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Abstract: Localised-in-the-edge oxidation of four AISI 430 alloys was investigated after an industrial
bright annealing process. The oxidised surface of each specimen was characterised by X-ray photo-
electron spectroscopy (XPS), Raman-spectroscopy and SEM. The results showed that the selective
oxidation of Cr and Mn took place at the coil edges of AISI 430. This led to the formation of an oxide
scale based on Cr2O3 and MnCr2O4. On the other hand, the formation of Cr(OH)3 and MnOOH in
the outer part of the oxide scale was related to the effect of the H2–N2 environment on the annealing
furnace. The results concluded that the composition of Cr and Mn in the alloy determined the
composition of the oxidation products. However, the effect of annealing time was minor in this
oxidation mechanism, which slightly contributed to an increase in the cation diffusion from the steel
to the oxide. Finally, the results obtained indicate that the colouration of the coil edges displayed in
each studied material varies according to the alloy chemical composition and annealing time.

Keywords: bright annealing; ferritic stainless steel; high temperature oxidation; SEM; Raman spec-
troscopy; XPS

1. Introduction

Stainless steel is known for its wide range of high-quality finish grades. Depending
on customer requirements, the final annealing stage must ensure the proper surface finish
and mechanical properties of stainless steel [1]. In order to reach a mirror finishing, bright
annealing is performed as the final stage of the manufacturing route of stainless steel.
During this stage, the material is exposed to a certain temperature followed by rapid
cooling inside a reducing atmosphere furnace. A reducing gas mixture of dry 75% H2–25%
N2 is generally used by industry to protect stainless steel surfaces from becoming oxidised
during annealing, which favours a mirror finishing. Nevertheless, flat AISI 430 stainless
steel shows a coloration along both edges of the coil after bright annealing. This causes
cost overrun in manufacturing, because it is necessary to remove the oxidised areas.

The localised coloration may be caused by several factors. One of them could be
related to the fact that the coil goes through a washing and drying process before annealing.
Afterwards, due to the distinctive cracks of AISI 430 generated during the previous rolling
processes, the contaminants located within these cavities cannot be efficiently removed.
Furthermore, after washing and drying, the relative humidity increases in these regions.
According to literature [2–6], the presence of a minor amount of humidity within the
annealing gas environment can favour the selective oxidation of alloying elements, such
as Cr, Mn and Si. Under reducing environment, this localised oxidation is predominantly
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controlled by the inward diffusion of oxygen through the oxide scale [7]. In industry, this
oxidation phenomenon is characteristic of AISI 430 and does not take place in austenitic
or duplex stainless steels. According to literature [8–10], the diffusivity of oxygen and
alloying elements is more favoured in ferritic than in austenitic or duplex stainless steels.

Other authors have related the selective oxidation of alloying elements, under a
certain atmosphere, with the partial pressure of the oxygen in the exposure environment,
also known as dissociative pressure [7,11–15]. In other studies [6,9,16,17], the dew point
(DP) has also been proposed as the main driving force for the selective oxidation of Cr
and other minor alloying elements. However, in an industrial environment, none of the
above-mentioned factors can be completely controlled.

Nonetheless, there are other factors that have not been studied in the literature to
date, which could determine the features of the oxidation products formed during bright
annealing. In the present work, the study of the influence of alloy composition and
annealing time on the chemical nature of the oxidised surface is proposed. For this purpose,
the environment composition of the oxidised surface was investigated using Raman and
X-ray Photoelectron Spectroscopy. The morphology of the top oxide scale was studied
using Focused Ion Beam Scanning Electron Microscopy (FIB-SEM). The results showed
that the coloration was caused by the selective oxidation of Cr and Mn into Cr2O3 and
MnCr2O4 during bright annealing, which was driven by a higher localised oxygen source
at the edge surface of the studied AISI 430 coils. Furthermore, the concentration and phase
proportion of Cr2O3 and MnCr2O4 on the oxidised surface depended merely on the alloy
Cr and Mn concentrations, whereas the influence of the annealing time slightly increased
the concentration of the oxidation products. This study aims to show that controlling the
composition of AISI 430 ferritic stainless steel, according to the annealing conditions set for
each steel, can contribute to minimising the effect of the oxidation process that takes place
at the edges of the AISI 430 coils during bright annealing.

2. Materials and Methods
2.1. Materials and Bright Annealing Atmosphere

The AISI 430 ferritic stainless steel studied in this work was produced under conven-
tional industrial conditions using an electric arc furnace, AOD converter and continuous
casting. The reduction in slab thickness took place during hot rolling, and the material
was recrystallised at the end of this stage using annealing treatment. After this, the final
thickness of the coil was reached after the cold rolling stage. A final annealing process
was performed in a reducing atmosphere in order to recrystallise the structure of the steel
and, therefore, remove internal structural alterations produced during the rolling process.
In addition, a bright or mirror finishing was achieved during this stage due to the H2/N2
atmosphere of the annealing furnace. The gas of this furnace consists of 75% H2– 25% N2
with 6.8 ppm of O2. The control of the annealing environment is based on the dew point,
which is equal to −40 ◦C. The optimal conditions of bright annealing were set with respect
to the oxidation/reduction equilibrium of Cr/Cr2O3 of the passive film of stainless steel.

The selection of materials for this study was based on industrial needs. The oxidation
located at the edges of the coils after the bright annealing process had a different appearance
depending on the grade of AISI 430 ferritic stainless steel. In this way, a total of four samples
with different annealing times were distinguished, where chromium and manganese varied
from one specimen to the other. Table 1 shows the chemical composition of the four AISI
430 ferritic stainless steels studied in this paper. A430-2(A) and A430-2(B) show the lowest
Cr concentration, whereas A430-1 and 3 have the highest composition of this element.
On the other hand, the manganese concentration increases from the specimen A430-1 to
A430-3. Cr and Mn concentrations are similar in A430-2(A) and A430-2(B).
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Table 1. Chemical composition of A430-1, 2 and 3 alloys in mass percentage and exposure time during the heating stage of
bright annealing.

Material Fe (wt. %) Si (wt. %) Mn (wt. %) Cr (wt. %) C (wt. %) N2 (wt. %) Annealing
Time (s)

A430-1 Balance 0.42 ± 0.008 0.34 ± 0.008 17.0 ± 0.061 0.023 ± 0.0014 0.019 ± 0.0013 42
A430-2(A) Balance 0.43 ± 0.007 0.52 ± 0.009 16.4 ± 0.060 0.027 ± 0.0014 0.023 ± 0.0014 42
A430-2(B) Balance 0.48 ± 0.008 0.54 ± 0.009 16.4 ± 0.060 0.016 ± 0.0010 0.030 ± 0.0016 55

A430-3 Balance 0.39 ± 0.007 0.78 ± 0.011 16.7 ± 0.061 0.030 ± 0.0015 0.030 ± 0.0016 50

Additionally, Table 1 includes the annealing time for each sample. According to this
information, the shortest annealing time was registered for the specimens A430-1 and
A430-2(A), which were processed for 42 s. Moreover, A430-2(B) and A430-3 were annealed
for 55 and 50 s, respectively.

2.2. Oxide Scale Characterisation

After the bright annealing process, samples were cut and metallographically prepared
for oxide scale characterisation using the techniques described below. The nominal sample
size for analysis methods was 15 × 15 mm. The plan view images of the samples were
acquired by a Zeta Instruments Z-300 3D optical profilometer.

The X-ray photoelectron spectroscopy (XPS) technique offered both quantitative and
qualitative information at a depth regime of 2–10 nm, and it offered a better understanding
of the surface chemical environment of specimens studied after the bright annealing process.
For this purpose, survey and high-resolution O 1s, Cr 2p, Fe 2p, Mn 2p, N 1s and Si 2p
spectra were recorded. XPS measurements were carried out using a Kratos Axi Ultra DLD
spectrometer equipped with an X-ray monochromatic source (50 W) and Al Kα primary
X-ray beam (hν = 1486.6 eV). Spectral fitting was performed using CasaXPS version 2.3.18.

Raman spectroscopy allowed the assessment of the chemical nature of the oxides
formed on the surface of the samples after the bright annealing process. A Jasco NRS-7200
Confocal Raman Microscope was used for this purpose, with a wavelength of the excitation
laser of 532 nm, a wavenumber range of 8000–100 cm−1 and a high-resolution CMOS
camera for sample observation. The study was performed 100× by linear analyses of
201 points transversal to the rolling direction with a 50 µm step size, and 10 mm of the
surface was covered for this research. The reproducibility of the Raman spectroscopy and
XPS techniques involved three analyses per sample. The XPS results showed the average
of the three analyses, whereas the Raman results showed the most representative one of
the three analyses.

Finally, the top view morphology of the samples was studied using the FIB-SEM Zeiss
Crossbeam 550 equipped with an Oxford Instruments energy-dispersive X-ray spectrometer
(EDS). Both secondary electron (SE) and energy selective backscattered (EsB) detectors
were used for imaging.

3. Results

The characterisation of the selected materials in this paper was merely carried out on
the surface. In this section, the results will be presented according to the method used for
the surface characterisation.

Figure 1 shows the general view of the localised-in-the-edge oxidation of an AISI
430 ferritic stainless steel coil after bright annealing. This oxidation is characterised by
presenting a colour degradation from the edge to middle sheet along the x-axis.
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Figure 1. General view of the localised-in-the-edge oxidation of an AISI 430 ferritic stainless steel 
after bright annealing. 

Figure 2 shows detailed plan view images obtained by using an optical profilometer 
of selected specimens after bright annealing. These specimens were acquired from the ox-
idised surface of the coil edge represented by the coloured area in Figure 1. The bright 
region that is clearly identified in Figure 2b,c corresponded to the non-oxidised surface of 
the steel. Figure 2a,c show a more intense blue colour by the edge, which changed gradu-
ally in the former and radically in the latter. However, a lower intensity of the colour by 
the edge could be seen in the specimens corresponding to Figure 2b,d compared to the 
other. 

 
Figure 2. Plan view images obtained by optical profilometer of (a) A430-1, (b) A430-2(A), (c) A430-2(B) and (d) A430-3 
specimens collected from coil edges after bright annealing. 

Figure 2 points out that the appearance of the coloration is different for each of the 
samples. The following section presents the results obtained when characterising the oxi-
dised areas shown in Figure 2, using different instrumental techniques. 

3.1. X-ray Photoelectron Spectroscopy 
In this work, XPS aims to analyse the composition of the top 5 nm of the oxidised 

surface and the oxidation states of the main elements. A430-1 and A430-3 were selected 
for this study. According to Table 1, A430-3 has higher %Mn and lower %Cr than A430-1, 
whereas the annealing time was longer in the former. Therefore, XPS allows us to study 
the influence of the alloy composition and annealing time on the surface composition of 
the oxidised areas after the bright annealing process. 

Figure 3a,b show the survey XPS spectra obtained from the analysis of point “1”, 
represented in Figure 2a for A430-1 and for A430-3. These points of analysis were associ-

Figure 1. General view of the localised-in-the-edge oxidation of an AISI 430 ferritic stainless steel
after bright annealing.

Figure 2 shows detailed plan view images obtained by using an optical profilometer
of selected specimens after bright annealing. These specimens were acquired from the
oxidised surface of the coil edge represented by the coloured area in Figure 1. The bright
region that is clearly identified in Figure 2b,c corresponded to the non-oxidised surface
of the steel. Figure 2a,c show a more intense blue colour by the edge, which changed
gradually in the former and radically in the latter. However, a lower intensity of the colour
by the edge could be seen in the specimens corresponding to Figure 2b,d compared to the
other.

Metals 2021, 11, x FOR PEER REVIEW 4 of 16 
 

 

 
Figure 1. General view of the localised-in-the-edge oxidation of an AISI 430 ferritic stainless steel 
after bright annealing. 

Figure 2 shows detailed plan view images obtained by using an optical profilometer 
of selected specimens after bright annealing. These specimens were acquired from the ox-
idised surface of the coil edge represented by the coloured area in Figure 1. The bright 
region that is clearly identified in Figure 2b,c corresponded to the non-oxidised surface of 
the steel. Figure 2a,c show a more intense blue colour by the edge, which changed gradu-
ally in the former and radically in the latter. However, a lower intensity of the colour by 
the edge could be seen in the specimens corresponding to Figure 2b,d compared to the 
other. 

 
Figure 2. Plan view images obtained by optical profilometer of (a) A430-1, (b) A430-2(A), (c) A430-2(B) and (d) A430-3 
specimens collected from coil edges after bright annealing. 

Figure 2 points out that the appearance of the coloration is different for each of the 
samples. The following section presents the results obtained when characterising the oxi-
dised areas shown in Figure 2, using different instrumental techniques. 

3.1. X-ray Photoelectron Spectroscopy 
In this work, XPS aims to analyse the composition of the top 5 nm of the oxidised 

surface and the oxidation states of the main elements. A430-1 and A430-3 were selected 
for this study. According to Table 1, A430-3 has higher %Mn and lower %Cr than A430-1, 
whereas the annealing time was longer in the former. Therefore, XPS allows us to study 
the influence of the alloy composition and annealing time on the surface composition of 
the oxidised areas after the bright annealing process. 

Figure 3a,b show the survey XPS spectra obtained from the analysis of point “1”, 
represented in Figure 2a for A430-1 and for A430-3. These points of analysis were associ-

Figure 2. Plan view images obtained by optical profilometer of (a) A430-1, (b) A430-2(A), (c) A430-2(B) and (d) A430-3
specimens collected from coil edges after bright annealing.

Figure 2 points out that the appearance of the coloration is different for each of the
samples. The following section presents the results obtained when characterising the
oxidised areas shown in Figure 2, using different instrumental techniques.

3.1. X-ray Photoelectron Spectroscopy

In this work, XPS aims to analyse the composition of the top 5 nm of the oxidised
surface and the oxidation states of the main elements. A430-1 and A430-3 were selected
for this study. According to Table 1, A430-3 has higher %Mn and lower %Cr than A430-1,
whereas the annealing time was longer in the former. Therefore, XPS allows us to study
the influence of the alloy composition and annealing time on the surface composition of
the oxidised areas after the bright annealing process.

Figure 3a,b show the survey XPS spectra obtained from the analysis of point “1”,
represented in Figure 2a for A430-1 and for A430-3. These points of analysis were associated
with the blue and yellow colours of the oxidised surface of A430-1 and A430-3, respectively.
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In addition, Table 2 provides the average surface composition for each specimen in the area
of analysis of Figure 2a,d.

Metals 2021, 11, x FOR PEER REVIEW 5 of 16 
 

 

ated with the blue and yellow colours of the oxidised surface of A430-1 and A430-3, re-
spectively. In addition, Table 2 provides the average surface composition for each speci-
men in the area of analysis of Figure 2a,d. 

 
Figure 3. Survey X-ray photoelectron spectroscopy (XPS) spectra of (a) A430-1 and (b) A430-3 oxi-
dation represented by point 1 in Figure 2a,d. 

Table 2. Elemental surface analysis from survey spectra of Figure 2. 

Element at. % A430-1 at. % A430-3 
O 1s 69.8 ± 0.639 71.6 ± 0.588 
N 1s 2.6 ± 0.331 2.4 ± 0.192 
Cr 2p 18.8 ± 0.291 16.0 ± 0.289 
Mn 2p 2.8 ± 0.153 4.5 ± 0.154 
Fe 2p 0.5 ± 0.123 0.4 ± 0.125 
Si 2p 5.5 ± 0.719 5.1 ± 0.661 

According to Table 2, the composition of the oxide scale of these specimens consisted 
mainly of Cr, Mn and Si oxides. The results listed in Table 2 revealed that the main differ-
ence lays, principally, in Cr and Mn surface composition. It can be also observed that Cr 
content is higher in the oxidation products formed on the A430-1 surface, whereas Mn 
content is higher in A430-3. 

The oxidation states of the four major elements on the oxidised surface of A430-1 and 
A430-3 samples were studied via high resolution XPS spectra. Figure 4 shows the spectra 
of the O 1s, Cr 2p, Mn 2p and Si 2p regions for both specimens. 

 
520525530535540

C
PS

Binding Energy (eV)

a) O 1s 

O2-

OH-

H2O

9095100105110115

C
PS

Binding Energy (eV)

g) Si 2p

SiO2

570575580585590595

C
PS

Binding Energy (eV)

c) Cr 2p
Cr3+-OH

Cr

Cr3+-O

Cr6+-O

Cr3+-O

635640645650655660

C
PS

Binding Energy (eV)

e) Mn 2p
Mn2+

Satellite (Mn2+)

Mn3+

Figure 3. Survey X-ray photoelectron spectroscopy (XPS) spectra of (a) A430-1 and (b) A430-3 oxidation represented by
point 1 in Figure 2a,d.

Table 2. Elemental surface analysis from survey spectra of Figure 2.

Element at. % A430-1 at. % A430-3

O 1s 69.8 ± 0.639 71.6 ± 0.588
N 1s 2.6 ± 0.331 2.4 ± 0.192
Cr 2p 18.8 ± 0.291 16.0 ± 0.289
Mn 2p 2.8 ± 0.153 4.5 ± 0.154
Fe 2p 0.5 ± 0.123 0.4 ± 0.125
Si 2p 5.5 ± 0.719 5.1 ± 0.661

According to Table 2, the composition of the oxide scale of these specimens consisted
mainly of Cr, Mn and Si oxides. The results listed in Table 2 revealed that the main
difference lays, principally, in Cr and Mn surface composition. It can be also observed that
Cr content is higher in the oxidation products formed on the A430-1 surface, whereas Mn
content is higher in A430-3.

The oxidation states of the four major elements on the oxidised surface of A430-1 and
A430-3 samples were studied via high resolution XPS spectra. Figure 4 shows the spectra
of the O 1s, Cr 2p, Mn 2p and Si 2p regions for both specimens.
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The relative proportion of each oxidation state acquired from the previous high
resolution XPS spectra is listed in Table 3. The relative proportion of each oxidation state
on the analysed oxide scale was calculated based on the peak area detected in Figure 4.

Table 3. The relative proportion of oxidation states identified in O 1s, Cr 2p, Mn 2p and Si 2p regions
on the blue and yellow oxidised surface corresponding to A430-1 and A430-3, respectively.

Oxidation State A430-1 (%) A430-3 (%)

O 1s

O2− 56.8 45.8

OH− 42.7 54.2

H2O 0.5 -

Cr 2p

Cr metal 3.6 4.1

Cr3+—oxide 48.2 49.9

Cr3+–hydroxide 41.7 38.1

Cr6+—oxide 6.5 7.9

Mn 2p

Mn2+—oxide 58.3 58.5

Tetragonal site 18.2 24.4

Octahedral site 40.1 34.1

Mn3+—hydroxide 41.7 41.5

Si 2p

Si4+—oxide 100 100

Figure 4a,b show the O 1s spectra of the oxidised surface after the bright annealing pro-
cess for both specimens. These spectra are composed of three peaks regarding O2− (530 eV),
OH− (532 eV) and absorbed water (533 eV) [18]. According to Table 3, A430-1 reached
a higher O2− relative concentration of 56.8%, compared to 42.7% of OH−. The opposite
scenario was seen for A430-3, where O2− concentration was 45.8%, whereas OH− was
54.2%. In agreement with these results, the oxide scale formed on the oxidised surface of
these samples after bright annealing is composed of both hydroxide and oxide components,
where the oxide concentration was higher in the blue oxidised surface of A430-1 than in
the yellow oxidised surface of A430-3.

The Cr 2p spectra in Figure 4c,d show four constituents, which are metallic
Cr (574.2 eV), Cr2O3 (575.7 eV), Cr(OH)3 (577.3 eV) and CrO3 (578.7 eV) [2,19]. The major
component of these outer layers was Cr(OH)3. Table 3 reports that the relative ratio of
Cr(OH)3 was 67.3% and 64.9% for A430-1 and A430-3, respectively. On the other hand, the
relative proportion of Cr2O3 was slightly lower in A430-1 than A430-3.

According to the fitting lines of Mn 2p spectra in Figure 4e,f, four peaks centred
at 640.1, 641.3, 642.7 and 643.6 eV were detected in the Mn 2p3/2 region. Moreover,
a satellite peak was found at 647.1 eV. In addition, the Mn 2p1/2 region of each spectrum
displayed two peaks, which were identified in 651.6 and 653.1 eV positions. The peaks
centred at 640.1, 641.3, 651.6 and 653.1 eV were assigned to Mn2+ ions [20]. The satellite
feature identified in 647.1 eV is also a typical feature of Mn2+ [21,22]. In agreement with
Bao et al. [20], the Mn2+ peak position was determined by oxide structures, where the BE
640.1 and 641.3 eV are attributed to the occupation of Mn2+ ions in the tetragonal site and
octahedral site, respectively. Mn2+ ions of tetragonal sites are associated with MnCr2O4
spinel structures [23], whereas octahedral sites are ascribed to the MnO structure [24].
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On the other hand, the peaks identified at 642.7 and 643.6 eV corresponded to Mn3+

ions [25]. According to literature [26–28], these peaks are associated with the formation of
MnOOH. In agreement with Table 3, the relative concentration of Mn2+ and Mn3+ oxidation
states did not significantly differ between A430-1 and A430-3. However, the relative
concentration of MnCr2O4 was higher in A430-3 after a longer annealing time than A430-1.

Finally, Si 2p spectra are shown in Figure 4g,h. XPS analysis detected one peak at
133 eV. According to literature [29], this peak corresponds to SiO2. According to the
results shown in Table 3, the whole Si concentration measured by survey XPS in Table 2
corresponds to SiO2. Therefore, the SiO2 concentration in the outer oxide layer was 5.5 at. %
in sample A430-1 and 5.1 at. % in sample A430-3. The concentration of silicon on the
surface was not influenced by alloy chemical composition nor the annealing time.

3.2. Raman Spectroscopy

The chemical nature of the products formed on the surface during the bright annealing
process was studied using Raman spectroscopy. This technique has a penetration depth of
around 90 nm, which is larger than XPS. Figure 5 shows a stack plot of the representative
spectra of each material from areas where a more intense colour was observed. The point
of analysis is represented by point 1 in all samples in Figure 2.
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Figure 5. Raman spectra of point 1 from the samples shown in Figure 2a–d after bright annealing,
exposed in the environment containing 75%H2–25%N2.

Four main peaks (A, B, C, D) are identified in these spectra, where the intensity
of each band varies from one sample to the other. As it can be shown in Figure 5, the
bands labelled as B, C and D are the main peaks of the oxide scale in all specimens.
According to literature [30–32], peaks B and C at 555 and 618 cm−1 correspond to the Cr2O3
structure. The peak centred at 555 cm−1 seemed to be asymmetric. This asymmetry could
be due to the overlap of the Cr2O3 peak with another peak associated with the presence
of MnOOH. According to the literature [33], the main peak of MnOOH is identified at
558 cm−1. Moreover, the peaks A and D at 508 and 685 cm−1 are attributable to MnCr2O4
spinel [10,30]. Furthermore, a broad peak was found at 230 cm−1, which is associated
with amorphous Cr2O3 [32]. This band was identified in A430-2(A), A430-2(B) and A430-3
samples. A430-2(A) and A430-2(B) spectra displayed a weak peak centred at 305 cm−1,
which corresponds to Mn2O3 [33]. Finally, a weak band was observed at 350 cm−1 in
A430-2(A) and A430-2(B) spectra, and it is associated with Si oxides.

The analysis of the Raman spectra indicated that the oxide scale formed on the oxidised
surface of the samples consisted mainly of Cr2O3 and MnCr2O4. Figure 5 showed that
Cr2O3 was the major constituent of the oxidised surface of A430-1, A430-2(A) and A430-2(B)
samples. On the other hand, MnCr2O4 was the predominant oxide structure of the oxidised



Metals 2021, 11, 191 8 of 15

surface of the A430-3 specimen. Compared to A430-1, the relative amount of MnCr2O4
increased in A430-2(A) and A430-2(B) samples.

In addition, the relative concentration of the major oxides was studied by Raman along
the x-axis of the oxidised surface of all the specimens, and the analysed surfaces in each
sample are highlighted in Figure 2. This study aimed to relate the relative concentration of
Cr2O3 and MnCr2O4 with the colour of the oxidised surface, which showed a change from
the edge to the non-oxidised surface. Therefore, the intensities of Cr2O3 and MnCr2O4,
which correspond to peaks B and D in Figure 5, are plotted in Figure 6 as a function of the
distance to the edge of sample A430-2(A).
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Figure 6. Linear Raman analysis of (a) peak B (Cr2O3) and (b) peak D (MnCr2O4) identified in Figure 5, measured along
the x-axis of the A430-2(A) sample shown in Figure 2b, where sigmoid and exponential models were applied to fit the
results, respectively.

The results from the Raman linear analysis of the four samples were fitted to two
models. Equation (1) represents the sigmoid model used to characterise the evolution of the
peak intensity displayed in Figure 6a. This model describes that the relative concentration
of the oxide remains constant up to x0, from which the concentration of the oxide begins to
dramatically decrease. On the other hand, Equation (2) describes the evolution of the peak
intensity when the results show an exponential curve plotted in Figure 6b. This model was
related to a gradual decrease in the relative concentration of the oxide while the colour of
the oxidised surface was changing from the edge and along the x-axis.

y = a/(1 + exp(x0 − bx)), (1)

y = n·exp(mx), (2)

In Equations (1) and (2), “a” and “n” are the maximum intensity of the corresponding
peak and represent the maximum concentration of Cr2O3 and MnCr2O4 in the analysed
areas. On the other hand, in Equation (1), “x0” represents the position of the peak intensity-
drop, while “b” is the slope of the sigmoid curve after x0. Finally, “m” represents the slope
of the exponential curve of Equation (2) and gives information about the variation of the
oxide concentration on the studied surface area. The parameters of each curve fitting of the
results of the linear Raman analysis, as shown in Figure 6, are included in Tables 4 and 5.

Table 4. Parameters a, n (sigmoid/exponential maximum intensity of the peak), b, m (sigmoid/exponential curve spread)
and x0 (sigmoid function) set for 550 cm−1 Raman shift models, which correspond to Cr2O3 provided by the linear Raman
analysis of AISI 430 samples.

Cr2O3

Sample Annealing Time (s) a (a.u.) b (a.u.) x0 (mm) n (a.u.) m (a.u.) Model

A430-1 42 - - - 139.0 0.38 Equation (2)

A430-2(A) 42 50.0 1.22 7.0 - - Equation (1)

A430-2(B) 55 89.0 0.55 6.0 - - Equation (1)

A430-3 50 - - - 6.0 0.01 Equation (2)



Metals 2021, 11, 191 9 of 15

Table 5. Parameters a, n (sigmoid/exponential maximum intensity of the peak), b, m (sigmoid/exponential curve spread)
and x0 (sigmoid function) set for 680 cm−1 Raman shift models, which correspond to the MnCr2O4 provided by the linear
Raman analysis of AISI 430 samples.

MnCr2O4

Sample Annealing Time (s) a (a.u.) b (a.u.) x0 (mm) n (a.u.) m (a.u.) Model

A430-1 42 - - - 43.1 0.16 Equation (2)

A430-2(A) 42 - - - 25.5 0.10 Equation (2)

A430-2(B) 55 47.3 0.46 7.0 - - Equation (1)

A430-3 50 - - - 119.0 0.13 Equation (2)

3.3. SEM Morphology

SEM imaging was carried out to study the morphology of the top oxides formed on
the oxidised surface during the bright annealing process. The points of study are displayed
in Figure 2.

Figure 7a,b show SEM plan view images of points 2 and 3, respectively, from Figure 2a,
which corresponds to the A430-1 specimen. These points represent blue and the border
between the blue and yellow oxidation colours, respectively. The morphology associated
with the blue oxidised surface in Figure 7a was uniform with no defined oxide crystals,
which encouraged the formation of cracks. On the other hand, heterogeneous morphology
based on fine oxide crystals can be identified in the blue–yellow oxidised area of Figure 7b.
In this image, some larger oxide crystals, labelled as S1, could be detected.
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shown in Figure 2a.

Figure 8a,b show SEM images of point 4 in Figure 2a, which corresponds to the yellow
oxidised surface of A430-1. Figure 8b provides a higher magnification image acquired
in the area shown in Figure 8a. The latter image was acquired by an EsB detector in
order to study compositional changes in this region associated with changes in brightness.
Figure 8b suggests that the morphology of the yellow area was based on fine oxide crystals,
with an average diameter of less than 50 nm, as can be observed in Sites 1 and 3. However,
some faceted oxide structures were widely distributed over the yellow oxidised surface,
which showed a different morphology; see Site 2. This site consisted of a smaller number of
oxide crystals, which were larger in size. These structures had grown mostly around pores.
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Furthermore, the lowest part of the faceted oxide structures of Figure 8b showed
a smooth morphology where the larger oxide structures started growing. This smooth
morphology is represented in Figure 8a by the brighter area, which provides supporting
evidence for the change in composition in Site 2 compared to the surrounding areas in Site
1 and 3.

The morphology of the oxidised surface is also evaluated for AI430-2(B) in Figure 9a,b
and A430-3 in Figure 9c,d. The studied areas are represented by points 2 and 3 in Figure 2c
and point 2 in Figure 2d, respectively, for each specimen.
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Compared to A430-1, better-defined and smaller oxide structures can be observed on
these two samples regardless of the colour of the studied surface. Concerning A430-2(B) in
Figure 9a, flat cubic structures were identified in S1, whereas smaller oxide grains were
found in S2. Additionally, some pores were widely dispersed over the surface. According
to Figure 9b, faceted oxide structures were found, where larger and irregular oxide crystals
had grown within this region; see S3–S5. Furthermore, this area showed the smooth
morphology previously identified in Figure 9b. The SEM/BSE image in Figure 9b gave
evidence that the change of morphology in this area, where faceted oxide structures were
found, was related to a change in composition.

Finally, Figure 9c showed that A430-3 formed larger and well-defined top-oxide
crystals, whereas the oxide layer was uniform in Site 1. This site was covered by flat
cubic structures forming a homogeneous layer. Figure 9d shows that Site 2 was based on
irregular oxide structures, which gave the surface a rougher appearance. Surface analysis
of this specimen as well as for A430-1 was carried out by XPS.

4. Discussion

XPS and Raman spectroscopy were used to characterise the chemical properties of
the oxide scale formed on the oxidised surface of the specimens shown in Figure 2, which
were acquired from the coil edges of AISI 430 stainless steel after the bright annealing
process. Raman spectroscopy analyses the oxidised surface composition at 100 nm thick,
whereas XPS has a lower penetration depth of 5 nm, which allows us to analyse the outer
layer of this surface. According to the XPS spectra in Figure 3, chromium and manganese
are the major metal elements which compose the oxidised surface of A430-1 and A430-3
samples. At the same time, the data listed in Table 2 show that the relative concentration of
Cr and Mn calculated from Figure 3 is 18.8% and 2.8% in sample A430-1 and 16.0% and
4.5% in sample A430-3, respectively. The concentration of these elements was higher on
the oxidised surface than in the bulk. This is due to the fact that the outward migration of
Cr and Mn during oxidation produces an ascending steel-surface concentration gradient.

On the other hand, Raman spectra of Figure 5 demonstrate that the oxidised surface
of the four specimens after the bright annealing process is mainly composed of Cr2O3 and
MnCr2O4. Thus, it is possible to support that the colouration observed in the samples of
Figure 2 takes place due to the localised selective oxidation of Cr and Mn at the surface of
the coil edges of AISI 430 during the bright annealing process. According to Figure 5, the
intensity of the Cr2O3 band is significantly larger than that of MnCr2O4 on the oxidised
surface of A430-1, A430-2(A) and A430-2(B) samples. However, the Raman spectrum of the
A430-3 sample showed that the intensity of the MnCr2O4 band is higher than that assigned
to Cr2O3.

Raman linear analysis allows us to identify that the effect of alloy composition on the
oxidation phenomenon is higher than that of annealing time. Generally, the influence of
alloy composition is mainly determined by the Cr and Mn loading in the steel. The effect
of alloying Cr content can be identified in Table 4, comparing the maximum intensity of
the Cr2O3 band of A430-1 and A430-2(A) samples. Thus, it is observed that decreasing
the alloying Cr loading from 17.0% (A430-1) to 16.4% (A430-2(A)) after 42 s of annealing
decreases the maximum relative intensity of the Cr2O3 band from 139 to 50, respectively.

On the other hand, the effect of Mn content in the alloy can be observed in Table 5,
concerning the linear Raman analysis of the MnCr2O4 band. The data included in Table 5
show that the increase in alloying Mn loading in sample A430-3 leads to an increase in
the maximum relative intensity of the MnCr2O4 band to 119. The value of this parameter
is significantly lower in the other specimens. Moreover, the intensity of the Cr2O3 band
in sample A430-3 dramatically decreases to six, indicating the Cr2O3 formation is slowed
down when increasing manganese concentration in the alloy. This is also observed in XPS
data included in Table 2. According to these results, by increasing the Mn content in the
alloy from 0.34% (A430-1) to 0.78% (A430-3), the Mn surface composition increases from
2.8% to 4.5%, whereas the surface Cr composition decreases from 18.8% to 16.0%.
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Finally, regarding annealing time, A430-2(A) and A430-2(B) Raman spectra of Figure 5
indicate that the relative intensity of Cr2O3 and MnCr2O4 peaks significantly increases
with increasing annealing time from 42 to 55 s for similar alloy composition. According
to Tables 4 and 5, the maximum intensity of Cr2O3 and MnCr2O4 bands is 50.0 and 25.5
in the A430-2(A) specimen, respectively. It can be observed that when increasing the
annealing time in sample A430-2(B), the intensity of these bands increases to 89.0 and 47.3,
respectively. Therefore, it can be concluded that annealing time slightly contributes to
increasing the selective oxidation of Cr and Mn, although the alloy composition drives the
whole oxidation mechanism, as previously discussed.

On the other hand, high resolution XPS analysis of the O 1s region in Figure 4a,b
reveals that there is an increment in hydroxide species in the outer part of the oxide scale.
The presence of hydroxides can be associated with the reaction of metal elements with
water vapour under the H2–controlled atmosphere of the annealing furnace [19]. According
to the data included in Table 3, increasing annealing time from 42 s in sample A430-1 to
50 s in sample A430-3 leads to an increase in the metal hydroxide concentration from 42.7%
to 54.2% in the outer part of the oxide scale of the samples, respectively.

The analysis of the Cr 2p and Mn 2p regions shown in Figure 4c–f indicates that
Cr(OH)3 and MnOOH are the major constituents of the outer surface scale formed during
the bright annealing process. The results obtained indicate that Cr(OH)3 is the predominant
product. In addition, the Cr 2p region displayed in Figure 4c,d determines that Cr forms
Cr3+ oxide and hydroxide. Moreover, Cr6+ was identified as CrO3. In agreement with
Table 3, the relative composition of CrO3 slightly increased from 6.5% to 7.9% when increas-
ing annealing time from 42 to 50 s. Furthermore, Table 3 shows that Cr(OH)3 decreases
from 41.7 to 38.1% when increasing annealing time. Overall, CrO3 and Cr(OH)3 exist in
the intermediate responsible for the evaporation of chromium [34,35], where increasing
annealing time favours the oxidation of Cr2O3 into CrO3.

On the other hand, XPS spectra of Mn 2p region shown in Figure 4e,f reported that
manganese can be found in the form of Mn2+ and Mn3+. According to Table 3, the relative
concentration of Mn2+ and Mn3+ in the outer part of the oxide scale is 58.3% and 41.7%
in sample A430-1 and 58.5% and 41.5% in sample A430-3. These results indicate that the
concentration of the different Mn species does not vary, significantly, when increasing
annealing time. Having analysed the position of the peaks that appear in the spectra
included in Figure 4e,f, the presence of MnO and MnCr2O4 was identified [20]. The data
listed in Table 3 allow us to conclude that, when increasing annealing time, the proportion
of MnCr2O4 increases from 18.2% in sample A430-1 to 24.4% in sample A430-3. In addition,
these results indicate that MnO is the main Mn2+ product, with a proportion of 40.1% in
sample A430-1 and 34.1% in sample A430-3.

The results obtained by XPS and Raman were also used to identify the origin of the
different colours on the edge of the coils after bright annealing. Raman linear analysis in
Figure 6 shows that the intensities of Cr2O3 and MnCr2O4 bands are higher by the edge and
decrease along the x-axis toward the non-oxidised surface. Therefore, it can be concluded
that the colour of the oxidised surface changes as the relative concentration of Cr2O3 and
MnCr2O4 decreases from the edge to the middle of the coil.

Comparing Figure 2a,d, which correspond to A430-1 and A430-3 samples, it can be
observed that the former showed a blue colour by the edge, which was not displayed by
sample A430-3. According to Table 4, the maximum relative intensity of the Cr2O3 band is
139 in sample A430-1 and six in sample A430-3. On the other hand, the maximum relative
intensities of the MnCr2O4 band, listed in Table 5, are 43.1 and 119, respectively. Therefore,
it is concluded that the blue colour of the oxidised surface of AISI 430 after the bright
annealing process is directly related to the higher concentration of Cr2O3. According to
Young et al. [4], alloying Cr concentrations above 16% may drive an overgrowth of Cr2O3
due to an increase in the Cr reservoir in the alloy/oxide interface [36] prompted by high
temperatures of around 900 ◦C.
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Moreover, the SEM plan view study reveals that different morphologies can be identi-
fied between the blue and yellow sites of the oxidised surface. Thus, sample A430-1 shows
in Figure 7a a more homogeneous and compact oxide layer in the blue area. Some cracks
can be identified in this region, which are associated with residual stress removal [37].
On the other hand, according to Figures 7b and 8b, the yellow area presents a heteroge-
neous morphology due to the diversity in size of the oxide crystals, where the structures
of the oxides are well defined, unlike the previous blue area. There are many large oxide
grains and voids, which contribute to increasing the level of defects in the oxide layer.

In contrast, considering SEM images corresponding to sample A430-2(B) in Figure 9a,
it is observed that oxides of smaller size are formed, with better defined structures and
greater crystallinity than those that appear in Figure 7a for sample A430-1. In addition, SEM
images in Figure 9b show that the morphology of the top oxide scale is similar at different
points of sample A430-2(B) from the edge of the oxidised surface, unlike in sample A430-1.

Finally, the role of manganese on the top oxide morphology was also analysed by the
SEM plan view study in Figure 9c,d. It must be taken into consideration that the alloying
Mn content is 0.34 wt.% in sample A430-1 and 0.78 wt.% in sample A430-3, while the Cr
content is similar in both samples. The analysis of Figure 9c,d reports that the increase in
the alloying Mn content leads to the formation of well-defined and larger oxide particles.
Therefore, it is concluded that the predominant content of MnCr2O4 compared to Cr2O3
promotes the formation of a dense, highly crystalline and pore-free layer of oxide that
prevents the development of the blue coloration at the edge of the coils after the bright
annealing process.

5. Conclusions

In this work, oxidised samples of different ferritic stainless steel grades with bright
finish were characterised. The specimens were obtained under industrial conditions from
the edge of ferritic stainless steel coils selected for this study, after a bright annealing
process, which took place in a vertical furnace containing a reducing atmosphere based
on H2/N2. The influence of the chemical composition of ferritic stainless steels and the
annealing time on the oxidation phenomenon that takes place at the edges of the coils
was studied.

The results obtained from the analysis by XPS, Raman spectroscopy and SEM allow
us to conclude that a selective oxidation of Cr and Mn takes place at the coil edges of the
studied AISI 430 ferritic stainless steel during bright annealing. As a result, the oxide scale
formed is mainly based on Cr2O3 and MnCr2O4. The characterisation by means of XPS
and Raman spectroscopy revealed that the effect of alloying Cr and Mn composition is
slightly higher than that of annealing time on the localised selective oxidation.

The XPS results show that Cr(OH)3 and MnOOH are formed on the outer part of the
oxide layer as a result of the interaction of metallic Cr and Mn with the water present in
the cracks of the edges of ferritic stainless steel coils. A slight decrease in the content of Cr
in the alloy from 17 to 16.7 wt. % led to a decrease in the outer surface Cr concentration
from 18.8 to 16 at. %. Furthermore, as the Mn content of the alloy increased from 0.34 to
0.78 wt. %, the concentration of MnCr2O4 in this outer part of the surface increased from
0.51 to 1.09 at. %. On the other hand, as the annealing time increased from 42 to 50 s, the
relative proportion of CrO3 slightly increased from 6.5 to 7.9%. This was due to the fact
that the oxidation of Cr2O3 into CrO3 took place for a longer duration in this outer part of
the oxide layer after 50 s of exposure.

In addition, the results obtained from the linear Raman analysis and SEM make it
possible to establish that the colour of the oxidised surface at the edges of ferritic stainless
steel coils is related to the concentration of Cr2O3 and MnCr2O4. The intensity of this colour
changes in all the specimens as the relative concentration of Cr2O3 and MnCr2O4 decreases
exponentially or sigmoidal from the edge to the middle of the coils. As the concentration
of Cr2O3 and MnCr2O4 decreases, the morphology of the top-oxide layer varies, and the
density of the oxide layer decreases. In sample A430-1, the blue colour predominates in the
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area with the highest concentration of Cr2O3, associated with a maximum Raman intensity
of 139. Therefore, this colour is associated with an overconcentration of Cr2O3 due to
a higher alloying Cr concentration of 17 wt. % and lower alloying Mn concentration of
0.34 wt. % compared to the other specimens. On the other hand, in sample A430-3, the
yellow colour is the predominant colour on the oxidised surface. The higher alloying Mn
composition of 0.78 wt. % and longer annealing time of 50 s of this sample caused the
higher formation of MnCr2O4 on the oxidised surface of this specimen, corresponding to a
maximum Raman intensity of 119. Therefore, most of the Cr of the oxide scale became part
of the octahedral site of the spinel structure of MnCr2O4, which led to a decrease in the
Cr2O3 concentration of the oxidized surface, which corresponded to a maximum Raman
intensity of six.

Overall, the conclusions that arise from the characterisation carried out in this paper
allow us to reduce the oxidation of the edges of the ferritic stainless steel coils during
the bright annealing process. It is desirable to work with alloys that contain chromium
concentrations around 16.5 wt. %, and to keep the manganese concentration between
0.5 and 0.8 wt. %. Therefore, the blue colour will be prevented in all cases, whereas
the maximum distance from the edge of the coil reached by the oxidation will decrease.
Finally, additional studies will be carried out in the future under controlled exposure
conditions. This aims to achieve a better understanding of the influences of parameters
involved in industrial bright annealing processes, such as dew point, on the behaviour of
the different AISI 430 steel grades against oxidation. Simultaneously, oxidised samples
will be studied by means of transmission electron microscopy in order to improve the
cross-section characterisation method of the oxidation products formed during exposure.
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