10 keV electron beam was used for 
the collection of EDX and AES data. The measured spatial resolution at this accelerating 
voltage is about 15 nm. Overall image resolution at various primary beam energies was 
determined using standard gold nanoparticles on a carbon substrate. The image resolu-
tion improves down to approximately 5 nm at an incident electron beam energy of 25 keV. 
To correct for spatial shifts in the electron beam during the collection of Auger data and 
depth profile analysis, an image registration algorithm (available in PHI’s (Physical Elec-

Figure 1. SEM images of a variety of inclusions found in 1018 carbon steel. Data were acquired using an integrated Auger
nanoprobe. (a) MnS inclusion cut parallel to the rolling direction during the steel production process. A Ti-containing phase
(believed to be TiS) was found at the tip of the inclusion. (b) MnS and TiN duplex inclusions. (c) MnS inclusion with a
thin Cu2S film. Mn-rich nodules are observed, which do not contain a Cu2S film. (d) A (Mn,Ca,Fe)S inclusion. (e) A pure
single-crystal TiN inclusion. (f) A BN inclusion.

2. Experimental Procedure

Samples of 1018 carbon steel, composed primarily of the phase ferrite (α-Fe with BCC
structure), were purchased as bars from NESSteel, Inc.(Tolland, CT, USA) The elemental
composition of 1018 carbon steel, in wt.%, is 0.14–0.16 C, 0.6–0.9 Mn, less than 0.004 P, less
than 0.05 S, and the balance Fe. These bars were then cut either parallel or perpendicular
to the rolling direction of the steel to produce approximately 1 × 1 cm2 coupons. The
coupons were mounted on glass microscope slides using silicone glue and subsequently
polished with silicon carbide polishing paper up to 1200 grit (2.5 µm), followed by a
diamond slurry down to a smallest particle size of 0.1 µm. The samples were then rinsed
with ultrapure deionized water and dried with dry nitrogen, unmounted, and cleaned
via sonication in acetone. The coupons were then introduced into an integrated PHI 710
Integrated Auger Nanoprobe (Physical Electronics; PHI, Chanhassen, MN, USA). This
instrument allows one to obtain compositional information from the bulk EDS, as well
as nanometer-scale imaging of textures and morphologies by means of field emission
scanning secondary electron microscopy (FE-SEM), surface compositional data from a few
atomic layers (3–5 nm; AES), crystal structure and crystallographic orientation (EBSD), and
chemical stratigraphy using depth-profiling capabilities (Ar+-ion sputter gun). In order to
increase the surface sensitivity and lateral resolution, a 10 keV electron beam was used for
the collection of EDX and AES data. The measured spatial resolution at this accelerating
voltage is about 15 nm. Overall image resolution at various primary beam energies was
determined using standard gold nanoparticles on a carbon substrate. The image resolution
improves down to approximately 5 nm at an incident electron beam energy of 25 keV. To
correct for spatial shifts in the electron beam during the collection of Auger data and depth
profile analysis, an image registration algorithm (available in PHI’s (Physical Electronics;
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PHI, Chanhassen, MN, USA) instrument control software) was used. As is standard
practice in the collection of EBSD data, a 20 keV beam was used with the sample tilted
to 70 degrees from the horizontal (i.e., electrons entered the surface at an approximate 20
degree grazing angle). Only data points for which the confidence index [27] of the acquired
pattern was greater than 0.1 were used. The spatial resolution at this accelerating voltage is
estimated to be approximately 8 nm. The floating argon sputtering gun was used to obtain
depth profiling and related compositional changes within the surface of the sample down
to depths of approximately 60 nm. Ar-ion energies of 500 to 1000 eV were used during
depth-profile measurements. An estimate of the sputtering rate was determined via depth
profiles of standard 100 nm SiO2 grown on Si wafers.

3. Results and Discussion

Figure 2 shows an SEM image of a typical “MnS” inclusion from a polished 1018
carbon steel sample that was cut parallel to the rolling direction of the steel bar. Auger and
EDX survey spectra were taken at locations both on the inclusion and on the steel surface
(marked as 1, 2, and 3). The inclusion is not solely composed of Mn and S but contains other
elements such as Fe, Cu, and O as observed in the Auger spectra from regions 1 and 2. The
Ar peaks observed in regions 1 and 2 of the Auger spectra are a result of light sputtering
(approximately 0.5 nm) to remove some of the environmental hydrocarbon contaminants
typically present on any given surface. It is interesting to note that the Ar signal is only
observed on the inclusion, despite the fact that the entire region was sputtered with Ar-ions.
The observed C signal is believed to originate from environmental contamination left over
after the light sputtering. Cu was observed on the surface of many of the inclusions during
this study, and we provide insight into its origin below. The spectrum from region 3 was
collected from an area outside the inclusion, in the bulk ferrite phase. Evidence of a small
Cu-L series X-ray peak is observed in the EDX spectrum, but not in the Auger spectrum.
Its presence is likely related to the poor lateral resolution of EDX relative to AES and likely
originates from the inclusion.

Auger elemental maps and cross-sectional elemental line profiles of the inclusion
(a SEM image of which is shown at the top of Figure 2) are shown in Figure 3. Regions
that are relatively enriched in Mn can be observed on the right side of the inclusion. This
enrichment is not observed in the S map, demonstrating that Mn and S are not spatially
correlated everywhere. Upon closer inspection of the SEM image (Figure 2), a nodular
morphology appears to be associated with these Mn-rich regions. Similar Mn-rich nodules
are also observed along the inclusion. A cross-sectional line scan across one such nodule is
shown in Figure 3 (Line Profile 1). The Mn signal is shifted toward the right side of the
inclusion relative to the S, Fe, and O profiles. We also note that the Fe profile is asymmetric,
with a larger concentration gradient (slope) on the right of the inclusion than on the left.
Considering the surface sensitivity of the Auger electrons, these observations suggest
that the chemical composition of the nodule is different from that of the bulk inclusion,
specifically that the nodule is more akin to a metal oxide than to a metal sulfide. Line
Profile 2 (Figure 3) does not pass over such a nodule. Here, the Fe, Mn, S, and O signals
are somewhat spatially correlated to one another, and the type of segregation between
the Mn and S signals found in Line Profile 1 is not observed. In this case, however, S
is observed to extend 100–150 nm beyond the Mn on either side of the inclusion. This
suggests the presence of a sulfur-rich interface between the inclusion and the bulk ferrite
phase. It is clear that the S content in the immediate surroundings of the inclusion is not
exclusively associated with Mn. The solubility of S (as FeS) in an Mn-containing ferrite
phase is extremely limited, and its presence is typically the result of a rapid quenching
of the steel. This leads to the presence of FeS in the immediate surroundings of a “MnS”
inclusion as well as the presence of Fe as a solid solution in the “MnS” lattice [28].
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Shown in Figure 4 are a high-magnification SEM image and corresponding Mn, S, O,
and Fe Auger elemental maps of a small region within an inclusion that exhibits nodular
morphology. Note that these nodules, similar to that in Figure 3, Line Profile 1, are depleted
in S and that they contain relatively large amounts of oxygen along with manganese.
Oxygen was still seen in Auger spectra taken from the inclusion even after extensive
sputtering (>10 nm). Thus, the oxygen content seen in the nodules appears to be native to
the inclusion as manganese oxide.
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Figure 4. High-magnification SEM image and the Mn, S, O, and Fe Auger elemental maps taken from the SEM image of the
MnS inclusion on the left.

The presence of oxygen within inclusions is seldom discussed in the literature, and it
is of interest to discern whether the oxygen peaks seen in the Auger spectra are restricted to
the surface as a metal oxide or are a component of the bulk “MnS” inclusion. To investigate
this matter, Auger depth profiles were performed on one of the inclusions from a 1018
carbon steel sample cut perpendicular to the rolling direction while the Fe, S, Mn, and O
Auger signals were monitored as a function of depth; the results are shown in Figure 5.
The full lines are data obtained from within the inclusion (Region 1), while the dashed
lines are data collected from the neighboring ferrite phase (Region 2). The O signal on the
ferrite phase (Region 2) rapidly decreases and gives an estimated thickness of about 8 nm,
in good agreement with typically reported values of native oxide thicknesses [29]. This is
in contrast to the inclusion (Region 1), in which the O signal profile is significantly broader
and persists after roughly 20 nm of sputtering. On some inclusions, the presence of excess
O persists up to 50 nm of sputtering (see Figure 6). The decrease in the O signal within
the inclusion is associated with a rise in the S signal, while both the Mn and Fe signals
remain relatively unchanged. This indicates a one-for-one replacement of O with S, as is
common amongst metal sulfides. Both MnO and MnS are isometric, with lattice parameters
differing by approximately 15% [30]; thus, it is reasonable to suggest that the O observed
within the inclusion occupies S vacancies and that the diffusion of O within the inclusion
occurs via hopping to neighboring S vacancies. The occupation of S vacancies by oxygen
has been previously reported [31]. Such changes in stoichiometry will affect the electrical
conductivity [32], as well as the electrochemical properties [33] of the inclusion, which is
an intrinsic semiconductor. The Auger depth profile, seen in Figure 5, reveals that some
surface regions of “MnS” inclusions are stable as the MnO phase, while approximately
25–30 nm below the inclusion surface, the bulk composition of “MnS” inclusions in atomic
percentages appears to be 5–7% Fe and O, 45–47% Mn and S.
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Figure 6. Depth profiles acquired from a thick MnO film grown on an MnS inclusion. The differenti-
ated Mn MVV Auger spectrum is shown at select depths below the surface. The quantity ∆ indicates
the energy separation between the two minima of the differentiated Auger spectrum associated with
the Mn MVV Auger transition. This split is greatest if Mn is associated with O instead of S. Such
splitting enables Auger to achieve chemical mapping as shown in Figure 7. The inset (top right)
shows the variation of ∆ as a function of depth.
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Auger transitions involving valence band electrons are highly sensitive to the local
chemical environment [34]. Additionally, because of their relatively low kinetic energy
(approximately 50 eV), they are more sensitive to the surface composition than the corre-
sponding higher-energy Auger transitions. Shown in Figure 6 are Mn MVV derivative
spectra collected at various depths below the surface of an “MnS” inclusion. The nominal
value of the metallic Mn MVV Auger transition is 45 eV [35]. When present as an oxide
or sulfide, the peak at 45 eV is split into two peaks. The difference in energy between the
two peaks, marked as ∆ in Figure 6, can be used to assess the chemical state of Mn within
the inclusion. The inset in Figure 6 shows ∆ as a function of depth, which is observed to
decrease from a value of 11.0 to 6.5 eV. MnO formation on MnS surfaces was verified with
a surface analysis of MnS powder purchased from Sigma Aldrich (St. Louis, MO, USA).
The particles of MnS powder built a thick (approximately 390 nm) MnO layer (presumably
formed during the shelf life of the MnS powder), which was removed by Ar-ion sputtering
to reach the pure MnS phase. The initial value of ∆ = 11.0 eV from the inclusion agrees well
with the reference spectrum from oxidized MnS powder. As seen in Figure 6, ∆ decreases
to a value of 6.5 eV at a depth of 60.5 nm, which is in good agreement with reference
spectra taken from sputter-cleaned MnS powder. The question arises of how to account
for the residual 5–7% Fe and O observed in the bulk “MnS.” We hypothesize that during
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the metallurgical preparation of the steel, Fe resides in solid solution in MnS inclusions,
a fairly well established fact [28]. Furthermore, we hypothesize that the MnS inclusions
are nonstoichiometric and contain S vacancies. As mentioned above, these vacancies may
accommodate O atoms. The thick oxide layer observed in the depth profiles shown in
Figures 5 and 6 are a result of O diffusion within the bulk inclusion via these vacancies.
Thus, we believe the correct formulation of the composition of MnS inclusions may be
written as Mn(1−x)FexS(1−y)Oy. Given that the observed Fe signal remains constant through
the depth profile on the inclusion (Figure 5), the value of x is not expected to vary signifi-
cantly through the depth of the inclusion. In contrast, the O content (y) appears to vary
considerably through the inclusion bulk, and in some cases across its surface (Figure 4).
It is clear that upon exposure to air, some parts of the inclusions form a fairly thick MnO
layer while other regions do not (Figure 4). It is not clear at this time why MnO grows
on particular regions of “MnS” inclusions. We believe that the MnO on the surface of
“MnS” inclusions is formed after the surface is exposed to air, perhaps while the surface
is polished. From thermodynamical considerations (free energy of formations) it appears
that MnO is favored over MnS at room temperatures [28]. These data show that the surface
composition of these inclusions differs considerably from the bulk.

Shown in Figure 7 are Auger elemental and chemical maps collected with a primary
beam energy of 5 keV from a perpendicularly cut “MnS” inclusion. The Mn, S, and Fe Auger
maps (Figure 7, first row) were collected using the Mn LMM (545 eV), S LMM (153 eV), and
Fe LMM (705 eV) Auger transitions [35]. Similarly, the O Auger map (Figure 5, second row)
was collected using the O KLL transition (510 eV) [35]. These transitions involve core level
electrons and are fairly insensitive to the chemical environment of the atom. In Figure 7
(second row), we also show Auger maps of the low-energy MVV Auger transitions of Fe
(44.4 eV) and Mn (37.5 eV). Low kinetic energy Auger transitions involving valence band
electrons are highly sensitive to the local chemical environment of the Fe and Mn atoms, and
thus can be used to identify the chemical states of elements present on the surface [34]. The
nominal value of the Fe MVV Auger transition from a non-oxidized surface is 50 eV [35];
upon oxidation, this peak is split into two peaks [36]. For the map shown in Figure 7, the
peak at 44.4 eV was used to identify Fe present in the native oxide formed on the steel
surface. The peak at 37.5 eV was used to identify Mn believed to be present as MnO (see
Figure 6). All of the maps in Figure 7 were collected after sputtering about 0.5 nm of
material from the surface with 500 eV Ar+ ions in order to remove exogenous hydrocarbons
accumulated on the surface, which can significantly attenuate signals corresponding to
low-energy (MVV) Auger transitions. The Fe LMM and O KLL Auger maps show that
both are present on the steel as well as on the inclusion surfaces; however, the map taken at
44.4 eV shows that the oxide on the inclusion surface is chemically distinct from the oxide
present on the steel surface, and in particular that the oxygen observed on the inclusion
is not associated with Fe. On the other hand, the Auger map taken using 37.5 eV Auger
electrons clearly reveals that the oxide present on the inclusions is solely associated with
Mn; it is believed to be MnO. The oxygen KLL Auger map in Figure 7 exhibits low-intensity
features in the vicinity of both of the inclusions, suggesting thinning of the oxide film
in this region. Spurious pixels in the 37.5 eV map appear to be spatially correlated with
these oxygen-depleted regions. Both the Mn and S Auger maps in Figure 7 show that
the spurious pixels are absent in the oxygen-depleted regions. It is possible that these
are related to the Fe in the native oxide layer and that the film in this region is physically
distinct from that in other regions on the steel surface. This manifests itself as a shift in the
Fe MVV peak and appears as an absence of Fe oxide in these regions.

Electron backscatter diffraction (EBSD) can be employed to determine the crystal-
lographic orientation and phases of ordered crystals from submicron-size grains. We
employed EBSD in the integrated Auger system to identify the crystal phases present
within the “MnS” inclusions. From the Auger and EDX spectra, we confirmed the presence
of Fe, Mn, S, and O as typical constituents of the bulk structure of the “MnS” inclusions.
We observed ordered domains on “MnS” inclusions and determined that these regions are
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FCC structures with space group SG225 having m3m point group symmetry. Similarly,
we studied α-Fe (ferrite) domains and identified them as BCC structures having m3m
point group symmetry. Thus, it is reasonable to suggest the following phases are present
within the inclusions and the surrounding bulk steel: α-Fe (ferrite), MnS (alabandite), and
MnO (manganosite).

Shown in the top panel of Figure 8 is a combined inverse pole figure (IPF) map of the
MnS and MnO phases identified in the inclusion shown in Figure 2. Given the similarity
of the Kikuchi patterns of the two crystalline structures, it was not possible to distinguish
between the two phases with a reasonable degree of certainty. FeS, where identified,
corresponded to a negligible fraction of the indexed points, primarily existing within grain
boundaries. The presence of α-Fe was not detected within the inclusion. Regions within
the inclusion identified as MnS/MnO are believed to be crystalline (FCC cubic MnS or
MnO), while areas not associated with these phases are believed to be highly disordered.
The crystalline regions of the inclusion are not uniformly distributed: there is localized
clustering along the length of the inclusion. Because of kinetic effects related to rapid
cooling/quenching of the steel, loss of crystalline order may have occurred during the
metallurgical preparation or the rolling of the steel. We note that the crystalline regions
exhibit a strong texture oriented in the [101] direction, indicated by the color green in the
top panel of Figure 8.
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The bottom panels in Figure 8 show Kikuchi patterns taken at various locations within
the inclusion, marked on the SEM image shown on the left. There is marked variation
in pattern quality in terms of band contrast throughout the inclusion. In particular, we
note that regions 1–4, with nodular morphology (shown to be MnO), and the ferrite phase
(region 9) exhibit good pattern quality. These patterns all suggest FCC crystal structure
with m3m point group symmetry on the inclusion and BCC on region 9. This is in contrast
to other regions within the inclusion (regions 5–8), in which the pattern quality varies from
fair to poor.

As discussed above, the presence of Cu in most of the inclusions warrants further
consideration. In particular, why Cu2S films (verified by quantitative elemental analysis)
coat “MnS” inclusions, but not Fe grains, requires further study. We observed Cu2S phases
coexisting with or independent from the “MnS” inclusions, which extend along the rolling
direction of the steel. An example of this is shown in the inset of Figure 9, in which
the little bright spot located on the MnS inclusion is the tip of a Cu2S inclusion grown
alongside the MnS stringer and extending perpendicular to the surface into the bulk. In
addition to this Cu2S phase, we also observe a thin layer of a Cu2S film that is deposited
on the surface of the “MnS” inclusion outside the Cu2S (small bright dot) phase shown
in Figure 7. Examples of such Cu2S thin films were observed using surface-sensitive
Auger spectroscopy as discussed above in Figure 2. Taking advantage of the high spatial
resolution and surface sensitivity of the Auger nanoprobe, we conducted Auger depth
profiles on several inclusions using Ar-ion sputtering while monitoring the Cu, Fe, Mn,
and S Auger signals. Figure 9 is an example of such work: the depth profile was conducted
from the yellow square marked on the inclusion away from the actual Cu2S stringer. From
this, the estimated thickness of the Cu layer was determined to be approximately 5–6 nm.
This range of thicknesses of Cu2S layers was commonly observed amongst the inclusions
studied. We note that initially, the Cu and S signals increase together, whilst the Mn and
Fe signals remain relatively unchanged. This seems to indicate that the Cu is present as a
Cu2S layer, determined by quantitative elemental analysis. Beyond this layer, the S signal
continues to rise along with that of Mn until both stabilize. Because of its affinity for sulfur
(i.e., chalcophilicity), the presence of Cu on the surface of sulfide inclusions is not surprising.
However, we note that Cu2S has a higher standard energy of formation than MnS [28]. We
hypothesize that the formation of a Cu2S layer over an MnS inclusion is due to the surface
energy of formation and involves surface-driven thermodynamic interactions.
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Others have observed the presence of Cu2S on MnS inclusions in stainless steels
after exposure to various corrosive environments [5,37–39]. In these references, it was
suggested that dissolved Cu-ions act to passivate some inclusions. In their studies, Cu2S
was not observed on the inclusions before exposure to corrosive media. This is most likely
due to the use of non-surface-sensitive techniques, e.g., EDX using high primary beam
energies (>20 keV), which will miss the presence of a thin layer of Cu on the inclusion. The
presence of a Cu2S coating on some “MnS” inclusions may introduce a galvanic coupling
with the surrounding bulk steel, making these regions of the surface more corrosively
active, though we have no conclusive evidence to this effect in our studies. We note that
some, but not all, inclusions characterized in this study exhibited a thin Cu2S layer in their
respective Auger spectra. Admittedly, we wondered what the source of a Cu2S layer over
an “MnS” inclusion might be. Our current hypothesis is that the source is most likely Cu2S
inclusions (stringers) distributed within the carbon steel matrix. For example, the bright
spot located inside the “MnS” inclusion marked in the inset of Figure 9 is probably the
source of the Cu2S thin layer over the “MnS” surface. The observed thin Cu2S layer is
likely a result of sample preparation (i.e., cutting and polishing): as various coupons are
cut from the same bar of steel, the released Cu2S moieties preferentially find their way onto
the “MnS” inclusions, forming a thin (approximately 5 nm) nanolayer of Cu2S. We have
documented in a thesis [40] and in our recent TEM analysis that it is the residual plastic
strain and the subsequent dislocations and lattice defects introduced into the nanoscale
regions between the “MnS” inclusions and the host lattice that lead to initial localized
corrosion and galvanic coupling between these interfaces [14,40]. The interface between the
immediate surroundings of “MnS” inclusions and the unstrained host Fe grains leads to the
initialization and growth of localized pits, as shown in Figure 10. We hypothesize that this
is due to the mechanochemical effect [41], whereby efficient galvanic couples are formed
between strained and unstrained regions of a steel surface, as modeled in Figure 10A [21].
This leads to localized pitting in the immediate surroundings of the inclusions and other
strained Fe phases such as ferrite phases in pearlite lamella [14,15]. Corrosion along the
rolling direction of MnS inclusions causes micropits (Figure 10B), which then coalesce with
other micropits, giving rise to larger pits, and so on.

A comprehensive analysis of the interfaces between the “MnS” inclusions and the host
metal using high-resolution transmission electron microscopy (TEM) is necessary to further
document the relation between the initiation/growth of pits and the material properties of
these localized regions at the nanoscale. We have prepared thin sections of these interfaces
using a focused ion beam and obtained high-resolution TEM images and selected area
diffraction data from these interfaces. These data are currently being analyzed and will be
submitted for publication in the near future.

Because of the annealing and cold rolling treatments, the carbon steel surface contains
a high density of areas with plastic strain, dislocations, MnS stringers, pearlite phases,
and lattice defects. Assuming that the interfaces between inclusions and the host lattice
in carbon steel are highly strained and heterogeneous, having FeS moieties in the nar-
row interface between the α-Fe and the “MnS” inclusions will make these areas highly
susceptible to the initiation of corrosion. It is anticipated that there will be a strong cor-
relation between the rate of corrosion and the degree of strain in these areas. No pitting
is expected on pure Fe surfaces, except in zones strained by local inclusions and at grain
boundaries [14]. We hypothesize that the major pitting corrosion in 1018 carbon steel
will be correlated with the immediate surroundings of MnS inclusions. This is because
of the galvanic coupling modeled in Figure 10A leading to localized pitting in the im-
mediate surroundings of inclusions, as shown in Figure 10B. There are two reasons for
this: (1) the presence of unstrained Fe grains leading to galvanic coupling and (2) MnS
dissolution in acidic environments generating highly corrosive products such as elemen-
tal S or H2S which will participate in cathodic reactions on the Fe sides of the surface
along the long MnS stringers. The hydrolysis of Fe ions in the immediate surroundings
of MnS inclusions via Fe2+ + 2H2O→ Fe(OH)2 + 2H+ acidifies the local area. Under
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low-pH conditions (pH < 4) MnS starts dissolving via MnS + 2H+ → H2S + Mn, generat-
ing abiotic H2S along the MnS inclusions (stringers), which extend hundreds of microns
into the carbon steel matrix along the rolling direction while their width is 1 µm or less.
Typically, there are 3500 MnS inclusions per mm2 area of carbon steel and the average
distance between them is approximately 14 µm [14,42]. The abiotically created H2S species
react with the carbon steel surface and contribute to its dissolution through the reaction
2H2S + Fe0 → 2HS− + H2 + Fe2+ , generating H2 gas in the process. Corrosion along the
MnS inclusion causes micropits (Figure 10B), which then coalesce with other micropits,
giving rise to larger pits, and so on.
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Figure 10. (A) Schematic of the mechanochemical effect in the corrosion of metals: an electrochemical
potential difference (localized galvanic coupling) of ∆φ = φ− φ0 is formed naturally where φ and
φ0 correspond to the localized potentials in strained and unstrained areas of the steel, respectively.
In strained areas, excess dissolution of Fe+2 ions leaves excess electrons in the steel, making these
areas more negative relative to the unstrained areas of the ferrite grain, where low-level generalized
corrosion is taking place. (B) Initiation and growth of a corrosion pit around a MnS inclusion on a
polished 1018 carbon steel surface.

As shown in Figure 1, there are a large variety of inclusions found in carbon steels,
many of them not metal sulfides. The interfaces between these inclusions and the host
ferrite matrix will also possess a large degree of disorder and residual strain. Thus, the
empirical fact that MnS inclusions are the known sites for pit initiation and growth cannot
purely be explained on the basis of strain alone. The composition of the inclusion, in partic-
ular the presence of S, is highly relevant for sustained pit growth. Our work has shown
that both the surface and bulk composition of MnS inclusions are highly heterogeneous,
particularly with regard to S content. Such variations in S are expected to affect the pit
growth kinetics as described above. Moreover, the electrochemical behavior of “MnS”
inclusions may critically depend upon the surface composition. We may envision these
inclusions as being doped by the presence of Fe and O and hypothesize that the degree of
this doping is a distinguishing factor in whether an MnS inclusion forms the site for stable
pit growth or not.
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4. Conclusions

Using a surface-sensitive integrated Auger nanoprobe, we have been able to demon-
strate the complexity and heterogeneity of MnS inclusions.

1. The “MnS” inclusions have compositions on their surface that are different from
that of the bulk. After the removal of 20–60 nm of the inclusion surface, the bulk
atomic composition is approximately 42–45% Mn and 7–8% Fe, 45–46% S and 5–6% O.
We believe the Fe is in solid solution, substituting in Mn sites in the MnS structure.
We do not know exactly how O atoms are incorporated into the bulk structure of
“MnS” inclusions, but we hypothesize that O atoms are in solution in the MnS lattice,
replacing S vacancies.

2. The surface compositions of “MnS” inclusions are not all the same: certain locations on
the “MnS” surface are covered with a thick (>20 nm) layer of MnO film hypothesized
to have formed during the cutting, polishing, and shelf life of the steel coupon. The
thickness of the native Fe-oxide film on the ferrite grains is about 5 nm. The MnO
film on “MnS” inclusion is much thicker (>20 nm). This general behavior of MnO
on “MnS” formations is confirmed with the Auger analysis of pure MnS powders
purchased commercially, on which we observed MnO films as thick as 350 nm.

3. The surfaces of some of the “MnS” inclusions are covered by an approximately 5-
nm-thick Cu2S film, hypothesized to have formed during the cutting and polishing
process. Many “MnS” inclusions coexist with other inclusions, such as Cu2S or TiN;
Cu2S stringers also stretch 100 s of microns along the rolling direction of the steel.

4. In some inclusions or in certain parts of a given inclusion, the S map across the thin
stringer extends beyond the “MnS” phase into the interfaces between the “MnS”
inclusion and the bulk steel; in these cases, the S is most likely associated with FeS
adjacent to the “MnS” inclusion, which we believe contributes to the initial localized
corrosion.

5. EBSD analysis of the “MnS” inclusions suggests that those inclusions that are crys-
talline have a cubic FCC structure with 3m3 symmetry. Though it was challenging
to differentiate these structures from the MnO structure using Kikuchi patterns, the
elemental composition of the “MnS” surface distinguishes the oxide-rich regions from
the S-rich regions. Many areas of “MnS” inclusions were disordered.

6. We hypothesize that the sites of pit initiation can be explained in terms of the elec-
trochemical potential differences due to the mechano-chemical effect [41] established
between unstrained ferrite iron, α-Fe, and the lattice defects, dislocations, and mis-
matches found at interfaces formed between α-Fe and secondary phases such as the
“MnS” inclusions, cementite phases, and grain boundaries distributed throughout
carbon steel. We propose that the sites for pit growth and the distinction between
active and passive “MnS” inclusions suggested by Wranglen [17] are due to the inho-
mogeneities of MnS inclusions described in this work. In particular, we expect that
the variations in the S and O content of inclusion surfaces will alter the dissolution
kinetics during pit growth in two ways: First, the availability of S on the inclusion
surface and within the bulk will limit the production of H2S, which in turn will limit
the availability of cathodic reactants required for sustained rapid dissolution. Thus,
it is expected that inclusions with a higher S content will be more corrosively active.
Second, the equilibrium electrochemical potential of the inclusion will also depend
on its surface composition. Variations in the equilibrium electrochemical potential
will also result in variations in the local dissolution kinetics. The dependence of the
inclusion surface composition on its electrochemical behavior is not straightforward,
and further investigation in this regard is warranted.
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